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Abstract:

Just over a decade ago, a novel GABAergic input originating from a subpopulation of external globus
pallidus neurons known as Arkypallidal and projecting exclusively to the striatum was unveiled. At the
single-cell level, these pallidostriatal Arkypallidal projections represent one of the largest extrinsic
sources of GABA known to innervate the dorsal striatum. This discovery has sparked new questions
regarding their role in striatal information processing, the circuit that recruit these neurons, and their
influence on behavior, especially in the context of action selection vs. inhibition. In this review, we will
present the different anatomo-functional organization of Arkypallidal neurons as compared to classic
Prototypic neurons, including their unique molecular properties and what is known about their
specific input/output synaptic organization. We will further describe recent findings that demonstrate
one mode of action of Arkypallidal neurons, which is to convey feedback inhibition to the striatum,
and how this mechanism is differentially modulated by both striatal projection pathways. Lastly, we
will delve into speculations on their mechanistic contribution to striatal action execution or inhibition.

Classic functional organization of cortico-basal ganglia circuits:

How motor activity in cortico-basal ganglia (BG) loops translate into motor programs remains
unknown and is subject to ongoing research [1]. Nonetheless, a prevalent concept in this field is the
action-selection model. Indeed, the anatomical architecture of BG, characterized by parallel and
recurrent loops connecting cortical and subcortical areas, has been proposed as a solution in
vertebrates for addressing the challenge of action-selection [2,3]. In this model, competing motor
plans, arriving in the form of excitatory inputs from cortical and thalamic areas, are processed by the
dorsal striatum, a major input stage of the motor BG circuit. Within the dorsal striatum, these putative
motor plans are either facilitated or inhibited as they are integrated through segregated striatal
pathways (Figure 1A). Such striatal integration results in a cascade of firing rate changes that
differently impacts on the rodent’s BG output nuclei such as the substantia nigra pars reticulata and
the entopeduncular nucleus (the homolog of the internal globus pallidus, the GPi in primates).
Accordingly, activation of the direct D1-expressing striatal projection neurons (D1-SPNs) directly
inhibit BG output nuclei and this signal promotes movement by disinhibiting the motor circuits in the
thalamus and the brainstem [4]. In contrast, increased activity in the indirect D2-expressing striatal
projection neurons (D2-SPNs), which relay information through the external globus pallidus (GPe) and
the subthalamic nuclei (STN), leads to heightened activity in BG output, resulting in increased
inhibition of thalamic/brainstem circuit and subsequent movement suppression. Importantly, it is now
well-documented that appropriate action execution requires the concurrent activation of D1-SPNs
and D2-SPNs [5-7]. Although it may seem paradoxical to simultaneously activate antagonistic
pathways, it has been suggested that appropriate action selection also necessitates the inhibition of
competing motor plans, a mechanism likely achieved through D2-SPNs activation [5,8].



Another important and unanswered question in the field is what are the mechanisms
orchestrating the precise activation of D1-SPNs and D2-SPNs that drive the execution of the intended
action? In vivo, SPNs are typically quiescent neurons, and their firing relies on incoming cortical and
thalamic excitatory inputs, which are modulated by dopamine transmission. However, effective
integration of such excitatory inputs in SPNs is dependent upon GABA transmission. Indeed, it was
first proposed that GABAergic lateral inhibition between SPNs initiate the action-selection process via
a ‘winner-takes-all’ network [9,10]. Although, the connections formed by the collateral inhibition
between D1-SPNs and D2-SPNs are not symmetrical, and the evoked GABAergic currents relatively
weak [9], this mechanism might still be important to form functional cell assemblies [11]. Another
potential mechanism, known as feedforward inhibition, is mediated by striatal GABAergic
interneurons [12]. The GABAergic current generated by these interneurons are significantly larger
[12], and potent enough to effectively inhibit or synchronize the activity of SPNs in response to cortical
inputs [13]. In conclusion, both these GABAergic mechanisms, lateral inhibition and the feed-forward
inhibition, seem to have a pivotal role in locally controlling striatal activity [14]. However, while this
canonical model and putative mechanisms provide a useful framework to apprehending how dorsal
striatum perform action selection, it unfortunately fails to consider the dense GABAergic projections
originating from a subpopulation of GPe neurons: the Arkypallidal neurons (Figure 1A, B).

A BG organization B Cellular diversity in the GPe
Cortex T |
| . <l
ll ‘Cancel’ “ Cortex e
STR R [y S A
g indirect direct | { — !
2 Wl | (T
< / =1 AR
g ._4‘ £ ‘ A\ . GREy Ak
E GPE Proto  Arky T \‘ 5PN pe .
[0%) __(30%) E | \5 J
=
— DA Go \\
I |STN| ‘
‘Stop’| ty
B2 - CoNr
SNI/EPN \
A
Brainstem

Figure 1. Basal Ganglia anatomo-functional organization. A, Schematic representation of the classic
‘direct/indirect’ BG model updated with the GPe Prototypic/Arkypallidal dichotomous organization.
Abbreviations: STR: striatum, GPe: external globus pallidus, STN: subthalamic nucleus, SNr: Substantia
nigra pars reticulata, EPN: entopeduncular nucleus, D1- or D2-SPNs: Dopamine D1 or D2-expressing
striatal projections neurons. B, Schematic representation of the GPe cellular diversity and the main
output projections from Prototypic and Arkypallidal neurons. Abbreviations: Arky: Arkypallidal GPe
neurons, ChAT+: Choline acetyl transferase expressing neurons of the basal nucleus of Meynert, Glut:
Glutamatergic inputs, INs: striatal interneurons, Proto: Prototypic GPe neurons, PF: Parafascicular
thalamic nucleus, RT: Reticular thalamus, SPNs: striatal projection neurons.

Functional cell diversity in the GPe: Prototypic vs. Arkypallidal neurons

In the traditional organization of BG network, the GPe was typically viewed as a relay nucleus
made of one homogenous cell-type integrating inputs from the D2-SPNs and always innervating the
STN. However, this perspective has been challenged by recent characterization of the GPe cellular



diversity, which is apparent at various functional levels, including their embryonic origin [15,16],
molecular characteristics [17-22ee](see Box 1), structural features [23-25], electrophysiological
properties [17,18,26], and behavioural roles [22ee,27,28]. The main GPe neuron population, making
up nearly 70-75% of all GPe cells, is referred to as Prototypic neurons. These neurons consistently send
long-range axonal projections targeting the STN and all major downstream BG nuclei (Figure 1B).
Notably, prototypic neurons often establish large and potent synapses directly onto the cell bodies of
their target neurons. This strategic synaptic organization allows prototypic neurons to not only
regulate the firing activity levels in many target nuclei but also to control synchronization levels and
impose phase-firing relationship during oscillatory activity [29]. Importantly, the influence of
Prototypic neurons extends beyond BG downstream nuclei. Indeed, a subset of Prototypic neurons
also projects axons back to the striatum (Figure 1B). Although this projection is relatively sparse, they
selectively contact GABAergic interneurons and could thus indirectly affect the firing rate or synchrony
level of SPNs networks [30,31]. The specific impact of the Prototypic pallidostriatal GABAergic inputs
onto motor behaviours has never been investigated, but these GABA inputs could also contribute to
the selection/execution of striatal motor programs [32]. Recently, the classification of Prototypic
neurons has been further divided into molecularly defined subclasses [18,19,28]. Notably, these
molecular heterogeneity within Prototypic neurons extend into different axonal projection pattern
and behavioural specialization, shedding light on novel functional contributions of Prototypic neurons
in healthy and parkinsonian state [21,28,33e,34]. In addition, the description of direct projections
from GPe neurons to thalamic structures, such as the thalamic reticular nucleus [35] and the
parafascicular thalamus [33] @, opens up the fascinating perspective that the GPe may also serve as a
basal ganglia output nucleus.

In contrast, the remaining 25-30% of GPe neurons, so-called Arkypallidal, defy the
conventional nature of GPe neurons by exclusively projecting to striatum (Figure 1B). These axonal
projections are dense—a single neuron can make up more than 10 000 synapses [23]— and they
predominantly innervate the dorsolateral ‘motor’ region of the striatum as opposed to the medial
‘associative’ region [36]. These Arkypallidal projections appear to be topographically organized
concerning the major striatal domains (i.e. rostral vs. caudal and dorsal vs. ventral). Whether they are
also organized with respect to finer striatal functional domains, as defined by somatotopic map [37],
remains unknown, although it seems unlikely given the broad striatal extent of these projections.
However, it is possible that local presynaptic control mechanisms impart functional specificity to these
Arkypallidal inputs. The striatal synaptic targets of Arkypallidal neurons encompass SPNs and all the
major types of striatal interneurons (with a preference for cholinergic interneurons). Moreover, the
synaptic terminals of Arkypallidal neurons exhibit different localization patterns when targeting SPNs
compared to interneurons [23]. Specifically, Arkypallidal terminals established perisomatic contacts
with striatal interneurons, whereas they target the distal dendrites of SPNs. Additionally, synapses
onto SPNs often target dendritic shafts or the necks of dendritic spines, making these Arkypallidal
synapses an effective mechanism for filtering excitatory inputs and controlling which SPNs become
activated. In normal animals, Arkypallidal projections equally affect D1-SPNs and D2-SPNs, although
the evoked synaptic current appears slightly stronger in D2-SPNs [38]e. As a result, it seems that the
inhibitory projections from Arkypallidal neurons lack specificity toward striatal cell type and are
instead distributed across extensive striatal territories. This property aligns well with the proposed
‘stop’ signal function that these neurons could potentially perform, particularly when the cancellation
of an imminent action is required [39]e. It is worth noting that this GPe functional dichotomy,
extensively described in rodent literature over the past decade, is also apparent in the distinct firing



activity patterns observed in GPe neurons during primate recordings [40]e. The hypothesis that this
distinction correspond to the Arkypallidal/Prototypic classification is an exciting proposition that
future primate studies should explore.

Box 1: Molecular profiles of Arkypallidal neurons. In the brain, the molecular profile of a cell
is intricately linked to its fate and future function [41]. This principle also holds true for GPe neurons,
where cellular diversity emerges early in the development. During embryogenesis, different
progenitor domains contribute to the
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PV+ 50-60% express markers such as parvalbumin (PV) or
transcription factors like NK2 homeobox 1
(Nkx2.1) and LIM homeobox 6 (Lhx6) [17-
19,21,22ee]. However, the reported
numbers and overlap of each population vary across studies and may depend on factors such as
antibodies, age, strains, and species of the animals (rats/mice) used. This variability makes it
challenging to provide a precise quantification of these markers in prototypic neurons. Nevertheless,
the Nkx2.1 cell lineage appears to consistently label most Prototypic neurons [22ee]. In contrast,
Arkypallidal neurons can be defined by the expression of specific molecular makers. These markers
include the opioid precursor preproenkephalin (PPE) and the transcription factors Forkhead box
protein P2 (FoxP2) and meis homeobox 2 protein (Meis2), which are almost exclusively expressed by
Arkypallidal neurons [17,18,22ee,23]. Additionally, the transcription factor neuronal PAS domain
protein 1 (Npasl) is expressed in Arkypallidal neurons (defined as FoxP2+ neurons), albeit to varying
degrees depending on studies: ranging from 80% [20] to 100% [17]. It is important to note that Npasl
is not expressed in adjacent GPe regions, in contrast to FoxP2, which shows strong expression
throughout the striatum [43]. Therefore, Npasl-Cre mice have been employed as a tool for
optogenetic experiments to target a substantial portion of Arkypallidal neurons while avoiding the risk
of virus leakage beyond the boundaries of GPe. However, it is essential to recognize that Npasl is also
expressed by a significant fraction of Prototypic Lhx6+ neurons (up to 30-35%) [17-19]. This
population correspond to the 30% of Prototypic neurons sending an axon to striatum [30]. In essence,
utilizing Npas1-Cre mice to target neuronal population will inclusively capture all pallidostriatal GPe
neurons, regardless of whether they are Arkypallidal or Prototypic in nature. This limitation highlights
the challenge of employing Npas1-Cre mice to investigate the specific function of unique GPe cell
population. Improving the circuit-specificity of Npas1-Cre mice by combining it with intersectional
optogenetic tools [44] could represent a promising approach.




Circuit connectivity and functional impact of Arkypallidal neurons

Previous in vivo electrophysiological recordings conducted in parkinsonian animals with 6-
OHDA lesions, have revealed that Prototypic and Arkypallidal neurons exhibit opposing phase firing
during synchronized oscillatory activity events [23]. Furthermore, optogenetic excitation of STN
neurons had contrasting effects on both GPe neurons: it induced rapid excitation in Prototypic
neurons but a corresponding inhibitory response in Arkypallidal cells [29]. Collectively, these findings
raise the intriguing possibility that the functional dichotomy between Prototypic and Arkypallidal
neurons extends to disparities in their input organization. This hypothesis was recently examined for
D2-SPNs and STN inputs using optogenetic stimulation in D2-Cre and Vglut2-Cre animals, respectively
[45e0,46]. The outcomes of these experiments can be summarized as follows: both D2-SPNs and STN
inputs elicited stronger and more numerous synaptic responses in Prototypic neurons as compared to
Arkypallidal. This differential synaptic organization consistently translate into opposing firing patterns
between Prototypic and Arkypallidal neurons during in vivo extracellular recordings [46]. For instance,
D2-SPNs stimulation led to inhibition of Prototypic neurons but excitation in Arkypallidal neurons
(Figure 2A). Conversely, STN stimulation triggered excitation in Prototypic neurons but inhibition in
Arkypallidal activity (Figure 2B). This opposition of response was attributed to the potent inhibitory
impact of Prototypic local axon collaterals onto Arkypallidal neurons. In addition to these two primary
GPe inputs, the axons of D1-SPNs neurons form ‘bridging’ collaterals into the GPe [47]. Interestingly,
optogenetic excitation of D1-SPNs in D1-Cre mice triggered a strong biased response towards
Arkypallidal neurons [45]ee, but see [34]. These synaptic organization are further supported by in vitro
studies showing that D1-SPNs preferentially influence Npasl+ GPe neurons (half of which are
Arkypallidal)[27], while STN inputs evoke stronger synaptic currents into PV+ neurons (many of which
are Prototypic) than in Npasl+ cells [19]. Similar conclusions regarding GPe inputs organization were
reached when dissecting the responses elicited by in vivo sensory stimulation, rather than bulk
optogenetic excitation of specific inputs [48].
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Figure 2. Optogenetic dissection of GPe input organization and motor impact. A, Schematic
illustrating the STR-GPe-STN activity dynamics and motor impact induced by D2-SPNs optogenetic
stimulation in D2-Cre mice. In this condition, D2-SPNs stimulation induced a di-synaptic excitation in
Arkypallidal neurons, which could directly mediate locomotion inhibition by suppressing motor-related
striatal activity. B, Schematic illustrating the GPe activity and motor impact induced by STN



optogenetic stimulation using Vglut2-Cre mice. In this condition, treadmill locomotion was not
impaired by STN excitation. This behavioural output was associated with an inhibition of Arkypallidal
neurons (leaving motor-related striatal unperturbed) and co-activation of Prototypic and STN neurons,
which might counteract each other at the BG output level.

Investigation into how the activity change in Prototypic and Arkypallidal neurons, induced by
optogenetic stimulation of D2-SPNs or STN, influenced locomotion behaviour revealed interesting
findings. While both inputs are traditionally considered as motor-suppressing pathways, locomotion
inhibition was exclusively observed following optogenetic stimulation of D2-SPNs neurons, not STN
neurons [46]. This disparity in behavioural outcomes could be attributed to the distinct influences
these stimulations exert on BG output activity. Indeed, the prevailing idea in the field is that movement
inhibition induced by both pathways depends solely on their net effect on BG output. However, this
conventional view is challenged by a recent study showing that locomotion inhibition following D2-SPNs
stimulation is achieved through the local influence of D2-SPNs axon collaterals [49]ee. Similarly,
Arkypallidal opto-excitation reproduced the locomotor inhibitory effect observed with D2-SPNs
stimulation, but without disturbing Prototypic neurons, thus leaving the remaining indirect pathway
unperturbed [46]. This last work demonstrates that Arkypallidal neurons effectively form a
pallidostriatal feedback loop capable of modulating action inhibition at the BG input stage: the
striatum. Importantly, this Arkypallidal feedback might be directly controlled by D1-SPNs inputs [45]ee
or indirectly recruited by D2-SPNs through the inhibition of Prototypic neurons [46]. Beyond such
striato-pallidostriatal feedback loop, it is plausible that unconventional GPe inputs might directly
target Arkypallidal neurons, independently regulating the execution or cancellation of movement-
related striatal activity. For instance, direct projections from the motor cortex onto Arkypallidal
neurons [50]e and Npasl+ GPe neurons [19] have been reported. Furthermore, additional inputs from
the limbic system might directly impact motor information processing by Arkypallidal neurons [51].
Nevertheless, the precise identity of all such direct inputs, as well as their functional contributions to
motor control, remain unknown.

Speculation on the mechanistic contribution of Arkypallidal neurons to action selection/inhibition

Striatal information processing is crucial for generating neuronal network activity that is
properly organized in space and time to implement what actions to perform [52ee,53] and how fast
to do them [54]. In this last section, we will speculate on the mechanistic contribution of the
Arkypallidal GABAergic feedback to striatal microcircuits. We will consider two conditions depending
on whether the feedback projections operate in an ‘open loop’ or a ‘closed loop’ mode. This distinction
is based on whether the Arkypallidal feedback inhibition functionally impact onto D2-SPNs that trigger
the feedback (close loop) or not (open loop mode).

In the open loop mode, our first hypothesis is that Arkypallidal neurons may participate to a
‘centre select/surround inhibition” mechanism, reinforcing the selective activation of striatal neurons
(Figure 3A). In this scenario, activation of D1-SPNs carrying motor-related information will, through
their GPe bridging collaterals, selectively suppress the feedback inhibition from a subset of Arkypallidal
neurons. This effect on Arkypallidal neurons could synergize with the direct effect of D1-SPNs on BG
outputs, ensuring proper movement initiation at both the input and output stages of BG circuits.
Concurrent activation of the D2-SPNs will result in widespread inhibition of Prototypic neurons and,
consequently, a disynaptic disinhibition of Arkypallidal neurons. Inhibiting Prototypic neurons will lead
to increased BG output activity and inhibition of competing motor programs. This mechanism may



also work in concert with a parallel recruitment of Arkypallidal directly impacting the striatum. Indeed,
the heightened activity of Arkypallidal neurons will likely broadcast inhibitory feedback to large striatal
territories, providing additional inhibition to competing motor programs, thereby contributing to an
increased signal-to-noise ratio mechanism. This scenario aligns with in vivo electrophysiological
recordings, which show that a large proportion of Prototypic GPe neurons are inhibited during
movement execution [22ee,55] while Arkypallidal neurons are excited [22]ee. Now, let’s consider a
situation in which, due to changes in the external environment, an animal needs to quickly cancel the
ongoing motor plan. Such a condition can be experimentally reproduced using a ‘Stop-signal’ task in
rodents [56]. Interestingly, in such condition, it has been demonstrated that a subpopulation of
Arkypallidal neurons can rapidly convey this stop signal sensory response to directly cancel motor-
related striatal information [39]e. It is possible that these ‘stop-signal’ responding Arkypallidal
neurons functionally represent the ‘centre select’ cluster otherwise inhibited by the D1-SPNs initiating
the action. Specific sensorimotor inputs to Arkypallidal neurons might directly drive this fast ‘cancel’
response (Figure 3A).

Our second hypothesis relies on a close loop mode of functioning of Arkypallidal feedback
projections (Figure 3B). This hypothesis could have implications in two different aspects of striatal
motor function. The first aspect is related to the role of striatum in controlling motor vigor [54]. To
efficiently adjust and control vigor during a movement, it might be crucial for the striatum to receive
a closed-loop signal that regulates its activity as workloads increase over time. In this context, the
Arkypallidal feedback projection could represent a beneficiary mechanism to properly scale striatal
response according to the demands. It is noteworthy that, despite the direct inhibitory effect on
locomotion caused by Arkypallidal opto-excitation, the stimulation also significantly reduces the
maximal velocity of locomotion that the animal can achieve during such optogenetic Arkypallidal
excitation [46]. Dissecting more precisely the causal impact that Arkypallidal neurons have on the
velocity of fine movements will be important in future studies.

The second aspect, potentially important for striatal motor control, is related to recent
evidences indicating that during naturalistic behaviour, striatal networks dynamics are temporally
organized into sequences of motor syllables [52]ee. Likewise, during locomotion, striatal activity is
spatially organized into cluster of activities that are relevant to encode locomotion [57]. In both these
scenarios, it is possible that the feedback projections from Arkypallidal neurons contribute to
organizing, in space and time, the dynamical state-transitions observed between SPNs cell assemblies.
Whether and how Arkypallidal neurons activity impact on switching between striatal states associated
to different motor syllables should also be assessed by future studies. Additionally, it is crucial to
determine if the anatomical substrate of Arkypallidal axonal projections, specifically their spatial
specificity towards active D1- and D2-SPNs, is compatible with this hypothesis. However, even a global
and non-selective inhibitory signal to striatal neurons would be effective in switching striatal states if
such feedbacks were appropriately timed.

In conclusion, we have shown that Arkypallidal neurons represent yet another source of
striatal GABAergic inputs, strategically positioned to contribute to the computation of action
selection/inhibition, especially given their projections to the dorsal part of the striatum [36]. This
significant physiological contribution also raises the intriguing possibility of their involvement in the
pathophysiological aspect of movement disorders, a topic ripe for future investigations. Furthermore,
it is conceivable that the function of Arkypallidal neurons extend beyond the motor domain through
their projections to other regions of the striatum [58]. Recent research has even suggested the



existence of Arkypallidal neurons in the ventral pallidum, which could play a crucial role in regulating
the functions of ventral BG loops, such as those related to reward- or stress-related processing [59,60].
In summary, the multifaceted roles of Arkypallidal neurons in orchestrating various aspects of BG
function underscore the complexity and richness of these neural circuits, offering exciting avenues for
further exploration and characterization of these circuit both in function and dysfunction.
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Figure 3. Speculations on the mechanistic impact of the Arkypallidal pallidostriatal feedback loop.
A, Simplified BG schematic illustrating the potential impact of Arkypdallidal feedback projections when
functioning in an ‘open loop’ mode. In this scenario, a mechanism known as ‘center select/surround
inhibition” may come into play, strengthening both action selection and competition inhibition directly
within the striatum. B, Schematic illustrating another potential functional mode of Arkypallidal
projections relying on closed-loop feedback mechanism. In this scenario, Arkypallidal projections could
facilitate the dynamical transitions observed between functional SPNs clusters. While motor syllables
are represented here as non-overlapping neuronal ensemble (for visualization purposes), it has been
shown that different actions are continuously represented within the neural activity space by
overlapping SPS ensembles [53].
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