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Abstract

Rett syndrome (RTT) is a neurodevelopmental disorder caused by mutations in the methyl-CpG 
binding protein 2 (MECP2) gene. The cognitive impairments seen in mouse models of RTT 

correlate with deficits in long-term potentiation (LTP) at Schaffer collateral (SC)–CA1 synapses in 

the hippocampus. Metabotropic glutamate receptor 7 (mGlu7) is the predominant mGlu receptor 

expressed presynaptically at SC-CA1 synapses in adult mice, and its activation on GABAergic 

interneurons is necessary for induction of LTP. We demonstrate that pathogenic mutations in 

MECP2 reduce mGlu7 protein expression in brain tissue from RTT patients and in MECP2-

deficient mouse models. In rodents, this reduction impairs mGlu7-mediated control of synaptic 

transmission. We show that positive allosteric modulation of mGlu7 activity restores LTP and 

improves contextual fear learning, novel object recognition, and social memory. Furthermore, 

mGlu7 positive allosteric modulation decreases apneas in Mecp2+/− mice, suggesting that mGlu7 

may be a potential therapeutic target for multiple aspects of the RTT phenotype.
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INTRODUCTION

Rett syndrome (RTT) is an X-linked neurodevelopmental disorder that is caused by loss-of-

function mutations in the methyl-CpG binding protein 2 (MECP2) gene (1). Patients with 

RTT develop relatively normally for the first 6 to 18 months of life, after which they undergo 

severe developmental regression coinciding with the presentation of seizures, cognitive 

impairments, apneas, and the loss of language and motor skills (2). Although MECP2 is 

ubiquitously expressed, almost all symptoms of RTT can be recapitulated when the protein 

is removed exclusively from the central nervous system in mice (3). Cell-specific knockout 

and rescue experiments in mice have linked MECP2 deficiency in neuronal subpopulations 

to distinct aspects of the RTT phenotype, with the most marked effects observed when 

MECP2 is depleted in GABAergic neurons (4–8). Among other proposed functions, MECP2 

can act to either repress or activate transcription of genes in the brain (9). Hence, several 

large-scale microarray studies have been performed to identify genes specifically regulated 

by MECP2 (10, 11). These studies, however, have failed to find gross changes in gene 

expression and have identified few targets regulated by MECP2 that are amenable to drug 

development (12, 13).

Metabotropic glutamate receptor 7 (mGlu7) is a heterotrimeric GTP-binding protein–

coupled receptor (GPCR) highly expressed in brain regions affected in RTT (14, 15), such as 

the cortex, hippocampus, striatum, and brainstem (16). mGlu7 is the protein product of the 

GRM7 gene, which is epigenetically regulated by the methylation status of its promoter 

(17). mGlu7 is expressed presynaptically at both GABAergic and glutamatergic synapses 

and acts to decrease neurotransmitter release when stimulated (18, 19). Mouse models of 

RTT display attenuated long-term potentiation (LTP) at Schaffer collateral (SC)–CA1 

synapses in the hippocampus, as well as deficits in hippocampal-based learning and memory 

tasks consistent with the cognitive impairments present in RTT patients (20–22). Because 

we have previously demonstrated that mGlu7 is necessary for induction of LTP at SC-CA1 

(23), we hypothesized that the electrophysiological changes and behavioral deficits observed 

in RTT model mice could be, in part, due to impaired mGlu7 signaling. This hypothesis is 

further supported by the fact that mGlu7 knockout mice also display deficits in hippocampal 

readouts of learning and memory, similarly to RTT animals (24, 25).

Here, we demonstrate that the expression of mGlu7, a GPCR highly amenable to drug 

development (26), is decreased in the motor cortex of human RTT autopsy samples and in 

both Mecp2−/y and Mecp2+/− mouse models of RTT. We also show that reduced mGlu7 

expression in the hippocampus produces a functional deficit in mGlu7-modulated control of 

synaptic transmission at SC-CA1 synapses, which can be restored by application of two 

structurally distinct mGlu7 positive allosteric modulators (PAMs), VU0422288 and 

VU0155094 (26). Finally, we establish that VU0422288 pretreatment can reverse deficits in 

contextual fear memory, social recognition, and apneas in RTT model mice. Together, these 

results suggest that potentiation of mGlu7 may serve as a viable therapeutic approach to 

treating cognitive and respiratory impairments in RTT.
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RESULTS

MECP2 activates GRM7 transcription in vitro

MECP2 was initially identified as a transcriptional repressor; however, it can also activate 

gene transcription (9). To determine whether MECP2 acts as a transcriptional activator or 

repressor at the GRM7 locus, we generated a reporter construct containing either 1000 base 

pairs of the human GRM7 promoter or the minimal pGL4 promoter alone upstream of a 

luciferase gene (Fig. 1A). Both the minimal promoter and the GRM7-containing constructs 

were then transfected into human embryonic kidney (HEK) 293 cells with or without human 

MECP2, and the expression of luciferase was measured by calculating the relative luciferase 

units (RLU) compared to transfection of a Renilla control vector. We observed no significant 

change in luciferase expression with the minimal promoter construct with or without 

MECP2 (Fig. 1B). Conversely, a significant increase in RLU was observed relative to pGL4 

alone when the pGL4/GRM7 construct was transfected with either 37.5 or 75.0 ng of 

MECP2 (P < 0.0001; Fig. 1B), suggesting that MECP2 is an activator at this locus in vitro.

mGlu7 expression is reduced in human motor cortical tissue

To determine whether our in vitro characterization of MECP2-GRM7 dynamics translated in 

vivo, we acquired primary motor cortex samples [Brodmann area 4 (BA4)] from seven 

female patients diagnosed with MECP2 mutation–positive RTT and eight unaffected female 

control samples matched for age and postmortem interval (table S1). From these samples, 

we measured GRM7 expression using quantitative real-time polymerase chain reaction 

(qRT-PCR) and mGlu7 expression using Western blot analysis. We also probed BA4 Western 

blots for vesicular glutamate transporter 2 (vGlut2) to assess for potential RTT-specific 

tissue degradation and/or nonspecific increases or decreases in presynaptic proteins. In these 

experiments, we observed no significant reduction in GRM7 mRNA expression (P = 0.07), a 

significant decrease in mGlu7 protein (P < 0.001), and no change in vGlut2 expression (Fig. 

1, C to F). We previously reported a decrease in MECP2 expression in this sample set (12). 

These data are in agreement with the hypothesis that MECP2 is an activator of mGlu7 

expression and that this relationship is conserved in brain samples from RTT patient autopsy 

samples.

mGlu7 mRNA and protein expression is reduced in Mecp2−/y mice

We next performed studies to determine whether loss of Mecp2 also results in decreased 

Grm7 expression in a mouse model of RTT [B6.129P2(C)-Mecp2tm1.1Bird/J; Mecp2−/y], 

relative to an Mecp2+/y control group, to assess the contribution of decreased mGlu7 to the 

RTT phenotype (27). In contrast to human motor cortex samples, we detected significantly 

reduced Grm7 mRNA expression in the total cortex (P < 0.05) and striatum (P < 0.001) of 

symptomatic Mecp2−/y mice with qRT-PCR {“symptomatic” was defined as the presence of 

hindlimb clasping and body tremor [postnatal day 39 (P39) to P55]} (Fig. 2A).

To determine whether mGlu7 protein expression was also decreased, we performed Western 

blotting on total protein preparations and detected significant reductions in total mGlu7 

expression in the cortex (P < 0.05) but not in the hippocampus or striatum (Fig. 2, B and C). 

The specificity of our mGlu7 antibody was validated using brain tissue from mGlu7 
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knockout mice (fig. S1). Because functional mGlu7 is expressed presynaptically within the 

synaptic cleft (16, 18, 19), we also prepared synaptosomes from the cortex and hippocampus 

to isolate synaptic mGlu7. We observed a significant mGlu7 decrease in hippocampal (P < 

0.001), but not cortical, synaptosomes (Fig. 2, D and E), suggesting that the amount of 

synaptic mGlu7 does not correlate with total cellular mGlu7 in all contexts. To confirm that 

reductions in Grm7 and mGlu7 were consistent with the loss of Mecp2, we profiled the 

expression patterns of the known MECP2 target gene glutamate decarboxylase 2 (Gad2; 

encoding Gad65) (4) as well as of a gene previously shown to be unaffected by Mecp2 
mutations, metabotropic glutamate receptor 4 (Grm4; encoding mGlu4). We detected a 

significant decrease in Gad2 expression but no change in Grm4 expression (fig. S2, A and 

B) (28). Furthermore, we probed cortical and hippocampal synaptosome blots for vGlut2 

and found no change in expression, thereby suggesting that a nonspecific decrease in 

presynaptic structures is likely not the cause of mGlu7 reduction (Fig. 2D and fig. S2C). 

Together, these results support the hypothesis that the loss of MECP2 results in a reduction 

in mGlu7 expression in total cortex and in hippocampal synaptic structures.

Loss of Mecp2 impairs mGlu7 function at SC-CA1 synapses

Application of mGlu7 agonists is known to decrease field excitatory post-synaptic potentials 

(fEPSPs) at SC-CA1 synapses in rodents (23, 26, 29). To determine whether decreased 

hippocampal mGlu7 synaptic protein expression correlated with disrupted mGlu7-mediated 

synaptic transmission, we examined the effects of the agonist LSP4-2022 (30). LSP4-2022 

activates mGlu4, mGlu7, and mGlu8; however, we attribute the effects of LSP4-2022 at SC-

CA1 synapses to mGlu7 activation because (i) mGlu7 is the only presynaptic mGlu receptor 

at SC-CA1 synapses in adult mice (26, 31) and (ii) the effects of LSP4-2022 on SC-CA1 

synaptic transmission are completely blocked by an mGlu7-selective negative allosteric 

modulator (NAM), ADX71743 (23, 29). Similar to previous studies (20, 21), we observed 

altered basal synaptic properties in hippocampal slices from symptomatic Mecp2−/y mice in 

response to paired-pulse stimulation [0.05 Hz, 20-ms interstimulus interval (ISI)], including 

an enhanced input-output curve and a reduction in paired-pulse ratio (PPR) (fig. S3). To 

determine whether there were differences in mGlu7 function in Mecp2−/y mice, we recorded 

fEPSPs after a 10-min bath application of 30 μM LSP4-2022. In Mecp2+/y slices, 

LSP4-2022 decreased the slope of the first fEPSP (Fig. 3, A and B). In contrast, LSP4-2022 

treatment did not alter the fEPSP slope in Mecp2−/y slices (Fig. 3, A and B). Furthermore, 

application of LSP4-2022 significantly increased PPR in Mecp2+/y slices (P < 0.01) but had 

no effect on PPR in Mecp2−/y slices (Fig. 3C).

The loss of LSP4-2022 efficacy in Mecp2−/y brain slices is consistent with an insufficient 

number of synaptic mGlu7 receptors in the hippocampus to evoke a synaptic depression. To 

determine whether we could potentiate mGlu7 function, we used two structurally distinct 

PAMs targeting mGlu7, VU0422288 and VU0155094 (26). This strategy was selected over 

increasing the concentration of LSP4-2022 to facilitate downstream in vivo experiments, 

where PAMs can be preferable to agonists for drug development because of their ability to 

maintain temporal control of receptor activation. VU0422288 and VU0155094 are group III 

mGlu PAMs that target mGlu4, mGlu7, and mGlu8; however, because of the apparent lack of 

expression of mGlu4 and mGlu8 at SC-CA1 (31), examining the activity at SC-CA1 should 
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enhance the detection of an mGlu7 component. We have previously shown that both 

VU0422288 and VU0155094 potentiate the response to 30 μM LSP4-2022 in slices from 

wild-type C57/B6 mice (26). We pretreated Mecp2−/y slices for 5 min with either 1 μM 

VU0422288 or 30 μM VU0155094 and then coapplied 1 μM VU0422288 or 30 μM 

VU0155094 with 30 μM LSP4-2022 for 10 min. Neither VU0422288 nor VU0155094 

significantly altered the fEPSP slopes alone, indicating that mGlu7 is not tonically active in 

Mecp2−/y slices under our stimulation conditions (Fig. 3D and fig. S4, A and B). However, 

when either PAM was coapplied with LSP4-2022, we observed a significant reduction in the 

fEPSP slope (P < 0.001; Fig. 3, D and E, and fig. S4, A to C). Additionally, application of 

either VU0422288 or VU0155094 with LSP4-2022 significantly increased PPR (P < 0.001; 

Fig. 3, F and G, and fig. S4D). Together, these data indicate that mGlu7 function is reduced 

in Mecp2−/y slices, consistent with the decrease in receptor expression; however, mGlu7 

signaling can be restored with a PAM.

Potentiation of mGlu7 rescues LTP deficits and improves hippocampal learning and 
memory

Deficits in LTP at SC-CA1 synapses have been observed in several mouse models of RTT 

(20–22). In slices from wild-type C57/B6 mice, we previously found that a high-frequency 

stimulation (HFS) paradigm induces robust LTP, which can be potentiated by mGlu7 

activation (23). In our current experiments, LTP induced by the same HFS was significantly 

reduced in hippocampal slices from symptomatic Mecp2−/y mice (P < 0.01; fig. S5A). 

Decreased mGlu7 expression, coupled with our previous report showing that mGlu7 

activation is required for LTP at SC-CA1 synapses (23), led us to hypothesize that attenuated 

LTP in Mecp2−/y slices could be a result of diminished mGlu7 activity. Therefore, we next 

determined whether potentiation of mGlu7 could rescue LTP. We found that pretreatment of 

Mecp2−/y slices with 1 μM of the group III mGlu receptor PAM VU0422288 resulted in a 

complete restoration of the LTP response (fig. S5B). We further examined the effects of 

VU0422288 using a threshold-HFS protocol in Mecp2+/y slices and found that VU0422288 

administration potentiated LTP, suggesting that the observed effects are not genotype-

specific (fig. S5, C and D). Together, these data indicate that potentiation of mGlu7 is 

sufficient to rescue LTP at SC-CA1 synapses in Mecp2−/y mice. Additionally, the finding 

that application of VU0422288 alone increased fEPSPs after HFS, but not after single pulses 

(Fig. 3D), indicates that HFS results in sufficient glutamatergic tone at the synapse for a 

PAM to potentiate mGlu7 function without the need for application of an exogenous agonist.

We next sought to determine whether VU0422288’s effects on LTP translated into 

improvements in learning and memory. Because the most disease-relevant model of RTT is 

female Mecp2+/− mice (32), we first assessed whether mGlu7 expression was decreased in 

these animals. Similar to what was observed in Mecp2−/y mice, we detected a significant 

decrease in mGlu7 expression in synaptosome preparations from the hippocampus (P < 0.05) 

but not the cortex (Fig. 4A). We next confirmed an absence of LTP at SC-CA1 in brain slices 

from 20-week-old Mecp2+/− mice (Fig. 4B), as has previously been reported (33). We found 

that bath application of VU0422288 could restore LTP at SC-CA1 in this model as well (Fig. 

4B). These results provided the rationale to progress to behavioral experiments in Mecp2+/− 

mice.
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The contextual fear conditioning assay is a behavioral task of learning and memory that 

relies on proper hippocampal function (34) and has been shown to be attenuated in RTT 

model mice (21, 35). To assess whether mGlu7 potentiation could improve performance in 

this task, 18- to 20-week-old female Mecp2+/− mice were given an intraperitoneal injection 

of vehicle, mGlu4,7,8 PAM VU0422288 (30 mg/kg), or ADX88178 (15 mg/kg) (36) 30 min 

before training. ADX88178 was chosen as a control for these studies because it is a highly 

active mGlu4 PAM that also potentiates mGlu8 activity, but not mGlu7 activity, and has been 

used in both rats and mice for behavioral studies (fig. S6) (36, 37). Using a 10 mg/kg 

intraperitoneal dose of VU0422288, we measured a total brain concentration of 10.5 μM 1 

hour post dose (table S2). The predicted fraction of unbound drug (Fu) for VU0422288 was 

determined using protein binding assays and was 0.003 in plasma and 0.004 in brain 

homogenates (that is, 0.3 to 0.4% unbound). The compound exhibited a plasma/brain 

partitioning coefficient of 1.67 (table S2), resulting in a predicted unbound brain 

concentration of about 40 nM. Because the in vitro EC50 for VU0422288 is 100 nM (26), we 

increased the dose to 30 mg/kg to achieve sufficient predicted brain exposure to the 

compound.

Mice were trained in an operant chamber using two mild foot shocks, and associative 

learning was quantified as the time spent freezing in the same chamber 24 hours after 

training. Similar to previous reports, we observed significantly less freezing in vehicle-

treated Mecp2+/− mice compared to Mecp2+/+ (P < 0.001; Fig. 4C) (21, 35). Pre-treatment 

with VU0422288 (30 mg/kg) had no effect in Mecp2+/+ animals but resulted in a significant 

rescue of freezing behavior in Mecp2+/− mice (P < 0.01; Fig. 4C). Pretreatment with 

ADX88178 (15 mg/kg) had no effect on contextual fear memory in Mecp2+/− mice, 

suggesting that the observed effects are mGlu7-mediated (Fig. 4C). Nociception in Mecp2+/− 

mice was comparable to Mecp2+/+ controls, regardless of treatment (fig. S7, A and B).

To assess the effects of mGlu7 potentiation in a cognitive assay not dependent on fear-based 

memory, we used novel object recognition (NOR). Consistent with previous reports (38), 

Mecp2+/− mice treated with vehicle 30 min before training failed to distinguish between the 

novel and familiar objects 1 hour after exposure (Fig. 4D). VU0422288 increased the 

discrimination index in Mecp2+/− mice to Mecp2+/+ control levels. ADX88178 did not 

provide the same benefit, again indicating that the effect of VU0422288 are likely mGlu7-

mediated (Fig. 4D). Because anxiety can affect both conditioned fear and NOR 

performance, we also conducted an elevated plus maze (EPM) assay, where increased or 

decreased time in the open arms is indicative of anxiolytic or anxiogenic phenotypes, 

respectively. Vehicle-treated Mecp2+/− mice spent significantly more time than Mecp2+/+ 

control mice in the open arms of the EPM (P < 0.01), and this phenotype was also 

significantly reversed by VU0422288 (P < 0.05; Fig. 4E). Significant rescue was not 

observed in ADX88178-treated Mecp2+/− mice relative to vehicle-treated Mecp2+/− mice; 

however, the significant impairment relative to vehicle-treated Mecp2+/+ mice was lost, 

likely due to the known effects of mGlu4 and mGlu8 on anxiety (39).

To assess social memory and preference, we performed a three-chamber discrimination 

assay. In this assay, a mouse is placed in a three-chamber testing box and exposed to a 

stranger mouse (stranger 1). Three hours later, the mouse is returned to the same chamber 
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and assessed for recognition of stranger 1 relative to a novel mouse (stranger 2). Using the 

aforementioned compound dosing strategy, Mecp2+/+ control mice demonstrated recognition 

and preference for the stranger 2 mouse with vehicle, VU0422288, and ADX88178 

treatment (Fig. 4F). Conversely, vehicle- and ADX88178-treated Mecp2+/− mice did not 

distinguish between stranger 1 and stranger 2, indicative of impairments in social 

recognition and/or preference (Fig. 4F). In contrast, social recognition was normalized in 

Mecp2+/− mice treated with VU0422288, which demonstrated recognition and preference 

comparable to Mecp2+/+ controls (Fig. 4F). We further confirmed the role of mGlu7 in both 

the conditioned fear and social recognition assays by coadministering the group III mGlu 

PAM VU0422288 with the selective mGlu7 NAM, ADX71743 (29). In these experiments, 

the benefits of the VU0422288 administration were lost with cotreatment, and mGlu7 

NAM–alone treatment disrupted social preference in Mecp2+/+ mice (fig. S8, A to E). These 

data, coupled with the experiments described above, demonstrate that potentiation of mGlu7 

is sufficient to improve impairments in social, cognitive, and anxiety phenotypes in a mouse 

model of RTT.

The efficacy of VU0422288 is conserved in repeat dosing paradigms

RTT is a lifelong condition, and thus, it is important that pharmacological interventions 

maintain efficacy along a protracted timeline. To determine whether tolerance would develop 

with repeat mGlu7 PAM treatment, we administered VU0422288 (30 mg/kg) or vehicle 

intraperitoneally daily for 17 days in Mecp2+/+ and Mecp2+/− mice. We then conducted 

EPM, three-chamber social discrimination, and conditioned fear assays at progressive points 

throughout the dosing paradigm and measured pharmacokinetic properties after the final 

dose (fig. S9A). Lethality was not observed with any treatment, and both vehicle- and 

VU0422288-treated Mecp2+/− mice weighed significantly more than Mecp2+/+ controls (P < 

0.01 at all time points; fig. S9B). After compound administration on day 17, the 

pharmacokinetic profile of VU0422288 was comparable between Mecp2+/+ and Mecp2+/− 

mice, with controls reaching a slightly higher Cmax in the brain (1445 versus 923 ng/g) (fig. 

S9C). We observed a significant improvement in RTT-like phenotypes in the contextual fear 

(P < 0.05), EPM (P < 0.05), and three-chamber social preference (P < 0.01) assays in 

Mecp2+/− mice relative to Mecp2+/+ mice (fig. S9, D to F), suggesting that tolerance did not 

occur in these studies. Additionally, we detected a loss of social recognition in Mecp2+/+ 

mice treated subchronically with VU0422288, possibly indicating that mGlu7 potentiation 

has negative consequences on this phenotype in contexts where mGlu7 expression and/or 

function is normal.

Potentiation of mGlu7 corrects apneas in Mecp2+/− mice

One primary RTT phenotype that could have translational value as an outcome measure is 

the presence of both central and obstructive apneas (40–42), which occur in 65 to 93% of all 

RTT patients and are readily quantifiable in Mecp2+/− mice by whole-body 

plethysmography (WBP). Several studies implicate hyperexcitation of various brainstem 

nuclei in mediating central apneas (42–45), and, in rodents, mGlu7 is expressed in the pons 

and mesencephalon (46). Given that mGlu7 activation would be predicted to temper 

glutamatergic tone, we next sought to determine whether mGlu7 potentiation altered this 

core RTT phenotype. Using the treatment groups described above, we performed WBP to 
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quantify frequency (f), time of inspiration (Ti) and expiration (Te), and apneas over 30 min 

of motion-free recording in 20- to 22-week-old Mecp2+/− and Mecp2+/+ mice. Irrespective 

of genotype, both VU0422288 and ADX88178 administration significantly (P < 0.05) 

decreased breathing rate and increased Ti and Te (Fig. 5, A to C). Because ADX88178 does 

not potentiate mGlu7, these data suggest that this effect is likely mediated by mGlu4 and/or 

mGlu8. For all treatment groups, we observed no differences between Mecp2+/+ and 

Mecp2+/− mice in f, Te, or Ti (Fig. 5, A to C). We observed a marked increase in apneas in 

vehicle-treated Mecp2+/− mice, which was significantly decreased by a single dose of 

VU0422288 to a level that was indistinguishable from Mecp2+/+ controls (P < 0.05; Fig. 5, 

D to F). This benefit was not observed in ADX88178-treated Mecp2+/− mice, again 

indicating that the effects are mGlu7-mediated (Fig. 5, D to F). Although further work is 

required to determine the mechanisms responsible for apneas in RTT and where mGlu7 lies 

in the relevant neurocircuitry, these results provide optimism that mGlu7 modulation may be 

a viable approach to correct respiratory dysrhythmias and cognitive dysfunction in RTT.

DISCUSSION

Since the identification of MECP2 as the causative gene for RTT, there has been 

considerable effort to identify targets regulated by MECP2 that are amenable to drug 

development (1). Unfortunately, large-scale microarray studies have identified very few 

genes regulated by MECP2 that are potential druggable targets (10, 11). Here, we describe 

reductions in mGlu7 expression in total cortex and at the synaptic level in the hippocampus 

of Mecp2−/y and Mecp2+/− mice. MECP2 reduction was also observed in autopsy samples 

from the motor cortex of RTT patients. Decreased synaptic expression of mGlu7 in 

Mecp2−/y and Mecp2+/− mice translates into a loss of mGlu7 function at SC-CA1 synapses. 

We found that treatment with two structurally distinct group III mGlu receptor PAMs, 

VU0422288 and VU0155094, rescued mGlu7-mediated synaptic transmission at SC-CA1 

synapses and that VU0422288 administration also rescued learning and memory, social 

preference, and anxiety phenotypes and reduced apneas in a mouse model of RTT.

Deficits in LTP at SC-CA1 synapses and in behavioral tasks reliant on proper hippocampal 

function have been well characterized in mouse models of RTT (20–22). We previously 

identified that activation of mGlu7 is a necessary component of LTP induction at SC-CA1 

synapses (23). This mechanism is mediated by activation of mGlu7 expressed 

presynaptically on GABAergic interneurons (23). It has previously been reported that loss of 

Mecp2 from GABAergic interneurons in mice is sufficient to recapitulate many RTT 

endophenotypes, including deficits in LTP induction at SC-CA1 (4). Together, these findings 

suggest that the loss of mGlu7 could be one underlying cause of LTP deficits in mouse 

models of RTT (20–22). We found that potentiation of mGlu7 is able to rescue LTP and 

improves deficits in hippocampal-dependent contextual fear and social recognition memory 

assays, indicating that mGlu7 PAMs can be efficacious in vivo.

In addition to the hippocampus, mGlu7 is also expressed in a variety of other brain regions 

that overlap with the major symptom domains of RTT (16). In rodents, mGlu7 is expressed 

in brainstem regions implicated in apneas such as the pons and mesencephalon (46), and we 

show here that potentiation of mGlu7 decreases the presence of apneas in Mecp2+/− mice. 
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Because many intervention strategies that target apneas also have sedative effects (47, 48), 

the fact that VU0422288 treatment normalizes respiratory phenotypes in the absence of 

overt sedation in any of our phenotypic assays is a salient finding. When combined with the 

learning and memory experiments, these studies suggest that modulation of mGlu7 may be a 

therapeutic strategy for the treatment of several domains of RTT. Furthermore, because the 

mGlu4,8 PAM (ADX88178) decreased respiratory rate relative to vehicle treatment, these 

results advocate for the development of selective mGlu7 PAMs, which should be free of this 

adverse effect.

The dichotomy between GRM7 mRNA and mGlu7 protein expression remains a limitation 

for these studies that will merit careful consideration in future experiments. Additionally, our 

experiments in both Mecp2−/y and Mecp2+/− demonstrate that total hippocampal mGlu7 

expression is not affected, whereas the functional synaptic pool of mGlu7 is decreased. This 

may be indicative of a primary deficit in mGlu7 trafficking within RTT model mice; 

however, our current studies were limited to quantifying expression, and more studies will 

be required to determine whether this is the case. An additional limitation to our work is 

that, because of the absence of a selective mGlu7 PAM, we used an mGlu4,7,8 PAM coupled 

with parallel experiments using an mGlu4,8 PAM and/or an mGlu7 NAM to examine the role 

of mGlu7 in RTT. Although this strategy suggests that mGlu7 potentiation is beneficial in 

RTT model mice, it does not exclude the possibility that mGlu4,7 or mGlu7,8 coactivation is 

required for efficacy. Future work will be required to determine whether mGlu7 potentiation 

alone is sufficient to explain the results described in this manuscript.

GPCRs such as mGlu7 are considered to be highly druggable targets because their 

endogenous function is to integrate external signals into intracellular responses upon ligand 

binding. This is evident by the fact that molecules targeting GPCRs represent 27% of all 

U.S. Food and Drug Administration–approved drugs (49). Here, we describe how the loss of 

MECP2 results in decreased mGlu7 signaling and demonstrate that potentiation of mGlu7 

function is sufficient to rescue synaptic plasticity deficits and improve multiple RTT-like 

phenotypes in mice. These data corroborate other studies suggesting that the 

pathophysiology of RTT is reversible in mouse models (12, 13, 33, 50). Finally, we have 

shown that mGlu7 expression is sensitive to pathogenic mutations in MECP2, and given that 

the full range of MECP2-related disorders has only recently been appreciated, it is possible 

that mGlu7 modulators will have broad utility that extends beyond RTT and into other 

disorders wherein MECP2 expression and function are compromised, such as MECP2 
duplication syndrome and CDKL5 disorder (51, 52).

MATERIALS AND METHODS

Study design

On the basis of the localization and known function of mGlu7, we hypothesized that 

disruptions in mGlu7 signaling were contributing to RTT phenotypes, and our research 

objectives were to both establish its role at the basic science level and determine whether 

mGlu7 PAMs could positively modify the disease in rodents. The selection of mouse model, 

sex, and sample size was based on the standards established by the National Institute of 

Mental Health and RTT research community (32). For phenotypic assays, mice were 
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assigned randomly to dosing groups, and the quantitation was performed either by a 

researcher that was blinded to genotype and treatment group or by automated software.

Reporter gene construction and luciferase assay

One thousand base pairs of the GRM7 promoter was cloned into the pGL4 expression vector 

(Promega), and MECP2 was cloned into the pIRESpuro3 vector (Clontech). MECP2 was 

transfected into HEK293 cells using FuGENE 6, and luciferase activity was quantified at 48 

hours (Promega). The luciferase and Renilla luminescence was measured using a Synergy 2 

luminescence plate reader (BioTek). The ratio of luciferase luminescence to Renilla 
luminescence was calculated and normalized to the control condition with no MECP2 
transfection and measured in RLU.

Drugs

VU0422288, VU0155094, LSP4-2022, ADX88178, and ADX71743 were synthesized at the 

Vanderbilt Center for Neuroscience Drug Discovery as described in (23, 26, 30). The 

potency of ADX88178 at mGlu4, mGlu7, and mGlu8 receptors was determined as described 

in (26).

Quantitative real-time polymerase chain reaction

Total RNA was prepared from Mecp2tm1.1bird (Mecp2−/y) and Mecp2+/y mice and the motor 

cortex of human samples as described in (12). The Life Technologies gene expression assays 

used were Grm4 (Mm01306128_m1), Grm7 (Mm0118924_m1), and Gad2 
(Mm00484623_m1). Cycle threshold (Ct) values for each sample were normalized to Gapdh 
(Mm03302249_g1) expression, analyzed using the ΔΔCt method.

Total and synaptosomal protein preparation

For mouse total protein preparation, the cortex, hippocampus, and stri-atum were 

microdissected from P39 to P55 Mecp2−/y, 20-week Mecp2+/−, and control mice. For human 

motor cortex protein preparation, frozen sections were obtained from the University of 

Maryland Brain and Tissue Bank, which is a Brain and Tissue Repository of the National 

Institutes of Health NeuroBioBank, and the Harvard Brain Tissue Resource Center, which is 

supported in part by Public Health Service contract HHSN-271-2013-00030C. Total protein 

was prepared as described in (12), and synaptosome preparations were prepared as described 

in (53).

SDS–polyacrylamide gel electrophoresis and fluorescent Western blotting

Mouse (50 μg) and human (96 μg) proteins were electrophoretically separated using a 7% 

SDS polyacrylamide gel and then transferred onto a nitrocellulose membrane (Bio-Rad). 

Membranes were blocked in Odyssey blocking buffer (LI-COR) and probed with anti-mGlu7 

(1:1000; Upstate), anti-vGlut2 (1:1000; Abcam), or anti-tubulin primary antibody (1:2500; 

Abcam). The fluorescent secondary antibodies used were goat anti-rabbit (800 nm) (1:5000; 

LI-COR) and goat anti-mouse (680 nm) (1:5000; LI-COR). Fluorescence was then 

quantified using the LI-COR Odyssey imaging system. Values were normalized to tubulin 

and compared relative to controls.
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Extracellular field potential recordings

Coronal brain slices were prepared from P45 to P50 Mecp2−/y and 20-week-old Mecp2+/− 

mice as described in (20). During recordings, slices were continuously perfused with 

artificial cerebrospinal fluid (Fisher) at 32°C. A concentric bipolar stimulating electrode was 

positioned near the CA3-CA1 border and paired-pulse fEPSPs were recorded in the stratum 

radiatum of CA1 (0.05 Hz, 20-ms ISI). For basal synaptic transmission experiments, a stable 

baseline was recorded for 5 to 10 min before drug application. Dimethyl sulfoxide vehicle, 1 

μM VU0422288, or 30 μM VU0155094 was bath-applied for 5 min before the addition of 30 

μM LSP4-2022 for 10 min followed by a 15-min washout period.

LTP was induced by applying two trains of 100-Hz stimulation (HFS, 1-s duration, 20-s 

intertrain interval) after a 15- to 20-min baseline. VU0422288 (1 μM) was applied for 10 

min before application of HFS. For all electrophysiological experiments, the slopes of three 

consecutive sweeps were averaged and normalized to the average slope during the baseline 

period. Data were digitized using a MultiClamp 700B, Digidata 1322A, and pCLAMP 10 

software (Molecular Devices).

In vivo pharmacokinetic analysis

VU0422288 (10 mg/kg) was administered intraperitoneally to adult male Sprague-Dawley 

rats (Harlan Laboratories). Animals were euthanized at progressive time points and 

decapitated to obtain blood and brain samples. Liquid chromatography mass spectrometry 

analysis of plasma and brain VU0422288 concentrations was performed as previously 

described (26, 30). The brain homogenate binding of VU0422288 was determined in rat 

brain homogenates via equilibrium dialysis using RED (Rapid Equilibrium Dialysis) plates 

(Thermo Fisher Scientific).

Compound administration for phenotyping

For all assays, either vehicle (10% Tween 80), VU0422288 (30 mg/kg), ADX88178 (15 mg/

kg), a combination of VU0422288 (30 mg/kg) and ADX71743 (60 mg/kg), or ADX71743 

(60 mg/kg) was dosed via intra-peritoneal injection (10 ml/kg) to 18- to 22-week-old 

Mecp2+/+ and Mecp2+/− mice (C57/B6, tm1.1 bird allele). Compounds were dosed 30 min 

before training (contextual fear, novel object, and social preference) or the assay 

(nociception, EPM, and WBP), such that learning occurred or behavior was assessed at the 

Tmax of each compound.

Contextual fear conditioning assay

Contextual fear conditioning was performed using a 10% vanilla odor cue and two 1-s, 0.7-

mA foot shocks spaced 30 s apart that were preceded by a tone. Associative learning was 

quantified 24 hours later as the percent time spent freezing in the same chamber containing 

the odor cue but without the tone or shock. A nociception assay was also performed by 

applying a series of mild foot shocks of increasing intensity 15 s apart and progressing as 

follows: 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 mA. Startle response was visually 

quantified as either a jump or freezing while exploring.
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NOR assay

NOR was conducted as described in (54) using the dosing strategy described above. Briefly, 

mice were placed inside a chamber with two identical objects and allowed to explore for 10 

min. The animals were then returned to their home cage. After 1 hour, the mice were placed 

in the chamber a final time for 10 min, and one of the two objects was replaced with a novel 

object. The test was video recorded, and the seconds spent directly sniffing each object was 

scored by a blinded reviewer. Discrimination index was defined as (Timenovel − Timefamiliar)/

(Timenovel + Timefamiliar). Direct sniffing in the NOR assay was defined as an approach 

wherein the mouse’s nose either made contact or came in close proximity to the object. All 

assays were performed under full light conditions (~400 lux) in 33 cm × 33 cm × 41 cm 

testing chambers.

Elevated plus maze

For EPM, mice were placed on a T-shaped platform, where two of the arms were closed and 

two were open. The time spent exploring each arm over a 5-min testing period served as a 

readout of anxiety behavior. The assay was conducted under full light conditions (~400 lux) 

in the open arms, and the time spent exploring was quantified by ANY-maze software.

Three-chamber social preference assay

Compound-treated mice were placed in a standard three-chamber apparatus and allowed to 

habituate for a period of 7 min. The mice were then exposed to a novel juvenile mouse 

(stranger 1) and a toy rubber duck for 7 min and then returned to their home cage. After 3 

hours, the animals were placed back within the three-chamber apparatus, and the time spent 

in the chamber with stranger 1 or a novel stranger (stranger 2) was quantified for 7 min. 

Animal tracking was performed using ANY-maze software.

Whole-body plethysmography

Unrestrained Mecp2+/− and Mecp2+/+ mice were placed in a WBP recording chamber 

(Buxco, two-site system) with a continuous inflow of air (1 liter/min). After a habituation 

period of 45 min, a baseline recording was established for 30 min. Mice were then removed 

from the chamber, injected intraperitoneally with compound, and reaccli-mated for 30 min, 

and respirator measurements were made for an additional 30 min. Analysis was performed 

using FinePointe Research Suite (version 2.3.1.9). Apneas, defined as pauses spanning twice 

the average expiratory time of the previous 2 min, were quantified using the FinePointe 

apnea software patch, followed by manual spot checking of the larger data set. Only points 

of motion-free recording were analyzed. Periods of movement were removed (i) 

automatically by the FinePointe apnea software, (ii) manually by identifying points where 

the Δ-chamber volume exceeded the normal breath range, and (iii) at points where the 

researcher present during the recording noted activity. All filters were applied while the 

researchers were blinded to genotype and treatment group.

Statistical analyses

Statistics were carried out using Prism 6.0 (GraphPad) and Excel (Microsoft). Data for all 

graphs are presented in their respective figure legends. All data shown represent means ± 
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SEM. Statistical significance between groups was determined using two-tailed unpaired or 

paired Student’s t tests and one- or two-way ANOVA, with Bonferroni’s or individual 

Student’s t test post hoc analysis. Sample size, number of replicates, and statistical test are 

specified in each figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. mGlu7 expression is reduced in RTT autopsy samples
(A) Diagram of luciferase reporter constructs. (B) Bar graph showing the effect of 

transfection of increasing amounts of human MECP2 plasmid on luciferase expression from 

the pGL4 vector with and without the GRM7 promoter [#P < 0.0001 and *P < 0.0001, one-

way analysis of variance (ANOVA) with Bonferroni’s post hoc; n = 3]. (C) GRM7 
messenger RNA (mRNA) expression in the motor cortex of control and RTT autopsy 

samples (P = 0.07, two-tailed Student’s t test; n = 7 to 8 biological replicates, df = 13). (D) 

mGlu7 (***P < 0.0001, two-tailed Student’s t test; n = 7 to 8, df = 13) and (E) vGlut2 (P = 

0.39, two-tailed Student’s t test; n = 7 to 8, df = 13) protein expression in control and RTT 

autopsy samples. (F) Representative Western blots showing mGlu7 and vGlut2 expression in 

control and RTT motor cortex samples. MECP2 mutations are listed below the 

representative images.

Gogliotti et al. Page 17

Sci Transl Med. Author manuscript; available in PMC 2018 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Grm7 and mGlu7 expression is decreased in Mecp2−/y mice
(A) Grm7 mRNA expression in total cortex (*P < 0.05), hippocampus (P > 0.05), and 

striatum (***P < 0.001) tissue samples from symptomatic Mecp2−/y mice relative to 

Mecp2+/y mice (P < 0.0001, two-way ANOVA, genotype × brain region, with Bonferroni’s 

post hoc; n = 3 to 5, df = 3, 21). (B) Representative Western blots for mGlu7 total protein 

expression from cortex, hippocampus, and striatum in Mecp2+/y and Mecp2−/y mice. (C) 

Quantification of mGlu7 total protein expression in the cortex (*P < 0.05), hippocampus (P > 

0.05), and striatum (P > 0.05) of Mecp2−/y mice (two-way ANOVA, genotype × brain 

region, with Bonferroni’s post hoc; n = 7 control and 8 RTT, df = 3, 13). (D) Representative 

synaptosome Western blots for mGlu7 and vGlut2. (E) Quantification of mGlu7 expression 

in synaptosomes prepared from cortex (P > 0.05) and hippocampus (***P < 0.001) tissue 

samples from Mecp2−/y mice. Two-way ANOVA, genotype × brain region with Bonferroni’s 

post hoc, P < 0.003, n = 5 samples from individual mice, df = 1, 16.
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Fig. 3. mGlu 7 function is impaired in Mecp2−/y slices and can be restored by application of 
VU0422288
Recordings performed at SC-CA1 synapses. (A) Effect of bath application of LSP4-2022 

(blue line) on fEPSP slope in Mecp2+/y and Mecp2−/y slices. Mecp2+/y versus Mecp2−/y 

[***P < 0.0001, two-tailed Student’s t test; n = 4, 4 (slices, mice), df = 6]. (B) Sample traces 

of fEPSPs before (1) and during (2) LSP4-2022 treatment in slices from Mecp2+/y and 

Mecp2−/y mice. (C) PPR after application of LSP4-2022 in Mecp2+/y and Mecp2−/y slices 

(**P = 0.003, two-tailed paired t test; n = 4, 4, df = 3). n.s., not significant. (D) Effects of 

pretreatment with VU0422288 alone and in combination with LSP4-2022 in Mecp2−/y 

slices. Mecp2−/y baseline is from (A). ***P < 0.0001, one-way repeated-measures ANOVA 

with Bonferonni’s post hoc; n= 4, 4, df = 4,8. (E) Sample traces of fEPSPs during baseline 

(1) and after application of VU0422288 and LSP4-2022 (2) in slices from Mecp2−/y mice. 

(F) PPR after application of VU0422288 and LSP4-2022 in Mecp2−/y slices. P < 0.0001, 

one-way repeated-measures ANOVA with Bonferonni’s post hoc; n = 5, 5, df = 4, 8. ***P < 

0.001 VU0422288 alone versus VU0422288 + LSP4-2022 and ***P < 0.001 VU0422288 + 

Gogliotti et al. Page 19

Sci Transl Med. Author manuscript; available in PMC 2018 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LSP4-2022 versus baseline. (G) Post hoc analysis of PPR comparing baseline Mecp2+/y 

levels relative to Mecp2−/y baseline (***P < 0.001), VU0422288 alone (***P < 0.001), and 

VU0422288 + LSP4-2022 (#P < 0.05 relative to Mecp2−/y baseline). Two-tailed Student’s t 
test. Scale bars, 0.2 mV by 2 ms (B and E).
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Fig. 4. VU0422288 rescues synaptic plasticity defects and learning and memory phenotypes in 
Mecp2+/− mice
(A) mGlu7 expression in synaptosome preparations from the cortex (P > 0.05) and 

hippocampus (*P < 0.05) of Mecp2+/+ and Mecp2+/− mice. n = 7 per genotype, two-tailed 

Student’s t test. (B) LTP in Mecp2+/+ (filled black circles), Mecp2+/− (*P < 0.05 relative to 

Mecp2+/+, filled red circles), and Mecp2+/− slices pretreated with VU0422288 (#P < 0.05 

relative to Mecp2+/− untreated, empty red circles). The gray bar represents the area from 

which LTP was measured in the accompanying bar graph. One-way ANOVA with Student’s 

t test post hoc; n = 4 to 5, 4 (slices, mice). (C) Contextual fear conditioning in Mecp2+/+ and 

Mecp2+/− mice treated with vehicle (n = 22 and 16), VU0422288 (n = 17 and 15), and 

ADX88178 (n = 10 and 15). ***P < 0.001, ##P < 0.01, ****P < 0.0001, two-way ANOVA 

with Student’s t test post hoc analysis; df = 2, 89. # denotes within-genotype comparison. 

(D) NOR in Mecp2+/+ and Mecp2+/− mice treated with vehicle, VU0422288 and 

ADX88178. *P < 0.05, #P < 0.05, two-tailed Student’s t test; n = 10 per genotype per 

treatment. (E) EPM in Mecp2+/+ and Mecp2+/− mice treated with vehicle, VU0422288, and 

ADX88178. **P < 0.01, *P < 0.05, ##P < 0.01, #P < 0.05, two-tailed Student’s t test; n = 10 

per genotype per treatment. * denotes within-treatment comparison, # denotes within-

genotype comparison. (F) Social preference assay in Mecp2+/+ and Mecp2+/− mice treated 
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with vehicle, VU0422288, and ADX88178. ***P < 0.001, *P < 0.05, two-tailed Student’s t 
test, n = 9 to 12 per treatment.
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Fig. 5. VU0422288 reduces the number of apneas in Mecp2+/− mice. WBP
(A) Average breath rate over 30 min in Mecp2+/+ (black) and Mecp2+/− (red) mice in 

response to vehicle (n = 14 and 11), VU0422288 (n = 11 and 11), and ADX88178 (n = 11 

and 14) treatment. ###P < 0.001, #P < 0.05, two-way ANOVA with Student’s t test post hoc. 

# denotes within-genotype comparison. (B and C) Effects of vehicle, VU0422288, and 

ADX88178 treatment in Mecp2+/+ and Mecp2+/− mice on (B) inspiration and (C) expiration 

time. ###P < 0.001, #P < 0.05, two-way ANOVA with Student’s t test post hoc. (D) 

Quantification of apneas per 10,000 breaths in Mecp2+/+ and Mecp2+/− treated with vehicle, 

VU0422288, and ADX88178. *P < 0.001, #P < 0.05, two-way ANOVA with Student’s t test 

post hoc. (E) Sample plethysmography traces.
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