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Abstract. The aim of the study was to investigate the possibility of correcting the nitric oxide (NO) and BDNF deficiency in alcohol
dependent rats by intranasal administration of the NO donor sodium nitroprusside (SNP). Intranasal administration of SNP to rats with alcohol
dependence was carried out at a dose 8 pg/kg body weight twice a day on the background of alcohol withdrawal for 3 days. Nitric oxide
metabolites (nitrites, nitrates; NOx) and BDNF concentration were measured in the brain structures and serum. Chronic alcohol consumption
leads to a decrease of NOx and BDNF content in brain structures and BDNF concentration in serum in rats under alcohol withdrawal. SNP
restores NOXx level in the brain and BDNF concentration in serum on the background of NOx level decrease in serum. Intranasal administration
of SNP causes recovery of NO cerebral functions and BDNF level in serum impaired as a result of chronic alcoholization.
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Pe3tome. MeToro nociipkeHHs OyJ10 BUBYMTH MOXKIMBICTh KOpeKIil aedimuty okcuay azoty (NO) Ta Mo3kocnenudpiyHOro HeHpoTpo-
(ignoro dakropy (BDNF) y mrypiB 3 alkoroipHOIO 3aI€XHICTIO HIIIXOM HEIHBa3MBHOTO METOAY IHTPaHA3aJbHOTO BBEICHHS HU3BKHX /103
noropy NO HiTponpycuay HaTpito. AJKOTOJIbHY 3aJIEKHICTh MOJIEITIOBAIIH IIUIIXOM JOOPOBLIBHOTO MPUHOMY aJIKOTOIO B 1031 1,25 r/Kr Macu
Tija npotsrom 40 nHiB. [HTpaHa3anbHE BBEICHHS HITPONPYCHIY HATPIIO B 031 8 MKI/KT MacH Tisa 34iiCHIOBaNH JBiui Ha 100y Ha TJIi BiIMiHK
npuitoMy ankoroso npotsroM 3 HiB. Konnenrpaniro merabomitie NO (nitpurH, Hitpatn; NOX) BUMipIoBai ClIEKTPOGOTOMETPHYHIM Me-
TOZOM y TOMOTE€HATaX TiloTalaMycy, TiloKaMIly, MUTJAINHH, (POHTaIPHOrO HEOKOPTEKCY Ta y CHpOBATIi KpoBi InypiB. KoHueHTpamiro
BDNF B romorenaTax rinokamiry, ¢ppoHTaI»HOT0 HEOKOPTEKCY Ta CHPOBATIli KPOBI TBAPUH BU3HAYAIIH 3a JIONIOMOTOX0 HAabopy 1 iMyHO(e-
pmentHoro anainizy «BDNF (Brain BDNF (Brain Derived Neurotrophic Factor) Kity. XposiuHa ankorosmizarisi Ipu3BOIUTh 0 3HUKECHHS
Bmicty NOx ta BDNF y Bcix mociipkeHnx cTpykTypax Mo3Ky Ta konueHTpauii BDNF y cuposatii kpoBi miypiB, siki mepeOyBaroTh y cTaHi
BIZIMiHHM TIpUHOMY aJIKoro0. [HTpaHa3anbHe BBEICHHS HITPOIIPYCH T HATpiro BitHOBIIOE piBeHb NOX y rinoTanamyci, rimoKamITi, MUT JaIiHI,
(poHTansHOMY HeokopTeKci Ta KoHIeHTpanii BDNF y cupoBarni kpoBi Ha TiIi 3HIKEeHHS Takox piBHA NOX y cupoBartii kpoBi. TakiuM uHHOM,
iHTpaHa3aJIbHE BBEJICHHS HU3BKOI JI03H HITPONPYCHIY HATPito MPU3BOJUTH 10 BiHOBIEHHS MO3KoBUX (yHKIiH NO Ta piBas BDNF y cupo-
BATIIi KPOBI, MOPYIIEHUX BHACIIJOK XPOHIYHOT aJIKOTOJIi3aLlil.

KurouoBi ciioBa: metabonitu okcuny a3oty, BDNF, cTpykTypu MO3Ky, aJIKOTOJIbHA 3aJIEKHICTh, HITPOIIPYCH HATPIIO.
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Central and Peripheral Nitric Oxide Metabolites and BDNF Content in Rats with Alcohol Dependence

and Under Intranasal Administration of Sodium Nitroprusside

INTRODUCTION

Nitric oxide (NO) is well known as an important
regulator of neurotransmission, synaptic plasticity, vas-
cular homeostasis, smooth muscle relaxation. This
makes it a necessary participant in regulatory processes
in the formation and transformation of states of depend-
ence on psychoactive substances. Alcohol has its effect
on nitrergic processes depending on dose and duration
of administration. Low concentrations of alcohol induce
increased synthesis and release of NO from the endothe-
lium and nervous cells due to activation and expression
of endothelial nitric oxide synthase (eNOS) or neuronal
nitric oxide synthase (nNOS) accordingly. In contrast,
administration of high concentrations of alcohol or its
chronic intake impairs endothelial functions and reduces
NO bioavailability in parasympathetic perivascular
nerves and brain neurons [1, 2].

NO activates soluble guanylyl cyclase in vascular
smooth muscle cells and nervous cells to produce cyclic
GMP that is mainly involved in the regulatory actions of
NO. This causes muscle relaxation effects and mediates,
in particular, the anxiolytic properties of alcohol. Cere-
bral neurovascular dysfunction and decreased bioavail-
ability of brain NO contribute to cognitive decline and
neurodegenerative processes caused with alcohol abuse
[3]. However NO plays key role in mediating adult neu-
rogenesis by inducing neural stem cells to generate new-
born neurons for replacing damaged neurons [4].

Brain-derived neurotrophic factor (BDNF) is in-
volved not only in neuronal development and plasticity,
but also in regulation responses to drugs of abuse, in-
cluding alcohol. Decreased neurotrophic activity may be
involved in ethanol-induced neurodegeneration in the
brain through decreased expression of BDNF or through
inability of the receptor to transduce signals in the pres-
ence of ethanol [5, 6]. Moreover several studies have
demonstrated a complex interplay between cerebral NO
and BDNF signaling. These findings identify NO as a
paracrine messenger stimulated by neurotrophin signal-
ing in newly generated neurons to control the prolifera-
tion and differentiation of brain neural progenitor cells.
Administration of NO donors can increase neuronal dif-
ferentiation of neural progenitor cells and prevent im-
pairments in recognition memory [7, 8, 9]. However, the
effect of these drugs may be dose dependent. Different
concentrations of sodium nitroprusside (SNP; NO do-
nor) induced a dual effect on the excitability of neuronal
membrane: 1 mM of SNP evoked membrane hyperpo-
larization and an outward current, whereas 10 uM in-
duced depolarization of the membrane and an inward
current [10].

The aim of the study was to investigate the possi-
bility of correcting the NO and BDNF deficiency in rats
with alcohol dependence by non-invasive method of in-
tranasal administration of low doses of the NO donor
sodium nitroprusside.

MATERIALS AND METHODS

The procedures with experimental animals were
approved by the Commission on Ethics and Deontology
of the SI «Institute of Neurology, Psychiatry and Nar-
cology of National Academy of Medical Sciences of
Ukraine» (protocol No. 12 of 04.12.2020) and per-
formed in accordance with the «General Ethical Princi-
ples of Animal Experiments» (Kyiv, 2011), «The proce-
dure for conducting experiments on animals by scien-
tific institutions» (No. 249 of 01.03.2012), and the Law
of Ukraine «On protection of animals from cruel treat-
ment» (No. 3447 IV 0f 21.02.2006).

The studies were carried out on 38 nonlinear adult
laboratory male rats weighting 250-300 g in a chronic
experiment in four groups: intact rats (9), rats with alco-
hol dependence in the state of alcohol withdrawal (8),
rats with alcohol withdrawal and intranasal administra-
tion of sodium nitroprusside (13), rats with intranasal
administration of sodium nitroprusside (8). Rats were
kept in groups of 6 per cage. The model of alcohol de-
pendence was created by voluntary intake of food con-
taining alcohol at a dose of 1,25 g/kg body weight of rat
for 40 days. For this purpose, the rats were placed in in-
dividual cages for 10 min. Animals were also tested for
alcohol preference in these cages for 10 min The rats
were offered a choice of two pieces of bread soaked with
alcohol or water. The latent period of the approach and
selection of the appropriate piece of bread was recorded.
Withdrawal of alcohol was carried out for 3 days
(72 hours after the last alcohol consumption). When
testing rats for alcohol preference in the state of alcohol
withdrawal, they were offered only a choice between
pieces of bread with alcohol and water. There was no
alcohol intake in this case.

Sodium nitroprusside (SNP) was diluted with
bidistilled water at a concentration of 0,1 % in a dark
vial immediately prior to administration. Then this solu-
tion was diluted to a concentration of 0,017% and in-
jected intranasally with a single-channel pipette, 10 pl
into each nasal cavity. SNP was administered at a low
dose of 8 pg/kg body weight of the animal (approxi-
mately 9,3 nmol per rat) twice a day (at 10. 00 a.m. and
at 4.00. p.m.) on the background of alcohol withdrawal
for 3 days. The intranasal route of administration was
chosen due to the fact, that SNP is a compound with a
small molecular weight that easily penetrates the olfac-
tory epithelium and the blood-brain barrier (BBB). A
low dose of the drug does not have the toxic effect of
high doses of NO donor when directly delivered to the
brain [10].

30-40 min after the last administration of SNP, the
whole brain was removed and brain structures were ex-
tracted on ice according to the rat brain atlas [11], then
were weighted and frozen in Eppendorf tubes at -80°C.
The concentrations of NO metabolites (nitrites and ni-
trates; NOX) in homogenates of the hypothalamus (Hpt),
hippocampus (Hip), amygdala (Am), frontal neocortex
(FC) and serum were studied by spectrophotometric
method [12]. Brain tissue homogenates were prepared in
1,2m of bidistilled water on ice and after a freeze-thaw
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cycle were used to determine NOx. Concentration of
BDNF in homogenates of the Hip, FC and serum was
determined using «Rat BDNF (Brain Derived Neu-
rotrophic Factor) ELISA Kit» (Elabscience, China) in
accordance with the instructions for the kit.

Statistical analysis was performed using the pro-
gram «Statistics 6.0» (Statsoft Inc., USA, 2001) with the
mean and standard deviation (x = SD) for each group.
One-way analysis of variance ANOVA was used to de-
tect statistically significant differences between groups.
Differences were considered significant at p < 0,05 ac-
cording to the Turkey test.

RESULTS

Testing animals for the development of alcohol de-
pendence showed that by 40 days of alcohol intake,
87,5% of rats preferred food with alcohol. After alcohol
withdrawal 100% of animals chose food with alcohol,
but 27,3% of them with a latent period up to 2 min. The
level of NOXx in this group was reduced in the Hpt — by
35%, in Hip — by 23,6%, in Am — by 26,3%, in FC — by
30% compared to the level of intact rats (Tab. 1).

Table 1

Concentrations of NO metabolites in brain structures and serum in rats under alcohol withdrawal
and intranasal administration of sodium nitroprusside

Brain struc- Intact SNP Alcohol Withdrawal | Alcohol Withdrawal + SNP
tures, serum (nM/g tissue; uM/1) | (nM/g tissue; uM/1) | (nM/g tissue; uM/1) (nM/g tissue; pM/1)
FC 131,3£12,3 156,3+14,5 92,0+10,7* 145,1+£10,2%*
Hip 274,2+17,9 274,9421,2 209,6+13,5* 292,6+32,6%**
Am 239,6+11,1 347,7£19,6 176,7+17,6** 3245423 1%*
Hpt 319,5+23,8 311,4+30,7 207,7+21,9%* 394,1+£59,2%*
Serum 16,6£1,2 19,4+2.2 13,4+1,2 8,54+0,5% **

* p < 0,05 in comparison with control group
** p < 0,05 in comparison with group «alcohol withdrawaly»
SNP — sodium nitroprusside

The level of BDNF was decreased in the Hip — by
44,1%, FC — by 41,3%, serum — by 32% in rats after al-
cohol withdrawal against its value in intact animals as
well (Tab. 2).

Intranasal administration of a low dose of SNP on
the background of alcohol withdrawal for 3 days led to
increase of a latent period of choice of food with alcohol
in the whole group of alcohol-fed rats up to 3 min (data
not shown). These changes in alcohol intake were

accompanied with increasing NOx level in the Hip — by
39,6%, in Hpt — by 89,7%, in Am — by 83,6%, in FC —
by 57,7% compared to the level of rats with alcohol
withdrawal. However, concentration of NOx in serum
after SNP treatment was surprisingly decreased by 49%
to 26,6% in comparison with its level in intact rats and
rats with alcohol withdrawal, whereas the BDNF con-
tent in serum was restored (Tab. 1, Tab. 2).

Table 2

Concentrations of BDNF in brain structures and serum in rats under alcohol withdrawal
and intranasal administration of sodium nitroprusside

Brain struc- Intact (pg/g tissue; pg/ml) Alcohol Withdrawal Alcohol Withdrawal + SNP
tures, serum Pgig P9 (pg/qg tissue; pg/ml) (pg/qg tissue; pg/ml)
FC 550,0+96,0 323,0+53,0* 411,0+54,0
Hip 1598,0+282,0 893,0+114,0* 852,0+82,0*
Serum 2055,0+209,0 1396,0+158,0* 1976,0+119,0**

* p < 0,05 in comparison with control group
** p < 0,05 in comparison with group «alcohol withdrawaly
SNP — sodium nitroprusside

SNP intranasal administration caused the increase
of NOx level in non-alcohol-fed rats in the Am only
(Tab. 1).

DISCUSSION

Many studies show that NO deficiency in the body
can be compensated by administration of NO donors, in
particular sodium nitroprusside. However, SNP pro-
duces a dose-dependent effect. Low doses of drug cause
vasodilation, hypotension, muscle relaxation. High
doses have a number of side effects such as

excitotoxicity, cyanide toxicity, methemoglobinemia
etc. [13]. SNP in therapeutic doses is administered by
intravenous infusion. The idea of our study was to intro-
duce very low doses of an NO donor directly into the
brain. This is especially important for the correction of
psycho-emotional and motivational states, in particular,
states of anxiety or alcohol dependence. A convenient
non-invasive way to administer low doses of drugs that
penetrate the BBB is intranasal administration. We
chose a water solution of SNP at a dose of 8 pg/kg body
weight, which was injected into both nasal cavities of
rats. This dose corresponds to approximately 9,3 nmol
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SNP per rat. The NOx content in an intact rat Am in
terms of its weight (35-50 mg) according to our data
may be approximately 9,6 nmol per Am. These data sug-
gest that the dose of the NO donor applied was physio-
logical. The result of such a 5-fold exposure to SNP was
an increase in the level of NOx by 1,5 times exactly in
Am, which has a direct connection with the primary ol-
factory area of the brain.

Behavioral studies have shown that animals with
high level of alcohol dependence took food with alcohol
immediately. After 5 administrations of SNP for 3 days,
the latency of choosing food with alcohol increased up
to 3 minutes. This effect demonstrates an attenuation of
alcohol motivation, although it was short-lived and dis-
appeared a few days after SNP withdrawal (as shown by
our unpublished data). These results may indicate that
the intranasal use of SNP during the early days of alco-
hol withdrawal can alleviate the animal's alcohol-related
craving.

Alcohol dependence in rats, as shown by our study,
is formed against the background of a decrease in the
level of NOx in all studied brain structures by 23-35%.
Weakening of alcohol motivation was observed on the
background of NOx level recovery in the brain after
SNP administration. An excess of the normal level of
NOx was noted in the Am and Hpt by 83,6% and 89,7%,
respectively. This may be due to the fact that chronic al-
cohol intake leads to an increase in the permeability of
the BBB, especially in the areas of the olfactory epithe-
lium and Hpt. It was strongly supported the existence of
a direct nose-to-brain transport rout for drugs in animals
and humans. Similar to the BBB, the nasal mucosal bar-
rier is permeable to different substances in different
ways. SNP is a compound with a small molecular weight
that easily penetrates the olfactory epithelium and the
BBB due to absorption across the olfactory sustentacular
epithelial cells by transcellular or paracellular mecha-
nisms. The extracellular pathway that transports polar
drugs through tight junctions appears to be very fast and
allows to reach the brain structures within minutes after
nasal application [14]. The axons of mitral cells of ol-
factory bulb project to primary olfactory areas which in-
clude the piriform cortex and Am, and then to the Hpt.
Therefore, the observed greatest increase in the concen-
tration of NOx in these brain areas may be related to the
greater bioavailability of the SNP solution.

The Am plays a major role in the physiopathology
of affective disorder and is activated in response to neg-
ative stimuli. This brain structure seems to be a strategic
locus where olfactory and neuroendocrine stimuli are in-
tegrated, modulating in particular emotional behavior.
An intraperitoneal administration of SNP was accompa-
nied with the development of inhibitory processes in the
Am [15, 16], due to an increase in the level of NO as we
suppose. Thus, we suggest that an increase in the NOx
level in the Am may lead to a decrease in its hyperexcit-
ability and a weakening of rat alcohol motivation.

The intranasal rout of administering a low dose of
SNP restores the level of NO in the subcortical emoti-
ogenic zones of the brain and frontal neocortex, but not

in the blood serum. This allows provide a targeted effect
on the NO level in the brain.

There is evidence of direct effect of NO on BDNF
and brain BDNF signaling dependence on cerebral en-
dothelium-derived NO production [8, 17], but we did
not find significant changes of BDNF level in the brain
of alcohol-fed rats after SNP intranasal administration.
NO is not the only factor that affects BDNF. For exam-
ple, an increase in corticosteroid concentration due to al-
cohol withdrawal causes a decrease in the expression of
BDNF in the brain [18]. That is why, administering
small doses of SNP may simply not be enough to shift
the BDNF balance reduced by chronic alcoholization.
Large doses of NO donors can have a negative effect
[13]. Therefore, we either have to choose other, more
optimal concentrations or agree that this way of influ-
encing the level of brain BDNF is ineffective.

However, the level of BDNF was restored in serum
after SNP intranasal administration. This was accompa-
nied with a decrease in the concentration of NOXx in se-
rum for which we did not find any explanations. This
issue requires further research.

CONCLUSION

Intranasal administration of NO donors is an effec-
tive way to restore a reduced level of NO in brain struc-
tures. However, the selected dose was not effective
enough to restore the reduced level of BDNF in the
brain. Prospective are further developments of routs of
targeted delivery of NO donors to correct the insuffi-
ciency of central nitrergic regulation and regulatory pro-
cesses dependent on it.
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