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Expression of Cannabinoid CB1 Receptors by Vagal Afferent
Neurons Is Inhibited by Cholecystokinin
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Both inhibitory (satiety) and stimulatory (orexigenic) factors from the gastrointestinal tract regulate food intake. In the case of the satiety
hormone cholecystokinin (CCK), these effects are mediated via vagal afferent neurons. We now report that vagal afferent neurons
expressing the CCK-1 receptor also express cannabinoid CB1 receptors. Retrograde tracing established that these neurons project to the
stomach and duodenum. The expression of CB1 receptors determined by RT-PCR, immunohistochemistry and in situ hybridization in rat
nodose ganglia was increased by withdrawal of food for =12 hr. After refeeding of fasted rats there was a rapid loss of CB1 receptor
expression identified by immunohistochemistry and in situ hybridization. These effects were blocked by administration of the CCK-1
receptor antagonist lorglumide and mimicked by administration of CCK to fasted rats. Because CCK is a satiety factor that acts via the
vagus nerve and CB1 agonists stimulate food intake, the data suggest a new mechanism modulating the effect on food intake of satiety

signals from the gastrointestinal tract.
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Introduction

Signaling to the CNS from the gastrointestinal tract involves mul-
tiple pathways and mediators. Gut hormones released during
either feeding or fasting can modulate food intake, e.g., inhibition
of feeding by cholecystokinin (CCK) (Gibbs et al., 1973) and
PYY3-36 (Batterham et al., 2003) and stimulation by ghrelin
(Kojima et al., 1999). These effects are thought to be mediated
both by direct effects of circulating hormones on the hypothala-
mus and by actions on vagal afferent neurons that project to the
nucleus tractus solitarius (NTS). In addition, vagal afferent neu-
rons may respond directly to mechanical, chemical, or inflamma-
tory stimuli, whereas spinal afferent neurons serving the gastro-
intestinal tract are involved primarily in transmission of noxious
stimuli (Andrews, 1986; Janig and Morrison, 1986; Holzer,
1998).

The brain—gut peptide CCK is released from enteroendocrine
cells by fat and protein and in turn acts at CCK-1 receptors on
vagal afferent neurons (Smith et al., 1981; Ritter and Ladenheim,
1985; Moran et al., 1990; Moriarty et al., 1997; McLaughlin et al.,
1999; Broberger et al., 2001; Reidelberger et al., 2003). The latter
may include populations of neurons acting as gastric mechano-
receptors (Raybould et al., 1988; Schwartz et al., 1993) and as
duodenal chemoreceptors (Eastwood et al., 1998). Recent work
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suggests that several other neurohumoral factors may modulate
the effects of CCK on vagal afferent nerve discharge. Thus recep-
tors (Ob-R) for the long (functional) form of the satiety hormone
leptin are expressed by the same vagal neurons that express
CCK-1receptors (Buyse et al., 2001; Burdyga et al., 2002; Peiser et
al., 2002), and there are synergistic interactions between CCK
and leptin for both inhibition of food intake (Barrachina et al.,
1997) and afferent nerve discharge (Wang et al., 1997) Con-
versely, the same population of neurons also expresses receptors
for the orexigenic peptide orexin-A (OX-R1), which inhibits the
stimulatory effect of CCK on vagal afferent nerve discharge
(Burdyga et al., 2003).

It has been known for many years that cannabinoids are asso-
ciated with stimulation of appetite (Mechoulam and Hanu,
2001). Both central and peripheral sites of action may be in-
volved. In the present context it is notable that recent work indi-
cates that the effect of endogenous cannabinoids on appetite is
mediated by vagal afferent neurons, suggesting a role in modu-
lating gut—brain signaling (Gomez et al., 2002). Two types of
cannabinoid receptor have been characterized, CB1 and CB2.
The latter appears to be expressed mainly by immune cells,
whereas CB1 is expressed by many central and peripheral neu-
rons, possibly including vagal afferent neurons (Pertwee, 1997;
Freund et al., 2003; Partosoedarso et al., 2003). In the present
study we examined the identity and expression of CB1 receptors
in vagal afferent neurons. We now report that CB1 receptors are
expressed by neurons that also express CCK-1 receptors, and
importantly the expression of these receptors is increased with
fasting (when plasma CCK concentrations are low) and rapidly
decreased by feeding (and by CCK). The data suggest a new ac-
tion of CCK in inhibiting food intake.



Burdyga et al. « (B1 Expression in Vagus and Downregulation by CCK

Table 1. Sequences of primers used in RT-PCR”
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kg, i.m.). A crushing ligature was placed on the cervical vagus on one side;

Product  GenBank
Primer names Sequence 5'-3’ size (bp)  accession number
Rat
(B1-sense CATCATCATCCACACGTCAG 330 U40395
(B1-antisense ATGCTGTTGTCTAGAGGCTG
(B2-sense (GGCTTGGAGTTCAACCCTA 481 AF176350
(B2-antisense ACAACAAGTCCACCCCATGAG 533 AF041244
0X-R1-sense TGATGAGCGCTGGGCAGATGAACT
0X-R1-antisense  GACCAGGCAGGCAGCAGAATG
(CK,-sense GTCCCGCGTCTGGCAAACAAAGT 245 NM_012688
(CK,-antisense  CGTAGGCCACCACCATCACAATCC
GAPDH-sense GACCCCTTCATTGACCTCAACT 732 X02231
GAPDH-antisense  (TCAGTGTAGCCCAGGATGCC
Human
(B1-sense CAAGCCCGCATGGACATTAGGTTA 291 U73304
(B 1-antisense TCCGAGTCCCCCATGCTGTTATC
(B2-sense TCCCACTGATCCCCAATGACTACC 459 X74328

(B2-antisense AGGATCTCGGGGCTTCTTCTTTTG

after 4 hr animals were killed with an overdose of sodium pentobarbitone,
and both vagi were sectioned for immunohistochemistry.
Immunohistochemistry. Rats either were killed by CO, inhalation and
the ganglia were immersed in fixative or were deeply anesthetized with
sodium pentabarbitone (60 mg/ml, i.p.) and transcardially perfused with
4% paraformaldehyde solution in 0.1 PBS, pH 7.4. Ganglia were pro-
cessed for immunohistochemistry as described previously (Burdyga et
al,, 2002, 2003). Either affinity-purified goat or rabbit polyclonal anti-
bodies to CB1 were used (Santa Cruz Biotechnology, Santa Cruz, CA).
The CCK-1 receptor was localized using an affinity-purified rabbit poly-
clonal antibody raised against the N-terminal region of the rat CCK-1
receptor (kind gift of the late John Walsh, CURE/Gastroenteric Biology
Centre, University of California Los Angeles). Phosphorylation of cAMP
response element-binding protein (CREB) was detected by affinity-
purified rabbit polyclonal phospho-CREB (Ser133) antibody (New En-
gland BioLabs, Beverly, MA). Affinity-purified goat polyclonal antibod-
ies to rat-mouse and human leptin receptor (Ob-R) were obtained from
Research Diagnostic (Flanders, NJ) and Linco Research (St. Charles,
MO). Affinity-purified rabbit polyclonal antibody to cocaine and

“The sequences of the various primers used in RT-PCR are given together with the size of the predicted product.

Materials and Methods

Tissues. Studies were made using adult male Wistar rats (250—-450 gm;
Biomedical Services Unit, University of Liverpool) that were housed at
22°C under a 12 hr light/dark cycle with ad libitum access to food and
water (unless stated otherwise). Samples of human vagal nerve trunks
were obtained during resections for gastro-esophageal carcinoma and
cleanly dissected from the serosa; in addition, nodose ganglia were ob-
tained at resections for head and neck tumors (Burdyga et al., 2003).
Human tissues were separated rapidly and either immersed in RNA later
(Ambion, Austin, TX) or fixed in 4% paraformaldehyde for morpholog-
ical studies. The work was approved by the Multi-Centre and Local Ethics
Committee of Salford and Trafford Health Authority, and written con-
sent was obtained from all patients.

Fasting—refeeding. Rats were fasted for up to 48 hr (water ad libitium)
and subsequently refed for up to 5 hr. Some fasted animals received
CCK8 (Bachem, St Helens, Merseyside, UK) (10 nmol, i.p.) or saline and
were killed after 2.5 hr. In addition, some rats that were fasted for 48 hr
received the CCK-1 receptor antagonist lorglumide (10 mg/kg, i.p.) 15
min before refeeding and were killed 2 hr after refeeding. Either whole
nodose ganglia or in some cases the separated mid, caudal, and rostral
regions were dissected; in a few experiments gastric corpus was taken for
comparison. For RT-PCR, ganglia were pooled from several animals.
Alternatively, ganglia were fixed for immunohistochemistry or in situ
hybridization. For experimental studies involving fasting and refeeding,
ganglia from at least six rats in each group were examined.

RT-PCR. Total RNA was extracted from pooled (8-14) rat nodose
ganglia and from three human vagal trunks in Trizol Reagent (Invitro-
gen, Paisley, UK). Samples were treated with DNase, reverse transcribed,
and processed for PCR using BIO-X-ACT DNA Polymerase (Bioline)
using the primers listed in Table 1 as described previously (Burdyga et al.,
2002, 2003). PCR products were cloned directly into the pGEM-T Easy
cloning vector (Promega, Madison, WI), and sequence analysis was per-
formed using an automated dideoxy method.

Retrograde tracing and axonal transport. Rats were anesthetized with
Diazepam (2.5 mg/kg, i.m.) and Hypnorm (0.3 ml/kg, i.m.), and True
Blue (5% w/v) was aseptically administered at four sites (3 ul each) in the
stomach or duodenum; the area was then washed extensively and the
wound closed. Animals were given prophylactic antibiotic (Baytril, 0.2
ml/kg,i.m.). After 2 d, rats were fasted for 24 hr, anesthetized deeply with
sodium pentabarbitone (60 mg/ml, i.p.), and fixed by transcardial per-
fusion with paraformaldehyde (4% w/v). True Blue staining was visual-
ized in nodose ganglia before dual-labeling immunohistochemistry, and
images were processed using the Axio Vision 3.0 Imaging system (Carl
Zeiss Vision, Oberkochen, Germany).

For studies of vagal transport of receptors, rats were fasted for 24 hr and
then anesthetized with Diazepam (2.5 mg/kg, i.m.) and Hypnorm (0.3 ml/

amphetamine-regulated transcript (CART) and affinity-purified rabbit
polyclonal antibody to OX-R1 were obtained from Alpha Diagnostic
International (San Antonio, TX). Secondary antibodies were used as
appropriate and included donkey anti-goat IgG and donkey anti-rabbit
IgG conjugated to fluorescein isothiocyanate or Texas Red (Jackson Im-
munoResearch, West Grove, PA). Specificity of immunostaining was
determined by preincubation with an excess of appropriate peptide and
omitting of primary antibody. Sections were examined using an Axio-
plan Universal microscope, and images were processed using the Axio
Vision 3.0 Imaging system (Carl Zeiss Vision).

In situ hybridization. Cryostat sections (10 um) of quickly frozen
(—80°C) nodose ganglia were thaw mounted on UV-treated poly-L-
lysine-coated slides, fixed in 4% paraformaldehyde in 1 X PBS, and acety-
lated in 0.25 M acetic anhydride/0.1 triethanolamide (10 min). Sections
were dehydrated in 70-95% ethanol and stored in 95% ethanol at 4°C or
dried at —70°C until required. Oligonucleotide probes complementary
to bases4—51,349-396, and 952-999 of the rat CB1 receptor or 192-239,
922-969, and 969-1016 of rat CCK-1 receptor (Sigma-Genosys) were
3’end labeled with [*°S]dATP (10 mCi/ml; Amersham Biosciences,
Buckinghamshire, UK), purified using QIAquick nucleotide removal kit
(Qiagen, Crawley, UK), and used at a concentration of 3000 cpm/ul in
hybridization buffer [50% formamide, 10% dextran sulfate, 4X SSPE
(1X SSPE is composed of 3 m NaCl, 0.2 M NaH,PO, *+ 2 H,0, and 0.2 m
EDTA, pH7.4),0.2 mg/ml sheared salmon sperm DNA, 0.1 mg/ml polyA
RNA, 5X Denhardt’s, and 20 mm DTT]. Hybridization with mixtures of
the three CB1 or three CCK-1 oligonucleotides (1:1:1, in both cases) was
performed overnight at 42°C; sections were washed in 1XSSC (150 mm
NaCl, 15 mm sodium citrate, pH 7.0) at 55°C (30 min), 22°C (30 min),
0.1X SSC (30 sec), and dehydrated through ethanol, air dried, dipped in
autoradiographic emulsion (LM-1, Amersham Biosciences), and ex-
posed for 4—6 weeks before development. Sections were developed,
counterstained with hematoxylin and eosin, dehydrated, and mounted
using Histomount (Oncogene Research, Boston, MA). Silver grains were
visualized using an Axioplan Universal microscope, and images were
processed using AxioVision 3.0 Imaging system (Carl Zeiss) combined
with dark-field and bright-field illumination. Control slides were hybrid-
ized with 100-fold excess of unlabeled oligonucleotides.

Results

Identification of CB1 expression in rat nodose neurons

In initial studies we used RT-PCR to identify cannabinoid recep-
tor transcripts in rat nodose ganglia. Using material from fasted
rats (see below), we found a band of the predicted size corre-
sponding to CB1 (Fig. 1A). The product was cloned, and se-
quencing established complete identity with that predicted for
CB1 (data not shown). By comparison, a product consistent with
expression of the CB2 receptor in rat nodose ganglion was barely
detectable (Fig. 1B). There were, however, clear bands corre-



2710 - J. Neurosci., March 17, 2004 - 24(11):2708 -2715

12
c
Fat Cn Rat CB1
«330bp <
1 2
D
Rat CB2
481 bp Rat CB
— R

Figure 1.  RT-PCR indicates (B1 expression in rat nodose ganglia. A, RT-PCR of rat gastric
corpus (lane 1), nodose ganglion from fed (lane 2) and fasted (lane 3) rats (pool of 10 gangliain
each case), and template-free control (lane 4) using primers yielding a predicted product of 330
bp from rat CB1 (100 bp size ladder; lane 5). Note the presence of strong bands in lanes 1and 3.
B, Similar data for (B2 using primers yielding a predicted product of 481 bp. (, The abundance of
(B1in extracts of whole nodose ganglion from fasted rats (lane 2) is higher than in fed rats (lane
1) (samples pooled from 6 animals in each case), whereas RT-PCR products corresponding to
GAPDH are similar. D, When extracts (pooled from 8 rats) were prepared from the mid and
caudal regions of the nodose ganglion of fed rats (lane 1), (B1 (but not GAPDH) was undetect-
able, whereas there was a strong signal in fasted rats (lane 2).

sponding to both CB1 and CB2 in the corpus region of the rat
stomach (Fig. 1A,B). To determine whether CB1 receptor ex-
pression might be regulated by feeding, we compared extracts
from rats fed ad libitum and fasted for 48 hr. Interestingly, there
was markedly depressed abundance of the CB1 RT-PCR product
in rats fed ad libitum (Fig. 1 A). This was most apparent in extracts
of the mid and caudal regions of the ganglion but was also appar-
ent in samples of the entire ganglion (Fig. 1C,D).

Immunohistochemical localization of CB1

We then used immunohistochemistry to determine the cellular
origin of CB1 in nodose ganglia. Positively stained neuronal cell
soma were found throughout the nodose ganglia of fasted rats,
and consistent with the data described above, the signal was
stronger in the mid and caudal regions of the ganglia from fasted
rats (Fig. 2A,B). Colocalization studies indicated that in these
regions 82 * 3% of stained neurons expressed both CB1 and
CCK-1 receptors, whereas 6 = 2% expressed CB1 alone and 12 =
2% CCK-1 alone (Fig. 2C-E). The CCK-1 receptor is not well
expressed in rostral regions of the ganglion, and here there were
few examples of colocalization. A common population of nodose
ganglion neurons is already known to express CCK-1, Ob-R, OX-
R1, and CART immunoreactivity (Broberger et al., 1999;
Burdyga et al., 2003), and consistent with this we also found CB1
to be colocalized with Ob-R, OX-R1, and CART (data not
shown). Neurons in the mid and caudal regions of the rat nodose
ganglion project to the gastrointestinal tract (Green and Dockray,
1988), and to determine whether this population of neurons cor-
responded to those expressing CB1, we studied the distribution
after retrograde labeling of cells by injection of True Blue into the
stomach and duodenum. In both cases, a similar proportion of
True Blue-labeled cells exhibited coexpression of CB1 and
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Figure 2.  Localization of (B1 immunoreactivity in rat nodose ganglion. A, In rats fed ad
libitum there is a population of CB1immunoreactive neuronal cell somain the rostral part of the
ganglion (indicated by direction of arrow), but little immunoreactivity in more caudal parts of
the ganglion. B, In rats fasted for 48 hr, (B1-positive neurons in the rostral population are again
revealed, together with immunoreactive cell soma in the mid and caudal regions of the ganglion. ¢,
(B1-immunoreactive neuronal cell soma in the mid region of the rat nodose ganglion. D, The same
section costained for CCK-1immunoreactivity; £, the overlay of Cand D. £, True Bluefluorescencein the
same section after administration of the tracer into the gastric corpus. Circled neurons contain True
Blue and express both CB1and CCK-1 receptors. Scale bars, 100 um.

CCK-1 receptors (stomach 58%, duodenum 47% of all True
Blue-labeled cells) (Fig. 2C—F); <10% of True Blue-labeled cells
expressed only CB1 or CCK-1 receptors. Because CCK-1 recep-
tors in vagal afferent neurons are transported toward the periph-
ery (Moran et al., 1990; Moriarty et al., 1997), we asked whether
the same was the case for CB1 receptors. Ligation of the cervical
vagal nerve trunk was associated with an accumulation of CB1
receptors on the central side, consistent with peripheral translo-
cation (Fig. 3).

Expression in human vagus

To establish that the observations in rat nodose ganglia also ap-
plied to humans, we then showed by RT-PCR that a band of the
appropriate size occurred in both human vagal nerve trunk and
gastric corpus (Fig. 4A); in contrast CB2 was expressed in stom-
ach but not vagus (Fig. 4 B). Moreover, immunohistochemical
studies confirmed the presence of CB1 immunoreactivity in a
population of neuronal cell soma (Fig. 4C,D) corresponding to
the large neurons shown previously to express CCK-1, Ob-R, and
OX-R1 receptors (Burdyga et al., 2003).
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Figure3. Nervetrunk ligation reveals that (B1 receptors are transported toward the periph-
ery in rat vagus nerve. Accumulated CB1immunoreactivity (open arrow) on the rostral side of a
crushing ligature (filled arrow). Scale bar, 50 m.

Figure 4.
(lane 1) and gastric corpus (lane 2) showing bands corresponding to the predicted size of the
human (B1 product (291 bp) (lane 3, template-free control; lane 4, 100 bp ladder). B, Similar
data for (B2; the predicted human product of 459 bp is found in gastric corpus (lane 2) but not
vagus (lane 1). ¢, D, (B1-immunopositive neurons in neuronal cell soma of human nodose
ganglion at low and higher power, respectively. Scale bars, 50 pm.

Identification of (B1 expression in human vagus. A, RT-PCR of human vagus nerve

Regulation by fasting

In view of the RT-PCR data suggesting upregulation of CB1 ex-
pression in vagal afferent neurons of fasted rats, we compared the
expression with that of CCK-1 and OX-R1 in nodose ganglia of
rats fasted for 48 hr or fed ad libitum. Although the expression of
CB1 receptors was increased with fasting, there was no apparent
difference in the abundance of CCK-1 or OX-Rl, or
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Fig. 5).
Thus although CB1 and CCK-1 receptors are expressed by the
same neurons, the apparent increased expression of CB1 in fasted
rats appears not to be caused by a nonspecific change in expres-
sion of all receptors. The increased expression of CB1 could be
detected within 8 hr of withdrawing food and appeared maximal
after 12 hr (data not shown).

We then applied in situ hybridization to characterize feeding-
dependent changes in CB1 expression. In rats fed ad libitum, it
was not possible to identify CB1-expressing cells in the mid and
caudal regions of the ganglia, whereas CCK-1 expressing neurons
were identified readily (Fig. 6A,B). In sharp contrast, after re-
moving food for 12—48 hr, both CB1 and CCK-1 receptors were
found in these regions of the ganglion (Fig. 6C,D). An excess of
the appropriate unlabeled oligonucleotides inhibited the in
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Figure5. RT-PCRidentification of (B1, CCK-1,and OX-R1 expression in nodose ganglia from
fed and fasted rats. A, By RT-PCR, (BT product is present in higher abundance in extracts of the
whole nodose ganglion of fasted rats compared with rats fed ad libitum (for details, see Fig. 1).
B-D, In contrast, in the same extracts there is similar abundance of bands corresponding to
RT-PCR products of CCK-1and OX-R1 receptors, and GAPDH.

situ hybridization signal with both CB1 and CCK-1 receptors
(Fig. 6G, J).

Role of CCK in inhibiting CB1 receptor expression

The data presented above are consistent with the hypothesis that
feeding downregulates CB1 expression in a subset of vagal affer-
ent neurons projecting to the gut. To directly test this idea we
then examined the effects of refeeding of fasted rats. Using in situ
hybridization, we found depressed CB1 expression within 2 hr of
refeeding fasted rats, and by 5 hr, the signal was virtually abol-
ished (Fig. 7 A, B). In contrast, refeeding for 30 min had no effect
on the localization of CB1 demonstrated by in situ hybridization
(data not shown).

Because CB1 was expressed in neurons that also expressed
CCK-1 receptors and because CCK is released by food, we then
asked whether CCK might mediate the downregulation of CB1.
As a first step we demonstrated that administration of CCK rep-
licated the effect of food in downregulating CB1 expression in
fasted rats. Within 2.5 hr of administration of CCK8 (10 nmol,
1.p.), a substantial loss of CB1 transcripts was detected by in situ
hybridization (Fig. 7C). To provide evidence that this population
of neurons responded to exogenous CCK, we used phosphoryla-
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tion of the transcription factor CREB,
which is known to occur with a rise in in-
tracellular calcium (Shaywitz and Green-
berg, 1999; Lonze and Ginty, 2002). Ad-
ministration of CCK8 (10 nmol, i.p.)
increased nuclear phospho-CREB staining
in nodose neurons that also expressed CB1
and CCK-1 receptors, consistent with the
capacity of these neurons to respond to
CCK (Fig. 7D-M).

To determine whether endogenous
CCK influenced CB1 expression, we then
administered the CCK-1 receptor antago-
nist lorglumide to rats fasted for 48 hr and
refed for 2 hr. Importantly, administration
of lorglumide prevented the loss of CB1
receptor detected by immunohistochem-
istry that occurred with refeeding, impli-
cating endogenous CCK in this response
(Fig. 8A-D). Moreover, lorglumide pre-
served up to 2 hr after refeeding the CB1
transcripts detected by in situ hybridiza-
tion (Fig. 8 E-H).

Rostral
p—

Discussion

The action of CCK as a satiety signal has
been known for 30 years (Gibbs et al.,
1973). There is good evidence that this ef-
fect is mediated by vagal afferent neurons
(Smith et al., 1981; Ritter and Ladenheim,
1985). Recent evidence suggests that the
same neurons also express Ob-R and
OX-R1 (Buyse et al., 2001; Burdyga et al.,
2002, 2003; Peiser et al., 2002), and the pu-
tative peptide transmitter CART (Brob-
erger et al., 1999). Previous studies have
found little evidence to indicate dietary
modulation of the expression of the relevant genes (Broberger et
al., 1999, 2001). The main finding of the present study is that this
neuronal population expresses the CBI receptor, and impor-
tantly expression is increased by fasting and downregulated by
CCK. The data provide a new insight into the action of CCK on
vagal afferent neurons. The findings are interesting in view of the
action of endogenous cannabinoids as stimulants of appetite be-
cause they suggest that the satiety effects of CCK may be mediated
at least in part by decreased expression of CB1 receptors.

There have been various previous studies of the effects of food
intake on expression of signaling molecules in vagal afferent neu-
rons. A reduced-calorie diet or a fat-rich diet seemed to have little
effect on CCK-1 and CCK-2 receptor expression in rat nodose
ganglion or on the putative peptide satiety transmitter CART
(Broberger etal., 1999). The finding that CB1 receptor expression
was enhanced in the nodose ganglion of food-restricted rats was
made using RT-PCR, in situ hybridization, and immunocyto-
chemistry. The effect is apparently specific in that we did not find
changes in the expression of CCK-1 and OX-R1 expression in the
same neuronal population; however, CB1-expressing neurons in
the rostral part of the nodose ganglion, which probably serve
thoracic structures, appeared not to be sensitive to food restric-
tion. It is known that CB1 receptors are found on the terminals of
airway nerve fibers (Calignano et al., 2000), and it is probable that
the CB1-expressing population neurons that we found in rostral
rat nodose ganglion are linked to these effects and are function-

Figure 6.

Burdyga et al. « (B1 Expression in Vagus and Downregulation by CCK

In situ hybridization shows increased abundance of (B1 transcripts in nodose ganglia from fasted rats. A, Probes to
(B1 show little or no labeling in cells in the mid and caudal regions of the nodose ganglia rats fed ad libitum (dark-field images;
rostral direction indicated by arrow). B, An adjacent section showing cells expressing the CCK-1 receptor revealed by in situ
hybridization (open arrows). C, Corresponding regions of rat nodose ganglion after fasting for 48 hr revealing neurons expressing
(BT (open arrows); D, an adjacent section showing CCK-1 expression. £, F, Higher-power fields from A and C, respectively. G,
Hybridization of nodose ganglion from a fasted rat with CB1 probes and a 100-fold excess of unlabeled probe. H, /, Higher-power
fields from Band D, respectively. J, Hybridization of nodose ganglion from a fasted rat with CCK-1 probe and a 100-fold excess of
unlabeled probe. Scale bars: A-D, 100 um; £-J, 50 m.

ally distinct from the control of food intake. We also found CB1
expression in human nodose ganglia obtained at surgery.
Whether there is food-regulated expression in the human gan-
glion will require further study. It is worth noting, however, that
patients are normally fasted before surgery, so the expression is
consistent with the data in the rat.

The endogenous cannabinoid system involves two putative re-
ceptors (CB1 and CB2) and several possible endogenous ligands,
including anandamide and diarachidonoylglycerol. In the central
and peripheral nervous systems, CB1 receptors are relatively widely
distributed and often associated with retrograde inhibition of neu-
ronal activity (Freund et al., 2003). Interestingly, in the cortex, CB1
receptors occur on GABAergic interneurons that also contain CCK.
Possible interactions between CCK and CB1 expression in the CNS
are still unexplored. In the context of visceral sensory transmission,
the accumulated evidence points to effects of cannabinoids on both
appetite and emesis (Van Sickle et al., 2001, 2003; Gomez et al., 2002;
Partosoedarso etal., 2003). Recently, an increase in the abundance of
anandamide has been shown in the intestine of rats deprived of food
for 24 hr, and the appetite-stimulating effects of cannabinoids were
shown to be mediated by the vagus nerve, suggesting a mechanism
for gastrointestinal activation of appetite during fasting (Gomez et
al,, 2002). The present results now extend these observations by
showing that the peripheral action of endogenous cannabinoids in
stimulating appetite may be mediated by CCK-regulated expression
of CBI receptors.
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Figure7.

arrows, green); L, overlay. Scale bars: A—F, 100 pum; G—L, 25 pum.

The localization of CB1 transcripts in nodose ganglion neu-
rons detected by in situ hybridization was substantially reduced
within 2 hr of refeeding. Rapid inhibition of transcription or
enhanced degradation of transcripts, or both, presumably ac-
counts for this effect. Interestingly, there was also loss of CB1
protein detected by immunohistochemistry over a period of 2-5
hr after refeeding of fasted rats. Nerve trunk ligation experiments
indicated transport of CB1 receptors to the periphery, so presum-
ably the loss of CB1 receptors from cell soma in the nodose gan-
glion is attributable to transport of newly synthesized receptor
toward nerve terminals. Inevitably, it is likely to be many hours
before the changes observed in CB1 expression in the nodose
ganglion influence receptor abundance in the terminal regions.
The central terminals of vagal afferents are closer to the cell body
than gastrointestinal terminals, so any functional consequences
of feeding-induced downregulation of CB1 might be anticipated
to occur earlier at the central terminals.

The endogenous cannabinoid ligand anandamide is also an
agonist for the vanilloid TRPV1 receptor (Zygmunt et al., 1999;
Ross, 2003). It is well established that the satiety effects of CCK
are mediated by neurons sensitive to the TRPV1 agonist capsaicin
(Ritter and Ladenheim, 1985; Mercer et al., 1992). The affinity of
anandamide for TRPV1 is lower than for CBI receptors. It is
conceivable, however, that increased anandamide production in
the gut during food restriction (Gomez et al., 2002) leads to en-

Refeedingand (CK8 downregulate (B1 expression in rat nodose ganglion. A, In situ hybridization of (B1in rat nodose
ganglion after fasting for 48 hr (dark-field images; rostral direction indicated by arrow; see also Fig. 6). B, In a fasted rat, refed for
2.5 hr, there s virtually complete loss of (BT transcripts revealed by in situ hybridization. , Similarly, there is loss of the CB1 signal
revealed by in situ hybridization in nodose ganglion after 48 hr fasting and administration of CCK8 (10 nmol, i.p., 2.5 hr before
killing). D, Administration of CCK is associated with phosphorylation of CREB in neurons that express (B1 ( £). F, Overlay of D and
E. G, Higher-power magpnification (region indicated by box in F) shows that (B1-expressing neurons (green) respond to admin-
istration of CCK8 indicated by colocalization (open arrows) of nuclear phospho-CREB (H, red; /, overlay). J, Deconvolution micros-
copy of a single neuron showing (B1 immunoreactivity in cytosolic vesicles (filled arrows, red); K, nuclear phospho-CREB (open
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hanced vagal afferent neuron discharge via
TRPV1 receptors and thereby generation
of inappropriate satiety signals. The in-
creased expression of CB1 receptors by
these neurons in food restriction would
therefore provide a mechanism to attenu-
ate any activation of TRPV1 by intestinal
anandamide.

Previous work has established that the
vagal afferent population shown here to
expresses CCK-1 and CB1 receptors also
expresses the OX-R1 receptor and the
functional (long) form of the leptin recep-
tor, Ob-R (Burdyga et al., 2002, 2003).
Orexin-A inhibits the action of CCK8 on
vagal afferent discharge (Burdyga et al.,
2003), and plasma concentrations of
orexin increase with fasting (Komaki et al.,
2001). It is worth noting that there is re-
ported to be a synergy between OX-R1 and
CBI1 receptors (Hilairet et al., 2003). The
fasting-induced CB1 receptor expression
in vagal afferent neurons may therefore
augment signaling via OX-R1 to enhance
appetite by providing a counterbalance to
visceral satiety signals. Thus, in addition to
potentiating interactions between satiety
factors acting on vagal afferents, e.g., CCK
and leptin (Barrachina et al., 1997; Wang
et al., 1997), the emerging evidence now
supports the concept of synergistic inter-
actions between orexigenic factors acting
on the same pathway as well. There is also
evidence for dietary modulation of CCK-
vagal signaling; for example, the satiety ef-
fects of CCK can be attenuated by feeding
high fat or high protein diets (Covasa et al.,
2001), although in this case the precise cel-
lular mechanisms remain uncertain.

The neurochemical mechanisms regulating food intake have
attracted considerable attention in recent years (Schwartz et al.,
2000). It is now clear that at the level of the hypothalamus there
are distinct neuronal systems associated with inhibition of food
intake mediated, for example, by products of the pro-
opiomelanocortin gene and CART and stimulation of food in-
take mediated, for example, by neuropeptide Y, orexin, agouti-
related peptide, melanocortin-concentrating hormone (MCH),
and CBI receptors. The latter are colocalized with CART, the
orexin precursor, MCH, and corticotrophin-releasing hormone;
moreover, in CB1 '~ mice the decreased body weight and de-
creased hypothalamic CART mRNA are compatible with central
effects to regulate food intake (Cota et al., 2003). Hypothalamic
circuits regulating food intake can be influenced by circulating
satiety factors, e.g., leptin from adipose tissue and PYY from the
gastrointestinal tract, as well as orexigenic factors, e.g., ghrelin
from gastric endocrine (X-) cells (Kojima et al., 1999; Schwartz et
al., 2000; Broberger and Hokfelt, 2001; Batterham et al., 2003).
Although some gastrointestinal factors regulating food intake
may act directly on the hypothalamus, it has been clear for some
time that they may also act via vagal afferent nerve fibers termi-
nating in the NTS and relaying on brain stem neurons projecting
to the arcuate nucleus (Smith et al., 1981; Date et al., 2002; Luck-
man and Lawrence, 2003). CCK is probably the best studied ex-
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ample of a peptide acting through this sys-
tem. The present data therefore add to
evidence suggesting multiple interactions
at the level of vagal afferent neurons to
modulate satiety signaling.

In conclusion, the finding that the ex-
pression of CB1 receptors in vagal afferent
neurons is decreased by food intake sug-
gests a new dimension to the integrative
role of the vagus nerve in mediating gut—
brain signaling. In particular, it seems that
CCK, which is recognized to act as a gut-
derived satiety signal, may decrease CB1
receptor expression in vagal afferent neu-
rons and so influence the capacity of en-
dogenous cannabinoids to enhance appe-
tite by this route. It is worth noting that
CBI receptors have relatively high consti-
tutive activity (Bouaboula et al., 1997), so
that even in the absence of endogenous
cannabinoid ligands, changes in CBI1 ex-
pression may modulate vagal nerve func-
tion. Together the data suggest that vagal
afferent neurons exhibit a hitherto unsus-
pected capacity for modulating gastroin-
testinal satiety signaling, which may in
turn provide novel targets for therapeutic
modulation of food intake.

Rostral
A—
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