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Experimental unilateral intracerebral hemorrhage 
induces delayed bilateral neurodegeneration 

of sciatic nerve fibres in rats
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Pathological processes, such as inflammatory effects, oxidative stress, apoptosis and cytotoxicity of blood after an intracerebral 
hemorrhage (ICH), generally contribute to a secondary injury. One of the secondary ICH consequences in the nervous system may be 
delayed neurodegeneration of the peripheral nerves. Therefore, the aim of our study was to investigate possible structural changes 
in the sciatic nerve and changes in the conduction velocity via this nerve at different terms after experimental ICH in male Wistar rats. 
Intracerebral hemorrhage was provided by direct injection of autologous blood into the capsula interna. On the 10th day after ICH mean 
conduction velocity in sciatic nerve was 15% smaller compared to the control. On the 30th and 90th days after ICH, highly significant 
decreases in the conduction velocity by 62% and 60%, respectively in comparison with the control group of animals were observed. 
The data of morphometric analysis demonstrated significant decreases in the mean diameter and density of myelinated fibres at all 
examined terms after ICH. A number of the myelin sheaths were swollen and lost their regular laminations. Axoplasmic and myelin 
degenerations were the most frequent events in these nerve fibres; reductions of the diameter of the axis cylinders were also observed. 
In the contralateral nerve (related to the hemisphere with ICH), negative changes were greater, while the ipsilateral nerve was also 
subjected to those. Our data demonstrate that the consequences of unilateral ICH in the capsula interna induce bilateral negative 
changes in the peripheral nervous system of rats.

Key words: intracerebral hemorrhage, sciatic nerve, nerve conduction velocity, myelinated fibres, microscopy, rat

INTRODUCTION

A significant intracerebral hemorrhage (ICH) is 
associated with paralysis, disorders of the autonom‑
ic state and mortality (Li et al., 2017). ICH may have 
two main outcomes: the formation of the hematoma 
or hemorrhagic penetration of brain tissue. The first 
one often causes dislocation of anatomical brain struc‑
tures, which is critical for survival. Another permeates 

the brain tissue and may also be accompanied by the 
appearance of the hematoma. ICH is often localized in 
the middle cerebral artery; as a  result, the pyramidal 
system can be damaged (Chung et al., 2000; Qureshi et 
al., 2003). After ICH, serious motor and sensory deficits 
limit daily life activities and dramatically worsen the 
quality of life (van Asch et al., 2010). In addition to the 
primary trauma induced by ICH, subsequent patholog‑
ical processes, such as inflammatory effects, oxidative 
stress, cell death and cytotoxicity of blood generally 
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contribute to the secondary injury (Zhang et al., 2015). 
However, not only inflammation and cell death are 
key pathological processes responsible for the second‑
ary brain injury after ICH; also delayed effects in the 
nervous system after ICH should be important patho‑
physiological targets for the study and further therapy 
(Zhao et al., 2018). Unfortunately, most studies have 
been focused on the death of neurons, immunocyto‑
chemical imaging of apoptosis, necrosis and demyelin‑
ation with only limited descriptions (or the complete 
absence of information) about possible injury of the 
descending pathways injury (Chaudhary et al., 2015; 
Cao et al., 2016). Demyelination occurs not only around 
the site of intracerebral hemorrhage; it extends to oth‑
er anatomical structures of the nervous system and in‑
cludes certain time periods. The white brain matter af‑
ter ICH injury was examined. Demyelination occurred 
inside and at the edge of the hematoma, and during 
about 3  days this damage spreads to the surround‑
ing parenchyma (Wasserman et al., 2008). It has been 
shown that the demyelination process may last up to 
2 months (Liu et al., 2010; Ni et al., 2015); i.e., further 
damage to the white matter inevitably develops after 
ICH. Also a phenomenon of the neurological deficien‑
cy, descending demyelination and changes in the ac‑
tivity of antioxidant enzymes in the sciatic nerve was 
observed in rats after ICH (Dovgan et al., 2017). The 
respective structural and electrophysiological chang‑
es in the peripheral nerves, however, have not been 
studied, although these disorders are characterized by 
pathophysiological manifestations in the motor cen‑
ters of the cerebral cortex (Cheng et al., 2015). Hence, 
for effective ICH therapy, it is necessary to understand 
the mechanisms of the development of pathological 
processes occurring both in the central nervous sys‑
tem and in the peripheral nerve fibres.

Most often, two types of animal models of ICH are 
used to better understand the pathophysiology of the 
disease and the respective endogenous mechanisms of 
repair: i) infusion of a bacterial collagenase disrupts 
local blood vessels and produces endogenous hemor‑
rhage into the site of injection (Masuda et al., 2010); 
ii) direct injection of autologous blood is performed, 
which causes an immediate focal hemorrhage (Brown 
et al., 2015). We have used an own modification of the 
latter model based on the introduction of autologous 
blood. We hypothesized that unilateral ICH is not lim‑
ited by the formation of an isolated lesion of the brain 
structures within the site of the hemorrhage itself, 
but it can also lead to strong delayed bilateral disor‑
ders of myelination of peripheral nerve fibres. To con‑
firm this hypothesis, we examined structural changes 
in the sciatic nerve and changes in the conduction 
velocity via this nerve at different periods (10, 30 and 

90 days after ІСН induced by direct injection of autol‑
ogous blood in the cerebral tissue). Some part of the 
respective electrophysiological and morphological 
data has been preliminarily published (Dovgan, 2018).

METHODS

Experimental protocol

Male Wistar rats weighing 210–230 g, were used in 
the present study. The animals were purchased from 
a  state‑controlled animal farm through the common 
animal facility of the Bogomolets National Medical Uni‑
versity (Kyiv). The experimental animals were housed 
in Plexiglas cages (4 rats per cage) and kept in an 
air‑filtered, humidity‑ (55±5 %) and temperature‑con‑
trolled (20–22°C) room with filtered air. The rats re‑
ceived a standard pellet diet and water ad libitum. The 
present study was approved by the Ethics Committee 
of the University and performed in accordance with 
the European Union Directive of 22 September 2010 
(2010/63/EU) for the protection of animals used for 
scientific purposes.

The animals were divided into 5 groups (n=6 in each 
group): group 1 – control (intact) rats, groups 2–4 – rats 
after ICH examined on the 10th, 30th and 90th day, respec‑
tively and group 5 – ICH reproducibility group (group 
of animals used to verify the reproducibility of exper‑
imental ICH).

Hemorrhagic stroke model

Intracerebral hemorrhage in anesthetized animals 
(thiopental sodium, 60 mg/kg, intraperitoneally (i.p.)) 
was formed within a  zone of the limited mechanical 
destruction of tissue within the right internal capsule 
(capsula interna dextra, L=3.5–4.0; H=6.0; AP=0.6–1.0). 
Such disruption was created due to 4–6 rotational 
movements of a “mandrin‑knife”, introduced into this 
region with further injection into the area inside the 
capsule (3–4 min after destruction) of 0.2 ml of autolo‑
gous blood. The latter was obtained by a standard pro‑
cedure for taking blood samples from a  rat (from the 
vein of the rats’ tail). The rat was fixed in a plastic box 
with a  hole for the tail; the tail skin was treated with 
70% ethanol. Then, an injection needle of a 1.0 ml sy‑
ringe was introduced into the dorsal tail vein at the lev‑
el of the middle third of the tail, and a 0.2–0.5 ml blood 
sample was obtained.

For mechanical destruction of the tissue inside the 
right internal capsule a  cannula was introduced ste‑
reotactically into the rat brain. The cannula was made 
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from an injection needle (diameter 1.1 mm). A metal 
rod (mandrin from the needle for lumbar punctures) 
was inserted into the cannula along its entire length. 
The end of the mandrin was bent (the length of the 
bend section 0.5–0.7  mm; the bending angle 30–40°). 
When turning the mandrin in the cannula, the curved 
end of the mandrin acts as a knife (“mandrin‑knife”), 
thereby destroying a part of the brain tissue (thus, in 
the area of the inner capsule, the diameter of the le‑
sion is about 1.5 mm). After these steps, the cannula 
was removed. A needle without a mandrin was insert‑
ed into the brain, through which 0.2 ml of autologous 
blood was injected. The needle was hold for up to 
10  min. Local destruction of the brain in the cannu‑
la insertion zone allows to localize the injected blood 
volume, without blood reflux back along the cannula 
insertion track. Retention of the needle in the rat brain 
after the blood injection is necessary for blood clot‑
ting at the site of brain destruction. The blood clot is 
localized within the zone destructed by the mandarin; 
the blood plasma is separated, forming a slight edema 
and the blood does not return along the cannula intro‑
duction track. Naturally, these actions cause some me‑
chanical damage of the brain tissue, and spontaneous 
hemorrhage from mechanically damaged vessels of 
the brain also occurs, but these are no large‑scale in‑
juries. If the mandrin has not been entered, and only 
a  one‑time injection of blood is applied, then there 
will be a reflux of blood from the brain.

After surgery and ICH modeling, the wound on the 
skull region was sewn tightly by polyamide filaments 2 
USP (Olympus, Ukraine) and then treated with 5% alco‑
holic solution of iodine.

Injury description

To measure the hematoma volume (Wang et al., 
2003; Zhu et al., 2014), three 0.5 mm‑thick frontal 
brain sections were prepared (one at the level of the 
cannula track and two adjacent sections with a  mm 
step (+1 mm and –1 mm from the cannula track)). Thus, 
the whole hematoma volume was localized within the 
three slices. Then, these sections were stained with 
hematoxylin and eosin, and scanned on the millime‑
ter grid, using Carl Zeiss software (AxioVision SE64 
Rel.4.9.1) to trace the hematoma contour. The ob‑
tained data were summed. Results of the ICH volume 
measurement were as follows: on the 10th day (group 
2), the respective average volume was 6.68±0.02 mm3; 
on the 30th day (group 3) 6.80±0.04 mm3, and on the 
90th day (group 4) 6.54±0.04 mm3. No statistically sig‑
nificant differences between the above groups were 
found.

Fig. 1 and Fig. 2 illustrate lesion areas and photo‑
micrographs of the hemorrhage area within the rat 
brain sections. The hemorrhage in all cases was lo‑
calized approximately in the same region, although 
there is some variability (Fig.  1). Fig.  2 shows that 
blood traces (erythrocytes) are present on the 10th 
day. On the 30th day, foci of injury were still visible. 
On the 90th day, however, a  complete absence of the 
blood traces was observed (Fig. 2). The injury area in‑
cluded lacunae with multiple cells (glial cells, macro‑
phages), which are signs of the glial scar formation. 
This fact can be explained by complete elimination of 
the products of erythrocyte destruction (hemosider‑
in) by macrophages.
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Fig. 1. Photographs of unstained brain sections of rats with injections of autologous blood illustrate the brain lesions sites (in black). Three brain sections 
placed vertically are presented for each animal in group 5 (n=6).
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Inverted screen motor test

Before electrophysiological and morphological 
study, a  modified version of the Kondziela’s invert‑
ed screen test was used to measure the grip strength 
of the rat limbs (Kondziela, 1964; Trias et al., 2017; 
García‑Campos et al., 2020; Badae, 2020). Rats were 
placed on a  square wire screen (250 mm × 300 mm) 
with 15 mm holes, and with a soft pad placed below it. 
The screen was slowly inverted for 180 deg until the 
rats were suspended upside down on the surface of the 
screen. After this, the latency of falling was measured. 
The test was performed three  times during a  30‑min 
interval.

Electrophysiology

Control animals (group 1) and rats after 10, 30 and 
90 days after ICH (groups 2–4, respectively) were used in 
the electrophysiological study to determinate the con‑
duction velocity via the sciatic nerve. The animals were 
anaesthetized with thiopental sodium (60 mg/kg, i.p.). 
The sciatic nerve was separated from the surrounded 
tissue, its proximal part was mounted on two bipolar 
platinum wire electrodes for electrical stimulation, and 
the response (mass action potential) was recorded from 
the distal part. The interelectrode distance between 
the stimulation and recorded sites was ~30  mm. The 

hindlimb muscles and nerves were covered with paraf‑
fin oil in a pool formed by the skin flaps. The pools were 
maintained at 37–38°C using radiant heat. The heart 
rate (ECG) was also continuously monitored during the 
experiment. Stimulation of the nerves was performed 
by trains of 0.2‑ms long rectangular current  pulses at 
a frequency of 3 s‑1 during 30 s (stimulation series). Six 
stimulation  sessions (with 60‑s rest periods between 
series) were applied. The stimulus intensity was set 
1.3–1.5 times higher than the motor threshold. To min‑
imize the motion during electrical stimulation, the an‑
imal’s head and stimulated hindlimb were fixed to the 
platform. The output channels of CED (input‑output 
interface device (CED Power 1401, UK)) generated com‑
mand signals for a standard isolation unit (model DS2A, 
Digitimer, UK) sending stimuli to the nerves. Signals 
from the nerves were amplified by Brownlee model 440 
amplifiers (Brownlee Precision Co., USA) and collected 
by a PC using the CED with 12‑bit resolution at rates of 
10 kHz. Data acquisition was performed using the pro‑
gram “Spike2” (CED).

Light and electron microscopy

After the electrophysiological study, animals were 
additionally anesthetized with thiopental sodium 
(50 mg/kg, i.p.). Identical parts of the ipsi‑ and contra‑
lateral sciatic nerves in rats of all groups were quickly 
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Fig. 2. Photomicrographs of rat brain sections with hemorrhage (within the internal capsule) on 10th, 30th and 90th days after stroke modeling (hematoxylin 
and eosin staining). On the 10th day the hemorrhage is still present, on the 30th and 90th days a lacuna is formed in the place of hemorrhage.
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removed and fixed in a  solution of 10% neutral buff‑
ered formalin (NBF, pH 7.4). Four grams of NaH2PO4 and 
6.5  g Na2HPO4 were dissolved in 1.0 l of 4% formalde‑
hyde (“Merck”, Germany) solution with distilled water 
to prepared 10% NBF (pH was adjusted with 1 M NaOH). 
Cryostat frozen longitudinal sections of the nerves 
(15  µm thick) were stained using silver method. Light 
microscopy images were optically grabbed by Olym‑
pus Microscope (Olympus BX 51). In electron micros‑
copy (EM) study fragments of sciatic nerve were fixed 
in 2.5% solution of glutaraldehyde in phosphate buffer 
with 1% osmium tetrachloride. Dehydration was car‑
ried out in alcohols of increasing concentration (70%, 
80%, 90%, 100%) and acetone. Samples of impregnated 
nerves were poured into a  mixture of Epon‑Araldite. 
Ultrathin sections (90  nm thick) were made using an 
ultratome (Reihart, Austria). Contrast was performed 
in 2% sodium citrate and uranyl acetate. Nerve sections 
were analyzed with a  scanning electron microscope 
(Tescan Mira 3 LMU, Czech Republic). 

Morphometry

The diameter of a myelinated fibers and the thick‑
ness of the myelin sheaths were measured using the 
CarlZeiss software (AxioVision SE64 Rel.4.9.1). For this, 
the values of the larger and smaller diameters of an in‑
dividual fibers (since a transverse section of the nerve 
fiber usually has an ellipsoid shape) were measured 
and the mean values was calculated ((larger diameter + 
smaller diameter)/2). Usually, 20–50 fibers per sample 
were measured. The thickness of the myelin sheath was 
measured as the length from the border of the inner 
myelin lamella with the axon membrane to the outer 
contour of the myelin fiber.

The method of morphometric quantification of 
nerve fibres was based on the random selection of sev‑
eral test zones and their assessment in each studied 
nerve. First, longitudinal sections of 15 µm thickness 
through the length of the nerve were selected. Fur‑
ther, the number of nerve fibres impregnated by silver 
nitrate was counted under the eyepiece micrometer 
(magnification ×400) and translated into the density 
per nerve thickness according to the formula. By the 
formula, the number of fibres in the test zone was con‑
verted to a  density in mm2 (units/test zone) (Strelin 
and Evsyukov, 1965; Gumenyuk et. al., 2018).

The density of nerve fibres = N × 106
,

T × 170

where N is the number of nerve fibres, T is the thick‑
ness of microsections (15 µm), and 170 is the length of 
test zone (170 µm).

Carl Zeiss software (AxioVision SE64 Rel.4.9.1) was 
used for this analysis.

Statistical analysis

The data obtained in the behavioral study are ex‑
pressed as means ± SEM. One‑way ANOVA was used to 
analyze the values. We considered the factor of group of 
animals with 4 levels – intact animals, and those after 
ICH on the 10th, 30th and 90th day. A Bonferroni post hoc 
analysis was used to determine the differences between 
groups. The level of significance was set at P<0.05.

Electrophysiological data were subjected to two‑way 
statistical analysis of variance (ANOVA) and displayed 
graphically. Mean values ± SEM of the conduction ve‑
locity via the sciatic nerves were compared in the in‑
tact animals and after ICH on the 10th, 30th and 90th day. 
The variation factors included two conditions: groups 
of animals and contra‑ and ipsilateral sides. A Bonfer‑
roni post hoc analysis was also used to determine the 
differences among groups. The level of intergroup dif‑
ferences of significance was set at P<0.05.

The histological results are also expressed as means 
± SEM. The diameters in the sciatic nerve (in the right 
and left hindlimbs) as well as densities of nerve fibres 
in the same nerve samples of all rats were analyzed. In‑
tergroup differences were evaluated by two‑way ANO‑
VA followed by the Bonferroni’s multiple comparison 
test. Differences of the mean values with P<0.05 were 
considered as significant.

Before performing the ANOVA, the Shapiro‑Wilk 
test was used to test the normality of the data distri‑
bution. At the P>0.05 level, the test did not show evi‑
dence of non‑normality. Homogeneity of variance was 
assessed using Levene’s test for equality of variances. 
If the P‑value for Levene’s test was more than 0.05, the 
assumption of homogeneity of variance was considered 
to be met. Data analysis was performed using “Origin 
8.5” (OriginLab Corporation, USA).

RESULTS

Effects of ICH on grip strength in rats

In this work, to determine the effect of experimental 
ICH in rats within different time periods, we evaluated 
the grip strength using the Kondziela’s inverted screen 
test in animals of all groups. A significant decrease in 
the motor function was observed on all studied days in 
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rats with experimental ICH in comparison with animals 
of the control group (F1,34=824.61, P<0.001, F1,34=803.56, 
P<0.001 and F1,34=614.02, P<0.001, respectively). The 
mean latency to fall was 234.6 ± 28.2 s, 55.3 ± 8.1 s, 56.4 
± 11 s, and 77.2 ± 12.1 s in rats of the control group and 
on the 10th, 30th and 90th day after ICH, respectively. We 
used Shapiro‑Wilk test to estimate normality of distri‑
bution of data in all groups of animals. It was found, the 
test did not show evidence of non‑normality (W=0.90, 
P=0.08, W=0.96, P=0.73, W=0.95, P=0.45 and W=0.95, 
P=0.54 in 1–4 groups of animals, respectively). Addi‑
tionally, we used standard Levene’s test of equality of 
error variances for testing of homogeneity of variances 
(HOV) of each group of tested animals. According to the 
Levene’s test for equality of variation (at P>0.05), there 
was homogeneity of variance for all animal groups. 
Note that no significant differences between values of 
the groups 2–4 were found (P>0.05) (Fig. 3).

Electrophysiology

In an electrophysiological part of the study the 
mean conduction velocity 35.5±3.9 m/s was registered 
in the left sciatic nerve of the animals of the control 
group. The Shapiro‑Wilk test did not show evidence 
of non‑normality in data of control animals (W=0.95, 
P=0.107) as well as in animals of groups 2–4 (W=0.95, 

P=0.112, W=0.94, P=0.073 and W=0.95, P=0.133). Ten days 
after ICH in rats of group 2, the mean conduction veloc‑
ity via the contralateral (related to the hemisphere with 
ICH) sciatic nerve was by 15% lower compared to the 
control; nevertheless, this difference between animals 
of groups 1 and 2 did not reach the significance level 
(F1,70=3.62, P=0.061). There was HOV for animals of these 
groups, as assessed by Levene’s test (F=1.97, P=0.16). 
Thirty and 90  days after ICH in rats of groups 3 and 
4, the mean conduction velocity was much lower com‑
pared to the control by 62% (F1,70=77.14, P<0.001) and 
60% (F1,70=58.18, P<0.001), respectively, and these differ‑
ences were statistically highly significant (Fig.  4). By 
the Levene’s test, HOV for above animals groups were 
F=4.02, P=0.072 and F=1.74, P=0.22, respectively. In all 
cases the assumption of homogeneity of variance was 
considered to be met. Differences in the conduction ve‑
locity between animals of groups 3 and 4 were insignif‑
icant. It should be noted that there was no statistically 
significant difference in the conduction velocity via the 
sciatic nerve between ipsi‑ and contralateral nerves in 
the animals with ICH, as well as in intact rats.

482 Acta Neurobiol Exp 2022, 82: 477–488

Fig. 3. A histogram of latency to fall of the control animals (black column) 
and rats with ICH on 10th, 30th and 90th day (grey columns), respectively. 
Grip strength was measured using the Kondziela’s inverted screen test. 
Asterisks denote significant differences between control group of animals 
and other groups of rats (*P<0.05).

Fig. 4. Mean conduction velocity (mean ± SEM) via the sciatic nerve of the 
animals of the control group and rats on the 10th, 30th and 90th day after 
intracerebral hemorrhage (ICH). Black, dark grey and light grey (stripped) 
bars is conduction velocity via the unilateral nerve (in control) and in 
ipsi‑ and contralateral nerves on the 10th, 30th and 90th day, respectively. 
Asterisks denote significant differences in mean conduction velocity via 
the sciatic nerve of control animals vs. conduction velocity via the nerve 
of other groups of rats (*P<0.05); # and ## – conduction velocity via the 
ipsi‑ and contralateral nerve (respectively) of animals on 10th day after ICH 
vs. on 30th and 90th day after ICH (#P<0.05, ##P<0.05).



Intracerebral hemorrhage and neurodegenerationActa Neurobiol Exp 2022, 82

Morphometry

The method of silver impregnation allowed us to 
morphologically evaluate samples of the sciatic nerve 
fibres. According to the data of light microscopy, the 
common morphological organization of the sciatic 
nerve in rats of groups 2 and 3 on the 10th and 30th days 
after ICH modeling showed no dramatic visual dif‑
ferences from the control (group 1). However, in the 
histological sections of the nerve semples obtained 
from these groups, bilateral decreases in the intensi‑
ty of impregnation were revealed. On the 30th day, free 
Schwann cells were observed between nerve fibres of 
the ipsi‑ and contralateral nerves in animals of group 
3. This phenomenon may be a  manifestation of dedif‑
ferentiation of the Schwann cells on the background 
of degeneration of the nerve fibres. In addition, local 
swellings were observed, mainly within the areas close 
to the nodes of Ranvier (Fig.  5A–D). The data of mor‑
phometric analysis showed that the mean diameter 
and density of myelinated fibres in the experimental 
groups 2 and 3 were significant decreased. The diam‑
eter of nerve fibres in groups of animals 2 and 3 were 
~20% less in comparison with the control (Table 1), and 
the density of such fibres was ~27% less compared to 
that in group 1 (Table 1). On the 90th day in rats of group 
4, in addition to a decrease in the level of impregnation 
(Fig. 5E, 5F), significant decreases in the mean diameter 
of nerve fibres by 39.5% and 47.5% (ipsi‑ and contra‑
laterally) and decreases in the mean density by 41.8% 
and 71.5% (ipsi‑ and contralaterally, relative to the side 
of the ICH, Table 1) were observed. This was especially 
noticeable in the contralateral sciatic nerve. It should 
be noted that paresis of the left (contralateral) hind‑
limb developed on the 90th day in animals of the fourth 
group. In animals with limb paresis, individual fascicles 
were observed, with the absence of nerve fibres were 
found; those contained only neurolemmocytes, peri‑
neurium, and blood vessels. The products of degener‑
ated nerve fibers decay and infiltrating macrophages 

were no longer observed, indicating their complete 
elimination in terms of 30 to 90 days. This fact may be 
an additional confirmation of structural disorders of 
the pyramidal tract.

Electron microscopic examination was additionally 
carried out to confirm the hypothesis of delayed neu‑
rodegeneration. Ultrastructure changes in myelinat‑
ed nerve fibres were investigated. On the 10th day af‑
ter ICH, a notable axonal pathology was not observed. 
One month after ICH, however, various lesions of axo‑
nal structures (axial cylinders and myelin sheath) were 
observed. A  lot of myelin sheaths looked to be swol‑
len and lost their regular laminations. Axoplasmic and 
myelin degeneration was the most frequent finding 
in these nerve fibres. Various vesicles and osmophilic 
corpuscles in the axoplasm were observed, and a reduc‑
tion of the diameter of the axis cylinders was obvious 
(Fig. 6). Such injuries became more intense as the ICH 
consequences progressed.

The analysis of the ultrastructure myelinated nerve 
fibres demonstrated a variable pattern of the changes. 
A  significant resistivity of the axial cylinders to dam‑
age was noted, an increase in the mean diameter of ax‑
ial cylinders was observed in a small number of myelin‑
ated fibres (1.23±0.06 µm in the contralateral nerve and 
1.18±0.05 µm in the ipsilateral nerve vs. 0.90±0.03 µm in 
the control nerve, P<0.05). It should be noted that seri‑
ous abnormalities in non‑myelinated fibres (such as at‑
rophy) were not observed. In all cases of morphological 
assessments, data normality test did not show evidence 
of non‑normality (P>0.05) and HOV was considered to 
be met (P>0.05).

DISCUSSION

In our experimental model with the above‑de‑
scribed technique of damage of the internal capsule 
there are several pathological factors, namely acute 
mechanical destruction and injection of autologous 
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Table 1. Changing the mean diameter and density of myelinated fibres of the sciatic nerve after ICH.

Groups
Mean fibres diameters, µm Mean fibres density, units/test‑zone

contralateral nerve ipsilateral nerve contralateral nerve ipsilateral nerve

Control 8.17±0.19 (unilaterally) 10980.35±78.4 (unilaterally)

10 days after ICH 6.33±0.13* 6.50±0.14* 7647±58.82* 8823.5±98.4*

30 days after ICH 6.35±0.15* 7.21±0.18*,** 7447±61.82* 8235.3±117.6*,**

90 days after ICH 4.29±0.12* 5.67±0.15*,** 3137.1±68.6* 6274±58.3*,**

Two‑way ANOVA was used to calculate mean diameter or density of myelinated fibres. * P<0.05 – between nerve fibres diameters/density in animals after ICH and control group; 
** P<0.05 – between ipsi‑ and contralateral nerve in the same group.
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Fig. 5. Photomicrographs of silver impregnated sciatic nerve fibres of rats, on the 10th day (A, B), 30th day (C, D) and 90th day (E, F) after intracerebral 
hemorrhage (ICH). Left column (A, C, E) corresponds to the left or contralateral (related to hemisphere with ICH) sciatic nerve; right column (B, D, F) 
– ipsilateral (right) sciatic nerve. fms – focal myelin swelling; fSc – free Schwann cell; nf – nerve fibre; nR – node of Ranvier. Scale bar 40 μm on (F) also 
appreciated for (A–E).
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blood into this site. From our own experience and 
various described modifications of the experiments 
(Makarenko et al., 2013; Savosko et al., 2013) we have 
concluded that both these factors cause damage of the 
white and gray matter of the brain (including neu‑
ronal degeneration, brain edema, angionecrosis, and 
migration of macrophages, microgliocytes, and neu‑
trophils to the damage site). As is known, a mechani‑
cal injury is always accompanied by local hemorrhage, 
but to standardize the latter (standard blood volume, 
hemorrhage topography) we additionally introduce 
autologous blood. After such manipulation, blood re‑
flux does not occurs via the needle track, and there 
is no need to re‑inject the blood for correction of the 
hematoma volume as described by Yang et al. (1994) 
and Deinsberger et al. (1996). That’s why local brain 
damage in our model can be extrapolated to the study 
of some pathophysiological aspects of acute mechan‑
ical trauma, brain hemorrhage, and combined trauma 
with hemorrhage, as shown in the studies on subcor‑
tical capsular infarcts and intracerebral hemorrhage 
(Ma et al., 2011; Kim et al., 2014; Katsuki and Hijioka, 

2017). A method of reproduction of a spontaneous in‑
tracerebral hemorrhage has not been invented yet. So, 
all experimental models are related to at least a min‑
imal traumatic factor, although Lee and coauthors 
described spontaneous intracerebral hemorrhages in 
SHRSP male rats using modified high‑salt low‑protein 
“Japanese‑style” diet; these hemorrhages, however, 
were unpredictable in their localization and volume 
(Lee et al., 2007).

In our experiments, the track of the cannula (nee‑
dle), through which the internal capsule was de‑
stroyed, and blood was injected, partially damaged 
the somatosensory cortex. Paresis of the hindlimb 
occurred after significant damage to the internal cap‑
sule, and it appeared to be a successful way to damage 
many components of the corticospinal tract. We have 
found that mechanical destruction of the internal cap‑
sule as a  simple way to induce degenerative changes 
in the corticospinal tract, similar to those after focal 
introduction of malonate, ouabain or endothelin‑1; 
such intervention result in a  partial loss of mobility 
of the contralateral limb (Janowski et al., 2008; Lec‑
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Fig. 6. Scanning electron microscopy images of right sciatic nerve samples in control (A), on 10th day (B), 30th day (C) and 90th day (D) after intracerebral 
hemorrhage (ICH). Sciatic nerve on 10th day after ICH with low magnification is presented in (E). Asterisks in (B, D) show degenerating myelin (local 
swellings). White arrow in (C) indicates on various vesicles and osmophilic corpuscles in the axoplasm arrows. Scale bars: 2 μm for D (also appreciated for 
A–C) and 10 μm for (E).
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rux et al., 2008; Blasi et al., 2015; Cirillo et al., 2018). 
Primary lesion of the internal capsule (destruction 
of axons and demyelination after a  mechanical dam‑
age, soaking of the brain with blood) is combined with 
secondary damage of the corticospinal pathways by 
products of hemolysis and degradation of heme. This 
makes impossible transmission of the descending sig‑
nals via the spinal cord, thereby causing hemiparesis 
(Katsuki and Hijioka, 2017). A  secondary damage (at‑
rophy) progresses with the increase of synthesis of 
proinflammatory factors (leukotriene B4, IL‑1β, IL‑6) 
and appearance of neutrophils stimulated by chemo‑
taxis in the hemorrhage zone (Hijioka et al., 2017). 
This is proved by progressive rostrocaudal Wallerian 
degeneration and poor functional outcome in stroke 
patients in three months (Venkatasubramanian et al., 
2013). In our experiments, suppression of locomotor 
activity was delayed and progressing. Those also were 
the features of gradual loss of nerve fibres in the sci‑
atic nerve, which was an obvious result of secondary 
damage after a hemorrhage in the internal capsule.

In our study, the inverted screen motor test has 
been used to assess the motor deficits in rats with ICH. 
Recently, this test was used in rats with intracerebral 
haemorrhage after atorvastatin intake (Badae, 2020), in 
those animals with modeled amyotrophic lateral scle‑
rosis (Trias et al., 2017), and in mice with an impaired 
muscle function (García‑Campos, 2020). In those stud‑
ies, there was a significant variability of the latent pe‑
riod of negative symptoms in the animals, apparently 
due to the peculiarities of the test in each particular 
study. For example, Badae (2020) in his work noted that 
the grip strength and muscle force in animals after 
intracerebral hemorrhage were partially recovered in 
the first day and then within a week, remained almost 
unchanged. Although the experiment in Badae’s work 
lasted only a week, in our study we found a similar pat‑
tern of the functional changes.

It is known that the silver nitrate impregnation 
technique is effectively used to investigate the ar‑
chitecture of axons (Lourbopoulos et al., 2007; Goeb‑
bels et al., 2010; Nauta and Ebbesson, 2012). It is also 
known that myelin degeneration is the most frequent 
injuries in the nerve fibres (Wasserman et al, 2008). 
A  Schwann cell forms a  myelin sheath by wrapping 
its plasma membrane concentrically around the in‑
ner axon. Approximately 30% protein and about 70% 
hydrophilic phospholipids and glycolipids compose 
myelin (Kiernan, 2007). To preserve of the protein‑lip‑
id structure of myelin it is necessary to use a  frozen 
sections because solvents used in paraffin processing 
extract most lipids (Kiernan, 2007). Hence, among 
the possible research methods, the silver impregna‑
tion technique (with using freezing process for cut‑

ting‑sections) is appropriate for this type of the study 
and for the objective.

The results of electrophysiological and morpho‑
logical studies confirm the development of demyelin‑
ization and degeneration of nerve fibres of the sciatic 
nerve in studied terms. In the view of the decrease in 
the conduction velocity via the nerve and the signifi‑
cant loss of nerve fibres on the 30th day, it is assumed 
that the latter term (30 days) is a critical period, after 
which neurodegenerative changes in the nerve begin 
to progress more rapidly. The results of electrophysi‑
ological studies showed a  significant decrease in the 
mean conduction velocity on the 30th and 90th day af‑
ter the ICH in comparison with the control. One of the 
factors influencing the conduction velocity through 
the nerve may be structural changes in the axons and 
a  resulting decrease in the diameters of the latter. 
Also, these modifications should be related to the fail‑
ures in the process of formation of the cytoskeletal 
structures and a slowdown of transport of the neuro‑
filaments. Apparently, these effects are based on met‑
abolic shifts, in particular intensification of non‑en‑
zymatic glycosylation and malfunctions of phosphor‑
ylation of structural proteins in the injured neurons 
(Kostyuk et al., 1996). Furthermore, local swellings, 
which have been observed in the nerve filaments, may 
also be an additional factor responsible for a decrease 
in the conduction velocity. These changes lead to de‑
generation of the nerve fibres, first of all to damage 
to myelin sheaths of the latter. Ultrastructural mani‑
festations of these changes are swellings, deformation 
of the myelin sheath, and detachment of myelin from 
the axon. It can be ruled out that demyelination is an 
early phase in the degeneration of the entire neuron, 
and it will, in the future, result in atrophy of the fibres 
or Wallerian degeneration. Kolaric et al. (2013) in his 
study demonstrated that single swellings accompa‑
nied by demyelination of the swollen region attenuate 
the conduction, whereas multiple swellings in similar‑
ly demyelinated axons demonstrated greater slowing 
down of the conduction at equivalent dimensions of 
single swellings. Increasing axolemmal permeability 
greatly decreased the dimensions of a  swelling that 
resulted in conduction block. It was suggested that 
the most important factor that leads to the conduc‑
tion block in swollen axons is not swelling per se or 
accompanying demyelination, but the increased axo‑
nal permeability, which acts as a transmembrane cur‑
rent shunt.

In rabbit studies, Gundogdu et al. (2008) identified 
left sciatic nerve hemiplegia in 8 of 10 animals with 
intracerebral hemorrhage in the right sensorimotor 
cortex. Degenerated axons, myelin sheath abnormal‑
ities, and loss of axons were detected in the left L3 
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ventral spinal root. A decrease in the number of endo‑
thelial cell nuclei in the arteries (arterial nervorum) 
of the sciatic nerve was observed. The authors con‑
sider the causal relations of the arterial factor with 
degeneration of nerve fibers in the nerve. Structural 
and functional changes in the nerve vessels after in‑
tracerebral hemorrhage can lead to a  significant sci‑
atic nerve damage.

It has also been shown that vasospasm in the spi‑
nal cord (Adamkiewicz artery branches) after spinal 
subarachnoid hemorrhage can lead to injury of the 
third and second sensory neurons of the spinal corti‑
cal sensory pathways and finally lead to neurodegen‑
eration (apoptosis and necrosis) of dorsal root ganglia 
(Ozturk et al., 2015). Degeneration of the nerve end‑
ings that regulate blood flow in the peripheral nerve 
(particularly in the perivascular autonomic nerve 
plexus) can lead to serious disorders of endoneural 
blood flow and nerve damage (Teunissen et al., 2002).

In our work, a  decrease in the diameter of my‑
elinated nerve fibres in the sciatic nerve was regis‑
tered throughout the study period. Main changes 
were noted in the contralateral nerve in relation to 
the hemisphere with ICH, but changes in the ipsilat‑
eral nerve were also significant. Contralateral lesions 
in the peripheral nervous system were anticipated 
because 80‑95% of the corticospinal tract fibers are 
crossed in the medulla oblongata and run dorsomedi‑
ally and dorsolaterally in the rat spinal cord (Lacroix‑
et et al., 2004; Rosenzweig et al., 2009). Morphological 
and functional changes of the ipsi‑ and contralateral 
sciatic nerve described in the above article, are obvi‑
ous causes of bilateral decreases in the conductivity 
through the peripheral nerve of the limbs after a py‑
ramidal tract injury (Chroni et al., 2007; Paoloni et al., 
2010; Hunkar and Balci, 2012). Earlier, Schmalbruch 
(1986) examined the sciatic nerve of rats and found 
that a vast majority of the unmyelinated nerve fibres 
are afferent. This may explain the fact that intact un‑
myelinated fibers found in the sciatic nerve (in the 
case of an injured pyramidal tract and degenerated 
myelinated fibres) are obviously efferent. These data 
demonstrate that bilateral changes in the peripheral 
nervous system apparently are the result of unilateral 
ICH.

CONCLUSION

Thus, our study showed that local unilateral brain 
injury using a model of hemorrhagic stroke in rats can 
induce time‑delayed strong structural and functional 
changes in the sciatic nerve, which lead to bilateral de‑
generation of peripheral nerve fibres.
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