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Abstract:

Background: Orexins A and B (also named hypocretins 1 and 2) are hypothalamic peptides with pleiotropic activity. They signal

through two G protein-coupled receptors: OX1R and OX2R. We have previously demonstrated that both types of orexin receptors are

expressed in cultured rat cortical neurons, and stimulation of the predominant OX2R inhibits cyclic AMP synthesis. In the present

work, we examined effects of orexins on inositol phosphate (IP) accumulation in rat cortical neurons.

Methods: Experiments were performed on primary neuronal cell cultures prepared from Wistar rat embryos on day 17 of gestation.

Following 1 h incubation with orexins, IP levels were measured using the ELISA IP-One assay kit.

Results: Orexins A and B increased, in a concentration-dependent manner, IP accumulation in primary neuronal cell cultures from

rat cerebral cortex. Both peptides acted with a similar potency. The calculated EC50values were 6.0 nM and 10.4 nM for orexin Aand

orexin B, respectively.

Conclusion: The results indicate that in cultured rat cortical neurons orexin receptors are also coupled to inositol phosphates signal-

ing pathway.
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Introduction

Orexin A and orexin B (also known as hypocretin 1

and hypocretin 2) are neuropeptides that were concur-

rently discovered in 1998 by two research groups.

Both peptides are derived from a common 130-amino

acid (aa) precursor peptide, prepro-orexin, by prote-

olytic cleavage. The 33-aa orexin A and 28-aa orexin

B share 46% primary structure homology. The most

striking feature of orexins is their predominant ex-

pression in a few thousand neurons in the lateral and

dorsomedial hypothalamus that project throughout the

central nervous system. Accumulating experimental

evidence demonstrate an important role of orexins in

the regulation of vigilance and the sleep/wake cycle,

feeding, appetite and metabolic processes. In addition

to that, the peptides have been reported to control the
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hypothalamo-pituitary-adrenal axis and functions of

miscellaneous peripheral organs, including the heart,

the kidney, the pancreas, the thyroid, the lung, the tes-

tis, the ovaries, and the adipose tissues. The loss or

dysfunction of orexin neurons causes human and ani-

mal narcolepsy (reviewed in [7]).

Orexins orchestrate their diverse physiological ef-

fects via two membrane-bound, G protein-coupled re-

ceptors (GPCR), OX1R and OX2R, which display

64% homology in their amino acid sequence [7]. The

original publications on orexin receptors showed that

OX1R preferentially binds orexin A, whereas OX2R
binds both orexin A and orexin B, apparently with

similar affinity. However, several recent reports pro-

vide experimental evidence on deviations from this

ligand profile [7]. A number of studies have demon-

strated that, in different cell types, orexin receptors

could interact with at least three different families of

G proteins, i.e., Gq/11, Gi/o, and Gs, suggesting consid-

erable versatility in orexin receptor signaling [7, 9]. In

recombinant systems, the most characteristic response

to orexins is an increase in intracellular Ca2+ concen-

tration ([Ca2+]i) mediated via different mechanisms.

Apart from the classical phospholipase C (PLC) –

inositol 1,4,5-trisphosphate (IP3)/diacylglycerol (DAG)

pathway, orexin receptors have been shown to acti-

vate a receptor-operated Ca2+ influx [8]. Other orexin-

activated signaling pathways include adenylyl cyclase

(AC)/cyclic AMP, phospholipase D/phosphatidic acid,

phospholipase A2/arachidonic acid, and a cascade of

mitogen-activated protein kinases (MAPKs) [1, 5, 9,

11–14].

We have previously demonstrated that orexins, act-

ing at Gi-coupled OX2R receptors, inhibit cyclic AMP

formation in primary neuronal cell cultures from rat

cerebral cortex [12]. In the present paper, we report

evidence that in cultured rat cortical neurons orexins

activate also inositol phosphates signaling pathway.

Materials and Methods

Chemicals

Orexin A, orexin B, and pituitary adenylate cyclase

activating polypeptide-27 (PACAP27) were from

PolyPeptide Laboratories (Strasbourg, France). Poly-

L-ornithine, DNase I, trypsin, glutamine, penicillin,

and streptomycin were from Sigma-Aldrich (Poznañ,

Poland). Neurobasal medium, B27, and Fetal Bovine

Serum were from Gibco (Paisley, Scotland, UK). IP-

one ELISA kit was purchased from Cisbio Bioassays

(Codolet, France). Other chemicals were of analytical

purity and were obtained mainly from Sigma-Aldrich

(Poznañ, Poland).

Animals and cell culture

Experiments were performed on primary neuronal

cell cultures prepared from Wistar rat embryos on day

17 of gestation. Animal procedures were in strict

accordance with the Polish governmental regulations

concerning experiments on animals (Dz.U. 05.33.

289), and the experimental protocol was approved by

the Local Ethical Commission for Experimentation on

Animals.

Primary neuronal cell cultures were prepared ac-

cording to the method of Brewer [2]. Briefly, pregnant

females were anesthetized with ether vapor, killed by

decapitation, and subjected to cesarean section in or-

der to remove fetuses. After brain’s dissection, the

cerebral cortex was isolated, incubated for 15 min in

trypsin/EDTA (0.05%) at 37°C, triturated in a solution

of DNase I (0.05 mg/ml) and fetal bovine serum

(20%), and finally centrifuged at 210 × g for 5 min at

21°C. The cells were suspended in Neurobasal me-

dium supplemented with B27, 2 mM glutamine,

100 U/ml penicillin, 100 µg/ml streptomycin, and

plated into poly-L-ornithine (0.01 mg/ml) coated

multi-well plates. Cells were grown in humidified at-

mosphere of 95% air and 5% CO2 at 37°C for 7–14

days prior to experimentation, with medium renewal

every 2–4 days. Seventy two h after plating the solu-

tion of 1-b-D-arabinofuranosylcytosine (final concen-

tration 5 µM) was added to the Neurobasal medium to

stop the glial proliferation. The purity of neuronal cul-

tures was verified by using antibodies against micro-

tubule associating protein-2 (MAP-2) for neurons,

and against glial fibrillary acidic protein (GFAP) for

astrocytes. The latter analysis revealed the presence of

approximately 6–10% of GFAP-positive cells, which

indicated that the primary neuronal cultures repre-

sented in fact neuron-enriched preparations [12].

Measurement of inositol phosphate

Primary neuronal cells cultured on a 96-well plate at

a final density of 8 × 104 cells per well were treated
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with orexin A (0.001–1 µM), orexin B (0.001–1 µM),

or PACAP27 (0.1 µM) in a stimulation buffer contain-

ing 10 mM Hepes, 1 mM CaCl2, 0.5 mM MgCl2,
4.2 mM KCl, 146 mM NaCl, 5.5 mM glucose, and

50 mM LiCl, pH 7.4, for 1 h at 37°C. Cells were lysed

by 30 min incubation with 2.5% lysis reagent at 37°C.

Immediately after the lysis, inositol phosphate levels

were measured using the ELISA assay kit (IP-One,

Cisbio Bioassays, Codolet, France) according to

manufacturer´s instructions.

Data analysis

Data are expressed as the mean ± standard error of the

mean (SEM) values and were analyzed for statistical

significance by one way ANOVA followed by post

hoc Student-Newman-Keul’s test, using InStat ver-

sion 3.05 for Windows 95 (GraphPad, San Diego, CA,

USA).

Results and Discussion

Incubation of cortical neurons with 0.1 µM of

PACAP27, used as a positive control, induced

a marked increase in IP accumulation (271.0 ± 6.9%

of the basal level; n = 12). Orexin A and orexin B

(0.001–1 µM) increased, in a concentration-depen-

dent manner, IP accumulation in primary neuronal

cell cultures from rat cerebral cortex. Both peptides

were active in low nanomolar range, with EC50 values

of 6.0 nM (orexin A) and 10.4 nM (orexin B). The

highest response (an elevation to 125% and 131% of

the basal values for orexin A and orexin B, respec-

tively) were produced by 1 µM concentration of the

peptides (Fig. 1).

Comparable effects of orexin A and orexin B to-

gether with our previous findings demonstrating the

presence of both subtypes of orexin receptors in rat

cortical neurons with a considerably higher expres-

sion of OX2R than that of OX1R [12] could suggest

a predominant involvement of OX2R in the analyzed

process. However, more studies are needed in order to

draw firm conclusions as to the receptor type mediat-

ing stimulatory effect of orexins on inositol phos-

phates production by cultured neurons of rat cerebral

cortex.

The magnitude of the IP3-generating system re-

sponse to orexinergic stimulation appears to reflect an

intrinsic property of the cell type under investigation.

Thus, studies performed on cell lines such as CHO,

HEK293, Neuro-2a and PC12, stably expressing hu-

man [4, 5, 8, 11] or mouse [3] OX1R and OX2R re-

vealed that activation of both receptor subtypes

potently stimulated IP3 production. Orexin A and

orexin B induced a marked increase in intracellular

IP3 concentration in Odora celIs (a cell line derived

from rat olfactory sensory neurons) heterologously

expressing OX1R or OX2R [4]. On the other hand, ex-

posure of native OX1R- and OX2R-expressing rat ol-

factory mucosa to orexins A and B resulted only in

a weak increase in IP3 formation [4]. Orexins did not

alter inositol phosphate production in primary cul-

tures of rat and human adrenocortical cells [15], and

in rat cortical astrocytes [Biegañska K. and Zawilska
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Orexins stimulate IP accumulation in rat cortical neurons
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Fig. 1. Effects of orexin A (top) and orexin B (bottom) on inositol phos-
phate accumulation in primary neuronal cell cultures from rat cere-
bral cortex. The results represent the means ± SEM (n = 8-23).
* p < 0.05, ** p < 0.01, *** p < 0.001 vs. control



J.B., unpublished data]. In addition, it has been sug-

gested that orexins acting at their receptors could acti-

vate another transduction pathways, with Ca2+ signal-

ing being the best candidate, that would modulate the

original PLC-IP3 response [8].

We have previously demonstrated that in cultured

rat cortical neurons orexins, acting at Gi-coupled

OX2R, potently inhibited, with IC50 values around

20 nM, cyclic AMP production stimulated by the

diterpene forskolin, the direct activator of adenylyl

cyclase, and by two neuropeptides, i.e., PACAP and

vasoactive intestinal peptide (VIP), well known acti-

vators of Gs proteins [12]. The present data provide

evidence for another signaling pathway, involving

inositol phosphates, triggered by the stimulation of

orexin receptors in cortical neurons.

A physiological significance of orexin receptors-

triggered intracellular processes in neurons remains to

be elucidated. It has recently been demonstrated that

orexins, primarily acting at OX2R, markedly in-

creased neuronal cell viability [10]. The pro-survival

properties of the peptides were associated with a mod-

erate attenuation of caspase-3 activity. Whether this

neuroprotective action of orexins involves, to some

extend, a cascade(s) of biochemical processes down-

stream to PLC-IP3/DAG-PKC is yet to be evaluated.

Acknowledgment:

This work was supported by the grant No. 4254/B/PO1/2010/38

from the Ministry of Science and Higher Education, Warszawa,

Poland.

References:

1. Ammoun S, Johansson L, Ekholm ME, Holmqvist T,

Danis AS, Korhonen L, Sergeeva OA et al.: OX1 orexin

receptors activate extracellular signal-regulated kinase in

Chinese hamster ovary cells via multiple mechanisms:

the role of Ca2+ influx in OX1 receptor signaling. Mol

Endocrinol, 2006, 20, 80–99.

2. Brewer GJ: Serum-free B27/neurobasal medium sup-

ports differentiated growth of neurons from the striatum,

substantia nigra, septum, cerebral cortex, cerebellum,

and dentate gyrus. J Neurosci Res, 1995, 42, 674–483

3. Chen J, Randeva HS: Genomic organization of mouse

orexin receptors: characterization of two novel tissue-

specific splice variants. Mol Endocrinol, 2004, 18,

2790–2804.

4. Gorojankina T, Grébert D, Salesse R, Tanfin Z, Caillol

M: Study of orexin signal transduction pathways in rat

olfactory mucosa and in olfactory sensory neurons-

derived cell line Odora: Multiple orexin signalling path-

ways. Reg Peptides, 2007, 141, 73–85.

5. Holmqvist T, Åkerman KE, Kukkonen JP: Orexin signal-

ing in recombinant neuron-like cells. FEBS Lett, 2002,

526, 11–14.

6. Holmqvist T, Johansson L, Ostman M, Ammoun S,

Åkerman KE, Kukkonen JP: OX1 orexin receptors

couple to adenylyl cyclase regulation via multiple

mechanisms. J Biol Chem, 2005, 280, 6570–6479.

7. Kukkonen JP: Recent progress in orexin/hypocretin

physiology and pharmacology. BiolMed Concepts, 2012,

3, 447–483.

8. Lund PE, Shariatmadari R, Uustare A, Detheux M,

Parmentier M, Kukkonen JP, Åkerman KEO: The orexin

OX1 receptor activates a novel Ca2+ influx pathway

necessary for coupling to phospholipase C. J Biol Chem

2000, 40, 30806–30812.

9. Ramanjaneya M, Conner AC, Chen J, Kumar P, Brown

JE, Jöhren O, Lehnert H et al.: Orexin-stimulated MAP

kinase cascades are activated through multiple G-protein

signalling pathways in human H295R adrenocortical

cells: diverse roles for orexins A and B. J Endocrinol,

2009, 202, 249–261.

10. Soko³owska P, Urbañska A, Namieciñska M, Biegañska

K, Zawilska JB: Orexins promote survival of rat cortical

neurons. Neurosci Lett, 2012, 506, 303–306.

11. Tang J, Chen J, Ramanjaneya M, Punn A, Conner AC,

Randeva HS: The signaling profile of recombinant hu-

man orexin-2 receptor. Cell Sign, 2008, 20, 1651–1661.

12. Urbañska A, Soko³owska P, Woldan-Tambor A,

Biegañska K, Brix B, Jöhren O, Namieciñska M, Zawil-

ska JB: Orexins/hypocretins acting at Gi protein-coupled

OX2 receptors inhibits cyclic AMP synthesis in primary

neuronal cell cultures. J Mol Neurosci, 2012, 46, 10–17.

13. Woldan-Tambor A, Biegañska K, Wiktorowska-Owczarek

A, Zawilska JB: Activation of orexin/hypocretin type 1 re-

ceptor stimulates cyclic AMP synthesis in primary cultures

of rat astrocytes. Pharmacol Rep, 2011, 63, 717–723.

14. Zhu Y, Miwa Y, Yamanaka A, Yada T, Shibahara M,

Abe Y, Samurai T, Goto K: Orexin receptor type-1 cou-

ples exclusively to pertussis toxin-insensitive G-proteins,

while orexin receptor type-2 couples to both pertussis

toxin-sensitive and -insensitive G-proteins. J Pharmacol

Sci, 2003, 92, 259–266.

15. Ziolkowska A, Spinazzi R, Albertin G, Nowak M,

Malendowicz LK, Tortorella C, Nussdorfer GG: Orexins

stimulate glucocorticoid secretion from cultured rat and

human adrenocortical cells, exclusively acting via the

OX1 receptor. J Steroid Biochem Mol Biol, 2005, 96,

423–429.

Received: July 25, 2012; in the revised form: January 21, 2013;

accepted: January 31, 2013.

516 Pharmacological Reports, 2013, 65, 513�516


	267	Dr. Gert Schulze, M.D. (1941Œ2013). In memoriam.
	Helmut Coper, Krystyna Ossowska, Hans Rommelspacher
	271	Review Œ Vitamin D and the central nervous system.
	Ma³gorzata Wrzosek, Jacek £ukaszkiewicz, Micha³ Wrzosek, Andrzej Jakubczyk, Halina Matsumoto, Pawe³ Pi¹tkiewicz, Maria Radziwoñ-Zaleska, Marcin Wojnar, Gra¿yna Nowicka

	279	Review Œ Fever development in neuroleptic malignant syndrome during treatment with olanzapine and clozapine.
	Anna Szota, Ewa Og³odek, Aleksander Araszkiewicz

	288	Review Œ Oxidative stress, polyunsaturated fatty acids-derived oxidation products and bisretinoids as potential inducers of CNS diseases: focus on age-related macular degeneration.
	Jerzy Z. Nowak

	305	Review Œ Mydriasis model in rats as a simple system to evaluate a2-adrenergic activity of the imidazol(in)e compounds.
	Joanna Raczak-Gutknecht, Teresa Fr¹ckowiak, Antoni Nasal, Roman Kaliszan

	313	Review Œ Biochemical and pharmacological characterization of isatin and its derivatives: from structure to activity.
	Parvaneh Pakravan, Soheila Kashanian, Mohammad M. Khodaei, Frances J. Harding

	336	Attenuation of stress-induced behavioral deficits by lithium administration via serotonin metabolism.
	Tahira Perveen, Saida Haider, Wajeeha Mumtaz, Faiza Razi, Saiqa Tabassum, Darakhshan J. Haleem

	343	s Receptor antagonist attenuation of methamphetamine-induced neurotoxicity is correlated to body temperature modulation.
	Matthew J. Robson, Michael J. Seminerio, Christopher R. McCurdy, Andrew Coop, Rae R. Matsumoto

	350	Nisoxetine blocks sodium currents and elicits spinal anesthesia in rats.
	Yuk-Man Leung, Chin-Chen Chu, Chang-Shin Kuo, Yu-Wen Chen, Jhi-Joung Wang

	358	Antinociceptive synergy between diclofenac and morphine after local injection into the inflamed site.
	Jorge E. Torres-López, Elizabeth Carmona-Díaz, José L. Cortés-Peñaloza, Crystell G. Guzmán-Priego, Héctor I. Rocha-González

	368	Changes in the Egr1 and Arc expression in brain structures of pentylenetetrazole-kindled rats.
	Janusz Szyndler, Piotr Maciejak, Aleksandra Wis³owska-Stanek, Ma³gorzata Lehner, Adam P³a�nik

	379	Effect of acute and chronic tianeptine on the action of classical antiepileptics in the mouse maximal electroshock model.
	Kinga K. Borowicz, Monika Banach, Barbara Piskorska, Stanis³aw J. Czuczwar

	389	Effects of N-(morpholinomethyl)-p-isopropoxyphenyl- succinimide on the protective action of different classical antiepileptic drugs against maximal electroshock-induced tonic seizures in mice.
	Dorota ¯ó³kowska, Mateusz Kominek, Magdalena Florek- £uszczki, Sergey L. Kocharov, Jarogniew J. £uszczki

	399	Single centre 20 year survey of antiepileptic drug-induced hypersensitivity reactions.
	Barbara B³aszczyk, Monika Szpringer, Stanis³aw J. Czuczwar, W³adys³aw Lasoñ

	410	Effects of sesquiterpene, flavonoid and coumarin types of compounds from Artemisia annua L. on production of mediators of angiogenesis.
	Xiaoxin X. Zhu, Lan Yang, Yujie J. Li, Dong Zhang, Ying Chen, Petra Kostecká, Eva Kmoníèková, Zdenìk Zídek

	421	Changes in antioxidant capacity of blood due to mutual action of electromagnetic field (1800 MHz) and opioid drug (tramadol) in animal model of persistent inflammatory state.
	Pawe³ Bodera, Wanda Stankiewicz, Katarzyna Zawada, Bo¿ena Antkowiak, Ma³gorzata Paluch, Jaros³aw Kieliszek, Boles³aw Kalicki, Andrzej Bartosiñski, Iwona Wawer

	429	Lymphocyte-suppressing, endothelial-protective and systemic anti-inflammatory effects of metformin in fenofibrate-treated patients with impaired glucose tolerance.
	Robert Krysiak, Anna Gdula-Dymek, Bogus³aw Okopieñ

	435	Anisomycin suppresses Jurkat T cell growth by the cell cycle-regulating proteins.
	Chunyan Yu, Feiyue Xing, Zhengle Tang, Christian Bronner, Xijian Lu, Jingfang Di, Shan Zeng, Jing Liu

	445	In vivo effect of oracin on doxorubicin reduction, biodistribution and efficacy in Ehrlich tumor bearing mice.
	Veronika Hanuıová, Pavel Tomıík, Lenka Kriesfalusyová, Alena Pakostová, Iva Bouıová, Lenka Skálová

	453	Synergistic anti-cancer activity of the combination of dihydroartemisinin and doxorubicin in breast cancer cells.
	Guo-Sheng Wu, Jin-Jian Lu, Jia-Jie Guo, Ming-Qing Huang, Li Gan, Xiu-Ping Chen, Yi-Tao Wang

	460	In vivo and ex vivo responses of CLL cells to purine analogs combined with alkylating agent.
	Jolanta D. ¯o³nierczyk, Arleta Borowiak, Jerzy Z. B³oñski, Barbara Cebula-Obrzut, Ma³gorzata Rogaliñska, Aleksandra Kotkowska, Ewa Wawrzyniak, Piotr Smolewski, Tadeusz Robak, Zofia M. Kiliañska

	476	Effects of vitamin D3 derivative Œ calcitriol on pharmacological reactivity of aortic rings in a rodent PCOS model.
	Gabriella Masszi, Agnes Novak, Robert Tarszabo, Eszter Maria Horvath, Anna Buday, Eva Ruisanchez, Anna-Maria Tokes, Levente Sara, Rita Benko, Gyorgy L Nadasy, Csaba Revesz, Peter Hamar, Zoltán Benyó, Szabolcs Varbiro

	484	Effects of single and repeated in vitro exposure 
of three forms of parabens, methyl-, butyl- and propylparabens on the proliferation and estradiol secretion in MCF-7 and MCF-10A cells.
	Anna Wróbel, Ewa £. Gregoraszczuk

	494	Luminal melatonin stimulates pancreatic enzyme secretion via activation of serotonin-dependent nerves.
	Katarzyna Nawrot-Por¹bka, Jolanta Jaworek, Anna Leja-Szpak, Joanna Szklarczyk, Stanis³aw J. Konturek, Russel J. Reiter

	505	Benzylpenicillin inhibits the renal excretion 
of acyclovir by OAT1 and OAT3.
	Jianghao Ye, Qi Liu, Changyuan Wang,Qiang Meng, Huijun Sun, Jinyong Peng, Xiaochi Ma, Kexin Liu

	SHORT COMMUNICATIONS
	513	Orexins/hypocretins stimulate accumulation of inositol phosphate in primary cultures of rat cortical neurons.
	Jolanta B. Zawilska, Anna Urbañska, Paulina Soko³owska


	517	How to combine non-compartmental analysis with the population pharmacokinetics? A study of tobacco smoke™s influence on the bioavailability of racemic citalopram in rats.
	Wojciech Jawieñ, Jagoda Majcherczyk, Maksymilian Kulza, Ewa Florek, Wojciech Piekoszewski

	Phil-Dong Moon, Hyun-Ja Jeong, Hyung-Min Kim
	532	Note to Contributors

	content
	cont
	contents_3'2005
	contents
	abstract
	spis tresci
	indeks
	Contents
	spis tresci N
	contents
	cont_2_2010
	cont_4_2010
	PR 4 2010

