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CDP-Choline Activates NUCB2/Nesfatin-1 Neurons via Cholinergic Pathways

La CDP-Colina Activa las Neuronas NUCB2/Nesfatina-1 Através de Vias Colinérgicas
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SUMMARY: Nesfatin-1 is an anorexigenic peptide that, in addition to its inhibitory effect on food intake, also plays a role in
cardiovascular regulation, energy homeostasis, and the regulation of stress responses. Exogenous administration afipytidiplabe
choline (CDP-choline) produces several effects on cardiovascular and endocrine systems. A recent study has demonstiRted that CD
choline causes an increase in the peripheral levels of nesfatin-1 peptide. In this study, we aimed to investigate thenalttomago
effect of CDP-choline application on nesfatin-1 neuronsexpressed in the supraoptic nucleus (SON) of the hypothalamue afid the ro
the cholinergic antagonist atropine sulfate on this activation, using c-Fos immunohistochemistry as a marker of neutammalEutiva
results were evaluated as the percentage of double-labeled (activated) nesfatin-1 neurons relative to all nesfatin-bmearedstoC
the control group, CDP-choline administration was found to activate a statistically significant number of NUCB2/nesfatinslimeur
the SON (p<0.001). It has been found that intracerebroventricular administration of atropine sulfate (ATR), a muscachidiaeetyl
receptor antagonist, prior to CDP-choline, significantly inhibits neuronal activation. These findings suggest that thoé Effdets
choline may be partially mediated through acetylcholine receptors, and that the cholinergic system plays a crucial Halénim regu
nesfatin-1 neurons. Furthermore, it has been proposed that CDP-choline may modulate food intake via a central mechanism at the
hypothalamic level.
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INTRODUCTION

Nesfatin-1 (named as acronym for NEFA/adipose tissue) (Goebel-Stengel & Wang, 2013).
nucleobindin2-encoded satiety- and fat-influencing proteirfjurthermore, there is increasing evidence that nesfatin-1 has
is an anorexigenic peptide that was first described as amwide range of biological effects, including the regulation
endogenous protein with 82 amino acids and plays a roledhcardiovascular and reproductive functions (Raejza.,
the regulation food intake in rat brain nuclei such as tH020), energy metabolism (Feijéo-Bandfral, 2016), and
paraventricular nucleus (PVN), arcuate nucleus (ARCihe modulation of anxiety, depression, and stress (Weibert
nucleus of the solitary tract (NTS) (Ofetlal, 2006). Then, et al, 2019).
subsequent studies extended this distribution to other brain
nuclei in the rat and mice, such as the dorsomedial Transient expression of c-Fos, the protein product of
hypothalamic nucleus (DMH), ventromedial hypothalamithe c-fos gene, is used as a marker to differentiate active
nucleus (VMH), lateral hypothalamic area (LH), andheurons from inactive neurons in the central nervous system.
supraoptic nucleus (SON) (Brailoet al, 2007; Goebel- When an acute stimulus is experimentally applied, after
Stengekt al, 2011). Several reports indicate that NUCB24pproximately 60-90 minutes, neuronal nuclei with c-Fos
Nesfatin-1 is also expressed in several organs and tissiramunoreactivity are considered active neurons (Hoffman
(e.g., heart, stomach, pancreas, reproductive organs, abal, 1993; Kovacs, 2008).
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Cytidine-5-diphosphocholine (CDP-choline or Surgical procedures
Citicoline) is an endogenous chemical compound. CDP-
choline is an endogenously synthesized mononucleotide  The surgical procedures were performed under
that serves as an intermediate in the biosynthesis sdvofluorane (3 % in 100 %, Joanesthesia. The animals
membrane phosphatidylcholine (Weiss, 1995)were kept on a heating pad, and the rectal temperature
Exogenously administered CDP-choline is hydrolyzed anlas monitored and maintained at @7 during surgery.
dephosphorylated to produce cytidine and choline, whidRats were cannulated via the left jugular vein for CDP-
are subsequently used in the biosynthesis of nucleic acidepline administration, and intracerebroventricular (ICV)
phospholipids, proteins, and acetylcholine in the braicannulation for atropine sulfate treatment was performed
(Lopez G-Coviellaet al, 1987,1995; Savci & Wurtman as previously described. (Saetial, 2003). Animals were
1995). anesthetized with sevoflurane (3-5 % in 100 %and
placed in a stereotaxic apparatus. A 2-cm midline scalp
CDP-choline alters membrane metabolism (Lopez Gacision was made to expose the skull, and the fascia and
Coviella et al, 1987) and increases central cholinergiblood were carefully removed. Using the stereotaxic
transmission (Savait al, 2002; 2003), resulting in various coordinates (1.5 mm lateral to the midline, 1.0 mm
physiological and pharmacological effects on body functionposterior to the bregma; Paxinos & Watson, 2007), a burr
It is also used as a drug for the treatment of brain traurhale was drilled, and a stainless-steel cannula (21-22
and stroke as a neuroprotective molecule €Kal., 2018). gauge hypodermic tubing) was directed through the hole
It has a beneficial effect on neurodegenerative diseases stmlvard the lateral ventricle. The cannula was lowered 4.5
as Alzheimer’s disease (Boneteal, 2011). Previous reports mm below the skull surface and fixed to the skull with
revealed the effects of CDP-choline on the cardiovasculdental acrylic cement. Following surgery, rats were
and endocrine systems (Sawet al., 2002; 2003). allowed to recover and were treated with appropriate
Furthermore, in our previous study, c-Fos expression wasalgesics and antibiotics before being housed
observed in oxytocin and vasopressin neurons followingdividually. No signs of pain or distress were observed
CDP-choline administration, demonstrating their activatioduring the recovery period.
(Eyigoret al, 2012). CDP-choline has also been implicated
in the regulation of food intake behavior. A recent studixperimental groups
reported that CDP-choline administration increases
peripheral nesfatin-1 peptide levels (Ustal., 2019). All experiments were conducted 24 h after the
animals were cannulated. CDP-choline (1.0 g/kg; Sigma-
There are no reports in the literature showing the effecéddrich Co., Deisenhofen, Germany) was intravenously
of the cholinergic system on NUCB2/nesfatin-1 neurons, amtiministered to the CDP-choline group. The control group
it is also unknown whether CDP-choline directly affectseceived saline (1.0 ml/kg), whereas the antagonist group
nesfatin-1 neurons. Therefore, in this study, we aimed teceived intracerebroventricular injections of atropine
demonstrate the activation of nesfatin-1 neurons followingulfate (1Qug/5ul saline) 15 min prior to the administration
CDP-choline administration and the effect of the cholinergiof intravenous CDP-choline (1.0 g/kg).
antagonist atropine sulfate on this activation using c-Fos
immunohistochemistry as the marker of neuronal activatioriTissue preparation

MATERIALS AND METHODS Ninety minutes after the last injections, the animals
were sacrificed by perfusion fixation. After deep anesthesia,
Animals the thoracic cavity was opened, and a catheter was

transcardially inserted into the aorta and clamped. First,
Adult male Wistar Albino rats (250-300 g) were usedaline (0.9 % NaCl) was perfused through the vascular
in the study. Before the experiment, the rats were kept siystem using a perfusion pump to clear the blood.
three groups in a temperature and light-controlleBubsequently, 400 ml of 4 % paraformaldehyde solution
environment (12:12 h light—dark cycle with lights on at 7:0@repared in 0.13 M Sorenson’s phosphate buffer was
am) with food and water freely available (ad libitum). Alldelivered to each subject as a fixative. The collected brain
animal experiments were carried out in accordance with thissues were post-fixed in 4 % paraformaldehyde &C+4
National Institute of Health Guide for the Care and Use afvernight. After fixation, 4Qam-thick coronal brain
Laboratory Animals and approved by the Experimentaections were cut in five series using a vibratome. The
Ethical Committee of Bursa Uludag University (approvasections were washed in 0.05 M Tris—HCI buffer to remove
date 20/11/2007, no. 2007-12). fixative residues and stored in cryoprotectant at@0

1510



AKBULUT, N. H.; TOPAL, G.; COSKUN, N. C.; KAFA, I. M.; SAVCI, V. & EYIGOR O. CDP-choline activates NUCB2/nesfatin-1 neurons via cholinemic pathimayd. Morphol., 44(4)1509-1515, 2026.

Immunohistochemistry Kruskal-Wallis test, and post hoc comparisons were
performed with the Mann-Whitney U test to identify
During immunohistochemistry, all the washing stepsignificant group differences. Statistical significance was
were carried out in Tris-HCI buffer throughout the procedureonsidered at p < 0.05, and data analysis was performed
All antibodies were prepared in blocking buffer, whichusing IBM SPSS Statistics version 23.0 (Armonk, NY).
consisted of normal horse serum (10 %), Triton X-100 (0.2
%), and sodium azide (0.1%) in Tris-HCI buffer. The sectiorRESULTS
were stained for c-Fos and NUCB2/nesfatin-1
immunoreactivity using the double immunohistochemical We did not observe any adverse reaction or mortality
method. The free-floating sections were incubated with rablsiiused by the atropine or CDP-choline injections during the
anti-c-Fos antibody (dilution 1:20000, Chemicon, Billericagxperiments. Microscopic analysis showed that NUCB2/
MA, USA) overnight at room temperature. Then sectionsesfatin-1-expressing neurons were localized in the supraoptic
were incubated with biotin-SP-conjugated donkey anti-rabbitucleus of the hypothalamus. As a result of dual
IgG (1:300, Jackson Immunoresearch Labs, West Grove, RAmunohistochemistry, Double-labeled neurons with
for 2 h. Nickel-intensified diaminobenzidine (DAB- cytoplasmic (brown) and nuclear (blue—black) staining were
consisting of 2 g nickel ammonium sulfate, 12.5 mg DABgonsidered as activated neurons (Fig. 1). The percentage of c-
and 1.3uL hydrogen peroxide) solution was used to achieviéos-positive NUCB2/nesfatin-1 neurons in the supraoptic
a black end product visible in the nucleus (Eyigbr nucleus was determined to be 6:6682% in the saline group,
al., 2010). After this first labeling, the sections were washe&R.56+ 3.11% in the CDP-choline group, and 19t22.10%
and incubated with rabbit anti-NUCB2/nesfatin-1 antibodin the ATR Sulfate + CDP Choline group (Fig.1, Fig. 2 A-C).
(1:40,000, Phoenix Pharmaceuticals, H-003—22-Lot:0175%;ompared to the control group (Fig. 1 A1-A2), the data
Burlingame, CA, USA) overnight at room temperature. Thehowed that CDP-choline administration significantly
above protocol was used. The reaction was visualized innareased the activation of NUCB2/nesfatin-1 neurons in the
DAB solution (12.5 mg DAB, 1.3l hydrogen peroxide in SON (Fig. 1 B1-B2, p<0.001). Atropine sulfate (ATR)
25 ml Tris—HCI buffer). Finally, sections were washedadministration prior to CDP-choline caused a significant

mounted, dried, and cover-slipped using DPX. decrease in the number of activated neurons (Fig. 1 C1-C2,
p<0.001). Additionally, it was statistically demonstrated that
Cell counting and statistical analysis there was no significant difference in the percentage of

activated neurons between the control and ATR Sulfate + CDP

Following double immunostaining, sections wereCholine groups (p = 0.057). Data are summarized in Table I.
analyzed using a BX-50 light microscope (Olympus Corp.,
Tokyo, Japan), and images were captured using a digiBISCUSSION
camera (Olympus DP71 CCD color camera, 1.5 million
pixels) and transferred to a computer. Sections in the This study provides new evidence that systemic
hypothalamic area, including SON (bregma betweenadministration of cytidine-5¢-diphosphate choline (CDP-
0.48 mm and -1.44 mm), were evaluated for the presenceahidline) induces significant activation in NUCB2/nesfatin-
immunopositive NUCB2/nesfatin-1 neurons (Paxinos & expressing neurons in the supraoptic nucleus (SON) of
Watson, 2007). The ratio of the number of c-Fos-positivilne hypothalamus. This activation, characterized by a
NUCB2/nesfatin-1 neurons to the number of all neurons wistignificant increase in c-Fos immunoreactivity, was markedly
NUCB2/nesfatin-1 immunoreaction was calculated for eadttenuated by the intracerebroventricular administration of
animal. The percentage of activated (c-Fos-positive) neurain® muscarinic acetylcholine receptor antagonist atropine
in these neurons was calculated, and the percentages veeiéate. These findings suggest that the excitatory effects of
reported as the meanstandard error for each animal. TheCDP-choline on NUCB2/nesfatin-1 neurons occur via
differences between groups were first assessed using thescarinic receptor-mediated cholinergic mechanisms.

Table 1. c-Fos expression in NUCB2/Nesfatin-1 neurons in the supraoptic (SON).

Mean number of Mean number of Mean percentage of
Hypothalamic Groups NUCB2/nesfatin-1 NUCB2/nesfatin-1 NUCB2/nesfatin-1
area neurons counted per neurons expressing neurons expressing
animal c-Fos per animal c-Fos per animal
Control 2017+49,22 114,8+27,67 6,66+1,82
SON CDP-Choline 1910,20+142,91 1579,80+144,79 82,56+3,11
ATR Sulphate+CDP Choline 1416,66+137,93 283,66+88,07 19,2245,10
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Fig. 1. Representative images demonstrate the effects of CDP-Choline and atropine sulfate on NUCB2/nesfatin-1 neuroNs in the SO
A1-A2 results from the saline group. B1-B2 findings CDP-choline group. C1-C2 results for the ATR Sulfate+CDP Choline group. The
cytoplasm of the NUCB2/nesfatin-1-positive neurons is labeled in brown color (red arrowhead, DAB). Double-labeled NUCB2/nesfati

1 neurons expressing c-Fos are also marked by red arrow. Scale bam I00A1, B1, C1 micrographs; 20m for A2, B2, C2
micrographs. och: optic chiasm.
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= Control functions. This finding aligns with previous biochemical
[ CDP-Choli H _ . .. . .
100 I e indis data, which show that CDP-choline administration increases

circulating nesfatin-1 peptide levels (Ustaal, 2019).
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Following endogenous and exogenous stimulation,
the c-Fos gene, an Immediate-Early gene (IEG), causes c-
Fos proteinexpression in the cytoplasm. The c-Fos protein
then moves from the cytoplasm to the nucleus, binding to
specific regions in genes and triggering gene expression (Lara
Aparicio et al, 2022). Therefore, c-Fos immunoreactivity is

widely accepted as a reliable marker of neuronal activation,
l reflecting the functional state of neurons in response to
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physiologicalor pharmacological stimuli. In our previous
study, CDP-choline administration was shown to activate
areus neurons expressing vasopressin and oxytocin in the, SON
Fig. 2. Comparison of the percentages of c-Fos-positive NUCBgk evidenced by increased c-Fos expression. This neuronal
nesfatin-1 within groups. Data are presented as mesiandard  5ctivation was dose-dependent, showing a proportional
error of the mean (n = 5/group, *** p < 0.001). increase in c-Fos-positive neurons with increasing CDP-
choline dose (Eyigaet al., 2012). It has been reported that 35
It is well established that CDP-choline (citicoline) is% of neurons expressing NUCB2/nesfatin-1 in the SON are
rapidly metabolized to cytidine and choline, both of whiclalso positive for oxytocin and 28 % for vasopressin (Katno
are absorbed into cells and utilized for phosphatidylcholire., 2008). Nesfatin-1 is a newly identified peptide with
resynthesis and acetylcholine production (Lopez-G-Covielt@gulatory effects on food and water intake, energy
et al, 1987; Weiss, 1995). It is previously reported thagxpenditure, cardiovascular and gastrointestinal functions,
intravenously injected CDP-choline markedly increaseanxiety and depression, and reproductive functions (Schalla
choline levels in both plasma and brain regions, including Stengel, 2018). This recently discovered satiety molecule,
the lateral cerebral ventricle and hypothalamus (Sghati, nesfatin-1, is known to be expressed in various brain areas
2003). The elevation in brain choline levels enhancésvolved in feeding and metabolic regulation, including the
acetylcholine synthesis and release, thereby stimulatihgpothalamic paraventricular nucleus, supraoptic nucleus,
central cholinergic transmission (Blusztajn & Wurtmanlateral hypothalamic area, and nucleus of the solitary tract
1983). In line with these observations, it has been report@irailoiu et al., 2007; Goebel-Stengedt al., 2011),
that central choline administration can increase plasniatracerebroventricular (i.c.v.) administration of nesfatin-1 and
oxytocin levels, a response that can be abolished g precursor NEFA/nucleobdin-2 (NUCB2) has been
pretreatment with atropine sulfate, a muscarinic cholinergreported to suppress food intake, while i.c.v. administration
receptor antagonist (Sawt al, 1996). Moreover, we have of anti-nesfatin-1 antibody increases food intake (@h-I
demonstrated that intracerebroventricularly injected CDRM., 2006). Studies have shown an increase in c-Fos-
choline increases plasma vasopressin levels througkpressing neurons in the SON and PVN during refeeding
activation of central cholinergic transmission, and thafter fasting (Kocoglet al, 2022; Kohneet al, 2008). The
intravenous CDP-choline at a 250 mg/kg dose producesnamunohistochemical study highlighted the responsiveness
similar elevation in plasma vasopressin (Castual, 2004; of c-Fos/nesfatin-1 neurons in the PVN, SON, ARC, and
Eyigor et al, 2012). In those studies, the dose- and timéNTS to stress and metabolic stimuli (Weiketral, 2019).
dependent profile of intravenous CDP-choline on plasma
vasopressin levels was clearly identified. Uridine and CDP-choline are metabolically
interconnected through the Kennedy pathway, where uridine-
In mammals, the hypothalamus regulatederived cytidine triphosphate (CTP) is required for the
cardiovascular function, thermoregulation, defensive argynthesis of CDP-choline, a key intermediate in
aggressive behaviors, water and food intake, circadigihosphatidylcholine and acetylcholine biosynthesis
biological rhythms, and digestive processes. Considering tfiennedy & Weiss,1956). Consistent with this biochemical
previously demonstrated effects of CDP-choline on oxytocirlationship, our current study has demonstrated that uridine
and vasopressin release, it is plausible to suggest that sl its nucleotides modulate the activation of NUCB2/
compound may also influence food intake through NUCB2fesfatin-1 neurons (Hasanoglu Akbudital, 2025). This
nesfatin-1 neurons. It is therefore plausible to suggest thaitidy also demonstrates for the first time in the literature
the cholinergic system may play a role in some of thesleat CDP-choline increasesnesfatin neuron activation. This
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study did not evaluate the effect of CDP-choline on seruraceive CDP-choline signal and, in turn, convey this signal
nesfatin-1 levels. Future studies evaluating the effect of CD#- nesfatin-1 neurons using a different neurotransmitter
choline on changes in serum nesfatin-1 levels followingystem. Nevertheless, the results of this study strongly
peripheral administration of CDP-choline may reveal itsuggest that the cholinergic system plays a crucial role in
importance in controlling nutrition and body weight. regulating nesfatin-1 neurons. It is also plausible to suggest
that CDP-choline can modulate food intake at the level of
Cytidine-5-diphosphate choline (CDP-choline), the hypothalamus through a central mechanism.
administered orally, intravenously, or intracerebroventricularly,
rapidly hydrolyzes into cytidine and choline, which then enter

:22 Sn)f[it:gslco?réggt_lggoi?g a(llr_(z rzgsgqcfg:/ilélér;gle‘llul ., SAVCI, V. & EYIGOR, O. La CDP-colina activa las neuronas
y P > NUCB2/nesfatina-1 a través de vias colinérgib#sJ. Morphol.,

1987_,1.995;_ Savq'at_ gl, 20Q3). Intravenous CDP—f:hoIine44(4)1509_15151 2026.

administration significantly increases plasma choline levels

(=20-fold) and increases choline concentrations in the lateral RESUMEN: La nesfatina-1 es un péptido anorexigénico

cerebral ventricle and hypothalamus by 3 to 7-fold (Lopegue, ademas de su efecto inhibidor sobre la ingesta de alimentos,

G-Coviellaet al, 1987,1995; Savaét al, 2003). The desempefiaun papel en laregulacion cardiovascular, la homeostasis

resulting extracellular choline is taken up by cholinergignergética y la regulacion de las respuestas al estrés. La

neurons, where it is converted to acetylcholine or acts direcﬂ?lm'”'s”ag'on zgogena O]'ce C't'd'”""l'5 -difosfato CO'(';,‘a (CDT'

on cholinergic receptors. Therefore, choline can exeffin@) produce diversos efectos en los sistemas cardiovascular y
. . . . . engdocrino. Un estudio reciente ha demostrado que la CDP-colina

presynaptic effects by increasing acetylcholine synthesis

. ; voca un aumento en los niveles periféricos del péptido nesfatina-
release, or postsynaptic effects through direct recep PIEn este estudio, nos propusimos investigar el efecto de la CDP-

activation. Although the possibility of direct activation ofcgjina en Ia activacién de las neuronas que expresan nesfatina-1
cholinergic receptors by choline cannot be excludedn el niicleo supradptico (NSO) del hipotalamo, asi como el papel
previous work demonstrated that choline can act as a dirdet sulfato de atropina —un antagonista colinérgico— en dicha
agonist at neuronal nicotinic (Ki = 0.88-1.12 mM) andghkctivacion, utilizando la inmunohistoquimica de c-Fos como
muscarinic (Ki = 2.51 mM) receptors (Ules al, 1988). marcadordg activacion neuronal. Los rgsultados se evaluaron como
Considering that extracellular brain choline levels are aboltPorcentaje de neuronas con nesfatina-1 que presentaban doble
4-6uM, the higher CDP-choline doses used in this study qﬂarcaje (activadas) con respecto al total de neuronas con nesfatina-

. . . En comparacién con el grupo control, se observé que la
g/kg) compared with previous ones (0.1-0.25 g/kg) (Savgaministracién de CDP-colina activa un nimero estadisticamente

etal, 2003) likely produced choline concentrations SUﬁiCierEignificativo de neuronas NUCB2/nesfatina-1 en el NSO (p <

to acti\(ate central c.holinerg.ic_ receptors direct.ly. Consisteplpo1). Se hallé que la administracién intracerebroventricular de
with this, CDP-choline administration did not induce c-Fosulfato de atropina (ATR) —un antagonista de los receptores

expression in cholinergic neurons (unpublished observatiomjuscarinicos de acetilcolina—, previa a la administraciéon de CDP-
In line with this interpretation, the results of the present studyplina, inhibe significativamente la activacion neuronal. Estos
showed that intracerebroventricular administration dfallazgos sugieren que los efectos de la CDP-colina podrian estar
atropine sulfate, a muscarinic acetylcholine receptéTPediados- en parte, a través de los receptores de acetilcolina, y

antagonist, markedly suppressed the activation of NUCB9Ye el sistema colinérgico desempefia un papel crucial en la
’ regulacion de las neuronas que expresan nesfatina-1. Ademas, se

nesfatin-1 .neurons In the supra_optlc n.ucleus (SON) Inducﬁ)gpropuesto que la CDP-colina podria modular la ingesta de
by systemic CDP-choline administration. alimentos mediante un mecanismo central a nivel hipotalamico.

KBULUT, N. H.; TOPAL, G.; COSKUN, N. C.; KAFA, I.

CONCLUSION PALABRAS CLAVE: NUCB2/nesfatina-1; Activacion
neuronal; CDP-colina; NSO.
This study showed that CDP-choline effectively
increased the number of activated nesfatin-1 neurons in fREFERENCES
SON. The results also suggested that CDP-choline exerts
this effect partly through acetylcholine receptors, since tﬁéuszt_ajn, J. K. & Wurtman, R. J. Choline and cholinergic neurons.
L .. . ., Science, 221(461H14-20, 1983.
pre-|r_uect|on of muscarinic acetylcholine receptorantggqmg{)nda’ D. J: Lee, H.-G.. Camins, A.: Pallas, M.: Casadesus, G.:
atropine sulfate significantly blocked the neuronal activation. smith, M. A. & Zhu, X. The sirtuin pathway in ageing and
It is currently not known, if CDP-choline directly affects  Alzheimer disease: mechanistic and therapeutic considerations.
nesfatin-1 neurons, since no report is available in the Lancet Neurol.,, 10(3375-9, 2011. . .
ierature demonsirating the expression of acelcholifi S, %150 L Bretens, nen 4 vans, J: Chano. >
receptors by the nesfatin-1 neurons. It is thought that this g protein-coupled receptor in the rat braimdocrinology,

effect might also be regulated by interneurons that can 148(10)5088-94, 2007.

1514




AKBULUT, N. H.; TOPAL, G.; COSKUN, N. C.; KAFA, I. M.; SAVCI, V. & EYIGOR O. CDP-choline activates NUCB2/nesfatin-1 neurons via cholinemic pathimayd. Morphol., 44(4)1509-1515, 2026.

Cavun, S.; Savci, V. & Ulus, |. H. Centrally injected CDP-cholinéRanjan, A.; Choubey, M.; Yada, T. & Krishna, A. Nesfatin-1
increases plasma vasopressin levels by central cholinergic ameliorates type-2 diabetes-associated reproductive dysfunction
activation.Fundam. Clin. Pharmacol., 18(Z1-7, 2004. in male miceJ. Endocrinol. Invest., 43(#15-28, 2020.

Eyigor, O.; Coskun, C.; Cavun, S. & Savci, V. Intravenous CDPSchalla, M. A. & Stengel, A. Current understanding of the role of
choline activates neurons in supraoptic and paraventricular nuclei nesfatin-1.J. Endocr. Soc., 2(101188-1206, 2018.
and induces hormone secreti@main Res. Bull., 87(2-3386- Savci, V. & Wurtman, R. J. Effect of cytidine on membrane
94, 2012. phospholipid synthesis in rat striatal slicds.Neurochem.,

Eyigor, O.; Minbay, Z. & Cavusoglu, |. Activation of orexin neurons  64(1)378-84, 1995.
through non-NMDA glutamate receptors evidenced by c-FdSavci, V.; Cavun, S.; Goktalay, G. & Ulus, |. H. Cardiovascular
immunohistochemistrfEndocrine, 37(1167-72, 2010. effects of intracerebroventricularly injected CDP-choline in

Feij6o-Bandin, S.; Rodriguez-Penas, D.; Garcia-Rua, V.; Mosquera- normotensive and hypotensive animals: the involvement of
Leal, A.; Gonzélez-Juanatey, J. R. & Lago, F. Nesfatin-1: a new cholinergic system. Naunyn Schmiedebekgsh. Pharmacol.,
energy-regulating peptide with pleiotropic functions. 365(5)388-98, 2002.

Implications at cardiovascular levéindocrine, 52(111-29, Sauvci, V.; Goktalay, G.; Cansev, M.; Cavun, S.; Yilmaz, M. S. &

2016. Ulus, I. H. Intravenously injected CDP-choline increases blood
Goebel-Stengel, M. & Wang, L. Central and peripheral expression pressure and reverses hypotension in haemorrhagic shock: effect
and distribution of NUCB2/nesfatin-LCurr. Pharm. Des., is mediated by central cholinergic activati&or. J. Pharmacol.,
19(39)6935-40, 2013. 468(2)129-39, 2003.
Goebel-Stengel, M.; Wang, L.; Stengel, A. & Taché, Y. Localizatio®avci, V.; Gurun, S.; Ulus, I. H. & Kiran, B. K.
of nesfatin-1 neurons in the mouse brain and functional Intracerebroventricular injection of choline increases plasma
implication.Brain Res., 139@0-34, 2011. oxytocin levels in conscious ratBrain Res., 709(197-102,

Hasanoglu Akbulut, N.; Topal, G.; Kog, C.; Cos, kan, N.; Salman, 1996.
B.; Cansev, M. & Eyigor, O. Uridine and uridine nucleotides abllus, I. H.; Millington, W. R.; Buyukuysal, R. L. & Kiran, B. K.
novel regulators of NUCB2/nesfatin-1 neuron activation: an Choline as an agonist: determination of its agonistic potency on
immunohistochemical study. Histoche@ell Biol., 163(1)73, cholinergic receptorsBiochem. Pharmacol., 37(12y47-55,
2025. 1988.

Hoffman, G. E.; Smith, M. S. & Verbalis, J. G. c-Fos and relatedsta, H. A.; Guvenc, G.; Savci, V. & Yalcin, M. The effect of centrally
immediate early gene products as markers of activity in and peripherally injected CDP-choline on plasma nesfatin-1 level

neuroendocrine systemBront. Neuroendocrinol., 14(3)73- in rats.Ankara Univ. Vet. Fak. Derg., 66(2p7-302, 2019.

213, 1993. Weibert, E.; Hofmann, T. & Stengel, A. Role of nesfatin-1 in anxiety,
Kennedy, E. P. & Weiss, S. B. The function of cytidine coenzymes depression and the response to stress.

in the biosynthesis of phospholipidésBiol. Chem., 222(1)93- Psychoneuroendocrinology, 188-66, 2019.

214, 1956. Weiss, G. B. Metabolism and actions of CDP-choline as an

Kocoglu, S. S.; Oy, C.; Halk, Z.; Cakir, C.; Minbay, Z. & Eyigor, O. endogenous compound and administered exogenously as
Glutamate receptor antagonist suppresses the activation of citicoline. Life Sci., 56(9637-60, 1995.
nesfatin-1 neurons following refeeding or glucose administratioXu, J.; Jackson, C. W.; Khoury, N.; Escobar, |. & Perez-Pinzon, M.
Folia Morphol. (Warsz.), 81(2}379-86, 2022. A. Brain SIRT1 mediates metabolic homeostasis and

Kohno, D.; Nakata, M.; Maejima, Y.; Shimizu, H.; Sedbazar, U.; neuroprotectionront. Endocrinol. (Lausanne); 202, 2018.
Yoshida, N.; Dezaki, K.; Onaka, T.; Mori, M. & Yada, T. Nesfatin-

1 neurons in paraventricular and supraoptic nuclei of the rat
hypothalamus coexpress oxytocin and vasopressin and are

Kovhes, K. 3. Measarement of mmeiate-eary gene acivation CorreSPonding author
c-fos and beyondl. Neuroendocrinol., 20(665-72, 2008. Prof. Dr. Ozhan E.y'go? MD. Ph.D. .

Lara Aparicio, S. Y.; Laureani Fierro, A. de J.; Aranda Abreu, G. E.Bursa Uludag UnlverSIty Faculty of Medicine
Toledo Cardenas, R.; Garcia Hernandez, L. I.; Coria Avila, d2epartment of Histology and Embryology
A.; Rojas Duran, F.; Hernandez Aguilar, M. E.; Manzo Dened30rukle
J.; Chi-Castafieda, L. D. & Pérez Estudillo, C. A. Current opinioBursa 16059
on the use of c-Fos in neuroscientieuroSci, 3(4587-702, TURKEY
2022.

Lopez G-Coviella, I.; Agut, J.; Savci, V.; Ortiz, J. A. & Wurtman, R E-mail: oeyigor@uludag.edu.tr
J. Evidence that 5¢-cytidinediphosphocholine can affect brain
phospholipid composition by increasing choline and cytidine
plasma levels]. Neurochem., 65(889-94, 1995.

Lopez G-Coviella, I.; Agut, J.; Von Borstel, R. & Wurtman, R. J.

Metabolism of cytidine (5¢)-diphosphocholine (CDP-choline)
following oral and intravenous administration to the human and
the rat.Neurochem. Int., 11(393-7, 1987.

Oh-I, S.; Shimizu, H.; Satoh, T.; Okada, S.; Adachi, S.; Inoue, K.;
Eguchi, H.; Yamamoto, M.; Imaki, T.; Hashimoto, K.; Tsuchiya,
T.; Monden, T.; Horiguchi, K.; Yamada, M. & Mori, M.
Identification of nesfatin-1 as a satiety molecule in the
hypothalamusNature, 443(7112y09-12, 2006.

Paxinos, G. & Watson, @he Rat Brain in Stereotaxic Coordinates
6th ed. Amsterdam, Elsevier/Academic Press, 2007.

1515



