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Abstract

The vagal afferent pathway is the major neural pathway by which information about ingested
nutrients reaches the CNS and influences both Gl function and feeding behavior. Vagal afferent
neurons (VAN) express receptors for many of the regulatory peptides and molecules released from
the intestinal wall, pancreas, and adipocytes that influence Gl function, glucose homeostasis, and
regulate food intake and body weight. As such, they play a critical role in both physiology and
pathophysiology, such as obesity, where there is evidence that vagal afferent function is altered.
This review will summarize recent findings on changes in vagal afferent function in response to
ingestion of high fat diets and explore the hypothesis that changes in gut microbiota and integrity
of the epithelium may not only be important in inducing these changes but may be the initial
events that lead to dysregulation of food intake and body weight in response to high fat, high
energy diets.
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1.0 Introduction

The complex, hierarchical control of food intake and body weight involves central nervous
system integration of information from different sources, including the peripheral nervous
system and humoral signals from the gut, liver, and adipocytes. The gut is the initial
interface in the body at which the quality and quantity of nutrients is accurately monitored,;
this information is key in the normal physiological functioning of the gastrointestinal tract
and helps determines plasma glucose in the postprandial period. This information is also
important in short term regulation of food intake; increasing evidence suggests that changes
in the ability of the gut to accurately monitor luminal contents and/or to transmit this
information to the central nervous system (CNS) is compromised in obesity.
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It is generally accepted that enteroendocrine cells are the primary “gut sensors”; these cells
are dispersed throughout the gastrointestinal mucosa and secrete hormones and amines in
response to the three macronutrient types - carbohydrates, proteins and lipids [1]. The
mechanisms for gut chemosensing and release of hormones and amines are varied and
involve G protein coupled receptors, nutrient transporters and related proteins, and
intracellular metabolism of nutrients. The precise mechanisms of gut chemosensing will not
be considered further in this review; the reader should refer to several recent reviews [1-3].
Gut hormones can influence Gl function and feeding behavior via true humoral pathways,
acting on remote target tissue such as the endocrine and exocrine pancreas via the blood
stream. However, other hormones and amines released from gut endocrine cells act via
paracrine pathways, producing function changes via effects on local cells, including
epithelial cells, immune cells and the nerve terminals of both intrinsic and extrinsic neurons.

One target of gut hormones is to activate vagal afferent neurons (VAN), whose terminals lie
in the mucosa. This is the major neural pathway by which information about ingested
nutrients reaches the CNS to influence both Gl function and feeding behavior. VAN express
receptors for many of the regulatory peptides and molecules released from the
enteroendocrine cells in the gut. VAN express receptors for cholecystokinin (CCK), CCK
type 1 receptors (CCK1R). The evidence for a functional role for these receptors in
regulation of vago-vagal reflex control of gut function and in regulation of food intake is
compelling.

2.0 CCK as master regulator of vagal afferent nerve function

Exogenous administration of CCK either in vivo in rats or in ex vivo preparations of the
stomach or proximal intestine induces a rapid activation of VAN discharge via CCK1Rs [4—
6]. CCK induces activation of second order neurons in the nucleus of the solitary tract
(NTS), the brain region where vagal afferent neurons terminate, consistent with its observed
effects on primary afferent neuronal discharge [7-9]. The action to depolarize VAN
underlies the ability of CCK to produce reflex changes in GI function, such as inhibition of
gastric motility, acid secretion and pancreatic secretion, all of which change rapidly after
systemic administration of CCK [6, 10-11]. Moreover, the action of CCK on VAN is
assumed to result in transmission of afferent information along the neuroaxis from the
brainstem to the hypothalamus, resulting in inhibition of ongoing feeding, i.e. induction of
satiation, comprising of a decrease in meal size and duration [11].

In humans, exogenous CCK or perfusion into the small intestine with protein or long chain
triglycerides, nutrients known to release CCK from enteroendocrine cells, terminates
feeding via a CCK4R pathway [12-13]. Experiments in rodents have shown the effects of
lipid and CCK on food intake are mediated via a vagal afferent pathway [14—15]. Rats with
a mutation in the CCK4R are hyperphagic and obese [16-17]. CCK;R null mice eat
significantly longer and larger meals compared to wildtype mice, lending support to the
hypothesis that the CCK;R plays an important role in the regulation of food intake [18-19].

More recently it has been recognized that CCK induces longer term changes in VAN
function associated with the nutritional status of the animal; the changes involve expression
of peptides and receptors involved in the regulation of food intake [6, 20]. Expression of
mRNA and protein for orexigenic peptides, such as melanin-concentrating hormone (MCH),
and their receptors, such as the MCH receptor (MCH1R) and cannabinoid receptor (CB1RS)
are increased in VAN in fasted compared to fed rats. At the same time, there is a decrease in
expression of anorexigenic PY'Y3_3g receptor (Y2R) and the anorexigenic peptide, cocaine-
and amphetamine-related transcript (CART) in fasted versus the fed state [21-23].
Administration of exogenous CCK to fasted rats or release of endogenous CCK by ad
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libitum feeding of a normal chow diet stimulates expression of CART and Y2R and inhibits
expression of MCH, MCH1R and CB1Rs [24]. The reversal in the phenotype of VAN by
CCK or feeding is mediated via a CCK4R pathway. Thus, CCK acts on VAN to decrease
expression of peptides and receptors that stimulate appetite and feeding (MCH, MCHR1,
CB1R), and to increase expression of peptides and receptors that inhibit feeding and
decrease appetite (CART and Y2R).

Thus, VAN can exist in one of at least two states, expressing either a “hunger” or a “satiety”
phenotype (Fig 1). The functional significance of the change in the VAN phenotype is not
clear. However, it is possible that alterations in the expression of receptors and peptides play
a role in setting the sensitivity of VAN to other hormones and neuromodulators, and in this
way play an additional role in regulation of food intake and possibly body weight. Whether
this altered function occurs at the level of VAN, via autocrine pathways for example, or at
the site of termination of VAN in the brainstem is not known.

The cellular mechanism by which CCK alters the phenotype of VAN has been further
investigated by the group of Dockray et al. Using VAN in short term culture, this group has
shown activation of CCK4Rs induces a PKC-dependent pathway leading to CREB
phosphorylation and expression of CART and Y2R. Transfection of VAN with a dominant
negative mutant of CREB results in expression of MCH and not CART, suggesting that
CREB plays a role in mediating both an increase in CART and a decrease in MCH
expression in response to CCK [21, 25]. CCK also increases translocation of the immediate
early gene EGR-1 from the cytoplasm to the nucleus; EGR-1 translocation is a required step
for the CCK-induced increase in CART expression [26].

Recent evidence suggests that CART can interact with CCK at the level of VAN and this
action may play a role in CCK-induced inhibition of food intake [26]. In short term culture,
CCK stimulates the secretion of CART from VAN; CCK-induced CART release is
augmented by the presence of leptin and inhibited by ghrelin. CART is also found to
increase expression of its own promoter suggesting CART can act on VAN via an autocrine
loop. Blockade of CART expression or release inhibited the ability of CCK to increase
nuclear pPCREB and EGR-1. This data from isolated VAN suggests that CART may act
synergistically with CCK to inhibit food intake. This hypothesis was tested by measuring
food intake in rats after systemic administration of CART with or without a premeal to
prime the release of endogenous CCK. After a short fast, prior administration of CART
before refeeding augmented the endogenous CCK-induced decrease food intake, consistent
with its ability to release CART from VAN as shown in short term culture. However, the
site of action of CART is not clear; it could be at the level of the VAN or could be via its
release within the NTS. Previous studies have shown that CART acts within the brain to
inhibit food intake, although whether it acts at the level of the termination of VAN is not
clear.

3.0 Chronic ingestion of a high fat diet on the CCK1R-vagal afferent

pathway

In laboratory rodents, chronic ingestion of high fat (HF) diet leads to an increase in body
weight. In humans, ingestion of high fat and high calorie diets is associated with an increase
in adiposity, body weight and obesity. The increase in adiposity results in an increase in
plasma levels of leptin, a hormone released from both the gastric epithelium and adipocytes.
Chronic ingestion of high fat, high energy diets and an increase in plasma leptin are
associated with leptin resistance in the hypothalamus [27-28]. Leptin resistance is
characterized by the lack of downstream intracellular signaling in response to leptin.
Peripheral leptin resistance refers to the process by which access of leptin derived from the
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periphery can no longer cross the blood-brain barrier and thus does not induce changes in
hypothalamic neuronal activity as in a lean individual. However, the initial triggering event
in this cycle is not clear. Leptin resistance in hypothalamic neurons or a decrease in its
ability to cross the blood brain barrier only occurs when there is an increase in fat pad mass
or function, and therefore hypothalamic leptin resistance does not necessarily explain the
initial events that lead to dysregulation of food intake.

Several investigators have established that there is a decreased sensitivity of VAN to high
fat feeding, although the mechanism by which this occurs is unclear [29]. Activation of
neurons in the NTS measured by Fos protein immunoreactivity in response to either CCK or
intestinal lipid is markedly decreased by chronic ingestion of high fat diets in rodents.
Moreover, inhibition of food intake in response to either CCK or lipid is markedly reduced.

We investigated whether the diminished response to a HF diet and its effects on food intake
were dependent on the caloric content of the diet or the fat content [30]. Rats were pair-fed
isocaloric diets that were either high in fat (38% fat/kcal) or low in fat (10% fat/kcal; LF),
both having the same energy density, and monitored meal patterns. Initially, meal size was
reduced in rats ingesting the HF compared to the LF diet but overall daily food intake was
the same due to a compensatory decrease in intermeal interval in the HF fed rats. However,
after 8 weeks, there was a significant increase in individual meal size and daily food intake
in rats ingesting the HF compared to LF diet and to the values obtained at 2 weeks. The
change in meal patterning occurred in the absence of an increase in adiposity or weight gain.
Moreover, there was significant decrease in activation of second order neurons in the NTS in
response to intragastric gavage with lipid in the HF fed rats compared to LF fed controls.
Thus, adaptation to HF diets does not depend upon an increase in adiposity but rather to the
fat content of the ingested diet. This adaptation of the vagal afferent pathway may contribute
to altered body weight regulation during ingestion of HF foods in humans.

The mechanism(s) leading to attenuation of vagal afferent function by HF diets and the
contribution this plays to the development or maintenance of an obese phenotype is not
clear. One possible hypothesis is that the attenuation is due to an altered balance in
expression of anorexigenic and orexigenic peptides and receptors, leading to dysregulation
of intestinal feedback control of Gl function and food intake (Fig 1). Consumption of HF
diets in freely feeding outbred Sprague Dawley rats for eight weeks causes animals prone to
the obesigenic effects of the HF diets (diet-induced obesity; DIO) to become hyperphagic,
increase in body weight and adiposity compared to rats resistant to the obesigenic effects of
the diet (DR) or low fat (LF) fed controls [31-32]. We examined the gene expression of
VAN in DIO compared to DR and LF rats. Expression of genes encoding for the orexigenic
receptors, CB1R and GHSR1a increased in DIO compared to DR or LF fed rats. In addition,
there was an increase in expression of the CCK4R but no change in leptin or Y2R
expression. This data is particularly interesting as it shows that the change in receptor
expression is not solely dependent on the ingestion of HF diet but is only evident in rats that
actually become obese when ingesting the HF diet. Another possibility is the development
of hormonal resistance in VAN as seen with leptin or insulin in diet-induced obesity.

Preliminary data from our laboratory suggests that VAN become leptin resistant. Leptin
potentiates the effects of CCK on VAN [11]. Leptin and CCK interact in VAN at the level
of the transcription factor early growth response factor-1 (EGR-1); leptin-induced pSTAT3
upregulates expression of EGR-1 in VAN while CCK induces translocation of EGR-1 to the
nucleus [26]. Thus an inability of VAN to respond to leptin would decrease the ability of
CCK to activate VAN and to inhibit food intake. Preliminary data from our laboratory has
shown that feeding has no effect on the CART/MCH expression in VAN from obese rats (de
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Lartigue, unpublished observations) suggesting that in diet-induced obesity, VAN get
“stuck” in the hunger phenotype (Fig 1).

4.0 Intestinal Microflora

Considerable attention has focused recently on the role of the gut microbiota in obesity,
prompted by a series of interesting studies from the Gordon group at Washington
University, USA [33-35]. Initial observations in leptin-deficient ob/ob mice show a different
proportion of the major phyla of cecal bacteria compared to lean WT mice; there was an
increase in Firmicutes and a decrease in Bacteriodetes in the obese mice [36]. In humans,
obesity is also associated with a decrease in Bacteriodetes and an overall decrease in
bacterial diversity [37-38]. Germ-free mice have a reduced level of adiposity compared to
conventionally raised mice, even when ingesting a low fat chow diet. Conventionalization of
the germ free mice with the cecal microbiota from normal mice increased the level of
adiposity, which was not dependent on an increase in chow intake or changes in energy
expenditure [38]. Evidence was obtained to suggest that this might be due to an increase in
energy extraction due to bacterial fermentation of polysaccharides and also to the ability of
the gut microbiota to upregulate fasting induced adipose factor, a circulating lipoprotein
lipase produced by the ileal epithelium, adipocytes and liver, which increases cellular uptake
of fatty acids and triglyceride accumulation in adipocytes. These studies led to the concept
of an “obese microbiota” [34].

Similar results linking gut microflora to body weight have been described in models of diet-
induced obesity. In mice, ingestion of a high fat diet resulted in a bloom in a single clade of
Firmicutes, the Mollicutes, and again this was transmissible to lean germ-free recipient mice
[39]. Moreover, the absence of microbiota or its almost complete reduction with broad
spectrum antibiotics prevents or reverses diet-induced obesity [40-41]. In a recent study on
the effects of a high fat diet on the gut microbiota, Hildebrandt et al show that in switching
lean mice to a HF diet, there was the expected decrease in Bacteriodetes and an increase in
Firmicutes and Proteobacteria [42]. However, further studies have provided evidence that
the alteration of the gut microbiota may not be enough to drive the obese phenotype; rather
the phenotype depends on the response of the host to the obesigenic diet and/or the change
in the microflora. In RELMBKO mice, a transgenic line relatively resistant to the obesigenic
effects of a HF diet, the changes in the microbiota are similar regardless of whether the
mouse displayed an obese or lean phenotype. This data suggests that it is the HF diet rather
than obesity that accounts for the change in the microflora. It should be noted that these
mice are only relatively resistant to the effects of a HF diet which confounds these findings.
There is a complex interplay between the host and the microbiota, with the one shaping the
response to the other. Gross perturbations, such as germ free animals or antibiotic treatment
may not necessarily be good models to deduce much about interaction between the host,
diet, microbiota and alteration of body weight regulation and glucose homeostasis.

We have recently published data to conclusively show that it is a HF diet rather than obesity
that is correlated with changes in gut microbiota [43] We used the Sprague Dawley rat
which is a non-congenic strain with individuals either prone or resistant to diet-induced
obesity. We found a decrease in the total number of cecal bacteria and an increase in a clade
of Firmicutes Clostridiales in all rats ingesting a HF diet regardless of whether they had the
DIO or DR phenotype compared to LF fed controls. Taken together these studies suggest
that the diet is driving changes in the gut microbiota. If this is the case, what is determining,
in either rodent models or more importantly humans, whether they remain lean or increase
weight?
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5. 0 Obesity as an inflammatory disease

It has been recognized for many years that obesity and type 2 diabetes (T2D) are
inflammatory conditions and that “low grade, chronic” inflammation exists in obese patients
and is associated with insulin and leptin resistance [44]. The source of the inflammation is
regarded as the adipose tissue itself, known to produce inflammatory mediators that could
then influence other tissues, such as muscle, liver, pancreas and the central nervous system.
However, with evidence for a role of the gut microbiota, the source of the inflammation has
been reevaluated and the possible role of the Gl tract as a potential source of inflammation is
being explored.

In humans it has been shown that ingestion of a high fat meal is associated with an increase
in plasma levels of bacterial endotoxin, lipopolysaccharide (LPS) [45]. LPS is part of the
outer membrane of gram negative bacteria and is released into the gut lumen when bacteria
die. LPS can cross the intestinal epithelial barrier, possibly by phagocytosis by enterocytes
but also via a leaky gut epithelium. Further, a link has been found between plasma levels of
LPS and food intake in humans and it has been reported that there is a 2 fold increase in
circulating levels of LPS in obese type 2 diabetic patients versus lean human subjects [46].

The group of Cani et al has investigated a role for LPS in inducing obesity and type 2
diabetes. They reported that in mice fed high fat diets there is a constant increase in
circulating LPS and coined the term “metabolic endotoxemia” to describe the low chronic
increase in LPS compared to the much larger, acute onset levels seen in sepsis [47].
Moreover, this group showed that mice with a deletion of CD14, the co-receptor for the LPS
receptor TLR4, remained lean even when ingesting a HF diet. Similarly, TLR-4 KO mice
are also relatively resistant to diet-induced obesity [48—49]. Obese ob/ob mice have [50] an
increase in plasma levels of LPS and the use of antibiotics in these mice decreased the
metabolic endotoxemia and improved measures of inflammation, such as macrophage
infiltration of adipose tissue. This group also reported data to show that high fat fed mice
increased intestinal permeability and ZO-1 expression. Treatment with a broad spectrum
antibiotic decreased intestinal permeability and increased ZO-1 expression to levels seen in
LF fed control mice. The data suggest that HF feeding induces changes in intestinal
permeability via alteration of expression of tight junction proteins. Further, this group used
implanation of osmotic minipumps to experimentally induce metabolic endotoxemia and
found this treatment recapitulated many of the symptoms of T2D, such as impaired insulin
sensitivity. Taken together, this data suggests that LPS may well be a link between the gut
flora and metabolic disease.

However, these studies do not demonstrate the site of action of LPS, particularly for the
initial hyperphagia (and change in energy expenditure) that must precede gain in body
weight and adiposity. Our recent studies have focused on the role of the intestinal microbiota
and LPS in altering VAN in diet-induced obese rats.

6. 0 Gut Inflammation

Several studies have now shown a strong link between intestinal inflammation and diet-
induced obesity. DIO but not DR Sprague Dawley rats exhibit ileal inflammation (increase
of myeloperoxidase, MPO, a commonly used marker of inflammation) together with
activation of TLR4 (increase immunoreactivity for the activated receptor TLR4-MD?2
complex) in ileal epithelial cells [43]. In DIO rats, there is an increase in plasma LPS,
intestinal permeability, and altered tight junction proteins (increase phosphorylation of
myosin light chain [MLC] and intracellular localization of occludin). As previously
described, quantification of total bacterial-universal 16S rRNA gene copies showed that the
HF diet decreased total bacterial density, and was associated with a relative increase in
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Clostridiales order in HF vs LF fed rats, but there was no difference between DIO and DR
rats. However, we noted a marked and significant increase in Enterobacteriales order which
only appeared in the obese microbiota. Evidence from inflammatory models suggests that
this relative increase in Enterobacteriales order may be secondary to inflammation, rather
than causal. Thus, consumption of a HF diet induces changes in the gut microbiota, but it is
the development of inflammation, and the increase in plasma LPS in response to these
changes, which is associated with the appearance of an obese phenotype.

A novel approach to elucidate the role between the gut microbiota, HF diet and gut
inflammation was recently published by Ding et al [51]. Germ free or conventional mice
were fed HF or LF diets and intestinal inflammation was assessed by measuring mRNA for
TNFa or by use of NF-kBEGFP reporter mice. HF diet increased TNFa. mRNA in the ileum
and induced activation of NF-kB only in conventional mice. The authors concluded that the
combination of HF diet and bacteria was necessary to induce intestinal inflammation and its
development was strongly associated with weight gain, adiposity, and plasma levels of
insulin and glucose. Thus intestinal inflammation may be on early event by which HF diets
contributes or leads to obesity.

The challenge now is to link gut inflammation with hyperphagia (Fig 2). Considerable
evidence suggests that LPS activation of the TLR-4 can induce marked changes in the
function of hypothalamic neurons [52]. However, the close proximity of VAN to the site of
LPS release makes vagal afferent signaling a particularly interesting target for LPS. Clearly,
the decrease in sensitivity of the vagal afferent pathway to CCK and intestinal lipid is
associated with hyperphagia. It is interesting to note that VAN express TLR-4 receptors [53]
and therefore could affect VAN signaling and function. TLR-4 receptors have also been
localized to enteroendocrine cells and this may be an alternate or additional target of action
[54]. Another challenge is to determine whether LPS is acting locally within the wall of the
gut as it moves across leaky tight junctions in the more distal gut or whether it acts
systemically to influence VAN function. Gut microbes are found throughout the length of
the gut, although the highest numbers are in the large intestine and presumably the
preponderance of LPS will come from the distal gut. How this alter vagal afferent neuronal
function in the more proximal gut is not clear, but certainly would point to a systemic action
of LPS.

7.0 Summary

There is evidence that a high fat diet will induce changes in the gut microbiota and, at least
in rodent models, this dysbiosis will produce deleterious effects on gut inflammation and
intestinal barrier function. This in turn can lead to a metabolic endotoxemia leading either
directly or indirectly to changes in neuronal function including vagal afferent neurons. Diet-
induced obesity is rats is associated with an absence of phenotypic change induced by
feeding; the mechanism of which is unclear at this time but may involve leptin resistance.

A greater understanding of the plasticity of the vagal afferent pathway, particularly as it
relates to changes in gut microflora and inflammation, will provide a better understanding of
the effect of high fat diets on regulation of body weight.
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Figure 1.

CCK or feeding decreases expression of CB1R, MCH1R and MCH and increases expression
of CART and Y2R; in this way the phenotype of vagal afferent neurons switch to an
“anorexigenic” state and the drive to eat will be decreased when food is in the intestine. This
process is dependent on CCK, is synergized by leptin and inhibited by ghrelin. On e possible
hypothesis for alteration in vagal afferent nerve activity in diet-induced obesity is that after
long term ingestion of high fat diets, this phenotypic switch may be reduced or abolished,
because of a decrease in leptin signaling and/or an increase in ghrelin receptor expression.
Thus the neurons remain in an orexigenic state resulting in hyperphagia and obesity.
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Figure 2.
Proposed model by which ingestion of high fat diets may lead to hyperphagia and an

increase in body weight. Ingestion of a high fat diet induces changes in the gut microbiota;
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in diet-induced obese prone rats this directly or indirectly leads to dysbiosis and gut

inflammation, which in turn will dirupt tight junction function and increase gut permeability.
An increase in gut permeability may allow more lipopolysacharide (LPS) to cross the gut

epithelium leading to a low, but chronic increase in plasma levels of LPS (metabolic
endotoxemia). The mechanism by which LPS induces hyperphagia is unclear but may

involve effects on the gut-brain axis, including vagal afferent neurons.

Physiol Behav. Author manuscript; available in PMC 2012 November 30.



