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Abstract

Schizophrenia (SCZ) is a neurodevelopmental psychiatric disorder, in which cognitive function 

becomes disrupted at early stages of the disease. Although the mechanisms underlying cognitive 

impairments remain unclear, N-methyl-D-aspartate receptors (NMDAR) hypofunctioning in the 

prefrontal cortex (PFC) has been implicated. Moreover, cognitive symptoms in SCZ are usually 

unresponsive to treatment with current antipsychotics and by onset, disruption of the dopamine 

system, not NMDAR hypofunctioning, dominates the symptoms. Therefore, treating cognitive 

deficits at an early stage is a realistic approach. In this study, we tested whether an early treatment 

targeting mGluR2 would be effective in ameliorating cognitive impairments in the 

methylazoxymethanol acetate (MAM) model of SCZ. We investigated the effects of an mGluR2 

agonist/mGluR3 antagonist, LY395756 (LY39), on the NMDAR expression and function in 

juveniles, as well as cognitive deficits in adult rats after juvenile treatment. We found that 

gestational MAM exposure induced a significant decrease in total protein levels of the NMDAR 

subunit, NR2B, and a significant increase of pNR2BTyr1472 in the juvenile rat PFC. Treatment 

with LY39 in juvenile MAM-exposed rats effectively recovered the disrupted NMDAR expression. 

Furthermore, a subchronic LY39 treatment in juvenile MAM-exposed rats also alleviated the 

learning deficits and cognitive flexibility impairments when tested with a cross-maze based set-

shifting task in adults. Therefore, our study demonstrates that targeting dysfunctional NMDARs 
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with an mGluR2 agonist during the early stage of SCZ could be an effective strategy in preventing 

the development and progression in addition to ameliorating cognitive impairments of SCZ.
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Introduction

Schizophrenia (SCZ) is a neurodevelopmental disorder with prominent positive, negative, 

and cognitive symptoms occurring at various stages of the disease (van Os and Kapur, 2009; 

Insel, 2010). The onset of cognitive impairments typically arises during the early stages and 

lasts throughout the entire disease progression of SCZ. Cognitive impairments are the best 

predictor of long-term functional outcome (Cannon, 2015); however, the underlying 

mechanisms of cognitive dysfunction remain unclear. Nevertheless, N-methyl-D-aspartate 

receptors (NMDAR) hypofunctioning in the prefrontal cortex (PFC) has been strongly 

implicated in the pathology of SCZ. Currently, the widely used therapeutics for SCZ, 

including both typical and atypical antipsychotics, mainly target the dopamine system 

(Miyamoto et al., 2005; Howes and Kapur, 2009). Although antipsychotics are effective in 

ameliorating positive symptoms, these drugs are typically accompanied by strong side-

effects and encompass limited efficacy in improving cognitive impairments (Miyamoto et 

al., 2005; Gomes et al., 2016). Therefore, there is an urgent need to search for other potential 

drug candidates for SCZ.

Pharmacologically targeting metabotropic glutamate receptor 2/3 (mGluR2/3) offers 

promising therapeutic effects to patients with SCZ (Moghaddam and Adams, 1998; Patil et 

al., 2007; Conn et al., 2009; Mezler et al., 2010; Kinon et al., 2011; Fell et al., 2012; Kinon 

et al., 2015). Recent studies have shown that compounds targeting mGluR2/3 are well-

tolerated, exhibit few side-effects, and demonstrate a strong potential for alleviating 

cognitive impairments in both animal models and human subjects with SCZ (Helton et al., 

1998; Spooren et al., 2002; Swanson et al., 2005; Fell et al., 2012; Harvey and Shahid, 

2012). Specifically, activation of mGluR2/3 can decrease glutamate release pre-synaptically 

(Schoepp et al., 1999; Cartmell and Schoepp, 2000; Moghaddam, 2004), and simultaneously 

potentiate NMDAR function post-synaptically (Tyszkiewicz et al., 2004; Xi et al., 2011; 

Cheng et al., 2013; Trepanier et al., 2013; Wang et al., 2013; Li et al., 2015a; Li et al., 

2015b; Engel et al., 2016).

However, our recent study demonstrated that LY395756 (LY39), a novel compound serving 

as both an mGluR2 agonist and mGluR3 antagonist, enhanced PFC NMDA receptor 

expression and function in the normal adult rat PFC, but fails to improve working memory 

and reverse MK801-induced working memory impairments (Li et al., 2015b). We speculate 

that as a neurodevelopmental disorder, a failure to correct synaptic disruption immediately 

following symptom onset would miss a critical treatment or prevention window for SCZ 

(Insel, 2010). In fact, the adolescence period has been identified as a vulnerability window 

and intervention time for treatment of SCZ (Gomes et al., 2016). Because NMDAR 
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dysfunction occurs in the first (juvenile) stage of disease, early intervention would 

theoretically be more effective than treatment in later stages of the disorder. In this study, we 

tested this hypothesis by further examining the effects of LY39 on NMDAR expression and 

function in juvenile rats of the neurodevelopmental methylazoxymethanol acetate (MAM) 

model for SCZ. Our results showed that although LY39 had no effects on NMDAR 

expression and function in saline-treated animals or on neuronal excitability of prefrontal 

cortical neurons in vitro, treatment with LY39 during the juvenile period significantly 

reversed the misexpression of NMDAR subunits in MAM-treated rats. Importantly, 

treatment with LY39 in juveniles successfully reversed cognitive impairments in adults when 

examined on a cross-maze task. Our data provide novel insight for early intervention with 

mGluR2 activation for the treatment of cognitive impairments in SCZ.

Materials and Methods

Animals and Treatments

Animals used in this study were housed in a temperature-controlled room (21–23°C) on a 12 

h light/dark cycle with food and water available ad libitum. All procedures were performed 

in accordance with the National Institutes of Health (NIH) animal use guidelines and were 

approved by the Institutional Animal Care and Use Committee of Drexel University College 

of Medicine.

Pregnant Sprague-Dawley dams at embryonic day 15 (E15, 250–280g) were purchased from 

the Charles River Laboratories (Wilmington, MA). Animals were given two days to 

habituate to the new environment, prior to experiments. Pregnant rats at E17 were injected 

(intraperitoneally, i.p.) with either neurotoxin MAM (25 mg/kg), used as a 

neurodevelopmental animal model for SCZ, or saline as a vehicle control, as we recently 

reported (Snyder et al., 2013). Pups were weaned and rehoused on postnatal day 21 (P21). 

For all experiments, animals aged P12–21 as juveniles, P28–45 as adolescents, and P90 as 

adults (Spear, 2000; Wang and Gao, 2009, 2010; Snyder et al., 2013).

To examine the acute effects of LY39 on NMDA receptor expression and function, LY39 at a 

dose of 0.3, 1.0, or 3.0 mg/kg (single dose, i.p.) was administered in juvenile rats. After one 

hour, PFC tissue was collected for Western blot analysis, with brain concentration of the 

compound peaking within 30 min of administration (Bond et al., 2000). For separate 

electrophysiology experiments, LY39 at a dose of 0.3 and 3.0 mg/kg (i.p.), respectively, was 

administered one hour before the animals were sacrificed for living slices. In both cases, 

saline solution (0.9 % sodium chloride) was used as vehicle control. For cross-maze, 

subchronic administration of LY39 or saline was given on five consecutive days with a 

single daily injection of 0.3 mg/kg (i.p.) from P21–P25 for both saline- and MAM-exposed 

male juveniles. Similarly, mPFC tissue was collected for Western blotting of NMDA protein 

levels one hour after performing the cross maze test. All animals were deeply anesthetized 

with Euthasol (0.2 ml/kg, Virbac Animal Health) and were immediately decapitated per the 

approved IACUC protocol for tissue collection. LY39 was purchased from Tocris Bioscience 

(Minneapolis, MN), and methylazoxymethanol acetate (MAM) was purchased from 

MRIGlobal Chemical Carcinogen Repository (Kansas City, MO).
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Synaptic membrane protein collection

Animals were decapitated, and the brains were quickly removed. Brain regions containing 

the prelimbic area were dissected and homogenized in cold lysis buffer (in mM: 320 sucrose, 

4 HEPES-NaOH buffer, pH 7.4, 2 EGTA, 1 sodium orthovanadate, 0.1 

phenylmethylsulfonyl fluoride, 10 sodium fluoride, 10 sodium pyrophosphate, with 1 µg/ml 

leupeptin and 1 µg/ml aprotinin). Lysates were centrifuged at 1,000 g for 10 minutes at 4°C 

to remove large cell fragments and nuclear materials; the resulting supernatant was 

centrifuged again at 15,000 g for 15 min at 4°C to harvest cytoplasmic proteins in the 

supernatant. The pellet from this spin was resuspended in lysis buffer and centrifuged at 

15,000 g for an additional 15 minutes at 4°C to produce synaptosomes. The synaptosomal 

fraction was then hypoosmotically lysed and centrifuged at 25,000 g for 30 minutes at 4°C 

to collect synaptosomal plasma membranes in the pellet. Lysis buffer was added to the pellet 

to make the final samples, which were then stored in −80°C for future use, or an aliquot was 

made and stored at −20°C for immediate use.

Western blotting

A bicinchoninic acid (BCA) protein assay was performed to determine protein 

concentration. Protein samples were prepared with 4× laemmli and lysis buffer, boiled for 5 

minutes, and separated on a 7.5% SDS-PAGE gel. After electrophoresis, proteins were 

transferred to Immobilon PVDF membranes (Millipore, IPVH00010). The membrane was 

blocked with 5% nonfat milk and probed with primary antibodies at 4°C overnight. Each 

blot was used to probe multiple antibodies, including anti-mouse NR1 (Invitrogen, 32-0500, 

1:5000), anti-rabbit NR2A (Millipore, 04-901, 1:2,500), anti-mouse NR2B (Millipore, 

05-920, 1:2000), anti-rabbit pNR2B-Tyr1472 (Millipore, 454583, 1:1000), anti-rabbit 

pNR2B-Ser1303 (Millipore, 07-398, 1:1000), and anti-mouse actin (Sigma, A5316, 

1:100,000) served as a loading control. The blots were incubated with horseradish 

peroxidase-coupled anti-rabbit or anti-mouse IgG secondary antibody (Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA) at room temperature for 1 hour. 

Signals were visualized using enhanced chemiluminescence (ECL Plus, Amersham 

Biosciences). Each group included at least 5 animals and samples from each animal were 

run at least 4 times to minimize inter-blot variance.

Electrophysiological recording in prefrontal cortical slices

Coronal slices of brain regions containing the prelimbic area (mPFC) were cut at 300 µm 

within an ice-cold oxygenated sucrose solution (in mM: 87 NaCl, 2.5 KCl, 1.25 NaH2PO4, 

25 NaHCO3, 75 sucrose, 25 glucose, 0.5 CaCl2, 7.0 MgSO4, pH 7.4) using a Leica VT 

1200S Vibratome (Leica Microsystems Inc., Buffalo Grove, IL). Slices were transferred to 

an incubation chamber, submerged in oxygenated Ringer’s solution (in mM: 124 NaCl, 2.5 

KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgSO4, 26 NaHCO3, and 10 dextroses, pH 7.4) at 37°C for 

one hour. The PFC slices were transferred into a heated (36°–37°C) recording chamber 

mounted on an Olympus BX51 upright microscope (Olympus America Inc., Center Valley, 

PA), where the slices were bathed in oxygenated Ringer’s solution. Neurons were visualized 

with infrared differential interference contrast via a Panasonic CCD video camera. 

Borosilicate glass pipettes (Harvard Apparatus, Holliston, MA) were pulled with a P-97 
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puller (Sutter Instrument, Novato, CA) such that the patch electrode had a resistance of 5–7 

MΩ. The electrical signals were amplified and filtered at 1 kHz with a MultiClamp 700B 

amplifier, converted through a DigiData 1322A, and recorded through pCLAMP 9.2 

software (Molecular Devices, Sunnyvale, CA).

Action potentials from layer 5 pyramidal neurons in the mPFC were recorded under current 

clamp mode with a current step protocol starting at −300 pA that increased from 20 steps at 

50-pA increments at 1500 ms duration. The patch pipette was filled with a K+-gluconate 

intracellular solution (in mM: 120 K+-gluconate, 20 KCl, 4 Na2ATP, 0.3 Na2GTP, 5 

Na2phosphocreatine, 0.1 EGTA, 10 HEPES, pH ~7.3). The access resistance of the 

recording was bridge-balanced, and the series resistance of the neuron was monitored and 

adjusted during recording through a −100 pA pulse at a duration of 150 ms. A baseline with 

vehicle was recorded, followed by bath application of LY39 at different concentrations of 

0.1, 0.3, 1.0, 3.0, or 10.0 µM for at least 5 minutes before recording the action potentials.

Saline- and MAM-treated juvenile rats (P15–P25) were used to record NMDAR-mediated 

miniature excitatory postsynaptic currents (mEPSCs). One hour after a saline or LY39 

injection, animals were anesthetized, and brains were removed. Cs+-intracellular solution (in 

mM: 110 D-gluconic acid, 110 CsOH, 10 CsCl2, 1 EGTA, 1 CaCl2, 10 HEPES, 1 Mg-ATP 

at pH 7.3 adjusted with CsOH and 5 QX-314) was used in order to block sodium and 

potassium channels. Under the voltage clamp mode, NMDAR-mEPSCs were recorded with 

the membrane potential held at +60 mV in the presence of TTX (0.5 µM), picrotoxin (100 

µM) and AMPAR antagonist 6,7-dinitroquinoxaline-2,3-dione (DNQX, 20 µM). A 5-min 

stable baseline EPSC was recorded from each cell to ensure the reliability of the recording, 

and then the recording was continued for another 5 min under each condition. The series 

resistance was compensated and constantly monitored with an injection of −100 pA current 

pulse (150 ms duration).

MAM model of SCZ and cross-maze behavioral testing

Saline- and MAM-treated male juvenile rats (P21) were treated with LY39, and divided into 

four groups with initially 12 male rats in each group. The saline-saline (SS) and MAM-

saline (MS) groups received five consecutive daily i.p. injection of saline from P21 to P25 

between 10:00 and 11:00 AM, whereas the saline-LY39 (SL) and MAM-LY39 (ML) groups 

received daily injections of 0.3 mg/kg LY39 at the same time each day. The animals grew to 

adulthood (P90) for the behavioral test.

For the cross-maze test, adult saline- and MAM-treated animals were food restricted for two 

weeks before the cross-maze test. Twelve to fourteen grams of standard chow were provided 

daily. Animals were weighed 5 days/week, and they were maintained at no lower than 85% 

of their original body weight. A cross-maze box with four arms, including two white 

(smooth/rough) and two black (smooth/rough) arms, and four food wells at the ends of each 

arm, was used to assess PFC-dependent cognition (Stefani et al., 2003; Jeevakumar et al., 

2015). During the task, frosted cheerios were used as the food reward. Animals were 

habituated to the maze for four consecutive days, which included exploration and getting 

accustomed to being placed in a start arm and turning right or left for a food reward. The set-

shifting test is then conducted over two consecutive days. On the first day of testing (Set 1), 
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rats are trained to a criterion performance level (8 consecutive successful trials) on 

brightness (black vs. white maze arms) discrimination. On the following day, the rats are 

trained to the alternative discrimination strategy, texture (rough vs. smooth arms, Set 2) for 

80 trials, regardless of performance level. The outcome measure for day 1 is the number of 

trials and time to criterion, while these same parameters along with the total percentage of 

correct trials over 80 trials were evaluated for Set 2. Only animals that finished the task to 

completion, with a full set of results were included in the data analysis. Outliers were 

excluded from the data set, which included animals that fell three standard deviations from 

the mean and those that did not complete the task. This resulted in a n=8 per group.

Data analysis

For Western blotting, the relative expression of proteins was evaluated by measuring the 

optical density with the NIH Image J Pro software. The densitometry of total protein was 

normalized to actin, whereas phosphorylation of protein was normalized to its respective 

total protein level. Data that was non-normal based normality testing was further probed for 

possible outliers (z-score: ±3). Any identified outliers were excluded from the data set due to 

poor band quality or experimental errors.

For electrophysiological recordings, data were analyzed with Clampfit 9.2 (Molecular 

Devices, Sunnyvale, CA). To analyze the drug effects on neuronal excitability, a typical 

action potential was selected to create a sample template, and then spike numbers within 

each current step were automatically counted by the software. Similarly, a typical AMPAR-

mediated sEPSC or an NMDAR-mediated mEPSC was selected to create a template, and 

then mEPSCs within each 5-min recording were detected by the Clampfit software with a 

template match threshold setting at a medium of 5 (range 1–9). All detected events were 

manually visualized and checked to ensure the reliability of the method. The mEPSC 

frequency (number of events) was normalized to events per second (Hz), and the mEPSC 

amplitude was measured from the onset to the peak of the events.

All data are presented as mean ± standard error. Data between two groups were analyzed 

with unpaired Student’s t-tests (with equal variances) or F-test (with unequal variances). 

Comparisons of multiple groups were carried out with ANOVA with SPSS followed by 

Tukey’s post hoc test to compare between individual groups. Statistical analysis was 

performed using GraphPad 5.0 (GraphPad Software Inc., La Jolla, CA) and a p-value <0.05 

was considered statistically significant.

Results

Prenatal MAM treatment induces NMDAR misexpression in the juvenile rat PFC

First, we examined protein levels of NMDAR subunits and two major phosphorylation sites 

of NR2B, pNR2BTyr1472 (Y1472) and pNR2BSer1303 (S1303). These two 

phosphorylation sites have been reported to be mainly involved in NMDAR synaptic 

insertion (Y1472) and functional enhancement (S1303) (Hallett et al., 2006; Chen and 

Roche, 2007; Li et al., 2009; Petralia et al., 2009; Mao et al., 2011). MAM- and Saline-

treated pups at P21 were used for protein assessment. In PFC synaptosomal fractions of 
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juvenile MAM animals, there was a significant decrease in NR2B protein levels and a 

significant increase in pNR2BTyr1472 (Y1472) compared to the saline control (n=3–5 rats 

for both Saline and MAM after 1 or 2 outliers were excluded from the analysis; t(8)=3.915, 

p=0.011 for NR2B and t(5)=5.537, p=0.003 for pNR2BTyr1472; Fig. 1). No difference in 

protein levels was found for NR1, NR2A or pNR2BSer1303 (S1303) (t(8)=0.110, p=0.918 

for NR1; t(8)= − 0.590, p=0.587 for NR2A; t(5)=0.840, p=0.936 for pNR2B; respectively). 

These results indicated that MAM exposure induced an NMDAR misexpression in the PFC 

at the juvenile time point, which is consistent with our recent report in the hippocampus 

(Snyder et al., 2013). Furthermore, the misexpression seems to be selective to the NR2B 

subunit.

LY39 in Saline-treated animals has no effect on NMDAR expression but rescues the 
misexpression of NMDARs in MAM-exposed rat PFC

In our recent study, we reported that LY39 was very effective in regulating the expression 

and function of NMDARs in normal adult rat PFC in a dose-dependent manner (Li et al., 

2015b). We, therefore, wondered whether LY39 had similar effects on NMDAR expression 

in juvenile saline-treated rats and whether this treatment was able to rescue the dysregulation 

of NMDARs in MAM-exposed rats. As shown in Figure 2A, we observed no significant 

effect of LY39 treatment in Sal or MAM on the expression of NR1 (Two-way ANOVA, main 

effect of exposure, F(1,26)=0.12, p=0.913) and no dose-dependent effect of LY39 treatment 

(main effect of dose, F(3,26)=0.667, p=0.580). While the protein level of NR2A showed a 

significant main effect of LY39 dose (Two-way ANOVA, F(3,26)=3.177, p=0.041), there was 

no exposure effect (Two-way ANOVA, F(1,26)=0.177, p=0.677). Post-hoc test exhibited a 

marginally significant change in Sal-exposed animals but not in the MAM-exposed group 

(Sal-exposed: One-way ANOVA, F(3,13)=3.381, p=0.0512. MAM-exposed: One-way 

ANOVA, F(3,13)=0.907, p=0.464). Interestingly, we found that both exposure and treatment 

had significant effects on the levels of NR2B (Two-way ANOVA, the main effect of 

exposure: F(1,26)=8.599, p=0.007; the main effect of dose: F(3,26)=5.803, p=0.004). Due to 

the significant interaction effect between exposure and dose (F(3,26)=4.999, p=0.007), we 

performed a simple-effect test. Statistic results indicated that in the MAM-exposed group, 

NR2B exhibited a significant dose-dependent increase (MAM-Sal vs MAM-LY0.3, 

p=0.039; vs MAM-LY1.0, p=0.002; vs MAM-LY3.0, 1.94±0.89, p<0.000). Meanwhile, 

treatment of LY39 at 3.0 mg/kg had significant stronger effect compared with 0.3 mg/kg 

(p=0.004) and 1.0 mg/kg (0.049). However, this effect was not found in the Sal-exposed 

group (p>0.05 for all). Also, we observed that 3.0 mg/kg LY39 had significantly stronger 

effect in the MAM-exposed group compared with a Sal-exposed group (p<0.0001). In 

contrast, both NR2B phosphorylation sites, Y1472 and S1303, were not affected by either 

exposure or different doses of LY39 (Y1472: Main effect of exposure, F(1,23)= 0.001, 

p=0.979, main effect of dose, F(3,23)=1.69, p=0.197, interaction effect, F(3,23)=2.768, 

p=0.065. S1303: Main effect of exposure, F(1, 23)=0.018, p=0.894, main effect of dose, 

F(3,23)=1.094, p=0.371, interaction effect, F(3,23)=0.116, p=0.950; Figure 2B). These data 

suggest that LY39 is effective in reversing juvenile NMDAR dysregulation in the PFC of 

MAM-exposed rats, and that juvenile rats exhibited a distinct sensitivity to LY39 in a state-

dependent manner.
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In vivo treatment of LY39 exhibited dose-dependent effects on NMDA-mEPSCs in Saline- 
and MAM-treated juvenile rats

LY39 effectively reversed the downregulation of NR2B in MAM-exposed rats while 

exhibiting no effects on saline-treated animals. We examined this observation by the in vivo 
treatment of saline-treated juvenile rats with a high dose of LY39 (3.0 mg/kg) and then 

recorded NMDAR-mediated mEPSCs. Consistently, we found no significant differences in 

NMDA-mEPSC amplitude, frequency, and 63% decay time between the LY39- and saline-

treated groups (n=14 for Sal-Sal and n=12 for Sal-LY39, t(24)=0.204, 0.123, 0.740 for 

amplitude, frequency, and 63% decay respectively; p>0.05 for all comparisons; Figure 3A 

and B). These results support our protein level data detected by Western blot (Figure 2).

We further examined whether a lower dose of LY39 in vivo, which was able to revert NR2B 

protein loss in MAM animals would have different effects on NMDA-mEPSCs in Saline and 

MAM-treated animals. Prenatal MAM exposure did not affect the amplitude of NMDA-

mEPSCs (Sal-Sal vs MAM-Sal; t(15)=0.626, p=0.541) but induced a trend of decrease in 

mEPSC frequency (t(15)=1.88, p=0.078). Surprisingly, we found that LY39 (0.3 mg/kg, i.p.) 

treatment for one hour significantly decreased the amplitude of NMDA-mEPSCs in both 

Saline and MAM animals (Two-Way ANOVA, treatment F(1,30)=10.28, p=0.003. Post-hoc: 

Sal-Sal vs Sal-LY: t(16)=2.54, p=0.032; MAM-Sal vs MAM-LY: t(14)=2.21, p=0.044; Figure 

4). LY39 treatment also reduced the frequency of NMDA-mEPSCs in Saline animals, but the 

reduction was not statistically significant, and LY39 had no effect in MAM animals (Two-

Way ANOVA, treatment F(1,30)=1.12, p=0.282. Post-hoc: Sal-Sal vs Sal-LY: t(16)=1.84, 

p=0.084; MAM-Sal vs MAM-LY: t(14)=−0.574, p=0.582; Fig. 4B). These findings are 

partially consistent with the protein levels and phosphorylation state of NMDAR subunits 

exhibited in Figures 1 and 2.

Subchronic treatment with LY39 in juveniles successfully reversed the learning deficits 
and cognitive flexibility impairment induced by prenatal MAM exposure in adulthood

SCZ is a chronic developmental disorder, with cognitive impairments usually presenting 

during the juvenile period and persisting into adulthood. Therefore, we proposed that 

juvenile MAM-treated rats would exhibit cognitive impairments in comparison to saline 

controls. Furthermore, since the administration of LY39 at a dose of 0.3 mg/kg effectively 

reversed the dysregulation of NMDAR protein levels induced by prenatal MAM exposure in 

the juveniles, we hypothesized that subchronic treatment of LY39 in juvenile MAM-exposed 

rats could be effective in reversing the cognitive impairment in adulthood. To test this 

possibility, we used a cross-maze based set-shifting task (Stefani et al., 2003) to examine 

whether deficits in cognitive flexibility could be restored by treatment with LY39 during the 

juvenile period.

As shown in Figure 5, we recorded the results on both Set 1 and Set 2 experiments. In Set 1, 

MAM-saline rats required a significantly greater number of trials and more time to reach 

criterion, i.e., 8 consecutive correct trials (n=8 for all groups; F(1, 31)=34.5, p<0.05 for all 

comparisons; Fig. 5A and B), suggesting a learning deficit. With LY39 treatment, this 

impairment was effectively reversed (t(14)=1.872, p>0.05 MAM-LY vs. Sal-Sal). No 

significant differences were observed between saline-saline and saline-LY39 groups 
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(t(14)=0.073, p>0.05). Since animals need to shift the reward discrimination from brightness 

(Set 1) to texture (Set 2), the performance in Set 2 is an indicator how efficiently animals can 

shift their strategy to obtain a reward (i.e., cognitive flexibility). MAM-saline animals 

required a greater number of trials to reach criterion in Set 2. This set-shifting deficit was 

ameliorated by treatment with LY39 (p>0.05 MAM-LY vs. Sal-Sal). However, MAM-saline 

rats did not show impairments in total time or total correct percentage across trials (Fig. 5C, 

D, E), suggesting that adult MAM-exposed rats did not exhibit a general disruption of 

performance. Therefore, these results suggest that MAM exposure induces an impairment of 

learning as well as cognitive flexibility that persists through adulthood, and juvenile LY39 

treatment effectively rescues performance.

Furthermore, Figure 6 displays the animals’ learning progress and provides a clear 

illustration of their performance. The MAM-treated animals took a significantly longer time 

to reach criterion, demonstrating an average of 35–40 trials, whereas saline-treated animals 

reached criterion after only 25 trials (the third time bin). It is therefore expected to see a 

significant difference in the third block because this block contained trials 17 to 24 but no 

differences in performance after this point, since the total amount of correct trials was not 

significantly different (one-way ANOVA, F(1, 31)=2.420, Saline-Saline vs. Saline-LY39 

p=0.008, vs. MAM-saline p=0.002, and vs. MAM-LY39 p>0.05; Fig. 6). There is significant 

improvement between each block from block 1 to block 4 in all four groups (p<0.05) and all 

animals reach >90% correct responding after block 4. However, in blocks 8 and 9, MAM-

treated rats showed lower though not significantly reduced the correct percentage of 

responses compared with the other three groups. The specific mechanism of this 

phenomenon is unclear, but it is possible that MAM-treated rats had an increased 

preservation to a previously learned discrimination rule in Set 1 (Stefani et al., 2003).

After behavioral testing, we collected the brain from all participating animals in order to 

assess protein levels of NMDAR subunits and phosphorylation at NR2B. As shown in 

Figure 7, in adulthood, MAM-exposed animals did not exhibit differences in levels of 

NMDAR subunits and phosphorylation sites of NR2B (NR1: t(8)=−1.03, p=0.335; NR2A: 

t(8)=−0.731, p=0.486; NR2B: t(8)=0.391, p=0.706; pNR2B-Y1472: t(8)=0.174, p=0.866; 

pNR2B-S1303: t(8)=−0.309, p=0.765). LY39 treatment during the juvenile stage also did not 

alter the protein levels of any NMDAR subunits or phosphorylation of NR2B in adult saline 

or MAM animals (Two-Way ANOVA treatment, NR1: F(1,16)=0.431, p=0.521; NR2A: 

F(1,16)=0.005, p=0.943; NR2B: F(1,16)=1.342, p=0.264; pNR2B-Y1472: F(1,16)=2.66, 

p=0.122; pNR2B-S1303: F(1,16)=1.29, p=0.273; Figure 7). Overall, protein expression of 

NR1, NR2A, NR2B, pNR2B-Y1472, and pNR2B-S1303 was comparable among the groups, 

neither affected by prenatal MAM-exposure nor by treatment with LY39 during juvenile 

development. These results suggest that NMDAR subunit expression in adult MAM rat PFC 

is normalized by either a compensative mechanism during development or the LY39 

treatment during juvenile period.

Discussion

In this study, we tested the hypothesis of whether early treatment with a novel mGluR2/3 

targeting compound, LY39, would be effective in ameliorating cognitive impairment in a 
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neurodevelopmental model of SCZ through correction of NMDAR dysfunction. We found 

that gestational MAM exposure induced a significant decrease of NR2B subunit expression 

and increased NR2B phosphorylation at residue Y1472 in the juvenile rat PFC. Treatment 

with LY39 did not induce any significant changes in NMDAR subunit expression or NR2B 

phosphorylation in the juvenile saline-treated rat PFC, but significantly reversed the total 

protein levels of NR2B and Y1472 phosphorylation in juvenile MAM-treated rat PFC. More 

importantly, subchronic treatment with LY39 in juveniles effectively rescued MAM-induced 

learning and cognitive flexibility deficits when the animals were tested in adulthood with a 

cross-maze based set-shifting task. In adulthood, MAM-induced NMDAR subunit levels and 

NR2B phosphorylation in the PFC were normalized following juvenile LY39 treatment.

Our findings are interesting and important in several aspects. First, our data provide solid 

evidence that targeting the glutamatergic system at an early stage of the disease is a plausible 

approach to prevent the progression of SCZ, especially in regards to learning and cognitive 

flexibility impairments that may be directly derived from the early dysfunction of NMDARs. 

SCZ is a neurodevelopmental disorder characterized by a dysfunctional neuronal circuitry 

and synaptic functioning that likely occurs during the early stages of the disease (Insel, 

2010). By the time of diagnosable onset, typically due to the observable prominent 

psychosis, the neuronal circuit has been hard-wired (Cannon, 2015). For this reason, early 

intervention would be a plausible and therapeutically relevant approach. We tested this by 

treating juvenile MAM-exposed rats with LY39 and examining cognitive deficits in 

adulthood. We found that MAM-treated rats exhibited impaired learning as well as cognitive 

flexibility compared to the saline controls when tested with the cross-maze task. 

Interestingly, juvenile LY39 treatment completely corrected the cognitive deficits induced by 

MAM exposure. In this case, LY39 administration during the juvenile stage resulted in adult 

MAM animals behaving similarly to saline-treated controls for the behaviors tested with the 

cross-maze task.

Similar to the Wisconsin card sorting test used for patients, the cross-maze based set-shifting 

task is designed to test learning and cognitive flexibility in the face of changing dimensions 

(Stefani et al., 2003). In our study, MAM-treated animals required a greater number of trials 

and more time to learn the test in Set 1, and greater number of trials to shift this rule in Set 2, 

indicating deficits in both learning and cognitive flexibility. This finding is in agreement 

with disrupted PFC function in MAM-treated animals (Gourevitch et al., 2004; Flagstad et 

al., 2005; Lavin et al., 2005; Moore et al., 2006), and the increased perseveration with PFC 

lesions (Dias et al., 1996). MAM-treated rats had an increased perseveration to the previous 

dimension and therefore required more trials to shift to a new discrimination. However, there 

was no significant difference in correct percentage among the MAM-treated animals and the 

other groups, suggesting that the deficit in set-shifting ability was not due to a deficient 

generalized performance and memory capacity. Once MAM-treated rats acquired the skills, 

they can perform the task successfully afterward (Featherstone et al., 2007). LY39 treatment 

effectively reversed the learning deficit induced by MAM exposure, indicating a potential 

use of LY39 as an antipsychotic capable of treating learning and cognitive impairments. 

These results are in support of previous reports, in which mGluR2/3 agonists also reversed 

some cognitive deficits induced by NMDAR blockade in adult animals (Moghaddam and 

Adams, 1998; Nikiforuk et al., 2010; Meltzer et al., 2013; Valsamis et al., 2014).
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Given the significant effects of mGluR2/3 agonists on NMDAR expression and function in 

the adult rat PFC (Xi et al., 2011; Li et al., 2015b), one of the major concerns of this 

undertaking was the potential side effects. However, LY39 did not have significant effects on 

the expression of NMDAR subunits and limited effects on NMDA-mEPSCs in saline-treated 

animals (Fig. 3 and 4). LY39 also had no effect on neuronal excitability in vitro in naïve 

juvenile rat PFC pyramidal neurons (Fig, S1 and S2)), indicating a limited negative effect. 

This finding appears to be contrary to our other finding in the adult rat PFC in which LY39 

at a dose of 3.0 mg/kg induced significant increases in protein levels of NMDAR subunits 

and NR2B phosphorylation (Li et al., 2015b). The mechanism associated with this 

ineffective or limited action on the NMDAR in juvenile animals is not yet fully understood, 

but it is speculated to be attributable to the differential distribution of mGluR2 and mGluR3 

in prefrontal synapses and receptor sensitivity to the drug across age cohorts (Petralia et al., 

1996; Tamaru et al., 2001; Li et al., 2015a).

However, these findings are in agreement with our other results exhibited in Figures 1 and 2, 

at least partially. In Figure 2, LY39 had no effects on saline animals, but significantly 

increased NR2B protein and decreased Y1472 phosphorylation in a dose-dependent manner 

in MAM animals. This finding could explain why LY39 had a dose-dependent effect on 

NMDA-mEPSCs in saline animals. At a relatively low dose of 0.3 mg/kg, LY39 decreases 

glutamate release pre-synaptically, as indicated by a reduction of NMDA-mEPSC amplitude 

and frequency (Fig. 4); whereas at a high dose of 3 mg/kg, LY39 had no effects (Fig. 3). 

Reduced NR2B in MAM-Sal animals may boost Y1472 phosphorylation to increase 

synaptic insertion to the cell membrane as compensation for the loss of NMDAR function 

(Fig. 1), and thus LY39 exhibited no change in NMDA-mEPSC amplitude (post-

synaptically) but a trend of decreased frequency due to a decreased number of NR2B-

containing NMDARs in the synapses. LY39 at 0.3 mg/kg was unable to rescue the mEPSCs 

in MAM animals (MAM-LY39), which may be attributable to the reduced Y1472-mediated 

synaptic insertion (Fig. 2 and 4), even though it can increase the total protein level of NR2B 

in MAM animals (Fig. 2).

Another important finding is the similar protein levels of NMDAR subunits and 

phosphorylation among all groups in the adult rat PFC. This normalized NMDAR subunit 

expression and phosphorylation in the MAM rat PFC is consistent with our previous reports 

(Snyder et al., 2013) as well as others’ (Hradetzky et al., 2012) in both the hippocampus and 

PFC of MAM-exposed rats. More importantly, our findings indicate that the NMDARs 

misexpression and phosphorylation and NMDARs dysfunction observed in juvenile MAM 

animals did not persist into adulthood although the mechanism for this normalization 

remains unclear. One possibility is that the NMDAR expression and function are 

compensatively normalized during development. In this case, treatment with LY39 may not 

be a direct effector for restoring the learning and cognitive deficits but acts as a modulator of 

other signaling pathway(s) such as GSK3β, as we recently reported (Xing et al., 2016). In 

fact, our previous study has reported that in the adult animal model of MK801 treatment for 

SCZ, mGluR2/3 agonist LY379268 could affect the NMDAR expression and function via 

regulation of GSK3β signaling. GSK3β has been identified as the only required molecule for 

both LTP and LTD induction (Peineau et al., 2007; Peineau et al., 2008; Peineau et al., 

2009), the neural correlates of cognitive function and memory. It is, therefore, possible that 
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LY39 treatment directly regulates the activity of GSK3β, which in turn, regulates the 

expression and function of NMDARs, and thus affect the NMDAR-dependent LTP and LTD 

process (see Figure S8 in Xing et al 2016).

Nevertheless, the rescue effect is likely due to decreased expression of mGluR2 in the PFC 

of the MAM-treated rats (Xing et al., unpublished observations). The lack of effect induced 

by LY39 on naïve or saline-treated animals is interesting and important; indicating that 

targeting mGluR2/3 or mGluR2 may have limited side-effects and would be well tolerated in 

SCZ patients, especially for early intervention. Indeed, this appears to be the case in clinical 

trials (Adams et al., 2013; Adams et al., 2014).

Studies on the effect of acute and chronic treatment of mGluR2/3 or mGluR2 agonists, as 

well as the effects on both normal and disease conditions, are still limited. A previous study 

reported that acute LY379268 treatment induced hyperlocomotor activity in phencyclidine 

and amphetamine models, but chronic treatment with LY379268 failed to replicate this effect 

(Galici et al., 2005). Given that drugs utilized in clinical patients are primarily administered 

chronically, whether the acute and subchronic effects of LY39 observed in this study can be 

replicated in chronic treatment remains to be explored. Several studies have already pointed 

out that mGluR2/3 agonists exhibit no significant effects on cognition in normal animals 

(Aultman and Moghaddam, 2001; Higgins et al., 2004; Schlumberger et al., 2009; Li et al., 

2015b), although with NMDAR blockade, these drugs would be able to reverse certain 

cognitive deficits (Moghaddam and Adams, 1998; Nikiforuk et al., 2010). These findings are 

consistent with our results in which LY39 has limited effect in normal juvenile rats. This 

finding highlights a hypothesis that the utility of mGluR2/3 agonists on cognitive function 

may be specific to conditions associated with NMDAR dysfunction (Nikiforuk et al., 2010; 

Li et al., 2015a; Li et al., 2015b).

In summary, SCZ is a neurodevelopmental disorder with an onset during late adolescence 

and early adulthood. It is, therefore, necessary to identify and treat the prodromal phase of 

the illness, which usually occurs during the juvenile period. Our results show that LY39 

administration during the juvenile period effectively reverses learning deficits in adulthood 

and provides promising insights into early intervention as an effective measure for treatment 

of cognitive impairments in SCZ. However, an important issue that should be considered is 

whether LY39 is also effective in dealing with cognitive dysfunction when treatment is 

conducted in older animals, such as adolescent, young adults, and even adult. To determine 

LY39’s prevention and treatment profiles, as well as the most effective therapeutic window 

of mGluR2/3 or mGluR2 agonists during different developmental periods, further studies are 

warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Prenatal injection of MAM (25 mg/kg, i.p.) induced NMDARs misexpression in the juvenile 

rat PFC. A, Representative Western blots of NMDAR subunits and NR2B phosphorylation 

sites Y1472 and S1303. B, Summary histogram shows the protein levels of NMDAR 

subunits and phosphorylation of NR2B in synaptic plasma membrane fractions from saline- 

and MAM-exposed animals at P21. There was a significant decrease in NR2B and a 

significant increase in pNR2BY1472 in MAM-exposed rats (*p<0.05; **p<0.01 compared 

with Saline controls).
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Figure 2. 
In vivo treatment with LY39 exhibits no effects on prefrontal NMDAR subunit expression 

and phosphorylation in saline-treated juvenile rats, but significantly reverses the 

downregulation of prefrontal NR2B in the MAM-exposed rat. A, Representative Western 

blots and summary histograms of saline control and LY39 administration at 0.3, 1.0, or 3.0 

mg/kg in saline-treated rats. LY39 at all three doses exhibited no effects on NMDAR subunit 

expression and NR2B phosphorylation (p>0.05 for all comparisons). B, Similar to those 

shown in Figure 1, NR2B and pNR2B-Y1472 in the MAM-SAL animals showed significant 

dysregulation compared to saline control, and LY39 reversed these dysregulations to 

baseline levels and rebound increases of NR2B at higher doses of 1.0 and 3.0 mg/kg 

(*p<0.05, **p<0.01). No significant differences were observed in NR1, NR2A and pNR2B-

S1303. Note: Sal-Sal, Sal-LY0.3, Sal-LY1.0, Sal-LY3.0 account for Saline animals treated 

with Saline, 0.3 mg/kg LY39, 1.0 mg/kg LY39, and 3.0 mg/kg LY39, respectively; and 

MAM-Sal, MAM-LY0.3, MAM-LY1.0, MAM-LY3.0 mean MAM animals with these 4 

treatments, respectively.
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Figure 3. 
LY39 (3.0 mg/kg) in vivo treatment induced no significant changes in NMDA-mEPSC in 

layer 5 pyramidal neurons in the normal juvenile rat PFC. A, Representative NMDA-

mEPSC traces of in vivo saline- and LY39-treated juvenile rats. B, Summary bar graphs of 

NMDA-mEPSC amplitude, frequency, and 63% decay time between in vivo saline-treated 

and LY39-treated groups. No significant differences were observed in all three parameters 

(n=14 for saline and n=12 for LY39; p>0.05 for all comparisons).
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Figure 4. 
LY39 (0.3 mg/kg, i.p.) in vivo treatment for one hour significantly decreases the amplitude 

and frequency of NMDA-mEPSCs in both saline and MAM animals. A, Representative 

NMDA-mEPSCs for each of four groups (Sal-Sal, MAM-Sal, Sal-LY39, MAM-LY39). 

Saline and LY39 injections (0.3 mg/kg, i.p.) were administered one hour before slice 

preparation for electrophysiology. B, Histograms depicting the effect of prenatal MAM 

exposure on the amplitude and frequency of NMDA-mEPSCs, as well as the effect of LY39 

in both saline and MAM animals following one-hour exposure. LY39 treatment significantly 

decreases the amplitude of NMDA-mEPSCs, regardless of group (p<0.05 for both Sal-Sal 

and MAM-Sal animals) but the amplitude is not affected by MAM exposure (p>0.05 vs Sal-

Sal). Prenatal MAM exposure and LY39 treatment reduce the frequency of NMDA-mEPSCs 

compared to Sal-Sal animals, but have no statistical significance (p>0.05 for both). LY39 

treatment does not affect the frequency of NMDA-mEPSCs in MAM animals (p>0.05 

MAM-SAL vs. MAM-LY39).
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Figure 5. 
Summary graphs of cross maze show an effective reversal of cognitive flexibility impairment 

by LY39 treatment in juveniles. A and B, MAM-Saline rats required a significantly greater 

number of trials and more time to reach criterion – 8 consecutive correct trials in Set 1, and 

0.3 mg/kg in vivo LY39 treatment during the juvenile period completely reversed the 

disruption (n=8 for each group, *p<0.05). C, D, and E, MAM-Saline animals required a 

significantly greater number of trials to reach criterion but did not show impairment in total 

time and total correct percentage in Set 2. Treatment with 0.3 mg/kg LY39 in vivo during the 
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juvenile period successfully reduced the trials to reach criterion to saline control level in the 

MAM-LY39 group (n=8 for each group, *p<0.05).
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Figure 6. 
A summary graph of correct percentage in each block in Set 2 of the cross-maze. Set 2 

contains 10 blocks, and each block contains 8 trials. MAM-Saline animals showed 

significantly lower correct percentage compared with Saline-Saline animals in block 3 (n=8 

for each group, *p<0.05). No significant differences were found in other blocks among all 

groups (p>0.05).
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Figure 7. 
In adulthood, MAM-exposed animals do not exhibit differences in NMDAR subunits and 

phosphorylation sites of NR2B in the PFC. Juvenile LY39 treatment (0.3 mg/kg, i.p., daily 

for five consecutive days) does not alter NMDAR subunits or phosphorylation of NR2B in 

both adult saline and MAM animals tested in adulthood. A, Representative Western blots of 

Saline-Saline, MAM-Saline, Saline-LY39, and MAM-LY39 treated animals for NMDAR 

subunits NR1, NR2A, and NR2B and phosphorylation of NR2B at residues Y1472 and 

S1303. B, Summary histograms show that protein levels of NR1, NR2A, NR2B, pNR2B-

Y1472, AND pNR2B-S1303 are not significantly affected by prenatal MAM-exposure, nor 

by treatment with LY39 during juvenile development in both saline and MAM animals (n=5 

rats for each group, p>0.05 for all groups).
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