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The sequelae of craniocerebral trauma (CCT) were studied using a model based on severe (3–4 atm) lateral 
hydrodynamic percussion (liquid-percussive brain injury) in male Sprague–Dawley rats. With the aim of 
detecting the symptoms of anxiety states, the rats’ behavior was assessed in the dark-light box and the ele-
vated plus maze test; sleep impairments were detected by recording the electrocorticogram (ECoG) before 
trauma and during the fi rst week after trauma. The results provided evidence of the post-CCT development 
of signs of an anxiety state, accompanied by decreases in the proportion of REM sleep and decreases in the 
amplitude and frequency of the ECoG during this phase.
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 The sequelae of craniocerebral trauma (CCT) are 
among the most important problems in contemporary med-
icine. Most patients subsequently develop neurological and 
psychiatric impairments [Konovalov et al., 2002]. Severe 
CCT produces decreased consciousness in the acute phase, 
along with convulsive seizures and neurological defi cit; the 
longer-term period includes the development of symptoms 
of an anxious-depressive state, sleep disturbances, cogni-
tive impairments, apathy, and disordered coordination in 
space. Some 20% of patients with severe CCT develop 
symptomatic epilepsy in the late period. Despite the obvi-
ous importance of identifying risk factors for predicting the 
subsequent development of the sequelae of CCT, there are 
virtually no reports of experimental studies of the early be-
havioral and neurophysiological precursors of the develop-
ment of post-traumatic pathology.
 The mechanisms of post-traumatic pathologies can ob-
viously be studied with success only in experiments. The 
productivity of translational studies depends on the valid-

ity of the models of pathological states used. The best ap-
proximation to CCT in humans is the lateral hydrodynamic 
percussion (liquid percussive brain trauma) model, which 
has been well developed in laboratory rats [McIntosh et 
al., 1989]. It is important to identify the sequelae of the 
development of pathological changes, which subsequent-
ly determine the set of pathogenetically defi ned treatment. 
Post-traumatic impairments are often accompanied by the 
development of an anxious-depressive state [Jorge and 
Arciniegas, 2014]. During this period, behavioral disorders 
can be expected, along with sleep disturbances and the ap-
pearance of epileptiform activity on the EEG. In the present 
study, these indicators were assessed by recording the elec-
trocorticogram (ECoG) and 24-h video recording of behav-
ior in the home cage and on testing.
 We present here our results from assessment of the 
psychophysiological and neurological status of rats and the 
electrophysiological sequelae during the acute phase of CCT.
 Methods. Animals experiments were performed in 
compliance with the requirements of European Parliament 
and Council Directives 2010/63/EU the “Regulations for 
laboratory practice,” approved by decree of the Ministry of 
Health and Social Development of the Russian Federation 
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(No. 708n of August 23, 2010). The experimental protocol 
was approved by the Ethics Committee of the Institute of 
Higher Nervous Activity and Neurophysiology, Russian Aca-
demy of Sciences (protocol No. 10 of December 10, 2012). 
All measures to reduce the number of animals used and to 
minimize suffering were taken.
 Experiments were performed on 17 male Sprague–
Dawley rats aged about six months (weight 450–550 g) 
from the laboratory animal supplier Pushchino. The group 
of rats with CCT consisted of 10 animals, while the sham 
operated (SO) group consisted of seven animals.
 The experimental protocol is shown in Fig. 1. Rats were 
familiarized with handling during the fi rst week. Electrodes 
were implanted at the end of the second week, and trepan-
ning and application of CCT were performed at the end of 
the third week of the experiment. The rats’ behavior in base-
line conditions was tested 1–2 days before electrode implan-
tation (week 2) and 1–2 days before perfusion (week 4); in 
both cases, neurological symptomatology was assessed of 
the fi rst day using a points scale in 10 tests [Hunterat et al., 
2000] and a Rotarod balance test; animals were tested in the 
light/dark box (LDB) and the elevated plus maze (EPM) on 
day 2. The interval between tests performed on the same day 
was 4 h. ECoG and behavior were recorded on video during 
weeks 3 and 4. ECoG was recorded in individual chambers 
with free access to water and food in conditions of natural 
illumination. Rats lost no more than 10% of body weight 
during the experiments.
 Animals anesthetized with chloral hydrate (450 mg/kg) 
were harvested from experiments by intracardiac perfusion 
with 4% paraformaldehyde solution in 0.1 M phosphate buf-
fer pH 7.4.
 Behavioral testing. The nature of motor functions and 
the endurance of the rats of the CCT and SO groups were 
studied by placing the animals on the bar of a Panlab 
LE8500 Rotarod rotating at 30–35 rpm. Rats were replaced 

on the bar if they fell off. As a rule, rats were placed on the 
apparatus three times, after which they acquired the skill of 
remaining confi dently on the rotating bar for 180 sec.
 The LDB was used to measure behavior in a confl ict 
situation – the confl ict between the orientational-explorato-
ry motivation, which is directed to familiarization with the 
whole chamber, and the innate species-specifi c avoidance 
of light, as an anxiety factor, i.e., transfer to the preferred 
dark sector. The chamber, of height 27 cm, consisted of two 
sectors. The dark sector, of size 18 × 27 cm, was made of 
opaque black Plexiglas and the light chamber was a cube of 
size 27 × 27 cm made of white opaque Plexiglas. The size of 
the aperture between the dark and light sectors was 7 × 7 cm. 
The dark sector had a lid. Illumination of the light sector 
was at 108 Lx, compared with 8 Lx in the dark sector. After 
adaptation to the experimental room for 15 min, the animals 
were placed in the light sector of the chamber with the tail 
towards the aperture to the dark sector. Behavior was re-
corded on video for 300 sec. Processing of traces identifi ed 
the duration of the time spent by the rats in the light sector 
before transfer to the dark sector (the latent period, LP) and 
the duration of time spent in the dark sector [Bourin et al., 
2003]. The number of times the animals appeared at the ap-
erture connecting the two halves of the chamber was deter-
mined, i.e., the number of glances by the rat from the light 
sector to the dark before transfer to the dark sector and from 
the dark sector to the light. The time spent exploring the 
light sector – a measure of exploratory activity – was deter-
mined; the number of glances from the dark sector to the 
light refl ects the animal’s anxiety [Lapin, 1999].
 The EPM was initially developed to evaluate the anxi-
olytic and anxiogenic properties of drugs in experiments on 
rodents [Crawley and Goodwin, 1980]. Arm length in the 
maze was 50 cm and width was 10 cm; the central platform 
was 10 × 10 cm; wall height in the closed arms was 10 cm. 
The fl oor of each arm was divided into 10-cm sectors to 

Fig. 1. Experimental design.
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separate the arm into squares which were used to assess the 
length of the path followed by the rat. Bright illumination is 
known to increase aversiveness. The rats’ movement activi-
ty started with illumination of 2.7–3.0 Lx in the open arms 
and the central platform and 1.7–1.8 Lx in the closed arms 
[Walf and Frye, 2007]. This illumination was selected to 
decrease the aversiveness of the EPM. The rat was placed in 
the central area of the EPM with the head towards an open 
arm. The time spent by the animal in the central platform 
(the latent period, LP) was measured, along with the time 
spent by the rat in selecting an arm each time it crossed the 
central platform, the number of times the central platform 
was crossed, and the number of squares crossed; these fi g-
ures were used to compute the path length in the maze arms. 
In addition, the number of hangings from the ends of the 
arms and the numbers of outward and inward glances as the 
rat selected a “new” arm were determined. The number and 
duration of freezing reactions in the arms were determined, 
along with the number of times the rat returned to the “old 
arm” without crossing the central platform. The rat was tak-
en to have left an arm (or the platform) when all four paws 
were outside the area concerned. The experimental lasted 
300 sec. The experiment was analyzed on computer using 
video recordings.
 Surgery was performed under inhalational anesthesia 
with 1–3% isofl urane. After scalping and removal of the 
temporal muscles, stainless steel epidural electrodes were 
implanted as shown in Fig. 1, preserving the area for subse-
quent craniotomy. The reference electrode was implanted 
into the midline of the caudal part of the occipital bone.
 Hydrodynamic percussions were delivered by trepan-
ning the skull. The diameter of the opening in the right pari-
etal bone was 3 mm. The opening was positioned 3 mm cau-
dal to the bregma and 3 mm lateral to the midline (Fig. 1). 
The head of a Luer-type injection needle was glued to the 
margins of the trepanned aperture with cyanoacrylate glue. 
One hour after craniotomy and recovery from anesthesia, 
CCT was applied to the rats during free behavior using a 
lateral hydrodynamic percussion at 3–4 atm. Responses to 
the percussion were evaluated using the Krushinskii scale 
[Krushinskii, 1960]. The only difference between rats of the 
SO group from those of the CCT group was the non-use of 
the hydrodynamic percussion.
 ECoG recording. The ECoG was recorded continuous-
ly during weeks 3 and 4 (Fig. 1). Wireless eight-channel 
biopotentials amplifi ers (Bio Recorded BR8V1) with an 
ADC resolution of 24 bits, an input range of up to 1200 mV, 
a digitization frequency of up to 1 kHz, and a sampling fre-
quency of 250 Hz were used.
 ECoG processing. Sleep structure was analyzed using 
continuous ECoG recordings by selecting 24-h fragments 
(containing both day- and nighttime periods) from three time 
points: baseline recording on day 5 after electrode implanta-
tion, in the fi rst 24 h after delivery of the hydrodynamic per-
cussion, and on post-trauma day 6. Traces were examined in 

EDF Browser 1.57 and processed with a Butterworth fi lter 
with a lower limit of 1 Hz and an upper limit of 30 Hz, 
and were divided into 20-sec epochs. Studies were run with 
time scans of 20 sec. Each epoch consisted of the following 
phases of the sleep–waking cycle: NREM sleep (the slow 
or slow-wave sleep phase), REM sleep (the rapid phase 
or paradoxical sleep), and the waking phase. Criteria for 
assigning the REM and walking phases were the appear-
ance on the ECoG of waves in the broadened θ range of 
4–12 Hz, including the frequency of the α range used in 
clinical studies; the REM phase and waking, which have 
similar EEG patterns, were discriminated using readings 
from an accelerometer responding to minimal movements 
in conscious animals, along with observations from video 
recordings. Furthermore, the obligatory sequence of chang-
es in sleep phase was taken into consideration. Criteria for 
identifying the NREM sleep phase were the appearance of 
slow-wave high-amplitude activity in the δ range (1–4 Hz) 
and high-amplitude generalized spindle-shared bursts on 
the background of slow-wave activity at 7–14 Hz (sleep 
spindles). The proportions of the total time spent awake and 
in NREM and REM sleep were computed at each time point 
in rats with CCT and SO and also over time (baseline and 
post-trauma days 1 and 6) for each group.
 The frequency and amplitude characteristics of the 
ECoG before trauma were compared by taking random seg-
ments of recordings on different days following electrode 
implantation and selecting 200–300 epochs containing the 
NREM sleep phase, 200–300 epochs containing the waking 
phase, and 60–120 epochs containing the REM sleep phase. 
After trauma, sets of 400–600 epochs with NREM sleep and 
waking and 120–240 epochs containing the REM sleep 
phase were also selected from random segments of record-
ings. Mean power spectra were computed for each phase of 
the sleep–waking cycle for ECoG segments from the right 
and left occipital leads. Plots of the averaged power spec-
trum were made for each of the phases and used to identify 
peaks. The frequencies and amplitudes of peaks on power 
spectrum plots were compared between and within the CCT 
and SO groups for each phase of the cycle and for each time 
point (baseline, after the percussion). These values were 
compared over time.
 Statistical processing and analysis of test results were 
run in Statistica 10 (StatSoft Inc.). Effects in behavior-
al tests were identifi ed using the Wilcoxon test (to assess 
within-group changes) and the Mann–Whitney test (for be-
tween-group comparisons); ECoG were compared by anal-
ysis of variance (ANOVA) for repeat measures. Post hoc 
analysis was performed using the Tukey HSD test. Fisher’s 
exact test was used to evaluate differences in the numbers of 
animals showing concrete group-specifi c behavioral features. 
Data are presented as mean ± standard error of the mean.
 Results. Responses of rats after hydrodynamic percus-
sion. The fi rst reaction of the rat after the percussion was a 
jump, which turned into a circular run in the anticlockwise 
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direction. The run was replaced by falling onto the side, 
which was followed by clonic convulsions developing into 
clonic-tonic convulsions. This response was evaluated at 

3–4 points on the Krushinskii scale. After convulsions, the 
rats remained immobile on their sides for 10–20 sec. 
Tachypnea and respiratory arrest were seen, which settled 

Fig. 2. Sequelae of CCT on ECoG. A, B) NREM sleep in rats before (A) and after (B) CCT. C, D) REM sleep in rats before (C) and 
after (D) CCT. All plots are presented for the evening before CCT and 6–8 h after CCT. For explanation see text. E) Electrode 
positions. F, G) Averaged power spectrum for each phase of the sleep–waking cycle for the ipsilateral hemisphere of one rat before 
(F) and after (G) CCT. REM – REM sleep; NREM – NREM sleep; W – waking. The abscissa shows spectral power frequency, Hz; 
the ordinate shows the amplitude of the power spectrum, μV2.
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either spontaneously or after assisted ventilation. Restoration 
of breathing did not occur in some rats, though their hearts 
continued to beat. A total of 32.5% of the rats died during 
the experiment.
 Neurological tests and balance on the Rotarod did not 
identify any neurological derangement in either the SO 
group or the CCT group. In post-trauma tests, all animals 
coped with the task of remaining on the rotating bar through-
out the initial 180 sec.
 Behavior of rats in the LDB and EPM. Testing of rats 
of the SO group in the LDB showed that the LP of transfer 
from the light sector to the dark (6.4 ± 1.8 and 6.5 ± 2.0 sec, 
respectively) and the time spent in the dark sector (293.6 ± 
± 1.8 and 293.5 ± 2.1 sec) did not change on comparison 
before and after the sham procedure (trepanning). Reduc-
tions in the numbers of glances out from the dark sector 
occurred at the level of a tendency (23.8 ± 2.9 and 14.2 ± 2.4 
sec, p < 0.07). In the CCT group, measurements after the 
percussion revealed increases in LP for transfer to the dark 
sector (3.7 ± 1.1 and 12.9 ± 2.4 sec, p < 0.01) and, thus, a 
decrease in the time spent in the dark sector (296.3 ± 1.1 and 
287.1 ± 2.4 sec, p < 0.01). In addition, there was a statisti-
cally signifi cant increase in the number of glances out from 
the light sector into the dark before transfer into the dark 
sector (0.9 ± 0.3 and 2.2 ± 0.4 sec, p < 0.01). Comparison of 
results for this parameter from the two groups demonstrated 
statistically signifi cant differences (p < 0.02). Before fi nally 
entering the dark sector, rats of the CCT group spent a long 
time sniffi ng the edges of the entrance aperture and peeping 
through it. Almost the whole of the extended body except 
the hind paws was often within the dark sector, though the 

animal returned to the light sector and only after manipula-
tions fi nally entered the dark sector.
 The behavior of the rats in the EPM before trauma 
showed no differences between the SO and CCT groups. 
After trauma, rats of the CCT group showed an increase in 
the LP of excursions to the central platform (3.1 ± 0.5 and 
5.2 ± 0.7 sec, p < 0.03). The time spent selecting the direc-
tion of movement after returning to the exit to the central 
platform was greater in rats of the CCT group than the SO 
group (137.7 ± 16.0 and 108.8 ± 10.5 sec, p < 0.08). There 
was a sharp increase in the time spent selecting an arm in 
rats of the CCT group after trauma (74.6 ± 9.0 and 137.7 ± 
± 16.0 sec, p < 0.01). The number of crossings of the center, 
the latent period of departure from the central area after be-
ing placed in it, the number of hangings from the ends of the 
arms, and the number of glances before crossing the center 
showed no change after trauma.
 In addition, post-trauma testing of rats of the CCT 
group revealed specifi c behavioral acts. Firstly, the animals 
did not leave the open arms and moved about only in the 
dark arms. This behavior was not associated with diffi cul-
ties in moving, as path lengths before and after the percus-
sion were no different: 70.8 ± 9.1 cm before trauma and 
66.8 ± 9.1 cm after it. Secondly, behavioral features such as 
return to the closed arm after exploration of the center, rear-
ing, and “not daring” to transfer into the other closed or 
open arm, appeared. The rats stopped and did not complete-
ly cross the central platform, adopting a position with the 
trunk straight (the stretched-attend position) and perform-
ing pendulum-type movements with the hindlimbs remain-
ing in the initial arm. This behavior was not seen in the SO 

Fig. 3. Effects of CCT on the structure of REM sleep. A) Dynamics of changes in the proportion of REM sleep. After trauma, the proportion of REM 
sleep underwent a statistically signifi cant decrease in the CCT group on days 1 and 6 as compared with the baseline value and that in the SO group 
on days 1 and 6 after sham operation. The ordinates show the proportion of total time, %. B) Dynamics of changes in the frequency of the spectral 
power peak for REM sleep. Peak power spectrum frequencies averaged for the fi rst week after CCT in the CCT group after the percussion in compar-
ison with the value before percussion and in comparison with the SO group after sham operation. Ordinates show spectral power peak frequency, Hz. 
C) Dynamics of changes in the amplitudes of power spectral peaks for REM sleep. Power spectrum peak amplitude averaged for the fi rst week after 
CCT decreased in the CCT group after percussion as compared with the pre-percussion level. Ordinates show power spectrum peak amplitudes, μV2. 
Data are presented for the ipsilateral hemisphere. ***p < 0.001 compared with baseline, ###p < 0.001 and ##p < 0.01 compared with the corresponding 
SO group.
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group: all rats transferred into another arm after exploring 
the center. In the CCT group, the number of returning ani-
mals was greater (six vs. 0, p < 0.02). Thirdly, return to the 
initial arm frequently ended with freezing. Differences be-
tween the numbers of rats in the CCT and SO groups freez-
ing in the arms after trauma were also statistically signifi -
cant (10 and 1, p < 0.01).
 Qualitative analysis of EEG. Overall electrical activity 
refl ected the functional state of the brain in the rats. During 
the fi rst hours after trauma, the ECoG was characterized by 
diffuse, irregular, slow-wave activity in the δ range and a 
decrease in signal amplitude – “fl attening” of the ECoG – 
and impairment to discrimination between the phases of the 
sleep-waking cycle (the typical elements of phases were de-
creased and transfers between phases were smoothed out 
(Fig. 2, A–D). Restoration of the sleep–waking cycle oc-
curred over the fi rst 12–24 h after trauma. In the acute 
post-trauma period, sharp waves and polyspikes lasting up 
to several seconds were seen, while some animals showed 
spike-wave complexes. Epileptiform activity was recorded 
mainly during transfers from the waking phase to the NREM 
sleep phase, which coincided with twitching of the whiskers 
and chewing movements of the jaw which were not linked 
with eating food. Continuous video recordings of behavior 
did not document any developed convulsive seizures.
 Analysis of the macro- and microarchitecture of sleep. 
Analysis of ECoG traces in baseline conditions showed that 
there were no differences in sleep structure between the 
CCT and SO groups: the waking phase accounted for 51.4 ± 
± 1.1%, the NREM phase for 38.8 ± 1.0%, and the REM 
phase for 9.5 ± 0.4%.
 After the hydrodynamic percussion, there were differ-
ences between the CCT and SO groups in terms of the pro-
portion of REM sleep: F(2,30) = 17.475, p < 0.01. Post hoc 
analysis showed that the relative duration of REM sleep in 
rats of the CCT group decreased on the fi rst day from 9.2 ± 
± 0.4% to 4.9 ± 0.5% (p < 0.01); these changes persisted to 
day 6: 5.6 ± 0.3%, p < 0.01 compared with baseline. Sham 
operation had no effect in rats of the SO group: the propor-
tion of REM sleep was 9.8 ± 0.9% at baseline, 9.0 ± 0.7% 
of day 1 after sham operation, and 9.6 ± 0.6% on day 6 
(Fig. 3, A).
 Comparison of the proportions of REM sleep in the 
CCT and SO groups demonstrated statistically signifi cant 
differences between groups on post-trauma day 1 (4.9 ± 0.5% 
in the CCT group and 9.0 ± 0.7% in the SO group, p < 0.01) 
and day 6 (5.6 ± 0.3% and 9.6 ± 0.6%) (p < 0.01).
 In the CCT group, there was a tendency to the pro-
portion of NREM sleep to increase initially on post-trauma 
day 1 (48.3 ± 2.3% vs. 39.8 ± 1.3% before trauma), after 
which it decreased to baseline on day 6 (39.3 ± 3.9%).
 Spectral analysis of baseline ECoG traces in the ipsi-
lateral hemisphere of the brain in rats of the CCT and SO 
groups for each phase of the sleep–waking cycle identifi ed 
the frequencies of peaks on power spectrum plots. There 

were two peak frequencies in waking: 6.5 ± 0.1 Hz, with a 
peak spectral amplitude of 342 ± 31 μV2 and 1.4 ± 0.1 Hz 
with a peak spectral amplitude of 399 ± 34 μV2; a peak for 
NREM sleep was seen at 1.5 ± 0.1 Hz with a peak spectral 
power amplitude of 1525 ± 158 μV2; for REM sleep, a peak 
at 7.3 ± 0.1 Hz with a peak spectral power amplitude of 
874 ± 90 μV2 was seen.
 Comparison of the frequency characteristics of the sleep 
phases after trauma showed that the CCT and SO groups 
were signifi cantly different in terms of the frequencies of 
peaks on spectral power plots for REM sleep: F(1,15) = 
= 5.662, p < 0.04. In the CCT group, the peak was displaced 
from 7.2 ± 0.1 to 6.8 ± 0.1 Hz for the ipsilateral hemisphere 
(p < 0.01) and from 7.2 ± 0.1 to 6.9 ± 0.1 Hz for the contra-
lateral hemisphere (p < 0.03) (Fig. 3, B). The decreases in 
frequency for both hemispheres were by 4–5%. No be-
tween-hemisphere differences were seen in the frequencies 
of spectral power peaks. Signifi cant differences in the fre-
quencies of spectral power peaks were seen on comparison 
of rats of the CCT group after trauma with rats of the SO 
group after sham surgery: in the ipsilateral hemisphere, 
6.8 ± 0.1 Hz in the CCT group vs. 7.2 ± 0.1 Hz in the SO 
group (p < 0.02), and for the contralateral hemisphere, 6.9 ± 
± 0.1 Hz in the CCT group vs. 7.2 ± 0.1 Hz in the SO group 
(p < 0.01).
 The CCT and SO groups differed signifi cantly in terms 
of the peak amplitude on spectral power plots for REM 
sleep: F(1,15) = 11.718, p < 0.01. For the CCT group, the 
amplitude of the spectral power peak decreased after trau-
ma: for the ipsilateral hemisphere, from 942 ± 128 to 399 ± 
± 84 μV2, p < 0.01, and for the contralateral hemisphere, 
from 755 ± 150 to 403 ± 83 μV2, p < 0.03 (Fig. 3, C). The 
decrease in the amplitude of the power spectrum peak was 
by 58% in the ipsilateral hemisphere and by 46% in the con-
tralateral hemisphere. Comparison of the peak spectral 
power amplitudes in the CCT group after trauma and the SO 
group after sham surgery revealed no statistically signifi -
cant differences.
 For the waking and NREM sleep phases, neither com-
parison of the two groups at each time point nor comparison 
within the CCT or SO groups revealed any signifi cant dif-
ferences in the frequencies of peaks on spectral power plots 
or the amplitudes of these peaks.
 Discussion
 1. The challenge of studying CCT-associated states in 
clinical practice and in animal models. In clinical practice, 
CCT is a mixed area including neurology and psychiatry and 
constitutes a major and distinct medical-social challenge 
[Zaitsev, 2011; Reilly, 2007]. Determination of the cause-ef-
fect relationships between states comorbid with CCT, such 
as anxious-depressive disorder and post-traumatic epilepsy, 
as well as sleep disturbances, remains an unresolved issue. 
In addition, the sequelae of severe craniocerebral trauma 
are diffi cult to prognosticate [Gekht et al., 2011]. Solution 
of these problems appears to require both clinical studies 
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and model experiments in animals. However, even the best 
models allow only some features of a disease to be studied, 
which leads to the problem of appropriate translation of data 
to clinical practice.
 2. Localization of lesions and neurological defi cit in 
rats after lateral hydrodynamic percussions. Behavioral im-
pairments in rats after CCT are linked with traumatological 
processes developing in the brain. Our previous studies of 
a similar group of rats included histological analysis of the 
state of brain tissue one week after CCT [Komol’tsev et al., 
2015]. This demonstrated the formation of two zones of dif-
ferent locations and morphologies in the hemisphere ipsilat-
eral to the percussion. One zone was immediately beneath 
the trepanned aperture and appeared to be linked with com-
pression of brain tissue due to the action of the hydrody-
namic percussion; the second zone was due to displacement 
of the layers of brain tissue relative to each other. This ex-
plains the location of the second focus – the area of maximal 
damage was located caudal and lateral to the direct injury 
zone, i.e., on the boundary of the normal and “compressed” 
nervous tissue. It is interesting that areas distant to the in-
jury showed marked changes accompanied by edema and 
later formation of foci of coagulation necrosis [Snesarev, 
1946], as has been demonstrated in a hydrodynamic percus-
sion model. The severity of histological damage depends 
on the strength of the percussion and is characterized by 
changes in neuron morphology and the formation of a uni-
form astroglial scar [Komol’tsev et al., 2015]. The absence 
of any differences in the results of neurological tests in the 
rats’ behavior on the Rotarod before and after surgery in the 
present study appears to be associated with the location of 
the damage, as, despite the fact that the trepanned aperture 
was located over the sensorimotor area, the focus of remote 
damage, with more severe changes, was located in the pro-
jection zone of the whiskers in the sensorimotor cortex.
 3. Detection of anxiety states in experimental models in 
animals. Behavior in the most commonly used tests (LDB, 
EPM) is determined by the ratio of the effectivenesses of 
two motivations – the investigative and the defensive – and 
these rapidly replace each other [Blanchard et al., 1993]. 
The LDB primarily addresses stress and the signs of anxiety 
behavior in rodents. Published data indicate that illumina-
tion of the light sector of the LDB plays a major role in the 
behavior of animals in this test. The usual level of illumina-
tion of the light sector varies in the he range 10–240 Lx; mo-
tor activity in rats is suppressed if it is greater than 300 Lx 
[Pereira et al., 2008]. In our experiments, illumination of 
the light sector was 107 Lx, so it was comfortable for the 
animals and did not increase the aversiveness of the cham-
ber. In our studies, rats with CCT approached to aperture to 
the dark sector several times and glanced into it, and made 
the decision to transfer only after doing this. Glancing was 
often accompanied by stretching of the rats’ trunks, where 
the anterior part was located in the dark part of the chamber 
and the rest of the body was in the light sector (the stretched 

attend posture). This behavior in the literature is interpreted 
as determined by the level of risk and assessment of the sit-
uation and the rat’s preceding choice of location [Kathlee et 
al., 1982]. Diffi culty in choosing is evidenced by increases 
in the latent period and the number of glances into the aper-
ture on transfer from the light sector of the LDB to the dark, 
as demonstrated in the present study.
 The EPM, as noted, was initially developed for assess-
ment of the anxiolytic and anxiogenic properties of drugs in 
experiments on rodents [Pellow et al., 1985; Walf and Frye, 
2007; Cole et al., 1995]. The behavioral features of animals 
with free choice of arm was assessed from the latent period 
of entry into the open arm, the total times spent in the closed 
and open arms, the numbers of excursions into the open and 
closed arms, and the numbers of rearings, hangings from the 
ends of the arms, defecations, and urinations. Increased lev-
els of anxiety in the rodents were evidenced by avoidance of 
visiting the open arms and defecations, and adoption of the 
stretched attend posture. Freezing reactions were interpret-
ed as manifestations of fear. The view that the EPM can be 
included in the list of tests for animals for identifying the 
signs of the anxious-emotional state is widely held [Hogg et 
al., 1996; Walf and Frye, 2007; Cole et al., 1995; Pinheiro et 
al., 2007, Varty et al., 2002; Gonzalez et al., 1997]. As in the 
LDB test, the behavior of rodents in the EPM depends on 
the illumination of the arms. The spread of the levels of il-
lumination used in the open and closed arms of the EPM in 
published studies is quite large – from 0 to 900 Lx, and in-
terpretation of effects on behavioral measures also has a 
wide spectrum: from confi rmation that illumination has no 
relevance [Becker and Gresch, 1996; Beserra et al., 2005] to 
identifi cation of a defi ning role [Bertoglio and Carobrez, 
2002]. The responses of rats to different levels of illumina-
tion are defi ned in terms of how their behavior changes 
when given tranquillizers or antidepressants with known 
spectra of actions. Motor activity in rats started at an illumi-
nation level of at least 2.8 Lx [Walf and Frye, 2007; Varty et 
al., 2002]. Further increases in illumination to 100 Lx do not 
signifi cantly affect the time spent by rats in the open arm 
[Gonzalez and File, 1997; Komada et al., 2008], though this 
was suppressed at illumination levels of 300 Lx and above. 
On the basis of the task before us and the features of the 
CCT used, we elected to illuminate the open arms at 2.7–
3.0 Lx. At this level of illumination, rats of the CCT group 
placed in the central platform did not enter the open arms, 
but moved only in the closed arms. It is important to note 
that rats of this group showed no changes in measures such 
as path length, number of crossings of the center, number of 
hangings from the ends of the arms, or the number of peeps 
before crossing the center. However, the overall pattern of 
behavior in the EPM did show changes. After hydrodynam-
ic percussion, rather than entering one of the three arms be-
fore the animal, the rats spent more or less long periods of 
time evaluating the situation. This evaluation apparent as 
stretching of the trunk, glancing into the arm, sniffi ng the 
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fl oor and walls, and lowering and raising the head – all this 
without leaving arm in which they were located, i.e., with 
the hindpaws still in the “old” arm. The rats quite often 
failed to make a choice and returned to the depth of the arm 
and froze for 20–30 sec. This behavior by the rats could also 
be seen in healthy, non-traumatized animals, but only as oc-
casional, rare episodes. It is known from ethological studies 
that rats prefer closed passages. Rats, like other mammals 
leading the crepuscular lifestyle, make major use of the 
whiskers for orientation in space. It can be suggested that 
the rat also selected the maze arm by sensing the walls of 
the arm with the whiskers, though most investigators take 
the view that orientation in space involves many analyzers, 
a particular large contribution being made by the visual an-
alyzer [Tolman, 1948; Rodgers and Cole, 1994]. Tolman 
considered his own results and an enormous amount of pub-
lished data and came to the conclusion that “... incoming 
impulses are usually worked over and elaborated in the cen-
tral control room into a tentative, cognitive-like map of the 
environment. And it is this tentative map, indicating routes 
and paths and environmental relationships, which fi nally 
determines what responses ... the animal will fi nally re-
lease” (cited in the [Great Psychological Dictionary]). 
These maps can be relatively narrow, covering a small part 
of the situation, or relatively wide, covering a larger fi eld. In 
order to use the map, the rats must initially fi nd a difference, 
to which it must pay attention. Rats identify differences in 
series of trials, which Tolman termed vicarious. The period 
during which the differences were identifi ed was accompa-
nied by the largest number of vicarious trials. Tolman as-
sessed rats’ behavior during this period as active choice. 
Success in choosing is determined by the width of the map, 
which depends primarily on the integrity of the brain. The 
more diffi cult it is to discriminate, the larger the number of 
trials will be. A large number of trials requires a large 
amount of time.
 In our study, rats during the acute post-trauma period 
demonstrated symptoms of an anxiety disorder identifi ed in 
the EPM and LDB tests. Testing in the LDB after trauma 
revealed no change in behavioral measures of animals of the 
SO group, though the behavior of rats of the CCT group 
changed after the percussion. Increases in the latent period 
and number of glances into the aperture on transfer from the 
light sector to the dark in the CCT group serve as measures 
of the diffi culty of making a choice in the LDB, as com-
pared with both baseline measurements and values in the 
SO group. The time spent by rats in selecting the EPM arm 
after CCT at the illumination level used here was greater 
than arm selection time at baseline.
 For us it was important to emphasize the duration of 
selection, which refl ects decision-taking diffi culty, and this 
is one of the symptoms of depression in humans and in-
volves the lack of the appropriate motivation to take the de-
cision and avoid negative outcomes [Sonuga-Barke et al., 
2016]. However, there are insuffi cient data to allow us to 

discuss depression in animals on the basis of the time taken 
to make a choice. Thus, the results provide evidence of the 
presence of signs of anxiety disorders in rats during the 
acute post-trauma period, which is also consistent with a 
number of animal studies [Jones et al., 2008].
 These observations are particularly interesting in the 
light of the fact that anxiety and depression are highly co-
morbid states in humans. Anxiety states are often seen at the 
onset of depression [Beesdo et al., 2010; Adams et al., 
2016], though this has not been convincingly demonstrated 
for depression due to CCT. Similar data on the onset of de-
pression with elevated anxiety have been obtained in vari-
ous other animal models [Warnick et al., 2009].
 4. Structural characteristics of sleep in CCT. Sleep 
disturbances in CCT constitute a problem encountered in 
most patients in both the acute and long-term periods of 
trauma. These disturbances form a wide range of mani-
festations – insomnia, hypersomnia, daytime drowsiness, 
and parasomnias (behavioral impairments during the REM 
sleep stage), impairments to the daily rhythm, subjective 
decreases in sleep quality, etc. sleep disorders in CCT are 
linked with the symptoms of anxious-depressive disor-
ders, cognitive impairments, and increased fatigue [Verma 
et al., 2007; Ponsford et al., 2012; Ouellet et al., 2015]. 
Polysomnographic studies of patients with CCT at different 
post-trauma time points demonstrated decreases in the ef-
fectiveness of sleep, with fragmentation, along with chang-
es in sleep architecture – decreases in the proportion and in-
creases in the latent period of the REM sleep phase, as well 
as an increase in the proportion of the NREM sleep phase 
[Shekleton et al., 2010; Ponsford et al., 2012, Grima et al., 
2016]. Spectral analysis demonstrated a predominance of 
δ and lower β activity in REM sleep, while the α and β 
ranges were dominant in NREM sleep [Rao et al., 2011]. 
However, there are few animal studies in this area, and data 
on changes in sleep structure are contradictory [Willie et 
al., 2012; Skopin et al., 2015]. Various sleep impairments 
are also typical of patients with symptoms of anxious-de-
pressive states not associated with CCT and are included 
among the diagnostic criteria of major depressive disorder. 
However, patients with depression have been shown to have 
other polysomnographic changes, such as sleep fragmenta-
tion, increases in the proportion of REM sleep, increases 
in the density of REM sleep, and decreases in the latent 
period of REM sleep, as well as reductions in NREM sleep 
[Medina et al., 2014; Wang et al., 2015]. However, there 
are few data showing that the proportion of REM sleep is 
decreased in patients with anxiety disorders as compared 
with patients with depressive disorders [Cox and Olatunji, 
2016]. Changes in sleep in depression are largely opposite 
to those seen in patients after CCT. Data from several stud-
ies indicate that sleep impairments may be predictors of the 
appearance of clinical symptoms and the effectiveness of 
pharmacological treatments in depression [Palagini et al., 
2013]. In addition, sleep and epilepsy spectrum disorders 
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have extensive mutual infl uences [Unterberger et al., 2015]. 
Sleep deprivation is a powerful provoker of convulsive sei-
zures in patients [Shvarts and Chung, 2013] and decreas-
es the threshold of excitability of cortical neurons in ani-
mals [Vyazovskiy et al., 2013]. Clinical studies have also 
demonstrated the reverse infl uence, i.e., of seizures on sleep 
structure, with a decrease in the proportion of REM sleep 
in patients after daily complex partial seizures [Bazil et al., 
2000] and status epilepticus [Bazil and Anderson, 2001]. 
These data have been confi rmed by only few experimental 
studies on animals [Moyanova and Riche, 1999; Raol and 
Meti, 1998]. It follows from these studies that changes in 
sleep structure after epileptic seizures are similar to those 
seen in patients after CCT but not in patients with major 
depressive disorder. The symptoms of anxious-depressive 
disorder are known to be associated with epilepsy and can 
precede the debut of this disease [Hesdorffer et al., 2000, 
2012], i.e., can be present during the period of asymptom-
atic epileptogenesis. However, sleep structure in these pa-
tients has not been described. Investigations of changes in 
sleep architecture may play an important role in selecting 
treatments for patients with anxious-depressive disorder 
syndromes. Most antidepressants act on sleep phases: with 
rare exceptions, they decrease the duration of the REM 
phase and increase its latency [Winokur et al., 2001; Wang 
et al., 2015]. Use of antidepressants also produces increases 
in neurogenesis [Wainwright and Galea, 2013]. A number 
of antidepressants have proconvulsant activity [Cardamone 
et al., 2013; Kanner, 2013]. Antiepileptic drugs have dif-
ferent actions on sleep structure and the emotional domain. 
Some new-generation antiepileptic drugs, in contrast to an-
tidepressants, increase the duration of REM sleep [Shvarts 
and Chung, 2013]. It should be noted that the approach to 
the differential diagnosis and treatment of anxious-depres-
sive disorders based on objective polysomnographic data on 
sleep structure is not yet widely used in clinical practice.
 Our study revealed changes in the sleep-waking cy-
cle: in the CCT group these affected REM sleep and were 
expressed as decreases in the proportion, reductions in the 
peak frequency on the power spectrum, and decreases in the 
amplitude of the spectral peak in REM sleep.
 Thus, detailed description of the nature of anxiety and/
or depressive disorders after CCT may assist in selecting 
treatment and assessing treatment effi cacy. We have ob-
tained new data on behavioral features and changes in sleep 
structure during the acute period of CCT. However, the 
search for risk factors for the development of post-traumatic 
epilepsy requires long-term (months in animals and years in 
humans) observations to the point at which unprovoked ep-
ileptic seizures begin. The hydrodynamic percussion model 
in rodents is suitable for investigations of this type.
 5. Characteristics of brain plasticity in CCT-associated 
diseases. Animal studies have demonstrated increases in 
hippocampal excitability after CCT, which is the pathoge-
netic element in the development of post-traumatic epilepsy 

[Pitkanen et al., 2014]. The hippocampus, where brain plas-
ticity processes take place, is regarded as the central compo-
nent in the pathogenesis of both post-traumatic epilepsy and 
depression [Gulyaeva, 2015], though levels of neurogenesis 
in the germinative zones of the hippocampus in these states 
are opposite: epileptogenesis is accompanied by increases in 
the level of neurogenesis [Gulyaeva, 2010], while the level 
of neurogenesis in the hippocampus in depression decreases 
[Aniol and Gulyaeva, 2015]. However, both processes are ac-
companied by cell death and lead to structural changes in the 
hippocampus [Malykhin et al., 2010; Malmgren and Thom, 
2012], with impairments to its functions. Neurogenesis has 
not been studied in anxiety disorders at the onset of depres-
sion [Schoenfeld and Cameron, 2015]. It is unknown wheth-
er depression with a high level of neurogenesis, as seen in 
epileptogenesis and after CCT, differs from depression with 
a low level of neurogenesis, or whether such differences can 
be seen in terms of early behavioral and electrophysiological 
measures during disease modeling.
 Processes occurring during REM sleep are important 
for normal plasticity to occur. Activation of the limbic zone 
in REM sleep has been demonstrated; this is required for 
normal learning and memory reconsolidation processes 
[Hobson and Pace-Schott, 2002; Gorgoni et al., 2013]. 
Deprivation of REM sleep is accompanied by decreases in 
neurogenesis [Guzman-Marin et al., 2008; Meerlo et al., 
2009]. The role of neurogenesis in changes in REM sleep is 
not entirely clear, though existing patterns may be useful in 
both clinical and experimental studies.
 We believe that the mechanisms of development of 
anxious-depressive states after CCT have as yet received in-
suffi cient study. Analysis of the literature suggests that some 
elements of the pathogenesis of post-traumatic anxious-de-
pressive disorder differ from the pathogenesis of depression 
not associated with CCT, which requires further studies.
 Conclusions
 1. Damage induced by hydrodynamic percussions of 
3–4 atm located in the cortical representation of the whis-
kers, muscle endurance, and movement coordination did 
not change in rats fi ve days after CCT. No neurological defi -
cit was seen.
 2. Signs of anxiety behavior were seen during the fi rst 
week after CCT.
 3. ECoG studies in the fi rst days after trauma were 
characterized by changes in the baseline rhythm and the 
presence of epileptiform activity.
 4. CCT led to decreases in the proportion of REM sleep. 
Displacement of peaks on spectral power plots to lower fre-
quencies, with decreases in peak spectral amplitude, occurred 
during REM sleep. CCT was not found to have effects on 
other phases of the sleep–waking cycle.
 This study was supported by the Russian Foundation 
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