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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, а 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

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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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
(NO2

–)⋅mg–1 protein⋅24 h–1. The concentrations of L-ar-
ginine and L-citrulline were determined spectrophoto-
metrically [6].

Results and discussion. Immediately after CCS
(group I) 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-

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 II 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 cNOS 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 II) 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 I) 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. 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-
sol and mitochondria, respectively. Differen-
ces are considered significant if p <  0.05
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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 = 15.4, 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
considered significant if p < 0.05



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 мitochondrial da-
mage [10] appears to be associated with the upregula-

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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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
mitochondria, respectively. Differences are consi-
dered significant if p < 0.05
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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



tive diseases, it would be meaningful the searching for
the agents against the metabolic disturbances found.

Н. С. На за рян, Н. О. Мов се сян, Н. Х. Алчуджян, О. А. Мов се сян, 
А. Г. Ге вор кян, Р. Л. Айрапетян, K. A. Бар се гян, Г. А. Ге вор кян 

Різне про ду ку ван ня окси ду азо ту в ци то золь но му і 
міто хондріаль но му ком пар тмен тах тка нин го лов но го 
моз ку щурів при деп ре сив но подібній по ведінці, 
інду ко ваній хронічним стре сом 

Ре зю ме

Мета. Вив чен ня суб клітин ної нітрергічної відповіді у ділян ках
моз ку щурів при деп ре сив но подібній по ведінці, інду ко ваній хро-
нічним стре сом. Ме то ди. Ви ко рис та но роз роб ле ну в нашій ла бо -
ра торії тва рин ну (щур) мо дель деп ресії, інду ко ва ну хронічним
цир кадіан ним  стре сом (ХЦС). L-аргінін, L-цит рулін і ак тивні
фор ми азо ту (АФА) виз на ча ли спек тро фо то мет рич но. Ре зуль -
та ти. Відра зу після ХЦС та чо ти ри дні по то му спос терігаєть-
ся деп ре сив но подібна по ведінка щурів, яка суп ро вод жується знач-
ним підви щен ням вмісту L-аргініну, L-цит руліну та АФА з од но -
час ним сти му лю ван ням інду ци бель ної ізо фор ми NO син та зи в мі-
то хондріях та ци то золі пре фрон таль но го кор тек су, стріатуму,
гіпо кампа і гіпо та ла муса. При цьо му відмічено при гнічен ня за галь-
ної ак тив ності кон сти ту тив них ізо форм NOS (cNOS) у ци то золі
цих відділів моз ку, тоді як для міто хондріаль ної cNOS статис тич -
но вірогідних змін не ви яв ле но, за ви нят ком змен шен ня її ак тив но- 
сті у гіпо та ла мусі. Вис нов ки. По ру шен ня вмісту L-аргініну і зба-
лан со ва но го син те зу NO в лімбічно му моз ку, оче вид но, при четні до 
па то ге не зу деп ресії і три во ги.

Клю чові сло ва: L-аргінін, мо зок, хронічний стрес, деп ре сив но -
подібна по ведінка, міто хондрії, син та за окси ду азо ту.  

Н. С. На за рян, Н. О. Мов се сян, Н. Х. Алчуджян, О. А. Мов се сян, 
А. Г. Ге вор кян, Р. Л. Айрапетян, K. A. Бар се гян, Г. А. Ге вор кян

Раз лич ное про ду ци ро ва ние окси да азо та в ци то золь ном и 
ми то хон дри аль ном ком пар тмен тах тка ней го лов но го моз га 
крыс при деп рес сив но по доб ном по ве де нии, 
ин ду ци ро ван ном хро ни чес ким стрес сом

 Ре зю ме

Цель. Изу че ние суб кле точ но го ни трер ги чес ко го от ве та в участ-
ках моз га крыс при деп рес сив но по доб ном по ве де нии, ин ду ци ро ван-
ном хро ни чес ким стрес сом. Ме то ды. Исполь зо ва ли раз ра бо тан -
ную в на шей ла бо ра то рии жи вот ную  (кры са) мо дель деп рес сии,
ин ду ци ро ван ную хро ни чес ким цир ка ди ан ным стрес сом (ХЦС).
L-ар ги нин, L-цит рул лин и ак тив ные фор мы азо та (АФА) опре де -
ля ли спек тро фо то мет ри чес ки. Ре зуль та ты. Сра зу по сле ХЦС и
че ты ре дня спус тя на блю да ет ся деп рес сив но по доб ное по ве де ние 
крыс, со про вож да ю ще е ся зна чи тель ным по вы ше ни ем со дер жа -
ния L-ар ги ни на, L-цит рул ли на и АФА, с од но вре мен ным  сти му ли -
ро ва ни ем ин ду ци бель ной изо фор мы NO син та зы в ми то хон дри ях
и ци то зо ле пре фрон таль но го кор тек са, стри а ту ма, гип по кам па
и ги по та ла му са. При этом от ме че но под ав ле ние об щей ак тив -

нос ти кон сти ту тив ных изо форм NOS (cNOS) в ци то зо ле этих
от де лов моз га, тог да как для ми то хон дри аль ной cNOS ста тис -
ти чес ки дос то вер ных из ме не ний не вы яв ле но, за ис клю че ни ем
умень ше ния ее ак тив нос ти в ги по та ла му се. Вы во ды. На ру ше ния
в со дер жа нии L-ар ги ни на и сба лан си ро ван но го син те за NO в лим -
би чес ком моз ге, по-ви ди мо му, при час тны к па то ге не зу деп рес сии 
и тре во ги.

Клю че вые сло ва: L-ар ги нин, мозг, хро ни чес кий стресс, де-
пре ссив но по доб ное по ве де ние, ми то хон дрии, син та за окси да
азо та.   

REFERENCES

1. Bredt D. S. Endogenous nitric oxide synthesis: biological func-
tions and pathophysiology // Free Radic. Res.–1999.–31, N 6.–
P. 577–596. 

2. Giulivi C. Mitochondria as generators and targets of nitric oxide
// Novartis Found Symp.–2007.–287.–P. 92–100. 

3. Rezin G. T., Amboni G., Zugno A. I., Quevedo J., Streck E. L. Mi-
tochondrial dysfunction and psychiatric disorders // Neurochem.
Res.–2009.–34, N 6.–P. 1021–1029.

4. Yanik M., Vural H., Tutkun H., Zoroglu S. S., Savas H. A., Her-
ken H., Kocyigit A., Keles H., Akyol O. The role of the arginine-
nitric oxide pathway in the pathogenesis of bipolar affective
disorder // Eur. Arch. Psychiatry Clin. Neurosci.–2004.–254,
N 1.–P. 43–47. 

5. Alderton W. K., Cooper C. E., Knowles R. G. Nitric oxide syntha-
ses: structure, function and inhibition // Biochem. J.–2001.–357, 
Pt 3.–P. 593–615. 

6. Nazaryan N. S., Movsesyan N. H., Alchujyan N. Kh., Movsesyan
H. A., Guevorkian A. G., Hayrapetyan H. L., Kevorkian G. A.
Depression-like condition and changes in the level of L-arginine 
and its metabolites in platelet and immunocompetent cells of
blood in rat model of chronic circadian stress // Med. nauka
Armeniyi NAN RA.–2011.–51, N 1.–P. 62–74.

7. Schmidt H. H. H. W., Kelm M. Determination of nitrite and nit-
rate by the Griess reaction // Methods in nitric oxide research /
Eds M. Feelisch, J. S. Stamler.–Chichester: Wiley, 1996.–
P. 491–497.

8. Lowenstein C. J., Padalko E. iNOS (NOS2) at a glance // J. Cell
Sci.–2004.–117, N Pt 14.–P. 2865–2867. 

9. Brune B. The intimate relation between nitric oxide and
superoxide in apoptosis and cell survival // Antioxid. Redox
Signal.–2005.–7, N 34.–P. 497–507.

10. Bolanos J. P., Heales S. J. R. Persistent мitochondrial damage
by nitric oxide and its derivatives: neuropathological implica-
tions // Front Neuroenergetics.– 2010.–2.–P. 1–9.

11. Wang D., An S. C., Zhang X. Prevention of chronic stress-indu-
ced depression-like behavior by inducible nitric oxide inhibitor
// Neurosci. Lett..–2008.–433, N 1.–P. 59–64.

12. Hanania T., Johnson K. M. Regulation of neurotransmitter relea-
se by endogenous nitric oxide in striatal slices // Eur. J. Pharma-
col.–1998.–359, N 2–3.–P. 111–117.

UDC 577.158:616.831-005
Received 10.07.11

397

REGION-SPECIFIC NO PRODUCTION IN CYTOSOLIC AND MITOCHONDRIAL COMPARTMENTS


