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Abstract

The striatum is a key hub in the basal ganglia for processing neural information from the sensory, motor, and
limbic cortices. The massive and diverse cortical inputs entering the striatum allow the basal ganglia to perform
a repertoire of neurological functions ranging from basic level of motor control to high level of cognition. The
heterogeneity of the corticostriatal circuits, however, also renders the system susceptible to a repertoire of
neurological diseases. Clinical and animal model studies have indicated that defective development of the
corticostriatal circuits is linked to various neuropsychiatric disorders, including attention-deficit hyperactivity
disorder (ADHD), Tourette syndrome, obsessive-compulsive disorder (OCD), autism spectrum disorder (ASD),
and schizophrenia. Importantly, many neuropsychiatric disease-risk genes have been found to form the molecular
building blocks of the circuit wiring at the synaptic level. It is therefore imperative to understand how corticostriatal
connectivity is established during development. Here, we review the construction during development of these
corticostriatal circuits at the synaptic level, which should provide important insights into the pathogenesis of
neuropsychiatric disorders related to the basal ganglia and help the development of appropriate therapies for
these diseases.
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Cortico-basal ganglia circuits control a range of neurobiological functions, ranging from motor control and
reward to cognition. The functional diversity of cortico-basal ganglia circuits rests on their diverse inputs
from the cerebral cortex. It is likely that the highly heterogeneous nature of corticostriatal inputs makes the
corticostriatal circuits vulnerable to a broad range of neurologic and psychiatric disorders. Here, we
highlight the developmental progression and maturation of the morphology and physiology of corticostriatal
pathways using neonatal and postnatal rodent brains. We also review the pathogenesis of various
neurodevelopmental disorders that are related to dysfunctions of corticostriatal circuits. Exploring synaptic
wiring of corticostriatal circuits should create a research window for the development of therapeutic
Kapproaches for treating basal ganglia-related neurologic disorders. /
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The cortico-basal ganglia circuitry is in a key hub that is
involved in the integration of sensory and motor informa-
tion by the brain. The striatum of the basal ganglia re-
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Axonal projection
E12-13: PT axons enter the striatal anlage (Sheth et al., 1998)
E15-17: PT axons grow into the thalamus (Sheth et al., 1998)
E18: PT axons extend collateral branches (Nisenbaum et al., 1998)

P Adulthood

P0-P8: VGIuT1*and VGIuT2* glutamatergic terminals are predominantly found in the striosomes (Sheth et al., 1998; Nisenbaum et al., 1998; Nakamura et al., 2005; Kuo et al., 2017)

P2: IT axons are found in the corpus callosum (Sohur et al., 2014)
P3-P4: IT axons enter contralateral striatum (Sohur et al., 2014)

P7: growth cones disappear (Dani et al., 1991; Butler et al., 1998)

s

Synaptogenesis and spino
P6: few spines are detectable (Lee et al., 2011)

P8-9: mature spines are first detectable (Lee et al., 2011; Chen et al., 2016)
P10-12: dendritic spines markedly increase (Tepper et al., 1998; Peixoto et al., 2016)
P14-18: a marked increase in the density of asymmetric synapses (Uryu et al., 1999)
P18-25: synaptic pruning occurs (Uryu et al., 1999)

Maturation of synaptic acti

P21: number of synapses reach the adult level (Sharp et al., 1998)

P3: cortical stimulation-evoked glutamate-mediated slow waves activity can be induced (Inaji et al., 2011)
P5-6: evoked EPSCs (immature type) are detectable (functional synapses) (Tepper et al., 1998; Peixoto et al., 2016)
P8-18: EPSCs are progressively increased (increased AMPA/NMDA ratio) (Peixoto et al., 2016)
P9-14: corticostriatal LTP is inducible (Partridge et al., 2000; Mullah et al., 2012)
P10: transition to more adult-like electrophysiological properties of SPNs
correlated cortical and striatal activity and coupling corticostriatal activity are observed (Peixoto et al., 2016)
P10-11: hyperexcitability of SPNs (Peixoto et al., 2016)
P10-15: corticostriatal LTD is inducible (Choi and Lovinger, 1997; Partridge et al., 2000; Mullah et al., 2012)
P10-23: the release probability of glutamate is decreasing (Dehorter et al., 2011)
P14: fast-spiking interneurons receive cortical inputs (Plotkin et al., 2005)
P18-28: the critical window for reducing intrinsic hyperexcitability of dSPNs by dopamine (Lieberman et al., 2018)
P20: paired-pulse facilitation is increased (Choi and Lovinger, 1997)

P28: intrinsic excitability of SPNs reaches the mature level (Lieberman et al., 2018)
P30: optical-evoked EPSCs reach the mature level (Peixoto et al., 2016)

Figure 1. Developmental progression during the morphologic and physiologic maturation of corticostriatal innervations. AMPA:
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; dSPN; direct striatonigral pathway neuron; EPSC: excitatory postsynaptic
current; iSPN: indirect striatopallidal pathway neuron; IT: intratelencephalic; LTD: long-term depression; LTP: long-term potentiation;
NMDA: N-methyl-D-aspartate; PT: pyramidal tract; SPN: striatal projection neuron; VGIuT1: vesicular glutamate transporter 1; VGIuT2:

vesicular glutamate transporter 2.

ceives a large number of cortical inputs from the motor,
sensory, association and limbic cortices (Hintiryan et al.,
2016; Hunnicutt et al., 2016). The corticostriatal afferents
thus make up a wide range input of different nature into
the basal ganglia. The corticostriatal inputs are highly
heterogeneous and therefore the cortico-basal ganglia
circuits are involved in processing a broad spectrum of
neurobiological functions. These range from motor con-
trol at a basic level to high level adaptive learning and
cognition (Alexander et al., 1986; Graybiel, 2008; Pennartz
et al., 2009; Haber, 2016). The integration of sensory and
motor information is essential for behavioral performance
and thus it is not surprising that dysfunction of cortico-
basal ganglia circuits is well documented in a broad range
of neurologic and mental disorders, including Parkinson’s
disease, Huntington’s disease, attention-deficit hyperac-
tivity disorder (ADHD), Tourette syndrome, obsessive-
compulsive disorder (OCD), autism spectrum disorder
(ASD), schizophrenia, and speech and language disorders
(Crittenden and Graybiel, 2011; Shepherd, 2013; Gunay-
din and Kreitzer, 2016).
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Many psychiatric disorders are rooted in developmental
dysfunctions that affect neural circuits within the brain.
Thus, it is imperative to understand how neural circuits are
formed during development. In this review, we have fo-
cused on the construction at the cellular and molecular
level during development of the corticostriatal circuits. We
have summarized the developmental maturation timeline
of corticostriatal innervations in Figure 1.

Genetic studies using mouse models have shown
that many genes important to the development of neu-
ral circuits are involved in the pathogenesis of neuro-
logic and psychiatric disorders. The significance and
biological functions of these building blocks of neural
circuits are, in fact, best illustrated by pathologic stud-
ies of neuropsychiatric diseases. We have therefore
also reviewed the pathophysiology of neuropsychiatric
disorders where it is known that dysfunction of corti-
costriatal circuits is involved. A summary of the various
animal model studies that have shown links to cortico-
striatal abnormalities and neuropsychiatric diseases is
presented in Table 1.

Establishment over Time of

Corticostriatal Projections

Corticofugal pathways form the major afferent inputs to
the basal ganglia. In the developing mouse brain, cortico-
fugal projection neurons are classified into two cell types:
pyramidal tract (PT)-type cortical projection neurons and
intratelencephalic (IT) projection neurons (Reiner et al.,
2003, 2010). Previous studies have revealed the develop-
mental projections of the PT-type corticostriatal pathway.
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Table 1. Susceptible genes in neurodevelopmental diseases that are modeled in transgenic mice

Morphological and functional phenotypes in corticostriatal

Associated circuits of transgenic mice carrying defective or
Gene diseases variant alleles of neurodevelopmental disorder-risk genes References
Drd4 ADHD | corticostriatal glutamate release Bonaventura et al. (2017)
Shank3b ASD 1 dendritic arborizations Peca et al. (2011)
OCD | synaptogenesis/spinogenesis Peixoto et al. (2016)
1 precocious hyperactivity of corticostriatal inputs during development
| corticostriatal synaptic transmission in adulthood
Fmr1 ASD 1 inhibitory neurotransmission in the striatum Centonze et al. (2008)
| corticostriatal plasticity (LTD) Jung et al. (2012)
| corticostriatal connectivity Zerbi et al. (2018)
Foxp1 ASD 1 excitability of iSPNs Araujo et al. (2015)
elf4e ASD 1 spinogenesis in Layer Il/lll of medial prefrontal cortex Santini et al. (2013)
1 corticostriatal plasticity (LTD)
Nign1 ASD | NMDA-mediated synaptic transmission of dSPNs Blundell et al. (2010)
| mEPSCs in iSPNs Espinosa et al. (2015)
Nign3 ASD | inhibitory synaptic transmission in dSPNs of the ventral striatum Rothwell et al. (2014)
| corticostriatal plasticity (LTD) Martella et al. (2018)
Tshz3 ASD 1 corticostriatal LTP Caubit et al. (2016)
Met ASD 1 neuronal activity of corticostriatal pyramidal neurons in Layer Vb Qiu et al. (2011)
SLD
Mef2c ASD 1 synaptogenesis/spinogenesis in the striatum Chen et al. (2016)
SLD 1 mEPSCs in SPNs
Cntnap2 ASD | number of striatal GABAergic interneurons Pefnagarikano et al. (2011)
SLD
Slitrk5 OCD | BDNF-mediated neurite outgrowth of striatal neurons Song et al. (2015)
1 neuronal activity of the orbitofrontal cortex Shmelkov et al. (2010)
| corticostriatal transmission
| dendritic complexity of SPNs
| GIuR2, NR2B in the striatum
Sapap3 OCD | postsynaptic density thickness Welch et al. (2007)
T NR1, NR2B and 1 NR2A in the striatal PSD fraction Wan et al. (2014)
| corticostriatal field EPSP Burguiere et al. (2013)
| corticostriatal quantal EPSP in the iSPNs
| corticostriatal feedforward inhibition of fast-spiking interneurons
Sic1at OCD | neuronal activity in response to amphetamine in the dorsal striatum  Zike et al. (2017)
| NR2A and corticostriatal LTD in the dorsal striatum Delgado-Acevedo et al. (2019)
ErbB4 Schizophrenia 1 inhibitory synaptic transmission in the striatum Geng et al. (2017)
1 GABA,a1 in the striatum
Zswim6  Schizophrenia | neurite arborizations in the striatum Tischfield et al. (2017)
| spinogenesis in the striatum
Foxp2 SLD | corticostriatal synaptic transmission Groszer et al. (2008)
| corticostriatal plasticity (LTD) Enard et al. (2009)
| synaptogenesis/spinogenesis in the striatum Reimers-Kipping et al. (2011)
| mEPSCs in SPNs Chen et al. (2016)

ADHD: attention-deficit hyperactivity disorder; ASD: autism spectrum disorder; BDNF: Brain-derived neurotrophic factor; dSPN: direct striatonigral pathway
neuron; EPSC: excitatory postsynaptic current; EPSP: excitatory postsynaptic potential; GABA: y-aminobutyric acid; GABAagpna1: GABA, receptor subunit al-
pha 1; GluR2: glutamate ionotropic receptor AMPA type subunit 2; iSPN: indirect striatopallidal pathway neuron; LTD: long-term depression; LTP: long-term
potentiation; NR1: glutamate ionotropic receptor NMDA type subunit 1; NR2A: glutamate ionotropic receptor NMDA type subunit 2A; NR2B: glutamate iono-
tropic receptor NMDA type subunit 2B; mEPSC: miniature excitatory postsynaptic currents; OCD: obsessive-compulsive disorder; PSD: postsynaptic density;

SLD: speech and language disorders; SPN: striatal projection neurons.

Nisenbaum et al. (1998) and Sheth et al. (1998) traced the
developing corticofugal axons by placing Dil in fixed brain
slices from a single hemisphere. The majority of the ipsi-
laterally Dil-labeled corticofugal axons are presumably
derived from PT-type corticostriatal neurons, this is be-
cause the Dil-labeled axons can be traced and shown to
exit the telencephalon to form part of the PT. However,
because IT-type neurons project into both the ipsilateral
and contralateral striatum, the possibility that some of the
ipsilaterally Dil-labeled axons are derived from IT-type
neurons cannot be excluded. Corticofugal axons have
been found to enter the ipsilateral striatal anlage as early
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as embryonic day (E)12-E13. Corticofugal axons, pre-
sumably en route through the striatal analge during E12—-
E13, continue growing into the thalamus during E15-E17.
By E18, clusters of collateral branches of corticofugal
axons can be found in the ipsilateral striatum. Notably,
these corticostriatal fibers are predominately co-localized
with the tyrosine hydroxylase-positive nigrostriatal dopa-
mine islands that are known to mark the loci of developing
striosomes before the postnatal day (P)8 (Nisenbaum
et al., 1998; Sheth et al., 1998). To explore the develop-
mental projections of IT-type cortical neurons, Sohur et al.
(2014) performed retrograde and anterograde labeling of
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corticostriatal axons during the first two postnatal weeks,
and found that IT-type corticostriatal axons enter the
contralateral striatum during P3-P4, and these corticos-
triatal axons progressively refined their innervation over
the first two weeks after birth (Sohur et al., 2014). Immu-
nostaining of growth-associated protein 43, a growth
cone-specific protein, is markedly down-regulated in the
dorsal striatum after P7, which suggests that there is a
decrease in axonal growth in this region after P7 (Dani
et al., 1991; Butler et al., 1998). Therefore, IT-type corti-
costriatal innervation of the mouse brain mainly starts
during the early stage of the first postnatal week, and
these innervations become mature by the second post-
natal week.

Topography of the Corticostriatal

Pathways

Corticostriatal projections are topographically orga-
nized in such a manner as to convey neural information
from various different cortical regions into the striatum
where this diverse information is integrated. The dorso-
lateral/sensorimotor striatum, which is known to be in-
volved in motor sequencing and habit-related functions,
mainly receives its cortical inputs from the motor and
somatosensory cortex. The dorsomedial/associative and
ventral/limbic striata, which are related to goal-directed
motor learning and reward, respectively, receive cortical
inputs from the frontal cortex, mesocortex and allocortex
(Alexander et al., 1986; McGeorge and Faull, 1989; Be-
rendse et al., 1992; Mailly et al., 2013; Hintiryan et al,,
2016; Hunnicutt et al., 2016). The deciphering of the
topographic corticostriatal projection map has laid the
foundations for understanding the functional networks
related to a range of physiologic and pathologic condi-
tions.

Corticostriatal projections into striatal
compartments

Considering the axonal terminal fields in the striatum, it
has been shown that corticostriatal axons from different
cortical regions innervate the striosomal and matrix
compartments with different weights. The striosomal
compartment receives substantial cortical inputs from
evolutionarily conserved areas of the cortex, including the
prelimbic, anterior cingulate, orbitofrontal, and insular
cortices. The surrounding matrix compartment receives
cortical inputs from the neocortex, including the motor,
somatosensory and visual cortices (Gerfen, 1984; Dono-
ghue and Herkenham, 1986; Ragsdale and Graybiel,
1990; Flaherty and Graybiel, 1993, 1994; Eblen and Gray-
biel, 1995; Kincaid and Wilson, 1996).

When the laminar distribution of the corticostriatal neu-
rons is explored, the early-born PT-type corticostriatal
projection neurons in the rat brain have been found to be
primarily located in lower Layer V (Layer Vb), from where
they project their axons into the striosomes. By way of
contrast, the late-born IT-type corticostriatal neurons are
located in Layer Ill and upper Layer V (Layer Va), from
where they predominantly project their axons into the
matrix compartment (Gerfen, 1989; McGeorge and Faull,
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1989; Cowan and Wilson, 1994; Kincaid and Wilson,
1996; Lévesque and Parent, 1998). Interestingly, a recent
genetic study using virus-based axonal tracing has re-
vealed that there is no preference regarding corticostriatal
afferents entering into the striatal compartments of the
mouse brain (Smith et al., 2016). Cre-dependent mono-
synaptic tracing via genetically modified rabies virus using
compartment-specific Cre driver mice by Smith et al.
(2016) has found that both the patch/exo-patch (strio-
some) compartment and the matrix compartment receive
cortical innervations from the limbic and sensorimotor
cortices without any preference. Cortical neurons in the
upper and deep layers were shown to project into both
the patch/exo-patch (striosome) compartment and the
matrix compartment (Smith et al., 2016). Nonetheless,
single-cell RNA sequencing has identified genetically dis-
tinct cell populations in a single cortical area (Tasic et al.,
2016). It is possible that different populations of cortical
neurons within a single cortical region may project differ-
entially into the striatal compartments. A combination of
the single-cell RNA sequencing linked with axonal tracing
and behavioral studies may help to clarify the above issue.

Corticostriatal projections linking to distinct
striatofugal pathways

Evidence based on retrograde axonal tracing and elec-
tron microscopy have shown that more corticostriatal
axons of the IT-type compared to the PT-type are linked
to neurons of the direct striatonigral pathway (dSPNs). In
contrast, more PT-type than IT-type corticostriatal axons
are linked to neurons of the indirect striatopallidal path-
way (iISPNs; Lei et al., 2004; Reiner et al., 2010; Deng
et al., 2015). When the efferent regions of the cortex are
explored, it remains unclear as to whether there is differ-
ential innervation of dSPNs and iSPNs from distinct cor-
tical regions (Berretta et al., 1997; Wall et al., 2013; Guo
et al., 2015). Wall et al. (2013) have reported that axons
from the sensory and limbic cortices preferentially inner-
vate dSPNs, whereas axons from the motor cortex pref-
erentially project toward iSPNs (Wall et al., 2013).
However, Guo et al. (2015) did not find that there was
differential innervation of dSPNs and iSPNs by the various
different cortical regions. This inconsistency may be the
result of variation in the degree of virus infection present
in a single cortical region across the two studies. Alterna-
tively, it also may be due to differences in trans-synaptic
retrograde efficiency across the various different types of
corticostriatal synapses (Guo et al., 2015).

Corticostriatal Axonal Outgrowth and
Synaptogenesis

A coculture study has demonstrated the specificity of
corticostriatal innervation by prenatal and postnatal cor-
tical afferents. During cortical and striatal coculture, neu-
rites derived from the prenatal cortex homogeneously
grow into co-cultured striatal tissue, while, on the other
hand, neurites derived from perinatal stages specifically
grow into the striosomal compartment of co-cultured
striatum irrespective of the age of the striatal tissue. Only
a small amount of neurite innervations can be found in
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striatal tissue when it is co-cultured with postnatal cortex
(Snyder-Keller, 2004). These results suggest a time-
dependent interplay between the different cortical affer-
ents and the striatum. Because corticostriatal axonal
innervation occurs before synaptogenesis and functional
connectivity is established during the postnatal period
(see below), corticostriatal axonal innervation during the
various embryonic stages may occur without much in the
way of activity modulation from the cortex.

Corticostriatal synaptogenesis occurs postnatally after
corticostriatal axonal innervation has been established. A
cell culture study has shown that cortical synaptic inputs
into the striatum are important for maturation of the den-
dritic arborization of the SPNs (Buren et al., 2016). SPNs
receives glutamatergic excitatory inputs from VGIuT1-
positive corticostriatal neurons and VGIuT2-positive
thalamostriatal neurons (Fremeau et al., 2001, 2004). Cor-
ticostriatal and thalamostriatal axonal terminals form
axospinous and axodendritic synapses with the SPNs,
respectively (Dubé et al., 1988). The synaptogenesis of
the excitatory synapses occurs soon after axonal inner-
vations during postnatal periods. Interestingly, VGIuT1
and VGIuT2 immunoreactivity are highly enriched in strio-
somal loci during the first postnatal week, suggesting that
corticostriatal and thalamostriatal synapse formation start
to occur in the neonatal striosomal compartment (Naka-
mura et al., 2005; Kuo and Liu, 2017). The dendritic spines
of SPNs are found low in the P6 striatum, and mature
types of dendritic spines are first able to be detected
during the period P8-P9 (Lee and Sawatari, 2011). Den-
dritic spines markedly increase in number during the pe-
riod P10-P12, at which time the SPNs are at their most
excitable during the postnatal period. Dendritic spines
continue to increase until the fourth postnatal week (Tep-
per et al., 1998; Chen et al., 2016; Peixoto et al., 2016).
The numbers of asymmetric synapses found in the P21
striatum at this time are comparable to those found in the
adult rat striatum (Sharpe and Tepper, 1998). Considering
the synaptic pruning, there is a dramatic decrease in
dendritic spines that occurs within the dorsolateral rat
striatum, but not the dorsomedial rat striatum from P18 to
P25 (Uryu et al., 1999). It should also be noted that
synaptic pruning by microglia has also been documented
in the postnatal brain (Paolicelli et al., 2011; Wu et al.,
2015).

During the early postnatal stages, developmental mat-
uration of the electrophysiological properties of the SPNs
involves immature SPNs that are characterized by a de-
polarized resting membrane potential together with hy-
perexcitability and a lack of inward rectification (Tepper
et al., 1998; Peixoto et al., 2016). When developmental
maturation of corticostriatal innervations of SPNs occurs,
this happens in parallel concomitant with developmental
corticostriatal innervations and dendritic spinogenesis,
while at the same time cortical stimulation-evoked
glutamate-mediated slow wave activity is able to be in-
duced in the SPNs of P3 brain slices as shown by a
voltage-sensitive dye (Inaji et al., 2011). By P5-P6,
electrical-evoked and optical-evoked EPSCs are able to
be detected in SPNs, suggesting the presence of func-
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tional corticostriatal synapses at this stage (Tepper et al.,
1998; Peixoto et al., 2016). Optical-evoked EPSCs pro-
gressively increase with the gradual recruitment and sta-
bilization of AMPA receptors during the period P8-P18.
Optical-evoked EPSCs reach a mature level by P30 (Pei-
xoto et al., 2016). Interestingly, a decrease in the release
probability of glutamate during the development of the
corticostriatal synapses has been observed during striatal
long-term depression (LTD) over the period P10-P23,
which correlates with the motor function developmental
maturation. Moreover, it has been reported that a loss of
NMDA NR2C/D-mediated corticostriatal inputs occurs
concurrently with a decrease in an immature pattern of
striatal activity before P10 and that this is correlated with
the onset of locomotion by the neonatal mouse pups
(Dehorter et al., 2011).

Cortical synaptic inputs not only drive synaptic activity
in SPNs, but are also able to indirectly inhibit SPN activity
via fast-spiking interneuron-mediated feed-forward inhi-
bition (Plotkin et al., 2005). Electrophysiological record-
ings of fast-spiking interneurons in the striatum of rat
brain slices obtained during the periods P12-P14 and
P19-P23 have shown that fast-spiking interneurons have
received frequent cortical inputs by the end of the second
week after birth, which is when corticostriatal synapto-
genesis is ongoing. This suggests a potential role for
fast-spiking interneuron-mediated cortical feed-forward
inhibition during the development of corticostriatal circuits
(Plotkin et al., 2005).

In the dorsolateral striatum, corticostriatal long-term
potentiation (LTP) is inducible as early as P9-P10,
whereas LTD cannot be induced until P15 (Choi and
Lovinger, 1997; Partridge et al., 2000; Mullah et al., 2012).
This developmental transition affecting the synaptic plas-
ticity of LTD is controlled by upregulation of the endoge-
nous cannabinoid ligand anandamide (Ade and Lovinger,
2007). The release probability of glutamate from cortical
axonal terminals has been shown to decrease from P10 to
P23, which may account for the induction of striatal LTD.
LTD is known to be a physiologic mechanism that under-
lies motor performance, learning, and memory. Taken
together, the above findings delineate the functional mat-
uration process during postnatal development of cortico-
striatal synaptogenesis.

Neuronal Activity-Dependent Regulation
of Corticostriatal Synaptogenesis during
Development

Glutamate inputs

A previous study has suggested that recurrent activity
in the closed loops of cortico-basal ganglia circuits is able
to regulate the synaptogenesis of SPNs (Kozorovitskiy
et al., 2012). Synaptic connectivity and the strength of
corticostriatal pathways are subject to regulation by the
outputs from basal ganglia circuits. Chronic inhibition of
activity within dSPNs and iSPNs during the second post-
natal week by chemogenetic manipulation has been
shown to result in decreased and increased spinogenesis
and miniature EPSCs (MEPSCs) in dSPNs and iSPNs,
respectively (Kozorovitskiy et al.,, 2012). Acute and
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chronic elevation of cortical activity by the inactivation of
cortical interneurons or the optogenetic activation of cor-
ticostriatal axonal terminals has been shown to increase
the synaptic connectivity of the corticostriatal pathways
during early development (Peixoto et al., 2016). Moreover,
correlated increases in cortical and striatal activity has
been observed during the period P10-P16 (Peixoto et al.,
2016). These findings suggest that corticostriatal inputs
are capable of modulating activity-dependent synapto-
genesis in the SPNs.

Dopamine inputs

Dopaminergic inputs into basal ganglia circuits have
been suggested to regulate corticostriatal maturation.
Mesostriatal dopaminergic afferents start to innervate the
striatum during early embryonic stages. At the perinatal
stage, mesostriatal dopaminergic axonal terminals form
“dopamine islands” that correspond to the developing
striosomes (Olson et al., 1972; Graybiel, 1984; van der
Kooy, 1984). During the period P8-P13, activation of
Gag-coupled G-protein receptors in SPNs by a D1 agonist
is able to increase corticostriatal activity and the number
of dendritic spines (Kozorovitskiy et al., 2015). Further-
more, depletion of dopamine input into the P2 striatum
weakens not only SPN activity in response to cortical
stimulation, but also impairs the corticostriatal synchroni-
zation that accompanies locomotion induced hyperactiv-
ity during the period P21-P25 (Galifianes et al., 2009).

Moreover, the imbalances in dopamine D1 and D2 sig-
naling in SPNs that occur before the first two postnatal
weeks has been shown to lead to significant alterations in
corticostriatal innervation and spinogenesis (Kozorovits-
kiy et al., 2012). A recent study has further shown that
nigrostriatal dopamine release during a critical period be-
tween P18 and P28 is required to reduce the intrinsic
hyperexcitability of neonatal dSPNs to the level found in
adults (Lieberman et al., 2018). Taken together, the above
compelling evidence highlights the importance of dopa-
mine transmission, not only in the regulation of the post-
natal maturation of SPNs, but also it associated with the
pathogenic mechanisms related to neurodevelopmental
disorders.

Brain-derived neurotrophic factor (BDNF)

BDNF is one of the most studied neurotrophins and has
been shown to be involved in the pathogenesis of various
neurodevelopmental and neuropsychiatric disorders (Au-
try and Monteggia, 2012; Park and Poo, 2013). BDNF
binds to tyrosine receptor kinase B (TrkB) to transduce
signals within developing neurons. Evidence from BDNF
and TrkB conditional knock-out mice has indicated that
BDNF-TrkB signaling regulates the neuronal survival,
morphogenesis and synaptogenesis of striatal neurons
(Baydyuk et al., 2011; Li et al., 2012); furthermore, pre-
synaptic BDNF secretion is required for activity-
dependent corticostriatal LTP (Park et al., 2014). Notably,
TrkB expression is enriched in the striosomal compart-
ment during the first postnatal week when corticostriatal
axons are selectively innervating striosomal cells (Costan-
tini et al., 1999). These findings raise an intriguing possi-
bility that BDNF-TrkB signaling may be involved in setting
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up within the striatal compartments the temporal order
during activity-dependent corticostriatal synaptogenesis;
this could involve initiating the initial steps of synapse
formation within the striosomal compartment.

Neuropsychiatric Diseases Related to
Dysfunction of the Corticostriatal Circuits

Attention-deficit hyperactivity disorder (ADHD)

ADHD is a neurodevelopmental disease that is charac-
terized by symptoms including inattention and/or hyper-
active/impulsive behaviors that persist for more than six
months (American Psychiatric Association, 2013). Based
on neuroimaging and genetic studies, abnormal neural
connectivity and abnormal neurologic functioning are be-
lieved to underlie the pathology of ADHD brains (Mueller
et al.,, 2017). Aberrant neural circuits, including dorsal
frontostriatal, orbitofrontostriatal, prefrontostriatal, and
frontoparietal circuits, have been identified as being as-
sociated with ADHD (Durston et al., 2011; Hong et al.,
2015; Mueller et al., 2017).

Many ADHD studies have centred on dysfunction of the
dopaminergic system (Levy, 1991). Dopamine neurotrans-
mission is essential for motor control, reward learning, and
motivation (Bjérklund and Dunnett, 2007; Gerfen and Sur-
meier, 2011). In addition to regulating neurotransmission
within the adult brain, dopamine also plays an important
role in neural development. Notably, depletion of dopa-
mine by intraventricular injection of 6-hydroxydopamine
(6-OHDA) into neonate rodent brains has been shown to
induce an ADHD-like behavioral phenotype; furthermore,
abnormal development of corticostriatal pathways and
synaptogenesis has been found in 6-OHDA-treated brains
(Galifanes et al., 2009; Braz et al., 2015). Moreover, al-
tered frontostriatal functional connectivity, which has
linked to a reduction in the dendritic arborizations of
SPNs, in particular iISPNs, has been also observed in
juvenile 6-OHDA-treated mice. These neonatal 6-OHDA-
induced pathologic changes become more severe in adult
mice compared to juvenile mice (Braz et al., 2015). Trans-
genic knock-in mice expressing a human DRD4 polymor-
phic variant associated with ADHD have been shown to
exhibit a decrease in corticostriatal glutamate release
(Bonaventura et al., 2017). These different lines of evi-
dence suggest that the corticostriatal development con-
trolled by dopaminergic transmission may underlie ADHD
pathophysiology.

Autism spectrum disorder (ASD)

ASD is a highly heterogeneous disease. The core symp-
toms of ASD include impaired social communication func-
tioning and self-interest related repetitive behaviors
(American Psychiatric Association, 2013; Wingate et al.,
2014). Aberrant synaptogenesis, plasticity and excitatory/
inhibitory balance are believed to be involved in ASD
pathophysiology (Toro et al., 2010; Bourgeron, 2015; Nel-
son and Valakh, 2015). The complex yet specific symp-
toms of ASD pathogenesis are presumably caused by
aberrant wiring of specific neural circuits in the ASD brain.
Evidence suggests that dysfunction of the basal ganglia
circuits plays an important role in ASD pathogenesis and
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is related to repetitive behavior and defective social com-
munication (Portmann et al., 2014; Ellegood et al., 2015;
Fuccillo, 2016). Clinical studies have reported that there is
an increase in the volume of the striatum that is positively
correlated with the repetitive behaviors, the social deficits
and the communicational deficits of the patients (Hol-
lander et al., 2005; Rojas et al., 2006). Neuroimaging
studies have shown a correlation between inward surface
deformation affecting distinct striatal regions and im-
paired motor skills, praxis and poorer social communica-
tion (Qiu et al.,, 2010). Moreover, reduced long-range
functional connectivity between the right inferior frontal
cortex and the right caudate has been observed in brain
of children suffering from ASD (Lee et al., 2009). These
findings imply that there are dysfunctions that affect the
corticostriatal and striatofugal circuits of ASD brains.
Many genes that have been associated with ASD have
been found to be related to corticostriatal development
and synaptogenesis, including the Shank gene family and
the Neuroligin (NLGN) gene family. Shank1, Shank2, and
Shank3 are members of a postsynaptic scaffolding SH3
and multiple ankyrin repeat domains protein family. Mu-
tations of the Shank family proteins are associated with
autism and a number of other neuropsychiatric disorders
(Phelan, 2008; Leblond et al., 2014; Monteiro and Feng,
2017). Mutation of the ASD-risk gene Shank3B, which is
the most well-studied isoform, has been found to be
enriched in corticostriatal regions, and to be associated
with an increase in dendritic arborizations and a decrease
in dendritic spinogenesis and synaptogenesis of SPNs
(Peca et al., 2011). Mutation of Shank3B also leads to
precocious hyperactivity of corticostriatal inputs due to
the presence of cortical hyperactivity during P14; while, in
contrast, lower levels of corticostriatal connectivity have
been found in adult brains with this mutation (Peca et al.,
2011; Peixoto et al., 2016).

Mutations affecting the NLGN gene family induce cor-
ticostriatal synaptopathy and this seems to be related to
the ASD pathogenesis (Sudhof, 2008). For example,
NLGN3 mutant mice exhibit increased inhibitory synaptic
transmission in dSPNs of the ventral striatum and im-
paired corticostriatal LTD in the dorsal striatum (Rothwell
et al., 2014; Martella et al., 2018). NLGN1, another NLGN
member that has recently been identified as an ASD-risk
gene (Nakanishi et al., 2017), has been shown to regulate
NMDA-mediated synaptic transmission in dSPNs and
mEPSC frequency in iSPNs (Blundell et al., 2010; Espi-
nosa et al., 2015).

In addition to genes in the Shank and NLGN families,
other ASD risk genes also seem to alter corticostriatal
connectivity and activity. Human transcriptome analysis
has identified Teashirt zinc-finger homeobox family mem-
ber 3 (TSHZ3) as a hub gene that is involved in the
development of cortical projection neurons. Patients with
deletion mutation of the TSHZ3 gene exhibit ASD symp-
toms, and an animal model study has shown that there is
an increase in corticostriatal LTP in Tshz3 heterozygous
mice (Caubit et al., 2016). Furthermore, Fmr1 encodes the
fragile X mental retardation protein that is involved in
autistic Fragile X syndrome. In Fmr1 knock-out mice, an
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increase in inhibitory neurotransmission and defects in
LTD have been found in the striatum and this has been
linked with hypoconnectivity of the corticostriatal path-
ways (Centonze et al., 2008; Jung et al., 2012; Zerbi et al.,
2018). Eukaryotic translation initiation factor 4E (e/F4E) is
another gene associated with ASD susceptibility (Neves-
Pereira et al., 2009). Overexpression of elF4E in trans-
genic mice results in increased dendritic spines in Layers
Il and lll of the medial prefrontal cortex as well as en-
hanced striatal LTD (Santini et al., 2013). Mutation of
transcription factor forkhead box p1 (Foxp1), an ASD-risk
gene, is known to increase the neuronal excitability of
iISPNs during P18 (Araujo et al., 2015). Finally, a reduction
in putative cortico-striosomal synaptogenesis has been
found in the P8 striatum of a ASD mouse model involving
maternal treatment of mice with valproic acid (Kuo and
Liu, 2017). Collectively, the above animal model studies
suggest that dysfunction of corticostriatal synaptic ho-
meostasis and disruption of synaptogenesis during devel-
opment may contribute to the pathologic mechanisms of
ASD.

Obsessive-compulsive disorder (OCD)

OCD is a neurodevelopmental disease wherein dys-
function of corticostriatal circuits at the neural circuit level
is implicated in the pathology of the disease. Neuroimag-
ing studies have found abnormalities of corticostriatal
pathways, including the orbitofrontal cortex, prefrontal
cortex, anterior cingulate cortex and striatum in the brains
of patients with OCD (Harrison et al., 2009; Rotge et al.,
2009; Anticevic et al., 2014; Hou et al., 2014; Jung et al.,
2017). The pathologic alterations in these corticostriatal
circuits have been correlated with the severity of the
patient’'s OCD symptoms (Harrison et al., 2013). More-
over, repetitive transcranial magnetic stimulation and
deep-brain stimulation-induced changes in corticostriatal
activity seem to be able to cause alterations in the symp-
toms in OCD patients (Figee et al., 2013; Dunlop et al.,
2016), which supports a causal relationship between dys-
function of corticostriatal circuits and OCD pathogenesis
(Burguiére et al., 2015; Fettes et al., 2017). Animal model
studies have shown that chronically optogenetic activa-
tion of the orbitofronto-ventral striatum pathways is suffi-
cient to bring about a progressive increase in the
obsessive grooming behavior of mice, and that fluoxetine,
a clinical drug used to treat OCD, is able to alleviate the
optogenetic-induced obsessive grooming behaviors (Ah-
mari et al., 2013).

At the genetic level, mutations of several genes have
been associated with OCD. It is notable that corticostriatal
circuitry appears to be a convergent pathologic locus that
is targeted by several OCD-risk genes, these include
synapse-associated protein 90/postsynaptic density pro-
tein 95-associated protein 3 (SAPAP3) and members of
the Slitrk gene family. SAPAP3 is an excitatory postsyn-
aptic scaffold protein. Mutations of SAPAP3 have been
found in patients with OCD (Ziichner et al., 2009). Sapap3
knock-out mice exhibit defects affecting the structure of
the postsynaptic complex and show a OCD-like behav-
ioral phenotype. Moreover, the synaptic activity of the
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corticostriatal pathways, but not the thalamostriatal path-
ways, are altered, which indicates that the corticostriatal
pathways seem to be specifically relevant to OCD patho-
physiology (Welch et al., 2007; Wan et al., 2014). Com-
pulsive grooming, an abnormality associated with Sapap3
knock-out mice, is able to be rescued by optogenetic
activation of parvalbumin-positive fast-spiking inter-
neuron-mediated feed-forward inhibition of the
orbitofrontal-striatal circuits (Burguiére et al., 2013). The
Slitrk gene family is known to regulate synaptogenesis
(Takahashi et al., 2012; Yim et al., 2013). Mutations of
Slitrk gene family members are associated with various
neuropsychiatric diseases, including Tourette syndrome
and OCD (Abelson et al., 2005; Ozomaro et al., 2013).
Slitrk5 is known to regulate the recruitment of TrkB into
the postsynaptic regions to bring about BDNF-mediated
neurite outgrowth of striatal neurons (Song et al., 2015).
Genetic deletion of Slitrk5 not only results in neuronal
hyperactivity in the orbitofrontal cortex, but also causes a
reduction in corticostriatal transmission and dendritic
complexity that is associated with OCD-like behaviors
(Shmelkov et al., 2010).

In addition to mutation of the SAPA3 and Slitrk5 genes,
mutations of the SLC71A7 and Hoxb8 genes have been
shown to be related to abnormalities in corticostriatal
activity and to changes in corticostriatal connectivity that
have in turn been associated with OCD phenotypes. The
SLC1A1 gene encodes neuronal glutamate/aspartate/
cysteine transporter excitatory amino acid transporter 3
(EAAT3). An abnormal increase in SLC1A7 expression
with a parallel decrease in EAAT3 activity, have been
found in the brains of patients with OCD (Veenstra-
VanderWeele et al., 2001; Dickel et al., 2006; Wendland
et al., 2009). EAAT3-deficient mice exhibit diminished
basal ganglia-dependent stereotypic behavior (Zike et al.,
2017). A recent study has further reported that NMDA
receptor subunit composition and NMDA-dependent syn-
aptic plasticity are altered in mice overexpressing EAAT3
and this is linked to OCD-like behavioral deficits; these
deficits can be rescued by antipsychotic treatment
(Delgado-Acevedo et al., 2019). Interestingly, Hoxb8 func-
tion in microglia has been suggested to be involved in the
pathogenesis of OCD via regulation of the corticostriatal
circuits. Hoxb8 gene knock-out has been shown to induce
an expansion in cortical synapses and contraction in stri-
atal synapses. These changes then lead to an enhance-
ment of corticostriatal activity in the Hoxb8 mutant mice,
which can be seen to exhibit compulsive grooming be-
havior (Greer and Capecchi, 2002; Nagarajan et al., 2018).

Schizophrenia

Schizophrenia is a neurodevelopmental disease. Imbal-
anced excitatory/inhibitory transmission and abnormal
synaptic function have been implicated in the pathophys-
iology of schizophrenia. Genetic linkage studies have in-
dicated that the AKT1 and PRODH genes are associated
with schizophrenia (Albert et al., 2002; Kempf et al., 2008;
Thiselton et al., 2008). Elevated frontostriatal connectivity,
particular in the dorsolateral prefrontal cortex, is present
in subjects carrying AKT1 and PRODH variant alleles
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(Meyer-Lindenberg et al., 2007; Kempf et al., 2008; Tan
et al., 2008). Corticostriatal dysfunction affecting cogni-
tive learning and reward processing have been identified
among patients with schizophrenia (Wagshal et al., 2014;
de Leeuw et al., 2015). In animal studies, NRG1-ErbB4
signaling (Jaaro-Peled et al., 2009) has been proposed to
underlie the pathogenesis of schizophrenia. Conditional
deletion of ErbB4 in DIx5/6 cell lineage cells, including
SPNs and cortical interneurons, results in enhanced in-
hibitory synaptic transmission in the striatum (Geng et al.,
2017). Loss of zinc-finger SWIM domain-containing pro-
tein 6 (ZSWIM®6), another schizophrenia-risk gene, has
been shown to decrease neurite arborization and the
number of dendritic spines in SPNs (Tischfield et al.,
2017). Abnormal dopamine transmission has been a pre-
vailing theory for the etiology of schizophrenia (Simpson
et al., 2010). In this context, it is interesting to note that
mesostriatal dopamine input during development is able
to modulate corticostriatal innervations, spinogenesis and
activity during development (Galifianes et al., 2009; Ko-
zorovitskiy et al., 2012; Lieberman et al., 2018). These
findings suggest that abnormal synaptic wiring within the
corticostriatal circuits may be a potential pathologic
mechanism that underlies abnormal dopamine neu-
rotransmission in schizophrenia brains.

Speech and language disorders

Speech and language are unique and fundamental to
human beings and their social communication. The prev-
alence rate for language delay during the development of
school children is high, which calls for a better under-
standing of the neurobiology of speech and language and
the development of new therapeutic approaches to such
problems. Cortico-basal ganglia circuits are important to
speech and language (Watkins et al., 1999; Dick et al.,
2014; Graham and Fisher, 2015; Konopka and Roberts,
2016). Several genes related to speech and language
have been identified using genome-wide linkage/associ-
ation sequencing studies (Newbury and Monaco, 2010;
Kang and Drayna, 2011; Graham and Fisher, 2015;
Konopka and Roberts, 2016). A well-studied speech and
language-related gene is FOXP2. The FOXP2 R553H mis-
sense mutation caused severe level of speech and lan-
guage disorder in the KE family (Lai et al., 2001).
Neuroimaging studies have found structural abnormalities
as well as functional abnormalities that affect the cerebral
cortex and striatum of patients with a FOXP2 mutation.
This suggests there is involvement of cortico-basal gan-
glia circuits in the pathology of this disorder (Watkins
et al.,, 1999; Liégeois et al., 2003). Consistent with the
above, animal studies have indicated that the cortico-
basal ganglia circuits are critical to vocal communication
in songbirds and rodents (Enard et al., 2009; Fisher and
Scharff, 2009; Arriaga et al., 2012; Condro and White,
2014; Konopka and Roberts, 2016). Increasing evidence
indicates that Foxp2 plays a crucial role in the neural
development and plasticity of corticostriatal circuits. Mu-
tation of the Foxp2 gene decreases synaptic transmission
and plasticity in corticostriatal synapses (Groszer et al.,
2008; Enard et al., 2009; Reimers-Kipping et al., 2011).
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Humanized Foxp2 gene has been shown to increase syn-
apse formation and synaptic functioning in the SPNs from
mouse brains (Enard et al., 2009; Chen et al., 2016). It is
important to note that developmental deficits in spoken
language function are a comorbidity associated with var-
ious other psychiatric disorders, including ASD in which
vocal communication can also be severely affected. In-
terestingly, Foxp2 has been shown to negatively regulate
several ASD-risk genes, including Cntnap2, Met, and
Mef2c (Vernes et al., 2008; Mukamel et al., 2011; Chen
et al., 2016). Our recent study has uncovered a molecular
mechanism by which Foxp2 promotes the synaptogen-
esis of corticostriatal circuits via suppression of Mef2c, a
negative regulator of synapse formation. The Foxp2-
Mef2c signaling-mediated synaptic wiring of corticostria-
tal circuits has a causative role in vocal communication
(Chen et al., 2016). Cntnap2 may modulate corticostriatal
inputs via regulation of the development of striatal
GABAergic interneurons (Pefiagarikano et al., 2011). Fi-
nally, Met knock-out mice have been shown to exhibit
hyperactivity of corticostriatal pyramidal neurons in corti-
cal Layer Vb, which may affect the development of corti-
costriatal pathways (Qiu et al., 2011).

Cortico-basal ganglia circuits engage with other neural
circuits to control complex neurobiological functions such
as speech and language. The corticostriatal circuits may
be a good entry point by which one may explore the
developmental basis of vocal communication and this
should be able to provide insights into the pathogenesis
of various speech and language disorders.

Tourette syndrome

Tourette syndrome is a childhood-onset neurodevelop-
mental disease that is characterized by involuntary vocal
and motor tics. Tourette syndrome is categorized as one of
the three tic disorders in DSM-V (American Psychiatric As-
sociation, 2013). Tourette syndrome is a heterogeneous dis-
order that shows comorbidity with other neuropsychiatric
diseases, including OCD and ADHD (Hirschtritt et al., 2015).
The pathophysiology of Tourette syndrome is poorly under-
stood. At the circuit level, increasing evidence had impli-
cated pathologic changes in cortico-striato-pallido-thalamic
circuits within the brains of patients with Tourette syn-
drome (McNaught and Mink, 2011). Neuroimaging studies
have found abnormal increases in structures associated
with corticostriatal connectivity, and these are further cor-
related with the severity of the tics (Govindan et al., 2010;
Worbe et al., 2015), At the genetic level, twins siblings
studies of individuals with Tourette syndrome have indi-
cated that the concordance rate of monozygotic twins is
higher than that of dizygotic twins (McNaught and Mink,
2011). Furthermore, genetic studies have identified a
number of candidate genes that are associated with
Tourette syndrome. One possible candidate gene is the
Slit and Trk-like 1 (SLITRK7) gene. Patients carrying
SLITRK1 variant alleles have known to exhibit Tourette
syndrome (Abelson et al., 2005). Slitrk1 is expressed at
high levels in cortical Layers lll, V, and VI, which is where
the corticostriatal and corticothalamic projection neurons
are located in the mouse brain. Slitrk1 is also highly
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expressed in postnatal striosomes. Expression of slitrk1
has been shown to be significantly down-regulated after
the second postnatal week, which is when corticostriatal
innervation and synaptogenesis occur. The expression
pattern of SLITRK1 in the cerebral cortex and striatum of
the human brain is similar to that found in the monkey
brain and the mouse brain (Stillman et al., 2009). Previous
studies have shown that Slitrk1 positively regulates den-
drites outgrowth and synaptogenesis in cortical pyramidal
neurons and hippocampal neurons (Abelson et al., 2005;
Yim et al., 2013; Beaubien et al., 2016). Given that Slitrk1
is expressed during the development of corticostriatal
pathways, a potential role for Slitrk1 in the regulation of
corticostriatal connectivity and its possible involvement in
Tourette syndrome warrants further investigation.

Conclusion

A broad repertoire of genetic components participates
in the synaptic wiring of the corticostriatal circuits during
development. Activity-dependent machinery is also ad-
opted to fine tune synaptogenesis to develop precise
functionality within the cortico-basal ganglia network.
Characterization of the development and functioning of
corticostriatal circuits may not only help us to understand
the developmental basis of motor control, skill develop-
ment and habit learning as well as complex cognitive
functions such as speech and language, but may also
provide insights into the pathophysiology of corticostriatal
circuits-related neurologic and psychiatric disorders.
This, in turn, may lead to the identification of potential
therapeutic approaches to the treatment of these impor-
tant diseases.
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