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Abstract Rationale: Previous results indicate that periph-
eral administration of secretin leads to robust Fos protein
expression in the central nucleus of the rat amygdala. The
implications of this observation on rat brain function, if
any, remain unclear. Objectives: We examined the effect
of systemic secretin administration on the expression of
fear-potentiated startle in rats, a behavioral response
known to require an intact, functional central nucleus of
the amygdala. Methods: Rats were trained to associate a
neutral light conditioned stimulus (CS) with footshock, a
fear-inducing unconditioned stimulus (US). Twenty-four
hours later, rats were administered secretin or vehicle and
were tested immediately for their startle response to a
loud noise in the presence or absence of the light.
Results: Within a dose range relevant to its clinical use in
autistic children, secretin dose-dependently decreased the
magnitude of fear-potentiated startle in rats. Conclu-
sions: This investigation provides additional evidence that
systemically administered secretin can influence a neural
network implicated in the acquisition and expression of
emotional behaviors, including fear and anxiety.
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Introduction

Secretin, the first recognized hormone, was discovered by
Bayliss and Starling in 1902 (Bayliss and Starling 1902).
It was subsequently identified as a positive regulator of
pancreatic fluid secretion (Mutt 1980; Ulrich et al. 1993)
and negative regulator of gastric acid release (Lu and
Owyang 1995). Secretin (Itoh et al. 1991; Kopin et al.
1991; Lan et al. 1994) and its receptor (Ishihara et al.
1991; Ulrich et al. 1993) have been cloned and the
endocrine role of this receptor-ligand pair extensively
studied (Leiter et al. 1993). The secretin receptor is a
member of the G-protein coupled receptor class II family
characterized by a large amino-terminal ectodomain
containing six conserved cysteine residues (Segre and
Goldring 1993; Asmann et al. 2000). In addition to their
expression in the periphery, secretin and its receptor have
been detected in brain at the mRNA and protein levels
(Fremeau et al. 1983; Whitmore et al. 2000; Yung et al.
2001; Ng et al. 2002; Nozaki et al. 2002).

Intracerebroventricular (ICV) administration of secre-
tin upregulates dopamine turnover and tyrosine hydrox-
ylase activity in the hypothalamus, and inhibits prolactin
release (Fuxe et al. 1979; Babu and Vijayan 1983;
Samson et al. 1984). Stimulation of cAMP production by
secretin was observed in cultured brain cells and in brain
slice preparations (Propst et al. 1979; van Calker et al.
1980; Fremeau et al. 1986). Using cerebellum slices,
secretin was shown to modulate the sensitivity of Purkinje
neurons to the neurotransmitter GABA (Yung et al.
2001).

In contrast to known effects following ICV adminis-
tration, there is little information regarding the central
effects of peripherally administered secretin. A recent
study established that peripheral, intravenous (IV) or
intraperitoneal (IP), administration of secretin in rats
resulted in gene expression changes in several brain
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regions, including most notably the central nucleus of the
amygdala (Goulet et al. 2003). In addition, Fos expression
was found to be upregulated in the area postrema, a
circumventricular organ, suggesting that peripheral se-
cretin could influence brain gene expression without a
requirement for it to cross the blood-brain barrier (Goulet
et al. 2003). The peak blood levels of secretin that
induced Fos protein expression in rats were similar to the
peak blood levels observed during IV treatment with
secretin in humans. Additional studies using a radiola-
beled secretin analog provided evidence that secretin
administered IV at a clinical dose would have the ability
to enter brain tissue intact and in biologically relevant
concentrations (Banks et al. 2002).

An interest in secretin as a potential treatment for
autism emerged when autistic children given secretin as
part of a “secretin challenge” test for evaluation of
pancreas function showed improvement in autistic symp-
toms (Horvath et al. 1998). The use of secretin in autism
is controversial as additional studies both supported and
refuted the conclusions reached in the original study
(Sandler et al. 1999; Coniglio et al. 2001; Roberts et al.
2001). A molecular and/or biochemical definition of the
mechanism(s) by which secretin may improve autism
symptoms could help explain the reason for the discrep-
ancies between clinical studies.

In this regard, the observation that peripheral secretin
administration targets the amygdala may be important. A
link between amygdala dysfunction and autism was
suggested based on post mortem as well as structural
and functional imaging studies (Bauman and Kemper
1985, 1994; Courchesne 1991; Abell et al. 1999; Baron-
Cohen et al. 2000; Howard et al. 2000; Rasia-Filho et al.
2000). Moreover, the known role of the amygdala in
modulating responses to social cues such as gaze, body
movement and facial expressions of fear suggests that this
brain structure is important for the normal development of
social cognition, a core deficit in autism. These connec-
tions between autism and amygdala function lead us to
postulate that the observed effect of secretin on amygdala
gene expression may explain, at least in part, the
mechanism of action of this peptide in autism. Here, we
were interested in determining whether or not peripheral
administration of secretin in rats could modulate the
expression of fear-potentiated startle, a measure of fear in
rodents that depends on the central nucleus of the
amygdala and is sensitive to compounds that decrease
fear and anxiety in humans (Davis et al. 1993).

We report the first evidence that peripherally admin-
istered secretin can modify behavior in this experimental
paradigm. Because the neural circuitry of fear-potentiated
startle has been well characterized, it may ultimately
represent a useful experimental paradigm to determine
how secretin acts in the brain to modulate amygdala-
dependent responses.

Materials and methods

Animals

A total of 72 male Sprague-Dawley rats (Charles River, Portage,
Mich., USA) weighing 350–450 g were used. Animals were
maintained on a 12:12-h light-dark cycle (lights on at 0700 hours)
with food and water continuously available. All rats were housed in
group cages of four rats each in a temperature controlled (24�C)
animal colony.

Apparatus

Animals were trained and tested in 8�15�15 cm Plexiglas and wire-
mesh cages. The cage floor consisted of four 6.0 mm diameter
stainless steel bars spaced 18 mm apart. Each cage was suspended
between compression springs within a steel frame and located
within a custom designed 90�70�70 cm ventilated sound-attenu-
ating chamber. Background noise (60 dB wideband) was provided
by a General Radio Type 1390-B noise generator (Concord, Mass.,
USA) and delivered through high frequency speakers (Radio Shack
Supertweeter; Tandy, Fort Worth, Tex., USA) located 5 cm in front
of each cage. Sound level measurements (sound pressure level)
were made with a Bruel & Kjaer (Marlborough, Mass., USA)
model 2235 sound level meter (A scale; random input) with the
microphone (type 4176) located 7 cm from the center of the speaker
(approximating the distance of the rat’s ear from the speaker).

Startle responses were evoked by 50 ms, 95 dB white noise
bursts (5 ms rise-decay) generated by a Macintosh G3 computer
soundfile (0–22 kHz), amplified by a Radio Shack amplifier
(100 W; model MPA-200; Tandy), and delivered through the same
speakers used to provide background noise. An accelerometer
(model U321A02; PCB Piezotronics, Depew, N.Y., USA) affixed
to the bottom of each cage produced a voltage output proportional
to the velocity of cage movement. This output was amplified
(model 483B21; PCB Piezotronics) and digitized on a scale of 0–
2500 U by an InstruNET device (model 100B; GW Instruments,
Somerville, Mass., USA) interfaced to a Macintosh G3 computer.
Startle amplitude was defined as the maximal peak-to-peak voltage
that occurred during the first 200 ms after onset of the startle
eliciting stimulus.

The CS was a 3.7-s light (80 lux) produced by an 8-W
fluorescent bulb (100 ms rise time) located 10 cm behind each cage.
Luminosity was measured using a VWR light meter (Atlanta, Ga.,
USA). The US was a 0.5-s shock, delivered to the floorbars and
produced by a shock generator (SGS-004; LeHigh Valley,
Beltsville, Md., USA). Shock intensities (measured as in Cassella
and Davis 1986) were 0.4 mA. The presentation and sequencing of
all stimuli were under the control of the Macintosh G3 computer
using custom designed software (The Experimenter; Glassbeads
Inc., Newton, Conn., USA).

Drug administration

Secretin (Repligen Corp., Waltham, Mass., USA) (1, 3, 10, 30, and
100 mg/kg) was freshly dissolved in vehicle (10 mM trisodium
citrate, pH 6.8; 0.004% polysorbate 80) and injected intraperito-
neally immediately prior to testing. The drug concentration range
selected for this study was chosen to bracket the Cmax attained in
humans when secretin is administered IV at 0.4 �g/kg. This dose,
which is used in Repligen sponsored autism clinical trials, attains a
Cmax of 21.1 ng/ml. In rats, a similar Cmax is observed at a dose of
40 �g/kg. Thus, the selected doses are considered to be relevant for
understanding secretin’s clinical activity.
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Behavioral procedures

The experiment was run in four replications. Total group ns were as
follows: vehicle (n=16), 1 mg/kg (n=12), 3 mg/kg (n=12), 10 mg/kg
(n=12), 30 mg/kg (n=12), 100 mg/kg (n=8).

Matching

On each of 2 days, animals were placed in the test chambers and
presented with 30, 95 dB noise bursts at a 30-s interstimulus
interval (ISI). The mean startle amplitude across the 30 stimuli on
the second day was used to match rats into groups with similar
startle amplitudes.

Fear conditioning

On each of the next 2 days, rats were returned to the test chambers and
5 min later given the first of ten light-footshock pairings. The 0.4 mA,
0.5 s shock was delivered during the last 0.5 s of the 3.7 s light. The
average intertrial interval (ITI) was 4 min (range, 3–5 min).

Testing

Twenty-four hours after the last fear conditioning session, rats were
injected IP with secretin (1, 3, 10, 30, or 100 mg/kg) or vehicle and
immediately were placed into the test chambers. After 5 min they
received 30, 95 dB noise bursts (30 s ISI) to habituate the startle
response to a stable baseline prior to the test trials. Each test trial
(18 total) involved the presentation of a noise burst of one of three
intensities (95, 100, or 105 dB); half of these occurred in the
presence and half in the absence of the light CS. On the CS trials
the startle stimulus was presented 3.2 s after the onset of the 3.7 s
light. Trial types were presented in a balanced, irregular order (30 s
ITI) with the restriction that each of the six trial types had to occur
once within each of the three trial blocks (www.randomizer.org).

Data analysis

The initial startle stimuli of the test session were used to habituate
startle responses to asymptotic levels and were not included in
statistical analyses. To evaluate the effects of secretin on baseline
startle amplitude, the data from the noise burst alone test trials were
analyzed with a two-way ANOVA using intensity (95, 100, 105 dB)
as a within-subjects variable and group (vehicle or dose of secretin)
as a between-subjects variable. Fear potentiation of startle was
computed for each animal by (a) subtracting mean startle ampli-
tudes on CS test trials from those on noise burst alone test trials
(“difference scores”), and (b) computing a value equal to [(mean
startle amplitude on CS test trials�mean startle amplitude on noise
burst alone test trials)/mean startle amplitude on noise burst alone
test trials�100] (“percent scores”; Walker and Davis 2002). The
potentiated startle data were analyzed with one-way ANOVAs
using group as a between-subjects factor.

Results

Effect of secretin on baseline startle amplitude

Higher doses of secretin tended to suppress baseline startle,
as indicated by a trend towards lower mean startle
amplitudes to the leaders (data not shown) and the startle
stimulus alone test trials (Fig. 1) in the groups receiving 10,
30, or 100 mg/kg but not in the other dose groups. However,
these trends were not significant [Fs=1.177 and 1.688,

respectively; Ps>0.05]. There was a reliable main effect of
startle stimulus intensity [F(2,132)=47.525, P<0.01] and a
significant linear trend relating startle amplitude to test
intensity [F(1,66)=70.258; P<0.01], indicating that noise
bursts of higher intensities elicited startle responses of
greater amplitudes. However, the group by intensity
interaction was not statistically significant [F(5,66)=1.06;
P>0.05], indicating that secretin did not alter the relation-
ship between startle amplitude and test intensity.

Effect of secretin on expression of fear-potentiated startle

The upper panel of Fig. 2 shows that secretin dose-
dependently reduced the expression of fear-potentiated

Fig. 1 Effect of secretin on baseline startle amplitude. Mean startle
amplitude to noise bursts of three different intensities are plotted
for each group. Higher doses of secretin tended to suppress baseline
startle, although this effect was not statistically significant. Stimuli
of higher intensities elicited startle responses of significantly
greater amplitude

Fig. 2 Effect of secretin on expression of fear-potentiated startle.
The data are presented as difference scores (upper panel) and
percent scores (lower panel). Expression of conditioned fear was
dose-dependently attenuated by secretin
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startle, measured as difference scores, when administered
immediately prior to testing, with the greatest reduction
occurring in the group given 10 �g/kg. Statistical analysis
confirmed these observations, as a one-way ANOVA
revealed a significant main effect of group [F(5,66)=
2.394; P<0.05] and a significant quadratic trend [F(1,66)=
4.653; P<0.05].

A very similar picture emerged when percent scores
were used as an alternative measure of fear potentiation of
startle, as indicated in the lower panel of Fig. 2. Here the
main effect of group [F(5,66)=2.284; P=0.056] just
missed significance. However, post-hoc comparisons
using Tukey’s HSD test indicated that the group receiving
10 mg/kg exhibited significantly less startle potentiation
than did the group receiving 1 mg/kg (P<0.05), consistent
with the observation that the fear potentiated startle in the
10 mg/kg group was the most reduced when difference
scores were taken as the measure of interest. No other
group differences reached significance.

Discussion

Our findings demonstrate that peripheral administration
of secretin at clinically relevant doses can reduce
significantly the expression of fear-potentiated startle.
The effect of secretin on fear-potentiated startle was
found to be non-monotonically related to dose, with
maximal reduction at 10 �g/kg administered IP. At the
higher doses, there was a trend for secretin to suppress
baseline startle amplitude, perhaps reflecting a general
reduction in anxiety. This effect was not significant,
although it might be interesting to perform comparative
studies of the effect of secretin on baseline startle in rat
strains known to differ in their level of baseline anxiety,
or to evaluate its effects in other putative models of
anxiety in rats.

To our knowledge, this is the first time that a
peripherally administered peptide has been demonstrated
to influence fear-potentiated startle. Previous studies
investigating the effect of small peptides on fear-poten-
tiated startle have relied on ICV administration or direct
microinjections of test substances into specific brain
structures. It was recently shown that secretin adminis-
tered IV can cross into the brain as an intact peptide
(Banks et al. 2002), as well as stimulate neurons in the
area postrema, a circumventricular organ (Goulet et al.
2003). Thus, at least two routes are available for
peripheral secretin to influence brain activity related to
a fear behavior. It is also possible that the central effect of
secretin is mediated through vagal nerve stimulation.
Militating against this latter possibility are recent results
in capsaicin treated rats suggesting that the vagal nerve is
not required for the ability of secretin to induce Fos
expression in brain (Y. Tache, personal communication).

It is generally believed that the processing of visual
information with fear evoking properties proceeds serial-
ly, initially activating the basolateral amygdala and then
the central nucleus of the amygdala. It is clear that the

basolateral and central nuclei of the amygdala are
required for the acquisition and expression of conditioned
fear (cf. Davis 2000; LeDoux 2000; Davis and Whalen
2001). We have shown previously that peripheral admin-
istration of secretin to rats upregulates Fos protein in the
central nucleus of the amygdala but not in other nuclei,
including the basolateral amygdala (Goulet et al. 2003).
In humans, an fMRI investigation using BOLD changes in
response to fearful face stimuli suggests that secretin
alters amygdala responsiveness to affective stimuli (D.
Yurgelun-Todd, personal communication). We postulate
that in the fear-potentiated startle paradigm, secretin
modulates the expression of conditioned fear memories
by acting at the level of the central nucleus of the
amygdala.

It is known that projections from the central nucleus of
the amygdala reach hypothalamic and brainstem areas
that mediate specific signs related to the expression of
fear and anxiety (i.e. behavioral, neuroendocrine, auto-
nomic), and that blocking transmission in this amygdala
nucleus can alter many different measures of fear (Davis
and Whalen 2001). Interestingly, the anxiolytic benzodi-
azepine, diazepam, used to treat anxiety disorders in
humans, also blocks expression of fear-potentiated startle
(Davis 1979) and increases cfos mRNA in the lateral
division of the central nucleus of the amygdala in rats
(Beck and Fibiger 1995). This division of the central
nucleus has high concentrations of GABA-containing
neurons that project to the adjacent medial division of the
central nucleus, the part of the central nucleus that
projects to hypothalmic and brainstem targets to produce
many of the symptoms of the fear reaction. Hence, it is
possible that both diazepam and secretin exert their
anxiolytic effects by activating the GABA containing
neurons in the lateral division of the central nucleus of the
amygdala, which then inhibit amygdala output via
inhibition of the medial division of the central nucleus.
However, this effect in the central nucleus may result
from actions initiated in the basolateral nucleus of the
amygdala, because most studies looking at local infusion
of benzodiazepines in the amygdala find anxiolytic
effects after infusion into the basolateral rather than the
central nucleus (Davis 2000). Future studies using local
infusion of secretin into different amygdala nuclei could
be used to test these ideas.

In conclusion, this investigation provides additional
evidence that peripheral administration of secretin can
influence a neural network previously implicated in the
acquisition and expression of a variety of emotional
behaviors including, but not limited to, those associated
with fear, anxiety and other stressors. Further studies
currently underway will help identify the cellular and
biochemical targets of secretin within this particular
neural network. In turn, these results may help explain the
beneficial therapeutic effect of secretin in autism.
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