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ABSTRACT \

Aim. Measure of the histological ¢
partial, subtotal, stepwise subtota
Material and Methods. Studies
of one common carotid artery. | cerebral ischemia was modelled by ligation of both common carotid
arteries. Stepwise subtota
artery with 7-day, 3-da

es in s in the parietal cortex and hippocampus of rats with
| cerebral ischemia.

rvals. Total cerebral ischemia (Cl) was modelled by decapitation.
ological changes of neurons in the parietal cortex and hippocampus,
ation of the severity of cerebral ischemia, there was a progressive increase

,’eta cortex, which is most sensitive to oxygen deficiency, they were more pronounced.

Introduction and, in this regard, a frequent topic of disserta-

tion research. Cerebrovascular and cardiovascu-
The study of the brain in health and disease is lar diseases are the most pressing medical and
an urgent and promising area of modern science social problems in the world. Each year 450,000
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people suffer a stroke, of which 75-80% are isch-
emic strokes. Cerebral ischemia leads to a num-
ber of general and local metabolic and functional
disorders, the pathogenesis of which is complex,
multifaceted, and largely unclear [1-5]. Adequate
models of cerebral pathology may contribute to
the detailed understanding of the pathogenesis of
these disorders and, in addition, allow assessing
the development of damage and adaptive mecha-
nisms of the brain, which serves as a fundamen-
tal basis for improving the diagnosis, treatment,
and prevention. In previous studies, histological
disorders of neurons of phylogenetically different
parts of the cerebral cortex were studied in par-
tial, subtotal, total, and subtotal stepwise cere-
bral ischemia. However, it is important to analyse
these disorders in a comparative aspect.

Aim

The aim of the study was to compare histologi-
cal changes in neurons in the parietal cortex and
hippocampus of rats with partial, subtotal, subto-
tal stepwise, and total cerebral ischemia.

Material and Methods

The experiments were performed> on 84 male
outbred white rats weighing 240 £ 20 g in .com-
pliance with the Directive of the European Parlia-
ment and Council No. 2010/63 /. EU of 22.09.2010
on the protection of animals used. for scientific
purposes. The animals were kept in an air-con-
ditioned room (22/°C) under mixed illumination
on a standard vivarium ration with free access to
food and water, and.no more than five animals per
cage. Protocols were reviewed and approved by
the Ethical Committee of the Grodno State Medi-
cal University (protocol No 1, 14.04.2013). Studies
were performed on animals represented by five
groups of.6 rats each. Partial cerebral ischemia
(PCI) was modelled by ligation of one common
carotid artery (CCA). Subtotal cerebral ischemia
(SCi)was modelled by ligation of both CCA. Grad-
ed subtotal cerebral ischemia (SSCI) was per-
formed by sequential ligation of both CCA with
7-day (subgroup 1), 3-day (subgroup 2) or 1-day
(subgroup 3) intervals. Lastly, total cerebral isch-
emia (TCI) was modelled by decapitation. Spec-

imens were divided into two groups and kept at
+16 °C. The brain was harvested 1 hour and 1 day
after ligation of the CCA in case of PCl or the sec-
ond CCA in case of SCI and SSCI, or decapitation
in case of TCl in each of the groups.

The control group consisted of sham-operat-
ed rats. The sampling of the material was carried
out at a similar time after the sham,operation.
Changes in the size (area) and shape. (form:fac-
tor, elongation factor) of thé neurons, as.well as
the degree of chromatophilia of their cytoplasm
were compared with Cl for 1 hour and 1 day. After
decapitation, the brain was quickly :removed and
pieces of the cerebral cortex were fixed in Car-
noy's fluid. Paraffin sections (5 pm thick) were
prepared using a microtome (Leica RM 2125 RTS,
Germany) and mounted on glass slides. The local-
isation of the parietal cortex and hippocampus of
the cortex in the histological preparations of the
brain was determined using a stereotaxic atlas
[6]. Serial paraffin sections were stained with 0.1%
toluidine blue according to the Nissl method.

Study of histological preparations, their micro-
photography, morphometry and densitometry of
the chromogen sediment were conducted using
an Axioscop 2 plus microscope (Zeiss, Germany),
a digital video camera (LeicaDFC 320, Germany)
and ImageWarp image analysis software (Bitflow,
USA). In each animal, at least 30 neurons of the
fifth layer of the parietal cortex and the pyrami-
dal layer of the CA, field of the hippocampus were
assessed, which provided a sufficient sample size
for subsequent analysis. To assess the severity
of ischemic damage to the cerebral cortex under
Cl conditions, changes in the size and shape of
neuronal perikaryons, as well as the degree of
colour of their cytoplasm (chromatophilia), were
studied. The change in the size of neurons was
assessed on the basis of their area, the shape of
the perikaryons of neurons was assessed using
the form factor (4nS / P? — the index of sphericity
and folding), and the elongation factor — the index
of sphericity (Dmax / Dmin) using the ImageWarp
image analysis program (Bitflow, USA).

The area of neurons (S) and the elongation of
their bodies indicated the state of the cytoskele-
ton and the water-electrolyte balance, which can
be disturbed during cerebral ischemia. In the his-
tological preparations, the number of pyramidal
neurons per unit area of the cerebral cortex sec-
tions was determined.
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Among the total number of neurons, cells
were distinguished according to the intensity
of the colour of the cytoplasm (chromatophilia):
normochromic — moderately coloured; hyper-
chromic — dark; hyperchromic wrinkled — very
dark, with deformed perikaryon; hypochromic —
pale-coloured; shadow cells — unstained, with
vacuolated nuclei; cells with pericellular oede-
ma are shrunken, with enlightenment around the
perikaryon. The number of each type of cells was
counted.

A Kruskal-Wallis test with Bonferroni correc-
tion was applied to analyse the data (Statistica
10.0 software for Windows, StatSoft, Inc., USA).
The results are presented in the form Me (LQ;
UQ), where Me is the median, LQ is the boundary
of the lower quartile; UQ is the boundary of the
upper quartile. The differences between groups
were considered significant at p<0.05.
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Results

Compared with the control, there were no chang-
es in the size and shape of the neurons perikary-
on after 1 hour with PCI (Figure 1). However, in
this group, both in the parietal cortex and" hip=
pocampus, there was a decrease of 18% (p<0.05)
and 16% (p<0.05) in the number of normochromic
neurons, as well as an increase of 65% (p<0.05)
and 69% (p<0.05) in the number of hyperchromic
neurons, respectively (Figures 2-=4).

The absence of pronounced »morphologi-
cal changes in the simulation'of .PCl'in.rats was
explained by the compensation of blood circula-
tion along the circle of Willis:. There were no dif-
ferences in thesseverity of the changes noted in
the parietal cortex»and hippocampus. In ani-
mals with 1-hour SCI, the size of the neurons of
the pariétal cortex and hippocampus were 52%
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Figure 1zChanges in the area of perikaryon neurons in rats with cerebral ischemia (CI)
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Figure 2. Changes in the number of normochromic neurons in rats with cerebral ischemia
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(p<0.05) and 48% (p<0.05) smaller than in the
control group, respectively. The elongation factor
was 20% higher (p<0.05) in both studied regions,
and the form factor decreased by 11% (p<0.05)
and 22% (p<0.05) in the parietal cortex and hip-
pocampus, respectively. Compared with the PCI
group, the area of the neurons in rats with SCI
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decreased by 57% in the parietal cortex (p<0.05)
and 42% in the hippocampus (p<0.05). At the
same time, the elongation of neuronal perikary-
ons (elongation factor) increased by 20% (p<0.05)
in each of the cortex sections, and their.round-
ness (form factor) decreased by 11% in the pari-
etal cortex (p<0.05) and by 22% in the hippocam-

& )

AL L

Figure 3. Neurons of the fifth layer of the parietal cortex in rats with a duration of the ischemic period of 1 hour. A - control, B - PCI
(predominance of normochromic neurons), C — 1% subgroup of SSCI (predominance of hyperchromic neurons), D - SCI (predominance
of hyperchromic and hyperchromic wrinkled neurons), E — TCI (absence of normochromic neurons, predominance of hyperchromic
wrinkled neurons). Stained by Nissl. Digital microphotography. Scale bars and magnifications: A - 20 pm and x 400
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Figure 4. Neurons of the fifth'layer of the parietal cortex in rats with a duration of the ischemic period of 1 day. A - control, B - PCI
(predominance of normochromic neurons), C - 1 subgroup of SSCI (predominance of hyperchromic neurons), D - SCI (predominance
of hyperchromic and hyperchromic wrinkled neurons), E — TCI (absence of normochromic neurons, predominance of hyperchromic
wrinkled neurons). Stained by Nissl. Digital microphotography. Scale bars and magnifications: A - 20 ym. x 400

pus (p<0.05). When the ischemic period lasted
1 day, the disturbances were aggravated; com-
pared with the control group, the area of the neu-
rons decreased by 61% (p<0.05) in the parietal
cortex and 68% (p<0.05) in the hippocampus.
These changes were much more pronounced
than in the group "PCI" lasting 1 day, where the
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area of neurons in the group "SCI" decreased by
53% in the parietal cortex (p<0.05) and 61% in the
hippocampus (p<0.05). Compared with the 1-day
PCI, the elongation factor with SCI increased by
33% (p<0.05) and 30% (p<0.05), respectively, and
the form factor decreased by 33% as in the pari-
etal cortex and hippocampus (p<0.05).



Compared with the control group, the num-
ber of hyperchromic neurons in the parietal cor-
tex after 1 hour of SCI significantly increased by
79%, hyperchromic shriveled neurons by 80%,
shadow cells by 60%, which is 39%, 85%, and 80%
significantly more than in rats with PCI, respec-
tively. In the hippocampus, the number of hyper-
chromic neurons increased by 77% (p<0.05),
hyperchromic wrinkled cells by 95% (p<0.05),
shadow cells by 100% (p<0.05), which is more
than with PCI by 27% (p<0.05), 85% (p<0.05), and
67% (p<0.05), respectively. There were no dif-
ferences in the number of pathological forms
of neurons between the studied sections of the
cortex. By day 1 of SCI, neurons with pericellu-
lar oedema 536 (536; 636.5) per mm? appeared
in both studied structures. At the same time,
their number in the parietal cortex was signifi-
cantly higher than in the hippocampus by 25%.
In rats with SCI, morphological changes were
more pronounced than with PCI, but less than
with SCI. The least pronounced changes in size
and shape of the neurons were noted in the first
subgroup (the interval between CCA dressings
was 7 days). The area of the neurons, compared
with the control, decreased in the parietal cor-
tex by 39% (p<0.05), in the hippocampus by 28%
(p<0.05), the elongation factor increased by. 8%
(p<0.05), and the form factor decreased by 11%
(p<0.05). When comparing the "PCI" ‘group and
the first "SCI" subgroup, the shape of the per-
ikaryon neurons in both studied sections was
not significantly different. After 1 day, the sizes
of the neurons in this subgroup were 36% larger
(p<0.05) in the parietal cortex and 60% (p<0.05)
in the hippocampus than with'SCI, and compared
with PCI, smaller by 27% (p<0.05) in the parietal
cortex. In the hippocampus, the sizes of neu-
ronal perikaryons did not differ from the sizes
in the "RCI" group (p>0.05). In the second and
third intervals (between CCA dressings was 3
days and 1 day,respectively), the decrease in the
size_and deformation of the neuronal perikary-
ons were significantly more pronounced than in
the first subgroup. Compared with the control,
therarea of the neurons in the second subgroup
decreased by 53% (p<0.05) in the parietal cortex
and 40% in the hippocampus (p<0.05), the elon-
gation factor increased by 14% (p< 0.05), and the
form factor decreased by 22% (p<0.05) in both
studied departments (p<0.05).

Compared with the "PCI" in the parietal cortex,
the area of neurons decreased by 57% (p<0.05),
and in the hippocampus by 31% (p<0.05), the
form factor by 22% (p<0,05) and by 17% (p=<0.05),
respectively. The elongation factor increased sig-
nificantly by 14% and 22% in the parietal cortex
and hippocampus, respectively. Compared with
the "SCI" group, no change was/bserved in the
size of the neurons in the parietal cortex, but in
the hippocampus, the area in the second sub-
group "SSCI" was 15% larger. (p<0.05). The form
factor did not change, and the elongation fac-
tor significantly increased'by.7% inrats with SCI
both in the parietal .cortex and hippocampus.
Compared to the characteristics of the neurons
in the control, the perikaryon neurons area in the
third subgroup SSCI decreased by 60% (p<0.05)
in the parietal cortex and 47% in the hippocam-
pus (p<0.05). The form factor decreased by 11%
(p<0.05), while the elongation factor increased by
20%’in both studied regions (p<0.05). Compared
with the group "PCI", the area of the neurons in
the third subgroup with an ischemic period of 1
hour was 65% less (p<0.05) in the parietal cortex
and 40% in the hippocampus (p<0.05).

The form factor did not change, and the elon-
gation factor increased by 20% (p<0.05) in both
studied departments. In the third subgroup,
changes in the size and shape of neurons after 1
hour did not differ from those with SCI (p>0.05),
but with an ischemic period of 1 day, the area
of the neurons was 15% greater than with SCI,
in the parietal cortex (p<0.05) and by 39% in the
hippocampus (p<0.05). As the interval between
CCA dressings decreased from 7 days in the
first subgroup to 1 day in the third subgroup,
more pronounced changes in the size (signifi-
cant decrease), and shape of the neurons (a sig-
nificant increase in the elongation factor and
decrease in the form factor), and there was also
an aggravation of changes in the chromato-
philia of their cytoplasm. With SSCI, as the time
interval between CCA dressings decreased, the
number of normochromic neurons decreased
(p<0.05) and the number of hyperchromic shriv-
elled neurons increased (p<0.05). The maximum
number of hyperchromic shrivelled neurons was
observed in the third subgroup (with an interval
between CCA dressings of 1 day), especially in
the parietal cortex (804 / mm?; p<0.05), which is
42% more than in the first subgroup (p<0.05). In
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addition, in the 3" subgroup, one day after liga-
tion of the second CCA, cells with peripheral
oedema (p<0.05) appeared in the parietal cor-
tex, which were already present in rats with SCI
after 6 hours of ischemic period. After 1 day, their
number in rats with SCI was higher in the parietal
cortex by 53% (p<0.05). In rats with TCI, the most
pronounced changes in size, shape, and degree
of chromatophilia of the cytoplasm of neurons
were observed.

With TCI lasting 1 hour, there was a signifi-
cant decrease in the size of neurons by 74% and
50% in the parietal cortex and hippocampus,
and with an ischemic period of 1 day, the area of
neurons significantly decreased by 83% and 76%,
respectively, which is more than with 1-hour TCI.
Compared with 1-hour TCI, the area of neurons
in the parietal cortex decreased by 34% and 42%
in the hippocampus (p<0.05 for both). Aggra-
vation in the shape of neurons was also noted.
With an ischemic period of 1 hour, the elonga-
tion factor increased by 35% (p<0.05), while the
form factor decreased by 34% (p<0.05) both in
the parietal cortex and hippocampus. Compar-
ing 1-hour ischemia with 24-hour TClI, the elon-
gation factor increased by 25% in the parietal
cortex (p<0.05) and 22% in the hippocampus
(p<0.05). In animals with TCI lasting 1 hour; the
majority of the cells in both studied sections of
the cortex were hyperchromic wrinkled neurons
(their number significantly increased by 96%
compared to the control). Oedematous swollen
neurons (p<0.05) appeared in rats after T-hour
TCl. The number of hyperchromic shrivelled
neurons in the TCI group significantly increased
by 80%, and the number of shadow cells sig-
nificantly decreased by 30% than in the SIGM
group. After 1 day of the ischemic period, cells
with pericellular oedema began to predominate
in the population of neurons (p<0.05). At the
same time, normochromic neurons were absent
(p<0.05), and single hyperchromic neurons were
observed only with 1-hour of TCI (p<0.05). Com-
pared with.the"SCI" group, with 24-hour TCI, the
number of hyperchromic shrivelled neurons and
shadow:cells decreased by 70% (p<0.05). A large
proportion of the cell population consisted of
neurons with pericellular oedema (2680 (2479;
3082) / mm?), while in the SCI group such cells
accounted for only 16% of the total number of
neurons.
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Discussion

In general, the smallest morphological changes
in neurons were noted in the "PCI" groups and the
first subgroup "SSCI", with an interval between
CCA dressings of 7 days. With these ClI modelling
methods, adaptation processes occur that pre-
vent the development of pronouncedsmorphologi-
cal changes and allow neurons to‘adapt to mod=
erate hypoxia. For example, in/PCl, the absence
of pronounced morphological changes in rats'is
explained by the compensation of bloed circulation
along the circle of Willis. With'SSCI, when the time
interval is sufficient for the development of adap-
tive processes, the productivity of mitochondrial
respiration increases [7,8], and possibly activating
the production of nitrogen monoxide and hypoxia-
induced factor. Modelling of more severe types of
ischemic damage leads to pronounced morpho-
logical"changes.in neurons in the parietal cortex
and hippocampus of the rat brain — a decrease
in their size, deformation of the perikarya, an
increase in the degree of neuronal chromatophilia
with their simultaneous wrinkling and subsequent
death. To the greatest extent, these violations were
expressed in the third subgroup of SSCI with the
shortest interval between dressings, which was 1
day and TCI. Hyperchromic neurons are regarded
as ischemic-altered cells [9]. The appearance of
shrivelled dark cells in hypoxic and anoxic condi-
tions is a universal and most severe form of reac-
tive and pathological changes in neurons, accom-
panied by changes in the metabolic rate, tincto-
rial properties of the cytoplasm, cell karyoplasm
and varying degrees of ultrastructural changes
in cytoplasmic organelles. Therefore, in hyper-
chromic wrinkled neurons, metabolic processes
decrease, and the breakdown of nucleoproteins,
especially nuclear ones, prevails over their synthe-
sis. The reserves of ribonucleoprotein particles in
the nucleus are preserved, but their excretion into
the cytoplasm is blocked [10-14]. At later stages of
ischemia, swelling of neurons is observed, accom-
panied by the dissolution of the chromatophilic
substance, coarsening, disintegration and melting
of neurofibrils, pycnosis of nuclei, and thickening
and decay of processes. The neuropil is vacuolat-
ed and fragmented, undergoing granular-lumpy
disintegration, and myelin dissolves, as a result of
which lipid droplets begin to be detected along the
nerve fibres [12-14].



Conclusion

When comparing the morphological changes of
neurons in the parietal cortex with those in the
hippocampus of the rat brain, it can be seen that,
with the aggravation of the severity of cerebral
ischemia, a progressive increase in the number
of hyperchromic shrivelled neurons and neurons
with pericellular oedema. The most obvious mor-
phological changes (a decrease in the size and
deformation of the perikaryons of neurons) were
observed in the conditions of TCl after 1 day. Sim-
ilar to TCI, but less gross violations, were found
with daily SCI and in the "SSCI" subgroup with an
interval between CCA dressings for 1 day. Chang-
es in the parietal cortex and hippocampus were
unidirectional, but in the parietal cortex, which is
most sensitive to oxygen deficiency, they were
more pronounced. The results provide a funda-
mental basis for further detailing the pathogen-
esis of ischemic brain damage and searching for
an effective correction for this pathology.
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