Robert G. Gourdie ~ « -
Tereance A. Myers Editors. <~




MEeETHODS IN MoLEcULAR BioLogy™

Series Editor
John M. Walker
School of Life Sciences
University of Hertfordshire
Hatfield, Hertfordshire, AL10 9AB, UK

For further volumes:
http://www.springer.com/series/7651


http://www.springer.com/series/7651




Wound Regeneration and Repair

Methods and Protocols

Edited by
Robert G. Gourdie
Virginia Tech Carilion Research Institute, Roanoke, VA, USA
Tereance A. Myers

School of Pharmacy, MCPHS University, Worcester, MA, USA

My,

>« Humana Press



Editors

Robert G. Gourdie Tereance A. Myers

Virginia Tech Carilion Research Institute School of Pharmacy, MCPHS University
Roanoke, VA, USA Worcester, MA, USA

ISSN 1064-3745 ISSN 1940-6029 (electronic)

ISBN 978-1-62703-504-0 ISBN 978-1-62703-505-7 (¢Book)

DOI10.1007,/978-1-62703-505-7
Springer New York Heidelberg Dordrecht London

Library of Congress Control Number: 2013941473

© Springer Science+Business Media New York 2013

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction
on microfilms or in any other physical way, and transmission or information storage and retrieval, electronic adaptation,
computer software, or by similar or dissimilar methodology now known or hereafter developed. Exempted from this
legal reservation are brief excerpts in connection with reviews or scholarly analysis or material supplied specifically for
the purpose of being entered and executed on a computer system, for exclusive use by the purchaser of the work.
Duplication of this publication or parts thereof is permitted only under the provisions of the Copyright Law of the
Publisher’s location, in its current version, and permission for use must always be obtained from Springer. Permissions
for use may be obtained through RightsLink at the Copyright Clearance Center. Violations are liable to prosecution
under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant protective laws and
regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of publication, neither
the authors nor the editors nor the publisher can accept any legal responsibility for any errors or omissions that may be
made. The publisher makes no warranty, express or implied, with respect to the material contained herein.

Printed on acid-free paper

Humana Press is a brand of Springer
Springer is part of Springer Science+Business Media (www.springer.com)


www.springer.com

Preface

In this book we survey classical and cutting-edge methods for studying wound healing and
regeneration. Expert scientists, bioengineers, and physicians explain useful technologies,
models, techniques, and critical new areas and approaches to clinical and commercial trans-
lation of research. We build on the excellent foundation provided by the 2003 publication
on wound healing in the Methods in Molecular Medicine series edited by Drs. Luisa DePietro
and Aime Burns. In our volume, cellular and molecular methods, genetic approaches, sur-
gical techniques, clinical advances, drug discovery and delivery modalities, animal and
humanized models, and new applications in the treatment of pathological wounds are cov-
ered in a variety of organs and tissues. The 33 chapters are divided among sections on tissue
engineering and stem cell-based approaches to wound healing, skin, corneal, and cardiovas-
cular models of injury repair, nonmammalian models, and pertinent aspects of commercial-
ization and intellectual property. Most chapters contain step-by-step methodological
descriptions, a detailed list of materials, and an exclusive collection of personal tips or
“Notes” that the authors feel critical to success in their technique. Instructive diagrams and
informative color photographs also accompany the chapters. Experienced professionals in
the wound healing commercial space also provide fresh insight on biotechnology startups,
intellectual property, and the patent process. This compendium should enable students,
trainees, established basic and clinical researchers, biomedical engineers, and entrepreneurs
to efficiently apply the trove of knowledge that has been compiled here by some of the
foremost experts in wound healing today. In this way, we intend that the reader might dis-
cover and translate new knowledge in the field of wound repair and regeneration.

Tereance A. Myers received her doctorate from Tulane University in New Orleans, LA, and did
postdoctoral studies in Wound Healing Biology at the Medical University of South Carolina.
Dr. Myers currently works as an Assistant Professor of Pharmaceutical Sciences at Massachusetts
College of Pharmacy and Health Sciences in Worcester/Boston, MA.

Robert G. Gourdie received his doctorate from the University of Canterbury in New Zealand and
did postdoctoral studies in connexin biology at University College London, UK. Dr. Gourdie is
currently Professor and Director of the Center for Heart and Regenerative Medicine at the Virginia
Tech Carilion Research Institute and Director of Research for the Department of Emergency
Medicine at the Carilion Clinic, Roanoke, Virginia. He is also Professor in the Wake Forest Virginia
Tech School of Biomedical Engineering and Sciences at Virginia Tech in Blacksburg, Virginia.
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Chapter 1

An In Vivo Model System for Evaluation of the Host
Response to Biomaterials

Brian Sicari, Neill Turner, and Stephen F. Badylak

Abstract

We describe an in vivo model system designed to evaluate the host response to implanted biomaterials:
The partial thickness rat abdominal wall defect model. The model allows for determination of the temporal
and spatial distribution of the cellular and vascular response, the remodeling of the implanted material and
surrounding host soft tissue, and the function of the remodeled tissue over time.

Key words Soft tissue reconstruction, Biomaterials, Abdominal wall defect

1

Introduction

The fields of regenerative medicine, tissue engineering, polymer
science, and biomaterials continue to develop novel scaffold mate-
rials, many of which attempt to facilitate a constructive host tissue
remodeling response following implantation. Naturally occurring
and synthetic biomaterial scaffolds with and without cellular com-
ponents are currently being developed and evaluated in both pre-
clinical and clinical settings [1-3]. A well-recognized sequela
following implantation is the foreign body inflammatory response.
Strategies to alter the acute and/or chronic inflammatory host
response involve modifications to existing biomaterials or develop-
ment of new materials. Such strategies and materials require a reli-
able in vivo test system. The partial thickness rat abdominal wall
defect model discussed in this chapter allows for a systematic evalu-
ation of the host response to an implanted test article.

The successful development and clinical translation of novel
biomaterials or scaffolds requires a thorough understanding of
their elicited in vivo biological responses. Biocompatibility reflects
the interaction between biomaterials and host tissue. Its assessment
is one of the critical concerns in biomaterials research and required
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1.1 Default
Mammalian Injury
Response Versus
Constructive Tissue
Remodeling

by the FDA [4-6]. Biocompatibility refers to both: (a) biosafety,
which refers to an appropriate host response lacking toxicity, muta-
genesis, and /or carcinogenesis, and (b) biofunctionality, which is
the ability of the biomaterial to perform its intended task [7, 8].
The partial thickness rat abdominal wall defect model discussed in
this chapter allows for a systematic evaluation of a biomaterial’s
biocompatibility in terms of the nature of the elicited host response
and the biomaterial’s constructive remodeling potential.

The default mammalian response to injury is highly conserved
among tissue types and occurs in three overlapping yet distinct
phases: the inflammatory phase, the proliferative phase, and the
remodeling phase [9]. The inflammatory phase occurs immedi-
ately after tissue damage and is marked by activation of the coagu-
lation cascade and the subsequent influx of innate inflammatory
cells that facilitate the removal of cellular debris and infection pre-
vention. Specifically, hemostasis is achieved through the deposition
of a provisional fibrin matrix which acts as a scaffold for infiltrating
neutrophils and macrophages [10]. The proliferative phase is char-
acterized by angiogenesis as well as the migration, proliferation
and differentiation of different cell types [11, 12]. During the
remodeling phase macrophages and endothelial cells are subject to
apoptosis while fibroblasts and myofibroblasts produce and deposit
a collagenous extracellular matrix. This relatively acellular fibrous
matrix is the precursor of scar tissue which typically replaces site
appropriate functional tissue within the injury site.

In contrast, host constructive tissue remodeling is a process by
which the default healing response to injury is modified from one
that results in scar tissue formation to one that results in the forma-
tion of site appropriate functional tissue. Mechanisms behind a con-
structive remodeling response to injury include the participation of
an activated host progenitor cell population and a predominant
M2 /Th2 restricted immune response among others [13-15].

The implantation of a biomaterial has the potential to signifi-
cantly alter the default mammalian response to injury. For example,
following injury and implantation, biomaterials are able to affect:
hemostasis and provisional matrix formation; the phenotype of
infiltrating inflammatory cells; host cell migration, proliferation,
and differentiation; as well as fibrosis and fibrous capsule develop-
ment [7, 8]. The manner in which the injury response is altered
depends on the biomaterial’s origin and composition, contact
duration, degradation rate, surface structure, cellularity, size, and
implantation site among others [5, 7, 8].

Implantation of nondegradable synthetic or chemically cross-
linked biomaterials typically intensifies the host’s inflammatory
response to injury and leads to a foreign body reaction (FBR) and
an increased deposition of scar tissue [16, 17]. During a FBR per-
sistent inflammatory stimuli, such as the continual presence of a
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nondegradable biomaterial, lead to chronic inflammation and the
formation of multinucleate foreign body giant cells [18]. Foreign
body giant cells are formed through the fusion of macrophages
located at the surface of the biomaterial and further exacerbate the
host’s inflammatory response through a process known as “frus-
trated phagocytosis” and the associated production of reactive
oxygen intermediates and pro-inflammatory cytokines [19, 20].
A FBR typically results in the deposition of a 50-200 pm thick
collagenous capsule surrounding the implant [21, 22]. This dense
accumulation of fibrous tissue confines the implant and prevents
integration with the surrounding tissue.

While the implantation of nondegradable synthetic scaffolds
intensifies the host’s default fibrotic response to injury, the implan-
tation of degradable biologic scaffolds composed of xenogeneic
extracellular matrix (ECM) results in constructive tissue remodel-
ing [23, 24] (Fig. 1d). Stated differently, the implementation of a
properly decellularized and non-cross-linked ECM scaffold modi-
fies the default host response to tissue injury and results in site
appropriate and functional tissue replacement.

Macrophages play a pivotal role in the host response to biomate-
rial implantation. In fact, macrophage depletion prevents the
degradation of naturally occurring biologic scaffolds in vivo [25].
Macrophages have been shown to respond to many different
implanted biomaterials, including those composed of metals [26],
ceramics [27], polymers [28], and biologic proteins such as
collagens and xenogenecic ECM [25, 29]. As stated above,
macrophage mediated foreign body giant cell formation and pro-
inflammatory cytokine production are frequently associated with
the implantation of nondegradable or synthetic biomaterials.
However, several recent studies suggest that macrophages can
facilitate constructive and site-appropriate tissue remodeling in
response to biomaterial implantation [25, 30]. The phenotype of
responding macrophages has been found to be an important
determining factor in the success of an implanted biomaterial and
its ultimate remodeling outcome [13, 14].

Macrophages are a plastic cell population capable of acquiring
diverse phenotypes. They can be classified as either classically acti-
vated and pro-inflammatory (M1) or alternatively activated and
immunomodulatory (M2) [31]. Classically activated macrophages,
designated M1 after the Thl/Th2 nomenclature, produce pro-
inflammatory cytokines and reactive oxygen intermediates; and are
responsible for pathogen killing, cell clearance, and the general
propagation of a pro-inflammatory response [32]. Alternatively
activated macrophages, designated M2, deposit collagen; produce
anti-inflammatory cytokines; and facilitate tissue remodeling and
repair [ 33]. Although histologically indistinguishable, M1 and M2
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Fig. 1 Schematic of the partial thickness abdominal wall defect procedure showing preparation of the rat
abdominal wall (a); the defect site (b); a cross-sectional diagram of the abdominal wall following test article
implantation (c); and an example of gross morphology depicting an encapsulation versus constructive tissue
remodeling host response (d)

macrophages can be identified and distinguished by their species
specific and distinct cytokine, gene expression, and cell surface
marker profiles [ 34, 35].

The role of a heterogeneous host macrophage response to
injury has recently been reviewed [36]. Immediately following
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acute skeletal muscle injury, pro-inflammatory cytokines polarize
responding host macrophages towards a predominant M1 pheno-
type. To facilitate appropriate skeletal muscle regeneration, a shift in
macrophage polarization takes place and after approximately 3 days
macrophages within the injury site display a predominant M2 phe-
notype [14]. Furthermore, when an M2 macrophage response is
inhibited, the host injury response is characterized by a severe lack
of muscle regeneration and an accentuation of inflammation and
necrosis [37]. In the context of biomaterial implantation, recent
studies have shown that a predominant M2 macrophage response
to degradable biologic scaffolds is associated with a constructive
remodeling outcome. Conversely, a predominant M1 response typ-
ically correlates with a FBR, the presence of foreign body giant
cells, and a poor remodeling outcome in nondegradable biologic
scaffolds [ 14, 25]. In this regard, it is possible that the remodeling
outcome of an implanted biomaterial may be predicted based on
the host’s immune response and the phenotype of responding mac-
rophages. The partial thickness rat abdominal wall defect model
described in this chapter allows for the systematic evaluation of the
host response to biomaterials. The model permits the examination
of the temporal and spatial distribution of the cellular response; the
presence of a FBR; the phenotype of responding macrophages; the
remodeling of the implanted material and surrounding host tissue;
and function of the remodeled tissue over time.

The term biomaterial encompasses a diverse range of products and
materials. Devices composed of such biomaterials are designed for
a similarly diverse range of clinical uses. As a result a number of in
vivo models have been developed to evaluate the safety and bio-
compatibility of biomaterials. Some of these models are designed
to evaluate specific aspects of a biomaterial or clinical use, such as
mechanical strength, biodegradability, or chemical leaching of
materials designed for use in the cornea [38] or dura mater [39].
However, general compatibility and/or safety studies, and those
investigating the host response, typically utilize either a subcutane-
ous [40, 41] or intramuscular [42, 43 ] implantation model.

In vivo studies are a required element for FDA certification of a
biomaterial [6]. In addition, agencies such as the FDA and its
worldwide counterparts, have established a series of standard refer-
ence experiments with which to evaluate biomaterial safety. These
preclinical tests, such as the USP implantation test, British stan-
dard implantation test, and ISO 10993 implantation test, typically
use rabbits as the animal model [44]. However, it is increasingly
becoming common for rodents, particularly rats, to be used as a
pre-evaluation model prior to undertaking the required reference
studies.
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1.3.2 Size of Biomaterial

The rat subcutaneous and intramuscular implantation models
present an ideal environment for evaluating the host response to
biomaterials. Implantation of devices at these sites is relatively
straight forward requiring only basic surgical skill. Both models also
easily facilitate the use of multiple sites along the host allowing dif-
ferent materials to be evaluated in the same animal. In addition, the
subcutaneous and muscle tissues are highly vascularized allowing a
rapid host response to the implanted test article. Both models also
allow for a range of study designs to be investigated, from short term
degradation and biochemical studies to long term remodeling and
functional outcome studies. The partial thickness rat abdominal wall
defect model does, however, have a number of advantages over
other intramuscular and subcutaneous models. The partial thickness
model is particularly suited for long term studies up to 2 years in
duration since the material implant can be more securely anchored
to the surrounding host tissue. This ability to be securely anchored
to surrounding muscle tissue also makes this model more suitable
for mechanical testing and evaluation of function, particularly of
degradable and ECM-based scaffolds designed to be replaced with
functional host tissue over time. The subcutaneous model is more
suitable for shorter term studies and for nondegradable materials
due to the risk of implant migration within the tissue.

In addition to selecting the most appropriate implantation site
another important consideration is the size of the implanted device.
Tissue reaction to implanted devices can be elicited by the material
directly or by substances that may be contained within the material
as a consequence of the manufacturing process. For example a
material that is chemically pure but does not resorb will not mark-
edly affect the surrounding host tissue environment whereas a bio-
degradable material will release degradation products that will
influence the surrounding host tissue. Similarly impurities such as
plasticizers, preservatives, and/or stabilizers may leach from the
biomaterial causing the surrounding host tissue to react. The
dimensions of the material will in part determine the contribution
of these components to the host response. If the implanted device
is too small, particularly with biodegradable materials, the degra-
dation may be so rapid that the surrounding tissue does not have
sufficient time to respond to the implant in a reliable and repro-
ducible manner. Similarly, if the implant device is too big, it may
cause irritation of the surrounding tissues promoting a heightened
inflammatory response that is not representative of the true host
response to the biomaterial but a consequence of the mechanical
stimulation. For biocompatibility studies it is therefore best to uti-
lize implants that will induce minimal mechanical effects upon the
surrounding host tissue, but which still allow an appropriate host
response. For example it has been observed that while a particulate
(i.e., comminuted) version of a material may prove biocompatible,
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a large film of the same material can promote carcinogenesis [45].
As a result, for the partial thickness rat abdominal wall defect
model, the recommended size of the implant is between 1 X 1 cm
and 2 X 2 cm.

Depending on the properties of the biomaterial to be tested a
range of sacrifice intervals may be required to fully understand and
characterize the host response to the implant. Nondegradable
materials, by their very nature, do not usually promote the con-
structive remodeling of the defect site into site appropriate tissue;
indeed, a chemically pure, nondegradable material, will illicit little
response from the tissue other than the standard foreign body
response. As such, studies of these types of material longer than 28
days would provide little additional information about the host
response since the foreign body reaction will largely be completed.
In addition, the acute inflammatory response generated by
implanted biomaterials generally peaks within the first 7 days
following implantation before gradually decreasing [ 5, 8]. Similarly,
the polarization of macrophages and the switch from a pro-
inflammatory M1 phenotype to a remodeling M2 phenotype again
occurs within the first 2—4 days, with the clearest differences in
host response being detected between days 7 and 14 [14, 36].
However, longer term studies may be useful in measuring changes
in the mechanical strength of the biomaterial implant in response
to the tissue microenvironment.

For biodegradable materials or scaffolds derived from naturally
occurring materials such as extracellular matrix, the replacement of
these materials with site appropriate tissue is an essential compo-
nent inherent in their design. As a consequence, long term implan-
tation studies are essential in evaluating a scaffolds ability to
promote constructive tissue remodeling. Typically, the construc-
tive remodeling of the defect site does not fully become apparent
until the scaffold material has completely degraded. The degrada-
tion products of these scaffold materials are the stimulus to attract
tissue resident or circulating stem and progenitor cells, stimulate
angiogenesis, and promote an M2 macrophage response [14, 46,
47]. While early sacrifice points, up to 14 days, will allow the study
of the host immune response to the biomaterials, time points less
than 28 days will provide little information about the potential of
these materials to promote constructive tissue remodeling.
Depending on the degradation properties of the biomaterials being
studied sacrifice points of 6 months to 1 year may be required to
allow sufficient time for the material to degrade and for the con-
structive remodeling response to reach equilibrium. Time points
between 28 days and 6 months allow the constructive remodeling
response to be monitored and the temporal and spatial changes
associated with the remodeling process to be assessed, which is
particularly important when comparing biomaterials with similar
compositions but different structural properties.
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1.3.4  Evaluating the Host
Response to a Biomaterial

Evaluation of the
Host Response

Evaluation of Constructive
Tissue Remodeling

The partial thickness rat abdominal wall defect model allows for
the systematic evaluation of the host response to biomaterial
implantation. Hematoxylin and Eosin or Masson’s trichrome tri-
chrome stained histology sections from the biomaterial-host tissue
interface can provide a semiquantitative examination of the host
response. Histomorphologic analysis reveals (a) the rate of bioma-
terial degradation, (b) amount and spatial distribution of host cell
infiltration, (¢) the presence or absence of foreign body giant cells
and fibrous encapsulation, (d) vascularity of the remodeled tissue,
(e) muscle ingrowth, and (f) the degree of organization of the
replacement tissue [17]. With appropriate immunolabeling, the
phenotype of macrophages responding to a biomaterial scaffold
may also be evaluated. An early favorable host response would
show a predominant M2 macrophage cellular infiltrate along with
the absence of foreign body giant cells. At later time points, bioma-
terial degradation and host mediated deposition of organized tis-
sue along with muscle ingrowth and the lack of fibrous encapsulation
would be indicative of a favorable host response.

Constructive tissue remodeling is a process by which the default
host scarring response to injury is modified and instead, results in
the formation of site appropriate and functional tissue. Following
the implantation of a biomaterial scaffold, constructive tissue
remodeling in the partial thickness rat abdominal wall defect model
would result in functional abdominal wall musculature. At all time
points, the model allows for the evaluation of site appropriate con-
structive remodeling through the immunolabeling of the remod-
eled tissue for markers of soft tissue differentiation. The presence
of fast and slow muscle fibers along with blood vessels, and nerve
fibers within the remodeled tissue are indicative of site appropriate
skeletal muscle. Functionally innervated and vascularized skeletal
muscle should also be able to contract. The abdominal wall defect
model allows for the systematic evaluation of functional construc-
tive remodeling through the examination of the in situ contractile
force generated by the remodeled tissue [24].

2 Materials

2.1 Partial Thickness
Rat Abdominal
Wall Defect Model

2.1.1  Surgical Procedure

. Sprague-Dawley rats weighing 300-500 g.

. Isoflurane (2 % in O,).

Betadine.

. 4-0 prolene or similar, nonabsorbable suture.
. 3-0 Vicryl, or similar, resorbable suture.

. Heating pad.

N N U R N

. Appropriate analgesia such as 0.01-0.05 mg/kg Buprenorphine
Hydrochloride.
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2.1.2  Euthanasia 1. Isoflurane (5 % in O,).
and Sample Harvest 2. Cork board for pinning the explanted tissue.
3. 10 % neutral buffered formalin.
4. Paraffin.
2.2 Histomor- 1. Hematoxylin and Eosin staining materials.
phologic Analysis 2. Masson Trichrome staining materials.

2.3 Immunolabeling 1. Primary Antibodies.

Studies (a) Goat anti-CD206.
2.3.1 Macrophage (b) Rabbit anti-CCR?7.
Phenotype (¢) Mouse anti-CD68.

2. Secondary Antibodies
(a) Alexa Fluor 350 anti-mouse.
(b) Alexa Fluor 488 anti-goat.
(c) Alexa Fluor 568 anti-rabbit.

3. Xylene.
4. Ethanol.
5. Citric Acid (pH 6.0).
6. Tris buftered saline (pH 7.4).
7. Blocking Buffer: 2 % horse serum, 1 % bovine serum albumin,
0.1 % Triton-X, and 0.1 % Tween 20 in TBS.
8. Drag5 in TBS.
232 Vascularity 1. Xylene.
and Innervation 2. Ethanol.
3. 1 mM EDTA (pH 8.0).
4. Phosphate buffered saline (pH 7.0).
5. Blocking solution: 2 % normal horse serum and 2 % normal

bovine serum.
6. Primary Antibodies.
(a) Rabbit anti-CD31.
(b) Mouse anti-beta-1II tubulin.
7. Secondary Antibodies
(a) Biotinylated anti-rabbit.
(b) Biotinylated anti-mouse.
8. Horseradish peroxidase detection solution.
9. Diaminobenzidine.

10. Hematoxylin counter staining materials.
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2.3.3 Myofibers

2.4 Functional
Testing

2.4.1 In Situ Contractile
Force Testing

2.4.2  InVitro
Contractile Force Testing

10.

11.
12.
13.

p—

QN Ul R W

N Ul W

N T N N O

. Xylene.

. Ethanol.

. Citric Acid (pH 6.0).

. Tris buffered saline (pH 7.4).

PBS.

. 0.1 % trypsin and 0.1 % calcium chloride in TBS.

. Blocking Buffer: 2 % normal horse serum and 2 % normal

bovine serum in TBS.

. Antibody solution: 2 % normal horse serum and 2 % normal

bovine serum in TBS.

. Primary Antibodies:

(a) Mouse anti-slow myosin.

(b) Alkaline phosphatase conjugated anti-fast myosin.
Secondary:

(a) Biotinylated anti-mouse.

(b) Alkaline phosphatase detection substrate.

Mouse horseradish peroxidase detection solution.
Diaminobenzidine.

Hematoxylin staining materials.

. 2 % Isoflurane in O,.
. 70 % Ethanol.

Silk sutures.

. Platinum electrodes.

. Force transducer.

. Analog to digital data acquisition card.
. LabVIEW software.

. S88X Grass stimulator.

. Krebs’ buffer (121.0 mM NaCl, 5.0 mM KCI, 0.5 mM MgCl,,

1.8 mM CaCl,, 24 mM NaHCO;, 0.4 mM NaH,PO,, and
5.5 mM glucose, pH 7.4) oxygenated with 95 % oxygen and
heated to 37 °C.

. Organ bath (Radnoti glassware).

. Platinum field stimulating electrodes.
. S88X Grass stimulator.

. Data recording system.

. CO, for euthanasia.
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70 % Ethanol.
Non-stretching suture (e.g., silk or stainless steel).

Micropositioning mounting bracket.

3 Methods

3.1 Partial Thickness

Rat Abdominal Wall
Defect Model

3.1.1

Surgical Procedure

The partial thickness rat abdominal wall defect is created as previ-
ously described by Badylak et al. [48]. Sprague-Dawley rats weigh-
ing 300-500 g can be purchased from Charles River Laboratories
(Wilmington, Massachusetts) or similar vendors. Animals are then
housed in standard cages and receive food and water ad libitum.
The housing environment is maintained at a temperature of

68—

76 °F. All procedures described are performed in accordance

with the National Institutes of Health guidelines for care and use
of laboratory animals.

1.

Animals are anesthetized with 2 % isoflurane in oxygen
(see Note 1).

. Prepare the ventral abdomen by clipping or shaving (Fig. 1a)

and scrub with Betadine (povidone—iodine) before placing
sterile drapes around the surgical site (see Note 2).

. Make a ventral midline abdominal incision through the epider-

mis and bluntly dissect the dermis and subcutaneous tissue
from the underlying muscle tissues on one side of the midline
for a distance of approximately 4 cm to the anterior axillary
line, thus exposing the oblique musculature while leaving the
epidermis (see Note 3).

. Retract the incision in the ventral midline of the abdomen to

expose the ventral lateral abdominal wall adjacent to the linea
alba, including the musculotendinous junction of the abdomi-
nal wall musculature.

. Excise a 1.5 cmx 1.5 cm partial thickness defect consisting of

the internal and external oblique layers of the abdominal wall
musculature while leaving the underlying transversalis and
peritoneum intact (Fig. 1b). Uniformity of the defect size and
shape is ensured by implanting test articles with a fixed size and
shape in each animal.

. Replace the defect with a 1.5 cmx 1.5 cm piece of the bioma-

terial being tested (Fig. 1c).

. Place a single interrupted 4-0 prolene or similar, nonabsorb-

able suture at each of the four corners of the test article to
secure the biomaterial to the adjacent abdominal wall muscu-
lature. Suturing the test article to the native adjacent muscula-
ture subjects it to a physiologic mechanical load while allowing
the demarcation of the implant upon necropsy (see Note 4).
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3.1.2 Euthanasia
and Sample Harvest

3.2 Histomor-
phologic Analysis

3.3 Immunolabeling
Studies

3.3.1 Macrophage
Phenotype

8. Close the skin using 3-0 Vicryl, or similar, resorbable suture in
an interrupted fashion and allow the animal to recover from
anesthesia on a heating pad.

9. Each animal should receive appropriate analgesia such as 0.01-
0.05 mg/kg Buprenorphine Hydrochloride immediately post-
operatively and for at least 2 days afterward. In addition, a
prophylactic broad spectrum antibiotic may also be given such
as 2-3 mg/kg gentamicin (see Note 5).

On the predetermined sacrifice date, each animal is anesthetized
using isoflurane (5 % in oxygen) and then euthanized by intracar-
diac injection of saturated potassium chloride to induce cardiac
arrest prior to implant harvest.

1. Following euthanasia, make a ventral midline incision through
the epidermis and bluntly dissect the dermis and subcutaneous
tissues from the underlying musculature.

2. Explant the full thickness abdominal wall containing the
implant site (corners demarcated by the sutures) along with a
small amount of adjacent native tissue.

3. Inorder to preserve its native tissue morphology, pin the explanted
tissue to a corkboard and fix in 10 % neutral buftered formalin
before standard paraffin embedding and histological processing.

For histomorphologic analysis, tissue sections are stained with
either Hematoxylin and Eosin or Masson’s trichrome trichrome
before coverslipping. Semiquantitative Histomorphologic analysis
reveals (a) the rate of biomaterial degradation, (b) amount of host
cell infiltration, (c) the presence or absence of foreign body giant
cells and fibrous encapsulation, (d) vascularity of the remodeled
tissue, (¢) muscle ingrowth, and (f) the degree of organization of
the replacement tissue [17]. Depending on the time point selected
for analysis, different criteria may be used to generate a histological
score of the tissue. An example of a histomorphological scoring
system can be seen in Tables 1 and 2. Histological scoring should
be performed by at least three investigators who are blinded to the
nature of the implant being tested. Statistical analysis should be
performed using a suitable nonparametric test such as Fisher’s
exact test, Mann—-Whitney U-test, or Kruskal-Wallis test.

To determine the phenotype of macrophages responding to the
implantation of the test article, immunofluorescent labeling of
markers known to be strong indicators of M1 or M2 macrophages
can be performed. CCR7 and CD206 are often used as markers of
M1 and M2 macrophages, respectively, with CD68 used as a pan-
macrophage marker in this rat model.
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Scoring criteria for histomorphologic analysis at 14 days post-implantation

1

2

3

0
Cellular infiltration 0 Cells per HPF
score
Multinucleated More than 5
giant cell score multinucleate
giant cells per
HPF

0-1 Blood vessels
per HPF

Vascularity

Original scaffold
intact

Connective tissue
organization

Dense tissue
encapsulation

Encapsulation

Scaffold degradation No degradation

1-75 Cells per HPF  75-150 Cells

2-5 Multinucleate
giant cells per
HPF

2-5 Blood vessels
per HPF

Original scaffold
disrupted, poorly
organized new
ECM present

Moderate
encapsulation

Scaffold mostly
present

per HPF

1 Multinucleate
giant cell per
HPG

6-10 Blood
vessels per HPF

Moderately
organized
connective
tissue present

Slight
encapsulation

Some scaffold
present

More than 150
cells per HPF

No
multinucleate
giant cells per
HPFE

More than 10
blood vessels
per HPF

Dense, highly
organized
connective
tissue present

No
encapsulation

No scaffold
present

Cell counts represent the number of cells per high power field (HPF). Higher scores are indicative of a more
positive constructive host remodeling response

Table 2

Scoring criteria for histomorphologic analysis at 35 days post-implantation

0 1 2 3
Multinucleated ~ More than 5 2-5 Multinucleate 1 Multinucleate No multinucleate
giant cell score  multinucleate giant cells per giant cell per giant cells per
giant cells per HPF HPF HPF
HPF
Connective tissue Original scaffold ~ Original scaffold Moderately Dense, highly
organization intact disrupted, poorly organized organized
organized new connective tissue  connective tissue
ECM present present present
Muscle ingrowth No muscle Any muscle cells Muscle cells Organized muscle
ingrowth present in scaffold ~ presentin center  present
of scaffold
Encapsulation Dense tissue Moderate Slight No encapsulation
encapsulation encapsulation encapsulation
Scaffold No degradation Scaffold mostly Some scaffold No scaffold present
degradation present present

Cell counts represent the number of cells per high power field (HPF). Higher scores are indicative of a more
positive constructive host remodeling response
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3.3.2 Vascularity
and Innervation

10.
11.

. Paraffin embedded tissue sections (5 pm) should be deparaf-

finized with xylene and rehydrated through a series of graded
ethanol washes.

. Process slides for epitope retrieval by boiling at approximately

98 °C for 20 min in 10 mM citric acid (Spectrum C1285 or
equivalent), pH 6.0.

. Allow the slides to cool and then wash in Tris buffered saline

(TBS) pH 7.4 for 5 min. Repeat three times.

. Perform blocking of nonspecific antigens by incubating tissue

sections in 2 % horse serum, 1 % bovine serum albumin, 0.1 %
Triton-X, and 0.1 % Tween 20 in TBS for 1 h at room
temperature.

. Incubate tissue sections in primary antibodies: mouse anti-

CD68 (1:50); goat anti-CD206 (1:50); and rabbit anti-CCR7
(1:250). Dilute in blocking buffer and incubate overnight at
4 °C (see Note 6).

. Wash slides in TBS for 5 min. Repeat three times.

. Incubate tissue sections in fluorescently labeled secondary anti-

bodies: Alexa Fluor 350 anti-mouse (1:25); Alexa Fluor 488
anti-goat (1:200); and Alexa Fluor 568 anti-rabbit (1:200).
Dilute antibodies in blocking buffer and incubate for 1 h at
room temperature.

. Wash slides in TBS for 5 min. Repeat three times.

. To stain nuclei, incubate tissue sections in Drag5 (1:500)

diluted in TBS for 5 min at room temperature (se¢ Note 7).
Wash slides in TBS for 5 min. Repeat three times.

Apply mounting media and coverslip each slide prior to imag-
ing (see Note 8).

To determine if the remodeling tissue is vascularized and inner-
vated, immunohistochemical labeling of CD31 for endothelial
cells and beta-III tubulin for neurons is performed.

1.

3.

4.

Paratfin embedded tissue sections (5 pm) should be deparaf-
finized with xylene and rehydrated through a series of graded
ethanol washes.

. Process slides for epitope retrieval by boiling at approximately

95 °C for 20 min in 1 mM EDTA, pH 8.0.

Allow the slides to cool and then wash slides in phosphate
buftfered saline (PBS) pH 7.0 for 5 min. Repeat three times.

Perform blocking of nonspecific antigens by incubating tissue
sections in blocking buffer: 2 % normal horse serum and 2 %
normal bovine serum in PBS for 30 min at room
temperature.
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10.
11.

12.
13.
14.
15.
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. Incubate tissue sections in the primary antibodies diluted in

blocking solution. For endothelial cells: rabbit anti-CD31
(1:100); for neurons: mouse anti-beta-III tubulin (1:100).
Incubate at 4 °C overnight.

. Wash slides in PBS for 5 min. Repeat three times.

. In order to quench endogenous peroxidase activity, incubate

tissue sections in 3 % H,O, in Methanol in for 30 min at room
temperature.

. Wash slides in PBS for 5 min. Repeat three times.

. Incubate tissue sections with the secondary antibody diluted in

blocking solution. For CD31: biotinylated anti-rabbit (1:200);
for beta-III tubulin: biotinylated anti-mouse (1:200). Incubate
at room temperature for 60 min.

Wash slides in PBS for 5 min. Repeat three times.

Incubate tissue sections in a horseradish peroxidase detection
solution for 30 min at 37 °C.

Wash slides in PBS for 5 min. Repeat three times.
Apply Diaminobenzidine (DAB) to detect positive staining cells.
Wash slides in water for 5 min. Repeat three times.

Counterstain with hematoxylin and coverslip prior to imaging.

For studies investigating constructive remodeling of a biomaterial
implant, identification of new skeletal muscle tissue may be of
interest. To examine the composition of any skeletal muscle tissue
that has formed staining for fast and slow myosin heavy chains may
be performed to identify fast-twitch and slow-twitch muscle fibers.

1.

Paraffin embedded tissue sections (5 pm) should be deparaf-
finized with xylene and rehydrated through a series of graded
ethanol washes.

. Process slides for antigen retrieval by boiling at approximately

98 °C for 20 min in 10 mM citric acid, pH 6.0.

. Allow the slides to cool and the wash slides in Tris buffered

saline (TBS) pH 7.4 for 5 min. Repeat three times (see Note 9).

. To unmask antigens, incubate tissue sections in 0.1 % trypsin

and 0.1 % calcium chloride in TBS for 10 min at 37 °C.

. Wash the slides in TBS for 5 min. Repeat three times.

6. Perform blocking of nonspecific antigens by incubating tissue

sections in blocking buffer: 2 % normal horse serum (Vector
Labs; S-2000 or equivalent) and 2 % normal bovine serum in
TBS for 10 min at room temperature.

. Incubate tissue sections in first primary antibody diluted in 4 %

normal goat serum in TBS: mouse anti-slow myosin (1:4,000).
Incubate for 30 min at room temperature.
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3.4 Functional
Testing

3.4.1

In Situ Testing

10.
11.

12.
13.
14.
15.

16.

17.
18.

19.

. Wash slides in PBS for 5 min. Repeat three times.

. Incubate tissue sections in secondary antibody diluted in 4 %

normal goat serum in TBS: biotinylated anti-mouse (1:200),
Incubate for 60 min at room temperature.

Wash slides in PBS for 5 min. Repeat three times.

Incubate tissue sections in mouse horseradish peroxidase
detection solution (Vector; PK-6100 or equivalent) for 30 min
at 37 °C

Wash slides in PBS for 5 min. Repeat three times.
Apply DAB to detect positive staining cells.
Wash slides in PBS for 5 min. Repeat three times.

Perform blocking of nonspecific antigens by incubating tissue
sections in blocking buffer: 2 % normal horse serum and 2 %
normal bovine serum in TBS for 10 min at room temperature.

Incubate tissue sections in the second primary antibody diluted
in 4 % normal goat serum in TBS: alkaline phosphatase conju-
gated anti-fast myosin (1:200). Incubate for 60 min at room
temperature.

Wash slides in PBS for 5 min. Repeat three times.

Apply alkaline phosphatase detection substrate to detect posi-
tive staining (see Note 10).

Counterstain - with hematoxylin and coverslip prior to
imaging.

. Anesthetize each animal with 2 % isoflurane in oxygen by inha-

lation or equivalent.

. Prepare the ventral abdomen by clipping or shaving and cleanse

with 70 % ethanol.

. Create a midline epidermal incision and bluntly dissect the

overlying fascia from the underlying body wall at the site of test
article implantation (demarcated by the non-resorbable marker
sutures).

. Dissect a flap of body wall tissue containing the remodeled site

plus 2 mm of adjacent native musculature. Carefully preserve
the origin and rib attachment of the external oblique muscle to
maintain blood flow and innervation to the remodeled test
article site. Isolate the tissue flap by removing the muscle fibers
from all remaining sides of the implantation site including the
insertion site at the linea alba and the underlying surface adja-
cent to the transversalis fascia and peritoneum (Fig. 2).

. Position the isolated tissue flap such that the direction of the

muscle contraction is aligned along an axis from the costo-
chondral arch toward the linea alba.
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Fig. 2 Schematic of in situ contractile force testing. A flap of tissue is created
which contains the site of test article implantation. The dense connective tissue
of the insertion site at the linea alba is connected to the force transducer with silk
suture. Stimulatory platinum electrodes are placed across the tissue flap

6. Place platinum electrodes across the flap of tissue perpendicu-

1.

lar to the direction of muscle contraction and at both the prox-
imal and distal ends of the scaffold placement site as identified
by the Prolene sutures (Fig. 2).

. Secure the distal (previous insertion end) tissue to a force trans-

ducer with silk suture. An analog to digital data acquisition
receives signals from the force transducer. Custom-designed
programs can be created in LabVIEW software to monitor and
record the forces measured by the force transducer.

Stimulate the isolated tissue flap with a S88X Grass stimulator.
Optimum length is determined as the length at which the max-
imum twitch force is obtained using a 2 ms pulse at 50 pulses
per second (pps). The maximum tetanic force (Pt-MAX) for
the test site (Pt,S) and the contralateral native tissue (Pt,N) as
a function of stimulation rate is determined by delivering 5,
10, 15, 20, 30, 40, 60, and 75 pps in 1 s trains with 2 min of
rest between each test.

. Normalize the Pt,S to Pt,N and to the native Pt-MAX (Pt,N-

MAX). The contractile force for each stimulation frequency is
then calculated for each tetanic force and specific force is calcu-
lated for Pt-MAX by normalizing with the cross-sectional area
of the tissue.
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3.4.3 In Situ-Fatigue
Resistance Testing

3.4.4 InVitro Testing

1.

Determine the fatigue resistance of the tissue at the test site by
comparing the force generated at time =0 to =2 min. After
a 5 min rest period, deliver pulses at the frequency at which the
forces plateau during the tetanic force testing, in trains of
330 ms duration at a rate of 1 train per second, for a total of
2 min. The Fatigue Index is calculated as the ratio of the resid-
ual force at =2 to the initial force at £=0.

An alternative to in situ muscle testing is in vitro testing of isolated
muscle strips in a tissue organ bath. In vitro testing allows a more
extensive and precise quantification of muscle properties to be per-
formed, although careful setup is required to ensure that accurate
measurements are obtained.

1.

Assemble the tissue organ bath following the manufacturer’s
instructions (Radnoti glassware). The system should be filled
with Krebs’ bufter (121.0 mM NaCl, 5.0 mM KCI, 0.5 mM
MgCl,, 1.8 mM CaCl,, 24 mM NaHCOj;, 0.4 mM NaH,PO,,
and 5.5 mM glucose, pH 7.4) oxygenated with 95 % oxygen
and heated to 37 °C. The system should be assembled and
allowed to equilibrate for at least 2 h prior to starting the
experiment in order to ensure adequate oxygenation and tem-
perature stabilization. A pair of platinum field stimulating elec-
trodes should be secured within the organ bath and connected
to an electrical stimulator (S88X). A calibrated force transducer
should be connected to a data recording system.

. Animals for in vitro muscle testing should be euthanized by

inhaled CO, (see Note 11).

. Prepare the ventral abdomen by clipping or shaving and cleanse

with 70 % ethanol.

. Create a midline epidermal incision and bluntly dissect the

overlying fascia from the underlying body wall at the site of test
article implantation (demarcated by the non-resorbable marker
sutures).

. The body wall containing the biomaterial implant should be

carefully dissected to minimize damage to the muscle tissue
within the implant site. Excessive pulling on the muscle or
touching of the muscle directly should be avoided. In general,
a 1 cm border of native tissue should be dissected with the
implant to preserve the muscle tissue as much as possible.

. The explanted body wall tissue should be gently stretched and

pinned to a dissecting dish and placed immediately into oxy-
genated Krebs’ buffer at 24-25 °C and allowed to equilibrate
for 10 min.

. Identify the orientation of the muscle fibers within the implant

site or if unclear within the surrounding body wall tissue.
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A muscle strip should be prepared with the muscle fibers
running longitudinally that is approximately 1.5 cm in length
and between 2 and 4 mm in width (se¢ Note 12).

. The muscle strip should be secured at both ends with tissue

clips and placed between two field stimulating electrodes
within a 50 ml organ bath containing oxygenated Krebs’ solu-
tion. One end of the muscle strip should be secured to a force
transducer, mounted in a micropositioner mounting bracket
with non-stretching suture, e.g., silk or stainless steel.

. Adjust the angle of the micropositioner so that the muscle strip

is running parallel to the stimulating electrodes and so that the
force transducer is directly over the muscle strip.

Raise the micropositioner so that the muscle strip is vertical
but not under tension. The suture should have a small amount
of slack. Make sure that there is enough room to increase the
height of the micropositioner (at least 20 mm).

Determine the optimal voltage to produce a maximal twitch
response by stimulating the muscle strips with a 0.2 ms dura-
tion pulse at 1 min intervals with increasing voltage (0-24 V in
1 V increments) until the twitch response reaches a maximum
and plateaus (optimal voltage is within the plateau region).

Determine the optimal muscle length by adjusting the preten-
sion on the muscle through micropositioner adjustment. The
muscle should be subjected to an initial pre-tension of 0.5 g
and allowed to equilibrate for 10 min. Following equilibration
the muscle strip should be stimulated with a 0.2 ms stimulus at
the optimal voltage. Increase the tension using the
micropositioner in 0.05 g increments, at 1 min intervals until
a maximal twitch response is obtained. Record the optimal
length of the muscle strip using calipers. This optimal length
should be maintained throughout the rest of the experiment.

Determine maximum isometric tetanic contractile force by
stimulating the muscle strip at optimal voltage and optimal
length with increasing stimulus frequency. The muscle strips
should be stimulated with 0.2 ms pulses at frequencies between
20 and 200 Hz with train duration of 1.5 s. A two minute rest
period should follow each stimulus.

Determine muscle fatigue resistance by measuring and com-
paring the force generated at time #=0 to #=2 min. After a
5 min rest period, administer a constant train of pulses at the
frequency at which the tetanic force plateaued during the iso-
metric force testing, for a total of 2 min. The fatigue index is
calculated as the ratio of the residual force at =2 to the initial
force at =0 (see Note 13).
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15.

16.

Immediately following the experiment record the mass of the
isolated muscle strip.

Calculate the specific force generated for each muscle strip by
dividing the muscle mass by the product of optimal fiber length
(Lt) and muscle density (1.06 mg/mm?®). Optimum fiber
length for rat external and internal oblique muscle can be
obtained from a previously published study [49] (see Note 14).

4 Notes

. Isoflurane is known to cause postoperative immunosuppres-

sion in mice [50]. Although effects are not known in rats,
injectable anesthetics such as Ketamine +xylazine may also be
used if inhaled anesthesia is unavailable.

. Aseptic surgical technique is very important in this model.

Great care must be taken to prevent hair follicles or other con-
taminants from compromising the implantation site, thus
altering the endogenous host inflammatory response.

. This model allow for the opportunity for bilateral implantation

studies to be performed allowing two different biomaterials to
be evaluated for mechanical properties in the same animal.
Care should be taken when performing bilateral studies inves-
tigating host response in case the biomaterial being used has
systemic effects on the immune system which may affect the
contralateral implant.

. A minimal amount of suture material placed only at the corners

of the implant avoids eliciting a host response to the suture that
would obscure the innate host response to the test article.

. It is common for rats to be given an analgesic such as acet-

aminophen or Ibuprofen in the drinking water. However, this
type of analgesia usually involves a nonsteroidal anti-
inflammatory drug (NSAID). Since these drugs possess anti-
inflammatory properties they will affect the host immune
response to the implanted biomaterials to a degree. As a result
it is reccommended that an opioid analgesic be given.

. Although neither CCR7 nor CD206 is independently specific

for macrophages, in combination with the pan macrophage
marker CD68 they provide a high sensitivity for detection of
M1 and M2 polarized macrophages in vivo. In addition, sev-
eral alternative markers for polarized macrophages have been
reported [51]. While these may have a higher specificity there
may also be a contrasting decrease in sensitivity meaning that
not all the macrophages may be detected.

. Draq5 is a novel bisalkylaminoanthraquinone dye with a high

affinity for DNA. The emission spectrum for Draq5 is in the
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deep red range (655-800 nm) which may require specialized
filters to view. Alternative nuclear stains may be used but
may not provide suitable spectral separation to allow all four
fluorophores to be imaged.

8. Certain antifade agents may alter the fluorescent signal from
the fluorophores, particularly when using the range of fluoro-
phores required in this protocol. We routinely use Dako
Fluorescent mounting media without any problems. Similarly,
if using a non-hardening mountant, the choice of sealant such
as nail varnish, may also cause quenching of the fluorescent
signal due to solvents in the sealant solution.

9. It is essential for this protocol that TBS be used for preparation
of all buffers and blocking solutions, since the phosphate in
PBS will quench the alkaline phosphatase conjugated to the
fast myosin antibody.

10. Staining times should be monitored closely to ensure a balance
in intensity between the red alkaline phosphatase substrate and
the DAB substrate while minimizing background staining.
DAB staining should be allowed to develop a darker brown
color than would normally be expected since some substrate
will be lost with the subsequent fast myosin staining. Alkaline
phosphatase detection may take between 10 and 15 min to
develop an intense staining.

11. Avoid injectable euthanasia agents such as potassium chloride
or sodium pentobarbital which can diffuse into muscle tissues
and affect contractile responses.

12. The mass of the muscle strip should be less than 25 mg. Larger
muscle strips may develop an anoxic core and diminished func-
tional output because perfusion by the organ bath is insuffi-
cient to support the metabolic demands of the muscle.

13. A disadvantage of in vitro fatigue testing is that it does not
account for issues relating to innervation, the neuromuscular
junction or circulation which may all influence muscle fatigue
in vivo.

14. Calculation of specific force using this method approximates
the true specific force of the muscle. Damage to the muscle
fibers as a result of the dissection will reduce the overall con-
tractile force generated by the muscle. Muscle strips can be
stained with a 0.2-1.0 % solution of Procion Orange to iden-
tify and quantify the presence of damaged myofibers [52].

References
1. Badylak SF, Hoppo T, Nieponice A, Gilbert resection in the setting of superficial cancer:
TW, Davison JM, Jobe BA (2011) a regenerative medicine approach with a bio-
Esophageal preservation in five male patients logic scaffold. Tissue Eng Part A 17:

after endoscopic inner-layer circumferential 1643-1650



24

8]

10.

11.

12.

13.

14.

15.

16.

17.

Brian Sicari et al.

. Atala A, Bauer SB, Soker S, Yoo JJ, Retik AB
(2006) Tissue-engineered autologous bladders
for patients needing cystoplasty. Lancet 367:
1241-1246

. Teng YD, Lavik EB, Qu X, Park KI, Ourednik
J, Zurakowski D, Langer R, Snyder EY (2002)
Functional recovery following traumatic spinal
cord injury mediated by a unique polymer scaf-
fold seeded with neural stem cells. Proc Natl
Acad Sci USA99:3024-3029

. Williams DF (2008) On the mechanisms of
biocompatibility. Biomaterials 29:2941-2953

. Mikos AG, McIntire LV, Anderson JM, Babensee
JE (1998) Host response to tissue engineered
devices. Adv Drug Deliv Rev 33:111-139

. Chapekar MS (1996) Regulatory concerns in
the development of biologic-biomaterial com-
binations, United States food and drug admin-
istration. ] Biomed Mater Res 33:199-203

. Ratner BD (1996) Biomaterials science: an
introductions to materials in medicine. Elsevier
Academic Press, Amsterdam, 484 pp

. Anderson JM (2001) Biological responses to
materials. Annu Rev Mater Res 31:81-110

. Singer AJ, Clark RA (1999) Cutaneous wound

healing. N Engl ] Med 341:738-746

Clark RA, Lanigan JM, DellaPelle P, Manseau

E, Dvorak HF, Colvin RB (1982) Fibronectin

and fibrin provide a provisional matrix for epi-

dermal cell migration during wound reepitheli-

alization. ] Invest Dermatol 79:264-269

Witte MB, Barbul A (1997) General principles

of wound healing. Surg Clin North Am

77:509-528

Nissen NN, Polverini PJ, Koch AE, Volin MV,

Gamelli RL, DiPietro LA (1998) Vascular

endothelial growth factor mediates angiogenic

activity during the proliferative phase of wound

healing. Am ] Pathol 152:1445-1452

Brown BN, Valentin JE, Stewart-Akers AM,

McCabe GP, Badylak SF (2009) Macrophage

phenotype and remodeling outcomes in

response to biologic scaffolds with and without

a cellular component. Biomaterials 30:

1482-1491

Badylak SF, Valentin JE, Ravindra AK, McCabe

GP, Stewart-Akers AM (2008) Macrophage

phenotype as a determinant of biologic scaffold

remodeling. Tissue Eng Part A 14:1835-1842

Beattie AJ, Gilbert TW, Guyot JP, Yates AJ,

Badylak SF (2009) Chemoattraction of pro-

genitor cells by remodeling extracellular matrix

scaffolds. Tissue Eng Part A 15:1119-1125

Anderson JM, Rodriguez A, Chang DT (2008)

Foreign body reaction to biomaterials. Semin

Immunol 20:86-100

Valentin JE, Badylak JS, McCabe GP, Badylak

SF (2006) Extracellular matrix bioscaffolds

for orthopaedic applications: a comparative

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

histologic study. J Bone Joint Surg Am 88:
2673-2686

Dadsetan M, Jones JA, Hiltner A, Anderson
JM (2004) Surface chemistry mediates adhe-
sive structure, cytoskeletal organization, and
fusion of macrophages. ] Biomed Mater Res A
71:439-448

Henson PM (1971) The immunologic release
of constituents from neutrophil leukocytes. II.
Mechanisms of release during phagocytosis,
and adherence to nonphagocytosable surfaces.
J Immunol 107:1547-1557
Hernandez-Pando R, Bornstein QL, Aguila
LD, Orozco EH, Madrigal VK, Martinez CE
(2000) Inflammatory cytokine production by
immunological and foreign body multinucle-
ated giant cells. Immunology 100:352-358
Kovacs EJ (1991) Fibrogenic cytokines: the
role of immune mediators in the development
of scar tissue. Immunol Today 12:17-23
Williams  GT, Williams WJ  (1983)
Granulomatous inflammation—a review. J Clin
Pathol 36:723-733

Turner NJ, Yates AJ, Weber DJ, Qureshi IR,
Stolz DB, Gilbert TW, Badylak SF (2010)
Xenogeneic extracellular matrix as an inductive
scaffold for regeneration of a functioning mus-
culotendinous junction. Tissue Eng Part A
16:3309-3317

Valentin JE, Turner NJ, Gilbert TW, Badylak
SF (2010) Functional skeletal muscle forma-
tion with a biologic scaffold. Biomaterials
31:7475-7484

Valentin JE, Stewart-Akers AM, Gilbert TW,
Badylak SF (2009) Macrophage participation
in the degradation and remodeling of extracel-
lular matrix scaffolds. Tissue Eng Part A 15:
1687-1694

Takebe J, Champagne CM, Offenbacher S,
Ishibashi K, Cooper LF (2003) Titanium sur-
face topography alters cell shape and modulates
bone morphogenetic protein 2 expression in
the J774A.1 macrophage cell line. J Biomed
Mater Res A 64:207-216

Lu J, Descamps M, Decjou J, Koubi G,
Hardouin P, Lemaitre J, Proust JP (2002) The
biodegradation mechanism of calcium phos-
phate biomaterials in bone. ] Biomed Mater
Res 63:408—412

Labow RS, Sa D, Matheson LA, Santerre JP
(2005) Polycarbonate-urethane hard segment
type influences esterase substrate specificity for
human-macrophage-mediated biodegradation.
J Biomater Sci Polym Ed 16:1167-1177
Khouw IM, van Wachem PB, de Leij LF, van
Luyn MJ (1998) Inhibition of the tissue reac-
tion to a biodegradable biomaterial by mono-
clonal antibodies to IFN-gamma. ] Biomed
Mater Res 41:202-210



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40

4]1.

42.

Brodbeck WG, Patel J, Voskerician G,
Christenson E, Shive MS, Nakayama Y, Matsuda
T, Ziats NP, Anderson JM (2002) Biomaterial
adherent macrophage apoptosis is increased by
hydrophilic and anionic substrates in vivo. Proc
Natl Acad Sci USA99:10287-10292

Gordon S, Taylor PR (2005) Monocyte and
macrophage heterogeneity. Nat Rev Immunol
5:953-964

Mantovani A, Sica A, Locati M (2005)
Macrophage polarization comes of age.
Immunity 23:344-346

Mosser DM (2003) The many faces of macro-
phage activation. J Leukoc Biol 73:209-212
Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi
A, Locati M (2004) The chemokine system in
diverse forms of macrophage activation and polar-
ization. Trends Immunol 25:677-686

Stout RD, Jiang C, Matta B, Tietzel I, Watkins
SK, Suttles J (2005) Macrophages sequentially
change their functional phenotype in response
to changes in microenvironmental influences.
J Immunol 175:342-349

Tidball JG, Villalta SA (2010) Regulatory
interactions between muscle and the immune
system during muscle regeneration. Am J
Physiol Regul Integr Comp Physiol 298:
R1173-R1187

Ruffell D, Mourkioti F, Gambardella A,
Kirstetter P, Lopez RG, Rosenthal N, Nerlov C
(2009) A CREB-C/EBPbeta cascade induces
M2 macrophage-specific gene expression and
promotes muscle injury repair. Proc Natl Acad
Sci USA106:17475-17480

Nguyen C, Boldea RC, Roy S, Shaarawy T,
Utter S, Mermoud A (2006) Outflow mecha-
nisms after deep sclerectomy with two different
designs of collagen implant in an animal model.
Graefes Arch Clin Exp Ophthalmol 244:
1659-1667

Barbolt TA, Odin M, Leger M, Kangas L,
Hoiste J, Liu SH (2001) Biocompatibility eval-
uation of dura mater substitutes in an animal
model. Neurol Res 23:813-820

. VandeVord PJ, Matthew HW, DeSilva SD,

Mayton L, Wu B, Wooley PH (2002 ) Evaluation
of the biocompatibility of a chitosan scaffold in
mice. ] Biomed Mater Res 59:585-590
Jeyanthi R, Rao KP (1990) In vivo biocompat-
ibility of collagen-poly(hydroxyethyl methacry-
late) hydrogels. Biomaterials 11:238-243
Buchen SY, Cunanan CM, Gwon A,
Weinschenk JI, Gruber L, Knight PM (2001)

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Host Response to Biomaterials 25

Assessing intraocular lens calcification in an
animal model. J Cataract Refract Surg
27:1473-1484

Gosain AK, Riordan PA, Song L, Amarante
MT, Kalantarian B, Nagy PG, Wilson CR, Toth
JM, Mclntyre BL (2004) A 1-year study of
osteoinduction in hydroxyapatite-derived bio-
materials in an adult sheep model: part II.
Bioengineering implants to optimize bone
replacement in reconstruction of cranial
defects. Plast Reconstr Surg 114:1155-1163,
discussion 64-65

Gad SC (2002) Safety evaluation of medical
devices. Marcel Dekker, New York, NY
Bischoft F, Bryson G (1964) Carcinogenesis
through solid state surfaces. Prog Exp Tumor
Res 5:85-133

Agrawal V, Johnson SA, Reing J, Zhang L,
Tottey S, Wang G, Hirschi KK, Braunhut S,
Gudas LJ, Badylak SF (2010) Epimorphic
regeneration approach to tissue replacement in
adult mammals. Proc Natl Acad Sci
USA107:3351-3355

Li F, Li W, Johnson S, Ingram D, Yoder M,
Badylak S (2004) Low-molecular-weight pep-
tides derived from extracellular matrix as che-
moattractants for primary endothelial cells.
Endothelium 11:199-206

Badylak S, Kokini K, Tullius B, Simmons-Byrd
A, Morff R (2002) Morphologic study of small
intestinal submucosa as a body wall repair
device. J Surg Res 103:190-202

Brown SH, Banuelos K, Ward SR, Lieber RL
(2010) Architectural and morphological assess-
ment of rat abdominal wall muscles: compari-
son for use as a human model. J Anat 217:
196-202

Markovic SN, Knight PR, Murasko DM (1993)
Inhibition of interferon stimulation of natural
killer cell activity in mice anesthetized with
halothane or isoflurane.  Anesthesiology
78:700-706

Martinez FO, Gordon S, Locati M, Mantovani
A (2006) Transcriptional profiling of the
human monocyte-to-macrophage differentia-
tion and polarization: new molecules and pat-
terns of gene expression. J Immunol 177:
7303-7311

Petrof BJ, Shrager JB, Stedman HH, Kelly
AM, Sweeney HL (1993) Dystrophin protects
the sarcolemma from stresses developed during
muscle contraction. Proc Natl Acad Sci
90:3710



Chapter 2

Urothelial Cell Gulture

Yuanyuan Zhang and Anthony Atala

Abstract

This chapter reviews the use of urothelial cells as a means to enhance tissue regeneration and wound
healing in urinary tract system. It addresses the properties of urothelial cells, including their role as a per-
meability barrier to protect underlying muscle tissue from the caustic effects of urine and as one of the
main cell types, along with smooth muscle cells, that are used in urethral or bladder tissue engineering
today. This description includes a general overview of various isolation techniques and culture methods
that have been developed to improve urinary tract reconstruction in vivo and aid the characterization of
growth factor expression in vitro. The chapter then describes various applications using urothelial cells,
including production of multilayer urothelial sheets, tissue engineered bladder mucosa, tissue engineered
urethra, and tissue engineered bladder. It also outlines the advantages of sandwich and layered coculture
of these cells and the effects of epithelial-stromal cell interactions during tissue regeneration or wound
healing processes in the urinary tract.

Key words Urothelial cells, Bladder, Ureter, Tissue engineering, Scaffold, Urinary reconstruction,
Epidermal growth factor, Serum-free medium

1 Introduction

Culture of urothelial cells (UC) provides an in vitro model system
to help advance our understanding of the cellular mechanisms of
urothelial development as well as epithelial-stromal interactions
and cell—cell signaling in the pathogenesis of bladder cancer, inter-
stitial cystitis, and urinary tract infection. Additionally, autologous
UC provide a critical cell source for urinary tract reconstruction
and regeneration using tissue engineering technology.

The urothelium forms a barrier between urine and the under-
lying muscle and connective tissue. It consists of multiple cell layers:
a basal layer containing progenitor cells that attaches to the
connective tissue substratum, an intermediate cell layer that is one
to two layers thick, and a superficial cell layer composed of highly
differentiated umbrella cells that line the luminal surface of the

bladder.

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
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A few decades ago, UC could be harvested and maintained in
culture for limited periods, but their growth and expansion was
not possible. Their growth was further hampered by inadequate
media that contained serum, which facilitated fibroblast over-
growth. With improvements in culture technology, clonal growth
of bladder and ureter UC has been achieved with the development
of serum-free media and techniques which target the basal cells,
such as scraping of the mucosa, to facilitate harvest. Additionally,
the optimization of nutrients in the media, including a reduction
in calcium concentration and the omission of serum, favors prolif-
eration and formation of a monolayer of UC rather than differen-
tiation, which extends the life of the culture and permits serial
propagation [ 1-4]. Recently, stratified urothelial sheets and three-
dimensional (3D) growth of urothelial structures have been gener-
ated for urological tissue engineering purposes [5-7]. Stratified
urothelial cell-sheets can be produced for potential use in demuco-
salized gastrointestinal flaps [8—14]. Three dimensional urothelial
structures can be formed using a combination of culture tech-
niques, i.e., coculture of UC and smooth muscle cells (SMC)
seeded on porous scatfolds in a bioreactor under dynamic culture
conditions [ 15-18], and these structures can potentially be used in
the engineering of urinary tract organs [8, 17, 19-25].

2 Materials

2.1 Culture Medium
and Supplements

. Keratinocyte serum-free media (KSEM).

. Recombinant epidermal growth factor (EGEF).

. Bovine pituitary extract (BPE) Cholera toxin.

. Soy Bean Trypsin Inhibitor.

. Dispase II for detaching cell sheets from culture dishes.
. Collagenase IV.

. 0.2 % Ethylenediaminetetraacetic acid (EDTA).

. 0.05 % Trypsin.

. Dulbecco’s Modified Eagle’s Medium (DMEM).

. Fetal bovine serum (FBS).
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. Penicillin—streptomycin solution.

. Peracetic acid (PAA).

. Calcium (CaCl,) Stock solution 0.5 M.

. Hank’s Balanced Salt Solution (HBSS).

. A pair of microsurgery forceps and scalpel.
. NIH 3T3 fibroblasts.

. Triton X-100.
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2.2 Coculture 1.

Model and
Conditioned Medium

w

2.3 RT-PCR 1.
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0.20 pm sterile filter.

2. T25 Primaria cell culture flasks.

. Dynamic culture system with an orbital shaker.

RNA isolation from cell cultures is performed using the RNA
isolation kit from 5 PRIME Inc.

. Reverse transcription reactions are performed using a High-

Capacity cDNA.

. Transcription Kit.

4. Primers for uroplakin Ia and III, CK7, CK 13, CK 20, were

O 0 N O v

2.4 Western Blot 1.

designed and purchased from Eurofins MWG Operon.

. Taqg DNA Polymerase.
. PCR bufter.

. dNTDs.

. ddH,O0.

. Agarose.

10.
. Thermocycler.
12.

PCR tubes.

System for electrophoresis of PCR products.

RIPA butffer, composed of 50 mM Tris—-HCI pH 7.4, 150 mM
NaCl, 2 mM EDTA, 1 % NP-40, 0.1 % SDS.

2. SDS-PAGE gels, 10-12.5 % polyacrylamide.

. 10x TGS running buffer.

4. Transfer buffer (48 mM Trizma Base, 39 mM Glycine, 20 %

methanol pH 9.2).

. Transfer apparatus.

6. PVDF membranes.

10.

11.

2.5 Immuno- 1.

fluorescence 2

. Blocking solution (5 % nonfat dry milk powder (Carnation) in

Tris Buffered Saline with Tween20 (TBST).

. Washing solution (TBST).
. Antibodies to uroplakin Ia and III, CK7, CK 13, CK 19, CK

20, a-smooth muscle actin, desmin, myosin, smoothelin.

Secondary antibodies: horseradish peroxidase (HRP)-conjugated
secondary antibodies to the species of each primary antibody in use.

Chemiluminescent  detection  kit—Western  Lightning
Chemiluminescence Reagent.

Chambered slides for cell culture.

. Antibodies to uroplakin Ia and III, CK7, CK 13, CK 19, CK 20,

AE1/AE3; a-smooth muscle actin, desmin, myosin, smoothelin.

. Fluorescent labeled secondary antibodies.
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2.6 Nuclear Staining

2.7 Biomaterials for
Urothelial Gell Growth

2.8 Animals for
Isolation of
Urothelial Gells

2.9 Roszell’s
Procedure for Rat
Urothelial Cell Culture

p—

. 4’-6-Diamidino-2-phenylindole.
2. Propidium iodide (PI).

1. Natural collagen matrices derived from porcine bladder mucosa
and lamina propria (i.e., bladder submucosa, BSM) and por-
cine small intestine submucosa (SIS).

2. Home-made BSM (or SIS) inserts: These 1 cm disks can be
manufactured in a manner such that the BSM (or SIS) is
suspended over a circular polypropylene frame (border 5 mm
on top and 2 mm on bottom), with the mucosal surface
upwards, to create a double well culture disk with the BSM
(or SIS) acting as the separating membrane. The mucosal
surface of BSM (or SIS) forms the base of the upward facing
well while its serosal surface forms the top of the bottom well.
The upper well holds 500 pl of media and the bottom well
holds 200 pl. Following seeding of cells, BSM (or SIS) disks
are placed in a 12- or 6-well cell culture dish filled with
media to allow free contact of the media with both sides of
the BSM (or SIS) [8, 18].

Nu,/nu athymic nude mice.

This procedure was developed for large-scale in vitro growth and
serial cultivation of normal diploid rat bladder epithelial cells.
Primary cultures are initiated by attachment of bladder mucosal
explants to type I collagen gels. A rapid outgrowth of epithelial
cells from the explants occurs when these are cultured in a
hormone-supplemented medium with epidermal growth factor.
These primary outgrowths are passaged by nonenzymatic disper-
sion with 0.1 % ethylenediaminetetraacetic acid followed by replat-
ing onto new gels. The capacity for routine serial passaging and
maintenance of rat bladder epithelial cells requires the presence of
epidermal growth factor, a requirement not observed with human
urothelial cells. The characteristics of the cultured rat bladder epi-
thelial cells are similar to those observed in human urothelial cells
in terms of ultrastructural and phase-contrast morphologic proper-
ties, junctional complexes, desmosomes, stratification, and an api-
cal glycocalyx; the absence of stromal cell contamination; and the
ability to be serially passaged. Spontaneous cell-line formation is
often observed with the rat bladder epithelial cells, but has not
been found with the human urothelial cells. With the method that
we have developed, the number of rat bladder epithelial cells gen-
erated from a single bladder of'a 4-6 week old rat is increased 100-
fold from about 7 x10° cells to 7 x 107 viable cells within 3 weeks
of culture. The capability to culture normal, primary rat bladder
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epithelial cells on this scale has not been reported previously and
will facilitate comparative studies of the biological and molecular
characteristics of the mammalian urothelium. Furthermore, this
culture system will be useful for carcinogenesis studies, including
metabolic activation of carcinogens and cellular transformation in
vitro [26].

3 Methods

3.1 Isolation and
Gulture Methods for
Urothelial Cells from
Different Species

3.1.1 Human
Urothelial Cell Culture

The culture of UC requires different approaches for cell isolation,
expansion, and optimal culture media for UC growth in vitro
depending on whether the cells are derived from humans or ani-
mals. The processes of both monolayer and multilayer culture of
UC and methods for UC growth on matrices in vitro and in vivo
for tissue engineering will be introduced.

Urothelial cells from different species require different methods
for cell isolation and cultivation with distinctive culture media. For
isolation from urothelium, UC can be retrieved by enzymes, such
as dispase, trypsin, or collagenase IV. Such methods are most fit-
ting for smaller animals (e.g., rats or mice) in which mechanical
manipulation is complex. For human urothelium and that from
large animals (i.e., pig and dog), UC can be obtained by a combi-
nation of microdissection and enzymatic retrieval methods or by
explant culture. Generally, human UC are much easier to culture
than cells from rodents, dogs and pigs. Human UC tend to grow
well in KSFM for over 10 passages, while large animal UC often
require the addition of 1-5 % serum and stop growing by passage
3-5. It has been shown that rat UC can proliferate for up to 18
passages when conditioned medium derived from an immortalized
cell line is added [9].

All of the following culture protocols should be performed in a
class II laminar flow biosafety cabinet (hood) using aseptic tech-
niques. A bladder tissue specimen (size <2x2 cm?) should be
obtained and placed in a sterile 50 ml centrifuge tube containing
either 20 ml chilled phosphate-buffered saline (PBS) or KSFM
containing penicillin and streptomycin, and the tube should be
kept on ice. The tissue should be processed as soon as possible
once it has been obtained (se¢ Note 1). To begin the process, the
bladder tissue should be transferred to a sterile 100 mm petri dish
and washed with PBS or KSFM containing penicillin and strepto-
mycin to remove red blood cells. The bladder mucosa should then
be dissected away from the underlying submucosa with sterile sur-
gical scissors (see Note 2).
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Primary Explant Method

Enzyme-Based Method

Scraping Method

1.

Mince urothelial mucosa into 1 mm pieces. Place 6-9 pieces of
tissue, mucosal side down and without medium, on a small
culture dish (30 mm dish or 6-well plate). This positioning
increases the chances of establishing a successful primary uro-
thelial culture.

. Place the tissue into an incubator with a humidified atmo-

sphere containing 95 % air and 5 % carbon dioxide (CO,)
at 37 °C for 60 min to allow the tissue fragments to attach
to the dish.

. Prepare KSEM with a calcium concentration of 0.09 mmol /I,

supplemented with epidermal growth factor (EGF) (5 ng/ml),
bovine pituitary extract (BPE) (50 mg/ml), cholera toxin
(CT) at a final concentration of 30 ng/ml, penicillin
(100 U/ml), and streptomycin (1 mg/ml).

. Add 3 ml KSFM to the culture dish slowly. The outgrowth of

cells from each piece of bladder tissue can usually be observed
after 48 h of incubation (sez Note 3).

. Examine the cultured cells daily by phase-contrast microscopy

to assess growth and morphology and to make certain the
medium is clear of any contamination.

. Mince urothelium into 2-3 mm fragments and digest in 1 %

collagenase type IV (with no trypsin activity) at 37 °C for 1-2 h.

. To remove collagenase, centrifuge the digested cells, wash

them in Hank’s Balanced Salt Solution (HBSS), and centrifuge
again.

. Resuspend the cells in KSFM and culture the primary UC in

5 ml (T25) Primaria tissue culture flasks at 37 °C.

. Change the medium every 48 h. When cells are 95 % conflu-

ent, they should be passaged (see Note 4). To subculture the
cells, use cold PBS (4 °C) to wash the culture after aspirating
the culture medium and then add 0.2 % EDTA plus 0.05 %
Trypsin for 2-3 min. Add soy bean trypsin inhibitor solution
to stop the trypsin activity, rinse the cells off the dish and move
them to a centrifuge tube, and spin down the cells at 1,500 K
for 5 min (see Note 4).

. For subculture, plate the cells at a ratio of 1:5 with a cell con-

centration of 200x10* cells in 1 ml medium per flask; after
24 h, when the cells have attached to the flask, add an addi-
tional 4 ml fresh KFESM.

. Transfer the bladder specimen to a 100 mm petri dish in

KSFM. Usually, for a specimen sized 1 x1-2x2 ¢m?, 3.5 ml of
medium is adequate. Detach UC from the specimen by scrap-
ing it gently with a sterile surgical blade.



3.1.2 Isolation and
Culture of Urothelial
Cells Derived from
Large Animals

Isolation and Primary
Culture of Urothelial
Cells from Large Animals

3.1.3 Rodent
Urothelial Cells In Vitro

2.

3.
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Transfer the scraped cell suspension to either a 6-well or a
24-well cell culture vessel (0.5 ml in each well) by means of a
5 ml pipette or a 5 ml syringe with a 23G needle attached.

Add another 0.5 ml fresh KFSM to each well and incubate for
48 h, then change medium (se¢ Note 5).

The methods of isolation and culture of UC from large animals
(such as pigs and dogs) are similar to the methods used in human
UC. The procedure is a combination of the microdissection and
enzymatic techniques as described below. UC isolated from large
animals have been used as an autologous cell source in the produc-
tion of tissue engineered bladder or urethra in the same animals
[20,27-30].

1.

Wash the bladder specimen as described previously for the
microdissection technique.

. Microdissection step: strip the urothelial mucosa and connec-

tive tissues from muscle tissue using a pair of microsurgery
forceps and a scalpel.

. Enzymatic step: Transfer the scraped mucosa to a 100 mm cul-

ture dish containing an 8 x8 cm? sterile Styrofoam piece with 10
sharp metal pins along each edge. With the mucosa side up, the
tissue should be stretched across the pins and then incubated
overnight at 4 °C in KSFM containing 2.5 mg,/ml dispase.

. Remove the medium-dispase solution and scrape the uroepi-

thelial cells from the underlying connective tissue with two
flexible cell scrapers.

. Transfer the scraped cells to a culture dish, resuspend them in

20 ml of 0.25 % trypsin 1 mM EDTA, and incubate at 37 °C
for 30 min.

. Bring the cell suspension up to 50 ml with KSFM containing

5 % fetal bovine serum in a sterile conical tube and spin down
at 500xyg for 5 min to pellet the cells and remove the
trypsin.

. Carefully remove the supernatant and wash the cells in KSEM

with a calcium concentration of 0.09 mmol/1 that has been
supplemented with recombinant epidermal growth factor,
bovine pituitary extract, cholera toxin, and 1 % penicillin—
streptomycin solutions (P/S).

. Resuspend the cells at a final concentration of 6-8 x 10° cells/

ml and plate them in KSFM with 2 % FBS (see Note 6).

Rodents are a commonly used animal model for biomedical
research. However, the use of cultured UC from rodents, such as
rat urothelial cells (RUC), has been limited due to difficult
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Rat Urothelial Cell
Isolation and Culture

isolation procedures and the inability to maintain them in a long-term
culture. The main approach presently used for the culture of RUC
is to plate the cells in serum-containing medium (5 % FBS) on a
collagen-coated culture dish (Biocompare) or on a feeder layer of
lethally irradiated NIH 3 T3 fibroblasts that can support growth of
cultured cells in vitro. However, these techniques also present
problems, as the RUC culture is often contaminated with other
cell types such as fibroblasts, smooth muscle cells, or capillary
endothelium. These stromal cells will eventually overgrow and
finally replace UC in the serum-containing medium after only a
few passages.

We have modified Roszell’s procedure [26] and developed a
simple technique to isolate rat urothelium by enzymatic release of
RUC from an “everted bladder” and to maintain the primary cul-
ture in KSFM [8]. In this study, the conditions for the growth of
RUC in long-term culture were investigated systematically. We
show that a mixture of conditioned medium (CM) obtained from
NIH 3T3 fibroblasts and KSFM (CM-KSEM) [31] yielded large
quantities of normal RUC without stromal cell contamination.
RUC could be subcultured up to 18 times in CM-KSFM during an
observation period of up to 5 months. Additionally, rat urothelium
stratification can be induced with or without a feeder layer in vitro,
which provides potential application as an autograft for urothelial
replacement in bladder augmentation studies in a rat model. This
technique also serves as a tool for research on various bladder dis-
eases including tumorigenesis and urinary tract infection. Below,
we describe our method for RUC isolation.

1. Euthanize the rats with an intraperitoneal injection of sodium
pentobarbital (40-50 mg/kg). After the whole bladder is
excised, apply a modified Roszell’s procedure [26] to evert the
bladder to expose the urothelial surface.

2. Reinsert the bladder neck into the lumen, and surgically close
to form an “everted bladder ball” so that only the urothelial
surface is exposed.

3. Immerse the everted bladder either in 4 ml of 1 % collagenase
IV at 37 °C on a shaker for 60 min, or in 10 ml of 0.1 % diso-
dium EDTA at 48 °C for 4 h.

4. Gently scrape the bladder mucosa from the muscle tissue fol-
lowing digestion using a forceps with coarse tips.

5. Collect, wash, and plate UC on T25 Primaria cell culture flasks
at a cell density of 5x10° cells/ml in 5 ml mixed media con-
taining KSFM and conditioned medium derived from a 3T3
cell culture.

6. The conditioned medium (CM) is derived from NIH 3T3 cell
culture. To produce it, culture 3T3 cells in DMEM supple-
mented with 10 % FBS and 1 % penicillin-streptomycin and
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3.3 InVitro
Coculture Methods
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then collect the culture medium when the cells reach 60-80 %
confluence (about 12 h).

7. Filter-sterilize the conditioned medium with a 0.20 pm filter to
prevent fibroblast contamination.

8. Culture the primary RUC using the mixed media composed of
fresh KFSM and conditioned media (CM-3T3) (1:1 ratio).

9. Examine the cultured urothelial cells daily by phase-contrast
microscopy to assess cell growth and morphology, and to check
for any contamination.

Viable cultured urothelial cell sheets can be applied for urothelium
regeneration on demucosalized gastrointestinal segments through
grafting techniques. There are two main techniques to produce
these urothelial cell sheets in culture: (1) cultured cell sheets can be
gently detached from a culture dish with 2.5 % dispase and (2)
temperature-responsive culture dishes can be used. When using
the dispase method, in vitro cultured human stratified urothelium
shows complete differentiation of its superficial cells. It retains the
same ultrastructure of barrier characteristics (such as microvillus
and tight junctions as observed via electron microscope) against
principal urine components [10]. The cell-sheets appear to be sta-
ble in genotype and no chromosomal aberrations have been found.
Cells in the sheets express the urothelial specific cell marker uropla-
kin and cytokeratins 7, 8, 17, and 18.

1. Plate UC into culture flasks at an average cell density of 1 x 10°
cells per em? in KSFM and incubate with 5 % CO, in 95 % air
at 37 °C.

2. Change KSEM on alternate days.

3. Culture UC up to 100 % confluence, and then enrich the

serum-free medium with calcium to a final concentration of
1.5 mM.

4. When stratification is induced, usually within 10 days, remove
the culture medium, and detach the in vitro urothelial cell
sheet construct from the culture flask with 2.5 % dispase 1T at
37 °C for 30 min. An entire urothelial cell sheet that is about
half the size of the culture dish area can usually be easily
detached (see Note 7).

Coculture of urothelial and smooth muscle cells on bio-scaffolds is
usually applied in the production of tissue-engineered urinary tract
organs [8, 19, 20], stem cell differentiation protocols [17, 32, 33]
or in in vitro bladder models for urinary tract infection. In order to
create a layered construct that includes both a urothelial layer and
a smooth muscle layer, various coculture techniques can be used,
including the layered, sandwich, and mixed coculture techniques.
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3.3.1 Layered
Coculture Method

3.3.2 Sandwich
Coculture Method

In vitro observations with these three different coculture techniques
suggest that the layered and sandwich methods of seeding have
distinct advantages over the mixed coculture technique in terms of
cell stratification, cell-matrix penetration, and cell differentiation.
In order to induce a stratified urothelium bladder SMC structure,
cells are usually seeded on biomaterials such as BSM and SIS with
coculture techniques (8, 19, 27, 28, 34, 35].

1. Set some SIS disks in the wells of a 24-well plate. Seed bladder
SMC (1x10° cells per cm) onto the mucosal side of the SIS
using DMEM plus 10 % FBS. After incubation for 1 h, UC can
be seeded on top of the SMC at the same cell concentration
(see Note 8).

2. On day 3, distinct cell sorting will be noted, in which the SMC
grow on the surface of the SIS with early cell-matrix pene-
trance, and the UC will grow on top of the smooth muscle
cells as a separate population of cells. This cell sorting can be
confirmed by immunohistochemical analysis. UC on the top
portion of the culture stain positive for AE1 /AE3, while SMC
in the bottom portion are positive for a-smooth muscle actin,
desmin, myosin, and smoothelin.

3. On day 7, the culture will show further stratification and
increased matrix penetrance.

4. For the remainder of the culture period, cell growth and matrix
penetrance progresses while cell sorting is maintained.

5. By day 28, a well-developed, pseudostratified layer of UC is
present that is 3—4 layers thick. The smooth muscle cell layer is
5-7 layers thick at this time.

6. The vast majority of SMC will no longer be on the surface of
the SIS; rather, they penetrate the matrix of SIS membrane and
proliferate under its surface within the membrane. In several
areas, SMC can usually be seen traversing into deep portions of
the SIS membrane [8, 27, 28].

This matrix penetrance by SMC is distinctly different from the
pattern of membrane ingress that is observed when SMC are
grown alone on SIS. The degree and pattern of cell-matrix pene-
trance by smooth muscle cells with the sandwich coculture tech-
nique were similar to those observed with the layered coculture
technique, although some of SMC were still located on the serosal
surface of SIS.

1. Set SIS disks into the wells of 6-well plates. Seed SMC on the
serosal surface of the SIS and add 0.5 ml DMEM with 10 %
FBS on the top portion of the disk.

2. Follow by seeding the mucosal surface of the SIS with UC in
mixed culture media (KSFM:DMEM with 10 % FBS, 1:1)
24 h later (sec Note 6).
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3. Organized, layered growth of UC on one side of the SIS and
growth of SMC on other side of the SIS will be readily evident
on day 3.

4. Cell growth will progress during the 28-day period of observa-
tion (as with the layered coculture technique).

5. By day 28, there will be a well-defined pseudostratified layer of
UC on the mucosal side of the SIS disk that is 3—4 cells thick,
and there should be little to no evidence of matrix penetration
by the UC [8, 19, 36].

On the serosal surface of SIS, the SMC layer will be about 5-7
cells thick, and there is usually significant penetrance of the SIS
membrane by the SMC.

Generation of 3D cultures of urothelial structures requires a com-
bination of three techniques: coculture of UC and SMC [8, 19, 36],
culture on a biomaterial with porous microstructure [17, 18, 33, 34],
and the use of a bioreactor to provide dynamic culture conditions

[16, 17, 33].

A prior study, published in 2009 [18], demonstrated that recellular-
ization of biological collagen acellular matrices with porous micro-
structure using cell seeding technology provides a promising option
for promoting tissue regeneration. A strategy for performing tissue
reconstruction using tissue engineering techniques is to repopulate
a scaftold with cells isolated from the patient’s own tissues to provide
an autologous repair of the tissue defect. For example, in urethral
reconstruction using tissue engineering techniques, a tissue-engineered
tube composed of differentiated UC on the urethral lumen side and
SMC on the submucosal side can be used. To produce such a scaf-
fold, the acellular matrix has to be porous, contain infinitesimal het-
erogeneous cellular compounds, and retain most of the extracellular
matrix components to permit cell seeding.

An ideal biological collagen matrix for urethral tissue engineering
would have high porosity for cell seeding, be degradable, histo-
compatible, and have the least xenogenic cellular compounds
retained within the matrix to minimize the potential for inflamma-
tion. Most importantly, the matrix needs to have a three-
dimensional (3-D) structure with high porosity, but at the same
time, it must maintain a nearly normal tensile strength.

Two naturally derived matrix materials, i.e., BSM and SIS,
meet these criteria and have been used in a number of urological
applications both in vitro and in vivo. BSM is composed of a slen-
der basement membrane with high density of collagen and a lam-
ina propria with areolar connective tissue. BSM has been valuable
in reconstruction of urethra in animal models and in humans. On
the other hand, SIS is a xenogenic, acellular, collagen rich mem-
brane with inherent growth factors that have previously been
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Biomaterial Porosity

3-D Porous Matrix Method:
Obtaining Porcine BSM

3.5 Dynamic Culture

shown to promote in vivo bladder regeneration. Our previous
study evaluated in vitro use of SIS to support the individual and
combined growth of bladder UC and SMC for potential use in tis-
sue engineering [8].

Although no in vitro cell culture substrate can fully mimic the
in vivo state, SIS has significant advantages over conventional plas-
tic and other coated surfaces because it provides a unique environ-
ment that promotes cell-cell and cell-matrix interactions. The
presence of UC significantly impacts the pattern of SMC growth
on SIS since active penetrance of the membrane only occurs when
UC are grown in conjunction with SMC.

A 3-D scaffold with higher porosity and large pore size (50—
200 mM) promotes cell proliferation, migration and infiltration
into the matrix, and appears to allow abundant cell loading onto
the scaffold, thereby promoting in vivo tissue regeneration and
wound healing in a nu/nu athymic mouse model [17, 18, 33].
Such a scaffold would also allow the host cells to participate in the
tissue remodeling processes by infiltration or migration into the
matrix from the wound edges. Hence, a 3-D porous matrix would
be potentially beneficial in the reconstruction of bladder or urethra
tissues.

1. Clean fresh porcine bladders upon receipt and manually
remove muscle layers.

2. Retain and wash BSM in distilled water.

3. For decellularization, transter BSM to a 500 ml bottle filled
with distilled water and place at 4 °C on a rotary shaker at
200 rpm for 2 days.

4. Discard the distilled water and oxidize the BSM by soaking it
in 5 % peracetic acid (PAA) for 4 h.

5. Next, treat the BSM with a solution containing 1 % Triton
X-100 for 2 days, and then wash once more with distilled water
for another 2 days.

6. Finally, disinfect the BSM using 0.1 % PAA in 20 % alcohol for
2 h, rinse three times with sterile distilled water for 10 min
each, and store in sterile distilled water at 4 °C until further use.

The methods for producing SIS scaffolds are nearly identical to
those shown above for BSM.

Dynamic culture methods using a bioreactor that can provide
media perfusion or rotation have frequently been used for seeded
scaffolds. Dynamic culturing mimics the physiological environ-
ment and promotes cell adhesion, proliferation, infiltration and
differentiation. The advantages associated with dynamic culture
conditions include: (1) even distribution of nutrition and oxygen
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leads to uniform growth of cells on the matrix; (2) increased
synthesis of endogenous ECM; (3) physiologically relevant
mechanical forces on the cultured cells (i.e., shear stress, pressure
and hydrodynamic compression).

Bioreactors have become an important tool to improve blad-
der tissue engineering under physiologic conditions. Recently,
Farhat et al. developed a urinary bladder bioreactor with a hydro-
dynamic chamber to produce stretch and strain on cell-seeded
scaffolds [15, 16]. This bioreactor helps engineered tissues to
better adapt to the changing environment when implanted in vivo.
It enhances epithelial-stromal and cell-ECM interactions, which
are necessary for building bladder tissues but which cannot be
achieved using static cultures in plates. The use of a bladder biore-
actor system may accelerate tissue organization and maturation in
vivo, and may shorten the time required to achieve a fully func-
tioning organ.

Cell-based approaches to engineer human bladder tissue have been
reported [23], and bioengineering has allowed creation of func-
tional neo-bladder tissues in several animal models [19, 20, 28, 30,
32, 35]. Such tissue-engineered bladder is generated from autolo-
gous cells derived from a biopsy of tissue. After bladder tissues are
obtained via biopsy, UC and SMC are isolated and expanded in
culture, and then seeded onto a biodegradable scaffold.

A clinical experience involving engineered bladder tissue for
cystoplasty was conducted starting in 1998. A small pilot study of
seven patients was reported, using a collagen scaffold seeded with
cells either with or without omentum coverage, or a combined
PGA-collagen scaffold seeded with cells and omental coverage.
The patients reconstructed with the engineered bladder tissue cre-
ated with the PGA-collagen cell-seeded scaffolds with omental
coverage showed increased compliance, decreased end-filling pres-
sures, increased capacities and longer dry periods over time [23].
It is clear from this experience that the engineered bladders
continued their improvement with time, mirroring their continued
development. Although the experience is promising in terms of
showing that engineered tissues can be implanted safely, it is just a
start in terms of accomplishing the goal of engineering fully func-
tional bladders. This was a limited clinical experience, and the tech-
nology is not yet ready for wide dissemination, as further
experimental and clinical studies are required. FDA Phase 2 studies
have now been completed.

To identify whether urothelial cells maintain their specific phe-
notypes including gene and protein expression after isolation, cul-
ture and coculture with SMC, Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR), Western blot, and immunefluorescence
analysis are performed. Urothelial cell transcripts including uropla-
kin (Up)-Ia, Up-1I11, cytokeratin (CK)-7 and CK-13 are regularly
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used. For RNA extraction experiments, UC are cultured in KSFM
in 10 cm dishes for 14 days. Five micrograms of RNA, extracted
using Trizol (Invitrogen, Carlsbad, CA) reagent, is used for cDNA
synthesis using the Superscript II RT enzyme to the manufactur-
er’s instructions. Briefly, RNA is incubated with random hexamers,
nucleotides, reverse transcriptase enzyme, and reaction buffer in a
20 pl volume for synthesis of cDNA. One tenth of the reaction
volume is taken for PCR using specific primer pairs.

For Western blot analysis, cells are harvested from culture
dishes and lysed. Proteins extracted from whole cells are run using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis to sepa-
rate the proteins and then transferred to nitrocellulose membranes
overnight at 4 °C. Mouse anti-human CK7, CK13, Ck19, CK20,
AE1/AE3, and uroplakin Ia/III, are used as the primary antibod-
ies to probe the membrane and peroxidase labeled goat anti-mouse
IgG is used as the secondary antibody for detection. Protein bands
are detected with an enhanced chemiluminescence assay.

For immunofluorescence, urothelial cells are assessed for the
expression of 7 types of cell markers. Urothelium specific markers
include uroplakin Ia and III, a tissue specific and differentiation
dependent transmembrane protein of the urothelial luminal surface.
Epithelial cell markers include CKs 7,13,17,19, and 20. All mark-
ers should be assessed for all 3 urothelial layers. All surface marker
assays should be performed at least 3 times to ensure consistent
results.

4 Notes

1. To enhance the success rate of primary cultures of UC, avoid
the use of electrical knives (electrocautery) when bladder tissues
are harvested from patients [9]. In addition, any foreign objects
such as bladder stones and catheters should be removed 1 week
before the tissue biopsy is procured, as these foreign bodies can
interfere with the outcome of urothelial cell culture.

2. Microdissection to strip off the urothelium is one of the meth-
ods reported to be successful in large mammals such as humans,
pigs, and dogs. This technique, however, is difficult in small
animals such as rats or mice.

3. Do not touch the culture dish or flask during the first 48 h to
allow the explants attach to the plastic.

4. Use Soy Bean Trypsin Inhibitor instead of FBS to stop trypsin
activity when UC are subcultured. This can prevent any fibro-
blast contamination in the culture.

5. Culture of UC is not always successful, and urothelial cells from
various areas of the urinary tract respond differently to culture
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protocols. For example, urothelial cells from the ureter are more
easily cultured than urothelial cells obtained from bladder [9].

6. Generally speaking, UC derived from pig and dog can be cul-
tured up to only passage 3—4 and then they will senesce.
However, human UC can be cultured for over 10 passages.
The culture medium needs to be optimized for culture of UC
from larger animals.

7. Detached urothelial cell sheets can be used for histology or tis-
sue repair. Do not keep these in the incubator for more than
3 h; otherwise, the cell sheet will shrink.

8. Air bubbles must be aspirated with a 1 ml tubercle syringe with

a fine needle.
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Chapter 3

Cell-Populated Collagen Lattice Contraction Model
for the Investigation of Fibroblast Collagen Interactions

H. Paul Ehrlich and Kurtis E. Moyer

Abstract

The fibroblast-populated collagen lattice (FPCL) was intended to act as the dermal component for
“skin-equivalent” or artificial skin developed for skin grafting burn patients. The “skin-equivalent” was
clinically unsuccessful as a skin graft, but today it is successfully used as a dressing for the management of
chronic wounds. The FPCL has, however, become an instrument for investigating cell-connective tissue
interactions within a three-dimensional matrix. Through the capacity of cell compaction of collagen fibrils,
the FPCL undergoes a reduction in volume referred to as lattice contraction. Lattice contraction proceeds
by cell-generated forces that reduce the water mass between collagen fibers, generating a closer relation-
ship between collagen fibers. The compaction of collagen fibers is responsible for the reduction in the
FPCL volume. Cell-generated forces through the linkage of collagen fibers with fibroblast’s cytoskeletal
actin-rich microfilament structures are responsible for the completion of the collagen matrix compaction.
The type of culture dish used to cast FPCL as well as the cell number will dictate the mechanism for com-
pacting collagen matrices. Fibroblasts, at moderate density, cast as an FPCL within a petri dish and released
from the surface of the dish soon after casting compact collagen fibers through cell tractional forces.
Fibroblasts at moderate density cast as an FPCL within a tissue culture dish and not released for 4 days
upon release show rapid lattice contraction through a mechanism of cell contraction forces. Fibroblasts at
high density cast in an FPCL within a petri dish, released from the surface of the dish soon after casting,
compact a collagen lattice very rapidly through forces related to cell elongation. The advantage of the
FPCL contraction model is the study of cells in the three-dimensional environment, which is similar to the
environment from which these cells were isolated. In this chapter methods are described for manufacturing
collagen lattices, which assess the three forces involved in compacting and/or organizing collagen fibrils
into thicker collagen fibers. The clinical relevance of the FPCL contraction model is related to advancing
our understanding of wound contraction and scar contracture.

Key words Fibroblasts, Collagen lattice, Wound contraction, Scar contraction

1 Introduction

The organization of connective tissue by resident fibroblasts plays
a critical role in embryonic tissue development as well as in tissue
repair through the generation of a scar or the closure of an open
wound by wound contraction. The cultured fibroblast-populated

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
Methods in Molecular Biology, vol. 1037, DOI 10.1007/978-1-62703-505-7_3, © Springer Science+Business Media New York 2013
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collagen lattice (FPCL) contraction model has long been a tool to
examine the interactions between cells and collagen in an effort
to increase our understanding of complex connective tissue inter-
actions within a three-dimensional matrix. Examining cells within
a two-dimensional format, monolayer culture, has greatly
advanced our knowledge and understanding of the biochemistry
and physiology of a variety of cell types including dermal fibro-
blasts; however, applying the third-dimensional aspect seen with
FPCL studies, that knowledge has been expanded even further.
The FPCL contraction model investigates fibroblast interactions
with a newly polymerized collagen matrix in a three-dimensional
lattice. The contraction of the collagen matrix by resident cells is
due to the capacity of fibroblasts to compact collagen fibrils
through specific cellular mechanisms as well as by reducing extra-
cellular fluid volume. Creating this three-dimensional system in a
consistent manner requires the adherence to specific principles
through the control of multiple variables. Altering fibroblast
density, the concentration and/or the type of collagen present
(type I versus III), the type of culture medium, as well as the type
of culture dish employed have all resulted in differences in the
mechanism employed by fibroblasts to compact their surrounding
collagen matrix.

Here, the one focus will be on how altering these variables in
casting an FPCL can change the mechanism responsible for the
compaction of the collagen lattice. This is important because the
rearrangement of collagen fibrils through compaction by resident
cells such as fibroblasts and smooth muscle cells can produce a
matrix environment with characteristics similar to dermal skin as
well as blood vessel walls. As already mentioned, variations in the
components in the casting of an FPCL dictate the mechanism uti-
lized by resident cells to contract that matrix. The mechanisms
typically utilized by these resident cells to rearrange collagen fibrils
include cell contractile forces, cell locomotion forces, and cell elon-
gation forces. These forces rely on actin-myosin filament sliding
through myosin ATPase activity.

Eugene Bell and coworkers wrote the classic paper that
introduced the free-floating FPCL contraction model [1].
His objective was to develop a “skin-equivalent” for use as a
synthetic skin graft in the treatment of severely burned patients.
The free-floating FPCL was the dermal component of the
“skin-equivalent” and therefore referred to as the “dermal-equivalent.”
In Bell’s original paper, cultured dermal fibroblasts were developed
from a biopsy taken from a male Sprague Dawley rat. Each milliliter
of the “dermal-equivalent” or FPCL was cast with 100,000 rat
dermal fibroblasts, 1.25 mg of acid, soluble native rat tail tendon
(RTT) collagen, and serum-enriched culture medium. Over a
2-day period the FPCL contracted, forming a dense collagen
matrix with elongated fibroblasts. A second skin biopsy was



Fibroblast Populated Collagen Lattices Contraction Model 47

performed on the same rat, but a culture of keratinocytes was
generated from this biopsy to create the “skin-equivalent.” A sus-
pension of keratinocytes was placed on the surface of a 2-day
free-floating FPCL composed of rat dermal fibroblasts as described
above. This casted FPCL, with seeded keratinocytes, floated on the
surface of the culture medium. The developing epidermal layer was
situated at the air interface of the culture medium surface. The
newly developed “skin-equivalent” contained collagen from pooled
RTT as well as fibroblasts and keratinocytes obtained from the
same rat that was to receive the “skin-equivalent” graft. Once
matured, the skin-equivalent was grafted as an autograft onto a
full-thickness fresh excisional wound made on the back of the cell-
donor rat. This “skin-equivalent” graft was accepted as a skin
graft in the rat model [2]. Unfortunately, the success of the
“skin-equivalent” graft in rats was not transferable to establishing
an accepted “skin-equivalent” graft for patients. Initially, the “skin-
equivalent” or free-floating FPCL with a keratinocyte layer on top
was marketed as a testing device for evaluating the safety of skin
products [3]. Though it failed as a synthetic skin graft for the treat-
ment of burn wounds, the “skin-equivalent” eventually found a
clinical application. The “skin-equivalent,” now called Apligraf®, is
used clinically as an engineered wound care dressing, promoting
the closure of chronic wounds [4].

The original dermal-equivalent as described by Bell, the free-
floating FPCL, has four components: primary human cultured
dermal fibroblasts; McCoy’s 5a medium, supplemented with 10 %
fetal bovine serum (FBS); native acid solubilized RTT collagen;
and a petri dish, not a tissue culture dish, which minimizes the
attachment of the lattice to the surface of the dish [1]. Fibroblasts
in monolayer culture released by limited trypsin digestion were
counted, suspended in serum-supplemented culture medium,
combined with soluble native collagen, and then poured into the
petri dish. The dish was transferred to an incubator set at 37 °C
with a water-saturated atmosphere and 5 % CO,. The mixture rap-
idly polymerized forming a disc shape within the petri dish. Initially,
fibroblasts entrapped within the collagen matrix had a spherical
shape, Fig. 1 left. At 24 h the spherical shaped fibroblasts had elon-
gated and spread out taking on a spindle-type shape, Fig. 1 right.
To accomplish this change in morphology, the fibroblasts pull the
surrounding fine collagen fibrils towards their cell body as their
lamellipodia project outward from the cell body, making numerous
attachments to the polymerized collagen lattice, see Fig. 1. During
this period of cell elongation, the thickness of the lattice in the
Z-axis decreases in size, resulting in the FPCL disc becoming
thinner.

Modifications in the casting of the FPCL have revealed distinc-
tive cellular morphologies and mechanisms for rearranging collagen
fibrils within their surrounding collagen matrix. The three variations
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Fig. 1 Scanning electron micrograph of a fibroblast incorporated within an FPCL. The fibroblast on the left is
shown 30 min after casting in a collagen lattice and the fibroblast on the right is 24 h after casting. Note how
the cell was initially spherical in shape and 24 h later the cell is elongated. There is attachment of collagen
fibers to the fibroblast surface within the first 30 min

most commonly utilized in the casting of the FPCL are (1)
moderate-cell-density, free-floating FPCL contraction model as
introduced by Bell and coworkers [1]; (2) high-cell-density, free-
floating FPCL contraction model [5, 6]; and (3) the moderate-
cell-density attached-delayed-released (ADR)-FPCL that is
released 4 days after casting [7]. The measurement of lattice con-
traction is determined by changes in their area in the X7 plane. In
the ADR-FPCL the lattices are cast in tissue culture dishes, rather
than a petri dish. While these lattices remain attached to their
underlying surface in the tissue culture dish, lattice contraction is
initially limited to the Z-axis as they become thinner discs. Rapid
contraction occurs in the X7 plane upon physically releasing the
lattices from the surface of the dish with a spatula on day 4.
The majority of rapid contraction occurs within the first 10 min as
the resident elongated cells physically contract their thick cytoplas-
mic stress fibers [7]. In the high-cell-density free-floating FPCL
there is rapid contraction within the first 4 h after casting unlike
the moderate-cell-density free-floating FPCL [5].

In the initial paper by Bell, increasing the collagen concentra-
tion reduced the rate and degree of lattice contraction, while
increasing the number of fibroblasts increased the rate and degree
of lattice contraction. Serum was required to optimize lattice con-
traction. The initial contraction of a free-floating FPCL occurs in
the Z-axis, which commences within the first hour after casting,
while contraction in the X—Y-axis begins 4—6 h after casting and
continues at a constant rate over the next 48 h, where the area of
the lattice can be reduced as much as 90 % [1]. After 48 h, the
lattice contraction continues, but at a reduced rate.
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The casting of an ADR-FPCL, in the absence of serum, upon
its release at 4 days, fails to contract [7]. The introduction of serum
restores lattice contraction. When an ADR-FPCL adheres to its
underlying substratum, the resident fibroblasts develop tension
and by day 4 the fibroblast population has transformed into a
myofibroblast population, expressing o smooth muscle actin
(SMC) [8]. Microfilaments within a fibroblast under tension
undergo a condensation into stress fibers, the defining morphol-
ogy of myofibroblasts. Upon the release of an adherent lattice, the
resident myofibroblasts undergo observable cell contraction,
resulting in the rapid compaction of the collagen lattice.
This mechanism is in contrast to the free-floating FPCL, which
rely on resident fibroblasts to contract the collagen through cell
locomotion forces and no change in cell shape.

Modulating the casting of the FPCL enables the differences
between fibroblast interactions with their surrounding connective
tissue matrix to be examined. Each milliliter of the original Bell
free-floating FPCL contraction model contained 50,000-100,000
fibroblasts in petri dishes released soon after casting. FPCL initially
contracts in the Z-axis, becoming a thinner disc in the first 4-6 h
and contract at a steady rate for the next 2 days without a change
in the elongated fibroblast morphology (see Fig. 2a). As shown in
Fig. 2b, polarized light microscopy reveals birefringence of colla-
gen fibers aligned parallel with the elongated lamellipodia of the
fibroblast. The mechanism for free-floating FPCL contraction is
through the passing or the translocation of collagen fibrils over the
fibroblast plasma membrane surface, known as cell locomotion,
resulting in a parallel packing of collagen fibrils generating a
uniform collagen matrix [9]. With the free-floating FPCL, con-
traction forces related to cell locomotion or cell tractional forces
are responsible for the compaction of collagen fibrils into more
uniform organized collagen fibers.

As already described, altering the technique of FPCL casting
spawns a change in the mechanism for lattice contraction.
An ADR-FPCL utilizes cell contractile forces rather than cell
locomotion forces for the compaction of collagen fibrils. The
moderate-density ADR-FPCL contraction model introduced by
Tomasek and coworkers [7] utilizes 100,000 cultured human
dermal fibroblasts with of 1.25 mg of collagen in 1 mL of culture
medium containing 10 % serum. Lattices cast in tissue culture
dishes remained attached to the dish surface for 4 days. Over
time, fibroblasts residing in an ADR-FPCL are subjected to ten-
sion, which results in the condensation of their fine cytoplasmic
microfilaments, characteristic of fibroblasts, into thick cytoplas-
mic stress fibers, characteristic of myofibroblasts. At 4 days, the
fibroblast population has transformed into a myofibroblast popu-
lation. The release of the attached myofibroblast-populated col-
lagen lattice leads to its rapid contraction, mostly completed
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Fig. 2 Free-floating FPCL at 24 h. Panel a is a phase contrast micrograph, showing elongated fibroblasts within
the collagen matrix. Panel b is an unstained FPCL, viewed with polarized light, showing birefringence of col-
lagen fibers parallel to the cell’s lamellipodia or extended cell arms

within 10 min after release. The contraction of the resident myo-
fibroblasts triggers the compaction of the collagen fibrils. Unlike
free-floating FPCLs there is minimal organization of collagen
fibrils into uniform fibers as demonstrated by polarized light bire-
fringence. This model facilitates the study of cell contractile forces
compacting the connective tissues matrix as opposed to cell loco-
motion forces.

Casting high-cell-density free-floating FPCLs containing more
than 500,000 cells per mL of lattice enables the study of the inter-
actions of fibroblast cell surface lamellipodia protrusions within a
three-dimensional collagen matrix. High-density free-floating
FPCLs contract rapidly, where lattice contraction begins in less
than 2 h and is completed in 4-6 h [6]. The contraction of the col-
lagen matrix in high-density free-floating FPCLs is through cell
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elongation and retraction, with the sending out of lamellipodia
followed by the retraction of lamellipodia, which results in the
pulling of collagen fibrils back towards the cell body. There is no
reorganization of collagen fibrils, which remain arranged in ran-
dom arrays in contrast to the moderate-density free-floating FPCL.
This three-dimensional model of lamellipodia protrusion interac-
tions with a collagen matrix is more biological-like compared to
the study of fibroblast lamellipodia protrusions along the surface of
a plastic tissue culture dish.

2 Materials

Culture medium: The most commonly used culture medium
employed for making FPCLs is Dulbecco’s modification of Eagle’s
medium (DMEM) supplemented with 10 % FBS. To avoid prema-
ture polymerization of the native soluble collagen, the culture
medium should be kept cold. Lattice contraction requires the
inclusion of added FBS [1]. In the absence of FBS little, if any, lat-
tice contraction occurs.

Collagen: Collagen can be purchased from a variety of sources.
RTT collagen solution purchased from Aldrich-Sigma, St Louis,
MO, or Advanced BioMatrix, Inc., San Diego, CA, is supplied in a
20 mM acetic acid solution at 4 mg/mL and is maintained under
cold conditions. Collagen under cold acidic conditions is retained
in solution in its native state. In order for collagen to polymerize,
it has to be at a neutral pH and at 37 °C. The addition of 17 pL of
1N NaOH per mL of native collagen solution in 20 mM acetic acid
neutralizes the collagen solution. To avoid subjecting cells to acidic
conditions the collagen solution is neutralized just before intro-
ducing cells.

It is not difficult to generate your own RTT collagen solution
and avoid the NaOH neutralization step. Tendons are isolated
from rat tails. A common pair of pliers is used to break oft and free
individual tail vertebrae, teasing out arrays of tail tendon. Scissors
free the tendons from the vertebrae and then they are transferred
to a flask with a stir bar, 0.1 M acetic acid at 4 °C, and stirred with
a stir motor. A ratio of 1 mg of tendon per 1 mL 0.1 M acetic acid
is stirred for 2—7 days until the solution develops uniform viscosity.
The viscous solution is centrifuged at 10,000 x g for 30 min, the
supernatant saved, and the pellet discarded. NaCl is added to the
measured volume of the supernatant at 10 % w/v, stirred at 4 °C
for 2 h, after which it is allowed to stand for 2 h without stirring at
4 °C. The precipitated collagen is collected by again centrifuging
at 10,000 x g for 10 min, the supernatant discarded, and the pellet
is now saved. The pellet is dissolved in the same initial volume of
0.1 M acetic acid as used to free the collagen from the tendons.
The collagen solution is transferred to dialysis tubing and
exhaustively dialyzed against running cold tap water overnight.



52 H. Paul Ehrlich and Kurtis E. Moyer

The pelleted collagen is again collected by centrifugation at
10,000 x g for 10 min. The pellet is taken up in 0.1 M acetic acid
as stated above and stirred at 4 °C until the collagen pellet is com-
pletely solubilized. The viscous solution is exhaustively dialyzed
against at least four changes of 10 mM HCI at a ratio of 1 volume
of dialysate in the tubing versus 10 volumes of 1 mM HCl at 4 °C
with stirring. The solution is cleared by centrifugation at 10,000 x g4
for 30 min to remove any insoluble collagen debris. The superna-
tant is saved, frozen, and lyophilized. The dried collagen is weighed
and for every 5 mg of collagen, 1 mL of ice-cold 10 mM filter-
sterilized HCl is added, and the solution vigorously stirred at 4 °C
overnight in a sealed container to avoid contamination. The vis-
cous solution is kept at 4 °C and it should never be frozen. It is
stable when kept in the refrigerator for more than a year and it will
readily polymerize into a gel. Having the collagen in 10 mM HCI
eliminates the need to neutralize the collagen solution with NaOH,
since HCI has no buffering capacity. When the collagen is mixed
with culture medium and cells, there is no need to neutralize the
culture medium collagen mixture.

Culture dish: The type of culture dish used in casting FPCLs
determines a free-floating FPCL from an ADR-FPCL. For free-
floating moderate-density and high-density FPCL, the petri dish is
preferred because of the ease in releasing the lattice from the sur-
face of the dish. To cast ADR-FPClLs, a tissue culture dish is used
because the lattice remains attached to the dish surface until the
FPCLs are released with a spatula at 4 days.

3 Methods

Components to make a 4.0 mL fibroblast—collagen mixture to cast
moderate-density FPCLs:

(a) Using a purchased collagen solution in 20 mM acetic acid:
1.25 mL of RTT collagen solution in 4 mg/mL 20 mM
acetic acid at 4 °C.
1.35 mL of 2x DMEM at 4 °C.
0.017 mL 1N NaOH.
0.4 mL of FBS.

1.0 mL of DMEM with 10 % FBS and 400,000 fibroblasts
at room temperature.

Mix completely with agitation (vortex for 2-5 s or until
the solution is uniform in color and viscosity).

Every milliliter of FPCL contains 100,000 cells, 10 % FBS,
and 1.25 mg of collagen.

(b) Components to cast a 4.0 mL. FPCL, using RTT collagen
at 5 mg/mL in 10 mM HCI:
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Fig. 3 Four FPCLs are cast in a 35 mm petri dish. Panel a shows four 200 pL FPCL beads in culture medium
10 min after casting and immediately after their release from the petri dish surface. Panel b shows those same
FPCLs 24 h later, demonstrating a dramatic decrease in lattice size from FPCL contraction

3.1 TocCasta
Free-Floating FPGL

1.0 mL of RTT collagen solution of 5 mg/mL in 10 mM
HCl at 4 °C.

1.6 mL of 2x DMEM at 4 °C.
0.4 mL of FBS.

1.0 mL of DMEM with 10 % FBS and 400,000 fibroblasts
at room temperature.

Mix completely with agitation until the solution is uni-
form in color and viscosity.

Every milliliter of FPCL contains 100,000 cells, 10 % FBS,
and 1.25 mg of collagen.

Fibroblasts in monolayer culture are released from tissue culture by
limited trypsin digestion and the freed cells suspended in DMEM
with 10 % FBS serum. The fibroblasts are counted and 50,000—
100,000 cells are utilized for every milliliter of FPCL. The final
homogenous solution will contain 1.25 mg of collagen with
50,000-100,000 fibroblasts in 1.0 mL of DMEM supplemented
with 10 % FBS. To reduce the number of dishes, while maintaining
the identical conditions with sufficient number of collagen lattices
for determining significance, three or four 200 pL aliquots of the
fibroblast—collagen suspension, as individual beads, are pipetted
into a 35 mm or four 200 pL aliquots into a 60 mm petri dish.
Within 10 min at room temperature, the fibroblast—collagen
suspension will have polymerized enough so that the petri dish can
be transferred to an incubator set at 37 °C for an additional 10 min
to further stabilize the collagen matrix. The dishes are removed
from the incubator and 1 mL, to the 35 mm dish, or 3 mL, to the
60 mm dish, of complete serum containing culture medium is
added. In some situations, the FPCL beads may need to be gently
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3.2 ToCastan
Attached-Delayed-
Released FPCL

3.3 TocCasta
High-Cell-Density
FPCL

pushed off the surface or edges of the dish to induce free floating.
Released FPCL will float in culture medium.

The petri dish with the floating collagen lattices as shown in
Fig. 3a is returned to the incubator. The advantage of this tech-
nique is the uniformity of the cast FPCL and culture medium in
each dish, where three or four individual lattices are cast from the
same collagen—cell-medium suspension and maintained in the
same culture medium. Measurements of lattice size can start as
early as 4 h after casting the lattices. Digital camera photographs
are taken with a ruler in place and the areas calculated for each lat-
tice at each time point using the NIH-downloaded Image]
program. The mean contraction plus the standard deviation of the
three or the four lattices per dish are determined and used to plot
lattice size changes over time from cell locomotion forces rearrang-
ing collagen fibrils [9].

The culture medium, cell number, and collagen solution are the
same as described above for the free-floating FPCL. However,
instead of the 35 or the 60 mm petri dish a tissue culture dish is
employed. The cell-collagen—culture medium aliquots contain a
decreased volume of 180 pL, because the tissue culture dish surface
is hydrophilic compared to the petri dish and therefore the FPCL
beads are more spread out, taking up a greater area. Reducing the
bead volume to 180 pL will maintain the same-size FPCL beads in
the petri dish reducing the chances of the FPCL beads coalescing
together. Tissue culture dishes with attached FPCL beads are
incubated for 20 min in a 37 °C incubator. As to minimally disturb
the attached FPCL, 1 or 3 mL of culture medium is carefully added
to each dish. At day 4, attached FPCL beads are photographed
with a ruler in place. The FPCL beads are carefully freed from the
dish surface with a spatula and the dish with the three or the four
floating lattice beads is returned to the incubator for 10 min. The
incubated released FPCL beads are rephotographed with the same
ruler in place. All images are subjected to Image] evaluations,
where the change in area assesses lattice contraction by a mechanism
of cell contraction forces [10].

The culture medium, native collagen solution, and petri dish
components are all the same as described above for the moderate-
density free-floating FPCL. However, instead of a moderate
concentration of cells (50,000-100,000 cells) per mL of FPCL,
the high-density FPCLs are cast with 500,000-1,000,000 cells per
mL of FPCL. To a 35 or a 60 mm petri dish, respectively, three or
tour high-cell-density collagen—culture medium mixtures with a
volume of 200 pL are placed as separate beads on the dish surface.
The dishes with FPCL beads are transferred to an incubator set at
37 °C for 10 min to stabilize the collagen lattices. The addition of
1 or 3 mL of culture medium is made to each dish, which is then
returned to the incubator. Measurements of lattice contraction can
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Fig. 4 Moderate-density versus high-density FPCL contraction and cell morphology. Panel a is an FPCL at 24 h
cast with 100,000 fibroblasts. Panel b depicts the fibroblasts from the FPCL in panel a stained with phalloidin,
demonstrating filamentous actin filaments. Panel ¢ is an FPCL at 4 h cast with 1,000,000 fibroblasts. Panel d
depicts the fibroblasts from the FPCL in panel ¢ showing round phalloidin-stained fibroblasts

start as early as 1 h after casting a high-cell-density FPCL (Fig. 4).
Digital camera photographs are taken with a ruler in place every
hour up to 4-6 h and the area of images evaluated. Lattice
contraction proceeds by a mechanism of forces related to cell
elongation and retraction within the collagen lattice [6].

The fibroblasts in the high-density cast FPCLs are attempting
to spread out and elongate within the collagen matrix, but the
limited space for cells to spread causes the retention of a rounded
shape with very short lamellipodia protrusions. Due to the high
density of cells the enormous number of short lamellipodia



56 H. Paul Ehrlich and Kurtis E. Moyer

3.4 Fibroblasts
or Other Cell Types

protrusions is enough to pull collagen fibrils towards the cell body,
resulting in the compaction of the collagen matrix.

Other cell types incorporated in collagen lattices that generate
lattice contraction include smooth muscle cells [11], keratinocytes
[12], Sertoli cells [13], and melanoma cells [14]. All of these cells
produce lattice contraction. Inflammatory cells like neutrophils
and mast cells do not cause lattice contraction [15, 16].
Inflammatory cells that leave the circulation pass through the
blood vessel endothelial cell-lining, coming in contact with a
collagen-rich matrix. Neutrophils and mast cells rapidly pass
through that connective tissue matrix because their interaction
with the collagen connective tissue matrix does not engage with
their cytoskeletal contractile apparatus. They interact with a
connective tissue matrix without distorting it.

4 Troubleshooting

One of the major problems with casting FPCLs is the premature
polymerization of collagen that produces multiple nonuniform
FPCLs that appear as fragmented collagen satellites. The most
common reason for this failure to cast uniform collagen lattices is
the premature polymerization of the collagen solution due to
warming of the collagen—culture medium mixture before thor-
ough blending and transfer to a dish have occurred. Maintaining
the collagen solution in a cold state while quickly blending the
components together and immediately pipetting the mixture into
dishes will prevent the premature polymerization of a native colla-
gen solution.

When contained in a collagen matrix, the capacity of fibroblast
proliferation is dependent upon what species of animal the fibro-
blasts were derived from. When incorporated into the collagen
matrix, human fibroblasts show a 4-day delay in cell division. In
contrast, mouse and rat fibroblasts divide within the first 24 h. The
human fibroblasts, like rodent fibroblasts, synthesize DNA and are
in a 4N state by 24 h, but human fibroblasts are trapped in the
G2 /M phase of the cell cycle and require 3 days to undergo cell
division [17]. Differences in collagen types influence the rate and
degree of FPCL contraction as well. FPCLs composed exclusively
of type III collagen contract at a faster rate and to a greater degree
than lattices composed of type I collagen. In addition, FPCLs
composed of type II collagen contract slower than FPCLs com-
posed of type I collagen [18]. FPCLs composed of collagen iso-
lated from hypertrophic scars undergoing contracture contract
faster and to a greater degree than FPCLs composed of collagen
isolated from normal dermis [19].
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Free-floating FPCLs treated with the growth factor TGF-p
show enhanced lattice contraction as compared to untreated cells [20].
Likewise, in ADR-FPCLs, the inclusion of TGF-p enhanced lattice
contraction [21]. These findings suggest that TGF-p promotes cell
contraction activities, associated with the myofibroblasts, as well as
with cell translocation or locomotion forces associated with free-
floating FPCL contraction. It has also been reported that platelet-
derived growth factor (PDGF) enhances high-cell-density FPCL
contraction [5]. There are no reports of PDGF promoting moder-
ate or ADR-FPCL contraction. These findings support the possi-
bility that PDGF enhances fibroblast lamellipodia protrusions.
Lamellipodia protrusion activity is associated with cell migration
and it is reported that PDGF enhances cell migration [22]. Gap
junctional intercellular communication (GJIC) has been shown to
promote FPCL contraction and disrupting GJIC will retard FPCL
contraction [23]. The mechanism of promotion of lattice contrac-
tion through GJIC is unclear. Fibroblast plasma membrane fluidity
influences that rate of FPCL contraction. Saturated fatty acids,
fatty acids containing no double bonds, can be incorporated within
the plasma membranes of fibroblasts in monolayer culture through
adding fatty acid-saturated albumen. As the saturated fatty acid
chain length increases, the plasma membrane fluidity decreases and
FPCL contraction is retarded. Likewise, decreasing the length of
the saturated fatty acid in the fibroblast cell membrane increases its
fluidity and increases the rate of lattice contraction [24].
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Chapter 4

A Tissue-Engineered Gorneal Wound Healing Model
for the Characterization of Reepithelialization
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Abstract

Progress in tissue engineering has led to the discovery of technologies allowing reconstruction of
autologous tissues from the patient’s own cells and the development of new in vitro models to study cel-
lular and molecular mechanisms implicated in wound healing. The outer surface of the eye, the cornea, is
involved in the sense of sight, thus an adequate reepithelialization process after wounding is essential
in order to maintain corneal function. In this chapter, protocols to generate a new in vitro three-dimen-
sional human corneal wound healing model suitable for studying the different components that play
important roles in corneal reepithelialization are described in details. The methods include extraction and
culture of human corneal epithelial cells (HCECs), human corneal fibroblasts, a complete description of
the cornea reconstructed by tissue-engineering as well as the corneal wound healing model.

Key words Cornea, Corneal epithelial cells, Fibroblasts, Tissue-engineering, Reepithelialization
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alhcDME-Ham  Air-liquid corneal epithelial cell culture medium
hcDME-Ham  Complete human corneal epithelial cell culture medium

HCEC Human corneal epithelial cells
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fDME Human corneal fibroblast culture medium
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1

Introduction

The cornea is localized at the outer surface of the eye. It is highly
specialized and unique as a translucent organ. The cornea is con-
tinually subjected to abrasive forces and occasional mechanical or
chemical trauma because of its anatomical localization. Damages
to the cornea can result in scarring or opacification that may lead
to visual defects and even complete loss of vision. A complete reep-
ithelialization and the reorganization of a mature smooth epithe-
lium, as well as a structured stroma, is essential in restoring the
imaging properties of the cornea [1, 2]. Therefore, a better under-
standing of the mechanisms of corneal wound healing could help
develop new therapeutic approaches to improve corneal wound
management.

Several models of wound healing have been developed in order
to investigate the corneal mechanisms of reepithelialization and to
screen for growth factors susceptible to stimulate an adequate heal-
ing [3-11]. The limitations of cell monolayers in vitro models are
the lack of epithelial-mesenchymal interactions and the limited
epithelium thickness. Studies of corneal wound healing in animal
models are expensive and interindividual variability among animals
is inherent to in vivo experiments. Progress in tissue engineering
resulted in the development of tissue-engineered corneas. These
tissues were designed to mimic their in vivo counterpart in terms
of cell phenotype and tissue architecture [12]. The three-
dimensional tissue-engineered corneas were intented for basic
research or clinical purposes [13-15].

The concept of the self-assembly approach consists in recon-
structing an organ in a fashion resembling its formation in vivo.
Appropriate culture conditions induce cells to secrete a significant
amount of ECM as it occurs during organogenesis [16, 17].
Corneas reconstructed by the self-assembly approach exhibit a
well-developed epithelium (see Fig. 2) that expresses differentia-
tion markers (such as keratin 3 (K3)), a stroma, and a well-
organized basement membrane [18, 19]. The tissue-engineered
cornea also enables the development of a new in vitro model to
study cellular and molecular mechanisms involved in corneal
wound healing.

This chapter first details methods for the extraction and culture
on plastic of the cell types (human corneal epithelial cells (HCECs),
human corneal fibroblasts and human dermal fibroblasts) that are
required in order to produce a tissue-engineered cornea in vitro. In
the second part, a detailed description of the methods for the gen-
eration of tissue-engineered corneas by the self-assembly approach
and the tissue-engineered corneal wound healing model are
presented.
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2 Materials

2.1 CGulture Media

2.1.1 Tissue
Transport Medium

2.1.2  Human Fibroblast
Culture Medium (fDME)

1. Preparation of tissue transport medium components (for final
concentration see Table 1):

(@)

DME-Ham. Dulbecco’s modified Eagle’s medium
(DME): Ham’s F12 medium 3:1, 3.07 g/L NaHCO;
(36.54 mM), 24.3 mg/L adenine (0.18 mM), 312.5 pL /L
2N HCI. Dissolve in apyrogenic ultrapure water. Adjust
pH to 7.1. Sterilize by filtration through a 0.22 pm low-
binding disposable filter. Aliquot and store at 4 °C.

Fetal calf serum. Thaw in cold water. Inactivate in hot
water (56 °C) for 30 min. Distribute in single-use aliquots
and store at -20 °C.

Penicillin G and Gentamicin. Dissolve 50,000 IU/mL of
Penicillin G and 12.5 mg/mL of Gentamicin sulfate in apyro-
genic ultrapure water to make a 500x stock solution. Sterilize
by filtration through a 0.22 pm low-binding disposable filter,
distribute in single-use aliquots and store at -80 °C.

Fungizone. Dissolve 0.25 mg/mL of amphotericin B
(0.27 mM), in apyrogenic ultrapure water to make a 500x
stock solution. Sterilize by filtration through a 0.22 pm
low-binding disposable filter, distribute in single-use ali-
quots and store at -80 °C.

2. Thaw all components at 4 °C. To make 1 L (Table 1).

3. Store the transport medium at 4 °C.

1. Preparation of fDME components (for final concentration
see Table 2):

(@)

Table 1

DME. Dulbecco’s modified Eagle’s medium (DME),
3.7 g/L (44 mM) NaHCO;. Dissolve in apyrogenic ultra-
pure water. Adjust pH to 7.1. Sterilize by filtration through

a 0.22 pm low binding disposable filter, aliquot, and store
at 4 °C.

Tissue transport medium

Component Quantity (mL) Final concentration
DME-Ham 900 90 % v/v

Fetal calf serum 100 10 % v/v

Penicillin G-Gentamicin 500x 2 Penicillin G 100 IU/mL

Gentamicin 25 pg/mL

Fungizone 500x 2 0.5 pg/mL
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2.1.3 Complete Human
Corneal Epithelial Cell
Culture Medium (Complete
hcDME-Ham)

Table 2
fDME
Component Quantity (mL) Final concentration
DME 900 90 % v/v
Fetal calf serum 100 10 % v/v
Penicillin G-Gentamicin 500x 2 Penicillin G 100 IU/mL
Gentamicin 25 pg/mL
Table 3
Complete hcDME-Ham
Component Quantity (mL) Final concentration
DME-Ham 900 90 % v/v
Fetal clone IT 100 10 % v/v
Insulin 1,000x 1 5 pg/mL
Hydrocortisone 500x 2 0.4 pg/mL
Cholera toxin 1,000x 1 10-1° M
Epidermal growth factor 1 10 ng/mL
1,000x
Transferrin/T3 1,000x 1 Transferrin: 5 pg/mL
T3:2x10° M
Penicillin G-Gentamicin 2 Penicillin G 100 IU/mL

500x

Gentamicin 25 pg/mL

(b) Fetal calf serum (see Subheading 2.1.1, item 1b).

(c) Penicillin G-Gentamicin (see Subheading 2.1.1, item 1c).
2. Thaw all components at 4 °C. To make 1 L (Table 2).
3. The fDME can be stored at 4 °C for 10 days.

1. Preparation of hcDME-Ham components; thaw all compo-
nents described (for final concentration, see Table 3):

(a) DME-Ham (see Subheading 2.1.1, item 1a).

(b) Fetal clone II serum. Thaw in cold water. Inactivate in hot
water (56 °C) for 30 min. Distribute in single-use aliquots
and store at —20 °C.

(¢) Insulin. Dissolve 250 mg in 50 mL 0.005 N HCI (125 pL
2N HCI/50 mL apyrogenic ultrapure water) to make a
1,000x stock solution (0.87 mM). Sterilize by filtration
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2.1.4 Air-Liquid
Human Corneal Epithelial
Cell Culture Medium
(alhcDME-Ham)

2.1.5 Freezing Medium

through a 0.22 pm low binding disposable filter, distribute
in single-use aliquots and store at —-80 °C.

Hydrocortisone. Dissolve 25 mg in 5 mL of 95 % ethanol
(4.8 mL 99 % ethanol /0.2 mL apyrogenic ultrapure
water). Complete to 125 mL with DME-Ham (see
Subheading 2.1.1; item la) to make a 500x stock solu-
tion (0.53 mM). Sterilize by filtration through a 0.22 pm
low binding disposable filter, distribute in single-use ali-
quots and store at —80 °C.

Cholera toxin. Dissolve 1 mg in 1 mL of apyrogenic ultra-
pure water. Complete to 118.18 mL with DME-Ham (see
Subheading 2.1.1, item 1la) supplemented with 10 %
(v/v) Fetal clone II (see Subheading 2.1.3, item 1b) to
make a 1,000x stock solution (10”7 M). Sterilize by filtra-
tion through a 0.22 pm low binding disposable filter, dis-
tribute in single-use aliquots and store at -80 °C.

Epidermal growth factor. Dissolve 500 pg in 2.5 mL of
10 mM HCI. Complete to 50 mL with DME-Ham (see
Subheading 2.1.1, item 1la) supplemented with 10 %
(v/v) Fetal clone II (see Subheading 2.1.3, item 1b) to
make a 1,000x stock solution. Sterilize by filtration
through a 0.22 pm low binding disposable filter, distribute
in single-use aliquots and store at -80 °C.

Penicillin G-Gentamicin (see Subheading 2.1.1, item 1c).

Transferrin: vial of 600 mg/20 mL. 3,3’,5” triiodo-L-
thyronine (T3): Solution #1. Dissolve 6.8 mg of T3 in a
small volume (about 3 mL) of 0.02N NaOH (10 pL. 10N
NaOH /4.99 mL apyrogenic ultrapure water). Complete
to 50 mL with apyrogenic ultrapure water. Sterilize by fil-
tration through a 0.22 pm low binding disposable filter,
distribute in single-use aliquots and store at 4 °C. Mix the
transferrin vial with 1.2 mL of solution #1 and complete
to 120 mL with apyrogenic ultrapure water to make a
1,000x stock solution. Sterilize by filtration through a
0.22 pm low binding disposable filter, distribute in single-
use aliquots and store at -80 °C.

. Complete hcDME-Ham can be stored at 4 °C for 10 days.

. Thaw all components described in Subheading 2.1.3, item 1,

at 4 °C, with the exception of epidermal growth factor. To
make 1 L, refer to Table 4 (see Note 1).

(@)

. alhcDME-Ham can be stored at 4 °C for 10 days.

. Preparation of freezing medium components.

Fetal calf serum (see Subheading 2.1.1, item 1b).
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Table 4
Alhc-DME
Component Quantity (mL) Final concentration
DME-Ham 900 90 % v/v
Fetal clone II 100 10 % v/v
Insulin 1,000x 1 5 pg/mL
Hydrocortisone 500x 2 0.4 pg/mL
Cholera toxin 1,000x 1 10-1°M
Transferrin/T3 1,000x 1 Transferrin: 5 pg/mL
T3:2x10° M
Penicillin G-Gentamicin 500x 2 Penicillin G 100 IU/mL
Gentamicin 25 pg/mL
Table 5

Freezing medium

Component Quantity (mL) Final concentration
Fetal calf serum 9 90 % v/v
DMSO 1 10 % v/v

(b) Dimethyl sulfoxide (DMSO). Distribute the stock solution
(99.7 %) in single-use aliquots and store at -20 °C
(see Note 2).

2. Thaw all components at 4 °C. To make 10 mL (Table 5).
3. Keep on ice or at 4 °C (see Note 3).

2.2 Monolayer 1. Source of human fibroblasts: normal adult breast skin removed
Culture of Human by surgery (see Note 4).
Dermal Fibroblasts 2. Sterile container.
221 Extraction 3. Transport medium (see Subheading 2.1.1).
and Culture 4. 50 mL tubes.
of Human Fibroblasts . o ..
5. Phosphate  buffered  saline-Penicillin ~ G/Gentamicin/

Fungizone (PBS-P/G/F): 137 mM NaCl, 2.7 mM KCI,
6.5 mM Na,HPO,, 1.5 mM KH,PO,. Dissolve in apyrogenic
ultrapure water to make a 10x stock solution. Store at room
temperature. To dilute 10x PBS to 1x, add apyrogenic ultra-
pure water. Verify pH is 7.4. Store at room temperature. Before
use, add Penicillin G-Gentamicin 500x stock solution
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2.2.2 Subculture
of Human Dermal
Fibroblasts (Passage)

2.2.3 Cryopreservation
of Human Dermal
Fibroblasts

2.2.4 Thawing of Human
Dermal Fibroblastes

2.3 Monolayer
Culture of Human
Gorneal Fibroblasts

2.3.1 Extraction and
Culture of Human
Corneal Fibroblasts

(see Subheading 2.1.1, item 1lc) and Fungizone 500x stock
solution (see Subheading 2.1.1, item 1d) by diluting these
additives to 1x.

. Petri dish (size: 100 x 15 mm).
. Thermolysin. Dissolve 500 pg/mL in Hepes 1x. Sterilize by

filtration through a 0.22 pm low binding disposable filter and
store at 4 °C (see Note 3).

. Collagenase H. Dissolve 0.125 U/mL in fDME (see

Subheading 2.1.2). Sterilize by filtration through a 0.22 pm
low binding disposable filter (se¢ Note 3).

. Dissecting curved forceps.
10.
11.
12.
13.
14.

Scalpel and blade (size: 22).
Trypsinization unit (Celstir suspension culture flask).
Parafilm.

Tissue culture flask, 75 cm?.
fDME (see Subheading 2.1.2).

. Complete fDME-Ham (see Subheading 2.1.2).
. Trypsin/EDTA. 2.8 mM bp-glucose, 0.05 % (w/v) trypsin

1-500, 0.00075 % (v/v) phenol red (Phenol red solution
0.5 %, sterile-filtered, , 100,000 IU /L penicillin G, 25 mg/L
gentamicin, 0.01 % (w/v) EDTA (EDTA, Disodium salt).
Dissolve in 1x PBS. Adjust pH to 7.45. Sterilize by filtration
through a 0.22 pm low binding disposable filter, distribute in
single-use aliquots and store at —20 °C.

. 50 mL tube.

. Tissue culture flask, 75 cm?.

. Freezing medium (see Subheading 2.1.5)

2. Sterile cryogenic vials.

. Freezing container filled with 99 % ethanol and precooled

at -20 °C.

. Complete f{DME-Ham (see Subheading 2.1.2).

. Tissue culture flasks, 75 cm?.

. Source of human corneal fibroblasts: normal cornea from post-

mortem donors unsuitable for transplantation (Banque d’yeux
du Centre Universitaire d’Ophtalmologie (CUO), Quebec,
Canada) (see Note 4).

2. Sterile container.

. Transport medium (see Subheading 2.1.1).

4. 50 mL tubes.
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2.3.2  Subculture
of Human Corneal
Fibroblasts (Passage)

2.3.3 Cryopreservation
of Human Corneal
Fibroblasts

2.3.4 Thawing of Human
Dermal Fibroblasts

2.4 Monolayer
Gulture of Human
Corneal Epithelial Cells

2.4.1 Extraction and
Culture of Human Corneal
Epithelial Cells

. PBS-P/G/F (see Subheading 2.2.1, item 5).

6. Petri dish (size: 100x 15 mm).
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. Dispase II. Dissolve 2 mg/mL dispase in Hepes. Make a 10x

stock solution in apyrogenic ultrapure water: 0.1 M Hepes,
67 mM KCI, 1.42 M NaCl. Adjust pH to 7.3. Protect from
light and store at 4 °C. Hepes 1x: dilute the 10x stock solution
to 1x with apyrogenic ultrapure water and add 1 mM CaCl,.
Adjust pH to 7.45. Protect from light (se¢ Note 5) and store
at 4 °C.

. Collagenase H. Dissolve 0.125 U/mL in {fDME (see

Subheading 2.1.2). Sterilize by filtration through a 0.22 pm
low binding disposable filter (see Note 3).

. Dissecting curved forceps.
10.
11.
12.
13.

Scalpel (size: 4) and blade (size: 22).
Parafilm.

Tissue culture flask, 25 cm?.

fDME (see Subheading 2.1.2).

. Complete fDME-Ham (se¢ Subheading 2.1.2).
. Trypsin/EDTA (see Subheading 2.2.2, item 2).
. 50 mL tube.

. Tissue culture flasks, 75 cm?.

. Freezing medium (see Subheading 2.1.5).
. Sterile cryogenic vials.

. Freezing container, filled with 99 % ethanol and precooled at

-20 °C.

. Complete fDME-Ham (see Subheading 2.1.2).

. Tissue culture flask, 75 cm?.

. Source of human corneal epithelial cells: human post-mortem

donor corneas unsuitable for transplantation (Banque d’yeux
du Centre Universitaire d’Ophtalmologie (CUO), Quebec,
Canada) (see Note 4).

. 35 and 100 mm petri dishes (size: 35x10 mm, and size:

100x 15 mm).

. Sterile 3 in. x 3 in. gauze.

. Scalpel (#4) and blades (size: 11, and size: 22).
. Dissecting curved forceps.

. Dissecting curved scissor.

. 15 and 50 mL tubes.
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2.4.2  Subculture
of Human Corneal
Epithelial Cells (Passage)

2.4.3 Cryopreservation
of Human Corneal
Epithelial Cells

2.4.4 Thawing of Human
Corneal Epithelial Cells

2.5 Human Cornea
Reconstruction by
the Self-Assembly
Approach

8.
9.
10.
11.
12.
13.

14.
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PBS-P/G/F (see Subheading 2.2.1, item 5).
7.5 mm diameter trephine.

Dispase II (see Subheading 2.3.1, item 7).
Complete hcDME-Ham (see Subheading 2.1.3).
Tissue culture flask, 75 cm?.

Irradiated Swiss 3T3 (i3T3) (ATCC, #CCL-92). To obtain
about 8-10x10° cells, seed 1x10° cells in a 75 ¢cm? culture
flask (Tissue culture flask) with 20 mL of DME. Incubate for 4
daysin 8 % CO,, 100 % humidity atmosphere at 37 °C. Irradiate
at 6,000 rads with a Gammacell irradiator (60Co source)
(see Note 6).

Dissecting microscope.

. Complete hcDME-Ham (see Subheading 2.1.3).

. Irradiated Swiss 3T3 (i3T3) (see Subheading 2.4.1, item 13).
. Trypsin/EDTA (see Subheading 2.2.2, item 2).

. 50 mL tubes.

. Tissue culture flasks, 75 cm?.

. Freezing medium (see Subheading 2.1.5).

2. Sterile cryogenic vials.

. Freezing container filled with 99 % ethanol and precooled

at -20 °C.

. Complete hcDME-Ham (see Subheading 2.1.3).

2. Tissue culture flasks, 75 cm?.

. 13T3 (see Subheading 2.4.1, item 13).

. Confluent corneal fibroblasts between their 5th and 7th

passages.

. Confluent human fibroblasts between their 5th and 7th

passages.

. Human corneal epithelial cells at 80 % confluence between

their 1st and 3rd passages (cocultured with i3T3, see
Subheading 2.4.1, item 13).

. Ascorbic acid. Dissolve 10 mg/mL of ascorbic acid in DME

(see Subheading 2.1.1, la) to make a 200x stock solution.
Sterilize by filtration through a 0.22 pm low binding dispos-
able filter (see Note 7).

. Culture media:

(a) fDME (see Subheading 2.1.2) containing 50 pg/mL
ascorbic acid.
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2.6 Human Tissue-
Engineered Corneal
Wound Healing Model

15.

QN Ul W W

(b) Complete hcDME-Ham (see Subheading 2.1.3) containing
50 pg/mL ascorbic acid.

(c) alhcDME-Ham (see Subheading 2.1.4) containing 50 pg/mL
ascorbic acid.

. Ingots (stainless steel grade # 316).
. Merocel®, Medtronic.

. Anchoring rings (stainless steel grade # 316). Dimension: 3 cm

diameter, 7 /8 in. wide, 1/8 in. height.

. Dissecting curved forceps.
10.
11.
12.
13.
14.

Tissue culture flasks, 25 cm?.

Cell culture dish (size: 100 x20 mm).
Petri dish (size: 100x 15 mm).
Soldering iron.

Anchoring paper. Cut a circle with a 60 mm diameter in a
Wathman sheet. Remove the concentric inside disk of 25 mm
diameter after cutting.

Air-liquid stand (homemade acrylic stand).

. Human tissue-engineered cornea reconstructed by self-assembly

approach with epithelial cells after a week of epithelial matura-
tion at the air-liquid interface (see Subheading 2.5).

. Culture media: alhcDME-Ham (see Subheading 2.1.4) con-

taining 50 pg,/mL ascorbic acid.

. 6 mm diameter biopsy punch.
. Dissecting curved forceps.
. Petri dishes (size: 100x 15 mm).

. One human tissue-engineered stroma comprising one dermal

and one corneal fibroblast sheet that were superimposed and
cultured for an additional week in fDME (see Subheading 2.1.2)
containing 50 pg/mL ascorbic acid.

. Anchoring paper. Cut a circle with a 60 mm diameter in a

Wathman sheet. Remove the concentric inside disk of 25 mm
diameter after cutting.

3 Methods

3.1 Monolayer
Culture of Human
Dermal Fibroblasts

3.1.1 Extraction and
Culture of Human
Dermal Fibroblasts

. Human fibroblasts were obtained from normal adult breast

skin (see Note 4).

. Transport and conservation: In the surgery room, put the skin

specimen into a sterile container filled with cold (4 °C) trans-
port medium.
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3.1.2 Subculture
of Human Dermal
Fibroblasts (Passage)

3.

4.

10.

11.

12.

13.

14.

All further manipulations are performed under a sterile laminar
flow hood cabinet.

Wash the skin specimen in a 50 mL tube containing 30 mL
PBS-P/G/F. Agitate vigorously. With sterile forceps, transfer
the skin specimen in another PBS-P/G/F tube. Repeat this
step three times.

. Spread out the skin specimen, epidermis on the top, into a

100 mm petri dish.

. Cut the skin in 3 mmx 100 mm pieces with scalpel (blade 22).
. Add 10 mL of warm (37 °C) thermolysin. Seal the petri dish

with parafilm.

. Incubate 2-3 h at 37 °C.

. With two curved forceps, separate the epidermis from the der-

mis. Put dermal pieces within a trypsinization unit containing
20 mL of warm (37 °C) collagenase H. Incubate under agita-
tion, overnight at 37 °C.

Collect the cellular suspension. Put into a 50 mL tube and add
20 mL of fDME. Wash the trypsinization unit with 10 mL of
fDME and add it to the tube (total 40 mL).

Count the cells and measure the viability by trypan blue
staining.

Centrifuge cell suspension at 300xg for 10 min at room
temperature.

Seed 5 x 10° fibroblasts in a 75 cm? culture flask with 15 mL of
fDME. Incubate in 8 % CO,, 100 % humidity atmosphere at
37 °C. Change culture medium three times a week.

When the fibroblasts reach confluence, subculture (see
Subheading 3.1.2) or freeze (see Subheading 1) cells.

For a 75 cm? culture flask of fibroblasts:

All further manipulations are performed under a sterile laminar

flow hood cabinet.

1.
2.

Remove medium.
Wash the culture flask with 2 mL of Trypsin/EDTA and

remove it.

. Add 3 mL of Trypsin/EDTA. Incubate at 37 °C until the cells

are detached from the flask.

. Add 3 mL of fDME. Collect the cellular suspension. Put into

a 15 mL tube. Wash the flask with 2 mL of {DME; collect the
cellular suspension and add it to the 50 mL tube (total 8§ mL).

. Count the cells and measure the viability by trypan blue stain-

ing. The cell viability should be higher than 95 %. Usually, a
confluent culture flask contains four millions cells.
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3.1.3 Cryopreservation

of Human Dermal
Fibroblasts

3.1.4 Thawing
of Human Fibroblasts

3.2 Monolayer
Culture of Human
Corneal Fibroblasts

3.2.1 Extraction
and Culture of Human
Corneal Fibroblasts

6.

7.
8.

Centrifuge cell suspension at 300xyg for 10 min at room
temperature.

Resuspend the cell pellet in a given volume of {DME.

Seed 5 x 10° fibroblasts in a 75 cm? culture flask with 15 mL of
fDME. Incubate in 8 % CO,, 100 % humidity atmosphere at
37 °C. Change culture medium three times a week.

All further manipulations are performed under a sterile laminar
flow hood cabinet.

1.

Resuspend fibroblasts in a given volume of cold (4 °C) freezing
medium in order to obtain 2 x 10° fibroblasts/mL (se¢ Note 2).

. On ice, aliquot in cryogenic vials. Put them in a Nalgene freez-

ing container filled with 99 % ethanol that has previously been
cooled at -20 °C.

. Freeze overnight at -80 °C, in the freezing container.

. Within 24 h, transfer and store in liquid nitrogen.

. Put the cryogenic vial in 37 °C water until a small cluster of ice

remains.

. All further manipulations are performed under a sterile laminar

flow hood cabinet.

. Using a pipette, put 1 mL of cold (4 °C) fDME in the cryo-

genic vial. When the ice is thawed, put cryogenic vial content
in a tube containing 9 mL of cold {DME.

. Count the cells and measure the viability by trypan blue
staining.

. Centrifuge cell suspension at 300xg for 10 min at room
temperature.

. Resuspend cell pellet in a given volume of warm (37 °C)
tDME.

. Seed 5 x10° fibroblasts in a 75 ¢m? culture flask with 15 mL of

fDME Ham’s. Incubate in 8 % CO,, 100 % humidity atmo-
sphere at 37 °C. Change culture medium three times a week.

. Human corneal fibroblasts were obtained from post-mortem

donor corneas unsuitable for transplantation (Banque d’yeux
du Centre Universitaire d’Ophtalmologie (CUO), Québec,
Canada) (see Note 4).

All further manipulations are performed under a sterile
laminar flow hood cabinet.

. Human corneal fibroblasts were isolated from the stromal por-

tion of the cornea (see Subheading 3.3.1, steps 1-12).

. Put the stroma in a 35 mm petri dish and cut into small pieces

with a #22 scalpel blade (se¢ Note 8).
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3.2.2 Subculture
of Human Corneal
Fibroblasts (Passage)

3.2.3 Cryopreservation
of Human Fibroblasts

3.2.4 Thawing
of Human Fibroblasts

3.3 Monolayer
Gulture of Human
Gorneal Epithelial Cells

3.3.1 Extraction
and Culture of Human
Corneal Epithelial Cells

4.

10.

With a curved forcep, collect the pieces and put stromal pieces
within a trypsinization unit containing 20 mL of warm (37 °C)
collagenase H (125 U/mL). Incubate under agitation, 3 h at
37 °C.

. Collect the cellular suspension. Put into a 50 mL tube and add

10 mL of fDME. Wash the trypsinization unit with 10 mL of
fDME and add it to the tube (total 40 mL).

. Count the cells and measure the viability by trypan blue

staining.

. Centrifuge the cell suspension at 300 xg for 10 min at room

temperature.

. Seed 5 x 105 fibroblasts in a 75 cm? culture flask with 15 mL of

fDME.

. Incubate in 8 % CO,, 100 % humidity atmosphere at 37 °C.

Change culture medium three times a week.

When the fibroblasts reach confluence, subculture (see
Subheading 3.2.2) or freeze (see Subheading 3.2.3) cells.

. Follow steps 1-8 of Subheading 3.1.2.

. Follow steps 14 of Subheading 3.1.3.

. Follow steps 1-6 of Subheading 3.1.4.

. Human corneal epithelial cells are obtained from human post-

mortem donors corneas unsuitable for transplantation (Banque
d’yveux du Centre Universitaire d’Ophtalmologie (CUO),
Québec, Canada) (see Note 4).

All further manipulations are performed under a sterile
laminar flow hood cabinet.

. Wash the eye in a 50 mL tube containing 30 mL PBS-P/G/F.

Agitate gently 1-2 min. With sterile forceps, transfer the eye in
another tube filled with PBS-P/G/F. Repeat this step three

times.

. Place the eye into a 100 mm petri dish.
. Surround the eye with folded sterile gauze. This helps in hold-

ing the eye without having to touch it.

. With the #11 scalpel blade, make a small opening of 2—3 mm.

. With curved scissors, cut-out the cornea in order to obtain

only the limbus and central cornea. Avoid leaving sclera to
eliminate conjunctival epithelial cell contamination.
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3.3.2 Subculture
of Human Corneal
Epithelial Cells (Passage)

7.

10.

11.

12.

13.

14.

15.
16.

17.

With two curved forceps, peel-oftf the iris. Do this step while
holding the cornea in the air to avoid any damage to the
epithelium during the procedure.

. Place the limbus into a 35 mm petri dish. The limbal ring is

obtained by separating the limbus from the central cornea with
a 7.5 mm diameter trephine.

. Add 5 mL of cold (4 °C) dispase II. Seal the petri dish with

parafilm.
Incubate overnight at 4 °C.

With 2 curved forceps, mechanically separate the epithelium
and endothelium (with Descemet’s membrane) from the
stroma under a dissecting microscope.

Keep the corneal stroma for corneal fibroblast isolation (see
Subheading 3.2.1).

Put the epithelium in a 35 mm petri dish and cut into small
pieces with a #22 scalpel blade (see Note 8).

With a plastic pipette, collect the pieces with 2 x5 mL of warm
(37 °C) complete hcDME-Ham. Put into a 15 mL tube.

Centrifuge at 300 x g for 10 min at room temperature.

Seed 1x10¢ epithelial cells and 1.5x10°i3T3 by 75 cm? cul-
ture flask with 20 mL of complete hcDME-Ham. Incubate in
8 % CO,, 100 % humidity atmosphere at 37 °C. Change cul-
ture medium three times a week.

When the human corneal epithelial cells reach 80 % conflu-
ence, subculture (see Subheading 3.2.2) or freeze (see
Subheading 3.2.3) cells.

For a 75 cm? culture flask of human corneal epithelial cells:

All further manipulations are performed under a sterile laminar

flow hood cabinet.

1.
2.

Remove medium.

Wash the culture flask with 2 mL of warm (37 °C) Trypsin/
EDTA and remove it.

. Add 8 mL of Trypsin/EDTA. Incubate at 37 °C until the cells

are detached from the flask.

. Add 8 mL of complete hcDME-Ham (37 °C). Collect the cell

suspension. Put into a 50 mL tube. Wash the flask with 2 mL
of complete hcDME-Ham, collect the cell suspension and add
it to the 50 mL tube (total 18 mL).

. Count the cells and measure the viability by trypan blue stain-

ing. The cell viability should be superior to 80 %.

. Centrifuge cell suspension at 300xg4 for 10 min at room

temperature.
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3.3.3 Cryopreservation
of Human Corneal
Epithelial Cells

3.3.4 Thawing of Human
Corneal Epithelial Cells

3.4 Human Tissue-
Engineered Cornea
Reconstruction

by the Self-Assembly
Approach

3.4.1 Assembly of
Fibroblast Sheets for
Stromal Reconstruction

7.

Resuspend the cell pellet in a given volume of complete
hcDME-Ham.

. Seed 5x10° to 1x10° keratinocytes and 1.5x10°¢ i3T3 by

75 cm? culture flask with 20 mL of complete hcDME-Ham.
Incubate in 8 % CO,, 100 % humidity atmosphere at 37 °C.
Change culture medium three times a week.

. Follow steps 1-4 of Subheading 3.1.3.

. Follow steps 1-6 of Subheading 3.1.4 but seed 5x10° to

1 x 10° keratinocytes and 1.5x10¢i3T3 by 75 cm? culture flask
with 20 mL of complete hcDME-Ham.

All further manipulations are performed under a sterile laminar
flow hood cabinet.

1.

Seed 2 x 10° corneal fibroblasts by 25 ¢cm? culture flask in 5 mL
of f{DME containing 50 pg/mL ascorbic acid (see Note 7).
Incubate in 8 % CO,, 100 % humidity atmosphere at 37 °C.
Change culture medium three times a week.

. Seed 2 x10° dermal fibroblasts by 25 ¢m? culture flask in 5 mL

of f{DME containing 50 pg/mL ascorbic acid (see Note 7).
Incubate in 8 % CO,, 100 % humidity atmosphere at 37 °C.
Change culture medium three times a week.

. After 40 days, open the top of the flask with a soldering iron.

. Using curved forceps, detach carefully one corneal fibroblast

sheet. Transfer and inverse it into a 100 mm cell culture dish
(upper surface of the fibroblast sheet must be in contact with
the bottom of the cell culture dish).

. Anchor peripherally the fibroblast sheet with ingots. Move

one-by-one ingots towards the tissue periphery to flatten the
fibroblast sheet.

. Detach a dermal fibroblast sheet, transfer and inverse it on the

first corneal fibroblast sheet. Repeat step 5 of this section,
resulting in human tissue-engineered stroma.

. Place a Merocel® sponge (that has been cut to fit within the

ingots) on top of the superimposed fibroblast sheets. Keep
Merocel® sponge in place with ingots.

. Add 25 mL of fDME containing 50 pg/mL ascorbic acid (see

Note 7). Incubate in 8 % CO,, 100 % humidity atmosphere at
37 °C.

. After 2 days, remove Merocel® sponge and ingots. Incubate

in 8 % CO,, 100 % humidity atmosphere at 37 °C. Change
culture medium three times a week.
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3.4.2 Assembly of All further manipulations are performed under a sterile laminar
Tissue-Engineered corneas ~ flow hood cabinet.

1. One week after the stacking of fibroblast sheets, remove culture
medium and seed 1.5x10° human corneal epithelial cells
within the anchoring ring (from a suspension of 3.75 x 106 cells /
mL of complete hcDME-Ham). Incubate in 8 % CO,, 100 %
humidity atmosphere at 37 °C.

2. Three hours later, add 25 mL of complete hcDME-Ham con-
taining 50 pg/mkL ascorbic acid (see Note 7). Incubate in 8 %
CO,, 100 % humidity atmosphere at 37 °C. Change culture
medium three times a week.

3. Five hours later, anchoring ring can be removed.

3.4.3 Maturation of the All further manipulations are performed under a sterile laminar
Tissue-Engineered Cornea: ~ flow hood cabinet.
Culture at the Air-Liquid

1. One week after the seeding of human corneal epithelial cells,
Interface

remove culture medium and ingots.

2. Using curved forceps, detach carefully the reconstructed
cornea from the bottom of the cell culture dish.

4. Place the reconstructed cornea on the anchoring paper center-
ing it in order that the area with corneal epithelial cells is on
top of the aperture.

5. Put air-liquid stand in a petri dish.

6. Lift tissue-engineered cornea together with the anchoring
paper and transfer it on the air-liquid stand.

7. Add 20 mL of alhcDME-Ham containing 50 pg,/mL ascorbic
acid (see Notes 7 and 9). Incubate in 8 % CO,, 100 % humidity
atmosphere at 37 °C. Change culture medium three times a
week.

3.5 Human Tissue- All further manipulations are performed under a sterile laminar
Engineered Corneal flow hood cabinet.

Wound Healing 1. After a week of epithelial maturation at the air-liquid interface,

3.5.1 Reconstructed using curved forceps, put in a petri dish the tissue-engineered
Cornea Wounding cornea with its anchoring paper.

2. Wound the tissue-engineered cornea using a 6 mm diameter
punch (see Fig. 1).

3. Careftully detach the wounded tissue-engineered cornea from
the bottom of the petri dish and place it over a second human
tissue-engineered stroma also placed on an anchoring paper
(one dermal and one corneal fibroblast sheet that were super-
imposed and cultured for an additional week in fDME con-
taining 50 pg/mL ascorbic acid (Fig. 2) (see Notes 7).

4. Put a air-liquid stand in a petri dish.
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Fig. 1 Macroscopic aspect of the wound in the human tissue-engineered corneal wound healing model
(hTECWH). hTECWH immediately (a, ¢) and 2 days (b, d) after wounding with a 6 mm punch biopsy. Two days
after wounding, the reepithelialization progressing from the wound margin toward the center can be observed
macroscopically (arrows). Note that in (c) and (d), the angle of the camera and the omission of the flash
allowed us to properly visualize the extent of reepithelialization from the surrounding epithelium. Taken from
Carrier et al. [18] with permission

5. Lift the wounded reconstructed cornea and the second tissue-
engineered stroma together with the two anchoring papers
and transfer them on an air-liquid stand.

6. Add 20 mL of alhcDME-Ham containing 50 pg/mL ascorbic
acid (see Notes 7 and 9). Incubate in 8 % CO,, 100 % humidity
atmosphere at 37 °C. Change culture medium three times a
week.

Note: This human tissue-engineered corneal wound healing model
can be cultivated at the air-liquid interface for 3-5 days at the end
of which the reepithelialization is complete and the surface can be
photographed for reepithelialization rate measurement before pro-
cessing for biopsies.

The three-dimensional in vitro wound healing model described
in the present study comprises a corneal epithlium on a stroma.
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Fig. 2 Histology of the in vitro human tissue-engineered corneal wound healing model (nTECWH) 3 days after
wounding and treated (b, d) or not (a, ¢) with fibrin. Sections were stained with Masson’s trichrome (cells are
pink and collagen bluish). (@) Composite picture showing a complete view of the hTECWH. (b) When a fibrin clot
was added onto the wounds, reepithelialization was accelerated. (¢) Higher magnification shows the histologi-
cal organization of the unwounded side of the hTECWH. (d) Suprabasal epithelial cells at the tip of the migrat-
ing epithelial tongue (MET) (*) elongated over the basal cells to make contact with the fibrin matrix. Scale bar:
100 pym. Taken from Carrier et al. [18] with permission

It is devoid of any synthetic material. This, fully human, tissue-
engineered corneal wound healing model allows reepithelialization
by corneal epithelial cell migration over a natural matrix after
wounding. This model, produced from living fibroblasts and
untransformed human corneal epithelial cells, mimics many aspects
of the reepithelialization process including cell migration, prolif-
eration and the restoration of a stratified epithelium (Figs. 1 and 2).
It is interesting to note the special pattern of migrating cells that
produce convex fronts (Fig. 1). This particular characteristic was
observed in corneal healing in vivo [20], ex vivo in human [21]
and in animal models [22] as well as in vitro after wounding con-
fluent epithelial cell cultures on plastic [23].

This completely biological wound healing model is very prom-
ising to dissect the mechanisms involved in the corneal reepitheli-
alization process. Moreover, the positive or negative effect of an
exogenous factor such as growth factors or drugs on corneal reepi-
thelialization can be quantified. This model is also suitable for toxi-
cological and pharmacological studies.
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4 Notes

. Serum must be added first followed by insulin. Insulin must be

added with a sterile plastic pipette.

. DMSO is an oxidative agent toxic for cells, especially at tem-

perature above 10 °C. Thus, it must be used at 4 °C.

. This solution must be prepared the day of its use.

4. Protocols were approved by the institution’s committee for the

protection of human subjects.

. When exposed to light, Hepes buffer may undergo degrada-

tion and become toxic.

. 13T3 should be kept 1 week in 8 % CO,, 100 % humidity atmo-

sphere at 37 °C. However, the cell yield may fall by approxi-
mately 10-15 % per day.

. Ascorbic acid must be prepared immediately before use and

protected from light.

. Change scalpel blade and clean other instruments (forceps)

between eye specimens.

. The lower surface of the reconstructed cornea must be in

direct contact with culture medium.
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Chapter 5

Adult Stem GCells in Small Animal Wound Healing Models

Allison C. Nauta, Geoffrey C. Gurtner, and Michael T. Longaker

Abstract

This chapter broadly reviews the use of stem cells as a means to accelerate wound healing, focusing first on
the properties of stem cells that make them attractive agents to influence repair, both alone and as vehicles
for growth factor delivery. Major stem cell reservoirs are described, including adult, embryonic, and
induced pluripotent cell sources, outlining the advantages and limitations of each source as wound healing
agents, as well as the possible mechanisms responsible for wound healing acceleration. Finally, the chapter
includes a materials and methods section that provides an in-depth description of adult tissue harvest
techniques.

Key words Adult stem cells, Adipose derived stromal cells, Bone marrow derived mesenchymal cells

1 Introduction

Although many species (such as salamanders, the Australian skink,
and the flatworm) are capable of complete regeneration in response
to injury, most adult human organs lack this ability and generally
replace lost or damaged tissue with more disorganized, weaker tissue.
Adult skin is not capable of replacing itself with architecturally
organized collagen. However, the process of wound repair is
generally efficient, involving the interplay of complex and highly
evolved biological pathways.

Evolution has favored accelerated wound closure over perfecting
the architecture of regenerated tissue. Therefore, in healthy indi-
viduals, wounds tend to close quickly and with the appearance of
scar. However, in unhealthy patients, the process of wound healing
can be delayed, causing the development of chronic ulcers that can
take months to years to heal. This delay in wound healing can
result in prolonged hospital stays and periods of disability, as well
as exacerbation of chronic disease. Additionally, when wounds
finally heal, scar formation can be severe, resulting in functional
impairment and cosmetically unfavorable outcomes. As a result of
these clinical obstacles, researchers have devoted a tremendous

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
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1.1 Gene Therapy:
Stem Cell Sources

1.1.1  Embryonic
Stem Cells

amount of resources to developing gene therapies that either [1]
accelerate healing or [2] diminish the appearance of scar.

Gene therapy, the insertion of a target gene into a recipient
cell, initially emerged for the purpose of treating congenital defects
[1]. However, as gene therapy has evolved, the technology has
gained popularity for broader applications, such as the develop-
ment of wound healing therapies. In wound repair, the goal is to
transiently increase the expression of specific growth factors to
improve angiogenesis, increase cell proliferation and improve cell
migration until complete wound closure. The skin is a convenient
model for studying the effects of gene therapy because the process
of wound healing occurs over a relatively short time period, mak-
ing transient over- or under-expression ideal. Additionally, changes
in wound physiology are easily monitored due to the location of
the skin on the surface of the body.

Stem cells are attractive candidates for gene therapy and tissue
regeneration due to their ability to self-renew and differentiate into
various specialized cell types. Stem cells also have the tendency to
home to areas of tissue injury [2]. As a result, these cells can serve
as vehicles for growth factor and cytokine delivery to the
wound bed.

The fertilized oocyte produces two generations of totipotent cells,
cells that are capable of forming all tissues of the embryo and
trophoblasts of the placenta. Beyond these two generations, the
progeny become specialized to form the blastocyst and inner cells
mass (ICM), which is comprised of pluripotent cells capable of
producing the three primary germ cell layers—endoderm, mesoderm,
and ectoderm—but not the placenta or supporting tissues [3].
Embryonic stem cells (ESCs) are derived from the ICM and have been
recognized as a promising source of cells for tissue regeneration.

Embryonic stem cells derived from mice, monkeys, and
humans have been studied in culture and are theoretically capable
of maintaining pluripotency indefinitely if maintained under proper
culture conditions [3-5]. If culture conditions are altered, ESCs
can directionally differentiate to cells of any of the three germ
layers, traditionally through the induction of embryoid body for-
mation. With the use of strictly maintained culture conditions that
mimic in vivo environmental conditions, research groups have
been able to show commitment to all three germ layers [6-8].

To specifically study ESC differentiation into epidermis (ecto-
dermal lineage), research groups have found that exposure to in
vivo-like conditions is essential, using bone morphogenic protein-4
signaling [9] and exposure to extracellular matrix (ECM) [10].
ESC differentiation to epidermal lineage can be directed by several
cytokines and growth factors alone and in combination: Fibroblast
Growth Factor 2 (FGF-2), Transforming Growth Factor Beta 1
(TGF-pl), Epidermal Growth Factor, Platelet Derived Growth
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Factor (PDGF), vitamin C, and retinoic acid [11]. Keratinocytes
derived from ESCs have the ability to terminally differentiate and
form epidermis-like tissue, and early ectodermal progenitors
expressing K17 capable of contributing to appendages or the
periderm have been identified [12, 13]. Using an organotypic cul-
ture model, ESCs have been stimulated to produce a stratified
epidermal-like structure that not only histologically resembles
mouse dermis and epidermis but also approximates the dynamic
developmental program observed in vivo [9].

Despite these advances, there are still many barriers to the use
of embryonic stem cells in skin tissue regeneration. For example,
researchers have been unable to define culture conditions that can
reliably maintain a homogeneous population of ESCs, progenitor
cells capable of becoming more than one cell type, or terminally
differentiated cells in vitro. This information is essential to the
development of ESC-derived cell therapy because of the risk of
teratoma formation following cell injection [14]. Some researchers
suggest that sequential treatment with growth factor combinations
can enrich for epidermal stem cell lineages and those specific popu-
lations can be isolated using cell marker/separation techniques.
Similar protocols have been used to purify ESC-derived cardio-
myocytes and oligodendrocytes [15, 16].

Although advances have been made in expanding and purify-
ing cultures of mouse ESC-derived epithelial cells and their pro-
genitors, ethical and legal barriers to the use of human ESC-derived
cells will likely delay or prevent the use of these cells in clinical
trials. The use of human ESCs in clinical therapeutics may require
immunosuppression to prevent rejection. Furthermore, traditional
in vitro methods of maintaining undifferentiated human ESCs
involve the use of mouse fibroblast feeders. This culture method
has limited translational application, and more recent methods that
substitute human fetal fibroblasts, adult human epithelial cells,
foreskin cells, or Matrigel /laminin matrix conditioned by mouse
embryonic fibroblasts (MEFs) still raise concerns regarding good
manufacturing practice (GMP) conditions [17-19].

In response to the ethical and legal limitations of embryonic stem
cell based therapy, many stem cell researchers have shifted focus to
reprogramming differentiated cells to pluripotency. In 2006,
Takahashi and Yamanaka published a landmark paper that defined
a set of four transcription factors—octamer 3 /4 (Oct4), SRY box-
containing gene 2 (Sox2), Kruppel-like factor 4 (KIf4), and
c-Myc—that, when used in combination, are sufficient to repro-
gram adult mouse fibroblasts into ES-like induced pluripotent
stem cells (iPS cells) [20]. Subsequently, the same defined factors
were shown to be sufficient for reprogramming human cells [21].
Further research aimed at the refinement of reprogramming mech-
anisms has shown that other combinations of transcription factors
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are possible and that the only gene that is essential to reprogram-
ming in both adult and human cells (as in, cannot be substituted
for) is Oct4 [22].

Induced pluripotent stem cell technology has been validated
with other cell types and holds great promise for translational
therapy. Theoretically, adult cells could be harvested, repro-
grammed, and directionally differentiated for use in patient-
specific therapies. Patient-specific iPS technology would provide
the opportunity for cell-based therapy without the need for immu-
nosuppressants. In cases of a known genetic defect, iPS gene therapies
could restore cellular function and be used to overcome illness.
Moreover, iPS cells are unique pluripotent stem cells that avoid the
ethical and legal arguments that prevent ESCs from becoming
frontrunner gene therapy candidates. However, most protocols
developed for directed differentiation of iPS cells are based on ESC
differentiation protocols, suggesting that these technologies
should be investigated in parallel.

Induced pluripotent stem cells are attractive to the field of
regenerative medicine, but there are still major obstacles preventing
the use of these cells in humans. First generation methods of repro-
gramming somatic cells involve lentiviral vector transfer, which,
due to the risk of integration and insertional mutagenesis, would
likely prevent iPS research from reaching the level of FDA approval
for clinical trials. Nonviral methods of exogenously expressing
transcription factors, such as nanoparticle, protein, and minicircle
vectors [23-25], have been developed to address these concerns;
however, these technologies are in their infancy and are not yet
efficient. Small molecules can be used to both modulate epigenetic
changes and inhibit cellular differentiation pathways. Valproic acid,
DNA methyltransferase inhibitors, and the histone methyltransfer-
ase inhibitor BIX-01294 have been shown to both increase the
efficiency of reprogramming and serve as surrogates for one or
more transcription factors [26-30].

Induced pluripotent stem cells are defined by the ability to
produce teratoma with in vivo injection [31]. This characteristic is
as much a flaw as it is an asset, as uncontrolled differentiation could
lead to tumor development rather than the generation of specific
tissue types. Researchers have attempted to address this concern by
bypassing the pluripotent state through conversion of one adult
cell type to another. Vierbuchen et al. demonstrated that direct
conversion from one adult cell type to another was possible through
exposure to high expression levels of lineage-specific transcription
factors [32]. However, it is possible that a small number of rare
multipotent cells are responsible for the group’s findings, and
lentiviral vectors were used to induce conversion from one cell type
to another [32].
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Finally, the generation of pluripotent cells from adult cells is
inefficient, as only a small number of cells become germ-line-
competent iPS cells [31]. There is also a subset of cells that become
only partially reprogrammed, making these cells incapable of pro-
ducing cells of all three germ layers without continuous exposure
to reprogramming factors [20]. Some researchers believe that all
cells are capable of being reprogrammed and that only a few com-
plete the process, while others believe that only an “elite” group of
cells possess reprogramming ability [33].

While ESCs and iPS cells are considered pluripotent, possessing
the ability to produce tissue of all three germ layers, there are sub-
sets of cells in the adult human that retain some degree of multipo-
tency, the ability to differentiate into more than one tissue type.
These cells have been identified in various niches throughout the
human body and contribute to the regeneration of their respective
organ tissues. These cells are referred to as adult tissue derived
stem cells, and are thought to be promising sources for the devel-
opment of patient-specific treatments. The utility of these sources
is determined by the accessibility, yield, and ease of harvest, the
ability to expand and maintain cells in culture, and the capacity of
the cells to contribute to tissue regeneration after implantation.

Two promising sources of adult stem cells have been found in
the bone marrow and in the stromal vascular portion of adipose
tissue. Bone marrow derived mesenchymal cells (BM-MSCs) are
fibroblast-like cells found in the bone marrow that are thought to
provide microenvironmental support for hematopoietic cells.
These cells have the ability to adhere to plastic in culture and dif-
ferentiate into fat, cartilage, and bone [34, 35].

It is now believed that fibroblast-like mesenchymal cells exist
throughout the body and can be found in most connective tissue
and organs. Adipose derived stromal cells (ASCs) in particular have
been isolated from the subcutaneous fat of both mice and humans
and have been shown to possess similar characteristics to BM-MSCs.
These cells reach all the aforementioned criteria and are arguably
even more attractive candidates for cell-based therapy, as a large
number of cells could be isolated through the minimally invasive
technique of lipoaspiration [36].

Difterentiation is a physiological process by which an unspecialized
cell becomes more specialized through the upregulation and/or
downregulation of specific genes. Differentiation capacity is defined
by a cell’s ability to become various tissue types; unipotent cells are
only capable of maintaining one cell type, whereas multipotent
cells are capable of becoming multiple cell types, and pluripotent
cells can differentiate into cells of all three primary germ layers.
Differentiation in vitro can either occur spontaneously or in a
directed and controlled manner. Embryonic stem cells (ESCs)
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1.2.2  Cell Fusion

1.2.3 Transdifferentiation

1.2.4  Paracrine Effects

1.3 Small Animal
Wound Healing Models

have the tendency to spontancously differentiate if cultured under
suboptimal and crowded conditions. After differentiation, cell
sorting can select for specific cells for use in targeted cell replace-
ment therapies. If directed and controlled differentiation of ESCs
is desired, the cells are traditionally converted to embryonic bodies
(EBs), then exposed to growth factors and cytokines that direct the
cells to the desired cell lineage.

Cell fusion is an unlikely method by which stem cells contribute to
tissue regeneration. There are some reports in the literature show-
ing that implanted autologous adult stem cells are capable of fusing
with cells in the native tissue, producing a tetraploid cell. However,
it is unclear how these cells replicate, and the incidence of cell
fusion is thought to be extremely low [37].

Transdifferentiation is the conversion of one specialized cell type
to another. Although many authors have attempted to demon-
strate this process in vivo, few publications are able to definitively
show that adult stem cells—or any partially or fully differentiated
cells—are capable of contributing to the architecture of regenera-
tive tissue. It is more likely that implanted cells survive in the heal-
ing environment for a set period of time; during this time, these
cells secrete growth factors and cytokines that both augment the
healing process and activate local and distant endogenous stem cell
reservoirs that contribute to tissue regeneration.

Many reports suggest that cell-based therapies may contribute to
tissue regeneration mainly through paracrine mechanisms. In car-
diac studies, transplanted cells were shown to release growth
factors and cytokines that stimulate native endothelial cell prolif-
eration, an observation that is supported by studies in other tissue
models [38, 39].

Although in vitro studies can provide valuable information, tradi-
tional culture conditions lack the three dimensional quality and
dynamic paracrine interactions that exist in the wound healing
environment. Newer “organotypic” in vitro systems simulate the
stratified squamous epithelial environment of native skin and have
provided a more biologically relevant model for studying wound
repair [45, 46].

Despite the advances in the development of “living skin substi-
tutes,” small animal wound healing models remain necessary to
study the complexity of mammalian tissue repair. Specifically, the
most widely used species used as a model for studying human dis-
ease is the laboratory mouse. Although there are many docu-
mented differences between the structure and physiology of
mouse and human skin [47-50], wound healing models designed
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Fig. 1 Excisional Wound Healing Model. (a) Full thickness 6 mm skin wounds are placed at the same level on
the dorsum of mice. (b) Rubber washers are placed around the perimeter of the wounds and are sutured in
place to splint the skin and isolate reepithelialization

1.4 Delivery
of Cell-Based Gene
Therapy

1.5 Delivery of DNA
to Cells

with these differences in mind can provide valuable translational
information.

Many small animal wound healing models have been designed
to study skin pathology, and Wong et al. has provided a compre-
hensive overview of these protocols [51]. One of the most com-
monly used wound healing models is the excisional wound healing
model. This model can be used to evaluate cell-based therapies for
wound healing and skin regeneration. Although excisional wound
healing models have been employed for many years, the protocols
have evolved to better approximate human physiology. While
human skin heals primarily by reepithelialization, mouse skin has
greater laxity; therefore, 70-80 % of mouse wound healing occurs
through contraction [50]. To control for contraction and isolate
epithelialization, a rubber washer can be sutured around the perim-
eter of the wound to splint the skin [50] (Fig. 1). Once wounds are
created, cell based therapies can be applied, and wounds are then
followed over the course of healing to track phenotypic wound
healing changes.

The skin’s major function is to act as a barrier; therefore, foreign
gene transfer to native cells is challenging. Rather than employing
ex vivo and in vivo methods of gene transfer to endogenous fibro-
blasts and keratinocytes, stem cell-based gene therapy focuses on
the transfer of genes to cells that are known to release growth fac-
tors and cytokines and act through paracrine mechanisms to stimu-
late chemotaxis and accelerate healing.

Traditional methods of gene transfer involve the use of modified
viruses. However, as previously described, new technologies have
allowed for gene transfer and circumvent the risk of insertional
mutagenesis. Continued advances in gene transfer technology will
hopefully eliminate the need for modified virus transfection and
allow for the use of gene therapies in clinical trials.
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1.6 In Vivo Cell
Survival

Even if safe, effective, and efficient gene delivery is achieved,
environmental barriers prevent stem cell therapies from achieving
maximum efficacy in vivo. The wound bed is an extremely hostile
environment for implanted cells. Hypoxia, mechanical forces,
inflammation, ischemia, infection, and low pH are all environmen-
tal conditions that cause apoptosis in the wound bed.

It is generally thought that strategies developed to increase
stem cell survival following in vivo implantation would augment
the efficacy of cell-based therapies. However, a recent publication
suggests that an appropriate balance between cell survival and
apoptosis may be a more appropriate goal. In a recent publication,
Fang et al. describe the role of caspases 3 and 7 in the recruitment
of progenitor or stem cells in wound healing and tissue regenera-
tion. Caspases 3 and 7 are proteases that are activated in apoptosis
and stimulate cell death. This group describes a “Phoenix Rising”
pathway that stimulates these caspases to activate downstream
Prostaglandin E2, which has been shown to promote progenitor
and stem cell recruitment [52]. This finding is particularly interest-
ing given the belief that one of the major limitations of gene ther-
apy is in vivo cell viability. If both paracrine signals from live
implanted cells and “Phoenix Rising” activation of caspases con-
tribute to wound healing, it would be interesting to investigate an
appropriate balance between cell survival and cell death.

Despite the known antioxidant properties of stem cells [53,
54], implanted cells show low survival rates in vivo. Cell based
therapies have limited delivery efficiency, and failure to protect
cells from the acute inflammatory environment and oxidative stress
causes cell death [55]. Technologies aimed at improving in vivo
stem cell delivery and survival could maximize the influence of cell-
based therapies on wound healing. Increased survival could be
achieved through over-expression of anti-apoptotic genes (and
conversely, knockdown of apoptosis-related genes), treatment of
stem cells with novel small molecules that act through anti-
apoptotic mechanisms, or through improved delivery agents that
mechanically protect the cells from injury.

Current delivery systems rely largely on cell injection, topical
administration, and spray-based preparations. However, novel bio-
gels, microparticles, and foams may contour better to the surface
of complex wounds, obviating the need for foreign materials that
can act as fomites and increase infection rates. Ideal products for
stem cell delivery would be available oftf-the-shelf and take little
preparation time. These preparations would be of particular utility
in acute traumatic wounds that may require immediate inflammatory
control.

The wound bed is a diverse and dynamic environment, with
cells at the center of the wound bed behaving quite differently
from cells at the wound margin; likewise, cells deep in the wound
bed behave quite differently from cells at the surface [56].
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Increasingly  complex  micro-electro-mechanical  (MEMS)
technologies applied to wounds could allow for precise detection
of changes in oxygenation, pH, temperature, and ion levels with
improving spatial resolution. Through microfluidic channels, this
technology could allow for precise delivery of cell and growth
factor combinations to specific regions of the wound bed.

Smart biomaterials may allow the recruitment of local and
systemic sources of stem cells, exploiting the body’s innate regen-
erative capacity. These scaffolds may become increasingly biomi-
metic, incorporating into the wound bed or dissolving when
necessary [57].

Finally, composite dressings with layer-specific stem cells may
allow the delivery of dermal mesenchymal-based or epidermal
ectodermal-based therapies to deep and superficial wounds.

Although the gold standard for skin coverage to treat extensive
skin injury is the skin graft, this procedure is imperfect, as it requires
either harvest from the patient (creating an issue of supply) or the
use of cadaver skin. A more ideal method of therapy would not
only provide coverage from an abundantly available source, but
also encourage the reconstitution of normal skin architecture.
Therefore, many scientists have focused on engineering replace-
ment skin seeded with cells that release paracrine factors. Cells can
be derived locally (such as fibroblasts, keratinocytes, melanocytes,
adipocytes, hair follicle cells, and skin progenitor cells) or systemi-
cally (such as cells in the bone marrow system). Studies indicate
that progenitor cells produce a more favorable outcome than dit-
ferentiated keratinocytes in bioengineered skin [58].

Although these advances are encouraging, currently used skin
substitutes are not fully functional. These tissues lack key compo-
nents of normal skin such as hair follicles, sweat and sebaceous
glands. Adult hair follicle dermal cells could be another potential
source of cells for creation of skin substitutes. When grafted in
combination with hair follicle buds, fresh prepared dermal cells
reconstitute haired skin in immunodeficient mice. This result
depends on the concentration of dermal papilla cells contained in
the dermal cell preparation [59]. The inherent inductive properties
of these cells result in new follicle creation, while stem cell capabili-
ties allow these cells to produce dermal replacement [60].

Although this review broadly discusses all stem cell sources that are
investigated in the development of wound healing technology, a
detailed discussion of the methods involved in isolating all cell
types would be exhaustive and outside the scope of this chapter.
Therefore, the methods described will focus mainly on adult tissue
derived stem cells that are used routinely in small animal wound
healing models. For a comprehensive review of iPS cell isolation,
please reference the recent review by Maherali et al. [40].
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2 Materials

2.1 Mouse Bone
Marrow Derived
Mesenchymal Stem
Cells (BM-MSCs)

2.2 Mouse Adipose
Derived Stromal Gells
(mASCs)

N

10.
11.
12.
13.
14.
15.
16.

10.
11.
12.
13.
14.
15.
16.
17.

S U RN

N B e N N O S R

. 5 Mice at 5-6 weeks of age.

Ice.

. 50 mL polypropylene conical tubes.

. 100 % alcohol.

. Spray bottle containing 70 % alcohol.

. Culture media containing Dulbecco’s Modified Eagle Medium
with GlutaMAX™ with 10 % Fetal Bovine Serum and 1 %
Penicillin-Streptomycin.

. BD Luer-Lok™ 3 mL syringes.

. 16.5 Gauge needles.

. 6 Well culture plate for serial Betadine washes.

Ice cold Phosphate Buffered Saline pH 7.4.

Betadine Topical Microbicide Solution.

10-Blade disposable scalpels.

Surgical instruments, including forceps and surgical scissors.
Corning® 9 in. glass disposable Pasteur pipettes.

Fisherbrand* sterile polystyrene disposable 10 mL surgical pipettes.

10 cm sterile plastic tissue culture plates.

. 3-5 Mice at 5-6 weeks of age.

Ice.

. Cold sterile PBS 7 .4.

Betadine topical microbicide solution.

. 6-well Sterile culture plate.

. 50 mL sterile polypropylene conical tubes.

. 100 pm cell strainer.

. Tissue culture media (DMEM + GlutaMAX™, 10 % FBS, 1 %
Penicillin Streptomycin).

. Surgical instruments including forceps and scissors.

Styrofoam shipping container lid.

Tacks.

100 % alcohol.

Spray bottle containing 70 % alcohol.

Collagenase type I1.

1x Hanks Balanced Salt Solution (HBSS).

Corning® 9 in. glass disposable Pasteur pipettes.

Sterile Polystyrene 10 mL sterile surgical pipettes.
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3 Methods

3.1 Mouse Bone
Marrow Derived
Mesenchymal Stem
Cells (BM-MSCs)

There are many protocols in the literature describing techniques of
adult tissue-derived stem cell isolation. Mouse bone marrow
derived MSCs are particularly challenging to isolate and maintain
in culture due to low yield and the expansion of non-MSC lineages
with increasing passage number. Xu et al. recently published an
updated protocol that controls for these variables, involving
mechanical crushing of bones, collagenase digestion, and immu-
nodepletion using three antibodies [41]. Although this protocol
may be an improvement over traditional methods, the protocol is
fairly labor intensive. It is generally accepted that BM-MSCs may
be defined by their adherence to plastic [42]. Therefore, the fol-
lowing protocol describes the materials and methods of the tradi-
tional protocol used in our laboratory to isolate bone marrow
derived MSCs.

1. Prepare 6 well plate with serial betadine washes (100 % betadine
in first well, 50 % betadine/50 % PBS in second well, and
100 % PBS in remaining 4 wells). Place on ice.

2. Fill one 50 mL conical tube with cold PBS and place on ice for
bone harvest.

3. Fill one 50 mL conical tube with 100 % alcohol to cleanse
instruments between animals.

4. Euthanize one mouse with CO, asphyxiation and neck disloca-
tion (or as indicated in APLAC-approved protocol).

5. Place mouse supine on a clean benchtop and spray with 70 %
ethanol. Elevate the skin off the peritoneum using forceps and
create a small midline abdominal incision with surgical scissors.
Using scissors and continuing to separate the skin from the
abdominal viscera, extend the excision caudally to one
hindlimb, as far as the paw. Deglove the left hindlimb by
separating the skin and subcutaneous tissue from the bone,
muscle, and tendons. Perform this procedure with care, avoiding
contamination with fur (Fig. 2a). After degloving the limb, use
scissors to dislocate the limb at the hip and ankle joint. Harvest
the limb, place on ice (Fig. 2b), and repeat this procedure on
the contralateral hindlimb.

6. Once both limbs are isolated, for each, dislocate the tibia and
fibula from the femur at the patellar joint using a 10 blade
scalpel. Stabilize the tibia with forceps and use the scalpel to
scrape muscle and connective tissue from the bone (Fig. 2¢).
Once isolated, wash the bone with serial betadine washes in the
6-well plate. Place the tibia in the 50 mL conical tube with
cold PBS. Repeat this procedure with the femur.
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Fig. 2 Mouse Bone Marrow Derived Mesenchymal Stem Cell (BM-MSC) Harvest. (@) Exposed intact hindlimb
with skin dissection. Once the entire limb is exposed, dislocate at the hip with a single cut of the scissors (not
shown). (b) Harvested hindlimb. (c) Harvested tibia, separated from femur at patellar joint and cleaned by
scraping muscle and soft tissue down to bone. (d) Tibia in cell culture dish. Expose bone marrow cavity by
cutting either end of the bone with a 10-blade scalpel. (e) The bone marrow contents of the tibia are flushed
into a 50 mL conical for collection. After harvest is complete, the bone marrow contents are centrifuged, and
the cell pellet is collected for plating in cell culture medium

7.

10.

11.

Repeat all aspects of this procedure with the remaining mice.
Take great care to wash instruments in alcohol between ani-
mals and prevent contamination.

. Once all bones are harvested, place 50 mL conical tube with

harvested bones in the sterile tissue culture hood.

. Empty bones and PBS into one 10 cm plastic culture plate.

With clean forceps, remove one bone from the culture plate
and place in another sterile 10 cm culture plate. Using a sterile
10-blade disposable scalpel, cut off the ends of the bone to
expose the bone marrow (Fig. 2d).

Fill a sterile Laur-Lok syringe with ice cold PBS and load a
16.5 gauge needle on the syringe. Place the tip of the needle in
the hollow bone marrow cavity and, holding the bone over an
empty, sterile 50 mL conical tube, inject ice cold PBS into the
cavity, flushing the bone marrow contents and collecting the
cells in the conical tube (Fig. 2¢).

Repeat this procedure with all harvested bones, refilling the
syringe as needed.
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Once all harvested bones are flushed, centrifuge the bone
marrow contents for 5 min at 1,000 rpm and 4 °C.

After centrifugation, aspirate PBS from the conical tube in the
tissue culture hood, taking great care to leave an intact pellet at
the base.

Resuspend the tissue pellet in 10 mL of culture media and
plate in 10 cm sterile plastic cell culture plate. Incubate for
24 h.

At 24 h, aspirate the media and wash the cells with warm PBS
twice. Replace culture media. Repeat this procedure every
24 h until the cells reach confluence.

There are many protocols that describe isolation techniques of
mouse adipose derived stromal cells. However, most techniques
share the same steps of isolation, digestion, neutralization, and
centrifugation [43]. Our laboratory has found the below protocol
to be both reliable and reproducible.

1.

Prepare 6 well plate with serial betadine washes (100 % beta-
dine in first well, 50 % betadine /50 % PBS in second well, and
100 % PBS in remaining 4 wells). Place on ice.

. Fill one 50 mL conical tube with cold PBS and place on ice for

fat harvest.

. Fill one 50 mL conical tube with 100 % alcohol to cleanse

instruments between animals.

. Euthanize one mouse with CO, asphyxiation and neck disloca-

tion (or as indicated in APLAC-approved protocol).

. Place mouse supine on a clean paper towel wrapped around

Styrofoam shipping container lid and spray animal with 70 %
ethanol. Elevate the skin off the peritoneum using forceps and
create a small midline abdominal incision with surgical scissors.
Using scissors and continuing to separate the skin from the
abdominal viscera, extend the excision caudally to one
hindlimb, as far as the paw (Fig. 3a).

. Stabilize lower extremity in place by placing a tack through the

toot and securing into the Styrofoam surface. Extend the mid-
line skin incision to the axilla using scissors and dissect skin
away from the peritoneum. Secure the skin away from the
peritoneum with a tack through the tissue and Styrofoam
(Fig. 3b). Dissect and harvest groin fat from the surface of the
peritoneum and the skin that wraps around the dorsum of the
animal (Fig. 3c).

. Once all fat is isolated from the groin, perform serial betadine

washes and place fat in 50 mL conical tube with ice cold PBS.
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Fig. 3 Mouse Adipose Derived Stro
sion is extended caudally to distal

mal Cell (ASC) Harvest. (a) After a midline incision is made with scissors, inci-
tibia. (b) Skin dissected away from hindlimb, exposing groin adipose tissue.

(c) Groin adipose tissue is harvested using scissors and forceps. (d) Adipose tissue is collected in a tissue culture
dish in the cell culture hood. (e) Adipose tissue is minced in the tissue culture dish using surgical scissors.

(f) Minced adipose tissue is collect

10.

11.

12

13.

ed in a 50 mL conical tube containing collagenase type Il solution

. Repeat this procedure on the contralateral side of the animal

and for the remaining 2—4 mice.

. Once all adipose tissue is isolated, place the 50 mL conical

containing harvested tissue in the sterile tissue culture hood
(still on ice).

Prepare solution of collagenase type IT in HBSS. Weigh 22.5 mg
of collagenase and dissolve in 30 mL of HBSS in a sterile 50 mL
conical tube. Filter contents through a Sterigrip cell strainer for
use in cell culture. Place sterile conical containing this solution in
a water bath at 37 °C to activate the collagenase.

Empty the contents of the 50 mL conical tube containing har-
vested tissue into one 10 cm sterile plastic culture dish (Fig. 3d).

. Aspirate the PBS from the culture plate, taking great care not

to aspirate the fat itself. Wash the tissue twice with ice cold
PBS, aspirating the PBS between washes.

Mince the washed fat pads with clean surgical scissors until tis-
sue is completely minced (Fig. 3¢). Remove the 50 mL conical
tube containing collagenase solution from the water bath and
empty the minced adipose tissue into the collagenase solution.
Use a cell scraper to collect remaining tissue from the culture

plate (Fig. 3f).
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14. Secure the top of the 50 mL conical containing the tissue in
collagenase solution. Shake vigorously, then place in a shaking
water bath set at 37 °C.

15. Allow the tissue to digest at 37 °C in the shaking water bath.
Every 10 min for a total of 30 min, remove the 50 mL conical
from the water bath and spray with 70 % alcohol and wipe
clean with a paper towel. Remove the top of the conical to
release air pressure and replace, securing the top tightly.

16. After 30 min, spray the 50 mL conical with 70 % alcohol and
place in culture hood. Neutralize the digestion mixture with
30 mL of media, which will require transfer of half of the con-
tents of the tube to another 50 mL conical.

17. Centrifuge the two 50 mL conical tubes, each containing
approximately 30 mL, for 5 min at 1,000 rpm and 4 °C.

18. Aspirate the supernatant (floating lipid-like faction first, fol-
lowed by underlying liquid), leaving approximately 1 mL of
supernatant and the tissue pellet at the bottom of each tube.

19. Resuspend each pellet with 10 mL of culture media. Strain the
contents of each conical into one sterile 50 mL conical with
tissue strainer. Centrifuge the strained tissue media for 5 min at
1,000 rpm and 4 °C.

20. Aspirate culture media, leaving tissue pellet at the bottom of
the 50 mL conical. Resuspend pellet in 10 mL of culture media
and plate on a 10 cm sterile plastic culture plate. Incubate for
24 hat 37 °C.

21. Twenty-four hours later, aspirate media and wash cells with
warm PBS twice. Replace media. Repeat this process every
24 h until cells reach confluence.

Isolation protocols for human adipose derived stromal cells
(hASCs) are similar to the procedure involved in mASC harvest.
Briefly, adipose tissue is isolated from lipoaspirate obtained from
white adipose tissue. The tissue must be washed in betadine and
PBS before digested in collagenase type II to break down the
extracellular matrix (ECM). After the tissue is digested, the tissue
is neutralized and centrifuged, resuspended in culture media, and
strained before it is resuspended and plated for cell culture. These
cells are then routinely washed until reaching confluence. Although
the cells plated represent many cell types at first, it is generally
accepted that ASCs are adherent to plastic, and cells from hemato-
poietic lineages are eliminated as cells are passaged [44]. Once the
cells are grown out in culture, these cells can be used in immuno-
deficient mouse wound healing models.
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4

Conclusion

Diverse cell types such as ESCs, adult tissue-derived stem cells,
resident tissue stem cells, and iPS cells have enormous potential for
tissue generation, as the cells both contribute to regeneration and
release growth factors to affect wound healing through paracrine
mechanisms. Further investigation into the experimental and clini-
cal applications of cell-based therapies in wound healing is neces-
sary to identify the ideal source of stem cells and the most efficacious
mode of delivery. Autologous adult tissue derived stem cells hold
great promise for the development of patient-specific therapies,
while other technologies will likely require many more years of
dedicated research to reach the bedside.
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Chapter 6

Novel Animal Models for Tracking the Fate
and Contributions of Bone Marrow Derived Cells
in Diabetic Healing

Robert C. Caskey and Kenneth W. Liechty

Abstract

There is a vast wealth of information to be gained by tracking both the fate and contribution of individual
cell types to the wound healing response. This is particularly important in research focused on impaired
healing, such as diabetic wound healing, where the number or function of one or more specific cell types
may be abnormal and contribute to the observed healing derangements. Specifically, diabetic wounds have
been shown to have an overactive inflammatory response and decreased angiogenesis. The ability to track
specific cell types participating in these responses would dramatically improve our understanding of the
cellular derangements in diabetic healing. In this chapter, we review two novel chimeric models based on
the leptin deficient Db/Db mouse. The use of these models allows for the tracking of bone marrow
derived inflammatory and progenitor cell populations as well as the determination of the molecular contri-
butions of these cell populations to the wound healing response.

Key words Diabetes, Wound healing, Chimeric, Angiogenesis, Inflammation, Progenitor cells

1 Introduction

1.1 The Diabetes has reached pandemic proportions both in the USA and
Diabetic Wound worldwide [1]. Complications of diabetes represent a significant
clinical problem, with total healthcare expenditures for diabetes
care in the USA alone reaching $116 billion in 2007 [2]. A signifi-
cant proportion of this expense was for the treatment of chronic
lower extremity wounds and their complications which are the
leading cause of hospital admissions for diabetic patients [2]. This
is even further highlighted by the fact that approximately 84 % of
all lower extremity amputations performed in the USA are pre-
ceded by a diabetic foot ulcer [2, 3]. In 2007, diabetic wounds also
accounted for an additional $58 billion in lost revenue secondary
to disability or early mortality [ 1]. These statistics have not changed
in recent years despite multiple advancements in the management
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1.2 Inflammation
in the Chronic
Diabetic Wound

of chronic wounds including biological dressings, hyperbaric
oxygen, and recombinant growth factor therapy [3-5].

It has become increasingly apparent that the impairment in
diabetic wound healing is a multifactorial process with derange-
ments in multiple mechanisms necessary for healing. Two of the
mechanisms that are critically affected are the processes of inflam-
mation and neovascularization. Diabetic wounds from both
humans and laboratory animals have been shown to display a dys-
regulated inflammatory response and decreased neovascularization
when compared to the wounds of nondiabetics [ 6-8 |. Investigations
into these processes have demonstrated derangements in many of
the cell types involved in both the inflammatory cascade and new
blood vessel formation within the diabetic wound [9-11].
However, despite vast amounts of research into these cell popula-
tions, little is truly known regarding the fate and contribution(s) of
these cells within the diabetic wound.

Chimeric animal models have been used extensively in cancer
research to track cells involved in tumorigenesis and metastasis, as
well as angiogenesis [12]. They have also been used in wound heal-
ing research [12-14], but their application to diabetic wound healing
has been minimal. In this chapter, we will discuss two such chimeric
models, the Db/Db-GFP chimera and the Db/Db-Tie-2/GFP chi-
mera, and their potential to further our understanding of the cellular
response in impaired diabetic wound healing.

Chronic wounds of every etiology, from ischemia to burns, have
been found to be associated with a dysregulated inflammatory
response [15]. In particular, a chronic and hyperactive inflamma-
tory response has been described in the chronic wounds of diabet-
ics. The etiology of this inflammation and the mechanisms by
which it contributes to the diabetic wound phenotype are poorly
understood [16, 18]. Two potential etiologies merit further dis-
cussion. One explanation is that diabetic skin may be primed at
baseline to mount a hyperactive immune response when it is
wounded. Proponents of this explanation have demonstrated that
unwounded diabetic skin has a pro-inflammatory gene expression
profile at baseline when compared to nondiabetic skin [16, 17].
The mechanisms responsible for this phenotype are unknown;
however, one recent study has provided some fresh insight. Grice
et al. demonstrated that the leptin deficient Db/Db mouse has 40
times the bacterial load on its skin at baseline when compared to
the skin of heterozygote mice [16]. The majority of this bacterial
load was composed of Staphylococcus spp. More importantly, micro-
array analysis also demonstrated that the increased bacterial load
was significantly correlated with an increase in the baseline expres-
sion of genes related to the gene ontology (GO) categories
“immune response” (IR), “defense response” (DR), and “response
to wounding” (WR) in unwounded diabetic skin [16]. While these
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studies have not been repeated in human diabetic skin, unwounded
human diabetic skin has repeatedly been shown to have a higher
and more Staphylococcus spp. predominant bacterial load when
compared to that of nondiabetics [19]. This may, in part, explain
why diabetic skin displays more inflammation at baseline. However,
the relationship between this elevated baseline inflammation and
the dysregulated inflammation observed in the chronic diabetic
wound has yet to be determined.

The second potential etiology of increased inflammation in the
chronic diabetic wound is vastly different from the first. Pradhan et al.
have hypothesized that chronic baseline inflammation in diabetic skin
prevents the initiation of an appropriate inflammatory response dur-
ing the acute phase of wound healing. This results in a wound with
increased susceptibility to both infection and hypoxia [20]. Over time,
as bacterial load and reactive oxygen species build up in the wound
environment, a threshold is reached, resulting in a delayed but hyper-
active inflammatory response [21]. Again, a causal relationship
between this inflammatory response and the inflammation present in
the chronic diabetic wound has yet to be established.

These two potential etiologies share a final common pathway
or pathophysiology, with dysregulation of inflammation in the dia-
betic wound leading to even further derangements in wound heal-
ing. Often, these derangements are enough to derail the wound
from progressing through the normal sequence of inflammation,
proliferation, remodeling and maturation, resulting in a chronic
wound. What occurs during the critical period between acute and
chronic wound is poorly understood and likely involves many
interrelated mechanisms. Relevant to our discussion here is the
concept that high levels of inflammation have been shown to pre-
vent the migration and function of multiple cell populations neces-
sary for normal healing [10, 11, 18]. In order to better delineate
how inflammation and cellular dysfunction interact with each other
in the diabetic wound, new and better diabetic animal models are
needed which allow investigators to both track the inflammatory
cells and determine their molecular contributions. To highlight the
potential uses of the Db/Db-GFP chimeric mouse, we will briefly
discuss one inflammatory cell type important to the healing pro-
cess: the macrophage.

Due to their central and regulatory role in the normal wound,
macrophages have been the target of multiple studies investigating
the pathogenesis of disordered inflammation within the diabetic
wound [9, 10, 22]. From these studies we know that diabetes
aftects the cellular functions of macrophages in multiple ways. First
and foremost, diabetes and/or hyperglycemia have repeatedly
been shown to directly inhibit the macrophage’s ability to perform
phagocytosis [9, 23]. This most basic function of macrophages is
of vital importance to the wound repair process. Increasing evi-
dence demonstrates that the clearance of not only bacteria, but
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1.3 Vasculogenesis
in the Chronic
Diabetic Wound

also of neutrophils and other apoptotic cells from the early wound
is essential for progression out of the inflammatory stage of healing
[24, 25]. However, the macrophage potentially serves many other
complex functions within the healing wound. These include the
production of growth factors and the regulation of proliferation.

In healing wounds, macrophages have been demonstrated to
orchestrate both inflammation and repair [25, 26]. They may
accomplish this through existing in three or more different pheno-
typic states throughout the wound healing process [27]. Recently,
the potential functions of these phenotypes have been described in
a study by Lucas et al. [26]. In this study, conditional depletion of
macrophages was performed during the different phases of healing
and the wounds followed. Depletion of macrophages during the
inflammatory stage of healing resulted in reduced granulation tis-
sue formation and impaired epithelialization within the wound.
Depletion during the proliferative stage, however, resulted in a
hemorrhagic wound which failed to close [26]. In contrast, macro-
phage depletion during the maturation phase of healing had little
effect on wound closure [26]. These and other studies are begin-
ning to demonstrate that the transition between the different mac-
rophage phenotypes is necessary for normal healing to occur [25].
Due to its central role within the healing wound, alterations in
macrophage function may play an important role in the diabetic
wound healing impairment. However, many studies, including the
one mentioned above, have yet to be performed in a diabetic ani-
mal model. In addition, the macrophage is only one example of the
many inflammatory cells which migrate into the healing wound,
with other cells, including neutrophils and lymphocytes, playing
important roles as well.

Inflammatory cells are only one set of bone marrow derived cells to
arrive at the healing wound. Since their discovery over 20 years
ago, there has been increasing interest in the bone marrow derived
endothelial progenitor cell (EPC) and its function in multiple
physiological processes, including wound healing. It has long been
known that diabetes is associated with pathologic angiogenesis.
This ranges from the hyper-proliferative response seen in diabetic
retinopathy, to the diminished neovascularization seen in diabetic
wounds [28]. Neovascularization encompasses the two separate
but related processes of angiogenesis and vasculogenesis. In angio-
genesis, new blood vessels branch from preexisting vessels via the
migration and proliferation of mature resident endothelial cells. In
vasculogenesis, the new blood vessels are instead formed by collec-
tions of bone marrow derived EPCs. The formation of granulation
tissue is largely dependent on vasculogenesis, and has been shown
to be critical for healing full thickness, excisional wounds [13, 29, 30].
Of the two neovasculogenesis processes, it is vasculogenesis which
has been shown to be particularly deficient in diabetics. Many of these
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defects within vasculogenesis center on the diabetic endothelial
progenitor cell population [11, 28, 31, 32].

Many studies have demonstrated the full spectrum of defects
within the EPCs from diabetics. Diabetics have repeatedly been
shown to have a decreased number of circulating EPCs, when com-
pared to nondiabetics [11, 32]. Diabetics have also been shown to
have significantly decreased levels of stromal cell derived factor-la
(SDEF-1a), a key signaling molecule involved in the recruitment of
EPCs into the wound [32—-34]. Combined, these two deficits result
in a significantly decreased number of EPCs being present in the
healing diabetic wound [11]. The few EPCs that actually arrive to
the diabetic wound have further been found to be deficient in mul-
tiple necessary enzymes [32, 35]. One of these enzymes, manga-
nese superoxide dismutase, allows the EPC to resist hypoxia by
reducing reactive oxygen species. This is a critical function for cells
which are responsible for establishing the new vascular network
which will ultimately bring oxygen to the wound [35]. These
defects in diabetic EPC number and function demonstrate why dia-
betic wounds are particularly prone to hypoxia [30]. This hypoxia
can lead to the rapid build-up of reactive oxygen species within a
wound which is already suffering from high levels of dysregu-
lated inflammation [21]. A further cascade of inflammation and
inflammation-induced cellular dysfunction can follow and vastly
increases the wound’s chance of transforming into a chronic wound.

Functional EPCs, while unlikely to correct the entire spectrum
of diabetic healing defects, may prevent the acute diabetic wound
from transforming into a chronic wound. Multiple studies have
reported improved healing in diabetic animal models by correcting
one or more of the EPC defects discussed above [32, 35, 36]. In a
study by Gallagher et al. both EPC mobilization from the bone
marrow and homing to the wound were positively manipulated
with a synergistic improvement in wound healing. Likewise,
Marrotte et al. improved diabetic healing by treating diabetic
wounds with diabetic EPCs that had been transfected with an ade-
novirus overexpressing manganese superoxide dismutase.

Many of the studies discussed in this section have made use of
genetically modified nondiabetic mice which specifically allow for
the tracking of EPCs. These mice have greatly expanded our knowl-
edge of general endothelial progenitor cell biology over the past 10
years; however, our understanding of the defects and functions of
these cells within diabetic skin and wounds is limited. In order to
further this understanding, animal models need to be developed
that allow for the tracking of EPCs within a diabetic environment.

The multiple varieties of transgenic mice available have significantly
advanced our understanding of cell biology and provided valuable
tools with which to study various diseases. The creation of chimeric
animals allows the investigator to study specific cell populations
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Fig. 1 The GFP mouse. Every cell from these animals with the exception of red blood cells fluoresces green

within an animal model of a specific disease process. This is no
better exemplified than by the history of the GFP mouse (Fig. 1).
The GFP mouse expresses green fluorescent protein in every cell
with the exception of red blood cells. Hayakawa et al. utilized bone
marrow from this mouse, transplanted into C57BL/6 mice, to
make the first chimeric mouse made by bone marrow transplanta-
tion [14]. This model allowed investigators, for the first time, to
track the fate of bone marrow derived cells in a wound healing
study. Based on these initial studies, the investigators concluded
that, as opposed to bone marrow cells injected at the time of
wounding, the transplanted bone marrow cells preserve both their
functionality and natural behavior [ 14]. This was an important dis-
tinction to make and, as such, has served as a guiding principle for
the multitude of chimeric studies which have followed.

Since the Hayakawa et al. study, many subsequent studies have
been performed using GFP chimeras to investigate multiple dis-
ease processes from wound healing to nephropathy [32, 37-39].
Of these, the report by Mbller et al. most truly demonstrates the
power of chimeric models in tracking individual cell populations.
In this study, the investigators used GFP chimeric mice to track
macrophage turnover within peripheral nerves and dorsal root
ganglions. They did this over a 36 week period and discovered up
to a 75 % turnover rate within these nerves and ganglions [38].

Despite the fact that GFP chimeras allow for tracking of all
bone marrow derived cells, most of the wound healing studies
which have utilized GFP chimeras to date have focused on the
EPC population [32, 36, 37]. However, there are transgenic
mice which allow for much more specific tracking of this popula-
tion, the most common of which are the Tie-2/LacZ and Tie-2/
GFP mice (Fig. 2). These mice express either {3-galactosidase
(LacZ) or green fluorescent protein (GFP) under the direct
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Fig. 2 (a) The Tie-2/GFP mouse. (b and ¢) Merged fluorescence microscopy images (merged DAPI, GFP, and
red channel) taken from a frozen section of a 7-day-old wound on a Tie-2/GFP mouse. GFP positive endothelial
cells are appreciated lining many blood vessels of varying caliber (40x)

control of the tyrosine kinase with immunoglobulin and epidermal
growth factor homology-2 (Tie-2) promoter. The Tie-2 gene is
only expressed in functionally active endothelial cells and is the
only known receptor that can interact with all four of the identified
angiopoicetins (Ang-1-Ang-4) [30]. These mice were originally
developed to investigate the embryogenesis of the vascular system
and, due to this design, every endothelial cell of arterial, venous
and even lymphatic origin will be positive for LacZ or GFP [40].
While this is a useful property for studying the embryogenesis of
the vascular system, it prevents the specific tracking of bone mar-
row derived endothelial cells to sites of injury in these animals.
Chimeric mice made using bone marrow derived from either
Tie-2/GFP or Tie-2/LacZ mice have been used extensively in
tumor angiogenesis research and to a lesser extent in wound heal-
ing research [12, 13]. Using immunodeficient mice transplanted
with Tie-2/LacZ bone marrow, Asahara et al. demonstrated that
bone marrow derived EPCs contribute to both physiological
neovascularization and the neovascularization related to tumor
growth [12]. In another study which used FVB/N]J mice trans-
planted with Tie-2 /GFP bone marrow, O’Niell et al. reported that
bone marrow derived cells did not contribute to new endothelial
cells within the capillary beds of muscle exposed to hypoxia [37].
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1.5 Diabetic
Chimeric Models
Based on the Db/Db
Background

This finding was later refuted by Bauer et al. who also used the
same FVB/NJ mice but transplanted them instead with Tie-2/
LacZ bone marrow [29]. This same study by Bauer et al. also dem-
onstrated the importance of bone marrow derived EPCs in the
formation of granulation tissue and the healing of excisional
wounds in normal mice [29]. However, using C57BL/6 mice
transplanted with Tie-2 /Lac-Z bone marrow, Bluft et al. reported
that bone marrow derived EPCs do not contribute to new vessel
formation in incisional wounds [13]. These studies and others
have greatly furthered our understanding of bone marrow derived
EPCs and the role they play during wound healing in normal mice;
however, only a small number of studies have used chimeric mod-
els to investigate pathological healing, such as that which occurs in
diabetics.

Chimeric diabetic animal models have been previously described
and a few have been used in wound healing studies [11, 32]. Most
of these studies, because of their importance to the subject matter,
have been previously mentioned in this chapter. Albiero et al.
transplanted GFP bone marrow into C57BL/6 mice and induced
diabetes with streptozotocin for their wounding studies [11]. The
novel wound healing study by Gallagher et al. also used GFP chi-
meric mice but on both FVB and C57BL /6 backgrounds and then
induced diabetes in these mice by giving them streptozotocin [32].
Also in the same study, Gallagher et al. pharmacologically induced
diabetes in Tie-2/GFP mice, but only used these mice to study
EPC populations within the peripheral blood [32]. This was appro-
priate given that one would be unable to differentiate bone mar-
row derived endothelial cells from resident endothelial cells in
these mice. These studies have certainly contributed to our under-
standing of the role of bone marrow derived EPCs in healing in an
acute model of Type I diabetes. Chimeric animal models that bet-
ter approximate the pathophysiology of type II diabetes and its
complications are lacking. The development of such animals will
allow investigators to examine the tracking and fate of all bone
marrow derived cells, from endothelial progenitor cells to those
involved in the inflammatory response, in a more clinically relevant
model of diabetes.

For our chimeric models we chose the leptin deficient Db/Db
mice as our background animal. This differs greatly from the previ-
ous studies mentioned above which used streptozotocin to induce
diabetes. Although it is an accurate animal model of hypoinsu-
linemia and insulin dependent (Type 1) diabetes mellitus, strepto-
zotocin induction has some shortfalls which limit its application in
studying diabetic wound healing [41, 42]. This method of phar-
macologically inducing diabetes was originally described in rats
nearly 50 years ago, and has historically been used to study the beta
islet cells of the pancreas [43]. Yet, despite this, many investigators
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Fig. 3 FACS analysis of blood from a Db/Db-GFP chimera 4 weeks following bone marrow transplant. X axis:
GFP positive. Y axis: Anti d antibody tagged with PE. Gating on the leukocyte population (R1) demonstrated
greater than 80 % GFP positivity

have translated this methodology into mice for use in wounding
studies. In contrast, the genetically leptin deficient Db/Db mouse
is an accurate model of non-insulin dependent (Type 2) diabetes.
Asaresult of their leptin deficiency, these mice are highly polyphagic
and usually develop a diabetic phenotype represented by hypergly-
cemia, insulin resistance and obesity, by 6 weeks of life or earlier.
When used in wound healing studies, our lab and others have con-
sistently demonstrated the superiority and reliability of the Db/Db
mouse. This is especially true in the studies evaluating excisional
wound healing [34, 41, 42, 44].

In addition to using streptozotocin to induce diabetes, previ-
ous diabetic chimera studies examining wound healing have
focused the EPC population only. While we agree that these cells
are of significant importance to the diabetic healing phenotype, we
feel there has been neglect of other cells populations, such as the
monocytes/macrophages, which are also known to be important
to the healing process. Experiments such as those performed by
Lucas et al. furthered the case for the importance of macrophages
in wound healing, yet reciprocal studies in a diabetic animal model
have not been conducted to date [26]. Performing such studies
using the Db/Db—GEFP chimeric mouse described here (Fig. 3)
would allow investigators to differentiate between bone marrow
derived and resident tissue monocytes. The Db/Db-GFP chimera
may even allow investigators to determine the cellular source of
inflammation within the chronic diabetic wound. In their paper on
the source of inflammation in the diabetic wound, Pradhan et al.
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Fig. 4 Merged DAPI and GFP images from Fluorescence microscopy of the wound
bed of a Db/Db-GFP chimera 7 days following creation of an 8 mm wound.
Scattered mononuclear cells and plentiful polymorphonuclear (PMNs) cells are
easily appreciated with the wound base (40x)

stated that immunotracking studies of inflammatory cells were
lacking [20]. The use of the Db/Db-GFP chimeric model would
allow investigators to accomplish this. The Db/Db-GFP chimera
also allows for the identification of all the basic inflammatory cell
types (macrophage, neutrophil, lymphocyte), which are GFP posi-
tive, as they migrate into the wound. Histology or immunohisto-
chemical techniques can then be used to identify the inflammatory
cell type (Fig. 4). The combination of these techniques with laser
capture microscopy and subsequent real-time PCR, would then
allow for the determination of the molecular contribution of these
cells to the wound healing process.

Previous studies tracking bone marrow derived EPCs in dia-
betic chimeric mice have either utilized donor bone marrow from
GFP mice followed by streptozotocin induction or have similarly
induced diabetes in transgenic Tie-2/GFP mice. To our knowl-
edge, such tracking studies have yet to be evaluated by transplan-
tation of either GFP or Tie-2/GFP bone marrow into an
established murine model of type II diabetes, such as the Db/Db
mouse. The lack of development of such animals may, in part, be
related to concerns of high mortality rates following irradiation of
the Db/Db mice. In addition, the Tie-2 /GFP mouse is on a FVB
background whereas the Db/Db mouse is on a C57BL/6 back-
ground, and has raised concerns of rejection of the bone marrow
transplant [ 37]. Despite these concerns, we have successtully created
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Fig. 5 FACS analysis of blood sample from a Db/Db-Tie-2/GFP chimera 4 weeks after bone marrow transplant.
Cells were double stained with Anti q (FITC) antibody (x axis) and Anti d (PE) antibody (y axis). Gating on the
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Db/Db-Tie-2/GFP chimeras without any pharmacological
immunosuppression (Fig. 5). When these mice are wounded, GFP
positive endothelial cells which also express CD 31 can be found
in the granulation tissue bed of the wounds (Fig. 6). With the
superiority of Db/Db mice in the study of excisional wounding
and the importance of EPCs in the healing of such wounds, this
chimera allows investigators to better characterize the role these
cells play in the diabetic healing phenotype. As with the GFP chi-
meras, immunohistochemistry combined with laser capture
microscopy and real-time PCR allows for the determination of the
molecular contribution and function of these cells within the dia-
betic wound.

To our knowledge this is the first description of chimeric
mice being made by bone marrow transplantation into a Db/Db
background. The development of chimeric models in the Db/Db
mouse, combined with the large number of transgenic mice avail-
able today for transplantation, can allow for the examination of a
number of different cells types and factors in the diabetic envi-
ronment, despite concerns about rejection between strains.
Ultimately these models will help to better define the individual
and interactive roles these cells play in the diabetic wound healing
impairment and present investigators with needed therapeutic
targets for the improvement and prevention of the diabetic
wound healing impairment.
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Fig. 6 Immunohistochemistry and fluorescence microscopy of the wound bed of a Db/Db-Tie-2/GFP chimera
7 days following the creation of an 8 mm wound (40x). Staining for CD 31 (a), GFP (b), and DAPI (c) are shown.
The merged image (d) demonstrates specific endothelial cell GFP and CD31 staining

2 Materials

2.1 Db/Db-GFP or
Db/Db-Tie-2/GFP
Chimeric Mice

O NN O\ Ul W W

. Recipient Mice:

(a) Db/Db mice (Jackson Lab BKS.Cg-Dock7™ +/+
Lepr® /7).
(b) Db/+ Breeder mice (Jackson Lab Dock7™ +/+ Lepr®.

. Donor Mice:

(a) GFP mice (Jackson Lab CByJ.B6-Tg (UBC-
GEFP)30Scha/J) or

(b) Tie-2(Tek)-GFP mice (Jackson Lab
Tg(TIE2GFP)287Sato/]).

. Phosphate Buftered Saline (PBS).

. Sterile instruments (Scissors, forceps).
. 26% Gauge needles.

. 1 cc syringes.

. 3 cc syringes.

. 70 % Ethanol for surgical prep.
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11.
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. Sulfatrim (Bactrim) Solution (200 mg Sulfamethoxazole /40 mg

Trimethoprim).
Ficoll Paque.

Irradiator.

3 Methods

3.1 Db/Db-GFP or
Db/Db-Tie-2/GFP
Chimeric Mice

. On the day prior to irradiation move all recipient mice into

autoclaved cages and change their water out for sulfatrim water
at a dose of 5 mL of 200 /40 solution per 200 mL of distilled
water. Agitate the bottles frequently to ensure the antibiotic is
solubilized in the water.

. The next morning irradiate all recipient mice with half of total

radiation dose (we use 750 cGy per dose for a total of 1,500 cGy
for Db/Db mice and 800 cGy per dose for a total of 1,600 cGy
for Db/+ mice-(see Note 1).

. Repeat this same dose of radiation approximately 6-8 h after

the first dose.

4. The following morning, euthanize donor mice (one at a time).

10.

11.

. After euthanasia, thoroughly spray the hind limbs, back, and

perineum of the donor mouse with ethanol (one donor mouse
will give enough cells for two recipient mouse).

. Using the sterile instruments, harvest the bilateral tibias and

femurs of each mice being careful not to break the bones.
Clean all muscle and other tissue from the bones as thoroughly
as possible.

. Place all harvested bones in cold, sterile PBS in a 50 mL conical

tube.

. After all bones have been harvested, wash them within the

50 mL conical tube using sterile PBS for a total of five, 50 mL
washes. Using sterile technique suction away the PBS each
time.

. Place the bones on a large sterile cell culture plate and cut the

ends of the tibias and femurs using sterile scissors (one at a
time).

Partially fill another sterile cell culture plate with sterile PBS
and then, using the 3 cc syringe and 26% gauge needle, flush
the bones (one at a time) with this PBS into the cell culture
plate. Flush all of bones until clear then discard.

After you have flushed all the bones, aspirate and flush the PBS -bone
marrow cell mixture multiple times into the same cell culture
plate using the same needle and syringe to remove any cell
clumps.
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12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Filter all cells through a 70 pm filter into a new sterile 50 mL
conical tube.

Place 3 mL of Ficoll-Paque into a sterile 15 mL conical tube.

Gently layer the filtered cells from number 12 on top of the
Ficoll.

Using a centrifuge with the brake removed, spin number 14 at
400xyg for 8 min at 4 °C.

Using a 1 cc pipette, aspirate the buffy coat from number 15
and transfer to new sterile 50 mL conical tube.

Fill number 16 to the top with sterile PBS and re-spin at 400 x g
for 10 min (put brake back on centrifuge).

Using sterile technique, aspirate the supernatant from 17 and
resuspend the cells in approximately 2 mL of sterile PBS (use
more or less depending on intended number of recipient mice).

Count the cells using a hemocytometer and then dilute using
sterile PBS so that the concentration is between 5 and 10 mil-
lion cells per 200 pL (this is the volume given to each recipient
mouse).

Once donor cell preparation is complete, warm each recipient
mouse for 5 min under a heat lamp.

Immediately before injection, aspirate 200 pL of the cells into
the 1 cc syringe ensuring there are no clumps of cells.

Cleanse the recipient mouse tail with an isopropyl wipe. Then
give the 200 pL of bone marrow cells to the mouse via tail vein
injection. Use new needle and syringe for each recipient mouse.

Following cell injection, immediately return each mouse to a
clean, autoclaved cage.

Recipient mice should receive Bactrim solution for a total of 2
weeks. Agitate the solution multiple times per day to ensure
they are getting an adequate amount. Replace with new solu-
tion as needed (see Subheading 4).

Four weeks following transplant each recipient mouse should
undergo retro-orbital bleed for FACS analysis. Bleed approxi-
mately 200 pL into heparinized PBS at a concentration of
1 unit of heparin per mL of PBS. A 20-30 % mortality among
recipient mice is to be expected (see Note 2).

4 Notes

. Notes on the General Care of Db/Db and Chimeric Mice.

Db/Db are immunosuppressed at baseline. They also stool
frequently and some do so even more after being irradiated.
Therefore frequent changing of their cages is important,
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especially after they have been irradiated and transplanted.
Their immunosuppression may also affect their necessary radi-
ation dose. It has been our experience that this dose differs by
irradiator type and geographical location. Therefore, investi-
gators may find it useful to create a dose response curve in
both the diabetic and heterozygote mice before attempting
bone marrow transplantation. The dose given is meant to be a
lethal dose and the correct dose will be one which kills a large
majority of mice by day 7-10 post irradiation. Earlier deaths
are due to too strong a dose while later deaths are likely the
result of a sub-lethal dose which only temporally made the
mouse more susceptible to infection.

Once any attempted transplantations have been performed
we recommend changing the cage of the recipient mice at least
every other day. Change their cages out for new autoclaved
cages spraying your gloved hands with ethanol prior to chang-
ing. Also, frequent monitoring of their Sulfatrim water solu-
tion cannot be stressed enough. The solution should be
agitated multiple times a day to make sure the mice are getting
an adequate dose. We also recommend that the investigators
use distilled water for mixing the antibiotic solution. This is
because water bottles made with tap water by animal care facil-
ity staff may sit exposed to open air for an unknown amount of
time. This allows for, among other things, fungus spores to
contaminate the water. Normally when this happens it would
be inconsequential. However, when antibiotic solution is then
added to this water it allows for the rapid growth of fungus
within the water. Even when distilled water is used this can be
a problem. The solution should be changed out for fresh solu-
tion as frequently as needed and at least once a week. Despite
all these measures, investigators should expect a 20-30 % mor-
tality rate among recipient mice (mostly during the first 2
weeks post-transplant) and plan accordingly.

. Notes for Fluorescent Cell Sorting and Determination of
Chimerism.

Four weeks after bone marrow transplant we recommend
determination of chimerism using fluorescence-activated cell
sorting (FACS). When doing this, chimeric Db/Db mice
should be bled no more than 200-300 pL of blood via retro-
orbital bleed. These mice are somewhat fragile so we also rec-
ommend resuscitation of each mouse with up to 1 mL of
warmed normal saline or lactated ringers subcutaneously
immediately following retro-orbital bleed. This resuscitation
can also be performed if mice are determined to not be drink-
ing their Sulfatrim solution in the immediate days following
irradiation. A protocol for FACS analysis is beyond the scope
of this chapter however the antibodies we use deserve men-
tion. We use antibodies to MHC Class I (H2K). Db/Db mice
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are on a Bl6 background and are H2K¢ (we use BD #553457,
BD Biosciences, San Jose, CA). Cells from GFP mice fluoresce
on their own so logically no antibodies are needed for them.
Tie-2 /GFP mice are on a FVB background and are H2K9 (we
use BD# 553597, BD Biosciences, San Jose, CA). These can
be combined with antibodies for specific cell types at the dis-
cretion of the investigator.
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Chapter 7

Neural Repair with Pluripotent Stem Cells

Maté Dobrossy and Jan Pruszak

Abstract

The nervous system is characterized by its complex network of highly specialized cells that enable us to
perceive stimuli from the outside world and react accordingly. The computational integration enabled by
these networks remains to be elucidated, but appropriate sensory input, processing, and motor control are
certainly essential for survival. Consequently, loss of nervous tissue due to injury or disease represents a
considerable biomedical challenge.

Stem cell research offers the promise to provide cells for nervous system repair to replace lost and
damaged neural tissue and alleviate disease. We provide a protocol-based chapter on fundamental princi-
ples and procedures of pluripotent stem cell (PSC) differentiation and neural transplantation. Rather than
detailed methodological step-by-step descriptions of these procedures, we provide an overview and high-
light the most critical aspects and key steps of PSC neural induction, subtype specification in different in
vitro systems, as well as neural cell transplantation to the central nervous system. We conclude with a sum-
mary of suitable readout methods including in vitro phenotypic analysis, histology, and functional analysis
in vivo.

Key words Neural stem cells, Pluripotent stem cells, Differentiation, Induction, Specification,
Transplantation, Histological and functional analysis

1 Introduction

1.1 Stem Cell The human nervous system is considered to be the most complex
Research in the organ of the human body. It is composed of more than one hun-
Context of dred billion (10'"') neuronal cells, made up of at least hundreds
Neurological Disease subclasses of neurons and functionally connected to one another

by a myriad of synapses. Each single neuron bears 103-10* of these
electrochemical cell-cell connections, receiving a range of inputs
mainly via its dendrites, processing and integrating these inputs in
a more or less elusive manner, and eventually transmitting its out-
put via the singular axon or neurite.

The brain and spinal cord are delicate organs. While they are
anatomically very well protected in their respective encasements,
i.e., the skull and the vertebral canal, respectively, their injury or
disease has devastating effects: The central nervous system (CNS)

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
Methods in Molecular Biology, vol. 1037, DOI 10.1007/978-1-62703-505-7_7, © Springer Science+Business Media New York 2013
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is the main center for the organism’s perception of the environment
as well as its ability to act on and within it. Moreover, our emo-
tions and our cognitive abilities depend on well-balanced func-
tion and interaction of specialized areas of the brain. It thereby
represents the underpinning of our basic vital functions as well as
of the abilities and processes that define us as human beings and
individuals.

In addition to the nerve cells themselves, a number of other
cell types are present in the CNS, among them the insulating
myelin ensheathing cells (oligodendrocytes) as well as a function-
ally diverse array of astroglia and immune modulatory cells (e.g.,
microglia). Further specialized phenotypes include ependymal
cells, vascular endothelial cells, and somatic neural stem cells.

Importantly, despite the presence of neural stem cells in cir-
cumscribed regions of the CNS (subventricular zone of the lateral
ventricles, subgranular zone of the hippocampal dentate gyrus,
filum terminale) its capacity for spontaneous regeneration and self-
repair is naturally limited. Damage to the CNS and loss of neural
tissue can occur in a multitude of ways; among others, by means of
injury, stroke, and slow but progressive degeneration. Nervous sys-
tem disease translates itself to being a major cost factor in current
health care [1]. Contributing to this is the increased overall life
expectancy. Parkinson’s and Alzheimer’s diseases, correlated with
age, are the most common neurological diseases, and despite con-
siderable progress regarding the early intervention in stroke
patients, the long-term sequelae of stroke represent debilitating
factors that affect a growing number of people.

Here, we present approaches aimed at restoring neural func-
tion through administration of neuronal cells in vitro-derived from
PSCs with the goal of repairing the neural circuitry damaged by
degenerative processes or trauma. The goal of such research is not
only to administer cells as vectors to release trophic or protective
factors (chaperone effect [2]) but also, if possible, to achieve neural
circuit reconstruction. To this end, traditionally we have experi-
mentally exploited the plasticity of embryonic primary cells; how-
ever, the present and the future lies with the unique potential of
truly pluripotent cells, i.e., their ability to self-renew in a poten-
tially unlimited manner and their capacity for differentiation toward
all cell types of the body. These properties are in contrast to somatic
stem cells which exhibit more restricted expansion capacity and
inherent differentiation spectra. Human PSCs are derived either
from the inner cell mass of the blastocyst (embryonic stem cells, ES
cells) [3] or by epigenetic reprogramming of somatic cells (induced
pluripotent cells, iPS cells), the latter enabled by landmark work of
Shinya Yamanaka and colleagues [4, 5]. The advent of reprogram-
ming approaches has enabled the development of autologous
approaches, circumventing issues of immune rejection as well as
some of the ethical concerns associated with ES cells. Given all
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that, PSCs are expected to represent a plentiful source of cells for
regenerative approaches. How can we best realize the potential of
PSCs for neural repair?

(#1)We have to guide the differentiation of PSCs toward the phe-
notype of interest.

(#2)We have to apply these cells in a way that ensures functional
integration.

Over the past couple of years, significant progress has been
made in the fast-moving stem cell and neuroregeneration field.
Related to #1, we present robustly established protocols for neural
induction of PSCs, as well as differentiation toward specific neural
subtypes. Related to #2, we present standardized protocols for
nervous system transplantation and functional analysis of stem cell-
derived neurons in vitro and in vivo. Our goal with this chapter is
as follows:

1. To provide a comprehensive overview of the concepts and
chief methodologies applied in neural regeneration research
using stem cells.

2. To exemplify the main protocols, yet refer to the details of the
primary literature as needed.

3. To provide a scatfold /framework for the better interpretation
of papers published in the field and facilitate practical work in
this area intended by the reader.

While the earliest scientific work studying CNS repair using tissue
transplantation dates back to the beginning of the twentieth cen-
tury, the modern era of intracerebral transplantation started in the
late 1970s by Stenevi, Bjorklund, and Svendgaard with their work
on catecholamine grafts into rodent forebrain [6]. Correspondingly,
animal models of neurodegenerative diseases became available:
Ungerstedt developed the 6-hydroxydopamine-based striatal
dopamine depleting lesion as a rodent model for Parkinson’s
disease (PD) [7], while Coyle and Schwarcz lesioned striatal pro-
jection neurons by injecting excitotoxins such as quinolinic acid
into the striatum to simulate Huntington’s disease (HD) pathology
[8], for instance. In parallel, cell suspension protocols were devel-
oped using primary rodent embryonic tissue cell suspensions pre-
pared from the ventral mesencephalon or the ganglionic eminence
of embryonic day (E)12 to E15 embryos, depending on whether
aiming for cell replacement of dopaminergic (DA) neurons in the
PD or for that of GABAergic neurons in the HD animal model.
Over the last decades, a substantial amount of indisputably robust
scientific data has been generated using primary cells supporting the
functional relevance of the neural grafts, as well as establishing fea-
sible protocols for these neurodegenerative disease entities [9-12].
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In Parkinson’s, despite several outstanding questions,
numerous groups entered the clinical phases of cell therapy from
the 1980s onwards. Pioneering and promising clinical trials using
primary mesencephalic tissue were initiated by Lindvall and col-
leagues [13, 14]. These first clinical trials were open-labeled with
carefully chosen patients and small group sizes. Other parallel
studies, utilized autologous adrenal grafts containing dopamine
producing cells to eliminate the need for immunosuppressants
after transplantation and to circumvent ethical concerns regarding
use of fetal tissue. However, the long-term graft survival and func-
tional outcome of adrenal grafts turned out to be poor in the
several hundred patients transplanted in numerous trials [15],
underlining the critical importance of being rooted in a strong
scientific fundament of experimental research before proceeding
to clinical translation. From the late 1980s on, a number of small
open-label clinical trials with two to six patients each were carried
out using primary human DA transplants obtained from fetal ven-
tral midbrain. These early studies showed that fetal DA neurons
can survive long term for more than 10 years in patients and are
capable of improving the classical symptoms of Parkinson’s dis-
case. Following this, supposedly more sophisticated double-
blinded clinical trials with PD patients were initiated which have
raised several new safety questions [16, 17]. However, some of
these did not necessarily use state-of-the-art methods including
variation in terms of tissue preparation, surgical approaches, and
immunosuppressive paradigms [18]. Although most clinical trials
on fetal tissue transplantation for PD revealed encouraging results,
the side effects and inconsistent efficacy, especially observed in the
controlled trials [19-22], underscore the need for a new look at
identifying crucial parameters that have an impact on clinical out-
come. Indeed, a clinical trial run by a consortium of centers has
recently been awarded European Union funding to address criti-
cal questions concerning patient selection, tissue preparation,
delivery, immunosuppression, and off-medication dyskinesia
(see http:/ /www.transeuro.org.uk). A key objective of this study
will be to generate a protocol that can serve as a template for
future clinical trials in the cell therapy field including stem cell-
based therapies for PD.

In Huntington’s, the first reports from clinical trials using gan-
glionic eminence (GE) transplantation were published in 2000 and
2002, respectively. Bachoud-Levy and colleagues grafted GE tissue
pieces into five patients exhibiting moderate to severe features of
HD, with the first safety and efficacy reports published 2 years fol-
lowing the transplantation [23, 24 ]. Three patients had increasing
striatal glucose uptake after grafting within the striatum, and these
patients had improved or at least stabilized Unified Huntington’s
Disease Rating Scale (UHDRS) motor and neuropsychological
tests scores. A follow-up publication from Bachoud-Levy’s group
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recently reported on outcomes 6 years post-grafting. Two patients
continued to significantly decline, while three patients, who had
initially improved, could maintain or even improve their initial
clinical level [25]. Similarly, another long-term report on two
patients receiving enzymatically dissociated GE tissue 5 years previ-
ously described one patient as improving and the other as deterio-
rating [26]. The limited publications available suggest that cell
replacement therapy in HD can, in some cases, alter the natural
progression of the disease.

Thus, at least for these disease entities there is substantial
experimental proof-of-principle evidence for successful cell thera-
peutic intervention. Other rather circumscribed disease candidates
in which cell-based therapeutic interventions have a history of
being explored include spinal cord injury [27] and retinal disease
[28]. In contrast, the nature of stroke leads to loss of a much
broader range of cell types in the affected tissue area, and the time
window for therapeutic intervention is far narrower [29]. The
array of cell types therapeutically applied in animal models of stroke
has also been more varied, ranging from rodent hippocampal neu-
rons over mesenchymal cell preparations to human bone marrow-
derived stem cells [30, 31]. The emergence of the pluripotent stem
cell (PSC) field has given a new lease of life to neural transplanta-
tion in general as it has the potential to overcome issues of tissue
availability, standardization, and associated ethical questions [2].
Generating cells of the desired phenotype and numbers under
highly controlled and standardized Good Manufacturing Practice
(GMP) conditions could open up transplantation to a larger num-
ber of patients. However, new cell candidates must achieve the
“gold standards” set by established cell sources such as primary
fetal cells in safety and functional recovery in order to be consid-
ered for clinical application.

To some extent, PSC-based therapies have already become a clini-
cal reality. Treatment of complete, subacute spinal cord injured
patients with hESC-derived oligodendroglial precursor cells repre-
sents the first clinical trial of human ES cell-derived neural cells,
being run at Phase-I level in the USA, executed by the California-
based company Geron (http://clinicaltrials.gov/ct2 /show/
NCT01217008). Also, the US company Advanced Cell Technology
(ACT) has gained Food and Drug Administration (FDA) approval
for initiation of hRESC-derived retinal pigment epithelial (RPE) cell
transplantation in early onset macular dystrophy (Stargardt’s type)
and macular degeneration (http://clinicaltrials.gov/ct2 /show/
NCT01344993; http://clinicaltrials.gov/ct2 /show,/NCT0134
50006). Approval of these safety studies has also been given by the
regulatory agencies in the UK.

We argue that a high degree of caution and scientific scrutiny
are warranted when deriving novel experimental cell therapeutic
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approaches for neurological diseases, and one has to critically take
into consideration a range of scientific, biomedical, and ethical
issues. Even at the stage of basic scientific research with potential
future therapeutic impact, one should critically consider whether
the disease in question would be amenable to stem cell-based
efforts or cell-based strategies in general. A focal disease pattern in
which only a circumscribed brain region or specific neuronal subset
is affected may lend itself better to cell replacement strategies. For
example, the widespread and diffuse neurodegeneration present in
Alzheimer’s disease may make it difficult to generate the diversity
of cell types lost as well as to deliver the cell therapeutic product
appropriately to the affected brain tissue regions and to ultimately
achieve functional and structural restoration.

Moreover, socioeconomic realities have to be considered, as
some of the biotechnological processes may have significant cost
and /or logistic demands that may impede any future translation to
the benefit of a broader patient collective. The previously men-
tioned economically high-risk clinical trials with human ES cells
would hardly have been possible without considerable support by
federal or state grants or loans.

Also, one has to take ethical aspects into consideration [32]:
ES cells are originally derived from in vitro-fertilized oocytes
generated for implantation in the uterus. Excess non-implanted
blastocysts are used to isolate the inner cell mass for the generation
of long-term expandable human ES cell lines. Some stress the
importance of attributing equal rights to this early stage embryo as
to any later stage of the individual. Others do not consider the
blastocyst-stage embryo as an individual at all, while others again
acknowledge that while this is controversial and constitutes an eth-
ical dilemma, the promise of saving and facilitating many lives in
the future may justify even the possibly outrageous act of destroy-
ing said blastocyst. Pragmatists argue that, certainly, instead of
routinely discarding the “leftover” blastocyst-stage embryos, one
should use it for potential biomedical benefit.

iPS cells are considered to carry less of an ethical burden and
represent a promising alternative. Their generation in 2006, ini-
tially in mouse, by Takahashi and Yamanaka spurred from the quest
to identify factors that were able to reprogram somatic cell DNA
toward pluripotency, as had previously been observed in the trans-
fer of a somatic cell nucleus to an enucleated oocyte (nuclear trans-
fer, nuclear reprogramming, cloning) [4]. They were able to
translate this to human cell systems shortly after [5]. A second
paper by Thomson and colleagues confirmed this revolutionary
finding with a slightly modified combination of factors [33].
Surprisingly enough, in these studies a rather limited set of
stemness-related transcription factors, after transient expression
over a couple of weeks, was sufficient to convey epigenetic rear-
rangements similar to the oocyte cytoplasm and consequently
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render somatic cells pluripotent. By means of converting
patient-derived skin fibroblasts to pluripotency, this enables the
generation of individualized cell lines for autologous transplanta-
tion and in vitro disease-specific cellular models. Fundamental
research with both ES and iPS cells, will still be required to eluci-
date the subtle differences between both cell types and to refine
epigenetic (re)programming strategies [ 34, 35]. A remaining chal-
lenge with either type of PSC is that growth and differentiation of
phenotype have to be well controlled and directed to the cell type
of therapeutic interest.

2 Protocols of Neural Induction, Differentiation, and Transplantation

2.1 PSC Neural
Induction and
Patterning Protocols

How does one guide a PSC exclusively down the road toward the
desired phenotype? The most promising hPSC induction and
targeted differentiation protocols have exploited insights into
normal embryological development and apply growth and
patterning factors in a way that mimics ontogenesis. For instance,
stemming from the classic knowledge of early neuralizing factors
[36, 37] recombinant human Noggin was applied to drive hESC
to neural fate [38]. In addition, there are a number of alternative
protocols, including the formation of embryoid bodies, i.e.,
proliferative cell clusters containing cell types of all three germ
layers which are then further induced toward (neuro) ectoderm.
Other efficient yet rather poorly defined and xeno-product-
containing protocols include stromal feeder-based neural induction
protocols (using murine stromal feeder cell lines such as PA6 [39]
or MS5 [40]). During neural differentiation of hPSCs in most
protocols a varying degree of the formation of early columnar
neuroepithelial cells can be observed, so-called neuroepithelial
“rosettes” (Fig. 1), typically expressing the neuroectodermal
transcription factor Pax6, anterior homeodomain protein Otx2,
and the intermediate filament protein nestin, among others.

For subsequent patterning strategies, for example, toward motor
neurons that are located ventrally in the spinal cord, sonic hedgehog
(Shh) as a known ventralizing factor is applied, combined with
higher concentrations of retinoic acid to caudalize toward spinal
cord fates [41, 42]. Following such reasoning, concentrations and
times of exposure are usually determined empirically. In that man-
ner, different protocols have been devised to direct the differentia-
tion of PSCs toward a range of neural phenotypes, among them DA
neurons |38, 40, 43-45], oligodendrocytes [46], motoneurons
[47], or GABAergic neurons [48]. However, in addition to the
application of gradients or different concentrations of induction and
patterning factors, the microenvironment within the dish has also to
be taken into account to appropriately modulate shape phenotype
establishment, growth control, and tissue morphogenesis [49].
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Fig. 1 Principle of in vitro differentiation from pluripotency to neurons. (@) Human PSC colony (arrow) on a bed
of fibroblast feeder. (b) Columnar neuroepithelial rosettes characteristic of neural induction stage (dashed line).
(c) Neuronal process extension (arrowheads) and maturation at neuronal differentiation stage [Differentiation
of the human iPS cell line IMR90-4DL1; WiCell]

Cell—cell interactions by means of direct cell contact (surface mole-
cules) and diffusible (autocrine, exocrine, paracrine) factors do
greatly influence cell development in vivo, and similarly so in these
artificial in vitro systems. In this section, we provide example proto-
cols for the efficient neural induction and subsequent neuronal sub-
type differentiation of hPSC.

2.2 Example PSC lines (e.g., H7 or H9 ES cell lines; WiCell, Madison, WI,
Protocol 1: Neural USA). Note: Pay careful attention to governmental and institu-
Induction of tional guidelines for work with human stem cell lines.

Pluripotent Stem Gells 1
2.2.1 Materials 2

O 0 N O Ul w

. Sterile, cell culture grade DI water.
. Ca*-, Mg*-free Dulbecco’s Phosphate-buffered saline

(D-PBS) (Life Technologies).
Ca?*-, Mg?*-free Hank’s balanced salt solution (HBSS).

. Knockout DMEM.

. DMEM/F12.

. Penicillin—streptomycin (Pen-Strep).

. Knockout serum replacement (KOSR).
. MEM-NEAA 100x r-glutamine.

. N2 supplement.

10.
. Epidermal growth factor (EGF) recombinant human Noggin.
12.
13.
14.
15.

Basic fibroblast growth factor (bFGEF).

Dorsomorphin.

SB431542.

Rock inhibitor Y-27632 dihydrochloride.
Dibutyryl-cAMP.
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16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.
31.
32.
33.

34.

35.
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Glial cell line-derived neurotrophic factor (GDNF).
Ascorbic acid.

Sonic hedgehog.

FGEFS.

Tumor growth factor 3beta.

Dickkopt-1 (Dkk1).

All-trans retinoic acid (RA).

TrypLE Express.

Laminin.

Poly-L-ornithine, 0.01 % solution.

0.1 % Gelatin.

Matrigel matrix.

Culture vessels (six-well plates, 24-well plates, Petri dishes).

0.22 pm filter units for aseptic preparation of solutions and
media.

15 and 50 mL conical plastic tubes.
Pipette tips (10-1,000 pL).
Serological pipettes (5-25 mL).

Microdissection tool for harvesting of neuroepithelial rosettes
(e.g.,a 1 mL syringe with a 27.5 Gauge needle).

Cell culture lab (incl. laminar flow hood, CO, incubator, table
centrifuge, and bright field /phase contrast inverted microscope).

Access to fluorescence microscope for immunocytochemical
analysis.

Note: growth factor stock solutions are prepared in D-PBS or
dH,O as specified by supplier. If recommended take up in 0.1 %
bovine serum albumin. Store frozen.

Stocks for basic neural induction and differentiation

Noggin Stock 10 pg/mL  Final conc.: 300 ng/mL
SB-431542 Stock 10 mM Final conc.: 10 pM

Dorsomorphin  Stock 0.2 mM Final conc.: 0.2 pM

bFGF Stock 10 pg/mL  Final conc.: 4-8 ng/mL; 20 ng/mL
BDNF Stock 50 pg/mL  Final conc.: 20 ng/mL

Ascorbic acid  Stock 200 mM Final conc.: 200 pM

GDNF Stock 10 pg/mL  Final conc.: 10 ng/mL
cAMP Stock 200 mM Final conc.: 500 pM
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2.2.3 Media Preparation

2.2.4 Coating of Plates
and Tissue Culture Dishes

Stocks of patterning factors (selection)

Sonic hedgehog Stock 50 pg/mL Final conc.: 200 ng/mL
FGES8 Stock 50 pg/mL Final conc.: 100 ng/mL
TGF3b Stock 2 pg/mL Final conc.: 1 ng/mL
Dickkopt-1 (Dkk1) Stock 50 pg/mL Final conc.: 100 ng/mL
RA Stock 10 mM Final conc.: 0.1-0.5 pM
hPSC medium

80 % DMEM /F12 386.5 mL
20 % KOSR 100 mL
MEM NEAA 5 mL

200 mM L-Glutamine 2.5 mL
Pen-Strep 5 mL

1 mM beta-mercaptoethanol 1 mL

Filter and store for up to 10 days at 4 °C
Add freshly before use: bEGF to a final concentration of 4-8 ng/mL

N2-based differentiation medium

DMEM/F12 485 mL
N2 supplement 5 mL
MEM NEAA 5 mL
Pen-Strep 5 mL

Ascorbic acid at 200 pM final concentration is added to N2-medium right before use

Gelatin-conted plates

Add 0.1 % gelatin solution to the dish, ensuring that the entire
surface is covered. Leave dish coating at room temperature (RT)
for ca. 15 min, and aspirate the solution before plating of cells.

Poly-ornithine/laminin-conted plates

The solution of 0.01 % poly-L-ornithine is pipetted into the dish,
covering the entire surface. Coat for at least 2 h or overnight.
After three washes with D-PBS, coat with a 1 pg/mL solution of
laminin for at least 2 h or overnight. Remove the solution; wash
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three times with D-PBS and once with water. Dry briefly and
preferably use right away.

Matrigel-conted plates

Slowly thaw an aliquot of matrigel at 4 °C or on ice to avoid forma-
tion of a gel. Dilute to 10 % final concentration with cooled
DMEM/F12 medium and immediately distribute into dishes, for
example, 1.2 mL to each well of a six-well plate at RT. Remove
matrigel solution after an hour, carefully wash once with medium
and plate the cells (see below).

Procedure

1.

Human PSCs are cultured under standard conditions (see refs.
3, 38, 50). This is traditionally conducted on a bed of mitoti-
cally inactivated (human or mouse) embryonic feeder cells.
Alternatively, a number of feeder-free protocols exploiting
feeder-conditioned medium instead, or high concentration
supplementation with bFGF and cells grown on matrices such
as Matrigel can be applied. Cells are best propagated by manual
picking/selection. Critical attention must be paid to whether
the conditions used in the lab allow for long term, karyotypi-
cally normal expansion. Principles of neural induction differen-
tiation protocols are exemplified by the following steps applied
in our laboratories (adapted from refs. 38, 51, 52).

. A full six-well plate of hPSC (ES or iPS) grown on feeder fibro-

blasts is harvested by using TrypLE incubation for approximately
5-10 min (under close microscopic observation), resulting in the
detachment of hPSC from the substrate and dissolution of colo-
nies. The stem cells are carefully detached using gentle trituration
with a P1000 pipet and collected into a 15 mL conical tube with
excess of hPSC medium (without bFGF).

. After a spinning step (120 xg), the pellet is taken up in 10 mL

of hPSC medium (without bFGF) containing 10 pM ROCK
inhibitor Y-27632 (preventing cell death/anoikis of single
cells) and plated on 0.1 % gelatin-coated, tissue culture-treated
dishes for 30 min, allowing the remaining fibroblast feeders to
attach.

. The single cell suspension of floating hPSCs purified in such

manner is collected, spun down at 120 x4 and plated at a den-
sity of ca. 20,000 cells/cm? into 10 % Matrigel-coated dishes
in hPSC medium with 10 pM Y-27632 and 8 ng/mL bFGEF.

. After 2 days, medium is changed to N2 medium containing

neuralizing agents such as 0.2-1 pM Dorsomorphin (a small
molecule as a more cost effective alternative to 300 ng/mL of
recombinant noggin) as well as 10 pM SB431542 (for dual
Smad inhibition according to Chambers et al. [51]).
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2.3 Notes on
Subtype Specification
and In Vitro
Phenotypic Readout

6. Media is changed every 2-3 days in vitro, and cells are differ-
entiated in this manner for 10-12 days upon which neural
markers and occasional neural rosettes arise.

7. Patterning toward phenotype of interest is usually initiated at
this stage (see Subheading 2.2).

8. For terminal differentiation, cells are harvested en bloc (tissue
pieces) or alternatively after careful harvesting and transfer by
gentle enzymatic digestion with TrypLE to conditions on
poly-ornithine /laminin with N2-medium containing 20 ng/
mL bFGF (for optional expansion) and/or for neuronal dif-
ferentiation with ascorbic acid, BDNF, GDNF, cAMP after
removal of the mitogen.

9. An optional expansion step of the generated neural precursor
cells with bFGF and EGF at 20 ng/mL each in N2-based
medium on poly-ornithine-/laminin-coated dishes can be
inserted between procedure steps 7 and 8.

As pointed out earlier, phenotypic patterning exploits insights into
normal development. Consequently, patterning molecules of
known relevance from in vivo or primary tissue studies are being
applied depending on the phenotype of interest. See above
(Subheading 2.2.1: Preparation—Stock Solutions) for working
concentrations commonly used.

1. Joint application of fibroblast growth factor-8 and Shh (or the
small molecule alternative of 1 pM purmorphamine [47]) leads
to the ventro-dorsal and rostro-caudal establishment of ventral
midbrain coordinates, essential for DA neuronal development.
Originally this was applied by Lee et al. in murine ES cell sys-
tems but has been equally successfully applied in hPSC DA
differentiation [ 38, 40, 43]. Appropriate markers for midbrain
DA phenotypic readout include tyrosine hydroxylase, Pitx3,
Lmxla, and Nurrl, among other.

2. While inhibitory GABAergic neurons frequently comprise a
considerable fraction of a number of neural differentiation pro-
tocols, the targeted differentiation of specific subtypes of ther-
apeutic relevance such as striatal medium-spiny GABAergic
neurons lost in HD has proven more difficult. Aubry et al.
[48] utilized Shh as well as Wnt-pathway modulating agents to
induce ventral telencephalic cell fates. As a readout,
DARPP32-positivity is indicative, as well as expression of
GADG67, calbindin, and calretinin of GABAergic neuronal
differentiation.

3. Oligodendrocyte differentiation protocols exploit growth fac-
tors known to promote oligodendroglial phenotype such as
Platelet-derived growth factor (PDGF) as part of the differen-
tiation cocktail [46].
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4. In analogy to the aforementioned principle, as Lower
Motoneurons are located in the ventral spinal cord, ventraliz-
ing factors such as Shh are combined with the caudalizing effect
of RA to derive MNs from hPSCs. In that manner, PSCs can be
directed toward Olig2 expressing spinal neural precursors and
ultimately HB9 (MNR2) expressing motoneurons [47, 53].

5. Significant progress has also been made with the derivation of
RPE cells to be applied in ophthalmological disease [54].

As described earlier (see Subheading 1.2), optimized protocols of
administering cells to the CNS are particularly well established in
models of neurodegenerative diseases such as PD and HD. In both
cases the therapeutic strategy employed, experimentally as well as
clinically [25, 26, 55], is that the cells (1) is introduced with the
precision of stereotactical surgical methods (Fig. 2) either homo-
topically (i.e., at the site of neuronal degeneration) or ectopically
(i.e., at a site other than where the neuronal loss occurs); and (2) is
identical /similar in phenotype to that of the lost neurons, for
example, DAergic in PD and GABAergic in HD. An alternative to
the direct stereotactical cell delivery is the intravenous injection of
cells into the blood stream followed by migration to the target
area, and such methods are being explored to mitigate cell loss fol-
lowing stroke, among other. Although the mechanisms of action
of such an approach are unknown, it is believed that the impact of
the cells can occur through indirect, immunomodulatory, or tro-
phic mechanisms, for example [56, 57]. For spinal cord injury, cell
administration is frequently performed by direct injection of, for
example, oligodendroglial cells in or immediately around the area
of an acute or subacute lesion [46]. The experimental establish-
ment of animal models of neurodegenerative disease is described in
detail in several previous publications [58-61], below we summa-
rize a typical protocol for the harvesting, preparation, and stereo-
tactical transplantation of PSC-derived neural cells into an animal
model of HD. The cell source might vary depending on the candi-
date disease, but the overall methodology would be very similar
also when grafting into other animals models.

Note: Experiments involving animals must adhere to national and
institutional regulations and require approval by the respective
authorities. Critically consider the scientific and biomedical ratio-
nale for the number of animals used.

Toxin preparation

1. For the PD model: 6-Hydroxydopamine
2. For the HD model: Quinolinic acid

3. Saline

4. Ascorbic acid

5. Phosphate-buffered saline
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~
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Fig. 2 Lesion and transplantation of cells into animals. A stereotactic approach (a) is used to establish the
animal model into which cells are transplanted into as this ensures the required precision concerning the
placement of the cells. The bore holes are prepared using a fixed or hand held drill where the coordinates are
taken from the bregma (b; bregma indicated by the arrow). The cells are delivered into the brain using either
a steel cannula (c, /eff) or a glass capillary (¢, righ?) which causes less tissue damage. When using the latter
approach, also known as microtransplantation, a glass capillary of 50 um inner diameter is connected with a
short polyethylene tube to a 2-5 pL Hamilton syringe (arrows, d). In either case, the steel cannula or the capil-
lary is loaded with the cell suspension and used to penetrate the brain to the required depth as determined by
the stereotactic atlas. Images (c) and (d) have been adapted from ref. 71

6. 10 M sodium hydroxide

7. Precision balance

8. 1.5 mL microcentrifuge tubes
9. Sonicator, vortex

10. pH meter, litmus paper
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Surgery

1. Stereotactic frames

. Micropump

. Steel cannulae

. 2 and 10 pL. Hamilton syringe

. Glass capillaries (I.D. 50-70 pum)
. Polythene tubing (I.D. 0.28 mm)

. Paracetamol tablets and diazapam (postoperative pain
management)

N O U W

o

. Surgery tools: scalpel, suture, scissors, etc.
9. Trypan blue stain 0.4 %

10. Cell source: appropriately patterned and differentiated neural
cells

OHDA preparation

Powder form of 6-OHDA is weighed out and stored in 1.5 mL
microcentrifuge tubes in the fridge prior to use. When required for
the lesion, appropriate amount of the toxin is freshly made up with
0.2 % ascorbic acid to a working dilution of 3.6 pg/pL. The solu-
tion is protected from light and kept on ice, and is discarded after
3 h maximum.

Stock (0.12 M) Quinolinic acid preparation

Quinolinic acid (QA) has a molecular weight of 167.12. The aim
is to prepare 6.25 mL of stock solution using 125 mg of research
grade quinolinic acid. Dissolve 125 mg of QA in 750 puL PBS
(pH=7.4), add 50 pL of 10 M sodium hydroxide. Sonicate the
above solution for 15 min. Add 3,200 pL PBS. The total volume
at this stage will be 4 mL, and this is will permit the use of a pH
meter. Add 50 pL of 10 M sodium hydroxide to bring the solution
to pH=7.4; if pH needs to be adjusted use sodium hydroxide or
concentrated hydrochloric acid. Add 2,200 pL of PBS to obtain
the required concentration of 0.12 M QA. Check pH again, and if
needed adjust to pH=7.4. Aliquot 50 pL of QA into microcentri-
fuge tubes, label and store in freezer at -20 °C. The stock can be
stored at -20 °C safely for 12 months; beyond this time point a
new batch should be made up.

Note: The final pH is essential and the toxin going into solution
depends on this. Instead of directly measuring the pH with litmus
paper (which in case of small volumes could itself absorb a signifi-
cant quantity of solution and change the concentration), one
should dip a needle tip into the toxin and bring the tip into contact
with the litmus paper.
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2.5.2 Procedure

Surgery and lesioning

Anesthesia is induced by placing the animal into an induction box
with 3—4 % isoflurane volatilized by O, used as the carrier gas.
Once in deep anesthesia, the animal is transferred into the stereo-
tactic frame ready for surgery. The lesion coordinates are set
according to bregma as a reference point for the antero-posterior
(AP) and medio-lateral (ML) coordinates and the dura as reference
for the dorso-ventral (DV) coordinate, using the brain atlas Paxinos
and Watson for rats [62], or Paxinos and Franklin for mice [63].
The bore holes are made with a drill either hand held or fixed to
the stereotactic frame.

PD model

Typically a 6-OHDA dose of 3.6 mg/pL in saline containing 0.2 %
(w/v) ascorbic acid is used to induce the loss of DA neurons from
the substantia nigra. The toxin is administered into the brain at the
level of the medium forebrain bundle (example for rats given
below) that contains the DA projections from the substantia nigra
to striatum. Alternative targets are the striatum itself leading to
partial dopamine loss from the striatum, or the substantia nigra
itself. 6-OHDA is taken up into a 10 pL Hamilton and the syringe
is lowered into the brain tissue.

Track# TB(mm) AP(mm) ML(mm) DV (mm) Volume (pL)

1 -2.3 -4.4 -1.2 -7.8 2.5
2 +3.4 -4.0 -0.8 -8.0 3

The injection rate is 1.0 pL/min and the cannula is kept in
place for an additional 4 min before it is slowly retracted.

HD model

QA-mediated excitotoxic lesioning of the striatum requires preci-
sion delivery (assured by the stereotactic frame) of the toxin at the
planned coordinates (see below for typical values for rats), of the
required volume and at the required pace making it necessary to use:

1. A thin steel cannula (recommended size: 30 gauge) that pen-
etrates the brain with minimal co-lateral tissue damage, and
which is fixed to the stereotactic arm.

2. A micropump capable of delivering sub-microliter volumes of
toxin over minutes.

3. Polythene tubing with an inner diameter of approximately
0.28 mm.

The polythene tube is used to connect up the steel cannula
with a Hamilton syringe which is placed in the micropump. The
Hamilton syringe-tubing-cannula system is loaded with saline to
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render it airtight. Prior to lesioning, an air bubble is introduced
into the tube to mark the interface between the saline and the
toxin. This is done to visually confirm the flow of the solution
through the system.

Typical coordinates of QA striatal lesion:

Track# TB(mm) AP (mm) ML (mm) DV (mm) Volume (pL)

1 0.0 +1.0 +2.9 -5.0/-4.0 0.2
2 0.0 -0.4 +3.3 -5.07/-4.0 0.2

Under this two track and two deposits/track protocol a total
of four deposits of 0.20 pL (total of 0.8 pL) of QA is released into
the striatum.

Post-surgery care

Surgery is a major intervention and the health status of the animals
must be monitored afterwards. Postoperative anesthesia must be in
accordance with local rules and regulations dealing with animal
welfare. Typically, the administration of paracetamol in the format
of soluble tablet in the animals’ water bottle a day before and for
48 h after surgery is advised; however, the intermuscular injection
of diazepam into a hind leg muscle, and the injection of saline/
glucose bolus subcutancously in the scruft immediately after the
surgery might be also necessary.

Transplantation

1. At late stage of differentiation (e.g., day in vitro 35 for
GABAergic neurons), cells are harvested from the multi-well
dishes by gentle enzymatic dissociation with TrypLE.

2. Optional cell sorting/purification step: Massive tumor over-
growth observed in earlier studies [44, 48] can be circum-
vented by adding a sorting step for the CD15-/CD24hish /
CD29"" subset [64].

3. Viability of the embryonic cells is assessed by Trypan Blue
exclusion prior to grafting using a hemocytometer. The single-
cell suspension is adjusted to a concentration as required by
the particular study, but a typical working concentration is
100,000 cells/pL. The total volume prepared in transplanta-
tion medium depends on the number of animals grafted and
the number of cells available.

4. The transplantation procedure takes place immediately follow-
ing the preparation of the cell suspension. Typically, in our lab-
oratories, transplantation is done using a glass capillary with a
diameter of 50-70 pm connected via an adaptive polyethylene
tube to the cannula of'a 5 pL Hamilton microsyringe ora 10 pLL
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Hamilton microsyringe with 26-Gauge steel cannula. While the
former method has been reported to result in better cell sur-
vival [65, 66], the second approach may allow for inclusion of
smaller aggregates which has been interpreted as advantageous
in a recent human-to-rodent transplantation study [67].

5. First, host animals are anesthetized using isoflurane and posi-
tioned in a rodent stereotactic frame. The animal’s head is pre-
pared appropriately with the bore-hole drilled at the coordinates
required by the protocol (obtained from stereotactic atlases for
mice [63] or rats [62]). The cell suspension is aspirated into
the glass capillary /cannula and the instrument is lowered into
the respective target area.

6. Cells are expelled at a rate of 1 plL/min from the instrument,
and the capillary or cannula is kept in place for 2 min, before
slowly retracting.

7. If the protocol requires several cell deposits at different coor-
dinates, then the procedure is repeated until the final deposit
has been made. Typically, between 200,000 and 500,000 cells
are grafted, but this needs to be carefully assessed depending
on the cell source and its proliferative properties.

8. Following grafting, the instruments are gently removed, the
exposed area carefully rinsed with the sterile saline solution.
While still in the ear bars, the scalp wound is closed with wound
clips, and treated with antibiotic ointment. As analgesic, the
animals can be given s.c. Temgesic (0.05 mg buprenorphine-
hydrochloride /kg bodyweight) in the neck.

3 Overview of Suitable Readout Methods of Neural Repair

3.1 Notes on In Vivo
Functional Analysis
and Behavior

Functional analysis is indispensible if the investigator is interested
in potential in vivo therapeutic relevance of the cells. Cells can
survive, migrate, differentiate into various phenotypes, and even
morphologically and anatomically integrate in the host CNS to
some degree, but its therapeutic use is compromised if it is not
capable of having an impact on the host’s behavior as assessed by
motor and/or cognitive tests.

Functional testing of animals can be divided into two large
categories: Manual and Operant testing. These two labels refer to
various aspects of the nature of the tests such the degree of involve-
ment of the investigator with the experimental animal, the number
of trials per session, methods of data collection, etc. However, they
are not indicative of the general faculty of the animal that is being
tested, because with both type of tests the investigator can study
motor, sensorimotor, or cognitive behavior. Manual tasks are the
most common and widespread behavioral procedures, and many
nonbehavioral scientists may familiarize themselves with them as
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on Postmortem
Histological Analysis

Neural Repair with Pluripotent Stem Cells 135

they do not require extensive specialist knowledge and limited
equipment (drug-induced rotation, in particular). There are four
categories of manual test to study graft-mediated recovery:

1. Simple motor tasks: These tests are predominantly observa-
tional tests where the animals are placed either in an open field,
in a specially designed apparatus or in holding cages, and their
behavior is recorded. Behavioral patterns such as locomotor
activity (spontaneous or activated), explorative profiles, or
drug-induced rotation can be carried out with the help of video
recording or tracking equipment. Simpler analysis methods
might include placing ink on the feet of the animals to analyze
the walking pattern revealed by footprints on paper [68, 69].

2. Sensorimotor tasks: These tasks involve more interaction
between the animals and their environment. Essentially, the
objective of the tasks is to analyze how, and to what degree the
animals are relying on their sensory inputs. The animal models
of Parkinson’s and Huntington’s diseases we use rely on uni-
lateral dopamine depletion and unilateral striatal lesion. As
such, these tasks are very useful in revealing lateralized neglect
and deficits, and have been shown to be sensitive to transplan-
tation mediated recovery. Examples: Stepping test, Cylinder
test, Corridor test, and Disengage test [70-72].

3. Motor skills tasks: These tasks combine both motor aspects
and interaction with the apparatus, but in addition, require
motor learning as well. Performance on these tasks depends on
balance, equilibrium, or fine, skilled digit control. Examples:
Paw-reaching, Beam balance, and Rotorod [73-76].

4. Cognitive, learning, and memory tasks: There are a variety of
mazes as manual test that are capable of examining working
and reference memory, hippocampal, and striatal learning.
Examples are T-maze, Y-maze, or the 8-arm radial maze [77].

Operant testing is the reserve of behaviorally specialized labo-
ratories and is generally not used to simple screen to see whether a
graft has functional effect or not. For a review on operant testing
see ref. 78.

Overview

Postmortem histological (Fig. 3) assessment is paramount to every
stem cell transplantation study as it ofters the opportunity to con-
firm the survival of the cells, their distribution and phenotype, their
migratory properties, as well as the number of cells and the volume
of the graft, for example. The quantitative and qualitative descrip-
tion of the grafted cells can then feedback into the interpretation of
the presence or absence of any graft-mediated functional effects
observed during the behavioral assessment period. We briefly sum-
marize typical methodological steps for the postmortem assessment
of striatal grafts in animal models of HD or PD, for instance.
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Fig. 3 Assessment of transplanted cells by histological methods. In the rodent model of HD primary tissue
grafts (here: E14 whole ganglionic eminence) can be visualized using various markers such as the neuronal
marker NeuN (a), the enzyme tyrosine hydroxylase (labeling DA afferents, b), or the striatal tissue marker
dopamine-, cAMP-regulated phosphoprotein of 32,000 kDa, DARPP-32 (c). Morphology and ultrastructural
properties of the grafted neurons can be studied if the cells express particular markers, e.g., 3-Galactosidase
allowing the identification of dendritic spines (indicated by arrows, d). Using tissue from donor animals that
express GFP in specific neuronal subpopulations is also an option (arrows show fibers of graft origin projecting
into the host, e). Fiber outgrowth from grafted human neural stem cells can also be studied using antibodies
specific to human neurofilament (arrows, f). DA cells grafted into models of PD are typically visualized by
tyrosine hydroxylase showing graft derived fiber outgrowth (g). When using xenografts, for example human
tissue into the rat, markers for human nuclei (h), or human neurofilament (i) can be used. LV lateral ventricle,
CC corpus callosum, Ctx cortex, AC anterior commisure. Dots delineate the grafted tissue in all cases, the
asterisk identifies the graft. Scale bars: panels a—¢ and g—i, 1 pm; panel d, 10 um; panels e—f, 50 um. Images
have been adapted from refs. 73, 75, 79, 83. Images (a—f) have been adapted from refs. 79, 83
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Pertusion, fixation, sectioning

1. At the end of the study animals are terminally anesthetized by
intraperitoneal injection of an overdose of ketamine and rom-
pun and transcardially perfused with 300 mL 0.1 M PBS fol-
lowed by 300 mL 4 % paraformaldehyde in 0.1 M PBS.

2. The brains are removed and postfixed in 4 % paraformaldehyde
for 1.5-24 h, then immersed in 30 % sucrose in 0.1 M PBS for
24 h until they sink for cryoprotection.

3. Typically, tissue is serially sectioned on a freezing microtome at
a thickness of 40 pm through both the striatum and substantia
nigra and collected as six series. Cutting of the brain can occur
also on a vibratome, or a cryostat, in which case the prepara-
tions will vary.

Staining and immunohistochemical analysis

1. Free floating sections are washed 3x with PBS, pre-incubated
for 2 h in 3 % bovine serum albumine /0.3 % Triton X-100/
PBS and incubated overnight at room temperature with the
selected antibodies (for examples of antibodies used see Table 1).
Typically, we would use NeuN, a marker of mature neurons;
DARPP32, a marker of striatal tissue [79, 80]; and tyrosine
hydroxylase, a marker used to identify DA neurons and axonal
input [81]. Human cells in rodent brain can further be
identified by human nuclei/human nuclear antigen (HNA) as
well as the surface marker human neural cell adhesion mole-
cule (NCAM).

2. After three washes with PBS, sections are incubated for 2 h
with biotinylated secondary antibody for diaminobenzidine-
based (DAB) staining or with fluorescent-labeled secondary
antibody. Visualization of the biotinylated antibody is carried
out with the ABC-kit (Vector, Germany) and DAB (Merck,
Germany). Sections are mounted on slides, dehydrated and
cover slipped, and subjected to image analysis using a light/
fluorescent microscope and appropriate software.

3. Double- /triple-labeling studies use fluorescent secondary anti-
bodies to describe the co-expression of markers, while other
quantitative measurements are carried out with DAB-stained
sections. The extent of the lesion or the volume of the graft is
estimated by tracing the outlines of the cross section areas
throughout the anterior—posterior axis of the region of interest,
e.g., the striatum, on the appropriate stained sections: DARPP-32
to identify the striatal-like sections in the graft. The volumes are
then calculated by taking into account the sum of the areas and
correcting for section thickness (M) and sample frequency (f):

Volume (mm?®)=) of areas (mm?)x (M) x (f).
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4. The cell counting method will depend on the number of cells
there are to count. If only an estimate is possible because the
numbers range in the thousands per graft per section (e.g.,
using a general neuronal marker), one needs to apply unbiased
stereological counting methods [82]. However, if the cell pop-
ulation of interest (e.g., DARPP-32 or TH-positive cells)
ranges in the hundreds then the cells can be counted manually
using a light microscope. Counting should be done across the
anterior—posterior axis of the region of interest on sections
where the distance between consecutive sections and the fre-
quency of sections is known. The Abercrombie formula of cell
estimate is used as this corrects for the possibility of over count-
ing: Cell number, P, is calculated by the formula:
P=1/fx AxM/(D+ M), where A is the cell count from the
entire graft, fis the frequency of sections, M is the section
thickness, and D is the average cell diameter.
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Chapter 8

Cell-Based Therapies for Myocardial Repair: Emerging Role
for Bone Marrow-Derived Mesenchymal Stem Cells (MSCs)
in the Treatment of the Chronically Injured Heart

Jose S. Da Silva and Joshua M. Hare

Abstract

Accumulating data support the use of bone marrow (BM)-derived MSCs in animal models (e.g., swine) to
restore cardiac function and tissue perfusion in chronic cardiac injury. Based on results obtained in swine,
we are currently conducting phase I /11 clinical trials to address the safety, cell type, cell dose, delivery
technique, and efficacy of MSCs in patients with chronic heart failure. MSCs for these trials are isolated
from harvested BM and then processed and expanded for intracardiac injection. The BM-MSCs in use for
the clinical trials are of clinical grade having been processed successfully in an FDA-approved ¢cGMP
facility.

Key words BM MSC, FDA, MI, HF, cGMP, cGTP, IND, HCT,/P, CMC

1 Introduction

Cell-based therapies and regenerative medicine represent an excit-
ing and emerging field where cells (either autologous or allogeneic
preparations) are used for the treatment of damaged cells, tissues,
or organs due to diseases or injury [ 1]. Since the first bone marrow
transplant was conducted in 1968 [2—4], BM stem cells (SC),
marrow-derived stromal cells, and MSCs [5] have been the focus
of extensive biologic and translational investigations [6]. MSCs
offer therapeutic potential due to their ability to self-renew, give
rise to specialized cell types, be immune-privileged, be immuno-
suppressive, and be expanded extensively in in vitro adherent cul-
tures without loss of function and phenotype [7-10]. While the
greatest limitation to their use is their low abundance in the bone
marrow, this is offset by their proliferative capacity ex vivo. Today,
the therapeutic method of choice to treat end stage heart failure
(HF) is heart transplant despite its inherent hurdles [11, 12];
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nevertheless, cell-based therapies could offer a major new alternative
therapeutic solution for patients with myocardial infarction (MI),
heart failure, or congenital heart disease by rescuing or regenerat-
ing the myocardium [13-16]. Before these therapeutic agents can
be used in humans, an investigational new drug (IND) application
is required to be submitted to the Food Drug Administration
(FDA) since their licensing is subjected to the Public Health Act.

Before submitting an IND application to the FDA, safety and
effectiveness of the cell therapeutic should be addressed in preclini-
cal studies. These studies are performed both in vitro and in vivo
and the proof-of-concept requires appropriate selection of an ani-
mal model. The most important safety aspect that must be
addressed in preclinical studies is the purity of the cell therapeutic
followed by the cell type and its potency. Cell therapeutics repre-
sent a high safety risk due to potential contamination from other
cell sources, microorganisms, or adventitious agents due to the
manipulation required and the different reagents used during cul-
ture. Moreover, genetic aberration can arise during long-term cell
culture. Other areas to investigate during the preclinical studies are
the route of infusion, dose, engraftment, engraftment duration,
bio-distribution, and tumorigenesis.

Several studies have demonstrated the use of MSCs eftfectively
in vivo [17]. As a primary example, we have conducted a random-
ized blinded, placebo-controlled trial of BM-MSCs in adult mini
swine to assess whether autologous MSCs safely reduce infarct size
and improve cardiac function in post myocardial infarction (MI)
heart failure (HF). This study demonstrated that (1) autologous
MSC:s can be safely isolated from BM obtained from pigs in a por-
cine model of ischemic HF; (2) MSCs can be safely cultured and
expanded (4-7 passages) ex vivo in order to obtain adequate num-
bers of cells necessary for the infusion; (3) the phenotype and
purity of the isolated cells were MSCs which were assessed by flow
cytometry (CD45/CD90%) and CFU-F assay; (4) the MSCs can
be safely delivered epicardially by injections into and surrounded
akinetic or hypokinetic areas of the heart; and (5) MSCs in two
different cell doses (low=20x10% and high=200x 10°) effectively
showed over time: (a) a decrease in scar size, (b) a decrease in the
circumferential extent of the infarct scar, (¢) an increase in wall
thickness in the infarct region, (d) increased improvement in con-
tractile function, (e) increased perfusion, (f) improved global left
ventricular (LV) function, and (g) an increase in ejection fraction
(EF) compared to the placebo group. The use of MSCs did not
foster neoplastic processes for the duration of the study [17]. Even
though, most of the questions about safety and efficacy were
answered, there are concerns about the safety of using late passage
MSC:s since genetic abnormalities may occur as well as histological
proof of MSC engraftment and heart tissue calcification at the site
of infusion [17].
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The results of these studies were used as preclinical data for the
IND submission to the FDA of the approved clinical trial
PROMETHEUS (A Phase I/II, Randomized, Double-Blinded,
Placebo-Controlled Study of the Safety and Efficacy of
Intramyocardial Injection of Autologous Human Mesenchymal
Stem Cells (MSCs) in Patients With Chronic Ischemic Left
Ventricular Dysfunction Secondary to Myocardial Infarction (MI)
Undergoing Cardiac Surgery for Coronary Artery Bypass Grafting)
(clinical trials.govNCT00587990) [18, 19]. The study enrolled
patients who meet the following enrollment criteria:

1. Diagnosis of chronic ischemic heart failure caused by MI.

2. Required cardiac surgery for Coronary Artery Bypass Grafting
CABG.

3. Ejection fraction between 15 and 50 %.

4. Presence of an akinetic or dyskinetic region by standard imag-
ing [18].

A BM aspirate was obtained approximately 5 weeks before
treatment in order to scale up the autologous MSCs. The BM aspi-
rate was sent to our cGMP (current Good Manufacturing Practice)
facility where the MSCs were scaled up and processed according to
FDA cGMP/cGTP guidelines prior to infusion at the time of sur-
gery. Patients were randomized to three different groups: placebo,
low-dose (20x 10°), and high-dose (200 x 10%) MSC groups.

As previously mentioned, the use of cellular therapies in pre-
clinical and clinical trials is regulated by the FDA. Laboratory prac-
tices which are intended to collect data for preclinical research or
marketing permits for products regulated by the FDA fall under
the guidelines of current Good Laboratory Practices (¢cGLP) stated
in the code of federal regulations 21 CFR Part 58, which assures
the integrity and the quality of the safety data. Manufacturing of
biologics falls under cGMP guidelines as stated in the code of fed-
eral regulations 21 CFR parts 600-680. GMPs are practices that
are used during the manufacturing of drug products for adminis-
tration to humans or animals or for the manufacturing of biologi-
cal products for administration to humans. Under the cGMPs
there is a subset of regulations which deals with the prevention of
the introduction, transmission or spread of communicable diseases
when manipulating Human Cells, Tissues, and Cellular and Tissue-
Based Products (HCT /P) and it is defined as current Good Tissue
Practices (cGTP) and are stated in 21 CFR 1271.

The manufacturing, processing, or scale up of human cell ther-
apies present many challenges which include the natural character-
istics of the different components used to generate the final
product, such as the source of the actual cells and the reagents and
supplies that will come in contact with them, the probability of
adventitious agent contamination, the need for aseptic processing
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which includes the processing area, and the inability to sterilize the
final product (cells) [21]. Another factor that should be taken into
account is the product transport and distribution since due to the
nature of the living cells, they will require the appropriate transport
temperature, device of transport, expiration time, and stability of
the product as well as the availability of release tests results [20].
The manufacturing issues described above are detailed and resolved
in the Chemistry, Manufacturing and Controlled (CMC) section
of the IND.

The detailed description on the manufacturing process in the
CMC will provide a good assessment of the identity, quality, purity,
and potency of your product. The CMC should have the following
manufacturing key points [20]:

1. A list and a description of all the components and materials
used during the manufacture of the cellular product [21], such
as cells (autologous or allogeneic), cell source and cell type, if
the cells are mobilized or activated, collection or cell recovery,
transport method and conditions if shipped for processing,
donor screening, and testing [22], cell bank systems (Master
Cell Bank and Working Cell Bank) if applicable.

2. A list of any reagents used, most importantly, the CMC should
detail the following information: (a) vendor information, (b)
concentration information of the reagent at the step that is
going to be used, (c) source (human, porcine, bovine, horse,
etc.) with their respective Certificate of Analysis (COA), be of
clinical grade, FDA approved or cleared, or be a licensed prod-
uct; if it is of bovine source, have all the requirements for the
ingredients of animal origin used for production of biologics
[23] and if it is not FDA approved or cleared, should have a
qualification program for additional testing in order to assure
the safety and quality of the reagent (sterility, endotoxin,
mycoplasma, and adventitious agents) and have functional
analysis, purity testing, and assays (e.g., residual solvent test-
ing) in order to show the lack of dangerous substances [20].

3. The final product should be tested to see if reagents used dur-
ing the manufacturing, which are toxic, are present.

4. The lack of use of beta-lactam antibiotics, a rational if used and
present in the final product, and the actions to be taken to
remove traces of antibiotics in the final product.

5. A list with concentration and source information of all excipi-
ents used that will be present in the final product [24].

6. A description of all procedures used during the collection, pro-
duction, and purification of the cell product with a schematic of
the manufacturing process (Fig. 1), and the in-process and final
product testing [20]: (a) description of the method of cell collec-
tion, cell processing, and culture conditions, (b) if irradiation
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is needed, (c) description of the final harvest, (d) duration of
processing, (e) description storage conditions if they are
needed, and (f) description of the final formulation.
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7.

10.
11.
12.
13.

14.

15.
16.
17.

An in-process and final product testing: (a) microbial testing:
bacterial (anaerobic and aerobic) and fungal testing [25, 26],
(b) duration of the test, (¢) mycoplasma testing [27], and (d)
adventitious agents testing.

. A final product identity testing.
. A purity testing [28] such as entoxing testing [29-31] and

gram stain testing.

A potency assay.

A minimum release criteria for cell viability.

A minimum viable cell number (cell number/dose).

A final product release criteria testing (viability, sterility, myco-
plasma, endotoxin, and cell dose) performed in each lot of the
manufacture product and should be available prior to the infu-
sion of the cell product.

A product stability testing (in-process and final product testing)
[32].

A product tracking system [33].

An in-process and final product labeling [34-36].

A description of types of container and closures [37].

2 Materials

2.1 Isolation of Bone
Marrow Mononuclear
Gell by Density
Gradient

Equipment

1.
2.
3.
4.

Microscope.
Biological Safety Cabinet (BSC).
Centrifuge.

Vacuum Pump.

Supplies

1.
. Conical tubes, 50 and 250 ml, sterile.

N O gt W

o

4 x4 gauze, sterile.

. Pipettes, 1, 10, 25, 50 ml and aspirating pipettes, sterile.

. Pipette-aid.

. Surgical gowns, shoe covers, head cover, and mask, all sterile.
. Surgical gloves, sterile.

. Vacuum collection flask with two associated sterile tubing sets,

sterile.

. DPipette tips, sterile.

. Microscope slides for cytospin.
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Reagents

1.
2.
3.
4.

Lymphocyte Separation Media (LSM).
Plasma-Lyte A, 1x.

Trypan Blue.

Human Serum Albumin (HSA), 25 %.

2.2 CGulture and Equipment

Expansion of Human
Marrow Mesenchymal
Stem Cells

N OV Uk W N

8.

. Microscope.

. CO, Incubators.

. Biological Safety Cabinet (BSC).
. Centrifuge.

. Vacuum Pump.

. Hemocytometer.

. Water bath, set a 37 °C (to thaw reagents required to prepare

the necessary media).

Pipette-aid.

Supplies

QN Ul B W

. Gauze 4 x4, sterile.

. Conical centrifuge tubes, 50 and 250 ml, sterile.

. Pipettes, 1, 10, 25, 50 ml and aspirating pipettes, all sterile.

. Surgical gowns, shoe covers, head cover, and mask, all sterile.
. Surgical gloves, sterile.

. Vacuum collection flask with two associated sterile tubing sets,

sterile.

7. Pipette tips, 200 pl, sterile.

o]

. Culture flasks, Nunc A T185 Cell Culture Treated, sterile.

. Cell Scraper, sterile.

Reagents

0 NN O Ul W

. Alpha Minimal Essential Media (MEM), 1x.

. Penicillin—streptomycin—glutamine (100x), liquid.

. Fetal Bovine Serum (FBS), Gamma Irradiated.

. Trypsin—EDTA, 1x; 0.12 % Gamma Irradiated.

. Phosphate-Buffered Saline (DPBS), Ca and Mg free.
. L-Glutamine 200 mM (100x).

. HSA, 25 %.

. Trypan Blue.
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2.3 Cryopreservation  Equipment
of Human 1
Mesenchymal
Stem Cells

. Microscope.

BSC.

. Centrifuge.

. Vacuum Pump.

. Hemocytometer.

. Control Rate Freezer.
. Tube Heat Sealer.

Supplies

1. 4x4 gauze, sterile.

. Conical tube, 50, sterile.

. Pipettes, 2, 5, 10, 25 ml, and aspirating pipettes, sterile.
. Pipette-aid.

. Surgical gowns, shoe covers, head cover, and mask, all sterile.

QN Ul B W

. Vacuum system or vacuum collection flask with two sterile tub-
ing sets.

7. Cryovials, 2 ml.

8. Cryocyte Freezing Bags.

Reagents

1. Cryoserve, dimethyl sulfoxide (DMSO).
2. DPBS, Ca and Mg free.

3. 25 % HSA, USP grade.

4. Hespan, B Braun.

5. Trypan Blue, DI water, for irrigation.

2.4 Thawing of Equipment
Mesenchymal Stem 1. BSC.
Cell Products

2. Centrifuge.
3. Water bath, set at 37 °C.
4. Pipette-aid.

5. Microscope.

Supplies

1. Sample Site Coupler (2).
2. Cobe couplers (3).
3. Needles, 16 g tor products, 18-20 g for solutions.
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. Syringes, 5, 10, 30, 60 ml.

. Microcentrifuge tube, orange cap.
. Anaerobic BBL Culture System.

. Alcohol wipes.

. Steri-Drape.

. Gauze.
10.

Scissors.

Reagents

1.
2.
3.
4.

Plasma-Lyte A, 1x.
HSA, 25 %.
Trypan Blue.

Water, for irrigation.

3 Methods

3.1 Isolation of Bone
Marrow Mononuclear
Gell by Density
Gradient

Wash Media Preparation

1.
2.
3.

Plasma-Lyte A, 1x.
25 % HSA, 1 % final concentration.

Label the media with the name of the media, storage tempera-
ture, date of preparation, date of expiration (24—48 h following
preparation), and initials of the personnel preparing the media.

Product Processing

1.

Record the total volume of the bone marrow aspirate. Remove
samples for counting, 100 pl, and sterility.

. Transfer bone marrow aspirate into an appropriate number of

250 ml conical tubes. Dilute the bone marrow aspirate 1:1
with Plasma-Lyte A in each of the 250 ml tubes and mix well.
After dilution, aliquot the bone marrow into 50 ml conical
tubes with 30 ml of marrow per tube.

. Aliquot 15 ml of LSM into each of the 50 ml tubes.

. Overlay 30 ml of the diluted bone marrow aspirate on top of

LSM (30 ml of diluted bone marrow aspirate over 15 ml of LSM).

. Carefully, transfer the cells to a centrifuge and spin at 800 x4

for 30 min, at room temperature, with the centrifuge brake
C‘OFF ”»

. After centrifugation, using a sterile transfer pipette, collect the

interface from each 50 ml conical tube and transfer it into clean
50 ml conical tubes.
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3.2 CGulture and
Expansion of Human
Bone Marrow
Mesenchymal

Stem Cells

7. Bring the volume in each tube up to 50 ml with Wash Media.

10.

11.

12.

13.
14.

15.
16.

. Centrifuge at 500 x4 for 10 min, with brake set to “Low.”

. Using an aspirating pipette, remove almost all supernatant,

leaving 1-2 ml in each tube.

Gently resuspend the cell pellet in each conical tube. Combine
cells from all the conical tubes into a single clean 50 ml conical.
Bring the total volume up to 50 ml with Wash Media.

Centrifuge at 500x g, for 10 min, at room temperature, with
the centrifuge brake set to “Low.”

Using an aspirating pipette, remove almost all supernatant,
leaving 1-2 ml of the supernatant in the conical. Gently resus-
pend the cell pellet and bring the volume up to 50 ml using
fresh Wash Media.

Perform a cell count and viability.

Allow the cells to settle for 10 min and remove 3 ml of super-
natant for sterility testing.

Remove another sample containing 1 x 10° cells for the CFU assay.

Continue with further product processing. The product might
be used for culture and expansion of human bone marrow-
derived mesenchymal stem cells (MSC) or cryopreserved.

Wash Media Preparation

1.
2.
3.

DPBS (Ca and Mg free).
25 % HSA, final concentration 1 %.

Label the media with name of the media, storage temperature
(4 °C), date of preparation, date of expiration (14 days), ini-
tials of the personnel preparing the media.

Complete Culture Media with Antibiotics

. Alpha MEM media.
. Penicillin—streptomycin—glutamine (100x), liquid.

. FBS, gamma irradiated and heat inactivated, final concentra-

tion 20 %.

. Label the media with name of the media, storage temperature

(4 °C), date of preparation, date of expiration (14 days), ini-
tials of the personnel preparing the media.

Complete Culture Media without Antibiotics

1.
2.
3.

Alpha MEM media.
L-Glutamine 200 mM (200x), liquid.

FBS, gamma irradiated and heat inactivated, final concentra-
tion 20 %.
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Label the media with name of the media, storage temperature
(4 °C), date of preparation, date of expiration (14 days), ini-
tials of the personnel preparing the media.

Cell Culture and Expansion (P0)

1.

8.

Once the MNCs are prepared, label ten flasks using “in-
process” label as follows:

(a) Passage number: Initial plating is PO then increase after

every harvest (i.e., P1, P2, etc.).
(b) Recipient name.
(c) Recipient ID.
(d) Date: Day of plating.
(

¢) Product number (on a separate label specific to product #).

. Seed each T-185 flask by dividing the mononuclear cells equi-

tably among the ten flasks and bring to a final volume of 25 ml
with complete culture media with Antibiotics.

. Prior to placing the flasks in the incubator, check that the

media covers the entire surface of the flask and the outside of
the culture flask is wiped with 70 % alcohol. This should be
done every time a flask is returned to the incubator.

. Incubate in tissue culture incubator, with 5 % CQO,, for at least

72 h, to allow the cells to adhere to the flask.

. After 72 h from the initial plating, remove the flask from the

incubator and remove the unattached cells by tilting the flask
while holding it upright and aspirating off all of the media
from the bottom corner of the flask.

. Add 25 ml of complete culture media with antibiotics.

. Before replacing the cap on the flask, ensure the cap filter is

clean and dry. This should be done every time the flask is
recapped.

Place the flask in a tissue culture incubator, at 37 °C and 5 % CO.,.

Feeding the Cells

1.

Cells should be fed every 3—4 days until harvest, when attached
cells are confluent. For the initial culture period, complete cul-
ture media with antibiotics must be used. After the first harvest
culture media without antibiotics will be used, see below.

. Remove the flasks from the incubator. Observe under the

microscope to determine the extent to which the cells are con-
fluent. The cells will be split when they are >80 % confluent. In
addition, examine each tissue culture flask for absence of
contamination. If contamination is present, discard the flask or
the whole preparation.
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3.

4.
5.

Using vacuum aspiration, remove the culture media from the
T-180 flasks.

Add fresh 25 ml of complete culture media with antibiotics.

Wipe the outside of each flask with a sterile alcohol wipe,
before placing it back into the 37 °C incubator with 5 % CO,,
tor further culture.

Harvesting Cells using Trypsin—EDTA

1.

When the cells are approximately >80 % confluent (~day 14 of
culture), observe each tissue culture flask under the micro-
scope to examine the cells for absence of contamination. If
contamination is present discard the flask or the whole
preparation.

2. Remove the media from each flask using vacuum aspiration.

. Add 25 ml of Wash Media and swirl it around the flask.

4. Aspirate off the Wash Media and add 10 ml of Trypsin—-EDTA

10.

11.

12.

to each flask. Return the flask to the 37 °C CO, incubator for
no more than 8 min. Make sure to monitor the cells at 4 min
intervals under the microscope, as leaving the Trypsin in the
flask for a prolonged period of time is damaging the cells.

. If there are still attached cells, use a sterile cell scraper to gently

lift the adhered cells by moving the scraper across the bottom
of each flask.

. Neutralize Trypsin activity by adding 15 ml of complete cul-

ture media without antibiotics to each flask. Swirl the media
around the flask to make sure all the cells are in suspension.

. Transfer the detached cells from each flask to a sterile 50 ml

conical tube, using a 25 ml pipette.

. Add 25 ml of Wash Media to the flask and swirl to remove any

remaining cells. Using a 25 ml pipette, collect the Wash Media
from the flask and add it to the 50 ml conical tube with the
detached cells.

. Centrifuge the 50 ml conical tubes at 500 x g for 10 min, at

room temperature, with brake set to “Low.”

Using a vacuum system, aspirate the supernatant to leave
1-2 ml of media and resuspend the pellet in the 50 ml conical
tube. Bring the volume up to 40 ml with complete culture
media without antibiotics.

Take a 100 pl sample and perform a cell count and viability
(see Note 1).

After 10 min of settling, remove a 1 ml sample from each 50 ml
conical for sterility. Place all samples in a separate 50 ml conical
tube. A 3 ml sterility sample will be collected from the pooled
media (1 ml each, for acrobic, anaerobic and fungal testing).
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Cell Culture, Expansion (P1) and Final Harvest

1.

Label four T-185 flasks per each harvested PO flask, as follows
(see Note 2):

(a) Passage number: Initial plating is PO then increase after
every harvest (i.e., P1, P2, etc.).

(b) Recipient name.
(c) Recipient ID.
(d) Date: Day of plating.

(e) Product number (on a separate label specific to product).

. Seed each T-185 flask by equitably dividing the cell suspension

from each of the 50 ml conical tubes into four tissue culture
flasks, i.e., 12.5 ml of cell suspension in each flask. Bring to a
final volume of 25 ml with complete culture media without
antibiotics.

. Culture the cells for an additional 7 days, feeding the cells 34

days after seeding or until cells are >80 % confluent (see Note 3).
Prior to final harvest, remove a 1 ml sample (from the superna-
tant, i.e., media without cells) from each tissue culture flask.
Combine all samples in a single 50 ml conical tube. A 1 ml sample
will be sent to an approved vendor for mycoplasma testing.

. When cells are >80 % confluent, harvest the cells as described

in before. After the first centrifugation, transfer each pellet into
one 50 ml conical.

. Resuspend cells in 50 ml of Wash Media and centrifuge at

500 x g for 10 min.

. Aspirate supernatant, pull all cell pellets together into a single

50 ml conical and resuspend in another 50 ml of Wash Media.

7. Take a 100 pl sample and perform a cell count and viability.

10.

11.

. If the cell number is less than 250 x 10° total cells, culture and

expansion must continue.

. If cell number is sufficient, proceed to cryopreservation.

Remove 2 x 10 cells for CFU-F analysis and 1x10° cells for
flow cytometric analysis.

After 10 min of settling, remove a 3 ml sample (1 ml each for
acrobic, anaerobic and fungal).

Proceed to the cryopreservation of MSCs.

Wash Media Preparation

1.
2.
3.

DPBS buffer, Ca and Mg free.
25 % HSA, 1 % final concentration.

Label the media with name of the media, storage temperature,
date of preparation, date of expiration (2 weeks following
preparation), and initials of the personnel preparing the media.
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3.4 Cryopreservation
of BM MNC (Placebo)

3.5 Cryopreservation
of MSCs

Cryopreservation Media without DMSO (Freeze Media 1)

1.
2.
3.

Hespan (6 % Hetastarch in 0.9 % sodium chloride).
25 % HSA, 2 % final concentration.

Label the media with name of the media, storage temperature,
date of preparation, date of expiration (24—48 h following
preparation), and initials of the personnel preparing the media.

Cryopreservation Media with 10 % DMSO (Freeze Media 2)

N

. Hespan (6 % Hetastarch in 0.9 % sodium chloride).
. 25 % HSA, 2 % final concentration.
. DMSO, 10 % final concentration.

. Label the media with name of the media, storage temperature,

date of preparation, date of expiration (24-48 h following
preparation), and initials of the personnel preparing the media
(see Note 4).

. Centrifuge MNCs obtained as a result of the process in

Subheading 3.1 in a 50 ml conical tube at 500 x g, for 10 min,
at room temperature, with break set at “Low.”

. Remove the supernatant with a sterile aspirating pipette.

Resuspend the cells with 10 ml amount of Freeze Media 1.
Add an equal volume (10 ml) of Freeze Media 2. This will
result in a final concentration of 5 % DMSO.

. After a 5 min settling time in an ice bath, remove 4 ml of the

supernatant: 1 ml for each, aerobic, anaerobic and fungal and
1 ml for endotoxin (se¢ Note 5).

. Replace 4 ml removed in the previous step with 2 ml Freeze

Media 1 and 2 ml of Freeze Media 2.

. Cell suspension in a final volume of 20 ml will be cryopre-

served in 50 ml Cryocyte bag.

. Label the product.

. Cryopreserve the cells with a controlled rate freezer.

. Centrifuge the MSCs obtained before in a 50 ml conical at 500 x g

for 10 min, at room temperature, with break set at “Low.”

2. Remove the supernatant with an aspirating pipette.

. Calculate the total resuspension volume, in order to resuspend

the cells to a final concentration of 15 x 106 cells/ml (stock cell
suspension) (see Note 6).

. Resuspend the cells in up to 50 % of the total resuspension

volume with Freeze Media.

. Add Freeze Media 2 up to the total resuspension volume, for a

final concentration of 15 x 10¢ cells/ml (see Note 7).
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. After a 5 min settling time in an ice bath, remove 1 ml of the

supernatant for each: aerobic, anaerobic and fungal cultures,
and endotoxin (se¢ Note 8).

. Replace the 4 ml that have been removed with 2 ml of Freeze

Media 1 and 2 ml Freeze Media 2.

. The cells will be aliquoted into 50 ml Cryocyte bags, for cryo-

preservation as follows:

(a) For the 20x106 Cells Study Cohort: The first bag to be tro-
zen will contain 30x106 cells in 20 ml of cryopreservation
media (1:1 Freeze Media 1 and Freeze Media 2). The second
bag will be 250 x 106 cells in 20 ml of cryopreservation media
(1:1 Freeze Media 1 and Freeze Media 2), and the remainder
will be frozen in a third bag in 20 ml of cryopreservation
media (1:1 Freeze Media 1 and Freeze Media 2).

(b) For the 200 x 106 Cells Study Cohort: Freeze one bag with
300% 106 in 20 ml of cryopreservation media (1:1 Freeze
Media 1 and Freeze Media 2), and the remainder in a sec-
ond bag in 20 ml of cryopreservation media (1:1 Freeze
Media 1 and Freeze Media 2).

. Label each bag.
10.
11.

Cryopreserve the cells using a controlled rate freezer.

Following cryopreservation, transfer the metal cassettes hold-
ing the product bags to liquid nitrogen storage. Document the
location of the product in the liquid nitrogen storage tank.

. The label must be attached to the container either prior to cryo-

preservation or before delivery for transplant, if the final product
is designated for transplant immediately following processing.

. After the product is labeled, a second individual must verify the

information reflected on the product label.

. Make a copy of the final product label and place it in the appro-

priate batch record.

. After labeling and cryopreservation of the product, product

bags are maintained in a designated liquid nitrogen storage
tank (vapor phase) until such time when the product is
requested and issued for transplant.

Thawing Media

. Plasma-Lyte A
. 25 % HSA, 1 % final concentration

. Label the media with name of the media, storage temperature

date of preparation date of expiration (48 h following prepara-
tion), and initials of the personnel preparing the media.
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3.8 Washing the
Product in a 50 ml
Cryocyte Bag
(See Note 11)

Product Thawing

1.

Identify the product number and name to be thawed, and
locate it in the liquid nitrogen (LLN2) storage tank. Remove
the metal cassette(s) with the product bag(s) from the LN2
storage tank (see Note 9).

. Place a metal cassette with product in a steri-drape isolation

bag, and place in the water bath for a few seconds.

. Gently but quickly, remove the Cryocyte bag with the product

from the metal cassette.

4. Verify the product label attached to the product bag.

. Place the product bag in the steri-drape isolation bag (use

two bags).

. Place the Cryocyte bag with the product (now encased in two

isolation bags) in the water bath.

. Thaw the product, gently massaging the bag in the water bath

(see Note 10). After the product is completely thawed, transfer
the product bag to the BSC, take it out of the steri-drape isola-
tion bag, and wipe it using an alcohol wipe.

. Using the product label, confirm the total product volume in

the bag. This step is necessary to determine the volume of
thawing media (must equal to product volume) required for
washing (e.g., when the final product volume is 20 ml, 20 ml
of the thawing media is required).

. Using sterile alcohol wipe, clean the injection port of the

Cryocyte bag holding the product. Aseptically, insert a COBE
coupler into an already clean port.

. Aseptically, connect the other side of the COBE coupler to a

sterile 60 cc syringe containing 20 ml of Thawing Media.

. Slowly introduce the Thawing media into the product bag, via

the 60 cc syringe (see Note 12).

. After all the Thawing media is added to the bag, remove the

contents of the bag using the syringe and transfer to a 50 ml
conical tube.

. Rinse the Cryocyte bag using an additional 10 ml of thawing

media. Add the rinse to the same 50 ml conical. At the point,
the total volume in a 50 ml conical tube will be 50 ml.

. At this time remove 100 pl of the cell suspension to perform a

cell count and test for viability.

7. Centrifuge the conical at 500 x g for 10 min, at 22 °C.

. Remove 5 ml of the supernatant for sterility (1 ml each for aero-

bic, anaerobic and fungal cultures, 1 ml for endotoxin, and 2
drops for gram stain). Discard the remaining supernatant.

. For a 20x10° cell /dose cohort, adjust the cell concentration

to 4 x 10%cells/ml so as to deliver 20 x 10° cells in a total volume
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of' 5.5 ml and slowly, resuspend the pellet using a sterile 10 ml
regular tip pipette (se¢ Note 13).

10. For a 200 x 10° cell /dose cohort, adjust the cell concentration
to 4x 107 cells/ml so as to deliver 200 x 106 cells in a total vol-
ume of 5.5 ml and slowly, resuspend the pellet using a sterile
10 ml regular tip pipette (see Note 14).

11. Continue to disperse the pellet until it is completely resus-
pended, and there are no clumps. Avoid formation and/or
introduction of air bubbles.

1. In accordance with established regulatory requirements, any
given product designated for transplant, must meet predeter-
mined lot release criteria.

2. The following lot release testing must be performed, unless
specified otherwise:

(a) Sterility testing, preliminary result: Anaerobic culture, 1 ml
aerobic culture, 1 ml fungal culture, 1 ml, gram stain, 2 drops
for 2 slides (1 drop/slide).

(b) Endotoxin (LAL) content, 1.0 ml.
(c) Mycoplasma, by PCR (see Note 15).
The list below contains the list of tests performed “for infor-

mation only” and those in which the final results will not be avail-
able at the time of product release:

(a) MSC dose (thawed and washed product).

(b) Sterility (thawed and washed product), final result: Aerobic,
Anaerobic, Fungal.

(c) CD 105,/CD45 cell quantification (MSCs before the addition of
Cryoprotectant).

(d) CFU-F quantification (MSCs before the addition of
Cryoprotectant).

1. After the product is labeled, a second individual must verify the

Final Product information reflected on the product label.
Designated for 2. A copy of the final product label must be made and saved in
Transplant the appropriate batch record.
3. The label must be affixed to the product container (50 ml con-
ical) before the product leaves the cGMP facility.
4 Notes

1. Cells harvested from each of the ten tissue culture flasks must
be (a) kept in separate 50 ml conical tubes and (b) counted
separately.

2. 40 Tissue culture flasks must be prepared.
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10.

11.

12.

13.

14.

15.

. During P1, complete culture media without antibiotics must

be used to culture the cells.

. Once prepared, cryopreservation media must be maintained at

4-8 °C until and while being used.

. Endotoxin samples will be analyzed in house using the FDA-

approved PTS system.

. The final resuspension volume is made up of equal volumes of

Freeze Media 1 and Freeze Media 2 (1:1).

. The final volume in the Cryocyte bag must not exceed 20 ml.

. Endotoxin samples will be analyzed using the FDA-approved

PTS system.

. A single product (single lot) may be cryopreserved in several

bags (sub-lots), and, consequently, stored in several metal
cassettes.

The product is considered thawed when crystals can no longer
be observed in a Cryocyte bag. This process should not take
longer than 5 min.

Thawing media must be added slowly, while continuously mix-
ing the product bag. Continuous mixing increases cell
viability.

While introducing the Thawing media, gently mix the con-
tents of the bag.

The cells must be resuspended in at least 5.5 ml of Thawing
media. If there are more than 20 x 10° total cells, resuspend in
the final volume to the final concentration of 4 x 106 cells/ml.
If the target cell number is not available, the cells must be
resuspended in 5.5 of Thawing Media.

The cells must be resuspended in at least 5.5 ml of Thawing
media. If there are more than 200 x 10° total cells, resuspend in
the final volume to the final concentration of 4 x 107 cells/ml.
If the target cell number is not available, the cells must be
resuspended in 5.5 of Thawing Media.

If the test result is positive, testing will be repeated with a stan-
dard 28 day culture.
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Chapter 9

A Model System for Primary Abhdominal Closures

Michael J. Yost, Mary 0. Morales, Veronica Rodriguez-Rivera,
Eric M. Yost, Louis Terracio, and Stephen A. Fann

Abstract

The foreign body response to medical devices and materials implanted in the human body, including
scarring, fibrous encapsulation, and potential rejection, is a longstanding and serious clinical issue. There
are no widely acceptable or safe therapies for ameliorating the foreign body response. Clinical complica-
tions resulting from the response include disfigurement of silicone prostheses and loss of function of
devices such as implanted pacemakers, stents, and shunts. Cellularized implants and stem cells placed in the
body are also subject to the foreign body response with the added issue that the regenerative repair
intended to be prompted by the graft may be inhibited. Beneficial modification of the body’s reaction to
implanted materials, medical devices, engineered constructs, or stem cells would be a fundamentally
important therapeutic advance.

As part of investigating the cellular response, we have developed a model which uses cells isolated
from skeletal muscle biopsy, cultured, and proliferated in vitro. These satellite cells, which are mononucle-
ated progenitor cells, reside between the plasma membrane of the muscle fiber and the basal membrane
that encompasses the fiber. While usually quiescent, these cells become activated following muscle damage.
Once activated, the satellite cells proliferate, migrate to injured muscle, and participate in repair by fusing
with existing muscle fibers or by differentiating into new skeletal muscle fibers. Satellite cells have been
shown to be heterogeneous populations of stem cells and progenitor cells. We have developed an explant
method for isolating, sorting, enriching, and culturing these cells for use in skeletal muscle regenerative
medicine to determine if the foreign body response can be inhibited by manipulating the cell—cell
communication.

Key words Satellite cells, Muscle precursor cells, Skeletal muscle repair

1 Introduction

An enabling technology of fundamental significance to surgery
would be one that improved the integration and tolerance of
implanted materials, cells, and engineered devices in the human
body. The long-term goal here is to prevent the “scarring-up” of
implants and cellularized devices. When a foreign substance is
inserted into soft tissues, the body reacts by up-regulating the
acute inflammatory cascade. The end result is that a fibrous capsule

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
Methods in Molecular Biology, vol. 1037, DOI 10.1007/978-1-62703-505-7_9, © Springer Science+Business Media New York 2013
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of scar tissue is formed around this material and contracts. As this
process negatively affects implants, it has been the subject of
numerous investigations [1-11]. Histological evaluation of cap-
sules in different settings has demonstrated the universality of the
foreign body reaction, with its associated deposition of contractile
and fibrotic tissue and in extreme cases, mineralization of the scar-
like deposit [12]. Surgical removal of the fibrous capsule is often
required to correct this problem. However, this repeat procedure
has potential complications, including postoperative hemorrhage,
skin damage, and scar contracture.

In this chapter we discuss primary abdominal closures using
the rat model system. Rats are an excellent species to study muscle
development and wound healing since their structure and pro-
cesses are similar to humans. Muscle growth and wound repair
consist of a complex biological process in which satellite muscle
cells play an important role. There are many different skeletal mus-
cle abnormalities that can occur due to either from genetic defects
or traumatic injury of some kind. Repair of muscle damage is cen-
tered on satellite muscle cells [13-16]. Satellite muscle cells are
usually quiescent in adult muscle and become activated following
trauma to the muscle or surrounding area to help in wound repair
[13-16]. The isolation of satellite cells and their expansion in cul-
ture will help in the discovery of a novel tissue engineering repair
system that utilizes biological substitutes.

In our model, satellite muscle cells are isolated from adult rat
muscle biopsy taken from the animals’ hind limb. The cells are
explanted onto tissue culture dishes and allowed to proliferate until
they can be stained and sorted for cells that are positive for integrin
alpha 7. Integrin alpha 7 subunit is a protein that is expressed in
muscle cells that are involved in myogenic differentiation, there-
fore, when there is an increase in integrin alpha 7 there is also an
increase in muscle cell proliferation and adhesion. Once satellite
cells are activated, they migrate into the damaged area and form
myofibers to help promote repair of the injured site.

2 Materials

2.1 Preparation
Equipment for Surgery

. Isoflurane.

. Isoflurane vaporizer.

. Supply gas (oxygen).

. Supply gas regulator.

. Flowmeter (0-1,000 ml/min).
. Induction chamber.

. Connection tubing and valves.

0 NN N Uk W

. Facemask or nosecone.



2.2 Explant
of Muscle Biopsy
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. Scavenging method.
10.
11.
12.
13.
14.
15.
16.
17.

Disposable surgical drape.

Sterile towels.

Sterile drape with 3” fenestration.
Sterile 4 x4 gauze sponges.
Betadine swabs.

Electric razor.

Sterile surgical gloves.

Sterile surgical instrument packet containing: scalpel handle,
tissue forceps, needle holder, two hemostatic forceps, surgical
SCISsOrs.

Surgical blade #15.
4-0 Prolene suture and 4-0 vicryl suture.

Sterile Autoclip wound closing system with 9 mm stainless
steel wound clips.

8-Week-old Sprague Dawley rats.
Topical first aid antibiotic ointment.
T/pump and warming blanket.

Repair material.

. Sterile 50 ml conical tubes.
. Phosphate-buffered saline (PBS) containing 200 U/ml peni-

cillin G and 200 pg/ml streptomycin.

. Phosphate-buffered saline.

. 100 mm tissue culture dishes.

. Sterile glass coverslips.

. Fine sterile forceps.

. Sterile scalpel handle with #15 surgical blade.
. Ice bucket.

. Sterile surgical scissors.
10.

Explant medium: Dulbecco’s modified Eagle’s medium
(DMEM), 25 % fetal bovine serum (FBS), 200 U/ml penicil-
lin G and 200 pg/ml streptomycin, 0.1 % gentamycin, and
5pg,/ml amphotericin B.

SAT medium (muscle culture selective medium): Ham’s F10,
20 % EBS, 2.5 ng/ml bFGF human recombinant, 100 U/ml
penicillin G, 100 pg/ml, streptomycin, 0.1 % gentamycin, and
2.5 pg/ml amphotericin B.

0.25 % Trypsin/EDTA.
37 °C incubator with 5 % CO,.



168 Michael J. Yost et al.

2.3 Cell Sorting
and FACS Analysis

[\

O NN O Ul B W

. Accutase.

. Flow Buffer: PBS without Ca?* and Mg plus 1 % Bovine Serum

Albumin.

. Blocking solution (flow buffer+ 10 % normal goat serum).
. Alpha 7-PE antibody (MBL, Clone 3C12).

. Mouse IgG1-PE antibody.

. Ice bucket.

. Aluminum foil.

. Flow tubes.

3 Methods

3.1 Surgical
Isolation of Muscle
Biopsy

. General anesthesia is achieved on 8-week-old Sprague Dawley

Rats using the isoflurane inhalation method.

. After general anesthesia is obtained, the hind limb of the rat is

prepped by clipping fur down to the skin (se¢ Note 1).

. The skin is then prepped in standard surgical manner with

betadine scrub solution in triplicate.

. The animal is then placed on the surgical table on top of a

warming blanket that is covered with a sterile drape.

. Sterile towels are draped over the site of incision to define the

surgical field consisting of the hind limb.

. A small incision is created using a sterile scalpel with a no. 15

blade (see Note 2).

. Using sterile surgical scissors, dissect away the skin layer from

the muscle so you have a clear view of the muscle (Fig. la).

Fig. 1 Isolation of muscle biopsy procedure. (@) An incision is made in the left hind limb of the rat.
(b) A5 mmx5 mmx4 mm=0.1 cm? section of the muscle and invested fascia lata is removed



3.2 Isolation of
Satellite Muscle Cells

3.3 Flow Cytometry
and Gell Sorting

10.

11.
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. Using sterile scissors, cut a 5 mmx5 mmx4 mm=0.1 cm?

section of the muscle and invested fascia lata and put directly
into a 50 ml conical tube containing sterile PBS/antibiotic
solution (Fig. 1b).

. The muscle biopsy is immediately placed in a sterile 50 ml con-

ical tube containing PBS with appropriate antibiotics and kept
on ice until all samples are collected and tissue is explanted.

The skin is closed using 4-0 prolene interrupted stitch and
then further secured with wound clips.

A topical antibiotic ointment is then applied to the wound and
the animal is returned to a clean cage.

. Wash the muscle tissue that was obtained from the surgery two

times in cold PBS containing antibiotics to remove any blood
and debris from the sample (se¢ Note 3).

. The tissue is then transferred to a culture dish that has a small

amount of media to prevent the tissue from drying out (see
Note 4).

. Cut the tissue into 1-2 mm pieces using a sterile sharp scalpel

blade.

. Once the tissue is cut, using sterile fine forceps, arrange the

tissue on 100 mm tissue culture dish creating 5-6 clusters that
contain 5-6 pieces of tissue.

. To prevent tissue from drying out, place a small drop of media

on each cluster and then using sterile fine forceps, cover the
tissue clusters with sterile glass coverslip.

. Carefully, add 8-10 ml of Explant media to the tissue culture

dish making sure that the coverslips do not float.

. Incubate dishes in 37 °C incubator with 5 % CO, for 1-2 days

without disturbing them (see Note 5).

. After 3 days refeed the dishes with Explant media. You should

start to see cells crawling out of the tissue (se¢ Note 6).

. In about 7 days, remove coverslips and tissue pieces with sterile

fine forceps and rinse the tissue culture plates in PBS contain-
ing 2x antibiotic/antimycotics and passage cells with trypsin
into 150 mm tissue culture dishes in SAT media and allow
them to grow to about 50 % confluence.

. Collect the satellite cells using Accutase (see Notes 7, 8).
. Centrifuge cells at 800 x g for 5 min.
. The supernatant is aspirated off the cell pellet and the cell

pellet is resuspended in 3-5 ml flow buffer.

. The cells are then counted and centrifuged at 800xyg for

5 min.
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Fig. 2 Confocal Microscopy images using a 10x objective shows the sorted satellite cells after further
expansion cultured for 3 days on collagen hydrogels at a concentration of 14 mg/ml. The blue corresponds to
DAPI stain which indicates the cell’s nucleus. The green color corresponds to phalloidin that binds to the f actin
composing the cytoskeleton of the cells. The red color is immunohistochemical labeling of integrin alpha7

5.

6.

11.

Discard the supernatant and resuspend the cell pellet in flow
buffer at a concentration of 5x 10 cells/ml.

The cell suspension is then split into flow tubes at a concentra-
tion of 2.5-5 x 10° cells/tube and 10 pl of blocking solution is
added.

. The tubes are mixed well and incubated for 10 min on ice. For

staining rat cells, 20 pl of integrin alpha 7-PE (MBL, Clone
3C12) or 20 pl of a 1:10 dilution of Mouse IgG1-PE as a con-
trol are added to the respective tubes.

. The tubes are then incubated for 30 min on ice mixing every

10-15 min.

. After 30 min, add 1 ml of flow buffer and centrifuge as before.
. The cells that are stained with integrin alpha 7-PE are resus-

pended at 10-12 x 10° cells/ml [11]. The control cells that are
stained with mouse IgGl-PE are resuspended at 1x10°
cells /0.5 ml to use as an isotype control to help set gates for
sorting (see Note 9).

Collect both the positive and negative fractions into media
containing serum to plate for expansion and further analysis
(Fig. 2) (see Note 10).
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o

Fig. 3 Creation and repair of abdominal closure (a) The 3 cm midline abdominal wall detect. (b) Repair material
has been placed in the detect. (c) The detect is closed with repair material in place using 4.0 prolene suture

3.4 Creation and 1.

Repair of Abdominal
Closure 2

10.

11.

12.

13.

14.

General anesthesia is achieved on 8-week-old Sprague Dawley
Rats using the isoflurane inhalation method.

. After general anesthesia is achieved, the abdomen is prepped

by clipping abdominal fur down to the skin.

. The skin is then prepped in standard surgical manner with

betadine scrub solution in triplicate.

. The animal is then placed on the surgical table on top of a

warming blanket that is covered with a sterile drape.

. Sterile towels are draped over the site of incision to define the

surgical field consisting of the anterior abdominal wall from
xiphoid to pubis longitudinally and laterally to table margins.

. A midline incision is made through the skin and subcutaneous

tissue.

. Using sterile surgical scissors, the subcutaneous tissue is dis-

sected free from the abdominal wall giving wide access to the
anterior surface of the musculature.

. A midline incision is the made through the linea alba and the

peritoneal cavity is entered.

. An omental flap is created by dissecting the greater omentum

oft the greater curve of the stomach based on the right gastro-
epiploic artery.

With the omentum adequately mobilized, a 3 c¢cm midline
abdominal wall defect is created (Fig. 3a).

The repair material is then placed in the wound and sewn into
the defect using an interrupted suture of 4.0 prolene with suture
bites taken 4 mm from the edge of the defect (Fig. 3b, ¢).

The mobilized skin flaps are returned to the midline and closed
with 4-0 Vicryl subcuticular stitch to minimize dead space.

To insure wound remains closed, stainless steel wound clips are
placed over the suture area if needed.

Topical first aid antibiotic ointment is placed on the incision
and the animal is allowed to ascend from anesthesia and placed
in a clean cage.
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4 Notes

10.

. First make sure to check the animal is fully sedated before

beginning the procedure. We generally check toe and tail
reflex.

. If there is any bleeding during the surgical procedure, make

sure to use sterile gauze and firmly put pressure on the site.
Bleeding should stop fairly quickly.

. Make sure to keep everything as sterile as possible by doing

everything in the tissue culture hood.

. Itis very important that the tissue does not dry while process-

ing it.

. Be patient. It may be several days before you see anything, but

once they start growing, they grow pretty rapidly.

. Make sure to change the media every 2—-3 days and make sure

they do not get 100 % confluent.

. Make sure to work as quickly as possible. Have all the buffers

made up prior to collecting cells.

. Make sure to use Accutase to lift the cells off the tissue culture

dishes. Accutase will not destroy cell surface receptors which
are critical for the staining and cell sorting process. EDTA
makes the cells too sticky and they tend to clump together
making both counting and sorting difficult.

. Make sure to keep the tubes covered with foil after adding the

labeled antibody.

Count the cells after they come off the cell sorter so that you
can plate accordingly.
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Chapter 10

Alternatives for Animal Wound Model Systems

Phil Stephens, Matthew Caley, and Matthew Peake

Abstract

In this chapter a review of animal model systems already being utilized to study normal and pathologic
wound healing is provided. We also go into details on alternatives for animal wound model systems. The
case is made for limitations in the various approaches. We also discuss the benefits /limitations of in vitro/
ex vivo systems bringing everything up to date with our current work on developing a cell-based reporter
system for diabetic wound healing.

Key words Animal models, Wound healing, Diabetic wound healing, In vitro models, Limitations,
Benefits

1 Introduction

Wound healing is a complex process involving interactions between
multiple cell types from the skin and infiltrating inflammatory cells.
The sequence of events that take place during wound healing is
reasonably well understood, as macroscopic changes in cell num-
bers and tissue structure are easily observed. However, on a
molecular level the wound healing process is still being delineated.
Further complications come with chronic, dysfunctional wounds
associated with the aged, where dysregulation of the normal tissue
repair processes is even less well understood. In order to better
understand the intricacies of these processes models of part, or all,
of the wound healing process have been developed over many
decades. Such models of wound healing are generally split into two
groups, namely in vivo and in vitro model systems each offering

their specific advantages and also shortcomings (for an overview
see Table 1).

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
Methods in Molecular Biology, vol. 1037, DOI 10.1007/978-1-62703-505-7_10, © Springer Science+Business Media New York 2013
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2 In Vivo Models of Wound Healing

2.1 Full Thickness
Excision Wounds

2.2 Punch Wounds

Many animal models for wound healing exist. At their most simple
they involve wounding a laboratory animal and observing wound
closure over time; however, they can be made more complicated
through the manipulation (physical /chemical /biological) of the
wound tissue environment. Various different species are used regu-
larly for skin wounding experiments including rats, mice, rabbits,
and pigs. As well as these “normal” laboratory animals, genetically
modified animals are also used to model human diseases such as
diabetes and the effect this would have on wound healing. Using
these animal models different types of wound systems can be
established.

These wounds are generated by the surgical removal of all the layers
of the skin (epidermis, dermis, subcutaneous fat and in the case of
the mouse the subcutaneous smooth muscle layer) from the animal
[1] (for a recent review see ref. 2). Such models allow the investiga-
tion of hemorrhage, inflammation, granulation tissue formation,
re-epithelialization, the formation of new blood vessels, and wound
tissue remodeling. Multiple wounds may be generated on each ani-
mal allowing direct comparison between treatments. When mice
are used with this wound healing model, wounds of up to 6 mm are
typically generated with up to six wounds per mouse. Wounds are
generated under anesthetic, hair is removed from the back of the
mouse, and the loose skin on the mouse back is lifted and cut gen-
erating a wound. Wound area may be recorded over time giving a
wound healing rate. For histological analysis animals are sacrificed
at desired time points after wounding and the wounded skin is
removed for analysis. The ability to generate multiple wounds on
each animal increases the statistical value of this model and the abil-
ity to easily access the wound bed to apply topical agents is of real
benefit. However, the wounds generated in this model of wound
healing are often not uniform as they are generated by hand. The
depth and size of wounds, though similar, are not identical intro-
ducing an additional variable into this model system. Also the com-
plex nature of this type of model system is sometimes its downfall
in that the investigation of distinct elements of the tissue repair
process cannot be undertaken in isolation.

Punch wounds generated in the ears of rabbits have been used as a
model for full thickness wound healing for many years. Wounds are
generated using biopsy punches cutting through the full thickness
of the ear. The wound includes damage to the epidermis, dermis,
and cartilage that make up the ear. Rabbits have the ability to
regenerate the tissue of the ear from the margin of the punch
wound inwards [ 3—-6]. The wounds heal over a period of weeks and
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Thickness Wounds

2.4 Suction Blisters
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can be taken at different time points for histological analysis. As the
wounds are straight through the ear the variation in depth possible
in excision wounds on the back of animals is not observed in this
model, and as the wounds are generated using a biopsy punch, the
size of the wounds is reproducible. Multiple punch wounds can be
generated in each ear allowing for experimental controls. As well as
its use in rabbits this model of wound healing has also been used in
mice [7-9]. Modifications to this model of wound healing have
been proposed as a chronic wound model (see Subheading 3).

Unlike the full thickness and ear punch wounds described above,
this model of wound healing aims to look primarily at epidermal
wound healing [10-12]. Wounds are generated using a derma-
tome, using the same technique as is used to harvest skin for split
thickness skin grafts. The dermatome is used to remove a set
thickness of skin generating a partial thickness wound with the
epidermis and some of the dermis removed. The depth of wound
is somewhat reproducible if the dermatome is used correctly;
however, it is possible to generate an uneven wound with the der-
matome leaving patches of epidermis within the wound. Removal
of this tissue causes initial bleeding as the blood supply to the
epidermis is disrupted. This model of wound healing generates a
larger wound by area and is ideal for use on larger experimental
animals, such as pigs. Multiple wounds may be generated on each
animal allowing for experimental treatments and controls on the
same animal. Partial thickness wounds can also be created as part
of a burn model [13-15]. As with the full thickness model, differ-
ences in wound size and depth are problematic with these models
as the application of a burn or use of a dermatome is not a precise
instrument and different users may generate different wound
depths. Any variation in wound depth and size would alter wound
healing rates.

This model of wound healing uses dry suction to separate the
dermis and epidermis at the level of the basement membrane.
Vacuum suction is applied to the skin. The suction slowly sepa-
rates the epidermis from the dermis, with fluid filling the gener-
ated inter-dermal space. The wounds generated by this technique
are of a uniform size (the size of the suction device) and of a uni-
form depth (down to the basement membrane). This method of
wound generation has been used on experimental animal species
[16, 17] and also on human volunteers [18, 19]. The blister
formed can be de-roofed leaving an exposed wound. As the der-
mis is not damaged this is a good model of re-epithelialization,
with reproducible wounds and the potential to generate multiple
wounds per animal.
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2.5 Water
Scald Burns

2.6 Thermal Burns

Wounds generated by scalding the skin of animals to generate
blisters have been utilized in different species as a model of wound
healing [20, 21]. Blisters are generated by exposing a fixed area of
skin to hot water. The burning process is halted by the application
of ice-cold water to the site of injury. A blister forms at the site of
injury and, as in the suction blister model, the blister may be de-
roofed to expose the wound. By keeping the temperature of the
water and exposure time constant, repeatable wounds can be
formed using this technique. With this model it is possible to
control the depth of the partial thickness wound by altering
exposure time. This model requires a water-tight seal to be
generated around the desired wound area. In smaller animals it is
harder to generate multiple wounds on a single animal with this
technique. To determine the required exposure time to generate
the desired depth of wound, multiple trials must be undertaken for
each new species or strain of experimental animal.

Another method of generating wounds with thermal damage is
through the direct application of heat to the skin [21-23]. Partial
thickness wounds can be reproducibly generated by applying heat
to the skin for timed periods using a metal template. As with the
suction blister and scald wound models, a blister is formed and can
be de-roofed to expose the dermis and leave an open wound. The
depth of wound can be controlled by increase or decrease in either
the time the heated template is applied to the skin or in the heat of
the template. As in the water scald model, a series of trial experi-
ments is required to determine the optimum conditions for gener-
ating a wound of a specified depth. Multiple wounds may be
generated in each animal and the size and shape of the wounds can
be ecasily altered and is reproducible. This model of wound healing
has been utilized in multiple ditferent species of laboratory animal
and is often used in the porcine model [21, 24-26]. The two ther-
mally generated wound models both lead to denatured proteins in
the wound environment due to the applied heat, these denatured
proteins are not found in wounds generated by physical trauma
and their influence on wound healing should be considered.

3 Chronic Wound Animal Model Systems

The percentage of people classed as aged is increasing annually,
such that by 2050 it is estimated that between 40 and 50 % of the
population of the western world and the Pacific Rim will be over
the age of 60 and on a world basis the percentage of the population
above the age 60 is likely to increase to 20 % in 2050 and to 27 %
by 2100 [27]. Chronic degenerative disorders are a common,
costly problem associated with age-related decline in repair and
regeneration processes [28]. Indeed, impaired wound healing,
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Fig. 1 A typical chronic, non-healing wound (venous leg ulcer). Image courtesy
of Professor Keith Harding, School of Medicine, Cardiff University

which currently affects 3 % of the population over 60, is conse-
quently a significant quality of life issue. These chronic wounds
encompass a spectrum of diseases and exist in three principal forms
(pressure sores, venous ulcers, and diabetic ulcers) (Fig. 1). They
represent a significant cause of distress and disability among the
aged and currently cost the National Health Service in the UK an
estimated £2-3 billion annually and healthcare providers in the
USA in excess of $25 billion annually (with them affecting in 6.5
million patients in the USA [29]). These wounds are characterized
by impaired re-epithelialization, defective extracellular matrix
(ECM) remodeling and critically, chronic inflammation within the
dermis. In order to study these chronic wounds and in turn develop
potential treatments for them, there is a desperate need to develop
model systems that can reproducibly replicate the chronicity asso-
ciated with this non-healing situation.

Itis possible to artificially generate diabetes in animal models either
through the use of chemical treatments to kill the p-cells of the
islets of Langerhans [30, 31] or exposing the mice to a high-fat
diet [152]. It has been reported that these models of induced dia-
betes demonstrate impaired wound healing compared to control
animals [30, 32—-36]. Furthermore, induced diabetic animals have
been used to study different wound treatments that may be useful
in treating diabetic wounds [ 32, 33]. However, there are disadvan-
tages to the use of such model systems. The use of agents such as
alloxan and streptozotocin to chemically induce diabetes may also
have other side effects associated with the use of chemotherapy
agents potentially limiting the value of this model. Hence, recent
attention has turned to the use of genetically engineered murine
model systems.

Genetically diabetic animals are available for use in wounding
studies, with one of the most widely used diabetic models being the
db/db diabetic mouse [37]. This mouse lacks the receptor for leptin
normally present within the hypothalamus. Although recent work
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3.2 Ischemic
Wound Models

would suggest that there are limitations to using this particular
murine model system [38]. Genetically diabetic mice have impaired
wound healing [39—41] and have been suggested to be a useful
model for the study of diabetic wounds. Indeed a number of inves-
tigations have demonstrated that this impaired healing can be
reversed by the addition of growth factors [42—45], vitamins [46],
erythropoietin [47 |, by blocking processes such as lipid peroxidation
[48] and blocking the action of advanced glycation end products
[49]. However, what is typical of all these wounds is that they only
demonstrate a short-term impairment in the wound repair process
and fail to replicate a true chronic wound which can persist for tens
of years in human subjects. Hence these diabetic wound models are
really models of impaired acute wound healing rather than true
chronic wounds. Furthermore, the mouse (like many of the species
used such as rat, rabbit, and hamster) has a subcutaneous panniculus
carnosus muscle (not found in humans) which contributes to the
repair process via contraction and collagen formation. Attempts to
limit the involvement of the contractile component of murine
wound healing have involved the use of wound splinting to mini-
mize wound contraction in this murine wound healing model
(in order to make it more similar to wound healing in humans [1]).

Both venous leg and pressure ulcers have an underlying tissue isch-
emia linked with their formation. Chronic wound models that can
generate an ischemic environment have therefore been developed
to model the human disease state. Two methods for generating
ischemic wounds are widely used: a back and an ear model. The
ischemic back wound [50] is based on a skin flap generated by an
H-shaped incision wound in the back ofa rat. The generated wound
shows reduced blood perfusion along the horizontal wound creat-
ing an ischemic environment. The vertical wounds do not have a
reduced blood flow so can act as controls for wounding experi-
ments. This is a relatively short-term wound model as the skin
returns to normal levels of blood perfusion within 16 days. The
model can be used to study the effect of potential treatments on
chronic wound healing [51]. A similar model in pigs has also been
reported [52]. A second model of ischemic wounds involves the
generation of an ischemic environment in a mouse, rat, or rabbit ear
and the subsequent wounding of the ear [53-58]. The surgical divi-
sion of the rostral and central arteries of the ear generates an isch-
emic environment in one ear of the animal. This has been shown to
generate an ischemic environment in the ear for up to 28 days. In
this model one ear is ischemic and the other acts as a control and
when performed in the rabbit multiple punch wounds may be gen-
erated in each ear. Whilst these models do generate impaired heal-
ing they do not create wounds that fail to heal. They provide useful
tools for studying impaired wound healing but more accurately
model delayed acute wound healing than true chronic wounds.
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Unlike chronic wounds in human subjects, a number of current
animal “chronic wound” model systems rely on either crushing or
inducing burns/chemical insults in the skin of the animal [59-62].
Importantly, the severity of the induction of such ulcers in the
subjects would likely cause substantial pain and suftfering for the
animal. Some attempts have been made to induce impaired healing
through deliberate infection by the addition of bacterial species or
the creation of bacterial biofilms to these wounds but invariably
they rarely show a delay in healing and are therefore more suited to
test the anti-bacterial properties of reagents rather than their pro-
healing properties [63-65]. The animal with the skin structure
closest to humans is the pig. However, the pig has the disadvantage
of very rapid healing and contraction formation that varies
depending where on the body the wound is placed [66].
Furthermore, the pig model demonstrates the limitations of trying
to establish chronic wound animal models in that infection with
bacteria often at concentrations rarely, if ever, demonstrated in
chronic wound patients are required to cause a significant effect on
the healing process [67, 68]. Other pig models require the animal
to be irradiated thereby creating major logistical problems in the
utilization of this type of model [69]. Finally, a number of
genetically altered mice animals have also been reported to have
dysfunctional wound healing (e.g., Slug - /- [70], integrin beta 6
-/~ [71], estrogen receptor —/- [72], telomerase - /- [73]) but
again these are models of delayed healing rather than a good
representation of a true chronic wound.

4 The Need for Alternatives to Animal Model Systems

Over the past decade of so it has become increasing obvious that
there is an immediate need for research into alternative model sys-
tems as it is clear that no suitable chronic wound animal model
currently exists. Whilst current animal models reproduce some of
the characteristics of chronic wounds none truly reproduce the
dysfunctional wound healing responses that occur in aged human
subjects. Indeed as the aged population increases there is a drive to
develop and test more and more products to keep up with health
care and patient demands. The increasing size of this market ($bil-
lions worldwide and growing [29]) means that more and more
animal testing will have to be undertaken. However, as a result of
the limitations of the animal models testing is also undertaken on
human subjects. Whilst this is undoubtedly the best possible model
system ethical issues and cost must be taken into consideration.
Therefore, there is clearly a need to develop simple, reproducible
in vitro model systems to permit rapid, low cost testing of materials,
reagents, and drugs in order to reduce unnecessary animal
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experimentation. It is now readily appreciated that there are
concerns over using both animal and human experimental models
and that alternative models are a necessity.

5 In Vitro Models of Wound Healing

5.1 The Monolayer
Scratch Wound

5.2 The Fibroblast
Populated Collagen
Lattice Model

Animal models of wound healing generate complex wounds involv-
ing multiple cell types. In some circumstances the complexity of
the wounding response can make it impossible to accurately mea-
sure the effect of a treatment or environmental change and difficult
to determine which cells are specifically affected. Simpler models of
wound healing are therefore useful for looking at specific parts of
the wound healing response. Cells cultured either alone or in mul-
ticellular complex cultures have been used to study wound healing.
As it is possible to use human cells in these models possible differ-
ences between wound responses in different species can be reduced.
It is also possible to use cells from different human disease states or
to genetically modify the cells to study the effect these changes
may have on the wounding response.

One of the simplest in vitro wound models is the monolayer scratch
assay, allowing the quantification of cellular migration/wound
repopulation. When a confluent monolayer of cells is wounded the
cells at the edge of the wound reorientate, proliferate, and migrate
into the space closing the generated wound. By imaging the wound
at the beginning of cell migration, and at regular intervals during
cell migration, it is possible to determine the rate of wound clo-
sure. Differences in cellular migration can be observed using this
method; for example keratinocytes migrate as a contiguous sheet
[74], whereas fibroblasts migrate individually [75]. Scratch wound
models can be used by themselves to study specific responses to
wounding, or in conjunction with animal models, with the scratch
wounds allowing greater control of the wound environment [76-80].
By altering the environment, the cells or the media used to gener-
ate the scratch wound model it is possible to study the effect that
different stimuli or disease states have on wound healing [79, 81].
Scratch wounds have been used to study chronic wounds either by
the addition of deleterious compounds known to be found in
chronic wounds [82] or by using cells isolated from chronic
wounds in the scratch assay itself [83, 84 ]. Overall, scratch wounds
are a low cost, versatile, albeit simple model of wound healing.

Wound repair within the dermis requires the replacement and
remodeling of ECM by the dermal fibroblasts. This process can be
studied in vitro using a fibroblast-populated collagen lattice (FPCL;
[85-93]). Fibroblasts are introduced into a solution of collagen
(typically type I collected from rat tail tendons). The mixture of
cells, media, and collagen is cast in a petri dish and allowed to
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polymerize to form a cell-encapsulated three-dimensional lattice.
Depending on the geometric constraints applied to the system,
two potential models can be obtained; an astached or a floating
FPCL. Attached FPCLs remain fixed to the base and sides of the
culture well, whereas floating FPCLs become detached from the
culture well and float in the medium. These differences have pro-
found effects on collagen distribution and on fibroblast morphol-
ogy, number and DNA synthesis [94-97] with the two models
thought to represent models for different stages of the wound
healing process.

For the free-floating collagen lattice system, the area of the
FPCL is reduced over time and this can be measured giving a value
for the rate of fibroblast-mediated collagen reorganization of the
surrounding ECM. By altering the cells used to form such FPCLs
different disease states and wound healing situations can be mod-
eled. For example, the rate of lattice reorganization by fetal and
oral fibroblasts is greater than that compared to skin fibroblasts
[98-102] reflecting the distinct differences in wound healing
(scarring) outcome observed between these sites. Furthermore,
the utilization of chronic wound and aged cells within these sys-
tems has demonstrated inherent dysfunctionality with respect to
ECM reorganization in these cells obtained from non-healing
wounds [103, 104]. It is also possible to wound these systems and
manipulate the wound space (i.e., filling it with other ECM mole-
cules, biomaterials, and inductive factors) to directly study wound
repopulation in three dimensions [105]. However, despite the
great advance these systems have brought in terms of wound heal-
ing models, they were still deemed insufficient because of their lack
of true skin architecture and vital cell /cell interactions.

Single cell in vitro models do not allow any of the interactions
between different cell types that are so important within the wound
healing response within tissues. To study the interactions between
dermal and epidermal cells without using animals, cocultures of
keratinocytes and fibroblasts can be utilized. Growing epidermal
keratinocytes on a collagen matrix containing fibroblasts generates
such epidermal equivalents [106]. The keratinocytes are exposed
to the air/liquid interface and form stratified layers as seen in the
epidermis and are supplied with nutrients from the underlying
matrix [107-112]. The use of de-epidermalized dermis (DED) as
an alternative to fibroblast populated collagen gels has been
demonstrated to generate a well-differentiated epidermis [113].
The orgonotypic cultures generated using DEDs are histologically
closer to human epidermis and ideal for studying alterations in
keratinocyte differentiation.

Commercially available epidermal equivalents are also available
(www.skinethic.com, www.mattek.com): modeling full thickness
skin, epidermis, and epithelium from different parts of the body.


http://www.skinethic.com/
http://www.mattek.com/
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5.4 Skin in Culture

5.5 Cell Lines as
Models of Disease

Epidermal equivalents can be modified by using cells from different
sources such as Langerhans cells, endothelial cells, melanocytes, or
adipose cells [114-116] or by the addition of hair follicles [117]
to the culture. Wound healing can be studied in the skin equiva-
lents by wounding the skin model and recording the cellular
responses [105, 118, 119]. Organotypic coculture models add a
level of complexity to in vitro wound modeling, allowing the
investigation of complex cell—cell interactions. Most of the organ-
otypic models described to date do not involve a functional vascu-
lature or immune response although reports of more advanced
skin equivalent systems are emerging [114, 115, 120, 121].
Despite the utilization of the skin equivalent for over 30 years
there is, however, little published work on the development of the
system as a chronic wound healing model (either through the uti-
lization of chronic wound cells or the addition of exogenous
agents); rather most work has focused on the use of such tissue
engineered constructs for clinical benefit. However, organotypic
models do offer a simplified (yet slight more complex) system to
study areas of wound healing such as cell/cell signaling and
differential cellular migration.

In vitro studies of the epidermis began with explant and organ
culture work [122]. In explant culture epithelial cells grow from
the cut edges of the skin segment (epiboly) onto the substrate.
Epithelial growth occurs faster than the outgrowth of fibroblasts,
although ultimately the fibroblasts take over the culture [123].
Organ cultures are usually established to maintain full thickness
skin in vitro. The survival of the original skin sample in explant or
organ culture is characterized by a series of degenerative then
regenerative events. There are normally signs of necrosis before
the end of the first week in culture and the tissue rarely remains
viable for more than 14 days [ 124, 125]. Despite this limited time
over which investigations can be conducted, such model systems
have been used to study wound healing [126-132] and limited
investigations have studied the role of chronic wound cell popula-
tions [133].

Normal human somatic cells have a finite lifespan in culture before
they enter replicative senescence [ 134]. Primary cells taken from a
patient can therefore only be used for a limited period of time
before fresh patient samples are required. To overcome this prob-
lem cell lines have been generated for numerous different cell
types. Initially cell lines were derived from spontaneously immor-
talized cells such as the Hela cell line [135]. An alternative
approach for cell line generation has been the use of oncogenic
viral proteins. The introduction of viral genes such as Simian virus
40 (SV40), T antigen, Epstein Barr virus (EBV), Adenovirus E1A
and E1B, and human Papilomavirus (HPV) E6 and E7 can lead to
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the immortalization of primary cells. The expansion of tumor
biopsies into cell lines or the expression of viral oncogenes can also
generate useful immortalized cell lines; however, the cells are phe-
notypically different from the primary cells they were derived from.
While this may be useful in the study of cancer biology, where the
phenotypic changes in the cancer cell lines may relate to changes
that occur in tumor formation, these cell lines are less useful for the
study of wound healing.

Another method for generating cell lines from somatic cells is
the over-expression of the enzyme telomerase. Telomerase is a
DNA polymerase that specifically restores the ends of telomeres
that are damaged at cell division. Telomerase adds repeats of
TTAGGG onto the existing telomere ends [ 136-138]. Telomerase
is made up of two components: a protein component human
telomerase reverse transcriptase (WTERT) and a RNA component
human telomerase RNA component (HTERC or hTR). Most
somatic cells do not express sufficient h"TERT to maintain their
telomeres at a constant length resulting in the shortening of their
telomeres at each cell division, growth arrest, and eventual senes-
cence [139]. The gene for hTERT was isolated and cloned in late
1990s, allowing for the over-expression of hKTERT in human cells
[140, 141]. The forced over-expression of h"TERT by retroviral
infection of somatic cells has now allowed the generation of many
stable cell lines that maintain their previous phenotype [138, 140-
143]. Importantly hTERT immortalized cells do not have a tumor-
like phenotype: they remain diploid, contact inhibited, anchorage
dependent, and differentiated. Telomerization now allows the pro-
duction of a range of apparently normal cell lines that have, at least
for practical purposes, indefinite growth potential and a phenotype
essentially identical to that observed with normal primary cell
strains.

6 Development of the Cardiff In Vitro Human Chronic Wound Reporter Assay

6.1 The Importance
of Fibroblasts

In order to gain a better understanding of chronic wounds an
immortalized cell line retaining a chronic wound-specific pheno-
type would provide a useful tool reducing the requirement for
fresh patient samples. Such a cell line could be used in the in vitro
models of wound healing described previously allowing for analysis
of chronic wound healing without the need for animal models.

Previous studies into the molecular and cellular responses of fibro-
blasts in human wound healing states have demonstrated that
fibroblasts from tissues that exhibit altered wound healing in vivo
(i.e., oral tissues and chronic, non-healing venous leg ulcers) exhibit
distinct phenotypic responses in vitro [83, 98, 99, 101-103, 144,
145]. In addition to the fibroblasts’ ability to repopulate and
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6.2 Immortalization
of Disease-Specific
Cells

remodel wounds following injury (via matrix metalloproteinase
(MMP) production, and activation), they influence repair via their
ability to control re-epithelialization and angiogenesis [145]. In
support of the importance of fibroblasts influencing wound heal-
ing outcome, alterations in MMP production in diabetic fibro-
blasts and within the diabetic skin have been demonstrated [146].
Furthermore, recent investigations have demonstrated that chronic
wound fibroblasts demonstrate premature, telomere-independent
senescence which impacts on their ability to drive repair of the
wound due to a lack of production of several key chemokines [83].
Thus fibroblasts are considered an important therapeutic target in
wound healing. Indeed, strategies have been developed to both
stimulate healing (e.g., growth factors [147]) and to minimize
scarring following acute injury or trauma (e.g., anti-TGF-f, trans-
forming growth factor beta-3 (TGF-B3), 5-fluorouracil [148-
150]). All this evidence adds further weight to the central role of
fibroblasts during wound healing and the hypothesis that it is the
dysfunctional role of wound fibroblasts that is key to chronic dis-
ease progression and persistence. However, the opportunities to
test any therapies are limited as the disease-specific fibroblast phe-
notypes are evident at low passage /population doubling level but
are eventually lost with serial culture. Therefore, the ability to gen-
erate immortalized human cells in the laboratory from a disease of
interest as a target for therapies would be of considerable advan-
tage in the study of human disease.

From primary, chronic wound cell strains cell lines have now been
generated via immortalization with a retrovirally introduced
hTERT expression cassette. hTERT expression introduced into
the primary cell cultures was sufficient to mediate an dramatic
increase in growth potential (i.e., effectively immortalizing them)
compared to their mock-transfected and non-transfected (primary)
counterparts (Fig. 2). Crucially, immortalized DE-hTERT retained
an impaired wound healing phenotype compared to patient-
matched normal skin fibroblasts (NF-hTERT), a finding initially
demonstrated for the primary cell strains [151]. This suggests
(as has been demonstrated by others in relation to immortalization
of various other, different cell types) that immortalization does not
alter disease-specific responses. Crucially this means that there is
no longer a need to have to seek new patient biopsy material,
instead there is now potentially an inexhaustible supply of disease-
specific cells that are available for the development of a reporter
cell line.

The overall strategy for the development of such a human
chronic wound cell-based reporter assay is set out in Fig. 3. Briefly,
this involved microarray analysis of the patient-matched immortal-
ized disease and normal fibroblasts to identify the expression of
chronic wound-specific genes. Having verified this differential gene
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Fig. 2 Typical population doubling data for chronic wound and patient-matched normal skin fibroblasts
(+ immortalization with hTERT). The growth potential of chronic wound fibroblast cell strains is notably lower
than for the normal fibroblasts, with chronic wound cells senescing (evidenced by the growth curve plateauing
off) much earlier. However, post-immortalization, both the chronic wound and normal fibroblasts escape this
senescence point and continue to proliferate for extended periods of time in culture

6.3 Identification
of Disease-Specific
Marker Genes

expression the promoters of these genes (not the genes themselves)
were cloned and linked to fluorescent reporter molecules (specifically
the destabilized variants of these fluorescent reporters such that
any signal would not remain within the cells for long periods of
time hence permitting real-time expression analysis of these disease
genes). These constructs would then be transfected into chronic
wound cells to assess their suitability as disease-specific reporters.

Affymetrix™ microarray analysis to investigate the stability of gene
expression within the cell lines during extended periods of time in
culture (10, 30, and 50 population doublings following the senes-
cence of the parallel mock-infected cultures) demonstrated that, at
a false discovery rate (FDR) level of 5 %, less than 0.1 % of genes
were found to be significantly differentially regulated. Therefore,
this stability of gene expression within the immortalized cell lines
makes them a potentially, highly valuable resource for the develop-
ment of a reporter cell line for commercial purposes (i.c., they can
be substantially expanded for commercial scale up with little effect
on their gene expression profiles).

Comparison of the array data for immortalized chronic
wound fibroblasts with immortalized normal fibroblasts (5 %
FDR cut oft) demonstrated that of the 22,000 genes examined
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Fig. 3 The overall strategy for the development of a human chronic wound cell-based reporter assay. Chronic
wound and patient-matched fibroblasts were isolated from patients and maintained in culture. These cells were
then immortalized with human telomerase (hTERT; in order to provide a never-ending, consistent supply of
disease cells for the development of the assay), RNA was extracted and Affymetrix microarray analysis under-
taken to identify the expression of chronic wound-specific genes. Having verified this differential gene expres-
sion (qRT-PCR) the promoters of these genes (not the genes themselves) were cloned and linked to fluorescent
reporter molecules (specifically the destabilized variants of these fluorescent reporters such that any signal
would not remain within the cells for long periods of time hence permitting real-time expression/repression
analysis of these disease genes). These constructs were then transfected into the chronic wound cell line to

assess their suitability as disease-specific reporters

1,336 were altered in a disease-specific manner in response to a
wound healing stimulus (Fig. 4). Further data mining and
pathway analysis identified these genes to be involved in the fol-
lowing biological pathways: cell migration and motility, cell adhe-
sion and ECM, inflammatory responses, cell division and cell
cycle, angiogenesis, cytokine activity, growth factor activity, apop-
tosis and its regulation, transcription factors, and transcriptional
regulation. This, together with additional manual data curation
and validation via qRT-PCR, has enabled, for the first time, the
identification of specific chronic wound disease marker genes
which are stable in culture and which can be exploited in the
development a reporter cell line.
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Fig. 4 A typical heat map demonstrating a selection of genes specifically up (green) or down (red) regulated
consistently between the chronic wound and normal immortalized fibroblast cell lines (n=3 patients) at qui-
escence (0 h) or after serum stimulation (6 h)

6.4 Generation
of a Disease-Specific
Reporter Gell Line

As the promoter/enhancer elements of the disease marker genes
(rather than the genes themselves) were required (as these would
drive the fluorescent reporter molecule), then these were
identified (with the assistance of Dr. Llewellyn Rodderick,
Babraham Institute, Cambridge, UK), genomic DNA was
isolated from the bank of chronic wound fibroblasts and the
promoters/enhancers of the genes of interest amplified by PCR,
cloned into entry clone plasmids and sequenced. Similarly, the
destabilized ZsGreen fluorescent reporter open reading frame
from the ZsGreenl-DR plasmid (Clontech) was also cloned and
sequenced. Utilizing the MultiSite Gateway® Cloning
methodology (Invitrogen), a disease gene-promoter ZsGreen
reporter construct was generated which was transfected into the
immortalized chronic wound cell lines. Over a period of 24 h
fluorescent time-lapse microscopy analysis demonstrated a
significant level of fluorescence within the chronic wound cells
demonstrating that a functional cell-based reporter system had
been developed (Fig. 5). This system now has the potential to be
further developed and validated as a real-time, high-throughput,
human-based in vitro test system for (a) the prescreening of
agents that could have a beneficial /detrimental effect on chronic
wound healing and (b) reducing a significant amount of
unnecessary and unwarranted animal experimentation.
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Fig. 5 Chronic wound fibroblasts demonstrating expression of a chronic disease-specific marker; (a) phase
contrast image, (b) confocal laser scanning microscope image, (¢) merged image. Scale bar=50 pym
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Chapter 11

Novel Methods for the Investigation of Human
Hypertrophic Scarring and Other Dermal Fibrosis

Dariush Honardoust, Peter Kwan, Moein Momtazi,
Jie Ding, and Edward E. Tredget

Abstract

Hypertrophic scar (HTS) represents the dermal equivalent of fibroproliferative disorders that occur after
injury involving the deep dermis while superficial wounds to the skin heal with minimal or no scarring.
HTS is characterized by progressive deposition of collagen that occurs with high frequency in adult dermal
wounds following traumatic or thermal injury. Increased levels of transforming growth factor-p1 (TGEF-
B1), decreased expression of small leucine-rich proteoglycans (SLRPs), and/or fibroblast subtypes may
influence the development of HTS. The development of HTS is strongly influenced by the cellular and
molecular properties of fibroblast subtypes, where cytokines such as fibrotic TGF-f; and CTGF as well as
the expression of SLRPs, particularly decorin and fibromodulin, regulate collagen fibrillogenesis and the
activity of TGF-B,. Reduced anti-fibrotic molecules in the ECM of the deep dermis and the distinctive
behavior of the fibroblasts in this region of the dermis which display increased sensitivity to TGF-p,’s
biological activity contribute to the development of HTS following injury to the deep dermis. By compar-
ing the cellular and molecular differences involved in deep and superficial wound healing in an experimen-
tal wound scratch model in humans that has both superficial and deep injuries within the same excisional
model, our aim is to increase our understanding of how tissue repair following injury to the deep dermis
can be changed to promote healing with a similar pattern to healing that occurs following superficial injury
that results in no or minimal scarring. Studying the characteristics of superficial dermal injuries that heal
with minimal scarring will help us identify therapeutic approaches for tissue engineering and wound healing.
In addition, our ability to develop novel therapies for HTS is hampered by limitations in the available animal
models used to study this disorder in vivo. We also describe a nude mouse model of transplanted human
skin that develops a hypertrophic proliferative scar consistent morphologically and histologically with
human HTS, which can be used to test novel treatment options for these dermal fibrotic conditions.

Key words Dermal fibroblasts, Wound healing, Hypertrophic scar, Nude mouse

1 Introduction

Hypertrophic scar (HTS) is a fibroproliferative disorder that occurs
in human skin. Injury to the deep dermis often leads to HTS
formation. Interestingly, superficial injuries often heal with minimal
or no scarring. Cellular and molecular processes that lead to HTS

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
Methods in Molecular Biology, vol. 1037, DOI 10.1007/978-1-62703-505-7_11, © Springer Science+Business Media New York 2013
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development following injury to the deep dermis are not fully
characterized. However, existing evidence indicates that heteroge-
neity of fibroblasts in terms of function, subtype, and population
and differences in the level of growth factors between superficial
and deep dermal wounds may influence HTS development after
deep dermal injury. It has been reported that deep dermal fibro-
blasts have a higher expression of connective tissue growth factor,
type I collagen, a-smooth muscle actin (a-SMA), and transforming
growth factor-f, (TGF-p;) when compared to cells from superficial
layers [1]. Higher expression of TGF-f; results in increased number
of a-SMA-expressing fibroblasts; excessive collagen production
and abnormal extracellular matrix structure are considered the
prominent features of the pathology of HTS. Fibroblasts are the
key cells involved in wound healing and collagen fibrillogenesis.
In scar-free regenerative healing such as in fetal wound healing,
fibroblasts are dormant and show minimal proliferation and
decreased extracellular matrix production; however, augmented
fibroblast biological activity leads to increased fibril synthesis. As
well, the down-regulation of collagen and remodelling contributes
to fibrosis in the skin, resulting in HTS. At the cellular level,
HTS is characterized by an accumulation of type I collagen com-
prising an increased population of fibroblasts, myofibroblasts, and
endothelial cells [1, 2]. Myofibroblasts which are characterized by
an increased expression of a-SMA and cytokines such as TGEF-f,
orchestrate extracellular matrix contraction in fibrosis [3]. The dif-
ferentiation of fibroblasts to myofibroblasts is subject to TGF-f,’s
biological activity. TGEB, has been considered a key profibrotic
mediator of different cell functions including cell migration, prolif-
eration, differentiation, survival, and development of new blood
vessels during wound healing. At the cell surface, the TGE-f
ligands bind to TGF-p receptor II, which leads to cell signalling
and increased bioactivity [4, 5]. Therefore, the expression of
TGE-B receptor II during wound healing appears to be an impor-
tant factor that may potentially influence TGF-f fibrogenic activity.
Growing evidence indicates that differences between cellular and
molecular constituents of papillary and deep reticular dermis can
account for minimal scarring and HTS development, respectively,
in these areas of the skin. For example, small leucine-rich proteo-
glycans (SLRPs), particularly decorin and fibromodulin, can influ-
ence scar formation by binding to and manipulating TGEF-f,
activity [6-8]. Furthermore, fibroblasts from deep and superficial
layers of the skin may have distinctive differences in surface anti-
gens which coordinate the structural organization of extracellular
matrix and the interaction with different molecules [9]. One of the
most relevant molecules of interest is fibroblast’s surface antigen
Thy-1 or CD90, an N-glycosylated, glycophosphatidylinositol
(GPI)-anchored conserved cell surface protein. It has been shown
that differential expression of Thy-1 affects myofibroblast
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differentiation by TGF-p, [10, 11]. Lack of Thy-1 [11] has been
associated with an accumulation of collagen and increased tissue
fibrosis [ 12]. To date the role of Thy-1 in the development of HTS
has not been studied. Since Thy-1 is implicated in tissue fibrosis,
studying its interaction with TGF-B; may reveal novel information
to control dermal scarring. Taken together, compared to papillary
fibroblasts, reduced levels of anti-fibrotic molecules, decorin, fibro-
modulin, Thy-1, and TGF-f; in deep dermis may determine the
outcome of wound healing and increase HTS formation following
injury that involves deeper layers of skin.

The procedure for creating the linear scratch in the wound scratch
model has been explained elsewhere [13, 14]. The following briefly
describes the steps in the procedure.

Dermal fibroblasts can be divided into distinct subpopulations with
unique regenerative or fibrotic properties based on their depth
[15-17]. Although we have previously described dividing the der-
mis into multiple layers [9], this requires a high level of technical
skill in the use of dermatomes, which is typically difficult for non-
surgeons to acquire. We have found that harvesting the most super-
ficial and deepest portions of dermis for fibroblast extraction is more
straightforward and is also the most experimentally relevant, and
therefore we outline this process in detail. As with most techniques,
there are multiple ways to isolate superficial and deep dermis. We
present two options for each and highlight our preferred approach,
which is designed to allow extraction of a wide variety of cells to
maximize the yield from limited amounts of human tissue.

Human abdominoplasty specimens are collected under a health
ethics review board-approved protocol along with relevant donor
information including gender, age, smoking status, and medical
comorbidities. Other tissues such as breast reduction specimens
may be used, but in our practice these are unavailable since they are
routinely sent for pathological examination. No such requirement
exists for abdominoplasty specimens, and we have found that
patients are generally willing to consent to donate their abdomino-
plasty tissue. As donors are not screened for blood-borne diseases
(e.g., hepatitis C or human immunodeficiency virus), all of the
collected tissues must be handled using universal precautions.
Generally this includes appropriate personal protective equipment
such as gloves, gowns, masks, and eye shields. All tissues are han-
dled inside a biosafety cabinet, and all tissues are disposed of in
appropriate biologic waste containers.

Specimens are collected and transported in a rapid, sterile,
cooled fashion to the laboratory for processing. A dermatome is
used to split the dermis into sequential layers of increasing depth.
These individual dermal layers are further digested enzymatically
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1.3 A Nude Mouse
Model of Human
Hypertrophic Scar

or cut into small pieces for explantation and recovery of the fibro-
blasts. This allows one to harvest matched superficial and deep dermal
fibroblasts for further experimentation.

Our understanding of HTS is hampered by limitations in the
available animal models used to study this disorder. Here we
describe a nude mouse model of HTS that can be used to create
proliferative xenograft scars that have been shown to be morpho-
logically and histologically consistent with human HTS [18].
Furthermore, this model can be used to develop as well as test the
efficacy of novel treatment options for HTS.

The nude mouse model uses transplanted split-thickness
human skin grafts to generate proliferative xenograft scars. First,
human split-thickness skin is harvested from resected abdominal
tissue from healthy females undergoing cosmetic abdominoplasty.
The skin is then cut into 2.0x 1.5 ¢m grafts that are sewn in a
tie-over-bolus fashion to a full-thickness dorsal skin defect created
on the backs of nude mice. Over time these wounds heal and become
firm, thickened, and red scars that closely resemble human HTS.

In our initial experiments with this model both split- and full-
thickness human grafts were transplanted onto nude mice [18].
Quantification of dermal thickness over time showed a greater per-
cent increase in scar thickness over time using split-thickness human
skin grafts [18]. For this reason in our subsequent studies we have
chosen to use only split-thickness human skin grafts. Our current
work with the nude mouse model supports our previously published
morphological and histological observations. Red, thick, inelastic
scars with an increase in dermal thickness, abnormal whorled colla-
gen bundles, increased mast cell density, and an increase in a-SMA
expression were observed following engraftment of split-thickness
human skin onto the nude mouse. Our characterization of this
model has been broadened to include immunohistochemical local-
ization and quantification of SLRPs in proliferative xenograft scars
including decorin and biglycan. These experiments demonstrate
reciprocal changes in the expression of these proteins similar to
those encountered in human HTS [19, 14]. These observations
serve to further support the use of the nude mouse as practical and
relevant research model for the study of human HTS.

2 Materials

2.1 Linear Wound
Scratch Model

Antibodies

1. Polyclonal anti-TGF-,; (V;sc: 146), Santa Cruz Biotechnology.

2. Monoclonal anti-TGF-f; (Xn-12; sc: 80348), Santa Cruz
Biotechnology.

3. Monoclonal anti-decorin (9XX; sc873896), Santa Cruz
Biotechnology.
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. Polyclonal anti-biglycan (H-150; sc-33788), Santa Cruz

Biotechnology.

. Polyclonal anti-fibromodulin (H-50; sc-33772), Santa Cruz

Biotechnology.

. Polyclonal anti-lumican (H-90; sc-33785), Santa Cruz

Biotechnology.

. Polyclonal anti-TGF-p receptor type RII (C-16; sc-220), Santa

Cruz Biotechnology.

. Anti-CD90/Thy-1 from AbCam (Cambridge, MA, USA).

. Monoclonal anti-procollagen (1912) from Chemicon

International Inc.

Monoclonal anti-lymphocyte-specific protein-1 (LSP-1) from
BD transduction.

Appropriate Alexa-conjugated anti-rat, anti-rabbit, or anti-mouse.
Polyclonal anti-p-actin from Sigma.

Anti-rabbit and anti-mouse 1gG HRP-conjugated secondary
antibodies.

2.2 Fibroblasts from  All materials used should be autoclaved or otherwise appropriately
the Deep and sterilized prior to use to avoid contamination of harvested cells.

Superficial Layers
of the Skin

O NN O Ul N

9.
10.
11.
12.
13.

1.
. Normal saline (0.9 %).

. Dermatome with guards and blades.

Sterile and waterproof transport containers.

. Snaps or Kochers.

. Non-toothed Adson forceps.
. Scissors.

. Mineral oil.

. Dispase solution [16]: Dispase II (~1,000 Japanese units/mL

or 1.67 Roche units/mL final concentration) in Dulbecco’s
modified Eagle medium.

Centrifuge tube (50 mL).

Petri dish.

Small-gauge needles (20 gauge).
Scalpel (#20 blade).

Tissue culture flask (75 cm?).

2.3 A Nude Mouse Havrvest of human split-thickness skin grafts

Model of Human 1.
Hypertrophic Scar 5
3.

4.

Padgett dermatome.
Sterile green towels.
Diercing towel clips.

Mineral oil.
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. Sterile gown.
Cap.

. Sterile gloves.
Mask.

. Eye protection.

© % N o W

10. Plastic carrier.
11. Single-use, number 20 disposable scalpel.
12. Conical tubes.

13. Normal saline.

Transplantation of human split-thickness skin grafts

—

. 4-6-week-old male Bagg albino (BALB)/c-nu/nu nude mice.
. 70 % ethanol.

. Sterile green towels.

. Heating pad.

. Disposable paper ruler.

. Sterile gown.

Cap.

. Sterile gloves.

. Mask.

. Eye protection.

—
—_— O

. Isoflurane anesthetic.

—
[\

. Sterile gloves.
. Tears Naturale® P.M.

. Nair® hair remover.

—
[ 2B "NV

. Sharpie marker®.

—
o)

. Straight scissors.

—
N

. Adson forceps.

—
oo

. Conical tubes.

—
\O

. Normal saline.

o
=]

. Human split-thickness skin grafts.

. 4-0 braided silk suture, taper RB-1 needle.
. Needle driver.

. Non-toothed forceps.

NS I NS (ST S
B N

. Petrolatum 3 % bismuth tribromophenate gauze.

\S)
921

. Single-use, sterile, 27 G syringes (1 mL).

[\
(o

. Hydromorphone.
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Harvest of normal skin and scar biopsies

— =
N = O
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. 70 % ethanol.

. Sterile green towels.

. Heating pad.

. Disposable paper ruler.

. Sterile gown.

Cap.

. Sterile gloves.

. Mask.

. Eye protection.
. Straight scissors.
. Adson forceps.

. Conical tubes.
13.

Normal saline.

Processing of normal skin and scar biopsies

—

e e e i e i
N O U k0N~ O

. 70 % ethanol.

. Sterile gown.

Cap.

. Sterile gloves.

Mask.

. Eye protection.

. Plastic carrier.

. Sterile green towels.

. Tissue cassettes.

. Foam pads.

. Embedding mold (22 x22x20 mm).
. Conical tubes.

. Normal saline.

. Single-use, number 20 disposable scalpel.
. Adson forceps.

. 10 % formalin.

. Cryomatrix.
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3 Methods

3.1 Creation 1.

of a Linear Wound
Scratch Model

Following informed consent, burn patients received a standard-
ized wound along the lines of relaxed skin tension, midway
between the anterior superior iliac spine and the greater trochanter
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Fig. 1 Creation of deep and superficial scratch wounds and histological analysis of resulted scars. Jig used for
the creation of scratch wound model (a). Wound created on the hip skin (b). Scratch wound 70 days post
wounding (c). Deep and superficial wound scar (d). Deep wound scar tissue stained with H&E (e). Superficial
wound scar tissue stained with H&E (f). Double-head arrows in (e) and (f) indicate average thickness of epithe-
lium. Arrowheads point to cells. Black arrows point blood vessels. White arrows point collagen. DW deep wound,
SW superficial wound, DWS deep wound scar, SWS superficial wound scar, H&E hematoxylin and eosin

under general anesthesia, under sterile conditions in an operating
room at the time of split-thickness skin graft harvesting.

2. A specially designed jig using a No. 11 scalpel blade (Fig. 1a)
allows the creation of two symmetrical wounds in the same
subject 6 cm long, 0-0.75 mm deep at one end (superficial
wound; SW) and 0.76-3 mm deep (deep wound; DW) at the
other end above the superior border but outside the skin graft
donor site (Fig. 1b) (see Note 5).
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. To confirm the depth of injury, a pilot study was performed on

excised lower abdominal skin obtained from abdominoplasty
patients.

. The wound was dressed with an occlusive dressing (Opsite™)

and examined and digitally photographed on days 14, 28, 60,
and 120 post injury.

. Scars were analyzed by using the revised Vancouver Burn

Scar Score and Mexameter™ for erythema and pigmentation
as previously described.

. The entire scar was excised at day 70 post wounding and

representative 4 mm diameter punch biopsies were taken
from the SW scar (SWS) and the DW scar (DWS) regions
for analysis before the wounds were closed with 5(O)
monocril suture.

Immunofluorescence staining and confocal microscopy (see Notes
6-11, and 14-16)

1.

For immunofluorescence staining, paraffin-embedded tissue
sections were deparaffinized in two washes of xylene for 5 min
and hydrated gradually through 100, 90, 80, and 70 % alcohol
for 5 min each.

. For antigen unmasking, tissue sections were exposed to

0.05 % saponin in deionized water at room temperature for
30 min.

Tissue sections were washed three times with phosphate-
buffered saline (PBS), and blocked with PBS containing
bovine serum albumin (BSA; 10 mg/ml) and Triton X-100
(0.01 %) for 1 h at room temperature.

The tissue sections were incubated with the primary antibody
diluted in PBS containing BSA (1 mg/ml) and Triton X-100
(0.01 %) overnight at 4 °C.

. For the staining of cells, fibroblasts were permeabilized using

0.5 % Triton X-100 for 5 min before incubating with blocking
bufter.

For cell surface receptor staining, the permeabilization step
was not performed.

. The tissue sections were washed and incubated with the appro-

priate secondary antibody for 1 h at room temperature before
mounting using immuno-mount solution.

. For double immunofluorescence staining, the tissue sections

were incubated with the first primary antibodies above.

Sections were washed and incubated with the second primary
antibody overnight in the cold followed by 1-h incubation
with the appropriate Alexa-conjugated anti-rat or anti-mouse
antibody.
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10.

11.

Images were captured using Carl Ziess Laser Confocal
Microscope equipped with LSM5 software.

Control immunostaining was performed by omitting the
primary antibody incubation step resulting in negative staining
results (data not shown).

Western blotting (see Note 12)

To determine protein expression levels of SLRPs and TGF-f receptor
1T in cultured fibroblasts the following steps were performed:

1.

10.

11.

Cells were grown to 95 % confluency in DMEM /10 % FBS in
25 ml culture flasks.

. After lysing the cells by adding 1 ml of lysis bufter (PBS, Triton

X-100, EDTA, protease inhibitor cocktail) to each flask, the
dissolved cells were transferred to 1.5 ml Eppendorf tubes.

. Samples were left on ice for 30 min, vortexed intermittently,

and then centrifuged at 21913 x g (rotor radius of 10 cm) for
15 min at 4 °C.

. Supernatants were collected and the protein concentration was

determined using a Bradford protein assay.

. Equal amounts of solubilized protein from cultured fibroblasts

were electrophoresed in 10 % SDS-polyacrylamide gels in
0.1 M Tris borate /SDS bulfter.

. The proteins were transferred to PVDF membranes.

. Membranes were incubated with primary antibodies overnight at

4 °C, followed by 1-h incubation with appropriate horseradish
peroxidase-conjugated antibody as previously described.

. Antibody binding was probed using a chemiluminescence

detection system

. The blots were processed to be visualized by exposing mem-

branes to Kodak X-ray film.
The blots were scanned and the band intensity was quantified
using Image ] software (http:/rsb.info.nih.gov/ij/).

Statistical analysis was performed by one-way ANOVA and
Dunnett’s multiple comparison test. Values of p<0.05 were
considered to be statistically significant.

To determine protein expression levels of SLRPs and TGEF-f recep-
tor II in cultured fibroblasts the following steps were performed:

Reverse transcviption and veal-time polymerase chain reaction
(see Note 12)

1.

2.

In order to extract total RNA, the cultured fibroblasts were
washed with PBS and solubilized in Trizol reagent.

Total RNA was extracted from the cell suspension using
RNeasy Mini Kit following the manufacturer’s instructions.
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. Samples were spectrophotometrically quantified (A=260 nm).
. Next step was extraction of 0.5 pg of the RNA for first-strand

c¢DNA synthesis using M-MLV (murine Moloney virus) reverse
transcriptase by incubation at three different conditions, 25 °C
for 10 min followed by 37 °C for 50 min and 70 °C for 15 min.

. The resulting cDNA was used as a template for real-time poly-

merase chain reaction (RT-PCR) amplification of the TGEF-f1
type II receptor gene.

. RT-PCR was done using Power Sybr GreenTM PCR master

mix in a total reaction volume of 25 pl containing 5 pl ofa 1:10
dilution of ¢cDNA product from the first-strand reaction and
1 pM of forward and reverse primers of TGF-p1 receptor type
II gene on a StepOne Plus Real Time PCR system.

. The amplification conditions included initial denaturation at

95 °C for 3 min followed by cycles of denaturation at 95 °C for
15 s and annealing and primer extension at 60 °C for 30 s.

. Gene amplification was measured in terms of the cycle thresh-

old (CT) value and the obtained CT value was normalized
with the CT value of the housekeeping gene, hypoxanthine-
guanine phosphoribosyltransferase (HPRT), and expressed as
mean fold change + standard error.

. The primers for TGEF-f receptor type II gene were

AACCACCAGGGCATCCA (forward) and
TCGTGGTCCCAGCACTCA (reverse).

The primers for HPRT were GACCAGTCAACAGGGGACA
(forward) and ACACTTCGTGGGGTCCTTTT (reverse).

Flow cytometry analysis for Thy-1 expression (see Note 13)

1.

Fibroblasts from L1 and L5 skin layers were grown in DMEM
supplemented with 10 % FBS until they reached 95 %
confluency.

. The cells were harvested using 0.5 % EDTA for 10 min and

fixed using 4 % paraformaldehyde.

. Cells were incubated in 10 % BSA in PBS for 1 h at room tem-

perature for blocking the nonspecific antigen-binding sites.

. After washing with PBS, cells were incubated with FITC-

conjugated anti-CD90/Thyl at a concentration of 1 pg/ml
on ice for 1 h.

. Fluorescence was measured by flow cytometry.

. The level of FITC fluorescence was measured through the FL-1

channel equipped with a 488 nm filter (42 nm band pass).

. Data were acquired on 10,000 FITC-positive cells per sample

with fluorescent signals at logarithmic gain.

. Data was analyzed with CellQuest software.
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3.2 Fibroblasts
from the Deep
and Superficial
Layers of the Skin

Preparation of tissue

1. Specimens are collected from the surgical suite in sterile con-
tainers containing a volume of cold saline sufficient to keep the
tissues moist during transport (se¢ Note 1).

2. Containers are kept cool and specimens are brought to the
laboratory as rapidly as possible and processed in a biosafety
cabinet. In cases where this is not feasible, tissue may be stored
for up to 24 h at 4 °C, although prolonged storage may affect
cellular viability.

3. Tissues are thoroughly cleansed with saline prior to processing.

Harvesting of superficial dermal fibroblasts

Superficial dermis can be harvested in one of the two ways as out-
lined in Fig. 2. A dermatome can be used to either first remove the
epidermis and then the superficial dermis (Sequential Dermatome
Use to Separate Tissue) or remove the epidermis and superficial
dermis in continuity and these can then be separated using dispase
digestion (Enzyme Digestion to Separate Tissue). Following this
step the epidermis may be discarded or further processed to extract
matched keratinocytes.

Sequentinl dermatome use to separate tissue

1. Place abdominoplasty tissue with skin up and attach snaps or
Kocher to corners of tissue such that even tension can be
placed on the skin (see Notes 2 and 3).

2. Cover skin with a thin layer of mineral oil so that the dermatome
will glide smoothly over the surface (see Note 4).

3. Set dermatome to thickness of 0.25 mm. The dermatome can be
used on a small test area of skin to verify the correct thickness.

4. Remove epidermis using dermatome and discard.

5. Cover dermis with a thin layer of mineral oil so that the dermatome
will glide smoothly over the surface.

6. Set dermatome to thickness of 0.25 mm.

7. Remove superficial dermal layer using dermatome and store in
saline.

Enzyme digestion to separate tissue

This is our preferred technique as it allows simultaneous extraction of
keratinocytes and superficial dermal fibroblasts, and also leads to
fewer difficulties with fibroblast contamination of keratinocytes.

1. Place abdominoplasty tissue with skin up and attach snaps
to corners of tissue such that even tension can be placed on
the skin (see Notes 2 and 3).

2. Cover skin with a thin layer of mineral oil so that the dermatome
will glide smoothly over the surface (see Note 4).
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Fig. 2 (a) Abdominoplasty specimen showing tissue layers and dermatome orientation for harvesting. (Not to
scale.) (b) Schematic representation of methods for harvesting superficial dermal tissue. (¢) Schematic repre-
sentation of methods for harvesting deep dermal tissue. (d) Photographs demonstrating (d and e) usage of a
dermatome to harvest tissue, (f) epidermal and superficial dermal layers, (g) separation of subcutaneous
adipose tissue from underside of dermis, and (h) harvesting of deep dermal tissue using a dermatome
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Fig. 2 (continued)
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. Set dermatome to thickness of 0.5 mm. The dermatome can be

used on a small test area of skin to verify the correct thickness.

. Remove epidermis and superficial dermis as contiguous sheet

using dermatome. Cut sheet into strips approximately 2 cm wide.

. Place harvested tissue in covering dispase digestion solution in

a centrifuge tube and place on gentle agitator at 4 °C for 8 h
or overnight.

. Remove tissue from dispase solution, place epidermal side

down in Petri dish, and spread out so that tissue is flat and
epidermis is adherent to Petri dish.

. Using small-gauge needles lift and pull on superficial dermis in

a gentle scraping motion so that epidermis and superficial
dermis separate.

. Place epidermis and superficial dermis into separate containers

of normal saline.
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Fig. 2 (continued)

Harvesting of deep dermal fibroblasts

Deep dermis can be harvested in one of the two ways as outlined
in Fig. 2. A dermatome can be used to remove either serial sections
until the deep dermis is left (Sequential Dermatome Use to
Separate Tissue) or the deep dermis from the underside of the skin
once the subcutaneous adipose tissue has been removed (Separation
of Adipose Tissue and Deep Dermis). Following this step the sub-
cutaneous adipose tissue may be discarded or further processed to
extract matched adipose-derived stem cells.

Separation of adipose tissue and deep dermis

This is our preferred technique as it allows simultaneous extrac-
tion of adipose-derived stem cells and deep dermal fibroblasts, and
also ensures that deep dermal fibroblasts are from the deepest part
of the dermis.
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1. Attach snaps to one side of abdominoplasty tissue and suspend
tissue.

2. Using scalpel incise tissue at junction between dermis and
subcutaneous adipose tissue.

3. As subcutaneous adipose tissue drops away from dermis
continue to separate tissue by sweeping scalpel along the plane
of dissection.

4. Place dermal tissue upside down and attach snaps to corners
of tissue such that even tension can be placed on the skin.

5. Cover dermis with a thin layer of mineral oil so that the derma-
tome will glide smoothly over the surface.

6. Set dermatome to thickness of 0.5 mm and remove the bottom
layer of dermis for deep dermal fibroblasts.

Extraction of dermal fibroblasts from tissue
Fibroblasts can be extracted from dermal tissue using either of the
two common methods: enzyme digestion or explantation.

Enzyme digestion of devmis for extraction of fibvoblasts

While we do not outline the specific steps involved in enzyme
digestion we have used this method with great success. However,
it is important to note that this technique is significantly more
expensive than explantation because of the requirement for the use
of collagenase. In addition, there can be great variability between
collagenase from various supply companies, and even between dif-
ferent batches from the same manufacturer, which creates a
requirement for titration to determine the optimal concentration
for digestion that simultaneously avoids inducing cellular death.
Protocols for enzymatic digestion are widely available in series such
as Methods in Molecular Biology and Nature Protocols.

Explantation of fibvoblasts from dermis

The advantages of this method are lower material cost, and a more
torgiving process that is less likely to induce cell death.

1. Cut dermal tissue into small pieces (<1 mm?) and place into
tissue culture flasks at a density of approximately 1 piece per cm?.

2. Place flask in incubator for 30 min to allow tissue to adhere to
flask surface and then gently add culture media without disturb-
ing tissue attachment.

3. Replace flask in incubator for 3-5 days with media changes
every 2 days to allow fibroblasts to migrate out of tissue. The
degree of fibroblast migration can be assessed using an inverted
light microscope.

4. Remove tissue and continue to subculture fibroblasts as per
usual protocol.
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Havrvest of human split-thickness skin grafts

1.

Obtain abdominoplasty tissue from surgery suite; store in nor-
mal saline (see Note 17).

. Secure one-half of the resected abdominal tissue to a suture

tray covered with a sterile green towel using piercing towel
clips (see Note 18).

. Apply mineral oil to the surface of the tissue section and the

contact surfaces of the Padgett dermatome.

. With the tissue section taut and the dermatome thickness set at

0.035 cm (14,/1,000”) harvest a split-thickness skin graft using
the 4” (largest) guard.

. Immerse the skin graft in normal saline and drape skin over a

plastic carrier.

. Using a prefabricated, 2.0x 1.5 cm plastic template, cut out

grafts from the harvested split-thickness skin graft using a
number 20 scalpel (see Note 19).

. Store the cut 2.0 x 1.5 cm split-thickness human skin grafts

in a 50 mL conical tubes filled with normal saline and place
on ice.

Transplantation of human split-thickness skin grafts

1.

Prepare the fume hood by wiping the surface with 70 % ethanol
and draping with sterile green towels (se¢ Notes 18, 20, and 21).

2. Set up a heating pad and drape with sterile green towel.

10.
11.

. Secure paper ruler oriented vertically in the center of the

operative area with adhesive tape.

. Prepare a sufficient number of postoperative dressings consist-

ing of 2 x 2 dry gauze folded in half and xeroform dressings cut
to match the dry gauze size.

. Prepare a sufficient number of cages for postoperative recovery

(see Note 22).

. Remove the animal from its cage and place it in the induction

chamber using forceps (see Note 18).

. Fill the chamber with a mixture of isoflurane anesthetic and

oxygen until the animal is sufficiently induced, then remove
the animal from the chamber, and transfer to a nose cone with
the animal in the prone position (see Note 23).

. Apply a small amount of Tears Naturale P.M. to each eye.

. Spread a quarter-sized aliquot of commercial hair remover

across the dorsal surface of the animal. Wait for 90-120 s prior
to wiping of the cream.

Prepare the skin on the dorsal surface with iodine.

Use a 2.0x1.5 cm plastic template to mark the dorsal skin
resection margins.
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12.

13.

14.

15.

16.

17.

18.

19.

Use straight scissors to cut around the perimeter of the skin
markings and sharply dissect, elevate, and excise a 2.0x 1.5 cm
full-thickness defect on the dorsal surface (see Note 24).

Suture the prepared 2.0x1.5 cm human split-thickness skin
grafts into the dorsal defect using 4-0 braided silk suture on a
taper RB-1 needle (see Notes 25 and 26).

Gently wash and dry the wound with normal saline and dry
gauze.

Dress grafts with prepared non-adherent petrolatum
(Xeroform™, Covidien, Mansfield, MA) and dry gauze tie-
over-bolus dressing to ensure adherence of the graft to the
wound bed (see Note 27).

Remove the animal from the nose cone and inject 0.02 mL
of hydromorphone (hydromorphone HP 10 diluted to
0.05 mg/mL) subcutaneously using a 27 G syringe for post-
operative pain management.

Wipe the animal’s eyes clean and return it to the cage for
recovery.

Monitor the animal carefully during the immediate postoperative
period (see Note 28).

All sutures and dressings are removed 7 days following grafting
(see Note 29).

Harvest of normal skin and scar biopsies

1.
2.

Repeat steps 1-3 from Subheading 3.2 (see Note 18).

Euthanize animals at desired time points using a lethal dose of
isoflurane anesthetic.

. Normal skin and scar biopsies are harvested using sharp scis-

sors and forceps lifted off the panniculus carnosus.

. Immediately store skin samples in a 50 mL conical tube in

normal saline.

Processing of normal skin and scar biopsies

1.

2.

Prepare the fume hood by wiping the surface with 70 % etha-
nol and draping with sterile green towels (see Note 18).

Prepare a suitable number of tissue cassettes with two foam
pads inside each cassette. Appropriately pre-label all cassettes
(see Note 30).

. Prepare a suitable number of embedding molds

(22x22 %20 mm) by filling each half full with cryomatrix and
freezing at —-80 °C (see Note 31). Appropriately pre-label all
embedding molds.

. Divide freshly harvested normal skin and scar biopsy samples

into thirds using a single-use, number 20 disposable scalpel.
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. Cut one-third of the sample into ~2 mm vertical strips

(see Note 32).

. Sandwich vertically cut skin samples between foam pads inside

pre-labeled tissue cassettes (see Note 33).

. Immerse cassettes in 10 % formalin for at least 24 h at room

temperature prior to processing and paraffin embedding.

. Cut paraffin-embedded sections to 5 pm and mount on glass

slides. Store the slides at room temperature.

. Cut another one-third of the sample into ~2 mm vertical
strips.
Lay vertically cut strips flat inside embedding mold, cover with

cryomatrix, and immediately freeze at —-80 °C (see Note 34).

Cut OCT sections to 10 pm and mount on glass slides. Store
at =20 °C.

Snap freeze the remaining one-third of the sample for future
RNA and protein isolation and analysis. Store at -80 °C.

4 Notes

. When choosing abdominoplasty tissue for processing we dis-

card those portions with striae distensae (stretch marks) as this
alters the dermal architecture and we feel that the resulting
dermal fibroblast subpopulations are uncharacterized.

. Maintaining tension on the skin while harvesting sections

using the dermatome can be challenging and is often simplified
by having one individual maintain tension while a second
maneuvers the dermatome.

. Even application of the dermatome along the entire width of the

blade to the skin is essential to harvesting tissue with a uniform
thickness, as outlined in Fig. 2. This can be facilitated by stretch-
ing the skin over a convex deformable object, such as a normal
saline bag, and then running the dermatome over top.

. Smooth gliding of the dermatome over the tissue is essential

for consistency and uniform depth. This is made much simpler
by generous use of mineral oil and reapplication before each
pass of the dermatome is made.

. The deep scratch wound scar shows features of hypertrophic

scarring. The SW at one end of the wound scratch model was
a partial/superficial thickness wound between 0.1 and
0.75 mm deep that regenerated with minimal scarring (SWS)
(Fig. 1b—d). The DW at the other end was considered to be a
tull-thickness deep dermal wound between 0.76 and 3.0 mm
that resulted in an erythmatous, elevated, inflamed scar (DWS)
restricted to the site of injury and overall showed gross symp-
toms of HTS (Fig. 1b—d). Histological analysis of the scar
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showed that compared to SWS (Fig. 1f), the DWS (Fig. le)
developed thicker epithelium (double-head arrows), an accu-
mulation of thick collagen bundle fibers (white arrow), hyper-
cellularity (arrowhead), and an increased number of blood
vessels per unit area (black arrow). Fibroblasts from superficial
and deep layers of normal human dermis that represent papil-
lary and reticular fibroblasts, respectively, were isolated from
layer 1, 75 pm below the epithelium and layer 5 of the dermis,
100 pm above the dermal adipose tissue. Layer 1 is thought to
be correlated with superficial wounds that heal with minimal
scarring whereas, layer 5 involves deep dermal injuries that
result in hypertrophic scarring.

. Decorin is primarily localized to the extracellular matrix

(Fig. 3a) while fibromodulin was associated with cells (Fig. 3d).
Staining intensity of decorin and fibromodulin was noticeably
lower in DWS (Fig. 3b and e, respectively) compared to SWS
(Fig. 3a, d, respectively); however, decorin and fibromodulin
were significantly reduced in DWS compared to SWS (Fig. 3c,
f). In L5 fibroblasts, the immunoreactivity of decorin and
fibromodulin (Fig. 3h, k, respectively) was considerably
reduced compared to fibroblasts from superficial layers (L.1)
(Fig. 3g, j, respectively).

. Compared to L1 fibroblasts, the protein expression of decorin

and fibromodulin in L5 fibroblasts was significantly decreased
(Fig. 3i, ). Continuous deposition and /or abnormal turnover
of collagen or the ratio of collagen type I /type 111 was consid-
ered to be the main reason for HTS development [20].
Collagen-binding proteoglycans, SLRPs, decorin, biglycan,
and fibromodulin can bind to and inhibit TGE-; activity in
vitro and in vivo [7, 8, 21, 22]. These results suggest a role for
SLRPs in the reduction of scarring in superficial dermal
wounds. Taken together, the findings may indicate that the
decreased expression of decorin and fibromodulin especially in
deep dermis can contribute to the development of HTS after
deep dermal injury wounds.

. TGF-B, appeared to be primarily cell associated in scar tissue

and its immunoreactivity was significantly higher in DWS
tissue compared to SWS (Fig. 4a—d, i). TGF-p3 localized to
cells” extracellular matrix and was significantly down-regulate
in DWS compared to SWS (Fig. 4e, f, 1). We also saw TGF-p3
accumulated in the area below the basement membrane of the
epithelium and in basal epithelial cells in SWS but it was absent
from DWS tissue suggesting a novel function for TGF-p3 in
basal epithelial cells (Fig. 4e, f, arrows).

. In cultured fibroblasts, cells from L5 had significantly higher

TGF-p1l immunoreactivity compared to L1 fibroblasts (Fig. 4c,
d, j) whereas TGEF-B; was significantly higher in L1 fibroblasts
when compared to L5 fibroblasts (Fig. 4g, h, j). However,
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10.

differences in extracellular matrix constituents such as SLRPs
and ratio of TGEF-p,/TGF-B; and differences in the fibroblast
subtypes and population between superficial and deep dermal
wounds may play a key role in the development of HTS follow-
ing deep dermal injury. An increase in the activity and pro-
longed expression of TGF-p1 is considered to be a major factor
that leads to the development of HTS.

TGF-B3 is a non-fibrotic cytokine that down-regulates TGE-
Bl expression [23-25]. The balance between TGEF-f1 and
TGF-B3 may be an important regulator of scar formation.
Interestingly, it has been shown that in a non-scarring gingi-
val wound model, the ratio of TGF-p3 to TGF-f1 is higher at
later wound healing time points [26]. As well, fibroblasts
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from fetal tissue that heal without scarring exhibited an
increased expression of TGF-p3 [27, 28]. In this study, the
accumulation of TGF-p3 was considerably higher in superficial
scars but TGF-p1 was lower. In contrast, TGF-p1 expression
was pronounced in HTS whereas TGF-$3 was decreased.
Thus, decreased TGF-f3 in the deeper areas of dermis may
aggravate the outcome of wound healing.

In order to determine the expression of TGF-f3 affinity to TGEFE-
B1, fibroblasts from different layers of dermis were analyzed
using immunofluorescence staining, western blotting, and
RT-PCR. The number of TGF-fI1 receptor type II localized to
the cell surface in L5 fibroblasts was prominently higher than
that in L1 fibroblasts (Fig. 4a, b, arrows). Similarly, the immu-
noreactivity of TGF-p receptor type II in L5 fibroblasts was sig-
nificantly higher compared to fibroblasts from L1 (Fig. 5¢).

As compared to L1 fibroblasts, fibrotic L5 fibroblasts showed
significantly higher levels of TGF-f receptor type II protein
expression (Fig. 5d). Quantitative RT-PCR analysis also
showed close to a threefold increase in the expression of
TGEF-BRI11 receptor type II in L5 fibroblasts compared to L1
fibroblasts (Fig. 5¢) suggesting that injuries to the deep der-
mis, which contains more TGE-f receptor type II-expressing
fibroblasts, make it prone to TGF-pl fibrogenic activity and
can account, in part, for the development of HTS formation.

Cell surface antigen, Thy-1, has been reported to mediate
differentiation of fibroblasts to myofibroblasts by TGF-p1 and
fibroblasts that are Thy-1 negative are more responsive to
TGEF-p fibrogenic stimulation [10-12]. Two distinct Thy-1-
positive (a and b) and Thy-1-negative (¢ and d) cultured fibro-
blasts from the superficial layer of dermis are shown in Fig. 6A.
Control immunostaining resulted in no immunoreactivity
(Fig. 6B). As verified by flow cytometry, L5 fibroblasts showed
lower Thy-1 expression when compared to L1 fibroblasts
(Fig. 6C). As well, immunofluorescence staining demonstrated
that compared to superficial dermal fibroblasts from L1, the
number of fibroblasts from the deep dermis (L5) that show
Thy-1 immunoreactivity was notably lower (Fig. 6D-F). As
such, Thy-1 is strongly expressed by superficial dermal fibro-
blasts whereas fibroblasts from deeper areas weakly express
or lack expression of Thy-1. Therefore, development of HTS
in the deep skin wounds could be associated with differences in
the expression of Thy-1 by these two phenotypically different
fibroblasts to produce excess collagen under the influence
of TGF-p1.

Fibrocytes are circulating mesenchymal progenitor cells that
are implicated in tissue response to injury, development of
diseases characterized by chronic inflammation, excessive
collagen deposition, and scar formation [29]. The inference of
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protein expression of TGF-pR11 receptor type Il measured from immunoblotting
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of TGF-p receptor type Il in L1 and L5 cultured fibroblasts (e). L7 layer 1 dermis,
L5 layer 5 dermis, Rll receptor type Il. f-actin indicates loading control. *P<0.05

15.

fibrocytes as a bone marrow supply of originator cells that per-
suade severe fibrosis mediated by TGF-p has been progres-
sively more recognized as a general pathway essential in the
HTS formation. Fibrocytes appear to be able to move to
regional lymph nodes and wounds. Taken together, fibrocytes
may play a role in the development of HTS [30, 31].

There is a difference in the population of fibrocytes between the
superficial and deep scratch wound scars. Double immunofluo-
rescence staining using known markers for fibrocytes, LSP-1,
and procollagen indicated that in DWS the number of cells
that showed co-localization of LSP-1 and procollagen was
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Fig. 6 Thy-1 expression in cultured dermal fibroblasts. Dermal fibroblasts stained positively for Thy-1 in green
(Aa, Ab). Thy-1-negative dermal fibroblasts (Ac, Ad). Blue indicates DAPI staining for nucleus. Control immu-
nostaining performed by omitting primary antibody incubation step (B). Flow cytometry analysis showing
higher fluorescence intensity for Thy-1 staining in L1 fibroblasts (C). Representative images immunostained
for Thy-1in L1 and L5 cultured fibroblasts, respectively (D, E). Measurement and statistical analysis of Thy-1
immunoreactivity in L1 and L5 dermal fibroblasts (F). Green and red in (C) and (F) indicate L1 and L5 fibro-
blasts, respectively. 20 pm: Scale bar for (A) and (B). 50 um: Scale bar for (D) and (E). L7 layer 1 dermis, L5
layer 5 dermis. *P<0.05. **P<0.001
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17.

considerably higher (Fig. 7d—f, g) compared to SWS (Fig. 7a—,
g) suggesting that fibrocytes may contribute to the develop-
ment of HTS. Therefore, an increased number of fibrocytes in
the DWS that showed the characteristics of HTS in our wound
scratch model suggests a role for fibrocytes in promoting HTS
tfollowing deep dermal injury.

Taken together, the findings in the present study suggest that
transplantation of Thy-1 +fibroblasts to the site of injury,
treatment of wounds with TGF-B3, and/or targeted local
overexpression of SLRPs, decorin or fibromodulin, during
wound healing may be useful to ameliorate HTS formation or
tissue fibrosis. Therefore, deep dermal injury can be directed
to mimic superficial skin wound healing to regenerate without
hypertrophic scarring. Further functional studies to elucidate
the role of these anti-fibrotic molecules are warranted.

All human abdominal tissue samples were collected from
temale patients following informed consent.
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Fig. 7 Fibrocyte population in superficial and deep wound scar tissue. Comparison of fibrocyte population in
superficial and deep wound scar tissue per unit field by double-immunofluorescence staining using antibodies
against fibrocyte markers leukocyte-specific gene-1 protein (LSP-1) and procollagen. Superficial wound scar
(SWS) (a—c). Deep wound scar (DWS) (d—f). Semiquantitative analysis of fibrocyte population in SWS and DWS
by two separate individuals yielded similar results (g). Yellow in (c) and (f) indicates co-localization of LSP-1

and procollagen
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All steps should be completed in a fume hood using strict sterile
technique and with full personal protective equipment including
a sterile gown, cap, sterile gloves, mask, and eye protection.

This is best achieved by placing the template over the har-
vested graft and cutting around it using a rolling motion with
the belly of the scalpel. Take care to avoid harvesting skin con-
taining striae and other skin abnormalities.

All animal experiments were performed using protocols
approved by the University of Alberta Animal Care and Use
Committee and in accordance with the standards of the Canadian
Council on Animal Care.

Animals were housed and experiments were carried out in a
virus antibody-free biocontainment facility. Animals were
conditioned for two weeks prior to grafting.

Animals are housed individually from the time of grafting until
they are euthanized. In our experience a minimum of five animals
is needed per time point of interest.

Wait for 30-60 s after the animal is paralyzed and the respiration
rate has decreased before transferring it from the induction
chamber to the nose cone.

In removing the skin from the mouse for the creation of the
excisional wound for grafting, take care to leave the underlying
panniculus carnosus layer intact.
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The four corners of the graft should be anchored first, followed
by two additional sutures in between each corner stitch. Ensure
that one tail of each of the four medial and four lateral sutures is
left long to facilitate tying of the tie-over-bolus dressing.

In our experience at least five animals should be autografted
with full-thickness nude mouse skin in order to provide suitable,
negative controls representative of the normal morphologic
and histologic changes that occur in uncomplicated wound
healing.

The tails of the four medial and four lateral sutures should be
tied to one another in the midline using a needle driver and
non-toothed forceps. It is important to tie together the tails
that are immediately across from one another, thereby creating
four horizontal tie-over-bolus sutures.

Animals should awaken within approximately 3 min of being
removed from the nosecone anesthetic. A return to normal
feeding and grooming behavior can be expected within
10-15 min.

Our recommendation is to initially graft 1-2 animals when first
attempting this experimental protocol. Following this it is not
unreasonable to graft 5-10 animals in one sitting.

Pre-labeling cassettes with pencil is preferred to avoid running
and smudging of labels that occur with handling after immersion
in Zinc Formal Fixx™,

Pre-filling of embedding molds allows tissue samples to be
sandwiched between cryomatrix, which facilitates cutting of
OCT slides.

Cut scar biopsy samples into ~2 mm vertical strips such that
the scar biopsy is flanked in the center by normal skin.

Carefully roll the thin, vertical strip of tissue onto the foam pad
such that it is completely flat inside the tissue cassette.

Remove prefilled embedding molds containing cryomatrix
from the freezer ~5 min prior to embedding samples to allow for
some thawing of cryomatrix and ease of proper tissue orienta-
tion and placement within the mold.
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Chapter 12

Study of the Human Chronic Wound Tissue: Addressing
Logistic Barriers and Productive Use of Laser Gapture
Microdissection

Sashwati Roy and Chandan K. Sen

Abstract

Direct procurement of tissue samples from clinically presented chronic human wounds is a powerful
approach to understand mechanism at play in an actual problem wound. While such approach suffers from
limitations related to lack of reproducible conditions across wounds, something that we are used to in the
laboratory while studying wounds on experimental animals, the direct study of human wound tissue helps
recognize the right questions to ask in the laboratory. Going back and forth between human wound and
experimental animal studies helps steer studies on experimental wounds in a clinically relevant direction. In
this chapter, we describe critical factors that need to be considered prior to planning a study involving
human wound samples. In addition, we describe an approach to capture wound hyperproliferative epithe-
lium (HE) from chronic human wound biopsies using laser capture microdissection (LCM). LCM is a new
technology applicable to a broad range of clinical research and represents a catalyst of sophisticated trans-
lational research.

Key words Chronic human wounds, Hyperproliferative epithelium, Laser capture microdissection

1 Introduction

Wound healing studies designed to address mechanisms or causal-
ity, specifically at a molecular level, lag far behind other medical
conditions because even the most sophisticated animal wound
model fails to capture the complexities associated with a clinically
presented chronic wound. It is indeed difficult to control for the
multitude of conditions that impact clinical wound healing out-
comes. On the other hand, studies on experimental wounds are
empowered to dissect underlying mechanisms in a well-controlled
manner. The risk here is that one may deconvolute a complex
mechanism only to discover that the mechanism is of little clinical
relevance. Thus, it is imperative that the direction of experimental
studies be supervised by findings of studies examining the clinically
presented chronic human wound. This strategy should help unveil

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
Methods in Molecular Biology, vol. 1037, DOI 10.1007/978-1-62703-505-7_12, © Springer Science+Business Media New York 2013
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1.1 Infrastructure

1.1.1  Wound Center:
A Catalyst

1.1.2  Multicenter Studies

1.1.3  Personnel Training

mechanisms underlying wound chronicity and those findings would
be clinically relevant, therefore laying the foundation for clinically
valuable solutions. In this chapter, we share the essence of what we
have learnt as experimental wound biologists as we sought to
undertake studies of the chronic human tissue. We hope that you
will find this chapter useful to recognize and address some of the
logistic as well as scientific barriers that are integral to the system.

Availability of appropriate infrastructure is critical to the success of
wound research studies involving chronic wound patients.

Continuous access to chronic wound patients (as they visit over
time) and their comprehensive medical records (etiology, comor-
bidity, medication, outcome, etc.) represents a critical barrier to
performing patient-based wound healing research. At most health
care facilities, wound care is not recognized as a specialized clinical
discipline. In such setting, wound patients are treated across a wide
range of clinics making tracking of such patients very difficult. Few
medical centers, including ours, are fortunate to have a
Comprehensive Wound Center that covers both outpatient as well
as inpatient services. This not only helps us access chronic wound
patients but also enables us to track them as they are discharged
from inpatient facilities.

Multicenter collaborations are useful in boosting the volume of
patient enrollment. Lack of standardized wound care protocols
among participating centers may lead to variation in data and sam-
ple collection, thus confounding results. Adoption of standardized
protocols for routine wound care in participating centers is another
key catalyst that drives patient-based wound research. At Ohio
State, we are fortunate to have wound centers at five different loca-
tions in Columbus under the banner of our Comprehensive Wound
Center. These clinics care for over 1,500 patient visits a month.
Wound care practices across these locations are guided by stan-
dardized algorithms.

As in most clinics, abrupt introduction of research into clinical
operations is disruptive and alienates the clinical staff. The first
steps in successful introduction of the research culture to a high-
volume clinic is to make sure that the entire team of clinical staff
understands that research and education are integral components
of clinical care. This process requires extra effort of already over-
burdened clinicians and thus must be appropriately incentivized.
Next, personnel directed at clinical operations should not be addi-
tionally burdened with research tasks. Separate full-time effort
must be budgeted and the clinics must be staffed with clinicians
dedicated to the research mission. Such research staft must be
trained to observe regulatory and compliance requirements.
Topics to be addressed include the informed consent process,
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Board (IRB)
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confidentiality, identifying and managing risks, protocol development,
protocol adherence, and ethical conduct of research as approved by
the IRB. Standardized DVD-based training is desirable. Appropriate
oversight of such staff by designated principal investigator(s) is
required. Furthermore, within the perimeters of the clinic, dedicated
research space must be identified and made available for patient han-
dling and sample collection. To keep the clinical team motivated, it is
useful to add a research agenda item on each and every clinical opera-
tion meeting. This is a good venue to update the group on research
progress and also to recognize the most productive clinicians who
have helped recruit most subjects. This is also a good opportunity to
find out which clinicians may want to voluntarily elevate their contri-
bution to research to a point where they want coauthorship of publi-
cations. A few such cases soon get viral and become a big motivation
factor for other clinicians—many of whom soon join in. Such trans-
formation of culture in the clinics is a critical driver of effective
research. Above all, it needs to be recognized that such change in
work culture cannot be drilled bottom-up by passionate researchers
who know a clinician or two at the wound clinic. Such transforma-
tion must be initiated with the complete buy in of top hospital leader-
ship who need to be convinced to integrate clinical and research
productivity as parts of one score card.

The design, conduct, and monitoring of a research activity involv-
ing human subjects is the responsibility of the principal investiga-
tor (PI) who provides a complete written description of the
proposed research to an IRB and obtains appropriate approvals to
conduct such research. No activity involving human subjects may
begin until it has been reviewed and approved by an IRB. The pri-
mary responsibility of IRBs is to safeguard the rights and welfare of
human research subjects. Therefore, a PI must provide enough
information for the IRB to determine that human subjects will be
adequately protected and that the research will be conducted in
full compliance with federal regulations and policies in order to
approve a research activity involving human subjects. For specific
details on IRB approval, please consult your own institution.
Typically, the following sections need to be addressed:

1. Introduction
. Objectives
. Study design and methods

. Inclusion and exclusion criteria

g N

. Monitoring subjects and criteria for withdrawal of subjects
from the study

[©))

. Analysis of the study
7. Human subject protections

8. Rationale for subject selection and procedures for recruitment
(include a targeted /planned enrollment table)
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1.1.5 Clinical-Basic
Science Researcher
Partnership

1.1.6  Wound Data
Collection Tools

1.2 Laser Capture
Microdissection:
Spatially Resolved
Molecular Analyses
of the Wound Tissue
Section

9. Rationale for the involvement of special classes of subjects, if
any, such as fetuses, pregnant women, children, cognitively
impaired individuals, prisoners or other institutionalized indi-
viduals, or others who are likely to be vulnerable

10. Evaluation of benefits and risks /discomforts

11. Adverse event reporting and data monitoring

12. Collection and storage of human specimens or data
13. Remuneration,/compensation

14. Consent and assent processes and documents

15. References

Note. It the protocol involves subject enrollment at multiple sites,
describe plans for ensuring appropriate IRB review and approval at
each site.

Obtaining tissue from human subjects with chronic wounds
requires participation of not only physicians but also all clinical
staff. It is therefore important to create and maintain a culture at
the wound clinics/centers that supports research by (a) keeping
an ongoing dialogue between research staft and all clinical staff
on research-related logistics as well as findings; (b) minimizing
disruption of clinical work flow because of research activity;
(¢) incentivizing (e.g., academic credits or monetary reimburse-
ment) physicians to participate in research; and (d) developing a
scorecard to monitor the impact of research on overall clinical
revenues.

The high degree of variability in clinical conditions among
chronic wound patients means that a large number of subjects
must be screened and stratified based on their medical history to
identify comparable cohorts of patients suitable for productive
data analyses. An integrated data management platform that can
access and intelligently mine electronic medical records as well as
research data records is of extraordinary value. It is recommended
that local bioinformatics expertise be engaged to provide support
in this regard.

Biopsies collected from human cutaneous wounds presented in the
clinic are highly heterogeneous in cellular composition. The small
sample volume poses additional challenges in detailed molecular
analyses. The composition of the tissue may vary from one collection
to another complicating comparison of results derived from tissue
homogenates. Thus, the utility of such tissue material is primarily
limited to histological studies. Laser capture microdissection (LCM)
is a powerful technique to collect specific single-cell or multicellular
structures from within the tissue section. These tiny tissue samples
lend themselves to subsequent molecular analyses [1]. In 2007,
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we reported the first evidence demonstrating LCM-based microdis-
section of blood vessels from human wound tissue sections [2]. The
collected tissue elements were subjected to high-density microarray
analysis and quantitative PCR-based validation of microarray data.
Residual tissue in the single biopsy was used to perform immunohis-
tochemistry aimed at validating microarray data. All of the above-
said analyses were performed using no more than a single 3 mm
punch biopsy from the chronic wound tissue. Comparison of results
from blood vessels at the edge of chronic wound tissue with those of
vessels from intact human skin demonstrated a striking contrast
between the transcriptome of vessels collected from the two difter-
ent locations [2]. LCM is applicable to a broad range of clinical
research and represents a catalyst of sophisticated translational
research. Here, we detail the approach to capture wound hyperpro-
liferative epithelium (HE) from chronic human wound biopsies.

2 Materials

2.1 Chronic Wound
Tissue Biopsy
Collection

2.2 Cryosectioning

2.3 Rapid Staining:
Visualize Tissue
Architecture Yet
Preserve RNA Integrity

2.4 Laser Capture
Microdissection (LCM)
or Laser
Microdissection and
Pressure

Catapulting (LMPG)

. 3 mm Biopsy tool.

. Optimum cutting temperature (OCT) compound.
. Aluminum foil.

. Dry ice.

. Cryo-molds.

[©) NN 2 W NG S I (S I

. Styrofoam box to store dry ice (sec Notes 1-4).

1. PEN membrane slides.
2. RNA Zap®.
3. Diethyl pyrocarbonate (DEPC)-treated water.

Truncated hematoxylin and eosin staining [3-5].

1. Hematoxylin QS.

2. Eosin Y, 2 % in 95 % ethanol.

3. RNALater®.

4. Nuclease-free water, molecular biology-grade ethanol and
xylene.

5. Mini-stainer jars.

1. PALM MicroBeam IV (Manufacturer: P.A.L.M. Microlaser
Technologies GmbH, a company of the Carl Zeiss Group,
Bernried, Germany).

2. Stained tissue sections on a PEN membrane slide (see sections
tor preparing stained tissues for LCM).
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2.5 RNA Isolation
[2, 4-6] (Fig. 4)

2.6 Reverse

1. PicoPure RNA Isolation Kit.
2. NanoDrop system.
3. Agilent bioanalyzer.

1. Arcturus® RiboAmp® HS PLUS ¢cDNA Kit.

Transcription and 2. TagMan® Gene Expression Assays.

Quantitative Real-Time

PCR [2, 4-6]

3 Methods

3.1 Preparing the There is a lack of consensus on the correct way to prepare and

Wounds for Sampling sample a wound. We collect biopsies following routine marginal
debridement of the wounds to avoid collection of dead necrotic
tissue. Prior to biopsy collection, the wound bed is prepared with
local antiseptics. Local anesthetics are administered according to
patient needs. If the effects of specific anesthetics are being tested,
it is necessary to avoid the use of local anesthetics.

3.1.1  Collection Wound-edge tissue specimen is collected as 3 mm biopsy from the

Procedure boundary (1 cm) between skin and open wound.

3.2 Sample Storage
and Transport

3.3 Embedding
of Sample in OCT
Gompound

3.4 Cryosectioning

Samples are immediately rinsed with ice-cold saline, patted dry on
Kimwipe®, then placed in collection vial containing appropriate
collection medium (e.g., OCT for cryosectioning), and snap fro-
zen in liquid nitrogen as appropriate. The samples can be trans-
ported from clinic to laboratory in properly secured biohazard-safe
containers under appropriate temperature conditions (e.g., in por-
table liquid nitrogen tanks). Shipments of any biological materials
are regulated by the US Department of Transportation (DOT)
and the International Air Transport Association (IATA). Additional
regulations may apply while shipping of wound samples in dry ice.

Place dry ice in a thick-walled Styrofoam box. Place a cryo-mold
on the dry-ice block. Add OCT compound to the cryo-mold.
Place the biopsy in appropriate orientation to obtain cross section
of the wound tissue. Add more OCT to cover the tissue. Let the
OCT solidify on dry ice. Once solidified, the cryo-mold containing
embedded tissue biopsies can be stored in liquid nitrogen vapor.

1. Mark side (non-glossy) of the slide that contains the mem-
brane with pencil.

2. Place slide on clean paper towel.
3. Dip the membrane slide into RNA Zap® ten times.
4. Dip the membrane slide into DEPC water 10x.
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Visualize Tissue
Architecture Yet
Preserve RNA Integrity

3.6 Laser Capture
Microdissection or
Laser Microdissection
and Pressure
Catapulting
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. Repeat with fresh DEPC water.
. Flick the slide to remove excess water and let slide dry.

. Take out the OCT-embedded tissue block and mount on a cut-

ting chuck. Perform sectioning using standard cryosectioning
equipment. We routinely use 10 pm thick sections for LCM
captures of hyperproliferative epithelium from wound tissues.

. Thaw and dry frozen slides by placing them in a box contain-

ing silica gel for 5 min. This should be performed in a biosafety
cabinet to minimize contamination. Do not allow the silica gel
to come into direct contact with the sections.

. Add RNALater® to cover the sections and incubate for 4 min.

. Add a drop of hematoxylin QS on the section and incubate

for 30 s.

. Wash the slide in DEPC water by gently dipping the slide up

and down five times.

. Repeat wash with fresh DEPC water.

6. (Optional step): Add a drop of 2 % eosin Y in 95 % EtOH to the

sections and incubate for 30 s.

. Wash in 95 % EtOH by gently dipping the slide up and down;

then let the slide sit in fresh 95 % EtOH for a period of 1 min.

. Place the slide in 100 % EtOH for 1 min.
. Place the slide in xylene for 1 min.
10.

Shake off xylene and let the slide dry in the hood by placing it
in a box containing silica gel for 2 min (se¢ Notes 5-7).

. The PALM MicroBeam LMPC system consists of inverted

microscope with a motorized stage and a “cold” nitrogen UV
laser that is not harsh on DNA/RNA or proteins. For cell or
tissue element capture, the laser is focused onto the tissue sec-
tion by adjustment of objectives. The laser traverses the glass
slide from below and cuts the section from beneath (Fig. 1).

. The microscope stage and UV laser are controlled by a PC

(through RoboSoftware™), and a video camera allows the tis-
sue sections to be displayed on the PC screen. Viewing of tis-
sue is possible with all objectives.

. The captured tissue element is collected using Robomover Z,

the robotic unit of PALM MicroBeam controlled by
RoboSoftware™ with multipurpose functions (Fig. 2). It is a
collection device with the adaptors for the versatile capture
vials such as single microfuge caps, multitude of microfuge
tubes, multicap strips, or plates. Different customized holders
allow collection of samples from single or multiple object
slides, LMPC-optimized slides, or culture dishes. The
Robomover Z can process up to three slides simultaneously.



240 Sashwati Roy and Chandan K. Sen

Fluorescent Source
{Calibri)\ =

. Control Boxes

Strip-Holder e
Stage
W

]
Video Camera—

Fig. 1 Major components of the PALM MicroBeam IV system

"™ PALMRobo Pro
Fle Et Vew Motin Laer Adustments Devices Hep

KONBERG #0298+ d780u - 8

Crsglay
Camena I!' iy
s ul
[ teamee ] 2| ’ J'
/{7 :.
[ e Baiwrce | [ Advarced Semrgs | !
Comemon | 10

Otwectrew

RHERRERL
==
e [BIO] | §

[ 5ot wrosbgon | -
10000 pen 100 X
| )

Fig. 2 A representative screen shot of RoboSoftware™ Pro software to show tissue elements marked and
ready for capture



Human Chronic Wound Tissue: Logistic Barriers 241

Fig. 3 LCM of human wound tissue hyperproliferative epithelium (HE). Left. Hematoxylin-stained HE area
marked for capture. Right. The same area shown after capture

4.

11.

Principles of LMPC. In LMPC, the biological material is placed
on a glass slide covered with a polyethylene naphthalate (PEN)
membrane. The laser beam source is positioned and focused.
A tightly focused laser beam is used to cut the PEN membrane
and the tissue sample on it. A defocused laser beam is then used
to “pressure catapult” the cut membrane with dissected cells of
interest into a sample collector. Thus, cell retrieval is accomplished
by LMPC approach against gravity. This is a noncontact method
that prevents possible contamination by surrounding tissue as
opposed to technologies that rely on gravity-driven “falling” of
the dissected tissue element into the sample collector.

. Mount the stained tissue-containing slide on the slide holder

on motorized stage.

. Load appropriate collection vial onto the Robomover. The col-

lection vial should contain some collection solution. For gene
expression studies, RNA extraction lysis buffer is appropriate.

. Use appropriate objective to visualize the tissue and region of

interest (ROI).

. Mark the ROI utilizing the pen tool feature of the

Robosoftware™.

. Activate the laser to cut and catapult to the collection vial.
10.

Collect images before and after the captures as well as of the
collected tissue in vial (Fig. 3).

The laser focus, laser energy, and speed of cutting need to be
optimized for specific type of tissues to obtain efficient tissue
cutting and catapulting.
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biopsy collection from human chronic wounds
sample storage, sectioning & staining
LCM/LMPC of wound hyperproliferative epithelium (HE)
RNA extraction & RNA QC

|

quantitative PCR for gene expression

Fig. 4 Workflow of gene expression analysis from LCM-captured human wound HE

(see Notes 8 and 9)
3.7 RNA Isolation 1. Tissue elements are cut and captured in LCM collection vial
[2, 4-6] (Fig. 4) containing RNA extraction buffer.

2. Perform total RNA isolation from captured tissue elements
using a small sample RNA extraction kit, for example Picopure
RNA isolation kit, following the manufacturer’s instructions.

3. After isolation, the RNA quantity (Nanodrop) and quality
(Bioanalyzer) are measured to determine the quantity as well as to
ensure the integrity of the RNA. An RNA integrity number (RIN,
1 is worst quality vs. 10 is the best) above 5 is considered as accept-
able RIN to proceed with gene expression analysis studies (see

Note 10).
3.8 Reverse 1. The ARCTURUS® RiboAmp® HS PLUS ¢DNA Kit permits
Transcription and quantitative real-time PCR (qRT-PCR)-based gene expression
Quantitative Real-Time analysis from small (as little as 100 pg) LCM captured of total
PCR [2, 4-6] RNA.

2. Perform reactions using instructions included with the kit.

3. The cDNA ready from reaction above can be used directly for
gRT-PCR assay.

4. TagMan® Gene Expression Assays are specifically designed to
determine gene expression via QRT-PCR. The kit comes with
detailed instructions to perform the assays.

4 Notes

1. Itis essential to maintain the sample temperature below -20 °C
during the entire sectioning process.

2. Before collection, the freshly cut section should be left for
5 min in cryosectioning equipment for appropriate cooling.

3. The slides containing tissue sections should be kept on dry ice
immediately after they come out of cryosectioning equipment.

4. To get best results, cryosection no earlier than an hour before
LCM.
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. Use molecular-grade ethanol, RNAse-free solutions, DEPC-

treated water, and fresh xylene during staining.

. Reduce time of staining as much as possible to minimize RNA

degradation.

. Avoid storage of stained tissue. The staining should be per-

tormed immediately before LCM.

. It is recommended to optimize LCM conditions with a trial

tissue to minimize loss of time.

. For gene expression studies, the LCM process must not exceed

30 min to secure high-quality RNA integrity. We have reported
a gradual loss in RNA stability in tissue sections as a function
of time following staining [4].

The optimum tissue elements for gene expression studies vary
with type of tissues. In general, 0.1-1 million square micron
tissue elements provide sufficient quantity of RNA to perform

gene expression studies.

Wound healing research in the authors’ laboratory is funded by
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Chapter 13

The Wound Watch: An Objective Staging System
for Wounds in the Diabetic (db/db) Mouse Model

G. Pietramaggiori, S. Scherer, and D.P. Orgill

Abstract

As in cancer biology, in wound healing there is a need for objective staging systems to decide for the best
treatment and predictors of outcome. We developed in the diabetic (db/db) wound healing model, a stag-
ing system, the “wound watch,” based on the quantification of angiogenesis and cell proliferation in open
wounds. In chronic wounds, there is often a lack of cellular proliferation and angiogenesis that leads to
impaired healing. The wound watch addresses this by quantifying the proliferative phase of wound healing
in two dimensions (cellular division and angiogenesis). The results are plotted in a two-dimensional graph
to monitor the course of healing and compare the response to different treatments.

Key words Wound staging, Angiogenesis, Cell proliferation, Wound healing, Diabetic (db/db)
mouse model, ki-67, CD31

1 Introduction

One of the biggest limitations in the study and development of
wound treatments is the lack of reliable models to quantify objec-
tively the course of healing. Our wound healing staging system,
developed to parallel wound healing and tumor biology, is based
on the quantification of neovascularization and stromal cell prolit-
eration in experimental diabetic (db/db) wounds [1]. The diabetic
mouse, with its impaired angiogenesis and wound healing [2], and
decreased production of growth factors [3, 4], serves as a repro-
ducible surrogate for the study of the course of healing of recalci-
trant wounds. Previous experiments have shown that diabetic mice
have delayed wound contraction and hair regrowth, allowing for
better wound dressing and closure analysis compared to wild-type
mice [5]. We further developed the methods, which allowed for
multiple studies on topics such as growth factors [6, 7], platelets
[8, 9], cytokines [10], mechanical forces, and the VAC [11]. For
the accurate staging of healing wounds, we selected two main
markers for vascularization (CD31) and cell proliferation (Ki-67),

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
Methods in Molecular Biology, vol. 1037, DOI 10.1007/978-1-62703-505-7_13, © Springer Science+Business Media New York 2013
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Fig. 1 Staining examples of CD31 and Ki67 for the wound watch: The /eft column shows CD31, while Ki-67 is
in the right column. Each row corresponds to a different treatment. In the box: Control wounds, showing low
levels of angiogenesis and cell proliferation (set to 1 in the plot). The quantification of the results is plotted in
the wound watch staging system. Results are reported as mean = SD. Error bar 50 pm

which are plotted together in the wound watch plot. This chapter
describes the entire protocol to stage wounds using the wound
watch staging system.

While the wound watch is used to stage the healing of a skin
defect, the response to different treatments can be also evaluated.
The following protocol allows for the high-quality staining condi-
tion, required in order to proceed with the quantification steps
(Fig. 1). The level of angiogenesis and cell proliferation in control,
non-treated wounds is set to 1 (Fig. 1). In this model, we selected
day 10 for the analysis, corresponding to about 50 % closure in
non-treated wounds. In this stage, we measured the largest differ-
ences between experimental treatments.

Although wound closure is the most widely accepted outcome
to assess the effectiveness of a therapy, for particular wounds, the
desired biological effect might be different. For example, in arterial
wounds, angiogenesis might be preferred to cell proliferation.
VEGF in our model increased vascularity by over tenfold while
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barely increasing cell proliferation by a factor of 2.2 (Fig. 1) [12].
On the opposite end of stimulation, we found scaffolds made of
polymers (such as poly- N-Acetyl glucosamine, sNAG, Fig. 1),
which allow for cell attachment: in this case cell proliferation
reaches a 5-fold increase when compared to controls and 2.7-fold
when compared to angiogenesis [13].

Mechanical forces, such as the vacuum-assisted closure device,
when tested in our model, showed a strong increase of cell prolif-
eration, with up to 5.9-fold increase over control wounds of
Ki-67-positive cells (Fig. 1) [11]. Another commonly used strategy
to stimulate wounds is fresh platelet-rich plasma (100 pl topically
administered dose in our model), which increases cell proliferation
by a factor of 4 and angiogenesis by a factor of 2.8 (Fig. 1) [9].
Interestingly, when PRP is frozen or lyophilized platelets lose some
of the beneficial effects, with only a 1.7 increase in angiogenesis
and 1.2 increase in cell proliferation, respectively [9], and [6]
(Fig. 1). Interestingly, certain pathologic states, such as tumors,
seem to stimulate the platelet ability to induce angiogenesis, as
PRP derived from tumor-bearing mice stimulated angiogenesis
and cell proliferation further than PRP from healthy animals, with
4.1 increase in angiogenesis and 4.5 in cell proliferation [8]
(Fig. 1).

In conclusion, the wound watch staging system is a bi-
dimensional (angiogenesis and cell proliferation) wound healing
staging system, which can be used to compare the effects of several
experimental treatments at the same time.

2 Materials

2.1 Mice

2.2 Excisional
Wounding

Homozygous genetically diabetic 8—12-week-old Lep/r—db/db male
mice (strain C57BL/Ks]-Lepr™) ave used under an approved animal
protocol in accredited facility.

. Anesthesia solution: Nembutal 60 mg/kg (Pentobarbital).

. EtOH (70 %): Disinfection pads.

. Single-use, nontoxic, non-pyrogenic syringes (3 ml).

. Single-use, nontoxic, non-pyrogenic needles (0.5x25 mm).
. Gauzes, examination gloves, 50 ml conical tubes.

. Electric razor.

. Depilatory cream.

. Scissor and forceps.

O 0 NI O Ol B W N

. Surgical marker.

p—
=

. Benzoin solution.

—
—

. Tegaderm dressing.
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2.3 Immunohisto-
chemistry

1. Xylene.

2. Alcohol 100 %.

3. dH,O0.

4. Dulbecco’s PBS.

5. H,0,.

6. Methanol.

7. Tris—H,O solution.

8. Proteinase K.

9. Citrate solution.

10. TNB solution.

11. CD31 primary antibody.
12. Ki67 primary antibody.
13. CD31 secondary antibody.
14. Ki67 secondary antibody.
15. Tween-20.

16. Streptavidin—-HRP.

17. Biotin.

18. DAB chromogen.

19. Hematoxylin.

20. PapPen.

21. Object slides.

22. Coverslips.

23. Slide wet chamber.

3 Methods

3.1 The Diabetic
Mouse Model

3.2 Staining
Instructions

The day before surgery, hair is clipped and depilated. On the day
of the surgery, animals are weighed and anesthetized with 60 mg/
kg Nembutal (Pentobarbital, freshly prepared). A dorsal 1.0 ¢cm?
area of skin and panniculus carnosus is excised and the wounds are
photographed. All wounds are covered with a semi-occlusive
polyurethane dressing. On postoperative day 10, the animals are
cuthanized and the wounds are photographed, excised, and fixed
in 10 % neutral-buffered formalin solution.

Day 1

1. Label slides with a lead pencil either “Ki67” or “CD31.”

2. Warm slides on a heat plate (for at least 30 min to 1 h, or even
overnight), temp between 50 and 60 °C (never >60 °C to pre-
vent denaturation) (see Note 15).



12.
13.
14.

15.
16.
17.

18.
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. Remove paraffin using two washes of xylene for 5 min each.

. Hydrate slides with a dehydration alcohol series, diluting dehy-

dration alcohol in dH,O. 100 % (2 min), 95 % (2 min), 85 %
(1 min), and 70 % (1 min) (se¢ Note 16).

. Wash the slides in PBS three times for 10 min each.

. Immerse slides in 30 % H,O, solution (diluted in methanol),

in the dark, for 20 min—methanol dilution: 25 ml of 30 %
H,0, in 225 ml methanol (see Note 17).

. Wash the slides in PBS three times for 5 min each.
. CD-31 (surface antigen retrieval).

. Prepare a water bath at 37 °C (see Note 18).

10.
11.

Prepare a [0.2 M] Tris—H,O solution.

Place [0.2 M] Tris—H,O solution in water bath to equalize
temperature before adding proteinase and slides (se¢ Note 19).
Add 90 pl of Proteinase K for every 50 ml to Tris—-H,O solu-
tion (see Note 20), and place the slides in a water bath for
20 min.

Wash them in PBS three times for 5 min each.
Ki67 (intracellular antigen retrieval).

Immerse the slides in citrate (pH=6. 10 mM) and microwave
slides until solution begins to boil (breaking cell membranes to
expose antigen).

STOP the microwave, and allow container to rest for 5-6 min.
Microwave the slides again until solution begins to boil.

STOP the microwave, and allow to 7est until solution reaches
room temperature for at least 20 min.

Wash the slides in PBS three times for 5 min each.

Antigen enhancing

19.

20.
21.
22.

23.
24.

25.

Choose 1-2 sections per slide to stain. Wipe off other
sections.

Dry the area around desired sections.
Draw a circle around the remaining sections with a marker.

Add 100-150 pl TNB (allow to defrost beforehand) to sec-
tions and leave in wet chamber for 30 min at room tempera-
ture (sec Note 21).

Shake off the agent.

Replace slides in wet chamber, and pipette the primary anti-
body (1 pl:100 plin TNB for CD31, 1:200 for Ki67), approxi-
mately 70-80 ml onto each section.

Leave in fridge overnight at 4 °C.
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Day 2

1.
2.

3.
4.

Wash in PBS-Tween three times for 5 min each.

As you place slides in wet chamber, pipette secondary antibody
(60-70 ml) onto each section, and then leave for 1 h at room
temperature.

Biotinlated secondary antibody: 1 pl antibody:200 pl in TNB.

Wash in PBS-Tween, three times for 5 min each.

Signal Amplification

5.

10.

As you place slides in wet chamber, pipette streptavidin—-HRP
(60-70pl, 1 pl:100 pl in TNB) onto each section, and then
leave for 30 min at room temperature.

. Wash in PBS-Tween, three times for 5 min each.

. Replace slides in wet chamber. Pipette biotin on slides

(1 pl:50 pl in amplification diluent), approximately 60-70 ml
pipetted onto each section (see Note 22).

. After 4 min, place slides in PBS-Tween, and wash three times

for 5 min each.

. Repeat the amplification with streptavidin—HRP: As you place

slides in wet chamber, pipette streptavidin—-HRP (60-70 ml)
onto each section, and then leave for 30 min at room
temperature.

Wash in PBS-Tween, three times for 5 min each.

Activation

11.

12.
13.

14.
15.

Prepare chromogen agent: Dissolve Y5 tablet of DAB in
5 ml PBS.

To activate chromogen, add 1 pl 30 % H,O, per 1 ml DAB/
PBS solution. Once activated, this solution is only good for a
maximum of 30 min (se¢ Note 23).

Have two containers of dH,O ready.

Bring slides (in PBS-Tween chamber), dH,O containers, and
activated DAB solution to light microscope.

Place slide on microscope under 10x magnification.

Activation is often instantaneous: Just put a few drops (approx-
imately three drops) of activated DAB solution evenly onto the
section, look under microscope, and STOP the reaction once
the positive-staining structures are darkened (brown) by
placing slide in dH,O (see Note 24).

Counterstain

16.

17.

Fill one container with hematoxylin; make sure that there is no
layer of film on top (see Note 25).

Fill another container with tap water.
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18. Immerse slides in hematoxylin for 3 min.

19. Immerse slides in water for a few seconds, and change water
immediately at least one time.

20. Leave slides in the container with constant water flow (not too
strong) until water runs clear.

21. Fill one container with ammonium-H,O as per above
instructions.

22. After being in water, dip slides in ammonium-H,O ten times.
23. Blue with properly diluted bluing agent for 1 min (PBS).
24. Put them back in tap water.

Montage

25. Reverse EtOH cascade = Dehydrate dehydration alcohol tissue
with 70 % (1 min), 85 % (1 min), 100 % (1 min), and 100 %
(3 min); make sure that slide-labeled area is covered with
100 %. There should be no H,O molecules on the slide or
labels of the slides.

26. Safe Clear or xylene to remove PapPen two times for 5 min.

27. Coverslip with permanent mount and let sit at room temp
until dry (24 h).

28. To remove excess glue from coverslip, dip slides in xylene 2-3
times and allow them to dry.

Three digital images of PECAM-1- and Ki-67-stained slides are
captured for each wound sample, one in the middle and two on the
edges of the wound bed. Pictures are viewed with Adobe Photoshop
CS Software. Blood vessels (CD-31 positive) in each high-powered
field are marked and counted. Ki-67-positive cells are expressed as
a ratio of proliferating nuclei to total nuclei. Ratios were calculated
between results obtained from the center of the lesions and from
the edges of each treatment group to the control group (fixed to 1).
Results from CD-31 are plotted in the x-axis, while from Ki-67 in
the y-axis. Fifteen samples are evaluated at 40x magnification for
each experimental treatment.

4 Notes

1. To stain paraffin-embedded sections, the paraffin material must
first be removed and then the sample must be rehydrated.
Rehydration also reactivates enzymes that must be blocked
with H,O,.

2. Prior fixation with formalin causes many proteins to cross-link
preventing accessibility to surface antigens. These antigens are
retrieved using a protease. When trying to detect an internal
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10.

11.

12.

13.

antigen, the cell membrane is broken by microwaving the sam-
ples in a basic citrate releasing the internal antigen.

. In order for the primary antibody to bind only to the antigen

of interest, the samples are treated with an unspecific protein-
based blocker T'NB that acts like a blanket. Now, the antigen
of interest is marked with its specific primary antibody. This
antibody is a highly specific “rat anti-mouse antibody” made
by injecting the mouse antigen into a rat.

. A biotinylated anti-rat (mouse adsorbed) secondary antibody is

then added (super-specific). The biotin unspecifically binds to
negatively charged molecules.

. Streptavidin-HRP is then added to amplify the signal.

Streptavidin is also a negatively charged molecule which binds
to biotin, while HRP is an enzyme. Further amplification is
achieved by adding biotin, and then again adding S-HRP.
Leaving biotin on the sample too long will cause unspecific
binding to other less negative molecules, reducing the specific-
ity of the signal.

. Finally, DAB chromogen is added and acts like a substrate for

HRP. Positive staining for the antigen will cause a brown color
change (can be instantancous). If the activated chromogen is
left on the samples too long the background will become
brown. Stop the reaction by immersing slides in dH,O as soon
as the positive cells have become brown, and minimal back-
ground has stained.

. “Wet” chamber: Place wet towels along the bottom of a com-

mon slide box. Close lid. When done with staining, remove
wet paper towels and hang slide boxes to dry to prevent mold.

. 1 M PRBS: Dilute 10 M PBS stock solution in dH,O (100 ml

10 M PBS:1,000 ml dH,0).

. PBS-Tween: Add 0.5 ml Tween for every 1 1 of 1 M PBS

(Tween is a detergent).

Ammonium-H,0: Dilute 0.5 ml Ammonium Hydroxide
(Menconi) in 500 ml tap water.

1 M Tris pH 8: Prepare both 1 M HCI Tris (acid) and 1 M
base Tris (Basic) desolving the powder in dH,O, with a ratio
1 1 H,O:1 weight in grams of the formula weight (FW, found
on the box of the salts). Then mix the two solutions, adding
acid to base until the needed pH is reached.

Citrate (pH 6.0): In 1,000 ml of dH,O add 1.92 g of anhy-
drous citric acid. Adjust pH to 6.0 by adding NaOH. Then
add 0.5 ml Tween 20 and mix. Store at room temperature.

Steps will vary in time especially when slide rack is lifted up and
down in the solution. This gets the solutions moving over the
tissue better, thus speeding up the desired interaction of the
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applied step. For example the xylene steps can be cut down to
20 dips depending on the amount of paraffin left on the slide
after baking.

Items to be placed in zce when not in immediate use:

(a) TNB.

(b) Pap green marker.
(c) Primary antibody.

(d) Secondary antibody.

(e) Streptavidin—HRP (light sensitive).
(f) Biotin.

(g) DAB dissolved in PBS.
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prevent protein denaturation).

Change the alcohol solution every two immersions.

In the dark, for 20 min—methanol dilution: 25 ml of 30 %
H,O, in 225 ml methanol.

Start beforehand; it will take time to get the temperature right.

Dilute 1 M Tris (basic pH =8.0) with dH,O 1 ml:5 ml (50 ml
Tris in 200 ml dH,0).

Do this step just before immersion of slides.
Allow to defrost beforehand.

Biotin should remain on each slide for only 4 min.
Only activate 2—-3 ml of this solution at a time.

Wiaiting too long to stop the reaction will cause the back-
ground to stain as well.

Hematoxylin can be reused, but if there is a top film, filter the
hematoxylin and only use for an additional few times.
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Chapter 14

Human Ex Vivo Wound Healing Model

Stojadinovic Olivera and Marjana Tomic-Canic

Abstract

Wound healing is a spatially and temporally regulated process that progresses through sequential, yet
overlapping phases and aims to restore barrier breach. To study this complex process scientists use various
in vivo and in vitro models. Here we provide step-by-step instructions on how to perform and employ an
ex vivo wound healing model to assess epithelization during wound healing in human skin.

Key words Epithelization, Ex vivo, Healing model, Human, Acute wounds

1 Introduction

Wound healing is a multifaceted process that involves different cell
types, complex signaling network, and advances through orderly
and timely different, yet overlapping phases [1]. However, this
process can be influenced by various factors that may impair the
healing response, resulting in a healing-impaired wound that fails
to proceed through the usual progression. In addition to profound
suffering of patients, healing-impaired wounds represent a major
area of unmet clinical needs, leading to significant morbidities and
mortality.

Various in vitro and in vivo models have been used to study
wound healing process. Studies in many animal models of wound
healing have examined cellular and molecular changes and their
resultant delay in wound healing; however, our field is still lacking
an adequate wound healing model that will be readily translatable
to a human setting. As a consequence of this limited understand-
ing, current treatments are often ineffective and very scarce.

Studying different phases of wound healing is dependent on
the use of models. Although by using animal wound healing mod-
els different wound healing phases can be assessed simultaneously,
differences in the skin morphology and physiology between, for
example, rodents and humans make wound healing studies diffi-
cult to translate to human settings. Here we describe an ex vivo

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
Methods in Molecular Biology, vol. 1037, DOI 10.1007/978-1-62703-505-7_14, © Springer Science+Business Media New York 2013
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Fig. 1 Images of infrared (a), H& E-stained (b), keratin 17-stained (c) ex vivo wound edge specimen

human wound healing model adopted and further developed in
our laboratory to study wound healing in human skin [2-5].
Comparative analyses between acute human wounds and ex vivo
wound models showed comparable expression patterns for multi-
ple genes involved in wound healing and epithelization phase, sup-
porting human ex vivo model as reliable and functional in assessing
human epidermal healing [5-8]. Human ex vivo wound model has
been successfully used to assess epithelization rate after topical
treatments [9-12]. Recently, we utilized this model to assess re-
epithelization over time using infrared (IR) and confocal Raman
spectroscopic imaging analysis [ 13] (Fig. 1). Our data revealed fine
spectral differences that corresponded to distinct spatial distribu-
tions and we correlated these findings with keratin expression using
immunostainings. Therefore human ex vivo wound healing model
can be used to acquire detailed molecular structure information
from many proteins involved in the wound healing process.

An advantage of this model is that the epithelization process
can be assessed histologically at different time points. The skin
specimen is typically obtained from reduction surgeries and
brought to the laboratory within an hour to 2 h. Institutional
Review Board (IRB) approvals are necessary but are straightfor-
ward to obtain, given that this is a discarded and de-identified
tissue and, as such, may qualify for an exempt. Importantly, a large
number of wounds can be obtained from the same donor. One
limitation of this experimental model is lack of blood supply.
Despite that, ex vivo model provides a very useful tool for preclini-
cal testing, to study behavior of particular cell type, e.g., keratino-
cytes, during wound healing process and the epithelization phase
in particular.

2 Materials

2.1 ExVivo
Wounding

1. Sterile phosphate-buftered saline (1x PBS).
2. Red DMEM.
3. Antibiotic—antimicotic.

4. Fetal bovine serum.
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Fig. 2 Equipment and plasticware required for ex vivo wounding. Scissors, embedding mold, OCT media,
curved- and flat-tip forceps, scalpels, biopsy punches (a). Gauze pads, crossed is non-recommended type of
gauze pad (b). Falcon tube and tissue culture dishes (c)

2.2 Embedding
Ex Vivo Wounds for
Histology

2.3 Cutting
OCT-Embedded
Ex Vivo Wounds
Using Cryostat

O 0 N O U

W

. Sterile gauze pads, highly absorbent (5.1 cmx 5.1 cm) (Fig. 2b).
. Scissors and forceps (Fig. 2a).

. 50 ml Falcon tubes.

. Biopsy punches (3 mm and 6 mm).

. 150 mmx 25 mm Cell culture dish.

10.
11.
12.
13.

100 mm x20 mm Cell culture dish.
60 mmx20 mm Cell culture dish.
Surgical gloves.

Disposable scalpel.

. Tissue Tek®, Cryomold® Standard, disposable vinyl specimen

molds (25 mm x 20 mm x5 mm) (Fig. 2a).

. Tissue Tek, OCT Compound (Fig. 2a).
. Forceps.

. Dry ice.

. Box of dry ice.

2. Paintbrush.

. VWR low profile coated microtome blades.
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2.4 H&E Staining
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. Microscope slides.

. Acetone.

. 1x PBS.

. Hematoxylin.

. Acid ethanol (1 % HCI diluted in 70 % ethanol).
. Eosin.

. Ethanol.

. Xylene.

. Coverslips.

. Mounting media.

3 Methods

3.1 ExVivo
Wounding

All the steps need to be carvied under the tissue cultuve hood and
all the equipment needed for ex vivo wounding must be sterilized
before use!

1.

Prepare ex vivo media using red DMEM supplemented with
1 % antibiotic—antimycotic and 10 % fetal bovine serum.

. In a sterile tissue culture dish place sterile gauze pad and add

5 ml of media.

. Using scalpel cut piece of skin received from reduction surgery

to a 10 cmx 10 cm piece and place it in a Falcon tube filled
with sterile 1x PBS. Cap the Falcon tube securely and shake
the tube containing tissue to wash of the blood from skin.

. Repeat washing step three times or until excess blood has been

washed off the tissue.

. Place skin, with epidermis facing up, into a 100 mm tissue culture

dish and tap dry epidermis using sterile gauze pad.

. Once the skin is dry, transfer the piece of skin to a clean tissue

culture dish with epidermis facing down. Using scissors and
forceps to hold the skin, cut off underlying fat tissue until dermis
is reached. A skin specimen cleaned from fat should contain
only dermis and epidermis (se¢ Note 1).

. Wash the specimen with the sterile 1x PBS three times

(see Note 2).

. Place skin specimen, with dermis facing down, into a clean tissue

culture plate. Touch the skin surface with a 3 mm biopsy punch
and gently punch the epidermis and the upper dermis by rotating
a biopsy punch to create a wound bed (sec Note 3).

. Using forceps to pull out excised epidermis and upper dermis,

excise 3 mm biopsy punch to create a central wound (see Note 4).
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Epidermis

Dermis

Fig. 3 Scheme of a doughnut-shaped ex vivo wound as seen from above and
from a side (a). Human ex vivo wound. White dotted circles trace inner wound
edge and demarcate wound bed (b)

10.

11.

12.
13.

14.

Position a 6 mm biopsy punch containing the recently created
3 mm wound positioned in the center of the punch. Rotating
the 6 mm biopsy punch, punch through the full-thickness skin
to create a doughnut-shaped ex vivo wound (Fig. 3a, b).

Gently, without touching the wound bed place ex vivo wound
on the top of the sterile gauze pad containing 5 ml of media
and spread it out to lay flat so that the dermis is touching the
gauze with the media completely. Avoid air pockets between
the dermis and the air-liquid interface (se¢ Note 5).

Apply topical treatment by pipetting it into the wound bed.

Cover the dish and place it at 37 °C in a humidified atmosphere
of 5 % CO,.

Change media every other day and reapply treatments every
day (see Note 6).

. Label the Tissue Tek disposable tissue specimen molds.
. Fill in the tissue pocket with the Tissue Tek, OCT Compound.

. Using tweezers detach ex vivo wound by stridently removing

the wound from the underlying gauze (se¢ Note 7).
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3.3 Cutting
OCGT-Embedded
Ex Vivo Wounds
Using Cryostat

3.4 H&E Staining

4.

Slowly by holding tissue specimen mold filled with OCT media
on a dry ice submerge the ex vivo wound so that epidermis is
parallel and faces the label. Prevent folding by holding in place
until tissue is frozen.

. Store labeled tissue at —80 °C until use.

. Place OCT-embedded ex vivo wounds in cryostat or =20 °C

refrigerator to equilibrate the temperature for at least 5 min.

. Place the chuck into the hole of a fast-freezing rail and cover it

with OCT. Remove wound specimen from embedding mold,
place it on a chuck coated with OCT, and allow OCT media to
freeze. Use a metal blade to chip away any OCT around the
chuck in order to fit it securely into a cryostat head.

. Lock the handwheel brake when working with the specimen

holder and the knife carrier.

. Insert chuck with frozen tissue into the specimen clamping,

lock it in place, and set the section thickness (see Note 8).

. Insert the knife into the knife carrier from the side and tighten

the clamping screws (see Note 9).

. To cut sections, move the tissue towards the blade until thin

sections can be cut. Use paintbrush to guide the cut section
(see Note 10).

. Begin by cutting 20 pm sections to reach to the specimen.

Once you reach the wound bed tissue, cut sections at 5-8 pm
and place section on slide by gently touching cut tissue with
the slide (see Note 11).

. Observe under microscope to assess the quality of the section

(see Note 12).

. Observe sections under microscope and label the slide.
10.

Dry slides with sections at room temperature overnight and
proceed with H&E staining.

. To fix the tissue place the slides with up to 8 pm thick tissue

sections in a staining jar filled with cold (4 °C) acetone for
1 min at room temperature.

. To wash slides submerge them in 1x PBS three times, 5 min

each.

. Submerge slides in ddH,O for 5 min and blot access water

from slide before submerging into hematoxylin.

. Transfer slides to hematoxylin and keep them submerged for

2 min.

. Rinse slides with ddH,O for 3 min and then under the tap

water for 15 min.

. Dip slides in acid ethanol to destain.
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7. Wash slides under the tap water for 5 min.

12.
13.

p—

. Rinse slides in ddH,O for 2 min. Blot excess water from slides

before transferring into eosin.

. Submerge slides in eosin for 45 s.
10.
11.

Submerge slides in three changes of 95 % ETOH, 5 min each.

Submerge slides in three changes of 100 % ETOH, 5 min each.
Blot excess ethanol before moving slides into a xylene.

Submerge slides in three changes of xylene, 5 min each.

Mount the sections using permanent mounting media and
coverslip them avoiding any bubbles (se¢ Note 13).

. To quantify epithelization use appropriate software (sec Note 14).

. Determine the location of wound edges and drag a measuring

tool horizontally from one to the other wound edge to mea-
sure the size of the total wound bed (se¢ Note 15). If the entire
wound bed cannot be observed on the monitor, take multiple
measurements until the entire wound bed is measured and
record measurements under the appropriate sample label.

. Next, measure migrating epithelial tongue (the distance

keratinocytes migrated) from both wound edges and record
measurement.

. To determine the percent of epithelization divide a total dis-

tance measured as a total length of migrated epithelial tongue
visible from both wound edges by length of the initial wound
bed and multiply by 100 %.

4 Notes

. Start cleaning the fat tissue by cutting it out with scissors, but

do not cut too deep to injure the dermis. Once the fat tissue is
cut out, level the dermis using scissors by cutting the small
pieces of fat that were left attached to the dermis.

. Washing cleaned specimen is extremely important in order to

avoid lipid contamination. We noticed the presence of a lipid drop-
let in the wound bed and a skin surface while using infrared and
confocal Raman spectroscopic imaging to acquire detailed molec-
ular structure information from the diverse proteins and their
subclasses during ex vivo wound healing process.

. This is a fundamental step in creating the wound. It is impor-

tant that the punch is sharp. The biopsy punch should be
pressed down gently touching the epidermis. A few rotations
of'a punch while applying a slight pressure to the epidermis are
sufficient to create a wound through epidermis and upper dermis
(Fig. 3a, b).
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4. In our experience the best way to separate epidermis and upper

dermis from the rest of the skin in order to create a wound bed
is to use pointed forceps and slowly pull out the 3 mm biopsy
punch created. Once the 3 mm biopsy punch is pulled up
allowing visualization of the dermis below, cut out the tissue
by placing scissors parallel to the surface of the skin (parallel
to the wound bed) just below epidermal-dermal junction. The
greatest variability in the wound depth comes from this step
and it is extremely important to keep wound depth as constant
as possible. We recommend one person to perform wounding
experiments for any given skin specimen.

. It is important to separate wounds from each other in order to

avoid additional tissue injury during the process of wound
detachment from the gauze pad. We recommend specific gauze
pads (Fig. 2b) to circumvent a tight dermis attachment and tear
of the newly formed epithelium during separation process.

. Perform this step under the sterile conditions. Put plate under

the hood and use Pasteur pipette to aspirate media out from
the gauze pad and pipette in fresh media. Transferring ex vivo
wounds from one dish to another with a new gauze pad and
fresh media can lead to injury of the migrating epithelial
tongue and compromise the healing outcome. In our experi-
ence, keeping the wounds on the same gauze pad throughout
the duration of the experiment yields the best results.
Treatments should be re-applied daily by pipetting 25 pl of the
treatment directly to the wound bed without touching the skin
surface. In general at least three wounds per condition, per
time point, should be made and experiment should be repeated
at least three times using different skin specimens. To observe
an effect of tested topical treatment we recommend assessing
wound epithelization 4 days after wounding given that control,
untreated wound would fully epithelialiaze by day 7.

. To remove ex vivo wound from the gauze pad we recommend

using curved-tip forceps (Fig. 2a). One should start detaching
the wound from the underlying gauze pad by lifting the outer
wound edge on one side of the ex vivo wound. Once the skin
is lifted hold the skin between the curved tips and using one
sharp move detach ex vivo wound by pulling it up and
sideways.

. The orientation of the specimen in relation to the cutting edge

is important to achieve nice sections. The chuck has to be
parallel in relation to the knife. Position the specimen so that
epidermis faces either left or right.

. Cutting area of the knife should be changed if it is not usable

anymore by moving the knife to the left or the right side so that
unused area of the knife can come in contact with the specimen.
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Chapter 15

Murine Models of Human Wound Healing

Jerry S. Chen, Michael T. Longaker, and Geoffrey C. Gurtner

Abstract

In vivo wound healing experiments remain the most predictive models for studying human wound healing,
allowing an accurate representation of the complete wound healing environment including various cell
types, environmental cues, and paracrine interactions. Small animals are economical, easy to maintain, and
allow researchers to take advantage of the numerous transgenic strains that have been developed to inves-
tigate the specific mechanisms involved in wound healing and regeneration. Here we describe three repro-
ducible murine wound healing models that recapitulate the human wound healing process.

Key words Wound healing, Mouse model, Excisional wound, Ischemic wound, Pressure ulcer

1 Introduction

1.1 Splinted Chronic non-healing wounds are a morbid condition and place a

Excisional Wound huge financial burden on the health system. Non-healing ulcers in
diabetics alone account for almost two-thirds of all non-traumatic
amputations in the United States [1]. Excisional wound models
are commonly employed to recapitulate this disease process in ani-
mal models. We have utilized a splinted excisional wound model
which prevents wound margin contracture. Wound contracture by
the panniculus carnosus is the primary mode of murine wound
healing as opposed to granulation tissue formation and reepitheli-
alization in humans [2, 3]. In addition to preventing wound con-
tracture, the silicone splint provides a constant reference to use for
calculating wound size when assessing wound closure. The wound
bed can also be easily accessed to apply topical or subcutaneous
agents to study wound healing modulation.

1.2 Ischemia Pressure ulcers commonly affect the elderly population and patients
Reperfusion Model who are debilitated due to spinal cord or traumatic brain injury
and cause significant morbidity and even mortality. They are
increasingly becoming a complication of acute hospitalizations as
well with an 80 % increased incidence in the United States between

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
Methods in Molecular Biology, vol. 1037, DOI 10.1007/978-1-62703-505-7_15, © Springer Science+Business Media New York 2013
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1.3 Ischemic
Flap Model

1993 and 2006. The treatment of these wounds costs up to $11
billion per year in the United States [4]. The pathogenesis of pres-
sure ulcers is thought to be mediated by cycles of ischemia fol-
lowed by reperfusion injury. Wasserman et al. implemented a
model using a metal disk implanted below the mouse gluteal mus-
cle [5]. A magnet is placed on the skin to cause ischemia in the
tissue between the magnet and metal disk and is cycled on and off.
This model is able to reproduce up to a stage IV pressure ulcer
with muscle necrosis. This approach however requires invasive
methods and leaves a foreign material within the wound, both of
which can confound wound characteristics. A simple noninvasive
method was described by Stadler et al. which can achieve a stage
IIT pressure ulcer [6]. Two ceramic magnetic disks are placed to
“pinch” the dorsal skin and apply 50 mmHg of pressure which has
been shown to decrease blood flow by 80 % [7]. This is followed
by removal of the magnets to allow for a period of reperfusion
injury. Wounds can be followed to analyze wound closure rate and
tissue is easily harvested for histology, RNA, and protein analysis.

Neovascularization is critical in the wound healing process. Recent
studies have suggested that this process consists of both angiogen-
esis (sprouting of new vessels from existing endothelium) and vas-
culogenesis (creating of de novo vessels by progenitor cells).
Neovascularization is dependent on numerous factors including
ischemic signaling and mobilization and migration of progenitor
cells. We have employed a three-sided full-thickness peninsular flap
on the dorsum of the mouse with an impermeable silicone sheet
beneath. This prevents neovascularization from below the wound
leaving only the flap pedicle as a vascular source. A reproducible
ischemic gradient is created within the flap allowing for analysis of
differential ischemic signaling.

2 Materials

2.1 Splinted
Excisional Wound

Fabrication of Silicone Splints

1. 0.5 mm thick silicone sheet.

2. 10 and 16 mm skin biopsy punches.
3. 70 % EtOH.

4. 50 mL polypropylene conical tube.

Excisional Wounding

1. Anesthesia.

2. Electric hair trimmer.
3. Depilatory cream.

4. Gauze.
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2.3 Ischemic
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. 70 % EtOH.

. 6 mm Skin biopsy punch.

. Cyanoacrylate adhesive (super glue).
. Forceps.

. Scissors.

10.
11.
12.
13.

Needle driver.
6-0 nylon suture.
Mastisol.

Occlusive dressing (Tegaderm).

Digital Analysis of Wound Closure

1.
2.

Digital camera.

Image] software.

Havrvesting of Tissue for Analysis
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. Forceps.

. Scissors.

. Tissue capsule pads.
. Biopsy cassette.

. Cryovials.

. Liquid nitrogen.

. 12 mm diameter x 5 mm thick magnetic ceramic disk.
. Anesthesia.

. Electric hair trimmer.

. Depilatory cream.

. Gauze.

. 70 % EtOH.

. 0.133 mm thick medical grade silicone sheet.
. Anesthesia.
. Electric hair trimmer.

. Depilatory cream.

Gauze.

. 70 % EtOH.

. Template (10 mmx25 mm).
. Forceps.

. #10 scalpel.

. Microsurgical scissors.
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11. Needle driver.

12. 6-0 nylon suture.

13. Phosphate-buffered saline.
3 Methods
3.1 Splinted Fabrication of Silicone Splints
Excisional Wound

1.

2.

3.

Punch out the desired number of silicone splints using 16 mm
biopsy punch (Fig. 1a). Each animal requires two splints.

Using the 10 mm biopsy punch, remove the inner diameter
from each silicone disk to form a ring (Fig. 1b).

Place splints in 70 % EtOH in a 50 ml conical tube to keep
disinfected until ready for use.

Excisional Wounding

1.

Induce adequate anesthesia through either intraperitoneal or
inhaled anesthesia.

. Shave back of anesthetized mouse with electric hair trimmer.

Be careful not to induce any trauma with razor teeth.

. Apply depilatory cream to shaved skin and let sit for 2 min.

. Wipe off cream and hair with gauze. Prepared skin should be

completely bare.

. Wipe the shaved back with 70 % EtOH.

6. Using a 6 mm biopsy punch, mark out the location of exci-

10.

11.

sional wounds by pressing down gently and tracing with a fine
marking pen. Bilateral wounds should be equidistant from the
midline and spaced on either side of the dorsum (Fig. 1¢).

. Lift the skin away from the dorsum to incise and perform full-

thickness excisional wound through the panniculus carnosus
carefully with scissors (Fig. 1d).

. Remove the skin flap by sharply dissecting the skin from the

wound bed and cutting any connective tissue.

. Apply a thin layer of glue fixative to one side of the silicone

splint and affix the splint concentrically around the wound
(Fig. le).

Secure each splint with eight evenly spaced interrupted stitches
(Fig. 1f, see Note 1).

Apply Mastisol to intact skin surrounding the silicone splints
and the splints themselves. Place occlusive dressing over wound
to protect the splint from scratching or chewing by the
animal.
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Fig. 1 Splinted excisional wound model. (@) The 16 mm punch is used to cut out the desired number of splints.
(b) The 10 mm punch is then placed inside each silicone circle to remove the inner diameter and create the
silicone splint. (c) A 6 mm punch is used to mark the location of the excisional wound. (d) Forceps retract the
skin outward and scissors are used to sharply excise a circular piece of skin down through the panniculus
carnosus. (e) The silicone splint is glued concentrically around the excisional wound. (f) Eight interrupted
stitches reinforce the splint to the intact tissue surrounding the wound to prevent wound edge contracture

12.

Return mouse into individual cage and observe to ensure
recovery from anesthesia and surgery (see Note 2).

Digital Analysis of Wound Closure

1.

Obtain digital pictures of the wounds on the day of surgery
and every other day thereafter (sec Note 3).

2. Open the image of each wound in Image] software.

. Draw a line of the inner diameter using the straight measuring

tool.

. Set scale under the analyze menu in the toolbar by entering

known distance as 16 mm.

. Measure the area of each wound by tracing the perimeter of

the wound using the freehand tracing tool and selecting mea-
sure under the analyze menu (see Note 4).

. After obtaining all wound areas, calculate the size of the wound

at each time point as a percentage of the wound size on day 1
(see Note 5).

Havrvesting of Tissue for Analysis

1.

2.

Determine which animals will be sacrificed for each time point
(see Note 6).

Euthanize animal by CO; and confirm by cervical dislocation
(see Note 7).



270 Jerry S. Chen et al.

3.2 Ischemia
Reperfusion Model

3.3 Ischemic Flap

3.

4.

12.

Excise the wound bed keeping approximately 2 mm of
adjacent normal tissue to include the wound margin.

Bisect the wound and then cut one of the halves into
quarters.

. Place the larger specimen between foam tissue capsule pads in

a tissue cassette and fix in 4 % paraformaldehyde for fixation.

. The two smaller quartered specimens can be stored in cryovi-

als, snap-frozen in liquid nitrogen, and processed for RNA and
protein isolation (see Note 8).

. Induce adequate anesthesia through either intraperitoneal or

inhaled anesthesia.

. Shave back of anesthetized mouse with electric hair trimmer.

Be careful not to induce any trauma with razor teeth.

. Apply depilatory cream to shaved skin and let sit for 2 min.

. Wipe off cream and hair with gauze. Prepared skin should be

completely bare.

. Wipe the shaved back with 70 % EtOH.

. Draw two outlines of the magnets, each 5 mm from the mid-

line (Fig. 2a, see Note 9).

. Place the magnets on the designated areas so that a fold of skin

is pinched between the magnets (Fig. 2b, see Note 10).

. Return mouse to an individual cage.

. Keep magnets on for 12 h of ischemia time.
10.
11.

After 12 h remove the magnets from each mouse (se¢ Note 11).

Repeat 24-h ischemia-reperfusion cycle for a total of three
cycles (see Note 12).

Monitor mice daily; ulcers will become visible after 3—4 days.
Ulcers reach maximum depth at 10 days (Fig. 2¢).

. Induce adequate anesthesia through either intraperitoneal or

inhaled anesthesia.

. Shave back of anesthetized mouse with electric hair trimmer.

Be careful not to induce any trauma with razor teeth.

. Apply depilatory cream to shaved skin and let sit for 2 min.

. Wipe off cream and hair with gauze. Prepared skin should be

completely bare.

. Wipe the shaved back with 70 % EtOH.

6. Using a template, mark off a 10 mmx25 mm longitudinal

rectangle on the dorsal midline. The cranial edge of the rect-
angle should be at the level of the shoulder blades (Fig. 3a).

. Use scalpel to incise the skin along the caudal edge.
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Fig. 2 Ischemia reperfusion model. (a) Use a template to mark the position of the magnets half way between
the fore and hindlimbs. Note a 1 cm skin bridge between the magnet placement. (b) Pinch fold of skin and
place magnets around skin fold. (c) Representative animal on day 5 displaying bilateral stage 3 ulcers

10.

11.
12.

13.
14.

15.

. Use microsurgical scissors to extend the incisions along the

caudal edge and along the longitudinal edges. The cranial edge
will remain intact as the pedicle.

. Raise a full-thickness peninsular flap by sharply dissecting any

connective tissue between the skin flap and underlying muscle
(Fig. 3b).

Place a 10 mmx25 mm silicone sheet within the wound
between the muscle and skin (Fig. 3¢, see Note 13).

Keep the wound bed moist by periodically wetting with PBS.

Suture the flap using interrupted 6-0 nylon stitches (Fig. 3d,
see Note 14).

Return mouse to individual cage.
Monitor the mouse to ensure recovery from anesthesia and
surgery.

Monitor wounds daily.

4 Notes

4.1 Splinted
Excisional Wound

. Sutures should be tied with minimal tension as suture material

can be easily cut through the silicone rings if too tight. Splints
may need to be resutured or replaced especially in wild-type
mice as they tend to be more active and are able to bite at the
splint.
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Fig. 3 Ischemic flap model. (@) Mark a 10 mm x 25 mm rectangle with the long dimension in the cranial-caudal
axis. The cranial edge of the rectangle should be between the scapulae. (b) Raise a full-thickness flap leaving
the cranial pedicle intact. (¢) Place the impermeable silicone sheet flat on the wound and lay the flap down over
the sheet. Note the superficial perforators that can be seen originating from the pedicle. (d) Suture the flap down
using interrupted stitches. (e) Schematic of the 0, gradient produced with the ischemic flap model

. Daily monitoring should take place to both evaluate the wound

and replace the dressing should it start to come off. Diabetic
mice often are unable to reach the splint; however daily moni-
toring should still occur.

. Individual cages are necessary as fighting may lead to damaged

splints and other mice will chew through the silicone splints.

. We obtain the best results using the macro function on most

digital cameras and avoiding the use of flash. Care should be
taken to make sure that images are obtained holding the cam-
era in a plane parallel to the wound.

. The scale must be set individually for each image as photo-

graphs are likely to be taken at various distances.

. The wound area measured on day 1 is used as the original

wound area as opposed to day 0 because the excisional wound
tends to transiently widen immediately after surgery.



4.2 Ischemia
Reperfusion Model

4.3 Ischemic Flap

7.

10.

11.

12.

14.
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In our experience, usual time points to evaluate the acute
phases of wound healing are days 0, 3, 5, 7, and 14. A mini-
mum of three mice (six wounds) should be allocated to each
time point to increase statistical validity.

. Confirmation of death by cervical dislocation is necessarys;

however it should be performed carefully to prevent disruption
of the wound which would affect histological results.

In our laboratory, common histological assays include
measuring the epithelial gap and immunostaining for CD31 to
measure vessel density in each tissue sample. RNA and protein
are evaluated for the presence of multiple vasculogenic genes
including VEGF, EPO, SDF-1a, and HIF-1a. It is not within
the scope of this chapter to detail the methods for these assays;
however standard techniques are adequate to provide results.

. Magnets should be placed equidistant from the forelegs and

hindlegs to minimize tension on the skin bridge and reduce
chances of skin necrosis. The original method by Stadler
describes a 5 mm skin bridge. In our experience, especially
with mice with impaired wound healing (diabetic, aged, etc.),
this bridge is too narrow and leads to ischemia and skin necro-
sis. A 1 cm bridge provides adequate perfusion to the bridge.

The skin fold should include epidermis, dermis, subcutaneous
fat, panniculus carnosus, and subcutaneous loose connective
tissue layer (hypodermis), but not muscle.

The skin may remain creased after removing the magnets. The
skin may need to be stretched back out in this case to insure
proper reperfusion.

In our experience of using leptin receptor-deficient diabetic
(Ab/db) mice, three 6-h ischemia/6-h reperfusion cycles pro-
vide adequate trauma to induce pressure ulcers.

. The oxygen tension gradient produced by this model has been

validated with direct oxygen tension measurements. The cra-
nial 1/3rd of the flap exhibits oxygen tensions of 22 mmHg
proximally and 18 mmHg distally. The middle 1/3rd of the
flap exhibits oxygen tensions of 18 mmHg proximally and
11 mmHg distally. The caudal 1,/3rd of the flap exhibits oxy-
gen tensions of 11 mmHg proximally and 4 mmHg distally.

Start by suturing down the two caudal corners. Eight stitches
for each longitudinal edge and five stitches for the caudal edge
are adequate for closure. The devascularized skin flap is very
delicate and care should be taken to minimize manipulation.
Always use a new needle for each animal and avoid handling
the flap with forceps when possible.
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Chapter 16

A Corneal Scarring Model

Daniel J. Gibson and Gregory S. Schultz

Abstract

Corneal opacification (i.e., haze) following a non-denaturing acute injury to the cornea is a process which
takes about 5 days to manifest itself, indicating that it is the consequence of cellular and molecular biological
processes. In order to obtain a better understanding of the haze development process, and to test candi-
date anti-haze therapies, we use a corneal scarring model whereby we create an excimer laser wound in the
center of rabbit corneas. The primary data generated by this model are (1) changes in corneal thickness
with time; (2) wound closure rates, or re-epithelialization; (3) changes in the location and density of cor-
neal sub-epithelial haze; and (4) molecular and histological changes leading up to, during, and following
the formation of haze.

While the use of excimer lasers to generate consistent wounds in rabbit corneas is not a novel protocol
for the study of corneal haze, the photographic technique presented here for the more objective recording
and quantification of corneal haze is. At present, a qualitative, semiquantitative, grading system is employed
whereby the amount of iris detail discernible through the scar is assigned a value between 0 and 4. Such a
system makes direct comparisons amongst reported anti-haze trials nearly impossible. Furthermore, the
additional “geographic” detail provided by the image provides a new layer of information about the forma-
tion of haze and the ability to troubleshoot dosing regimens. Altogether, with the information present
herein, we believe that the study of corneal haze formation and the ability to compare and contrast candi-
date therapies are both greatly improved.

Key words Cornea, Haze, Fibrosis, Model, Excimer, Refractive surgery

1 Introduction

The center of any experiment is a measurement regimen, because it
is the contrasting of the measurements made at various times and /or
under a variety of conditions that gives rise to the new knowledge
about the system being investigated. In studying the cornea’s
response to acute injury, or an intervention’s capacity to improve
healing outcomes, a measurement regimen which consists of ensur-
ing the consistency of wounding, measuring the side effects of the
intervention, and finally measuring both the macroscopic eftects
and molecular and cellular effects of the intervention is necessary
to gain insight into the tolerability and efficacy of an intervention.

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
Methods in Molecular Biology, vol. 1037, DOI 10.1007/978-1-62703-505-7_16, © Springer Science+Business Media New York 2013
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3.4, 3.6, Notes

Ex-Vivo
Practice

. Follow-Up &
Sample Collgctlon ' Laser. Sample Data.
Preparation Preparation . Analysis
Collection
3.1 3.2 3.8-39 3.10-3.11

33-3.7

Fig. 1 General workflow schematic. Most of the steps will be the same for practice as they are for surgery.
The divergence in the middle depicts how practicing with nonviable tissue (essential) can fit in with the rest of
the workflow. The numerals refer to the sections that cover the procedures for that portion of the flowchart

This same regimen, sans intervention, can be used to measure the
wound healing process per se, as well. While the measurements
presented herein are presented as being done for each experiment,
they need not be. At times, the measurements themselves, or the
frequency of prolonged observations, can interfere with the experi-
ment. In these cases, experiments which, for example, establish the
intervention’s side effects can be done separately from those done
to establish the intervention’s effects on healing.

The protocol described herein relies upon an excimer laser
surgery model, which can model most wounds arising due to
mechanical disruption of the tissue. It will not model thermal or
chemical burns which opacify the cornea via a different, unrelated
mechanism. Acute wounds to the cornea caused by laser surgery or
due to surgical incisions or traumatic lacerations give rise to a light-
reflecting scar which begins to be present about 5-7 days following
surgery. The use of in vivo confocal microscopy has revealed that
wound healing cells themselves are the light-reflecting entities
which give rise to the corneal opacifying, lattice-like, “haze” [1, 2].
In contrast, chemical and thermal burns give rise to an immediate
and homogenous opacification which is due to denaturation and
modification of the stromal extracellular matrix.

While the excimer laser presented here is the most reproducible
means of creating an acute wound in the cornea, two alternative
techniques exist, which while less reproducible are both more
affordable than an excimer laser and have in our experience been
approved as IACUC equivalents (e.g., pain, suffering, and analge-
sia). These alternatives will only be mentioned in passing with a
brief explanation of the known benefits and shortcomings of the
techniques. Citations to publications making use of these tech-
niques will be provided for those who are interested in employing
these more economical alternatives. Aside from the surgery itself, the
remaining workflow and measurements made are both applicable
for all three wounding techniques.

The general protocol schematized in Fig. 1 consists of preparing
for sample collection, preparing the laser, anesthetizing the model
animal, making initial pre-surgical measurements, performing
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the surgery, making postsurgical measurements, applying the
experimental treatment (if any), making posttreatment measurements,
making follow-up measurements, euthanizing the animals at pre-
scribed time points, and harvesting the cornea for a variety of
downstream molecular biological and histological analyses. The
final steps include data analysis of re-epithelialization, edema, and
corneal haze. Analysis of molecular biological and histological data
varies from analyte to analyte and is left with the investigator to
determine which methods are best for his or her investigation.
Overall, this protocol is presented as it is done in vivo. However,
notes on how to obtain surgical practice with ex vivo enucleated
globes (rabbits) are also given. We cannot stress enough the impor-
tance of practicing this protocol, from start to finish, with ex vivo
tissue prior to beginning in vivo experimentation.

The presentation of this protocol will be primarily centered on
the measurement regimen, and it will be described as it is done
using rabbits. We also provide side notes with non-comprehensive
insights into the use of mice and rats. With this protocol, an indi-
vidual or a group can become acquainted with, and/or adept at,
the study of corneal wound healing.

2 Materials

2.1 Equipment

2.1.1 Presurgery

2.1.2 Tissue Excision

2.2 Drugs

. A corneal ultrasonic pachymeter.

. Animal restraint.

. Certified calibrated isoflurane evaporator.

. A fresh isoflurane scavenger.

. Nose cone suitable for the animal model used.

. Eyelid speculum.

N O\ Ul N

. Eye proptoser: Two wooden shafted swabs and a twist-tie or a
metal wire of similar malleability (Fig. 2).

o)

. Digital SLR camera.

9. Dedicated macrophotography lens capable of 1:1 or greater
reproduction (see Note 1).

10. Dedicated macrophotography flash.

11. A refractive surgery excimer laser (see Notes 2 and 3).

1. Corneal button punch block.
2. 8.0 mm Biopsy punches (see Note 4).

1. Isoflurane.
2. Ophthalmic tetracaine or proparacaine eye drops.

3. Meloxicam, oral suspension.
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Fig. 2 Constructing a disposable rabbit eye proptoser. (a) One-half of a twist-tie and a pack with two sterile
or clean wooden-shafted cotton swabs. (b) Open the end of the swab package exposing the non-swab ends.
(c) Begin wrapping the twist-tie around the butt of the swabs. (d) The finished swab wrapping, and (e) detail
of the finished swab wrapping. (f) The twist-tie wrapping should be able to slide up and down the shaft. Slide
the twist-tie towards the swabs to tighten the pair once in place below the equator of the proptosed eye.
(g) The proptoser in place on an anesthetized rabbit. The swabs should not be reused, but the twist-tie can.
Slide the twist-tie off of the butt and can be slided onto a fresh pair of swabs

4. Buprenorphine, injectable.

. Tropicamide.

AN

. Phenylephrine.

2.3 Reagents 1. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM
KCl, 10 mM Na,HPO,-2 H,0, 1.76 mM KH,PO,, pH 7 4.

2. Sodium fluorescein solution: PBS saturated with sodium fluo-
rescein, pH 7.4.

3. 4 % Paraformaldehyde in PBS (“fixative”): One volume of
39 % paraformaldehyde, nine volumes of PBS.

4. RNA later.
. 70 % Ethanol: Three parts dH,O, seven parts 100 % ethanol.
6. Antihistamine (see Note 5).

ul
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Fig. 3 Immobilizing the ex vivo globe for practice surgery. (a) A polystyrene 15 ml tube tray. (b) An ex vivo rabbit
eye immobilized on the polystyrene tray using two dissection “t”-pins penetrating the residual conjunctiva and
muscle tissue. Note that the ablated region is not centered on the pupil; this is why we practice. (c) Another
ablated eye viewed side-on to see the detail of the sharp wound border provided by PTK

2.4 Biologics

and Tissue

2.5 Analysis

2.6 Consumables
and Miscellaneous

. Frozen ex vivo rabbit eyes from an abattoir.

2. Alternative: Rat or mouse cadavers from colleagues.

[\

[l ST S T e

(a) There is a constant stream of mice without the appropriate
genotype which are euthanized and typically suitable for
practice once euthanized.

. Image analysis software.

. Data analysis software.

PPE.

. Scalpels.
. Tubes.
. Empty 15 ml tube, polystyrene packaging (Fig. 3a).

3 Methods

3.1 Sample
Collection Preparation

1.

2.

3.

In order to ensure the competence of the individual performing
the surgery, practice with ex vivo globes is absolutely essential.
Using whole rabbit eyes obtained from an abattoir and a mounting
system depicted in Fig. 3, this protocol can and should be prac-
ticed. By performing this protocol with ex vivo tissues, the investi-
gator can be sure to gain the experience necessary to conduct most
of the essential steps of the actual surgery prior to operating on live
rabbits, and thereby dramatically reduce the chance of costly errors.

Prepare vessels and buffer for fixing or extracting samples
depending upon the planned experiment.

Pre-label each vessel for each sample.
(a) Make several extra, unlabeled vessels just in case.

Add the appropriate amount of fixative or extraction buffer, if
any, for each sample.
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4. Prechill the vessels at 4 °C if possible.

5. Place the vessels on wet ice in an insulated ice bucket in the
surgical suite.

6. Make more than enough copies of the surgical data sheets
(see Note 6, Fig. 4a).

a
Rabbit/Rat/Mouse##: ExpDay#:— Date/Time:
Treatment
Right Left
BeamDiameter(mm) —  BeamDiameter(mm)
TxDeliverable(ul) —  TxDeliverable(ul)
WoundMeasurements
Pachymetry Reading
Measurement 1 2 3 4 5
Pre-Ablation
k Post-Ablation
H Post-Treatment
Misc
Misc2
Measurement
= Pre-Ablation
) Post-Ablation
e Post-Treatment
Misc
Misc2
Macrolmages FrameNumbers
LEFT RIGHT
Initial
PostWound Post
Tx Fluroscein
Stained
Notes:

Fig. 4 Data collection templates to facilitate organized data collection. (a) Surgical template and (b) follow-up
template
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b
Rabbit/Rat/Mouse#: ExpDay#: Date/Time:
FollowupScreening
Right Left Right Left
Photosensitive? Ifl EI Ifl I%I I‘i‘l |'i‘| ﬁ
’ Inflammed?
. Y N Y N Y N Y N
Weaping? D I:I I:I D WoundClosed? D D D I:I
Y N Y N Left:
HazeDetected? D D D D Lesion(mmxmm): Right:
Reading
Pachymetry ngf ! 2 8 4 5
Right
Haze
Right Left
Drawdefectandgradezone
HazeScale
0 Nohaze
1.5 Mild, butdistincthaz
1 Well-defineddiffusehaze
2 JIrisdetailedobscured
3 Anteriorchamberobscured
Macrolmages FrameNumbers
Right Left
HazeGrading
Re-Epithelialization
Misc.

AdditionalNotes:

Fig. 4 (continued)

7. Bring a vessel with enough 70 % ethanol to clean forceps,
scissors, etc. in between each sample (see Notes 7 and 8).

8. Ensure that the ultrasonic pachymeter is in the surgical suite
and ready to use.

9. Ensure that the digital camera, flash, and filters are in the surgical
suite and ready to use.

10. Bring the sodium fluorescein solution to the surgical suite.
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3.2 Laser
Preparation

3.3 In Vivo Pre-
surgical Preparation

3.4 Pre-surgical
Measurements

3.4.1 Photograph the
Cornea (See Note 14)

1.

\9]

Prepare and calibrate the excimer laser for use according to the
manufacturer’s protocol.

. Set the laser to phototherapeutic keratectomy (PTK) mode

(see Note 9).

. For rabbits, set the beam diameter at 6.0 mm with no transi-

tion zone (see Notes 10 and 11).

. We do not pre-remove the epithelium with a scalpel, and as

such we set the ablation depth to at least 125 pm, with approx-
imately 50 pm being the epithelium (see Note 12).

. The laser should be ready, but not yet armed.

. Restrain the animal.

. Anesthetize the corneas with a single drop of tetracaine

(preferred) or proparacaine.

. Place the anesthetic nose cone on the rabbit.

. Induce general anesthesia by setting the oxygen flow rate to

1.0 L/min and the isoflurane to 3.5—4.0 %.

. Once induced, the isoflurane can be reduced to 3.25-3.5 %.
. Remove the rabbit from the restraint and place it on its side.

. Proptose the eye using the instrument depicted in Fig. 2

(see Note 13).

The measurements made before, during, and after surgery should
be the same for both the ex vivo practice and in vivo experiments.

1.

N O\ Ul W

Nelieo]

10.

11.

The following camera settings will be used for haze measurement
(Fig. 5a and Table 1).

. If the camera has an automatic ISO mode, disable it and set the

ISO to the lowest setting (typically ISO 100 or 200).

. Set the camera’s color setting to “Normal” or “Standard”

(see Note 15).

. Set the exposure compensation to “0.”
. Set the exposure mode on the camera to “Manual.”
. Set the exposure mode on the flash to “Manual.”

. Set the camera’s shutter speed to at least 1,/250th of a second

(ie., “2507).

. Set the aperture to £/16 or £/18.
. Set the flash to 1/8th power. If there is more than one flash,

ensure that they are all set to the same power.

Prefocus the lens to the closest focusing distance (i.e., highest
magnification).

Center the cornea in the center of the view finder and move
slowly back and forth until the cornea is in focus.
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/ N\ ®

© ® ® P

O

@ Digital SLR Camera @ Lens Filter

@ Dedicated Macro Lens @ Camera Exposure Settings

@ Dedicated Macro Flash @ Flash Exposure Settings

@ Flash Gel Filter Subject Eye

Fig. 5 Camera components for macrophotography-based data collection

Table 1
General camera/flash settings for three common imaging situations

Type of image Camera/flash exposure Camera/flash filters
General image Program auto/auto n/a

Haze measurement ~ Manual /manual n/a

Re-epithelialization ~ Program auto/auto Cobalt blue/deep yellow

12. Take the picture.

13. Check the image on the camera to see how the exposure set-
tings worked, whether the focus was good, and whether the
flash reflection overlapped with the central region of interest.

14. Check the histogram (if available) for saturation.

15. If the image is underexposed (too dark), increase the flash
power to 1/6th.

16. If the image is overexposed (too light), decrease the flash
power to 1/10th.
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3.4.2 Corneal Thickness

a Ultrasonic Pachymeter 5 x Replicates

1. 350 pm
2.348 pm %; _Average

3.351 ym 349.6 pm
4. 349 uym
5. 350 ym

Current Reading

b
£
=
4
@
c
-t
=
£l s
© = Edema
=3 =1
“E <
I
_ o Regression of Correction
\/ Desired Correction
T Post-AbiationThickness
Time

Fig. 6 Pachymetry. (a) Schematic of measuring central thickness. We typically
use five replicate measurements each time the corneal thickness is measured.
(b) Fluctuations in corneal thickness with time and what they correlate to. The
dashed line represents the initial thickness of the cornea. The thickness decreases
due to the excimer-based tissue removal. The cornea then swells (edema). Once
the cornea is re-epithelialized, the edema is gone, but the epithelium is once again
contributing to the total corneal thickness, thus preventing a return to the post-
ablation thickness. To varying extents, the ablated stroma regenerates itself and
can result in a return to the pre-ablation refractive power (regression)

17.
18.
19.
20.

21.

Retake the image.

Recheck the image.

Readjust the flash power if necessary.

Once a good setting is found, use it for all further haze-related
images.

Once a good image is acquired, record all of the frame numbers
(good and bad) of the images taken on the surgical sheet.

. Measure the cornea’s central thickness via ultrasonic pachym-

etry by lightly touching the central cornea with the probe
(Fig. 6a).

. Perform five replicate measurements (sec Note 16).

. Record the pachymetry measurements on the surgical sheet.



3.5 Surgery

3.6 Postsurgical
Measurements

3.7 Postsurgical
Wrap-Up

3.8 Follow-Up
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1. While we do not manually debride the epithelium, if you choose
to do so, now would be the time to do so (se¢e Note 17).

2. Center the eye beneath the laser.

3. Focus the laser ensuring that you are focusing on the corneal
surface and not some structure within the eye.

4. Arm the laser.

5. Perform the ablation, and periodically stop and refocus as
necessary.

1. Immediately after ablation, remeasure the thickness via
pachymetry with five replicate measurements.

. Record the measurements on the surgical sheet.
. Rephotograph the cornea as done before.

. Record the frame numbers on the surgical sheet.

[S2NNN" ~NEIS I 8]

. Place the blue filters on the flash and the deep yellow filter on
the lens of the camera (Table 1).

[©))

. Apply fluorescein solution to the cornea.
7. Rinse away excess fluorescein with saline.

8. Change both the camera in the programmed auto mode (“P”)
and the flash into auto exposure mode.

9. Immediately photograph the fluorescein-stained wound.

10. Remove the proptoser.

For experiments testing the efficacy of an intervention, we sug-
gest that both eyes of a rabbit be used in paired analysis with one eye
receiving the intervention and the other either placebo or no inter-
vention. This suggestion is due to the observation that the extent of
scarring appears to be more consistent between the eyes of a given
rabbit than amongst the eyes of all rabbits. If this route is chosen,
at this point the rabbit can be flipped over and the preceding steps
repeated on the opposing eye.

1. Turn off the isoflurane, but allow the oxygen to continue flowing.
2. Periodically pet/stir the rabbit.

3. Once it demonstrates some degree of coming up from the anes-
thesia, attempt to administer the oral suspension of meloxicam.

4. Once the meloxicam is imbibed, replace the rabbit in its trans-
port container and/or its cage.

In the follow-up period, the rabbits will likely require analgesia.
We prefer meloxicam due to its 24-h effect. The rabbits will likely
require analgesia until the cornea is completely re-epithelialized.
Additional analgesia might be required if the cornea spontaneously
ulcerates (see Note 18).
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3.8.1 Follow-Up
Measurements

3.9 Terminal Sample
Collection

3.10 Molecular
Analysis

1. Make more than enough copies of the follow-up data sheets
(Fig. 4b).

2. Prior to restraint, dilate the pupils of all animals undergoing
measurement with a single drop each of tropicamide and phen-
ylephrine in each eye.

3. Once the pupils are dilated, restrain an animal.

4. Anesthetize the corneas with a single drop of tetracaine
(preferred) or proparacaine.

5. Place the anesthetic nose cone on the rabbit.

6. Induce general anesthesia by setting the oxygen flow rate to
1.0 m3/min and the isoflurane to 3.5-4.0 %.

7. Once induced, the isoflurane can be reduced to 3.25-3.5 %.
8. Remove the rabbit from the restraint and place it on its side.
9. Proptose the eye using the instrument depicted in Fig. 2.

10. Set the camera and flash to the previously determined manual
settings.

11. Photograph the center of the cornea.

12. Record the frame numbers on the follow-up sheet.

13. Measure the central cornea’s thickness via pachymetry.
14. Record values on the follow-up sheet.

15. Prepare the camera for fluorescein photography as before.
16. Rinse the cornea with fluorescein solution.

17. Rinse away excess fluorescein with PBS or BSS.

18. Photograph the fluorescein-stained cornea as before.

19. Record the frame numbers on the follow-up sheet.

20. Flip the rabbit over and repeat and record the measurements
for the other eye.

The final stage is the harvesting of tissue for either histological or
molecular analysis. The time points and particular molecular analy-
ses performed will depend upon the investigator’s aims. Here, we
describe the tissue excision and process techniques that we use for
a variety of analyses. Two distinct protocols are presented for either
molecular (ELISA, Western blot, etc.) or histological (gross histol-
ogy, immunohistochemistry, etc.) analysis which primarily differ in
that the tissues will either be homogenized or preserved. For either
process, be sure to euthanize the rabbit using a humane and
TACUC-approved method prior to tissue excision.

This method is suitable for both protein and nucleic acid analysis
with the primary point of variation being the composition of the
extraction buffer. We tend to wait until all tissues are collected
prior to further tissue homogenization and extraction.



3.10.1 RNA Analysis

3.10.2  Protein Analysis

3.10.3 Tissue
Homogenization
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. Excise the cornea with a stromal rim attached for handling.

2. Place the excised cornea face down in the punch block.

. Using a new biopsy punch, punch out a portion of the cornea

centered on the wound. Absolute precision is not necessary,
but the biopsy cut should not intersect with the wound.

. Transfer the corneal button to an empty labeled 1.5 ml micro-

centrifuge tube.

. If RNA is going to be analyzed, add a sufficient volume of an

RNA-stabilizing buffer (e.g., RNA later) to the tube.

2. Store the tube at -20 °C.

11.
12.

. Wait until all samples are collected prior to proceeding.

. Close the tube lid, and then pierce the center of the lid with an

18G needle (see Note 19).

. Immediately snap freeze the tissue in liquid nitrogen.

. Leave the tube in the liquid nitrogen until it can be transferred

to a —=80 °C freezer or a liquid nitrogen storage vessel.

. Once all of the corneas for all of the time points have been

collected, then in a single batch process and homogenize the
samples.

. Transport all of the samples to a suitable workspace, maintain-

ing them at the temperature they were stored at.

. Take one sample at a time, and rapidly thaw the sample if nec-

essary with a 37 °C water bath.

. Once thawed, place the button on a clean cutting block.
. With a fresh razor blade, dice the cornea.

. Transfer the diced corneal material back into the storage tube

and add extraction buffer (se¢ Note 20).

. With a clean fresh microcentrifuge tube dounce, sheer the corneal

materials in the centrifuge tube, occasionally repositioning the
dounce to ensure that all materials have been sufficiently sheered.

. Carefully remove the dounce, and scrape any attached material

on the edge of the tube so that it remains in the tube.

. Vortex the sample to ensure that all materials are submerged in

the extraction buffer.

. Place the tube in wet ice.
10.

Repeat steps 1-9 until all samples are processed before
proceeding.

Prepare an ~300 ml bath oficed saline in a plastic vessel.

Bring the samples and bath to a probe ultrasonicator.
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3.10.4 Histology

3.11 Data Analysis

3.11.1

Pachymetry

13

14.

15.
16.
17.

18.
19.
20.

21.

12.

13.
14.

Ensure that the probe is clean.

With the base of the tube well submerged in the iced saline,
and the probe well submerged in the sample, ultrasonicate the
sample with five pulses for about 5 s each (sec Note 21).

Place the sample back in wet ice.
Clean the probe.

Repeat steps 13-16 until all samples are processed before
proceeding.

Pellet the insoluble materials in a microcentrifuge.
Transfer the supernatant to a new labeled tube.

We retain all materials until the experiment is completely

finished.

Snap freeze all materials, and store at —80 °C in liquid nitrogen
until needed.

. Bathe the corneal surface with fixative prior to excision.

. With a sharp pointed scalpel, push the point into the sclera

near the cornea (~1/8" away from the cornea, sec Note 22).

. While withdrawing the scalpel, apply slight pressure in the

cutting direction to further open the initial cut.

. Using curved fine-serrated scissors, with the curve matching

the curve of the corneal /scleral interface, continue expanding
the incision (see Note 23).

. A pair of toothed forceps can be used to provide additional

traction or to control globe position if needed.

. Fill a well in a 12-well cell culture dish with fixative.

. Place the cornea face down into the fixative and fill the posterior

corneal “cup” with fixative.

. Repeat steps 1-7 for all eyes before proceeding.

. Move the 12-well plate(s) into a well-vented hood.
10.
11.

Fix the corneas like this for about 2 h.

Transfer the corneas into individually labeled vessels with fresh
fixative and continue the fixation for 18-24 h at 4 °C.

Decant the fixative, and rinse the cornea and vessel with 70 %
ethanol.

Add enough 70 % ethanol to completely cover the cornea.

The corneas can be stored like this until ready to proceed for
further histological processing.

In all cases, the amount of edema or tissue replacement is calcu-
lated daily by the difference between the corneal thickness on that
day and the immediate post-wounding thickness.



3.11.2  Re-epitheliali-
zation
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1. Transcribe the pachymetry measurements from the surgery
and follow-up sheets into your data analysis program of choice.

2. Average the five replicate measurements for each measurement
made.

3. Use only the averaged values from here on.
4. Calculate the percent difference from the ablated thickness for
each measurement:

9% Difference = Current thickness — ablated thickness (1)

Ablated thickness

5. Perform the appropriate statistical test for the experiment you
designed.

6. For the paired analysis we suggest, perform a paired Student’s
t-test, pairing the opposing eyes of a given rabbit, for each time
point.

7. Choose a two-tailed analysis if there is not an anticipated effect,
or a one-tail analysis if'a particular effect is expected a priori.

8. Under normal circumstances, differences in thicknesses will
represent differences in edema during re-epithelialization, and
tissue replacement for time points thereafter (see Fig. 6b and
Note 24).

Re-epithelialization can be measured in two ways: “clinically”
(Fig. 7a) and “technically” (Fig. 7b). We consider the first day
that an eye does not stain with fluorescein to be the “clinical”
re-epithelialization rate, while we use digital photogrammetry to
measure the actual fluorescein-positive area to calculate a “tech-
nical” rate of closure in terms of a change in area with respect to
time. Given that both can be done with the same data, and the
simplicity of both metrics, we choose to report both. We choose
this because the technical rate gives insight into the molecular
biology of wound healing, while the clinical rate conveys whether
or not the difference is clinically relevant.

1. Open the image in a program capable of photographic mea-
surement (Fig. 7b).

2. Choose the selection tool which selects regions of contiguous
color (e.g., Photoshop’s “Quick Selection Tool”).

Select the fluorescein-stained region in the image.
. Record the measurement (see Note 25).

. Repeat steps 14 for all images prior to proceeding.

. Export the measurements to your data analysis program of
choice.

7. Convert the area as measured in pixels into spatial terms (i.e.,
mm?2) using the value determined for your camera (see Notes
26 and 27).
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Fig. 7 (a) An example wound closure image series. (b) How to quantify wound area using a fluorescent
macrophotograph. (b1-b2) Using Photoshop CS3 Extended as an example, use the “Quick Selection Tool”
which quickly selects continuous regions of similar colors. (b3) Push the “Record Measurements” button.
(b4) Scroll the table over to obtain the total number of pixels selected. Depending on the reproduction ratio
(magnification) and the camera used (pixel dimensions), this number can be used to determine the actual
wound area. We strongly suggest using a dedicated macro lens capable of 1:1 reproduction. Doing so enables
the investigator to easily quantify the area using the manufacturer’s published pixel dimensions to calculate
the area per pixel which can then be used to convert pixels into spatial area units (e.g., mm?)

8. Perform the appropriate statistical test for the experiment you
designed.

9. For the paired analysis we suggest, perform a paired Student’s
t-test, pairing the opposing eyes of a given rabbit, for each time
point.

10. Choose a two-tailed analysis if there is not an anticipated effect,
or a one-tail analysis if'a particular effect is expected a priori.

11. For the clinical analysis, perform the same paired analysis using
the day number that the cornea had no apparent fluorescein
staining.

3.11.3 Haze The first set of images will be created with an unwounded eye
and a piece of filter paper, which will serve as a pseudo-wound.
These initial images will be used to create a filter which will be
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Fig. 8 Haze analysis using an ex vivo model which employs a 4 mm circle of filter paper to mimic the worst
scar possible. (@) Background, (b) haze (filter paper in this example), and (c) flash reflections. By choosing a
cutoff value between (a, b) and (b, ¢), the investigator can create a “band-pass” filter which prevents reflec-
tions from the camera and flash from affecting the haze score

applied to all further images of corneal haze in order to remove the
background and any reflections (i.e., the flash) on the corneas

(Fig. 8).
1. Determine the band pass
(a) Dilate the pupils of a rabbit.
b) Wait for dilation.
¢) Anesthetize a rabbit as before.

(

(

(d) Proptose as before.

(e) Photograph the eye for haze (i.e., manual settings).
(

) Place a 4-6 mm biopsy-punched filter paper in the center
of the eye.

(g) Photograph again.
(h) Restore the rabbit as before.

2. Convert all of the images to grayscale using the data only in the
blue channel.

3. Open the grayscale images from the +/- filter paper rabbit.

4. Manually create a circular selection by typing in the dimensions.
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3.11.4  Molecular and
Histological Analysis

5.

11.

12.

13.

14.

15.

16.

17.

18.

A selection region should remain within the margins of the
dilated pupil of the plain eye, and it should encompass the filter
paper in the pseudo-wounded eye.

. Save the dimensions of the selection circle as they will be used

for all samples.

. Record the measurement with histogram.

. Use the same selection circle size to select the filter paper

pseudo-wound.

. Import the histograms into a charting utility.
10.

Compare the histograms to identify the pixel intensities which
correlate with the background (Fig. 7a), the wound (Fig. 7b),
and the flash reflections (Fig. 7¢).

The pixel values between the background and wound (e.g.,
<80 in Fig. 7) and the wound and flash reflections (e.g., >168
in Fig. 7) will serve as a “band-pass” filter for quantitying haze
(see Note 28).

Select and record the values and histograms for the remaining
experiment wound images.

Import the experiment histograms into a data analysis program
(e.g., Microsoft Excel).

For the pixel values within the band pass, multiply the pixel
value with the number of pixels measured with that value
(i.e., the histogram data).

Sum all of these values within the band pass to obtain an
unweighted haze score (see Note 29).

Perform the appropriate statistical test on the haze scores for
the experiment you designed.

For the paired analysis we suggest, perform a paired Student’s
t-test, pairing the haze scores from opposing eyes of a given
rabbit, for each time point.

Choose a two-tailed analysis if there is not an anticipated effect,
or a one-tail analysis if'a particular effect is expected a priori.

Both molecular and histological analysis will vary greatly depending
upon the experimental design and the analyte(s) of interest. The
only suggestion we will make is to continue to perform paired
analysis using opposing eyes.

4 Notes

1.

If a dedicated macro lens is not available, or the reproduction
ratio is not obtainable, be sure to include a ruler or an object
of known length within the image to empirically determine the
pixel-to-area conversion value.
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. A week prior to in vivo experimentation, ensure that all laser

supplies (i.c., gasses) are adequate for the experiment and that
the laser is in good working order. Performing a practice
surgery on an ex vivo globe is a good way to do this, but per-
forming a laser calibration which typically entails firing the
laser should suffice. All of this will enable ordering additional
supplies (i.e., gasses) if necessary.

. Alternatives to the excimer laser include lamellar keratectomy

and corneal abrasion with a diamond-dusted burr [3-14].
Considering that all three techniques are done on an outpa-
tient basis with similar level of analgesia, we have successtully
obtained IACUC approval to use these methods interchange-
ably with the lower technology techniques as backup methods
in the event of laser equipment problems.

4. The diameter should exceed the wound size.

10.

11.
12.

13.

14.

. If anyone who is going to be present for the surgery has aller-

gies that might be triggered by rabbit hair or dander, be sure
that they take any medications they need well in advance of the
surgery. They may also want to consider acquiring a robust
respirator mask.

. Data collection templates: I cannot stress the value of these

enough. Make them, have them, and use them.

. Since the sample collection is being done either on nonviable

tissue or following euthanasia for the in vivo experiments, the
instruments do not need to be sterilized unless the tissues are
collected for tissue /organ culturing.

. Use a fresh scalpel for each tissue in all cases to reduce cross-

contamination and to ensure the best cut possible.

. We choose PTK due to the nice sharp stromal wound margin

it creates which provides a sharp contrast between the wound
and surrounding tissue.

Some lasers request three different diameters which together
enable one to control the shape of the laser cut profile. Choose
the diameters such that the tissue volume removed is a cylin-
der. For the Nidek EC-5000, all three diameters should be
6.0 mm.

For mice use a 1.0 mm beam diameter and for rats use 4.0 mm.

If you choose to manually debride the epithelium, adjust the
ablation depth accordingly.

Alternatively, an eyelid speculum can be used, but we have
better results with this custom proptoser.

Practicing the camera placement and focus is important.
Focusing on a viable cornea is much like focusing on a finger-
print left on a glass surface; accordingly such can be used for
tfocusing and camera handling practice. The day prior to surgery,
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15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

be sure that the batteries are charged and extra batteries (for the
flash) are readily available. Also, be sure that the memory card
has sufficient space for the experiment (2—4 GB cards are fine
for most, but will be dependent upon the camera).

Cameras typically have a variety of settings which affect the
color and tone curves which are used for a variety of photog-
raphy situations. Examples include a mode with high color
saturation for nature or flower photography, or mode with
more muted colors for photographing people. For photograph-
ing corneas, we typically use the “Normal” or “Standard”
(or others; the name is manufacturer dependent) color mode.

If the corneal surface is too dry, the pachymeter will not be
able to measure the corneal thickness. Slightly moisten the tip
of the probe or the corneal surface to remedy this.

If you manually debride the epithelium, repeat the photogra-
phy and pachymetry steps to measure differences due to the
debridement.

Within the context of this model, we have found that frequent
observation of the cornea can lead to spontaneous sloughing
of the yet-to-be stabilized epithelium. This problem might be
addressable with anti-drying gels, but we have yet to validate
this hypothesis.

Pierce the center of the tube with an 18 G needle or dissection
“t”-pin to provide a vent. Failure to do this can lead to the
tube opening “explosively” upon thawing and can result in loss
of sample.

We use 600 pl for protein extraction from an 8.0 mm punch.
If too little is used we have had our sample extracts congeal in
the tube (i.e., stromal collagen forming a gelatin within the
tube). For RNA, use the volume suggested by the manufacturer
of your kit of choice.

The ultrasonication routine will be dependent upon the
extractability and stability of the investigator’s analyte(s) of
interest.

Be sure to go in at an angle which is parallel with the iris to
avoid coming into contact with the iris which will bleed (con-
tamination) and interfere with excising the cornea.

The fine serrations provide grip/traction and vastly improve
the controllability of the cut.

The corneal epithelium is highly unstable during healing and
can spontaneously “slough” off in places forming ulcers.
These corneas will begin to swell via edema again until the
ulcer is once again closed. These eyes should be removed
from any further study as the ulcer represents another wound-
ing event.
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26.

27.

28.

29.
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Some programs enable a pixel-to-unit of measurement conver-
sion factor prior to making measurements. This enables the
program to immediately report the measurement in relevant
terms. If the pixel-to-area conversion factor is known, you can
save yourself some time by entering it into the software prior
to starting.

At a 1:1 reproduction ratio, the dimensions of a pixel will be
the camera’s sensor’s width (in millimeter) divided by the total
width of the image in pixels by the sensor’s height (in millime-
ter) divided by the image’s height in pixels. Alternatively, some
manufacturers publish the pixel size of their sensors. This pro-
cess is highly dependent upon using the macrophotography
settings suggested (i.e., 1:1 reproduction ratio). If another
reproduction ratio is used, the pixel-to-area value must be
scaled accordingly (i.e., 1:2 -> double the area).

Use the image analysis software to determine the pixel-to-area
conversion factor by measuring your empirical standard if you
included in your image.

These values will vary somewhat from camera to camera and by
the exposure conditions used, but should be consistent from
eye to eye with the same camera and camera/lens/flash expo-
sure settings.

The use of a weighting scheme is currently being investigated,
but would include giving more intense pixels (i.e., worse haze),

a higher per-pixel score.
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Chapter 17

A Novel and Efficient Model of Coronary Artery
Ligation in the Mouse

Erhe Gao and Walter J. Koch

Abstract

Coronary artery ligation to induce myocardial infarction (MI) and ischemia/reperfusion (I/R) injury in
mice is typically performed by an invasive and time-consuming approach that requires ventilation and a full
thoracotomy (classical method), often resulting in extensive tissue damage and high mortality. Here, we
describe a novel and rapid surgical method to induce MI that does not require ventilation. This method is
much more efficient and safer than the classical method of MI and I/R injury.

Key words Animal models of human disease, Myocardial infarction, Ischemia reperfusion, Surgical
efficiency, Mouse

1 Introduction

The increase in the availability of various types of genetically engi-
neered mice has brought about the blooming need for more effi-
cient ways to induce myocardial damage for both molecular
mechanistic studies as well as the testing of potentially therapeutic
interventions. Currently, two of the most common models used
by researchers to induce ischemic cardiac damage are permanent
left main descending coronary artery (LCA) occlusion to induce
an MI and the temporary coronary artery occlusion to induce I/R
injury [1, 2]. The MI model is usually used to investigate myocar-
dial changes such as remodeling that occur over an extended
period of time, whereas the I /R model is generally used to exam-
ine the short-term consequences of ischemic injury. Since the first
attempt of coronary ligation in mouse was presented by Johns and
Olson in 1954, where a ventilation-based thoracotomy was intro-
duced [3], a variety of surgical manipulations have been made to
induce the cardiac ischemic event [4, 5]. However, LCA ligation
remains the most commonly practiced ischemic injury [2, 6, 7].
This continues to utilize methodology requiring ventilation and
full opening of the chest (referred to below as the classical method).

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
Methods in Molecular Biology, vol. 1037, DOI 10.1007/978-1-62703-505-7_17, © Springer Science+Business Media New York 2013
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This technique can cause extensive tissue damage and high surgical
related death and can also be quite time consuming for most
surgeons [8-11].

Over the last few years we have developed a new approach of
coronary artery ligation in mice without the need of ventilation.
This method can be applied to not only LCA ligation and the MI
procedure [7, 12-22] but also I /R injury [23-37] as well as gene
or cell therapy procedures to the heart [13, 38—41]. Compared to
the above-mentioned classical method this novel method is much
more efficient and safer for mice while not compromising the
extent of cardiac injury [15]. In this chapter, we focus on the tech-
nical details of this procedure.

2 Materials

2.1 Anesthesia
and Analgesia

2.2 Surgical
Instruments: Five
Instruments Are
Needed as Shown
in Fig. 2

2.3 Surgical
Accessories

1. Isoflurane anesthesia delivery system as shown in Fig. 1.

[\

. Buprenorphine.

. A needle holder for skin suturing.
. Needle holder for suturing mouse heart coronary artery.
. Hartman mosquito hemostatic forceps.

. Surgical scissors.

[ 2 B NN B S

. Dressing forceps.

p—

. Dry bead sterilizer (Germinator 500).

2. Surgical light.

Fig. 1 Isoflurane anesthesia delivery system
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Fig. 2 Five surgical instruments: A needle holder for skin suturing, needle holder for suturing mouse heart
coronary artery, Hartman mosquito hemostatic forceps, surgical scissors, and dressing forceps

O 0 N O Ul R W

. Surgical board (Fig. 1).

. Heating blank.

. 4/0 silk suture.

. 6-0 silk suture.

. Taps (Fig. 1).

. Betadine and alcohol pads.

. Examination gloves.

3 Methods

3.1 Permanent
Coronary Artery
Occlusion Without
Ventilation

. Sterilize surgical instruments with a dry bead sterilizer

(Germinator 500).

. Mouse (generally 2-3 months of age or at least 18 g body

weight) is anesthetized with 2-3 % isoflurane inhalation in an
inducing chamber.

. Once anesthetized, the mouse is removed from the inducing

chamber to the surgical board, immobilized with tape, and
continuously anesthetized with 2 % isoflurane via coaxial
breathing apparatus but not ventilated.

. Remove the fur with a standard depilatory (e.g., Nair) and

clean the skin with water and then betadine and alcohol pads.
In order to perform this procedure more efficiently the step of
fur-removing could be done earlier.

. A small skin cut (1.2 cm long) is made over the left chest with

the scissors and a purse suture is made as shown in Fig. 3a, b.
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Fig. 3 Permanent coronary artery occlusion without ventilation: (a, b) A small skin cut (1.2 cm long) is made
over the left chest with the scissors making a purse suture. (¢, d) Dissection and retraction of the pectoral
major and minor muscle to expose the fourth intercostal space. (e) Externalize (pop out) the heart. (f) Heart
“popped out” through the hole. (g-1) Ligation of the main descending left ventricle coronary artery (LCA also
called LAD). (m) Placing the heart back. (n) Evacuation of air out of the thoracic cavity. (o, p) Closing the skin
incision
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Fig. 3 (continued)

6. Dissection and retraction of the pectoral major and minor
muscle are done to expose the fourth intercostal space (Fig. 3¢, d).
For this step, first hold the hemostatic forceps in left hand to
grasp the pectoral major, and the mosquito clamp in right hand
to underneath dissect the pectoral major and expose the pecto-
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10.

11.

12.

13.

ral minor muscle, then using the mosquito clamp (right hand)
to grasp the pectoral minor, and use forceps (left hand) to go
underneath and dissect the pectoral minor (Fig. 3c) exposing
the intercostal space (Fig 3d).

. Externalize (pop out) the heart. This is the most difficult part

for this procedure. First, using left-hand finger and thumb to
hold the mouse chest, right hand to hold the mosquito for-
ceps, and then using the forceps punch a small hole at the
fourth intercostal space to penetrate the intercostal muscle, the
pleural membrane, and the pericardium. Hold the clamp
slightly open with the right hand (Fig. 3¢) and using the left-
hand finger, press slightly down the chest; the heart is then
smoothly and gently “popped out” through the hole as shown
in Fig. 3f.

. Ligation of the main descending left ventricle coronary artery

(LCA also called LAD): LCA is located, sutured, and ligated at
a site about 2—-3 mm from its origin using a 6-0 silk suture as
shown in Figs. 3g-1 and 4. The ligation is deemed successful
when the anterior wall of the LV turns pale or proved by the
typical ischemic change in ECG (S-T segment elevation,
Fig. 5). Suturing the LCA is also a critical step of this proce-
dure; typically, once the heart is popped out, using the left-
hand digital finger and thumb to hold the heart, find the LCA
(see Subheading 4), and using right hand to grab the needle
holder toothed with a previously prepared 6-0 suture, suture
the LCA (Fig. 3I); pull the needle suture with the left digital
finger and thumb and at the same time use the needle holder
to put pressure on the right side of the chest to prevent the
heart pull back (Fig. 3j); and then replace the needle holder
with the right middle finger to press the right side of the chest
(Fig. 3k) and make the knot (Fig. 3k, 1).

. After ligation, the heart is immediately placed back into the

intrathoracic space with the help of the clamp (Fig. 3m)
followed by manual evacuation of air via left hand (Fig. 3n, o)
and closure of the skin incision by means of the previously
placed purse-string suture (Fig. 3p).

The mouse is then allowed to breathe room air and monitored
on a heating blanket during the recovery period, which is gen-
erally complete within 3-5 min. No artificial respiratory aid is
required during the recovery time.

The sham group undergoes the same surgical procedures
except that the LCA is not occluded.

One dose of buprenorphine (0.1 mg/kg) is administered sub-
cutaneously (s.c.) immediately after the incision is closed.

Clean surgical tools with PBS and alcohol.
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b Pulmonary

Pulmonary p
+— artery

Fig. 4 Representative graph of artery and vein distribution in mouse heart (a) and left coronary artery ligation
site in mouse heart (b). LA left atrial, RA right atrial, LCA left coronary artery, LI/ left ventricular vein, S septal
branch of LCA, L left ventricle branches of LCA
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Fig. 5 Representative electric cardiogram recorded at baseline and 2 min after left coronary artery ligation in
mouse

3.2 Method 1. This I/R injury procedure in mice is essentially the same as the
of Induction of procedure for inducing MI except that a slipknot is tied around
Myocardial I/R Injury the LCA 2-3 mm from its origin with a 6-0 silk suture as
Without Ventilation shown in Fig. 6a. The heart is then quickly placed back into

the thoracic space followed by manual evacuation of air and
the skin closing (Fig. 6b, ¢).
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Fig. 6 Photographs of various stages of the novel, rapid I/R injury model in mice. Mice were subjected to I/R
using the same surgical procedure as Ml except that a slipknot was made to occlude LCA (a—c)

2. The internal needle end of slipknot suture is cut as short as

possible and the other end of the suture is approximately
0.8 cm long and remains outside of the chest (Fig. 6¢).

. After 30 min of ischemia, the slipknot is released by pulling the

long end of slipknot suture smoothly and gently until a feeling
of release is sensed at which time the myocardium begins
reperfusion. This outside-the-skin suture knot releasing method
should only be attempted by the experienced surgeon.

. Alternatively, the mouse can be re-anesthetized with 2 % isoflu-

rane inhalation, the chest reopened, and the slipknot released
by pulling the long end of slipknot suture smoothly and gently,
and then following manual evacuation of the pneumothorax
and chest closure.

All animals should be monitored after the surgery and should

be given one dose (0.1 mg/kg) of buprenorphine within 6 h post
surgery with another dose administered the following morning.
No further analgesia is needed after that.

4 Notes

1. The procedure of murine model of MI or I/R injury without

ventilation is technically demanding and challenging. Critical
to the success of the new model is keeping the time that the
heart is outside the body to a minimum. Based on our experi-
ence, which now totals over 40,000 cases in mice, the time
allowed for heart externalization should be no more than 30 s
to limit global hypoxia. This will give the best prognostic
result. Therefore practice is the key to success.

. The key step in this heart “pop out” procedure is to externalize

the heart from the chest, which is the most difficult thing for
the beginner.

(a) Technically, the two hands should be working together;
once the chest is open, left-hand digit finger and thumb
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should push down and the middle finger should be on the
right side of mouse chest and push toward left side. Once
the heart is popping out, the left middle figure should
keep pressure a little bit to prevent the heart go back to

the chest.

(b) The performer should avoid pushing too hard to cause
lung damage.

(c) Ifthe anesthesia is too deep the heart is barely beating and
it will be even more difficult to externalize the heart. The
perfect technique actually uses the force of the beating
heart to externalize, essentially “popping” itself out, and
the fingers guide it.

(d) For practice purposes, prior to perfecting this surgical
model we recommend ventilating the mouse before and
after popping the heart.

. Localization of the LCA is another difficult part in this proce-
dure and should be based on earlier studies on mouse coronary
circulation by Ahn et al. [6] and Michael et al. [8]. Once the
heart is properly externalized (popped out) the LCA can be
visualized as being light red in color (Fig 3 g). The artery origi-
nates at the aorta and goes down to base of LV on the left side
of the atria. It intercrosses with the ventricular vein at about
the middle part of LV toward the apex (Fig. 4a). The suture
for the coronary artery ligation is placed between the inner
upper part of the left atria and the intersection of the artery/
vein and at about the middle part of that segment of LCA
(2-3 mm from aural and the intersection of artery/vein
(Fig. 4b)). Since the trace of LCA has less variation at this part,
ligation at this level will induce about 40 % LV myocardial
infarction in MI model (Fig. 7a) and 33 % infarction in isch-
emic area (also called area at risk, AAR) in I/R model at 24 h
post surgery (Fig. 7b) [15, 27, 31]. MI at this level also causes
significant LV functional decline and structural remodeling
(Fig. 8) [15, 16, 18, 27].

. One of the advantages of this new procedure is that the pecto-
ral muscles remain intact. This is very important because intact
pectoral muscles are necessary to cover the hole (the mini tho-
racotomy) after the heart has been placed back to the thoracic
space and eliminate the repairing suture of the muscle.

. Bleeding is one of the major factors that contribute to the early
surgical related deaths in this “heart exteriorization” MI and
I/R mice model. Based on our experience, there are five com-
mon reasons that account for bleeding.

(a) First, bleeding can arise because of heart puncture. The
heart puncture happens when the clamp punches too deep
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a MI-24hrs b I/R-24hrs

Fig. 7 Representative pictures of myocardial infarction from ischemic mouse hearts. (a) Heart section stained
with TTC from MI model at 24 h post ML. (b) Heart tissue section stained with Evan’s blue/TTC from I/R model
at 24 h post I/R. The white color indicated a dead tissue, the red color indicated a viable tissue, and the blue
color shows that the area is not at risk

Sham 1 week 2 weeks

LV area
(arbitrary units)

Sham 1w 2w 4w 8w
Time (Post-MI)

Fig. 8 Representative Masson’s trichrome-stained tissue sections from sham and Ml groups at 1, 2, 4, and 8
weeks post MI. The bar graph shows the left ventricle area and indicates a structure remodeling change

and damages the left atrium (through the third intercostal
space) or ventricle (through the fourth intercostal space).
The bleeding is profuse and the mouse usually dies on the
table or within few hours post surgery. To avoid this prob-
lem, adjust the deepness of the clamp and choose the cor-
rect intercostal space.
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Secondly, rib fracture and costal artery tear can cause
bleeding, which occurs most often when the surgeon tries
to spread the opening between the fourth or the fifth
intercostal space too wide against the ribs. The bleeding
from this type of damage is usually not severe and stops
spontaneously in approximately 50 % of cases. To avoid
this problem, use the widest intercostal space (fourth to
fitth space) and be cautious to spread the ribs only as far as
necessary.

A third cause of bleeding is from the damage of the inter-
nal mammary artery. The internal mammary artery goes
perpendicularly to the ribs and about 1-2 mm apart from
the sternum. The damage of this artery happens when the
surgeon tries to open the hole too widely along the ribs
with the clamp, or the clamp entry point is too close to the
sternum. Once damaged, the bleeding is hard to stop. To
avoid this, use the widest intercostal space, which is usually
5 mm away from the sternum, and do not open too wide.

A fourth cause of bleeding is tearing of pulmonary vessels.
Bleeding from a torn pulmonary vessel is hard to stop and
is usually fatal. This damage occurs when the heart is exte-
riorized and pulled too far out of the chest. The key to
prevent this is to try not to externalize the whole heart; in
most cases, the right atria should be in the thoracic space
and left atria is partially in the thoracic cage.

Finally, bleeding can occur when suturing the LCA.
Bleeding could be the result of either tearing of the artery
directly or wide suturing that may go through the septa
and right ventricle (RV). The wall of the RV is thin and
bleeding from the hole made when the wide suture is tied
is hard to stop. The animal may survive the MI procedure
itself but dies usually within first 24 h. MI or I /R without
ventilation is technically a challenging procedure but with
practice can be learned and a perfect surgery is bloodless.

. Pneumothorax is another contributor to early postsurgical

death and occurs when the operator forgets to either displace
air before closing the suture or forgets to keep the “hole” open
with a mosquito hemostatic forceps when manually evacuating
air out of the thoracic cavity.
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Cardiac Wound Healing Post-myocardial Infarction:
A Novel Method to Target Extracellular Matrix Remodeling
in the Left Ventricle
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Abstract

Myocardial infarction (MI) is a leading cause of death worldwide. Permanent ligation of the left anterior
descending coronary artery (LAD) is a commonly used surgical model to study post-MI effects in mice.
LAD occlusion induces a robust wound healing response that includes extracellular matrix (ECM)
remodeling. This chapter provides a detailed guide on the surgical procedure to permanently ligate the
LAD. Additionally, we describe a prototype method to enrich cardiac tissue for ECM, which allows one to
focus on ECM remodeling in the left ventricle following surgically induced MI in mice.

Key words Myocardial infarction, Cardiac wound healing, Mice, Extracellular matrix, Matrix
metalloproteinases, Inflammation, Decellularization

1 Introduction

Over the last 40 years, successful cardiovascular research has led to
increases in 30-day post-myocardial infarction (MI) survival rates
of 60 % in the 1970s to current rates of >90 %. Based on this
achievement, the current therapeutic challenge has shifted from
immediate survival issues to ways to improve the long-term sur-
vival of patients undergoing cardiac infarct healing [1, 2]. Cardiac
infarct healing in the left ventricle (LV) is referred to as LV remod-
eling and includes changes in LV size, shape, and function [3-5].
The extent of LV remodeling is dependent on the severity of
the following component events that occur after the infarct:
(1) myocyte death, (2) inflammatory response, (3) granulation
tissue deposition to form the scar, and (4) granulation tissue
remodeling [6, 7]. Throughout LV remodeling, the critical bal-
ance between extracellular matrix (ECM) degradation and

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
Methods in Molecular Biology, vol. 1037, DOI 10.1007/978-1-62703-505-7_18, © Springer Science+Business Media New York 2013
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deposition influences ventricular function and patient survival [5, 8].
Excessive ECM degradation predisposes the LV to aneurysm for-
mation and ventricular rupture, while excessive ECM deposition
may result in arrhythmias and congestive heart failure [8]. In this
chapter, we describe an established murine MI model followed by
a protocol to enrich the ECM content during the LV remodeling
process post MI.

The surgically induced MI model presented here consists of
permanent occlusion of the LAD at the site where it emerges from
under the left atrium. This chronic infarct model evokes an antero-
lateral, apical LV infarct with an average MI size that equals 44 +2 %
(n=25) of the total LV muscle mass by day 7 post M1 in C57BL /6
wild-type mice of both genders [9-12]. The mortality associated
with the MI procedure ranges from 37 to 50 % over the first 7 days
and is primarily due to ventricular rupture, sudden cardiac death,
or acute heart failure, with mortality being greater for male mice
[13]. This model is suitable for cardiac pathophysiology studies of
MI responses, as indicated by the significantly decreased ejection
fraction at day 7 post MI (64 +2 % for controls versus 18 +2 % post
MI, p<0.05) [11]. In addition to inducing progressive wall thin-
ning, the permanent LAD occlusion model induces an increase in
LV dilation. Further, this model is a convenient tool to investigate
biochemical, cellular, and molecular responses to MI.

The advantage of using the mouse permanent occlusion MI
model is that the availability of genetically modified mice makes
this a practical model to investigate the role of proteins of interest
during the LV remodeling process. A constraint of using this ani-
mal model is that the mouse infarct and non-infarct LV tissue sizes
provide limited amounts of material. Therefore, the experimental
design and execution must be carefully planned in order to com-
pletely test the hypothesis under investigation. It is important to
account for the mortality rate when determining the number of
animals required for the study, in order to have an appropriate
sample size.

The quality control for infarct confirmation in our permanent
occlusion MI model is based on visual inspection of the LV for
blanching, electrocardiogram (EKG) assessment for ST segment
elevation, and imaging by two-dimensional echocardiography. For
every mouse, baseline echocardiograms of the long and short axes
should be recorded and analyzed before surgery to assure that the
animals have normal LV function. During the surgery, an EKG is
used to continuously monitor the animal. Post surgery, LV func-
tion is assessed by echocardiography after 3 h and serial echocar-
diograms are recorded for up to 4 weeks post MI. At the time of
sacrifice, the LV is dissected, sectioned into three slices (apex, mid-
cavity, and base), and stained using 1 % 2,3,5-triphenyltetrazolium
chloride (TTC). Viable myocardium stains red, which facilitates
infarct sizing [ 14].
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The decellularization protocol that follows the permanent
LAD occlusion surgery is a perfusion-free version of the procedure
described for rats [15]. In addition to decellularizing the heart to
remove cellular constituents, the glycosaminoglycans, collagen
type I, collagen type III, laminin, and fibronectin that form the
scaffold are preserved [15]. The ECM enrichment process
described below yields a fully functional three-dimensional scaffold
that facilitates investigation of ECM responses post MI [15].

2 Materials

2.1 Mouse
Intubation and
Coronary Artery
Ligation

All animal procedures should be conducted according to the Guide
for the Care and Use of Laboratory Animals and need to be reviewed
and approved by the appropriate institutional animal care and use
committee.

—

. Paper towels and examination gloves.

. Glass bead sterilizer.

. Surgical instruments (Fig. 1).

. Oxygen cylinder equipped with regulator.

. Isoflurane.

. Induction chamber for anesthesia.

. Mouse Surgery Board (Fig. 2A).

. Light source (Fig. 2B) and surgical microscope (Fig. 2C).

O 0 N O Ul W

. Mouse ventilator equipped with a mouse nose cone (Fig. 2D).

—
=

. Anesthetic vaporizer (Fig. 2E).

—
p—

. Surgical tape.

—
[\S]

. Hair remover lotion (Nair®).

—
w

. Cotton-tipped applicators.
. EtOH (70 % [v/v] solution in H,0).
. Povidone-Iodine Prep Solution USP (Betadine).

—
(@) NS 2 B N

. EKG recording system (iWorx Software) and computer
(Fig. 2F).

. IV catheter 20 gax 1.

. Sterile sutures.

3-0 AROSurgical™ (Black Polyamide Monofilament) sterile
suture.

—
[ BN

6—-0 Ethicon Prolene (Polypropylene) sterile suture.

8-0 AROSurgical™ (Black Polyamide Monofilament) sterile
suture.

19. Gauze sponges (100 % cotton, 4 in. x4 in., 8-ply).
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(a) blunt-end, curved forceps Fine Science Tools

(b) extra-fine, curved forceps Fine Science Tools

(c) blunt-ended, curved scissors Fine Science Tools

(d) Vannas-Tubingen angled, scissors Fine Science Tools

(e) Castroviejo needle holder Biomedical Research Instruments
(f) Mini-Goldstein retractor Fine Science Tools

(9) Modified 3-0 Sterile Suture ARO Surgical

11054 -10
11151-10
14041-10
15005-08
20-1340

17002-02

001-SP24A03N-45

Fig. 1 (a) Instruments recommended for the surgical procedure. (b) Instrument names and catalogue numbers

20. 0.9 % Sodium Chloride Irrigation Solution USP.

21. Buprenorphine hydrochloride.

2.2 Extracellular 1. 1 % Sodium dodecyl sulfate [w/v] in distilled, deionized water.
Matrix o 2. Distilled, deionized water.

Decellulz?rlzatlon z_md 3. Ix Complete Mini Protease Inhibitor cocktail with 1 mM
Proteomic Analysis EDTA

4. Protein extraction reagent type 4.
5. 5 mL Round-bottom tubes.

6. 1.5 mL tube.

7. Gyro Twister™ 3D Shaker.

8. Homogenizer.
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Fig. 2 Surgical equipment and setup include (A) surgical board, (B) microscope
light source, (C) microscope, (D) rodent ventilator, (E) vaporizer, and (F) EKG sys-
tem with computer

3 Methods

3.1 Mouse
Intubation and
Coronary Artery
Ligation

Pre-surgical Preparation

1.

Sterilize surgical instruments using the glass bead sterilizer for
12-15 s per instrument.

2. Place the mouse in the induction chamber.

. Adjust vaporizer to instill a 2 % isoflurane in 100 % oxygen mix

into induction chamber.

. Induce anesthesia: 30-s to 1-min exposure or until mouse is

unconscious.

. Move mouse to a warm surgical board and place anesthetic

nose cone over the face of the mouse.

. Administer inhalant anesthetic to maintain an unconscious

state, i.e., 2 % isoflurane and 100 % oxygen mix via ventilator.
Adjust stroke volume and ventilation rate according to the
manufacturer’s recommendations.

. Place the mouse in a supine position; tape its paws and base of

the tail to the surgical board (Fig. 3).

. Using a cotton-tipped applicator, gently apply Nair® to the

thorax and neck area to remove hair.

. Sanitize the neck and thorax with a gauze containing 70 %

EtOH followed by a gauze containing betadine.
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\5 Incision for Incision for
, ligation intubation

Fig. 3 Pre-surgical preparation and immobilization of mouse. The mouse is in the
supine position and immobilized at paws and base of tail, under anesthesia
delivered through a mouse nose cone. Area to be shaved and surgical incisions
are indicated by the broken lines

Intubation Procedure

1.

Insert needle electrodes into the subcutaneous space of the
forelimbs and hindlimbs to monitor the animal’s EKG. Record
baseline EKG.

. Make a 1 cm longitudinal incision on the ventral midline of the

neck (Fig. 4a) exposing the submandibular glands; use blunt
dissection to expose the sternothyroid muscles (see Fig. 4b and
Note 1).

. Retract the sternothyroid muscles laterally to expose the ven-

tral aspect of the trachea (Fig. 4c¢).

. Before intubation, isoflurane percentage may be increased for

a brief period in order to increase the level of anesthesia and
facilitate intubation.

. The nose cone is removed; a 10-15 cm piece of string is placed

around the upper incisors and gentle traction is applied crani-
ally so that the airway is open and straight.

. To intubate, lift the tongue with forceps and guide 20 ga IV

catheter into trachea with IV catheter needle as support while
monitoring with microscope to ensure clear passage. Advance
the catheter until the tip is visible within the trachea through the
neck incision (Fig. 4d). The tip of the catheter can be colored
with a black marker to facilitate visualization within the trachea.

. Remove the support needle and connect the anesthesia tubing

from the nose cone to the IV catheter. Once intubated, isoflu-
rane percentage should be adjusted to 2 % and the stroke volume
and stroke /min adjusted based on the size of the animal.
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Fig. 4 Intubation procedure. (a) The incision for intubation is made using the submandibular glands as a
landmark. (b) Beneath submandibular glands the sternothyroid muscles cover the trachea. (c) Retraction of the
sternothyroid muscles allows for visualization of the base of trachea. (d) The catheter is properly guided using
the incision located in the neck area

Ligation Procedure

1.

2

Cuta 1 cmx1 cm strip of gauze and place in saline.

. Make a 1-1.5 c¢m transverse incision at mid-thorax starting left

of ventral midline and extending laterally, parallel to the ribs
and approximately 2 cm below the left axilla.

. Use blunt dissection to expose the left pectoralis major mus-

cles. Place a 3-0 retention suture around the muscles and
retract toward the right shoulder of the mouse in order to
expose the rib cage (Fig. 5a, b).

. Place additional 3-0 retention suture around the left rectus

thoracis and serratus ventralis muscles. Retract these muscles
toward the left side of the mouse and affix the retention suture
with tape to the surgical board as close to the body of the
mouse as possible (Fig. 5a, b).

. Bluntly dissect the muscle striations at the intercostal space

between the third and fourth ribs to make a 0.25 ¢m incision
that penetrates into the thoracic cavity (Fig. 5b).

. Place the strip of gauze into the thoracic incision and gently

push down toward lungs (Fig. 5¢). It is important to avoid
damage to the lungs.
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Fig. 5 Ligation procedure. (a) Incision and identification of the muscle layers covering the rib cage. (b) Retraction
of muscle layers and location of the third intercostal space. (c) Position of the gauze to protect the lungs and
assist with the intercostal incision. (d) Position of LAD ligation with respect to left atrium. (e) Relocation of
muscle layers and (f) suturing the skin incisions

7.

10.

11.

12.
13.

14.

Slowly enlarge the thoracic incision to approximately 1 cm
long using blunt dissection technique applied medially and lat-
erally while using the gauze to protect the lungs.

. Apply the Mini-Goldstein retractor to the incision and gently

spread ribs in order to clearly visualize the left atrium and left
ventricle (Fig. 5d).

. Use fine forceps and blunt-ended curved scissors to remove

pericardium and provide access to the left ventricular free wall
for identification of the left anterior descending coronary
artery (LAD). Identifying the artery is required for successful
occlusion. For references on the murine coronary artery anat-
omy, please see refs. 9, 16.

Using a Castroviejo needle holder, guide an 8-0 suture under
the LAD 1 mm distal to the left atrium and ligate securely with
a square knot.

Confirm a discrete blanched region on the LV under micro-
scope and ST segment elevation on the EKG.

Remove the rib retractor.

Place one 6-0 suture to encircle the outer edges of the sepa-
rated ribs, remove the gauze, and secure the knot so that the
ribs are repositioned in the chest and the incision is closed.
Remember to double-check that the gauze was removed prior
to closing the chest.

Remove the retention sutures and reposition the retracted
muscle layers of the chest (Fig. 5¢).
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|||
Saline 1% SDS Saline 1% SDS
Day 0

1% SDS

Day 5

Fig. 6 Decellularization process of the whole heart. (a) Representative day 0 images of freshly dissected heart
ventricle and atria in saline (/eft) and 1 % SDS (right). (b—d) Representative images of (b) day 2, (c) day 3, and
(d) day 5 whole heart in saline (/eft) and 1 % SDS (right)

15. Close the thoracic and neck incisions using 6-0 suture (see
Fig. 5f and Note 2).

16. Administer Buprenex (0.1 mg/kg IP).

17. Remove all the tape, and turn off isoflurane but allow the oxy-
gen to continue to flow.

18. Move the mouse to the prone position and extubate. After
extubation, spontaneous breathing should begin immediately.

19. Remove the EKG needle electrodes.

20. Place animal in a 37 °C incubator to recover (see Notes 3 and 4).

Day 0 (Fiy. 61)

1. Dissect the LV and separate remote from infarct tissue, based
on TTC staining.

2. Record infarct and remote wet tissue weight separately.

3. Incubate remote and infarct tissue separately in a round-
bottom tube containing 4mL of distilled H,O with 1x prote-
ase inhibitor for 30 min with gentle shaking.

4. Decant the solution and replace with 1 % SDS with 1x protease
inhibitor cocktail at room temperature for 24 h with gentle
shaking.
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Day 1

1.

Collect 1 mL of the supernatant, discard the remaining
solution, and replace with fresh 1 % SDS with 1x protease
inhibitor cocktail for 24 h with gentle shaking.

Day 2 (Fiy. 6b), Day 3 (Fiy. 6c), and Day 4

1.

Each day, discard the solution and replace with fresh 1 % SDS
with 1x protease inhibitor cocktail at room temperature for
24 h with gentle shaking.

Day 5 (Fig. 64)

1.

Discard the solution and wash decellularized tissue with 2 mL
of distilled H,O with 1x protease inhibitor for 5 min with gen-
tle shaking (see Note 5).

. Discard the solution and wash with 4 mL of distilled H,O with

1x protease inhibitor for 24 h with gentle shaking.

. Discard the solution and transfer decellularized tissue to

1.5 mL tube and add Sigma reagent 4 with 1x protease inhibi-
tor cocktail at 5 pL for every 1 mg of wet tissue weight.

4. Homogenize the tissue for 5 s, four times with 1-min intervals.

. Sonicate the homogenate for 5 s, four times. Incubate the sam-

ple at 30 °C for 1 h.

. Store at =80 °C.

. Rewarm the sample to 30 °C for 1 h before determining pro-

tein concentration assay.

4 Notes

. Blunt dissection is the primary technique used in this surgical

procedure. The only steps that require the use of surgical scis-
sors are step 2 during intubation and steps 2, 7, and 9 during
the ligation procedure.

. When performed correctly, no bleeding should occur through-

out the entire procedure. However, if blood loss occurs, saline
can be injected intraperitoneally.

. Average time for the entire procedure is 25-30 min.

. Representative baseline and post-MI EKGs, echocardiograms,

and TTC-stained images are shown in Fig. 7.
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Fig. 7 Control (a—c) and post-MI (d—f) EKGs, echocardiograms, and TTC-stained images. (a) Murine EKG, (b)
long-axis echocardiogram, and (¢) TTC-stained left ventricle in control mice. (d) 15-min post-MI EKG, (e) day
7 post-MI long-axis echocardiogram, and (f) matching day 7 TTC-stained left ventricle

5. Decellularized tissue appears translucent in color. If the tissue
still appears yellow in the center after 5 days, add fresh 1 % SDS
with 1x protease inhibitor cocktail and continue to incubate at
room temperature for an additional 24 h.

Acknowledgements

We acknowledge funding from AHA (09POST2150178) to RZ,
NCCAM (1K99AT006704-01) to GH, and NHLBI HHSN
268201000036C  (NO1-HV-00244) for the UTHSCSA
Cardiovascular Proteomics Center and RO1 HIL-075360, the
Max and Minnie Tomerlin Voelcker Fund, and the Veteran’s
Administration (Merit) to MLL.



324

Rogelio Zamilpa et al.

References

1.

Krumholz HM, Wang Y, Chen ], Drye EE,
Spertus JA, Ross JS, Curtis JP, Nallamothu
BK, Lichtman JH, Havranck EP, Masoudi FA,
Radford MJ, Han LF, Rapp MT, Straube BM,
Normand SL (2009) Reduction in acute myo-
cardial infarction mortality in the united states:
risk-standardized mortality rates from 1995-
2006. JAMA 302:767-773

. Lloyd-Jones D, Adams RJ, Brown TM,

Carnethon M, Dai S, De Simone G, Ferguson
TB, Ford E, Furie K, Gillespie C, Go A,
Greenlund K, Haase N, Hailpern S, Ho PM,
Howard V, Kissela B, Kittner S, Lackland D,
Lisabeth L, Marelli A, McDermott MM, Meigs
J, Mozaffarian D, Mussolino M, Nichol G,
Roger VL, Rosamond W, Sacco R, Sorlie P,
Stafford R, Thom T, Wasserthiel-Smoller S,
Wong ND, Wylie-Rosett J (2010) Executive
summary: heart disease and stroke statis-
tics—2010 update: a report from the American
Heart Association. Circulation 121:948-954

. Pfefter MA, Pfeffer JM (1987) Ventricular

enlargement and reduced survival after myo-
cardial infarction. Circulation 75:IV93-1V97

. Pfefter MA, Braunwald E (1990) Ventricular

remodeling after myocardial infarction.
Experimental observations and clinical impli-
cations. Circulation 81:1161-1172

. Sutton MG, Sharpe N (2000) Left ventricular

remodeling after myocardial infarction: patho-
physiology and therapy. Circulation 101:
2981-2988

. Blankesteijn WM, Creemers E, Lutgens E,

Cleutjens JP, Daemen MJ, Smits JF (2001)
Dynamics of cardiac wound healing following
myocardial infarction: observations in geneti-
cally altered mice. Acta Physiol Scand 173:
75-82

. Lindsey ML, Zamilpa R (2012) Temporal and

spatial expression of matrix metalloproteinases
and tissue inhibitors of metalloproteinases fol-
lowing myocardial infarction. Cardiovasc Ther
30(1):31-41

10.

11.

12.

13.

14.

15.

16.

. Zamilpa R, Lindsey ML (2010) Extracellular

matrix turnover and signaling during cardiac
remodeling following MI: causes and conse-
quences. ] Mol Cell Cardiol 48:558-563
Salto-Tellez M, Yung Lim S, El-Oakley RM,
Tang TP, ZA AL, Lim SK (2004) Myocardial
infarction in the ¢57bl/6j mouse: a quantifi-
able and highly reproducible experimental
model. Cardiovasc Pathol 13:91-97

Wang J, Bo H, Meng X, Wa Y, Bao Y, Li Y
(2006) A simple and fast experimental model
of myocardial infarction in the mouse. Tex
Heart Inst ] 33:290-293

Zamilpa R, Kanakia R, Jt C, Dai Q, Escobar
GP, Martinez H, Jimenez F, Ahuja SS, Lindsey
ML (2011) Cc chemokine receptor 5 deletion
impairs macrophage activation and induces
adverse remodeling following myocardial
infarction. Am J Physiol Heart Circ Physiol
300:H1418-H1426

Kumar D, Hacker TA, Buck J, Whitesell LF,
Kaji EH, Douglas PS, Kamp TJ (2005)
Distinct mouse coronary anatomy and myo-
cardial infarction consequent to ligation.
Coron Artery Dis 16:41-44

Klocke R, Tian W, Kuhlmann MT, Nikol S
(2007) Surgical animal models of heart failure
related to coronary heart disease. Cardiovasc
Res 74:29-38

Pfeffer MA, Pfeffer JM, Fishbein MC, Fletcher
PJ, Spadaro J, Kloner RA, Braunwald E (1979)
Mpyocardial infarct size and ventricular func-
tion in rats. Circ Res 44:503-512

Ott HC, Matthiesen TS, Goh SK, Black LD,
Kren SM, Netoff TI, Taylor DA (2008)
Perfusion-decellularized matrix: using nature’s
platform to engineer a bioartificial heart. Nat
Med 14:213-221

Michael LH, Entman ML, Hartley CJ, Youker
KA, Zhu J, Hall SR, Hawkins HK, Berens K|
Ballantyne CM (1995) Myocardial ischemia
and reperfusion: a murine model. Am ] Physiol
269:H2147-H2154



Chapter 19

Injury Models to Study Cardiac Remodeling in the Mouse:
Myocardial Infarction and Ischemia—-Reperfusion

Daniel J. Luther, Charles K. Thodeti, and J. Gary Meszaros

Abstract

Deep tissue wound healing requires a complex sequence of several factors working in unison to repair the
organ at risk. Myocardial infarction (MI) is particularly complex due to several local and systemic factors
mediating the repair process within the heart. The wound healing process during this time is critical—the
cardiac myocytes are at risk of apoptotic cell death, autophagy, and necrosis. During the early remodeling
period, the fibroblasts and myofibroblasts play critical roles in infarct scar formation, a process that is
greatly influenced by a robust inflammatory response. Construction of the infarct scar is a “necessary evil”
that helps to limit expansion of the infarction; however, the collagen and matrix deposition will often
spread to the healthy areas of the heart, causing reactive fibrosis in areas remote from the original damage.
This chapter outlines in detail the procedures for two myocardial infarction injury models as well as how
to quantify the size of the experimentally induced injury. These procedures are critical to the development
of'in vivo approaches to study myocardial injury, particularly for use in knockout and transgenic mice.

Key words Myocardium, Ischemia, Cardiac remodeling, Fibrosis, Extracellular matrix, Collagen

1 Introduction

Myocardial infarction (MI) continues to be the leading clinical
cause of heart failure and mortality. Depending on the severity of
MI, the heart may undergo a complexity of structural changes
known as ventricular remodeling that begins with compensatory
hypertrophy; however, decompensation ensues leading to chamber
dilation, wall thinning, reparative fibrosis in the infarcted region,
and reactive fibrosis in remote regions [ 1-5]. At the cellular level,
cardiac fibroblasts and myofibroblasts are the key mediators of
remodeling by producing several types of collagen, the vast major-
ity being the fibrillar type I collagen; however, other fibrillar and
non-fibrillar collagens are also synthesized during injury repair.
Both of these cell types can synthesize and secrete collagen;

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
Methods in Molecular Biology, vol. 1037, DOI 10.1007/978-1-62703-505-7_19, © Springer Science+Business Media New York 2013
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however, the myofibroblasts are hypersecretory and considered as
specialized wound healing cells.

The majority of the initial studies on cardiac remodeling and
fibrosis were based on in vitro models using cardiac fibroblasts iso-
lated from rat hearts. This work was important to characterize the
fibroblast phenotype and to identify the hormonal and mechanical
mediators of cardiac fibroblast function. This in vitro work was
viewed as being largely descriptive by several investigators and with
the movement towards translational research, it was clear that
those who studied reparative wound healing in the heart would
have to develop in vivo models of cardiac injury and repair.

Our laboratory also performed our initial studies on isolated
cardiac fibroblasts using an in vitro cell-matrix model that initially
involved comparisons of how these cells responded to various extra-
cellular matrix substrates. We first compared several types of puri-
fied collagens as substrates for the fibroblasts, and measured which
types of collagen could alter cardiac function in terms of prolifera-
tion and myofibroblast differentiation. We found that type I and 111
collagen both induced proliferation; however, the most interesting
observation was that type VI collagen was capable of inducing myo-
fibroblast differentiation [6]. We speculated that this non-fibrillar
collagen, which was previously thought to be of minor importance
in the heart, may possibly play a larger role in the cardiac remodel-
ing process by mediating the fibroblast-to-myofibroblast transition
during injury. To test this, we developed the MI mouse model in
our laboratory which can be extended to any future mouse models
that investigators may want to pursue.

We used the collagen VI knockout mouse originally developed
and described by Bonaldo and colleagues as a model for Bethlem
myopathy [7, 8]. These mice suffer from early apoptosis of the
skeletal myocytes as they age, causing progressive weakness and
limited life span. Given this, we predicted that similar loss of func-
tion would occur in the hearts of these animals, particularly after
induction of MI injury. Surprisingly, we have discovered that the
lack of type VI collagen actually smproves cardiac remodeling and
function following MI, results that were completely unexpected.
Our work on this knockout model is ongoing as we search for the
critical mechanisms leading to the improved remodeling and car-
dioprotection. Importantly, we believe that this potentially novel
role for collagen VI in myocardial remodeling would not have
been uncovered without applying the MI injury model to this
knockout model and in vivo models of MI are indispensable tools
for studying the role of collagens as well as other key proteins in
the in vivo setting. In this chapter, we describe in detail protocols
for mouse models of MI and ischemia-reperfusion (I-R) injury
along with the assessment of infarct size. These methodologies can
provide a means to bridge in vitro studies to the whole animal and
create new avenues and targets for translational studies in cardiac
remodeling.
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2 Materials

2.1 Mouse Model of
Myocardial Infarction

1.

2.

® N e

Drugs:

(a) Amnesthetic: Nembutal® Sodium Solution (sodium pento-
barbital, 50 mg/mL). Immediately prior to use, dilute
Nembutal solution in 0.9 % saline to achieve 20 mg/mL
concentration. Dosage: 70 mg/kg, intraperitoneal (i.p.)
injection.

(b) Atropine sulfate: Dosage: 0.04 mg/kg, intramuscular
(i.m.) injection.

(c) Ketofen® (Ketoprofen): Dosage: 3 mg/kg, subcutaneous
(s.c.) injection.

(d) 1 % Lidocaine HCI.

(e) 2 % Lidocaine HCI Oral Topical Solution (Viscous).

(f) Penject (Penicillin G w/ Procaine): Dosage: 44,000 units/
kg, s.c.

Surgical tools:

(a) Two curved forceps.

(b) Scalpel w/no. 10 blade.

(c) Strabismus scissors—curved /blunt-blunt/11.5 cm.
(

d) Spring scissors—slightly curved/sharp/15 mm cutting
edge.

(e) Olsen-Hegar needle holder with scissors—12 cm w/lock.

(f) Castroviejo micro needle holder—straight/smooth,/9 cm
w/lock.

(g) COOK eye speculum (used as rib spreaders).

(h) Small cauterizer.

. Suture:

(a) 6-0 Ethilon®, nylon suture w/reverse cutting (C-2)
needle.

(b) 6-0 Vicryl®, polyglactin suture w/taper (RB-1) needle.
(c) 8-0 Ethilon®, nylon suture w/taper (BV130-5) needle.
MiniVent Type 845 mouse ventilator.

ECG apparatus—PowerLab® 4/25T

Betadine® solution (10 % providone-iodine).

Nair® hair removal gel.

Intubation tube (PE-60 tubing approximately 45-50 mm
long).

5 mL Syringe w/blunted 23 G needle fitted w/PE-50 tubing
(chest tube).
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10. Rectal temperature probe.

11. Surgical lamp (120 W).

12. Heating lamp (60 W).

13. 70 % (v/v) EtOH in H,O.

14. Lactated Ringer’s solution.

15. Sterilized H,O.

16. Surgical gauze, tape, and cotton-tipped applicators.

2.2 Ischemia/ 1. See Subheading 2.1, items 1-16.
Repertusion Surgery 2. 34 mm piece of PE-90 tubing (used as snare for LAD
ligation).
3. Timer.
2.3 Whole-Animal 1. Anesthetic. Fatal-Plus® Solution (pentobarbital sodium solu-
Perfusion (Gravity Fed) tion, 390 mg/mL): Dosage: 1 mL/10 lbs (as indicated on
bottle).
2. Heparinized normal saline [heparin sodium, 10 U/mL of

0.9 % NaCl in H,O (DEPC-H2O if for RNA in situ)].
. Fixative. 4 % Paratormaldehyde, made immediately prior to use.
. Phosphate-buffered saline (PBS).
.70 % (v/v) EtOH in H,O.

. Perfusion apparatus:

N U1 W W

(a) 60 cc Syringe housing (no plunger) (used as vessel for
holding fixative—alternative vessels can be substituted,
i.e., Empty Saline I.V. Bag).

(b) Tygon® Formula 3350 silicone tubing (I.D.: 1/16 in.
(1.6 mm); wall thickness: 1/32 in. (0.8 mm); O.D.:
1/8 in. (3.2 mm).

(c) Male-to-male Luer fitting.
(d) 2-way stopcock.

(e) Two 23 g 1” needles (one needle can be broken off from
Luer stub adapter with a pair of hemostats—care must be
taken not to pinch needle closed when removing).

(f) 12”7 PE-50 tubing.

7. Ring stand (200 cm minimum height).

8. 5-10 mL vials w/lid for samples.

9. Surgical scissors.
10. Curved forceps.
11. Hemostat.
12. Absorbent pad.
13. Surgical gauze, tape, and cotton-tipped applicators.
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. Anesthetic. Fatal-Plus® Solution (pentobarbital sodium solu-

tion, 390 mg/mL): Dosage: 1 mL/10 lbs (as indicated on
bottle).

. Heparinized normal saline (heparin sodium, 10 U/mL of

0.9 % NaCl in H,0).

. 2, 3, 5-triphenyltetrazolium chloride (TTC) (1 % w/v in PBS).
. 2 % Evan’s blue dye.

. 4 % Paraformaldehyde, made immediately prior to use.

PBS.

.70 % (v/v) EtOH in H,O.
. Perfusion apparatus (see Subheading 2.3) 23 G needle should

be blunted for this procedure.

. Shaking water bath (37 °C).
10.
11.

Acrylic heart matrix (mouse, 1.0 mm section width).

Western blotting glass spacer slide (1.0 mm spacing) and flat
glass cover slide.

Four small binder clips.
Micro-centrifuge tubes (1.7 mL).
12-Well plate.

Razor blades.

5-0 silk suture.

Surgical scissors.

Small, fine spring scissors (2 mm cutting edge).
Curved forceps.

Dumont #5 fine forceps.
Hemostats.

Absorbent pad.

Surgical gauze, tape, and cotton-tipped applicators.

3 Methods

3.1 Myocardial
Infarction Surgery

—

. Prepare fresh aliquot of diluted Nembutal® for anesthesia.

2. Once animal is weighed and drug doses are calculated, admin-

ister atropine sulfate (i.m.) as a preanesthetic.

. After 5 min, gently grasp mouse by the tail between two fin-

gers and with the same hand grab the scruff on the back of the
neck. Invert mouse and inject anesthesia approximately 1/3 of
the way up the abdomen into the peritoneal cavity.

. Isolate mouse in separate cage under a heating lamp (60 W)

approximately 18-24" away from source. Allow animal to rest
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Fig. 1 (a) Surgical materials and instruments for Ml and I/R surgery. (b) Secure animal on a surgical platform

in the supine position. Insert rectal temperature probe and ECG limb leads. (c) Remove hair from the neck and
chest of animal and prep skin with Betadine® solution. Make a small (<1 cm) incision in the neck of the mouse.
(d) Blunt dissection of the submaxillary gland and underlying muscles with forceps to expose the trachea.
Black tip of intubation tube (PE-60 tubing) is shown inside the trachea

undisturbed for approximately 5-10 min. After 10 min check
reflexes by toe-pinch method (see Note 1).

. Once animal is at an adequate plane of anesthesia, remove

from cage and place in the supine position onto a surgical
table. Secure limbs using surgical tape. Secure the head by
hooking the incisors with a loop of suture, pulling taut and
securing the other end with a tape or a pin (Fig. 1b).

. Insert rectal temperature probe and ECG limb electrodes.

Temperature should be maintained between 36 and 37 °C.
A heat lamp may be necessary in addition to the surgical lamp in
order to maintain the desired temperature range (sec Note 2).

. Apply a dime sized amount of Nair® to the chest and neck of

the animal and rub into the hair. Wait for 1 min and remove
hair with moistened gauze.

. Apply Betadine® solution to the center of chest and work

outwards.

. Using the scalpel, make a small <1 c¢m incision over the neck

along the sagittal plane of the animal. Blunt dissect the
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underlying submaxillary gland and sternohyoid muscle along
the natural divisions of each to visualize the trachea (Fig. 1c¢).

To intubate the animal, first, lubricate the beveled tip of the
intubation tube (PE-60 tubing) with 2 % lidocaine oral gel.
Next, with one hand, grasp the tongue and gently lift and
move to the side as you insert intubation tube at a slightly
upward angle with the other hand. Once in the oral cavity you
can release the tongue and with sterile forceps open the win-
dow to the trachea so that you can visualize the intubation
tube once inside the trachea. Gently insert the intubation tube
into the trachea until the tip is visible through the neck incision
(Fig. 1d) (see Notes 3—4).

Once intubated, check for normal breathing patterns to ensure
that airway and tube are not obstructed. When breathing is
stable, connect to the ventilator and begin to ventilate with
room air (see Notes 5-6).

Using 6-0 nylon suture, close neck incision.

While paying close attention to the intubation, carefully rotate
mouse onto its right side and prop with gauze pillow secured
with tape.

Locate the axilla and tip of sternum. Make a transverse skin inci-
sion on the left side of animal halfway between these points
extending from the sternum to the lateral side of chest (Fig. 2a).

Dissect pectoral muscles to visualize ribs. Begin to perform left
thoracotomy between the fourth and fifth rib using sharp
spring scissors. Once incision is begun, gently grasp fourth rib
with forceps and lift away from internal organs. Before pene-
trating thoracic cavity switch to blunt-tipped Strabismus scis-
sors to avoid damaging underlying organs and make 1 cm
incision in intercostal muscle (Fig. 2b) (see Note 7).

Insert COOK eye speculum into incision and gently spread
ribs to visualize heart. Cauterize any bleeding vessels if neces-
sary (Fig. 2¢).

Using forceps, blunt dissect the pericardial sac and clear peri-
cardium away from anterior wall of heart (Fig. 2d).

Identify the left atrium. The LAD runs from underneath the
left atrium towards the apex of the heart, branching approxi-
mately at the mid papillary level. Using an 8-0 nylon suture
and Castroviejo micro needle holders pass suture underneath
the LAD approximately 1-2 mm down from the left atrium
towards the apex, trying to avoid penetrating into the ventric-
ular chamber (Fig. 3a) (see Note 8).

Securely tie suture to induce infarction. Blanching of the apex
should be immediately apparent (Fig. 3b). Monitor the ECG
for changes, particularly ST segment elevation to confirm
infarction.



Fig. 2 (a) Once intubated, position animal on its side (right side down) and secure the /eftforelimb of the animal
above its head with surgical tape. Using a scalpel, make a skin incision halfway down the /eft rib cage from
the sternum to the lateral chest wall. (b) Perform a left thoracotomy at the fourth intercostal space using scis-
sors. (¢) Insert the COOK eye speculum into the rib incision and gently open the chest. (d) Blunt dissection of
the pericardial sac using forceps

Fig. 3 (a, b) Pass an 8-0 nylon suture underneath the LAD and for MI procedure, tie the suture to permanently
occlude the LAD, and induce MI (ischemic region outlined in white, above). (¢) For I/R surgery, before tying the
suture, insert small (3—4 mm) PE-90 tube between the myocardium and the suture to act as a snare. (d) Secure
the tubing in place by tying the suture to induce ischemia
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Fig. 4 (a, b) To close the chest incision, use an interrupted suturing pattern and place 60 Vicryl® sutures
together through both sides of the ribs and the chest muscle layer. (c) Before tying the last suture, gently insert
the chest tube (arrow) and secure by tying the remaining suture. (d) Once negative pressure inside the thoracic
cavity is restored, remove the chest tube, check for leaks in the chest wall, and close skin incision with 6-0

nylon suture

20.

21.

22.

23.

24.

Once confirmed, place 1-2 drops of 1 % lidocaine directly onto
the heart and remove COOK eye speculum.

With extreme care, gently insert closed forceps between left
lung lobe and rib cage and lay the left lung lobe onto the heart
to avoid puncturing when closing the ribs.

Using a 6-0 Vicryl suture, place sutures through both sides of
the ribs and the chest muscle layer together using an inter-
rupted suturing pattern (Fig. 4a, b). Do not tie the sutures
until all sutures are in place. This allows for visualization of
visceral organs to avoid puncturing while placing the sutures.

Once sutures are in place, begin to tie sutures (starting laterally
and working medially towards sternum). Before tying the last
suture, insert the chest tube between the last suture and sternum,
and secure by tying the last suture (Fig. 4c) (se¢ Note 9).

Draw back on the syringe connected to chest tube until ade-
quate negative pressure is achieved. Maintain negative pressure
with chest tube for 1-2 min. A small amount of blood, if pres-
ent in the cavity, may become visible in tube (se¢ Note 10).
Expand (sigh) lungs to remove additional air in the thoracic
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cavity before removing chest tube. This can be accomplished
simply by blocking the exhaust on the ventilator for three
cycles. DO NOT OVERINFLATE LUNGS.

25. Once negative pressure is reestablished in the chest cavity, gen-
tly remove the chest tube. Use the pair of forceps to pinch
muscle and skin layer around chest tube as it is slowly removed.

26. Using a 6-0 nylon suture, close skin incision (Fig. 4d).
27. Reapply Betadine® solution to incision sites.

28. Administer analgesic (Ketofen®) and penicillin via s.c. injection
in an area away from surgical site. A bolus s.c. injection of lac-
tated Ringer’s solution is also suggested for fluid replacement
(1 % of animal’s weight in grams;i.e., 0.3 mL for a 30 g mouse).

29. Check for reflexes via toe-pinch method. Once animal is
responding, attempt to remove animal from ventilator, leaving
the intubation tube in place. Observe for chest movement to
ensure breathing. If breathing does not start then put back on
ventilator until animal regains breathing reflex.

30. Once off ventilator, place animal in an isolated recovery area
under heat lamps to maintain body temperature until fully
recovered and the mouse is able to maintain body temperature
on its own (see Note 11).

31. After 24 h, additional analgesic should be administered to

animal.
3.2 Ischemia/ 1. (See Subheading 3.1, steps 1-16.)
Reperfusion Surgery 2. Identify the left atrium and the LAD as previously described

(see Subheading 3.1, step 17). Using an 8—0 nylon suture and
Castroviejo micro needle holders pass suture underneath the
LAD approximately 2 mm down from the left atrium towards
the apex, trying to avoid penetrating into the ventricular cham-
ber (see Note 12). Begin to make a surgeon’s knot but do not
pull tight completely. Before tightening, insert the suture snare
(PE-90 tubing) between the myocardium and suture and then
secure knot (Fig. 3c, d) (see Note 13). At this point, start the
timer to begin measuring the period of ischemia.

3. Be sure that tubing is not resting against atria or other internal
organs that may be damaged as it will vibrate while the heart is
beating. Observe apex for blanching and ST-elevation on
ECG. Loosen and close COOK eye speculum and partially
close chest. Cover incision with moistened gauze and monitor
animal’s vital signs during length of ischemia. The underlying
visceral organs, muscles, and skin may need to be moistened
with saline during this time if they become dry (se¢ Note 14).

4. Once the desired length of ischemia has passed, expand the eye
speculum and reopen the chest. Gently remove the snare so
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that slack is created in the suture. Insert small spring scissors
into the slack created and cut the suture. This will allow the
distal portions of the LAD and myocardium to reperfuse. Look
for color to return to the apex of heart and resolution of the ST
elevation in the ECG to ensure that reperfusion has occurred.

. Once reperfusion is confirmed, place 1-2 drops of 1 % lido-

caine onto the heart and remove COOK eye speculum.

. Close chest and skin incision as previously described (see

Subheading 3.1, steps 20-29).

. Inject 0.5 mL of heparinized saline i.p. Allow animal to rest for

approximately 10 min for the heparin to take effect.

. Set up perfusion apparatus on ring stand or 1.V. pole approxi-

mately 125-150 cm above the animal. The perfusion apparatus
is made using a 60 cc syringe with 2-way stopcock. Silicone
tubing is then attached to the stopcock and fitted with male-
to-male Luer stub fitting at the other end. The Luer fitting is
then connected to a 23 G syringe needle fitted with PE-50
tubing and another 23 G needle for a cannula (Fig. 5a)
(see Note 15).

. Fill syringe housing with 3-5 mL of heparinized saline. Turn

stopcock to “on” position and allow small amount of saline to
drip from perfusion needle to remove all air from lines. Turn
stopcock to “off” position once air is removed.

. Weigh mouse and calculate dose for Fatal-Plus® Solution.

Inject anesthetic i.p.

. Secure mouse in the supine position on an absorbent pad using

adhesive surgical tape. Wet the chest and abdominal hair with
70 % EtOH to sterilize the area and prevent spreading of hair.

. Work quickly here, using surgical scissors and forceps to grasp

abdominal skin, and begin to make an abdominal incision into
the cavity just below the sternum.

. Using scissors make an incision in the diaphragm from lateral

wall to lateral wall to enter the thoracic cavity. Avoid cutting
any visceral organs. Cut ribs on both lateral sides of rib cage
towards the shoulders.

. Grasp the sternum with hemostats and retract rib cage towards

the head of the animal to visualize the heart. Using forceps,
gently grasp the free wall of the right atrium and insert the
perfusion needle into the apex of the left ventricle, penetrating
the chamber for intraventricular administration of fixative

(Fig. 5b).

. Use scissors to snip the right atrium to allow blood and perfus-

ate to escape.
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Fig. 5 (a) Perfusion apparatus used for whole-animal fixation protocol and perfusion of Evan’s blue dye in
infarct size assessment procedure. (b) For whole-animal fixation, insert the 23 G needle of the perfusion device
through the apex of the heart (arrow) and into the left ventricle. (¢) For perfusion of Evan’s blue dye, cannulate
the thoracic aorta (arrow) with a blunted 23 G needle and tie with suture to secure in place. (d) Heart section
after TTC staining for infarct size assessment illustrating the normal/non-ischemic zone (blue), the AAR region
(rea), and the infarcted zone (white)

10.

11.

12.

13.

Turn stopcock to “on” position to start perfusion of saline in
order to flush blood from circulation. Color should begin to
fade from heart and liver during perfusion. Also note that per-
fusate from right atrium should become clear as blood is
removed from the animal.

As the syringe approaches empty (approximately <0.5 mL), fill
syringe with 10 mL of freshly prepared 4 % PFA. Avoid intro-
ducing any air bubbles into the system. Allow the entire vol-
ume of PFA to perfuse (approximately 10 min) (see Notes
16-17).

Once perfusion is complete, turn off system and remove nee-
dle from heart. Isolate and collect heart and any other tissues
of interest.

Once tissue is trimmed and cleaned, it is recommended to
place hearts in specimen vials and submerse with 4 % PFA for a
minimum of 2 h to overnight at 4 °C.
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. Make fresh 1 % TTC solution in amber glass bottle or a similar

vessel protected from light. Warm TTC to 37 °C prior to use.

. Inject animal with 0.5 mL of heparinized saline via i.p. injec-

tion. Allow animal to rest for approximately 10 min for the
heparin to take effect.

. Prepare perfusion apparatus and animal as described above in

Subheading 3.3, steps 2-5.

. Once animal is prepared, grasp the skin just below the sternum

and make an incision into the abdominal cavity. Reposition the
liver by pulling it outside of the cavity to enhance visualization
of the thoracic and abdominal aorta.

. Make an incision in the diaphragm from lateral wall to lateral

wall to enter the thoracic cavity. Avoid cutting any visceral
organs. Cut ribs on both lateral sides of rib cage towards the
shoulders. Clamp the sternum with hemostats and retractrib
cage towards the head of the animal.

. Identify the aorta, which runs parallel to the vertebral column

in the posterior mediastinal cavity. Once identified, using care
not to puncture any visceral organs or vessels, use the Dumont
#5 fine forceps to pass a 8—10 cm length of suture underneath
the thoracic aorta approximately halfway down its length.
Begin to tie the suture, but do not tighten the knot completely.
Knot should be loose enough to be able to pass a 23 G needle
inside of the aorta through this knot.

. If animal has undergone MI (permanent ligation) then pro-

ceed to next step. However, it animal underwent ischemia/
reperfusion protocol then it is necessary at this point to re-
occlude the LAD. If suture has been left in from the procedure
it can be easily identifiable and can be retied. An additional
suture may be passed underneath the LAD at the same exact
location and tied to occlude if unable to retie the original
suture.

. Use small, fine spring scissors to make a small incision in the

thoracic aorta just proximal to the suture knot. With the aid of
the Dumont #5a fine forceps, insert the blunted 23 G needle
attached to the perfusion apparatus into the aorta in a retro-
grade direction towards the heart. Secure needle by tightening
the suture knot (Fig. 5¢).

. Once secured, using the spring scissor make a small nick in the

right atrium to allow perfusate to drain.

Turn the stopcock to the “on” position and begin to perfuse
heart retrogradely with heparinized saline. Once flushed, add
3-5 mL of 2 % Evan’s blue dye to syringe housing and begin
to perfuse. Immediate color change should be noticeable
throughout the animal. However, the ischemic region of the
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11.
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15.
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heart (antero-apical portion of heart if LAD occlusion) should
not change color due to the occluded vessel preventing perfu-
sion with Evan’s blue dye (se¢ Note 18).

Once heart has been adequately perfused and desired intensity
of staining has been achieved, turn off perfusion apparatus and
remove cannula from aorta. Excise heart and immediately rinse
in PBS to flush the remaining dye from chamber. Once flushed,
remove heart and dry and wrap in small piece of plastic wrap.
To aid in cutting, place heart in freezer for 10 min (optional).

Once frozen, remove heart and place in heart matrix. Starting
from the base of the heart, insert razor blades in 2 mm inter-
vals towards the apex. Do not cut the heart until all blades are

in place. Once all blades are in place, simultaneously section
heart with all blades.

Remove section from matrix and place in labeled (e.g., base,
middle, apex) Eppendorf tubes and fill tubes with warmed
(37 °C) 1 % TTC solution. Insert tubes into foam holder and
place in shaking water bath (37 °C) for 15-20 min. This will
stain the viable regions of the ischemic myocardium brick red
and necrotic tissues white. Normal zones without ischemia will
remain blue.

Next, remove samples and place in appropriately labeled wells
of 12-well plate. Submerge sections in freshly prepared 4 %
PFA. Place 12-well plate onto lab shaker plate and incubate for
15-20 min at room temperature. This step will help bleach the
white necrotic regions and enhance the contrast of colors
between zones.

Remove from PFA and blot dry using gauze. Align sections
serially (keeping orientation similar and in order from base to
apex) on western spacer plates. Once aligned, sandwich sec-
tions by clamping a glass plate on top of spacer plate using
small binder clips on all sides. By adding this slight pressure to
sections, zones become much more distinguishable for
measure.

Using a macroscopic imaging device, image both sides of each
section at a magnification that allows for clear identification
and measure of normal zone (blue), area at risk (AAR; red),
and infarcted zone (white) (Fig. 5d). Assess images by planim-
etry method using Image] software (NIH, Bethesda, Maryland,
USA) or other imaging software.

Infarct size should be described relative to AAR to standardize
for any variability in size of ischemic region due to any incon-
sistencies in technique or animal variability. This is most com-
monly expressed as an infarct-to-AAR ratio.
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4 Notes

1. It is important to leave the animal undisturbed after anesthe-

tizing. If repeatedly checked for reflexes or if in an environment
where ambient noise is high, animal may never reach the plane
of anesthesia necessary to begin the procedures described
above.

. Body temperature can have a profound effect on infarct size.

Therefore, monitoring and maintenance of body temperature
within the range of 36—-37 °C during the infarction procedure
are essential for consistent infarct size.

. The intubation steps have proven to be the most difficult por-

tion of the procedure. It may take multiple practice procedures
before becoming adjusted to the delicacy of the tissues as well
as the angle of approach and light force necessary to guide the
intubation tube into the trachea. Larger mice (>35 g) are often
easier to intubate and are very suitable for practice. This may
also be taken into consideration when choosing the desired age
and strain of mice for experimental models if you are experi-
encing difficulties intubating. A technique that has worked for
our lab has been to enter the oral cavity parallel to the surgical
platform until reaching the epiglottis while visualizing the
entrance to the trachea through the window created by the
neck incision. Once at the epiglottis, a slight upward angle of
the tube is often necessary to enter the trachea and avoid slip-
ping into the esophagus, which is common. Sometimes a gen-
tle side-to-side rotation of the tube during this process aids in
getting the intubation tube beyond the epiglottis. It is highly
recommended to bevel and blunt the tip of the PE-60 tubing.
Be sure that edges are not sharp to avoid puncturing of the
trachea. Also, coloring the tip of the intubation tube black
with permanent marker is suggested to help visualize the depth
of the tube through neck incision (Fig. 1b).

. Once intubation is in place, a suture may be placed through

the cheek of the animal and used to secure the intubation tube
and prevent possibility of extubation. Also, the neck incision
may be left open until the end of the procedure to aid in moni-
toring of intubation depth and re-intubation if the tube moves
during the procedure.

. The tidal volume and ventilation rates are calculated from the

following equation (as provided by Harvard Apparatus):
V.=6.2x M where V,is tidal volume (mL) and 2, is ani-
mal body mass (kg).

BPM =53.5x M, **° where BPM is ventilation rate (breaths/
minute).



340

Daniel J. Luther et al.

6.
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Our protocol describes the ventilation of animals during
surgery with ambient room air. However, other groups also
describe the use of room air mixed with 100 % oxygen at a flow
of 2 L./min. Initially, our lab utilized this mixture of ambient
air supplemented with oxygen; however, we have found that
using solely room air has greatly improved our survival rates.

. When performing the left thoracotomy in infarction proce-

dures, care should be taken when cutting the intercostal mus-
cle close to the sternum. The internal mammary artery runs
within close proximity (~#1 mm) and parallel to the sternum.
Although usually not fatal, if cut large amounts of bleeding
could occur.

. Consistency of the placement of LAD occlusion is critical to

minimize variability in infarct size. Identifying landmarks of
the heart (e.g., left atrium, pulmonary artery, coronary sulcus)
can help in consistent placement of ligature. Due to this, it is
recommended to have MI groups of #>8 to account for

variability.

. It is critical that the rib closure is adequate to maintain nega-

tive pressure inside the thoracic cavity. The presence of a
pneumothorax will cause lungs to remain collapsed and will
most likely result in death of the animal. The site of chest tube
insertion is the most common location of any leaks. Therefore,
careful placement of the chest tube and the suture used to
secure both the ribs and the chest tube is essential. It is an
option to make a small 1 mm incision through the pectoral
muscles and the fifth intercostal space adjacent to thoracotomy
incision and insert the chest tube at this point. Then secure the
chest tube in place using a purse stitch through the chest mus-
cle and around the tubing. Drip lidocaine solution onto inci-
sion to ensure that chest is tightly closed. If lidocaine is pulled
into the chest cavity, then an additional suture may be needed
near the leak and negative pressure must then be again
reestablished.

When making the chest tube it is suggested to add additional
openings at the distal end of PE-tubing. This will allow for
continued suction if one opening becomes clogged by clots or
connective tissue inside the chest.

While the animal is resting in the recovery cage, it may be
placed inside of a large clear plastic bag loosely tied closed
while being supplied with 100 % oxygen through a line passed
through the opening (i.e., oxygen tent). Creating this oxygen-
rich environment during the initial recovery period may help
in survivability but should be utilized consistently between
groups to further minimize variability in surgical outcomes
between groups.
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When placing the 8-0 suture used for the LAD occlusion in
the ischemia/reperfusion surgery, it is an option to place a sec-
ond suture in the exact location of the first during this time
(however, left untied) to be later tied at the time of sacrifice to
re-ligate the LAD during Evan’s blue perfusion in infarct size
assessment. This may help in accuracy of re-ligation to ensure
proper Evan’s blue staining, consistent with actual ischemic
zone during the time of surgery.

Care must be taken when tying the ligature to occlude the
LAD so as not to sever the artery. Reperfusion will not occur if
severed.

If necessary, during longer surgical procedures (ischemia/reper-
fusion surgery) an additional dose of anesthetic (Nembutal®)
may be needed to keep animal at the necessary plane of anesthe-
sia. If so, dosage given should be 30 mg/kg i.p.

If desired, a perfusion pump can be utilized instead of a grav-
ity-based perfusion setup. Just replace the perfusion apparatus
with the pump, calculate appropriate perfusion rate (depen-
dent on syringe size), and follow the same surgical steps
described previously (see Subheading 3.3).

Depending on the ultimate use of tissue samples, the whole
animal perfusion protocol can be adjusted to suit the needs of
the investigation. This includes substituting different fixatives for
PFA that are more compatible with specific histological /immu-
nological techniques. For example, for electron microscopy
studies, PFA can be substituted with a solution of 1.5 % glutar-
aldehyde /2.0 % paraformaldehyde to adequately fix tissues.

During the whole-animal fixation procedure, look for signs of
a successful perfusion and fixation which include blanching of
heart and liver, skeletal muscle twitching, curling of the tail,
and stiffening of limbs.

During the perfusion of Evan’s blue dye in the infarct assess-
ment, it is important that the dye perfusate does not come into
contact with the epicardial surface of the myocardium. This
will complicate the distinguishability between zones, particu-
larly the white infarcted regions. Laying the animal on its side
once the cannula is secured in place and using gauze to absorb
perfusate may help prevent this. It is also optional to excise the
heart, leaving the aorta intact for cannulation and hanging the
heart during the perfusion.

Common applications. The post-MI time period can vary from
hours to days to weeks, depending upon the nature of the study.
The histological assessments can also vary by need: selection of
cryosections or paraffin sections is dictated by the outcomes to



342 Daniel J. Luther et al.

Fig. 6 Masson’s trichrome staining of the non-infarcted myocardium (a) and infarcted regions (b) illustrating
collagen deposition (blue) during scar formation. (c, d) PSR staining of non-infarcted and infarcted myocar-

dium, respectively, depicting the occurrence of fibrosis

be evaluated. Fig. 6 depicts examples of typical types of staining
we perform for fibrosis and infarct scar assessment, Masson’s
trichrome (Fig. 6a, b) and picrosirius red (Fig. 6¢, d).
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Chapter 20

Cryoinjury Models of the Adult and Neonatal Mouse Heart
for Studies of Scarring and Regeneration

Erik G. Strungs, Emily L. Ongstad, Michael P. 0’Quinn,
Joseph A. Palatinus, L. Jane Jourdan, and Robert G. Gourdie

Abstract

A major limitation in studies of the injured heart is animal-to-animal variability in wound size resulting
from commonly used techniques such as left anterior descending coronary artery ligation. This variability
can make standard errors sufficiently large that mean separation between treatment and control groups can
be difficult without replicating numbers (#) of animals in groups by excessive amounts. Here, we describe
the materials and protocol necessary for delivering a standardized non-transmural cryoinjury to the left
ventricle of an adult mouse heart that may in part obviate the issue of injury variance between animals. As
reported previously, this cryoinjury model generates a necrotic wound to the ventricle of consistent size
and shape that resolves into a scar of uniform size, shape, and organization. The cryo-model also provides
an extended injury border zone that exhibits classic markers of remodeling found in surviving cardiac tis-
sue at the edge of a myocardial infarction, including connexin43 (Cx43) lateralization. In a further exten-
sion of the method, we describe how we have adapted the model to deliver a cryoinjury to the apex of the
heart of neonatal mice—a modification that may be useful for studies of myocardial regeneration in
mammals.

Key words Cryoinjury, Mouse, Scarring, Regeneration, Myocardial infarction, Cardiac wound healing

1 Introduction

Animal models of cardiac injury facilitate the study of wound heal-
ing processes and the evaluation of therapies that may improve or
hasten this response. One of the most widely used models of car-
diac injury is the left anterior descending artery (LAD) ligation
model [1-4]. LAD ligation mimics myocardial infarction (MI)
seen in ischemic heart disease by artificially occluding a major cor-
onary artery, causing ischemia in a portion of the myocardium and
recapitulating aspects of the characteristic pathologic progression
found subsequent to MI, beginning with necrosis, and ending
with the formation of a mature scar.

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
Methods in Molecular Biology, vol. 1037, DOI 10.1007/978-1-62703-505-7_20, © Springer Science+Business Media New York 2013
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LAD ligation is a reliable and useful method of cardiac wound
healing, but it has limitations [1]. First, there is consideration of
the extent to which ligating a coronary artery in a healthy animal
actually models ischemic heart disecase in humans. Perhaps of
greater importance is that coronary artery distribution and arterial
supply are not consistent between individuals within the same spe-
cies. Such normal anatomic variations can result in variability of the
injury size observed within a group of animals. This variability
becomes particularly important in studies of the wound healing
response, where measurement of injury size is a key parameter for
discerning differences between experimental groups. The efficiency
of using LAD ligation is also limited by higher postoperative mor-
tality, as compared to other myocardial injury models [5].

In earlier work, we reported that a peptide based on the car-
boxyl terminus of the gap junction (GJ) protein Cx43 (aCT1)
inhibited remodeling of GJs in cultured cells [6], as well as benefi-
cially affecting the progression of healing of skin wounds [7, 8]. In
follow-up studies, we sought to determine whether «CT1 had
similar effects on GJ remodeling and recovery from injury to the
mouse heart [9]. In initial experiments, it was found that coronary
arterial ligation was problematic in our hands owing to difficulties
in achieving a repeatable injury to the left ventricle (LV). To cir-
cumvent this, a cryoinjury model that provided a wound on the
LV of the mouse heart of uniform size and geometry was devel-
oped. The method was based on one described by Van den Bos
and coworkers who used a liquid nitrogen-cooled cryoprobe [5].
We modified their protocol to include probe prechilling and a non-
transmural injury of LV, as opposed to the more severe transmural
injury generated by this group (Fig. 1). We did so as non-transmural
injuries provide extended IBZs—a tissue of particular interest in
our experiments because of its putative causal role in reentrant
arrhythmia mechanisms.

In this chapter, we describe the materials and protocol that
were used to deliver a standardized non-transmural cryoinjury to
the LV of an adult mouse. In addition to providing an injury and
extended IBZ of uniform size and shape, this approach has further
advantages over LAD of being technically straightforward, provid-
ing high postoperative survival and generating healed scars of rela-
tively consistent volume and organization. As we have also
reported, mouse hearts receiving cryoinjury demonstrated loss of
mechanical LV function as assessed by echocardiography, slowed

Fig. 1 (continued) scar immunolabeled for Mic2a—normally expressed in the
embryonic ventricle (gray). Dapi nuclear signal (dark gray). Inset. Cx43 immuno-
labeled sister section at IBZ. Note lateralized Cx43 in IBZ. Inset. Dashed lines rep-
resent border of injury/scar. Scale (¢) =500 pm, (d) =25 um, (c, d) inset=10 um
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Fig. 1 Cryoinjury of the LV of an adult mouse heart. (a, b) Whole mount and cross
section of a TTC-stained heart 48-h after 5-s exposure to cryoprobe. (c) Montage
of H&E section through LV 48 h after standard 5-s exposure. Inset. Cx43 immu-
nolabeled (gray) sister section at IBZ. (d) Montage of section from 8-week LV
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action potential conduction velocity, and increased propensity to
develop ventricular arrhythmias consistent with pathological
changes seen following myocardial infarction [9, 10]. Moreover,
the cryo-1BZ exhibits classic markers of remodeling seen in surviv-
ing myocardium at the edge of the MI, including Cx43 lateraliza-
tion, interspersion of scar tissue with myocardial tissue, and
reexpression of markers normally only found in the embryonic
ventricle [9, 11]. In a further extension of the method, we describe
how we have adapted cryoinjury to deliver an injury to the apex of
the neonatal heart useful for studies of myocardial regeneration.

2 Materials

2.1 Cryoinjury of the
Left Ventricle of an
Adult Mouse Heart

Anesthesia

1. Anesthetic: Isoflurane, USP.

2. 2 % Lidocaine solution, USD.

3. Oxygen cylinder and regulator.

4. Compact anesthesia vaporizer system, Harvard Apparatus.
5

. MiniVent Type 845 mouse ventilator, Harvard Apparatus.

Surgical Preparation and Procedure

1. Cork surgery board.
2. Umbilical tape.

3. Surgical stereomicroscope (Wild M3Z) and adjustable (snake)
light source.

. Sterile gauze, tape, and cotton-tipped applicators.
. Nair® hair removal product.

. Betadine® solution (10 % providone-iodine).

.70 % (v/v) EtOH in H,O.

. Surgical gloves.

O 0 N O Ul

. Liquid nitrogen.
10. 16-G angiocatheter (needle bevel removed).

11. Brymill Cryo-Gun apparatus with 3 mm circular, flat copper
cryoprobe.

Sungical Tools (Sterilized)

1. Small surgical scissors.

2. Small surgical retractor.
3. 2x small surgical forceps.
4. Needle holder.



Cryoinjury Heart Models for Studies of Scarring and Regeneration

Suture

1. 4-0 Silk suture.

2. Gluture® skin glue.

Postoperative Care

1. Heating pad.

2.2 Cryoinjury of the Anesthesin
Ventricular Apex of a

Neonatal Mouse Heart 1. Ice water bath.

2. Latex barrier.

Surgical Preparation and Procedure

347

1. Surgical stereomicroscope (Wild M3Z) and adjustable (snake)

light source.
2. Sterile gauze, tape, and cotton-tipped applicators.
3. Betadine® solution (10 % providone-iodine).
4.70% (v/v) EtOH in H,O.
5. Surgical gloves.
6
7

. Liquid nitrogen.

. Brymill Cryo-Gun apparatus with 1 mm circular, flat copper

cryoprobe.

Surgical Tools (Sterilized)

1. Small surgical scissors.
2. 2x Small surgical forceps.
3. Needle holder.

Suture

1. 6-0 Prolene suture.

2. Gluture® skin glue.

Postoperative Care

1. Heating pad.

3 Methods

3.1 Cryoinjury of the Intubation and Anesthesin
Left Ventricle of an
Adult Mouse Heart

0.8-1.0 L/min.

1. Begin airflow to the anesthesia induction chamber. Use a mix-
ture of 100 % oxygen and 2 % isoflurane and a flow rate of
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2.

Place animal in the induction chamber, and wait until all
voluntary motion ceases, approximately 5 min.

. Remove the mouse from the induction chamber and place in a

supine position on the table with the nose of the mouse slightly
overhanging the edge of the table. Run the umbilical tape
behind the upper middle two incisors and secure the umbilical
tape to the edge of the table using tape.

. Adjust the arms of the adjustable “snake” light so they overlie

the neck of the mouse. This will illuminate the upper airway
and facilitate visualization of the subtle opening and closing of
the vocal folds as the mouse breathes.

. Use a cotton swab to gently brush the tongue out of the

mouse’s mouth. Using the opposite end of the same cotton
swab, using gentle pressure, press the tongue against the floor
of the mouth and hold the mouth open.

. Place a small amount of 2 % lidocaine on another cotton swab,

and apply to the vocal folds as a local anesthetic.

. With the blunted catheter introducer still in place, guide the

catheter past the vocal folds and the epiglottis, and into the
trachea.

. Remove the catheter introducer from the catheter and attach

the catheter to the tubing running from the ventilator. Switch
the valves of the ventilation system to redirect airflow from the
induction chamber to the ventilator. Turn on the ventilator,
using a stroke volume of 260 pL and a stroke rate of 350
breaths/min. If the intubation catheter has been properly
placed in the trachea, the chest wall will rise and fall in syn-
chrony with the ventilator; if the intubation catheter has been
erroneously placed in the esophagus, there will be no rhythmic
rising and falling of the chest wall.

Surgical Procedure

1.

Position the mouse supine on the cork board on the operating
table, taking care to not remove the intubation catheter. Tape
the mouse’s fore- and hindlimbs to the operating table to pre-
vent any muscular movements during the course of the
operation.

. Apply a hair removal product, such as Nair®, on the left side of

the anterior chest wall. Wipe away after about a minute to
remove the hair from the surgical area.

. Apply Betadine followed by 70 % ethanol to the now-hairless

area of skin to sterilize the surgical area.

. Make a transverse skin incision using scissors. Palpation of the

point of maximum impact of the apex against the chest wall pro-
vides a useful landmark for the location of the skin incision.
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5. Using a pair of small forceps, bluntly dissect between the layers
of skeletal muscle overlying the chest wall. In most cases, the
muscle layers can be divided and individually retracted without
the need for transection.

6. Use blunt dissection to open the chest wall by transecting the
intercostal muscles between the fourth and fifth ribs. Retract
the ribs. Blunt dissection during this step will prevent
transection of the internal mammary artery, which will run
along the medial edge of the resulting thoracotomy. Following
this step, the surgeon should be able to visualize the heart
through the pericardial sac.

7. Gently open the pericardial sac using blunt dissection. Move
the thymus oft of the surface of the heart if it is overlying the
area of the ventricle to be injured.

8. After the proposed injury site is totally visualized and free from
overlying obstructions, prechill the cryoprobe for 10 s using the
Brymill Cryo-Gun apparatus—prefilled with liquid nitrogen
(Note 1).

9. Cease chilling the cryoprobe and apply the cryoprobe to the
surface of the heart for 5 s (Notes 2 and 3).

10. Gently remove cryoprobe, making sure not to tug on the heart
or disrupt the epicardium in the process. Excess moisture on
the heart could cause the cryoprobe to stick to the surface,
potentially creating a traumatic injury.

11. Apply gentle pressure to the chest wall to remove excess air in the
chest cavity. Close the chest wall incision using 4-0 silk suture
with two or three sutures tied in an interrupted fashion. Be sure
to include the superior and inferior ribs within this closure, as the
intercostal muscle and parietal pleura will tear under the force of
the sutures. Close any transected skeletal muscle layers using 4-0
silk suture in a running continuous fashion. Close the skin incision
using Gluture skin glue with standard techniques.

Postoperative Care

1. Remove tape restraints from the mouse’s limbs and turn the
isoflurane to 0 % on the gas mixer, leaving the oxygen flow and
ventilator running.

2. Allow the mouse to pull itself off of the intubation tube as it
ascends from anesthesia, rather than removing it immediately
following incision closure.

3. Place the mouse on a heating pad until it regains sufficient
movement to be placed into its cage.

3.2 Cryoinjury of the Rather than forming scar tissue as observed in the adult mouse heart,
Ventricular Apex of a the ventricular apex of newborn mouse hearts has been reported to
Neonatal Mouse Heart ~ possess a transient regenerative potential similar to that seen in newts
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Cryo-Injured Day 1 Cryo-Injured Day 7

Apex
Scarred

Réglenératé '

Fig. 2 Cryoinjury of the ventricular apex of neonatal mouse heart. (a, b) 21-day-
old postnatal mouse hearts cryoinjured at either 1 (a) or 7 (b) postnatal days.
Note only the 21-day heart injured 7 days after birth has a visible scar. (¢, d) H&E
sections through 21-day-old postnatal hearts cryoinjured at either 1 (¢) or 7
(d) postnatal days. Note the heart cryoinjured at 1 day has no visible scar and
fully regenerated myocardium at its ventricular apex, whereas the heart injured
at 7 days displays transmural scar tissue (black). Scale 100 um

and zebrafish [12]. The earlier study in neonatal mouse used partial
surgical resection as an injury model. Below we describe an approach
to reproducing a similar regenerative outcome by adapting the cryo-
injury approach we describe for adult hearts for 1 day neonates
(Fig. 2). Cryoinjury has the advantage of reducing perioperative
mortality by preventing excess bleeding from surgical breach of the
ventricular wall and leaving a scaffold of extracellular matrix in place
for repair processes to proceed upon. This approach may also enable



Cryoinjury Heart Models for Studies of Scarring and Regeneration 351

improved resolution of steps in the wound healing process including
inflammation, granulation tissue deposition and scar differentiation,
remodeling, and resorption compared to what is observed following
a mechanical injury of the ventricle.

Animal Prepavation and Anesthesin

1.

2.

Remove litter of mice from mother’s cage and place in a new,
clean cage.

Induce anesthesia by inducing hypothermia. Using a latex barrier
to protect the mouse’s skin, submerge the mouse in an ice water
bath until an anesthetic state is reached (Note 4). This may occur
at any point between 4 and 20 min, so close observation is
required.

. Place the mouse in a supine position on the surgical table and

clean the skin using Betadine solution followed by 70 % ethanol
(Note 5).

Surgical Procedure

1.

Make a horizontal incision in the dermis using a small scissors
from the midline to the left axilla, about 1 cm in length.

. Gently separate the ribs by inserting the closed forceps through

the intercostal muscles and slowly opening the forceps such
that the ribs separate.

. Apply gentle pressure to the dorsum of the mouse, such that

the heart extrudes through the opening in the rib cage with
the apex leading.

. Prechill the cryoprobe for 10 s and apply the probe to the sur-

face of the heart’s apex for 5 s (Note 6). Remove pressure
from the dorsum of the mouse and allow the heart to reenter
the chest cavity.

. Close the chest cavity using one or two discontinuous sutures

of 60 prolene. Close the skin incision using Gluture skin glue.

Postoperative Care

1.

2.

Clean any blood or topical antiseptic from the skin of the
mouse.

Allow the mouse to recover from hypothermic anesthetic state
by placing on a heating pad. After the mouse resumes volun-
tary movement, place the mouse into a new, clean cage until
operations on the entire litter are complete.

. Return the postoperative mice to the mother’s cage as a com-

plete group (Note 7).
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References

1. Klocke R, Tian W, Kuhlmann MT, Nikol S

. Gentle rotation of the exposed heart such that the cryoprobe

is in contact with the left ventricular surface of the heart may
be required.

. We used a 5-s exposure to the cryoprobe to generate a non-

transmural injury in adult mice. We noted that the blanched
frozen area of the heart took just over 19 s to recover a pink
reperfused appearance if cryoinjury had been successful.
Shorter or longer periods of recovery generally indicated an
unsuccessful injury that was either too little or too extensively
injured. Such hearts were discarded.

. The size of the injury and the extent of its transmurality can

also be controlled by adjusting the length of time the cryo-
probe is in contact with the surface of the heart.

. A latex surgical glove serves as an effective and convenient bar-

rier between the mouse’s skin and the ice water bath during
hypothermia induction of neonates.

. Time to anesthetic induction of neonates can vary widely from

animal to animal. It is, therefore, extremely important to
closely monitor each animal independently as overcooling can
result in mortality. After induction of anesthesia, the surgeon
oftentimes has less than 5 min before the mouse begins to
awaken, so the procedure must be performed expediently.

. Itis important for the surface of the heart to be dry at the time

of application of the cryoprobe. If the surgeon encounters the
issue of the cryoprobe adhering to the surface of the heart dur-
ing the wounding process, it is likely that there is excess mois-
ture on the surface of the heart.

. Postoperative maternal cannibalization is a major problem

with neonates, but several measures can be taken to limit mor-
bidity and mortality. Precondition to the scents acquired dur-
ing the procedure by having the surgeon handle the mother
daily prior to the birth of the pups and place a small gauze
containing a few drops of Betadine solution in the cage.
Remove and replace the entire litter before and after the opera-
tion, respectively. Careful cleaning of all traces of blood from
the animals’ skin can also reduce this form of mortality.

3. Madeddu P, Emanueli C, Spillmann F, Meloni

(2007) Surgical animal models of heart failure
related to coronary heart disease. Cardiovasc
Res 74(1):29-38

. Tarnavski O (2009) Mouse surgical models in

cardiovascular research. Methods Mol Biol
573:115-137

M, Bouby N, Richer C, Alhenc-Gelas F, Van
Weel V, Eefting D, Quax PH, Hu Y, Xu Q,
Hemdahl AL, van Golde ], Huijberts M, de
Lussanet Q, Struijker Boudier H, Couffinhal
T, Duplaa C, Chimenti S, Staszewsky L, Latini
R, Baumans V, Levy BI (2006) Murine models



Cryoinjury Heart Models for Studies of Scarring and Regeneration

of myocardial and limb ischemia: diagnostic
end-points and relevance to clinical problems.
Vascul Pharmacol 45(5):281-301

. Zamilpa R, Zhang J, Chiao Y-A, de Castro
Bras L, Halade G, Ma Y, Hacker SO, Lindsey
ML (2013) Cardiac wound healing post-
myocardial infarction: a novel method to tar-
get extracellular matrix remodeling in the left
ventricle. Wound Regeneration and Repair:
Methods and Protocols. Eds. Gourdie RG and
Myers T

. van den Bos EJ;, Mees BM, de Waard MC, de
Crom R, Duncker DJ (2005) A novel model
of cryoinjury-induced myocardial infarction in
the mouse: a comparison with coronary artery
ligation. Am ] Physiol Heart Circ Physiol
289:H1291-H1300

. Hunter AW, Barker RJ, Zhu C, Gourdic RG
(2005) Zonula occludens-1 alters connexin43
gap junction size and organization by influenc-
ing channel accretion. Mol Biol Cell
16(12):5686-5698, Epub 2005 Sep 29

. Ghatnekar GS, O’Quinn MP, Jourdan LJ,
Gurjarpadhye AA, Draughn RL, Gourdie RG
(2009) Connexin43 carboxyl-terminal pep-
tides reduce scar progenitor and promote
regenerative healing following skin wounding.
Regen Med 4(2):205-223

8.

10.

11.

12.

353

Rhett JM, Ghatnekar GS, DPalatinus JA,
O'Quinn M, Yost MJ, Gourdie RG (2008)
Novel therapies for scar reduction and regen-
erative healing of skin wounds. Trends
Biotechnol 26(4):173-180

O'Quinn MP, Palatinus JA, Harris BS, Hewett
KW, Gourdie RG (2011) A peptide mimetic of
the connexin43 carboxyl terminus reduces gap
junction remodeling and induced arrhythmia
following ventricular injury. Circ Res
108(6):704-715

Ongstad EL, O’Quinn MP, Ghatnekar G, Yost
M]J, Gourdie RG (2013) A connexin43
mimetic peptide promotes regenerative heal-
ing and improves mechanical properties in skin
and heart. Advances in Wound Care
2(2):55-62

Rémond MC, Iaffaldano G, O’Quinn MPD,
Mezentseva NV, Garcia V, Harris BS, Gourdie
RG, Eisenberg CA, Eisenberg LM (2011)
GATAG reporter gene reveals myocardial phe-
notypic heterogeneity that is related to varia-
tions in gap junction coupling. Am J Physiol
Heart Circ Physiol 301(5):H1952-H1964
Porrello ER, Mahmoud Al, Simpson E, Hill JA,
Richardson JA, Olson EN, Sadek HA (2011)
Transient regenerative potential of the neonatal
mouse heart. Science 331(6020):1078-1080



Chapter 21

Targeting Wnt Signaling to Improve Wound Healing
After Myocardial Infarction

Evangelos P. Daskalopoulos, Ben J.A. Janssen,
and W. Matthijs Blankesteijn

Abstract

Mpyocardial infarction is one of the major causes of left ventricular dilatation, frequently leading to heart
failure. In the last decade, the wound healing process that takes place in the infarct area after infarction has
been recognized as a novel therapeutic target to attenuate left ventricular dilatation and preserve an ade-
quate cardiac function. In this chapter, we discuss the role of Wnt signaling in the wound healing process
after infarction, with a specific focus on its modulating effect on myofibroblast characteristics.

Key words Wnt, Wound healing, Myofibroblast, Heart failure

1 Introduction

Following myocardial infarction (MI), a plethora of cellular and
noncellular mechanisms is activated, in order to overcome myo-
cardial injury. These mechanisms lead to the formation of fibrotic
tissue in the infarcted area of the myocardium, which is crucial for
the maintenance of the architectural and functional integrity of
the heart. However, structural and functional changes also occur
in areas remotely from the infarct area, leading gradually to ven-
tricular remodeling and eventually to heart failure (HF) [1, 2].
Heart failure is a worldwide major public health issue with high
prevalence, high morbidity, and a substantial burden for health
care systems [ 3].

Lately, the interest for the myofibroblast and its role in the
wound healing of the heart tissue after an infarction is growing.
Myofibroblasts are cells with contractile properties that appear
shortly after MI, produce collagen, communicate with myocytes
and non-myocyte cells, and are the major mediators of the fibrotic
process and infarct healing [4]. Nevertheless, they are also impli-
cated in the fibrosis of non-infarcted myocardial areas, which leads

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
Methods in Molecular Biology, vol. 1037, DOI 10.1007/978-1-62703-505-7_21, © Springer Science+Business Media New York 2013
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to adverse remodeling and HF. Hence, factors and mechanisms
that can alter the numbers and functioning of these cells can have
notable effects on the structure, morphology, and performance of
heart tissue [5].

The purpose of this chapter is to discuss the basic concepts of
the myofibroblast actions during the cardiac wound healing pro-
cess and the factors that influence them. Moreover, we give an
overview of the myofibroblast involvement in wound healing after
MI, the pathological effect of ventricular remodeling and its cru-
cial role in the development of HEF, as well as the current pharma-
cological treatment on these cells. Furthermore, a part of this
chapter is dedicated to describing the general principles of the
Wnt/Frizzled (Wnt/Fzd)-signaling pathway and provide an
insight on the role it plays in the wound healing following an
infarct. Although, the Wnt/Fzd-signaling pathway has several
effects on the cardiovascular system, it is beyond the scope of this
chapter to address any of these that are not involved in post-MI
wound healing.

2 Myocardial Infarction, Wound Healing, Adverse Remodeling, and Heart Failure

2.1 Epidemiology
of Ml and HF

MI is one of the major causes of mortality and morbidity in the
Western world. According to a report produced by the WHO in
the dawn of 2011, cardiovascular disease is the most common
cause of death worldwide. It was estimated that in the year 2004,
coronary heart disease caused approximately 7.2 million deaths [6].
In the USA alone, the overall prevalence of MI in the population
is 7.9 million [7]. The main cause of MI is partial or total occlusion
of an epicardial coronary artery by a thrombus or an atheromatous
plaque that ruptures or erodes [8]. Blood flow to the affected area
of the myocardium is insufficient—or might even be completely
blocked—Ileading to cardiomyocyte death due to ischemia [1].
The magnitude of the myocardial damage depends on the location
of the coronary occlusion, on its severity and the time taken for the
artery to be reperfused by itself, with the use of fibrinolytics or by
Percutaneous Coronary Intervention (PCI). Moreover, several
pharmacological agents can be used during the acute phase of MI,
in order to manage the deleterious effects of the ischemic injury.
Examples are antiplatelet and antithrombotic treatment, glycopro-
tein IIb/IIla inhibitors, direct thrombin inhibitors, Factor X
inhibitors, etc. [8].

Myocardial injury that follows MI, promotes left ventricular
remodeling events that continue for months or years and eventu-
ally lead to the development of heart failure which is one of the
most disabling, deadly, and costly clinical syndromes for the
Western societies [3]. Worldwide, there are more than 23 million
people suffering due to HF, while in the USA alone, the prevalence
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is above 5.8 million [9]. As documented in the latest American
Heart Association Report, mortality for patients with HF is still
very high and about one in two patients diagnosed with HF will
die within 5 years. The financial burden for the health care systems
is enormous. In 2007, about 11 % of the total deaths (277,193
deaths) in the USA were attributed to HF [7]. More than 40 % of
patients firstly diagnosed with HF will return to the hospital within
the first 6 months, with each readmission costing more than US
$7,000 per patient to the US health care system [10]. The total cost
due to HF-related admissions in the USA hospitals was US $39
billion per year [9], while in the UK the NICE 2010 report
revealed that the cost for community-based drug therapy of HF in
the NHS was approximately £129 million per year [11].

Cardiac wound healing following MI is a complex and dynamic
process that involves a myriad of chemical molecules, cells, and
mechanisms that lead to the establishment of a fibrous scar. Cardiac
wound healing can be divided into four distinct phases. The first
phase of wound healing starts straight after the MI and is charac-
terized by the death of cardiomyocytes. Adult cardiomyocytes are
terminally differentiated cells, which means that substitution of
dead myocytes after MI is very limited (if possible at all) [12].
Myocyte death occurs via necrosis (cell-swelling) and /or apoptosis
(cell-shrinkage), with apoptosis reaching a peak 6-8 h after MI in
humans and Rattus norvegicus [1].

The acute inflammatory response (12-16 h post-MI) signifies
the second phase of wound healing [13]. The complement system
is activated and several cytokines and chemokines are released (e.g.,
tumor necrosis factor-a [ TNF-a], interleukin-1p [IL-1f], interleu-
kin-6 [IL-6], interleukin-8 [IL-8], and interleukin-18 [IL.-18])
[14, 15]. Neutrophilic granulocytes infiltrate the area and remove
dead myocytes, while at the same time attracting lymphocytes,
macrophages, and plasma cells [1, 14].

The third phase of wound healing in the infarcted myocardium
is characterized by granulation tissue deposition. This is done first
in the border zone and then in the center of the infarct [1]. The
main factor initiating this phase is the fibrogenetic mediator cyto-
kine, transforming growth factor-p (TGEF-f). The main function of
its many roles is to stimulate fibroblast-to-myofibroblast differentia-
tion [16]. Myofibroblasts differentiate, proliferate, and start sur-
rounding the infarcted area and depositing collagen (types I and IIT)
which eventually with the addition of several other factors and pro-
teins will make up the extracellular matrix (ECM). The ECM is a
3D mesh that is the scaffolding for myocytes and non-myocytes
which maintain the cardiac architecture and function [15, 17].
Along with collagen deposition, it has been proven that collagen
degradation is also activated and is mediated via metalloproteinases
(MMPs) [18]. Lastly, neovascularization of the infarct area is an
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2.3 Adverse
Remodeling of the
Myocardium and HF
Development

integral part of the third phase of wound healing. New blood
vessels are formed and aim to restore the perfusion of the injured
area [14, 19]. It is worth noting that studies in rats have shown
that coronary flow is restored completely 7 days post-MI. The
third phase lasts for 2-3 weeks in mice, but it is longer in the
human myocardium (up to 2 months) [1].

Finally, the fourth stage of cardiac tissue healing is character-
ized by the maturation of granulation tissue and the formation of
a stabilized scar. The main attributes of this phase are disappear-
ance of the inflammatory cells—mostly via apoptosis—and cross-
linking of the ECM [15]. Although myofibroblast numbers start
decreasing about 7 days post-MI [15], a study by Willems et al. has
demonstrated that human myofibroblasts might persist in the
infarct area for up to 17 years post-MI [20]. Poorly healed infarcts
usually are shown to lose their myofibroblasts very early in the
healing process, hence the presence (and persistence) of myofibro-
blasts in the infarct area for a long time is crucial [2]. An overview
of the four phases of the wound healing following MI is given in
Table 1 [1, 21].

It has to be noted that the wound healing process in the myo-
cardium is accelerated in smaller animals like rats and mice, in com-
parison to humans. Hence one should be careful when extrapolating
from animal studies and drawing conclusions for cardiac wound
healing in humans [1]. Moreover, the presence of myofibroblasts
seems to be directly connected to infarct healing. In a recent study
by our group, marked deviations between the cardiac remodeling
of five mouse strains were demonstrated. High numbers of myofi-
broblasts were correlated to higher ejection fraction (EF) and
lower end diastolic volume (EDV) measurements. Hence, it was
demonstrated that myofibroblasts are key players in wound healing
and that their presence prevents infarct dilatation and attenuates
the development of HF [22].

The post-MI wound healing process of the myocardium is charac-
terized by drastic molecular, cellular, structural, and functional alter-
nations in the infarct area [ 1]. The healing process is associated with
the activation of the renin—angiotensin—aldosterone system (RAAS),
the adrenoceptor signaling pathways, the release of a wide range of
cytokines and chemokines, and other chemical molecules, as well as
the mobilization of various cell types [21, 23]. Cardiomyocyte death
and the presence of cross-linked ECM in the void spaces lead to
depressed pumping capacity and increased ventricular chamber vol-
ume, in order to sustain a normal cardiac output [23].

Per contra, the fibrotic changes are not confined to the infarct
site, but also occur in areas that lic remote from the infarct area
(non-infarcted left ventricle [LV] or even right ventricle [RV]) [1].
The fibrotic tissue spreads into the non-infarcted areas of the heart
and is characterized by deposition of ECM with abnormal cross-
linking. The main effect of the ECM deposition in the unaffected
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Overview of the wound healing phases of the infarcted heart in humans

Phase 1 Cardiomyocyte death Immediately after MI until
fourth day post-MI
Necrosis
Apoptosis
Phase 2 Acute inflammatory reaction 6 h post-MI until fifth to sixth
day post-MI
Complement activation
Release of cytokines and chemokines
Recruitment of granulocytes, lymphocytes, macrophages
Phagocytosis
Phase 3 Granulation tissue formation Second/third day until first

month post-MI

Myofibroblast differentiation/migration/proliferation

Collagen secretion and deposition

ECM degradation by MMPs (mostly in the infarcted area)

Neovascularization

Phase 4 Scar maturation/cardiac vemodeling Third week until months

or years post-MI

Collagen cross-linking

Disappearance of cells (except myofibroblasts)

MI myocardial infarction, ECM extracellular matrix, AMPs matrix metalloproteinases

myocardium is the development of muscle stittness [24]. The stiff
cardiac muscle needs to work harder in order to pump adequate
amounts of blood, causing cardiomyocytes of the non-infarcted
sites to become hypertrophic [25]. This eventually leads to a
decline in their contractile capacity and worsening of the cardiac
performance [23]. If LV hypertrophy, ventricular dilatation, and
fibrotic myocardial stiffness are left untreated, eventually the heart
becomes unable to fulfill its primary function (pumping of blood)
and HF develops [2, 3, 23, 26].

3 The Role of Fibroblasts and Myofibroblasts During Cardiac Wound Healing

3.1 Fibroblasts
and the Origins
of Myofibroblasts

Fibroblasts are cells producing connective tissue and can be found
in a variety of tissues, in all vertebrates. They are flat, spindle-
shaped cells with an elliptical-shaped nucleus [27], a large Golgi
apparatus, and an extensive rough endoplasmic reticulum [17].
Fibroblasts show great variability regarding their phenotype and it
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Fig. 1 The origins of the myofibroblast. A variety of cells, under the influence of
specific factors, stimulate the differentiation of fibroblasts to the activated myo-
fibroblasts. Myofibroblasts originate mostly from local fibroblasts, but also from
endothelial cells (endothelial-mesenchymal transition), epithelial cells (epithe-
lial-mesenchymal transition), fibrocytes (mesenchymal progenitors), or peri-
cytes. These cells differentiate into an intermediate form (proto-myofibroblast)
and under further stimulation by mechanical stress, TGF-p1 or FN ED-A the inter-
mediate form differentiates to the activated myofibroblast. Abbreviations:
TGF-/31 transforming growth factor 1, FN ED-A fibronectin extra-domain A

is characteristic that they can be heterogeneous even within the
same anatomical site (e.g., in different parts of the heart muscle),
depending on the condition (normal or pathological) [28, 29].
Under physiological conditions only fibroblasts are present in
the heart. Several stimuli (e.g., ischemia or mechanical stress) can
however lead to their differentiation into the activated myofibro-
blasts that are normally not found in the healthy adult heart [30].
Myofibroblasts may originate from preexisting locally present
fibroblasts that spontaneously differentiate into their activated
counterparts under the influence of local factors (e.g., TGF-p).
Moreover, a wide range of cells (Fig. 1) can differentiate into myo-
fibroblasts under the pressure of various stimuli. Myofibroblasts
can arise from epithelial [31] or endothelial cells [32], fibrocytes
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[33], or pericytes [34]. Nevertheless, the exact mechanisms by
which specific cells differentiate into the myofibroblast phenotype
still remains unclear.

Cardiac fibroblasts are responsible for maintaining the architecture
and the functional integrity of the healthy heart by controlling
homeostasis of the ECM. This is done by regulating the secretion
of ECM, the activity of matrix MMPs that metabolize collagen and
the activity of the tissue inhibitors of metalloproteinases (TIMPs)
which inhibit the activity of MMPs [4]. In case of a myocardial
injury, drastic changes occur at the molecular level and fibroblasts
differentiate into the proto-myofibroblast phenotype and then to
the activated myofibroblasts [2, 35]. The main difference of the
proto-myofibroblast from the fibroblast phenotype is the enhanced
expression of fibronectin (mainly the splice variant with the extra-
domain A [ED-A] module); however, the proto-myofibroblast
does not express a-smooth muscle actin (a-SMA) [36]. The latter
is detected only in fully differentiated myofibroblasts, and it is cru-
cial for the contractile properties of myofibroblasts [37]. Moreover,
differentiated myofibroblasts possess hyper-mature focal adhesions
and have increased amounts of ED-A fibronectin (ED-A FN) which
also plays a key role in the functionality of the myofibroblast [38].

Myofibroblasts are responsible for “fine-tuning” collagen
turnover during the wound healing and remodeling that follows
MI [4]. They migrate to the infarct area (Fig. 2) under the influence
of various factors and produce pro-collagen (a collagen precursor),
which is transformed into the active forms (collagen I and III)
by pro-collagen proteinases [39]. Collagen and several other com-
ponents (fibronectin, proteoglycan, elastin, matricellular proteins,
cytokines, growth factors, proteases, etc.) cross-link and form a
complex matrix, the ECM [40—42]. ECM is deposited first in the
border zone (the site between the infarcted and the non-infarcted
area) and then in the infarct [1]. It serves the vital role of filling
empty spaces that have appeared after the death of cardiomyocytes
and forms the fibrotic scar which heals the wound caused after
ischemic injury. Furthermore, the ECM serves as the network for
communication and transmission of signals between myocytes and
other heart cells, both in the infarcted and the unaffected myocar-
dium [40]. The actions and functions of the differentiated cardiac
myofibroblast are summarized in Fig. 3.

Myofibroblasts can be stimulated by a broad spectrum of factors
that range from chemical mediators, proteins, and receptors to
mechanical stretch and electrophysiological changes.

As mentioned above, several endogenous compounds are released
at the site of injury following MI. These compounds stimulate
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Fig. 2 Microscopic images of mouse myocardium. Staining with «-SMA antibody
(Sigma) correlates to a-SMA expression by myofibroblasts. Image (a) corre-
sponds to non-infarcted myocardium, while image (b) is a section from an
infarcted area (14 days post-MI). Note that the staining observed in image (a) is
due to a-SMA staining of smooth muscle cells that line the blood vessels. Scale
bar equals 100 pm. Abbreviations: Ml myocardial infarction, a-SMA a-smooth
muscle actin

the myofibroblasts in order to differentiate, proliferate, and
migrate into the infarct site. Examples include vasoactive pep-
tides, growth factors, and several cytokines. TGF-f is a pleiotro-
pic growth factor of vital importance for several cellular functions.
Three TGE-p forms exist, with TGF-p1 being the most impor-
tant. It acts on its receptors (activin receptor-like kinase 1 [ALKI ]
and activin receptor-like kinase 5 [ALK5]) which in turn activate
the Smad proteins. Smads form complexes and translocate into
the nucleus in order to induce target gene expression [43, 44].
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Fig. 3 Overview of the most important functions of the differentiated myofibroblast. The activated myofibroblast
can proliferate, migrate to the site of the infarction, secrete and deposit collagen and ECM proteins, communi-
cate with other cells such as myocytes or non-myocyte cells, and secrete a plethora of chemical stimuli (Ang-Il,
TGF-p1, TNF-«, interleukins IL-1p/IL-6). Due to the wide range of its functions, the myofibroblasts is a key factor
during the healing process after MI. Abbreviations. ECM extracellular matrix, Ang-/l angiotensin-Il, TGF-f1 trans-
forming growth factor g1, TNF-a tumor necrosis factor o, /L-14/IL-6 interleukin-1p/interleukin-6

In the heart, TGF-p modulates proliferation and migration of
fibroblasts and stimulates fibroblast-to-myofibroblast differentia-
tion after MI [38, 43-45]. Further, it induces collagen secretion,
suppresses MMPs and induces TIMPs, leading to a net increase
of the ECM deposition [44] and hence playing a major role in
the fibrosis that follows MI.

It has been well established that RAAS is activated following
MI and that this is one of the major factors determining cardiac
remodeling [46]. Angiotensin-converting enzyme (ACE) and the
angiotensin-II type 1 receptors (AT1-receptors) are expressed by
myofibroblasts during fibrotic repair after MI [30]. Ang-II acts by
stimulating the proliferation and differentiation of fibroblasts and
modulates ECM deposition. This modulatory effect appears to be
mediated via AT1-receptors [16, 47]. On the other hand, there is
a hypothesis for a cross-talking mechanism between TGF-p1 and
Ang-1I1, which is supported by the observation that drugs inhibit-
ing Ang-II signaling (ACE inhibitors and AT1-receptor blockers)
after M1, are shown to deplete TGE-p levels [48]. Lately, the ben-
eficial role of ACE2 and Ang (1-7)—a peptide with opposite
effects to Ang-II—has been receiving interest as a modulator of
cardiac remodeling [49] with effects mediated via MMPs [50].
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A broad spectrum of cytokines, such as TNF-o and interleukins
modulate cardiac fibroblasts. TNF-a is a pro-inflammatory cyto-
kine expressed in the cardiac fibroblast. It suppresses ECM deposi-
tion in rat cardiac fibroblasts [51] and this is probably via a
modulation of MMPs [52]. Interleukin-6 (IL.-6) is involved in cell
growth, differentiation, and apoptosis and has been shown to be
present in cardiac fibroblasts [53]. Just like TNF-a, IL-6 suppresses
collagen deposition and secretion [51]. It has also been shown that
its receptor (soluble IL-6 receptor) is of major importance for myo-
fibroblast differentiation as well as for collagen deposition [54].
IL-1p suppresses the proliferation of rat cardiac fibroblasts [55]
and it has a direct negative effect on fibrosis by inhibiting collagen
deposition and enhancing MMP activity [51]. The other member
of the IL-1 family, IL-1a has been shown to modulate the expres-
sion of various MMPs and TIMP-1 in cultured myofibroblasts
from human hearts [56]. Lastly, IL-17 and IL-18 also seem to play
minor roles in the migration of cardiac fibroblasts and collagen
deposition [57, 58].

Osteopontin (OPN) is a protein (also known as cytokine Eta-1)
[59] that is involved in the wound healing process. The expression
of OPN in mice is induced in the infarct area as well as in areas
remote from the infarct, and this appears to modulate differentia-
tion and activity of myofibroblasts [60]. Trueblood et al. demon-
strated substantial changes in the collagen secretion and the MMP
activity, in knockout mice for the OPN (OPN~~). These mice
showed increased LV dilatation and depressed heart function mea-
surements [61], indicating that OPN plays a crucial role in the
remodeling after myocardium injury.

Fibronectin (FN) is one of the main components of the ECM.
When an extra-domain A module (ED-A) is incorporated into the
fibronectin structure, this leads to the formation of the ED-A fibro-
nectin (ED-A FN) splice variant. This splice variant has enhanced
adhesive abilities and is a critical factor in the cross-linking between
fibronectin and various cardiac cells as well as the rest of the ECM
components. This is crucial for TGF-p-mediated fibroblast-to-myo-
fibroblast differentiation [62, 63]. ED-A EN is induced in cardiac
myofibroblasts in vitro as well as in healed infarcts in vivo [64],
hence its role in the wound healing process is decisive.

Moreover, hyaluronan (HN) is a glucosamine that forms poly-
meric chains and associates with cardiac cells via CD44 [65]. In an
early study on an experimental rat MI model, the increased pres-
ence of HN in the infarct area and the non-infarcted myocardium
was observed [66]. Infarcts of CD44-knockout mice demonstrate
suppressed collagen secretion and reduced migration and prolifera-
tion of fibroblasts [67]. The inhibition of fibroblast HN leads to a
suppressed a-SMA expression during differentiation of myofibro-
blasts [68], implying that the CD44-mediated HN is essential for
maintenance of the myofibroblast phenotype and infarct healing.
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Lastly, the peroxisome proliferator-activated receptor y
(PPAR-y) belongs to the nuclear hormone receptor superfamily.
PPAR members exert various important functions with a special
focus on the lipid regulation and the metabolism of glucose [69].
PPAR-y not only regulates glucose levels, but has also been proven
to be expressed in cardiac myofibroblasts [70]. PPAR-y is mostly
expressed in cardiomyocytes under physiological conditions, but
its expression is increased in cardiac fibroblasts of the infarct area,
3 weeks post-MI [71], hence it seems to be a modulator of the
wound healing process, although the PPAR-y effects on fibroblast
migration and differentiation are still not clear-cut [4].

3.3.2  Mechanical Following M1, mechanical stretch stimulates the myofibroblasts, in
and Electrophysiological order to increase the expression of collagen fibers I and III [72].
Stimulation The orientation of collagen fibers is closely connected to the

mechanical stretch applied and is a major determinant of the resis-
tance of the myocardial scar [41]. A scar that is inadequately healed
cannot withstand the large forces applied during systole and this
may lead to life-threatening rupturing of the myocardium [73].

During wound healing in the border zone, ECM, and myofi-
broblasts lie between cardiomyocytes and this creates gaps between
cardiomyocytes. Myofibroblasts form gap junctions with myocytes
and other myofibroblasts or even with other heart cells. These gap
junctions are composed of connexins (Cx43 and Cx45) which
appear to directly modulate the proliferation of cardiac fibroblasts.
Increased levels of Cx43 expression correlate to reduced prolifera-
tion of myofibroblasts and vice versa [74]. Nevertheless, the
formation of gap junctions can lead to prevention of impulse prop-
agation, which may induce conductivity problems and conse-
quently cause life-threatening arrhythmias [75].

4 Current Therapy for Heart Failure and Novel Insights

The latest research shows that life expectancy in the Western world
population is constantly rising [76]. Due to improved medical
care, survival of patients suffering MI has increased greatly and it is
estimated that the prevalence of heart failure will rise [77]. The
pharmacological arsenal for the treatment of heart failure has
evolved dramatically in the last 40 years and comprises a wide range
of drug classes, such as diuretics, digoxin, hydralazine, nitrates,
angiotensin-converting enzyme inhibitors (ACEI), angiotensin-
receptor blockers (ARB), p-blockers, mineralocorticoid-receptor
antagonists, and statins. These are used as monotherapies or in
combinations depending on the specific needs of patients, possible
comorbidities, etc. [78, 79]. Drug classes such as the ones affect-
ing RAAS (ACEI, ARB, mineralocorticoid-receptor antagonists),
B-blockers, and statins act mainly outside of the infarct area. The
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4.1 Targeting
the RAAS

4.1.1 ACEl and ARB

4.1.2  Mineralocorticoid-
Receptor Antagonists

latest (2009) ACC/AHA guidelines for the treatment of patients
following an acute MI or patients with HF are recommending the
use of ACEI or ARB therapy, with aldosterone blockers and
fB-blockers following as second-line treatment [80].

The RAAS system has been established as a key player in normal
physiology of the heart as well as wound healing following MI.
Hence, the targeting of its components is the gold standard in
treatment for HF patients that have suffered MI. Three main drug
classes will be discussed: the ACEI, the ARB, and the
mineralocorticoid-receptor antagonists.

The main molecule that acts as the effector of the RAAS system is
Ang-II. Ang-II is secreted de novo by myofibroblasts and modu-
lates the deposition of collagen, thus affecting fibrosis of the myo-
cardium (both infarcted and non-infarcted). This promotes adverse
remodeling and eventually leads to HF [81]. Several experimental
studies with ACEI or ARB in animals have proven to be inhibitory
for fibrosis and have shown beneficial eftects on reducing mortality
and morbidity [82, 83]. The favorable effects of these drug classes
are achieved via maturation of scar tissue in the infarct border zone,
which prevents ECM from being deposited in areas that are far
from the infarct [84]. Their effect on collagen might be more
complex. The ACEI seem to use five different mechanisms by
which they modulate collagen formation and deposition: by
decreasing Ang-II production, inhibiting Ang-(1-7) degradation,
suppressing MMP activity, amplifying the action of bradykinin, and
inhibiting the N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP)
degradation. On the other hand, the ARB exhibit their anti-fibrotic
eftects via the following mechanisms: decreasing Ang-II actions on
AT-1 receptors, inducing Ang-(1-7) actions, inhibiting MMP
activity, increasing the bradykinin effects, and activating AT-2
receptor activity [85]. A large number of randomized controlled
trials (RCTs) in human patients using ACEI, ARB or a combina-
tion of the two, have demonstrated that suppression of Ang-II
inhibits cardiac adverse remodeling and reduces overall mortality
and morbidity following MI [86-89]. These two drug classes are
thus the standard therapy in the pharmacological HF treatment of
patients post-MI.

Aldosterone also plays an important role in the RAAS system.
Several experimental groups have demonstrated that aldosterone
directly affects cardiac fibroblasts and leads to cardiac fibrosis.
Elevated levels of aldosterone have been shown to increase pro-
liferation and induce collagen synthesis in animal [90, 91] and
human fibroblasts [92]. In a quite recent study in rats, high
doses of aldosterone given intravenously (I/V) induced collagen
levels in the LV, while intrapericardial administration had no effect.
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On the other hand, when lower doses of aldosterone were used,
it was the intrapericardial administration that elevated collagen
secretion in the LV, while 1/V administration showed no signifi-
cant effects regarding collagen secretion and deposition [93].
Two RCTs have shown that the use of aldosterone antagonists
can be beneficial in reducing mortality and morbidity of patients
with HE. In the RALES study [94] spironolactone (an aldoste-
rone receptor blocker) was utilized in combination with the
standard therapy (ACEI plus a loop diuretic), while in the
EPHESUS study [95] eplerenone (a more selective aldosterone
blocker) was coadministered with ACEI and loop diuretics.
These two RCTs demonstrated a survival benefit and a decreased
morbidity in patients with HF. Furthermore a study by Zannad
et al. showed that the addition of spironolactone to standard ther-
apy suppressed the levels of serum markers of cardiac fibrosis in
HF patients, which is translated into a direct clinical benefit [96].

Lastly, the direct renin inhibitor Aliskiren has been shown to sup-
press de novo Ang-II synthesis [97] and could potentially have a
place in the treatment of HF post-MI. It is not however, licensed
yet for use in the treatment of HF [98].

The drug class of f-adrenoceptor blockers is also one of the main
tools for pharmacotherapy in the treatment of HF after MI and they
have been shown to slow down the progression of HF by attenuat-
ing ventricular remodeling [99]. Following MI, cardiomyocytes are
lost and the blood pumping ability of the heart muscle is compro-
mised. Hence, in order to sustain the organs with an adequate blood
supply there is a need for an increase in the cardiac output, [100].
This is done via the secretion of catecholamines that activate the
B-adrenoceptor pathway and increase cardiac output [101].

On the other hand, sustained increase in f-adrenoceptor activ-
ity can cause adverse effects, especially in a patient with comorbidi-
ties, so the use of B-blockers is encouraged. This drug class can have
several beneficial effects such as reducing heart rate, contractility of
the myocardium and the blood pressure, limiting cardiac remodel-
ing, and decreasing the risk for another MI [85]. pl-Selective
antagonists are routinely used in the treatment of HF [102]; how-
ever, in the COMET study it was demonstrated that carvedilol, a
nonselective agent which blocks both pl- and p2-adrenoceptors, is
more beneficial compared to Pl-selective agents (metoprolol)
[103]. Cardiomyocytes express predominantly the f1-adrenoceptor,
while the p2-adrenoceptor is the receptor type mainly expressed in
cardiac fibroblasts [104]. f2-Antagonism is found to inhibit fibro-
blast proliferation [105] and modulate the secretion of collagen
[106]. Nevertheless, it is not clear yet how the p-adrenoceptor sig-
naling pathways affect myofibroblast differentiation and how they
exert their effects on the ECM [4].
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4.3 Statins

4.4 Novel
Pharmacological Tools

Finally, the HMG-CoA reductase inhibitors (also known as statins)
have been receiving more and more attention lately as part of the
treatment of HF in patients after MI. Various research groups have
established that several members of the statins drug class can affect
both fibroblasts and myofibroblasts. Nattel et al. utilized canine
cardiac fibroblasts to show that simvastatin decreased the fibroblast
a-SMA expression and could be counteracted by the administra-
tion of TGF-. This was an indication that simvastatin can suppress
the differentiation of fibroblasts to myofibroblasts, an action that
would be beneficial in the remote area from the infarct [107].
Moreover, the proliferation of myofibroblasts was suppressed in
mice by pravastatin [108] and by simvastatin in rats [109] and
humans [110], while the deposition of collagen was found to be
decreased after atorvastatin administration in rat cardiac fibroblasts
[111]. Hence, there is evidence that apart from their well-
established beneficial effect on the lowering of the blood choles-
terol, statins offer an all-around cardiovascular protective role.
They not only act on cardiac fibroblasts via a variety of mechanisms
but also have pleiotropic effects on cardiomyocytes. Thus, they
modulate myocardial remodeling and can be regarded as indispen-
sible tools in the pharmacological treatment of patients following
MI[112].

Moreover, several novel drug therapies are under way targeting
myofibroblasts and aiming to prevent heart failure development
after MI. Some of these challenging therapies involve NADPH
oxidase 4 (NOX4) [113, 114], TGF-p [44, 115], microRNAs
[116,117], ET-1[118, 119], myocardin-related transcription fac-
tor-A (MRTF-A) [120], and others. Nevertheless, a detailed analy-
sis of these novel opportunities is beyond the scope of this chapter.
In Subheading 5 we discuss the challenging area of Wnt/Fzd-
signaling pathway and its key role in the wound healing process
following MI.

5 The Wnt/Fzd-Signaling Pathway and Its Implication in the Wound Healing Process

5.1 Whnt Signaling

Proteins belonging to the Wnt/Fzd signaling pathway have been
identified as key factors in a variety of systems. These glycoproteins
play major roles in many animal developmental processes, while at
the same time they are implicated in cell adhesion, cell polarity, cell
migration and proliferation, and the self-renewal of stem cells.
Moreover, Wnt family proteins are involved in the progression of
cancer (colon, ovarian, prostate, breast, and hepatocellular), car-
diovascular diseases, osteoporosis, etc.; hence interest in them has
been growing lately. Nineteen different Wnt proteins have been
described so far in mammals and they are divided into two sub-
families, based on their transforming ability of the mouse mam-
mary epithelial cell line. The Wnt-1 subfamily includes Wnt-1, -3,
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-3a, and -7a, while the Wnt-5a subfamily comprises of Wnt-2, -4,
-5a,-5b,-6,-7b,and -11 [121]. Frizzled (Fzd) are the main recep-
tors that are activated by the Wnt proteins. They are seven trans-
membrane receptors (7-TM) and carry a large N-terminal
cysteine-rich extracellular domain, which is of key importance for
binding of the Wnt protein to the Fzd receptor. In mammals, ten
members of the Fzd family have been characterized so far [122].
The low-density lipoprotein receptor-related protein (LRP) family
has also been identified as an important factor of the Wnt/Fzd-
signaling pathway, where it acts as a co-receptor [123]. The intra-
cellular proteins Disheveled (Dvl) also play a crucial role in the
signaling pathway [124].

The Wnt/Fzd-signaling pathway is involved in various, high
complexity mechanisms that transduce signals in the cell. These
signal transduction systems are divided into “canonical” (Wnt/-
catenin pathway) and “noncanonical” (independent of B-catenin)
signaling pathways. The noncanonical pathway is comprised of two
subdivisions, one involving Ca?* that activates protein kinase C
(PKC) and Ca-calmodulin kinase II (CaCKII) and another one
that utilizes Jun-N-kinase (JNK) [121]. The canonical pathway is
the most commonly studied and involves B-catenin which is a cru-
cial transcription coactivator controlling cell adhesion and struc-
ture. f-Catenin is known to stimulate a wide range of genes that
are involved in the hypertrophic process, such as c-jun, c-fos,
c-mygc, and cyclin D1. This process is mediated via the T-cell fac-
tor/lymphocyte enhancer factor (Tcf/Lef). The Wnt/p-catenin
signaling pathway comprises a number of components that interact
with each other and eventually activate target gene expression
[125]. In this complex system, glycogen synthase kinase 3f
(GSK-3p) is a key player [126]. More specifically, when the endog-
enous ligand Wnt is present, it binds to the Fzd receptor and the
co-receptor LRP. The interaction between these three molecules
activate Dvl, which in turn induces the formation of a complex
comprising of the scaffolding protein Axin, GSK-3f, the adenoma-
tous poliposis coli gene product (APC), and casein kinase 1 (CK1).
Formation of this Axin complex prevents the phosphorylation of
B-catenin, hence the latter is stabilized and translocates to the
nucleus where it forms a complex with Tcf/Lef and induces the
expression of target genes. When the Wnt ligand is not present
(not activating the Fzd receptor), the Axin complex is unaffected
and it acts by degrading B-catenin. Hence, the translocation of the
latter to the nucleus and the induction of target gene expression is
prevented [123, 127, 128].

The Want gene was first discovered by Nusse and Varmus in the
early 1980s and focus was given to its involvement in tumors
[129]. Since then, the Wnt/Fzd-signaling pathway has been estab-
lished as a crucial player in the cardiovascular system and
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5.3 Effects of Wnt/
Fzd Pathway on
Cardiac Remodeling

5.3.1 Use of sFRPs

specifically in all developmental phases of the vertebrate heart.
McMahon and McMahon demonstrated that the mouse #7p gene
(which was later renamed to Wnt-2) is expressed in heart tissue
[130]. The Wnt/Fzd pathway (both canonical and noncanonical)
has been proven to affect cardiogenesis, where the canonical path-
way acts in an inhibitory way. Wnt signaling inhibition has further
been implicated in malformation of heart valves and great arteries,
while it also plays a major role in the differentiation of embryonic
cardiomyocytes involving formation of Purkinje fibers. The impor-
tance of both canonical and noncanonical Wnt signaling pathways
for the normal development of the heart is well-established. Apart
from its role in the normal cardiac development, a range of cardiac
pathological states has been associated with the Wnt-signaling
pathway. Cardiac hypertrophy and wound healing following MI,
along with changes in blood vessels have been shown to be regu-
lated in varying degrees by the Wnt/Fzd-signaling pathway [131].

Several studies have been undertaken on the role of Wnt/Fzd-
signaling pathway on wound healing following MI and the effect
that the manipulation of this signaling system might have in the
development of HF.

One area that has been studied is the soluble frizzled related pro-
teins (sFRPs). These proteins can bind and inactivate both Wnt
and Fzd [132]. Early studies have shown that the expression of
sFRP-3 and -4 in the cardiomyocytes of failing hearts is elevated
and that soluble p-catenin is reduced, implying a direct effect of
the antagonists sERP-3 and -4 on the canonical signaling pathway
[133]. Barandon et al., using coronary artery ligation model in
mice, underscored the beneficial role of the Wnt/Fzd pathway
blockade. The infarct size of mice overexpressing FzdA (a homo-
logue of sFRP-1) was found to be reduced and cardiac function
measurements were greatly improved, compared to wild-type mice
[134]. Later studies demonstrated that sFRP-1 can have a direct
effect on cells involved in the inflammatory process following MI.
sFRP-1 overexpression in leukocytes caused a reduction of IL-6
(pro-inflammatory cytokine) expression and an increase of IL-10
(antiinflammatory cytokine) expression. These events lead to
improvement in hemodynamic measurements and a reduction of
the infarct size, signifying the importance of fine balance between
anti- and pro-inflammatory factors in wound healing [132].
Antagonism of sFRP-2 was shown to enhance the pro-collagen
C-proteinase (pCP) activity (which is responsible for converting
pro-collagen precursors to various ECM components) and to have a
beneficial effect on cardiac performance compared to control [135].
Recently, the group of He et al. demonstrated that sERP2 reduces
collagen deposition, prevents wall thinning and improves cardiac
function measurements in a rat MI model [136]. Furthermore,
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work on stem cells has suggested a beneficial role of the sEFRPs, with
sFRP-2 substantially suppressing the infarct size and greatly improv-
ing cardiac function measurements post-MI [137].

As mentioned earlier, the presence of myofibroblasts in the infarct
area following MI has been shown to prevent the dilatation of the
infarct and in this way plays a major role in the preservation of
cardiac function. Previous studies undertaken in our laboratory
have made an association of the Fzd-2 receptor with the actions of
myofibroblasts after MI and have highlighted its importance dur-
ing the healing process post-MI [138]. A study by Aisagbonhi
et al. showed that the majority of the myofibroblasts present in the
infarcted area are of endothelial-mesenchymal transition (EMT)
origin and that this transition is mediated by the canonical Wnt
signaling, playing an important role in the fibrosis of the infarct.
One interesting conclusion of this study was that the p-catenin
pathway does not seem to play a major role in the early stages fol-
lowing MI but functions mostly during the formation of the gran-
ulation tissue [ 139]. In an in vitro study by our group, immortalized
cardiac fibroblast cells that were named cardiac fibroblasts immor-
talized with telomerase (CFIT) were utilized and manipulations of
the Wnt/Fzd pathway were undertaken. It was proven that the
Wnt/Fzd-signaling pathway has an inductive effect on myofibro-
blast migration and differentiation but not on myofibroblast pro-
liferation. The Wnt/Fzd-signaling effect on CFIT migrations
seemed to be mediated via the noncanonical pathway, while the
alternations on the CFIT differentiation were mostly a result of the
canonical (p-catenin) pathway. When various combinations of Wnt
ligands (Wnt3a or Wnt5a) and Fzd receptors (rFzd-1 or rFzd-2)
were used, totally opposite effects were observed, demonstrating
the high complexity of the Wnt/Fzd-signaling pathway [140].

In another study, the role of peptide fragments of Wnt5a in the
regulation of Wnt/Fzd pathway was investigated. Three different
peptides (UM206, UM207, and UM208) acting as antagonists of
the Fzd receptor were developed. As UM206 had the highest recep-
tor affinity, it was the one studied in more depth. It was found that
UM206 antagonized the effects of both Wnt3a and Wnt5a on myo-
fibroblasts. UM206 was also administered in vivo in a murine MI
model. When UM206 was given immediately after the MI induction
or 2 weeks post-MI for a total of 5 weeks, it increased myofibroblast
numbers in the infarct area, suppressed collagen secretion and the
expansion of the fibrosis in areas remote from the infarct. In addition,
it dramatically improved cardiac function measurements (EF, EDV)
and mortality due to heart failure was completely prevented, com-
pared to controls (Fig. 4) [141]. This emerging data has strength-
ened the hypothesis that myofibroblasts can be targeted via blockade
of Wnt/Fzd signaling, in the hunt for a new therapeutic strategy to
prevent adverse cardiac remodeling and heart failure post-MI.
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Infarct

v | myofibroblast numbers

Wnt/Fzd-pathway ¥ infarct expansion

activation v poorly healed scar
v depressed cardiac function
v" HF development
& Wt

Wnt/Fzd-pathway ¥ 1 myofibroblast numbers
blockade ¥ minimal infarct expansion

v well-healed scar
v preserved cardiac function

Fig. 4 The involvement of Wnt/Fzd-signaling pathway during cardiac remodeling (5 weeks post-MI). The block-
ade of Fzd1/2-receptors with UM206 after Ml induction increases myofibroblast numbers, leads to a well-
healed scar and reduced infarct expansion, and preserves cardiac function. Treatment with saline (control
group) permits the activation of the Wnt/Fzd pathway, which causes reduced myofibroblast presence, expan-
sion of infarct area, poor healing of the infarct scar, worsening of cardiac function markers, and HF. Images are
taken from mouse hearts, 5 weeks post-MI. Scale bar on the mouse heart (/eft side) section equals 3 mm.
Scale bars on the heart section images (right side) equal 100 um. Abbreviations: MI myocardial infarction,
Fzd1/2-receptors frizzled1/2-receptors, HF heart failure

5.3.3 Targeting Dvi

An early in vivo study by Chen et al. showed that Dvl-1 mRNA is
present at the border zone of the myocardium on day 1 post-MI.
The mRNA levels of DvI-1 in rats that have suffered MI are induced
on day 4 post-MI compared to sham and reach a peak on day 7.
Dvl-1 mRNA is not detected in the non-infarcted myocardium or
in the hearts of the sham group. This study also made a connection
between the Wnt/Fzd /Dvl system activation and the eftect that it
might have on myofibroblast migration and proliferation [142].
Furthermore, transgenic mice overexpressing Dvl showed severe
ventricular hypertrophy with a reduction of EF. These mice died
prematurely (i.e., before reaching 6 months of age). Both the
canonical and noncanonical signaling pathways seem to be impli-
cated in these effects [ 143]. More research is still necessary on the
Dvl-level, to ascertain its actual beneficial effects as a target for the
prevention of the adverse remodeling.
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6 Conclusions

In this review, we have made an effort to give an overview of the
main characteristics of the cardiac myofibroblast, the factors that
affect its function and its major role in the wound healing process
following MI, the remodeling and the development of HF.
Myofibroblasts are becoming the center of attention with regards
to cardiac wound healing. They are the cells producing and depos-
iting collagen that leads not only to the formation of the scar in the
infarct area but also plays a role in the fibrosis of the non-infarcted
area and the adverse remodeling of the heart. Hence, the myofibro-
blast impact on the development of LV dysfunction and HF seems
to be established. The exact underlying factors regulating myofi-
broblasts during the wound healing process after MI however are
not yet fully understood and more research is needed in this area.

The ultimate goal of modern cardiovascular pharmacology is
to devise strategies that will target three separate areas after MI: (1)
inhibit death of the cardiomyocytes, (2) improve myocardial
wound healing, and (3) limit the adverse cardiac remodeling [ 144 ].
Currently available drug therapies are quite efficacious in reducing
mortality and morbidity; however, they have not been successtul in
reducing dilatation or reversing the adverse remodeling once
begun. They may also cause significant side effects, which lead to
noncompliant patients and reduced therapeutic efficacy. It is time
for new pharmacological treatments to be discovered.

Optimal drug therapy would lead to a well-healed compacted
scar, prevent fibrosis in areas that lie in the non-infarcted areas, and
have minor side effects. Several novel and promising pharmaco-
logical tools are under development in order to target the myofi-
broblast itself. The emerging data is showing that the Wnt/
Fzd-signaling pathway is a key player in the regulation of the myo-
fibroblast and that its manipulation could prevent adverse cardiac
remodeling and the development of HF post-MI. Still, the clinical
advantage and possible side effects are yet to be addressed.
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Vascular Connexins in Restenosis After Balloon Injury

Sandrine Morel and Brenda R. Kwak

Abstract

Atherosclerosis is an arterial progressive disease characterized by accumulation of lipids, macrophages, T
lymphocytes, and smooth muscle cells in large- and medium-sized arteries. Erosion and rupture of the
atherosclerotic plaque may induce myocardial infarction and cerebrovascular accidents that are responsible
for a large percentage of sudden death. Atherosclerosis is often treated by angioplasty generally followed
by stent implantation. Although angioplasty and stent implantation are necessary for the survival of the
patient, they induce a trauma in the vessel wall that favors a vascular reaction called restenosis and the
associated de-endothelialization increases the risk of thrombosis. To study mechanisms involved in reste-
nosis and thrombus formation, animal models have been developed. In this chapter, we describe the
experimental model of balloon injury adapted for mice and apply it to study the role of Cx43 in this pro-
cess. Connexins are members of a large family of transmembrane proteins that allow exchange of ions and
small metabolites between cytosol and extracellular space or between neighboring cells. Connexins are
important in vascular physiology, they support radial and longitudinal cell-to-cell communication in the
vascular wall, and have been shown to modulate vascular pathologies such as atherosclerosis and hyperten-
sion. We also describe the various connexin-specific tools, for example, transgenic mice, blocking peptides,
antisense, and siRNA, and their value in obtaining insight into the role of Cx43 in restenosis and thrombus
formation after vascular injury.

Key words Connexins, Cx43, Atherosclerosis, Myocardial infarct, Restenosis, Thrombus

1 Introduction

Atherosclerosis, an inflammatory disease of large- and medium-
sized arteries, involves the formation of intimal lesions that are
characterized by a dysfunctional endothelium, lipid accumulation,
inflammation, cell death, and fibrosis. Approximately 75 % of acute
coronary events and 60 % of recently symptomatic carotid artery
disease are caused by disruption of an atherosclerotic plaque [1, 2].
This vascular disease is often treated by angioplasty and stenting,
but clinical studies have shown that treatment efficacy may be
reduced by thrombus formation or restenosis at the site of the
intervention. Development of animal models to study cellular
mechanisms involved in these deleterious processes is of high

Robert G. Gourdie and Tereance A. Myers (eds.), Wound Regeneration and Repair: Methods and Protocols,
Methods in Molecular Biology, vol. 1037, DOI 10.1007/978-1-62703-505-7_22, © Springer Science+Business Media New York 2013
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1.1 Atherosclerotic
Plague Development
and Its Consequences

interest to discover implicated proteins that might represent novel
therapeutical targets. In this chapter, we describe the tools devel-
oped for the study of vascular injury in mice and summarize results
showing a role for connexins in restenosis after injury.

Normal arterial wall is composed by three layers: the intima, the
media, and the adventitia. The tunica intima, the most internal layer
of the wall, corresponds to a monolayer of endothelial cells (ECs)
surrounded by minimal connective tissue and by the internal elastic
lamina. The tunica media is composed of several layers of smooth
muscle cells (SMCs) and extracellular matrix (ECM) surrounded by
the external elastic lamina. The external part of the blood vessel wall
is the tunica adventitia which is composed of connective tissue,
microvessels, and nerve endings. Development of atherosclerotic
plaques is a progressive pathology that takes place in the intima of
large- and medium-sized arteries. The initiating step of this disease
is an endothelial dysfunction [3] often induced by cardiovascular
risk factors such as hypercholesterolemia, hyperglycemia, hyperten-
sion, free radicals, and infectious microorganisms. This activation of
ECs leads to an increase in the expression of different cell adhesion
molecules and to the secretion of chemoattractants which induce
the recruitment of monocytes, T lymphocytes, and platelets [4, 5].
Monocytes transmigrate between ECs to infiltrate into the arterial
intima where they mature into macrophages. These intimal macro-
phages accumulate lipids and transform into foam cells creating the
earliest atherosclerotic lesion called fatty streak. Later, this original
atherosclerotic lesion might become covered by SMCs that migrate
from the media to the intima attracted by cytokines, chemokines,
and growth factors. In the intima, SMCs proliferate and secrete
ECM components that participate in the formation of a strong
fibrous cap. In the center of the atherosclerotic plaque, foam cells
die and release lipids that form the necrotic core of this lesion. A
deleterious consequence of atherosclerosis might be luminal throm-
botic occlusion due to the superficial erosion of the endothelial
monolayer or to the rupture of the plaques’ fibrous cap [6, 7].
Plaque erosion leads to the activation of platelets and in conse-
quence to their adhesion into the endothelium. The rupture of the
fibrous cap of the atherosclerotic plaque allows contact between the
blood and the constituents of the center of the plaque. As a conse-
quence, platelets and leukocytes will become activated by thrombo-
genic tissue factor produced in the lesion leading to thrombus
formation in the arterial lumen [8]. Plaque erosion and plaque rup-
ture induce myocardial infarctions and cerebrovascular accidents
that are responsible for a large percentage of sudden death [9]. This
clinical complication of atherosclerosis is often treated by angio-
plasty consisting of balloon dilation of the occluded vessel nowa-
days generally followed by stent implantation.
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Angioplasty is an effective way to reopen arteries blocked by a
thrombus onto a ruptured or eroded atherosclerotic plaque. The
procedure consists of the introduction of a catheter in the occluded
artery. Once inserted, a balloon positioned at the tip of the cathe-
ter is inflated to compress the plaque and reopen the artery. This
technique is now often associated with the implantation of a stent
at the site of the occlusion to keep the artery open and to improve
patient outcome [10]. Although angioplasty and stent implanta-
tion are necessary for the survival of the patient, they induce a
trauma in the vessel wall that favors a vascular reaction called reste-
nosis. Moreover, they induce de-endothelialization with increased
risk of early thrombosis (shortly after the intervention). Restenosis
may be described as the re-occlusion of the artery at the site of the
angioplasty or stent implantation due to tissue growth at the site of
the intervention, and it occurs generally within 6 months after the
initial procedure [11]. This exaggerated response to injury involves
the recruitment and infiltration of leukocytes into the damaged site
and a surge in cytokines and growth factors. Moreover, medial
SMCs undergo a phenotypic modulation from a contractile to a
synthetic phenotype, proliferate, and migrate towards the intima.
Together, these events induce the formation of the neointima.
Drug-eluting stents help to prevent restenosis by inhibiting neo-
intimal hyperplasia. Unfortunately, they also delay re-
endothelialization, which increases the period of time during which
the stent remains thrombogenic leading to late in-stent thrombosis
[12]. The molecular pathways implicated in all these phenomena
remain poorly understood. Models of balloon injury have been
developed in animals, and more interestingly in hypercholesterol-
emic mice [13], that allowed for detailed investigation of mole-
cules involved in the restenotic process such as connexins [14].

Connexins (Cx) are a family of transmembrane proteins that form
channels to allow exchange between extracellular space and cyto-
plasm (hemichannels, also called connexons) or between two
neighboring cells (gap junction channels) (for review see ref. 15).
Hemichannels and gap junction channels allow the passage of ions
and small molecules (up to ~1,000 Da). Under normal conditions,
connexons are in a closed configuration and their opening is
induced by different stimuli such as removal of extracellular cal-
cium, hypoxic or ischemic stress, mechanical stimulation, and
dephosphorylation [16, 17]. This way, connexons are involved in
the regulation of cell volume, in paracrine or autocrine signalling,
and in activation of survival pathways [18]. Gap junction channels
are crucial for fast coordinated activities such as conduction of the
action potential in the heart or transmission of neuronal signals at
electrical synapses, but are also involved in the regulation of slower
physiological processes such as cell growth and development.
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1.4 Connexins
in Restenosis

Four connexins are expressed in the healthy vascular wall:
Cx37, Cx40, Cx43, and Cx45. Their expression is not uniform in
all blood vessels and varies with vascular territory and species.
Usually, Cx37 and Cx40 are co-expressed in ECs, whereas Cx43
and Cx45 are present in SMCs (for review seeref. 19). Nevertheless,
Cx37 and Cx40 are also found in SMCs of small elastic or resis-
tance arteries or during development [20, 21], and Cx43 is
expressed in ECs at branch points of arteries [22]. The vascular
tone is under the control of paracrine molecules such as nitric oxide
and prostaglandins [23, 24 ]; however, gap junctional intercellular
communication (GJIC) plays also an important role in the control
of vascular function [25, 26]. Homomeric (one connexin isoform)
and heteromeric (multiple connexin isoforms) channels and homo-
cellular and heterocellular gap junctions are found in the vascular
wall between ECs, between SMCs, and in some cases between ECs
and SMCs (myoendothelial junctions) allowing for the passage of
transverse and longitudinal signals in the vessel wall [19, 27, 28].
This way, connexins provide, for example, the molecular basis for
ascending dilations (i.e., conducted dilations) in arterioles that are
required for substantial increases in blood flow during exercise
[29, 30]. Thus, connexins have a central role in vascular physiol-
ogy but also in vascular pathology such as hypertension, athero-
sclerosis, or restenosis.

As described above, atherosclerotic plaque rupture/erosion and
associated thrombus formation may lead to the occlusion of an
artery. To allow the survival of the patient, angioplasty is performed
to reopen the artery, but this surgical procedure induces a trauma
that may favor, at long term, the re-occlusion of the artery.
Proliferation and migration are two cellular processes highly impli-
cated in restenosis. Several proteins, including connexins, have
been described to regulate these processes.

In 1997, Yeh and colleagues have first described a possible
involvement of connexins in restenosis after balloon catheter injury
in rat carotid artery [31]. They have carefully followed Cx43
expression in the media and neointima during 14 days after bal-
looning, and they showed an up-regulation of Cx43 between
medial and intimal SMCs with a higher expression in neointima.
Moreover, the size of the gap junction was larger between SMCs in
the intima than between SMCs of the media. Restenosis in rat
carotid artery is mainly due to migration and proliferation of SMCs
and to a lesser extend to leukocyte infiltration [31]. In a more
inflammatory animal model of restenosis, i.e., the rabbit aorto-iliac
bifurcation, Polacek and colleagues demonstrated that the expres-
sion of Cx43 after balloon injury is equivalent between intimal and
medial SMCs [32]. Hypercholesterolemic diet given to these ani-
mals, submitted to mechanical injury or not, induced Cx43 up-
regulation in macrophages, while Cx43 in medial SMCs was
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down-regulated. In addition, balloon injury increased Cx40
mRNA and protein expression in neointimal SMCs in this model
[33]. Interestingly, experiments in the presence of 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors
(statins), which have anti-inflammatory and anti-proliferative prop-
erties, induced a reduction of neointimal formation and reduction
of Cx43 and Cx40 expression after balloon injury in rabbit iliac
artery [33]. To investigate the role of Cx43 in neointima forma-
tion, we have performed carotid balloon distension injury in hyper-
cholesterolemic Cx43**LDLR~~ and in Cx43*/-LDLR~~ mice
[14]. We have shown that reduction of Cx43 expression is associ-
ated with the limitation of neointima formation, and in vitro and
in vivo experiments suggested that this reduction is due to a
decrease of SMC migration and proliferation. In contrast with the
rat carotid model, macrophages appear to have an additional
important role in neointima formation in the mouse hypercholes-
terolemic model. Indeed, macrophage infiltration is lower in the
carotid intima of Cx43*/-LDLR~~ mice than in Cx43**LDLR~
mice submitted to balloon injury, and in vitro experiments showed
that macrophages from Cx43*-LDLR~”- mice have reduced
migration capacity compared with macrophages of Cx43*/*LDLR~~
mice. Interestingly, in vitro experiments also showed that migra-
tion of SMCs is higher in the presence of conditioned medium
obtained from Cx43**LDLR~- than Cx43*~-LDLR~~ macro-
phages. This data suggest that macrophages from Cx43*-LDLR~
mice secrete fewer chemoattractant factors than control
macrophages resulting in vivo in the reduction of SMCs migration
towards the injury site after balloon distention. To study the spe-
cific role of Cx43 in SMCs, Liao and colleagues have generated
mice in which the deletion of Cx43 gene is confined to SMCs, and
they have performed carotid artery denudation using a guide wire
[34]. Seven days after surgery, the neointima in these mice is larger
than the neointima in control mice, and is formed mostly by SMCs
and only occasionally by ECs or leukocytes. The differences
between these and our results have not yet been explained, but are
likely induced by the difference in mouse models used (deletion of
Cx43 in SMCs vs. half of Cx43 in all cells), but might also derive
from different methodology (balloon injury with hypercholester-
olemia vs. wire injury).

Two types of SMCs have been described in porcine coronary
arteries: spindle-shaped SMCs (S-SMCs) which present the classical
“hills-and-valleys” growth pattern and that are differentiated cells
and rhomboid SMCs (R-SMCs) that have high proliferative, migra-
tory, and proteolytic activities [35]. Similar SMC populations have
been described in the rat aorta [36]. Interestingly, R-SMCs are
present in higher concentration than S-SMCs in the intimal thick-
ening induced by stent implantation in porcine coronary arteries
suggesting their role in restenosis [ 35]. In vitro, it has been shown
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Spindle-Shape SMCs Rhomboid SMC

1)

Fig. 1 Expression of Cx43 and Cx40 in Spindle-Shape and Rhomboid SMCs. (a) Phase-contrast microphotographs
showing morphological features of Spindle-Shape- and Rhomboid-SMCs isolated from the normal media of
porcine coronary artery. (b) Immunofluorescence staining (in green) for Cx43. (¢) Immunofluorescence staining
(in green) for Cx40. Cells were counterstained with Evans blue (in red). Scale bars: 120 pm (top images);
75 um (middle and bottom images)

that S-SMCs expressed Cx43 and Cx40, whereas R-SMCs expressed
only Cx43 [37] (Fig. 1). In vivo, Cx43 expression is strongly up-
regulated in the intimal thickening after stent implantation, whereas
Cx40 is absent, which is in accordance with the increased presence
of R-SMCs [37]. It appeared that Cx43 expression and channel
function are regulating the migration process of R-SMCs. Indeed,
PDGE-BB-induced migration of R-SMCs is highly reduced in the
presence of Cx43 antisense or Cx43 blocking peptide [37].
Furthermore, Cx43 antisense prevented PDGF-BB-induced
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deleterious phenotypic changes of porcine S-SMCs to R-SMCs
[37]. Interestingly, down-regulation of Cx43 expression in rat aortic
SMCs inhibited also their proliferation [38].

The roles of connexins in migration and proliferation of vascular
cells and for vascular repair not yet clearly understood. Studies on
different cell types towards the role of connexins as modulator of
migration or proliferation suggest that connexins play a role in
these processes by both channel-dependent (hemichannel or gap
junction channel) or channel-independent effects on interactions
with cytoskeletal proteins, junctional proteins, or enzymes (for
reviews see ref. 39, 40). Moreover, restenosis after vascular surgery
could also be influenced by the formation of'a thrombus at the site
of the injury. It has recently been described that Cx37 is expressed
in platelets and is able to form gap junction channels between
platelets that influence platelet activity and aggregation [41]. In
vivo experiments confirmed that Cx37 plays a restraining role on
thrombus propensity [41]. One can easily imagine that increased
platelet activation at the site of injury results in increase PDGF-BB
secretion, which has then additional effects on SMCs.

All of the data described above suggest that connexins, and
more specifically Cx43, are implicated in restenosis after vascular
injury. Moreover, the experiments show the potential for targeting
Cx43 in reduction of restenosis. Finally, the potential for genetic
manipulation in mice has made this species particularly attractive to
identify the key molecules involved in restenosis.

2 Materials

2.1 Transgenic
Mice for the Study
of Atherosclerosis

In vivo studies towards atherosclerosis are currently performed by
the use of two well-characterized mouse models: the apolipopro-
tein E (ApoE~") knockout mice and the low-density lipoprotein-
receptor knockout mice (LDLR~). ApoE~~ mice present high
plasma cholesterol concentration (400-500 mg,/dL) and develop
spontaneously foam cell-rich depositions throughout the arterial
tree [42]. LDLR~~ mice have a lower increase of plasma choles-
terol level (175-225 mg/dL) and they develop only minimal ath-
erosclerotic lesions in aortic roots when fed a normal chow diet
[43]. Upon feeding these mouse models with a high-cholesterol
diet, they both rapidly develop advanced lesions throughout the
vascular tree and they present systemic inflammation. Like in
human, atherosclerosis in mice develops in regions of the vascula-
ture subjected to low or oscillatory wall shear stress [44].
Predilection sites in the mouse are the aortic root, the lesser curva-
ture of the aortic arch and branch points of the brachiocephalic,
left carotid, and subclavian arteries. Of note, retrovalvular lesions
in the aortic root either stop abruptly at the orifice of the common
coronary artery or extend a short distance into the arterial trunks
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2.2 Transgenic Mice
for the Study of
Gonnexin Functions

but, in contrast to the human coronary arteries, the first segment
and the first branch of all major coronary arteries are usually pro-
tected from the disease [45]. LDLR~~ or ApoE~~ mice can be
interbred with other knockout mice to study the effects of those
specific molecules.

Twenty connexins have been identified in mice, and many trans-
genic mice in which a connexin is deleted or modified have been
created [46]. An important problem with mice knockout for vas-
cular connexins is that these deletions are often lethal. For exam-
ple, Cx43~/- and Cx457/- die in utero or shortly after birth.
Cx40~/~ mice are viable but sometimes develop arrhythmias [47,
48] and they are hypertensive [49]. Cx37~/~ mice are viable and
their heart function is normal, but they recently appeared to have
altered vasculogenesis, arteriogenesis, and angiogenesis [50, 51].
Moreover, females are infertile [50]. Connexin gene deletion in
mice is frequently used to study disease processes; however, the
absence of one connexin may lead to a decreased or increased
expression of another connexin. In the context of myocardial dis-
ease, several transgenic mice, in which Cx43 expression or function
was modified, have been used. At first, heterozygous Cx43 mice,
which express 50 % of the normal Cx43 level, have been exten-
sively used to study, for example, the effects of myocardial infarc-
tion and development of atherosclerosis [52, 53]. During the last
years, it has become increasingly evident that the C-terminal (CT)
part of the Cx43 is crucial for Cx4 3 channel function. Consequently,
new transgenic mice have been generated in which the total expres-
sion of Cx43 is not changed but its function was altered. Maass
and colleagues generated transgenic mice in which they deleted the
C-terminal 125 amino acid residues of Cx43 (mice designated as
Cx43K258stop mice) [54]. Unfortunately, these mice die shortly
after birth due to a defective epidermal barrier. To counterbalance
that, they have bred transgenic mice harboring one Cx43K258stop
and one Cx43knockout allele. These mice do not suffer from a
defective epidermal barrier and 50 % of them survive to adulthood
[54]. They have shown that this deletion increased infarct size and
the development of ventricular tachyarrhythmias after acute myo-
cardial infarction [55]. In these mice with truncated CT domain
the number, the size, and the localization of cardiac gap junction
plaques was altered [56]. Otherwise, the phosphorylation status of
the CT domain of Cx43 has been extensively described to affect
the expression, trafficking, assembly, degradation, open probabil-
ity, and single channel conductance of Cx43 gap junction channels
in in vitro studies (for review see ref. 57). In this context, two new
strains of genetically knock-in mice have been recently generated
and characterized: the S3E mice in which the serines 325 /328 /330
were replaced with phosphomimetic glutamic acids, and the S3A
mice in which the serines 325/328/330 were replaced by
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nonphosphorylatable alanines [58]. The authors show that the
S3E mice were resistant to acute and chronic pathological gap
junction remodeling and present a lower susceptibility to ventricu-
lar arrhythmias. In contrast, the S3A mice present deleterious car-
diac gap junction formation and function, electric remodeling and
higher susceptibility to arrhythmias.

In the context of vascular injury it appeared important to
develop models in which connexin expression is modified specifi-
cally in one cell type (ECs, SMCs, or inflammatory cells) to cir-
cumvent deleterious effects of ubiquitous Cx43 deletion cq.
alteration or of hypertension associated with ubiquitous Cx40
deletion. For example, the Cre—loxP system under the control of
the Tie2 promoter has been used to create mice in which Cx40 or
Cx43 have been deleted from the endothelium only [59-61].
Moreover, by using the same type of Cre—loxP system, mice in
which Cx43 is deleted in SMCs only (smooth muscle myosin heavy
chain promoter) have been generated [ 34, 61]. Finally, bone mar-
row transplantation has been performed and the role of Cx43 in
the immune system of adult mice has been described in these
Cx43~/-, Cx43*/~, and Cx43** chimeras [62].

As mice are the best known species for genetic manipulation,
adaptation of the model of balloon injury for mice appeared to be
of high interest to identify the key molecules involved in restenosis
[13, 14, 63].

The balloon catheter (Jomed, Beringen, Switzerland) is manufac-
tured with a balloon length of around 5 mm and a diameter rang-
ing from 0.63 mm at 4 bars to 0.83 mm at 16 bars. The balloon
size is matched to the weight of the mice. The balloon is expanded
using a water-filled inflation device with digital display and stift-
ened by a guidewire with a diameter of 0.15 mm.

Different compounds such as heptanol, octanol, 18f-glycyrrhetinic
acid, carbonoxolone, or oleamide are known to inhibit GJIC, but
their actions are nonspecific [64-66]. In an attempt to be more
specific for gap junction channels (vs. other membrane channels)
and to be even more specific within the connexin family of proteins,
various types of blocking peptides have been generated [67-69].
The nowadays most used blocking peptides for cardiovascular con-
nexins, Gap26 and Gap27, correspond, respectively, to the sequence
of the first and the second extracellular loop of various connexins.
These blocking peptides have been used in studies towards gap
junctional communication between ECs and SMCs and between
ECs and macrophages [70-72]. They have a rapid and reversible
mode of action, and they are nontoxic for the cells (for review see
ref. 73). All derivates of these blocking peptides are more-or-less
specific for Cx37, Cx40, and Cx43 (**Gap26, 7*°Gap26, **Gap27,
3743Gap27). They act on rodent and human cells, thus reflecting the
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2.5 Gonnexin
Antisense or siRNA

high degree of amino acid conservation in the extracellular loops.
In an atherosclerosis study, we have used these blocking peptides to
prove the implication of Cx37 hemichannels in the adhesive prop-
erty of macrophages [74]. In another study onto the phenotypic
modulation of SMCs, we have shown that rhomboid SMCs express
higher levels of Cx43 than spindle-shaped SMCS and that a Cx43
blocking peptide reduced PDGE-BB-induced migration of rhom-
boid SMCs [37]. Furthermore, reducing conductivity of Cx43
channels with #*Gap26 decreased the adhesion of neutrophils to
ECs in vitro and reduced neutrophil recruitment in a mouse model
of acute lung inflammation in vivo [75].

Another type of blocking peptide has been developed, it cor-
responds to a 25-amino acid peptide comprised of a cell-
permeabilization sequence linked to the last nine amino acids of
the C-terminal part of the Cx43 and is called aCT1 [76]. This
peptide binds to the Postsynaptic density/Disks-large /Z0O-1
(PDZ2) domain of Zonula occludens (ZO)-1. This peptide favors
healing rate after skin excisional wounds and the generation of
more normal-looking histology skin in comparison with control
[77]. This improvement of wound healing is associated with the
reduction of the area of granulation tissue, the better regeneration
of cutaneous structure and function, the inhibition of neutrophil
infiltration, and the increased of gap junction size [78]. In a model
of cryo-injury of the left ventricle of mouse heart, it has been
shown that the aCT1 peptide limits the development of arrhyth-
mias in response to programmed stimulation and increases con-
duction velocities [79]. These effects are associated with the
stabilization of the Cx43 in intercalated disks in the injury border
zone and with the increase of the phosphorylation of Cx43 on
Ser368.

The function of connexins in cells or tissues has also been investi-
gated using siRNA or antisense oligonucleotides. In experiments
towards skin repair, a Cx43 antisense has been prepared in a 30 %
Pluronic F-127 gel and used in combination with various types of
skin lesion (incision or thermal injury). A single topical application
of Cx43 antisense gel onto the skin lesion induced a transient Cx43
knockdown at the wound site. This reduction of expression of
Cx43 is associated with an increase in the rate of wound closure
and a reduction of inflammation [80, 81]. Indeed, decreasing
Cx43 expression improves migration and proliferation of fibro-
blasts [82]. With respect to the inflammatory response, it has been
shown that the peak of neutrophil infiltration 2 days after the injury
is significantly reduced by the application of Cx43 antisense and
that the number of macrophages 7 days after the injury is also sig-
nificantly reduced [82]. At long term, the use of Cx43 antisense
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reduced the extent of granulation tissue deposition and favors a
smaller and less distorted scar [80, 81]. This acceleration of skin
wound healing was also associated with increased early angiogen-
esis in animals treated with Cx43 antisense [82]. This antisense has
also been tested in models of spinal cord injury and authors have
shown that it reduces inflammation and improves functional recov-
ery [83]. In the context of vascular injury, we have tested Cx43
antisense on SMCs differentiation and migration, two processes
implicated in restenosis after ballooning injury [37]. We have
shown that Cx43 antisense reduced Cx43 expression and channel
function in rhomboid SMCs, which is associated with the reduc-
tion of PDGEF-BB-induced migration of rhomboid SMCs.
Moreover, the PDGF-BB-induced change of spindle-shaped SMCs
towards a rhomboid phenotype was prevented by Cx43 antisense
[37]. More recently, it has been shown that shock wave therapy
attenuates inflammatory responses and proliferation of neointima
and SMCs following denudation by balloon catheter, and that
these effects are associated with limitation of Cx43 expression
[84]. Only few in vivo studies have described a protective effect of
connexin knockdown by siRNA. For example, in a model of cor-
neal wound healing, knockdown of Cx43 by a single injection of
siRNA, improves wound closure by promoting endothelial prolif-
eration [85].

3 Methods

3.1 Balloon Injury
Model in Mice

3.1.1  Protocol for Carotid
Balloon Distension Injury

The model of carotid balloon distension injury in hypercholester-
olemic mice has been firstly published by Matter and colleagues
[13], and we have then used it to study the implication of Cx43 in
neointima formation [14].

1. To induce vascular inflammation, ApoE~~ or LDLR~~ mice
are feed a cholesterol-rich diet during several days or weeks
before balloon injury depending on the level of inflammation
required. Moreover, mice receive aspirin (16 mg/kg/day)
during 7 days before the surgery.

2. Mice are anesthetized by intraperitoneal injection of Ketamine
(75-95 mg/kg) and Xylazine (4-8 mg/kg).

3. The hair is removed from the neck region and the left anterior
cervical triangle will be accessed by a sagittal anterior neck
incision.

4. The muscles around the carotid artery are drawn aside to dis-
tinguish the Left Common Carotid Artery (LCCA), the Left
Internal Carotid Artery (LICA), and the Left External Carotid
Artery (LECA) (Fig. 2a).
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Opening for the
introduction of
LECA the balloon

LICA

LCCA

Fig. 2 Carotid balloon distension injury in mice. (@) Schematic representation of the left carotid artery bifurcation and
of the site for balloon distension; LECA left external carotid artery, LICA left internal carotid artery, LCCA left common
carotid artery. (b) Schematic representation of the left proximal part of the LCCA after balloon distension

3.1.2  Protocol for
Histochemical Analysis
of Restenosis and
Re-endothelialization

. To perform balloon distension injury in mice, the LECA is

ligated distally and clamps are placed on the LICA and mid-
LCCA (Fig. 2a). The balloon catheter is introduced through
an arteriotomy on the proximal LECA, and after removing the
clamp on the common artery, the catheter is advanced to the
proximal non-dissected common carotid artery (Fig. 2a). The
balloon is distended for 40 s with a pressure adapted to the
weight of the animals.

. After balloon distension (Fig. 2b), the catheter is withdrawn,

the proximal LECA is ligated and the clamp on the LICA is
removed to restore blood flow through the LCCA and the
LICA.

. Lidocaine (2 %) is applied onto operation field and the wound

is closed. Aspirin treatment is continued until the end of the
experiment to prevent acute vessel closure.

. Analysis of initial apoptosis may be done after 24 h, of inflam-

matory infiltration after 4-7 days after balloon injury and anal-
ysis of restenosis and re-endothelialization after 14 days.

. At the desired time point, mice are anesthetized and the thorax

is opened to have access to the heart to allow the perfusion of
the mouse with NaCl 0.9 % at a pressure of 100 mmHg.

. Once all blood is eliminated from the vessels, the mouse is per-

fused with 4 % paratormaldehyde for 8 min. The right common
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LDLR
Cx43+**

RCCA LCCA RCCA LCCA

Fig. 3 Reduced neointima formation in LDLR~-Cx43*~ mice. (a) Pictures of right common carotid artery (RCCA)
and left common carotid artery (LCCA) of LDLR--Cx43++ and LDLR~"-Cx43+~ mice 14 days after balloon injury.
(b) Cross sections of carotid arteries 14 days after balloon distension injury were stained with DAPI to visualize
medial and neointimal nuclei (blue). Elastic laminas were counterstained with Evans Blue (red). Magnification
100x (L indicates lumen; M, media; N, neointima; IEL, inner elastic lamina; and EEL, external elastic lamina)

carotid artery (RCCA, untouched artery, internal control) and
the injured LCCA are excised and the adventicia carefully
removed (Fig. 3a).

3. The blood vessels are postfixed for an additional 2 h in 4 %
paraformaldehyde and then immersed overnight in 30 %
Sucrose.

4. Thereafter, the LCCA is cut into two parts at the level of the
balloon distension and embedded in OCT compound and
snap-frozen.

5. Tissues are stored at =80 °C. Serial cryosections (5 pm) are
obtained from the middle portion of the injured LCCA and
from the untouched RCCA.

6. Nuclei and elastic lamina are stained with 4'-6’-diamidino-2-
phenylindole (DAPI) and Evans blue (0.3 %), respectively, to
quantify lumen area and total number of intimal and medial
cells (Fig. 3b).
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7. Immunostaining may be performed on these cryosections to
visualize SMCs, ECs, and inflammatory cells with antibodies
against smooth muscle actin, von Willebrand factor, and
CD68, for example, as, well as with antibodies against the pro-
teins of interest such as connexins [14].

4 Notes

This chapter provides an overview of the role of connexins in reste-
nosis after vascular injury. The development of tools to study reste-
nosis in mice has allowed us to better understand the mechanisms
implicated in this devastating process. Until now, our attention has
been mostly focused on proliferation and migration of SMCs, but
re-endothelialization of the injured vessels is also of high interest
to limit re-occlusion of the artery by thrombosis and definitely
needs to be better studied. The better understanding of the role of
connexins in restenosis, re-endothelialization, and thrombus pro-
pensity will hopefully lead to the development of new therapeutic
strategies.
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Gain-of-Function Assays in the Axolotl (Ambystoma
mexicanum) to ldentify Signaling Pathways That
Induce and Regulate Limb Regeneration

Jangwoo Lee, Cristian Aguilar, and David Gardiner

Abstract

The adult salamander has been studied as a model for regeneration of complex tissues for many decades.
Only recently with the development of gain-of-function assays for regeneration, has it been possible to
screen for and assay the function of the multitude of signaling factors that have been identified in studies
of embryonic development and tumorigenesis. Given the conservation of function of these regulatory
pathways controlling growth and pattern formation, it is now possible to use the functional assays in the
salamander to test the ability of endogenous as well as small-molecule signaling factors to induce a regen-
erative response.

Key words Axolotl, Urodele, Regeneration, Fibroblasts, Accessory Limb Model, Excisional
Regeneration Model

1 Introduction

Although regenerative abilities are widespread and essential to the
maintenance of tissue homeostasis, they are largely limited to indi-
vidual cell types within complex tissues. Many of the cell types
within the human arm can regenerate (e.g., muscle, nerves, bone,
and blood vessels); however, the limb itself cannot regenerate
when amputated. In contrast, the urodele amphibians (salaman-
ders and newts) have the remarkable ability to regenerate complex
tissues, and thus have historically been the model organisms of
choice for regeneration stu