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Abstract

Rationale—An abundance of genetic and epidemiologic evidence as well as longitudinal
neuroimaging data point to developmental origins for schizophrenia and other mental health
disorders. Recent clinical studies indicate that microduplications of VIPR2, encoding the
vasoactive intestinal peptide (VIP) receptor VPAC2, confer significant risk for schizophrenia and
autism spectrum disorder. Lymphocytes from patients with these mutations exhibited higher
VIPR2 gene expression and VIP responsiveness (CAMP induction), but mechanisms by which
overactive VPAC?2 signaling may lead to these psychiatric disorders are unknown.

Objectives—We subcutaneously administered the highly-selective VPAC2 receptor agonist Ro
25-1553 to C57BL/6 mice from postnatal day 1 (P1) to P14 to determine if overactivation of
VPAC?2 receptor signaling during postnatal brain maturation affects synaptogenesis and selected
behaviors.
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Results—Western blot analyses on P21 revealed significant reductions of synaptophysin and
postsynaptic density protein 95 (PSD-95) in the prefrontal cortex, but not in the hippocampus in
Ro 25-1553-treated mice. The same postnatally-restricted treatment resulted in a disruption in
prepulse inhibition of the acoustic startle measured in adult mice. No effects were observed in
open-field locomotor activity, sociability in the three-chamber social interaction test, or fear
conditioning or extinction.

Conclusion—Overactivation of the VPAC2 receptor in the postnatal mouse results in a
reduction in synaptic proteins in the prefrontal cortex and selective alterations in prepulse
inhibition. These findings suggest that the VIPR2-linkage to mental health disorders may be due in
part to overactive VPAC?2 receptor signaling during a critical time of synaptic maturation.
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Introduction

Two genetic studies published early in 2011 including more than 8,000 and 3,900
schizophrenia patients, respectively, provided evidence that microduplications at 7q36.3,
containing VIPR2, are a risk factor for schizophrenia, with odds-ratios of 14.1 (Vacic et al.
2011) and 6.3 (Levinson et al. 2011). In one of these studies, 7g36.3 microduplications were
also significantly over-represented in autism spectrum disorder (ASD), although the number
of ASD patients was smaller (Vacic et al. 2011). VIPR2 encodes VPAC?2, a seven
transmembrane heterotrimeric G protein-coupled receptor (Gs) that binds two homologous
neuropeptides with high affinity, vasoactive intestinal peptide (VIP) and pituitary adenylate
cyclase-activating polypeptide (PACAP). Lymphocytes from patients with these
microduplications exhibited higher VIPR2 gene expression and VIP responsiveness (CAMP
induction) (Vacic et al. 2011), demonstrating the functional significance of the
microduplications. Additionally, the blood concentration of VIP, but not PACAP, is higher
in children with ASD compared to healthy control subjects (Nelson et al. 2001). Overall, the
findings provided large-scale genetic evidence for a specific receptor-mediated (and
potentially drug targetable) signaling pathway linked to schizophrenia and ASD that is
distinct from dopaminergic, glutamatergic, and serotonergic systems.

A key question in mental health research is if alterations in the establishment of neural
circuitries in the developing brain underlie diseases such as schizophrenia and ASD (Insel
2010). Key findings relevant to this question are that many schizophrenia- and ASD-linked
genes have developmental functions. In this regard, the peptide ligands for the VPAC2
receptor, VIP and PACAP, are well known as pleiotropic growth factors that regulate
neurogenesis, white matter development, and other aspects of brain morphogenesis (Falluel-
Morel et al. 2007; Harmar et al. 1998; Nakamachi et al. 2011 Niewiadomski et al. 2013; Suj
et al. 2001; Waschek 1996). The VPAC2 receptor plays a key role in circadian rhythms and
mediates a variety of other neurological functions in adult mice (Harmar 2003; Itri and
Colwell 2003), but its potential roles in the developmental period remain incompletely
understood. Our prior studies have shown that VIPR2 gene expression in the developing
mouse brain displays a pronounced peak at postnatal day (P) 12, a time of active
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synaptogenesis, pruning and myelination (O'Kusky et al. 2000; Paolicelli et al. 2011; Ye et
al. 2002), and then declines as animals reach adulthood (Waschek et al. 1996). The peak at
P12 suggested to us that the VPAC?2 receptor plays an important role in the formation of
synaptic circuits. Reduced levels of synaptophysin, a marker of presynaptic vesicles, and
postsynaptic density protein 95 (PSD-95), a marker of excitatory postsynaptic density, were
observed in cortical regions of patients with schizophrenia (Eastwood et al. 2000; Glantz
and Lewis 1997; Karson et al. 1999; Kristiansen et al. 2006). Thus, in the current study, we
hypothesized that overactivity of the VPAC2 receptor during the early postnatal period
could result in alterations in synaptogenesis, and in behaviors associated with schizophrenia
and ASD. We investigated this by systemically administering Ro 25-1553, a highly selective
VPAC2 receptor agonist (Gourlet et al. 1997; Harmar et al. 2012) during P1-14, and
determined the effect on PSD-95 and synaptophysin protein levels one week later, and on
several behaviors relevant to schizophrenia and ASD 10 weeks after cessation of agonist
administration. The results obtained provide pharmacological support for the hypothesis that
VIPR2 microduplications increase the risk of schizophrenia at least partially due to
overactivity of VPAC2 signaling in the brain at a critical stage of postnatal brain
development.

Materials and methods

Animals and treatment

All animal studies were approved by the Animal Research Committee at University of
California, Los Angeles (UCLA). All experimental procedures were conducted in
accordance with the guidelines of the Guide for the Care and Use of Laboratory Animals
(National Research Council 1996). Pregnant C57BL/6 females were from our breeding
colony maintained at UCLA and monitored for the parturition date, which was taken as
postnatal day 0 (P0O). For behavioral experiments, all litters were randomly divided into Ro
25-1553 (GL Biochem (Shanghai) Ltd., Shanghai, China) and phosphate-buffered saline
(PBS)-treated groups. From P1 until P7 or P14, mice were injected subcutaneously (s.c.)
once daily with Ro 25-1553 at dose of 0.25 ug/g (= 0.07 nmol/g) body weight. The dose
regimen was based on a previous study in which PACAP was administered to postnatal rats
and produced rather profound neurodevelopmental alterations (Reglédi et al. 2003). Mice
treated with PBS from P1 to P14 were used as control. The time needed for the injection in
each mouse was less than 1 min, which minimized the influence of separation of neonates
from the mothers on maternal behaviors directed towards the pups. Animals were weaned at
P21, and divided by gender at P28. We used male mice exclusively to minimize any
potential variability due to sex-specific effects in behavioral performance. For example,
reproductive state in female mice affects prepulse inhibition (PPI), latency of the acoustic
startle response, and cognitive behaviors (Charitidi et al. 2012; Walf et al. 2009). All groups
were derived from at least 4 different litters to preclude possible differences in individual
maternal behavior as a mitigating factor in any subsequent long-lasting changes induced in
the offspring (Table 1). Behavioral analyses of mice were carried out at 3—4 months of age.
Experimenters were blinded to the treatment during testing. All behavioral tests were
performed in the UCLA behavioral test core.
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Western blot analysis

Western blot analysis was performed as previously reported (Ghiani and Gallo 2001). Mice
were injected s.c. once daily with PBS or Ro 25-1553 (0.07 nmol/g) from P1 until P14. One
week after the last injection, each mouse was anesthetized with isoflurane and the brain was
rapidly removed. The hippocampus and prefrontal cortex were dissected on ice, frozen on
dry ice and stored at —80 °C until assay. Tissue samples were homogenized at 4 °C in lysis
buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% NP-40,
0.25% sodium deoxycholate, 1 mM NazVVO,4 and 1 mM NaF) supplemented with a protease
inhibitor cocktail (Sigma, St. Louis, MQO). The homogenate was incubated at 4 °C for 30
min and then centrifuged at 14,0009 for 10 min at 4 °C, and the resulting supernatant was
collected. Adequate amounts of protein were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis and then transferred electrophoretically to a hydrophobic
polyvinylidene fluoride membrane. The blotted membranes were blocked for 1 h at room
temperature in 5% nonfat dry milk/TBS-T (20 mM Tris-HCI, 137 mM NaCl and 0.1%
Tween-20; pH 7.4), and then incubated with primary antibodies: mouse monoclonal anti-
PSD-95 (1:1000, overnight at 4 °C; UC Davis/NIH NeuroMab Facility), rabbit polyclonal
anti-synaptophysin (1:1000, overnight at 4 °C; Cell Signaling Technology, Danvers, MA) or
mouse monoclonal anti-p-actin (1:5000, 45 min at room temperature; Sigma). Membranes
were then incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit 19G (1:5000,
1 h at room temperature; Cell Signaling Technology) for synaptophysin or with HRP-
conjugated anti-mouse 1gG (1:5000, 1 h at room temperature; Sigma) for PSD-95 and f3-
actin. The immune complexes were visualized using ECL2 Western Blotting Detection
Reagents (Thermo Fisher Scientific, Rockford, IL). The densitometric analysis was carried
out using an ImageJ 1.47 software package (NIH, Bethesda, MD). Expression levels were
normalized to -actin and are presented as fold change relative to control PBS results.

Behavioral analysis

Open-field test—Each mouse was placed inside a clear Plexiglas chamber (27.5 cm x
27.5 cm x 20.5 cm) under an illumination of 30 Ix and video-recorded for 20 min using
TopScan (CleverSys Inc., VA). A central area, occupying 60% of the total area, was
superimposed over the arena profile and the travelling distance of mouse was scored for the
periphery and center of the arena. The time spent in the center of the arena was also
determined.

Acoustic startle and prepulse inhibition (PPl)—Acoustic startle responses were
measured in a startle chamber (SR-LAB®; San Diego Instruments, San Diego, CA) as
previously reported (Gale et al. 2009). Briefly, after a background noise of 65 dB had been
presented for the 5-min acclimation period, each subject was presented with a total of 52
trials. The test session consisted of startle trials (40 ms burst of 120 dB white noise) and PPI
trials [a prepulse (20 ms burst of white noise at 70, 75 or 80 dB intensity) preceded the 120
dB startle pulse (40 ms) by 100 ms]. Trials were pseudo-randomly presented with an inter-
trial interval between 9 and 24 s (average: 15 s). The startle response was recorded every 1
ms for 100 ms after onset of a startle stimulus and the maximum startle amplitude was used
as the dependent variable. Baseline startle responses were calculated as the average response
to the pulse-alone trials. PPI was calculated as a percentage score for each prepulse trial
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type: PPI (%) = (1-[(startle response for pulse with prepulse)/(startle response for pulse
alone)])x100.

Three-chamber social interaction test—Mice were tested for social interactions using
a three-chambered social interaction apparatus (Nadler et al. 2004). In brief, after
habituation, a mouse was placed in the central chamber of a clear Plexiglas box (41 cm x 60
cm x 23.5 cm) divided into three interconnected chambers under an illumination of 5 Ix and
was given the choice to interact with either an empty wire cup (located in one side chamber)
or a similar wire cup with an unfamiliar mouse (a sex- and age-matched C57BL/6) inside
(located in the opposite chamber). The amount of time spent in each of the three chambers
was recorded for the test mouse in a 10-min trial using TopScan (CleverSys Inc.).

Fear conditioning test—All behavioral testing was performed using four identical fear
conditioning chambers (30 cm x 24 cm x 21 cm, Med-Associates, Inc. St. Albans, VT),
equipped with a MedAssociates VideoFreeze system as previously reported (Jacobs et al.
2010; Zelikowsky et al. 2013). Tone conditioning on Day 1 in the conditioning chamber
(Context A) consisted of a 150-s baseline period followed by five tones (30 s, 2.8 kHz, 80
dB) paired with electric footshock (2 s, 0.5 mA) that began immediately after the offset of
each tone presentation, with a 90-s inter-trial interval in between the termination of each
shock and the onset of the following tone. Freezing was recorded during both the baseline
period and each tone period. Twenty-four hours later (Day 2), mice were placed in the same
conditioning chamber (Context A) for an 8-min context fear test. No stimuli were presented
during this period. Freezing was recorded throughout the 8-min test. In the cued fear test on
Day 3, mice were placed in the chamber with a dark roof-like triangular ceiling and grid
floor covering (Context B) and allowed to explore the novel environment for 150 s, and then
five tones (30 s, 2.8 kHz, 80 dB) were presented, each spaced by a 90-s inter-trial interval.
Freezing was recorded during both the baseline period and each tone period. The extinction
phase started in Context B 24 h following the cued fear test. After 3-min of exploration, the
mice were exposed to twenty tones (30 s, 2.8 kHz, 80 dB) with a 5-s inter-trial interval each
day for 2 consecutive days (Day 4 and 5). Mice were removed from the chamber 3 min after
the final cue presentation. Freezing was recorded during both the baseline period and each
tone period. Data are expressed as 4 bins from the average for every 5 tones.

Data analysis

All data are expressed as the mean + standard error of the mean (SEM). For fear
conditioning test, analyses were made using two-way analysis of variance (ANOVA) with
drug treatment as the intersubject factor and repeated measures with tone exposure as the
intrasubject factor, followed by the Tukey-Kramer post-hoc test. Data for the contextual test
and startle amplitude were analyzed using one-way ANOVA. For other behavioral
experiments, analyses were made using two-way ANOVA for treatment as the intersubject
factor and repeated measures with time (open-field test), chamber (social interaction test) or
prepulse intensity (startle test) as the intrasubject factor, followed by the Tukey-Kramer
post-hoc test. Data for Western Blot were analyzed by Student's t-test. Statistical analyses
were made using a software package StatView® 5.0 for Windows (SAS Institute, Cary,
NC). A value of P < 0.05 was considered statistically significant.
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Results

Effects of the VPAC2 receptor activation during early postnatal development on
subsequent synaptic marker protein expression in mouse brain

It was previously shown in neuronal culture models that PACAP, a high affinity ligand for
the VPAC?2 receptor, can regulate the interaction of synaptic proteins putatively involved in
schizophrenia (Hattori et al. 2007; Yamada et al. 2012). To determine if activation of the
VPAC2 receptor during early postnatal development could alter the levels of synaptic
proteins in the mouse brain, we examined the effect of Ro 25-1553, a highly selective
VPAC?2 receptor agonist, on expression of PSD-95 and synaptophysin one week after the
final dose of agonist (Fig. 1). Repeated administration of Ro 25-1553 (0.07 nmol/g, s.c.,
once daily) during P1-14 reduced significantly PSD-95 and synaptophysin protein levels in
the prefrontal cortex, but not in the hippocampus, of mice at 3 weeks of age.

Effects of the VPAC2 receptor activation during early postnatal development on behaviors
of mice in adulthood

To investigate the effects of the VPAC2 receptor activation during early postnatal
development on behaviors of mice in adulthood, mice were injected s.c. once daily with
either Ro 25-1553 (0.07 nmol/g) or PBS from P1 to P7 or P1 to P14, and then behavioral
analyses were carried out at 3—4 months of age. Fig. 2 shows the effects of Ro 25-1553 on
the behaviors in the open-field test. The test provides a unique opportunity to systematically
assess novel environment exploration, general locomotor activity, and provide an initial
screen for anxiety-related behavior in rodents (Prut and Belzung 2003). Ro 25-1553 (P1-7
and P1-14)-treated mice and PBS-treated control mice had similar levels of locomotion and
exhibited a typical pattern of habituation. There was no difference in the distance traveled in
the peripheral area or center area between Ro 25-1553 (P1-7 and P1-14)-treated mice and
PBS-treated mice. In addition, there was no difference in the time spent in the inner area of
the open field between groups.

Fig. 3 shows the effects of Ro 25-1553 on PPI of the acoustic startle response in mice. PPI
of the acoustic startle response was significantly less in mice treated with Ro 25-1553 during
P1 to P14 than in PBS-treated mice and Ro 25-1553 (P1-7)-treated mice. Repeated measures
two-way ANOVA revealed the significant main effects of the prepulse intensity [Fy 42 =
107.6, P < 0.0001] and treatment [F, »1 = 4.6, P < 0.05], but there was no significant
interaction between prepulse intensity and treatment. There was no difference in the baseline
startle response between groups.

Fig. 4 shows the effects of Ro 25-1553 on performance in the three-chamber social
interaction test. Test subjects spent more time in the chamber containing the unfamiliar
mouse than in the empty side. Subjects generally spent more time in either side of the
apparatus than in the middle chamber. Repeated measures ANOVA revealed the significant
effect of side on duration [F,, 42 = 127.4, P < 0.0001]. However, there was no difference in
the side preferences between Ro 25-1553 (P1-7 and P1-14)- and PBS-treated mice.

Fig. 5 shows the effects of Ro 25-1553 on memory formation, retention and extinction in the
fear conditioning test. During the training phase of fear conditioning (Day 1), all groups had
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low levels of freezing before training began (Baseline) and froze about 80% of the time
following the training session [Fs 105 = 122.6, P < 0.0001] (Fig. 5a). There was no
significant difference in the acquisition between Ro 25-1553 (P1-7 and P1-14)-treated mice
and PBS-treated mice. After the conditioning day, we performed the contextual fear test on
Day 2 (Fig. 5b) and the tone-cued fear test on Day 3 (Fig. 5c). There were no significant
differences in contextual freezing responses under context A, or in tone-cued freezing
responses under context B between groups. For the 1st cued extinction on Day 4, freezing
behaviors of mice were gradually decreased and then reached a similar level as the baseline
(Fig. 5d). There was no significant difference in freezing responses between groups. On 2nd
extinction test (Day 5), cued tone stimulation no longer caused a significant increase in
freezing responses.

Discussion

We have previously shown that VIPR2 gene expression in the developing mouse brain
displays a pronounced peak at postnatal day (P) 12 (Waschek et al. 1996), a time of active
synaptogenesis, pruning and myelination (O'Kusky et al. 2000; Paolicelli et al. 2011; Ye et
al. 2002). The present study first demonstrated that repeated administration of a VPAC2
receptor agonist Ro 25-1553 during P1-14 decreased expression of synaptic marker proteins
PSD-95 and synaptophysin in the prefrontal cortex, but not hippocampus, of mice at 3-
weeks of age, and a selective effect on PPl measured at three to four months of age.

The selective reduction in PPl observed here with Ro 25-1553 would appear to contrast with
a previous study in which a similar treatment regimen with PACAP, acts on three different
receptors, VPACL, VPAC2, and PAC1, resulted in multiple neurodevelopmental alterations
(Reglodi et al. 2003). However, endpoints in that study were determined from birth to three
weeks of age only, so it uncertain what behavioral alterations would have been observed in
adults. Several lines of evidence indicate that Ro 25-1553 is highly selective for the VPAC2
receptor (Gourlet et al. 1997; Harmar et al. 2012). For example, in addition to results from
classical ligand binding studies on cultured cells expressing the receptor, an
autoradiographic study showed that specific binding of [12°1]-Ro 25-1553 was detectable in
tissues known to express the receptor, including the suprachiasmatic nuclei (SCN), in wild-
type mice, but not in Vipr2 null mice (Harmar et al. 2002). Furthermore, application of Ro
25-1553, like VIP, triggers a slow inward current in a subpopulation of SCN neurons from
wild-type, but not Vipr2 null, mice (Pakhotin et al. 2006). Our findings suggest that
overactivation of the VPAC2 receptor during early postnatal development causes synaptic
alterations in the prefrontal cortex of infant mice. Interestingly, Zupan et al. (2000) showed
that treatment of late gestation mice with a VIP/neurotensin hybrid peptide (a putative non-
selective VIP receptor antagonist) resulted in increased densities of synaptophysin and N-
methyl-o-aspartate receptors and expression of microtubule-associated protein-5 and
neurofilament 160 kD in the neocortex of offspring at P12 and 45, suggesting abnormal
synaptogenesis. Previous studies have also shown the physiological role of PACAP
signaling in synaptic development and plasticity in the central nervous system (Allais et al.
2007; Girard et al. 2004; Matsuyama et al. 2003; Otto et al. 2001). Of note, present findings
provide the first evidence that modulation of the VPAC?2 receptor signaling affects synaptic
maturation. Synaptic abnormalities have been proposed as a cause of various sensory
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processing impairments associated with schizophrenia (Faludi and Mirnics 2011;
McGlashan and Hoffman 2000). Reduced PSD-95 and synaptophysin protein levels in
cortical regions of schizophrenic patients are observed (Glantz and Lewis 1997; Kristiansen
et al. 2006) and in situ hybridization study also shows that PSD-95 mRNA expression was
decreased in Brodmann area 9 of the prefrontal cortex, but not in the hippocampus (Ohnuma
et al. 2000). These findings prompt us to examine the effect of activation of the VPAC2
receptor during early postnatal development on behaviors of mice in adulthood.

Among behaviors tested here, we observed that Ro 25-1553 treatment during P1-14
selectively caused a PPI deficit without any effects on the baseline startle response. On the
other hand, Ro 25-1553 treatment during P1-7 was insufficient to affect prepulse inhibition.
We previously demonstrated that expression of the VPAC2 receptor was very low in mouse
brain at PO and P6, but was then rapidly induced, with a pronounced peak at P12 (Waschek
et al. 1996). PPI of startle is an operational measure of the preattentive filtering process
known as sensorimotor gating, and abnormalities in preattentive information processing may
be predictive of or lead to complex cognitive deficits in schizophrenia (Braff et al. 1999;
Swerdlow et al. 2006). Animal models of PPI deficits have been investigated to gain a
greater understanding of the underlying pathological mechanisms involved in schizophrenia.
Prenatal lipopolysaccharide exposure was reported to induce a transient reduction of
synaptophysin expression in the frontal cortex (measured at three weeks of age) and a deficit
in PPI that persisted throughout adult life in mice (Romero et al. 2010). While we did not
measure synaptic proteins in adult mice, our finding are in agreement that PPI deficits can
be associated with alterations in synaptic proteins at a time when neuronal microcircuits are
forming. Decreased PSD-95 protein expression has also been found in the prefrontal cortex
of isolation-reared female rats, an animal model of neuropsychiatric disorders that include
features reminiscent of anxiety- and schizophrenia-like disorders including PP deficits
(Hermes et al. 2011). Interestingly, early postnatal social isolation was shown to impair
dendritic arborization in the prefrontal cortex, and was accompanied by increase in the
number of VIP-immunoreactive neurons (Pascual et al. 2006). Our findings suggest that
activation of the VPAC?2 receptor during early postnatal development in mice leads to a
long-term and selective disruption of PPI associated with changes in prefrontal synaptic
protein expression.

Social withdrawal is a classical disabling feature of schizophrenia and ASD which has been
modeled in mice (Hanks et al. 2013; Silverman et al. 2010). Furthermore, mice with a
homozygous PSD-95 gene deletion (DIg4~-) show a complex phenotype reminiscent of
autism, which includes increased repetitive behaviors, abnormal communication and social
behaviors, increased stress- and anxiety-related responses (Feyder et al. 2010). However, Ro
25-1553 treatment during early postnatal development did not affect the behaviors in the
open-field test or sociability in the three-chamber social interaction test. It has been
proposed that impaired emotional function plays an important role in the negative symptoms
of schizophrenia, and that this impairment arises from a disruption of the basic neural
circuitry that underlies encoding, modulating, and retrieving emotional memories. The
present study examined the effect of activation of the VPAC2 receptor during early postnatal
development on fear learning (conditioning, retrieval, and extinction), alterations of which
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represent an endophenotype that has been documented in schizophrenic patients and
recapitulated in multiple mouse models of schizophrenia (Amann et al. 2010; Holt et al.
2009, 2012). However, early postnatal treatment with Ro 25-1553 did not affect the fear
memory functions examined here.

Rare copy number variants (CNVs) have a prominent role in the etiology of schizophrenia,
ASD and other neuropsychiatric disorders (Sebat et al. 2009). Recent studies have indicated
that duplication of the VIPR2 gene confers the susceptibility to schizophrenia (Levinson et
al. 2011; Vacic et al. 2011; Yuan et al. 2014). Lymphocytes from patients with these
microduplications exhibited higher VIPR2 gene expression and VIP responsiveness,
indicating the overactivity of the VPAC2 receptor signaling. The present study showed that
activation of the VPAC?2 receptor by Ro 25-1553 during early postnatal development causes
alterations in the expression of synaptic proteins in the prefrontal cortex and leads to a
disruption in PPI. These findings implicate a potential pathological role of VPAC2 receptor
overactivation during early development, providing pharmacological support for the
hypothesis that VIPR2 duplications increase the risk of schizophrenia due to overactivity of
VPAC?2 signaling in the brain at a critical stage of brain development.
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Effects of early postnatal treatment with the VPAC2 receptor agonist Ro 25-1553 on
PSD-95 (a) and synaptophysin (b) levels one week later in the hippocampus and prefrontal
cortex. Mice were injected s.c. once daily with phosphate-buffered saline (PBS) or Ro
25-1553 (0.07 nmol/g) during P1-14. One week after the last injection, the hippocampus and
prefrontal cortex were dissected, and then PSD-95 and synaptophysin (SYN) expression was
analyzed by Western Blot. Expression levels were normalized to B-actin and are presented as
fold change relative to control PBS results. The results are expressed as the mean + SEM of
3 mice/group. *P < 0.05 compared with the PBS-treated group.
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Fig. 2.
Effects of early postnatal treatment with the VPAC2 receptor agonist Ro 25-1553 on open-

field behavior determined at three to four months of age. Each mouse was placed
individually into a clear Plexiglas chamber (27.5 cm x 27.5 cm x 20.5 cm) and the behavior
was recorded for 20 min. The distance traveled in the peripheral and center area and the time
spent in the center area are calculated. The results are expressed as the mean £ SEM of 8
mice/group.
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Fig. 3.
Effects of early postnatal treatment with the VPAC2 receptor agonist Ro 25-1553 on PPI of

the acoustic startle response in mice. The percentage of PPI at each prepulse intensity is
shown. The results are expressed as the mean = SEM of 8 mice/group. *P < 0.05 compared
with the PBS-treated group. TP < 0.05 compared with the Ro 25-1553 (P1-7)-treated group.
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Fig. 4.
Effects of early postnatal treatment with the VPAC2 receptor agonist Ro 25-1553

development on performance in the three-chamber social interaction test. After habituation,
a mouse was placed in the central chamber of a clear Plexiglas box (41 cm x 60 cm x 23.5
cm) divided into three interconnected chambers and was given the choice to interact with
either an empty wire cup (Empty) or a similar wire cup with an unfamiliar mouse (Stranger).
The amount of time spent in each of the three chambers was recorded for the test mouse in a
10-min. The results are expressed as the mean + SEM of 8 mice/group. **P < 0.01
compared with the middle chamber. TP < 0.01 compared with the empty side.
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Fig. 5.

Ef?‘ects of early postnatal treatment with the VPAC2 receptor agonist Ro 25-1553 on
memory formation, retention and extinction in the fear conditioning test. (a) Acquisition.
BL; baseline, T; tone. (b) Contextual fear test. (c) Tone-cued fear test. **P < 0.01 compared
with the baseline. (d) Cued fear extinction. BL; baseline. **P < 0.01 compared with the
baseline in the PBS-treated group. TP < 0.05 compared with the baseline in the Ro 25-1553
(P1-7)-treated group. 3P < 0.05 compared with the baseline in the Ro 25-1553 (P1-14)-
treated group. The results are expressed as the mean £ SEM of 8 mice/group.
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