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ABSTRACT 

On the basis of its marked thermogenic and lipolytic effects in birds, glucagon appears as a strong mediator of avian 

nonshivering thermogenesis (NST).The present work was performed to test whether glucagon administration acts 

directly on avian thermoregulatory mechanisms by inducing thermogenesis or indirectly through the participation of 

serotonin (5-HT); a widely distributed monoamine neurotransmitter within the brain of vertebrates that contributes 

to the control of neural activity. Our experiments aim at studying the effects of intraperitoneal injection of glucagon 

on metabolic rates and energy metabolites using cold-acclimated ducklings which developed muscle nonshivering 

thermogenesis. Our results showed that at ambient temperature (25°C), circulating serotonin was decreased in cold 

acclimated ducklings (–37%) and thermoneutral ducklings. An intraperitoneal injection of glucagon (360 μg.kg–1) 

was followed after 10 min by prominent lipolysis and a large increase in circulating serotonin. The increase of 

serotonin levels was less pronounced in cold acclimated ducklings. According to our results, the thermogenic action 

of glucagon in birds involves at least the stimulation of serotonin and lipids. We suggest the presence of a potential 

adaptive mechanism associated with peripheral serotoninergic activity during cold acclimation and leading to 

nonshivering thermogenesis. 
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1. INTRODUCTION 

Nonshivering thermogenesis (NST) is a common adaptive response to cold found in a number of mammalian 

species [1] and a few species of birds, including chickens and ducklings [2, 3]. However, the sites and mechanisms 

of NST appear to be different in these classes. Brown adipose tissue (BAT) is well known to account for a large 

proportion of mammalian NST, whereas skeletal muscle is the main site of NST in ducklings [4]. Fatty acid-induced 

loose-coupling of mitochondrial respiration [5] as well as increased Ca
2+

 cycling by the sarcoplasmic reticulum [6] 

represent potential mechanisms for avian NST. Although the sympathetic control of BAT NST is well documented, 

little is known about the endocrine control of avian muscle NST. Glucagon appears to significantly mediate avian 

NST [7-9]. On the other hand, glucagon appears to be a more potent thermogenic agent in birds than in mammals 

[10, 11, 12]. In our laboratory, large thermogenic responses to glucagon have been reported to occur in penguin 

chicks and Muscovy ducklings [10, 13, 14, 15]. Moreover, plasma glucagon concentration is increased during cold 

exposure [13] and chronic glucagon treatment (360μg.kg
–1

, twice a day) leads to physiological changes similar to 

those observed during cold acclimation [7]. Furthermore, a significant increase in oxygen consumption in response 

to exogenous glucagon was observed in vivo in growing chickens [16]. The observed effects of glucagon in birds are 

similar to those of catecholamine in rats [17]. As reflected by in vivo measurements of muscle blood flow and 

arteriovenous differences in oxygen content, muscle NST can be stimulated by exogenous glucagon [4]. 

However, r, whether the action of glucagon is direct or indirect cannot be inferred from these experiments. A 

growing body of reports have shown the presence of specific high-affinity glucagon binding sites in duck brain [18] 

as well as in adipocytes [19] and hepatocytes [20] of chicks. 

Recently, it has been shown that substances such as monoamines may play a role in the stimulation of avian 

thermogenesis. Serotonin (5-HT), a neurotransmitter widely distributed within the brain of vertebrates and 

participates in the control of neural development, neural activity and behaviour may be a potential mediator avian 

thermogenesis [21, 22]. Moreover, serotonin has several modulator roles in sensory processing, learning and 

memory, and thermoregulation [23]. However, many studies have shown a pivotal role for serotoninergic neurons in 

the diencephalon's control system for body temperature. Indeed, Morphological investigations of the anterior 
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hypothalamus reveal that 5-HT injected locally into this thermosensitive zone evokes a hyperthermia in virtually all 

species. Pharmacological blocking agents of serotoninergic receptors antagonize the 5-HT-induced rise animal 

temperature. Furthermore, the release of 5-HT from anterior hypothalamic tissue is enhanced significantly when the 

animal is exposed to a cold environmental temperature, and subsequently shivers, vasoconstricts and conserves heat 

[24]. 

The aims of this study were therefore to investigate the potential involvement of serotonin in peripheral glucagon-

induced thermogenesis in cold-acclimated (CA, 4°C) ducklings which developed NST, and in ducklings reared at 

thermoneutrality (TN, 25°C) as well as the evaluation of the concomitant changes in the plasma levels of glucose, 

free fatty acids (FFA) and glycerol after cold acclimation and acute peripheral glucagon administration. 

 

2. MATERIALS AND METHODS 

2.1.   Animals 

Male Muscovy ducklings (Cairina moschata L, pedigree R31, Institut National Recherche Agronomique, France) 

were obtained from a commercial stockbreeder (Ets Grimaud, France). They were fed water and commercial mash 

(Aliment Genthon, France). 

The cold acclimation schedule previously described by Barré et al. [14] was used. Newly hatched ducklings were 

kept at thermoneutrality for the first week (35°C at this age, 12:12 h lightdark cycle), then six ducklings were kept 

for 5 weeks at thermoneutrality (TN), and six cold-acclimated ducklings were exposed for 5 weeks to cold (4°C, 

CA). 

Birds were cared for under the French Code of Practice for the Care and Use of Animals for Scientific Purposes and 

the experimental protocols were approved by the French Ministry of Agriculture Ethics Committee (Animals). 

 

2.2.   Metabolic rate measurement 

Metabolic rate was measured in vivo by indirect calorimetry using an open-circuit as described elsewhere [14]. After 

overnight fasting (14 h), body weights were recorded prior to the beginning of the experiments. Ducklings were then 

positioned individually in a thermostatic chamber ventilated by a constant atmospheric airflow (air speed 0.05 m/s). 

A polystyrene bed reduced variable heat loss via conduction. Airflow rates (10 l/min) (accuracy±0.5%) were 

converted to standard values (STPD). The fractional concentrations of O2 were monitored using a Servomex 

paramagnetic gas analyser (Taylor) with a full-scale response being a change from 20 to 21%. CO2 concentrations 

were measured using a Servomex infrared gas analyser (Series 1400) with a linearizing circuit. The full-scale 

response of this analyser was to a change from 0 to 1% CO2. The O2 and CO2 analysers were calibrated with known 

mixtures of O2 (±0.01%) and CO2 (±0.02%). The rates of O2 consumption and CO2 production were calculated 

according to the equations of Depocas and Hart [25]. 

 

2.3.   Surgery procedure 

All surgical preparations were performed under anaesthesia (2.5% halothane in air). A polyethylene catheter (0.96 x 

0.58 mm, Biotrol) was fitted with a Silastic tip of about 1 cm, and subsequently inserted into the right carotid for 

blood sampling. A length of 10 cm tubing terminating near the right brachial artery was held in place with a silk 

ligature. The catheter was flushed with heparinized saline twice a day to prevent clotting. 

 

2.4.    Experimental procedure 

All measurements of metabolic rate were performed during daytime (between 8 a.m. and 7 p.m.) on ducklings fasted 

for 14 h. A polyethylene catheter (0.7 x 0.3 mm, Biotrol) was inserted intraperitoneally (i.p.) and the duckling was 

left in a dark thermostatic chamber (25±0.5°C) for 2 h in order to obtain thermal equilibrium and metabolic steady 

state. This initial period was considered to be adequate since no significant changes in metabolic rate occurred for 3–

4 h in these conditions [4]. Both catheters were extended outside the chamber to avoid unspecific stress during 

injections and blood sampling. 

The glucagon solution (1 mg.ml–1) was prepared in saline just before use (Porcine glucagon, Novo-Industrie 

Pharmaceutique, France). The i.p. injections (360 μg.kg
–1

) were performed between 12 a.m. and 3 p.m. Control 

animals received the same volume of saline solution. The metabolic rate was recorded 60 min after the injection. 

 

2.5.    Blood sampling protocol 

In order to minimize the stress of surgery, measurements of endogenous plasma serotonin were performed 2 days 

after catheter implantation. Seven blood samples (0.5 ml approximately) were collected in polyethylene vials 

containing heparin (5 μl) immersed in ice-cold water: the first sample acted as the control, whilst six samples were 

taken at specific intervals after i.p. glucagon injection (5 min, 10 min, 15 min, 30 min, 45 min and 60 min). 

Following each sampling, an identical volume of saline was injected in order to maintain isovolemia. Blood samples 
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were immediately centrifuged at 4°C (5 min at 1000 g). The supernatants were stored at –80°C prior to biochemical 

analysis. 

 

2.6.   Biochemical assay 

Plasma serotonin was assayed simultaneously by high-performance liquid chromatography coupled with 

electrochemical detection [26]. Under the experimental conditions, the detection limits of the compounds in plasma 

were 0.4 nM. Plasma glucose and glycerol were determined enzymatically using reagents from Boehringer 

Mannheim (Germany). Plasma FFA were analysed enzymatically by utilizing a kit from Biolyon (France). 

 

2.7.   Statistical analysis 

All experimental data are expressed as the mean ±SEM. The effect of cold acclimation on different parameters (CA 

versus TN ducklings) was analysed using one-way analysis of variance (ANOVA) for factorial measures. In CA and 

TN ducklings, the glucagon-induced changes of different parameters were analysed using the two-way ANOVA for 

repeated measures (time); observed differences between groups of ducklings were then tested by Scheffe F test. 

Statistical significance was recognized at P<0.05. 

  

3. RESULTS  

3.1.   Effect of cold acclimation 

At 25°C, resting metabolic rate was higher in CA than in TN ducklings (+12%; P<0.01). However, no significant 

difference in body weight was observed between the two groups of birds (Table 1).  

 

Table 1.  Body mass, metabolic rate and plasma metabolites measured at 25°C in thermoneutral (TN) and in cold-acclimated 

(CA) ducklings. Values are means ±SEM, calculated from n=6 in each group. *P<0.05; **P<0.01 CA versus TN ducklings. 

Parameters Type of duckling 

TN CA 

Body mass(Kg) 

Metabolic rate(W.Kg-1) 

Glucose (mM) 

Free fatty acids (mM) 

Glycerol (mM) 

Serotonin (mM) 

2.52±0.14 

5.17±0.23 

12.55±0.32 

1.08±0.09 

0.29±0.07 

2.12±0.60 

2.18±0.09 

6.15±0.24** 

12.60±0.40 

1.66±0.12* 

0.39±0.07* 

5.27±0.33* 

 

Plasma concentration of glucose remained the same by cold acclimation, whereas FFA and glycerol levels were 

significantly higher in CA than in TN ducklings (+38%, and +52% respectively; P<0.05) (Table 1). 

The cold acclimation leads to a significant increase (48%; P<0.05) in baseline levels of plasma serotonin compared 

to control ducklings (Table 1). 

According to this study, the peripheral injection of glucagon stimulates circulating serotonin release in ducklings 

suggesting that acclimation to cold is associated with a higher resting metabolic rate in ducklings as previously 

reported for ducklings and other species of birds [4, 14]. 

In the present work, we observed that cold acclimation does not affect the glycemia but increases FFA and glycerol 

plasma concentrations in CA ducklings, suggesting an enhanced lipolysis, possibly mediated by glucagon release as 

previously reported [4, 13]. 

Our mean basal values for serotonin were comparable to the lowest reported values in the literature [24]. Stress due 

to handling was minimized because the blood was withdrawn outside the thermostatic chamber via a chronically 

implanted catheter. Furthermore, the volume of each blood sample removed was small (0.5 ml) and was 

immediately corrected by saline solution. 

After cold acclimation, intrinsic changes occur in the endocrine control of birds. The present study shows that the 

baseline circulating serotonin at 25°C is Higher in CA than in TN ducklings. These data suggest that cold 

acclimation affect serotoninergic activity. Previous results from our laboratory indicate that Moreover, serotonin and 

its metabolite 5-hydroxyindoleacetic acid (5-HIAA) remained unchanged in the sciatic nerve, indicating that this 

system is not affected with cold exposure [26]. 

Resistance to cold in birds depends on the state of serotoninergic activity of the pathways in various tissues [27, 42]. 

A vasoconstriction, induced by NE in per fused bird muscle, was found to be less marked in CA than in TN 

ducklings [29]. Such less sensitive vasoconstriction to serotonin may possibly be related to an altered expression of 

the various types of serotonin receptors and/or the increased density of the vascular tree after cold acclimation. 
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3.2.    Effects of glucagon injection 

In correlation with previous work in our laboratory, the glucagon dose was 360 μg.kg–1, similar to that used 

previously to demonstrate the development of NST in ducklings [7]. At 25°C, a glucagon injection entails a 

thermogenic effect in ducklings and this effect is enhanced by cold acclimation. This thermogenic effect is well 

documented in the literature [4, 7, 13]. However, with studies which have not found any increased oxygen uptake in 

the isolated per fused bird muscle after glucagon administration [29, 30]. Thus, there would appear to be an indirect 

action of glucagon on thermogenesis in birds. Similar results have indicated an indirect effect of glucagon in rats 

[31]. However, the precise way in which glucagon produces its thermogenic action in vivo has not yet been fully 

clarified. 

No changes were seen in the blood glucose levels after injection of glucagon. These results are similar to previous 

reports, showing that no differences occurred in plasma glucose in TN and chronically glucagon-treated ducklings 

[7, 28]. 

 

3.3.   Metabolic rate 

As shown in figure 1, injection of glucagon at 25°C increases resting metabolic rate in both groups of ducklings. 

Maximum values of metabolic rate were reached between 40 and 50 min after injection in CA (+39%; P<0.01) and 

TN (+29%; P<0.01) ducklings. Likewise, the elevation of metabolic rate in CA ducklings was significantly higher 

than in TN ducklings (P<0.01) (Fig. 1).  

 

 
 

 

 

Figure 1. Glucagon-induced changes in metabolic rate in cold acclimated (CA) and in thermoneutral (TN) ducklings at 25°C. 

Values are means ±SEM, calculated from n=6 in each group. P<0.01 CA versus TN ducklings; *P<0.05; **P<0.01 versus 

values before injection. 

3.4.   Plasma fuel metabolites  

In both groups cold acclimation and i.p. glucagon injection did not induce significant changes in blood glucose.  

Significant increases of plasma FFA following i.p. glucagon injection were observed after 10 min (+35%; P<0.05) 

in CA ducklings and after 15 min (+36%; P<0.05) in TN ducklings. A plateau was maintained for the next 30 min 

(Fig. 2). Plasma glycerol responses following i.p. glucagon injection were faster in CA (15 min, +76%; P<0.05) than 

in TN (30 min, +53%; P<0.05) ducklings. Moreover, during the 60 min after glucagon administration, the plasma 

glycerol response was more prominent (P<0.05) in CA than in TN ducklings (Fig. 2). 

Plasma FFA and glycerol levels significantly increased after glucagon administration. The glycerol response to 

glucagon was greater and faster in CA than in TN ducklings. It is likely that glucagon triggers muscle thermogenesis 

by stimulating the release of fatty acids and glycerol from a multilocular adipose tissue differentiated for lipolytic 

activity [32, 33]. Release of fatty acids may then affect the respiration of muscle mitochondria, which show greater 

sensitivity to their uncoupling effect in CA ducklings [32]. 

Time (min) 
  Injection 
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3.5.    Effect of cold exposure on plasma serotonin level 

Cold exposure (4 °C) induced an increase of circulating serotonin in CA and GT (*p <0.05) (Table 1). The major 

finding of this study is that peripheral injection of glucagon stimulates circulating serotonin release in ducklings. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Plasma fuel metabolite responses to i.p. injection of glucagons in cold-acclimated (CA) and in 

thermoneutral (TN) ducklings at 25°C. Values are means ±SEM, calculated from n=6 in each group. P<0.05 CA 

versus TN ducklings. *P<0.05; **P<0.01 versus values before injection 
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4. DISCUSSION  

The data in the present study show that glucagon administration stimulates the release of peripheral plasma 

serotonin. Therefore, the large increase observed in circulating serotonin levels following the injection of glucagon 

may indicate an important activation of the monoamine system, thereby supporting an indirect effect of glucagon to 

induce thermogenesis in vivo. Auerbach and co-workers demonstrated in their study that unlike serotonin, 

catecholamines showed no thermogenic effect on birds in vivo [34]. This lack may be attributable to the absence of 

brown adipose tissue (BAT), an essential element for classical NST and the main site of serotonin-induced 

thermogenesis in small mammals [12] due to its high density of mitochondria, the Krebs cycle enzymes, the 

cytochromes, the uncoupling protein, or the sympathetic innervations [12, 35] unlike the multilocular adipose tissue 

found in birds [2]. 

On the other hand, glucagon was reported to have a vasodilatory effect in ducklings [36]. The potential vasodilatory 

effect of glucagon may enhance the hermogenic effects of endogenous serotonin by lowering the detrimental effects 

of vasoconstriction as described in a study of perfused chicken muscles [10]. The increase in serotonin concentration 

after glucagon administration is lower in CA than in TN ducklings. These findings are in correlation with those 

obtained in cold acclimation on baseline NE.  Moreover, cold acclimation increases the plasma concentrations of 

glucagon in ducklings [13]. This peptide increase might be responsible for a desensitization of glucagon receptors in 

ducklings; a phenomenon thatd have also been observed in mammals [37, 38].  

According to our results, we suggest that the interaction between glucagon and serotonin plays important role in the 

stimulation of avian thermogenesis. Other factors including thyroid hormones may be involved. Indeed, in 

mammals, metabolic activity depends upon the thyroid status [39, 40, 41]. 

 

5. CONCLUSION 

Our major findings show that concentrations of circulating serotonin can be rapidly and significantly increased by 

glucagon administration in birds. Glucagon effect on avian thermogenesis may be a result of lipid mobilization 

or/and vasomotor action, oxygen-demanding thermogenesis probably requires the involvement of serotonin. 

The mechanism underlying the change of noradrenergic activity after cold acclimation remains to be investigated. 
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