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Abstract
Rett syndrome (RS) is a neurodevelopmental disorder that shares many symptomatic and pathological commonalities with
idiopathic autism. Alterations in protein synthesis-dependent synaptic plasticity (PSDSP) are a hallmark of a number of
syndromic forms of autism; in the present work, we explore the consequences of disruption and rescue of PSDSP in a mouse
model of RS. We report that expression of a key regulator of synaptic protein synthesis, the metabotropic glutamate receptor 5
(mGlu5) protein, is significantly reduced in both the brains of RS model mice and in the motor cortex of human RS autopsy
samples. Furthermore, we demonstrate that reduced mGlu5 expression correlates with attenuated DHPG-induced long-term
depression in the hippocampus of RSmodelmice, and that administration of a novelmGlu5 positive allostericmodulator (PAM),
termed VU0462807, can rescue synaptic plasticity defects. Additionally, treatment of Mecp2-deficient mice with VU0462807
improves motor performance (open-field behavior and gait dynamics), corrects repetitive clasping behavior, as well as
normalizes cued fear-conditioning defects. Importantly, due to the rationale drug discovery approach used in its development,
our novel mGlu5 PAM improves RS phenotypes and synaptic plasticity defects without evoking the overt adverse effects
commonly associated with potentiation of mGlu5 signaling (i.e. seizures), or affecting cardiorespiratory defects in RS model
mice. These findings provide strong support for the continued development of mGlu5 PAMs as potential therapeutic agents for
use in RS, and, more broadly, for utility in idiopathic autism.

Introduction
Rett syndrome (RS) is a neurodevelopmental disorder that results
from de novomutations in themethyl CpG binding protein 2 (MECP2)
gene (1). As is true with many other syndromic forms of autism,
the phenotypic and molecular etiology of RS has significant

overlap with idiopathic forms of Autism Spectrum Disorder
(ASD); in this regard, therapeutic development for RS is antici-
pated to have broad utility. Phenotypically, RS patients present
with core ASD diagnostic criteria, such as verbal and non-verbal
communication deficits, disrupted gait dynamics, characteristic
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hand stereotypies, developmental regression and intellectual
disability (2). Commonalities are also observed in synaptopa-
thies, as high-frequency stimulation-induced long-term potenti-
ation (LTP) is attenuated in Mecp2-deficient mice (3–8), and the
expression of proteins central to synaptic transmission, such as
the N-methyl--aspartate receptor (NMDAR) and the metabotro-
pic glutamate receptor 5 (mGlu5), have been reported to be
decreased in the brains of similar models (9–11).

A separate aspect of disease etiology that is shared between
RS and ASD is that of disrupted translation in neurons (12,13).
Protein synthesis-dependent synaptic plasticity (PSDSP) is the
process bywhich changes in neuronal activity evoke correspond-
ing alterations in the rate of local transcription/translation with-
in dendrites (14). This results in remodeling of the synaptic
architecture, AMPA receptor internalization, feedback signaling
to the soma, as well as several other processes that affect synap-
tic transmission (15–19). These changes in synaptic plasticity can
bemeasured as LTPor long-termdepression (LTD), and persist for
hours after the initial stimulation (17,20,21). Disruptions in PSDSP
have been proposed to be disease-causing in syndromic forms of
autism (i.e. Fragile X syndrome (FXS), Tuberous Sclerosis Com-
plex (TSC), Neurofibromatosis Type 1 and Chromosome 16p11.2
microdeletion (18,22–24)), where normalization of this imbalance
positively modifies disease and is currently the basis of multiple
drug-development platforms.

With regard to RS, evidence suggests that decreased protein
synthesis is an important aspect of disease progression (11–13).
Protein synthesis-relevant pathways, such as the protein kinase
B (ATK)/mammalian target of rapamycin (mTOR)/P70 S6 kinase
(S6K) signaling axis, have been shown to be depressed in ad-
vanced stage Mecp2 knockout mice (13,25) and in a human em-
bryonic stem-cell neuronal model of RS (12). Furthermore,
activation of AKT signaling in rodent models of RS with brain-
derived neurotrophic factor (BDNF) mimetics (26,27) or recom-
binant human insulin-like growth factor 1 (IGF-1) (28) results in
improvements in motor, cognitive and respiratory phenotypes,
as well as normalized measures of synaptic plasticity. Both
BDNF and IGF-1 have diverse signaling profiles and undoubtedly
have effects that extend beyond AKTmodulation; however, their
shared effects on the same signaling pathway reinforce the
potential utility of this therapeutic strategy.

In this study, we explore positive allosteric modulation of the
mGlu5 receptor as a means of normalizing PSDSP in Mecp2-
deficient mice that is devoid of the broad signaling pathways
associated with pleiotropic growth factors, which have been
associated with adverse cardiovascular effects in some contexts
(29). Metabotropic glutamate receptors are part of a superfamily
of G protein-coupled receptors (GPCRs) represented by eight dis-
tinct subtypes (mGlu1–8) (30), andmGlu5 is a post-synaptic recep-
tor with a well-characterized ability to modulate AKT-mediated
protein synthesis pathways (17,18,31–33). Based on this ability,
a number of mGlu5 negative allosteric modulators with drug-
like properties have been generated for diseases of excess
PSDSP (i.e. FXS) (16,34–36), while mGlu5 positive allosteric modu-
lator (PAM) drug development has progressed at much slower
pace. The primary cause of this delay in progression is high-
lighted by several reports (37,38) that discuss the presence of
target-mediated excitotoxicity and severe, generalized seizures
induced by certain mGlu5 PAMs. Thus, despite a clear biological
rationale for mGlu5 potentiation in diseases like TSC and RS,
very few mGlu5 PAMs have advanced in development. However,
it has also been demonstrated that these excitotoxic challenges
can bemitigated by optimizing compounds that are free of direct
agonist activity in the absence of an orthosteric ligand (38) and

that do not potentiate mGlu5 modulation of NMDA receptors or
enhance hippocampal LTP (39). Building upon these discoveries,
we describe VU0462807, anmGlu5 PAM that has drug-like proper-
ties and a large enough therapeutic window to support chronic
dosing paradigms in rodents. Furthermore, we demonstrate
that mGlu5 expression is reduced in Mecp2 knockout mice and
in themotor cortex of autopsy samples fromRSpatients, suggest-
ing that reduced mGlu5 signaling is a translationally relevant
finding. Importantly, treatment with our novel mGlu5 PAM in
Mecp2 knockout mice rescues attenuated PSDSP, improves
motor performance and normalizes fear-conditioning deficits.
This benefit is observed in a vulnerable disease model in the ab-
sence of any overt adverse effects, thereby providing strong sup-
port for the continued development of mGlu5 PAMs as potential
RS therapeutic agents, as well as for other disorders where PSDSP
is reduced.

Results
Development of VU0462807 as a novel mGlu5 PAM

Building upon recent advances in mGlu5 drug discovery, we have
developed a novel mGlu5 PAM, termed VU0462807 (Fig. 1A). As
was true with a previously reported mGlu5 PAM, VU0361747
(green line) (38), VU0462807 (blue line) did not induce calcium
mobilization inmGlu5-R10A cells when applied alone, but poten-
tiated the response of an EC20 concentration of glutamate to 65%
of the response elicited by amaximal concentration of glutamate
(Glumax) (Fig. 1B), suggesting that it is void of allosteric agonist ac-
tivity in this assay. Conversely, the previously reported mGlu5

agonist-PAM (ago-PAM), VU0424465, directly activated mGlu5

when applied alone and induced a calcium mobilization re-
sponse that measures 26% of the maximum response to gluta-
mate (first peak observed in the pink trace, Fig. 1B) (38). In vitro,
VU0462807 exhibits an EC50 of 60 n as a PAM and maximally
shifts the glutamate concentration–response 4.2 ± 0.27 fold to
the left (Fig. 1B and Supplementary Material, Fig. S1). The com-
pound was inactive against all other mGlu receptor subtypes
(<1.3-fold shift of an agonist concentration–response in either
direction at 10 µ) (Supplementary Material, Fig. S2), and had a
clean profile when assessed in a Ricerca binding panel of 67
distinct receptors, ion channels and transporters (40). Following
a single 10 mg/kg intraperitoneal (IP) injection to C57Bl/6
mice, VU0462807 exhibited a maximum concentration (Cmax) in
the brain of 1836 ng/g and a Cmax in plasma of 1469 ng/ml, with
a time to reach Cmax (Tmax) of 0.25 h and an area under the
curve (AUC) exposure of 400 ng/g*h and 320 ng/ml*h (*projected),
respectively (Fig. 1C and Supplementary Material, Fig. S3).
Moderately higher Cmax and exposures were observed in Spra-
gue–Dawley rats following a single IP administration of the
same dose (Supplementary Material, Fig. S3). In both species,
the compound freely and rapidly distributed to the brain with
total and estimated unbound brain:plasma partition coefficients
(Kp, Kp,uu, respectively) of 1.12 and 1.56 (determined at 1.5 h) in rat
and 1.25 and 1.75 (determined at 1 h) in mouse. In vitro plasma
protein and brain homogenate assays revealed VU0462807 to
possess high fraction unbound (fu) values in rat plasma (0.372)
and brain (0.517). Neither acute (1 × 1 day) nor sub-chronic (1 × 4
days) IP administration of 56.6 mg/kg VU0462807 had measure-
able adverse effects as assessed using Irwin Neurological battery
in Sprague–Dawley rats (Supplementary Material, Table S1). Con-
sistent with other mGlu5 PAMs, VU0462807 decreased amphet-
amine-induced hyperlocomotion in rats in a dose-dependent
manner from 0.3 to 30 mg/kg (Fig. 1D, and full concentration–
response profile shown in Supplementary Material, Fig. S4) (15).
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To assess a protein synthesis-dependent form of synaptic
plasticity, we examined (S)-3,5-Dihydroxyphenylglycine (DHPG)-
induced LTD at the SC-CA1 synapse in the hippocampus (17,18),
and found that 30 µ VU0462807 potentiated the response to a
sub-threshold concentration of DHPG (25 µ), eliciting robust
LTD (67.8 ± 3% of baseline) 60 min after addition of DHPG and
VU0462807 (Fig. 1E). We next assessed the effects of VU0462807
on theta-burst stimulation (TBS)-induced LTP at SC-CA1 synapses.
In the presence of vehicle, the field excitatory post-synaptic poten-
tial (fEPSP) slope measured 45 min after threshold TBS was
111 ± 3% of baseline. Conversely, slices perfusedwith a prototypic-
al, non-biased mGlu5 PAM, VU0092273 (41), presented with an LTP
response that was 140 ± 4% of the baseline at 45 min post-stimula-
tion (Fig. 1F). In contrast, VU0462807 failed to potentiate the LTP
response measured 45 min after threshold TBS (104 ± 3% of the
baseline, Fig. 1F). This lack of effect of VU0462807 is similar to
our previously reported biased compound, VU0409551 (39), and
suggests that the compound does not potentiate NMDA receptor-
dependent forms of synaptic transmission at the SC-CA1 synapse.

mGlu5 expression is reduced in advanced stage
Mecp2−/y mice and RS patients

Previous studies have demonstrated reduced mGlu5 expression
in ex vivo hippocampal slices from Mecp2S421A/S424A/y knock-in

mice (11). To confirm these findings in a more broadly used
model and to help establish rationale for testing mGlu5 PAMs in
RS, we harvested total cortex, hippocampus and striatum, and
microdissected motor cortex from P10, P30 and P50 Mecp2+/y

and Mecp2tm1.1Bird/y male mice (referred to hereafter as Mecp2−/y)
and assessed Grm5 expression via quantitative real-time PCR
(QRT-PCR). Using this approach, we observed that Grm5 expres-
sion was only reduced at advanced stages (P50) in the motor cor-
tex (77.0 ± 4.2%, P≤ 0.05), the hippocampus (60.5 ± 11.8%, P≤ 0.05)
and in the striatum (45.2 ± 5.7%, P≤ 0.01) (Fig. 2A–D). Changes in
Grm5 expressionwere not observed in the total cortex, suggesting
that the reductions quantified inmotor cortexwere diluted out by
the larger sample volume (Fig. 2A). These findings were subse-
quently confirmed by western blot, as reduced mGlu5 levels
were quantified in the motor cortex (64.6 ± 4.7%, P≤ 0.01), hippo-
campus (86.4 ± 2.8%, P≤ 0.01) and striatum (64.4 ± 2.1%, P ≤ 0.001)
(Fig. 2E and F). Interestingly, and in contrast to advanced stage
Mecp2−/y mice, we observed significant increases in Grm5 expres-
sion at P10 in the hippocampus (134.0 ± 10.1%, P≤ 0.05) and at P30
in the striatum (235.7 ± 71.4%, P ≤ 0.05); potentially indicative of
biphasic regulation of Grm5 gene expression (Fig. 2C and D).

To determinewhether the changes observed in rodents could
be translated to human-derived cells, we next examined mGlu5

expression using MeCP2 deficient human induced pluripotent
stem cell (iPSC)-derived neurons. In this commercially available,

Figure 1. Characterization of VU0462807 (VU807), a novel mGlu5 positive allosteric modulator. (A) Structure of VU0462807 (VU807). (B) ‘Triple add’ Calcium Flux assay.

Representative calcium traces following the addition of 30 µ VU0424465 (VU465, pink), VU0361747 (VU747, green) or VU0462807 (VU807, blue), followed by a

concentration of glutamate eliciting a 20% maximal response (EC20), and an 80% maximal response (EC80). Glutamate alone traces are in dashed black. Note that the

agonist/positive allosteric modulator (PAM) VU465 evokes calcium flux when added alone, but the PAMs VU747 and VU807 only potentiate an EC20 concentration of

glutamate. (C) Following a single 10 mg/kg IP administration to male C57Bl/6 mice (N = 3), VU807 reached a maximal concentration (Cmax) in the brain of 1836 ng/g and

the plasma of 1469 ng/ml (*projected) at a Tmax of 0.25 h with an AUC0−last of 400 ng/g*h and 320 ng/ml*h (*projected), respectively. Mouse plasma concentrations

projected based on a mouse brain:plasma Kp of 1.25 at the 1 h time-point in this study. (D) 30 mg/kg VU807 (IP) attenuates amphetamine (amph) induced

hyperlocomotion (AHL) in WT rats. VU807 + amph (blue circles), vehicle + amph (red triangles), vehicle alone (black square). Over the final 60 min of the test,

vehicle + amph-treated mice averaged 1340 beam breaks/5 min, and this was significantly reduced to 672.3 beam breaks/5 min in the 30.0 mg/kg VU807 + amph-

treated cohort (***P ≤ 0.001, Student’s t-test). N = 7/group. Full VU807 dose–response in the amphetamine model is shown in Supplementary Material, Figure S4.

(E) DHPG-induced long-term depression (LTD) at the SC-CA1 synapse. The response to a threshold concentration (25 µ) of DHPG (gray, 82.7 ± 2.5% of baseline at

60 min) can be potentiated into a LTD comparable to saturating conditions [white, 55.0 ± 4.5% (75 µ)] with 30 µ VU807 pre-treatment (blue, 67.8 ± 2.6%). (F) One train

of theta burst stimulation (TBS) induced a long-term potentiation (LTP) response at the SC-CA1 synapse. Stereotypical mGlu5 PAMs, like VU0092273, potentiate TBS-

induced LTP to a near saturating response (pink circles); white circles show response to a saturating stimulation protocol. However, VU807 (blue circles) has no effect

on this NMDAR-mediated form of LTP, which is indicative of signal bias.
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in vitromodel of RS,MECP2 has been deleted in a stable fibroblast
line and then de-differentiated into a pluripotent lineage [Cellu-
lar Dynamics International (CDI)]. iPSCs were differentiated to a
neuron-like lineage through culture in media containing a pro-
prietary cocktail from CDI, a protocol known to produce cells
with neuronal morphology and synaptic connections (42). After
14 days of culture in neuronal differentiation media, control
and MeCP2-deficient neuron-like cells were harvested, and west-
ern blot analysis confirmed a 28 ± 1.5% (P ≤ 0.05) reduction in
mGlu5 protein expression relative to control cells (Supplemen-
tary Material, Fig. S5).

To further confirm the translatability of decreased mGlu5

expression, we obtained Brodmann area 4 (BA4) samples from

seven RS patients and eight controls as a generous gift from Re-
ttsyndrome.org, the Harvard Brain Tissue Resource Center and
the University of Maryland Brain and Tissue Bank. The BA4 re-
gion mirrors our mouse data in that it encompasses primary
motor cortex and is a cortical sub-region where strong pathology
has been observed in RS patients (43–45). RS samples were de-
rived from patients with a mean age of 16.0 ± 2.3 years and a
post-mortem interval (PMI) of 10.5 ± 2.5 h. Control samples were
from individuals with a mean age of 18.8 ± 3.9 years and a PMI
of 17.0 ± 2.8 h. To obtain a homogeneous sample, BA4 tissue
was mechanically dissociated under dry ice, pulverized under
liquid nitrogen and then processed using standard western blot-
ting procedures. Consistent with their known MECP2 mutations,

Figure 2. BTemporal and spatial Grm5/mGlu5 expression in Mecp2-/y mice and Rett syndrome autopsy samples. (A–D) Relative to Mecp2+/y mice, Grm5 expression is

significantly reduced in Mecp2−/y mice at P50 in the motor cortex (77.0 ± 4.2%, *P≤ 0.05), hippocampus (60.5 ± 11.9%, *P≤ 0.05) and striatum (45.2 ± 5.7%, ***P ≤ 0.001), but

not in total cortex (94.6 ± 8.0%, ns). Grm5 expression is not decreased at time-points preceding P50, and is significantly increased at P10 in the hippocampus

(134.0 ± 10.1%, *P ≤ 0.05) and at P30 in the striatum (235.7 ± 71.4%, *P ≤ 0.05), potentially indicating a biphasic shift in how Grm5 expression is altered in response to

Mecp2 deficiency. Two-way ANOVA with Bonferroni post-test. (B and C) mGlu5 protein was reduced in the motor cortex (64.6 ± 4.7%, **P ≤ 0.01), hippocampus

(86.4 ± 2.8% of Mecp2+/y, P ≤ 0.05) and striatum (64.4 ± 2.1% of Mecp2+/y, P ≤ 0.001), while there was no statistical difference in total cortex (101 ± 2.3% of Mecp2+/y). Two-

way ANOVA with Bonferroni post-test. (D and E) MeCP2 protein was reduced in the Brodmann area 4 (BA4, primary motor cortex) region of Rett syndrome autopsy

samples (100 ± 11.4% control versus 59.0 ± 9.8% Rett syndrome, *P ≤ 0.05, Student’s t-test), as were MGLU5 protein levels (100 ± 16.0% control versus 55.1 ± 13.4% Rett

syndrome, *P≤ 0.05, Student’s t-test). Patient mutations are noted above each lane. N = 8 control, N = 7 Rett syndrome.
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MECP2 protein was significantly reduced in RS patient samples
(59.0 ± 9.8% RS versus 100 ± 11.4% control, P ≤ 0.05). Adding fur-
ther support to the translatability of our findings in mice,
MGLU5 protein was also found to be significantly decreased in
the BA4 region of RS patients (55.1 ± 13.4% RS versus 100 ± 16.0%
control, P ≤ 0.05). It is of note that no direct correlation could be
established within the current data set between the amount of
MECP2 and mutation location and/or mGlu5 expression level,
whichmay indicate thatmutations inMECP2 alterMGLU5 expres-
sion at a network level as opposed to direct binding to the GRM5
locus.

Compound selection and seizure liability

Reduced mGlu5 expression, combined with the symptomatology
and synaptopathology of RS, provide strong rationale for the
examination of mGlu5 PAMs as potential therapeutic agents in
the treatment of RS. However, it is important to note that both
RS patients and model mice are susceptible to spontaneous
and induced epileptiform activity, which may indicate an in-
creased vulnerability to adverse effects from ligands that potenti-
ate glutamatergic signaling (46,47). Thus, it is possible that an
mGlu5 PAM with a favorable safety profile in a C57/B6 mouse
may still evoke adverse effects in a susceptible disease model.
To address these concerns, we first conducted a primary screen
of both novel and commonly used mGlu5 PAMs in the inbred
FVBN strain of mice, which exhibits a well-established seizure
susceptibility (48,49). Specifically, we dosed 6-week-old FVBN
male mice with the mGlu5 PAMs VU0361747 (10 mg/kg) (38),

VU0462807 (10 mg/kg), CDPPB (10 mg/kg) (50), the mGlu5 allo-
steric ago-PAM VU0424465 (1 mg/kg) (38) and vehicle (10%
Tween 80). Mice were then scored based on a Racine Scale (38)
once every 5 min over the span of 1 h, with the scorer blinded
to the treatment group. In agreement with our previous study
in C57/B6 mice, the mGlu5 ago-PAM VU0424465 induced strong
behavioral convulsions in FVBN mice (Fig. 3A; pink line) (38).
Likewise, we also observed forelimb and facial clonuses with
the commonly used mGlu5 PAM, CDPPB (orange line), which
corresponded to its known pharmacokinetic properties and
in vitro agonist activity (51) (Fig. 3A). In the same manuscript as
our VU0424465 study, we also reported that the mGlu5 PAM
VU0361747 did not evoke convulsive side effects in C57/B6 mice
(38). This was postulated to be related to the lack of agonist activ-
ity induced by the compound in in vitro calcium mobilization as-
says (Fig. 1B). However, when VU0361747 was administered to
FVBN mice, we observed 1–2 forelimb and/or facial clonuses at
points that corresponded with maximal in vivo brain concentra-
tions (15 min, green line, Fig. 3A), indicating a seizure liability of
this compound in hypersensitive models. In stark contrast, we
observed no overt convulsive events when the novel mGlu5

PAM VU0462807 was administered to FVBN mice (blue line,
Fig. 3A).

Based on its favorable in vivo profile and lack of convulsive ef-
fects in FVBN mice, we advanced VU0462807 into studies in
Mecp2−/y mice. We chose to test VU0462807 in advanced-stage
Mecp2−/y mice because this genotype represents the most severe
model of the disease and likely represents the most vulnerable
test group (5). Advanced stage RS was phenotypically defined as

Figure 3. VU0462807 (VU807) does not evoke overt behavioral convulsions or alter respiratory function inMecp2−/y mice. (A–C) Blinded Racine Score. (A) Primary screen for

mGlu5-mediated seizures in the hypersensitive FVB/N strain of mice (6-week-old, male). We observed a strong induction of generalized seizures with the ago-PAM

VU0422465 (VU465, pink, 10 mg/kg) and a modest induction of limb and facial clonuses with CDPPB (orange, 10 mg/kg), which is also known to have agonist and PAM,

activity in vitro (ago-PAM). Unexpectedly, an mGlu5 PAM with no apparent in vitro allosteric agonist activity (pure-PAM), VU0361747 (VU747, green, 10 mg/kg), evoked

1–2 forelimb clonuses at Tmax (15 min), suggesting that epileptiform activity has not been fully eliminated from this compound in sensitive populations. Importantly,

we observed no generalized seizures or convulsive behavior when VU807 (blue, 10 mg/kg) was dosed to FVB/N mice. (N = 5/compound, all compounds dosed IP) (B and

C) VU807 (3.3 mg/kg, IP) was then progressed to studies in advanced stage P39 Mecp2−/y mice, where no induction of convulsive behavior was seen with either acute (B)

or chronic (17 days, P39–55) (C) dosing. (D–F) Pulse Oximetry. (D) No significant difference in breath ratewas observed between P55Mecp2+/y andMecp2−/ymice regardless of

treatment. (E and F) Breathing irregularities. During assessment of breath rate, prolonged periods where the breath rate dropped to near zero were observed. These were

quantified as occurring 32.4 ± 5.2 times per hour in vehicle-treated Mecp2−/y mice (***P ≤ 0.001, relative to veh—Mecp2+/y) and 28.8 ± 2.2 times per hour in VU807-treated

Mecp2−/y mice (3.3 mg/kg) (**P ≤ 0.01), which was not significantly different from vehicle-treated Mecp2−/y mice. N = 5/group. One-way ANOVAwith Bonferroni post-test.
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the point at which hind-paw clasping or knuckling persisted for
>15 s perminwhen themousewas suspended by its tail, with P39
representing themedian age atwhich these criteriawere reached
in our colony. To determine if VU0462807 exhibited convulsive
properties in this strain, P39 Mecp2−/y mice were dosed once-
daily (QD) with 3.3 mg/kg VU0462807 or vehicle (10% Tween 80
in water) for 17 consecutive days. On Days 1 and 17, mice were
scored in a blinded fashion, using a Racine scale, every 5 min
for a period of 1 h after compound administration to represent
acute and chronic VU0462807 treatment, respectively. As was
true in the hypersensitive FVB/N strain, VU0462807 acute treat-
ment did not evoke any overt behavioral convulsions in Mecp2−/
y mice (Fig. 3B). This finding was mirrored in the chronic 17-day
treatment group, which also demonstrated no overt convulsive
behavior (Fig. 3C), suggesting that the compound possesses a fa-
vorable safety profile with regard to overt seizures.

Cardiorespiratory phenotypes are unaffected
by VU0462807

Beyond increased seizure susceptibility, Mecp2−/y mice also
parallel RS patients in that they present with increased risk
for cardiorespiratory dysfunction. Since disruption of the excita-
tory–inhibitory (E–I) balance within brain stem nuclei is believed
to be one cause of respiratory dysfunction inmousemodels of RS
(52), and peripheral mGlu5 expression has been reported in the
heart (53), we posited that mGlu5 PAMs might exacerbate cardio-
respiratory phenotypes in this sensitive population. To address
this concern, we performed pulse oximetry on advanced stage
P55 Mecp2−/y and Mecp2+/y mice that were treated via IP injection
once daily with 3.3 mg/kg VU0462807 or vehicle from P39 to P54.
Mice were allowed to acclimate to the chamber and recording
collar for 2 h, injected with compound one final time (P55)
and then monitored for 10 min at the Tmax of the compound
(15 min). In agreement with the findings of other labs, breath
rate was not significantly different between vehicle-treated
control (216 ± 11.5 breaths per min (bpm)) and Mecp2−/y mice
(240 ± 14.0 bpm). This finding also held true in VU0462807-treated
control (215 ± 13.2 bpm) and Mecp2−/y mice (235 ± 21.9 bpm)
(Fig. 3D). Interestingly, we observed numerous points during
recording where the respiratory rate of Mecp2−/y mice dropped
to near zero for a period of 0.5–1.5 s (Fig. 3E and F). These irregu-
larities were quantified by a blinded reviewer and calculated to
appear in Mecp2−/y mice an average of 32.4 ± 5.2 times per hour
in the vehicle-treated group, and 28.8 ± 2.2 times per hour in
VU0462807-treated group (Fig. 3E and F), which was not statistic-
ally different. As a final safety assessment, we examined the
effects of VU0462807 on the heart rate of Mecp2−/y mice. We ob-
served significant bradycardia inMecp2−/ymice relative to control
mice, and this parameter was also unaffected by our novelmGlu5

PAM (Supplementary Material, Fig. S6). Based on the results of
these pulse oximetry experiments, we conclude that baseline
cardiorespiratory dysfunction is unaffected by VU0462807 in
advanced stage Mecp2−/y mice, and that the subsequent assess-
ments of efficacy are not likely to be affected by overt adverse
effects from VU0462807 treatment.

VU0462807 corrects deficits in fear conditioning
in Mecp2−/y mice

Mechanistically, it has been proposed that mGlu5 potentiation
may be beneficial in the enhancement of cognition, a known def-
icit in RS. Aswe observed reducedmGlu5 expression in the hippo-
campus of Mecp2−/y mice, we hypothesized that potentiation of

mGlu5 might be efficacious in domains of learning and memory.
To assess the effects of VU0462807 on cognition, we utilized both
cued and contextual conditioned fear. 10Mecp2+/yand 10Mecp2−/y

mice were injected (IP) with either VU0462807 or vehicle and
placed in a conditioning chamber containing 1.0 ml of 10% van-
illa in water. They were then subjected to two cycles of a 30 s
tone followed by a brief foot shock (0.70 mA). Twenty-four
hours later, mice were placed in the same chamber for a period
of 4 min to assess contextual fear, and then, 1 h later, were placed
in a novel chamber containing 1.0 ml of 10% almond scent in
water and a 1 min tonewas played to assess cued fear. In both si-
tuations, the amount of time spent freezing in response to the
context or cue served as the outcome measure. Consistent with
previous studies, vehicle-treated Mecp2−/y mice exhibited a mo-
dest reduction in contextual fear conditioning that failed to
reach significance; in contrast, vehicle-treated Mecp2−/y animals
showed a dramatic reduction in cued fear conditioning (Fig. 4A).
Relative to vehicle-treated Mecp2−/y mice, VU0462807 significant-
ly increased the percent of time spent freezing in response to
both the contextual and cued stimulus (Fig. 4A), suggestive of im-
proved cognition.

VU0462807 improves motor function in Mecp2−/y mice

Based on our observation of reducedmGlu5 expression in the stri-
atum ofMecp2−/y mice and in the motor cortex of RS patients, we
next assessed the benefit of VU0462807 on motor function.
Mecp2+/y and Mecp2−/y mice were treated with either VU0462807
or vehicle, IP, QD from P47 to P54, and then monitored in
an open-field for 60 min following compound administration.
A chronic, rather than acute, dosing paradigm was chosen to
allow time formotor learning to occur (54–57). As has been previ-
ously reported (5), vehicle-treatedMecp2−/y mice explored signifi-
cantly less than Mecp2+/y mice, regardless of treatment (Fig. 4B);
however, VU0462807 treatment normalized exploratory behavior
inMecp2−/ymice to that of wild-type controls (Fig. 4B). Additional-
ly, the number of entries into the vertical place was significantly
decreased in vehicle-treated Mecp2−/y mice, and this parameter
of open-field was also rescued by chronic treatment with
VU0462807 (Fig. 4C). Finally, we analyzed the percent time
spent in the center of the open-field chamber and found no dif-
ference between vehicle-treated control and mutant mice; how-
ever, chronic treatment with VU0462807 significantly increased
the percentage of time spent in the center in only Mecp2−/y

mice, suggestive of anxiolytic properties that are specific to treat-
ment in RSmodel mice, as compound treatment had no effect in
wild-type mice (Fig. 4D).

Next, we performed high-speed ventral plane videography to
further explore the effect of mGlu5 potentiation on motor func-
tion in Mecp2-deficient mice. A baseline gait assessment was
made prior to treatment (P35) to establish that no phenotypic dif-
ference existed between groups of Mecp2−/y mice, and the effects
of chronic VU0462807 treatment (P39–P54, IP, QD) were then
quantified at P54. Of the four core parameters of gait (stance, pro-
pel, swing and break), only the propel phasewas significantly de-
creased in vehicle-treated Mecp2−/y mice (Fig. 4E–I). Beneficially,
propel time was significantly increased to wild-type levels fol-
lowing chronic VU0462807 treatment; however, this value fell to
vehicle-treated levels during post-treatment time-points, sug-
gesting that the benefits of compound treatment are not sus-
tained beyond the dosing window (Fig. 4E). Given that gait
initiation has been demonstrated to be altered in RS patients,
the normalization of gait dynamics may represent a preclinical
outcome measure with translational value (58).

1995

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddw074/-/DC1


| Human Molecular Genetics, 2016, Vol. 25, No. 10

VU0462807 corrects clasping defects in male
and female RS mice

During the course of chronic dosing for our motor function as-
says, it was noted thatmice treatedwith VU0462807 spent signifi-
cantly less time clasping their hind paws than animals treated
with vehicle (Fig. 5A). To quantify this phenotype, Mecp2−/y and
Mecp2+/y mice were again treated with vehicle and 3.3 mg/kg
VU0462807 IP, QD from P39–P54. Mice were suspended by their
tail and their hind-limb dynamics were recorded (i) prior to treat-
ment on P36 to establish a baseline, (ii) three times during chron-
ic treatment to assess compound efficacy and (iii) 5 days
following treatment to identify any potential long-term treat-
ment benefits (P57). The number of seconds per minute spent

either clasping one or more paws, or knuckling the digits of the
paw, was then scored by a researcher blinded to the treatment
group. Prior to compound treatment, both groups of mutant
mice demonstrated increased clasping (Fig. 5B). Remarkably,
3.3 mg/kg VU0462807 treatment once daily from P39 to P54 sig-
nificantly decreased clasping at three separate time-points ex-
amined (P41, P47, P52), with vehicle-treated Mecp2−/y mice
clasping a combined average of 37.5 ± 7.4 s/min and VU0462807-
treated Mecp2−/y animals clasping an average of 9.0 ± 4.0 s/min
(Fig. 5A and B; P ≤ 0.01). Interestingly, this benefit was lost once
treatment was stopped, and clasping returned levels that were
not significantly different from vehicle treatment (38.0 ± 9.1 s/
min in vehicle-treated mice versus 26.7 ± 7.7 s/min in
VU0462807-treated mice) (Fig. 5B).

Figure 4. VU0462807 (VU807) improves conditioned fear, open-field and gait dynamics assays in Mecp2−/y mice. (A) Conditioned fear. Vehicle-treatedMecp2−/y mice froze

47.8 ± 7.9% of the time in the contextual fear assay relative to 58.0 ± 6.2% in vehicle-treated Mecp2+/− mice, which was significantly increased to 69.1 ± 7.4% with acute

VU807 treatment (IP, *P ≤ 0.05). Conversely, cued fear conditioning was dramatically reduced in vehicle-treated Mecp2−/y mice (28.8 ± 5.3% of time spent freezing)

relative to controls (71.6 ± 3.2%, ***P ≤ 0.001, WT versus Mecp2−/y), and this parameter was also significantly increased to 62.4 ± 9.0% with acute VU807 treatment

(*P ≤ 0.05, Mecp2−/y vehicle versus VU807-treated). Two-way ANOVA with Bonferroni post-test. (B–D) Open-field assay. (B) Vehicle-treated Mecp2−/y mice explored an

average of 1250 ± 156 cm/h, which was significantly less than the 1810 ± 298 cm/h observed in Mecp2+/y animals (*P ≤ 0.05, one-way ANOVA with Bonferroni post-test).

Beneficially, chronic VU807 dosing normalized this parameter to 1815 cm/h in mutant mice, which was not statistically different than controls (*P ≥ 0.05). (C) Vertical

plane entries per hour were significantly reduced in vehicle-treated Mecp2−/y mice (65.1 ± 19.0 Mecp2+/y versus 13.2 ± 5.8 Mecp2−/y, *P ≤ 0.05, Two-way ANOVA with

Bonferroni post-test), and this parameter was significantly improved to 47.0 ± 13.7 entries/h after VU807 treatment (*P ≤ 0.05 for vehicle versus VU807 treatment in

Mecp2−/y mice). (D) Mecp2+/y and Mecp2−/y mice did not differ significantly in the percent time spent in the center region of the open-field assay; however, VU807-

treated Mecp2−/y mice spent 54.3 ± 5.05% of the hour long test in the center of the testing apparatus, which was significantly longer than controls (*P ≤ 0.05). (E–I) High

speed ventral plane videography. Of the four core parameters of gait, only the propel phase was significantly reduced in vehicle-treated Mecp2−/y mice (41.1 ± 6.5 ms,

*P ≤ 0.05) relative to vehicle-treated Mecp2+/y mice (65.5 ± 5.1 ms, two-way ANOVAwith Bonferroni post-test). Relative to vehicle-treated Mecp2−/y mice, VU807 corrected

this abnormal aspect of gait dynamics to 60.6 ± 2.9 ms (*P ≤ 0.05) during treatment. Note that after the treatment had stopped, propel measurements returned to

vehicle-treated levels (40.2 ± 15.5 ms).
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As hind-limb clasping is thought to be analogous to hand
wringing in human patients, we next sought to validate this po-
tentially translatable endpoint in female RS mice (Mecp2+/−),
which bettermodels themolecular aspects of RS due to theirmo-
saic expression of the mutant Mecp2 allele. However, as a conse-
quence of randomX-chromosome-inactivation, not all female RS
mice presentwith the same phenotypic severity; therefore, a pre-
screen for inclusion was necessary to identify a population in
which clasping was prevalent. The criteria for inclusion were

>10 s spent clasping in 10–15-week-old Mecp2+/− mice when sus-
pended by the tail for 1 min. A cohort of 24Mecp2+/−micemeeting
these criteria was then divided at random into two groups and
treated IP, QDwith either 3.3 mg/kg VU0462807 or vehicle. Fifteen
minutes following the final dose, the mice were suspended
by their tail, and their hind-limb dynamics were recorded for
1 min and then scored by a blinded reviewer. Additionally, to
explore the effects of chronic dosing, VU0462807-treated mice
were also recorded after 5 days of QD dosing. Following repeat

Figure 5. VU0462807 (VU807) normalizes hind-paw clasping but fails to rescue survival. (A) Representative images of Mecp2+/y and Mecp2−/y mice treated with 3.3 mg/kg

VU807 (IP). mGlu5 PAM treatment ameliorated the clasping phenotype observed in vehicle-treated Mecp2−/y animals. (B) During the pre-treatment phase, clasping was

evident in both vehicle (red, N = 8) and VU807 (blue, N = 7) treatment groups of Mecp2−/y mice. During the 17-day chronic dosing paradigm (QD dosing), VU807

significantly tempered the clasping phenotype at all three time-points tested relative to vehicle-treated Mecp2−/y mice (avg.: 37.5 ± 7.4 s/min veh. versus 9.0 ± 4.0 s/min

VU0807, **P ≤ 0.01). Importantly, the clasping phenotype returned in drug-treated mice after dosing was stopped (38.0 ± 9.1 s/min veh. versus 26.7 ± 7.7 s/min VU807),

indicating that the benefit is mediated by VU807. Mecp2+/y vehicle = Black (N = 9), Mecp2+/y vehicle = Gray (N = 8). Two-way ANOVA, with Bonferroni post-test. (C) Hind-

paw clasping was also ameliorated in 10–15-week-old female Rett mice (Mecp2+/−) with 3.3 mg/kg VU807 treatment (IP). Mecp2+/− mice were prescreened for clasping as

criteria for inclusion. Vehicle-treated mice clasped an average of 34.6 s/min when suspended by their tails. This was significantly reduced to 15.6 s (*P ≤ 0.05) with acute

treatment and 11.3 s/min (**P≤ 0.01) with QD dosing for 5 days.N = 12, one-way ANOVAwith Bonferroni post-test. (D and E) Relative to vehicle-treatedMecp2−/y mice (red),

neither weight nor survival was significantly modified by IP, QD dosing of 3.3 mg/kg VU807 (blue) from P21 until death (smoothed curve fit analysis).
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dosing, vehicle-treated Mecp2+/− mice clasped for an average of
34.6 ± 4.7 s/min, which was significantly improved to 15.6 ± 5.8
s/min (P ≤ 0.05) in mice treated acutely with 3.3 mg/kg
VU0462807 and 11.3 ± 5.0 s/min (P ≤ 0.01) in chronically treated
mice (Fig. 5C). These results indicate that our reported improve-
ments in hind-limb clasping are preserved with chronic dosing,
and are also conserved betweenmodels of face (Mecp2−/y) and con-
struct (Mecp2+/−) validity.

VU0462807 does not improve survival in RS mice

To determine VU0462807’s effects on weight and survival,
Mecp2−/y and Mecp2+/y mice were dosed IP, QD, with either
3.3 mg/kg VU0462807 or vehicle from P24 until functional death
endpoints were reached. A modest weight benefit was observed
at advanced stages with VU0462807 treatment (P39–P65), but dis-
sipated to vehicle-treated levels as terminal stages approached
(Fig. 5D). Median survival in vehicle-treated Mecp2−/y mice was
62.0 days and was 66.5 days in mGlu5 PAM-treated Mecp2−/y

mice, which failed to reach statistical significance (Fig. 5E). An
advanced stage P39–P54 dosing window was also examined;
however, the results were identical to P24-FD dosing (Supple-
mentary Material, Fig. S7), suggesting that neither early nor late
mGlu5 PAMs treatment benefits weight or survival. Brain weight
and body length inMecp2−/ymicewere also observed to be signifi-
cantly reduced, but unaltered by compound treatment (Supple-
mentary Material, Fig. S7).

The AKT/mTOR/S6K signaling pathway is positively
modified by VU0462807

Our initial hypothesis was that mGlu5 PAMs would normalize
protein synthesis-dependent synaptic plasticity in RS. To test
this hypothesis, we first assessed this parameter in advanced
stageMecp2−/ymice (P50–60) using thewell-established paradigm
of DHPG-induced LTD at the SC-CA1 synapse (17). In brain slices
from controlMecp2+/ymice, treatmentwith 100 µDHPG induced
an LTD response thatwas 46.2 ± 5.1% of the baseline at 60 min fol-
lowing washout (Fig. 6A, black symbols). VU0462807 treatment
had no effect on DHPG-induced LTD in slices from control mice,
indicating a saturated response to this concentration of DHPG in
Mecp2+/y animals (40.1 ± 18.0%, gray symbols). Interestingly,
VU0462807 did increase fEPSP slope in Mecp2+/y mice prior to
DHPG treatment, but not in Mecp2−/y mice. The mechanism
underlying this response is currently unknown; however, it
should be noted that pretreatment changes in fEPSP are not un-
ique to VU0462807, as comparable results have also been re-
ported with the structurally distinct mGlu5 PAMs VU0092273
(59) and VU0409551 (39). In contrast to brain slices from Mecp2+/
y mice, LTD assessed 60 min post DHPG application was absent
in slices from Mecp2−/y mice (102 ± 1.5%, red symbols), suggestive
of a deficit in this form of PSDSP (Fig. 6A). In support of our hy-
pothesis, pre-treatment of slices with 30 µ VU0462807 rescued
attenuated LTD, and evoked a response that was 63.8 ± 6.0% of
baseline at 60 min post DHPG addition (Fig. 6A, blue symbols).

Building on this finding, we pre-treated Mecp2−/y brain slices
with 20 n rapamycin to confirm that this evoked LTD response
was due, in part, to normalization of AKT/mTOR signaling. In
support of mTOR-mediated LTD, pre-treatment with rapamycin
blocked the ability of VU0462807 to potentiate LTD at the
SC-CA1 synapse of Mecp2−/y hippocampal slices, and the
response returned to 90.7 ± 3.4% of the baseline at 60 min post
DHPG addition (Fig. 6B, yellow symbols). It is of note that our pre-
liminary studies identified that attenuated LTD in brain slices

from Mecp2−/y mice was unique to advanced stages of disease
(Fig. 6C, red symbols), which we identified as the presence of
persistent clasping when suspended by the tail. Mice that were
tested prior to this point (P34) presented with an LTD response
that was 55.1 ± 5.0% of the baseline (purple symbols), a response
that was not statistically different than WT controls at this age
(51.6 ± 3.8%, P ≥ 0.05, not shown graphically). This supports the
theory that early- and late-stage RS model mice and patients
may have unique therapeutic requirements at different stages
of disease progression, which merit consideration during thera-
peutics development.

Well-characterized electrophysiologicalmethods of assessing
PSDSP in the cortex are lacking; however, given recent reports of
decreased global protein synthesis in cortical embryonic stem
cells from RS mice (12), we chose to examine mGlu5/AKT/
mTOR/S6K signaling in the cortex of advanced stage Mecp2−/y

mice via fluorescent western blotting (Odyssey). Mecp2+/y and
Mecp2−/y mice were dosed with either vehicle or VU0462807 IP,
QD from P39 to P54 and brain tissue was harvested exactly
30 min following the final dose on P54. A 30 min time-point
was chosen to allow 15 min for the compound to reach Cmax

and 15 min for downstream signaling to occur. To survey for sus-
tained benefits after the compound had cleared, brain samples
from one additional group of VU0462807-treated mice were har-
vested 24 h following the final dose. As has been demonstrated in
other studies (13), we observed a significant decrease in the ratio
of phosphorylated to total (P/T) AKT,mTOR and S6K in the cortex
of vehicle-treatedMecp2−/y mice (Fig. 6D and E). VU0462807 treat-
ment significantly increased the P/T ratio of these proteins both
30 min and 24 h after the final dose was given, indicative of nor-
malized mGlu5/AKT/mTOR/S6K signaling.

Discussion
mGlu5 allosteric modulation has been proposed as an effective
means of normalizing E–I imbalance in Autism Spectrum
Disorders, including RS. Here, we report decreased GRM5 gene
expression in several regions of the Mecp2−/y mouse brain and
in the motor cortex of RS autopsy samples. Furthermore, we
show that treatment with our novel mGlu5 PAM improves
motor phenotypes, cued fear conditioning and hind-paw
clasping. Additionally, we have demonstrated that attenuated
LTD and decreased AKT/S6K signaling can be corrected by
VU0462807 treatment, suggesting that the reported phenotypic
improvements also correlated with the proposed mechanism of
normalized protein synthesis-dependent synaptic plasticity. Im-
portantly, VU0462807 improved these phenotypes without evok-
ing any overt adverse effects in a highly vulnerable disease
context. This result provides strong credence to the potential util-
ity of mGlu5 PAMs in the treatment of ASDs, and for the potential
to develop mGlu5 PAMs that are devoid of adverse effects (38,39).

In many ways, the symptomatology of RS epitomizes the
challenges associated with mGlu5 PAM drug development. On
one hand, aspects of the disease appear to be an ideal fit for
mGlu5 positive modulation as they are characterized by synaptic
plasticity defects consistent with reductions in mGlu5 activity
(12,13). Conversely, the robust penetrance of seizures in this pa-
tient population suggests that the target’s largest adverse effect
liability is at risk of exacerbating the etiology of the disease. Un-
fortunately, this situation is not unique to RS, as other proposed
indications for mGlu5 modulation, such as TSC1 and schizophre-
nia, also present with increased seizure susceptibility as a nor-
mal aspect of disease progression (60–62) and have the same
liability for adverse effects. Furthermore, episodes of breath
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holding or apneas in RS are believed to originate fromhyperactiv-
ity of respiratory circuits in the brain stem (63), resulting in the in-
herent risk of intensifying this phenotype by increasing
glutamatergic tone via mGlu5. At the molecular level, it is
worth noting that interventions such as TrkB agonists, IGF-1 pep-
tides and mGlu5 PAMs all are believed to positively upregulate
AKT signaling, and all provide some degree of phenotypic rescue
to motor systems (26,27,64). However, unlike strategies that tar-
get pleiotropic growth factors, VU0462807 did not extend survival
inMecp2−/ymice. It is unclear if this resultwas due to a lackof 24 h
VU0462807 exposure, or whether it is indicative that the survival
benefits observed with growth factor mimetic strategies are

autonomous from the AKT/mTOR/S6K signaling pathway. Fur-
ther work with both classes of compounds will be important to
determine which is the case, and whether co-administration
has additive therapeutic value.

In contrast to what we have observed with metabotropic glu-
tamate receptor modulation, compounds that decrease inotropic
Glu (iGlu) function, such as the NMDAR antagonists ketamine
and AZD6765, have been reported to normalize macrocircuits in
the Mecp2-deficient rodent brain, including those responsible
for respiratory dysfunction (65). On the surface, our mGlu5 PAM
data may appear to conflict with data observed with NMDAR an-
tagonists, since both are glutamate receptors andmodulate each

Figure 6. Protein synthesis-dependent forms of synaptic plasticity are normalized by VU0462807 (VU807). (A) DHPG (100 µ)-induced LTD at the SC-CA1 synapse was

attenuated in P50–60 Mecp2−/y mice (red) 60 min following washout of drug (102 ± 1.5% of baseline), whereas slices from Mecp2+/y mice demonstrated a robust LTD

response (46.2 ± 5.1% of baseline, N = 4) (black). Pretreatment with 30 µ VU807 potentiated attenuated LTD in Mecp2−/y mice to 63.8 ± 6.0% (blue)(N = 4, ***P ≤ 0.001

relative to DHPG alone in Mecp2−/y slices, Student’s t-test). (B) VU807’s ability to potentiate attenuate LTD at the SC-CA1 synapse was lost when slices were pretreated

with 20 n rapamycin (yellow, 90.7 ± 3.4% at 60 min, N = 4). (C) DHPG-induced LTD was only attenuated in Mecp2−/y mice that consistently presented with hind-paw

clasping phenotypes. Prior to this point, DHPG was able to induce an LTD response in slices that was comparable to controls (purple, 55.1 ± 5.0% of the baseline (N = 5).

(D–E) Odyssey western blotting of the ratio between phosphorylated and total AKT (Ser473), mTOR (Ser2448) and S6K (Thr421). P54 vehicle-treated Mecp2−/y mice exhibited

significant reductions in the ratio of P:TAKT (70.8 ± 1.4%, *P ≤ 0.05), mTOR (87.0 ± 3.0%, *P≤ 0.05) and S6K (89.0 ± 2.0%, *P ≤ 0.05) relative to vehicle-treatedMecp2+/y controls

(100%, dashed black line). pd = post dose. Student’s t-test, N≥ 6/treatment group. Data represent mean ± SEM.
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other in a complex fashion. However, the finding that mGlu5

PAMs can be optimized to display stimulus bias and not potenti-
ate NMDARcurrents or NMDA-dependent forms of synaptic plas-
ticity raises the possibility that potentiation of mGlu5 signaling,
without enhancingNMDARcurrents, could provide efficacywith-
out the potential liabilities of excessive NMDAR signaling.

One critical discrepancy between our studies and those of
others is that of attenuated DHPG-induced LTD at the SC-CA1
synapse in RS mice. In a set of analogous studies, Moretti et al.
(6) demonstrated that DHPG-induced LTD was indistinguishable
from controls in 4–7-week-old mice harboring a stop-codon
downstream of amino acid 308 (Mecp2308/y), which is in direct op-
position to our finding of attenuated DHPG-LTD in 7–8-week-old
Mecp2tm1.1Bird/y mice. However, when coupled with the fact that
Mecp2308/y mice do not present with a robust phenotype at 4–7
weeks of age, our observation that LTD is not attenuated until
post-symptomatic time-points provides an explanation for this
discrepancy. The co-appearance of synaptic plasticity defects
and overt symptoms is not unique to DHPG-LTD, as our work
shares many parallels with the study by Weng et al. (66), in
which high-frequency stimulation-induced LTP and post-tetanic
potentiation were only abated in post-symptomatic Mecp2−/y

mice. When these advanced-stage findings are placed in context
with the defects in synaptogenesis observed in Mecp2-deficient
mice, it becomes apparent that RS is, at least, a biphasic disease.
This contention is supported by the progression of the disease in
patients, with developmental regression occurring rapidly over a
period of months, and advanced-stage RS progressing slowly
over a period of decades. Such a divergence between the etiolo-
gies of early and late state RS will merit careful considerations
throughout the therapeutic development process, as inappropri-
ate timing could impact the efficacy and adverse effect liability of
therapeutic strategies depending upon the stage of intervention.
Here, we have demonstrated that mGlu5 positivemodulation im-
proves advanced stage RS phenotypes. While this represents an
exciting discovery, future work will be required to determine
the extent to which this is true at all phases of disease.

Materials and Methods
Mouse model

Primary screening for convulsive adverse effects was performed
in male WT congenic FVB/N mice (Jackson Labs #001800), aged 6
weeks. The RS mouse model used was generated by breeding a
C57Bl/6 congenic male mouse (Jackson Labs #000664) with a
Mecp2+/tm1.1bird female also on a congenic C57Bl/6 background
(Jackson Labs #003890). Fluid and nutrient support in the form
of Clear H2O 76A diet gel packswere provided to nursingmothers
and pups from P10 to P21, and to advanced-stage male mutants
and controls until the time of their death. Note that if nutrient
support was provided pre-weaning, 100% of the pups survived
to adult ages. Consistent with Vanderbilt IAUCUC protocols func-
tional death endpoints were used instead of terminal endpoints.
Functional deathwas defined as three consecutive days of weight
loss averaging >0.5 g/day, dramatic loss in motor function and/or
pronounced lethargy.

Cell culture and calcium mobilization assays

HEK293A cells stably expressing rat mGlu5 were maintained and
measurement ofmGlu5-mediated intracellular Ca2+mobilization
was performed as previously described (38,41,67). For selectivity
screening, calcium flux in HEK293 cells stably expressing rat

mGlu1 or thallium flux through GIRK channels in HEK-293-GIRK
cells expressing mGlu subtypes 2, 3, 4, 6, 7 or 8 (all rat isoforms
with the exception of mGlu6, which was human) was measured
as described in Supplementary Material, Experimental Proce-
dures (41,67,68). Control (#01279-107.NC001) andMECP2-deficient
(#01279.730) iPSCs were gifted from Cellular Dynamics Inter-
national, and cultured in accordance with manufacturer’s
instructions.

Drug metabolism and pharmacokinetics

The in vitro and in vivo rat drug metabolism and pharmacokinetic
properties of VU0462807 were determined as previously de-
scribed (69–71) in male SD rats and C57/B6 mice.

Amphetamine-induced hyperlocomotion

Effects of VU0462807 on amphetamine-induced hyperlocomo-
tion were determined as previously described (41). Briefly, male
SD rats were placed in an open-field chamber (KinderScientific,
San Diego, CA) for 60 min. At t = 25, 30 rats were administered ve-
hicle or VU0462807 (0.3–30 mg/kg, p.o., 20% β-cyclodextrin in
water, 10 ml/kg, N = 8) followed by amphetamine (1 mg/kg, s.c.,
saline, 1 ml/kg) at t = 60 min. Locomotor activity was measured
for an additional 60 min. Changes in locomotor activity were
measured as the total number of photobeam breaks per 5 min
bins. Data are expressed as mean ± SEM and analyzed using
one-way ANOVA (60–120 min) with a Dunnett’s post hoc test com-
paring all dosing groups to vehicle + amphetamine-treated con-
trols. Statistical significance was determined as P < 0.05.

Extracellular field potential recordings

Transverse hippocampal slices were prepared from young
adult (P29–P36) male SD rats (Charles River, Wilmington, MA) in
compound characterization studies and in P50–P60 and P34
Mecp2tm1.1bird linemice, with use of standard techniques and buf-
fers as previously described (15,59). In brief, a bipolar-stimulating
electrode was placed in the stratum radiatum near the CA3–CA1
border to stimulate the Schaffer collaterals and field potential
recordings were acquired from the stratum radiatum of area
CA1. mGlu5 compounds were diluted to the appropriate concen-
trations in dimethylsulfoxide (0.1% final) in aCSF and applied to
the bath for 10–20min with use of a perfusion system. Chemically-
induced mGlu LTD was initiated by the application of DHPG
in aCSF (25 or 75 μ rat, 100 μ mice) for 10 min. For mTOR-
dependent LTD studies, 20 n rapamycin was applied 30 min
prior to DHPG. Threshold LTP was induced by one train of theta
burst stimulation (TBS; nine bursts of four pluses at 100 Hz,
230 ms interburst interval). Saturated LTP was induced by four
trains of 10 Hz TBS (nine bursts of four pulses at 100 Hz, 100 ms
interburst interval). Data were analyzed using Clampfit 10.2 and
GraphPad Prism 5.0 as described previously (15,59). Between-
group statistics were performed using one-way analysis of vari-
ance (ANOVA) and for within-group analysis repeated measures
ANOVA was performed (P-value of <0.05 considered significant).
Multiple comparisons were performed using Dunnett’s multiple
comparison test for comparing with a control group (P < 0.05 con-
sidered significant).

Expression studies

Quantitative real-time PCR
Cortex (total andmotor), hippocampus and striatumweremicro-
dissected fromP10, P30 and P50 ± 2-day-oldMecp2−/y andMecp2+/y
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mice on a C57/B6 congenic background (N = 5/genotype). Samples
were homogenized with a mortar and pestle and total RNA was
prepared using Trizol Reagent® (Life Technologies) in accordance
with manufacturer’s instructions. Total RNA from each brain
region was DNase-treated with Roche Turbo DNase™ kit, and
cDNA from 2 µg total RNAwas synthesized using the Superscript
Variable Input Linear Output (VILO™) kit (Invitrogen). QRT-PCR
on cDNA from 25 ng of initial RNA template was then run in
triplicate using Taqman Fast Reagent Mix® (Life Technologies)
and a Life Technologies gene expression assay for Grm5
(Mm0069332_m1). Cycle threshold (Ct) values for each sample
were normalized toGapdh (Mm03302249_g1) expression and ana-
lyzed using the delta–delta Ct method. Values exceeding two
times the standard deviation were classified as outliers and
removed. Each value was compared with the average delta-Ct of
theMecp2+/ymice and calculated as percent-relative to the average
control delta-Ct. Statistical analysis compared Mecp2−/y and
Mecp2+/y expression in each brain regions using a Student’s t-test.

Western blots were performed using standard quantitative
fluorescent western blotting techniques (Odyssey). Fifty micro-
grams of total protein was loaded for AKT blots and 25 µg for
mGlu5, ERK1/2, mTOR and S6K blots. Antibodies were diluted in
Odyssey block (LiCor #927-40000) and used at the following con-
centrations: mGlu5 (Millipore #AB5675, 1:1000); AKT [Cell Signal-
ing (CS) #9272, 1:1000]; P-AKT-Ser473 (CS #4051, 1:1000); ERK1/2 (CS
#9102s, 1:1000); P-ERK1/2 Thr202/Tyr204 (CS #9106l,1:1000); mTOR
(CS #4217, 1:1000); P-mTor-Ser2448 (CS #2971, 1:1000); S6K (Santa
Cruz # 8418, 1:1000); P-S6K-Thr421/Ser424 (CS #9204, 1:1000); TrkB
(CS #4603, 1:1000); P-TrkB-Try817 (Abcam, 1:1000); Tubulin (E7,
DHB, 1:4000); Goat Anti-Mouse 680 (LiCor # 926-68020, 1:5000);
Goat Anti-Rabbit 800 (LiCor #926-32211, 1:5000).

Seizure phenotyping
Six-week-old FVBN male mice were dosed (IP) with the mGlu5

PAMs VU0361747 (10 mg/kg), VU0462807 (10 mg/kg), CDPPB
(10 mg/kg), the mGlu5 allosteric agonist VU0424465 (1 mg/kg)
and vehicle (10% Tween 80 in water) (N = 5/compound). Mice
were then given a score based on a Racine Scale once every
5 min over the span of 1 h, with the scorer blinded to the treat-
ment group. The Racine score used was as follows: 1 =mouth
and/or facial movements, increased digging; 2 = head nodding;
3 = forelimb clonus and tonic tail; 4 = rearing and/or tonic body;
5 = generalized seizure with motor convulsions. For studies in
Mecp2tm1.1bird mice, 3.3 mg/kg VU0462807 or vehicle (10% Tween
80 in water) was dosed one time daily from P39 until P54. Racine
scores were given on P39 and P54 as described for FVBN mice to
represent acute and chronic compound administration.

Pulse oximetry
To investigate cardiorespiratory phenotypes, pulse oximetry was
used (Mouse Ox). Twenty-four hours prior to the assay, the neck
hair of the mice was removed using NAIR™. Hair removal cream
was applied in 1 min increments until hair was fully gone, wiped
with a paper towel and then washed with cold H2O. Mice were
then given 24 h to recover in their home cage. On the day of the
assay, mice were fitted with a dummy collar for a period of 2 h
prior to testing. At the time of the test, the sham collar was re-
placed with a recording collar, the mouse was then injected IP
with 3.3 mg/kg VU0462807 or vehicle (10% Tween 80 in water),
and then allowed to acclimate to the recording chamber for a per-
iod of 10 min. Tenminutes of motionless recording was acquired
using the Mouse Ox software, with the acquisition averaging rate
dropped from 5× to 1×. This provided core breath rate, heart rate
and pulse distention values. Breath-rate charts were then de-

identified and quantified by a blinded reviewer to quantify peri-
ods where the breath rate dropped significantly.

Conditioned fear
Conditioned fear was utilized as a measure of hippocampal and
amygdala function. 48 and 24 h prior to the test, mice were al-
lowed to acclimate to the testing room for 1–2 h. On the day of
the test, the mice were allowed to acclimate to the room for 1 h
prior to the assay. Mice were then injected IP with either
3.3 mg/kg of VU0462807 or vehicle. At Tmax of the compound,
mice were placed into the tone-shock chamber. The training
paradigm used was 3 min of acclimation, 1–30 s tone followed
by a 0.7 mA shock, a 30 s consolidation period, followed by a se-
cond tone-shock pairing.Mice thatwere immobile for >30% of the
pre-shock habituation/acclimation phase were deemed to have
motor impairments that could be misinterpreted as freezing,
and were removed from the study. Twenty-four hours after
training, the mice were reintroduced into the same chamber for
a period of 4 min to quantify contextual fear conditioning. Ap-
proximately 1 h following the contextual assay,micewere placed
into a novel apparatus containing a 10% almond scent, where a
tone was played for a period of 1 min. In each case, the percent
of time spent freezing was used as an outcome measure.

Open-field
To conduct the open-field assay, mice were injected IP with
3.3 mg/kg VU0462807 or vehicle (10% Tween 80 in water) and
placed in the activity chamber. Exploratory and locomotor behav-
ior was thenmonitored using Activity software to quantify beam
breaks in the X, Y and Z over the course of the 60 min test.

High-speed ventral plane videography
Assessments of gait dynamics ofMecp2+/yandMecp2−/ymicewere
made using the Treadscan system of gait analysis. Micewere first
run untreated at P35 to establish (i) that they were capable of
completing the assay and (ii) a baseline value for gait function.
Mice were then injected IP with 3.3 mg/kg VU0462807 or vehicle
(10% Tween 80) daily from P39 to 54, with the compound de-iden-
tified for blinding purposes. Two training runswere conducted on
P39 and P46, with the quantified test occurring on P54. An un-
treated post-test was also run on P59. Tests occurred at Tmax of
the compound (15 min) and occurred for a period of 30 s of con-
tinuous running. Discrete video clips of fluid gait were identified
by the Treadscan software and thenmanually culled to eliminate
video clips where lateral movement was observed. Software paw
ID training modules were built from Mecp2−/y mice and used to
process gait dynamics in accordance with the manufacturer’s
instructions.

Survival studies

To determine whether our novel mGlu5 PAM extended survival,
mice were dosed (IP, QD) with 3.3 mg/kg VU0462807 or vehicle
(10% Tween 80 in water) from P21 until death or P39–P54. Func-
tional death endpoints were used, which were defined as three
consecutive days of >0.5 g weight loss, gross functional decline
and/or severe lethargy. Weights were recorded once daily.

Hind-paw clasping

To quantify hind-paw clasping,micewere suspended by their tail
for a period of 1 min. Their hind-limb dynamicswere recorded on
video and analyzed by a blinded reviewer. Recording occurred at
Tmax of the compound (15 min) inmice thatwere treated (IP) with
VU0462807 (3.3 mg/kg) or vehicle (10% Tween 80) from P39 to P54
inmale and for 5 days in 10–15-week-old clasping females. Clasp-
ing was defined as the number of seconds spent either clasping
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one or more paws, or knuckling the digits of the paw. Mice were
returned to their home cage for the time period between dosing
and assessment. In males, the assay was conducted prior to
treatment on Day P36, during treatment on Days P41, P47, P52
and post-treatment on Day P57. In females, mice were dosed
for five consecutive days with either VU0462807 or vehicle and
assessed on the first (acute) and last (chronic) day of dosing. On
the day the assay was conducted, the mice being tested under-
went no other phenotypic assays.

Supplementary Material
Supplementary Material is available at HMG online.
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