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Abstract

Glutamate dysregulation is known to contribute to many psychiatric disorders including 

schizophrenia. Aberrant cortico-striatal activity and therefore glutamate levels might be relevant to 

this disease characterized by reduced prepulse inhibition (PPI), however, the molecular and 

behavioral mechanism of the pathophysiology of schizophrenia remains unclear. The focus of this 

study was to contribute to the current understanding of the glutamate and neurogranin (Ng) 

pathway, in relation to the cortico-striatal pathology of schizophrenia using a mouse model. A 

variant of the Ng gene has been detected in people with schizophrenia, implicating maladaptation 

of cortical glutamate signaling and sensorimotor gating. To test Ng-mediated PPI regulation in the 

mouse model, we utilized Ng null mice, viral-mediated Ng expression, and genetics approaches. 

Our results demonstrate that lack of Ng in mice decreases PPI. Ng over-expression in the 

prefrontal cortex (PFC) increases PPI, while Ng expression in either the nucleus accumbens (NAc) 

or hippocampus induces no change in PPI. Using optogenetics and chemogenetics, we identified 

that cortico-striatal activation is involved in PPI regulation. Finally, pharmacological regulation of 

Ng using glutamate receptor inhibitors demonstrated altered PPI between genotypes. In this study, 

we have investigated the impact of Ng expression on sensorimotor gating. This study contributes 

to a better understanding of the glutamatergic theory of schizophrenia, opening novel therapeutic 

avenues that may lead to glutamatergic treatments to ameliorate the symptoms of schizophrenia.
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INTRODUCTION

Schizophrenia affects approximately 51 million people worldwide and presents a severe cost 

to the individual as well as society (Fleishman, 2003). Schizophrenia is characterized by 3 
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symptom categories of positive, negative, and cognitive. Currently the most efficacious 

treatment available is aimed to reduce only the presence of positive symptoms; this 

treatment of modulating dopamine signaling in the brain may relieve positive symptoms but 

the majority of a patient’s life thereafter is spent in a state of economic dependency due, in 

part, to the continuation of the negative and cognitive symptoms associated with the disease 

(Howes et al., 2015). Better treatments are therefore necessary to further increase the quality 

of life in these patients. Research has highlighted a role for glutamate in mediating the 

symptomatology of schizophrenia, notably the negative and cognitive aspects of the disease 

(Javitt, 2010), although its mechanism is not yet known.

Glutamate signaling via the N-methyl-D-aspartate receptor (NMDAR) has been shown to be 

associated with schizophrenia pathophysiology based on the ability of pharmacological 

NMDAR antagonists, such as phencyclidine or ketamine, to induce schizophrenia-like 

symptoms in otherwise healthy subjects (Krystal et al., 1994; Malhotra et al., 1997). 

Therefore, research has led to the glutamate hypothesis of schizophrenia, which holds that 

hypo-NMDAR function contributes to the symptomatology of schizophrenia, particularly 

the negative and cognitive aberrations present in the patient population (Gonzalez-Burgos 

and Lewis, 2012; Kantrowitz and Javitt, 2010; Snyder and Gao, 2013). In addition, genome-

wide association studies and copy number variation studies have elucidated the neurogranin 

gene (Ng) as a possible mechanism of schizophrenia pathology. A genetic variant of Ng has 

been identified in schizophrenia patients and is possibly linked to negative symptoms and 

cognitive aberrations (Broadbelt et al., 2006; Ohi et al., 2012; Pohlack et al., 2011; Ruano et 

al., 2008; Smith et al., 2011; Su et al., 2015; Walton et al., 2013). This is in large, partly, due 

to the primary role of Ng within neurons modulating intracellular calmodulin (CaM) 

availability to facilitate NMDAR calcium-mediated signaling (Hoffman et al., 2014). The 

functional consequences of this regulation include modulation of synaptic plasticity, 

especially at dendrites (Petersen et al., 2015), which ultimately delineates activation of 

glutamate-mediated long-term potentiation or long-term depression (Zhong et al., 2009; 

Zhong and Gerges, 2012). Reduced function or expression of Ng may therefore be a critical 

component of NMDAR hypo-function associated with schizophrenia and its 

symptomatology.

Prepulse inhibition (PPI) is a diminution of the startle reflex - a protective body response to 

an unexpected and intense stimulation. The startle response is sensitive to sensory, cognitive, 

and pharmacological manipulations and thus is useful in an extensive variety of research 

studies (Mena et al., 2016; Ziermans et al., 2012). The use of PPI in animal studies has made 

it possible to identify the underlying neuronal brain circuitries (Geyer et al., 2002). Thus, 

this method is a very applicable paradigm for schizophrenia research as PPI occurs in all 

mammals and primates, including humans.

In this study, we have investigated the regulation of Ng to understand its contributions to PPI 

using transgenic mice, brain-specific Ng expression, pharmacology, and optogenetic 

approaches. Specifically, our study demonstrates how functional regulation of Ng in the 

medial prefrontal cortex (mPFC), nucleus accumbens (NAc), and 47 hippocampus control 

PPI in mice.
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MATERIALS AND METHODS

Animals

C57BL/6J mice, Pval-Cre mice, Ng null mice were purchased from Jackson Laboratories 

(Bar Harbor, ME). Ng null mice were generated by in-house breeding at LSUHSC. The Ng 

null mice (C57BL/6J) were backcrossed with wild-type 129S1 mice to generate mixed 

background (C57BL/6J x129S1) mice. We then bred C57BL/6 ×129S1 Ng +/− mice together 

to generate the Ng +/+ and Ng −/− mice that we used. Since significant genetic association of 

Ng is observed in male patients with schizophrenia (Ruano et al., 2008), only male mice 

aged 8–16 weeks were used. Mice were housed in standard Plexiglas cages under a 12h 

light/ dark cycle (lights on at 6:00 AM) at a constant temperature (24±0.5°C) and humidity 

(60±2%) with food and water available ad libitum. The animal care and handling procedures 

were in accordance with LSUHSC institutional and National Institutes of Health (NIH) 

guidelines.

Adeno-Associated Virus (AAV)-mediated Ng Expression

AAV-Ng constructs and stereotaxic injections of AAV viruses were conducted as described 

previously (Reker et al., 2018). Mice were anesthetized with isoflurane gas and placed in a 

digital stereotaxic alignment system (Model 1900; David Kopf Instruments). Two holes for 

bilateral injection were drilled into the skull above the target brain region. The injector (33 

Ga; Plastics One) was connected to a Hamilton syringe (10 μl) and virus infusion was 

controlled by a syringe pump. To infuse the virus, 1 μl of AAV virus (AAV-oNg, AAV-dnNg 

or AAV-GFP) was bilaterally injected into either the NAc (AP: 1.34 mm; ML: ±1.3 mm; DV: 

3.5 mm), hippocampus (AP: −1.70 mm; ML: ± 0.8 mm; DV: 2.2 mm) or medial prefrontal 

cortex (mPFC) (AP: 1.94 mm; ML: ± 0.3.mm; DV: 2.0 mm) at a rate of 0.1 μl/min. Injectors 

remained in place for an additional 5 min after each infusion.

Startle and PPI Paradigm

All mice were individually housed one-week before startle and PPI experiments. Mice were 

allowed to acclimate for 1h in the PPI experimental room on test day. Following this 

acclimation period, mice were subjected to the PPI experimental protocol as previously 

described (Oliveros et al., 2010). Each animal was individually placed within a Plexiglas 

cylinder (12.7 cm long×1.5 cm in diameter) resting on a Plexiglas frame (12.7 cm×20.3 cm) 

housed within the startle response chamber (38.1 cm×40.6 cm×58.4 cm, San Diego 

Instruments, San Diego, CA, USA). Startle amplitudes were detected and measured by a 

piezoelectric accelerometer mounted directly below the midline of the animal on the 

underside of the Plexiglas frame. Mice were allowed to acclimate to the startle response 

chamber for 5 min prior to the onset of a PPI session.

Background noise intensity was 65 dB, while startle pulse intensity was 120 dB (Swerdlow 

et al., 2001). PPI sessions consisted of 58 trials. Each trial was followed by an inter-trial 

interval (ITI) with a duration averaging 15 s. The PPI session consisted of the following 

eight distinct trial types, pseudo-randomly presented five different times during the session: 

no stimulus, startle pulse alone, prepulse alone with prepulse intensities of 4, 8, or 16 dB 

(PP4, PP8, PP16) above background (65dB), and prepulse (PP4, PP8, PP16) with startle 
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pulse trials (120 dB). All pre-pulses and startle pulses had a duration of 20 ms and 40 ms. 

For pre-pulse with startle pulse trials, the interval between onset of the prepulse and onset of 

the startle pulse was 100 ms. Startle responses were collected for each individual trial 

throughout the PPI session for each individual mouse subject. To calculate PPI, the startle 

responses for each prepulse with startle pulse trial yielded a %PPI value, and these were 

averaged into one %PPI value for each mouse. PPI was calculated as a percentage of the 

pulse alone startle amplitude using the following formula: PPI= [1–(startle magnitude after 

prepulse-startle pulse pair/startle magnitude after startle pulse alone)] ×100. To test the 

pharmacological inhibition of either NMDAR or mGluR5 in both genotypes, Saline, 

CGP37849 (0.5 mg/kg or 1.0mg/kg), or MPEP (20mg/kg) were administrated by 

intraperitoneal injection 30 min prior to PPI experiments (n = 9 ~ 10 per group).

Optogenetics and DREADD in PPI

Stereotaxic surgeries for optogenetics and designer receptor exclusively activated by 

designer drugs (DREADD) virus infusion were conducted the same way as the AAV virus 

described above. For excitatory optogenetics stimulation, AAV-CaMKIIs-ChR2 vector was 

expressed followed by the optic fiber implantation to the target brain regions 3 weeks later. 

After 5 days of recovery, baseline PPI was measured. The effect of excitatory neuronal 

activation was measured by optogenetic stimulation using blue laser for 30 min (10Hz) 

(Lobo et al., 2010) immediately followed by the PPI session (n = 7 per group). The effect of 

GABAergic activation was measure by DREADD stimulation. AAV-Syn-DIO-hM3Dq 

vector was infused to the target brain of Cre-Parvalbumin mice. After a 3-week incubation 

period, baseline PPI was measured with saline injection prior to PPI sessions. To measure 

the effect of parvalbumin-specific stimulation in the same animals, CNO (1mg/kg, i.p., 30 

min) was injected and PPI was measured (n = 7 per group). All surgical sites were confirmed 

by histology, and around 15% of mice were excluded for incorrect optic-fiber placement or 

lack of viral expression.

Open-field Activity

Spontaneous locomotor activity was measured in open-field chambers (41 × 41 cm). After 

stereotaxic surgery, mice were handled and weighed daily for 1 week prior to activity 

testing. On the test day, mice were weighed and placed immediately in the activity 

chambers. Horizontal distance traveled (cm) was recorded for 1 h using a video-tracking 

system (Opto4-Varimex Columbus Instruments, OH). For assessment of activity in the 

center of the field, the chamber floor was divided post hoc into a central zone (21 × 21 cm; 

center equidistant from all four walls of the chamber) and a peripheral zone (the remaining 

area of the floor). Distance traveled and time spent in each area were calculated from the 

locomotor activity data. The speed to movement ratio was categorized by resting, 

ambulatory, and stereotypic behaviors (n = 8 per group).

Marble-burying Test

To assess anxiety and compulsive behaviors related to brain specific-Ng expression, we used 

the marble burying test. Each mouse was placed in a cage containing 20 marbles, evenly 

spaced (4 cm apart) on top of bedding at a depth of 5 cm. After 30 minutes, the number of 

un-buried marbles was recorded for each animal (n = 7 per group).
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Elevated Plus Maze

The elevated plus maze test has been validated for measurement of anxiety-like behavior in 

rodents. The plus-shape maze was elevated 60 cm off the floor having two open arms (37 × 

8 cm) and two closed arms (37 × 8 × 14 cm) extending from a common central platform (8 × 

8 cm). Each mouse was placed on the central platform and allowed to explore for 5 min. The 

dwelling time and entry number of each arm were analyzed using the video-tracking system 

(EthoVision XT, Noldus, VA). Following each session, the maze was cleaned with 70% 

ethanol to remove odors (n = 8 per group).

Statistical Analysis

All data were expressed as mean ± standard error of the mean (SEM). Statistics were 

performed by either two-tailed Student’s t test (Prism, GraphPad Software, La Jolla, CA) or 

two-way ANOVA followed by Tukey post-hoc test (SigmaStat, SYSTAT software, Point 

Richmond, CA). PPI analyses were stratified by genotype and prepulse intensity regardless 

of the results of interaction tests, as genotype-specific and prepulse intensity-specific 

comparisons were of interest. The criterion for statistical significance was p < 0.05.

RESULTS

Ng expression regulates PPI in mice.

To test the hypothesis that Ng expression is critical to regulating certain domains of 

behaviors associated with schizophrenia, we administered PPI sessions to Ng null (Ng −/−) 

mice. We first measured an acoustic startle reflex response between Ng +/+ mice and Ng −/− 

mice and found no differences between genotypes (Fig.1A). Then, we tested whether weaker 

prepulse inhibits the reaction of a subsequent acoustic startle reflex in both Ng +/+ mice and 

Ng −/− mice, to measure abnormality in sensorimotor gating. Two-way ANOVA identified an 

overall significant main effect of genotype (F(1,61)=7.62, p <0.05), dB (F(2,61)=6.68, p 
<0.05 ) but there was no interaction between genotypes and the different decibel (dB) levels 

(F(2,61)=1.41, p =0.253). Tukey post-hoc test for individual comparisons identified that Ng 
−/− mice showed a significantly decreased PPI at the 8dB and 16 dB (Fig.1B). This evidence 

shows that lack of Ng expression in the brain results in an abnormal PPI, thus demonstrating 

a deficit in sensorimotor gating as a proxy for schizophrenia associated behaviors of Ng −/− 

mice.

Then, to examine the effects of Ng-mediated PPI in relation to the brain region, we 

examined the behavioral response of either Ng overexpression (oNg) or Ng dominant 

negative (dnNg) expression in the prefrontal cortex, nucleus accumbens, and hippocampus 

of C57BL/6J mice (Fig.1C). Using stereotaxic surgery, AAV-oNg or AAV-dnNg vectors 

were administered into the target brain regions of C57BL/6J mice bilaterally. Both startle 

and PPI changes were measured after 3-weeks post-surgery compared to C57BL/6J mice 

without surgery. oNg expression in the NAc significantly decreased startle response 

(t(18)=2.23, p <0.05) compared to that of dnNg expression, while dnNg expression in the 

hippocampus significantly increased startle response (t(18)=2.20, p <0.05) (Fig.1C). 

However, mPFC-specific Ng expressions did not induce any changes in startle response. To 

validate these acoustic startle response change by Ng expression, we measured anxiety and 
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compulsive behaviors, but there were no significant differences (Supplemental Fig.1). 

Although Ng expression in both the NAc and the hippocampus induce startle changes (Fig.

1C), there was no significant change in PPI (Fig.1D and 1F). Interestingly, oNg expression 

in the mPFC significantly increased PPI in mice (Fig.1E) compared to that of dnNg 

expression. Two-way ANOVA identified a significant main effect of Ng overexpression 

(F(1,44)=8.37, p <0.05) and dB (F(2,44)=4,48, p<0.001) without interactions between them 

(F(2,44)=1.90, p=0.10). These findings demonstrate that Ng overexpression in the mPFC 

increase sensorimotor gating response, while Ng expression in the NAc or hippocampus may 

regulate acoustic startle response in mice.

Ng expression in the mPFC regulates PPI.

Since Ng over-expression in the mPFC increased PPI, we examined whether oNg or dnNg 

expression in the mPFC induces any changes in locomotor activity or anxiety using an open 

field test. Mice were infused with AAV-oNg, AAV-dnNg, or AAV-GFP into the mPFC 

region. Both oNg and dnNg expression in the mPFC of C57BL/6J mice did not induce any 

motor function changes including distance of travel nor anxiety compared to AAV-GFP 

control mice (Fig. 2A and B).

To elucidate the role of Ng in the mPFC on PPI, we examined if this behavior could be 

induced in a reversed manner using AAV-dnNg expression in the mPFC compared to that of 

AAV-GFP expression. First, we measured acoustic startle response changes by AAV-dnNg 

or AAV-oNg expression in the mPFC of Ng transgenics mice compared the that of AAV-

GFP expression and found no significant changes in these mice (Fig. 2C). One-way ANOVA 

indicates that the functional Ng inhibition using dominant negative expression in the mPFC 

did not decrease PPI in the Ng +/+ mice (Fig.2D). In contrast, we tested whether 

overexpression of Ng in the mPFC of Ng −/− mice can restore PPI levels compared to that of 

AAV-GFP expression. One-way ANOVA identified a significant main effect of Ng over 

expression in Ng −/− mice (F(1,53)=14.65, p <0.001) and dB (F(2,53)=23.76, p<0.001), but 

there was no significant interaction between expression and dB levels. Tukey post hoc test 

for individual comparisons identified that Ng −/− mice showed significantly increased PPI at 

the 4 dB and 8 dB (Fig.2E). Overall, our findings demonstrate that Ng expression in the 

mPFC is critical to regulate PPI while functional Ng inhibition by dnNg expression is not 

involved in the behavioral regulation of PPI. Taken together with the results in WT animals, 

this suggests that circuitry, rather than structure specific, function mediates PPI.

Optogenetics and DREADD regulation of cortico-striatal circuitry and PPI.

Since Ng is known to be expressed in the excitatory neurons including the cortico-striatal 

circuitry (Singec et al., 2004), we examined whether PPI can be controlled by excitatory 

neuron-specific activation in the mPFC (Bubser and Koch, 1994), NAc (Wan and Swerdlow, 

1996), or Hippocampus (Bast and Feldon, 2003). To understand the brain circuitry related to 

PPI, we applied CaMKII promoters driven optogenetics approaches. Optogenetics 

stimulation in mPFC, NAc, or Hippocampus did not induce significant changes in the startle 

and PPI (Fig.3A–C). However, the activation of cortico-striatal circuitry (Ahmari et al., 

2013), which is established by ChR2 viral infusion into the mPFC and light activation at the 

NAc, increased PPI compared to basal expression. Two-way ANOVA indicated a significant 
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main effect of optogenetic stimulation (F(1,50)=10.25, p<0.05) and dB levels (F(2,50)=26.29, 

p <0.001) without significant interactions between them (F(2,50)=1.82, p =0.174) (Fig.3D). 

Tukey post hoc test for individual comparisons identified that optogenetic stimulation 

significantly increased PPI at 4 and 8 dB.

Since GABAergic regulation mediated by Parvalbumin expressing fast-spiking interneurons 

(Pv-FSI) is known to regulate excitatory neuronal activity for behaviors associated with 

schizophrenia (Gonzalez-Burgos and Lewis, 2012; Jinno and Kosaka, 2004), we examined 

whether activation of Pv-FSI in the mPFC or NAc alters PPI responding. Using Cre-

dependent DREADD (AAV-DIO-hm3Dq) expression in the Cre-Pval mice, the effect of Pval 

activation during the PPI session was measured in response to saline and CNO injection. 

There were no significant differences in both startle and PPI by GABAergic interneuron 

activation (Fig.3E and F). These findings indicate that excitatory neuronal regulation in the 

cortico-striatal circuitry is critical in regulating PPI.

Pharmacological modulation of glutamate receptors and PPI.

To further explore the connection between Ng and PPI, pharmacological experiments were 

utilized (Geyer et al., 2001). Since Ng regulates ligand-mediated NMDAR response and 

subsequently the activation of the PKC by mGluR5 receptor (Reker et al., 2018), we tested 

the effect of both NMDAR antagonist (CGP37849, i.p.) and mGluR5 antagonist (MPEP, 

i.p.) in Ng +/+ and Ng −/− mice during PPI. Two-way ANOVA identified that CGP37849 

treatment significantly decreases the startle response (F(2,31)=4.79, p <0.05). However, there 

were no significant differences in genotype (F(1,31)=1,63, p = 0.21) and interaction between 

CGP37849 treatment and genotypes (F(2,31)=0.23, p=0.80) (Fig.4A). Regarding PPI levels, 

saline treatment showed significantly decreased PPI in Ng −/− mice (Fig.4B and 4C). Two-

way ANOVA indicates differences in genotype (F(1,53)=4.48, p < 0.05) and dB change 

(F(2,53)=29.39, p < 0.001). 0.5mg/kg of CGP37849 treatment did not induce significant 

changes compared to saline control in both genotypes. However, two-way ANOVA 

identified that 1mg/kg of CGP37849 treatment induces high variability in the dB change of 

Ng +/+ mice (F(2,74)=0.25, p = 0.98) along with a loss of PPI at all prepulse levels (Fig.4B), 

but for Ng −/− mice , the dB change was significant for PPI (F(2,71)=13.86, p < 0.001) (Fig.

4C). These finding indicate that NMDAR inhibition was only effective in PPI of Ng +/+ mice 

although CGP37849 treatment decreased startle response in both genotypes. This may be 

because Ng −/− mice already have hypo-NMDAR function or a higher tolerance to the effect 

of NMDAR inhibition.

Another glutamate receptor, mGluR5, is known to increase Ng phosphorylation via Gq-

dependent PKC activation (Reker et al., 2018). We therefore examined the role of functional 

inhibition of Ng using mGluR5 antagonist (MPEP) compared to that of saline treatment 

(Henry et al., 2002). Two-way ANOVA indicated no significant main effect of startle 

response against genotype (F(1,41)=3.92, p=0.06), MPEP treatment (F(1,41)=0.23, p=0.63), 

and interactions between them (F(1,41)=0.01, p =0.92) (Fig.4D). Two-way ANOVA indicated 

significant effect of dB in Ng +/+ mice (F(2,56)=18.25, p<0.01), without effect of MPEP 

treatment (F(1,56)=0.26, p =0.61) and interactions between them (F(1,56)=0.25, p=0.78) (Fig.

4E). Similarly, two-way ANOVA indicated significant effect of dB in Ng −/− mice 
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(F(2,56)=23.91, p<0.01), without effect of MPEP treatment (F(1,56)=2.49, p =0.12) and 

interactions between them (F(1,56)=1.60, p =0.21) (Fig.4E).These findings demonstrate that 

mGlrR5 inhibition or functional inhibition of Ng did not induce PPI changes, suggesting a 

significant role of Ng expression in PPI modulation rather than its functional regulation.

DISCUSSION

PPI deficits are a common symptom of schizophrenia. Using this method in animal models, 

we have provided support to the glutamatergic theory of this mental health disorder. 

Specifically, we identified that Ng expression in the mPFC regulates PPI. Lack of Ng 

decreases PPI in Ng−/− mice, however, Ng overexpression in the mPFC of both C57BL/6J 

mice and Ng−/− mice increase PPI. Further, through the use of optogenetic activation of 

cortico-striatal glutamate, we have identified the wider circuit that contributes to the 

regulation of PPI.

The role of Ng in schizophrenia stems from its association with the glutamatergic system 

and its role in the regulation of NMDAR-mediated Ca2+-CaM pathway. Previous studies 

have provided evidence toward specific human chromosomal segments that indicate a 

connection between Ng and the development of schizophrenia (Pohlack et al., 2011). More 

specifically, varying single-nucleotide polymorphism (SNP) within the specific 

chromosomal segment were found to be consistent among people with schizophrenia within 

a given population of males (Rose et al., 2012; Thong et al., 2013). Further evidence 

highlighting the connection between Ng and schizophrenia is that Ng modulates both 

NMDAR and mGluR5 mediated signaling through the Ca2+-CaM complex formation and 

mGluR5-dependent phosphorylation of Ng. Therefore, Ng may be a suitable model to 

explain NMDAR hypo-function in schizophrenia and our genetic mouse model offers great 

advantage investigating the role of specific brain regions and/or circuitry leading to 

behavioral dysregulation.

PPI deficits in rodents are not animal models of schizophrenia per se, but they are an ideal 

study model to understand the sensorimotor gating deficits observed in patients with 

schizophrenia (Geyer et al., 2001). In 1992, Swerdlow et al. suggested that the loss of neural 

communication between limbic and basal ganglia structures is a possible neural basis of PPI 

(Swerdlow et al., 1992a; Swerdlow et al., 1992b). Although the acoustic startle reflex is 

controlled by the caudal pontine reticular nucleus (PnC), it can be utilized to measure the 

motor response to sensorimotor gating. Modulation of PPI is regulated by the NAc and its 

adjacent cortical sub-regions such as the mPFC and hippocampus (Kohl et al., 2013).

Rodent neonatal ventral hippocampal lesions (NVHL) is a convincing model to mimic the 

behavioral and biological features of schizophrenia in humans. As the hippo-campus is 

anatomically and functionally interconnected with the mPFC and NAc, the NVHL model 

demonstrated a reduction of PPI and disruption of prefrontal dopamine-glutamate 

interactions during the early development stage (O’Donnell et al., 2002; Tseng et al., 2007). 

In this study, we found that both Ng expression in the mPFC and corticostriatal connectivity 

toward NAc is critical in PPI regulation. Connections between the striatal and the prefrontal 

regions can demonstrate a gradient of hypo to hyper-connectivity and this facet has been 
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related to schizophrenia (Fornito et al., 2012). Evidence presented in this paper supports the 

existence of an excitatory mPFC to NAc path-way that, when activated, can rescue an 

aberrant, decreased PPI response and the startle response to above the non-stimulated 

baseline. In conjunction with established neural pathways modulated in schizophrenia, the 

mPFC-NAc excitatory circuit adds a novel piece to the etiopathophysiology of this disease.

More scientific research on schizophrenia utilizing NMDAR antagonist models offer a 

promising avenue to better understand the circuitry involved in this disorder. NMDAR 

antagonist and PPI models may have particular relevance to the treatment of cognitive rather 

than positive symptoms of schizophrenia (Geyer, 2006). This is important given the paucity 

of new treatments for schizophrenia over recent years, especially with regards to negative 

symptoms and cognitive deficits, which predict functional disability in people with 

schizophrenia (Moghaddam and Javitt, 2012). For example, Phencyclidine (PCP) and other 

non-competitive NMDAR antagonists, have been shown to disrupt PPI in mice and humans, 

mimicking the PPI deficits seen in schizophrenia (Geyer et al., 2001). Even the 

pharmacological effect of PCP on PPI was more potent than any other behavioral changes. 

Thus, functional suppression of NMDAR strongly supports the theory of hypo-glutamatergic 

tone as a mechanism of schizophrenia. As mentioned previously, mGluR5 has also been 

shown to regulate PPI in mice (Barnes et al., 2015; Henry et al., 2002). In fact, blocking the 

expression of mGluR5 in conjugation with an NMDAR antagonist results in further 

decreases in PPI compared to NMDAR antagonist alone. Consistently, positive allosteric 

modulation of mGluR5 reduces neuronal firing in the mPFC mediated by the 

pharmacological inhibition of NMDAR(Lecourtier et al., 2007). However, the mGluR5 

receptor antagonist, MPEP has not been shown to decrease PPI. The evidence from this 

paper further supports that there is a connection between the glutamate system and PPI 

regulation, by showing that viral over-expression of Ng in the mPFC increases PPI levels 

significantly over baseline.

Since NMDAR signaling in the GABAergic interneuron affects cortical excitation, we 

examined whether neural activation of either fast-spiking interneuron or pyramidal neurons 

in the mPFC regulates PPI. We found that optogenetic activation of corticostriatal excitatory 

neuron increases PPI although activation of parvalbumin specific inter-neuron did not induce 

PPI change. Ng was found to be highly expressed in pyramidal neurons by colocalizing 

CaMKII alpha subunit (Guadano-Ferraz et al., 2005). This finding supports the idea that 

NMDAR hypofunction diminishes the inhibitory control of cortical output, which implicates 

a pathophysiology of schizophrenia (Homayoun and Moghaddam, 2007).

Acoustic startle reflex is an unconscious defensive response to sudden sound or stimuli 

regulated by the brainstem. Interestingly, patients with anxiety disorders (Ludewig et al., 

2002), autism (Csomor et al., 2008), or post-traumatic stress disorders (PTSD) (Orr et al., 

2002)also demonstrated an increased startle amplitude compared to that of healthy controls. 

This higher startle amplitude also influences PPI calculation by decreasing PPI values, and 

so, we made sure to measure the startle response as well. In our rodent experiments, we 

observed significantly different startle baselines depending on mouse strain, drug treatment, 

and brain-specific Ng expression. For example, C57BL/6 mice showed higher startle 

response compared to Ng transgenic mice with a C57BL/6 × 129/SV mixed background 
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mice. In addition, we also detected that over expression of Ng in the NAc significantly 

decreases the startle response while dominant negative expression of Ng in the hippocampus 

increases startle response (Fig. 1C), indicating a role for Ng in these structures in anxiety or 

compulsive behaviors. As these are common comorbidities in schizophrenia (Buckley et al., 

2009), we examined marble burying in our Ng mice to evaluate the role of this signaling 

system, outlined above, in mediating anxiety. Ng −/− mice did not exhibit altered anxiety as 

per the marble burying test compared to Ng +/+ mice (Supplemental Fig.1A). However, 

C57BL/6J mice with over-expression of Ng in the NAc displaced and buried significantly 

more marbles from their initial locations, which may induce compulsive responding in these 

mice (Supplemental Fig.1B). Interestingly, human clinical studies demonstrate a slower 

decline in startle responses in individuals with obsessive compulsive disorder (Hoenig et al., 

2005). To further investigate how dnNg in mice hippocampus increases startle response, 

anxiety in mice was measured by a plus maze experiment. There was no difference in arm 

entry number in these mice (Supplemental Fig.1C), and mice with dnNg expression in the 

hippocampus significantly decreased the dwelling time in the open arms compared the AAV-

GFP expression control (Supplemental Fig.1D). These findings suggest that decreased Ng 

activity by mutation of phosphorylation site in the hippocampus increases anxious behaviors 

in mice, which may explain the increased startle response observed in Fig.1C.

Overall, our findings yield a novel mechanism to explain glutamate theory of schizophrenia 

as measured using PPI. Using optogenetics and DREADD approaches, we demonstrated a 

possible role of cortico-striatal connectivity in PPI. Moreover, manipulation of glutamate 

pharmacology using the Ng systems model presented here offers a means by which novel 

treatments, or refinements of existing treatments, may be developed to treat schizophrenia.
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ABBREVIATIONS

Ng Neurogranin

PPI prepulse inhibition

PFC prefrontal cortex

NAc nucleus accumbens

AAV adeno-associated virus
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oNg overexpression neurogranin

dnNg dominant negative neurogranin

NMDAR N-methyl-D-aspartate receptor

DREADD designer receptor exclusively activated by designer drugs

Pv-FSI parvalbumin expressing fast-spiking interneurons

CNO clozapine-n-oxide
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• Genetic deletion of neurogranin in mice decreases prepulse inhibition.

• Neurogranin expression in the medial prefrontal cortex regulates prepulse 

inhibition.

• Cortico-striatal connectivity is critical in the regulation of prepulse inhibition.

• NMDAR antagonist and prepulse inhibition models are particularly relevant 

to the treatment of cognitive symptoms of schizophrenia.
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Figure 1. 
Ng expression in the brain regulates PPI. A, There are no differences in startle response 

between Ng+/+ mice and Ng −/− mice. B, Ng −/− mice show a significantly decreased PPI 

compared to Ng+/+ mice. (n = 8 ~ 14; C57BL/6J x129S1 cross). C, Western blot analysis of 

the expression of oNg in the HEK293T cells (infected) and control (uninfected) cell. Startle 

changes in response to brain-specific Ng expression in C57BL/6J mice. D, Ng expression in 

the NAc does not induce changes in PPI. E, Overexpression of Ng (oNg) in the mPFC 

significantly increases PPI compared to that of dominant-negative Ng (dnNg) expression. F, 
Ng expression in the hippocampus does not induce changes in PPI. Control indicates 

baseline startle and PPI of C57BL/6J mice without stereotaxic surgery. Statistical 

significance was measured by Two-way ANOVA followed by Tukey’s test. (n = 8 per 

group). Data presented as mean ± SEM.
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Figure 2. 
Ng expression in the mPFC regulates PPI response. A and B, Neither AAV-mediated oNg 

nor dnNg expression in the C57BL/6J mice induces any locomotor changes compared to 

those of AAV-GFP expression. C, Both AAV-dnNg expression in the mPFC of Ng +/+ mice 

and AAV-oNg expression in the mPFC of Ng −/− does not induce acoustic startle changes 

compared to AAV-GFP control mice. D, dnNg expression in the mPFC of Ng +/+ mice does 

not induce PPI change. E, oNg expression in the mPFC of Ng −/− mice demonstrate 

significantly increased PPI response compared to that of AAV-GFP expression in the mPFC 

of Ng −/− mice. Statistical significance was measured by one-way ANOVA followed by 

Tukey’s test. (n = 8 per group, C57BL/6J x129S1 cross). Data presented as mean ± SEM.
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Figure 3. 
Optogenetics and DREADD activation in the cortico-striatal circuitry and PPI. A, B, and C, 
Excitatory neuron-specific optogenetic stimulation does not induce any changes in startle 

response. (n = 7). D, Cortico-striatal optogenetic stimulation increases PPI significantly. 

Statistical significance was measured by Two-way ANOVA followed by Tukey’s test. (n = 7 

per group). E and F, Pv-FSI neuron-specific DREADD activation in either the NAc or 

mPFC by CNO (1mg/kg, i.p) treatment does not induce PPI changes compared to saline 

control. Data presented as mean ± SEM.
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Figure 4. 
NMDA glutamate receptor antagonist only disrupts PPI in Ng +/+ mice. A, NMDA 

antagonist treatment (CGP37849, 1mg/kg, i.p., 30 min prior to testing, n = 10) decreases 

startle response in both genotypes. B, 1mg/kg of CGP37849 treatment disrupts dB 

dependent PPI in Ng +/+ mice although 0.5 mg/kg of CGP37849 treatment still demonstrates 

statistical significance through 4 dB, 8 dB, and 16 dB of prepulse. C, Ng −/− mice still 

demonstrate statistical significance against dB levels by CGP37849 treatments. D, mGluR5 

inhibitor treatment (MPEP, 20mg/kg, i.p., 30 min prior to testing) does not induce startle 

response change in both genotypes. E and F, Mice with Ng +/+ or Ng −/− genotype do not 

demonstrate any differences in PPI after MPEP treatment (n = 9 per group, C57BL/6J 

x129S1 cross). Data presented as mean ± SEM.
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