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Sensorimotor gating refers to the ability to filter incoming sensory information in a
stimulus-laden environment and disruption of this physiological process has been
documented in psychiatric disorders characterized by cognitive aberrations. The
effectiveness of current pharmacotherapies for treatment of sensorimotor gating deficits
in the patient population still remains controversial. These challenges emphasize the
need to better understand the biological underpinnings of sensorimotor gating which
could lead to discovery of novel drug targets for therapeutic intervention. Notably,
we recently reported a role for purinergic P2X4 receptors (P2X4Rs) in regulation of
sensorimotor gating using prepulse inhibition (PPI) of acoustic startle reflex. P2X4Rs
are ion channels gated by adenosine-5′-triphosphate (ATP). Ivermectin (IVM) induced
PPI deficits in C57BL/6J mice in a P2X4R-specific manner. Furthermore, mice deficient
in P2X4Rs [P2X4R knockout (KO)] exhibited PPI deficits that were alleviated by
dopamine (DA) receptor antagonists demonstrating an interaction between P2X4Rs
and DA receptors in PPI regulation. On the basis of these findings, we hypothesized
that increased DA neurotransmission underlies IVM-mediated PPI deficits. To test
this hypothesis, we measured the effects of D1 and D2 receptor antagonists, SCH
23390 and raclopride respectively and D1 agonist, SKF 82958 on IVM-mediated PPI
deficits. To gain mechanistic insights, we investigated the interaction between IVM
and dopaminergic drugs on signaling molecules linked to PPI regulation in the ventral
striatum. SCH 23390 significantly attenuated the PPI disruptive effects of IVM to a
much greater degree than that of raclopride. SKF 82958 failed to potentiate IVM-
mediated PPI disruption. At the molecular level, modulation of D1 receptors altered IVM’s
effects on dopamine and cyclic-AMP regulated phosphoprotein of 32 kDa (DARPP-32)
phosphorylation. Additionally, IVM interacted with the DA receptors antagonists and SKF
82958 in phosphorylation of Ca2+/calmodulin kinase IIα (CaMKIIα) and its downstream
target, neuronal nitric oxide synthase (nNOS). Current findings suggest an involvement
for D1 and D2 receptors in IVM-mediated PPI disruption via modulation of DARPP-32,
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CaMKIIα and nNOS. Taken together, the findings suggest that stimulation of P2X4Rs can
lead to DA hyperactivity and disruption of information processing, implicating P2X4Rs as
a novel drug target for treatment of psychiatric disorders characterized by sensorimotor
gating deficits.

Keywords: ivermectin, P2X4 receptors, dopamine receptors, prepulse inhibition, schizophrenia, DARPP-32

INTRODUCTION

Sensorimotor gating is an autonomic process of filtering
irrelevant sensory information from salient ones in a stimulus-
laden environment which is followed by execution of attention-
dependent cognitive processes in order to respond to the salient
stimuli (Braff and Geyer, 1990; Braff and Light, 2004; Powell
et al., 2012). Prepulse inhibition (PPI) of acoustic startle reflex
has been identified as an operational measure of sensorimotor
gating since it is one of the forms of startle plasticity that
resembles the mechanism of sensorimotor gating. PPI of acoustic
startle reflex is defined as attenuation of behavioral response to
a strong sensory stimulus (pulse) when preceded by a weaker
stimulus (prepulse) by 30–500 ms (Graham, 1975; Hoffman and
Ison, 1980; Ison and Hoffman, 1983). The observed reduction
in response to the pulse stimulus occurs due to activation of
inhibitory mechanisms in the central nervous system (CNS)
which screens out incoming sensory stimuli until processing
of the prepulse stimulus is completed. Hence, PPI serves as
a mechanism to avoid interference between distinguishable
stimuli (Kumari and Sharma, 2002). The inability to avoid
this interference results in significant inundation or overflow
of incoming sensory information leading to impairments in
attention-dependent cognitive functions (McGhie and Chapman,
1961; Braff, 1993; Braff and Light, 2004). Deficits in PPI have been
reported in a wide spectrum of neuropsychiatric disorders that
are characterized by cognitive deficits including schizophrenia
(Braff and Geyer, 1990; Geyer et al., 2001; Greenwood et al.,
2007; Swerdlow et al., 2008; Swerdlow and Light, 2018), bipolar
disorder (Perry et al., 2001), manic depressive disorder (Ludewig
et al., 2002), Tourette syndrome (Swerdlow et al., 2001b) and
autism spectrum disorders such as autism (Perry et al., 2007) and
Fragile X syndrome (Frankland et al., 2004).

Previous investigations from our laboratory have reported
a role for purinergic P2X4 receptors (P2X4Rs) in modulation
of sensorimotor gating (Bortolato et al., 2013; Wyatt et al.,
2013; Khoja et al., 2016). P2X4Rs belong to the 7-member
P2X superfamily of cation permeable ligand gated ion channels
(LGICs) gated by extracellular adenosine-5′-triphosphate (ATP)
(North, 2002; North and Verkhratsky, 2006; Khakh and North,
2012). P2X4Rs are abundantly expressed on neurons and glial
cells in the CNS (Abbracchio et al., 2009; Khakh and North,
2012). Ivermectin (IVM), a positive modulator of P2X4Rs,
disrupted PPI regulation in male C57BL/6J mice and this
effect was attenuated in mice deficient in the p2rx4 gene [i.e.,
P2X4R knockout (KO) mice] (Bortolato et al., 2013) suggesting
that IVM-mediated PPI deficits is P2X4R-dependent. Moreover,
male P2X4R KO mice exhibited PPI deficits in comparison to

their wildtype (WT) littermates (Wyatt et al., 2013). A possible
mechanistic explanation for this behavioral outcome could be
the reported increased expression of dopamine (DA) D1 and
D2 receptors in the ventral striatum of P2X4R KO mice (Khoja
et al., 2016). To further reinforce a role for DA neurotransmission
in P2X4R-mediated PPI disruption, DA receptor antagonists
significantly ameliorated PPI deficits in P2X4R KO mice
(Khoja et al., 2016).

The propensity of IVM to reduce PPI function in
C57BL/6J mice is reminiscent of non-selective DA receptor
agonists including amphetamine, methamphetamine, cocaine,
apomorphine, all of which have been shown to disrupt PPI
function in rodents (Ralph et al., 1999; Ralph-Williams et al.,
2002, 2003; Doherty et al., 2008). The ability of IVM to mimic
pharmacological effects of DA receptor agonists is not surprising
considering that we have previously shown that IVM can
modulate DA-dependent behaviors and signaling pathways.
For instance, IVM potentiated the effects of DA on motor
behavior (Khoja et al., 2016). IVM significantly modulated
phosphorylation of dopamine and cyclic AMP regulated
phosphoprotein of 32 kDa (DARPP-32) (Khoja et al., 2016),
which is a critical downstream target regulated by DA receptor
agonists and antagonists (Svenningsson et al., 2000, 2003; Nairn
et al., 2004; Borgkvist and Fisone, 2007; Bonito-Oliva et al., 2011).
The findings from our laboratory and the numerous studies that
have described a role for DA in PPI regulation forms the basis for
our hypothesis that IVM is causing PPI disruption via activation
of DA neurotransmission.

To investigate this hypothesis, we tested the effects of IVM
(10 mg/kg, i.p.) on PPI function in the presence of DA receptor
antagonists, SCH 23390 (for D1 receptors) and raclopride (for
D2 receptors). We also tested the effects of IVM (5 mg/kg,
i.p.) in combination with a selective D1 receptor agonist, SKF
82958. Furthermore, to gain mechanistic insights into interaction
between IVM and DA receptor antagonists/D1 agonist in PPI
regulation, we tested the effects of IVM on phosphorylation of
signaling molecules linked to PPI regulation including DARPP-
32, Ca2+/calmodulin kinase IIα (CaMKIIα) and neuronal nitric
oxide synthase (nNOS) in the ventral striatum in the presence of
the dopaminergic drugs.

MATERIALS AND METHODS

Animals
Experimentally naïve 3–5 month old male C57BL/6J mice were
used for the behavioral experiments and immunoblotting. Mice
were either purchased from Jackson Laboratories (Bar Harbor,
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ME, United States) or procured from our P2X4R KO breeding
colony at University of Southern California (USC) that is
maintained on a C57BL/6J background. P2X4R KO breeding
colony has been described previously (Wyatt et al., 2013, 2014). It
was ensured that there were no statistical significant differences
in acoustic startle response or PPI% between C57BL/6J mice
from Jackson Labs and our breeding colony during the baseline
studies. 18–22 mice per treatment group were used for the PPI
experiment involving IVM/DA receptor antagonists and 15–16
mice per treatment group were used for the PPI experiment
involving IVM/D1 agonist. 3–12 mice per treatment group were
used for the immunoblotting experiments. Mice were group
housed in cages of 5 in a vivarium maintained at 22◦C and
12 h/12 h light: dark cycle and allowed to acclimate to the
behavioral testing room for a period of 1 week. All experiments
were undertaken as per guidelines established by National
Institute of Health (NIH) and approved by Institutional Animal
Care and Use Committee (IACUC) at USC. Post completions of
behavioral experiments, mice were sacrificed and brain tissues
were collected for immunoblotting.

Materials
Ivermectin (Noromectin, 1% solution, Norbrook Inc, Lenexa,
KS, United States) was diluted in 0.9% saline to achieve a
concentration that would allow for an injection volume of
0.01 mL/g of body weight. Propylene glycol (Sigma–Aldrich,
St. Louis, MO, United States) was used as vehicle control for
IVM. SCH 23390, raclopride and SKF 82958 (Sigma-Aldrich,
St. Louis, MO, United States) were diluted in 0.9% saline
to achieve concentrations of 0.2 mg/mL, 0.6 mg/mL, and
0.02 mg/mL respectively that would allow an injection volume
of 0.005 mL/g of body weight.

Acoustic Startle and PPI of Acoustic
Startle Reflex
Apparatus
Acoustic Startle reflex and PPI session were tested as described
previously (Wyatt et al., 2013; Khoja et al., 2016). The apparatus
used for detection of acoustic startle and PPI (San Diego
Instruments, San Diego, CA, United States) consisted of a
standard cage placed in sound attenuated chambers with fan
ventilation. Each cage consisted of a Plexiglass cylinder mounted
on a piezoelectric accelerometric platform connected to an
analog-digital converter. Background noises and acoustic bursts
were conveyed by two separate speakers, each one oriented
in a way that produced variation of 1 Db across startle cage.
Both speakers and startle cages were connected to the main
PC, which detected all the chamber variables. Before baseline
or testing session, the machine was calibrated using digital
sound level meter.

Startle and PPI Session
In the baseline session, mice were exposed to background noise of
70 Db and after an acclimation period of 5 min, were presented
with 12 ms of 40 trials of 115 Db interposed with three trials of
a 82 Db prestimulus preceding the 115 Db by 100 ms. Acoustic
startle magnitude and PPI % were equivalent across all treatment

groups. On the testing day, each mouse was exposed to an
acclimation period of 5 min which comprised of background
sound 70 Db, which continued for remainder of session. Each
session consisted of three consecutive blocks of trials. During
the first and third blocks, mice were exposed to five pulse alone
trials of 115 Db. In the second block, mice were exposed to
pseudorandom sequence of 50 trials, which consisted of 12 pulse
alone trials, 30 trials of pulse preceded by 73, 76, or 82 Db (defined
as PPI 3, PPI 6, and PPI 12 respectively; 10 for each level of
prepulse loudness) and 8 no stimulus trials, wherein there was
only background sound without any prepulse or pulse stimuli.
Inter trial intervals were chosen between 10 and 15 s. PPI% was
calculated as 100-[(mean startle amplitude for pre-pulse pulse
trials/mean startle amplitude for pulse alone trials)× 100].

Ivermectin (or vehicle) (10 mg/kg, i.p. for DA receptor
antagonist PPI experiment and 5 mg/kg, i.p. for D1 agonist
PPI experiment) was injected 8 h prior to behavioral testing.
This time-point is based on previous studies where we have
shown correlation between pharmacological effects and maximal
concentration (Cmax) as well as time to reach maximum
concentration (Tmax) (Yardley et al., 2012; Bortolato et al., 2013).
SCH 23390 (1 mg/kg, i.p.), raclopride (3 mg/kg, i.p.) or SKF 82958
(0.1 mg/kg, i.p.) was injected 10 min prior to behavioral testing.

Western Immunoblotting
Drug Treatments and Tissue Preparation
Ivermectin (or vehicle) was administered 8 h and 10 min prior
to euthanasia. SCH 23390 (1 mg/kg, i.p.), raclopride (3 mg/kg,
i.p.) or SKF 82958 (0.1 mg/kg) was injected 10 min prior to 8th h
of IVM/vehicle administration and so, animals were euthanized
20 min post administration of dopaminergic drugs. The PPI
testing duration is approximately 20 min and dopaminergic drugs
were injected 10 min before the PPI session. Therefore, we chose
to euthanize the mice 10 min post the 8th h of IVM/vehicle
administration so that there is sufficient amount of time for the
dopaminergic drugs to have an effect on IVM-mediated signaling
pathways in the ventral striatum.

Ventral striatum was dissected out as per the landmarks
described in the mouse brain atlas (Franklin and Paxinos,
2007). The brain tissues were homogenized in a buffer
containing 50 mM tris-HCl pH (7.4), 150 mM NaCl, 0.5%
sodium deoxycholate, 1% Triton-X-100, 0.1% SDS, 1%
proteinase inhibitor cocktail (EMD Millipore, Temecula,
CA, United States) and a cocktail of phosphatase inhibitors
(1 mM sodium pyrophosphate, 10 mM sodium fluoride, 0.5 mM
sodium orthovanadate, 10 mM β-glycerol phosphate, 1 µM
microcysteine). In addition to these inhibitors, the homogenates
were treated with 1% phosphatase inhibitors sets 1 and 2
(EMD Millipore, Temecula, CA, United States). Protein content
was determined by BCA assay (Thermo Scientific, Rockville,
IL, United States).

Immunoblotting Procedure
Ventral striatal tissues ran on 10% SDS-PAGE gels (50 µg/lane).
Due to low volume of certain samples, protein concentrations
of 40 µg/lane (for CaMKIIα) and 30 µg/lane (for nNOS)
ran on some of the gels. The samples were then transferred

Frontiers in Cellular Neuroscience | www.frontiersin.org 3 July 2019 | Volume 13 | Article 331

https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00331 July 20, 2019 Time: 13:58 # 4

Khoja et al. Ivermectin Induced Prepulse Inhibition Deficits

onto PVDF membranes using the Trans-turbo blot system
(Bio-Rad, Hercules, CA, United States). Non-specific binding
was blocked by incubating the membranes with 5% non-fat
dry milk (Bio-Rad, Hercules, CA, United States) followed by
incubation with primary antibodies overnight at 4◦C. Incubation
with loading control antibodies was performed at room
temperature for 8 min. The phospho-specific antibodies used
for immunoblotting were rabbit-anti-phospho-Thr34-DARPP-
32 (1:350; EMD Millipore, Temecula, CA, United States),
rabbit- anti-phospho-Thr286-CamKII (1:500; Cell Signaling
Technology, Beverly, MA, United States), rabbit-anti-phospho-
Ser897-nNOS (1:500; Abcam, Cambridge, United Kingdom).
Rabbit polyclonal antibodies raised against DARPP-32 (1:1000;
EMD Millipore, Temecula, CA, United States), CaMKIIα
(1:1000; Cell Signaling Technology, Beverly, MA, United States)
and nNOS (1:1000; Abcam, Cambridge, United Kingdom)
which are not phosphorylation specific, were used to determine
total amounts of protein. Mouse monoclonal antibodies
raised against β-actin (1:20,000; Sigma-Aldrich, St. Louis,
MO, United States), α-tubulin (1:20,000; EMD Millipore,
Temecula, CA, United States) and α-vinculin (1:1000; Sigma-
Aldrich, St. Louis, MO, United States) were used as loading
control antibodies. Primary antibody incubation was followed
by incubation with secondary antibodies including goat-
anti-mouse and anti-rabbit antibody (Bio-Rad, Hercules,
CA, United States) for 1 h at room temperature. After
incubation with Clarity western plus substrate (Bio-Rad,
Hercules, CA, United States), bands were visualized using
chemiluminescence imaging on the ChemiDoc system
(Bio-Rad, Hercules, CA, United States). Quantification of
bands was performed using ImageJ software (NIH, Bethesda,
MD, United States).

Statistical Analyses
To evaluate the effects of dopaminergic drugs on IVM-mediated
PPI regulation, we performed repeated measures three way
ANOVA using prepulse intensity as repeated variable and IVM
treatment and SCH 23390/raclopride/SKF 82958 pre-treatments
as independent variables, followed by Tukey’s post hoc test for
multiple comparisons. Non-repeated measures two way ANOVA
followed by Tukey’s post hoc test was used to analyze interactions
between IVM and dopaminergic drugs in regulation of acoustic
startle magnitude.

For the Western blotting analyses, the average densitometry
values of vehicle treated samples was arbitrarily normalized to 1
and the samples from drug treatment groups were normalized
by dividing each value by the average of vehicle treated samples.
The degree of phosphorylation was calculated as ratio of
normalized values of phosphorylated form to total form of
protein and expressed as mean ± SEM. It was ensured that the
densitometry values of treatment groups were normalized to their
respective controls prior to combining the data from different
membranes for statistical analyses. Non-repeated measures two
way ANOVA with Tukey’s post hoc test was used to investigate
the interaction between IVM and the dopaminergic drugs
in regulation of total levels and phosphorylation of various
signaling molecules. Significance was set at P < 0.05. All

data was analyzed using GraphPad Prism software (San Diego,
CA, United States).

RESULTS

Pharmacological Blockade of D1 as Well
as D2 Receptors Significantly Attenuated
IVM-Mediated PPI Disruption in Mice
The impact of D1 and D2 receptor antagonism on IVM-
mediated PPI regulation was assessed. There was a significant
effect of prepulse intensity [F(2,152) = 81.82, p < 0.001]
on the account of a gradual increase in PPI% as the
prepulse stimulus intensity increases. In agreement with our
previous findings (Bortolato et al., 2013), administration of
IVM (10 mg/kg, i.p.) significantly disrupted PPI function
[F(1,76) = 8.983, p < 0.01]. Treatment with D1 antagonist,
SCH 23390, tended to affect PPI function as indicated by a
non-significant trend toward effect of pre-treatment on PPI%
[F(1,76) = 3.306, p = 0.0741]. In both cases, there was a significant
treatment × prepulse intensity interaction [F(2,152) = 4.040,
p < 0.05] as well as a pre-treatment × prepulse intensity
interaction [F(2,152) = 3.818, p < 0.05] suggesting that the
effects of IVM and SCH 23390 on PPI% were dependent
upon the prepulse intensity. Most importantly, SCH 23390
significantly antagonized IVM-mediated PPI dysfunction as
indicated by a significant treatment × pre-treatment interaction
[F(1,76) = 16.48, p < 0.001]. Tukey’s post hoc test revealed that
IVM significantly reduced PPI% in comparison to its vehicle
group at PPI 6 (q = 6.447, p < 0.001) and PPI 12 (q = 6.735,
p < 0.001) (Figure 1A). IVM-mediated PPI disruption at both
these prepulses was significantly reversed upon co-treatment
with SCH 23390 (q = 6.05, p < 0.01 for PPI 6 and q = 4.982,
p < 0.05 for PPI 12) (Figure 1A). Tukey’s post hoc test also
revealed that IVM significantly reduced PPI% in relation to
SCH 23390-treated mice at PPI 6 (q = 6.647, p < 0.001)
and co-treatment with IVM and SCH 23390 normalized IVM-
induced PPI deficits (Figure 1A). In the context of acoustic
startle reactivity, IVM significantly affected acoustic startle
magnitude [F(1,76) = 5.62, p < 0.05] without any interaction
with SCH 23390, indicating that IVM modulated startle response
independent of D1 receptors (Figure 1B).

There was no significant effect of D2 antagonist, raclopride, on
PPI function [F(1,73) = 0.1442, p > 0.1] indicating the inability
of raclopride to independently modulate PPI. Similar to SCH
23390 treatment, raclopride significantly blocked IVM-mediated
PPI disruption as indicated by a significant treatment × pre-
treatment interaction [F(1,73) = 11.51, p < 0.01]. Co-treatment of
IVM with raclopride significantly reversed the disruptive effects
of IVM at PPI 6 (q = 4.738, p < 0.05) but, unlike SCH 23390,
was unable to impede IVM-mediated PPI disruption at PPI
12 (q = 2.197, p > 0.1) (Figure 1A). Similar to SCH 23390-
treated mice, administration of IVM significantly decreased PPI%
in comparison to raclopride-treated mice at PPI 6 (q = 5.163,
p < 0.05) and this effect was restored upon co-treatment with
IVM and raclopride (Figure 1A). Noticeably, mice co-treated
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FIGURE 1 | Ivermectin (10 mg/kg) significantly disrupted PPI function in mice at PPI 6 and PPI 12. Co-treatment with SCH 23390 (1 mg/kg) significantly reversed
IVM-mediated PPI disruption at both these prepulse intensities. Co-treatment with raclopride (3 mg/kg) reversed IVM-mediated PPI deficits at PPI 6, but not at PPI
12 (A). Neither of the DA receptor antagonists significantly impacted IVM-mediated effects on startle magnitude (B). IVM significantly affected startle magnitude.
Values represent mean PPI % or startle amplitude ± SEM from 18 to 22 mice per treatment group. ∗∗∗P < 0.001 versus control group. #P < 0.05, ##P < 0.01
versus IVM-treated mice. +++P < 0.001 versus SCH 23390-treated mice and $P < 0.05 versus raclopride-treated mice, Tukey’s multiple comparison test.

with IVM and raclopride tended to have lower PPI % in
comparison to mice treated with vehicle for IVM at PPI 12
(q = 4.571, p = 0.0616), suggesting the failure of raclopride to
fully reverse the disruptive effects of IVM at PPI 12 (Figure 1A).
Similarly, raclopride did not alter the significant effects of
IVM on startle magnitude as revealed by a non-significant
treatment× pre-treatment interaction (Figure 1B).

D1 Receptor Activation Did Not
Potentiate the Effects of IVM on PPI
Function
There was a non-significant trend toward effect of IVM treatment
(5 mg/kg, i.p.) on PPI function [F(1,57) = 3.626, p = 0.0619]
and treatment × prepulse intensity interaction tended toward
statistical significance [F(2,114) = 2.504, p = 0.0863]. Treatment
with D1 agonist, SKF 82958, did not have any significant effect
on PPI function [F(1,57) = 0.9509, p > 0.1] (Figure 2A).
Furthermore, there was no synergistic interaction between IVM
and SKF 892958 on PPI% as indicated by a non-significant
treatment × pre-treatment interaction [F(1,57) = 1.304,
p > 0.1] (Figure 2B).

Pharmacological Modulation of Either D1
or D2 Receptors Significantly Altered
IVM-Induced Changes in DARPP-32
Phosphorylation in the Ventral Striatum
We investigated the interaction between IVM and SCH
23390/raclopride on DARPP-32 phosphorylation in the ventral
striatum on the basis of a critical role for DARPP-32 in PPI
regulation (Svenningsson et al., 2003; Kuroiwa et al., 2012; Yabuki
et al., 2013). There was no significant effect of IVM (10 mg/kg)
or SCH 23390 treatment on DARPP-32 phosphorylation but
there was a significant treatment × pre-treatment interaction
suggesting that SCH 23390 altered the effects of IVM on DARPP-
32 phosphorylation [F(1,29) = 18.16, p < 0.001]. Tukey’s post hoc
test confirmed that IVM significantly increased DARPP-32
phosphorylation in comparison to its vehicle (q = 5.222, p < 0.01)
and this effect was significantly reversed upon co-treatment with
SCH 23390 (q = 5.658, p < 0.01) (Figures 3A,Bi). Moreover,
there was no significant treatment × pre-treatment interaction
in regulation of total DARPP-32 levels indicating that SCH
23390 significantly modulated the effects of IVM on DARPP-32
phosphorylation without any impact on total protein levels.
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FIGURE 2 | D1 receptor stimulation by SKF 82958 (0.1 mg/kg) failed to
potentiate IVM (5 mg/kg)-mediated PPI disruption. (A) There was no
significant interaction between IVM and SKF 82958 in regulation of startle
magnitude. (B) Values represent mean PPI % or startle amplitude ± SEM from
15 to 16 mice per treatment group.

On the other hand, raclopride did not exhibit any significant
effect on DARPP-32 phosphorylation. Similar to SCH 23390,
raclopride significantly antagonized IVM-induced increase
in DARPP32 phosphorylation as indicated by a significant
treatment × pre-treatment interaction [F(1,23) = 5.419,
p < 0.05]. Tukey’s post hoc test revealed a significant increase
in DARPP-32 phosphorylation upon treatment with IVM alone
(q = 4.693, p < 0.05) and co-administration with raclopride
blocked the effects of IVM on DARPP-32 phosphorylation
in relation to raclopride-treated mice (q = 0.5589, p > 0.1)
(Figures 3A,Bii). However, co-administration with raclopride
failed to reverse IVM-mediated increase in DARPP-32
phosphorylation (Figures 3A,Bii). Finally, similar to SCH 23390,
raclopride does not modulate IVM’s effects on total DARPP-32
levels as revealed by a non-significant treatment × pre-
treatment interaction, indicating that the interaction between
IVM and raclopride is specific to phosphorylation and not to
total protein levels.

Considering that blockade of DA D1 receptors impedes
IVM-mediated changes in DARPP-32 phosphorylation, we next
evaluated whether DA D1 receptor activation can potentiate
DARPP-32 phosphorylation in presence of IVM (5 mg/kg). There
was a significant effect of SKF 82958 [F(1,20) = 5.319, p < 0.05]
but not that of IVM treatment on DARPP-32 phosphorylation.
In support of our hypothesis, SKF 82958 significantly up-
regulated DARPP-32 phosphorylation in the presence of IVM as
revealed by a significant treatment × pre-treatment interaction
[F(1,20) = 12.58, p < 0.01]. Tukey’s post hoc test confirmed

that co-administration of IVM and SKF 82958 significantly
up-regulated DARPP-32 phosphorylation in relation to IVM-
treated mice (q = 5.853, p < 0.01), SKF 82958-treated mice
(q = 5.373, p < 0.01) and tended to increase DARPP-32
phosphorylation in relation to mice treated with vehicle for IVM
(q = 3.664, p = 0.0759) (Figures 3A,Biii). Finally, there were no
significant effects of both IVM and SKF 82958 treatments on total
DARPP-32 levels and the interaction between the two drugs was
not significant.

Pharmacological Modulation of D1 and
D2 Receptors Significantly Altered
IVM-Mediated Changes in CaMKIIα
Phosphorylation in the Ventral Striatum
CaMKIIα has been previously linked to regulation of information
processing (Coultrap and Bayer, 2012) and pharmacological
agents that are known to induce PPI deficits have been
reported to cause alterations in CaMKIIα phosphorylation
(Suemaru et al., 2000; Molteni et al., 2008; Cui et al.,
2009). On the basis that P2X (Leon et al., 2006) and
DA signaling (Anderson et al., 2008; Ng et al., 2010)
have been associated with CaMKIIα regulation, we tested
to determine if DA receptor modulation can regulate IVM-
mediated effects on CaMKIIα phosphorylation. There was
neither any significant effect of IVM (10 mg/kg) nor SCH
23390 treatment on CaMKIIα phosphorylation. However, SCH
23390 significantly blocked the effects of IVM on CaMKIIα
phosphorylation as revealed by a significant treatment × pre-
treatment interaction. [F(1,31) = 6.343, p < 0.05] with Tukey’s
post hoc test confirming that IVM significantly decreased
CaMKIIα phosphorylation in relation to the vehicle group
(q = 3.852, p < 0.05) (Figures 4A,Bi). Furthermore, SCH 23390
tended to decrease CaMKIIα phosphorylation in comparison
to the control group (q = 3.423, p = 0.0940). Co-treatment
of IVM and SCH 23390 blocked the effects of IVM on
CaMKIIα phosphorylation in comparison to SCH 23390-
treated mice (q = 1.465, p > 0.1) but failed to completely
reverse IVM-induced decrease in CaMKIIα phosphorylation
(Figures 4A,Bi). With respect to total protein levels, there
was no significant effect of either IVM or SCH 23390
treatment on total CaMKIIα levels but the treatment × pre-
treatment interaction tended toward statistical significance
[F(1,31) = 2.931, p = 0.0969].

Raclopride did not exhibit any significant effect on
CaMKIIα phosphorylation. However, there was a significant
treatment × pre-treatment interaction [F(1,28) = 10.39,
p < 0.01] suggesting that raclopride antagonized IVM-
mediated effects on CaMKIIα phosphorylation. Tukey’s post hoc
test confirmed that IVM significantly decreased CaMKIIα
phosphorylation (q = 4.089, p < 0.05) which was significantly
reversed upon co-treatment with raclopride (q = 5.116,
p < 0.01) (Figures 4A,Bii). In contrast to SCH 23390, there
was a significant effect of raclopride on total CaMKIIα levels
[F(1,28) = 4.502, p < 0.05] without any significant interaction
with IVM suggesting that raclopride altered total protein levels
independent of IVM treatment.
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FIGURE 3 | Blockade of D1 receptors by SCH 23390 significantly reversed IVM (10 mg/kg)-mediated increase in DARPP-32 phosphorylation (A,Bi) in the ventral
striatum. Blockade of D2 receptors by raclopride antagonized, but did not reverse, IVM (10 mg/kg)-mediated changes in DARPP-32 phosphorylation (A,Bii).
Stimulation of D1 receptors by SKF 82958 significantly interacted with IVM (5 mg/kg) in a synergistic manner (A,Biii). The average of densitometry value of control
group was arbitrarily normalized to 1. The treatment groups were normalized by dividing each value by the average of the control group. The data is presented as
fold change of treatment group versus control group in that membrane. Values represent mean ± SEM from 4 to 10 mice per treatment group. Two representative
bands from each treatment group from different gels are shown. IVM alone (or vehicle) images were used twice for the IVM/SCH 23390 and IVM/raclopride blots
since both the DA receptor antagonist treatment groups (with or without IVM) ran on the same gel. Black solid lines between the bands indicate that the bands were
cropped and spliced together either from different gels or non-consecutive lanes. Full scan of gel images can be found in the Supplementary Figures S1–S3.
∗P < 0.05; ∗∗P < 0.01 versus control group; ##P < 0.01 versus IVM –treated mice (5 and 10 mg/kg); ++P < 0.01 versus SKF 82958-treated mice, Tukey’s multiple
comparison test.

DA D1 receptor activation by SKF 82958 induced independent
changes in CaMKIIα phosphorylation [F(1,14) = 5.053, p < 0.05]
that was significantly potentiated in the presence of IVM
(5 mg/kg) as indicated by a significant treatment × pre-
treatment interaction [F(1,14) = 10.55, p < 0.01]. Tukey’s
post hoc test detected that co-treatment of IVM and SKF 82958
significantly increased CaMKIIα phosphorylation in comparison
to IVM-treated mice (q = 5.936, p < 0.01) (Figures 4A,Biii).
Moreover, co-administration of IVM and SKF 82958 tended to
enhance phosphorylation in relation to SKF 82958-treated mice
(q = 3.747, p = 0.0796) (Figures 4A,Biii). Furthermore, there
was a significant effect of both IVM [F(1,14) = 9.404, p < 0.01]
and SKF 82958 [F(1,14) = 9.723, p < 0.01] treatments on total

CaMKIIα levels without any significant interaction between the
two treatments suggesting the inability of SKF 82958 to modulate
IVM-induced changes in total CaMKIIα levels.

IVM Significantly Interacted With DA
Receptor Antagonists/D1 Agonist in
Regulation of nNOS Phosphorylation in
the Ventral Striatum
P2X4Rs have been previously implicated in regulation of NOS
activity and NO release in cardiac myocytes (Yang and Liang,
2012; Yang et al., 2015). Considering that NOS inhibitors
have been reported to ameliorate PPI impairments induced by
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FIGURE 4 | IVM (10 mg/kg)-mediated decrease in CaMKIIα phosphorylation was significantly impeded by SCH 23390 (A,Bi) but reversed by raclopride (A,Bii) in the
ventral striatum. IVM (5 mg/kg) synergistically interacted with SKF 82958 in regulation of CaMKIIα phosphorylation (A,Biii) in the ventral striatum. Details of
normalization and analyses are presented in Figure 3. Values represent mean ± SEM from 3 to 11 mice per treatment group. Two representative bands from each
treatment group are shown. IVM alone (or vehicle) images were used twice for the IVM/SCH 23390 and IVM/raclopride blots since both the DA receptor antagonist
treatment groups (with or without IVM) ran on the same gel. Black solid lines indicated that bands were cropped and spliced from non-consecutive lanes or different
gels. Full scan of gel images can be found in the Supplementary Figures S4, S5. ∗P < 0.05 versus control group; ##P < 0.01 versus IVM-treated mice (5 and
10 mg/kg), Tukey’s multiple comparison test.

psychostimulants and the involvement of NO in PPI regulation
(Wiley, 1998; Klamer et al., 2004; Fejgin et al., 2008; Issy
et al., 2011, 2014), we hypothesized that nNOS could be one of
potential substrates that underlies the antagonistic interaction
between IVM and DA receptor antagonists in PPI regulation.
There was a significant effect of SCH 23390 [F(1,21) = 19.96,
p < 0.001], but not that of IVM (10 mg/kg), treatment
on nNOS phosphorylation. In addition to regulating nNOS
phosphorylation independently, SCH 23390 altered the effects
of IVM as indicated by a significant treatment × pre-treatment
interaction [F(1,21) = 5.96, p < 0.05]. Tukey’s post hoc test
detected a non-significant trend toward decrease in nNOS
phosphorylation upon IVM treatment alone in comparison to
the vehicle group (q = 3.905, p = 0.0528) which was significantly
reversed upon co-administration with SCH 23390 (q = 7.17,
p < 0.001) (Figures 5A,Bi). Furthermore, treatment with
SCH 23390 alone significantly increased nNOS phosphorylation

in comparison to IVM-treated mice (q = 5.146, p < 0.01)
(Figures 5A,Bi). In regards to total protein levels, there was
neither any significant effect of both the treatments nor was there
any significant interaction suggesting that SCH 23390 altered
effects of IVM on nNOS phosphorylation without any effect on
total protein levels.

Similar to SCH 23390 treatment, administration of
raclopride alone significantly affected nNOS phosphorylation
[F(1,20) = 4.839, p < 0.05] and was able to significantly
alter IVM-mediated effects on NOS phosphorylation as
revealed by a significant treatment × pre-treatment interaction
[F(1,20) = 10.65, p < 0.01]. Tukey’s post hoc test confirmed
that co-treatment of IVM and raclopride significantly
increased nNOS phosphorylation in comparison to IVM-
treated mice (q = 5.741, p < 0.01) (Figures 5A,Bii). There
was a significant effect of IVM [F(1,20) = 4.996, p < 0.05],
but not that of raclopride, treatment on total nNOS levels.
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FIGURE 5 | SCH 23390 (A,Bi) and raclopride (A,Bii) significantly increased nNOS phosphorylation in presence of IVM (10 mg/kg) in the ventral striatum. IVM
(5 mg/kg) significantly attenuated SKF 82958-induced increase in nNOS phosphorylation (A,Biii). Details of normalization and analyses are presented in Figure 3.
Values represent mean ± SEM from 4 to 12 mice per treatment group. Two representative bands from each treatment group are shown. IVM alone (or vehicle)
images were used twice for the IVM/SCH 23390 and IVM/raclopride blots since both the DA receptor antagonist treatment groups (with or without IVM) ran on the
same gel. Black solid lines between bands indicate that bands were cropped and spliced together from non-consecutive lanes or from different gels. Full scan of gel
images can be found in the Supplementary Figures S6, S7. ∗P < 0.05 versus control group; ##P < 0.01, ###P < 0.001 versus IVM-treated mice (5 and 10 mg/kg);
++P < 0.01 versus SKF 82958-treated mice, Tukey’s multiple comparison test.

Additionally, the interaction between IVM and raclopride
for total nNOS levels tended toward statistical significance
[F(1,20) = 3.347, p = 0.0823].

In contrast to a high dose (10 mg/kg) of IVM; there was
a significant effect of 5 mg/kg IVM on nNOS phosphorylation
[F(1,33) = 8.22, p < 0.01]. Additionally, D1 receptor activation by
SKF 82958 significantly increased nNOS phosphorylation alone
[F(1,33) = 5.524, p < 0.05] and this effect was significantly
attenuated by IVM as indicated by a significant treatment× pre-
treatment interaction [F(1,33) = 5.998, p < 0.05]. Tukey’s post hoc
test detected a significant increase in nNOS phosphorylation
upon SKF 82958 treatment alone in comparison to the control
group (q = 4.656, p < 0.05) as well as IVM-treated mice
(q = 4.919, p < 0.01) (Figures 5A,Biii). Most importantly,
co-treatment with IVM and SKF 82958 significantly reduced
nNOS phosphorylation in comparison to SKF 82958-treated
mice (q = 5.491, p < 0.01) (Figures 5A,Biii). Finally, there was
neither any significant effect of IVM or SKF 82958 treatment
on total nNOS levels nor was there any significant interaction

indicating that IVM was able to modulate SKF 82958-mediated
changes in nNOS phosphorylation without any impact on
total protein levels.

DISCUSSION

The current study investigated the mechanisms underlying IVM
induced PPI disruption in C57BL/6J mice. PPI deficits induced
upon P2X4R potentiation by IVM were significantly attenuated
to a greater extent via antagonism of D1 than D2 receptors,
implicating a more essential role for D1 than D2 receptors
in IVM-mediated PPI dysfunction. Additionally, neither of the
DA receptor antagonists modified the effects of IVM on startle
magnitude suggesting that DA antagonists were able to restore
IVM-induced information processing deficits without having
any impact on auditory function. The findings from the DA
receptor antagonist experiments are in agreement with previous
investigations that have reported a more important role for D1

Frontiers in Cellular Neuroscience | www.frontiersin.org 9 July 2019 | Volume 13 | Article 331

https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00331 July 20, 2019 Time: 13:58 # 10

Khoja et al. Ivermectin Induced Prepulse Inhibition Deficits

receptors than D2 receptors in PPI regulation in mice (Ralph-
Williams et al., 2002, 2003; Ralph and Caine, 2005). For instance,
non-selective DA receptor agonists such as apomorphine, cocaine
or pergolide have been reported to disrupt PPI function in a
D1 receptor-specific manner (Ralph-Williams et al., 2002, 2003;
Doherty et al., 2008). Selective D1 agonists such as SKF 82958,
SKF 81297 and dihydrexidine have also been shown to disrupt
PPI functioning in C57BL/6J and 129S6 mice (Ralph-Williams
et al., 2003; Ralph and Caine, 2005) at doses lower than those
required to induce similar behavioral effects with rats (Wan
et al., 1996; Swerdlow et al., 2000). Moreover, findings from
our laboratory reported that D1 receptor antagonism rescued
PPI dysfunction in P2X4R KO mice (Khoja et al., 2016). Taken
together, the current body of evidence strongly suggests that D1
receptors have a prominent role in PPI regulation in mice.

In addition to the importance of D1 receptors in PPI
regulation with mice; the role of D2 receptors cannot be
disregarded based on our findings where raclopride significantly
blocked IVM-mediated PPI dysfunction. Moreover, indirect
DA receptor agonists including amphetamine and cocaine can
disrupt PPI function via D2 receptor-dependent manner in mice
(Ralph et al., 1999; Ralph-Williams et al., 2002; Doherty et al.,
2008). In addition, multiple genetic knockout mouse models
for dopamine transporter (DAT) (Ralph et al., 2001), disrupted
in schizophrenia complex (DISC) (Lipina et al., 2010) and
trace amine receptor-1 (TA1) (Wolinsky et al., 2007) exhibited
PPI deficits that were linked to aberrant D2 receptor activity.
In agreement with pharmacological and genetic findings, our
laboratory has previously demonstrated that PPI deficits in
P2X4R KO mice were also reversed by raclopride, in addition to
SCH 23390, indicating that D2 receptors can be involved in PPI
dysfunction in P2X4R KO mice (Khoja et al., 2016).

The findings from our IVM/P2X4R KO PPI investigations
(and others) suggest a plausible D1–D2 receptor interaction in
PPI regulation in mice. The argument for this hypothesis is
reinforced by previous reports showing that antagonism of either
D1 or D2 receptors can negate PPI deficits induced by D1 agonists
in mice (Ralph and Caine, 2005). For example, administration
of either D2 antagonist eticlopride or D1 antagonist SCH
39166 significantly restored SKF 82958-mediated PPI deficits in
C57BL/6J mice (Ralph and Caine, 2005). A plausible explanation
for this outcome is that activation of D1 receptors alone might not
be sufficient enough to disrupt PPI function in rats but the ability
of D2 receptors to induce PPI dysfunction is dependent upon
the tonic activity of D1 receptors. Hence, based on our current
findings, it appears that D1 receptors might be interacting with
D2 receptors in the modulation of IVM-mediated PPI alterations
and the tendency of raclopride to block IVM’s behavioral
effects might be dependent upon tonic activity of D1 receptors
in C57BL/6J mice.

To gain insights into the molecular mechanisms by which
IVM can induce PPI dysfunction, we investigated its interaction
with dopaminergic drugs on DARPP-32 phosphorylation in the
ventral striatum. Our findings suggest that positive modulation
of P2X4Rs increased DARPP-32 phosphorylation in a D1
receptor dependent manner (Figure 6A). Although, raclopride
was able to prevent IVM from further increasing DARPP-32

phosphorylation, it failed to reverse IVM-mediated increase in
DARPP-32 phosphorylation, suggesting that the actions of IVM
on DARPP-32 are D1-dependent. Enhanced phosphorylation
of DARPP-32 at Thr 34 has been linked to PPI deficits
mediated by various psychostimulants such as amphetamine,
phencyclidine (PCP), lysergic acid diethylamide (LSD) and
that these effects were significantly diminished in genetically
modified mice wherein DARPP-32 phosphorylation at Thr34 is
compromised (Svenningsson et al., 2003). D1 receptor activation
on the striatonigral neurons (D1-expressing neurons) of the
basal ganglia circuitry stimulates the cAMP/protein kinase-
A (PKA) pathway which leads to increased phosphorylation
of DARPP-32 at Thr34 (Svenningsson et al., 2004; Girault,
2012) (Figure 6) and possibly manifestation of PPI deficits
in mice as demonstrated by selective D1 agonists (Ralph-
Williams et al., 2003; Ralph and Caine, 2005). Taking these
findings into perspective, the reversal of IVM-mediated changes
in DARPP-32 phosphorylation by SCH 23390 may underlie the
attenuation of IVM-mediated PPI deficits. Moreover, the failure
of raclopride to reverse IVM-induced increase in DARPP-32
phosphorylation might explain the discrepancy between SCH
23390 and raclopride in restoration of IVM-induced PPI deficits.
However, this inference cannot be supported by the current
evidence that SKF 82958 failed to elicit PPI dysfunction in
presence of IVM despite the synergistic interaction between SKF
82958 and IVM in augmentation of DARPP-32 phosphorylation
in the ventral striatum. This discrepancy can be attributed to
the notion that DARPP-32 alone cannot mediate PPI function
considering that multiple other neural substrates may contribute
to the alleviation of IVM-induced PPI disruption by SCH
23390. Furthermore, the high dose of SCH 23390 used in this
study may involve pharmacological activity at other receptor
targets such as agonism at 5-HT2C receptors (Briggs et al.,
1991; Millan et al., 2001). Notably, 5-HT2C receptor agonists
can rescue PPI deficits induced by psychomimetics (Marquis
et al., 2007). Thus, the multi-pharmacological profile of SCH
23390 in amelioration of IVM-induced PPI deficits cannot be
disregarded. Moreover, although the ventral striatum [which
comprises of nucleus accumbens (NAc) core] is ascertained
as an important site for PPI mediation; this behavior is
regulated by the cortico-pallido-striatal-thalamic circuitry (Wan
et al., 1995; Wan and Swerdlow, 1996; Swerdlow et al., 2008,
2011). Considering that DA receptor agonists induce PPI
dysfunction and DA receptor antagonists reverse PPI deficits,
it is presumably thought that increased DAergic function
in the NAc (Swerdlow et al., 2001a), leads to inhibition of
GABAergic neurons projecting toward the ventral pallidum
(VP), which has a tonic control over the pedunculopontine
nucleus (PPTg), which mediates PPI function (Fendt et al.,
2001). Thus, disruption of underlying signaling cascades in
any of these brain structures of this complex circuitry could
possibly be linked to the antagonistic interaction between IVM
and SCH 23390 which warrants further investigation. Detailed
delineation of signaling pathways within the PPI circuitry
maybe necessitated in elucidating the discrepancy between
SCH 23390 and SKF 82958 in regulation of IVM-mediated
behavioral effects.
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FIGURE 6 | IVM modulated DARPP-32 phosphorylation via P2X4R potentiation in a D1 receptor-dependent manner in the ventral striatum. Inter-dependence
between P2X4Rs and D1 receptors in DARPP-32 phosphorylation may be relevant to regulation of transcription factors (e.g., CREB) and subsequent gene
expression in the ventral striatum and DA-dependent behaviors such as sensorimotor gating (A). The ability of raclopride to block IVM-mediated changes at
behavioral and cellular level indicates a plausible interaction between P2X4Rs and D2 receptors in regulation of DA-dependent behaviors and signaling pathways (B).

In addition to DARPP-32, we also evaluated the effects
of IVM on other signaling molecules that may contribute to
alterations in sensorimotor gating such as nNOS and its upstream
regulator, CaMKIIα. CaMKIIα can phosphorylate nNOS at
Ser897, leading to reduction in functional activity (Hayashi
et al., 1999; Komeima et al., 2000). IVM decreased CaMKIIα
phosphorylation in a D2-dependent manner since its effects were
reversed by raclopride, but not by SCH 23390. Nevertheless,
SCH 23390 was able to prevent IVM from further decreasing
CaMKIIα phosphorylation suggesting that SCH 23390 might be
reversing IVM-mediated effects on signaling pathways upstream
of CaMKIIα phosphorylation. Interestingly, at a lower dose
(5 mg/kg), IVM significantly potentiated the effects of SKF 82958
on CaMKIIα phosphorylation. A mechanistic explanation for
this outcome is the synergistic interaction between IVM and
SKF 82958 in DARPP-32 phosphorylation which could lead
to up-regulation of CaMKIIα phosphorylation via inhibition
of protein phosphotase-1 (PP-1) (Strack et al., 1997; Shioda
and Fukunaga, 2017). Overall, these findings suggest that the
dopaminergic control of IVM over CaMKIIα phosphorylation
can be dose-dependent. While there is no direct evidence that
links CaMKIIα to PPI regulation; results from our investigation

mirror PPI disruptive agents such as indirect DA agonists
(methamphetamine) (Suemaru et al., 2000) and N-Methyl-
D-aspartate receptor (NMDAR) antagonists (PCP, ketamine)
(Molteni et al., 2008; Cui et al., 2009) that have been reported
to decrease CaMKIIα phosphorylation in mice and that this
effect was fully restored upon D1 or D2 receptor antagonism.
Additionally, CaMKIIα has been implicated in information
processing (Coultrap and Bayer, 2012) and pathophysiology of
psychiatric disorders characterized by cognitive abnormalities
(Frankland et al., 2008; Yamasaki et al., 2008; Matsuo et al., 2009).
If PPI deficiency can precede fragmentation of cognitive function
(McGhie and Chapman, 1961); then alterations in CaMKIIα
activity can be linked to PPI deficits in the clinical population.

On account of the significant reduction in CaMKIIα
phosphorylation, IVM tended to reduce the phosphorylation
of its downstream target, nNOS. Although raclopride, but not
SCH 23390, was able to reverse IVM-mediated decrease in
CaMKIIα phosphorylation; the pharmacological blockade of
both D1 and D2 receptors significantly reversed IVM-mediated
changes in nNOS phosphorylation. These results suggest that
CaMKIIα could potentially be involved upstream in the effects
of D2, but not D1, receptors on IVM-induced changes in
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nNOS phosphorylation. Although D1 receptor activation can
enhance nNOS activity via NMDARs-mediated Ca2+ currents
which involves CaMKIIα (Cepeda et al., 1998; Lee et al.,
2010), stimulation of D1 receptors can also lead to enhanced
phosphorylation of nNOS at Ser897 via PKA activation (Missale
et al., 1998; Neve et al., 2004) or protein kinase C (PKC) activation
(Felder et al., 1989; Undie and Friedman, 1990) which could
ultimately result in reduced nNOS activity (Bredt et al., 1992;
Dinerman et al., 1994; Lee et al., 2010). In further support of the
argument that CaMKIIα may not be involved in the interaction
between P2X4Rs and D1 receptors in nNOS phosphorylation,
IVM potentiated the effects of SKF 82958 in regulation of
CaMKIIα phosphorylation but decreased SKF 82958-induced
increase in nNOS phosphorylation.

The ability of IVM to increase nNOS activity (via reduced
phosphorylation of nNOS at Ser897) can lead to increased
DARPP-32 phosphorylation at Thr34 via the NO/cGMP/guanyl
cyclase (GC)/protein kinase G (PKG) signaling cascade (Tsou
et al., 1993; Nishi et al., 2005; Threlfell and West, 2013).
Additionally, the ability of IVM to dampen SKF 82958-induced
decrease in nNOS phosphorylation may provide a mechanistic
explanation for the synergy between IVM and SKF 82958 in
regulation of DARPP-32 phosphorylation. This could represent
a potential mechanism underlying IVM-mediated increased
DARPP-32 phosphorylation considering that P2X4Rs are LGICs
localized on GABAergic interneurons (Amadio et al., 2007) that
are enriched in nNOS (Bredt et al., 1990, 1991) and have been
reported to play a role in modulation of NOS activity via the
cGMP/GC/PKG pathway (Yang et al., 2015). Hence, it is more
logical to assume that cGMP/PKG pathway is involved upstream
of P2X4R-mediated effects on DARPP-32 phosphorylation rather
than the canonical cAMP/PKA activity which is regulated by
G-coupled protein receptors (GPCRs) (Pierce et al., 2002). Based
on previous evidence that have supported an interaction between
DA neurotransmission and nNOS activity (Sammut et al., 2006,
2007; Hoque et al., 2010; Hoque and West, 2012), the reversal
of IVM-mediated decrease in nNOS phosphorylation by DA
receptor antagonists may underlie their antagonistic interaction
with IVM in regulation of DARPP-32 phosphorylation. However,
future investigations testing the effects of IVM on NO and cGMP
levels in presence of dopaminergic drugs would be warranted to
confirm this hypothesis.

In contrast to CaMKIIα, there is a growing body of
evidence that supports role of nNOS in PPI regulation in
mice (Klamer et al., 2004; Salum et al., 2006; Fejgin et al.,
2008; Issy et al., 2009, 2014). The ability of IVM to decrease
nNOS phosphorylation at Ser897 and induce PPI deficits is in
corroboration with current theory that increased NO signaling
leads to PPI deficits. NOS inhibitors have been observed to
attenuate PPI deficits mediated by DA receptor activation
(amphetamine, methylphenidate) (Issy et al., 2009) or NMDARs
antagonism (PCP) (Klamer et al., 2004; Fejgin et al., 2008)
From a disease standpoint, multiple preclinical and clinical
findings have linked increased NO signaling to pathophysiology
of psychiatric disorders characterized by sensorimotor gating
deficits including schizophrenia (Bernstein et al., 2001; Yao
et al., 2004; Bernstein et al., 2005; Lauer et al., 2005;

Nasyrova et al., 2015). Genetic deficiency of nNOS generates
a mouse model that exhibits behavioral and neurochemical
abnormalities that are reminiscent of psychiatric disorders
(Tanda et al., 2009). Increased nNOS activity has been detected
in several brain regions in schizophrenia (Karson et al., 1996;
Bernstein et al., 2001; Baba et al., 2004). Furthermore, genetic
polymorphisms in nNOS have been detected as risk factor for
schizophrenia (Reif et al., 2006; Rovny et al., 2018). Overall, based
on findings from previous reports and current investigation,
the regulation of nNOS activity can contribute to dopaminergic
control of IVM-mediated PPI deficits and P2X4Rs-mediated
increase in nNOS activity can represent a novel mechanism
underlying psychiatric disorders characterized by sensorimotor
gating perturbations especially schizophrenia.

Deficits in PPI have been linked to a wide spectrum of
“perceptual” disorders including schizophrenia (Braff et al.,
1978, 1999; Braff, 1993; Kumari et al., 1999, 2000), bipolar
disorder (Perry et al., 2001), obsessive–compulsive disorder
(Swerdlow et al., 1993) and Tourette’s syndrome (Swerdlow
et al., 2001b) as well as to autism spectrum disorders such as
autism (Perry et al., 2007) and Fragile X syndrome (Frankland
et al., 2004). Mutant mouse models for susceptible genes that
have been suggested to be involved in the pathophysiology of
aforementioned diseases exhibit PPI dysfunction (Ralph et al.,
2001; Duncan et al., 2004; Kinkead et al., 2005; Tanaka et al.,
2006; Ohgake et al., 2009; Lipina et al., 2010; Willi et al., 2010;
Vuillermot et al., 2011), making PPI a reliable endophenotype
in the genetic studies of neuropsychiatric disorders (Braff et al.,
2007; Powell et al., 2012). Moreover, several of the clinical typical
and atypical anti-psychotics such as haloperidol, risperidone,
clozapine, olanzapine, quetiapine have been demonstrated to
ameliorate PPI deficits in genetic and pharmacological models
of such diseases (Swerdlow and Geyer, 1993; Bast et al., 2001;
Geyer et al., 2001; Kumari and Sharma, 2002; Levin et al., 2007).
Thus, PPI has been elucidated as a useful behavioral assay in
investigating molecular mechanisms of psychiatric diseases as
well as screening of potential antipsychotic drugs. The ability of
IVM to disrupt PPI function via P2X4R potentiation (Bortolato
et al., 2013) as well as the reduced PPI function in the P2X4R
KO mouse model (Wyatt et al., 2013) suggests a role for P2X4Rs
in pathophysiology of psychiatric disorders characterized by
sensorimotor gating perturbations. Additionally, our findings
also suggest a role for DA neurotransmission in altering IVM-
mediated effects on sensorimotor gating. Considering the link
between dysregulated dopaminergic function and sensorimotor
gating abnormalities in psychiatric diseases (Swerdlow et al.,
1986; Braff and Geyer, 1990; Swerdlow and Geyer, 1993; Braff
et al., 2001) has been well consolidated over past decades, our
preclinical studies suggest a role for P2X4Rs in pathophysiology
of psychiatric diseases. Moreover, we have also demonstrated
that IVM can induce dysregulation in signaling molecules
including DARRP-32, CaMKIIα and nNOS, all of which have
been previously linked to psychiatric diseases characterized by
sensorimotor gating abnormalities (Albert et al., 2002; Bernstein
et al., 2005; Ishikawa et al., 2007; Frankland et al., 2008; Nasyrova
et al., 2015; Wang et al., 2017). However, further investigations at
the clinical level would be warranted to link p2rx4 gene mutations
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(leading to aberrations in functioning) with neuropsychiatric
disorders in order to ascertain such a role for P2X4Rs in
patients diagnosed with psychiatric illnesses. Until date, single
nucleotide polymorphisms in human p2rx4 gene have been only
linked to hypertension and age-related macular degeneration
(Caseley et al., 2014).

Although the findings from our current investigation provide
novel mechanistic insights into role of P2X4Rs in regulation of
sensorimotor gating, there are certain limitations of our study
that needs to be acknowledged. First, we only identified the
effects of IVM in regulation of signaling molecules in one brain
region that is part of a complex neural circuitry that regulates
PPI function (Swerdlow et al., 2001a, 2008). Hence, future
investigations that will test the impact of dopaminergic drugs
on IVM-mediated changes in DARPP-32, CaMKIIα and nNOS
phosphorylation in other brain regions integral to PPI circuitry
including medial prefrontal cortex (mPFC), ventral hippocampus
and basolateral amygdala would be warranted. Elucidation of
the interaction between P2X4Rs and DA receptors in these
specified brain regions would provide a holistic overview of
role of P2X4Rs in mechanisms of sensorimotor gating. Another
major limitation of our study is the absence of translational
applicability due to lack of specific P2X4R antagonists. Based
on our results with IVM, antagonism of P2X4R function would
alleviate sensorimotor gating deficits and represent a novel
therapeutic strategy. An alternative approach is to use viral
vectors that would specifically knockdown P2X4R expression
in a brain region critical for PPI regulation such as the NAc,
mPFC or ventral hippocampus. Lastly, we did not establish a link
between DARPP-32, CaMKIIα or nNOS and the dopaminergic
control of IVM-mediated PPI deficits. Hence, future experiments
would include testing the impact of interaction between P2X4Rs
and DA receptors on PPI regulation upon genetic ablation
of these signaling molecules by viral vectors or in genetic
knockout mouse models. Such investigations would be pivotal
for establishing a role for DARPP-32, CaMKIIα and nNOS in
IVM-mediated PPI deficits.

Overall, the current investigation provides novel insights into
a potential interaction between P2X4Rs and DA receptors in
modulation of PPI and that perturbation of this interaction

could lead to manifestation of sensorimotor gating deficits
and subsequent cognitive fragmentation. Most importantly, our
findings support the development of P2X4R antagonists as
potential anti-psychotics for treatment of diseases linked to DA-
dependent sensorimotor gating dysfunction.

DATA AVAILABILITY

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

All experiments were undertaken as per guidelines established
by the National Institutes of Health (NIH) and approved by
the Institutional Animal Care and Use Committee (IACUC)
at the University of Southern California, Los Angeles, CA,
United States.

AUTHOR CONTRIBUTIONS

SK designed the research study, performed the experiments,
analyzed the data, and wrote the manuscript. LA, MJ, and DD
reviewed and edited the manuscript.

FUNDING

This work was supported by the National Institute on Alcohol
Abuse and Alcoholism (NIAAA) Grant R01 AA022448 (to DD)
and the USC School of Pharmacy, Los Angeles, CA, United States.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fncel.
2019.00331/full#supplementary-material

REFERENCES
Abbracchio, M. P., Burnstock, G., Verkhratsky, A., and Zimmermann, H. (2009).

Purinergic signalling in the nervous system: an overview. Trends Neurosci. 32,
19–29. doi: 10.1016/j.tins.2008.10.001

Albert, K. A., Hemmings, H. C. Jr., Adamo, A. I., Potkin, S. G., Akbarian,
S., Sandman, C. A., et al. (2002). Evidence for decreased DARPP-32 in the
prefrontal cortex of patients with schizophrenia. Arch. Gen. Psychiatry 59,
705–712.

Amadio, S., Montilli, C., Picconi, B., Calabrei, P., and Volont, C. (2007).
Mapping P2X and P2Y receptor proteins in striatum and substantia nigra: an
immunohistological study. Purinergic Signal. 3, 389–398. doi: 10.1007/s11302-
007-9069-8

Anderson, S. M., Famous, K. R., Sadri-Vakili, G., Kumaresan, V., Schmidt, H. D.,
Bass, C. E., et al. (2008). CaMKII: a biochemical bridge linking accumbens
dopamine and glutamate systems in cocaine seeking. Nat. Neurosci. 11,
344–353. doi: 10.1038/nn2054

Baba, H., Suzuki, T., Arai, H., and Emson, P. C. (2004). Expression of nNOS
and soluble guanylate cyclase in schizophrenic brain. Neuroreport 15, 677–680.
doi: 10.1097/00001756-200403220-00020

Bast, T., Zhang, W. N., Heidbreder, C., and Feldon, J. (2001). Hyperactivity and
disruption of prepulse inhibition induced by N-methyl-D-aspartate stimulation
of the ventral hippocampus and the effects of pretreatment with haloperidol and
clozapine. Neuroscience 103, 325–335. doi: 10.1016/s0306-4522(00)00589-3

Bernstein, H. G., Bogerts, B., and Keilhoff, G. (2005). The many faces of nitric oxide
in schizophrenia. A review. Schizophr. Res. 78, 69–86. doi: 10.1016/j.schres.
2005.05.019

Bernstein, H. G., Krell, D., Braunewell, K. H., Baumann, B., Gundelfinger,
E. D., Diekmann, S., et al. (2001). Increased number of nitric oxide synthase
immunoreactive Purkinje cells and dentate nucleus neurons in schizophrenia.
J. Neurocytol. 30, 661–670.

Bonito-Oliva, A., Feyder, M., and Fisone, G. (2011). Deciphering the actions
of antiparkinsonian and antipsychotic drugs on cAMP/DARPP-32 signaling.
Front. Neuroanat. 5:38. doi: 10.3389/fnana.2011.00038

Frontiers in Cellular Neuroscience | www.frontiersin.org 13 July 2019 | Volume 13 | Article 331

https://www.frontiersin.org/articles/10.3389/fncel.2019.00331/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2019.00331/full#supplementary-material
https://doi.org/10.1016/j.tins.2008.10.001
https://doi.org/10.1007/s11302-007-9069-8
https://doi.org/10.1007/s11302-007-9069-8
https://doi.org/10.1038/nn2054
https://doi.org/10.1097/00001756-200403220-00020
https://doi.org/10.1016/s0306-4522(00)00589-3
https://doi.org/10.1016/j.schres.2005.05.019
https://doi.org/10.1016/j.schres.2005.05.019
https://doi.org/10.3389/fnana.2011.00038
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00331 July 20, 2019 Time: 13:58 # 14

Khoja et al. Ivermectin Induced Prepulse Inhibition Deficits

Borgkvist, A., and Fisone, G. (2007). Psychoactive drugs and regulation of the
cAMP/PKA/DARPP-32 cascade in striatal medium spiny neurons. Neurosci.
Biobehav. Rev. 31, 79–88. doi: 10.1016/j.neubiorev.2006.03.003

Bortolato, M., Yardley, M., Khoja, S., Godar, S. C., Asatryan, L., Finn, D. A.,
et al. (2013). Pharmacological insights into the role of P2X4 receptors in
behavioral regulation: lessons from ivermectin. Int. J. Neuropsychopharmacol.
16, 1059–1070. doi: 10.1017/S1461145712000909

Braff, D., Stone, C., Callaway, E., Geyer, M., Glick, I., and Bali, L. (1978).
Prestimulus effects on human startle reflex in normals and schizophrenics.
Psychophysiology 15, 339–343. doi: 10.1111/j.1469-8986.1978.tb01390.x

Braff, D. L. (1993). Information processing and attention dysfunctions in
schizophrenia. Schizophr. Bull. 19, 233–259. doi: 10.1093/schbul/19.2.233

Braff, D. L., Freedman, R., Schork, N. J., and Gottesman, I. I. (2007).
Deconstructing schizophrenia: an overview of the use of endophenotypes in
order to understand a complex disorder. Schizophr. Bull. 33, 21–32. doi: 10.
1093/schbul/sbl049

Braff, D. L., and Geyer, M. A. (1990). Sensorimotor gating and schizophrenia.
Human and animal model studies. Arch. Gen. Psychiatry 47, 181–188.

Braff, D. L., Geyer, M. A., and Swerdlow, N. R. (2001). Human studies of prepulse
inhibition of startle: normal subjects, patient groups, and pharmacological
studies. Psychopharmacology 156, 234–258. doi: 10.1007/s002130100810

Braff, D. L., and Light, G. A. (2004). Preattentional and attentional cognitive
deficits as targets for treating schizophrenia. Psychopharmacology 174, 75–85.
doi: 10.1007/s00213-004-1848-0

Braff, D. L., Swerdlow, N. R., and Geyer, M. A. (1999). Symptom correlates of
prepulse inhibition deficits in male schizophrenic patients. Am. J. Psychiatry
156, 596–602. doi: 10.1176/ajp.156.4.596

Bredt, D. S., Ferris, C. D., and Snyder, S. H. (1992). Nitric oxide synthase
regulatory sites. Phosphorylation by cyclic AMP-dependent protein kinase,
protein kinase C, and calcium/calmodulin protein kinase; identification of
flavin and calmodulin binding sites. J. Biol. Chem. 267, 10976–10981.

Bredt, D. S., Glatt, C. E., Hwang, P. M., Fotuhi, M., Dawson, T. M., and Snyder,
S. H. (1991). Nitric oxide synthase protein and mRNA are discretely localized
in neuronal populations of the mammalian CNS together with NADPH
diaphorase. Neuron 7, 615–624. doi: 10.1016/0896-6273(91)90374-9

Bredt, D. S., Hwang, P. M., and Snyder, S. H. (1990). Localization of nitric
oxide synthase indicating a neural role for nitric oxide. Nature 347, 768–770.
doi: 10.1038/347768a0

Briggs, C. A., Pollock, N. J., Frail, D. E., Paxson, C. L., Rakowski, R. F., Kang, C. H.,
et al. (1991). Activation of the 5-HT1C receptor expressed in Xenopus oocytes by
the benzazepines SCH 23390 and SKF 38393. Br. J. Pharmacol. 104, 1038–1044.
doi: 10.1111/j.1476-5381.1991.tb12546.x

Caseley, E. A., Muench, S. P., Roger, S., Mao, H. J., Baldwin, S. A., and Jiang,
L. H. (2014). Non-synonymous single nucleotide polymorphisms in the P2X
receptor genes: association with diseases, impact on receptor functions and
potential use as diagnosis biomarkers. Int. J. Mol. Sci. 15, 13344–13371.
doi: 10.3390/ijms150813344

Cepeda, C., Colwell, C. S., Itri, J. N., Chandler, S. H., and Levine, M. S. (1998).
Dopaminergic modulation of NMDA-induced whole cell currents in neostriatal
neurons in slices: contribution of calcium conductances. J. Neurophysiol. 79,
82–94. doi: 10.1152/jn.1998.79.1.82

Coultrap, S. J., and Bayer, K. U. (2012). CaMKII regulation in information
processing and storage. Trends Neurosci. 35, 607–618. doi: 10.1016/j.tins.2012.
05.003

Cui, X., Li, J., Li, T., Ji, F., Bu, X., Zhang, N., et al. (2009). Propofol and ketamine-
induced anesthetic depth-dependent decrease of CaMKII phosphorylation
levels in rat hippocampus and cortex. J. Neurosurg. Anesthesiol. 21, 145–154.
doi: 10.1097/ANA.0b013e31819ac2c0

Dinerman, J. L., Steiner, J. P., Dawson, T. M., Dawson, V., and Snyder, S. H.
(1994). Cyclic nucleotide dependent phosphorylation of neuronal nitric oxide
synthase inhibits catalytic activity. Neuropharmacology 33, 1245–1251. doi:
10.1016/0028-3908(94)90023-x

Doherty, J. M., Masten, V. L., Powell, S. B., Ralph, R. J., Klamer, D., Low,
M. J., et al. (2008). Contributions of dopamine D1, D2, and D3 receptor
subtypes to the disruptive effects of cocaine on prepulse inhibition in mice.
Neuropsychopharmacology 33, 2648–2656. doi: 10.1038/sj.npp.1301657

Duncan, G. E., Moy, S. S., Perez, A., Eddy, D. M., Zinzow, W. M., Lieberman,
J. A., et al. (2004). Deficits in sensorimotor gating and tests of social behavior

in a genetic model of reduced NMDA receptor function. Behav. Brain Res. 153,
507–519. doi: 10.1016/j.bbr.2004.01.008

Fejgin, K., Palsson, E., Wass, C., Svensson, L., and Klamer, D. (2008). Nitric oxide
signaling in the medial prefrontal cortex is involved in the biochemical and
behavioral effects of phencyclidine. Neuropsychopharmacology 33, 1874–1883.
doi: 10.1038/sj.npp.1301587

Felder, C. C., Jose, P. A., and Axelrod, J. (1989). The dopamine-1 agonist, SKF
82526, stimulates phospholipase-C activity independent of adenylate cyclase.
J. Pharmacol. Exp. Ther. 248, 171–175.

Fendt, M., Li, L., and Yeomans, J. S. (2001). Brain stem circuits mediating prepulse
inhibition of the startle reflex. Psychopharmacology 156, 216–224. doi: 10.1007/
s002130100794

Frankland, P. W., Sakaguchi, M., and Arruda-Carvalho, M. (2008). Starting at
the endophenotype: a role for alpha-CaMKII in schizophrenia? Mol. Brain 1:5.
doi: 10.1186/1756-6606-1-5

Frankland, P. W., Wang, Y., Rosner, B., Shimizu, T., Balleine, B. W., Dykens,
E. M., et al. (2004). Sensorimotor gating abnormalities in young males with
fragile X syndrome and Fmr1-knockout mice. Mol. Psychiatry 9, 417–425.
doi: 10.1038/sj.mp.4001432

Franklin, B. J., and Paxinos, G. (2007). The Mouse Brain in Stereotaxic Coordinates.
Cambridge, MA: Academic Press.

Geyer, M. A., Krebs-Thomson, K., Braff, D. L., and Swerdlow, N. R. (2001).
Pharmacological studies of prepulse inhibition models of sensorimotor gating
deficits in schizophrenia: a decade in review. Psychopharmacology 156, 117–154.
doi: 10.1007/s002130100811

Girault, J. A. (2012). Integrating neurotransmission in striatal medium spiny
neurons. Adv. Exp. Med. Biol. 970, 407–429. doi: 10.1007/978-3-7091-093
2-8_18

Graham, F. K. (1975). Presidential Address, 1974. The more or less startling effects
of weak prestimulation. Psychophysiology 12, 238–248. doi: 10.1111/j.1469-
8986.1975.tb01284.x

Greenwood, T. A., Braff, D. L., Light, G. A., Cadenhead, K. S., Calkins, M. E., Dobie,
D. J., et al. (2007). Initial heritability analyses of endophenotypic measures for
schizophrenia: the consortium on the genetics of schizophrenia. Arch. Gen.
Psychiatry 64, 1242–1250. doi: 10.1001/archpsyc.64.11.1242

Hayashi, Y., Nishio, M., Naito, Y., Yokokura, H., Nimura, Y., Hidaka, H., et al.
(1999). Regulation of neuronal nitric-oxide synthase by calmodulin kinases.
J. Biol. Chem. 274, 20597–20602. doi: 10.1074/jbc.274.29.20597

Hoffman, H. S., and Ison, J. R. (1980). Reflex modification in the domain of startle:
I. Some empirical findings and their implications for how the nervous system
processes sensory input. Psychol. Rev. 87, 175–189. doi: 10.1037//0033-295x.87.
2.175

Hoque, K. E., Indorkar, R. P., Sammut, S., and West, A. R. (2010). Impact of
dopamine-glutamate interactions on striatal neuronal nitric oxide synthase
activity. Psychopharmacology 207, 571–581. doi: 10.1007/s00213-009-1687-0

Hoque, K. E., and West, A. R. (2012). Dopaminergic modulation of nitric oxide
synthase activity in subregions of the rat nucleus accumbens. Synapse 66,
220–231. doi: 10.1002/syn.21503

Ishikawa, M., Mizukami, K., Iwakiri, M., and Asada, T. (2007).
Immunohistochemical and immunoblot analysis of Dopamine and cyclic
AMP-regulated phosphoprotein, relative molecular mass 32,000 (DARPP-
32) in the prefrontal cortex of subjects with schizophrenia and bipolar
disorder. Prog. Neuropsychopharmacol. Biol. Psychiatry 31, 1177–1181.
doi: 10.1016/j.pnpbp.2007.04.013

Ison, J. R., and Hoffman, H. S. (1983). Reflex modification in the domain of startle:
II. The anomalous history of a robust and ubiquitous phenomenon. Psychol.
Bull. 94, 3–17. doi: 10.1037/0033-2909.94.1.3

Issy, A. C., Lazzarini, M., Szawka, R. E., Carolino, R. O., Anselmo-Franci, J. A.,
and Del Bel, E. A. (2011). Nitric oxide synthase inhibitors improve prepulse
inhibition responses of Wistar rats. Behav. Brain Res. 217, 416–423. doi: 10.
1016/j.bbr.2010.11.016

Issy, A. C., Pedrazzi, J. F., Yoneyama, B. H., and Del-Bel, E. A. (2014).
Critical role of nitric oxide in the modulation of prepulse inhibition in
Swiss mice. Psychopharmacology 231, 663–672. doi: 10.1007/s00213-013-
3277-4

Issy, A. C., Salum, C., and Del Bel, E. A. (2009). Nitric oxide modulation of
methylphenidate-induced disruption of prepulse inhibition in Swiss mice.
Behav. Brain Res. 205, 475–481. doi: 10.1016/j.bbr.2009.08.003

Frontiers in Cellular Neuroscience | www.frontiersin.org 14 July 2019 | Volume 13 | Article 331

https://doi.org/10.1016/j.neubiorev.2006.03.003
https://doi.org/10.1017/S1461145712000909
https://doi.org/10.1111/j.1469-8986.1978.tb01390.x
https://doi.org/10.1093/schbul/19.2.233
https://doi.org/10.1093/schbul/sbl049
https://doi.org/10.1093/schbul/sbl049
https://doi.org/10.1007/s002130100810
https://doi.org/10.1007/s00213-004-1848-0
https://doi.org/10.1176/ajp.156.4.596
https://doi.org/10.1016/0896-6273(91)90374-9
https://doi.org/10.1038/347768a0
https://doi.org/10.1111/j.1476-5381.1991.tb12546.x
https://doi.org/10.3390/ijms150813344
https://doi.org/10.1152/jn.1998.79.1.82
https://doi.org/10.1016/j.tins.2012.05.003
https://doi.org/10.1016/j.tins.2012.05.003
https://doi.org/10.1097/ANA.0b013e31819ac2c0
https://doi.org/10.1016/0028-3908(94)90023-x
https://doi.org/10.1016/0028-3908(94)90023-x
https://doi.org/10.1038/sj.npp.1301657
https://doi.org/10.1016/j.bbr.2004.01.008
https://doi.org/10.1038/sj.npp.1301587
https://doi.org/10.1007/s002130100794
https://doi.org/10.1007/s002130100794
https://doi.org/10.1186/1756-6606-1-5
https://doi.org/10.1038/sj.mp.4001432
https://doi.org/10.1007/s002130100811
https://doi.org/10.1007/978-3-7091-0932-8_18
https://doi.org/10.1007/978-3-7091-0932-8_18
https://doi.org/10.1111/j.1469-8986.1975.tb01284.x
https://doi.org/10.1111/j.1469-8986.1975.tb01284.x
https://doi.org/10.1001/archpsyc.64.11.1242
https://doi.org/10.1074/jbc.274.29.20597
https://doi.org/10.1037//0033-295x.87.2.175
https://doi.org/10.1037//0033-295x.87.2.175
https://doi.org/10.1007/s00213-009-1687-0
https://doi.org/10.1002/syn.21503
https://doi.org/10.1016/j.pnpbp.2007.04.013
https://doi.org/10.1037/0033-2909.94.1.3
https://doi.org/10.1016/j.bbr.2010.11.016
https://doi.org/10.1016/j.bbr.2010.11.016
https://doi.org/10.1007/s00213-013-3277-4
https://doi.org/10.1007/s00213-013-3277-4
https://doi.org/10.1016/j.bbr.2009.08.003
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00331 July 20, 2019 Time: 13:58 # 15

Khoja et al. Ivermectin Induced Prepulse Inhibition Deficits

Karson, C. N., Griffin, W. S., Mrak, R. E., Husain, M., Dawson, T. M., Snyder,
S. H., et al. (1996). Nitric oxide synthase (NOS) in schizophrenia: increases
in cerebellar vermis. Mol. Chem. Neuropathol. 27, 275–284. doi: 10.1007/
bf02815109

Khakh, B. S., and North, R. A. (2012). Neuromodulation by extracellular ATP and
P2X receptors in the CNS. Neuron 76, 51–69. doi: 10.1016/j.neuron.2012.09.024

Khoja, S., Shah, V., Garcia, D., Asatryan, L., Jakowec, M. W., and Davies, D. L.
(2016). Role of purinergic P2X4 receptors in regulating striatal dopamine
homeostasis and dependent behaviors. J. Neurochem. 139, 134–148. doi: 10.
1111/jnc.13734

Kinkead, B., Dobner, P. R., Egnatashvili, V., Murray, T., Deitemeyer, N., and
Nemeroff, C. B. (2005). Neurotensin-deficient mice have deficits in prepulse
inhibition: restoration by clozapine but not haloperidol, olanzapine, or
quetiapine. J. Pharmacol. Exp. Ther. 315, 256–264. doi: 10.1124/jpet.105.087437

Klamer, D., Engel, J. A., and Svensson, L. (2004). The neuronal selective nitric
oxide synthase inhibitor, Nomega-propyl-L-arginine, blocks the effects of
phencyclidine on prepulse inhibition and locomotor activity in mice. Eur. J.
Pharmacol. 503, 103–107. doi: 10.1016/j.ejphar.2004.09.042

Komeima, K., Hayashi, Y., Naito, Y., and Watanabe, Y. (2000). Inhibition of
neuronal nitric-oxide synthase by calcium/ calmodulin-dependent protein
kinase IIalpha through Ser847 phosphorylation in NG108-15 neuronal cells.
J. Biol. Chem. 275, 28139–28143. doi: 10.1074/jbc.M003198200

Kumari, V., and Sharma, T. (2002). Effects of typical and atypical antipsychotics on
prepulse inhibition in schizophrenia: a critical evaluation of current evidence
and directions for future research. Psychopharmacology 162, 97–101. doi: 10.
1007/s00213-002-1099-x

Kumari, V., Soni, W., Mathew, V. M., and Sharma, T. (2000). Prepulse inhibition
of the startle response in men with schizophrenia: effects of age of onset
of illness, symptoms, and medication. Arch. Gen. Psychiatry 57, 609–614.
doi: 10.1001/archpsyc.57.6.609

Kumari, V., Soni, W., and Sharma, T. (1999). Normalization of information
processing deficits in schizophrenia with clozapine. Am. J. Psychiatry 156,
1046–1051. doi: 10.1176/ajp.156.7.1046

Kuroiwa, M., Snyder, G. L., Shuto, T., Fukuda, A., Yanagawa, Y., Benavides,
D. R., et al. (2012). Phosphodiesterase 4 inhibition enhances the
dopamine D1 receptor/PKA/DARPP-32 signaling cascade in frontal cortex.
Psychopharmacology 219, 1065–1079. doi: 10.1007/s00213-011-2436-8

Lauer, M., Johannes, S., Fritzen, S., Senitz, D., Riederer, P., and Reif, A.
(2005). Morphological abnormalities in nitric-oxide-synthase-positive striatal
interneurons of schizophrenic patients. Neuropsychobiology 52, 111–117.
doi: 10.1159/000087555

Lee, D. K., Koh, W. C., Shim, Y. B., Shim, I., and Choe, E. S. (2010). Repeated
cocaine administration increases nitric oxide efflux in the rat dorsal striatum.
Psychopharmacology 208, 245–256. doi: 10.1007/s00213-009-1724-z

Leon, D., Hervas, C., and Miras-Portugal, M. T. (2006). P2Y1 and P2X7 receptors
induce calcium/calmodulin-dependent protein kinase II phosphorylation in
cerebellar granule neurons. Eur. J. Neurosci. 23, 2999–3013. doi: 10.1111/j.1460-
9568.2006.04832.x

Levin, E. D., Caldwell, D. P., and Perraut, C. (2007). Clozapine treatment reverses
dizocilpine-induced deficits of pre-pulse inhibition of tactile startle response.
Pharmacol. Biochem. Behav. 86, 597–605. doi: 10.1016/j.pbb.2007.02.005

Lipina, T. V., Niwa, M., Jaaro-Peled, H., Fletcher, P. J., Seeman, P., Sawa, A.,
et al. (2010). Enhanced dopamine function in DISC1-L100P mutant mice:
implications for schizophrenia. Genes Brain Behav. 9, 777–789. doi: 10.1111/
j.1601-183X.2010.00615.x

Ludewig, S., Ludewig, K., Geyer, M. A., Hell, D., and Vollenweider, F. X. (2002).
Prepulse inhibition deficits in patients with panic disorder. Depress. Anxiety 15,
55–60. doi: 10.1002/da.10026

Marquis, K. L., Sabb, A. L., Logue, S. F., Brennan, J. A., Piesla, M. J., Comery, T. A.,
et al. (2007). WAY-163909 [(7bR,10aR)-1,2,3,4,8,9,10,10a-octahydro-7bH-
cyclopenta-[b][1,4]diazepino[6,7,1hi]indole]: a novel 5-hydroxytryptamine
2C receptor-selective agonist with preclinical antipsychotic-like activity.
J. Pharmacol. Exp. Ther. 320, 486–496. doi: 10.1124/jpet.106.106989

Matsuo, N., Yamasaki, N., Ohira, K., Takao, K., Toyama, K., Eguchi, M., et al.
(2009). Neural activity changes underlying the working memory deficit in
alpha-CaMKII heterozygous knockout mice. Front. Behav. Neurosci. 3:20.
doi: 10.3389/neuro.08.020.2009

McGhie, A., and Chapman, J. (1961). Disorders of attention and perception in early
schizophrenia. Br. J. Med. Psychol. 34, 103–116. doi: 10.1111/j.2044-8341.1961.
tb00936.x

Millan, M. J., Newman-Tancredi, A., Quentric, Y., and Cussac, D. (2001). The
“selective” dopamine D1 receptor antagonist, SCH23390, is a potent and high
efficacy agonist at cloned human serotonin2C receptors. Psychopharmacology
156, 58–62. doi: 10.1007/s002130100742

Missale, C., Nash, S. R., Robinson, S. W., Jaber, M., and Caron, M. G. (1998).
Dopamine receptors: from structure to function. Physiol. Rev. 78, 189–225.
doi: 10.1152/physrev.1998.78.1.189

Molteni, R., Pasini, M., Moraschi, S., Gennarelli, M., Drago, F., Racagni, G., et al.
(2008). Reduced activation of intracellular signaling pathways in rat prefrontal
cortex after chronic phencyclidine administration. Pharmacol. Res. 57, 296–302.
doi: 10.1016/j.phrs.2008.02.007

Nairn, A. C., Svenningsson, P., Nishi, A., Fisone, G., Girault, J. A., and
Greengard, P. (2004). The role of DARPP-32 in the actions of drugs of abuse.
Neuropharmacology 47(Suppl. 1), 14–23. doi: 10.1016/j.neuropharm.2004.
05.010

Nasyrova, R. F., Ivashchenko, D. V., Ivanov, M. V., and Neznanov, N. G. (2015).
Role of nitric oxide and related molecules in schizophrenia pathogenesis:
biochemical, genetic and clinical aspects. Front. Physiol. 6:139. doi: 10.3389/
fphys.2015.00139

Neve, K. A., Seamans, J. K., and Trantham-Davidson, H. (2004). Dopamine
receptor signaling. J. Recept. Signal. Transduct. Res. 24, 165–205.

Ng, J., Rashid, A. J., So, C. H., O’Dowd, B. F., and George, S. R. (2010). Activation
of calcium/calmodulin-dependent protein kinase IIalpha in the striatum by the
heteromeric D1-D2 dopamine receptor complex. Neuroscience 165, 535–541.
doi: 10.1016/j.neuroscience.2009.10.017

Nishi, A., Watanabe, Y., Higashi, H., Tanaka, M., Nairn, A. C., and Greengard,
P. (2005). Glutamate regulation of DARPP-32 phosphorylation in neostriatal
neurons involves activation of multiple signaling cascades. Proc. Natl. Acad. Sci.
U.S.A. 102, 1199–1204. doi: 10.1073/pnas.0409138102

North, R. A. (2002). Molecular physiology of P2X receptors. Physiol. Rev. 82,
1013–1067. doi: 10.1152/physrev.00015.2002

North, R. A., and Verkhratsky, A. (2006). Purinergic transmission in the central
nervous system. Pflugers Arch. Eur. J. Physiol. 452, 479–485. doi: 10.1007/
s00424-006-0060-y

Ohgake, S., Shimizu, E., Hashimoto, K., Okamura, N., Koike, K., Koizumi, H., et al.
(2009). Dopaminergic hypofunctions and prepulse inhibition deficits in mice
lacking midkine. Prog. Neuropsychopharmacol. Biol. Psychiatry 33, 541–546.
doi: 10.1016/j.pnpbp.2009.02.005

Perry, W., Minassian, A., Feifel, D., and Braff, D. L. (2001). Sensorimotor gating
deficits in bipolar disorder patients with acute psychotic mania. Biol. Psychiatry
50, 418–424. doi: 10.1016/s0006-3223(01)01184-2

Perry, W., Minassian, A., Lopez, B., Maron, L., and Lincoln, A. (2007).
Sensorimotor gating deficits in adults with autism. Biol. Psychiatry 61, 482–486.
doi: 10.1016/j.biopsych.2005.09.025

Pierce, K. L., Premont, R. T., and Lefkowitz, R. J. (2002). Seven-transmembrane
receptors. Nat. Rev. Mol. Cell Biol. 3, 639–650. doi: 10.1038/nrm908

Powell, S. B., Weber, M., and Geyer, M. A. (2012). Genetic models of sensorimotor
gating: relevance to neuropsychiatric disorders. Curr. Top. Behav. Neurosci. 12,
251–318. doi: 10.1007/7854_2011_195

Ralph, R. J., and Caine, S. B. (2005). Dopamine D1 and D2 agonist effects on
prepulse inhibition and locomotion: comparison of Sprague-Dawley rats to
Swiss-Webster, 129X1/SvJ, C57BL/6J, and DBA/2J mice. J. Pharmacol. Exp.
Ther. 312, 733–741. doi: 10.1124/jpet.104.074468

Ralph, R. J., Paulus, M. P., Fumagalli, F., Caron, M. G., and Geyer, M. A. (2001).
Prepulse inhibition deficits and perseverative motor patterns in dopamine
transporter knock-out mice: differential effects of D1 and D2 receptor
antagonists. J. Neurosci. 21, 305–313. doi: 10.1523/jneurosci.21-01-00305.2001

Ralph, R. J., Varty, G. B., Kelly, M. A., Wang, Y. M., Caron, M. G., Rubinstein, M.,
et al. (1999). The dopamine D2, but not D3 or D4, receptor subtype is essential
for the disruption of prepulse inhibition produced by amphetamine in mice.
J. Neurosci. 19, 4627–4633. doi: 10.1523/jneurosci.19-11-04627.1999

Ralph-Williams, R. J., Lehmann-Masten, V., and Geyer, M. A. (2003). Dopamine
D1 rather than D2 receptor agonists disrupt prepulse inhibition of startle in
mice. Neuropsychopharmacology 28, 108–118. doi: 10.1038/sj.npp.1300017

Frontiers in Cellular Neuroscience | www.frontiersin.org 15 July 2019 | Volume 13 | Article 331

https://doi.org/10.1007/bf02815109
https://doi.org/10.1007/bf02815109
https://doi.org/10.1016/j.neuron.2012.09.024
https://doi.org/10.1111/jnc.13734
https://doi.org/10.1111/jnc.13734
https://doi.org/10.1124/jpet.105.087437
https://doi.org/10.1016/j.ejphar.2004.09.042
https://doi.org/10.1074/jbc.M003198200
https://doi.org/10.1007/s00213-002-1099-x
https://doi.org/10.1007/s00213-002-1099-x
https://doi.org/10.1001/archpsyc.57.6.609
https://doi.org/10.1176/ajp.156.7.1046
https://doi.org/10.1007/s00213-011-2436-8
https://doi.org/10.1159/000087555
https://doi.org/10.1007/s00213-009-1724-z
https://doi.org/10.1111/j.1460-9568.2006.04832.x
https://doi.org/10.1111/j.1460-9568.2006.04832.x
https://doi.org/10.1016/j.pbb.2007.02.005
https://doi.org/10.1111/j.1601-183X.2010.00615.x
https://doi.org/10.1111/j.1601-183X.2010.00615.x
https://doi.org/10.1002/da.10026
https://doi.org/10.1124/jpet.106.106989
https://doi.org/10.3389/neuro.08.020.2009
https://doi.org/10.1111/j.2044-8341.1961.tb00936.x
https://doi.org/10.1111/j.2044-8341.1961.tb00936.x
https://doi.org/10.1007/s002130100742
https://doi.org/10.1152/physrev.1998.78.1.189
https://doi.org/10.1016/j.phrs.2008.02.007
https://doi.org/10.1016/j.neuropharm.2004.05.010
https://doi.org/10.1016/j.neuropharm.2004.05.010
https://doi.org/10.3389/fphys.2015.00139
https://doi.org/10.3389/fphys.2015.00139
https://doi.org/10.1016/j.neuroscience.2009.10.017
https://doi.org/10.1073/pnas.0409138102
https://doi.org/10.1152/physrev.00015.2002
https://doi.org/10.1007/s00424-006-0060-y
https://doi.org/10.1007/s00424-006-0060-y
https://doi.org/10.1016/j.pnpbp.2009.02.005
https://doi.org/10.1016/s0006-3223(01)01184-2
https://doi.org/10.1016/j.biopsych.2005.09.025
https://doi.org/10.1038/nrm908
https://doi.org/10.1007/7854_2011_195
https://doi.org/10.1124/jpet.104.074468
https://doi.org/10.1523/jneurosci.21-01-00305.2001
https://doi.org/10.1523/jneurosci.19-11-04627.1999
https://doi.org/10.1038/sj.npp.1300017
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00331 July 20, 2019 Time: 13:58 # 16

Khoja et al. Ivermectin Induced Prepulse Inhibition Deficits

Ralph-Williams, R. J., Lehmann-Masten, V., Otero-Corchon, V., Low, M. J.,
and Geyer, M. A. (2002). Differential effects of direct and indirect dopamine
agonists on prepulse inhibition: a study in D1 and D2 receptor knock-out mice.
J. Neurosci. 22, 9604–9611. doi: 10.1523/jneurosci.22-21-09604.2002

Reif, A., Herterich, S., Strobel, A., Ehlis, A. C., Saur, D., Jacob, C. P., et al.
(2006). A neuronal nitric oxide synthase (NOS-I) haplotype associated with
schizophrenia modifies prefrontal cortex function. Mol. Psychiatry 11, 286–300.
doi: 10.1038/sj.mp.4001779

Rovny, R., Marko, M., Katina, S., Murinova, J., Roharikova, V., Cimrova, B., et al.
(2018). Association between genetic variability of neuronal nitric oxide synthase
and sensorimotor gating in humans. Nitric Oxide 80, 32–36. doi: 10.1016/j.niox.
2018.08.002

Salum, C., Guimaraes, F. S., Brandao, M. L., and Del Bel, E. A. (2006). Dopamine
and nitric oxide interaction on the modulation of prepulse inhibition of the
acoustic startle response in the Wistar rat. Psychopharmacology 185, 133–141.
doi: 10.1007/s00213-005-0277-z

Sammut, S., Bray, K. E., and West, A. R. (2007). Dopamine D2 receptor-dependent
modulation of striatal NO synthase activity. Psychopharmacology 191, 793–803.
doi: 10.1007/s00213-006-0681-z

Sammut, S., Dec, A., Mitchell, D., Linardakis, J., Ortiguela, M., and West,
A. R. (2006). Phasic dopaminergic transmission increases NO efflux in the
rat dorsal striatum via a neuronal NOS and a dopamine D(1/5) receptor-
dependent mechanism. Neuropsychopharmacology 31, 493–505. doi: 10.1038/
sj.npp.1300826

Shioda, N., and Fukunaga, K. (2017). Physiological and pathological roles of
CaMKII-PP1 signaling in the brain. Int. J. Mol. Sci. 19:E20. doi: 10.3390/
ijms19010020

Strack, S., Barban, M. A., Wadzinski, B. E., and Colbran, R. J. (1997). Differential
inactivation of postsynaptic density-associated and soluble Ca2+/calmodulin-
dependent protein kinase II by protein phosphatases 1 and 2A. J. Neurochem.
68, 2119–2128. doi: 10.1046/j.1471-4159.1997.68052119.x

Suemaru, J., Akiyama, K., Tanabe, Y., and Kuroda, S. (2000). Methamphetamine
decreases calcium-calmodulin dependent protein kinase II activity in
discrete rat brain regions. Synapse 36, 155–166. doi: 10.1002/(SICI)1098-
2396(20000601)36:3<155::AID-SYN1<3.0.CO;2-N

Svenningsson, P., Lindskog, M., Ledent, C., Parmentier, M., Greengard, P.,
Fredholm, B. B., et al. (2000). Regulation of the phosphorylation of the
dopamine- and cAMP-regulated phosphoprotein of 32 kDa in vivo by
dopamine D1, dopamine D2, and adenosine A2A receptors. Proc. Natl. Acad.
Sci. U.S.A. 97, 1856–1860. doi: 10.1073/pnas.97.4.1856

Svenningsson, P., Nishi, A., Fisone, G., Girault, J. A., Nairn, A. C., and
Greengard, P. (2004). DARPP-32: an integrator of neurotransmission. Annu.
Rev. Pharmacol. Toxicol. 44, 269–296. doi: 10.1146/annurev.pharmtox.44.
101802.121415

Svenningsson, P., Tzavara, E. T., Carruthers, R., Rachleff, I., Wattler, S., Nehls,
M., et al. (2003). Diverse psychotomimetics act through a common signaling
pathway. Science 302, 1412–1415. doi: 10.1126/science.1089681

Swerdlow, N. R., Benbow, C. H., Zisook, S., Geyer, M. A., and Braff, D. L. (1993).
A preliminary assessment of sensorimotor gating in patients with obsessive
compulsive disorder. Biol. Psychiatry 33, 298–301. doi: 10.1016/0006-3223(93)
90300-3

Swerdlow, N. R., Braff, D. L., Geyer, M. A., and Koob, G. F. (1986). Central
dopamine hyperactivity in rats mimics abnormal acoustic startle response in
schizophrenics. Biol. Psychiatry 21, 23–33. doi: 10.1016/0006-3223(86)90005-3

Swerdlow, N. R., Breier, M. R., and Saint Marie, R. L. (2011). Probing the molecular
basis for an inherited sensitivity to the startle-gating disruptive effects of
apomorphine in rats. Psychopharmacology 216, 401–410. doi: 10.1007/s00213-
011-2228-1

Swerdlow, N. R., and Geyer, M. A. (1993). Clozapine and haloperidol in an animal
model of sensorimotor gating deficits in schizophrenia. Pharmacol. Biochem.
Behav. 44, 741–744. doi: 10.1016/0091-3057(93)90193-w

Swerdlow, N. R., Geyer, M. A., and Braff, D. L. (2001a). Neural circuit regulation
of prepulse inhibition of startle in the rat: current knowledge and future
challenges. Psychopharmacology 156, 194–215. doi: 10.1007/s002130100799

Swerdlow, N. R., Karban, B., Ploum, Y., Sharp, R., Geyer, M. A., and Eastvold,
A. (2001b). Tactile prepuff inhibition of startle in children with Tourette’s
syndrome: in search of an “fMRI-friendly” startle paradigm. Biol. Psychiatry 50,
578–585. doi: 10.1016/s0006-3223(01)01164-7

Swerdlow, N. R., and Light, G. A. (2018). Sensorimotor gating deficits in
schizophrenia: advancing our understanding of the phenotype, its neural
circuitry and genetic substrates. Schizophr. Res. 198, 1–5. doi: 10.1016/j.schres.
2018.02.042

Swerdlow, N. R., Martinez, Z. A., Hanlon, F. M., Platten, A., Farid, M., Auerbach,
P., et al. (2000). Toward understanding the biology of a complex phenotype: rat
strain and substrain differences in the sensorimotor gating-disruptive effects of
dopamine agonists. J. Neurosci. 20, 4325–4336. doi: 10.1523/jneurosci.20-11-
04325.2000

Swerdlow, N. R., Weber, M., Qu, Y., Light, G. A., and Braff, D. L. (2008). Realistic
expectations of prepulse inhibition in translational models for schizophrenia
research. Psychopharmacology 199, 331–388. doi: 10.1007/s00213-008-1072-4

Tanaka, K., Shintani, N., Hashimoto, H., Kawagishi, N., Ago, Y., Matsuda, T., et al.
(2006). Psychostimulant-induced attenuation of hyperactivity and prepulse
inhibition deficits in Adcyap1-deficient mice. J. Neurosci. 26, 5091–5097.
doi: 10.1523/JNEUROSCI.4376-05.2006

Tanda, K., Nishi, A., Matsuo, N., Nakanishi, K., Yamasaki, N., Sugimoto, T.,
et al. (2009). Abnormal social behavior, hyperactivity, impaired remote spatial
memory, and increased D1-mediated dopaminergic signaling in neuronal
nitric oxide synthase knockout mice. Mol. Brain 2:19. doi: 10.1186/1756-660
6-2-19

Threlfell, S., and West, A. R. (2013). Review: modulation of striatal neuron activity
by cyclic nucleotide signaling and phosphodiesterase inhibition. Basal Ganglia
3, 137–146. doi: 10.1016/j.baga.2013.08.001

Tsou, K., Snyder, G. L., and Greengard, P. (1993). Nitric oxide/cGMP pathway
stimulates phosphorylation of DARPP-32, a dopamine- and cAMP-regulated
phosphoprotein, in the substantia nigra. Proc. Natl. Acad. Sci. U.S.A. 90,
3462–3465. doi: 10.1073/pnas.90.8.3462

Undie, A. S., and Friedman, E. (1990). Stimulation of a dopamine D1 receptor
enhances inositol phosphates formation in rat brain. J. Pharmacol. Exp. Ther.
253, 987–992.

Vuillermot, S., Feldon, J., and Meyer, U. (2011). Relationship between sensorimotor
gating deficits and dopaminergic neuroanatomy in Nurr1-deficient mice. Exp.
Neurol. 232, 22–32. doi: 10.1016/j.expneurol.2011.07.008

Wan, F. J., Geyer, M. A., and Swerdlow, N. R. (1995). Presynaptic
dopamine-glutamate interactions in the nucleus accumbens regulate
sensorimotor gating. Psychopharmacology 120, 433–441. doi: 10.1007/bf022
45815

Wan, F. J., and Swerdlow, N. R. (1996). Sensorimotor gating in rats is regulated by
different dopamine-glutamate interactions in the nucleus accumbens core and
shell subregions. Brain Res. 722, 168–176. doi: 10.1016/0006-8993(96)00209-0

Wan, F. J., Taaid, N., and Swerdlow, N. R. (1996). Do D1/D2 interactions regulate
prepulse inhibition in rats? Neuropsychopharmacology 14, 265–274. doi: 10.
1016/0893-133X(95)00133-X

Wang, H., Farhan, M., Xu, J., Lazarovici, P., and Zheng, W. (2017). The
involvement of DARPP-32 in the pathophysiology of schizophrenia. Oncotarget
8, 53791–53803. doi: 10.18632/oncotarget.17339

Wiley, J. L. (1998). Nitric oxide synthase inhibitors attenuate phencyclidine-
induced disruption of prepulse inhibition. Neuropsychopharmacology 19,
86–94. doi: 10.1016/S0893-133X(98)00008-6

Willi, R., Weinmann, O., Winter, C., Klein, J., Sohr, R., Schnell, L., et al.
(2010). Constitutive genetic deletion of the growth regulator Nogo-A induces
schizophrenia-related endophenotypes. J. Neurosci. 30, 556–567. doi: 10.1523/
JNEUROSCI.4393-09.2010

Wolinsky, T. D., Swanson, C. J., Smith, K. E., Zhong, H., Borowsky, B., Seeman,
P., et al. (2007). The Trace Amine 1 receptor knockout mouse: an animal
model with relevance to schizophrenia. Genes Brain Behav. 6, 628–639.
doi: 10.1111/j.1601-183X.2006.00292.x

Wyatt, L. R., Finn, D. A., Khoja, S., Yardley, M. M., Asatryan, L., Alkana,
R. L., et al. (2014). Contribution of P2X4 receptors to ethanol intake in
male C57BL/6 mice. Neurochem. Res. 39, 1127–1139. doi: 10.1007/s11064-014-
1271-9

Wyatt, L. R., Godar, S. C., Khoja, S., Jakowec, M. W., Alkana, R. L., Bortolato,
M., et al. (2013). Sociocommunicative and sensorimotor impairments in male
P2X4-deficient mice. Neuropsychopharmacology 38, 1993–2002. doi: 10.1038/
npp.2013.98

Yabuki, Y., Nakagawasai, O., Moriguchi, S., Shioda, N., Onogi, H., Tan-No, K.,
et al. (2013). Decreased CaMKII and PKC activities in specific brain regions

Frontiers in Cellular Neuroscience | www.frontiersin.org 16 July 2019 | Volume 13 | Article 331

https://doi.org/10.1523/jneurosci.22-21-09604.2002
https://doi.org/10.1038/sj.mp.4001779
https://doi.org/10.1016/j.niox.2018.08.002
https://doi.org/10.1016/j.niox.2018.08.002
https://doi.org/10.1007/s00213-005-0277-z
https://doi.org/10.1007/s00213-006-0681-z
https://doi.org/10.1038/sj.npp.1300826
https://doi.org/10.1038/sj.npp.1300826
https://doi.org/10.3390/ijms19010020
https://doi.org/10.3390/ijms19010020
https://doi.org/10.1046/j.1471-4159.1997.68052119.x
https://doi.org/10.1002/(SICI)1098-2396(20000601)36:3<155::AID-SYN1<3.0.CO;2-N
https://doi.org/10.1002/(SICI)1098-2396(20000601)36:3<155::AID-SYN1<3.0.CO;2-N
https://doi.org/10.1073/pnas.97.4.1856
https://doi.org/10.1146/annurev.pharmtox.44.101802.121415
https://doi.org/10.1146/annurev.pharmtox.44.101802.121415
https://doi.org/10.1126/science.1089681
https://doi.org/10.1016/0006-3223(93)90300-3
https://doi.org/10.1016/0006-3223(93)90300-3
https://doi.org/10.1016/0006-3223(86)90005-3
https://doi.org/10.1007/s00213-011-2228-1
https://doi.org/10.1007/s00213-011-2228-1
https://doi.org/10.1016/0091-3057(93)90193-w
https://doi.org/10.1007/s002130100799
https://doi.org/10.1016/s0006-3223(01)01164-7
https://doi.org/10.1016/j.schres.2018.02.042
https://doi.org/10.1016/j.schres.2018.02.042
https://doi.org/10.1523/jneurosci.20-11-04325.2000
https://doi.org/10.1523/jneurosci.20-11-04325.2000
https://doi.org/10.1007/s00213-008-1072-4
https://doi.org/10.1523/JNEUROSCI.4376-05.2006
https://doi.org/10.1186/1756-6606-2-19
https://doi.org/10.1186/1756-6606-2-19
https://doi.org/10.1016/j.baga.2013.08.001
https://doi.org/10.1073/pnas.90.8.3462
https://doi.org/10.1016/j.expneurol.2011.07.008
https://doi.org/10.1007/bf02245815
https://doi.org/10.1007/bf02245815
https://doi.org/10.1016/0006-8993(96)00209-0
https://doi.org/10.1016/0893-133X(95)00133-X
https://doi.org/10.1016/0893-133X(95)00133-X
https://doi.org/10.18632/oncotarget.17339
https://doi.org/10.1016/S0893-133X(98)00008-6
https://doi.org/10.1523/JNEUROSCI.4393-09.2010
https://doi.org/10.1523/JNEUROSCI.4393-09.2010
https://doi.org/10.1111/j.1601-183X.2006.00292.x
https://doi.org/10.1007/s11064-014-1271-9
https://doi.org/10.1007/s11064-014-1271-9
https://doi.org/10.1038/npp.2013.98
https://doi.org/10.1038/npp.2013.98
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00331 July 20, 2019 Time: 13:58 # 17

Khoja et al. Ivermectin Induced Prepulse Inhibition Deficits

are associated with cognitive impairment in neonatal ventral hippocampus-
lesioned rats. Neuroscience 234, 103–115. doi: 10.1016/j.neuroscience.2012.
12.048

Yamasaki, N., Maekawa, M., Kobayashi, K., Kajii, Y., Maeda, J., Soma, M., et al.
(2008). Alpha-CaMKII deficiency causes immature dentate gyrus, a novel
candidate endophenotype of psychiatric disorders. Mol. Brain 1:6. doi: 10.1186/
1756-6606-1-6

Yang, R., Beqiri, D., Shen, J. B., Redden, J. M., Dodge-Kafka, K., Jacobson, K. A.,
et al. (2015). P2X4 receptor-eNOS signaling pathway in cardiac myocytes as a
novel protective mechanism in heart failure. Comput. Struct. Biotechnol. J. 13,
1–7. doi: 10.1016/j.csbj.2014.11.002

Yang, R., and Liang, B. T. (2012). Cardiac P2X(4) receptors: targets in ischemia and
heart failure? Circ. Res. 111, 397–401. doi: 10.1161/CIRCRESAHA.112.265959

Yao, J. K., Leonard, S., and Reddy, R. D. (2004). Increased nitric oxide
radicals in postmortem brain from patients with schizophrenia.
Schizophr. Bull. 30, 923–934. doi: 10.1093/oxfordjournals.schbul.a00
7142

Yardley, M. M., Wyatt, L., Khoja, S., Asatryan, L., Ramaker, M. J., Finn, D. A.,
et al. (2012). Ivermectin reduces alcohol intake and preference in mice.
Neuropharmacology 63, 190–201. doi: 10.1016/j.neuropharm.2012.03.014

Conflict of Interest Statement: DD and LA are inventors on a patent for the use
of ivermectin for treatment of alcohol use disorders.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2019 Khoja, Asatryan, Jakowec and Davies. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 17 July 2019 | Volume 13 | Article 331

https://doi.org/10.1016/j.neuroscience.2012.12.048
https://doi.org/10.1016/j.neuroscience.2012.12.048
https://doi.org/10.1186/1756-6606-1-6
https://doi.org/10.1186/1756-6606-1-6
https://doi.org/10.1016/j.csbj.2014.11.002
https://doi.org/10.1161/CIRCRESAHA.112.265959
https://doi.org/10.1093/oxfordjournals.schbul.a007142
https://doi.org/10.1093/oxfordjournals.schbul.a007142
https://doi.org/10.1016/j.neuropharm.2012.03.014
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Dopamine Receptor Blockade Attenuates Purinergic P2X4 Receptor-Mediated Prepulse Inhibition Deficits and Underlying Molecular Mechanisms
	Introduction
	Materials and Methods
	Animals
	Materials
	Acoustic Startle and PPI of Acoustic Startle Reflex
	Apparatus
	Startle and PPI Session

	Western Immunoblotting
	Drug Treatments and Tissue Preparation
	Immunoblotting Procedure

	Statistical Analyses

	Results
	Pharmacological Blockade of D1 as Well as D2 Receptors Significantly Attenuated IVM-Mediated PPI Disruption in Mice
	D1 Receptor Activation Did Not Potentiate the Effects of IVM on PPI Function
	Pharmacological Modulation of Either D1 or D2 Receptors Significantly Altered IVM-Induced Changes in DARPP-32 Phosphorylation in the Ventral Striatum
	Pharmacological Modulation of D1 and D2 Receptors Significantly Altered IVM-Mediated Changes in CaMKII Phosphorylation in the Ventral Striatum
	IVM Significantly Interacted With DA Receptor Antagonists/D1 Agonist in Regulation of nNOS Phosphorylation in the Ventral Striatum

	Discussion
	Data Availability
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


