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Aim. To study subcellular nitrergic response in the rat brain regions following chronic stress-induced depres-
sion-like behavior. Methods. An animal model of depression induced by chronic circadian stress (CCS) establi-
shed in our laboratory was used. The L-arginine, L-citrulline and reactive nitrogen species (RNS) levels were
determined spectrophotometrically. Results. Immediately after CCS and four days later, a depression-like beha-
vior of rats was observed and accompanied by a substantial persistent elevation of the L-arginine, L-citrulline
and RNS levels with a simultaneous up-regulation of the inducible nitric oxide synthase (iNOS) in both cytosolic
and mitochondrial compartments of the rat prefrontal cortex, striatum, hippocampus, and hypothalamus, and a
down-regulation of their cytosolic constitutive NOS isoforms (¢cNOS), mitochondrial cNOS was not significantly
changed, with the exception for hypothalamus, in which the latter dropped. Conclusions. Compromised balance
of the L-arginine levels and NO synthesis in both mitochondria and cytosol in the limbic brain appears to be imp-

licated in the pathogenesis of depression and pathological anxiety.
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Introduction. Nitric oxide (NO) is a neuronal messen-
ger and a potent modulator of mitochondrial respiration
[1, 2]. Mitochondrial dysfunction and L-arginine NO
pathway are considered a likely cause of some psychi-
atric disorders including depression [3, 4]. Recent stu-
dies show the presence of a new calcium-activated con-
stitutive form of the NO synthase (NOS) enzyme in mi-
tochondria [5]. Chronic stress is known to be involved
in the depression development.

Using the established in our laboratory animal mo-
del of depression induced by chronic circadian stress
(CCS), we aimed to assess: (i) the levels of substrate and
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products of NO synthesis (in vivo), (ii) the contribution
of constitutive forms of NOS (cNOS), involved in neu-
rotransmission and regulated vascular tone and tissue
perfusion in nervous system, as well as inducible NOS
(iNOS), the effector molecule of innate immune respon-
se, to the production of NO (in vitro) in cytosolic and mi-
tochondrial compartments of the brain regions respon-
sible for the anticipatory chronic stress responses.

Materials and methods. Six stressors (forced
swimming, food deprivation, ether inhalation, restra-
int, cold and orthostatic stress) for 2 weeks were ran-
domly applied to young male Wistar rats at the appro-
priate time points of circadian rhythm to induce a de-
pression-like behavior [6].
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Fig. 1. Chronic stress-induced changes in the
activity of both constitutive nitric oxide syn-
thase isoforms (cNOS) and inducible nitric
oxide synthase (iNOS) in cytosol and mito-
chondria from the prefrontal cortex of rats.
Data are expressed as M + SEM, statistical
comparisons made by one way ANOVA fol-
lowed by the Holm-Sidak test used for all pa-
irwise comparisons: F=49.1,p <0.001; F =
=2.9,p=0.063 (cNOS); F=11.7,p<0.001;
F=17.1,p <0.001 (iNOS) relating to cyto-
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The total NOS activity was assessed by measuring
with the Griess reaction [7] an accumulation of NO and
its stable metabolites (reactive nitrogen species, RNS)
during a long-term incubation of brain samples in the
presence of calcium, L-arginine and NOS cofactors.
The iNOS activity was determined in the presence of
EDTA (omitting calcium from the incubation me-
dium). The cNOS activity was calculated by sub-
tracting the activity of iNOS from that of total NOS.
The NOS activity was expressed as nmol nitrite
(NO, )mg ' protein24 h™'. The concentrations of L-ar-
ginine and L-citrulline were determined spectrophoto-
metrically [6].

Results and discussion. Immediately after CCS
(group 1) and four days later (group II) the depres-
sion-like behavior of rats was developed and accompa-
nied with a subsequent elevation of the L-arginine, L-
citrulline and RNS amounts in both cytosol and mito-
chondria of the prefrontal cortex (PFC), striatum, hip-
pocampus, and hypothalamus compared to control. L-
arginine levels increased in both cytosolic and mito-
chondrial compartments of the PFC, striatum, hippo-
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Fig. 2. Chronic stress-induced changes in the
activity of both constitutive nitric oxide syn-
thase isoforms (cNOS) and inducible nitric
oxide synthase (iNOS) in cytosol and mito-
chondria from the striatum of rats. Data are ex-
pressed as M + SEM (n = 18), statistical com-
parisons made by one way ANOVA followed
by the Holm-Sidak test used for all pairwise
comparisons: F=154,p<0.001; F=7.2,p=
=0.002 (cNOS); F=3.8,p=0.029; F=22.4,
p < 0.001 (iNOS) relating to cytosol and
— mitochondria, respectively. Differences are

Poststress considered significant if p < 0.05

Stress

campus, and hypothalamus, in group I of 8.8- and 5.9,
2.2-and 2.4, 2.9- and 15.1, 9.9- and 11.7-fold, and in
group Il of 2.6- and 8.8, 6.1- and 6.4, 9.3- and 5.0, 9.9-
and 11.1-fold, compared respectively to control. Simul-
taneously, a persistent upregulation of iNOS accompa-
nied by an elevation of the reactive nitro gen species le-
vels was observed in the mitochondria of all the regions
studied. Cytosolic iNOS activity also markedly increa-
sed in the hippocampus and hypothalamus, while that of
PFC and striatum after short-term activation (group I)
dropped lower than control values (group II). Contrary
to iNOS, cytosolic ctNOS activity decreased by 9.9, 4.7,
3.7 and 2-fold (group I) and 2.5, 1.8, 2.6 and 2-fold
(group 1II) in the PFC, hypothalamus, hippocampus, and
striatum, compared respectively to control. The mito-
chondrial cNOS activity was not significantly changed
in the PFC, striatum and hippocampus, but diminished
by 2.9 (group 1) and 2-fold (group II) in the hypothala-
mus. Contrary to cNOS, a persistent activation of iNOS
was observed in mitochondria of all the regions studied,
with a remarkable domination of mitochondrial iNOS
over cytosolic one, with exception for hypothalamus.
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Fig. 3. Chronic stress-induced changes in the acti-
vity of both constitutive nitric oxide synthase iso-
forms (¢cNOS) and inducible nitric oxide synthase
(iNOS) in cytosol and mitochondria from the hip-
pocampus of rats. Data are expressed as M + SEM
(n = 18), statistical comparisons made by one way
ANOVA followed by the Holm-Sidak test used for
all pairwise comparisons: F'=43.8,p <0.001; F =
=3.1,p=0.054 (cNOS); F=47.4,p<0.001; F=
= 3.8, p = 0.029 (iNOS) relating to cytosol and
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The cytosolic iNOS activity also significantly increased
in the hippocampus, and hypothalamus, whereas it drop-
ped (group II) by 2.5 and 1.6-fold in the PFC and stria-
tum after short-term activation (group I) compared res-
pectively to the control.

Thus, CCS-induced substantial lasting elevation of
the L-arginine levels in the cellular compartments may
facilitate the activation of iNOS, a high-output form
strongly dependent on the presence of L-arginine, which
availability may even become a rate-limiting step in the
iNOS activity [8]. Up-regulation of iNOS might cont-
ribute to the elevation of L-citrulline, and RNS intra-
cellular levels observed, and overall inhibition of the
cNOS, because iNOS-derived high NO concentrations
may inhibit the cNOS through formation of the stable
inhibitory nitrosyl species [5]. The iNOS can produce
NO for prolonged periods and a deleterious effect of
excessive NO in the tissues is mediated by a potent oxi-
dant, peroxynitrite (ONOO"), that is readily formed
from superoxide and NO produced together during the
stress [5, 9]. NO-induced persistent mitochondrial da-
mage [10] appears to be associated with the upregula-
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Fig. 4. Chronic stress-induced changes in the acti-
vity of both constitutive nitric oxide synthase iso-
forms (¢cNOS) and inducible nitric oxide synthase
(iNOS) in cytosol and mitochondria from the hypo-
thalamus of rats. Data are expressed as M + SEM,
statistical comparisons made by one way ANOVA
followed by the Holm-Sidak test used for all pair-
wise comparisons: F'=35.7, p < 0.001; F =26.7,
p<0.001 (cNOS); F=6.4,p=0.003; F=16.7,p<
< 0.001 (iNOS) relating to cytosol and mitochon-
dria, respectively. Differences are considered sig-
nificant if p < 0.05

tion of iNOS in the mitochondria of the brain major
regions, and cytosolic iNOS in the hippocampus, and
hypothalamus, as well.

Our data are supported by the findings that the chro-
nic stress-induced depression-like behavior is accom-
panied by the activation of iNOS in the brain and its in-
hibition prevents depression [11]. At the same time
down-regulation of the cNOS could affect central relea-
se of neurotransmitters and messengers, as well as cere-
bral hemodynamics [5, 12].

Conclusions. Our results highlight the importance
of differring the pathological effects driven by the dis-
tinct NOS forms when assessing their roles in mood dis-
orders. The compromised balance of the L-arginine le-
vels and NO synthesis in both mitochondria and cytosol
appears to be implicated in the brain region-specific bio-
chemical changes leading to mitochondrial dysfunction,
energy impairment and neurotransmission disturbances
attributed to counter-parted changes in the activity of dis-
tinct NOSs involved in the pathogenesis of depression/
anxiety. Given that dysfunctions in the limbic brain have
been implicated to mood disorders and neurodegenera-
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tive diseases, it would be meaningful the searching for
the agents against the metabolic disturbances found.
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Pi3He mpoyKyBaHHs OKCHLY @30Ty B LIATO30JILHOMY i
MITOXOHIPiaTbHOMY KOMIIAPTMECHTAX TKAHHH TOJIOBHOTO
MO3KY LIYpIB IIPH JAEIPECUBHONONIOHII mOBeMiHIII,

IHyKOBaHiil XpOHIYHHM CTPECOM
Pesrome

Mema. Busuennsi cyOkaiimuHHoi HimpepeiuHoi 8I0N06I0i y OLISIHKAX
MO3KY Wypie npu 0enpecueHonooioniil nogedinyi, iHdyKo8amiiu xpo-
HiuHuM cmpecom. Memoou. Buxkopucmarno po3pobneny 6 Hawii 1a60-
pamopii meapunHy (wyp) moodenv Oenpecii, iHOYKOBAHY XPOHIUHUM
yupraodiannum cmpecom (XL[C). L-apeinin, L-yumpynin i akmueHi
Gopmu azomy (ADA) eusnauanu cnekmpogomomempuuno. Pesynn-
mamu. Biopa3y nicis XL{C ma vomupu OHi nomomy cnocmepizaemo-
cs1 0enpecuBHON00iOHA NOBEOTHKA WYPIB, AKA CYNPOBOOIHCYEMbCI 3HAY-
HUM nioguwennsam emicmy L-apeininy, L-yumpyniny ma ADA 3 00Ho-
YACHUM CIMUMYTIOBAHHAM IHOYYUbenbHoi i30opmu NO cunmasu 6 mi-
MOXOHOPIAX Ma YUmo30.i NpephpoHmaIbHo20 KOpmeKcy, cmpiamymy,
einoxkamna i 2inomanamyca. lpu ybomy 6iomiueno npueHivenns 3a2ano-
Hoi akmueHocmi koncmumymuenux izopopm NOS (cNOS) y yumosoni
yux 8i00Li6 MO3Ky, mooi K 0t Mimoxonopiansroi cNOS cmamucmuy-
HO 8IPO2IOHUX 3MIH He 8USEIEHO, 3 GUHSIMKOM 3MEHUEeHH s [T AKMUBHO-
cmi y einomanamyci. Bucnoeku. Ilopywenns emicmy L-apzininy i 36a-
nancosarozo cunmesy NO 6 1imMbOiuHOMY MO3KY, 04e8UOHO, NPUYEemHi 00
namoeenesy denpecii i mpusozu.

Kniouosi cnosa: L-apeinin, MO30K, XpOHIiuHUL cmpec, 0enpecusHo-
nooibHa nosedinKa, MimoxoHOpii, CUHMA3A OKCUOY A30MY.

H. C. Hasapsn, H. O. Moscecsan, H. X. Anuyoscan, O. A. MoscecsH,
A. I'. I'esopksn, P. JI. Aiipanemsn, K. A. Bapceean, I'. A. I'esopkan

Paznuynoe InpoayuupoBaHUE OKCHAA a30Ta B IUTO30JIbHOM U
MUTOXOHAPUAJIBHOM KOMIIAPTMEHTaX TKaHEH roJIOBHOI'O MO3ra
KpBIC IIpU I[CHpeCCI/IBHOHOI[OGHOM IMOBCCHUH,

MHAYIIPOBAHHOM XPOHHYECKHM CTPECCOM

Pestome

Lens. HU3yuenue cybrnemouno2o Humpepeuyeckoeo omeema 8 yuacm-
Kax M0o32a Kpblc npu 0enpeccugHon0000HoM nogedeHull, UHOYYuposam-
HOM Xporuyeckum cmpeccom. Memoowt. Hcnonvzosanu paspaboman-
HYI0 8 Hawiell 1a00pamopuu HCUBOMHYIO (Kpblca) Mooeilb Oenpeccu,
UHOYYUPOBAHHYIO XpOHUYecKuM yupkaouaunvim cmpeccom (XLC).
L-apeunun, L-yumpynnun u akmuenvie ¢hopmol azoma (ADA) onpede-
asanu cnekmpoghomomempuyecku. Pesynemameur. Cpasy nocre XI[C u
uemvlpe OHsl CNYCMSL HAOII00aemcst 0enpeccu8Hon000OHoe nogedeHue
KpblC, CONPOBOICOAIOUeecs: 3HAUUMENbHLIM NOBbIUUEHUEM CO0epiIca-
Hus L-apeununa, L-yumpyanuna u ADA, c 00HOBpeMeHHbIM CIMUMYTU-
posanuem uHoyyubenvrou uzogpopmvl NO cunmasvl 6 MUmMoxoHOpusx
U Yumo3one npeppoHmanbHo20 KOpmeKcd, Cmpuamyma, SunnoKamna
u eunomanamyca. IIpu smom ommeueno nooasienue ooujeli akmus-

Hocmu kKoHcmumymuenvix uzogopm NOS (cNOS) 6 yumosone smux
omoenos mMozea, mo2oa Kax 01s mumoxonopuanvrot cNOS cmamuc-
Mmu4ecku OOCMOBEPHBIX USMEHEHUL He BbISGNEHO, 3d UCKIOYeHUeM
VMeHbULeHUs ee aKMUsHOCmuU 6 2unomanamyce. Boieoovr. Hapyuienus
6 codepaicanuu L-apeununa u coanancuposannozo cunmesza NO 6 mum-
OuUecKoM Mo32e, NO-8UOUMOMY, NPUHACMHBL K RAMO2EHe3Y denpeccuu
u mpegoau.

Knioueswie cnosa: L-apeunun, mo3e, xponuieckuii cmpecc, Oe-
npeccusnono00OHoe nogedeHue, MUMOXOHOPUU, CUHMA3A OKCUOA
azoma.
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