deposits of different sizes. The largest concentration of fibrenectin was found at points
of intersection of several fibers where, as a rule, actively protein-synthesizing fibroblasts
are located.
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ULTRASTRUCTURAL STEREOLOGIC ANALYSIS OF ACUTE HYPERTENSIVE MYOCARDIAL

HYPERTROPHY
E. L. Lushnikova, L. M. Nepomnyashchikh, UDC 616.12-008.331.1-06:
V. P. Tumanov, G. I. Nepomnyashchikh, 616.127-007.61.091.8

and A. M. Gonchar

KEY WORDS: arterial hypertension; myocardial hypertrophy; cardiomyocyte ultrastruc-—
ture; morphometry and stereology.

A detailed explanation of the mechanisms of development of compensatory and adaptive re-
actions in the myocardium in arterial hypertension at the ultrastructural level is important
not only for diagnosis and prognosis, but also for an understanding of general, stereotyped
reactions, and also of reactions developing in the cardiomyeccyte when the functional load on
the heart is increased [3, 6~8]. A study of the dynamics of changes in intracellular struc-
tures and the character of their interrelations during increasing hypertension, by means of
quantitative morphological methods, is of great interest in this respect.

This paper describes a study of the ultrastructure of rat cardiomyocytes hypertrophied
as a result of experimental arterial (renal) hypertension, by the use of morphometric and
stereologic analysis.

EXPERIMENTAL METHOD

Experiments were carried out on 35 male Wistar rats weighing initially 200.9 * 20.3 g.
To produce arterial hypertension in normotensive rats the animals were anesthetized with
ether, laparotomy was performed, the region of the aorta giving rise to the renal arteries
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was exposed, and a titanium coil was applied, constricting the lumen of the aorta by two-
thirds of its diameter. The arterial pressure was measured by an indirect method. A trans-
ducer with rubber cuff, applied to the animal's tail, was used. The signal from the trans-
ducer was recorded on a Mingograph-34 apparatus (Elema-Schénander, Sweden). The animals were
decapitated 5, 12, 15, 20, and 35 days after the operation. The hearts from rats undergoing

a mock operation served as the control.

After decapitation of the animals the heart was removed from the thorax and placed in a
cold chamber until it completely stopped beating. The absolute and relative weight of each
heart was then determined. Samples of tissue from the left papillary muscles were fixed in
a 4% solution of paraformaldehyde, postfixed in 27 osmium tetroxide solution, dehydrated with
alcohol and propylene oxide, and embedded in a mixture of Epon and Araldite. Semithin and
ultrathin sections were cut on the LKB III Ultrotome. Ultrathin sections were stained with
uranyl acetate and lead citrate and examined in the JEM-100B electron microscope.

Morphometric and stereologic analysis of the heart muscle cells was carried out 5, 12,
and 35 days after constriction of the abdominal aorta. The mean diameter of the cardiomyo-
cytes for each group of animals was measured in semithin sections, stained with azure II, by
means of an MOV-1-15x ocular micrometer. Ultrastructural stereologic analysis was carried
out on electron micrographs under a final magnification of 18,000. Methods described previ-
ously [3] were used to estimate the relative volume of the myofibrils, mitochondria, smooth
sarcoplasmic reticulum (SSR), T-system and cytoplasmic matrix (total of ribosomes, glycogen,
lipid droplets, lysosomes, lamellar complex, and cytoplasm proper), and the relative surface
area of the organelles. From these primary data secondary parameters were calculated: sur-
face—volume ratios for ultrastructures and volume ratios for the principal organelles of the
cell relative to volume of myofibrils. The results of the quantitative measurements were
subjected to statistical analysis [1, 4] by Student's t test and to correlation analysis.

EXPERIMENTAL RESULTS

The systolic blood pressure of intact Wistar rats was 108 * 5 mm Hg, rising 5 days after
constriction of the abdominal aorta to 138 * 4 mm Hg, 12 days after to 150 £ 5 mm Hg, 20 days
to 160 + 8 mm Hg, and 35 days after the operation to 205 * 32 mm Hg. The rise of arterial
pressure in normotensive rats in response to comstriction of the abdominal aorta during the
first 2 weeks after the operation was due to an increase in cardiac output and simultaneous
increase in heart rate. Later in the course of the investigation the peripheral vascular re-
sistance was raised, and this was evidently due to thehigh arterial pressure level.

The development of persistent hypertension in normotensive Wistar rats after constriction
of the abdominal aorta was also connected with the development of hypertrophy of the heart.
The absolute weight of the heart in the animals 35 days after constriction of the abdominal
aorta increased by 40% and its relative weight by 15%; the mean diameter of the cardiomyocytes
increased (Table 1).

In the early stages after the operation (12-15 days) widening of the intercellular spaces
was observed (Fig. la). The number of micropinocytotic vesicles in the subsarcolemmal zone
was increased. In the late stages (35 days) vacuoles and myelin-like structures were often
found in the sarcoplasm. These same structures also appeared in the intercellular space and
capillary lumen. Ultrastructural changes took place in the region of the intercalated disks,
which acquired a zigzag external appearance; gap junctions of the intercalated disks were
often widened (Fig. 1b). Myofibrils in the zone of the intercalated disks sometimes showed
lysis and lost their cross-striation (Fig. lc).

The relative volume of the myofibrils in hypertrophied cardiomyocytes was significantly
increased from 508.1 # 18.2 mm® /om® in animals of the control group to 617.0 = 10.0 mm®/cm®
35 days after the operation (Table 1, Fig. 2). The bulk density of the myofibrils under these
circumstances showed an increase of 21%. This was due primarily to increased synthesis of
myofilaments, as shown by the appearance of elements of rough sarcoplasmic reticulum and nu-
merous free ribosomes in certain areas of the cardiomyocytes (Fig.1ld). Parallel with the in-
crease in relative volume of the myofibrils their relative surface area also increased, with
the result that the surface/volume ratio of the myofibrils was unchanged (Fig. 3).

Hypertrophy of the cardiomyocytes was accompanied by a significant decrease in bu%k den-
sityof the mitochondria from 355.1 # 32.6 mm®/em® in the control to 250.7 * 5.9 mm®/cm” after
35 days of the experiment. The surface density of the mitochondria showed mo significant
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Fig. 1. Ultrastructure of cardiomyocytes of Wistar rats after constriction of abdom-
inal aorta. a) Widening of intercellular spaces (IS), contractures of myofibrils
(MF)., festooningof sarcolemma (S). MC) Mitochondria, CF) collagen fibers; b) zigzag
appearance of intercalated disk (ID), widening of zone of contact between two muscle
cells, formation of vacuoles (V), foci of lysis of myofibrils; c) lysis of myofibrils,
denudation of sarcoplasmic reticulum (SR) and dilatation of its tubules, partial vacu-
olation of cristae and disturbance of their parallel arrangement in mitochondria; d)
fragments of rough sarcoplasmic reticulum and numerous polysomes (PS) in sarcoplasm;
e) lysis of myofibrils, dilatation of tubules of sarcoplasmic reticulum and T-system
(T), focal destruction of -cristae in mitochondria with formation of vacuoles bounded
by membrane. b, c¢) 12 days, a, e) 15 days, d) 35 days after operation. Magnification:
a) 3000 x; b-e) 5000 x.

change, so that there was a significant increase in the surface/volume ratio of these organ-
elles by 35% by the end of the experiment. Polymorphism of the mitochondria was increased,

and in individual mitochondria signs of destruction were visible, and inclusions (including

those of glycogen), surrounded by a membrane, appeared (Fig. le).

These different trends of changes in the mitochondria and m§ofibrils led to a decrease

in the volume ratio of these structures by 427% 35 days after the operationm.
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Fig. 2. Results of measurements of primary stereologic parameters of cardiomyocyte
organelles in Wistar rats with arterial hypertension. Abscissa, time after opera-
tion (in days); ordinate: on left — bulk density, on right — surface density. 1, 6)
Myofibrils; 2, 7) mitochondria; 3, 8) SSR; 4, 9) T-system; 5) remaining structures
of cytoplasm.

Fig. 3. Results of calculation of secondary stereologic parameters of cardiomyo-
cyte organelles in Wistar rats with arterial hypertension. Abscissa, time after
operation (in days); ordinate: on left — surface/volume ratio of organelles, on
right — ratio of relative volumes of organelles to relative volume of myofibrils.
1) Myofdibrils; 2) mitochondria; 3) SSR; 4) T-system; 5) mitochondria/myofibi_.1s;
6) SSR/myofibrils; 7) T-system/myofibrils.

Many workers [2, 9, 11, 13] have described a decrease in the ratio of volumes of mito-
chondria to myofibrils in hypertrophied cardiomyocytes [5, 12] in arterial hypertension. It
is probably a response of adaptive importance.

During hypertrophy of heart muscle fibers considerable changes took place in SSR, the
dilated tubules of which were clearly visible in areas of lysis of myofibrils in the early
stages of the experiment. The relative volume of this organelle was increased by 51%. The
surface density of SSR increased even more: from 0.272 + 0.010 m®/cm® in control animals to
0.496 + 0.008 m?*/cm® in rats on the 35th day after the operation. Postiive correlation was
found between the diameter of the cardiomyocytes and the relative surface area of SSR (r =
+0.795; P < 0.05), whereas the increase in relative volume of this compartment correlated on-
1y weakly with the increase in size of the cardiomyocytes (r = +0.246; P < 0.05). The sub-
stantial increase in area of the SSR membranes led to an increase in surface/volume ratio of
this structure (P < 0.05). Since the increase in relative volume of SSR during hypertrophy,
expressed as a percentage, was almost twice the increase in bulk density of the myofibrils,

a distinct tendency was observed for the ratio between volume of SSR and volume of myofibrils
to increase on the 35th day after constriction of the abdominal aorta.

To understand the functional state of the cardiomyocytes it is important to estimate the
ratic of the surface density of the SSR membranes to volume of myofibrils. This ratio was
significantly (P < 0.001) increased in the hypertensive rats toward the end of the experiment:
0.535 + 0.0002 m*/cm® in the control; 0.751 £ 0.098 and 0.805 + 0.005 m®/cm” in rats on the
12th and 35th days, respectively, after the operation.

The increase in volume and surface/volume ratio of sarcoplasmic reticulum to myofibrils
is evidence that growth of this compartment precedes growth of the myofibrils. A similar en-
largement of SSR has been found in many models of hypertrophy of the heart [10, 14, 16] and
it is of evident adaptive importance, reflecting the increased demand for Ca ions, required
for the coupled process of contraction and relaxation. However, there is also a different
point of view, according to which the increase in area of SSR membranes is connected with
the reduced ability of this structure to bind and release Ca++ [15]. The latter is evidently
characteristic of the stage of subcompensation or even decompensation of the heart, when the
morphological features of cardiac hypertrophy are completely preserved.

The bulk density of the T-system was unchanged during hypertrophy of the cardiomyocytes,
whereas the relative surface area at first showed a very small decrease on the 12th day after
the operation, followed by an increase again (by 9% relative to the control). This led to a
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significant decrease in the surface/volume ratio of the T-system on the 12th day after the
operation and to a significant increase by the end of the experiment. There was practically
no change in the ratio of volume of T-system to volume of myofibrils.

The relative volume of the cytoplasmic matrix relative to the control did not change
significantly, although on the 12th day after the operation an increase, and on the 35th day,
a decrease in this parameter were observed. A similar change occurred in the volume of the
cytoplasmic matrix relative to the volume of the myofibrils. Hyperplasia of the lamellar
complex, especially of its vesicular part, was observed in the cytoplasm of the cardiomyo-
cytes.

On the whole, hypertrophy of the cardiomyocytes in rats with arterial hypertension is
characterized at the ultrastructural level by a decrease in the ratio of total bulk density
of the mitochondria, sarcoplasmic reticulum, and T-system to volume of the myofibrils from
0.754 £ 0.084 in the control group to 0.463 + 0.017 in the animals on the 35th day after con-
striction of the abdominal aorta (P < 0.05). Negative correlation (r = —0.863; P < 0.05)
was found between the diameter of the cardiomyocytes and the ratio of the total volume of the
principal organelles to volume of myofibrils.

Intensification of metabolism and hyperplasia of ultrastructures [7] during hypertensive
myocardial hypertrophy are manifested primarily as growth of elements of the sarcoplasmic
reticulum before growth of myofibrils and other cell compartments, whereas the relative volume
of the mitochondria falls considerably during the development of hypertrophy.
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