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Abstract In mammals, LPS regulate feeding primarily

through the 5-HT1A and 5-HT2c receptors within the brain.

However, the central effect of 5-HT1A and 5-HT2c on LPS-

induced feeding behavior has not been studied in non-

mammalian species. Also, the role of glutamatergic system

in LPS-induced anorexia has never been examined in either

mammalian or non-mammalian species. Therefore, in this

study, we examined the role of serotonergic and glutama-

tergic systems on LPS-induced anorexia in chickens. Food

intake was measured in chickens after centrally adminis-

tered lipopolysaccharide (LPS) (20 ng) (0 h), followed by

intracerebroventricular (ICV) injection of the 5-HT1A au-

toreceptor agonist (8-OH-DPAT, 61 nmol), 5-HT2c recep-

tor antagonist (SB 242084, 30 nm), and NMDA receptor

antagonist (DL-AP5, 5 nm) at the onset of anorexia (4 h).

In the following experiments, we used DL-AP5 before

5-HT (10 lg) and SB242084 before glutamate (300 nm)

for evaluation of the interaction between 5-HTergic and

glutamatergic systems on food intake. The results of this

study showed that SB 242084 and DL-AP5 significantly

attenuated food intake reduction caused by LPS (P \ 0.05)

but 8-OH-DPAT had no effect. In addition, 5-HT-induced

anorexia was significantly attenuated by DL-AP5

pretreatment (P \ 0.05), while SB 242084 had no effect on

glutamate-induced hypophagia. These results indicated that

5-HT and glutamate (via 5-HT2c and NMDA receptor,

respectively) dependently regulate LPS-induced hypopha-

gia in chickens.
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Introduction

The appetite regulatory network is modulated at the

hypothalamic level by the interaction of hormonal and

neuronal signaling [1]. Aminergic neurotransmitters have

long been implicated in feeding control at the hypothalamic

level [2]. Glutamate and serotonin (5-HT), two major

excitatory neurotransmitters in the central nervous system

(CNS), have been suggested to be the endogenous agents

involved in the neural control of food intake and body

weight in mammals [3] and birds [4–6]. Glutamate recep-

tors have been found to be widely distributed in the avian

CNS [7], and can be involved in learning and memory

processes, as well as neuroendocrine control mechanism, in

chickens [8]. In opposition to mammals, it has been shown

that intracerebroventricular injection of glutamate in 24-h

food-deprived pigeons and chickens decreases food intake

in a dose-dependent manner [4, 5, 9]. Early investigations

showed that increased circulating tryptophan availability

(initial precursor of 5-HT synthesis) or centrally adminis-

tration of tryptophan promotes satiety in birds [3, 10, 11].

Increase of 5-HTergic transmission by treatment with 5-HT

releasers also has inhibitory influence on feeding behavior

[12]. The participation of 5-HT2c and NMDA receptors in

the anorectic response has been reported in birds [4, 9, 12].
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Lipopolysaccharides (LPS) from Gram-negative bacte-

rial cell walls are major promoters of the acute phase

response and reduce food intake after parenteral adminis-

tration in animals [13]. The food intake reduction during

bacterial infections is most likely the result of complex

neural, neurohumoral, and endocrine interactions between

bacterial products and endogenous mediators in the

periphery as well as in the brain. Several cytokines, like

tumor necrosis factor-a (TNF-a) and interleukin (IL)-1, are

supposed to play a role as endogenous mediators of the

hypophagic effects of bacterial products such as LPS [14].

Both LPS and IL-1b increase 5-HTergic activity in the

brain when injected peripherally [15] or centrally [16]. On

the other hand, it has been reported that the specific 5-HT1A

autoreceptor agonist 8-hydroxy-2-(Di-N-propylamino)

tetraline (8-OH-DPAT) and the specific 5-HT2c receptor

antagonist (SB 242084) attenuate the anorexia following

peripheral administration of LPS in rats, suggesting that an

increase in 5-HTergic activity is involved in mediating the

feeding suppressive effect of peripheral LPS [17]. It has

also been suggested that LPS could alter central glutama-

tergic activity via cytokines like TNF-a and contribute to

pathophysiological conditions in mammals [18–20]. Nev-

ertheless, the role of 5-HTergic and glutamatergic systems

in LPS-induced anorexia has never been examined in

chickens.

In the present study, we provide evidence indicating

involvement of the 5-HTergic and glutamatergic systems in

LPS-induced feeding behavior in chickens. To this end, we

examined the intracerebroventricular injection of DL-AP5

(NMDA) receptor antagonist, specific 5-HT1A autoreceptor

agonist (8-OH-DPAT), and 5-HT2c receptor antagonist (SB

242084) on LPS-induced anorexia in chickens.

Materials and methods

Animals

Chickens (Eshragh, Iran) were reared in heated batteries

with continuous lighting until 3 weeks of age. Birds were

provided with a mash diet (21 % protein and 2,869 kcal/kg

of metabolizable energy) and water ad libitum. At

approximately 2 weeks of age, the birds were transferred to

individual cages. The temperature and relative humidity of

the animal room were maintained at 22 ± 1 �C and 50 %,

respectively, in addition to the continuous lighting condi-

tion [21].

Drugs

Drugs used included LPS from Escherichia coli, serotype

0111: B4 (No. L-2630; Sigma), 5-HT1A-autoreceptor

agonist 8-hydroxy-2-(Di-N-propylamino) tetraline (8-OH-

DPAT)(No. L-57H4131; Sigma), 5HT2c receptor antago-

nist (SB 242084) (No. L-060K4608; Sigma), DL-AP5

(NMDA receptor antagonist) (Tocris Cookson, Bristol,

UK), glutamate (Tocris Cookson) diluted in pyrogen-free

0.9 % NaCl solution (saline) that served as control. Doses

of LPS, 8-OH-DPAT, SB 242084, DL-AP5, and glutamate

were chosen on the basis of previous [4–6, 17, 22] and

preliminary studies.

Surgical preparation

At 3 weeks of age, chickens were anesthetized with sodium

pentobarbital (Sagatal; Rhone Merieux) (25 mg/kg body

weight, i.v.), and a 23-gauge thin-walled stainless steel

guide cannula was stereotaxically implanted into the right

lateral ventricle, according to the technique previously

described by Denbow et al. [23]. The stereotaxic coordi-

nates were AP = 6.7, L = 0.7, H = 3.5–4 mm below the

dura matter with the head oriented as described by Van

Tienhoven and Juhaz [24]. The cannula was secured with 3

stainless steel screws placed in the calvaria surrounding

each guide cannula, then acrylic dental cement (Pars acryl)

was applied to the screws and guide cannula. An ortho-

dontic # 014 wire (American Orthodontics) trimmed to the

exact length of the guide cannula was inserted into the

guide cannula while the chicks were not being used for

experiments. Lincospectin (Razak) was applied to the

incision to prevent infection. The birds were allowed a

minimum of 5 days recovery prior to injection.

Experimental procedures

For the possible involvement of 5-HTergic and glutama-

tergic systems in the brain in LPS-induced eating

response, the effects of centrally administered 8-OH-

DPAT, SB 242084, DL-AP5, and glutamate on LPS-

induced eating response was determined in chickens.

Injections were made with a 29-gauge, thin-walled

stainless steel injecting cannula which extends 1.0 mm

beyond the guide cannula. This injecting cannula was

connected through a 60-cm-long PE-20 tubing to a 10-ll

Hamilton syringe. Tubing and syringes were kept in 70 %

ethanol. Solutions were injected over a period of 60 s. A

further 60-s period was allowed to permit the solution to

diffuse from the tip of the cannula into the ventricle. All

experimental procedures were performed between 0800

and 1600 hours. Before injection, the birds were removed

from their individual cages, restrained by hand, then put

back into their cages immediately after the injections.

Birds were handled and mock-injected daily during the
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5-day recovery period, in order to get used in the injec-

tion procedure. Chickens received food and water

ad libitum. Placement of the guide cannula into the

ventricle was verified by the presence of cerebrospinal

fluid and intracerebroventricular injection of methylene

blue followed by slicing the frozen brain tissue at the end

of the experiments.

In this study, Experiment 1 was performed to examine

the effect of ICV injection of LPS on food intake in

chickens (n = 7–9 for each group). The birds received 5,

10, and 20 ng LPS in 10 ll saline. The control group was

injected with 10 ll of saline. Fresh food was supplied at the

time of injection, and food intake (g) was recorded at 2, 4,

6, and 8 h after injection.

In Experiment 2, chickens were used to test the effect of

8-OH-DPAT on ICV LPS-induced anorexia. Each bird

received two injections. The first injection consisted of

either 0 or 20 ng LPS in 5 ll saline. The second injection

consisted of either 0 or 61 nmol 8-OH-DPAT in 5 ll sal-

ine, at the onset of anorexia (4 h after the first injection)

(n = 7–9 for each group). Food intake (g) was recorded at

0–2 and 0–4 h after the onset of anorexia.

Experiment 3 was designed to test the effect of SB

242084 on ICV LPS-induced anorexia. Each bird received

two injections. The first injection consisted of either 0 or

20 ng LPS in 5 ll saline. The second injection consisted

of either 0 or 30 nm SB 242084 in 5 ll saline, at the

onset of anorexia (4 h after the first injection). Food

intake (g) was recorded at 0–2 and 0–4 h after the onset

of anorexia.

Experiments 4 was conducted similarly to the second

experiment except that the chicks received 0 or 5 nmol

DL-AP5 instead of 8-OH-DPAT, and food intake

(g) was recorded at 0–2 and 0–4 h after the onset of

anorexia.

Experiment 5 was designed to evaluate the effect of DL-

AP5 on ICV 5-HT-induced anorexia. Each bird received

two injections with a 15-min interval between them. The

first injection consisted of either 0 or 5 nmol DL-AP5 in

5 ll saline. The second injection consisted of either 0 or

10 lg 5-HT in 5 ll saline. Cumulative food intake (g) was

recorded at 1, 2, 3, and 4 h after the second injection.

In Experiment 6, chickens were used to test the effect of

SB 242084 on ICV glutamate-induced anorexia. The

experimental procedure was similar to the 5 other experi-

ments except that the chicks received 0 or 30 nmol SB

242084 instead of DL-AP5 and 0 or 300 nmol glutamate

instead of 5-HT.

Statistical analysis

Cumulative food intake was analyzed by two-way analysis

of variance (ANOVA), and is presented as mean ± SEM,

for treatment showing a main effect by ANOVA, means

have compared by post hoc Bonferroni and Dunnett tests.

P B 0.05 was considered as a significant difference

between treatments.

Results

The food intake response to ICV injection of LPS, 8-OH-

DPAT (5-HT1A autoreceptor agonist) and SB242084

(5HT2c receptor antagonist), DL-AP5 (NMDA receptor

antagonist), and glutamate in chickens is presented in

Figs. 1, 2, 3, 4, 5, 6.

In Experiment 1, during the 0–2 h period after ICV

administration of LPS or saline, average food intake of

both groups was between 9 and 12 g regardless of treat-

ment. ICV LPS (5, 10, and 20 ng) significantly reduced

cumulative food intake between 4 and 8 h after LPS

injection in a dose-dependent manner (Fig. 1) (P \ 0.05).

We did not observe endotoxic effects and other behavioral

changes in chickens after ICV administration of LPS.

In Experiment 2, 8-OH-DPAT appeared to attenuate the

ICV LPS- induced anorexia between 4 and 6 h (0–2 h after

8-OH-DPAT) and 4–8 h (0–4 h after 8-OH-DPAT), but

this difference was not significant (Fig. 2) (P [ 0.05).

In Experiment 3, SB 242084 attenuated the LPS-induced

anorexia significantly between 4 and 6 h (0–2 h after SB
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Fig. 1 Effect of

intracerebroventricular injection

of LPS on food intake in

chickens. Data are presented as
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242084) and 4–8 h (0–4 h after SB 242084) (Fig. 3)

(P \ 0.05).

In Experiment 4, DL-AP5 attenuated the LPS-induced

anorexia significantly between 4 and 6 h (0–2 h after DL-

AP5) and 4–8 h (0–4 h after DL-AP5) (Fig. 4) (P \ 0.05).

In Experiments 5 and 6, 5-HT induced anorexia was

significantly attenuated by DL-AP5 pretreatment (Fig. 5)

(P \ 0.05); but SB 242084 had no effect on feeding

behavior induced by glutamate (Fig. 6) (P [ 0.05).

Discussion

The first experiment examined the hypophagic effect of

intracerebroventricularly administered LPS in chickens. In

accordance with previous studies [13, 17], parenteral

administration of LPS resulted in reduced food intake.
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Kerryn et al. [25] reported that peripheral injection of LPS

in chickens leads to reduced appetite. The new finding in

the present study is the central feeding behavior of LPS

with respect to its hypophagic effect. The mechanisms by

which LPS treatments decrease appetite in birds have not

been fully elucidated. Many of the physiological effects of

LPS are mediated by cytokines, like TNF- a and interleu-

kin (IL)-1, which are released from activated cells of

monocyte/macrophage lineage [26–28]. TNF-a, IL-1a, and

IL-1b potently reduce food intake after either peripheral or

central administration in mammals [29], and are therefore

implicated in the hypophagic effect of LPS.

The results obtained in Experiments 2 and 3 showed that

both ICV injections of 8-OH DPAT, 5-HT1A receptor

agonist, and SB 242084, 5-HT2c receptor antagonist,

increase food intake in comparison with control group, but

only the administration of SB 242084 had significant

effect. Our findings are consistent with previous reports

that have shown a physiological correlation between

5-HTergic system activity and control of feeding behavior

in birds [6, 10]. In fowls, a dense 5-HTergic -fiber distri-

bution has been identified in diencephalic regions known to

be involved in controlling feeding behavior [30], and

binding sites for classical 5-HTergic agonists have been

described [31]. In Experiment 2, we showed that the acti-

vation of 5-HT1A receptors induce a non-significant

increase of food intake in satiated chickens. This finding is

similar to a previous study that suggested that the agonist

8-OH-DPAT did not significantly alter the food intake

when the chickens were fed 60 min before the injection,

while it stimulates feeding in fasted then re-fed ones [32].

In another study with chickens from a low-growth strain

(layer strain), it has been reported that the agonist 8-OH-

DPAT, injected intravenously, stimulates feeding in fed

ones [31]. It was found that the 5-HT1A receptor agonists

produce hyperphagia in non-deprived rats and pigs [33,

34]. Our results are contrary to the observed effects in

mammals and in layer-strain chickens, because, probably,

the selection for rapid growth rate in chickens causes

modifications in the feeding control pattern. The result

obtained in Experiment 3 is in agreement with Cedraz-

Mercez et al. [12] who showed that treatment with 5-HT2C

receptor agonists induce significant inhibition of food

intake in fasted or normally fed fowls. Thus, the hyper-

phagic responses achieved with SB242084, which is a

powerful 5-HT2C antagonist, provide evidence of the

central mediation of appetite by 5-HT.

In Experiment 2, we found that central activation of

5-HT1A receptors by 8-OH-DPAT had no effect on LPS-

induced anorexia, which is consistent with previous studies

in rat [17]. In contrast, Hrupka and Langhans [35] sug-

gested that injection of the 5-HT1A receptor agonist, 8-OH-

DPAT directly into the midbrain raphe ameliorated the

LPS-induced hypophagia. In Experiment 3, inhibition of

5-HT2c receptors by SB 242084 significantly attenuated the

food intake reduction caused by LPS between 0–2 and

0–4 h after onset of anorexia (Fig. 3). Our finding is in line

with previous reports in mammals [17, 35, 36] showing

that 5-HT2C receptor blockade by SB 242084 attenuate

central and peripheral LPS- induced anorexia. These con-

troversial effects of 5-HT receptors on LPS anorexia may

be related to their different way of action. For instance,

most 5-HT1A receptors are somatodendritic autoreceptors

with a negative-feedback function, while it has been sug-

gested that SB 242084 completely blocks the LPS-induced

increases in C-Fos expression in the several areas of brain

that are involved in food intake, such as the paraventricular

nucleus, and partially suppresses it in the A1 noradrenergic

area of the ventrolateral medulla [36]. Numerous studies

also implicate central 5-HT in LPS anorexia. The ratios of

the 5-HT catabolite 5-hydroxyindoleacetic acid to 5-HT

were elevated 2 h after intraperitoneal LPS injection both

in the hypothalamus and brain stem, indicating increased

5-HT release [37]. In this regard, Dunn et al. [15] reported

that LPS-induced anorexia is mediated via cytokines like

IL-1 and TNF-a, and that these cytokines increase seroto-

nin release in brain. IL-1 receptors are present on the

POMC neurons in the arcuate nucleus of the hypothalamus

which release a-MSH [38]. Ultimately, a-MSH activation

of melanocortin receptor 4 results in reduced food intake

[38, 39]. On the other hand, it is believed that melanocortin

circuitry is a primary mechanism underlying 5-HT’s effects

on energy balance [4, 12]. Taken together, it is possible to

speculate that 5-HT augmentation in infectious diseases

promotes hypophagia. These results collectively demon-

strate the potential involvement of central 5-HT2c receptors

in LPS-induced hypophagia in chickens.

In this study, we provide the first evidence that a

glutamatergic system in the brain may be involved in the

genesis of LPS-induced hypophagia in chicks. The results

obtained from Experiment 4, which show that the blockage

of NMDA receptors increase food intake in chickens, are in

line with earlier findings [4, 9]. Furthermore, these find-

ings, and the results obtained from Experiments 5 and 6

,confirm our previous studies and other findings which

have shown that intracerebroventricular infusion of gluta-

mate inhibits food intake in chickens [4, 5, 9]. Glutamate, a

major excitatory neurotransmitter in the CNS, has been

suggested to be an endogenous agent involved in the neural

control of food intake and body weight [3]. In Experiment

4, the decreased food consumption induced by the intra-

cerebroventricular injection of LPS was attenuated by

application of DL-AP5. It showed that the inhibitory effect

of LPS on food intake is modulated by the path-

way(s) linked to the NMDA receptor. Several lines of

evidence suggest that glutamatergic system may be
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involved in the pathophysiological effects of LPS [41–43].

For instance, the LPS-induced fever could be mimicked by

direct injection of glutamate into the rabbit’s brain and

pretreatment with NMDA-receptor antagonists effectively

suppresses this effect [39, 40]. It is well known that many

of the physiological effects of LPS are mediated by cyto-

kines which are released from activated mononuclear cells

[26–28, 42]. Takeuchi et al. [18] showed that TNF-a is the

key cytokine that stimulates extensive microglial glutamate

release in an autocrine manner by up-regulating gluta-

minase and enhances excitotoxicity through stimulation of

NMDA receptor [18]. Additionally, it has been demon-

strated that hypothalamic cytokine elevations caused by

systemic injection of LPS were significantly reduced by

NMDA-receptor antagonists [42]. On the other hand, it has

been revealed that phenotypes of many neurons in the

arcuate nucleus are glutamatergic, and glutamate is

involved in the innervation of arcuate neurons [43], a key

site for the interaction between circulating agents and the

CNS [3]. Therefore, it seems that LPS may interact with

glutamatergic neurons of arcuate nucleus in the hypothal-

amus to suppress food intake in chickens. The results

obtained from Experiments 3 and 4 showed that SB 242084

and DL-AP5 increased food intake without LPS. Thus, we

cannot strongly indicate that LPS-induced hypophagia is

mediated by 5-HT and glutamate. However, in Experiment

6, SB 242084 increased food intake alone, but cumulative

food intake of glutamate was not altered by SB 242084

treatment. So, further studies may also be necessary to

clarify whether or not LPS-induced hypophagia is medi-

ated by 5-HT and glutamate.

The results obtained from Experiments 5 and 6 showed

that the hypophagic effect of 5-HT was significantly

attenuated by pretreatment with DLAP-5, but SB 242084

could not alter glutamate-induced anorexia. These data

indicate that there is an interaction between 5-HT and

glutamate (via NMDA receptors) on food intake in chick-

ens. In this regard, approximately 60 % of 5-HTergic raphe

neurons evoke excitatory post-synaptic potentials (EPSPs),

indicating that most of these neurons in addition to 5-HT

use glutamate as a co-transmitter [44]. Gandolfi et al. [45]

reported that the effects mediated by NMDA and 5-HT2

receptors converge on the same signal transduction mech-

anism (phosphatidylinositol breakdown), and 5-HT2

receptor activation increases glutamate release and

enhances the amplitude of glutamatergic EPSCs by

inducing a sub-threshold sodium current in the neurons

[46]. In the ventrobasal thalamus, 5-HT enhances both

NMDA- and non-NMDA-mediated effects, and activation

of 5-HT receptors modulates some typical NMDA-recep-

tor-mediated behaviors [47]. Modulation of glutamate

transmission by 5-HT has also been observed in other brain

areas involved in different functions. For example, in the

tractus solitarius nucleus [48], dorsal vagal motor nucleus

[49], and area postrema [50], 5-HT stimulates glutamate

release [51] that these areas are involved in feeding

behavior. As discussed above, 5-HT modulates glutamate-

mediated effects in CNS. Thus, based on these data, there

is perhaps an interaction between 5-HTergic and gluta-

matergic systems (via 5-HT2c and NMDA receptors,

respectively) on food intake. In addition, 5-HT and gluta-

mate dependently regulate LPS-induced hypophagia.

However, further studies may also be necessary.
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