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OF PSYCHOPHYSIOLOGICAL TRAUMA IN MOUSE MODELS
OF POST-TRAUMATIC STRESS DISORDER
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Introduction. The development of symptoms in post-traumatic stress disorder (PTSD) is determined by a set of factors, which are not limited
to classical neurotransmitter systems in the brain or stress hormones. In particular, the brain renin-angiotensin-aldosterone system may be
involved in the mechanisms of PTSD.

Obijective. To study the effect of HACE2 expression, angiotensin-converting enzyme 2 (ACE2) gene, on anxiety and susceptibility to psycho-
physiological stress in mice in the foot electroshock (FS) model of PTSD.

Materials and methods. The experiments were conducted using 4-5-month-old male C57BI/6N and k18-hACE2-KI mice. C57BI/6N mice
were divided into three groups: control (n = 7); the foot shock (FS) (n = 7); FS + lisinopril (n = 7). k18-hACE2-KI mice were divided into two
groups: control (n = 7) and the FS (n = 8). Pavlovian fear conditioning was performed using FS as an unconditioned stimulus. Mice in the
FS + lisinopril group received lisinopril at a dose of 10 mg/kg per day with drinking water for 28 days after psychophysiological trauma. The
expression of fear, reflecting the memory of psychophysiological trauma, was assessed on day 7 and day 28 after FS exposure. The magni-
tude of the fear response was assessed by evaluation of the relative time of freezing. The open field test was used to assess general locomo-
tor activity. The tail suspension test was used to assess the stress-coping strategy, while the light-dark box test and the elevated plus maze
test were used to measure anxiety. The Barnes maze test was used to explore spatial navigation and spatial learning dynamics. Behavior
was analyzed using the ANY-maze Video-Tracking Software. Statistical analysis was performed using the Prism GraphPad v.10.0 software.
Results. k18-hACE2-KI mice with expression of humanized ACE2 gene under the control of the cytokeratin gene promoter showed a more
pronounced ability to remember and retain the memory about the conditioned stimulus/context of the traumatic event in the PTSD-model
when compared to C57BI/6N mice. Anxiety measured in the light-dark box test was lower in k18-hACE2 mice than C57BI/6N mice after FS.
At the same time, there was a decrease in the open-field motor activity and there were no changes in spatial memory in the Barnes maze
test. Lisinopril, an ACE inhibitor (28 days after FS), did not reduce traumatic memory in C57BI/6N mice, indicating that the promnestic effect
of hACE2 gene expression is not a result of systemic hypotension and pointing at the involvement of the central mechanisms in the realization
of hACEZ2 gene effect in the pathological phenotype development.

Conclusions. The data indicate that the hACEZ2 gene affects the stress response in mice. Specifically, the expression of hACE2 gene in mice
leads to increased memory of psychophysiological trauma and reduced extinction of traumatic memory compared to wild-type mice. This
may be due to the modulation of the ACE2-dependent renin-angiotensin-aldosterone system in the brain. The decreased RAAS activity under
the action of the ACE inhibitor lisinopril with a hypotensive effect did not affect memory in wild-type mice.
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TPAHCIEHES3 MO MEHY ACE2 YCUNTMBAET NMAMATb O NCUXO®U3NOIOIMYECKOW TPABME
B MOAENIN MOCTTPABMATUYECKOIO CTPECCOBOIO PACCTPOUCTBA Y MbILLIEN

HO.A. TumowumHa™, T.C. OeriHeknHa, E.B. CaBuHkoBa, B.C. HOguH, A.A. KeckurHoB, B.B. Makapog, 9.A. AHasip»KaHoBa

LleHTp cTpaTernieckoro naHMpoBaHNs 1 ynpaBAeHs Meauko-01MoNorM4ecKnMy puckamm 3aopoBsbio PeaepanbHOro Meamnko-
6uonorundeckoro areHTcTea, Mockea, Poccus

BBepneHue. Pa3BuTiie CUMNTOMOB NOCTTPaBMaTUYECKOro CTPeccoBoro pacctporictaa (MTCP) onpenensieTcst KOMMNeKcoM hakTopoB, KO-
TOpble He OrpaHNYMBAIOTCS MPUHAANEKHOCTBIO K KNacCU4eCKUM HEMPOTPaHCMUTTEPHBIM CUCTEMaM MO3ra Wan CTPECCOBLIM FOPMOHaM.
B vacTtHOCTY, B MexaHu3Mbl [TTCP BO3MOXXHO BOBNEYEHNE PEHNH-AHMMOTEH3MH-a/1bA0CTEPOHOBON CUCTEMBI MO3ra.

Llenb. MN3y4deHre BnnsiHns akcnpeccumr reHa hACE2 aHrnoTeHauHnpeBpallatoLlero epmenHTa 2-ro Tuna (ACE2) Ha TpeBOXXHOCTb 1 BOCMpU-
MNMYMBOCTb K MCUXOMU3MONOMMHECKOMY CTpeccy npu mopenunposarum MTCP-nogobHOro CocTosHNS Y MblLLER, OCYLLECTBAEHHOMY C Mpu-
MeHeHueM anekTpoLloka (3LL) koHeuHocTen.

© Yu.A. Timoshina, T.S. Deinekina, E.V. Savinkova, V.S. Yudin, A.A. Keskinov, V.V. Makarov, E.A. Anderzhanova, 2025

EXTREME MEDICINE | 2025, VOLUME 27, No 3 341



https://crossmark.crossref.org/dialog/?doi=10.47183/mes.2025-321&domain=pdf&date_stamp=2025-09-20

OPUI'MHAJNIbHASA CTATbA | TEHETUKA

MaTepuanbl 1 MeTofbl. OKCNepuMeHTbl ObiN NpoBeaeHbl Ha camuax Mbiten nuHuin C57BI/6N 1 k18-hACE2 Bospactom 4-5 mecs-
ueB. Bbino cchopmurposaHo Tpu rpynnbl Mbiwen anHum C57BI/6N: rpynna «koHTponb» (N = 7); rpynna «anekTpoLuok (SLU)» (n = 7); rpynna
«QLL + nuamnHonpwn» (n = 7); Age rpynnbl Mbiwern nvHun k18-hACE2: rpynna «koHTponb» (n = 7); rpynna «3LL» (n = 8). MNposegeHo obycnos-
nMBaHue peakummn ctpaxa rno Maenosy ¢ ncrnonb3osaHrem SLL KoHe4YHOCTel B kavecTBe 6e3yCnoBHOro ctumyna. Mbiwu rpynnsl «SLL + nun-
3UHOMNPWI» B TeHeHne 28 AHen nocne Ncuxoduanonormyeckorn TpasMbl Noydani nn3nHonpun B o3e 10 Mr/Kr B CyTKIN C MATbEBOW BOAOMN.
OueHKy 9KCNpeccun peakLmmn cTpaxa, oTparkatoLLen NamMaTb O MCUXOMPU3NONOrMYEeCKON TpaBMe, MPOBOAVAM Ha 7-e 1 28-e CyTKM nocne
Bo3aencTBms SLL. BennyunHy akcnpeccumn peakLimm ctpaxa oLeHnBani no 0THOCUTENBHOMY BPeMeHI 3ammpanns. [Ans oueHky obLei no-
KOMOTOPHOW aKTUBHOCTI MCMONb30BaN TECT «OTKPbITOe nosie». OUeHKY CTpaTerumn CTpecc-3aB1MCMMOro NOBEAEHNS N3yYanu B TeCTe Noa-
BELLUMBaHNS 3a XBOCT; OLEHKY TPEBOXKHOCTN — B TECTaXx «CBETIO-TEMHAA Kamepar» U «MPUNOLHATLIN KPeCTOObpa3HbIi NadbnpuHT». OLEeHKY
NPOCTPaHCTBEHHOW HaBMraLm 1 aYHaM1KK NMPOCTPaHCTBEHHOMO 0Oy4YeHNs NpoBOAWM B TecTe «nabupuHT BapHca». [NoBegeH4Yeckue na-
pameTpbl OLEeHMBaNM NpY NoMoLLM nporpaMmmHoro obecneveHns ANY-maze Video-Tracking Software. Ctatuctuieckumin aHanms npoBegeH
¢ nomoLbto naketa N0 Prism GraphPad 10.0.

Peaynbtarthl. [pyn mogenupoBaHum MTCP-nogo6HOro CocTosiHUS ¢ MOMOLLbIO SLLI koHevHocTel y Mbiten nuHnm k18-hACE2 ¢ akcnpeccu-
el reHa rymaHunanpoBaHHoro ACE2 nof KOHTpOeM NPOMOTOPAa reHa LiMToKepaTnHa BbisBieHa 6onee BblparkeHHas CoOCOBHOCTb, MO CpaB-
HEHWO ¢ Mblwamu AnHUKM C57BI/6N, K 3anOMUHAHMIO 1 yOEPXaHNIO NamMAT 06 YCNOBHOM CTUMYNE/KOHTEKCTE TPaBMUPYIOLLErO COObITUS.
Mocne Boaaenctaus SLU y mbiwent nuHnm k18-hACE2 TpeBOXXHOCTb B TECTE «CBETNO-TEMHast Kamepa» Bbla HKE MO CPaBHEHNIO C Mblla-
M1 nvHum C57BI/6N. Mpu 9ToM Habtogany CHKEHVE ABUraTeNbHOM akTUBHOCTM B TECTE «OTKPLITOE MOe» 1 He 0OHapy>XMBann N3MeHe-
HWUIA B NPOCTPAHCTBEHHOM NaMAT B TeCTe «1abupuHT BapHcar. MpumeHeHne nuanHonpuna, nHrnbutopa ACE, y mbiwenn nnHim C57BI/6N
B TeyeHve 28 aHen nocne SLL He NpYBOANNO K CHYXKEHMIO TPaBMaTUHYECKOM NaMsATI, YTO CBUAETENbCTBYET O TOM, YTO MPOMHECTUHECKMIA
abdekT akcnpeccun reHa hACE2 He sBNsieTCS CNeaCcTBMEM CUCTEMHOW MMNOTEH3UM, 1 yKa3blBaeT Ha y4acTUe LeHTpanbHbIX MEXaHU3MOB
B peanusaummn adpdekTa reHa hACE2 npun hopMmnpoBaHnm NaTonorm4eckoro eHoTuna.

BbiBogbl. [MonyyeHHble AaHHble CBUOETENbCTBYIOT O BAUSHUM reHa hACE2 Ha hopMMpoBaHve peakumn Ha CTPEeCC Y Mbillel, a UMEHHO,
akcnpeccua hACEZ2 y MbllLe CONPOBOXAAETCS YCUIEHNEM NaMATU O NCUXOM3NONOTMHECKON TPaBME N CHXKEHNEM SKCTUHKLMN NamMsATh
O TpaBMe MO CPaBHEHWIO C MbiLLaMW ANKOrO TUMNA, YTO MOXET ONPeaenaTbcs Moaynsumen aktneHocT ACE2-3aBUCMOro Kackaga peHuH-
aHMOTEeH3MH-aNbAeCTEPOHOBOM CUCTEMbI B MO3re. YMeHbLUEeHWE perynmpoBaHns akTusHocT PAAC npu npuMmeHerun nHrnbrntopa ACE
M3NHOMPUIA C MMNOTEH3MBHBIM AENCTBMEM HE OKadblBasio BAUSHMSA Ha MaMsTh Y MbILLEN AMKOro Tuna.
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INTRODUCTION

The significance of post-traumatic stress disorder (PTSD)
among other stress-related diseases is determined by
the high probability of health and life threats, the high
incidence of subsequent mental disturbances, and the
ineffectiveness of existing prophylactic and treatment
means [1].

The recent discovery of previously unknown factors
of maladaptive changes in the brain has intensified the
search for approaches to overcoming the consequenc-
es of high-intensity acute stress and the problem of
PTSD therapy ineffectiveness. For example, when stud-
ying COVID-19 outcomes, Hoffmann et al. [2] found that
angiotensin-converting enzyme 2 (ACEZ2), which acts as
the main receptor for the S1 subunit of the SARS-CoV-2
spike protein, can determine not only infectivity, but also
may increase anxiety and lead to the development of
depressive symptoms in the setting of viral infections [3].

ACE2 protein is an important element of the re-
nin-angiotensin-aldosterone system (RAAS), whose
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components largely determine the systemic blood pres-
sure. ACE2 degrades the pressor angiotensin Il (Angll)
and thus functionally balances the activity of the ACE-
dependent pro-hypertensive RAAS cascade [4, 5.
According to Yang et al., mice with overexpression of
the humanized ACE2 gene (hACEZ2) under control of
the cytokeratin k18 gene promoter can be considered
as a model of viral infection of high neuroinvasiveness
[6], which attributes a range of negative changes in the
central nervous system [7]. However, upon overexpres-
sion of the ACE2 gene or its pharmacological activation,
the balance between Angll and its derivative with hypo-
tensive activity — Ang1-7, may change in favor of the
latter. Thus, Lima et al. and Meng et al. showed that re-
duced functional activity of the pro-hypertensive RAAS
cascade in the absence of infection can have a positive
effect on brain processes [8, 9].

Literature data also suggests that the local brain
RAAS is involved in the mechanisms of specific activity of
the nervous tissue [10]. In particular, under acute stress,
the extracellular level of cathepsin D in the prefrontal
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cortex increases [11]. Since cathepsin D is one of the
endopeptidases that determine the conversion of angio-
tensinogen to Angl [12, 13], acute stress increases the
likelihood of Angll formation from Angl and enhances the
RAAS activity in the brain. It has also been shown that
memory consolidation is impaired by the administration
of Angll in the CA1 region of the hippocampus in the ac-
tive avoidance test. This effect is mediated by angioten-
sin Il type 1 receptor (AGTR1) and involves the ERK1/2
intracellular signaling cascade [14]. In turn, the reduction
of characteristic anxiety in mice with total overexpres-
sion of hACE2 is associated with an Angl-7-mediated
activation of Mas receptors and the related changes
in the activity of GABAergic neurons in the basolateral
amygdala [15, 16].

Assuming susceptibility to stress depending on the
level of ACE2 expression or on its functional activity and/
or the RAAS activity, it is of interest to study the stress-
induced behavior of mice under conditions of hACE2
gene expression [15] or under chronic administration
of lisinopril, an ACE inhibitor, with permeability of the
blood-brain barrier.

The aim of this study was to explore the effect of
hACE2 gene expression on anxiety and susceptibility to
psychophysiological stress in k18-hACE2-KI mice in a
foot electroshock (FS) model of PTSD.

MATERIALS AND METHODS

The experiments were conducted using male mice of the
C57BI/6N and k18-hACE2-KI lines (Andreevka Nursery
of the Scientific Center for Biomedical Technologies and
the Centre for Strategic Planning and Management of
Biomedical Health Risks) aged 4-5 months. The animals
were kept in cages with artificial ventilation, 5-7 ani-
mals per cage, at a temperature of 24°C and a 12-hour
light/12-hour dark cycle (light on at 7:00 a.m. and light off
at 7:00 p.m.). Water and standard feed were ad libitum.

Studies were conducted in accordance with Directive
2010/63/EU of the European Parliament and of the
Council of 22 September 2010 and approved by the
Bioethics Commission of Centre for Strategic Planning
and Management of Biomedical Health Risks of FMBA
(Protocol No. 2 dated 15.02.2024).

Experimental design

For the study, the animals were randomly divided into
groups of 7-8 individuals.

Three groups of C57BI/6N mice were formed:

1. Control group (n = 7);

2. FS group (n =7);

3. FS + lisinopril group (n = 7);

Two groups of k18-hACE2 mice:

4. Control group (n = 7);

5. FS group (n = 8).

EXTREME MEDICINE | 2025, VOLUME 27, No 3

Given that lisinopril was used for pharmacological
modeling of possible hypotensive effects of hACE2 ex-
pression, an additional comparison group of k18-hACE2
transgenic mice of the “FS + lisinopril” line was not in-
troduced.

PTSD model. After habituation of mice to the hous-
ing conditions and to each other in the formed groups, a
modeling of PTSD-like endophenotype was performed
using the method of foot electroshock (FS), as described
earlier in [17, 18]. Two or three days before the experi-
ment, the animals were habituated for 3 min to a test
plexiglass chamber (16x16x32 cm?) placed in a sound-
proof box and equipped with an electrode grid floor
connected to a DC generator and with a video camera
(Fear Conditioning System, UgoBasil, Iltaly). During the
test session, after a 1-min rest period, two 1.5 mA 2 s
pulses were applied to the floor, one after the other, with
a 1 min interval. After the second pulse, the animal was
left in the chamber for an additional 1 min before being
returned to its home cage. The mice from the control
group remained in the FS chamber for 5 min.

Drug administration. Mice in the FS + lisinopril group
received lisinopril at a dose of 10 mg/kg per day with
drinking water for 28 days after psychophysiologi-
cal trauma. The used dose of 10 mg/kg per day cor-
responds to the doses recommended for treatment of
arterial hypertension in humans. Before the experiment,
daily water consumption was monitored for a week to
assess background water consumption and calculate
the working concentrations of the lisinopril solution. The
average daily fluid intake per animal of 4.46 mL/day ac-
cords with the data on water intake in adult mice known
from numerous literature sources. Based on the prelimi-
nary assessment of water intake, a solution of lisinopril
(Alsi Pharma, Russia) was prepared with the working
concentration such that each animal received an av-
erage daily dose of 10 mg/kg of the drug. The lisino-
pril solution was renewed every other day. During the
28 days of therapeutic exposure, the daily water intake
was assessed to monitor the received dose of the drug.
However, minor deviations from the average consump-
tion value could have an impact on the final effect sever-
ity, thus affecting the experiment outcome.

FS memory assessment. On days 7 and 28 after
FS exposure, mice were placed in the test chamber for
3 min and the time of freezing (absence of any move-
ments, except for those caused by the respiratory excur-
sion of the chest for two or more seconds) was meas-
ured using the ANY-maze Video-Tracking Software. The
magnitude of the fear response was expressed as a
relative freezing time.

Behavior such as locomotor activity, anxiety, stress
coping strategy, and spatial navigation/spatial learn-
ing were evaluated in a series of tests on days 29-32
after FS.
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To assess the overall locomotor activity, the open
field (OF) test was used. For this purpose, the animals
were placed in the arena (41x41x33 cm?®) of the motor
activity measurement system (Multiple Activity Cage,
UgoBasil, ltaly). The locomotor activity and verticaliza-
tion (the total number of stands with support on the test
arena walls and without support on the test arena walls)
were assessed based on the total number of intersec-
tions between the beams of the photodetectors, which
were located 2 cm apart on the panels on both sides
of the arena at two horizontal levels. The test was con-
ducted for 30 min under 300 lux.

The tail suspension test (TST) was used to evaluate
the stress coping strategy. The immobility time was as-
sessed by evaluating the freezing time in the first 3 min
and second 3 min of the test separately.

The light/dark box test (LDB) was used to assess
the anxiety level. The test was conducted in a chamber
(42x40x40 cm?®) divided into equal-sized open and closed
compartments (Light/Dark Box for Mice, UgoBasil, Italy).
The open space avoidance behavior (latent period from
the moment the experimental animal was placed in the
center of the light compartment (LC) to the moment of
the first entry into the dark compartment (DC), the num-
ber of entries into the compartments, the time spent in
the compartments, and the total distance traveled) was
assessed over a 10-min period. The illumination in the
LC was 400 lux.

The elevated plus maze (EPM) test was also used
to measure anxiety. The maze was located at a height
of 60 cm from the floor and consisted of two open
(OA) (80 cmx5 cm) and two closed (CA) (80 cmx5 cm)
arms intersected at a right angle (Elevated Plus Maze
for Mice, UgoBasil, Italy). The number of glances into
the OA, the number of entries into the OA and CA, the
time spent in the OA and CA, and the total distance

-1

1

Habituation Foot shock
(FS)

days

|

7 days test

Figure prepared by the authors using their own data

traveled were evaluated over a 5-min period. The OA
illumination was 400 lux. According to the test results,
the anxiety index (Al) was calculated using the follow-
ing formula: Al = 1 — [(time spent in the OA)/total test
duration) + (number of entries to the OA/total number
of entries to the arms)]/2 [17].

Spatial navigation and spatial learning dynamics
were assessed in the Barnes maze test (BMT) using an
open circular arena with a diameter of 100 cm (Barnes
Maze for Mice, UgoBasil, Italy) with an illumination of the
central area of 600-700 lux. The maze was divided into
four segments, with a shelter placed under the surface
of one of them. The training sessions (the first and sec-
ond days of the test, “day 1” and “day 2”) and the test
trial (the third day of the test, “test”) each lasted 3 min.

Behavior in the LDB, EPM, and BMT tests was ana-
lyzed using the Any-maze Video-Tracking Software, and
the video was recorded using the DMK 22AUCO3 video
camera (IMAGINSOURCE, Germany) with the Computar
A472812CS-MPIR lens (Megapixel, China).

The experimental design is shown in Fig. 1.

Statistical analysis was performed using the
PrismGraphPad v10.0+ software. The data are present-
ed as the mean value + the standard error of the mean
value (M = SEM). Given the sample sizes determined by
the availability of transgenic animals, the normality of the
data distribution was not assessed. However, all data
were checked for outliers using an algorithm based on a
nonlinear regression model [19]. A two-factor analysis of
variance (ANOVA) was used to compare the estimated
effects in the groups. When a significant influence of any
main factor was detected, between-group comparisons
were conducted using the Tukey test.

Depending on the parameter being evaluated and
the specifics of the test, the following pairs of principal
factors were established:

EPM
OF LDB TST
i 'y

.

|

28 days test

11

Learning + testing in BMT

Fig. 1. Design of experiment on modeling and phenotyping of PTSD-like state in mice: OF — open field test; LDB —
light/dark box test; EPM — elevated plus maze; TST — tail suspension test; BMT — Barnes maze test
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(1) FS (single FS exposure or no FS) x genotype (pres-
ence or absence of hACE2);

(2) genotype = time (minutes in the OF, days in the
freezing assessment);

(3) FS x time (days in the freezing assessment and
BMT parameters);

(4) groups (control, FS, or FS + lisinopril) x time (days
in the freezing assessment and BMT and TST param-
eters).

In the case of assessing the lisinopril effect in all be-
havioral tests, except for assessing freezing and behav-
ior in BMT and TST, a one-way analysis of variance was
used to compare the groups (“no FS” vs “FS” vs “FS +
lisinopril”). The differences were considered statistically
significant at a p value of < 0.05.

RESULTS

Expression of hACE2 gene was found to affect the
behavioral activity of k18-hACE2-KI mice when com-
pared to C57BI/6N. A 1.2-fold decrease in the distance
traveled in the OF was observed in intact k18-hACE2
mice compared to intact C57BI/6N mice (genotype:
F(1.12) = 16.83, p = 0.0015); the corresponding data are
presented in Fig. 2a. In the LDB test, mice of the k18-
hACE2-KI line showed a statistically significant 15.4-fold
increase in the latent period before the first entry to the
DC and a 1.9-fold increase in the time spent in the LC
(Fs > 7.98, p < 0.017), which is confirmed by the results
of post-hoc analysis (p < 0.0205); the corresponding
data are presented in Figs. 2e and 2g.

The k18-hACE2 mice exposed to a single FS re-
acted more strongly to shock compared to wild-type
mice (comparison of averages in the Student’s t-test, t =
3.561, df = 13, p = 0.004). In addition, they remembered
the conditioned stimulus/context of the traumatic event
better, which was expressed as an increased freezing
time after psychophysiological trauma in transgenic mice
compared to C57BI/6N mice on days 7 and 28 after FS
exposure (genotype: (F(1.12) = 226.98, p < 0.001; time:
(F(1.12) = 24.79, p = 0.0003; genotype x time: (F(1.12) =
8113, p = 0,015). Moreover, these mice did not show
signs of fear extinction (post-hoc: 7 days vs. 28 days;
p =0.157) (Fig. 3b), whereas fear expression in C57BI/6N
mice decreased over 28 days (post-hoc: 7 days vs. 28
days; p = 0.0001) (Fig. 3a).

Psychophysiological trauma caused delayed behav-
ioral changes in k18-hACE2 mice, which differed from
those observed in C57BI/6N mice. The immobility time
in the TST in k18-hACE2 mice was 2.4 times less than in
C57BI/6N mice in the first 3 min (p = 0.049) and 1.5 times
less in the second 3 min (p = 0.0137) in the 6-min test
(genotype: (F(1.13) = 6.268, p = 0.029) one month after
FS; the corresponding data are shown in Fig. 2c.

Transgenic mice exposed to FS demonstrated a 14.4-
fold increase in the latency period before the first entry
into DC in the LDB test compared to wild-type mice
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(genotype: (F(1.11) = 43.91, p < 0.001; FS: (F(1.12) =9.201,
p = 0.010; genotype = FS: (F(1.11) = 7.276, p = 0.021)
(Fig. 2e). In both experimental groups, a comparable de-
crease in the number of entries to the LC and DC after
the FS was observed (FS: F(1.13) = 3.134, p = 0.101).
However, only the transgenic mice showed a decrease
in the time spent in the DC, which was not symmetrical
to the increase in the time spent in the LC (FS: (F(1.13) =
7486, p = 0.017; genotype: Fs > 38.47, p < 0.001; geno-
type x FS: (F(1.11) = 7.704, p = 0.017) (Figs. 2f, 29).

The FS effect was generally not selective towards
k18-hACE2-KI mice when assessing anxiety in EPM
(FS: Fs < 3.279, p > 0.097, genotype x FS: Fs < 2.137,
p > 0.16) (Fig. 2h, i, j), although a decrease in the dis-
tance traveled in the closed arms of the maze was
found in k18-hACE2-KI mice, relative to that found
in FS exposed C57BI/BN mice (post-hoc: p = 0.028)
(Fig. 2k). The average Al values for the C57BI/6N con-
trol mice, for the C57BI/6N mice that received FS, for
the k18-hACE2-KI control mice, and for k18-hACE2-
KI mice with FS were 0.933 + 0.019, 0.954 + 0.017,
0.996 + 0.004, and 0.991 + 0.008, respectively. Two-
factor analysis of the Al variance revealed the geno-
type effect: F(1.12) = 15.52, p = 0.002; the FS effect:
F(1.13) = 0.345, p = 0.567; the effect of factor interac-
tion: F(1.12) = 1.063, p = 0.323. The subsequent post-
hoc test indicated a statistically significant difference
between control groups (p = 0.005).

Assessment of locomotor activity in the OF test re-
vealed the genotype (F(1.12) = 16.830, p = 0.002) and FS
(F(1.13) = 5.810, p = 0.032) effects of hACEZ2 expression
(Fig. 2a). In addition, a selective decrease in verticaliza-
tion after FS was found in k18-hACE2 mice (genotype x
FS: (F(1.12) = 5.362, p = 0.039 (post-hoc: p = 0.007); FS
and genotype: FS < 3.7495, p > 0.075) (Fig. 2b).

Evaluation of spatial navigation/spatial learning in
BMT showed that in C57BI/6N mice, not in k18-hACE2
mice, the strategy of finding shelter after FS is optimized
during three consecutive days of the test, which is ex-
pressed in an increase in the proportion of visited holes
in the target segment (FS: (F(1.12) = 2.150, p= 0.168; day:
(F1.12) = 4.434, p = 0.028, FS x day: (F(2.24) = 1.693,
p = 0.205 (post-hoc: day 1 compared to the third day
(“test”), p = 0.049) (Fig. 2n). This was accompanied by a
decrease in the time spent to find shelter (FS: (F(1.12) =
1.011, p = 0.335; day: (F(1.12) = 6.561, p = 0.010, FS «x
day: (F(2.24) = 0.266, p = 0.768 (post-hoc: day 1 com-
pared to the third day (“test”), p = 0.018) (Fig. 2I). In terms
of the proportion of entries to the shelter segment, the
FS effect was not statistically significant (Fs < 0.285, p >
0.466) (Fig. 2m).

The lisinopril effect was separately analyzed in
C57BI/6N mice in a PTSD model. Lisinopril, when ad-
ministered chronically orally (at a dose of 10 mg/kg per
day), did not affect contextual memory in the PTSD
model (post-hoc: 7 days p = 0.609 and 28 days p =
0.341) (Fig. 3a). The average Al values for mice of the
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Fig. 2. Comparison of the behavioral phenotype of C57BI/6N and k18-hACE2 mice in the paradigm of assessing
the delayed (29-32 days) effect of limbs electroshock (ES): a — locomotor activity; b — verticalization in open field
(OF) test; ¢ — freezing time in tail suspension test (TST); characteristic anxiety in light/dark box (LDB) test : d — total
distance traveled in light compartment (LC) and dark compartment (DC); e — latent period before first visit to DC; f —
number of entries to LC or DC; g — time spent in LC or DC; characteristic anxiety in elevated plus maze (EPM) test: h —
count of exploratory peeks in open arm (OA); i — number of entries in OA or closed arm (CA); | — time spent in OA or
CA,; k — distance traveled in OA or CA; spatial navigation dynamics in Barnes maze test (BMT): | — time to find shelter;
m-— proportion of entries to shelter segment relative to number of entries to all segments; n — proportion of checked holes
in shelter segment relative to total number of checked holes

Note: hatching — transgenic genotype; results of post-hoc comparison between groups: *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001;
post-hoc comparison between day 1 and test when evaluating spatial navigation: # p < 0.05.

control group of the C57BI/6N mice, for the C57BI/6N  a possible effect on the dynamics of spatial navigation/
mice who received FS, and mice of the C57BI/6N line  spatial learning in LB; however, it was not confirmed by
who received lisinopril after FS were 0.933 + 0.019, statistical analysis (post-hoc: p > 0.073) (Figs. 4h, 4i, 4j).
0.954 + 0.017, and 0.927 + 0.026, respectively, with the
one-factor analysis of variance having revealed no diffe- DISCUSSION
ences between the groups F (2.18) = 0.446, p = 0.647.

No effect of lisinopril was found in the OF TST, The obtained data indicate a complex profile of the
LDB, EPM, and BMT tests (Figs. 4a—j). There may be hACE2 gene expression effect on mouse behavior. On
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Fig. 3. Freezing time dynamics in C57BI/6N and k18-hACE2 mice: a — freezing time dynamics and effect of ACE
inhibitor lisinopril (10 mg/kg per day) on the freezing time in C57BI/6N mice; b — preservation of traumatic memory in

k18-hACE2 mice

Note: hatching — transgenic genotype; post-hoc comparison results between groups: ns — not significant, *p < 0.05, **p < 0.01, ***p < 0.001,

****n < 0.0001; FS — foot shock.

the one hand, intact transgenic mice demonstrated an
increase in resistance to an open illuminated space in
the LDB test, which confirms the previously described
anxiolytic effect of humanized ACE2 gene overexpres-
sion in intact mice [15, 16]. On the other hand, our study
established the effect of hHACE2 gene expression on the
delayed consequences of PTSD-modeled acute stress.
Thus, a longer exploration of LC, which is dangerous
only potentially, in the LDB test and an increase in im-
mobility, potentially of an adaptive nature, in the TST
were observed. At the same time, the expression of the
hACE2 gene contributed to the strengthening and reten-
tion of traumatic memory, which was expressed in an
increase in the freezing time and the absence of fear
extinction (i.e., the inability to relearn the actual safety
of the test chamber) within a month after psychophysi-
ological trauma.

The enhancement of FS memory may be mediated
by an increase in the FS perception since the immedi-
ate response of the transgenic mice to FS during con-
ditioning was higher. It should be noted that this is likely
to be determined by the perception mechanisms of the
psychological component of stress rather than by an
increase in the pain sensitivity, since a decrease in no-
ciception was reported upon a decrease in efficiency
of the ACE2-mediated signaling [20] and the transgenic
model we used, on the contrary, involves an increase in
the ACE2 function. Indeed, a comparison of our results
with the characteristics of the behavioral endopheno-
type described in mice with hACE2 gene overexpres-
sion [15, 16] indicates an increase in enzymatic activ-
ity of the ACE2 in k18-hACE2-KI mice, which may be

EXTREME MEDICINE | 2025, VOLUME 27, No 3

mediated either by overexpression of the humanized
gene or by the increased activity of hACE2 compared
to the wild type. The increase in enzymatic activity of
the hACEZ2 in k18-hACE2 mice may, in turn, lead to an
increase in Ang1-7 production and an increase in the
activity of the ACE2/Ang1-7-dependent RAAS cascade.
The corresponding facilitation of MasR-dependent
signaling in the mouse brain acts as a mechanism sup-
porting neuroplasticity and enhancing memory [21, 22],
as well as mediating anxiolytic and antidepressant ac-
tion [23, 24].

Correa et al. and Fontes et al. considered RAAS
regulators as potential targets in stress therapy [5, 25].
ACE inhibitors, AGTR1, as well as beta-blockers, have
shown good results in the clinical setting of PTSD treat-
ment. Preclinical studies revealed different effects. In
the study by Marvar et al., the selective AGTR1 inhibitor
losartan decreased traumatic memory, increased fear
extinction, and did not affect the characteristic anxiety
of the animals [26]. However, Braszko, Raghavendra
et al. [27, 28] reported an increase in traumatic mem-
ory in a PTSD model. In our experiment, we studied
the effect of ACE inhibitor lisinopril, an antihyperten-
sive drug, on behavioral responses of C57BI/6N mice
in a PTSD model. We predicted that, at the selected
dose of 10 mg/kg per day, which corresponds to the
therapeutic doses used in clinical practice, lisinopril
would exhibit an anxiolytic effect engaging its antihy-
pertensive activity. However, chronic administration
of lisinopril for 28 days did not affect either contex-
tual memory or anxiety in mice. Earlier, Cohen et al.
and Kao et al. observed no therapeutic effect of the

347




OPUI'MHAJNIbHASA CTATbA | TEHETUKA

a b C
OF TST
2 2000 150 100 *
‘® ES
§1soo o 5 G ® . =
G eg™ E w
45 1000 o= e
g 83 50 g L
< 500 g_g N -
g o > o 2 |-§7| - ’—}‘ ’
E o AP
animal groups animal groups 1-3 min 4-6 min
d e
100 LDB 500 LDB @ C57BI/6N control
o & 00 @ C57BI/6N FS
- 60 5 300 - .
g E © C57BI/6N FS + lisinopril
= 40 = 200
20 ) - 100 i
. .
animal groups LC DC
f g
EPM EPM
> 2
S
® 20
8 15 )
2«
g :
g 210 _E
L5
3 0
oo,
oo =
animal groups
h [ j
BMT]| BMT] BMT]|
200 » X 100 100
Q R
- O
< g 80 £ 8
- * @ g» 60 w 8 s 60
o R o—= E
100 » Qo
E 5= 40 6< D 4
= 29 -
0 % T 20 52 fl'_g 20
o = aox
0 o ) 0 ° g g 0
day 1 day 2 test 88 day 1 day 2 test Qoo day 1 day 2 test

Figure prepared by the authors using their own data

Fig. 4. Effect of ACE inhibitor lisinopril on locomotor activity, anxiety, emotional coping, and spatial navigation
in C57BI/6N mice exposed to foot shock (FS): a — locomotor activity; b — verticalization in open field (OF) test; ¢ —
freezing time in tail suspension test (TST); d — latent period before the first entire to the dark compartment (DC); e — time
spent in the light compartments (LC) and DC in the light/dark box (LDB) test; f — count of exploratory peeks in open arm
(OA); g — time spent in open or closed arms (CA) in elevated plus maze (EPM) test; dynamics of spatial navigation in the
Barnes maze test (BMT): h — time to find shelter; i — proportion of entries to shelter segment relative to number of entries
to all segments; | — proportion of checked holes in shelter segment relative to total number of checked holes

Note: results of post-hoc comparison between groups: ns — not significant, *p < 0.05, **p < 0.01; results of a post-hoc comparison between
data from day 1 and day 3 (“test”) when evaluating spatial navigation: # p < 0.05.

beta-blocker propranolol in a PTSD model in mice [17,
29]. In combination, these data may point to the lim-
ited effect of normalizing systemic blood pressure with
beta-blockers, as well as ACE inhibitors and AGTR1, in
PTSD treatment. The ineffectiveness of lisinopril in our
study may also be determined by the tertiary structure
of the human enzyme. It is known that therapeutic ef-
fects of ACE inhibitors in PTSD depend on the ACE
polymorphism, specifically determining resistance to
therapy in the presence of the rs4311 TC nucleotide
variant [30]. The probable increase in ACE2 gene ex-
pression in response to chronic lisinopril use, which

348

has already been described in the literature [31-35],
was not sufficient to induce brain-specific ACE2/Ang1-
7/MasR-dependent mechanisms.

CONCLUSION

The data obtained indicate the effect of the hACE2 gene
expression on mouse susceptibility to psychophysi-
ological stress, which may be mediated by changes in
the activity of the ACE2-dependent cascade of brain
RAAS, and point to the significance of ACE2 in the trau-
matic memory acquisition in the PTSD model. Thus,
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the hACE2 expression in mice is accompanied by an
increase in traumatic memory and by a decrease in
extinction of traumatic memory compared to wild-type
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