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Sherman, Andrew J., Francis J. Klocke, Robert S.
Decker, Marlene L. Decker, Karen A. Kozlowski, Kath-
leen R. Harris, Sascha Hedjbeli, Yuri Yaroshenko, Sakie
Nakamura, Michele A. Parker, Paul A. Checchia, and
Daniel B. Evans, Myofibrillar disruption in hypocontractile
myocardium showing perfusion-contraction matches and mis-
matches. Am J Physiol Heart Circ Physiol 280: H1320–
H1334, 2000.—Chronically instrumented dogs underwent 2-
or 5-h regional reductions in coronary flow that were followed,
respectively, by balanced reductions in myocardial contrac-
tion and O2 consumption (‘‘hibernation’’) and persistently
reduced contraction despite normal myocardial O2 consump-
tion (‘‘stunning’’). Previously unidentified myofibrillar disrup-
tion developed during flow reduction in both experimental
models and persisted throughout the duration of reperfusion
(2–24 h). Aberrant perinuclear aggregates that resembled
thick filaments and stained positively with a monoclonal
myosin antibody were present in 34 6 3.8% (SE) and 68 6
5.9% of ‘‘hibernating’’ and ‘‘stunned’’ subendocardial myocytes
in areas subjected to flow reduction and in 16 6 2.5% and
44 6 7.4% of subendocardial myocytes in remote areas of the
same ventricles. Areas of myofibrillar disruption also showed
glycogen accretion and unusual heterochromatin clumping
adjacent to the inner nuclear envelope. The degrees of flow
reduction employed were sufficient to reduce regional myofi-
brillar creatine kinase activity by 25–35%, but troponin I
degradation was not evident. The observed changes may
reflect an early, possibly reversible, phase of the myofibrillar
loss characteristic of hypocontractile myocardium in patients
undergoing revascularization.

myocardial hibernation; stunning; apoptosis; stress proteins;
myocardial ischemia

CONTINUING INTEREST in the characterization of viable,
reversibly hypocontractile myocardium as ‘‘hibernat-
ing’’ or ‘‘stunned’’ reflects the importance as well as the
difficulty in distinguishing between beneficial adapta-
tions and transient injurious responses to flow limita-
tion. The distinction has usually been made on the
basis of whether resting coronary flow (which is taken

as a surrogate for myocardial O2 consumption) is
normal or reduced. ‘‘Matched’’ reductions in resting
perfusion and function are thought to represent an
adaptation that reduces susceptibility to regional ische-
mia, whereas perfusion-function ‘‘mismatches’’are taken
to represent persistent myocardial injury following a
period of supply-to-demand imbalance.

Although the mechanisms underlying stunning and/or
hibernation remain unsettled, a reasonably consistent
pattern of structural abnormalities has been noted by
several laboratories (2, 13, 58) in myocardial biopsies
obtained from dysfunctional areas of the human left
ventricle during coronary bypass surgery. These changes
include a loss of myofibrils, the accumulation of glyco-
gen, and variable degrees of interstitial fibrosis and are
believed to represent chronic rather than acute re-
sponses to flow reduction.

Our laboratory (50) demonstrated that matched re-
versible reductions in systolic function and myocardial
O2 consumption meeting the criterion for hibernation
occur for brief periods after moderate 2-h regional
reductions in coronary flow in chronically instru-
mented dogs. More marked 5-h reductions in flow are
known to produce the perfusion-function mismatch,
which is typical of stunning (32). Using these contrast-
ing models, the present study was undertaken to
determine whether subcellular morphological changes
occur in either or both of these circumstances and, if so,
whether they are similar to those identified in patients.
From the known limitations of acute instrumentation
and open-chest preparations (25, 30, 56), studies were
again performed in chronically instrumented dogs. To
assist in placing morphological findings in context with
related studies from other laboratories, we also as-
sessed in situ DNA fragmentation, troponin I degrada-
tion, myofibrillar creatine kinase (CK) activity, and
mRNA levels for three myocardial stress proteins.

METHODS

Studies were conducted in mongrel dogs of both sexes using
procedures and protocols concordant with the ‘‘Guiding Prin-
ciples in the Care and Use of Animals’’ endorsed by the
American Physiological Society.
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Experimental Preparation

Twenty-nine dogs weighing 23–36 kg were instrumented
after an overnight fast and a 3-wk period of on-site condition-
ing. Details of the instrumentation procedure have been
published previously (50). A micromanometer (Konigsberg
Instruments P 6.5, Pasadena, CA) was inserted into the left
ventricular cavity through the ventricular apex. The proxi-
mal portion of the left circumflex (LCx, n 5 25) or anterior
descending (LAD, n 5 4) coronary artery was instrumented
with a volumetric transit time ultrasonic flow probe (model
3RB for LCx or model 2SB for LAD, Transonics, Ithaca, NY)
and a hydraulic occluder. A small plastic catheter was intro-
duced directly into the coronary sinus (LCx dogs) or the great
cardiac vein (LAD dogs). Ultrasonic crystal pairs were placed
in the central portions of the distributions of the LCx and
LAD beds for measurement of subendocardial segment length
or wall thickness. In 18 animals left atrial and aortic cath-
eters were also placed for fluorescent microsphere flow mea-
surements (17). Animals were allowed to recover for 7–10
days before being studied in the unanesthetized state.

Study Procedures

Animals were studied while lightly sedated with Innovar-
Vet (fentanyl 0.4 mg/ml and droperidol 20 mg/ml) and while
resting in a sling to which they had previously been accli-
mated. As described previously (50), hemodynamic and so-
nomicrometric data were monitored continuously in analog
(Vidco 516YT, Beaverton, OR) and digital (DataFlow, Crystal
Biotech, Hopkinton, MA) form. Average values for individual
parameters were calculated from digitized data sampled for
30–40 s at a rate of 180 Hz. Myocardial O2 consumption was
calculated as the product of LCx or LAD flow and the
arterial-venous difference in O2 content.

‘‘Hibernation’’ model. Twelve animals were studied using
sustained 2-h reductions in regional flow sufficient to cause
an ,50% reduction in regional systolic segment shortening or
wall thickening. To minimize variations in hemodynamics,
heart rate was maintained constant using atrial pacing (AAI
pacing). Partial coronary artery occlusions were applied
gradually by injecting saline into the hydraulic occluder in
increments of 2–10 µl over ,20 min until the desired level of
segmental function was reached. The partial occlusion was
then maintained for 2 h, with adjustment as needed to keep
segmental function at the desired level. Microsphere measure-
ments were performed before and near the midpoint of the
period of occlusion. Five animals were euthanized (without
reperfusion) at the end of the 2-h period of reduced flow. The
remaining seven animals underwent reperfusion for 2 h
before death. Euthanasia was performed with an overdose of
pentobarbital sodium and potassium chloride.

‘‘Stunning’’ model. Ten animals were studied using sus-
tained 5-h reductions in regional flow sufficient to reduce
regional segmental function by ,75%. AAI pacing and micro-
sphere measurements were performed as in the hibernating
model. Three animals were euthanized (without reperfusion)
at the completion of the 5-h period of reduced flow. The
remaining seven animals were observed in the laboratory for
,1 h following the onset of reperfusion and then were
returned to their cages. The following morning they were
brought to the laboratory for final measurements and eutha-
nasia.

Animals studied after recovery of function. In four dogs
euthanasia was delayed until regional segmental function
had returned to its baseline level on the day of flow reduction.
Three animals subjected to the stunning protocol were eutha-
nized after 2, 6, and 9 days of reperfusion, respectively. One

animal subjected to the hibernating protocol was euthanized
after 2 days of reperfusion.

Sham animals. Three instrumented animals were sedated
in the usual fashion and euthanized without any reductions
in coronary flow.

POSTMORTEM ANALYSES

The chest was opened immediately after the animal was
euthanized, and transmural biopsies (1 mm in diameter)
were obtained for electron microscopy from central portions of
the LCx and LAD areas of the left ventricle with the heart
still in situ. The heart was then removed and immersed in
iced saline for further processing. Tissue from central por-
tions of the LCx and LAD beds was subdivided into inner and
outer halves: ,0.5-g specimens from each area were used for
myofibril isolation, and 1–2 g inner wall segments were used
for microsphere analysis. Additional samples were taken for
frozen section preparation. The remainder was cut into small
pieces, frozen in liquid nitrogen, and stored at 280°C.

Electron microscopy and morphometric analyses. Samples
(1 3 2 mm) from subendocardial and subepicardial portions of
each biopsy were preserved in 2% glutaraldehyde buffered in
0.1 M sodium cacodylate buffer (pH 7.4) for 12–24 h at 4°C.
Specimens were postfixed and embedded in an epoxy resin as
previously described (11). Thick (0.5 µm) sections were stained
with 1% toluidine blue or the periodic acid-Schiff reagent
(PAS) and examined with a Leitz Orthoplan phase-contrast
microscope (Nuhsbaum, McHenry, IL). Thin (,50 nm) sec-
tions were stained with uranyl acetate and lead citrate and
viewed and photographed with a JOEL 100CX electron
microscope (JOEL, Peabody, MA).

All morphological observations were conducted in a double-
blind fashion. More than 5,000 myocytes were analyzed for
myofibril organization, glycogen content, mitochondrial dam-
age, and nuclear chromatin condensation. Myofibrillar
changes were evaluated using a semiquantitative scale (0 5
no myofibrillar abnormalities; 1 5 perinuclear myofibril
disruption; 2 5 myofibrillar disruption in perinuclear areas
and between adjacent myofibrils; 3 5 myofibrillar disruption
with reduced A-band length). Data for each experimental
paradigm were pooled to determine the percentage of myo-
cytes exhibiting myofibrillar disruption. For quantitative
assessment of myofibrillar organization, stereological prin-
ciples were employed to determine the volume densities of
intact myofibrils and disrupted myofibrils. From each experi-
ment, eight blocks of tissue were thin sectioned. Randomly
selected grid squares were photographed from each block,
and electron microscopic negatives were scanned and en-
larged to 10,000 times. Only cardiac myocytes were photo-
graphed; nuclei were included when present (72% of images).
Volume densities of intact myofibrils and disrupted myofibril-
lar arrays were calculated using a rectilinear grid (11) and
expressed as percentages of total myocyte volume density.

In 20 animals glycogen content also was evaluated semi-
quantitatively from PAS-stained sections, using a scale rang-
ing from 0 to 3 (0 5 diffuse perinuclear PAS-positive staining;
1 5 discrete perinuclear deposits of PAS-positive material;
2 5 bipolar perinuclear PAS-positive staining; 3 5 extensive
bipolar perinuclear and intermyofibrillar PAS-positive depos-
its).

Immunofluorescence microscopy. The distribution of myo-
sin was evaluated in frozen sections of myocardium obtained
from both models. Frozen sections (4–6 µm) were fixed in
freshly prepared 4% paraformaldehyde buffered in PBS (pH
7.4) 5 min at room temperature before being rinsed in PBS (3
changes for 30 min). After the sections were blocked with
normal goat serum (1:10 in PBS) overnight to minimize
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nonspecific adsorption of the primary antibody, sections were
incubated in a mouse monoclonal anti-myosin antibody [CCM-
52, 1:500 in PBS/1% BSA (10)] for 1 h at 37°C and washed at
room temperature in PBS (3 changes for 30 min). Sections
were then treated with a goat anti-mouse polyclonal antibody
(1:100 in PBS) labeled with fluorescein isothiocyanate to
visualize the thick filament protein by epifluorescence micros-
copy. Some sections also were examined with a Zeiss LSM 210
laser scanning confocal microscope so that myocytes could be
optically sectioned and reconstructed to gather a more com-
plete set of images of the distribution of myosin within
individual myocytes.

DNA fragmentation. In situ end labeling mediated by
terminal deoxynucleotidyl transferase (TdT) was assessed in
23 animals (ApopTag kit, Oncor, Gaithersburg, MD). Deparaf-
finized myocardial sections (6 µm) were treated with protein-
ase K (20 µg/ml) and exposed to TdT enzyme and digoxigenin-
labeled nucleotide (60 min at 37°C). After several washes,
they were incubated with fluorescein-conjugated anti-digoxi-
genin antibody and then mounted with antifade mounting
medium containing propidium iodide. In animals subjected to
flow reduction, specimens were taken from the test and
remote areas of the ventricle, and 1,000 myocyte nuclei were
counted in each. In sham animals, specimens were taken
from the LAD and LCx beds, and 2,000 myocyte nuclei were
counted in each. The number of ApopTag-positive nuclei was
expressed as percent positive.

Myofibril preparation and CK analysis. In 19 animals,
myofibrils were prepared from the myocardial samples by the
method of Solaro et al. (52). Protease inhibitors were present
throughout the isolation procedure (leupeptin, pepstatin, and
aprotinin, all 1 µg/ml). CK activity was determined using a
commercial CK assay kit (Sigma).

Immunoblotting for troponin I. Frozen tissue samples were
pulverized in a chilled mortar and pestle, suspended in
sample lysis buffer [0.2 M dithiothreitol, 4% SDS, 0.16 M
Tris ·HCl (pH 6.8) and 20% glycerol], boiled at 95°C for 5 min,
and centrifuged at 14,000 g for 5 min. Proteins were sepa-
rated by 15% SDS-PAGE and electrophoretically transferred
to a polyvinylidene fluoride membrane (Millipore) at 400 mA
for 60 min. Sample loading and transfer efficiency were
evaluated by Coomasie brilliant blue staining. The mem-
brane was blocked overnight in a solution of 0.15 M NaCl,
0.01 M Tris (pH 8.0) and 0.05% Tween 20 (TBST) and 3%
nonfat dairy milk and then incubated for 1 h with an
anti-troponin I monoclonal antibody (Clone 110, Research
Diagnostics). An anti-mouse IgG conjugated to horseradish
peroxidase was used as a secondary antibody. Specific bands
were visualized by autoradiography following incubation
with a chemiluminescent substrate (Pierce). Quantification
was performed with an imaging densitometer (model GS-700,
Bio-Rad, Hercules, CA).

Test and remote area tissues from 9 hibernating animals (3
of which were nonreperfused), 10 stunned animals (3 non-
reperfused), and 1 sham animal were studied. For the tropo-
nin I band (31 kDa), the response between densitometric
signal and amount of protein loaded was linear to ,0.8
µg/lane.

mRNA levels. Total RNA was isolated from frozen inner
wall myocardial samples after homogenization in acid guani-
dinium thiocyanate-phenol-chloroform (TRIzol, Life Technolo-
gies) in 12 animals. After Northern blotting, mRNA levels
were quantified by dot-blot analysis. Heat shock protein
(HSP)-70 cDNA was a gift from R. Morimoto (Northwestern
University). Plasmid cDNAs for HSP-27 and a-B-crystallin
were purchased commercially (Stressgen and American Type
Culture Collection, respectively). A 28S cDNA probe provided

by H. W. Schnaper (Northwestern University) was used for
internal control and normalization.

Data Analysis

Results are presented as means 6 SE. Serial hemodynamic
values were assessed using paired t-tests and one-wayANOVA.
The frequencies of myofibrillar disruption in myocardium
subjected to flow reduction (‘‘test’’ areas) and myocardium
from normally perfused areas of the free wall of the same
ventricle (‘‘remote’’ areas) were analyzed in hibernating and
stunned animals using three-factor ANOVA with repeated
measures for a single factor (test vs. remote). Paired t-tests
were used to compare values of glycogen score and DNA
fragmentation in test and remote areas of each ventricle.
Values for CK activity and mRNA levels in test areas were
expressed as ratios of values in corresponding remote areas;
95% confidence limits that did not include unity were taken
as statistically significant.

RESULTS

Hemodynamics

Baseline values for arterial pH, PCO2, PO2, O2 satura-
tion, and hemoglobin averaged 7.36 6 0.01, 38 6 0.7
mmHg, 89 6 1.7 mmHg, 96 6 1.0%, and 11.7 6 0.3 g/dl,
respectively. Values for coronary venous pH, PCO2, PO2,
and O2 saturation averaged 7.32 6 0.01, 46 6 1.0
mmHg, 17 6 0.7 mmHg, and 19 6 1.4%.

Hemodynamic and O2 consumption data in hibernat-
ing animals undergoing flow reduction and reperfusion
are presented in Table 1. During partial occlusion,
regional systolic function (segment shortening or wall
thickening) averaged 50 6 2% of preocclusion values.
Reductions in function were similar in animals eutha-
nized without reperfusion (51 6 3% of baseline). Inner
wall microsphere flows averaged 54 6 4% of preocclu-
sion values. After the onset of reperfusion, regional
function and myocardial O2 consumption stabilized at
80 6 4% [95% confidence interval (CI) 71–89%] and
85 6 4% (95% CI 75–95%) of preocclusion values.

Hemodynamic and O2 consumption data in stunned
animals are shown in Table 2. During partial occlusion,

Table 1. Hemodynamic and O2 consumption
data in ‘‘hibernating’’ animals

Baseline
Reperfusion

(2 h)

Mean Ao pressure, mmHg 8762.9 8963.0
Peak Ao pressure, mmHg 10363.4 10163.6
Heart rate, beats/min 11761.7 11961.9
LV dP/dt, mmHg/s 1,871682 1,879665
Double product3103, mmHg·

beats ·min21 11.960.38 12.160.43
Seg. fx., %

Test area 14.562.7 11.461.9*
Remote area 20.263.5 20.763.0

Test area flow, ml/min 3664.1 3162.8
(A2V)O2, ml/100 ml 11.560.4 11.160.5
MV̇O2, ml/min 4.1360.6 3.4660.48*

Values are means 6 SE. Ao, aortic; LV, left ventricular; dP/dt,
pressure change over time; Seg. fx., segmental function (systolic
segment shortening or wall thickening); (A2V)O2, arterial-venous
O2 difference; MV̇O2, myocardial oxygen consumption. *P # 0.05 vs.
baseline.
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regional systolic function was reduced to 21 6 8% of
control in animals undergoing reperfusion and to 25–
35% of control in animals euthanized without reperfu-
sion. Microsphere flows averaged 39 6 5% of preocclu-

sion values. During the first hour of reperfusion,
regional function and myocardial O2 consumption stabi-
lized at 40 6 7% and 123 6 13% of control. The
following day regional function remained depressed,
averaging 54 6 8% (95% CI 35–73%) of preocclusion
values, whereas myocardial O2 consumption was simi-
lar to its original values, averaging 105 6 3% (95% CI
96–114%) of preocclusion levels.

Cardiomyocyte Morphology

Tissue from instrumented sham animals displayed
normal myocyte structure (Fig. 1). Myofibrils were
preserved in a slightly contracted state with no indica-
tion of sarcomeric disruption. Mitochondria showed a
densely stained matrix, containing randomly scattered
intramitochondrial cation granules. Small quantities of
glycogen were located in the perinuclear regions and
between neighboring myofibrils. Nuclear chromatin
was uniformly dispersed, with only small quantities of

Table 2. Hemodynamic and O2 consumption
data in ‘‘stunned’’ animals

Baseline End Day 1 Next Day

Mean Ao pressure, mmHg 9463.4 9062.6 8761.7
Peak Ao pressure, mmHg 10863.5 10462.6 10161.2
Heart rate, beats/min 12062.5 12163.1 12162.9
LV dP/dt, mmHg/s 1,7956182 1,9046116 1,733683
Double product3103,

mmHg·beats ·min21 12.960.4 12.660.4 12.260.2
Seg. fx., %

Test area 17.562.8 7.561.5* 8.962.1*
Remote area 14.961.0 15.761.5 16.761.1

Test area flow, ml/min 3365.8 4366.6 3665.7
(A2V)O2, ml/100 ml 10.760.4 9.860.7* 9.660.5*
MV̇O2, ml/min 3.4860.6 4.1260.7 3.5260.6

Values are means 6 SE. *P , 0.05 vs. baseline.

Fig. 1. Fine structure of perinuclear
(N) regions of subendocardial cardiac
myocytes in a sham animal. Myofibrils
(M) are preserved in a contracted state,
obliterating most I bands. Small
amounts of glycogen (g) are observed in
perinuclear areas and between myofi-
brils. Mitochondria (m) display a con-
densed matrix possessing intramito-
chondrial granules. Bar 5 2 µm. Inset:
small amounts of periodic acid-Schiff
(PAS)-positive material (class 1, ar-
rows) surround myocyte nuclei.
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heterochromatin associated with the inner nuclear
envelope.

Three novel morphological changes were regularly
encountered in myocytes from both experimental mod-
els (Figs. 2–7): 1) myofibrillar disruption, with aber-
rant arrays of what appear to be thick filaments,
developed in perinuclear regions and between adjacent
myofibrils of affected cells; 2) glycogen accumulated in
the regions of myocytes displaying myofibrillar disrup-
tion; and 3) myocyte nuclei in cells with disrupted
myofibrils frequently displayed clumps of condensed
heterochromatin adjacent to, but not coalesced against,
the inner nuclear envelope. The pattern of chromatin
condensation did not resemble either the margination
observed during acute myocardial ischemia (26) or the
highly condensed chromatin that becomes segregated
against an intact nuclear envelope of apoptotic cells
(3, 39). Mitochondrial dilation and/or loss of intramito-
chondrial matrix was not evident nor was cellular
edema or relaxed myofibrils.

These structural changes occurred in both subendo-
cardial and subepicardial tissue but were more promi-
nent in the subendocardium, particularly in the stun-
ning model. They occurred in remote as well as test
areas of both experimental models but were more
frequent in test areas. Table 3 shows the frequency and
degree of myofibrillar disruption in subendocardial
myocytes in both models. Disruption was systemati-
cally more frequent in stunned than hibernating ani-
mals (P 5 0.0002 by ANOVA) and in test than remote
areas of individual animals (P , 0.0001). In the hiber-
nation model, disruption was identified in 34 6 3.8% of
myocytes in areas subjected to flow reduction and 16 6
2.5% of myocytes in remote areas of the same ventricles
(Figs. 2 and 4). In stunned animals, disruption was
present in 68 6 5.9% of test areas and 44 6 7.4% of
remote areas (Figs. 3 and 5). In the hibernation model,
the frequencies of disruption in test areas were similar
in reperfused (31 6 6.9%) and nonreperfused (37 6
4.6%) myocytes. In the stunning model, disruption was

more frequent in reperfused (74 6 7.2%) than nonreper-
fused (47–57%) test areas. Class 2 disruption (intermyo-
fibrillar as well as perinuclear disruption) was seen
most often in stunned reperfused myocytes. Class 3
disruption (shortened A bands) occurred only in reper-
fused myocytes and was more frequent in the stunning
model. The width of sarcomeric A bands in class 3
myocytes was reduced (from 1.5 6 0.1 µm to 0.8 6 0.2
µm, n 5 50, P , 0.01), whereas Z-Z line dimensions
(1.8 6 0.2 µm) remained unchanged.

Because the perinuclear aggregates in disrupted
myocytes resembled myosin thick filaments, a monoclo-
nal antibody was employed to localize myosin (12).
Both myofibrillar A bands and the filamentous aggre-
gates consistently stained positively with the anti-
myosin antibody (Fig. 6, A and B), confirming the
presence of the contractile protein in the aggregates.
The myosin-positive aggregates displayed no repeating
periodicity characteristic of myofibrils (Fig. 6, A vs. B).
In addition, myosin in the A bands of cardiocytes that
contained aggregates sometimes appeared to be de-
pleted (Fig. 6B).

Table 4 shows the volume densities of intact myofi-
brils and disrupted thick filament arrays. Values for
intact myofibrils were consistently lower in both experi-
mental models than in sham animals. Thick filament
arrays were not seen in sham animals and tended to
occur more frequently in the stunning model than the
hibernation model.

The insets of Figs. 2 and 3 illustrate glycogen accumu-
lation in perinuclear areas of myocytes showing class 1
and 2 myofibrillar disruption. Figure 7 shows glycogen
scores derived from the PAS-stained sections. In both
models, glycogen scores were systematically higher in
areas subjected to flow reduction than in areas in which
flow remained unperturbed.

The pattern of condensed heterochromatin was seen
in 46 and 41%, respectively, of subendocardial nuclei
from reperfused and nonreperfused hibernation ani-
mals, and in 49 and 61%, respectively, of nuclei from
reperfused and nonreperfused stunned animals. Ninety
percent of all myocytes showing condensed heterochro-
matin also exhibited myofibrillar disruption.

Small foci of irreversibly injured myocytes were
observed in test areas of only two hearts, both of which
were from stunned animals that had been reperfused.
However, only 1.5% of myocytes in the areas subjected
to flow reduction showed such injury. Unlike myocytes
showing myofibrillar disruption and glycogen accumu-
lation, these cells consistently displayed mitochondrial
osmiophilic densities, glycogen depletion, margination
of nuclear chromatin, cellular edema, and sarcolemmal
rupture. Their myofibrils showed relaxed I bands consis-
tent with irreversible injury, yet myofibrillar disruption
was not apparent.

None of the above-mentioned structural changes
were observed in myocytes in the hearts of animals in
which euthansia was delayed until segmental function
had returned to its baseline level on the day of flow
reduction.

Table 3. Percentage of subendocardial myocytes
showing myofibrillar disruption

Class

Nonreperfused
(n55)

Reperfused
(n57)

Test Remote Test Remote

Hibernation model

1 2164.7 1661.8 2362.3 1063.4
2 1064.2 462.1 962.0 160.9
3 060.0 060.0 361.3 060.0

Class

Nonreperfused
(n53)

Reperfused
(n57)

Test Remote Test Remote

Stunned model

1 42 (37–49) 18 (6–26) 3765.7 3364.5
2 11 (5–17) 11 (5–17) 2765.5 1764.8
3 0 (0–0) 0 (0–0) 1063.9 060.0

Values are means 6 SE or mean (range). Classes of disruption are
described in the text.
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In Situ End Labeling

Data are presented in Table 5; 0.032% of myocyte
nuclei showed in situ end labeling in sham animals.
Values in test and remote areas following reperfusion
averaged 0.47 6 0.17% and 0.07 6 0.06% in the
hibernation model (P 5 0.057) and 0.52 6 0.20% and
0.15 6 0.08% in the stunning model (P 5 0.050). TdT
positivity occurred in scattered individual myocytes;
clusters of positive cells were not observed.

Although .3,000 nuclei were examined during elec-
tron microscopic studies, the pattern of highly con-
densed chromatin segregated against an intact nuclear
membrane characteristic of apoptotic cells was not
observed.

Myofibrillar CK Levels

CK activity in myofibrils isolated from areas sub-
jected to flow reduction was reduced systematically in

both hibernating and stunned animals (Fig. 8). In the
hibernating model, values in the inner ventricular wall
and full-thickness myocardium averaged 69 6 8% (95%
CI, 50–88%) and 75 6 8% (95% CI, 57–93%), respec-
tively, of corresponding values in normally perfused
myocardium in the same ventricles. Values in the
stunning model averaged 65 6 8% (95% CI, 47–82%)
for the inner ventricular wall and 74 6 9% for the
full-thickness myocardium (95% CI, 54–94%).As shown
in Fig. 8, the degree of reduction in CK activity in
animals not undergoing reperfusion was similar to that
for the entire group in both models.

Troponin I Immunoblotting

No specimen showed a degradation product in the 22-
or 26-kDa range with normal loading. With three- to
fourfold overloading, test area specimens from two
stunned animals showed a faint 26-kDa band. One of

Fig. 2. Ultrastructure in nonreper-
fused subendocardial myocytes in hiber-
nating model. Perinuclear myofibril dis-
ruption (class 1, arrowheads) and
glycogen accumulation (g) are appar-
ent. Peripheral myofibrillar (M) organi-
zation appears normal, as do mitochon-
dria (m). Bar 5 2 µm. Inset: perinuclear
PAS-positive deposits (class 2, arrows)
are increased.
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these animals also showed the electron microscopic foci
of irreversibly injured myocytes mentioned above. A
representative blot is shown in Fig. 9. Table 6 summa-
rizes results for all animals.

mRNA Levels

a-B-crystallin mRNA in test areas was increased to
145 6 19% and 159 6 21% of levels in remote areas in
hibernating and stunned animals, respectively (both
P , 0.05). HSP-70 and HSP-27 mRNAs did not differ
significantly in test and remote areas in either the
hibernating model (sampled following 2 h of reperfu-
sion) or the stunning model (sampled following 24 h of
reperfusion). HSP-70 levels in test areas averaged
133 6 25% and 121 6 13% of levels in remote areas.
Corresponding values for HSP-27 were 107 6 23% and
164 6 34%.

DISCUSSION

The two experimental groups in this study conform to
the traditional definitions for hibernation and stun-
ning, i.e., a balanced reduction in systolic function and
myocardial O2 consumption and a persistent reduction
in function in the face of normal O2 consumption. As
emphasized by Heusch and colleagues (24, 25), the use of
chronically instrumented animals avoids a variety of
confounding effects in isolated hearts and acute nonsur-
vival preparations, which complicate the extrapolation
of findings to the usual in vivo situation. Measure-
ments of parameters of injury employed in previous
studies help to place the present findings in context.
Our electron microscopic observations indicate mini-
mal irreversible injury of myocytes in both experimen-
tal models and are consistent with the absence of
increased scar tissue noted on quantitative histological

Fig. 3. Ultrastructure in nonreper-
fused subendocardial myocytes in stun-
ning model. Class 2 myofibrillar disrup-
tion (arrowheads) is apparent in
perinuclear (N) area and between myo-
fibrils (M). Disrupted filaments re-
semble randomly oriented thick fila-
ments. Nuclei (N) display some
condensed chromatin, but mitochon-
drial (m) structure appears unper-
turbed. Bar 5 2 µm. Inset: increased
perinuclear glycogen deposits (class 3,
arrows) are apparent.

H1326 MYOFIBRILLAR DISRUPTION IN HYPOCONTRACTILE MYOCARDIUM



analysis in an earlier series of animals studied using the
same hibernation protocol but euthanized at a later time
(50).Aminimal extent of cell injury is also suggested by the
lack of evidence of troponin I degradation, the modest
reduction in myofibrillar CK activity, and the modest
increase in mRNA for only one of three stress proteins.

Structural Responses

The consistent disruption of myofibrillar structure
observed in both experimental models is, to our knowl-
edge, a new finding. A striking structural feature
associated with the disruption of myofibrils was the
appearance of aberrant thick filament arrays in the
perinuclear regions and between neighboring myofi-

brils (Figs. 2–5). The mean length and width of these
filaments was similar to those of the thick filaments of
intact myofibrils, and immunohistochemical staining
confirmed the presence of myosin in the arrays (Fig.
6B). Thus the irregularly ordered filaments appear to
reflect, at least in part, myofibril disassembly.

The occurrence of myofibrillar disruption in areas in
which flow remained unperturbed as well as in test
areas indicates that the disruption is not solely a result
of low-flow ischemia. As shown in Fig. 10, the frequency
of disruption, which was systematically greater in test
than remote areas, correlated with the degree of end-
diastolic lengthening of subendocardial segments dur-
ing flow reduction in both areas. It is possible that

Fig. 4. Ultrastructure reperfused sub-
endocardial myocytes in hibernating
model. Class 3 myofibrillar disruption
is characterized by perinuclear (N) and
intermyofibrillar thick filament arrays
(p) and an apparent reduction in sarco-
meric A-band length (M). Distinctive
clumping of nuclear chromatin (ar-
rows) is also observed. Mitochondrial
(m) matrix remains condensed. Bar 5
2 µm.
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altered diastolic ‘‘stretch’’ plays a role in myofibrillar
disruption. Several in vitro cultured myocyte models
have demonstrated a crucial role of mechanical loading
in the maintenance of myofibrillar integrity (11, 49).
Myofibrillar disassembly in cultured, nonbeating adult
heart cells has been characterized by a preferential loss
of myosin thick filaments from myofibrils (11). In
addition, changes in mechanical loading have been
implicated in regulating the expression, synthesis, and
degradation of myosin heavy chain (12, 46). Mechanical
forces, therefore, appear to have an important role in
stabilizing the cardiac myofibril.Alterations in these forces
during regional flow reduction could influence the stability
of thick filaments, provoking myofibrillar disruption.

The finding of myofibrillar disruption in myocytes
from remote as well as test areas may also bear on the
ventricular remodeling that follows myocardial in-

jury. Anversa and colleagues have reported that apop-
totic cell death occurs in portions of the myocardial wall
remote to the site of a myocardial infarction as well as
in the infarction itself, in both experimental animals (1)
and humans (40). They suggest that this phenomenon
results from stretch-mediated release of angiotensin II
(29) and that it contributes to dysfunction in the failing
human heart (41). In the present study, 90% of the
myocytes showing the unusual pattern of condensed
nuclear chromatin also showed myofibrillar disruption.
The possibility that these findings reflect activation of
proapoptotic pathways deserves further study.

The role of myofibrillar disruption in the reductions
in segmental function seen in the test areas of both
experimental models remains unclear. Because classi-
cal stunning can be produced by total occlusions lasting
only a few minutes, myofibrillar disruption is unlikely

Fig. 5. Ultrastructure in reperfused
subendocardial myocytes in stunning
model. Perinuclear (N) thick filament
aggregates (p) and intermyofibrillar dis-
ruption (p) are prominent. Glycogen (g)
is also present. Nuclei show small
amounts of heterochromatin (arrows).
Intact myofibrils (M) and mitochondria
(m) retain their normal architecture.
Bar 5 2 µm.
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to be the only phenomenon involved. In addition, even
though disruption occurred in myocytes from remote as
well as test areas, systematic reductions in segmental
function were not observed in the remote areas (Tables
1 and 2). Compensatory increases in contractile perfor-
mance of adjoining ‘‘unaffected’’ myocytes may have
counterbalanced in vivo changes in function more
effectively in remote than test areas. The fact that
disruption was not seen in animals examined after
regional function in test areas had returned to normal
suggests that the time course of disruption parallels
that of reduced function. It also implies that disruption
is reversible, at least in the present experimental
setting.

Heusch and colleagues (24, 25) have recently summa-
rized animal models previously used to characterize
properties of hibernating myocardium. Chen et al. (6)
reduced coronary flow to ,60% of baseline for 24 h in
porcine hearts. Myofibrillar volume density was re-

duced at the completion of the 24-h period of reduced
flow and returned to normal after 7 days of reperfusion.
When a similar degree of flow reduction was applied for
7 days, left ventricular mass increased, possibly in
response to an immediate increase in left ventricular
volume (7). Although myofibrillar disruption was not
reported in either of these studies, it is possible that
early myofibrillar disassembly progresses to myofibril-
lar loss when flow reduction is sustained for a pro-
longed period and is followed by reactive sarcomeric
proliferation.

The systematic increases in glycogen staining in
areas subjected to flow reduction in both models seem
likely to represent a direct effect of ischemia. Because
the elevation in glycogen stores was present in nonreper-
fused as well as reperfused animals (Fig. 7), it appears
to develop rapidly, i.e., within 2 h. As noted above,
glycogen accretion has also been noted consistently in
human specimens and presumably, represents a chronic
as well as acute adaptation. Experimental findings in
other laboratories support this view. Increased deposi-
tion of 18F-labeled 2-deoxyglucose, presumably repre-
senting increased glucose uptake, has been reported in
hypoperfused myocardium in chronic porcine models by
Fallavollita et al. (14) and McFalls et al. (35). This
seems likely to involve translocation of the GLUT4
glucose transporter to the plasma membrane of cardiac
myocytes (23, 45, 53). McNulty and Luba (37) report
that transient ischemia also leads to an increased
regional glucose 6-phosphate concentration followed by
a glucose 6-phosphate-mediated increase in the activity
of a phosphoprotein phosphatase, which can activate
glycogen synthase.

In Situ End Labeling

The degree to which myocyte nuclei from areas
subjected to flow reduction show nuclear DNA fragmen-

Table 4. Volume densities of intact myofibrils and thick
filament arrays in cardiomyocytes

Intact Myofibrils Thick Filament Arrays

Sham Animals (n53)

LCx bed 5361.4 0
LAD bed 5461.1 0

Hibernation model

Nonreperfused
Test 4663.4 6.462.1
Remote 5062.5 3.760.9

Reperfused
Test 4664.5 11.464.4
Remote 4764.8 4.661.3

Stunned model

Nonreperfused
Test 4862.3 9.262.7
Remote 5061.6 5.160.7

Reperfused
Test 4263.8 17.962.9
Remote 4462.5 10.663.1

Values are means 6 SE (in %); n 5 3 animals for all groups. LCx,
left circumflex; LAD, left anterior descending.

Fig. 6. Distribution of myosin in myocytes from remote (A) and
reperfused stunned test (B) regions of subendocardium. Fluorescence
confocal images show the usual A-band staining of normal myofibrils
(arrows) in remote myocytes (A). In myocytes subjected to flow
restriction (B), A-band staining is reduced in many sarcomeres
(arrows) and perinuclear (N) aggregates of non-myofibrillar myosin
(arrowheads) are evident. Bar 5 10 µm.
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tation in the present studies is less than in models
employing more severe ischemia. The porcine model of
Chen et al. (8) shows a systematically greater incidence
of TdT-positive nuclei (4.8 6 2.3%) and a small amount
of histological necrosis in the majority of animals. The
frequency of DNA fragmentation in frankly infarcted
tissue is an order of magnitude larger (18).

In the present experimental models, the frequency of
in situ end labeling in reperfused test areas was greater
than in remote areas of the same hearts and in sham
animals (Table 5). Values in remote areas also tended to
be greater than in sham animals, but differences did
not reach statistical significance. In the absence of
electron microscopic findings characteristic of apopto-

sis and cellular necrosis, the implications of in situ end
labeling in our study remain unclear. As noted previ-
ously, further studies will be required to assess the
possibility that the unusual nuclear chromatin pattern
and myofibrillar disruption we have observed reflect
activation of proapoptotic pathways.

Troponin I

Studies in isolated heart preparations have docu-
mented troponin I degradation following periods of
no-flow ischemia and reperfusion of varying duration
(15, 34, 57). Interest has most frequently focused on 22-

Fig. 7. Glycogen scores in test and re-
mote areas of hibernating (A) and
stunned (B) experimental models. Val-
ues are shown for both the inner half of
the ventricular wall and the full-thick-
ness wall. *P , 0.05.

Table 5. Percentage of myocytes showing
in situ end labeling

Sham animals (n53)
LCx bed 0.01560.015
LAD bed 0.04960.0001
Overall 0.03260.008

Hibernation model
Reperfused (2 h) (n57)

Test 0.4760.17
Remote 0.0760.06

Not reperfused (n53)
Test 0.1360.03
Remote 0.1360.09

Stunning model
Reperfused (24 h) (n56)

Test 0.5260.20
Remote 0.1560.08

Not reperfused (n53)
Test 0.3060.10
Remote 0.0360.03

After reperfusion and return of function (n53)
Test 0.03260.016
Remote 0.03360.033

Values are means 6 SE; n 5 number of animals.

Fig. 8. Myofibrillar creatine kinase (CK) activity in myocardium sub-
jected to flow reduction (test) expressed as a fraction of myofibrillar CK
activity in normally perfused myocardium (remote) in the same heart. A:
hibernating; B: stunned. Average values are means 6 SE. *95% CI , 1.0.
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to 26-kDa fragments (15, 57), though others have also
been identified (34). The infrequent identification of
degradation products in the present study corresponds
with recent findings in stunned porcine myocardium
(33, 55). As noted by Solaro (51), breakdown products
have also not yet been identified in human tissue. It is
possible that amounts of troponin I breakdown suffi-
ciently small to escape detection in our immunoblotting
procedure contributed to the observed reductions in
contractile performance (51) or that subtle changes in
troponin structure caused significant changes in the
troponin regulatory complex without degradation (33).
An additional consideration is that irreversible injury
can be difficult to avoid in acute isolated heart prepara-
tions (55).

Reduced Myofibrillar CK Activity

The reductions in myofibrillar CK activity in situa-
tions corresponding to the traditional definitions of

both hibernation and stunning indicate that some
degree of contractile protein injury occurs commonly
during flow reductions that do not produce irreversible
myocardial damage. This conclusion is consistent with
previous studies of Greenfield and Swain (19) and
Hacker and colleagues (20). The former group found
myofibrillar CK activity to be reduced by 17% in
open-chest dogs 15 min after a 15-min total LAD
occlusion. The latter group demonstrated a 33% reduc-
tion in myofibrillar CK activity in open-chest pigs
following four cycles of a 5-min 60% flow reduction.
Although reductions in myofibrillar CK activity could
be related to effects of reactive oxygen species and
effects on thiol groups (38), they occur in nonreperfused
as well as reperfused animals and, as such, cannot be
attributed solely to reperfusion-related free radical
production.

Even though reductions in myofibrillar CK activity
presumably reflect some degree of injury, the partial
restoration of function seen immediately after reperfu-
sion in both experimental models indicates that a
rapidly reversible downregulation of contractile func-
tion also occurs during sustained reductions in flow.
Partial restoration of myocardial creatine phosphate

Fig. 9. Immunoblot from a stunned nonreper-
fused animal. Lanes 1 and 2 represent negative
(pure troponin I) and positive controls (myofibrils
incubated with calpain). Lanes 3 and 4 were
loaded with 1.5 and 4.5 µg of protein from remote
tissue. Lanes 5 and 6 were loaded with 1.5 and 4.5
µg of protein from test tissue. Lanes 7 and 8 are
from the same stunned test tissue following incu-
bation with calpain; sample lane 8 shows a faint
26-kDa band. Densitometric analyses of 26-kDa
signals expressed as percentages of 31-kDa sig-
nals were 0.5, 39.7, 0.9, 1.1, 1.6, 1.6, 0.0, and 6.1
for lanes 1–8, respectively.

Table 6. Troponin I immunoblot densitometry: 26-kDa
band as percentage of 31-kDa band in overloaded gels

Sham animal
LC inner 0.7
LC outer 2.1
LAD inner 0.8
LAD outer 1.3

Hibernation model
Reperfused (2 h) (n56)

Test inner 0.860.4
Test outer 0.660.4
Remote inner 0.560.2
Remote outer 0.560.2

Not reperfused (n53)
Test inner 1.660.4
Test outer 1.560.9
Remote inner 1.260.2
Remote outer 1.660.2

Stunning model
Reperfused (24 h) (n57)

Test inner 1.760.7
Test outer 1.460.5
Remote inner 1.860.6
Remote outer 1.860.6

Not reperfused (n53)
Test inner 2.461.4
Test outer 0.860.5
Remote inner 0.960.2
Remote outer 1.360.3

Values are means 6 SE; n 5 number of animals.

Fig. 10. Frequency of subendocardial myocardial disruption (all classes)
is plotted against percent change in end-diastolic subendocardial segment
length during the period of flow reduction. Values of end-diastolic length
were determined by averaging at least three 30- to 40-s digitized data sets
before and during flow reduction. Pearson correlation coefficient is 0.77
(P , 0.001). Linear regression is y 5 7.5x 1 18, SEE 16.
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levels during sustained flow reductions has been sug-
gested to be one reflection of this downregulation (43,
44, 60), which remains incompletely understood. Kroll
et al. (28) recently presented an ‘‘open-system kinetics’’
hypothesis, in which AMP hydrolysis to adenosine and
membrane adenosine efflux causes a decrease in the
cytosolic concentration of ADP linked to the myokinase
reaction. Schaefer et al. (48) suggests that glycolytic
production of ATP (as opposed to ATP production by
mitochondrial oxidative phosphorylation) is needed for
phosphocreatine normalization during sustained low
flow ischemia.

The degree to which reductions in myofibrillar CK
activity influence reversible postischemic dysfunction
remains unsettled. Although marked reductions in
total CK activity reduce myocardial contractile reserve
(22, 31), normal resting levels of function can be
maintained in the face of substantial reductions in total
CK (31). At the myofibrillar level, microcompartmenta-
tion of CK may play an important role in its functional
coupling to myofibrillar ATPase (22, 27, 42, 47). Addi-
tional issues relate to possible reductions in the activity
of normally functional myofibrillar CK due to limited
substrate (ADP) availability (19) and to effects of flow
reduction on other myofibrillar components (15).

mRNA Levels

The systematic increase in mRNA for a-B-crystallin
in the present hibernation model as well as the stun-
ning model indicates an early response of this, the most
abundant cardiac stress protein. The absence of in-
creased levels of HSP-70 mRNA levels is consistent
with a preliminary report following an 80-min partial
coronary occlusion in anesthetized dogs (21). It is
possible that brief total coronary occlusions and more
severe degrees of sustained flow reduction are more
powerful stimuli for increasing stress protein gene
expression than the degrees of flow reduction in the
present study (5, 54).

Characterization of Reversibly
Hypocontractile Myocardium

Because the present study deals only with short-term
changes, its findings cannot be extended to chronic
reversible myocardial dysfunction without studies in
appropriate animal models and/or patients. Nonethe-
less, it does demonstrate early myofibrillar disruption
and changes in nuclear chromatin pattern in both
perfusion-contraction ‘‘matches’’ and ‘‘mismatches.’’ A
mechanistic characterization of these changes is compli-
cated by their occurrence in remote as well as test
ventricular tissue and requires further study. The early
increase in glycogen content in both experimental
models seems more likely to be an adaptive than
injurious response. The reductions in myofibrillar CK
activity and modest increases in a-B-crystallin suggest
an element of myofibrillar injury in both cases. How-
ever, troponin I degradation was not evident in either
setting, and, as noted previously, it remains uncertain
whether modest reductions in myofibrillar CK activity

play a causative role in reduced contractile perfor-
mance under resting conditions. The similarity of mor-
phological and myofibrillar changes in nonreperfused
as well as reperfused animals indicates that these
changes also occur during so-called ‘‘short-term’’ hiber-
nation (24).

Although the characterization of reversibly hypocon-
tractile myocardium as hibernating or stunned has
been useful in calling attention to beneficial as well as
injurious responses to flow reduction, limitations of the
dichotomous characterization are recognized. In addi-
tion, the terms have sometimes been applied differently
by different investigative groups. The overall similarity
of responses in our experimental models suggests a
similar short-term response complex, including adap-
tive and injurious components that vary in degree and
temporal pattern of expression. The similarity of re-
sponse bears on the traditional separation of hiberna-
tion and stunning on the basis of whether flow and
function are reduced ‘‘proportionately’’ or ‘‘disproportion-
ately.’’ Reductions in function in either setting have
usually been quantified as reductions in regional myo-
cardial shortening or wall thickening. The present
observations in the hibernation model confirm an ear-
lier study indicating that modest reductions in perfu-
sion can result in similar percent reductions in myocar-
dial O2 consumption and regional shortening/thickening
following reperfusion (50). More marked reductions in
flow in the stunning model are followed by greater
percent reductions in regional shortening/thickening
than O2 consumption, thereby meeting the mismatch
criterion that has become the sine qua non of stunning.
However, studies from at least four laboratories (4, 9,
16, 36, 59) indicate that reperfused stunned myocar-
dium performs more total work in vivo than indicated
by measurements of systolic shortening or wall thicken-
ing alone. Thus flow and myocardial O2 demand may
sometimes be more appropriately balanced than can
easily be appreciated.
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