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Summary. In twenty-one anaesthetized open chest
cats the left anterior descending coronary artery
(LAD) was occluded for three hours. Seven cats
were pretreated with a bolus injection of Vera-
pamil, followed by a continuous infusion of Vera-
pamil during the ischaemic period. Seven cats were
pretreated with a bolus injection of Timolol to a
heart rate reduction of 20 beats/min or more and
seven cats were given saline. In the latter two
groups the cats received a continuous infusion of
saline during the period of coronary occlusion.
Biopsies were taken from the mid-myocardium of
the normal, border and ischaemic zones, as defined
by fluorescein staining, and verified by blood flow
measurements with radiolabelled microspheres.
Standard point counting techniques were used for
calculations of fractional volumes of mitochon-
dria, cytoplasm and myofibrils as well as of mito-
chondrial surface density and surface to volume
ratio. We observed a cytoplasmic oedema in the
border and ischaemic zones, that was not altered
by medical treatment. In the border zone of the
control cats there is greater mitochondrial swelling
than in the ischaemic zone. This particular swelling
is not seen in the treatment groups. However, in
the normal and border zones of the verapamil
group the mitochondria are smaller when com-
pared with the respective zones in the two other
groups, but increases relatively more in size in the
border and ischaemic zones. Furthermore, we mea-
sured the water content, sarcomere length and per
cent heavily damaged cells. These variables were
not altered by Verapamil or Timolol in any zone
when compared with the respective zones in the
control group.
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Introduction

In the last two decades the cellular composition
of the lateral interface between normal and
ischaemic tissue during coronary artery occlusion
has been disputed. Although the existence of a lat-
eral border zone has been questioned, several re-
ports suggest that cells belonging to the lateral
transitional zone possess certain characteristics
that are not shared by the cells of the normal and
ischaemic zones (Fishbein et al. 1980; Page et al.
1977). Thus, recently we have reported on the pres-
ence of a lateral border zone that is characterized
by more extensive mitochondrial swelling than in
the normal and ischaemic zones (Greve et al.
1988). Cytoplasmic oedema was reported to be less
marked in the cells of the border zone than in
the cells of the ischaemic zone. Furthermore, Joda-
len et al. (1985) have shown that the transitional
cells of the infarcted heart are characterized by
a significantly higher content of cytoplasmic lipid
droplets than the cells of the two remaining zones.

Previous experimental studies have shown an
apparent reduction in the infarct size by treatment
with beta adrenergic blockers (Rasmussen et al.
1977; Slutsky and Peck 1985; Vik-Mo et al. 1984)
and calcium channel blockers (Downey et al. 1985;
DeBoer et al. 1980; Reimer and Jennings 1984;
Tumas et al. 1985) in hearts subjected to coronary
artery occlusion. These results appear to be in part
due to reduced percentage of area at risk which
evolves to infarction. The beneficial effect of these
drugs in ischaemia may occur at a cellular and
metabolic level as well as by haemodynamic mech-
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anisms. It is, therefore, essential for the under-
standing of the assumed protective effects of Vera-
pamil and Timolol to study their effects at the
border zone.

Both drugs are extensively used in the treat-
ment of myocardial infarction, hypertension and
angina pectoris. Verapamil is known to work at
a cellular level, whereas the working mechanism
of Timolol is less studied. Beta adrenoceptor
blockers are reported to reduce mortality and rein-
farction in patients surviving acute myocardial in-
farction (The Norwegian Multicenter Group 1981),
and, hence, they are frequently used in secondary
prophylaxis after acute myocardial infarction. The
beta blockers differ in structure, receptor selectivi-
ty and pharmacological properties. They are exten-
sively metabolized in vivo, but to a varying degree
(Lange et al. 1983). Despite the extensive use of
Timolol, there is a lack of knowledge about its
function at the cellular and subcellular level. In
our work we have estimated the fractional volumes
of mitochondria, myofibrils and remaining cyto-
plasm, as well as mitochondrial surface density and
mitochondrial surface to volume ratio after 3 h of
left descending coronary artery occlusion. These
variables were studied in the normal, border and
ischaemic zones of controls, and of cats treated
with either Verapamil or Timolol.

Material and methods

We have described the method used in detail elsewhere (Greve
et al. 1988). Twenty-one cats of either sex with an average
weight of 3.47+0.19 kg, were anaesthetized by sodium pento-
barbital (35 mg/kg b.w.), tracheotomized and ventilated
through a positive pressure ventilator with a gas mixture of
60% N,O and 40% O,, added 5% CO,. Adequate ventilation
was controlled by arterial blood gas analysis. The chest was
opened, and, heart rate (HR), left ventricular systolic pressure
(LVSP) and left ventricular end diastolic pressure (LVEDP),
as well as cardiac contractility (dP/dt) were continuously re-
corded from the left ventricle by a pressure transducer. The
left atrium was cannulated for injection of radiolabelled micro-
spheres. For collection of reference blood, the abdominal aorta
was cannulated via the left femoral artery. A 4-0 silk ligature
was loosely placed around the left anterior descending coronary
artery (LAD). After stable haemodynamic conditions had been
recorded, the cats were randomized into three groups. Seven
cats (controls) were given a bolus injection of saline, seven were
given a bolus injection (0.25 mg/kg b.w.) of Verapamil (Isoptin,
“Knoll AG., Ludwigshafen, FRG” 2.5 mg/ml), and seven
given Timolol (Blocadren, “Merck & Co Inc.,, NJ, USA”
0.25 mg/ml) to a heart rate reduction of 20 beats/min (average
dose 140426 pg/kg b.w.). The bolus injections were followed
by a continuous infusion of Verapamil (25 mg/kg b.w./h) in
the verapamil group, and saline in the two other groups. When
the haemodynamic conditions again had stabilized, the ligature
was tightened.

Three hours after coronary artery occlusion and three min-
utes before sacrifice, approximately 1-2 x 10° radiolabelled mi-

crospheres were injected into the left atrium for measurements
of regional blood flow. The reference blood sample was collect-
ed from the abdominal aorta by a constant rate extraction
pump in 2 min, starting 10 s before and terminating fifty sec-
onds after the injection of microspheres which lasted for sixty
seconds. Immediately prior to sacrifice, 10% fluorescein was
injected for visualization of normally perfused tissue. Immedi-
ately thereafter the cats were killed by infusion of 50 ml ice
cold modified Karnovsky’s fixative (2% paraformaldehyde and
2.5% glutaraldehyde in 0.1 M cacodylate buffer with 0.1 M
sucrose and 1.25 mM CaCl,, pH=7.4, vehicle osmolarity =
300 milliosmols) into the left ventricle during partial occlusion
of aorta. The hearts were rapidly excised from the animal and
submerged in an ice cold modified Karnovsky’s fixative.

Eight transmural specimens were collected under ultravio-
let illumination from the left ventricle of all hearts; two from
the non-fluorescent ischaemic zone, two from the fluorescent
normal zone and four from the lateral margin of the ischaemic
zone. Each of the specimens was divided in two subsamples,
and biopsies for ultrastructural studies were collected from the
midwall portion of the cut surface between the paired subsam-
ples. The four specimens from the lateral margin of the
ischaemic zone were divided exactly along the fluorescein de-
marcation line. The two with the largest difference in regional
blood flow values in adjacent subsamples, were selected for
electron microscopy of this particular zone. The latter biopsies
extended at a maximum 1 mm from the fluorescein line in either
direction. The remaining subsamples together with the reference
blood samples were counted for p-emission, and, the regional
myocardial blood flow and cardiac output calculated. After
counting, all subsamples were dried at 73° C for 3 days, re-
weighted, and, the water content calculated.

The biopsies collected for electron microscopy were post-
fixed in 1% OsQ, in cacodylate buffer, and stained en bloc
with uranyl acetate before embedding in Epon. Ultrathin sec-
tions stained for fifteen minutes in lead citrate were examined
in the electron microscope. Eight micrographs (18 x 24 cm) of
a magnification of 9600 were taken from each zone in each
cat. Fractional volumes of the mitochondria (¥Vy ), myofibrils
(Vv myo) and the remaining cytoplasm (Vv ), were measured
by standard point counting techniques according to the Delesse
principle. We used a grid lattice with a distance of 25 mm be-
tween the lines i.e. all micrographs were covered by a total
number of seventy line intersections. Data on mitochondrial
surface area were obtained by counting intercepts of the outer
mitochondrial membrane with the lines of the superimposed
grid lattice, correcting for magnification and for the distance
between the lines in the grid lattice. Surface density, i.e. the
ratio of mitochondrial surface to total cytoplasmic volume and
mitochondrial surface to volume ratio were calculated as pre-
viously described (Greve et al. 1988).

To minimize the effect of a possible anisotropy, all mor-
phometric measurements were performed with the lines in the
grid lattice both at 0° and 15° angles to the edge of the micro-
graphs. The mean of the two values were used in the further
calculations. The morphometric data were tested for differences
between the three groups, between the three zones in each
group, between the seven cats in each group and between the
eight micrographs obtained from every zone of all cats. The
statistical analysis was carried out by a two way four level
nested analysis of variance using the program BMDP8V, and
Scheffe’s multiple comparison method to compare the results
in each zone in each group.

Percentage of heavily damaged cells were calculated in the
same micrographs as used for the morphometric analysis. Cells
with sarcolemmal, and nuclear membrane fragmentation, were
regarded as heavily injured cells (Kloner et al. 1977; Kloner
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Table 1. Haemodynamic registration in 7 control cats, and 7 verapamil and 7 timolol treated cats. Mean values +SEM

Preocclusion values 3 h postocclusion Statistics®
Baseline After drug
Heart rate (beats/min)
Control 169 + 12 190 + 12 NS
Verapamil 154 + 14 144 + 12 155 + 9 NS
Timolol 169 + 9 145 + 7 149 + 4 Uy #U,=U;
Left ventricular systolic pressure (mmHg)
Control 114 + 6 11 + 6 NS
Verapamil 123 + 8 115 + 5 120 + 5 NS
Timolol 12 + 7 117 + 11 118 + 11 NS
Left ventricular end-diastolic pressure (mmHg)
Control 544 0.5 87+ 14 Uy 3 ug
Verapamil 46+ 0.7 534 0.8 9.6+ 1.0 u;=u, H#u;
Timolol 46+ 0.6 54+ 0.8 1044+ 1.2 Uu;=u, # U,
dP/dt® (mmHg/s)
Control 3125 4290 3607 +243 NS
Verapamil 3250 +437 2518 4304 2786 +221 Uy #U,=1u;,
Timolol 2893 +398 2375 +404 2268 4312 u; # U, =1U3
Cardiac output (ml/min)
Control 194 + 19
Verapamil 198 + 16
Timolol 213 + 22

 Statistics by ANOVA for repeated measurements. u, ; are the mean values from one treatment group from left to right.
The sign 4 means statistical differences whereas the signs = and NS mean not significant

® dP/dt is the first derivative of left ventricular pressure

and Braunwald 1980). The length of the sarcomeres was mea-
sured in strictly longitudinally orientated myofibrils in micro-
graphs at the same magnification. A total number of 2100 sar-
comeres were studied. Percentage water content was calculated
from wet weight minus dry weight. The latter obtained by dry-
ing the samples used for counting y-emission at 73° C. The
data on sarcomere length and water content were analyzed by
a two way three level analysis of variance, and the Scheffe’s
multiple comparison method was used to compare the results.

All results from haemodynamic, blood flow measurements,
water content and morphometry are given as mean values
+ SEM. Significant differences have been noted for p-values
of 0.05 or less.

Results

Haemodynamics

In the Timolol treated cats the average body
weight was somewhat higher (4.17+0.039 kg) than
in the other two groups (control 3.184+0.09 kg;
verapamil 3.04 +0.23 kg). There was no significant
difference between the three groups in pretreat-
ment values of heart rate (HR), left ventricular end
diastolic pressure (LVEDP), left ventricular sys-
tolic pressure (LVSP) and contractility (dP/dt)

(Table 1). Timolol treatment reduced heart rate
from 169+ 9 to 14547 beats/min and dP/dt from
28934398 to 2375+ 404 mmHg/s, whereas Vera-
pamil reduced dP/dt from 32504437 to
2518 +304 mmHg/s.

Following LAD ligation, LVEDP increased
(control 5.4+0.5 to 8.7+1.4, timolol 5.4+0.8 to
104+1.2 and verapamil 5.34+0.8 to
9.6+ 1.0 mmHg) whereas HR and LVSP remained
stable in all three groups during the time of LAD
occlusion. dP/dt dropped suddenly after LAD oc-
clusion, but increased gradually during the
ischaemic period (results not shown). Three hours
after occlusion it was not significantly different
from the preocclusion values in any group. No dif-
ference in cardiac output was observed between
the three groups 3 h after occlusion (Table 1).

In all three groups there was a significant high-
er water content in the ischaemic zone and in the
ischaemic part of the border zone, than in the nor-
mal zone and in the normally perfused part of the
border zone (Table 2). These results indicate the
presence of a cellular oedema in the ischaemic
myocardium. In all three groups the blood flow
was significantly reduced in the ischaemic part of
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Table 2. Regional water content (%) in control hearts and
hearts treated with either timolol or verapamil. Mean values +
SEM

Water content

(wet weight — dry weight)=100

wet weight
Control Timolol Verapamil
(N=7) (N=T) N=7
Normal 76.06+0.88 75.87+0.46 75.52+0.55
Border normal ~ 77.104+0.40 76.61+0.40 76.20+0.38

Border ischaemic 78.63+0.49* 78.12+0.55% 78.30+0.57*
Ischaemic 79.164+0.44% 78.5540.44* 78.654+0.72*

* Significant different from the normal and border normal
values. Statistics by two way two level ANOVA. Significant
differences noted for P-values <0.05

Table 3. Regional blood flow values (ml/min per g) in control
cats and cats treated with timolol or verapamil. Mean values +
SEM

Control Timolol Verapamil

(N=7) (N=T) (N=T)
Normal 1.72+0.28 1.474+0.16 1.68+0.20
Border normal 1.74+0.22 1.43+0.12 1.56+0.18
Border ischaemic 0.20+0.08* 0.064+0.02* 0.08+0.03*
Ischaemic 0.064+0.02* 0.03-+0.01*% 0.03+0.02*

* Significant different from the normal and border normal
values. Statistics by two way two level ANOVA. Significant
differences noted for P-values <0.05

the border zone and in the central ischaemic zone
as compared to the normal zone and normal part
of the border zone (Table 3). There were no signifi-
cant difference in blood flow between the corre-
sponding zones in the three groups.

Morphometry

We observed no significant difference in sarcomere
length between any zones or groups (Table 4). The
sarcomere lengths in the normal zone of the con-
trol group (2.0740.05um), the timolol group
(1.9+0.09 ym) and the verapamil group
(2.1 £0.11 pm) correspond well with the sarcomere
length reported in normal cat myocardium by
Fawcett and McNutt (1969).

1. The normal zone in the three treatment groups.
Verapamil and Timolol had no significant effect
on the fractional volumes of mitochondria, myofi-
brils or remaining cytoplasm in the normal zone
(Table 5), even though in the Verapamil treated
hearts we observed a slightly decreased V5 ., (3.93+

Table 4. Sarcomer length (um) in different zones in control cats
and cats treated with timolol or verapamil. Mean values + SEM

Normal Border Ischaemic
Control (N=7) 2.07+0.05 2124005 2.08+0.05
Timolot (N=7) 1.90+0.03 195+0.08 2.09+0.04
Verapamil (N=7) 2.10+0.11 1.9940.05 2.00+0.06

0.44%) and an increased ¥y ;e (29.28 £0.60%)
and Vypy, (66.78 +0.70%) as compared to control
values (8.44 1-0.50, 27.86 +0.66 and 63.65+0.65%,
respectively). The surface density of mitochondria
is significantly higher in the verapamil group
(1.9340.04 pm?/um?®) when compared with the
timolol group (1.36+0.02 pm?/um?) and the con-
trols (1.56+0.02 um?/pm?®) (Table 6). The mito-
chondrial surface to volume ratio is also higher
in the verapamil group (6.80-40.17 pm?/um?)
as compared to the two remaining groups
(5.2340.10 pm?/um?® and 5.74+0.11 pm?/um> in
the timolol group and control group respectively)
(Table 7). These results indicate an increased
number of mitochondrial section profiles in each
micrograph in combination with a reduced mito-
chondrial size in the normal zone of the verapamil

group (Fig. 1).

1. Verapamil treated hearts versus controls. In the
controls there is a larger increase in F7,; of the
border zone (31.01 +0.66%) than of the ischaemic
zone (27.4540.82%), whereas we observed no sig-
nificant difference in Vy,; between the normal,
border (29.904+0.79%) and ischaemic zones
(29.90£0.82%) of the verapamil group (Tabie 5).
There is no significant difference in Vy; between
controls and Verapamil treated hearts in any zone.

In the Verapamil treated hearts we observed
an increased Vy ., (12.61+£0.99%) and reduced
Vymyo (57.35+£1.10%) in the ischaemic zone, which
indicate a cytoplasmic oedema. Intermediate
values arc indicated in the border zone
(8.93+1.17% and 60.96+1.19%, respectively),
even though they are not significantly different
from those observed in the ischaemic zone. A simi-
lar oedema is observed in the controls, and no dif-
ference in Vy . and Vy 4, is observed in any zone
between the two groups. This was verified by the
absence of significant differences in water content
of the corresponding zones between the two
groups.

The mitochondrial surface density of the
border zone and of the normal zone is higher in
the verapamil hearts (1.68 +-0.08 pm?/um?) than in
the control hearts (1.40+0.03 um?/pm?). No such
difference occurred in the ischaemic zone
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Table S. Fractional volumes (%) of main cellular compartments in the normal, border and ischaemic zones of control cats, and
of cats treated with either timolol or verapamil. Mean values + SEM

Zones Statistics®
Normal Border Ischaemic
A Fractional volumes of mitochondria
Con (N=7) 27.86 +0.66 31.01+0.66 27.4540.82 u, Fuy Fu; U=y
Tim (N=7) 26.974+0.79 26.154+0.75 27.344+0.75 NS
Ver (N=17) 29.284+0.60 29.90+0.79 29.904+0.82 NS
NS Vi # 2 #s NS
Y1=Y3
B Fractional volumes of myofibrils
Con (N=7) 63.65+0.65 57.85+0.85 57.79+£0.98 u; #u,=t; Uy 3 U
Tim (N=7) 65.78+-0.97 62.89+0.87 56.61 £0.78 U, =U, #U; u; #uy
Ver (N=T7) 66.78 -0.70 60.96+1.19 57.36 +1.10 u; #Fu,=U; Uy # U
NS NS NS
C Fractional volumes of remaining cytoplasm
Con (N=T7) 8.44+0.50 11.2240.70 14.6640.98 Uy, =U,=uz U F#U;
Tim (N=7) 7.24+0.62 10.95+0.70 15.9040.66 u;=u, #u; u; #u,
Ver (N=T7) 3934044 8.934+1.17 12.614-0.99 Uy #u,=u; uy HUu,
NS NS NS

® Statistics by two ways four level analysis of variance. u,_; are mean values in the 3 zones in each treatment group from
left to right. y;_5; are mean values in one zone in the three treatment groups from top to bottom. The sign # means significant
differences whereas the sign = and NS mean not significant

Table 6. Mitochondrial surface density (um?/um®) in control cats and in cats treated with either timolol or verapamil. Mean
values + SEM

Zones Statistics®

Normal Border Ischaemic
Con (N=T7) 1.56 +£0.02 1.40+0.03 1.30+0.04 u; #u,=u3 Uy ¥ U;
Tim WN=T) 1.36 +0.02 1.16+0.04 1.19+0.02 U; HUy;=03; Uy # U,
Ver (N=7) 1.93+0.04 1.68 +0.08 1.48+0.04 u, #u,=u; u; #uy

Yi=Yz2 #Y¥3 Y1=Y2 #Y3 Vi=Y2 #Vs

V1 #Ys y1 ¥Ys Yi=Ys

* Statistics by two ways four level analysis of variance. u;_; are mean values in the 3 zones in each treatment group from
left to right. y, 5 are mean values in one zone in the three treatment groups from top to bottom. The sign # means significant
differences whereas the sign = and NS mean not significant

Table 7. Mitochondrial surface to volume ratio (um?/um?) in the normal, border and ischaemic zones of control cats and of
cats treated with either timolol or verapamil. Mean values+SEM

Zones Statistics®
Normal Border Ischaemic
Con (N=T) 5.74+0.11 4.65+0.11 5.02+0.12 u; #u, #u; u; #u;
Tim (N=7) 5.234+0.10 4.73+0.14 4.51+0.11 NS
Ver (N=7) 6.80+0.17 5.64+0.18 511+0.12 U U =Us Uy % U,
Yi=Y2 #¥3 V1=Y> #V3 NS
Vi #Ys y1 # Y3

# Statistics by two ways four level analysis of variance. u,_, are mean values in the 3 zones in each treatment group from left
to right. y,_; are mean values in one zone in the three treatment groups from top to bottom. The sign # means significant
differences whereas the sign = and NS mean not significant
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Fig. 1. In the normal zone of
verapamil treated hearts (B) the
mitochondria are smaller than in
the normal zone of controls (A).
In the border zone of verapamil
treated hearts (C) lipid

droplets (arrow) could be
observed. The mitochondria (M)
are larger than in the normal
zone. The sarcomere length of
myofibrils (M) is unchanged. In
the ischaemic zone of verapamil
treated hearts the

mitochondrial (M) size is
enhanced, and, there is a
pronounced cytoplasmic

oedema (asterisks). Fragmentation
of the sarcolemma (arrow head).
Magnification x 9600
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Table 8. Per cent injured cells® in controls and verapamil or
timolol treated hearts. Mean values

Control Verapamil Timolol
Normal 1 2 3
Border 27 29 26
Ischaemic 53 57 46

2 Cells with sarcolemmal or nuclear membrane fragmentation
are regarded as severely damaged cells

(1.4840.04 pm?/pm> and 1.3+0.04 pm?/um? re-
spectively) (Table 6). In both groups the surface
density appears more extensively reduced in the
ischaemic than in the border zone, even though
these differences are not significant (Table 6). The
mitochondrial surface to volume ratio is smallest
in the border zone of the controls (4.6540.11 pm?/
pum?), whereas this ratio is more extensively but
not significantly more reduced in the ischaemic
zone (5.11+0.12 pm?/um?) than in the border
zone (5.64 +0.18 pm?/um?) of the verapamil group
(Table 7).

These observations indicate that the smallest
mitochondria are found in the normal zone of the
Verapamil treated hearts. At the same time there
is a relatively more extensive mitochondrial swell-
ing in the border and ischaemic zones of the vera-
pamil hearts than in the controls (Fig. 1).

II1. The timolol group versus the controls. There
is no significant difference in fractional volumes
between the timolol group and the controls (Ta-
ble 5), except for a smaller Vy ,;, in the border zone
of the timolol group (26.15+0.75%) than in the
controls (31.01 +0.66%). Likewise there is no
change of Vp,; between the normal zone
(26.97 +0.79%), the border zone and the ischaemic
zone (27.3440.75%) of the timolol group. As for
the control group there is a more extensive cyto-
plasmic oedema in the ischaemic than in the border
zone of the Timolol treated hearts, expressed as
increased Vyy, (15.90+0.66% and 10.95+0.70%,
respectively) and decreased Vi, (56.61+0.78%
and 62.89+0.87%, respectively). These differences
are, however, not significant between the two latter
zones and do not differ from the control values
in the corresponding zones.

The surface density is reduced to the same ex-
tent in both the ischaemic (1.16+0.04 pm?/pum3)
and border zone (1.1940.02 pm?/um?®) as com-
pared with the normal zone (1.36+0.02 um?/pm?)
of the Timolol treated hearts, whereas no signifi-
cant difference in mitochondrial surface to volume

occurs in any zone. Quantification of severely dam-
aged cells showed no significant effects of Verapa-
mil or Timolol treatment on the number of severely
damaged cells in any zone (Table 8).

Discussion

A beneficial effect of both beta blockers and calci-
um antagonists on the infarct size in hearts sub-
jected to temporary coronary occlusion, has been
reported by several authors (Downey et al. 1985;
Slutsky and Peck 1985; Vik-Mo etal. 1984;
DeBoer et al. 1980; Reimer and Jennings 1984;
Tumas et al. 1985; Nayler et al. 1978). Reduced
infarct size has been suggested to implicate a reduc-
tion of the area at risk evolving irreversible dam-
ages. The effects of Verapamil and Timolol on the
border zone may, therefore, be of significance for
the understanding of the assumed protective mech-
anisms of these drugs.

In this study we report an elevated Vy; in
the border zone of the control group. No such
enhancement of fractional volume of the mito-
chondria was seen in the two treatment groups.
This indicates that any change in the mitochondrial
volumes in the border and ischaemic zones would
be proportional to alterations in the total cytoplas-
mic volume of these two groups. There is, however,
no significant difference in the border zone of con-
trols and verapamil treated hearts, whereas verapa-
mil treated hearts have a little larger V', even
in the normal zone. The other fractional volumes
(Vv myo and Vy ) were not significantly altered by
drug treatment in any zone.

More pronounced differences between the
groups appeared after studying the mitochondrial
surface density and the surface to volume ratio
of the mitochondria. The mitochondrial surface to
volume ratio is largest in the normal zone of the
verapamil group when compared with the other
two groups, but appears to decrease relatively
more in the border and ischaemic zones. In the
ischaemic zone there is no significant difference
between the three groups. The maximal decrease
in surface to volume ratio observed in the border
zone of control hearts, is not seen in the two treat-
ment groups. No significant difference in mito-
chondrial surface to volume ratio is observed be-
tween the timolol and the control groups in any
zone. Irrespective of treatment, as compared with
the normally perfused myocardium, surface den-
sity and mitochondrial surface to volume ratio
were reduced in the ischaemic zone. Intermediate
values were observed in the border zones except
for a smaller mitochondrial surface to volume ratio
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in the border than in the ischaemic zone in the
control group (Table 7). This indicates a significant
mitochondrial swelling in the latter two zones.

The differences in the mitochondrial surface to
volume ratios between the corresponding zones in
the treatment groups, are at least as large as the
differences between the various zones within a
group. Thus the mitochondrial swelling seen in this
study, must be a complex result of both drug treat-
ment and ischaemia.

The mitochondrial surface density is signifi-
cantly highest in the verapamil group of all zones.
In all groups, however, there is a significant de-
crease in mitochondrial surface density in the
ischaemic and border zones.

Rather opposed to this are the results from the
quantitative assessments of the number of severely
injured cells and water content which were found
to be influenced only by ischaemia and not by Ve-
rapamil or Timolo! treatment. Furthermore, nei-
ther the increased Vy ., nor the decreased Vy py,
seen in ischaemia, are significantly affected by drug
treatment. We therefore conclude that mitochon-
drial swelling is an carlier sign of ischaemic injury
than cytoplasmic oedema. The lack of a simple
correlation between the degree of mitochondrial
oedema and the extent of ischaemic injury is note-
worthy since mitochondrial swelling is usually con-
sidered to be a common finding in ischaemic injury
(Kloner and Braunwald 1980; Jennings and Gan-
ote 1976).

Several protective effects on the ischaemic myo-
cardium have been suggested for Verapamil
(Kloner et al. 1982). In our study, Verapamil did
not alter the haecmodynamic variables or the re-
gional blood flow neither before nor after LAD
occlusion as compared with control values. This
in accordance with the work of Reimer and Jen-
nings (1984). Calcium channel blockers are pre-
sumed to inhibit mitochondrial Ca®* overload in-
duced by both Na* (Matlib and Schwartz 1983;
Vaghy et al. 1982; Wolkowicz et al. 1983) and in-
organic phosphate (Matlib etal. 1983) during
ischaemia. Further, some authors have shown that
Verapamil prevents hypoxic induced malfunction
of the mitochondrial respiration, i.c. respiratory
conirol index and state IIT respiration (Nayler
et al. 1978; Sugiyama et al. 1983). Verapamil in-
duced protection against the ischaemic induced mi-
tochondrial swelling is indicated here since we
found a larger mitochondrial surface to volume
ratio in the border zone of the Verapamil treated
animals than in the controls. However, as the effect
of Verapamil is even more pronounced in the nor-
mal zone, we rather suggest that Verapamil pri-

marily effects the normal mitochondrial volume
regulation.

Timolol is a nonselective beta adrenergic antag-
onist with both beta; and beta, blocking proper-
ties and has low intrinsic beta stimulating effect
(Mouillé et al. 1976). Its protective effect is by
some authors regarded merely as a beta adrenergic
blockade (Lefer et al. 1977). In our study Timolol
reduced dP/dt and heart rate, which imply a re-
duced cardiac work load and by this a reduced
energy and O, demand. In the same model Timolol
has been reported by Grong et al. (1981) not to
improve the regional myocardial blood flow in any
zone after LAD occlusion, except in the subendo-
cardial part of the border zone. In hearts under
controlled haemodynamic conditions, however,
the latter authors have found that Timolol also
increases blood flow in the normally perfused myo-
cardium as well (Grong et al. 1982).

Timolol is less hydrophobic than propranolol
for example (Quinn and Crutcher 1984), and inter-
acts less readily with bilayer membranes. At thera-
peutic doses Timolol has no known membrane sta-
bilizing effects (Conolly etal. 1976; Frishman
1982). Yet, in concentrations higher than in vivo
use, beta-blockers are reported to impair mito-
chondrial function (Quinn and Crutcher 1984).
Kloner et al. (1978) reported that propranolol re-
duced mitochondrial swelling induced by ischae-
mia in the rat heart. In our study we found no
significant mitochondrial swelling in the border or
in the ischaemic zones of the Timolol treated
group. Furthermore, neither the mitochondrial
surface density nor the surface to volume ratio of
Timolol treated tissue differed from the control
values in the border or ischaemic zones. This dis-
crepancy might be explained by the differences be-
tween the two beta-blockers used. Another expla-
nation might be that Kloner et al. (1978) did not
measure the mitochondrial volume fraction, sur-
face density or surface to volume ratio.

It should also be noted that no variables under
study showed any difference between the groups
in the ischaemic zone, whereas such differences
were present both in the normal and border zones.
This may suggest that cellular injury in the central
ischaemic tissue three hours after LAD occlusion
is severe and, therefore, only insignificantly af-
fected by drug treatment.

In conclusion, therefore, mitochondrial swell-
ing is an early sign of ischaemic injury that appears
prior to cytoplasmic oedema and the signs of irre-
versible ischaemic injury (Fig. 1). Additionally,
Verapamil induces changes in the normal mito-
chondrial volume regulation, whereby the size of
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the mitochondria is being reduced in both the nor-
mal and border zones. Neither Verapamil nor Ti-
molol have any effect on the cytoplasmic oedema
or mitochondrial swelling in the ischaemic zone
of the ischaemic heart.
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