
Pharmacology, Biochemistry and Behavior 94 (2009) 8–15

Contents lists available at ScienceDirect

Pharmacology, Biochemistry and Behavior

j ourna l homepage: www.e lsev ie r.com/ locate /pharmbiochembeh
PRX-00023, a selective serotonin 1A receptor agonist, reduces ultrasonic
vocalizations in infant rats bred for high infantile anxiety

Susan A. Brunelli a,b,⁎, Jessica A. Aviles c,1, Kimberly S. Gannon d,2, Aron Branscomb e,3, Sharon Shacham d

a Division of Developmental Neuroscience, New York State Psychiatric Institute, 1051 Riverside Drive, New York, NY 10032, USA
b Department of Psychiatry, Columbia University College of Physicians & Surgeons, 1051 Riverside Drive, New York, NY 10032, USA
c Saint Francis Preparatory School, Fresh Meadows, NY 11354, USA
d EPIX Pharmaceuticals, Inc., 4 Maguire Road, Lexington, MA 02421, USA
e Developmental Psychobiology Postdoctoral Fellowship Program, Columbia University College of Physicians & Surgeons, New York, NY 10032, USA
⁎ Corresponding author. Division of Developmental
versity College of Physicians & Surgeons, 1051 Riversid
USA. Tel.: +1 212 543 5711; fax: +1 212 543 6922.

E-mail addresses: sab9@columbia.edu (S.A. Brunelli)
jessica.a.aviles@vanderbilt.edu (J.A. Aviles), kgannon@e
aronbranscomb@qc.cuny.edu (A. Branscomb).

1 Present address: Vanderbilt University, PMB 350
Nashville, TN 37235, USA.

2 Present address: Eolas Biosciences Boston MA, USA.
3 Present address: Department of Biology, City Uni

College, 65-30 Kissena Blvd. Flushing, NY 11367, USA.

0091-3057/$ – see front matter © 2009 Elsevier Inc. Al
doi:10.1016/j.pbb.2009.06.014
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 10 December 2008
Received in revised form 20 June 2009
Accepted 23 June 2009
Available online 2 July 2009

Keywords:
Anxiety
Depression
Genetic model
Rat
Ultrasonic vocalizations
Selective breeding
Development
5-HT1A receptor
To address the development of early anxiety disorders across the lifespan, the High USV line of rats was bred
based on rates of infant ultrasonic vocalization in the 40–50 kHz range of predominant frequencies (USV) to
maternal separation at postnatal day (P) 10. In this study, rates of USV in High line infants (pups: Postnatal
Day 11±1) were compared to those of randomly-bred controls in response to EPIX compound PRX-00023, a
unique serotonin (5-HT) agonist, acting exclusively at the 5-HT1A receptor, or buspirone, a nonspecific
5HT1A agonist. After testing, pups were examined for sedation and other drug-related effects. The results
indicated that all doses of buspirone reduced USV rates in isolation, consistent with other reports. PRX-00023
significantly reduced USV rates at the lowest doses (0.01–0.05 mg/kg). None of the PRX-00023 doses
produced sedation, whereas all but the lowest dose of buspirone (0.1 mg/kg) produced sedation effects. The
results suggest that this compound alleviates infantile anxiety-like behavior with great specificity in rats bred
for high anxiety/depressive phenotypes by selectively targeting 5-HT1A receptors, possibly by both pre- and
post-synaptic mechanisms.

© 2009 Elsevier Inc. All rights reserved.
1. Introduction

Anxiety is one of the most common and disabling psychiatric
disorders among adults and children (Baldwin and Polkinghorn,
2005).The developmental origins of anxiety may have links to genetic
factors that have been shown to have a role in anxiety disorders
(Weissman et al., 1997). Family genetic-association studies show that
anxiety disorders are elevated in children of parents with anxiety and
depressive disorders (Weissman et al., 2006). Moreover, higher rates
of anxiety disorders in childhood predict both anxiety and depressive
disorders in adulthood, and it is more likely that these adults will pass
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on the disorder to their children, thus completing the cycle (Schwartz
et al., 1999; Weissman et al., 2006).

Decades of pharmacological studies havedemonstrated that ultrasonic
cries in the 40–50 kHz range of predominant frequencies in separated,
isolated rat pups reflect a primitive form of infantile anxiety; these cries
are potently reduced by drugs targeting the serotonin (5-hydroxytrypta-
mine, or 5-HT) system (see Brunelli and Hofer, 2001 for review). Recent
studies have also shown that USVs are not by-products of either attempts
to increase or reduce thermal effects of cold or to increase blood pressure
and blood flow to the heart (Blumberg et al., 1992; Blumberg et al., 2001;
Hofer and Shair, 1993; Shair and Jasper, 2003).

As a model for inherited anxiety disorders having their first
expression in childhood, this laboratory has bred adult rats for high or
low rates of cries in the ultrasonic (40–50 kHz) range in infancy in
response to separation from the mother (dam) in a novel environment
(Brunelli, 2005). As shown in Fig.1 over 20 generations, High line infant
USV rates rose 4-fold over randomly-bred (Random line) rats and these
rates have beenmaintained consistentwith the hypothesis that the USV
phenotype is highly heritable. The developmental continuity of affective
dysregulation in High line adults has been demonstrated as anxiety and
depression-like behaviors in standard laboratory tests (Brunelli and
Hofer, 2007; Zimmerberg et al., 2005). In this respect, High line infant
and adult phenotypes resemble those found in human family-genetic
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Fig. 1. Results of selective breeding across 20 generations in High, Low and Random
(control) lines. The high or low phenotype selected was based on the total number of
USVs emitted during 2-minutes isolation at room temperature. TheHigh line is indicated
by filled triangles, the Low line by open circles, and the Random line by filled squares.
Values are for litter means: the number of litters tested per generation in each line
ranged from: 14–39 (median=28) for Highs; 17–32 (median=22) Randoms 14–44
(median=28.5) Lows. With permission from Behavior Genetics, 2005; 35(1): 53–65.
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studies, in that child anxiety phenotypes tend to resolve into depressive
disorders in adulthood (Leonardo and Hen, 2008; Weissman et al.,
2006).

The serotonin system has long been known to be involved in affective
regulation in humans and animals. Selective serotonin reuptake inhibitors
(SSRIs) are first-line treatment medications for depression and anxiety
disorders in adults and children. Althoughgenerallywell tolerated, a small
percentage of children and adolescents suffer from adverse neuropsy-
chiatric effects such as behavioral activation (hyperactivity, irritability,
impulsivity, talkativeness), and SSRIs may even increase suicidal ideation
and behavior in some adolescents (Hammad, 2004; Hammad et al., 2006;
Kaizar et al., 2006; Murphy et al., 2008; Olfson et al., 2003; Zuckerman
et al., 2007). The azapirones such as buspirone, another class of anxiolytics
targeting the 5-HT1A serotonin receptors, have also been used as
anxiolytics in adults and in children with generalized anxiety disorder
(Allgulander et al., 2003; Hidalgo et al., 2007). Although buspirone is
generally safe and well tolerated in adults, a large, multi-site study of its
pharmacokinetics and tolerability found that ahighpercentageof children
and adolescents reported one or more adverse events such as light-
headedness (68%), headache (48%), anddyspepsia (20%)at lowdoses, and
other adverse effects leading to study termination at higher doses (Salazar
et al., 2001). Thus, children and adolescents appear to be highly sensitive
to the adverse effects of both SSRIs and azapirones.

PRX-00023 is a highly selective 5-HT1A agonist (IC50~20 nM) that
is not a member of the azapirone class and has minimal alpha-
adrenergic cross-reactivity. PRX-00023 was developed in silico by 3-
dimensional computer modeling (Becker et al., 2006). In clinical trials
PRX-00023 has proven to be safe and well-tolerated in adults in doses
ranging from 10 mg/kg to 150 mg/k (Iyer et al., 2007; Rickels et al.,
2008). Preclinical tests of adult rodents show that PRX-00023 potently
reduces depressive- and anxiety-like behavior with a high degree of
tolerability (Becker et al., 2006; De Paulis, 2007). However, its effects
in infant anxiety models like USV are as yet completely unknown.

In this study itwashypothesized that PRX-00023wouldactpotently to
reduceHigh linepupUSV rateswith few, if anyothereffects onbehavioror
physiology. It was also hypothesized that the High line would be more
sensitive to the anxiety-reduction effects of 5-HT1A agonists compared to
the Random line. If PRX-00023 was found to reduce high rates of USV in
High line rat pups without harmful side effects it could potentially be a
new treatment for anxiety disorders in children.
2. Methods

2.1. Subjects

Twenty-four litters of 5–8 pups in each strain of rats (High and
Random) were tested for USV rates in isolation. Birth was designated
as Postnatal Day (P) 0. Within 48 h after birth, all litters were culled to
8 pups (range 4–9) with equal numbers of females and males as
possible. Overall, 510 pups were used. Animals were housed in
polyethylene cages (40×20×24 cm)with shavings and providedwith
food and water ad lib in the temperature- and humidity-controlled
animal quarters, in a 12:12 h light /dark cycle (lights on from 0600–
1800 h).

2.2. Drugs and doses

PRX-00023 and buspirone were supplied by the EPIX Corporation
(Lexington, Massachusetts). Drugs were dissolved in saline vehicle
prior to injections. Each pup was injected in the intraperitoneal space
(i.p.) with one of several doses of PRX-00023 (0.01, 0.03, 0.05, 0.1, 0.3,
1.0, and 3.0 mg/kg in saline, for a total volume of 0.1 mg/kg). Within
each litter two littermates, though occasionally one, received the same
dose of a compound. Because of the distribution of pups in litters used,
no Random line pups were tested with PRX-00023 at 3.0 mg/kg for
comparison to vehicle.

Buspirone was used as the positive control for PRX-00023.
Buspirone is a 5-HT1A agonist, characterized by rapid absorption,
low oral bioavailability due to extensive first-pass metabolism, and a
short half-life of 2 to 4 h (Edwards et al., 2006). Buspirone also has
activities at other receptors (e.g., the α-adrenergic receptor and
dopamine D2 receptor) that cause effects such as nausea, headache,
nervousness, restlessness and dizziness (Becker et al., 2006).
Buspirone has also been shown to have potent sedative properties
in infant rats andmice, as shown by the righting reflex and latencies to
turn upright on an inclined plane (Kehne et al., 1991).

The doses of buspirone chosen (0.1, 0.3, and 1.0, 3.0 mg/kg, in a
volume of 0.1 ml saline/gram pupweight) were based on a range of its
effects on USV and other measures tested in separated rat pups
(Olivier et al., 1998; Mos and Olivier, 1989). In adult rats both
buspirone and PRX-00023 achieve their anxiolytic effects at doses
ranging from 1 to 20 mg/kg (De Paulis, 2007). Saline was used as a
vehicle control.

2.3. USV test procedure

Testing for isolation-induced USV was done on P11 (±1 day),
between 1000 and 1600 h. The damwas removed from the home cage
20min before testing, and the covered home cage containing the litter
of pups was carried into the test room. A thermostatically controlled
heat source was placed under the home cage floor to maintain pup
temperature at normal nest levels (35–37 °C). Because USV rates are
influenced by ambient and body temperature, and because buspirone
reduces pup temperature in a dose–response fashion (Olivier et al.,
1998), pups' temperatures were taken in the home cage before
injection; 30min after injection, immediately before being placed into
the test cage; and immediately after testing, to observe the magnitude
of this effect in the two drugs. The protocol used is as follows. Just
before injection, each pup was picked up and axillary temperature
(pre-injection temperature) was taken by gentle insertion of the side
of a microprobe (Physitemp I-18 attached to a Physitemp BAT-10
digital thermometer) in the skin pocket between the upper foreleg
and chest wall of the animal. The pup was then immediately weighed
and injected with one drug dose by weight (0.1 mg/kg of pup weight)
and then marked with a non-toxic permanent marker for identifica-
tion. The animal was then replaced in the litter pile. After a 30-minute
post-injection interval, the pup was picked up off the litter pile, the
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pre-test axillary temperature was taken as before and then the pup
was placed immediately into a test chamber (18 cm×20 cm×21 cm)
with the floor marked in a grid of six equal squares. After the test, the
pup's post-test axillary temperature was measured as before; the
ambient temperature of the test cage was also measured. Pups were
tested in the order in which they were injected. Pups were tested in
the chamber for a total of 2 m. Pilot data have shown a high, (r=0.86,
p, 0.01), correlation between USV totals at 2 and at 6 min, indicating
stability in this response. The test room temperature varied (21–
23 °C) within the limits allowed by the laboratory building's heating
system (Brunelli et al., 1997; Wiedenmayer and Barr, 2001).

2.4. Ultrasound detection and behavioral measurement

To detect USVs, a microphone attached to a bat detector set in the
broadbandmodewas suspended 20 cmabove the cage floor (Pettersson
Elektronik AB, Sweden). This circuitry responds to the dominant
frequency in the 10–100-kHz range, transducing it to an audible signal,
and does not depend on prior tuning to a specific frequency. Earphones
were used to avoid feedback effects on pups. Each instance of these
audible callswas countedbypressing a button that activated a soundless
electric counter. A second observer noted the cumulative number of
those USV counts every 15 s. This method has been highly reliable for
over more than 25 years of testing with an inter-observer correlation in
the range of r=0.95–0.97 (Brunelli et al., 1996; Hofer and Shair, 1978;
Brunelli, unpublished data). USV rates counted by hand are also highly
correlated with electronically recorded measurements of USV rate
(r≥0.98, unpublished data preparatory to studies byMyers et al., 2004).
Similarly, each instance of a behavior measured was identified by the
first observer and noted by the second observer within the same 15-s
time frame. These measures consisted of the number of rears, face
washes, defecation/urination, and number of squares crossed in the test
cage (as a measure of activity) by the pup. The frequency of freezing
during isolation is extremely low; in our experience too low to detect
differencesbetweengroups outsideof the context of exposure to strange
adult males (see Brunelli et al., 1998). Freezing noted anecdotally in
isolation was virtually absent, and was therefore not reported.

Since at P11 (±1 day) pups do not have full use of their hind legs, a
second measure of activity called “turn in square” was counted, in
which the pup makes a 360-degree pivot of the front part of the body
around its haunches (Brunelli et al., 1997). As measures for side effects
of drugs, the presence or absence of head-weaving was noted (Fish
et al., 2000; Darmani and Ahmad, 1999; Jackson and Kitchen, 1989;
Shayit et al., 2003).

2.5. Negative geotaxis

Twonegative geotaxis behaviorswere used asmeasures of sedation
(Fish et al., 2000). First, immediately after post-isolation axillary
temperature measurement, each pup was placed on its back and the
latency (in tenths of seconds) to flip onto its ventrum was recorded.
Then each pup was placed head-down at a 30° angle on an inclined
plane covered with fine-gauge screening. Second, the latency to turn
180° around from a head-down to a head-up position was measured,
with a cut-off time of 60 s. After these two tests, pupswere placed back
onto the litter pile. The presence or absence (as 1/0) of ultrasonic
vocalizations was noted in each pup during these negative geotaxis
tests. All procedures were done with the approval of New York State
Psychiatric Institute Institutional Animal Care and Use Committee.

2.6. Data analysis

Data recorded during testing were entered into a database prog-
ram (SYSTAT: Wilkinson, 1997). After initial tests for the effects of sex
onweight and USV rates in individual pups (see Results), means were
taken of each pair of same-sex pups injected with the same dose of
drug within each litter. Multivariate ANOVA analyzed main effects of
selected line and drug conditions, with sex, weight and age covaried,
followed by post-hoc Dunnett comparisons between vehicle and drug
conditions (Systat Version 11.0) For line×drug interactions, within
each line one-way ANOVAs, followed by post-hoc Dunnett compar-
isons tested the effects of each drug dose against vehicle. Yates-
corrected Chi Squarewas used to test for differences in the frequencies
of ordinal variables such as the presence/absence of vocalizations on
the inclined plane, of head-weaving, and of in-coordination during
testing.

3. Results

3.1. Pup weights

Preliminary to analysis of USV, a 3-way ANOVA analyzed the
independent effects of Age, Line and Sex on individual pup weights,
using litter as a covariate. The 3-way model indicated significant main
effects of Line, F(1,502)=60.66, pb0.01; Sex, F(1,502)=5.16, p=0.02;
Age, F(2, 502)=16.32, pb0.01; and a Line×Age interaction, F(2,502)=
3.00, p=0.05, with litter as a significant covariate, F(1,502)=32.48,
pb0.001. Random line pups weighed more than High line pups;
male pups weighed more than female pups; pups at 10 days of age
weighed less than pups at 11 and 12 days of age (Dunnett psb0.001).
With respect to pup age, a similar analysis found no Line, Sex or
Line×Sex interaction effects; however, litter was a significant
covariate, indicating significant differences in litter weights inde-
pendent of other effects. Therefore, mean litter values for each sex
and drug condition were used as the unit for all subsequent analyses
(Zorrilla, 1997). Because weight can have direct effects on body
temperature and therefore indirectly on other behaviors in isolation
(Brunelli and Hofer, 1996), the effects of weight, age and sex were
tested as covariates in all subsequent ANOVAs.

3.2. Pup temperatures

A repeated measures ANOVA for pre-injection, pre-test, and post-
test axillary temperatures indicated a significant effect of Drug
Condition, F(8,387)=7.74, pb0.001 (Table 1). There were no
significant main effects of Line or interactions with Line. A significant
within-subjects effect, F(2,774)=29.12, pb0.001, indicated that pre-
injection axillary temperatures were significantly higher than pre-test
and post-test axillary temperatures. A significant within-subjects
interactionwith Drug Condition, F(16, 770)=8.98, pb0.001, indicated
that buspirone reduced pre- and post-axillary temperatures as dosage
increased (Fig. 2a). A significant within-subjects interaction with Age,
F(2,386)=6.96, pb0.01, indicated that for 10-day-old pups, pre- and
post-test axillary temperatures were significantly lower than 11- and
12-day-old pups, psb0.01, and similarly 11-day-old pup pre-/post-
axillary pup axillary temperatures were lower than 12-day-old pups,
psb0.01 (Fig. 2b). On its own, weight was a significant contributor
to axillary temperature, F(1,387)=85.05, p=0.001, so that smaller
pups had lower pre-injection axillary temperatures than heavier pups
regardless of Line or Drug Condition (Table 1). A significant within-
subject interaction with weight, F(2,386)=14.04, pb0.01, indicated
that pre-injection axillary temperature was less affected by weight
than pre-test and post-test axillary temperatures.

3.3. USV rates

(Table 2). Because PRX-00023 at doses of 0.01, 0.03 and 0.05mg/kg
did not differ from one another in their effects on USV rates in either
line, these three dosages were combined into one to increase power to
detect differences in USV rates. In addition, because no Random and
only 2 High line litters were tested at PRX-00023, 3.0 mg/kg, this
group was dropped from analysis.



Table 1
Weight and temperature measures: mean (sem).

Line Drug condition mg/kg Sample n Age Weight Axillary temperatures

Pre-injection Pre-test Post-test Ambient

High Vehicle 45 11.02 (0.12) 22.43 (0.56) 35.47 (0.11) 35.81 (0.82) 34.52 (0.14) 22.58 (0.14)
Buspirone 0.1 40 10.88 (0.11) 22.42 (0.61) 35.33 (0.17) 35.60 (0.14) 34.50 (0.13) 22.43 (0.17)
Buspirone 0.3 14 10.64 (0.23) 20.36 (0.90) 36.10 (0.18) 35.02 (0.30) 34.00 (0.28) 23.59 (0.89)
Buspirone 1.0 16 10.94 (0.23) 21.35 (0.85) 35.64 (0.28) 34.58 (1.51) 33.34 (0.40) 22.22 (0.28)
Buspirone 3.0 4 10.00 (0) 16.17 (0.32) 35.42 (0.20) 31.67 (0.20) 31.12 (0.22) 23.82 (0.14)
PRX 39 11.21 (0.11) 24.19 (0.57) 35.35 (0.17) 35.82 (0.20) 34.58 (0.19) 22.34 (0.13)
PRX 0.1 32 11.06 (0.12) 22.70 (0.76) 35.39 (0.24) 35.76 (0.17) 34.63 (0.19) 22.28 (0.14)
PRX 0.3 31 11.13 (0.13) 23.42 (0.68) 35.46 (0.22) 35.59 (0.19) 34.57 (0.21)
PRX 1.0 13 10.46 (0.18) 21.10 (0.80) 35.14 (0.34) 35.55 (0.15) 33.89 (0.36) 22.00 (0.44)

Random Vehicle 32 10.88 (0.15) 24.78 (0.93) 35.70 (0.12) 35.81 (0.21) 34.72 (0.20) 22.63 (0.18)
Buspirone 0.1 29 11.00 (0.15) 24.34 (0.79) 35.62 (0.17) 35.79 (0.18) 34.73 (0.16) 22.55 (0.18)
Buspirone 0.3 4 10.00 (0) 23.20 (0.99) 35.58 (0.15) 34.13 (0.26) 33.49 (0.21) 23.48 (0.41)
Buspirone 1.0 5 10.00 (0) 23.87 (0.62) 35.60 (0.15) 33.26 (0.84) 32.49 (0) 23.13 (0.43)
Buspirone 3.0 4 10.00 (0) 25.40 (1.00) 35.59 (0.16) 32.75 (0.15) 31.75 (0.15) 23.13 (0.43)
PRX 32 11.34 (0.12) 26.25 (0.79) 35.66 (0.11) 36.18 (0.10) 35.22 (0.10) 22.41 (0.20)
PRX 0.1 29 11.00 (0.15) 24.34 (0.79) 35.62 (0.17) 35.79 (0.18) 34.73 (0.16) 22.55 (0.18)
PRX 0.3 31 11.19 (0.03) 24.92 (0.86) 35.62 (0.15) 36.09 (0.16) 34.78 (0.18) 22.40 (0.16)
PRX 1.0 9 10.67 (0.24) 24.65 (1.93) 35.28 (0.22) 35.60 (0.23) 34.43 (0.34) 22.22 (0.20)
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Amultivariate ANOVA Line effect, F(1,387)=61.60,pb0.001, indicated
thatHigh linepup rates ofUSVwere significantlyhigher thanRandom line
overall. A significant effect of Drug Condition, F(8,387)=6.00, pb0.001,
and a significant Line×Drug interaction, F(8, 387)=2.31, p=0.02,
showed differences in the degree to which each drug dose affected USV
rates in the High and Random lines. There were no significant effects of
Age, Sex or Weight as covariates.

Next, ANOVAs tested effects of drug dosages within each line
separately. As shown in Fig. 3a, High line USV rates were affected by
Drug Condition, F(8,222)=8.05, pb0.001. There were no effects of
Age or Sex, but weight covaried significantly, F(1,222)=7.19, p=0.01.
Post-hoc Dunnett comparisons between vehicle and drugs showed
that all doses of buspirone (psb0.01) and the lowest doses of PRX-
00023 significantly reduced High line USV rates below those of vehicle
controls (pb0.05). Higher doses of PRX-00023 had no effect on USV
rates.

In Random line pups, the main effect of Drug was not significant
F(8,162)=1.63, p=0.12 (Fig. 3b). Power analysis calculations
indicated that a minimum of 18 to 30 subjects (i.e., litter means for a
given drug dose) would have been necessary to obtain multivariate
effect sizes between 0.54 and 0.80. Several drug dose groups (i.e.,
buspirone 0.3–3.0 mg/kg and PRX-00023, 1.0 mg/kg) in the Random
line sample did not meet the minimum criterion. Therefore, t-tests
explored the effect of each drug dose on USV compared to vehicle USV
rates individually, using relaxed alpha criteria. These revealed a trend
for buspirone at 0.1 mg/kg, t(37.5)=−1.705, pb0.10, and a significant
effect of buspirone at 0.3 mg/kg, t(32.3)=−2.911, pb0.01, to reduce
USV rates belowvehicle level in Random line pups. Thiswas not true of
any PRX-00023 dose even though cell numbers were sufficiently large
to detect a univariate effect. Aside from drug dosage, age was a
significant covariate effect, F(1,162)=4.05, p=0.05, indicating that
USV rates were lower in 12-day-old pups than 11-day-old pups,
p=0.01.
Fig. 2. Axillary temperature variation (PRX=PRX-00023; Busp=buspirone). ⁎ pb0.05,
~pb0.10. a. By drug dosage. b. By age.
3.4. Behavioral variables

High and Random line pups did not differ in number of defecation/
urinations. A significant Drug effect, F(8,387)=3.47, pb0.01, showed
that 3.0 mg/kg buspirone increased defecations in both lines. A trend
for Line, F(1,387)=3.23, p=0.07, indicated more face-washing in
Random line pups than High pups. Heavier pups rose on hind legs
more, F(1,387)=20.85, pb0.01, and older pups crossed more squares
in the cage, F(1,387)=4.46, pb0.05. Drug condition significantly
affected turns-in-square, F(1,387)=2.42. p=0.01, which was
decreased by buspirone at 0.1, 0.3 and 1.0 mg/kg compared to vehicle,
s=0.04, 0.11 and 0.05, respectively (Table 2).



Table 2
USV and behavior measures: mean (sem).

Line Drug condition mg/kg Sample n USV rate Defecate/urinate Face wash Rise Square cross Turn-in-square

High Vehicle 45 288.70 (21.03) 0.23 (0.08) 0.58 (0.15) 0.53 (0.24) 1.86 (0.37) 0.73 (0.16)
Buspirone 0.1 40 164.56 (24.89) 0.41 (0.12) 0.79 (0.14) 0.69 (0.21) 2.44 (0.51) 0.45 (0.14)
Buspirone 0.3 14 89.34 (36.60) 0.75 (0.32) 0.36 (0.13) 0.46 (0.21) 2.50 (0.66) 0.36 (0.20)
Buspirone 1.0 16 67.92 (27.43) 0.59 (0.15) 0.62 (0.20) 0.28 (0.17) 1.75 (0.41) 0.25 (0.14)
Buspirone 3.0 4 4.12 (1.48) 1.00 (0.58) 0 (0) 0 (0) 2.25 (0.85) 0 (0)
PRX 39 212.90 (19.80) 0.26 (0.08) 0.60 (0.12) 0.80 (0.23) 1.64 (0.24) 0.27 (0.07)
PRX 0.1 32 241.66 (25.20) 0.22 (0.09) 0.94 (0.17) 0.44 (0.18) 1.67 (0.31) 0.48 (0.12)
PRX 0.3 31 258.13 (28.39) 0.42 (0.14) 0.92 (0.18) 0.47 (0.24) 2.19 (0.46) 0.85 (0.19)
PRX 1.0 13 313.42 (48.28) 0.62 (0.22) 0.69 (0.26) 0.81 (0.32) 1.50 (0.30) 0.54 (0.18)

Random Vehicle 32 49.32 (15.75) 0.08 (0.05) 1.05 (0.12) 1.02 (0.22) 1.95 (0.33) 0.89 (0.19)
Buspirone 0.1 29 21.09 (5.15) 0.43 (0.16) 0.95 (0.17) 0.98 (0.34) 3.34 (0.65) 0.34 (0.16)
Buspirone 0.3 4 2.94 (2.44) 0.62 (0.37) 0 (0) 0.88 (0.52) 0.25 (0.25) 0 (0)
Buspirone 1.0 5 12.95 (12.45) 0.20 (0.20) 0.80 (0.37) 0.90 (0.40) 1.50 (0.71) 0 (0)
Buspirone 3.0 4 0.50 (0.50) 1.50 (0.50) 0.50 (0.50) 0 (0) 0 (0) 0 (0)
PRX 32 24.98 (7.87) 0.14 (0.06) 1.42 (0.15) 0.88 (0.22) 3.12 (0.64) 0.83 (0.20)
PRX 0.1 29 43.13 (13.44) 0.10 (0.06) 1.18 (0.17) 1.18 (0.27) 2.12 (0.45) 0.80 (0.19)
PRX 0.3 31 41.90 (12.34) 0.23 (0.09) 1.12 (0.20) 1.20 (0.07) 1.65 (0.44) 0.88 (0.26)
PRX 1.0 9 90.67 (40.31) 0.28 (0.19) 0.89 (0.22) 0.49 (0.01) 2.22 (0.46) 0.50 (0.29)

Fig. 3. Line and Drug effects on USV rates in isolation for 2 min by drug doses
(PRX=PRX-00023; Busp=buspirone). ⁎ pb0.05, ~pb0.10. a. High line USV rates. b.
Random line USV rates.
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3.5. Negative geotaxis and side effects

A significant Line effect, F(1,387)=4.46, pb0.05, showed that High
line pups took longer to turn 180° from head down to head up on the
inclined plane than Random line pups, regardless of drug condition,
Fig. 4a. A main effect of Drug condition, F(8,387)=5.00, pb0.001,
indicated that buspirone at 0.3, 1.0 and 3.0 mg/kg significantly increased
inclined latencies for all pups, psb0.01, Fig. 4b. Weight was also a factor
influencing pup latencies to turn 180°, F(1,387)=3.896, pb0.05. In
addition,moreHigh line pups consistently vocalizedwhile on the inclined
plane than Random line pups, Chi2 (1)=16.12, pb0.001, Fig. 4c. Inclined
plane latencies were uncorrelated with the number of pups vocalizing on
the inclined plane, however. Overall, a significant Drug effect, Chi2(8)=
42.14, pb0.001, indicated that doses of buspirone from 0.30 to 3.0 mg/kg
decreased instances of inclined plane vocalization fromvehicle levels in a
dose-dependent fashion, psb0.001. PRX-00023 did not affect the
frequency of inclined plane vocalizations at any dose (Table 3).

High line pups took significantly less time than Random line pups to
flip froma supine to a prone position in the righting reflex test, F(1,387)=
12.10, pb0.001. A main effect of Drug, F(8,387) 12.74, pb0.01, indicated
that buspirone at 0.3 and 3.0mg/kg significantly increased latencies toflip
from supine to prone compared to vehicle, (p=0.014 and pb0.001,
respectively), indicating sedative effects at these doses. A significant
Line×Drug interaction, F(8,387)=3.55, pb0.001, showed that for
Random line pups, buspirone at 0.3, and 3.0 mg/kg increased righting
latencies, psb0.001, whereas High line pups were only affected by
buspirone at 3.0 mg/kg, pb0.001. Sex and weight of pups were also
significant covariates, F(1,387)=3.896, pb0.05 and F(1,387)=7.896,
pb0.01. The frequency of head-weaving inpupswas significantly elevated
bybuspironeover vehicle levels at 0.3,1.0 and3.0mg/kg,Drug condition,F
(8,301=6.406,pb0.01. Head-weavingwas also less frequent inHigh than
in Random line pups, F(1,301)=12.634, pb0.001; and a Line×Drug
effect, F(1,301)=3.043, pb0.05, showed that whereas High line pups
were affected by buspirone only at 1.0 and 3.0 mg/kg (psb0.05), Random
line pups were affected by all doses beginning with 0.3 mg/kg, psb0.05.

4. Discussion

InHigh line pups, all doses of buspirone and the lowest doses of PRX-
00023 significantly reduced vocalizations below vehicle controls.
Although buspirone reduced USVs to a greater extent than PRX-00023
in High line rats, PRX-00023 affected USV rates at the lowest doses
(0.01–0.05mg/kg), a result consistentwith enhanced efficacyat 5-HT1A
receptors to produce anxiolytic effects. Thus, USV rates in High line rats
were as sensitive to extremely low doses of PRX-00023 as they were to
the lowest dose (0.10 mg/kg) of buspirone.
In contrast, Random line pup vocalizations appeared to be
relatively unaffected by either drug. Historically there is a great deal
of evidence that Random line pups experience separation anxiety, to



Fig. 4. Line and Drug effects on inclined plane. ⁎ pb0.05, ~pb0.10. a. High versus
Random line latency to turn 180°. b. Drug and dose effects on latency to turn 180°
(PRX=PRX-00023; Busp=buspirone; Veh=Vehicle). c. Percent of High versus Random
vocalizing. Line differences in: ⁎ pb0.05, ~pb0.10.
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judge from USV rates. In fact, Fig. 1 may be taken as evidence for both
the existence of and variation in isolation-induced USV rates in
Random line pups over 20 generations. Our laboratory has found that
Random line pup rates of vocalization at 10–12 days of age are within
the same range shown by a variety of rat strains (Brunelli et al., 1996;
Brunelli and Hofer, 1996), and Random line pups show a normal
developmental progression of isolation-induced USV rates from
postnatal day 3 of life to postnatal day 21 compared to other strains
(Brunelli and Hofer, 1996; Hofer et al., 2001). Random line pup
isolation-induced USV can also be potentiated by brief exposure to the
mother in isolation, and compared to isolation-induced USV these
potentiated USVs have their own bout structure characteristics (Myers
et al., 2004).

The most likely reason, then, for the apparent lack of anxiolytic
activity of drugs in Random line pups was variation in their USV rates
shown in this experiment. The high degree of variation in Random line
pup calls is representative of the N:NIH strain base population on
which the selective breeding was done, which makes them the
obvious control for variation in the High and Low USV lines. In the
current experiment variability in Random line USV rates in vehicle-
treated animals from each litter (ranging from 0 to 413 USVs/2 min)
would appear to have been great enough to observe significant
reductions in USV with drug treatment. However, any given sample of
Random line pups may not represent the normal distribution of USV
rates in the N:NIH strain. In the current study the distribution was
skewed so that a majority of pup USV rates were extremely low, with
more than 50% of Random line pup rates under 20 calls per 2 min.
Power calculations indicated that the numbers of subjects in several
cells of the multivariate ANOVA were too small to detect significant
effects, given the range of variation in Random line pups. However,
when alpha restrictions were relaxed, t-tests revealed that the two
lower doses of buspirone reduced vocalizations below vehicle levels in
Random line pups, whereas PRX-00023 did not. We think this is a
reasonable solution from which we may derive tentative conclusions
about drug effects on Random line pups, provided they are followed
by future tests with the requisite number of pups per drug group.
These data are also consistent with studies showing that doses of
buspirone at 0.1 mg/kg and higher effectively reduce parameters of
USV in isolated rat pups (Hodgson et al., 2008; Olivier et al., 1998). It
may therefore be provisionally concluded that High line pups are
more sensitive to the anxiolytic properties of the 5-HT1A agonists
than Random line pups.

With age, weight and sex accounted for in analyses, the lines did
not differ on several measures of activity: rises, squares crossed in the
cage and turning in square. Random line pups tended to face wash
more than High line pups, however. In adult rats, face washing is
considered a “displacement activity”, as an animal is coping with two
competing states (e.g., a state in which behavior is inhibited versus a
state in which exploratory behavior may take place; Tinbergen, 1953).
Turns-in-square were reduced below vehicle levels at doses of 0.1 to
1.0 mg/kg buspirone in both High and Random line pups, but were
unaffected by any dose of PRX-00023. In 5-HT1A knockout mouse
pups turns-in-square appear to be related to the broadcast of USVs,
suggesting that this behavior and USV aremodulated by activity of the
5-HT1A receptor (Ramboz et al., 1998). It is unclear whether the
reduction of turns by buspironewere 5-HT-mediated and/or related to
anxiety, or if the reductions were a secondary effect of sedation. We
have never noted differences between High and Random or Low lines
in this behavior over generations of selection, nor was it affected by
PRX-00023, suggesting that turn-in-square is not specific to 5-HT1A
receptor action in rats.

Beginning in the 11th generation of selection, analyses have shown
that High line pups defecate more than both Random and Low line
pups (Brunelli, 2005); however, these analyses typically involve
hundreds of pups and litters. Since defecation in isolation is a low
frequency behavior, there may have been insufficient power in the
present study to detect High-Random differences compared to larger
n's used in previous studies. In adult rats, factor analyses have revealed
that defecation usually loads on a separate factor from behavioral



Table 3
Side effect profiles: mean (sem).

Line Drug condition mg/kg Sample n Head-weave frequency Inclined plane latency (s) Inclined plane vocalization % pups Righting latency (s)

High Vehicle 45 0 (0) 33.13 (2.85) 94 0.63 (0.03)
Buspirone 0.1 40 0.02 (0.02) 30.70 (3.02) 69 0.62 (0.04)
Buspirone 0.3 14 0.14 (0.10) 44.18 (5.08) 36 0.73 (0.11)
Buspirone 1.0 16 0.29 (0.11) 46.16 (4.83) 39 0.86 (0.12)
Buspirone 3.0 4 0.25 (0.25) 60.00 (0) 0 2.37 (0.94)
PRX 39 0.03 (0.03) 33.53 (3.00) 82 0.80 (0.23)
PRX 0.1 32 0 (0) 29.80 (3.86) 89 0.61 (0.04)
PRX 0.3 31 0 (0) 32.97 (3.70) 90 0.68 (0.06)
PRX 1.0 13 0 (0) 37.19 (6.09) 82 0.55 (0.04)

Random Vehicle 32 0.05 (0.04) 18.75 (2.47) 55 0.68 (0.08)
Buspirone 0.1 29 0.08 (0.05) 24.26 (3.13) 54 0.76 (0.09)
Buspirone 0.3 4 0.50 (0.20) 53.63 (6.37) 0 2.12 (0.68)
Buspirone 1.0 5 0 (0) 54.90 (5.10) 0 1.10 (0.37)
Buspirone 3.0 4 1.00 (0) 36.00 (3.00) 0 2.50 (1.50)
PRX 32 0.17 (0.07) 16.28 (2.28) 44 0.75 (0.11)
PRX 0.1 29 0.15 (0.07) 21.50 (3.21) 61 0.61 (0.07)
PRX 0.3 31 0.07 (0.05) 21.27 (2.94) 60 0.67 (0.07)
PRX 1.0 9 0 (0) 30.11 (8.02) 61 0.49 (0.01)
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measures of anxiety. This “autonomic” factor is commonly labeled as a
component of known central–autonomic correlates of fear and
anxiety (Fernandez-Teruel et al., 2002; Henderson et al., 2004).
Although defecation in rat pups is consistent with this explanation,
paradoxical increases in defecation by buspirone at 3.0 mg/kg are also
consistent with findings that high doses (mM) of buspirone injected
into adult rat hippocampus act to increase defecation in adult rats
(Croci et al., 1995), though this has not been noted in peripheral
administration.

There were significant differences in other side effect profiles of
the two drugs. PRX-00023 did not affect body temperature at any dose
tested. In contrast, buspirone reduced temperatures in a dose-
dependent fashion. Olivier et al. (1998) reported comparable
temperature effects at 1.0 and 3.0 mg/kg in 9–11 day-old Harlan/CPB
strain rat pups. In adult animals hypothermia and sedation have been
attributed to buspirone's affinity for mesocortical DA transmission, via
postsynaptic 5-HT1A receptor pathways (Eltayb et al., 2001; Protais et
al., 1998; Sakaue et al., 2000; Suaudeau et al., 1995); this also appears
to be true in rat pups (Shayit et al., 2003). However, because PRX-
00023 is more “purely” a 5-HT1A receptor agonist it would be less
likely to enlist post-synaptic DA receptors as do more conventional 5-
HT1A agonists such as the azapirones (Becker et al., 2006).

High line pups as a group had longer latencies than Random line
pups to turn 180° from head down to head up on the inclined plane.
The sedative effects of buspirone were also clearly observed in
increased latencies to turn for both lines on inclined plane, and are
consistent with previous reports (Hodgson et al., 2008; Olivier et al.,
1998); this was not the case for any dose of PRX-00023. Most High line
pups consistently vocalized on the inclined plane, although this
behavior was not correlated with inclined plane latencies. On the
other hand, High line pups were less sensitive to buspirone's sedative
effects than Random line pups, as measured by righting latencies.
Buspirone also produced significantly more head-weaving in both
lines at several doses. Moreover, high line pups displayed less head-
weaving than Random line pups; these, together with reduced
latencies for righting, suggest possible reduced sensitivity to buspir-
ones' postsynaptic effects (Bortolozzi et al., 1999; Jackson and Kitchen,
1989; Shayit et al., 2003). During the perinatal period these reflexes
are altered by up-regulation of the 5-HT system in rats, at a timewhen
5-HT is acting as a neurotrophin (Bortolozzi et al., 1999).

Overall, USV rates in High line pups were responsive to the effects
of PRX-00023 at doses that were orders of magnitude lower than its
anxiolytic effects for adult animals (De Paulis, 2007). Moreover, the
difference in the degree to which PRX-00023 reduced USV rates in
High versus Random line pups suggests greater involvement of 5-
HT1A receptors in High line pup USV rates. It is not known, however,
whether these effects are due to pre- or postsynaptic actions of the 5-
HT1A receptor. Based on human and animal studies the consensus at
present is that both pre- and post-synaptic 5-HT1A receptors
contribute to anxiety and/or depression, with overall serotonergic
tone as a background that determines the relative strength of 5-HT1A
receptor activity (Barnes and Sharp, 1999; Blier et al., 1997; De Vry,
1995; Millan, 2003).

One limitation of the current study is that the agonist effects of the
5-HT1A agonists buspirone and PRX-00023 were not challenged by
the serotonin-1A receptor antagonist WAY100, 635 to establish
specificity of its action at 5-HT1A receptors in rat pups. Because
activity of underlying neural circuitry is still developing postnatally
(Daval et al., 1987; Gallineau et al., 2004; Patel and Zhou, 2005), it is
possible that agonist–antagonist actions at the 5-HT1A receptor in
infant rats do not parallel those in adults. Moreover, antagonist studies
might be able to further establishmechanisms by PRX-00023 seems to
be effective at reducing USV rates in High line pups but not in Random
line pups. Further studies are planned to determine this in High and
Random line rat pups.

Despite its limitations, this study has revealed the potency of the
novel 5-HT1A agonist PRX-00023, to reduce ultrasonic vocalizations
as an expression of infantile anxiety at lower doses than buspirone.
Moreover, PRX-00023 reduces this anxiety-like behavior at doses
orders of magnitude lower than in adult rats, indicating a major
developmental discontinuity in its potency. PRX-00023 also appears
to have revealed inherent differences in 5-HT1A modulation in a
genetic animal model of inherited early anxiety and adult depression.
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