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® PD149163 reduces amphetamine-mediated disruption of prepulse inhibition.
® PD149163 inhibits GSK-3 in the nucleus accumbens and medial prefrontal cortex.
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Although neurotensin (NT) analogs are known to produce antipsychotic-like effects, the therapeutic pos-
sibility of a brain penetrant NTS1 agonist in treating psychiatric disorders has not been well studied. Here,
we examined whether PD149163, a brain-penetrant NTS1-specific agonist, displays antipsychotic-like
effects in C57BL/6] mice by investigating the effect of PD149163 on amphetamine-mediated hyperactiv-
ity and amphetamine-induced disruption of prepulse inhibition. In addition, we assessed the effect of
PD149163 on glycogen synthase kinase-3 (GSK-3) activity, a downstream molecular target of antipsy-

igg/t:g;nine chotics and mood stabilizers, using phospho-specific antibodies. PD149163 (0.1 and 0.5 mg/kg) inhibited
Prepulse inhibition amphetamine-induced hyperactivity in mice, indicating that NTS1 activation inhibits psychomotor agi-
Locomotion tation. PD149163 (0.5 mg/kg) also increased prepulse inhibition, suggesting that NTS1 activation reduces

prepulse inhibition deficits which often co-occur with psychosis in humans. Interestingly, PD149163
increased the inhibitory serine phosphorylation on both GSK-3a and GSK-3f in a dose- and time-
dependent manner in the nucleus accumbens and medial prefrontal cortex of the mice. Moreover,
PD149163 inhibited GSK-3 activity in the nucleus accumbens and medial prefrontal cortex in the pres-
ence of amphetamine. Thus, like most current antipsychotics and mood stabilizers, PD149163 inhibited
GSK-3 activity in cortico-striatal circuitry. Together, our findings indicate that PD149163 may be a novel
antipsychotic.

Neurotensin type 1 receptor
Glycogen synthase kinase 3

© 2016 Elsevier B.V. All rights reserved.

1. Introduction ity, and psychosis. Shared phenotypes may result from a common

dysregulation in neurotransmitter systems and genetics. For exam-

Schizophrenia and mania share phenotypes and pathology. Psy-
chosis, the hallmark of schizophrenia, may also occur during severe
manic episodes. Both disorders could present with hyperactiv-
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ple, elevated dopamine signaling has been proposed to lead to
symptoms present in mania and schizophrenia [1,2]. Furthermore,
atypical antipsychotics, which typically inhibit dopamine D2 recep-
tors (D2R), along with other receptor subtypes, are approved for the
treatment of both schizophrenia and mania. Interestingly, genetic
studies indicate that there are shared genetic factors that may
increase the risk of development of bipolar disorder or schizophre-
nia[3]. Although a number of pharmacological agents are approved
for the treatment of mania and schizophrenia, including antipsy-
chotics, most current medications exhibit suboptimal efficacy,
delayed onset of therapeutic action, and produce numerous side
effects [4-6].
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Increasing evidence suggests that neurotensin receptor type 1
(NTS1) is a promising therapeutic target for mania and schizophre-
nia. Patients with affective disorders, schizoaffective disorder, or
schizophrenia were reported to exhibit reduced neurotensin (NT)
receptor binding in the entorhinal cortex and decreased NT levels
in the cerebrospinal fluid (CSF) [7-9]. It is possible that decreased
NT signaling may lead to some of the symptoms in schizophre-
nia and mania. Moreover, increased NT signaling may underlie
the therapeutic effects of antipsychotics [10]. Both acute and
chronic antipsychotic administration increased NT levels in rodent
brains [10,11]. Consistently, several clinical studies showed that
antipsychotic treatment increased NT levels in the CSF [9,12]. The
antipsychotic-induced increase in NT signaling may be involved
in the therapeutic effects of antipsychotics. NT receptor antag-
onists were demonstrated to inhibit the therapeutic-like effects
of antipsychotics on disruptions in prepulse inhibition (PPI) and
amphetamine-induced hyperlocomotion in rodents [13,14]. Fur-
thermore, NT analogs have been shown to suppress psychomotor
agitation and disruptions in PPl without causing extrapyrami-
dal side effects, indicating that the effects of NT analogs more
closely resemble that of atypical antipsychotics [15,16]. Genetic
and pharmacological manipulations suggest that NTS1 may medi-
ate the antipsychotic-like effects of NT [17-19]. PD149163 is a brain
permeable, NTS1 selective agonist. Thus, PD149163 has potential
as a novel compound to specifically target hyperactivity, agi-
tation, and psychosis in patients with schizophrenia or mania.
PD149163 exhibits antipsychotic-like effects in rats, but whether
PD149163 dose-dependently inhibits psychomotor agitation in
mice is unclear [16,18]. It has been suggested that the NT system in
mice, as opposed to rats, more closely resembles the human NT sys-
tem [20]. Furthermore, given the greater availability of techniques
to manipulate the mouse genome, it is important to establish the
effects of NTS1 activation in mice, which could pave the way for
future circuitry-specific studies.

To examine whether PD149163 exerts antipsychotic-like
effects, we examined the effect of PD149163 on amphetamine-
mediated hyperactivity and amphetamine-induced disruption of
PPI in mice. Acute amphetamine treatment is commonly used
to model certain behavioral domains of mania and schizophre-
nia, and screen if novel drugs exert antipsychotic-like effects. The
acute amphetamine model induces schizophrenia- and mania-like
psychomotor agitation in rodents [21,22]. Amphetamine also pro-
duces deficits in PPI of startle reactivity, modeling the disruption
in PPI observed in humans with schizophrenia, and possibly mania
[23-25]. Furthermore, amphetamine increases dopamine output,
and dysregulated dopaminergic signaling has been hypothesized
to explain some of the symptoms in mania and schizophrenia [1,2].
The model is also commonly used since antipsychotics and other
anti-manic drugs typically inhibit amphetamine-induced hyperac-
tivity and disruptions in PPI [26-28].

One of the most well studied molecular targets of current
antipsychotics and anti-manic drugs is glycogen synthase kinase-3
(GSK-3). GSK-3 is a ubiquitously expressed serine/threonine kinase
with two isoforms, GSK-3a and GSK-3[3. Antipsychotics and other
anti-manic drugs are known to inhibit GSK-3 activity [29,30]. GSK-
3 inhibitors have been shown to produce antipsychotic-like effects,
indicating that some of the effects of current medications could be
through inhibition of GSK-3 [31,32]. It is not known if activation
of the G protein-coupled receptor, NTS1, also inhibits GSK-3 activ-
ity in cortico-striatal circuitry by increasing the inhibitory serine
phosphorylation on GSK-3 (pGSK-3a Ser21 and pGSK-33 Ser9) like
many existing antipsychotics. NT was found to inhibit GSK-3 activ-
ity in human colon cancer cells, suggesting that it is possible that
NT may inhibit GSK-3 in the brain [33]. Therefore, in this study,
we examined whether PD149163 exerts antipsychotic-like effects
in mice by examining the effect of PD149163 on amphetamine-

induced behaviors and GSK-3 phosphorylation in cortico-striatal
circuitry.

2. Materials and methods
2.1. Animals

Male C57BL/6] mice (6 weeks old, Jackson Laboratories, Bar Har-
bor, ME) were group housed (4-5 mice per group) in standard
plexiglass cages under a 12h light/dark cycle with lights on at
6:00 AM. Behavioral experiments were carried out during the light
phase. Food and water were provided ad libitum. Mice were used
for the behavioral studies between 8 and 16 weeks of age. Animal
care and handling procedures were approved by the Mayo Clinic
Institutional Animal Care and Use Committees in accordance with
National Institutes of Health guidelines.

2.2. Drugs

PD149163 tetrahydrochloride hydrate (PD149163) and bD-
amphetamine hemisulfate salt (amphetamine) were purchased
from Sigma-Aldrich (St. Louis, MO). Both drugs were diluted in
saline. A dilution of 0.02mg/mL of PD149163 was used for the
0.5mg/kg dose. For the 0.05 and 0.1 mg/kg doses, PD149163
was injected at a concentration of 0.01 mg/mL. Amphetamine
was administered at a dose of 2 mg/kg (0.2 mg/mL) or 10 mg/kg
(1mg/mL). Mice received intraperitoneal (i.p.) injections of
amphetamine, PD149163, or an equal volume of saline.

2.3. Behavioral assays

2.3.1. Open-field

Spontaneous locomotor activity was measured during the light
phase in open-field chambers (27 x 27 x 20.3 cm) equipped with
infrared photobeams to record X-Y ambulatory movements at a
50 ms resolution (Med Associates Inc., St. Albans, VT; Vadnie et al.
[34]). The chambers were located in brightly lit (500 Ix), sound-
attenuating cubicles. All mice were allowed to habituate to the
room for 1h prior to locomotor measurements. Mice were first
injected with saline or PD149163 (0.05, 0.1 or 0.5 mg/kg, i.p.), then
injected with saline or amphetamine (2 mg/kg, i.p.) after one hour.
After the second injection, mice were immediately placed in the
open-field and locomotor activity was recorded for 90 min. Activ-
ity was quantified as horizontal distance traveled (cm). Two mice
were excluded from the open-field locomotor analysis due to mal-
function of the sensors.

2.3.2. Prepulse inhibition (PPI)

One week after the open-field experiment, mice were randomly
assigned to experimental groups for prepulse inhibition (PPI) test-
ing. Sound-attenuating chambers were used to examine startle
reactivity and PPI (SR-LAB, San Diego Instruments, San Diego, CA).
Chambers were equipped with a house light and a loudspeaker.
Each chamber contained a cylindrical plexiglass animal enclo-
sure that rested on a platform with a piezoelectric accelerometer
mounted below. The piezoelectric accelerometer converted vibra-
tions of the mouse in the enclosure to analog signals that were
stored on a computer. At the onset of the startle stimulus, 65 read-
ings were recorded at 1 ms intervals to capture maximum startle
amplitude. We used the maximum startle amplitude to determine
the startle response.

Each session began with a 5-min acclimation period followed
by two successive 120dB stimulus alone trials. These two initial
trials were excluded from the analysis. Four different trial types
were then presented randomly: “no stimulus” (background, 65 dB),
“startle pulse alone” (120 dB; 40 ms), “prepulse alone” (4,8 or 16 dB
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above background; 20 ms) or “prepulse + startle pulse” (4,8 or 16 dB
prepulse given 100 ms before 120dB startle pulse). The intertrial
intervals varied randomly from 5 to 15s. All trials were presented
5 times except for the “no stimulus” and “startle pulse alone” tri-
als, which occurred 10 times. The average maximum amplitude
vibrations from the “no stimulus” trials were subtracted from all
startle response values to account for baseline movement in the
chambers. The percentage of acoustic PPI was calculated as: %
PPI=1 —[(prepulse +startle pulse)/(startle pulse alone)] x 100.

To examine the effect of PD149163 and amphetamine on PPI,
mice first received an injection of PD149163 (0.05, 0.1 or 0.5 mg/kg,
i.p.) or saline, then amphetamine (10 mg/kg, i.p.) or saline was
administered 55 min later. Mice were placed in the PPI chambers
5 min after the injection of amphetamine or saline. The rationale for
injecting amphetamine 55 min after PD149163 stems from our pre-
vious observation that peak effect of PD149163 is reached within
one hour [34].

2.4. Western blotting

Mice were anesthetized with carbon dioxide and the brains
were quickly removed. The nucleus accumbens (NAc) and medial
prefrontal cortex (mPFC) were dissected and immediately frozen
on dry ice. Briefly, 0.5mm zirconium oxide beads and 50 ul of
lysis buffer [containing CelLytic MT lysis reagent (Sigma-Aldrich),
complete protease inhibitor cocktail (Roche, Indianapolis, IN), and
phosphatase inhibitor cocktails type II and III (Sigma-Aldrich)]
were added to the tissues, which were magnetically homoge-
nized in a Storm 24 Bullet Blender (Next Advance, Inc., Averill
Park, NY). Homogenates were centrifuged at 16,400 RPM at 4°C
for 15min and supernatants were collected. Protein concentra-
tions were determined by Bradford assays (Bio-Rad Laboratories,
Hercules, CA). Proteins (30 ug) were loaded and separated on
4-12% NuPAGE™ Bis-Tris gels in MOPS buffer (Invitrogen, Carls-
bad, CA) at 130V for 2 h. Subsequently, proteins were transferred
onto PVDF membranes (Invitrogen) at 30V for 1h. Membranes
were incubated with antibodies against pGSK-3a3 Ser21/9 (9331,
Cell Signaling, Boston, MA), GSK-3« (4337, Cell Signaling), GSK-3(3
(610201, BD Biosciences, San Jose, CA), pGSK-3f3 Tyr216 (612312,
BD Biosciences) and GAPDH (MAB374, Millipore, Billerica, MA), as
a loading control in 5% BSA with 0.1% Tween-20 in TBS at 4°C
overnight. The monoclonal antibody against pGSK-3[3 Tyr216 also
cross-reacts with pGSK-3a Tyr279 [35]. Immunoblots were then
exposed to species-specific horseradish peroxidase-conjugated
secondary antibodies (1:1000, Millipore). Blots were visualized
with enhanced chemiluminescence detection (Thermo Scientific,
Rockford, IL) and images were obtained on a Kodak Image Station
4000R scanner (New Haven, CT). Band optical density was quanti-
fied using NIH Image] software.

2.5. Statistical analysis

Data are presented as mean + s.e.m. One-way analysis of vari-
ance (ANOVA)was used to analyze western blot and open-field data
when more than two groups were compared. Unpaired two-tailed
t-tests were used to assess the effect of amphetamine on locomo-
tor activity and a single dose of PD149163 on GSK-3 signaling by
western blot. Time-dependent open-field data were analyzed by
two-way repeated measures (RM) ANOVA. PPI data were collapsed
across prepulse values and analyzed by two-way ANOVA. ANOVA
was followed by Tukey’s post-hoc tests for individual comparisons
where appropriate. Results were considered statistically significant
when p < 0.05.

3. Results
3.1. PD149163 inhibited amphetamine-mediated hyperactivity

First, we examined the effect of amphetamine (2 mg/kg, i.p.)
on the locomotor activity of C57BL/6] mice that were naive to
the open-field. Amphetamine increased the total distance traveled
relative to the saline-treated mice [t(ls) =5.557, p<0.001, n=10;
Fig. 1A]. Time-dependent analysis by two-way RM ANOVA detected
a significant effect of amphetamine treatment [F(;, 1g)=30.88,
p<0.001], time [Fg 144)y=24.47, p<0.001] and an interaction
[F(s, 144)=3.41, p<0.01]. Individual group comparisons by Tukey’s
post-hoc tests indicated that amphetamine-treated mice showed
increased locomotor activity at each time point throughout the
90 min test session (Fig. 1B).

We then examined the ability of various doses of PD149163
to inhibit the hyperactivity of the amphetamine-treated mice.
Pretreatment with the two higher doses of PD149163 (0.1
and 0.5mg/kg, ip.) inhibited the locomotor activity of the
amphetamine-treated mice, as identified by Tukey’s tests fol-
lowing analysis by one-way ANOVA [F339)=46.79, p<0.001,
n=10-12; Fig. 1C]. We also analyzed the data in 10min
time increments (Fig. 1D). Analysis by two-way RM ANOVA
detected an effect of PD149163 treatment [F3 39y =46.79,p <0.001],
time [F(g312)=17.61, p<0.001] and an interaction [F{34312)=5.16,
p<0.001].Tukey’s post-hoc tests indicated that the two higher doses
0of PD149163 (0.1 and 0.5 mg/kg) inhibited amphetamine-mediated
hyperactivity at each time point throughout the test session.

3.2. PD149163 suppressed amphetamine-induced disruption of
PPI

Next, we examined the effect of PD149163 on amphetamine-
mediated disruption of PPI. Since the lower doses of PD149163 (0.05
and 0.1 mg/kg) did not increase PPI in amphetamine-treated mice
we focused on examining the effect of 0.5 mg/kg of PD149163 on
PPI in the presence and absence of amphetamine (Fig. S1). There
was an effect of PD149163 [F(; 47y=15.74, p<0.001; Fig. 2A] and
amphetamine [F(; 47)=5.57, p<0.05] by two-way ANOVA without
an interaction [Fq47)=0.01, p=0.9]. As expected, amphetamine
(10mg/kg) reduced PPI and PD149163 increased PPl. Two-way
ANOVA revealed no effect of amphetamine on startle reactivity
to the startle pulse alone [F 47)=0.02, p=0.9; Fig. 2B]. Interest-
ingly, PD149163 decreased the startle response to the startle pulse
alone [Fq 47y=30.34, p <0.001] without an interaction [F(; 47y =1.96,
p=0.17].Since 0.5 mg/kg of PD149163 suppressed startle reactivity
we examined whether these effects may be dissociable by ana-
lyzing the PPI data by the median split in startle reactivity of the
PD149163-treated mice (Fig. S1), which indicated that PD149163
increased PPI in mice with both higher and lower startle reactivity
responses.

3.3. PD149163 increased the inhibitory serine phosphorylation
on GSK-3

Since antipsychotics inhibit GSK-3 activity and GSK-3 poly-
morphisms were found to be associated with schizophrenia and
bipolar disorder, we examined the effect of PD149163 treatment
on GSK-3 phosphorylation [29,30,36,37]. We focused on the NAc
and mPFC, two brain regions that have been implicated in mania
and schizophrenia in humans [38-40]. Treatment with the same
dose of PD149163 (0.5mg/kg, i.p.) at the same time point (1h
after injection) that inhibited amphetamine-induced hyperactiv-
ity and disruption of PPI, increased pGSK-3a Ser21 [t(10y=5.069,
p<0.001, n=6] and pGSK-3[3 Ser9 [t(19y=5.950, p<0.001] in the
NAC, relative to total kinase levels (Fig. 3A and S2). PD149163 did
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Fig. 1. PD149163 (PD) inhibited amphetamine (AMPH)-mediated hyperactivity. (A) Total distance traveled in 90 min of mice placed in the open-field immediately after
receiving an injection of amphetamine (2 mg/kg, i.p.). Amphetamine induced hyperactivity relative to the saline-treated mice. *p <0.05 by unpaired two-tailed t-test. n=10.
(B) Data were also analyzed by distance traveled per 10 min in the open-field. Amphetamine resulted in increased activity at each examined time point relative to the
saline-treated mice. *p <0.05 by Tukey’s tests. (C) The two higher doses of PD149163 (0.1, 0.5 mg/kg, i.p.) inhibited amphetamine-induced locomotor activity. *p <0.05 by
Tukey’s tests relative to the saline + amphetamine-treated mice. n=10 for saline + AMPH, n=10 for 0.05 PD+ AMPH, n=11 for PD 0.1+ AMPH, n=12 for PD 0.5 +AMPH. (D)
Time-dependent analysis revealed that both 0.1 and 0.5 mg/kg of PD inhibited amphetamine-mediated locomotor activity at each time point. * indicates that PD 0.1 + AMPH-
and PD 0.5 + AMPH-treated mice showed reduced activity relative to mice treated with saline + AMPH. Individual comparisons were assessed by Tukey’s tests and significance
is indicated where p <0.05. Data are presented as mean =+ s.e.m.
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Fig. 2. Amphetamine (AMPH) impaired PPI, where PD149163 (PD) increased PPI. (A) Mice that were treated with amphetamine (10 mg/kg, i.p.) exhibited impaired
PPI. PD149163 (0.5 mg/kg) increased PPL. *p<0.05 by two-way ANOVA. n=22 for saline +saline, n=11 for saline+AMPH, n=8 for PD +saline, n=10 for PD+ AMPH. (B)
amphetamine-treatment had no effect on the overall startle magnitude. PD149163 reduced the response to the startle pulse alone. *p <0.05 by two-way ANOVA. Data are
presented as mean = s.e.m.

not affect the tyrosine phosphorylation of GSK-3«/f in the NAc, amphetamine-induced hyperactivity (Fig. 4A and Fig. S3). One-way
which is associated with increased GSK-3 activity [41]. Moreover, ANOVA identified an effect of PD149163 treatment on pGSK-3a
administration of PD149163 also increased pGSK-3a Ser21 in the Ser21 in both the NAc [F;9)=10.67, p<0.01, n=4] and mPFC
mPFC [£(10y=3.176, p<0.01, n=6] and pGSK-3f3 Ser9 [t¢)=8.420, [F2,0y=15.34, p<0.01]. Similarly, an effect of PD141963 adminis-
p<0.001; Fig. 3B]. There was a decrease in pGSK-3a Tyr279 tration was found on pGSK-33 Ser9 in the NAc [F(, 9y =6.10,p < 0.05]
[t(10)=2.396, p<0.05], but no change in pGSK-3 Tyr216 in the and mPFC [F, gy=15.53, p <0.01]. Interestingly, PD149163 at a dose
mPFC after PD149163 treatment. of 0.1 mg/kg increased pGSK-3a Ser21 and pGSK-3f3 Ser9 in the

In a separate dose-dependent experiment, we also exam- NAc (Fig. 4A), but not in the mPFC (Fig. 4C). As previously observed,
ined the effect of 0.1 mg/kg of PD149163 on the inhibitory 0.5 mg/kg of PD149163 increased pGSK-3a Ser21 in the NAc and
serine phosphorylation on GSK-3, since this dose also inhibited mPFC. The higher dose of PD149163 (0.5 mg/kg) again increased
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Fig. 3. The effects of PD149163 (PD) on GSK-3 phosphorylation in the NAc and mPFC. Mice were injected with 0.5 mg/kg, i.p., of PD149163 and brains were dissected 1 h after
the injection. (A) In the NAc, PD149163 increased the inhibitory serine phosphorylation on GSK-3a (Ser21) and GSK-3f3 (Ser9) relative to the saline-treated mice. PD149163
treatment did not alter tyrosine phosphorylation on GSK-3a (Tyr279) or GSK-3[ (Tyr216) relative to the saline-treated mice. (B) In the mPFC, PD149163 also increased
PGSK-3a Ser21 and pGSK-3[3 Ser9 relative to the saline-treated mice. PD149163 treatment reduced pGSK-3a Tyr279, but had no effect on pGSK-33 Tyr216. Phosphorylation
levels are presented relative to total GSK-3a or GSK-[3. Expression levels were normalized to GAPDH and the saline-treated mice. *p <0.05 by unpaired two-tailed t-tests.
n=6 per treatment. Images were cropped from the same blot. Data are presented as mean = s.e.m.

pGSK-3f3 Ser9 in the mPFC, but there was no significant increase
in pGSK-38 Ser9 in the NAc. Together, our data indicate that
PD149163 inhibits GSK-3 activity in the NAc and mPFC.

3.4. Time-dependent effects of PD149163 on the inhibitory serine
phosphorylation on GSK-3

We then investigated the effect of PD149163 (0.5 mg/kg) on
pGSK-3a/P Ser21/9 in the NAc and mPFC at various time points (0,
0.5, 1 and 3 h) after drug administration. One-way ANOVA detected
an effect of time on pGSK-3a Ser21 [F3 12)=23.30, p<0.001, n=4;
Fig. 4B] and pGSK-3p Ser9 [F(312)=11.66, p<0.001] in the NAc.
There was also a time-dependent effect of PD149163 treatment on
pGSK-3a Ser21 [F(312)=26.87, p<0.001, n=4; Fig. 4D] and pGSK-
3 Ser9 [F(3 12)=60.38, p<0.001] in the mPFC. As previously found,
0.5mg/kg of PD149163 increased pGSK-3a Ser21 and pGSK-3[3
Ser9 in the NAc 1h after administration. In the mPFC, PD149163
increased pGSK-3f3 Ser9 1 h after treatment, but there was no sig-
nificant increase in pGSK-3a Ser21. Tukey’s post-hoc tests also
indicated that the increase in pGSK-3a/3 Ser21/9 in the NAc and
mPFC lasted at least 3 h after PD149163 treatment. There was no
effect of 0.5 mg/kg of PD149163 on GSK-3 phosphorylation 0.5 h
after treatment in the NAc or mPFC.

3.5. Effects of PD149163 on the inhibitory serine phosphorylation
on GSK-3 in amphetamine-treated mice

Finally, we wanted to examine whether PD149163 (0.5 mg/kg,
i.p.) inhibits the amphetamine-mediated increase in GSK-3 activ-
ity, which has been previously reported to occur in the striatum

after 1.5h [31]. Here, mice received an injection of saline or
PD149163 (0.5mg/kg, i.p.), and then an injection of saline or
amphetamine 1 h later (Fig. 5A). The NAc and mPFC were isolated
1 or 1.5h after the last injection. Although we were not able to
demonstrate that amphetamine results in a significant reduction
in pGSK-3a/3 Ser21/9 in the NAc or mPFC (Fig. S4), interestingly,
we did find significant effects of PD149163 treatment on pGSK-
3a/B Ser21/9 in amphetamine-treated mice. In the NAc, when
amphetamine-treated mice were pretreated with PD149163, there
was an increase in pGSK-3a Ser21 at both 1h [fg)=4.544, p<0.01,
n=>5; Fig. 5B] and 1.5 h [(g)=3.689, p<0.01, n=5; Fig. 5C] after the
last injection. In the NAc, there was also an increase in pGSK-3[3
Ser9 with PD149163 pretreatment in amphetamine-treated mice
that were dissected 1 h after the last injection [¢gy =6.854, p <0.001,
n=>5], but not after 1.5h. In the mPFC, PD149163 pretreatment
increased both pGSK-3a Ser21 [tgy=2.911, p<0.05; n=>5; Fig. 5D]
and pGSK-33 Ser9 [t(g)=5.602,p<0.001; n=>5] at the 1 h time point.
PD149163 pretreatment also resulted in increased pGSK-3« Ser21
[tsy=3.625, p<0.01, n=5; Fig. 5E] and pGSK-38 Ser9 [t7y=2.511,
p<0.05, n=4-5] at the 1.5 h time point. Thus, PD149163 treatment
also increased the inhibitory serine phosphorylation on GSK-3 in
the presence of amphetamine.

4. Discussion

Here we demonstrated that the NTS1-selective agonist,
PD149163, dose-dependently reduces amphetamine-mediated
hyperactivity and increases PPl. We also showed that PD149163
increased the inhibitory serine phosphorylation on GSK-3 in the
NAc and mPFC of mice at the same time after drug administration
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Fig.4. Dose- and time-dependent effects of PD149163 (PD) on inhibitory serine phosphorylation on GSK-3 in the NAc and mPFC. In the dose-dependent studies (panels A and
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and pGSK-3f Ser9. pGSK-3[3 Ser9 was also increased 1 h after administration of 0.5 mg/kg of PD149163 in the NAc. (B) PD149163 increased pGSK-3a Ser21 and pGSK-33
Ser9 in the NAc 1 and 3 h after administration. (C) In the mPFC, only 0.5 mg/kg of PD149163 increased pGSK-3a Ser21 and pGSK-3 Ser9 after 1 h. (D) PD149163 increased
pGSK-3a Ser21 after 3 h, but pGSK-3( Ser9 after 1 and 3 h in the mPFC. Phosphorylation levels are presented relative to total GSK-3a or GSK-[3. Expression levels were
normalized to GAPDH and the expression in the control mice. *p <0.05 by Tukey’s tests. n =4 per treatment. Images were cropped from the same blot. Data are presented as

mean =+ s.e.m.

and dose at which antipsychotic-like effects were observed. Our
study supports previous findings indicating that PD149163 may be
a novel antipsychotic.

The inhibitory effect of PD149163 on amphetamine-induced
hyperactivity in mice is consistent with previous findings in
rats [18,42]. Our findings are also in agreement with our pre-
vious work demonstrating that PD149163 inhibits hyperactivity
induced by the DIR agonist SKF-81297 and the D2R agonist
bromocriptine [34]. Interestingly, PD149163 at a low dose of
0.05 mg/kg inhibited bromocriptine-, but not SKF-81297-induced
hyperactivity, indicating that PD149163 more potently inhibits
D2R-mediated hyperlocomotion. Bromocriptine has been reported
to produce mania- and schizophrenia-like behaviors in humans,
and thus our previous work also suggests that PD149163 pro-

duces antipsychotic-like effects [43]. As reported previously, we
also found that PD149163 increased PPI [44]. Although it is possi-
ble that the PD149163-mediated reduction in startle reactivity may
affect PPI, in this study and others the effect of PD149163 on star-
tle reactivity was dissociable from the effect on PPI [18]. Here, the
effect of PD149163 on PPI did not appear to be dependent upon
the magnitude of the effect of PD149163 on startle response to
the startle pulse alone (Fig. S1). Furthermore, antipsychotics also
suppress startle reactivity and this effect was shown to dissoci-
ate from the effects on PPI [45]. Therefore, the effect of PD149163
on startle reactivity does not likely confound the PPI findings. Our
findings build upon previous studies examining the antipsychotic-
like effects of PD149163, and indicate that NTS1 agonists could be
useful antipsychotics.
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Fig. 5. The effects of PD149163 (PD) on the inhibitory serine phosphorylation on GSK-3 in the NAc and mPFC in amphetamine-treated mice. (A) Schematic illustrating the
experimental design. Mice were pretreated with saline or PD149163 (0.5 mg/kg, i.p.) 1 h before a second injection of amphetamine (AMPH, 2 mg/kg, i.p.). The NAc and mPFC
were then dissected 1 h (panels B and D) or 1.5 h (panels C and E) after the last injection. (B) In the NAc, PD149163 increased pGSK-3a/3 Ser21/9 1 h after the last injection.
(C) PD149163 also increased pGSK-3a Ser21 in the NAc isolated 1.5 h after amphetamine administration. (D) In the mPFC, PD149163 increased pGSK-3o/3 Ser21/9 1h after
the last injection. (E) PD149163 also increased pGSK-3a/B Ser21/9 1.5 h after the amphetamine injection. *p <0.05 by unpaired two-tailed t-tests. n=4-5 per treatment. Data

are presented as mean =+ s.e.m.

We also revealed a potential mechanism through which
PD149163 may produce antipsychotic-like effects. We found that
1h after PD149163 (0.5 mg/kg) treatment pGSK-3a Ser21 and
pGSK-3f3 Ser9 were increased in the NAc and mPFC, suggesting
that NTS1 activation inhibits GSK-3 activity in these brain regions.
This effect persisted for at least 3 h. In the time-dependent and

dose-dependent experiments, PD149163 (0.5 mg/kg) did not sig-
nificantly increase pGSK-3a Ser21 in the mPFC and pGSK-3f3 Ser9in
the NAc 1 h after administration, respectively, which may have been
due to the smaller sample size of four mice per group. In the dose-
dependent study, we found that 0.1 mg/kg of PD149163 increased
pGSK-3a/PB Ser21/9 in the NAc, but not the mPFC. Interestingly,
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0.1 mg/kg of PD149163 inhibited amphetamine-induced locomotor
activity, but not the disruption in PPL. It is possible that lower doses
of PD149163 suppress hyperactivity through inhibition of GSK-3 in
the NAc, whereas higher doses of PD149163 suppress hyperactivity
and increase PPI through inhibition of GSK-3 in both the NAc and
mPFC. Consistently, previous work has implicated the NAc in the
antipsychotic-like effects of NTS1 agonists. For example, activat-
ing NT receptors in the NAc reduced basal locomotion, inhibited
dopamine-mediated hyperactivity, and increased PPI [34,46,47].
Microinjection of NT or NT analogs in the mPFC had no effect
on basal locomotion and modulated dopamine-mediated activity
[34,48]. Although it is hypothesized that the mPFC plays a role in
the effects of NT on PPI, the role of mPFC NTS1 in sensory motor
gating is still unclear and warrants future investigation.

GSK-3 has been shown to positively regulate basal and
dopamine-mediated locomotor activity. Mice with constitutively
active GSK-3 are hyperactive and more sensitive to amphetamine-
induced hyperactivity [49]. Conversely, loss or inhibition of GSK-3
suppresses hyperactivity [31,50]. Amphetamine has been shown
to decrease pGSK-3a/3 Ser21/9 through dopamine D2 receptors
(D2R). Activation of D2R enhances GSK-3 activity by inducing the
formation of a complex with 3-arrestin, Akt, and protein phos-
phatase 2A (PP2A) [51]. PP2A dephosphorylates Akt, inactivating
it, and therefore prevents the phosphorylation and inhibition of
GSK-3. D2R-mediated activation of GSK-3 potentially underlies the
behavioral effects of amphetamine, since loss of GSK-3[3 in D2R-
, but not D1R-expressing cells, reduced amphetamine-mediated
hyperactivity and deficits in PPI [52]. However, we did not find a
significant reduction in pGSK-3 after amphetamine treatment. One
possible explanation may be that our euthanasia protocol produced
a floor effect on pGSK-3a/3 Ser21/9 levels. Here, mice were eutha-
nized by exposure to carbon dioxide and subsequent decapitation.
Hypoxia has been shown to rapidly reduce pGSK-3a/[3 Ser21/9[53].
Furthermore, amphetamine was demonstrated to reduce pGSK-
3a/PB Ser21/9 in the striatum after 90 min when mice were killed by
decapitation and brains were quickly frozen by immersion in lig-
uid nitrogen [31]. Thus, it is possible that amphetamine-mediated
reduction in pGSK-3a/[3 Ser21/9 may only be apparent in brains
immediately frozen following a rapid euthanasia. However, we
did demonstrate that PD149163 treatment increased pGSK-3a/(3
Ser21/9 in the NAc and mPFC of amphetamine-treated mice, indi-
cating that PD149163-induced inhibition of GSK-3 may explain the
effects of PD149163 on amphetamine-induced behaviors.

Our findings indicate that NTS1-mediated inhibition of both
GSK-3a and GSK-33 activity in the NAc and mPFC may play a role in
the antipsychotic-like effects of PD149163. Corroborating our brain
region-specific results, microinjection studies indicate that GSK-3
in the mPFC and NAc regulates locomotor activity [54,55]. How-
ever, it is unclear whether inhibition of both GSK-3a and GSK-33
induces antipsychotic-like effects. The kinase domains of GSK-3a
and GSK-3p are 98% homologous, and thus isoform-specific GSK-3
inhibitors are not available [56]. Both isoforms have been impli-
cated in regulating locomotion and PPI [50,57-59]. More work
should be devoted to understanding the isoform-specific roles in
psychiatric disorders.

The pathway underlying NTS1/GSK-3 signaling is unclear. It is
well established that NTS1 inhibits D2R signaling [60]|. However, we
did not find consistent and robust increases in Akt phosphorylation
with PD149163 treatment, suggesting that the NTS1/D2R interac-
tion is not the only mechanism underlying PD149163-mediated
inhibition of GSK-3. In congruence, PD149163 has been shown to
inhibit hyperactivity and disruptions in PPl mediated by pharma-
cological agents targeting other neurotransmitter receptors [61].
Numerous signaling pathways converge onto GSK-3, and it is possi-
ble that NTS1 activation may inhibit mania- and schizophrenia-like
behaviors induced by various signaling mechanisms through sup-

pressing GSK-3 activity. Interestingly, it appears that atypical
antipsychotics have a greater effect on (3-arrestin/Akt/GSK-3 sig-
naling than on D2R-induced G protein signaling [52]. It is thought
that adenylyl cyclase/PKA signaling plays a greater role in the
extrapyramidal side effects induced by typical antipsychotics.
PD149163 does not induce catalepsy, mimics the effects of atypi-
cal antipsychotics, and, as shown here, inhibits GSK-3 activity [62].
Atypical antipsychotics may more strongly inhibit GSK-3 activity
since they weakly interact with multiple receptors that affect GSK-
3 signaling. This strategy could produce an additive effect on GSK-3,
but could also increase unwanted side effects. An alternative strat-
egy for treating mania or schizophrenia could be GSK-3 inhibitors,
but GSK-3 is ubiquitously expressed, and prolonged inhibition of
GSK-3 in all cells may have serious consequences. NTS1 is found in
brain regions implicated in mania and schizophrenia, and thus tar-
geting NTS1 may be a novel approach to effectively inhibit GSK-3
activity with minimal side effects [38-40,63].

Our finding that activation of NTS1 inhibits GSK-3 activity sug-
gests that NTS1 agonists may be beneficial for treating mania
and schizophrenia. GSK-3 has been implicated in bipolar disor-
der and schizophrenia in humans [36,37]. Furthermore, there is
some evidence to support that the therapeutic effects of antipsy-
chotics and other anti-manic drugs may result from inhibition
of GSK-3 [30,31,64]. PD149163 effectively suppresses hyperactiv-
ity and increases PPI, indicating that NTS1 agonists may reduce
schizophrenia- and mania-like behaviors [18,34,61]. However, we
recognize the limitations of the amphetamine model used in this
study. There are other symptoms in schizophrenia and mania
that are not represented by the amphetamine model. Also, acute
amphetamine treatment cannot represent the chronic symptoms
of schizophrenia and bipolar disorder. Thus, it will be important to
examine the effects of PD149163 in other rodent models of mania-
and schizophrenia-like behaviors [65,66].

We also found that PD149163 nonspecifically increased PPI,
which is not different from other studies that have reported
that PD149163 alone increases PPI [16,67]. In addition, previously
we found that PD149163 dose-dependently (0.05-0.5 mg/kg, i.p.)
inhibited the locomotor activity of untreated mice that are naive
to the open-field [34]. Interestingly, in our study tolerance devel-
oped to the hypolocomotor effect of PD149163 in C57BL/6] mice,
but it has been reported that tolerance does not develop to the
antipsychotic-like effects of PD149163 in rats [34,68]. Thus, in
future studies it will be important to carefully investigate the effects
of chronic PD149163 treatment on various behaviors and GSK-3
activity since antipsychotics are given chronically to humans. It is
possible that tolerance may develop to the potential side effects of
PD149163, but not to the amphetamine-related or antipsychotic-
like effects of PD149163.

Our study adds to the growing literature indicating that
PD149163 may be a novel antipsychotic that could be beneficial
for the treatment of mania in bipolar disorder and schizophrenia.
This work adds to our understanding of the functional role of NTS1
in the brain, and we hope will provoke further research investigat-
ing the therapeutic potential of NTS1 agonists for the treatment of
psychiatric disorders.
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