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Abstract

Calcitonin gene-related peptide (CGRP) acting within the bed nucleus of the stria terminalis
(BNST) increases anxiety as well as neural activation in anxiety-related structures, and mediates
behavioral stress responses. Similar effects have been described following intra-ventricular as well
as intra-BNST infusions of the stress-responsive neuropeptide, corticotropin releasing factor
(CRF). Interestingly, CGRP-positive terminals within the lateral division of the BNST form
perisomatic baskets around neurons that express CRF, suggesting that BNST CGRP could exert its
anxiogenic effects by increasing release of CRF from these neurons. With this in mind, the present
set of experiments was designed to examine the role of CRFRL1 signaling in the anxiogenic effects
of CGRP within the BNST and to determine whether CRF from BNST neurons contributes to
these effects. Consistent with previous studies, we found that 400 ng CGRP infused bilaterally
into the BNST increased the acoustic startle response and induced anxiety-like behavior in the
elevated plus maze compared to vehicle. Both of these effects were attenuated by 10 mg/kg PO of
the CRFR1 antagonist, GSK876008. GSK876008 alone did not affect startle. An intra-BNST
infusion of the CRFR1 antagonist CP376395 (2 j.g) also blocked increases in acoustic startle
induced by intra-BNST infusion of CGRP, as did virally-mediated siRNA knockdown of CRF
expression locally within the BNST. Together, these results suggest that the anxiogenic effects of
intra-BNST CGRP may be mediated by CRF from BNST neurons acting at local CRFR1
receptors.
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1. Introduction

The bed nucleus of the stria terminalis (BNST), particularly its lateral subdivision, is an
important component of the neural circuitry that regulates anxiety [1-3]. We previously
demonstrated that calcitonin gene-related peptide (CGRP) acting within the BNST evokes
anxiety-like responses, increases neural activation in anxiety-related structures, and
modulates behavioral responses to stressors in rats [4]. Intriguingly, the stress-responsive
CGRP neurons within the parabrachial nucleus [5, 6] that project to the BNST form
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perisomatic baskets around BNST cells that express corticotropin releasing factor (CRF) [7],
another peptide well known for its involvement in stress and anxiety [8, 9]. In a previous
study, we demonstrated that CRF over-expression localized within the BNST increases
sustained fear-potentiated startle, which models aspects of anxiety [4]. In addition to its
CRF-expressing neurons, the BNST is also enriched with CRF receptors [10-13], and
numerous studies have demonstrated anxiety-like behavioral effects of CRF infusions within
the BNST in rodents. For example, intra-BNST CRF infusions enhance the acoustic startle
response [14], evoke anxiety-like behavior in the elevated plus maze [15] and social
interaction tests [16], enhance retention of an inhibitory avoidance task [17], and produce
anorectic effects [18] and tachycardia [19]. The anxiety-like effects of CRF within the
BNST seem to be mediated primarily by CRFR1 receptors, in that a CRFR1 but not a
CRFR2 antagonist co-infused with CRF into the BNST inhibited CRF-induced anxiety
behavior in the elevated plus maze [15], and the CRFR1 antagonist used in the present
studies (GSK876008) prevented elevated acoustic startle induced by ICV CRF infusions
[20].

Although the physical proximity of CGRP terminals with CRF cells within the BNST and
the similar anxious behaviors evoked by manipulation of these systems suggest a functional
interaction between CGRP and CRF within the BNST, to date there are no data that have
directly demonstrated the behavioral ramifications of this CGRP-CRF connection. A few
studies, however, do suggest that an interaction between CGRP and CRF (specifically,
CRFR1 receptor) signaling forms part of the circuitry that regulates anxiety. For example,
Kovacs et al. [21] demonstrated that CRF antiserum blocked increases in grooming and
elevation of plasma corticosterone induced by intracerebroventricular (ICV) CGRP, and
Bowe et al. [22] found that a CRFR1 but not a CRFR2 receptor antagonist blocked ICV
CGRP-induced increases in plasma corticosterone.

With all of this evidence in mind, we hypothesized that CGRP within the BNST may affect
anxiety in part by increasing CRF release from the BNST neurons onto local CRFR1
receptors. In order to examine whether downstream CRFR1 receptors form part of the
pathway by which CGRP increases anxiety, we assessed anxiety behavior (acoustic startle
and elevated plus maze) in response to pharmacological treatment with intra-BNST CGRP
plus the CRFR1 antagonists GSK876008 and CP376395 administered systemically and
locally, respectively. We also investigated whether CRF expressed within BNST neurons
mediates CGRP-induced anxiogenesis, by measuring the acoustic startle following intra-
BNST CGRP infusions in animals with virally mediated BNST-specific siRNA knockdown
of CRF expression.

2. Materials and Methods

2.1 Animals

2.2 Surgery

Male Sprague-Dawley rats (Charles River, Raleigh, NC), weighing between 275 and 350 g
at the time of surgery and housed in groups of 4 in 45 x 20 x 24-cm (depth x width x height)
polycarbonate cages, were maintained on a 12-h light/dark cycle (lights on at 0800 h) with
food and water available ad libitum. A total of 126 animals were used in these experiments.
All procedures were conducted under conditions consistent with U.S. Department of
Agriculture, Emory University IACUC, and National Institutes of Health guidelines for the
care and use of laboratory animals.

Prior to surgery, rats were anesthetized with 75 mg/kg (i.p.) ketamine (Bionichepharma) and
0.5 mg/kg (i.p.) Dexdomitor (Orion Pharma) and also given an analgesic dose of 1.0 mg/kg
(s.c.) meloxicam (Boehringer Ingelheim) to reduce postoperative discomfort. Once
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unresponsive to tailpinch, rats were placed in a Kopf Instruments stereotaxic frame with the
nosebar set to —3.8 mm (flat-skull position). For BNST cannulations, 11 mm 26-gauge guide
cannulae (Plastics One, Model C315G) were implanted bilaterally (20° coronal angle — to
avoid the lateral ventricles, 0.3 mm caudal, 5.8 mm ventral, and 3.8 mm lateral to bregma.
For AAV infusions (Experiment 4), injection cannulae (32-gauge; Plastics One, Model
C3151) were inserted through the guide cannulae and virus infused bilaterally (0.2 pl/min, 1
pl total volume/BNST). The injectors remained in place for two min following viral
infusion. For all surgeries, four jeweler screws were attached to the skull, and the entire
assembly was cemented in place using Cranioplastic Powder (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 days
elapsed between cannula implantation and the onset of behavioral procedures.

2.3 Drugs and infusion procedure

CGRP (Tocris) was dissolved in a vehicle of 0.1% bovine serum albumin in phosphate
buffered saline. The CRFR1 antagonist CP376395 was dissolved in a vehicle of 10% tween
in distilled water. Both CGRP and CP376395 were frozen in aliquots at —80C until the day
of use. Injection cannulae (32-gauge; Plastics One, Model C315I) were used for bilateral
BNST infusions (0.25 p.l/min, 0.5-pl total volume/BNST). After the infusions were
completed, the injection cannulae were left in place for two min and then removed,
whereupon the stylets were placed back into the guide cannula. The CGRP dose used in
these studies (400 ng/side) was based on our own previously published data[4] as well as
studies of intra-amygdala CGRP effects on fear-related behaviors [23]. CP376395 was
infused into the BNST at a dose of 2 pg/side (chosen based on pilot data). The CRFR1
antagonist GSK876008 [24] was suspended at 5 mg/ml in 0.5 %
hydroxypropylmethylcellulose and orally administered at a dose of 10 mg/kg (dose based on
previous results from our laboratory [20]).

2.4 Elevated Plus Maze

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

2.5 Startle Apparatus

Rats were trained and tested in four identical 8 x 15 x 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-msec
95-dB white-noise bursts (5-msec rise-decay time, 0-22 kHz) generated by a Macintosh G3
computer sound file, amplified by a Radio Shack amplifier (Model MPA-200; Tandy), and
delivered through Radio Shack 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 was delivered through the same speakers as those used to
provide background noise. Sound level measurements were made with a Briel & 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 U321A02; PCB Piezotronics) affixed to the bottom of each cage.
Thus, 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 Piezotronics, Model 483B21) and
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digitized on a scale of 0-9.98 units by an InstruNET device (Model 100B; GW Instruments)
interfaced to a Macintosh G3 computer. Startle amplitude was defined as the maximal peak-
to-peak voltage that occurred during the first 200 msec 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.).

2.6 Cannula Placement Verification

Rats in Experiments 1-3 were sacrificed by chloral hydrate overdose and perfused
intracardially with 0.9% (wt/vol) saline followed by 10% (vol/vol) formalin. The brains
were removed and immersed in a 30% (wt/vol) sucrose-formalin solution for at least 3 d,
after which 50-im coronal sections were cut through the rostro-caudal extent of the BNST.
Every other section was mounted on gelatinized slides and stained with cresyl violet. In
Experiment 4, animals were rapidly decapitated following chloral hydrate administration,
their brains extracted, snap-frozen on dry ice, and stored at —80°C until use. The fresh tissue
was cut on a cryostat into 18-m sections and mounted onto charged microscope slides. The
mounted tissue was then immersed in 10% formalin for 30 min prior to cresyl violet
staining. A scorer blind to the animal’s group assignment and behavioral data judged
cannulae placements. For those animals treated with active drugs, only those with cannula
tip placements within 0.5 mm of the lateral BNST, medial to the internal capsule, and not
penetrating the lateral ventricle were included in the behavioral analyses.

2.7 Plasmid Preparation

In order to generate an AAV vector that expresses CRF siRNA, a 50-base custom oligo was
designed to encode an shRNA against CRF mRNA. This oligo and its complement were
designed using Invitrogen’s online RNAI Designer tool (Top strand sequence:
CACCGGATCCAAGGAGGAAACCTTTCGAAAAAGGTTTCCTCCTTGGATCC,
bottom strand sequence:
AAAAGGATCCAAGGAGGAAAACCTTTTTCGAAAGGTTTCCTCCTTGGATCC).
These oligos were designed to produce a 21-bp siRNA (target DNA sequence:
GGATCCAAGGAGGAAACCTTT) against CRF mRNA. These top and bottom strand
oligos were annealed and ligated into the pPENTR/U6 plasmid using T4 DNA ligase per
manufacturer’s protocol (Invitrogen). This plasmid (pENTR/U6-shCRF), containing a U6
promoter driving the CRF shRNA expression, was then tested for /7 vitro knockdown of
CRF expression as described below.

The U6 promoter and the shRNA oligos were then excised from the pENTR/U6 plasmid at
the Kpnl and Xbal restriction sites and ligated into the polylinker region of an AAV
backbone plasmid (pAAV-MCS; Addgene) modified to contain a Kpnl site. An eGFP
cDNA sequence bounded by Sacll restriction sites was then PCR-generated and ligated into
the Sacll restriction site located just after the CMV promoter. The final viral vector
expression plasmid, pAAV-CMV-eGFP-U6-CRF shRNA (hereafter referred to as pAAV-
siCRF), was verified using restriction digests and DNA sequencing. This plasmid was used
to generate the AAV1-siCRF viral vector.

2.8 AAV preparation

An AAV virus (serotype 1) containing CRF siRNA driven by a U6 promoter and the GFP
gene driven by a CMV promoter (AAV1-siCRF) was generated by the Emory Viral Vector
Core. Briefly, a total of 420ug of plasmids were co-transfected into HEK293T cells at a ratio
of 2:1:1, (210ug of AAV helper plasmid/ 105ug of replication/capsid gene plasmid/ 105ug
of inverted terminal repeat plasmid containing genes of interest) using polyethyleneimine.
72 hours post-transfection, supernatant and cells were collected. Virus in the supernatant
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was precipitated with 40% polyethylene glycol 8000 in 2.5 N NaCl, combined with the cell
lysate, then treated with 10% deoxycholate and benzonase. The crude virus was then
purified by a discontinuous iodixanol density gradient ultracentrifugation, then dialyzed and
concentrated with an Amicon 15 100,000MWCO concentration unit. The genomic titer of
the viral stock, was determined by qPCR with plasmid standards. Titer for AAV1-siCRF
was 1.2 x 1013 infectious particles per mL. As a control, a stock AAV virus (serotype 1)
expressing GFP (AAV1-CMV-GFP) was purchased from the University of North Carolina
Chapel Hill Vector Core. Viral titer for AAV1-CMV-GFP was 4x1012 infectious particles
per mL.

2.9 Cell Culture, Transfection, and Immunocytochemistry

All of the tissue culture media and related reagents were purchased from Invitrogen.
HEK-293 cells were maintained in complete medium (Dulbecco’s modified Eagle’s medium
plus 10% fetal bovine serum and 1% penicillin/streptomycin) at 37 °C with 5% CO,. 80—
95% confluent cells in 2-cm? wells were transfected with a total of 3g plasmid cDNA
mixed with 6 pL Lipofectamine 2000 in 100p.L of serum-free medium (Optimem) per well.
Four wells were assigned to each of the following three conditions: untransfected (negative
control), CRF + scrambled siRNA, and CRF + CRF siRNA. Following overnight
incubation, complete medium was added.

For examination of /n vitro CRF gene expression, the cells were washed with phosphate-
buffered saline (PBS), fixed with 4% paraformaldehyde, washed with PBS again, and then
dryed with methanol. The cells were then blocked with 1% hydrogen peroxide followed by
30 min incubation in a blocking buffer of 5% non-fat milk with 0.01% triton in PBS. Cells
were then incubated overnight with anti-CRF antibody in 1% bovine serum albumin (BSA)
in PBS (1:2000; Abcam #11133) followed by incubation with biotinylated anti-rabbit
secondary antibody in blocking buffer for 2 h at room temperature (1:500; Jackson Immuno
Research Laboratory). Cells were then washed five times with PBS, and then incubated for 1
h in avidin-biotin complex in 1% BSA/PBS. Following 5 PBS washes, cells were stained
with the chromagen diaminobenzidine (Sigma) for 10 min, rinsed with PBS, and then
microscopic images were captured with a Microfire (Optronics) digital camera attached to
an Olympus BX51 microscope (Japan) using a 10x objective lens. The optical density of the
images from each well was calculated on the basis of gray values (GVs) between 0
(brightest) and 255 (darkest) obtained from the luminosity histogram feature of Image J
(NIH).

2.10 In Situ Hybridization

Rats were euthanized by administration of chloral hydrate as described above and brains
rapidly extracted, frozen on dry ice, and stored at —80°C. 18-pm thick sections from
throughout the entire rostro-caudal extent of the BNST were cut on a cryostat at —20°C and
mounted onto charged microscope slides. /n situ hybridization was performed as previously
described [25, 26]. Briefly, 3°S-UTP (1250Ci/mmol, 12.5mCi/ml, Perkin-Elmer, Boston,
MA) labeled riboprobes were prepared from linearized clones using T3 polymerase at high
specific activity by only using radioactive UTP in the polymerase reaction, with
approximately 20-40% incorporation. Following preparation of full-length antisense RNA
strands, the RNA was base-hydrolyzed to average lengths of 50-100 bp and then purified
using a sephadex spin column (lllustra ProbeQuant G-50 microcolumn, GE Healthcare,
UK). 1x10° cpm/ml of radioactive probe was applied to each slide, which was immediately
covered with parafilm to incubate at 52° C overnight. Slides were stringently washed, placed
against Kodak (Rochester, NY) MR autoradiographic film for 4 days, and then developed in
a Minolta SRX-101A film processor.
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Autoradiography films were scanned using a high-resolution Epson 3700 flat-bed scanner at
6000 dpi. The signal intensities of brain regions were calculated on the basis of gray values
(GVs) between 0 (brightest) and 255 (darkest) obtained from the luminosity histogram
feature of Image J (NIH). For each animal, hybridization signal was analyzed bilaterally by
measuring the most intense 500-pixel region within each dorsolateral BNST region, and
adjacent background area with little or no hybridization signal (ventral striatum). Because
the cannulations caused damage that appeared to affect the hybridization signal, every effort
was taken to measure the hybridization signal from sections that were least affected by
cannulation damage. The anatomical level of analysis was verified using the rat brain atlas
of Paxinos & Watson [27]. A Mann-Whitney U-test was performed on the average BNST
CRF mRNA levels measured bilaterally from two adjacent sections for all animals included
in these experiments to determine if the AAV1-siCRF virus significantly decreased BNST
CRF mRNA expression compared to animals treated with a control virus (AAV1-GFP).

2.11 Experimental Procedures

2.11.1 Experiments 1, 3, and 4: Acoustic Startle—On each of two days prior to 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 presented with 48 95-dB
startle-eliciting white-noise bursts. For this and all other experiments and tests, the
interstimulus interval [I1SI] between noise bursts was 30 seconds. On each of the test days
that followed, rats were tested twice — once before and once after vehicle or drug infusion.
The pre-infusion test consisted of 60 startle-eliciting white-noise bursts, and the post-
infusion test consisted of 120 startle bursts. The treatment conditions varied from one
experiment to the next.

Rats in Experiment 1 (Vehicle n = 10, GSK876008 n = 12) were given either 10 mg/kg
GSK876008 or vehicle (between subjects) by oral gavage 2 hours prior to testing. Just
before testing, they were infused into the BNST with either vehicle or, on a separate day,
CGRP (400 ng/side, n=11) in a counterbalanced within-subjects manner. Thus, for this
experiment, there were two groups of rats (oral vehicle or GSK876008), with each being
tested twice — once following intra-BNST infusion of vehicle and once following intra-
BNST infusion of CGRP.

Rats in Experiment 3 were infused into the BNST with either vehicle or, on a separate day,
the CRFR1 antagonist CP376395 (2 .g/side) 30 min prior to testing. Just before testing,
they were infused with either vehicle (n = 11) or CGRP (n = 8; between subjects). Thus, as
in Experiment 1, there were two groups of animals (intra-BNST vehicle or CGRP), each
tested on two separate days—one time following intra-BNST infusion of vehicle, and
another time following intra-BNST infusion of CP376395. For Experiments 1 and 3, at least
48 hrs elapsed between test days. This inter-test interval was chosen based on pilot data that
found no lingering effect of CGRP on startle after 48 hrs.

In Experiment 4, rats were divided into three separate treatment groups that were tested only
on one day. The first group was infected with AAV1-CMV-GFP (control virus) and then on
the day of testing, infused with vehicle (n = 10). The second group was infected with control
virus and infused with CGRP on test day (n = 9). The third group was infected with AAV1-
SiCRF and infused with CGRP on test day (n = 10). In all groups, testing occurred 14 days
after viral infusion, when CRF knockdown was shown to be maximal based on previous
studies.

For all experiments, startle responses elicited by the last 60 noise bursts (last 30 min of test
session) were averaged and used in the statistical analysis, insofar as the onset latency for
CGRP effects on startle was found in previous studies to be between 30 and 45 min [4].
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2.11.2 Experiment 2: Elevated Plus Maze—In order to minimize the effects of
handling stress on test outcomes, each rat was handled for approximately 2 min/day for each
of at least 3 days prior to testing. Rats were assigned randomly to one of four different
treatment conditions: intra-BNST vehicle + oral vehicle (n = 15), intra-BNST CGRP + oral
vehicle (n = 15), intra-BNST vehicle + oral GSK876008 (n = 14), or intra-BNST CGRP +
oral GSK876008 (n = 12). Oral drugs were administered 2 h prior to testing and intra-BNST
infusions were given 30 min prior to testing. Immediately following intra-BNST infusions,
rats were taken to the testing room and kept in the dark until testing commenced. 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 two hrs after the beginning of the dark cycle (i.e. between 7 and 9 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, and (3) 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.

2.12 Statistical analyses

3. Results

For Experiments 1, 3, and 4, the mean startle amplitude during the pre- and post-infusion
test sessions was determined and a percent change score calculated ([mean post-infusion
startle amplitude - mean pre-infusion startle amplitude]/[mean pre-infusion startle
amplitude] x 100) [28]. Experiment 1 (Effects of systemic GSK876008 on intra-BNST
CGRP-enhanced startle) was analyzed using 2 x 2 factorial ANOVA with repeated measures
on CGRP vs. vehicle treatment. Experiment 3 (Effects of intra-BNST CP376395 on intra-
BNST CGRP-enhanced startle) was also analyzed using 2 x 2 factorial ANOVA, but with
repeated measures on GSK876008 vs. vehicle. Experiment 4 (Effect of BNST CRF
knockdown on CGRP-enhanced startle) behavioral data was analyzed using one-way
ANOVA. For Experiment 2 (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) x 100), and total arm entries (open arm entries/
(open arm entries + closed arm entries) x 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 [29, 30]. These measures (chosen
according to the ethopharmacological analysis of Cruz et al [31]) were analyzed using one-
way ANOVA. For all behavioral experiments, if the overall ANOVA term was significant,
Tukey post-hoc comparisons were used to compare each treatment condition with controls.
Histological and /n situ hybridization data were analyzed using non-parametric Mann-
Whitney U-tests. All inferential statistics were performed using SPSS software (version
16.0.0; SPSS, Inc.).

3.1 Cannulae placements

BNST cannulae placements for drug-infused animals from Experiments 1, 3, 4 and 5 are
shown in Figure 1. All rats treated with drug that were included in behavioral analyses had
cannula placements that met the inclusion criteria (i.e., both cannulae within 0.5 mm of the
lateral BNST, medial to the internal capsule, and not penetrating the lateral ventricle). As
there were no apparent differences between vehicle-infused rats with cannula which met or
did not meet these criteria, data from vehicle-infused rats were included regardless of
placement in order to reduce animal usage.
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3.2 Experiment 1: Systemic CRFR1 antagonist GSK876008 blocked acoustic startle
enhancement produced by intra-BNST CGRP

Figure 2 shows that vehicle-treated animals habituated to the startle stimulus, resulting in
reduced acoustic startle response over the course of the test session. Startle response in those
animals treated with vehicle plus GSK8760078 did not significantly differ from that of
vehicle-treated animals. However, CGRP infused bilaterally into the BNST (400 ng/side)
increased the acoustic startle response and this effect was blocked in animals pretreated
systemically with the CRFR1 antagonist, GSK876008. A 2 x 2 ANOVA with repeated
measures on CGRP found a significant within-subjects effect of CGRP on the average
percent change in acoustic startle (Fq oo = 10.452, p=0.004) and a significant interaction
between CGRP and GSK876008 (F1 2o = 7.054, p =0.015). In those subjects infused into the
BNST with vehicle, there were no significant differences in acoustic startle scores between
animals pre-treated with vehicle vs. GSK876008 (F1 20 = 2.711, p=0.115).

3.3 Experiment 2: Systemic CRFR1 antagonist GSK876008 attenuated BNST CGRP-
induced anxiety-like behavior

Similar to the effects of GSK876008 on CGRP-enhanced startle, GSK876008 attenuated the
anxiogenic effect produced by intra-BNST CGRP in elevated plus maze behaviors, but also
appeared slightly anxiogenic when administered alone (Figure 3). Thus, one-way ANOVA
indicated a significant treatment effect on the open arm to total arm time ratio (F3, 55 =
9.013, p < 0.001) and open arm to total arm entries ratio (F3 55 = 5.927, p= 0.001).
However, the number of closed-arm entries, taken as a measure of general locomotor
activity, was not significantly affected (F3 55 = 0.924, p= 0.436). Tukey post-hoc
comparisons revealed that CGRP significantly decreased the open arm time ratio (0 < 0.001)
and open arm entries ratio (o= 0.001) compared to vehicle, and pre-treatment with systemic
GSK876008 reversed these effects (open arm time ratio: p= 0.012, open arm entries ratio: p
= 0.030). GSK987008 alone also decreased the open arm time ratio (p= 0.028), but not the
open arm entries ratio (o= 0.195).

3.4 Experiment 3: Intra-BNST CRFR1 antagonist CP376395 blocked acoustic startle
enhancement produced by intra-BNST CGRP

In order to assess whether CRFR1 receptors localized within the BNST might play a role in
CGRP-enhanced startle, the potent CRFR1 antagonist, CP376395, was infused into the
BNST prior to CGRP infusion. CP376395 (2 pg) infused in the BNST completely blocked
CGRP-enhanced startle, but had no effect when administered alone (Figure 4). According to
a 2 x 2 ANOVA with repeated measures on CP387396 treatment, there was a significant
effect of CGRP (Fy 17 = 27.55, p< 0.001), a significant effect of CP376395 (F; 17 = 6.697, p
=0.019), and, most importantly, a significant interaction between CP376395 and CGRP
(F1,17 =8.435, p= 0010)

3.5 Experiment 4: Intra-BNST CRF knockdown blocked acoustic startle enhancement
produced by intra-BNST CGRP

Prior to attempting CRF knock down within the BNST, the efficacy of the CRF siRNA to
reduce CRF expression was tested /n vitro as described in the Methods section above.
Equally confluent HEK 293T cells were co-transfected with a CRF expression plasmid and
either a plasmid containing the eGFP gene (control) or the pPENTR/U6-shCRF plasmid. CRF
peptide expression was then examined using ICC. Those cells co-transfected with ShCRF
had approximately 76% CRF knockdown compared to cells co-transfected with a control
plasmid (Figure 5a). Animals infected within the BNST with the AAV1-siCRF viral vector
expressing this CRF siRNA also had lower levels of BNST CRF mRNA expression
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compared to animals infected with the control AAV1-CMV-GFP virus (Figure 5b; p=
0.009).

Although there were no differences in baseline acoustic startle after intra-BNST infection
with AAV1-siCRF or AAV1-CMV-GFP (Figure 5¢, p=0.727), BNST infection with
AAV1-siCRF blocked CGRP-enhanced startle (Figure 5d F; 25 = 14.64, p < 0.001). Tukey
post-hoc comparisons showed that animals treated with AAV1-CMV-GFP (the control
virus) plus CGRP had significantly higher startle potentiation than either rats treated with
AAV1-CMV-GFP plus vehicle (p <0.001) or rats treated with AAV1-siCRF plus CGRP (p
<0.001). Startle potentiation scores of animals treated with AAV1-siCRF plus CGRP were
not significantly different from the scores of those animals treated with AAV1-CMV-GFP
plus vehicle (p = 0.850).

4. Discussion

The present set of experiments was designed to examine the role of CRFR1 signaling in the
anxiogenic effects of CGRP within the BNST and to determine whether CRF from BNST
neurons contributes to these effects. Consistent with previous work, the present studies
showed that intra-BNST administration of CGRP potentiated the acoustic startle response.
In prior studies, CGRP administered immediately dorsal to the BNST had no effect on
acoustic startle response or neuronal activation (c-Fos expression) in anxiety-related
structures, evincing that the interaction of CGRP at receptors within the BNST is
responsible for these effects [4].

A systemically administered CRFR1 antagonist (GSK876008) blocked potentiation of startle
induced by intra-BNST administration of CGRP and also attenuated anxious behavior in the
elevated plus maze. Although speculative, the fact that GSK876008 only partially reversed
the pattern of anxiety-like behavior produced by BNST CGRP in the elevated plus maze
compared to the nearly complete blockade of CGRP-enhanced startle may suggest that
CGRP release within the BNST activates a wide array of neurotransmitters besides CRF that
are more extensively involved in the control of complex anxiety-related behaviors compared
to simple reflexes such as acoustic startle potentiation. It should also be noted that, although
GSK876008 alone did appear to slightly reduce the percent of time spent on the open arms,
these animals were still spending 50% of their time in the open arms, indicating that they
were not avoiding the open arms or behaving anxiously. We believe that this apparent
reduction is rather the result of an abnormally high mean for the vehicle-treated group
(above 50%), due primarily to the value of a single individual animal (not excluded from
analysis because it did not meet the outlier criterion), and does not reflect an anxiogenic
effect of GSK876008 when administered alone.

Similarly, infusion of a different CRFR1 antagonist, CP376395, directly into the BNST
blocked startle enhancement induced by intra-BNST CGRP. These results demonstrate that
CRFR1 receptors (particularly those localized within the lateral BNST) are part of the
pathway by which BNST CGRP evokes anxiety. Further, BNST CGRP-induced startle
potentiation was prevented by site-specific CRF knockdown within the BNST by local
infection with an AAV virus expressing siRNA targeting CRF. This result would imply that
CRF from BNST neurons mediates the anxiety-like effects of CGRP within the BNST.

It has long been established that central CRF signaling facilitates anxiety-like responses
(e.9., [32, 33]). Intracerebroventricularly administered CRF produces a constellation of
anxious behavior including increased grooming [34-36] changes in exploratory or
locomotor behavior [34, 37, 38], inhibition of feeding [39], decreased social interaction [35],
defensive withdrawal [40, 41], enhanced acoustic startle [14, 42] and anxiety-like patterns of
behavior in the elevated plus maze [43, 44]. The BNST, part of the extended amygdala
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thought to be particularly important for sustained conditioned fear, anxiety, and stress
responses [1-3, 45-47], appears to be particularly important for many of these effects. For
example, CRF over-expression localized within the BNST increases sustained fear-
potentiated startle, which models aspects of anxiety [48], and intra-BNST CRF infusions
enhance the acoustic startle response [14], evoke anxiety-like behavior in the elevated plus
maze [15] and social interaction anxiety tests [16], enhance retention of an inhibitory
avoidance task [17], and produce anorectic effects [18] and tachycardia [19].

Although the BNST contains both CRFR1 and CRFR2 receptors [10, 13], CRFR1 receptor
expression predominates over CRFR2 expression within the lateral BNST, where the
majority of CRF-containing cells are located [10, 49, 50]. Additionally, CRF has
significantly greater affinity for the CRFR1 receptor subtype compared to CRFR2 [51], so it
seems likely that at physiological levels, CRF interaction with CRFR1 receptors play a more
important role in anxiety. Indeed, behavioral studies appear to support this hypothesis. The
anxiety-like effects of CRF within the BNST seem to be mediated primarily by CRFR1
receptors, in that a CRFR1 but not a CRFR2 antagonist co-infused with CRF into the BNST
inhibited CRF-induced anxiety behavior in the elevated plus maze [15], and the CRFR1
antagonist used in the present studies (GSK876008) prevented elevated acoustic startle
induced by intra-BNST CREF infusions [20]. These results are in line with previous findings
showing a more nuanced (and generally anxiolytic) influence of CRFR2 receptor signaling
in anxiety [52-55].

Altogether, these results point to a potentially useful method of modulating CRF function
and therefore stress-related anxiety. In fact, there is evidence that other neuropeptides may
also work closely with CRF to affect anxiety. For example, pituitary adenylate cyclase-
activating peptide (PACAP [56]) and oxytocin, like CGRP, are found in terminals apposed
to CRF-containing neurons within the BNST [57, 58], suggesting a functional interaction
between these neuropeptides. CGRP is not expressed within BNST neurons like PACAP is,
but rather, is one of several neuropeptides (including PACAP) that is expressed in the
external lateral parabrachial nucleus of the pons, which relays various visceral sensory
information (e.g., nociceptive input [59, 60] from the nucleus of the solitary tract to various
forebrain nuclei, possibly facilitating integration of peripheral inputs into regulation of
emotional responses including anxiety [61]. Although highly speculative, this anatomical
arrangement suggests that CGRP antagonists might be especially useful in treating the
affective symptoms that are frequently associated with chronic pain (such as those that often
accompany prolonged disease states).

While our results demonstrate that a relevant pool of CRFRL1 receptors involved in CGRP-
enhanced anxiety is located within the BNST itself, BNST CRF neurons project to more
distal structures that contribute to anxiety including the ventral tegmental area [62], the
parabrachial nucleus [63, 64], the nucleus of the solitary tract [65], the midbrain central gray
[66] and the paraventricular hypothalamus [67]. Many of these structures also densely
express CRFR1 receptors [10, 13]. Thus, although blockade of BNST CGRP enhanced
startle with intra-BNST CRFR1 antagonist demonstrates an important role for local release
of CRF onto CRFR1 receptors, the data do not exclude a role for CRF receptors in other
structures targeted by CRF-containing terminals projecting from the BNST. Indeed, we have
found that intra-BNST CGRP infusions significantly increase c-fos activation in a number of
brain areas that receive CRF projections from the BNST [4]. Together, these findings
suggest that the role of CRF within BNST neurons might not only be to modulate activity
within the BNST, but also in structures that receive BNST efferents, including those
essential for anxiety.
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In summary, CGRP within the BNST interacts closely with CRF signaling to induce anxiety.
We have previously shown that a CGRP antagonist is able to disrupt fear and anxiety
responses [4], indicating that this system, at least under some circumstances, does mediate
anxiety induced by environmental stressors and that therefore, CGRP receptors may be
useful targets for anxiety reduction. Orally available CGRP antagonists are currently being
investigated as migraine therapies, and as the case continues to build for involvement of
CGRP in fear and anxiety, it is our hope that these compounds will be further evaluated for
their effects on stress-related fear and anxiety in humans. With increasing evidence of
anxiety-induced BNST activation from imaging studies [45, 46, 68] and provocative
evidence from Greenberg et al. [69] that deep brain stimulation of the ventral internal
capsule/ventral striatum (corresponding to the BNST) markedly reduces anxiety and co-
morbid depression in patients with otherwise intractable obsessive-compulsive disorder, the
further exploration of these possibilities is highly warranted.
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Figure 2.

Pretreatment with a systemic CRFR1 antagonist (10 mg/kg GSK876008, p.o.) blocked
startle potentiation induced by intra-BNST infusions of CGRP (400 ng/side, bilaterally), but
had no significant effect in the absence of CGRP administration. Values shown are means p
SEM. * p =0.004 compared to vehicles only. # p=0.015 compared to CGRP + vehicle.
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Figure 3.

Vehicle 400 ng CGRP

Anxiety-like behavior produced by intra-BNST infusion of CGRP (400 ng/side, bilaterally)
was attenuated by systemic administration of a CRFR1 antagonist (10 mg/kg GSK876008,
p.0.). GSK876008 alone also slightly decreased percent time spent in open arms (but not
percent entries into open arms), possibly indicating a mild anxiogenic effect. A) Percentage
of total time spent on the open arms. B) Percentage of total entries that were made into the
open arms. C) Total closed arm entries. Values shown are means i SEM. * p =0.028
compared to vehicles only. ** p< 0.001 compared to vehicles only. # p=0.012 compared to

CGRP + vehicle.
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Figure 4.
Pretreatment with an intra-BNST CRFR1 antagonist (CP376395, 2 g/side bilaterally)

blocked startle potentiation induced by intra-BNST infusions of CGRP (400 ng/side,
bilaterally), but had no significant effect in the absence of CGRP administration. Values
shown are means = SEM. * p =0.004 compared to vehicles only. # p=0.015 compared to
CGRP + vehicle.
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Figure5.

siRNA knockdown of CRF expression within the BNST prevents startle potentiation
induced by intra-BNST CGRP (400 ng/side, bilaterally), but does not affect baseline
acoustic startle levels. A) /n vitro co-transfection of HEK293T cells with plasmids
expressing CRF and CRF siRNA reduces CRF peptide expression compared to co-
transfection with plasmids expressing CRF and scrambled siRNA. Relative CRF expression
is taken as the difference between the average optical density for the entire image and the
background level measured from a region without staining. Values are the average of four
wells per treatment condition. B) The adeno-associated virus, AAV1-siCRF produces site-
specific knockdown of CRF gene expression within the BNST. Relative CRF gene
expression is taken as the average difference in optical brightness (+ SEM) between the
BNST and an adjacent background region of uniformly low expression (ventral striatum). *p
=0.009. At left, representative /n situ hybridization autoradiographs of brain sections
containing the lateral BNST (measurements taken from the dorsolateral BNST, indicated by
arrows) from AAV1-GFP and AAV1-siCRF-infected animals, respectively. C) Baseline
acoustic startle potentiation compared to pre-infection levels. Infection with AAV1-siCRF
did not change baseline acoustic startle. D) Percent change of post-infusion startle levels
compared to pre-infusion levels. * p < 0.001 compared to AAV1-GFP + vehicle. # p< 0.001
compared to AAV1-GFP + CGRP. All values shown are means + SEM.

Behav Brain Res. Author manuscript; available in PMC 2014 April 15.



