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Abstract

The striatum receives abundant glutamatergic afferents from the cortex and thalamus. These
inputs play a major role in the functions of the striatal neurons in normal conditions, and are
significantly altered in pathological states, such as Parkinson’s disease. This review summarizes
the current knowledge of the connectivity of the corticostriatal and thalamostriatal pathways, with
emphasis on the most recent advances in the field. We also discuss novel findings regarding
structural changes in cortico- and thalamostriatal connections that occur in these connections as a
consequence of striatal loss of dopamine in parkinsonism.

Introduction

The main input nucleus of the basal ganglia, the striatum, is composed of spiny projection
neurons (SPNs), and several types of interneurons (Kreitzer 2009; Tepper et al. 2018). The
striatal SPNs project to the output nuclei of the basal ganglia (internal globus pallidus (GPi)
and substantia nigra reticulata (SNr)) or to the external segment of the globus pallidus
(GPe) establishing the direct (dSPNs) and indirect (iSPNs) pathways, respectively (Albin
et al. 1989). These pathways are further identified by the selective expression of dopamine
(DA) receptors, with D1 receptors (D1Rs) expressed on dSPNs and D2 receptors (D2Rs)
on iSPNs, respectively (Gerfen and Surmeier 2011). The striatum receives substantial
dopaminergic inputs from the substantia nigra compacta (SNc), GABAergic inputs from
the GPe and massive glutamatergic afferents from most cortical regions and several thalamic
nuclei. The latter are the focus of this review.

The striatal interneurons include cholinergic interneurons (ChINs) and a diversity of
GABAergic interneurons (Assous and Tepper 2019a; Kreitzer 2009; Tepper and Bolam
2004; Tepper et al. 2010). Three main groups of GABAergic interneurons have been
traditionally defined: parvalbumin (PV)-expressing (also known as fast spiking interneurons
or FSls), neuropeptide Y and somatostatin (NPY/SOM)-expressing (also termed low-
threshold spike or LTS interneurons), and calretinin (CR)-expressing (Kawaguchi et al.
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1995) interneurons. The use of transgenic mice has allowed the characterization of new
subtypes of striatal GABAergic interneurons according to their molecular, physiological
and pharmacological properties (Burke et al. 2017), such as the tyrosine hydroxylase (TH)
expressing and NPY-neurogliaform interneurons (Assous and Tepper 2019b). In the last
years, genomic-based approaches have served to identify novel striatal cell types which
are species unique. For example, in primates a new type of striatal interneuron has been
described, which is not found in rodents (Krienen et al. 2020), and SPNs have been
subdivided into more than the two traditional ‘direct’” and ‘indirect’ pathway categories,
based on their molecular definition and anatomical localization (He et al. 2021).

Besides the anatomical subdivisions (described in the next section), the striatum has been
segmented into histochemically defined compartments known as striosomes (‘patches’)
and matrix, which are characterized by expression of various neurochemical markers,
connectivity patterns and functional roles (Brimblecombe and Cragg 2017; Crittenden and
Graybiel 2011).

This review aims to provide an update on the most recent advances on our understanding
of the anatomy and connectivity of the corticostriatal and thalamostriatal connections.

We also discuss how the loss of dopaminergic innervation to the striatum, which is the
main pathological hallmark of parkinsonism, is associated with changes in cortico- and
thalamostriatal connections. The current knowledge about the anatomical and functional
organization of cortical and thalamic inputs to the striatum is extensive, and in the last
few years, the use of viral based tracing (including trans-synaptic tracing with deletion
mutant-rabies virus, e.g. Lavin et al. 2020) in combination with transgenic mice lines has
provided a more nuanced understanding of the specific cell types that participate in these
pathways (Smith et al. 2022). In Table 1 we present a summary of recent studies that have
used viral vectors as tracers to map connections to the striatum in rodents and non-human
primates. For a more extensive covering of earlier studies in which traditional tracer methods
have been used, the reader is directed to previous reviews that have been published on this
topic (e.g., Mathai and Smith 2011; Shepherd 2013; Smith et al. 2014a; Bradfield et al.
2013; Galvan et al. 2016; Stayte et al. 2021).

Corticostriatal Inputs

Anatomical organization of corticostriatal inputs

The corticostriatal inputs have been well described for decades and present an anatomo-
functional organization based on the cortical origin of those inputs (Alexander et al. 1986;
Pan et al. 2010). Thus, the striatum of the rodent and primate is classically subdivided into
three functional territories. In the primate, we distinguish the posterior putamen, connected
to the primary motor cortex (M1), the premotor areas and the somatosensory cortex, which
forms the motor striatum; the anterior putamen, along with the body and the head of

the caudate nucleus, connected to the premotor, prefrontal, parietal and temporal areas,
which correspond to the associative striatum; the ventral part of the anterior regions of the
caudate nucleus and putamen, including the nucleus accumbens (NAcc), connected to the
orbitofrontal cortex, anterior cingulate cortex and amygdala, which form the limbic striatum
(Alexander et al. 1986; Selemon and Goldman-Rakic 1985; Kunzle 1977, 1975; Goldman
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and Nauta 1977). In the rodent, these territories correspond to the dorsolateral striatum
(receiving inputs primarily from motor and somatosensory cortices), the dorsomedial
striatum (which receives a majority of inputs from frontal and associative cortices) and

the NAcc (which receives inputs from limbic cortices) (McGeorge and Faull 1989; Voorn

et al. 2004). Although traditional findings indicate that striosomes and matrix compartments
receive preferentially inputs from limbic and sensorimotor cortex, respectively (Crittenden
and Graybiel 2011), recent work using retrograde virus as tracers and transgenic mice

has shown that both matrix and striosomes receive cortical information from sensorimotor,
limbic and associative regions (Table 1, Smith et al. 2016).

Most of the cortical neurons projecting to the striatum are small to medium sized pyramidal
neurons in layers 3 and 5. In rodents, two main categories of corticostrial neurons have been
distinguished: the intratelencephalic (IT) neurons mainly located in layer 3 and upper layer
5 and the pyramidal tract (PT) neurons located in the lower layer 5 (Levesque et al. 19964a;
Levesque et al. 1996b; Reiner et al. 2003; Landry et al. 1984; Wilson 1987; Levesque and
Parent 1998)

The axonal projection of IT neurons innervates the ipsilateral and contralateral cortex and
striatum, while the PT neurons innervate the brainstem and spinal cord and give rise to axon
collaterals that innervate the striatum. Anatomical tracing studies have also identified this
distinction in population of corticostriatal projection neurons in monkeys (Parent and Parent
2006). For example, in the macaque brain, with the use of retrograde tracer injections in

the caudate, contribution of layer 3 in the temporal cortex and the prefrontal cortex was
found to be correlated with the density of the corticostriatal cells (Arikuni and Kubota 1986;
Saint-Cyr et al. 1990). Note, however, that only few PT neurons sparsely branch to the
striatum, and these neurons do not innervate other forebrain, midbrain or spinal cord regions
(Smith et al. 2014b). This is in stark contrast to rats, in which many PT neurons show a
prominent collateralization to the striatum (Sinopoulou et al. 2022).

In the last few years, progress has been made towards a more nuanced description of

the corticostriatal projection. By using retrograde tracers, it was shown that the laminar
pattern of corticostriatal projections differs according to the striatal area targeted in macaque
monkeys. Thus, projections from the superior temporal cortex to the head of the caudate
arise from layers 3 and 5, whereas those targeting the tail of the caudate originate in layers
3 and 6 (Griggs et al. 2017). Similarly, other study that examined corticostriatal projections
from the frontal motor areas and the frontal operculum, showed that, after injections of
retrograde tracer in the motor putamen, the proportion of corticostriatal labeled neurons in
layers 3 and/or 6 was comparable or even stronger than in layer 5. Furthermore, within
these regions, the laminar distribution pattern of corticostriatal labeled neurons largely
varied independently of their density and projecting area, but likely according to the

target striatal zone (Borra et al. 2021). The authors emphasized that layer 6 could be a
source of corticostriatal inputs. Given that layer 6 is traditionally host to corticothalamic

or corticocortical pyramidal cells (Chen et al. 2009; Llano and Sherman 2008; Bourassa
and Deschenes 1995; Bourassa et al. 1995; Deschenes et al. 1998; Thomson 2010), these
results suggest that these corticostriatal pyramidal cells represent a newly described class
of layer 6 neuron. Also, a novel connection was recently described in the mouse auditory
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cortex, originating from layer 4 (which had been considered to be involved exclusively in
intracortical circuits) to the striatum (Bertero et al. 2022).

The laminar pattern of the corticostriatal projection, which appears to be more complex
than previously described, suggests an elaborated information processing, in which different
aspects of motor and nonmotor functions provide converging input to the striatum. Indeed,
the different striatal functional territories seem to combine information from various cortical
layers and areas, possibly differing in terms of information coding, timing, and direction

of information flow. Such view challenges the classic notion of segregated functional loops
(Alexander et al. 1986).

Recently, the study of neural circuits has been revolutionized using transcriptomics to
examine genetic expression at the regional or single cell level. These studies complement
anatomical tracer studies by examining the gene expression patterns across brain structures
that are functionally related, such as the cortex and the striatum. Using human and primate
brain transcriptional atlases, Anderson et al (2018) demonstrated that spatial patterns of gene
expression show strong correspondence with limbic (including NAcc and orbital frontal
cortex) and motor (including the dorsal putamen and motor, auditory and sensory cortices)
corticostriatal functional networks (Anderson et al. 2018). These observations, which are
consistent across humans and evolutionarily conserved in hon-human primates, suggest that
functionally coupled cortex and striatum regions shared profiles of gene expression. Along
the same line, a recent neuroimaging study comparing data from human and non-human
primate, provided evidence for a correspondence between corticostriatal functional networks
(Liu et al. 2021). Although the study reports significant similarity in the corticostriatal
resting state functional connectivity between human and macaque rostral caudate and
putamen, it also revealed cross-species differences in the connectivity of the dorsal caudate
with prefrontal regions, somatosensory cortex, and visual areas of cortex.

Neuronal targets of corticostriatal inputs

As described above, the striatum internal circuitry is composed by an heterogenous neuronal
population. The cellular and ultrastructural targets of the corticostriatal inputs provide
another level of complexity to these projections.

The cortical inputs target preferentially the SPNs by forming asymmetric synapses at the
level of the dendritic spines (Somogyi et al. 1981; Frotscher et al. 1981; Kemp and Powell
1971; Smith and Bolam 1990). Studies using retrograde tracers have found that in the
dorsolateral striatum of rats, striatonigral (dSPNs) preferentially receive input from IT
cortical neurons, whereas striatopallidal neurons (iISPNSs) receive greater input from PT
cortical neurons (Lei et al. 2004; Deng et al. 2015). Electron microscopy studies and
physiological recordings have shown that neurons in many of the cortical input areas
connect with both types of SPNs, as well as with ChINs and GABAergic interneurons (Lei
et al. 2004; Lapper and Bolam 1992; Assous and Tepper 2019a). In rodents in particular, the
development of genetics tools with numerous Cre-expressing mouse lines has provided the
opportunity to study how the corticostriatal connections are established within the striatum,
revealing a non-uniform and highly specific organization of diverse cortical inputs onto

the striatal interneurons and SPNs. Using rabies virus-based trans-synaptic tracing methods
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injected in the dorsal striatum of mice, it has been shown that both types of SPNs and ChINs
receive monosynaptic inputs from discrete brain areas in the cortex (Table 1, Guo et al.
2015; Wall et al. 2013). In the dorsal striatum, these inputs arise from areas involved in the
sensory and motor processing, but also from limbic areas such as the cingulate cortex and
the amygdala.

Modified rabies virus tracing was also used to study the cortical input patterns onto striatal
ChINs and PV-positive GABAergic interneurons. The rabies virus injections were performed
in the dorsal striatum of transgenic mice in which Cre recombinase was expressed in either
ChAT or PV-positive neurons (Table 1, Klug et al. 2018). The tracing results revealed that
both types of striatal interneurons received a vast majority of inputs from the cortex. The
ChINs receive inputs from the cingulate cortex and the secondary motor cortex (M2) while
the PV-expressing interneurons receive inputs from similar cortical regions with the addition
of a substantial primary motor and primary somatosensory cortex inputs. This suggests a
role for PV-positive interneurons in sensorimotor integration, while ChINs are contacted by
associative regions of cortex. Moreover, in this study, the authors identified that the cortical
neurons projecting to the ChINs and PV-expressing interneurons originate from cortical
layers 2/3, 5 and 6.

Johansson and Silberberg (2020) examined whether the synaptic inputs from the primary
sensory (S1) and primary motor (M1) cortices targeted specific cell types in the mouse
dorsolateral striatum. (Johansson and Silberberg). The organization of corticostriatal inputs
was mapped onto five types of striatal neurons (SPNs and interneurons) to determine

their synaptic strength, short term plasticity and receptor composition. By optogenetically
activating the ipsilateral or contralateral inputs while simultaneously whole-cell recording
from the SPNs and neighboring interneurons, it was found that ipsi- and contralateral S1
and M1 inputs target dSPNs and iSPNSs, but the types of co-activated interneurons are
unique for each cortical input. PV interneurons receive the strongest inputs from S1 and M1,
NPY/SOM interneurons are primarily excited by contralateral M1, and ChINs receive no
input from contralateral M1 and S1. Moreover, S1 afferents densely target the dorsolateral
striatum, but rarely contact NPY/SOM and ChINs, while M1 ipsilateral afferents innervate
the dorsolateral and dorsomedial striatum and frequently form functional synapses onto
NPY/SOM and ChINs (Figure 1). These anatomical findings support behavioral studies
identifying the dorsolateral striatum as the neural substrate for sensorimotor integration,
whereas the dorsomedial striatum acts as an associative territory central to instrumental
conditioning and behavioral flexibility. Transgenic mouse lines and optogenetics slice
electrophysiology has also been used to assess the cellular origin of corticostriatal inputs.
With these tools, a recent study described an excitatory circuit by which IT and PT
corticostriatal inputs differentially impact the SPNs activity in the dorsolateral striatum of
mice (Morgenstern et al. 2022). This circuit is predominantly constituted by a polysynaptic
connection from cortical neurons to ChINs to glutamate-releasing axons, running in parallel
to the monosynaptic connection from the cortex to the SPNs. In this circuit, responses

are preferentially evoked by PT neurons, rather than IT neurons, because of a stronger PT-
cholinergic interneurons strength (Figure 2) (Morgenstern et al. 2022). This study, combined
with the data from Johansson and Silberberg (2020), showing that ChINs in the dorsolateral
striatum are exclusively contacted by ipsilateral cortical axons, indicate that ChINs receive
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predominant PT inputs. In the same way, the PV-positive interneurons receive a strong
connectivity from IT neurons.

The improved understanding and mapping of the corticostriatal projections in relation with
the neuronal diversity of the striatum allowed us to clarify the role those local microcircuits
play in the processing of information within the striatum. The evidence currently available
shows that this processing is not limited to a simple summation of cortical inputs onto
SPNs. Intra-striatal connectivity, provided by all striatal interneurons and by local axon
collaterals of SPNs, directly modulates SPNs’ synaptic inputs and excitability. This complex
organization of the corticostriatal inputs is likely to be the basis of an elaborate processing
of signals and may have differential implications on behavior and plasticity. Future studies in
which the identified corticostriatal pathways are differentially manipulated in vivo in rodent
or non-human primate models, could help assess the functional significance of the distinct
cortical origins and targets of the cortical inputs to the striatum.

Thalamostriatal Inputs

Anatomical organization of thalamic inputs

Neurons in the caudal intralaminar nuclei (centromedian/parafascicular (CM/PF) complex)
are the main source of thalamic inputs to the striatum. In primates, the CM and PF are two
separate nuclei, while in rodents, the caudal intralaminar nuclei are a single structure known
as PF, the lateral part of which has been considered as the homologue of the primate CM
(Jones 2007).

The CM/PF projections to the striatum are topographically organized and display a clear
functional segregation. In primates, the CM projects to the post-commissural (sensorimotor)
putamen, while the rostral and caudal portions of the PF project to the NAcc and to

the caudate (limbic and associative striatum respectively) (Galvan et al. 2016; Smith et

al. 2004). An equivalent segregation can be found in rodents, in which the lateral part

of the PF projects to the dorsolateral (sensorimotor) striatum and the medial PF projects

to the dorsomedial (associative) striatum (Berendse and Groenewegen 1990; Mandelbaum
et al. 2019). Recent studies in the mouse have revealed further details of the PF-striatal
projection, showing that this pathway is composed of various neuronal subclasses, each with
distinct transcriptional and physiological characteristics, and each reciprocally connected
with specific functional cortical regions (Mandelbaum et al. 2019). Thus, ‘medial’ PF
neurons project to the matrix compartment of the medial striatum, and to limbic cortical
regions; neurons in the central portion of PF project to dorsomedial striatum and to limbic
and associate regions of cortex; while lateral PF neurons project to dorsolateral striatum and
to somatosensory regions of cortex (Mandelbaum et al. 2019). The functional segregation
of the PF-striatal pathways was confirmed using monosynaptic retrograde rabies virus and
chemogenetic manipulation (Zhang et al. 2022). These studies showed that connection from
the PF to the dorsal striatum is involved in motor behaviors, while PF projections to the
ventral (limbic) striatum (NAcc) have a role in mood (Zhang et al. 2022).

Besides the CM/PF, the striatum receives significant inputs from other thalamic nuclei,
mainly from the rostral intralaminar (including the central lateral (CL), paracentral, central
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medial), midline, the mediodorsal, the motor nuclei (ventral anterior-ventral lateral (VA/VL)
complex) and the pulvinar (Berendse and Groenewegen 1990; Beckstead 1984; Smith and
Parent 1986; Groenewegen and Berendse 1994; Alloway et al. 2014), but it is now clear that
most of the thalamus projects to some degree to the striatum (Hunnicutt et al. 2016). As is
the case for the projections from the CM/PF, other thalamic nuclei (from here on termed
‘non-CM/PF’ or ‘non-PF’ in the case of rodents) display a topographical organization and
preserve functional segregation. For instance, the dorsal midline thalamic nuclei project

to the NAcc while the rostral intralaminar group targets preferentially the dorsal striatum
(Berendse and Groenewegen 1990; Van der Werf et al. 2002; Elena Erro et al. 2002;
Gimenez-Amaya et al. 2000; Nakano et al. 1990; Parent et al. 1983; de las Heras et al.
1999).

Studies that integrated large-scale viral tracing databases showed that thalamic projections to
the striatum overlap with functionally related cortical projections, and help delineate distinct
functional regions in the striatum in mice (Hunnicutt et al. 2016). Similarly, in primates the
sensorimotor putamen receives overlapping inputs from motor areas of thalamus and cortex
that are interconnected (McFarland and Haber 2000), and convergent connectivity patterns
have been proposed for projections from the VA and frontal cortices with associative regions
of the striatum (Haber and Calzavara 2009). Such arrangements support interactions of
functionally related corticostriatal and thalamostriatal projections.

At the compartmental level, the thalamic input to the striatum targets both the matrix and
the striosome compartments, but the inputs to each of these compartments originate from
different thalamic nuclei. Studies in primates and in rodents using traditional anatomical
tracers found that CM/PF projections target mostly the matrix compartment, while inputs
from non-CM/PF nuclei terminate in the matrix and striosomes (Herkenham and Pert 1981;
Sadikot et al. 1992b; Berendse and Groenewegen 1990; Fujiyama et al. 2019; Ragsdale
and Graybiel 1991; Raju et al. 2006). This pattern has been confirmed in more recent
rodent studies that used viral vectors tracers combined with single-cell reconstruction
(Unzai et al. 2017) or with transgenic mice in which Cre is selectively expressed in the
matrix or striosome (Smith et al. 2016). The latter study found that both compartments
receive comparable inputs rom PF, but associative thalamic nuclei project preferentially to
striosomes (Smith et al. 2016).

Neuronal targets of thalamostriatal inputs

Thalamostriatal inputs contact SPNs and multiple types of striatal interneurons. Although
earlier studies were not able to discriminate SPNs subtypes, the use of bacterial artificial
chromosome (BAC) transgenic mice has allowed identification of SPNs from the direct
(D1R-expressing) or indirect (D2R-expressing) pathways (Doig et al. 2010; Lei et al.
2013). These studies found that neurons of both pathways receive similar proportions of
thalamic terminals (Doig et al. 2010; Lei et al. 2013). While some evidence suggests a
slight preference for direct pathway neurons (Lei et al. 2013; Sidibe and Smith 1996),
recent studies in rodents using rabies virus to trans-synaptically trace projections to specific
striatal neuronal subtypes, have confirmed that SPNs in direct and indirect pathways receive
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thalamic inputs (from PF as well as from other nuclei) in comparable proportions (Guo et al.
2015; Wall et al. 2013).

Among striatal interneurons, ChINs receive prominent projections from the CM, as
demonstrated by tract tracing (i.e., Sidibe and Smith 1999; Lapper and Bolam 1992) and
rabies viral vectors studies (Guo et al. 2015; Wall et al. 2013). Thalamic contacts are found
from proximal to distal dendrites of ChINSs, indicating that thalamic inputs can regulate

the activity of these neurons at many locations along their dendritic tree (Doig et al.

2014). As we discuss below, the thalamic modulation of ChINs has a tight interaction with
dopaminergic inputs from the nigrostriatal pathway. According to Tanimura et al. (2019),
the inputs to ChINs arise only from PF, but not other thalamic nuclei. Furthermore, the PF
neurons that contact these interneurons represent a particular neuronal population, that, in
contrast to PF neurons that innervate SPNs, lack expression of the retinol binding protein 4
(Rbp4, a retinol transporter) (Tanimura et al. 2019).

Several other types of striatal interneuron receive thalamic contacts, albeit to a lesser

extent than ChINs. In primates, CM terminals make synaptic contact with parvalbumin- and
somatostatin-positive dendrites (but not with calretinin-positive elements) (Sidibe and Smith
1999). In rodents PV-expressing interneurons receive thalamic inputs on proximal dendrites
(Rudkin and Sadikot 1999; Nakano et al. 2018; Zheng et al. 2021), although most of these
contacts arise from non-PF nuclei, with a large contribution from motor thalamic nuclei
(Nakano et al. 2018). Other types of interneurons that receive contacts from the thalamus are
described below, along with comparisons of the cortical inputs to these neurons.

Electron microscopy (EM) studies have analyzed at the ultrastructural level the connectivity
patterns of thalamic input to the striatum. Projections from the CM/PF nuclei contact
preferentially the dendritic shafts of SPNs, in contrast to inputs from other (non-CM/PF)
nuclei, which terminate on the spines of these neurons (Raju et al. 2006; Lacey et al. 2007)
Concordant with these observations, most of the thalamic terminals localized in striosomes
(known to originate mostly from non-CM/PF nuclei, see above) synapse onto dendritic
spines, while thalamic terminals in the matrix compartment, which arise preferentially from
CM/PF neurons, tend to terminate onto dendritic shafts (Raju et al. 2006; Fujiyama et al.
2019).

As discussed in previous reviews, the thalamostriatal inputs have been found to play major
roles in conveying sensory-related information to the striatum, modulating attention-related
cognitive processes, such as behavioral switching and goal-directed action selections (Stayte
et al. 2021; Galvan et al. 2016; Alloway et al. 2017; Yamanaka et al. 2018). One of the main
roles of the thalamostriatal CM/PF pathway, may be to gate corticostriatal transmission by
modulating the activity of ChINs, and through this interaction regulate learning processes
related to flexibility of behavior and attentional set-shifting (Kato et al. 2021).
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Differences and similarities between corticostriatal and thalamostriatal

connections

Direct comparisons of the characteristics of cortico- and thalamostriatal terminals has been
facilitated by the discovery that these two inputs preferentially express a different vesicular
glutamate transporter, that allows identification of these terminals at the molecular level.
Cortical terminals express vGIluT1, while thalamic terminals, along with most of other
subcortical glutamate structures, express vGIuT2 (Fremeau et al. 2004).

Immunohistochemistry against vGIluT1 and vGIuT2 has frequently been used to identify
cortical and thalamic inputs, respectively and increase our understanding of corticostriatal
and thalamostriatal connectivity. However, it is important to bear in mind that some neurons
in principal relay and association thalamic nuclei (but not in midline and intralaminar nuclei)
that project to the striatum co-express mRNAs for vGIuT1 and vGIuT2 (Barroso-Chinea et
al. 2007; Barroso-Chinea et al. 2008), and thus it cannot be ruled out that vGluT1 may be
expressed, at least to a low level, in these thalamic terminals (see also Graziano et al. 2008).

Striatal compartments

The traditional description of the connectivity of matrix and striosome compartments state
that the matrix receives, preferentially, sensorimotor and associative circuits, while the
striosomes receive inputs from limbic regions of cortex (Kincaid and Wilson 1996; Eblen
and Graybiel 1995; Gerfen 1989; Jimenez-Castellanos and Graybiel 1987; Crittenden and
Graybiel 2011). This view has been updated with the use of novel viral vector tracing
methods and genetic-based approaches.

To identify brain-wide differences in the afferents received by the matrix and striosome,
viral tracing studies were conducted in transgenic mice (Smith et al. 2016). Ata
compartmental level, the matrix was found to receive significantly more inputs from cortex,
while the striosomes received more inputs from subcortical regions (including thalamus).
Other recent study used immunohistochemistry to directly compare vGIuT1 and vGIuT2 in
matrix and striosome compartments (Fujiyama et al. 2019), and reported that, in contrast
to the findings with the viral tracing methods by Smith et al (2016), vGluT1-positive
(cortical) terminals were homogenously expressed in striosome and matrix compartment.
These discrepancies could be due to different sensitivity of the viral tracing and the
immunohistochemistry methods. On the other hand, vGIluT2 (thalamic) terminals were
found to be enriched in the matrix (Fujiyama et al. 2019). It is likely, however, that most
of these inputs arise from CM/PF because, as noted above, the thalamic inputs from non-
CMY/PF nuclei present a homogenous distribution in matrix and striosomes.

Predominance of cortical over thalamic inputs

Based on the size of the cortical mantle, it would be expected that the inputs from the cortex
to the striatum outnumber those from the thalamus. In general, studies that have quantified
vGIuT1- and vGluT2-expressing terminals in the striatum report that the proportion of
cortical (vGIuT1-positive) terminals is higher than the thalamic (vGIuT2-positive) terminals,
but the specific proportions vary among studies and species (Smith et al. 2014a). More
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recent studies using trans-synaptic viral vectors similarly showed that the dorsal striatum
receives a more abundant innervation from the cortex than from the thalamus (Wall et

al. 2013; Guo et al. 2015). Interestingly, two recent studies in non-human primates using

a retrograde viral vector (AAVrg) found that injections of this virus in the caudate and
putamen of macaques resulted in abundant transduction of neurons in the cortex (as well as
in many subcortical regions known to project to the striatum), but there was an striking lack
of expression of the transgene in thalamic neurons (Table 1, Albaugh et al. 2020; Weiss et al.
2020), although the same AAV vector leads to prominent labeling in intralaminar and other
thalamic nuclei in rodents (Tervo et al. 2016; Albaugh et al. 2020), indicating a possible
pathway and species specificity of the AAVrg vector and highlighting the importance of
careful characterization of viral vectors for inter-species studies.

As we described next, the prevalence of the two types of excitatory inputs also differs among
striatal cell types. Most striatal neurons receive synaptic contacts from cortex and thalamus,
but the strength of these connections is cell specific, as explained by Assous et al. (2019).

Connections with SPNs

SPNs of both direct and indirect pathway receive higher proportion of excitatory inputs
from cortex than from thalamus (Doig et al. 2010; Huerta-Ocampo et al. 2014). However,
individual SPNs, from both the direct and indirect pathway, receive convergent inputs from
cortex and thalamus (Huerta-Ocampo et al. 2014; Doig et al. 2010), in agreement with
functional studies showing that single SPNs from either pathways respond to both thalamic
and cortical stimulations (e.g., Arias-Garcia et al. 2018).

Cortical and thalamic terminals display a clear differential pattern of synaptic contacts onto
SPNs. In rodent and primates, cortical inputs terminate on dendritic spines, and similarly
thalamic inputs from non-CM/PF nuclei are also established on spines (Fig. 3) (Raju et

al. 2008). However, as noted above, CM/PF inputs make synapses on dendritic shafts

(Raju et al. 2006). Thus, the CM/PF complex provides the only source of axodendritic
glutamatergic terminals to SPNs, underscoring a significant role in regulating the activities
of these neurons.

Connections with cholinergic interneurons

In contrast to SPNs, ChINs, receive a much more prominent glutamatergic innervation

from thalamic than cortical sources (Doig et al. 2014). Electron microscopic observations
showed that an individual Chl could receive synapses from cortical and thalamic afferents
(Doig et al. 2014). Although the prominence of thalamic inputs to ChINs has been well
documented with tracing and functional experiments (Assous and Tepper 2019a), trans-
synaptic retrograde tracing in transgenic mice expressing Cre in ChINs found a higher
number of cortical than thalamic neurons projecting to these cells (Guo et al. 2015), still
cortical inputs tended to make fewer inputs to ChINs compared to SPNs (Guo et al. 2015). It
is important to keep in mind that monosynaptic tracing using rabies virus reveals anatomical
connectivity but does not inform about the efficacy of these connections. The higher
number of cortical than thalamic neurons projecting to ChINs reported in rabies tracing
studies, coupled to the reported strength of thalamic connections onto striatal cholinergic
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interneurons, could suggest that each thalamic projection establishes numerous synaptic
contacts with a single ChIN, while cortical neurons may only make a few contacts on each
of these cells. This view is supported by single-cell tracing and electron microscope studies
(Doig et al. 2014; Sadikot et al. 1992a). Selective optogenetic stimulation of thalamic or
cortical inputs onto ChINs show, however, that both inputs exert similar responses on single
ChINs (Arias-Garcia et al. 2018; Mamaligas et al. 2019) indicating that either of these
glutamatergic sources could influence cholinergic activity in the striatum.

Connections with GABAergic interneurons

Less is known about the relative contributions of thalamic and cortical inputs for non-
cholinergic striatal interneurons since few studies have compared side by side glutamatergic
inputs to GABAergic interneurons. In part, this lack of knowledge is due to the difficulty in
identifying the several types of striatal interneurons (Assous and Tepper 2019b).

Among GABAergic interneurons, PV-positive cells have received most experimental
attention. It has been known for many years that these cells receive inputs from cortical

and thalamic regions (reviewed in Assous and Tepper 2019b), but the specific proportions
of each type of input may vary among species, since the thalamic afferents to these
interneurons appear to be more prominent in non-human primates than in rodents (Sidibe
and Smith 1999; Rudkin and Sadikot 1999). Functional studies have demonstrated that both
cortical and thalamic inputs modulate the activity of these interneurons (Assous and Tepper
2019a). Furthermore, the use of trans-synaptic tracing with rabies virus in transgenic mice
expressing Cre in PV-positive cells confirmed that cortical regions contribute more afferents
to these cells than thalamic ones (Table 1, Choi et al. 2019). Similarly, immunofluorescence
and electron microscope studies found that both vGluT1- and vGluT2-positive terminals
make close appositions with the soma and dendrites of PV-positive cells in the striatum,
however, in contrast to previous views, vGluT2-expressing terminals showed a tendency

to prefer proximal than distal dendrites, perhaps hinting at a stronger thalamic control of
PV-positive interneurons than previously thought (Zheng et al. 2021). In agreement with the
anatomical studies, functional optogenetic stimulation studies have shown that both cortical
and thalamic inputs modulate the activity of FSIs (Arias-Garcia et al. 2018), although the
effects of each pathway are distinct and mediated by the interneurons intrinsic and synaptic
properties (Sciamanna et al. 2015).

NPY/SOM-interneurons receive cortical inputs, but until recently the extent of the thalamic
innervation they receive had been debated (Choi et al. 2019; Assous and Tepper 2019a).
Using rabies virus to map monosynaptic connections in SOM-Cre and NPY-Cre transgenic
mice, Melendez-Zaidi and colleagues (2019, Table 1) showed that these neurons receive
very similar connections as those received by ChINs. That is, cortical projections to
NPY/SOM cells arise from cingulate cortex and M2, while thalamic projections originate
from PF (Melendez-Zaidi et al. 2019). Complementary functional optogenetic studies
showed that activation of cingulate cortex terminals evoked spiking in LTS interneurons,
but, regardless of the PF connections mapped onto these cells, activation of PF axons

had either no effect or induced inhibition of firing. Such paradoxical effect was shown

to be mediated by connections of PF terminals onto other interneurons, prominently
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ChINs (Melendez-Zaidi et al. 2019), in agreement with previous studies suggesting that
the functional thalamic connection to NPY/SOM interneurons is indirect and mediated by
other interneurons (Assous et al. 2017). The study by Melendez-Zaidi et al. underscores
the intricacy of the intrastriatal circuitry and, from a technical perspective, provides an
illustrative example of how retrograde tracing methods not always translate into functional
connectivity.

A recently identified type of striatal interneurons, the neuropeptide Y-expressing
neurogliaform (NGF) interneurons (Ibanez-Sandoval et al. 2011) display a larger response
to optogenetic stimulation of thalamostriatal than cortical inputs, and these responses are
mediated, at least in part, by ChINs (Assous et al. 2017). The anatomical connections from
the cortex or thalamus to these cells remain to be examined.

The functional consequences of the convergence of cortico- and thalamostriatal inputs

onto individual (or ensembles) of striatal neurons are still unclear. As noted by Xiao and
Roberts (2021), while the role of the corticostriatal pathway in performing motor sequences
is well-established, the involvement of the thalamostriatal inputs in motor learning and
motor performance remains to be more fully explored (Xiao and Roberts 2021). However,
recent studies have provided evidence that cortical and thalamic inputs jointly contribute

to learning and execution of motor skills (Wolff et al. 2022; Lee et al. 2019). A schematic
summary of the anatomical differences between cortico- and thalamostriatal connections is
shown in figure 3.

Interactions of cortico- and thalamostriatal terminals with dopamine inputs

The dopaminergic inputs from the substantia nigra compacta play a major role in the
modulation of striatal activity, not only by directly acting on striatal SPNs and interneurons,
but also by closely regulating the functions of cortico- and thalamostriatal terminals (Zhai et
al. 2019). According to the classic model (Albin et al. 1989), activation of D1Rs receptors
activates dSPNs, whereas activation of D2Rs inhibits iSPNs. However, it is important to
keep in mind that this functional separation into the two types of SPNs remains partial, given
interactions among striatal neurons, non-complete segregation of DA receptor expression in
dSPNs and iSPNSs, and expression of DA receptors in interneurons (Bertran-Gonzalez et al.
2008; Matamales et al. 2009; Gangarossa et al. 2013; Gagnon et al. 2017; Maurice et al.
2004; Salgado et al. 2005; Rivera et al. 2002; Holly et al. 2021).

The position of the dopaminergic afferent at the base of the dendritic spines of SPNs
facilitates its modulatory role with respect to the glutamatergic excitatory inputs which

form synapses at the spine head (Smith and Bolam 1990). Indeed, the modulatory effect of
dopamine on corticostriatal synapses has been extensively studied, and recent publications
have reviewed this subject focusing on its functional implications (e.g., Bamford et al. 2018;
Westbrook et al. 2021).

The organization of the corticostriatal inputs on the matrix and striosome compartments
has been studied, but many questions remain unanswered. For instance, our knowledge
of the mechanism that regulate striosome and matrix output is limited (Brimblecombe
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and Cragg 2017; Prager and Plotkin 2019). However, progress has been made concerning
the dopaminergic modulation of the corticostriatal input between the two different
compartments. An unexplored possibility is that there are intrinsic differences in how
striosome and matrix SPNs transform converging excitatory inputs into somatic state-
transitions and how this process is modulated by dopamine. Using transgenic mice in ex
vivo slice recordings, Prager and colleagues (2020) showed that responses to convergent
glutamatergic inputs are differentially modulated by DA in the matrix and striosome
compartments. Activation of D1Rs in dSPNs prolonged the duration of dendritically evoked
depolarization in the matrix but shortened the duration in striosomes. This result suggests
that elevations in DA levels in the striatum will reduce the time window during which dSPNs
in striosomes can fire action potentials, while simultaneously prolonging this time window
for matrix dSPNs, biasing ongoing striatal output away from striosomes and toward the
matrix (Prager et al. 2020). In the macaque monkey, a recent study using single nucleus
RNA sequencing revealed at least nine distinct genetically identified subtypes of SPNs
distributed within the striosome or matrix, each displaying distinct combination of DA
receptors (He et al. 2021). This new finding contributes to the heterogeneity and complexity
of the striatal population and dopaminergic receptors that participate in the dopaminergic
modulation of cortical afferents on the striatal projection neurons.

Electron microscope analysis have shown that most corticostriatal and non-CM/PF thalamic
terminals are directly contacted by a dopaminergic terminal while simultaneously converge
on, or are in close proximity to, individual spines of SPNs (Moss and Bolam 2008),
indicating that both types of terminals are positioned to be affected by synaptically released
dopamine. In contrast, inputs from the CM/PF (which, as noted above, occur on the shafts
of dendrites) are not directly apposed by dopaminergic terminals (Raju et al. 2006; Moss
and Bolam 2008). However, given the lattice-like arrangement of dopaminergic axons in the
striatum, which allows for most striatal structures to be in close proximity (within 1 microm)
to a dopaminergic synapse (Moss and Bolam 2008), and considering that dopaminergic
transmission can occur not only by synaptic released dopamine but also by spill-over of
synaptically released dopamine (Moss and Bolam 2008; Cragg and Rice 2004; Arbuthnott
and Wickens 2007), it is likely that most glutamatergic synapses from cortical, CM/PF and
other thalamic nuclei are regulated by dopaminergic innervation (Arbuthnott 2014). The
corollary is that the loss of dopaminergic inputs that characterize Parkinson’s disease would
impact the majority of glutamatergic inputs in the striatum.

In turn, both cortical and thalamic inputs to the striatum can modulate dopaminergic
transmission, through an indirect mechanism that involves ChINs. Electrical or optogenetic
stimulation of thalamo- or corticostriatal axons elicits firing of ChINs, ensuing activation
of nicotinic receptors on dopaminergic terminals (Threlfell et al. 2012) and release of
dopamine. (Ding et al. 2010; Kosillo et al. 2016). Dopamine release can, subsequently,
affect the response of ChINs to thalamic stimulation, which is characterized by a burst of
spikes, followed by a pause. The pause component is dopamine dependent, as demonstrated
by pharmacological blockade with D2R antagonists, which attenuates the pause, while

the dopamine transporter antagonist cocaine enhances it (Ding et al. 2010). Such effect
illustrates the tight interactions between glutamatergic and dopaminergic terminals in the
striatum.
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Morphological and connectivity changes in the corticostriatal and

thalamostriatal pathways in parkinsonism

The degeneration of the dopaminergic neurons in the ventrolateral part of the substantia
nigra pars compacta (SNc) in Parkinson’s disease (PD) leads to an imbalanced excitability
between direct and indirect pathway SPNs, and it is generally considered that the motor
deficits that characterize PD originate from this imbalance (Albin et al. 1989; DelLong
1990). The loss of striatal dopamine, however, also triggers a series of adaptive (and
maladaptive) events throughout the basal ganglia and thalamocortical circuits that exacerbate
the uneven activation of these pathways (Galvan et al. 2015). Many of these alterations
involve the cortical and thalamic inputs to the striatum.

Loss of dendritic spines in SPNs and alterations in striatal glutamatergic synapses

As has been repeatedly documented in animal models of parkinsonism and in humans with
PD, the progressive loss of the nigrostriatal pathway leads to a major loss of dendritic spines
(reviewed in Villalba and Smith 2013, 2018). The dendritic spine loss on SPNs appears to be
an early plastic change correlated with the degree of nigrostriatal DA innervation.

Numerous studies in animal models suggest that the synaptic architecture of SPNs
undergoes a complex re-organization in the parkinsonian state, including recent reports
confirming that the loss of striatal innervation of DA causes major synaptic dysfunction
with marked dendritic tree atrophy and severe decrease in spine density in both types of
SPNs (Gagnon et al. 2017; Lieberman et al. 2018; Graves and Surmeier 2019). However,
the literature is still ambivalent as to whether dSPNs and iSPNs are equally affected. Graves
et al. (2019) postulate that the time course of the dopaminergic denervation could explain
the discrepancies, since in 6-OHDA treated rodents dSPNs display a delayed spine loss
later after the lesion compared to iSPNs (Graves and Surmeier 2019). Thus, the study of
the morphology and functional activity in the partially dopaminergic-denervated striatum is
essential to understand the progression of parkinsonian symptoms. Pitx3-deficient aphakia
mice, a genetic model of partial dopaminergic innervation that occurs in a dorso-ventral
gradient in the striatum, provide an ideal tool to study structural and functional plasticity
under different degrees of dopaminergic innervation (Hwang et al. 2003). Using this model,
recent data established that DA modulates striatal morphology in a concentration dependent
manner. Indeed, the spine loss in dSPN and iSPN decrease from dorsal to ventral striatum
of these mice, following the pattern of decrease in DA levels (Alberquilla et al. 2020).

This modulatory effect seems to be mediated through D1Rs, which inactivation induces a
spine density reduction and increased firing in dSPN and, remarkably, also affect iSPNs by
reducing their dendritic tree complexity and spine density, without changing their firing rate
(Suarez et al. 2020).

Plasticity of the corticostriatal pathway

Given that most glutamatergic afferents synapse on the spines of SPNs (where they interact
with dopaminergic axons, Moss and Bolam 2008), it is not surprising that glutamatergic
synapses and glutamatergic transmission are substantially affected as a consequence of

DA denervation. Loss of glutamatergic synapses onto SPNs were first reported in rodent
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models of parkinsonism (Ingham et al. 1998), and similar observations were later obtained
in non-human primate models (Villalba and Smith 2018).

What is the origin of the glutamatergic terminals that are lost? As we described above,

both cortical and nonCM/PF thalamic glutamatergic terminals establish synapses on SPN
spines. The identity of the glutamatergic neurons affected in parkinsonism has been

studied with vGIuT1 and vGIluT2 markers. No significant change in the prevalence of
vGIluT2-immunoreactive terminals was found in the putamen of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-treated parkinsonian monkeys (Villalba et al. 2019), or 6-OHDA
treated rodents (Zhang et al. 2013), but the number of vGIuT1-positive synapses was
reduced in the rodent study (Zhang et al. 2013), suggesting that the loss of glutamatergic
synapses was driven by deafferentation of cortical inputs (Arbuthnott 2014). This may,
however, be an oversimplification because the lack of significant changes in vGluT2-positive
terminals could point to compensatory mechanisms in the thalamostriatal pathway in this
pathological condition. For instance, both vGIuT1 and vGluT2-positive terminals in the
striatum show profound ultrastructural changes, such as increases in volume or alterations

in synaptic areas (Villalba and Smith 2011). The likelihood of compensatory or plastic
mechanisms is also supported by the fact that in PD patients (Halliday 2009), as well as in
MPTP-treated monkeys (Villalba et al. 2014), there is a loss of neurons in the CM/PF. Loss
of PF neurons has also been reported in some rodent models of parkinsonism (Aymerich et
al. 2006; Ghorayeb et al. 2002; Freyaldenhoven et al. 1997; but see Henderson et al. 2005).

How the loss of CM/PF neurons contributes to changes in striatal morphology in
parkinsonism remains to be defined (Villalba et al. 2019). From a functional point of view,
the loss of DA alters the functional plasticity of glutamatergic synapses, strengthening those
synapses on iSPNs, and weakening those on dSPNs (Shen et al. 2022).

The plastic changes in glutamatergic terminals and transmission in the striatum have been
extensively investigated, and recently, studies have taken advantage of genetic models

of parkinsonism. For example, rodents with mutations or deletions of the PINK1 gene
(which encodes for the protein PTEN induced kinase 1) present motor symptoms and
alpha-synuclein aggregates in several brain regions as cerebral cortex, dorsal striatum and
substantia nigra (Dave et al. 2014). In Pink1 knock-out (KO) rats, there is an increase

of excitatory glutamatergic transmission onto striatal SPNs (Ren et al. 2019), which is
likely due to exacerbated firing of glutamatergic presynaptic neurons, an effect observed
at early stages of the pathology, at the same time as the first appearance of the motor
deficits (Creed et al. 2021). These results indicate that the increased glutamate could be a
consequence of heightened glutamatergic synaptic transmission into the SPNs, a notion is
supported by the findings that the expression of AMPA or NMDA glutamate receptors was
unchanged in in the mutant animals compared to wildtype controls (Creed et al. 2021), and
that electron microscopy analysis revealed an increase in excitatory synapses at the early
stages (4 months). Interestingly, at a later stage (6 months) the presynaptic glutamatergic
transmission returns to normal levels, even though motor symptoms persist. It is plausible
that the normalization in glutamate levels is mediated by an increase in D2R density,
which has been reported to occur at this stage in Pink1 KO rats (Sun et al. 2013), perhaps
providing a compensatory response to the functional impairment of dopamine-mediated
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neuromodulation, and subsequent increase in glutamate release, observed at 4 months. Thus,
this animal model suggests a plastic balance between the dopaminergic and glutamatergic
modulatory deficit in the striatum during the progression of parkinsonism

Despite the changes in glutamatergic transmission, the functions of cortical neurons that
project to the striatum (at least those in the primary motor cortex) do not show changes in
excitability or firing rates, in contrast to cortical neurons that project to the pyramidal tract
(Chen et al. 2021; Pasquereau and Turner 2011). However, other aspects of corticostriatal
activity could be altered. For instance, simultaneous local field potential (LFP) recordings
in motor cortex and striatum of control and DA depleted hemi-parkinsonian rats (Jiang

et al. 2019) provided evidence that DA depletion induces abnormal enhanced high beta
oscillations in the corticostriatal circuit and, consistent with previous data, showed that
excessive synchronization in this band was sufficient to generate marked akinesia in these
animals (Beck et al. 2016). In agreement with involvement of the corticostriatal pathology
in the motor deficits, modulation of this pathway could have antiparkinsonian effects. Using
transcranial magnetic stimulation (rTMS) on a rat model of early parkinsonism, a recent
study found that this treatment rescued functional and structural alterations specific to the
early symptomatic stage of experimental parkinsonism, including reversion of dendritic
spine loss (Natale et al. 2021). The rTMS-induced plastic changes were accompanied by
amelioration of motor symptoms (Natale et al. 2021).

Foffani and Obeso (2018) have proposed that the corticostriatal pathway is not only involved
in PD pathophysiology but could, in fact, be a major contributor in the degeneration of
vulnerable dopaminergic neurons. They pose that corticostriatal activity over a lifespan,
specifically in motor areas projecting to the posterior putamen, represents a critical
somatotopic source contributing to striatal dysfunction (Foffani and Obeso 2018). Activity
in the corticostriatal pathway could, thus, promote secretion of striatal extracellular alpha-
synuclein, favoring its aggregation at dopaminergic synapses and leading ultimately to
retrograde neurodegeneration of nigrostriatal neurons, and to the focal motor onset of

PD. In support of this hypothesis, it has been shown that in both control and alpha-
synuclein overexpressing transgenic mice, the majority of physiological alpha-synuclein in
the striatum is localized at corticostriatal glutamatergic terminals (Totterdell and Meredith
2005; Taguchi et al. 2016; Emmanouilidou et al. 2016). In this scenario, the plasticity of
corticostriatal projections would play a key role in the course of PD. Functional studies in
vivo are needed to clearly establish the relation between the progression of parkinsonian
motor symptoms and the functional changes between the motor cortex, the striatum and the
SNc.

Plasticity of the thalamostriatal pathway

Thalamic inputs are also involved in the complex remodeling that takes place on
glutamatergic excitatory synapses as a consequence of the dopaminergic depletion.

In dopamine-depleted mice, functional connectivity (assessed by synaptic strength to
stimulation) is reduced at thalamic inputs that contact dSPNs, but not at terminals in
contact with iSPNs, an alteration that probably contributes to the imbalance between direct
and indirect pathways (Parker et al. 2016). Although this study is consistent with the
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classic ‘imbalance’ hypothesis of parkinsonism (DeLong 1990), no discrimination was
made between the projections from the PF and the neighboring CL nucleus. It has, in

fact, been traditionally challenging to assess the specific roles of thalamic nuclei to the
striatum is because the anatomical proximity of PF and surrounding areas makes it difficult
to stereotaxically target one nucleus without affecting the ones surrounding it. To achieve
selective targeting of PF, Tanimura and colleagues (2019) used an intelligent approach. An
AAV carrying a Cre-off channelrhodopsin-2 (ChR2) was injected into the PF of transgenic
mice in which the Cre-recombinase is expressed in the adjacent CL nucleus, but not in

PF, resulting in ChR2 expression only in PF-striatal projections (Tanimura et al. 2019).

This strategy revealed that, in parkinsonian mice, the functional connectivity of PF-striatal
terminals was enhanced. This effect was mediated indirectly by ChINs, which responses

to PF stimulation are also enhanced in parkinsonian conditions (Tanimura et al. 2019; but
see Aceves Buendia et al. 2019). In a follow-up study, Tanimura et al. (2022) explored
contributions of non-PF thalamic terminals by conducting selective optogenetic stimulation
of CL-striatal terminals. They found reduced evoked synaptic currents in SPNs, but a greater
reduction was observed in dSPNs, suggesting that the projections from CL to the striatum
experience a pathway-specific remodeling (Tanimura et al. 2022). These studies helped
assemble a more complete picture of the alterations that occur in cortical and thalamic inputs
in rodent models of parkinsonism (Figure 4), which should be confirmed and complemented
in the future with studies in other models, including primates.

As could be expected given the aberrant thalamostriatal connectivity in parkinsonism,
chemogenetic inhibition of the intralaminar thalamic nuclei, or optogenetic silencing of
thalamic terminals in the striatum, ameliorates the motor deficits in parkinsonian mice
(Parker et al. 2016). In agreement with the report by Parker et al (2016) Tanimura

and colleagues found that inhibition of thalamic terminals (in this case, selective to PF
inputs) ameliorated the motor deficits in parkinsonian mice (Tanimura et al. 2019). In
parkinsonian rodents, selective inhibition of PF neurons that project to the dorsal striatum
(using chemogenetic modulation and targeting of these neurons with rabies virus and Cre-
dependent expression of inhibitory chemogenetic receptors), improves locomotion, while
inhibition of PF neurons projecting to NAcc restored decreased preference for sucrose
(interpreted as a depressive-like behavior in mice) (Zhang et al. 2022). This data suggests
that each of the segregated functional pathways from the PF to the striatum could have
different roles in motor and non-motor parkinsonian deficits.

The restoration of parkinsonian deficits by chemogenetic- or optogenetic-mediated
inhibition of PF-striatal pathway are consistent with earlier studies showing that the use

of high-frequency deep brain stimulation (DBS) of the PF or PF lesions improves movement
in rodent models of parkinsonism (Kerkerian-Le Goff et al. 2009; Jouve et al. 2010).
Although these results are promising and warrant more studies of neuromodulation of the
thalamostriatal pathway to alleviate parkinsonism, initial studies in non-human primates
showed only a limited effect of lesions of CM/PF on the motor deficits induced by MPTP
(Lanciego et al. 2008).
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Closing remarks

Our knowledge of the cortico- and thalamostriatal pathways has been expanded in the

last few years thanks to novel techniques including viral vector tracing, genomics and the
availability of transgenic mice. We have started to understand that the connectivity patterns
to the striatum are strongly determined by the specific cell types, establishing complex
microcircuits that can be selectively modulated with optogenetics and chemogenetics. These
methods are being used to examine the unique functions of these circuits, and how they
contribute to pathological conditions such as parkinsonism. Although these advances are
exciting, studies should be expanded to other species, in particular non-human primates

in which the anatomy and circuitry of the basal ganglia-thalamocortical circuits is closer

to humans. Such studies would be essential to translate to humans the clinical potential
encompassed in the selective modulation of these circuits.
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Abbreviations

ChAT Choline Acetyltransferase

ChIN Cholinergic interneuron

ChR2 Channelrhodopsin 2

Cing Cingulate cortex

CL Central lateral nucleus

CM Centromedian

D1R D1-type dopamine receptor

D2R D2-type dopamine receptor

DA Dopamine

dSPN Direct pathway spinal projection neuron
FSl Fast-spiking interneuron

iSPN Indirect pathway spinal projection neuron
IT Intratelencephalic cortical neurons

KO Knock-out

LTSI Low-thresholed spike interneuron

M1 Primary motor cortex
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M2 Secondary motor cortex
NAcc Nucleus Accumbens
NPY Neuropeptid Y

PF Parafascicular

PINK1 PTEN induced kinase 1
PT Pyramidal tract cortical neurons
PV Parvalbumin

S1 Primary sensory cortex
S2 Secondary sensory cortex
SOM Somatostatin

SPN Spinal Projection Neuron
VA Ventral anterior
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Figure 1: Synaptic strength and innervation of four inputsto five striatal cell types.
A: Schematic summarizing which input is most robustly exciting each cell type. Primary

sensory (S1), primary motor (M1) (ipsi (M1i) or contralateral (M1c)) and prefrontal

(PF) cortex projection to the different striatal projecting neurons (D1-MSN; D2-MSN),
Fast-spiking interneurons (FSI), low threshold spiking interneurons (LTSI) and cholinergic
interneurons (ChIN). B: schematic illustrating which cell types are most robustly excited by
each input. The thickness of the arrow reflect how strong responding neurons are excited by
each input (from Johansson and Silberberg 2020).
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Figure 2: PT neurons amplify excitatory inputsto striatum through Chls.
Summary of the results: left, circuit diagram proposed for corticostriatal connectivity. IT

and PT cortical neurons project to both projection neurons (SPNs) (1) and ChINs (2).
While PT=>SPN (1, red) and PT=>Chl (2, red) input strength is similar, IT=>Chl (2, blue)
connection is weaker than IT=>SPN (1, blue). Within the striatum, Chls convey excitation
to SPNs by recruiting long-range glutamate-releasing terminals reaching DLS through a.4-
containing nicotinic receptors (3). Right: Schematic of the activation of the different circuit
players upon IT or PT photostimulation and its impact on the recorded SPNs. Magenta
horizontal lines represent Chl spiking threshold (from Morgenstern et al. 2022).
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Figure 3: Summary of thalamic and cortical inputsto striatum.
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(A) Inputs to each type of SPN and to 3 main classes of interneurons. The origins of cortical
inputs are indicated for interneurons when known, according to viral tracing studies in
rodents. (B) Synaptic pattern of connectivity of thalamic and cortical inputs onto SPNs. See
main text for abbreviations (figured made in part with BioRender)

Neurobiol Dis. Author manuscript; available in PMC 2023 November 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Martel and Galvan

Page 34

healthy striatum parkinsonian

PFn terminal
\ Rbp4+ |

T ajpusp
NdS!

Dopaminei
°o

o

L y .
C i motor learning deficits

Ry 'D2R____Chlterminal ___

motor learning

Figure 4: Modéd of remodeling of cortico and thalamic terminalsin parkinsonism.
According to studies in unilaterally treated 6-OHDA treated mice, in the parkinsonian state

thalamic neurons exert a more potent activation of iSPNs than in normal animals. This
increase is mediated by PF connections onto ChINs, which activate, through acetylcholine
release, presynaptic nicotinic receptors on PF terminals (from Tanimura et al. 2019)
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Table 1:
Use of retrograde viral vectors to map connectivity to the striatum
Main sour ces of Thalamic
St:giéand Viral vector” Animals Injection site :’;ngdneuron cortical inputs afferents
Sp 9 identified identified
Studies using rabies virusto achieve trans-synaptic followed by retrogradetracing
S1, S2, M1, M2 PF main source
AAV-EFla- D1R-Cre P ! ! . !
(Wall et al FLEX-GTB or mice Dorsal striatum dSPNs ::ri]ﬁulalra,ltgrbltofrontal, Egrr'n]trF:E te
2013) ’ AAV-FLEX- (tendency to gu u
gc;tﬂé? (FE”E)’A)‘ D2R-Cre lateral half) SPIs S1, 52, M1, M2, PF main source,
Eltats- Rabies mice insular, orbitofrontal non-PF
D1R-Cre Cingulate, M1, M2,
mice dSPNs S1 PF, non-PF
AAV-DIO -TVA
(Guo et al. and AAV-DIO- D2R-Cre Dorsomedial . Cingulate, M1, M2, .
2015) RG; (EnvA)- mice striatum ISPNs S1 PF, non-PF
deltaG-Rabies e
at-Cre .
mice ChINs Cingulate, M2 PF, non-PF
PIxnd1-0OG1 Matrix More limbic and
AAV5-EFla- (matrix-Cre) (preferentially sensory cortical
(Smith et al Flex-TVA and mice Dorsal striatum SPNs) inputs to matrix
' -CA-Flex- no distinction than patch, but , non-
2016) AAVSE-CA-FI distincti han patch, b PF PF
RG; (EnvA)- Sepw1-NP67 | medial vs lateral) | Patch both compartments
deltaG-Rabies (patch-Cre) (preferentially receive inputs from
mice dSPNs) all areas
. ChAT-IRES- .
ARVS-TVA: . Cre mice Dorsal striatum ChiNs Cingulate, M2, S1 PF
%Ill;g etal. '(BéAvg')C(ﬁl'th’ (no distinction
nvA)-deltaG- - :
Rabies PV-Cre mice medial vs lateral) PV gingulate, M1, M2, Non-PF
Cingulate, PF main source,
aggia-Cre dSPNs Orbitofrontal, M2, non-PF
M1, S1 contribute
AAV5-CAG-
. DIO-TVA; : Cingulate, PF main source,
%23; etal. AAV8-CAG- PV 2a-Cre Dorsomedial PV Orbitofrontal, M2, | non-PF
DIO-G; (EnvA)- M1, S1, retrosplenial contribute
deltaG-rabies p— oF i
. ) ingulate, main source,
STIRES SST+ LTSs. Orbitofrontal, M2, | non-PF
M1, S1 contribute
(Zh;izlfgg :IZ_ S%/?_HE-EM SST-IRES- Dorsal striatum LTSIs Cingulate, M2 PF
2019) (EnvA)-deltaG- | Cre gulate,
rabies
Studies using AAVretro (AAVrg) to achieve retrograde tracing
Rosa26-LSL- . s .
(Tervo et al. AAVrg-hSyn- i} Dorsomedial o Perirhinal, ectorhinal .
2016) Cre mizclz EGFP striatum Unspecific temporal, auditory PF, non-PF
Prefrontal,
: Caudate nucleus orbitofrontal,
%\Izeé;s etal. AAVrg-CMV ﬁgizuzes (head) and Unspecific premotor, cingulate, Non-PE ™
q putamen supplemental motor,
M1, insular
. Mulitple cortical
Rats Dorsal striatum regions PF, non-PF
gglz%augh etal. AAVrg-hSyn Unspecific Multiple cortical
) Rhesus Putamen regions, most Lk
macaques prominent in frontal Negligible

regions.
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*
For simplicity the reporter proteins used are not mentioned in this table

Ak
Note that the lack of thalamostriatal inputs identified with AAVrg in rhesus macaques contrasts with previous literature findings, and likely

indicates a pathway selectivity of the vector. See main text for further details.
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