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Although the existence of the receptor for secretin
in the brain was suggested, the localization of secretin
receptor and the neuronal function of secretin have
not been clarified yet. In the present study, the local-
ization of secretin receptor was investigated in the rat
brain by using an in vitro autoradiography technique.
Frozen section autoradiography with 125I-secretin
showed intense binding in the nucleus of solitary
tract, laterodorsal thalamic nucleus, and accumbens
nucleus; moderate binding in the hippocampus, cau-
date/putamen, cerebellum, cingulate and orbital corti-
ces. Scatchard plot analysis gave the Kd value of 125
pM with Bmax of 134 fmol/mg tissue in the hippocam-
pus. The binding specificity was confirmed with secre-
tin and its analogs, VIP, PACAP, and glucagon. These
results indicate the secretin receptor system might
have some neural functions in the brain, which could
give the basis for therapeutic use of secretin in autis-
tic children. © 2002 Elsevier Science (USA)
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In 1998, in the course of the treatment for digestive
function of the patients with autism, the dramatic ef-
fect of secretin was reported in the social behavior of
autistic children (1). Secretin is a 27-amino acid neu-
roendocrine peptide that is a member of the VIP,
PACAP, and glucagon peptide family. It is produced by
the endocrine S cells, which are localized in the mucosa
of proximal small intestine (2). The primary action of
secretin is to stimulate bicarbonate, electrolyte and
volume secretion from pancreatic ductile epithelial
cells (3). Secretin-like immunoreactivity or bioactivity
was reported to have been detected in the brain.
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noreactivity is widely distributed in the brain and the
levels of immunoreactivity in the brain were higher
than or comparable to those in the duodenum. More-
over, the secretin precursor gene was widely expressed
in the brain and hypophysis (5). The function of secre-
tin is mediated via its specific interaction with cell
surface receptor(s) (6). The existence of the receptor for
secretin in the brain was suggested (7), and in cultured
neurons and neuroblastoma � glioma hybrid cells, se-
cretin stimulates adenylate cyclase as a second mes-
senger (8). Furthermore, in rat superior cervical gan-
glion neurons and PC-12 cells, secretin activates
tyrosine hydroxylase activity (9, 10). However, the lo-
calization of secretin receptor and the neuronal func-
tion of secretin have not been clarified yet. We here
report the localization of secretin receptor by in vitro
autoradiography in rat brain.

MATERIALS AND METHODS

Materials. 125I-Secretin (porcine) was purchased from Peninsula
Laboratories, Inc. (CA, USA). The specific radioactivity was 2000
Ci/mmol (74 kBq/mmol). Secretin (porcine), Vasoactive Intestinal
Peptide (VIP) (human, porcine), and Pituitary Adenylate Cyclase
Activating Polypeptide fragment 38 (PACAP38) (human, ovine, rat)
were purchased from Peptide Institute Inc. (Osaka, Japan). Gluca-
gon (human, ovine, porcine) was purchased from Sigma-Aldrich.
Autoradiographic 125I-microscales were purchased from Amersham
Pharmacia Biotech. Imaging plates (BAS MS2040) for imaging ana-
lyzer (BAS2500) were purchased from Fuji Film Co. (Tokyo, Japan).

Animals. The Animal Ethics Committee of Osaka City Univer-
sity Graduate School of Medicine approved all experiments with
research animals. Male 5- to 6-week-old Sprague–Dawley rats (Ja-
pan SLC Co., Hamamatsu), weighing 160–180 g, were used. The
animals were housed with free access to standard laboratory chow in
an air-conditioned room under a constant 12-h light and dark cycle
(lights on at 8:00 a.m.) at a temperature of 22–24°C and 60–70%
relative humidity.

In vitro receptor autoradiography. The rats were anesthetized
with diethyl ether and perfused via the left ventricle with ice-cold 10
125

O’Donohue et al. (4) reported that secretin-like immu-
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mM sodium phosphate-buffered saline (pH 7.4). The brain was rap-
idly removed, and was frozen in dry-ice powder. Frozen serial sec-
tions of 10 �m thickness were cut in a cryostat at �17°C and
mounted on 3-Amino-Proryltriethoxy Silane (APS)-coated glass
slides. The sections were preincubated at 20°C, twice for 10 min in 50
mM Tris–HCl buffer (pH 7.4) containing 0.5% bovine serum albu-
min. The incubation was then performed in the same buffer but
further containing 5 mM MgCl2, 0.05% bacitracin, 2 mM EGTA, and
50 pM of 125I-secretin (porcine) at 20°C for 90 min. Then the slides
were washed twice for 10 min in ice-cold preincubation buffer but
containing 5 mM MgCl2, then dipped in 50 mM Tris–HCl buffer (pH
7.4) containing 5 mM MgCl2, and air dried. Nonspecific binding was
determined in the presence of unlabeled 1 �M secretin. After having
been dried in a desiccator, the slides were exposed to the imaging
plate (BAS MS2040).

Image analysis and quantification. The autoradiograms were
quantified with a Bio-Image Analyzer BAS2500 (Fuji Photo Film Co.,
Ltd., Tokyo, Japan). After calibration with autoradiographic 125I-
microscales (RPA523, Amersham Pharmacia Biotech, UK), quanti-

tative analysis was performed with NIH image analysis software
(11).

Scatchard plot analysis. The values of saturable specific 125I-
secretin (10–80 pM) binding were transformed into the Scatchard
plot. For evaluation of binding data, the curve-fitting analysis pro-
gram CA-Cricket Graph III (Computer Associates International Inc.)
was used.

RESULTS

As shown in Fig. 1 and Table 1, the highest binding
was observed in the nucleus of solitary tract (74.2 � 6.9
fmol/mg tissue), followed by that in the laterodorsal
thalamic nucleus (55.7 � 6.4 fmol/mg tissue) and ac-
cumbens nucleus (36.5 � 1.4 fmol/mg tissue). In the
cortical regions, the binding was moderate in the or-
bital, cingulate, piriform, frontal, parietal and entorhi-

FIG. 1. In vitro autoradiographic localization of the 125I-secretin binding sites in rat brain. (A–P) Pseudo-color coding images of total
binding in representative brain regions. (Q–S) Pseudo-color coding images of nonspecific binding in the presence of 1 �M unlabeled secretin.
The same color coding scale in A–S was used. Q, R, and S were adjacent sections of A, G, and O, respectively. Cryostat sections were incubated
with 50 pM 125I-secretin at 20°C for 90 min, washed, air-dried, and exposed to the imaging plate. The data were obtained as described under
Materials and Methods. PrL, prelimbic cortex; IL, infralimbic cortex; DP, dorsal peduncular cortex; Acb, nucleus accumbens; ACg, anterior
cingulate; LSD, lateral septal nucleus dorsalis; LD, laterodorsal thalamic nucleus; CPu, caudate putamen; Pir, piriform cortex; Hip,
hippocampus; Crb, cerebellum; NTS, nucleus of solitary tract.
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nal cortices. Moderate binding was also seen in the
caudate/putamen, hippocampus, lateral septal nu-
cleus, olfactory bulb, amygdala, hypothalamus, pineal
body, pituitary gland, dorsal Raphe nucleus, locus co-
eruleus, and cerebellum. The binding was low in the
corpus callosum.

To study the specificity of secretin receptor binding,
we employed the peptides of VIP family, namely, VIP,
PACAP, and glucagon. Figure 2 shows displacement of
50 pM 125I-secretin binding with 100 nM secretin,
PACAP, VIP, and glucagons in the consecutive sections
including the accumbens nucleus, laterodorsal tha-
lamic nucleus, hippocampus, and cerebellum as repre-
sentative regions. In all these regions and other brain
regions, 125I-secretin binding was completely displaced
by 100 nM secretin. However, 125I-secretin binding was
hardly displaced by the same concentration of secretin
analogs (PACAP, VIP, and glucagon).

To further characterize secretin receptor binding, we
performed Scatchard plot analysis. As shown in Fig. 3,

there was a single component of binding with Kd and
Bmax values being 125 pM and 134 fmol/mg tissue,
respectively, in the hippocampus.

DISCUSSION

The previous report with 125I-secretin suggested the
existence of secretin receptor in membrane fractions of
rat brain (7). As far as we know, our present result is
the first report demonstrating the autoradiographic
localization of secretin binding sites in the brain. The
localization of VIP receptor was shown by Vertongen et
al. (12), which is dense in the superior colliculus, ven-
tral posterior thalamic nucleus, dorsal raphe nucleus,
dentate gyrus, suprachiasmatic nucleus, supraoptic
nucleus, accumbens nucleus. On the other hand, the
PACAP receptor was enriched in the piriform cortex,
diagonal band, accumbens nucleus, caudate/putamen,
hippocampus, habenular nucleus, lateral hypotha-
lamic nucleus, superior colliculus, dorsal raphe nu-

FIG. 2. Displacement of 125I-secretin binding by secretin, PACAP. Unlabeled peptides, secretin, PACAP, VIP, and glucagons, were added
to the binding buffer. The displacement of 125I-secretin binding in the accumbens nucleus, laterodorsal thalamic nucleus, hippocampus, and
cerebellum were shown. Total binding with 50 pM 125-secretin (Total binding) was displaced almost completely with unlabeled 100 nM
secretin (secretin), but very slightly with 100 nM PACAP (PACAP), 100 nM VIP (VIP), or 100 nM glucagon (glucagon).
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cleus (13). Thus, in the rat brain, the localization of
secretin, VIP, and PACAP binding sites showed differ-
ent patterns, indicating the presence of the receptors
specific for each peptide. The data from the displace-
ment study with unlabelled peptides on 125I-secretin
binding sites, as shown in Fig. 2, confirmed the idea.

Previously, Couvineau et al. (14) showed that secre-
tin weakly competes with VIP for the VIP receptor
purified from porcine liver. Their results suggest that
secretin and VIP receptors are structurally related,
and it might be possible that VIP, PACAP and gluca-
gon could weakly compete with 125I-secretin binding, in
a sense of low-affinity binding sites.

Furthermore, on the basis of the Scatchard plot anal-
ysis, the Kd and Bmax values for 125I-secretin binding
sites showed high affinity (125 pM) and medium den-
sity (134 fmol/mg tissue) in the hippocampus. Previ-
ously, Fremeau et al. (7) reported that the binding of
125I-secretin to rat brain membranes was specific, sat-
urable, and reversible, and that the binding has high
affinity (Kd � 0.2 nM) to a single class of noninterract-
ing sites. These results strongly indicate that the re-
ceptor specific for secretin exists in rat brain, and it

may play some roles in the brain function. Our results
give a basis for further study on the neural function of
secretin, and therefore in the future extend to explain
therapeutic effect of secretin on the autistic children.
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