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Summary 
The aim of the study was to identify the characteristics of dynamic reactive neuronal changes in sensori-

motor cortex (SMC) layers III and V of the rat brain in the remote period (up to 270 days) following bilateral 
common carotid arteries ligation (CCAL). 

Methods. The experiment was conducted on 66 male Wistar rats (a prospective cohort study with sequential 
terminal outcomes): intact control (n = 6) and groups with survival at 30, 90, 150, 210, and 270 days post-bilateral 
CCAL (n = 6 in each group after adjusting for mortality). Histological methods (Nissl and hematoxylin-eosin 
staining) were used to assess the total neuronal numerical density (NND), the density of four types of reactive 
altered cells (hyperchromatic shriveled cells — HCSC; hyperchromatic non-shriveled cells — HCNSC; hypochro-
matic cells — HCC; shadow cells — SC) and the neuroglial index (NGI). Paired and multiple comparison me-
thods, linear mixed models (LMM) with random intercept for the animal (to account for the paired data struc-
ture), Jonckheere–Terpstra test, quadratic trend test, correlation analysis, and �-analysis were applied. 

Results. A biphasic reduction in NND was observed in layer III of the SMC (maximum of -44.6% at 30 days, 
p � 0.001) with a wave-like dynamics (quadratic trend: F = 16.4, p � 0.001). HCNSC peak at 30 days (+683%) fol-
lowed by a decrease, while HCC showed a delayed peak at 150 days (+500%); both parameters showed a mixed 
pattern (steadily increasing trend: Z = 1.88, p=0.030 for HCNSC; Z = 2.45, p = 0.007 for HCC; quadratic compo-
nent: F = 8.2 and 7.4, p � 0.01). SCs demonstrated non-monotonous dynamics (quadratic trend: F = 19.2, 
p � 0.001) with a delayed peak at 210 days. NGI peaked at 30 days (transient gliosis, +95.5%, steadily decreasing 
trend, Z = –4.92, p � 0.001). The decrease in NND was less pronounced in layer V of the SMC, (–11.6% at 150 
days, p = 0.048), but there was an extreme increase in HCSC at 30 days (+945% from control, with a continuously 
decreasing trend, Z = –2.94, p = 0.002), a monotonous depletion of HCC (linear increasing trend, Z = 4.82, 
p � 0.001), and a prolonged building up gliosis (NGI +42% by 270 days, mixed pattern: steadily increasing trend 
Z = 4.15, p � 0.001; quadratic component F = 5.1, p = 0.028). LMM confirmed a significant «Layer × Time» inter-
action for all parameters (F = 24.1–71.2; p � 0.001). A correlational analysis revealed moderate positive correla-
tions between the layers (for SCs: r = 0.58; r_partial = 0.52; p = 0.004; for HCSC: r = 0.52; p = 0.008; for NGI: r = 0.44; 
p = 0.016). The �-analysis showed consistency in changes for SC, HCSC, and NGI. The extremum moments 
for SC (210 days) and HCSC (30 days) were synchronous in both layers. Temporal precedence of layer III was 
found for NGI (early peak of gliosis at 30 days compared to 270 days in layer V), as well as for HCSC and HCC 
(30–150 days compared to 90 days in layer V). Temporal precedence of layer V was identified for the first peak 
of SC (90 days compared to 210 days in layer III). 

Conclusion. Chronic ischemia induces various damage scenarios: layer III is characterized by a biphasic 
reduction in NND, asynchronous peaks of HCSC (30 days) and HCC (150 days), a delayed SC peak (210 days), 
and transient gliosis (a model of damage with delayed degeneration); layer V exhibits an extreme early increase 
in HCSC (30 days), early peak of SC (90 days), and prolonged gliosis (a model of progressive degeneration). 
Correlation and �-analysis indicate moderate synchrony in the degeneration processes; no convincing evi-
dence of cascading damage propagation from superficial layers to deeper ones was obtained. 
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shadow cells; neuroglial index; white rats 
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Introduction 
Chronic cerebral ischemia (CCI) is a key patho-

physiological factor in cerebral insufficiency and 
underlies discirculatory encephalopathy and vascular 
cognitive impairment, which represent one of the 
most significant medical and social challenges in 
neurology  [1, 2]. The pathophysiology of CCI is 
based on prolonged hypoperfusion, leading to a 
complex of metabolic disruptions, oxidative stress, 
neuroinflammation, and, ultimately, neuronal death 
and glial activation [3, 4]. Despite significant progress 
in understanding the general mechanisms of is-
chemic injury, layer-specific vulnerability of various 
cortical regions during prolonged hypoperfusion 
remains insufficiently studied. 

The sensorimotor cortex, as an integrative re-
gion, plays a critical role in the organization of vo-
luntary movements and processing of somatosensory 
information, therefore level of its dysfunction directly 
correlates with the clinical presentation of motor 
and sensory disorders in cerebrovascular disease [5]. 
Cortical architecture is organized in layers with 
unique cyto- and chemoarchitectonics, neuronal 
composition, and connection patterns in each layer, 
which determine their functional specialization 
and, likely, differences in resistance to damaging 
factors  [6]. Thus, the large pyramidal neurons of 
layer V, which give rise to the corticospinal tract, 
are characterized by a high level of metabolic activity 
and may be highly sensitive to energy deficiency [7]. 
At the same time, neurons in layer III, which form 
corticocortical associative connections, may be se-
condarily affected due to disruptions in neural net-
works and trophic support  [8]. Data from experi-
mental studies on models of acute focal ischemia 
(middle cerebral artery occlusion) do indeed indicate 
the heterogeneity of damage to cortical layers in-
volving both neurons and glial cells  [9]. However, 
the dynamics of reactive and degenerative changes 
in specific cortical layers in the long term following 
the onset of chronic hypoperfusion, which mimics 
progressive vascular pathology in humans, have 
been described only fragmentarily. 

One of the widely used experimental models 
for studying CCI is the bilateral common carotid 
artery ligation (2-vessel, 2VO — 2 vessels occlusion) 
model in rodents, which leads to a sustained re-
duction in cerebral blood flow and the development 
of delayed neurodegenerative changes [10]. Analysis 
of specific pathomorphological markers resulting 
from reactive neuronal changes (hyperchromia, 
shrinkage, chromatolysis), and emergence of shadow 

cells allows for the assessment not only of the extent 
of damage but also of the adaptive potential of 
neural tissue, as well as the dynamics of the neu-
rodegenerative process  [11]. The accompanying 
glial reaction, quantitatively assessed via the neu-
roglial index, is an integral component of patho-
morphosis, it can be either protective or destructive 
in nature, depending on the timing and context [12]. 

It has been hypothesized that different cortical 
layers exhibit not only quantitative but also qualitative 
differences in the pathomorphological responses to 
chronic ischemia, which may reflect distinct mecha-
nisms of vulnerability and adaptation. 

The aim of this study was to identify the chara-
cteristics of the dynamics of neuronal responses in 
layers III and V of the sensorimotor cortex (SMC) of 
the rat brain at long-term intervals (up to 270 days) 
following bilateral common carotid arteries ligation 
(CCAL). 

Materials and Methods 
The study was conducted on 66 sexually mature 

male Wistar rats (weighing 250–300 g). The experi-
ment was designed as a prospective cohort study 
with sequential terminal removal of animals. The 
animals were divided into 6 groups: an intact control 
group (n = 6, not subjected to surgery) and 5 experi-
mental groups with survival times of 30, 90, 150, 
210, and 270 days (study time points) following bi-
lateral CCAL. 

To ensure 6 viable animals for analysis at each 
time point, the initial cohort size was calculated 
(n = 11) taking into account the projected periope-
rative mortality (�25%) and long-term mortality 
(�20%). The experiment included 66 animals (11 
in each of the 5 experimental groups + 6 intact 
controls). Perioperative mortality (first 7 days) was 
23.6% (13 of 55 operated rats), primarily due to 
cerebral edema and ischemic respiratory failure. In 
the long-term period (8–270 days), another 17 ani-
mals (30.9% of those surviving the surgery) died 
due to progressive cachexia and infectious compli-
cations. The analyzed groups (n = 6 for each time 
point) were formed from animals that reached the 
planned time point and were suitable for histological 
examination. The experiment was approved by the 
Local Ethics Committee at Omsk State Medical Uni-
versity (Protocol No. 11 dated September 16, 2022).  

Under general anesthesia (Zoletil 100, 
10 mg/kg, intramuscularly), a model of incomplete 
global ischemia was induced by irreversibly ligating 
both common carotid arteries. The neurovascular 
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bundles were dissected sequentially, both common 
carotid arteries were exposed, and two ligatures 
were applied to each artery at a distance of 2–3 mm 
from one another. Control animals were not sub-
jected to surgery. 

Animals were euthanized by perfusion of 30 mL 
of a 4% paraformaldehyde solution in phosphate 
buffer (pH 7.2–7.4) through the aorta at a pressure 
of 90–100 mm Hg. The brain was embedded in 
paraffin. The sensorimotor cortex was isolated using 
stereotaxic atlases. Sections 7 µm thick were stained 
with Nissl’s thionin and hematoxylin-eosin. The 
following were assessed: total numerical neuronal 
density (NND, cells/mm²); the density of four types 
of reactively altered neurons: (hyperchromatic shri-
veled cells — HCSC; hyperchromatic non-shriveled 
cells — HCNSC; hypochromatic cells — HCC; 
shadow cells — SC and the neuroglial index (NGI) — 
the ratio of the number of glial cells to the number 
of neurons. Histological sections were examined 
under a Leica DM 1000 microscope (Leica Microsys-
tems, Germany). For each animal in layers III and V 
of the SMC, 5 fields of view were analyzed (×40 ob-
jective, 0.2 mm²). For each parameter, the arithmetic 
mean across the 5 fields was calculated for each 
animal, yielding an individual value (animal-level). 
Next, for each experimental group (n = 6), a variation 
series was formed from the individual values. Total 
sample size: for intra-layer analysis — 6 animals 
per group; for inter-layer comparisons — 6 pairs 
per time point; for correlation analysis — 36 animals 
(all time points); for �-analysis — 80 pairs of 
changes. 

Statistical analysis was performed in R (ver-
sion 4.3.2) using the tidyverse, lme4, lmerTest, em-
means, rstatix, and ARTool packages. For each pa-
rameter, the mean and standard error (M ± SEM), 
median, and interquartile range (Me [Q1; Q3]) were 
calculated. Normality was tested using the 
Shapiro–Wilk test. Since layers III and V were measu-
red in the same animal (paired data), linear mixed 
models (LMMs) with a random intercept for the 
«Animal» factor were used for the two-factor analysis. 
Effective degrees of freedom were estimated using 
the Satterthwaite method. When the residuals were 
non-normal, the Oshima–Algina rank transformation 
(ART, related to aligned ranks transformation 0 ART 
anova) was applied, followed by an LMM on the 
ranks. Analysis of temporal trends (monotonic 
trend): Jonckheere–Terpstra test. Non-monotonic 
(quadratic) trend: test for a quadratic component 
in Kruskal–Wallis rank-order ANOVA with orthogonal 
polynomials. A correlation analysis was performed. 
Correlations were calculated at the level of individual 
animals (n = 36) using Pearson’s coefficient and 
partial correlations (with the control of «Time» 
factor). To assess the consistency of the direction 
of parameter changes between adjacent time points, 
�-analysis was applied, and a comparison of the 

moments of parameter extrema in layers III and V 
of the rat brain’s SMC was also performed. �-analysis 
was based on pseudo-individual trajectories formed 
by randomly pairing individual animals from inde-
pendent terminal cohorts (30�90, 90�150, 
150�210, 210�270 days). For this reason, this ap-
proach was considered exploratory and was not 
classified as a full-fledged equivalent of lag modeling.  

The effective sample size was 80 unique pairs 
(4 transitions × 20 random pairings without repetition 
in a single iteration). A significance level of α = 0.05 
was adopted. Correction for multiple comparisons 
was performed using the Bonferroni method. 

Results  
In the control group, typical normochromatic 

pyramidal neurons predominated in layers III and 
V of the rat brain SMC. When stained with hema-
toxylin-eosin, they appeared as pyramidal or pear-
shaped cells with a perikaryon diameter ranging 
from 15–25 µm (in layer III of the SMC) to 20–35 µm 
(in layer V of the SMC), with a central bright, rounded 
nucleus (8–12 µm) and a distinct dark-purple nu-
cleolus; the pink eosinophilic cytoplasm had a gra-
nular structure due to uniformly distributed ba-
sophilic clumps of Nissl bodies. A distinct apical 
dendrite extended from the cell apex toward the 
surface of the cortex. Among the normochromatic 
cells, isolated, non- shriveled hyperchromatic neu-
rons were noted (Fig. 1). 

Throughout the entire observation period 
(30–270 days) following bilateral CCAL, various 
types of reactively altered neurons were detected 
in the SMC. Hematoxylin-eosin staining revealed 
polymorphism in the reactive changes of SMC neu-
rons, reflecting prolonged hypoperfusion and com-
pensatory-adaptive processes. However, the pro-
portion of reactively altered neurons was significantly 
lower than in acute ischemia. The following types 
of altered neuronal cells were identified: 1) hyper-
chromatic non-shrunken cells (HCNSC), 2) hyper-
chromatic shriveled cells (HCSC), 3) hypochromic 
(HCC), 4) vacuolated, 5) shadow cells (SC), 6) phago-
cytosed, 7) atrophic (simplified), 8) hypertrophied 
(complex) (Fig. 2).  

Long-term follow-up after permanent occlusion 
of both common carotid arteries revealed polymor-
phism in the reactive changes of neurons in the 
sensorimotor cortex, as detected by hematoxylin-
eosin staining. Atrophically altered neurons were 
identified, characterized by reduced perikaryon size, 
a flattened pyramidal shape, a thinned apical dendrite, 
moderately basophilic cytoplasm, and a compact 
but structurally intact nucleus. Concurrently, hy-
pertrophied neurons were recorded, characterized 
by an increase in perikaryon size, intense cytoplasmic 
basophilia, and a hypertrophied nucleolus. 

Hyperchromatic, abnormally shrunken, shrive-
led (pyknomorphic) neurons represented cells at 
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various stages of coagulative necrosis: with markedly 
reduced, angular perikarya and homogeneous, in-
tense basophilia of the cytoplasm and nuclei, which 
was a consequence of critical hypoxia episodes. A 
sign of severe hydropic dystrophy under conditions 
of persistent metabolic stress was vacuolated neu-
rons, whose cytoplasm contained multiple optically 
empty vacuoles, indicating edema and swelling of 
organelles (mitochondria, endoplasmic reticulum). 
«Shadow cells» with nearly complete lysis of the 
perikaryon indicated the complete loss of neurons 
in areas of maximum damage. 

The presence of neurons with is-
chemic changes («red neurons»), cha-
racterized by eosinophilic cytoplasm 
and pyknotic nuclei, indicated the oc-
currence of acute episodes of hypoxia 
in a scenario of chronic hypoperfusion. 
Neurons with signs of chromatolysis 
were also noted, reflecting reactive 
changes associated with ribonucleo-
proteins degeneration. 

The background changes con-
sisted of diffuse and focal gliosis (with 
a predominance of activated mi-
croglia) and spongiosis (exhaustion 
and vacuolization of the neuropil). 
Against this altered background, re-
actively transformed neurons were 
arranged chaotically, forming areas 
of thinning and patterns of neu-
ronophagy. 

Morphometric analysis showed 
biphasic change in the NND in layer 
III of the SMC: a 44.6% decrease from 
the control level by day 30 (p � 0.001), 
followed by an increase by days 
150–210 and a subsequent decrease 
by day 270 (28.0% below control, 
p � 0.001) (Tables 1, 2; Fig. 3). In 
layer V of the SMC, the decrease in 

NND was less obvious: the maximum drop of 11.6% 
was observed at day 150 (p = 0.048) (Table 3). The 
accumulation of hyperchromic shrunken neurons 
was more pronounced in layer V. For the remaining 
parameters (HCNSC, HCC, SC, NGI), layer III demon-
strated greater vulnerability (Table 3).  

Table 3 presents the maximum deviation of 
each morphometric parameter from the reference 
values, expressed as a percentage, as well as the 
vulnerability ratio (the maximum change in layer V 
divided by the maximum change in layer III). A 
ratio greater than 1 indicates greater sensitivity in 

Fig. 1. Pyramidal neurons in layer V of the sensorimotor cortex of rats in the 
control group.  
Note. Black arrow — normochromatic; red arrow — hyperchromatic, non- shriveled 
neurons. Hematoxylin-eosin staining (a, b). 100× objective, scale bar — 20 μm. 
 

Table 1. Results of a multiple intergroup comparison of morphometric parameters within each layer (intact control 
and time points 30, 90, 150, 210, and 270 days after ligation of the common carotid arteries). 
Layer                           Parameter                            Criterion                              Statistics                                      df                                                p 
III                                      NND                           Kruskal–Wallis                         H  =  29.2                                      5                                        � 0.001 
                                         HCSC                                 ANOVA                                 F = 52.4                                    5.30                                     � 0.001 
                                       HCNSC                        Kruskal–Wallis                         H = 28.8                                      5                                        � 0.001 
                                          HCC                           Kruskal–Wallis                         H = 29.5                                      5                                        � 0.001 
                                            SC                             Kruskal–Wallis                         H = 27.1                                      5                                        � 0.001 
                                           NGI                                   ANOVA                                 F = 98.2                                    5.30                                     � 0.001 
V                                        NND                           Kruskal–Wallis                         H = 17.6                                      5                                          0.003 
                                         HCSC                                 ANOVA                                F = 360.5                                   5.30                                     � 0.001 
                                       HCNSC                               ANOVA                                F = 127.4                                   5.30                                     � 0.001 
                                          HCC                                  ANOVA                                 F = 84.1                                    5.30                                     � 0.001 
                                            SC                                    ANOVA                                F = 287.9                                   5.30                                     � 0.001 
                                           NGI                            Kruskal–Wallis                         H = 28.6                                      5                                        � 0.001 
Note. NND — total numerical neuronal density; HCSC — hyperchromatic shriveled cells (neurons); HCNSC — hyperchromatic 
non-shriveled cells; HCC — hypochromic cells; SC — shadow cells; NGI — neuroglial index; df — degrees of freedom. For the 
Kruskal–Wallis test, the H-statistic is given; for ANOVA, the F-statistic is given.
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layer V, while a ratio less than 1 indi-
cates greater sensitivity in layer III. 

In layer III of the SMC, the 
Jonkheere-Terpstra test revealed sta-
tistically significant monotonic trends 
for HCSC (Z = –2.98, p = 0.001 — de-
creasing), HCNSC (Z = 1.88, p = 0.030 — 
increasing), HCC (Z = 2.45, p = 0.007 — 
increasing), and NGI (Z = –4.92, 
p � 0.001 — decreasing). No significant 
monotonic trends were detected for 
NND and SC (p � 0.05). However, the 
test for the quadratic component 
showed high significance for NND  
(F = 16.4, p � 0.001), HCNSC (F = 8.2, 
p = 0.006), HCC (F = 7.4, p = 0.009), and 
SC (F = 19.2, p � 0.001), confirming the 
non-monotonic (wave-like) nature of 
their dynamics. For HCNSC and HCC, 
a mixed pattern was identified (both 
components are significant) (Table 4). 

In Layer V of the SMC, the 
Jonkheere-Terpstra test revealed sig-
nificant monotonic trends for all pa-
rameters except NND: HCSC (Z = –2.94, 
p = 0.002  — decreasing), HCNSC  
(Z = 2.30, p = 0.011 — increasing), HCC 
(Z = 4.82, p � 0.001 — increasing), SC 
(Z = –3.85, p � 0.001 — decreasing), 
NGI (Z = 4.15, p � 0.001 — increasing). 
The quadratic component test was 
not significant for most parameters 
(p � 0.05), with the exception of  
HCNSC (p = 0.048) and NGI (p = 0.028), 
where a mixed pattern was observed 
(Table 4). 

Strong intralayer correlations 
were identified in the SMC for layer 
III: total NND was negatively corre-
lated with all parameters (r ranging 
from –0.88 to –0.45), SC correlated 
negatively with NGI (r = –0.70), where-
as HCSC, HCNSC, and HCC formed 
a cluster of positive correlations  
(r ranging from 0.46 to 0.95) (Table 5.1). 

For layers III and V, there was 
no interlayer correlation for total 
NND (r = 0.08), a moderate positive 
correlation for HCSC (r = 0.52), mod-
erate negative correlations for HCNSC 
(r = –0.38), HCC (r = –0.39) and SC  
(r = –0.54), as well as a weak positive cor-
relation with NGI (r = 0.35) (Table 5.2). 

To assess differences in the dy-
namics of pathological processes between layers 
III and V, linear mixed models (LMMs) with a random 
intercept for the animal were used (Table 6). The 
«Layer × Time» interaction effect was statistically 

significant for all six morphometric parameters 
(p � 0.001). The foremost interaction was observed 
for HCSC (F = 71.2), indicating fundamentally diffe-
rent dynamics of irreversible ischemic damage in 

Fig. 2. РReactively altered pyramidal neurons in layer V of the rat sensorimotor 
cortex following BCCAL.  
Note. Hematoxylin-eosin staining. 100× objective, scale bar = 20 µm. a, b — 30 days 
after bilateral CCAL. Black arrows — hyperchromatic shreveled neurons. Blue 
arrow — hypochromatic neurons. Red arrow — vacuolated («red») neurons. * — 
microvessel with signs of perivascular edema. с, d — 90 days after bilateral CCAL. 
Black arrow — hyperchromatic neurons. Blue arrows — hypochromatic neurons. 
Red arrow — shadow cells. Yellow arrows — signs of edema and swelling of neuropil 
cell bodies. e — 150 days; f — 210 days after bilateral CCAL. Black arrows — hyper-
chromatic neurons. 
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the examined layers. �-analysis (consistency of the 
direction of changes between adjacent time points) 
showed that for SC, HCSC, and NGI, changes in 
layers III and V were co-directional significantly 
more often than by chance (68%, 66%, and 64%, re-

spectively; p � 0.05 for all). The highest consistency 
was observed for SC — a marker of complete neu-
ronal death. 

To assess whether one layer might be leading 
the other, we compared the timing of extreme pa-

Table 2. Reactive neurons at the time points of the study: comparison with controls (2.1) and percentage distri-
bution in layers III and V of the rat sensorimotor cortex (2.2).  
2.1. Comparison with control  
Layer                           Parameter                      Time point, day                      Difference               95% CI                   p-corr                        η²p 
III                                      NND                                        30                                       –31.9              [–39.5; –24.3]           � 0.001                     0.89 
                                                                                           270                                      –20.0              [–27.6; –12.4]           � 0.001                          
                                         HCSC                                       90                                       +10.4                 [8.0; 12.8]              � 0.001                     0.91 
                                       HCNSC                                      30                                        +8.2                   [6.5; 9.9]                � 0.001                     0.88 
                                                                                           210                                       +9.3                  [7.6; 11.0]              � 0.001                          
                                          HCC                                       150                                       +8.0                   [6.6; 9.4]                � 0.001                     0.90 
                                            SC                                          210                                      +27.0                [24.0; 30.0]             � 0.001                     0.94 
                                           NGI                                         30                                       +0.84                [0.78; 0.90]             � 0.001                     0.95 
V                                       HCSC                                       30                                       +10.4                 [9.6; 11.2]              � 0.001                     0.97 
                                           NGI                                        270                                      +0.45                [0.38; 0.52]             � 0.001                     0.89 
2.2. Interlayer comparison  
Time point, day                         Parameter            Neurons proportion in layers (% , Me [IQR])                           p                          p-corr  
                                                                                                                   III                                              V                                                 
30                                                         HCSC                     18.7 [16.5–21.0]                 27.4 [25.3–29.6]                          0.004                     0.016 
                                                           HCNSC                    23.7 [21.0–25.5]                 13.0 [11.5–14.5]                        � 0.001                  � 0.001 
                                                              HCC                          4.5 [3.2–5.8]                       9.2 [8.0–10.5]                           � 0.001                  � 0.001 
                                                                SC                         20.7 [18.0–23.0]                   8.8 [7.2–10.9]                           � 0.001                  � 0.001 
90                                                         HCSC                     27.2 [24.5–29.0]                 19.5 [18.8–20.0]                          0.016                     0.064 
                                                           HCNSC                    13.6 [11.5–15.8]                 18.7 [16.8–20.0]                          0.031                     0.124 
                                                              HCC                       13.2 [11.0–15.0]                 13.6 [12.1–14.6]                          0.720                     � 0.05 
                                                                SC                         25.9 [20.5–30.0]                 15.5 [15.3–15.8]                          0.016                     0.064 
150                                                       HCSC                     18.8 [17.0–20.5]                 21.9 [20.7–23.1]                          0.016                     0.064 
                                                           HCNSC                    13.9 [12.0–15.5]                 18.8 [17.8–19.7]                          0.004                     0.016 
                                                              HCC                       17.1 [15.0–18.8]                 12.8 [10.2–14.6]                          0.016                     0.064 
                                                                SC                         26.7 [22.0–31.0]                 14.1 [13.1–16.0]                          0.004                     0.016 
210                                                       HCSC                     14.9 [13.0–16.5]                 21.2 [20.0–21.6]                        � 0.001                  � 0.001 
                                                           HCNSC                    18.9 [16.5–21.0]                 12.9 [11.1–13.7]                          0.004                     0.016 
                                                              HCC                        10.6 [8.5–12.8]                      5.9 [5.0–7.2]                              0.004                     0.016 
                                                                SC                         30.5 [26.3–32.0]                 16.9 [16.0–17.9]                          0.004                     0.016 
270                                                       HCSC                     20.6 [18.0–23.0]                 22.8 [21.8–23.3]                          0.031                     0.124 
                                                           HCNSC                    17.7 [15.5–19.8]                  10.4 [9.9–11.5]                         � 0.001                  � 0.001 
                                                              HCC                        10.5 [8.8–12.2]                      5.7 [5.1–7.1]                              0.004                     0.016 
                                                                SC                         37.3 [33.0–41.0]                 16.8 [14.0–19.4]                          0.004                     0.016 

Note. NNND — total numerical neuronal density; HCSC— hyperchromatic shriveled cells (neurons); HCNSC — hyperchromatic 
non-shriveled cells; HCC — hypochromic cells; SC — shadow cells; CI — confidence interval; η²p — partial eta-squared (measure 
of effect size); Me — median; IQR — interquartile range. Percentages were calculated using the formula: (density of a given cell 
type / NND) × 100%. In Table 2.1, for NND, HCSC (layers III and V), and HCC (layer V), we used Tukey’s post-hoc test (ANOVA); 
for the others, we used Dunn’s method with Bonferroni correction (Kruskal–Wallis). In Table 2.2, the Wilcoxon signed-rank test 
for dependent samples with Bonferroni correction was used for inter-layer comparisons (adjusted significance level p � 0.005 
for 10 comparisons).

Table 3. Comparative analysis of the vulnerability of layers III and V of the rat sensorimotor cortex at study time 
points. 
Parameters                                                        Layers, % max. changes vs control                                                                     Ratio V/III 
                                                                            III                                                               V                                                                               
NND                                                      –44.6 (30 day)                                  –11.6 (150 day)                                                            0.26 
HCSC                                                      +473 (90 day)                                    +945 (30 day)                                                             2.00 
HCNSC                                                  +683 (30 day)                                    +527 (90 day)                                                             0.77 
HCC                                                      +500 (150 day)                                   +364 (90 day)                                                             0.73 
SC                                                         +1800 (210 day)                                  +455 (90 day)                                                             0.25 
NGI                                                        +95.5 (30 day)                                    +42 (270 day)                                                             0.44 
Note. NND — total numerical neuronal density; HCSC — hyperchromatic shriveled cells (neurons); HCNSC — hyperchromatic 
non-shriveled cells; HCC — hypochromatic cells; SC — shadow cells; NGI — neuroglial index. The maximum percentage change 
was calculated using the formula: [(maximum parameter value after CCAL — control value) / control value] × 100% (for indicators 
showing an increase, «+») or [(minimum value after CCAL — control value) / control value] × 100% (for indicators showing a decrease, 
«–»). A vulnerability ratio � 1 indicates higher sensitivity of layer V, � 1 indicates higher sensitivity of layer III. The time period during 
which the maximum change was recorded is indicated in parentheses.
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rameter values (maxima and minima) in layers III 
and V of the SMC based on group averages. Syn-
chronization of the extrema — that is, the occurrence 
of a maximum or minimum at the same time — 
was observed for the HCSC and for the secondary 
SC peak. The HCSC peak was recorded in both 
layers at 30 days; however, in layer V, the damage 
intensity was +945%, whereas in layer III, the HCSC 
peak was delayed and less pronounced (90 days, 
+473%). The secondary SC peak was also synchro-
nous in both layers and recorded at 210 days (layer III: 
+1800%, layer V: +455%). A temporal priority of 
layer III, i.e., the onset of the extreme values occurring 
earlier than in layer V, was identified for total NND, 
HCNSC and HCC, and NGI. The first minimum of 
total NND was recorded at 30 days in layer III and 
at 150 days in layer V. The maximum of HCNSC was 
reached at 30 days in layer III (+683%) and at 90 
days in layer V (+527%). The maximum for HCC 
was recorded at 150 days in layer III (+500%) and at 

90 days in layer V (+364%); meanwhile, in layer III, 
HCC began to increase as early as 30 days, reaching 
a plateau by 150 days 

The maximum NGI was observed at 30 days 
in layer III (+95.5%) and at 270 days in layer V 
(+42%), with the most pronounced lead being 240 
days. A temporal priority of layer V was identified 
only for the first SC peak: 90 days in layer V (+455%) 
versus 210 days in layer III (+1800%). Analysis of 
the dynamics of HCNSC and HCC showed that in 
layer III, HCNSC reaches its maximum early (30 
days) followed by a decline, whereas HCC has a de-
layed peak (150 days). In layer V, both parameters 
peaked synchronously at 90 days. 

Discussion 
This study is the first to conduct a comparative 

analysis of the long-term (up to 270 days) dynamics 
of reactively altered neurons in layers III and V of 
the sensorimotor cortex in a model of chronic cere-

Fig. 3. Comparison of the dynamics of the density of reactive and pathologically altered neurons in layers III and V of the rat 
sensorimotor cortex at the long-term following ligation of the common carotid arteries.   
Note.  On the graphs: median — line; interquartile range — box (not shown for minimal values). 



35w w w . r e a n i m a t o l o g y . c o mG E N E R A L  R E A N I M AT O L O G Y,  2 0 2 6 ,  2 2 ;  3

Experimental  Studies

bral ischemia (bilateral CCAL) using appropriate 
statistical methods that account for pairwise de-
pendence (linear mixed models with random in-
tercepts for the animal) and the limitations of a 
small number of time points—in favor of �-analysis 
and analysis of extrema. Chronic ischemia, unlike 
acute infarction, more often causes progressive dys-

function and dystrophy rather than massive coagu-
lative necrosis [1, 3, 11]. Therefore, the prioritized 
classification and grading of altered neurons, taking 
into account the specifics of the bilateral CCAL 
model, had their own distinctive features. 

The morphological picture following bilateral 
CCAL revealed a spectrum of changes — ranging 

Table 4. Results of the Jonckheere-Terpstra test and the quadratic trend test. 
Layer                           Parameter                    Z               p (Jonckheere)            Trend                  F (quad.)             p (quad.)                pattern 
III                                      NND                      3.12                     0.999                       нет                        16.4                    � 0.001         non-monotonic 
                                          HCSC                    –2.98                    0.001                       МУ                         1.8                       0.185                     linear 
                                        HCNSC                   1.88                     0.030                       МВ                         8.2                       0.006                    mixed 
                                           HCC                      2.45                     0.007                       МВ                         7.4                       0.009                    mixed 
                                             SC                       –1.35                    0.088                       нет                        19.2                    � 0.001         non-monotonic 
                                           NGI                      –4.92                   � 0.001                     МУ                         2.1                       0.152                     linear 
V                                        NND                     –1.02                    0.154                       нет                         0.8                       0.382                  no trend 
                                          HCSC                    –2.94                    0.002                       МУ                         3.2                       0.079                     linear 
                                        HCNSC                   2.30                     0.011                       МВ                         4.1                       0.048                    mixed 
                                           HCC                      4.82                    � 0.001                      МВ                         0.9                       0.347                     linear 
                                             SC                       –3.85                   � 0.001                     МУ                         2.9                       0.094                     linear 
                                           NGI                       4.15                    � 0.001                      МВ                         5.1                       0.028                    mixed 

Note. NND — total numerical neuronal density; HCSC — hyperchromatic shriveled cells (neurons); HCNSC — hyperchromatic 
non-shriveled cells; HCC — hypochromatic cells; SC — shadow cells; NGI — neuroglial index. The Jonkheere–Terpstra test checks 
for the presence of a monotonic (constantly increasing or constantly decreasing) trend. A positive Z-value indicates an increasing 
trend, while a negative value indicates a decreasing trend. The quadratic trend test was performed using Kruskal–Wallis rank-sum 
analysis with orthogonal polynomials. MD — monotonically decreasing; MI — monotonically increasing.

Table 5.  Pearson correlation matrices (r) between the intra- (5.1) and inter-layer (5.2) parameters of the rat sen-
sorimotor cortex following ligation of the common carotid arteries. 
5.1. Correlations between parameters in layer III (р � 0.05) 
Parameters                                                                                                     R values for the compared parameters 
                                                             HCSC                                    HCNSC                                      HCC                                          SC                                           NGI 
NND                                               –0.84                                       –0.82                                       –0.85                                       –0.45                                       –0.88 
HCSC                                                                                              0.78                                         0.76                                         0.52                                          0.68 
HCNSC                                                                                                                                          0.95                                         0.48                                          0.75 
HCC                                                                                                                                                                                               0.46                                          0.74 
SC                                                                                                                                                                                                                                                  –0.70 
5.2. Correlations between the same parameters in layers III and V 
Parameters                                                                               r (III and V)                                                                      p 
NND                                                                                                0.08                                                                       0.64 
HCSC                                                                                              0.52                                                                          0.001 
HCNSC                                                                                         –0.38                                                                          0.02 
HCC                                                                                               –0.39                                                                          0.02 
SC                                                                                                   –0.54                                                                  � 0.001 
NGI                                                                                                  0.35                                                                           0.04 
Note. Statistically significant correlations (p � 0.05) are shown in bold, (n = 36 paired observations).

Table 6. Analysis of the connections between layers III and V of the rat sensorimotor cortex. 
6.1. Two-factor LMM with a random intercept for the Animal (the «Layer × Time» interaction effect) 
Parameters                                         F                                              df1                                           df2                                              p 
NND                                                 38.4                                          5                                          29.1                                    � 0.001 
HCSC                                               71.2                                          5                                          28.9                                    � 0.001 
HCNSC                                            36.8                                          5                                          29.0                                    � 0.001 
HCC                                                 30.5                                          5                                          29.2                                    � 0.001 
SC                                                      24.1                                          5                                          28.8                                    � 0.001 
NGI                                                   28.6                                          5                                          29.0                                    � 0.001 
6.2. Correlation and �-analysis 
Parameters                  Correlation r (95% CI)                 Partial r                         Consistency, %                                 p 
SC                                          0.58 [0.31; 0.76]                            0.52                                         68                                        0.004 
HCSC                                    0.52 [0.23; 0.73]                            0.48                                         66                                        0.008 
NGI                                       0.44 [0.14; 0.67]                            0.37                                         64                                        0.016 
Note. NND — total numerical neuronal density; HCSC — hyperchromatic shriveled cells (neurons); HCNSC — hyperchromatic 
non-shriveled cells; HCC — hypochromatic cells; SC — shadow cells; NGI — neuroglial index; LMM (Linear Mixed Model) — a 
linear mixed model with a random intercept for the «Animal» factor: Parameter ~ Layer × Time + (1 | Animal); df — degrees of 
freedom (according to Satterwhite); partial correlation — controlling for the «Time» factor; �-analysis was performed on 80 pairs 
of changes (4 time points × 20 animals); binomial test vs. null hypothesis of 50% agreement.
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from potentially reversible dystrophic changes (at-
rophy, vacuolization) to irreversible necrobiotic 
changes (coagulative necrosis, lysis) — which sup-
ported the model of progressive neurodegeneration 
under conditions of chronic cerebral hypoperfusion. 
The detection of «red neurons» in the long-term 
indicated a dynamic, progressive nature of the da-
mage, in which acute ischemic episodes superim-
posed on the chronic process. Meanwhile detection 
of hypertrophied neurons indicated concomitant 
compensatory-plastic processes. This morphological 
mosaic reflected the competition between two 
pathogenetic trends: destructive (neurodegeneration) 
and adaptive (neuroplasticity). Preservation of the 
pool of hypertrophied neurons may have represented 
a structural reserve of the cortex and a morphological 
substrate for partial functional recovery, which ex-
plained the clinical variability of neurological deficits 
in chronic cerebral ischemia. 

According to our data, layer III proved to be 
more sensitive to neuronal loss, the accumulation 
of reversible dystrophic forms (HCNSC, HCC), and 
delayed death (SC), whereas layer V was characterized 
by a selectively high vulnerability to irreversible is-
chemic damage leading to emergence of the hy-
perchromatic shriveled (HCSC) neuron type. A 
biphasic decrease in NND in layer III with wave-
like dynamics (quadratic trend, F = 16.4, p � 0.001) 
indicated damage with partial recovery and delayed 
secondary degeneration, which is consistent with 
the concept of dissociative neurodegeneration in 
chronic ischemia [8]. The first phase of the decrease 
(by 44.6% at 30 days, p � 0.001) reflected the direct 
consequences of acute hypoperfusion and an energy 
crisis.  

The subsequent partial recovery (150–210 days, 
NND 55.6–56.3 cells/ mm²) may have been associated 
with adaptation and compensatory mechanisms, 
including the plasticity of surviving neurons and 
temporary functional-spatial reorganization of 
neural networks. The final decrease in NND by 270 
days (to 51.5 cells/ mm², –28.0% of control) indicated 
the exhaustion of compensatory potential and de-
velopment of delayed secondary degeneration. NND 
decrease was less evident in layer V (maximum –
11.6% at 150 days, p = 0.048) and did not show a sta-
tistically significant trend (Jonkheere–Terpstra test, 
p = 0.154; quadratic component, p = 0.382). This cor-
responds to a model of slowly progressive atrophy 
without pronounced recovery waves. 

Thus, layer III was characterized by non-mo-
notonic (wave-like) dynamics of NND, HCNSC, 
HCC, and SC, reflecting processes of partial recovery 
and delayed degeneration. In contrast, layer V was 
characterized by linear (monotonic) dynamics of 
most parameters, which corresponded to a model 
of slowly progressive atrophy without marked com-
pensation waves. The most obvious difference be-

tween the layers was observed for SC: in layer III — 
a non-monotonic pattern with a delayed peak (210 
days); in layer V — a monotonic decline following 
an early peak (90 days). 

The extreme increase in HCSC in layer V at 
30 days (945% higher than the control) confirmed 
high metabolic vulnerability of the large pyramidal 
neurons of the corticospinal tract  [7]. The V/III 
layers vulnerability ratio based on HCSC was 2.00, 
indicating a significantly higher sensitivity of layer 
V to irreversible ischemic damage. The «dark neuron» 
phenomenon is traditionally regarded as a marker 
of severe, often irreversible ischemic damage  [11, 
13]. A monotonically HCSC decreasing trend in 
layer V (Z = –2.94, p = 0.002) indicated gradual elimi-
nation of these cells following acute injury. In layer 
III, by contrast, the peak of HCSC was delayed until 
90 days and was less pronounced (+473%), which 
may indicate a slower development of coagulative 
necrosis in the superficial layers. 

HCNSC and HCC dominated in layer III, but 
their dynamics differed fundamentally. HCNSC 
peaked at 30 days (+683%), reflecting an acute re-
sponse to ischemic stress characterized by protein 
overexpression and preservation of cellular archi-
tecture  [14–16]. HCC, in contrast, had a delayed 
peak at 150 days (+500%), indicating increasing 
suppression of protein synthesis and chromatolysis 
as compensatory mechanisms were exhausted. The 
temporal disparity between HCNSC and HCC peaks 
is a novel, not described previously phenomenon, 
indicating that hyperchromic and hypochromic re-
sponses represent not merely different stages of a 
single process, but qualitatively distinct mechanisms 
of response to chronic ischemia. The wave-like dy-
namics of HCNSC (quadratic trend, F = 8.2, p = 0.006) 
and HCC mixed pattern (monotonically increasing 
trend, Z = 2.45, p = 0.007; quadratic component, 
F = 7.4, p = 0.009) indicated a recurrent nature of 
functional disruptions with periods of compensation 
and decompensation. In layer V, both parameters 
peaked synchronously at 90 days (HCNSC: +527%, 
HCC: +364%), which may indicate a more rapid de-
pletion of metabolic reserves in the deep layers. 

The dynamics of shadow cells — a marker of 
complete neuronal death — deserve special attention. 
In layer III, SC exhibited a non-monotonic pattern 
with a delayed peak at 210 days (quadratic trend, 
F = 19.2, p � 0.001; maximum increase of +1800% 
compared to control). In layer V, the SC peak was 
recorded earlier (90 days, +455% compared to control), 
followed by a monotonically decreasing trend 
(Z = –3.85, p � 0.001). This difference may indicate 
different mechanisms of neuronal death: in layer III — 
delayed secondary degeneration occurring after the 
exhaustion of compensatory mechanisms; in layer V — 
earlier elimination of dead cells, directly associated 
with the extreme accumulation of HCNSC at 30 days.  
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The results indicate that neuronal loss in diffe-
rent layers occurred independently, whereas the 
accumulation of HCNSC was moderately synchro-
nous. Negative interlayer correlations for HCNSC 
(r = –0.38), HCC (r = –0.39), and SC (r = –0.54) may 
indicate a redistribution of functional load between 
layers or an alternative pattern of complete dege-
neration (predominant damage to either layer III 
or layer V in different animals). Neuronal death in 
layer V occurred earlier, which may be a direct con-
sequence of the extreme accumulation of HCNSC 
at 30 days. In layer III, neuronal death (SC) was de-
layed until day 210, which corresponds to the model 
of secondary degeneration following the exhaustion 
of compensatory mechanisms [8, 17, 18]. 

The diverse nature of the injury was confirmed 
by the dynamics of NGIs. Early transient gliosis in 
layer III (peaking at 30 days, +95.5% compared to 
control, followed by a steady decline, Z = –4.92, 
p � 0.001) corresponded to the classical model of 
an acute astroglial reaction with possible involvement 
of astrocytes in neuroprotection and recovery of 
homeostasis [19, 20]. In contrast, a sustained increase 
in NGI in layer V over 270 days (maximum +42% by 
day 270, mixed pattern: monotonically increasing 
trend Z = 4.15, p � 0.001; quadratic component F = 5.1, 
p = 0.028) indicated a chronic neuroinflammatory 
process and prolonged glial activation, which over 
time may contribute to the progression of degen-
eration  [19–21]. A statistically significant «Layer × 
Time» interaction for NGI (F = 28.6, p � 0.001) con-
firmed fundamentally different temporal dynamics 
of gliosis in analyzed layers. 

Contrary to the initial hypothesis of a cas-
cade-like spread of degeneration from superficial 
layers to deeper ones, the data from the analysis of 
reactively altered neurons did not confirm a direc-
tional (lag-like) influence between the layers of the 
SMC. Correlation analysis at the individual animal 
level (n = 36) revealed statistically significant positive 
correlations between layers for the SC (r = 0.58; 95% 
CI  [0.31; 0.76]; r_partial = 0.52; p = 0.004), HCSC 
(r = 0.52; [0.23; 0.73]; r_partial = 0.48; p = 0.008), and 
NGI (r = 0.44; [0.14; 0.67]; r_partial = 0.37; p = 0.016). 
High values of partial correlations (with the control 
of «Time» factor) indicated intragroup consisten-
cy — in the same animals, degenerative processes 
in different layers proceed synchronously. 

�-analysis (consistency of the direction of 
changes between adjacent time points) showed 
that for SC, HCSC, and NGI, changes in layers III 
and V were in the same direction significantly more 
often than would be expected by chance: for SC — 
68% (55 out of 80, p = 0.004), for HCSC — 66% (53 
out of 80, p = 0.008), for NGI — 64% (51 out of 80, 
p = 0.016). The highest consistency was observed 
for SC — a marker of complete neuronal death. 
Thus, according to the analysis of the numerical 

density of reactively altered neurons, pathological 
processes in layers III and V developed in parallel 
and moderately synchronously, rather than sequen-
tially. This did not rule out the presence of complex 
network interactions between layers, but did not 
confirm the simple cascade model of «first layer III, 
then layer V». 

A comparison of the times of the extrema re-
vealed different patterns of temporal dynamics in 
layers III and V. Synchrony was observed for the 
HCSC (peak at 30 days in both layers) and for the 
secondary SC peak (210 days in both layers). For 
HCSC, this confirmed the simultaneous development 
of acute ischemic injury; however, the intensity of 
this damage was significantly higher in layer V 
(+945% versus +473% in layer III, where the peak 
occurred at 90 days), which is consistent with the 
high metabolic vulnerability of large pyramidal neu-
rons of the corticospinal tract [7]. 

A temporal priority of layer III was identified 
for most parameters reflecting neuronal functional 
state (NND, HCNSC) and glial response (NGI). The 
first minimum of NND was recorded at 30 days in 
layer III and at 150 days in layer V. The maximum of 
HCNSC was reached at 30 days in layer III and at 
90 days in layer V. The most pronounced advance 
(at 240 days) was observed for NGI: an early transient 
peak in layer III (30 days, +95.5%) and a late pro-
longed peak in layer V (270 days, +42%). According 
to the literature, this likely indicates different mecha-
nisms of the glial response: neuroprotective astroglial 
activation in the superficial layers and chronic neu-
roinflammation in the deep layers [22–24]. For HCC, 
a predominance of layer V was identified (peak at 
90 days versus 150 days in layer III), which may 
reflect a more rapid depletion of metabolic reserves 
in the deep layers. 

A temporal priority of layer V was also observed 
for the first SC peak (90 days vs. 210 days). This im-
plies that complete neuronal death in the deep 
layers occurred earlier, which may be a direct con-
sequence of the extreme accumulation of HCSC in 
layer V at 30 days. In layer III, neuronal death was 
delayed until 210 days, which is consistent with a 
model of secondary degeneration following the ex-
haustion of compensatory mechanisms [8, 17, 18]. 

Thus, the analysis of extrema confirmed that 
pathological processes in layers III and V did not de-
velop completely synchronously: functional disrup-
tions (HCNSC) and the glial response occurred earlier 
in layer III, whereas complete neuronal death (SC) 
and the depletion of metabolic reserves (HCC) oc-
curred earlier in layer V. However, for the key marker 
of irreversible damage (HCSC), synchrony was ob-
served in terms of timing, but with varying intensity 
and a delayed peak in layer III. 

The results obtained are consistent with studies 
demonstrating the heterogeneity of damage to cor-
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tical layers during ischemia [10, 22–26], but for the 
first time they demonstrate long-term dynamics 
(up to 270 days) in a model of chronic hypoperfusion 
using appropriate statistical methods that account 
for individual variability. In contrast to data obtained 
in the acute ischemia model [11, 18, 27–29], massive 
coagulative necrosis was not observed; instead, 
progressive dystrophy with polymorphism of reactive 
changes dominated, which corresponded to the 
chronic nature of the injury and the model’s char-
acteristics — the presence of a well-developed col-
lateral network in rodents. In addition, the small 
number of time points (6) limited the ability to 
identify complex nonlinear relationships, although 
the use of quadratic trends partially compensated 
for this limitation. 

Conclusion 
Chronic cerebral ischemia induced by bilateral 

ligation of the common carotid arteries led to sta-
tistically significant and qualitatively distinct changes 
in neuronal populations in layers III and V of the 
rat cerebral cortex during the long-term follow-up 
period (up to 270 days). 

Layer III of the SMC was characterized by a 
biphasic decrease in total neuronal density (peaking 
at 30 days), asynchronous dynamics of hyperchro-
matic non-shriveled (peaking at 30 days) and 
hypochromatic neurons (peaking at 150 days) (qua-
dratic trends), a delayed peak in shadow cells 
(210 days), and transient gliosis (peaking at 30 days, 
followed by a decline). This reflected a damage 
model featuring components of partial recovery 
and delayed secondary degeneration. 

Layer V of the SMC was characterized by a less 
pronounced but sustained decrease in the overall 
neuronal density (peaking at 150 days, with no sig-
nificant trend), an extreme early increase in hyper-
chromic shrunken neurons (day 30, which was 

twice the increase in layer III), a synchronous peak 
of hyperchromatic non-shriveled and hypochromatic 
neurons (day 90), monotonous depletion of 
hypochromatic neurons (linear increasing trend), 
an early peak of shadow cells (90 days), and pro-
longed progressive gliosis (by 270 days). This corre-
sponded to a model of progressive degeneration 
with primary metabolic damage to large pyramidal 
neurons. 

Linear mixed models with random intercepts 
for each animal confirmed the presence of a statis-
tically significant interaction between the «Layer» 
and «Time» factors for all key morphometric pa-
rameters, demonstrating different temporal dynamics 
of pathological processes in the layers under study. 

Correlation analysis at the individual animal 
level revealed moderate positive correlations between 
layers. �-analysis showed consistency in changes 
for shadow cells, hyperchromatic shriveled neurons, 
and the neuroglial index. The time points of the 
peaks for hyperchromatic shriveled neurons (30 days) 
and the secondary peak of shadow cells (210 days) 
were synchronous in both layers. A temporal priority 
of layer III of the SMC was detected for the total 
neuronal density, hyperchromatic non-shriveled 
neurons, and the neuroglial index (early time points). 
A temporal priority of layer V was identified for the 
first peak of shadow cells and hypochromatic neu-
rons. No conclusive evidence of a cascade-like 
spread of damage from superficial to deep layers 
was obtained, with the exception of a possible lead 
in the glial reaction in layer III of the SMC. 

The data obtained support the need for further 
comparative studies of layers III and V of the SMC 
in a larger sample of animals and for the development 
of therapeutic strategies aimed at both protecting 
metabolically vulnerable pyramidal neurons and 
modulating the glial response during chronic hy-
poperfusion.
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