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Transmural Progression ofMorphologic Changes
During Ischemic Contracture and Reperfusion in the
Normal and Hypertrophied Rat Heart
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The purpose of this study was to compare the func-
tional and morphologic changes that occur during is-
chemic contracture and reperfusion in the normal and
hypertrophied heart. Hearts from Sprague-Dawley,
spontaneously hypertensive (SHR), and normotensive
Wistar-Kyoto rats were evaluated using a modified
Langendorffperfusion apparatus. After obtaining con-
trol data, hearts were potassium-arrested, made ische-
mic, and studied at various time points. Regional coro-
nary flow was assessed with the use of radiolabeled
microspheres or Microfil dye infusion, and morpho-
logic changes were evaluated by means of light and
electron microscopy. Sarcomere length changes and

THE DEVELOPMENT of ischemic contracture or
"stone heart" has been observed after cardiac arrest in
patients undergoing cardiac surgery. 1-3 This phenom-
enon was first noted in patients with left ventricular
hypertrophy,2 which suggests that the hypertrophied
myocardium may have an enhanced susceptibility to
ischemic injury. The mechanisms responsible for the
development ofischemic contracture are not well un-
derstood and mechanisms responsible for the appar-
ent increased sensitivity of hypertrophied hearts to
ischemia are also not known. Many experimental
studies have evaluated the functional and structural
changes that occur in the normal heart subjected to
ischemial 8; however, few studies have evaluated the
response ofthe hypertrophied heart to ischemia. Pey-
ton et a19 and Attarian et al, 10 using hypertrophied rat
and dog hearts, noted that ischemic contracture oc-
curred sooner in hypertrophied hearts compared to
normal hearts. These investigators suggested that hy-
pertrophied hearts were more susceptible to ischemic
damage because of decreased endomyocardial blood
flow, decreased adenosine triphosphate (ATP) levels,
and depressed mitochondrial function.
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qualitative morphologic changes during global ische-
mia demonstrate a transmural progression ofischemic
damage starting at the endocardium and extending,
with time, epicardially. The progression of ischemic
changes in hypertrophied hearts of SHRs was simi-
lar to that of normal hearts; however, hypertrophied
hearts developed ischemic contracture sooner than
normal hearts. In addition, the development of con-
traction band change after ischemic contracture oc-
curred only when hearts were reperfused and was re-
lated to the development of no-reflow. (Am J Pathol
1987, 129:152-167)

Ischemia causes alterations in the coronary vascu-
lature, as well as changes in the myocardium. Reper-
fusion after ischemic contracture is not homoge-
neous, due to areas of subendomyocardial no-reflow.
The mechanism(s) responsible for the development of
no-reflow are not well understood. Various investiga-
tors have studied this no-reflow phenomenon and
have suggested that intramyocardial pressure, edema,
increased coronary resistance, or coronary vascular
damage may be responsible for the development of
areas of no-reflow.' '"4 Recently, Humphrey et al,'5
using an isolated rat heart preparation with an incom-
pressible left ventricular (LV) balloon, found that if
the left ventricle remained distended during ischemic
contracture, and if the balloon was deflated during
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reperfusion, reflow was not impaired. This supports
the theory that increased intramyocardial pressure,
which occurs during ischemic contracture, may com-
press the coronary vessels and thereby produce areas
of no-reflow. Reflow in the hypertrophied heart sub-
jected to ischemic contracture and reperfusion has
not been studied.
The purpose ofthis study was to compare the func-

tional and morphologic changes that occur during
ischemic contracture and reperfusion in normal and
hypertrophied hearts. In established cardiac hyper-
trophy, morphologic changes characteristic of ische-
mia occur more rapidly than in normal hearts, thus
substantiating the hypothesis that the hypertrophied
myocardium is more susceptible to ischemic damage.

Materials and Methods

Experimental Preparation

Sprague-Dawley (SD), spontaneously hyperten-
sive (SHR), and normotensive Wistar-Kyoto (WKY)
rats were obtained from the Charles River Breeding
Laboratories, Inc. (Kingston, NY) at 8-10 weeks of
age. Animals were maintained and handled in accord-
ance with recommendations in the Guidefor the Care
and Use of Laboratory Animals (NIH Publication
85-23). The animals were housed in temperature-
controlled rooms on a 12-hour light/dark cycle and
were fed rat diet and water ad libitum. At 8 months of
age the SHR and WKY rats were randomly assigned
to one of four groups: 1) untreated SHRs (n = 7); 2)
hydralazine-treated SHRs (SHR + HYD, n = 6); 3)
untreated WKYs (WKY, n = 5); and 4) hydralazine-
treated WKYs (WKY + HYD, n = 6). Hydralazine-
treated groups received drinking water containing hy-
dralazine (120 mg/l) which was made up fresh each
week, and drinking water bottles were changed twice
weekly. Systemic arterial blood pressure and heart
rate were obtained weekly by means of the indirect
tail-cuff method without anesthesia.'6 The median
value for peak systolic pressure ofat least five pressure
determinations from each recording session was used,
and the heart rate was determined from these sys-
temic pressure tracings. All animals had four pressure
determinations before cohorts were begun on hydra-
lazine treatment. Hydralazine-treated and control
SHR and WKY animals were maintained for 12
weeks. Studies were conducted when SD rats were 14
weeks ofage and SHR and WKY rats were 12 months
of age. Animals were given 300 IU heparin intraperi-
toneally and 30 minutes later were anesthetized with
sodium pentobarbital (5 mg/100 g). The hearts were
quickly extirpated and immersed in ice-cold buffer,
the aorta was cannulated and antegrade perfusion of

the coronary arteries begun with oxygenated buffer by
retrograde perfusion of the aortic stump.

Isolated Perfused Heart Apparatus

The isolated isovolumic perfused rat heart model
was used in these experiments.6 All hearts were per-
fused at a constant pressure of 100 mm Hg with
Krebs-Henseleit buffer containing Na (143 mM), K
(5.9 mM), Mg (1.2 mM), Ca (2.5 mM), Cl (127.7
mM), HCO3 (25 mM), SO4 (1.2 mM), H2PO4 (1.2
mM), glucose (11 mM). The buffer was gassed with
95% 02 and 5% CO2 to produce a pH of 7.4. High
potassium buffer, used to arrest the hearts, had a po-
tassium concentration of 30 mM, with sodium being
lowered correspondingly to maintain normal osmo-
lality. A fluid-filled latex balloon, used to monitor
intraventricular pressure, was inserted into the left
ventricle via the left atrium. Latex balloons ofknown
volume were made daily in our laboratory and had a
volume approximately twice that ofthe left ventricu-
lar chamber, such that changes in balloon volume
used to assess left ventricular function did not record
balloon wall tension. Left ventricular pressure and
dP/dt were recorded through a 15-cm length ofridged
tubing connecting the intraventricular balloon to a
Statham P23 ID pressure transducer. A Hewlett-
Packard 7758B recorder with a high frequency ther-
mal writer was utilized and dP/dt obtained from an
HP derivative computer (HP 8814A). A needle ther-
mistor probe (Webster Laboratories) was inserted
into the right ventricle to monitor temperature ofthe
heart, which was immersed in nonaerated buffer sur-
rounded by a water jacketed warming chamber and
kept at 37 C.

Experimental Protocol

Hearts from 250-280-g SD rats were perfused with
oxygenated buffer, a drain was placed in each left
ventricular apex, and the intraventricular balloon was
inserted. The volume of the left ventricular balloon
was increased until the heart produced 60 mm Hg
pressure while maintaining less than 4 mm Hg dia-
stolic pressure. A right atrial pacing wire was installed,
and the hearts were paced at 300 bpm. After a 1 5-min-
ute equilibration period a pressure volume curve was
generated by inflating the intraventricular balloon in
four 0.01 ml increments and recording the developed
and diastolic pressure at each volume increment. Any
hearts with abnormal pressure volume responses were
rejected. The balloon was then deflated back to the
original volume. For some experimental protocols,
control regional coronary flow was quantitated with
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the use of 1 5-,u radioactive tracer microspheres after
the 15-minute equilibration period.

After completion ofthe initial baseline studies (ap-
proximately 15 minutes of perfusion with Krebs-
Henseleit buffer), hearts were arrested by perfusion
with oxygenated high potassium buffer (30 mM
K+). The LV diastolic pressure was slightly above
zero, due to hydrostatic pressure within the coronary
vascular bed. After 5 minutes of high-potassium per-
fusion, control nonischemic hearts (Figure 1, group
N) either were perfusion-fixed with 2% phosphate-
buffered glutaraldehyde for light and electron micros-
copy or were infused with latex rubber (Microfil) to
delineate coronary competence. Infusions were per-
formed with a controlled constant pressure perfusion
system (100 mm Hg) attached to a side port of the
aortic cannula.

In experimental groups, the coronary flow was
stopped for production of global ischemia. With ces-
sation of coronary perfusion LV pressure dropped to
zero. LV pressure was monitored throughout the is-
chemic interval, and the onset of ischemic contrac-
ture was noted. During the development of ischemic
contracture, hearts in the contracture group (Figure 1,
Group C) were either perfusion-fixed with 2% phos-
phate-buffered glutaraldehyde or were infused with
Microfil. Additional hearts were allowed to progress
to complete ischemic contracture and 5 minutes after
the onset ofcontracture were either perfusion-fixed or
infused with Microfil (Figure 1, Group PC). At this
time point (5 minutes after onset ofischemic contrac-
ture), some hearts were reperfused with normokale-
mic buffer and after 45 seconds of reflow were in-
jected with microspheres or Microfil. Another group
of postcontracture hearts were reperfused with oxy-
genated high-potassium buffer for 5 minutes, after
which the hearts were either perfusion-fixed or in-
fused with Microfil. The remaining postcontracture
hearts were reperfused with oxygenated normokale-
mic buffer (Figure 1, Group R) for 30 minutes, and at
the conclusion ofthe 30-minute reperfusion peiiod, a
final microsphere injection was made. The hearts
were then perfusion-fixed with 2% glutaraldehyde or
were infused with Microfil.

Ischemic Contracture in the Hypertrophied Heart

Hearts from the untreated hypertensive and hydra-
lazine-treated (normotensive) SHRs and control
WKY rats were evaluated when the animals were 12
months of age by means ofa perfusion protocol simi-
lar to that described above for SD rats. One-year-old
SHRs and WKY rats were studied because this is a
well-characterized model of cardiac hypertrophy

without congestive heart failure. The hydralazine
treatment in SHRs lowers blood pressure but does not
cause regression of cardiac hypertrophy. This pro-
duces a model ofcardiac hypertrophy in a normoten-
sive animal which allows us to evaluate the separate
contributions of cardiac hypertrophy and hyperten-
sion on the response of the heart to ischemia. All
hearts were given injections of radioactive micro-
spheres during the control perfusion period for deter-
mination of normal regional coronary flow distribu-
tion. The hearts from all groups were potassium-ar-
rested by perfusing with oxygenated high potassium
buffer for 5 minutes prior to the cessation ofcoronary
flow. The time required to develop ischemic contrac-
ture after cessation of coronary flow was determined
from the LV pressure tracing. After ischemic contrac-
ture and 30 minutes of reperfusion with normokale-
mic buffer, a second set ofmicrospheres was injected.
Pre- and postcontracture regional coronary flows and
endomyocardial to epimyocardial flow ratios were
determined in each heart.

Morphologic Studies

Figure 1 is a representative LV pressure tracing ofa
typical experiment. SD rat hearts used for measure-
ment of sarcomere lengths were studied after normal
perfusion (N), during the development of ischemic
contracture (C), after complete ischemic contracture
(PC), and after 30 minutes of reperfusion, which was
started 5 minutes after the onset of contracture.

Eight transmural tissue samples (approximately
3X8X 1 mm in size) from the left and right ventricle of
each perfusion-fixed heart were embedded in Spurr
epoxy resin. Serial 1 -,u sections from each block were
affixed to a glass slide and stained with toluidine blue
for light-microscopic examination. From these sec-
tions, representative areas with longitudinally aligned
myofibers from the subendomyocardium, midwall,
and the subepimyocardium were identified, the tissue
blocks trimmed, and ultrathin sections cut for exami-
nation by transmission electron microscopy. Six grids
from each heart (two endomyocardial, two midmyo-
cardial, and two epimyocardial) were examined, and
four prints from each grid were processed. Sarcomere
lengths were measured from these prints using a
Graf/pen sonic digitizing system interfaced with a
Hewlett-Packard 9825A computer.

Coronary Flow Assessment

Qualitative assessment of coronary flow distribu-
tion was evaluated with aortic infusions of latex (Mi-
crofil). A constant pressure (100 mm Hg) system was

AJP * October 1987



MORPHOLOGY OF ISCHEMIA CONTRACTURE 155

used to infuse the Microfil into the aortic cannula in
order to assure reproducible controlled injections.
The hearts were then immersion-fixed in 10% buf-
fered formalin and cut into six equal transverse slices.
These slices were photographed, and each slice was
weighed. Microfil delineated the areas of flow within
the myocardium. By using a Graf/pen sonic digitizing
system and knowing the weight ofeach tissue section,
we were able to trace photographs of heart slices and
quantitate the percent of myocardium that was not
reperfused. Transmural left ventricular tissue sections
were embedded in plastic, cut at 1 ,u, and examined by
light microscopy. In these sections the coronary ar-
teries retained the Microfil injectate, and the morpho-
logic characteristics ofthe myocardium as well as the
vasculature were assessed. Other sections from these
Microfil-infused hearts were cleared in alcohol-
methyl salicylate and examined with a dissecting mi-
croscope using trans- and epiillumination. With these
specimens we were able to characterize the vascular
morphology, especially at the flow/no-reflow border
zone.

Quantitation ofcoronary flow was performed with
1 5-,u radioactive tracer microspheres (46Sc, 51Cr,
'41Ce, 85Sr).17 Microspheres were diluted such that a
0.2-ml injectant given to each heart contained ap-
proximately 80,000-100,000 microspheres. The
small volume of injectant and the number of micros-
pheres did not affect heart function or coronary flow.
Microspheres were sonicated for 3 minutes and then
mixed with a vortex mixer for 1 minute prior to injec-
tion into the aortic cannula. During the injection,
coronary flow was measured as a reference flow by
timed collections ofcoronary effluent. The number of
microspheres in the effluent was assessed for determi-
nation of the number of microspheres that did not
remain in the tissue (less than 5%) and for testing
aortic valve competence. At the completion of the
experiments, the total counts for each isotope were
determined for each heart. The total counts per heart
and the reference flow rate during each microsphere
injection were used for calculation of regional coro-
nary flow. Hearts were sliced into six equal transverse
sections, and each slice was divided into endomyo-
cardial, midmyocardial, and epimyocardial regions.
These regional samples were counted in an LKB
CompuGamma counter (Model 1282-002) and were
then desiccated. Coronary flow calculations were
done using dry tissue weights which were then con-
verted to milliliters per minute per gram wet weight,
with the assumption that the tissue contained 80%
water. Coronary flow in the different regions was ex-
pressed as absolute flow or as a ratio ofendomyocar-
dial flow/epimyocardial flow.

Data Analysis

All data are expressed as mean ± the standard error
of the mean (SEM) except where otherwise noted.
Statistical evaluation among groups was done by one-
way analysis of variance, and when F values were
significant at a 95% confidence limit, group means
were evaluated by means ofthe Tukey-Kramer multi-
ple range test. In the tables and figures, letters have
been used to denote statistical relationships between
groups. Groups sharing the same letter designations
are not statistically different; those with dissimilar let-
ter designations are significantly different.

Results

Ultrastructural Morphology

Figure 1 is a representative LV pressure tracing ofa
typical experiment. Initially, the LV balloon volume
was adjusted such that each heart produced 60 mm
Hg developed pressure. After the equilibration pe-
riod, the perfusate was switched to oxygenated high-
potassium buffer (Figure 1, potassium arrest). The LV
pressure after potassium arrest was not zero, but
ranged from 2 to 6 mm Hg, because of hydrostatic
pressure in the coronary vasculature produced by the
perfusate (100 mm Hg perfusion pressure). After 5
minutes all flow to the heart was stopped (Figure 1,
"Ischemia"), and LV pressure dropped to zero. After
a given period ofischemia, the LV pressure gradually
began to increase as the heart developed ischemic
contracture. Maximum contracture was attained in
3-4 minutes, after which the LV pressure gradually
declined, indicating slight relaxation ofthe contracted
heart. Five minutes after the onset of contracture the
hearts were reperfused (Figure 1, reperfuse). The
heart demonstrated in Figure 1 was reperfused with
oxygenated normokalemic buffer. Immediately after
reperfusion the hearts began to contract, and the end
diastolic pressure decreased to levels below the LV
pressure seen after contracture. Approximately 1
minute after reperfusion, end diastolic pressure began
to increase and LV developed pressure decreased.
Thus, initially after reperfusion the hearts relax and
LV function returns; however, within 1-2 minutes of
reperfusion LV function is markedly depressed.
Often, as is demonstrated in Figure 1, the LV end
diastolic pressure after ischemic contracture and re-
perfusion was higher than the LV pressure at peak
contracture, suggesting severe myocardial damage
and loss of compliance. After 30 minutes of reperfu-
sion, LV developed pressure was improved, but end
diastolic pressure was still elevated (Figure 1, R).
Nonischemic isolated perfused SD hearts perfu-
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Figure 1-LV pressure tracing of a typical experiment. After potassium arrest, control nonischemic hearts (N) were studied. Experimental hearts were made
ischemic and were studied during ischemic contracture (C) or 5 minutes after peak contracture (PC). Remaining hearts were perfused and studied after 30
minutes of reperfusion (R).

sion-fixed after 15 minutes of buffer perfusion and 5
minutes of potassium arrest (Table 1, Group N) had
uniform sarcomere lengths across the wall, and tissue
morphology was normal (Table 1 and Figure 2).
Subendomyocardial sarcomere lengths of hearts per-
fusion-fixed during the onset ofischemic contracture
(Table 1, Group C) were significantly shorter than
control and were shortened, compared with the mid-
wall and subepimyocardial regions ofthe same hearts
(Table 1). Subendomyocardial tissue had few glyco-
gen granules, the mitochondria were mildly swollen,
with loss of matrix granules, and the myocyte nuclei
demonstrated central chromatolysis with peripheral
clumping of chromatin (Figure 3). There was, how-
ever, no evidence of irreversible ischemic injury. The
midwall and subepimyocardium had similar qualita-
tive morphologic changes indicative of ischemic in-
jury, though of much lesser severity. The sarcomere

lengths of the midmyocardium tended to be shorter
than in control hearts or in the epimyocardium ofthe
same heart, but these values did not reach statistical
significance.

Five minutes after the onset of ischemic contrac-
ture (Table 1, Group PC) the intraluminal left ventric-
ular pressure was slightly decreased, compared with
that at the peak of contracture, but the pressure was

Table 1 -Regional Sarcomere Lengths

Group

Normal perfusion
(N, n = 4)

Contracture
(C, n = 6)

Postcontracture
(PC, n = 5)

30-minute reperfusion
(R, n = 5)

LV endo LV mid

1.80
± 0.013

1.39*
± 0.019

2.01 *

± 0.019
1.25*

± 0.036

1.86
± 0.011

1.77
± 0.044

1.32*
± 0.028

Contraction
bands

Sarcomere lengths in microns, mean ± SEM.
*P < 0.05, compared with the normal perfusion group.

still significantly elevated, compared with precon-
tracture LV pressure. This suggests that after peak
contracture there is slight relaxation of the myocar-
dium. Subendomyocardial sarcomeres demonstrate
this relaxation and were significantly longer than in
nonischemic hearts (Table 1). In the subendomyocar-
dium mitochondrial swelling was evident, the sarco-
tubular system was dilated, and there was increased
intracellular space indicative of intracellular edema
(Figure 4). Significant shortening of sarcomeres was
observed in the midmyocardium (Figure 5). Mito-
chondrial and nuclear changes consistent with ische-
mia were also evident. Qualitative morphologic
changes consistent with ischemia were also noted in
the subepimyocardial region, but sarcomere lengths
were no different from control (Table 1). Despite the
marked increase in intraluminal left ventricular pres-
sure and the severe shortening of sarcomeres in the
midwall region, no contraction bands were observed.

Significant morphologic changes occurred with re-
perfusion after ischemic contracture. Sarcomere
lengths in the subendomyocardium were shortened
after reperfusion, compared with control (Table 1).
Electron micrographs taken from this region demon-
strated marked heterogeneity of morphologic
changes. In many regions, myocytes were stretched
with expanded I bands and dense accumulations in
the I bands suggestive ofN bands (Figure 6). In other
sections within the subendomyocardium, near the
midwall region, the sarcomeres were markedly short-
ened (Figure 7). This heterogeneity of sarcomere
lengths often occurred in adjacent cells and ac-
counted for the increased standard error in measure-
ments of sarcomere length (Table 1, "LV endo,"
"R"). The midwall region was characterized by
marked contraction band change (Figure 8). In this
region, myocytes contained dense accumulations of
myofibrillar material and large areas of disrupted
mitochondria with no myofilaments (Figure 9). Mi-
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Figure 2-Electron micrograph of control nonischemic tissue from heart in Group N. Normal appearance of myofibrils, mitochondria with normal matrix
granules, and abundant glycogen granules. (Xl 0,540)

Figure 3-Electron micrograph of subendomyocardium of heart fixed during ischemic contracture (C). Note contracted sarcomeres with loss of bands, some
swollen mitochondria (arrows), central clearing with margination of chromatin within the nucleus. (X4560)
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Figure 4-Subendomyocardial region taken 5 minutes after ischemic contracture (PC). Sarcomeres are relaxed as evidenced by the prominent I bands,
mitochondria are markedly swollen, and there is evidence of intracellular edema. (X5480)

Figure 5-Midmyocardial section taken 5 minutes after ischemic contracture (PC). In this region there is significant shortening of sarcomeres, swelling of
mitochondria, and margination of nuclear chromatin, consistent with ischemic injury. (X4260)
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Figure 6-Electron micrograph of myocyte from subendomyocardium after
ischemic contracture and 30 minutes of reperfusion (R). Sarcomeres are
stretched, with evidence of N line formation (arrows) in some bands.
(Xl 0,460)

tochondrial, sarcotubular, and sarcolemmal mem-
branes were also disrupted throughout this region.
Endothelial cells in this region had significant cyto-
plasmic blebbing (Figure 10). Occasional myocytes in
the subepimyocardium exhibited mild dilation ofthe
sarcoplasmic reticulum and evidence of intracellular
edema, but were otherwise normal in appearance.
Thus, after ischemic contracture and 30 minutes of
reperfusion the subepimyocardium has very little evi-
dence of ischemic damage. The midwall region con-
tains a zone of contraction band change (approxi-
mately 20-30 cells wide) that comprises the
flow/no-reflow border. The subendomyocardium is
not reperfused, the cells are swollen and demonstrate
a heterogeneous pattern of cell injury, and no con-
traction bands are present within this region.

Regional Coronary Flow

The distribution of coronary flow was assessed
quantitatively by means of radioactive tracer micro-

Figure 7-Midwall region from Group R. Adjacent myocytes demonstrate marked heterogeneity of structure. Sarcomeres are contracted in some cells (left),
while in adjacent cells sarcomeres are stretched (right). (X6240)
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Figure 8-Light-microscopic view of the LV midwall region after ischemic
contracture and reperfusion. Note severe contraction band formation,
disruption of cellular architecture, and intra- and extracellular edema. (X425)

AJP * October 1987

spheres, and the regional flow distribution was char-
acterized by vascular injection of Microfil. Regional
myocardial blood flow in the nonischemic isolated
perfused rat heart was equally distributed throughout
the heart with a slight, but statistically insignificant,
increase in subendomyocardial flow relative to the
subepimyocardium (Table 2).

Microfil injection of the nonischemic perfused
heart resulted in transmural vascular filling (Figure
11). In contrast, reperfusion with normokalemic
buffer after ischemic contracture resulted in a well-
defined subendomyocardial no-reflow zone (Figure
12). Examination of heart slices cleared in methyl
salicylate demonstrated vascular filling in the epi-
myocardium with a sharp line of demarcation at the
flow/no-reflow border. At this interface, capillaries
and small vessels did not fill; however, several large-
caliber vessels did penetrate further into the no-reflow
zone than the smaller vessels (Figure 13). Microscopi-
cally, there was a well-defined area of contraction
band change at the flow/no-reflow border (Figure 14).
This area of contraction band change did not extend

''s''v'2,'':'a'',# yor'
Figure 9-Contraction band change in myocyte from midwall region of Group R. Hypercontraction(condensation) of myofibrillar material (arrows) with marked
disruption of cellular architecture. (Xl 0,260)
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Figure 10-Myocytes and blood vessels in the midwall region of Group R
demonstrate severe ischemic damage. Endothelial cells exhibit severe cyto-
plasmic blebbing within the vessel lumen (arrows). (X5250)

into the nonreperfused subendomyocardial region.
Regional blood flow assessed with microspheres also
demonstrated a marked decrease in subendomyocar-
dial flow (Table 2). After ischemic contracture and 30
minutes of reperfusion the coronary flow to the right
ventricle and the LV epimyocardium was mildly de-
creased, compared with control flows. Coronary flow
to the LV subendomyocardium was markedly de-
creased, but was not zero. Evaluation of Microfil-in-
fused hearts suggests that subendomyocardial flow is
zero, because no dye is visible grossly or microscopi-
cally in the subendomyocardial region (Figure 12).
However, regional coronary flow assessed with mi-
crospheres demonstrates low coronary flow in the
subendomyocardium. In fact, this low flow in the

Table 2-Regional Coronary Flow

Group

Normal perfusion
(N, n = 6)

45-second reperfusion
(n =5)

High K+ reperfusion
(n = 7)

30 min reperfusion
(R, n = 6)

RV LV endo

16.02
± 0.682
14.23
± 0.996
16.65
± 1.340
13.77
± 0.946

18.03
± 1.356
15.16
± 1.044
14.87
± 1.961

4.66*
± 0.327

LV epi Endo/Epi

16.77
± 0.935
16.27
± 1.685
15.46
± 1.657
12.73
± 1.328

1.08
± 0.062

0.93
± 0.074

0.96
± 0.087

0.37*
± 0.046

Flows expressed as milliliters per minute per gram wet weight.
*P < 0.001, compared with the normal perfusion group.

EPI END
Figure 11A-Transverse sections of control nonischemic SD rat heart in-
fused with white Microfil (Group N). Note transmural distribution of Micro-
fil. B-Low-power photomicrograph of a plastic-embedded 1-p trans-
mural section of heart from A. Note transmural patency of the vasculature.
Epi, epimyocardium; endo, endomyocardium. (X15)

subendomyocardium calculated from microsphere
data may be due to small focal areas ofreflow into the
subendocardial region. As can be seen in Figure 12A
and in Figure 13, the anterior papillary muscle con-
tains Microfil dye, even though the remainder of the
subendocardium is devoid of dye. This small area of
reperfusion into the anterior papillary muscle was
present in all hearts that were examined. The cause of
this small area of reflow is not known, but we suspect
that a large-caliber vessel must supply this region and
must remain partially patent even after ischemic con-
tracture and reperfusion. Because, for microsphere
evaluation of blood flow, this small region of reper-
fused myocardium is pooled with the remaining su-
bendomyocardial tissue, which is not reperfused; the
result is a low mean total subendomyocardial flow.

In order to evaluate the temporal changes in flow
after ischemic contracture with reperfusion, we in-
jected microspheres 45 seconds after the initiation of
reflow. This time point was chosen because, as noted
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Figure 12A-Transverse sections of hearts infused with white Microfil after
ischemic contracture and 30 minutes of reperfusion (Group R). A distinct
region of subendocardial no-reflow is delineated by Microfil injection. B
-Photomicrograph of a plastic-embedded 1 -u transmural section from the
heart in A. Microfil fills coronary vasculature in the epicardial region (arrow),
but the subendomyocardium is devoid of dye. (X20)

earlier, during the first minute ofreperfusion the con-
tracted heart relaxes and beats spontaneously, which
suggests that initially cardiac function is not severely
compromised. At this early time point (after 45 sec-
onds ofreperfusion) coronary flow was transmural, as
evidenced by an endomyocardial/epimyocardial flow
ratio of 0.93 ± 0.074 (Table 2). Microfil injection at
this time point also demonstrated transmural flow.
Microscopically, the myocytes in the subendomyo-
cardium and midmyocardium were somewhat swol-
len; however, only rare contraction bands were seen
adjacent to blood vessels in the midwall. Therefore,
during early reperfusion, the hearts relaxed, myocytes
were not irreversibly injured, contraction band
change was only rarely seen, and reperfusion was
transmural.
To determine whether reflow alone was able to

cause contraction band formation, we perfused hearts
subjected to ischemic contracture with oxygenated
high-potassium buffer to eliminate electromechani-
cal activity. The high-potassium buffer prevented

spontaneous beating and caused moderate relaxation
as demonstrated by a mild drop (approximately 5 mm
Hg) in left ventricular pressure. High-potassium
buffer reperfusion also prevented the development of
contraction bands. After 5 minutes ofhigh-potassium
buffer perfusion, coronary flow was transmural with
an endomyocardial to epimyocardial flow ratio of
0.96 ± 0.087 (Table 2). Microfil infusion was also
transmural, myocyte morphology was near normal,
and no contraction bands were present in myocytes
from any region. In anothergroup ofhearts subjected
to ischemic contracture, 5 minutes of high-potas-
sium reperfusion was followed by 25 minutes of nor-
mokalemic buffer perfusion. Microfil injection in
these hearts was not transmural, and there was a dis-
tinct area of subendomyocardial no-reflow. A large
area of contraction band change was present in the
midwall region including the flow/no-reflow border
area. This zone ofcontraction band changewas signif-
icantly broader than the typical contraction band
zone at the flow/no-reflow border in hearts reperfused
with normokalemic buffer (Group R). High-potas-
sium buffer reperfusion after ischemic contracture
prevented contraction band formation and allowed
transmural perfusion. However, when the perfusate
was switched back to normokalemic buffer, contrac-
tion band change and subendomyocardial no-reflow
did develop.
The ischemia induced changes in sarcomere length,

and morphologic features of ischemic injury pro-
gressed from the endomyocardium to the epicardium
with increasing ischemic time. In addition, with in-
creasing ischemic time the amount of myocardium

EPI1

Figure 13-Transmural slice of heart from Figure 12A cleared in alcohol-
methyl salicylate and viewed with trans- and epiillumination. In the epicardial
region (EPI) all vessels, including capillaries, are filled. At the flow/no-reflow
border (arrow) only large caliber vessels are filled (arrowheads). These Mi-
crofil-filled vessels penetrate into the no-reflow zone but eventually lose their
patency as they enter the endocardial region (ENDO).
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Figure 14-Photomicrograph of a plastic-embeddea tissue section of a Microfil intused neart from Group R. The vasculature is filled with Microfil (curvedarrows)
in the epicardial region (top), but little vascular filling is present beyond the dense band of contraction band change (arrows) present at the flow/no-reflow border.
(X125)

that was not reperfused (no-reflow zone), increased.
Reperfusion initiated at the peak ofischemic contrac-
ture resulted in a no-reflow zone that encompassed
25.6% ± 1.8% ofthe left ventricle. When reperfusion
was initiated 15 minutes after contracture the suben-
domyocardial no-reflow zone was increased in size,
involving 36.30/o ± 2.6% (P < 0.05) ofthe left ventri-
cle.
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Figure 15-Time to ischemic contracture. Length of ischemic time (in min-
utes) before the onset of LV pressure rise due to contracture. Letters in
parentheses designate multiple range test grouping, P < 0.05.

Ischemic Contracture in the Hypertrophied
Myocardium

The time to development of ischemic contracture
was evaluated in 1-year-old spontaneously hyperten-
sive rats and in normotensive WKY rats. The time till
onset of contracture was significantly shorter in
SHRs, compared with WKY (Figure 15). Compared
with untreated SHRs, the time to ischemic contrac-
ture was significantly longer in SHRs treated with
hydralazine for 12 weeks, but it was not as long as for
WKY. In SHR + HYD rats, blood pressure was nor-
malized (128 ± 9.4 mm Hg versus 198 ± 14.2 mm
Hg for untreated SHRs; WKY = 116 + 7.2,
WKY + HYD = 109 ± 8.4). However, the heart
weight to body weight ratio was not significantly dif-
ferent from untreated SHRs (SHR + HYD 4.18 +
0.086 versus SHR 4.31 ± .095), but was greater than
that for WKY (3.18 ± 0.092) and WKY +HYD
(3.23 ± 0.106) rats. Thus, SHR + HYD rats were
normotensive for 12 weeks prior to study, but cardiac
hypertrophy did not regress. In all groups there was an
area of subendomyocardial no-reflow after ischemic
contracture and reperfusion. The microscopic char-
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acteristics ofthe hypertrophied hearts were similar to
those of the nonhypertrophied WKY and SD hearts.

Discussion

The significant findings in this study are that with
global ischemia in the potassium-arrested rat heart,
there appears to be a transmural progression ofische-
mic damage starting in the endomyocardium and ex-
tending, with time, epicardially. This transmural pro-
gression occurs in the absence of differences in
regional coronary flow and wall tension in the endo-
myocardium, compared with the epimyocardium.
Hypertrophied hearts appear to be more sensitive to
global ischemia than normal hearts, again in the ab-
sence ofany difference in functional activity between
hypertrophied and control hearts. In addition, the de-
velopment of contraction band change occurs only
after reperfusion and appears to be related to the de-
velopment of no-reflow.
The increased sensitivity of the endomyocardium

to ischemic damage has been well known for many
years. Studies of acute myocardial infarction in dogs
have shown that there is a wavefront of ischemic ne-
crosis that begins in the endomyocardium and pro-
gresses toward the epimyocardium.'8 It has been sug-
gested that this transmural progression of ischemic
change may be caused by decreased coronary flow
and/or increased wall tension in the endomyocar-
dium, compared with the epimyocardium.'8-20 In a
recent study, Lowe et al suggested that the transmural
progression ofischemic damage may be due to inher-
ent differences between the endomyocardium and the
epimyocardium, irrespective ofcoronary flow or wall
tension.20 In their study, slabs of left ventricle were
excised and incubated in vitro at 37 C. With this prep-
aration, coronary flow and wall tension were both
zero; however, ischemic contracture and decreases in
ATP levels occurred first in the endomyocardium.
Other studies have also demonstrated heterogeneity
of metabolic activity between various regions of the
heart, including mitochondrial respiratory activity,
glycolytic enzyme activity, and metabolite levels.2125
Recent studies have also demonstrated increased
levels of V3 myosin isoenzyme in the endomyocar-
dium versus the epimyocardium of the rabbit, again
suggesting underlying metabolic differences across
the wall of the heart 26

In our studies using the isolated perfused rat heart
exposed to global ischemia, we were able to control
wall tension and collateral coronary flow during is-
chemia. All hearts were potassium-arrested for 5 min-
utes prior to cessation of coronary flow. Because the
hearts were potassium-arrested, they were not per-

forming any work and wall tension was zero. Thus,
differences in functional activity prior to the onset of
global ischemia were prevented. With this model, any
differences in response to ischemia would be expected
to be due to inherent differences in metabolic activity
between different regions of the heart. This is espe-
cially important in comparisons between normal and
hypertrophied hearts, because functional activity and
high-energy phosphate stores have been shown to be
different in hypertrophied hearts as compared with
normal hearts performing work.9 Global ischemia
was achieved by occlusion of the aortic cannula, re-
sulting in complete cessation of coronary flow. Re-
gional differences in collateral flow were not present
in this model. Despite these various factors, which
made the ischemic conditions identical in the endo-
myocardium and the epimyocardium, we noted sig-
nificant transmural differences in the severity and
time course ofischemic change. Our studies show that
the endomyocardium develops ischemic contracture
first, followed by the midwall. After peak contracture
the subendomyocardial cells relaxed slightly. This
corresponds to the slight decrease in LV pressure
noted after peak contracture (Figure 1). The mecha-
nisms responsible for this relaxation are unknown;
however, the sheer stresses placed on the subendo-
myocardial myocytes during the transmural progres-
sion of contracture may play a role. Our findings ofa
transmural progression of ischemic injury in the iso-
lated perfused rat heart model are consistent with
studies by Lowe et al using isolated dog myocar-
dium.20 In addition, Edoute et a127 have also shown a
transmural progression of ischemic injury and ATP
decline in the isolated working rat heart. In their stud-
ies morphologic evidence ofischemic injury occurred
first in the subendomyocardium, progressed to the
midwall, and with time affected the epimyocardium.
With reperfusion, the subepimyocardium showed al-
most complete morphologic recovery; regression of
ultrastructural ischemic changes occurred to a lesser
extent in the subendomyocardium.27

In our study, the time to development of ischemic
contracture in hypertrophied rat hearts was de-
creased, compared with age-matched nonhypertro-
phied hearts. This is consistent with previous studies
that demonstrated an enhanced sensitivity to ische-
mia in the hypertrophied heart. 10,28-30 In patients and
experimental animals with left ventricular hyper-
trophy, ATP levels are lower in the hypertrophied
myocardium; the ATP levels in the endomyocardium
were decreased, compared with the epimyocar-
dium.30'3' In hypertrophied hearts ischemic contrac-
ture also developed sooner. These findings suggest
that the decrease in ATP may occur sooner in the
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hypertrophied myocardium, compared with the nor-
mal heart, resulting in a decreased time to develop-
ment of ischemic contracture. To test this, Peyton et
al9'32 arrested isolated perfused rat hearts with oxy-
genated high-potassium buffer before the initiation of
global ischemia. This preischemic arrest caused the
ATP levels in the hypertrophied hearts to increase, up
to the level of nonhypertrophied control hearts. Even
when initial ATP levels were identical, the hypertro-
phied hearts still developed ischemic contracture
sooner than nonhypertrophied hearts. These findings
suggest differences in metabolic rates and an in-
creased susceptibility to ischemia in hypertrophied
hearts.9'31'32 Recent studies by Neeley et at33 suggest
that ATP levels may not be the only factor responsible
for ischemic damage to the myocardium. In their
studies using isolated perfused rat hearts, the extent of
ischemic damage did not correlate with ATP levels,
and recovery of function was inversely related to tis-
sue lactate content. These authors suggest that accu-
mulation of byproducts of anaerobic glycolytic me-
tabolism (lactate, hydrogen ion, NADH) rather than
loss oftissue adenine nucleotides may be important in
the pathogenesis of myocardial ischemic damage.33

In our studies, ATP levels were not measured.
However, all hearts were potassium-arrested for 5
minutes before the onset of ischemia. As demon-
strated by Peyton et al,9 this preischemic arrest should
have caused the ATP in the hypertrophied hearts to
increase up to control levels. Under these conditions,
the hypertrophied hearts in our study still developed
ischemic contracture earlier than nonhypertrophied
hearts. This suggests that there are inherent metabolic
differences between normal and hypertrophied hearts
which make the hypertrophied heart more susceptible
to ischemic injury.
Of interest is the difference in time to ischemic

contracture between the hydralazine-treated SHR
and the untreated SHRs. In SHR + HYD rats the
blood pressure was reduced to normotensive levels for
12 weeks; however, cardiac hypertrophy did not re-
gress. In these animals, despite cardiac hypertrophy
equal to that ofthe untreated SHRs, the time to ische-
mic contracture was increased to near the time to
ischemic contracture of nonhypertrophied hearts.
This suggests that relief of the stress imposed on the
myocardium by hypertension may alter the way the
hypertrophied heart responds to ischemia. Several in-
vestigators have shown that pressure overload hyper-
trophy causes modifications in the myosin isoenzyme
patterns.34-36 One-year-old SHRs have increased
levels of V3 myosin isozyme, as do other models of
pressure overload hypertrophy.37'38 The V3 myosin
isozyme is associated with a slower than normal rate

ofcontraction and a decreased rate ofATP hydrolysis.
Scheuer et al39 have shown that the changes in myosin
isozyme pattern in hypertrophied hearts can be modi-
fied by exercise and other factors. The SHRs used in
this current study would be expected to have in-
creased levels of V3 myosin isoenzyme, as has been
previously reported for SHRs.37'38 In a recent report
by Nagano et al,40 SHRs treated with hydralazine ex-
perienced a shift in myosin isozyme pattern with a
decrease in V3 isozyme and an increase in Vt. This
pattern more closely resembles the isozyme pattern in
hearts of normotensive WKY rats. These shifts in
myosin isozyme patterns, as well as the expected
modifications in other metabolic pathways in the hy-
dralazine-treated normotensive SHRs, may be re-
sponsible for the partial normalization in time to is-
chemic contracture seen in SHR + HYD rats.

Because our hearts were potassium-arrested prior
to ischemia, the rates of myosin ATPase activity
would not be important during ischemic arrest. How-
ever, because there are obvious differences in ATPase
activity, differences in other metabolic pathways may
also be seen in hypertrophied hearts. These differ-
ences may be responsible for the increased suscepti-
bility of the hypertrophied heart to ischemic insult.
Additional factors, other than myosin isoenzyme pat-
tern shifts, may be responsible for the improvement in
response to ischemia in SHR + HYD rats. Although
not addressed in this study, decreased wall tension
due to decreased afterload may have caused modifica-
tions in other metabolic pathways that could cause an
improvement in response to ischemia.

No-Reflow Phenomenon

Reperfusion after ischemic contracture results in
the development of areas of no-reflow in normal and
hypertrophied hearts. This no-reflow phenomenon
has been observed in infarcted myocardial tissue in
vivo and in some cases has been attributed to throm-
botic occlusion of vessels.4' However, no-reflow also
occurs in buffer-perfused hearts in which thrombotic
occlusion of vessels cannot occur. In the isolated rat
heart, no-reflow has been attributed to increased in-
tramyocardial pressure or edema compressing the
coronary vasculature, increased coronary resistance,
or damage to the coronary vasculature.'1-14
Humphrey et al'2 and Gavin et a142 have suggested
that intramyocardial pressure compressing the coro-
nary vessels may be the most important factor causing
no-reflow. In their studies, hearts were subjected to
ischemic contracture with reperfusion and were then
infused with methacrylate resin, which was allowed to
harden, forming casts ofthe coronary vessels. Exami-
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nation of these casts revealed that only the larger ves-
sels penetrated part of the way into the no-reflow
zone, and that the depth of penetration was propor-
tional to the caliber of the vessel.'2'42 Larger vessels
with thicker walls and increased intraluminal pres-
sure were able to penetrate deeper into the no-reflow
zone. This suggests that external compressive forces
may be responsible for the constriction ofthe smaller
coronary vessels.42 Further studies, in which the re-
perfusion pressure was increased, demonstrated that
areas of no-reflow could be decreased or prevented if
the vascular reperfusion pressure was increased in
order to offset the compressive forces.43

In our studies, discrete areas of no-reflow were evi-
dent after ischemic contracture and reperfusion. Use
of radioactive microspheres allowed us to quantitate
regional coronary flow, and stereologic evaluation of
Microfil-treated heart slices allowed us to quantitate
the areas of no-reflow. Microscopic evaluation ofMi-
crofil-infused heart tissue taken at the flow/no-reflow
border demonstrated extensive contraction band
change in the midwall region, with no contraction
bands in the endomyocardium or the epimyocar-
dium. It is possible that the zone ofcontraction bands
may cause the increased intramyocardial pressure
that compresses the coronary vessels, resulting in no-
reflow. We have seen that shortly after reperfusion,
coronary flow is transmural (Table 2, 45-second re-
perfusion) and contraction band change is not a sig-
nificant finding. This corresponds with the LV pres-
sure tracing (Figure 1), which demonstrates good
recovery of contractility and decreasing end diastolic
pressure during the first few minutes of reperfusion.
With time, however, contraction bands do form, and
a discrete area of subendomyocardial no-reflow de-
velops. If indeed contraction band formation is asso-
ciated with the development of areas of no-reflow,
then prevention of contraction band formation
should prevent the no-reflow phenomenon. In our
studies in which ischemic contracture was followed
by reperfusion with oxygenated high-potassium
buffer, contraction bands did not form and coronary
flow was transmural (Table 2, high-K+ reperfusion).
This lends further support to the theory that the for-
mation of contraction bands may be responsible for
the development of areas of no-reflow. However, we
cannot rule out other causes of no reflow. Micro-
scopic examination of tissue from the flow/no-reflow
border zone in all groups, including potassium-reper-
fused hearts, demonstrated endothelial cell damage,
including cytoplasmic blebbing. It is possible that the
milieu created during ischemia, which predisposes to
contraction band necrosis, may also cause vascular
damage that could cause spasm and vascular con-

striction upon reperfusion. However, the discrete
zone of contraction band change at the flow/no-re-
flow border in all hearts examined suggests an associa-
tion between contraction band formation and the de-
velopment of areas of no-reflow after ischemic
contracture.

In summary, these studies demonstrate that in
hearts subjected to total global ischemia, morphologic
changes indicative of ischemic injury first appear in
the subendomyocardium and progress, with time,
epicardially. With reperfusion, a zone of contraction
band change develops at the flow/no-reflow border
and appears to impede reperfusion. In addition, there
is an enhanced sensitivity to ischemia in the hypertro-
phied heart. The morphologic characteristics ofische-
mic injury in the hypertrophied heart are similar to
those seen in the normal heart, although the time
course is accelerated.
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