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Abstract

Current therapies for treating movement disorders such as Parkinson’s disease are effective but
limited by undesirable and intractable side effects. Developing more effective therapies will
require better understanding of what causes basal ganglia dys-regulation and why medication-
induced side effects develop. Although basal ganglia have been extensively studied in the last
decades, its circuit anatomy is very complex, and significant controversy exists as to how the
interplay of different basal ganglia nuclei process motor information and output. We have recently
identified the importance of an underappreciated collateral projection that bridges the striatal
output direct pathway with the indirect pathway. These bridging collaterals are extremely plastic in
the adult brain and are involved in the regulation of motor balance. Our findings add a new angle
to the classical model of basal ganglia circuitry that could be exploited for the development of new
therapies against movement disorders. In this Scientific Perspective, we describe the function of
bridging collaterals and other recent discoveries that challenge the simplicity of the classical basal
ganglia circuit model. We then discuss the potential implication of bridging collaterals in the
pathophysiology of Parkinson’s disease and schizophrenia. Because dopamine D2 receptors and
striatal neuron excitability have been found to regulate the density of bridging collaterals, we
propose that targeting these projections downstream of D2 receptors could be a possible strategy
for the treatment of basal ganglia disorders.
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If the 1980s were the golden age of basal ganglia (BG) research, establishing a model of
their circuitry at both structural and functional levels has never been as controversial as
today. Before the elaboration of the now “classical” direct/indirect pathway model, several
seminal studies had provided anatomical and physiological descriptions of BG networks.12
In this early view, the striatum—the input structure of the BG—receives and integrates
glutamatergic excitatory projections from the cortex and thalamus as well as
neuromodulatory dopaminergic afferents from the midbrain. All of these inputs converge
onto dendritic spines of gamma-aminobutyric acid (GABA)ergic inhibitory medium spiny
neurons (MSNSs), representing 95% of striatal neuron population, and large cholinergic
interneurons.? The direct/indirect pathway model of the BG network then emerged as an
attempt to explain the clinical phenomenology of human basal ganglia disorders in general,
and of Parkinson’s disease (PD) in particular.1~* However, single-cell tracing studies®~10 as
well as a recent report assessing the functional activity of BG networks in vivoll have
challenged this simplistic view and have suggested that the two output pathways are
interconnected to coordinate their actions.

In a recent paper in Neuron,12 we have described the remarkable anatomical plasticity of
axon collaterals emerging from the direct pathway that functionally bridge the two striatal
output pathways into the external globus pallidus (GPe) and that control the balance of
motor coordination. In this Scientific Perspective, we revisit the organization and the
functioning of BG networks and incorporate our recent findings. We also discuss the
implication of these collaterals and their regulation by dopamine D2 receptors in the context
of PD and schizophrenia.

The Classical Model of Basal Ganglia Circuitry

The Direct and Indirect Pathways

The classical model of BG networks emerged from a study using projection retro-labeling
combined with molecular characterization of neuronal populations into the striatum.3 In this
model, a dual organization in striatal output projections connect the striatum, as the BG
input nucleus, to the output nuclei: MSNs that receive cortical, thalamic, and dopaminergic
inputs project to the output nuclei (the internal globus pallidus [GPi] and the substantia nigra
pars reticulata [SNr]) through a monosynaptic “direct” pathway and through a polysynaptic
“indirect” pathway that involves relays in the GPe and in the subthalamic nucleus (STN)
(Fig. 1). Because these striatal output neurons are GABAergic, activation of the direct
pathway would promote movement initiation, whereas activation of the indirect pathway
would inhibit movement,1 an idea that has recently been confirmed with optogenetic tools
in freely moving mice.13

Dopamine D1 and D2 Receptors

At the molecular level, MSNs from the direct pathway predominantly co-express dopamine
D1 receptors (D1R), substance P, and dynorphin, whereas neurons from the indirect pathway
express dopamine D2 receptors (D2R), adenosine A2a receptors (A2a), and
enkephalin1:14.15 (Fig. 1). Because of this molecular dichotomy, dopaminergic input from
the substantia nigra pars compacta (SNc) exerts a dual effect on striatal projection neurons:
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although D2R-expressing indirect pathway neurons are inhibited by dopamine, D1R-
expressing direct pathway neurons are stimulated. In the parkinsonian state, reduced
dopamine input from the SNc to the striatum would therefore facilitate indirect pathway
neurons while reducing the activation of direct pathway neurons.® Consequently, increased
inhibition from indirect MSNs to the GPe disinhibits the STN, which then overdrives
inhibitory output neurons in the GPi and SNr. In parallel, decreased activation of direct
MSNSs reduces the phasic inhibition on the GPi and SN, thereby contributing to excessive
activation of inhibitory basal ganglia output. These alterations in the function of the BG
networks in PD patients result in the inability to initiate movements.1

Challenging the Simplicity of the Classical Model

Anatomical Evidence

The direct and indirect circuits are often described not only as functionally opposing but also
as anatomically segregated. However, several anatomical studies have challenged this notion
of pure anatomical segregation®19, Reviewing single-neuron labeling studies performed in
the rat,12 we found that approximately 40% of MSNSs project exclusively to the GPe (“pure”
indirect pathway), whereas a small minority (3%) project only to the SNr (“pure” direct
pathway). Surprisingly, the remaining 60% of neurons projecting to the SNr possess
collateral terminal fields in the GPe.>~7 Similar observations have been made in nonhuman
primates.8-10 Because of their unique location at the interface of the two striatal output
projections in the GPe, these axon collaterals may form a functional bridge between the two
pathways. We therefore termed them “bridging collaterals.”

Neuronal populations in the GPe have been divided into parvalbumin-positive (PV-positive)
and PV-negative cells that indistinctively receive inputs from indirect pathway neurons.16
We found that these bridging collaterals also make synaptic contacts with both PV-positive
and PV-negative cells in the GPe. Using bacterial artificial chromosome (BAC) transgenic
mice that express GFP under the control of the Drdla or the Drd2 promoter (Drdla-GFP and
Drd2-GFP mice) and that allow us to visualize the axonal projections of both direct (Drdla-
GFP) and indirect (Drd2-GFP) pathways,'# we found that these bridging collaterals are
extremely plastic in the adult animal and that they can grow or retract in the GPe within few
days after manipulating either striatal neuron activity or dopamine D2R2 levels or function
(Fig. 2). Their location at the interface of the two striatal output pathways and their dynamic
regulation by dopamine receptors highlight the need for revisiting the simple view of the
classical model of BG circuits that presents the direct and indirect pathways as parallel and
segregated.

Another body of evidence that exemplifies the complex organization of BG networks has
also been brought at the level of the GPe. In contrast to the general view, the neuronal
population of the GPe is not homogenous, and pallidal neurons do not project exclusively
downstream within the indirect pathway, as postulated in the classical model.1” Instead, a
subset of GPe neurons (named “arkypallidal” neurons by Mallet and colleagues!®) makes
strong projections back to the striatum while another subset connects both the striatum and
the STN.16.18.19 By connecting both direct and indirect MSNSs in the striatum, these “back-
projections” may provide an additional step in the synchronization of output information
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between the direct and indirect pathways. Moreover, action inhibition appears to be much
more prominent in arkypallidal neurons than in other GPe neurons and matches the time
course of striatal suppression during action cancellation.1” As a consequence, arkypallidal
neurons and their back-projections to the striatum pathway seem to be directly involved in
behavioral inhibition, a critical set of mechanisms for ensuring that behavior is both flexible
and well controlled.

Finally, axonal collateralization and functional communication between the two populations
of MSNs also has been demonstrated at the level of the striatum.29 The MSN
collateralization within the striatum is also regulated by D2Rs, like bridging collaterals.
Chronic D2R activation regulates the rate and the strength of recurrent collateral inhibition
between D2-D1 and D2-D2 MSNs,2! thereby providing another mechanism by which the
dopamine system modulates the balance between both pathways.

Functional Evidence

In the classical basal ganglia model, direct and indirect pathways are two parallel
functionally opposing pathways, one promoting movement (direct pathway), the other
inhibiting movement (indirect pathway). Direct support for this model comes from a recent
optogenetic study by Kravitz et al.,13 using selective stimulation of direct and indirect
pathway neurons in freely moving mice. This study unambiguously shows that optical
activation of direct pathway MSNs promotes locomotor activity while stimulation of indirect
pathway MSNs decreased locomotion, thereby confirming the opposing actions of both
pathways. Nevertheless, other models propose coordinated activation of the two pathways,
which are simultaneously or sequentially activated during an action1:22-24_|n particular, an
elegant study by Cui and colleagues! demonstrated that these two pathways are not
mutually exclusive but are rather concurrently activated during movement initiation. In this
study, the authors developed an in vivo method that measures neuronal activity of direct and
indirect pathway neurons in mice during a behavioral task, using a genetically encoded
calcium indicator. Surprisingly, the authors observed increased neuronal activity in both
direct and indirect pathways MSNs when mice initiated an action. This concurrent activation
was not observed when mice were at rest. Thus it suggests that the two pathways may act in
concert to coordinate their opposing effects on output nuclei in order to control timing and
synchrony of neural activity during motor action. These studies indicate that the two parallel
striatal output networks communicate between each other in order to create a dynamic
balance exerting opposing but coordinated actions on the control of movement, cognition,
drug addiction and motivational processes!3:22-29, |n addition, an imbalance between both
pathways has been postulated for several brain disorders, including PD1-30,

It must be noted that, in contrast to the calcium imaging study by Cui et al.11, the
optogenetic stimulation study by Kravitz and colleagues!3 used forced stimulation of one
pathway over the other, which may have led to functional imbalance and thus to an
exaggerated “all-or-none” behavior. In contrast, during spontaneously initiated movements
both pathways work in concert to coordinate antagonist information to output nuclei to
balance motor activity. Although the behavioral outcome after direct and indirect pathway
optical stimulation is unambiguous, optogenetic activation of striatal direct and indirect
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pathway neurons produces different cellular responses in basal ganglia output (SNr)
neurons, with stimulation of each pathway eliciting both excitations and inhibitions,3!
demonstrating the complex nature of the circuit. Nevertheless, inhibited SNr neurons
predicted locomotor activation during direct pathway stimulation, whereas excited neurons
predicted motor suppression after indirect pathway stimulation, in line with the classical
model.

How can we explain these diverse SNr responses after stimulating either pathway? How are
these output signals synchronized to finely activate or inhibit output nuclei and to control
motor coordination? We believe that the bridging collaterals play an important role in
coordinating the functional strengths of both pathways, thereby affecting SNr output activity.
Evidence for this comes from in vivo recordings performed in mice in which the density of
bridging collaterals was manipulated.1? Optogenetic stimulation of GABAergic indirect
pathway MSNs led to a profound and sustained inhibition of spontaneously active pallidal
neurons, as expected from the classical model. Surprisingly, stimulating direct pathway
neurons also led to sustained inhibition of GPe neurons, though to a lesser extent, but with
similar kinetics, as after indirect pathway stimulation, which is consistent with a
monosynaptic mode of action. In mice with increased density of bridging collateral, both the
amplitude of inhibition and number of cells that are inhibited in the GPe were increased to
almost comparable levels as with indirect pathway stimulation. These observations indicate
that both direct and indirect pathway output neurons are able to inhibit neurons of the GPe
relay nucleus, suggesting that both pathways have the ability to disinhibit SNr neurons
(Figure 3). This may explain, at least in part, the observations made in the Freeze et al.
paper,31 in which the authors found that direct and indirect MSNs elicit both excitation and
inhibition of nigral neurons.

Behavioral Evidence

Could this increase in GPe inhibition affect the behavioral balance of the BG circuitry? In
the classical model, the direct and indirect pathways underlie opposing functions, although
other models propose a coordinated function of the two pathways that are simultaneously or
sequentially activated during an action.22-24 The Ca imaging study by Cui et al.11 suggests
that a high level of coordination between striatal output pathways is required. The
concurrent activation of both direct and indirect MSNSs in the striatum transmits
simultaneous and opposing information to the SNr. By connecting these two opposing
outputs downstream the striatum with a one-synapse delay (via the GPe), the bridging
collaterals may shape the timing and weight of antagonistic information to the SNr, thereby
controlling the balance of activation/inhibition in the BG network during movement.

Because bridging collaterals can functionally reinforce or weaken one pathway over the
other, regulating the density of their axonal branches should influence the balance of motor
behaviors toward over-inhibition (high density of collaterals; indirect pathway is favored) or
overactivation (low density of collaterals; direct pathway is favored) (Figure 3). To verify
this hypothesis, we repeated the optogenetic experiment in freely moving mice, using the
open field experiment designed by Kravitz and colleagues.! In two mouse models with
excess bridging collaterals, D2R-overexpressing mice and Kir2.1A%A mice (see below for
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further details on these models), optogenetic stimulation of the direct pathway does not any
longer lead to locomotor initiation as observed in wild-type mice, but in contrast to
inhibition of locomotor activity when collaterals were in excess.12 This suggests that
increased bridging collaterals not only lead to increased inhibition of the GPe after direct
pathway stimulation, but they also disrupt behavioral activation that is normally induced by
the direct pathway. This process therefore reinforces the disinhibitiory strength of the
indirect pathway. We therefore postulate that the density of bridging collaterals into the GPe
represents an efficient way for regulating the level of synchronization of the output signals to
the SNr nucleus.

As described in the next paragraph, bridging collaterals are highly plastic in the adult
animal, and their density is regulated by MSN excitability and D2R function. Regulating the
extent of bridging collateral branches through modulation of MSN activity or D2R function
could therefore represent a mechanism to regulate the level of lateral inhibition in the BG
output circuits while learning new movements. In consequence, behavioral training that
engages striatal activity or activates the dopamine system over long periods, such as motor
learning, may be in the position to alter the functional balance of the two striatal output
pathways.

In addition to bridging collaterals, the previously mentioned lateral inhibition between D1-
and D2-MSNss at the level of the striatum20-21 may be another way for regulating the
synchronization of the striatal output pathways. As observed for bridging collaterals, chronic
D2R activation was found to be regulating axonal collateralization between direct and
indirect MSNs. Therefore, D2Rs may play a central role in regulating the strength of both
forms of lateral inhibition in an effort to coordinate striatal output information.

Remarkable Plasticity of Bridging Collaterals in the Adult Brain

Lessons From the Developmental Brain

During development, neuronal activity is an important mechanism for regulating the growth
and refining of axonal projections and for establishing proper connectivity between
structures.32-34 Axonal connections are formed in a two-phase scheme. First, a coarse
axonal circuitry is established during an early phase, presumably as a result of
predetermined genetic programs that will target specific structures but with no apparent
functional organization. Then this coarse immature network is refined by neuronal activity
during a later phase while the brain interacts with its environment. Because the adult brain is
constantly exposed to environmental changes, axonal networks are thought to be refined at
the functional and anatomical level to allow behavioral adaption. In the basal ganglia,
learning-induced plasticity plays a central role in the selection of actions based on updated
representations of current context. Whether development-like axonal refinement could
happen in the BG circuitry is, however, unknown.

De Marco Garcia and colleagues33 have recently shown that during embryonic development
decreasing neuronal excitability impairs proper axonal path finding of cortical interneurons.
In this study, the authors used overexpression of potassium inwardly rectifying 2.1 (Kir2.1)

channels to suppress neuronal excitability within caudal ganglionic eminence—derived
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interneurons that form local inhibitory networks of the cortex. They found that disrupting
neuronal activity leads to changes in the expression of DIx1 (a transcription factor involved
in neuronal differentiation) and its associated downstream targets, which leads to impaired
dendritic branching and axonal path finding.33 In a previous study,3® we used this Kir2.1
strategy in adult mice to determine whether changes in neuronal activity could alter the
structural properties of striatal neurons. In contrast to the studies described, we used a
dominant negative form of Kir2.1 channels (Kir2.1A*A) that increases neuronal
excitability.38 Increasing neuronal excitability of MSNs in these mice led to a profound
rearrangement of their dendritic arborization. Increased excitability of MSNs has been
discussed as an important factor in PD. In particular, the dendritic atrophy and spine loss
observed in patients or PD animal models have been associated with increased membrane
excitability.37-39 The mechanism for striatal hyperexcitability in these animal models is
unknown, although downregulation of potassium channels, including Kir and Kv channels,
could play a role in this process.4%41 In addition, striatal hyperexcitability may be
responsible for dendritic atrophy and spine loss in PD.42 Our Kir2.1AAA experiments
provide direct evidence that MSN excitability can shape dendritic arbor morphology, as
observed during development.

Neuronal Excitability and Bridging Collaterals

In the adult brain, structural remodeling is generally observed at the level of dendritic
branches and spines. In analogy to what is observed during development, we questioned
whether structural refining of axonal projections also can occur in the adult BG axonal
circuitry.12 Using selective viral expression of Kir2.1 and Kir2.14AA channels to
respectively suppress or increase neuronal activity in the direct or indirect pathway, we
observed a specific remodeling of direct pathway collaterals into the GPe. Remarkably, only
bridging collaterals were affected by these manipulations, leaving the “classical” terminal
fields (ie, GPi and SNr for the direct pathway; GPe for the indirect pathway) unchanged. In
contrast to what is traditionally observed during development,32-34 the anatomical
rearrangement of direct pathway collaterals is not cell-autonomous but rather depends on
neuronal excitability of indirect pathway neurons.

Why this structural reorganization is specific for the bridging collaterals of the direct
pathway and why it does not affect the classical terminal fields of both pathways are unclear.
We believe that this is related to the non—cell-autonomous nature of the mechanism.
Changes in activity of the indirect pathway may lead to the release of attractive or repulsive
molecules within the GPe that are specifically recognized by direct pathway bridging
collaterals. These molecules could be released directly by indirect pathway terminals or
indirectly by GPe target neurons in response to changes in electrical activity. In summary,
the observation of plastic bridging collaterals suggests that active remodeling of axonal
projections can exist in networks of the adult central nervous system that are a priori not
known for their structural plasticity.

Dynamic Regulation by Dopamine D2Rs

Because neuronal excitability of indirect pathway neurons is critical for the growth of direct
pathway collaterals, regulatory mechanisms that would be specific to this neuronal
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population may be involved. Striatopallidal neurons of the indirect pathway predominantly
express D2Rs, and we previously showed that D2Rs regulate neuronal excitability of these
neurons.3® In particular, we found that chronic overexpression of D2R increases excitability
of the indirect pathway via downregulation of Kir2 channels. Could dopamine D2Rs be
involved in the selective reorganization of bridging collaterals in the adult brain? Using
transgenic mice in which D2R is either overexpressed (D2R-OE) or knocked down (D2R-
KD), we found that D2Rs bidirectionally and selectively regulate the extent of direct
pathway bridging collaterals by altering neuronal excitability!? (Fig. 2). For instance, in
D2R-OE mice, a twofold increase in the density of bridging collaterals occurs compared
with control littermates, whereas in D2R-KD mice very few collaterals can be observed.

Excess collaterals in adult D2R-OE mice could be reversed to normal density after restoring
normal level of excitability, which suggests a remarkable level of structural plasticity. Could
dynamic changes in D2R expression also affect the extent of direct pathway collateral
branches during adulthood? Using D2R-OE mice, in which D2R overexpression can be
switched off during adulthood with doxycycline, we found that the amount of bridging
collaterals progressively returned to normal density as D2R expression was progressively
restored. Most remarkably, switching off D2R expression—to allow the retraction of
collaterals—followed by reinstatement of D2R overexpression led to the regrowth of axonal
terminal fields to nearly original levels. These observations show that bridging collaterals are
dynamically regulated by D2Rs and that they can undergo an extreme level of structural
plasticity in the adult BG circuitry.

Bridging Collaterals Are Sensitive to Haloperidol

Another remarkable proof of structural plasticity in the adult BG circuitry is brought by the
complete retraction of excessive bridging collaterals in D2R-OE mice after chronic
treatment with haloperidol (Figure 2), a D2R blocker that is commonly used as antipsychotic
medication in humans. Using a same-subject longitudinal design in a subgroup of mice that
was tested before and after chronic haloperidol treatment, we found that chronic
pharmacological blockade of D2Rs completely restored the altered locomotor balance.
Because D2R dysfunction has been associated with the pathogenesis of PD but also
schizophrenia or drug-induced dyskinesia, we postulate that bridging collateral function and
density may be relevant for these brain disorders. In the next paragraph, we therefore discuss
how bridging collaterals and their dynamic regulation by D2Rs may be critically involved in
patients with PD, schizophrenia, and antipsychotic-induced tardive dyskinesia.

Translational Perspectives for Basal Ganglia Disorders

Implication for Parkinson’s Disease

In the classical model of PD, reduced dopamine input from the SNc to the striatum has a
dual effect, facilitating indirect pathway neurons via decreased D2R inhibition and inhibiting
direct pathway function via decreased D1R activation. Increased inhibition from indirect
striatal neurons to the GPe disinhibits the STN, which then overdrives inhibitory output
neurons in the GPi and SNr.%8 In parallel, decreased activation of direct pathway striatal
output neurons would effectively reduce the inhibitory influences on the GPi and SNr,
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thereby contributing to excessive activation of inhibitory basal ganglia output. The akinetic
state is thought to result from these changes. Based on our recent discovery of collateral
regulation by D2Rs, one would expect that presynaptic dopamine depletion and the resulting
decreased activation of D2Rs should lead to a lower density of bridging collaterals. In
addition, decreased excitability of striatopallidal neurons has recently been reported in one
preclinical PD model,*3 which would also predict reduced collaterals. Conversely, increased
excitability of striatopallidal neurons has been observed in several other preclinical studies,
through cholinergic modulation of potassium Kir2 and Kv channels.#0:41:44 Down-regulation
of Kir2.1 channel function in striatopallidal neurons*? therefore may have the opposite effect
on collaterals as decreased D2R activation. In consequence, the resulting net effect on
bridging collateral density and how this affects the strengths of the direct and indirect
pathways needs to be determined experimentally, using models of PD.

Altered bridging collateral density also may affect BG functions beyond its
conceptualization into the classical BG model. In the previous paragraph, we argued that the
density of bridging collaterals into the GPe represents an efficient way for regulating the
level of synchronization of BG output. Human studies performed in PD patients, which are
supported by animal models, have found a dramatic increase in correlated activity between
the GPe and the subthalamic nucleus.#>46 Computer modeling suggests that striatopallidal
inhibition is well situated to regulate this synchronous activity.4” In addition, hypokinesia
induced by blockade of D1R or D2R correlated with selective changes in beta and gamma
frequency power and synchrony in the BG.48 Specifically, the D2R blocker raclopride does
not affect gamma power fluctuations with delta phase, presumably because some gamma
activity is nested within the delta band. Instead, blocking D1R with SCH23390 can reverse
the phase of delta at which gamma is at maximum, indicating that D1R-expressing direct
pathway neurons may be more involved in regulating the nesting phenomenon. Interestingly,
Dejean and colleagues®® have suggested that axon collaterals of the direct pathway in the
GPe (ie, bridging collaterals) could be involved in the synchrony of gamma and delta
frequencies within the BG network of PD patients.*® Bridging collaterals may participate in
GPe-STN synchronization. If this is the case, changes in their density should affect
synchronization, an idea that could be relatively easily tested in animal models.

Implication for Schizophrenia and Antipsychotic-Induced Tardive Dyskinesia

Positron emission tomography imaging studies suggest increased D2Rs function in drug-
naiive patients.#9-51 Increased dopaminergic function is observed at the presynaptic level
with increased amphetamine-induced dopamine release® and increased uptake of [18F]-
fluorodopa, a measure of presynaptic dopamine storage and turnover.23 At the postsynaptic
level, occupancy of D2Rs is increased in the striatum of patients. Because some of these
changes are already present in prodromal subjects, who are at high risk for developing
schizophrenia, this suggests an abnormality in the dopamine system early in the disease
process.>* Importantly, D2R occupancy and amphetamine-induced dopamine release
correlate with positive (psychotic) symptom severity and predict treatment response to
antipsychotic medication, thereby demonstrating a tight relationship between D2R
hyperfunction and psychosis. Based on these observations and our recent findings, we
hypothesize that bridging collaterals are increased in drug-naive patients and that this

Mov Disord. Author manuscript; available in PMC 2016 June 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cazorlaetal.

Page 10

increase is involved in the generation of positive symptoms. In contrast, in patients treated
with D2R blockers, such as haloperidol, bridging collateral density should be normalized,
and this normalization is important for treatment response. Consistent with this idea, full
efficacy with antipsychotic medication is achieved after days to weeks of treatment,® a
duration that correlates with haloperidol-induced retraction of bridging collaterals in mice.
Human brain imaging studies performed in drug-naive and antipsychotic-treated patients
could be designed to address the potential role of bridging collaterals plasticity in the
efficacy of treatments.

Prolonged treatment with haloperidol—and possibly other typical antipsychotics—may even
lead to prolonged retraction of bridging collaterals in humans, depending on the dose,
achieved receptor occupancy, and duration of treatment. Just as excess collaterals can induce
an imbalance in the treatment of relevant information by overweighting the indirect pathway,
a low density of collaterals (or even absence) can lead to the opposite, yet disturbed,
phenotype by enhancing the net activity of the direct pathway. This mechanism could
explain delayed abnormal involuntary movements that persist even after the discontinuation
of the medication, namely, tardive dyskinesia (TD).%8 Emergence of TD in the presence of
antipsychotics and frequent increase in TD after discontinuation of antipsychotics would be
consistent with the relatively unopposed effects of direct pathway MSNs on BG output
nuclei by reduced influence of collaterals on indirect pathway. The hypothesis that decreased
bridging collaterals contribute to antipsychotic-induced TD can be easily tested using
Drdla-GFP mice. Prolonged treatment with high doses of typical antipsychotic medication,
such as haloperidol, would be expected to lead to decreased bridging collateral density and
thereby to enhance direct pathway influence on BG output nuclei. These anatomical changes
could then be associated with TD in the animal model.

We therefore hypothesize that the two types of imbalance (caused by excess or absence of
bridging collaterals) may be observed in the brains of drug-naive and drug-treated
schizophrenia patients. We propose to design new imaging studies in humans and rodent
models to address the potential relevance of bridging collaterals in the generation of positive
symptoms and in antipsychotic-induced TD in patients with schizophrenia.

Closing Remarks: Opening New Venues for Therapies

We are aware of the mostly speculative nature of the last few paragraphs that discuss the
clinical importance of altered density of bridging collaterals. They are speculative because
no clinical studies have been done to determine the density of bridging collaterals, both in
schizophrenia and PD. Our hope is that this perspective will inspire clinicians to look at
them in patient populations. The long-term benefits could be significant because, if bridging
collaterals turn out to be important for BG diseases, mechanistic ways to alter their density
independent of targeting the dopamine system (by targeting growth factors, for example)
may be possible. By all means, levodopa and D2R blockers have been the most successful
drugs for PD and schizophrenia, but they come at a high cost at the level of side effects and
low efficacy in certain patient populations. Moreover, we must move on to novel, more
targeted therapies rather than those that were developed 60 y ago. Selective remodeling of
BG subnetworks could represent such a novel and promising therapeutic approach.
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FIG. 1.
The classical model of basal ganglia (BG) circuits. The striatum, the main input nucleus of

BG, receives excitatory corticostriatal and thalamic projections. Striatal D1R-MSNs form
the direct pathway (green) that projects monosynaptically to the GPi and SNr output nuclei.
The D2R-MSNs form the indirect pathway (red) that projects to the GPe, which
subsequently projects to the subthalamic nucleus (STN) and SNr output nucleus. Outputs of
the BG emerging from GPi and SNr nuclei are directed to the thalamus, superior colliculus,
and pendunculopontine nucleus (PPN). Direct pathway bridging collaterals (dotted line,
green) project to the GPe, and indirect pathway pallidostriatal axons (dotted line, red)
project back to the striatum. These projections highlight the need for revisiting the global
model of BG circuits as they play important roles in the control of the behavioral balance.
Fluorescent imaging of a brain section from Drd1a-GFP (up) shows the presence of
terminals in the GPi and SNr, but also in the GPe. Striatal Drd2-GFP neurons (down) project
exclusively to the GPe. Adapted from Ting and Feng.1> MSN, medium spiny neurons; SN,
substantia nigra pars reticulata; GPi, internal globus pallidus; GPe, external globus pallidus.
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Bridging collaterals. Direct pathway axons possess collaterals in the GPe that bridge the two
striatal output pathways. These axon branches are highly plastic in the adult brain and are

dynamically regulated by dopamine D2Rs function through its effect on neuronal
excitability. GPe, external globus pallidus.
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Functional and behavioral consequences of bridging collaterals’ plasticity. The density of
bridging collaterals controls the functional weight on output nuclei (here, SNr). Because all
output projections of BG networks are GABAergic, increased collaterals leads to increased
inhibition of GPe neurons, which relieves tonic inhibition of SNr neurons, thus increasing
the output inhibition of downstream nuclei (“enhanced brake” or “STOP”). Conversely,
decreased collaterals induce decreased GPe inhibition, thus increasing inhibition of SNr
neurons and relieving tonic inhibition on downstream nuclei (“enhanced accelerator” or
“GO”). Large minuses = increased inhibition, small minuses = decreased inhibition. SN,
substantia nigra pars reticulata; BG, basal gangia; GABA, gamma-aminobutyric acid; GPe,

external globus pallidus.
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