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Here, to study the relationship between anxiety levels with changes in the neurometabolic profile in the hippo-
campus and amygdala, an experimental predator stress model was reproduced in which Sprague-Dawley rats were
exposed to cat urine for 10 minutes on a daily basis for 10 days. At the time of presentation of the stimulus, an on-
line survey of behavioral reactions was conducted. Fear, aggressiveness, avoidance of stimulus and grooming were
recorded. Fourteen days after the completion of the last stress exposure, the total level of anxiety was determined
in the test of the “cross maze”. Using the method of in vivo NMR spectroscopy, the content of neurometabolites was
determined in the hippocampus and in the amygdala. According to the peculiarities of behavioral reactions to a
stressor, animals were retrospectively divided into two phenotypes. The first phenotype used a passive behavioral
strategy, and the second phenotype was active. In animals of the first phenotype, the indicators of anxiety behavior
remained at the control level. In animals of the second phenotype, a decrease in anxiety was observed. Animals
of the second phenotype showed elevated levels of lactate in the hippocampus compared to animals of the first
phenotype, and the lowest N-acetylaspartate levels significantly differed from those in the control and the first
phenotype animals. In the amygdala, in animals of the second phenotype, the content of taurine is sharply reduced
in comparison with those in the control and the animals of the first phenotype. Thus, the results obtained indicate
a relationship of post-stress changes in anxiety, with the peculiarities of the behavioral reactions presented at the
moment of the immediate action of the stressor. Among the hippocampal and amygdala neurometabolites, the
most informative for the characterization of the anxiolytic action of the predator stress are identified.
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B 3TOM nccnepoBaHmm Ana N3yyeHnA COOTHOLLEHNA MeXIY YPOBHEM TPEBOXKHOCTY C UBMEHEHVAMU HelpomeTabo-
nmyeckoro npoduna B runnokammne 1 amvraane BOCNPOU3BOAUIACh SKCNepUMeHTalbHas Moaenb NpeaaTopHoro
CTpecca, B KOTOPOW KpbiCbl IMHMK Sprague-Dawley B TeueHre 10 MVHYT nofABepraancb 3KCNO3ULMM KOLIayben
Moun Ha npoTsaxeHun 10 gHen exeaHeBHO. B MOMeHT npeabABneHNA CTUMyna Benacb CbeMKka MOoBefeHYeCKmX
peakuuii. PernctpmpoBanucb peakumm Ncnyra, arpecCMBHOCTY, M36eraHnsa CTUMyIa U rpyMuHra. Yepes 14 gHei no-
Cle 3aBepLUEHUA NOCSIEAHErO CTPECCOPHOro BO3AENCTBYUA B TECTE «KKPECTOOOPa3HbI NabrpUHT» onpeaensancsa o6-
WM YypOBeHb TPpeBOXKHOCTU. C MOMOLLbI0 MeTofa NpuKmn3HeHHon AMP-cneKTpockonuy onpefensnu copepxaHme
HernpomeTabonnMToB B rmnnokamne 1 amurgasne. [o 0cob6eHHOCTAM NoBefeHUYECKNX PeaKLnii Ha CTPECCop »KUBOT-
Hble Oblfv PETPOCMEKTNBHO pa3fesnieHbl Ha ABa deHoTuMa. MepBbiit PeHOTUMN NCNONb30Bas NAaCCUBHYIO MNOBEAEH-
YeCKylo CTpaTernto, a BTOPON — aKTUBHYI0. Y KMBOTHbIX NMepBOro ¢peHoTMMna nokasatenun TPeBOXKHOIo NoBeaeH s
COXPaHAINCb Ha KOHTPOJIbHOM YPOBHE, B TO BPEMA KaK Y »KUBOTHbIX BTOPOro d)eHomna Ha6ﬂIOp,aJ'IOCb CHWXeHne
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TPEBOXHOCTb 1 HEMPOMETabONTbI FUMMOKammna 1 aMurgasib
KpbIC MOC/Ie XPOHMYECKOTO NPeAaTopHOro cTpecca

3TOro nokasaTens. B runnokamne y )XMBOTHbIX BTOPOro ¢eHOTUMa OTMeYanoch NOBbILEHHOE COAepKaHMe NlaKTaTa
Mo CPaBHEHNIO C >KMBOTHBIMU NEPBOro GeHOoTMMa, Toraa Kak ypoBeHb N-aLeTunacnapTaTta Mes camble HU3KKME 3Ha-
YeHUs, OT/INYHbBIE OT TaKOBbIX Y XMBOTHBIX ABYX APYrMX rpynmn. B amurgane y )mMBOTHbIX BTOPOro ¢peHoTrna 6bino
CHIKEHO CoAiepKaHue TaypurHa Nno CPaBHEHUIO C KMBOTHBIMU NEPBOro GeHoTuna 1 KOHTPOJIbHON rpynrbl. Takum
06pa3om, NoslyyeHHble pe3ynbTaTbl CBUAETENIbCTBYIOT O CBA3M NMOCTCTPECCOPHBIX N3MEHEHMI TPEBOXHOCTHU C OCO-
6EHHOCTAMMN NOBeAeHUYECKNX peaKkLuii, BbIABIEHHbIX B MOMEHT HEMOCPeACTBEHHOro AeicTBus ctpeccopa. Cpeau
HenpoMeTaboNyTOB rMMNMoKammna 1 aMurgasbl onpegeneHbl Hanbonee MHGOPMATVBHbIE AN XapaKTEPUCTUKN aHK-

CYIONUTUNYECKOTO [eNCTBUA npenaTopHoOro crpecca.

KnioueBble croBa: npenaTopru?l cTpecc HeﬁpOMeTa6OJ1VITbI; amurgasna; rmnnokammn; MHOEKC TPEBOXKHOCTWN.

Introduction

Different kinds of predator stress such as visual contact
with a predator and exposure to its scent are considered as
experimental models to study post-war stress syndrome and
post-traumatic stress disorder (PTSD) (Cohen et al., 2008).
What is interesting about this disorder is that PTSD develops
electively and a lot of people who have been exposed to
severe psychological stress are resistant to PTSD (Pitman et
al., 2012). Another interesting neurobiological phenomenon
that has been discovered lately, is called post-traumatic
growth (PTG) syndrome. This syndrome also develops after
a phycological trauma in a relatively small group of patients
(Wong et al., 2018). So far, the biological mechanisms mak-
ing people resistant to both PTSD and PTG have remained
unknown.

Developing a proper experimental model remains another
crucial issue for studying PTSD. Such models are required
to be relevant to the diagnostic criteria (Cohen, Zohar, 2004).
According to the fifth edition of Diagnostic and Statistical
Manual of Mental Disorders (American Psychiatric Associa-
tion, 2013) PTSD can be diagnosed after identification of a
stressor that triggers the disorder. Since PTSD is a long-term
consequence of the stressor’s effect, researchers have not paid
much attention to a patient’s behavioral response to emotional
distress when resistance to PTSD is being formed.

Despite the long-term history of investigation into the role
of behavioral adaptation strategies in forming response to
stressors, PTSD has rarely been studied in this respect. Neuro-
biology knows two adaptation strategies. The first one is aimed
at active overcoming of a stressing situation and is called a
stimulus-response or S-R strategy (Schwabe et al., 2008; De
Kloet, 2012). The other, adaptive strategy aimed at getting
accustomed to a stressor is often called a spatial or S strategy
(Schwabe et al., 2008). It is apparent that the S-R strategy is
necessary in a situation when a stressor can be surmounted by
fight or run, while the S strategy is useful in the presence of a
continuous stressor. Following the S-R strategy activates the
hippocampus-striatum axis, while transmitting neural signals
from the hippocampus to amygdala launches the S strategy
(Schwabe et al., 2008).

Most of the studies dealing with the metabolism of these
key limbic structures under chronic stress have been conducted
in vitro, while modern techniques of NMR spectroscopy en-
able one to obtain in vivo estimations of the hippocampus
and amygdala’s metabolic profile. Unfortunately, these have
been just a few studies based on the NMR spectroscopy data
obtained under chronic stress. Earlier it has been demonstrated
(Hemanth Kumar et al., 2012) that chronic stress increases

the proportion of some metabolites (myoinositol, taurine) and
decreases the proportion of others (N-acetylaspartate, gluta-
mate, glutamine, gamma-aminobutyric acid (GABA)) in the
hippocampus. In this study, the changes were measured right
after the end of a stressor effect. Unfortunately, no studies
investigating the long-term effects of chronic stress on hip-
pocampus and amygdala NMR spectroscopy data have been
available so far.

In the presented study we investigated the immediate reac-
tion to a stressor in animals under predator stress. During the
investigation, we, first hand, tried to understand whether it
was possible to distinguish different behavioral phenotypes
with different behavioral strategies in immediate response to
a stressor based on the animals’ level of anxiety. For that pur-
pose, the determined phenotypes were compared to match their
anxiety levels to changes in their hippocampus and amygdala
metabolic profiles. These limbic structures had been selected
due to their crucial role in PTSD neurobiology in general and
in PTSD anxiety symptomatics in particular.

Materials and methods

Animal model. The presented study was performed during
a spring period using the equipment provided by Center
for Genetic Resources of Laboratory Animals, Institute of
Cytology and Genetics, SB RAS (RFMEFI61914X0005,
RFMEFI62114X0010). The cohort was 26 Sprague-Dawley
male rats in the age of 89 weeks by the time the experi-
ments began. The animals were kept in pairs in the OptiRAT
ventilated cages (Animal Care, USA). They had free access
to water and granulated food (Ssniff, Germany). The cage’s
photoperiod was 14 light:10 dark, temperature — 2442 °C
and humidity — 40-50 %. As the nesting material, the cages
were inlaid with dedusted wood shavings. Both the food and
shavings were autoclaved before use. To water the animals,
one used the water cleansed in a Millipore purifier and en-
riched with the Severyanka mineral additive (ECOPROJECT,
Saint-Petersburg). All animal experiments were performed in
compliance with the protocols and recommendations for the
proper use and care of laboratory animals (ECC Directive
86/609/EEC). All efforts were made to minimize the number
of animals used and their pain or discomfort.

Research protocol. The animals were divided into 2 sub-
groups: control (rn = 7) and the rats undergoing predator stress
to model PTSD (n = 19). To model the stress the modified
Cohen & Zohar model (2004) that was previously described
in (Tseilikman et al., 2017) was applied. The experimental
PTSD model was reproduced through daily exposition of the
rats to the urinary marks of a mature domestic cat, deposited on
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softwood cat litter. To do so, Petri dishes with 20 g of marked
litter, covered with nylon fiber were placed in the cages for
15 minutes a day during 10 days. The rats from the control
group also had the litter in their cages but without urinary
marks. During the next 10 days, the animals experienced
no additional exposure, and on day 23 their emotional reac-
tions were estimated using an elevated cross maze (ECM).
On day 26 neurometabolite content in their hippocampus
and amygdala was estimated. On day 29 the animals were
sacrificed.

The rats’ behavioral activity. The number of behavioral
acts as a response to the stimulus was counted during being
exposed to predator stress. Such reactions as fear (a rat stops
when passing on feline scent), grooming, explorative reac-
tions (a rat sniffs a Petri dish with urine-marked litter). Other
reactions taken into account included evading (a rat diggs the
dish into the nesting material); fearlessness (a rat jumps onto
the dish); aggression (a rat attacks the dish trying to tear the
nylon fiber covering it).

To verify their anxiety, the rats were given an ECM test.
The cross maze is a central area of 10 by 10 cm in size with
4 arms of 50 x 10 cm cross-stretching from it, two are placed
opposite one another and have no closing walls (open arms)
and two other — equipped with closing walls of 50 cm in height
(closed arms). The maze was set at 1 m above the floor. The
individual behavior of each rat was studied in the maze for
10 min. As an integral value characterizing the presence of
anxious disorders in the rats, anxiety index (Al) was used
that was calculated based on the following formula (Cohen
et al., 2008):

time in open arms
> time in maze

Al=1- +

enters into open arms /
> number of enters

NMR spectroscopy of the hippocampus and amygdala.
The content of neurometabolites in the rats” hippocampus and
amygdala was studied using a Bruker BioSpec 117/16 USR
horizontal tomograph with a magnetic field of 11.7 T. Five
minutes prior to the study, the rats were immobilized with gas
anesthesia (Isofluran; Baxter Healthcare Corp., Deerfield, IL)
using a Univentor 400 Anesthesia Unit (Univentor, Zejtun,
Malta). The body temperature of the animals was supported
using the water loop of the tomograph’s table that warmed its
surface to 30 °C. A pneumatic respiration sensor to control
the depth of anaesthesia (SA Instruments, Stony Brook, N.Y.,
USA) was placed underneath each rat.

'H MRS. All proton spectra of the rats’ brains were obtained
using transmitting volume (T11232V3) and receiving sur-
face (T11425V3) 'H RF coils. For proper positioning of the
spectroscopic voxels, whose size was 3.0 x 1.5 x 3.0 mm for
the amygdala and 1.5 x 3.0 % 3.0 mm — for the hippocampus,
TurboRARE, a spin echo technique, was applied (TE =11 ms,
TR = 2.5 ms) to obtain T2-weighted high-resolution images
(slice thickness — 0.5 mm, filed of view — 2.5%2.5 cm, matrix
size — 256 x 256 pixels) in three projections. All the voxels
were positioned manually based on the images obtained. All
the proton spectra were obtained using STEAM (stimulated
echo acquisition mode spectroscopy; TE=3 ms, TR =5s, and
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120 accumulations). Before each spectroscopic measurement,
the magnetic field heterogeneity was adjusted for a selected
voxel using FastMap (Gruetter, 1993). The water signal in
the spectra was suppressed using variable pulse power and
optimized relaxation delays (VAPOR) (Tkac et al., 1999).

'H spectra processing. To process the experimental spectra
and determine the qualitative content of metabolites, a spe-
cially designed software solution was used. As LC Model
(Provencher, 1993) the solution assumes that the spectrum
of a mixture of known chemical compounds is a linear com-
bination of the spectra of analyzed components. More details
about the package can be found in (Moshkin et al., 2014). The
percentage content of the studied metabolites was estimated
in relation to their total amount. In total, 12 metabolites were
studied (N-acetylaspartate, GABA, alanine, aspartate, total
choline-containing compounds, total creatine + creatine P,
total glutamine + glutamate, myoinositol, taurine, glycine,
lactate, phosphorylethanolamine), which allowed for integral
estimation of neuronal activity in the rats (Hemanth Kumar
et al., 2012; Gulevich et al., 2015; Shevelev et al., 2018) for
this set reflects the balance between inhibitory (GABA) and
excitatory (glutamine + glutamate) neurotransmitters; contains
aneural viability marker (N-acetylaspartate), key amino acids
(alanine and aspartate), moderators of neurotransmission (tau-
rine) and phosphate metabolism (creatine + creatine P), and
reflects membrane synthesis and cell proliferation (choline,
myoinositol and phosphorylethanolamine).

Statistical methods. To process the obtained data, a one-
way ANOVA was applied. The significance of the differences
between the phenotypes of the studied animals was estimated
with a post hoc test (LSD Fisher). The values of the studied
parameters were presented as mean + standard error of mean
(M + SEM).

Results

Based on their behavioral reactions to the chronic effect of
predator stress, the studied rats were separated into two
phenotypes. Phenotype 1 (n = 13) exposed a passive defense
reaction in which fear and grooming dominated. Phenotype 2
was characterized by active behavioral reactions as absence
of fear, aggression towards the stimulus, and searching. On
day 13 after the stress exposure was ended (Table 1), statisti-
cally significant differences were observed for the time of
being in ECM center (F,,,= 5.89, p = 0.008). The post hoc
analysis demonstrated statistically significant differences be-
tween Phenotype 2 and the control group (p = 0.003) as well
as between the animals belonging to different phenotypes
(»=0.011).

In Phenotype 2 the time of being in ECM center was higher
than that in the control rats and Phenotype 1. Moreover, statis-
tically significant differences were observed for the times of
being in the open arms (F, ,,=22.32, p <0.001), which was
higher for Phenotype 2 than for the control group (p <0.001)
and Phenotype | (p <0.001). In addition, statistically signifi-
cant differences were observed in the number of the times the
animals entered open arms (F, ,,= 11.56, p = 0.003). The rats
of Phenotype 2 entered them more often than the control rats
(» <0.001) and those belonging to Phenotype 1 (p < 0.001).

When studying the metabolite level in the hippocampus
(Table 2), significant differences were observed in N-acetyl-
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Table 1. Anxiety indexes in cross-maze test in the rats with different behavioral response
to stressor (M £ SEM)
Anxiety indexes Control Phenotype 1 Phenotype 2
(n=7) (n=13) (n=6)
ECM center, % of test time 0.10+0.02 0.12+0.02 0.19+0.01*#
Closed arms, % of test time 0.86+0.03 0.83+0.03 0.62+0.03**
Open arms, % of test time 0.04+0.01 0.04+0.01 0.19+0.03**
Searching in the closed arms, min 0.92+0.06 0.94+0.04 0.98+0.01
Searching in the open arms, min 0.35+0.06 0.37+0.03 0.70+0.06**
Number of enters into the open arms 0.63+0.50 0.69+0.21 443+1.19%
Anxiety index 0.92+0.01 0.91+0.01 0.88+0.01%#
* p < 0.05 mark the differences when compared to the control; # p < 0.05 mark the differences between Phenotypes 1 and 2.
Table 2. Content of neurometabolites in hippocampus and amygdala of the rats
with different behavioral response to stressor (M £ SEM)
Neurometabolites Hippocampus Amygdala
Control Phenotype 1 Phenotype 2 Control Phenotype 1 Phenotype 2
(n=7) (n=13) (h=6) (n=7) (h=13) (h=6)

Choline-containing 1.78+0.42 1.93+0.26 1.15%+0.26 1.32+0.48 1.45+0.49 0.83+0.49
compounds

Creatine + 11.96+£1.19 12.36+0.84 9.58+0.84 11.63+£0.90 10.81+0.83 7.98+1.81
phosphocreatine

Glutamine + 15.07+1.66 16.90+1.47 13.43+£1.83 21.27+239 19.81+£1.43 15.37+4.70

glutamate

* p < 0.05 mark the differences when compared to the control; # p < 0.05 mark the differences between Phenotypes 1 and 2.

aspartate (F,,, = 3.74, p = 0.041) and lactate (F,,, =4.42, Discussion

p = 0.023) contents. It turned out that N-acetylaspartate
content in Phenotype 1 was higher than that in Phenotype 2
(p =0.014). However, when compared to the control, no sig-
nificant differences were seen. On the other hand, the lactate
content in Phenotype 2 was higher than that of Phenotype 1
(p < 0.01) with no statistical differences registered against
the control.

When studying the metabolite level in the amygdala (see
Table 2), statistically significant differences were observed
only for taurine content (F, ,, =3.51, p =0.049). It was lowest
in Phenotype 2 and statistically differed from both the control
(» = 0.022) and Phenotype 1 (p = 0.031).

First hand, the obtained results attest there is a link between a
behavioral reaction to stress and the anxiety level registered
long after the stress. It is noteworthy that in the experiment,
the anxiety level in the control rats was initially high. Ac-
cording to other studies (Cohen, Zohar, 2004; Kondashev-
skaya et al., 2017) using this index, its mean value usually
varies from 0.5 to 0.75, although there were those whose
anxiety index exceeded 0.8. In our design, the initial level
of anxiety was so high that even daily predator stress could
not worsen it.

So far, the rats included in Phenotype 2 that demonstrated
active behavior (S-R strategy) in response to the predator
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stress had a lower level of anxiety if compared to the control
group, while the rats belonging to Phenotype 1 with passive
behavior (S strategy) preserved the high level of anxiety even
when being no longer exposed to the stress. In other words,
the anxiolytic effect of the stress was observed only in the rats
using S-R strategy. Thus, the experiment has demonstrated the
role of an animal’s initial condition in the formation of the
long-term effects of chronic predator stress.

For the time being, there have only been a few studies in-
vestigating changes in the level of brain metabolites in animal
models in the presence of chronic stress. The discovered dif-
ference in the behavioral reactions of rats to predator stress has
found their reflection in metabolic changes in certain structures
of the brain. Our results obtained for certain hippocampal
metabolites have demonstrated that N-acetylaspartate respon-
sible for the general viability of neurons (Moffett et al., 2007,
Shevelev et al., 2018) reduces in Phenotype 2 (S-R strategy)
to lower extend if compared both to Phenotype 1 (S strategy)
and the control rats. These results are comparable to the
ones obtained by Hemanth Kumar et al. (2012), who studied
chronic stress in a rat model and observed reduction of the
same metabolite in the hippocampus. Similar reduction of
N-acetylaspartate level was reported for the hippocampus of
stressed macaques (Coplan et al., 2010). Hemanth Kumar et
al. (2012) also demonstrated that in presence of chronic stress,
rats had increased hippocampal taurine levels. In our study, a
similar tendency has been demonstrated by the rats belonging
to Phenotype 1 if compared to the control group, but these
differences have not been statistically significant.

Another interesting peculiarity of the rats using S-R stra-
tegy has been a higher level of lactate if compared to the
other experimental group. Meanwhile, being exposed to the
stimulus only active (S-R) rats have shown signs of aggres-
sion. Opposite data were obtained for the grey rats selected
for their aggressive defense reaction to humans. As it turned
out, domestic rats had a higher level of hippocampal lactate
if compared to these aggressive rats (Gulevich et al., 2015).

Among the studied neurometabolites of the amygdala,
only taurine has been sensitive to predator stress. Its content
has reduced in the active rats of Phenotype 2 if compared
both to Phenotype 1 and the control group. In this respect,
it is important to note that taurine modulates neurosynaptic
transmission (McCool, Chappell, 2007), so its lower level
may be indirect evidence of reduced amygdala activity in
Phenotype 2. And, possibly, this reduction is one of the
chains of the mechanism producing the anxiolytic effect in
this predator stress model.

Conclusion

Finding this effect in the rats using S-R strategy while
stressed has been the main scientific novelty of the performed
study, in which we have been able to detect informative
neurometabolites in the rats demonstrating different behavioral
reactions under stress. If one assumes there is a link between
this experimental reduction of anxiety in rats and post-
traumatic stress disorder in humans, our experimental protocol
can be used for future development and validation of a model
that characterizes this underinvestigated consequence of
phycological trauma.
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