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SUMMARY

Evidence for prefrontal cortical (PFC) GABAergic dysfunction is one of the most consistent 

findings in schizophrenia and may contribute to cognitive deficits. Recent studies suggest 

that the mGlu1 subtype of metabotropic glutamate receptor regulates cortical inhibition; 

however, understanding the mechanisms through which mGlu1 positive allosteric modulators 

(PAMs) regulate PFC microcircuit function and cognition is essential for advancing these 

potential therapeutics toward the clinic. We report a series of electrophysiology, optogenetic, 

pharmacological magnetic resonance imaging, and animal behavior studies demonstrating 

that activation of mGlu1 receptors increases inhibitory transmission in the prelimbic PFC 

by selective excitation of somatostatin-expressing interneurons (SST-INs). An mGlu1 PAM 

reverses cortical hyperactivity and concomitant cognitive deficits induced by N-methyl-D-aspartate 

(NMDA) receptor antagonists. Using in vivo optogenetics, we show that prelimbic SST-INs are 

necessary for mGlu1 PAM efficacy. Collectively, these findings suggest that mGlu1 PAMs could 

reverse cortical GABAergic deficits and exhibit efficacy in treating cognitive dysfunction in 

schizophrenia.
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In brief

Maksymetz et al. demonstrate that metabotropic glutamate receptor 1 (mGlu-1) activation 

augments somatostatin interneuron (SST-INs) output to increase inhibition in the rodent 

prelimbic cortex. mGlu1 positive allosteric modulators (PAMs) reverse schizophrenia-like cortical 

hyperactivity and working memory deficits via SST-INs, validating mGlu1 as a therapeutic target 

for cognitive deficits in schizophrenia.

INTRODUCTION

Available antipsychotic medications reduce the positive symptoms of schizophrenia in some 

patients but there remains a critical unmet need for therapeutics to treat the negative 

symptoms and cognitive deficits in this debilitating neuropsychiatric disorder (Bobes et 

al., 2007; Hill et al., 2010). Chronic cognitive dysfunction strongly predicts long-term 

functional outcomes for patients with schizophrenia, interfering with employment and 

interpersonal relationships (Green, 2016). While contemporary antipsychotics minimize or 

prevent psychosis in many patients by modulating monoaminergic systems, recent evidence 

suggests that these approaches may exacerbate cognitive impairments (Husa et al., 2017). 

Therefore, identifying novel ther apeutic targets is necessary to develop more efficacious 

treatments for all symptom domains of schizophrenia.

Cognitive deficits include impairments in working memory and attention that depend 

on the function of the dorsolateral prefrontal cortex (dlPFC). Suggestive of cortical 
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dysfunction, one of the most consistent pathophysiological findings in postmortem brain 

tissue from patients with schizophrenia is a reduction in glutamic acid decarboxylase 

67 (GAD67) mRNA and protein in the dlPFC (Lewis et al., 2012). GAD67 produces 

the inhibitory neurotransmitter γ-aminobutyric acid (GABA), and clinical and preclinical 

studies support the hypothesis that dysfunction of GABAergic inhibition plays a critical role 

in the pathophysiology underlying cognitive deficits in schizophrenia (Dienel and Lewis, 

2019). Thus, enhancing cortical GABAergic interneuron function represents a promising 

therapeutic strategy to address unmet clinical needs for people living with schizophrenia.

GABAergic inhibitory interneurons in the medial prefrontal cortex (mPFC) can be 

subdivided into subclasses based on physiology, morphology, and the expression of 

molecular markers, with most expressing either somatostatin (SST), parvalbumin (PV), 

or the serotonin receptor 3a with minimal overlap (Rudy et al., 2011). While fast-spiking 

PV interneurons (PV-INs) have historically garnered the most attention in schizophrenia 

research (Gonzalez-Burgos et al., 2015), recent findings suggest a significant role of 

the lesser studied SST interneurons (SST-INs) in mPFC function, working memory, and 

the pathophysiology of schizophrenia. Acute inhibition of mPFC SST-INs impairs mPFC

dependent behaviors (Abbas et al., 2018; Cummings and Clem, 2020), suggesting their 

involvement in higher order cognitive function. Acute administration of an N-methyl-D

aspartate (NMDA) receptor antagonist used to model cortical inhibitory deficits (Homayoun 

and Moghaddam, 2007) also suppresses mPFC SST-IN activity and produces schizophrenia

like behavioral deficits (Ali et al., 2020). Multiple studies have found reduced SST mRNA 

in postmortem brain tissue from patients with schizophrenia (Fung et al., 2010; Hashimoto 

et al., 2008), specifically in working memory networks (Tsubomoto et al., 2019), implicating 

their potential dysfunction in the disease. These findings suggest that enhancing mPFC SST

IN function may be effective in rescuing GABAergic and cognitive deficits in schizophrenia.

Early studies in rodents and non-human primates revealed that the Gαq/11-coupled 

metabotropic glutamate (mGlu) receptor subtype 1 (mGlu1) is expressed in mPFC 

GABAergic interneurons (López-Bendito et al., 2002; Muly et al., 2003; Tasic et al., 

2018). While not yet examined in mPFC, mGlu1 is highly expressed in SST-INs in 

the hippocampus and other cortical regions (Baude et al., 1993; Ferraguti et al., 2004). 

Activation of postsynaptic group I mGlu1 receptors, mGlu1 and mGlu5, can increase 

neuronal activity (Maksymetz et al., 2017; Mannaioni et al., 2001), raising the possibility 

that mGlu1 activators could enhance cortical SST-IN output. Consistent with this hypothesis, 

mGlu1 receptor activation enhances feedforward inhibition onto glutamatergic pyramidal 

neurons in acute mPFC slices (Sun and Neugebauer, 2011). The mechanisms through which 

mGlu1 receptors regulate mPFC interneurons are especially interesting in light of human 

genetic studies revealing multiple loss-of-function mutations in the human mGlu1 gene, 

GRM1, associated with schizophrenia (Ayoub et al., 2012; Cho et al., 2014; Frank et al., 

2011). This suggests that reduced mGlu1 signaling may contribute to disease pathology in 

some patients. However, the precise role of mGlu1 in regulating inhibitory transmission in 

the mPFC and the potential of selective mGlu1 activators to reverse cognitive deficits in 

schizophrenia models have not been evaluated.
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Recently, our group and others have discovered highly selective mGlu1 positive allosteric 

modulators (PAMs) (Cho et al., 2014; Garcia-Barrantes et al., 2015, 2016). We reported that 

the mGlu1 PAM VU6004909 achieves high brain exposure after systemic administration and 

reverses amphetamine-induced hyperlocomotion and disruption of sensorimotor gating in 

rodents, suggesting potential antipsychotic-like efficacy (Yohn et al., 2020). If mGlu1 PAMs 

can reverse deficits in mPFC inhibitory transmission, these combined actions could be an 

alternative approach to reduce positive symptoms and treat cognitive deficits in patients 

with schizophrenia, providing an exciting improvement over existing antipsychotics. Thus, 

we took advantage of this mGlu1 PAM, along with electrophysiological, pharmacological 

magnetic resonance imaging, behavioral, and in vivo optogenetic approaches, to test this 

hypothesis. We find that potentiating mGlu1 function augments SST-IN output, enhances 

prelimbic (PL) PFC inhibitory transmission, and reverses deficits in an NMDA receptor 

hypofunction model of cortical cognitive impairments.

RESULTS

mGlu1 expression is enriched in PL PFC SST-expressing interneurons

While mGlu1 is expressed in SST-INs in the hippocampus and various cortical regions, the 

relative distribution of mGlu1 in the diverse neuronal populations in the rodent mPFC is 

unknown. We therefore used an in situ hybridization approach to visualize and colocalize 

mRNA encoding mGlu1, Grm1, throughout the mouse PL PFC (Figures 1A and 1B). Grm1 
mRNA was detectable in most putative glutamatergic vGluT1 (S/c17a7)-positive (76%, 

7,079/9,275 cells) and GABAergic vGAT (Slc32a1)-positive (72%, 1,600/2,237) cells in 

the PL PFC (Figures 1C and 1D) although Grm1 expression was significantly enriched in 

vGAT-positive compared with vGluT1-positive neurons (Figure 1E).

We then determined the GABAergic interneuron subtypes that express Grm1, focusing our 

subsequent experiments on SST- and PV-INs, which account for ~70% of all GABAergic 

neurons in the PL PFC and are the predominant subtypes within the deep cortical layers 

(Figure 1B). A greater proportion of SST-positive cells expressed Grm1 (88%, 332/377) 

compared to PV-positive cells (50%, 201/404) (Figures 1F and 1G). Furthermore, when we 

compared relative expression within Grm1-positive cells, we observed a marked enrichment 

of Grm1 mRNA puncta in SST-positive cells compared to PV-positive cells (Figure 1H). 

There were no differences in the distribution of Grm1-positive SST or PV cells or in the 

expression of Grm1 across the different layers of the PL PFC (Figure S1). Taken together, 

these data demonstrate that mGlu1 expression is enriched in SST-INs in the rodent PL PFC.

mGlu1 activation enhances SST-IN output in the PL PFC

To assess the functional consequences of mGlu1 expression differences between PL PFC 

SST- and PV-INs, we generated mice that express tdTomato in SST- or PV-INs, respectively. 

tdTomato-positive neurons from SST-Cre::Ai9 and PV-Cre::Ai9 mice were distributed 

throughout the mPFC (Figure S2A) and exhibited functional properties consistent with SST- 

and PV-INs, respectively (Figures S2B and S2C) (Joffe et al., 2020; Markram et al., 2004; 

McGarry and Carter, 2016).
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To pharmacologically isolate mGlu1 activation, we bath applied the group I mGlu receptor 

agonist DHPG in the constant presence of the mGlu5 negative allosteric modulator (NAM) 

MTEP while recording from PL PFC SST- or PV-INs (Figures 2A and 2C). In SST-INs, we 

observed a concentration-dependent increase in spontaneous excitatory postsynaptic current 

(sEPSC) frequency and a depolarizing change in the holding current, with no significant 

change in sEPSC amplitude (Figure 2B). In PV-INs, we observed similar concentration

dependent effects on sEPSC frequency and holding current but with a reduced magnitude 

compared to those in SST-INs (Figure 2D). At 30 mM DHPG, 100% of SST-INs (9/9) and 

PV-INs (7/7) exhibited depolarizing changes in holding current.

Based on the functional differences between SST- and PV-INs (Figure S2), we hypothesized 

that mGlu1 activation would have a greater effect on the output of SST-INs. To test this, 

we recorded from interneurons in current-clamp configuration. While mGlu1 activation 

depolarized both interneuron populations, SST-INs exhibited greater depolarization 

compared to PV-INs (Figure 2F). mGlu1 activation induced persistent action potential 

(AP) firing in most SST-INs (7/10), whereas only 1 of 10 PV-INs depolarized sufficiently 

to persistently fire APs (Figure 2G). Furthermore, a maximal concentration of 30 mM 

DHPG was insufficient to induce AP firing in PV-INs (Figure S4C). Altogether, these data 

demonstrate that activation of mGlu1 preferentially increases the output of PL PFC SST-INs.

mGlu1, activation increases inhibitory transmission onto layer V pyramidal neurons via 
actions on SST-INs

Cortical interneurons are critical for the modulation and synchronization of glutamatergic 

pyramidal neurons. We next focused on the functional effects of mGlu1 activation on layer V 

pyramidal neurons (Figure 3A), which constitute a large proportion of mPFC output neurons 

(Harris and Shepherd, 2015). mGlu1 activation caused a small increase in sEPSC frequency 

onto layer V pyramidal cells, although this was not concentration-dependent (Figure 3B). 

We then recorded GABAergic spontaneous inhibitory postsynaptic currents (sIPSCs) and 

found that activation of mGlu1 resulted in a robust, concentration-dependent increase in 

sIPSC frequency onto layer V pyramidal neurons (Figure 3C). sIPSC amplitude was not 

affected (3 mM, 112% ± 12.7%; 10 μM, 125% ± 17.0%; 30 μM, 126% ± 10.7% baseline; 

one-way ANOVA main effect of DHPG concentration, F(2,27) = 0.311, p = 0.74), consistent 

with a presynaptic mechanism involving mGlu1 receptors on SST-INs. The selective mGlu1 

antagonist LY367385 blocked the effect of 30μM DHPG on sIPSC frequency, confirming 

an mGlu1-dependent mechanism (Figure 3D). These data indicate that mGlu1 activation 

preferentially increases inhibitory transmission onto layer V pyramidal cells, consistent with 

previous findings (Sun and Neugebauer, 2011).

SST-INs preferentially synapse onto the distal dendrites of layer V pyramidal neurons (Rudy 

et al., 2011), and IPSCs generated from synapses farther away from the somatic recording 

site exhibit slower kinetics than do those originating from perisomatic synapses (Magee, 

2000; McGarry and Carter, 2016). DHPG application prolonged the sIPSC rise time and this 

effect was blocked by LY367385 (Figure 3E), consistent with mGlu1 activation augmenting 

SST-IN output. Next, we directly tested whether SST-IN activity is necessary for the mGlu1

mediated increase of inhibitory drive onto pyramidal cells. We injected an adeno-associated 
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virus expressing a Cre-dependent inhibitory chloride pump halorhodopsin (NpHR3.0) into 

the PL PFC of SST-Cre::Ai9 mice (Figure 3G) and observed NpHR3.0-positive neurons 

throughout the PL PFC colocalized with tdTomato (Figure S3A). Brief pulses of 565-nm 

light selectively hyperpolarized NpHR3.0/tdTomato-positive SST-INs and blocked AP firing 

(Figure 3H). We then recorded sIPSCs from nearby layer V pyramidal neurons, activated 

mGlu1, and inhibited SST-INs with yellow light (Figure S3B). In control, EYFP-expressing 

slices, we replicated a robust increase in sIPSC frequency onto layer V pyramidal cells 

(Figure 3I). In contrast, this effect was significantly attenuated in NpHR3.0-expressing 

slices (Figure 3I). DHPG also increased sIPSC rise time in EYFP- but not in NpHR3.0

infected slices (Figure S3D). These data demonstrate that the mGlu1-mediated increase of 

GABAergic transmission onto PL PFC pyramidal neurons preferentially involves augmented 

SST-IN output, although network-level effects may also contribute.

The mGlu1 PAM VU6004909 shifts PL PFC I/E balance toward inhibition

Based on our previous results and to test the hypothesis that potentiating mGlu1 function 

selectively enhances PL PFC inhibition, we took advantage of the recently developed 

mGlu1 PAM tool compound VU6004909 that exhibits excellent subtype selectivity (mGlu1 

PAM half-maximal effective concentration [EC50] 25 nM; other mGlu receptor subtypes 

>10 μM) and pharmacokinetic properties for in vivo use (Garcia-Barrantes et al., 2016). 

To test whether the mGlu1 PAM VU6004909 potentiates inhibition in native tissue, we 

again recorded from SST-INs (Figure 4A). Pretreatment of slices with the mGlu1 PAM 

VU6004909 (10 μM) significantly enhanced SST-IN depolarization in response to a 

threshold concentration of DHPG (3 μM) (Figures 4B and 4C). VU6004909 also increased 

the proportion of SST-INs that fired persistent APs in response to DHPG (Figure 4D). In 

contrast, VU6004909 did not elicit APs in PV-INs in response to threshold or maximal 

concentrations of DHPG (Figure S4). These data indicate that an mGlu1 PAM preferentially 

enhances the output of SST-INs in the PL PFC.

In recordings from layer V pyramidal neurons (Figure 4E), VU6004909 had no effect on 

sEPSC frequency (Figure 4F) but significantly potentiated the effect of 3 μM DHPG on 

sIPSC frequency (Figure 4G). VU6004909 also enhanced sIPSC rise time, consistent with 

augmented SST-IN-mediated inhibition (Figure S4G). Furthermore, we compared the ratio 

of sIPSC to sEPSC frequency at baseline and after drug wash-on within the same pyramidal 

neurons. The combination of 3 μM DHPG and VU6004909 significantly increased the 

inhibitory/excitatory (I/E) ratio (Figure 4H). These data demonstrate that an mGlu1 PAM 

preferentially potentiates PL PFC inhibitory transmission and suggest that VU6004909 

could rescue I/E imbalance in vivo.

mGlu1 potentiation ameliorates cortical hyperactivity induced by NMDA receptor 
hypofunction

To examine the efficacy of an mGlu1 PAM in vivo, we employed an NMDA receptor 

hypofunction model of schizophrenia. NMDA receptor antagonists, such as MK-801, induce 

schizophrenia-like symptoms including cognitive deficits in healthy individuals (Javitt and 

Zukin, 1991) and can precipitate symptoms in patients with schizophrenia. Converging with 

the GABAergic dysfunction hypothesis, administration of the NMDA receptor antagonist 
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MK-801 in rodents increases mPFC pyramidal neuron firing while decreasing the activity 

of PV- and SST-INs (Ali et al., 2020; Homayoun and Moghaddam, 2007). These findings 

suggest that NMDA receptor antagonism induces disinhibition and disrupts cortical I/E 

balance, modeling schizophrenia-like functional deficits in inhibitory transmission (Cohen et 

al., 2015).

Accompanying the behavioral effects, NMDA receptor antagonism precipitates a widespread 

increase in brain activity in healthy volunteers, particularly in the dlPFC (Doyle et al., 2013). 

Moreover, increased cortical hyperactivity is also observed in people with schizophrenia 

during working memory tasks (Manoach et al., 1999). To model this effect in rodents in 

a translationally relevant manner, we used pharmacological magnetic resonance imaging 

(phMRI) to assess the physiological effects of an mGlu1 PAM on MK-801-induced cortical 

hyperactivity in anesthetized rats. We measured cerebral blood volume (CBV) changes that 

indirectly reflect alterations in neural activity and assessed cortical, hippocampal, striatal, 

and thalamic areas (Figures 5A and S5A). Changes in electrically measured neuronal 

activity positively correlate with changes in hemodynamic processes including CBV (Gore, 

2003). Thus, enhanced regional CBV, which could indicate hyperexcitability and reduced 

inhibition (Havlicek et al., 2017), can be interpreted as an indirect proxy of increased 

neuronal activity.

In line with previous phMRI findings with an NMDA receptor antagonist (Hackler et al., 

2010), injection of a behaviorally active dose of MK-801 (0.3 mg/kg, subcutaneously [s.c.]) 

led to sustained increases in CBV across cortical areas including the mPFC (Figure 5B), 

cingulate cortex (Cg) (Figure 5C), and retrosplenial cortex (RSC) (Figure 5D) as well 

as the dorsal and ventral striatum, thalamic nuclei, and hippocampus (Figures S5B-S5H). 

Pre-treatment with VU6004909 (60 mg/kg, intraperitoneally [i.p.]) significantly reversed 

MK801-induced cortical and subcortical hyperactivity. These reversals were significant in 

the mPFC, Cg, and RSC (Figures 5B-5D) as well as in the nucleus accumbens (Figure S5D) 

but not in the hippocampus (Figure S5H). VU6004909-mediated effects on the MK-801 

response in the motor circuit (i.e., motor cortex, substantia nigra, caudate-putamen) were not 

significant (Figures S5B, S5C, and S5G), potentially due to a dampening of brain responses 

by the anesthesia necessary to immobilize animals during imaging. No effect of VU6004909 

was observed in thalamic regions (Figures S5E and S5F). Nonetheless, the cortical data 

demonstrate that an mGlu1 PAM can reverse cortical hyperactivity in vivo and are consistent 

with mGlu1 PAMs shifting cortical I/E balance in favor of inhibition.

The mGlU1 PAM VU6004909 reverses MK-801-induced deficits in spatial working memory

In addition to modeling physiological dysfunction in schizophrenia, systemic administration 

of NMDA receptor antagonists induces a range of behavioral deficits relevant to the 

cognitive symptoms of schizophrenia (Jones et al., 2011). Therefore, we determined whether 

the mGlu1 PAM VU6004909 has efficacy in reversing an MK-801-induced deficit in mPFC

dependent cognitive function. We assessed spatial working memory in mice by monitoring 

spontaneous alternation in the Y-maze (Figure 6A), a task requiring mPFC interneuron 

function (Murray et al., 2015). We observed a significant deficit in spontaneous alternation 

induced by MK-801 (0.18 mg/kg, i.p.) that was rescued by pretreatment with VU6004909 
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(60 mg/kg, i.p.) (Figure 6B). Importantly, this was not accompanied by a reduction in 

locomotion as assessed by total arm entries (Figure S6A), demonstrating a procognitive 

effect of the mGlu1 PAM. Similarly, the structurally distinct mGlu1 PAM Ro-07-11401 

(Vieira et al., 2009) (30 mg/kg, i.p.) reversed MK-801-induced deficits in spontaneous 

alternation (Figures S6B and S6C). Taken together, these data demonstrate that selective 

mGlu1 potentiation in vivo can reverse cognitive deficits induced by an NMDA receptor 

antagonist model of cortical disinhibition.

PL PFC SST-IN activity is necessary for the mGlu1 PAM rescue of spatial working memory 
deficits

Lastly, we set out to determine whether the procognitive effects of an mGlu1 PAM require 

activation of PL PFC SST-INs. We used an optogenetic approach, bilaterally expressing 

NpHR3.0 in mPFC SST-INs and implanting fiber optic cannulae above the PL PFC to 

activate NpHR3.0 in vivo (Figures 6C and 6D). We then used the Y-maze task to test 

the hypothesis that PL PFC SST-IN activity is required for mGlu1 PAM efficacy. We first 

tested whether PL PFC SST-IN activity was necessary for spatial working memory in the 

Y-maze with mice performing half of the task with the light off and the other half with 

the light on (Figure S6E), using the samelight stimulation parameters that we previously 

characterized in slices (Figure 3). Although mice decreased the number of arm entries as 

they habituated to the maze, this did not affect performance during control trials where mice 

that were connected to the fiber did not receive light (Figure S6F). Consistent with ablation 

studies (Murray et al., 2015), optogenetic inhibition of PL PFC SST-INs had no effect on 

spontaneous alternation performance (Figure 6E).

With no effect on general alternation behavior, we were able to test the hypothesis that 

PL PFC SST-INs are required for mGlu1 PAM efficacy. Mice were randomized to receive 

light on during the first or second half of the task (Figure S6E). In vehicle-treated mice, 

we observed no difference in performance depending on the order of NpHR3.0 stimulation; 

therefore, all data were pooled and presented as light-off versus light-on trials. Replicating 

our previous findings in the light-off condition, we observed a significant deficit in 

performance induced by MK-801 compared to vehicle-treated mice. This deficit was rescued 

by the mGlu1 PAM VU6004909 in control light-off conditions (Figure 6F). However, in the 

light-on condition when PL PFC SST-IN activity was inhibited, VU6004909 did not reverse 

MK-801-induced deficits (Figure 6F). These data provide a causal association between 

mGlu1 PAM procognitive efficacy and the activity of PL PFC SST-INs, consistent with our 

mechanistic data in brain slices (Figures 2, 3, and 4).

DISCUSSION

In this study, we found that mGlu1 activation and potentiation enhances inhibitory 

neurotransmission in the PL PFC predominantly via actions on SST-INs. We demonstrate 

that mGlu1 PAMs can reverse cortical hyperactivity and have efficacy in reversing working 

memory deficits induced by NMDA receptor antagonism in vivo, an effect dependent on 

the function of PL PFC SST-INs. The current data demonstrate that mGlu1 PAMs reverse 
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physiological and cognitive deficits in a schizophreniarelevant model and support their 

potential to provide procognitive efficacy for the treatment of schizophrenia.

Modulation of the GABAergic system has long been pursued as a therapeutic approach for 

schizophrenia (Guidotti et al., 2005; Lewis et al., 2004; Rudolph and Möhler, 2014; Xu 

and Wong, 2018). While GABAA receptors have garnered attention (Ballard et al., 2009; 

Burke et al., 2018; Geffen et al., 2012; Gill et al., 2011; Lewis et al., 2008; Prevot et 

al., 2019), enhancing interneuron function has lagged due to a lack of druggable targets 

selective for these distinct neuronal populations. Our data identify mGlu1 as a target to 

preferentially increase mPFC SST-IN activity, providing an alternative means to rescue 

deficient inhibitory transmission in patients with schizophrenia. Our data also add to 

accumulating evidence suggesting that enhancing SST-IN activity can improve cognitive 

function broadly. Transmission between SST-INs and pyramidal neurons is predominantly 

via α5-containing GABAA receptors (Schulz et al., 2018), and α5 PAMs have procognitive 

efficacy in preclinical models (Koh et al., 2013; Prevot et al., 2019). α7 nicotinic and 

M1 muscarinic acetylcholine receptor modulators also augment SST-IN function and have 

procognitive effects in preclinical models and in early clinical trials (Conley et al., 2019; 

Ghoshal et al., 2016; Grannan et al., 2016; Haam et al., 2018; Lawrence et al., 2006; 

Poorthuis et al., 2013; Tregellas and Wylie, 2019; Wohleb et al., 2016). While the 

contributions of SST-IN modulation to these behavioral effects are unclear, these findings 

and our current results provide strong evidence for further discovery efforts directed at 

modulating SST-INs.

It is intriguing that targeting mPFC SST-INs reverses schizophrenia-like deficits in light of 

abundant evidence of PV-IN dysfunction in schizophrenia (Behrens et al., 2007; Gonzalez

Burgos et al., 2015; Homayoun and Moghaddam, 2007; Lodge et al., 2009; Mukherjee 

et al., 2019). Our results might indicate that SST-INs are also impaired in NMDA 

receptor antagonist models. In adult rodents, the NMDA receptor contribution to excitatory 

transmission onto PV-INs is relatively weak compared to SST-INs (McGarry and Carter, 

2016; Rotaru et al., 2011; Wang and Gao, 2009); thus, SST-INs may be more susceptible to 

NMDA receptor antagonism. Consistent with this, a recent study found that acute systemic 

ketamine reduced SST-IN activity and increased pyramidal neuron activity in vivo in the 

cingulate cortex (Ali et al., 2020). Furthermore, genetic reduction of NMDA receptors 

in pyramidal neurons impairs SST-pyramidal neuron inhibitory transmission (Chiu et al., 

2018; Horn and Nicoll, 2018). Interestingly, we found no deficit in Y-maze performance 

upon optogenetic inhibition of PL PFC SST-INs, consistent with prior work demonstrating 

that ablation of mPFC SST-INs does not impair spontaneous alternation (Murray et al., 

2015). In a delayed non-match to sample task, inhibiting mPFC SST-INs only impaired 

performance at long delays (Abbas et al., 2018) that animals likely do not experience 

during spontaneous alternation. Therefore, while mPFC SST-INs appear to be dispensable 

for baseline performance in the spontaneous alternation task, potentiating their activity can 

rescue the MK-801-induced behavioral deficit.

Several corroborative lines of evidence support that SST-IN dysfunction contributes to 

schizophrenia etiology. In cortical regions, SST-INs contribute to low-frequency theta and 

beta oscillations, which are abnormal in schizophrenia (Moran and Hong, 2011). SST 
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mRNA is reduced in the dlPFC of patients with schizophrenia (Fung et al., 2010, 2014; 

Hashimoto et al., 2008) and may imply a clinical deficit. Supporting the translatability of 

our results, a recent study in human temporal cortex found that group I mGlu receptor 

activation increased the output of putative SST-INs and enhanced inhibition onto layer 

II/III pyramidal neurons (Kroon et al., 2019). This suggests that the functional effects of 

mGlu1 potentiation may be conserved between rodents and humans and that an mGlu1 

PAM could engage similar circuitry in patients with schizophrenia. Importantly, SST-INs 

are a heterogenous population with subtypes exhibiting different electrophysiological and 

morphological characteristics and distinct functions across cortical layers (Gouwens et 

al., 2020; Yavorska and Wehr, 2016). We did not observe any clear difference in Grm1 
expression across PL PFC layers, but whether mGlu1 modulation affects specific SST-IN 

subtypes merits examination in future studies.

Although our ex vivo and in vivo results suggest that mGlu1 PAM efficacy is primarily 

mediated through an SST-IN mechanism in the mPFC, our data do not rule out the 

modulation of other populations. PV-INs may be required for mGlu1 PAM efficacy, similar 

to recent data demonstrating that the antidepressant-like efficacy of ketamine requires both 

SST- and PV-IN subtypes (Gerhard et al., 2020). Furthermore, there is a question of how 

augmenting SST-IN output would rescue PV-IN dysfunction (Gonzalez-Burgos et al., 2015). 

We found evidence of network-level mGlu1 activation such as a higher than expected 

number of PV-INs responding to mGlu1 agonism. Approximately half of PV-INs did not 

express Grm1 mRNA while all recorded neurons depolarized in response to DHPG. A 

possible explanation is the existence of gap junction-mediated electrical coupling between 

interneurons (Fukuda and Kosaka, 2000; Hatch et al., 2017). Additionally, we did not test 

whether PV-INs are required for the in vivo efficacy of mGlu1 PAMs, and it is possible that 

the subtler effects of mGlu1 potentiation on PV-INs ex vivo result in a more pronounced 

effect in vivo. Other mPFC macrocircuits and microcircuits could also be modulated by 

mGlu1, as many excitatory PL PFC cells express Grm1, and mGlu1 activation increases 

excitatory drive onto pyramidal, SST, and PV neurons. Furthermore, inhibition of SST-INs 

in the PL cortex most likely explains our in vivo optogenetic results but it is possible some 

SST-INs in the infralimbic cortex may also have been inhibited and thus contribute to mGlu1 

PAM efficacy. While our data suggest a significant role of PL SST-INs in mediating the 

effects of mGlu1 PAMs, we cannot rule out more complex mPFC network-level modulation 

that will be interesting to investigate in the future.

While we describe a circuit-level mechanism of mGlu1 PAM action, the molecular 

mechanisms underlying mGlu1-mediated enhancement of SST-IN function are unclear. 

mGlu1-mediated depolarization of SST-INs could involve closing of leak potassium 

channels or activation of TrpC channels, both of which have been shown to be downstream 

of mGlu1 in other regions (Gee et al., 2003; Mannaioni et al., 2001). Additionally, 

endogenous mGlu1 activation by high-frequency stimulation can elicit a slow EPSC in 

hippocampal and cerebellar neurons (Hartmann et al., 2011), but whether this occurs in 

mPFC SST-INs and the mechanism are unknown. Whether mGlu1 receptors in other brain 

regions and other cell types contribute to the in vivo efficacy of mGlu1 PAMs also remains 

an exciting hypothesis. Our phMRI studies suggest that mGlu1 PAMs affect multiple brain 

regions. Actions on mPFC SST-INs may contribute; alternatively, potentiation of mGlu1 
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receptors in other regions may be responsible and could predict mGlu1 PAM efficacy 

across other behavioral modalities. For example, VU6004909 attenuated nucleus accumbens 

hyperactivity, suggesting that an mGlu1 PAM may ameliorate motivational deficits in 

schizophrenia (Kirkpatrick et al., 2006). Determining the mechanisms of mGlu1 activation 

in other brain regions and potential efficacy in other behaviors relevant to schizophrenia are 

exciting future directions. The continued development pharmacological and genetic tools to 

selectively and conditionally study mGlu1 will further our understanding of mGlu1 biology 

and its potential as a therapeutic target.

An important limitation of our work is the use of an acute pharmacologically induced deficit 

model. We sought to specifically model inhibitory deficits (Lewis et al., 2012) and cortical 

hyperactivity (Manoach et al., 1999) observed clinically in patients with schizophreniaby 

using acute NMDA receptor antagonism to produce a disinhibition-like state in rodents 

(Homayoun and Moghaddam, 2007). The etiology of schizophrenia involves a complex 

interaction of genetic and environmental factors so that preclinical models often cannot 

recapitulate the entirety of the disease (Jones et al., 2011), and it will be important to 

test mGlu1 PAMs in other schizophrenia-related models. The phMRI experiments were 

also performed using male rats; it will be critical in the future to determine whether 

these results are similar in females and in mice as knowledge of potential species or sex 

differences will be important to guide future development. Additionally, in the current study 

we investigated mGlu1 PAM efficacy after a single, acute dose. An effective symptomatic 

treatment for schizophrenia will necessitate long-term dosing, and future studies will need 

to investigate the effects of chronic mGlu1 PAM treatment. Finally, although VU6004909 

is highly selective for mGlu1 (Garcia-Barrantes et al., 2016) and we replicated the efficacy 

in the Y-maze with a structurally distinct mGlu1 PAM, Ro-07-11401, future studies using 

additional compounds and transgenic approaches will be important to validate on-target 

efficacy. The profound motor and learning deficits of global mGlu1 knockout mice (Aiba et 

al., 1994a, 1994b) preclude their use for validation of mGlu1 PAM on-target activity. Future 

development of improved genetic approaches to conditionally restrict mGlu1 expression will 

provide opportunities to confirm that mGlu1 receptors in specific neurocircuits are required 

for the behavioral actions of mGlu1 modulators.

In this study, we describe the mGlu1 receptor as a therapeutic target to preferentially 

enhance GABAergic transmission and rescue cortical inhibitory deficits. Augmenting 

receptor function in vivo with an mGlu1 PAM reversed both cortical hyperactivity and a 

working memory deficit relevant to cognitive dysfunction in schizophrenia. As mGlu1 PAM 

development continues toward producing a clinical candidate, our study provides preclinical 

proof of concept that mGlu1 PAMs rescue cognitive deficits in addition to their previously 

observed antipsychotic-like efficacy (Yohn et al., 2020). Based on our mechanistic work, it 

is possible that mGlu1 PAMs will have broad utility in other disorders where I/E balance is 

perturbed such as epilepsy, autism, and Alzheimer’s disease (Busche and Konnerth, 2016; 

Fritschy, 2008; Gao and Penzes, 2015). Altogether, these data suggest that mGlu1 PAMs 

have the potential to confer breakthrough efficacy to improve the lives of patients living with 

schizophrenia.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the Lead Contact, P. Jeffrey Conn 

(jeff.conn@vanderbilt.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

• All data reported in this paper will be shared by the lead contact upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Adult (> 8 week) transgenic and C57BL/6J mice (Cat No. 000664; 

RRID:IMSR_JAX:000664) were obtained from Jackson Laboratories (Bar Harbor, ME, 

USA) and were allowed to acclimate to the housing facility for at least 1 week. 

SST-Cre::Ai9 and PV-Cre::Ai9 mice were generated by crossing either homozygous 

SST-Cre mice (Cat No. 028864; RRID:IMSR_JAX:028864) or PV-Cre mice (Cat No. 

017320; RRID:IMSR_JAX:017320) with homozygous Ai9 reporter mice (Cat No. 007909; 

RRID:IMSR_JAX:007909) which carry a Cre-dependent tdTomato allele inserted into the 

ROSA26 locus. Transgenic mice were previously backcrossed to a congenic C57BL/6J 

background and mice used for experiments were hemizygous for Cre and heterozygous 

for the Ai9 reporter allele. Experimental hemizygous SST-Cre mice were generated by 

crossing homozygous SST-Cre mice with C57BL/6J mice. Littermates of the same sex 

were randomly assigned to experimental groups. We did not observe any significant effects 

related to external genitalia; therefore, the data for male and female mice were combined. 

Mice were cared for in accordance with the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals, were provided with food and water ad libitum, and 

maintained on a 12-hour light/ dark cycle (lights on 6:00 AM). Experiments were performed 

during the light cycle and all mice were group-housed for the duration of the studies. All 

mouse experiments were approved by the Institutional Animal Care and Use Committee for 

Vanderbilt University.

Rats—Adult (250-275 g) wild-type Sprague-Dawley rats (RRID:RGD_737903) were 

obtained from Envigo (Indianapolis, IN, USA) and allowed to acclimate to the housing 

facility for at least 1 week. Male rats were used for the phMRI studies due to established 

technical protocols and analysis pipelines and were randomly assigned to experimental 

groups prior to the procedure. Rats were cared for in accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals, were provided 

with food and water ad libitum, and maintained on a 12-hour light/dark cycle (lights on 

6:00 AM). Experiments were performed during the light cycle and rats were group-housed 
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prior to catheter implantation, then single-housed for the remainder of the experiment. All 

rat experiments were approved by the Institutional Animal Care and Use Committee for 

Vanderbilt University.

METHOD DETAILS

Fluorescence in situ hybridization—Fluorescence in situ hybridization experiments 

were performed using RNAscope probes and reagents supplied by Advanced Cell 

Diagnostics (Minneapolis, MN, USA) using the fresh-frozen protocol available online. 

Probe sets were directed against mouse messenger RNA and included Grm1 (Cat. No. 

449781, channel C1, accession number NM_016976.3, target region 1420-2372), Slc17a7 
(Cat. No. 416631-C3, C3, NM_182993.2, target region 464-1415), Slc32a1 (Cat. No. 

319191-C2, C2, NM_009508.2, target region 894-2037), Sst (Cat. No. 404631-C2, C2, 

NM_009215.1, target region 18-407), and Pvalb (Cat. No. 421931-C3, C3, NM_013645.3, 

target region 2-885). A set of negative control probes were directed against DapB of Bacillus 
subtilis (Cat. No. 320871).

C57BL/6J mice were anesthetized using 5% isoflurane, decapitated, and brains were rapidly 

dissected and submerged in ice-cold artificial cerebrospinal fluid (in mM: 126 NaCl, 2.5 

KCl, 1.25 Na2PO4, 26 NaHCO3, 10 glucose, 2 CaCl2, 1 MgSO4). Brains were then rapidly 

frozen in Tissue-Tek O.C.T. Compound using dry ice and stored at −80°C until sectioning. 

16 μm, coronal sections containing the mPFC were cut using a Leica Cryostat CM1950 

(Leica Biosystems, Buffalo Grove, IL, USA), mounted onto Fisherbrand Superfrost Plus 

slides (Fisher Scientific), and stored at −80°C until processing. Slides containing mPFC 

sections were fixed for 15 min in ice-cold 4% paraformaldehyde (PFA), followed by a 

sequence of dehydration steps by submersion in 50%, 70%, 100%, 100% ethanol at room 

temperature. Slides were then air-dried and a hydrophobic barrier was drawn around the 

sections using an ImmEdge PAP Pen (Vector Laboratories, Burlingame, CA, USA). Sections 

were incubated with Protease IV solution for 30 minutes at room temperature, washed twice 

in phosphate-buffered saline (PBS) and incubated in a mixture of eitherGrm1, Slc17a7, 
and Slc32a1 or Grm1, Sst, and Pvalb RNAScope probes for 2 hr at 40°C in a humidified 

chamber. Slides were washed in Wash Buffer and then underwent a series of amplification 

steps at 40°C with AMP 1-FL (30 min), AMP 2-FL (15 min), AMP 3-FL (30 min) and 

either AMP 4-Alt C-FL (for Slc17a7/Slc32a1 slides, 15 min) or AMP 4-Alt B-FL (for Sst/
Pvalb slides, 15 min), washing twice for 5 min in between each incubation. Following a final 

wash step, sections were incubated with DAPI and then coverslipped using Fluoromount 

Aqueous Mounting Medium (Millipore-Sigma, St. Louis, MO, USA). Slides were sealed 

and stored at 4°C until imaging. For each experimental section, a corresponding section 

from the same mouse underwent the same protocol substituting the 3-plex negative control 

probe.

Sections were imaged with an inverted Nikon ECLIPSE Ti-E microscope (Nikon 

Instruments Inc, Melville, NY, USA) using a 20x objective and an Andor Zyla sCMOS 

camera (Andor USA, Concord, MA, USA). Images were acquired with 405, 488, 561, 

and 647nm diode lasers and stitched together using NIS-Elements software. Images were 

analyzed with Fiji software (Schindelin et al., 2012), using the negative control-treated 
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sections to adjust brightness and contrast settings to minimize the visualization of bacterial 

transcripts and autofluorescence. Regions-of-interest (ROIs) were defined using the C2 or 

C3 channels and overlaid onto the C1 channel, corresponding to Grm1 transcript. For each 

section, the optical density of the C1 channel was calculated within each ROI along with 

the average optical density of putative single transcripts identified as distinct, round dots 

with clearly decaying intensity on all sides. Following background correction, the number 

of “dots per cell” was then calculated by dividing the optical density in a given ROI by the 

average optical density of a single transcript, or “dot.” A cell was determined to be Grm1 
positive if it contained > 2 dots of Grm1 transcript within the ROI. Values for “dots per cell” 

for each hemisphere were averaged together and all statistical comparisons were conducted 

within animal. For analysis by cortical layer, the distance of the centroid of each ROI was 

measured from the pia surface and layer boundaries were assigned based on reported values 

for PL PFC (Anastasiades et al., 2019). All representative images are displayed without the 

DAPI channel and brightness and contrast were adjusted to improve visualization.

Immunofluorescence—Mice were anesthetized with 5% isoflurane, transcardially 

perfused with ice-cold PBS with 2g/L glucose followed by 4% PFA. Brains were dissected 

and post-fixed for 24hrs in 4% PFA at 4°C and then washed three times in PBS. 

Free-floating, 40-60 μm coronal mPFC sections were obtained using a Vibratome (Leica 

VT1200S, Leica Biosystems, Buffalo Grove, IL, USA) and stored in PBS until processing. 

Sections were washed with PBS, blocked with 5% normal donkey serum and 0.3% Triton 

X-100 in PBS for 2 hr at room temperature, and then incubated with primary antibody 

diluted in blocking buffer overnight at 4°C as follows: goat anti-RFP (Cat. No. 200-101-379, 

Rockland Immunochemicals, Inc., Limerick, PA) at 1:1000, chicken anti-GFP (Cat. No. 

ab13970, Abcam, Cambridge, MA, USA) at 1:2000. Slices were washed and then incubated 

with appropriate secondary antibodies for 2 hr at room temperature as follows at 1:500 

dilutions: donkey anti-goat-Cy3 (Cat. No. 705-165-147) and donkey anti-chicken-Alexa488 

(Cat. No. 703-545-155, Jackson ImmunoResearch Inc., West Grove, PA, USA). Slices were 

washed, incubated with DRAQ5 (Cat. No. 4084) for 5 min at room temperature, and 

then mounted and coverslipped onto Fisherbrand Superfrost Plus slides using Fluoromount 

Aqueous Mounting Medium. Sections were imaged as detailed for fluorescence in situ 
hybridization experiments.

Electrophysiology—Whole-cell patch clamp recordings were performed as previously 

described (Joffe et al., 2020; Maksymetz et al., 2019). 8-12 week-old mice were anesthetized 

with 5% isoflurane and the brain was rapidly removed from the skull, blocked, and mounted 

to the cutting stage of a Vibratome. Coronal sections containing the mPFC were cut at 

300 μm and hemisected in ice-cold NMDG-HEPES artificial cerebrospinal fluid (aCSF) 

containing (in mM): 92 NMDG, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 

glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl2·2H2O, and 10 MgSO4·7H2O, 

titrated to pH 7.3-7.4 with HCl and osmolarity adjusted to 300-310mOsm. Slices were then 

transferred to 32°C for 10-12 min and following recovery, transferred to a holding chamber 

containing aCSF composed of (in mM): 126 NaCl, 2.5 KCl, 1.25 Na2PO4, 26 NaHCO3, 10 

glucose, 2 CaCl2, 1 MgSO4, supplemented with 500μM sodium ascorbate and osmolarity 
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adjusted to 295-300mOsm, at room temperature for a minimum of 1 hr before commencing 

recording.

For recording, slices were transferred to a submerged recording chamber (Warner 

Instruments, CT, USA) and perfused with aCSF maintained at 31 ± 1°C using an in-line 

heater (Warner Instruments, CT, USA) at a rate of 2mL/min. Whole-cell patch clamp 

recordings were performed in the prelimbic PFC from visually-identified layer V pyramidal 

neurons or tdTomato-positive SST or PV neurons in response to brief illumination with 

565nm light. Recordings of tdTomato-positive neurons from SST::Ai9 mice were discarded 

if they displayed PV-like fast-spiking and membrane properties (i.e., low input resistance 

and little to no voltage sag in response to hyperpolarization) due to potential marker 

expression in PV neurons in this line (Hu et al., 2013). Access resistance, membrane 

resistance, and holding current were monitored throughout all recordings. Cells where the 

access resistance changed more than 25% throughout the recording were excluded from 

analysis.

To record membrane properties, spontaneous excitatory postsynaptic currents (sEPSCs) and 

current-clamp responses to compound application, pipets pulled to a resistance of 3-5 MΩ 
were filled with a K-gluconate-based internal solution (in mM: 125 K-gluconate, 4 NaCl, 

10 HEPES, 4 MgATP, 0.3 NaGTP, 10 Tris-phosphocreatine). After obtaining a > 1GU seal, 

fast capacitance was compensated and whole-cell configuration was achieved. Cells were 

allowed to dialyze for 5 min while voltage clamped at −80 mV. To confirm cellular identity 

and assess membrane properties and spiking characteristics, the responses to a series of 

current injections ranging from −150pA to +400pA (25pA increments) were recorded for 

each cell in current clamp. sEPSCs were then recorded in voltage clamp at −80mV near the 

reversal potential for GABAA receptor-mediated currents (Joffe et al., 2020). Current-clamp 

recordings of membrane properties were performed with no current injected and with series 

resistance compensated for.

To record spontaneous inhibitory postsynaptic currents (sIPSCs) and within-cell ratios of 

sIPSCs-to-sEPSCs, patch pipets were filled with Cs-based internal solution (in mM: 140 

CsMeSO3, 5NaCl, 10 HEPES, 0.2 EGTA, 2 MgATP, 0.2 NaGTP, 5 QX-314). sEPSCs and 

sIPSCs were recorded at −70mV and +10mV, respectively, adjusted for the liquid junction 

potential. sIPSCs were confirmed to be GABAA mediated as they were abolished by bath 

application of 50 μM picrotoxin while sEPSCs were eliminated by bath application of 20 

μM CNQX and 50 μM D-AP5. For within-cell ratios, baseline sEPSCs were recorded for 2 

minutes at −70mV, then voltage was stepped up to +10mV where sIPSCs were recorded at 

baseline and in response to compound application, then the cell was stepped back to −70mV 

to obtain a 2-minute sEPSC recording in the presence of test compounds.

For ex vivo optogenetic experiments in voltage-clamp, 565nm light (M565L3, Thor Labs, 

NJ) was delivered through a 40X immersion objective via the epillumination port of an 

Olympus BX51 inverted microscope with a duration of 100ms at 5Hz to the region around 

the recording electrode to activate NpHR3.0 for the duration of the compound administration 

experiments. For current-clamp experiment to verify NpHR-mediated hyperpolarization and 
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inhibition of action potential firing, constant 565nm light was delivered for 2 s or in the 

same manner used for the voltage-clamp experiments.

All recordings were amplified using an Axoclamp 700B amplifier, digitized with a Digidata 

1550B at 20kHz, low-pass filtered at 1.6kHz, and recorded using Clampex 10.7 software 

(Molecular Devices, San Jose, CA, USA) on a PC running Windows 10. sEPSC and sIPSC 

characteristics as well as baseline values used to calculate changes in holding current were 

analyzed using MiniAnalysis (Synaptosoft, Fort Lee, NJ, USA). Membrane properties and 

action potential characteristics were analyzed using ClampFit 10.7.

For sEPSC, sIPSC, and current-clamp recordings of compound application, baseline and 

compound values were quantified over a 2-min span directly before addition of compound 

and at the end of a 5-min compound bath application. For current-clamp recordings of 

compound application, cells were considered to fire persistent action potentials (APs) if AP 

frequency was greater than 1 Hz. For membrane properties, analysis was performed similar 

to other reports (Joffe et al., 2020; McGarry and Carter, 2016). Resting membrane potential 

(Vm) was calculated as the average voltage directly preceding a current step for all sweeps. 

Input resistance was determined by the average steady-state voltage (Vss) of the negative 

current injections. Sag ratio was calculated by the average of (Vsag – Vss)/(Vsag – Vm) for all 

negative current steps, where Vsag is the peak negative deflection of a negative current step. 

Adaptation ratio was determined as the average ratio of the last and first interspike intervals 

across current steps initiating APs where there were more than two spikes, such that larger 

values indicate greater adaptation.

Stereotaxic surgeries and fiber implants—At 5 weeks of age, SST-Cre or SST

Cre::Ai9 mice were anesthetized with 3% isoflurane, positioned in a stereotaxic frame (Kopf 

Instruments, CA) and maintained on 1%–2% isoflurane for the remainder of the procedure. 

Briefly, an incision was made and the skin and muscle atop the skull was pulled to the 

side and cleaned. A bilateral craniotomy was made above the prefrontal cortex. Mice were 

then bilaterally injected with AAV5-Ef1 α-DIO-eNpHR3.0-eYFP provided as a generous 

gift from Karl Deisseroth (Addgene viral prep # 26966-AAV5; http://addgene.org/26966; 

RRID:Addgene_26966) at a volume of 0.6μL of per injection site at a rate of 0.1μL/min 

using a 28G needle attached to a 10μL Hamilton syringe (Hamilton Co., NV). The needle 

remained in place for 5 min following injection and was then slowly retracted. For ex 
vivo optogenetic experiments, the mPFC stereotaxic coordinates were (in mm relative to 

Bregma): AP +1.80, ML ± 0.35, DV −2.00. The scalp was then closed with VetBond (3M, 

MN), mice were returned to their home cage, and received 10mg/kg carprofen for 48 hours.

For in vivo optogenetic experiments, mPFC stereotaxic coordinates were (in mm relative to 

Bregma, 10° angle): AP + 1.80, ML ± 0.85, DV −2.25. Following bilateral viral injection, 

two anchoring screws were secured to the caudal part of the skull and two 2mm long, 

200 μm core, 0.22 NA fiber optic cannulae (ThorLabs, Newton, NJ, USA) were implanted 

above the injection sites. Cannulae were secured to the skull with C&B Metabond dental 

adhesive (Parkell, Edgewood, NY, USA) followed by a layer of dental cement (Integrity 

Temporary Crown and Bridge Material, Patterson Dental, St. Paul, MN, USA) and the scalp 
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was then closed around the headcap with VetBond. Mice were returned to their home cage 

and received 10mg/kg carprofen for 48 hours.

Pharmacological magnetic resonance imaging—phMRI studies were performed as 

described previously (Byun et al., 2014; Moehle et al., 2017). Contrast-enhanced cerebral 

blood volume (CBV) functional MRI was used to obtain in vivo measures of drug-induced 

changes in neural activity. Isoflurane anesthetized Sprague-Dawley rats with preimplanted 

jugular vein catheters underwent endotracheal intubation (14G plastic catheter), followed 

by insertion of i.p. and s.c. catheters (22G), and mechanical ventilation (Kent Scientific, 

Litchfield, CT) delivering isoflurane in a 1:2 O2:N2O gas mixture. Animals were securely 

placed in a bite bar (transimaging.com, Raleigh, NC) and pulse rate, respiration rate and 

pattern, and rectal temperature were continuously monitored (PhysioPro; transimaging.com, 

Raleigh, NC) and temperature maintained through an air-heating unit (SAM-PC; SA 

Instruments, Encinitas, CA). End-tidal carbon dioxide was monitored (Invivo Research, 

Orlando, FL) and maintained. For each scan session, animals were anesthetized under 0.9% 

isoflurane with neuromuscular blockade (pancuronium bromide, 1 mg/kg). Functional MR 

images were acquired using a horizontal 9.4T Magnex magnet interfaced with a Varian/

Agilent spectrometer and a Doty litz 38-mm transmit-receive radiofrequency coil (Doty). 

Magnetic field homogeneity was optimized by automatic global shimming followed by local 

shimming over the rat brain. High-resolution fast spinecho (FSE) anatomical images were 

collected with the following parameters: repetition time [TR] 2550 ms; effective echo time 

[TEeff] 40 ms; number of excitations [NEX] 2; 128 × 128 matrix; 35 × 35 mm2 field of view 

[FOV]; 14 1.0 mm thick contiguous slices. Precontrast reference images and post-contrast 

functional images were acquired (FSE: TR 2600 ms; TEeff 36 ms; NEX 2; 64 × 64 matrix). 

To determine target engagement and the effects of VU6004909 on the NMDA receptor 

antagonist-induced regional responses, either vehicle (10% Tween-80 in sterile water) or 

60 mg/kg VU6004909 (i.p.) was administered 30 min before scan initiation. To measure 

changes in CBV, Molday iron oxide nanoparticles (MION, 30 nm; 20 mg/kg, i.v.; BioPAL, 

Worcester, MA) were injected. After equilibration of MION, post-contrast baseline data 

were collected for 10 minutes, and then MK-801 was injected (0.3mg/kg, s.c.) and phMRI 

data were continuously acquired.

phMRI data were first pre-processed using Analysis of Functional NeuroImages (AFNI; 

https://afni.nimh.nih.gov/). All brain-masked, motion corrected (AFNI 2dreg) images were 

coregistered to an anatomical template (AFNI 3dreg). Data were processed using in-house 

MATLAB code (Mathworks); fractional CBV changes were calculated on a voxel-wise basis 

for each brain slice using the equation ΔCBV(t)/ CBVo = [ln S(t) – ln So]/[ln So – ln Spre], 

where S(t) is the signal measured at time t, So is the post-contrast baseline signal, and 

Spre is the pre-contrast baseline signal (Mandeville et al., 1998). Regions of interest (ROIs) 

that were pre-defined on an anatomical template based on the Paxinos & Watson rat brain 

atlas (Paxinos and Watson, 2007) were propogated through all slices for all subjects. Mean 

fractional CBV changes were calculated for each ROI (left / right hemispheres averaged).

Animal behavior—Behavioral experiments were performed in adult, C57BL/6J mice with 

the exception of the in vivo optogenetic experiments which were performed in SST-Cre/
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SST-Cre::Ai9 mice following surgery. Experiments were performed in part through the use 

of the Murine Neurobehavior Core lab at Vanderbilt University Medical Center.

Spontaneous alternation was performed in a Y-shaped maze with clear, plexiglass walls. 

Mice were injected with vehicle (10% Tween-80), VU6004909 (60 mg/kg, i.p.), or 

Ro-07-11401 (30 mg/kg, i.p.) 40 min before injection with either vehicle (0.9% saline) or 

MK-801 (0.18 mg/kg, i.p) 20 min prior to the start of the behavioral session. Mice were then 

placed in one arm of the maze, facing away from the center and allowed to freely explore 

for 8 min. The start arm for each mouse was alternated and the maze was cleaned with 70% 

ethanol between each mouse. Animal tracking was performed using ANY-maze software 

with zones for each arm of the maze predetermined. The number and order of entries into 

each of the three arms were analyzed. A correct spontaneous alternation occurred when the 

mouse entered a different arm in each of three consecutive arm entries (e.g., ABC or CAB 

is correct, ABA or CAC is incorrect). Percent alternation was calculated as: (Total correct 

spontaneous alternations) / (Total arm entries n 2) × 100.

In vivo optogenetics—In vivo optogenetic manipulations of spontaneous alternation 

performance were performed similar to spontaneous alternation studies in C57BL/6J mice 

with the following modifications. 6 weeks after viral injection and cannula implantation, 

mice were habituated to a bifurcated patch cable (BFYL1LF01, Thor Labs). Each fiber optic 

cannula was wiped clean with 70% isopropyl alcohol and the two ends of the patch cable 

were connected to the implanted cannulae with ceramic sleeves. Mice were then allowed to 

explore a novel cage for 5 minutes before being disconnected.

To assess the effects of mPFC SST inhibition on Y-maze performance, mice were 

randomized to light ON or OFF groups. Both groups were allowed to explore the maze 

for 8 minutes, split into two, 4 min trials. For the light ON group, the first 4 min were 

conducted with the light off, then a 560nm LED (Doric Lenses, Quebec, Canada) connected 

to the other end of the patch cord was turned on for the second 4 min. For the light OFF 

group, the mice were connected to the patch cord but the light was not turned on. 560nm 

light (5mW measured at the end of each patch cord cable) was delivered similar to the ex 
vivo slice studies: 100ms duration at 5Hz for 4 min. Mice were placed into an arm of the 

Y-maze facing away from the center, the start arm was alternated, and the maze was cleaned 

with 70% ethanol between each mouse.

To assess the effects of mPFC SST inhibition on mGlu1 PAM efficacy, mice were injected 

with vehicle (10% Tween-80) or VU6004909 (60 mg/kg, i.p.) 40 min before injection with 

either vehicle (0.9% saline) or MK-801 (0.18 mg/kg, i.p) 20 min prior to the start of the 

behavioral session. All mice were exposed to 560nm light as described above and mice were 

randomized to have the light ON during the first or second 4-min trial. Mice were initially 

connected to the patch cable and placed in a novel cage for 30 s. For mice randomized 

to receive light ON first, the LED was turned on and then mice were then placed into the 

Y-maze. After 4 min, the LED was turned off. For mice receiving light OFF first, mice were 

placed into the Y-maze from the novel cage and after 4 min, the LED was turned on.
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Videos of the sessions were recorded and total arm entries and order were analyzed by an 

observer blinded to treatment groups. Zones were marked in the same way as experiments 

performed in wild-type mice. To control for inaccurate measurements of performance with 

too few zone entries, mice that failed to perform more than 6 arm entries in either 4-min 

trial were excluded from analysis. To minimize the number of animals used in this study, 

mice were returned to their home cage and allowed to recover for 1 week. Mice were then 

pseudo-randomized to receive a different compound combination for a second test day and 

we observed no effect of prior exposure to any compound combination on performance in 

this assay.

Upon completion of the in vivo optogenetic experiments, brains were collected and 

verification of cannula placement and NpHR expression was assessed as described in 

the immunohistochemistry methods. Mice with improper cannula placement or lack of 

expression of NpHR in both hemispheres around the cannula tips were excluded from 

analysis.

Compounds—DHPG (S-3,5-dihydroxyphenylglycine) was purchased from Hello-Bio Inc. 

(Princeton, NJ, USA). (+)-MK-801 maleate, MTEP hydrochloride, and LY367385 were 

purchased from Tocris Bioscience (Minneapolis, MN, USA). VU6004909 and Ro-07-11401 

were synthesized in-house as previously described (Garcia-Barrantes et al., 2016). Stock 

solutions were prepared in deionized water for DHPG and MTEP, 0.9% saline for MK-801, 

1.1 equivalents of NaOH for LY367385, and DMSO (< 0.01% final concentration) for 

VU6004909. Solutions of VU6004909 from powder or MK-801 from stock solution that 

were used for behavioral experiments were prepared on the same day as the behavioral task 

in appropriate vehicles described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of animals in each experiment is denoted by “N” and the recorded cells by 

“n.” Data are presented as mean ± standard error (SEM). Statistical analyses and data 

visualization were performed using GraphPad Prism (La Jolla, CA). A paired or unpaired 

two-tailed Student’s t test, two-tailed Mann-Whitney test, Fisher’s exact test, one-way 

ANOVA, or repeated-measures one- or two-way ANOVA with suitable post-tests were used 

where appropriate. Results of analyses including relevant statistical values and tests are 

presented in the text or figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

The authors would like to thank Weimin Peng for mouse colony management, Zou Yue of the Vanderbilt University 
Institute of Imaging Science for performing rat catheter implants, other members of the Conn Lab for analysis 
guidance and thoughtful discussions, and the Vanderbilt Murine Neurobehavior Core and the Vanderbilt Cell 
Imaging Shared Resource for providing technical advice and instrumentation. This work was supported by NIH 
grants R37NS031373 and R01MH119673 (to P.J.C.). J.M. was supported by the Vanderbilt International Scholars 
Program and the Canadian Institutes for Health Research Doctoral Foreign Study Award DFS146189. M.E.J. 
was supported by NIH grant K99AA027806. The Vanderbilt Murine Neurobehavior Core is supported in part by 

Maksymetz et al. Page 20

Cell Rep. Author manuscript; available in PMC 2021 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the EKS NICHD of the NIH under award U54HD083211, and the Vanderbilt Cell Imaging Shared Resource is 
supported by NIH grants CA68485, DK20593, DK58404, DK59637, and EY08126.

REFERENCES

Abbas AI, Sundiang MJM, Henoch B, Morton MP, Bolkan SS, Park AJ, Harris AZ, Kellendonk C, 
and Gordon JA (2018). Somatostatin interneurons facilitate hippocampal-prefrontal synchrony and 
prefrontal spatial encoding. Neuron 100, 926–939.e3. [PubMed: 30318409] 

Aiba A, Kano M, Chen C, Stanton ME, Fox GD, Herrup K, Zwingman TA, and Tonegawa S (1994a). 
Deficient cerebellar long-term depression and impaired motor learning in mGluR1 mutant mice. 
Cell 79, 377–388. [PubMed: 7954803] 

Aiba A, Chen C, Herrup K, Rosenmund C, Stevens CF, and Tonegawa S (1994b). Reduced 
hippocampal long-term potentiation and context-specific deficit in associative learning in mGluR1 
mutant mice. Cell 79, 365–375. [PubMed: 7954802] 

Ali F, Gerhard DM, Sweasy K, Pothula S, Pittenger C, Duman RS, and Kwan AC (2020). Ketamine 
disinhibits dendrites and enhances calcium signals in prefrontal dendritic spines. Nat. Commun 11, 
72. [PubMed: 31911591] 

Anastasiades PG, Boada C, and Carter AG (2019). Cell-type-specific D1 dopamine receptor 
modulation of projection neurons and interneurons in the prefrontal cortex. Cereb. Cortex 29, 
3224–3242. [PubMed: 30566584] 

Ayoub MA, Angelicheva D, Vile D, Chandler D, Morar B, Cavanaugh JA, Visscher PM, Jablensky 
A, Pfleger KDG, and Kalaydjieva L (2012). Deleterious GRM1 mutations in schizophrenia. PLoS 
ONE 7, e32849. [PubMed: 22448230] 

Ballard TM, Knoflach F, Prinssen E, Borroni E, Vivian JA, Basile J, Gasser R, Moreau J-L, Wettstein 
JG, Buettelmann B, et al. (2009). RO4938581, a novel cognitive enhancer acting at GABAA α5 
subunit-containing receptors. Psychopharmacology (Berl.) 202, 207–223. [PubMed: 18936916] 

Baude A, Nusser Z, Roberts JD, Mulvihill E, McIlhinney RA, and Somogyi P (1993). The 
metabotropic glutamate receptor (mGluR1α) is concentrated at perisynaptic membrane of neuronal 
subpopulations as detected by immunogold reaction. Neuron 11, 771–787. [PubMed: 8104433] 

Behrens MM, Ali SS, Dao DN, Lucero J, Shekhtman G, Quick KL, and Dugan LL (2007). Ketamine
induced loss of phenotype of fast-spiking interneurons is mediated by NADPH-oxidase. Science 
318, 1645–1647. [PubMed: 18063801] 

Bobes J, Garcia-Portilla MP, Bascaran MT, Saiz PA, and Bousorño M (2007). Quality of life in 
schizophrenic patients. Dialogues Clin. Neurosci. 9, 215–226. [PubMed: 17726919] 

Burke E, Wojcik J, Seidman LJ, Green A, and Woo T-UW (2018). F43. Potentiation of inhibitory 
neurotransmission in the treatment of recent-onset schizophrenia by modification of developmental 
pruning of prefrontal circuitry. Schizophr. Bull 44 (Suppl 1), S235–S236.

Busche MA, and Konnerth A (2016). Impairments of neural circuit function in Alzheimer’sdisease. 
Philos. Trans. R. Soc. Lond. B Biol. Sci. 371, 20150429. [PubMed: 27377723] 

Byun NE, Grannan M, Bubser M, Barry RL, Thompson A, Rosanelli J, Gowrishankar R, 
Kelm ND, Damon S, Bridges TM, et al. (2014). Antipsychotic drug-like effects of the 
selective M4 muscarinic acetylcholine receptor positive allosteric modulator VU0152100. 
Neuropsychopharmacology 39, 1578–1593. [PubMed: 24442096] 

Chiu CQ, Martenson JS, Yamazaki M, Natsume R, Sakimura K, Tomita S, Tavalin SJ, and Higley MJ 
(2018). Input-specific NMDAR-dependent potentiation of dendritic GABAergic inhibition. Neuron 
97, 368–377.e3. [PubMed: 29346754] 

Cho HP, Garcia-Barrantes PM, Brogan JT, Hopkins CR, Niswender CM, Rodriguez AL, Venable 
DF, Morrison RD, Bubser M, Daniels JS, et al. (2014). Chemical modulation of mutant mGlu1 
receptors derived from deleterious GRM1 mutations found in schizophrenics. ACS Chem. Biol 9, 
2334–2346. [PubMed: 25137254] 

Cohen SM, Tsien RW, Goff DC, and Halassa MM (2015). The impact of NMDA receptor 
hypofunction on GABAergic neurons in the pathophysiology of schizophrenia. Schizophr. Res 
167, 98–107. [PubMed: 25583246] 

Maksymetz et al. Page 21

Cell Rep. Author manuscript; available in PMC 2021 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conley AC, Key AP, Blackford JU, Conn J, Lindsley CW, Jones CK, and Newhouse PA (2019). 
Cognitive and electrophysiological measures of a phase 1 single ascending dose study of the 
muscarinic positive allosteric modulator vu319. Alzheimers Dement. 15, 253.

Cummings KA, and Clem RL (2020). Prefrontal somatostatin interneurons encode fear memory. Nat. 
Neurosci. 23, 61–74. [PubMed: 31844314] 

Dienel SJ, and Lewis DA (2019). Alterations in cortical interneurons and cognitive function in 
schizophrenia. Neurobiol. Dis. 131, 104208. [PubMed: 29936230] 

Doyle OM, De Simoni S, Schwarz AJ, Brittain C, O’Daly OG, Williams SCR, and Mehta MA 
(2013). Quantifying the attenuation of the ketamine pharmacological magnetic resonance imaging 
response in humans: A validation using antipsychotic and glutamatergic agents. J. Pharmacol. Exp. 
Ther 345, 151–160. [PubMed: 23370794] 

Ferraguti F, Cobden P, Pollard M, Cope D, Shigemoto R, Watanabe M, and Somogyi P (2004). 
Immunolocalization of metabotropic glutamate receptor 1α (mGluR1α) in distinct classes of 
interneuron in the CA1 region of the rat hippocampus. Hippocampus 14, 193–215. [PubMed: 
15098725] 

Frank RAW, McRae AF, Pocklington AJ, van de Lagemaat LN, Navarro P, Croning MDR, Komiyama 
NH, Bradley SJ, Challiss RAJ, Armstrong JD, et al. (2011). Clustered coding variants in the 
glutamate receptor complexes of individuals with schizophrenia and bipolar disorder. PLoS ONE 
6, e19011. [PubMed: 21559497] 

Fritschy J-M (2008). Epilepsy, E/I balance and GABAA receptor plasticity. Front. Mol. Neurosci. 1, 5. 
[PubMed: 18946538] 

Fukuda T, and Kosaka T (2000). Gap junctions linking the dendritic network of GABAergic 
interneurons in the hippocampus. J. Neurosci 20, 1519–1528. [PubMed: 10662841] 

Fung SJ, Webster MJ, Sivagnanasundaram S, Duncan C, Elashoff M, and Weickert CS (2010). 
Expression of interneuron markers in the dorsolateral prefrontal cortex of the developing human 
and in schizophrenia. Am. J. Psychiatry 167, 1479–1488. [PubMed: 21041246] 

Fung SJ, Fillman SG, Webster MJ, and Shannon Weickert C (2014). Schizophrenia and bipolar 
disorder show both common and distinct changes in cortical interneuron markers. Schizophr. Res 
155, 26–30. [PubMed: 24674775] 

Gao R, and Penzes P (2015). Common mechanisms of excitatory and inhibitory imbalance in 
schizophrenia and autism spectrum disorders. Curr. Mol. Med 15, 146–167. [PubMed: 25732149] 

Garcia-Barrantes PM, Cho HP, Niswender CM, Byers FW, Locuson CW, Blobaum AL, Xiang Z, 
Rook JM, Conn PJ, and Lindsley CW (2015). Development of novel, CNS penetrant positive 
allosteric modulators for the metabotropic glutamate receptor subtype 1 (mGlu1), based on 
an N- (3-chloro-4-(1,3-dioxoisoindolin-2-yl)phenyl)-3-methylfuran-2-carboxamide scaffold, that 
potentiate wild type and mutant mGlu1 receptors found in schizophrenics. J. Med. Chem 58, 
7959–7971. [PubMed: 26426481] 

Garcia-Barrantes PM, Cho HP, Metts AM, Blobaum AL, Niswender CM, Conn PJ, and Lindsley CW 
(2016). Lead optimization of the VU0486321 series of mGlu1 PAMs. Part 2: SAR of alternative 
3-methyl heterocycles and progress towards an in vivo tool. Bioorg. Med. Chem. Lett 26, 751–756. 
[PubMed: 26778256] 

Gee CE, Benquet P, and Gerber U (2003). Group I metabotropic glutamate receptors activate a 
calcium-sensitive transient receptor potential-like conductance in rat hippocampus. J. Physiol 546, 
655–664. [PubMed: 12562994] 

Geffen Y, Keefe R, Rabinowitz J, Anand R, and Davidson M (2012). Bl-1020, a new γ-aminobutyric 
acid-enhanced antipsychotic: results of 6-week, randomized, double-blind, controlled, efficacy and 
safety study. J. Clin. Psychiatry 73, e1168–e1174. [PubMed: 23059159] 

Gerhard DM, Pothula S, Liu R-J, Wu M, Li X-Y, Girgenti MJ, Taylor SR, Duman CH, Delpire 
E, Picciotto M, et al. (2020). GABA interneurons are the cellular trigger for ketamine’s rapid 
antidepressant actions. J. Clin. Invest 130, 1336–1349. [PubMed: 31743111] 

Ghoshal A, Rook JM, Dickerson JW, Roop GN, Morrison RD, Jalan-Sakrikar N, Lamsal A, 
Noetzel MJ, Poslusney MS, Wood MR, et al. (2016). Potentiation of M1 muscarinic receptor 
reverses plasticity deficits and negative and cognitive symptoms in a schizophrenia mouse model. 
Neuropsychopharmacology 41, 598–610. [PubMed: 26108886] 

Maksymetz et al. Page 22

Cell Rep. Author manuscript; available in PMC 2021 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gill KM, Lodge DJ, Cook JM, Aras S, and Grace AA (2011). A novel α5GABAAR-positive allosteric 
modulator reverses hyperactivation of the dopamine system in the MAM model of schizophrenia. 
Neuropsychopharmacology 36, 1903–1911. [PubMed: 21562483] 

Gonzalez-Burgos G, Cho RY, and Lewis DA (2015). Alterations in cortical network oscillations and 
parvalbumin neurons in schizophrenia. Biol. Psychiatry 77, 1031–1040. [PubMed: 25863358] 

Gore JC (2003). Principles and practice of functional MRI of the human brain. J. Clin. Invest 112, 4–9. 
[PubMed: 12840051] 

Gouwens NW, Sorensen SA, Baftizadeh F, Budzillo A, Lee BR, Jarsky T, Alfiler L, Baker K, Barkan 
E, Berry K, et al. (2020). Integrated morphoelectric and transcriptomic classification of cortical 
gabaergic cells. Cell 183, 935–953.e19. [PubMed: 33186530] 

Grannan MD, Mielnik CA, Moran SP, Gould RW, Ball J, Lu Z, Bubser M, Ramsey AJ, Abe M, 
Cho HP, et al. (2016). Prefrontal cortex-mediated impairments in a genetic model of NMDA 
receptor hypofunction are reversed by the novel M1 PAM VU6004256. ACS Chem. Neurosci 7, 
1706–1716. [PubMed: 27617634] 

Green MF (2016). Impact of cognitive and social cognitive impairment on functional outcomes in 
patients with schizophrenia. J. Clin. Psychiatry 77 (Suppl 2), 8–11. [PubMed: 26919052] 

Guidotti A, Auta J, Davis JM, Dong E, Grayson DR, Veldic M, Zhang X, and Costa E 
(2005). GABAergic dysfunction in schizophrenia: New treatment strategies on the horizon. 
Psychopharmacology (Berl.) 180, 191–205. [PubMed: 15864560] 

Haam J, Zhou J, Cui G, and Yakel JL (2018). Septal cholinergic neurons gate hippocampal output to 
entorhinal cortex via oriens lacunosum moleculare interneurons. Proc. Natl. Acad. Sci. USA 115, 
E1886–E1895. [PubMed: 29437952] 

Hackler EA, Byun NE, Jones CK, Williams JM, Baheza R, Sengupta S, Grier MD, Avison M, Conn 
PJ, and Gore JC (2010). Selective potentiation of the metabotropic glutamate receptor subtype 2 
blocks phencyclidine-induced hyperlocomotion and brain activation. Neuroscience 168, 209–218. 
[PubMed: 20350588] 

Harris KD, and Shepherd GMG (2015). The neocortical circuit: Themes and variations. Nat. Neurosci 
18, 170–181. [PubMed: 25622573] 

Hartmann J, Henning HA, and Konnerth A (2011). mGluR1/TRPC3-mediated synaptic transmission 
and calcium signaling in mammalian central neurons. Cold Spring Harb. Perspect. Biol 3, 
a006726. [PubMed: 21441586] 

Hashimoto T, Arion D, Unger T, Maldonado-Avilés JG, Morris HM, Volk DW, Mirnics K, and Lewis 
DA (2008). Alterations in GABA-related transcriptome in the dorsolateral prefrontal cortex of 
subjects with schizophrenia. Mol. Psychiatry 13, 147–161. [PubMed: 17471287] 

Hatch RJ, Mendis GDC, Kaila K, Reid CA, and Petrou S (2017). Gap junctions link regular-spiking 
and fast-spiking interneurons in layer 5 somatosensory cortex. Front. Cell. Neurosci 11, 204. 
[PubMed: 28769764] 

Havlicek M, Ivanov D, Roebroeck A, and Uludağ K (2017). Determining excitatory and inhibitory 
neuronal activity from multimodal fMRI data using a generative hemodynamic model. Front. 
Neurosci 11, 616. [PubMed: 29249925] 

Hill SK, Bishop JR, Palumbo D, and Sweeney JA (2010). Effect of second-generation antipsychotics 
on cognition: Current issues and future challenges. Expert Rev. Neurother 10, 43–57. [PubMed: 
20021320] 

Homayoun H, and Moghaddam B (2007). NMDA receptor hypofunction produces opposite effects on 
prefrontal cortex interneurons and pyramidal neurons. J. Neurosci 27, 11496–11500. [PubMed: 
17959792] 

Horn ME, and Nicoll RA (2018). Somatostatin and parvalbumin inhibitory synapses onto hippocampal 
pyramidal neurons are regulated by distinct mechanisms. Proc. Natl. Acad. Sci. USA 115, 589–
594. [PubMed: 29295931] 

Hu H, Cavendish JZ, and Agmon A (2013). Not all that glitters is gold: Off-target recombination in 
the somatostatin-IRES-Cre mouse line labels a subset of fast-spiking interneurons. Front. Neural 
Circuits 7, 195. [PubMed: 24339803] 

Husa AP, Moilanen J, Murray GK, Marttila R, Haapea M, Rannikko I, Barnett JH, Jones PB, Isohanni 
M, Remes AM, et al. (2017). Lifetime antipsychotic medication and cognitive performance in 

Maksymetz et al. Page 23

Cell Rep. Author manuscript; available in PMC 2021 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



schizophrenia at age 43 years in a general population birth cohort. Psychiatry Res. 247, 130–138. 
[PubMed: 27888683] 

Javitt DC, and Zukin SR (1991). Recent advances in the phencyclidine model of schizophrenia. Am. J. 
Psychiatry 148, 1301–1308. [PubMed: 1654746] 

Joffe ME, Winder DG, and Conn PJ (2020). Contrasting sex-dependent adaptations to synaptic 
physiology and membrane properties of prefrontal cortex interneuron subtypes in a mouse model 
of binge drinking. Neuropharmacology 178, 108126. [PubMed: 32781000] 

Jones CA, Watson DJG, and Fone KCF (2011). Animal models of schizophrenia. Br. J. Pharmacol. 
164, 1162–1194. [PubMed: 21449915] 

Kirkpatrick B, Fenton WS, Carpenter WT Jr., and Marder SR (2006). The NIMH-MATRICS 
consensus statement on negative symptoms. Schizophr. Bull 32, 214–219. [PubMed: 16481659] 

Koh MT, Rosenzweig-Lipson S, and Gallagher M (2013). Selective GABAA α5 positive allosteric 
modulators improve cognitive function in aged rats with memory impairment. Neuropharmacology 
64, 145–152. [PubMed: 22732440] 

Kroon T, Dawitz J, Kramvis I, Anink J, Obermayer J, Verhoog MB, Wilbers R, Goriounova NA, Idema 
S, Baayen JC, et al. (2019). Group I mGluR-mediated activation of martinotti cells inhibits local 
cortical circuitry in human cortex. Front. Cell. Neurosci 13, 315. [PubMed: 31354435] 

Lawrence JJ, Statland JM, Grinspan ZM, and McBain CJ (2006). Cell type-specific dependence of 
muscarinic signalling in mouse hippocampal stratum oriens interneurones. J. Physiol 570, 595–
610. [PubMed: 16322052] 

Lewis DA, Volk DW, and Hashimoto T (2004). Selective alterations in prefrontal cortical GABA 
neurotransmission in schizophrenia: A novel target for the treatment of working memory 
dysfunction. Psychopharmacology (Berl.) 174, 143–150. [PubMed: 15205885] 

Lewis DA, Cho RY, Carter CS, Eklund K, Forster S, Kelly MA, and Montrose D (2008). Subunit
selective modulation of GABA type A receptor neurotransmission and cognition in schizophrenia. 
Am. J. Psychiatry 165, 1585–1593. [PubMed: 18923067] 

Lewis DA, Curley AA, Glausier JR, and Volk DW (2012). Cortical parvalbumin interneurons and 
cognitive dysfunction in schizophrenia. Trends Neurosci. 35, 57–67. [PubMed: 22154068] 

Lodge DJ, Behrens MM, and Grace AA (2009). A loss of parvalbumin-containing interneurons is 
associated with diminished oscillatory activity in an animal model of schizophrenia. J. Neurosci. 
29, 2344–2354. [PubMed: 19244511] 

López-Bendito G, Shigemoto R, Fairén A, and Luján R (2002). Differential distribution of group I 
metabotropic glutamate receptors during rat cortical development. Cereb. Cortex 12, 625–638. 
[PubMed: 12003862] 

Magee JC (2000). Dendritic integration of excitatory synaptic input. Nat. Rev. Neurosci 1, 181–190. 
[PubMed: 11257906] 

Maksymetz J, Moran SP, and Conn PJ (2017). Targeting metabotropic glutamate receptors for novel 
treatments of schizophrenia. Mol. Brain 10, 15. [PubMed: 28446243] 

Maksymetz J, Joffe ME, Moran SP, Stansley BJ, Li B, Temple K, Engers DW, Lawrence JJ, Lindsley 
CW, and Conn PJ (2019). M1 muscarinic receptors modulate fear-related inputs to the prefrontal 
cortex: Implications for novel treatments of posttraumatic stress disorder. Biol. Psychiatry 85, 
989–1000. [PubMed: 31003787] 

Mandeville JB, Marota JJ, Kosofsky BE, Keltner JR, Weissleder R, Rosen BR, and Weisskoff 
RM (1998). Dynamic functional imaging of relative cerebral blood volume during rat forepaw 
stimulation. Magn. Reson. Med 39, 615–624. [PubMed: 9543424] 

Mannaioni G, Marino MJ, Valenti O, Traynelis SF, and Conn PJ (2001). Metabotropic glutamate 
receptors 1 and 5 differentially regulate CA1 pyramidal cell function. J. Neurosci 21, 5925–5934. 
[PubMed: 11487615] 

Manoach DS, Press DZ, Thangaraj V, Searl MM, Goff DC, Halpern E, Saper CB, and Warach S 
(1999). Schizophrenic subjects activate dorsolateral prefrontal cortex during a working memory 
task, as measured by fMRI. Biol. Psychiatry 45, 1128–1137. [PubMed: 10331104] 

Markram H, Toledo-Rodriguez M, Wang Y, Gupta A, Silberberg G, and Wu C (2004). Interneurons of 
the neocortical inhibitory system. Nat. Rev. Neurosci 5, 793–807. [PubMed: 15378039] 

Maksymetz et al. Page 24

Cell Rep. Author manuscript; available in PMC 2021 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



McGarry LM, and Carter AG (2016). Inhibitory gating of basolateral amygdala inputs to the prefrontal 
cortex. J. Neurosci 36, 9391–9406. [PubMed: 27605614] 

Moehle MS, Pancani T, Byun N, Yohn SE, Wilson GH 3rd, Dickerson JW, Remke DH, Xiang Z, 
Niswender CM, Wess J, et al. (2017). Cholinergic projections to the substantia nigra pars reticulata 
inhibit dopamine modulation of basal ganglia through the M4 muscarinic receptor. Neuron 96, 
1358–1372.e4. [PubMed: 29268098] 

Moran LV, and Hong LE (2011). High vs low frequency neural oscillations in schizophrenia. 
Schizophr. Bull 37, 659–663. [PubMed: 21653278] 

Mukherjee A, Carvalho F, Eliez S, and Caroni P (2019). Long-lasting rescue of network and cognitive 
dysfunction in a genetic schizophrenia model. Cell 178, 1387–1402.e14. [PubMed: 31474363] 

Muly EC, Maddox M, and Smith Y (2003). Distribution of mGluR1α and mGluR5 immunolabeling in 
primate prefrontal cortex. J. Comp. Neurol 467, 521–535. [PubMed: 14624486] 

Murray AJ, Woloszynowska-Fraser MU, Ansel-Bollepalli L, Cole KLH, Foggetti A, Crouch B, Riedel 
G, and Wulff P (2015). Parvalbumin-positive interneurons of the prefrontal cortex support working 
memory and cognitive flexibility. Sci. Rep. 5, 16778. [PubMed: 26608841] 

Paxinos G, and Watson C (2007). The Rat Brain in Stereotaxic Coordinates (Academic Press).

Poorthuis RB, Bloem B, Schak B, Wester J, de Kock CPJ, and Mansvelder HD (2013). Layer-specific 
modulation of the prefrontal cortex by nicotinic acetylcholine receptors. Cereb. Cortex 23, 148–
161. [PubMed: 22291029] 

Prevot TD, Li G, Vidojevic A, Misquitta KA, Fee C, Santrac A, Knutson DE, Stephen MR, Kodali R, 
Zahn NM, et al. (2019). Novel benzodiazepine-like ligands with various anxiolytic, antidepressant, 
or pro-cognitive profiles. Mol. Neuropsychiatry 5, 84–97. [PubMed: 31192221] 

Rotaru DC, Yoshino H, Lewis DA, Ermentrout GB, and Gonzalez-Burgos G (2011). Glutamate 
receptor subtypes mediating synaptic activation of prefrontal cortex neurons: Relevance for 
schizophrenia. J. Neurosci 31, 142–156. [PubMed: 21209199] 

Rudolph U, and Möhler H (2014). GABAA receptor subtypes: Therapeutic potential in Down 
syndrome, affective disorders, schizophrenia, and autism. Annu. Rev. Pharmacol. Toxicol 54, 
483–507. [PubMed: 24160694] 

Rudy B, Fishell G, Lee S, and Hjerling-Leffler J (2011). Three groups of interneurons account for 
nearly 100% of neocortical GABAergic neurons. Dev. Neurobiol 71, 45–61. [PubMed: 21154909] 

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, Rueden C, 
Saalfeld S, Schmid B, et al. (2012). Fiji: An open-source platform for biological-image analysis. 
Nat. Methods 9, 676–682. [PubMed: 22743772] 

Schulz JM, Knoflach F, Hernandez M-C, and Bischofberger J (2018). Dendrite-targeting interneurons 
control synaptic NMDA-receptor activation via nonlinear α5-GABAA receptors. Nat. Commun 9, 
3576. [PubMed: 30177704] 

Sun H, and Neugebauer V (2011). mGluR1, but not mGluR5, activates feedforward inhibition in the 
medial prefrontal cortex to impair decision making. J. Neurophysiol 106, 960–973. [PubMed: 
21613584] 

Tasic B, Yao Z, Graybuck LT, Smith KA, Nguyen TN, Bertagnolli D, Goldy J, Garren E, Economo 
MN, Viswanathan S, et al. (2018). Shared and distinct transcriptomic cell types across neocortical 
areas. Nature 563, 72–78. [PubMed: 30382198] 

Tregellas JR, and Wylie KP (2019). Alpha7 nicotinic receptors as therapeutic targets in schizophrenia. 
Nicotine Tob. Res 21, 349–356. [PubMed: 30137618] 

Tsubomoto M, Kawabata R, Zhu X, Minabe Y, Chen K, Lewis DA, and Hashimoto T (2019). 
Expression of transcripts selective for GABA neuron subpopulations across the cortical 
visuospatial working memory network in the healthy state and schizophrenia. Cereb. Cortex 29, 
3540–3550. [PubMed: 30247542] 

Vieira E, Huwyler J, Jolidon S, Knoflach F, Mutel V, and Wichmann J (2009). Fluorinated 
9H-xanthene-9-carboxylic acid oxazol-2-yl-amides as potent, orally available mGlu1 receptor 
enhancers. Bioorg. Med. Chem. Lett 19, 1666–1669. [PubMed: 19233648] 

Wang H-X, and Gao W-J (2009). Cell type-specific development of NMDA receptors in the 
interneurons of rat prefrontal cortex. Neuropsychopharmacology 34, 2028–2040. [PubMed: 
19242405] 

Maksymetz et al. Page 25

Cell Rep. Author manuscript; available in PMC 2021 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wohleb ES, Wu M, Gerhard DM, Taylor SR, Picciotto MR, Alreja M, and Duman RS (2016). GABA 
interneurons mediate the rapid antidepressant-like effects of scopolamine. J. Clin. Invest. 126, 
2482–2494. [PubMed: 27270172] 

Xu M-Y, and Wong AHC (2018). GABAergic inhibitory neurons as therapeutic targets for cognitive 
impairment in schizophrenia. Acta Pharmacol. Sin 39, 733–753. [PubMed: 29565038] 

Yavorska I, and Wehr M (2016). Somatostatin-expressing inhibitory interneurons in cortical circuits. 
Front. Neural Circuits 10, 76. [PubMed: 27746722] 

Yohn SE, Foster DJ, Covey DP, Moehle MS, Galbraith J, Garcia-Barrantes PM, Cho HP, Bubser M, 
Blobaum AL, Joffe ME, et al. (2020). Activation of the mGlu1 metabotropic glutamate receptor 
has antipsychotic-like effects and is required for efficacy of M4 muscarinic receptor allosteric 
modulators. Mol. Psychiatry 25, 2786–2799. [PubMed: 30116027] 

Maksymetz et al. Page 26

Cell Rep. Author manuscript; available in PMC 2021 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• mGlu1 augments SST interneuron output to increase prelimbic (PL) cortex 

inhibition

• An mGlu1 positive allosteric modulator (PAM) shifts I-E balance toward 

inhibition

• An mGlu1 PAM reverses MK-801-induced cortical hyperactivity in vivo

• mGlu1 PAMs reverse working memory deficits via actions on PL SST 

interneurons
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Figure 1. mGlu1 expression is enriched in prelimbic cortical somatostatin interneurons
(A) In situ hybridization of Grm1 mRNA in a coronal slice containing the mouse mPFC 

with regions outlined in white. Cg, cingulate; PL, prelimbic; IL, infralimbic.

(B) Simplified schematic of cortical microcircuitry with mRNA markers for each neuronal 

population including glutamatergic pyramidal neurons (Pyr; Slc17a7, mRNA for vGluT1) 

and GABAergic interneurons (Slc32a1, mRNA for vGAT), consisting of somatostatin 

(SST)-positive (Sst), and parvalbumin (PV)-positive interneurons (Pvalb).

(C) Representative images of deep layer V PL PFC. (Top) Colocalization of Slc32a1 
(magenta) and Grm1 (white) mRNA. (Bottom) Colocalization of Slc17a7 (green) and Grm1 
mRNA. Scale bars, 50 μm.

(D) Percentage of Grm1 mRNA colocalization with Slc32a1- and Slc17a7-positive cells. 

A greater proportion of Slc17a7-positive cells were Grm1-positive compared to Slc32a1

positive cells (Grm1/Slc17a7-posiitve cells, 7,079/9,275; Grm1/Slc32a1-positive cells, 

1,600/2,237; two-sided Fisher’s exact test, p < 0.0001).

(E) Quantification of number of Grm1 mRNA puncta (dots) per Slc32a1- and Slc17a7

positive cell (two-tailed paired t test, p = 0.023, N = 4 mice).

(F) Representative images of deep layer V PL PFC. (Left) Sst-positive (red) or Pvalb

positive (cyan) cells. (Middle) Same image displaying Grm1 mRNA (white). (Right) 

Magnification of pair of cells outlined in yellow box with Grm1, Sst, Pvalb mRNA overlaid. 

SST-positive neuron outlined in red circle; PV-positive neuron outlined in blue circle. Scale 

bars, 50μm.

(G) Percentage of Grm1 mRNA colocalization with Sst- and Pvalb-positive cells. A greater 

proportion of Sst-positive cells was Grm1-positive compared to Pvalb-positive cells (Grm1/
Sst-positive cells, 332/377; Grm1/Pvalb-positive cells, 201/404; two-sided Fisher’s exact 

test, p < 0.0001).
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(H) Quantification of number of Grm1 mRNA puncta (dots) per Sst- and Pvalb-positive cell 

(two-tailed paired t test, p = 0.015, N = 4 mice). *p < 0.05.

See also Figure S1.
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Figure 2. mGlu1 activation enhances SST interneuron output in the PL PFC
(A) (Left) Schematic depicting whole-cell recording of SST-INs. (Right) Sample trace of 

voltage-clamp recording of an SST-IN in response to bath application of the mGlu1/5 agonist 

DHPG (30 μM), represented by bold black line above trace. All experiments were conducted 

in the constant presence of the mGlu5 negative allosteric modulator MTEP (3 μM). Dashed 

red line represents baseline holding current. Scale bars, 50 pA, 50 s.

(B) DHPG induces a concentration-dependent increase in sEPSC frequency (one-way 

ANOVA main effect of DHPG concentration, F(2,22) = 7.42, p = 0.0034), sEPSC amplitude 

(one-way ANOVA main effect of DHPG concentration, F(2,22) = 3.26, p = 0.058), and 

holding current, Ih (one-way ANOVA main effect of DHPG concentration, F(2,22) = 3.69, p = 

0.042) in SST-INs (n/N = 8/5, 8/3, and 9/7 cells/mouse for 3, 10, and 30 μM DHPG).

(C) (Left) Schematic depicting whole-cell recording of PV-IN. (Right) Sample trace of 

voltage-clamp recording of a PV-IN as in (A). Dashed blue line represents baseline holding 

current. Scale bars, 50 pA, 50 s.

(D) Change in sEPSC frequency (one-way ANOVA main effect of DHPG concentration, 

F(2,21) = 4.15, p = 0.030), sEPSC amplitude (one-way ANOVA main effect of DHPG 

concentration, F(2,21) = 0.991, p = 0.38), and holding current (one-way ANOVA main effect 

of DHPG concentration, F(2,17) = 13.80, p = 0.0003) in response to bath application of 
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DHPG in PV-INs (n/N = 8/4, 8/4, and 8/5 for 3, 10, and 30 μM DHPG effects on sEPSCs. 

n/N = 6/4, 7/4, and 7/5 for 3, 10, and 30 μM DHPG effects on Ih).

(E) Sample traces of current-clamp recordings from an SST-IN (red) and PV-IN (blue) in 

response to bath application of 10 μM DHPG. Dashed lines represent baseline membrane 

potential. Scale bars, 10 mV, 1 min.

(F) DHPG (10 μM) depolarizes the membrane potential in SST-INs (left) and PV-INs 

(middle) (two-tailed paired t test, SST: p = 0.0005, PV: p = 0.0024; n/N = 10/4 per cell 

type). (Right) Greater depolarization was observed in SST-INs relative to PV-INs (two-tailed 

Student’s t test, p = 0.0066, n/N = 10/4 per cell type).

(G) A greater percentage of SST-INs fire persistent action potentials in response to 10 μM 

DHPG. Number of cells responding/total cells recorded denoted in each bar. Two-sided 

Fisher’s exact test, p = 0.020. **p < 0.01, ***p < 0.001.

Data are represented as mean ± SEM. See also Figure S2.
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Figure 3. SST interneurons mediate mGlu1 receptor activation-induced increases in PL PFC 
inhibitory transmission
(A) Schematic depicting whole-cell recording of layer V pyramidal neuron.

(B) (Left) Change in sEPSC frequency in layer V pyramidal neurons in response to bath 

application of DHPG expressed as a percentage of baseline (one-way ANOVA main effect 

of DHPG concentration, F(2,23) = 1.57, p = 0.23, n/N = 9/4, 8/6, and 9/6 cells/mouse for 3, 

10, and 30 μM DHPG). (Right) Sample traces showing sEPSCs recorded in voltage clamp 

at −70 mV during baseline and in the presence of 30 μM DHPG. All experiments were 

conducted in the constant presence of the mGlu5 negative allosteric modulator MTEP (3 

μM). Scale bars, 20 pA, 500 ms.

(C) (Left) DHPG induces a concentration-dependent increase in sIPSC frequency in 

response to bath application of DHPG (one-way ANOVA main effect of DHPG 

concentration, F(2,27) = 8.37, p = 0.0015, n/N = 10/8, 11/9, and 9/6 for 3, 10, and 30 μM 

DHPG). (Right) Sample traces showing sIPSCs recorded in voltage clamp at +10 mV during 

baseline and in the presence of 30 μM DHPG. Scale bars, 50 pA, 500 ms.
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(D) The mGlu1 antagonist LY367385 (100 μM) blocks the increase in sIPSC frequency 

induced by 30 μM DHPG (two-tailed unpaired Student’s t test, p = 0.0047, n/N = 9/6 for 

DHPG, 5/2 for +LY′385).

(E) Cumulative probability plots of sIPSC rise time during baseline and after bath 

application of 30 μM DHPG alone (left; two-way repeated-measures ANOVA, main effect 

of drug, F(1,88) = 67.5, p < 0.0001) or in the presence of 100 μMLY367385 (right; two-way 

repeated measures ANOVA, main effect of drug, F(1,44) = 2.65, p = 0.11).

(F) Scaled: average sIPSCs at baseline (BL) and after 30 μM DHPG from representative 

traces in (C). Scale bars, scaled amplitude, 10 ms.

(G) Schematic depicting approach for viral-mediated expression of NpHR3.0-EYFP or 

EYFP in mPFC SST-INs.

(H) Representative current-clamp recordings from control EYFP-infected (top) or NpHR3.0

EYFP-infected (middle and bottom) SST-INs. Delivery of 565-nm light is depicted by the 

yellow line.

(I) (Left) 565-nm light (100-ms duration, 5 Hz) blocks the DHPG-induced increase in 

sIPSC frequency in NpHR3.0-expressing slices, but not EYFP-expressing slices (two-tailed 

unpaired Student’s t test with Welch’s correction, p = 0.015, n/N = 9/3 for EYFP, 9/5 for 

NpHR3.0). (Right) Sample traces showing sIPSCs during baseline and 10 μM DHPG in 

pulsed yellow light in control and NpHR3.0-infected slices. Scale bars, 50 pA, 2 s. *p < 

0.05, **p < 0.01.

Data are represented as mean ± SEM. See also Figure S3.
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Figure 4. The mGlu1 PAM VU6004909 shifts I/E balance toward inhibition
(A) Schematic depicting whole-cell recording of SST-INs.

(B) Sample traces of current-clamp recordings from SST-INs in response to bath application 

of 3 μM DHPG in the presence of vehicle (black) or 10 μMVU6004909 (purple). Dashed 

lines represent baseline membrane potential. All experiments were conducted in the constant 

presence of the mGlu5 negative allosteric modulator MTEP (3 μM). Scale bars, 10 mV, 1 

min.

(C) VU6004909 (10 μM) increases the SST-IN depolarization in response to 3 μM DHPG 

(two-tailed unpaired Student’s t test, p = 0.0067, n/N = 8/4 cells/mouse for Veh, 8/4 for 

VU′4909).

(D) A greater percentage of cells fire persistent action potentials in response to 3 μM DHPG 

in the presence of VU6004909. Number of cells responding/total cells recorded is denoted in 

each bar. Two-sided Fisher’s exact test, p = 0.026.

(E) Schematic depicting whole-cell recording of layer V pyramidal neurons.

(F) No difference in sEPSC frequency in layer V pyramidal neurons in response to bath 

application of 3 μM DHPG with and without 10 μM VU6004909 (two-tailed unpaired 

Student’s t test, p = 0.98, n/N = 9/4 for 3 μM DHPG, 9/4 for +VU′4909).

(G) VU6004909 (10 μM) potentiates the increase in sIPSC frequency in response to bath 

application of 3 μM DHPG (two-tailed unpaired Student’s t test, p = 0.023, n/N = 10/8 for 3 

μM DHPG, 9/4 for +VU′4909).

(H) Ratio of sIPSC to sEPSC frequency (I/E ratio) in the same layer V pyramidal neuron 

during baseline and in the presence of 3 μM DHPG and 10 μM VU6004909. DHPG + 

VU6004909 significantly increased the I/E ratio (two-tailed paired t test, p = 0.012, n/N = 

9/4).
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(I) Sample traces of sIPSCs and sEPSCs in layer V pyramidal neurons during baseline and 

in the presence of 3 μM DHPG and 10 μM VU6004909. Scale bars, 20 pA, 250 ms. *p < 

0.05, **p < 0.01.

Data are represented as mean ± SEM. See also Figure S4.
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Figure 5. mGlu1 potentiation reverses NMDA receptor antagonist-induced cortical hyperactivity
(A) Representative cerebral blood volume (CBV) and structural T2-weighted MRI template 

images of male Sprague-Dawley rats anesthetized and then treated with vehicle or 60 mg/kg 

VU6004909 (i.p., 10% Tween 80) and then 0.3 mg/kg MK-801 (s.c., 0.9% saline). In the 

group activation maps, the red to yellow bar range represents increased CBV, indicating 

increased neuronal activity, while the blue to purple color bar range represents decreased 

CBV, indicating decreased neuronal activity compared to the pre-drug baseline period.

(B–D) Time courses and bar graphs of CBV changes after MK-801 injection (arrow) in 

rats pretreated with vehicle or VU6004909 from (B) medial prefrontal cortex (mPFC), 

(C) cingulate cortex (Cg), or (D) retrosplenial cortex (RSC). Time courses show fractional 

changes in CBV (ΔCBV(t)/CBVo). For bar graphs, fractional CBV values were averaged 

between 21 and 25 min for each animal. VU6004909 blocks the MK-801-induced increase 

in fractional CBV across multiple cortical areas (two-tailed Mann-Whitney test; mPFC, p = 

0.041; Cg, p = 0.015; RSC, p = 0.0043; N = 6 rats per group). *p < 0.05, **p < 0.01.

Data are represented as mean ± SEM. See also Figure S5.
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Figure 6. The mGlu1 PAM VU6004909 reverses an MK-801-induced working memory deficit via 
actions on PL PFC SST interneurons
(A) Schematic of spontaneous alternation in the Y-maze.

(B) Average % spontaneous alternation in mice pretreated with vehicle or 60 mg/kg 

VU6004909 (i.p., 10% Tween 80) prior to administration of vehicle or 0.18 mg/kg MK-801 

(i.p., 0.9% saline) 20 min before behavioral test. MK-801 impairs spontaneous alternation 

and this deficit is reversed by VU6004909 (one-way ANOVA main effect, F(3,27) = 8.99, p 

= 0.0003; post hoc Bonferroni’s test: vehicle/vehicle versus vehicle/MK-801, p = 0.0002; 

vehicle/MK-801 versus VU′4909/MK-801, p = 0.0077; vehicle/vehicle versus VU′4909/

vehicle, p = 1.00; N = 8 mice for vehicle/vehicle, 8 for vehicle/MK-801, 8 for VU′4909/

vehicle, and 7 for VU′4909/MK-801).

(C) Schematic depicting strategy to optogenetically inhibit SST-INs in vivo.

(D) Representative image of bilateral NpHR3.0-EYFP expression throughout the mPFC and 

bilateral fiber tracts terminating in the PL PFC.

(E) No effect of PL PFC SST-IN inhibition on spontaneous alternation in the Y-maze. 

SST-NpHR mice underwent an 8-min trial with 4 min of light ON and 4 min of light OFF, 
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randomized to either receive ON first or OFF first (see Figure S6). No effect of light order 

was observed; therefore, data are presented as pooled OFF and ON trials (two-tailed paired t 

test, p = 0.88, N = 9).

(F) Inhibiting PL PFC SST-INs blocks the ability of VU6004909 to reverse MK-801

induced deficits in the Y-maze. Effect is shown of 560-nm light on Y-maze performance in 

mice dosed with vehicle, 0.18 mg/kg MK-801 (i.p., 0.9% saline), or 60 mg/kg VU6004909 

(i.p., 10% Tween 80) pretreated before MK-801. White bars represent performance during 

light OFF trials, and yellow bars represent performance during light ON trials (two-way 

repeated measures ANOVA, main effect of drug, F(2,21) = 9.33, p = 0.0013; post hoc 

Bonferroni’s multiple comparisons test: OFF trials, vehicle/vehicle versus vehicle/MK-801, 

p = 0.0037; vehicle/MK-801 versus VU′4909/MK-801, p = 0.0039; ON trials, vehicle/

vehicle versus vehicle/MK-801, p = 0.013; vehicle/MK-801 versus VU′4909/MK-801, p = 

0.67; N = 5 for vehicle/vehicle, 11 for vehicle/MK-801, and 8 for VU′4909/MK-801). *p < 

0.05, **p < 0.01.

Data are represented as mean ± SEM. See also Figure S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-RFP Rockland Immunochemicals Cat# 200-101-379; RRID: AB_2744552

Chicken anti-GFP Abcam Cat# ab13970; RRID: AB_300798

Cy3 donkey anti-goat Jackson ImmunoResearch Cat# 705-165-147; RRID: AB_2307351

Alexa Fluor 488 donkey anti-chicken Jackson ImmunoResearch Cat# 703-545-155; RRID: AB_2340375

Bacterial and virus strains

AAV5-Ef1α-DIO-eNpHR3.0-eYFP Gift from Karl Deisseroth RRID: Addgene_26966_AAV5

Chemicals, peptides, and recombinant 
proteins

DHPG (S-3,5-dihydroxyphenylglycine) HelloBio HB0045

(+)-MK-801 maleate Tocris 0924

MTEP hydrochloride Tocris 2921

LY367385 Tocris 1237

VU6004909 Garcia-Barrantes et al., 2016 n/a

Ro-07-11401 Vieira et al., 2009 n/a

Critical commercial assays

RNAscope Fluorescent Multiplex Reagent 
Kit

Advanced Cell Diagnostics Cat. No. 320850

Mm-Grm1 Advanced Cell Diagnostics Cat. No. 449781

Mm-Slc17a7 Advanced Cell Diagnostics Cat. No. 416631-C3

Mm-Slc32a1 Advanced Cell Diagnostics Cat. No. 319191-C2

Mm-Sst N/A

Mm-Pvalb Advanced Cell Diagnostics Cat. No. 421931-C3

3-plex Negative Control (DapB) Advanced Cell Diagnostics Cat. No. 320871

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratories RRID: IMSR_JAX:000664

Mouse: Sst-IRES-Cre, B6J.Cg-Ssttm2.1(cre)Zjh/
MwarJ

The Jackson Laboratories RRID: IMSR_JAX:028864

Mouse: PV-Cre, B6.129P2-Pvalbtm1(cre)Arbr/J The Jackson Laboratories RRID: IMSR_JAX:017320

Mouse: Ai9, B6.Cg-Gt(ROSA) 
26Sortm9(CAG-tdTomato)Hze/j

The Jackson Laboratories RRID: IMSR_JAX:007909

Rat: Hsd:Sprague Dawley SD Envigo RRID: RGD_737903

Software and algorithms

NIS-Elements Nikon Instruments https://www.microscope.healthcare.nikon.com/products/
software/nis-elements

Fiji Schindelin et al., 2012 https://imagej.net/software/fiji

pClamp10.7 Molecular Devices https://mdc.custhelp.com/app/answers/detail/a_id/
18779/%7E;/axon%E2%84%A2pclamp%E2%84%A2-10
electrophysiology-data-acquisition-%26-analysis-software
download

MiniAnalysis Synaptosoft http://www.synaptosoft.com/MiniAnalysis/

Analysis of Functional NeuroImages (AFNI) NIH https://afni.nimh.nih.gov/
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REAGENT or RESOURCE SOURCE IDENTIFIER

MATLAB Mathworks https://www.mathworks.com/products/matlab.html

ANY-maze Stoetling, Co. https://stoeltingco.com/anymaze.html
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