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The development of post-traumatic stress disorder (PTSD) in humans includes a number of symptoms,
the main being intrusive memories of the trauma, psychological and physiological hyperreactivity on re-
minding of the trauma, and increased anxiety, and specific memory impairments. Current models of PTSD
in animals address the last three of these symptoms but do not provide for study of spontaneously arising
intrusive memories or their neural basis. The study reported here uses contemporary methods for continuous
monitoring of behavior and showed that the development of PTSD in mice was accompanied by specific
changes in spontaneous behavior in their home cages. These changes were long-lasting and included de-
creased exploratory activity and elevated anxiety. Thus, we showed that mice display the behavioral man-
ifestations of human-typical spontaneously arising PTSD symptoms which in humans are associated with
intrusive memories of the trauma. In addition, studies of neuron electrical activity-dependent expression of
transcription factor c-Fos showed that the brains of mice with PTSD, even when the animal was at rest and
not receiving external reminders of the trauma experienced, showed increased spontaneous activity in the
cingulate and retrosplenial cortex, amygdala, thalamus, and periaqueductal gray matter. Thus, our studies
demonstrated the spontaneous manifestations of PTSD in a mouse model at both the behavioral and neural
levels.

Keywords: post-traumatic stress disorder, traumatic experience, animal models, sensitization, anxiety, spontaneous behavior,
resting state, c-Fos, associative areas of the cortex, amygdala.

Introduction. Post-traumatic stress disorder (PTSD)
is a chronic psychiatric state which develops in some people
after a severe traumatic event. According to the International
Classification of Diseases (ICD-11) and the Diagnostic and
Statistical Manual for Mental Disorders (DSM-5), PTSD is
a disorder which can develop after traumatizing events or

I'National Research Center Kurchatov Institute, Moscow, Russia;
e-mail: xen.alexander@gmail.com.

2Institute for Advanced Brain Research, Lomonosov Moscow
State University, Moscow, Russia.

3 Institute of Higher Nervous Activity and Neurophysiology,
Russian Academy of Sciences, Moscow, Russia.

4 Anokhin Research Institute of Normal Physiology, Moscow,
Russia.

series of events such as witnessing death or the threat of
death, or major injury or threat of major injury, actual vio-
lence or threat of violence [Molchanova, 2014]. It is known
that 60% of men and 50% of women in developed countries
will, at least once in their lives, experience a psychologi-
cally traumatizing situation potentially able to lead to the
development of post-traumatic stress disorder [Kessler et
al., 2000]. Thus, the prevalence of this disease and the sig-
nificant economic costs due to high treatment costs and long
periods of loss of work capacity in patients make studies of
the basic physiological, cerebral, and cellular mechanisms
of this pathology especially relevant.

PTSD includes a series of symptoms, both psycholog-
ical and physiological. Symptoms pointing to the develop-
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ment of PTSD are: (1) mental revisiting of the stressful situ-
ation (intrusive memories of the trauma, nightmares, flash-
backs, intrusive thoughts); (2) psychological and physiolog-
ical hyperreactivity on presentation of stimuli remining of
the trauma; (3) memory impairments such as hypermnesia
relative to certain aspects of the traumatizing event and am-
nesia for others, as well as increases in the ability to form
negative memories on the background of general deteriora-
tion of memory; (4) elevated anxiety, apparent as insomnia,
episodes of uncontrollable aggression, and increased vigi-
lance [Kekelidze and Portnova, 2009; Fenster et al., 2018].

These symptoms are also accompanied by impair-
ments to normal brain activity. Among the key symptoms
are intrusive memories and flashbacks, in which the trau-
matizing experience is constantly relived — often sponta-
neously, without any additional external reminder [Brewin,
2018]. It has been suggested that these intrusive memories
are the product of insufficient emotional modulation, i.e.,
the inability of the neocortex to suppress the limbic sys-
tem [Lanius et al., 2010]. This theory is supported by the
fact the people with PTSD have elevated activity in the
amygdala and decreased activity in the medial prefrontal
cortex during provocation of symptoms as compared with
healthy subjects [Osuch et al., 2001; Pissiota et al., 2002].
In addition, reports of reexperiencing in PTSD patients have
demonstrated a link with decreased activity in the rostral
anterior cingulate gyrus and inferior frontal cortex [Hopper
et al., 2007; Jeong et al., 2019]. Many studies have also
demonstrated impairments in cognitive control tasks in
people with PTSD, accompanied by changes in the activity
of the prefrontal cortex [Polak et al., 2012; Falconer et al.,
2013]. Thus, it has now been shown that the spontaneous
and induced appearance of PTSD symptoms in patients is
accompanied by significant impairments to brain activity at
the level of various structures, including the prefrontal and
cingulate cortex, as well as the amygdala. However, the cel-
lular and network mechanisms of these manifestations thus
far remain poorly studied.

Thus, various investigators have suggested many mod-
els of PTSD in animals [Adamec and Shallow, 1993; Liber-
zon et al., 2005; Siegmund and Wotjak, 2007a; Cohen et al.,
2012; Berardi et al., 2014; Schoner et al., 2017]. Critical for
modeling PTSD are similarity in the properties of the stress-
or stimulus, which must lead to the development of the
symptoms described above; similarity in the disease itself in
animals and humans [Yehuda and Antelman, 1993; Belzung
and Griebel, 2001; Siegmund and Wotjak, 2006]; the abil-
ity to cure the symptoms in animals with drugs already
used in patients [Rybnikova et al., 2008, 2012; Schoner et
al., 2017]; the model must be controllable [Siegmund and
Wotjak, 2007a]. Siegmund and Wotjak previously proposed
a model of PTSD based on exposure of mice to electrocu-
taneous stimulation of the paws as an episode of traumat-
ic experience and corresponding to the criteria proposed
[Siegmund and Wotjak, 2007a]. This model was then used
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for studies of the relationship between PTSD symptom
severity and the intensity of the traumatizing experience
[Toropova and Anokhin, 2018]. None of the PTSD animal
models currently used addresses the symptoms of this dis-
order arising spontaneously. Nonetheless, the possibility of
studying symptoms appearing spontaneously and not as a
result of external actions imposed by the investigator re-
mains a critically important requirement for animal models
of PTSD, as in humans suffering from PTSD, symptoms
such as intrusive thoughts or flashbacks are key for estab-
lishing the diagnosis (see above, for example, [Kekelidze
and Portnova, 2009; Fenster et al., 2018]) and to a signifi-
cant extent determines the severity of PTSD and its capacity
to disable.

Thus, the aim of the present work was to study changes
in the spontaneous behavior of animals after a traumatizing
event and the concomitant changes in brain activity in the
resting state, i.e., without any external provocation of PTSD
symptoms.

Methods. Animals. Experiments used 77 male C57BL/6
mice aged 12—16 weeks (from the Pushcino and Stolbovaya
suppliers). Experiments were performed in compliance with
the requirements of Order No. 267 of the Russian Federation
Ministry of Health (June 19, 2003) and with the position of
the local ethics committee for biomedical studies of the NRC
Kurchatov Institute (Protocol No. 1, July 9,2015).

Modeling of post-traumatic stress disorder. PTSD was
modeled using a protocol which we developed previously
[Toropova et al., 2018]. The traumatizing situation leading
to the development of PTSD in this model is application of
electrocutaneous stimulation (ECS) to mice. The develop-
ment of PTSD was assessed using the following criteria:
1) the severity of induced fear apparent when animals were
placed in the same location in which they had been exposed
to ECS; 2) the severity of sensitization apparent in a loca-
tion novel for the mice, one of the components of which
was an unfamiliar sound; 3) changes in the level of anxiety
detected using classical behavioral tests.

Animals were subjected to ECS and conditioned fear
and sensitization were tested using a Video Fear Condi-
tioning System (MED Associates Inc.) and the Video Freeze
computer program (MED Associates Inc.) Video recordings
were made during application of ECS and testing of mouse
behavior, with automatic determination of the number and
duration of freezing acts.

For application of ECS, animals were placed in cham-
ber of size 30 x 23 x 21 cm with three metal walls and
one Plexiglass wall and an electrified floor; a source of dif-
fuse white light was positioned above the floor (the mean
illumination level in the chamber was 87 Lx); the chamber
also contained a source of continuous noise (mean loud-
ness 25 dB). The chamber was cleaned by wiping with 55%
ethanol solution. The location connecting all the contextu-
al components described was termed location A. Animals
were placed in location A and allowed to explore it freely
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Fig. 1. Overall scheme of experiments for assessment of spontaneous behavior in mice in the PhenoMaster apparatus (a) and
general view of the PhenoMaster (b). PM — PhenoMaster; ECS — application of electrocutaneous stimulation (induction of PTSD);
cond. — test for conditioned fear; sens. — test for sensitization; EPM — testing in the elevated plus maze.

for 170 sec. This was followed by three applications of ECS
(1.5 mA, 10 sec) through the electrified floor with an inter-
stimulus interval of 50 sec. After the last ECS, the animal
remained in the chamber for 60 sec and was then returned
to the home cage.

Seven days after induction of PTSD, mice were test-
ed for conditioned fear. Animals were placed in location A
for 3 min.

At 24 h after testing for conditioned fear, animals were
tested for behavioral sensitization. Mice were placed in the
test chamber (location B), which was a modified chamber
for application of ECS. The modification was that the elec-
trified floor was covered with a plastic insert (20.5 x 23 cm)
and an L-shaped black Plexiglass hut was placed within the
chamber (highest point 15.5 cm). The chamber was wiped
with 3% acetic acid solution. Testing was carried out under
infrared light. During the first minute, the mouse could ex-
plore location B freely, after which a neutral (unfamiliar to
the mouse and itself not inducing a freezing reaction) sound
tone (80 dB, 9 kHz) was delivered for 180 sec.

Mice were tested in the elevated plus maze (EPM)
24 h after testing for sensitization. This test used a maze
with arms of size 62 x 5 cm elevated 70 cm above the floor.
The closed arms of the maze were surrounded by transpar-
ent Plexiglass walls 16 cm high and a fence 0.5 cm high
were placed along the edges of the open arms. The central
platform of the EPM was 5 x 5 cm in size. [llumination of
the closed arms was 60 Lx, illumination of the open arms
was 77 Lx, and illumination of the central platform was
70 Lx. The maze was cleaned by wiping with peppermint
infusion in 50% ethanol. Mice was placed in the central
platform with the snout facing one of the open arms and
were allowed to explore the maze freely for 5 min. The an-

imals’ behavior was recorded on video using a video cam-
era and EthoVision XT-8.5 software (Noldus Information
Technology). The proportion of time spent in the open arms
of the maze was analyzed as the main parameter of anxiety
in this test [Lister, 1987; Walf and Eyre, 2007].

Assessment of spontaneous behavior in mice. To as-
sess the influences of the induction of PTSD on behavior in
mice in normal home cage conditions comfortable for them,
animals were individually placed in a day-round behavior
monitoring PhenoMaster apparatus (TSE Systems). The
PhenoMaster (PM) system is a home cage of size 36 x 46 x
x 20 cm fitted with a matrix of infrared sensors with a step
of 15 mm for automatic determination of the animal’s posi-
tion on the surface and recording of vertical activity (climbs
onto the shelf), along with a bowl, a feeder, and a hut with
weighing functions, a running wheel allowing recording
of the number and direction of rotations, a shelf elevated
above the floor, and a unit for operant training (Fig. 1, b).
This system provides for day-round monitoring of the ani-
mals’ motor activity (distance covered), vertical exploratory
activity (number of climbs onto the shelf), the time spent
in the running wheel and the number of rotations of the
running wheel, and the animal’s weight and consumption
behavior. Each behavioral parameter was measured min-
ute-by-minute throughout the experiment.

Before experiments, mice were kept in individual
ventilated cages in groups of five animals with free access
to water and food with an uninverted 12/12-h light cycle.
Control animals of the “home cage” (HC) group were kept
in the same way throughout the experiment.

Animals were placed in the PhenoMaster device and
given seven days for acclimation. The baseline behavioral
activity of the mice was then recorded over 3.5 days (three
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days and four nights) and movement activity in the run-
ning wheel was used to divide the animals into two groups:
“naive PM” (n = 8) and “PTSD PM” (n = 8), such that the
mean group numbers of wheel rotations were equal. On ex-
perimental day 11, one group of mice was subjected to in-
duction of PTSD as described above. To ensure that the two
groups were balanced in terms of the effects of stress due to
being caught in the cage, mice of the naive PM group were
removed from the PhenoMaster, placed in transport boxes,
and carried into the experimental room, but did not under-
go any behavioral procedures and were quickly returned to
the apparatus. Over the next 3.5 days (three days and four
nights), the animals’ behavioral activity was recorded in
both groups. The behavior of the mice in the PhenoMaster
apparatus was analyzed separately for the light phase of the
cycle (from 08:00 to 20:00) and the dark phase of the cy-
cle (from 20:00 to 08:00). To avoid the effects of changes
in illumination, “daytime” was from 08:30 to 19:30 and
“nighttime” was from 20:00 to 07:30. Data on each type of
behavior in the animals were summed for 11 h of the cor-
responding phases (day and night). The day of induction of
PTSD was completely excluded from the analysis.

Testing of conditioned fear, behavioral sensitization,
and anxiety in the EPM was run as described above for mice
of the PTSD PM and naive PM groups on experimental
days 18, 19, and 20 respectively. Control mice of the PTSD
HC (n = 12) and naive HC (n = 13) groups were also tested.
On the day of induction of PTSD, mice of the naive HC
group were taken from their home cages, placed in transport
boxes, and moved to the experimental room but underwent
no behavioral procedures and were rapidly returned to their
cages. The overall experimental scheme for assessment of
the spontaneous activity of the mice is shown in Fig. 1, a.

Assessment of brain c-Fos activity in resting mice.
Brain activity at rest was assessed after keeping mice alone
for 14 days before induction of PTSD to minimize cognitive
loading associated with social interactions. Animals were
kept in individually ventilated cages with free access to wa-
ter and food with a noninverted 12/12 h light cycle.
Experimental procedures were performed in the light phase
of the day.

Two groups of mice were used: PTSD (n = 13) and
naive (n = 11). PTSD was induced in the PTSD group as
described above. Mice of the naive group remained in their
home cages without any behavioral procedures.

After induction of PTSD, mice were left in their cages
for seven days during which they did not undergo any pro-
cedures: home cages were not cleaned and were not moved
or opened. At seven days following induction of PTSD,
brain specimens were collected from animals of both groups
in the resting state. For 4 h before collection of brain speci-
mens, the animals’ behavior was recorded on video using an
EthoVision XT 8.5 system (Noldus Information Technology)
and only those mice remaining at rest during this time were
taken for further analysis, i.e., those which did not show any
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clear signs of deep sleep, did not eat, and did not display
high movement activity. As mice are most active during the
dark part of the day, and as their behavior changes with
changes in illumination [Jud et al., 2005], the state of calm
waking was ensured by sacrificing all animals 5 h after the
onset of the light phase of the cycle.

Transcription activity in mouse brain structures was
assessed by analyzing the expression of the immediate early
gene c-fos, which is a marker for genomic activation of neu-
rons [Barth et al., 2004].

Animals received a lethal dose of 15% chloral hydrate
solution i.p., which was followed by intracardiac perfusion
of tissues with 4% paraformaldehyde in phosphate buffer.
A microtome with a vibrating blade (Leica VT1200S) was
used to prepare floating brain sections of thickness 50 pum,
which were used for immunohistochemical detection of
c-Fos protein. Primary rabbit anti c-Fos protein polyclonal
antibodies (Synaptic Systems, diluted 1:5000) and second-
ary goat anti-rabbit antibodies (AlexaFluor 488, Invitrogen,
diluted 1:500) were used.

Sections were digitized under a Fluoview 1000 confo-
cal microscope (Olympus) at magnification x10. c-Fos-im-
munopositive (c-Fos*) cells were counted automatically in
Image Pro Plus 3.0 (Media Cybernetics) on the basis of nu-
cleus size and the threshold nuclear staining intensity on the
green light scale. The density of positive cells was comput-
ed as the ratio of the area of positive cells to the area (mm?)
occupied by this structure in the section. For each of the
structures selected, the analysis used three sections from
each brain. The coordinates of the structures were deter-
mined using a stereotaxic mouse brain atlas [Franklin and
Paxinos, 2007]. The following brain structures were ana-
lyzed: the prelimbic cortex (PrL) and the infralimbic cortex
(IL) at the level +1.70 mm from the bregma; the cingulate
cortex (Cg) at the level +0.98 mm from the bregma; the
retrosplenial cortex (RS), as well as the lateral (LA), baso-
lateral(BLA), and central (CeA) nuclei of the amygdala and
the paraventricular nucleus of the thalamus (PV) at the level
—1.46 mm from the bregma; the periaqueductal gray matter
(PAG) at the level —31.6 mm from the bregma.

Statistical data processing. Data were processed sta-
tistically in Prism 7 (GraphPad Software Inc.). One-way or
two-way analysis of variance (ANOVA) was used, along
with the a posteriori Tukey test for independent sets and
Sidak’s ¢ test for linked sets and Student’s ¢ test for inde-
pendent sets. The critical level of significance was taken as
p < 0.05. Data on plots are shown as mean and 95% confi-
dence intervals.

The study was run using apparatus at the Resource
Center for Neurocognitive Research (RC NCR), Kurchatov
Complex for NanoBiolnfoCognoSocio Technologies.

Results. PTSD develops identically in mice kept in dif-
ferent conditions. Keeping of mice in the PhenoMaster ap-
paratus was significantly different from keeping them in
conventional individually ventilated cages: the PhenoMaster
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Fig. 2. Modeling of PTSD in mice kept in a PhenoMaster (PM) apparatus and home cages (HC). a) Behavior of animals of the PTSD group
on application of ECS; b) behavior of animals of the four groups on testing for conditioned fear; c) results of testing behavioral sensitization;
d) results of testing in the EPM. *p < 0.02, **p <0.0001 on comparison of the PTSD and naive groups, a posteriori Tukey test.

is richer from the point of view of the animal’s access to an
exploration space as it contains various objects, though at
the same time it is poorer from the point of view of the so-
cial context. We therefore initially confirmed that keeping in
the PhenoMaster had no effect on the induction and devel-
opment of PTSD in mice. This was done by comparing the
behavior of mice with PTSD and naive animals kept in the
PhenoMaster (the PM group) and in normal home cages
(the HC group).

Figure 2 shows data on the behavior of mice on in-
duction of PTSD (Fig. 2, a) and testing of conditioned fear
(Fig. 2, b), sensitization (Fig. 2, c¢), and anxiety in the EPM
(Fig. 2, d). On induction of PTSD, mice of the PTSD PM
and PTSD HC groups displayed low levels of freezing be-
fore application of ECS (mean 2.16%), which increased
significantly after each application of ECS (the Time factor:
F(2.017,36.30) = 368.7, p < 0.0001), pairwise comparison
of time intervals with each other: p < 0.0001, a posterio-
ri Sidak test). These groups were not different from each
other in any time interval (Group factor: F(1, 18) = 1.846,
p = 0.1911; interaction of factors: F(5, 90) = 0.9326,
p =0.4638).

On testing for conditioned fear, mice of the PTSD PM
and PTSD HC groups displayed significantly higher lev-
els of freezing than animals of the naive PM and naive HC
groups (F(3, 37) = 205.7, p < 0.0001; comparison of the
PTSD PM and naive PM groups: p < 0.0001; comparison
of the of the PTSD HC and naive HC groups: p < 0.0001,
a posteriori Tukey test) and were not different from each
other (p = 0.9983). Naive mice also showed no differences
between the two groups (p = 0.9980).

During sound presentation on testing sensitization of
animals of the PTSD PM and PTSD HC groups, freezing
was also greater than that in naive mice of the two groups
(F(3,37)=47.38, p <0.0001, comparison of the PTSD PM
and naive PM groups: p < 0.0001, comparison of the PTSD
HC and naive HC groups: p < 0.0001, a posteriori Tukey
test) and did not differ from each other (p = 0.5377). There
were also no differences between naive mice kept in differ-
ent conditions (p = 0.9981).

On testing in the EPM, animals subjected to induction
of PTSD displayed elevated anxiety levels, which was ap-
parent as statistically significantly shorter times spent in the
open arms of the maze than naive mice (F(3, 37) = 8.874,
p =0.0001, comparison of PTSD PM and naive pm groups:
p =0.0184; comparison of PTSD HC and naive HC groups:
p =0.0024, a posteriori Tukey test). Mice kept in different
conditions were no different from each other (comparison
of the PTSD PM and PTSD HC groups: p = 0.7078; com-
parison of the naive PM and naive HC: p = 0.6910).

Thus, we showed that being kept in the PhenoMaster did
not affect the induction or development of PTSD in mice and
that this apparatus could be used to analyze changes in spon-
taneous behavior in animals after the traumatic experience.

Development of PTSD leads to long-term changes in
animals’ spontaneous behavior. The effects of PTSD on the
animals’ spontaneous behavior were evaluated in terms of
three parameters of mouse behavior in resting conditions in
the PhenoMaster apparatus: the number of wheel rotations
as a measure of motor activity, the total distance covered as
a measure of exploratory activity, and climbing onto the
shelf as a measure of anxiety (the shelf was elevated above
the chamber floor and was more open — in these conditions
rodents display avoidance behavior reflecting the level of
anxiety [Holter et al., 2015].

We found that the development of PTSD was accom-
panied by significant changes in spontaneous behavior in
mice. Thus, mice of the PTSD group showed decreased
movement activity for 12 h after application of ECS, appar-
ent as a reduction in the number of rotations in the running
wheel from that seen in the naive group (p = 0.0089, two-
tailed ¢ test), Fig. 3, a. Movement activity in mice with
PTSD then returned to normal, after which it was no differ-
ent from that in naive mice in either the daytime or the night-
time (day: Group factor: F(1, 14) = 0.01391, p = 0.9078;
Time factor: F(1, 14) =0.05902, p = 0.8116); interaction of
factors: F(1, 14) = 0.4138, p = 0.5304; night: Group factor:
F(1, 14) = 0.007154, p = 0.9338; Time factor: F(1, 14) =
=5.292, p =0.1246); interaction of factors: F(1,14)=0.1192,
p =0.7350; Fig. 3, D).
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Mice were divided into PTSD and naive groups on the
basis of movement activity without consideration of other
behavioral parameters, so in terms of the exploratory activ-
ity parameter the mice of these two groups were unbalanced
even before application of ECS: the distance covered by
mice of the PTSD group was on average 30% greater than
that in naive mice (Fig. 3, c), though these differences were
not significant (Group factor: F(1, 14) =0.1807,p =0.6772;
Time factor: F(2.337, 32.71) = 33.88, p < 0.0001; interac-
tion of factors: F(13, 182) =3.940, p < 0.0001). After appli-
cation of ECS, however, the pattern of the animals’ behavior
changed to the opposite: exploratory activity decreased sig-
nificantly in mice of the PTSD group in the daytime both
compared with pre-ECS values for the same group and
compared with the activity of naive mice (day: Group fac-
tor: F(1, 14) = 18.67, p = 0.0002; Time factor: F(1, 14) =
=12.82, p =0.0030; interaction of factors: F(1, 14) = 10.29,
p =0.0063; comparison of intervals before and after ECS in
the PTSD group: p = 0.0006, comparison of the PTSD and
naive groups after ECS: p = 0.0454, a posteriori Sidak’s
test); night: only compared with the pre-ECS period (day:
Group factor: F(1, 14) = 0.6840, p = 0.4221; Time factor:
F(1,14)=6.511, p =0.0420; interaction of factors: F(1, 14) =
=4.782, p = 0.0462; comparison of intervals before and af-
ter ECS in the PTSD group: p = 0.0173, Fig. 3, d). These
changes were long-lasting in nature and persisted for at least
three days after ECS, while in naive mice there were no

changes in exploratory behavior (comparison of intervals
before and after ECS: day — p = 0.9583; night — p = 0.9988).

The most significant changes in the animals’ behavior
after induction of PTSD were seen in terms of climbing
onto the shelf, which reflects anxiety in mice (Fig. 3, e, f).
Mice of the naive and PTSD groups showed no difference
in terms of this parameter before application of ECS, while
animals with PTSD climbed onto the shelf significantly less
both day and night than naive animals and before ECS (day:
Group factor: F(1, 14) = 5.549, p = 0.0336, Time factor:
F(1,14) =5.235, p =0.0382, interaction of factors: F(1, 14) =
= 8.802, p = 0.0102; comparison of the PTSD and naive
groups after ECS: p = 0.0017; comparison of intervals be-
fore and after ECS in the PTSD group: p = 0.0046, a poste-
riori Sidak’s test; night: Group factor: F(1, 14) =5.314,p =
=0.0436, Time factor: F(1, 14) =4.037, p =0.0458, interac-
tion of factors: F(1, 14) = 7.884, p = 0.0140; comparison of
the PTSD and naive groups after ECS: p =0.0051; compar-
ison of intervals before and after ECS in the PTSD group:
p =0.0048, a posteriori Sidak’s test). Changes in the behav-
ior of mice of the PTSD group were more marked in day-
time than at night: the number of climbs onto the shelf de-
creased 5.5-fold in the daytime and less than two-fold at
night, the part of the day more comfortable for rodents.
There was no tendency for the activity of mice with PTSD
to return to the level of naive animals for at least 3.5 days
after application of ECS (Fig. 3, e).
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Fig. 4. Effects of the development of PTSD on brain activity in mice in the resting state. a) Associative area of the neocortex; b) amygdala;
¢) thalamus; d) midbrain. PrL — prelimbic cortex; IL —infralimbic cortex, Cg — cingulate cortex; RS — retrosplenial cortex; LA — lateral
nucleus of the amygdala; BLA — basolateral nucleus of the amygdala; CeA — central nucleus of the amygdala; PV — paraventricular nucleus
of the thalamus; PAG — periaqueductal gray matter. *p < 0.05; **p < 0.005, comparison with the naive group, two-tailed Student’s # test.

All these data indicate that induction of PTSD led to
long-term changes in the spontaneous behavior of mice
even in the familiar conditions of the home cage and that
these changes consisted of decreases in exploratory activity
and increases in anxiety. There was also a sharp decrease in
the activity of the mice in the first hours after the traumatic
experience, but this then leveled off.

Development of PTSD is accompanied by increased
spontaneous activity of several brain structures. After we
established that spontaneous behavior in the mice changed
after induction of PTSD, we addressed the question of the
influence of PTSD on spontaneous activity in the animals’
brains. Thus, we analyzed c-Fos expression in different ar-
eas of the associative cortex, amygdala, thalamus, and peri-
aqueductal gray matter in mice in the calm state seven days
after induction of PTSD, and also in naive animals.

Results from analysis of the numbers of c-Fos-positive
cells in different parts of the brain are shown in Fig. 4. Two-
way analysis of variance for all the brain areas analyzed
here showed that the development of PTSD led to a signifi-
cant increases in activity in the animals’ brains as compared
with naive animals (Group factor: F(1, 22) = 1947, p =
=0.0002) and this increase in transcriptional activity at rest
was specific, as it affected only certain areas of the brain
(Structure factor: F(8, 176) = 87.86, p < 0.0001, interac-
tion of factors: F(8, 176) = 6.631, p < 0.0001. A significant
increase in the density of c-Fos-positive cells in the PTSD
group as compared with the naive group was seen in the
cingulate cortex (p = 0.0100, here and henceforth two-way
t test), retrosplenial cortex (p < 0.0001), lateral nucleus of
the amygdala (p = 0.0388), basolateral nucleus of the amyg-
dala (p = 0.0162), paraventricular nucleus of the thalamus
(p = 0.0104), and periaqueductal gray matter (p = 0.0002),
but not in the prelimbic cortex (p = 0.3385), infralimbic
cortex (p = 0.8544), or central nucleus of the amygdala
(p =0.6108).

Thus, our studies showed that the development of
PTSD was accompanied by elevated spontaneous activity
in various parts of the brain in mice when the animals were
in the calm state in their home cages and were not receiv-

ing any external reminders of the trauma experienced. The
process involved only neurons from the structures studied,
indicating that it was specific.

Discussion. We report here our studies of the question
of whether the development of PTSD in animal models is
accompanied by changes in spontaneous behavior and brain
activity in the resting state, i.e., without external provoca-
tion of the symptoms of PTSD. We induced and tested the
manifestations of PTSD in animals using one of the mod-
els proposed previously, based on application of ECS as the
traumatizing action and assessing the main manifestations
of this disorder such as conditioned fear, behavioral sen-
sitization, and anxiety in the EPM [Siegmund and Wotjak,
2007a; Toropova and Anokhin, 2018].

With the aim of assessing the animals’ spontaneous
behavior and detecting changes related to the development
of PTSD, we used a contemporary method for monitoring
behavior which employed the PhenoMaster apparatus (RSE
Systems Inc.). This apparatus provides for day-round re-
cording of the animal’s movements, its motor and explor-
atory activity, and its consummatory behavior, and also for
operant training of mice. The PhenoMaster apparatus has
previously been used to assess exploratory behavior in mice
in a genetic model of Rett syndrome, for phenotyping dif-
ferent strains of rodents, including rats with a genetic mod-
el of Huntington’s disease, and to evaluate the effects of
scopolamine and phencyclidine on behavior in the home
cage [Robinson et al., 2013, 2014; Urbach et al., 2014].
One study addressed the effects of stress induced by move-
ment restraint on spontaneous behavior in mice and demon-
strated decreased locomotor activity in animals both in the
dark and the light part of the cycle (the decrease in activity
being greater in the dark period), which was long-lasting,
persisting for four days after stress [Spiers et al., 2017].
These data are consistent with our findings in animals after
stress induced by PTSD. Nonetheless, we have conduct-
ed the world’ first study of spontaneous behavior in the
PhenoMaster in mice in a model of post-traumatic stress
disorder. Thus, we first evaluated whether being kept in the
PhenoMaster, which is significantly different from the con-
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ventional context, would affect the development of PTSD
and demonstrated the absence of any such influence in all
the main tests for PTSD in mice.

We then showed that the development of PTSD actu-
ally led to long-lasting (at least three days from applica-
tion of ECS) changes in spontaneous behavior, even in the
familiar conditions of the home cage, and these changes
consisted of a reduction in exploratory activity and an in-
crease in anxiety. Previous studies of animals’ behavior in
models of PTSD addressed exclusively the symptoms of
this disorder manifest in response to any external situation:
these were mostly the display of anxiety in the EPM and
dark-light chamber tests and the startle reaction by the an-
imals [Adamec and Shallow, 1993; Liberzon et al., 2005;
Cohen et al., 2012; Barardi et al., 2014; Schoéner, 2017]
and, more rarely, the manifestation of conditioned fear on
repeat placing in the trauma context and behavioral sen-
sitization on presentation of a new sound [Siegmund and
Wotjak, 2007a,b; Dahlhoff et al., 2010]. The animals’ spon-
taneous behavior in models of PTSD have thus far not been
studied. In people with PTSD, only some of the symptoms
of PTSD are mediated by the external situation, while the
key symptom of intrusive memories occurs spontaneously,
without an external reminder of the trauma [Kekelidze and
Portnova, 2009; Lanius et al., 2010; Fenster et al., 2018;
Brewin, 2018]. Thus, we provided the first demonstration
that the PTSD model used here also reproduces this feature
of human PTSD.

We then studied spontaneous brain activity in mice
at rest after developing PTSD. In people, the development
of PTSD is known to be accompanied by decreased acti-
vation of the medial prefrontal and cingulate areas of the
cortex, along with changes to their functional connections
with other aeras on cognitive loading [Clausen et al., 2017].
Similar changes were also seen in the resting state: a large
meta-analysis based on 15 studies using fMRI showed that
patients with PTSD displayed decreased activity in the dor-
sal part of the medial prefrontal cortex and increased ac-
tivity in the ventral part of the medial prefrontal cortex, as
well as anomalous activation of areas of the limbic system
[Wang et al., 2016]. In the resting state, people with PTSD
showed increased local connectivity of the amygdala and
thalamus and decreased local connectivity in the medial and
dorsolateral prefrontal zones [Zhong et al., 2015]. The glob-
al connectivity of cortical limbic structures also changed:
patients with PTSD at rest displayed increased functional
connectivity between the basolateral amygdala and the an-
terior and dorsal cingulate cortex and the dorsomedial pre-
frontal cortex [Brown et al., 2013]. Thus, on development of
the state of PTSD, the resting state in people was character-
ized by increased activity and functional connectivity of the
amygdala, cingulate and prefrontal cortex — i.e., brain areas
associated with the control of fear and stress in humans and
animals [Shinetal 2001; Zhang et al., 2011; Rabellino et al.,
2016; Gvozdanovic et al., 2017]. We also found that mice

Toropova, Ivashkina, Ivanova, et al.

with PTSD showed, in the resting state, elevated expression
of c-Fos specifically in the basolateral amygdala and cin-
gulate cortex. However, we did not see any such activation
at rest in mice in the prelimbic and infralimbic areas of the
cortex, which belong to the medial prefrontal cortex and
take part in forms of behavior linked with fear, including
PTSD [Zhang et al., 2011; Lguensat et al., 2019]. It is pos-
sible that this relates to data from humans indicating that at
rest, the activity in different parts of the medial prefrontal
cortex in PTSD can be both specifically increased and spe-
cifically decreased [Wang et al., 2016]. It is interesting that
in humans, symptoms of intrusion and flashbacks in PTSD
related to altered activity in the amygdala and anterior parts
of the cortex [Lanius et al., 2010]. Evidence supporting this
is provided by the fact that in humans with PTSD, activi-
ty in the amygdala is increased and activity in the medial
prefrontal cortex is decreased during provocation of symp-
toms as compared with healthy subjects [Osuch et al., 2001;
Pissiota et al., 2002]. In addition, we studied c-Fos in brain
areas critically important for forming aversive memory,
monitoring fear, and the development of PTSD: the retro-
splenial cortex, paraventricular nucleus of the thalamus, and
the periaqueductal gray matter [Kwapis et al., 2015; Penzo
etal.,2015; Harricharan et al., 2016; Della Valle et al., 2019]
and for these areas we also showed increased activation of
c-Fos expression at rest in mice with PTSD. Overall, our
data provide grounds for suggesting that animals subjected
to trauma and developing PTSD in our model experience
states similar to the intrusive memories and flashbacks seen
in patients with PTSD.

Conclusions

1. The development of PTSD in mice is accompanied
by specific changes in spontaneous behavior in home cages.

2.These changes in spontaneous behavior are long-last-
ing and include decreases in exploratory activity and in-
creases in anxiety levels — the typical set of behavioral man-
ifestations of PTSD in animal models usually detected us-
ing special tests.

3. Thus, we showed that modeling of PTSD in mice pro-
duces changes in spontaneous behavior similar to the mani-
festations of the spontaneous symptoms of PTSD in humans.

4. The development of PTSD is accompanied by spon-
taneous activity in different parts of the mouse brain detect-
ed in terms of c-Fos expression when the animals were in
the resting state in their home cages not receiving any kind
of external reminder of the trauma experienced.

5. This spontaneous neuron activation is specific and
also involves such brain areas as the cingulate and retro-
splenial cortex, the amygdala, paraventricular nucleus of
the thalamus, and periaqueductal gray matter.

6. On the basis of the results on changes in sponta-
neous behavior and spontaneous brain activity, we take the
view that mice in the PTSD model used here experience
states similar to the intrusive thoughts and flashbacks seen
in patients with PTSD.
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