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Mutations that lead to Huntington’s disease (HD) result in increased
transmission at glutamatergic corticostriatal synapses at early pre-
symptomatic stages that have been postulated to set the stage for
pathological changes and symptoms that are observed at later ages.
Based on this, pharmacological interventions that reverse excessive
corticostriatal transmission may provide a novel approach for reduc-
ing early physiological changes and motor symptoms observed in HD.
We report that activation of the M4 subtype of muscarinic acetylcho-
line receptor reduces transmission at corticostriatal synapses and that
this effect is dramatically enhanced in presymptomatic YAC128 HD
and BACHD relative to wild-type mice. Furthermore, chronic adminis-
tration of a novel highly selective M4 positive allosteric modulator
(PAM) beginning at presymptomatic ages improves motor and syn-
aptic deficits in 5-mo-old YAC128 mice. These data raise the exciting
possibility that selective M4 PAMs could provide a therapeutic strat-
egy for the treatment of HD.

neurodegenerative | basal ganglia | movement disorder |
trinucleotide repeat disorder

Huntington’s disease (HD) is a rare and fatal neurodegenerative
disease caused by an expansion of a CAG triplet repeat in Htt,

the gene that encodes for the protein huntingtin (1, 2). HD is
characterized by a prediagnostic phase that includes subtle changes
in personality, cognition, and motor function, followed by a more
severe symptomatic stage initially characterized by hyperkinesia
(chorea), motor incoordination, deterioration of cognitive abilities,
and psychiatric symptoms. At later stages of disease progression,
patients experience dystonia, rigidity, and bradykinesia, and ulti-
mately death (3–7). The cortex and striatum are the most severely
affected brain regions in HD and, interestingly, an increasing
number of reports suggest that alterations in cortical and striatal
physiology are present in prediagnostic individuals and in young
HD mice (6–16).
Striatal spiny projection neurons (SPNs) receive large gluta-

matergic inputs from the cortex and thalamus, as well as dopa-
minergic innervation from the substantia nigra. In the healthy
striatum, the interplay of these neurotransmitters coordinates the
activity of SPNs and striatal interneurons, regulating motor plan-
ning and execution as well as cognition and motivation (17, 18).
Htt mutations lead to an early increase in striatal glutamatergic
transmission, which begins during the asymptomatic phase of HD
(12–14) and could contribute to synaptic changes observed in later
stages of HD (19, 20). Based on this, pharmacological agents that
reduce excitatory transmission in the striatum could reduce or
prevent the progression of alterations in striatal synaptic function
and behavior observed in symptomatic stages of HD.
Muscarinic acetylcholine receptors (mAChRs), particularly M4, can

inhibit transmission at corticostriatal synapses (21–25). Therefore, it is
possible that selective activation of specific mAChR subtypes could
normalize excessive corticostriatal transmission in HD. Interestingly,

previous studies also suggest that HD is associated with alterations
of striatal cholinergic markers, including mAChRs (26–29). We now
provide exciting new evidence that M4-mediated control of corti-
costriatal transmission is increased in young asymptomatic HD
mice and that M4 positive allosteric modulators (PAMs) may
represent a new treatment strategy for normalizing early changes
in corticostriatal transmission and reducing the progression
of HD.

Results
Age-Dependent Changes in Corticostriatal Glutamatergic Transmission
in YAC128 Mice. Consistent with previous studies in YAC128 mice
maintained on an FVB background (YAC128FVB), BACHDmice,
and R6/2 mice (12, 14), we found that YAC128 mice maintained
on a C57BL/6 background (hereafter referred to simply as
YAC128) display alterations of glutamatergic transmission onto
SPNs that follow an age-dependent biphasic pattern. Specifically,
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we examined input–output (I/O) relations of evoked excitatory
postsynaptic currents (eEPSCs) elicited by stimulation of cortico-
striatal afferents onto SPNs. In postweanlings (20- to 30-d-old
mice), the peak amplitude of eEPSCs recorded from YAC128
mice was not significantly different from eEPSCs recorded from
WT controls [Fig. 1A; no significant effect of genotype in a two-way
repeated measures (RM) ANOVA;WT, n = 5; YAC128, n = 5]. In
contrast, there was a significant increase in the amplitudes of
eEPSCs recorded from SPNs in slices from 2-mo-old YAC128
mice compared with WT controls [Fig. 1B; WT, n = 11; YAC128,
n = 18; main effect of genotype in a two-way RM ANOVA,
F(1,112) = 12.86, P = 0.001]. Similar results were seen in slices from
young presymptomatic 2-mo-old BACHD mice and YAC128FVB
(Fig. S1 A and B), suggesting that this change is common to mul-
tiple HD mouse strains. Additionally, there was a significant in-
crease in the amplitudes (Fig. S2; Mann–Whitney nonparametric
test, P < 0.05) but not frequency (Fig. S2) of spontaneous EPSCs in
SPNs from YAC128 compared with WT mice. Interestingly, SPNs
recorded from 2-mo-old YAC128 also displayed significantly re-
duced somatic afterhyperpolarization (AHP) current amplitudes
compared with WT (Fig. S3A; WT, n = 7; YAC128, n = 9; t test,
P < 0.05), an effect that could also increase excitability of YAC128
SPNs at this age. Consistent with previous reports in other HD
models (8, 12, 14), this early alteration of EPSCs was reversed in
older animals. Thus, in SPNs recorded in slices from 5- to 6-mo-old
YAC128 mice, there was a significant decrease in peak amplitudes
of eEPSCs compared with SPNs from WT mice [Fig. 1C; WT, n =
7; YAC128, n = 10; main effect of genotype in a two-way RM
ANOVA, F(1,72) = 4.74, P = 0.043]. AHP amplitude was un-
changed in YAC128 at this age (Fig. S3B).
The increase in excitatory transmission in the striatum observed

here and in other rodent models of HD has been postulated to
have excitotoxic effects and induce aberrant synaptic remodeling
that could play an important role in the changes in striatal func-
tion and motor behavior observed in older HD mice (8, 14).
Furthermore, the reduced excitatory synaptic transmission ob-
served in 5-mo-old YAC128 mice (Fig. 1C) is consistent with
previous studies showing loss of corticostriatal transmission in
older HD animals, which coincides with measurable deficits in
motor function. Interestingly, we found that 5-mo-old YAC128
mice also show motor deficits in an accelerated rotarod test
(Fig. S4A; t test, P < 0.01) that are correlated with eEPSC am-
plitudes at the corticostriatal synapse (Fig. S4 B and C; R2 = 0.47,
P = 0.03). These data are consistent with the hypothesis that loss

of corticostriatal transmission represents a pathophysiological
deficit in striatal function that coincides with the appearance of
deficits in motor coordination in older HD mice.

Age-Dependent Increase in Corticostriatal Glutamatergic Transmission
Can Be Modulated by Potentiation of M4. Activation of M4 mAChRs
induces a robust inhibition of transmission at corticostriatal syn-
apses in postweanling/prepubertal (20- to 30-d-old) mice (25). We
now report that the nonselective mAChR agonist carbachol (CCh)
has a similar effect on excitatory transmission in striatal slices from
20- to 30-d-old YAC128 mice, and the inhibitory effect of CCh
(3 μM) on eEPSC peak amplitude is not significantly different in
SPNs from YAC128 mice compared with the inhibition observed
in age-matched WT mice (Fig. 2A; WT, n = 6; YAC128, n = 8;
t test, P > 0.05). Interestingly, we found that mAChR-mediated
inhibition of excitatory transmission undergoes a developmental
decline in striatal slices from WT mice such that mAChR activa-
tion has minimal effect on corticostriatal transmission at 2 mo
[Fig. 2A; WT, n = 8; YAC128, n = 5; two-way ANOVA reports
statistically significant interaction between age and genotype, F(1,22) =
9.49, P = 0.005 and a main effect of genotype, F(1,22) = 5.94, P =
0.02]. Surprisingly, this developmental decline is completely lost in
YAC128 mice (Fig. 2A). In contrast to effects in WT mice, CCh
induced a more robust decrease in eEPSC amplitude in SPNs
from 2-mo-old relative to 20- to 30-d-old YAC128 mice. Thus, at
2 mo of age, the inhibitory effect of 3 μM CCh was significantly
greater in YAC128 mice compared with WT (t test, P < 0.05).
Similar results were seen in slices from 2-mo-old BACHD and
YAC128FVB mice (Fig. S1). Increasing the CCh concentration
resulted in larger inhibition in YAC128 compared with WT
(10 μM CCh, Fig. S5A).

Fig. 1. Age-dependent biphasic alteration in corticostriatal glutamatergic
transmission. (Top) Representative traces of EPSCs evoked with increasing
stimulus intensities (0.2, 0.6, and 1.0 mA) in dorsal SPNs from 20- to 30-d-old
(A), 2-mo-old (B), and 5-mo-old (C) WT (black) and YAC128 (red) mice. (Bot-
tom) Input–output graphs showing increased eEPSC amplitude in SPNs from
2-mo-old YAC128 (B) and a decrease in 5-mo-old YAC128 compared with
WT (C). No alterations are seen in 20- to 30-d-old animals (A) (*P < 0.05, **P <
0.01, ***P < 0.001, Bonferroni posttest). Data are reported as mean ± SEM.

Fig. 2. Age-dependent increase in M4-mediated modulation of corticostriatal
glutamatergic transmission. (A, Left) Representative traces showing the inhib-
itory effect of 3 μM CCh on eEPSC peak amplitude in SPNs fromWT (black) and
YAC128 (red) in 20- to 30-d-old and 2-mo-old mice. (A, Right) Graph summa-
rizing the effects of 3 μM CCh on eEPSCs recorded in SPNs from 20- to 30-d-old
and 2-mo-old mice (*P < 0.05, paired t test). (B) Bar graph summarizing the
potentiating effect of 3 μM VU0467154 on the CCh (1 μM)-mediated inhibition
of eEPSC amplitude inWT and YAC128 mice in SPNs fromWT and YAC128 mice
(**P < 0.01, t test). (C) Representative traces showing the inhibitory effect of
CCh alone or in combination with 3 μM VU0467154 (VU154) on eEPSC peak
amplitude. (D) Graph showing the effect of 1 μMCCh in combination with 3 μM
VU0467154 on the paired-pulse ratio in SPNs fromWT (black) and YAC128 (red)
(*P < 0.05, paired t test). Data are reported as mean ± SEM.
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Although M4 is responsible for regulation of corticostriatal
transmission in prepubertal WT mice (25), it is possible that M4 is
not the predominant mAChR subtype responsible for the in-
creased effect of CCh in older YAC128 mice. To determine
whether the enhanced inhibitory effect of CCh in SPNs from
2-mo-old YAC128 mice was mediated by M4, we determined the
potentiating effect of VU0467154, a highly selective M4 PAM
discovered in our laboratory (30), on the CCh-mediated inhibition
of glutamatergic transmission. Bath application of VU0467154
(3 μM) potentiated the inhibitory effect of a submaximal con-
centration of CCh (1 μM) on peak eEPSC amplitude in YAC128
SPNs (Fig. 2 B and C; NCCh = 7; NCCh+VU154 = 6; t test, P < 0.01)
but not in neurons from WT mice (NCCh = 5; NCCh+VU154 = 5;
t test, P > 0.05). Moreover, as shown in younger mice (25), coap-
plication of CCh and VU0467154 induced a significant increase in
the paired-pulse ratio (PPR) of eEPSCs in SPNs fromYAC128 mice
(Fig. 2D; paired t test, P < 0.05), suggesting that the M4-mediated
inhibition of eEPSCs is due to a decrease in presynaptic release
probability. Similar results were seen in 2-mo-old BACHD mice,
where 3 μM VU0467154 was able to potentiate the inhibitory
effect of 3 μM CCh on corticostriatal transmission (Fig. S1 C and
D). To definitively confirm a role for M4 in mediating this re-
sponse, we crossed YAC128 mice with M4 knockout mice
(YAC128=M−=−

4 mice) and performed similar experiments in
YAC128 mice in which M4 had been genetically deleted. CCh had
no effect on eEPSCs in slices from 2-mo-old YAC128=M−=−

4 mice
(Fig. 3B; n = 6; t test baseline vs. 3 μM CCh, P > 0.05). This is
similar to our previous finding showing that CCh has no effect in
M4

−/− mice on a non-HD C57BL/6 background (25), and confirms
that M4 is the mAChR subtype responsible for modulation of
glutamatergic transmission at corticostriatal synapses in young
adult YAC128 mice (25). Interestingly, in addition to a lack of
response to CCh, eEPSC peak amplitude was significantly increased
in slices from YAC128=M−=−

4 animals compared with YAC128
mice [Fig. 3 A and B; YAC128, n = 10; YAC128=M−=−

4 ,  n= 7;
main effect of genotype, F(1,60) = 6.58, P = 0.02 in a two-way
RM ANOVA]. This raises the possibility that the increase in M4
modulation of excitatory transmission in YAC128 mice could rep-
resent a compensatory change that helps dampen the increased
excitatory transmission at this synapse. There was no significant
difference in CCh-induced inhibition in SPNs from YAC128
mice compared with WT age-matched controls in slices from 5- to
6-mo-old mice (Fig. S5B; t test, P > 0.05), an age when EPSCs were
reduced rather than increased in YAC128 relative to WT mice.

Chronic Treatment with VU0467154 Rescues Synaptic and Motor
Alterations in Early Symptomatic YAC128 Animals. If an early and
prolonged increase in excitatory synaptic transmission in the stria-
tum is responsible for initiating the progressive deficits in synaptic
function and behavioral deficits seen in YAC128 mice at later ages,
inhibiting this excessive glutamate release by chronic administration
of an M4 PAM such as VU0467154 may prevent the development
of deficits in excitatory synaptic function and motor performance
observed at 5 mo of age in these mice. To test this hypothesis, we
determined the effects of chronic administration of the M4 PAM
VU0467154 [10 mg/kg, intraperitoneally (i.p.), once daily] on the
appearance of synaptic and motor deficits in YAC128 mice. The
dose and dosing interval were chosen based on the compound’s
predicted pharmacokinetics (PK) at steady state using previously
reported acute PK data together with concentration–efficacy re-
lationship data (30). Based on this, we determined that dosing
animals once daily at a dose of 10 mg/kg should provide constant
central nervous system (CNS) exposure for the duration of the
dosing period. WT and YAC128 mice were administered vehicle
(Vh; 10% vol/vol Tween 80 in saline) or VU0467154 (10 mg/kg)
once daily starting at 2 mo of age, when YAC128 display increased
corticostriatal glutamatergic transmission but no signs of motor
incoordination or decreased locomotion [Fig. S6B; t test, P > 0.05
(n.s., not significant) for both behavioral tests in YAC128 compared
with WT], and daily administration was continued until animals
were tested at 5 mo of age. WT and YAC128 animals received their
last administration of VU0467154 or Vh at least 48 h before testing
to allow clearance of the M4 PAM. Previous PK analysis of
VU0467154 predicts that the compound should be cleared from
the brain and plasma by 48 h and that residual levels will be well
below those required to potentiate M4 responses at this time point
(30). To directly determine the effective residual brain levels of
VU0467154, 48 h after the last dose, mice were injected daily for
14 d with 10 mg/kg VU0467154. Using mass spectrometry, we
determined that, at the 48-h time point, the measured unbound
concentrations of VU0467154 were 3.15 ± 1.7 nM, which is below
the active concentration of this compound at potentiating M4 (30).
To determine whether chronic treatment with VU0467154

counteracts the loss of corticostriatal glutamatergic transmission
observed in 5-mo-old mice, we monitored eEPSC peak amplitude
elicited at increasing stimulus intensities onto SPNs in slices
obtained from these chronically treated animals. Interestingly,
chronic treatment with VU0467154 completely prevented the loss
of corticostriatal transmission in slices from 5-mo-old YAC128
[Fig. 4 A and B; WTVh, n = 9; WTVU154, n = 12; YAC128Vh, n =
10; YAC128VU154, n = 12; main effect of treatment in a two-way
RM ANOVA, Vh-treated YAC128 vs. VU0467154-treated
YAC128, F(1,60), P = 0.037] but had no significant effect on
eEPSCs recorded from WT mice. In the same mice, the effect of
3 μM CCh on eEPSC amplitude was similar in SPNs from all
treatment groups (Fig. S7; no main effect in one-way ANOVA)
and slightly but not significantly increased in YAC128 mice com-
pared with WT. Additionally, previous studies have shown that
dopamine (DA) release is impaired in HD models when the ani-
mals reach ages where they show motor symptoms (31–33). Thus,
we used fast-scanning cyclic voltammetry (FSCV) to monitor
evoked DA release in striatal slices from WT and YAC128 mice.
Consistent with previous studies in other mouse models of HD, we
found that in slices from Vh-treated YAC128 mice, evoked do-
pamine release (overflow) was significantly reduced compared with
Vh-treated WT [Fig. 4E; Bonferroni posttest, P < 0.05; significant
differences between treatment groups were detected at 800-μA
stimulation intensity in one-way ANOVA, F(3,22) = 3.73, P = 0.03].
In YAC128 mice chronically treated with VU0467154, dopamine
overflow was increased compared with Vh-treated YAC128 (Fig. 4
E and F; Bonferroni posttest, P < 0.05), whereas no difference was
noted in recordings from Vh- compared with VU0467154-treated
WT mice. These findings suggest that chronic administration of

Fig. 3. Corticostriatal glutamatergic transmission is increased in 2-mo-old
YAC128=M−=−

4 mice. (A) Representative eEPSC traces elicited with 1-mA
stimulation intensity in SPNs from YAC128 (red) and YAC128=M−=−

4 (blue), as
well as in WT (gray) shown for comparison. (B) I/O graph showing increased
eEPSCs elicited with increasing stimulation intensities (0.2–1 mA) in SPNs
from YAC128=M−=−

4 compared with YAC128 mice (*P < 0.05, **P < 0.01,
Bonferroni posttest). WT I/O curve is shown for comparison. (C) No effect of
3 μM CCh on peak eEPSC amplitude was seen in SPNs from YAC128=M−=−

4 .
(Insets) Representative traces recorded from baseline and during CCh ap-
plication. Data are reported as mean ± SEM.
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VU0467154 completely counteracts the appearance of deficits in
both glutamatergic and dopaminergic transmission that are ob-
served in early symptomatic YAC128 mice.
We next performed behavioral studies to determine whether

the M4 PAM would prevent the onset of behavioral motor deficits
in 5-mo-old YAC128 mice. At 5 mo, Vh-treated YAC128 mice
displayed a significant deficit in the accelerated rotarod test, as
assessed by time to fall (TTF), compared with Vh-treated WT
mice [Fig. 5A; WTVh, n = 9; WTVU154, n = 11; YAC128Vh, n = 11;
YAC128VU154, n = 10; first trial on test day, main effect of ge-
notype in a two-way ANOVA, F(1,37) = 7.57, P = 0.009]. Wors-
ening on the rotarod test cannot be attributed to an increase in
weight often described in older YAC128 animals, because mouse
weight was comparable among all four treatment groups at this
age (Table S1; no significant effect in a two-way ANOVA). Re-
markably, 5-mo-old YAC128 mice chronically treated with
VU0467154 at 10 mg/kg performed significantly better in the
accelerated rotarod test compared with Vh-treated YAC128 mice
(Fig. 5A, Right; Bonferroni posttest, P < 0.05) and showed no
significant deficits compared with WT controls (Bonferroni post-
test, P > 0.05). As discussed above, residual levels of VU0467154
are below pharmacologically active concentrations at the time of
testing. However, to confirm that the reversal of rotarod deficits
could not be attributed to residual VU0467154, we determined
the effect of acute administration of 10 mg/kg (i.p.), VU0467154,
given at least 45 min before testing, a time when VU0467154
levels in the CNS are at their peak (30). As in the original cohort
of WT and YAC128 mice, Vh-treated YAC128 mice showed
deficits in rotarod performance relative to WT controls. Acute

administration of VU0467154 does not affect accelerated rotarod
performance in symptomatic YAC128 mice [Fig. S8; t test, P >
0.05 between Vh- (n = 4) and VU0467154-treated (n = 4) mice],
suggesting that acute exposure to the M4 PAM is without effect.
In addition to the accelerated rotatod test, we also monitored

performance in the open-field test. We observed a significant
decline in locomotor activity with age in both WT and YAC128
mice (Fig. 5B and Fig. S6B, Right; t test, P < 0.0001). Additionally,
at 5 mo of age, significantly lower levels of locomotor activity were
detected in Vh-treated YAC128 compared with Vh-treated WT
[Fig. 5B; WTVh, n = 10; WTVU154, n = 10; YAC128Vh, n = 9;
YAC128VU154, n = 11; main effect of genotype in a two-way
ANOVA, F(1,36) = 4.51, P = 0.047]. A significant interaction be-
tween treatment and genotype was also noted [two-way ANOVA,
F(1,36) = 7.84, P = 0.008]. Remarkably, 5-mo-old YAC128 mice
chronically treated with VU0467154 displayed a significantly
greater locomotor mutant huntingtin (mHtt) activity compared
with Vh-treated YAC128 mice (Fig. 5B; Bonferroni posttest, P <
0.05). Interestingly, and in accordance with the locomotor ac-
tivity data, chronic treatment with VU0467154 was also able to
improve exploratory behavior, monitored as rearing counts. The
effect was evident only in VU0467154-treated YAC128 mice,
and the M4 PAM did not significantly alter rearing behavior in
5-mo-old WT mice (Fig. S6D; significant interaction in a two-way
ANOVA, P < 0.05; Bonferroni posttest shows a significant effect
of VU467154 in YAC128 but not in WT mice, P < 0.05).

No Detectable Pathological Alterations in Striatum from YAC128
Mice. The data presented above suggest that chronic exposure to
VU0467154 may reduce the early deficits in synaptic transmission
and motor function that appear in 5-mo-old YAC128 mice. In-
terestingly, previous studies suggest that these deficits occur at an
age when there are no clear histopathological changes in the
striatum (34). We performed additional histology studies to con-
firm a lack of histopathological changes at this age. Neuron den-
sities (NeuN-positive cells per field) were similar between Vh-
treated WT and YAC128 mice at 5 mo of age. VU0467154
chronic treatment did not change the number of NeuN-positive
neurons compared with Vh-treated animals (Figs. S9 and S10;
one-way ANOVA with a Tukey’s post hoc test). Moreover, we did
not detect a significant increase in Fluoro-Jade C–positive cells in
the striatum from 5-mo-old Vh-treated YAC128 mice compared

Fig. 4. Chronic VU0467154 improves striatal glutamatergic and dopami-
nergic signaling in early symptomatic YAC128 mice. (A) Representative
traces showing eEPSCs evoked with 1-mA stimulus intensity recorded from
dorsal SPNs from mice chronically treated with either VU0467154 (VU154)
or vehicle. (B) I/O graph showing decreased corticostriatal glutamatergic
transmission in YAC128 mice chronically treated with VU0467154 (YAC128-
VU154; *P < 0.05, Bonferroni posttest). (C and D) Graphs showing DA release
(overflow) evoked with increasing stimulus intensities (25–800 μA) in Vh-
treated (C) and VU154-treated (D) WT and YAC128 mice. Vh-treated YAC128
mice display a consistent decrease in DA release across all stimulation in-
tensities, with a significant decrease observed at 800-μA stimulation intensity
(*P < 0.05, Bonferroni posttest) compared with Vh-treated WT. No statistical
difference was seen in VU154-treated WT or YAC128 mice (D). (Insets)
Representative traces showing an electrically evoked (800-μA stimulation;
arrows) DA rise in slices from Vh-treated WT (black) and YAC128 mice (red)
and from VU0467154-treated WT and YAC128 mice. Data are reported as
mean ± SEM.

Fig. 5. Chronic administration of VU0467154 improves motor coordination
and locomotor activity in 5-mo-old YAC128 mice. (A) Vh-treated YAC128
mice displayed reduced time spent on the rotarod compared with Vh-
treated WT animals (#P < 0.05, t test). Chronic treatment with VU0467154
significantly increased the time spent on the rotarod in YAC128 but not in
WT mice (*P < 0.05, Bonferroni posttest). (B) Five-month-old Vh-treated
YAC128 animals displayed reduced total distance traveled (#P < 0.05, t test)
compared with Vh-treated WT mice. Chronic treatment with VU0467154
(10 mg/kg) improved locomotor activity in YAC128 but not in WT animals
(*P < 0.05, Bonferroni posttest). (C) Representative locomotor activity paths
from one representative 5-mo-old animal per treatment group. Dots rep-
resent the position of the mouse at the end of the experiment. Data are
reported as mean ± SEM.
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with WT (Figs. S9 and S10) or YAC125 mice chronically treated
with VU0467154 (Figs. S9 and S10). Finally, nuclei from Vh-
treated YAC128 striata did not reveal significant nuclear mHtt
inclusions. Also, there was no effect of chronic VU0467154
treatment on mHtt inclusions (Figs. S10 and S11).

Discussion
The striatum serves as a major relay center of cortical information
through the basal ganglia and is critically involved in regulating
motor function and cognition (17, 18). Due to its pivotal importance
in these domains, changes in striatal physiology can contribute
to multiple neurological diseases, including Huntington’s disease,
Parkinson’s disease, dystonia, and others. An increasing number of
reports suggest that changes in striatal synaptic physiology, including
changes at glutamatergic, dopaminergic, and cholinergic synapses,
are evident beginning in the prediagnostic phase of HD (5, 6, 8–14,
35–37). These changes may contribute to early motor, cognitive, and
psychiatric abnormalities, and could set the stage for the extensive
pathophysiological alterations appearing later in the striatum.
We report that changes in glutamatergic transmission in the

striatum follow an age-dependent biphasic pattern in YAC128
mice maintained on a C57BL/6 background, as previously de-
scribed in YAC128FVB mice (12, 14). Interestingly, we found that
the large increase in excitatory transmission observed in young
adult YAC128 and BACHD (but also in YAC128FVB) animals is
accompanied by an increase in the ability of M4 to inhibit excit-
atory synaptic responses in the striatum. Additionally, genetic
deletion of M4 in YAC128 mice leads to a further increase in
excitatory synaptic responses, suggesting that increased activity of
M4 at the corticostriatal synapse could provide a compensatory
mechanism that helps reduce excessive excitatory transmission in
young HD mice. Finally, we also found that chronic treatment
with the highly selective M4 PAM VU0467154 prevents or delays
the onset of deficits in both striatal glutamatergic and dopami-
nergic signaling that are observed in 5-mo-old YAC128 mice and
also improves motor symptoms detected at this age. An early in-
crease in corticostriatal glutamatergic transmission has been de-
scribed previously in multiple mouse models of HD (8, 11–14).
These changes could contribute to early vulnerability of SPNs to
excitotoxicity and synaptic alterations (11).
We and others have shown that M4 receptors play an essen-

tial role in the mAChR-mediated modulation of corticostriatal
glutamatergic transmission in postweanling mice by a presynaptic
mechanism (24, 25). Based on this and previous findings describing
alterations in striatal cholinergic activity in HD (26–29), we hy-
pothesized that activation of M4 could reduce excessive excitatory
transmission in YAC128 mice. It was especially interesting to find
that M4-mediated modulation of transmission at the corticostriatal
synapse is developmentally regulated in adult WT mice. This age-
dependent decrease in M4 function seen in WT mice is reminiscent
of the developmental switch between metabotropic glutamate re-
ceptor 8 (mGlu8) and mGlu7 in the hippocampus (38). However,
the loss of M4 function at the corticostriatal synapse does not likely
represent a developmental switch to a role for another mAChR
subtype, because the response to a nonselective mAChR agonist is
absent in M−=−

4 mice. Other neurotransmitters could be involved.
One of the most exciting aspects of our studies was that the

developmental regulation of M4 function is not present in age-
matched 2-mo-old YAC128 mice. Thus, cholinergic inputs, and
specifically M4 activation, continue to play a major role in reg-
ulating corticostriatal transmission in young adult YAC128 mice.
WT Htt is involved in the transcription of many repressor ele-
ment 1- or neuron-restrictive silencer element (RE1/NRSE)–
controlled genes, including M4 (39), and it is possible that the
increased inhibitory role of M4 could be mediated by transcrip-
tional alterations due to the Htt mutation.
Although the current data raise the exciting possibility that M4

may provide a target for reducing and/or delaying the development

of early physiological alterations associated with Htt mutations, a
causal link between the increased glutamatergic transmission at early
ages and the loss of striatal glutamatergic and dopaminergic trans-
mission in older symptomatic YAC128 mice has not been firmly
established. Sustained increases in corticostriatal excitatory activity
can trigger excitotoxic damage in the striatum of WT mice (40);
however, no significant cell death has been demonstrated in YAC128
mice at early asymptomatic age and up to 12 mo (14). Likewise, it is
important to point out that M4 has multiple actions in the striatum
that are unrelated to effects on corticostriatal transmission, including
direct effects on striatal SPNs (41), effects on DA release (30, 42),
and effects on cholinergic interneurons. These actions of M4 PAMs
could also contribute to the ability of M4 PAMs to reduce age-related
progression of HD-associated physiological alterations. Nonetheless,
the increase in corticostriatal transmission could contribute to alter-
ations of both glutamatergic (43) and dopaminergic (44) synaptic
transmission. Moreover, loss of striatal DA activity seen in symp-
tomatic animals has been associated with aberrant plasticity (45),
alterations of dendritic spines, and also alteration of glutamatergic
signaling (46, 47). Regardless of the exact mechanisms by which M4
PAMs elicit their effects, the present studies clearly establish utility of
these compounds in reversing both early changes in corticostriatal
transmission and age-related development of synaptic and behavioral
deficits in the initial phase of the symptomatic stage in YAC128 mice.
This provides a potential therapeutic approach that could slow the
progression of this devastating disorder.
Importantly, the late “hypoglutamatergic” state has been de-

scribed in previous studies, showing that symptomatic stages are
characterized by loss of corticostriatal presynaptic and post-
synaptic glutamatergic function and also by alteration in synaptic
plasticity (8, 11, 14, 48–50). This corticostriatal “disconnection”
(8) could be responsible, at least in part, for motor and cognitive
dysfunction seen at later ages. Likewise, deficits in DA signaling
in HD patients (51, 52) and mouse models (31–33) have been
postulated to be partially responsible for the decreases in loco-
motor activity and motor coordination observed in later stages of
HD and in HD models. Thus, it is especially encouraging to find
that M4 PAMs reverse each of these electrophysiological and
behavioral alterations in a mouse model of HD.
Whereas the current study focused on assessment of the effects of

chronic VU0467154 on behavioral and electrophysiological markers
only in early symptomatic mice (5-mo-old mice), in future studies it
will be important to extend these exciting findings by determining the
time course of the effects seen with chronic VU0467154 treatment
on behavioral, electrophysiological, and pathological markers of the
disease. It is also important to consider the possibility that early in-
creases in striatal glutamatergic transmission could contribute to
some of the subtle motor and cognitive aberrations seen in early-
stage HD patients (14, 53–55). If so, it is possible that M4 PAMs
could provide symptomatic benefits also at early stages of HD.
The risk of developing HD can be clearly determined via early

genetic testing, and recent research is aimed at determining ob-
jective biomarkers to improve the diagnosis of HD (7, 15, 16, 56,
57). HD patients could represent an ideal target for a therapeutic
strategy involving chronic exposure to M4 PAMs beginning in the
prodromal stages of the disease.

Materials and Methods
All experimental procedures were approved by the Vanderbilt University
Institutional Animal Care and Use Committee. All efforts were made to
minimize animal suffering. We used male YAC128 mice maintained on the
C57BL/6 background (YAC128 in the text). For detailed description of the
methods, see SI Materials and Methods.
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