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Abstract

Background—Cortical dopaminergic systems are critically involved in prefrontal cortex (PFC) 

functions, especially in working memory and neurodevelopmental disorders such as schizophrenia 

(SZ). Glycogen synthase kinase-3β (GSK-3β) is highly associated with cAMP-independent 

dopamine (DA) D2 receptor (D2R)-mediated signaling to affect DA-dependent behaviors. 

However, the mechanisms underlying the GSK-3β modulation of cognitive function via D2Rs 

remains unclear.
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Methods—We explored how conditional cell-type specific ablation of GSK-3β in D2R+ neurons 

(D2R-GSK-3β−/−) in the brain affects synaptic function in the medial PFC. Both male and female 

(P60-P90) mice, including 140 D2R−, 24 D1R−, and 38 DISC1-mice were used.

Results—We found that NMDAR function was significantly increased in layer V pyramidal 

neurons in mPFC of D2R-GSK-3β−/− mice, along with increased DA modulation of NMDAR-

mediated current. Consistently, NR2A and NR2B protein levels were elevated in mPFC of D2R-

GSK-3β−/− mice. This change was accompanied by a significant increase in enrichment of 

activator histone mark H3K27ac at the promoters of both Grin2a and Grin2b genes. In addition, 

altered short- and long-term synaptic plasticity, along with an increased spine density in layer V 

pyramidal neurons were detected in D2R-GSK-3β−/− mice. Indeed, D2R-GSK-3β−/− mice also 

exhibited a resistance of working memory impairment induced by acute injection of NMDAR 

antagonist MK-801. Notably, either inhibiting GSK-3β or disrupting the D2R-DISC1 complex 

was able to reverse the mutant DISC1-induced decrease of NMDAR-mediated currents in the 

mPFC.

Conclusions—Our study demonstrates that GSK-3β modulates cognition via D2R-DISC1 

interaction and epigenetic regulation of NMDAR expression and function.
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Introduction

The prefrontal cortex (PFC)-associated cognition is controlled by subpopulations of neurons 

that differentially express dopamine (DA) D1 receptors (D1Rs) and D2 receptors (D2Rs) 

with distinct projection targets (1–3). Dopaminergic control of PFC functions is also 

differentiated by the opposing D1R-mediated activation and D2R-mediated inhibition of the 

cAMP/PKA/DARPP-32 cascade (4, 5).

Recent studies have also identified glycogen synthase kinase 3β (GSK-3β) as a central 

signal integrator for DA-dependent responses, particularly D2R-mediated 

hyperdopaminergic behaviors (6–8). This cAMP-independent signaling pathway is critical 

for DA-targeting psychostimulants and antipsychotic drugs (6–9) and schizophrenia (SZ) 

pathophysiology (10, 11). However, a key impediment in understanding GSK-3β in DA-

dependent responses is that almost nothing is known about the cell-type specific 

consequences of disrupted GSK-3β signaling in the brain. Recently, we found that deletion 

of GSK-3β in D2R+, but not D1R+, neurons regulates antipsychotic-sensitive behaviors, as 

well as working memory (12); however, the mechanism of these divergent responses is 

unclear.

DA plays an essential role in modulating glutamatergic function, especially NMDAR-

mediated neurotransmission (13, 14) which is highly associated with synaptic plasticity 

relevant to SZ (15, 16). In particular, working memory and long-term recognition memory, 

both are impaired in SZ, depend on the activation of NMDARs (14). Importantly, we 

reported that activation of GSK-3β is required for hyperdopamine and D2R-induced 
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inhibition of NMDAR-mediated transmission in the PFC (17). GSK-3β also plays critical 

roles in both NMDAR-dependent long-term potentiation (LTP) and depression (LTD). 

Specifically, activation of GSK-3β impairs LTP and promotes LTD (18, 19). This raises the 

possibility that deficiency of GSK-3β in D2R+ neurons may alter DA modulation of 

glutamatergic signaling, particularly NMDAR-mediated responses. We found that global 

deletion of GSK-3β in D2R+ neurons is accompanied by epigenetic-mediated enhancement 

of NMDAR subunit expression concomitant with increased NMDAR function, alterations in 

LTP and LTD, and increased spine density in the mPFC. The GSK-3β knockout effects in 

D2R+ neurons were recapitulated with drug treatment, viral knockdown, and in DISC1 

mutant mice. Our findings reveal how D2R-GSK-3β signaling regulates cognitive function 

and provide a possible mechanism underlying NMDAR dysfunction in SZ pathophysiology.

Materials and Methods

Detailed methods and materials are described in the Supplemental Materials. Briefly, both 

male and female mice were used. For physiological recording and protein assay, see our 

previous study (17). Golgi-Cox impregnation was conducted with FD Rapid GolgiStain Kit 

(20). The set-shifting task was described in (21) and the dose of MK801 was referred from 

previous work (22).

Results

Genetic ablation of GSK-3β in D2R+ neurons increases NMDAR-, but not AMPAR-EPSCs

To examine how D2R-GSK-3β signaling affects excitatory synaptic transmission in the 

mPFC, we used transgenic mice in which GSK-3β is deleted in D2R+ neurons by crossing 

GSK-3βflox/flox mice with Drd2-Cre mice. This generated D2R-GSK-3β−/− mice and their 

GSK-3βflox/flox littermate controls (D2R-GSK-3β+/+). The expression patterns of Cre 

recombinase in D2Cre/+mice and the deletion of GSK-3β in D2R+ neurons were confirmed 

by immunostaining [refer (12) and Figure S1].

DA receptors express in all cortical layers (23, 24), particularly in layer V pyramidal 

neurons in the rodent PFC (25, 26). We thus focused on deep-layer pyramidal cells in the 

prelimbic region to study the effect of GSK-3β ablation on glutamatergic signaling. 

AMPAR- and NMDAR-sEPSCs and mEPSCs were recorded from P60–90 mice. 

Unexpectedly, neither AMPAR-sEPSCs nor mEPSCs was altered in D2R-GSK-3β−/− mice 

compared with control mice [(p > 0.05; Figure 1A, detailed statistics see Supplemental 

Results (SR)]. In contrast, the amplitudes, but not frequencies, of both NMDAR-sEPSCs and 

-mEPSCs, were increased in D2R-GSK-3β−/− mice (*p < 0.05; Figure 1B, SR). 

Consistently, the amplitudes of evoked NMDAR-EPSCs were significantly increased in 

D2R-GSK-3β−/− vs control mice (*p < 0.05; Figure S2, SR). In contrast, no alteration in 

NMDAR-sEPSCs and NMDAR-mEPSCs was detected in D1R-GSK-3β−/− mice (p > 0.05; 

Figure S3, SR), suggesting that deletion of GSK-3β specifically in D2R+ neurons affects 

NMDAR function in mPFC layer V pyramidal neurons.

We further examined NMDA/AMPA ratio change by recording evoked AMPAR- and 

NMDAR-EPSCs at −60 mV and +60 mV, respectively, from mPFC layer V pyramidal 
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neurons with a paired-pulse stimulation of layer II-III in the presence of GABAAR 

antagonist picrotoxin (50 μM). We found that D2R-GSK-3β−/− mice exhibited a larger 

NMDA/AMPA ratio vs. D2R-GSK-3β+/+ mice (** p < 0.01 for all, Figure 1C; SR), further 

confirming that deletion of GSK-3β in D2R+ neurons increases synaptic NMDAR function.

To determine how the increase in NMDAR-EPSCs in D2R-GSK-3β−/− mice affects short-

term plasticity, we evoked either AMPAR- or NMDAR-EPSCs with a 10-pulse 20-Hz train 

and calculated the paired-pulse ratios (PPRs). The amplitude of both AMPAR- and 

NMDAR-EPSCs exhibited short-term depression in D2R-GSK-3β−/− and control mice. The 

amplitude of the 1st NMDAR-EPSC was significantly increased in D2R-GSK-3β−/− mice vs. 

D2R-GSK-3β+/+ mice (**p < 0.01; Figure 1D, SR). However, the PPRs were not altered (p 

> 0.05 for all; Figure 1D). Furthermore, neither amplitude of the 1st AMPAR-EPSC nor 

PPRs from the 2nd to 10th AMPAR-EPSCs showed a significant difference between D2R-

GSK-3β−/− and controls (p >0.05 for all; Figure 1D), indicating no change in presynaptic 

release. The increase in NMDAR-EPSC amplitude was further evidenced by measuring the 

integrated areas of EPSCs as charge transfer. The NMDAR-, but not AMPAR-dependent, 

charge transfer was significantly enhanced in D2R-GSK-3β−/− mice (**p < 0.01 for NMDA 

and p > 0.05 for AMPA; Figure 1D, SR). These findings suggest that deletion of GSK-3β in 

D2R+ neurons increases NMDAR, but not AMPAR, function, which is likely due to 

postsynaptic mechanisms.

These findings in a global knockout of GSK-3β in D2R+ neurons were further confirmed by 

employing a selective deletion of GSK-3β in PFC neurons through bilaterally injecting a 

Cre-dependent AAV8-hSyn-Cre-mCherry or control AAV8-hSyn-GFP (27, 28) into the 

prelimbic region of GSK-3βflox/flox mice at P25 when brain is still developing. The GSK-3β 
protein levels were significantly reduced by ~40% in the mPFC with Cre-virus expressed in 

GSK-3βflox/flox mice for three weeks (Figure S4B)(29–31). We then recorded NMDAR-

EPSCs from fluorescence-labeled layer V pyramidal neurons from both Cre- and control 

virus-injected mice at P60. The amplitude of NMDAR-mEPSCs was significantly increased 

(*p < 0.05; Figure S4A and C, SR) in mCherry-labeled neurons, but the amplitude of 

sEPSCs and frequency of both sEPSCs and mEPSCs were unchanged (p > 0.05 for all; 

Figure S4 A and C). This data suggest that local ablation of GSK-3β in the PFC similarly 

potentiates NMDAR function.

NMDAR-mediated EPSC sensitivity to DA is altered in D2R-GSK-3β−/− mice

We and others have shown that DA exerts a bidirectional effect on NMDAR-EPSCs in the 

mPFC. Typically, NMDARs are enhanced by low-dose DA via activation of D1Rs, but are 

depressed by high-dose DA via D2Rs (17, 32–34). Since deletion of GSK-3β in D2R+ 

neurons caused an increase of NMDAR-EPSC amplitude, we examined how DA regulation 

of NMDARs is altered by investigating the sensitivity of NMDAR-EPSCs to different 

concentrations of DA. Baseline evoked NMDAR-EPSCs were elicited by stimulating layer 

II/III. As shown in Figure 1E, NMDAR-EPSCs were significantly increased by low dose DA 

(0.2 μM; *p < 0.05) and were further increased 10 min after washout (**p < 0.01; SR), 

whereas a medium dose of DA (20 μM) induced a slight increase in EPSC amplitudes (p 

>0.05). A high dose of DA (200 μM) significantly decreased the amplitude of NMDAR-

Li et al. Page 4

Biol Psychiatry. Author manuscript; available in PMC 2021 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



EPSCs (*p < 0.05). Surprisingly, the bidirectional effect of DA was significantly changed in 

D2R-GSK-3β−/− mice compared with their littermate controls; 0.2 μM DA induced a more 

robust enhancing effect than control animals (**p < 0.01 for both; #p < 0.05 for both), 

whereas the 200 μM DA-induced depressive effect completely disappeared in knockout 

animals and even showed a small, but not significant increase in NMDAR-EPSCs (p > 0.05). 

The effect of 20 μM DA on NMDAR-EPSCs was, however, unchanged in D2R-GSK-3β−/− 

mice (p > 0.05). These results indicate that blocking GSK-3β signaling selectively in D2R+ 

neurons increases NMDAR sensitivity to D1R-dependent responses while decreasing the 

sensitivity of NMDAR-mediated responses to D2R-dependent signaling, thus augmenting 

NMDAR-mediated synaptic transmission.

Both long-term synaptic plasticity and spine density are altered in D2R-GSK-3β−/− mice

Synaptic plasticity contributes to learning and memory, whereas GSK-3β plays a critical role 

in the regulation of both NMDAR-dependent LTP and LTD (18, 19, 35). Since both 

NMDAR function and NMDA/AMPA ratio were enhanced in D2R-GSK-3β−/− mice, we 

hypothesized that LTP is enhanced and/or LTD is decreased in the mPFC by knockout of 

GSK-3β in D2R+ cells. We utilized a 100 Hz, 100-pulse tetanus stimulation paradigm that 

has been shown to elicit LTP, and compared the slope of field excitatory postsynaptic 

potentials (fEPSPs) recorded from D2R-GSK-3β−/− mice and their littermate controls. As 

we and others reported previously (36, 37), the fEPSP slope was unchanged and thus no LTP 

was evident in control mice when recorded in the presence of intact GABAergic 

neurotransmission (p > 0.05 for both first and last 5 min post-tetanus). However, this high-

frequency stimulation paradigm significantly increased the slope of fEPSPs in D2R-GSK-3β
−/− mice (*p < 0.05; Figure 2A; SR), demonstrating that LTP was able to be induced and 

maintained in the mPFC.

Next, we tested whether LTD is also affected by using a low-frequency stimulation. The 

fEPSP slope was significantly decreased in D2R-GSK-3β+/+, demonstrating the sensitivity 

of these cells to LTD induction (*p < 0.05 for all; Figure 2B). In contrast, LTD could not be 

induced in D2R-GSK-3β−/− mice (p > 0.05 for all; Figure 2B; SR). We thus wondered 

whether the increase in LTP and disruption in LTD is accompanied by a change in spine 

density, which may contribute to enhanced cognitive function in D2R-GSK-3β−/− mice. The 

spine density in the apical dendrites of layer V, but not layers II-III, pyramidal neurons in 

D2R-GSK-3β−/− mice were significantly increased (p > 0.05 for layer II-III; **p < 0.01 for 

layer V; Figure 2C and 2D; SR). These results suggest that GSK-3β in D2R+ neurons play 

an important role in neuronal plasticity in the mPFC.

Ablation of GSK-3β in D2R+ neurons increases NMDAR protein levels via enrichment of 
H3K27ac and HDAC2 at the proximal promoter region of NMDARs subunit genes

To determine whether functional changes in NMDAR neurotransmission are accompanied 

by alterations in receptor expression, we examined total protein levels of both NMDARs and 

AMPARs. Both NR2A and NR2B subunits (*p < 0.05), but not NR1 subunit (p > 0.05), 

were significantly increased in D2R-GSK-3β−/− mice (Figure 3A; SR). Interestingly, GluR1 

and GluR2 subunits were also unaffected in D2R-GSK-3β−/− mice (p > 0.05 for both; Figure 

3A). We and others have reported that GSK-3β is involved in AMPAR tracking in PFC 
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cultured neurons (38, 39). However, we did not detect significant changes of either surface 

or intracellular GluR1 and GluR2 subunits analyzed with cross-linker BS3 in D2R-GSK-3β
−/− mice, indicating that AMPAR subunit trafficking was not affected (p > 0.05 for all; 

Figure S5; SR). Consistently, bath application of selective NR2B antagonist Ro25–6981 (0.5 

μM) decreased evoked NMDAR-EPSC amplitude by ~50% in D2R-GSK-3β−/− mice 

compared with a ~30% decrease in control mice, indicating more NR2B subunits in D2R-

GSK-3β−/− mice. Additionally, the remaining NMDAR-EPSC amplitude after Ro 25–6981 

treatment was significantly higher in D2R-GSK-3β−/− mice vs. control mice (*p < 0.05 for 

both; Figure S6; SR). These results suggest that NR2A and NR2B expression were 

specifically enhanced in D2R-GSK-3β−/− mice, consistent with the NMDAR functional 

change, and alterations detected in spine morphology.

GSK-3β is reported to be involved in gene expression via histone modifications. 

Specifically, GSK-3β promotes phosphorylation of several histone deacetylases (HDACs) to 

modulate their activity (40, 41) that is associated with cognitive processes (42, 43). We thus 

evaluated whether epigenetic mechanism is involved in up-regulating NMDAR subunit 

expression in D2R-GSK-3β−/− mice by examining the protein levels of HDAC2 and HDAC4 

as both are closely related to synaptic plasticity (42, 44). We found that HDAC2 was 

decreased while HDAC4 was increased in D2R-GSK-3β−/− mice (*p < 0.05 for both; Figure 

3B, SR). HDACs regulate histone acetylation by removing acetyl groups from histones, 

resulting in reduced permissivity of gene expression. Thus, we further examined levels of 

acetylation at specific sites on the histone H3 tail, which, when elevated at certain residues, 

can enhance gene expression. As shown in Figure 3B, D2R-GSK-3β−/− mice exhibited 

increased levels in H3K27ac and H3K18ac (*p < 0.05 for both), but not H3K9ac (p > 0.05), 

compared with control mice. This data indicate that the increase of NMDAR subunit 

expression in D2R-GSK-3β−/− mice may be attributed in part to site-specific enrichment of 

acetylation on the histone H3 tail.

To examine whether enhanced H3 acetylation and altered HDAC protein expression are 

specific to NMDAR subunit expression, we carried out ChIP-qPCR assays to measure the 

enrichment levels of H3K27ac and HDAC2 at the proximal promoter regions (PR1) of the 

Grin1 (NR1-encoding), Grin2a (NR2A-encoding) and Grin2b genes (NR2B-encoding). We 

found a significant increase in enrichment of H3K27ac at both the Grin2a and Grin2b, but 

not Grin1, PR1 sites in D2R-GSK-3β−/− mice mPFC compared with D2R-GSK-3β+/+ (*p < 

0.05; **p < 0.01; Figure 3C left; SR). In addition, the PR1 site of Grin2b, but not Grin2a or 

Grin1, had a significant decrease in HDAC2 enrichment in D2R-GSK-3β−/− mice mPFC (*p 

< 0.05; Figure 3C right, SR). The reduced enrichment of HDAC2 protein is specifically 

associated with increased H3K27ac levels at the Grin2b PR1 site, but not at the Grin2a PR1 

site. Together, these results suggest that increased enrichment of activation marker H3K27ac 

at both the Grin2a and Grin2b promoter regions may contribute to elevated NR2A and 

NR2B protein levels in D2R-GSK-3β−/− mice.

D2R-GSK-3β−/− mice show resistance to MK801-induced cognitive deficits

We further evaluated whether the increase in NMDAR function and expression induced by 

deletion of GSK-3β in D2R+ neurons contributes to an improvement in cognitive function. 
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MK-801 as an NMDAR antagonist has been widely used to model the cellular and 

behavioral effects of NMDAR hypofunction reported in SZ (45, 46). MK-801 impaired 

learning and memory in different tasks (47–50). Importantly, DA and GSK-3β are both 

involved in regulating the NMDAR antagonist-induced impairment in learning and memory 

(13, 51). Therefore, we used MK-801 to induce cognitive dysfunction as measured by an 

attentional set-shifting task (21) and then examined whether deletion of GSK-3β in D2R+ 

neurons decreases cognitive deficits known to be induced by MK-801. D2R-GSK-3β−/− 

mice and their littermate controls were treated with MK-801 (D2R-GSK-3β−/− MK-801 and 

D2R-GSK-3β+/+ MK-801) or saline (D2R-GSK-3β−/− saline and D2R-GSK-3β+/+ saline). 

The number of trials to reach criterion for D2R-GSK-3β+/+ mice showed a significant 

group-treatment interaction effect (two-way ANOVA, F = 6.28, *p < 0.05; Figure 4A). 

Further main effect analysis also showed significantly increased trial number in D2R-

GSK-3β+/+ MK-801 mice vs. saline-treated D2R-GSK-3β+/+ and D2R-GSK-3β−/− mice (*p 

< 0.05 for both; Figure 4A; SR), demonstrating an expected MK-801-induced cognitive 

deficit in wild-type animals. As we hypothesized, MK-801-treated D2R-GSK-3β−/− mice 

required fewer trials to reach criterion compared to MK-801-treated D2R-GSK-3β+/+ mice 

(*p < 0.05; Figure 4A). We did not detect significant differences in perseverative, regressive 

and never reinforced errors between D2R-GSK-3β−/− mice and their littermate controls (p > 

0.05 for all; Figure. 4B; SR). In contrast, there was no difference in trial number between 

D1R-GSK-3β+/+ and D1R-GSK-3β−/− mice, neither treated with MK-801 nor saline (p > 

0.05 for both; Figure S7; SR). These results demonstrate that deletion of GSK-3β in D2R+, 

but not D1R+, neurons ameliorated MK801-induced cognitive impairment.

Disrupting D2R-DISC1 complex-mediated GSK-3β signaling underlies up-regulating 
NMDAR in D2R-GSK-3β−/− mice

The selective alteration of NMDARs in D2R-, but not D1R-, GSK-3β−/− mice is of 

particular interest. It has reported that DISC1 forms a complex with D2Rs, but not D1Rs, to 

modulate GSK-3β signaling (52). Further, DISC1 knockdown significantly increased 

NMDAR-EPSCs and protein expression (53), suggesting a negative regulation of NMDARs 

by DISC1. Therefore, we proposed that genetic ablation of GSK-3β in D2R+ neurons will 

disrupt the D2R-DISC1 complex, which in turn results in upregulation of NMDAR 

expression and function. We utilized an inducible Myc-fused mutant human DISC1 mouse 

(hDISC1) (54) to test the hypothesis. Mutant hDISC1 protein was detected by anti-Myc 

antibody in mutant mice but not in wild-type mice (Figure S8). We then examined both 

GSK-3β activity and NMDAR expression in these animals. Interestingly, we found a 

decreased pGSK-3β-Ser9, increased pGSK-3β-Tyr216 (**p < 0.01 for both), and no change 

in total GSK-3β level (p > 0.05; Figure 5A; SR) in mutant hDISC1 mice. Since GSK-3β 
activity is down-regulated by pGSK-3β-Ser9 and up-regulated by pGSK-3β-Tyr216, these 

results indicate an enhanced GSK-3β activity in mutant hDISC1 mice (55). Consistently, 

there was a significantly decreased NR2B protein (*p < 0.05), but no change in NR2A and 

NR1 levels (p > 0.05 both; Figure 5A; SR) in mutant hDISC1 mice.

Further, the decrease in NR2B expression was accompanied by an attenuation of NMDAR 

function. Specifically, the amplitude (**p < 0.01), but not frequency (p > 0.05) of NMDAR-

mEPSCs was significantly decreased (Figure 5B; SR) in mutant hDISC1mice. However, 
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there was no significant change in NMDAR-sEPSCs (p > 0.05 for both amplitude and 

frequency; Figure 5B and S9), nor in AMPAR-sEPSCs and AMPAR-mEPSCs between 

mutant hDISC1 mice and controls (data not shown, p > 0.05 for all; SR). Together, these 

results suggest that mutant hDISC1 specifically and negatively affects NMDAR 

neurotransmission due to an increase in GSK3β activity.

As we (20) and others (56) recently reported, GSK-3β activity exhibits a critical 

developmental window during the juvenile period and inhibition of GSK-3β effectively 

prevented both physiological changes and behavioral phenotypes in animal models for SZ. 

To further confirm that the mutant hDISC1-induced increase of GSK-3β activity also 

contributes to the down-regulation of NMDAR function during cortical development, we 

treated mutant hDISC1 mice with a selective GSK-3β inhibitor during juvenile period, as 

previously reported (20, 56). We then examined NMDAR-EPSCs in adult mice. Specifically, 

mutant hDISC1 mice received once-daily I.P. injections of SB216763 or saline beginning at 

P25 for 5 consecutive days (20). As shown in Figure 5C and S9, in vivo SB216763 

injections rescued the reduced NMDAR-mEPSC amplitude in mutant hDISC1 mice (p > 

0.05 for both sEPSCs frequency and amplitude; p > 0.05 for mEPSCs frequency; **p < 0.01 

for mEPSCs amplitude; SR). This result suggests that reversing GSK-3β activity at early 

developmental period is key to normalize NMDA function.

D2R can interact with DISC1 through its third intracellular loop, and an increase of D2R-

DISC1 complexes are detected in both postmortem brain tissues of SZ and Disc1-L100P 

mutant mice (52). Since D2R levels are increased in mPFC of mutant hDISC1 mice (57), we 

hypothesized that mutant hDISC1-induced decrease in NMDAR function was attributable to 

the increased D2R-DISC1 interaction, which resulted in enhanced GSK-3β signaling. We 

tested this possibility by disrupting D2R-DISC1 complex with TAT-D2pep [K211-T225], a 

peptide that effectively disrupted D2R interaction with DISC1 (9, 52). Mutant hDISC1 mice 

received once-daily I.P. injections of TAT-D2pep [K211-T225; 10 μM) or scrambled control 

peptide (D2pep-sc; 10 μM) beginning at P25 for 5 consecutive days. Similar to treatment 

with GSK-3β inhibitor described above, TAT-D2pep [K211-T225] reversed the decreased 

amplitude of NMDAR-mEPSCs in mutant hDISC1 mice compared with the scrambled 

control peptide (D2pep-sc) (**p < 0.01 for mEPSCs amplitude; Figure 5D and S6). In 

addition, TAT-D2pep [K211-T225] caused a significant decrease of NMDAR-sEPSC 

frequency (*p < 0.05) (p > 0.05; Figure 5D and S9; SR). This finding suggests that TAT-

D2pep [K211-T225] disrupts the D2R-DISC1 complex at a critical developmental period, 

affecting glutamate release. Altogether, these results indicate that enhanced D2R-DISC1 

complex formation regulates GSK-3β signaling and is specifically associated with down-

regulation of NMDAR expression and function.

Discussion

We report several interesting and novel findings here (see Supplement for detail discussion). 

First, DA receptors, especially D2Rs-mediated modulation in NMDARs via GSK-3β 
signaling in the PFC, exert powerful effects on cognition by modulating synaptic 

transmission (8, 17). Interestingly, we found that global conditional deletion of GSK-3β 
significantly increased NMDAR-EPSCs in the mPFC of D2R-, but not D1R-, GSK-3β−/− 
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mice. In addition, global ablation of GSK-3β in D2R+ neurons disrupts the balance of D1R- 

vs D2R-dependent modulation of NMDAR-EPSCs in the mPFC. Specifically, we revealed 

an enhanced sensitivity of NMDAR-mediated function and a shifted response to DA, which 

is caused by the loss of GSK-3β-D2R signaling-mediated regulation of NMDAR expression 

as we previously reported (17). Despite the prominent alterations in NMDAR-EPSCs, 

surprisingly, we didn’t detect any significant change of AMPAR-EPSCs in the mPFC of 

D2R-GSK-3β−/− mice. In contrary, previous studies reported that CRISPR/Cas9 or Cre-

mediated knockout, or inhibition, of GSK3β in adult cortical or hippocampal region 

decreases AMPA-sEPSC (9, 38, 58, 59). The reason for this discrepancy is likely that we 

knocked out GSK3β during neurodevelopment in D2R-Cre mice, while other studies 

reporting AMPA-mediated effects by knockout GSK-3β in adult mice (9, 58), suggesting a 

possible system-wide neurodevelopmental effect of GSK-3β in the current study.

Second, consistent with the long-term plasticity changes detected in D2R-GSK-3β−/− mice, 

we found that spine number in apical dendrites of PFC layer V, but not layer II/III, 

pyramidal neurons, is significantly increased in D2R-GSK-3β−/− mice. However, it has been 

reported that deletion of GSK-3β in adult mPFC did not affect spine density (9), while 

knockout of GSK-3β in adult hippocampus decreased the spine density (58). These 

inconsistent effects on the spine quantity induced by deletion of GSK-3β at different ages or 

brain regions also suggest a potential developmental and cell-type specific effect of GSK-3β 
reported in our study. An increase in spine density in mPFC layer V pyramidal neurons as 

we report here may contribute to the improvement of cognitive function in D2R-GSK-3β−/− 

mice.

Third, we found increased both NR2A and NR2B, but not NR1 NMDAR subunits in the 

mPFC of D2R-GSK-3β−/− mice. What is the mechanism underlying the increase in NR2 

expression? Epigenetic processes are increasingly implicated in developmental changes of 

NMDARs (60, 61), SZ pathophysiology (62, 63), neurodevelopment and memory formation 

(64–66). Thus, we asked whether deletion of GSK-3β leads to a decrease in HDAC2 activity 

and increased histone acetylation. We found a significant decrease in HDAC2 and a marked 

increase in HDAC4 protein levels in the mPFC of D2R-GSK-3β−/− mice. It has been 

reported that GSK-3β can trigger HDAC4 degradation (40). Consequently, knockout of 

GSK-3β can induce an increase of HDAC4 expression by decreasing its degradation. 

Notably, HDAC4 is a positive regulator of synaptic plasticity (44) while HDAC2 negatively 

regulates dendritic spine density (42). Thus, the increase in HDAC4 levels and decrease in 

HDAC2 levels in D2R-GSK-3β−/− mouse mPFC support the enhanced synaptic plasticity 

and increased spine density. Consistent with a decrease of HDAC2 levels, we also found a 

significant increase of overall histone acetylation at H3K27 and H3K18 residues of the 

histone H3 tail. ChIP assays further confirmed that activation mark H3K27ac was highly 

enriched at the promoter of both Grin2a and Grin2b. The pattern of HDAC2 enrichment in 

either control mice or mutant mice across promoters is Grin2b > Grin1 > Grin2a, suggesting 

that Grin2b expression is more tightly regulated than other NMDAR subunit proteins by 

HDAC2.

We and other’s studies indicated the important role of cortical GSK-3β in maintaining 

cognitive function (20, 67, 68). Our study shows that D2R-, but not D1R-, GSK-3β−/− mice, 
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are resistant to MK-801-induced impairment in set-shifting, suggesting that NMDAR-

dependent cognitive flexibility was not affected by MK-801 after deletion of GSK-3β in 

D2R+ neurons. Consistently, global inhibition of GSK-3β by GSK-3β inhibitor during 

development can rescue the spatial working memory deficit (20, 56).

Finally, DISC1 protein can form a complex with D2Rs to modulate GSK-3β signaling (52). 

Specifically, GSK-3β activity is enhanced by an increased interaction between D2Rs and 

DISC1 in Disc1-L100P mutant mice and SZ patients (52). Indeed, we found an enhanced 

GSK-3β activity that is accompanied by a decreased NMDAR function in mutant human 

DISC1 mice. Importantly, the reduced NMDAR-EPSCs were effectively reversed, not only 

by inhibiting GSK-3β activity with selective inhibitor but also by interrupting D2R-DISC1 

interaction with TAT-D2 peptide during the adolescent period. These data provide strong 

evidence that GSK-3β modulation of NMDAR function is closely associated with D2R-

DISC1 interaction.

In summary, GSK-3β regulates NMDAR function and expression via D2R-DISC1 

interactions and epigenetic-mediated increases in acetylation, which in turn leads to spared 

NMDAR-dependent cognitive dysfunction (Figure S10). Our study thus reveals a novel 

mechanism at the molecular level within a genetically defined D2R+ neuronal subpopulation 

that underlies the unique role of GSK-3β in cognition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DA Dopamine

D1Rs Dopamine D1 receptors

D2Rs Dopamine D2 receptors

GSK3-β Glycogen synthase kinase-3β

hDISC1 Human DISC1 mouse

LTD Long-term depression

LTP Long-term potentiation

mEPSCs Miniature excitatory postsynaptic currents

mPFC Medial prefrontal cortex

PFC Prefrontal cortex
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sEPSC Spontaneous excitatory postsynaptic currents

SZ Schizophrenia
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Significance statement

Glycogen synthase kinase 3β (GSK-3β) is a central signal integrator for DA-dependent 

responses, particularly D2R-mediated hyperdopaminergic behaviors. However, the 

mechanism behind GSK-3β signaling in D2R+ cells in the regulation of cognitive 

function is still unclear. Here, we report that conditional ablation of GSK-3β in D2R+ 

neurons (D2R-GSK-3β−/−) affects NMDAR-mediated synaptic transmission and 

plasticity, which is accompanied by epigenetic modification of NMDAR expression, in 

the medial prefrontal cortex (mPFC). Further, these molecular and physiological changes 

result in sparing of cognitive dysfunction in an attentional set-shifting task. Finally, D2R-

DISC1 interaction mediates GSK-3β-dependent regulation of NMDARs and cognitive 

function. Our study reveals a novel mechanism at the molecular level within a genetically 

defined D2R+ neuronal subpopulation that underlies the unique role of GSK-3β in 

cognition.
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Figure 1: 
Deletion of GSK-3β in D2R+ (D2R-GSK-3β−/−) neurons in the brain enhanced NMDAR 

function and DA sensitivity in layer V pyramidal neurons of mouse mPFC. A, sample traces 

of AMPAR-sEPSCs and AMPAR-mEPSCs recorded from layer V pyramidal neurons in the 

PFC (upper panel). D2R-GSK-3β−/− mice did not show significant changes in AMPAR-

EPSCs compared with their littermate controls (n = 25, p > 0.05 for both; lower panel). B, 

sample traces of NMDAR-sEPSCs and NMDAR-mEPSCs recorded from layer V pyramidal 

neurons in the PFC (upper panel). Summary histograms in the lower panel exhibited 
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significant increases in amplitude (n = 20, *p < 0.05 for both sEPSCs and mEPSCs) but not 

the frequency of either NMDAR-sEPSCs or NMDAR-mEPSCs (n = 20, p > 0.05) in D2R-

GSK-3β−/− mice. C, sample traces of evoked AMPAR-EPSC (−60 mV) and NMDAR-EPSC 

(+60 mV) recorded from the same neuron in the mPFC, and the histogram showed that 

deletion of GSK-3β in D2R+ neurons significantly increases both 1st and 2nd NMDA/AMPA 

ratios (vs. D2R-GSK-3β+/+, n = 8, **p < 0.01 for both 1st and 2nd EPSC). D, upper: 

NMDAR-EPSC or AMPAR-EPSC trains in D2R-GSK-3β−/− mice and their littermate 

controls. The EPSC currents elicited in the train were normalized to the amplitude of the 

first EPSC and were plotted against the stimulus numbers. The amplitude of the 1st 

NMDAR-EPSC but not AMPAR-EPSC was dramatically increased in D2R-GSK-3β−/− mice 

compared with their littermate controls (n = 10 for each group, ** P < 0.01 for NMDAR-

EPSC and p > 0.05 for AMPAR-EPSC), but paired-pulse ratios (PPR) of neither NMDAR-

EPSCs nor AMPAR-EPSCs elicited by repetitive pulses were changed (i.e., EPSC2–10, p > 

0.05 for all). Lower: the charger transfer of NMDAR-EPSCs but not AMPAR-EPSC were 

significantly increased in D2R-GSK-3β−/− mice (n = 10 for each group, **p < 0.01 for 

NMDAR and p > 0.05 for AMPAR). E, Top panel: samples traces of NMDAR-EPSCs. 

Lower panels: left: at low dose of 0.2 μM, the enhancing effects of DA on NMDAR-EPSCs 

were potentiated during 10 min DA application and washing period in D2R-GSK-3β−/− mice 

(n = 8, *p < 0.05 for both DA wash-in and wash-out in D2R-GSK-3β+/+ mice; n = 8, **p < 

0.01 in D2R-GSK-3β−/− mice; # p < 0.05 for both DA wash-in and wash-out in D2R-

GSK-3β+/+ mice vs. D2R-GSK-3β−/− mice). Middle: at a higher dose of 20 μM, DA didn’t 

show any significant effects on NMDAR-EPSCs in both D2R-GSK-3β+/+ mice and D2R-

GSK-3β−/− mice (n = 8 for both groups, p > 0.05). Right: at a high dose of 200 μM, the 

suppressive effect of DA found in D2R-GSK-3β+/+ mice was blunted in D2R-GSK-3β−/− 

mice (n = 8, *p < 0.05 for DA application in D2R-GSK-3β+/+ mice; n = 8, p > 0.05 for DA 

application in D2R-GSK-3β−/− mice; p > 0.05 for both DA wash-in and wash-out in D2R-

GSK-3β+/+ mice vs. D2R-GSK-3β−/− mice).
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Figure 2: 
Neuronal plasticity and dendritic spine were altered in D2R-GSK-3β−/− mice. A, LTP 

induction. Upper: representative fEPSP traces were recorded from mPFC layer V neurons of 

D2R-GSK-3β+/+ mice and D2R-GSK-3β−/− mice and graphical representation showing 

normalized fEPSP slope during baseline recording and following high-frequency (six trains 

of 100 pulse at 100 Hz) stimulation. Lower: summary histogram showed that the fEPSP 

slopes in both first 5 min and last 5 min after high-frequency stimulation were significantly 

increased in D2R-GSK-3β−/− mice, but not in D2R-GSK-3β+/+ mice, suggesting an 
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increased LTP induction in D2R-GSK-3β−/− mice (n = 10, D2R-GSK-3β+/+: p > 0.05 for 

both the first and last 5 min post-tetanus; n = 10, D2R-GSK-3β−/−: * p < 0.05, both the first 

and last 5 min post-tetanus). B, LTD induction. Upper: representative fEPSP traces were 

recorded from mPFC layer V pyramidal neurons of D2R-GSK-3β+/+ mice and D2R-

GSK-3β−/− mice and graphical representation showing normalized fEPSP slope during 

baseline recording and following low-frequency stimulation (900 pulses at 1Hz). Lower: 

summary histogram showed that the fEPSP slopes in both the first 5 min and last 5 min of 

low-frequency stimulation were decreased in wild-type D2R-GSK-3β+/+ mice, but the no 

LTD was induced in D2R-GSK-3β−/− mice, suggesting a terminated LTD in D2R-GSK-3β
−/− mice (n = 8, D2R-GSK-3β+/+: *p < 0.05 for both the first and last 5 min post-tetanus; n = 

8, D2R-GSK-3β−/−: p > 0.05, both the first and last 5 min post-tetanus). C, upper: Golgi–

Cox-stained individual layers II-III and layer V pyramidal neurons in the mPFC from D2R-

GSK-3β+/+ and D2R-GSK-3β−/− mice. High-magnification images of apical dendritic spines 

were shown in the lower panels. Scale bars = 50 μm for the upper panel and 10 μm for the 

lower panel. D, summary histogram showed that spine density in layer II-III and layer V 

pyramidal neurons of D2R-GSK-3β+/+ and D2R-GSK-3β−/− mice (n = 10 from 4 mice for 

each group, p > 0.05 for layer II-III and *p < 0.05 for layer V).
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Figure 3: 
Histone modification is involved in the increase of NMDAR protein expression in mPFC of 

D2R-GSK3−/− mice. A, representative Western blots and summary histograms showed that 

total protein levels of NMDAR and AMPAR subunits from the mPFC of D2R-GSK-3β+/+ 

and D2R-GSK-3β−/− mice. Both NR2A and NR2B were significantly increased in D2R-

GSK-3β−/− mice (n = 8 for each group, *p < 0.05 for both), but NR1, GluR1, and GluR2 

were unchanged (n = 8 for each group, p > 0.05 for all). B, representative Western blots and 

summary histograms showed that total protein levels of HDAC2 & 4, as well as three 
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acetylation sites of H3K from mPFC tissue of D2R-GSK-3β+/+ mice and D2R-GSK-3β−/− 

mice. HDAC2 was decreased while HDAC4 was increased in D2R-GSK-3β−/− mice (vs. 

D2R-GSK-3β−/− mice, n = 6 for each group, *p < 0.05 for both). Both H3K18ac and 

H3K27ac, but not H3K9ac, were increased in D2R-GSK-3β−/− mice (vs. D2R-GSK-3β−/− 

mice, n = 6 for each group, *p < 0.05). C, chromatin was pooled from the PFC of 2 animals 

from D2R-GSK-3β+/+ or D2R-GSK-3β−/− mice and immunoprecipitated using antibodies 

against H3K27ac (left) and HDAC2 (right). qPCR was performed using a primer set specific 

to the promoter region of Grin1, Grin2a, and Grin2b. The signal of the amplified DNA was 

normalized to input. H3K27ac enrichment at either Grin2a or Grin2b but not Grin1 were 

significantly enhanced in D2R-GSK-3β−/− (vs. D2R-GSK-3β+/+, n = 6 mice yielding 3 data 

points for each group, *p < 0.05, **p < 0.01). On the contrary, HDAC2 enrichment at 

Grin2b, but not Grin1 and Grin2a, was significantly reduced in D2R-GSK-3β−/− mice (vs. 

D2R-GSK-3β+/+, n = 6 mice yield 3 data points for each group, *p < 0.05).
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Figure 4: 
D2R-GSK-3β−/− mice resisted MK-801-induced working memory deficits. A, two-way 

ANOVA analysis of the number of trials for D2R-GSK-3β+/+ mice and D2R-GSK-3β−/− 

mice to reach criteria revealed a significant difference in interaction effect (n = 8 for each 

group, F = 6.28, *p < 0.05). The further simple effect test analysis showed that the number 

of trials significantly increased after injection of MK-801 in D2R-GSK-3β+/+ mice 

compared with either injection of saline in D2R-GSK-3β+/+ mice or D2R-GSK-3β−/− mice 

(*p < 0.05 for both). However, injection of MK-801 in D2R-GSK-3β−/− mice exhibited less 

number of trials compared with that in D2R-GSK-3β+/+ mice (n = 8 for each group, *p < 

0.05). B, there were no significant differences in three types of error analyzed among D2R-

GSK-3β+/+ saline, D2R-GSK-3β+/+ MK-801, D2R-GSK-3β−/− saline and D2R-GSK-3β−/− 

MK-801 (Perseverative errors: interaction F = 1.78, p > 0.05; treatment F = 0.46 p > 0.05; 

genotypes F = 0.02, p > 0.05. Regressive errors: interaction F = 2.66, p > 0.05; treatment F = 

0.12, p > 0.05; genotypes F = 2.89, p >0.05. Never reinforced errors: interaction F = 0.02, p 

> 0.05; treatment F = 0.14, p > 0.05; genotypes F = 0.12, p > 0.05).

Li et al. Page 22

Biol Psychiatry. Author manuscript; available in PMC 2021 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5: 
Inhibiting GSK-3β or interrupting the interaction of D2R and DISC1 restored NMDAR 

function in mutant hDISC1 mice. A, representative Western blots and summary histograms 

showed that total protein levels of GSK-3β, pGSK-3β, and NMDAR subunits from mPFC 

tissue of mutant hDISC1 mice and their littermate controls. pGSK-3β at serine 9 (pGSK-3β-

Ser9) was decreased while pGSK3β tyrosine 216 (pGSK-3β-Tyr216) was increased in 

mutant hDISC1 overexpressing mice compared with control mice (n = 6 for each group, **p 

< 0.01 for both). NR2B was reduced in mutant hDISC1 mice compared with control mice (n 
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= 6 for each group, *p < 0.05). There were no significant differences in GSK-3β, NR1, and 

NR2A detected between mutant hDISC1 mice and control mice (n = 6 for each group, p > 

0.05 for all). B, NMDAR-sEPSCs, and NMDAR-mEPSCs were recorded from layer V 

pyramidal neurons in the mPFC of both mutant hDISC1 mice and their littermate controls. 

The amplitude but not the frequency of NMDAR-mEPSCs was significantly decreased in 

mutant hDISC1 mice compared with control mice (n = 6 for each group, *p < 0.05). C, 

treatment with selective GSK-3β inhibitor SB216763 (2 mg/kg/day, i.p., once a day for 5 

days) during juvenile period prevented a decrease in NMDAR-mEPSC amplitude compared 

with saline injection in mutant hDISC1 mice (n = 12 for each group, *p < 0.05). D, 

similarly, treatment with TAT-D2pep (10 μM, i.p., once a day for 5 days) during the juvenile 

period also prevents a decrease in NMDAR-mEPSC amplitude (but not frequency) 

compared with scrambled control peptide (TAT-D2pep-sc) treated mutant hDISC1 mice (n = 

10 for each group, *p < 0.05). However, treatment with TAT-D2pep also caused a significant 

decrease in the frequency of NMDAR-sEPSC compared with scrambled control peptide 

(TAT-D2pep-sc) treated mutant hDISC1 mice (n = 10 for each group, *p < 0.05).
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Primers for genotyping:

Specific D2Cre primers:

D2Cre-genotype-Forward: 5’- GGG AAT TCT CAG CTC TGC TAG C -3’

Cre-R improved (JT): 5’- CAG CAT TGC TGT CAC TTG GTC G -3’

Specific D1Cre primers:

D1Cre-genotyp2-Forward: 5’- GCA CTG AAC CCA GAA GAC AGG TGG -3’

Cre- R improved (JT): 5’- CAG CAT TGC TGT CAC TTG GTC G -3’

Control primers:

IL2-Forward: 5’- CTA GGC CAC AGA ATT GAA AGA TCT -3’

IL2-Reverse: 5’- GTA GGT GGA AAT TCT AGC ATC ATC C- 3’

GSK3bflox primers

 Forward: 5’- GCC ATC AAG AAA GTT CTA CAG GA- 3’

 Reverse: 5’- GCT GAA GTC CAG AGC AAG TCT- 3’

Td tomato primers:

Dtomato wild type Forward: 5’-A A G GGA GCT GCA GT G GA G T A -3’

Dtomato wild type Reverse: 5’-CCG A A A A T C T GT GGG A A G T C -3’

Dtomato mutant type Forward: 5’- GGC A T T A A A GCA GCG T A T CC-3’

Dtomato mutant type Reverse: 5’-CT G T T C CT G T A C GGC A T G G-3’

Primers to ChIP-qPCR:

Grin2b primer

 Forward: GGTCAAGCTGCCTCTCCAT

 Reverse: GCAGAGCAGAAGGAAATGTATTCG

Grin2a primer

 Forward: TCCGGAGTGGAACAGAAAGC

 Reverse: CTCATCCAGCCCCATGCT

Grin1 primer

 Forward: TCCCTGCTTCCTCTCTTGGA

 Reverse: AATGACTGCTGGGAGCAAGAC
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