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It is increasingly evident that there is a genetic contribution to autism
spectrum disorders (ASDs) and other neural disorders involving excessive
repetition of action sequences. Among the implicated genes in these
disorders are those encoding postsynaptic scaffolding proteins with

roles in synaptic transmission and plasticity. Several mouse models
harboring synonymous mutations have shown alterations in synaptic
transmission within the striatum, which has key roles in controlling
actions and action sequences. In this issue of the JCI, Wang and coworkers
show that glutamatergic synaptic transmission onto striatal projection
neurons is weakened in mutant mice lacking the SH3 and multiple ankyrin
repeat domains 3 (SHANK3B) scaffolding protein, defective expression

of which has been implicated in ASDs. This synaptic alteration gives rise
to stronger activity in the indirect pathway accompanied by decreased
dendritic spines on the indirect pathway medium spiny projection neuron,
indicative of decreased numbers of glutamatergic synapses. Selectively
enhancing activity in this pathway reduced excessive repetitive grooming
in the mutant mice. Changes in glutamatergic input to striatal projection
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Excessive repetitive actions

in autism spectrum and other
disorders

Excessive repetition of actions occurs in
a variety of neural disorders, including
autism spectrum disorders (ASDs) and
other syndromes characterized by com-
pulsion, such as addiction (1). Thus, there
is widespread interest in determining the
genetic and environmental factors that
contribute to excessive actions as well as
the underlying circuitry. Neuroscientists
have developed mouse models express-
ing genetic alterations in proteins that
have been linked to human disorders such
as ASDs (2, 3). Among these are genes
that encode postsynaptic scaffolding and
cell-adhesion proteins with signaling func-
tions (4-8). Synaptic transmission and
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neurons have been observed in several other murine ASD models and
associated disorders. Thus, manipulation of the function of the striatal
indirect pathway may be a useful therapeutic target for treating disorders
characterized by excessive repetitive behaviors.

the relationship to excessive actions are
subjects of intense investigation in these
genetic mouse models.

Inthisissue, Wang and coworkers report
on their examination of the mechanisms
that contribute to altered transmission and
plasticity at glutamatergic synapses in the
striatum of mice lacking the SH3 and multi-
ple ankyrin repeat domains 3b (SHANK3B)
protein (9). Disrupted SHANK3 expression
in humans has been implicated in ASDs
(10, 11), and previous studies have shown
that loss of this protein leads to excessive
grooming in mice, one example of a repet-
itive/compulsive action (12-14). Moreover,
Shank3-deficient mice show deficits in
social interaction that mimic one compo-
nent of human ASDs. Thus, understanding
synapse and circuitry alterations in these
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mice could provide information relevant to
neural dysfunctions in the human brain that
underlie disorders of compulsion.

The striatum is a subcortical brain
region implicated in the learning and con-
trol of actions (15). Alterations in neurons
within the striatum and those that project
to this brain region have been proposed to
be involved in movement disorders such as
Huntington’s disease and Parkinson’s dis-
ease (16). Afferent inputs from the cortex
and thalamus to the striatum make gluta-
matergic synapses onto striatal neurons,
providing excitatory input that drives the
activity of these neurons (17, 18). The major
targets of this excitatory drive are medium
spiny neurons (MSNs) that provide output
signalsto other regions within the basal gan-
glia circuitry. The MSN efferent projections
target two basal ganglia subregions. Projec-
tions to the substantia nigra pars reticulata
directly inhibit this major basal ganglia out-
put center; hence, this projection is termed
the direct pathway (19). The net effect
of direct pathway activation is increased
activity of cortical neurons that promote
action performance. The other major MSN
efferent target is the globus pallidus exter-
nal segment, which inhibits basal ganglia
output, with a net effect of decreased cor-
tical activity (19). This so-called indirect
pathway contributes to selection of action
sequences, perhaps by inhibiting unwant-
ed sequences following cortical activity.
Imbalances in direct and indirect pathway
activity have been proposed as underly-
ing several movement disorders and are
also thought to be involved in compulsive
behaviors (20-22). Alterations in synaptic
input to the MSNs that give rise to these
pathways could produce such imbalances,
and there is increasing evidence of changes
at striatal synapses in mouse models of neu-
ral disorders, including ASDs (5-8).

Indirect pathway alteration

in SHANK3-deficient mice

Wang and coworkers used mice express-
ing genetically encoded fluorescent pro-
teins to identify direct and indirect path-
way MSNs in brain slices taken from mice
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lacking the SHANK3 protein (9). Com-
pared with those in control animals, glu-
tamatergic synapses in Shank3-deficient
mice showed decreased transmission
in the indirect pathway MSNs, with no
change in the synapses on direct path-
way neurons. The authors also exam-
ined long-lasting changes in transmis-
sion at these glutamatergic synapses.
Long-term depression (LTD) of synaptic
transmission depends on activation of
metabotropic glutamate receptors 1 and
5 (mGluR1 and mGluR5), L-type voltage
gated calcium channels, and endocanna-
binoid activation of presynaptic canna-
binoid 1 receptor (CB1R) (23). Wang and
coworkers showed that LTD could not
be induced in indirect pathway MSNs by
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afferent stimulation or pharmacological
activation of mGluRs or calcium chan-
nels in the SHANK3-deficient mice. In
contrast, LTD was intact after all proce-
dures in WT mice and in direct pathway
MSNs in Shank3 mutant mice. These
results support previous work indicating
that LTD can be induced at glutamatergic
synapses onto MSNs that give rise to both
pathways (24). These changes in synaptic
function were accompanied by a decrease
in the number of spines on the dendrites
of indirect pathway MSNs, where gluta-
matergic synapses are made by cortical
afferents. This finding suggests that the
number of glutamatergic synapses onto
indirect pathway MSNs is decreased in
the mutant mice and that reduction of
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Figure 1. Decreased indirect pathway function
in mice lacking the SHANK3 scaffolding pro-
tein. Schematic diagrams of the cortico-basal
ganglia direct and indirect pathways in WT
mice and mice lacking the SHANK3 postsyn-
aptic scaffolding protein. In WT mice, cortical
synaptic input to direct and indirect pathway
MSNs helps to keep the appropriate balance of
striatal output that determines which actions
are allowed and which are suppressed. In mice
lacking SHANKB, cortical input to indirect
pathway MSNs is weakened, resulting in less
synaptic excitation of these neurons and less
GABAergic inhibitory output to the globus
pallidus external segment (GPe). This results
in greater GABAergic inhibition of GPe output
to the substantia nigra pars reticulata (SNr),
thus suppressing basal ganglia output. The
net result of these circuit changes is impaired
suppression of unwanted actions, excessive
grooming in particular.

glutamatergic synapses could be a promi-
nent mechanism underlying the decrease
in synaptic transmission onto these pro-
jection neurons.

The reduction in glutamatergic syn-
apses and synaptic transmission onto indi-
rect pathway MSNs decreases excitation of
these neurons in response to cortical (and
perhaps thalamic) activity (Figure 1). The
MSNs do not depolarize sufficiently to fire
action potentials in the absence of coor-
dinated glutamatergic synaptic transmis-
sion. Thus, decreasing the strength of this
transmission would result in fewer indirect
pathway MSNs being activated by bouts
of glutamatergic input that occur during
the initiation and performance of actions.
When this effect is targeted primarily to
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indirect pathway MSNs, the net effect is
a decrease in the striatal output to targets
that normally reduce unwanted move-
ments (25). Overall, the consequence of
this circuit change would most likely be
excessive production of certain actions.
Such a mechanism could certainly con-
tribute to the excessive bouts of grooming
observed in SHANK3-deficient mice.

Indeed, Wang and coworkers demon-
strated that activation of indirect pathway
MSNs reduces excessive repetitive groom-
ing in mice lacking Shank3. This was accom-
plished using a designer receptors exclusive-
ly activated by designer drugs (DREADD)
approach, in which a clozapine-N-oxide-
activated (CNO-activated) DREADD was
specifically expressed in indirect pathway
MSNs, resulting in increased MSN activity
in mice given the drug. Reduced grooming
was only seen in animals expressing DRE-
ADD in indirect pathway MSNs combined
with drug treatment and not in CNO-treat-
ed animals that expressed DREADD in
direct pathway MSNs. This finding supports
the idea that abnormally strong indirect
pathway activity contributes to excessive
grooming in the mutant mice.

The loss of LTD observed in SHANK3-
deficient mice provides another mecha-
nism through which glutamatergic trans-
mission may be altered, leading to deficient
indirect pathway activation. This type of
synaptic plasticity has been implicated in
the learning of actions (23). Thus, a sus-
tained deficit in plasticity at these syn-
apses may signal loss of normal action
learning, further contributing to excessive,
repetitive behaviors.

Concluding remarks and future

directions

Additionally, the loss of SHANK3 through-
out development in these mice could
result in synaptic impairments that occur
early in development that lead to later
circuit and behavioral abnormalities. It
is also possible that the relevant changes
are part of ongoing synaptic adjustments
that help to sustain the abnormal behav-
ior. In this case, correcting the synaptic
alterations in adult mice could restore
normal behavior. A recent paper from the
Feng laboratory showed that behavior,
including excessive grooming, could be
normalized by restoring SHANK3 expres-
sion in adult mice that lacked the pro-
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tein throughout development (6). Other
behaviors, such as anxiety-like behaviors,
were not rescued. The SHANK3-mediat-
ed behavioral rescue was accompanied
by restoration of normal striatal synaptic
transmission, although it was not deter-
mined whether this effect was specific to
the indirect pathway. These findings indi-
cate that lack of SHANK3 does not lead
to irreversible developmental changes
related to striatal function and excessive
actions, providing hope that therapeutic
approaches will benefit adults. Howev-
er, sorting out the specific role played by
SHANK3 deficiency-induced weakening
of indirect pathway activity in adult ani-
mals with excessive repetitive behavior,
as well as in humans, will be an important
future research direction.

Alterations in glutamatergic striatal
synaptic transmission have been observed
in mouse models of several neural disor-
ders that involve excessive repetitive and
compulsive-like behaviors (2, 3), and the
Feng laboratory has contributed many
of these findings. One common emerg-
ing theme is that mutation of proteins
involved in postsynaptic scaffolding,
including SHANK3 and SAPAP3 (5), con-
tributes to excessive repetitive behaviors
associated with altered glutamatergic
transmission in striatum. It will be import-
ant to determine whether indirect path-
way MSNs are a common target in these
mutant mouse models. Overall, a focus
on impaired cortical excitatory drive to
striatum appears to be an important area
in research on ASD and other disorders of
compulsion and may well be a focus for
future therapeutic efforts.
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