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1 BODY WEIGHT HOMEOSTASIS 
 
1.1 The concept and the physiological evidence 
The concept of homeostasis is introduced by Claude Bernard (1813-1878) and 
further developed by Walter B. Cannon (1871-1945). Homeostasis comes from 
two Greek words “homeo” meaning the same, and “stasis” meaning standing. 
The stability of the internal environment or “la constance du milieu intérieur”, 
as Claude Bernard defined it, is of crucial importance for living organisms. 
Another important aspect is that organisms are able to maintain this internal 
stability relatively constant. In other words, biological systems are capable to 
trigger physiological responses to maintain the constancy of the internal 
environment in face of disturbances of external surroundings. The ideas of 
Claude Bernard and Walter B. Cannon are still alive nowadays and are 
applied on the current hypotheses on body weight regulation. The general 
hypothesis is that there is a certain set point or settling point for body weight 
or a so-called body weight homeostasis, since an individual has a relatively 
constant body weight over life time while food intake and physical activity can 
vary considerably.  

 
Evidence for this comes from the observation that when animals are 

involuntarily overfed or deprived from food and consequently gain respectively 
lose weight, they compensate for this until they reach the body weight of the 
controls again (55). This observation led to the idea that body weight is 
regulated. This implies that there are neurophysiological mechanisms to 
maintain body weight at a certain level and, if body weight increases or 
decreases, biological systems in the body adjust food intake and/or energy 
expenditure to compensate for this body weight change. The Central Nervous 
System (CNS) plays a crucial role in processes that regulate body weight. 
Lesions in the Ventromedial hypothalamus (VMH) lead to excessive overeating 
and obesity (42). Therefore, in the nineteen fifties, the VMH was pointed out as 
“satiety center” of the brain. Lesions in the Lateral Hypothalamus (LH) leads 
to aphagia and weight loss and was therefore also defined as “hunger center” of 
the brain (41).  
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________________________________________________________general introduction 

Yet, nowadays we know that the regulation of body weight is more 
complex and does not involve only the VMH and LH of the hypothalamus. 
Other brain areas, as the paraventricular nucleus (PVN), arcuate nucleus and 
amygdala as well as the nucleus tractus solitarius (NTS), area postrema (AP) 
and the dorsal motor nucleus of the vagus (DMV) -that form together the 
dorsal vagal complex (DVC) of the hindbrain- are implicated in food intake 
control and/or the regulation of energy expenditure and hence body weight 
regulation. These centers receive information from the periphery either via 
humoral factors, sensory nerves and/or neuroendocrinological signals (see also 
fig.1) and are capable of initiating an adequate behavioral and/or 
neuronendocrinological and neural response to counterregulate challenges to 
energy homeostasis.  

 
1.2  Long-term regulation versus short-term regulation 
The hypothalamic areas are seen as an important site for the integration of 
different signals related to food intake and energy expenditure and the 
hypothalamus is considered to play a main role in long-term regulation of body 
weight homeostasis. An important hormone involved in the signaling of the 
peripheral energy content of the body is leptin. Leptin is produced by 
adipocytes proportionally to the amount of body adiposity (18, 19). It functions 
as a negative feedback signal to the brain (143) and plays therefore a role in 
the regulation of energy homeostasis. Particularly, the arcuate nucleus (ARC) 
of the hypothalamus is a primary site for the satiety effects of leptin (118).  

 
 The hindbrain is generally associated with the short-term control of 
feeding and autonomic reflex control. The gut-brain axis with vagal afferents 
innervating the whole gastro-intestinal (GI) tract projecting to the DVC are 
seen as main mediators in these short-term processes. Short-term satiation 
signals as stomach distension, presenceof nutrients in the GI tract and 
endocrine signals induced by feeding are transmitted via these vagal afferents 
to the DVC (see figure 2) and subsequently food intake is terminated. These 
short-term signals are influenced by long-term signals as is demonstrated by 
experiments of Matson et al. (72, 73). They demonstrated that central leptin 
infusions increase the sensitivity to the peripheral satiety hormone 
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cholecystokinin (CCK). Thus, long-term signals can influence energy 
homeostasis by modulating short-term signals.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
 
 
 
 
 

1

Figure 1                                                                                                        
Schema ic r presentation of the integration of peripheral and centrat e l
signals in the regulation of energy homeostasis (121). 
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Although many processes and factors involved in energy homeostasis 
were discovered during the last decades, there is still only little insight in what 
the autonomic nervous system is telling the brain about the energy content in 
the periphery. Therefore, in this thesis, the focus will be on the vagal afferent 
sensory nerves and their involvement in different aspects of energy 
homeostasis. In particular, the involvement of sensory C- fibers and small 
myelinated δ-fibers in satiety and glucose metabolism will be studied. These 
fibers can be selectively destroyed by systemic administration of high doses of 
the neurotoxin capsaicin. Therefore, capsaicin was used as a tool to eliminate a 
part of vagal afferent sensory fibers.  

 
The following paragraphs will discuss the involvement of vagal 

afferents in satiety. The emphasis will be on neuroendocrinological 
mechanisms as well as the involvement of meal induced thermogenic response 
to a meal. The role of these sensory nerves in glucose homeostasis will be 
discussed and a short review will be given on capsaicin and its effects after 
systemic administration. The introduction ends with the aim of the thesis and 
outline of the present dissertation. 
 
2 SATIETY  
 
2.1 Gut-Brain axis: anatomy and physiology 
 
2.1.1  Innervation of the gastro-intestinal tract 
Afferent signals from the upper gastro-intestinal (GI) tract are transmitted by 
the vagus nerve, nonvagal splanchnic mesenteric nerves, and pelvic afferents. 
Together, these afferent nerves provide the peripheral extrinsic neural part of 
the gut-brain axis. The upper GI tract is largely innervated by vagal afferents; 
the pelvic afferents are limited to the lower bowel, and splanchnic afferents 
innervate the whole GI tract. Intrinsic, enteric neural systems as the 
myenteric and submucosal plexuses also exist; these may mediate between GI 
mucosal and muscular events and extrinsic neural signaling (for review see 
(120)).  
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INTERMEZZO 
 
Obesity, globesity and diabesity 

Obesity is seemingly in conflict with the idea of body weight homeostasis.
An obese individual has an excess body fat and this increase in adiposity is the net
result of an excess of energy consumption over expenditure. Current y, obesity isl
considered as a disease and obesity is generally diagnosed when the Body Mass
Index (BM ) -that is the ratio between body weight and square height exceeds- 30I
kg/m2. Patients with a BM  between 25 and 29.9 are considered overweigh , but noI t t
obese.  

Nowadays, there are more then 1 billion adults overweight and at least 300
million of these people are considered clinically obese. Obesity has increased three-
fold or mor  since 1980 in some areas of Nor h America, the United Kingdom,e t
Eastern Europe, the Middle Ea , the Pacific Islands, Aus rala ia and China. Ost t s f
special concern is the increasing incidence of child obesity; 17.6 million children
under five are estimated to be overweight worldwide. World Health Organization (1)
reported that obesity has taken epidemic proportions globally (globesity) but,
although clearly visible, it is still one of the most neglected problems. Reasons for
the alarming increase in obesity are multifactorial. The large availability of (junk)
food; more ene gy-dense, nutrient-r poor foods with high levels of sugar and saturated
fats combined with a mo e sedentary lifestyle; genetic predisposition; alter dr e
metabolism of adipose tissue, defec ive or decreased thermogenesis and certaint
prescribed medications are highly p omoting factors for the development of obesity.  r

Being overweight or obese increases the risk of developing conditions and
pathologies such a  high blood pressure, cardio-vascular disease, s roke, gallbladders t
dis ase, certain types of cancer, and insulin resistance and type 2 diabetes. The non-
fatal health problems associated with obesity include respiratory difficulties, chronic

e

musculoskeletal problems, skin problems and infertility. In other words, obesity
contributes to premature mor ali y. Of all obesity-related disea es non-insulint t s
dependent diabetes mellitus (NIDDM, diabetes 2) is most clearly and strongly
associated with obesity, even in children. This explains the recent coining of the
term ‘diabe ity’. The f equency of central obesity, hypertension and elevated bloods r  
lipids i  dramatically increa ed in persons with diabetes and this g owing problem
really needs attention (1).  

s s r
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  The vagus nerve consists of both sensory and motor axons. In the 
periphery, it enters the abdomen with 2 trunks (the dorsal and the ventral) 
along the esophagus. When the vagi cross the diaphragm, they divide in 5 
distinctive branches: the paired gastric branches, the paired celiac branches 
and a single hepatic branch that originates from the ventral trunk (107-109). 
Ingestive and visceral reflexes are mediated by nociceptive or chemosensitive 
C-fibers which have their cell bodies in the nodose ganglia and show a 
viscerotopic distribution in the nucleus of the solitary tract (NTS) (6) (see 
figure 2). Anterograde tracing after injections into the individual 
subdiaphragmatic vagal branches (celiac, accessory celiac, hepatic, dorsal 
gastric, and ventral gastric) also show discrete, yet somewhat overlapping, 
NT  termination fields for each branch (93). Thus, the NTS contains 
vis rotopic and branch specific information. Phillips et al. (100) showed that 
hep
duo
ind
seg
one
tha
S
ce

atic-branch vagal afferents supply the forestomach, antrum, pylorus, 
denum, and caecum. This is also consistent with the general notion that 
ividual gut vagal branches innervate multiple gastrointestinal-tract 
ments. Thus, in analogy with the efferent innervation of the GI tract (13) 
 gastrointestinal target can be innervated by vagal afferents from more 
n one gut vagal branch.  

 
 
 
 
 
 
 
 
 
 

 
 

Figure 2                                                                                                         
Structures of the dorsal vagal complex (DVC): Nucleus o  the solita y tractf r
(NTS); Area Postrema (AP), Dorsal Motor Nucleus of the vagus (DMX).
Adapted from (30). 
13 
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The vagus consists largely (80-90%) of unmyelinated C-fibers (106, 107) 
and its central projections enter the brainstem where they make synaptic 
connections with second order neurons to other areas in the CNS as the 
hypothalamus and limbic system (142). The most important projection site for 
efferent motor neurons of the NTS is the Dorsal Motor Nucleus of the Vagus 
(DMN), a structure just ventral of the NTS. The DMN contains numerous 
dendrites penetrating the NTS and the Area Postrema (AP) (122). About 95% 
of preganglionic neurons in the DMN contribute to projections to the stomach 
(64) suggesting that the efferent part of the vagus nerve is highly involved in 
the motor innervation of the stomach. As in the afferent projections, each vagal 
branch contains the axons of a topographically distinct column of cells within 
the dorsal motor nucleus of the vagus (DMN) (32). Therefore, the afferent-
efferent viscerotopic and branch specific organization of the vagus could reflect 
distinct neurophysiological reflexes and functions involved in ingestion. 

Neuronal tracing techniques using carbocyanine dyes as DiI, 
wheatgerm agglutinin-conjugated horseradish peroxidase or dextran tracers 
have given a lot of understanding about the anatomy of vagal innervation of 
different layers and regions of the gut and stomach (10, 11, 31). Different 
populations of vagal afferents terminations in the gut and stomach indicate 
also a different sensory modality which can react to mechanical as well as 
chemical stimulation. Vagal endings in the longitudinal and circular muscle 
layers are also defined as intramuscular arrays (IMAs) (144) and have been 
suggested to be in-series tension receptors (102). Vagal afferents in the 
myenteric plexus throughout the GI tract are called intraganglionic laminar 
endings (IGLEs) (90) and have characteristics of a tension receptor (102). 
Together, all these observations provide the anatomical hardware for a role of 
vagal afferent fibers in volume detection of the stomach and gut which may 
contribute to the process of satiation. 

2.1.2  Vagal afferents and neuro-endocrine signals      
Numerous neurophysiological studies give strong support for an important role 
of the vagus in the process of satiation and subsequent meal termination. In 
these studies the mediational role of cholecystokinin (CCK) in this process was 
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established. CCK acts as a satiety hormone and is produced by a population of 
I cells –which are mucosal endocrine cells- in the small intestine by presence of 
nutrients in the duodenum (65). CCK is known to induce satiety after 
peripheral administration (9, 27, 83, 84, 87); and it is clear now that vagal 
afferents are required for the effects of CCK on food intake (33, 125).These 
vagal afferents are capsaicin-sensitive since ablation of these vagal afferents 
by systemic capsaicin treatment abolishes the action of CCK (75, 112, 128). 
There is also neuroanatomical evidence for neuroendocrinological interaction 
with gut hormones as cholecystokinin (CCK). Berthoud and Patterson (12) 
demonstrated an anatomical relationship between vagal afferent fibers and 
CCK-immunoreactive entero-endocrine cells in the small intestinal mucosa of 
the rat. Also, the CCK-A receptor – which is the receptor type CCK acts on to 
induce satiation (8, 85, 86) - is abundantly present on vagal afferents and in 
the nodose ganglion (131). These observations suggest that vagal afferents are 
an ideal location for interaction with humoral satiety factors such as CCK and 
neural signals from the upper GI tract. 
 

Meal-related stimuli such as mechanical distension, chemical 
properties of the luminal contents, gut peptides and neurotransmitters can be 
sensed by vagal afferents and play a direct role in reducing meal size (84, 87, 
88, 111, 121).  Pyloric cuff experiments and sham feeding preparations have 
given strong support for the idea that the stomach detects volume. Hungry 
animals eat significantly longer and more when the food is drained from the 
stomach (24, 25). Likewise, when rats eat a very large meal (25) or receive 
gastric preloads (101) with occlusion of the pyloric cuff rats eat less than with 
the cuff open. In addition, saline was as effective as a liquid diet to induce 
satiation when gastric emptying was prevented by pyloric cuffs. This indicates 
that the stomach is primarily involved in volume detection which is confirmed 
by the observation in humans that reduction of stomach capacity by banding is 
often used to treat severe obesity.  

Most absorption and enzymatic digestion is located in the small 
intestine (111). Also, humoral factors involved in the process of satiation (see 
before) are secreted by the small intestine. The small intestine is thought to be 
primarily involved in nutrient sensing (105, 111). Some vagal afferents 
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respond to infusions of specific nutrients as carbohydrate (76), fatty acids (22, 
59, 110) or amino acids (99). Thus, vagal afferents innervating the intestine 
are able to respond to different nutrients. There are indications that specific 
nutrients may be sensed by anatomically distinct populations of visceral 
afferent neurons (153).                                                                                     
 In a normal meal, gastric stimulation occurs simultaneously with 
intestinal stimulation. Therefore, it is likely that these responses are 
modulated by humoral factors of the duodenum (e.g. CCK) and the stomach 
(e.g. leptin and grehlin).  
 
 The term ‘gut-brain axis’ refers to the observation that most visceral 
primary afferents have their nerve endings in the DVC of the hindbrain. The 
process of satiation appears to be controlled by a reflex mechanism also called 
vago-vagal reflexes, since forebrain structures are not required for the 
inhibition of food intake. Experiments of Grill and colleagues demonstrated 
that decerebrated rats show still satiation to food and injection of CCK (38, 39). 
In other words, visceral feedback from the GI tract to brainstem areas is 
sufficient to induce satiation. I refer to the introductions of chapter 2 and 
chapter 3, and chapter 7 for more information about the involvement of vagal 
afferents and hindbrain structures in the termination of feeding.  
 

2.1.3  Vagal afferents and long-term regulation of energy homeostasis 
Although it is clear that vagal afferents play a role in the process of satiation, 
there is not much data on the involvement of these afferents on the long-term. 
In other words, could it be that vagal afferents play a role in the development 
of obesity? Animal models used in obesity research with mutations in certain 
receptors or knock-out studies could give more understanding about this 
question.  

Evidence for a role of vagal afferents in the regulation of energy 
homeostasis comes from the Otsuka Long-Evans Tokushima fatty (OLETF) rat. 
This OLETF animal lacks CCK-A receptors and is an animal model of type 2 
diabetes, characterized by abdominal obesity, hyperphagia, insulin resistance, 
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hypertension, and dyslipidemia (43). Thus, the phenotype of the OLETF rat 
points at an important role of the CCK-A receptor in the regulation of energy 
homeostasis. More specific, it points at an important role of CCK in food intake, 
since pair-feeding prevented the increased body weight, but also normalized 
the elevated levels of leptin and insulin and the alterations in arcuate nucleus 
neuropeptide Y (NPY) and pro-opiomelanocortin (POMC) gene expression in 
OLETF rats (14).  As mentioned before, CCK-A receptors are abundant on 
vagal afferents, so this suggests indirectly  a role of vagal afferents in the long-
term regulation of energy balance.  

A result which contradicts this hypothesis is the observation that the 
CCK-A receptor knockout mice are not obese and their food intake is at control 
levels. These mice do not show a response to CCK on the short-term. Kopin 
and colleagues interpreted these observations that the CCK-A receptor is not 
essential for the maintenance of body weight (57). However, recent data 
demonstrated that the distribution of CCK-A receptor differs in mice and rats 
(84). This could explain the difference in phenotype between rats and mice 
lacking CCK-A receptor. All together this shows that the role of CCK and the 
CCK-A receptor in the regulation of long-term energy homeostasis is yet 
unclear. Therefore, the involvement of vagal afferents in the development of 
obesity is undefined, since the CCK-A receptor is not limited to vagal afferent 
fibers, but is also widely distributed throughout the brain and spinal cord (78). 
Indications which support the thought of the involvement of vagal afferents in 
energy homeostasis are studies that demonstrated that treatment with 
microchip vagal afferent pacing reduces food intake and body mass in rats (58, 
61) and rabbits (127). This suggests that reduced activity of vagal afferent 
fibers could be involved in weight gain.  

It is clear that animals with disturbances in long-term control of 
energy balance have also reduced sensitivity to short-term signals related to 
food intake. The obese Zucker rat has a point mutation in the gene coding for 
the leptin receptor in both alleles and this mutation results in a shortened 
receptor. Therefore, leptin is less effective and this results in a massive obesity 
in the Zucker rat (17).  It has been demonstrated that the obese Zucker rat is 
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less sensitive to CCK than its lean controls (91). As pointed out before, CCK 
acts on vagal afferents. Thus, the suppressed action of CCK in the Zucker rat 
could indirectly point at a decreased sensitivity of the CCK-A receptor that is 
a.o. located on vagal afferents and the nodose ganglion. Other evidence for 
modulations of vagal signaling during changes in energy homeostasis is that 
rats maintained on a high fat diet – which are exposed to increased levels of 
endogenous CCK- show also a reduced sensitivity to exogenous CCK (21). Thus, 
there are several lines of evidence that suggest that vagal afferents are 
involved in the long-term regulation of energy homeostasis. 

 
2.2 Meal induced thermogenesis, obesity, and vagal afferents    

2.2.1 Meal induced the mogenesis and the liver                                  r
The thermostatic hypothesis has been proposed by Brobeck in 1948. This 
theory includes that core temperature is involved in the termination of feeding; 
“an animal eats to keep warm and stops to prevent hyperthermia” (15). 
Typically, eating begins shortly after temperature starts to rise and stops 
when the temperature reaches its peak. This increased thermogenesis is 
thought to be caused by an increase in intensity of stimulation of brown 
adipose tissue (BAT) via its sympathetic innervations (44). In support of the 
thermostatic theory, Glick et al. (34) demonstrated an inverse relationship 
between BAT thermogenesis and meal size. A study done by de Vries et al. (26) 
shows that a liver temperature of 39.3ºC is associated with the end of a meal. 
They also showed that skin temperature rises when core temperature 
increases and is longer elevated suggesting there is a heat flow from core to 
skin. Thus, both heat production and heat loss mechanisms appear to be 
activated during and after a meal.  

There is some evidence that sensors in the liver are able to signal the 
elevation in core temperature. This would mean that there is a neural 
inhibition of feeding when temperature increases. Indeed, Di Bella and 
colleagues found evidence for this hypothesis in 1981 (28). They found that 
feeding was inhibited after application of external heat to the liver. 
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Subdiaphragmatic denervation of the liver abolishes this inhibition in food 
intake (28) indicating the involvement of the hepatic vagal afferent in this 
mechanism. Thus, all these studies demonstrate that there is a strong relation 
between (liver) temperature and meal termination and suggest that vagal 
afferents are important in thermosensitivity.  

The thought that the vagus nerve could be involved in meal induced 
thermogenesis (MIT) is supported by anatomical data. A study of Adachi and 
Niijima demonstrated that afferent fibers in the hepatic branch of the vagus 
are thermosensitive (3). More specifically, three types of thermosensitive 
unmyelinated fibers can be distinguished by cold (10–36°C), warm (39–50°C), 
and mixed (10–35°C and 40–50°C) temperatures (29, 154). This suggests that 
the vagus nerve may mediate thermosensitivity.  

 
2.2.2  Meal induc d thermogenesis and obesity e
The link between reduced (meal induced) thermogenesis and obesity started to 
get a lot of attention since the nineteen eighties (for review see (136)). This 
would be in line with the thermostatic hypothesis, namely, that reduced 
thermogenesis due to a lower liver temperature causes a delay in the 
termination of feeding. Numerous studies have been performed in men and 
women and human biologists have reported that lower thermogenic responses 
to feeding may be a factor for increased energy storage in (some) obese subjects 
(53, 103, 119, 123). Diabetic subjects show also a reduced thermogenic 
response to a glucose or insulin infusion compared to their controls. The 
authors hypothesized that this may also contribute to a decreased meal 
induced thermogenic response (36, 37).  
 

More recent data of Matsumoto et al. (74) also indicate that obese 
subjects have decreased thermogenesis and energy expenditure after mixed 
food intake. In contrast, Tentolouris et al. (135) did not find differences in 
thermogenic response to a carbohydrate-rich meal between lean and obese 
subjects. Also, high carbohydrate meal induced thermogenesis (MIT) did not 
differ between lean and overweight men (71). However, it appears that type of 
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diet plays an important role in MIT as is described by different groups (see 
also (66, 71, 96, 126, 146)). Therefore, differences in MIT between obese and 
lean subjects may depend on the nutrient(s), the composition or even the 
texture of a meal.  

 
Studies on thermogenesis are performed in obese animal models as the 

obese ob/ob mouse (137, 141), diabetic-obese db/db (138, 139), the diabetic-
obese KKAY mouse (95) and the fatty (fa/fa) rat (69). In all mutants there was 
clearly a decrease in metabolic activity. Moreover, most if not all obese rodents 
show a reduced capacity for thermogenesis. In an experiment using a cafeteria 
diet it was found that lean mice deposit only 4% of their excess energy intake 
during overfeeding. In contrast, obese mice deposited 55% of their extra energy 
intake on the cafeteria diet. This suggests that lean mice have a very 
substantial capacity to dissipate excess energy by MIT and thereby regulate 
energy balance (140). Thus, it appears that regulatory MIT is defective in the 
ob/ob mutant and could contribute to the development of obesity. Also in other 
obese models as in the fatty rat appears to be an impairment in MIT (69, 151, 
152). 

 
Although in most experiments, the relation between satiety and 

thermogenesis is not directly studied, it could be that reduced thermogenesis 
in obese subjects causes a delay in satiety. Andrews et al. (7) found that in 
vagotomized rats the rise in thermic response following gastric intubation with 
a carbohydrate meal was diminished. Thus, it could be that a reduced afferent 
signaling could contribute to a decreased thermogenesis and thereby 
promoting obesity.   
 
 
3 GLUCOSE HOMEOSTASIS 
 
Another aspect of energy balance is the metabolic changes that occur during 
and after food intake. Accurate regulation of blood glucose levels is critical for 
maintenance of homeostasis. Often, obesity is associated with insulin 
resistance and type 2 diabetes. It is obvious that vagal afferent fibers are 
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involved in meal termination as well as thermogenesis. The question rises if 
modified vagal signaling also affects glucose homeostatic mechanisms.  
 
 
3.1 Glucose homeostasis, obesity, and the vagus 
It is known since the 19th century that the autonomic nervous system plays an 
important role in the regulation of glucose metabolism. The importance of the 
nervous system was already observed by Langerhans in 1869, who found that 
rabbit and cat pancreas contain unmeylinated fibers, which have a tube 
connection to intrapancreatic ganglia which form a rich nervous plexus joining 
the specific cellular system (4). These islets of Langerhans, or also called the β- 
or B- cells are crucial for insulin secretion in response to food ingestion and are 
therefore necessary in order to maintain glucose homeostasis. Hormonal gut 
factors have effects on insulin secretion, but as already pointed out, also the 
neural system is involved (132). 

 
The communication between gut and B-cells and its effects on insulin 

secretion is also known as the entero-insular axis (23, 97). For the neural 
component, the vagus nerve system has been thought to play important roles 
for this regulation (62). The glucose-sensitive afferents from the liver seem to 
initiate a reflex control of blood glucose level. In support of this, it has been 
reported (130) that there is an early insulin response following gustatory 
information. Moreover, a study by Mei  (77) also indicated the importance of 
information from the intestinal glucoreceptors in the reflex control of insulin 
secretion. The importance of the vagus in this reflex loop has been 
demonstrated electrophysiologically.  

It has been reported that hyperglycaemia in the portal venous blood 
suppresses afferent activity of the vagus nerve (82, 92) and this would increase 
the activity of the celiac branch of the vagus as well as the pancreatic efferent 
branch. Activation of the pancreatic efferent vagus stimulates insulin secretion. 
However, intracarotic glucose infusion leads to a reduction in gastric efferent 
vagal activity  (45) and intra venous (134) glucose infusion suppressed the 
activity of the dorsal motor nucleus of the vagus. Thus, depending on the 
location of infusion in the system, different effects can be elicited. Also, 
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different branches may have different activity patterns in response to the same 
stimulus. 

 Neuromodulation of the vagus by implantation of a microchip reduced 
fasting glucose levels (58, 60, 134) and this effect was even enhanced when this 
was combined with capsaicin treatment (60). This observation also supports a 
role for the vagus in glucose homeostasis. 

 
Obesity is often associated with disturbances in glucose homeostasis 

and most obese animal models (ob, db, fa, Ay, Zucker) are characterized by 
hyperinsulinemia. Subjects have problems to control their glucose levels due to 
a diminished ability of tissues to respond to the action of insulin. Consequently, 
the pancreas produces a lot of insulin to compensate for this situation. This 
hyperinsulineamic response is also defined as the insulin resistance syndrome 
and apart from increased insulin secretion it is characterized by an increased 
prevalence of obesity, hypertension, dyslipemia and type 2 diabetes mellitus 
(70). Insulin resistance, without the confounding factors of obesity, diabetes, 
and significant hypertension, is usually associated with a large reduction in 
efferent vagal activity, which occurs via attenuation in reflex activity (81).  
Vagus nerve-mediated regulation of insulin secretion appears to be impaired in 
Wistar fatty rats (94) and this appears to start from an early stage of life (150). 
VMH-induced obesity is also characterized by increased insulin secretion. This 
increase is reduced after vagotomy in conjunction with the development of 
obesity (52).  

 
All together, these studies suggest that the vagus nerve plays an 

important role in glucose homeostasis by glucose sensing and/or insulin 
secretion and/or insulin sensitivity. An inadequate response of afferent nerves 
could lead to a disturbance in the reflex loop of insulin secretion. Consequently, 
an insufficient insulin secretion in response to nutrient ingestion could be the 
result followed by a delayed peak. Therefore, these abnormalities may 
contribute to the development of glucose homeostatic disturbances in obese 
subjects.such as insulin resistance and fasting hyperinsulinemia (150). 

 
 

22 



________________________________________________________general introduction 

3.2 Sensory nerves and glucose homeostasis 
The pancreatic B-cell is extensively innervated by a network of sensory nerves. 
Hepatic glucoreceptors have been postulated to be coupled with capsaicin-
sensitive afferent nerves and they are thought to transmit sensory signals of 
blood glucose concentration to the central nervous system (149). The role of 
these sensory nerves in glucose homeostasis has been investigated by using the 
neurotoxin capsaicin as a tool (see also paragraph Capsaicin for more 
information).  

 
Glucose tolerance is usually tested by an intravenous glucose tolerance 

test (IVGTT) or oral glucose tolerance test (OGTT). Insulin sensitivity is 
usually studied by the performance of either an insulin induced hypoglyceamia 
or by an euglyceamic hyperinsulinemic clamp. 
 In general, mice or rats treated with capsaicin show an increased 
insulin response to an intravenous (54) or oral glucose load (40). This could 
mean that sensory nerves are involved in a tonic inhibition of insulin secretion. 
It could also mean that these nerves are involved in a neural reflex, by 
activation of glucose receptors in the portal area (92). Furthermore, capsaicin-
treated rats show increased glucose elimination (56). This could be explained 
by the potentiated early insulin response – the insulin peak seen 1 minute 
after intravenous glucose injection. However, streptozocin diabetic rat show 
the same phenomenon, indicating that there is an increased insulin action as 
well. The latter is confirmed by findings of  Koopmans et al. (56), who found 
that capsaicin-treated rats have an increased glucose disposal compared to 
their controls in an euglycaemic hyperinsulinemic clamp. Moreover, Zhou et al. 
(155) found that capsaicin treated animals showed a slower recovery from an 
insulin induced hypoglycaemia. These results suggest that insulin sensitivity 
is increased after capsaicin treatment.  
 

The question comes up whether vagal sensory nerves could be involved 
in the control of insulin sensitivity. The thought behind this is that the vagus 
would protect the organism from hypoglycaemia. Support for this thought is 
found by studies of Spiridonov (129) who showed that capsaicin stimulation of 
intact rats decreased the hypoglycemic action of insulin and increased 
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hyperglycaemia following glucose dosage. In contrast to Zhou et al. (155), they 
found that neonatal treatment with capsaicin decreased the hypoglycemic 
effect of insulin but had no effect on hyperglycaemia following glucose doses. 
Moreover, selective sensory denervation of the anterior hepatic plexus rats 
leads to a decrease in insulin sensitivity during an euglycaemic 
hyperinsulinaemic glucose clamp, suggesting that hepatic vagal sensory nerves 
also play a role in insulin sensitization (104).  

 
Concluding, it could be said that the exact role of vagal afferent C-

fibers in glucose sensing and insulin sensitivity needs still to be elucidated. 
Recently, Ahren and collegues (5) demonstrated that glucagonlike peptide I 
(GLP-1) -induced insulin secretion at a low dose in mice is dependent on intact 
sensory nerves. This suggests a complicated neuro-endocrinological network 
between gut and pancreatic B-islets. The functional implications for type 2 
diabetes in this needs still to be revealed. It seems likely that neural circuits 
are involved in the development of insulin resistance and it might be that 
failure in such circuits result in the development of impaired glucose tolerance, 
insulin resistance or type 2 diabetes. 
 
 
4 THE USE OF CAPSAICIN 
 
The methods typically used for research of vagal involvement in biological 
systems are either selective or complete vagotomies or by administration of a 
toxin that specifically destroys these nerves. Vagotomies affect both afferent 
and efferent systems with several consequences; a.o.  the animals have even 
problems with eating of solid food. Chemical unidirectal vagotomies are 
usually performed by systemic injections with high dosages of capsaicin. This 
neurotoxin destroys unmyelinated C-fibers and small myelinated δ-fibers 
which makes it a useful tool to investigate the involvement of vagal afferent 
nerves in biological systems. I decided to use the neurotoxin capsaicin to 
investigate the role of sensory nerves in the regulation of energy homeostasis. 
Yet, before discussing the aims of this thesis, I will focus on the compound 
capsaicin and also the use of capsaicin as a tool. 

24 



________________________________________________________general introduction 

 
4.1 Capsaicin and the capsaicin receptor 
Capsaicin (8-methyl-N-vanillyl-6-nonenamide) is the pungent ingredient of hot 
peppers (genus Capsicum) and is eaten by about 25% of world’s population on 
a daily basis. Hot pepper is pungent, affects thermoregulation, activates 
autonomic reflexes and is poorly absorbed. Hot pepper is a native of the 
Americas and the Aztecs called it chili. The active ingredient was first isolated 
by Thresh (1846).  In the beginning of the 20th century, the exact chemical 
structure of capsaicin was determined by Nelson (1919) (for review see (133)). 
The broad use of capsaicin was already known by the Incas, who burned dried 
chili peppers to temporarily blind the invading Spaniards. Native Americans 
were familiar with the analgesic use of capsaicin and rubbed their gums with 
pepper to relieve their tooth ache. Hot peppers are rich in vitamin C and 
therefore a good additional food supplement.  

 
In general, people living in tropical climates eat their food more hot 

compared to people living in temperate climates. There is a hypothesis that 
this is to combat the warm climate by gustatory sweating (63). Indeed, the 
capsaicin receptor is activated both by capsaicin and heat, indicating a possible 
role in thermoregulation. The capsaicin receptor belongs to the vanilloid family. 
The exact function of this receptor has still to be established. What is known is 
that the vanilloid receptor (VR) is activated by noxious heat and low pH; this 
makes the VR as a potential integrator of painful chemical and physical 
stimuli (133).  

Vanilloids show species-related differences in biological actions (46). 
The dose of capsaicin that can kill the guinea pig almost instantaneously is 
well tolerated by the hamster (35). The species-related differences in responses 
to vanilloids can be explained by the different distribution of the capsaicin 
receptor, TRPV1, (transient receptor potential channel-vanilloid subfamily 
member 1, also called vanilloid receptor I or VR1). TRPV1 is a cation channel 
subunit expressed by a subset of nociceptive neurons in dorsal root and 
trigeminal ganglia (16). TRPV1 is also expressed at a subset of visceral 
afferents (46). The expression of TRPV1 is not limited to primary afferents. 
Jancso and colleagues in the nineteen seventies indicated that hypothalamic 
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preoptic (POAH) and anterior centers are also capsaicin-sensitive. Direct 
capsaicin administration to the rat POAH triggers hypothermia. Also, animals 
desensitized with capsaicin exhibit impaired thermoregulation in warm 
environmental temperatures or during direct hypothalamic warming (50, 51). 
By now, it is known that VR1 is widely expressed in CNS (see for more 
information also (20, 79, 116, 117)) and is among others expressed in 
brainstem structures that receive vagal afferent sensory endings as the DVC 
(2). Moreover, TRPV1 is also expressed in the nodose ganglion of the mouse 
(154) and rat (80, 98) as well as in neurons innervating the gastro-intestinal 
tract (98, 145).  
 The high expression of TRPV1 on sensory neurons makes capsaicin a 
valuable pharmacological tool to destroy these neurons in order to investigate 
the role of these afferents in physiology. 
 
4.2 Capsaicin as tool 
Capsaicin is able to both stimulate and destroy unmyelinated primary afferent 
fibres. Systemic treatment with capsaicin in high doses causes permanent 
ablation of primary afferents in neonates as well as in adult animals. 
Desensitization –defined as rapid loss of activity of the receptor occupied by an 
agonist- by capsaicin is not a well-defined biochemical process. It is a  complex 
phenomenon that involves different stages and probably different mechanisms 
of action (133). The usefulness of capsaicin as a tool for studying the function of 
sensory nerves has got a lot of attention since the nineteen eighties (49). 
Capsaicin is used to distinguish subpopulations of primary afferents (67) which 
is reflected by the use of terms as capsaicin-sensitive as opposed to capsaicin-
resistant or capsaicin-insensitive nerves. Different approaches are used to 
study the involvement of capsaicin-sensitive nerves in physiological processes. 
Systemic treatment in neonates and adults as well as local administration of 
capsaicin is applied to destroy sensory fibers. The neurotoxity of capsaicin is 
not limited to primary sensory neurons, but also destroys neurons in different 
brain areas (46-49, 68, 89, 114, 115). Likewise, high doses of systemic capsaicin 
may induce argyrophylia along the entire neuroaxis of he rat, including the 
retina (113).  
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It is hypothesized that neonatal capsaicin treatment kills neurons by 
stopping the intra-axonal transport of nerve growth factor (NGF) from the 
periphery to the cell bodies of dorsal root ganglia neurons (147). In adult 
sensory neurons in culture capsaicin is able to destroy sensory neurons 
through the TPVR1 receptor. This process is most likely mediated by calcium 
(148). Capsaicin depletes the neuropeptides –especially substance P and 
calcitonin gene related peptide- of sensory neurons and releases these 
transmitters from their central endings as well as from the periphery. 
Although there are certainly limitations in the use of capsaicin as tool, it is a 
rather selective neurotoxin destroying specific nerves and therefore useful for 
investigating the role of these capsaicin-sensitive vagal afferents in the 
regulation of energy homeostasis. 
 
 
5 OUTLINE AND AIM OF THESIS 
 

The aim of this thesis is to investigate the involvement of capsaicin-sensitive 
vagal afferent C-fibers in the regulation of energy homeostasis. The 
involvement of vagal C- afferent fibers in the control of food intake, as well as 
in the regulation of glucose homeostasis is studied and the different sensory 
modalities of the vagus implicated in the regulation energy homeostasis –as 
satiation, temperature and glucose- are discussed. To this end, systemic 
capsaicin treatment is used as a tool to destroy these vagal afferents.  

 
In Chapter 2, the involvement of capsaicin-sensitive afferents in food 

intake control and body weight regulation was investigated. The focus in this 
chapter was on short-term satiety mechanisms as well as on longer term food 
intake control. One of the hypotheses is that the lack of short-term signals 
controlling energy homeostasis is compensated by an increased sensitivity of 
long-term signals. To this end, during several weeks capsaicin treated animals 
were subjected to one hour short-term feeding tests of increasing 
concentrations of sucrose. Another group received a condensed milk suspension 
for 5 days next to their regular chow. During the experiments food intake and 
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body weight gain was measured to study the effect on energy homeostasis after 
ablation of capsaicin-sensitive nerves.  
 

The results of chapter 2 suggested that capsaicin-insensitive nerves 
may be involved in gastric volume detection.  Therefore, in Chapter 3, we 
investigated if low and high levels of distension may activate neurons in the 
DVC of capsaicin-treated rats. In these experiments the early gene protein c-
Fos was used as a cellular marker for activation and fos immunoreactivity (Fos) 
was quantified in the different nuclei of the DVC. In addition, we investigated 
the interaction between CCK and distension, partly because  a recent in vitro 
study of Simasko and Ritter (124) demonstrated that capsaicin-insensitive 
nerves also respond to CCK.  

In Chapter 4, the involvement of capsaicin-sensitive nerves in meal 
induced thermogenesis (MIT) was studied. To this end, thermogenic responses 
to sucrose intake (same set up as chapter 2) were measured in capsaicin-
treated and vehicle treated rats. The effect of the satiety hormone CCK on MIT 
during sucrose intake was also investigated. In this chapter, the involvement 
of capsaicin-sensitive nerves in MIT as well as the function of MIT as satiety 
signal is discussed. 
 

In Chapter 5, the involvement of capsaicin-treated nerves in glucose 
homeostasis was investigated. Capsaicin-treated rats and their vehicle controls 
received intravenous infusions of different concentrations of glucose to study 
glucose tolerance and insulin responses after chemical ablation of primary 
sensory nerves. Different concentrations of glucose were used to see whether 
glucose detection is altered in capsaicin-treated rats. Results indicated that 
capsaicin-treated rats have an improved glucose disposal from the blood 
circulation. This could be due to an increased action of insulin-dependent 
mechanisms after capsaicin treatment.  

 
Results of previous chapters indicated that capsaicin-treated animals 

are capable to maintain their body and fuel homeostasis even though they miss 
a substantial part of their afferent innervation.  Hence, it is anticipated that 
capsaicin-treated rats are more sensitive to humoral signals related to energy 
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homeostasis. Therefore, in Chapter 6, we investigated if capsaicin animals are 
more sensitive to or have modifications in humoral factors -as leptin, 
adiponectin, resistin and corticosterone- related to food intake and glucose 
homeostasis. 

 
Finally, in Chapter 7, the results are summarized and discussed in a 

broader perspective. Specifically, a critical evaluation will be given at current 
paradigms in the control of food intake. A part of the discussion will focus on 
the role of vagal afferent fibers in the regulation of glucose homeostasis. To 
integrate everything, the role of vagal afferent fibers in energy homeostasis 
and in the development of obesity is discussed. Finally, I will end the 
discussion with the conclusion of the studies in this thesis. 
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ABSTRACT 
 
Rats were treated neonatally with capsaicin (CAP) to investigate the 
involvement of vagal afferents in food intake control and body weight 
regulation. In the first set of experiments, rats were offered increasing 
concentrations of sucrose (10%-15%-20%-40%) in short-term feeding tests of 1 
h. At the end, 10% was offered again to see whether CAP rats modified their 
intake after repeated exposure to different concentrations of sucrose solution. 
Results demonstrated that CAP animals overconsume persistently compared 
to vehicle (VEH) controls. This overconsumption is most pronounced and 
variable at 10% trials. Hypertonic 40% sucrose-solution resulted in a small but 
significant drop in intake in CAP rats. Overall, if the concentration of sucrose 
solution is more then 10%, sucrose ingestion of CAP and VEH rats does not 
depend on the concentration of sucrose solution and remains relatively 
constant during all trials. In another experiment, rats were exposed to a high-
fat condensed milk suspension (CMS) for 5 days. CAP rats initially 
overconsumed from this CMS compared to VEH. This was accompanied by a 
decreased intake in chow. However, over the 5 day period CAP animals 
adjusted their CMS and chow intake to control levels. During both 
experiments there were no differences in body weight gain between CAP and 
VEH. Together, these results suggest that capsaicin-sensitive vagal C-fibers 
are involved in the control of volume ingestion and short-term food intake 
control but are not required for long-term control of energy intake.  
 
1 INTRODUCTION 
 
Ingested nutrients are complex stimuli, with multiple mechanical and 
chemical properties that can elicit a range of neural and humoral feedback 
signals for termination of intake (26). There are strong indications that 
sensory neurons innervating the gastrointestinal tract are very important in 
the process of satiation and short-term satiety signaling. The extrinsic and 
intrinsic innervations of the upper gastrointestinal tract and the extrinsic 
projections to the brain are part of a negative feed back loop in the process of 
meal satiation and meal termination. The vagus nerve is a very important 
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mediator in this neural gut-brain axis and has been extensively studied by 
different kinds of vagotomies (1, 20, 27, 30, 34, 36) or by using the neurotoxin 
capsaicin (4, 22, 31-33, 37). The vagus nerve is  composed of mainly afferent 
fibers (70 to 90%) but it contains efferent fibers as well (2, 21). Vagotomy 
destroys both afferent and efferent fibers, which complicates the interpretation 
of the observed effects on food intake. Capsaicin in large doses damages small 
unmyelinated primary sensory cells and fibers (12, 24) and is often used as a 
tool to study the involvement of vagal primary afferent fibers in the control of 
food intake.  

Ablation of neural afferents with capsaicin attenuates the suppression 
of feeding behavior (18, 22, 31) and hindbrain fos expression (10, 19, 25) 
normally seen after intraperitoneal (IP) CCK administration. Also, hindbrain 
extracellular responses to near-celiac artery infusion of CCK were abolished in 
capsaicin treated rats (22). Moreover, capsaicin treated rats (CAP) show 
distinct overconsumption compared to their vehicle controls (VEH) depending 
on the diet (5, 6, 14) or novelty of the food (5, 15). Kelly and colleagues (14) 
found that animals treated with capsaicin at an adult age showed 
concentration-depended volume intake of sucrose solution after an initial 
overconsumption of the novel diet. They suggest that capsaicin treated animals 
regulate more on calories, while controls regulate on volume intake. These 
deficits may have consequences for the long-term regulation of body weight. 
Therefore, our aim was to investigate whether systemic neonatal capsaicin 
treatment leads to permanent disturbances in food intake control and body 
weight regulation.  To dissociate effects on the short-term control of food intake 
from the long-term control, two experiments were performed at adult age. In 
one experiment, animals were offered different concentrations of sucrose in 
short-term feeding tests over 8 weeks. In the second experiment, possible 
effects on the long-term control of food intake were studied by exposing the 
animals to a high-fat condensed milk suspension (CMS) for 5 days. In both 
experiments, body weight was measured daily. 
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2 METHODS 
 
2.1 Animals and housing 
30 Male wistar rats, bred in our own laboratory were used and housed in 
climate controlled rooms (22 °C ± 2) under a 12h:12h light-dark cycle (lights on 
at 8:00 am). These rats were previously treated with capsaicin or vehicle 
capsaicin at the age of 2 days (see below). Food and water were ad libitum 
available, unless mentioned otherwise. Capsaicin treated pups and vehicle 
treated pups grew up separately -to avoid selective mother care- in litters of  5-
9 pups, in the proportion  5-7 male, 2 female (non-treated). After weaning at 
the age of 23 days, rats were individually housed in clear plexiglas cages 
(25x25x30 cm). 
 
2.2 Capsaicin treatment  
Capsaicin (8-methyl-N-vallinyl 6 nonenamide, Sigma Chemical, The 
Netherlands) was given neonatal when pups were 2 days old (n=16) by a 
subcutaneous injection (50 mg/kg). This was done under 100% O2 conditions to 
avoid hypoxia. Capsaicin was dissolved in a vehicle consisting of 10% ethanol 
(10%) and 5% cremophore (pig-40-hydrogenated castor oil, gift of Novo Nordisk, 
Denmark) -0.9% sodium chloride solution (90%). As a control, vehicle solution 
was injected s.c. (n=14). Each animal was given the same volume of 50 µl 
based on an average weight of the pups of 8 grams.  

After treatment, body weight was measured weekly. One capsaicin 
animal died during the nursing period and one capsaicin-treated animal died 
during the experimental period for unclear reasons. At the age of 15 weeks 
efficacy of the capsaicin treatment was assessed by testing the corneal 
chemosensory response (23, 24). This test involved application of one drop of 
0.1% capsaicin solution into the left eye. One vehicle-treated animal was tested 
to see if the solution was effective to trigger a behavioral response. The vehicle-
treated animal immediately exhibited a strong reaction (> 10 wipes) of the 
affected eye, while capsaicin-treated animals did not exhibit any response to 
the application of 0.1% capsaicin solution. Absence of the corneal 
chemosensory response indicated that the small unmyelinated afferent fibers 
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of the trigeminal nerve, and presumably all other small unmyelinated primary 
afferents, were successfully destroyed by capsaicin.  
 
2.3 Experimental procedure 
2.3.1  Experiment 1: short-term sucrose intake test  
At the age of 16 weeks, animals were trained for 2 subsequent days for the 
experimental procedure to avoid neophobia. 1 hour before the lights turned on, 
animals were food deprived. At 10:30 am, the training started. During the 
training period, animals were allowed to drink from a 10% sucrose solution for 
only 10 seconds to avoid metabolic consequences of the ingested sucrose [24]. 
One animal did not drink sucrose and was therefore excluded from the 
experiment. At the age of 17 weeks, the experiment started. The experimental 
procedure follows the experiment described in Kelly et al. (14). Sucrose was 
offered in ml scaled cylinders to the animals on different days for 60 minutes 
in the order of 10%, 15%, 20%, 40% and 10%. Each percentage of sucrose was 
offered three times with at least 4 days between the subsequent trials. In total, 
each animal was offered 15 times a sucrose solution of a certain concentration. 
During these short-term sucrose tests, water was ad libitum available. One 
capsaicin animal died during the experiment. Therefore, in total seven 
capsaicin-treated animals and eight vehicle-treated animals where used in the 
experiment. 
 
2.3.2  Experiment 2:Long-term food intake  
In the second set of experiments, another group of rats (capsaicin, n=7; vehicle, 
n= 6) were offered a suspension of a high-fat diet consisting of condensed milk 
and corn oil (3:1). This condensed milk suspension (CMS) was offered in 
drinking bottles continuously for 5 days. Rats were not trained before the start 
of the experiment. During the experiment, animals still had free access for 
their chow and water. CMS and chow intake as well as body weight were 
measured daily. 
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2.4 Statistical analysis 
Data from the sucrose intake were analyzed with an ANOVA repeated 
measurements with time and food intake as within subject factors and group 
as between subject factor. Posthoc pairwise comparisons (Bonferroni) were 
done based on estimated marginal means. Two-tailed student’s t-test was used 
for unpaired observations.  Differences were considered significant if p < 0.05.  
 
3 RESULTS 
 
3.1 Experiment 1 
3.1.1 Short-term sucrose intake 
Rats were offered increasing concentrations of sucrose-water in short-term 
feeding tests of 1 hour. Each concentration was offered 3 times, with at least 4 
days between the consecutive trials. The initial 10% concentration was offered 
again in the last trial set to see whether repeated experience with different 
concentrations of sucrose solution resulted in altered sucrose intake in CAP 
rats. Figure 1 presents the sucrose and caloric intake of CAP and VEH animals. 
The average volume intake per trial set (3 trials) shows that there is a 
significant overconsumption in neonatally treated CAP animals independent of 
the concentration; ANOVA repeated measurements (F 1,13 =63.17, p < 0.001, 
figure 1A). There is a significant main effect of sucrose concentration (F 4, 52 = 
36.69, p < 0.001) and more detailed analysis reveals that in CAP treated 
animals, the 40% causes a significant drop in sucrose intake (p < 0.05); during 
the last trial set of 10% animals consumed significantly more compared to all 
other sucrose trials (p < 0.05). In VEH animals, the first trial set of 10% 
sucrose ingestion is significantly lower than the 20% trials and during the last 
trial set of 10% animals consume significantly more compared to the 40% trials 
(p < 0.05).  There is no significant sucrose concentration × group interaction (F 
4, 52 = 4.92, NS).  When calories are considered (figure 1B), there is also a main 
effect of sucrose concentration (F 4, 52 = 293.71, p < 0.001), and a significant 
sucrose concentration × group interaction (F4, 52 = 4.34, p < 0.01).  Post hoc 
analysis reveals that higher sucrose concentration leads to significant higher 
calorie intake during the short-term feeding tests in CAP (p < 0.001) and VEH 
rats (p < 0.001). The increased sucrose intake after capsaicin treatment is 
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reflected in a significant higher calorie intake in CAP rats (F1, 13 = 1561.38, p < 
0.001). 

Figure 1C shows the variations in sucrose intake within one trial set of 
a certain sucrose concentration. The increased sucrose-intake in CAP is most 
pronounced at both trial sets (first and last trials) of the 10% trials. There is a 
main effect of time (F14, 128 = 10.98, p < 0.001), and time × group interaction (F 
14,182 = 2.12, p < 0.01). Post hoc comparisons reveal significant changes in 
volume intake during the 10% and 40% trial sets in CAP animals. VEH rats 
only show significant changes in consumption during the first 10% trial set. In 
CAP animals, there is a significant increase each trial in the first 10% trial set 
(p < 0.01); the last 10% sucrose exposures resulted in a significant higher 
intake in the second trial of the 10% concentration set compared to the first 
and last trial (p < 0.05). 40% sucrose intake caused a significant drop in the 
second trial of this trial set (p < 0.001). In VEH controls, the first trial 
experience resulted in a significant lower 10% sucrose intake compared to the 
other 2 trials of 10% (p < 0.05); the last 10% trials did not differ significantly 
from each other. Also, there are no significant differences between the 40% 
trials in VEH. 

Figure 2 shows a typical curve of the average rate of sucrose ingestion 
in CAP and VEH animals. The third trial of the first trial set of 10% and the 
second trial of the last trial set are shown. At these points, the 
overconsumption in CAP is most pronounced. No significant differences in rate 
consumption are observed between CAP and VEH animals in the first 7-10 
minutes of the feeding test. Significant differences between CAP and VEH 
after this time point are more likely due to the delayed satiety response after 
capsaicin treatment. 
 
3.1.2 Body weight 
Figure 3 presents the growth curve of CAP and VEH animals during the 
sucrose intake experiment. Body weight of CAP animals and their VEH 
controls did not differ significantly (397.9 g ± 9.0 406.5 g ± 9.5 resp.) at the 
beginning of the experiment. There is a significant increase in body weight 
over time (F 14,196 = 192.44, p < 0.001). Yet, there is no significant time × group 
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interaction (F 14,196 = 1.07, NS). Also, body weight growth during the 
experiment did not differ between CAP and VEH rats (F 14,196 = 0.67, NS). 
 
3.2 Experiment 2: CMS intake, chow intake and body weight changes 
Figure 4A shows the intake of CMS in CAP and VEH rats during 5 days. 
ANOVA repeated measurements analysis reveals a significant effect of time 
(F4,40 = 4.10, p < 0.01) and significant effect of treatment (F1, 10 = 117.19, p < 
0.001). There is no significant time × treatment interaction (F4,40 = 0.83, NS). 
Post hoc analysis reveals a significant 45% higher intake of the CMS in CAP 
rats on the first day when compared to their VEH controls (p < 0.05).  However, 
the CMS in CAP drops significantly on day 3 to control levels (p < 0.01).   
 

ANOVA repeated measurements reveals a main effect of time on chow 
intake (F4,40 = 4.52, p < 0.01) and a significant main effect of treatment (F1,10 = 
103.00, p < 0.001); but does not show significant time × group interaction (F4,40 
= 0.83, NS). Post hoc analysis with Bonferroni-test does not result in 
significant differences at a certain time point (figure 4B). When the caloric 
intake of CAP and VEH rats is considered on the first day to CMS exposure, 
results indicate that CAP rats consume significantly more of the CMS and less 
of chow compared to VEH controls on day 1 (p < 0.05; figure 5). 
 A main effect of time on body weight is seen after analysis of the data 
(F4,40 = 19.90, p < 0.001, figure 4C). However, here as well, no significant time 
× group interaction is observed (F4,40 = 0.54, NS). There is a significant effect of 
group on body weight (F1,10 = 22.96, p < 0.001). Pair wise comparison with the 
Bonferroni test does not reveal significant body weight changes between CAP 
and VEH rats on a specific time point. 
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Figure 1 
A) Average sucrose intake per trial set in CAP and VEH animals. B) Ave ager  
caloric intake per trial set in CAP and VEH animals. C) Sucrose intake per t iar l 
in CAP and VEH animals. *, **, *** significantly different fr m VEH controls, po  
< 0.05, p < 0.01, p < 0.001 resp.; #, ## significant  differences within CAP 
animals, p < 0.05 and p < 0.01 resp.;  $, significant differences within VEH 
animals,  p < 0.05.  
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Figure 2 
Ingestion of sucrose in CAP and VEH animals during the 3thd trial of the 
 first trial set of 10% and the second trial of the last trial set of 10%. 
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4 DISCUSSION 
 
4.1 Short-term sucrose intake 
In the present study, CAP rats showed a persistent overconsumption of sucrose 
solution compared to VEH controls. This overconsumption was independent of 
the sucrose concentration, but was most pronounced in the 10% sucrose trials. 
The large variation in the CAP animals between subsequent trials of the 10% 
solution suggests that at this concentration vagal afferents play an important 
role in short-term satiation. This result is in agreement with findings of Kelly 
and colleagues (14) as well as Curtis and Stricker (6) who also showed that 
animals with chemical ablation of their primary afferents at adult age 
overconsume from a 10% sucrose solution. However, in contrast to our finding, 
Kelly and colleagues (14) found that adult capsaicin-treated animals learned to 
control their intake to vehicle control levels when sucrose concentrations of 
15% or higher were offered. Thus, it appears that neonatal or adult capsaicin 
treatment has not the same effects on short-term food intake. 

One of the first questions that arise is whether differences in 
neophobia between CAP and VEH animals can explain the present results. 
However, animals were trained before the experimental protocol started and 
the overconsumption in CAP rats was persistent throughout the experiment. 
These arguments indicate that it is unlikely that a difference in neophobia 
between CAP and VEH is the key to explain the overconsumption in CAP 
animals. Moreover, Davis and Smith (7) have shown that the rate of ingestion 
of liquid diets is an indicator for the acceptance of the compound. In this 
experiment, no significant differences were observed in the initial rate of 
sucrose intake between CAP animals and their controls. Therefore, the 
increased sucrose intake in CAP rats is likely to be explained by a delayed 
satiety mechanism and not to changes in rate of sucrose ingestion or 
differences in acceptance of the sucrose solution. 
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injection did not show differences in behavioral responses to salty and sour 
stimuli compared to control animals.  Yet, the CAP animals appeared to find 
bitter solutions slightly less aversive than their controls (28). 
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Figure 5 
Calo ic intake of CMS and chow on the first day of exposure to thr   e 
CMS. *, p < 0.05. 
 

 
 
 
 
 
 
 Also, Karrer and Bartoshuk (13) report a decrease in taste sensitivity 
after capsaicin desensitization in humans for high concentrations of citric acid 
or quinine. Although sucrose was not tested in this set up, it might be possible 
that the sucrose taste is less intense after systemic capsaicin treatment. This 
might account partly for the observed results in this study. However, this 
explanation is not very likely since differences between CAP and VEH rats are 
independent of sucrose concentration. 
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Feedback signals like mechanical stimuli such as stomach distension 
are important contributors in signaling satiation and meal termination. It is 
interesting that in this experimental set up, VEH animals show a constant 
volume intake in the trial sets of 15% through 40% sucrose. This indicates that 
in this set up, at higher sucrose concentrations, VEH animals regulate on 
volume and not on calories. It appears that CAP animals can regulate on 
volume as well, since there are no significant differences within the trial sets of 
15% and 20%. The same volume is consumed at each of the 3 trials, indicating 
that volume is still sensed to some degree by the gastrointestinal tract in CAP 
animals. Indeed it has been shown in multiple ways that there are still 
capsaicin-resistant fibers which signal gastric distension. Ritter et al. reported 
that hindbrain extracellular responses to near-celiac artery infusion of CCK 
were abolished in capsaicin-treated rats, while responses to gastric distension 
were not diminished (22). Also, reduction of food intake in response to gastric 
loading is not attenuated in capsaicin treated rats (23). Moreover, gastric 
balloon distension still induces c-Fos expression in the dorsal vagal complex in 
capsaicin-treated rats (3). Finally, Drew et al. (8) showed that in somata of 
cultured neonatal rat dorsal root ganglia neurons different types of sensory 
neurons have distinct mechanosensitive phenotypes. They found that 
capsaicin-sensitive neurons showed higher thresholds for the induction of an 
inward current and lower peak currents than other mechanosensitive neurons. 
This would be in agreement with the current results, where CAP animals show 
a regulated, but higher satiety level compared to controls. It might be possible 
that the low-threshold population is mostly sensitive to capsaicin and that 
these high-threshold mechanoreceptors are stimulated when a greater amount 
of sucrose solution is consumed. Thus, the present results suggest that volume 
distension is still an important satiation factor in CAP rats, even though it 
may be that low- versus high- threshold receptors are differentially affected 
after capsaicin treatment. 

Finally, osmotic concentration of the consumed compound is another 
important factor in the process of satiation for food as suggested by Weller et al. 
(35).  The present results may suggest that capsaicin treated animals are still 
able to sense osmotic concentration of ingested food. The amount of sucrose 
consumption drops in CAP when 40% solution is offered in the second trial; 
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40% is hypertonic and the drop in intake suggests that osmoreceptors are still 
functional after capsaicin treatment. These results are in agreement with 
findings of Kelly et al. (14) who also found that 40% sucrose intake drops 
significantly in CAP and VEH compared to lower sucrose concentrations.  
 In conclusion, the persistent, but regulated overconsumption of sucrose 
at the higher concentrations and the variable overconsumption in the 10% 
sucrose trials of CAP rats suggest that vagal deafferentation disrupts a specific 
feedback signal, presumably from intestinal glucoreceptors, leaving other 
feedback signals from mechanoreceptors and osmoreceptors partly intact. In 
intact animals these intestinal and gastric feedback signals form a coordinated 
satiety signal. 
 
4.2 Long-term intake of CMS 
We found an initially higher intake of sweetened CMS on the first day in 
neonatally treated CAP rats.  This difference disappeared on the second day 
due to an increased intake in VEH animals. On the third day, both VEH and 
CAP rats drop their intake and remain constant for the other remaining 2 days. 
Since our animals were not trained to this new diet, reduced neophobia in CAP 
animals could explain the present results. Especially since VEH animals show 
a tendency to increase their condensed milk intake the second day of exposure. 
Similar experiments were performed by investigators of Berthoud’s lab (3). In 
this study, they did short-term feeding tests with high-fat diets in CAP 
animals that were treated at adult age.  In this experimental set up, animals 
were trained to the new diet to reduce neophobia. However, they also showed 
that adult capsaicin-treated animals initially overconsume of an unfamiliar 
high-fat diet. After multiple exposures, intake in CAP rats equaled that of 
their VEH controls. In the present experiment, the overconsumption of the 
sweetened CMS in CAP animals is reflected in a decrease in caloric intake of 
chow as well as a tendency to a higher body weight increase on the first day of 
exposure to CMS compared to VEH rats.   

All together, these results point to the possibility that repeated 
experience of the sweetened CMS results in an adjustment of the initial 
overconsumption so that intake on the 3thd day is similar to control levels. 
This compensation is also reflected in body weight gain. After an initial 
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tendency to a higher body weight increase in CAP animals this difference 
disappeared on the second day of the condensed milk exposure and body 
weight gain is exactly the same on the 3thd day in CAP and VEH rats. It may 
be that long-term signals related to fat do play a role in this compensation. 
Since we did not observe significant differences in body weight gain between 
CAP and VEH animals, it might be that CAP animals are more sensitive to 
signals related to long-term regulation of energy homeostasis as leptin 
(submitted). This could be a compensatory pathway since they miss a 
substantial part of neurons which control short-term food intake. The fact that 
CAP and VEH rats do not differ significantly in absolute body weight supports 
this thought.  

Thus, these results suggest that CAP animals after initial 
overconsumption are capable to adjust their intake to control levels after a 
metabolic experience of a novel diet. These results do support that CAP 
animals are capable to adjust their energy intake over a longer term period 
even though they miss a substantial part of their feedback signaling involved 
in the process of meal satiation.  
 
4.3 Mechanisms of satiety 
We showed that CAP animals treated neonatally show a transient 
overconsumption of different concentrations of sucrose offered in short-term 
feeding tests. Moreover, they do show an initial overconsumption of a 
sweetened CMS offered for longer period. However, they seem to learn to 
reduce their intake to control levels over time.  In line with our results, 
previous research of Chavez et al. (4), Kelly et al. (15) showed that adult 
capsaicin-treated animals overconsume of an unfamiliar high-fat diet, but not 
of fat-free cakes or familiar chow. A suggestion made by Kelly et al. [24] is that 
the overconsumption is dependent on how fast the novel food can generate 
satiety signals in the gastro-intestinal tract on locations which are not 
damaged by capsaicin-sensitive nerves. Sucrose is faster metabolized than fat 
and could therefore generate faster a satiety signal compared to fat. The fact 
that overconsumption is more pronounced when sweetened CMS is offered -
which is a high-fat food- or when low concentrations of sucrose solution (10%) 
are offered supports this idea. If the time frame wherein the novel food is 
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capable to produce satiety signals would be the only factor,  one may expect 
that a decrease in sweetened condensed milk intake in CAP would already 
occur the second day.  However, it is not until the 3thd day before CAP 
significantly reduced their condensed milk intake. Another important 
difference between our experiment and the results of Kelly et al. (14) is that 
systemic capsaicin treatment at the 2nd day after birth resulted in a persistent 
overconsumption during all sucrose concentrations. Indeed, it might be that 
the initial overconsumption reflects the loss of negative feed-back signals from 
fat or low concentrations of sucrose. However, in our studies it appears that 
even when higher concentrations of sucrose are consumed, this is not sufficient 
to bring the satiety levels to control levels after a first metabolic exposure. 
Therefore, other factors must be involved as well.  

First, an explanation could be that other populations of afferent 
neurons which might play a role in the process of satiation are affected in CAP 
rats. Anatomical studies have shown that systemic capsaicin treatment leads 
to degeneration of a distinct population of visceral afferents. Mainly the 
unmyelinated C-afferents and small myelinated δ-fibers are affected, but the 
effects are not limited to those of dorsal root and nodose-vagal origin (3, 11, 24).    

Also, neonatally denervated animals may develop compensatory 
mechanisms to cope with the loss of primary afferents. These factors could 
(partly) explain the observed differences between adult and neonatal treated 
CAP animals.  Second, it might be that adult treatment or neonatal treatment 
with capsaicin does not destroy exactly the same populations of vagal afferents. 
It is described that the distribution of the capsaicin-sensitive VR1 receptor is 
slightly different in neonatal and adult animals. Dvorakova and Kummer (9) 
found that VR1 is not neuron-specific but is transiently expressed on 
cardiomyocytes during ontogeny thereby pointing to a developmental role of 
this cation channel. Although they did not investigate structures which are 
critical in the control of food intake, one might expect this phenomenon in 
these structures as well. Consequently, neonatal treatment and adult 
treatment does not necessarily lead to deletion of the exact same neuronal 
population.  

Finally, other factors as taste and reward sensation could differ 
between CAP and VEH rats. In general, it is considered that meal size is 
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determined by the balance between negative feedback signals from the 
gastrointestinal tract and reinforcing signals from gustatory and olfactory 
sensations (29). The experiments of Lucas and Sclafani (17) indicate that 
unlike the satiating effect of intestinal carbohydrate and fat, the reinforcing 
actions of these nutrients are not mediated by capsaicin-sensitive visceral 
afferents. It might be that a first exposure and during short-term food intake 
tests, the balance between those 2 factors is towards the reinforcing feedback 
in CAP rats, since they miss a substantial part of the negative feedback signals 
involved in meal termination. However, when food is offered for a longer period 
-as is in the second experiment where CMS is offered next to their regular 
chow- the integration of metabolic experience as well as physiological changes 
over the longer-term could learn the animal to control their food intake.   
 
4.4 Body weight regulation 
The present results demonstrate that CAP animals are able to regulate their 
energy homeostasis on the long-term. In the short-term food intake experiment 
as well as in the long-term food intake study, body weight increase did not 
differ significantly between CAP animals VEH animals. This indicates that 
CAP animals do compensate for their loss in feedback signals. One explanation 
could be that the increased intake during a meal produces longer lasting 
satiation and therefore also longer intermeal intervals and consequently fewer 
meals. Another explanation could be by a sensitization of long-term signals as 
leptin, or by increased sensitivity of humoral and/or capsaicin-insensitive 
neural short-term signals as metabolic factors and gastric distension. We 
found indeed indications that CAP rats are more sensitive to the anorexigenic 
action of leptin (unpublished data). 
 
4.5 Conclusion 
These results show that capsaicin-sensitive afferents play an important role in 
the control of meal termination in short-term sucrose intake tests. CAP 
animals show a persistent overconsumption compared to VEH and this is 
independent of the sucrose concentration. The current results suggest that in 
CAP animals volume is an important factor in the control of sucrose intake at 
sucrose concentrations of 15% and higher. Furthermore, the variable 
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overconsumption in 10% sucrose intake suggests that metabolic factors might 
play a role as well in short-term sucrose intake. However, when a novel diet is 
presented over a longer-term period, then after an initial higher intake CAP 
animals are still able to adjust their intake to control levels. This indicates 
that although short-term signaling is modified in CAP, they still are capable to 
control their energy intake on the long-term. Also, body weight increase did 
not differ between CAP animals and VEH controls. This suggests that through 
the integration of metabolic experience on the short-term with long-term 
signals about energy status neonatally treated capsaicin animals are still 
capable to maintain their metabolic homeostasis. 
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ABSTRACT 
 
Capsaicin-treatment destroys vagal afferent C-fibers and markedly attenuates 
reduction of food intake and induction of hindbrain Fos by cholecystokinin 
(CCK).  However, both anatomical and electrophysiological data indicate that 
some gastric vagal afferents are not destroyed by capsaicin.  Since CCK 
enhances behavioral and electrophysiological responses to gastric distension in 
rats and people, we hypothesized that CCK might enhance the vagal afferent 
response to gastric distension via an action on capsaicin-insensitive vagal 
afferents.  To test this hypothesis we quantified expression of Fos-like 
immunoreactivity (Fos) in the dorsal vagal complex (DVC) of capsaicin-treated 
(CAP) and control rats (VEH), following gastric balloon distension alone and in 
combination with CCK injection.  In VEH rats intraperitoneal (IP) CCK 
significantly increased DVC Fos, especially in nucleus of the solitary tract 
(NTS), while in CAP rats CCK did not significantly increase DVC Fos.  In 
contrast to CCK, gastric distension did significantly increase Fos in the NTS of 
both VEH and CAP rats, although distension-induced Fos was attenuated in 
CAP rats.  When CCK was administered during gastric distension it 
significantly enhanced NTS Fos expression in response to distension in CAP 
rats. Furthermore, CCK’s enhancement of distension-induced Fos in CAP rats 
was reversed by the selective CCK-A receptor antagonist, lorglumide. We 
conclude that CCK directly activates capsaicin-sensitive C-type vagal afferents.  
However, in capsaicin-resistant A-type afferents, CCK’s principal action is 
facilitation of responses to gastric distension.   
 
1 INTRODUCTION 
 
Vagal afferent neurons that detect gastric distension play an important role in 
the process of satiation for food and subsequent meal termination (for review 
see (29)). However, during ingestion of a normal meal gastric distension does 
not occur in the absence of postgastric signals.  Rather, gastric distension, 
intestinal nutrients and gut hormones all are potential contributors to vagal 
afferent activation.  Therefore, vagal afferents constitute a potential location 
for integration and modulation of these multiple meal related signals. Indeed, 
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interactions between gastric distension and other gastrointestinal stimuli have 
been reported.  For example the gut hormone cholecystokinin (CCK) is 
reported to sensitize gastric and duodenal mechanosensitive vagal afferents 
(8). Likewise, CCK and gastric distension appear to interact to reduce food 
intake in a variety of species, including rats, monkeys and humans (14, 15, 17, 
18, 38).  Thus, there is compelling evidence for cooperation between gastric 
distension, and postgastric signals, such as CCK, in vagal activation and 
reduction of food intake. 

Capsaicin has been used successfully as a tool to study the involvement 
of primary C- vagal afferents (32) in food intake.  Although the vagus consists 
mainly of small unmyelinated C-type afferents (26), Berthoud and colleagues 
have reported that a substantial number of intraganglionic laminar endings 
(IGLEs) and vagal intramuscular arrays (IMAs) in the stomach survive 
capsaicin treatment, suggesting that at least some gastric mechanoreceptive 
afferents are A-type afferents (2). Results of other experiments using capsaicin 
support the hypothesis that gastric distension and CCK acted via distinct 
populations of vagal afferents.  For example CCK-induced reduction of food 
intake is attenuated in capsaicin-treated rats (30, 31, 41), while, reduction of 
food intake in response to gastric loading is not attenuated (30).  Many 
investigators have reported that CCK induced expression of Fos-like 
immunoreactivity in the hindbrain is attenuated by capsaicin treatment (10, 
20, 34), while Berthoud et al. have reported that gastric balloon distension-
induced c-Fos expression in the dorsal vagal complex is not significantly 
decreased in capsaicin-treated rats (3). Finally, Ritter et al. reported that 
hindbrain extracellular responses to near-celiac artery infusion of CCK were 
abolished in capsaicin-treated rats; while responses to gastric distension were 
still present (31).  These data suggest that CCK’s action may be limited to 
activation of capsaicin-sensitive C-type vagal afferents.  They also suggest that 
at least some of the distension-sensitive gastric afferents are capsaicin-
insensitive A-type neurons.   If the modalities of CCK-sensitivity and gastric 
distension-sensitivity are confined to separate and distinct populations of 
afferents then cooperation between these two satiation signals must be 
integrated in the brain. 
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While it seems clear that CCK and mechanical stimuli can exert 
synergistic or cooperative effects on the control of food intake, the neural 
substrates for the interaction of distension and CCK are incompletely 
appreciated.   Richards et al. (28) found that administration of the CCK-A 
receptor antagonist, MK-329, blocked excitation of vagal afferents by CCK.  
However, this population of afferents was not excited by distension of the 
intestine.  Furthermore, in afferents that were excited by distension, the CCK-
A receptor antagonist did not attenuate distension-induced firing.   In contrast 
to the Richards et al. result, Davison and Clarke (7) and others (4, 27) have 
reported that afferents excited by gastric distension also fire in response to 
CCK.  Unfortunately, these studies do not rule out the possibility that CCK-
induced firing is secondary to CCK-induced changes in smooth muscle tone in 
the viscera.   Thus, while CCK and gastric distension might co-activate 
mechanoresponsive vagal afferents, it also is possible that CCK-sensitive and 
mechano-sensitive afferents represent distinct populations, and that 
interaction between these modalities occurs entirely by synaptic convergence 
in the hindbrain. 

Recently, however, Simasko and Ritter, working with primary cultures 
of vagal afferent neurons (40), reported that CCK excites subpopulations of 
both capsaicin-sensitive C-type afferents and capsaicin-insensitive A-type 
afferents. Simasko and Ritter did not attempt to determine whether CCK-
sensitive A-type vagal afferents innervated the stomach.  Nevertheless, since 
CCK enhances behavioral and in vivo responses to gastric distension in rats 
and people, we hypothesized that CCK might enhance the vagal afferent 
response to gastric distension via actions involving capsaicin-insensitive vagal 
afferents.  To test this hypothesis we quantified expression of Fos-like 
immunoreactivity (Fos) in the dorsal vagal complex (DVC) of capsaicin-treated 
and control rats following gastric balloon distension alone and in combination 
with CCK injection. We found that Fos expression following exogenous CCK 
administration alone was abolished in capsaicin-treated rats, suggesting that 
it depended on C-type vagal afferents.  We also found that CCK enhances Fos 
expression in response to gastric distension even in capsaicin-treated rats, 
where CCK alone did not significantly increase vagal afferent activation.   The 
effect of CCK, but not gastric distension, was reversed by administration of the 
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selective CCK-A receptor antagonist lorglumide.  Taken together with previous 
observation, our results suggest that CCK influences vagal afferent activity in 
two different ways.  First, CCK directly activates capsaicin-sensitive C-type 
afferents, and second, it enhances the activity of distension-sensitive A-type 
afferents, which may not ordinarily be excited by CCK on its own. 
 
2 MATERIAL AND METHODS 
 
2.1 Animals    
All experiments were approved by the Animal Care and Use Committee of the 
University of Groningen. Male Sprague Dawley rats (Simonsen) weighing 
between 280-380 g were subjects for these experiments. The rats were housed 
individually in a climate-controlled room under a 12h: 12h light-dark cycle 
(lights on at 7:00 am). Experiments were performed between 0800 and 1200h. 
Food and water were available ad libitum except that animals were food 
deprived overnight before capsaicin treatment, prior to surgery and prior to 
experiments. 
 
2.2 Capsaicin treatment  
Rats were treated with increasing doses of capsaicin (90% grade, Sigma 
Chemical, St Louis, MO) to destroy a specific population of vagal afferent 
sensory fibers as previously described  by Yox and Ritter (45). Capsaicin was 
dissolved in a vehicle consisting of Tween 80 (10%), ethanol (10%) and 0.9% 
NaCl (80%).  A series of three capsaicin doses were injected intraperitoneally 
(IP) over a 36 h period. The first dose was 25 mg/kg and the 2nd and 3thd 
doses were 50 mg/kg. Controls were injected IP with the vehicle solution only, 
and the vehicle injections were made according to the same schedule and 
under the same conditions as capsaicin injections. All injections of capsaicin or 
vehicle were made under isoflurane inhalation anesthesia. Ten minutes before 
the first capsaicin or vehicle injection of a series, rats received an IP 0.2 ml 
injection with atropine sulfate (15mg/ml). Immediately following the first 
and/or second capsaicin injections, rats exhibited cutaneous vasodilatation and 
respiratory arrest as described by Ritter and Ladenheim (30). During 
respiratory arrest the anesthesia was maintained while the rats were 
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artificially ventilated until spontaneous breathing resumed, usually within 15 
to 20 minutes.  Following resumption of spontaneous breathing the rats were 
permitted to arouse from anesthesia over the ensuing 5 to 10 minutes.  Vehicle 
injections never were associated with either vasodilation or respiratory arrest. 
The rats were allowed 2 weeks between capsaicin or vehicle treatment and 
surgery to implant a stainless steel gastric cannula (see below).  During this 
period both capsaicin and vehicle-treated animals gained weight normally and 
there was no significant difference between treatment groups at the time of 
surgery. Efficacy of the capsaicin treatment was assessed by testing the 
corneal chemosensory response (31, 33). This test involved application of 1% 
NH4OH into the eye. Vehicle-treated animals immediately exhibited 2 to 5 paw 
wipes of the affected eye, while capsaicin-treated animals did not exhibit any 
response to the application of 1% NH4OH. Absence of the corneal 
chemosensory response indicated that the small unmyelated fibers afferent 
fibers of the trigeminal nerve, and presumably all other small unmyelinated 
primary afferents, were successfully destroyed by capsaicin. All of our vehicle 
treated rats and none of our capsaicin-treated animals responded on this test, 
confirming the efficacy of capsaicin treatment and the inefficacy of the vehicle 
treatment. 
 
2.3 Surgery    
Each rat was implanted with stainless steel gastric cannula under isoflurane 
anesthesia as previously described by Yox and Ritter (45).  Briefly, a ventral 
midline laparotomy incision was made and the stomach was located and 
isolated.  A puncture incision was made in the nonglandular part of the 
stomach at the greater curvature, using an 18 ga hypodermic needle. This 
incision was stretched slightly, and a gastric cannula inserted through the 
incision. A tobacco-pouch stitch was sewn through the gastric serosa and 
around the cannula.  A patch of surgical polypropylene mesh also was placed 
around the fistula to promote connective tissue growth between the gastric 
serosa and the parietal peritoneum. The exterior end of the cannula was 
exteriorized through the left ventral paramedian incision, and the cannula was 
occluded with a stainless steel screw except during experimental procedures or 
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habituation training.   Rats were allowed to recover from cannula implantation 
surgery for at least 10 days prior to training or experimental procedures.  
 
2.4 Experimental procedures  
Rats were habituated to the experimental setting and procedure daily for a 
minimum of one week prior to the experiment in order to reduce background 
induction of Fos immunoreactivity due to stress or novelty.  Briefly, each rat 
was handled, the fistula screw was removed and the rat was connected to 
tubing used for inflation of a gastric balloon during experiments.  The rat was 
then placed in the experimental chamber for 40 minutes. After at least one 
week of habituation, rats were food deprived overnight before the experiment. 
In the morning, each rat was subjected to one of the following conditions:  
control treatment, gastric distension alone, gastric distension in combination 
with ip cholecystokinin octapeptide injection (CCK, 4 µg/kg, Peptides 
International, Louisville, KY, dissolved in 0.9% NaCl and injected IP), 
distenstion + CCK + ip lorglumide or distension + saline + ip lorglumide.  The 
CCK-A antagonist, lorglumide (Sigma Chemicals, st Louis, MO), was dissolved 
in 0.9% NaCl and administered IP in a dose of 300 µg/kg. Gastric distension 
was produced by inserting a modified #10 Foley catheter through the open 
gastric cannula and inflating the cathether tip balloon with either 2 ml or 5 ml 
of water at 37o C.  Balloon inflation was commenced immediately after saline 
or CCK injection and sustained for 90 min, at which time the animal was 
anesthetized and perfused.  For the purpose of data reduction and statistical 
analysis we established six experimental groups of vehicle and nine 
experimental groups of capsaicin-treated rats as follows: 1) Control –IP saline 
injection and balloon tubing attached without inflation (vehicle-treated n=9, 
capsaicin-treated n=9);  2)  CCK – IP CCK injection and balloon tubing 
attached without inflation (vehicle-treated n=7, capsaicin-treated n=8);  3) 
Gastric Distension (2 ml) – IP saline injection with balloon inflated to 2ml 
(vehicle-treated n=7, capsaicin-treated n=9);  4) CCK\ Gastric Distension (2 ml) 
– IP CCK injection with balloon inflated to 2ml (vehicle-treated n=4, capsaicin-
treated n=6); 5) Gastric Distension (5 ml) – IP saline injection with balloon 
inflated to 5 ml (vehicle-treated n=6, capsaicin-treated n=6); 6) CCK\ Gastric 
Distension (5 ml) – IP CCK injection with balloon inflated to 5ml (vehicle-

63 



chapter 3_________________________________________________________________ 

treated n=3, capsaicin-treated n=3); 7) Lorglumide\CCK – IP lorglumide IP 
CCK, and balloon tubing attached without inflation (capsaicin-treated n =7); 8) 
Lorglumide\Gastric Distension (2ml) – IP lorglumide, IP saline, with balloon 
inflated to 2 ml (capsaicin-treated n=8); 9) Lorglumide\CCK\Gastric 
Distension (2ml) – IP lorglumide, IP CCK, with balloon inflated to 2 ml 
(capsaicin-treated n=7).  
 Ninety minutes after injection of NaCl or CCK, the rats were deeply 
anesthetized (pentobarbital 100 mg/kg) and intracardially perfused with 0.1 M 
sodium phosphate buffer (PBS), pH 7.4, followed by 4% formaldehyde in 0.1 M 
sodium phosphate buffer, pH 7.4. Brains were removed and postfixated for 5 
hours in 4% formaldehyde. Subsequently, the brains were stored in 25% 
sucrose overnight to cryoprotect them and reduce freezing artifact. Thirty 
micron sections were cut from the hindbrain in a microtome. The sections were 
incubated for 24 h at room temperature in primary antiserum (1:50 000) raised 
in rabbit against a synthetic peptide representing amino acids 4-17 of human 
Fos.  After washing and subsequent over night incubation in a biotinylated 
donkey anti rabbit serum (1:500), sections were incubated in avidin conjugated 
to horseradish peroxidase (HRP). Thereafter, the sections were washed and 
processed to reveal HRP activity using diaminobenzidine intensified with 
Nickel as previously described by Ritter and Dinh (1994). Dehydrated, cleared 
sections were mounted and coverslipped and counts of Fos-immunoreactive 
nuclei were made.  The counts were done using automated image analysis 
software (Scion Image) at 5 different brain levels corresponding to the plates -
13.34 mm; -13.30 mm; -13.80 mm; -14.08 mm; -14.30 mm behind bregma, 
according to the stereotaxic atlas of Paxinos and Watson (25). The nuclei 
composing the Dorsal Vagal Complex (DVC) were counted: subnuclei of the 
nucleus tractus solitarius (NTS), area postrema (AP), area subpostrema (AsP), 
the dorsal motor nucleus of the vagus (DMV). The presented data are the 
summed number of Fos immunoreactive nuclei for each structure across the 5 
levels.   
   
 
 
 

64 



___________________________capsaicin-insensitive nerves, gastric distension and CCK 

2.5 Statistical Analysis   
One way ANOVA with Tukey’s multiple comparison tests as a post hoc test 
was used to reveal significant differences between the treatments. Differences 
were considered significant if p < 0.05. 
 
3 RESULTS 
 
3.1 Effect of CCK or distension on Fos expression in hindbrain    
In general, animals subjected to the control treatment had few Fos-positive 
neurons in the DVC. Rats treated with the capsaicin vehicle exhibited 
significant increased numbers of Fos-like- immunoreactive nuclei in the 
hindbrain following CCK (4 µg/kg) compared to saline treatment. The numbers 
of Fos immunoreactive nuclei were increased in the NTS, AsP and AP (p < 
0.003-0.02)  (see  table 1, fig. 1 and fig. 2). As previously reported by Saegh and 
Ritter (34), capsaicin treatments markedly and significantly attenuated CCK-
induced expression of Fos-immunoreactive nuclei in the hindbrain compared to 
VEH (p< 0.001). 

Gastric distension increased Fos in the DVC in CAP and VEH animals.  
The effects were most obvious at 5 ml gastric distension that resulted in 
significant more Fos-positive neurons in all counted areas of the DVC in CAP 
(p<0.001) as well as vehicle-treated animals (p<0.001). Gastric distension by 2 
ml resulted also in a significant Fos increase in most areas of the DVC in CAP 
and VEH animals. In VEH animals, Fos levels in the hindbrain were 
comparable to CCK (4 µg/kg) induced Fos expression. Again, the number of 
Fos-postive-neurons was particularly abundant in the NTS after 2 ml gastric 
distension (p<0.01) (see fig. 1, fig. 2 and table 1). In CAP there was a 
significant volume effect on distension-induced Fos (p< 0.001) in the NTS, but 
this effect was not significant in VEH animals (p= 0.32). Interestingly, 2 ml 
gastric distension resulted 64% less Fos expression in the NTS in CAP 
compared to VEH animals (F1,15=11.2, p< 0.01). Though 5 ml-induced gastric 
distension in CAP animals is slightly attenuated compared to VEH animals, 
this result did not reached statistical significance (F1,11=3.9,  p= 0.08).  
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3.2 Enhancement of distension-induced Fos in hindbrain by CCK 
CCK significantly enhanced 5 ml distension- induced fos expression in most 
areas of the DVC in CAP as well as VEH. The effects were particularly clear in 
the NTS and AP (F8,57= 12.3 – 71.1, p< 0.01 and F5,35= 8.6-13.2, p < 0.001-0.05). 
In CAP, CCK significantly enhanced 2 ml gastric-distension- induced Fos 
expression in the DVC, with most pronounced effects in the NTS and, to a 
lesser extend in the DMV (F8,57= 28.2-71.1, p<0.05) (see fig. 3, fig. 4, fig. 5, and 
table 1). 
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hotomicrographs of exp ession of Fos-like immunoreactivity in the DVC at ther  

evel of the rostral end of the AP in VEH rats (left column) and CAP rats (right 
olumn) after control treatment, IP CCK, or distension (2mls and 5 mls).  
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This enhancement was reversed by administration of the selective CCK-A 
receptor antagonist, lorglumide in the NTS and DMV (F8,57= 28.19-71.14, 
p<0.001) (see fig.6 and table 2). CCK did not have a significant effect on 2 ml 
gastric distension –induced Fos in the DVC of VEH. 
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Figure 2 
Effect of distension on NTS Fos in CAP and VEH treated rats. Bars
represent average number of Fos positive neurons in the pooled nuclei of
the NTS at diffe ent lev ls of the DVC. **, *** significantly dif e ent fromr e f r
(control) treatment in VEH controls, p < 0.01 and 0.001 resp.; ##, ###
significantly different from control t eatment in CAP rats, p < 0.01 anr d
0.001 resp.; &, significant difference b tween CAP and VEH rat , p < 0.05. e s
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4 DISCUSSION 
 
Our results indicate that CCK increased gastric distension-induced Fos 
expression by DVC neurons in capsaicin-treated rats, in which C-type vagal 
afferents had been destroyed.  These capsaicin-treated rats did not express 
increased DVC Fos in response to CCK alone.  Therefore, our data suggest that 
in addition to directly activating C-type vagal afferents, CCK enhances 
distension-induced vagal responses by capsaicin-insensitive A-type afferents.  

 

 

Figure 3 
Photomicrog aphs of exp ession of Fos-like immunoreactivity in the NTS atr r  
the 4th ventricle just rostral of the AP in VEH and CAP rats which received 
2mls distension alone, or in combinati n with CCK (4µg/kg). CCK enhanceo d 
signifi an lc t y 2mls distension induced NTS Fos in CAP, but not in VEH rats.  
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 Several previous reports have suggested that responses to CCK and 
gastric distension might involve distinct populations of vagal afferent neurons.  
For example, Ritter et al. (31), recording extracellularly from the DVC in rats, 
found that changes in neuronal firing in response to exogenous CCK were 
abolished in capsaicin-treated rats, while responses to gastric distension were 
not diminished.  Likewise, several investigators have found that DVC Fos 
expression following CCK injection was abolished by capsaicin, while Fos 
expression in response to gastric distension was not diminished (11, 21, 34).  
These results are consistent with the anatomical observations of Berthoud et 
al. (3), who found that 70% of gastric vagal intraganglionic laminar nerve 
endings (IGLEs) survive capsaicin treatment, while virtually all intestinal 
IGLEs are destroyed by the neurotoxin (3, 12).   
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Figure 4 
Photomicrographs of exp ession of Fos-like immunoreactivi y in the NTS atr t  
the r stral end of the AP in VEH  and CAP rats which received 5 mlso  
distension alone, or in combination with CCK (4µg/kg). CCK enhanced 
significantly 5mls distension induced NTS Fos in CAP and VEH rats.  
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 Taken together these results suggest that Fos responses to CCK are 
mediated entirely by capsaicin-sensitive C-type vagal afferents, while 
responses to gastric distension are mediated, at least in part, by capsaicin-
insensitive A-type afferents.  

Although there is clear evidence that at least some gastric distension-
responsive vagal afferents are capsaicin resistant, other reports indicate that 
some responses to gastric distension are mediated by capsaicin-sensitive C-
type afferents.  In the experiments reported here we found that Fos expression 
in response to a 5 ml gastric balloon distension was not diminished in 
capsaicin-treated rats.  However, we also found that Fos expression following a 
2 ml balloon distension, while not abolished, was significantly reduced by 
capsaicin treatment.   
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Our results are consistent with those of Mazda et al. (16) who recently 
reported that capsaicin treatment abolished DVC Fos expression following 3 
ml gastric distensions.  On the other hand, Berthoud et al. (3) have reported 
that DVC Fos expression following gastric distension is not diminished by 
capsaicin treatment. However, Berthoud et al. distended the stomach by 
inflating a balloon with 18 ml saline.  Hence, the level of distension in their 
study markedly exceeded that of Mazda et al. and our own.  Taken collectively, 
our results and those of others suggest that both capsaicin-sensitive and 
capsaicin-insensitive afferents participate in induction of DVC Fos by gastric 
distension.  However, it appears that, in the absence of CCK, the responses 
mediated by C-type capsaicin-sensitive afferents occur at lower levels of gastric 
distension than those of capsaicin-insensitive afferents. 
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Figure 6 
Average immunoreactive nuclei in the NTS of CAP animals after 
administration of the CCK-A antagonist lorglumide. Bars represent 
average number of Fos positive neurons in the pooled nuclei of the NTS at 
diffe ent levels of the DVC. Lorglumide completely blocks the effect or f 
CCK on 2mls distension induced, but has not any effect on distension- 
induced Fos. 
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Previous studies using extracellular recording support the hypothesis 
that CCK and gastric distension interact in the activation of vagal afferents.  
For example, Ewart and Wingate (8) reported that CCK modulated 
extracellularly recorded responses to gastric distension by neurons in the 
dorsal vagal complex.  Davison and Clarke (7) reported that some vagal 
afferent fibers that responded to gastric distension could also be activated by 
injections of exogenous CCK.  Schwartz et al. (37) found that close arterial 
infusion or intraperitoneal injection of CCK produced dose-dependent 
increases in the activity in gastric vagal mechanoreceptive afferent fibers.  
These extracellular recording studies demonstrate cooperation between gastric 
distension and CCK in the activation of vagal afferents.  However, like our Fos 
immunohistochemistry, in vivo recordings can not be used to specify the 
anatomical site(s) at which interaction occurs.  For example, recordings made 
from distension- and CCK-activated neurons in the hindbrain can not 
differentiate between whether cooactivation of these neurons was the result of 
convergence of distinct populations of distension-sensitive and CCK-sensitive 
afferents, or responses of a single afferent population that responds to both 
CCK and gastric distension.  Likewise, recordings of CCK- and gastric 
distension-induced activation of teased vagal afferent fibers can not rule out 
the possibility that responses to CCK are mediated by CCK actions on smooth 
muscle that is innervated by vagal mechanoreceptors.  Indeed, several 
investigators have reported such indirect CCK effects in recording from vagal 
afferents innervating stomach (35, 36) or small intestine (42).   

Based solely on our current results, we can not specify whether CCK-
induced enhancement of NTS Fos is due to a direct action of CCK on vagal 
afferents or whether CCK’s action is on the hindbrain itself.   Nevertheless, 
our data clearly indicate that in capsaicin-treated rats CCK contributes to 
elevated expression of DVC Fos only in the presence of gastric distension.  
Regardless of the site of CCK action, our data indicate that at least some 
distension/CCK interactions are mediated by capsaicin-insensitive afferents.   

Although in vivo recordings and Fos immunohistochemical results can 
not be used to localize the site of gastric distension/CCK interactions, recently 
published data indicate that CCK can directly influence the activity of 
capsaicin-insensitive vagal afferents.  Simasko and Ritter reported the results 
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of patch clamp electrophysiological recordings from vagal afferents dissociated 
from adult rat nodose ganglia (40).  They found that CCK induced 
depolarizations in capsaicin-sensitive C-type afferents, and also in capsaicin-
resistant A-type afferents.  These responses were abolished by lorglumide, a 
CCK-1 receptor antagonist.  Simasko and Ritter did not establish the 
innervation targets of the vagal afferents from which they recorded.  
Nevertheless, their results are consistent with the hypothesis that CCK can 
act directly on A-type vagal afferents in vivo, and in doing so may enhance 
their responses to other stimuli, such as gastric distension.   

In contrast to some reports, which indicated that capsaicin treatment 
did not diminish distension induced Fos in the DVC, we found that Fos 
expression in response to 2 ml distensions, but not 5 ml distensions, was 
diminished in capsaicin-treated rats.  Thus it appears that 2 ml distension 
may activate mechanoreceptors with lower thresholds compared to 5 ml 
distension. It may be that low-threshold mechanoreceptors are capsaicin-
sensitive but higher-threshold mechanoreceptors survive capsaicin treatment. 
Possibly, higher-volume distensions activate more high-threshold 
mechanoreceptors. Activation of these higher threshold afferents might 
converge to activate many of the same DVC neurons activated by C-type 
afferents.  Such convergence of mechanoreceptive inputs from A- and C-type 
afferents could explain why we did not observe large enhancements of 
distension-induced Fos by CCK in the of control rats. Zagorodnyuk et al. (2001) 
reported that most vagal afferent fibres from the cardiac region of the guinea-
pig stomach with stretch sensitive units have low-threshold to stretch and 
show slow-adaptation. They suggest that IGLEs are the mechanotransduction 
sites of these low-threshold, slowly adapting vagal tension receptors. Berthoud 
et al. (3) reported that CAP rats have a 30% reduction of IGLEs compared to 
VEH controls. This decrease in IGLEs after CAP treatment may account for 
the reduced NTS Fos in CAP rats after low levels of distension. Furthermore, 
they mention that it might be that the IMAs have high-threshold to tension. 
The density of IMAs is also reduced after CAP treatment (3). Yet, it is not clear 
to what extend vagal high-threshold receptors or IMAs are involved in the 
signaling of gastric distension. 
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4.1 Interaction of  CCK and distension in food intake 
Reports from several research groups indicate that the interaction of CCK and 
gastric distension is behaviorally important.  For example, McHugh and 
Moran (17) reported that in monkeys a saline preload was necessary to 
decrease food intake after a low dose of CCK.  This relsult suggests that in 
monkeys, CCK’s effect might be manifested mainly through the interaction of 
CCK with mechanoreceptive stimulation.  Similarly, in humans, Muurahainen 
et al. (23) demonstrated that intake of a test meal in humans was significantly 
lower when CCK was given after a 500 g but not a 100 g soup preload.   In a a 
more recent study, Kissilef et al. (14) investigated the effects of a non-nutritive 
increase in gastric volume on food intake after administration of CCK or saline.  
They demonstrated that a low dose intravenous infusion of CCK combined 
with a subthreshold gastric distension resulted in a significant reduction in 
intake of a liquid meal compared with saline infusion and no distension.  These 
results support a role for the interaction of CCK and gastric distension in the 
control of food intake in humans and other primates.   

Lorglumide completely reversed the enhancement of distension-
induced Fos expression by CCK in capsaicin-treated rats, but did not diminish 
expression of Fos induced by distension alone.  This result indicates that the 
enhancement of distension-induced Fos expression by CCK occurs through the 
CCK-A receptor. This result is consistent with previous reports (5, 9) and 
indicates that lorglumide does not nonspecifically reduce the response of vagal 
afferents to distension.  However, the result also indicates that the CCK-A 
receptor must be occupied by an agonist to allow the maximal response to 
distension. 
 
4.2 Pattern of Fos expression in specific parts of the DVC 
CCK as well as distension resulted in increased Fos expression in the NTS, AP, 
AsP and DMV. The most pronounced increases in Fos expression following 
either CCK injection or distension occurred in the NTS, especially in medial 
subnucleus and the AsP.  Within the medial NTS distension and CCK-induced 
increase in Fos expression were greatest at the rostral end of the AP and 
immediately rostral to the AP.  These areas of the NTS receive terminals of 
gastric afferent fibers (1, 39).   Our observations are in agreement with those of 
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other investigators who also reported increased Fos expression at these rostro-
caudal levels of the DVC after gastric distension or CCK injection (3, 16, 43, 
44). Also consistent with prior reports, we did not observe large increases in 
Fos expression in the subnucleus gelatinosus of the NTS (46), even though this 
subnucleus of the NTS receives some of the primary vagal afferents from the 
stomach (1).  

CCK in combination with distension resulted in an enhancement of Fos 
like immunoreactivity in the NTS in CAP rats, although the total number of 
immunoreactive nuclei was less than observed for VEH.   The decrease in total 
numbers of Fos immunoreactive nuclei in CAP-animals is explained by the 
destruction of CCK-sensitive C-type neurons, which respond to CCK even in 
the absence of gastric distension.   

The AP also receives synaptic input from gastric vagal afferent fibers 
(39). Indeed, distension significantly enhanced Fos in the AP. Yet there was no 
relation between degree of gastric distension and AP Fos.  However, CCK 
increased Fos expression in the AP only when it was co-administered with 5 ml 
of gastric distension, suggesting that AP activation may involve higher 
threshold fibers than activation of the NTS. The effects of CCK and 5 ml 
distension were most apparent at the rostral end of the AP both in CAP and 
VEH, suggesting that afferent input to the AP consists mainly of capsaicin-
insensitive A-type afferents.   

Distension-sensitive afferent fibers have been demonstrated in spinal 
nerves innervating the GI tract as well as in the vagi (43). Vagal afferent 
neurons project directly to the nucleus of the solitary tract in the medulla 
oblongata. Spinal visceral afferent neurons project to the spinal dorsal horn.  It 
is thought that visceral pain and discomfort are associated with activation of 
spinal visceral afferents (13, 24).  Signals from spinal afferents probably reach 
the NTS via the spinosolitary tract (19, 22, 43).  It might be that high-volume 
distension activates these spinal pathways as well as activating vagal 
afferents.  However, we believe that our 2 and 5 ml distensions are within the 
range of physiological distension, and, therefore, are not noxious.  For instance 
rats frequently consume liquid meals of 9 ml and more after an overnight fast 
(6). The fact that rats eat meals of this size suggests that even our 5 ml 
distension is in the physiological range.  Even though our animals did not 
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exhibit signs of discomfort during 5 ml distensions, we can not rule out the 
possibility that our stimuli included a noxious component.  Traub (43) showed 
that noxious distension (80 mm Hg, comparable with 18 ml of balloon 
distension) induced Fos in the DVC via splanchnic as well as vagal afferents.  
However, even with this very large distensile stimulus the contribution of the 
splanchnic afferents to total distension induced Fos was small compared to 
vagal contribution. Therefore, even though we cannot entirely exclude the 
contribution of spinal afferents in distension induced Fos in the hindbrain, a 
significant spinal contribution seems unlikely, especially at the levels of 
distension we used.  

In conclusion, our results confirm previous reports that induction of 
DVC Fos by exogenous CCK depends on capsaicin-sensitive primary C-type 
afferents.  However, our results also indicate that capsaicin-insensitive 
afferents respond to CCK and contribute to the activation of hindbrain neurons 
during gastric distension.  Taken together with recent patch clamp data from 
cultured vagal afferents, our data suggest that CCK enhances the response of 
A-type vagal afferents to gastric distension.  Cooperation between CCK and 
gastric distension in the activation of capsaicin-insensitive primary afferent 
neurons could play an important role in control of food intake by these two 
visceral signals. 
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ABSTRACT 
 
It is known that vagal afferents are involved in thermoregulation. There is also 
some evidence that vagal fibers are involved in meal induced thermogenesis 
(MIT). Yet, the exact involvement of capsaicin-sensitive afferents in the 
regulation of MIT is still unknown. Therefore, in the present study we 
investigated MIT during sucrose intake in neonatal capsaicin-treated (CAP) 
and vehicle-treated (VEH) rats. To this end, CAP rats and VEH rats were 
offered different concentrations of sucrose during different trials. Temperature 
was measured by use of a telemetry device in the abdominal cavity. Results 
indicated that CAP rats have more variation in the MIT response during 
sucrose intake than CAP rats. However, capsaicin-treated rats are still able to 
control maximum temperature (Tmax) during MIT, indicating that 
temperature is also sensed in other areas, most likely in the central nervous 
system. Since the satiety gut hormone cholecystokinin (CCK) has profound 
effects on vagal afferent activity and food intake, we were interested to know 
the effect of CCK on MIT in capsaicin-treated animals. CCK completely 
suppressed MIT in intact rats. This effect of CCK was completely abolished in 
CAP animals. This demonstrates that capsaicin-sensitive afferents are 
required for this effect. CCK also suppressed sucrose ingestion. Thus, the 
inhibition of food intake by CCK is not induced by high core temperature. 
Overall, we concluded that CAP animals have disturbances in meal induced 
thermogenesis and hence capsaicin-sensitive nerves are involved in 
homeostatic control of thermogenesis during food intake.  
 
1 INTRODUCTION 
 
It is known that many areas – centrally as well as in the periphery- are 
involved in temperature sensing. In the central nervous system, not only the 
hypothalamus is important for thermoregulation, but also the spinal cord, 
medulla (6), pons and midbrain (2), and brain stem areas (3). Also, it has been 
demonstrated that vagal nerves play a role in thermoregulation (4, 13, 17-19, 
22, 23). Anatomical evidence for the involvement of vagal afferents 
temperature sensing comes from El Ouazzani and Mei (10), who found 
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evidence for the presence of thermoreceptors on the vagus innervating the 
lower esophagus and the stomach. In addition, results of Adachi and Niijima 
indicate that hepatic vagal afferents are also thermosensitive (1). Capsaicin is 
often used as a tool to destroy primary C-afferents and small myelinated Aδ-
afferents (11). This pungent compound binds to vanilloid 1 receptors (VR1) 
expressed on dorsal root ganglion primary afferents and nodosal-vagal primary 
afferents. The VR1 receptor has also been related to thermosensitivity (27) and 
indeed after capsaicin treatment, rats have disturbances in thermoregulation 
(4, 12, 15, 17, 19, 22, 23). Thus, the vagal thermosensor modality appears to be 
important for an adequate thermoregulatory response. 

Temperature and food intake are closely correlated. During ingestion, 
temperature rises and this has been defined as meal induced thermogenesis 
(MIT). The thermostatic hypothesis for control of food intake was proposed by 
Brobeck (5) and initially defined as ‘animals eat to keep warm and stop eating 
to prevent hyper hermia”. Indeed, de Vries et al. (7) found strong indications 
that liver temperature reached always a similar peak value just above 39 
degrees ºC at the end of a solid meal irrespective of  meal size. Also, Di Bella et 
al. (9) demonstrated that artificial heating of the liver inhibits food intake. 
Moreover, this inhibition is lost when the liver was denervated (8).  

t

Thus, it appears that liver temperature is a critical factor in the 
termination of food intake and that this inhibition is neurally mediated via the 
hepatic vagal branch. However, to our knowledge, there is no information 
about the effect on MIT when only the afferent nerves are destroyed. Therefore, 
in the present experiments we investigated the effect of systemic neonatal 
capsaicin treatment on MIT. Since the satiety gut hormone cholecystokinin 
(CCK) has profound effects on vagal afferent activity and food intake, we were 
interested in the effect of CCK on MIT in capsaicin-treated animals.  
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2 MATERIAL AND METHODS 
 
2.1 Animals 
Thirty male Wistar rats, bred in our own laboratory were used and housed in 
climate controlled rooms (22 °C ± 2) under a 12h:12h light-dark cycle (lights on 
at 8:00 am). These rats were previously treated with capsaicin or vehicle 
capsaicin at the age of 2 days (see below). Food and water were ad libitum 
available, unless mentioned otherwise. Capsaicin treated pups and vehicle 
treated pups grew up separately -to avoid selective mother care- in litters of  5-
9 pups, in the proportion  5-7 male, 2 female (non-treated). After weaning at 
the age of 23 days, rats were individually housed in clear plexiglas cages 
(25x25x30 cm). 
 
2.2 Capsaicin treatment  
Capsaicin (8-methyl-N-vallinyl 6 nonenamide, 50 mg/kg; Sigma Chemical, The 
Netherlands) was given neonatally when pups were 2 days old (n=15) by a 
subcutaneous injection. This was done under 100% O2 conditions to avoid 
hypoxia. Capsaicin was dissolved in a vehicle consisting of 10% ethanol (10%) 
and 5% cremophore-0.9% sodium chloride solution (90%). As a control, vehicle 
solution was injected s.c. (n=15). Each animal was given the same volume of 50 
µl based on an average weight of the pups of 8 grams. After treatment, body 
weight was measured weekly. At the age of 15 weeks efficacy of the capsaicin 
treatment was assessed by testing the corneal chemosensory response (20, 21). 
This test involved application of one drop of 0.1% capsaicin solution into the 
left eye. One vehicle-treated animal was tested to see if the solution was 
effective to trigger a behavioral response. The vehicle-treated animal 
immediately exhibited a strong reaction (> 10 wipes) of the affected eye, while 
capsaicin-treated animals did not exhibit any response to the application of 
0.1% capsaicin solution. Absence of the corneal chemosensory response 
indicated that the small unmyelinated afferent fibers of the trigeminal nerve, 
and presumably all other small unmyelinated primary afferents, were 
successfully destroyed by capsaicin.  
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2.3 Surgery 
Rats were provided with a telemetry device (Dataquest) in the abdominal 
cavity to allow continuous temperature registration. Rats were anesthetized 
with isoflurane in combination with oxygen inhalation. After surgery, rats 
received 0.1 ml/kg finadyne as a post surgical analgesia. Thereafter, rats were 
allowed to recover for at least 10 days before experiments started. 
 
2.4 Experimental procedure 
2.4.1  Experiment 1: MIT during short-term sucrose intake test  
Rats received different concentrations of sucrose in the following order: 10%-
15%-20%-40%. Training included exposure to 10% sucrose and rats were 
allowed to lick for 10 seconds. In this way, rats became familiar with the taste 
and the experimental set up, but did not get the experience of satiation. After 
the sucrose series, rats were again exposed to 10% sucrose to investigate the 
effect on meal induced thermogenesis (MIT) after all the trial experiences. 
Each concentration was offered 3 times and the interval between each trial 
was at least 4 days. During sucrose ingestion, body temperature was measured 
once every 5 minutes in CAP rats (n = 7) and VEH controls (n = 8) to 
determine MIT.  
 
2.4.2 Exp riment 2: Effect of CCK on MIT e

r eRats were trained to drink 20% sucrose water (see expe im nt 1 for training 
procedure). Five minutes before sucrose water was introduced, animals (CAP; 
n = 8; VEH; n = 7) received an intra peritoneal (IP) injection of saline or CCK 
(Sigma, The Netherlands) in a dosage of 3 or 6 µg/kg. The experiment was 
performed in a cross-over design; thus, each animal received each treatment. 
During the sucrose ingestion, temperature was measured every 5 minutes to 
follow MIT. All experiments were performed during the light period (start at 
ZT 2). 
 
2.5 Statistical analysis 
The MIT is defined from point zero (start of the meal) till 60 minutes after the 
introduction of the meal. Area under the curve analysis was done with delta 
MIT responses, not with the absolute values. Data were analyzed with an 

87 



chapter 4_________________________________________________________________ 

ANOVA repeated measurements with time and body temperature as within 
subject factors and group as between subject factor. Post-hoc pairwise 
comparisons (Least Significant Difference-test) were done based on estimated 
marginal means. Differences were considered significant if p ≤ 0.05.  
 
3 RESULTS 
 
3.1 Meal Induced Thermogenesis (MIT) during short-term sucrose tests 
Figure 1 presents the average MIT of 1 trial set –this is the average of 3 single 
trials- of the first and last trial set of 10% (A+E), 15% (B), 20% (C) and 40% (D) 
trials.  The average food intake of CAP and VEH per trial set is also presented 
in the graph. In all cases, CAP rats consumed significantly more compared to 
VEH rats (F1,13 = 63.17, p < 0.001). ANOVA repeated measurements indicates 
that there is a significant effect of time on body temperature (F18,684-810 = 11.65-
53.59; p < 0.001). Also, there is a significant time × group interaction (F18,684-810 
= 1.75-9.42;  p < 0.05- 0.001). There is no significant difference between CAP 
and VEH animals (F1,38-43 = 0.01-2.7; NS).  However, overall CAP animals have 
a wider fluctuation in MIT compared to VEH controls. CAP rats start from a 
lower basal body temperature (p < 0.01 – 0.05) and CAP animals reach a 
higher maximum body temperature (Tmax) during MIT compared to VEH 
controls during the 10% sucrose trials (p < 0.05; see also fig. 1A + 1E).  
             Figure 2 represents the average MIT of each single trial expressed as 
area under the curve (A) and Tmax during MIT (B) in the different sucrose 
trials. ANOVA repeated measurements reveals that there is a significant effect 
of time on MIT (F14,182 = 2.60, p < 0.01). In VEH animals, MIT is constant over 
time, but MIT is significantly lower in the last 2 trials (p < 0.05). In CAP 
animals, there is a large variation between the different trials (p < 0.05). Yet, 
there is no significant time × group interaction (F14,182 = 1.12, NS). Also, 
between group effects do not reach significance (F1,13 = 3.64, p = 0.08). However, 
there is a trend and there are significant differences between CAP and VEH 
rats in MIT the third trial of the 10% (first and last set) and 15% sucrose tests 
(p < 0.05). Tmax does not change significantly over time (F14,182 = 1.42, NS). 
Yet, in VEH animals, Tmax is constant over time, but decreases in the last two 
trials of 10% compared to the 40% trials (p < 0.05). In CAP animals, there are 

88 



__________________________capsaicin-sensitive nerves and meal induced thermogenesis  

no significant differences over time, but the variation within 1 trial set gets 
smaller over time. Also, there is no significant time × group interactions over 
time (F14,182 = 1.16, NS); but there is a significant difference between CAP and 
VEH animals (F1,13 = 4.43, p = 0.05). 
 
    In general, Tmax of CAP animals is higher compared to VEH controls 
(p<0.05). Figure 2 (C) presents the variance of Tmax within animals during the 
different trials and the variance between different animals. Results show that 
CAP rats have significant higher variation than VEH controls in Tmax during 
the MIT of different sucrose trials when the variance is considered within 1 
animal (p < 0.05). In contrast, within variance and between variance of Tmax 
does not differ in CAP rats. Also, the variance in Tmax in one CAP animal is 
significantly higher compared to VEH controls (p < 0.05). 
 
3.2 Effect of CCK on MIT 
The IP administration of the gut hormone CCK suppresses MIT in VEH rats 
(F1,13 = 3.75, p = 0.05) in a dose-dependent way (fig 3A). This suppression is not 
the seen in CAP animals (F1,19 = 0.009, p = 0.99) (fig 3B) . In figure 3 C sucrose 
ingestion is presented. CCK significantly decreases food intake compared to 
saline IP injections in VEH controls (p < 0.05) but is ineffective in CAP rats. 
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Figure 3   
MIT during 20% sucrose intake 
in VEH (A) and CAP (B) animals. 
CCK significantly suppresses 
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but not in CAP rats. CCK 
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controls. A possible explanation for this phenomenon is that CAP animals also 
have the highest volume intake during the 10% trials. Typically, the meal 
ended between 10 and 15 minutes; CAP rats ate longer because their meal 
intake was larger.  Both CAP and VEH rats have their maximum temperature 
(Tmax) during MIT 20 minutes after the start of food intake. Thus, Tmax is 
reached after meal termination. This longer temperature rise has been 
previously reported by de Vries et al. (7), who measured liver temperature and 
skin temperature. They found that the rise of skin temperature followed the 
rise of liver temperature; also, skin temperature was longer elevated compared 
to the liver temperature. This indicates that there is a heat flux from the core 
of the body to the periphery. 

In general, it is obvious that the MIT response shows a wider 
fluctuation in CAP rats compared to their VEH controls. This suggests that 
CAP animals have less homeostatic temperature regulation compared to VEH 
controls. CAP animals that start from a lower basal temperature have a larger 
temperature increase compared to VEH controls. A more detailed analysis of 
MIT revealed that total MIT expressed as area under the curve shows a very 
large variation between the different trials in CAP animals, while in VEH 
controls this is relatively constant over time. Also, the total MIT response 
tends to be higher in CAP animals. The reason for this may be that CAP rats 
do also drink more sucrose water and drink longer compared to their VEH 
controls. Therefore, it may be that CAP animals spend more energy to digest, 
absorb and subsequently dispose the ingested food. These data suggest that in 
intact animals, there is no clear relationship between the amount of sucrose 
intake and MIT response. Yet, it has to be mentioned that 1) experiments are 
done during the light phase; and 2) the ingestion of sucrose water does 
probably not reflect the ingestion of a solid meal.  

Overall, volume intake in VEH controls does not vary significantly 
between the trials. Animals do consume different sucrose concentrations 
during the various trial sets; therefore, animals ingest a different amount of 
calories during the trials. Yet, MIT is not correlated to these changes in calorie 
intake. Rather, it seems that in intact animals MIT during sucrose ingestion is 
remains constant. This indicates that during food intake the same amount of 
energy is spent to deal with the arrival of calories. Interestingly, MIT response 

93 



chapter 4_________________________________________________________________ 

decreases during the last trials of 10% sucrose water in VEH controls. This 
suggests that intact animals learn to handle the lower sucrose concentration 
more efficiently after repeated exposure to different concentrations of sucrose 
water. Apparently, they learned to deal with their energy more efficiently after 
repeated metabolic experience. Therefore, we could say that capsaicin-sensitive 
vagal afferents may be important to influence and/or regulate MIT and 
probably also energy expenditure during a liquid sucrose meal. Also, the 
involvement of vagal hepatic fibers in the thermostatic control of food intake 
has been demonstrated before by di Bella et al. (8) and Adachi (1).  

The thermostatic theory includes that temperature is involved in meal 
termination. De Vries et al. (7) nicely demonstrated that at the end of a meal 
liver temperature reaches the exact temperature point just above 39 ºC. This 
suggests that meal termination and Tmax are closely correlated. We did not 
measure liver temperature in our studies. However, the transmitters are 
located in the abdominal cavity and presumably also detect heat production of 
the liver. When the Tmax of the sucrose trials are considered, it is striking 
that VEH controls are remarkably constant over time. Only during the last 
trials of 10% sucrose ingestion, Tmax during MIT is lower compared to the 
other trials. This reflects also the reduced MIT response during these trials in 
VEH controls and is in line with the explanation that energy expenditure 
during sucrose intakes decreases after repeated exposure.  

In contrast, CAP rats show a large variation in Tmax during MIT in 
the first trials. However, when experience increases, the variation in Tmax 
decreases and in the last 6 trials the Tmax during MIT is relatively constant. 
It is remarkable that CAP animals do never exceed the body temperature of 
37.9 ºC. If core temperature reaches that point during a trial; subsequently, 
Tmax decreases in the next trial. This suggests that somehow, CAP animals 
are still able to sense critical body temperature and are therefore able to avoid 
hyperthermia. An interesting observation is that the variance of Tmax within 
animals in VEH controls is lower then the variance within animals in CAP 
rats. Moreover, the between variance and the within variance of Tmax does not 
differ in CAP rats. This result also suggests a less precise regulation of Tmax 
control in CAP animals compared to intact rats. Apparently, since peripheral 
afferent information is blocked by capsaicin treatment; the sensor modality for 
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Tmax occurs not primarily or not only in the periphery but in the brain as well, 
most likely in the hypothalamus. Thus, capsaicin-sensitive nerves appear to 
have a temperature sensor modality as suggested by the large variation in 
Tmax in the first trials. Indeed, the sensor modality for temperature of the 
vagus (8, 10) and the nodose ganglion (27) has been proposed before by 
different scientists. Yet, to our knowledge this is the first study that 
demonstrates that capsaicin-sensitive nerves are not crucial to control Tmax 
during MIT during sucrose consumption in the light phase. However, these 
afferents appear to be involved in the regulation of Tmax control. We may 
hypothesize that CAP rats will have serious problems to cope with changes in 
their environment which are challenging for internal temperature homeostasis. 

Another suggestion from our results is that pathways controlling 
sucrose intake and pathways for the control of Tmax are dissociated in CAP 
rats. It may be that in intact animals the vagus has a role to integrate 
information about temperature and food intake. Likewise, by the lack of 
afferent information transmitted via capsaicin-sensitive afferents; adequate 
efferent responses to challenges of homeostasis may be disturbed as well. This 
could be a possible explanation for the large variation in total MIT. There are 
several reports that that capsaicin denervation leads to problems with 
integrative control of body temperature (15, 18). Also, CAP animals had 
impairment of thermoregulation at both high and low environmental 
temperatures (26). Thus, it seems that for the integration of the information 
about heat production and heat loss capsaicin-sensitive afferents are required. 
In agreement with this, CAP animals have a stronger hypothermia and recover 
slower from an 8-OHDPAT induced hypothermia (own observation, results not 
shown here). Therefore, we could say that the thermoregulation in CAP rats 
appears to be less efficient. However, although wider fluctuations occur CAP 
rats are still able to regulate their core temperature. 

In the second experiment, CCK was injected (IP) and food intake and 
MIT during 20% sucrose ingestion were measured. CCK decreased sucrose 
intake in VEH. This effect was completely abolished in CAP rats. This is in 
agreement with previous studies (16, 25) and indicates that denervation with 
capsaicin has been successful. CCK suppressed MIT completely in intact rats, 
but not in CAP animals. Thus, results demonstrated that capsaicin-sensitive 
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nerves are required for this suppression. There is some evidence in the 
literature that CCK has lowering effects on body temperature, but this effect 
was abolished after capsaicin treatment (24). Yet, an earlier study done by 
Kapas et al. (14) reports that capsaicin-sensitive nerves are not required for 
CCK-induced hypothermia.  One critical remark that may explain this 
difference is that in the last study the authors used very high doses of CCK 
while South et al. (24) used a dose that is comparable to ours. This is the first 
study that investigates the effect of CCK on MIT and we also demonstrated 
that CCK-induced suppression of MIT occurs via capsaicin-sensitive vagal 
afferent C-fibers. What we also can say from these findings is that CCK’s 
suppressive effect on sucrose ingestion is not caused by high body temperature. 
It has to be mentioned though that this amount of CCK is supraphysiological 
and therefore not reflecting physiological processes.  

Concluding we can say that the results of the current study suggest 
that capsaicin-sensitive fibers are involved in the regulation and/or damping of 
fluctuation of MIT. Capsaicin-sensitive nerves appear to be required for Tmax 
control during MIT response. Also, we found that CCK-induced suppression of 
MIT occurs via capsaicin-sensitive fibers. Yet, this hormone also induces 
satiety. Therefore, the inhibition of food intake by CCK is not induced by high 
body temperature.  Thus, it appears that CAP treated animals have 
disturbances in temperature homeostasis and hence capsaicin-sensitive nerves 
are involved in homeostatic control of thermogenesis during food intake. 
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ABSTRACT 
 
The role of sensory nerves in glucose tolerance was investigated in conscious 
Wistar rats treated neonatally with either the neurotoxin capsaicin or with 
vehicle. Intravenous glucose tolerance tests (IVGTT, 150, 300 and 450 mg in 30 
min) were performed to measure glucose tolerance. Glucose, insulin and 
glucagon levels were measured. Higher glucose concentration resulted in a 
greater insulin response in both the experimental and the control animals. 
However, glucose-stimulated insulin secretion was attenuated in capsaicin-
treated animals, while glucose levels did not differ between both groups. 
Glucagon levels did not differ between both groups. These results demonstrate 
that capsaicin-sensitive nerves are involved in glucose-stimulated insulin 
secretion, but are not required to regulate blood glucose levels. Moreover, it 
suggests that capsaicin-sensitive nerves could be involved in the regulation of 
insulin sensitivity. It could be hypothesized that sensory afferents could play a 
role in the aetiology, the onset, and development of pathologies where 
glucohomeostatic mechanisms are disturbed as is in type 2 diabetes. 
 
1 INTRODUCTION 
 
Insulin secretion is regulated both by autonomic nerves and by humoral 
factors. This is reflected by the rich innervations of pancreatic islets by 
parasympathetic, sympathetic and sensory nerves (1). Classical 
neurotransmitters harbored in cholinergic and adrenergic nerves are 
important in the control for islet hormone secretion and therefore for 
controlling glucose homeostasis (18, 24). Although the brain appears crucial for 
coordinating an adequate response to a glucose load, hypoglycaemia and 
exercise, there is a lot of evidence that peripheral loci are important as well in 
the initiation of a response to a potential threat to glucose homeostasis. 
However, little information exists about the relative involvement of these 
peripheral primary afferents in glucose homeostatic regulatory mechanisms, 
despite the fact that the entire gastro-intestinal tract –including important 
glucose sensing organs such as liver and pancreas- are innervated by vagal 
afferents (2).  
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 The importance of sensory (afferent) nerves, as Aδ and C-fibers, in the 
control of glucose homeostasis has been shown in a number of studies. 
Although their exact function is not yet established, it appears that after 
treatment with the neurotoxin capsaicin, which destroys small – and 
unmyelinated fibers (11), animals show an improved glucose tolerance 
accompanied with an increased early insulin response after an intravenous 
glucose injection (15). This improved glucose tolerance after capsaicin 
treatment was also seen during an oral glucose tolerance test, although the 
insulin response was not affected (8). These results could indicate that 
capsaicin sensitive sensory nerves are involved in the regulation of insulin 
sensitivity. Supporting evidence was obtained by Zhou et al. (28) and 
Koopmans et al. (17), who found strong indications that neonatal capsaicin 
treatment leads to an improved insulin sensitivity. However, so far the 
mechanism responsible for these effects remains unclear. Calcitonin-gene 
related peptide (CGRP), the main neuropeptide present in capsaicin sensitive 
nerves, is shown to affect islet hormone secretion by antagonizing the effect of 
insulin in vitro (22) as well as in vivo (6, 19, 23), which might be an 
explanation for the observed effects on insulin sensitivity after capsaicin 
treatment. Modulation by sensory nerves can be due to a local effector loop, but 
can also be mediated via afferent vagal glucose sensors present in the portal 
liver system. These are responsible for reflex modulation of the efferent 
pancreatic vagus nerve activity that can be abolished by hepatic vagotomy (21).  

Furthermore, the improved glucose tolerance after capsaicin 
deafferentation might be mediated by glucagon. Insulin and glucagon are 
considered as the key regulatory hormones for glucose homeostasis (14). It 
appears that the absolute levels of glucagon or the ratios of glucagon to insulin 
are often elevated in various forms of diabetes in both animal and human 
subjects (3, 27). This indicates that glucagon plays a major role in the 
regulation of glucose homeostasis. As a consequence of the lack of afferent 
input, capsaicin-treated animals might have a modified efferent output and 
therefore a different basal glucagon secretion in comparison with vehicle-
treated animals.  

Despite the evidence that capsaicin-sensitive sensory nerve fibres are 
involved in the regulation of insulin sensitivity, neither the importance in the 
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detection of glucose nor the underlying mechanisms are fully understood. 
Therefore, as part of a series experiments aimed at this problem, the present 
study is performed to investigate whether afferent nerves are involved in the 
detection for glucose. We chose to do this by intravenous infusion instead of an 
oral glucose tolerance test since an oral glucose tolerance test has also the 
confounding factors of receptors in the oral cavity that possibly play a role in 
the first phase of insulin release (25). Three different glucose concentrations 
were used and infused over a period of 30 minutes in capsaicin-treated animals 
and their vehicle treated controls. Previous studies on intravenous glucose 
tolerance tests in capsaicin-treated animals used a single glucose injection. 
The latter causes a short and acute disturbance in glucose homeostasis. In 
contrast, a glucose load over a longer period requires a continuous fine tuned 
physiological response to the glucose load. The pattern we normally observe 
during a glucose infusion is that animals have a stable, but higher level of 
blood glucose during the second insulin phase of the infusion period. In other 
words, the animals have reached a new homeostatic glucose set point.  

The present set up, allows us to determine whether capsaicin-treated 
animals are able to respond in the same fine tuned manner as their controls. 
To this end, apart from glucose and insulin, glucagon levels were measured in 
order to determine whether plasma changes in this insulin antagonistic 
hormone might contribute to the observed effects.   
 
 
2 MATERIAL AND METHODS 
 
2.1 Animals and housing 
Twenty Male Wistar rats, bred in our own laboratory were used and housed in 
climate-controlled rooms (22 °C ± 2) under a 12h: 12h light-dark cycle (lights 
on at 8:00 am). Food and water were ad libitum available, unless mentioned 
otherwise. Capsaicin-treated pups and vehicle-treated pups grew up separately 
-to avoid selective mother care- in litters of 5-9 pups, in the proportion 5-7 
male, 2 female. After weaning, at the age of 23 days, rats were individually 
housed in clear plexiglass cages (25x25x30 cm). 
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2.2 Capsaicin treatment  
Capsaicin (8-methyl-N-vallinyl 6 nonenamide, 50 mg/kg; Sigma Chemical, 
Netherlands) was given neonatally (n=10) by a subcutaneous (s.c.) injection. 
This was done under 100% O2 conditions to avoid hypoxia. Capsaicin was 
dissolved in a vehicle consisting of 10% ethanol (10%) and 5% cremophore-0.9% 
sodium chloride solution (90%). As a control, vehicle solution was injected s.c. 
(n =10). Each animal was given the same volume of 50 µl based on an average 
weight of the pups of 8 grams.  

At injection, both groups did not differ in body weight (capsaicin 7.9 g  
± 0.09; control 7.9 g ± 0.09). After treatment, body weight was measured 
weekly, but no significant differences were observed between both groups 
throughout the experiment (see fig. 1). 1 capsaicin animal died during the 
nursing period and 2 animals died during the experimental period so we ended 
with a number of 5 to 7 animals per group. 
An eye wipe response (0.1% capsaicin solution) was done at the age of 3 
months in order to test the effectiveness of the capsaicin treatment. None of 
the capsaicin-treated animals did respond to the test and all animals were 
therefore included in the experiment. 
 
2.3 Surgery    
Double heart catheters were implanted bilaterally in the vena jugularis under 
general anaesthesia of isoflurane/N2/O2; fynadine (0.01 ml/ 100g body weight) 
was given s.c. as post surgical analgesia. Animals had at least 2 weeks of 
recovery before the start of experiments. 
 
2.4 Experimental procedure and chemical determination 
An intravenous glucose tolerance test was performed. Glucose was dissolved in 
0.9 % sodium chloride (5 g, 10 g or 15 g in 100 ml). Each animal received 3 
times an IVGTT concentration with at least 3 days in between. All treatments 
were randomly assigned. All experiments were performed in the light period 
between 12:00 am and 1:00 pm. Animals were shortly food deprived for 3 hours 
before the experiment started.  

In order to allow stress free blood sampling, animals were connected to 
the tubing cannula at least half an hour before basal samples were taken. 
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Glucose was infused during 30 minutes at a rate of 5 mg, 10 mg or 15 mg per 
minute and a rat received consequently a glucose load of 150, 300 or 450 mg 
respectively. Samples of 0.2 ml were taken at –11, -1, 1, 3, 5, 10, 15, 20, 25, 30, 
40 and 50 minutes and mixed with 5 µl of heparin to avoid blood clotting. 
Glucose, insulin and glucagon concentrations were measured and blood and 
plasma samples were stored at – 20 °C until analysis. Blood glucose levels were 
measured by the ferrocyanide method of Hoffman; plasma level of insulin, and 
glucagon were measured by commercial radioimmunoassay kits (Linco 
Research; RI-13K, GL-32K respectively).   
 
2.5 Statistical analysis 
The results are expressed as means ± SEM.  Analysis of variance repeated 
measurements (ANOVA) followed by LSD test as post hoc tests were used for 
statistical evaluation. Testing for significant differences were performed from 
the start of glucose infusion till end of infusion (0-30 min). Student’s t-test was 
used for unpaired observations. A P value of < 0.05 was considered significant. 
Area under the curve was measured from point zero (average of basal values) 
till 40 minutes after the start of the infusion. 
 
 
3. RESULTS 

Figure 1 shows that there are no significant differences in the growth curve 
between capsaicin-treated and vehicle-treated animals. Also at start of the 
experiment, there were no differences in body weight between capsaicin-
treated and vehicle-treated animals (398 g ±  6.7 vs. 402 g ± 10.1, NS). 

Figure 2 shows the changes in blood glucose levels (A), insulin (B) and 
glucagon (C) plasma over time during the 30 minute 150, 300 and 450 mg i.v. 
glucose infusion. ANOVA repeated measurements revealed that the 150, 300 
and 450 mg glucose load induced significant changes of glucose (F9, 108 = 27.82; 
F9, 90 = 92.63;  F9, 81 = 85.27 resp., p< 0.001) and insulin (F8, 96 = 7.39; F5, 55 = 
5.72;  F8, 112 = 32.99 resp., p< 0.001). Infusions of 150, 300 and 450 mg glucose 
did not induce significant changes in glucagon levels (F9, 108 = 1.71; F9, 90 = 4.41, 
F9, 54 = 3.48 resp., NS). For plasma glucose, there were no significant time × 
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group interactions for all 3 glucose infusions (F9, 108 = 0.58; F9, 90 = 0.51; F9, 81 = 
0.47 resp., NS). Also, there were no differences in glucose levels between 
capsaicin treated and vehicle control animals during 150, 300 and 450 mg 
glucose infusions (F1, 12 = 0.60; F1, 10 = 2.39; F1, 9 = 1.53 resp., NS). In contrast, 
plasma insulin levels did show significant effects of capsaicin treatment. 
Independently of the total glucose load (150, 300 and 450 mg), all capsaicin-
treated rats had a significantly lower insulin response compared to their 
vehicle controls (F1, 12 = 7.26; F1, 11 = 6.22; F1, 14 = 5.62 resp., p < 0.05).  

The early insulin response did not differ significantly between vehicle-
treated and capsaicin-treated animals when the amount of 450 mg (6.52 ng/ml 
± 1.22 vs. 5.92 ng/ml ± 0.63 resp., NS), 300 mg (5.08 ng/ml ± 0.32 vs. 5.93 ng/ml 
± 1.03, NS) or 150 mg (4.25 ng/ml ± 2.29 vs. 3.35 ng/ml± 0.24 resp., NS) was 
infused. The differences between capsaicin and vehicle treated animals are 
particularly clear in the second phase of the insulin response. Also, there was 
no significant time × group interaction for insulin levels during the 150 and 
300 mg glucose infusion (F8,96 = 1.49;  F5,55 = 1.71 resp., NS ). In contrast, the 
highest glucose load of 450 mg did result in significant time × group 
interaction for insulin plasma levels (F1,112= 2.79, p < 0.01). As for glucagon 
plasma levels, capsaicin treated animals did not show different glucagon levels 
during the 150, 300 and 450 mg glucose infusion compared to vehicle controls 
(F1, 12 = 0.65; F1, 6 = 3.24; F1, 10 = 1.91 resp, NS).  
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Figure 1 
Growth curve of capsaicin-treated  and vehicle-treated animals. Black bar
represents the experimental period.  
Table 1 shows the basal levels of glucose, insulin and glucagon. No 
ignificant differences were found between vehicle-treated and capsaicin-
reated animals, except that basal glucose levels before 300 mg i.v. glucose 
nfusion started was significantly lower in capsaicin-treated animals (5.1 mM ±  
.13 vs. 4.6 mM ± 0.09, P<0.01). However, since basal levels before the start of 
50 mg or 450 mg i.v. glucose infusion did not differ between vehicle-treated 
nd capsaicin-treated animals, it could be questioned what the significance is 
f this result.  
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Figure 2 
Changes in plasma levels of glucose (A), insulin (B) and glucagon (C) before,
during and after i.v. infusion of 150, 300 and 450 mg of glucose in CAP and
VEH rats. Insulin responses to an IVGTT are l wer in CAP rats.*, ** p <o
0.05 and p < 0.01 respectively.  
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4 DISCUSSION 
 
The main result of this study is that neonatal capsaicin-treated male Wistar 
rats show a diminished insulin response to an intravenous glucose infusion, 
while there is no difference in glucose tolerance when 150 mg, 300 or 450 mg 
glucose loads are infused. Glucagon levels do not change during 150 and 450 
mg glucose infusion either in deafferentated rats or their controls. Yet, 300 mg 
glucose infusion resulted in a decrease in glucagon levels. Also, there are no 
significant differences between capsaicin- and vehicle-treated animals 
considering baseline plasma glucose and glucagon levels. This shows that a 
fine-tuned response to a glucose infusion does not depend (solely) on capsaicin-
sensitive sensory nerves, since capsaicin-treated animals are normoglycemic 
during an intravenous glucose infusion.  

Our results are partly in accordance with Karlsson et al. (15) and 
Guillot et al. (8), who found an improvement of glucose tolerance in capsaicin-
treated animals after a glucose challenge that was accompanied by an 
enhancement of the early insulin response, followed by lower insulin levels in 
capsaicin-treated animals (15). Another study found that insulin secretion was 
the same as controls (8). Yet in our study, capsaicin-treated animals exhibit a 
reduced insulin response and there are no significant differences concerning 
the early insulin response. This discrepancy between the various studies may 
be due to the fact that Karlsson et al. (15) gave only one injection, while in our 
experiments the glucose infusion persisted for 30 minutes, which may partly 
have blunted the effect of this increased early insulin response. Furthermore, 
they used mice in their experiment which also might account for the observed 
differences with our results. 

Since the lower insulin response is accompanied with normal glucose 
tolerance in capsaicin- treated animals, results of the present experiments 
suggest that insulin sensitivity is increased. Earlier data of Zhou et al. (28) 
and Koopmans et al. (17) indicated that after capsaicin treatment insulin 
sensitivity indeed improves. Although with the present set up of our 
experiment it remains unclear if the observed effects are due solely to 
increased insulin sensitivity, we do demonstrate that capsaicin-sensitive 
nerves are involved in insulin secretion. Another explanation could be that 
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capsaicin-treated animals have an increased non-insulin-dependent glucose 
uptake and, as a result, a smaller insulin response might be required to 
normalize blood glucose levels. 

It is unlikely that factors that modulate insulin sensitivity like body 
weight and nutritional state could explain our results. It is known that a lower 
body weight can contribute to increased insulin sensitivity and the period of 
fasting can influence the response of insulin (26). In our experiments, capsaicin 
treatment did not result in a different body weight compared to vehicle 
treatment. No major differences concerning nutritional state are expected, 
since all animals were shortly food-deprived for 3 hours in the light period 
before the experiment started. We do not know if meal patterns differed 
between capsaicin-treated and vehicle-treated animals, which might result in 
different fasting periods before the experiment. However, such an explanation 
seems unlikely because this is usually associated with increased glucose levels 
(26), which is not the case in the present experiments. 

The reduced insulin response might be a result of modifications of the 
responsiveness of the B-cells in capsaicin-treated animals. In vitro 
experiments on isolated islets exposed to capsaicin for several days showed no 
effect on B- cell function. Karlsson et al. (15) and Koopmans et al. (17) do not 
find altered islet secretory capacity in capsaicin-treated animals either. 
However, changes on islet level are reported since systemic capsaicin 
treatment led to an increase in both whole pancreatic and islet blood, whereas 
fractional islet blood flow was decreased when compared with vehicle-treated 
rats (5). This may result in a different insulin output as well.  

Altered functioning of the catecholamine system could also contribute 
to the differences in glucohomeostatic mechanisms in capsaicin-treated 
animals in comparison with controls. Catecholamines limit glucose utilization, 
increase glucose production from the liver, inhibit insulin secretion and 
stimulate glucagon secretion (7). However, contradictory results are reported. 
Zhou et al.(28) found increased catecholamine levels as a response to insulin 
induced hypoglycaemia after neonatal capsaicin treatment, whereas Karlsson 
et al. (15) did not find a significant effect on catecholamine levels. Although we 
cannot exclude the contribution of altered catecholamine plasma levels to the 
observed effects on insulin secretion, this explanation seems unlikely in view of 
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the fact that no major changes in catecholamine levels are generally observed 
during an intravenous glucose tolerance test. 

Glucagon is another insulin antagonistic hormone that might 
contribute to changes in plasma glucose levels. However, no major differences 
were found in plasma glucagon levels and could therefore not explain the 
present results. This does not confirm the data of Karlsson et al. (15), who 
observed an increased plasma glucagon level 10 minutes after one single 
glucose injection in capsaicin-treated animals. In addition, Karlsson et al. (16) 
found a reduced glucagon response to a 2-deoxy-D-glucose injection in 
capsaicin-treated rats, while insulin response was not affected. He concluded 
that capsaicin-sensitive nerves are involved in the regulation of glucagon 
secretion. The present results show that glucose homeostatic regulation via 
afferent nerves can also be modulated without glucagon as mediator. 

Niijima (20) has shown that peripheral glucose-sensitive receptors 
exist in the liver. There are many data pointing clearly at the importance of 
vagal afferents for the detection of glucose and for the glucohomeostatic control 
(9, 10, 15, 17, 21, 28). However, conflicting data exist as well. Jackson et al. (12, 
13) and Cardin et al. (4) raised some questions about the importance of vagal 
afferents for hypoglycemic detection, because they found that a functioning 
vagus nerve was not necessary for a complete counterregulatory hormone 
response to moderate hypoglycaemia. Since substantial afferent innervation of 
the portohepatis ascends via the sympathetic nervous system, it could be that 
hepatic glucosensors communicate with the brain via these afferents (12). 
However, it is as yet unclear whether the detection of hypoglycemic conditions 
is principally different from hyperglycemic conditions. Our results suggest that 
detection of hyperglycaemia does not solely depend on capsaicin sensitive 
nerves, since an infusion of different amounts of glucose results in a 
normoglycemic response accompanied with a fine tuned insulin response. Our 
data do show that capsaicin sensitive afferents are involved in insulin 
secretion to a certain glucose load. The modified insulin response in capsaicin-
treated animals might reflect a change in efferent signalling as a result of the 
lack of afferent signalling; or as suggested by Karlsson et al. (15), it might be 
that capsaicin-sensitive nerves display their effects locally by intrinsic nerves 
of the pancreas or by an afferent limb of a neural reflex regulation of glucose 
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homeostasis. Since there are strong indications that insulin sensitivity has 
changed after capsaicin treatment, the hypothesis arises that capsaicin-
sensitive sensory afferents might be important in the (down) regulation of 
insulin sensitivity. 

In summary, these results suggest that capsaicin-sensitive afferents 
are not primarily involved in glucose detection. We showed that neonatal 
capsaicin-treatment in male Wistar rats leads to a diminished insulin response 
to an intravenous glucose infusion. It appears that capsaicin-sensitive sensory 
nerve fibres are important in the regulation of glucose-stimulated insulin 
secretion and/or in the regulation of insulin sensitivity. Glucagon levels do not 
differ between capsaicin-treated and vehicle-treated animals and could 
therefore not explain the observed effects. It is not excluded that present 
observations are due to changes on a secondary level after neonatal capsaicin 
treatment such as non-insulin-dependent glucose uptake, modified efferent 
output and/or local blood flow modifications on islet level. Since modification 
on insulin secretion ((15); this study) as well as on glucagon secretion (16) are 
reported,  it is tempting to hypothesize that capsaicin-sensitive sensory nerves 
might play a role in the onset and development of pathologies where 
glucohomeostatic mechanisms are disturbed as is in Diabetes II. 
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ABSTRACT                       
 
Several mechanisms involved in ingestive behavior and neuroendocrine 
activity rely on vagal afferent neuronal signaling.  This idea is seemingly 
contradictive with observations that vagal afferent neuronal ablation by 
neonatal capsaicin (CAP) treatment has a remarkably small effect on long-
term regulation of energy balance and fuel homeostasis.  The current study 
addressed the hypothesis that humoral endocrine factors and/or their 
sensitivities compensate for the loss of vagal afferent information, particularly 
when subjects face disturbances in ambient fuel levels.  Therefore, male adult 
rats neonatally treated with CAP or with the vehicle (VEH) underwent 
IVGTTs during which blood fuel levels, and circulating adipocyte, pancreatic, 
and adrenal hormones were assessed.  CAP rats displayed similar 
hyperglycaemia as VEH rats, but with markedly reduced plasma insulin and 
corticosterone responses.  These results indicate that CAP rats have increased 
insulin sensitivity during hyperglycemic episodes, and lower plasma levels of 
corticosterone in CAP rats relative to VEH rats could underlie this effect.  
After the IVGTT, CAP rats had increased plasma adiponectin and reduced 
plasma resistin levels, and these alterations in adipocyte hormones might be 
relevant for post-ingestive metabolic (e.g., fatty acid oxidation) processes.  In a 
second experiment, anorexigenic efficacies of cholecystokinin and leptin were 
assessed.  While VEH rats, but not CAP rats, responded with reduced food 
intake to i.p. injected cholecystokinin, only CAP rats responded to i.v. infused 
leptin with a reduction in food intake.  It is concluded that changes in HPA 
axis activity and leptin signaling could underlie compensations in fuel 
handling and energy balance following CAP treatment. 
 
1 INTRODUCTION 
 
Energy homeostasis is maintained by a large array of biochemical and 
physiological mechanisms that help to ensure the constancy of the internal 
environment under varying nutritional conditions and energy demands.  An 
important component of the underlying regulatory processes consists of 
peripheral information regarding the energetic status which is conveyed via 
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vagal neuronal afferents to the CNS.  In turn, these signals are relayed in CNS 
neuronal networks where they play a role in the sensation of hunger and 
satiety as well as in the regulation of neuroendocrine control of fuel 
homeostasis (39). 

With the advent of capsaicin  (CAP) -a pungent ingredient of red 
peppers which selectively destroys primary C-afferents and small myelinated 
Aδ-afferents (for review see (19, 37))- a non-invasive tool was provided to study 
the role of vagal primary afferents in the regulation of energy balance. CAP-
treated animals have disturbances in short-term satiety signaling (submitted), 
and do not respond to cholecystokinin (CCK) with a reduction in food intake 
(29, 30, 33).  However, CAP-treated rats have similar daily food intake 
(submitted), similar or even lower body weight (9) and improved glucose 
homeostatic control  compared to controls.  Furthermore, deafferentated 
animals are more resistant to ageing-associated obesity (26) and have a long-
term decrease in white adipose tissue mass (9).  Finally, CAP treatment 
results in increased whole body insulin sensitivity (22), and a lower degree of 
ageing-associated insulin resistance (26).  These observations indicate that 
CAP-treated animals are able, or even have improved capability, to maintain 
body and fuel homeostasis, despite the fact that they lack seemingly important 
information transmitted via vagal afferents to the CNS.  To date, the 
underlying mechanisms are poorly understood.   

Another class of peripheral factors highly relevant to the regulation of 
ingestive behavior and fuel homeostasis consists of endocrine/hormonal 
compounds which are released into the blood stream, and affect 
enzymatic/endocrine processes and metabolic fluxes in various peripheral 
organs and tissues (41).  In addition, most of these factors can enter the CNS 
where they alter the activity of neuronal circuitry involved in ingestive 
behavior, neuroendocrine outflow and metabolism (41).  One hypothesis 
pertinent to the observations that CAP-treated rats are able to maintain body 
and fuel homeostasis might be that vagal afferent ablation is compensated by 
these redundant endocrine factors involved in the regulation of fuel 
homeostasis and ingestive behavior.  To investigate this hypothesis, the 
concentration of blood fuels (i.e., plasma glucose and free fatty acids) and 
circulating hormones involved in blood glucose regulation and ingestive 
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behavior (i.e., insulin, leptin, adiponectin, resistin and corticosterone) were 
investigated in overnight fasted rats that were neonatally treated with CAP or 
with the vehicle (VEH).  In addition, the changes in these blood parameters 
were assessed during and after an intravenous glucose tolerance test (IVGTT).  
In a second experiment, anorexigenic efficacies of CCK, leptin, and the 
synthetic melanocortin (MC) receptor-agonist, melanotan II (13), were 
assessed in CAP and VEH rats.  The latter study was performed since the MC4 
receptor is implicated in the leptin signaling cascade (31). 
 
2 MATERIALS AND METHODS 
 
2.1 Animals and housing              
Twenty-eight male Wistar rats from the breeding facility of our University 
were used and housed in climate-controlled rooms (22 °C ± 2) under a 12h: 12h 
light-dark cycle (lights on at 8:00 am). Food and water were ad libitum 
available, unless mentioned otherwise. All experiments were checked and 
approved by the Local Ethics Committee of our University. 
 
2.2 Capsaicin treatment                                                                                   
Rats were treated neonatally with CAP (8-methyl-N-vallinyl 6 nonenamide, 50 
mg/kg; Sigma Chemical, The Netherlands ) at the age of day 2 (n=14) by 
subcutaneous (s.c.) injection. This was done under 100% O2 conditions to avoid 
hypoxia. CAP was dissolved in vehicle consisting of 10% ethanol (10%) and 5% 
cremophore-0.9% sodium chloride solution (90%). As a control, VEH solution 
was injected s.c. (n =14). Each animal was given the same volume of 50 µl 
based on an average weight of the pups of 8 grams.  At injection, both groups 
did not differ significantly in body weight (CAP 8.84 g  ± 0.20; VEH 8.32 g ± 
0.23). CAP-treated and VEH-treated pups grew up separately –to avoid 
selective mother care- in litters of 5-9 pups, in the proportion of 5-7 male on 2 
females (untreated). After weaning at the age of 23 days, rats were 
individually housed in clear Plexiglas cages (25 × 25 × 30 cm) with a bedding of 
sawdust.  Following treatments, body weights were assessed at days 34, 58, 
and thereafter every 10 days until experiments.  An eye wipe response (0.1% 
capsaicin solution) was done at the age of 3 months in order to test the 
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effectiveness of the CAP treatment.  As opposed to the VEH controls, none of 
the neonatally CAP-treated animals responded to the test and all animals 
were therefore included in the experiment. 
 
2.3 Surgery    
After the eye-wipe test, 16 animals were implanted with double heart 
catheters in the left and right jugular veins according to techniques described 
by Steffens (35).  An additional 12 animals were provided with heart catheters 
only in the right jugular vein according to the same techniques.  Surgery was 
performed under anaesthesia with isoflurane/N2O/O2.  Fynadine (0.01 ml/ 100g 
body weight) was given s.c. as post-surgical analgesia.  Animals had at least 2 
weeks of recovery before the start of experiments. 
 
2.4 Intravenous glucose tolerance test (IVGTT) 
Overnight food-deprived CAP (n=8) and VEH-treated rats were subjected to an 
IVGTT, which was performed in the light period between 12:00 am and 1:00 
pm. At least half an hour before the start of the IVGTT, rats were connected 
with their indwelling cannulae to blood sampling (right jugular catheter) and 
infusion (left jugular catheter) tubing.  These tubes extended out of the rats’ 
cages, which allowed stress-blood sampling and/or intravenous infusion.  After 
taking two basal blood samples at t = -11 and t = -1 min, a glucose solution 
(15% dissolved in sterile demineralized water) was infused over a 30-min. 
period at a rate of 15 mg per minute (450 mg total).  Additional samples were 
taken at t = 1, 3, 5, 10, 15, 20, 25, 30, 40, 50 minutes in order to assess blood 
glucose and plasma insulin.  In general, samples consisted of 0.2 ml whole 
blood for assessment of blood glucose (50 µl) and plasma insulin (50 µl) levels.  
At t=-11, t=30, and t=50, an additional 0.2 ml of blood was taken for 
determination of plasma levels of adiponectin (3 µl), leptin (30µl), resistin (30 
µl), corticosterone (10 µl), and free fatty acids (FFAs, 10 µl).  Blood and plasma 
samples were stored at – 20 °C until analysis.  Blood glucose levels were 
measured by the ferricyanide method of Hoffman, plasma levels of insulin, 
adiponectin, leptin, resistin and corticosterone were measured by commercial 
radioimmunoassay kits (Linco Research, Nucli lab, The Netherlands), and 
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plasma levels of FFAs were assessed with a NEFA C enzymatic kit (WAKO 
Chemicals GmbH, Germany).   
 
2.5 Anorexigenic efficacies of CCK, leptin and melanotan-II 
In another group of CAP (n=4-6) and VEH (n=4-6)-treated rats, the 
anorexigenic efficacies of CCK, leptin, and the synthetic melanocortin 3/4 
receptor agonist, melanotan-II were assessed.  Therefore, rats’ food hoppers 
were removed from their home cages 2 hours before lights off.  In a 
counterbalanced design, and with 5 days elapsing between successive 
experiments, rats were i.v. infused between 30 and 15 minutes before lights off 
solutions containing leptin (70 µg/250 µl saline, Calbiochem, Germany), 
melanotan-II (50 µg/250 µl saline, Sigma Chemical, the Netherlands), or with 
saline (250 µl) only.  After all treatments, food hoppers were returned to the 
cages at lights off, and cumulative food intake was assessed at 1, 2, and 4 
hours in the dark phase.  In other tests, but under similar experimental 
conditions, these animals were i.p. injected with saline (250 µl) or with saline 
containing CCK (4 µg/kg Sigma Chemical, the Netherlands) just before the 
dark phase.  Because vagal afferent ablation is known to impair peripheral 
actions of CCK on ingestive behavior (29, 30, 33), this latter comparison was 
performed as a positive control for CAP treatment.  Seven animals of each 
group were decapitated (non-fasted) at the end of the experiment and weights 
of fat pads (retroperitoneal and epididymal fat) and liver as well as basal 
plasma leptin levels were assessed. 

 
2.6 Statistical analysis  
Analysis of variance (ANOVA) with repeated measurements was performed for 
statistical evaluation with time (sampling points) as within subject factor and 
group (CAP or VEH) as between subject factor.  Post-hoc pair wise 
comparisons (LSD-test) were done based on estimated marginal means.  
Statistical testing was performed from sampling point -11 or -1 minute till 
sampling point 30 min. at the end of the glucose infusion. One-sided student’s 
t-test was used for unpaired observations. A value of p ≤ 0.05 was considered 
significant for all tests.  
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3 RESULTS 
 
Body weights of CAP and VEH rats are shown in figure 1.  Although CAP rats 
appeared slightly lighter than VEH rats, there were no significant differences 
over time.  In VEH and CAP rats, epididymal fat pad weights (8.9±0.8 g and 
7.5±0.9 g, respectively), retroperitoneal fat pad weights (2.6±0.3 g and 2.0±0.5 
g, respectively), liver weights (16.5±0.7 g and 15.5±1.4 g, respectively), and 
plasma leptin levels (3.95±0.79 ng/ml and 3.54±1.12 ng/ml, respectively) did 
not differ significantly. 
 
3.1 Intravenous glucose tolerance test (IVGTT) 
Figure 2 shows the changes in blood glucose and plasma insulin levels before, 
during, and after the 30-minute intravenous glucose infusion.  ANOVA with 
repeated measurements revealed significant effects of time on plasma levels of 
insulin and glucose (F8, 112 = 40.6, p< 0.001 and F8, 80 = 66.7, p< 0.05 resp.).  
There was no significant time × group interaction for insulin (F8, 112 = 1.7, p= 
0.11) or glucose (F8, 80 = 0.46, p= 0.88). There was a significant group effect on 
plasma insulin levels during glucose infusion (F1, 14 = 4.9, p< 0.05), but blood 
glucose levels did not differ significantly between CAP and VEH (F1,10 = 0.46, 
p= 0.51). This difference in insulin response was particularly clear at t= 1 
minute, which is considered as the first-phase insulin response (CAP= 4.55 ± 
0.43, VEH= 7.03 ± 0.71, p< 0.01). 

Figure 3 shows changes in the plasma concentrations of the adipocyte 
hormones leptin, adiponectin, and resistin at t=-1, 30 and 50 min.  At baseline 
(t=-1), none of the assessed levels of differed among CAP en VEH, and these 
levels were not different during glucose infusion either.  However, after 
cessation of glucose infusion (t=50 min), the plasma adiponectin level of CAP 
rats was significantly higher (p<0.05) than that of VEH rats.  In contrast, 
plasma resistin was lower at t=50 min in CAP rats relative to VEH controls 
(p<0.05).  Plasma levels of leptin were not different in CAP and VEH rats (F1, 13 
= 2.12, p = 0.17).  Figure 4 shows the changes observed in plasma 
concentrations of corticosterone and FFAs.  In VEH controls, plasma levels of 
cortictsterone were increased as a result of glucose infusion, but this effect was 
not observed in CAP rats.  Thus, plasma levels of corticosterone in CAP rats 
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were significantly lower (p<0.01) than in VEH rats at t=30 min.  During 
glucose infusion, plasma levels of FFAs were reduced in both groups relative to 
baseline.  After infusion, there was a partial rebound in VEH rats, but not in 
the CAP rats.  Thus, plasma FFAs were significantly reduced at t=50 min 
(p<0.05) in CAP rats relative to VEH controls. 
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Figure 1 
Effects of neonatal capsaicin (CAP) treatment and vehicle (VEH) treatment on body 
weight gain of male Wistar rat. 
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rats (p<0.05), but not in VEH rats.  This effect was mostly due to the fact that 
the leptin-treated CAP rats did not have food intake during the second hour, 
whereas food intake over the first hour was similar as in VEH rats.  Finally, iv 
infusion of MTII was equally effective in reducing food intake over the full 4-
hour period in CAP and VEH rats.  Interestingly, MTII was more effective to 
reduce food intake over the first hour in VEH rats than in CAP rats (p<0.01).  
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Figure 3 
Circulating adipocyte factors
lep in, adiponectin ant d
resistin before, during, and
after an IVGTT consisting of
a 15% glucose infusion
infused over 30 min. in adult
male Wistar rats, which were
neonatally treated with
capsaicin (CAP) or vehicle
(VEH).*, p < 0.05. 
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nutrient balance.  Basal (i.e., non-fasted) plasma leptin levels did not differ 
between CAP and VEH animals either. 
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Figure 5 
Effects of cholecystokinin 
(CCK), leptin and melanotan-II 
(MTII) on food intake in adult 
male Wistar rats which were 
neonatally treated with 
capsaicin (CAP) or vehicle 
(VEH).  *, * , ***; p < 0.05, 0.01*  
and 0.001 respectively. 
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 Consistent with a seemingly normal regulation of energy balance was 
the observation that CAP and VEH-treated rats had indistinguishable fasting 
levels of adipocyte (i.e., leptin, adiponectin, and resistin), pancreatic (i.e., 
insulin) and adrenal (i.e., corticosterone) hormones; i.e., all factors known to 
correlate strongly with changes in energy balance.  A different picture emerged 
when viewing the data obtained with the IVGTT.  Thus, whereas the IVGTT 
caused similar increments in blood glucose levels in CAP and VEH rats, the 
plasma insulin response was markedly reduced in CAP rats relative to that in 
VEH-treated controls.  These data confirm our previous findings in non-fasted 
CAP and VEH rats challenged with different glucose loads, yielding similar 
dose-dependent elevations in blood glucose levels, but with much lower plasma 
insulin responses in CAP rats relative to those seen in VEH rats (van de Wall 
et al., submitted).  While the reduced glucose-mediated insulin response in 
CAP rats might be the result of absence of tonic activation of vagal afferents by 
gut hormones (1, 32), one implication of these findings is that CAP rats are 
more insulin-sensitive than VEH controls.  This idea is in agreement with the 
findings of Koopmans et al. (22), who observed increased whole body insulin 
action in CAP rats under euglycemic hyperinsulinemic clamp conditions.   

Humoral factors that stimulate insulin-dependent glucose uptake are 
leptin and adiponectin (18) in a variety of tissues, whereas corticosterone (3), 
resistin (36) and FFAs (5, 6) have the opposite effects.  Among these, only the 
plasma level of corticosterone was significantly different in CAP and VEH rats 
at the end of the IVGTT.  More specifically, the IVGTT led to an increase in the 
plasma corticosterone level in the VEH rats, but this effect was not observed in 
CAP rats.  Although we have not performed a full analysis of plasma 
corticisoterone levels over the course of the IVGTT, these data might suggest 
that this mechanism underlies the increased insulin sensitivity in CAP rats.  A 
lower corticosterone response in CAP rats was previously observed by 
Koopmans et al. (22), and, together with the data in the present study, this 
reinforces a role for vagal afferents in the activation of the HPA axis during 
hyperglycaemia.  It seems likely that vagal afferents normally convey 
stimulatory actions of gut hormones, such as CCK, on HPA axis activity (21).  
These effects might be amplified under hyperglycemic condition, analogous to 
the mechanism underlying stimulated insulin secretion (32).  Such a 
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dependency on hyperglycaemia would be consistent with the finding in the 
present study that the difference in plasma corticosterone levels in CAP and 
VEH rats disappeared as rats regained normoglycaemia after the IVGTT. 

After cessation of the IVGTT, blood glucose, plasma insulin and 
corticosterone levels returned to normal, but this was associated with 
significantly higher plasma adiponectin and lower resistin levels in CAP rats 
relative to VEH controls.  It might be possible that the transiently different 
plasma corticosterone level in CAP and VEH rats contributed to these effects 
(12, 24) but additional or more important factors are not ruled out.  Although it 
is unlikely that the changes in adiponectin and resistin contributed to the 
differences in glucose-to-insulin indexes during the preceding IVGTT, they 
might have a major impact on successive excursions of blood glucose, or on the 
metabolic consequences of these.  In fact, the lower level of plasma FFA in CAP 
rats after the IVGTT might be a direct consequence of elevated plasma 
adiponectin levels and/or reduced plasma resistin levels in these animals.  
Indeed, adiponectin has been shown to increase oxidation of FFA in skeletal 
muscle (43) and to stimulate muscle fatty acid transporter(23). This would 
result in accelerated FFA clearance from the blood.  A link between circulating 
FFAs and resistin is less clear, but correlation analysis in mice suggests an 
interaction between high circulating resistin levels with hyperlipidemia, as 
well as with obesity and insulin resistance (35).  Our results are in agreement 
with Spiridonov (34) who also reports decreased FFA levels after neonatal 
treatment. Typically, higher levels of FFA are associated with disturbances in 
glucose homeostatic mechanisms (27) and this could mean that decreased 
levels of FFA contribute to the enhanced glucose disposal in CAP rats in 
following fuel excursions. 

Despite the observed changes in adiponectin, resistin, and 
corticosterone responses, there was no effect of the IVGTT on the plasma levels 
of leptin, nor were there any differences between the plasma leptin levels of 
CAP and VEH rats at baseline.  One idea that we addressed was the 
possibility that CAP treatment increases leptin signaling.  Whereas injection of 
CCK, dosed to cause a reduction in food intake in VEH rats, did not have any 
effect in CAP rats in the present study (and confirming previous reports by (29, 
30, 33), we observed that peripherally infused leptin caused a reduction in food 
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intake in the CAP rats, but failed to do so in VEH rats.  These effects were 
particularly pronounced during the second hour in the dark phase; i.e., after 
the rats had eaten their first meals.  Important for consideration of the effects 
of peripherally elevated levels of leptin is that these can be signaled directly in 
the CNS (i.e., through increased transport of leptin across the blood-brain 
barrier), and additionally via vagal afferent fibers (28, 42). Since CAP rats lack 
a substantial part of their vagal afferent innervation, yet have an increased 
sensitivity to leptin with respect to food intake modulation, it is likely that 
leptin’s enhanced anorexigenic actions are mediated via interaction with CNS 
pathways.  Actions of leptin on ingestive behavior are mediated through neural 
networks among which the brain melanocortin (MC) system might be most 
relevant (40). Since VEH rats responded slightly stronger to the anorexigenic 
actions of the brain-specific melanocortin receptor agonist, melanotan-II (14, 
20), than CAP rats (presumably due to compensatory actions), the difference 
between leptin sensitivity in VEH and CAP rats is either located upstream 
from brain MC receptors, or requires changes in neuronal circuitry parallel to 
the brain MC system.   

Provided that the augmented anorexigenic effects of leptin are 
coincided with amplified neuroendocrine and metabolic actions of leptin (41), 
this could possibly have contributed to the lower plasma levels of 
corticosterone (2) and resistin (4), and the elevated plasma level of adiponectin 
(10, 44) in CAP rats.  One point of discussion is that capsaicin treatment 
delays the onset of type 2 diabetes mellitus in Zucker rats (17). This suggests 
that leptin would not be the (only) mediating factor in the effects of capsaicin 
treatment glucose homeostasis. However, results of al-Barazanji (2) suggest 
that leptin retains some efficacy in the obese Zucker rat, and that these are 
greatly amplified by removal of glucocorticoids.  It is for example reported that 
adrenalectomy in Zuckers increases insulin sensitivity and metabolism, and 
reduces body weight gain (7, 11, 15).  Thus, the exact mechanism behind the 
delay on the onset of type 2 diabetes mellitus in Zucker rats due to capsaicin 
treatment remains to be elucidated, but effects mediated via alterations in 
leptin signaling are anticipated. 

Taken together, this study shows that CAP treatment results in 
endocrine, metabolic, and probably neuronal adjustments which serve to 
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maintain energy balance and fuel homeostasis in these animals.  Absence of 
gut hormone signaling had primary effects on plasma corticosterone levels, 
which could have contributed to augmented insulin action during 
hyperglycaemia.  Secondary effects on plasma adiponectin and resistin levels 
unlikely contributed to these effects, but could have major consequences on 
post-ingestive metabolism or successive fuel excursions.  While these effects 
were associated with increased leptin sensitivity (with food intake suppression 
as read-out parameter), it remains to be investigated whether increased leptin 
signaling is a consequence or a cause of these effects.  As such, these sort of 
interactions might have major implications for the aetiology of obesity and 
diabetes because these diseases are characterized by dysregulation of the 
hypothalamic-pituitary-adrenal axis (8), as well as of adipocyte hormone 
secretion and leptin signaling (16, 25). 
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I SUMMARY OF RESULTS 
 
The aim of this thesis was to investigate the involvement of capsaicin-sensitive 
vagal afferent C-fibers in the regulation of energy homeostasis. To this end, 
systemic capsaicin treatment was used as a tool to destroy these vagal 
afferents. We investigated the involvement of vagal C- afferent fibers both in 
the control of food intake and the regulation of glucose homeostasis.  

In Chapter 2, the involvement of capsaicin-sensitive nerves in the 
regulation of body weight and the control of food intake was studied. Overall, 
there were no differences in chow intake and high-fat intake. Body weight 
increase did not differ significantly between CAP and VEH rats. When 
palatable high-fat diet was offered; CAP rats ate more of this diet only on the 
first day of exposure but intake of regular chow was decreased the first day in 
CAP rats compared to VEH controls. This indicates that capsaicin-sensitive 
nerves are not crucial for long-term body weight maintenance and long-term 
food intake control. It was found that CAP rats overconsume sucrose water in 
short-term feeding tests in comparison with VEH controls. This overingestion 
was independent of the sucrose concentration or the novelty of the food. It does 
indicate however that capsaicin-sensitive afferents are involved in short-term 
food intake control and the process of satiation. 

In Chapter 3, the relative contribution of capsaicin sensitive C-fibers 
and capsaicin-insensitive A-fibers in the integration of CCK signaling and 
gastric distension signals was studied. We demonstrated that CCK acts 
through capsaicin-sensitive C-fibers because CCK-induced NTS Fos is 
abolished in CAP rats. In contrast, distension-induced NTS Fos is visible both 
in CAP and VEH animals. However, low levels of distension activated 
significantly less NTS neurons compared to VEH controls. There were no 
significant differences in NTS Fos with high levels of distension. Capsaicin-
insensitive A-type fibers also responded to CCK when it was combined with 
distension. Distension induced fos was significantly enhanced when it was 
combined with CCK both in CAP and VEH rats. CCK’s enhancement of 
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distension-induced Fos in CAP rats was reversed by the selective CCK-A 
receptor antagonist, lorglumide. It is concluded that CCK directly activates 
capsaicin-sensitive C-type vagal afferents.  However, in capsaicin-resistant A-
type afferents, CCK’s principal action is facilitation of responses to gastric 
distension.   

 

 In Chapter 4, we investigated if capsaicin-sensitive C fibers are 
involved in meal induced thermogenesis (MIT) during short-term feeding tests 
with sucrose of different concentrations and its possible role in satiation (same 
set up as in Chapter 2). In general, CAP rats have a wider fluctuation in the 
MIT response starting from lower basal temperature and reaching a higher 
maximum temperature during MIT in comparison with VEH controls. In CAP 
rats, variation in maximum temperature during MIT between the trials 
decreases after repeated exposure to sucrose water. This suggests that CAP 
rats are still able to control maximum temperature (Tmax) during MIT, 
indicating that temperature is also sensed in other areas, most likely in the 
central nervous system. VEH controls showed over time the same maximum 
temperature during MIT. Total MIT expressed as the area under the curve 
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(time 0-30 min) was constant for VEH animals over time. CAP animals showed 
a large variation, suggesting that temperature regulation is disturbed. IP 
injection with the satiety hormone CCK suppressed MIT in VEH, but not in 
CAP. This demonstrated that CCK-induced suppression of MIT occurs via 
capsaicin-sensitive C-afferents. This also indicates that CCK’s effect on food 
intake thus probably not includes its effects on core temperature. Overall, it is 
concluded that CAP treated animals have disturbances in meal induced 
thermogenesis and hence capsaicin-sensitive nerves are involved in 
homeostatic control of thermogenesis during food intake.  

 

In Chapter 5, the role of capsaicin-sensitive afferents in glucose 
homeostasis was studied. This was done by an IVGTT of 5, 10, and 15% 
glucose infusion to study insulin and glucagon secretion. Results indicated that 
in all cases CAP animals displayed a reduced insulin response, while glucose 
tolerance did not differ from VEH controls. Glucagon responses did not differ 
between CAP and VEH controls, indicating that results are not due to 
modifications in plasma concentration of the counterregulatory hormone 
glucagon. These results indicate that capsaicin-sensitive nerves are involved in 
insulin secretion and/or in the regulation of insulin sensitivity. It might be that 
capsaicin-sensitive nerves display their effects by modulating the afferent part 
of a neural reflex loop for regulation of glucose homeostasis.   

Results of previous chapters indicated that capsaicin-treated animals 
are capable to maintain their body and fuel homeostasis even though they miss 
a substantial part of their afferent innervation.  Hence, it is anticipated that 
capsaicin-treated rats are more sensitive to humoral signals related to energy 
homeostasis. Therefore, in Chapter 6, we investigated if capsaicin animals are 
more sensitive to or have modifications in humoral factors -as leptin, 
adiponectin, resistin and corticosterone- related to food intake and glucose 
homeostasis. Results revealed that capsaicin-treated animals are more 
sensitive to the effects of leptin on food intake. Corticosterone levels were 
strongly suppressed in capsaicin-treated rats during a 15% IVGTT. 
Adiponectin, resistin and FFA plasma levels were modified after the infusion 
with glucose. These results suggest that capsaicin-treated animals developed 
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compensatory mechanisms for their lack in afferent neural signaling. They 
also suggest that the effects on body weight and glucose homeostasis after 
capsaicin treatment could be (partly) explained by increased sensitivity to 
leptin and/or modified HPA-axis activity in CAP rats. 

 

II GENERAL DISCUSSION 
 
1 INTRODUCTION 
 
1.1 General approach                 
Food intake and glucose homeostasis are critical aspects in energy homeostasis 
and often disturbed in obese subjects. In this general discussion, a critical 
review concerning the sensing modalities of the vagus (volume, nutrients, 
endocrine signals, and temperature) and the role of these modalities in the 
signaling of satiation is presented. The role of vagal afferents in glucose 
sensing and the consequences for the maintenance of glucose homeostasis is 
also discussed. The main goal of this thesis was to gain more understanding 
about the role of the afferent part of the vagus in the regulation of energy 
homeostasis. Therefore, I end this general discussion with some thoughts 
about the involvement of vagal afferents in the regulation of energy 
homeostasis. Finally, we emphasized the functional aspect of obesity and plead 
for a distinction between obesity as adaptation and obesity as a disease. This 
distinction is discussed in the light of the concept allostasis that was 
introduced by Sterling and Eyer in 1988 (81) and refers to the idea of 
‘adaptation trough change’. In the next paragraph, the outline of the discussion 
is given more specifically with relation to the different chapters.  

1.2 Outline                                    
The involvement of capsaicin-sensitive afferents in the signaling of short-term 
satiety (Chapter 2, 3 and 4) and glucose homeostasis (Chapter 5 and 6) was 
studied. First, focus will be on different hypotheses about the signaling of 
satiation and the role of vagal afferents in this process. The role of volume and 
nutrients in the process of satiation with emphasis on the involvement of vagal 
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afferents in this signaling pathway is discussed. A distinction will be made 
between afferent signals deriving from the stomach and afferent signals 
deriving from the intestine. Furthermore, a critical discussion about the role of 
temperature in meal termination as well as the role of the vagus in this 
process will be presented. This paragraph ends with some ideas on the 
conversion of peripheral and/or central signals and the contribution of the 
vagus in this process. Second, the role and importance of capsaicin-sensitive 
nerves in glucose homeostasis is discussed. We will concentrate on the 
disturbances in efferent pathways if the afferent part of the vagus does not 
function or dysfunctions. Finally, different aspects of energy homeostasis are 
pointed out; and also, some hypotheses as suggested from the work of this 
thesis; specifically about the role of vagal afferents in the regulation of energy 
homeostasis and the development of obesity. 

 

2 FOOD INTAKE CONTROL 

2.1 Sensing volume versus nutrients   
 
2.1.1 Gastric signals and Intes inal signals   t

f e t
 
2.1.1.1 Gastric a fer nt fibers and volume de ection             
 Results from Chapter 2 indicate that ingested volume is a major component in 
sucrose intake control. CAP and VEH treated animals both showed a volume 
depended sucrose intake during short-term feeding tests. These data indicate 
that volume is a major component in the signaling of satiation.  These data 
also indicated that CAP rats are still able to sense volume. Thus, capsaicin-
insensitive fibers are also involved in the detection of distension. It was 
previously demonstrated that CAP rats still sense gastric distension (117).  
Results from Chapter 3 also clearly demonstrate that capsaicin-sensitive vagal 
C-fibers as well as capsaicin-insensitive vagal A-fibers are able to induce fos-
like immunoreactivity in the dorsal vagal complex (DVC) of the hindbrain.  

Volume sensitivity has not only been identified in gastric afferents; 
duodenal afferents are known to have a distension modality as well (34). 
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Berthoud (13) demonstrated that most intraganglionic laminar endings 
(IGLEs) and intramuscular arrays (IMAs) –structures known to be involved in 
distension signaling- in the small intestine are destroyed after capsaicin 
treatment. This effect was restricted to the intestine, since most of the IGLEs 
and IMAs innervating the stomach survived capsaicin treatment (13). 
Considering that most of the intestinal vagal innervations are destroyed by 
capsaicin; and that in our experiments (Chapter 2) sucrose consumption was 
strongly volume related; we can conclude that these distension signals are 
probably deriving from the stomach.  

2.1.1.2 Gastric distension signals and satiety                                        
Although stomach signals are generally considered to be mechanical in nature; 
it is still questioned whether the stomach also provides other signals that are 
associated with satiation. Many experiments using inflatable cuffs to occlude 
the pyloric sphincter; withdrawal of stomach contents or infusions with saline 
or nutrients all addressed this question. One of the earliest experiments to 
investigate the role of the stomach in satiety was done by Hull and colleagues 
in 1951 (55). They saw that a dog with an esophageal fistula consumed much 
more in a single meal compared to the condition when the fistula was closed. 
Additional experiments by Davis and Campbell (21) demonstrated that when 
food is withdrawn from the stomach after a meal is finished, the rat begins to 
ingest food again with a median latency of about 3 minutes. These authors 
suggested that this occurs through a reduction of stomach distension; or 
through a reduction in the amount of nutrients into the duodenum, thereby 
reducing duodenal satiety.  

 In support of the first hypothesis, Deutsch published in 1978 in Science 
that when a certain amount of milk was withdrawn from the stomach while 
the pyloric cuff was inflated, compensatory drinking occurred. He favored the 
hypothesis that termination of a meal derives from the stomach and not from 
the duodenum (25). Also, compensatory drinking occurred when milk escaped 
from the stomach into the duodenum.  Thus, gastric infusions resulted in 
proportionate decrease in food intake and withdrawal of gastric content in 
compensatory ingestion. Another important indication that the stomach is 
predominantly involved in volume detection is the observation that infusions of 
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saline are as efficacious as infusions with nutrients previously withdrawn (59).  
A critical point that has to be made is that pyloric cuffs are usually located at 
parts that are richly innervated (136). Hence, these experiments could be 
confounded since not only the stomach is stimulated, but duodenal vagal 
receptors as well. However, studies done by Philips and Powley (102) and 
Mathis et al. (74) with more stimulus control also indicate that the stomach is 
more involved in volumetric control rather then nutrient sensing.                     
An important role of gastric signals in man was reported by Schick et al.(120). 
They found that food consumption in man is reduced, if initiation of eating is 
preceded by nutrient administration into the stomach, but not into the 
duodenum. Thus, we can say that our results (Chapter 2) and data of others 
indicate that gastric signals play an important role in the termination of food 
intake and in the feeling of satiation.  

Concluding, when we look more closely to the data of Chapter 2 and 
Chapter 3 it is suggested that: 1. Gastric distension-related signals are 
transmitted by capsaicin-resistant afferent fibers; 2. Capsaicin-sensitive fibers 
are also involved in distension signaling; because there is a pronounced 
overconsumption of sucrose water compared to VEH rats (Chapter 2); and low 
levels of gastric distension induce less Fos in the NTS of CAP rats compared to 
VEH controls (Chapter 3). 

2.1.1.3 Nutrient signals and satiation                                                     
This last conclusion -that stated that gastric distension signals are transmitted 
via vagal afferent C- and A-fibers and that they play an important role in the 
control of food intake- does not exclude a role of the intestine in the process of 
satiation. Our own results also suggest that some kind of nutrient signal 
and/or metabolic signal accompanies the volumetric signal. CAP rats show a 
large variation during 10% sucrose intake, indicating that these rats have 
difficulties to control food intake when low concentrations of sucrose water are 
consumed.  Therefore, it is likely that some kind of additional signal is missing 
in these deafferentated animals.  

Apart from the distension signal, one would predict that glucose is 
sensed as well by the gut. Mei (85) demonstrated the presence of 
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glucoreceptors in the small intestine of the cat. Considering the possible role of 
glucoreceptors in the duodenum in caloric control (see also paragraph 2.2 
caloric cont ol of food intake) or in the detection of the total amount of 
carbohydrates, it would be expected that rats would decrease their intake with 
increasing sucrose concentration. Thus, even though a different amount of 
carbohydrates reached the duodenum in the described experiments in Chapter 
2, the ingested volume was still the same not only in CAP animals, but in VEH 
controls as well.  

r

Yet, forty percent sucrose water caused a small but significant drop in 
sucrose intake in CAP and VEH rats. This decrease is probably not due to the 
activation of glucose receptors; it seems more likely that the osmolality of the 
solution is an important determinant for satiation (54). Indeed, it has been 
shown that hyperosmotic saline produced more spiking activity than normal 
saline; hyperosmotic glucose produced more spiking activity than equiosmotic 
glucose (86). Apparently, osmoreceptors are still functional after capsaicin 
treatment and it is suggested that signals about the osmolality of the ingested 
compound is transmitted via capsaicin-insensitive fibers.  

Also, there are indications that the type of nutrient has different 
effects on the activity of vagal afferents (123). Mathis et al. (74) reported that 
intraduodenal infusion of peptone was more effective than equicaloric glucose 
in eliciting gastric vagal afferent activity. Fat infusions into the duodenum are 
also more potent to reduce food intake compared to carbohydrates (33). 
Moreover, the reduction of food intake by intestinal carbohydrate, some amino 
acids and fat are mediated by capsaicin-sensitive vagal afferents (139, 140). 
Studies demonstrated that damage to the afferent vagus by application of the 
neurotoxin capsaicin blocks the ability of some duodenal nutrients to suppress 
sham feeding (131, 139, 140). Data of others (36, 39, 53, 71, 97, 112) also 
indicate that satiety is produced when food enters the duodenum. However, 
one critical remark has to be made concerning the data obtained by intestinal 
infusions; it has been demonstrated that intestinal infusions may also produce 
nausea (24). Hence, satiety could not (only) be due to satiation but because of a 
feeling of discomfort. Yet, a role of the duodenum in the sensing of nutrients 
would be expected; during ingestion, food enters rapidly to the duodenum(114, 
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138). These effects of nutrients on food intake could either be direct by the 
stimulation of vagal nerve ending or indirect by stimulation of 
(neuro)endocrine factors.  Moreover, intestinal signals and gastric signals 
interact and enhance thereby their effect on food intake ( ee next paragraph).  s

Concluding, we can say that intestinal capsaicin-sensitive vagal 
afferent C-fibers are involved in nutrient signaling. The activity of these vagal 
afferents appears to depend on the type of nutrient. However, our studies 
indicate that in short-term sucrose water feeding tests, nutrient detection is 
not the major component for the determination of satiation. Apparently, 
capsaicin-sensitive nerves are necessary to detect low sucrose concentrations 
for food intake control.  

 

2.1.2 Interaction of gastric and gut signals 

2.1.2.1 Neuroendocrine signals and gastric distension                                       
Neuroendocrine factors are released in response to the arrival of food in the 
stomach and/or duodenum. One of the most well-known factors is the satiety 
hormone cholecystokinin (CCK),  which induces satiety by binding on CCK-A 
receptors located on capsaicin-sensitive fibers (see also Chapter 3 and 4; for 
review see (91)).  

Gastric distension, intestinal nutrients and gut hormones are all 
potential contributors to vagal afferent activation.  Therefore, vagal afferents 
constitute a potential location for integration and modulation of these multiple 
meal related signals. Interactions between gastric distension and CCK and 
other gastrointestinal stimuli have been reported.  For example, a recent 
publication by Mazda and colleagues (78) suggested that gastric distension 
stimulates serotonin release from the enterochromaffin cells and this may 
activate 5-HT3 receptors located on capsaicin-sensitive vagal afferent nerve 
terminals.                                                                                                         
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Another example is leptin that can directly activate vagal afferents in 
culture (100, 137). Moreover, the majority of vagal afferent neurons that 
reacted to the gut hormone cholecystokinin (CCK) also reacted to leptin (100). 
This interaction was earlier demonstrated by Fos studies by Barrachina et al. 
(10). The latter showed also that this interaction occurred through capsaicin-
sensitive afferents.  

Results of Chapter 3 indicate that there is an interaction between 
gastric distension and CCK by the use of Fos-like immunoreactivity. CCK 
clearly enhanced distension induced Fos in the NTS. This enhancement occurs 
apparently via capsaicin-insensitive vagal A-fibers at the peripheral site. This 
is in agreement with previous reports about CCK’s sensitization of gastric and 
duodenal mechanosensitive vagal afferents (22, 30). These are specific gastric 
afferents in control of food intake. This is illustrated in the fact that some 
stimuli that reduce food intake e.g.  CCK increase gastric tension and vagal 
activity; yet, CCK is also associated with decrease in gastric tension (43). This 
is contradictory with the idea that increased tension of the stomach wall is 
usually associated with satiation. Thus, neuroendocrine factors may interact 
with gastric signals to control food intake; the vagus appears to be an 
important nerve integrating these signals (see also paragraph L cation of 
integration).  

o

e s2.1.2.2  Dir ct and indirect effects of nutrient ; interaction with gastric signals                     
As mentioned before, neuroendocrine factors can be released by nutrients in 
the duodenum. Dietary carbohydrates release a number of different substances 

from enterochromaffin (EC) cells in the small intestine including glucagon-like 
peptide, glucose dependent insulinotropic polypeptide, and serotonin; which 

may be involved in mediating carbohydrate induced changes in gastric function 
and food intake (14, 107). Likewise, (long-chain) fatty acids induce release of 
CCK (56, 70) and lipid absorption stimulates synthesizes of Apolipoprotein IV 
by enterocytes (48).  

 
It was also discussed that there are indications that nutrients can 

directly activate vagal afferent endings. The interaction between signals 
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deriving from stomach and the presence of nutrients in the duodenum has 
been demonstrated in a number of studies. Experiments in humans have 
shown that intestinal nutrient infusions interact with gastric distension to 
produce the satisfying feelings of satiety experienced after the consumption of 
a meal (32, 46, 110). Reports of interaction between gastric and intestinal 
signals demonstrated that duodenal nutrient exposure and CCK elicits 
reductions in gastric pressure (109, 118), gastric emptying (93), and stimulates 
pyloric motility (118). These modulations are mediated via capsaicin-sensitive 
sensory fibers (108).  

 
Vagotomy attenuates suppression of sham feeding induced by 

intestinal nutrients (141). Moreover, duodenal carbohydrate and protein 

exposure have been demonstrated to stimulate both duodenal and gastric 
motility in the rat (125). Walls and colleagues (135) have shown that surgical 
transection of afferent components of the vagus nerve that partially supply the 
proximal duodenum blocks the suppression of sham feeding produced by 
duodenal nutrients. There are indications that gastroduodenal load-sensitive 
vagal afferents indirectly transduce nutrient chemical information (74, 123); 
antral load-sensitive vagal afferents were differentially responsive to the type 
of macronutrient infused into the duodenum. Thus activity in these antral 
load-sensitive vagal afferents could indirectly signal nutrient composition 
and/or caloric content of the gastric lumen.  

This is supported by immunohistochemical analyses demonstrating 
that combined gastric load and duodenal nutrient elicited significantly greater 
fos induced immunoreactivity than either gastric or duodenal infusions alone 
(29). Therefore, we could say that the presence of nutrients in the duodenum 
directly or indirectly interact with gastric signals. 
 

Taken together, a variety of experiments using different techniques 
suggests that interactions between gastric and duodenal factors may play an 
important role in the control of food intake. These factors involve the 
interaction of gastric distension with intestinal neuroendocrine factors 
(Chapter 4) as well as the interaction of nutrient/mechanical gut signals with 
humoral/mechanical signals from the stomach. 
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2.1.3  Vagal gastric and gut signals and behavior 
Experiments that indicate a variety of interactions between gut and gastric 
signals are not always extended to the level of behavior or actual ingestion. 
The results obtained with electrophysiological and immunohistochemical 
techniques do not necessarily predict the precise effects on food intake.  For 
example, McHugh and Moran (82) found that in fasted monkeys there is little 
effect on feeding when small volumes of glucose enter the intestine from the 
stomach. Yet, direct infusions into the intestine of a similar volume of glucose 
strongly inhibited feeding. This demonstrates that the route of administration 
and the delivery rate and amount of food to the stomach and duodenum is 
crucial in the way a behavioral response is triggered. This demonstrates also 
that the techniques used have to be critical evaluated before general 
conclusions can be drawn concerning mechanisms involved in the physiological 
control of food intake. 

The studies described in Chapter 3 indicate that CCK and gastric 
distension interact and that vagal afferent A-fibers are involved in this effect. 
From a behavioral perspective, it has been demonstrated that CCK and gastric 
distension interact to reduce food intake in a variety of species, including rats, 
monkeys and humans (62, 65, 83, 88, 126) (see also Chapter 3 introduction).   

We performed a pilot study to investigate the possible role of capsaicin-
insensitive A-fibers in the enhancement of gastric distension and process of 
satiation. To this end, animals were treated either with capsaicin or vehicle 
and implanted with a gastric fistula. After an overnight fast, animals were 
exposed to a 15% sucrose solution and allowed to drink for 30 minutes. The 
animals were sham fed and received either control treatment (no distension + 
saline), no distension with CCK or distension with CCK. Results are presented 
in figure 7.1 (A) and the effects of the different treatment on sucrose intake are 
shown. We found that VEH animals reduced significantly their sham sucrose 
intake after CCK injection. However, there was no dose-response effect of IP 
CCK (2 or 4 µg/kg) in VEH rats. Distension alone also reduced sucrose intake 
significantly in VEH rats. In addition, CCK in combination with distension 
significantly enhanced the suppressive effect of distension on sucrose intake in 
VEH animals. However, the effect was less then the sum of the CCK- induced 
suppression and distension-induced suppression.  
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 Although CCK did not have a significant effect on sucrose intake in 
CAP rats, there was still a strong reduction in intake after IP CCK. Distension 
alone induced a significant reduction in sham-feeding in CAP rats as well. Yet, 
the combination of CCK and distension did not significantly enhance the 
reduction in CAP animals. This was in contrast with our expectations, since 
CCK potentiated the effect of distension on NTS induced Fos. In order to 
confirm the successful deletion of capsaicin-sensitive vagal C-fibers, the CCK 
suppression-test was performed. As expected, CAP rats did not show any 
response to CCK. This in contrast to the VEH controls (see fig. 7.1 B). 

 
 In view of the large standard error bars in the control situation the 

approach was not sensitive enough to detect subtle differences between the 
various experimental conditions. Thus, even though the Fos data show that 
the interaction between CCK and distension occurs via capsaicin-insensitive A-
fibers (Chapter 4), it is still not convincingly demonstrated that this plays a 
role in normal food intake. In the absence of clear behavioral data one cannot 
conclude that manipulations that induce changes in vagal activity or hindbrain 
activity demonstrate mechanisms involved in the process of satiation under 
physiological conditions.   

 
Another question is whether the interaction of the various GI signals 

are additive or synergistic in their action on satiety. In Chapter 3, it was 
clearly demonstrated that in VEH control animals this interaction between 
CCK and gastric distension was an addition of the separate effects. This is in 
contrast to the results in CAP animals where this interaction effect was more 
then an addition of the separate effects of CCK and distension. One would 
expect the opposite. However, after chemical ablation of capsaicin-sensitive 
sensory nerves, there is a more specific population of nerves that is stimulated 
in these rats compared to VEH animals. In conclusion, it can be said that it is 
therefore still an open question whether the interaction of GI signals are just 
additive or whether they are really synergistic.  
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Figure 1 
A) sucrose intake during sham-feeding after IP treatment with 2 or 4 µg/kg 
CCK, 2 ml of gastric distension or the combination of CCK (4 µg/kg) with 
distension. B) CCK suppression test in CAP and VEH rats. Rats received 2 
µg/kg CCK IPand sucrose intake was measured. * and **; significant 
differences in VEH, p < 0.05 and p < 0.01 resp.; # and ##; significant 
differences in CAP, p < 0.05 and p < 0.01 resp. In contrast to VEH animals, 
CAP rats do not show a significant reduction in sucrose intake after CCK. 
There is a significant enhancement of distension induced reduction in 
sucrose intake in VEH rats, but not in CAP rats. Expe im nts performed byr e  
E.H.E.M. van de Wall, P. Duffy and R.C. Ritter (2004). 
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 2.2 Caloric Control of food intake 
Although calories are generally considered to play a major role in the 

control of food intake; we did not find a caloric control of feeding during short-
term feeding tests with sucrose water (Chapter 2). Increasing concentrations 
lead to an increasing consumption of calories. Hence, the question rises 
whether caloric control occurs since there are numerous indications from 
literature that calories are sensed by the GI tract. 

 Different hypotheses about the control of short-term food intake have 
been postulated. Mechanical signals, nutrient signals, metabolic sensing as 
well as caloric monitoring are all suggested playing a role to define the end of 
the meal and/or beginning of the next meal. As discussed before, all 
macronutrient groups alter gastric vagal activity and gastric secretomotor 
function and food intake. Also, each macronutrient group acts via activation of 
separate and distinct pathways and mechanisms. These latter observations 

suggest that the responses to nutrients are not secondary to detection of caloric 
content (107). A number of studies show a direct involvement of extrinsic 
capsaicin-sensitive primary afferents in mediating inhibition of gastric 
emptying, secretion, and food intake in response to chemical stimulation of the 
gastrointestinal tract wall (107, 108, 115). An indication for caloric sensing by 
the GI tract is that animals can learn to prefer a flavor associated with calories. 
This preference for a non-nutritive flavor can be induced by a caloric infusion 
into the intestine (99) or hepatic portal vein, but not by infusion in the jugular 
vein (132). Also, it has been reported that infusions of glucose as low as 3% are 
effective to reduce real feeding ((135); for review see (114)). Thus, real feeding 
is inhibited when caloric contents are infused in the intestine.  

The emptying rate of the stomach to the duodenum appears to by 
controlled by caloric content, texture of the diet (solid or liquid), type of 
nutrient as well as concentration of a consumed meal or an infused compound 
(52, 64, 72, 84, 89, 92, 95). McHugh and Moran (82-84) demonstrated that 
gastric emptying of glucose occurred at a constant rate in terms of caloric 
content of the stomach. It has been demonstrated that the greater the 
caloric/nutritive density of a meal, the less volume was transferred to the 
duodenum in 30 minutes (57). Yet, the caloric emptying rate as well as the 
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total caloric load delivered to the intestine by the end of the meal, remained 
constant over the range of nutrient densities tested (16, 57, 73). However, this 
relationship between calories and gastric emptying rate does not always count, 
since fructose empties much faster as glucose, though they both contain the 
same amount of energy (94). Moran and colleagues (95) demonstrated in 
rhesus monkeys that gastric emptying increases when gastric volume content 
increases. They also showed that duodenal glucose infusions shifted this 
relationship to the right. Thus, there is an interaction between gastric volume 
and duodenal nutrient exposure to control gastric emptying. This observation 
still supports the hypothesis that the rate of gastric emptying is determined by 
caloric density of the diet. It has also been demonstrated that the rates of 
gastric emptying where calories are delivered to the small intestine following 
ingestion of liquid food are sufficient to elicit postgastric satiety in the absence 
of gastric distension (112). 

 
Although gastric emptying appears to have a relationship with the 

caloric density of the diet; it appears that when rats are allowed to drink to 
satiety, caloric intake is not controlled by caloric density. Caloric intake 
increased with increasing diet nutrient density (57). We also found that short-
term food intake was not correlated with caloric content of a meal (Chapter 2). 
We did not measure gastric emptying and gastric filling. Therefore, we cannot 
make conclusions about the caloric control of gastric emptying.  

 
Duodenal caloric feedback to the stomach to regulate gastric emptying 

appears to occur via vagal afferents nerves (122). There are indications that 
the effects of intestinal glucose on gastric motor function occurs via capsaicin-
sensitive nerves (106). This suggests that CAP treated animals do not have 
such a feedback and that their gastric emptying rate is different compared to 
VEH controls. This also suggests that short-term meal signaling occurs 
predominantly from the stomach since most intestinal vagal C-afferents are 
destroyed by capsaicin (13). Therefore, these results indicate that in capsaicin-
treated animals gastric volume plays a major role in meal termination at 
higher sucrose concentrations.  
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If gastric emptying is under caloric control in VEH animals, gastric 
filling would be different during the ingestion of different sucrose 
concentrations (Chapter 2). Hence, the question is what signals are involved in 
the signaling of meal termination in VEH controls. It is very clear from our 
results that VEH controls regulate predominantly on volume intake. Probably, 
these signals are a combination of mechanical stimuli deriving from the 
stomach as well as from the intestine. We do not know 1. if caloric control of 
gastric emptying occurs in our experimental set-up and 2. how this caloric 
control would be related to actual food intake.  

 
It has to be mentioned that this short-term food intake tests with 

palatable sucrose water is probably not completely representative for normal 
food intake. First, animals consume a liquid and not a solid food. Second, high 
palatable food might stimulate rewarding mechanisms, thereby modulating 
normal satiety signals. Third, the tests were performed during the light period. 
Although these experiments may give a good indication for mechanisms 
involved in the process of satiation, experiments with solid food and during the 
active period are required to elucidate the fine tuned mechanisms involved in 
meal termination.  

Therefore, we can say that although calories may be sensed in a way; it 
appears that calories per se are not the signal for the control of food intake.  
Gastric emptying appears to be controlled by caloric content or nutrient 
density of the food. Yet, the control of meal size does not seem to depend on the 
regulation of gastric emptying.  
 
2.3 Meal induced thermogenesis and food intake 
 
2.3.1  Meal induced thermogenesis and satiety 
Results from Chapter 4 do support that in VEH controls, the end of a meal is 
related to a certain temperature. During the different sucrose trials, maximum 
temperature (Tmax) remains constant in line with the volume intake. However, 
animals do ingest different amount of calories, indicating that the amount of 
nutrients or calories does not seem to be related to the temperature response. 
Also, the total thermogenic response was relatively constant in VEH controls. 
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Only in the last trial set of 10%, meal induced thermogenesis (MIT) decreases. 
This indicates that during the ingestion of a meal the same energy is required 
for digestion, absorption and disposal of the ingested food. It also suggests that 
after repeated exposure, the animal ‘learns’ to deal more efficiently with the 
ingested liquid. Interestingly, in CAP animals Tmax during a meal appears to 
be controlled as well. Although there is a large variation during the first 5 
trials, the variation between trials gets smaller and smaller in CAP animals as 
trial experience increases (Chapter 4). Also, temperature never becomes higher 
then 37.9 ºC in CAP. The total thermogenic response to a sucrose meal shows a 
large variation in CAP rats and suggests that this is disturbed after chemical 
ablation with capsaicin-sensitive nerves.  

Thus, it appears that critical factors -such as avoiding hyperthermia- 
are still controlled after capsaicin treatment. However, disturbances in 
temperature regulation are illustrated by the large variation in total 
thermogenic response to a meal. It poses questions though how and if 
temperature functions as satiety factor. 

 
MIT depends on the composition and amount of food ingested and 

typically 10-30% increase in energy expenditure is seen in the hours after a 
meal (Jequier et al., 1988). A hypothesis that involves food intake control is the 
thermostatic hypothesis (see also Chapter 1). The liver appears to be crucial in 
this process (1, 23). According to de Vries et al. (23) this specific liver 
temperature functions as a satiety signal and consequently the animal stops 
eating to prevent hyperthermia. The involvement of vagal afferents in this 
process is a.o. demonstrated by El Ouazzani and Mei (27) who identified 
thermoreceptors on unmyelinated vagal afferents that were only stimulated by 
temperature and not by mechanical or chemical stimuli (see also Chapter 1, 
Chapter 4). They also found indications that these receptors might be involved 
in the coordination of digestive activity as well as thermoregulation.  

 
Although there is a strong relationship between temperature and food 

intake, this is certainly not a linear one. One critical point towards this 
hypothesis can be made. Even in the results of de Vries et al. (23) it is shown 
that meal sizes vary; however, the temperature rise is not always linearly 
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related to the amount of food consumption. This suggests that during food 
intake, temperature is regulated to avoid hyperthermia. Of course, when 
temperature rises to high, this will make the animal stop eating. This may be 
considered as an emergency situation and seems to be more comparable to the 
situation of e.g. fever. Apparently, capsaicin-treated animals are still able to 
cope with this kind of threats, since they are still functioning quite well under 
stable, predictable circumstances. This suggests that mechanisms to avoid 
hyperthermia are controlled in higher centres, probably localized in the brain. 
This does not implicate that vagal afferents are not important in VEH controls 
in the avoidance of hyperthermia. Probably, there are several defense lines to 
protect the organism from ‘overheating’.  

 
Clearly, in CAP rats there is no obvious relation between the end of a 

meal and MIT or Tmax. In VEH controls, there is a relation between the end of 
a meal and MIT and Tmax. As mentioned before, different amount of calories 
were consumed during the different trials. It is therefore doubtful that 
temperature itself would function as satiety signal in these circumstances.  
There are factors that influence MIT response. Apart from meal size (68) 
composition/texture of the diet (127) and physical state of a meal (98) have 
effects on MIT response. We offered a liquid diet and not a solid diet. In 
addition, experiments were performed in the light phase of the animal. As a 
consequence, animals do not eat in their normal feeding period and this could 
give a different picture concerning MIT responses.  

Thus, although from our experiments MIT or Tmax appear not to be 
correlated with the end of a meal; additional experiments are required to 
elucidate the involvement of MIT or Tmax in the control of meal size. These 
experiments should be performed under more physiological circumstances e.g. 
in the dark phase and with solid food. 
It appears though that after ablation of capsaicin-sensitive nerves, the MIT 
response shows wider fluctuations and is less fine tuned compared to VEH 
controls. This suggests a role for these vagal C-type afferents in temperature 
homeostasis. 
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2.3.2 CCK and  MIT  
The involvement of afferent vagal activity in MIT is also demonstrated by the 
fact that CCK injection prior to the meal blunts the MIT completely in VEH 
animals, but not in CAP rats. CCK is a satiety factor and according to the 
thermogenic hypothesis, one would expect an increase in food intake. However, 
CCK induces a decrease in food intake. Of course, the dose given to the 
animals was supraphysiological, therefore not reflecting the involvement of 
CCK in MIT. Also, the IP injection with the CCK-A receptor antagonist 
devazepide (2 µg/kg and 200 µg/kg; generous gift of ML Laboratories Plc, UK) 
did not have any clear effect on temperature in VEH or CAP rats. In control 
circumstances, devazepide is able to increase food intake (111). Likewise, we 
could therefore expect an increase in MIT as well (since CCK suppressed MIT). 
However, we even see a decrease in MIT after administration of devazepide. 
Yet, it could be that CCK displayed its effects via the CCK-B receptor. It has 
also to be mentioned that these doses of devazepide did not had significant 
effects on sucrose intake.  

 
Therefore, the role of CCK in MIT is not clear. It is not likely that CCK 

also displays its satiating effects via temperature. These results support the 
thought that there is no relationship between the end of a meal and MIT or 
Tmax. MIT reflects a complex interaction of gustatory sensory, hormonal, 
neural, neuroendocrinological and metabolic factors. Since after capsaicin-
treatment these factors are modulated, this is probably represented in the MIT 
as well. It can be said that capsaicin-sensitive afferents do play a role in MIT, 
either direct, or indirect. However, it is not very likely that these afferents play 
a role in MIT or Tmax for the induction of satiety.  
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2.4 Convergence of peripheral and central signals 

 
2.4 Convergence of peripheral and central signals 
 
2.4.1 The vagus: a peripheral site for integration?  
The vagus has a wide range of sensory modalities that derive from the GI tract 
as well from the liver connecting via the nodose ganglion to the dorsal vagal 
complex of the hindbrain. These sensory modalities are mechanical signals of 
the GI tract; neurendocrine signals; nutrient detection; but also temperature; 
glucose; and other metabolic signals. This means that the vagus transmits a 
huge amount of information from peripheral sites to the CNS. Therefore, it 
would be a candidate for the integration and modulation of peripheral signals 
as well. Yet, it is often not clear from experiments if convergence of peripheral 
signals transmitted via distinct vagal afferent fibers takes place at the level of 

Figure 2 
MIT response of VEH (A) and CAP (B) rats during 15% sucrose intake. 
Animals received either a control injecti n (DMSO 10%), devazepide (1=2o  
µ/kg; 2=200 µ/kg). Although the MIT response in VEH animals is reduced 
after injection with devazepide 2, this differenc  did not reach significance.e  
Devazepid  did not have any effect in CAP treat d rats. e e
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the NTS; or if convergence of signals occurs as well at the level of the vagus. 
 Chapter 3 describes experiments that strongly suggest that vagal A-
fibers are involved in the integration of CCK and gastric distension; and data 
of chapter 4 poses the hypothesis that capsaicin-sensitive afferents may also 
play a role in the integration of digestive functions and MIT. This does not 
necessarily mean that the vagus is the only site for convergence of these types 
of GI signals. Integration of GI signals occurs as well in the hindbrain at the 
level of the NTS and AP.  

Convergence of e.g. CCK and gastric distension at the level of the 
hindbrain has been suggested in a number of studies (6, 117). It has indeed 
been demonstrated that convergence of afferent fibers occurs at the level of the 
hindbrain (7, 8).  In support of this are results that show that CCK stimulates 
capsaicin-sensitive C-fibers, but gastric distension predominantly stimulates 
capsaicin-insensitive A-fibers (e.g. (13, 116, 117),  Chapter 3). In addition, CCK 
receptors are numerous in the hindbrain and it has been reported that during 
a meal CCK is also produced at central levels (119), suggesting also that 
convergence at the level of the DVC occurs.  In Chapter 3 we found strong 
indications that CCK-A receptors are also present at capsaicin-insensitive A-
type fibers. Moreover, stimulation of these receptors in combination with 
gastric distension enhances distension-induced Fos in the NTS. Therefore, 
there are strong indications that the integration of CCK and gastric distension 
occurs both at peripheral and central level.  

Another example of central and peripheral interaction is the 
enhancement of NTS responses to gastric loads by leptin (124). Also, the 
synergistic action between leptin and CCK has potential peripheral as well as 
central integration sites. Recently, it has been demonstrated that leptin also 
can display its effects at vagal afferent neurons in culture (100, 101). Also, it 
has been demonstrated that some vagal afferent neurons that respond to 
leptin respond to CCK as well (35, 100). Together, these data suggest that the 
vagus is a potential site of integration for gastric leptin and gut CCK. In 
addition, central effects of leptin with CCK are also reported. Other 
experiments demonstrated that central leptin infusions sensitized peripheral 
action of CCK (28, 75-77).   
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Thus, there are strong indications that there are both peripheral as 
well as central integration sites for GI signals. Yet, more research is needed to 
actually demonstrate the interaction of different signals at the level of the 
vagus. Also, more specific studies to investigate which type of fibers are 
involved in these integration processes would be valuable and interesting 
subjects for future research. 

2.4.2 The brain: a central sit  for integration? e

t2.4.2.1  Long-term versus short- erm signals                                                    
The hypothalamus has been the feeding-center model since the 1950s as 
defined by Eliot Stellar (40) and is considered as an important center for the 
integration of long-term-signals as leptin and short-term signals –signals from 
the GI tract. However, the interesting experiments performed by Harvey Grill 
and colleagues (41) demonstrated that decerebrated rats show similar 
discriminative responses as intact animals to gustatory signals and feedback 
signals from the gut. In other words, the animals could eat ‘on their hindbrain’. 
It is also known that the DVC is reciprocally connected with numerous 
forebrain regions implicated in the central control of energy balance, including 
the paraventricular nucleus of the hypothalamus (PVN) (105, 115). Thus, not 
only convergence from peripheral sites occurs in the brain. Within the brain, 
there are complex networks that converge in nuclei from different parts of the 
brain. This is among others demonstrated by a study by Monnikes et al. (90), 
who reported that intraduodenal lipid infusion markedly increased Fos 
protein-like immunoreactivity in locus coeruleus complex (LCC), NTS, AP and 
paraventricular nucleus (PVN) of the hypothalamus. Moreover, perivagal 
capsaicin pretreatment reduced the increase of Fos in the LCC, NTS, AP and 
PVN. Other reports for evidence are 1. the anatomical studies that indicate 
convergence of the gastric vagal and cerebellar fastigial nuclear afferent inputs 
to single glycaemia-sensitive neurons of the lateral hypothalamic area (LHA) 
of the hypothalamus (143) and 2. the observation that medial hypothalamic 
hyperphagia and obesity syndrome is associated with damage to PVN 
projections to NTS/DMV complex (61). 
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In addition to this, leptin receptors –associated with long-term 
regulation of energy homeostasis- are localized in hypothalamic subnuclei but 
also in the DVC, parabrachial nucleus (PBN) as well as other brain stem areas 
as the LCC, lateral reticular, cochelar nuclei, inferior olive and hypoglossal (40, 
42). The MC4 receptor –typically seen as a downstream target of leptin- is also 
localized in the hindbrain and has interaction with CCK (31).                     
Thus, putting things together, we could say that long-term satiety signals as 
well as short-term satiety signals are activating both hindbrain structures as 
well as hypothalamic structures; thereby providing anatomical substrates for 
the integration of long- and short term signals related to food intake and 
energy homeostasis.  

2.4.2.2 The ole of the parabrachial nucleus in he control of feeding behavior                    r t  
The PBN has gained prominence as a site of potential importance in the 
control of feeding behavior.  In general, medial (gustatory) and lateral (visceral) 
subdivisions of the PBN have been implicated in a variety of ingestive 
behaviors. Signals related to feeding, including taste, gastric, duodenal, hepatic, 
and osmotic stimuli, have PBN representation (37, 47, 49). Also, there is 
convergence of vagal and gustatory afferent input within the parabrachial 
nucleus of the rat (50). Gastric projections to the PBN originate in the greater 
splanchnic and vagal afferents (142) and relay to the PBN through the caudal 
region of the nucleus of the solitary tract. Indeed, it has been demonstrated 
that gastric distension activated PBN neurons (5). Also, lesions of the lateral 
PBN abolished the suppressive effect of CCK (133). However, Rinaman (113) 
found that after lesioning noradrenergic neurons in the NTS CCK was not able 
to induce suppression of food intake. Yet, CCK-induced neural activation in the 
PBN and amygdala appeared normal; hypothalamic c-Fos expression after 
CCK injection was markedly attenuated in these lesioned rats. These results 
by Trifunovic and Rinaman raise some questions about the exact involvement 
of the PBN in the mediation of the CCK signal and also about the role of the 
PBN in the process of satiation.  

Concluding, it is obvious that numerous brain areas are involved in the 
control of food intake and also in the regulation of energy homeostasis. Also, 
vagal afferents play an important role in the transmission of information from 
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the periphery to central sites and subsequently also for the communication 
between different brain areas. The decision to terminate feeding is dependent 
on a variety of motivational, metabolic, and hormonal factors. Therefore, this 
suggests that the interaction between different brain areas is necessary for an 
adequate behavioral response to challenges of homeostasis.                     
As proposed by Grill and Kaplan (40), a distributionist model as opposed to 
hierachical model probably describes better food intake control. Concerning the 
role of vagal afferents, results from this thesis (Chapter 2, Chapter 3, Chapter 
4) indicate that vagal afferents and the DVC in the hindbrain are directly 
involved in short-term food intake control. Moreover, the results from Chapter 
2 do also suggest that reactions to long-term challenges to energy balance do 
not solely depend on vagal afferents. Apparently, compensatory metabolic, 
hormonal and neural routes are used to control food intake and regulate body 
weight increase.  

 

3 CAPSAICIN-SENSITIVE AFFERENTS AND GLUCOSE 
 HOMEOSTASIS 

It was demonstrated that CAP treated rats show a reduced insulin response to 
an intravenous glucose tolerance test (IVGTT) compared to VEH controls. This 
difference was most pronounced when high concentrations of glucose (15%) 
were infused, but persistent during infusion with low concentration of glucose 
(5%). Therefore, it seems that CAP treated rats do not have a problem with the 
detection of glucose. Further analysis of blood parameters revealed that these 
differences may be related to modulations in adrenergic, adipocyte hormones 
and metabolic factors. Adiponectin levels were increased whereas resistin and 
FFA levels were decreased after infusion in CAP treated rats compared to their 
VEH controls. Also, corticosterone levels were suppressed in CAP rats during 
infusion. There were no differences observed in leptin levels and the 
counterregulatory hormone glucagon between CAP and VEH rats.                     
Thus, our studies indicate that after capsaicin treatment, different hormones 
and metabolic factors related to glucose homeostasis are modulated. 
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 3.1 Insulin response to an IVGTT                                                                 
Studies with neonatal capsaicin treatment indicated that glucose tolerance is 
improved after ablation of primary afferents and an increased insulin response 
to an IVGTT or OGTT is associated with this phenomenon (44, 60). Gram (38) 
demonstrated that neonatal capsaicin treatment or treatment with the ultra-
potent capsaicin analogue resiniferatoxin (RTX) in fatty Zucker rats prevented 
the development of diabetes 2, improved fasting blood glucose over 24 hours, as 
well as the oral glucose tolerance during an OGTT.  In agreement with this, it 
had previously been reported that CAP rats show resistance to aging-
associated insulin-resistance (87).                                                                                                 

As in other studies, glucose-stimulated-insulin release was increased 
in CAP and RTX rats (38). Thus, from literature it appears that deletion of 
capsaicin-sensitive nerves increases glucose tolerance as well as insulin 
secretion in response to a single intra venous glucose injection. This suggests 
that these sensory nerves modulate efferent loops involved in insulin secretion 
and/or insulin sensitivity. Indeed, stimulation of sensory nerves in skeletal 
muscle in vitro causes the efferent release of CGRP (69). Also, it is known that 
CGRP inhibits insulin action in skeletal muscle (17). Our own results, 
presented in Chapter 5 and Chapter 6, demonstrated that after capsaicin 
treatment, insulin response is reduced while glucose tolerance is comparable to 
VEH controls during a glucose infusion. The outcome of both studies suggests 
that insulin secretion is modulated by capsaicin sensitive nerves. This result in 
combination with reports of Koopmans et al. (63) and Zhou et al. (144) suggest 
that insulin sensitivity might be increased (see also discussion of  Chapter 5 
and Chapter 6). However, there is some debate about the underlying 
mechanisms. Capsaicin-pretreatment of rats resulted in a reduced adrenaline 
release during insulin-induced hypoglycaemia for up to 30 min and, as a 
consequence, generated a greater fall in blood glucose (26). In addition, 
Koopmans et al. (63) also reported a decline in insulin antagonistic hormones 
as adrenaline, noradrenalin, glucagon and corticosterone. We found no effect of 
glucagon after capsaicin treatment, but corticosterone levels were decreased 
during glucose infusions. Trudeau and Milot (134) also found decreased 
catecholamine output during exercise till exhaustion. They did not find 
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differences in catecholamine levels after 60 minutes of swimming. Also, glucose 
levels did not differ between both groups. They did not measure insulin, but 
liver glycogen was much higher in CAP treated rats. We also did not find 
significant differences between the catecholamine responses between CAP and 
VEH rats during 20 min exercise. Glucose levels were comparable between 
CAP and VEH animals. In these studies, CAP rats also had significant lower 
insulin levels (data not shown).     

3.2 Hormonal/metabolic factors and glucose homeostasis                                                                                                                                                                     
Results of chapter 6 indicate that CAP rats have similar leptin plasma levels 
compared to VEH controls. However, leptin has stronger effects on food intake 
in CAP rats in comparison with VEH controls. This suggests that CAP animals 
are more sensitive to leptin which is often seen as a factor involved in the 
regulation of (long-term) energy homeostasis. This may also implicate that 
part of the effects on glucose homeostasis after capsaicin treatment are due to 
increased leptin sensitivity. Leptin has effects on and interactions with other 
hormones as adiponectin, resistin, corticosteron and lipid metabolism (see 
Chapter 6). However, the fatty Zucker rat has a leptin receptor deficiency and 
does subsequently not react to leptin and also shows similar effects after 
capsaicin treatment on glucose homeostasis. Yet, it has been reported that 
leptin retains some efficacy in the obese Zucker rat, even though these rats are 
less responsive than their lean controls (3). Therefore, increased leptin 
sensitivity cannot be ruled out.          

Our results and that of others (58, 63) suggest that capsaicin-sensitive 
afferents may be involved in the regulation of HPA-axis activity. The 
suppression of corticosterone could display beneficial effects on glucose 
homeostasis. Higher levels of circulating glucocorticoids are associated with 
insulin resistance (4). Therefore, the reduced level of corticosterone could be 
involved in the enhanced glucose disposal during an IVGTT in CAP animals as 
well as display effects on other factors associated with insulin sensitivity. 
Furthermore, dysregulation of the hypothalamic-pituitary-adrenal axis is 
strongly associated with obesity as well as the development of diabetes (15). 
Thus, effects on glucose homeostasis after neonatal capsaicin treatment could 
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be either direct (by modulation of afferent signaling) or indirect (by increasing 
sensitivity to or ‘dysregulation’ of other factors). 

Results in Chapter 6 indicated that CAP rats have decreased levels of 
FFA after infusion. This could point in the direction of increased oxidation of 
FFA and result in accelerated FFA clearance from the blood. This decrease in 
FFA after infusion might also be involved in the effects on glucose homeostasis 
after capsaicin treatment, since higher levels of FFA are usually associated 
with disturbances in glucose homeostatic mechanisms (96). Koopmans et al. 
(63) demonstrated that glucose and fat metabolism are modified after 
capsaicin treatment. Muscle glycogen synthesis and whole body de novo 
lipogenesis was increased in CAP animals and hepatic glucose production was 
decreased in animals during a moderate euglycaemic insulin clamp. It is 
thought that decreased skeletal muscle glucose disposal and increased 
endogenous glucose production contribute to postprandial hyperglycaemia in 
type 2 diabetes. Specifically, increased hepatic glucose production is often 
associated with type 2 diabetes (9).  

 
These observations raise the hypothesis that the vagus nerve may be 

more involved in the measurement of energy fluxes then absolute energy 
content per se. These energy fluxes may have profound effects on gluco-
homeostatic reflex mechanisms. Changes in adipocyte hormones as leptin, 
resistin and adiponectin, metabolic factors and corticosterone after neonatal 
capsaicin treatment have also effects on metabolism. Leptin has also effects on 
these glucose fluxes partly by modulation of the melanocortin pathway in the 
hypothalamus. Leptin stimulates gluconeogenesis through the melanocortin 
pathway; while an inhibition of glucose production appears to occur via a 
melanocortin independent pathway (45). Our results of Chapter 6 do suggest 
that it is unlikely that the increased leptin sensitivity in CAP rats occurs 
through the melanocortin system. Therefore, it could be hypothesized that in 
CAP rats there is a stronger inhibition of glucose production because of an 
increased leptin sensitivity which could contribute to the observed effects on 
glucose homeostasis. 
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3.3  Concluding remarks on capsaicin-sensitive nerves and glucose 
 homeostasis                                                                                                           
All together, these observations suggest that animals have an increased 
insulin sensitivity after neonatal capsaicin treatment. This may be tissue 
specific, since local capsaicin-induced desensitization of the anterior hepatic 
plexus in rabbit results in decreased insulin sensitivity (103, 104). Also, we can 
conclude that sensory nerves are involved in the modulation of the efferent 
loop of glucose homeostasis; this effect could occur either via a local reflex loop 
or via a longer loop including the brain. These modulations appear to depend 
on the way in which glucose homeostasis is challenged. For example, an 
insulin induced hypoglycaemia gives other effects on catecholamine output 
compared to swimming (see before). Indications for the efferent function of 
capsaicin-sensitive sensory nerve fibers are the recent reports of Porszasz et al. 
(103, 104) who demonstrated that hepatic sensory nerves are involved in the 
secretion of a hormone-like substance from the liver termed hepatic insulin 
sensitizing substance (HISS). Also, the results of Ahren (2) suggest that GLP-
1-induced insulin secretion at a low dose in mice is dependent on intact 
sensory nerves. These factors probably also contribute to the effects of 
capsaicin treatment on insulin secretion.  

Finally, it is pointed out that it is maybe more likely that sensory 
nerves are involved in the regulation of insulin sensitivity rather then the 
prevention of insulin resistance. Also, insulin sensitivity should be 
investigated at the level of the receptor in CAP animals; since physiological 
techniques to investigate insulin sensitivity as insulin induced hypoglycaemia 
and euglycaemic insulin clamp studies investigate the outcome between 
glucose uptake and glucose production. Long-term signals can be modified 
after capsaicin treatment involved in glucose homeostasis as leptin, 
adiponectin and others (Chapter 6). Therefore, increased insulin sensitivity 
can occur at multiple levels and the exact and subtle function of sensory nerves 
at these levels needs still to be determined. 
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4 ENERGY HOMEOSTASIS 

4.1 Vagal afferents and energy homeostasis                                                   
One of the questions that rise is if the development of obesity has an important 
neural component. Certainly, hormonal, metabolic and neural factors influence 
each other. Therefore, it is hard sometimes to distinguish between them and is 
it difficult, and even impossible in some cases to point a causal factor. For 
example, intestinal adaptation –and thus also of intestinal afferents- occurs in 
response to thyroid hormone, insulin, and corticosterone as well as to obesity, 
pregnancy, and illness, which all may have important effects on eating 
behavior and energy homeostasis in these situations. Also, there is a strong 
correlation between ambient temperature and food intake as well as body 
temperature and food intake (23).  

It has been demonstrated that stimulation of vagal afferents reduces 
food intake and body weight by increasing vagal afferent signals (67). When 
this stimulation is combined with systemic capsaicin treatment the effects on 
food intake and body weight are even enhanced (66). These results suggest 
that information transmitted via vagal afferents can be modulated resulting in 
changes in feeding behavior and body weight and may therefore be a potential 
therapeutic intervention in obese people. The studies in this thesis 
demonstrate that capsaicin-sensitive afferents are involved in food intake 
control. We found that vagal afferents are: involved in short-term food intake; 
is a location for the integration of peripheral signals; involved in MIT; and has 
a profound effect on insulin secretion and glucose disposal from the blood 
circulation. We also found that CAP rats have increased leptin sensitivity and 
that this probably not occurs through the melanocortin pathway. Thus, this 
modification in CAP rats has to be more upstream, maybe at the level of the 
production of POMC. These results suggest that the lack of a substantial part 
of afferent information is compensated by increased sensitivity of (a) signal(s) 
related to long-term regulation of body fat and fuel homeostasis.  

The group of Himms-Hagen did also find effects of neonatal capsaicin 
treatment on energy homeostasis. It was reported that neonatal CAP animals 
showed resistance to the development of age-related obesity as well as age-
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related decrease in insulin sensitivity (87). Also, CAP animals had a long-term 
decrease in body fat and in brown adipose tissue (BAT) (18, 19). Atrophy of 
BAT is characteristic of many different kinds of obesity in laboratory rodents 
and is usually thought to contribute to the high metabolic efficiency, 
particularly with lack of diet induced thermogenesis in BAT (51). This 
reduction of BAT in CAP rats was also associated with a reduction of 
uncoupling proteins in BAT. These observations suggested that most of the 
mitochondria of BAT in CAP rats have been lost (20). Cui et al. (20) also report 
that feeding a palatable diet had a delayed thermogenic effect in CAP treated 
rats. Results from this thesis do not indicate such thermogenic effects on MIT 
when temperature is measured in the abdominal cavity. However, this may 
not be representative for BAT thermogenesis.  We did not find differences in 
fat pads of white adipose tissue between both groups (data not shown); 
although we did not measure interscapular BAT. Thus, there seems to be some 
beneficial effects on energy homeostasis after systemic capsaicin treatment; 
yet, it is unclear what consequences the reported reduction in BAT in CAP rats 
exactly has on energy homeostasis 

We did observe differences in short-term satiety, temperature 
regulation, and glucose homeostasis between CAP and VEH rats. Thus, it 
appears that even though CAP animals are able to maintain body weight vagal 
afferents are involved in the fine-tuning of responses to physiological 
challenges. Possibly, the integrative function of the vagus at peripheral level 
plays also a role in triggering adequate responses to threats of homeostasis. 
This does not implicate that vagal afferents are not involved in the 
development of obesity or that in intact animals vagal afferents are not 
important to maintain energy homeostasis. Especially, since these animals 
were denervated at neonatal age, rats could develop alternative mechanisms to 
deal with their lack of information, which is also suggested by results in 
Chapter 6. Also, it may very well be that under critical and/or stressful 
circumstances, these animals are not able to respond adequately. This was 
previously demonstrated by putting CAP animals in either a cold or warm 
environment. The CAP animals showed impairment of thermoregulation at 
both high and low environmental temperatures (11, 128-130). In other words, 
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it could be that impaired sensory signaling creates problems for the subject to 
defend its current homeostasis in challenging situations. Therefore, obesity 
could be an adaptation to these physiological, psychological and socio-economic 
challenges resulting in the creation of a new ‘homeostasis’ (or allostasis, see 
next paragraph). Disturbances in signal transduction in vagal afferent nerves 
could work as a catalyser for this development and contribute in this way to 
obesity with all its complications.  

4.2 Allostasis and obesity- obesity: adaptation or pathology?                                                                                                                                                                    
Allostasis means literally: "maintaining stability (or homeostasis) through 
change". This concept was first introduced by Sterling and Eyer (Fisher S., 
Reason J. (eds): Handbook of Life Stress, Cognition and Health. J. Wiley Ltd. 
1988, p. 631) (81) and has recently gained more attention in biobehavioral as 
well as physiological research. While homeostasis refers predominantly to the 
internal state of the body, allostasis refers to the relationship between 
environmental challenge and biological responses of the intern milieu. 
Therefore, the concept allostasis is broader and more complete compared to the 
concept homeostasis to explain how a subject deals with a variety of challenges. 
Allostatic load refers to the cumulative negative effects (79); or in other words 
the price that the body pays for being forced to adapt to various psychosocial 
challenges and adverse environments. Mediators of allostasis are the 
neuroendocrine system, autonomic nervous system, and immune system in 
order to adapt to challenges of daily life (79). Among the many factors that 
contribute to allostatic load are genes and early development, as well as 
learned behaviors reflecting life style choices of diet, exercise, smoking and 
drinking. All of these factors influence the reactivity of the systems that 
produce the physiological stress mediators.  

In general, there are both short-term adaptive actions (allostasis) that 
are protective and long-term effects that can be damaging (allostatic load). In 
its extreme, allostatic load can involve positive feedback responses (12). The 
cascade in neurohormonal responses to stress is an example of this (80). Also, 
allostasis is described in cases of withdrawal symptoms of systems that have 
changed over time, but otherwise used homeostatic negative feedback 
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mechanisms regulate (12). For example, an individual in a ‘normal and 
healthy’ environment (no excess of food, stable life, no chronic stress) is able to 
maintain a relative constant body weight over time. However, the excess of 
food availability in combination with lack of exercise and stress induces short-
term adaptations in feeding behavior. Yet, on the long term, these changes in 
food intake and metabolism also have their reflections in changes in 
physiological and neural systems. An adaptation to a positive energy balance is 
the accumulation of body fat and, in extreme cases, this can lead to obesity. In 
the case of obesity allostatic load refers to the "cost" of adaptation; and the cost 
of obesity would be the obesity-related complications and a failure in internal 
homeostasis, which could result in e.g. diabetes 2.  

 Also, often, the lifestyle where high-fat and fast food is consumed in 
large amounts is a way to cope with the environment- also called the not well 
defined stress-eating. Hence, change in nutrition as avoiding high-fat diets 
could be experienced as sort of ‘withdrawal, which is caused by homeostatic 
feedback mechanism. This reinforces the cascade for the development of 
obesity. Of course, damage in or malfunctioning of mediators of allostasis as in 
neuroendocrine systems and autonomic nervous system e.g. impairment in 
vagal afferent signaling could be a factor in this allostatic load which leads to 
maladaptation to the situation.  

Concluding, we could say that obesity is an allostatic load and 
therefore an adaptation to cope with the environment. However, on the long-
term, obesity is damaging for an individual and can lead to pathological 
complications as is e.g. type 2 diabetes . 

III CONCLUSION 

In conclusion, we could say from the presented studies that capsaicin-sensitive 
afferents are not crucial to maintain energy homeostasis in predictable, stable 
environments.  It appears that capsaicin-treated rats compensate their lack in 
afferent neural signaling by increased sensitivity of other factors as leptin 
which is related to long-term regulation of energy homeostasis. Yet, there are 
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profound effects on mechanisms involved in short-term food intake, meal 
induced thermogenesis and glucose homeostasis. These effects suggest a role of 
the vagus in the fine-tuning of responses to physiological challenges. Possibly, 
the vagus has an integrative function at the peripheral level necessary to 
trigger adequate responses to threats of homeostasis. Therefore, we speculate 
that in critical and threatening situations animals will have problems to 
respond adequately to their environment and maintain homeostasis thereby 
increasing their allostatic load and catalyze the development of obesity.  

Figure 3 summarizes the results and ideas from this thesis.  
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Figure 3 

Schematic representation of peripheral and central factors involved in
the regulation of energy h meostasis. Vagal afferent fibers have ao
sensory function and are involved in the transmission of p ripherae l
signals of the GI tract and the liver. These signals include gastric
distension; neuroendocrine signals as e.g. CCK; nutrient signals;
temperature; metabolic signals; and glucose. A majority of of this
information is transmitt d via capsaicin-sensitive C- ibers; yet, alsoe f
capsaicin-insensitive A-type fibers are inv lved. Vagal afferen s projecto t
to the DVC of the hindbrain. Integration o  peripheral signals occurs atf
the level of the vagus, but also at the level of the DVC.  Long-term
adiposi iy signals as e.g. leptin have profound effects on energyt
homeostasis. Moreover, l ptin modulates oth r factors involved in fooe e d
intake and metabolism as the sensitivity of CCK as well as the
production of e.g.  adiponectin.  Pe ipheral inf mation about energyr or
homeostasis leads to adaptations of feeding behavior, glucose
homeostasis and thermogenesis to maintain homeostasis.  

Abbreviations: CCK: cholecystokinin; DVC: dorsal vagal complex; PBN:
parabrachial nucleus; HYP: hypothalamus; Adapted from (121). 
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  “…To make and end is to make a beginning…. 
 

     
 
 
 
 
 

Little Gidding (T. S. Eliot-from “ Four Quartets”) 
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NEDERLANDSE SAMENVATTING 
 
In dit proefschrift is de betrokkenheid van capsaicine-gevoelige vagale 
afferente zenuwen in de regulatie van energie homeostase onderzocht. De 
nadruk wordt gelegd op de betrokkenheid van deze sensorische zenuwen bij 
verzadiging en glucose homeostase. 
 
Inleiding  
Het begrip ‘homeostase’ werd gedefinieerd door Claude Bernard, is verder 
uitgediept door Walter Cannon en wijst op de constantheid van ons intern 
milieu en op de fysiologische feedback mechanismen om deze status te 
handhaven. De handhaving van het lichaamsgewicht is een voorbeeld van een 
homeostatisch proces. De meeste mensen behouden een relatief constant 
lichaamsgewicht gedurende hun leven, terwijl hun voedselopname aanzienlijk 
kan verschillen van dag tot dag. Dit duidt er op dat in ons lichaam processen 
zijn die het lichaamsgewicht reguleren. De hersenen spelen een belangrijke rol 
bij de regulatie van het lichaamsgewicht; de hoeveelheid lichaamsvet wordt 
hier gesignaleerd en tevens worden er processen in gang gezet om deze 
hoeveelheid te behouden. Wanneer we om ons heen kijken en de berichten van 
de media in acht nemen, dan zien we dat mensen gemiddeld steeds dikker 
worden en dat dit in sommige gevallen zelfs leidt tot obesitas, vroeger ook 
bekend als vetzucht. Obesitas is eigenlijk in schijnbare tegenspraak met het 
begrip homeostase en wordt gedefinieerd door de zogenaamde Body Mass 
Index (BMI). De BMI wordt berekend door het gewicht (kg) te delen door het 
kwadraat van de lengte (m2). Wanneer de BMI tussen de 20 en 25 ligt dan 
heeft de desbetreffende persoon een gezond gewicht, maar ligt het getal lager 
of hoger dan heeft deze persoon onder- respectievelijk overgewicht. Een BMI 
van meer dan 30 duidt aan dat deze persoon daadwerkelijk aan obesitas lijdt. 
 Obesitas is een serieus probleem in de westerse wereld; de 
wereldgezondheidsorganisatie (WHO) heeft in 2000 een rapport uitgebracht 
waarin het aantal mensen met overgewicht wordt geschat op 1,1 miljard, 300 
miljoen mensen hiervan lijden aan obesitas. Ziekten die vaak gepaard gaan 
met obesitas zijn onder andere type 2 diabetes, hart- en vaatziekten en 
bepaalde vormen van kanker. Het is dus duidelijk dat overgewicht en obesitas 
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zeer ongezond zijn en dat een fundamenteel begrip van processen die het 
lichaamsgewicht beïnvloeden noodzakelijk is voor een verantwoorde 
behandeling van obesitas.   
 Zodra de homeostase bedreigd wordt zullen er (neuro)fysiologische 
processen op gang gebracht kunnen worden ter handhaving van dit evenwicht. 
De nervus vagus speelt hierbij een belangrijke rol. De vagus bestaat 
grotendeels uit afferente (naar de hersenen toe) zenuwvezels die eindigen in 
het dorsale vagale complex (DVC) in de hersenstam. Slechts zo’n 20 % van 
deze zenuw wordt gevormd door de efferente (‘afvoerend’ van de hersenen) tak. 
De afferente zenuwen worden ook wel eens aangeduid als sensorische zenuwen, 
omdat de vagus diverse sensorische modaliteiten heeft (voedselopname, 
glucose, temperatuur etc.) en deze informatie vanuit de periferie doorgeeft aan 
de hersenen. Hierdoor is de vagus een belangrijk deel van een reflex-loop die 
samen met de hersenen zorgt voor handhaving van de homeostase.  
 
Dit proefschrift 
In dit proefschrift is gekeken naar de betrokkenheid van de vagale afferenten 
bij de regulatie van energie- homeostase. Hiertoe werden ratten neonataal of 
op volwassen leeftijd behandeld met het neurotoxine capsaicine – het scherpe 
ingrediënt in rode pepers - dat deze vagale C-afferente vezels vernietigt. Dit 
neurotoxine bindt aan vanilloïde-1 receptoren die onder andere gelocaliseerd 
zijn op ongemyeliniseerde C- en dun gemyeliniseerde δ-vezels. In hoge 
concentraties vernietigt capsaicine deze vezels. Hierdoor kan deze stof als ‘tool’ 
dienen om de betrokkenheid van deze vagale afferente vezels in energie 
homeostase te onderzoeken. 

Experimenten die in dit proefschrift zijn beschreven waren gericht om 
inzicht te krijgen in zowel de korte-termijn verzadigings processen als de lange 
termijn regulatie van de energiehuishouding. Tevens is gekeken naar de rol 
van de vagale C- vezels in de regulatie van glucose homeostase. Deze 
probleemstellingen zijn vanuit verschillende hoeken benaderd. In het tweede 
hoofdstuk is een studie gepresenteerd die de controle van voedselinname en de 
regulatie van lichaamsgewicht vanuit een gedragsmatige invalshoek beschrijft. 
De hypotheses die vanuit dit werk ontstonden zijn verder uitgediept in 
hoofdstuk 3, waar m.b.v. immunohistologische technieken gekeken is naar het 
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type vezels van de vagale afferenten die betrokken zijn bij maagdistensie en 
cholecystokinine (CCK; een verzadigingshormoon van de darm) signalering. 
Maaltijd geïnduceerde thermogenese (MIT) is ook een factor die wordt 
geassocieerd met verzadiging. In het vierde hoofdstuk is daarom gekeken naar 
de betrokkenheid van vagale afferenten bij MIT. In hoofdstuk 5 is gekeken 
naar de betrokkenheid van capsaicine-gevoelige vagale afferenten bij de 
regulatie van glucose huishouding. In hoofdstuk 6 zijn de hormonale factoren 
betrokken bij controle van voedselinname en glucose homeostase geëvalueerd. 
Het laatste hoofdstuk bestaat uit een discussie en bevat de conclusie die vanuit 
dit onderzoek naar voren zijn gekomen. 
 
De experimenten 
In hoofdstuk 2 is gekeken naar de betrokkenheid van vagale afferenten in de 
regulatie van lichaamsgewicht en voedselinname. Om dit te onderzoeken 
werden ratten neonataal (2 dagen na geboorte) behandeld met capsaicine (CAP) 
- om de capsaicine gevoelige vagale C-afferenten te vernietigen- of met een 
vehikel controle (VEH). In een eerste set experimenten werden oplopende 
concentraties van sucrose water (10-15-20-40%) aangeboden in korte termijn 
voedselinname experimenten die 1 uur duurden. Elke concentratie werd 3 
maal aangeboden om te zien of capsaicine behandelde dieren hun inname 
veranderen naar gelang ze meer ervaring hadden met een bepaalde sucrose 
water concentratie. Aan het einde van deze concentratiereeks werd 10% 
sucrose water weer aangeboden om te onderzoeken of capsaicine behandelde 
dieren hun voedselinname zouden aanpassen na de ervaring met sucrosewater 
met verschillende concentraties. De resultaten lieten zien dat CAP dieren 
overconsumeren in vergelijking met VEH dieren, ongeacht de concentratie van 
het sucrose water. Het was duidelijk dat bij een sucrose concentratie van meer 
dan 10%, de sucrose inname in CAP en VEH dieren niet meer afhankelijk is 
van de concentratie van sucrose en dat het volume inname redelijk constant is 
gedurende de ‘trials’. In een ander experiment werden dieren blootgesteld aan 
een gecondenseerde melk suspensie (CMS) gedurende 5 dagen naast hun 
normale voer (chow). CAP dieren aten in het begin veel meer in vergelijking 
met VEH dieren. Deze overconsumptie ging gepaard met een daling in de 
‘chow’inname. Echter, er zijn geen verschillen in voedselinname tussen CAP en 
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VEH dieren wanneer men kijkt naar de voedsel- en CMS inname over de 
gehele periode. In beide experimenten verschilde de lichaamsgewichttoename 
niet tussen CAP en VEH dieren. Er kan dus gesteld worden dat capsaicine-
gevoelige vagale C-afferenten betrokken zijn bij controle van volume inname 
tijdens het drinken van sucrose inname en dus een rol spelen in de regulatie 
van korte termijn voedselinname. Deze zenuwen lijken niet onmisbaar voor de 
regulatie van de energiehuishouding op de langere termijn. 
  
 De resultaten beschreven in hoofdstuk 2 gaven aan dat capsaicine-
gevoelige zenuwen vermoedelijk betrokken zijn bij de signalering van 
maagdistensie (= het uitzetten van de maag). Echter, de capsaicine-ongevoelige 
zenuwen lijken ook betrokken te zijn bij de signalering van maagdistensie 
aangezien de CAP dieren gemiddeld een constante hoeveelheid sucrosewater 
dronken als de sucrose concentratie hoger was dan 10%. De studies 
gepresenteerd in hoofdstuk 3 borduren verder voort op deze gedachte. 
Anatomische en electrofysiologische data uit de literatuur geven aan dat 
sommige vagale afferenten die uit de maag afkomstig zijn niet worden 
vernietigd door capsaicine. Naast maagdistensie speelt het darmhormoon 
Cholecystokinine (CCK) ook een rol bij verzadiging. Capsaicine- behandelde 
dieren reageren niet meer op dit hormoon. Het is bekend dat CCK het effect 
van maagdistensie op eetgedrag en elektrofysiologische responsen versterkt. 
Een recente studie van Simasko en Ritter (2003) liet zien dat er ook capsaicin-
ongevoelige zenuwen gevoelig zijn voor CCK. Met behulp van cfos –een 
cellulaire marker die gebruikt wordt als maat voor activatie van neuronen- 
hebben we gekeken of maagdistensie fos expressie induceert in het Dorsale 
Vagale Complex (DVC) in CAP dieren. Een tweede vraag was of CCK het effect 
van maagdistensie versterkt via actie op capsaicine-ongevoelige zenuwen. Om 
dit te onderzoeken werd de Fos-expressie gemeten in verschillende structuren 
van de DVC (Nucleus tractus solitarius, NTS; area postrema, AP; dorsale 
motor nucleus van de vagus, DMV) na maagdistensie al dan niet in combinatie 
met een CCK injectie bij CAP en VEH dieren. Resultaten lieten zien dat 1. 
maagdistensie Fos expressie induceert in het DVC van CAP dieren, al is het 
aantal geactiveerde neuronen in de NTS wel lager in vergelijking met VEH 
dieren; 2. CCK duidelijk maagdistensie geïnduceerde DVC fos versterkt in 
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CAP dieren. Dit laatstgenoemde effect werd volledig geblokkeerd door de 
selectieve CCK-A receptor antagonist Lorglumide. Uit deze studie is 
geconcludeerd dat CCK direct capsaicine-gevoelige C-afferenten activeert. 
Echter, CCK’s effect op capsaicine-resistente A-vezels is vermoedelijk 
verantwoordelijk voor het faciliteren van de vagale responsen op 
maagdistensie 
 

In hoofdstuk 4 is gekeken naar de betrokkenheid van capsaicine-
gevoelige afferente zenuwen in maaltijd geïnduceerde thermogenese (MIT). 
Het is bekend dat vagale afferenten betrokken zijn bij thermoregulatie, maar 
de rol van deze afferenten in MIT is nog onbekend. Deze studie is vergelijkbaar 
met de studie gepresenteerd in hoofdstuk 2. CAP en VEH dieren kregen 
verschillende concentraties van sucrose water aangeboden gedurende 
verschillende ‘trials’ die elk 1 uur duurde. De lichaamstemperatuur werd 
gemeten met behulp van een telemetrie zender die geplaatst was in de 
buikholte. De resultaten toonden aan dat CAP dieren een grotere variatie 
hebben in de MIT respons tijdens sucrose inname. Echter, CAP dieren zijn nog 
steeds in staat om de maximale temperatuur (Tmax) tijdens MIT te 
controleren. Dit geeft aan dat de temperatuur die vrijkomt tijdens de maaltijd 
niet alleen in de periferie wordt gemeten, maar vermoedelijk ook in het 
centraal zenuwstelsel. Het verzadigingshormoon CCK heeft duidelijke effecten 
op de activiteit van vagale afferenten en voedselinname. Om deze redenen 
waren wij geïnteresseerd in de effecten van CCK op MIT. CCK onderdrukte de 
MIT volledig in VEH dieren, maar niet in CAP dieren. Hieruit blijkt dat 
capsaicine-gevoelige vagale afferenten noodzakelijk zijn voor dit effect. CCK 
onderdrukte ook sucrose inname, dus de inhibitie van voedselinname van CCK 
gebeurt niet via temperatuur. Deze studies geven aan dat CAP dieren 
storingen hebben in MIT en dat capsaicine-gevoelige zenuwen betrokken zijn 
bij de controle van thermogenese tijdens voedselinname. 

In hoofdstuk 5 is de rol van capsaicine-gevoelige sensorische zenuwen 
in de regulatie van glucose homeostase onderzocht. Daartoe werden dieren 
neonataal behandeld met capsaicine of vehikel en vervolgens werd een 
intraveneuze glucose tolerantie test (IVGTT) uitgevoerd met 3 verschillende 
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glucose concentraties (150, 300 en 450 mg in 30 minuten). Glucose, insuline en 
glucagon werden gemeten voor, tijdens en na de infusie. Intraveneuze infusies 
van hogere glucose concentraties resulteerde in hogere insuline responsen in 
CAP en VEH dieren. Echter, glucose-gestimuleerde insuline secretie was 
aanzienlijk lager in CAP dieren in vergelijking met VEH dieren, terwijl beide 
groepen dezelfde mate van hyperglyceamie (hoog bloedsuikergehalte) hadden. 
Glucagon waarden verschilden niet bij beide groepen. Deze resultaten tonen 
aan dat capsaicine-gevoelige zenuwen betrokken zijn bij glucose geïnduceerde 
insuline afgifte, maar onmisbaar zijn om bloedglucose niveaus te reguleren. 
Het zou mogelijk kunnen zijn dat capsaicine-gevoelige zenuwen zijn betrokken 
bij de regulatie van insuline gevoeligheid en wellicht ook een rol spelen bij de 
ontwikkeling van stoornissen in de glucosehuishouding  zoals bijvoorbeeld bij 
insuline resistentie.  

 
De studies gepresenteerd in de voorgaande hoofdstukken hebben 

aangegeven dat verscheidene mechanismen die betrokken zijn bij 
voedselopname en neuroendocrine activiteiten afhankelijk zijn van vagale 
afferente neuronen. Toch bleek capsaicine behandeling nauwelijks van belang 
voor de lange termijn regulatie van energie huishouding.  De experimenten die 
gepresenteerd zijn in hoofdstuk 6 waren erop gericht om te onderzoeken of 
endocrine factoren of de gevoeligheid van deze factoren compenseren voor het 
verlies van vagale afferenten na capsaicine behandeling. In deze studie werd 
wederom een IVGTT uitgevoerd (450 mg in 30 minuten) en factoren die de 
energiestatus indiceren, circulerende adipocyte factoren, pancreatische 
factoren and bijnier hormonen werden gemeten voor, tijdens en na infusie van 
glucose. Evenals bij de voorgaande studie hadden CAP dieren een 
vergelijkbare hyperglycaemie als VEH dieren die gepaard ging met een sterk 
verminderde insuline en corticosteron plasma respons. Dit wijst erop dat CAP 
dieren mogelijk gevoeliger zijn voor insuline dan VEH dieren. De lage 
corticosteron niveaus tijdens glucose infusie zouden hier verantwoordelijk voor 
kunnen zijn. Na de IVGTT hadden CAP dieren verhoogde plasma waarden van 
adiponectine en verminderde plasma waarden van resistine. Deze 
veranderingen in circulerende adipocyte hormonen zouden relevant kunnen 
zijn voor metabole processen die optreden na een maaltijd (bijv. vetzuur 
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oxidatie). In een tweede epxeriment werden de anorexigene effecten van 
cholecystokinine en leptine gemeten. Intraperitoneale injectie van CCK 
onderdrukte de voedselopname in VEH dieren, maar niet in CAP dieren. Dit 
bevestigt dat de capsaicine behandeling succesvol was. Intraveneuze injectie 
van leptine resulteerde in een sterkere onderdrukking van de voedselopname 
in CAP dieren in vergelijking met VEH dieren. Dit zou kunnen betekenen dat 
CAP dieren gevoeliger zijn voor dit hormoon dat geassocieerd is met de lange 
termijn regulatie van de energiehuishouding. Vanuit deze studies is 
geconcludeerd dat veranderingen in de HPA- as (hypothalamus-hypofyse-
bijnier) activiteit en leptine signalering betrokken zijn bij de compensaties voor 
de energie balans na capsaicine behandeling. 
 
Conclusies 
De studies die in dit proefschrift zijn gepresenteerd leiden tot de conclusie dat 
vagale afferenten betrokken zijn bij korte termijn voedsel opname, maaltijd 
geïnduceerde thermogenese en de regulatie van glucose homeostase. Echter, op 
lange termijn lijken capsaicine-gevoelige vagale afferenten niet onmistbaar 
voor de energiehomeostase. Dit leidt tot de hypothese dat vagale afferenten 
noodzakelijk zijn voor directe reacties op fysiologische veranderingen en een 
rol spelen in de ‘fine-tuning’ van homeostatische processen. We kunnen stellen 
dat het ontbreken van de vagale afferentie een probleem wordt voor het dier 
als er plotseling grote veranderingen optreden in de energiebalans. Het dier 
kan dan niet meer adequaat reageren en op deze manier kan een gebrekkige 
signalering van vagale afferenten bijdragen aan de ontwikkeling van obesitas 
en de geassocieerde ziekten hiermee als type 2 diabetes. 
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ABBREVIATIONS 
 
AP     area postrema 
BAT     brown adipose tissue 
BMI     body mass index 
CNS     central nervous system 
DMV/DMX    dorsal motor nucleus of the vagus 
DVC     dorsal vagal complex 
CAP     capsaicin-treated  
CAPSAICIN    8-methyl-N-vanillyl-6-nonenamide 
CCK     cholecystokinin 
CGRP     calcitonin gene-related peptide 
CMS     condensed milk suspension 
FOS     Fos-like immunoreactivity 
GI     gastrointestinal 
GLP-I     glucagons-Like peptide I 
HISS     Hepatic insulin sensitizing substance 
HPA-axis    hypothalamic-pituitary-adrenal axis 
IGLE     intraganglionic laminar ending 
IMA     intramuscular array 
IP     intraperitoneal 
IV     intravenous 
IVGTT     intravenous glucose tolerance test 
LH     lateral hypothalamus 
MIT     meal induced thermogenesis 
NIDDM    non-insulin dependent diabetes mellitus 
NPY     neuropeptide Y 
NTS     nucleus of the solitary tract 
OLETF     Otsuka Long-Evans Tokushima fatty 
OGTT     oral glucose tolerance test 
PBN     parabrachial nucleus 
POAH     preoptic area of the hypothalamus 
PVN     paraventricular nucleus 
POMC     pro-opiomelanocortin 
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SC     subcutaneous 
SP     substance pain 
RTX     resiniferatoxin 
TRPV1     transient receptor potential channel- 
     vanilloid subfamily member 1 
VAGUS    nervus vagus 
VEH     vehicle-treated  
VMH     ventromedial hypothalamus 
VR1     vanilloid receptor I 
WAT     white adipose tissue 
ZDF     Zucker diabetic fatty   
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“…We shall not cease from exploration  
And the end of all our exploring  

Will be to arrive where we started  
And know he place for the first time.  

Through the unknown, unremembered gate  
When the last of earth left to discover  

Is that which was the beginning;  
At the source of the longest river…” 

t

 
 

 
 
 

 
 
 

… 
 

Little Gidding (T. S. Eliot-from “ Four Quartets”) 
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kennen via het dansen, maar ik heb vooral genoten van onze vriendschap. Op 

188 



______________________________________________________________de bedankjes 

het moment dat we elkaar leerden kennen heb je me nieuwe wegen laten zien 
die voorheen nog onbekend waren. Bedankt …..heel erg. 
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nog in een andere vorm persoonlijk tot jullie richten. Ginny, ik ken je sinds 
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