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The authors used an in vitro myocardial tissue slice
technique to quantitate the transmural distribution of
alterations in cell volume regulation and membrane
integrity following early ischemic injury and to evalu-
ate directly the effects of therapeutic interventions in a
system not subject to influences ofcoronary blood flow.
Left circumflex coronary occlusion was produced in 57
dogs for 30 or 60 minutes. After in vitro incubation in
Krebs-Ringer-phosphate-succinate medium contain-
ing trace 14C-inulin, typical values (ml H20/g dry
weight) for control nonischemic myocardial slices were
3.68 ± 0.07 (SEM) for total tissue water, 2.67 ± 0.07
for inulin impermeable space, and 1.01 ± 0.04 for in-
ulin diffusible space. Ischemic myocardial slices ex-
hibited an impaired response to cold shock (0 C for 60
minutes) and rewarming (37 C for 60 minutes). After
60 minutes coronary occlusion, respective increases in
total tissue water, inulin-impermeable space and
inulin-diffusible space of ischemic slices were 25.5 ±
2.6%, 6.2 ± 4.9% and 84.4 ± 12.5% for papillary
muscle, 22.2 ± 2.1%, 10.4 ± 4.2% and 52.5 ± 10.3%
for subendocardium and 9.1 ± 1.5%, 7.2 ± 2.3% and

15.8 ± 5.5% for subepicardium. Significant but usually
less marked alterations occurred after 30 minutes of cor-
onary occlusion. Propranolol treatment in vivo (2
mg/kg) and/or in vitro (0.01 mg/ml medium) produced
no significant changes in tissue water or inulin spaces of
ischemic slices, compared with saline controls. Incuba-
tion in hyperosmolar mediums resulted in significant
reductions in total tissue water and inulin-impermeable
space with little change in inulin-diffusible space of
both ischemic and control slices. Fifty milliosmolar
polyethylene glycol (MW 6000) produced a greater re-
duction in tissue water and ultrastructural evidence of
cell swelling than did either 40 or 100 milliosmolar
mannitol (MW 182). The major effect of hyperosmolar
incubation appeared to be a selective reduction in
edema of cells with structurally intact membranes.
Thus, in vitro studies with myocardial tissue slices pro-
vide evidence of widespread alterations of membrane
integrity after 30-60 minutes of in vivo coronary artery
occlusion. In vitro abnormalities of cell volume regula-
tion can be partially reversed by direct osmotic effects
on myocardial cells. (Am J Pathol 1981, 103:79-95)

PREVIOUS STUDIES have suggested that altered
membrane permeability and associated derangements
in fluid and electrolyte balance and cell volume regu-
lation have an important role in the evolution of
hypoxic and ischemic injury in the heart and other
organs.'1-1 In the present study, we used an in vitro
myocardial tissue slice technique to quantitate the
transmural distribution of membrane alterations
resulting from early experimental ischemic injury and
to evaluate directly the effects of therapeutic inter-
ventions on injured muscle cells. 18
The tissue slice technique has been used extensively

for metabolic studies of many tissues"9 and has also
been applied to the study of myocardial cell injury.5-8
The technique represents a highly specialized model
system involving in vitro manipulations of small seg-
ments of myocardium. However, the technique has the
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significant advantage for selected applications that
alterations of muscle cells can be evaluated directly in
a system not subject to influences of a functioning
vasculature. With the tissue slice method, altered cell
volume regulation and membrane permeability are
measured by changes in tissue water, electrolyte ab-
normalities, and altered distribution of extracellular
space markers, such as inulin, a polysaccharide with
a molecular weight of 5000.6
The major objectives of the present study were: 1)

to demonstrate the location and extent of membrane
alterations following 30 and 60 minutes of ex-
perimental coronary occlusion and 2) to evaluate
directly the cellular effects of interventions previous-
ly reported to exert protective effects on ischemic or
hypoxic myocardium in the intact perfused heart.
The agents selected were the beta adrenergic an-
tagonist propranolol and two compounds, mannitol
(MW 182) and polyethylene glycol (MW 6000), which
are osmotically active because of a limited capacity to
permeate normal cellular membranes. Previous
studies have shown that elevation of serum osmolali-
ty by approximately 40 milliosmoles with mannitol
exerts a protective effect on the extent of myocardial
damage when the interval of ischemia is limited to
one hour of coronary occlusion.3 92021 Hyperosmolar
perfusion with polyethylene glycol or mannitol also
has been shown to ameliorate certain manifestations
of cell injury induced by hypoxia in isolated perfused
hearts.7 It has been pointed out, however, that
studies of hyperosmolar agents in intact perfused
hearts have not distinguished between effects on cor-
onary blood flow and direct effects on muscle cells.14
With regard to the protective effect of propranolol
on myocardial ischemic injury, uncertainty also ex-
ists regarding the relative importance of global ef-
fects on myocardial oxygen consumption, effects on
coronary vasculature, and direct effects on ischemic
muscle cells.22-24

In the present study, an evaluation was made of
the response of control and ischemic myocardial tis-
sue slices to in vitro manipulation of the osmolality
of the extracellular fluid with mannitol and polyethy-
lene glycol, and the response of tissue slices also was
studied after in vivo and/or in vitro administration
of propranolol. Interventions were tested with the
myocardial tissue slice technique based on the con-
cept that the response of myocardial tissue slices
would provide information regarding the severity
and potential reversibility of ischemic membrane
damage and that the in vitro response also would
provide insight into the mechanisms of action of the
agents through observation of their direct effects on
myocardial cells.

Materials and Methods

Ischemia Model

Healthy adult mongrel dogs were anesthetized with
an intravenous injection of sodium pentobarbital (30
mg/kg), intubated, and ventilated with room air with
a Harvard respirator. Leads were attached for elec-
trocardiographic monitoring of limb lead II. Follow-
ing a left lateral thoracotomy, the proximal left cir-
cumflex coronary artery was permanently ligated
with suture. After 30-60 minutes, the beating heat
was excised and placed in ice cold saline for in vitro
studies.

Groups Studied

Seventy dogs underwent permanent ligation of the
left circumflex coronary artery and were used for five
experimental groups (I-V) (Table 1). The study
groups were limited to the 57 dogs that showed 1.0
mm or greater ST segment elevation in lead II of the
electrocardiogram after a 2-minute test coronary oc-
clusion (Group V) or at 15 minutes after permanent
coronary occlusion (Groups I, II, III, and IV).

Further details of the protocol for Group V were as
follows. Eighteen dogs were anesthetized with
sodium pentobarbital (30 mg/kg) and 30 minutes
later underwent a 2-minute temporary test occlusion
of the circumflex coronary artery. Five of the 18 dogs
were excluded from the study since these dogs did not
manifest significant (at least 1.0 mm) ST-segment ele-
vation at the end of the 2-minute test occlusion. The
remaining 13 dogs were alternately divided into two
subgroups, which were given bolus intravenous doses
of propranolol (2 mg/kg) or an equal volume of
saline, administered 15 minutes after the test cor-
onary occlusion. Thirty minutes later, permanent
ligation of the left circumflex coronary artery was
performed. One propranolol-treated dog died after
coronary occlusion. The other 12 dogs survived a
1-hour period of coronary occlusion prior to excision
of the hearts. Thus, the original group of 18 dogs
yielded 6 saline-treated hearts (Group Va) and 6
propranolol-treated hearts (Group Vb) for in vitro
studies.

Preparation of Tissue Slices

After cooling for several minutes in ice-cold saline,
the heart was removed from the saline, and the left
ventricle was opened. A transmural block of ischemic
tissue containing the posterior papillary muscle and a
transmural block of control tissue containing the
anterior papillary muscle were excised from the heart
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MEMBRANE ALTERATIONS IN ISCHEMIC MYOCARDIAL SLICES 81

and transferred to ice-cold media (Figure 1). The
block of ischemic tissue was limited to the region of
pallor identified on the endocardial surface and in
the adjacent myocardium after excision of the block.
Any pale damaged tissue in the control anterior block
was excised, leaving only grossly normal muscle for
preparation of control slices. The large blocks of
anterior and posterior myocardium were divided into
three zones: subepicardial free wall, subendocardial
free wall, and papillary muscle. These blocks were
then cut into thin tissue slices with razor blades by a
free-hand technique.5 The slices were cut parallel to
the long axis of the heart and were 5-10 mm in length
and approximately 1 mm or less in thickness. All
slices were initially kept in ice-cold (0 C) medium in
open beakers in an ice bath.
The basic medium for these studies was a modified

Krebs-Ringer-phosphate (KRP) solution.5 The solu-
tion was prepared with reagent-grade chemicals and
contained in millimoles per liter the following ions:
Na+, 151.6; K+, 4.8; Ca2", 1.3; Mg2", 1.2; sulfate, 1.2;
phosphate, 15.6, and Cl-, 127.7. In many experi-
ments, the KRP medium was further modified by
substitution of 20mM NaCl with 20mM sodium suc-
cinate (Sigma Chemical Company, St. Louis, Mo).
Succinate was chosen as a substrate based on evi-
dence that succinate can gain access to the interior of
damaged cells and can support mitochondrial respir-
atory activity of such cells.25"2-

Incubation of Tissue Slices

In the various studies, tissue slices were incubated
under one or more of the following conditions: 0 C
for 60 minutes, 0 C for 60 minutes followed by 37 C
for 60 minutes or 37 C for 120 minutes. The cold (0
C) incubations were performed in open beakers
maintained in an ice bath. For the warm (37 C) in-
cubations, slices were placed in 25-ml Erlenmeyer
flasks containing 10 ml of medium that had been
equilibrated with 100% oxygen. The flasks were posi-
tioned on a Dubnoff shaker with the water bath at 37
C, agitated at a constant rate, and continuously gassed
with 1000% oxygen. In order to avoid evaporation of
warm medium by dry gas, the oxygen was bubbled
through a gas washing bottle before making contact
with the medium.

tions, the inulin was added only to the final incuba-
tion medium.

In each experiment, three slices were used for cal-
culation of total tissue water from wet weight and dry
weight measurements, and three additional slices
were used for calculation of inulin-diffusible space,
based upon wet weight and 14C-inulin measurements.
After completion of the incubation, the six slices
were removed from the incubating flasks, blotted on
Whatman No. 41 low-ash filter paper, and weighed
on a Mettler analytical balance to the fifth decimal
place to obtain wet weight. For dry weight determin-
ation, three of the six slices were placed into separate
glass scintillation vials, which were loosely capped
and dried overnight in a 105 C oven. After cooling,
the dried slices were removed with forceps and weigh-
ed on the Mettler balance to the fifth decimal place.
The other three slices were used for liquid scintilla-
tion counting. These slices were placed in separate
glass scintillation vials containing 1 ml of Soluene
400 (Packard) for digestion of the tissue. For deter-
mination of the inulin concentration of the medium,
three separate 0. l-ml aliquots of medium were placed
in vials containing 1 ml of Soluene 400. The next day
15 ml of acidified (9:1 with 0.5 N HCl) Insta-Gel
(Packard) was added to the vials containing tissue
digest or medium. The vials were mechanically
shaken and counted for 14C on a Packard Tri-Carb
scintillation counter.
We prepared a standard quenching curve by add-

ing aliquots of acetone to preparations of a 14C stan-
dard (New England Nuclear) made up in a solution
of Soluene and Insta-Gel. In addition, evaluation
was made of the relative amounts of quenching
resulting from the medium and tissue slices. Aliquots
of medium and 50, 100, and 150 mg of myocardium
were added to vials containing 1 ml Soluene. The
next day 15 ml of acidified Insta-Gel containing a
known amount of "4C standard was added. These
samples were then counted. The results showed that
medium and tissue samples had comparable counting
efficiencies.

Total tissue water (TTW) was calculated from the
wet weight (WW) and dry weight (DW) of the tissue
slices according to the formula:

WW - DW
TTW =

DW
= g (ml) of water per g dry tissue

Space Determinations

For determination of inulin-diffusible space, a
trace quantity of '4C-hydroxymethyl-inulin (Amer-
sham/Searle Corporation) was added to the medium.
In experiments involving both cold and warm incuba-

The percentage of water in the slices was calculated
as follows:

WW- DW TTWoH20 = x 100 or from x 100
WW TTW + 1
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Inulin diffusible space (IDS) was calculated as
milliliters of inulin-diffusible water per gram of dry
weight. This calculation was based on the assump-
tions that the inulin-diffusible water was in equili-
brium with the medium and, therefore, that the con-
centration of 14C-inulin was identical in the medium
and in the inulin-diffusible water of the slice.5 Dry
weight and inulin-diffusible space could not be deter-
mined from the same slices, since it was not possible
to dissolve slices for liquid scintillation counting after
the slices were dried. Therefore, the dry weight for
the IDS calculations was assumed from the wet
weight of the slices and the TTW of other slices from
the same incubation flask. The theoretical dry weight
of the slices was derived by the formula

ww
DW = TTW + 1

IDS in gram (ml) per gram dry tissue was calculated
as follows:

IDS =
inulin counts per minute per slice

DW x inulin counts per minute per ml of medium
The inulin impermeable space (IIS) was calculated by
the formula:

IIS = TTW - IDS = g (ml) per g dry tissue

In Vitro Effects of Agents

The osmotically active agents, mannitol and poly-
ethylene glycol (Carbowax 6000, Union Carbide,
Sigma Chemical Company) were added in varying
concentrations to an isosmolar (300 mOsm) KRP-
succinate medium. In other experiments, propranolol
was added to KRP-sucinate medium at a concentra-
tion of 0.01 mg/ml.2829 Control and ischemic slices
were then incubated in control medium and in me-
dium containing mannitol, polyethylene glycol, or
propranolol.

Morphologic Studies

In selected experiments, samples were obtained
from control and ischemic regions directly after exci-
sion of the heart or after incubation of tissue slices.
Samples were cut from center strips of the tissue
slices. Samples were fixed in phosphate-buffered 3 Wo
glutaraldehyde solution, washed, postfixed in phos-
phate-buffered 1 o osmium, dehydrated through a
graded series of alcohols and propylene oxide, and
embedded in Epon-Araldite. Epoxy sections were
cut, stained with toluidine blue, and examined by
light microscopy. For electron microscopy, ultrathin
sections were stained with uranyl acetate and lead

citrate and examined and photographed with a JEOL
IOOC electron microscope.

Electron-microscopic determination of the percen-
tage of swollen muscle cells was performed on
samples from two experiments in Group IV. Two
blocks were picked at random for each subgroup in
the two experiments, yielding a total of four sections
for each category. The sections were coded, mixed
together, and examined in a random fashion. A total
of approximately 200 cell profiles (50 per section) for
each category were counted.

Statistical Analysis

Statistical analysis of the data was initially per-
formed using paired or group t tests. If the results
suggested differences in the groups, the data were
reanalyzed by analysis of variance procedures to con-
firm the findings. The Neuman-Keuls multiple range
test was then applied to determine specific dif-
ferences in the groups at the 0.05 significance level.30

Results

Tissue Water and Morphology Prior to Incubation

With tissue slices obtained from dogs in Group I
and prepared directly after excision of the heart
without in vitro incubation, ischemic papillary mus-
cle, subendocardium, and subepicardium exhibited
small (6- 1 0o) but significant increases in total tissue
water, compared with control papillary muscle (Fig-
ures 2 and 3). After 60 minutes of permanent cor-
onary occlusion, muscle cells from the ischemic zone
exhibited variable degrees of damage and cell swell-
ing (Figures 4 and 5). Severely damaged cells ex-
hibited marked clumping of nuclear chromatin,
edema, glycogen depletion, and multiple amorphous
matrix (flocculent) and linear (lamellar) mitochon-
drial densities, which are characteristic of established
irreversible injury (Figure 4).2 25.31 32 Other cells
showed less severe damage, characterized by edema,
glycogen depletion, and clearing of the mitochon-
drial matrix without the presence of amorphous
matrix or linear mitochondrial densities (Figure 5).
The most severely damaged muscle cells were located
in the papillary muscle and subendocardium. Cell
swelling was generally mild, but some muscle cells
with more prominent swelling were noted (Figure 4).

In Vitro Response of Control Tissue Slices

In Group I dogs (n = 15), which were subjected to
60 minutes coronary occlusion, the response of con-
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Table 1-Experimental Protocols for Five Groups of Dogs

Group (n = 15 dogs)
In vivo left circumflex coronary artery (LCCA) ligation for 60
minutes.

In vitro incubation of control and ischemic tissue slices in
isosmolar (300 mOsm) Krebs-Ringer-phosphate (KRP) medium at
different incubation temperatures.

Group II (n = 10 dogs)
In vivo LCCA ligation for 30 minutes.

In vitro incubation of control and ischemic tissue slices in isos-
molar (300 mOsm) KRP-succinate medium, 40 mOsm mannitol
medium (MW 182) and 100 mOsm mannitol medium.

Group IlIl (n = 8 dogs)
In vivo LCCA ligation for 60 minutes.

In vitro incubation of control and ischemic slices in isosmolar
KRP-succinate medium and 40 mOsm mannitol medium.

Group IV (n = 6 dogs)
In vivo LCCA ligation for 60 minutes.

In vitro incubation of control and ischemic tissue slices in isos-
molar KRP-succinate medium, 100 mOsm mannitol medium and
50 mOsm polyethylene glycol medium (MW 6000).

Group V (n = 12 dogs)
In vivo LCCA ligation for 60 minutes.
Group Va (n = 6 dogs)-pretreatment with normal saline.
Group Vb (n = 6 dogs)-pretreatment with propranolol (2 mglkg).

In vitro incubation of control and ischemic tissue slices in isos-
molar KRP-succinate medium with and without propranolol
(0.01 mg/ml medium).

trol anterior papillary muscle slices was evaluated
under a variety of in vitro incubation conditions
(Figure 2). After incubation at 37 C for 120 minutes
in oxygenated isosmolar KRP medium, total tissue
water was 3.88+0.06 (SEM) g (ml) H20 per gram dry
weight. This value did not differ significantly from
the total tissue water (3.87+0.05) of slices that were
not incubated but prepared directly after excision of

the heart. After incubation at 37 C for 120 minutes,
inulin-impermeable space was 2.65±0.07, and inulin-
diffusible space was 1.23±0.05 g (ml) H20 per gram
dry weight. After incubation at 0 C for 60 minutes,
total tissue water increased by 35 % and inulin-imper-
meable space by 52.50%, but inulin-diffusible space
was unchanged. After incubation at 0 C for 60
minutes followed by incubation at 37 C for 60
minutes, total tissue water and inulin-impermeable
space returned to or close to values obtained after
incubation at 37 C for 120 minutes.
The data indicate that: 1) control slices respond to

cold shock by developing cell swelling (increase in
total water and inulin-impermeable space without an
increase in inulin-diffusible space), and 2) control slices
have the capacity to reverse cell swelling induced by
cold shock when the slices are subsequently in-
cubated at 37 C.

Comparison of Control and Ischemic Tissue
Slices Incubated in Isosmolar Media

Following incubation of ischemic slices from
Group I dogs at 37 C for 120 minutes, total tissue
water was increased above control slice values by
24.00% in ischemic papillary muscle slices and 25.8%
in subendocardial slices and was not increased in
ischemic subepicardial slices (Figures 2 and 3). Inulin-
diffusible space was increased by 10O%o in ischemic
papillary muscle slices, 97.6% in subendocardial slices
and 28.2% in subepicardial slices. Values for inulin-
impermeable space of ischemic and control slices were
similar. Following incubation at 0 C for 60 minutes,
ischemic papillary muscle, subendocardial and subepi-
cardial slices exhibited greater increases in total tissue

III,

.A TIE

II
L-

Figure 1-The illustration shows general features of
the experimental protocol. In vivo myocardial
ischemia is produced in dogs by permanent ligation
of the left circumflex coronary artery for 30 to 60
minutes. The heart is then excised, and transmural
blocks of control anterior and ischemic posterior myo.
cardium are removed. Thin myocardial tissue slices
are cut free-hand with razor blades from the papillary
muscle, subendocardial free wall, and subepicardial
free wall of the control and ischemic regions. The
slices are incubated in vitro in Krebs-Ringer-phos-
phate (KRP) or KRP-succinate media containing trace
'4C-inulin. Incubation conditions consist of 37 C for
120 minutes, 0 C for 60 minutes, or 0 C for 60 minutes
plus 37 C for 60 minutes. Following incubation, total
tissue water, inulin-diffusible space and inulin-imper-
meable space are determined.

CONTROL ISCHEMIC
ANTERIOR POSTERIOR
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Figure 2-Response to various experimental conditions (no incubation or incubation at 37 C for 120 minutes, 0 C for 60 minutes, or 0 C for 60
minutes plus 37 C for 60 minutes) of control and ischemic papillary muscle tissue slices from dogs after 60 minutes coronary occlusion (Group
I). Statistical significance of the data shown in Figures 2 and 3 was evaluated in the same three-way analysis of variance (dog as a random ef-
fect and slice group and experimental condition as fixed effects). Since the analysis showed significant interactions between slice groups and
experimental conditions, separate comparisons were made of the response of the different slice groups for each experimental condition (ver-
tical comparisons of slice groups in Figures 2 and 3 indicated by the a, b, c series) and of the response of the same slice group to the four ex-
perimental conditions (horizontal comparisons indicated by the a', b', c' series) using Newman-Keuls multiple range testing to determine spe-
cific differences in the groups.30 For each analysis, all data points with different letters are significantly different, and those with the same let-
ter are not significantly different. In response to cold shock and rewarming, control papillary muscle slices exhibit reversible increases in total
tissue water and inulin-impermeable space without change in inulin-diffusible space. Ischemic papillary muscle slices show an abnormal re-
sponse, characterized by elevated total tissue water and inulin-diffusible space, under all experimental conditions tested.

water than control slices. The increases in total tissue tion at 37 C for 60 minutes, the total tissue water of all
water were associated with prominent elevations in ischemic slices and the inulin diffusible space of
inulin-diffusible space, while inulin-impermeable ischemic papillary muscle and subendocardial slices re-
space was below or at the level of control slices. After mained elevated above values for control slices. These
incubation at 0 C for 60 minutes followed by incuba- results indicate that the ischemic slices exhibited im-
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Figure 3-Response to various experimental conditions of ischemic subendocardial and subepicardial slices from dogs after 60 minutes of
coronary occlusion (Group I). Statistical analysis of the data is described in the legend to Figure 2. Ischemic subendocardial slices show a re-
sponse similar to ischemic papillary muscle slices (Figure 2). Ischemic subepicardial slices exhibit less marked but usually significant
changes in total tissue water and inulin-diffusible space, compared with control slices (see Figure 2).

F-0

0

I

-2. D

600

5.50 F

C]

H

I
0

0D
0
N.

0

I

-J

4.50 F SEM,

AJP * April 1981

I



MEMBRANE ALTERATIONS IN ISCHEMIC MYOCARDIAL SLICES 85
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Figures 4 and 5-Ultrastructural alterations of muscle cells from the subendocardium of the ischemic zone of a dog subjected to 60 minutes of
coronary occlusion in vivo. Samples were prepared after in vivo ischemia without in vitro incubation. Figure 4-Severely damaged muscle
cells show total glycogen depletion and mitochondria with amorphous matrix (flocculent) densities indicative of established irreversible in-
jury. One muscle cell shows mild edema characterized by slight separation of the organelles. The other muscle cell shows more prominent
edema. (x 10,000) Figure 5-A muscle cell with less severe injury exhibits glycogen depletion, slight edema, and mitochondria with clear
matrices but no amorphous matrix densities. (x 17,800)
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Table 2-Water Content and Inulin Spaces of Control and lschemic Tissue Slices After Cold (0 C) Plus Warm (37 C)
Incubations (60 Minutes Each) in Isosmolar Krebs-Ringer-Phosphate-Succinate Medium

Control slices Ischemic slices

Categories TTW IIS IDS TTW IIS IDS

Group II: 30-minute coronary
occlusion (n = 10)
Papillary muscle slices 3.93 ± 0.09 2.91 ± 0.05 1.02 ± 0.05 4.43 ± 0.09* 3.20 ± 0.07* 1.23 ± 0.06*
Subendocardial slices 3.93 ± 0.12 2.92 ± 0.09 1.01 + 0.06 4.40 ± 0.11* 2.94 ± 0.07 1.46 ± 0.08*
Subepicardial slices 4.00 ± 0.11 2.99 ± 0.07 1.02 ± 0.07 4.19 ± 0.10* 2.94 ± 0.06 1.25 ± 0.08*

Groups l1l, IV, Va: 60-minute
coronary occlusion (n = 20)
Papillary muscle slices 3.68 ± 0.07 2.67 ± 0.07 1.01 ± 0.04 4.59 ± 0.06* 2.78 ± 0.07* 1.81 ± 0.09*
Subenodcardial slices 3.66 ± 0.06 2.54 ± 0.07 1.12 ± 0.05 4.53 ± 0.07* 2.74 ± 0.09* 1.80 ± 0.12*
Subepicardial slices 3.77 ± 0.06 2.66 ± 0.07 1.11 ± 0.03 4.11 ± 0.07* 2.83 ± 0.06* 1.28 ± 0.06

Note: Data are presented as mean ± standard error of the mean. Units are g (ml) H2O per g dry weight.
* Ischemic value is significantly different from control value (Newman-Keuls test).
Abbreviations: TTW = total tissue water; IIS = inulin-impermeable space; IDS = inulin-diffusible space.

paired volume regulation in response to cold shock
and subsequent incubation at 37 C. Total tissue water,
however, was lower after warm only and cold plus
warm incubations than after cold incubation alone, in-
dicating partial reversal of cold-induced swelling by
ischemic tissue slices. The differences in total tissue
water of ischemic tissue slices after various incubation
conditions were accompanied by directionally similar
but greater differences in inulin-impermeable space.
The differences in inulin-impermeable space, however,
may have been accentuated by differences in inulin-
diffusible space, which appeared to be related in part
to different incubation times (60 minutes versus 120
minutes).

Table 2 and Figure 6 present data obtained without
interventions for control and ischemic slices from dogs
in Groups II, III, IV, and Va (no propranolol in vivo
or in vitro). All slices were incubated at 0 C for 60
minutes followed by incubation at 37 C for 60 minutes
in isosmolar (300 mOsm) modified KRP medium with
20 mM succinate. The interval of in vivo coronary oc-
clusion was 30 minutes for Group II (n = 10) and 60
minutes for Groups 11-Va (n=20). The results indi-
cate that elevated total tissue water and inulin-diffu-
sible space occurred after 30 and 60 minutes of myo-
cardial ischemia in papillary muscle, subendocardial,
and subepicardial-slices, and that the inulin-imperme-
able space of ischemic slices was generally increased
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Figure 6-Comparison of percent changes from control slice values observed for ischemic myocardial tissue slices after 30 minutes coronary
occlusion (Group II) and after 60 minutes of coronary occlusion (Groups IlIl, IV, Va combined). Statistical significance was evaluated by a three-
way analysis of variance (slice group and duration of coronary occlusion as fixed effects and dog as a random effect nested within groups) fol-
lowed by Newman-Keuls multiple-range testing to determine specific differences in the groups.30 Data points for the 30-minute and 60-minute
groups with different letter designations (a, b) are significantly different, and those with the same letter designations are not significantly dif-
ferent. The percent increase in total tissue water is significantly greater in ischemic papillary mpscle (PM) and subendocardial (Endo) slices
but not in subepicardial (Epi) slices after 60 minutes of coronary occlusion, compared with 30 minutes of coronary occlusion. The increase in
total tissue water is accompanied by a marked increase in the inulin-diffusible space of the papillary muscle slices.
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Figure 7-Percent change from isosmolar
values produced by incubation (0 C for 60
minutes plus 37 C for 60 minutes) of con-
trol and ischemic slices in hyperosmolar
Krebs-Ringer-phosphate-succinate medi-
ums. Slices were obtained from dogs after
30-minute coronary occlusion (30M CO)
(Group II) and 60-minute coronary occlu-
sion (60M CO) (Groups IlIl and IV). Mediums
were made hyperosmolar by the addition of
40 mOsm or 100 mOsm mannitol (MAN)
(MW 182) or 50 mOsm polyethylene glycol
(PEG) (MW 6000). Data for slices of papil-
lary muscle, subendocardium, and
subepicardium were combined. Statistical
significance was evaluated by a three way
analysis of variance (occlusion/interven-
tion groups and control versus ischemic
slice groups as fixed effects and dog as a
random effect nested within groups) fol-
lowed by Newman-Keuls multiple range
testing to determine specific differences in
the groups.30 The asterisks (*) indicate sig-
nificant differences between control (Con)
and ischemic (Isc) slices after incubation
in a certain type of hyperosmolar medium.
Statistical comparisons of the response of
control slices to different hyperosmolar
media are indicated by the a, b, c series,
and the response of ischemic slices by the
a', b', c' series. For each analysis, all
groups sharing the same letter designation
are not significantly different. Each group
shows prominent reductions in total tissue
water and inulin-impermeable space of
ischemic as well as control slices, with little
change in inulin-diffusible space. The
greatest effects are observed with 50
mOsm polyethylene glycol.
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after 60 minutes coronary occlusion (Table 2). The
percentage of increase in total tissue water was signifi-
cantly greater in ischemic papillary muscle and sub-
endocardial slices but not in subepicardial slices after
60 minutes coronary occlusion compared to 30 min-
utes coronary occlusion (Figure 6). The increase in
total tissue water was accompanied by a marked in-
crease in the inulin-diffusible space of the ischemic
papillary muscle slices after 60 minutes coronary oc-
clusion. (Figure 6)

Effect of Osmotically Active Agents

Figure 7 presents the findings related to in vitro in-
cubation of control and ischemic slices in various
hyperosmolar media, with the results expressed as
percent change from the isosmolar values for each
experimental group. Osmolarity of the medium was
increased by the addition of 40 or 100 mOsm man-
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nitol (MW 182) or 50 mOsm polyethylene glycol
(MW 6000). Data for slices of papillary muscle, sub-
endocardium, and subepicardium were combined,
since similar changes occurred in slices from all
regions. For both control and ischemic slices, the
hyperosmolar agents reduced total tissue water as a
result of major change in inulin-impermeable space,
while little change occurred in inulin diffusible space.
The reductions were significantly greater for ischemic
than for control slices with the exception of 100
mOsm mannitol incubation after 60 minutes cor-
onary occlusion. After 30 and 60 minutes coronary
occlusion, 100 mOsm mannitol produced greater re-
ductions in total tissue water of control and ischemic
slices than did 40 mOsm mannitol. However, 5OmOsm
polyethylene glycol produced greater reductions in
total tissue water of control and ischemic slices than
either 40 or 100 mOsm mannitol. Differences in
inulin-impermeable space were less distinct because
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Figures 8 and 9-Ultrastructural features of control and ischemic myocardial tissue slices after incubation in isosmolar KRP-succinate
medium at 0 C for 60 minutes and 37 C for 60 minutes. Figure 8-Muscle cell from a control myocardial tissue slice exhibits intact ultra-
structure. (x 18,450) Figure 9-After 60 minutes of in vivo ischemia and in vitro incubation, muscle cells from ischemic papillary muscle
slice exhibit mild to marked cytoplasmic and mitochondrial edema and swelling. (x 10,420)
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of the influence of slight differences in inulin-
diffusible space.

Electron Microscopy of Tissue Slices After
Isosmolar and Hyperosmolar Incubations

Electron-microscopic examination of control slices
following isosmolar incubation showed that the ul-
trastructure of most muscle cells was generally intact,
although the mitochondria frequently exhibited
clearing of the matrix and slight swelling (Figure 8).
Some control muscle cells also exhibited generalized
cytoplasmic swelling. Ischemic slices showed large
numbers of damaged muscle cells, which exhibited
variable degrees of cellular and organellar edema and
swelling with and without structural defects in the
plasma membrane (Figure 9). Although many muscle
cells had prominent edema, some muscle cells showed
little evidence of edema. No obvious change was
noted in the size of the interstitial space between
ischemic and control slices.

Ultrastructural examination revealed a mixed pop-
ulation of muscle cells in ischemic slices after incuba-
tion with mannitol or polyethylene glycol (Figures
10-12). Some muscle cells showed little or no cell or
organelle swelling, others had minimal cytoplasmic
edema but did show mitochondrial swelling, and
others exhibited marked cytoplasmic and organellar
edema. The most severely swollen cells frequently ex-
hibited prominent disruption of the plasma mem-
brane, whereas the cells with mild or no edema had
anatomically intact cell membranes.
Table 3 presents results of quantitative electron

microscopic determinations of the percent swollen
muscle cells in control and ischemic papillary muscle
slices after isosmolar and hyperosmolar incubations.
The criteria for cell swelling consisted of separation
of intracellular organelles and separation of the sar-
colemma from adjacent organelles. Ischemic slices
incubated in isosmolar medium exhibited a signifi-
cantly higher percentage (67.8%) of swollen cells,
compared with control slices (24.6%o). A significant
reduction in the percentage of swollen cells was de-
tected in ischemic slices incubated in 50 mOsm
polyethylene glycol medium (44.1 Wo) but not in
ischemic slices incubated in 100 mOsm mannitol
medium (60.907o). No striking differences in other
features of cell injury were observed in the ischemic
slices incubated in isosmolar and hyperosmolar
media.

Effect of Propranolol

Significant elevations (group t test) of total water

and inulin space occurred after 60 minutes of cor-
onary occlusion with or without propranolol admin-
istered in vivo (2 mg/kg) and/or in vitro (0.01 mg/ml
medium (Table 4). There were no significant differ-
ences in the values for ischemic and nonischemic
slices between the control and propranolol groups
(group t tests).

Discussion

The data obtained from an in vitro myocardial
tissue slice technique have provided quantitative in-
formation regarding the severity and extent of
ischemic membrane damage produced by 30-60
minutes of experimental canine coronary occlusion.
The data also have characterized certain effects of
osmotically active agents and propranolol on
ischemic myocardial tissue. The information obtained
was based on the differential response of control and
ischemic slices to in vitro incubation in balanced salt
solutions.

In the present study, control values for total water
and inulin spaces were comparable to those reported
by others for myocardial tissue slices.56 The absolute
values for control and ischemic slices were lower
when incubations were performed in KRP medium
containing succinate than in KRP medium. This
result could be due to a beneficial effect of the suc-
cinate on mitochondrial function,25 but an additional
factor is that the initial experiments were performed
with KRP medium and later experiments with KRP-
succinate medium. The control values for tissue slices
incubated in vitro were higher than those reported
for intact cardiac muscle. For example, Polimeni and
Al-Sadir reported a total tissue water of 3.34-3.35,
extracellular water of 0.77-0.78, and cellular water
of 2.56-2.58 (ml H20/g dry weight) for normal rat
myocardium.33 The differences between intact car-
diac muscle and tissue slices are probably related to
the presence of damaged cells on the cut edges as well
as some expansion of the extracellular space of the
slices.5'34 Another possible factor is that the damaged
surface cells of the tissue slices could exert adverse ef-
fects on adjacent cells by means of electrolyte shifts
across nexal junctions. These problems, however, are
not limited to myocardial slices, since many cell types
have nexal junctions.35 These considerations have not
precluded the successful application of the tissue slice
technique for metabolic studies of many tissues. 19

Slices of control nonischemic myocardium ex-
hibited evidence of normal cell volume regulation in
response to cold shock and rewarming. This response
of control slices was characterized by an increase in
the total tissue water and inulin-impermeable space
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Figures 10, 11 and 12-Ultrastructural features of muscle cells from ischemic papillary muscle slices after incubation with 50 mOsm polyethy-
lene glycol (Group IV). Qualitatively similar findings were observed with mannitol. Figure 10-This muscle cell with intact plasma mem-
brane is free of cytoplasmic or mitochondrial swelling. (x 20,000) Figure 11-This muscle cell lacks generalized cytoplasmic edema but
has mitochondria that show some swelling and clearing of the matrix. (x 15,000) Figure 12-A muscle cell with prominent swelling ex-
hibits large defects in the plasma membrane (arrows). (x 17,310)
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Table 3-Electron Microscopic Analysis of Muscle Cell
Swelling in Control and Ischemic Papillary Muscle Tissue
Slices Incubated at 0 C and 37 C (60 Minutes Each) in
Isosmolar or Hyperosmolar Media After 60 Minutes of
Coronary Occlusion (Group IV)

Number (/)
swollen

Categories muscle cells

1. Control slices: Isosmolar medium 50/203 (24.6%)a
2. Ischemic slices: Isosmolar medium 141/208 (67.8%)b
3. Ischemic slices: 100 mOsm mannitol 126/207 (60.9%)b

medium
4. Ischemic slices: 50 mOsm polyethylene 93/211 (44.1/%)C

glycol medium

Note: Superscript letters (a, b, c) indicate the results of chi-square
statistical analysis. Categories 1 and 4 are significantly different
from all other categories, and categories 2 and 3 are not significant-
ly different from each other at the a = 0.05 significance level.

during cold incubation and a return of these parame-
ters toward baseline values upon rewarming (Figures
2 and 3). The inulin-diffusible space remained con-
stant during both cold and warm incubations. Since
inulin appears to be excluded from normal cells,53436
the results are consistent with cell swelling during
cold-induced inhibition of energy metabolism fol-
lowed by a return to normal cell volume during re-
warming. Cold-induced swelling of myocardial tissue
slices also is accompanied by an increase in Na+ and
decrease in K+, and these electrolyte changes are re-
versed upon rewarming.5-6-19 Swelling of control tis-
sue slices also can be induced by incubation with oua-
bain.19-35 The electrolyte changes and response to
ouabain suggest a major role for Na+-K+ ATPase in
normal cell volume regulation.19 Under certain ex-
perimental conditions, however, an apparent dissoci-
ation has been demonstrated between cell volume

regulation and Na+-K+ exchange pump activity of
myocardial tissue slices.38

Ischemic slices exhibited increased total tissue
water and inulin-diffusible space under all in vitro
conditions tested, including incubation at 37 C for
120 minutes as well as after cold plus warm incuba-
tions. Abnormalities in total tissue water and inulin
spaces showed a transmural distribution after 30
minutes of coronary occlusion and became more

severe in the papillary muscle and subendocardium
after 60 minutes of coronary occlusion (Table 2,
Figure 6). The response of ischemic slices is inter-
preted as indicating defective cell volume regulation,
cell swelling, and increased plasma membrane per-
meability due to membrane damage induced by
ischemia in vivo. The defective cell volume regulation
and cell swelling were manifested by the increase in
total tissue water and the increased membrane per-

meability by the increase in inulin-diffusible space.
Morphologic evidence of extensive cell damage and
swelling in ischemic slices supported this interpreta-
tion and tended to negate other theoretical interpre-
tations of the inulin space data. In addition, other
workers have shown that alterations of total tissue
water and inulin-diffusible space of ischemic slices
are accompanied by alterations in electrolytes (marked
increase in Na+ and marked decrease in K+) and in the
content and metabolism of high-energy phosphates.6-8
The in vitro tissue slice technique does not provide

information regarding the degree of cell swelling that
may exist in vivo or in isolated heart preparations.
Rather, the technique appears to provide evidence of
membrane damage, which becomes manifest by cell
swelling and abnormal inulin permeability when the
damaged tissue is exposed to an infinite volume of

Table 4-Effect of Propranolol Administered in Vivo and/or in Vitro on Total Issue Water (TTW), Inulin-Diffusible Space (IDS), and
Inulin-impermeable Space (IIS) of Tissue Slices From All Control and Ischemic Regions (Papillary Muscle, Subendocardium,
and Subepicardium) of Dogs After 60 Minutes of Coronary Occlusion (Group V)

TTW IIS IDS

Categories Control Ischemic Control lschemic Control Ischemic

Group Va: Dogs treated with saline
KRP-succinate medium 3.59 ± 0.05 4.31 ± 0.08 2.41 ± 0.06 2.86 ± 0.09 1.19 ± 0.04 1.45 ± 0.10

(P < 0.001) (P < 0.001) (P < 0.05)
Medium with propranolol (0.01 mg/ml) 3.61 ± 0.05 4.30 ± 0.10 2.34 ± 0.06 2.71 ± 0.10 1.27 ± 0.03 1.59 ± 0.12

(P < 0.001) (P < 0.01) (P < 0.02)

Group Vb: Dogs treated with propranolol
(2 mg/kg) in vivo KRP-succinate medium 3.57 ± 0.04 4.23 ± 0.10 2.43 ± 0.05 2.83 ± 0.07 1.14 ± 0.03 1.40 ± 0.06

(P < 0.001) (P < 0.001) (P < 0.001)

Medium with propranolol (0.01 mg/ml) 3.64 + 0.06 4.12 ± 0.12 2.46 ± 0.08 2.77 ± 0.12 1.18 ± 0.04 1.35 ± 0.05
(P < 0.01) (P < 0.05) (P < 0.02)

Note: 1) Data are presented as mean values of 18 samples ± standard error of the mean. Units are g (ml) H20 per g dry weight. Data for slices
of papillary muscle, subendocardium, and subepicardium are combined. 2) All slices were incubated at 0 C for 60 minutes, followed by 37 C for
60 minutes. Both incubations were performed in isosmolar KRP-succinate medium. 3) Statistical comparisons (group t tests) of the control
and ischemic values are shown.
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extracellular fluid. In this respect, in vitro incubation
of tissue slices is similar to the effect produced by
reperfusion of ischemic myocardium in vivo.

Results of the in vitro tissue slice studies are consis-
tent with evidence from other studies that important
membrane alterations develop early in the course of
ischemic and hypoxic myocardial injury. This evi-
dence includes decreased activity of Na'-K'-ATPase
in the canine heart after one to two hours of perma-
nent or temporary ischemic injury10'14 and cardiac
muscle cell swelling and electrolyte alterations,
including calcium accumulation, following tem-
porary coronary occlusion in the dog.4'25'32 In other
studies with isolated cat papillary muscles and per-
fused rat hearts, hypoxia, with and without substrate
deprivation, resulted in morphologic evidence of
swelling of muscle cells and mitochondria7'39 and ab-
normal membrane permeability to ionic lantha-
num. I --6 Pine et al, however, reported that isolated
rat papillary muscles failed to develop an increased
myocardial water content after 60 minutes of hypoxia
or total metabolic blockade with hypoxia plus inhibi-
tion of glycolysis.4' Variation in response of different
isolated muscle preparations to hypoxia and other
components of the ischemic process may be related
to species differences and to differences in severity of
injury produced in each study. The basis for mem-
brane alterations in ischemic and hypoxic myocar-
dium is under active investigation, one area of major
interest involving accelerated phospholipid degrada-
tion. 11,41,42

The response of ischemic tissue slices to incubation
with osmotically active agents indicated that
hyperosmolar incubation retarded the characteristic
in vitro swelling of ischemic tissue slices. Polyethy-
lene glycol (MW 6000) and mannitol (MW 182) con-
sistently produced reductions in total water and
inulin-impermeable space of ischemic as well as con-
trol slices after 30 or 60 minutes of coronary occlu-
sion without producing major change in the inulin-
diffusible space (Figure 7). The reductions in total
tissue water and inulin-impermeable space occurred
in tissue slices from all ischemic regions, including
the maximally ischemic papillary muscles. The mor-
phologic findings, including the quantitative cell
counts (Table 3), were consistent with the water and
inulin space measurements. Muscle cells exhibited
variable degrees of damage in samples obtained from
the ischemic zone prior to in vitro incubation
(Figures 4 and 5). Following isosmolar incubation
(Figures 8 and 9), ischemic tissue slices showed mus-
cle cells with prominent edema and structural defects
in the plasma membranes as well as muscle cells with
ultrastructually intact plasma membranes and vari-

able degrees of cytoplasmic and organellar edema
and swelling.
Some of the effect produced by hyperosmolar in-

cubation on ischemic tissue slices could be explained
by a reduction in water content of a subpopulation
of normal cells and by retarded swelling of mitochon-
dria and other organelles of cells with severe plasma
membrane damage. Nevertheless, the major difference
between ischemic slices incubated in isosmolar and
hyperosmolar media appeared to be a reduction in
severity of cytoplasmic and mitochondrial edema of
muscle cells with ultrastructurally intact plasma mem-
branes (Table 3, Figures 10-12). The greater response
to 50 mOsm polyethylene glycol than to 40 or 100
mOsm mannitol could be explained either on the basis
of a greater reduction of water content of the same cell
population or by a more widespread effect of the larger
molecular weight agent on cells with intermediate as
well as milder forms of plasma membrane damage.
Although electron microscopy did not reveal a major
difference in the percent swollen cells in ischemic
slices after incubation with 100 mOsm mannitol, this
agent produced significant reductions in the
measured water content of the slices.
The patterns of response of ischemic slices to cold

shock and rewarming (Figures 2 and 3) and to hy-
perosmolar incubation (Figure 7) support the concept
that early ischemic injury results in a mixed popula-
tion of muscle cells with variable degrees of plasma
membrane damage. According to this view, muscle
cells with severe plasma membrane damage would be
characterized by abnormal permeability to inulin and
lack of responsiveness to osmotically active agents.
Other muscle cells with less severe plasma membrane
damage would be characterized by in vitro cell swell-
ing without inulin permeability and by responsiveness
to osmotically active agents. It also follows that the
inulin-impermeable space of ischemic slices would be
composed of a smaller number of cells with increased
water content, compared with control slices. This
interpretation implies that ischemic cellular and mem-
brane injury does not progress uniformly, even in a
discrete microanatomic region, but that the rate of
progression varies on an individual cellular basis.
Similar findings have been observed with hypoxic in-
jury in an isolated cat papillary muscle prepara-
tion. 15,16
The in vitro response of ischemic tissue slices to

hyperosmolar incubation has provided insight into
the beneficial effects of osmotically active agents on
ischemic injury in intact animals3'9'12"13'20'21'43-45 and
on hypoxic injury in isolated muscle preparations.7 39
During relatively short periods of ischemic injury in
dogs, moderate elevation of serum osmolality by
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40-50 mOsm with mannitol has been shown to im-
prove total and collateral coronary blood flow, im-
prove ventricular function, modify the severity of the
reduced reflow phenomenon, retard cell swelling,
and reduce myocardial infarct size.39232024345 In
an isolated heart preparation subjected to hypoxia
and substrate deprivation, perfusion with mannitol
or polyethylene glycol retarded explosive cell swelling
and creatine kinase release induced by reoxygena-
tion; polyethylene glycol had a greater beneficial ef-
fect than mannitol.' The degree of hyperosmolarity
appears critical because of the physiologic impor-
tance of cell volume regulation,19 and 40-50 mOsm
appears to be an optimal degree of hyperosmolarity
in vivo. 39,12,13,20,21.43-45 In intact dog models, how-
ever, the beneficial effects of hyperosmolar mannitol
were shown to be temporary, since reduced infarct
size and improved coronary blood flow were observed
after 60 minutes but not after 90 minutes of tem-
porary coronary occlusion and reflow or after pro-
longed permanent coronary occlusion.214546 There
also is evidence that long-term administration of hy-
perosmolar sugars may be detrimental to myocardial
cells. 47

Studies in isolated intact hearts have suggested that
the temporary beneficial effects of hyperosmolar
mannitol on cell injury and coronary blood flow are
not related to a prevention of vascular compression,
since ischemia-induced swelling of muscle cells is not
severe enough to produce significant capillary com-
pression.14 The beneficial effects of hyperosmolarity
more likely are exerted by direct effects on cardiac
muscle cells and/or by direct effects on the coronary
vasculature.9 14'44 Hyperosmolar mannitol has been
shown to exert a vasodilatory effect on isolated cor-
onary arteries.48'49 The present study has shown that
osmotically active agents also can act directly to
retard the swelling of ischemic muscle cells. Thus, the
beneficial effects of hyperosmolar agents in vivo ap-
pear to be due to dual effects on coronary vascula-
ture and cardiac muscle cells.
The myocardial tissue slice technique also was em-

ployed to evaluate the potential of the beta
adrenergic blocking agent propranolol to protect
against membrane damage induced by ischemia. No
significant change, however, was observed in the
measured parameters of volume regulation and mem-
brane damage of ischemic slices following in vivo ad-
ministration of 2 mg/kg of propranolol prior to cor-
onary occlusion and/or incubation of ischemic tissue
slices with 0.01 mg/ml of propranolol. The doses of
propranolol used in this study have been shown to ex-
ert beta adrenergic blockade in vivo24 and to have
marked pharmacologic effects in vitro.28'29 Peter et al

reported that propranolol failed to exert a beneficial
effect on regional creatine kinase depletion after cor-
onary occlusion50; however, total infarct size was not
measured. Several other in vivo studies have shown
that propranolol reduces the severity of muscle cell
injury, vascular damage, and infarct size after one to
several hours of coronary occlusion.22,23,24 The pres-
ent study, however, has failed to demonstrate a direct
protective effect of propranolol on membrane
damage in ischemic myocardial tissue slices.

In summary, the results of in vitro experiments
with myocardial tissue slices indicate that periods of
30-60 minutes of coronary occlusion in the dog result
in significant membrane damage to cardiac muscle
cells. The membrane damage induced in vivo is
manifest in vitro by impaired cell volume regulation,
cell swelling, and increased membrane permeability
when muscle cells are exposed to an infinite volume
of extracellular fluid. The distribution of membrane
damage is transmural but is more extensive and
severe in the papillary muscle and subendocardial
free wall than in the subepicardium. The severity of
membrane damage appears to be variable rather than
uniform. The findings suggest that muscle cells with
severe cellular and membrane damage admit inulin
(MW 5000), which is excluded by normal cells, and
these cells apparently fail to respond to incubation
with the osmotically active agents, mannitol (MW
182) and polyethylene glycol (MW 6000), which nor-
mally have a predominantly extracellular distribu-
tion. The findings also suggest that muscle cells with
less damaged and structurally intact plasma mem-
branes develop abnormal cell swelling but remain im-
permeable to inulin and shrink upon incubation with
osmotically active agents. The latter muscle cells may
represent a population of reversibly injured cells that
may be potentially salvagable by appropriate thera-
peutic interventions. Under the experimental condi-
tions utilized, however, a protective effect of pro-
pranolol on parameters of membrane injury was not
demonstrated.

References

1. Leaf A: Regulation of intracellular fluid volume and
disease. Am J Med 1970, 49:291-295

2. Trump BF, Croker BP Jr, Mergner WJ: The role of
energy metabolism, ion and water shifts in the patho-
genesis of cell injury, Cell Membranes: Biological and
Pathological Aspects. Edited byGW Richter, DG Scar-
pelli. Baltimore, Williams and Wilkins Company,
1971, pp 84-128

3. Willerson JT, Powell WJ Jr, Guiney TE, Stark JJ,
Sanders CA, Leaf A: Improvement in myocardial func-
tion and coronary blood flow in ischemic myocardium
after mannitol. J Clin Invest 1972, 51:2989-2998

4. Whalen DA Jr, Hamilton DG, Ganote CE, Jennings
RB: Effect of a transient period of ischemia on myo-



94 BUJA AND WILLERSON AJP * April 1981

cardial cells: I. Effects on cell volume regulation. Am J
Pathol 1974, 74:381-398

5. Grochowski EC, Ganote CE, Hill ML, Jennings RB:
Experimental myocardial ischemic injury: I. A compar-
ison of Stadie-Riggs and free-hand slicing techniques
on tissue ultrastructure, water and electrolytes during
in vitro incubation. J Mol Cell Cardiol 1976, 8:173-187

6. Ganote CE, Jennings RB, Hill ML, Grochowski EC:
Experimental myocardial ischemic injury: II. Effect of
in vivo ischemia on dog heart slice function in vitro. J
Mol Cell Cardiol 1976, 8:189-204

7. Ganote CE, Worstell J, lannotti JP, Kaltenbach JP:
Cellular swelling and irreversible myocardial injury:
Effects of polyethylene glycol and mannitol in perfused
rat hearts. Am J Pathol 1977, 88:95-118

8. Jennings RB, Hawkins, HK, Lowe JE, Hill ML, Klot-
man S, Reimer KA: Relation between high energy
phosphate and lethal injury in myocardial ischemia in
the dog. Am J Pathol 1978, 92:187-214

9. Powell WJ Jr, Dibona DR, Flores J, Leaf A: The pro-
tective effect of hyperosmotic mannitol in myocardial
ischemia and necrosis. Circulation 1976, 54:603-615

10. Beller GA, Conroy J, Smith TW: Ischemia-induced al-
terations in myocardial (Na+ + K+)-ATPase and cardiac
glycoside binding. J Clin Invest 1976, 57:341-350

11. Chien KR, Abrams J, Serroni A, Martin JT, Farber
JL: Accelerated phospholipid degradation and asso-
ciated membrane dysfunction in irreversible, ischemic
liver cell injury. J Biol Chem 1978, 253:4809-4817

12. Willerson JT, Watson JT, Hutton I, Fixler DE, Curry
GC, Templeton GH: The influence of hypertonic man-
nitol on regional myocardial blood flow during acute
and chronic myocardial blood flow during acute and
chronic myocardial ischemia in anesthetized and awake
intact dogs. J Clin Invest 1975, 55:892-902

13. Willerson JT, Watson JT, Hutton I, Templeton GH,
Fixler DE: Reduced myocardial reflow and increased
coronary vascular resistance following prolonged
myocardial ischemia in the dog. Circ Res 1975,
36:771-781

14. Willerson JT, Scales F, Mukherjee A, Platt M, Tem-
pleton GH, Fink GS, Buja LM: Abnormal myocardial
fluid retention as an early manifestation of ischemic in-
jury. Am J Pathol 1977, 87:159-188

15. Burton KP, Hagler HK, Templeton GH, Willerson JT,
Buja LM: Lanthanum probe studies of cellular patho-
physiology induced by hypoxia in isolated cardiac mus-
cle. J Clin Invest 1977, 60:1289-1302

16. Burton KP, Templeton GH, Hagler HK, Willerson JT,
Buja LM: Effect of glucose availability on functional
membrane integrity, ultrastructure and contractile per-
formance following hypoxia and reoxygenation in iso-
lated feline cardiac muscle. J Molec Cell Cardiol
1980, 12:109-133

17. Mukherjee A, Wong TM, Templeton G, Buja LM,
Willerson JT: Influence of volume dilution, lactate,
phosphate, and calcium on mitochondrial functions.
Am J Physiol: Heart and Circ Physiol 1979, 237:H224-
H238

18. Buja LM, Reynolds A, Sherwin L, Greico C, Hagler H,
Willerson J: Effect of hyperosmolarity on volume
regulation by myocardial tissue slices after ischemic in-
jury (Abstr). Fed Proc 1978, 37:495

19. Macknight ADC, Leaf A: Regulation of cellular
volume. Physiol Rev 1977, 57:510-573

20. Kloner RA, Reimer KA, Willerson JT, Jennings RB:
Reduction of experimental myocardial infarct size with
hyperosmolar mannitol. Proc Soc Exp Biol Med 1976,
151:677-683

21. Fixler DE, Buja LM, Wheeler JM, Willerson JT: Influ-
ence of mannitol on maintaining coronary flows and

salvaging myocardium during ventriculotomy and dur-
ing prolonged coronary artery ligation. Circulation
1977, 56:340-346

22. Rasmussen MM, Reimer KA, Kloner RA, Jennings
RB: Infarct size reduction by propranolol before and
after coronary ligation in dogs. Circulation 1977,
56:794-798

23. Kloner RA, Fishbein MC, Cotran RS, Braunwald E,
Maroko PR: The effect of propranolol on microvascu-
lar injury in acute myocardial ischemia. Circulation
1977, 55:872-880

24. Miura M, Thomas R, Ganz W, Sokol T, Shell WE,
Toshimitsu T, Kwan AC, Singh BN: The effect of
delay in propranolol administration on reduction of
myocardial infarct size after experimental coronary
artery occlusion in dogs. Circulation 1979, 59:1148-
1157

25. Jennings RB, Ganote CE: Mitochondrial structure and
function in acute myocardial ischemic injury. Circ Res
1976, 38 (Suppl I):I-80-I-91

26. Hems R, Stubbs M, Krebs HA: Restricted permeability
of rat liver for glutamate and succinate. Biochem J
1968, 107:807-815

27. Jolly WW, Wilhelm DD, Harris RA: Assessment of
tissue and cell damage by succinate oxidation. J Mol
Cell Cardiol 1979, 11:485-500

28. Morales-Aguilera A, Vaughan Williams EM: The ef-
fects on cardiac muscle of P-receptor antagonists in re-
lation to their activity as local anesthetics. Br J Phar-
macol Chemother 1965, 24:332-338

29. Tarr M, Luckstead EF, Jurewicz PA, Haas HG: Effect
of propranolol on the fast inward sodium current in
frog atrial muscle. J Pharmacol Exp Ther 1973,
184:599-610

30. Zar JH: Biostatistical Analysis. New Jersey, Prentice-
Hall, 1974

31. Ganote CE, Seabra-Gomes R, Nayler WG, Jennings
RB: Irreversible myocardial injury in anoxic perfused
rat hearts. Am J Pathol 1975, 80:419-450

32. Hagler HK, Sherwin L, Buja LM: Effect of different
methods of tissue preparation on mitochondrial inclu-
sions of ischemic and infarcted canine myocardium:
Transmission and analytical electron microscopic
study. Lab Invest 1979, 40:529-544

33. Polimeni PI, Al-Sadir J: Expansion of extracellular
space in nonischemic zone of the infarcted heart and
concomitant changes in tissue electrolyte contents in
the rat. Circ Res 1975, 37:725-732

34. Stephenson EW: Functional extracellular space of
smooth muscle in vitro. Am J Physiol 1971, 220:1728-
1733

35. Staehelin LA: Structure and function of intercellular
junctions. Int Rev Cytol 1974, 39:191-283

36. Page E: Cat heart muscle in vitro: III. The extracellular
space. J Gen Physiol 1962, 46:201-213

37. Hawkins HK, Lowe JE, Hill ML, Jennings RB: Loss
of cell volume and electrolyte control in slices of
ischemic myocardium (Abstr). Am J Pathol 1977,
86:44a-45a

38. Pine MB, Bing OHL, Weintraub R, Abelmann WH:
Dissociation of cell volume regulation and sodium-
potassium exchange pump activity in dog myocardium
in vitro. J Mol Cell Cardiol 1979, 11:585-590

39. Caulfield JB, Willerson JT, Weisfeldt ML, Powell WJ
Jr: Effect of mannitol on mitochondrial morphology in
hypoxic myocardium, Recent Advances in Studies on
Cardiac Structure and Metabolism. Vol 3. Edited by G
Rona. Baltimore, University Park Press, 1972, pp
753-762

40. Pine MB, Bing OHL, Brooks WW, Abelmann WH:
Changes in in vitro myocardial hydration and perfor-



Vol. 103 * No. 1 MEMBRANE ALTERATIONS IN ISCHEMIC MYOCARDIAL SLICES 95

mance in response to transient metabolic blockade in
hypertonic, isotonic, and hypotonic media. Cardiovasc
Res 1978, 12:569-577

41. Burton KP, Hagler HK, Greico CA, Willerson JT,
Buja LM: Functional and structural correlates of
ischemia in isolated perfused myocardium: Effect of
chlorpromazine (Abst). Fed Proc 1980, 39:276

42. Chien KR, Reeves JP, Buja LM, Parkey R, Bonte F,
Willerson JT: Temporal and topographic correlations
between phospholipid alterations and 99mTc-PYP up-
take in ischemic myocardium. Clin Res 1980, 28:469A
and Circ Res (In press)

43. Smithen C, Christodoulou J, Killip T, Brachfeld N:
Metabolic and hemodynamic consequences of man-
nitol following myocardial anoxia. Am J Physiol 1975,
229:847-852

44. Powell WJ Jr, Wittenberg J, Miller SW, Maturi RA,
Dinsmore RE: Assessment of drug intervention on the
ischemic myocardium: Serial imaging and measure-
ment with computerized tomography. Am J Cardiol
1979, 44:46-52

45. DiBona DR, Powell WJ Jr: Quantitative correlation
between cell swelling and necrosis in myocardial isch-
emia in dogs. Circulation 1980, 47:653-665

46. Hirzel HO, Kirk ES: The effect of mannitol following
permanent coronary occlusion. Circulation 1977, 56:
1006-1015

47. Wildenthal K, Dees JH, Buja LM: Cardiac lysosomal
derangements in mouse heart after long-term exposure
to nonmetabolizable sugars. Circ Res 1977, 40:26-35

48. Krishnamurty VSR, Adams HR, Smitherman TC,
Templeton GH, Willerson JT: Influence of mannitol
on contractile responses of isolated perfused arteries.
Am J Physiol: Heart and Circ Physiol 1977, 232:H59-
H66

49. Krishnamurty VSR, Adams HR, Templeton GH, Wil-
lerson JT: Inhibitory effect of hypertonic mannitol on
vasoconstrictor and vasodilator responses of isolated
coronary arteries. Am J Physiol 1978, 235:H728-H735

50. Peter T, Heng MK, Singh BN, Ambler P, Nisbet H,
Elliot R, Norris RM: Failure of high doses of pro-
pranolol to reduce experimental myocardial ischemic
damage. Circ 1978, 57:534-540

Acknowledgments

The authors gratefully acknowledge Anna Siler for tech-
nical assistance with the tissue slice technique; Lydia Sher-
win and Marsha Kinney, who worked as medical student
research fellows on certain aspects of the project; Carol
Greico for morphologic studies; Herbert Hagler, PhD,
Wayne Woodward, PhD, and Allan Elliot, MS, for help
with data processing and statistical analysis; Judy Ober,
Janice McNatt, and Gifford Ramsey for surgical expertise;
Mrs. Linda Bolding for photographic work, and Kathy
Handrick for secretarial assistance.


