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Summary 
Aim of the study. To explore the structural and functional changes of neurons, glial cells, and synaptic ter-

minals in layers I, III, and V of the sensorimotor cortex (SMC) of the rat brain after bilateral common carotid 
artery ligation (CCAL).  

Material and methods. Incomplete cerebral ischemia was simulated by irreversible bilateral CCAL (2-vessel 
model of global ischemia without hypotension) on white rats (n=36). Comparative evaluation of the studied 
SMC structures was performed in the control group (intact rats, n=6) on days 1, 3, 7, 14, and 30 (n=30) after 
CCAL. Nissl, hematoxylin-eosin staining, and immunohistochemical reactions for NSE, MAP-2, p38, GFAP, and 
IBA1 were used. Numerical density of pyramidal neurons, astrocytes, oligodendrocytes, microglial cells, and 
relative area of p38-positive material (synaptic terminals) were determined. Statistical hypotheses were tested 
using nonparametric methods with Statistica 8.0 software. 

Results. After CCAL, the number of degenerative neurons in rat brain SMCs increased. The peak of numer-
ical density of unshrunken neurons was detected after day 1. Later, the numerical density of hyperchromic 
unshrunken neurons decreased, while that of shrunken neurons increased. These parameters did not reach 
the control values. The changes in SMC neurons were accompanied by an increase in the numerical density 
of microglial cells after day 1 and its subsequent decrease. Immunohistochemistry for IBA1 revealed signs of 
microglial cell activation such as change in shape and loss of processes. Maximum increase in the SMC density 
of oligodendrocytes was observed on day 7, and that of astrocytes on day 14 after CCAL. The maximum number 
of NSE-positive neurons occurred on day 1 after CCAL. There was a significant decrease in the number of NSE-
positive neurons in SMC layer III on days 3, 7, and 14, and an increase in the number of NSE-positive neurons 
on day 30. The number of NSE-positive neurons in layer V of the SMC progressively decreased throughout the 
whole study period. The evolution of changes in the proportion of p38-positive material (synaptic terminal 
area) differed significantly between the layers of SMC. In the layers I and III, this parameter first decreased 
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(days 1 and 3) and then increased (days 7, 14, and 30). In layer V of SMC, the activation of the protein expression 
was observed in the acute phase (days 1 and 3), then it decreased on days 7 and 14, and increased again on 
day 30. The changes found in the numerical density of neurons, glial cells and synaptic terminals were asso-
ciated with dehydration and overhydration of SMC. We found strong to medium significant associations be-
tween the relative area of terminals and neuropil swelling and edema zones. 

Conclusion. After CCAL, layers I, III, and V of the SMC of white rats revealed destructive and compensatory 
changes in neurons, glial cells, and inter-neuronal communication structures. Taken together, all these changes 
indicate a significant layer-by-layer variability of the neural tissue response to CCAL. Layer III (secondary pro-
jection complex) of the SMC was affected to a greater extent. Reorganization of neuronal-glial and interneu-
ronal interrelations occurred along with a prominent neuropil overhydration. 

Keywords: ischemia; swelling and edema; neurons; synapses; sensorimotor cortex; immunohistochem-
istry; morphometrics 
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Introduction 
The structural and functional organization of 

mammalian sensorimotor cortex (SMC) is well stud-
ied. Powerful bi- and polysynaptic connections be-
tween its layers and modules have been described 
in the literature [1–4].  

The structure and functions of neurons, glial 
cells and inter-neuronal communication systems 
(dendrites, synapses) of SMC can be altered as a 
result of ischemia. These changes lead to reorganization 
of inter-neuronal and neuroglial interactions [5–7]. 
We have previously shown that irreversible bilateral 
ligation of common carotid arteries (LCCA) caused 
an increase in the numerical density of abnormal 
neuronal forms (hypochromic, hyperchromic shrunk-
en/non-shrunken neurons, ghost cells) and appear-
ance of neurons with pericellular edema in SMC 
starting from day 1 after LCCA. However, neuronal 
response and neuroglial interaction were not identical 
in different layers. Thus, in layer III of SMC, the nu-
merical density of irreversibly altered neurons (hy-
perchromic shrunken) progressively increased and 
reached its maximum values 30 days after LCCA, 
while in layer V of SMC the number of irreversibly al-
tered neurons decreased after 14 and 30 days compared 
to the previous time intervals [8, 9].  

Ischemic damage of the brain neurons entails 
severe neurological consequences. Therefore, spe-
cial attention has been focused on the studies of 
cerebrovascular diseases, which are the main cause 
of mortality worldwide [10–12]. Comprehensive 
morphological and morphometric studies of neu-
rons, glial cells and inter-neuronal communication 
structures are required for a more detailed insight 
into the neural tissue response to ischemia and 
defense mechanisms ensuring neuronal survival 
in ischemia. Therefore, the aim of our study was 
to compare the histological and immunohisto-
chemical data characteristic of structural and func-
tional changes in neurons, glial cells and synaptic 
terminals in layers I, III and V of rat brain SMCs 
after bilateral LCCA. Special emphasis was placed 
on determining the role of overhydration of neuropil 
where the synapses, neuronal and astrocytic 
processes are localized.  

Material and Methods 
The study was carried out at Omsk State Medical 

University (approved by the University Ethics Com-
mittee, protocol 123, October 9, 2020). White Wistar 
rats weighing 250–300 g were used as experimental 
animals. Studies were conducted in accordance 
with the guidelines of the International Committee 
on laboratory animals supported by WHO, the Eu-
ropean Parliament Directive 2010/63/EU of 
22.09.2010 «On protection of animals used for sci-
entific purposes». 

The experiment was performed on sexually 
mature male Wistar rats (n=36). After premedication 
(atropine sulfate 0.1 mg/kg, subcutaneously), the 
animals were injected with Zoletil 100 (10 mg/kg, 
intramuscularly). Incomplete global cerebral ischemia 
was simulated by irreversible bilateral LCCA (2-vessel 
model of subtotal ischemia, without hypotension). 
Intact rats (n=6) served as a control. The animals 
were withdrawn from the experiment 1, 3, 7, 14, and 
30 days after LCCA (n=30) under anesthesia (Zoletil 
100). The cerebral vasculature was flushed by injecting 
100–125 ml of 0.9% NaCl solution and Fragmin (5000 
units) into the left ventricle of the heart and fixated 
by perfusion with 30 ml of 4% paraformaldehyde 
solution in phosphate buffer (pH 7.2–7.4) through 
the aorta at 90–100 mm Hg for 15 min. The brains 
were placed in 4% paraformaldehyde solution and 
stored in the refrigerator at + 4°C. One day later, the 
obtained material was embedded in homogenized 
paraffin (HISTOMIX®) using an STP 120 machine. 
Serial frontal sections (4 µm thick) were prepared 
using an HM 450 microtome (Thermo) at the SMC 
level, that is 1.2 to (–3.0) mm from bregma [13].  

General qualitative evaluation of neural tissue 
and determination of the numerical density of neu-
rons (only neurons with visible nuclei were counted) 
and glial cells were performed on preparations 
stained with thionine according to the Nissl method. 
Neuron identification was performed by the histo-
chemical reaction for neuron specific enolase (NSE) 
using rabbit polyclonal antibodies at 1:100 dilution 
(PA5-27452), to identify glial fibrillary acidic protein 
(GFAP) of astrocytes for astrocyte identification and 
cytoskeleton studies (MA5-12023), the murine IgG1 
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monoclonal antibodies (clone ASTRO6) were used. 
The antibodies to IBA1 for identification of microglia 
by the calcium-binding protein specific for microglia 
(PA5-21274) were detected using tje rabbit polyclonal 
antibodies, 1: 100 dilution (all the above manufac-
tured by ThermoFisher, USA). The neuronal cy-
toskeleton was studied using the immunohisto-
chemical reaction for MAP2 (microtubule-associated 
protein 2, ab32454), rabbit polyclonal antibody, 
1 µg/ml dilution (Abcam, USA). Synaptic terminals 
were studied using synaptophysin (p38) (PA0299) 
using the murine monoclonal antibody, clone 27G12, 
ready-to-use (Bond Ready-to-Use Primary Antibody; 
Leica Biosystems Newcastle Ltd, UK).  

After reaction with primary antibodies, the 
sections were incubated with appropriate secondary 
antibodies, DAB (3,3'-diaminobenzidine) chro-
mogen, stained with hematoxylin, and embedded 
in polystyrene. A NovolinkTM (DAB) Polymer De-
tection System (Leica Biosystems Newcastle Ltd, 
United Kingdom) multimeric kit was used for im-
aging. The preparations were made in accordance 
with the instructions of the reagent manufacturer. 

Images were taken using a Leica DM 1000 mi-
croscope (GXCAM-DM800 Unique Wrap-Around 8MP 

AUTOFOCUS USB, pixel size 1.4×1.4 µm) and saved 
as tiff files (2592×1944 pixels) with subsequent up-
scaling using Photoshop CC (to 3780×2835 pixels/cm, 
600 pixels/inch resolution).  

In order to achieve maximum contrast and 
sharpness of the image, image adjustment was per-
formed using a Camera Raw filter (contrast, white 
balance, and sharpness) in Photoshop CC. Mor-
phometric examination was performed using ImageJ 
1.53 software. 

Enhance Contrast filter (https://imagej.nih.gov/ 
ij/docs/menus/process) with subsequent image 
processing in Threshold (selection of synaptophysin 
labels and edema areas) was used to detect p38-
positive terminals and edema and swelling zones in 
neuropil. Selection was performed for each ROI 
(20×20 µm) manually (Over/Under). Later, histograms 
of pixel distribution by brightness were plotted, and 
the obtained results (List) were transferred to Excel 
for further processing. Twenty ROIs were selected 
per time point using a random number generator. 

Statistical hypotheses were tested using non-
parametric criteria such as paired comparison 
(Mann–Whitney U-test, Wilcoxon test), analysis of 
variance (ANOVA Kruskal–Wallis, Friedman test), 

Fig. 1. Pyramidal neurons of layers III (a, b) and V (c–f) SMC at different stages of destruction after LCCA. 
Note. Hyperchromic non-shrunken neurons (green arrows); shrunken neurons (red bars); ghost cells (white arrows); gliocytes 
(yellow arrows); microgliocytes (blue arrows). Hematoxylin-eosin staining, magnification ×100, scale 20 μm. 



paired correlation analysis (Spearman method). 
Multiple regression analysis was used to assess the 
influence of the compared variables on each other. 
Independence of the observations was tested using 
the Durbin–Watson criterion. Statistica 8.0 software 
package (StatSoft, USA) was used. Quantitative data 
in the study were presented as medians (Me — 
50% quartile, Q2), interquartile ranges (Q1–Q3 — 
25–75% quartiles), (Min–Max), percentages (%) [14].  

Results and Discussion 
Previously, we found that normochromic neu-

rons predominated in layers III and V of SMCs of 
control animals. There were no signs of hydropic 
degeneration (vacuolization of nuclei and cytoplasm, 

edema and swelling), necrosis (colliquative and co-
agulative) and reactive gliosis [8, 9].  

After LCCA, layers III and V of SMC showed in 
vivo reversible and irreversible changes in neurons 
corresponding to different stages of degeneration. 
These changes were observed in the cytoplasm 
and nucleus of pyramidal neurons (vacuolation, 
homogenization of cytoplasm, changes in perikaryon 
and nuclear shape, hypo- and hyperchromia of 
nuclei and cytoplasm, karyolysis) and were accom-
panied by edema and swelling. Reversibly damaged 
neurons did not demonstrate any gross destruction 
of nucleus and cytoplasm, their nuclei were pre-
served, but had altered staining properties (hyper-
chromic non-shrunken neurons). Pyramidal neurons 

with reversible changes 
were found in layers III 
and V of the SMC during 
the entire study period 
(Fig. 1, a–f).  

The numerical den-
sity of hyperchromic non-
shrunken neurons in lay-
er III SMC was not the 
same at different study 
periods, reaching its max-
imum values 1 day after 
LCCA, and a significant 
decrease in the numerical 
density of hyperchromic 
non-shrunken neurons in 
layer III SMC was noted 
on days 3–14, followed by 
a significant increase on 
day 30 vs the previous 
day (Fig. 2, a). In layer V 
of the SMC, the numerical 
density of hyperchromic 
non-shrunken neurons 
peaked 1 day after LCCA 
and significantly de-
creased by day 30 of the 
study, reaching the lowest 
values for the entire study 
period (Fig. 2, b). 

Irreversible in vivo 
degeneration of neurons 
manifested as intense 
eosinophilia of the nucle-
us and cytoplasm, kary-
opyknosis, loss of nuclear 
boundaries, cytoplasm 
homogenization and re-
duction of the nucleus and 
perikaryon size (hyper-
chromic shrunken neu-
rons and ghost cells) when 
stained with hematoxylin-
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Fig. 2. Numerical density of hyperchromic non-shrunken and shrunken neurons in layers III 
and V SMC in the control, 1, 3, 7, 14 and 30 days after LCCA. 
Note. * — vs the control; # — vs the previous time point (Mann–Whitney U-test). Differences 
were considered significant at P<0.05. Data presented as medians (Q2) and 25–75% quartiles 
(Q1–Q3). Differences between all time points after LCCA are significant based on the ANOVA 
Kruskal–Wallis test (K–W).  



eosin (Fig. 1). The numerical 
density of hyperchromic 
shrunken neurons in layer III 
of the SMC was higher than the 
control values throughout the 
study period. In the acute period 
of ischemia (days 1 and 3), their 
significant increase in layer III 
of SMC was seen as compared 
to controls, on day 7, their den-
sity decreased (by 15.4% as com-
pared with day 3), and on days 
14 and 30, their density in-
creased vs day 7, with a peak 
on day 30 after LCCA (Fig. 2, 
a). The maximum increase in 
the number of shrunken neu-
rons in layer V of the SMC was 
observed on day 7 after LCCA. 
On days 14 and 30, there was a 
significant decrease in the num-
ber of shrunken neurons as 
compared to the previous day 
(Fig. 2, b).  

After LCCA, the reorgani-
zation of glial cells was ob-
served, manifesting as a change 
in their numerical density and 
neuroglial ratio. Thus, the max-
imum numerical density of mi-
croglial cells in layers III and V 
of SMC was observed after day 
1, that of astrocytes after day 
14, and that of oligodendrocytes 
after days 7 and 14 (layer III) 
and 7 (layer V) (Fig. 3).  

After days 1 and 3, activa-
tion of microglial cells probably 
occurred, which manifested as 
a changing the shape of the 
cells to round or oval and loss 
of the processes. These changes 
were detected in IBA1-positive 
material (Fig. 4 c, d). Similar 
causal relationships have been 
noted in the literature. Thus, as 
a result of activation, a change 
in the shape of microglial cells 
to oval with the loss of processes 
was suggested to facilitate the 
movement of glial cells [15–17]. These changes are 
necessary for nerve tissue repair after ischemic 
damage. An increase in the numerical density of 
oligodendrocytes was observed. The maximum nu-
merical density of these cells was detected 7 and 14 
days after LCCA (Fig. 3).  

The peak of astrocyte numerical density was 
observed 14 days after LCCA in layers III and V of 

the SMC. Starting 1 day after LCCA, hypertrophy of 
astrocyte processes was observed (Fig. 4, a, b). As-
trocytes are known to be involved in the regulation 
of extracellular levels of glutamate, gamma-aminobu-
tyric acid, adenosine and synaptic plasticity [18, 19].  

According to the literature, astrocyte hyper-
trophy results from their response to impaired ion 
homeostasis and energy balance after LCCA. In re-
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Fig. 3. Numerical density of astrocytes, oligodendrocytes and microgliocytes of layer 
III and V SMC in the control group and after irreversible bilateral LCCA on days 1, 3, 7, 
14, and 30.  
Note. * — pairwise comparison vs the controls; # — vs the previous time point (Mann–Whit-
ney U-test). Separate asterisk and tick indicate P=0.0001. Data presented as medians 
(Q2) and 25–75% quartiles (Q1–3). Differences between all the time points after LCCA 
were significant based on the ANOVA Kruskal–Wallis (K–W) test. The differences were 
considered significant at P<0.05. 



sponse to ischemic damage, astrocytes try to stabilize 
the balance of substances and fluid in the intercel-
lular space [20]. The activation of all glial cells as 
components of a single integrated cellular reparation 
system of the brain has been suggested. Probably, 
it is necessary for protection and repair of the 
nervous tissue after ischemic damage following ir-
reversible bilateral LCCA and can promote activation 
of undamaged neurons and functional replacement 
of the dead neurons [21–23].  

According to the morphometric study of NSE-
positive material in layers III and V of the SMC, the 
maximum increase in the proportion of NSE-positive 
neurons was observed in the acute phase of ischemia 
(after day 1). A significant progressive decrease in 
the proportion of NSE-positive neurons was detected 
in layer III of the SMC on days 3–14 after LCCA as 
compared to day 1, and an increase was recorded 
after day 30 as compared to the previous day (Fig. 5). 

These changes were associated with the sig-
nificant increase in the numerical density of hy-
perchromic non-shrunken neurons (Fig. 2), which 
probably indicates an increase in NSE expression 
in neurons 30 days after LCCA [24, 25]. The propor-
tion of NSE-positive neurons in layer V of the SMC 
throughout the study period (1, 3, 7, 14 and 30 days 
after LCCA) was significantly higher than in the 
controls (Fig. 5).  

Immunohistochemical studies (p38) have shown 
that synaptic terminals in all SMC layers were dis-
tributed in the neuropil (axodendritic), perikaryons 
(axosomal), and large dendrites (axodendritic and 
axospinous synapses) of pyramidal neurons (Fig. 6, 
a–c). At the same time, different densities of this 
synaptic protein were visually observed in the layers 
of control animals and after LCCA. The differences 
in the layers were related to the specifics of their or-
ganization with the prevalence of neuropil and 
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Fig. 4. Astrocytes (a, b, c) and microgliocytes (d, e, f) of layer III SMC in the control group (a, d) and on day 1 after LCCA (b, c, e, f).  
Note. Astrocytes around pyramidal neurons (red arrow); process hypertrophy; elongated shape of microgliocyte bodies (blue 
arrow). Staining: GFAP reaction (a, b), IBA1 reaction (c, d). Magnification ×100; scale 20 µm. 



apical dendrites of the underlying pyramidal neurons 
in the molecular layer. Small and large edema and 
swelling foci in the compared layers could also be 
visually identified. They appeared as areas of maxi-
mum image brightness (Fig. 7, a–e; Fig. 8, a–e).  

Using the analysis of pixel distribution his-
tograms of neuropil images (zones of interest of 
400 µm2) we identified the relative area of terminals 

and edema and swelling zones. The main steps of 
this approach are shown in the Fig. 9.  

Significant changes in the studied morpho-
metric independent variables vs the control and 
over the follow-up period (days 1–30) were revealed 
(see Table). Peaks of increase in the relative area of 
terminals and edema and swelling zones were ob-
served, as well as correlations between them.  
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Fig. 5. Proportion (%) of NSE-positive neurons in layers III and V SMC in the control group and after LCCA.  
Note. * — pairwise comparison with the control; # — vs the previous time point (Mann–Whitney U-test). Separate asterisk and tick 
indicate P=0.0001. Data presented as medians (Q2) and 25–75% quartiles (Q1–3). Differences between the time-points after LCCA 
were significant based on the ANOVA Kruskal–Wallis (K–W) test. The differences were considered significant at P<0.05. 

Fig. 6. Neuropil (*) and neurons (red arrows) of layers I (a), III (b) and V (c) SMC of rats after staining for a specific 
neuronal protein of synaptic terminals (synaptophysin, brown granules). 
Note. a, b — control; c — day 1 after LCCA. Black arrow indicates the outer (pial) surface of layer I. Immunohistochemical 
staining for synaptophysin, hematoxylin counterstaining. Magnification ×100, scale 20 µm. 



Using Friedman's ANOVA (multiple compar-
isons of the related variable), we found significant 
differences in the relative area of p38-positive ma-
terial (synaptic terminal area) in the compared SMC 
layers (df=2) in all groups. The maximal differences 
were noted in the acute phase, when the highest 
values of the χ2 criterion and the lowest p-values 

were observed. Thus, χ2 was 6.9 (P=0.03) in the con-
trols, 15.2 (P=0.001) on day 1, 5.2 (P=0.001) on day 
3, 11.4 (P=0.003) on day 7, 12.8 (P=0.002) on day 14, 
and 10.9 (P=0.004) on day 30.  

Analysis of the relative area of neuropil edema 
and swelling of the compared layers also showed 
greater differences in this variable in the acute 
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Fig. 7. Neuropil of layer III of SMC in rats on days 1(a), 3 (b), 7 (c), 14 (d), and 30 (e) after LCCA. 
Note. Different density of p38-positive terminals (arrows) and small vacuoles (light rounded). Immunohistochemical reaction 
for synaptophysin, hematoxylin counterstaining. Magnification ×100, scale 20 µm. 

Fig. 8. Neurons (red arrows), dendrites (black arrows), and neuropil (*) of layer III of rat SMC on days 1 (a), 3 (b), 7 (c), 14 
(d), and 30(e) after LCCA. 
Note. Different density of p38-positive terminals (brown particles) and small vacuoles (light rounded) is shown. Immunohis-
tochemical staining for synaptophysin, hematoxylin counterstaining. Magnification ×100, scale 20 µm. 



phase of disease: χ2 was 2.1 (P=0.4) in the control 
group, 20.0 (P=0.0001) on day 1, 18.2 (P=0.0001) on 
day 3, 13.4 (P=0.001) on day 7, 15.8 (P=0.0004) on 
day 14, 2.7 (P=0.26) on day 30. A paired comparison 
allowed us to reject the null hypothesis for these 
variables (Table 1, Wilcoxon test). In the neuropil 
of the studied layers 30 days after LCCA, there could 
be a partial restoration of water and ionic balance 
of SMC cells. 

According to paired Spearman correlation 
analysis of the entire observation period (1–30 days), 
a strong and weak negative relationship (r=–0.52, 
P=0.0000 and r= –0.47, P=0.004, respectively) was 
found between the independent variables (relative 
area of terminals and neuropil edema and swelling 
areas) in layers I and III of SMC. A moderate positive 
relationship was seen in the layer V of SMC (r=0.54, 
P=0.0004). This could be due to the relation between 
the SMC layer and changes in terminal area and 
edema and swelling zones after LCCA. In the control 
values (for all layers), no significant relationships 
between these variables were found.  

Importantly, a moderate positive correlation 
(r=0.58, P=0.02) on day 1 after LCCA and a negative 
correlation at other timepoints (r=–0.59, P=0.02 on 
day 3, r= –0.56, P=0.02 on day 7, r=–0.64, P=0.04 on 
day 14, and r=–0.50, P=0.04 on day 30) was found 
in layer I of SMC. For layer III of SMC, significant 

temporal correlations were found only after day 3 
(r=–0.94, P=0.005), but their character was identical 
to that of layer I of SMC. This probably indicated a 
change in the causal relationships in these layers 
after day 3 or the new discriminative factors, such 
as compensatory increase in the new synaptic vesi-
cles and terminals and hypertrophy of astrocyte 
processes. The layer V of SMC was characterized by 
a strong negative (r=–0.90, P=0.0003) correlation 
after day 3 and moderate negative correlation (r=–
0.68, P=0.03) after day 7. Thus, we can assume that 
days 3 and 7 after LCCA were a certain breakpoint 
when the change in the domination of damage and 
recovery processes occurred. These changes followed 
a specific pattern depending on layer, which was 
confirmed by the character and strength of corre-
lation during specific time periods.  

The multiple regression analysis showed that 
on day 3 after LCCA (period of maximum strength 
relationship between the variables), a 1% change 
in the area of edema and swelling zones resulted in 
the following changes in terminal area: 0.57% in 
layer I of SMC, 0.31% in layer III of SMC, and 0.72% 
in layer V SMC. The coefficient of determination of 
regression models was 34% (P=0.02), 72% (P=0.03) 
and 80% (P=0.01), respectively. The Durbin-Watson 
criterion was 1.5–2.0 (acceptable range from 1 to 
3), which indicated the reliability of the results. 
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Fig. 9. Main stages of assessment of the relative area of terminals and small foci of edema (%) in the neuropil of layer I of 
rat SMC using the ImageJ 1.53 software. 
Note. a — initial ROI (400 μm2, RGB, Enhance Contrast filter); b — after image processing in Threshold (selection of 
synaptophysin labels and edema foci); c — distribution histogram of ROI image pixels with indication of their number and 
brightness. Arrows pointing at ROI indicate terminals at different stages of analysis. Terminals are stained blue, foci of 
edema, green. Immunohistochemical reaction for synaptophysin, hematoxylin counterstaining. Magnification ×100, scale 
on the ROI side 20.0 µm (area, 400 µm2). 
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Thus, on day 3, only 34% of the relative area of neu-
ropil edema and swelling zones could be explained 
by the lucid-type (edematous) type of terminal de-
struction in the layer I of SMC, while 66% were 
probably caused by hydropic degeneration of as-
trocyte and small dendritic processes. In the layers 
of pyramidal neurons (layers III and V of the SMC), 
significantly more terminals probably underwent 
the «lucid-type» destruction, with a determination 
coefficient of 72 and 80%, respectively. These differ-
ences in SMC layers could be due to the fact that 
the molecular layer contains significantly more fi-
brous astrocyte processes [26]. This probably allows 
efficient water reabsorption from edematous ter-
minals, preventing their irreversible death through 
the lucid-type destruction mechanism. On the other 
hand, layer III of the SMC, which had maximal in-
tensity neuropil edema and swelling and neuronal 
damage, showed the maximum decrease in the rel-
ative area of p38-positive material. Apparently, in 
this layer, the mechanisms of water reabsorption 

were disrupted which entailed the destruction of 
synaptic vesicles and terminals in general.  

Our findings will help clarify the nature of re-
organization of the components of different neuronal 
complexes of SMCs in relation to the possible de- 
and hyperhydration of neural tissue after LCCA. 

Conclusion 
After bilateral irreversible LCCA, destruction, 

compensation and restoration were observed in 
neurons, glial cells, and inter-neuronal communi-
cation structures in layers I, III, and V of the rat 
SMC. Reorganization of neuroglial and inter-neuronal 
interrelations occurred with the underlying severe 
neuropil hyperhydration, perikaryon dehydration 
and reactive gliosis. These SMC changes appeared 
at different time points. Thus, the numerical density 
of microgliocytes reached its maximum values on 
day 1, oligodendrocytes on days 7 and 14, and as-
trocytes on day 14. Maximum destruction of neurons 
and synaptic terminals was observed in layer III of 

Groups                                                                            The sensorimotor cortical levels and parameter values 
                                                                             Layer I                                                  Layer III                                                  Layer V 
                                                               RAT                       RAES                       RAT                      RAES                        RAT                         RAES 
Control                                            12.8                        9.6                        7.95                      8.8                          7.9                          7.2  
                                                    (10.8–15.2)           (7.9–10.7)             (7.6–8.4)             (7.1–9.7)               (7.4–8.2)                (6.9–8.5) 
                                                                                                                     P=0.02I–III                                            P=0.01I–V               P=0.02I–V 
Day 1                                                11.4                       17.3                        5.2                      29.7                        12.0                        14.5  
                                                     (8.8–14.3)           (15.1–19.6)            (4.7–7.2)           (27.9–31.7)           (11.0–13.0)           (10.6–16.4) 
                                                                                    P=0.0001*            P=0.001*           P=0.0000*            P=0.0003*             P=0.0004* 
                                                                                                                   p=0.001I–III         P=0.005I–III           P=0.005III–V            P=0.005I–V 
                                                                                                                                                                                                                  P=0.005III–V 
Day 3                                                 9.2                        20.2                        4.0                      23.7                        13.5                        12.8  
                                                     (7.0–11.7)           (14.5–21.3)            (2.8–4.5)           (22.5–28.9)           (11.8–14.6)           (11.5–15.2) 
                                                       P=0.04*              P=0.0001*           P=0.0001*          P=0.0001*            P=0.0002*             P=0.0002* 
                                                                                                                     P=0.01**            P=0.019**            P=0.005III–V             P=0.01I–V 
                                                                                                                   P=0.001I–III                                                                          P=0.005III–V 
Day 7                                                15.1                       12.8                        6.7                      16.9                         9.8                          8.2  
                                                     (9.2–18.9)           (10.5–17.0)            (5.7–6.9)           (13.7–18.6)            (9.0–10.1)              (7.7–8.9) 
                                                       P=0.03**              P=0.007*               P=0.02*            P=0.0001*               P=0.02*                 P=0.03*  
                                                                                     P=0.006**           P=0.0004**         P=0.001**             P=0.001**             P=0.001** 
                                                                                                                   P=0.002I–III          P=0.02I–III               P=0.01I–V             P=0.005III–V 
                                                                                                                                                                                  P=0.03III–V                        
Day 14                                              18.9                        9.8                         5.5                      21.0                         9.8                         11.2  
                                                    (13.4–23.4)           (8.4–10.6)             (4.4–9.8)           (18.5–23.4)            (8.5–10.6)             (7.8–12.1) 
                                                       P=0.01*               P=0.01**            P=0.001I–III          P=0.0001*               P=0.01*                P=0.001* 
                                                                                                                                                  P=0.005**              P=0.04I–V             P=0.005III–V 
                                                                                                                                                 P=0.005I–III            P=0.04III–V                        
Day 30                                              16.2                        9.7                         8.4                      15.0                        12.4                        10.1  
                                                    (12.5–24.0)           (8.1–14.1)            (7.2–10.6)         (11.5–18.4)           (12.3–12.8)            (8.9–11.2) 
                                                                                                                    P=0.049**          P=0.0001*            P=0.0002*              P=0.001* 
                                                                                                                   P=0.007I–III           P=0.01**              P=0.001**                        
                                                                                                                                                                                  P=0.01III–V                        
ANOVA K–W                            H(4)=18.6            H(4)=36.3            H(4)=27.4          H(4)=32.5             H(4)=15.9             H(4)=13.3 
                                                       P=0.001#             P=0.0000#            P=0.0000#          P=0.0000#              P=0.003#                 P=0.01#

Relative areas of p38-positive synaptic terminals and small foci of edema and swelling of the neuropil of various 
layers of rat SMC in normal animals and after LCCA, Q2 (Q1–Q3).

Note. * — significant differences vs the control at P<0.05; # — significant differences vs the previous time point (Mann–Whitney 
U-test). I–III, I–V, III–V —comparison between the corresponding layers (Wilcoxon test) at P�0.02. # — differences between time points 
after LCCA were significant based on the one-way multiple analysis (ANOVA Kruskal–Wallis) test. RAT, relative area of the termi-
nals, RAES, relative area of the edema and swelling zones. The data are presented as medians and interquartile ranges. 
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SMC. Overall, all these changes resulted in a sig-
nificant heterogeneity of the neural tissue response 
to LCCA. The secondary projection complex of the 
SMC was affected to a greater extent. This should 
be taken into account when studying the patho-
physiology of changes in SMC structure. 
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