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Abstract
Background & Aims—Cholecystokinin (CCK) acts on vagal afferent neurons to inhibit food
intake and gastric emptying; it also increases expression of the neuropeptide cocaine- and
amphetamine-regulated transcript (CART), but the significance of this is unknown. We investigated
the role of CARTp in vagal afferent neurons.

Methods—Release of CART peptide (CARTp) from cultured vagal afferent neurons was
determined by ELISA. The expression of receptors and neuropeptides in rat vagal afferent neurons
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in response to CARTp was studied using immunohistochemistry and luciferase promoter reporter
constructs. The effects of CARTp and CCK were studied on food intake.

Results—CCK stimulated CARTp release from cultured nodose neurons. CARTp replicated the
effect of CCK in stimulating expression of Y2R and of CART itself in these neurons in vivo and in
vitro, but not in inhibiting cannabinoid (CB)1, melanin-concentrating hormone (MCH), and MCH1
receptor expression. The effects of CCK on Y2R and CART expression were reduced by CART
siRNA or brefeldin A. Exposure of rats to CARTp increased the inhibitory action of CCK on food
intake after short-, but not long-duration, fasting.

Conclusions—The actions of CCK in stimulating CART and Y2R expression in vagal afferent
neurons and in inhibiting food intake are augmented by CARTp; CARTp is released by CCK from
these neurons, indicating that it acts as an autocrine excitatory mediator.
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Vagal afferent neurons play an important role in regulating the delivery of nutrient to the small
intestine via control of both gastric emptying and rates of food intake.1 They respond to gastric
distension and ingestion of food mediated by the action of a variety of regulatory peptides and
lipid signalling molecules.1–3 For example, the work of several groups has established that
cholecystokinin (CCK) inhibits food intake and gastric emptying via stimulation of these
neurons.4–8 In contrast, factors such as the gastric orexigenic peptide, ghrelin, that stimulate
food intake and gastric emptying are associated with inhibition of vagal afferent neurons.9–
12 Accumulating evidence over a number of years has suggested the existence of extensive
patterns of interactions between the regulatory peptides acting on these neurons but there
remain doubts about the functional significance and cellular basis of these interactions.13–18

Recently, it has been shown that vagal afferent neurons exhibit profound changes in their
neurochemical phenotype depending on food intake over the previous day.16, 19–21
Expression in these neurons of the cannabinoid (CB)-1 receptor is increased in fasted rats and
is inhibited by endogenous CCK; the CB1 agonist anandamide increases in intestine with
fasting and acts via vagal afferent neurons to stimulate food intake.19, 22 Conversely,
expression of Y2 receptors (Y2R) is decreased by fasting and is stimulated by endogenous
CCK; the intestinal satiety peptide PPY3-36, which is released after a meal, is a Y2R agonist
and there is evidence that it inhibits food intake and gastric emptying via vagal afferent neurons.
20, 23, 24 The same neurons also express the genes encoding two neuropeptide transmitters:
cocaine and amphetamine regulated transcript (CART) and melanin concentrating hormone
(MCH).21, 25 The expression of CART is increased in response to endogenous CCK and
conversely MCH expression is inhibited by endogenous CCK.16, 21 Although MCH1
receptors are also expressed by vagal afferent neurons, suggesting an autocrine regulatory
function, in general little is known of the role of these neuropeptides in vagal afferent signalling.

In the central nervous system there is evidence that CARTp is associated with inhibition of
food intake and MCH with stimulation.26, 27 The inhibition of food intake by CARTp is
reported after administration in the hypothalamus and also via the fourth ventricle suggesting
actions in the brain stem as well.28, 29 In view of the evidence that CART is expressed in vagal
afferent neurons in a CCK-dependent manner we hypothesised that it might play a role in
influencing the actions of CCK on these cells.16, 25 In the present study we therefore examined
the action of CARTp on vagal afferent neurons. We report here that CARTp exhibits some,
but not all, of the actions of CCK on vagal afferent neurons and provide the first evidence
indicating an autocrine stimulatory function triggered by CCK and augmenting the action of
CCK on these neurons.

de Lartigue et al. Page 2

Gastroenterology. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials and Methods
Materials

CCK8s and ghrelin were obtained from Bachem (St. Helens, Merseyside, UK); leptin and
phorbol 12-acetate-13-myristate ester (PMA) were obtained from Sigma (Poole, Dorset, UK).
CARTp (55–102, human) was obtained from American Peptide Company (Sunnyvale, CA).
Brefeldin-A (BFA) was obtained from Epicentre Biotechnologies (Madison, WI).

Animals
Adult male Wistar rats (225–300 g) were housed at 22°C under a 12 h light/dark cycle with
ad libitum access to food and water, unless stated otherwise. Studies were conducted in
compliance with the appropriate UK Home Office personal and project licences, and with the
institutional ethical review processes of the University of Liverpool and the Institutional
Animal Use and Care Committee, UC Davis.

Fasting-feeding experiments
Rats were fasted up to 24 h (water ad libitum) and subsequently refed for up to 2 h. Fasted rats
received CARTp (2 nmol, i.p.), CCK8s (10 nmol i.p) or saline (i.p) and depending on the
experiment were then killed at intervals after refeeding. For neurochemical studies, animals
were killed by CO2 inhalation, and nodose ganglia were rapidly removed and immersed in 4%
paraformaldehyde for 1 h at 22°C, followed by 25% sucrose in 1mol/L phosphate buffered
saline (PBS) overnight at 4°C.

Nodose neuron cultures
Nodose ganglia were digested with 0.8–1 mg/ml collagenase type Ia (Roche Diagnostics,
Indianapolis, IN) and cultured in HEPES-buffered DMEM (HDMEM) containing 10% fetal
calf serum (FCS) (Hyclone/Perbio Science, Cramlington, Northumberland, UK) and 3%
antibiotic/antimycotic solution as previously described.16 For many experiments, cells were
transferred to serum-free medium for 2 h before treatment with CCK8s (10 nM), CARTp (up
to 2 nM), PMA (100 nM), or leptin (up to 30 ng/ml); in some studies ghrelin (10 nM) or BFA
(10 µg/ml) were added to the media 30 min before stimulation.

Secretion of CARTp
Vagal afferent neurons were cultured for 72 h, and transferred to serum-free medium overnight.
Cells were treated with CCK, leptin or ghrelin alone or in combination for 2 h. Medium was
collected for assay of CARTp secretion using a CART ELISA kit from Phoenix
Pharmaceuticals Inc (Karlsruhe, Germany) according to the manufacturer’s instructions.

Immunohistochemistry
Cryostat sections of fixed nodose ganglia (5 µm) were mounted on polylysine-coated slides
(Polysine; Menzel-Glaser, Braunschweig, Germany) and processed for
immunohistochemistry. Cultured neurons were fixed in 4% paraformaldehyde in PBS. The
following primary antibodies were used: affinity-purified rabbit polyclonal antibody to CARTp
(Phoenix Laboratories, San Antonio, TX), affinity-purified goat polyclonal antibody to EGR1
(early growth response protein-1; R&D Systems, Minneapolis, MN), MCH (Santa Cruz
Biotechnology, Wembley Middlesex, UK), MCH1R (Acris Antibodies; Hiddenhausen,
Germany), CB1R (Santa Cruz Biotechnology), Y2R (Neuromics Antibodies), phosphoCREB
(Cell Signaling Technology, Hitchin, Herts, UK) and TGN38 (Abcam, Cambridge, UK).
Secondary antibodies were used as appropriate and included donkey anti-rabbit IgG conjugated
to fluorescein isothiocyanate and donkey anti-goat IgG labelled with Texas Red (Jackson
ImmunoResearch, West Grove, PA). Specificity of immunostaining was determined by
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omitting the primary antibody and by pre-incubation with an excess of appropriate peptide
where available. Samples were mounted in Vectashield with 4’,6-diamidino-2-phenylindole
(DAPI; Vector Laboratories, Peterborough, UK) for nuclear localization and examined using
an Axioplan Universal microscope (Zeiss, Oberkochen, Germany), and images were processed
using the Axio Vision 3.0 imaging system (Zeiss).

Transfection of cultured neurons
Vagal afferent neurons were cultured for 48 h in 4-well plates. Medium was removed and cells
were transfected with 0.25–1.0 µg of DNA per well using CombiMag (OZ Biosciences,
Marseille, France) together with Transfast reagent (Promega, Madison, WI)on a magnetic plate
according to the manufacturer’s instructions. Cells were further incubated for 24–48 h before
stimulation.

Plasmids
A construct consisting of 3451 bp of the CART promoter linked to luciferase (CART-Luc)
was a gift from Dr M. Kuhar.30, 31 A sequence corresponding to 3034 bp of the wild-type
human Y2R promoter coupled to luciferase (Y2R-Luc) has previously been described.20 A
fragment containing 1.6 kb of the rat MCH promoter sequence and 44 bp of exon 1 was
generated by PCR from rat genomic DNA and inserted into the luciferase reporter vector pGL4
(Promega) to create MCH-Luc. A construct containing the cAMP-response element-binding
protein (CREB) dominant-negative mutant, A-CREB, was a gift of Dr D. Ginty.32 A putative
EGR1 response element 2380 bp upstream of the transcriptional start site of the CART
promoter was mutated from gtgggg to acaaaa in 3451 bp CART-Luc (ie ΔEGR1-CART-Luc)
using a QuikChange II XL site-directed mutagenesis kit (Stratagene Europe, Amsterdam, The
Netherlands). A mutant of the cAMP response element site (Cre) in the CART promoter
(ΔCre-CART-Luc) has previously been described.16

RNA interference
Expression of EGR1 or CART was knocked down in vagal afferent neurons using specific
small interfering RNA (siRNA) (Supplementary Table 1) . Cells were transfected with 50 nM
siRNA using 3 µl SilenceMag (OZ Biosciences) for each well and incubated for 15 min on a
magnetic plate. Cells were incubated for 48 h at 37°C before stimulation.

Luciferase assays
Cells were transfected with firefly-luciferase constructs and a constitutively active Renilla
luciferase plasmid as an internal control (Promega). Cells were lysed after overnight
stimulation and the luciferase activity was measured by dual luciferase assay (Promega)
according to the manufacturer’s instructions in a Lumat LB9507 luminometer (Berthold,
Redbourne, Herts, UK). Results are presented as fold increase over unstimulated control, so
1.0 signifies no change in luciferase activity.

Food intake
For studies of food intake, animals were deprived of food 0.5–13 h into their dark cycle with
water ad libitum. After either 13 h (long duration fast) or 30 min (short duration fast) they
received CARTp (2 nmol, i.p.) or saline and 2 h later received either CCK8s (10 nmol, i.p.) or
saline. Rats were then refed (Purina 5001 Rodent Chow) and food intake was monitored at 20
min intervals for 2 h. In some experiments using short duration fasting, animals receiving saline
after 30 min subsequently received saline, CCK8s alone, CARTp alone or CARTp and CCK8s
together 2 h later and food intake was then determined as before.
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Statistical analysis
Results are expressed as mean ± SE. For multiple group designs, the data were analysed by
one-way ANOVA with Bonferroni post hoc tests. For designs with only two groups, statistical
validity was assessed with unpaired student’s t-test.

Results
CCK releases CARTp from nodose ganglion neurons

To determine whether CARTp is secreted from vagal afferent neurons in response to
stimulation, we cultured neurons for 72 h and then transferred cells into serum-free medium
overnight before treatment with CCK8s for 2 h. The concentration of CARTp in media from
unstimulated cells was 113±20 pg/ml and in response to CCK8s was increased approximately
3-fold (p<0.001). Leptin augmented the action of CCK8s and ghrelin inhibited it (p<0.001 in
both cases) but neither had any action alone (Figure 1).

Action of CARTp on vagal afferent neurons
In rats fasted for 24 h there was increased expression in vagal afferent neurons of CB1R, MCH
and MCH1R compared with rats fed ad libitum, but decreased expression of Y2R and CARTp
(Figure 2). This pattern of expression was reversed by administration of CCK8s.
Administration of CARTp to fasted rats for 2 h had no effect on CB1, MCH or MCH1R
immunoreactivity but increased Y2R and CARTp immunoreactivity.

The neurochemical phenotype of vagal afferent neurons in fasted rats can, at least in some
respects, be replicated in cultured neurons exposed to serum-free medium.16, 20 We examined,
therefore, the action of CARTp on cultured neurons in serum-free medium. Like CCK8s and
PMA, CARTp increased the proportion of neurons exhibiting Y2R and CARTp
immunoreactivity (p<0.001) (Figure 3A–C; Supplementary Figure 1). However, while CCK8s
and PMA both depressed the expression of MCH (p<0.001) and of CB1R (p<0.01), CARTp
had no effect on MCH and CB1R expression (Figure 3D–F; Supplementary Figure 1). Thus
both in vivo and in vitro, CARTp mimicked the excitatory but not the inhibitory effects of
CCK8s.

CARTp stimulation of CART and Y2R, but not MCH, promoters
To determine whether the changes described above reflected promoter activity we used 3.45
kb of CART promoter sequence coupled to luciferase and demonstrated that over a
concentration range of 0.2–2.0 nM, CARTp increased expression of CART-Luc in a
concentration-dependent manner (Figure 4A). Since previous work has established that the
excitatory effects of CCK on vagal afferent neurons are potentiated by leptin and inhibited by
ghrelin,12, 15, 33 we examined the effect of these peptides on CART-Luc responses. The action
of CARTp on CART-Luc was potentiated by leptin and inhibited by ghrelin (Figure 4A,B). In
parallel experiments, CARTp also stimulated Y2R-Luc expression and this was significantly
potentiated by leptin, and inhibited by ghrelin (Figure 4C,D). We then examined expression
of an MCH promoter-reporter construct. In serum-free media there was expression of MCH-
Luc that was depressed by CCK8s. However, CARTp had no effect on MCH-Luc expression
(Figure 4E).

CARTp mediation of CCK effects
The data presented above led us to hypothesize that CCK released CARTp from vagal afferent
neurons which then acted in an autocrine positive feedback loop to stimulate CART and Y2R
expression. To test this we first suppressed CART expression using siRNA. Treatment of
cultured vagal afferent neurons with CART siRNA significantly reduced the CART-Luc and
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Y2R-Luc responses (Figure 5A,B) to CCK8s. However, there was no difference in the response
of MCH-Luc to CCK8s (Figure 5C). Since release of CARTp depends on secretion of the
peptide from secretory vesicles we then examined the consequences of inhibiting CARTp
progression along the secretory pathway using BFA. In the presence of BFA there was
localization of CARTp-immunoreactivity to a perinuclear region consistent with failure to
progress from the endoplasmic reticulum, and TGN38 exhibited a dispersed cytosolic
distribution consistent with disruption of the trans-Golgi network (supplementary Figure 2).
In BFA-treated cells, there was inhibition of the action of CCK8s in stimulating CART-Luc
(Figure 5D) and Y2R-Luc (Figure 5E).

CARTp acts via pCREB and EGR1 to stimulate the CART and Y2R promoters
To identify putative transcriptional mechanisms we examined the possibility that CARTp acted
by phosphorylation of CREB and activation of the immediate early gene EGR1 which we had
identified in these neurons in preliminary studies (unpublished observations). In response to
CARTp there was nuclear accumulation of both pCREB and EGR1 (Figure 6A,C). Mutation
of either the putative Cre (Figure 6B) or EGR1 (Figure 6D) response elements in CART-Luc
substantially reduced the response to CARTp. Moreover, inhibition of CREB by co-
transfection of cells with A-CREB substantially inhibited responses to CARTp (Figure 6B).
In the case of EGR1, treatment of cells with EGR1 siRNA substantially reduced the number
of EGR1-expressing cells detected by immunocytochemistry and significantly inhibited the
response of CART-Luc to CARTp (Figure 6D), so that both phosphoCREB and EGR1 are
implicated in CARTp control of CART expression. Similarly ACREB (Figure 6E) and EGR1
siRNA (Figure 6F) inhibited CARTp stimulation of Y2R-Luc expression.

CARTp potentiates CCK-inhibition of food intake
On the basis of the data presented above, we hypothesised that CARTp has peripheral effects
on food intake acting co-operatively with CCK over time courses compatible with modulation
of gene expression. In testing this we took into account the fact that the neurochemical
phenotype of vagal afferent neurons depends on the duration of prior food withdrawal.16, 20

Thus we examined food intake in rats after either a long duration fast (15 h) or after a short
duration fast (2.5 h). In both cases, CCK8s inhibited food intake (Figure 7A–F; supplementary
Figure 3A–C). When CARTp was administered alone 2 h before the feeding trial, there was a
small effect in decreasing food intake after a short fast (Figure 7C) but after the prolonged fast
it slightly increased food intake (Figure 7A); it had no significant effect on CCK-inhibition of
food intake after a long term fast (Figure 7A,B). However, CARTp significantly enhanced the
effect of CCK8s in inhibiting food intake following a short duration fast: depending on the
timing of administration of CARTp relative to CCK8s, the action of CCK8s was either
increased or prolonged. Thus when administered 2 h before CCK8s (following a short duration
fast) the inhibitory action of CCK8s was increased (Figure 7C,D); and when CARTp and
CCK8s were administered together (after a short duration fast) the action of CCK8s was
prolonged (Figure 7E,F).

Discussion
Vagal afferent neurons serving the gut mediate the effects of a variety of peripheral signals on
food intake and gastric emptying. One of the best studied hormones stimulating these neurons
is CCK and previous studies have shown that this is associated with inhibition of gastric
emptying,5, 6 inhibition of food intake,8, 34 stimulation of pancreatic secretion35 and inhibition
of gastrointestinal inflammatory responses.36 We have reported that CCK stimulates
expression in vagal afferent neurons of the satiety peptide CARTp.16 We now show that CCK
releases CARTp from these neurons, that CARTp on its own replicates the stimulatory effects
of CCK on expression of Y2R and CART in them, and that blocking CART expression or its
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release inhibits the action of CCK. Moreover peripheral administration of CARTp potentiated
CCK-inhibition of food intake following a short duration fast. Importantly, however, CART
did not replicate the inhibitory effect of CCK on CB1R, MCH1R or MCH expression in vagal
afferent neurons. We propose that CCK activates an autocrine positive feedback loop in vagal
afferent neurons that is mediated by CARTp and that selectively augments the satiety action
of CCK in partially satiated rats.

Like other neuropeptides, CARTp is localised to secretory vesicles that progress from cell soma
to terminals. The present data provide direct evidence that CCK stimulates CARTp release.
Moreover, since CARTp also acts on vagal afferent neurons the idea arises that it is responsible
for an autocrine positive feedback mechanism that is initially triggered by CCK. The evidence
from studies in which CCK actions were determined after knockdown of CART expression by
siRNA, or from inhibition of CARTp release by BFA treatment, supports this concept. Together
the data suggest that in rats fed ad libitum, CCK releases CARTp from pre-existing stores in
vagal afferent neurons and that CARTp in turn sustains and augments the excitatory effects of
CCK on vagal afferent neurons leading to inhibition of food intake and increased expression
of Y2R and of CART itself.

The action of CCK on vagal afferent neurons is potentiated by gastric distension,7 leptin33,
37 and urocortin38 and inhibited by ghrelin17 and orexin A39. In keeping with this pattern of
response, the stimulation of CARTp release by CCK was increased in the presence of leptin
and decreased in the presence of ghrelin. In addition, the actions of CARTp in stimulating its
own expression and that of Y2R were also enhanced by leptin and inhibited by ghrelin. There
is therefore modulation of CARTp actions by factors that are established vagal afferent
modulators at the levels of peptide or receptor synthesis and control of neuropeptide release.

When plasma CCK is low (after fasting rats for 6–12 h or longer) there is decreased expression
of CART and Y2R in vagal afferent neurons and increased CB1R, MCH1R and MCH
expression;16, 20, 21 these changes are reversed by endogenous CCK released on refeeding.
Since CB1R, MCH and MCH1R are associated with orexigenic effects there appears to be an
enhanced capacity for orexigenic signalling by vagal afferent neurons in fasted rats. Until now,
it has not been possible to dissociate the reciprocal actions of CCK in stimulating the expression
of some genes associated with anorexic signalling in vagal afferent neurons and in inhibiting
the expression of others associated with orexigenic signalling. The present data suggest that
while CARTp exerts similar effects to CCK on Y2R expression and on its own expression, it
does not influence expression of CB1, MCH1R and MCH. These data therefore provide clear
evidence that the reciprocal expression of genes associated with orexigenic and anorexigenic
signalling in response to fasting or CCK is dissociable. Moreover, we have identified
phosphorylation of CREB and nuclear accumulation of the immediate early gene EGR1 as
involved in CARTp stimulation of its own expression, and of Y2R.

Previous studies have established that CARTp acts in the brain stem to inhibit food intake29,
40 and to potentiate the effect of peripheral CCK.41 The different actions of CCK and CARTp
in controlling expression of anorexic and orexigenic signalling molecules suggested to us that
while CARTp may not be particularly effective in influencing food intake after a prolonged
fast (>12 h when the capacity for orexigenic signalling is increased) it might nevertheless act
peripherally to inhibit food intake in partially satiated rats. We reasoned therefore, that studies
of the functional consequences of CARTp for food intake should take into account (a) the
possibility of actions on food intake only after short duration fasting, (b) actions on food intake
that might be somewhat delayed as they are secondary to changes in gene expression, and (c)
should consider interactions with CCK. In keeping with this reasoning we found that after a
long duration fast (defined on the basis of increased CB1R/MCH1R/MCH expression as >12
h) intraperitoneal CARTp alone did not inhibit food intake and may even have very modestly
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increased it when given 2 h before refeeding. However, after short duration fasting when given
2 h before refeeding it had a small inhibitory effect on food intake. As expected, CCK8s
inhibited food intake whether given after either a long or short duration fast. Moreover,
consistent with the reasoning above, after a short duration fast CARTp enhanced the anorexic
effects of CCK8s. This action of CARTp was relatively long-lived since intraperitoneal
administration of CARTp enhanced the action of CCK8s given 2 h later, and prolonged the
action of CCK8s when administered together with it.

Bariatric surgery is well recognised as an effective treatment for weight loss in obese patients.
42, 43 Modulation of gut-brain signalling pathways is likely to be involved and so it becomes
attractive to consider the feasibility of developing non-surgical approaches to obesity that target
the same signalling pathway. However, one potential difficulty is exemplified by the action of
CCK which (on its own) is ineffective in long term inhibition of food intake because its effects
are short-lived and are offset by increased meal frequency.44 The present data indicate that the
actions of CCK on both the neurochemical phenotype of vagal afferent neurons, and on food
intake, are enhanced by CART. They provide an illustration of a type of mechanism that has
not previously received detailed consideration and they raise the possibility of developing novel
therapies based on augmenting and prolonging the action of established gut-brain signalling
molecules such as CCK.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

BFA brefeldin A

CART(p) cocaine and amphetamine regulated transcript (peptide)

CB1R cannabinoid receptor 1

CCK cholecystokinin

Cre cAMP response element

CREB cAMP response element binding protein

EGR1 early growth response protein-1

MCH melanin concentrating hormone

MCH1R melanin concentrating hormone receptor 1

PMA phorbol 12-myristate-13-acetate

PYY3-36 peptide-tyrosine-tyrosine 3–36 fragment

Y2R receptor type 2 for neuropeptide Y and peptide-tyrosine-tyrosine
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Figure 1.
Increased CARTp secretion in vagal afferent neurons stimulated with CCK8s. In cultured vagal
afferent neurons treated with CCK8s (10 nM, 2h) there was increased CARTp secretion that
was enhanced by leptin (10 ng/ml) and inhibited by ghrelin (10 nM). Mean ± SE, n=3
independent experiments; * p<0.001.
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Figure 2.
CARTp increases Y2R- and CARTp- immunoreactivity in vagal afferent neurons in fasted rats
but has no effect on CB1R, MCH1R and MCH abundance. (A) CB1R immunoreactivity is
detected in vagal afferent neurons of rats fasted for 24 h and is decreased by CCK8s (10 nmol,
ip, 1 h) but not by CARTp (2 nmol, ip, 1 h). (B) Similar data for MCH and (C) for MCH1R
expression. (D) Expression of Y2R is barely detectable in nodose neurons of rats fasted 24 h
but is increased by CCK8s (10 nmol, ip, 1 h) and by CARTp (2 nmol, ip, 1 h); (E) similar data
for CARTp expression. Representative results from 4–5 rats in each group. Scale bar = 30 µm.
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Figure 3.
CARTp stimulates expression of Y2R and CARTp but has no effect on CB1R and MCH in
cultured vagal afferent neurons. (A) Y2R immunoreactivity and corresponding DAPI staining
in neurons (arrow) in serum-free medium (2 h; control), or treated with 10 nM CCK8s (2 h)
or CARTp (2 nM) in serum-free medium. (B) Quantification of neurons exhibiting Y2R
immunoreactivity after treatment with CCK8s, PMA (100 nM) or CARTp based on visual
identification of positively stained neurons in counts of at least 1000 cells in each independent
experiment(C) Similar data to panel B for CARTp-immunoreactive neurons. (D) MCH
immunoreactivity and corresponding DAPI staining in neurons in serum-free medium (2 h
control), or treated with CCK8s (10 nM) or CARTp (2 nM) in serum-free media; (E)
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Quantification of neurons exhibiting MCH immunoreactivity after treatment with CCK8s,
PMA (100 nM) or CARTp. (F) Similar data to panel E for CB1R-immunoreactive neurons.
Scale bar, 50 µm. Mean ± SE, n= 6 independent experiments; **, p<0.01; ***, p<0.001.
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Figure 4.
CARTp stimulation of CART-Luc and Y2R-Luc in vagal afferent neurons: potentiation by
leptin and inhibition by ghrelin. (A) Graded concentrations of CARTp stimulated expression
of 3.45 kb CART-Luc, and in the presence of leptin (10 ng/ml) the curve was moved to the
left. (B) Pre-incubation (30 min) with 10 nM ghrelin inhibited CART-Luc responses to 2 nM
CARTp. (C) Graded concentrations of CARTp stimulated expression of 3.034 kb Y2R-Luc
and leptin (10 ng/ml) moved the curve to the left. (D) Pre-incubation (30 min) with 10 nM
ghrelin inhibited Y2R-Luc responses to 2 nM CARTp. (E) CCK8s (10 nM) inhibited expression
of 1.6 kb of MCH-Luc promoter-reporter construct, and this was reversed by ghrelin (10 nM),
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but CARTp (2 nM) had no effect. Mean ± SE., n=3 independent experiments; * p<0.05, **
p<0.01, *** p<0.001.
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Figure 5.
CARTp mediates excitatory effects of CCK on cultured vagal afferent neurons. (A) CCK8s
(10 nM, 2 h) stimulated expression of 3.45 kb CART-Luc; co-transfection with CART siRNA
(50 nM), but not a scrambled sequence, reduced the number of CART positive cells by 36 ±
3.9 % (p<0.05) and reduced fluorescence intensity in most of the remainder, and significantly
inhibited the response. (B) Similarly, CCK8s (10 nM, 2 h) stimulated expression of 3.034 kb
Y2R-Luc and co-transfection with CART siRNA inhibited this. But, (C) CCK8s (10 nM, 2 h)
inhibited expression of 1.6 kb MCH-Luc and CART siRNA had no effect on the response.
(D) Pretreatment of cells with brefeldin A (BFA, 10 µg/ml) inhibited the CART-Luc and, (E)
the Y2R-Luc responses to CCK8s, respectively. ** p<0.01, ***p<0.001.
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Figure 6.
CARTp activates CREB and EGR1 to stimulate CART and Y2R expression. (A) Strong nuclear
staining of phosphoCREB in vagal afferent neurons (arrows) transferred to serum-free medium
(2 h, control) and stimulated with CARTp (2 nM). (B) Co-transfection with A-CREB (1 µg
DNA per well) inhibited CARTp (2 nM, 16 h) stimulation of 3.45 kb CART-Luc, and CARTp
only weakly stimulated expression of a Cre-deletion mutant of CART-Luc (ΔCre-CART-Luc).
(C) CARTp (2 nM, 2 h) stimulated nuclear translocation of EGR1. (D) Mutation of a putative
EGR1 binding site in CART-Luc (ΔEGR1-CART-Luc) reduced responses to CARTp and so
too did pretreatment with EGR1 siRNA. (E) CARTp (2 nM, 16 h) stimulated expression of
3.034 bp Y2R-Luc and co-transfection with A-CREB inhibited this. (F) Pretreatment with
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EGR1 siRNA reduced CARTp stimulation of Y2R-Luc. Mean ± SE, n=6 independent
experiments; ** p<0.01, *** p<0.001.
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Figure 7.
CARTp augments the inhibitory action of CCK on food intake after a short but not long fast.
(A,B) Cumulative food intake over 0–40 and 0–80min, respectively, in rats fasted for 13 h and
receiving CARTp (2 nmol, ip; ie “CART priming”) or saline followed 2 h later by CCK8s (10
nmol, ip) or saline and refeeding; CCK8s inhibited food intake over 0–40 min and CARTp had
no effect on this but slightly increased food intake on its own. (C,D) Food intake over 0–40
and 0–80min, respectively, in rats fasted for 30 min and receiving a priming dose of CARTp
or saline followed 2 h later by CCK8s (or saline) and refeeding; CARTp alone modestly
inhibited food intake over 0–40 min compared with saline; CCK8s also inhibited food intake
over the same period and CARTp enhanced this. (E,F) Food intake over 0–40 and 0–80 min,
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respectively, in rats fasted for 2.5 h and receiving CARTp or CCK8s (or saline) immediately
before refeeding. CARTp alone did not significantly change food intake compared with saline,
CCK8s inhibited food intake over 0–40 min and CARTp prolonged the action of CCK. N= 6
rats; a,b,c,d, Different letters denote significant differences between groups (p <0.05) ie a vs
b; c vs a or b; d vs a, b or c.
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