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Calcitonin Gene-Related Peptide in the Bed Nucleus of the
Stria Terminalis Produces an Anxiety-Like Pattern of
Behavior and Increases Neural Activation in Anxiety-Related
Structures

Kelly S. Sink, David L. Walker, Yong Yang, and Michael Davis
Department of Psychiatry and Behavioral Sciences, Yerkes National Primate Center, Emory University, Atlanta, Georgia 30329

Calcitonin gene-related peptide (CGRP) evokes anxiety-like responses when infused into the lateral ventricle of rats. Because the bed
nucleus of the stria terminalis (BNST) lies immediately adjacent to the lateral ventricle, is rich in CGRP receptors, and has itself been
implicated in anxiety, we evaluated the hypothesis that these effects are attributable to stimulation of CGRP receptors within the BNST
itself. Bilateral intra-BNST, but not dorsal, CGRP infusions (0, 200, 400, 800 ng/side) enhanced startle amplitude in a dose-dependent
manner, and produced an anxiety-like response on the elevated plus maze. Intra-BNST infusion of the CGRP antagonist, �CGRP8-37,
blocked the effect of CGRP on startle, and also blocked startle potentiation produced by exposure to trimethylthiazoline (a component of
fox feces that induces anxiety-like behavior in rats). Intra-BNST, but not dorsal, CGRP infusions also increased c-Fos immunoreactivity
in a number of anxiety-related brain areas (central nucleus of the amygdala, locus ceruleus, ventrolateral septal nucleus, paraventricular
hypothalamic nucleus, lateral hypothalamus, lateral parabrachial nucleus, dorsal raphe nucleus, and nucleus accumbens shell), all of
which receive direct projections from the BNST. Together, the results indicate that the activation of BNST CGRP receptors is both
necessary and sufficient for some anxiety responses and that these effects may be mediated by activation of a wider network of BNST
efferent structures. If so, inhibition of CGRP receptors may be a clinically useful strategy for anxiety reduction.

Introduction
The bed nucleus of the stria terminalis (BNST), particularly its
lateral subdivision, is an important component of anxiety cir-
cuitry. In rodents, lesions or inactivation of the BNST reduces
stress and anxiety-like behavior in several paradigms (Walker and
Davis, 1997; Sullivan et al., 2004; Waddell et al., 2006), while in
human and non-human primates, imaging studies have sug-
gested that the BNST is activated by anxiogenic stimuli (Kalin et
al., 2005; Straube et al., 2007; Fox et al., 2010; Somerville et al.,
2010). Reviewing this growing literature, we have suggested that
the BNST participates preferentially in sustained but not phasic
threat responses—a pattern complementary to that of the closely
related medial division of the central amygdala nucleus. Interest-
ingly, it is these more sustained types of fear responses that appear
to be selectively increased in posttraumatic stress and panic dis-
order patients, and selectively attenuated by established anxiolyt-
ics in healthy controls (Grillon et al., 1996). Given this possible
link to clinical anxiety, a greater understanding of the BNST and
its neuropharmacological regulation seems warranted.

In this regard, a notable feature of the BNST is the rich variety
of neuropeptides and neuropeptide receptors found within. Cal-
citonin gene-related peptide (CGRP) is one such peptide. CGRP
innervation of the BNST arises primarily from parabrachial neu-
rons in the brainstem (Dobolyi et al., 2005) which have been
shown previously to be highly stress-responsive (Kainu et al.,
1993). Many of the terminals of these parabrachial neurons form
perisomatic baskets around BNST cells that express corticotropin-
releasing factor (CRF) (Kozicz and Arimura, 2001)—another
peptide well known for its involvement in stress and anxiety
(Swerdlow et al., 1986; Hauger et al., 2009).

When infused into the lateral ventricle, CGRP evokes various
behaviors and other effects suggestive of anxiety. For example,
intracerebroventricular (ICV) CGRP infusions evoke fear-like
freezing (Poore and Helmstetter, 1996), enhanced acquisition
and retrieval and delayed extinction of learned avoidance behav-
ior (Kovács et al., 1995; Kovács and Telegdy, 1995), increases in
heart rate and arterial blood pressure (Brown and Gray, 1988),
and activation of the hypothalamic-pituitary-adrenal axis (Ko-
vács et al., 1995; Li et al., 2004). As the BNST lies immediately
adjacent to the lateral ventricle and contains many CGRP recep-
tors, it is possible that many of these effects are at least partly
attributable to actions within the BNST.

With this in mind, the present study had two primary goals.
One goal was to evaluate the contribution of BNST CGRP to
anxiety-like behavior. For this, we used two behavioral para-
digms—potentiation of the acoustic startle reflex and the ele-
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vated plus-maze. A second goal was to evaluate the effect of BNST
CGRP on structures previously implicated in stress and anxiety.
For this we assessed c-Fos expression as a marker of neuronal
activation. We predicted that intra-BNST CGRP infusions would
increase anxiety-like behavior and neuronal activation in
anxiety-related structures, and that CGRP antagonist infusions
would prevent anxiety responses.

Materials and Methods
Animals
Male Sprague Dawley rats (Charles River), weighing between 275 and
350 g at the time of surgery and housed in groups of 4 in 45 � 20 � 24 cm
(depth � width � height) polycarbonate cages, were maintained on a
12 h light/dark cycle (lights on at 8:00 A.M.) with food and water avail-
able ad libitum. A total of 140 animals were used in these experiments. All
procedures were conducted in accordance with U.S. Department of Ag-
riculture, Emory University, and National Institutes of Health standards
for the care and use of laboratory animals.

Surgery
Before surgery, rats were anesthetized with 75 mg/kg (i.p.) ketamine
(Bioniche Pharma) and 0.5 mg/kg (i.p.) Dexdomitor (Orion Pharma)
and also given an analgesic dose of 1.0 mg/kg (s.c.) meloxicam (Boehr-
inger Ingelheim) to reduce postoperative discomfort. Once unresponsive
to tail pinch, rats were placed in a Kopf Instruments stereotaxic frame
with the nosebar set to �3.8 mm (flat-skull position). For BNST cannu-
lations, 11 mm, 26 gauge guide cannulae (Plastics One, model C315G)
were implanted bilaterally (20° coronal angle—to avoid the lateral ven-
tricle, 0.3 mm caudal, 5.8 mm ventral, and 3.8 mm lateral to bregma).
Dorsal control cannulations for experiment 4 were the same as those
within BNST except that the cannulae were only lowered 4.0 mm ventral
to bregma. For ICV cannulations, a 6 mm, 22 gauge guide cannula (Plas-
tics One, model 313G) was implanted into either the right or left lateral
ventricle (0.4 mm caudal, 5.5 mm ventral, and 1.2 mm lateral to bregma).
For all of these placements, four jeweler screws were attached to the skull,
and the entire assembly was cemented in place using Cranioplastic Pow-
der (Plastics One). Stainless steel wires (i.e., stylets) were inserted into the
guide cannula to maintain patency. The tip of each extended 1 mm past
the end of the guide cannula. After surgery was complete, 0.5 mg/kg
Antisedan (Orion Pharma) was given to reverse the anesthetic effects. A
minimum of 7 d elapsed between cannula implantation and the onset of
behavioral procedures.

Drugs and infusion procedure
CGRP and the CGRP antagonist �CGRP8-37 (Tocris Bioscience) were
prepared fresh on the day of infusion in sterile saline vehicle. Before
infusion, the infusion lines (PE-20 polyethylene tubing) and injection
cannulae were flushed with 0.1% BSA to prevent peptide adhesion. In-
jection cannulae (32 gauge) (Plastics One, model C315I) were used for
bilateral BNST infusions (0.25 �l/min, 0.5 �l total volume/BNST); 28
gauge injectors were used for unilateral ICV infusions (0.25 �l/min 1.0 �l
total; Plastics One, model C313I). After the infusions were completed,
the injection cannulae were left in place for 2 min, whereupon the stylets
were placed back into the guide cannula. CGRP doses (200, 400, 800
ng/side) were based on our own pilot data as well as studies of intra-
amygdala CGRP effects on fear-related behaviors (Kocorowski and
Helmstetter, 2001).

Startle apparatus
Rats were trained and tested in four identical 8 � 15 � 15 cm Plexiglas
and wire mesh cages, each suspended between compression springs
within a steel frame located within a custom-designed sound-attenuating
chamber. The floor of each cage consisted of four 6.0 mm diameter
stainless steel bars spaced 18 mm apart. Startle responses were evoked by
50 ms 95 dB white-noise bursts (5 ms rise-decay time, 0 –22 kHz) gener-
ated by a Macintosh G3 computer (Apple Computers, Inc.) sound file,
amplified by a Tandy amplifier (model MPA-200; RadioShack), and de-
livered through RadioShack Supertweeter speakers located 4 cm in front
of each cage. Background noise (60 dB wideband) was produced by an

ACO Pacific white-noise generator (model 3024) and delivered through
the same speakers as those used to provide background noise. Sound level
measurements were made with a Brüel & Kjaer model 2235 sound-level
meter (A scale; random input) with the microphone (type 4176) located
10 cm from the center of the speaker, which approximates the distance of
the rat’s ear from the speaker during testing. Startle response amplitudes
were quantified using an accelerometer (model U321AO2; PCB Pi-
ezotronics) affixed to the bottom of each cage. Cage movement (e.g.,
produced by the rats’ startle response) resulted in displacement of the
accelerometer, which in turn produced a voltage output proportional to
the velocity of cage movement. This output was amplified (PCB Pi-
ezotronics, model 483B21) and digitized on a scale of 0 –9.98 units by an
InstruNET device (model 100B; GW Instruments) interfaced to a Macin-
tosh 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 white-noise burst. The presentation and sequencing of all
stimuli were under the control of the Macintosh G3 computer using
custom-designed software (The Experimenter; Glassbeads Inc.).

Elevated plus maze
The maze was a plus-shaped apparatus consisting of two 50 � 11 cm
open arms, and two 50 � 11 � 40 cm enclosed arms, elevated 40 cm from
the floor. Testing was conducted in a room illuminated by a single red
light bulb over the center of the maze.

Fos-immunohistochemistry and cell counting
At 150 min after infusion of CGRP, �CGRP8-37, or saline, rats were
anesthetized with chloral hydrate and perfused with physiological saline
followed by formalin. The brains were cryoprotected in 30% sucrose for
4 d before being sliced into 40 �m sections which were incubated over-
night in the primary antibody, anti-c-Fos (1:4000, Santa Cruz Biotech-
nology). They were then incubated for 2 h in the secondary antibody,
biotinylated anti-rabbit conjugate (Jackson ImmunoResearch Labora-
tory), followed by 30 min of incubation with avidin and biotinylated
horseradish peroxidase macromolecular complex (Vectastain Elite ABC
kit, Vector Laboratories). The visualization of c-Fos protein expression
was completed using the chromagen diaminobenzidine. The sections
were then mounted onto glass microscope slides and coverslipped. Tis-
sue from the different treatment groups was processed together to con-
trol for variability in the immunohistochemical reaction. Microscopic
images were captured with a MicroFire (Optronics) digital camera at-
tached to an Olympus BX51 microscope using a 10� objective lens. For
each anatomical region of interest (selected for its association with anx-
iety), sections from each animal were chosen from identical or immedi-
ately proximate rostrocaudal planes. The rostrocaudal coordinates of
these sections referenced from bregma according to the atlas of Paxinos
and Watson (1997) are listed in Table 1.

Images of these were prepared using PictureFrame software (Optron-
ics). Individual images were montaged using the GNU Image Manipula-
tion Program (GIMP). For each structure, Fos-immunoreactive (Fos-IR)
cells located within the boundaries of each structure were counted uni-
laterally in two serial sections that were anatomically well matched across
the treatment groups. Counting was performed by an observer blind to
treatment condition using ImageJ software (a National Institute of
Health-sponsored imaging program). The boundaries for each area were
determined by comparing Fos-stained tissue with adjacent Nissl-stained

Table 1. Rostrocaudal coordinates (referenced from bregma) for regions of interest
examined for c-Fos expression

Anatomical region of interest Rostrocaudal coordinate

Infralimbic/prelimbic cortex �2.20 mm
Nucleus accumbens shell �1.20 mm
Ventrolateral septal nucleus �0.26 to �0.30 mm
Central/basolateral/medial amygdala �3.14 mm
Paraventricular/lateral hypothalamus �1.80 mm
Locus ceruleus �9.80 to �10.04 mm
Lateral parabrachial nucleus �9.16 to �9.30 mm
Dorsal raphe nucleus/ventrolateral periaqueductal gray �8.00 mm
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sections and corresponding stereotaxic atlas plates (Paxinos and Watson,
1997). For each region of interest, the average value of the two serial
sections (expressed as counts/mm 2) was used for statistical analysis. Re-
liability of the counting method was verified by recounting a sample of 10
c-Fos immunostained sections, each from a different region of interest.
Half of the sections were from vehicle-treated animals, and the other half
from animals infused with 800 ng of CGRP into the BNST. The Pearson
product-moment correlation between the two sets of counts was r �
0.981 ( p � 0.001).

Cannula placement verification
Rats were killed by chloral hydrate overdose and perfused intracardially
with 0.9% (w/v) saline followed by 10% (v/v) formalin. The brains were
then removed and immersed in a 30% (w/v) sucrose-formalin solution
for at least 3 d, after which 40 �m coronal sections were cut through the
rostrocaudal extent of the BNST, or in the case of ICV cannulation,
through the extent of tissue damage surrounding the implantation site.
Every other section was mounted and stained with cresyl violet. A scorer
blind to the animal’s group assignment and behavioral data assessed
cannulae placements. Only those animals with placements meeting the
appropriate criteria were included in the behavioral analyses. For the
BNST, both cannula tips needed to be within 0.5 mm of the lateral BNST,
medial to the internal capsule, and not penetrating the lateral ventricle.
For the control placements of experiment 4, the cannula tips needed to be
clearly dorsal to the BNST, and for ICV cannulations (experiment 3),
unambiguous evidence of ventricle penetration was required, with no
damage to adjacent areas other than those areas dorsal to the ventricle
through which the cannulae necessarily passed.

Procedures
Experiments 1– 4: acoustic startle. On each of 2 d before data collection,
rats were acclimated to the test chambers and stimuli. For these sessions,
rats were placed into the chambers where, after 5 min, they were pre-
sented with 48 startle-eliciting 95 dB white-noise bursts. For this and all
other experiments and tests, the interstimulus interval [ISI] between
noise bursts was 30 s. On each of the test days that followed, rats were
tested twice— once before and once after vehicle or drug infusion. For all
experiments, the preinfusion test consisted of 60 startle-eliciting white-
noise bursts. The postinfusion test, and the drugs infused, varied from
one experiment to the next. Rats in experiment 1 (n � 12) received an
intra-BNST infusion of 0 (i.e., vehicle alone), 200, 400, or 800 ng/side
CGRP using a counterbalanced Latin-squares design. Immediately there-
after, they were returned to the test chambers for a 120 min postinfusion
test (i.e., 240 startle-eliciting noise bursts). Rats in experiment 2 received
an intra-BNST infusion of vehicle and, on a separate test day, 400 ng/side
of the CGRP antagonist �CGRP8-37 (counterbalanced within-subjects).
Sixty minutes later, they received a second infusion—this time of either
vehicle (n � 14) or CGRP (400 ng/side, n � 11) using a between-subjects
design. Thus, for this experiment, there were two groups of rats (vehicle
and CGRP), with each being tested twice— once following pretreatment
with vehicle and once following pretreatment with �CGRP8-37. Sixty
minutes after the second infusion, these rats were returned to the test
chambers for a 60 min test consisting of 120 startle-eliciting noise bursts.
Rats in experiment 3 (n � 10) received an ICV infusion of vehicle and, on
a separate test day (counterbalanced within subjects) 1.6 �g of CGRP.
The postinfusion test for this experiment was the same as for experiment 1
(i.e., 2 h duration with 240 noise bursts). Rats in experiment 4 (c-Fos) re-
ceived infusions of either vehicle (n � 6), 800 ng (n � 6) CGRP, 800 ng of
�CGRP8-37 into the BNST (n � 6) or 800 ng of CGRP infused into the
striatum (dorsal control; n�5). After infusion, they were returned to the test
chamber for a 120 min test session (240 noise bursts). Thirty minutes after
the end of the test (i.e., 150 min after the infusion), these rats were anesthe-
tized and perfused in preparation for c-Fos immunohistochemistry.

In those experiments using repeated measures (experiments 1–3), at
least 48 h elapsed between test days. This intertest interval was chosen
based on pilot data that found no lingering effect of CGRP or �CGRP8-37

on startle after 48 h. For all experiments, startle responses elicited by the
last 120 noise bursts (i.e., those occurring from 60 to 120 min postinfu-
sion) were averaged and used in the statistical analysis, insofar as the

onset latency for CGRP effects on startle was found in experiment 1 to be
between 30 and 45 min (see Fig. 2 A).

Experiment 5: inhibition of trimethylthiazoline-enhanced startle. To ac-
climate animals to the test apparatus, they were placed in the test cages for
a 15 min session (30 –95 dB white-noise bursts) on each of three consec-
utive days. On the fourth day, they were given an identical 15 min test
session and then infused with either vehicle or 800 ng of �CGRP8-37.
Thirty minutes later, a small gauze-lined plastic disk containing either 38
�l of trimethylthiazoline (TMT) or 38 �l of water was placed on the
outside of the wire mesh cage door and the rats were returned to the
testing chambers for another 15 min test session. The odor disks were
changed every other test session. Each rat was tested only once. At the end
of the experimental sessions, the testing apparatus was wiped with soap
and water followed by 70% isopropyl alcohol and then ventilated with
clean air for at least 90 min. TMT and water testing were always con-
ducted on separate days, and at least 2 d elapsed between the TMT and
subsequent water test sessions. For both the preinfusion and postinfu-
sion test sessions, the average of the 30 startles was used for statistical
analysis.

Experiment 6: elevated plus maze. To minimize the effects of handling
stress on test outcomes, each rat was handled for �2 min/d for each of at
least 3 d before testing. Ninety minutes before testing, rats received an
intra-BNST infusion of either vehicle (n � 13), 800 ng of CGRP (n � 14),
or 800 ng of �CGRP8-37 (n � 13), after which they were taken to the test
room. The apparatus was novel to the subject at the time of testing, and
each subject was tested only once. Between subjects, the maze was wiped
with Quatricide (Pharmacal). All testing was conducted within 2 h after
the beginning of the dark cycle (i.e., between 7:00 and 9:00 P.M.). A
scorer blind to the experimental manipulation recorded four measures
for each rat: (1) time spent in the open arms, (2) time spent in the closed
arms, (3) number of entries into the open arms, and (4) number of
entries into the closed arms. A rat was considered to have entered or spent
time in an arm only when all four paws were in the respective arm.

Statistical analyses
For experiments 1–5, the mean startle amplitude during the preinfusion
and postinfusion test sessions was determined and a percentage change
score calculated ([mean postinfusion startle amplitude � mean preinfu-
sion startle amplitude]/[mean preinfusion startle amplitude] � 100)
(Walker and Davis, 2002). Experiment 1 (intra-BNST dose–response)
was analyzed using ANOVA with repeated measures on dose. Experi-
ment 2 (ICV) was analyzed using a paired-sample t test. Experiment 3
(antagonist reversal) was analyzed using factorial ANOVA with
�CGRP8-37 or vehicle as a within-subjects factor and CGRP or vehicle as
a between-subjects factor. Experiment 4 (c-Fos) behavioral data were
analyzed with one-way ANOVA. Experiment 5 (TMT) was analyzed us-
ing a completely between-subjects 2 � 2 factorial ANOVA with two
exposure conditions (TMT or water) and two infusion conditions
(�CGRP8-37 or vehicle).

For experiment 6 (elevated plus maze), the time spent in the open arms
and the number of open-arm entries were expressed as a percentage of
total arm activity (open-arm time/(open-arm time � closed-arm
time) � 100), and total arm entries (open-arm entries/(open-arm entries �
closed-arm entries) � 100), respectively. A lower percentage of open-
arm time or open-arm entries are taken as indicating increased anxiety.
The total number of closed-arm entries was used as an index of general
activity (Pellow and File, 1986; Hogg, 1996). These measures were ana-
lyzed using one-way ANOVA. For all behavioral experiments, if the over-
all ANOVA term was significant, nonorthogonal planned comparisons
using the overall error term were used to compare each treatment with
the vehicle control condition. The � level for each comparison was kept
at 0.05 because the number of comparisons was restricted to the number
of treatments minus one (Keppel and Wickens, 2008).

Because the c-Fos histological data did not meet the criteria for anal-
ysis with parametric statistics, we used the Kruskal–Wallis ANOVA by
ranks. In cases where the overall Kruskal–Wallis term was significant,
individual Mann–Whitney U tests were performed to compare each
treatment group with vehicle. All inferential statistics were performed
using SPSS software (version 16.0.0).
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Results
Cannulae placements
Cannulae placements are shown in Figure 1. All rats included in
behavioral analyses had cannula placements that met the inclu-
sion criteria.

BNST CGRP receptor activation increases acoustic
startle response
CGRP enhanced acoustic startle in a dose-dependent manner when
infused bilaterally into the BNST (Fig. 2). One-way ANOVA with
repeated measures indicated a significant dose effect (F(3,33) � 3.33,
p � 0.03), and linear regression indicated a highly significant rela-
tionship between dose and startle amplitude (F(1,11) � 17.12, p �
0.002). Planned comparisons revealed that 400 and 800 but not 200
ng/side CGRP significantly elevated startle compared with vehicle
( p � 0.05). In experiment 2, factorial ANOVA with 400 ng of CGRP
or vehicle as a between-subjects factor and 400 ng of intra-BNST
�CGRP8-37 or vehicle as the a within-subjects factor revealed a sig-
nificant effect of CGRP on startle (F(1,23) � 6.02, p � 0.02), and also
a significant main effect of the antagonist (F(1,23) � 7.01, p � 0.01).

Planned comparisons indicated that
�CGRP8-37 attenuated the startle elevation
produced by intra-BNST CGRP ( p � 0.05),
but had no significant effect in rats treated
with vehicle (Fig. 3). In separate control ex-
periments designed to evince anatomical
specificity of intra-BNST CGRP effects,
CGRP infused just dorsal to BNST had no
effect on startle (experiment 4; see Fig. 5),
and a paired-samples t test showed that in-
traventricular CGRP infusions (1.6 �g)
slightly elevated startle compared with the
vehicle-treated rats, which exhibited sub-
stantial within-session habituation (t �
2.39, p � 0.04; Fig. 4); however, the mean
percentage increase following intraventric-
ular infusions was far lower than the mean
percentage increase following intra-BNST
infusions of the same total amount in exper-
iment 1 (ICV: 2.3 � 7.6% vs BNST: 127.7 �
33.8%; t � 3.28, p � 0.008).

BNST CGRP increases neural activation
in BNST efferent structures associated
with anxiety
As in experiment 1, intra-BNST CGRP
significantly increased startle amplitude
compared with vehicle-treated animals.
Intra-BNST CGRP antagonist infusions
did not increase startle, nor did CGRP in-
fusions dorsal to the BNST (Fig. 5). Table
2 summarizes the c-Fos expression densi-
ties in each region of interest following the
four different treatments (vehicle, 800 ng/
side intra-BNST CGRP, 800 ng/side intra-
BNST �CGRP8-37, or 800 ng/side CGRP
administered dorsal to BNST). The den-
sity of Fos-IR cells (expressed as number
of cells/mm 2) was low in all treatment
groups in the basolateral nucleus of the
amygdala. The infralimbic cortex, the pre-
limbic cortex, ventrolateral periaqueduc-
tal gray, and the medial amygdala showed

moderately dense Fos-IR that was not significantly different be-
tween treatment groups. In all of the other regions under inves-
tigation (ventrolateral septum, central amygdala, paraventricular
hypothalamic nucleus, lateral hypothalamus, locus ceruleus, lat-
eral parabrachial nucleus, nucleus accumbens shell, and dorsal
raphe nucleus), intra-BNST CGRP administration significantly
increased the density of Fos-immunopositive cells. CGRP infused
into a control site dorsal to the BNST (see Fig. 1 for placements)
did not affect c-Fos counts in any region of interest (Table 2).
However, 800 ng of �CGRP8-37 significantly decreased c-Fos
expression in the locus ceruleus and the basolateral nucleus of
the amygdala. Representative photomicrographs are shown in
Figure 6.

BNST CGRP receptor antagonism blocks
TMT-enhanced startle
Factorial ANOVA indicated a significant influence of TMT
(F(1,36) � 11.074, p � 0.002) and �CGRP8-37 (F(1,36) � 9.298, p �
0.004) on startle, as well as a significant interaction of these two
factors (F(1,36) � 4.440, p � 0.042). Planned comparisons re-

Figure 1. Cannula tip locations of rats included in behavioral analyses. Circles indicate intra-BNST tip placements; squares
indicate dorsal control tip placements (experiment 4). The approximate distance posterior to bregma in millimeters is indicated to
the right of each figure. Coronal sections are adopted from the atlas of Paxinos and Watson (1997).
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vealed that TMT significantly increased startle in saline-treated ani-
mals ( p�0.05), but intra-BNST �CGRP8-37 blocked TMT-induced
startle potentiation. Both treatment groups exposed to water during
testing demonstrated similarly low levels of startle (Fig. 7).

BNST CGRP produces an anxiogenic effect in the elevated
plus maze but the CGRP antagonist, �CGRP8-37, has no effect
Anxiety-like effects of intra-BNST CGRP infusions were also ob-
served on the elevated plus maze. Thus, one-way ANOVA indi-

cated a significant treatment effect on the open arm to total arm
time ratio (F(2,37) � 19.943, p � 0.001; Fig. 8A), and open arm
entries ratio (F(2,37) � 3.353, p � 0.046; Fig. 8B). However, the
number of closed-arm entries, which is considered to be a mea-
sure of general locomotor activity levels (File, 1992; Hogg, 1996),
was not significantly affected (F(2,37) � 0.962, p � 0.39; Fig. 8C).
Planned comparisons revealed that 800 ng of CGRP but not 800
ng of �CGRP8-37 significantly decreased the open arm time ratio
and open arm entries ratio.

Discussion
The goals of this study were to evaluate the influence of CGRP
within the BNST on anxiety and on neural activation patterns.
We found that intra-BNST CGRP infusions produced an anxio-
genic behavioral profile and enhanced neural activation in a
number of anxiety-related brain areas, and that antagonism of
these receptors prevented anxiety-like responses to TMT odor.
CGRP infused bilaterally into the BNST enhanced the acoustic
startle response in a dose-dependent manner (experiment 1).
This increase was attenuated by prior administration of the
CGRP antagonist, �CGRP8-37, at a dose that did not significantly
affect startle when given alone (experiment 2). This suggests that
the effects on startle were indeed mediated by activation of CGRP
receptors. Intra-BNST CGRP infusions (800 ng/side) also de-
creased the percentage of time spent on the open arms and the
percentage of total entries into the open arms of the elevated plus

Figure 2. CGRP (200, 400, 800 ng/side) infused bilaterally into the lateral BNST increased
acoustic startle response in a dose-dependent manner (data are expressed as percentage
change compared with preinfusion startle levels for each animal). A, Time course of CGRP effects
on startle. B, Mean (�SEM) percentage change from preinfusion baseline to the final 60 min of
postinfusion testing. Repeated-measures ANOVA indicated a significant effect of dose, and
planned comparisons revealed that both 400 and 800 ng produced significant increases com-
pared with vehicle. *p � 0.05 versus vehicle.

Figure 3. Pretreatment with the CGRP antagonist, �CGRP8-37 (400 ng/side) significantly
attenuated CGRP-enhanced startle (both infused directly into the BNST), but did not affect
startle amplitude when administered before vehicle infusion. Values shown are mean (�SEM)
percentage change from the pre- to postinfusion test. †p � 0.05 versus vehicle/vehicle, *p �
0.05 versus vehicle/CGRP.

Figure 4. ICV CGRP (1.6 �g) significantly increased acoustic startle compared with vehicle
Values shown are mean (�SEM) percentage change from the pre- to postinfusion test. *p �
0.05 versus vehicle.

Figure 5. CGRP (800 ng/side) infused into but not dorsal to the BNST significantly increased
startle amplitude. Intra-BNST infusions of the antagonist, �CGRP8-37 did not significantly
affect startle amplitude. Values shown are mean (�SEM) percentage change from the
pre- to postinfusion test. *p � 0.05 versus vehicle.
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maze (experiment 6). These anxiety-like behavioral results are
consistent with the data from previous studies which have de-
scribed the effects of ICV CGRP infusions on other indicators of
anxiety-like states including heart rate and arterial blood pressure
(Brown and Gray, 1988), hypothalamic-pituitary-adrenal axis

activation (Kovács et al., 1995), avoidance learning (Kovács and
Telegdy, 1995), and defensive freezing (Poore and Helmstetter,
1996).

The results of experiment 1 indicated a postinfusion onset
latency for startle enhancement of �30 – 45 min (Fig. 2A). This

Table 2. Effect of intra-BNST CGRP (800 ng bilaterally) on c-Fos expression in anxiety, fear, and startle-related neural regions

Brain area Vehicle BNST CGRP BNST �CGRP8-37 Dorsal control CGRP

Infralimbic cortex 157.9 � 25.3 178.9 � 28.3 102.3 � 27.5 81.2 � 26.6
Prelimbic cortex 168.7 � 48.8 181.6 � 24.8 100.5 � 26.1 94.2 � 17.2
Ventrolateral septal nucleus 128.1 � 28.1 494.3 � 169.9 † 63.9 � 22.7 105.1 � 24.9
Central nucleus of the amygdala 87.7 � 34.4 356.0 � 126.7* 141.9 � 36.2 127.2 � 26.7
Basolateral nucleus of the amygdala 39.4 � 4.1 36.9 � 4.9 23.0 � 4.7* 25.6 � 7.0
Medial nucleus of the amygdala 88.1 � 11.1 159.6 � 35.2 82.7 � 10.2 64.0 � 11.5
Paraventricular hypothalamic nucleus 448.0 � 95.6 1216.2 � 237.1 † 401.9 � 168.3 465.5 � 138.4
Lateral hypothalamus 53.7 � 6.3 87.6 � 13.3* 39.9 � 11.4 47.9 � 10.6
Locus ceruleus 117.9 � 48.9 824.4 � 145.4 † 9.2 � 8.4 † 366.8 � 122.1
Lateral parabrachial nucleus 44.3 � 11.3 197.8 � 22.9 † 33.5 � 17.0 91.3 � 49.1
Nucleus accumbens shell 94.1 � 35.2 366.3 � 34.5 † 64.3 � 19.8 45.1 � 12.1
Dorsal raphe nucleus 33.7 � 7.2 143.2 � 38.0 † 20.6 � 6.6 62.6 � 32.3
Ventrolateral periaqueductal gray 52.9 � 12.5 83.6 � 21.5 32.9 � 7.4 55.5 � 14.9

Values are expressed as mean (�SEM) number of c-Fos-positive cells/mm 2. *p � 0.05, †p � 0.01.

Figure 6. Representative low-magnification bright-field photomicrographs for regions showing significant differences in c-Fos immunoreactivity density between treatment groups. Left panels,
vehicle. Right panels, 800 ng bilateral intra-BNST CGRP. Scale bars, 200 �m. 3v, Third ventricle; 4v, fourth ventricle; ac, anterior commissure; CeA, central nucleus of the amygdala; DRN, dorsal raphe
nucleus; f, fornix; LC, locus ceruleus; LH, lateral hypothalamus, LPB, lateral parabrachial nucleus; LSv, ventral lateral septal nucleus; LSi, intermediate lateral septal nucleus; lv, lateral ventricle; NAcC,
nucleus accumbens core; NAcSh, nucleus accumbens shell; PAGvl, ventrolateral periaqueductal gray; PVN, hypothalamic paraventricular nucleus; scp, superior cerebellar peduncle.
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time course is similar to that which occurs following intra-BNST
infusions of the stress-related peptide CRF. Given that CGRP-
positive terminals form perisomatic baskets around BNST cells
that express CRF (Kozicz and Arimura, 2001), this similarity
might not be by chance. For CRF, a variety of experimental results
indicate that the effects on startle are mediated by direct actions
on BNST neurons (Lee and Davis, 1997). For CGRP however, this
time course is also consistent with the possibility that CGRP must
first diffuse away from the infusion site (i.e., away from the
BNST) to receptors located elsewhere to exert its anxiogenic ef-
fect. Of particular concern is the possibility that CGRP may have
diffused dorsally, along the cannula track, where it might then
enter the lateral ventricle and gain access to a wide range of
periventricular and other structures. However, results from ex-
perimental controls (experiment 3 and 4) are inconsistent with
this possibility. In contrast with the robust acoustic startle poten-
tiation produced by intra-BNST CGRP (800 ng/side), an equiv-
alent amount of CGRP administered intracerebroventricularly
(1.6 �g) produced negligible change in startle amplitude (Fig. 4).
This suggests that the effects observed with
intra-BNST CGRP administration were not
due to diffusion into the lateral ventricle. It
is also unlikely that the effects of intra-BNST
infusions were mediated by CGRP receptors
located in structures close to the BNST, such
as the nucleus accumbens or lateral septum
(Sexton et al., 1986; Kruger et al., 1988; Van
Rossum et al., 1994) since CGRP infused at
sites just dorsal to the BNST did not produce
significant effects on startle or neuronal ac-
tivation (Fig. 5; Table 2).

Although intra-BNST infusion of
�CGRP8-37 (400 ng/side) significantly re-
duced CGRP-mediated startle enhance-
ments, �CGRP8-37 alone did not decrease
baseline startle amplitude. This suggests
that basal CGRP release (i.e., in the ab-
sence of a stressor or anxiogenic stimulus) is relatively low. Per-
haps, however, stressful experiences increase CGRP release,
which mediates behavioral effects such as those observed upon
exogenous CGRP infusion. Indeed, Kainu et al. (1993) have
reported that a high percentage of CGRP-expressing neurons
located in the external lateral parabrachial nucleus, from
which the majority of BNST CGRP afferents originate (Dobo-
lyi et al., 2005), show high levels of c-Fos immunoreactivity
following immobilization stress but relatively low levels under
baseline conditions. To investigate this possibility here, we
evaluated the effect of intra-BNST CGRP antagonist
(�CGRP8-37) infusions on startle increases produced by TMT
odor. TMT, a component of fox feces, induces many anxiety-
related behavioral responses including increased avoidance
behavior (Burwash et al., 1998; Holmes and Galea, 2002),
increased freezing (Fendt et al., 2003; Hotsenpiller and
Williams, 1997; Janitzky et al., 2009; Wallace and Rosen, 2000,
2001), and potentiated acoustic startle (Endres et al., 2005).
We found that �CGRP8-37 completely blocked TMT-
potentiated startle, but, consistent with results from other ex-
periments in this study, did not have any effects on startle in the
control condition (water odor-exposure). Thus, these results are
consistent with the view that CGRP-mediated startle increases are
physiologically relevant but that a homeostatic perturbation such as
that produced by stressful experiences may be required for CGRP
release.

A second objective of these studies was to investigate the pat-
tern of neural activation produced by intra-BNST CGRP infusion.
In fact, intra-BNST CGRP (800 ng/side) infusions increased c-Fos
immunoreactivity in a number of structures previously impli-
cated in anxiety including the central nucleus of the amygdala,
locus ceruleus, ventrolateral septal nucleus, paraventricular hy-
pothalamic nucleus, lateral hypothalamus, lateral parabrachial
nucleus, dorsal raphe nucleus, and nucleus accumbens shell.
These same areas have been shown to be activated in other studies
by pharmacologically diverse anxiogenic drugs (Singewald and
Sharp, 2000; Singewald et al., 2003; Sink et al., 2010), and many
have been shown to be activated by threat stimuli as well (Silveira
et al., 1993; Duncan et al., 1996; Canteras and Goto, 1999; Veen-
ing et al., 2009). The effects we observed were specific to activa-
tion of CGRP receptors in the BNST as they were not observed
with control infusions made dorsal to the BNST, or with intra-
BNST infusions of the antagonist. Although c-Fos expression
patterns do not provide information about the nature of the neu-
ral connectivity that leads to behavioral changes, it is noteworthy
that all of these regions receive direct projections from the dor-
solateral or ventrolateral BNST (oval, fusiform, and rhomboid
nuclei; (Dong et al., 2001; Dong and Swanson, 2003). Overall,
these results are consistent with the possibility that CGRP acti-
vates BNST neurons that orchestrate a coordinated anxiety re-
sponse via direct projections to a number of interacting neural
structures that mediate specific behavioral and physiological
anxiety-associated responses.

Figure 7. Exposure to TMT odor during testing significantly increased acoustic startle ampli-
tude in vehicle-treated rats (vs water odor). Pretreatment with intra-BNST �CGRP8-37 (800
ng/side) blocked this effect, but had no significant influence on startle in water-exposed ani-
mals. Values shown are means � SEM. †p � 0.05 versus vehicle-treated animals exposed to
water odor, *p � 0.05 versus vehicle-treated animals exposed to TMT odor.

Figure 8. Bilateral intra-BNST CGRP (800 ng/side) infusions produced anxiety-like behavior in the elevated plus maze. The CGRP
antagonist, �CGRP8-37 (800 ng/side), had no effect. A, Percentage of total time spent on the open arms. B, Percentage of total
entries that were made into open arms. C, Total closed-arm entries. Values shown are means � SEM. *p � 0.05 versus vehicle.
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Of the many structures activated, the response of the lateral
parabrachial nucleus, a structure involved in the integration of
peripheral autonomic signals, is especially interesting insofar as
the parabrachial nucleus is the primary source of CGRP afferents
to the BNST (Dobolyi et al., 2005) and also receives direct pro-
jections from the dorsolateral BNST (Dong et al., 2001; Dong and
Swanson, 2003). This reciprocal connectivity suggests that CGRP
signaling in the BNST is not merely a feedforward activator of
anxiety-related structures, but may be part of a feedback loop that
integrates autonomic information into the regulation of anxiety
states.

It is important to note that not all areas analyzed for Fos were
activated by intra-BNST CGRP infusions. Although the prelim-
bic and infralimbic cortices are implicated in fear and anxiety
(Jinks and McGregor, 1997; Quirk et al., 2003), as are the baso-
lateral and medial amygdaloid nuclei (Paré et al., 2004; Rosen,
2004), intra-BNST CGRP failed to significantly affect Fos-IR
counts in these regions. Although low expression of c-Fos does
not conclusively indicate a lack of neural activation, it is interest-
ing that the prelimbic and infralimbic cortical areas and the ba-
solateral and medial amygdaloid nuclei appear to receive little
direct excitatory input from lateral BNST subdivisions (Dong et
al., 2000, 2001; Dong and Swanson, 2003; Larriva-Sahd, 2004).
This suggests that the strongest influence of BNST CGRP signal-
ing is on those regions receiving substantial excitatory projec-
tions from the lateral BNST.

In conclusion, the results from these experiments provide ev-
idence that CGRP receptor activation within the BNST produces
an anxiety-like behavioral profile and induces neural activation
in BNST efferent structures implicated in anxiety. The fact that
the CGRP antagonist �CGRP8-37 alone had no significant impact
on acoustic startle amplitude or plus-maze behavior and had
minimal effects on neuronal activation implies that endogenous
CGRP tone was low under those test conditions. However, block-
ade of TMT-enhanced startle by �CGRP8-37 suggests that, like
many neuropeptides, high levels of stress or other homeostatic
challenge may be required to induce CGRP release into the
BNST. Moreover, the reciprocal connections between the BNST
and the CGRP-containing cells in the parabrachial nucleus could
potentially set up a positive feedback network during high stress
levels that might lead to pathological increases in anxiety.

Further studies will be conducted to determine the relevance
of endogenous BNST CGRP to stress-induced anxiety behavior
and neuroendocrine responses, and to characterize the mecha-
nisms by which CGRP influences these functions. We propose
that CGRP signaling within the BNST is an important modula-
tory influence in the neural circuitry governing anxiety. If, as
many believe, clinical anxiety reflects inappropriate or maladap-
tive activation of this circuitry, then inhibition of CGRP receptor
signaling may be clinically beneficial in the treatment of some
anxiety disorders.
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