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Am J Physiol Heart Circ Physiol 292: H1245–H1253, 2007. First
published December 8, 2006; doi:10.1152/ajpheart.01069.2006.—Myo-
cardial infarction caused by ischemia-reperfusion in the coronary
vasculature is a focal event characterized by an infarct-core, bordering
peri-infarct zone and remote noninfarct zone. Recently, we have
reported the first technique, based on laser microdissection pressure
catapulting (LMPC), enabling the dissection of infarction-induced
biological responses in multicellular regions of the heart. Molecular
mechanisms in play at the peri-infarct zone are central to myocardial
healing. At the infarct site, myocytes are more sensitive to insult than
robust fibroblasts. Understanding of cell-specific responses in the said
zones is therefore critical. In this work, we describe the first technique
to collect the myocardial tissue with a single-cell resolution. The
infarcted myocardium was identified by using a truncated hematoxy-
lin-eosin stain. Cell elements from the infarct, peri-infarct, and non-
infarct zones were collected in a chaotropic RNA lysis solution with
micron-level surgical precision. Isolated RNA was analyzed for qual-
ity by employing microfluidics technology and reverse transcribed to
generate cDNA. Purity of the collected specimen was established by
real-time PCR analyses of cell-specific genes. Previously, we have
reported that the oxygen-sensitive induction of p21/Cip1/Waf1/Sdi1
in cardiac fibroblasts in the peri-infarct zone plays a vital role in
myocardial remodeling. Using the novel LMPC technique developed
herein, we confirmed that finding and report for the first time that the
induction of p21 in the peri-infarct zone is not limited to fibroblasts
but is also evident in myocytes. This work presents the first account
of an analytical technique that applies the LMPC technology to study
myocardial remodeling with a cell-type specific resolution.

laser microdissection and pressure catapulting; ischemia-reperfusion;
left anterior descending artery; ventricular remodeling; laser capturing

SPATIALLY RESOLVED molecular analysis of infarcted myocardial
tissue has been hindered by the lack of microdissection tech-
niques to collect tissue samples with micron-level precision.
To address this important limitation in analytical tissue biol-
ogy, the laser capture microdissection (LCM) technology has
been originated by the National Institutes of Health through
collaboration between bioengineering and cancer pathology
groups (4, 10). Under direct microscopic visualization, LCM

permits rapid procurement of histologically defined tissue
samples. The approach can be employed to collect pathologi-
cally defined (e.g., infarct core) tissue elements down to the
resolution of a single cell. In general, in LCM, biological
material is placed on a glass slide, or equivalent surface, and a
thermoplastic membrane is placed in direct contact on top of
the material. The laser beam source is positioned below the
material, and the beam is focused through a microscope ocular
lens onto the biological material on the slide. When the laser
beam strikes the material, it is blasted off of the glass surface
and melts onto the thermoplastic membrane. The thermoplastic
membrane piece containing the blasted material is then phys-
ically isolated and the material collected (4, 10). Laser micro-
dissection has opened a window to new technologies. A variant
of LCM is laser microdissection and pressure catapulting
(LMPC) (5). In LMPC, the biological material is placed di-
rectly on top of a thermoplastic polyethylene napthalate mem-
brane that covers a glass slide or equivalent. The membrane
acts as a support, or scaffolding, to allow for catapulting
relatively large amounts of intact material at one time. A
focused laser beam is used to cut out an area of the membrane
and corresponding biological material, and the beam is then
defocused and the energy used to catapult the membrane and
material from the slide. A motorized robotic (RoboMover)
stage is used to move the sample through the laser beam path
to allow the user to control the size and shape of the area to be
cut. The catapulted sample is generally captured in an aqueous
media positioned directly above the cut area. The major ad-
vantages of LMPC over LCM are the increased amount of
tissue captured in a given time, preserved cellular integrity, and
the biological material obtained without direct user contact (3,
5). LMPC enables capture of biological material ranging from
defined multicellular tissue elements to specific sections of
cells and organs to cellular organelles (3, 5). For the most part,
LCM has been applied for the study of cancer (2, 6, 7, 14, 21,
23). Recently, we have reported the first methodology study
describing how LMPC can be employed to microdissect infarct
and peri-infarct regions of the heart to spatially resolve bio-
logical events in the focally infarcted heart (20, 25).

Ischemia in the heart results in a hypoxic area containing a
central focus of near-zero oxygen pressure bordered by tissue
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with diminished but nonzero oxygen pressures (30). These
border zones extend for several millimeters from the hypoxic
core, with the oxygen pressures progressively increasing from
the focus to the normoxic region (28). Thus reperfusion with
oxygen-rich blood results in highest �PO2 at the core of
infarction, resulting in reoxygenation injury. The �PO2 at the
peri-infarct region is not as high and induces perceived hyper-
oxia (24, 26, 27, 30). Induction of p21 (Waf1/Cip1/Sdi1) in
cardiac fibroblasts of the peri-infarct region is a hallmark of
perceived hyperoxia (30). Perceived hyperoxia triggers a myo-
cardial remodeling response by inducing p21-dependent dif-
ferentiation of cardiac fibroblasts to myofibroblasts (24, 26,
27). For focal events like myocardial infarction, it is important
to dissect infarction-induced biological responses as a function
of space. For example, it is important to precisely discriminate
the events at the core of infarction from those that are at the
periphery or peri-infarct region. Development of such under-
standing requires micron-level resolution of the surgical pro-
cedure for tissue collection. LMPC offers that capability. In
this study, we sought to develop a novel LMPC-based tech-
nique to study gene expression in cardiomyocyte and cardiac
fibroblast cell populations residing in specific regions of the
infarcted heart. Furthermore, we asked whether perceived hy-
peroxia induces p21 in peri-infarct myocytes. This work pre-
sents the first account of an analytical technique that applies the
LMPC technology to study ventricular remodeling after myo-
cardial infarction with a cell type-specific resolution.

MATERIALS AND METHODS

Myocardial ischemia-reperfusion surgery. Male C57BL/6 mice
were purchased from Harlan Technologies (Indianapolis, IN) and used
at 10–12 wk of age. Experimental myocardial infarction was accom-
plished as described previously (20, 25, 27). The studies were ap-
proved by the Institutional Animal Care and Use Committee of the
Ohio State University. Briefly, mice were anesthetized, placed on a
37°C heated small animal table, and ventilated with 100% oxygen-
isoflurane at an appropriate rate and tidal volume. Cardiac electro-
physiology was monitored by using a standard three-lead ECG setup,
and changes in electrical conductance were measured by using PC
PowerLab software (ADInstruments, Castle Hill). A left thoracotomy
was performed via the fifth intercostal space to expose the heart. A
30-min occlusion of left anterior descending coronary artery was
followed by reperfusion. Laser Doppler flow measurement was used
to verify ischemia and reperfusion. Upon successful reperfusion, the
thorax was closed and negative thoracic pressure was reestablished for
survival. The mice were euthanized 2 or 7 days after reperfusion.

Cardiac tissue procurement and processing. The heart was cut
laterally just above or below the infarcted area, and the tissue
containing the infarcted area was frozen in optimum cutting temper-
ature compound (OCT) using liquid N2. The frozen mouse hearts were
cut into 10-�m-thick sections using a Leica 3500S cryostat (Leica,
Germany). The sections were placed on RNAZap-treated thermoplas-
tic (polyethylene napthalate)-covered glass slides from PALM Tech-
nologies (Bernreid, Germany) and used immediately. One section was
typically cut at a time and placed on the slide immediately before use
to minimize RNA degradation.

Frozen sections were stained with one or more of the following
stains as described in the respective figure legends: hematoxylin QS
(Vector, Burlingame, CA) and eosin (OSU Stores, Columbus, OH).
Hematoxylin-eosin (H&E) staining was done by placing 1–2 drops of
hematoxylin QS on a section for 30 s, followed by a 1-s dip into eosin.
Hematoxylin QS staining was carried out by adding 1–2 drops of
hematoxylin QS to each section and incubating at room temperature

for 30–60 s. Following either of these stains, the sections were rinsed
in distilled water to remove excess stain and allowed to air dry for 3–5
min at room temperature.

Immunostaining for �-vimentin was done using a rapid, �10 min,
staining protocol. Sections were incubated at room temperature for
3–5 min in a 1:2 dilution of the primary antibody (anti-�-vimentin,
Sigma-Aldrich Chemicals, St. Louis, MO) in 2% goat serum. Primary
antibody detection was accomplished by using the appropriate sec-
ondary antibody and RTU Vectastain Universal Quick kit (Vector).
Following a brief rinse with phosphate-buffered saline, the sections
were incubated for 3 min at room temperature with biotinylated
pan-specific universal antibody. The sections were briefly rinsed again
with phosphate-buffered saline and then incubated at room tempera-
ture for 2–3 min in the streptavidin-peroxidase complex reagent. The
sections were again rinsed briefly in phosphate-buffered saline before
incubating in peroxidase with nickel substrate solution until the
desired intensity was reached. The sections were then rinsed briefly in
distilled water and used immediately after drying for LMPC or
mounted using VectaMount aqueous mounting solution. Microscopy
was performed with the use of a Zeiss Axiovert 200M. The stained
sections were photographed with a AxioCam MRc camera before
performing LMPC.

LMPC. LMPC was performed using the laser microdissection
system from PALM Technologies (Bernreid, Germany) containing a
PALM MicroBeam and RoboStage for high-throughput sample col-
lection and a PALM RoboMover [PALM RoboSoftware version 2.2
(20)]. Typical settings used for laser cutting were a beam size of 30
�m and laser strength of 30 mV. Myocyte and fibroblast tissues were
cut and captured under a �40 ocular lens using the RoboPC auto-
catapulting feature. Cut elements were catapulted directly into 25 �l
of an RNA lysis solution (RNAqueous Micro kit; Ambion, San
Antonio, TX) situated directly above the section.

RNA isolation and quality analysis. RNA from LMPC samples was
isolated by using the RNAqueous Micro kit from Ambion according
to the manufacturer’s instructions. The lysis solution (25 �l) used to
capture the catapulted tissue in LMPC was spun into a tube, and 75 �l

Table 1. Primers, forward and reverse sequences, and
amplicon size in base pairs

Primers Sequence Size, bp

GAPDH
Forward ATG ACC ACA GTC CAT GCC ATC ACT 340
Reverse TGT TGA AGT CGC AGG AGA CAA CCT

Collagen Ia
Forward GTG TGA TGG GAT TCC CTG GAC CTA 140
Reverse CCT GAG CTC CAG CTT CTC CAT CTT

Collagen IIIa
Forward ACC CCC TGG TCC ACA AGG ATT A 170
Reverse ACG TTC TCC AGG TGC ACC AGA AT

�-Sarcomeric
actin

Forward GTA CCC TGG TAT TGC CGA TCG TA 179
Reverse GCC TCA TCA TAC TCT TGC TTG CTG

�-Vimentin
Forward GAT TTC TCT GCC TCT GCC AAC CTT 139
Reverse CAT TGA TCA CCT GTC CAT CTC TGG

Cardiac MHC
Forward GAA CAT GGA GCA GAC CAT CAA GGA 247
Reverse CCT TCA ACT GTA GCT TGT CCA CCA

Cardiac troponin
Forward GAT CTC TGC AGA TGC CAT GAT GCA 150
Reverse CAG TGC ATC GAT ATT CTT GCG CCA

p21
Forward ACAGGAGCAAAGTGTGCCGTTGT 327
Reverse GCTCAGACACCAGAGTGCAAGACA

MHC, myosin heavy chain.
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of additional lysis solution were added. Three microliters of the
supplied LCM additive were added to the lysis solution, followed by
the addition of 129 �l of American chemical standard grade 100%
ethanol. RNA was bound to silica-based spin-columns, and the col-
umns were washed with the supplied buffers. RNA was eluted in 2 �
9 �l washes at room temperature for 5 min, each using either the
supplied elution solution or nuclease-free distilled water preheated to
95°C. The RNA solution was then treated with DNAase for 20 min at
37°C. The quality and approximate quantity of the resulting RNA
were determined by using the microfluidics system by Agilent Tech-
nologies (Agilent 2100 Bioanalyzer, Agilent Technologies) as de-
scribed in the protocol provided for analysis using the “high-sensitiv-
ity” pico chip. In some cases, RNA quantity was measured by using the
NanoDrop system (NanoDrop Technologies, Wilmington, DE) or the
RiboGreen fluorescence dye assay (Molecular Probes, Eugene, OR).

Reverse transcription. RNA isolated as described in RNA isolation
and quality analysis was reverse transcribed into cDNA using the

Superscript III Reverse Transcription kit from Invitrogen (Carlsbad,
CA). Eight out of twenty microliters of the RNA solution were used
per reaction. Reactions were done using random hexamers. One
microliter each of random hexamers (50 ng/�l) and dNTPs (10 mM)
was added to 8 �l of RNA solution, and the resulting solution was
incubated for 5 min at 65°C and then placed on ice for at least 1 min.
Ten microliters of a 2� reaction mixture containing Tris�HCl (pH
7.4), 25 mM magnesium chloride, 0.1 M dithiothreitol, 40 units
RNAse Out, and 200 units of Superscript III RT were then added. The
resulting solution was incubated at 25°C for 10 min, followed by 50
min at 50°C, and finally at 85°C for 5 min. In some cases, RNA was
degraded by further incubating for 20 min at 37°C with 2 units of
RNAse H.

Quantitative real-time PCR of LMPC specimen. The cDNA syn-
thesized in reverse transcription reactions was used directly for real-
time PCR analyses (MX3000P system, Stratagene, La Jolla, CA). The
gene-specific primers used in this study are listed in Table 1. The PCR

Fig. 1. Identification of infarct (I), peri-in-
farct (PI), and noninfarct (NI) regions in the
ischemia-reperfused myocardium. Compari-
son of Masson-Trichrome (A and C) and
truncated hematoxylin-eosin (tH&E; B and
D) staining of serial sections from mouse
hearts on day 7 after ischemia-reperfusion. I,
PI, and NI regions are marked. Although
Masson-Trichrome staining results in
brighter contrast of colors, tH&E is sufficient
to visually identify I, PI, and NI. The rapidity
of tH&E makes it a better-suited candidate
for LMPC applications. C and D: enlarged
area of the boxed areas shown in A and B.
The arrows point to the boundary between
infarcted and noninfarcted areas. Magnifica-
tions at �50 (A and B), �100 (D), and �400
(C) are shown. Bars � 3.75 �m (A), 7.5 �m
(B and D), and 30 �m (C).

Fig. 2. Identification of fibroblasts using
tH&E staining. Comparison of tH&E (A) and
�-vimentin (B) staining of serial sections
from postinfarcted mouse hearts on day 2
after ischemia-reperfusion. The �-vimentin
stain identified fibroblasts. The immunohis-
tological approach employed to stain �-vi-
mentin is not suited for laser microdissection
pressure catapulting (LMPC) because of the
length of time needed to stain. tH&E was
sufficient to visualize myocytes and fibro-
blasts in the myocardium. The arrows point
to cardiac fibroblasts. Magnification at �400
is shown. Bars � 30 �m.
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reaction included 5 �l cDNA solution, 7.3 �l nuclease-free distilled
water, 0.1 �l of each primer solution (50 �M), and 12.5 �l SYBR
green real-time PCR mixture (Applied Biosystems, Warrington, UK).
The solution was initially incubated at 50°C for 2 min, followed by 10
min incubation at 95°C to activate the polymerase. Typically, 40
cycles were then performed with steps of 45-s duration each at 95°C,
55°C, and 72°C. cDNA standards were used to determine relative

quantities and to compare dissociation temperatures to partially ensure
correct product formation. GAPDH gene expression was measured to
correct for differences in extraction efficiency between samples.

Stability after sectioning and staining. Elements corresponding to a
1.0 � 106 �m2 area were isolated from noninfarcted tissue for use in
these experiments. The stability of GAPDH and �-sarcomeric actin
genes was measured by incubating sections at room temperature, with

Fig. 3. Marking and catapulting of cardio-
myocytes. In postinfarcted mouse hearts on
day 2 after ischemia-reperfusion, myocytes
were identified by tH&E staining. A: the
areas to be cut were marked with the speci-
men mounted on the laser microdissection
system. B: result of the laser cutting with the
elements separated from the section and
ready to be catapulted. C: the tissue section
after the cut elements have been catapulted.
D: catapulted sections captured in a chaotro-
phic solution. Arrows in A–C point to iden-
tified areas containing only myocytes. The
arrow in D points to one of the captured
myocytes. Magnification at �400 is shown.
Bars � 30 �m.

Fig. 4. Marking and catapulting of cardiac
fibroblasts. In postinfarcted mouse hearts on
day 2 after ischemia-reperfusion, fibroblasts
were identified by tH&E staining. A: the
areas to be cut were marked with the speci-
men mounted on the laser microdissection
system. B: result of the laser cutting with the
elements separated from the section and
ready to be catapulted. C: the tissue section
after the cut elements have been catapulted.
D: catapulted sections captured in a chaotro-
phic solution. Arrows in A–C point to iden-
tified areas containing only fibroblasts. The
arrow in D points to one of the captured
fibroblasts. Magnification at �400 is shown.
Bars � 30 �m.
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no further manipulation, for specific time periods following staining.
Four sections were placed on a polyethylene napthalate membrane-
covered glass slide. Before the staining, one sample group was
untreated and another was first dehydrated in a series of ethanol soaks
followed by a 5-min xylene soak. Each slide was incubated dry for 0,
0.25, 1, or 3 h on the microscope stage.

Gene expression per area of myocyte tissue. Areas of sections
corresponding to 10–100 � 103 �m2 were cut from H&E-stained
heart sections and captured in RNA lysis solution using LMPC as
described in Quantitative real-time PCR of LMPC specimen. The
RNA was isolated and used in reverse transcription reactions to
prepare cDNA, and the cDNA was then used in quantitative RT-PCR
to measure �-sarcomeric actin-specific gene expression as described
in Quantitative real-time PCR of LMPC specimen.

Assessment of p21 gene expression. p21 Gene expression was
measured in cardiomyocytes or cardiac fibroblasts isolated by LMPC
from infarct, peri-infarct, and noninfarct areas of day 2 ischemia-
reperfused hearts as described in Quantitative real-time PCR of
LMPC specimen. Approximately 1.5 � 105 �m2 of cardiomyocytes
and 0.6 � 105 �m2 of cardiac fibroblasts were captured from each
sample, and the RNA was isolated. Two 8-�l aliquots of the RNA
were reverse transcribed into cDNA. The resulting solutions were
combined, and nuclease-free distilled H2O was added to give enough
volume to perform 13 RT-PCR reactions from the cardiomyocyte
samples and 8 from the cardiac fibroblast samples. The p21 primers,
forward and reverse sequences, and amplicon size in base pairs are
listed in Table 1.

Statistics. Values are expressed as means � SD. The significance
of difference between means was tested by using a two-tailed
Student’s t-test. The threshold of significance was set at P � 0.05.

RESULTS

We have developed a truncated H&E (tH&E) stain that
rapidly and reliably detects the infarct- and peri-infarct regions
of the ischemia-reperfused heart. This can be verified by
Masson-Trichrome staining of serial sections (Fig. 1). Both
stains identified the same infarct, peri-infarct (�300 �m area
adjacent and parallel to the infarct border), and noninfarcted
(�1,500 �m from the infarct border) areas. Primary consider-
ations that need to be addressed while developing a staining
procedure which is compatible with LMPC and subsequent
genetic analyses are 1) rapidity (preserving integrity of the
cellular genetic material), 2) an avoidance of harsh conditions
that may disintegrate the cell and cause loss of cellular content,
3) a reliable identification of infarct and noninfarct regions, and
4) a distinguishing between cardiomyocytes and cardiac fibro-
blasts. The tH&E stain standardized in this work meets all of
the above-said criteria by avoiding long incubation times and
treatment with ethanol and xylene used during a standard H&E
staining protocol. One of the primary goals of this study was to
obtain relatively pure fractions of cardiomyocytes and cardiac
fibroblasts possessing intact RNA, which would lend itself to
real-time PCR analyses. Standard immunohistochemical ap-
proaches were not suitable (results not shown). The long
incubation and several washing procedures were associated
with marked degradation of RNA even if the staining was
performed in the presence of RNAase inhibitors. To test
whether the tH&E protocol reliably detects cardiomyocytes
and cardiac fibroblasts, serial sections were stained with our
tH&E stain and an anti-�-vimentin, the latter being a standard
marker of cardiac fibroblasts. Immunohistochemical staining
procedures are typically time consuming and do not lend
themselves for LMPC applications (20). tH&E is a nonspecific

stain but enables visualization of cardiomyocytes and cardiac
fibroblasts (Fig. 2). We noted that the tH&E staining procedure
enabled reliable visualization of cardiac fibroblasts (Fig. 2).
Myocytes were readily identified by the tH&E stain as areas
not containing cardiac fibroblasts (Fig. 3A). Cardiac fibroblasts
were observed in the interstitial space between the myocytes.
These results represent suggestive evidence supporting the
hypothesis that the tH&E staining procedure was effective in
reliably identifying the myocytes and fibroblasts. Additional
experiments were therefore conducted to test the hypothesis
more conclusively.

Cardiomyocytes from day 2 ischemia-reperfused hearts were
identified by using tH&E stain and were physically captured by
using LMPC. Figure 3B shows the myocyte areas identified in
the tissue section. The marked myocytes area were microdis-
sected (Fig. 3, B and C) and captured (Fig. 3D). Visually, each
element was clearly separated from the main section and did
not contain any fibroblasts. The microdissected cardiomyocyte
elements typically contained 400–800 �m2 of myocytes. Once
dissected, these elements were catapulted and captured in an
RNA lysis solution (Fig. 3, C and D). A similar approach was

Fig. 5. Stability of RNA in tissue sections as a function of time following
staining. Four sections were cut from postinfarcted mouse hearts on day 7 after
ischemia-reperfusion. A: sample untouched before staining. B: samples were
first fixed in cold acetone followed by dehydration in a series of ethanol and
xylene washes before staining. Noninfarcted regions corresponding to 2 � 106

�m2 were identified by using the tH&E stain and then cut and captured
immediately. RNA was extracted from the captured tissue and reverse tran-
scribed into cDNA. The cDNA was used in real-time PCR using primers
specific for GAPDH (}) and �-sarcomeric actin (■ ). Both randomly selected
genes were equally affected by time. Relative gene expression was calculated
by setting the zero time value to 100 and then scaling the other time point
values accordingly.
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employed to collect pure cardiac fibroblasts from the myocar-
dium. Myocyte contamination in fibroblast samples was
avoided. Cardiac fibroblast elements (Fig. 4D) averaged
30–60 �m2 in size. Fibroblasts were identified employing
tH&E staining (Fig. 4A). To confirm the identity of the specific
cell type being captured, the immediately succeeding serial
section was stained for vimentin. The identified cells were
microdissected cleanly, isolating fibroblasts from the myocar-
dium (Fig. 4B). The excised elements were then catapulted and
captured (Fig. 4, C and D). RNA stability in the tissue samples
microdissected and captured represents a major concern, espe-
cially when the goal is to perform quantitative analyses of gene
expression. We noted that the RNA quality in the tissue
sections sharply deteriorated as a function of time (Fig. 5).
Sections were allowed to air dry at room temperature and
remain in that condition during the time course of the experi-
ment. In addition, we tested whether an acetone fixation step,
followed by a dehydration of the sections before staining,
would lead to better RNA stability. The results were the same
for both genes measured under either condition. This observa-
tion underscores the need for rapid staining procedures if
LMPC followed by analysis of gene expression is the goal.

To determine the amount of myocytes necessary to execute
analysis of gene expression, we isolated RNA from cumulative
element sizes, ranging from 10 � 103 to 100 � 103 �m2.

Measurable gene expression was linear over this range (Fig.
6A). Our standard protocol provides enough RNA to perform
10 separate RT-PCR reactions, even when starting with 10 �
103 �m2 element area. From 100 � 103 �m2 element area, one
can perform at least 100 RT-PCR reactions. Thus a consider-
able amount of gene expression data may be generated from
such a small sample size. The amount of fibroblast sample
needed for measuring gene expression using our protocol was
determined by using �-vimentin gene expression, a well-
known fibroblast marker. The expression of �-vimentin gene
was linear over an area range of 30–100 � 103 �m2. In excess
of 30 separate RT-PCR reactions can be performed when
starting with 100 � 103 �m2 area of fibroblasts. An objective
characterization of the purity of the cardiomyocyte and fibro-
blast cell population collected using our tH&E-LMPC tech-
nique was performed by assaying for genes specific for myo-
cytes, fibroblasts, endothelial cells, and macrophages. Real-
time PCR of laser-captured myocytes and fibroblasts was
tested for the presence of CD68 (macrophage marker) and
CD31 (endothelial cell marker). These genes were not detect-
able in both myocytes as well as fibroblast populations cap-
tured from the myocardium (data not shown). These results
indicate that the laser-captured material was free of macro-
phages and endothelial cells. We selected three genes as
myocyte-specific markers. They were cardiac myosin heavy

Fig. 6. Quantitation of gene expression in laser captured cardiomyocyte and cardiac fibroblast populations: threshold of captured element size required to perform
real-time PCR. Myocytes and fibroblasts were captured from tH&E-stained myocardium sections. Element size ranging from 10 � 103 �m2 to 100 � 103 �m2

in area was cut and collected. A: relative gene expression of �-sarcomeric actin in cardiomyocytes. B: relative gene expression of �-vimentin in cardiac
fibroblasts. Element size of a single myocyte (C) or fibroblast (D) is shown.
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chain, �-sarcomeric actin, and cardiac troponin I. Similarly,
three genes with a high abundance in fibroblasts were exam-
ined as fibroblast markers. These genes were �-vimentin,
collagen IA, and collagen IIIA. Myocytes laser captured from
the myocardium were rich in myocyte-specific genes. The
abundance of these genes in the laser-captured fibroblasts was
low (Fig. 7). Captured fibroblasts showed high levels of fibro-
blast-specific markers. Myocytes showed very low abundance
of these genes (Fig. 8). These observations indicate that the
currently developed technique (Fig. 9) was effective in captur-
ing pure populations of myocytes and fibroblasts from the
myocardium.

Previously, we have reported that in the peri-infarct region
of ischemia-reperfused heart, perceived hyperoxia induces the
expression p21, which in turn leads to differentiation of the
fibroblasts at that site to myofibroblasts (24–27, 30). Here, we
sought to apply our LMPC technique to investigate whether
p21 is also induced in myocytes located in the peri-infarct
region. The noninfarct region, as defined in Fig. 1, was used as
a control. Consistent with previously published data from
mixed heart tissue and cultured fibroblasts (24–27), fibroblasts
captured from the infarct region of the ischemia-reperfused
heart had significant upregulation of p21 expression (Fig. 10).
Induction of p21 expression in the peri-infarct region was also
noted in myocytes (Fig. 10). This observation establishes that,
following ischemia-reperfusion, p21 is induced in both fibro-
blasts as well as myocytes in the peri-infarct region.

DISCUSSION

Focal ischemia-reperfusion in the heart causes changes in
the myocardium that varies depending on the distance of the
site from the focal point or the infarct core. Regions of
myocardial infarct are surrounded by a border peri-infarct zone
that is perfused but challenged by the ischemia-reperfusion
event. Although systolic dysfunction has been attributed to
elevated wall stress in this region, there is evidence that
intrinsic abnormalities of contractile performance exist in the
peri-infarct region of the myocardium (16). In many ways,
biological responses in the infarct core are different from those
noted in the peri-infarct region (9, 17, 18). Ventricular arrhyth-
mias have been shown to originate in the myocardial peri-
infarct region due to irregular heterotopic conduction. Hy-
poperfused but viable myocardium is often localized in those
areas and may be involved in the pathogenesis of arrhythmias
(18). Energy insufficiency in the peri-infarct region may con-
tribute to the transition from compensated left ventricular
remodeling to congestive heart failure (16).

Unlike the infarct core, the peri-infarct tissue is challenged
but viable (9). A specific study of the peri-infarct region is
therefore crucial to understand the myocardial healing response
(11, 17, 31). The peri-infarct region is a target for therapeutics
aimed at myocardial healing (29, 32). In our previous works,
we have hypothesized that whereas oxygen toxicity is a major
contributor to injury in the ischemia-reperfused infarct core,
sublethal oxygen insult in the peri-infarct region induces fibro-

Fig. 7. Characterization of the purity myocytes and fibroblasts captured from the ischemia-reperfused heart: abundance of myocytes-specific genes in each of
the 2 populations. *P � 0.0001, significantly different from corresponding value in the fibroblast population. MHC, myosin heavy chain.

Fig. 8. Characterization of the purity myocytes and fibroblasts captured from the ischemia-reperfused heart: abundance of fibroblast-specific genes in each of
the 2 populations. *P � 0.0001, significantly different from corresponding value in the fibroblast population.
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blast differentiation by oxygen-sensitive signal transduction
pathways (24–27). This “perceived hyperoxia” paradigm of
myocardial remodeling has been recently reviewed (11, 30).
Spatially resolved molecular analysis of infarcted myocardial
tissue has been hindered by the lack of microdissection tech-
niques to collect tissue samples with micron-level precision
from infarct, peri-infarct, and noninfarct regions. Recently, we
have addressed that need by developing a LMPC technique that
is capable of dissecting infarct and peri-infarct regions of the
heart. The tissue collected as such can be used for the study of

gene expression in multicellular heart regions (20). However,
the staining and microdissection procedures reported are not
applicable to capture and analyze single cells. Postinfarction
remodeling includes progressive loss of myocytes (1, 19) and
a phenotypic switch of fibroblasts to myofibroblasts (24–27) in
the peri-infarct region. It would be of extraordinary interest to
understand the cell-specific biological mechanisms that cause
such changes. At present, the cell-specific study of the intact
myocardium is limited to histological approaches. The ability
to capture myocardial tissue with a single cell resolution
provides unprecedented power in performing quantitative ge-
netic analyses on individual cell populations from specific
regions of the heart. The technique reported herein accom-
plishes that goal.

p21 was originally described as functioning as a cell cycle
regulator via inhibition of both cyclin-dependent kinases and
DNA replication. More recently, it has been implicated in
several fundamental processes, including transcriptional regu-
lation and the modulation of apoptosis (8). p21 is mainly
regulated at the transcriptional level (12). Previously, we had
demonstrated that, in cardiac fibroblasts, inducible p21 expres-
sion is oxygen sensitive (24). That observation led to the
paradigm of perceived hyperoxia which postulates that sub-
lethal hyperoxic shock in the peri-infarct region of the ischemic
heart results in differentiation of cardiac fibroblasts to myofi-
broblasts (25, 27, 30). In this study we obtained first evidence
demonstrating that, in response to ischemia-reperfusion, the
induction of p21 is not limited to cardiac fibroblasts but is also
noted in cardiomyocytes. Whereas p21 function has been
described as being important in cardiac development (15), the
significance of p21 expression in peri-infarct myocytes remains
unclear. Ischemia-reperfusion induces DNA damage (22). It is
plausible that the induction of p21 in peri-infarct myocytes is
aimed at DNA repair and survival (13). What factors override
this protective response to trigger progressive myocytes loss in
the postinfarcted myocardium remain to be identified.

Although standard immunohistological procedures are
useful to identify specific cell types in the myocardial tissue,
such an approach is not compatible with LMPC analyses
because of the degradation of RNA during such staining.

Fig. 10. Quantitative analysis of p21/Cip1/Waf1/Sdi1 gene expression using
laser captured myocyte and fibroblast material. Cycle threshold values from
real-time PCR were normalized to GAPDH expression. *P � 0.005, signifi-
cantly different from PI region value; **P � 0.001, significantly different from
infarct region value.

Fig. 9. Summarized protocol for the determination of gene expression from
cell-specific LMPC tissue elements captured from the I, PI, or NI regions in a
mouse heart section. Frozen blocks of tissue were sectioned, cDNA was
prepared from histologically (tH&E) defined regions, and specific gene ex-
pression was analyzed in �1 working day. LAD, left anterior descending
coronary artery; ddH2O, double-distilled water; OCT, optimum cutting tem-
perature; PEN, polyethylene napthalate.
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This work reports a novel LMPC-based technique to capture
myocytes and fibroblasts from specific regions of the ische-
mia-reperfused myocardium. Cells captured with the use of
this approach may be subjected to quantitative analyses of gene
expression. To confirm the identity of the specific cell types
being captured, it is important to subject the immediate serial
section of the same tissue to immunohistochemical staining by
using appropriate antibody against cell-specific antigens. Pre-
viously, we have presented histological evidence demonstrat-
ing that perceived hyperoxia induces p21 expression in the
peri-infarct region of the ischemia-reperfused heart. Using the
LMPC technique developed in this work, we report that p21
gene expression is significantly upregulated in the peri-infarct
region of ischemia-reperfused heart. The induction is not
limited to cardiac fibroblasts but is also noted in cardiomyo-
cytes. Application of the novel LMPC technique developed in
this study to understand spatially resolved cell-specific biolog-
ical responses in the peri-infarct region of the reperfused heart
should provide a new dimension in our understanding of
myocardial healing.
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