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The long-term sequelae of traumatic brain injury (TBI) in humans are linked with the development of 
convulsions and cognitive and emotional disorders and are also associated with acceleration of brain aging 
processes and the formation of hippocampal sclerosis (HS). The mechanisms of these complications remain 
incompletely understood and treatment is extremely diffi cult. Existing data obtained using experimental 
models in animals do not provide a clear assessment of these mechanisms. The present study clarifi es the 
long-term histological, behavioral, and electrophysiological sequelae of TBI in rats. Six months after lateral 
hydrodynamic blows, animals displayed severe asymmetrical gliosis in hippocampal fi eld CA3 and the 
dental gyrus in the form of fi brillary astrogliosis, with an increase in the number of glial cells and depletion 
of the pyramidal layer of fi eld CA3 in the ipsilateral hemisphere (corresponding to type 3 HS in humans); 
sham-operated animals displayed only symmetrical gliosis (isolated gliosis in the human HS classifi cation). 
The behavior of the rats six months after TBI and the sham procedure was characterized by decreases in 
motor activity, which some signs of increased anxiety. Behavioral impairments were more severe in rats 
after TBI, mainly due to decreases in exploratory activity. The long-term period of TBI was characterized 
on ECoG by prolonged spike-wave discharges in the cortex and asymmetry of epileptiform spikes in the 
hippocampus. Two rats in the late period demonstrated epileptic seizures. Intense brain aging processes in 
rats with TBI and the development of neurodegenerative changes in the hippocampus may be linked with 
chronic remote neuroinfl ammation, which plays an important role in the development of posttraumatic 
epilepsy and dementia.
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 Introduction. Traumatic brain injury is a serious risk 
factor for neurological and psychiatric disorders in the long-
term period of trauma: more than half of patients develop 
emotional and cognitive disorders and sleep impairments, 
while 10–20% develop posttraumatic epilepsy (PTE) [Jorge 

and David, 2012; Christensen, 2015]. The presence of TBI 
in the history is in important risk factor for dementia in el-
derly people [Wood, 2017; Fann et al., 2018]. Degenerative 
changes on MRI scans in patients with TBI are apparent 
at earlier age than in control subjects without TBI [Cole et 
al., 2015]. This points to faster “brain aging” (atrophy in 
various areas) in patients with histories of trauma, whose 
severity correlates with cognitive impairments. The mech-
anisms of these changes remain incompletely understood. 
The process of acute damage due to TBI are characterized 
by damage to the BBB, attraction of immune cells, activa-
tion of the resident microglia, reactive astrogliosis, and pro-
duction of pro- and anti-infl ammatory cytokines in response 
to the appearance of damage-associated molecular frag-
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SO group. During the experiment, rats lost no more than 
10% of body weight.
 Surgical preparation and modeling of TBI. TBI was ap-
plied using a lateral hydrodynamic blow model [McIntosh et 
al., 1989; Kabadi et al., 2010]. Operations were performed 
under 1–3% isofl urane anesthesia. After scalping, all ani-
mals underwent trepanning of the skull (AP = 3, L = 3, pro-
jection of the right sensorimotor cortex, opening diameter 
3 mm). We have previously described the immediate area 
of damage in this TBI application protocol [Komoltsev, et 
al., 2019], which includes the sensory (representation of the 
abdomen and whiskers), parietal, auditory, and visual areas 
of the neocortex. The head of a Luer-type injection nee-
dle was established at the edges of the trepanned opening. 
After complete recovery of rats from anesthesia, the head 
of the needle was connected via rigid plastic tube to a Fluid 
Percussion Device with PC-Based Measurement Unit mod-
el FP302, USA. Rats of the TBI group, in conditions of free 
behavior, received a blow of force 2.4–3.6 atmospheres. 
The needle head was removed from all animals and open-
ings were covered with a bone patch and the edges of the 
wound were fi xed.
 Behavioral testing. Testing of initial behavioral activi-
ty was performed one month before craniotomy (at age fi ve 
months). Motor and exploratory activity and elements of 
anxiety behavior were evaluated in the open fi eld (OF) test, 
the elevated plus maze (EPM) test, and the Porsolt test over 
three days in this order. Repeat testing in the OF and EPM 
were run three and two days, respectively, before electrode 
implantation, at age 12 months (six months after TBI). The 
repeat Porsolt test was performed after a seven-day EEG 
recording period before animals were removed from the 
experiments.
 The EPM assesses animals’ anxiety levels [Bailey and 
Crawley, 2009]. Maze arms were 50 cm long and the fl oor 
was divided into segments of 10 cm for assessment of paths 
covered. Arms were 10 cm wide, the central platform was 
of size 10 × 10 cm, and the walls of the closed arms were 
10 cm high. Illumination was 6–8 lx in the closed arms and 
12–15 lx in the open arms. The rat was placed on the central 
platform of the EPM facing an open arm. The duration of the 
fi rst stay by the rat in the central platform (the latent period, 
LP), the time taken to choose an arm on crossing the cen-
tral platform (i.e., the total time spent on the central platform 
without considering the LP), and the number of crossings 
were determined. Numbers of squares crossed were mea-
sured and were used to calculate the path covered in the maze 
arms. Rats’ exploratory activity was evaluated in terms of 
the total number of rearings and hangings, and the numbers 
of peeps out of and peeps into the arms were counted. The 
arms and central area were regarded as departed when all 
four paws were outside the corresponding square. The times 
spent in the open and closed arms of the maze were deter-
mined, along with the numbers of entries into the open and 
closed arms. The total time spent in the maze was 300 sec. 

ments which trigger infl ammatory processes [Thompson et 
al., 2005; Simon et al., 2017]. In the long-term period of 
TBI (more than a week after trauma), acute neuroinfl am-
mation progresses to the chronic phase. Activation of the 
microglia and production of proinfl ammatory mediators are 
accompanied by further death of neurons and progressive 
atrophy [Puntambekar et al., 2018]. The development of 
remote chronic neuroinfl ammatory processes in the hippo-
campus can lead to the formation of cognitive defi cit and 
emotional impairments in the late period of TBI [Vezzani 
et al., 2012]. Chronic neuroinfl ammation is accompanied 
by parallel processes of neurogenesis and neuroplasticity, 
which are entrained to restore brain functions lost as a re-
sult of neuron death, though in some cases they promote 
the development of aberrant neural networks producing late 
epileptic seizures [Gulyaeva, 2010]. Despite active studies, 
the mechanisms and early predictors of the development 
of PTE remain to be identifi ed. In our previous study, we 
demonstrated both the presence of epileptiform activity in 
the cortex and hippocampus and remote hippocampal dam-
age (arising at a distance from the focus in the cortex) in the 
absence of epileptic discharges in the acute period of TBI 
in rats [Komoltsev et al., 2018]. In addition, in the acute 
period of TBI, we identifi ed elements of anxiety behavior 
associated with decreases in the proportion of REM sleep 
[Komoltsev et al., 2017]. The aim of the present work was 
to carry out a complex characterization of changes in the 
late period of TBI in rats in comparison with results ob-
tained in previous studies. The experimental tasks were to 
assess morphological changes in the hippocampus and the 
relationship between the histological picture and the cur-
rent classifi cation of hippocampal sclerosis in humans, to 
characterize behavioral changes in the late period of TBI, 
and to identify epileptic seizures and epileptiform activity 
in animals at six months after trauma.
 Methods. Animal experiments were performed in 
compliance with the requirements of Directive 2010/63/
EU of the European Parliament and Council of September 
22, 2010, an Order No. 267 of the Ministry of Health of 
the Russian Federation of June 19, 2003, regarding the 
protection and use of animals in experimental research. 
The experimental protocol was approved by the Ethics 
Committee of the Institute of Higher Nervous Activity and 
Neurophysiology, Russian Academy of Sciences (protocol 
No. 10 of December 10, 2012). All measures for reducing 
the number of animals used and minimizing their suffering 
were taken. Experiments were performed on 20 male Wistar 
rats from the Pushchino animal laboratory aged about six 
months (weight 400–500 g) when the experiments started; 
rats were divided into two groups – rats with TBI (n = 13, 
three excluded) and sham-operated rats (SO, n = 7, one ex-
cluded). Animals with damage to the integrity of the dura 
mater were excluded (1 TBI, 1 SO). Mortality at six months 
was 16% (two rats of the TBI group). All further calcula-
tions were based on 10 rats of the TBI group and six of the 
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associated with a specifi c animal by comparing the ratio of 
amplitudes. The ratio for the dorsal hippocampus was 1.5, 
compared with 1.1 for the ventral hippocampus. The du-
rations of spike-slow wave complexes in the cortex were 
also measured.
 Morphological analysis. At six months after TBI and 
one week after recording the EEG, rats were anesthetized 
with chloral hydrate (450 mg/kg) and harvested from exper-
iments by intracardiac perfusion with 4% paraformaldehyde 
solution in 0.1 M phosphate buffer pH 7.4 using a Heidolph 
Pumpdrive 5001 pump. Vibratome frontal slices of thick-
ness 50 μm were cut on a Campden Instruments MA6752 
Vibroslice microtome. Slices from the area 2.8 mm to 
5.6 mm caudal to the bregma were analyzed (distance be-
tween slices at least 600 μm) after staining with cresyl vi-
olet by the Nissl method. Immunocytochemical staining 
was for the microglial marker GFAP (diluted 1:500, Dako, 
Denmark). Morphometry in ImageJ used images magni-
fi ed ×20 (Keyence BZ-X700 Fluorescence Microscope). 
Quantitative analysis was performed using four slices 
stained for GFAP and four slices stained by the Nissl meth-
od from each animal. All counts were carried out on both 
the ipsilateral and contralateral hemispheres. Slices stained 
by the Nissl method were used to measure the thickness of 
the granular layer of the dentate gyrus (DG) and the pyra-
midal layer of fi elds CA1 and CA3 of both hemispheres. 
Three measurements were made for each fi eld on each slice 
and values were averaged. The same slices were used for 
counting the numbers of glial cells throughout the polymor-
phic layer of the dentate gyrus and the radial layer (radial 
dendritic layer) of fi elds CA1 and CA3. Nerve cells on slic-
es were identifi ed from the presence of stained neuron bod-
ies and Nissl substance in the cytoplasm, glial cells being 
discriminated on the basis of nuclear staining intensity and 
the absence of stained cytoplasm. Astrocyte numbers were 
counted in slices stained for GFAP (a specifi c marker for as-
trocytes) using three fi elds of view of 150 × 150 μm in each 
area (DG, CA1, CA3) on each slice. Values from the three 
measurements in each area were averaged. The extent of 
hippocampal gliosis was determined using a points scheme 
(0–3 points) on slices stained for GFAP.
 Statistical methods. Calculations were run in Statistica 
12 (StatSoft Inc.). The TBI and SO groups were compared 
using the Mann–Whitney test; within-group time points 
were compared using the Wilcoxon test. Ratios of discharge 
duration and spike asymmetries were measured in the elec-
trophysiological part of the study using the two-way Fisher’s 
exact test. Results are presented as mean ± standard error of 
the mean.
 Results. Morphological changes in the hippocampus 
in rats six months after TBI. Morphological changes in rats 
in the long-term period of TBI and sham-operated animals 
were compared with the classifi cation of human hippocam-
pal sclerosis (HS). HS in histological studies in humans and 
experimental studies was confi rmed (1) by the presence of 

The OF test evaluates activity and anxiety. The experiment 
used a round open fi eld with a diameter of 100 cm, the fl oor 
being divided into squares of size 10 × 10 cm for assessment 
of paths covered. Wall height was 30 cm. The times spent in 
the central and peripheral parts of the OF were measured, 
along with the number of crossings of the center of the OF. 
Horizontal activity was assessed in terms of path covered and 
vertical activity was measured in terms of rearings; autonom-
ic reactions were assessed from defecations and urinations. 
The total duration of the test was 300 sec. Experiments were 
analyzed using video recordings in the Noldus automatic 
processing program. The forced swimming test (Porsolt test) 
was performed in a tall, transparent cylindrical glass (height 
65 cm, diameter 30 cm) fi lled to a depth of 55 cm with warm 
(23–24°C) water. The rat was placed in the center of the glass 
and its behavior was recorded using a video camera. The total 
duration of the test was 300 sec. Video recordings were used 
to determine the total durations of active and passive swim-
ming (immobility) and the numbers of freezing episodes and 
dives and their durations.
 EEG recording and processing. Six months after the 
fi rst surgery and one day after completion of repeat behav-
ioral tests, rats were scalped and fi ve animals (n = 3 for TBI 
and n = 2 for SO)) underwent implantation of electrodes 
(under anesthesia with 1–3% isofl urane) into the frontal 
and occipital areas of the cortex and the dentate fascia of 
the dorsal and ventral hippocampus (coordinates are given 
in mm: on the rostrocaudal axis from the bregma, laterally 
from the midline, depth from the bone surface): left rostral 
(LR: 1, –3); right rostral (RR: 1, 3); left caudal (LC: –7, 
–3); right caudal (RC: –7, 3); left ventral hippocampus 
(LVH: –6, –4, 4.3); left dorsal hippocampus (LDH: 0, –2, 
5.3); right ventral hippocampus (RVH: –6, 4, 4.3); right dor-
sal hippocampus (RDH: 0, 2, 5.3). The reference electrode 
was implanted over the cerebellum along the midline and 
the ground electrode was positioned rostral to the olfactory 
bulbs on the left of the midline. EEG and video recordings 
were made in separate chambers with free access to wa-
ter and food and natural illumination for seven experimen-
tal days after the behavioral tests. BR8V1 (BioRecorder) 
wireless eight-channel biopotentials amplifi ers were used, 
with 24-bit ADC, input range up to 1200 mV, digitization 
frequency 1 kHz, sampling frequency 250 Hz. Traces were 
assessed in the program EDF browser 1.57 using a Butter-
worth fi lter with a lower limit of 1 Hz and an upper lim-
it of 30 Hz, divided into 20-sec epochs. Analysis of sleep 
structure was based on 15 sleep–waking cycles for each 
rat: phases of the sleep–waking cycle were identifi ed for 
each epoch: NREM sleep (slow-wave sleep phase), REM 
sleep (rapid sleep phase), or waking phase. The amplitude 
of epileptiform activity in the hippocampus was compared 
by computing the ratio of spike amplitude in the left and 
right hippocampus and comparing the resulting ratio for 
each spike with the mean ratio obtained for all spikes. This 
approach decreases variation in the amplitude of activity 
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of the activated state – large, ameboid in shape, few pro-
cesses, and sometimes with perifocal edema. Our previous 
studies showed that these changes in the astrocyte glia were 
not seen in young animals [Komoltsev et al., 2018]. No sig-
nifi cant differences in astrocyte density in the hippocampal 
fi elds were seen between the SO and TBI groups, though 
changes in the hippocampus in the TBI group were marked-
ly asymmetrical (Fig. 2, b). No differences between hemi-
spheres were seen in the SO group. Astrocytes in the ipsi-
lateral hippocampus of rats with TBI displayed less marked 
activatory morphology: the moderate level of gliosis in the 
ipsilateral hemisphere was greater than that in the contra-
lateral hemisphere (1 ± 0.2 points in the contralateral and 
2.1 ± 0.3 in the ipsilateral), p < 0.05; Fig. 2, b); the number 
of astrocytes per slice in fi eld CA3 in rats of the TBI group 
was greater in the ipsilateral hemisphere (10.5 ± 0.6 cells 
vs. 8.9 ± 0.4 cells, p < 0.05). No interhemisphere differ-
ences were seen in the SO group (8.9 ± 0.5 and 8.7 ± 0.7 in 
the ipsilateral and contralateral hemispheres, respectively, 
p > 0.1). Thus, astrocyte hypertrophy occurred in all ani-

astrocyte gliosis and (2) depletion of the cellular layers in 
the hippocampus (due to neuron death).
 Hippocampal gliosis. Nissl staining in rats with TBI 
showed increases in the numbers of glial cells (without dif-
ferentiation into astrocytes, microglia, and other non-neuro-
nal cells) in areas DG and CA3 in the ipsilateral hemisphere 
as compared with the contralateral, and also in the ipsilater-
al hippocampus of rats with TBI as compared with rats of 
the SO group (Fig. 1, a).
 Astrocyte gliosis in the hippocampus. Astrocyte gliosis 
includes an increase in the number of cells and alterations 
in their morphology – increases in the number and length of 
processes and enlargement of astrocyte bodies. Analysis of 
slices demonstrated moderate astrocyte gliosis in the hippo-
campus in rats of both groups (SO and TBI), more clearly 
apparent in fi eld CA3 and the dentate gyrus of the hippo-
campus (Fig. 2, a). Five rats (one SO and four TBI) showed 
signifi cant fi brillary astrogliosis in the DG (three points); 
gliosis of 2 and 3 points was seen in 10 rats (two SO and 
eight TBI). Astrocytes themselves had morphology typical 

Fig. 1. Gliosis and thinning of neuron layers in the hippocampus six months after TBI. a) Number of glial cells in the rat hippocampus 
after TBI, stained by the Nissl method. b) Thickness of the pyramidal neuron layer in the rat hippocampus after TBI. c) Correlation be-
tween thinning of the pyramidal layer in fi eld CA3 and the number of astroglial cells in rats after TBI (stained for GFAP) – the pyramidal 
layer was thinner in rats with severe gliosis (p < 0.05). *Comparison of TBI and SO groups p < 0.05, Mann–Whitney test. #Comparison 
of hemispheres in rats of the TBI group, p < 0.05, Wilcoxon test (dependent variables).
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animals’ age. In the long-term period, TBI produced thin-
ning of the pyramidal layer in fi eld CA3, pronounced asym-
metry of astrocyte gliosis in the ipsilateral hippocampus, 
and increases in the number of glial cells. The pattern of 
astrocyte gliosis and thinning of the hippocampal layers al-
lowed HS in rats of the SO group to be classifi ed as isolated 
gliosis and that in rats with TBI as type 3 HS [Blümcke et 
al., 2013], though the changes were also less pronounced 
and were seen mainly on quantitative pathomorphological 
analysis in rats of the TBI and SO groups as above.
 Behavioral changes six months after TBI. Morpholo-
gical changes in humans associated with age and/or TBI 
correlate with cognitive impairments [Cole et al., 2015]. 
The behavioral part of our study assessed age-related 
changes in the behavior of all rats (as compared with values 
before trauma and six months after TBI) and detected those 
changes which were more pronounced in rats with TBI 
(on comparison of the TBI and SO groups at six months 
post-trauma).
 Behavioral changes in the long-term period of TBI. In 
the EPM at six months after trauma, rats of the TBI group, 
as compared with those of the SO group, showed small-
er numbers of peeps out of and peeps into the maze arms 
(3.6 ± 0.7 in the TBI group vs. 6.3 ± 0.3 in the SO group, 
p < 0.05); initial values in the TBI and SO groups were not 
signifi cantly different (4.6 ± 0,6 and 6.5 ± 1, respectively, 
p > 0.1). Comparison with initial levels (before surgery, at 
age fi ve months) showed that rats after trauma displayed 
a signifi cant reduction in the time spent in the central area 

mals regardless of TBI and was probably linked with age. 
Changes in rats with TBI showed pronounced asymmetry 
the number of fi eld CA3 astrocytes and the level of astro-
cyte gliosis were greater in the ipsilateral hippocampus.
 Thinning and dispersion of the neuronal layers in the 
hippocampus. Thinning of the pyramidal layer in fi eld CA3 
of the ipsilateral hippocampus was seen in rats of the TBI 
group as compared with animals of the SO group (Fig. 1, b). 
No such differences were seen in the contralateral hemi-
sphere. Differences between the ipsilateral and contralateral 
hemispheres in rats of the TBI group were seen at the level 
of a statistical trend (p = 0.1). Thinning of the pyramidal 
layer of fi eld CA3 in the ipsilateral hippocampus in rats 
with TBI correlated with the number of astrocytes in this 
area (r = 0.51, p = 0.03; Fig. 1, c), which was not seen in the 
SO group (r = 0.47, p = 0.35). There were no differences in 
the thickness of the neuron layer in fi eld CA1 and the DG in 
both hemispheres in TBI and SO rats. Thus, the age-related 
changes in astrocytes described above in rats with TBI dis-
played interhemisphere asymmetry and were accompanied 
by thinning of the pyramidal layer of CA3 in the ipsilateral 
hemisphere. In addition, 11 rats (four SO and seven TBI) 
showed dispersion of the pyramidal layer in hippocampal 
fi eld CA3 (impairment of the compact structure of the cellu-
lar layer typical of patients with temporal epilepsy [Houser 
et al., 1990]).
 Thus, the astrocyte gliosis in the hippocampus in rats 
following TBI detected on staining for GFAP was not qual-
itatively distinct from astrocyte gliosis associated with the 

Fig. 2. Astrocyte gliosis in the hippocampus in rats six months after TBI. a) Scale of astrocyte gliosis in the dentate gurus of the 
hippocampus (0–3 points, changes shown by arrows); 3 points corresponds to fi brillar astrocyte gliosis. b) Glial scarring of differ-
ent extents in rats of the SO and TBI groups in the ipsilateral and contralateral hemispheres. Asymmetry in astrocyte gliosis was 
noted in rats of the TBI group (in 80% of rats, the ipsilateral hemisphere showed gliosis rated at 2–3 points). DG, mo – molecular 
layer of the dentate gyrus, DG gcl – granular cell layer, DG pl – polymorphic layer of the dentate gyrus.



214 Komoltsev, Volkova, Levshina, et al.

increases in the time spent in the closed arms (CA). There 
were no changes in the numbers of center crossings and en-
tries into the closed arms in all rats (TBI and SO) on com-
parison of the test results at ages fi ve and 12 months, while 
the number of entries into the open arms decreased (7 ± 1 
on fi rst testing vs. 4 ± 1 at six months after TBI, p < 0.05). 
The distance covered in the EPM test showed no change. 
The distance covered and the mean speed of travel in the 
OF test decreased (Fig. 3, a, b). The time spent by animals 
in movement decreased and the time spent immobile in-
creased. The number of excursions to the center of the OF 
and the time spent in the center did not change in rats. In the 
Porsolt test (Fig. 3, c), all animals six months after surgery 
showed signifi cant reductions in the number of dives and 
their duration. The durations of active swimming and im-
mobility did not change.
 Thus, six months after TBI and sham surgery, all animals 
showed marked reductions in movement activity, and some 
behavioral changes on this background could be explained 

(from 44.4 ± 19.9 sec to 0 sec, p < 0.05) – after departure 
from the central platform (CP) into an arm of the maze, 
the rat did not exit to the center. Furthermore, these ani-
mals showed decreased exploratory activity – the sum of 
the numbers of rearings and hangings decreased six months 
after TBI (from 13.6 ± 1.2 to 8.6 ± 1.4, p < 0.05). These 
differences between the data obtained at ages fi ve and 12 
months were not seen in rats of the SO group; the initial 
total number of hangings and rearings was 12.0 ± 0.9, while 
the number six months after sham operations was 10.5 ± 1.8 
(p > 0.1); the time spent in the central area by rats of the SO 
group decreased but not signifi cantly – the initial time in the 
CP was 52 ± 21 sec, while six months after sham surgery it 
was 15 ± 15 sec (p > 0.1). The OF and Porsolt test showed 
no differences between the SO and TBI groups.
 Age-related changes in the behavior of rats. At age one 
year, all animals became less active then they had been at 
age fi ve months. The EPM (Fig. 3, d, e) showed decreases 
in the time spent in the open arms (OA) with simultaneous 

Fig. 3. Age-related behavioral changes in the open fi eld (OF), elevated plus maze (EPM), and Porsolt tests. a) Behavior in the OF on initial test-
ing and six months after craniotomy. b) Heat maps of behavior in the OF of rats of the SO and TBI groups on initial testing and six months after 
craniotomy. c) Behavior in the Porsolt test in rats in the initial state and six months after craniotomy. d) Behavior in the EPM on initial testing and 
six months after craniotomy. e) Heat maps of behavior in the EPM of rats of the TBI and SO groups at baseline and six months after craniotomy. 
1) Baseline; 2) 6 months. Comparison with initial testing and six months after craniotomy, *p < 0.05, **p < 0.01, Wilcoxon test (dependent vari-
ables). Comparison of time in the CA and the OA on initial testing and six months after craniotomy, §p < 0.05, Wilcoxon test (dependent variables).
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TBI (p < 0.05) (Fig. 4, a). In the SO group, discharge du-
ration was 2.6 ± 1.4 sec, which was no different from dis-
charge duration in 18-month-old rats in our previous studies 
[Komoltsev et al., 2018].
 Electrographic epileptic seizures were recorded in two 
of the three TBI rats with implanted electrodes (Fig. 5). In 
one rat with a large number of prolonged (>10 sec) cor-
tical discharges, the occurrence of activity corresponding 
to freezing of the animal on the accelerometer, which was 
confi rmed on the video recording. This may correspond 
to the nonmotor epileptic seizures described in models of 
posttraumatic epilepsy. Another rat six months after TBI 
displayed myoclonic seizures accompanied by spike-wave 
activity in the cortex, which differed in frequency from the 
previous (about 1.5 Hz). Each discharge was accompanied 
by twitching of the rat, as assessed on the video recording 
and accelerometer.
 Electrical activity in the hippocampus. Six months after 
TBI, rats showed pronounced asymmetry in spike amplitude 
in the ventral but not the dorsal hippocampus (Fig. 4, b). 
These data confi rm that rats with trauma had functional 
changes accompanied by morphological asymmetry as de-
scribed above.
 The sleep-waking cycle in rats six months after TBI. 
Our previous studies identifi ed impairments to the ratio of 
the phases of the sleep–waking cycle in the acute period of 
TBI. The present study did not reveal any changes in the 

by increased anxiety (increased time spent in the closed arms 
of the EPM with no change in the number of crossings of 
the center). Rats with TBI showed a reduction in exploratory 
activity on comparison with rats of the SO group.
 Electrophysiological changes six months after TBI. 
The long-term period of TBI in some animals could be ac-
companied by the appearance of epileptic seizures and epi-
leptiform activity. We analyzed epileptiform activity in the 
cortex and hippocampus. The presence of epileptic seizures 
was confi rmed by video analysis.
 Epileptiform activity six months after TBI. Implantation 
of electrodes six months after TBI involved repeat scalping 
of the rats. Animals with changes in the skull bones as a re-
sult of the fi rst operation found during repeat scalping did 
not undergo electrode implantation because of the impossi-
bility of accurately identifying electrode implantation sites 
and reliable fi xation with dental cement. Recording of the 
ECoG and fi eld potentials was performed in fi ve rats (three 
TBI and two SO).
 At six months after TBI, the cortical EEG showed dis-
charges in the form of spike-slow wave complexes at a fre-
quency of about 7 Hz. These discharges have been described 
not only in rats in models of genetic and acquired epilepsy, 
but also in control animals [Rodgers et al., 2015]. Mean dis-
charge duration in rats six months after surgery was 9.7 ± 1.5 
sec, though the number of discharges with durations great-
er than the mean was signifi cantly greater in animals with 

Fig. 4. Electrophysiological changes six months after TBI. a) The number of discharges greater than the mean (10 sec) was 
greater in rats of the TBI group. b) The number of spikes with amplitude dominance is greater in the contralateral hippocampus 
in rats of the TBI group, indicating asymmetry of high-amplitude activity in the hippocampus. *Fisher’s exact test, p < 0.05.
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asymmetry: the number of astrocytes and the extent of glio-
sis were greater in the ipsilateral hippocampus (dentate gy-
rus (DG) and fi eld CA3) than the contralateral. In addition, 
fi eld CA3 in rats with TBI showed thinning of the pyramidal 
layer, associated with a decrease in the number of neurons 
in this area. Thinning of this layer correlated with the num-
ber of astrocytes and was greater in rats with marked glio-
sis. The morphological picture of damage in rats of the TBI 
group could thus be related to type 3 HS in humans. Animals 
of the SO group showed only isolated hippocampal gliosis. 
Changes in the hippocampus (hippocampal sclerosis) were 
described in rats with posttraumatic epilepsy after lateral 
hydrodynamic blows – affecting fi elds CA1 and CA3–CA4 
– which corresponded to type 1 hippocampal sclerosis in 
humans [Aronica et al., 2017]. The type of HS determines 
the severity of memory impairments in patients with epilep-
sy – patients with types 1 and 3 HS show pronounced im-
pairments to declarative memory, while type 2 HS produces 
less marked defects [Coras et al., 2014]. However, the type 
of hippocampal damage may have relevance both for de-
mentias and other pathologies. Some authors have identifi ed 
age-related hippocampal sclerosis as a separate nosology 
[Nelson et al., 2013]. Use of the hippocampal sclerosis clas-
sifi cation to assesses the sequelae of TBI has potential for 
the analysis of all comorbid states associated with trauma. 
Aberrant neurogenesis and sprouting occurring on the back-
ground of neuroinfl ammation in the dentate gyrus of the hip-
pocampus may be a component of the pathogenesis of PTE 
[Gulyaeva et al., 2010; Parent and Kron, 2010; Klein et al., 
2018]. The changes described above were most pronounced 
in the dentate gyrus and fi eld CA3. We also observed disper-

ratio of the phases of the sleep–waking cycle or the duration 
of cycles in rats of the TBI or SO groups. The mean duration 
of the sleep–waking cycle was 47 ± 5 min. The mean dura-
tion of the NREM sleep phase in 12-month-old animals in 
this study was 26 ± 4 min (49 ± 3%), that of the REM phase 
was 5 ± 1 min (9 ± 1%), and that of waking was 17 ± 1 min 
(42%). Sleep structure in six-month-old animals prior to 
craniotomy reported in [Komoltsev et al., 2017] was: the 
NREM sleep phase was 38.8 ± 1.0%, that of REM sleep was 
9.5 ± 0.4%, and that of the waking phase was 51.4 ± 1.1%. 
As compared with these results, all rats at age 12 months 
showed some reduction in the proportion of waking and an 
increase in the proportion of NREM sleep (with age, the 
sleep–waking cycle showed changes of about 10% as an 
increase in the proportion of NREM sleep and a decrease 
in waking).
 Discussion. Hippocampal sclerosis after TBI. The type 
of HS depends on the severity of gliosis and the pattern of 
neuron death in different hippocampal fi elds [Malmgren and 
Thom, 2012; Blümcke et al., 2013]. Type 1 HS in humans 
is characterized by gliosis and neuron death in fi elds CA1 
and CA4, while type 2 HS occurs mainly in fi eld CA1 and 
type 3 HS occurs mainly in fi eld CA4 (DG) [Blümcke et al., 
2013; Blümcke et al., 2017]. Our data indicate that TBI in 
rats leads to an increase in the number of glial cells in the 
long-term period (Nissl staining) with no change in the num-
ber of astrocytes. Thus, the increase in the number of glial 
cells is due to the non-astrocyte glia, probably microglial 
cells; it is also possible that some proportion is accounted 
for by lymphoid cells. In rats with TBI, changes in both the 
number and morphology of astrocytes revealed pronounced 

Fig. 5. Electrographic seizures in rats six months after TBI. a) Nonmotor seizures in the form of behavior arrest. b) Motor seizures in 
the form of myoclonia. LR – Left rostral areas of the cortex; RR – right rostral areas of the cortex; LC – left caudal areas of the cortex; 
RC – right caudal areas of the cortex; LVH – left ventral hippocampus; RVH – right ventral hippocampus; LDH – left dorsal hippo-
campus; RDH – right dorsal hippocampus.
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which was not accompanied by remote neuroinfl ammation 
in the hippocampus, produced no signs of anxiety behavior, 
changes in locomotor behavior, or marked cognitive impair-
ments at one, three, or 12 months after TBI [Arulsamy et 
al., 2018, 2019]. Depression-like behavior in the Porsolt test 
was seen at one and three months after trauma [Arulsamy 
et al., 2018, 2019]. These data point to the exclusive impor-
tance of hippocampal damage for formation of behavioral 
impairments. Thus, at age one year, along with formation 
of hippocampal gliosis, animals showed reductions in mo-
tor activity and displayed signs which could be induced by 
elevated anxiety. In rats with TBI, hippocampal gliosis was 
asymmetric and corresponded to type 3 HS ipsilaterally, 
and behavioral impairments were more severe (decreased 
exploratory activity).
 Epileptic seizures in the long-term period of TBI. At 
six months after trauma, epileptic motor (myoclonic) and 
nonmotor (behavior arrest) seizures were recorded in two of 
the three animals, which corresponded to previously pub-
lished data and evidenced the validity of the model used 
[D’Ambrosio et al., 2004; Pitkänen and Immonen, 2014; 
Pitkänen et al., 2017]. In addition, we found an increase in 
discharge duration in the cortex and asymmetry of spikes in 
the hippocampus. The mechanisms of formation and the role 
of spike-wave discharges in the cortex in the literature have 
been actively discussed [Rodgers et al., 2015]. Prolonged 
discharges in the cortex may be evidence of epileptic sei-
zures in the animals [Dudek and Bertram, 2010]. The small 
number of animals in this group was due to technical diffi -
culties on recording the EEG in the long-term period: the 
skull bones were deformed six months after the fi rst oper-
ation, resulting in diffi culty implanting the electrodes. This 
study was unable to demonstrate correspondence between 
electrophysiological and morphological impairments. Our 
further studies will address this question. However, the 
presence of epileptic seizures is an important characteristic 
of the model, evidencing the occurrence of epileptogenic 
processes in at least some of the rats with TBI with the mor-
phological pattern of damage described above.
 Changes in the sleep–waking cycle were identical in 
rats of the SO and TBI groups – a predominance of NREM 
sleep over waking was seen, as compared with previously 
published data from young animals [Komoltsev et al., 
2017]. In the early period of TBI, impairments to the sleep–
waking cycle consisted of a decrease in the proportion of 
REM sleep.
 Conclusions
 1) Six months after craniotomy, rats showed astro-
cyte gliosis in the hippocampus. In rats with TBI, gliosis 
was asymmetrical and was accompanied by thinning of 
hippocampal layer CA3 (which may correspond to human 
HS type 3) and an increase in the number of nonastrocyte 
glial cells.
 2) Six months after craniotomy, all rats showed pro-
nounced reductions in movement activity. Behavioral el-

sion of the pyramidal layer in hippocampal fi eld CA3. The 
literature currently contains no correlates for this manifes-
tation. The phenomenon of dispersion of the granular cell 
layer in patients with epilepsy is seen in the dentate gyrus 
of the hippocampus and is associated with impairments to 
neuron migration [Houser, 1990] and impairments to the 
functioning of reelin [Haas et al., 2002].
 The properties of the neuroglia identifi ed in our studies 
point to its activated state. The glial polarization profi le (mi-
croglia – M1/M2 and astrocytes – A1/A2) have a complex 
time dynamic after TBI: in chronic neuroinfl ammation, as in 
acute, there is a dominance of proinfl ammatory polarization 
of the glia [Biswas and Mantovani, 2012; Jin et al., 2012; 
Donat et al., 2017]. This is characterized by hyperproduction 
of proinfl ammatory mediators (IL-1β, IFN-α and -γ, POC), 
whose presence in turn leads to continuing neuron death as-
sociated with behavioral impairments [Puntambekar et al., 
2018]. Secondary brain tissue damage and neuron death in-
clude the mechanisms of apoptosis and necrosis [Thompson 
et al., 2005]. Apoptosis after TBI occurs on the background 
of infl ammatory changes [Dixon et al., 2017] and the extent 
of apoptosis reaches a maximum in the cortex and hippo-
campus 1–2 weeks after trauma [Luo et al., 2002].
 Anxiety behavior in the long-term period of TBI. Mental 
disorders are common in patients after TBI: the risk of de-
veloping depression in the long-term period in TBI patients 
reaches 60%, as compared with only 8–10% among the gen-
eral population [Fann et al., 2009; Scholten et al., 2016]. In 
elderly people with histories of TBI, the risk of depression is 
twice as high as that in the general population [Albrecht et al., 
2015]. Trauma patients are also at elevated risk of other mental 
disorders such as anxiety, post-traumatic stress disorder, and 
suicidal thoughts and behavior [Iverson et al., 2011; Fisher et 
al., 2016; Zaninotto et al., 2016; Brandel et al., 2017].
 In rats, age-related hippocampal gliosis was accom-
panied by changes in behavior: pronounced decreases in 
mobility and the appearance of behavioral elements which 
could be induced by increases in the animals’ anxiety (in-
creased duration of time spent in the closed arms with no 
change in the number of center crossings). Behavioral 
impairments in traumatized animals were more marked – 
in comparison with rats of the SO group, elements of ex-
ploratory activity in post-trauma rats were quite minor. 
Experimental studies of rats with TBI have demonstrated 
cognitive impairments [Thompson et al., 2006 Gurkoff et 
al., 2013] which could persist for six months [Dixon et al., 
1999]. Signs of anxiety were apparent one and three months 
after TBI but not at six months [Jones et al., 2008]. Our 
data indicated that at six months, all animals showed re-
ductions in motor activity, which could “mask” behavioral 
impairments due to TBI and explain the results presented 
above (our own and published data). It is interesting that 
modeling of diffuse TBI by acceleration (a model of trauma 
in which diffuse damage is induced by strong acceleration 
and arrest of the movement of a fi xed experimental animal), 
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ements which could be induced by increases in anxiety 
occurred on the background of these changes. In rats with 
TBI, behavioral abnormalities were more severe, mainly 
due to decreases in elements of exploratory activity.
 3) Epileptiform activity was recorded in the cortex six 
months after TBI, along with asymmetry of spike activity in 
the hippocampus, and motor (movement arrest) and nonmo-
tor (myoclonic) epileptic seizure were recorded in two rats, 
evidencing the occurrence of epileptogenic processes in at 
least some rats with TBI.
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