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Abstract

Fragile X syndrome is caused by FMR1 gene silencing and loss of the encoded fragile X mental 

retardation protein (FMRP), which binds to mRNA and regulates translation. Studies in the 

Fmr1−/y mouse model of fragile X syndrome indicate that aberrant cerebral protein synthesis 

downstream of metabotropic glutamate receptor 5 (mGluR5) signaling contributes to disease 
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pathogenesis, but clinical trials using mGluR5 inhibitors were not successful. Animal studies 

suggested that treatment with lithium might be an alternative approach. Targets of lithium include 

paralogs of glycogen synthase kinase 3 (GSK3), and nonselective small-molecule inhibitors of 

these enzymes improved disease phenotypes in a fragile X syndrome mouse model. However, the 

potential therapeutic use of GSK3 inhibitors has been hampered by toxicity arising from inhibition 

of both α and β paralogs. Recently, we developed GSK3 inhibitors with sufficient paralog 

selectivity to avoid a known toxic consequence of dual inhibition, that is, increased β-catenin 

stabilization. We show here that inhibition of GSK3α, but not GSK3β, corrected aberrant protein 

synthesis, audiogenic seizures, and sensory cortex hyperexcitability in Fmr1−/y mice. Although 

inhibiting either paralog prevented induction of NMDA receptor–dependent long-term depression 

(LTD) in the hippocampus, only inhibition of GSK3α impaired mGluR5-dependent and protein 

synthesis–dependent LTD. Inhibition of GSK3α additionally corrected deficits in learning and 

memory in Fmr1−/y mice; unlike mGluR5 inhibitors, there was no evidence of tachyphylaxis or 

enhanced psychotomimetic-induced hyperlocomotion. GSK3α selective inhibitors may have 

potential as a therapeutic approach for treating fragile X syndrome.

INTRODUCTION

Fragile X syndrome (FXS) is the most prevalent inherited monogenic cause of autism and 

intellectual disability, affecting 1 in 4000 males and 1 in 8000 females (1–5). In most cases, 

FXS arises from a 5′ trinucleotide (CGG) repeat expansion that leads to hypermethylation of 

the Fmr1 promoter, transcriptional silencing of the gene, and a failure to express the fragile 

X mental retardation protein (FMRP). FMRP is an mRNA-binding protein that has been 

shown to function as a translational repressor. A consistent observation in hippocampal 

slices from the Fmr1−/y mouse and rat models of FXS is elevated basal protein synthesis and 

altered protein synthesis–dependent synaptic plasticity compared to wild-type animals (6, 7). 

A number of strategies have been used to restore normal protein synthesis in Fmr1−/y mice, 

resulting in correction or amelioration of a broad constellation of mutant phenotypes (8). 

These findings have led to the hypothesis that a disease-modifying therapy could be 

developed for FXS based on rebalancing protein synthesis and synaptic function (9).

An important regulator of protein synthesis at excitatory synapses is metabotropic glutamate 

receptor 5 (mGluR5), and it has been proposed that many neurological and psychiatric 

aspects of FXS might arise from aberrant protein synthesis downstream of this receptor (10). 

This theory raised the possibility of targeting the synaptic signaling that leads to altered 

protein synthesis in FXS while leaving other signaling pathways that are unrelated to the 

disease intact. However, despite extensive preclinical validation of this idea (6, 8), clinical 

trials using mGluR5 negative allosteric modulators (NAMs) have been unsuccessful to date 

(11, 12). There are many reasons clinical trials fail that are unrelated to the quality of the 

target, but some potential limitations of the mGluR5 NAM strategy were apparent in 

preclinical studies. For example, in an Fmr1−/y mouse behavioral assay, there was evidence 

that tolerance could develop with chronic dosing (13), and in wild-type animals, it was 

shown that mGluR5 NAMs augment hyperlocomotion induced by psychotomimetic 

compounds (14, 15). The latter observation is believed to be relevant to the finding in human 

volunteers that a dose-limiting side effect of mGluR5 NAM treatment is derealization and 
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visual hallucinations (16–18). Thus, lack of durable efficacy and a narrow therapeutic 

window may have limited the utility of mGluR5 NAMs in FXS clinical trials. These findings 

highlight the importance of identifying alternative therapeutic targets for treatment of FXS.

An alternative target of potential interest in FXS is glycogen synthase kinase 3 (GSK3). 

Inhibitory phosphorylation of GSK3 is reduced in Fmr1−/y mice (19), and this biochemical 

phenotype is corrected by treatment with an mGluR5 NAM (20). Several treatments that 

inhibit GSK3 have been shown to correct mutant phenotypes in FXS animal models (21). 

For example, inhibition of GSK3 has been proposed to account for the beneficial effects of 

lithium treatment in FXS mouse (22, 23) and fly (20, 24–27) models. Again, however, 

translating these findings to the clinic has proven challenging. Although results in an open-

label trial were suggestive of benefit in FXS (28), numerous side effects limit the potential of 

lithium as a therapeutic in children and adolescents with FXS and other autism spectrum 

disorders (29). To overcome the limitations of lithium, attempts have been made to develop 

selective GSK3 inhibitors. Although compounds such as AR-A014418 (30) and SB216763 

(31) can inhibit GSK3 and ameliorate FXS phenotypes in animal models (21), they do not 

have kinome selectivity (32, 33) and have toxicity that prevents chronic human use. Of 

particular concern, these and related GSK3 inhibitors stabilize β-catenin and activate gene 

expression and therefore can potentially stimulate malignant growth (34–36). However, 

lithium treatment in patients with bipolar disorder is not associated with increased cancer 

incidence (37, 38), presumably related to the modest inhibition of GSK3 (<75% inhibition of 

total GSK3 protein) (39). The opportunity therefore exists to develop therapeutically viable, 

selective GSK3 inhibitors.

GSK3 has two paralogs, GSKα and GSKβ, which are derived from different genes (40). 

Despite sharing 67% overall sequence homology and 95% amino acid sequence identity 

within their adenosine triphosphate–binding domains, these paralogs have some 

nonredundant actions within cells (40–42). Mice lacking both alleles of GSK3α are viable, 

whereas deletion of GSK3β is embryonic lethal (43–45). Of particular interest, deletion of 

either GSK3α or β alone had no effect on the level of β-catenin in embryonic stem cells. 

Increased β-catenin and gene transcription required silencing of three of four GSK3 alleles 

(46). These findings raise the intriguing possibility that toxicity could be avoided with 

paralog-selective inhibitors. Although inhibitory phosphorylation of both paralogs is reduced 

in Fmr1−/y mice (19), a paralog-specific contribution of GSK3 to the pathophysiology of 

FXS has not been examined.

Recently, taking advantage of an Asp133 → Glu196 “switch” in the hinge-binding region 

between GSK3α and GSK3β, we developed a set of paralog-selective GSK3α, GSK3β, and 

GSK3α/β inhibitors. These inhibitors are about 10-fold selective for each paralog and 

importantly also display exquisite kinase specificity within the greater kinome (47). The 

development of these selective inhibitors of GSK3α and GSK3β has given us the 

opportunity to unambiguously evaluate the specific contribution of each paralog to the 

pathophysiology of FXS in Fmr1−/y mice. Inhibition of GSK3α but not GSK3β abrogated 

excessive protein synthesis and mGluR5-dependent long-term depression (LTD) in 

hippocampal slices from Fmr1−/y mice, ameliorated susceptibility to audiogenic seizures 

(AGS), and corrected sensory cortex hyperexcitability. Inhibition of GSK3α also reversed 
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deficits in learning and memory in Fmr1−/y mice without development of tolerance or 

enhanced psychotomimetic-induced hyperlocomotion.

RESULTS

Development of paralog-selective inhibitors of GSK3α and GSK3β

An isochemogenic, or chemically matched, set of inhibitors selective for GSK3α {BRD0705 

[(S)-4-ethyl-7,7-dimethyl-4-phenyl-1,2,4,6,7,8-hexahydro-5H-pyrazolo[3,4-b]quinolin-5-

one]}, GSK3β {BRD3731 [(S)-4,7,7-trimethyl-3-neopentyl-4-phenyl-1,2,4,6,7,8-

hexahydro-5H-pyrazolo[3,4-b]quinolin-5-one]}, or pan GSK3α/β {BRD0320 [(S)-3-

cyclopropyl-4,7,7-trimethyl-4-phenyl-1,2,4,6,7,8-hexahydro-5H-pyrazolo[3,4-b]quinolin-5-

one]} (fig. S1) were designed through a rational structure-based approach exploiting a 

previously undescribed difference in the hydrogen bond network on the backside of the 

kinase hinge-binding domain. Each paralog-selective inhibitor had an about 10-fold 

selectivity for either GSK3α (BRD0705) or GSK3β (BRD3731) in a mobility shift 

microfluidic assay using purified enzymes (47). After noting the selectivity in this in vitro 

assay, we next probed the phosphorylation status and expression of Wnt signaling protein, β-

catenin (fig. S2A), and the PI3K/Akt signaling protein, collapsin response mediator protein 

2 (CRMP2) (fig. S2B), to test whether the paralog selectivity would translate to a cell-based 

assay using SH-SY5Y cultured cells. As shown in fig. S2, treating the cells with the dual 

inhibitor BRD0320 (10 μM) for 24 hours led to an expected increase in β-catenin. However, 

when the cells were treated with each of the selective inhibitors, BRD0705 and BRD3731, at 

10 μM, we observed no effect on β-catenin despite inhibition of GSK3α and GSK3β, 

respectively, as measured by the decrease of CRMP2 phosphorylation (p-CRMP2) (fig. S2, 

A and B).

These inhibitors were then tested for their pharmacokinetic properties (fig. S3). C57BL/6 

mice were dosed intraperitoneally (ip) with a 30 mg/kg dose of each of the compounds. 

Plasma, brain, and cerebrospinal fluid (CSF) samples were collected for up to 24 hours after 

dosing. At this dose, each compound was present in the brain at a concentration above their 

in vitro half-maximal inhibitory concentration (IC50) for at least 4 hours after dosing. These 

results suggested that we could test each compound for their effects on various behaviors or 

phenotypes known to occur in the Fmr1−/y mouse model of FXS.

GSK3α inhibition reduces susceptibility to AGS in Fmr1−/y mice

Susceptibility to AGS is a robust and reproducible phenotype in Fmr1−/y mice that is thought 

to mimic hypersensitivity to environmental stimuli seen in individuals with FXS (13, 48, 

49). In this assay, mice are exposed to a loud auditory stimulus (125-dB alarm), which often 

results in the induction of seizure-like behavior in Fmr1−/y mice, including wild running, 

status epilepticus, and sometimes death (>80% incidence). Treatment with lithium (20) or 

nonselective inhibitors of GSK3 (19) has been shown previously to protect Fmr1−/y mice 

from AGS. To evaluate the contribution of GSK3α and GSK3β to the development of AGS, 

we acutely dosed Fmr1−/y mice and wild-type littermate controls with either vehicle [10% 

dimethyl sulfoxide (DMSO), 45% polyethylene glycol 400 (PEG 400), and 45% normal 

saline] or each inhibitor within our set, BRD0705, BRD3731, or BRD0320 (30 mg/kg ip), 1 
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hour before exposure to the auditory stimulus (Fig. 1A and data file S1). Fmr1−/y mice 

treated with vehicle were significantly more likely to exhibit seizure activity in response to 

the stimulus compared with wild-type controls (P = 0.001; Fig. 1B). In accordance with the 

conclusions of previous studies, dual inhibition of GSK3α/β reduced seizure incidence in 

Fmr1−/y mice (fig. S4). We also observed a significant reduction in seizure incidence with 

selective inhibition of GSK3α (BRD0705) (P = 0.02; Fig. 1C). However, GSK3β-selective 

inhibition with BRD3731 yielded no significant reduction in seizure activity (Fig. 1D). In an 

additional cohort of mice, we injected BRD3731 or vehicle daily for five consecutive days 

(fig. S5). This protocol was based on the observation that daily injections of lithium over 5 

days effectively reduce AGS in Fmr1−/y mice (19). Again, however, animals treated with 

BRD3731 exhibited seizures in response to the auditory stimulus. These findings suggest 

that GSK3α may be the relevant paralog contributing to AGS susceptibility seen in Fmr1−/y 

mice.

BRD0705 reduces exaggerated protein synthesis in Fmr1−/y mice

One of the most reproducible phenotypes in the Fmr1−/y mouse and rat is exaggerated basal 

protein synthesis in the hippocampus (7, 48–52). Because FMRP normally acts as a 

translational repressor, this biochemical phenotype has been suggested to reflect a core 

cause of pathophysiology in the FXS brain. It has been shown previously that chronic 

treatment with dietary lithium reduces elevated rates of cerebral protein synthesis in Fmr1−/y 

mice (23), suggesting the possibility that inhibition of GSK3 could ameliorate this 

phenotype. To examine the consequence of GSK3α and GSK3β inhibition on translation, we 

performed metabolic labeling in wild-type and Fmr1−/y mouse hippocampal slices in the 

presence of 10 μM BRD0705 or BRD3731 (Fig. 2A). We found that the GSK3α inhibitor 

(Fig. 2B) corrected elevated protein synthesis whereas the GSK3β inhibitor did not (Fig. 

2C).

BRD0705 corrects cortical hyperexcitability

Increased excitability in the cerebral cortex is another robust and reproducible FXS 

phenotype that can be corrected by inhibition of mGluR5 or downstream signaling pathways 

coupled to translation (49, 53, 54). To examine the consequence of GSK3α and GSK3β 
inhibition on cortical excitability, we prepared slices of the visual cortex from wild-type and 

Fmr1−/y animals and evoked action potentials in layer 5 pyramidal neurons using white 

matter stimulation as described by Osterweil et al. (49). Responses were collected every 30 s 

for 30 min in vehicle, followed by an additional 30 min in the presence of either 10 μM 

BRD0705 or 10 μM BRD3731 (Fig. 3A). In agreement with previous studies, the number of 

action potentials evoked in Fmr1−/y mouse cortical slices was greater than that in wild-type 

slices under vehicle conditions (P = 0.007). Acute application of BRD0705 significantly 

dampened this excessive activity in Fmr1−/y slices without affecting wild-type slices (P = 

0.0047; Fig. 3, B to D). Application of BRD3731, however, did not alter activity in wild-

type or Fmr1−/y slices (fig. S6). We also observed that Fmr1−/y mouse visual cortical slices 

displayed enhanced spontaneous firing and that BRD0705, but not BRD3731, significantly 

dampened this aberrant activity (P = 0.0001; Fig. 4, A to C, and fig. S7).
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In the somatosensory cortex of Fmr1−/y mice, circuit hyperexcitability can also be assessed 

by studying episodes of spontaneous activity, called UP states, in layer 4. UP states are 

generated by recurrent synaptic circuitry and resemble neurophysiological rhythms 

measured in vivo, such as during slow-wave sleep (55, 56). In Fmr1−/y mice, the duration of 

UP states is increased (54). To determine whether inhibition of GSK3α was also effective in 

reducing somatosensory cortical circuit excitability in Fmr1−/y mice, we prepared cortical 

slices from wild-type and Fmr1−/y mouse littermates and preincubated them for 1 hour in 

either DMSO vehicle or 25 μM BRD0705. Spontaneous UP states were recorded in layer 4 

using extracellular multiunit recordings as described by Hays et al. (54). Consistent with 

previous reports, vehicle-treated Fmr1−/y slices displayed significantly longer UP states in 

comparison to vehicle-treated wild-type slices (P = 0.001). Inhibition of GSK3α with 

BRD0705 significantly reduced UP state duration in Fmr1−/y mouse cortical slices (P = 

0.0003) but had no effect in wild-type mouse slices (Fig. 4, D and E). Together, the results 

suggest that inhibition of GSK3α was sufficient to correct hyperactivity across the sensory 

neocortex in Fmr1−/y mice.

BRD3731 inhibits GSK3β in vitro and in vivo

Unlike BRD0705, the GSK3β-selective compound BRD3731 was ineffective in 

ameliorating FXS phenotypes in the AGS assay in vivo (Fig. 1) and in the measures of 

cortical excitability and hippocampal protein synthesis in vitro (Figs. 2 to 4). To confirm that 

BRD3731 engaged the target and inhibited the action of GSK3β, we took advantage of a 

functional assay of synaptic plasticity, N-methyl-D-aspartate (NMDA) receptor (NMDAR)–

dependent LTD. Previous studies have shown that a panel of compounds that inhibit GSK3 

(SB415286, kenpaullone, lithium, CHIR99021, AR-164, and PenGSKi) all reliably inhibit 

LTD (57, 58). We found that the β-selective inhibitor BRD3731 applied to mouse 

hippocampal slices strongly inhibited LTD at the same 10 μM concentration that was 

ineffective in the Fmr1−/y protein synthesis and cortical excitability assays (Fig. 5A). Thus, 

the failure of BRD3731 to correct FXS phenotypes in brain slices was unlikely to be due to a 

failure to inhibit GSK3β.

We next asked whether dosing with BRD3731 in vivo enabled blockade of LTD in 

hippocampal slices. Animals received five consecutive doses of BRD3731 (30 mg/kg ip), 

which we had previously found to be ineffective in the AGS assay (fig. S5), and 

hippocampal slices were prepared 60 min after the last injection when the brain 

concentration of BRD3731 peaked (fig. S3). Even after removal of the brain and superfusion 

of the brain slices with artificial CSF (aCSF), the residual activity of the BRD3731 was 

sufficient to block NMDAR-dependent LTD (Fig. 5B). These findings confirm the 

pharmacokinetic study, showing that the compound entered the brain and engaged and 

inhibited GSK3β at doses that did not improve the AGS Fmr1−/y phenotype. This result 

stands in contrast to the effectiveness of the α-selective compound that, at comparable doses, 

ameliorated AGS in vivo (Fig. 1) and corrected both elevated protein synthesis and cortical 

hyperexcitability in vitro (Figs. 2 to 4).

To further verify that both the α- and β-selective compounds were penetrating the brain and 

inhibiting direct phosphorylation of GSK3 targets in vivo in a manner comparable to 
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lithium, we treated Fmr1−/y animals for five consecutive days with either vehicle, BRD3731 

(30 mg/kg ip), BRD0705 (30 mg/kg ip), or lithium (60 mg/kg ip, twice daily). The right 

dorsal hippocampus was dissected 1 hour after the final dose, and phosphorylation of a well-

described GSK3 substrate, T668 of amyloid precursor protein (APP) (59, 60), was assayed 

by Western blot analysis. This experiment confirmed reduced APP phosphorylation in vivo 

after treatment with either BRD0705, BRD3731, or lithium (Fig. 5C). All three drug 

treatments produced a comparable decrease in APP phosphorylation, suggesting that both 

GSK3α and GSK3β are capable of phosphorylating APP at this site. We also probed for 

changes in phosphorylation of T514 of CRMP2 but found that it was not changed by our 

positive control lithium or either experimental compound (fig. S8), suggesting that CRMP2 

is not a useful marker for GSK3 inhibition in the hippocampus in vivo. Nevertheless, the 

observed inhibition of hippocampal APP phosphorylation and LTD confirmed that after in 

vivo dosing, BRD0705 and BRD3731 successfully entered the brain and inhibited the 

activity of GSK3α and GSK3β, respectively.

BRD0705 rescues performance in an inhibitory avoidance learning task

We next investigated the possibility that inhibition of GSK3α could reverse memory 

impairments in Fmr1−/y mice. We studied inhibitory avoidance memory because it is formed 

in a single trial, is impaired in Fmr1−/y mice, and is sensitive to manipulations of protein 

synthesis (48, 50, 61). In this task, mice learn the association of the dark side of a box with 

an aversive foot shock. Memory acquisition and subsequent extinction are assayed at several 

time points after conditioning by measuring the latency for mice to freely enter the dark side 

of the box when given the opportunity to do so. We administered BRD0705 (30 mg/kg) or 

vehicle intraperitoneally to adult wild-type or Fmr1−/y littermates for five consecutive days 

before conditioning with a foot shock (Fig. 6A). To minimize stress and behavioral 

modifications associated with the intraperitoneal injection itself, we administered “sham” 

saline injections once daily for 20 consecutive days before the first vehicle or BRD0705 

injection. Consistent with previous findings, we observed that Fmr1−/y mice failed to form a 

strong association between the context (the dark side of the box) and the adverse outcome 

(foot shock) when measured 6 hours after training. However, Fmr1−/y mice chronically 

treated with BRD0705 exhibited normal memory acquisition and extinction over the course 

of 48 hours that was indistinguishable from either vehicle or BRD0705-treated wild-type 

mice (Fig. 6B).

BRD0705 does not augment MK-801–induced hyperlocomotion

It has been reported that first-generation mGluR5 NAMs have psychotomimetic effects in 

normal human volunteers (16–18). These adverse events are believed to be the result of the 

functional and physical interaction between mGluR5 and NMDARs (14, 62–70). The 

noncompetitive NMDAR blocker MK-801, which causes psychotomimetic effects in 

humans, induces hyperlocomotion in mice that is potentiated by pretreatment with mGluR5 

NAMs (14, 15). To investigate whether a similar interaction occurs with BRD0705, we first 

confirmed that pretreatment with the selective mGluR5 inhibitor MTEP (3-[(2-methyl-1,3-

thiazol-4-yl)ethynyl]-pyridine) (fig. S1) (71) potentiated MK-801–induced hyperlocomotion 

in wild-type mice (fig. S9). In marked contrast, we observed that pretreatment with 

BRD0705 had no effect on the behavioral response to MK-801. Thus, the data suggested 
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that inhibition of GSK3α could achieve the same therapeutic benefit as optimal inhibition of 

mGluR5 without dose limitations imposed by hyperlocomotion (presumably 

psychotomimetic) side effects.

Chronic administration of BRD0705 does not result in the development of tolerance

Another untoward effect of mGluR5 NAM treatment is the development of tolerance. 

Tachyphylaxis was initially suggested by Yan et al. (13), who showed that suppression of 

AGS in Fmr1−/y mice by the mGluR5 NAM MPEP (fig. S1) was greatly reduced after 

chronic dosing. Because durable efficacy was observed in some assays using the newer and 

more selective mGluR5 NAM CTEP [2-chloro-4-((2,5-dimethyl-1-(4-(trifluoromethoxy) 

phenyl)-1H-imidazol-4-yl)ethynyl) pyridine] (fig. S1) (48), we reexamined whether 

tolerance occurs in the AGS model using this compound. Although acute administration of 

CTEP (2 mg/kg, ip) significantly reduced the incidence of AGS in the Fmr1−/y mouse (P = 

0.0038; fig. S10B), this protection was completely lost after three consecutive doses over 5 

days (fig. S11A). To examine whether tolerance also developed with chronic exposure to 

BRD0705, we gave five doses of 30 mg/kg ip over 5 days. In contrast to what was observed 

with CTEP, there was no apparent loss of efficacy after repeated dosing with BRD0705 (fig. 

S11B). Amelioration of the seizure phenotype was comparable to what we observed with a 

single dose (Fig. 1C).

BRD0705 blocks mGluR-stimulated increases in protein synthesis and LTD downstream of 
ERK

Glutamate binding to mGluR5 has been shown to stimulate synaptic protein synthesis 

through activation of a signaling pathway that includes the small guanosine triphosphatase 

Ras and extracellular signal–regulated kinase 1/2 (ERK1/2). Hypersensitivity to stimulation 

of this pathway has been proposed to contribute to FXS symptoms (10, 51, 72). In support of 

this theory, it has been shown repeatedly that inhibitors of mGluR5, Ras, or MEK (mitogen-

activated protein kinase kinase), the upstream regulator of ERK, all correct excessive protein 

synthesis and improve electrophysiological and behavioral phenotypes in Fmr1−/y mice (48–

51, 73–77). We therefore wondered whether the therapeutic effects of BRD0705 were 

similarly a consequence of inhibiting the mGluR5-ERK1/2 pathway. To examine this 

question, we stimulated mGluR5 in hippocampal slices from both wild-type and Fmr1−/y 

mice using the orthosteric agonist DHPG (3,5-dihydroxyphenylglycine) and performed 

Western blot analysis of ERK1/2 phosphorylation (Fig. 7, A and B). To capture rapid 

changes in phosphorylation, slices were harvested after 5 min of DHPG exposure (51); to 

reduce variability and provide maximal activation, DHPG was applied after exposure to the 

selective mGluR5 positive allosteric modulator CDPPB [3-cyano-N-(1,3-diphenyl-1H-

pyrazol-5-yl) benzamide]. The data showed comparable ERK1/2 phosphorylation after 

mGluR5 activation in vehicle and BRD0705-treated slices and, in agreement with previous 

findings (51), no difference between wild-type and Fmr1−/y mice. In addition, in agreement 

with previous results (51), no stimulation of the Akt-mTOR (mammalian target of 

rapamycin) pathway was observed after activation of mGluR5 in hippocampal slices from 

either genotype (fig. S12).
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Although it is occluded by the elevated basal protein synthesis in Fmr1−/y slices, mGluR5-

stimulated protein synthesis can be reliably detected using the metabolic labeling assay in 

hippocampal slices from wild-type mice (51). A number of treatments that prevent ERK1/2 

pathway activation also block mGluR5-stimulated protein synthesis and the downstream 

functional consequences (51, 73, 78). Therefore, it was of particular interest to discover that 

BRD0705 was still effective in inhibiting protein synthesis stimulated by a 60-min treatment 

with CDPPB (Fig. 7, C and D). These data suggest that BRD0705 acts via a new 

mechanism, downstream of ERK1/2, to regulate FMRP-dependent protein synthesis.

One functional consequence of activating mGluR5 in the hippocampus is induction of an 

ERK- and protein synthesis–dependent form of hippocampal LTD (78, 79). We therefore 

additionally investigated the consequences of inhibiting GSK3α and GSK3β on LTD 

induced by brief DHPG treatment of hippocampal slices from both wild-type and Fmr1−/y 

mice (Fig. 8) (80). Consistent with our biochemistry results, we found that treatment of the 

slices with BRD0705, but not BRD3731, blocked stable expression of mGluR-LTD in slices 

from Fmr1−/y mice (Fig. 8A) and their wild-type littermates (Fig. 8B). Together, the data 

indicated that GSK3α, but not GSK3β, was required for the stimulation of protein synthesis 

downstream of mGluR5.

DISCUSSION

The results of our experiments indicated that selective inhibition of GSK3α was sufficient to 

ameliorate several phenotypes in the Fmr1-y mouse model of FXS. Among the phenotypes 

corrected were excessive basal protein synthesis in hippocampus, increased electrical 

excitability in sensory neocortex, increased susceptibility to AGS, and impaired inhibitory 

avoidance memory. The extent of this phenotypic rescue was comparable to what has been 

observed by inhibiting mGluR5 (13, 48, 50) and the downstream ERK1/2 signaling cascade 

(49, 51, 73, 77). However, unlike the mGluR5 NAMs, inhibition of GSK3α with BRD0705 

did not reduce ERK1/2 pathway activation, augment the psychotomimetic effects of 

MK-801, or exhibit tachyphylaxis with repeated dosing. Thus, selective inhibitors of 

GSK3α may be differentiated from mGluR5 NAMs, which thus far have failed in FXS 

clinical trials.

Our findings with BRD0705 are generally consistent with what has been observed using 

lithium treatment in Fmr1−/y mice (20, 22, 23, 81–83). Along with the correction of 

excessive cerebral protein synthesis in vivo, lithium improves a number of 

electrophysiological and behavioral phenotypes without development of tolerance. The 

hypothesis that the therapeutic actions of lithium are due to GSK3 inhibition (27) has been 

supported by experiments using more potent small-molecule inhibitors including CHI99021, 

SB415286, TDZD-8, and VP0.7. However, all of these compounds directly inhibit both 

paralogs of GSK3. While dual GSK3α/β inhibitors have entered clinical trials, none has 

successfully translated to clinical application due to mechanism-based toxicities, driven in 

part by β-catenin stabilization.

The hypothesis that hyperactive GSK3 contributes to FXS pathophysiology derives in part 

from the finding of decreased inhibitory phosphorylation of both α and β paralogs in the 
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Fmr1−/y mouse (19, 20, 83, 84). One study showed that GSK3α, but not GSK3β, is 

overactive in the Fmr1−/y mouse hippocampus (19), and we have confirmed this finding. The 

development of GSK3 inhibitors with about 10-fold paralog selectivity (33, 47) has now 

given us the opportunity to examine the relative contribution of GSK3α and GSK3β to 

aspects of FXS pathophysiology. Evidence collected in the present series of experiments 

suggests that inhibition of GSK3α provides therapeutic benefit in the Fmr1−/y mouse. These 

findings suggest that phenotypic improvements with lithium or other nonspecific pan-GSK3 

inhibitors may have been misattributed to inhibition of only GSK3β in previous studies (23, 

81, 85). We found that chronic in vivo exposure to the β-selective inhibitor BRD3731 failed 

to improve the AGS phenotype in Fmr1−/y mice despite producing strong inhibition of 

NMDAR-dependent LTD, a sensitive functional measure of enzyme activity (57, 58). Acute 

application in vitro of BRD3731 to brain slices from Fmr1−/y mice also failed to correct 

excessive hippocampal protein synthesis or sensory cortex hyperexcitability, unlike what 

was observed with BRD0705. The contrasting effects of BRD3731 and BRD0705 on 

NMDAR- and mGluR5-dependent forms of LTD provide additional support for the 

conclusion that the α paralog of GSK3 is of particular importance for the regulation of 

protein synthesis that is aberrant in FXS.

There are several limitations to the present study, the foremost of which is that we cannot 

rule out the possibility that stronger inhibition of GSK3β with higher doses of BRD3731 

may be effective in the Fmr1−/y mice. In addition, an argument could be made that the 

effects of BRD0705 are mediated by inhibition of a target other than GSK3α, possibly 

including GSK3β. We note that another group has reported improvement in FXS phenotypes 

with intranasal small interfering RNA (siRNA) directed against the GSK3β paralog, but they 

did not measure and were careful not to exclude the possibility that the treatment reduced 

GSK3α (86). Validation of the selectivity of our treatments would be aided by identification 

of paralog-selective GSK3 substrates in vivo, which so far has been challenging (87) and 

will require further phosphoproteomic analysis. We did probe for changes in the 

phosphorylation of the FXS-relevant GSK3 substrate APP (88) after treatment in vivo with 

either lithium (nonselective), BRD0705 (α-selective), or BRD3731 (β-selective). Exposure 

to all three treatments produced comparable inhibition, suggesting that APP phosphorylation 

by GSK3 was not paralog selective (Fig. 5C). However, the distinguishing feature of the 

therapeutically effective treatments (lithium and BRD0705) is inhibition of the α paralog, 

which presumably contributes to FXS pathogenesis by phosphorylation of a substrate other 

than APP. Although it is impossible to rule out unknown actions of a drug, BRD0705 is 

notable for its exquisite kinome selectivity (33). The reported cellular IC50 in human 

embryonic kidney (HEK) cells for BRD0705 of 4.8 μM against GSK3α and >20 μM against 

GSK3β (47) supports the conclusion that at the doses used in this study, the treatment is 

selective for GSK3α.

The current results suggest that selective inhibition of GSK3α is sufficient to correct an 

array of Fmr1−/y phenotypes. This finding is important, as a major toxicity that arises from 

inhibition of GSK3—increased β-catenin—fails to occur with paralog-selective inhibition 

(33, 47) or haploinsufficiency (46). Although inhibition of GSK3 by lithium apparently is 

weak enough to avoid β-catenin–mediated toxicity, lithium is of limited usefulness for 

treatment of children with FXS due to other well-known side effects (presumably unrelated 
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to GSK3), including nausea, tremor, fatigue, enuresis, irritability, and impaired renal and 

thyroid functions (29). Selective inhibition of GSK3α, therefore, has the potential to confer 

benefit in FXS without some of the side effects that have limited treatment with lithium or 

the first-generation mGluR5 NAMs. Unlike the GSK3β-null mouse, the GSK3α knockout 

mouse is viable (44, 45). Of course, the safety of chronic inhibition of GSK3α will need to 

be fully evaluated in extensive preclinical studies before contemplating prolonged treatment 

in human patients. Our finding that treatment with BRD0705 failed to potentiate MK-801–

induced hyperactivity is encouraging and suggests that it will not have the same 

psychotomimetic effects as the mGluR5 NAMs, but clearly much more study is required to 

assess other potential side effects.

Precisely where GSK3α fits into the intracellular pathways that give rise to FXS phenotypes 

remains to be determined. In wild-type mice, BRD0705 had no effect on basal protein 

synthesis or synaptic transmission, but it did block stimulated protein synthesis and LTD 

induced by activation of mGluR5. Under our experimental conditions, previous studies have 

shown that ERK1/2 is obligatory for mGluR5-stimulated mRNA translation and LTD in the 

hippocampus and that inhibition of this pathway corrects excessive protein synthesis in 

Fmr1−/y mice (51). Here, we have found that inhibiting GSK3α similarly corrects protein 

synthesis in the mutant mice but did not affect mGluR5-dependent ERK1/2 activation. These 

data suggest that GSK3α may lie downstream of ERK1/2 in the pathway that links mGluR5 

to initiation of protein synthesis. Serine-21 of GSK3α, hypophosphorylated in Fmr1−/y mice 

(19, 20, 83), is a substrate of the protein kinases Akt and protein kinase A (PKA) (89). There 

is evidence that both Akt (53, 90) and PKA (91) signaling are impaired in FXS animal 

models. Thus, it is possible that GSK3α is a hub or convergence point for several signaling 

pathways that contribute to FXS pathophysiology. In any case, decreased phosphorylation of 

some GSK3α substrate proteins presumably is responsible for the therapeutic effect of 

BRD0705, and phosphoproteomic studies will be required to elucidate what these are.

The phenotype of elevated bulk protein synthesis in acutely prepared hippocampal slices has 

been widely reproduced in multiple laboratories and animal models of FXS (50, 51, 77, 92) 

and is consistent with observations in Fmr1−/y mice in vivo (23, 52, 93), as well as in 

cultured neurons from Fmr1−/y mice and patient-derived fibroblasts (94). Because FMRP 

functions normally as a translational repressor (95), it has been proposed that increased 

constitutive protein synthesis may be a proximal cause of other diverse FXS phenotypes (6, 

96). Treatments that acutely correct this biochemical phenotype in brain slices, including 

(but not limited to) inhibitors of mGluR5 (13, 48, 50), Ras (49, 97), and ERK1/2 (51, 77), all 

produce a broad rescue of other FXS phenotypes at the synaptic, cellular, and behavioral 

levels. However, recent findings suggest that the measured increases in bulk protein 

synthesis are not necessarily a direct consequence of the loss of translational repression by 

FMRP. For example, it was found that the transcripts overrepresented on translating 

ribosomes in hippocampal slices from Fmr1−/y mice are not FMRP targets (98) and, further, 

that the biochemical and synaptic phenotypes related to protein synthesis in slices are altered 

substantially when the aCSF is supplemented with essential amino acids (99). Thus, it 

cannot be assumed that elevated bulk protein synthesis and protein synthesis–dependent 

LTD measured under conditions that are standard for brain slice electrophysiology are root 

causes of other disease phenotypes. These new revelations do not alter our conclusion that 
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inhibition of GSK3α is broadly effective in correcting FXS phenotypes in Fmr1−/y mice at 

multiple levels of analysis or the conclusion that previous findings with lithium (including 

correction of the FXS protein synthesis phenotype in vivo) (23) are likely due to inhibition 

of the α paralog of GSK3. However, they do need to be taken into consideration in the 

search for the mechanism of therapeutic benefit.

FXS has offered one of the first opportunities to fulfill the promise of molecular medicine in 

a complex neuropsychiatric disease: progressing from gene identification to studies of 

pathophysiology in genetically validated animal models to therapeutic target identification 

and, ultimately, to clinical trials (9). Studies in animal models of FXS (flies, fish, mice, and 

rats) have shown that disease modification is possible, even after the onset of symptoms (6, 

8). The challenges of translation from animal models to human therapeutics are well known, 

however, and FXS has proven to be no exception. Careful clinical studies in this disease are 

still in their infancy, and the work to date has been more valuable for identifying key 

variables in trial design (e.g., patient selection, treatment dose, duration, age of onset, and 

appropriate clinical end points) than for testing the theory that disease modification is 

possible in humans by targeting core pathophysiological processes, such as altered cerebral 

protein synthesis. Nevertheless, the outcomes of two clinical studies using 12 weeks of 

treatment with the mGluR5 NAM mavoglurant (age ranges 12 to 17 and 18 to 45, 

respectively) were still disappointing (12), leading some to question the applicability of the 

animal findings to humans (100). This skepticism will persist until an unequivocal success is 

observed in a well-controlled human study. In the meantime, the clinical findings to date 

have forced a re-examination of the limitations of first-generation mGluR5 NAMs, which 

are now understood to include psychiatric side effects that limit dose selection and the 

possible development of tolerance with chronic exposure. The results presented here suggest 

that it is feasible to correct core FXS phenotypes by inhibiting GSK3α without 

tachyphylaxis or psychotomimetic effects. Furthermore, we know from human clinical 

experience with lithium that modest inhibition of GSK3 can be therapeutic without causing 

β-catenin–induced toxicity. Paralog-selective inhibition of GSK3α circumvents limitations 

imposed by off-target actions of lithium and provides a new treatment modality for the 

pathophysiology of FXS.

MATERIALS AND METHODS

Study design

Attempts to apply GSK3 inhibitors for therapeutic use have been plagued by various 

toxicities, driven in part by the simultaneous inhibition of both GSK3 paralogs. The 

development of GSK3 inhibitors with about 10-fold paralog selectivity (33, 47) provided the 

opportunity to examine the relative contribution of GSK3α and GSK3β to aspects of FXS 

pathophysiology. In this study, we used the paralog-specific inhibitors BRD0705 and 

BRD3731 of GSK3α and GSK3β, respectively. We dosed Fmr1−/y mice and their wild-type 

littermates in vivo and treated mouse brain slices with the compounds ex vivo. The action of 

GSK3α and GSK3β inhibitors was assayed on a variety of Fmr1−/y mouse phenotypes 

including hippocampal protein synthesis, susceptibility to AGS, sensory cortex 

hyperexcitability, mGluR5- and protein synthesis–dependent LTD, and deficits in learning 
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and memory. Sample size was determined via a power analysis or laboratory convention; no 

outliers were removed from any data sets. Animals were chosen at random for treatment 

and, where applicable, a balanced number of Fmr1−/y mice and their wild-type littermates 

were used. Fmr1−/x female mice (the Jackson Laboratory) were crossed with wild-type 

C57BL/6J male mice to generate wild-type and Fmr1−/y male offspring. All experimental 

animals were age-matched littermates and were studied with the experimenter blind to 

genotype and treatment condition. Animals were group-housed on static racks and 

maintained on a 12-hour light/12-hour dark cycle. The Institutional Animal Care and Use 

Committee at Massachusetts Institute of Technology (MIT) and University of Texas (UT) 

Southwestern approved all experimental techniques, and all animals were treated in 

accordance with the National Institutes of Health (NIH), MIT, and UT Southwestern 

guidelines.

Reagents

GSK3 inhibitors BRD0320, BRD3731, and BRD0705 (47) were all synthesized at the Broad 

Institute. All final compounds were confirmed to be of ≥95% purity on the basis of HPLC 

(high-performance liquid chromatography), LC-MS (liquid chromatography–mass 

spectrometry), and 1H NMR (proton nuclear magnetic resonance) analyses. The reported 

biochemical IC50 values for BRD3731 are 0.215 μM against GSK3α and 0.015 μM against 

GSK3β and those for BRD0705 are 0.066 against GSK3α and 0.515 against GSK3β. The 

reported cellular EC50 (half-maximal effective concentration) values in HEK293 cells for 

BRD3731 are >20 μM against GSK3α and 3.3 μM against GSK3β, and those for BRD0705 

are 4.8 μM against GSK3α and >20 μM against GSK3β (47). This enzyme-to-cellular assay 

potency shift is consistent with the literature for kinase inhibitors and, at these 

concentrations in cell-based assays, selectivity is still maintained (47). Critically, the cell-

based assay concentrations are on par with the achieved in vivo exposure at the effective 

doses. For these reasons, isoform-selective inhibition is expected at these doses in vivo.

All compounds for acute and chronic AGS, inhibitory avoidance, and MK-801–induced 

hyperlocomotion were administered at a dose of 30 mg/kg in a vehicle of 10% DMSO, 45% 

PEG 400, and 45% normal saline. For chronic AGS and inhibitory avoidance, vehicle and 

drug were delivered intraperitoneally at a dosing volume of 10 ml/kg. For MK-801–induced 

hyperlocomotion, vehicle and drug were delivered intraperitoneally at a dosing volume of 2 

ml/kg with a needle with precision for small volumes, used because of gastrointestinal 

complications and impact on locomotion at higher doses of the DMSO and PEG 400 

vehicle. For slice experiments, all GSK3 inhibitors were prepared as 50 mM stocks in 

DMSO and stored in aliquots at −20°C. (S)-3,5-dihydroxyphenylglycine (S-DHPG) was 

purchased from Tocris Bioscience. Fresh bottles of DHPG were prepared as a 100× stock in 

H2O, divided into aliquots, and stored at −80°C. Fresh stocks were made once a week. 

Actinomycin D (Tocris Bioscience) was prepared as a stock solution of 1 mg/ml in 0.01% 

DMSO and aCSF and stored at −20°C. CDPPB (Tocris Bioscience) was prepared daily at 75 

mM stock in DMSO. MK-801 (Sigma-Aldrich) was prepared in H2O daily, and 0.3 mg/kg 

was injected intraperitoneally at a dosing volume of 10 ml/kg. MTEP (Tocris Bioscience) 

was prepared in H2O daily, and 10 mg/kg was injected intraperitoneally at a dosing volume 

of 10 ml/kg. CTEP was formulated as a microsuspension in vehicle (0.9% NaCl and 0.3% 
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Tween 80). Chronic treatment consisted of one dose every 48 hours at 2 mg/kg (ip) in a 

volume of 10 ml/kg.

Pharmacokinetics

All pharmacokinetics studies were conducted at Sai Life Sciences Limited, Pune, India, in 

accordance with the guidelines provided by the Committee for the Purpose of Control and 

Supervision of Experiments on Animals as published in The Gazette of India, 15 December 

1998. Prior approval of the Institutional Animal Ethics Committee was obtained before 

initiation of the studies. The objective of this study was to investigate the plasma and CSF 

pharmacokinetics and brain distribution of each of the BRD compounds in male C57BL/6 

mice after a single intraperitoneal dose administration. For each study, a group of 14 male 

mice were administered intraperitoneally with the BRD compound solution formulation in 

10% DMSO and 45% PEG 400 in normal saline at 30 mg/kg dose. Blood samples 

(approximately 60 μl) were collected from retro orbital plexus under light isoflurane 

anesthesia such that the samples were obtained at 0.08, 0.5, 1, 2, 4, 8, and 24 hours. The 

blood samples were collected from a set of three mice at each time point in a labeled 

microcentrifuge tube containing K2-EDTA as anticoagulant. Plasma samples were separated 

by centrifugation of whole blood and stored below −70°C until bioanalysis. After collection 

of blood, CSF and brain samples were collected at 0.08, 0.5, 1, 2, 4, 8, and 24 hours. 

Collected brains were dipped in 20 ml of fresh phosphate-buffered saline (pH 7.4) buffer 

three times, dried on blotted paper, and weighed. Brain samples were homogenized using 

ice-cold phosphate-buffered saline (pH 7.4), and homogenates were stored below −70°C 

until analysis. Total homogenate volume was three times the brain weight. All samples were 

processed for analysis by protein precipitation using acetonitrile and analyzed with a fit-for-

purpose LC/MS/MS method [lower limit of quantitation (LLOQ): 1.02 ng/ml]. 

Pharmacokinetic parameters were calculated using the noncompartmental analysis tool of 

Phoenix WinNonlin (version 6.3).

AGS assay

AGS experiments were performed as previously described (50). Mice were housed on static 

racks to prevent auditory desensitization that occurs with chronic exposure to the ambient 

noise of ventilated racks. For acute dosing, animals were injected with either vehicle or drug 

1 to 2 hours before exposure to the alarm in a separate room. For chronic dosing, animals 

were injected for four consecutive days before testing with BRD0705 or BRD3731 and 

received a final (fifth) injection 1 to 2 hours before testing. Animals chronically dosed with 

CTEP were given three doses, one every 48 hours, with the final dose occurring 1 to 2 hours 

before testing. All animals were run at postnatal day 23 (P23) to P25 (immediately after 

weaning) and were habituated to the behavioral chamber (28 cm by 17.5 cm by 12 cm 

transparent plastic box) for 1 min before stimulus onset. AGS stimulus was a 125-dB at 

0.25-m siren (modified personal alarm, RadioShack model 49–1010, powered from a DC 

converter). Seizures were scored for incidence during a 2-min stimulus presentation or until 

animal reached AGS end point (wild running/jumping, status epilepticus, respiratory arrest, 

or death were all scored as seizure activity).
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Metabolic labeling

Metabolic labeling of new protein synthesis was performed as previously described (51). 

Male P28 to P32 littermate mice were anesthetized with isoflurane, and the hippocampus 

was rapidly dissected into ice-cold aCSF (124 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 

26 mM NaHCO3, 10 mM dextrose, 1 mM MgCl2, and 2 mM CaCl2, saturated with 95% O2 

and 5% CO2). Hippocampal slices (500 μm) were prepared using a Stoelting Tissue Slicer 

and transferred into 32.5°C aCSF (saturated with 95% O2 and 5% CO2) within 5 min. Slices 

were incubated in aCSF undisturbed for 3 hours to allow recovery of basal protein synthesis 

and then transferred to either aCSF containing vehicle (DMSO) or drug, which was present 

for the remainder of the experiment. Actinomycin D (25 μM) was then added to the chamber 

for 30 min to inhibit transcription, after which slices were transferred to fresh aCSF 

containing [35S] Met/Cys (~10 mCi/ml; PerkinElmer) for an additional 30 min. Slices were 

then homogenized, and labeled proteins were isolated by trichloroacetic acid precipitation. 

Samples were read with a scintillation counter and subjected to a protein concentration assay 

(Bio-Rad). Data were analyzed as counts per minute per microgram of protein, normalized 

to the [35S] Met/Cys aCSF used for incubation, and the average incorporation of all samples 

was analyzed and then normalized to percent wild type for each experiment. Statistical 

significance was determined using a two-way analysis of variance (ANOVA) for genotype 

and treatment. For experiments in which wild-type slices were stimulated with CDPPB, four 

slices from each animal were prepared with the method described above, and each slice was 

randomly placed in one of four recovery chambers, following the protocol described above. 

After 2.5 hours of recovery, 10 μM BRD0705 or vehicle was added to the bath of two 

chambers each (and remained in the bath for the remainder of the experiment). After 30 min, 

10 μM CDPPB or vehicle was added to one chamber containing drug and one chamber 

containing vehicle for 30 min. Metabolic labeling and slice processing were performed as 

described above. Statistical significance was determined using within-subject two-way 

ANOVA (treatment × stimulation) where treatment is the within-subject variable.

Evoked and spontaneous spiking in mouse visual cortex

Slices of visual cortex were prepared from P16 to P21 wild-type or Fmr1−/y male animals. 

Slices (350 μm) were prepared using a Leica vibratome in ice-cold cutting solution 

containing 87 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 0.5 mM CaCl2, 

7 mM MgCl2, 20 mM glucose, 1.3 mM ascorbate, and 75 mM sucrose, saturated with 95% 

O2 and 5% CO2. Slices were recovered for 30 min at 32°C and then for an additional 2.5 

hours at room temperature in a modified aCSF containing 124 mM NaCl, 3.5 mM KCl, 1.25 

mM NaH2PO4, 26 mM NaHCO3, 10 mM glucose, 0.8 mM MgCl2, and 1 mM CaCl2, 

saturated with 95% O2 and 5% CO2. Action potentials were evoked by electrical stimulation 

of the white matter (clustered bipolar tungsten, FHC) and recorded by placing a glass 

recording electrode (~1-megohm resistance when filled with aCSF) in layer 5 of the visual 

cortex. A single, 0.2-ms-duration, electrical stimulation was delivered every 30 s using a 

stimulus intensity between 35 and 80 μA. Evoked and spontaneous extracellular recordings 

were first collected in vehicle conditions for 30 min (60 trials total), followed by 30 

additional minutes in the presence of either 10 μM BRD0705 or 10 μM BRD3731. All 

recordings were made using a Multiclamp 700B amplifier (Molecular Devices), amplified 

1000 times, filtered between 300 Hz and 10 kHz, and digitized at 25 kHz. Evoked events 
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were those measured for the first 3.2 s after electrical stimulation of the white matter. 

Spontaneous events were classified as those occurring between 3.2 and 30 s after 

stimulation.

UP state recordings

Spontaneous UP states were recorded at the UT Southwestern from acute slices of 

somatosensory, barrel cortex prepared from P19 to P23 wild-type or Fmr1 KO male 

littermates on the C57bl6CR background as previously described (54, 90, 101). Mice were 

anesthetized with ketamine (120 mg/kg) and xylazine (25 mg/kg) and decapitated. The brain 

was transferred into ice-cold dissection buffer containing 87 mM NaCl, 3 mM KCl, 1.25 

mM NaH2PO4, 26 mM NaHCO3, MgSO4, 7 mM MgCl2, 0.5 mM CaCl2, 20 mM D-glucose, 

75 mM sucrose, and 1.3 mM ascorbic acid saturated with 95% O2 and 5% CO2. 

Thalamocortical slices (400 μm) were made on an angled block (102) using a Leica 

vibratome. After cutting, slices were transected parallel to the pia mater to remove the 

thalamus and midbrain. Slices were immediately transferred to an interface recording 

chamber (Harvard Instruments) and allowed to recover for 1 hour in aCSF at 32°C 

containing 126 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 2 mM 

MgSO4, 2 mM CaCl2, and 25 mM D-glucose at 29° to 30°C.

Slices were then transferred to an aCSF that mimics physiological ionic concentrations in 

vivo (56, 103), containing 126 mM NaCl, 5 mM KCl, 1.25 mM NaH2PO4, 26 mM 

NaHCO3, 2 mM MgSO4, 1 mM CaCl2, and 25 mM D-glucose. This aCSF also contained 

BRD0705 or DMSO vehicle (25 μM; 0.1% DMSO). After 1-hour preincubation in 

compound or vehicle, spontaneous UP states were recorded using 0.5-megohm tungsten 

microelectrodes (FHC) placed in layer 4 of the somatosensory cortex. Ten minutes of 

spontaneous activity was collected from each slice. Recordings were amplified 10,000-fold 

and filtered online between 500 Hz and 3 kHz. All measurements were analyzed offline 

using custom LabVIEW software. Traces were rectified and band-pass–filtered at 0.2 Hz. 

The threshold for detection was set at 5× the root mean square noise. An event was defined 

as an UP state if its amplitude remained above the threshold for at least 200 ms. The end of 

the UP state was determined when the amplitude decreased below threshold for >600 ms. 

Two events occurring within 600 ms of one another were grouped as a single UP state. To 

determine effects of drug on UP state duration in wild-type and Fmr1−/y mice, a two-way 

ANOVA and post hoc Sidak’s multiple comparisons were performed.

Hippocampal LTD measurements

Hippocampal slices were prepared from P21 to P35 male C57/B6 mice (Charles River 

Laboratories). Each animal was anesthetized with isoflurane vapor and decapitated. The 

brain was rapidly removed and immersed in ice-cold dissection buffer (composition: 

sucrose, 75 mM; KCl, 2.5 mM; NaH2PO4, 1.25 mM; NaHCO3, 25 mM; dextrose, 10 mM; 

MgCl2,7 mM; and CaCl2, 0.5 mM) bubbled with 95% O2 and 5% CO2. A block of 

hippocampus was removed and sectioned in the transverse plane into 350-μm-thick slices 

with a vibratome. The slices were gently transferred to a holding chamber containing aCSF 

(composition: NaCl, 124 mM; KCl, 3 mM; NaH2PO4, 1.25 mM; NaHCO3, 26 mM; 

dextrose, 10 mM; MgCl2, 1 mM; and CaCl2, 2 mM) bubbled with 95% O2 and 5% CO2. 
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The slices were left in the holding chamber at 32°C for 60 min to recover. For the mGluR-

dependent LTD experiments, slices were allowed a further 120 min of recovery time at room 

temperature to allow for recovery of protein synthesis (51). Slices were then gently 

transferred to a submersion-type recording chamber continually perfused with 28°C 

oxygenated aCSF at a rate of 2 ml/min. Slices were left undisturbed in the recording 

chamber for ≥20 min before recording. Synaptic responses were measured extracellularly in 

the stratum radiatum of CA1 using glass microelectrodes (borosilicate: outer diameter, 1.0 

mm; inner diameter, 0.78 mm; Sutter Instrument, Novato, CA) filled with aCSF (1 to 2 

megohms). Baseline responses were evoked by stimulation (20 to 50 μA) of the Schaffer 

collaterals once every 30 s with a two-contact cluster electrode (FHC) using a 0.2-ms 

stimulus yielding 40 to 60% of the maximal response. Field excitatory postsynaptic potential 

(fEPSP) recordings were filtered at 0.1 Hz to 1 kHz, amplified 1000 times, digitized at 10 

kHz, and analyzed using pCLAMP 9 (Axon Instruments). The initial slope of the response 

was used to assess changes in synaptic strength. Data were normalized to the baseline 

response and are presented as group means ± SEM. The input-output function was examined 

by stimulating slices with incrementally increasing current and recording the fEPSP 

response. Homosynaptic NMDAR-dependent LTD was induced by delivering low-frequency 

stimulation (LFS; 900 pulses at 3 Hz) at the same stimulation intensity as baseline (104). 

mGluR-dependent LTD was induced by application of DHPG (100 μM, 5 min) (80).

Inhibitory avoidance assay

Inhibitory avoidance experiments were performed as previously described (50). On the day 

of testing, P56 to P76 animals were placed into the dark compartment of an inhibitory 

avoidance training box (a two-chambered Perspex box consisting of a lighted safe side and a 

dark shock side separated by a trap door) for 30 s followed by 90 s in the light compartment 

for habituation. After the habituation period, the door separating the two compartments was 

opened and animals were allowed to enter the dark compartment. Latency to enter after door 

opening was recorded (“baseline”, time 0, 8:00 to 9:00 a.m.); animals with baseline entrance 

latencies of greater than 120 s were excluded. After each animal stepped completely into the 

dark compartment with all four paws, the sliding door was closed and the animal received a 

single scrambled foot shock (0.5 mA, 2.0 s) via electrified steel rods in the floor of the box. 

This intensity and duration of shock consistently caused animals to vocalize and jump. 

Animals remained in the dark compartment for 15 s after the shock and were then returned 

to their home cages. Six to seven hours after inhibitory avoidance training, mice received a 

retention test (“post-acquisition”, time 6 hours, 2:00 to 3:00 p.m.). During post-acquisition 

retention testing, each animal was placed in the lit compartment as in training; after a 90-s 

delay, the door opened, and the latency to enter the dark compartment was recorded (cutoff 

time, 537 s). For inhibitory avoidance extinction training, animals were allowed to explore 

the dark compartment of the box for 200 s in the absence of foot shock (animals remaining 

in the lit compartment after the cutoff were gently guided, using an index card, into the dark 

compartment); after inhibitory avoidance extinction training, animals were returned to their 

home cages. Twenty-four hours after initial inhibitory avoidance training, mice received a 

second retention test (“post-extinction 1”, time 24 hours, 8:00 to 9:00 a.m.). Animals were 

tested in the same way as at the 6-hour time point, followed by a second 200-s extinction 

trial in the dark side of the box; after training, animals were again returned to their home 
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cages. Forty-eight hours after avoidance training, mice received a third and final retention 

test (“post-extinction 2”, time 48 hours, 8:00 to 9:00 a.m.).

MK-801–induced hyperlocomotion measurements

To determine the effects of genotype on MK-801–induced hyperlocomotion, mice were 

habituated in the open field (40 cm by 40 cm by 40 cm box) for 60 min, followed by the 

administration of vehicle or MK-801, and locomotor activity was recorded for another 60 

min. To determine the effects of MTEP and BRD0705 on MK-801–induced 

hyperlocomotion, mice were habituated in the open field for 30 min, followed by the 

intraperitoneal administration of MTEP (10 mg/kg at a dosing volume of 10 ml/kg) or 

BRD0705 (30 mg/kg at a dosing volume of 2 ml/kg). After an additional 30 min, MK-801 

(0.3 mg/kg at a dosing volume of 10 ml/kg) was administered intraperitoneally, and 

locomotor activity was recorded for another 60 min. The time course of drug-induced 

changes in ambulation was expressed as centimeters traveled per 5 min over the 120-min 

session. Sessions were recorded using Plexon’s CinePlex Studio and analyzed using 

Plexon’s CinePlex Editor and code was written in MATLAB. MK-801–induced locomotor 

activity was scored and analyzed using the average of the final 5 min (minutes 115 to 120) 

of observation per cohort.

Immunoblotting

For assessment of ERK pathway activation after mGluR5 stimulation, hippocampal slices 

were prepared and recovered as described in metabolic labeling experiments. Sets of slices 

from each animal were treated with the mGluR5 positive allosteric modulator CDPPB (10 

μM) for 30 min followed by the agonist DHPG (50 μM) for 5 min and then flash-frozen in 

liquid nitrogen immediately after stimulation, before processing. Yoked unstimulated slices 

from the same animal were also processed to assess basal signaling. Immunoblotting was 

performed according to established methods using primary antibodies to p-ERK1/2 

(Thr202/Tyr204) (Cell Signaling Technology), ERK1/2 (Cell Signaling Technology), p-Akt 

(Ser473) (Cell Signaling Technology), Akt (Cell Signaling Technology), p-S6 240/44 (Cell 

Signaling Technology), and S6 (Cell Signaling Technology). Protein quantification was 

performed by measuring densitometry (Quantity One) and quantified as the densitometric 

signal of phospho-protein divided by the total protein signal in the same lane.

For analysis of GSK3 substrate phosphorylation in vivo, immediately after euthanization, the 

head was rapidly cooled in liquid nitrogen (105, 106) and the right dorsal hippocampus was 

removed and then immediately flash-frozen in liquid nitrogen. Lysate was run on an SDS–

polyacrylamide gel electrophoresis (PAGE) gel (4 to 20% gradient, Bio-Rad), followed by 

nitrocellulose membrane transfer. Membranes were incubated overnight with primary 

antibodies in a solution of tris-buffered saline containing Tween 20 (TBST, Sigma-Aldrich) 

and 5% dry milk. Incubation of secondary antibodies was performed for 1 hour at room 

temperature in a solution of 5% dry milk in TBST. Immunoblot staining was developed 

using ECL (GE healthcare), digitally captured using Bio-Rad ChemiDoc MP Imaging 

System, and analyzed using Image Lab v6.0.1 (Bio-Rad). Immunoblotting was performed 

according to established methods using primary antibodies to p-CRMP2 (T514) (Cell 

Signaling Technology #9397), CRMP total (Cell Signaling Technology #9393), p-APP T668 
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(Cell Signaling Technology #3823), and APP Y188 (Abcam #32136). Protein bands were 

measured by densitometry and quantified as the densitometric signal of phospho-protein 

band divided by the total protein band. Total protein signal was divided by the densitometric 

signal of the Pierce reversible protein stain (Thermo Fisher Scientific) for the lane as loading 

control.

To probe phosphorylation and expression of Wnt signaling proteins and GSK3α/β paralogs, 

SH-SY5Y cultured cells treated with various compounds were collected in ice-cold lysis 

buffer with protease and phosphatase inhibitors as described previously (107). The samples 

were incubated and gently rocked for 1 hour before centrifuged at 12,000g for 10 min (both 

at 4°C). The supernatant total cell lysate was subjected to subsequent Western blot analysis. 

Lysate was run on an SDS-PAGE gel (4 to 12% gradient, Bio-Rad), followed by 

polyvinylidene difluoride (PVDF) membrane transfer to analyze the whole-cell lysate. 

Membranes were incubated overnight with primary antibodies in a solution of TBST 

(Sigma-Aldrich) and 5% dry milk. Incubation of secondary antibodies was performed for 1 

hour at room temperature in a solution of 5% dry milk in TBST. Immunoblot staining was 

developed using femto peroxidase substrate (Thermo Fisher Scientific), digitally captured 

using Bio-Rad ChemiDoc MP imaging system, and analyzed using ImageJ software (NIH). 

The following antibodies were used: p-catenin (S33/37/T41, Cell Signaling Technology, 

9561), β-catenin total (Cell Signaling Technology, 9562), p-CRMP (T514) (Cell Signaling 

Technology, 9397), CRMP total (Cell Signaling Technology, 9393), pGSK3α/β (S21/S9) 

(Cell Signaling Technology, 9331), pGSK3α/β (Y279/216) (Thermo Fisher Scientific, 

OPA-03083), and GSK3 α/β (Cell Signaling Technology, 5676S).

Statistical analysis

All experiments were performed blind to genotype and drug treatment and included same-

day controls for genotype and drug treatment. All data are expressed as mean ± SEM, with n 
values represented in the figures and figure legends. Unless indicated otherwise, the n values 

stated in figures and figure legends represent numbers of animals (in experiments in which 

more than one measurement was taken from an animal, the value representing this animal is 

the average of technical replicates). For the cell culture–based experiments in fig. S2, the N 
represents individual replicates. The effects of compound treatment on β-catenin and p-

CRMP2 were determined using a Dunnett’s multiple comparison test. Differences in AGS 

incidence were determined using a two-tailed Fisher’s exact test. For brain slice 

electrophysiology experiments, the effects of genotype and drug treatment were determined 

using either a two-way repeated measures ANOVA with Bonferroni’s post hoc analysis (for 

spiking experiments) or a two-way ANOVA with Sidak’s multiple comparisons (for UP 

states). The effect of BRD0705 or BRD3731 acute treatment on mouse brain slices was 

determined using a paired two-tailed Student’s t test. For protein synthesis in Fig. 2, 

differences between genotype and drug treatment were determined using a two-way ANOVA 

with two-tailed Student’s t test for post hoc analysis. For protein synthesis in Fig. 7, 

differences between genotype and drug stimulation conditions were determined using a two-

way repeated measures ANOVA. For Western blotting experiments in Fig. 7 and fig. S11, 

differences between genotype, drug, and stimulation were determined using a three-way 

ANOVA with Dunnett’s multiple comparisons test. Differences between genotypes and 
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treatment in the inhibitory avoidance assay were determined using a repeated measures 

three-way ANOVA with Greenhouse-Geisser correction. The effects of treatment on 

hyperlocomotion were determined using ANOVA on ranks test with Holm-Sidak pairwise 

multiple comparisons and Student’s t tests used for post hoc analysis. For LTD 

electrophysiology experiments, the effects of drug treatment were determined by a one-way 

ANOVA with Bonferroni’s post hoc analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Acute administration of BRD0705 but not BRD3731 reduces audiogenic seizure incidence 
in Fmr1−/y mice.
(A) Schematic shows dose schedule and audiogenic seizure (AGS) timeline (P, postnatal 

day). (B) Vehicle-treated Fmr1−/y mice (n = 15) exhibited enhanced susceptibility to AGS in 

response to an auditory alarm cosmpared with wild-type (WT) control mice (n = 23; P = 

0.001, two-tailed Fisher’s exact test). (C) Acute intraperitoneal administration of BRD0705 

(30 mg/kg; GSK3α inhibitor) had no effect on seizure incidence in WT mice (n = 22; P = 

1.0, two-tailed Fisher’s exact test) but significantly reduced the incidence of AGS in Fmr1−/y 
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mice compared with vehicle (n = 13; P = 0.02, two-tailed Fisher’s exact test). (D) Acute 

intraperitoneal administration of BRD3731 (30 mg/kg; GSK3β inhibitor) did not affect 

seizure incidence in either WT (n = 22) or Fmr1−/y mice (n = 13; P = 1.0, two-tailed Fisher’s 

exact test).
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Fig. 2. BRD0705 but not BRD3731 corrects elevated protein synthesis in Fmr1−/y mice.
(A) Timeline of experiments to measure basal incorporation of radio-labeled Met/Cys into 

protein in mouse hippocampal slices. (B) Basal protein synthesis was increased in 

hippocampal slices from Fmr1−/y mice compared to wild-type (WT) mice. Treatment with 

BRD0705 (10 μM) reduced elevated protein synthesis in Fmr1−/y mice back to WT levels. 

There was no interaction between treatment and genotype in a two-way ANOVA [F(1,40) = 

3.783, P = 0.0588]; however, there was a main effect of genotype and of treatment [F(1,40) 

= 8.78, P = 0.0051; F(1,40) = 10.46, P = 0.0025]. (C) Basal protein synthesis was increased 

in hippocampal slices from Fmr1−/y mice compared to WT mice and treatment with 
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BRD3731 (10 μM) had no effect. There was no interaction between treatment and genotype 

in a two-way ANOVA [F1,40) = 0.059, P = 0.8087]; however, there was a main effect of 

genotype, but not of treatment [F(1,40) = 40.02, P = 0.0001; F(1,40) = 0.7249, P = 0.3982]. 

Numbers within each bar indicate the number of animals in each group; data are displayed 

as mean ± SEM.
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Fig. 3. BRD0705 reduces evoked hyperexcitability in the Fmr1−/y visual cortex.
(A) Extracellular recordings were performed in layer 5 of the visual cortex. Action potentials 

were generated with white matter stimulation every 30 s for a total of 60 trials with vehicle, 

followed by 60 trials with 10 μM BRD0705. (B) Representative raster plots and traces from 

both wild-type (WT) and Fmr1−/y mouse visual cortical slices show prolonged firing in the 

Fmr1−/y slices, which was corrected by BRD0705 treatment. Scale bar, 200 μV by 200 ms. 

(C) BRD0705 (10 μM) treatment significantly reduced the number of action potentials (APs) 

in Fmr1−/y visual cortical slices (*P = 0.007, paired t test), but had no effect on WT visual 

cortical slices (P = 0.5848, paired t test). (D) Mean number of APs was significantly greater 
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in Fmr1−/y slices and could be corrected by application of 10 μM BRD0705 [two-way 

repeated measures ANOVA, genotype × treatment, F(1,17) = 10.54, P = 0.0047, WT vehicle 

versus Fmr1−/y vehicle, P = 0.0001, Fmr1−/y vehicle versus Fmr1−/y + BRD0705, P = 

0.002]. Numbers within each bar indicate the number of animals in each group; data in (D) 

are displayed as mean ± SEM.

McCamphill et al. Page 32

Sci Transl Med. Author manuscript; available in PMC 2021 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. BRD0705 reduces elevated spontaneous activity in the Fmr1−/y sensory neocortex.
(A) Sample traces from vehicle-treated and BRD0705-treated slices of visual cortex from 

wild-type (WT) and Fmr1−/y mice are shown. Scale bar, 200 μV by 1 s. (B) BRD0705 (10 

μM) treatment significantly reduced the number of spontaneous action potentials (APs) in 

Fmr1−/y slices (*P = 0.0003, paired t test). (C) Mean number of spontaneous action 

potentials was greater in Fmr1−/y slices and could be corrected by application of 10 μM 

BRD0705 [two-way repeated measures ANOVA, genotype × treatment, F(1,19) = 18.09, P = 

0.0004, WT vehicle versus Fmr1−/y vehicle, P = 0.0001, Fmr1−/y vehicle versus Fmr1−/y + 

BRD0705, *P = 0.0001, WT vehicle versus Fmr1−/y + BRD0705, P = 0.459]. Number of 
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animals is indicated by numbers within each bar. (D) Shown are sample traces of 

extracellular multiunit recordings from layer 4 of acute cortical slices prepared from WT or 

Fmr1−/y somatosensory cortex and preincubated in either DMSO vehicle or BRD0705 (25 

μM). Scale bar, 0.15 mV by 1 s. (E) The mean UP state duration was greater in Fmr1−/y 

slices and could be corrected by application of BRD0705 [two-way ANOVA, genotype × 

treatment, F(1,86) = 13.63, P = 0.0004, and post hoc Sidak’s multiple comparisons, WT 

DMSO versus Fmr1−/y DMSO, P = 0.001, Fmr1−/y DMSO versus Fmr1−/y BRD0705, P = 

0.001]. Statistical comparisons of UP state duration were performed using the number of 

slices as n, indicated in each bar, as described previously (54). Number of animals is 

indicated parenthetically; data in (C) and (E) are displayed as mean ± SEM.
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Fig. 5. Acute and chronic GSK3 inhibition blocks hippocampal NMDAR- dependent LTD.
(A) Field excitatory postsynaptic potentials (fEPSPs) were recorded from hippocampal 

slices from the CA1 dendritic layer of wild-type (WT) mice in response to Schaffer 

collateral stimulation. LTD was induced with 900 pulses at 3-Hz low-frequency stimulation 

(LFS) in hippocampal slices incubated in 0.09% DMSO vehicle, BRD3731 (10 μM), or 

BRD0705 (10 μM). Inset shows summary data of the magnitude of LTD (normalized to 

baseline) measured at 50 min after low-frequency stimulation. Acute application of both 

BRD3731 and BRD0705 blocked low-frequency stimulation–induced LTD in WT mice 

(numbers of animals are indicated within each bar). There was a significant effect of 
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treatment in a one-way ANOVA [F(2,20) = 5.807; P = 0.023]. Shown are the average field 

potential waveforms during the artificial cerebrospinal fluid treatment baseline, and 50 min 

after low-frequency stimulation. Scale bar, 5 ms/500 μV. (B) Compared to vehicle-treated 

animals, chronic dosing in vivo with the GSK3β inhibitor BRD3731 inhibited NMDAR-

dependent LTD in hippocampal slices ex vivo. BRD3731 (30 mg/kg) was injected 

intraperitoneally daily for five consecutive days, and transverse slices of hippocampus were 

prepared 1 hour after the last injection. Summary data of LTD (normalized to baseline) for 

both chronic BRD3731-treated (n = 4) and vehicle-treated (n = 4) animals are shown in the 

inset (BRD3731 versus vehicle P = 0.0175, Student’s two-tailed t test). Average field 

potential waveforms during baseline and post-LTD induction with 900 pulses at 3 Hz (LFS) 

are shown. Scale bar, 5 ms/500 μV. (C) Fmr1−/y animals received intraperitoneal daily 

injections for five consecutive days of either vehicle, BRD3731 [30 mg/kg ip, once daily 

(QD)], BRD0705 (30 mg/kg ip, QD), or lithium chloride (60 mg/kg ip, twice daily); the 

right dorsal hippocampus was dissected 1 hour after the final dose for analysis of GSK3-

dependent phosphorylation. Western blot analysis of lysates from dorsal hippocampus 

showed reduced APP phosphorylation in response to treatment with either BRD0705, 

BRD3731, or lithium chloride [one-way ANOVA, F(3,37) = 3.918, P = 0.0159]. Chronic 

GSK3 inhibition had no effect on total APP protein [one-way ANOVA, F(3,40) = 0.1419, P 
= 0.9343]. Data are displayed as mean ± SEM.
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Fig. 6. Inhibition of GSK3α in Fmr1−/y mice corrects impaired memory in an inhibitory 
avoidance learning task.
(A) Experimental design of dosing schedule and inhibitory avoidance learning task. Animals 

were dosed with saline for 20 days before vehicle or drug to habituate them to the injection. 

After 5 days of vehicle or drug, animals began the inhibitory avoidance task, receiving a 

daily dose of vehicle or drug throughout the remainder of the experiment. (B) Quantification 

of the latency of mice to freely enter the dark side of the box assayed at several time points 

after fear conditioning. There was a statistically significant interaction between genotype 

and time point across treatments [repeated measures three-way ANOVA with Greenhouse-

Geisser correction, F(3,120) = 4.180, P = 0.0075]. Vehicle-treated Fmr1−/y mice showed 

impaired acquisition of inhibitory avoidance learning compared to vehicle-treated wild-type 

mice (WT vehicle versus Fmr1−/y vehicle, Tukey’s posttest; at time 0 hour, P = 0.99; at 6 

hours, P = 0.035; at 24 hours, P = 0.01; at 48 hours, P = 0.280). BRD0705-treated Fmr1−/y 

mice (30 mg/kg ip) showed comparable acquisition and extinction of inhibitory avoidance 

compared to vehicle-treated and BRD0705-treated WT mice (WT BRD0705 versus Fmr1−/y 

BRD0705, Tukey’s posttest; P > 0.99 at all time points) and showed improvement compared 
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to vehicle-treated Fmr1−/y mice (Fmr1−/y vehicle versus Fmr1−/y BRD0705, Tukey’s 

posttest; at time 0 hour, P = 0.99; at 6 hours, P = 0.01; at 24 hours, P = 0.06; at 48 hours, P = 

0.17; n = 11 animals in each of the four groups). Data are displayed as mean ± SEM.

McCamphill et al. Page 38

Sci Transl Med. Author manuscript; available in PMC 2021 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. Inhibition of GSK3α reduces mGluR5-stimulated protein synthesis but not ERK1/2 
pathway activation.
(A) Schematic illustrates experimental timeline for ERK1/2 assay. (B) Activation of 

mGluR5 caused a robust phosphorylation of ERK1/2 across all conditions. There was no 

significant interaction between genotype, drug and stimulation in a three-way ANOVA 

[F(1,88) = 0.657, P = 0.420]; however, there was a main effect of stimulation [F(1,88) = 

362.035, P = 0.0001] but no main effect for genotype [F(1,88) = 0.965, P = 0.329] and no 

significant interaction between genotype and stimulation [F(1,88) = 3.191, P = 0.077] or 

drug and stimulation [F(1,88) = 2.509, P = 0.117]. Although there was a small but 
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significant main effect of drug treatment [F(1,88) = 4.727, P = 0.032], there was no decrease 

in ERK phosphorylation with BRD0705 treatment, and there was no significant interaction 

between genotype and drug treatment [F(1,88) = 3.279, P = 0.074]. Numbers of animals are 

indicated within each bar. (C) Schematic illustrates experimental timeline for protein 

synthesis assay (also see Materials and Methods). (D) Stimulation of mGluR5 with 3-cyano-

N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide (CDPPB; 10 μM) significantly increased 

protein synthesis in hippocampal slices from wild-type (WT) mice compared with vehicle 

(Veh), and this effect was blocked by BRD0705. There was a significant interaction between 

stimulation and BRD0705 treatment in a two-way repeated measures ANOVA [F(3,52) = 

6.656, P = 0.023; paired t test: WT vehicle versus WT CDPPB, P = 0.0001]. Treatment with 

BRD0705 (10 μM) blocked the elevation in protein synthesis (WT vehicle versus WT 

CDPPB + BRD0705: *P = 0.578; WT CDPPB versus WT CDPPB + BRD0705: *P = 

0.0114, paired t test). Data are displayed as mean ± SEM. ns, not significant.
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Fig. 8. mGluR-dependent LTD in the hippocampus is sensitive to inhibition of GSK3α but not 
GSK3β.
Field excitatory postsynaptic potentials (fEPSPs) were recorded in the CA1 hippocampal 

dendritic layer in response to Schaffer collateral stimulation. Protein synthesis–dependent 

and mGluR-dependent LTD were induced by applying 3,5-dihydroxyphenylglycine (DHPG; 

100 μM, 5 min) to acutely prepared hippocampal slices from Fmr1−/y and wild-type (WT) 

mouse littermates. GSK3 inhibitors were applied to the slices for the duration of recording. 

BRD0705, but not BRD3731, blocked induction of LTD in hippocampal slices from Fmr1−/y 

mice (A) and their WT littermates (B). (A) Summary data of the average fEPSP slope from 

Fmr1−/y mouse hippocampal slices (normalized to baseline) measured at 50 min after DHPG 
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treatment is shown in the inset (number of animals is indicated within each bar). There was a 

significant effect of treatment in a one-way ANOVA [F(2,14) = 8.617, P = 0.0036; 

Bonferroni’s posttest vehicle versus BRD0705, P = 0.003; vehicle versus BRD3731, P = 

0.342]. The average field potential waveforms during baseline and post DHPG treatment are 

shown. Scale bar, 5 ms/500 μV. (B) Summary data of the average fEPSP slope from WT 

mouse hippocampal slices (normalized to baseline) measured at 50 min after DHPG 

treatment is shown in the inset (number of animals is indicated within each bar). There was a 

significant effect of treatment in a one-way ANOVA [F(2,20) = 6.69, P = 0.0006; 

Bonferroni’s posttest vehicle versus BRD0705, P = 0.006; vehicle versus BRD3731, P = 

0.999]. The average field potential waveforms during baseline and after DHPG treatment are 

shown. Scale bar, 5 ms/500 μV. Data are displayed as mean ± SEM.
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