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Abstract

Background—Studies have implicated the 5-HT receptor in physiological and pathophysiological
phenomena, including thermoregulation, central control of micturition and locomotion, regulation
of circadian rhythm, sleep, and depression. Further, several antidepressant and antipsychotic drugs
have high affinity for the 5-HT7 receptor.

Methods—We examined the role of 5-HT7 receptors in a rodent analogue of sensorimotor gating
deficits in schizophrenia: phencyclidine (PCP)-induced disruption of prepulse inhibition (PPI) of
acoustic startle. We used mice lacking the 5-HT+ receptor due to a targeted inactivation of this
receptor gene, and the selective 5-HT7 receptor antagonist SB-269970.

Results—SB-269970 did not affect either baseline PP1 or PCP-disrupted PPI. There was no
difference between 5-HT;** and 5-HT;~/~ mice in startle reactivity or PPI regardless of prepulse
intensity (74—82 dB), inter-stimulus interval (25—500 ms), or pulse intensity (90—120 dB).
Nevertheless, the disruption of PPI produced by PCP (10 mg/kg) in wild-type mice was reduced in
5-HT;~/~ mice, although it was not affected by the 5-HT5 antagonist SB-269970. By contrast, the
PPI-disruptive effects of apomorphine (5 mg/kg) and amphetamine (7.5 mg/kg) were comparable in
both genotypes.

Conclusions—The results indicate a partial role for the 5-HT7 receptor in the glutamatergic PPI
model of sensorimotor gating deficits in schizophrenia that is sensitive to atypical antipsychotics,
and no involvement of this receptor in the dopaminergic PPI model that is sensitive to typical
antipsychotics. Thus, the 5-HT; '~ mice may provide a useful tool to study the role of 5-HT7 receptor
in the action of atypical antipsychotic drugs and schizophrenia.
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Dysfunctions of the serotonin (5-HT) system have been suggested to be important in the

neurobiology of several psychiatric disorders, including depression and schizophrenia (Geyer
et al 2001; Markou et al 1998; Meltzer 1995). Several classes of drugs used to treat psychiatric
disorders have relatively high affinity for the 5-HT receptor (Roth et al 1994), implicating the
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5-HT7 receptor in several neurophysiological and pathophysiological phenomena (Hedlund
and Sutcliffe 2004). These drugs included typical and atypical antipsychotics as well as
antidepressants (Monsma et al 1993; Shen et al 1993). Further, recent research has suggested
the 5-HT7 receptor as a candidate target for the treatment of depression (Guscott et al 2005;
Hedlund et al 2005; Wesolowska et al 2006). Using both knockout mice lacking the 5-HT>
receptor and selective 5-HT5 receptor antagonists, it has been demonstrated that blockade or
inactivation of this receptor leads to an antidepressant-like profile in behavioral models of
antidepressant activity, such as the forced swim test and the tail suspension test (Guscott et al
2005; Hedlund et al 2005; Wesolowska et al 2006).

The role of 5-HT7 receptors in schizophrenia has not been studied extensively. The atypical
antipsychotic clozapine has higher affinity for the 5-HT> receptor than the dopamine D2
receptor generally believed to be the main receptor involved in the mediation of antipsychotic
effects (Roth et al 1994). Furthermore, 5-HT7 receptor mMRNA is downregulated in the
prefrontal cortex of schizophrenia patients (Thomas and Hagan 2004). Interestingly, clozapine
may restore neuronal function by upregulating 5-HT+ receptor expression, something that has
been shown at least in cell lines (Zhukovskaya and Neumaier 2000). Direct evidence
implicating the 5-HT+ receptor in schizophrenia is provided by a study linking single nucleotide
polymorphisms in the 5-HT> receptor gene to schizophrenia in a Japanese population (Ikeda
et al 2006). Thus, it is of interest to study the potential role of 5-HT receptors in behaviors of
relevance to schizophrenia.

Prepulse inhibition (PPI) is the reduction of a startle response elicited by an intense acoustic
stimulus (pulse) when it is immediately preceded by a stimulus of lower intensity (prepulse).
PPI of startle has been used as a measure of the loss of sensorimotor gating that may contribute
to the sensory flooding and cognitive deficits seen in schizophrenia and other psychotic
disorders (Braff et al 2001; Geyer et al 2001; Swerdlow and Geyer 1998). Reversals of PPI
deficits induced by various manipulations are widely used to assess antipsychotic activity
(Geyer et al 2001). PPI deficits have been induced in rodents with drug treatments, including
the dopamine receptor agonists apomorphine and amphetamine (Geyer et al 2002; Mansbach
et al 1988), and the N-methyl-d-aspartate (NMDA\) receptor antagonist phencyclidine (PCP)
(Bakshi and Geyer 1995; Geyer and Ellenbroek 2003; Geyer et al 2002; Mansbach and Geyer
1989). It has been suggested that the behavioral effects of dopamine receptor agonists model
some aspects of “positive” symptoms of schizophrenia, which respond to treatment with typical
antipsychotics, while the behavioral effects of NMDA antagonists model some aspects of
“negative” symptoms of schizophrenia, which have been reported to respond preferentially to
treatment with atypical antipsychotics (Geyer and Ellenbroek 2003). One published study on
the involvement of the 5-HT7 receptor in PPl demonstrated that in rats the selective antagonist
SB-258741 dose-dependently reversed PPI-disruption induced by PCP (Pouzet et al 2002).
SB-258741 had no effect on amphetamine-induced disruption of PPI, thus suggesting that the
5-HT7 receptor can modulate glutamatergic, but not dopaminergic, effects on PPI. Another
study using 5-HT+7 receptor knockout mice showed that these mice did not exhibit any alteration
in startle amplitude or PPI under baseline conditions (Guscott et al 2005).

In the present study, we further investigated the possible role of 5-HT5 receptors in PPI. We
evaluated the capacity of the 5-HT5 receptor antagonist SB-269970 to reduce PCP-induced
disruptions of PPI in both rats and mice. Further, we extended previous studies in 5-HT>
receptor knockout mice and explored the role of 5-HT7 receptors in amphetamine-,
apomorphine- and PCP-induced disruptions of PPI in these mice.
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Methods and materials

Animals

Drugs

Ten-to-twelve week old male 5-HT7 7/~ mice and their male 5-HT;*/* sibling controls were
used. The generation of the 5-HT7~/~ mouse strain has been described previously (Hedlund et
al 2003). Briefly, the 5-HT;~/~ mice were created by targeted disruption within exon Il of the
5-HT7 receptor gene, thus inactivating all known splice variants of the receptor protein. The
inactivation was done in embryonic stem cells derived from 129Sv mice and breeding was then
performed in C57BL/6J mice. The mice used in this study had been back-crossed on the
C57BL/6J background for at least 14 generations.

Male C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) arrived in the laboratory when
they were 10—12 weeks of age and were group housed (4 per cage). Male Wistar rats (Charles
River Laboratories, Wilmington, MA) weighing 250—-275 g upon arrival in the laboratory were
grouped housed (2 per/cage). For one week after arrival in the vivarium, animals were allowed
to habituate to their new environment. Animals were housed in a humidity-(60£10%) and
temperature-controlled (21+1°C) animal facility on a reversed light/dark cycle (lights off at 6
am for mice or 7 am for rats) with free access to food and water except during testing. All tests
and other manipulations were conducted during the dark phase of the cycle. Animal facilities
were AAALAC-approved, and protocols were in accordance with the “Guiding Principles in
the Care and Use of Animals” (provided by the American Physiological Society) and the
guidelines of the National Institutes of Health.

The drugs amphetamine (Sigma, St. Louis, MO; 7.5 mg/kg, intraperitoneal injection in a
volume 10 ml/kg given 15 min before a testing session), apomorphine (Sigma, St. Louis, MO;
5 mg/kg, subcutaneous injection in a volume 5 ml/kg given immediately before a testing
session), or PCP (Sigma, St. Louis, MO; in mice: 10 mg/kg, intraperitoneal injection in a
volume 10 ml/kg; in rats: 1.5 mg/kg, subcutaneous injection in a volume 1 ml/kg given 15 min
before a testing session including 5 min habituation to startle box) were used to disrupt PPI.
Amphetamine, PCP, and SB-269970 were dissolved in saline (0.9% NaCl); except for the
experiment in rats where SB-269970 was dissolved in sterile water; apomorphine was dissolved
in 0.1% ascorbic acid. Saline (0.9% NacCl) injections were used as controls for all drugs, except
apomorphine for which 0.1% ascorbic acid served as a control.

SB-269970 (Sigma, St. Louis, MO; in mice: 3, 10, 15, 20, or 30 mg/kg, intraperitoneal injection
in a volume 10 ml/kg; in rats: 10 mg/kg, subcutaneous injection in a volume 2 mi/kg, given 30
min before a testing session) was used to inhibit 5-HT7 receptors. The doses and time of
administration were chosen based on previous studies in which pharmacokinetic analysis has
shown that SB-269970 penetrates into the brain, at least in rats, with a maximum concentration
after 30 min (Hagan et al 2000). Several studies have shown physiological effects within the
dose range used (Hagan et al 2000; Hedlund et al 2005; Wesolowska et al 2006).

Acoustic startle procedure

Testing occurred in startle chambers (San Diego Instruments, San Diego, CA) that consisted
of clear non-restrictive Plexiglas cylinders resting on a platform inside a ventilated and
illuminated chamber. A high-frequency loudspeaker inside the chamber produced both a
continuous background noise of 70 dB (mice) or 65 dB (rats) and the various acoustic stimuli.
As described previously (Mansbach et al 1988), the whole-body startle response of the animal
caused vibrations of the Plexiglas cylinder, which were then converted into analog signals by
a piezoelectric unit attached to the platform. These signals were then digitized and stored by a
computer and interface unit. Monthly calibrations were performed on the chambers to ensure
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the accuracy of the sound levels and measurements. Sound levels were measured as described
previously (Mansbach et al 1988) using the dB(A) scale.

Before drug testing, C57BL/6J mice and Wistar rats underwent a brief startle session (5 min
in duration) to create treatment groups matched for baseline startle reactivity and PPI response.
During this baseline session, the 70-dB (mice) or 65-dB (rats) background noise was presented
for 1 min and continued throughout the remainder of the session. A total of 17 trials (mice) or
24 trials (rats) were presented [five (mice) or four (rats) pulse-alone trials, followed in a pseudo-
random order by six (mice) or nine (rats) 120-dB pulse alone and six 78 dB prepulse+pulse
trials (mice) or six 77 dB prepulse+pulse trials (rats)].

During testing sessions animals were placed in the startle chambers and the background noise
was presented for a 5 min acclimatisation period and continued throughout the test session.
During a testing session, all trial types were presented several times in a pseudorandom order.
In mouse studies, 60 trials were used to assess PPI (12 pulse-alone trials, 12 no stimulus trials,
12 74-dB prepulse+pulse trials, 12 78-dB prepulse+pulse trials, and 12 82-dB prepulse+pulse
trials). In rat studies, 84 trials were used to assess PPI (12 pulse-alone trials, 42 no stimulus
trials, 10 69-dB prepulse+pulse trials, 10 73-dB prepulse+pulse trials, and 10 77-dB prepulse
+pulse trials). In addition, six pulse-alone trials, which were not included in the calculation of
prepulse inhibition (PPI) values (because the most rapid habituation of the startle reflex occurs
within the first few presentations of the startling stimulus), were presented at the beginning
and six more pulse-alone trials at the end of each test session to assess startle habituation
throughout the session. The time between trials averaged 15 s (ranging from 12 to 30 s) and
the total duration of a test session was approximately 25 min. The pulse-alone trial consisted
of a 40 ms 120 dB pulse of broadband noise. The prepulse+pulse trials consisted of a 20 ms
noise prepulse, a 100 ms delay, then a 40-ms 120-dB startle pulse (120 ms onset-to-onset
interval). The no stimulus trial consisted of background noise only and allowed the assessment
by the piezoelectric accelerometer of general activity in the startle chamber when no acoustic
stimuli were presented.

For the initial characterization of startle response and PP1 in 5-HT;~/~ mice, a longer testing
session (approximately 60 min in duration) was created where pulse values varied from 70- to
120-dB in steps of 5; prepulse intervals were 20, 40, 60, 80, 100, 200, 500 ms; prepulse
intensities were 74, 78, and 82 dB, with a 70 dB background level.

Experimental design

5-HT;~/~ and 5-HT7*"* mice—The first cohort of 5-HT; 7/~ and 5-HT;** mice (n=12) was
examined for their initial startle and PPI responses in the long startle session without any drug
treatment. Then, over a 6-week period, these mice were used to evaluate the effects of the three
different PPI-disruptive drugs in a repeated crossover design. Thus, we examined the effects
of PCP (10 mg/kg, crossover design 1), apomorphine (5 mg/kg, crossover design 2), and
amphetamine (7.5 mg/kg, crossover design 3). As a result, all mice received both drug and
vehicle treatments during the course of the study, but there was a 2-week gap between different
treatments. The second cohort of 5-HT; 7/~ and 5-HT*/* mice underwent crossover testing
with PCP/vehicle only. There was no baseline session for 5-HT7 7/~ mice.

C57BL/6J mice—First we examined the effects of SB-269970 alone on PPI and startle.
Injections of vehicle, 3, 10, or 30 mg/kg SB-269970 were given intraperitoneally 30 min before
testing to 40 mice (n=10 per dose, between-subject design). Then, the interactive effects of
PCP (vehicle, 10 mg/kg) and SB-269970 (vehicle, 10 mg/kg) on PPI and startle were examined
in the same mice as well as in drug-naive mice in a second replication of the experiment. Finally,
a third cohort of C57BL/6J mice was used to further examine the interactive effects of PCP
(vehicle, 10 mg/kg) and higher SB-269970 doses (vehicle, 15, and 20 mg/kg). For statistical
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analyses, all three cohorts of C57BL/6J mice were combined to evaluate the interactive effects
of PCP and SB-269970.

Wistar rats—The interactive effects of PCP (vehicle, 1.5 mg/kg) and SB-269970 (vehicle,
10 mg/kg) on PPI and startle were examined (n=8-10 per dose, between-subject experimental
design). The doses were chosen based on previously published findings showing normalization
of PCP-disrupted PPI with the different, but structurally related, 5-HT7 receptor antagonist
SB-258741 (Pouzet et al 2002).

Data analyses

Results

The acoustic startle data (measures: startle amplitude and prepulse inhibition) were analyzed
with a two-way or three-way ANOVA with Drug doses or Genotype as a between subjects
factor, and Block (for startle amplitude) and Intensity (for PPI) as the respective within-subject
factors. The amount of PPI was calculated as a percentage score for each prepulse trial type:
% PPI = 100 — {[(startle response for prepulse+pulse)/(startle response for pulse-alone)] x
100}. To explore potential time-dependent effects of the manipulations made, all PP1 data were
divided into two blocks before analysis. As described below, this approach revealed several
significant effects and for consistency all data were analyzed and presented this way. Startle
amplitude was calculated as the average response to all of the pulse-alone trials, excluding the
firstand last blocks of five pulse-alone trials. For all experiments, statistically significant results
were followed by Newman-Keuls post-hoc analyses. The level of significance was set at P <
0.05.

Startle and PPI response in 5-HT;** and 5-HT;~~ mice under baseline conditions

With startle pulse intensity varying from 70 to 120 dB, the startle response was similar in 5-
HT,** and 5-HT;~/~ mice (Figure 1A) with a greater response at higher intensities. ANOVA
analyses revealed a significant effect of Pulse (F(7,154)=41.76, p<0.0001), but no significant
effect of Genotype or their interaction. With a fixed pulse intensity of 120 dB, there was no
difference in PPI with prepulse intensities of 74, 78, or 82 dB in 5-HT;*/* and 5-HT; 7/~ mice
(Figure 1B). PPI increased with increasing prepulse intensity in both genotypes as indicated
by a significant main effect of Prepulse intensity (F(2,44)=40.79, p<0.0001). There were no
significant effects of Genotype or their interaction. There was also no difference in the PPI
response between the two genotypes when PPI was assessed at interstimulus intervals ranging
from 25 ms to 500 ms (Figure 1C). ANOVA analyses revealed a significant effect of
Interstimulus interval (F(6,132)=14.46, p<0.0001), but no effect of Genotype or their
interaction.

Effects of PCP on startle and PPI response in 5-HT;** and 5-HT;™/~ mice

There was no difference in the startle response of 5-HT;*/* or 5-HT7/~ mice after PCP (10
mg/kg) administration (Table 1). ANOVA analyses on the startle reactivity data revealed no
significant PCP x Genotype or PCP x Genotype x Block of startle interactions. Nevertheless,
there was a significant PCP x Block interaction (F(3,192)=9.92, p<0.0001). There was also a
significant effect of PCP treatment (F(1,64)=8.92, p<0.01) on startle reactivity and a significant
effect of Genotype (F(1,64)=5.37, p<0.05), but no interaction of PCP x Genotype. PCP induced
a slight increase in startle reactivity mainly in block 1 of the startle session and this effect
dissipated in blocks 3 and 4 indicating similar habituation of the startle response in both 5-
HT,*"* or 5-HT; "~ mice treated either with PCP or vehicle.

The PPI data were separated into two blocks for analyses, with the greatest effects of PCP
treatment being observed in the first block (Figure 2A). ANOVA analyses of PPI data in Block
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1 demonstrated a significant effect of Genotype (F(1,64)=4.32, p<0.05), PCP treatment (F
(1,64)=13.48, p<0.001) and their interaction (F(1,64)=4.48, p<0.05). There was a significant
effect of Prepulse intensity (F(2,128)=69.22, p<0.0001), but no interaction between the factors
Genotype, PCP treatment and Prepulse intensities. Visual inspection of the data showed that
the disruptive effects of PCP were more pronounced in 5-HT7*/* mice compared to 5-
HT, 7/~ mice. Additional statistical analyses revealed that PCP significantly (Newman-Keuls
test, p<0.01) decreased PPI in 5-HT;*/* mice at the tested prepulse intensities of 74, 78, and
82 dB. By contrast, the effects of PCP on PPI were not significant in 5-HT7/~ mice, except at
prepulse intensity 78 dB where there was a small, but significant, decrease in PPI in 5-
HT,~/~ mice treated with PCP compared with 5-HT7/~ mice treated with vehicle.

ANOVA analyses on PPI data in block 2 demonstrated a significant effect of Genotype (F
(1,64)=6.58, p<0.05), PCP treatment (F(1,64)=7.91, p<0.01) and Prepulse intensities (F(2,128)
=48.47, p<0.0001). However, there were no interactions between the factors indicating no
differences between 5-HT,*/* and 5-HT;~/~ mice in PPI response after vehicle or PCP
administration.

Effects of apomorphine on startle and PPl response in 5-HT;*/* and 5-HT;™/~ mice

There was no difference in startle response between 5-HT;*/* and 5-HT;~/~ mice after
apomorphine (5 mg/kg) administration (Table 1). ANOVA analyses on the startle reactivity
data revealed no Apomorphine x Genotype or Apomorphine x Genotype % Block interactions,
but a significant Apomorphine x Block interaction (F(3,129)=3.58, p<0.05). There was a
significant effect of Apomorphine treatment (F(1,43)=11.9, p<0.001) and Genotype (F(1,43)
=6.73, p<0.01) on startle reactivity. 5-HT;/~ mice treated with vehicle showed a trend for
higher startle response compared to 5-HT*/* mice treated with vehicle.

Again, for consistency in data presentation, the PPI data were separated into two blocks for
analyses (Figure 2B). ANOVA analyses on PPI data from block 1 demonstrated a significant
effect of Apomorphine treatment (F(1,43)=9.2, p<0.001), Prepulse intensity (F(2,86)=53.25,
p<0.0001), but no significant effect of Genotype, Genotype x Apomorphine or Genotype x
Apomorphine x Prepulse intensity interactions.

ANOVA analyses on PPI data from block 2 demonstrated a significant effect of Prepulse
intensities (F(2,86)=53.08, p<0.0001), but no effect of Genotype or Apomorphine treatment.
There were no interactions between the factors indicating no differences between 5-HT,*/*
and 5-HT; '~ mice in PPI response after vehicle or apomorphine administration.

Effects of amphetamine on startle and PPI response in 5-HT;** and 5-HT;™/~ mice

There was no difference in startle response habituation of 5-HT7*/* or 5-HT;~/~ mice after
amphetamine (7.5 mg/kg) administration (Table 1). ANOVA analyses on the startle reactivity
data revealed no significant Amphetamine x Genotype or Amphetamine x Genotype x Block
interactions, but a significant Amphetamine x Block interaction (F(3,132)=3.08, p<0.05) and
a significant Genotype x Block interaction (F(3,132)=5.21, p<0.01). However, there was no
significant effect of either Amphetamine treatment or Genotype on startle reactivity.

Amphetamine administration disrupted PPI response in both 5-HT7*/* and 5-HT7 '~ mice
(Figure 2C). ANOVA analyses on PPI response data from block 1 demonstrated a significant
effect of Amphetamine treatment (F(1,44)=6.65, p<0.01) and Prepulse intensity (F(2,88)
=55.82, p<0.0001), but no significant effect of Genotype, Genotype x Amphetamine or
Genotype x Amphetamine x Prepulse intensities interactions.

ANOVA analyses of PPI data from block 2 demonstrated significant effects of Amphetamine
treatment (F(1,44)=4.49, p<0.05) and Prepulse intensities (F(2,88)=53.31, p<0.0001), but no
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effect of Genotype. There were no interactions between the factors indicating no differences
between 5-HT7*/* and 5-HT; '~ mice in PPI response after vehicle or amphetamine
administration.

In view of the crossover design used, additional ANOV As were performed to explore potential
carry-over effects of the drugs. These analyses revealed no interaction between the factors
Genotype and Crossover design (data not shown).

Effects of SB-269970 on PPl and startle response in C57BL/6J mice

In C57BL/6J mice, SB-269970 did not alter the startle amplitude at any of the doses tested
(Table 2; there was no significant Treatment effect or Treatment x Block interaction). PPI was
also not affected by SB-269970 at any prepulse intensity tested (Table 2; there was no
significant Treatment effect or Treatment x Prepulse intensities interaction).

Effects of SB-269970 on PCP-induced disruption of startle and PPl response in C57BL/6J

mice

ANOVA analyses on startle amplitude values revealed a significant effect of startle Block (F
(3,396)=37.63, p<0.00001), SB-269970 treatment (F(3,132)=5.01, p<0.01) and a strong trend
for an effect of PCP treatment (F(1.132)=3.66, p<0.058, ns). However, the SB-269970 x PCP
x Block interaction was not significant indicating that startle habituation was similar in all
treatment groups (Table 3).

As expected, PCP disrupted PPl in C57BL/6J mice (F(1,132)=34.35, p<0.00001). Pretreatment
with SB-269970 did not significantly alter the PCP-induced disruption (Table 4, there was no
SB-269970 x PCP interaction). However, the effect of treatment with SB-269970 was
significant (F(3,132)=2.8, p<0.05). Although there was a significant effect of SB-269970
treatment, there was no significant interaction with the factor PCP, and there were no significant
post-hoc effects. Separate ANOVA analyses on PPI values in block 1 and 2 revealed similar
results (data not shown).

Effects of SB-269970 on PCP-induced disruption of startle and PPl response in Wistar rats

ANOVA analyses on startle amplitude values revealed a significant effect of Block indicating
a habituation effect (F(3,102)=52.48, p<0.00001), but no effects of either SB-269970 or PCP.
The SB-269970 x PCP x Block interaction was not significant indicating that startle habituation
was similar in all treatment groups (Table 3).

As expected, PCP disrupted PPI in rats (F(1,34)=8.95, p<0.01). Pretreatment with SB-269970
did not significantly alter the PCP-induced disruption (Table 4, effect of treatment with
SB-269970 or SB-269970 x PCP interaction were not significant). Separate ANOVA analyses
on PPI values from blocks 1 and 2 revealed similar results (data not shown).

Discussion

The main finding of the present study was that inactivation of the 5-HT; receptor partially
prevented PPI disruption by PCP without affecting the ability of amphetamine or apomorphine
to disrupt PPI.

Under baseline conditions, there were no differences between 5-HT;*/* or 5-HT;~ mice in
startle response or PPI regardless of prepulse intensity (74-82 dB), inter-stimulus interval (25
—500 ms), or pulse intensity (90120 dB). These findings are in agreement with the results of
a previous study where a different strain of 5-HT7 receptor knockout mice was used (Guscott
et al 2005). The present data expand on these previously published results by also testing
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different interstimulus intervals and a wider range of pulse intensities. In general, both
genotypes showed similar habituation responses over blocks of trials and a similar increase in
PPI with increasing prepulse intensity.

There was no difference in startle response between 5-HT;*/* and 5-HT;/~ mice following
PCP treatment (10 mg/kg) during all four blocks of startle trials. As expected, PCP (10 mg/kg)
disrupted PPI in 5-HT7** mice. Nevertheless, PCP had a significantly lower ability to do so
in 5-HT7 '~ mice. The genotype difference was more pronounced early in the trial sequence
(Block 1), when the effect of PCP on PPl was most pronounced (Figure 2). This timecourse
of PCP action is consistent with its reported half-life (28 min) after administration of 10 mg/
kg PCP, i.p. in ICR mice (Nabeshima et al 1982). Thus, it is not surprising that PCP-induced
PPI disruption was less pronounced, although still significant, in Block 2 compared to Block
1.

In contrast, apomorphine (5 mg/kg) and amphetamine (7.5 mg/kg) continued to have significant
PPI-disruptive effects in both 5-HT7*/* and 5-HT;/~ mice. Thus, taken together these findings
indicate a partial alteration in the glutamatergic regulation of the PPI model in the 5-HT; 7/~
mice. This conclusion is based on previous findings that the glutamatergic component of PPI
is sensitive to atypical antipsychotics (Bakshi and Geyer 1995; Geyer and Ellenbroek 2003;
Geyer et al 2001). By contrast, the present results suggest that there is no involvement of the
5-HT7 receptor in the dopaminergic disruption of the PPI response.

We also investigated the effects of the relatively selective 5-HT7 receptor antagonist
SB-269970 (Hagan et al 2000) on mice and rats. SB-269970 did not affect startle amplitude
or PPI at any dose or prepulse intensity tested. SB-269970 also did not have any effect on PCP-
induced disruptions of PPI. This lack of modulatory actions of SB-269970 on the effects of
PCP on PPI raises several issues. First, it has been shown that it is possible to block PCP-
induced PPI disruption using a different selective 5-HT7 receptor antagonist, SB-258741, in
Wistar rats (Pouzet et al 2002). To address the hypothesis that these differences in results may
be attributable to species differences, we studied the effects of SB-269970 on PCP-induced
disruption of PPI in this same strain of rats as in (Pouzet et al 2002). As in the C57BL/6J mice,
we did not observe any effect of SB-269970 at the dose of 10 mg/kg that was effective when
using SB-258741. An effect seen only in knockout animals may be due to compensatory
mechanisms and thus of less physiological relevance. In all, however, the apparent
discrepancies may also be due to drug effect differences. It seems most likely that SB-269970
behaves differently than SB-258741, a notion supported by the recent observation that
SB-269970 seems to have a very narrow dose range in which it is effective (Wesolowska et al
2006) with no clear dose-response curves, suggesting differences in receptor binding profiles
of these two drugs.

Second, in several previous studies it has been possible to mimic effects seen in 5-HT; '~ mice
with selective 5-HT7 receptor antagonists. These actions include effects on thermoregulation
(Hedlund et al 2003; Hedlund et al 2004), in animal models of depression and antidepressant
activity (Guscott et al 2005; Hedlund et al 2005; Wesolowska et al 2006), and in sleep
parameters (Hagan et al 2000; Hedlund et al 2005; Thomas et al 2003). These studies provide
a solid foundation for the hypothesis that the effects of both blockade and inactivation of the
5-HT7 receptor should be similar. Third, it has been demonstrated that SB-269970 is cleared
rapidly from the blood (Hagan et al 2000) and thus that the short half-life could explain the
lack of effect. However, the same study found the highest brain concentration in rats 30 min
after administration. As noted above, several studies have demonstrated physiological effects
attributed to brain action of SB-269970 using similar doses and time intervals between
administration and testing as in the present study making it unlikely that the short half-life
explains the lack of effect (Hagan et al 2000; Hedlund et al 2005; Wesolowska et al 2006).
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A high density of 5-HT7 receptors is found in thalamic, cortical, and limbic regions (Hedlund
and Sutcliffe 2004; Thomas and Hagan 2004). These regions are also involved in the regulation
of behavioral gating (for review, see (Braff et al 2001)) suggesting a possible role for 5-HT7
receptors in the pathophysiology of schizophrenia (e.g., PPI deficits). Further, atypical
antipsychotics, that have affinity for 5-HT7 receptors (Roth et al 1994), have been shown to
be effective in reversing PPI deficits induced by PCP or apomorphine (Bakshi et al 1994;
Swerdlow et al 1994) supporting the hypothesis that 5-HT> receptors are implicated in PPI.
The neural mechanism of 5-HT5 receptor function has not been studied extensively. Recent
findings suggest that the 5-HT> receptors are probably not located on serotonergic neurons and
may serve as heteroreceptors in regulation of 5-HT release in the raphe nuclei (Harsing et al
2004). 1t was recently reported that the selective 5-HT7 receptor antagonist SB-269970
inhibited 5-HT efflux in the dorsal raphe nucleus indirectly by activation of GABAA receptors
(Roberts et al 2004). Further, SB-258719, also a selective 5-HT receptor antagonist, reversed
inhibition of glutamate release induced by the nonselective 5-HT receptor agonist 5-
carboxamido-tryptamine, suggesting that the axon terminals of the glutamatergic cortico-raphe
neurons may possess 5-HT5 receptors that may modulate glutamate release (Harsing et al
2004). Increases in glutamatergic or serotonergic neurotransmission after administration of
PCP (or other NMDA receptor antagonists) or serotonergic compounds (i.e., different 5-HT
releasers, 5-HT, and 5-HT receptor agonists) have been shown to disrupt PPI (for review,
see (Geyer et al 2001)). Thus, it may be hypothesized that inactivation of the 5-HT7 receptor
partially prevented disruption of the PPI response by, at least partially, preventing PCP from
inducing serotonin and/or glutamate release. To our knowledge, possible interactions between
5-HT5 receptors and the dopaminergic system have not been studied prior to the present study.
However, the lack of effect of 5-HT7 receptor blockade on amphetamine- or apomorphine-
induced disruptions of PPI in the present data, together with our finding that SB-269970 and
the finding that SB-258741 (Pouzet et al 2002) mediates reversal of PCP-induced PPI
disruption suggest that 5-HT7 receptors play a partial role in modulating the glutamatergic, but
not the dopaminergic, system.

In conclusion, the results indicate a partial role for the 5-HT7 receptor in the glutamatergic PPI
model of schizophrenia that is sensitive to atypical antipsychotics and no involvement in the
dopaminergic PPl model that is sensitive to typical antipsychotic drugs. In combination with
selective antagonists, the 5-HT+ receptor knockout mice may provide a useful tool to study the
role of 5-HT receptor function in the action of atypical antipsychotic drugs and schizophrenia.
Furthermore, it may be hypothesized that atypical antipsychotics exert at least part of their
effect through the 5-HT> receptor. This effect may be through direct actions at the receptor, a
notion supported by the finding that clozapine has relatively high affinity for the 5-HT- receptor
(Roth et al 1994). The effect may also be indirect through other receptor systems, presumably
the dopamine D, receptor. Further studies are required to evaluate the possible benefits of a 5-
HT7 receptor antagonist in the treatment of schizophrenia.
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Figure 1.

Startle response and PPI was not altered in 5-HT;~/~ mice (m) compared to 5-HT;*/* mice ().
Startle amplitude (A) was measured within a pulse intensity range of 70—-120 dB. Values
(arbitrary units) represent mean startle amplitude + SEM. PPI with a fixed pulse intensity of
120 dB (B) was tested at three prepulse intensities (74, 78, and 82 dB). Values are presented
as mean % prepulse inhibition + SEM. PPI response with a fixed pulse intensity of 120 dB and
a prepulse intensity of 82 dB (C) was measured with prepulse intervals ranging from 20—500
ms. Values are presented as mean % prepulse inhibition = SEM. n = 12 per group.
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Effects of PCP (10 mg/kg, n=17/group, A), apomorphine (5 mg/kg, n=12/group, B) and
amphetamine (7.5 mg/kg, n=12/group, C) on PPI response in 5-HT;*/* mice (o, vehicle; o,
drug) compared to 5-HT;~/~ mice (m, vehicle; », drug). Values are presented as mean % prepulse
inhibition £ SEM. PPl was tested at three prepulse intensities (74, 78, and 82 dB). PCP disrupted
PPI (B) in 5-HT;** mice, but failed to do so in 5-HT~/~ mice; and the PPI response was
significantly lower in 5-HT7*/* mice after PCP disruption compared to 5-HT; ™/~ mice at all
prepulse intensities tested (** p < 0.01, ANOVA followed by Newman-Keuls test). In 5-
HT; '~ mice, PCP significantly disrupted PPI only at the prepulse intensity of 78 dB and only
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in block 1 (# p<0.05, Newman-Keuls test). The PPI disruptive effect of apomorphine and
amphetamine was similar in both 5-HT;*/* and 5-HT7 7/~ mice.
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Table 1
Phencyclidine, apomorphine or amphetamine had no effect on startle response habituation in 5-HT7*/* and 5-
HT, 7~ mice.
Block 1 Block 2 Block 3 Block 4

Phency/glidine_
5-HT,™* (vehicle) 129.57+13.6 142.41%16.7 108.14+14.4 101.75+14.7
5-HT,""* (10 mg/kg) 221.88+26.88 169.72+19.11 134.09+16.63 146.4622.74
5-HT, " (vehicle) 103.07+13.11 95.96+10.11 102.4+9.14 98.78+10.86
5-HT,”™ (10 mg/kg) 172.08+15.36 145.36213.25 104.62+14.87 94.03+10.71
Apomonphine
5-HT,""* (vehicle) 127.74+18.56 96.8+14.24 92.05+13.92 82.59+14.52
5-HT,""* (5 mglkg) 70.39£7.77 68.28+10.76 68.49+9.53 54.82+8.35
5-HT,™™ (vehicle) 176.92+34.48 170.97+24.08 136.82+24.29 126.9+17.18
5-HT,”™ (5 mglkg) 91.64+13.17 90.9910.48 81.97+14.27 85.13+13.41
Amphetamine
5-HT,™"* (vehicle) 95.10+11.4 69.315.94 62.1028.76 73.3:11.74
5-HT,*"* (7.5 mg/kg) 67.9+10.7 71.6+10.9 60.7+10.9 55.0+10.8
5-HT,”~ (vehicle) 145.5+35.6 117.7+29.4 106.6+28.10 84.3+21.9
5-HT,”" (7.5 mglkg) 105.1+17.02 90.4+16.64 79.1+135 61.8+12.3

Values (arbitrary units) are presented as mean of startle amplitude £ SEM in blocks 1-4, where each block consisted of 6 trials.
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SB-269970 had no effect on PPI or startle response under baseline conditions in wild-type (C57BL/6J) mice.

S$B-269970 (mg/kg)
3

Vehicle 10 30
Prepulse inhibition
response
74 dB prepulse 27.8+6.56 27.13+3.93 20.83+5.88 19.43+6.07
78 dB prepulse 33.945.81 35.13+6.29 31.2+6.4 28.64+3.65
82 dB prepulse 43.4+8.19 43.9+6.91 45.76+5.11 37.16+5.48
Startle response
Block 1 238.33+33.51 217.72+46.01 223.5+40.45 241.12+37.21
Block 2 195.88+20.77 194.98+28.95 175.15+26.56 194.7+31.08
Block 3 187.85+26.57 153.00+20.31 163.38+16.58 172.5+21.75
Block 4 169.00+23.55 149.37+29.84 177.95+31.78 138.5+29.52

Values are presented as mean percent of PPI + SEM or mean startle amplitude (arbitrary units) + SEM. Startle response is presented as blocks 1-4, with

each block being the mean of 6 trials.

Biol Psychiatry. Author manuscript; available in PMC 2009 January 1.



Page 17

Semenova et al.

"p—T $00]q Ul pajussaid si asuodsal

3J1eIS “INTS F apnijduwe ajuels ueaw se pajuasald are (sHun Alelligie) sanfeA sied JeISIAN J0 921w £9/19/GD JayIa Ul asuodsal a[1els Uo 10843 OU pey 0/6692-9S YHM UOITRUIGLIOD Ul 0 3Uoje dDd

6'0LTFEZL8 T6LTFL 786 S¥9TF0'80ET 6'26TF8'685T 0T (65/6w 1) dod + (B3/6w 0T) 0,6692-9S
0'/ET¥8'898 6 VETFV'296 8'€8TFEE8TT T'L9TF8TTOT 0T 31o1y8A + (B3/6w 0T) 0.6692-9S
6'ZVTF7'66. 8'821F5'008 0'ZETFO'E0TT T'/8TFEV8ET 8 (6/Bwi G'T) dOd + 801y
SEVTFr 6. TYSTF6'696 G'SZTFY6EET 8 LLTF7€L9T 0T 39IU3A + 3[O1YdA
Sled Jelsipn

0°L2¥Sv2e 8'6EFSEVT 8'62Fr'¥SC 8'LE¥8'8/C 6 (B>1/6w 0T) dod + (6x/6w 0z) 0.6692-9S
T°0Z¥E702 G'€ZFE°002 T'TTFT9TL £2LFEYTT 0T 8o1y8A + (B3/Bw 0z) 026692-9S
2'S2FL LT €'92¥6'2€C v'62FLELT 8'8€¥8°/8¢ 0T (B>1/6w 0T) dOd + (Bx/Bw ST) 026692-9S
TLTFT'8TL 8v1¥8'202 Z02FE192 v'82F6°€LC 1 8a1yan + (Bx/Bw ST) 0.6692-9S
TTIFC9ST 6 7TFT0LT G LIFET6T 7'8TF5€ee 0z (B5/Bw 0T) d0d + (B/Bw 0T) 026692-9S
6'STFCEST T'STFC VST 9'9TFL'9.T 9'6T¥29'66T 0z aa1yan + (B3/6w 0T) 0.6692-9S
Z'8T75'80C £'9TF2'602 §'8IFZ'Sve 8'72¥6°26¢ 0¢ (B>1/Bw OT) dOd + 8[o1ysA
¥'STF8€9T T'E€TFC28T T'GTFS'802 81F6°LYC 0 39IU3A + 3[O1YdA
301W £9/19250

¥ 30019 €019 2>o1g T>0019 N JuBLYea |

'S]eJ JEISIAN PUR 301W £9/19/GD Ul asuodsal a[1Ie1s uo 0.6692-9S UM UOI_UIGUIOD Ul 10 3UOJe dDd JO S199))3

NIH-PA Author Manuscript

€9lgel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Biol Psychiatry. Author manuscript; available in PMC 2009 January 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Semenova et al.

Table 4

SB-269970 had no effect on PCP-disrupted PPI response in C57BL/6J mice or Wistar rats.

Page 18

Treatment N Prepulse intensity (dB)
74 78

C57BL/6J mice
vehicle + vehicle 30 25.01+3.10 34.2+3.68 45.81+3.57
vehicle + PCP (10 mg/kg) 30 1.31+3.69 10.8+3.57 21.38+4.65
SB-269970 (10 mg/kg) + vehicle 20 26.56+3.67 41.51+4.27 58.6+3.25
SB-269970 (10 mg/kg) + PCP (10 mg/kg) 20 4.68+4.33 18.64+3.06 33.93+4.75
SB-269970 (15 mg/kg) + vehicle 11 17.48+2.57 25.19+3.08 35.19+2.86
SB-269970 (15 mg/kg) + PCP (10 mg/kg) 10 1.25+4.14 17.747.81 26.08+5.55
SB-269970 (20 mg/kg) + vehicle 10 17.69+3.8 26.34+3.7 39.48+2.62
SB-269970 (20 mg/kg) + PCP (10 mg/kg) 9 5.12+9.34 9.45+10.0 27.98+7.30
Treatment N Prepulse intensity (dB)

69 73 77
Wistar rats
vehicle + vehicle 10 29.17+8.67 51.85+8.11 55.86+8.07
vehicle + PCP (1.5 mg/kg) 8 20.47+6.66 35.23+7.25 37.41+8.09
SB-269970 (10 mg/kg) + vehicle 10 30.16+5.96 46.96+7.08 58.67+7.64
SB-269970 (10 mg/kg) + PCP (1.5 mg/kg) 10 7.96+5.27 23.6616.32 33.2047.72

Values are presented as mean percent of PPl + SEM.
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