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Prepulse inhibition of startle (PPI) is an operational measure of sensorimotor gating that is impaired in
schizophrenia. Treatment with mixed dopamine D2/D3 antagonists diminishes schizophrenia symptoms,
and opposes dopamine agonist-induced PPI deficits in rats. There are reasons to believe that functional D3
receptor antagonists might offer more favorable therapeutic profiles compared to current antipsychotics.
However, D3-related drug discovery is hampered by the absence of assays sensitive to D3-mediated
(antipsychotic) properties in vivo. Here, we characterized two putative D3-active compounds – WC10 and
WC44 – in a PPI-based screening assay, comparing the sensitivity of test compounds to oppose PPI deficits
induced by the mixed D1/D2-like agonist apomorphine vs. the preferential D3 agonist pramipexole in rats.
WC10, WC44 (0, 1, 3, 10 mg/kg, each), and the preferential D2 antagonist L741,626 (0, 1 mg/kg) were studied,
in combination with apomorphine (0, 0.5 mg/kg), or pramipexole (0, 1 mg/kg). L741,626 prevented
apomorphine-, but not pramipexole-induced PPI deficits. WC10, but not WC44, prevented apomorphine-
induced PPI deficits; both compounds opposed pramipexole-induced PPI deficits, suggesting functional D3
and D1/D2 antagonist profiles for WC10, and functional D3 receptor antagonism for WC44. This assay may be
valuable for detecting predominantly D3 vs. D2 receptor-linked mechanisms of action in vivo.
Published by Elsevier Inc.
1. Introduction

It is suggested that some of the therapeutic effects of D2/D3
antagonist antipsychotics are mediated via blockade of D3 receptors,
while their extrapyramidal side effects are due primarily to D2
receptor antagonism (Sokoloff et al., 1990). One basis for this
hypothesis is that, compared to D2 receptors, D3 receptors are
localized primarily in limbic and mesolimbic regions, while D2
receptors are distributed throughout the striatum. Very high densities
of D3 receptors are found in the nucleus accumbens (NAC) of both rats
and primates (c.f. Sokoloff et al., 2006), and this brain region is
implicated in both the pathophysiology of schizophrenia and the
therapeutic mechanisms of antipsychotics (cf. Gurevich et al., 1997).
Preferential antagonists or partial agonists for D3 receptorsmight thus
offer therapeutic advantages over current antipsychotics.

Developing compounds with a D3 preferential in vivo profile,
however, is complicated by the high sequence homology of D3 and D2
receptors (cf. Luedtke andMach, 2003). Further, such compoundsmay
be subject to functional selectivity, i.e. may act as agonist, partial
agonist, or antagonist on a given receptor, depending on tissue types,
1 619 543 2493.
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availability of certain G-proteins and the intracellular machinery
linked to these receptors/G-proteins (c.f. Mailman, 2007). This raises
the possibility that DA compounds that have been characterized as
agonists or antagonists for specific DA receptor subtypes in vitromight
nonetheless have different functional properties in vivo. Thus, while
the D3 receptor is a promising target for antipsychotic development,
and in vitro studies have been very valuable in identifying compounds
that preferentially bind to D3 receptors (c.f. Joyce and Millan, 2005),
bettermodels are needed,with 1) predictive validity for antipsychotic-
like function; 2) sensitivity for the detection of a predominant D3
related (vs. D1/D2 related) mechanism of action in vivo.

One valuable, translational and predictive model for antipsychotic
function is prepulse inhibition (PPI). PPI is an operational measure of
sensorimotor gating, defined by the reduction in startle magnitude
following a weak prestimulus. PPI is impaired in unmedicated
schizophrenia patients (Braff et al., 1978; Swerdlow et al., 2006) as
well as their unaffected first-degree relatives (Cadenhead et al., 2000;
Kumari et al., 2005), and a recent study linked polymorphisms of the DA
D3 receptor to levels of PPI in healthy controls (Roussos et al., 2008). In
rats, PPI deficits are induced by DA agonists such as the direct D1/D2-
like agonist apomorphine (APO) and the indirect DA agonist amphet-
amine (Swerdlow et al., 1986; Mansbach et al., 1988). PPI is potently
regulated by brain regions rich in D3 receptors, in particular the NAC
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(Swerdlow et al., 1986; c.f. Swerdlow et al., 2008), and D3-preferential
agonists such as 7-OH-DPAT, ropinirole and quinelorane disrupt PPI in
rats and humans (Caine et al., 1995; Giakoumaki et al., 2007; Swerdlow
et al., 1998; Varty and Higgins, 1998). However, the limited D3 vs. D2
binding preference of these compounds makes it difficult to assess the
relative contribution of D3 vs. D2 receptor activation to these effects.

This study assessed the ability of the rat PPI model to detect
compounds with predominant functional D3 antagonism in vivo, based
on a greater sensitivity to prevent PPI deficits induced by a preferential
D3agonist (e.g. pramipexole (PRA)) compared to a non-selectiveD1/D2
agonist (e.g. APO). This strategy is based on the contrasting binding
affinities of PRA and APO to DA receptor subtypes. Millan et al. (2002)
reported that the binding affinity of PRA to the D3 receptor (hD3)
was 90-fold higher relative to the short isoform of the receptor (D2S),
160-fold higher relative to the long isoform (D2L), and more than
10,000-fold relative to the D1 receptor (hD1). In contrast, the binding
affinity of APO to the hD3 receptor was only 1.35-fold higher than to the
D2S, 3-fold higher than to the D2L, and only 14-fold higher than to the
hD1 receptor, confirming the non-selectiveness of APO to these DA
receptor subtypes. These data indicate that a positive findingwith the in
vivo assay used here could potentially provide functional evidence of
greater D3 than D1/D2 selectivity, and predict potentially novel clinical
profiles. Another important basis for this in vivo assay is the finding that
the selective D2 antagonist L741,626 is more sensitive in its ability to
prevent PPI deficits caused by APO than those caused by PRA (Weber et
al., 2008). This suggests a critical role of D2 receptor activation in the PPI-
disruptive effects of APO, but not PRA. A similar approach was used by
Zhanget al. (2007) to demonstrate that SB-277011-A andA-69110 – two
putative D3 receptor antagonists – prevented PPI deficits induced by the
preferential D3 agonist PD128907, but not those induced by APO.

WC10 and WC44 are phenylpiperazine derivates (Fig. 1) that have
been characterized in forskolin-stimulated adenylate cyclase activity
assays in vitro, using cell systems expressing either D3- or D2 receptors
(Chu et al., 2005). Using these and binding assays, WC10 has been
characterized as an antagonist/weak partial agonist with a D3:D2
binding ratio of 43, andWC44 as a full D3 agonist (but see below)with a
D3:D2 binding ratio of 23 (Chu et al., 2005). In the present studies, the
potential preclinical antipsychotic-like profile ofWC44was evaluated in
measures of PPI deficits induced by APO and PRA based on 1) initial
experiments showing that WC44 did not have a D3 agonist-like profile
in vivo (Fig. 3), 2) the structural similarities between WC44 and the
D3 antagonist/weak partial agonist WC10 (Fig. 1), and 3) similar in vivo
effects of WC10 and WC44 in a study by Kumar et al. (2009).

2. Methods

2.1. Experimental animals

Adult male SD rats (n=184; 225–250 g; Harlan Laboratories,
Livermore, CA) were housed in groups of 2–3 animals per cage, and
Fig. 1. Structures of the two phenylpiperazine derivates WC44 (A), and WC10 (B).
maintained on a reversed light/dark schedule with water and food
available ad libitum. Rats were handled within 2 d of arrival. Testing
occurred during the dark phase. All experiments were conducted in
accordance with the National Institute of Health Guide for the Care and
Use of Laboratory Animals (NIH Publications No. 80-23) and were
approved by the UCSDAnimal Subjects Committee (protocol #S01221).
All behavioral testing was completed in a laboratory that is free of all
proprietary interests in WC10 or WC44 (MW, WLC, PEP, NRS).

2.2. Drugs

ApomorphineHCl hemihydratewas purchased fromSigma-Aldrich
(St. Louis, MO, USA), PRA from Toronto Research Chemicals (North
York, On, Canada), and L741,626 from Tocris (Ellisville, MO, USA).
WC10 and WC44 were synthesized by J.P. Durbin according to
published methods (structures 12b and 12i, respectively, in Chu
et al., 2005). Drug doses are based on mg/kg of salts. APO, PRA, and
L741,626 were administered subcutaneously (sc). WC10 and WC44
were administered intra-peritoneally (ip). PRA (0, 1.0 mg/kg) was
dissolved in saline, and APO (0, 0.5 mg/kg) was dissolved in 0.01%
ascorbate/saline. L741,626 (water vehicle, or 1 mg/kg) was dissolved
in 0.05% lactic acid/water (w/v) and pH was adjusted to ≥5 using
NaOH. WC10 (5% DMSO/water (v/v) vehicle, 1, 3, or 10 mg/kg) was
dissolved in DMSO; water and a few drops of 1 N HCl were added to
achieve a final 5%DMSO/water (v/v) (+HCl) solution. WC44 (5%
DMSO/water (v/v) vehicle, 1, 3, or 10 mg/kg) was dissolved in DMSO
followed by the addition ofwater to achieve a final 5%DMSO/water (v/v)
solution. All injection volumes were 1 ml/kg.

2.3. Apparatus

Startle chambers for rats (SanDiego Instruments, SanDiego, CA,USA)
were housed in a sound-attenuated room, and consisted of a Plexiglas
cylinder 8.2 cm in diameter resting on a 12.5×25.5 cm Plexiglas frame
within a ventilated enclosure. Noise bursts were presented via a speaker
mounted 24 cm above the cylinder. A piezoelectric accelerometer
mounted below the Plexiglas frame detected and transduced motion
fromwithin the cylinder. Stimulus deliverywas controlled by the SR-LAB
microcomputer and interface assembly, which also digitized (0-4095),
rectified, and recorded stabilimeter readings. One hundred 1-ms read-
ings were collected beginning at stimulus onset. Startle amplitude was
defined as the average of the 100 readings.

2.4. Startle testing procedure

Approximately 7 d after shipment arrival, rats were exposed to a
short “matching” startle session. They were placed in the startle
chambers for a 5 min acclimation period with a 70 dB(A) background
noise, and then exposed to a total of 17 P-ALONE trials (40 ms— 120 dB
(A) noisebursts) thatwere interspersedwith3 PREPULSE+PULSE trials
in which P-ALONE was preceded 100 ms (onset-to-onset) by a 20 ms
noise burst, 12 dB above background. Rats were assigned to drug dose
groups based on average %PPI from the matching session to ensure
similar baseline PPI levels between groups. Starting 2–5 d after the
matching session, drug testing began. One study assessed the effects of
WC44 alone, in a one-day studywith theWC44 dose (0,1, 3,10mg/kg; i.
p.) as the between-subjects factor. Tests of L741,626 (0,1mg/kg),WC10
(0,1, 3,10mg/kg), orWC44 (0,1, 3,10mg/kg) vs. APO (0 or 0.5mg/kg)
or PRA (0 or 1 mg/kg) were two day-studies and had a mixed-model,
balanced dose-order (vehicle vs. active dose of the agonist) designwith
L741,626,WC10, orWC44 pretreatments as the between factor and APO
or PRA treatments as the within factor.

In the study of WC44 alone, rats were treated with WC44 (0, 1, 3,
10 mg/kg) and placed into the startle chambers 10 min thereafter.
Experiments testing L741,626 vs. APO or PRAused a pretreatment time
for L741,626 relative to APO or PRA of 30 min. Experiments testing
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WC10, WC44 vs. APO or PRA used a pretreatment time of 10 min
relative to APO treatment, or 5 min relative to PRA treatment. Rats
were placed into the startle chambers immediately after APO treat-
ment or 15 min after PRA treatment. Pretreatment intervals were
based on pharmacological data from Kumar et al. (2009), and pilot
experiments from our laboratory.

The PPI test session began by placing the rats in the startle
chambers followed by a 5 min acclimation period with a 70 dB(A)
background noise. Rats were then exposed to a series of trial types,
which were presented in pseudorandom order. Interspersed between
these active trial typeswere trials inwhich no stimuluswas presented,
but cage displacement was measured (NOSTIM trials). The session
consisted of the following trial types: (1) P-ALONE; (2-4) P-ALONE
preceded 100 ms (onset-to-onset) by a PREPULSE (PP) consisting
of a 20 ms noise burst of either 5, 10, or 15 dB above background
(PP5+PULSE, PP10+PULSE, or PP15+PULSE trials, respectively).
The session beganwith 4 consecutive P-ALONE trials and ended with 3
consecutive P-ALONE trials; between these trialswere three blocks, each
consisting of 8 P-ALONE trials, and 5 trials of each prepulse + pulse
combination. Trial blocks were used to assess the time course of drug
effects. NOSTIM trials were not included in the calculation of inter-trial
intervals. Intertrial intervals were variable and averaged 20 s. Total
session duration was 30.5 min.

2.5. Data analysis

PPI was defined as 100-[(startle amplitude on prepulse trials/
startle amplitude on P-ALONE trials)×100], and was analyzed by
mixed design ANOVAs. All data was inspected for the presence of
“non-responders” defined by a mean startle response to P-ALONE
trials of b10 units. Other ANOVAs were used to assess P-ALONE
magnitude, or NOSTIM trials. In all cases, analyses of NOSTIM trials
revealed expected effects of DA agonists (Mansbach et al., 1988;
Weber and Swerdlow, 2008), and no informative interactions with
pretreatments (WC10 or WC44), and thus are not reported here in
detail. Results from the two test compounds in the APO and PRA
assays were directly compared within the same ANOVA in order to
base the selection of the most promising compound for subsequent
testing and optimization in medical chemistry on a clear scientific
rationale. Post-hoc comparisons were conducted using Fisher's PLSD.
Fig. 2. Effects of a threshold dose of the preferential D2 antagonist L741,626 on PPI deficits in
and L741,626 (pb0.005), and the critical APOxL741,626 interaction (pb0.05). Post-hoc tests r
this effect was opposed by 1 mg/kg L741,626 (pb0.005). ANOVA of startle magnitude did no
PRA (pb0.0001), but not of L741,626 dose (ns), and no PRAxL741,626 dose interaction ef
(pb0.0001). Drug effects on startle were dissociable from drug effects on PPI (see results). Th
treated with 0 vs. 1 mg/kg of L741,626.
Data were collapsed across prepulse intensities and PPI blocks. Alpha
was 0.05.
3. Results

3.1. L741,626 vs. APO and PRA

In Weber et al. (2008), a threshold dose of 1 mg/kg of the D2
receptor antagonist L741,626 significantly opposed PPI deficits
induced by APO, but not those induced by PRA. This finding was
confirmed in the present study (n=8 rats/dose of L741,626).

ANOVA of %PPI revealed significant main effects of APO dose
(F=39.7, df 1,14, pb0.0001) and L741,626 dose (F=15.0, df 1,14,
p=0.0017), and the critical APOxL741,626 dose interaction effect
(F=5.3, df 1,14, p=0.037). Post-hoc tests revealed that APO
significantly reduced %PPI in rats treated with 0 mg/kg of L741,626
(p=0.0013), and this effect was significantly opposed by 1 mg/kg
L741,626 (p=0.0045; Fig. 2A). Yet, in rats treated with 1 mg/kg of
L741,626, significant differences between vehicle and APO treated rats
remained (p=0.0089), indicating that this dose of L741,626 did not
fully prevent APO-induced PPI deficits. ANOVA of startle magnitude
did not reveal any significant main or interaction effects (Fb1 in all
cases: inset, Fig. 2A), showing that drugs effects on startle magnitude
cannot account for their significant effects on PPI.

In contrast, ANOVA of %PPI revealed a significant main effect of PRA
dose (F=36.0, df 1,14, pb0.0001), but not of L741,626 dose (Fb1), and
no PRAxL741,626 dose interaction (F=1.6, df 1,14, ns; Fig. 2B). ANOVA
of startle magnitude revealed a significant main effect of PRA dose
(F=26.7, df 1,14, pb0.0001). No main effect of L741,626 dose (Fb1),
and no PRAxL741,626 interaction (F=1.5, df 1,14, ns; inset, Fig. 2B)
were detected. While the magnitude of the PRA-induced suppression
of startle magnitude precluded the generation of subgroups matched
for startle magnitude, simple regression analysis showed that PRA
effects on startle magnitude contributed to less than 1% of the
variance of PRA effects on PPI, suggesting that PRA effects on these
two measures were independent (regression weights not significant).
ANOVAs of %PPI were repeated, adding a factor for low vs. high levels
of PRA-induced startle suppression, based on median split analyses.
No critical main or interaction effects of %PPI differed between
duced by APO (A) and PRA (B). (A) ANOVA of %PPI revealed effects of APO (pb0.0001)
evealed that APO reduced %PPI in rats treated with 0 mg/kg of L741,626 (pb0.005), and
t reveal any main or interaction effects (inset). (B) ANOVA of %PPI revealed an effect of
fect (ns). ANOVA of startle magnitude revealed a significant main effect of PRA dose
e star symbols denote a significant difference (pb0.005) between APO treated rats pre-



Fig. 3. Effects of the presumed D3 agonist WC44 on PPI and startle magnitude (insets).
ANOVA of %PPI in SD rats revealed no significant main effect WC44 dose indicating that
WC44 does not have an agonist-like effect in vivo. ANOVA of startle magnitude revealed
a significant main effect of WC44 dose.
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subgroups with low vs. high levels of PRA-induced startle suppression
were detected.

3.2. WC44 and WC10 vs. APO and PRA

In vitro assays have characterized WC44 as a full D3 receptor
agonist (Chu et al., 2005). We therefore tested the effects of WC44
alone on %PPI (n=4/WC44 dose). ANOVA of %PPI revealed no
significant main effect WC44 dose (Fb1; Fig. 3) indicating that WC44
does not have a DA agonist-like effect in this in vivo assay. ANOVA of
startle magnitude revealed a significant main effect of WC44 dose
(F=4.5, df 3,12, p=0.025; Fig. 3 inset), with higher startle
magnitudes for 1 mg/kg of WC44 when compared to vehicle
(p=0.030), but not for any of the other active WC44 doses. Thus, at
doses that are bioactive, WC44 does not exhibit DA agonist-like effects
on PPI.
Fig. 4. Effects of WC44 (A) andWC10 (B) on PPI deficits induced by APO. ANOVA of %PPI reve
APO dosexpretreatment dosexpretreatment type effect (pb0.05). Separate ANOVAs for t
(pb0.0001, each). In addition, an APO dosexpretreatment dose effect for WC10 (pb0.005), b
with WC10, but notWC44. ANOVA of startle magnitude revealed a main effect of pretreatme
relatedmain or interaction effect were non-significant, indicating that drug effects on PPI wer
differences (pb0.05) between APO rats pre-treated with 0 vs. 10 mg/kg of WC10.
We then directly compared the activity of WC10 (n=8/WC10
dose) and WC44 (n=6/WC44 dose) in the APO assay. ANOVA
revealed a significant main effect of APO dose (0 vs. 0.5 mg/kg,
F=183.9, df 1,24, pb0.0001), but no main effect of pretreatment type
(WC44 vs. WC10; F=2.3, df 1,24, ns), and no effect of pretreatment
dose (0 vs. 10 mg/kg of either test compound; F=1.6, df 1,24, ns).
There were no significant interactions of pretreatment typexpretreat-
ment dose (F=3.3, df 1,24, p=0.081), or pretreatment typexAPO
(Fb1, ns). There was a significant interaction of APOxpretreatment
dose (F=4.6, df 1,24, p=0.042), and most importantly APOxpre-
treatment typexpretreatment dose (F=6.9, df 1,24, p=0.015),
indicating that WC10 and WC44 differed in their impact on APO-
induced PPI deficits. To understand the basis for this interaction,
separate ANOVAs were conducted for WC44 and WC10. ANOVA of %
PPI for WC44 revealed a significant main effect of APO dose (F=72.4,
df 1,14, pb0.0001), but no effect of WC44 dose and no APOxWC44
dose (Fb1 for all cases) indicating that WC44 does not reverse APO-
induced PPI deficits. Post-hoc tests revealed that APO significantly
reduced %PPI in rats pretreated with 0 mg/kg of WC44 (p=0.0011)
and in rats pretreated with 10 mg/kg WC44 (p=0.0026), and that
among APO-treated rats, %PPI did not differ between those pretreated
with 0 vs. 10 mg/kg WC44 (ns). ANOVA of %PPI for WC10 revealed a
significant main effect of APO dose (F=115.2, df 1,14, pb0.0001) and
WC10 dose (F=5.8, df 1,14, p=0.031), and most importantly a
significant APOxWC10 interaction (F=16.5, df 1,14, p=0.0012).
Post-hoc tests revealed that APO significantly reduced %PPI in rats
treated with 0 mg/kg of WC10 (pb0.0001), and this effect was
significantly opposed by 10 mg/kgWC10 (p=0.0051), indicating that
WC10 opposed APO-induced PPI deficits (Fig. 4A). Yet, in rats treated
with 10 mg/kg of WC10 a significant difference between rats treated
with vehicle and APO remained (p=0.0042), indicating that this dose
of WC10 did not fully prevent PRA-induced PPI deficits.

ANOVA of startle magnitude revealed a significant main effect of
pretreatment type (WC44 vs. WC10, F=8.7, df 1,24, p=0.007), reflect-
ing reduced startle amplitudes in theWC10 experiment. All other effects
were not statistically significant (Fig. 4A inset). Importantly, the effect of
pretreatment type on startle magnitude is neither due to APO, WC10,
WC44, nor a combination thereof and therefore cannot account for the
critical interaction of APOxpretreatment typexpretreatmentdose in PPI
aled an APO dose effect (pb0.0001), an APOxpretreatment-dose effect (pb0.05), and an
he WC44 and WC10 experiment revealed a main effect of APO in both experiments
ut not for WC44 (n.s.), indicative of reversal of APO-induced PPI deficits in rats treated
nt type (pb0.01) indicating lower startle magnitudes in the WC10 experiment; all drug-
e dissociable from drug effects on startle magnitude. The star symbol denotes significant



Fig. 5. Effects of WC44 (A) and WC10 (B) on PPI deficits induced by PRA, and startle magnitude (insets). ANOVA of %PPI revealed effects of pretreatment dose (pb0.05), PRA dose
(pb0.0001), PRAxpretreatment type effect (pb0.05) and the crucial PRAxpretreatment dose effect (pb0.05), but no PRAxpretreatment typexpretreatment dose effect (n.s.).
ANOVA of startle magnitude revealed a PRA dose effect, but no main effect or interaction effect with pretreatment dose, or pretreatment type, indicating that drug effects on startle
magnitude cannot account for the prevention of PRA-induced PPI deficits by either test compound. Star symbols denote significant differences (pb0.05) between PRA treated rats
pre-treated with 0 vs. 10 mg/kg of either WC10 or WC44.
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measures described above. Concurrently, in subsets of animals from
both experiments thatwerematched formean startlemagnitude (effect
of experiment: Fb1), the critical interaction of APOxpretreatment
typexpretreatment dose in measures of PPI was still apparent
(p=0.014), with identical post-hoc patterns to those detected in the
inclusive sample.

Parallel analyses were completed (n=12/WC10 dose and n=12/
WC44 dose) using PRA to disrupt PPI instead of APO. ANOVA revealed
a significant main effect of PRA dose (0 vs. 1 mg/kg, F=46.9, df 1,44,
pb0.0001), and pretreatment dose (0 vs. 10 mg/kg of either test
compound; F=9.5, df 1,44, p=0.0035), but no main effect of
pretreatment type (WC44 vs. WC10; Fb1). Importantly, there was a
significant effect of PRAxpretreatment dose (F=6.5, df 1,44,
p=0.015), but no interaction of PRAxpretreatment type (F=1.7, df
1,44, ns), no pretreatment typexpretreatment dose interaction (Fb1),
and no PRAxpretreatment typexpretreatment dose interaction
(Fb1), indicating that the two test compounds did not differ
significantly from each other in their ability to reverse these PRA-
induced PPI deficits. A post-hoc comparison in PRA-treated rats across
compounds revealed that, compared to the 0 mg/kg pretreatment
dose, the 10 mg/kg dose significantly increased PPI (F=9.9, df 1,46,
p=0.0029). Separate ANOVAs were then conducted for WC44 and
WC10. ANOVA of %PPI for WC44 revealed a significant main effect of
PRA dose (F=26.6, df 1,22, pb0.0001), a trend towards a WC44 dose
effect (F=3.5, df 1,22, p=0.073), and a significant PRAxWC44 dose
interaction (F=4.5, df 1,22, p=0.047), reflecting the fact that WC44
does reverse PRA-induced PPI deficits. Post-hoc tests revealed that
PRA significantly reduced %PPI in rats treated with 0 mg/kg of WC44
(p=0.0011), and this effect was opposed by 10 mg/kg WC44
(p=0.045). Yet, in rats treated with 10 mg/kg of WC44, significant
differences between vehicle and PRA treated rats remained
(p=0.018), indicating that this dose of WC44 did not fully prevent
PRA-induced PPI deficits. ANOVA of %PPI for WC10 revealed a
significant main effect of PRA dose (F=20.4, df 1,22, p=0.0002)
and WC10 dose (F=6.4, df 1,22, p=0.019), while the PRAxWC10
interaction effect did not reach significance (F=2.0, df 1,22, ns). Post-
hoc tests, however, revealed that PRA significantly reduced %PPI in
rats treated with 0 mg/kg of WC10 (p=0.0004), and this effect was
significantly opposed by 10 mg/kg WC10 (p=0.032; Fig. 5A).
Similarly to the results obtained with WC44, however, in rats treated
with 10 mg/kg of WC10, there was a trend towards differences
between vehicle and PRA treated rats (p=0.082), suggesting that this
dose of WC10 did not fully prevent PRA-induced PPI deficits.

The corresponding ANOVA of startle magnitude based on the
comparison of 0 vs. 10 mg/kg of the test compounds revealed a
significant main effect of PRA dose (F=56.1, df 1,44, pb0.0001). All
othermainor interaction effectswere not statistically significant (Fig. 5B
inset). While the magnitude of the startle suppression induced by PRA
did not allow to create subgroups of rats matched for startlemagnitude,
simple regression analyses based on the comparison of 0 vs.10mg/kg of
the test compounds showed that the PRA effect on startle amplitude
accounted for less than 2% of the corresponding PPI effects, suggesting
that these two measures were independent (regressionweights ns). To
further assess this issue, all ANOVAs of %PPI were repeated, adding a
factor for low vs. high levels of PRA-induced startle suppression, based
on median split analyses. No critical main or interaction effects of %PPI
differed between subgroups with low vs. high levels of PRA-induced
startle suppression.

4. Discussion

In the present study, measures of PPI deficits were used to identify
novel test compounds that act as preferential D3-receptor linked
antagonists in rats. WC10 and WC44, two representatives of a novel
panel of putative D3 selective compounds, were characterized in this
assay. A D1/D2/(D3) related mechanism of action was identified for
WC10. A novel preclinical profile based on a functional D3-receptor
antagonist mechanism of action was identified for WC44.

Many groups have demonstrated that APO-induced PPI deficits are
opposed by typical and atypical antipsychotics (c.f. Swerdlow et al.,
2008). We have also reported PPI-disruptive effects of the preferential
D3 receptor agonist PRA in rats (Weber et al., 2008). This effect was
confirmed in the present study, consistent with studies using other
preferential D3 agonists (Caine et al., 1995; Swerdlow et al., 1998;
Varty and Higgins, 1998; Zhang et al., 2007). Our previous studies
have further demonstrated a greater sensitivity of the preferential D2
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receptor antagonist L741,626 to reverse APO-induced PPI deficits vs.
PRA-induced PPI deficits, suggesting that, unlike APO, PRA effects on
PPI are not mediated by D2 receptors (Weber et al., 2008). These
findingswere also confirmed here (Fig. 2). The present study used these
apparent differences in D3 vs. D2 involvement in PRA- vs. APO-induced
PPI deficits to characterize WC10 and WC44, two novel D3-receptor
selective compounds, and to predict novel preclinical antipsychotic
profiles consistent with a predominant D3 receptor-linked mechanism
of action. Zhang et al. (2007) used a similar strategy to compare the
effects of preferential D3 antagonists in assays of PPI deficits induced by
either APO, or the preferential D3 agonist PD128,907 in rats. As large
clinical trials for D3 preferential antagonists have not been published to
date, we cannot conclude that the high antipsychotic predictive validity
of the APO/PPI for mixed D2/D3 antagonists extends to the PRA/PPI
assay for the detection of potentially novel antipsychotics with a
preferential D3-receptor linked mechanism of action. However, at the
very least, our findings and those of Zhang et al. (2007) show that this
use of the PPI assays can detect apparent differences in functional D3
antagonism in vivo.

WC10 and WC44 had very distinct profiles in the APO-PPI assay:
WC10 significantly opposed APO-induced PPI deficits, whileWC44 did
not. This profile of WC10 is shared with both typical and atypical
antipsychotics (Swerdlow et al., 1994; c.f. Geyer et al., 2001; Swerdlow
et al., 2008), while the inactivity of WC44 in this assay parallels that
reported with the preferential D3 antagonists A-691990 and SB-
277011 (Zhang et al., 2007). The prevention of APO-induced PPI
deficits per se does not rule out a D3-receptor related mechanism of
action, as the PPI-disruption caused by a APO is likely to involve both
D3 and D2, as well as other DA receptor subtypes (for the receptor
binding profile of APO see e.g.: Millan et al., 2002). Consistent with
this, Millan et al. (2008) reported that the highly preferential D3
antagonist S33138 significantly opposed APO-induced PPI deficits in
rats. To our knowledge, no study has yet compared the effects of
S33138 on PPI deficits induced by APO- vs. those induced by a
preferential D3 agonist, like PRA, PD128,907, or 7-OHDPAT.

In the PRA/PPI assay, bothWC10 and WC44 opposed PRA-induced
PPI deficits. Previous studies have shown that PPI deficits induced by
preferential D3 agonists such as PD128,907 and 7-OHDPAT can be
prevented by preferential D3 receptor antagonists such as A-691990
and SB-277011 (Zhang et al., 2007) as well as by the mixed D2-like
antagonist such as HAL (Caine et al., 1995; Zhang et al., 2007). This
shows that the prevention of PRA-induced PPI-deficits per se does not
indicate a novel antipsychotic-like profile. However, the combination of
inactivity in the APO/PPI assay, and activity in the PRA/PPI assay, suggest
that WC44 has properties of a novel, D3 preferential antagonist.
Arguably, no full reversal of the PRA-induced PPI deficits was achieved
with either test compound in the dose range tested, suggesting that
higher doses should be tested (see below), or that more efficacious
compounds are needed. We are currently studying variants of WC44
with the goal to achieve increased efficacy in this model.

In the in vitro assay used by Chu et al. (2005), the effects of WC44
were tested in the absence of DA, using forskolin-stimulated adenylate
cyclase activity; WC44 yielded 92% of the response induced by
quinpirole andwas hence classified as a full D3 agonist. The contrast of
the agonist-like profile forWC44 in these in vitro studies vs. the lack of
agonist-like effects in the in vivo findings reported here (Fig. 3) is
intriguing. We cannot exclude the possibility that WC44 could have
DA agonist-like effects at a higher dose range, but the range used here
includes the IC50 of 5.5 mg/kg for the suppression of abnormal
involuntary movements (AIM) in the same rat strain (Kumar et al.,
2009). In ongoing studies, we have detected no independent effects of
20 mg/kg WC44 on PPI, but a near-complete opposition of PRA-
induced PPI deficits (in preparation). While we have no immediate
explanation for the lack of agonist-like in vivo effects of WC44 at
present, one explanation may be the presence of endogenous DA in
vivo. Among all DA receptors, D3 receptors have the highest DA affinity
with a Ki in the range of extrasynaptic and intrasynaptic DA levels (cf.
Richtand, 2006). This suggests that D3 receptors are likely to be
(partially) occupied by DA in vivo. Hence, agonist-like effects derived
under in vitro conditions in the absence of DA may not translate to in
vivo findings for compounds with (even weak) partial agonist-like
properties relative to DA. A second explanationmay lie in the concept of
functional selectivity, i.e. the phenomenon that a compound acting via a
single receptor type can have diverse functional properties ranging from
full agonist, to partial agonist, to full antagonist, depending on the
intracellular signaling cascade that is activated downstream of the
receptor (Mailman, 2007).

While both WC10 and WC44 have been thoroughly characterized in
in vitro binding studies for DA, serotonin, and sigma receptors, and in
functional assays for D2/D3 receptors (Chu et al., 2005), it is not known
at presentwhether these compounds have functional activity onnon-DA
receptors. For example, a relatively high binding affinitywasdetected for
5-HT1a receptors for both compounds, but the functional consequences
of these binding properties are not yet known. 5-HT1a agonists disrupt
PPI in rats (Rigdon and Weatherspoon, 1992), but neither WC10, nor
WC44 disrupted PPI in the present study. Thus, the most parsimonious
explanation of the present data is that the effects detected with WC10
andWC44 reflect DA-linked mechanisms of these test compounds.

In summary, studies detected D2 and D3 antagonist profiles for
WC10, and findings suggested that WC44 may functionally oppose D3
but not D2 receptor activation. Based on this latter profile, WC44
might have a novel antipsychotic profile linked to functional D3
receptor antagonism. These initial studies cannot rule out a potential
role of other receptors types for which the binding affinities of WC10
and WC44 are not yet known. Other test compounds with putative
functional D3 antagonism are being evaluated in this assay, with the
goal of predicting their potential for clinical applications.
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