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Isolated rat hearts were perfused at 37 C on a double reservoir, nonrecirculating
Langendorff apparatus. For aerobic perfusion, Krebs-Henseleit medium containing 10
mM glucose was gassed with 95% 02-5% CO2; for anoxic perfusion, glucose was
replaced with 10 mM mannitol, a nonmetabolizable substrate, and the medium was
equilibrated with 95% N2-5% CO2. Heart effluent was serially collected during perfu-
sion for creatine phosphokinase activity (CPK) analysis. Fixation was with 1%
glutaraldehyde for morphologic studies. With aerobic control perfusion. hearts con-
tinued contracting, released no CPK, and were morphologically normal by light and
electron microscopy examination after 120 minutes. With anoxic perfusion. contrac-
tions soon ceased, and by 60 minutes a sustained slow release of CPK was first observed.
By electron microscopy, cells at 60 or 90 minutes were swollen and contained amor-
phous matrix densities in mitochondria; a few cells showed breaks in cell plasma
membrane. When anoxic hearts were challenged with reoxygenation, there was a
sudden change in color to a pale opaque appearance, CPK was rapidly released, and
there was massive cellular swelling. By electron microscopy, damaged cells showed
contraction bands, clumping of nuclear chromatin, both amorphous densities and
granular dense bodies in mitochondria, and prominent disruptions of cell plasma
membranes. The number of damaged cells observed increased as a linear function of
time between 30 and 55 minutes of anoxia. The results show that anoxic perfusion
in vitro produces irreversible myocardial injury and that this injury is closely associated
with loss of cell volume control, release of intracellular enzvmes, and striking
structural defects in the plasma membrane of the sarcolemma. Reoxygenation ac-
celerates the development of lesions in irreversibly injured cells but protects
reversibly injured cells. (Am J Pathol 80:419-450, 1975)

THE ISOLATED PERFUSED HEART has been uised widely to stuidy
the effects of anoxia on mvocardial metabolism and function.1 7 However,
it has been diffictult to apply the results of these stuidies to the patho-
genesis of in vivo irreversible mvocardial injuirv becauise there has been no
wav to characterize the irreversible state in vitro.

In the intact animal, irreversible mvocardial ischemic injuiry is defined
uinequiivocallv by the appearance of cell necrosis or fibrouis repair 4 to 7
days after a temporarv vascullar occlusion.8 Similar long-term perfuision
expenments cannot be conducted in vitro. However, irreversible mvocar-
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dial cell injuiry can be recognized in vivo by characteristic uiltrastruictulral
and biochemical lesions. These lesions develop after a few minuites of
reperfuision of the ischemic tissuie with arterial blood. The irreversibly in-
jtured cells swell and show clulmped nuiclear chromatin, contraction bands,
granuilar and amorphouis intramitochondrial matrix densities, and, even-
tuially, a breakdown of all membrane organization.9 12 Biochemically, they
lose intracellular cations, gain Na+, Cl-, and H20, and release intra-
celluilar enzymes suich as creatine phosphokinase to the extracellullar
flujids. 13-16

In the present sttudy, isolated rat hearts perfuised with anoxic media
were stuidied by morphologic and biochemical techniquies to determine if
changes similar to those observed in irreversible myocardial cellullar injulry
in vivo couild be produiced tinder controlled conditions in vitro. The strllc-
ttural and biochemical changes which occuirred following brief periods of
anoxic injuiry were characteristic of irreversibly injulred cells in vivo and
demonstrate that irreversible myocardial injuiry can be a consequience of
anoxic perfuision in vitro.

Materials and Methods

Thirty-two hearts were obtained from male specific-pathogen-free Spragule Dawley rats
weighing between 200 and 500 g that were fed ad libitum. The animals were anesthetized
by intraperitoneal injection of 40 mg/kg sodium pentobarbital (Diabutal, Diamond
Laboratories Inc., Des Moines, Iowa), and their hearts were rapidly removed and im-
mersed in ice-cold perfusion fluid. After dissection of extraneotus tisstue, hearts were blotted
and weighed, and the aortas cannulated to the perfuision apparatuls.
Experimental Design

All hearts were perfuised at 37 C with oxygenated Krebs-Henseleit mediuim (02-
medium) for an initial 15-minute control period. After equiilibration, three experimental
protocols were uised: a) perfusion with 02-medium for 120 minutes (controls); b)!perfusion
with medium equilibrated with 95% N2-5% CO2 gas (N2-mediurm) for periods of 30, 60, or
90 minuites; c) perfusion of hearts with N2-medium for 30, 35, 40, 45, 50, or 55 minuites fol-
lowed by perfuision with 02-medium, for a total duiration of 120 minutes of perfuision.

Perfusion Apparatus
The perfuision was accomplished on a modified douible reservoir, nonrecircullating,

Langendorff apparatuis 17 with both sides connected to the aortic cannulla by a three-way
stopcock. One reservoir was filled with 02-medium and was continuouisly gassed with 95%
02-5% CO2, the other was filled with N2-mediurm and was continuiouisly gassed with 95%
N2-5% CO2. Both reservoirs were maintained at 37 C in a water bath. Using a Harvard
peristaltic puimp, fluid was pumped through tygon tuibing to a buibble trap connected by
an air pressure reservoir to a mercuiry manometer. The bubble trap consisted of a water
jacketed glass coil connected to a separate circulating water bath. Final perfusion
temperature control was accomplished by a thermal probe inserted near the outflow tip of
the perfusion cannuila. The probe was connected to a Yellow Springs Instruiments (Model
73) temperature controller which maintained the circulating water-bath temperatuire so
that the perfusion fluid passing the tip of the aortic cannula was at 37 ± 0.5 C. Perfusion
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couild be rapidlv switched from N2-mediuim to O,-medium and back with little loss of per-
fuision pressure

Perfuision pressuire was maintained between 60 and 100 mmHg by manuial control of the
ptump rate. Two hearts were perfused at a time using a Y-shaped aortic cannula. Flow rates
were individtuallv measuired bv timed collection of heart effluient in a graduiated cylinder.
After the 15-mintite control perfuision period. flow rates averaged 1 .9 ± 0.8 ml minm W'ith
onset of anoxic perftusion. flow rates increased within the first minute to average aboult 22
± 0.8 ml/min and gradtuallv decreased thereafter to reach control levels by 30 to 40
mintutes of perfuision. With reoxvgenation of the anoxic hearts. the flow rates immediatelv
before reoxygenation were 19.3 ± 1.1 ml/min, dropping to 17.8 ± 1.5 ml /min within
1 to 3 minutes of reoxygenation.

Perfusion Fluid

Perfuision fluiid was a standard Krebs-Henseleit-bicarbonate mediuim 18 containing 2.5
mM calciuim and 10 mM D-gltucose (02-mediuim). Mediuim for anoxic perfuision (N2-
meditum) was the same except that 10 mM mannitol was uised in the place of gluicose.
Osmolalitv, measured by freezing point depression was 290 to 295 mOsmoles liter and
pH was 7.3 to 7.4. Both media were equiilibrated with gas for at least 45 minuites prior to
beginning the experiment. This period previouisly has been shown to reduice the P02 Of N2-
gassed media to 0 to 5 mmHg.

CPK Analsis
One- to two-ml samples of effluient were collected serially in glass or plastic vials and

were stored in cnished ice intil the end of the experiments. Creatine phosphokinase ac-
tivitv was measuired on 0. 1-ml aliquiots by the method of Oliver '9 in a Gilford model 3400
auitomatic enzvme analvzer uising reagents obtained from Boehringer Mannheim GMBH
(Mannheim. Germany). The resuilts of CPK activity expressed in international inits per
minuite per gram were obtained from the formuila given below.

CPK activity (IU, ml) X flow (ml, min)
IU i!min,/g=

initial heart weight (g)

Morphologic Studies
At the end of the experiment. hearts were fixed by perftusion throuigh the aortic cannlla

with 1Ic glutaraldehvde in modified Tvrode's soluition.20 Following initial fixation. hearts
were removed, and the apex and atria were discarded. Fouir equially spaced horizontal sec-
tions of the heart were taken and processed for light microscopy. In addition. fouir 0.3-mm
thick sections which comprised the entire thickness of the free wall of the left ventricle
were cuit from tissuie adjacent to the light microscope sections and were placed in
gluttaraldehvde for an additional 1 houir. Following postfixation in osmiuim tetroxide 21 and
staining in aquieouis uiranvl acetate. these blocks were flat-embedded in Epon 812 (Shell
Chemical Co.. New York, N.Y. ). Semithin sections were stained with toluiidine blue for
light microscopy. and areas were selected for thin sectioning uising diamond knives. Thin
sections were mouinted on plain copper grids and. following staining with 7 7C, aquleolus
uranyl acetate and lead citrate. were examined in an Hitachi HU-12 electron microscopeL

Estimaabon of Cell Damage
Comparison of adjacent sections of tissuie by rouitine light microscopy and by light and

electron microscopy of plastic-embedded tissuie confirmed that severelv inijured myocar-
dial cells, the lateral limits of cells being the intercalated discs." could be identified easily
bv rouitine light microscopy. The severelv damaged cells were characterized by swelling.
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loss of staining intensity, granularity, and the presence of contraction bands. The percent
of damaged cells was estimated by direct couints of suiecessive nonoverlapping high-power
fields across the entire thickness of the left ventricuilar free wall on each of the fouir
hematoxylin- and eosin-stained sections from each heart. Approximately 5000 cells were
couinted from each heart.

Results

Gross Observations

Control hearts perfused with oxygenated mediuim maintained vigorolus
spontaneouis contractions and a deep reddish color for the futll 120 minuites
of perfusion. With onset of anoxic perftusion, the myocarditum assuimed a
darkened cyanotic appearance, and contractions briefly increased in force
and then gradually decreased in both force and frequiency, ceasing after 5
minutes. The anoxic hearts then remained quiiescent, with dilated ventri-
cles, for the duiration of the perfuision. Beginning after 60 to 90 minuites of
anoxia, hearts developed pale, opaque streaks and patches which graduial-
ly enlarged, encompassing both ventricles by 120 minuites.

Brief periods of anoxia (30 to 35 minuites) followed by reoxygenation
uisually restulted in resumption of spontaneouis contractions which,
however, were often weak compared to control hearts. After longer
periods of anoxia there was no resumption of ventricutlar contractile ac-
tivity. A striking change occurred in hearts made anoxic for 45 to 55
minutes that were reoxygenated. With reoxygenation, there was a suidden
change in color from the dark anoxic appearance to a pale opaquie ap-
pearance characteristic of necrotic muscle tissue. This change occlurred
within the first 1 to 3 minuites of reoxygenation and was fuilly developed by
5 minuites. The resuilt was that hearts suibjected to 55 minuites of anoxia
and only 3 to 5 minutes of reoxygenation uisuially appeared more severely
injured grossly than other hearts made continuiouisly anoxic for 120
minuites. With briefer periods of anoxia, the color change was progres-
sively less pronouinced, so that hearts suibjected to only 30 or 35 minuites of
anoxia and subsequtent reoxygenation had only a few whitish streaks at the
end of the perfusion period.

Enzyme Release Studies

Control hearts perfused with 02-mediuim did not release measuirable
amouints of CPK over a 120-mintite perfuision period. Duiring continuiolus
anoxic perfusion of six hearts, a slow, suistained release of CPK activity
began at 60.8 i 2.7 minutes and graduially increased as the anoxic perfut-
sion continued (Text-figure 1).

Anoxic perfusion of hearts followed by reoxygenation resuilted in a suid-
den peak of CPK release which occuirred within the first few minuites of
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TEXT-FIGURE 1-Creatine phosphokinase (CPK) release from six rat hearts duiring continuiouis

anoxic perfusion at 37 C in the absence of exogenouis suibstrate CPK was measuired on aliquiots of
heart effluient Prior to 45 minuites. all values were 0 or 1 and were not plotted at this scale Only two
hearts released measurable quantities of CPK prior to 60 minutes. accouinting for the small rise at 50
mintutes. After this time, there was a continuous slow increase in rate of CPK release in all hearts
Control hearts did not release measurable CPK for 120 minuites of aerobic perfuision Values are given
as mean ± SE

reoxvgenation. The CPK release corresponded in time to the abrupt
change in color of the hearts, described above. With continuiouis anoxia,
enzvme release began only after 60 minutes, while with reoxvgenation,
small peaks were observed after as little as 30 mintutes of anoxia (Text-
figure 2). Shorter intervals were not studied in this experiment. With
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TEXT-FIGURE 2-CPK release from four hearts following 35 minutes of anoxic perfuision and then
reoxvgenation for a total of 120 mintutes Althouigh with continuiotus anoxia hearts did not release CPK
uintil about 60 minuites, with reoxygenation hearts showed a sudden CPK release after only 35 minutes
of anoxia At the end of the perfusion period, it was estimated by histologic analysis that about 25% of
cells were severelk injured in these hearts Valuies are given as mean ± SE
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TEXT-FIGURE 3-CPK release from fouir hearts following 50 minuites of anoxic perfusion and then
reoxygenation for 70 mintutes. The rate and amouint of CPK release tipon reoxygenation was greater in
hearts with longer periods of anoxia. After 50 minutes of anoxia and reoxygenation, it was estimated
by histologic analysis that about 76% of cells were severely damaged. Values are given as mean ± SE.

longer periods of anoxic perftusion the peaks of enzyme release at reperfil-
sion became progressively larger and by 50 minuites or longer were quiite
prominent (Text-figuire 3). To determine if the amouint of peak enzyme
release correlated with histologic evidence of cellhldar injiury, hearts releas-
ing small and large amounts of CPK were examined by light microscopy,
and the percent of severely damaged cells was estimated in samples from
the left ventricuilar free wall. Grouiped together, hearts made anoxic for 30
to 40 minuites averaged 24.0 ± 5.0% damaged cells, while hearts made
anoxic for 45 to 55 minuites averaged 76.5 ± 5% damaged cells (P <
0.001). The peak CPK release in the 30 to 40 minuite grouip was 4.6 + 1.3
IU/min/g, while that for the 45 to 55 minuite grouip was 14.4 ± 2.8 IU/-
min/g (P < 0.01). The threefold increase in both CPK release and
damaged cells between the two grouips suiggests that cell damage and
CPK release are related events.

Light Microscopy of Hematoxylin- and Eosin-Stained Sections

Control Hearts

Hearts perftised with O2-medium for 120 mintutes were composed of
uiniformly dense cells with reguilar cross striations.
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Anoxic Hearts

Cells of hearts fixed after anoxic perfuision for 30 mintutes were difficuilt
to distinguish from controls. After 60 or 90 minuites of anoxic perfusion,
the cells appeared slightly swollen, and occasional contraction bands were
found. In general, the changes were diffictult to distinguiish from control
but seemed somewhat more prominent at 90 than 60 minuites.

Anoxic Hearts Followed by Reoxygenatfon

By light microscopy, hearts suibjected to varving periods of anoxia fol-
lowed by reoxygenation for a total of 120 minuites of perfuision showed two
populations of cells. The first were uiniformlv dense and were similar to
cells in normal control hearts except that cytoplasmic vacuioles were uisuial-
ly present. The second type of cell was swollen, had granuilar cytoplasm,
loss of normal striations, and often contained prominent contraction
bands.

Because in every heart the damaged cells were randomly distribuited
throughouit both the right and left ventricles, it was considered valid to
sample the population of cells in the left ventricuilar free wall and to es-
timate the percent damaged cells in the heart. When the percent
damaged cells was plotted against duiration of anoxic perfuision, regression
analysis revealed a highly significant linear correlation (r = 0.87) (Text-
figure 4). From these data, we estimate that abouit half of the cells of a
heart will show histologic evidence of severe injuiry after 45 minuites of
anoxia. Most cells are injured by 55 minuites of anoxia, and relativelv few
cells are injured by periods of anoxic perfuision of 30 minuites or less.

Although cellular injury was randomly distribuited in both ventricuilar
walls, it was observed that in a narrow zone of left ventrictular sub-
endocardium and the papillary muscles, myocardial cells uisuiallv showed
only slight swelling regardless of the duiration of anoxia and presence of
absence of reoxygenation. Previous stutdies of regional blood flow in anox-
ic hearts have shown that injected intravascuilar colloidal carbon often did
not stain the subendocarditim or papillary muiscles of anoxic hearts. It
seems likely that there were narrow stubendocardial zones of poor perfui-
sion and that cells in the subendocardiuim in anoxic hearts are per-
manently ischemic. A small population of ischemic cells wouild not signifi-
cantly affect the results of these studies since we were carefuil not to in-
cdude this zone in our samples for analysis.

LW Microscopy of Plastic-Embedd rTsue

Light microscopy of toluidine-bluie-stained, plastic-embedded tissule
showed changes similar to those described above at a muich higher level of



426 GANOTE ET AL American Journal
of Pathology

100

90

so

70

w 60

50
<SO

z 40

' 30

20

10

5 10 15 20 25 30 35 40 45 50 55 60

DURATION OF ANOXIC PERFUSION

TEXT-FIGURE 4-The percent of severely damaged cells in hearts suibjected to 30 to 55 minuites of
anoxia and then reoxygenated for a total of 120 minuites perfuision was estimated by direct cotunts from
four equially spaced light microscopic sections of each heart. The percent of damaged cells correlated
linearly by regression analysis (r = 0.861, P< 0.001) with duiration of anoxic perfuision between 30 and
55 minuites.

resolution. Control hearts were composed of uiniform cells with regtular
cross striations in longitudinal sections and reguilar profiles in cross sec-
tions. In general, these hearts were indistinguiishable from normal controls
except that the interstitial spaces were widened in perfuised hearts
(Figures 1 and 2). Following anoxic perfuision and reoxygenation, two
populations of cells were present, corresponding again to the resuilts of
routine light microscopy. The first cell type, which predominated in hearts
made anoxic for longer than 45 minuites, were greatly swollen, stained
pale, and contained numerouis granuiles (Figuire 3). In longituidinal sec-
tions these cells often contained dense contraction bands (Figulre 4). The
second cell type, which was most prominent in hearts with brief anoxic
perfusions, appeared similar to control myocardial cells except for the
presence of cytoplasmic vacuioles.

Electron Microscopy

Control Hearts

All cells in hearts perfuised aerobically for 120 minuites closely
resembled normal myocardium. Nuiclear chromatin was distribtuted
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evenlv throuighouit the nucleuis. Sarcomeres were in register, and
moderate amouints of glycogen were distribuited throuighouit the
mvoplasm. Transverse tuibuiles were distended buit were uisuiallv not
dilated. Mitochondria were uiniformlv dense and contained moderate
numbers of normal matrix granuiles (Figuires 3 and 6). Intercalated discs
were intact. The plasma membrane was continuiouis and closelv applied to
the cell. There were nuimerouis small pinocytotic vesicles.

Anoxic Hearts

The changes seen after suibstrate-free anoxic perfuision varied accord-
ing to the duiration of perftusion. After 30 minuites of anoxia, overall cell
struicture was maintained. However, mitochondria of most cells appeared
slightlv swollen and were less dense than controls. Also, normal matrix
granuiles were less prominent. Occasionallv, focal cvtoplasmic swelling
was observed, and vacuioles were randomlv distribuited in the cvtoplasm
(Figuire 7). The nuimber of pinocvtotic vesicles were reduiced from that
seen in control hearts.

Following 60 minuites of anoxic perfuision, when most cells were
destined to show progressive changes despite reoxvgenation, additional
and more prominent changes were present. Nuiclear chromatin was
clumped, leaving clear areas in the nuicleoplasm. Mitochondria often were
moderatelv to greatly swollen, and contained amorphouis matrix densities
(Figuire 8) which, however, were small and scattered. Along with the
mitochondrial changes, the cvtoplasm uisuiallv appeared swollen, and
glvcogen stores were diminished. The sarcoplasmic reticuluim often was
dilated and formed small vesicuilar stnrctuires (Figuires 8 and 9). Sar-
comeres were often out of register; in some cells, there was thickening of
Z-lines (Figuire 10). In a small nuimber of cells, contraction bands were
present (Figure 11). The transverse tuibuilar system often was greatlv
dilated. In many cells the plasma membrane focallv separated from the
suirrounding basement membrane (Figuire 9). Where the separation of
basement and plasma membranes occutrred, the space often contained
small vesicular whorls and blebs of membranouis material. Following 90
minuites of anoxic perfuision the cellutlar changes consisted of moderate ac-
centtuation of the changes described at 60 minuites. Cell swelling was more
pronouinced, amorphouis matrix densities were fouind commonlv, and
clumping of nuclear chromatin was more marked (Figture 12). In addition,
there were more cells showing severe swelling and contraction bands than
were observed at 60 minuites. Cells showing severe changes, however, ac-
counted for onlv a small percentage of the total nuimber of cells even after
90 minuites of continuouis anoxic perfusion.
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Anoxia Followed by Brief Reoxygenation

In contrast to the relatively slow progression of celluilar changes seen
with continuied anoxic perfuision, there were suidden and striking changes
in hearts suibjected to reoxygenation. Hearts suibject to 50 minuites of
anoxia and only 3 minuites of reoxygenation appeared quiite different than
those suibjected to 60 or 90 mintutes of anoxia withouit reoxygenation. The
most striking change was massive celltular swelling (Figuires 13 and 14).
Swollen cells couild be classified by their mitochondrial morphology.
Some cells had massive swelling of both mitochondria and cell
cytoplasm. In these cells, amorphouis mitochondrial matrix densities were
tisually evident (Figures 13 and 14). Other cells were also swollen, buit the
swelling was due largely to prominent dilatation of both sarcoplasmic
retictultum and transverse ttubtules. In the latter cells, there was a mixtuire of
swollen mitochondria and contracted mitochondria with a dense matrix
space and dilatation of the intracristal spaces (Figuire 15). The changes
may represent either different stages of swelling or cells with different
degrees of mitochondrial damage prior to reoxygenation. Discontinulities
in sarcolemmal membranes were observed commonly in greatly swollen
cells (Figuire 16).

Anoxia Followed by Long Periods of Reoxygenation

Consistent with light microscopy, there were two types of cells. Hearts
subjected to periods of anoxia from 30 to 55 minuites with suibsequient
reoxygenation for a total perfuision period of 120 minuites were composed
of two distinct popuilations of cells.
The first cell type was the severely damaged cell that was swollen mas-

sively and uisuially contained contraction bands (Figuires 17 and 24). In
almost all cases there was a bleb-like space beneath the sarcolemma in
which membranotis vesicles and greatly swollen mitochondria appeared
to be floating. In most swollen cells in any given section, the plasma
membrane was focally discontinuouis, and only remnants of membranouis
vesicles remained attached to the celluilar suirface of the basement
membrane (Figures 18 and 19). Along with the cytoplasmic swelling was
massive uniform swelling of all mitochondria, which in contrast to cells of
hearts with brief reoxygenation, contained large, amorphouis, matrix den-
sities (Figures 20 and 21). In addition to the amorphouis densities many
mitochondria contained distinctly different granuilar incluisions. These ap-
peared either as annular dense bodies (Figuires 20 and 22) or as focal area
of matrix, partially surrouinded by cristae membranes (Figuire 21), which
contained dense granuiles (Figuires 20-22). Both types of granuilar dense
bodies had the same struicture as calciuim accuimuilation granuiles which oc-
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cur in myocardial,"1' renal,24 or liver 25 mitochondria dtring calciuim ac-
ctumuilation.

In addition to swelling and matrix incluisions there was a third
mitochondria lesion consisting of material in the intercristal space. This
appeared as a periodic double line when viewed in properly oriented sec-
tions (Figure 23) and in tangential sections had a paracrystalline struetuire
(Figure 20).
The second cell type resembled normal control myocardial cells

(Figures 24-26). There was no apparent cytoplasmic or mitochondrial
swelling, and the nuclear chromatin was dispersed normally (Figuire 25).
The sarcolemma was intact, transverse tuibuiles and sarcoplasmic
reticuluim were normal or only slightly dilated, and mitochondria con-
tained normal matrix granules (Figure 25). The major differences from
control myocardium were that sarcomeres were sometimes out of register,
and most cells contained cytoplasmic vacuioles (Figuires 24 and 26). Often
these vacuioles appeared empty, but they sometimes were filled by a
cytoplasmic protnision containing granuilar and floccutlant material. With
increasing periods of anoxic perfusion, an increasing proportion of Type 2
cells showed additional changes, consisting of focal myofibrillar degenera-
tion and loss of register of sarcomeres, or they contained a mixtuire of swol-
len mitochondria and relatively normal-appearing mitochondria. Oc-
casionallv, cells were observed which appeared to be shnrnken and more
dense than normal.

Dsuson
To the best of ouir knowledge, the present stuidy establishes for the first

time that myocardial cells were irreversibly injuired by relatively brief
periods of substrate-free anoxic perfuision in vitro. The evidence for this is
discussed below, but in view of the fact that the metabolic and uiltra-
structural effects of anoxia on isolated perfuised hearts have been the sib-
ject of numerouis past studies, it would seem important to first consider
why the present results may seem to differ from those previouisly reported.
Current literature adequately supports the view that prolonged anoxia
produces severe metabolic injury to myocardial cells. With anoxia or
severe hypoxia, myocardial cell metabolism rapidly converts to anaerobic
glycolysis.2*28 Glycogen is the chief suibstrate and lactate is the end
product of metabolism. Glycogen and cellular stores of creatine phosphate
and ATP are rapidly depleted, and hearts soon cease contraction.","' After
only 20 to 30 minutes of anoxia, celluilar ATP levels may be so low that
even with residual glycogen, critical steps in the glycolytic pathway can-
not be maintained, and anaerobic metabolism may cease.' Fuinctional
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recovery of anoxic hearts is seriously impaired.29 Suipply of exogenouis sul-
strate duiring anoxic perfuision greatly enhances fuinctional and metabolic
recovery of the heart. Cellular rates of anaerobic metabolism and ATP and
creatine phosphate levels are enhanced by. exogenouis suibstrate, and the
duration of anoxic perfuision which a heart suipplied with stubstrate can
withstand is considerably prolonged. 1,3,4,29,31 Hearts also can be protected
from injuiry by cooling, and a combination of hypothermic perfuision and
suibstrate has been shown to preserve hearts for considerable periods of
time.3233 Previous ultrastructural studies of anoxic injury have often
stressed the changes occurring during relatively brief periods of anoxic
perfusion.3 In other studies, substrate has been present during the period
of anoxic perfusion 34-36 or the temperature of perfusion may have been
lower than the 37 C. Cellular and mitochondrial swelling, loss of normal
mitochondrial matrix granuiles, and dilatations of transverse tuibutlar
systems are the principal changes reported to occuir as a resuilt of anoxic in-
juiry in isolated perfused hearts.6'36

In the present stuidy we chose experimental conditions which woluld
produce the most severe metabolic stress on the heart. The temperatulre
duiring anoxic perfuision was maintained rigorouisly at 37 C. Suibstrate was
omitted from the perfutsion fluiid, and perfuision was maintained uintil defi-
nite struictural and biochemical changes developed. In addition, hearts
suibjected to varying periods of anoxic perfuision were challenged with
reoxygenation to determine if recovery was possible. Under these condi-
tions, it was fouind that some cells are severely injured by as little as 30
minuites of anoxia and that these cells released CPK and showed progres-
sive uiltrastruettural changes despite reoxygenation. Other cells showed
minor degrees of structuiral damage and, with reoxygenation, remained
intact for the duiration of the experimental period. The observation that
only a small percentage of cells were severely inijured by 30 minuites of
anoxia, while most were inj tired by 55 to 60 minuites, also may accouint for
the resuilts of some previouis stuidies which couild have dismissed a small
nuimber of severely injuired cells as artifacts particuilarly if tisstue were fixed
for electron microscopy by immersion techniquies.

Enzyme Release From Anoxic Hearts

Measuirement of seruim enzyme levels is cuirrently an important
clinical 37-3" and experimental method of determining the presence of
myocardial infarction.40 Becauise creatine phosphokinase is one of the first
enzymes released after infarction, it has been widely utsed in both clinical
and experimental stuidies.40 Tissuie CPK activity is rapidly diminished in
areas of cell death in experimental myocardial infarcts, and the amouint
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and rate of enzvme released into the blood has been uised to estimate the
size of experimental myocardial infarctions.4°"1 Studden release of CPK
has been observed soon after reflow of blood to severely injuired ischemic
myocardium.42 Thus, there is considerable evidence that release of in-
tracellular enzymes is closely associated with impending or actuial death of
myocardial cells.' Presumably, the release of celluilar proteins is a resuilt of
increased permeability or loss of structural integrity of cell plasma
membranes."-"-"

In the present study, measurable amouints of CPK activity were first
detected in the effluent after about 60 minuites of continuiouis anoxic perfui-
sion. As perfusion continued, the rate of enzyme release continuiouislv in-
creased; and in other experiments we, as well as others,29'" have shown
that CPK release peaks at 150 to 200 minuites, slowly declining thereafter.
With reoxygenation there was a sudden peak of CPK release after onlv
brief periods of anoxia. The amount of enzyme released correlated both
with duration of anoxia between 30 and 55 minuites and the percentage of
injured cells in the left ventricle as determined by histologic methods.
This evidence along with the results of the uiltrastnrctuiral stuidies shows
that severe and irreversible cell injury occuirs in hearts after 30 to 55
minuites of in vitro anoxic perfuision and that reoxvgenation invokes a
rapid release of CPK from these severely damaged cells.

MorpholAocChangs
Hearts perfused with oxygenated media containing gluicose maintained

their strictural integrity for long periods of time.5'"3" On the other
hand, anoxic, substrate-free perfusion was associated with myocardial
cells which were depleted of glycogen and appeared to be swollen. Most
of the cells contained vacuoles in the cytoplasm and had enlarged
mitochondria containing decreased members of normal matrix granuiles.
If anoxia was prolonged, additional changes occuirred; these incluided
severe cellular swelling and the development of tiny, amorphouis matrix
densities in mitochondria. By 60 and 90 minuites, when CPK release was
first noted in the effluent, small numbers of cells also contained hyper-
contracted sarcomeres and discontinuties in cell plasma membranes.
With reoxygenation, hearts subjected to from 30 to 55 minuites of anoxia

showed both CPK release and increasing numbers of cells which suiddenly
developed severe and rapidly progressive uiltrastnrctuiral changes within
the first few minutes of reoxygenation. The affected myocardial cells were
markedly swollen; also, most showed disnrpted cell membranes. With
longer periods of reoxygenation, these severely damaged cells showed ad-
ditional and progressive degenerative changes which incluided formation
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of prominent amorphouis densities in mitochondria as well as granuilar
dense bodies of the type associated with calciuim accuimuilation. They also
demonstrated prominent contraction bands and a striking loss of con-
tinuity of plasma membranes. The progressive natuire of these changes
despite reoxygenation, as well as their similarity to irreversible injuiry in
vivo demonstrate that these cells were no longer capable of maintaining
cell integrity and were irreversibly injulred.

Evidence that the changes described indicate irreversible cellullar injulry
is provided by detailed stuidies of myocardiuim subjected to irreversible
ischemic injutry. Fifteen minuites of temporary coronary artery occlulsion
in dogs, followed by reflow to the injured area, has been associated with
fuill recovery of all cells. If ischemia is prolonged past 20 minuites, an in-
creasing percentage of cells are destined to die despite blood reflow. Ap-
proximately 55% of cells in the posterior papillary muscle die after 40
minutes, and 80 to 90% die after 60 minutes of ischemia. Permanently
ischemic cells show loss of glycogen stores and moderate cellular and
mitochondrial swelling if ischemia is extended past irreversibility, they also
develop amorphous mitochondrial matrix densities. These changes slowly
progress duiring permanent ischemia but are severe after 120 minuites.47
With reflow, however, cells irreversibly injuired by only 40 minuites of
ischemia show rapidly progressive changes.9'48'49 There is explosive cel-
lutlar swelling with formation of subsarcolemmal blebs of edema fluiid.'0
Mitochondria develop prominent granular dense bodies which almost cer-
tainly contain calciuim phosphate 51 in addition to the small amorpholus
matrix densities which were present prior to reflow. Prominent contraction
bands form, and cellular membrane systems are disorganized. Frequient
disruptions of plasma membranes are observed, especially in the sar-
colemma overlying edematouis blebs. Similar changes occuir in other cel-
lular systems irreversibly injured by a variety of means. In renal tulbullar
cells,5"16'5' isolated Ehrlich ascites tumor cells,'6 or liver parenchymal
cells,52 irreversible injury is associated with many of the changes described
above. Two are considered particuilarly characteristic of irreversible cel-
lular injury. These are: a) formation of large amorphous densities in the
mitochondrial matrix,47-49,52 and if cells are exposed to extracelluilar flutid
early in the course of the lesion, mitochondrial calcification9I164965;
and b) plasma membrane degeneration with loss of cell volume control
and finally loss of structural and functional identity of cell mem-
brane.'141624'50'52 Since the cellular changes after anoxic injury are es-
sentially identical to those occuring in other irreversibly injiured cells, the
conclusion that anoxic injury in vitro is capable of irreversibly injiurying
myocardial cells now seems firmly established.
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Other cells were less severely damaged in the same hearts and with
reoxygenation resumed normal cell density and resembled normal
myocardial cells. The latter cells, which were capable of maintaining
structural integrity if reoxygenated, are presuimed to have been reversiblv
injuired and to be potentially capable of fill recovery.

Brief anoxic perfusion reduced cellular glycogen and produced celluilar
swelling and formation of vacuioles in the cytoplasm. Three types of
vacuoles were observed: a) focal "empty" areas of the cytoplasm not
bounded by limiting membrane, b) definite membrane-limited vacuioles
possibly derived from the endoplasmic reticuluim, and c) vacuioles contain-
ing recognizable cytoplasmic components. The first two types of vacuioles
probably are related to intracellular collections of edema fluiid and are
similar to vacuoles which occur following dinitrophenol poisoning of
Langendorff-perfused rat hearts.-" The third type of vacuiole mav be a
digestive vacuole to provide endogenous suibstrate or possiblv represent
cell to cell protrusions or interdigitations as have been described in cardiac
muscle cells injured by isoproterenol.53 Similar vacuioles containing
glycogen have been described in pig hearts " after partial ischemia. Other
changes were reversible. Mitochondrial swelling and loss of normal matrix
granules are reversible events and were no longer evident in reoxygenated
myocardial cells. The ability of reversibly injured cells, although
previously anoxic, to maintain cell strtettre for long perfuision periods
provides an internal control for these experiments, again showing that the
damaged cells were irreversibly injutred.
Anoxic Versus Ischei Injury

In this stuidy, while maintaining continuiouis perfuision, anoxia was in-
duced by reducing the perfusate oxygen tension to verv low levels. Anoxia
with continuious perfusion differs from ischemia. In ischemia, low tissule
oxygen tension results from a reduction in flow rate. Along with the
reduced suipply of oxygen resulting from the decrease in flow, there is a
reduced suipply of substrate and also a local acculmuilation of metabolic
products, including lactate and hydrogen ions.- Under the conditions
reported here, irreversible injurv was fouind to resuilt from deprivation of
oxygen and substrate alone. Lactate is rapidly washed from anoxic hearts,
if flow is maintained. The cells are bathed with a constantlv renewed
buffered perfusate which should maintain near normal extracelluilar pH
levels. Thus, the resuilts suggest that decreased suipply of materials to
maintain cellular energy requirements is suifficient to induice irreversible
injury. The possible role of accumuilation of lactate and hydrogen ions in
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the pathogenesis of irreversible ischemic injuiry remains tunknown, but the
present study suggests that reduced flow rates and tisstue acctumtulation of
toxic metabolites are not necessary to cauise irreversibility.

Pathogenesis of Irreversible Myocardial Injury

Some myocardial cells become irreversibly injtured by relatively short
periods of suibstrate-free anoxic perfusion. With reoxygenation, irrever-
sibly injuired cells suddenly swell, release intracellullar proteins, and show
large defects in plasma membranes by electron microscopy. The suddenness
of these changes suiggests that metabolic events dturing the anoxic interval
somehow alter irreversibly injured cells so that they react violently to
reoxygenation. That reoxygenation itself is the cruicial event produicing
these changes, and not readmission of stubstrate or restumption of
mechanical activity, has been shown by enzyme release stuidies of
potassitum-arrested hearts in which stubstrate was removed from both the
anoxic and oxygenated perfusion media.44 Why reoxygenation prodluces
such a violent reaction in these critically altered cells is not known. That
oxygen is directly toxic to anoxic myocardial cells 44 mtust be considered.
The fact that oxygen induces damage to cells only after they have been
preconditioned by a suiitably long anoxic interval, while it allows struic-
tuiral and fuinctional recovery of less (reversibly) injtured cells, suiggests
that the critical event in irreversible injuiry occuirs dturing the anoxic inter-
val, and reoxygenation only provides a stuitable environment in which in-
iured cells can be readily identified. It seems likely that oxygen woluld
permit reactivation of aerobic cellular metabolism and that this somehow
produces a stress on unstable (irreversibly injtured) cells that leads to swell-
ing and possible ruptuire of plasma membranes.
The instability may be related to changes in calcitum transport or

binding dturing the period of anoxia. Of great interest, in this regard, is the
so-called calcitum paradox. Almost identical ftunctional, cellullar, and
biochemical changes to those noted in ouir anoxia-perfuision experiments
are induced in rat hearts at 37 C by a period of calcitum-free perfuision fol-
lowed by reperfusion with calcium-containing media.5"-58
That ruiptuire of the sarcolemma actuially occuirred in the anoxia reperfui-

sion experiments is inferred from electron microscopy of processed tissule.
It cannot be ruiled out that the discontinuiities in plasma membranes were
an artifact caused by inadequiate fixation of altered plasma membranes.
The close correlation of the observed struictural defect and CPK release,
however, suiggests that the damaged cells did indeed have defects in cell
membrane permeability and that it was the damaged cells that accouinted
for the enzyme release.



Vol. 80, No. 3 IRREVERSIBLE MYOCARDIAL INJURY 435
September 1975

Although cell swelling and increased membrane permeability were
surely closely related events, it cannot be determined from these studies
which occurred first. Cellular swelling couild stretch membranes, callsing
increased permeabilitv. Converselv, a studden increase in cell membrane
permeabilitv could in itself lead to celltular swelling.

After ischemia in vivo, explosive cellutlar swelling also has been
observed uipon reflow of blood to mvocardiuim irreversiblv injitred byr tem-
porarv coronarv arterv occluision.'° 50 These stuidies have shown that loss of
abilitv of cells to reguilate cell voluime is a prominent earlv event after ir-
reversible ischemic myocardial injuirv. The natuire of the cell injuirv
responsible for this defect has not been determined. Its cauise couild lie in
metabolic defects in cell energy metabolism, loss of soditum-potassiuim
pump fuinction, presence of toxic metabolic inhibitor suibstances or in-
creased cell plasma membrane permeabilitv. Increased cell membrane
permeabilitv or actuial membrane nrpture has been proposed as an impor-
tant early event in ischemic injury which allows entry of calcium into
irreversibly injured cells.11'W'59Massive calcium influx could induce
contraction bands and accumulation of calcium in mitochondria as
granular dense bodies.
The close similaritv of the morphologic events following both irreversi-

ble ischemic injury in vivo and irreversible anoxic injulrv in vitro suiggests
that the isolated perfused heart will be a uisefuil and valid model for stuidy
of the pathogenesis of irreversible mvocardial injuirv. Present evidence,
derived from both the in vivo studies in dogs and in vitro models of both
dog heart slices 'I and rat hearts, stuggests that loss of integrity of cell
membranes does occur in irreversible injuiry and couild in itself lead to cell
death. Further studies will, however, be necessarv to determine if
membrane changes are a primarv or secondarv event in the pathogenesis
of irreversible mvocardial cell injurv.

References
1. Williamson JR: Glvcolvtic control mechanisms. II Kinetics of intermediate changes

duiring the aerobic-anoxic transition in perfuised rat heart. J Biol Chem
241:5026-5036, 1966

2. Scheuer J, Stezoski SW: Protective role of increased mvocardial glIcogen stores in
cardiac anoxia in the rat. Circ Res 27:835-849, 1970

3. Hearse DJ, Chain EB: The role of glucose in suirvival and 'recoverv" of the anoxic
isolated perfused rat heart. Biochem J 128:1125-1133, 1972

4. Altschuld RA, Weiss A, Kniger FA, Weissler AM: Anaerobic performance and
metabolism of the hvperthyroid heart. J Clin Invest 48:1905-1913. 1969

5. Poche R: Ultrastnreture of heart muscle tinder pathological conditions. Ann NY
Acad Sci 156:34-47, 1969



436 GANOTE ET AL American Journal
of Pathology

6. Neely JR, Liebermeister H, Battersby EJ, Morgan HE: Effect of pressure develop-
ment on oxygen consumption by isolated rat heart. Am J Physiol 212:804-814, 1967

7. Neely JR, Rovetto MJ, Whitmer JT, Morgan HE: Effects of ischemia on flnction
and metabolism of the isolated working rat heart. Am J Physiol 225:651-658, 1973

8. Jennings RB, Sommers HM, Smyth GA, Flack HA, Linn H: Myocardial necrosis in-
duiced by temporary occlusion of a coronary artery in the dog. Arch Pathol 70:68-78,
1960

9. Herdson PB, Sommers HM, Jennings RB: A comparative stuidy of the fine struictuire
of normal and ischemic dog myocarditim with special reference to early changes fol-
lowing temporary occluision of a coronary artery. Am J Pathol 46:367-386, 1965

10. Kloner RA, Ganote CE, Whalen DA, Jennings RB: Effect of a transient period of
ischemia on myocardial cells. II. Fine struetuire duiring the first few minutes of reflow.
Am J Pathol 74:399-422, 1974

11. Shen AC, Jennings RB: Myocardial calciuim and magnesiuim in acuite ischemic in-
jury. Am J Pathol 67:417-440, 1972

12. Caulfield J, Klionsky B: Myocardial ischemia and early infarction: An electron
microscopic study. Am J Pathol 35:489-523, 1959

13. Jennings RB, Kaltenbach JP, Sommers HM: Cell death: Electrolyte alterations in
injured and dying myocardial cells. Electrolytes and Cardiovascular Diseases. Edited
by E Bajuisz. Basel, S. Karger, 1965, pp 192-203

14. Majno G, La Gattuta M, Thompson TE: Cellular death and necrosis: Chemical,
physical and morphological changes in rat liver. Virchows Arch [Pathol Anat]
333:421-465, 1960

15. Croker BP, Saladino AJ, Trump BF: Ion movements in cell injury: relationship
between energy metabolism and the pathogenesis of lethal injulry in the toad blad-
der. Am J Pathol 59:247-277, 1970

16. Truimp BF, Ginn FL: The pathogenesis of stubcellular reaction to lethal in'jury.
Meth Achiev Exp Pathol 4:1-29, 1969

17. Langendorff 0: Untersuchuingen am uberlebender Saugertier-herzen. Pflugers
Arch Gesamte Physiol Menschen Tiere 61:291-332, 1895

18. Krebs HA, Henseleit K: Untersuchuingen uber die Harnstoffbildung im Tierko5rper.
Z Physiol Chem 210:33-66, 1932

19. Oliver IT: A spectrophotometric method for the determination of creatine
phosphokinase and myokinase. Biochem J 61:116-122, 1955.

20. Mauinsbach AB: The influience of different fixatives and fixation methods on the
uiltrastruicture of rat kidney proximal tuibtule cells. 1. Comparison of different perfu-
sion fixation methods and of gluttaraldehyde, formaldehyde and osmiuim tetroxide fix-
atives. J Ultrastruct Res 15:242-282, 1966

21. Millonig G: Advantages of a phosphate buiffer for OS04 solutions in fixation. J Appl
Physiol 32:1637, 1961 (Abstr)

22. Ltuft JH; Improvements in epoxy resin embedding methods. J Biophys Biochem
Cytol 9:409-414, 1961

23. Yokoyama HO, Jennings RB, Wartman WB: Intercalated disks of dog myocar-
dium. Exp Cell Res 23:29-44, 1961

24. Gritzka TL, Truimp BF: Renal tubuilar lesions caused by mercuiric chloride.
Electron microscopic observations: Degeneration of the pars recta. Am J Pathol
52:1225-1277, 1968

25. Greenawalt JW, Rossi CS, Lehninger AL: Effect of active accutmuilation of calciuim
and phosphate ions on the structuire of rat liver mitochondria. J Cell Biol 23:21-38,
1964.

26. Brachfeld N: Bioenergetics of the normal and anoxic myocardiuim. Adv Car-
diopuilm Dis 4:66-90, 1969

27. Cornblath M, Randle PJ, Parmeggiani A, Morgan HE: Regulation of
glycogenolysis in muscle: Effects of glucagon and anoxia on lactate production,



Vol. 80, No. 3 IRREVERSIBLE MYOCARDIAL INJURY 437
September 1975

glveogen content, and phosphorvlase activitv in the perfuised isolated rat heart. J Biol
Chem 238:1592-1597. 1963

28. Bing RJ: Cardiac metabolism. Phvsiol Rev 45:171-213. 1965
29. Hearse DJ. Chain EB: Effect of glucose on enzvme release from and recovery of the

anoxic mvocarditim. Mvocardial Metabolism. Vol 3. Edited by- NS Dhalla. Baltimore.
Universitv Park Press, 1973. pp 763-722

30. Ktibler. W. Spieckermann PG: Regulation of glyvcolysis in the ischemic and the
anoxic mvocardiuim. J Mol Cell Cardiol 1:351-377. 1970

31. Scheuier J. Stezoski SW: Protective role of increased mvocardiol glycogen stores in
cardiac anoxia in the rat. Circ Res 27:835-849, 1970

32. Tvers GFO, Hughes HC Jr, Todd GJ, Williams DR, Andrews EJ, Prophet GA.
Waldhatisen. JA: Protection from ischemic cardiac arrest by coronary perfuision
with cold Ringer's lactate soluition. J Thoracic Cardiovasc Suirg 67:411-418. 1974

33. Sapsford RN. Blackstone EH. Kirklin JW, Karp RB. Kouichouikos NT. Pacifico AD.
Roe CR, Bradley EL: Coronary perfusion versus cold ischemic arrest during aortic
valve surgery, a randomized study. Circulation 49:1190-1199, 1974

34. Hatt PY, Moravec J: Acute hypoxia of the myocardium: Ultrastructural changes.
Cardiology 56:73-84. 1971

35. Moravec J. Corsin A. Gtuillemot H. Hatt PY: Absence of the relationship between
uiltrastnretuire and metabolic state of heart mitochondria in situ. J Mol Cell Cardiol
2:161-171. 1971

36. Friedman I. Moravec J. Reichart E. Hatt PY: Stubactute mvocardial hypoxia in the
rat: An electron microscopic studv of the left ventricular mvocardium. J Mol Cell
Cardiol 5:125-132, 1973

37. LaDue JS. Wroblewski F: The significance of the senrm glutamic oxalacetic tran-
saminase activitv following acuite myocardial infarction. Circulation 11:871-877.
1955

38. Goldberg DM: Enzymes in the diagnosis of myocardial infarction and liver disease.
Ann Clin Biochem 8:195-200. 1971

39. Sobel BE, Shell WE: Serum enzvme determinations in the diagnosis and assess-
ment of myocardial infarction. Circutlation 45:471-482. 1972

40. Shell WE. Kjekshtus JK. Sobel BE: Qtuantitative assessment of the extent of mv-ocar-
dial infarction in the conscious dog by means of analysis of serial changes in serum
creatine phosphokinase activity. J Clin Invest 50:2614-2625, 1971

41. Kjekshus JK. Sobel BE: Depressed mvocardial creatine phosphokinase activity fol-
lowing experimental mvocardial infarction in rabbit. Circ Res 27:403-414, 1970

42. Jarmakani JMM. Limbird LE. Graham TC. Hackel DB. Wagner GS, Roe CR: The
effect of reestablishing coronary blood flow on the release of creatine phosphokinase-
MB isoenzvme in experimental mvocardial infarction. Am J Cardiol 31:139. 1973
(Abstr)

43. Jennings RB. Kaltenbach JP. Smetters GW: Enzvmatic changes in acuite mvocar-
dial ischemic injuirv. Arch Pathol 64:10-16. 1957

44 Hearse DJ. Humphrey SM. Chain EB: Abnrpt reoxygenation of the anoxic
potassium-arrested perfused rat heart: A study of myocardial enzyme release. J Mol
Cell Cardiol 5:395-407. 1973

45 Lindner E, Wellensiek HJ: Beitrag zuir Morphologie des Zellstoffwechsels am Herz-
muskel. Verh Anat Ges 55:260-267, 1959

46. Feuivrav D. De Leiris J: Effect of short dimethvlsuilfoxide perfuisions on iiltrastriic-
tuire of the isolated rat heart. J Mol Cell Cardiol 5:63-69. 1973

47 Jennings RB. Bauim JH. Herdson PB: Fine stnrctuiral changes in mvocardial
ischemic injuirv. Arch Pathol 79:135-143. 1965

48 Herdson PB. Kaltenbach JP. Jennings RB: Fine stnrctuiral and biochemical changes
in dog mvocarditum duiring auitolvsis. Am J Pathol 57:539-557. 1969

49 Jennings RB. Ganote CE: Ultrastnettural changes in acuite myocardial ischemia



438 GANOTE ET AL American Journal
of Pathology

Effect of Acuite Ischemia on Myocardial Ftunction, Proceedings of the Seventh Pfizer
International Symposiuim, Edinbuirgh, Scotland, May 29-81, 1972. Edited by MF
Oliver, DG Jtulian, KW Donald. Edinbuirg, Chuirchill Livingstone, 1972, pp 50-74

50. Whalen DA Jr, Hamilton DG, Ganote CE, Jennings RB: Effect of a transient period
of ischemia on myocardial cells. I. Effects on cell volume regulation. Am J Pathol
74:381-398, 1974

51. Reimer KA, Ganote CE, Jennings RB: Alterations in renal cortex following
ischemic injury. III. Ultrastructure of proximal tubules after ischemia or autolysis.
Lab Invest 26:347-363, 1972

52. Truimp BF, Goldblatt PJ, Stowell RE: Stuidies on necrosis of mouise liver in vitro:
ultrastruictuiral alterations in the mitochondria of hepatic parenchymal cells. Lab
Invest 14:343-371, 1965

53. Csapa Z, Dusek J, Rona G: Peculiar myofilament changes near the intercalated disc
in isoproterenol-induiced cardiac muscle cell injiury. J Mol Cell Cardiol 6:79-83, 1974

54. de la Iglesia FA, Lumb G: Ultrastructuiral and circullatory alterations of the myocar-
diuim in experimental coronary artery narrowing. Lab Invest 27:17-31, 1972

55. Jennings RB: Myocardial ischemia-observations, definitions and specuilations
(editorial). J Molec Cell Cardiol 1:345-349, 1970

56. Zimmerman ANE, Hillsmann WC: Paradoxical influience of calciuim ions on the
permeability of the cell membranes of the isolated rat heart. Natulre 211:646-647,
1966

57. Zimmerman ANE, Daems W, Hillsmann WC, Snijder J, Wisse E, Duirrer
D: Morphological changes of heart muiscle cauised by stuccessive perflusion with
calciuim-free and calciuim-containing soluitions (calciuim paradox). Cardiovasc Res
1:201-209, 1967

58. Holland CE, Olson RE: The influience of temperatture uipon the occlurrence of
paradoxical calciuim necrosis of cardiac muiscle. Fed Proc 34:433, 1975 (Abstr)

59. Shen AC, Jennings RB: Kinetics of calcitum acculmuilation in acuite myocardial
ischemic injuiry. Am J Pathol 67:441-452, 1972

60. Ganote CE, Jennings RB, Hill ML, Grochowski EC: Experimental myocardial
ischemic injuiry II. Effect of in vivo ischemia on dog heart slice flunction in vitro. J
Mol Cell Cardiol 1975 (In press)

Dr. Jennings present address is Department of Pathology, Dtuke University Medical (Center,
Duirham, NC 27710.

Legends for Figures
Figure 1-Control heart perfused for 120 minutes with 02-medium. This cross section shows
the uniform appearance of control myocardium. Capillaries are patent, and the only difference
from perfusion-fixed in vivo control hearts is an increase in the width of the interstitial space.
(Perfusion fixation, toluidine-blue-stained, plastic-embedded section, x 1300)

Figure 2-Control heart perfused for 120 minutes with 02-media. In longitudinal sections,
myocardial cells have uniform cross striations and cellular density. (Perfusion fixation,
toluidine-blue-stained, plastic-embedded section, x 1300)
Figure 3-Heart perfused with N2-medium for 35 minutes and then reoxygenated for 85
minutes. Two populations of cells are present. One resembles control myocardium except that
vacuoles are present in the cytoplasm. The other appears as swollen, pale-staining cellular
ghosts (arrows). Damaged and undamaged cells were randomly distributed throughout both
right and left ventricles. (Perfusion fixation, toluidine-blue-stained, plastic-embedded section,
x 1300)
Figure 4-Heart perfused with N2-medium for 50 minutes and then reoxygenated for 70
minutes. Most cells appear severely damaged. There is cellular swelling and contraction
bands (arrows). The cytoplasm has a granular appearance between contractures, due to
rounded, swollen mitochondria. (Perfusion fixation, toluidine-blue-stained, plastic-embedded
section, x 1300)
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Figure 5-Control heart perfused for 120 minutes with 02-medium. All cells from control hearts
resembled normal myocardium. The nuclei have uniform density (n), and sarcomeres are in nearly
perfect register. The presence of I bands is due to dilation of the heart as it ceases contracting dur-
ing perfusion fixation and is a normal feature of perfusion-fixed cardiac muscle. Mitochondria vary
in shape near the nucleus but in the cytoplasm are elongated and of a uniform, moderate density.
The plasma membrane appears continuous, is closely applied to the myofibrils and
mitochondria, and shows numerous pinocytotic vesicles. (x 10,000) Figure 6-Control heart
perfused for 120 minutes with 02-medium. At this magnification, glycogen granules can be seen
beneath the plasma membrane and between myofibrils. Sarcoplasmic reticulum and transverse
tubular systems are not significantly dilated. Mitochondria contain a moderate number of normal
matrix granules. (x 20,000)
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Figure 7-Heart perfused with N2-medium for 30 minutes and immediately fixed. In cross
section, myocardial cells show mild swelling and occasional small vacuoles (v). The
mitochondria are moderately swollen and have decreased numbers of normal matrix
granules. The cell plasma membrane appears continuous, but a decreased number of
pinocytotic vesicles was a consistent feature of anoxic cells. The interstitial space is
enlarged. A patent capillary (cap) shows intact intracellular junctions (arrows). (x 16,000)
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Figure 8-Heart perfused with N2-medium for 60 minutes and immediately fixed. There is early
clearing and clumping of nuclear chromatin. Cytoplasmic vacuoles (v) add to the moderate
mitochondrial and cytoplasmic swelling. Mitochondria have decreased matrix density and loss of
normal matrix granules. Glycogen is depleted compared to control cells and occasional
mitochondria contain amorphous densities (arrows). n = nucleus. (x 14,600)
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Figure 9-Heart perfused with N2-medium for 60 minutes and immediately fixed. The cell plasma
membrane appears scalloped and has separated from the basement membrane (BM). Some
membranous debris is present in the space so formed. A vacuole (v) and dilated sarcoplasmic
reticulum are present. Mitochondria show varying degrees of mild swelling. (x 16,000) Fe
10-Heart perfused with N2-medium for 60 minutes and immediately fixed. In addition to
cytoplasmic vacuoles and mild degrees of mitochondrial swelling, there is prominent thickening of
Z bands (arrow). n = nucleus. (x 6700) Figure 11-Heart perfused with N2-medium for 60
minutes and immediately fixed. At 60 minutes, and more often after 90 minutes of anoxia, a few
cells were greatly swollen, had contraction bands (cb), and often discontinuous plasma
membranes. It is thought that these cells may account for the low levels of CPK activity which could
be detected in the effluent at these times. cap = capillary. (x 5900)
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Figure 12-Heart perfused with N2-medium for 90 minutes and immediately fixed. This is a typical cell
appearance at 90 minutes, which is probably long after irreversible injury has occurred. The lesions
are similar to but more advanced than those at 60 minutes. There is prominent clumping of nuclear
chromatin (n), almost total loss of glycogen, and obvious cellular swelling. Mitochondria are swol-
len and many contain amorphous densities (arrows). (X 10,400) Figure 13-Heart perfused with
N2-medium for 50 minutes and then reoxygenated for 3 minutes. During peak enzyme release, cells
were greatly swollen. Mitochondria were either greatly swollen in some cells (sm) or in others
showed only mild swelling (nm). cap = capillary. (x 4800)
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Figure 14-Heart perfused with N2-medium for 50 minutes and then reoxygenated for 3 minutes.
After only 3 minutes of reoxygenation, irreversibly injured cells were markedty swollen with forma-
tion of irregular, empty, cytoplasmic and subsarcolemmar spaces. The nuclear chromatin (n) is
markedly clumped, and mitochondria are massively swollen. Amorphous densities were present in
many but not all mitochondria. The plasma membrane often was discontinuous in many of these
swollen cells (arrows). This lesion is shown at a higher magnification in Figure 16. (x 8300)
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Figure 15-Heart perfused with N2-medium for 50 minutes and then reoxygenated for 3 minutes.
Some cells were swollen by numerous membrane-bounded vacuoles (v), many of which are
thought to be derived from sarcoplasmic reticulum. Cells swollen in this manner sometimes con-
tained dense contracted mitochondria with dilated intracristal spaces. (X 22,000) Figure 16-
Same cell as shown In Figure 14. Focal discontinuities in the plasma membrane were a common
feature of swollen cells. There is marked intracellular edema. Mitochondria are swollen but often
contained no amorphous or granular densities. (X 14,300) Figure 17-Heart perfused with N2-
medium for 50 minutes and then reoxygenated for 70 minutes. After long periods of reoxygenation,
severely damaged cells had this typical appearance. There were large subsarcolemmal blebs of
edema fluid in which mitochondria appeared to be floating (arrows). Dense contraction bands (cb)
alternated with areas of cytoplasm containing only a few stretched myofilaments. A small percen-
tage of cells appeared relatively normal (nc). cap = capillary. (x 6400)
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Fiure 18-Heart perfused with N2-medium for 35 minutes and then reoxygenated for 85 minutes.
Severely damaged cells usually had focal loss of cell plasma membrane with only vesicular
membrane remnants attached to the basement membrane. The basement membrane (arrows) ap-
peared as the only barrier between the intracellular space (ics) and the extracellular space (ecs). (x
28,300) Figure 19-Heart perfused with NK-medium for 35 minutes and then reoxygenated for
85 minutes. This micrograph shows another area in which there were large discontinuities in the
cell plasma membrane. In some areas, even the basement membrane appeared ruptured (arrows),
and there was no apparent separation of the intracellular space (ics) and extracellular space (ecs).
(x 28,100) Fgure 20-Heart perfused with N2-medium for 35 minutes and then reoxygenated
for 85 minutes. In irreversibly injured cells, mitochondria showed prominent lesions. In addition to
swelling and loss of matrix granules, there were large amorphous matrix densities (a), annular
granular dense bodies (g), and electron-dense material between cristal membranes (arrow). A por-
tion of a capillary cell cytoplasm and nucleus is present in the extreme lower left of this micrograph.
(x 28,600)
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Figure 21-Heart perfused with N2-medium for 50 minutes and then reoxygenated for 70 minutes. In
mitochondria, granular dense bodies sometimes appeared as round or oval focal areas of matrix
which were speckled with tiny electron-dense granules (g). Amorphous matrix densities (a) were
also present in most mitochondria. (x 40,000) Figure 22-Heart perfused with N2-medium for
35 minutes and then reoxygenated for 85 minutes. A second common appearance of granular
dense bodies was the annular or ring-shaped form. This is typical of the type of dense body
previously described after irreversible ischemic injury and reflow of blood in dogs which has been
associated with calcium phosphate accumulation. (x 29,000) Figure 23-Heart perfused with
N2-medium for 40 minutes and then reoxygenated for 80 minutes. In properly oriented sections, the
intracristal material appears as a periodic double line (arrow). (x 81,000)
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Figure 24-Heart perfused with N2 medium for 50 minutes and then reoxygenated for 70 minutes.
With reoxygenation, two cell populations were present. The first was the swollen cells, which are
considered to be irreversibly injured (1). The second was similar in most respects to control
myocardial cells except for the presence of cytoplasmic vacuoles and is considered to have to be
reversibly injured (2). In perfused hearts there was often considerable enlargement of the inter-
stitial space (ecs). Arrows point to the sarcolemmal membrane of the swollen cell. (X 3500)
Figure 25-Heart perfused with N2-medium for 35 minutes and then reoxygenated for 85
minutes. Type 2 or reversibly injured cells were often virtually indistinguishable from normal. The
nucleus (n) had a normally distributed chromatin pattern, the sarcomeres were regularly spaced,
and mitochondria had normal density and contained normal matrix granules (arrows).



Figure 26-Heart perfused with N2-medium for 35 minutes and then reoxygenated for 85 minutes.
Type 2 or reversibly injured cells were similar to those from control hearts except that they fre-
quently contained often large cytoplasmic vacuoles (v). ecs = interstitial space, cap = capillary
lumen. (X 7300)


