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Morphological changes in the hippocampus  
of the rat brain in ischemia and in conditions  
of combined preconditioning
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ABSTRACT
BACKGROUND: Preconditioning is effective for increasing the body’s resistance to hypoxia/ischemia.
AIM: To evaluate morphological changes in the most hypoxia-sensitive fields of the hippocampus CA1 and CA3 in cerebral 
ischemia in rats and under conditions of combined preconditioning.
MATERIALS AND METHODS: Cerebral ischemia was simulated in rats under anesthesia (8% chloral hydrate solution, 
400 mg/kg) by bilateral ligation of the common carotid arteries. The combined preconditioning method included the alternate 
use of two preconditional factors: pharmacological (amtisol, 25 mg/kg) and hypoxic (hypobaric hypoxia, 410 mmHg; exposure 
time, 60 min). Morphometric assessment of brain damage was performed a day after modeling ischemia in the CA1 and CA3 
fields of the hippocampus.
RESULTS: Combined preconditioning has a positive effect on the morphometric parameters of the brain during ischemia, including 
increasing neuronal survival in the early and late periods of ischemia modeling, preventing the formation of necrotically and 
apoptotically altered neurons, hyperactivation of microglial cells, and contributing to endotheliocyte preservation.
CONCLUSIONS: Combined preconditioning (amtisol + hypobaric hypoxia) has a neuroprotective effect in cerebral ischemia.
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Морфологические изменения в гиппокампе 
головного мозга крыс при ишемии и в условиях 
комбинированного прекондиционирования
В.Е. Новиков, О.С. Левченкова, Ю.С. Корнева
Смоленский государственный медицинский университет, Смоленск, Россия

АННОТАЦИЯ
Обоснование. Прекондиционирование — эффективный метод повышения устойчивости организма к гипоксии/ишемии.
Цель — оценка морфологических изменений в  наиболее чувствительных к  гипоксии полях гиппокампа CA1 и  CA3 
при ишемии головного мозга у крыс и в условиях комбинированного прекондиционирования.
Материалы и методы. У крыс моделировали ишемию головного мозга под наркозом (8 % раствор хлоралгидрата в дозе 
400  мг/кг) путем двусторонней перевязки общих сонных артерий. Метод комбинированного прекондиционирования 
включал поочередное применение двух прекондиционных факторов — фармакологического (амтизол в дозе 25 мг/кг) 
и гипоксического (гипобарическая гипоксия, 410 мм рт. ст., время экспозиции — 60 мин). Морфометрическую оценку 
повреждения головного мозга проводили через сутки после моделирования ишемии в полях гиппокампа CA1 и CA3.
Результаты. Комбинированное прекондиционирование положительно влияет на морфометрические показатели мозга 
при его ишемии, увеличивая выживаемость нейронов в ранний и поздний периоды моделирования ишемии, препят-
ствуя образованию некротически и апоптотически измененных нейронов, гиперактивации клеток микроглии и способ-
ствуя сохранению эндотелиоцитов.
Заключение. Комбинированное прекондиционирование (амтизол + гипобарическая гипоксия) оказывает нейропротек-
торное действие при ишемии головного мозга.

Ключевые слова: амтизол; прекондиционирование; ишемия головного мозга; гиппокамп.
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BACKGROUND
Over the past decades, cerebral ischemia is a 

leading cause of mortality and disability worldwide [1]. 
Preconditioning is an effective way to increase the body’s 
tolerance to hypoxia/ischemia, including cerebral ischemia. 
It mobilizes the body’s physiological reserves under the 
influence of preconditioning, such as short-term and repeated 
sublethal ischemia or hypoxia [2, 3]. Preconditioning can be 
induced by drugs from several pharmacological classes 
[4–8]. Nevertheless, pharmacological preconditioning is 
less effective than physical methods regarding the extent 
of protective effect [9]. Conversely, pharmacological agents 
can be used to enhance the impact of physical methods 
of preconditioning, thereby reducing the effect of physical 
factors [8–10]. Experimental studies demonstrated that the 
combination of pQ-4 compound with moderate hypobaric 
hypoxia significantly increased the survival rate of rats with 
cerebral ischemia and reduced neurological deficits in the 
postischemic period [11].

This study aimed to assess morphological changes 
in the most hypoxia-sensitive hippocampal CA1 and CA3 
regions during brain ischemia in rats and under conditions 
of ischemia modeling following combined pharmacological–
hypoxic preconditioning.

MATERIALS AND METHODS
The study included 38 white Wistar rats (Scientific Center 

for Biomedical Technologies of the Federal Medical and 
Biological Agency, Stolbovaya, Russia) weighing 200–230 g. 
The studies were conducted in accordance with the Rules of 
Laboratory Practice (Order of the Ministry of Health of Russia 
no. 199n, dated April 1, 2016).

Combined preconditioning (CPreC) involved the alternate 
application of two preconditioning factors: pharmacological 
and hypoxic. On experiment days 1, 3, and 5, the animals 
were intraperitoneally injected with amtisol at 25 mg/kg.  
On days 2, 4, and 6, rats were subjected to moderate 
hypobaric hypoxia (410 mmHg; exposure time: 60 min) [11, 12].  
Following the final session of CPreC, the rats were subjected 
to a model of cerebral ischemia under anesthesia (8% 
chloral hydrate solution at 400 mg/kg) through bilateral 
ligation of the common carotid arteries. The experimental 
animals were divided into four groups: 1 control group with 
ischemia, two experimental groups of CPreC with ischemia 
(CPreC Isch), one hour after preconditioning (CPreC Isch 
after one hour), and 48  hours after preconditioning (CPreC 
Isch after 48 hours).

The degree of brain damage was assessed 1 day after 
surgery using morphometry. The brain was fixed in 10% neutral 
buffered formalin. Brain slices 5-μm-thick (3.8 ± 0.2  mm 
posterior to the bregma [13]) were prepared after standard 
pouring in paraffin and stained with hematoxylin and eosin 
and toluidine blue according to the Nissl method. The 

number of neurons in the hippocampal CA1 and CA3 fields 
was quantified in 10 non-overlapping fields of view at  
×400 magnification (Carl Zeiss, Germany). The following cell 
types were counted: normal (unchanged), reversibly damaged 
(hypochromic), and irreversibly damaged neurons (apoptotic, 
hyperchromic) and necrotic cells (shadow cells). Additionally, 
microglia cells and endotheliocytes were counted.

The results were statistically analyzed using the Stat 
Plus Pro 7.0.1.0 program. The Mann–Whitney (U) test was 
employed to identify differences between the studied 
indicators in the compared two independent samples. 
When comparing a larger number of independent samples, 
the Kruskal–Wallis rank analysis of variance (H-criterion) 
was used (p ≤ 0.05). Descriptive statistics by groups are 
presented as median and percentiles (Q1; Q3).

RESULTS
A morphometric study of the hippocampus of 

rats with ischemia revealed pronounced, widespread 
pathomorphologic changes 1 day after surgery compared 
to falsely operated animals. In animals with ischemia, 
pyramidal neurons in the hippocampal CA1 and CA3 fields 
exhibited absence of normal morphology, in contrast to the 
presence of damaged neurons (H = 15.41; p = 0.002 and 
H = 21.68; p < 0.001, respectively, for the fields), which were 
predominantly necrotic (Table 1, Fig. 1). 

The number of hypochromic neurons was significantly 
lower in the CA1 field than in the group of falsely operated 
animals (U = 14; p = 0.032). However, no significant 
difference was observed in the number of hypochromic 
neurons in the CA3 field (U = 32; p = 0.116). Most neurons 
exhibited morphological alterations. Consequently, the 
number of hyperchromic neurons was significantly higher 
in both hippocampal fields under study compared to the 
falsely operated group (U = 45.5; p = 0.042 for CA1 and 
U = 6.5; p = 0.038 for CA3). Additionally, shade cells were 
significantly increased compared to the falsely operated 
group in CA1 (U = 56; p = 0.001) and CA3 (U = 0; p = 0.002) 
fields. Normal macroglia cells in controls with ischemia were 
significantly fewer compared to the falsely operated controls 
in the CA1 (U = 7.5; p = 0.017) and CA3 (U = 37; p = 0.022) 
fields. Concurrently, no significant differences were found in 
the number of dystrophically altered macroglia cells in the 
CA1 (U = 18; p = 0.247) and CA3 (U = 27; p = 0.391) fields. The 
number of microglia cells, which are particularly reactive in 
ischemic brain injury, increased in the CA1 (U = 44; p = 0.05) 
and CA3 (U = 4.5; p = 0.018) fields compared to the group 
of falsely operated animals. One day after ischemia, the 
number of endothelial cells was lower than in the group of 
falsely operated rats in the hippocampal CA1 field (U = 10; 
p = 0.037), but not in the hippocampal CA3 field (U = 31; 
p = 0.153).

When ischemia was simulated 1 hour (early period) and 
48 hours (late period) after CPreC with amtisol (CPreC-Amt), 
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Table 1. Morphometric changes in the hippocampus during cerebral ischemia and under preconditioning

Hippocampal 
field Cells

Animal groups

Falsely operated Ischemia
Preconditioning with amtisol + ischemia

Early period Late period

СА1 NN 19 (15,3; 28,6) 0 (0; 0)* 0 (0; 3,5)* 3 (0; 4)*
HN 8,2 (5,8; 12,7) 1 (0; 11)* 15,7 (12,6; 24,5)# 29 (22,7; 35)#

HRN 1,2 (0,3; 2,2) 16,5 (7,5; 18,5)* 2,2 (2; 2,8)# 0 (0; 0,2)#+

SCs 2 (1,6; 2,1) 20 (18,2; 28,2)* 15,8 (6; 18,0)* 14 (10,7; 14,5)*#

NMG 17,5 (12,8; 26) 6 (1; 12)* 15 (12; 15) 9,5 (8; 11,5)*
DAM 6,5 (4,7; 7,3) 3 (0,5; 8,2) 7,8 (6,3; 8,8) 7,5 (5,5; 8,0)
McG 3,5 (2,3; 4) 12,5 (4; 20)* 3,8 (3,5; 4) 5,5 (4,5; 10)
EC 11 (7,8; 14,1) 6 (3,7; 6,5)* 15 (12; 15,4)# 17 (13; 19)#

СА3 NN 23,7 (20; 26,2) 0 (0; 0,5)* 7,5 (3,3; 9,7)*# 8,5 (3,2; 26,5)#

HN 5,0 (4,2; 8,3) 0 (0; 4,2) 11,2 (8,7; 13,3)*# 13,5 (3,5; 30,5)#

HRN 2 (0,6; 3,3) 15 (11,2; 16,5)* 1,5 (0,6; 2)# 2 (1; 3)#

SCs 0 (0; 2,6) 27 (26,5; 28,5)* 8 (6,2; 13,5)*# 8 (4,7; 10,5)*#

NMG 14,7 (11; 15,8) 6 (2,5; 8,7)* 11,2 (10,2; 11,8)# 8 (6,2; 14,7)
DAM 5,2 (4,2; 5,8) 4,5 (2; 5,5) 8 (6,2; 9,7)*# 7 (4,2; 8)
McG 2,5 (1,6; 3) 12 (7,7; 22,5)* 5,5 (5; 8,2)* 5,5 (4,7; 7)*#

EC 7,2 (5,8; 10,1) 6 (4; 7) 14 (10,2; 17)*# 13 (12; 15,5)*#

Note: *, indices [median (Q1; Q3)] are significantly different from the sham-operated group (control); #, from the control group with ischemia; 
+, from the group of combined preconditioning with amtisol in the early period at p < 0.05; Mann–Whitney U-criterion. NN, normal neurons;  
HRN, hyperchromic neurons; HN, hypochromic neurons; SCs, shadow cells; NMG, normal macroglia; DAM, dystrophically altered macroglia;  
McG, microglia; EC, endotheliocyte.

positive morphological changes were noted in hippocampal 
CA1 and CA3 fields compared to ischemic controls (Table 1, 
Fig. 2).

A comparison of four independent samples, namely, the 
group of falsely operated animals, control with ischemia, 
and two experimental groups of CPreC-Amt, revealed a 
difference in the number of normal neurons (the Kruskal–
Wallis rank H-criterion was used to compare the results 
between the groups; H = 87.4; df = 3; p < 0.001). The greatest 
number of normal neurons in the hippocampal CA1 field was 
observed in the group of falsely operated animals, followed 
by the late preconditioning period (CPreC-Amt Isch group 
after 48 hours) and then the early preconditioning period 
(CPreC-Amt Isch group after 1 hour), with the least number 
found in the control group with ischemia. In the hippocampal 
CA3 field, similar significant differences in the number 
of normal neurons were observed between the studied 
groups (H = 54.7; df = 3; p < 0.001). A pairwise comparison 
of the number of preserved normal neurons between 
groups (Mann–Whitney U-criterion was used) showed that 
preserved normal neurons were significantly increased in 
the CA3 field than in the control with ischemia (U = 41.5; 
p = 0.03). The Mann–Whitney U-criterion test presented no 
significant differences in the number of preserved normal 
neurons between the CA1 field and CPreC-Amt Isch after 1 

hour (U = 5.0; p = 0.012) or CPreC-Amt Isch after 48 hours 
(U = 0; p = 0.012).

A significant difference was observed in the number 
of hypochromic neurons in the hippocampal CA1 field 
between the studied groups (H = 15.7; df = 3; p = 0.014). 
The most reversibly damaged hypochromic neurons were 
identified in the CPreC-Amt Isch group after 48 hours, 
followed by the CPreC-Amt Isch group after 1 hour, then 
the falsely operated animals, and finally the control group 
with ischemia. In the hippocampal CA3 field, the greatest 
number of hypochromic neurons were observed in the 
CPreC-Amt Isch group after 48 hours, followed by the 
CPreC-Amt Isch group after 1 hour, and then in the falsely 
operated rats group. The number of hypochromic neurons 
was minimal in the control group with ischemia (H = 25.7; 
df = 3; p < 0.001). In pairwise comparisons, a relatively 
high number of hypochromic neurons was observed in the 
CPreC-Amt Isch group than in controls with ischemia. This 
was noted for both the CA1 and CA3 fields after 1 hour 
(U = 34.5; p = 0.05 and U = 38.0; p = 0.015, respectively). The 
number of hypochromic neurons was significantly higher in 
the CPreC-Amt Isch group than in the control group in the 
CA1 and CA3 fields after 48 hours (U = 4.0; p = 0.008 and 
U = 6.0; p = 0.018, respectively). No significant differences 
were observed between the experimental groups of CPreC 
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Fig. 1. Zones CA1 (a, c, e) and CA3 (b, d, f) fields of the hippocampus of the rat brain with simulated ischemia. The histoarchitecture is 
unclear, cellularity is sharply reduced, pronounced pericellular edema, foci of destruction in the brain tissue. e, f: in both zones, there 
are no normal neurons, and almost all neurons are hyperchromatic, wrinkled, reduced in size, lacking processes; single sharply swollen 
macroglial cells are detected; capillaries are not detected; maximum number of microglial cells. Hematoxylin–eosin staining. Magnification 
for a, b, c × 200, for d × 100, for e, f × 400 

a

c

e

b

d

f

with amtisol (U = 28; p = 0.317 for CA1 and U = 21; p = 0.715 
for CA3).

The number of hyperchromic neurons in the hippocampal 
fields CA1 and CA3 exhibited significant differences between 
the studied groups (H = 33.1 and H = 30.1, respectively, for 
CA1 and CA3; df = 3; p < 0.001). Considerable apoptotic 
hyperchromic neurons were observed during ischemia, 
followed by the CPreC-Amt Isch group 1 hour after ischemia 
onset, then by the group of falsely operated animals, 
and finally by the CPreC-Amt Isch group 48 hours after 
ischemia onset. A pairwise comparison found that the 
number of hyperchromic neurons was significantly lower 
in the CPreC-Amt Isch group after 1 hour in the CA3 field 
(U = 0.5; p = 0.003) than in the control group with ischemia. 

This was further observed after 48 hours in both fields 
(U = 44.0; p = 0.004 for CA3). The results indicated that the 
protective effect against neuronal apoptosis in the CPreC-
Amt Isch group was greater when CPreC-Amt was used 
48  hours before surgery (U = 40.5; p = 0.005 for the CA1 
field) compared to after 1 hour (U = 0.5; p = 0.003 for the 
CA3 field).

The number of shade cells in the hippocampal CA1 field 
significantly differed between the studied groups (H = 67.3; 
df = 3; p < 0.001). The control group with ischemia exhibited 
the highest number of cells, followed by the CPreC-Amt Isch 
group after 1 hour, CPreC-Amt Isch group after 48 hours, 
and falsely operated animals group, which exhibited the 
lowest number of cells. The same ranking was observed 
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Fig. 2. Zones CA1 (a, c) and CA3 (b, d) of the hippocampus of the rat brain (combined preconditioning with amtizol, early period).  
The histoarchitecture can be traced, the cellularity is relatively preserved, and there is pronounced perivascular and, in some places, 
pericellular edema. Both zones: single normal neurons are found (more in the CA3 field); hyperchromic neurons are present. CA1 field: 
shadow cells and hypochromic neurons are detected; macroglia are partially preserved; capillaries are identified, but their endothelium is 
absent in places; single microglial cells appear. Hematoxylin–eosin staining. Magnification for a, b × 200, for c, d × 400 

a

c

b

d

for the CA3 field regarding the number of shade cells in the 
studied groups (H = 69.2; df = 3; p < 0.001). The highest 
number of cells were observed in the control group with 
ischemia, followed by the CPreC-Amt Isch group after 1 
hour, and then the CPreC-Amt Isch group after 48 hours, 
and the lowest number was observed in the falsely operated 
(control) group. In pairwise comparisons, the number of 
necrotic neuron-shadow cells was lower in the CPreC-
Amt Isch group after 1 hour than in the control group with 
ischemia only in the CA3 field (U = 2.0; p = 0.006). After 
48 hours, it was lower in the CPreC-Amt Isch group in both 
hippocampal fields (U = 44.0; p = 0.012 for CA1 and U = 48.5; 
p = 0.002 for CA3).

A significant difference was observed in the number of 
normal macroglia cells in the hippocampal CA1 field between 
the studied groups (H = 33.5; df = 3; p < 0.001). The falsely 
operated animals exhibited the highest preservation level, 
followed by the CPreC-Amt Isch group after 1 hour, then 
the CPreC-Amt Isch group after 48 hours, and finally the 
ischemic animals, which exhibited the lowest preservation 
level. In the hippocampal CA3 field, the number of unaltered 
macroglia cells was significantly different between groups 
(H = 12.2; df = 3; p = 0.007). It was better preserved in 

the false-operated group (control), then in the CPreC-Amt 
Isch group after 1 hour, and in the CPreC-Amt Isch group 
after 48 hours. The group with ischemia exhibited the 
least preservation. A pairwise comparison of the number 
of normal macroglia cells between groups showed a 
significant difference only for the CPreC-Amt Isch group 
after 1 hour when compared to the control group with 
ischemia in the hippocampal CA3 field (U = 37; p = 0.022). 
When dystrophically altered macroglia cells were identified, 
no significant differences were found in the studied groups 
in both the CA1 (H = 5.4; df = 3; p = 0.142) and CA3 (H = 11.3; 
df = 3; p = 0.103) fields.

A significant difference was noted in the number of 
microglia cells in both hippocampal fields between the 
studied groups (H = 17.4; df = 3; p = 0.006 for CA1 and 
H = 29.8; df = 3; p < 0.001 for CA3). The highest number of 
microglia cells was observed in rats in the control group 
with ischemia and the lowest number in the CPreC-Amt Isch 
group after 48 hours. Furthermore, the number of microglia 
cells was lowest in the falsely operated animals. A pairwise 
comparison of the number of microglia cells revealed that 
the number of microglia cells in the experimental group of 
CPreC-Amt Isch after 1 hour was not statistically different 
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from the number of microglia cells in the group of falsely 
operated animals (U = 29.5; p = 0.477). However, it was not 
significantly less compared to the control. The number of 
microglia cells in the hippocampal field CA1 was greater for 
the group with ischemia (U = 12.5; p = 0.224) than for the 
falsely operated animals group (U = 4; p = 0.024), but not 
significantly different from that of the control group with 
ischemia (U = 11; p = 0.153). The number of microglia cells 
was significantly lower in the CPreC-Amt Isch experimental 
group than in controls with ischemia for the hippocampal 
field CA3 (U = 21; p = 0.03) after 48 hours. However, no such 
changes were found for the hippocampal field CA1 (U = 18.5; 
p = 0.443).

A significant difference was observed in the number of 
endothelial cells in the hippocampal fields CA1 and CA3 
between the groups (H = 31; df = 3; p < 0.001 for CA1 and 
H = 34.2; df = 3; p < 0.001 CA3). The greatest number of 
endothelial cells was observed in the CPreC-Amt Isch rats 
after 48 hours, followed by the CPreC-Amt Isch group after 
1 hour, then the falsely operated animals, and finally the 
control group with ischemia, which exhibited the lowest 
number of endothelial cells and highest mortality. The 
number of endotheliocytes in the CA1 field was significantly 
higher in the experimental group CPreC-Amt Isch than in the 
control with ischemia (U = 4.5; p = 0.018). In the CA3 field, 
there were more endothelial cells than in the control group 
with ischemia (U = 2; p = 0.006) and in the falsely operated 
animals (U = 6; p = 0.045). Similar results were obtained for 
the experimental group CPreC-Amt Isch after 48 hours. In 
the hippocampal field CA1, the number of endothelial cells 
was significantly higher in comparison with the control 
group that underwent ischemia (U = 0; p = 0.001). Similarly, 
in field CA3, the number of endothelial cells was significantly 
higher in comparison with the control group that underwent 
ischemia (U = 0; p = 0.001) and the falsely operated animals 
(U = 6; p = 0.032).

Consequently, CPreC (amtisol in combination with 
moderate hypobaric hypoxia) positively affects morphometric 
indices in the hippocampal fields CA1 and CA3 of the rat 
brain following modeling of ischemia. The results indicate 
that CPreC with amtisol induces a neuroprotective effect, 
increasing neuronal survival in the early and late periods of 
ischemia modeling. This prevents the formation of necrotically 
and apoptotically altered neurons and hyperactivation of 
microglia cells and promotes endothelial cell preservation. 
Regarding the impact of CPreC on morphometric indices in 
ischemia, it is crucial to highlight the reduction in microglial 
hyperactivation, given that microglial activation is a key 
pathogenic mechanism in brain damage. This is accompanied 
by structural and functional remodeling of mitochondria, a 
shift toward glycolytic ATP production, and an increase in 
reactive oxygen species production [14–16].

The positive effect of preconditioning factors on 
morphometric indices of the brain during ischemia is fully 
consistent with our earlier results of the effect of this 

method of CPreC on the survival rate of animals in hypoxia/
ischemia, functional activity of the central nervous system 
and neurological deficit, and pro-/antioxidant status and 
activity of bioenergetic processes in mitochondria of the 
brain [10, 17–21].

CONCLUSIONS
A day after modeling of cerebral ischemia in rats, 

significant neurodegenerative changes of diffuse nature with 
neuronal death in brain regions highly sensitive to ischemia, 
namely, pyramidal neurons of hippocampal fields CA1 and 
CA3, occur, combined with a decrease in the number of 
normal macroglia, endotheliocytes, and reactive activation 
of microglia. The variability of the results between the 
hippocampal CA1 and CA3 fields may be due to the fact that 
different hippocampal fields are differentially sensitive to the 
action of ischemia.

In the initial preconditioning phase (ischemia modeling 1 
hour after CPreC), the number of surviving normal neurons 
in the hippocampus increased, particularly in the CA3 field. 
Hypochromic (reversible damage) neurons were more 
prevalent than in the control group. Normal macroglia cells 
showed superior survival rates, and fewer dystrophically 
altered macroglia cells were observed. The number of 
microglia cells was found to be lower than in the control 
group, indicating less hippocampal cell damage. Additionally, 
the number of endotheliocytes in both hippocampal fields 
was preserved. Similar changes were observed in the late 
period of CPreC with amtisol (modeling of ischemia after 
48 hours), and in a number of cellular indices, late CPreC 
demonstrated greater efficacy than early CPreC.

The results of morphometric study of the hippocampus 
indicate that combined pharmacological–hypoxic 
preconditioning (amtisol + hypobaric hypoxia) induces a 
neuroprotective effect in cerebral ischemia.
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