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Abstract

Prepulse inhibition (PPI), a form of sensorimotor gating, is reduced in a number of psychiatric disorders. Two experiments were conducted to
determine whether corticotropin-releasing factor (CRF), which decreases PPI, does so via effects on serotonin (5-HT). Wistar-Kyoto (WKY) and
Brown Norway (BN) rats were used in both experiments in order to examine whether strain-dependent differences would be apparent in response
to manipulations of the CRF and 5-HT systems. In the first experiment, WKY and BN rats received a subcutaneous injection of the 5-HT2A/C

receptor antagonist, ketanserin (2.0 mg/kg). Ten minutes later, rats received an intracerebroventricular (ICV) infusion of either 6.0 μl saline or
CRF (0.3 μg or 3.0 μg). CRF decreased PPI despite blockade of 5-HT2A/C receptors with ketanserin. In the second experiment, WKYand BN rats
received an intraperitoneal injection of the 5-HT synthesis inhibitor, p-chlorophenylalanine (PCPA, 150 mg/kg), 48 and 24 h prior to testing. On
testing day, rats received an ICV infusion of either 6.0 μl saline or CRF (0.3 μg or 3.0 μg). CRF decreased PPI despite 5-HT depletion. These
findings suggest that CRF does not decrease PPI via effects on 5-HT, since neither blockade of 5-HT2A/C receptors nor 5-HT depletion attenuated
this decrease.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Prepulse inhibition (PPI) of the acoustic startle response, a
form of sensorimotor gating, is the decrease in startle amplitude
caused by brief presentation of a non-startling stimulus shortly
prior to a startling stimulus (Graham, 1975; Hoffman and Ison,
1980; Hoffman and Searle, 1968). PPI is diminished in a num-
ber of psychiatric disorders that are characterized by a reduced
ability to suppress or “gate” intrusive sensory, motor, or cogni-
tive information (Braff et al., 2001). Schizophrenia is one of the
most frequently studied disorders in which deficient PPI is
observed (Braff et al., 1992, 1978; Grillon et al., 1992; Parwani
et al., 2000) and reduced PPI has been linked to the symptoms
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of sensory overload and cognitive fragmentation characteristic
of this disorder (Braff and Geyer, 1990; McGhie and Chapman,
1961).

Abnormalities in several neurotransmitter systems are asso-
ciated with schizophrenia, including dopamine (DA), glutamate,
and serotonin (5-HT) (Lyne et al., 2004). Pharmacological ma-
nipulations of these neurotransmitters reduce PPI and serve as
animal models of sensorimotor gating deficits. For example,
drugs that cause 5-HT release (Kehne et al., 1996; Mansbach
et al., 1989; Martinez and Geyer, 1997) or are 5-HT1A (Rigdon
and Weatherspoon, 1992), 5-HT1B (Sipes and Geyer, 1994), or
5-HT2 receptor agonists (Johansson et al., 1995; Padich et al.,
1996; Sipes and Geyer, 1994) reduce PPI.

Since stress exacerbates the symptoms of schizophrenia
(Gispen-de Wied, 2000; Walker and Diforio, 1997), an ad-
ditional cause of deficient PPI may involve corticotropin-
releasing factor (CRF), one of the most important hormones
and neurotransmitters involved in endocrine, autonomic, and
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behavioral components of the stress response (Bale and Vale,
2004; Gray, 1993). CRF is a 41-residue peptide that is syn-
thesized in the paraventricular nucleus of the hypothalamus
(Vale et al., 1981). Additionally, CRF is synthesized in extra-
hypothalamic regions, including the cortex, hippocampus, cen-
tral nucleus of the amygdala, and dorsal raphe nucleus (Swanson
et al., 1983) and is released as a neurotransmitter (Gabr et al.,
1994; Van Bockstaele et al., 1998). CRF acts at two differ-
ent G-protein coupled receptors, CRF1 and CRF2 (Chang et al.,
1993; Lovenberg et al., 1995), which are widely expressed
throughout the brain (Chalmers et al., 1995; Van Pett et al.,
2000). Importantly, CRF receptors are expressed in regions of
the brain known to modulate PPI, including the prefrontal
cortex, hippocampus, basolateral amygdala, and nucleus ac-
cumbens (Swerdlow et al., 2001).

We have shown that intracerebroventricular (ICV) infusion
of CRF reduces PPI in both Wistar-Kyoto (WKY) and Brown
Norway (BN) rats (Conti, 2005; Conti et al., 2002), two inbred
rat strains. Interestingly, BN rats exhibit diminished PPI under
basal conditions compared to WKY rats (Conti et al., 2002;
Palmer et al., 2000) and may represent a good genetic model for
the PPI deficits observed in schizophrenia. Additionally, WKY
and BN rats exhibit different sensitivities to the effect of CRF on
PPI. For example, a low dose of CRF (0.3 μg) decreases PPI in
BN rats while WKY rats require a high dose of CRF (3.0 μg) to
decrease PPI (Conti, 2005; Conti et al., 2002). It is intriguing to
speculate that this difference in sensitivities to CRF may be due
to BN rats having a greater density of CRF receptors in the
cortex and hippocampus compared to WKY rats (Lahmame
et al., 1997).

ICV infusion of CRF also reduces PPI in mice (Risbrough
et al., 2004) and transgenic mice over-expressing CRF show
reduced PPI compared to wild-type controls (Dirks et al., 2002).
Interestingly, both typical and atypical antipsychotics attenuate
the effect of CRF on PPI (Conti et al., 2005) and improve PPI
in CRF over-expressing mice (Dirks et al., 2003).

Although ICV infusion of CRF diminishes PPI, it remains
unclear whether this effect of CRF depends on other neuro-
transmitters. CRF could alter PPI directly via CRF receptors
located in regions of the brain important for mediating PPI, such
as the prefrontal cortex, hippocampus, basolateral amygdala, or
nucleus accumbens (Swerdlow et al., 2001). Alternatively, CRF
could alter PPI indirectly via its effects on other neurotrans-
mitters, such as 5-HT. CRF-immunoreactive fibers project to,
and are found in, the dorsal raphe nucleus (DRN) (Kirby et al.,
2000; Swanson et al., 1983; Valentino et al., 2001), a primary
site of forebrain-projecting serotonergic neurons (Jacobs and
Azmitia, 1992). The DRN expresses both types of CRF receptor
mRNAs (Chalmers et al., 1995; Day et al., 2004; Van Pett et al.,
2000) and CRF receptors (De Souza et al., 1985). CRF alters
extracellular concentrations of 5-HT in brain regions receiving
serotonergic input from raphe nuclei. For example, low doses of
CRF decrease 5-HT concentrations in the lateral striatum while
a high dose increases 5-HT concentrations in this brain region
(Price et al., 1998). CRF administered ICV increases 5-HT
concentrations in the hippocampus as well (de Groote et al.,
2005; Kagamiishi et al., 2003; Linthorst et al., 2002). In the
prefrontal cortex, CRF increases 5-HT utilization, as indicated
by increased levels of the 5-HT metabolite, 5-hydroxyindolea-
cetic acid (5-HIAA) (Lavicky and Dunn, 1993).

CRF can increase 5-HT release and drugs that cause 5-HT
release, or are 5-HT1A, 5-HT1B, or 5-HT2 receptor agonists,
reduce PPI. Thus, it is plausible that CRF decreases PPI in-
directly via its effects on 5-HT. Two experiments were con-
ducted to test this possibility. Pretreatment with ketanserin, a 5-
HT2A/C receptor antagonist, blocks the decrease in PPI caused
by DOI (2,5-dimethoxy-4-iodoamphetamine), a 5-HT2A/C ago-
nist (Sipes and Geyer, 1994). Additionally, the atypical anti-
psychotic, clozapine, blocks several receptor types, including 5-
HT2A/C receptors, (Brunello et al., 1995) and attenuates the
CRF-induced decrease in PPI (Conti et al., 2005). Thus, the first
experiment was conducted to examine the effects of ketanserin
on the CRF-induced decrease in PPI.

Since 14 5-HT receptor subtypes exist (Nestler et al., 2001),
the second experiment was conducted to investigate the effects
of 5-HT depletion, and thus reduced 5-HT at all 5-HT recep-
tors, using the 5-HT synthesis inhibitor, p-chlorophenylalanine
(PCPA), on the CRF-induced decrease in PPI. Since there are
strain-dependent differences in the effects of CRF on PPI, we
also sought to examine whether strain-dependent differences
would be apparent in response to manipulation of the 5-HT
system.

2. Methods and materials

2.1. Experimental animals

Male Wistar-Kyoto (Charles River Laboratories, Raleigh,
NC) and Brown Norway rats (Harlan Sprague-Dawley Inc.,
Prattville, AL) were used. Rats (250–275 g) were held in the
vivarium for one week prior to undergoing stereotaxic surgery
and maintained on a 12-hour light/dark cycle with food and
water available ad libitum. Rats were housed two per cage until
undergoing surgery and then housed separately. All facilities
and procedures were in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.

2.2. Stereotaxic surgery and ICV infusion procedure

Rats were anesthetized with a mixture of isoflurane-in-
oxygen (2.0%) and placed in a Kopf stereotaxic instrument
equipped with blunt ear bars. The incisor bar was set to −3.0 to
hold the head level. A stainless steel guide cannula (22 ga;
Plastics One, Roanoke, VA) was placed into the lateral ventricle
(AP-1.0 mm, ML 2.0 mm to bregma) for subsequent ICV
infusion (Paxinos and Watson, 1986). Guide cannula extended
4.4 mm below the surface of the skull. Two jewelers' screws
were placed into the skull and dental cement was poured over
the exposed skull to hold the screws and cannula in place and
close the incision site. A dummy cannula was placed into the
guide. Rats were allowed to recover for 5–7 days prior to
testing. Cannula placement was assessed in random animals via
ICV infusion of methylene blue dye and verification of dye in
the ventricular system.
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During infusions, rats were held in a towel and the dummy
cannula were removed. The infusion cannula (28 ga), attached
to PE 20 tubing, was inserted into the guide cannula and
extended 0.5 mm beyond the guide. A 10.0 μl Hamilton syringe
was used to manually deliver saline or CRF over a one-minute
period. The flow of infused CRF was monitored via introduc-
tion of an air bubble into the infusion line. The infusion cannula
was kept in place for an additional 30 s following infusion. Rats
were then placed back into their home cages.

2.3. Startle chambers

Startle amplitude and PPI were measured in two identical
startle chambers (SR-LAB, San Diego Instruments, San Diego,
CA). Chambers consisted of a non-restrictive Plexiglas cylinder
(9 cm diameter, 18.5 cm length) mounted on a platform located
inside a sound- and vibration-attenuating cabinet equipped with
a 20-watt incandescent bulb and a fan for ventilation. A pie-
zoelectric accelerometer, mounted under each cylinder, detected
whole-body startle responses. Following the onset of each star-
tle stimulus, output signals from the accelerometer were re-
corded once per millisecond for a period of 100 ms by the
computer. Signals were rectified, digitized, and stored on the
computer by the SR-LAB program (San Diego Instruments, San
Diego, CA). On each testing day, startle response sensitivities
were standardized to the same baseline value across chambers
using a standard calibration tube (San Diego Instruments, San
Diego, CA). White noise stimuli were delivered through a horn
tweeter (Radio Shack) controlled by the SR-LAB program.

2.4. Startle and PPI testing

The session consisted of 82 trials presented over a 70 dB
white noise background. To begin each session, rats were ex-
posed to a 5-minute acclimation period in which no auditory
stimuli were presented. The first and last six trials of the session
consisted of the startle stimulus alone (120 dB, 40 ms). Re-
maining trials occurred in a pseudorandom order and consisted
of 12 startle alone trials (used to calculate % PPI and average
startle amplitude), 10 prepulse+startle trials at each of 5 pre-
pulse intensities (73, 76, 82, 85, 88 dB), and 8 no stimulus trials.
Each prepulse stimulus was presented for 20 ms and preceded
the startle stimulus by 100 ms. The inter-trial interval averaged
15 s. Testing was performed between 10 a.m. and 4 p.m.

2.5. Experimental protocol

In the first experiment, WKY (n=49) and BN (n=63) rats
received a subcutaneous (SC) injection of the 5-HT2A/C receptor
antagonist, ketanserin (2.0 mg/kg) (Awouters, 1985), or saline,
on testing day. Ten minutes later, the rats received an ICV
infusion of either 6.0 μl saline or CRF (0.3 μg or 3.0 μg, in
6.0 μl saline). PPI was assessed 30 min after infusion.

In the second experiment, WKY (n=67) and BN (n=87) rats
received an intraperitoneal (IP) injection of the 5-HT synthesis
inhibitor, p-chlorophenylalanine, (PCPA, 150 mg/kg) (Koe and
Weissman, 1966), or saline, 48 and 24 h prior to testing. On
testing day, rats received an ICV infusion of either 6.0 μl saline
or CRF (0.3 μg or 3.0 μg, in 6.0 μl saline). PPI was assessed
30 min after infusion. General activity (including grooming,
locomotion, burrowing, rearing, and chewing) was assessed
visually as a secondary behavioral measure of CRF, beginning
15 min prior to PPI testing. Additionally, monoamine levels
were assessed in the brain using high-performance liquid
chromatography (HPLC) with electrochemical detection.

2.6. Determination of monoamine concentrations

Monoamine concentrations were determined to assess the
effectiveness of the PCPA to inhibit 5-HT synthesis and de-
crease 5-HT levels. At the conclusion of each PPI testing day in
the first experiment, rats were sacrificed by rapid decapitation
and brains were removed immediately. The caudate putamen,
frontal cortex (2–2.5 mm section, excluding olfactory bulbs,
with the posterior edge located 3.0 mm anterior to bregma),
entire hippocampus (bilateral), and entire hypothalamus (bilat-
eral) were dissected and frozen on dry ice. Tissue samples were
homogenized in 0.1 N perchloric acid with 100 μM EDTA
(15 μl/mg tissue) using a tissue homogenizer according to
previously published methods (Page et al., 1999). Samples were
centrifuged at 15000 rpm (23143 g) for 15 min at 2–8 °C. The
supernatant was filtered through 0.45 μm nylon acrodisk
syringe filters and divided for analysis of the monoamines,
norepinephrine (NE), DA, and 5-HT as well as the DA me-
tabolite 3,4-dihydroxyphenylacetic acid (DOPAC). Two sepa-
rate HPLC systems were used for analysis. Each consisted of an
ESA solvent delivery system (ESA Inc., Chelmsford, MA) and
an MD 150 reverse phase narrobore column (150×2 mm, 3 μm;
ESA, Inc, Chelmsford, MA). For NE and DOPAC analysis, the
mobile phase consisted of 60 mM sodium phosphate buffer
(pH=4.2) with 100 μM EDTA, 1.5 mM sodium octyl-sulfate,
3.5% (v:v) methanol. For 5-HT and DA analysis, the mobile
phase consisted of 150 mM sodium phosphate buffer, 7.7 mM
citric acid, 67 μM EDTA, 3.2 mM octyl-sulfate, 15% ace-
tonitrile (v:v) and 10% (v:v) methanol adjusted to a pH of 5.6.
The flow rate through the system was 300 μl/min. The detection
system consisted of an ESA Coulochem II electrochemical
detector with a guard cell and a 5041 enhanced amperometric
analytical cell (ESA Inc., Chelmsford, MA) with a glassy car-
bon in ceramic target electrode in series. The applied poten-
tial of the guard cell was −150 mV and the compounds of
interest were quantified at the target electrode set at +200 mV
(NE and DOPAC) and +500 mV (5-HT and DA). Peak heights
were measured and compared to peak heights of 10−7 M
standards.

2.7. Data analysis

Percent PPI was calculated for each rat at each prepulse intensi-
ty using the following equation: % PPI=100− (100×[prepulse /
startle]). Prepulse was the average startle amplitude on trials in
which a prepulse stimulus preceded the startle stimulus. Startle was
the average amplitude on trials in which the startle stimulus was
presented alone.



Fig. 1. (A and B). Ketanserin did not attenuate the effect of CRF on PPI in WKY (A) and BN (B) rats. Values are shown as mean±SEM. WKY rats, n=6–11/group;
BN rats, n=8–13/group. Rats received one SC injection of ketanserin (KET; 2.0 mg/kg) 10 min prior to receiving a single ICV infusion of either 6.0 μl saline (SAL),
0.3 μg CRF, or 3.0 μg CRF (in 6.0 μl saline). PPI was assessed 30 min later. Prepulse intensities were 73, 76, 82, 85, and 88 dB. (A) ⁎pb0.01 comparing all 3.0 μg CRF
(ICV) vs. all SAL (ICV), based on a Tukey's test. (B) ⁎⁎pb0.05 comparing all 0.3 μg CRF (ICV) vs. all SAL (ICV), based on a Tukey's test; +pb0.03 comparing all
3.0 μg CRF (ICV) vs. all SAL (ICV), based on a Tukey's test.
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Initially, PPI data were analyzed using four-way analysis of
variance (ANOVA), with strain, ketanserin or PCPA pretreat-
ment, and CRF infusion as between-subjects factors, and pre-
pulse intensity as a within-subjects factor. PPI data were also
analyzed in each strain separately using three-way ANOVAs.
Startle amplitude and activity were analyzed using three-way
ANOVAs, with strain, ketanserin or PCPA (activity data only)
pretreatment, and CRF infusion as between-subjects factors. For
HPLC data, three-way ANOVAs were performed for each brain
region and each monoamine, with strain, PCPA pretreatment,
and CRF infusion as between-subjects factors. Additionally, the
ratio of [DOPAC/DA]×100 was calculated as an estimate of
DA utilization in a subset of animals for which both DOPAC
and DA values were available. Tukey's post hoc tests were
performed if significant main effects or interactions were found.
Where appropriate, specific treatment groups were compared
using two-way ANOVAs or independent t-tests. The alpha
level was set at 0.05. Trends are reported where p values range
between 0.05 and 0.1. In each experiment, rats exhibiting a
startle response greater or less than two standard deviations
from the mean were removed from analysis, resulting in no
more than one rat removed per group. For monoamine values,
extreme outliers were removed from analysis, resulting in no
more than two values removed per monoamine per brain region.

In order to demonstrate that CRF decreased PPI without
increasing baseline startle amplitude, WKY rats from both
experiments that received injection and ICV infusion of sa-
line were combined into one group (SALINE, n=22). Using a
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median split on the basis of startle amplitude, two groups
were created from the saline-injected rats infused with 3.0 μg
CRF from both experiments. Thus, we created a CRF/LOW
STARTLE group (n=9) and a CRF/HIGH STARTLE group
(n=9). A one-way ANOVA was performed to examine startle
amplitude. To examine PPI, a two-way ANOVAwas performed,
with group as a between-subjects factor and prepulse intensity
as a within-subjects factor.

2.8. Peptides and drugs

Rat/human CRF was kindly provided by Dr. Jean Rivier
(The Salk Institute, La Jolla, CA). CRF was dissolved in 0.9%
saline and aliquots were frozen at −80 °C until needed. PCPA
and ketanserin (Sigma-Aldrich, St. Louis, MO) were dissolved
in 0.9% saline on each day they were needed.

3. Results

3.1. Experiment 1: effect of ketanserin on the CRF-induced
decrease in PPI

A four-way ANOVA revealed a significant effect of rat strain
on PPI [F(1,100)=24.051, pb0.001], with BN rats showing less
PPI than WKY rats, and a significant effect of CRF infusion
[F(2,100)=12.207, pb0.001] (Fig. 1). There was also a sig-
nificant strain×CRF interaction [F(2,100)=4.087, p=0.020].
No significant effect of ketanserin pretreatment, strain×ke-
tanserin interaction, or three-way interaction was detected.
There was a significant effect of prepulse intensity [F(4,400)=
227.492, pb0.001], indicating that percent PPI increased
with increasing prepulse intensity. This main effect of pre-
pulse intensity occurred in all subsequent analyses and ex-
periments and is, therefore, not reported each time. There
were significant interactions between prepulse intensity and
Fig. 2. CRF did not increase startle amplitude in ketanserin-pretreated WKY rats. V
group. +pb0.001 vs. SAL (SC); ⁎pb0.02 vs. all SAL (ICV), based on main effects
strain [F(4,400)=24.848, pb0.001], prepulse intensity and
ketanserin [F(4,400)=2.653, p=0.033], prepulse intensity
and CRF [F(8,400)=2.322, p=0.019], and among prepulse
intensity, strain, and ketanserin [F(4,400)=3.593, p=0.007].

In WKY rats alone (Fig. 1A), a three-way ANOVA re-
vealed a significant effect of CRF infusion on PPI [F(2,43)=
9.936, pb0.001], with a Tukey's post hoc test showing that
3.0 μg CRF decreased PPI (p=0.001). No significant effect of
ketanserin pretreatment or ketanserin×CRF interaction was
detected. Thus, 3.0 μg CRF decreased PPI in WKY rats de-
spite blockade of 5-HT2A/C receptors with ketanserin. There
was a significant prepulse intensity×ketanserin interaction
[F(4,172)=4.025, p=0.004], which was likely due to ketanserin-
pretreated rats having slightly decreased PPI at the 73 dB prepulse
and slightly increased PPI at the 76, 82, 85, and 88 dB prepulses.

In BN rats alone (Fig. 1B), a three-way ANOVA revealed a
significant effect of CRF infusion on PPI [F(2,57)=4.330,
p=0.018], with a Tukey's post hoc testing showing that both
0.3 μg CRF (p=0.043) and 3.0 μg CRF (p=0.028) decreased
PPI. There was no significant effect of ketanserin pretreatment
and no ketanserin×CRF interaction. Therefore, both doses of
CRF decreased PPI in BN rats despite blockade of 5-HT2A/C

receptorswith ketanserin, as supported by the lack of a ketanserin×
CRF interaction.

Analysis of startle amplitude data indicated a significant ef-
fect of rat strain [F(1,100)=5.644, p=0.019] and CRF infusion
[F(2,100)=4.170, p=0.018] (Fig. 2). There was also a sig-
nificant effect of ketanserin pretreatment [F(1,100)=24.350,
pb0.001], indicating that ketanserin decreased startle amplitude.
Significant interactions were detected between strain and ketan-
serin [F(1,100)=10.043, p=0.002], strain and CRF [F(2,100)=
4.502, p=0.013], and ketanserin and CRF [F(2,100)=4.655,
p=0.012], all of which can be attributed to the fact that 3.0 μg CRF
increased startle amplitude in saline-pretreated WKY rats only.
Additionally, the rat strain×CRF interaction shows that 0.3 μg
alues are shown as mean±SEM. WKY rats, n=6–11/group; BN rats, n=8–13/
and interactions described in the text.
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CRF decreased startle amplitude in BN rats while not affecting
startle inWKY rats. This conclusion is supported by the significant
strain×ketanserin×CRF interaction [F(2,100)=8.108, p=0.001].
Thus, CRF-induced changes in startle amplitude were blocked by
ketanserin pretreatment in WKY rats only.

3.2. Experiment 2: effect of PCPA on the CRF-induced decrease
in PPI

In the analysis of PPI, a four-way ANOVA revealed a
significant effect of rat strain [F(1,142)=52.011, pb0.001],
with BN rats showing less PPI than WKY rats, and a significant
effect of CRF infusion [F(2,142)=6.534, p=0.002] (Fig. 3). No
significant effect of PCPA pretreatment or PCPA×CRF
interaction was detected. There were no interactions involving
strain. The only significant interaction involving prepulse in-
Fig. 3. (A and B). PCPA did not attenuate the effect of CRF on PPI in WKY (A) and
rats, n=14–15/group. Rats received two IP injections of PCPA (150 mg/kg), 48 and
either 6.0 μl saline (SAL), 0.3 μg CRF, or 3.0 μg CRF (in 6.0 μl saline). PPI was assess
comparing all 3.0 μg CRF (ICV) vs. all SAL (ICV), based on a Tukey's test; +pb0.03
tensity was with strain [F(4,568)=29.201, pb0.001] due to the
fact that increasing prepulse intensity had a greater effect in
WKY rats than in BN rats.

In WKY rats alone (Fig. 3A), a three-way ANOVA revealed
a significant effect of CRF infusion on PPI [F(2,61)=5.145,
p=0.009], with a Tukey's post hoc test showing that 3.0 μg
CRF decreased PPI (p=0.007). No significant effect of PCPA
pretreatment or PCPA×CRF interaction was observed. Thus,
3.0 μg CRF decreased PPI despite PCPA pretreatment, as sup-
ported by the lack of a PCPA×CRF interaction. A separate two-
way ANOVA comparing SAL/SAL vs. PCPA/SAL revealed
that PCPA significantly increased PPI in this strain [F(1,20)=
5.796, p=0.026].

In BN rats alone (Fig. 3B), a three-way ANOVA indicated a
trend towards CRF decreasing PPI (p=0.069), with a Tukey's
post hoc test showing that this trend was due to 0.3 μg CRF
BN (B) rats. Values are shown as mean±SEM. WKY rats, n=11–12/group; BN
24 h prior to PPI testing. On testing day, rats received a single ICV infusion of
ed 30 min later. Prepulse intensities were 73, 76, 82, 85, and 88 dB. (A) ⁎pb0.01
vs. SAL/SAL. (B) ⁎⁎pb0.02 comparing all 0.3 μg CRF (ICV) vs. all SAL (ICV).



Fig. 4. PCPA enhanced the effect of CRF on startle amplitude in WKY rats. Values are shown as mean±SEM. WKY rats, n=11–12/group; BN rats, n=14–15/group.
⁎pb0.001 vs. SAL (IP); +pb0.001 vs. all SAL (ICV), based on a main effect, Tukey's test, and interactions described in the text.
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(p=0.066). No significant effect of PCPA pretreatment or
PCPA×CRF interaction was detected. There was a significant
prepulse intensity × PCPA interaction [F(4,324) = 2.411,
p=0.049], which was likely due to PCPA reducing PPI at the
four highest prepulse intensities only. A significant prepulse
intensity×CRF interaction [F(8,324)=2.403, p=0.016] was
likely due to a floor effect encountered at the lowest prepulse
intensity. Since there was only a trend for 0.3 μg CRF to
decrease PPI, a separate three-way ANOVAwas performed with
the 3.0 μg CRF groups removed from analysis. Here, 0.3 μg
CRF significantly reduced PPI in BN rats [F(1,54)=6.867,
p=0.011]. Once again, no significant effect of PCPA pretreat-
ment or PCPA×CRF interaction was detected. However, it must
Fig. 5. CRF dose-dependently increased activity in WKY (n=11–12/group) and BN
15 min prior to PPI testing. ⁎pb0.001 vs. all SAL (ICV), based on a main effect, T
be noted that PCPA/SAL and PCPA/0.3 μg CRF groups were
not significantly different in a separate two-way ANOVA.
Therefore, it cannot be conclusively stated that 0.3 μg CRF
decreased PPI despite PCPA pretreatment in BN rats, since
PCPA pretreatment alone decreased PPI at the three highest
prepulse intensities.

Analysis of startle amplitude data revealed a significant ef-
fect of PCPA pretreatment [F(1,142)=33.857, pb0.001], with
PCPA increasing startle amplitude in both rat strains (Fig. 4).
There was a significant effect of CRF infusion [F(2,142)=
14.750, pb0.001], with a Tukey's post hoc test showing that
3.0 μg CRF increased startle amplitude (pb0.001). A significant
interaction between strain and CRF [F(2,142)=5.657, p=0.004]
(n=14–15/group) rats. Values are shown as mean±SEM. Activity was assessed
ukey's test, and interactions described in the text.



Table 1
DA, DOPAC, 5-HT, and NE levels in the caudate putamen, frontal cortex, hippocampus, and hypothalamus of WKY and BN rats after PCPA pretreatment, CRF
infusion, and PPI testing

Treatment DA DOPAC 5-HT NE

Caudate putamen
WKY rats

Saline/Saline 5688±1138 (7) 1390±223 (8) 289±35 (8) 201±54 (8)
Saline/0.3 μg CRF 5668±1074 (7) 1981±365 (8) 219±41 (8) 135±34 (8)
Saline/3.0 μg CRF 7645±1020 (9) 2012±435 (6) 203±44 (9) 264±82 (9)
PCPA/Saline 6757±933 (6) 1313±197 (6) 64±12 (7)⁎ 126±29 (6)
PCPA/0.3 μg CRF 6610±1192 (9) 1436±241 (7) 62±14 (8)⁎ 119±29 (9)
PCPA/3.0 μg CRF 6732±831 (8) 1810±421 (6) 40±8 (8)⁎ 141±45 (6)

BN rats
Saline/Saline 9916±1019 (12)+ 3012±442 (10)+ 289±50 (12) 134±25 (12)
Saline/0.3 μg CRF 7617±1168 (10)+ 3230±620 (7)+ 312±34 (10) 129±29 (12)
Saline/3.0 μg CRF 9677±960 (10)+ 3221±385 (8)+ 250±52 (10) 140±28 (11)
PCPA/Saline 7829±849 (11)+ 3090±1013 (7)+ 52±10 (10)⁎ 145±39 (10)
PCPA/0.3 μg CRF 8273±874 (11)+ 1710±250 (7)+ 56±7 (11)⁎ 145±16 (8)
PCPA/3.0 μg CRF 8328±1237 (11)+ 2325±429 (7)+ 59±14 (9)⁎ 146±33 (8)

Frontal cortex
WKY rats

Saline/Saline 77±35 (4) 56±21 (8) 362±34 (7) 412±42 (10)
Saline/0.3 μg CRF 40±4 (5) 46±8 (6) 365±45 (7) 412±34 (9)
Saline/3.0 μg CRF 93±36 (6) 47±4 (6) 388±34 (9) 391±44 (9)
PCPA/Saline 39±9 (9)⁎ 23±4 (4)⁎ 65±17 (10)⁎ 287±12 (9)⁎

PCPA/0.3 μg CRF 29±9 (7)⁎ 16±2 (5)⁎ 56±8 (9)⁎ 311±22 (11)⁎

PCPA/3.0 μg CRF 47±11 (6)⁎ 23±2 (4)⁎ 60±10 (9)⁎ 292±23 (9)⁎

BN rats
Saline/Saline 76±42 (7) 37±12 (11) 426±19 (12) 343±33 (12)+

Saline/0.3 μg CRF 141±51 (9) 39±14 (8) 385±43 (10) 296±26 (11)+

Saline/3.0 μg CRF 57±15 (10) 36±4 (12) 397±24 (10) 321±17 (11)+

PCPA/Saline 24±4 (10)⁎ 21±2 (7)⁎ 76±10 (11)⁎ 267±22 (11)⁎,+

PCPA/0.3 μg CRF 46±23 (7)⁎ 23±7 (7)⁎ 64±6 (10)⁎ 253±36 (13)⁎,+

PCPA/3.0 μg CRF 23±5 (8)⁎ 29±3 (7)⁎ 105±19 (12)⁎ 256±20 (14)⁎,+

Hippocampus
WKY rats

Saline/Saline 57 (1) 9±2 (5) 93±13 (5) 298±50 (8)
Saline/0.3 μg CRF 61 (1) 9 (2) 130±32 (8) 333±52 (8)
Saline/3.0 μg CRF 22 (1) 10±1 (4) 106±14 (7) 314±28 (10)
PCPA/Saline 52 (1) 10±3 (4) 22±9 (6)⁎ 256±28 (9)⁎⁎

PCPA/0.3 μg CRF 25 (2) 9±2 (4) 12±1 (6)⁎ 261±38 (10)⁎⁎

PCPA/3.0 μg CRF 35 (2) 5 (2) 19±3 (5)⁎ 226±18 (9)⁎⁎

BN rats
Saline/Saline 22±10 (4) 12±4 (6) 228±74 (10) 211±28 (12)+

Saline/0.3 μg CRF 27±11 (5) 8±0.5 (3) 170±43 (9) 192±43 (9)+

Saline/3.0 μg CRF 32±9 (7) 8±1 (3) 95±13 (9) 217±27 (13)+

PCPA/Saline 23 (2) 6±1 (3) 20±4 (10)⁎ 160±31 (11)+

PCPA/0.3 μg CRF 16 (2) 8±0.5 (3) 68±37 (10)⁎ 202±36 (14)+

PCPA/3.0 μg CRF 15 (2) 11 (2) 64±29 (8)⁎ 204±38 (13)+

Hypothalamus
WKY rats

Saline/Saline 274±40 (8) 142±17 (9) 312±40 (8) 1680±205 (7)
Saline/0.3 μg CRF 263±37 (5) 133±23 (7) 384±38 (5) 1920±138 (8)
Saline/3.0 μg CRF 314±37 (9) 164±18 (8) 326±24 (9) 1647±49 (9)
PCPA/Saline 152±29 (7)⁎ 75±8 (9)⁎ 23±3 (8)⁎ 1519±191 (8)
PCPA/0.3 μg CRF 223±28 (8)⁎ 103±15 (9)⁎ 23±2 (9)⁎ 1674±122 (7)
PCPA/3.0 μg CRF 163±19 (7)⁎ 83±11 (9)⁎ 33±4 (6)⁎ 1766±140 (7)

BN rats
Saline/Saline 301±60 (11) 208±33 (11) 412±34 (11) 1823±142 (12)
Saline/0.3 μg CRF 245±44 (8) 106±12 (8)& 339±42 (9) 1771±189 (10)
Saline/3.0 μg CRF 269±40 (11) 117±10 (7)& 356±44 (12) 1789±163 (13)
PCPA/Saline 160±31 (10)⁎ 86±15 (8)⁎ 37±7 (12)⁎ 1486±83 (13)⁎

PCPA/0.3 μg CRF 158±16 (9)⁎ 95±21 (9)⁎ 35±5 (11)⁎ 1382±64 (13)⁎

PCPA/3.0 μg CRF 163±15 (12)⁎ 95±16 (9)⁎ 51±11 (12)⁎ 1287±71 (14)⁎

Treatment (ex. Saline/Saline) refers to Pretreatment (IP) /Treatment (ICV). Values are given in pg/mg of tissue (±SEM). Number of samples per group is given in
parenthesis (n) following monoamine values. ⁎pb0.01 vs. Saline (IP); ⁎⁎pb0.05 vs. Saline (IP); +pb0.001 vs. WKY rats; &pb0.05 vs. Saline/Saline.
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Fig. 6. (A and B). Mean (±SEM) startle amplitude (A) and percent PPI (B) in WKY rats from both experiments that received: 1) injection and infusion of saline
(SALINE, n=22); 2) saline injection and 3.0 μg CRF infusion in which CRF did not alter startle amplitude (CRF/LOW STARTLE, n=9); or 3) saline injection and
3.0 μg CRF infusion in which CRF increased startle amplitude (CRF/HIGH STARTLE, n=9). (A) ⁎pb0.001 vs. SALINE, based on a Tukey's test. (B) +pb0.01 vs.
SALINE, based on a Tukey's test. CRF decreased PPI in the group in which it did not increase startle.
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indicated that 3.0 μg CRF increased startle amplitude in WKY
rats only. A significant interaction between PCPA and CRF
[F(2,142)=4.276, p=0.016] revealed that 3.0 μg CRF increased
startle amplitude to a greater extent in PCPA-pretreated rats com-
pared to saline-pretreated rats. No significant effect of strain,
strain×PCPA interaction, or three-way interaction was detected.

Analysis of general activity data showed a significant effect
of rat strain [F(1,144)=70.291, pb0.001], with BN rats show-
ing more activity (Fig. 5). There was a significant effect of CRF
infusion [F(2,144)=26.404, pb0.001], with a Tukey's post hoc
test showing that, overall, both doses of CRF increased activity
(pb0.001). There was no significant effect of PCPA pretreat-
ment. A significant rat strain×CRF interaction [F(2,144)=
14.926, pb0.001] indicated that both doses of CRF increased
activity in BN rats while only the 0.3 μg dose increased ac-
tivity in WKY rats. A significant rat strain×PCPA interaction
[F(1,144)=7.681, p=0.006] showed that PCPA pretreatment
tended to increase activity in WKY rats and decrease activity in
BN rats. A significant PCPA×CRF interaction [F(2,144)=
3.553, p=0.031] revealed that 0.3 μg CRF increased activity to
a greater extent in saline-pretreated rats while 3.0 μg CRF
increased activity to a greater extent in PCPA-pretreated rats.
There was no three-way interaction.

Results from the analysis of DA, DOPAC, 5-HT, and
NE levels using HPLC are shown in Table 1. For the sake of
brevity, only significant main effects and interactions are re-
ported in the text. In the caudate putamen, PCPA pretreat-
ment significantly reduced 5-HT levels by 78% [F(1,98)=
107.485, pb0.001]. There were significant effects of rat strain
on DA levels [F(1,99)=11.269, p=0.001] and DOPAC levels
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[F(1,75)=16.294, pb0.001], with BN rats exhibiting 32%
more DA and 67% more DOPAC than WKY rats. When the
ratio of DOPAC/DA was calculated for each strain, WKY rats
had a ratio of 30.15±4.55 and BN rats had a ratio of 42.88±
4.69. An independent t-test revealed a trend for BN rats to
exhibit increased DA utilization [t(63)=−1.940, p=0.057].

In the frontal cortex, PCPA pretreatment significantly re-
duced 5-HT levels by 82% [F(1,104)=502.865, pb0.001].
PCPA pretreatment also decreased DA levels by 57% [F(1,76)=
8.935, p=0.004], DOPAC levels by 48% [F(1,73)=10.545,
p=0.002], and NE levels by 23% [F(1,117) = 25.094,
pb0.001]. A significant effect of rat strain on NE levels
[F(1,117)=13.138, pb0.001] indicated that BN rats had low-
er levels of NE (17% reduction) in the frontal cortex com-
pared to WKY rats.

In the hippocampus, PCPA pretreatment significantly re-
duced 5-HT levels by 77% [F(1,81)=21.039, pb0.001]. There
was also a significant effect of PCPA pretreatment on NE
levels [F(1,114)=4.238, p=0.042]. However, separate two-
way ANOVAs conducted on each strain revealed that PCPA
decreased NE levels by 21% inWKY rats only [F(1,48)=5.086,
p=0.029], and not in BN rats. There was a trend for BN rats to
exhibit higher levels of 5-HT in this brain region (p=0.054).
However, when a separate two-way ANOVA was conducted
comparing WKY rats that received IP saline to BN rats that
received IP saline, 5-HT levels in BN rats were not significantly
different from WKY rats. A significant effect of strain on NE
levels [F(1,114)=16.239, pb0.001] was observed, with BN
rats exhibiting lower levels of NE (30% reduction) in the hip-
pocampus compared to WKY rats.

In the hypothalamus, PCPA pretreatment significantly reduced
5-HT levels by 91% [F(1,100)=383.376, pb0.001]. PCPA pre-
treatment also decreased DA levels by 39% [F (1,93)=24.037,
pb0.001] and DOPAC levels by 38% [F(1,91)=25.093,
pb0.001]. For DOPAC, there was a significant PCPA×CRF
interaction [F(2,91)=3.826, p=0.025] and a trend towards a rat
strain×CRF interaction (p=0.059), indicating that CRFdecreased
DOPAC in BN rats that received an IP injection of saline but not
PCPA. There was also a significant effect of PCPA pretreatment
on NE levels [F(1,109)=10.281, p=0.002] and a significant
strain×PCPA interaction [F(1,109)=3.963, p=0.049], indicating
that PCPA decreased NE levels by 23% in BN rats only.

3.3. CRF-induced decreases in PPI occur without increases in
startle amplitude

CRF decreased PPI in WKY rats in which it did not increase
baseline startle amplitude (Fig. 6). Analysis of startle ampli-
tude data comparing SALINE vs. CRF/LOW STARTLE vs.
CRF/HIGH STARTLE showed a significant effect of group
[F(2,37)=28.530, pb0.001], with a Tukey's post hoc test
showing that the CRF/LOW STARTLE group had compar-
able startle amplitude to SALINE (pN0.05) while the CRF/
HIGH STARTLE group had significantly greater startle am-
plitude compared to SALINE (pb0.001) (Fig. 6A). A two-
way ANOVA revealed a significant effect of group on PPI
[F(2,37)=8.839, p=0.001], with a Tukey's post hoc test show-
ing that both CRF/LOW STARTLE (p=0.009) and CRF/HIGH
STARTLE (p=0.003) groups had significantly diminished PPI
compared to SALINE (Fig. 6B). Thus, 3.0 μg CRF decreased
PPI in WKY rats whether a CRF-induced increase in startle was
absent or present.

4. Discussion

Since CRF can increase 5-HT release and drugs that cause
5-HT release, or are 5-HT1A, 5-HT1B, or 5-HT2 receptor ag-
onists, reduce PPI, we tested the hypothesis that CRF decreases
PPI indirectly via its effects on 5-HT inWKYand BN rats. Two
experiments were conducted to test this possibility. The first
experiment examined the effects of the 5-HT2A/C receptor
antagonist, ketanserin, on the disruption in PPI caused by CRF.
The second experiment investigated the effects of 5-HT de-
pletion using the 5-HT synthesis inhibitor, PCPA, on the CRF-
induced decrease in PPI. Additionally, monoamine content in
the caudate putamen, frontal cortex, hippocampus, and hypo-
thalamus, as well as time spent active, was assessed.

Results from the first experiment reveal that ICV CRF does
not reduce PPI via its effects on 5-HT acting at 5-HT2A/C

receptors since blockade of these receptors with ketanserin did
not affect the CRF-induced decrease in PPI in either rat strain.
Ketanserin treatment alone did not affect PPI in either strain,
which is consistent with other studies in which rats were admin-
istered the same dose of ketanserin (Nanry and Tilson, 1989;
Sipes and Geyer, 1994; Varty and Higgins, 1995). Interestingly,
in a study by van der Elst and colleagues, ketanserin pre-
treatment did not block the decrease in PPI caused by cocaine,
an indirect DA agonist (van der Elst et al., 2006). These two
pieces of evidence suggest that neither CRF nor DA act in-
directly via their effects on 5-HT acting at 5-HT2A/C receptors to
modulate PPI.

The effects of ketanserin and CRF treatments on the acoustic
startle response were also examined. In saline-injected WKY
rats, 3.0 μg CRF increased startle amplitude (Conti et al., 2002),
and this effect was blocked by ketanserin pretreatment, in-
dicating that a single dose of ketanserin (2.0 mg/kg) was suf-
ficient to block a CRF-induced change in behavior. In saline-
injected BN rats, 0.3 μg CRF decreased startle amplitude (Conti
et al., 2006) and this effect was not blocked by ketanserin
pretreatment. Thus, it may be that CRF-induced increases in
startle amplitude depend on 5-HT acting on 5-HT2A/C receptors
while CRF-induced decreases in startle amplitude do not, sug-
gesting different pathways for CRF mediating increases and
decreases in the startle response.

The dose of ketanserin used in this study (2.0 mg/kg) was
chosen based on previously published reports demonstrating
behavioral effects. For example, Sipes and Geyer (1994) ob-
served that 2.0 mg/kg ketanserin blocks the decrease in PPI
cause by a 5-HT2A/C agonist, demonstrating that this dose of
ketanserin effectively antagonizes both 5-HT receptor sub-
types. Additionally, a single dose of ketanserin (2.0 mg/kg) at-
tenuates the reduction in PPI caused by dizocilpine, a non-
competitive NMDA receptor antagonist (Varty and Higgins,
1995), suggesting an interaction between the glutamatergic
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system and 5-HT2A/C receptors in regulating PPI. In this same
study, ketanserin reversed the dizocilpine-induced hyperac-
tivity, indicating that 2.0 mg/kg ketanserin alters non-startle-
related behaviors as well. The finding from our own study
that ketanserin blocks the 3.0 μg CRF-induced increase in
startle in WKY rats further validates our choice of ketanserin
dose.

Since it appears that CRF does not reduce PPI via effects on
5-HTacting at 5-HT2A/C receptors, 5-HT levels were depleted in
the second experiment to assess whether reduced activation at
all 14 5-HT receptor subtypes would alter the ICV CRF-induced
decrease in PPI. Results from this experiment reveal that it is
unlikely that CRF reduces PPI via effects on 5-HT, as PCPA
pretreatment did not attenuate the CRF-induced decrease in PPI
in either WKY or BN rats. However, PCPA pretreatment alone
decreased PPI at the three highest prepulse intensities (82, 85,
and 88 dB) in BN rats. Although it appeared that 0.3 μg CRF
further reduced PPI in the PCPA-pretreated BN rats, this de-
crease was not significant. This apparent lack of an effect of
CRF is likely due to a floor effect caused by PCPA pretreatment,
such that PPI could not be further reduced by CRF to such an
extent as to be statistically significant. The issue of a floor effect
also indicates that BN rats are not well-suited for use in exper-
iments in which multiple treatments reduce PPI, since PPI under
basal conditions is significantly reduced compared to WKY rats
(Palmer et al., 2000).

Interestingly, 5-HT depletion increased PPI in WKY rats and
decreased PPI at certain prepulse intensities in BN rats. PCPA
decreases PPI in male Sprague–Dawley rats (Fletcher et al.,
2001; Prinssen et al., 2002), similar to our findings in BN rats.
We did observe that PCPA treatment decreased NE levels in the
hippocampus of WKY rats only and this may help explain the
differential effect of PCPA on PPI in the two rat strains. In
addition to 5-HT, NE modulates PPI, with α1-adrenergic re-
ceptor agonists reducing PPI (Alsene et al., 2006; Carasso et al.,
1998). Thus, reduction of NE in the hippocampus may have the
opposite effect of an α1-adrenergic receptor agonist and cause
the increase in PPI observed in WKY rats.

The effects of PCPA and CRF treatments on the startle re-
sponse were also examined. High dose CRF (3.0 μg) increased
startle amplitude in WKY rats and did not alter startle amplitude
in BN rats, as previously shown (Conti et al., 2002). Inter-
estingly, combined PCPA/3.0 μg CRF treatment greatly in-
creased startle amplitude in WKY rats, suggesting that the two
treatments had a synergistic effect on startle. Thus, it is possible
that 5-HT serves to counteract an effect of CRF on startle. It is
curious that in the present experiments, ketanserin, a 5-HT2A/C

receptor antagonist, blocked the effect of CRF on startle while
5-HT depletion enhanced the effect. One possibility is that 5-
HT, acting at receptors other than the 5-HT2A/C subtype, has an
inhibitory effect on startle.

CRF increases grooming, as well as general activity, in rats
kept in a familiar environment (Dunn and Berridge, 1990; Jones
et al., 1998). In the PCPA experiment, CRF-induced increases in
activity (including grooming, locomotion, burrowing, rearing,
and chewing) were examined. In saline-injected BN rats, doses
of CRF that increased activity (0.3 and 3.0 μg) also diminished
PPI. Interestingly, in saline-injected WKY rats, CRF increased
activity at a dose that did not decrease PPI (0.3 μg) and decreased
PPI at a dose that did not affect activity (3.0 μg), similar to our
previous findings on grooming (Conti et al., 2002) and activity
(Conti, 2005). Thus, the observation that WKY rats appear to
be less sensitive to the PPI-reducing effects of CRF cannot be
explained by an overall reduction in behavioral sensitivity to
CRF.

After completion of PPI testing in the PCPA experiment, the
caudate putamen, frontal cortex, hippocampus, and hypothala-
mus were removed. Levels of DA, DOPAC, 5-HT, and NE were
analyzed by HPLC. Injection of the 5-HT synthesis inhibitor,
PCPA, for two consecutive days prior to PPI testing greatly
reduced 5-HT levels in all four brain regions. It must be noted
that PCPA treatment did not completely abolish the presence of
5-HT in these brain regions. Thus, a certain amount of PPI reg-
ulation by 5-HT was possible. However, the fact that a roughly
80% reduction in brain 5-HT did not even slightly attenuate the
CRF-induced decrease in PPI in our studies suggests that CRF
reduced PPI independently of its effects on 5-HT. PCPA treat-
ment also decreased other monoamine levels, albeit to a lesser
extent than 5-HT, as previously observed (Koe and Weissman,
1966; Yang and Pan, 1999). However, it does not appear that the
effects of PCPA on DA, DOPAC, and NE altered the effects of
CRF on PPI.

Strain differences were also revealed with respect to mono-
amine levels. BN rats had higher DA and DOPAC levels, as
well as increased DA utilization, in the caudate putamen com-
pared to WKY rats. Since DA receptor agonists (Mansbach
et al., 1988; Swerdlow et al., 1991) and drugs that increase
extracellular DA concentrations (Byrnes and Hammer, 2000;
Martinez et al., 1999) decrease PPI, perhaps increased DA
levels and utilization in the caudate putamen contribute to the
reduced PPI observed in BN rats under basal conditions (Conti
et al., 2002; Palmer et al., 2000). However, administration of
haloperidol, a DA receptor antagonist, did not enhance PPI in
BN rats (Conti et al., 2005). BN rats also had less NE in the
frontal cortex and hippocampus than WKY rats. It is also un-
likely that reduced NE levels in these brain regions contribute to
the diminished PPI in BN rats since α1-adrenergic receptor
agonists reduce PPI (Alsene et al., 2006; Carasso et al., 1998)
and lower NE levels may have the opposite effect of an α1-
adrenergic agonist. Thus, the reasons for the BN strain exhib-
iting diminished baseline PPI remain unknown.

One of the problems inherent in studying PPI occurs when
experimental treatments alter baseline startle amplitude. Davis
demonstrated that apparent decreases in percent PPI may be
due solely to drug-induced increases in baseline startle (Davis,
1988). One technique has been successfully employed to cir-
cumvent this issue and involves subjecting the data from drug-
treated animals to a median split on the basis of startle am-
plitude. This results in the formation of two groups: one in
which the drug treatment increases startle amplitude and one in
which the drug treatment does not increase startle amplitude
(Conti et al., 2006). In this study, we found that 3.0 μg CRF,
when infused ICV into WKY rats, either elevated (CRF/HIGH
STARTLE), or did not affect (CRF/LOW STARTLE), baseline
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startle amplitude when compared to a saline-treated control
group (SALINE). Most importantly, both CRF/LOW STAR-
TLE and CRF/HIGH STARTLE groups had significant re-
ductions in PPI compared to the SALINE group. Thus, CRF
decreased PPI in a group of rats without affecting startle
amplitude. The ketanserin experiment offers further evidence
that CRF decreases PPI without increasing startle amplitude.
In WKY rats, 3.0 μg CRF reduced PPI despite the fact that
ketanserin pretreatment blocked the CRF-induced increase in
startle.

This is the first study to our knowledge to examine possible
interactions between CRF and 5-HT in modulating PPI.
However, other groups have studied this interaction with re-
spect to non-startle-related behaviors, including performance
in the elevated plus maze, acquisition of learned helplessness,
and grooming. For example, ICV infusion of CRF increases
anxiety-like behavior in the elevated plus maze, as indicated by
a decrease in the time spent in the open arms of the maze and the
number of open arm entries. Pretreatment with 8-OH-DPAT, a
5-HT1A receptor agonist, attenuates the anxiety-like behavior
produced by CRF (Kagamiishi et al., 2003). Exposure to un-
controllable stress is essential for the development of learned
helplessness (Maier and Watkins, 2005). Injection of a non-
selective CRF receptor antagonist into the DRN, a primary
site of forebrain-projecting serotonergic neurons (Jacobs and
Azmitia, 1992), prior to uncontrollable stress exposure prevents
the acquisition of learned helplessness (Hammack et al., 2002).
Additionally, infusion of CRF into the DRN mimics the ef-
fects of uncontrollable stress, resulting in learned helplessness
(Hammack et al., 2002) and this effect appears to be mediated
by CRF2 receptors in the DRN (Hammack et al., 2003). Temel
and colleagues found that 5-HT depletion does not affect CRF-
induced grooming (Temel et al., 2003). Thus, it appears that
CRF and 5-HT interact to mediate some behaviors (anxiety in
the elevated plus maze, learned helplessness) and not others
(grooming, PPI, general activity). The present results suggest
that CRF and 5-HT interact to mediate the acoustic startle re-
sponse in a manner that depends on the rat strain being exam-
ined, the dose of CRF being infused, and perhaps the 5-HT
receptor subtype being affected.

Interestingly, WKYand BN rats differ in their behavior in the
elevated plus maze and in their susceptibility to learned help-
lessness. For example, WKY rats exhibit greater anxiety-like
behavior in the elevated plus maze, as they spend significantly
less time in the open arms of the maze compared to BN rats
(Berton et al., 1997; Ramos et al., 1997). WKY rats are also
highly susceptible to learned helplessness while BN rats show a
complete lack of susceptibility (Wieland et al., 1986). It would
be interesting to examine whether CRF and 5-HT interact to
mediate these behaviors in a manner similar to those observed in
other rat strains, even though CRF and 5-HT do not interact to
mediate PPI in WKY and BN rats.

In conclusion, our results show that ICV CRF decreases PPI
in both WKYand BN rats and that neither blockade of 5-HT2A/C

receptors nor 5-HT depletion attenuates this decrease. Thus, it
appears that CRF does not decrease PPI indirectly via its ef-
fects on 5-HT in either of these two rat strains. However, it
is important to keep in mind that 14 distinct 5-HT receptor
subtypes exist (Nestler et al., 2001). Thus, examining whether
other selective 5-HT receptor antagonists block the CRF-
induced decrease in PPI would identify any possible interac-
tions that may exist between CRF and 5-HT in modulating PPI.
CRF and 5-HT do appear to interact to modulate the startle
response in WKY rats, since ketanserin pretreatment blocked
the CRF-induced increase in startle. We uncovered differences
in monoamine levels between the two rat strains, with BN rats
exhibiting higher levels of DA and DOPAC in the caudate
putamen, and lower levels of NE in the frontal cortex and hip-
pocampus compared to WKY rats. Importantly, we showed that
CRF decreases PPI in the absence of an increased startle re-
sponse in WKY rats, which is critical for proper interpretation
of the data.
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