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1. INTRODUCTION
1.1. The preproghrelin-derived peptides

The preproghrelin gene encodes several peptides with different structure and function,
acyl ghrelin, desacyl ghrelin and obestatin (fig.1). Ghrelin is a 28 amino acid peptide, was
named after the word root “ghre", meaning “grow" in Proto-Indo-European languages (1),
and originally identified from the rat stomach to stimulate growth hormone (GH) secretion
via the growth hormone secretagogue receptor la (GHSR1a), (2, 3). The endogenous
ligand for this receptor was purified from the stomach and later it was pointed out as the
first peripheral hormone with potent orexigenic activity to regulate food intake, body
weight and a long term regulator of energy homeostasis [(4) and fig. 2]. Research during
the past almost two decades has demonstrated, that the ghrelin system involves many
interrelated peptides and receptors distributed in different tissues, forming a complex
network, which exerts autocrine, paracrine and endocrine actions in order to tightly
regulate different physiological processes.

The dysegulation of these circuits can generate multiple pathologies of the endocrine,
metabolic, cardiovascular and central nervous system. Therefore, the different ghrelin-
associated peptides have been suggested as diagnostic, prognostic, or therapeutic targets by
a high number of recent studies (5). From a molecular point of view, all these peptides
originate from the same preproghrelin precursor, encoded by a single-copy gene located on
the short arm of chromosome 3 in humans. The originally identified preproghrelin mRNA
transcript encodes a 117-amino acid long peptide, which, by multiple proteolytic
processing yields two functionally different peptides with highly conserved sequences
among mammals, named ghrelin and obestatin, respectively (5). Native ghrelin undergoes
further modification e.g. acylation by the enzyme ghrelin-O-acyl-transferase, this acylated
ghrelin being the biologically active peptide, identified originally by Kojima et al. (2). The
other form, unacylated ghrelin, though constituting over 90% of plasma ghrelin, the

biological role of it has not been identified yet [(5-7) and fig. 1].
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Figure 1. The synthesis and function of preproghrelin derived peptides (8)

1.2. Ghrelin, the brain-gut peptide

Metabolic signals from the stomach are transmitted mainly via afferent vagal nerves
through the nucleus of the solitary tract (NTS) to the hypothalamus, where ghrelin
enhances food intake by activating the orexigenic neurons expressing neuropeptide Y
(NPY) and agouti-related peptide (AgRP) in the arcuate nucleus (ACN) and leading to
peptide release via Y1 and Y5 receptors in paraventricular nucleus (PVN) (9-13). At the
same time the anorexogenic neurons expressing pro-opiomelanocortin (POMC) are
suppressed via activation of the inhibitory y-aminobutyric acid (GABA)-ergic inputs and
AgRP antagonizes melanocortin 4 receptor (MC4R)-containing neurons and prevents
the anorectic actions of aMSH (9, 14-16).
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Figure 2. The effect of ghrelin on hypothalamic control of food intake (10)

Ghrelin is a peripheral orexigenic peptide with unique central actions, which acts
primarly as a hunger signal to increase appetite and caloric intake. In rats, ghrelin dose-
dependently increased feeding when administered into the hippocampus and dorsal raphe
nucleus (17). In another rodent study peripheral daily administration of ghrelin caused
weight gain, while both food intake and body weight were dose-dependently increased by
intra-cerebroventricular (icv) ghrelin injection (4).

The very first randomised study in man also showed increased appetite and food intake
in healthy volunteers after intravenous injection of ghrelin (18). Ghrelin levels rise during
fasting and before meals, and return to normal postprandially. Moreover, compensatory
responses of ghrelin levels were observed related to changes of body weight: since weight
gain is accompanied by decreased, while weight loss by increased ghrelin levels.

Furthermore, ghrelin acts on both components of energy balance (caloric intake as
mentioned previously and energy consumption) by promoting fat storage and lipogenesis
to maintain homeostasis in the face of environmental challenges such as food restriction.

Ghrelin, not only increases energy intake but also decreases energy expenditure, which
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effect was blunted by the administration of anti-ghrelin antibodies in a rodent study (19).

Furthermore, blockage of ghrelin receptor increased energy expenditure by stimulating
the non-shivering thermogenesis in brown adipose tissue (20). These findings may have
important therapeutical implications since GHSR1a antagonists may represent attractive
drug candidates to treat obesity without the need of exercise and dietary restrictions (21).
However, it should be taken in consideration that ghrelinergic compounds can not
effectively target centrally-controlled food intake without affecting the delicate balance of
metabolic and neuroendocrine pathways regulated by ghrelin (6, 12, 22).

Studies in animals and humans have also demonstrated that ghrelin not only induces
food intake and a positive energy balance, but also stimulates food-seeking behavior and
the hedonic aspects of eating by promoting the preference for highly palatable, calorie-
dense food. To note, in one study conducted in healthy volunteers ghrelin levels were
increased by just visual presentation of hedonic food (23). The above mentioned data are
extremely important in the current circumstances of abundant food and sedentary lifestyle,
when the physiological effects of ghrelin might become pathological and contribute to the
global epidemic of overweight and obesity (24).

The normal ghrelin signaling is disturbed in eating disorders such as obesity, anorexia
and bulimia nervosa. In a variety of obesity syndromes (monogenic obesity, metabolic
syndrome, Prader-Willi syndrome) with different etiology the values of the preproghrelin
products (total ghrelin, acyl ghrelin and obestatin) were found either reduced, unchanged
or increased [(8) and fig.3]. Some studies in obese people have shown a compensatory
reduction of ghrelin secretion, however a lack of postprandial ghrelin suppression was also
observed, which could contribute to the maintanance of the positive energy balance in
these people (25).

In the undernourished restrictive type of anorexia nervosa, acyl ghrelin and obestatin
levels are elevated, while the ghrelin/obestatin ratio is low, suggesting a resistance to the
orexigenic action of acyl ghrelin. In anorexia nervosa patients with binge-purging the
lower obestatin levels probably favor motivation to bingeing-related behavior [(26, 27) and
fig. 3]. The present data regarding the role of ghrelin/obestatin balance in nutrition are still

coflicting, however merit further thorough investigation.
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1.2.1. The role of ghrelin in neuroprotection, anxiety and depression

In the central nervous system ghrelin was shown to have antiapoptotic, and
antiinflammatory effect, protecting also the neurons against oxidative stress and hypoxia.
Furthermore, it is involved in neurogenesis, promoting the proliferation of neural
stem/progenitor cells (13). Ghrelin was shown to induce hippocampal neurogenesis both in
vivo and vitro and to enhance memory performance and spatial learning in rodents (28).
The neuroprotective effect was blunted in GHSR1a-knock-out (KO) mice exposed to
chronic stress (29). These effects position ghrelin as a possible therapeutic candidate in the
treatment of traumatic and ischaemic brain injury and neurodegenerative diseases, such as
Alzheimer’s disease and Parkinson’s disease (13, 30).

Identified as a hunger hormone initially, in the past years ghrelin has received an
unique role as a gut-brain peptide, at the interface of appetite and metabolic control and
behaviors related to psychological stress, mood, anxiety and depression (31). The first
study completed on rats identified ghrelin az an anxiogenic agent, since the animals have
shown decreased activity in the open field (OF) and elevated plus maze (EPM) tests,
respectively (17, 32). GHSR1a, the receptor for ghrelin is widely expressed in distinct
brain areas (hypothalamus, pituitary, amygdala, hippocampus, ventral tegmental area —

VTA). Consequently, ghrelin can also control different neuroendocrine functions as GH
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secretion, regulation of energy homeostsis, mood, anxiety, depression, learning and
memory processes, reward-related behaviors and neuroprotection (7, 9, 13). The injection
of ghrelin into various brain regions (hippocampus, amygdala, hypothalamus, dorsal raphe
nucleus — DRN) has shown, that the DRN is the primary site of ghelin’s anxiogenic action
where it acts through the serotonergic sytem (17). Similarly both central and peripheral
injection of ghrelin induced anxiogenesis in mice in the EPM test which was blunted by
the administration of a CRH antagonist, furthermore elevated corticosterone levels were
also detected after ghrelin administration. This effect was attributed to the activation of the
hypothalamic-pituitary-adrenal (HPA) axis and the release of corticotrophin-releasing
hormone (CRH) in the PVN (33), indicating that GHSR1a acts directly on CRH-containing
neurons (9). This correlation was further proved in a rat model of acute stress, which
increased both ACTH and ghrelin levels (34).

Other studies have also reported that ghrelin induces anxiogenic-like effects in the
EPM when administered acutely to different hypothalamic areas (eg. ACN and PVN) (35).
Additionally, chronic central administration of ghrelin was shown anxiogenic in the OF
and EPM tests, and induced depression in the forced swim test (FST) in rats (36).

The stimulation of HPA axis by ghrelin occurs via hypothalamic, yet not completely
elucidated pathways, though independently from the orexigenic signals regulating food
intake (37). In contrast with the above mentioned studies, elevating ghrelin levels by 10
days of calorie restriction or subcutaneous ghrelin injection resulted in anxiolytic- and
antidepressant-like responses in the EPM and FST. Similarly, Ghr-R KO mice showed
greater social avoidance compared to wild-type litermates during chronic social defeat
stress (38) and an increased anxiety-like behavior was detected in ghrelin KO mice after
acute restraint stress (39). Acute peripheral administration of ghrelin also induced
anxiolytic-like effect in both the EPM and OF tests (40). Central administration of ghrelin
also produced anti-depressant effect in tail suspension test (TST) and blunted the
depressive effects (hyperlocomotion) induced by bilateral olfactory bulbectomy, an
accepted depression model in rodents (41).

Exposure to chronic social defeat stress (a model of major depression and
posttraumatic stress disorder) increased ghrelin (and corticosterone) levels, and behavioral
deficits like social isolation were more pronounced in ghrelin-receptor-deficient mice (42).
The hippocampus is one of the primary site to mediate the cognitive aspects of depression
like memory retention and ghrelin deficient mice have impaired behavioral memory, while

injection of ghrelin into the hippocampus causes memory retention (43).
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The antidepressant properties of ghrelin could be related to its effect on promoting
hippocampal neurogenesis, protecting mitochondrial function, similarly to the findings in
different models of neurodegenerative disorders (44). In this regard, ghrelin has shown
proliferative, antiapoptotic and neurogenic activities in hippocampal progenitor cells,
mediated by its receptor, the GHSR1a (45, 46). Furthermore, it exerted a protective role in
experimental rodent models of Alzheimer’s disease by improving memory processes (47)
and promoting the survival of rat hippocampal neurons treated with amyloid P (48, 49).

Human findings related to ghrelin levels in depression are somewhat inconsistent:
decreased, unchanged, but also higher levels have been described. These increase in
ghrelin levels were normalized after treatment with antidepressants (50). However, in one
study ghrelin administration induced an improvement tendency of depressive symptoms in
unmedicated men, but not women with major depression (51). HPA axis and sleep patterns
are disturbed in depression. Furthemore, gender differences were also observed related to
the effect of exogenous ghrelin on cortisol levels and sleep in the same study. The non-
REM sleep improved in men, and after an initial increase in cortisol levels in both sexes, a
blunted hormonal response was observed in men, which suggests the involvement of the
HPA and gonadal axes and deserves further investigation (51). Non-REM sleep was also
increased in healthy male volunteers receiving bolus injections of ghrelin in low doses,
while EEG patterns in healthy women remained unchanged (52). However, endogenous or
high-doses exogenous ghrelin may disrupt sleep due to increased hunger. In a series of
studies in rats, central injections of ghrelin in the areas involved in sleep and feeding
control induced increased wakefulness, feeding and motor activity (53, 54). These results
underlie the possible role of ghrelin in night eating syndrome, characterized by disturbed
sleep due to hunger followed by excessive eating (30).

The conflicting data related to ghrelin’s effect on anxiety and depression might be due
to differences in study design (dosage, route and timing of injection, strain or species used)
(43), as well as the duration and type of stress exposure (44, 55). After more than one
decade of research a dual effect for ghrelin was suggested (39, 44). Accordingly, in
conditions of acute stress ghrelin would have an anxiolytic effect, while during basal,
unstressed conditions or when exposed to chronic stress the animals would show an
anxiogenic effect and enhanced fear memory after the injection of ghrelin (17, 32, 33, 36,
(56).
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The anxiolytic- and antidepressant-like effect of ghrelin may be a critical counter
regulatory mechanism to cope with different stress conditions, promoting food seeking,
maintenance of energy homeostasis and survival advantage during evolution (31, 56, 57).
However, the activation of HPA axis and the release of glucocorticoids may enhance
ghrelin’s effect on the consumption of highly palatable, rewarding food both in animals
and humans, but at the expense of high caloric intake and development of obesity (42). In
one remarkable study in mice, exposure to chronic social defeat stress increased the
preference for and the intake of rewarding, high-fat diet, which effect was mediated by
ghrelin signaling, presumably to ameliorate the depressive-like symptoms, but also to
increase body weight (42). As a consequence, the development of obesity triggers a vicious
circle, with altered central ghrelin signaling, and increased susceptibility to develop

anxiety, depression and addictive behaviors (8).

1.2.2. Neuroendocrine mechanisms connecting obesity and stress-related

behaviors

Obesity is a pathological condition, which results from an imbalance between caloric
intake and expenditure, and is characterized by excessive body fat accumulation, that has
severe impact on life quality and life expectance due to the burden of associated co-
morbidities. Recent data from the World Health Organization suggest that 11% of the
world population (more than half a billion people) is obese, while 35% is overweighed
(58). Furthermore, the prevalence of obesity is continously increasing worlwide, so
revealing the pathomechanism and finding effective treatments have become urgent and
essential (59). During the past decades much research has highlighted that
neurotransmitter systems controlling appetite and feeding behavior, cognitive function,
stress, mood and reward behavior are strongly and reciprocally connected (60). Food
intake is normally regulated by a homeostatic drive to restore energy balance, while in
certain conditions hedonic or reward-based regulation favors the consumption of highly
palatable, energy-dense foods (61), (62). Notably, exposure to stress influences
dramatically food intake and energy homeostasis. In some individuals it leads to
decreased appetite and weight loss, while many human and rodent studies have also
demonstrated high preference of calorie-rich, tasty diet which reduces the discomfort of

stress and provides relief and positive emotions in the short term (63-65).



However, chronic overconsumption of such foods triggers the disruption of the HPA
axis, and the vicious circle of increased vulnerability to stressors, central obesity,
metabolic dysfunction and mood-related disorders (63). Sustained exposure to stress and
elevated glucocorticoids on the other hand promote the accumulation of visceral adiposity
and pro-inflammatory responses leading to the development of insulin resistance and

metabolic syndrome (66).

1.2.3. The effect of ghrelin on reward-related behavior

The pleiotropic hormone ghrelin was shown not only orexigenic, but also highly
involved in food-seeking and reward related behaviors induced by palatable food, alcohol,
nicotin, amphetamine and cocaine by activating the mesolimbic-dopaminergic
neurocircuits consisting of VTA, nucleus accumbens (NAcc), amygdala, hippocampus and
medial prefrontal cortex (PFC). Indeed, central ghrelin infusion enhances the
reward/reinforcement properties of food, drugs of abuse in different rodent models as
measured by conditioned place preference (CPP), locomotor stimulation, and NAcc
dopamine release. The effect of ghrelin on psychostimulant action can be blunted by
genomic or pharmacological ablation of GHSR1a, indicating the involvement of GHSR1a
signaling in the VTA (6, 8, 67, 68). Regarding its influence on food-seeking and food-
motivated behavior, ghrelin administered centrally, peripherally or directly into the VTA
stimulates the consumption of highly palatable, rewarding food (e.g. sucrose solution) in
rats, which effect was blunted by the administration of a ghrelin antagonist. Furthermore,
acute ghrelin administration into the amygdala decreased anxiety in the EPM and OF tests,
but only in fasting rats, in order to help the animals to find food (31, 69).

Human studies indicate that high ghrelin levels are associated with abstinence,
contributing to alcohol craving and GHSR gene polymorphism is presumably associated
with heavy alcohol consumption (8). Concerning the other ghrelin-derived peptides, there
are no data available yet on their role in drug addiction and reward related behaviors.

1.3. Peripheral effects of ghrelin

The GHSR1a was detected in many different peripheral organs (e.g. Gl tract, pancreas,
heart, lung, vasculature, kidney, gonads), and its endogenous ligand, ghrelin is involved in
the regulation of different organ systems, e.g. the digestive, reproductive and
cardiovascular system [(6, 15, 16, 70) and fig. 4)]. Multiple beneficial cardiovascular

effects were attributed to ghrelin such as vasodilation, inotropic effect, attenuation of
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ventricular remodeling and protection against cardiac cachexia (16, 71). In patients and
animals with heart failure ghrelin improved myocardial function and reduce post Ml
mortality (72). Furthermore, in patients with metabolic syndrome ghrelin reversed
endothelial dysfunction by the activation of nitric oxide-mediated and antiinflammatory
mechanisms (73).

1.3.1. Ghrelin and the glucose metabolism

Ghrelin is considered essential in maintaining glucose homeostasis during
undernutrition, by activating gluconeogenic and/or growth hormone-regulated pathways
(21). Howewer, it was also reported to negatively influence glucose homeostasis by
inhibiting insulin secretion in the pancreatic B cells and increasing hepatic glucose
production in normal feeding states or obesity (16, 21, 70). Furthermore, reduced plasma
ghrelin levels were found in insulin—resistant conditions such as obesity, type 2 diabetes
and hypertension (74). These data suggest, that ghrelin might play a role in atherosclerosis,
hypertension and diabetes.
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Figure 4. Peripheral effects of ghrelin (70)
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2. OBESTATIN, THE SIBLING HORMONE

Obestatin is a 23-acid metabolic peptide (named from the Latin words “obedere” to
devour and “statin” to suppress), derived from the preproghrelin gene (fig. 1), which was
isolated first from the rat stomach in 2005 (75). However, obestatin is also expressed in
other GI organs (pancreas, liver), adipose tissue, skeletal muscle, lungs, thyroid and
mammary glands and testes, suggesting a multifunctional role of it, which can act both
centrally and peripherally (76). It was originally described as a direct antagonist of ghrelin
with anorexigenic effect. Both central and peripheral injection decreased food intake in a
time- and dose-dependent manner (75, 77, 78), body weight gain (78), and intestinal
motility via the G-protein coupled receptor 39 (GPR39) — a member of the GHSR family
(75) which was rapidly refuted as a receptor for obestatin by several studies (79, 80). To
note, recent data suggest that obestatin may act through the GPR39 receptor in an
autocrine/paracrine manner peripherally, namely as mitogenic factor in myoblasts (81) and
GPR39 could mediate the metabolic effects of obestatin in the adipose tissue and Gl
system (82, 83).

However, the anorexigenic effect of obestatin where re-investigated and rejected under
a variety of conditions (84, 85), and only its acute food-intake inhibiting effect was
reproducible (86). Furthermore, the initial effects on gastrointestinal motility were also
questioned (87). This lack in experimental reproducibility may be attributable to the short
biological half-life of the peptide in circulation (88) and in the central nervous system (87)
and to the fact that, compared to other feeding hormones, obestatin barely passes the blood
brain barrier (89). Despite these controversies, it is important to highlight that obestatin
antagonizes acyl ghrelin’s effect on GH secretion and food intake in rodents and fish (90,
91) while fasting resulted in elevated ghrelin- and reduced obestatin levels (90).

The ability of obestatin and its naturally occuring variant preproghrelin polymorphism
GIn90Leu (Q90L) to inhibit acyl ghrelin's action on food intake and GH secretion may
occur by targeting NPY and GHRH neurons (92). As it is shown on the figure (fig. 5),
obestatin antagonizes the acyl ghrelin-induced inhibition of GABA neurotransmission and
NPY neuronal activation, through a GHS-R antagonism or via other receptors still
unidentified (26). The other mechanisms of the anorectic role of obestatin could be related
to the inhibition of dopamin release (reversed by ghrelin), and antagonism of the
hypothalamic serotonin inhibitory effects of ghrelin, when these two peptides were co-
perfused in hypothalamic synaptosomes (78). Other anorectic hormones such as leptin,

amylin and peptide YY (3-36) also inhibited the release of dopamine from rat
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hypothalamic synaptosomes (93, 94). On the other hand, serotonin also plays a well
established, yet inhibitory role in feeding control, and the orexigenic ghrelin was shown to
inhibit hypothalamic serotonin release. Obestatin reversed the effects of ghrelin on
serotonin release, which can be partly explained by its anorectic role in the control of
feeding (78).
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Figure 5. Regulation GH secretion and appetite by ghrelin-derived peptides in the
hypothalamus (26)

In a recent remarkable study in mice, co-administration of obestatin and CCK8, a known
satiety peptide, was more effective in inhibiting appetite and to decrease weight gain than
CCKS8 or obestatin alone, which indicate that it may modulate the function of other

gastrointestinal peptides (95).

2.1. Peripheral effects of obestatin
2.1.1. Obestatin and glucose metabolism

In the past years much of the scientific interest has focused on obestatin’s effect on glucose
metabolism (96, 97). Obestatin was shown as an important regulator of pancreatic
endocrine function and survival factor for pancreatic islet cells. It promotes proliferation
and inhibits apoptosis in pancreatic B-cells by modulating the expression of adipogenic and
glucoregulatory genes (96).

The adipose tissue has multiple physiological functions, such as the control of energy
balance, glucose and lipid metabolism, and the failure of these processes may induce
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obesity, insulin resistance and diabetes. Obestatin can also influence insulin secretion and
glucose uptake of different tissues, for instance by reducing insulin resistance and
inflammation in mice on high fat diet (98). Obestatin was shown protective in
streptozotocin-induced experimental diabetes protecting the islet cells and increasing
insulin secretion and reducing blood glucose levels (99). Furthermore, because many
similarities exist with the function of glucagon-like peptide 1 (GLP-1), obestatin was
suggested as a ligand for the GLP-1 receptor in pancreatic beta cells and adipocytes (100).

Obestatin level was found altered in diabetes and obesity which was documented in
obese/overweight patients and those with abnormal glucose homeostasis (type 2 DM,
insulin resistance and metabolic syndrome), (101-103). Another study showed that basal
secretions of obestatin and ghrelin were decreased in obese patients with insulin resistance
reflecting both hormones as potential markers for adiposity and diabetes (104). Obestatin
levels also increased after gastric surgery for body weight reduction in obese and type 2
DM patients (83).

Obestatin can also modulate the function of adipose tissue. Acting presumably in an
autocrine-paracrine manner, it promotes adipocyte differentiation and survival, lipid
accumulation, and it also regulates lipogenesis/lipolysis and circulating lipid levels (fig.6,
7). Considering the crucial role of the adipose tissue dysregulation in obesity and diabetes,
obestatin represents an attractive potential as a multitarget drug in these disorders (83).

The effects of obestatin on glucose metabolism and adipose tissue are mediated
through different signaling pathways, such as cAMP, phosphatidylinositol 3-kinase
(PI3K)/Akt, and extracellular signal-related kinase 1/2 (ERK1/2), which are known to be

involved in cell survival and proliferation, inhibition of apoptosis, and cell differentiation
[(97), fig. 6].
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Figure 6. The mechanism of action of obestatin in endocrine pancreas and adipocytes
(Gesmundo 1. 2013)

GLP-1R, glucagon-like peptide-1 receptor; GPR39, G protein-coupled receptor 39; PI3K/AKt,
phosphatidylinositol 3-kinase/Akt; ERK1/2, extracellular signal-regulated kinase 1/2; AC, adenylyl cyclase;
CAMP, cyclic AMP; PKA, protein kinase A; CREB, cAMP response element-binding protein; IRS-2, insulin
receptor substrate-2; GK, glucokinase; PDX1, pancreatic and duodenal homeobox-1; mTOR, mammalian
target of rapamycin; p70S6K, p70 S6 kinase; AMPK, AMP-activated protein kinase; GSK-3B, glycogen
synthase kinase-3p; SIRTI, sirtuin 1; GLUT4, glucose transporter 4; C/EBP, CCAAT/enhancer binding
protein; PPARY, peroxisome proliferator activated receptor-gamma

2.1.2. The role of obestatin in the GI system

The first study related to obestatin has demonstrated, that intraperitoneal injection in
mice not only decreases food intake and body weight gain, but, opposite to ghrelin, it also
inhibits gastric emptying and jejunal motility (75). Since then, the inhibitory effects of
obestatin on feeding and gastrointestinal motility have remained controversial, with some
studies proving (105, 106), while others failing to reproduce these effects (84, 107, 108).
To note, one study in rats has proven not only the GI motility-inhibiting effect of
intravenous obestatin, but also, that its action might involve the activation of brain
corticotropin-releasing hormone (CRH) type 1 and type 2 receptors and partially of the
vagal afferent pathways, all being involved in the regulation of gastrointestinal motility.
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The administration of obestatin activated CRH- and urocortin-2-containing neurons in the
paraventricular nucleus of the hypothalamus, in line with the previous findings, showing
that obestatin may act through CRH type | and Il receptors in the brain (105).

Obestatin is widely distributed in the GI system, and it may have some beneficial
effects in both experimental and human Gl diseases, for example it attenuates the
inflammation in experimental ulcerative colitis, while the ghrelin/obestatin ratio has
increased in patients with inflammatory bowel diseases during exacerbation (83).

On the other hand, obestatin has been connected to Helicobacter pylori infection and
gastric ulcers by inhibiting the expression of inflammatory cytokines. Furthermore, the
antioxidant effect of obestatin was shown in ischemia/reperfusion-induced inflammation of
the rat ileum. In acute pancreatitis of humans obestatin levels rise paralelly with the
disease’ severity. Pretreatment with obestatin in rats attenuates inflammation, edema and

the release of pancreatic enzymes (109).
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Figure 7. Metabolic, gastrointestinal and cardiovascular effects of obestatin (83)
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2.1.3. The role of obestatin in the cardiovascular system

Metabolic syndrome includes comorbidities such as obesity, diabetes and hypertension,
thus it has been plausible to suggest that obestatin may also exert important cardiovascular
effects. In one remarkable study, fasting plasma obestatin levels were reduced in insulin
resistant non-diabetics compared to insulin-sensitive subjects, and a negative correlation
was found between plasma ghrelin and obestatin levels and abdominal fat accumulation,
body mass index (BMI) and blood pressure (101).

In another study hypertensive obese patients have shown significantly lower fasting
plasma ghrelin and obestatin levels compared to normotensive obese subjects or controls.
In addition, an inverse correlation was found between these hormone levels and fasting
insulin as well as the homeostasis model assessment of insulin resistance (HOMA-IR),
suggesting a role for both ghrelin and obestatin in metabolic syndrome-related conditions
(110). Furthemore, in patients with untreated hypertension low circulating plasma ghrelin
and obestatin levels, and similarly a decreased ghrelin/obestatin ratio were observed (111).
In contrast to these data found in humans the same group has demonstrated higher
hormone levels and an increased ghrelin to obestatin ratio in spontaneously hypertensive
rats. The reason for these conflicting results is not known yet, but may be related to
differences between species, however they indicate that the ghrelin/obestatin system
participates in blood pressure regulation (111), hypertension and obesity (110).

Obestatin was also shown to protect the vascular endothelium by inducing NO-
dependent vasodilation in both ex vivo and in vivo experiments in the mouse cerebral artery
(112) as well as in obese or non-obese patients, which further suggest a role for obestatin
in both normal cardiovascular function and in diabetes-related alterations (83).

Regarding the direct effects of obestatin on the heart, in a rat model of ischaemia-
reperfusion, obestatin was able to dose-dependently reduce infarct size, contractile
dysfunction and to protect the cardiomyocytes from cell death, by triggering the activation
of PI3K, Protein kinase C delta/-epsilon (PKC-g, PKC-3) and ERKZ1/2 intracellular
pathways and a specific, yet unidentified receptor expressed in the heart (113). Increased
obestatin and ghrelin levels were reported in patients with chronic heart failure, especially
those with cardiac cachexia (114) while in cardiorenal syndrome both obestatin and AVP
levels were elevated (115). The clinical significance of these findings requires further

investigation.
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2.2. Central effects of obestatin

2.2.1. Effects on thirst, sleep and thermoregulation

Hormones and neuropeptides control and integrate the neurocircuits of metabolism,
thirst, thermoregulation, and sleep overlaping in the hypothalamus. Accordingly, besides
its peripheral effects, central actions of obestatin were also identified.

To note first, when administered icv this peptide inhibited thirst in fed and fasted male
rats, and pretreatment with obestatin also neutralized the dipsogenic effect of angiotensin
Il. Furthermore, it was also suggested that the anorexigenic effect of this peptide is a
consequence of the thirst inhibition, the so called dehydration anorexia (116). The same
authors extended their studies, to reveal the effect of obestatin on fluid homeostasis in ad
libitum watered and water-deprived animals. In these conditions obestatin inhibited water
intake, as well as the stimulated and pharmacological secretion of AVP, that were reversed
by the administration of anti-obestatin antiserum. Peripherally administered obestatin has a
very short half life and presumably does not cross the blood-brain barrier (89). Thus, the
mechanism of action might involve pathways transmitting information through vagal
afferents of the brainstem to the appetite and thirst centers (117). Alternatively, obestatin
might be released centrally, from pre-proghrelin expressing neurons of different brain sites
(3), in order to influence fluid balance and other important neurophysiological mechanisms
(117).

Studies in rats have also shown that obestatin influences sleep in a manner opposite to
ghrelin, namely when given icv, it exerts a sleep-promoting activity. These findings may
be related to obestatin’s function as a satiety signal since several other anorexigenic
hormones (e.g. leptin, CCK) increase sleep, while the orexigenic peptides (ghrelin, orexin,
neuropeptide Y) have opposite effects by facilitating wakefulness (118).

The products of the preproghrelin gene like ghrelin and obestatin are also involved in
the adaptation of metabolism and sleep to thermoregulatory and feeding challenges as
demonstrated by a remarkable study (119). In mice, exposure to cold and fasting induces
increased sleep in order to conserve energy, similarly to the state of hibernation. This effect
was impaired in preproghrelin gene KO mice showing reduced sleep and a marked drop in
the body temperature. However, the administration of obestatin attenuated the abnormal
hypothermic response. These findings are extremely important, showing that obestatin may

have a role in the complex humoral network regulating energy hoemostasis and sleep, and
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the consequent comorbidities such as sleep disturbances, metabolic syndrome (118) and

depression.

2.2.2. The effects of obestatin on neuroprotection

The neurogenesis in the adult hippocampus involves the proliferation, migration and
differentiation of progenitor cells. These processes are impaired by different conditions,
such as hypoxia, addictive drugs, sustained exposure to stress among others, while certain
hormones and growth factors promote the proliferation and survival of the hippocampal
neurons (120).

Alzheimer's disease is the most common cause of dementia, characterized by the
accumulation of amyloid plaques, abnormal phosphorylation of tau protein and the
formation of neurofibrillary tangles, chronic inflammation and neurodegeneration leading
to severe memory and cognitive dysfunction (49). Since the hippocampus is crucial for
learning and memory processes, the early impairment of neurogenesis at this brain site is a
characteristic feature of Alzheimer's disease.

The search for neuroprotective agents is emerging, therefore a recent study has
examined the potential role of obestatin on adult rat hippocampal progenitor cells exposed
to growth factor deprivation and amyloid 3 peptide toxicity (49). According to these results
obestatin was shown to inhibit apoptosis and tau hyperphosphorylation and to promote
proliferation and survival of cell progenitors. These effects involved enhanced GLP-1R
MRNA and protein levels, as well as signaling through specific proliferative and survival
pathways such as CAMP/PKA/CREB, MAPK/ERK1/2, PI3K/Akt. To note, GLP-1R was
indicated to also mediate the survival and proliferative effects of obestatin on pancreatic -
cells and adipocytes (96, 100).

A possible neuroprotective role of endogenous obestatin was also suggested, based
upon the peptide immunoreactivity and the expression of preproghrelin gene in the
hippocampal progenitors (97). Obestatin also caused memory retention in two different
tests (inhibitory avoidance and spontaneous object recognition), indicating that it
influences both learning and memory processes related to brain structures such as the
amygdala and hippocampus (77).

In vivo studies in the future will hopefully reveal the posibble therapeutical potential of
obestatin in neurodegenerative disorders (97).
The possible neuroprotective role of obestatin was also investigated in a rat model of

subarachnoidal haemorrhage (SAH). SAH leads to vasospasm, cerebral ischemia and
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severe neuronal damage and death due to the activation of inflammatory pathways and
accumulation of reactive oxygen species. The intraperitoneal administration of obestatin
ameliorated the deleterious effects of SAH, by inhibiting apoptosis and leukocyte
infiltration, the release of inflammatory mediators and cytokines, and it also protected the
endogenous antioxidants of the brain. The antiinflammatory and antioxidant effects of
obestatin deserve further investigations, in order to evaluate its possible role in treating
conditions related to ischemic brain injury (121).

In an earlier study in vitro obestatin elevated intracellular calcium by promoting ion
influx and internal release in a population of cultured rat cortical neurons (122). Calcium
has well identified multiple physiological functions, as a second messenger being involved
in muscle contraction, neural synaptic transmission, cell growth and proliferation,
neurogenesis, learning and memory, the activity of enzymes, ion channels and pumps
(123). The identification of neuronal responses related to the obestatin receptor activation
needs further in vitro and in vivo studies, however these results underscore the diverse

functions of obestatin as a neuropeptide.

2.2.3. The role of obestatin in anxiety

The very first and until present the single study to reveal the effect of obestatin on anxiety
has shown that icv administration of the peptide induces anxyiolitic-like effects in the EPM
in rats (77).

2.3. The stress response and depression as a stress-related disorder

Environmental and homeostatic challenges require integrated autonomic,
neuroendocrine and behavioral responses from the body and the brain to maintain the
homeostasis and survival of species. The sympatho-adrenal medullary system and the HPA
axis are primarly responsible for the adaptive and protective mechanisms during stress,
acting in concert with somatosensory cortex areas, the raphe nucleus and loecus coeruleus
(involved in attention and arousal), and limbic structures, which mediate the cognitive (e.g.
learning and memory) and behavioral processes of stress response.

As an immediate physiological response to stressor exposure the autonomic nervous
system and catecholamines induce the activation of cardiovascular system (increased heart
rate and blood pressure) and metabolic changes, described as the fight or flight’ reaction,

more than 100 years ago by Walter Cannon and colleagues (125-127).
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During stress adaptation the HPA axis and the sympathetic nervous system act
synergistically in order to mobilise the necessary energy sources and to adapt the
metabolism, vessels and the heart to stress (125-127). The key process of HPA axis
activation involves the release of CRH from the parvocellular neurosecretory neurons and
AVP from the magnocellular cells in the PVN of the hypothalamus. CRH on its turn
stimulates the release of adrenocorticotropic hormone (ACTH) from the anterior pituitary
into the systemic circulation (128). CRH neurons innnervate and affect much of the brain
and limbic areas (the amygdala, hippocampus, prefrontal cortex and nucleus accumbens)
and also the monoaminergic systems (noradrenergic in locus coeruleus, serotoninergic of
the dorsal raphe nucleus, dopaminergic of the VTA) in order to release their cognated
neurotransmitters (126, 129, 130). ACTH acts on the adrenal gland for synthesis and
secretion of glucocorticoids (cortisol in humans and corticosterone in rodents), the
downstream effectors of the HPA axis. Glucocorticoids have a crucial role in mobilizing
the energy sources necessary to adapt the body’s metabolism towards coping with stress
and restoration of homeostasis (131). The HPA axis and the adaptive response to stress is
regulated by highly overlapping neuroendocrine circuits including glucocorticoid negative
feedback, sympathetic andrenomedullary circuits, parasympathetic systems and the above
mentioned limbic structures and higher-control cortical regions (126). Circulating
glucocorticoids suppress CRH neurons within the PVN via endocannabinoid signaling
acting on the excitatory neurotransmitter glutamate, and via the activation of hippocampal
neurons and the inhibitory GABAergic circuits (132).

Although, the biological effects of glucocorticoids are usually adaptive to mantain
homeostasis, inadequate or excessive activation of the HPA axis in terms of both
magnitude and duration [(called allostasis or cacostasis (129)] may contribute to the
development of different  structural abnormalities in the central nervous system
[(hippocampal atrophy and memory loss (133)], mental illnesses, obesity, DM, and
cardiovascular pathologies such as atherosclerosis and hypertension (129, 134-136). The
cardinal manifestations include anhedonia (loss of interest, drive and pleasure), poor
concentration and self-esteem, feelings of worthlessness and guilt, impaired memory,
anxiety, irritability, disturbances in sleep and appetite, and sustained disability in carrying
out everyday life activities and social functioning (60, 137).

Different brain regions forming tightly interacting neural circuits were suggested to be
involved in the development of these clinical manifestations. For instance the cognitive

aspects of depression could be mediated by the hippocampus and neocortex, the striatum
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(primarly the ventral striatum or nucleus accumbens and amygdala) might be responsible
for the emotional manifestations of anhedonia and anxiety, while the neurovegetative
disturbances of sleep, appetite, energy metabolism, and sexual activity suggest a role for
hypothalamus (138).

Importantly, depression increases the risk of developing high-morbidity conditions
such as cardiovascular diseases, stroke, Alzheimer’s disease and cancer. Furthermore it
has been suggested to classify depression as metabolic syndrome type Il, because it is
strongly and bidirectionally associated with obesity and diabetes-related condition (60,
139). Depression can increase substantially the risk of developing type 2 DM, and the
onset of disease may be related to major stressful events (66). The pathogenetic link needs
to be elucidated, probably involving poor diet quality and sedentary lifestyle (63), sleep
and circadian cycle disturbances, early life trauma and sustained stress exposure (140).
Interestingly, studies have shown that effective antidepressant-anxiolytic therapies and
stress handling strategies contribute to a better glycemic control in diabetic patients (66).

3. THE AIM OF THE STUDY

e The disruption of the HPA axis is involved in different conditions such as mood
and eating disorders, addiction to drug of abuse, obesity and metabolic syndrome.

e The neuropeptide obestatin was shown to influence food intake, glucose and lipid
metabolism, neurogenesis, thirst and sleep.

e However, there has been a single publication related to it’s effect on anxiety in
rats, while no data have been released on obestatin’s effect on the behavioral
patterns related to depression or drugs of abuse.

e For these reasons, in our experiments conducted in male CFLP mice we first tested
the anxiety-related effects of the acute central administration of different doses of
obestatin in the EPM and OF tests.

e In order to reveal the depression-related responses, by using a similar treatment
regimen, we also investigated the effects of obestatin in the FST.

e Considering the well-established impact of the HPA axis in anxiety- and mood-
related disorders, prior to obestatin treatments we administered Corticotropin-
Releasing Hormone (CRH) receptor blockage with antalarmin in two different sets

of paradigm, the OF test and FST, respectively.
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e In order to underscore our behavioral results we also measured plasma
corticosterone levels by fluorescence assay in the animal groups treated with
obestatin and antalarmin.

e Furthermore, to find out whether obestatin’s effect on anxiety and depression are
mediated through Growth Hormone Secretagogue Receptor (GHSR) signaling, we
administered ghrelin receptor antagonist pretreatment followed by OF testing and
FST.

e Next, we investigated the possible effects of the chronic, central obestatin
treatment on naloxone-precipitated morphine withdrawal, by using graded doses of
morphine and obestatin, on day four followed by testing the animals in the OF and
EPM tests.

4. MATERIALS AND METHODS
4.1. Experimental animals

CFLP male, 6 weeks old mice (Animal Husbandry Services, Domaszék, Hungary),
weighing 25-35 g [30 £5 g (141)] were used for the experiments. Five animals per cage
were housed in a room at controlled temperature (22-24°C) and on a 12-h dark-light cycle
(lights on at 06:00 and off at 18:00 h), with food and water available ad libitum. Testing
occurred between 8.00 to 10.00 am (142) and 10.00 to 12.00 am (141) respectively. At
least 30 min before, mice were carried to the experimental laboratory in their home cages
for habituation (142). Each animal was used only on a single occasion for the experiments.
All procedures were conducted in accordance with the instructions of the Ethical
Committee for the Protection of Animals in Scientific Research of the University of
Szeged (142).

4.2. Surgery

For icv cannulation the mice were anesthetised intraperitoneally with sodium pentobarbital
[Euthasol® 35 mg/kg or Nembutal®, Phylaxia-Sanofi, Budapest, Hungary (141)] and a
polyethylene cannula was inserted into the lateral cerebral ventricle, at stereotaxic
coordinates: 0.5 mm posterior, 0.5 mm lateral to the bregma, and 3 mm deep from the
dural surface according to the atlas of Paxinos et al. (143), and fixed to the skull with
cyanoacrylate containing instant glue. The animals were then allowed to recover for 5 or 4
days (141), respectively. After the end of the experiments, 2 ul of methylene blue was
injected via the cannula of decapitated animals to check the permeability and the right
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position. Data from animals with improper cannula were excluded from statistical analysis
(142).

4.3. Behavioral tests

4.3.1. Elevated plus maze (EPM) test

EPM is a well-known assay to monitor anxiety-like behavior in rodents (144). The
method is based on a conflict characteristic for rodents, namely the natural aversion to
open, illuminated spaces and heights, and their drive to explore a new environment. The
EPM apparatus (Columbus Instruments, Columbus, Ohio, USA) consists of four arms (87-
mm wide, 155-mm long), elevated 63.8 cm above the floor, with two arms enclosed by
16.3-cm-high walls and illuminated with 60 W light situated 1 m above the maze. Mice
were placed in the center of the maze facing toward an open arm, and the following
behavioral parameters were recorded for 5 and 10 min respectively (141): the overall
activity, reflected by the total number of entries into the arms, the percentage of open arm
entries (open arms/total number of entries % — OAE%) and open arm time (open arm
time/total time % — OAT%). An entry into the arms was registered when all four legs have
crossed the entrance line to the respective arm (142). After each animal, the apparatus was
thoroughly cleaned with ethanol (96%) and water (141). The decreased number of open
arm entries and time are associated with anxiety-like behavior, whereas an anxiolytic effect

is reflected by an increase in these parameters (144).

4.3.2. Open field (OF) test

The open field test is a widely used and accepted technique to evaluate the exploratory
behavior and general locomotor activity in rodents. The apparatus (conducta, Experimetria
Ltd., Hungary) consists of a set of five black-painted wood boxes (40x50x50 cm®) located
in an isolated room, with open top and a 60-W light placed 1 m above the arena floor. The
apparatus is able to test the activity of 5 mice simultaneously, but separately (141, 142).
Each animal was placed individually in the center of the open field and their activity was
registered for 5 min, the floor of the box being washed with ethanol (96%) and water and
dried prior to the next animal testing ((141). During the test period the following
parameters were monitored: ambulation time (s) and distance (cm), number of rearings and
jumpings, immobility time (s), the percentage of the central distance (central/total
ambulation distance %) and of the time spent in the central area (central/total ambulation
time %) (142).
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4.3.3. Forced swimming test (FST)

The FST is a well-established, reliable and widely used behavioral test in rodents to
evaluate depression-like behavior and the effectiveness of antidepressant drugs (145). The
immobility in the FST has been originally considered a response to an inescapable
situation reflecting the behavioral despair found in human depressed patients (146-148). In
our laboratory the modified mouse FST was performed (149, 150). A glass cylinder (12 cm
in diameter and 30 cm in height) was filled with water (25 + 1 °C temperature) to a height
of 20 cm, the water was changed between mice. The animals were placed individually in
the cylinder, and a 15 min pretest session was performed, during which diving mice were
excluded from the experiment. The test session occured 24 h later for 5 min, when the
durations of swimming, climbing and immobility were registered with a time-sampling
scoring technique (every 5 sec). The behavioral procedure and analysis was performed by
using a video recording device and the FST files were transfered to a PC and analyzed by
an independent observer (151). Swimming time was recorded when the mouse was in
horizontal motion on the surface of the water; climbing time was measured when the
mouse was participating in an active vertical motion with its forelegs above the water
level; and immobility time was registered when the mouse was in an upright position on
the surface with its front paws together and making only those movements necessary to
keep itself afloat (149, 150).

4.4. Treatment protocols

4.4.1. The effect of acute obestatin administration in the OF and EPM

tests

Three different treatment protocols were used (142).

1. One group of mice received graded doses (0.5 pg, 1 pug or 1.5 ug) of icv obestatin
(Anaspec, Inc. USA). Control groups received 2 pl artificial cerebrospinal fluid (aCSF),
the vehicle for peptide treatments was also 2 pl aCSF. The behavioral tests (EPM or OF)
were performed 30 min after each treatment.

2. The CRHR1 antagonist antalarmin (Bachem, Switzerland) was given in a dose of
0.1 ng/2 ul aCSF icv, which did not influence the behavioral parameters per se in previous
studies (152), followed 30 min later by the icv injection of 1.5 pg obestatin, the most
effective dose from the previous dose-response study. The OF test was performed 30 min

after the administration of obestatin.
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3. The third group of animals, 15 min before the administration of obestatin (1.5 pg/2 pl
aCSF), received pretreatment with a selective GHSR1a antagonist, [D-Lys3]-Growth
Hormone Releasing Peptide-6 ([D-Lys3]-GHRP6; Sigma-Aldrich Inc., USA) in a dose of
1 ng/2 ul aCSF (was ineffective alone in previous behavioral testing) followed after 30
min by the testing in the OF.

4.4.2. The effect of acute obestatin administration on plasma

corticosterone levels

In order to determine the plasma corticosterone level, trunk blood was collected in
heparinised tubes. After the initial centrifugation, the plasma samples were stored in -80 °C
freezer, and analysed one week later. A fluorescence-based assay (153) was used to
measure the plasma corticosterone concentrations 30 min after the different treatments
(142).

4.4.3. The effects of obestatin and of naloxone-precipitated withdrawal on

the behavioral changes induced by morphine

Chronic morphine treatment was administered as described earlier (154). Mice received
subcutaneous (sc), twice-daily (at 08.00 am and 04.00 pm) injections of ascending doses of
morphine according to the following regimen: day 1:10 mg/kg, day 2: 20 mg/kg, day 3:
40 mg/kg. Mice were also treated daily (at 08.15 am) with obestatin (1.5 pug/2 ul, aCSF
icv). On the test day (day 4) at 08.00 am, a single dose of morphine (20 mg/kg, sc) was
given followed by icv injection of obestatin at 09.45 am. Two hours after the last morphine
injection, naloxone (naloxone-HCI, Sigma-Aldrich) was administered in a dose of
0.2 mg/kg sc, followed after 5 min by the testing of mice in the EPM or OF. Control mice

received sc saline or icv aCSF (141).

4.4.4. The effect of obestatin treatment on the FST parameters
Three different treatment regimen were used, similarly to those in the OF and EPM tests.

Control groups received 2 pl aCSF, and the vehicle for peptide treatments was also 2 ul
aCSF.

1. In order to generate a dose-response curve, mice were treated with different doses of
(0.5png, 1 ng or 1.5 pg/2 pl aCSF) of icv obestatin (Anaspec, Inc. USA). The most

effective dose of obestatin (1 pg) was used in the following experiments.
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2. Next, 30 min prior to the injection of obestatin, pretreatment with antalarmin was given
in a dose of 0.1 ug/2 ul icv, which in previous studies did not influence the behavioral
parameters per se (152). The FST test was performed 30 min after the administration of

obestatin, as described previously.

3. The third group of animals, 15 min before the administration of obestatin received
pretreatment with [D-Lys3]-GHRP6 in a dose of 1 ug/2 ul aCSF (was ineffective per se in
previous behavioral testing) followed after 30 min by FST testing.

4.5. Statistical analysis
Statistical analysis of the results was performed by one-way analysis of variance

(ANOVA), followed by the Holm-Sidak post hoc test for multiple comparisons when the
test prerequisites were fulfilled. When the test of the homogeneity of variances was not
met, nonparametric ANOVA on ranks (Kruskal-Wallis) was performed, followed by
Dunn’s test for multiple comparisons. Data with morphine treatment was analyzed by 2-

way repeated measure. P < 0.05 was accepted as a significant statistical value.

5. RESULTS
Data are presented as means + SEM. Number in bars on the graphs indicate the number
of animals used.
5.1. The effect of acute obestatin treatment in the OF test
The different doses of obestatin did not influence the immobility time [F(3,24) = 0.712,
p = 0.555], the ambulation distance [F(3,24) = 0,935, p = 0.441] and time [F(3,24) = 0.827,
p =0.493], or the number of rearings [H=0.192, p=0.979] and jumpings [H =0.827,
p = 0.843], respectively. The percentage of central ambulation (central/total ambulation
distance %) was decreased by 1.0 ug and 1.5 pg obestatin compared to the control groups
[F(3,24) =4.799, p =0.010] (Fig. 8), while the percentage of central time (central/total
ambulation time %) showed a decreasing tendency [F (3,24)=2.902, p= 0.058]. The
CRHRL1 antagonist antalarmin alone did not affect the parameters tested in the OF.
Pretreatment with antalarmin increased the percentage of central ambulation compared to
the mice group treated with 1.5 pg obestatin [H =33.127, p <0.001] (Fig. 9). The ghrelin
receptor antagonist [D-Lys3]-GHRPG6 also blunted the effect of 1.5 ug obestatin on central
ambulation [H =33.127, p <0.001] (Fig. 9), and had no effect on the OF parameters per
se.
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5.2. The effect of acute obestatin treatment in the EPM test
Treatment with different doses of obestatin did not influence the number of total entries,
which indicates the total activity [F(3,33) = 2.107, p = 0.119]. Doses of 0.5 pg and 1.0 pg
obestatin decreased the OAT% [F(3,33) = 4.882, p = 0.007] (Fig. 8). Regarding the OAE%
results a decreasing tendency was observed [F(3,33) = 2.002; p = 0.134].

5.3. The effect of obestatin treatment on plasma corticosterone levels

Obestatin in doses of 1 pug and 1.5 pg increased corticosterone levels [H = 22.560,
p <0.001] (Fig. 10). Antalarmin antagonised the effect of 1 pg obestatin (the most
efficient dose) on corticosterone elevation [F(3,34) = 13.653, p < 0.001] (Fig. 11), while
pretreatment with the ghrelin receptor antagonist [D-Lys3]-GHRP6 exerted no effect
(H = 13.728; p = 0.003; data not shown).
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Figure 10. The effect of Obestatin on plasma corticosterone level. * p < 0.05 vs.
Control
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5.4. The effects of obestatin and of naloxone-precipitated withdrawal on

the behavioral changes induced by morphine

5.4.1. EPM results

Treatment with the graded doses of morphine and obestatin did not influence significantly
the parameters in the EPM. Obestatin treated mice undergoing withdrawal showed a
decreased tendency in the OAT% and OAE% compared to the morphine withdrawal mice
that did not receive obestatin. Morphine withdrawal mice receiving obestatin did not show
significant changes in total activity compared to morphine withdrawal mice
[F(4,38) =9.243, p<0.682]. Naloxone-precipitated withdrawal induced a significant
increase in both parameters compared to control mice and mice treated with morphine and
obestatin (OAT%: [F(4,35) =9.637, p<0.0001]; OAE%: F(4,35)=7.12, p <0.0003])
(Fig. 12, 13).
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5.4.2. OF test results

Treatment with graded doses of morphine significantly decreased the percentage of center
ambulation distance [F(4,47) = 16.13, p < 0.0001], while the percentage of time spent in
the central area showed a decreasing tendency. Chronic administration of obestatin alone
had no significant effect on the OF parameters [F(4,51) = 13.149, p <0.998]. Naloxone
precipitated morphine withdrawal caused a significant increase in the percentage of central
ambulation distance [F(4,47) = 16.13, p < 0.0001], and time [F(4,47) = 11.06, p < 0.0001]
(Fig 14-15). Obestatin significantly decreased the percentage of central ambulation time
[F(4,47) =11.06, p < 0.0001] and caused a decreasing tendency in central ambulation
distance [F(4,47)=16.13, p< 0.0001] in mice undergoing naloxone-precipitated morphine
withdrawal (Fig14-15).
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Figure 14. The effect of Obestatin on Morphine withdrawal-induced central ambulation
distance in the OF test. * p < 0.05 vs. Control,” p < 0.05 vs Morphine
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5.5. Results in the FST

Immobility score was significantly increased [F(3,59 = 4.557), p < 0.006] (Fig. 16), and

the swimming score was decreased [F(3,59 = 2.648, p < 0.05] by 1 ug of obestatin (fig.
17). A decreasing tendency in the climbing score was also observed after different doses of
obestatin [F(3,59) = 1.146], p < 0.338] (fig. 18). Pretreatment with antalarmin antagonized
the effect of 1 pug obestatin on both immobility [F(3,46) = 8.653, p < 0.0001] (fig. 19), and
swimming score [F(3,46) =5.515, p< 0.0025] (Fig. 20). Combined treatment with
obestatin and the ghrelin receptor antagonist [D-Lys3]-GHRP6 decreased the immobility
score [F(3,42)=10.73, p<0.0001] (Fig. 22), also increased the swimming
[F(3,42) =6.290, p=0.0013] (fig. 23) and the climbing scores [F(3,42) =3728, p<
0.0183] (fig. 24).
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Figure 18. The effect of Obestatin on climbing behavior in the FST test. * p < 0.05 vs.
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Figure 19. The effect of Antalarmin on Obestatin induced immobility in the FST test. * p <
0.05 vs. Control, + p <0.05
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Figure 21. The effect of Antalarmin on Obestatin induced climbing in the FST test. * p <
0.05 vs. Control

70

60 - |

40 T

Immobility score

30 4

10 -

14 16
0 T T

Control Obestatin GHRP-6 + Obestatin GHRP-6

Figure 22. The effect of GHRP-6 on Obestatin induced immobility in the FST test. * p <
0.05 vs. Control, + p <0.05
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Figure 23. The effect of GHRP-6 on Obestatin induced swimming in the FST test. * p <
0.05 vs. Control, + p <0.05
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Figure 24. The effect of GHRP-6 on Obestatin induced climbing in the FST test. * p < 0.05
vs. Control, + p < 0.05

6. DISCUSSION

Obestatin exerts anxiogenic- like effects in the EPM and OF test

In our studies we demonstrated for the first time that obestatin exerts anxiogenic-like
effects in mice in two different paradigms, namely the EPM and OF tests. To note, EPM
was shown more sensitive compared to OF testing, since the most effective dose inducing
anxiogenic-like behavior were lower in the EPM (1.0 pg vs 1.5 pg). It must be noted,
however, that obestatin was originally reported to cause anxiolytic-like effects in rats in the
EPM (77). A possible explanation for the contradictory results might be the differences in
experimental design (dosage regimen, animal species/strains used) and conditions (basal
vs. stressed), as well as feeding state (food available ad libitum vs. calorie restriction)
which all have high impact on the outcome of behavioral studies related to both ghrelin
(36, 43, 55), and obestatin (155, 156).

Regarding ghrelin’s effect, there is still ongoing debate whether ghrelin alleviates or
aggravates anxiety-related behavior (44). To resolve this conflict, a possible dual role of
the peptide was suggested (9, 44, 55). Accordingly, in unstressed conditions, or by acute or

chronic central or intraperitoneal (33) administration, ghrelin would induce an anxiogenic-
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like effect in rodents (17, 32, 33, 35, 36, 157). Elevating ghrelin levels by 10 days of
caloric restriction and subcutaneous ghrelin injection resulted in anxiolytic-like effects in
the EPM (38) and acute restraint stress paradigm in mice (39). These findings led to the
hypothesis, that ghrelin might have a crucial, survival-promoting role in the adaptive
response to ameliorate stress and to help the animal to find food (44).

In our studies obestatin was administered to unstressed mice, therefore, it is reasonable

to assume that obestatin, similarly to ghrelin exerts anxiety-like action in basal conditions..

The anxiogenic-lik effects of obestatin are mediated through HPA axis activation

In concert with our behavioral findings, the different doses of obestatin administered
also elevated plasma corticosterone levels, which highlights the well-identified correlation
between the HPA axis activation and anxiety-related conditions (125, 129, 136, 158, 159).
The stimulatory effect of obestatin on ACTH secretion was further demonstrated in
pituitary cell cultures from non-human primates (baboons) in vitro, and in mice in vivo,
with a parallel increase in the expression of pituitary CRH receptors (160).

In our studies, administration of the CRHR1 antagonist antalarmin blunted the
anxiogenic-like effect in the OF test and the elevation in plasma corticosterone levels
induced by obestatin, suggesting the involvement of CRHR1 and HPA axis. In line with
our findings, the anxiogenic-like effect of ghrelin was also suggested to be mediated by the
stimulation of the HPA axis. Intraperitoneal injection of ghrelin increased hypothalamic
CRH expression and produced a significant dose-dependent increase in serum
corticosterone levels, while the administration of a CRH receptor antagonist inhibited
ghrelin-induced anxiogenic-like effects in the EPM in mice (33). Ghrelin, on the other
hand was demonstrated to not only influence anxiety-, but also depression-related
behavioral patterns in rodents.

Obestatin exerts depressive-like effects in the FST

As mentioned earlier, elevated ghrelin levels exerted anti-depressive-like responses in
the FST, in the chronic social defeat stress model (38), as well as due to acute central
ghrelin injection in the tail suspension test or following bilateral olfactory bulbectomy in
mice (41). As it was earlier suggested, in conditions of stress, ghrelin, as a part of the

adaptive response, induces anxiolytic and anti-depressant responses in order to protect the
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subject from excessive anxiety and the development of depression (8, 57). In contrast to
these findings, in basal, unstressed conditions chronic central administration of ghrelin,
while inducing anxiogenic-like behaviors in the OF and EPM tests, it also exerted
depression-like behavior in the FST in rats (36). Similarly, administration of antisense
DNA for ghrelin into the lateral ventricles in rats caused anxiolytic-like effects (in the
EPM, black and white test or conditioned fear test) and decreased depression-induced
immobility in the FST ((161).

The depressive-like effects of obestatin are mediated through HPA axis activation

In agreement with these results, in our studies we demonstrated for the first time, that
icv injection of obestatin, in a dose of 1 ug (which has also induced anxiety-like behavior
in the EPM), significantly increased the immobility score, while decreasing the swimming
score in the FST suggesting not only on anxiogenic-like, but also a depressive-like effect
for obestatin. These effects were reversed by pretreatment with the CRHR1 antagonist
antalarmin, which decreased immobility and increased the swimming score, again
highlighting the involvement of HPA axis in the mediation of anxiety- and mood-related
behavioral patterns induced by obestatin.

The disruption of normal HPA axis activity is associated with many neuropsychiatric
disorders, particularly depression, that represents a major socio-economical and health
burden worldwide. According to data from the WHO an estimated 350 million people in
all genders (with female predominance), ages, and different social backgrounds are
affected with a prognosis of rising tendency in the next decades. Even more severely,
depression increases the risk for suicide and is responsible for about 800 000 death cases
every year (139).

The conventional antidepressant treatment can be effective in 60-80% of the cases,
however, this is only available for fewer than 25% of the affected patients, due to limited
economical and human resources, underdiagnosis, or misdiagnosis and unwarranted
prescription of antidepressants. These drugs have many known undesirable side effects
(sedation, hypotension, weight gain, sexual abnormalities), which often lead to poor
compliance, relapse of the disease, and even more, increased risk for suicide. Another
major problem is the high percent (up to 40%) of therapy resistant cases (139).

Despite thorough research the etiology of depression has not been elucidated yet,
even so both genetic and enviromental factors presumably contribute to the development
of the disease. Among the etiological factors, persistent psychological stress and the

dysfunction of HPA axis were identified as major neurobiological findings in patients
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with depression (137, 162, 163). High cortisol concentrations were found in the plasma
and the urine of the patients, and the dexamethasone suppression test has shown an
abnormally low ACTH and cortisol suppression, while the ACTH response to CRH was
also blunted (131, 136). CRH has an important role in early neurogenesis and
neuroprotection, and polymorphism of the gene encoding CRHR1 has been associated with
exposure to stressful events in childhood and adulthood depression. Furthermore, early
life stress, social deprivation and undernutrition lead to HPA axis dysfunction and
hypercortisolaemia, which increase the risk for developing metabolic (hyperlipidemia,
tpye 11 diabetes) and mood disorders such as depression later during life (163).

High amount of animal studies using different stress models have also underscored
the importance of HPA axis disruption and consequently hypercortisolaemia in the
pathomechanism of depression leading to abnormal anxiety and aggression reactions,
alterations of monoaminergic sytem and neurogenesis, reduction in limbic structures and
cognitive impairment. HPA axis activity correlated also with the relapse and remission
of depressive symptoms. Injection of CRH icv induced anxiety and depression which
was blunted by the administration of CRHR1 antagonists (129, 131). These substances
produced anxiolytic-like effects in rodent models such as the conditioned fear, neonatal
isolation, shock-induced freezing, defensive burying behavior, social interaction test, EPM
and OF tests (164).

The oral administration of antalarmin, a CRHR1 antagonist, in male rhesus macaques
significantly decreased the social stress-induced plasma ACTH and cortisol elevations and
increased the exploratory behavior (130). Several ongoing clinical trials have assessed the
therapeutical potential of these substances in anxiety and depression however, the
results are still inconsistent (164).

In our experiments we have demonstrated for the first time that obestatin’s anxiogenic-
and depressive like behavioral effects are mediated by the HPA axis and CRH receptor
activation, since these effects were blunted by the CRHR1 antagonist antalarmin (142),

which merits further preclinical and clinical studies.
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The mechanism of action of obestatin on anxiety and depression involves GHSR
signaling

Regarding the mechanism of action of obestatin, no specific signaling pathway or
receptor has been identified yet. To note, the involvement of the GPR39 receptor cannot be
completely refuted yet, since icv administration of antisense DNA for the GSHR family
member, GPR39-1b, which is widely distributed in the central nervous system (e.g.
amygdala, hippocampus) caused anxiolytic-like effect in rats in the EPM and black-white
box test (165). To evaluate further the mechanism of action of obestatin, we tested the
possible role of GHSR signaling in the OF and FST tests. According to our results
administration of the ghrelin receptor antagonist [D-Lys3]-GHRP6 blunted the anxiogenic-
like responses induced by obestatin in the OF test, by increasing the precentage of central
ambulation (142).

Furthermore, pretreatment with the ghrelin receptor antagonist antagonized the
depressive-like effects of obestatin in the FST, by increasing the swimming and the
climbing scores and decreasing the immobility score (Szakdcs J. et al., in preparation). As
mentioned earlier, the possible involvement of GHS/ghrelin receptor signaling in the
mediation of obestatin’s action was also suggested in correlation to its anorexigenic role
and interaction with ghrelin on feeding behavior (26, 78). This idea was further supported
by an in vitro study, in which the administration of the ghrelin receptor antagonist [D-
Lys3]-GHRP6 reduced the survival of B cells and human islet cells induced by obestatin
(95). Furthermore, the administration of obestatin stimulated GHSR expression in vitro in
pituitary cell cultures from baboons and mice, while it downregulated in mice, in vivo
(160).

Taken together, the present results — that the anxiogenic- and depressive-like effects of
obestatin where reversed by the administration of a ghrelin receptor antagonist — indicate
that obestatin may act through GHSR signaling. The GHSR1a is widely expressed in brain
areas related to stress and anxiety such as the hypothalamus (in PVN, were it can act
directly on CRH-containing neurons (9), the anterior pituitary, amygdala and the
hippocampus).

The expression of obestatin, so far, was only demonstrated in the anterior pituitary
(160), however its modulatory effect on feeding, anxiety and depression related-behavior

((142), Szakacs J., in preparation), memory retention (76), neuroprotection ((49) indicates
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a complex interaction with the brain regions involved in the integration of these

neurobiological processes.

Obestatin influences the behavioral effects of naloxone—precipitated morphine
withdrawal

To our knowledge, our results are the first in line to prove that obestatin can influence
the behavioral effects induced by naloxone-precipitated morphine withdrawal in the EPM
and OF tests. The role of ghrelin in the reward- and addiction-related behaviors is an
extensively studied subject ((166, 167). However, no data have been pulished on the
effects of obestatin previously.

Drug addiction constitutes a severe, continously growing health and socio-economical
problem worldwide. Repeated exposure to morphine causes alterations in different neural
circuits and neurotransmitters of the brain. The exact mechanism for drug dependence,
tolerance, and withdrawal have not been entirely elucidated yet, however it presumably
involves alterations in different neuroendocrine structures and pathways such as the
mesolimbic-dopaminergic reward system (VTA, amygdala and nucleus accumbens), the
noradrenergic neurons of locus coeruleus (LC) and the HPA axis (168, 169).
Consequently, the administration of CRH antagonists antagonized drug self-administration
and attenuated the anxiogenic-like effects of withdrawal from different drugs such as
cocaine, cannabinoids, nicotine and alcohol (164).

The long-term health effects of drug addiction are deleterious, including physical
dependence, deficits in learning, memory, concentration and cognitive ability, as well as
mood disorders such as anxiety and depression (168, 169). A well-known bidirectional
correlation exists between substance abuse and alterations of mood. The negative
emotional state highly increases the risk for compulsive and persisting drug use, as well as
relapse following abstinence. Exposure to stressful situations on the other hand also exerts
a reinforcing effect on maintainance of drug addiction. Therefore, the prevention and
treatment of anxiety and depression may be beneficial on the management of addiction-
related conditions, as well (170).

The effect of morphine on general locomotion has been widely investigated in rodents.
For instance, morphine (4-32 mg/kg) at lower doses decreased, while at higher doses
increased locomotion in 15 different mouse strains (171) in line with another study using

female mice and 10-15-20 mg/kg of intraperitoneal morphine injection (172).
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However, research of the other behavioral patterns such as anxiety and depression has
been almost completely ignored ((172). In the current decade the majority of studies have
indicated that acute or chronic morphine treatment differentially affects the anxiety
behavior of rodents. Accordingly, acute intraperitoneal administration of morphine in
moderate doses (7.5 and 10 mg/kg) generated anxiolytic-like response to morphine in the
EPM (173). Similarly, acute subcutaneous administration of morphine (5.6 mg/kg or 10
mg/kg) in rats resulted in time-dependent increase (as measured at 2, 4 or 8 hours) in
anxiolytic-like behavior in the EPM (174). Furthermore, systemic or central treatment with
morphine has also induced anxiolytic-like behavior in the EPM in rodents, which was
blunted by the opioid receptor antagonist naloxone (170). The evaluation of the
pathomechanism of the acute morphine treatment (5 and 6 mg/kg, intraperitoneally) on
anxiety has revealed the involvement of dopaminergic pathways via the D1/D2 receptors.
Accordingly, the morphine-induced anxiolytic-like behavior in the EPM was blunted by
intra-amygdalar administration of dopamin antagonists. To note, the amygdala is a distinct
brain area to modulate fear and anxiety responses, furthermore, it also has an abundant
number of p- and é-opioid, GABA and benzodiazepine receptors (175).

In contrast to the previously mentioned findings, a recent comprehensive study in rats
has demonstrated that chronic administration of morphine (15-45 mg/kg for 21 days)
induces multiple behavioral alterations such as depression-like symptoms in the FST and
tail suspension test, anxiety-like behavior as tested in the EPM and OF tests, as well as
spatial memory and learning deficits in the Morris water maze. Similarly, rats, which
underwent subcutaneous morphine treatment twice a day for 10 days, followed by
withdrawal also showed anxiety-like behaviors in the EPM and light/dark box (170).

These results are in line with the findings of our study, since the chronic administration
of ascending doses of morphine has also induced a significant decrease in central
ambulation distance and a decreasing tendency in central ambulation time in the OF test
(141). Treatment protocol of morphine with increasing and irregular intervals, and
descending doses significantly attenuated the depression- and anxiety like behavior, and
improved cognitive ability, indicating a therapeutical potential in the management of
morphine-related mood changes (169). In addition, rodent studies show different
alterations in grooming and rearing, a marker of anxiety and exploratory behavior
respectively (172). These results highlight the fact that different experimental protocols,

for instance the animal strains used and the dosage regimen (drug dose, route of
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administration, dosing interval and duration of treatment), can highly influence the
morphine-induced behavioral patterns of animals.

Withdrawal from opioids and other drugs of abuse induces many aversive emotional
responses including irritation, restlessness, anxiety, dysphoria and anhedonia, which are
thought to play a crucial role in the maintenance of drug abuse and relapse after abstinence
(174, 176). While physical dependence is characteristic for chronic morphine use, the
aversive behavioral signs of withdrawal can be evoked by naloxone following a single
morphine injection (177). Notably in rodents, exposed to chronic morphine treatment
followed by withdrawal, low doses of opioid antagonists (e.g. 0.2 mg/kg of naloxone)
produce affective-aversive signs as detected by increased corticosterone levels (154).
Somatic withdrawal signs [e.g. escape jumps, body weight loss, wet dog shakes, diarrhea,
profuse salivation (174)], on the other hand, are induced by higher doses of naloxone [e.g.
0.4 mg/kg in mice (154)]. Accordingly, studies in rats using continous morphine delivery
system (subcutaneous pellets of 75 mg morphine) have demonstrated that both
spontaneous (removal of pellets) and naloxone-precipitated opioid withdrawal (naloxone
doses of 0.01 and 0.03 mg/kg) exerts anxiogenic-like behavior in the EPM (178).
Furthermore, the anxiolytic effects of the acute morphine dependence induced by single or
repeated morphine injections (5.6 mg/kg or 10 mg/kg) were reversed by pretreatment with
the opioid antagonist naloxone (174).

In contrast to the results obtained in humans and rats, unexpected behavioral responses
were found in mice, namely that both spontaneous and naloxone-precipitated morphine
withdrawal induced an anxiolytic like-response in the EPM model. In point of fact, mice
injected subcutaneosuly twice a day with increasing doses of morphine (10, 20 and 40
mg/kg) for 3 days followed by a challenge dose of 20 mg/kg elicited morphine dependence
and a decrease in open arm time and the travelled distance in the open arms, indicating an
anxiogenic-like behavior. These effects were reversed by the administration of different
doses of naloxone (0.1-0.2-0.4 mg/kg) to morphine dependent mice, where all three doses
evoked increased open arm time and distance during withdrawal (154).

Notably, by using a similar experimental design, we also demonstrated an anxiolytic-
like effect of naloxone-precipitated morphine withdrawal in the EPM and OF tests by
increased open arm entries and time in the EPM, and increased central ambulation distance
and time in the OF test, respectively (141). Moreover, anxiolytic-like behavior by a
significant increase in open arm time and entries was also observed after spontaneous

morphine withdrawal in mice receiving chronic treatment with increasing doses of
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subcutaneous morphine (10, 20 and 40 mg/kg twice daily for 6 days and 20 mg/kg on the
7. day) ((176). As mentioned earlier, these results on opiod withdrawal contradict those
found in humans and rats, where an increased anxiety-like effect was recorded.

To underscore further, withdrawal from opiods causes many negative symptoms
including conditioned place aversion (176) and increased plasma corticosterone levels
(154). Therefore, it was suggested that EPM detects not only the anxiety behavior, but also
several other aspects of emotionality and motivation, like neophobia (i.e. novelty-induced
behavioral inhibition), approach/avoidance- and exploration/fear drive conflict (176), as
well as defensive patterns to avoid and escape from withdrawal state (154). Another
possible explanation might be that delta and kappa opioid receptors, responsible for
inducing and inhibiting anxiety, differentially adapt to the challenges of repeated morphine
exposure and opioid withdrawal leading to diverse EPM behaviors in species (154).

The molecular mechanisms of morphine dependence and withdrawal have not been
completely elucidated yet. Possible candidates are the mitogen-activated protein kinases
(MAPK), which are involved in multiple processes such as learning, memory, synaptic
plasticity, and drug addiction (179). The MAPK/ERK1/2 pathway particularly, is known to
be activated by drugs of abuse (cocaine, amphetamin, and morphine) in the dopaminergic
neurons of the brain reward sytem (VTA, bed nucleus of stria terminalis, central amygdala,
the nucleus accumbens). The activation of ERK1/2 pathyways and the subsequent
behavioral alterations of drug addiction can be ameliorated by the administration of MAPK
inhibitors, dopamin and glutamate receptor antagonists, suggesting the involvement of
multiple neurocircuits (180, 181). ERK1/2 activity in the brain is modulated by exposure to
acute and chronic morphine treatment, and also by withdrawal from morphine, as
demonstrated by a study in which naloxone-precipitated withdrawal increased ERK1/2
phosphorylation in the frontal association cortex, nucleus accumbens and caudate putamen
of the mouse forebrain (179).

In our studies obestatin treated mice undergoing withdrawal showed a decreasing
tendency in open arm entries and open arm time in the EPM, and a significant decrease in
central ambulation and time in the OF test. All the above results indicate that obestatin
might have a distinct role not only in anxiety and depression, but also in behavioral
responses induced by opioids. The mechanism of action of obestatin on opiod withdrawal
might also involve the ERK1/2 signaling, which was recently identified to also mediate

obestatin’s beneficial effect on glucose metabolism and adipose tissue function (96, 97)
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7. CONCLUSIONS

In the past two decades an abundant number of extensive studies have focused to reveal
the multiple functions of the brain-gut peptide ghrelin. Identified originally as an
orexigenic peptide, and an antagonist for ghrelin, in the past few years obestatin has also
received growing attention, primarly due to its beneficial effects on glucose and lipid
metabolism. However, the data related to obestatin’s central effects are also continously
extending, so far it has been proven to have a role in memory, learning, neuroprotection,
thirst, sleep and thermoregulation.

Our group has demonstrated for the first time that obestatin affects mood, anxiety and
naloxone-precipitated morphine withdrawal in mice.

There is also strong scientific evidence demonstrating the correlation between the
disruption of the HPA axis and the development of mood-, addictive- and eating disorders,
obesity and metabolic syndrome.

Based upon the data available on its widespread effects, obestatin is a brain-gut
neuropeptide which influences multiple physiological and pathological processes. The
exact underlying neurocircuits and the specific receptor for obestatin have not been
discovered yet. However, the continously developing and more accurate experimental
methods will hopefully identify obestatin as a diagnostic and therapeutical potential in

different neuropsychiatric and metabolic disorders.

8. SUMMARY

Introduction: Ghrelin and obestatin are both neuropeptides and the products of the same
preproghrelin precursor gene, which have been isolated first from the Gl tract. Ghrelin is
the endogenous ligand of the growth hormone secretagogue (GHS-R1a) receptor, which
has multiple functions in appetite regulation, energy homeostasis, anxiety, depression and
addictive behaviors. Obestatin is a 23 amino-acid peptide, originally described to
antagonise the orexigenic effects of ghrelin. Later, it has also been shown to influence the
function of endocrine pancreas and that of the adipose tissue, as well as thirst, sleep,
thermoregulation and neurogenesis. However, there are only a few available data on
behavioral effects of obestatin. We therefore investigated the effects of this peptide on

anxiety, depression and naloxone-precipitated morphine withdrawal.

Materials and methods: Male CFLP mice have been used for the experiments. To test the

anxiety-related effects, obestatin was administered intracerebroventricularly in increasing
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doses, followed by testing the animals in the elevated plus maze (EPM) and computerized
open field (OF) tests. We similarly investigated the effects of the central, acute obestatin
administration on depression-related behavior, by using the forced swimming test (FST).
In order to elucidate the mechanism of action on anxiety and depression-related behavioral
responses, prior to obestatin treatments we administered corticotropin-releasing hormone
(CRH) receptor blockage with antalarmin in two different sets of paradigm, the OF test and
FST, respectively. We also measured the plasma corticosterone levels by fluorescence
assay in the animal groups treated with obestatin and antalarmin, to underscore the
involvement of HPA axis. Furthermore, to find out whether obestatin’s effect on anxiety
and depression are mediated through growth hormone secretagogue receptor (GHSR)
signaling, we administered ghrelin receptor antagonist pretreatment with [D-Lys3]-GHRP6
followed by OF test and FST. Next, we investigated the possible effects of the chronic,
central obestatin treatment on naloxone-precipitated morphine withdrawal by using graded
doses of morphine and obestatin, on day four followed by testing the animals in the OF and
EPM tests.

Results: Acute intracerebroventricular administration of obestatin reduced the percent of
time spent in the open arms in the EPM test. The basal locomotor activity (ambulation
distance and time, rearing, jumping) was not influenced significantly in the obestatin-
treated groups in the OF test. The percentage of central ambulation distance was decreased
by obestatin. The administration of antalarmin or [D-Lys3]-GHRP6 have both reversed the
effect of obestatin on central ambulation. Plasma corticosterone levels were elevated by
different doses of obestatin, which effect was antagonized by the injection of antalarmin.
In the FST, obestatin increased the immobility score with a parallel decrease in the
swimming score. Pretreatment with antalarmin antagonized the effects of obestatin on both
immobility and swimming score. Combined treatment with obestatin and the ghrelin
receptor antagonist [D-Lys3]-GHRP6 decreased the immobility score, while increasing the
swimming and the climbing scores. Naloxone-precipitated withdrawal induced a
significant increase in the percentage of open arm time and open arm entries in the EPM,
while obestatin treated mice undergoing withdrawal showed a decreased tendency in these
parameters. In the OF test, treatment with graded doses of morphine significantly
decreased the percentage of central ambulation distance. Naloxone precipitated morphine

withdrawal caused a significant increase in the percentage of central ambulation distance
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and time. Obestatin pretreatment significantly decreased the percentage of central
ambulation and time in mice undergoing naloxone-precipitated morphine withdrawal.
Conclusions: In our studies, we for the first, demonstrated that obestatin exerted
anxiogenic- and depressive-like effects, which have been reversed by CRH and ghrelin
receptor blockage. These data indicate that obestatin’s behavioral effects might be
mediated through HPA axis and GHSR signaling. Furthermore, obestatin blunted the
anxiolytic-like effect of naloxone-precipitated morphine withdrawal, which suggests that it
might be involved in the behavioral responses induced by opioids. The specific receptor for
obestatin has not been identified yet, the available results however, indicate that it is a
multifunctional brain-gut peptide, therefore merits further investigations.

9. OSSZEFOGLALAS

Bevezetés: A ghrelin és az obestatin neuropeptidek, amelyek a preproghrelin precursor gén
szarmazékai és a GI rendszerbdl izolaltak Oket eloszor. A ghrelin endogén ligandja a
growth hormone secretagogue receptor (GHS-Rla), és szamos hatasat leirtdk a
taplalékfelvételben, az energiahdztartisban, valamint szorongasban, depresszidban ¢&s
addiktiv zavarokban. Az obestatin egy 23 aminosavbdl allo peptid, amelyet eredetileg
ghrelin antagonista és anorexigén hatasa révén azonositottak. Késébb szamos egyéb
hatasat is leirtak, igy képes befolyasolni az endocrin pancreas és a zsirszovet funkcigjat,
szerepe van a szomjusageérzet, az alvas, a hOhaztartas €s a neurogenesis szabalyozasaban.
Az obestatin magatartasi hatdsai azonban Iényegesen kevésbé ismertek. Ezért
kisérleteinkben vizsgaltuk az obestatin szorongasra, depressziora valamint a naloxon-

Kivaltott morfin megvonasra gyakorolt hatésait.

Anyag és médszer: Kisérleteinket him CFLP egereken végeztiik. Az obestatint kiillonb6z6
dozisban, akutan, intracerebroventricularisan adagoltuk, majd vizsgaltuk a szorongasra
kifejtett hatasat kompjuterizalt nyilt tér és emelt keresztpalld tesztben. A depresszio-szerti
viselkedésre gyakorolt akut, centralis obestatin hatdst erdltetett Uiszas teszt segitségével
vizsgaltuk. A szorongésra ¢és a depressziora gyakorolt hatdsmechanizmuséanak feltarasara
corticotropin-releasing hormone (CRH) receptor antagonista antalarmin elékezelést
alkalmaztunk, majd nyilt tér és erdltetett tiszas teszt segitségével vizsgaltuk az allatokat. A
hypothalamus-hipofizis-mellékvesekéreg (HPA) tengely szerepének bizonyitasara

meghataroztuk a plazma kortikoszteron szintet az obestatinnal és antalarminnal kezelt
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allatokban. Tovabba, az obestatin hatdsmechanizmusaban feltételezve a growth hormone
secretagogue receptor (GHSR) jelatviteli ut szerepét, [D-Lys3]-GHRP6 ghrelin receptor
antagonista elokezelést kdvetden nyilt tér €s erdltetett tiszas tesztet végeztiink. Ezenkiviil
megvizsgaltuk a kronikus, centralis obestatin hatasat a naloxon-kivaltott opioid
megvondsra, amely soran emelkedd dézisu obestatin- és morfin kezelést alkalmaztunk,
majd a negyedik napon emelt keresztpalld és nyilt tér tesztben vizsgaltuk a kezelések

magatartasi hatasait.

Eredmények: Az akut, intracerebroventricularis obestatin kezelés emelt keresztpalld
tesztben csokkentette a nyilt karban eltoltott id6t. Az obestatin kezelés az altalanos
lokomociot (megtett ut, mozgassal to1tott id6, ugrasok és agaskodasok szama, immobilitas)
nem befolyasolta nyilt tér tesztben. A centralis zondkban megtett ut szignifikdnsan
csokkent az obestatin kezelés hatasara. Az antalarmin valamint a [D-Lys3]-GHRP6
elékezelés felfiigesztette az obestatin centralis zondkban megtett utra kifejtett hatasat. Az
obestatin kiilonboz6 dozisban novelte a plazma kortikoszteron szintet, amely hatast az
antalarmin el6kezelés antagonizalta. Erdltetett (iszas tesztben az obestatin fokozta az
immobilitast, és csokkentette az uszassal toltott idot. Az antalarmin elOkezelés ezen
hatasokat felfiigesztette, vagyis novelte az uszas és csokkentette az immobilitas idejét. A
[D-Lys3]-GHRP6 ghrelin receptor antagonista szintén csdkentette az obestatin hatasat az
immobilitasra, valamint novelte a méaszas és Uszas idejét a kombinalt kezelésben részesiilt
allatcsoportokban. A naloxon-kivaltott morfin megvonas novelte a nyitott karban elt6ltott
idot és a nyitott karba torténé belépések szamat emelt keresztpalld tesztben, amely
paraméterek az obestatin el6kezelt megvonasos dallatcsoportoknal csokkend tendenciat
mutattak. Nyilt tér tesztben a kiilonb6z6 dozisu morfin csokkentette a centralis zonakban
megtett utat. A naloxon-kivaltott morfin megvonas ugyanakkor anxiolitikus hatast fejtett
ki, mivel novelte a centralis zonaban megtett utat és id6t, amely hatasokat az obestatin

elokezelés felfiigesztette.

Konkluzio: Kisérleteinkben eldszor bizonyitottuk, hogy az obestatin anxiogén- ¢és
depressziv-szerli hatést fejt ki, amelyet a CRH ¢és ghrelin receptor antagonista eldkezelés
képes volt felfiiggeszteni. Ezek az eredmények arra utalhatnak, hogy az obestatin
viselkedési hatdsait a HPA tengely és a ghrelin jelatviteli Ut aktivalasa Utjan fejti ki.
Tovéabbd, az obestatin felfligesztette a naloxon-kivaltott morfin megvonds anxiolitikus
hatasat, igy szerepe lehet az opioidok altal kivaltott viselkedési mintazatokban is. Az

obestatin specifikus receptorat még nem sikeriilt azonositani, az eddigi eredmények
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azonban arra utalnak, hogy az obestatin a tapcsatorna-agy tengely egyik multifunkcionalis

peptidje, amely tovabbi vizsgalatokra érdemes.
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