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Abstract 

The binding of [“51]secretin to rat brain membranes was investigated. Radiolabeled secretin 
bound with high affinity (& = 0.2 IIM) to a single class of noninteracting sites. Binding was specific, 
saturable, and reversible. Regional distribution studies indicated that the specific binding was 
greatest in the cerebellum, intermediate in the cortex, thalamus, striatum, hippocampus, and 
hypothalamus, and lowest in the midbrain and medulla/pans. Pharmacological studies indicated 
that only secretin, but not other peptides, inhibits binding of [‘251]secretin with high affinity. Also, 
certain guanine nucleotides inhibited high affinity binding. These data indicate that rat brain 
membranes possess high affinity binding sites specific for secretin and that with the use of [lZ51] 
secretin the kinetics, stoichiometry, specificity, and distribution of secretin receptors can be directly 
investigated. 

It is generally accepted that several peptides initially 
isolated from peripheral organs are also present in the 
CNS. Among these are cholecystokinin (CCK) (Vander- 
haegen et al., 1975; Muller et al., 1977) and vasoactive 
intestinal polypeptide (VIP) (Larsson et al., 1976; Said 
and Rosenberg, 1976). Similarly, receptors have been 
identified in the CNS which mediate the effects of en- 
dogenous CCK (Hays et al., 1980; Innes and Snyder, 
1980; Saito et al., 1980) and VIP (Robberecht et al., 1978; 
Taylor and Pert, 1979). Therefore, these peptides may 
function as physiologically important neuroregulators in 
mammalian brain. 

A peptide structurally similar to VIP is the 27-amino 
acid peptide secretin (Mutt et al., 1970). This peptide 
was initially isolated from porcine intestine and func- 
tions as a hormone which stimulates enzyme and elec- 
trolyte secretion from the exocrine pancreas. Secretin, 
similar to other peptides, may function as an important 
regulatory agent in mammalian brain. 

In this regard, secretin-like bioactivity was detected in 
porcine brain (Mutt et al., 1979) and immunoreactivity 
in rat and porcine brain extracts (O’Donohue et al., 1981; 
Charlton et al., 1982). Intracisternal injection of secretin 
reduces open field activity (Charlton et al., 1981) and 
alters dopamine metabolism and prolactin secretion 
(Fuxe et al., 1979) in rats. Also, secretin elevates CAMP 
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levels in cultured brain cells (Propst et al., 1979) and 
neuroblastoma x glioma cell lines (Van Calker et al., 
1980). These data indicate that secretin-like peptides are 
present in the mammalian brain. 

Because these endogenous secretin-like peptides may 
function as synaptic regulatory agents in the CNS, we 
undertook the characterization of central secretin recep- 
tors. Our data indicate that [‘“‘Ilsecretin binds with high 
affinity to a unique class of sites in the CNS. This 
component may be the physiologically important recep- 
tor that mediates the effects of secretin-like peptides in 
the mammalian brain. 

Materials and Methods 

Preparation of radiolabeled peptide 

Five micrograms of secretin (Peninsula Laboratories, 
Inc., San Carlos, CA) were radiolabeled with 2 mCi of 
Na’251 (New England Nuclear, Boston, MA) using 2 pg 
of chloramine T (Sigma Chemical Co., St. Louis, MO) in 
0.5 M borate buffer, pH 8.0. After 2 min the reaction was 
quenched by the addition of 20 pg of sodium metabisulfite 
(Sigma). Then [1251]secretin was purified using the gel 
filtration and cation exchange chromatography tech- 
niques described previously (Chang and Chey, 1980). The 
specific activity of our tracer preparations ranged from 
600 to 800 Ci/mmol. 
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Preparation of membranes 

Adult male Sprague Dawley rats (200 to 250 gm) were 
decapitated and the brains were removed. The brain 
regions were dissected, weighed, homogenized, and cen- 
trifuged at 10,000 x g for 20 min. The resulting pellet 
was resuspended in 100 vol of buffer and incubated for 
30 min at 4°C. The homogenate was recentrifuged at 
10,000 x g for 10 min, and the pellet was resuspended in 
10 vol of cold buffer. Protein content was determined as 
described (Lowry et al., 1951). 

Secretin binding assay 

Routinely, 150 ~1 of freshly prepared homogenate (1.5 
mg of membrane protein) were incubated with ~60 fmol 

TABLE I 
Regional distribution of specific pz51Jsecretin binding activity in rat 

brain 
Regions from fresh rat brain were dissected on ice, and the mem- 

branes were prepared as described under “Materials and Methods.” 
Binding assays were performed in triplicate using membranes from 
each brain region and 0.2 nM [‘=I]secretin. The mean + SEM of at 
least three separate experiments is indicated. 

Region Density 

Cerebellum 
Frontal cortex 
Striatum 
Hippocampus 
Thalamus 
Hypothalamus 
Medulla/pans 
Midbrain 

fmolfmg of protein 

2.8 * 0.21 

1.9 k 0.18 
1.7 -+ 0.31 
1.3 -+ 0.19 

1.1 -+ 0.18 
1.0 * 0.20 

0.29 f 0.11 

0.15 -t 0.15 
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of [?]secretin at 37°C for 60 min in the presence or 
absence of competitor. The buffer was 10 mM HEPES 
(pH 7.4) which contained 1% BSA, 1 mg/ml of bacitracin, 
and 1 mM MgCl,; total volume was 0.4 ml. Membrane- 
bound [‘251]secretin was separated from free peptide by 
centrifugation using a Beckman Microfuge B (1 min). 
The incubation mixture was applied to buffer which 
contained 0.32 M sucrose. After centrifugation, the su- 
pernatant was removed and the top of the pellet was 
washed twice with 1 ml of buffer. The pellet was assayed 
for radioactivity using a LKB gamma counter. 

Results 

Regional distribution studies 

Initially, [1251]secretin was bound to crude rat brain 
homogenate. Table I shows, however, that there is a 
discrete regional distribution of high affinity binding 
sites for secretin. Binding was highest in the cerebellum, 
intermediate in the frontal cortex, striatum, hippocam- 
pus, thalamus, and hypothalamus, and lowest in the 
medulla/pans as well as the midbrain. The distribution 
of [‘251]secretin-binding sites ranged approximately 18- 
fold. As rat cerebellar membranes had the highest secre- 
tin binding, these membranes were used in subsequent 
experiments. 

Binding to cerebellar membranes 

Figure 1 shows that a centrifugation assay was devel- 
oped for [‘251]secretin binding to cerebellar membranes. 
The background value for the binding assay was 150 cpm 
(0.3% of the total radioactivity added). As a function of 
added homogenate the counts per minute increased lin- 
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Figure 1. Binding of [“‘Ilsecretin to rat cerebellar homogenate. [rz51]Secretin 
(0.16 nM) was incubated with varying doses of brain homogenate for 60 min in 
the presence (0) and absence (0) of 0.15 pM secretin. Then bound peptide was 
separated from free using the sucrose density gradient centrifugation techniques 
described under “Materials and Methods.” Each value represents the mean & 
SEM of three determinations. 
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early. Using 150 ~1 of membranes (30 mg of wet tissue) 
the total binding was approximately 1350 cpm (3.1% of 
the total counts per minute added), whereas nonspecific 
binding was 700 cpm (1.6% of total). Greater membrane 
densities were not used due to incomplete pelleting of 
the membranes. 

Kinetics of binding 

The time course of [““Ilsecretin binding to and disso- 
ciation from rat cerebellar membranes was investigated. 
Figure 2 shows that nonspecific low affinity binding was 
maximal after approximately 10 min. In comparison, 
total binding was maximal after 60 min. The difference 
between the two represents specific high affinity binding 
which was linear for approximately the first 8 min, then 
increased slowly until 60 min, when it was maximal; half- 
maximal binding occurred at approximately 8 min. The 
high affinity binding of radiolabeled secretin was revers- 
ible. Figure 3 shows that high affinity binding of [1251] 
secretin declined in an exponential manner after addition 
of unlabeled secretin and that after 20 min 30% and after 
60 min 60% of the specific binding had dissociated. The 
calculated association (hl) and dissociation (h-r) rate 
constants were 1.8 X lo8 mine1 M--’ and 1.4 X 10e2 min-I, 
respectively. Based on these kinetic parameters, the cal- 
culated dissociation rate constant (Kd = k-l/k’) was 0.8 
X 10-l’ M. 

Equilibrium binding 

The concentration dependence of [ 12?] secretin binding 
to rat cerebellar membranes was investigated. Figure 4 

10 30 60 90 

TIME (MIN) 

Figure 2. Association of [““Ilsecretin with rat cerebellar 
membranes. Radiolabeled secretin (0.2 nM) was incubated with 
cerebellar membranes (30 mg of wet tissue) at 37°C in the 
presence (0) and absence (a) of 1 pM unlabeled secretin. As a 
function of time after addition of tracer, the amount of [‘*‘I] 
secretin bound to the brain homogenate was determined. Each 
value represents the mean 1 SEM of three determinations. 
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Figure 3. Dissociation of bound [‘*“I]secretin. Radiolabeled 

secretin (0.15 nM) was incubated with cerebellar homogenate 
(30 mg of wet tissue) for 60 min at 37°C. Then unlabeled 
secretin (1 pM) was added. The amount of [““Ilsecretin bound 
specifically as a function of time after addition of competitor 
is indicated. 

shows that nonspecific binding was a linear function of 
radiolabeled secretin concentration. In comparison, spe- 
cific binding increased linearly at low tracer concentra- 
tion (0.1 nM) and then increased slowly and was saturable 
at high concentrations of [‘*“I]secretin (1.0 nM). Figure 
5 shows that a Scatchard replot of the specific binding 
data was linear (Scatchard, 1949). Based on these equi- 
librium binding data the Kd was 0.16 nM and the density 
of high affinity [12”I]secretin-binding sites was 8.7 fmol/ 
mg of protein. 

Pharmacology of binding 

The ability of various peptides to inhibit the high 
affinity binding of [‘2”I]secretin to rat cerebellar mem- 
branes was investigated. Figure 6 shows that secretin 
and some structurally related peptides inhibit the specific 
binding of radiolabeled secretin in a dose-dependent 
manner reminiscent of competitive inhibition. Secretin 
was the most potent in that 10 nM unlabeled secretin 
inhibited almost all specific binding of [IT51 ] secretin, and 
the concentration which inhibited 50% of the specific 
binding (I&o) was 0.4 nM. In comparison, the IC& values 
for VIP and porcine heptacosapeptide (PHI) were 0.3 
and 1.2 pM, respectively. Because the K, = I(&/(1 + L/ 
Kd), the calculated Ki values for secretin, VIP, and PHI 
are 0.2 nM, 0.15 pM, and 0.6 PM, respectively (Cheng and 
Prusoff, 1973). Other peptides tested which did not com- 
pete for [1251]secretin binding using a 1 pM dose include: 
bombesin, bradykinin, CCK, endorphin, enkephalin, lu- 
teinizing hormone-releasing hormone, motilin, cY-melan- 
ocyte-stimulating hormone, neurotensin, physalaemin, 
somatostatin, substance P, thyrotropin-releasing factor, 
and glucagon. 

Effects of guanine nucleotides 

Previously, secretin was demonstrated to elevate 
CAMP levels in cultured brain cells and neuroblastoma 
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Figure 4. Binding of [““Ilsecretin as a function of radiola- 
beled peptide concentration. Total (0) and nonspecific (0) 
binding was determined in triplicate at equilibrium. The differ- 
ence between the two represents specific binding (0). 
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Figure 5. Scatchard plot of specific [Ylsecretin binding. 
The specific binding data obtained at equilibrium (Fig. 4) were 
replotted by the method of Scatchard (1949). The line drawn 
represents the best fit assuming a single class of binding sites. 
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Figure 6. Pharmacology of [‘Z”I]secretin binding. The per- 
centage of [Ylsecretin bound specifically is plotted as a func- 
tion of unlabeled peptide concentration for secretin (m), VIP 
(0), PHI (O), and glucagon (A). Each assay was performed in 
triplicate, and the mean + SD of three experiments is indicated. 
The concentration of [12”I]secretin was 0.15 nM. 

TABLE II 

Inhibition of specific ~2”I]secretin binding by guanine nucleotides 
Nucleotides (20 pM) were incubated with membranes for 10 min at 

37°C. Then [‘251]secretin was added, and the binding assay was per- 
formed as described under “Materials and Methods.” Each assay was 

performed in triplicate, and the mean t SD of four determinations is 
indicated. 

Nucleotide Specific Binding 

None 
GMP-P(NH)P 

GTP 
GDP 
GMP 
ATP 

CTP 
ITP 
UTP 

1 

% 
LOO c 6 
35 + 14 
69t 11 
70 + 12 

89 c 8 
93 + 9 
91+ 7 
90 + 6 
90 + 5 

X glioma cell lines (Propst et al., 1979; Van Calker et al., 
1980). Also, guanine nucleotides negatively modulate 
binding of polypeptides to receptors (Rodbell et al., 1971; 
Robberecht et al., 1978; Moody et al., 1981). Therefore, 
the effects of guanine nucleotides on CNS secretin bind- 
ing were investigated. Table II shows that high affinity 
binding of [‘251]secretin was inhibited using GMP- 

and ll%, respectively. Therefore, GMP-P(NH)P inhib- 
its specific binding of radiolabeled secretin strongly, GTP 
and GDP moderately, and GMP weakly. Other nucleo- 
tide triphosphates tested, such as ATP, cytidine 5’- 
triphosphate (CTP), 5’-inosinetriphosphate (ITP), and 
uridine triphosphate (UTP), only weakly inhibited spe- .̂ _ 

P(NH)P, GTP, GDP, and GMP (20 PM) by 65, 31, 30, cific binding of [““I]secretin. 
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Discussion 

A general problem in characterizing peptide receptors 
is the low receptor densities. Therefore, it is important 
to utilize receptor probes of high specific activity which 
retain biological activity and tissues which contain a 
high density of binding sites. Here [lz51]secretin was 
iodinated to a specific activity of 600 to 800 Ci/mmol. 
Also, when the iodinated peptide was purified to homo- 
geneity using high pressure liquid chromatography tech- 
niques, it had appreciable biological activity based on its 
ability to bind to and elevate intracellular levels of CAMP 
in dispersed pancreatic acini (R.T. Jensen et al., manu- 
script in preparation). Because radiolabeled secretin 
bound best to the rat cerebellum, cerebellar membranes 
were used as a tissue source in subsequent studies. 

The data presented here indicate that cerebellar mem- 
branes bind [ ‘*“I]secretin with high affinity. The binding 
is specific, saturable, and reversible. The dissociation 
constants calculated from equilibrium (0.16 nM), kinetic 
(0.08 nM), and competition studies (0.20 nM) agree well. 
These data indicate that secretin binds with high affinity 
to a single class of noninteracting sites (8.7 fmol/mg of 
protein). In comparison, other peptides such as bombesin 
(Moody et al., 1978), CCK (Hays et al, 1980; Innes and 
Snyder, 1980; Saito et al., 1980), and neurotensin (Ki- 
tabgi et al., 1977; Uhl et al., 1977) bind to CNS receptor 
sites with slightly lower affinity (& = 1 nM), but the 
density of sites is greater (= 100 fmol/mg of protein). 

Numerous amino acid residues throughout the secretin 
sequence may be required for high affinity receptor bind- 
ing. VIP, which has 9 sequence homologies with secretin 
(Said and Mutt, 1970), binds with low affinity to these 
secretin-binding sites (K, = 0.15 PM). Similarly, PHI, 
which has 11 sequence homologies with secretin (Tate- 
moto and Mutt, 1981), binds with low affinity to these 
secretin-binding sites (K, = 0.6 PM). Because VIP and 
PHI inhibit [12”I]secretin binding by almost 3 orders of 
magnitude lower affinity than does secretin, these data 
demonstrate that rat brain membranes may have a spe- 
cific high affinity receptor for secretin. 

Previously, receptors were identified in the rat brain 
which bind VIP with high (Kd = 1 nM) and secretin with 
low (Kd = 1 PM) affinity (Robberecht et al., 1978; Taylor 
and Pert, 1979). These VIP-preferring receptors are 
highly concentrated in the striatum, hippocampus, cor- 
tex, and thalamus, whereas the VIP receptor density is 
low in the hypothalamus, cerebellum, and medulla/pans. 
In contrast, secretin binding was highest in the cerebel- 
lum, intermediate in the cortex, striatum, hippocampus, 
thalamus, and hypothalamus, and lowest in the midbrain 
and medulla/pans. Because secretin binds with similar 
affinity in all brain regions examined, this difference is 
reflected in the receptor density. Therefore, besides hav- 
ing a different pharmacology, the CNS secretin and VIP 
receptors have a different regional distribution. Also, 
VIP-preferring receptors are present in exocrine cells of 
the guinea pig pancreas (Christophe et al., 1976), rat 
liver plasma membranes as well as adipocytes (Desbu- 
quois et al., 1973; Frandsen and Moody, 1973; Bataille et 
al., 1974; Desbuquois, 1974) and guinea pig epithelial 
cells (Binder et al., 1980). High affinity receptors for 

secret,in in the periphery have only been demonstrated 
in pancreatic acinar cells (Jensen and Gardner, 1981). 

Secretin receptors in the pancreas utilize CAMP as a 
second messenger. In cultured brain neurons and neuro- 
blastoma x glioma hybrid cells secretin stimulates aden- 
ylate cyclase (Propst et al., 1979; Van Calker et al., 1980). 
Also, guanine nucleotides such as GMP-P(NH)P nega- 
tively modulate binding of polypeptides to receptors cou- 
pled to adenylate cyclase (Rodbell et al., 1971). Because 
GMP-P(NH)P strongly inhibits high affinity binding of 
[ 1251] secretin to brain homogenate, this indicates indi- 
rectly that CNS receptors for secretin may be coupled to 
adenylate cyclase. 

Central secretin receptors are likely activated by en- 
dogenous secretin-like peptides. By radioimmunoassay 
these peptides are present in high density in the rat 
thalamus as well as hypothalamus, in moderate density 
in the striatum, septum, cerebellum, and midbrain, and 
in low density in the cerebral cortex and medulla/pans 
(O‘Donohue et al., 1981). Therefore, the density of im- 
munoreactive secretin does not always parallel the con- 
centration of secretin receptors. This may result because 
cell bodies which synthesize the secretin in the hypo- 
thalamus and thalamus may terminate in other brain 
regions. 

The regional distribution of receptors for secretin is 
somewhat unusual, being highly concentrated in the 
cerebellum and intermediate in the cortex, striatum, 
hippocampus, thalamus, and hypothalamus. Because 
GABA receptors are highly concentrated in the cerebel- 
lum (Zukin et al., 1974), it remains to be determined if 
secretin has any relationship with neurotransmitters 
such as GABA. Central receptors for secretin may me- 
diate the behavioral and respiratory effects caused by 
intraventricular administration of secretin (Charlton et 
al., 1981). Also, hypothalamic secretin receptors, when 
activated, may enhance dopamine metabolism resulting 
in decreased prolactin secretin from the pituitary (Fuxe 
et al., 1979). The physiological role of secretin receptors 
in brain loci such as the cerebellum has yet to be eluci- 
dated. 
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