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Abstract: Excessive inhibition of the external globus pallidus (GPe) by striatal GABAergic neurons is consid-
ered as a central mechanism contributing to motor symptoms of Parkinson’s disease (PD). While electro-
physiological findings support this view, behavioral studies assessing beneficial effects of global GPe activa-
tions are scare and the reported results are controversial. We used an optogenetic approach and the stand-
ard unilateral 6-hydroxydopamine nigrostriatal dopamine (DA) lesion model of PD to explore the effects of
GPe photostimulation on motor deficits in mice. Global optogenetic GPe inhibition was used in normal mice
to verify whether it reproduced the typical motor impairment induced by DA lesion. GPe activation im-
proved ipsilateral circling, contralateral forelimb akinesia, locomotor hypoactivity and bradykinesia in
hemi-parkinsonian mice at ineffective photostimulation parameters in normal mice. GPe photoinhibition
had no effect on locomotor activity and forelimb use in normal mice but reduced directed exploration and
improved working memory performances indicating that recruitment of GPe in physiological conditions
may depend on the behavioral task involved. Collectively, these findings suggest that GPe plays more im-
portant role in PD as consequence of the complex functional compensatory remodeling affecting BG circuits
upon DA depletion.

Keywords: external globus pallidus, motor behavior, mice, optogenetic, Parkinson’s disease.

1. Introduction

Basal ganglia (BG) are a highly organized network of subcortical nuclei that con-
trols various aspect of voluntary motor movements and were implicated in many neu-
rodegenerative disorders, including Parkinson's disease (PD)2. The external globus
pallidus (GPe) was traditionally considered as a simple relay nucleus within the net-
work, connecting the striatum and subthalamic nucleus (STN) in the indirect pathway?.
However, recent anatomical and electrophysiological studies uncovered a diversity of
GABAergic neurons and anatomical connectivity suggesting that the GPe may serve a
much more complex function than just a relay station*%. GABAergic neurons of GPe
comprise distinct neuronal subpopulations that can be identified based on their electro-
physiological properties, molecular features, and projection targets. The two major clas-
ses are prototypic neurons that send widespread projections within and outside the BG
and arkypallidal neurons that project back to the striatum*#®. Despite surge of interest
over the past years, our understanding of the functional importance of GPe within the
BG circuits remains incomplete. Early behavioral studies showed that pharmacological
manipulations with GABAergic and glutamatergic agents that enhance GPe activity
promote motor behaviors®. Unilateral GPe activations induce contralateral circling in
rats and dyskinesia in monkeys while bilateral stimulations produce locomotor hyperac-
tivity in rats'®-'6. Consistent with pharmacological studies, unilateral optogenetic GPe
activation was also reported to induce contralateral circling and hyperkinesia in mice?”.
While these findings consistently show that the net effect of global GPe activation is a
facilitation of motor behaviors, studies assessing the impact of cell-type specific
optogenetic stimulations revealed a dissociable contribution of GABAergic neuron sub-
types to motor behavior!$-21,
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In PD condition, the degeneration of nigrostriatal dopaminergic neurons triggers a
range of functional compensatory changes in BG circuits that lead to development of
motor symptoms?. Excessive inhibition of GPe neurons by striatal GABAergic neurons
of the indirect pathway is considered a critical mechanism underlying the pathological
overactivity of the subthalamic nucleus and BG output structures and thus the expres-
sion of the motor symptoms'2%. While electrophysiological and neurochemical studies
in patients and animal models of PD provide support for this view?+2, few studies have
explored behavioral effects of global GPe stimulations in the context of dopamine (DA)
depletion and the reported results are controversial. Pharmacological and global
chemogenetic GPe activations ameliorate motor deficits in reserpine-treated rat and in
mice with bilateral medial forebrain bundle (MFB) lesion, respectively?*3!. By contrast,
no effect was found with either global optogenetic GPe activation or inhibition in MFB-
lesioned mice®. Whether the discrepancy is due to the functional heterogeneity of
GABAergic projection neurons and/or the difference in neuromodulation approaches
used is still an open question. To date, it remains also unclear whether GPe inhibition in
physiological conditions produces motor deficits like dopaminergic lesion. While phar-
macological inhibitions of GPe produce motor impairments in rats®11.334 recent
optogenetic studies targeting striatal indirect pathway and GPe found no effects in
mice®3%, thus raising a question about GPe participation to locomotor behavior in physi-
ological conditions.

In the present study we used an optogenetic approach and the standard unilateral
6-hydroxydopamine (6-OHDA) nigrostriatal dopamine (DA) lesion model in mice to
reevaluate the effects of global GPe stimulation on motor deficits. The behavioral effects
of optogenetic inhibition of GPe were also studied in normal mice under the same test-
ing conditions to examine whether reduction of GPe activity reproduces the typical mo-
tor deficits of DA lesion. The findings show that global GPe photostimulation improves
a range of motor deficits in hemi-parkinsonian mice. In normal mice, GPe
photoinhibition had a little effect on motor behavior but promoted cognitive functions.
These findings shed a new light into GPe function and show that this BG nucleus differ-
entially contribute to modulation of motor functions in normal and PD conditions.

2. Results

2.1. GPe photostimulation improves ipsilateral circling behavior and contralateral forelimb
akinesia in 6-OHD A-lesioned mice

To examine whether GPe activation improves motor impairments induced by uni-
lateral DA lesion, the excitatory channelrhodopsin 2 (ChR2) variant, ChR2(H134R),
which has a larger photocurrent than wildtype ChR2%, was expressed in GPe neurons
under the control of the human synapsin-1 (hSynl) promoter using an adeno-associated
virus (AAV) vector (Figures 1A). Only mice with successful optic fiber implantation
(Figure 1B) and opsin expression in the GPe (Figure 1C) were included in the study.
Immunohistochemical staining of tyrosine hydroxylase (TH) confirmed the complete
loss of dopaminergic fibers in the striatum of lesioned mice (Figure 1D), and quantita-
tive analysis of TH immunofluorescence in the substantia nigra pars compacta (SNc) re-
vealed over 98% loss of TH positive cells in 6-OHDA/TAG and 6-OHDA/ChR2 mice
compared to Sham/controls (p<0.005 for both groups, Dunn’s post-hoc test following a
significant Kruskal-Wallis test, Figures 1E and F).

To reveal potential alterations of GPe activity, we selected an optical stimulation
(532 nm, 5 Hz, 5 ms, 3 mW, 2 min application, Figure 1G) that was behaviorally ineffec-
tive in normal mice behavior based on pilot studies (data not shown). The illumination
parameters triggered no contralateral circling (null scores) and produced no change in
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100 spontaneous locomotor activity and forelimb use in non-lesioned control mice express-
101 ing the opsin (Sham/ChR2) or the fluorescent protein alone (Sham/TAG From Supple-
102 mentary Figure 1). The two control groups were therefore pooled together in this study
103 (Sham/controls, Figure 1). During the pre-stimulation period (first OFF, Figure 1H), 6-
104 OHDA/TAG and 6-OHDA/ChR2 mice had a comparable ipsilateral circling scores that
105 were significantly higher than those of Sham/controls (p<0.02, non-parametric Dunn’s
106 post-hoc test). The photostimulation had no effect in 6-OHDA/TAG mice (p<0.0005 for
107 all ON periods vs Sham/controls, Dunn’s post-hoc test), but it reduced ipsilateral circling
108 in 6-OHDA/ChR2 mice (p>0.05 vs Sham/controls, Dunn’s post-hoc test, Figure 1H). The
109 improvement immediately vanished when the optical stimulation was turned OFF.
110 Analysis of cumulative circling scores over the OFF and ON periods revealed a signifi-
111 cant main effect of lesion (H(3) <16.58 for both conditions, p<0.0005, Kruskal-Wallis test;
112 Figure 1I) and post-hoc test confirmed a beneficial effect of the photostimulation only in
113 6-OHDA/ChR?2 mice (p>0.05 vs Sham/controls, Dunn’s post-hoc test).
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115 Figure 1: GPe photostimulation ameliorates circling behavior and forelimb akinesia in hemi-
116 parkinsonian mice. (A) Schematic illustration of the experimental procedure for opsin expression
117 in GPe and nigrostriatal DA lesion. (B) Placement of individual optical fiber across the antero-
118 posterior axis of the GPe. (C) Immunofluoresence image illustrating unilateral eYFP expression in
119 GPe neurons. (D) DAB immunostaining for TH-positive fibers in the striatum of a lesioned mouse.
120 (E) Immunostaining for TH+ cells in SNc of a lesioned mouse. (F) Percentage of TH+ cells loss in
121 SNc in lesioned mice relative to Sham mice. (G) Photostimulation protocol used for the open field
122 test. Testing was carried over 8 min with repeated sequences of light pulses stimulation (532 nm, 5
123 Hz, 5 ms, 3 mW) turned OFF and ON for 2 min. (H-I) Time course and total number of spontane-
124 ous ipsilateral rotations during OFF and ON periods, respectively. (J) Photostimulation protocol
125 used for the cylinder test. Testing was carried over 6 min with repeated sequences of light pulses

126 stimulation (532 nm, 5 Hz, 5 ms, 3 mW) turned ON and OFF for 1 min. (K) Percentage of contrala-
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127 teral forelimb use during OFF and ON periods relative to the total number of forepaw contacts. (L)
128 Total number of rears (forepaw contacts) during OFF and ON periods. Results are presented as
129 mean + SEM. *p<0.05 and **p<0.01 significantly different from Sham mice. #p<0.05 significantly dif-
130 ferent from 6-OHDA/TAG mice, Dunn’s test following a significant non-parametric Kruskal-Wallis
131 test for both circling behavior and forelimb use; Tukey’s test following a significant two-way re-
132 peated measures ANOVA for rears.

133 We next verified whether GPe activation could restore contralateral forelimb
134 akinesia in the cylinder test. Forelimb use in the cylinder test is associated with postural
135 support when the mouse is up on its hind limbs and is a reliable index of akinesia in-
136 duced by dopaminergic depletion. Figure 1K illustrates the global score of contralateral
137 forelimb use in OFF and ON periods. A significant impairment was detected in all
138 lesioned groups during the OFF periods (p<0.01 vs Sham/controls, Dunn’s post-hoc test).
139 Application of the optical stimulation had no effect in 6-OHDA/TAG mice (p<0.001,
140 Dunn’s post-hoc test), but improved contralateral forelimb use deficit in 6-OHDA/ChR2
141 mice (p>0.05, Dunn’s post-hoc test). Total number of rearing was significantly reduced in
142 both lesioned groups (main effect of 6-OHDA lesion, Fe, 18= 11.18, p<0.001, Figure 1L)
143 and GPe photostimulation was ineffective (p<0.05 for both lesioned groups vs
144 Sham/controls, Tukey’s post-hoc test, Figure 1L).

145 2.2.  GPe photostimulation improves locomotor hypoactivity and bradykinesia in 6-OHDA-

146 lesioned mice

147 To further characterize the beneficial effects of GPe activation in lesioned mice we
148 analyzed various locomotor activity parameters. Figure 2B illustrates the time-course of
149 the distance traveled in the open field arena upon repeated application of the
150 photostimulation (532 nm, 5 Hz, 5 ms, 3 mW, Figure 2A). In the pre-stimulation period,
151 6-OHDA/TAG and 6-OHDA/ChR?2 mice had a significantly lower baseline locomotor ac-
152 tivity levels than Sham/controls (p<0.01 for both groups, Tukey’s post-hoc test). GPe
153 photostimulation increased locomotor activity in 6-OHDA/ChR2 mice (p>0.05 vs
154 Sham/controls, Tukey’s post-hoc test) but not in 6-OHDA/TAG mice (p<0.05 vs
155 Sham/controls, Tukey’s post-hoc test). Repeated measures ANOVA performed on global
156 scores (Figure 2C) yielded a significant main effect of 6-OHDA lesion (Fe 19 = 6.12,
157 p<0.05) and optical stimulation (Fa, 19 = 7.16, p<0.01). Post-hoc analysis confirmed that
158 GPe photostimulation had a beneficial effect only in 6-OHDA/ChR2 mice (p>0.05 vs

159 Sham/controls, Tukey’s post-hoc test).
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Figure 2: GPe photostimulation ameliorates locomotor activity measures in hemi-
parkinsonian mice. (A) Photostimulation protocol used for the open field test. Testing was carried
over 8 min with repeated sequences of light pulses stimulation (532 nm, 5 Hz, 5 ms, 3 mW) turned
OFF and ON for 2 min. (B-C) Time course and total distance traveled (cm) during OFF and ON
periods, respectively. (D-E) Time course and total time spent in immobility (%) during OFF and
ON periods, respectively. (F-G) Time course and global locomotor velocity during OFF and ON
periods, respectively. Results are presented as mean + SEM. *p<0.05 and **p<0.01 significantly dif-
ferent from Sham mice or within group, Tukey’s test following a significant two-way repeated
measures ANOVA.

Hypokinesia assessed by the percentage of time spent in immobility (Figure 2D)
was overall higher in lesioned groups compared to Sham/controls (Fe 19 =2.97, p<0.05, 6-
OHDA lesion effect). Though, a significant difference between 6-OHDA/TAG mice and
Sham controls was only detected at the 24 OFF period (p<0.05, Tukey’s post-hoc test).
The photostimulation reduced % of the time spent in immobility in 6-OHDA/ChR2 in a
reversible manner (F ¢ 57) = 2.44, p<0.05, 6-OHDA lesion x photostimulation interaction,
Figure 2D). Analysis of the global scores (Figure 2E) yielded a significant main effect of
optical stimulation (F,19) = 5.06, p<0.05) and a significant 6-OHDA lesion x optical stimu-
lation interaction (F, 19) = 4.54, p<0.05, Figure 2E), but post-hoc test failed to reveal a sig-
nificant difference between groups (p>0.05, Tukey’s test). Further analysis performed
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180 within groups confirmed that only 6-OHDA/ChR2 mice had a significantly lower scores
181 in the ON than the OFF period (p<0.05, Student’s t test, Figure 2E).

182 Lesioned mice also displayed a marked bradykinesia illustrated by a slower
183 locomotor compared to Sham controls (Fe, 19 = 6.12, p<0.01, 6-OHDA lesion effect, Figure
184 2F). The average velocity in the OFF periods was around 8 cm/s for Sham/controls and
185 below 5 cm/s for lesioned mice (p<0.04, Tukey’s post-hoc test). Application of the
186 photostimulation enhanced locomotor velocity in 6-OHDA/ChR?2 (Fg,s7) = 2.26, p<0.05) at
187 all ON periods (p>0.05 vs Sham/controls, Tukey’s post-hoc test, Figure 2F). Analysis of
188 the global scores (Figure 2G) revealed a significant main effect of 6-OHDA lesion (Fe 19)=
189 5.27, p<0.05) and optical stimulation (F, 19 = 8.83, p<0.01) and post-hoc multiple compar-
190 isons confirmed an improvement of bradykinesia only in 6-OHDA/ChR2 (p>0.05 vs
191 Sham/controls, Tukey’s post-hoc test, Figure 2G).

192 2.3. GPe photoinhibition in normal mice does not mimic motor deficits of DA depletion

193 We next examined whether optogenetic inhibition of GPe in normal mice could
194 reproduce the typical motor deficits of unilateral 6-OHDA lesion. To do so, we used the
195 engineered blue-sensitive chloride-conducting channelrhodopsin, iC++, which allows
196 more efficient optogenetic control than the hyperpolarization induced by light-activated
197 chloride pumps3®. iC++ was expressed in GPe under the control of the hSynl promoter
198 (Figure 3A). Only mice with successful opsin expression (Figure 3B) and optic fiber
199 implantation within the GPe (Figures 3C and D) were included in the study. We first
200 examined whether unilateral GPe photoinhibition induces ipsilateral circling. Various
201 photoinhibition protocols were used with pulsed and continuous illuminations (Figure
202 3E) at different frequencies (20-60 Hz) and intensities (5-12 mW) based on published
203 studies®®. Only a tendency to circle toward the illumination side (few incomplete
204 ipsilateral rotations) was detected in iC++ mice. From Figures 3F and G, it can be seen
205 that continuous photoinhibition with the highest illumination intensity (12 mW)
206 produces no notable circling behavior (p>0.05, Mann-Whitney test). Analysis of
207 locomotor activity measures revealed no changes in distance traveled (p>0.05, repeated
208 measures ANOVA, Supplementary Figures 2B and C), % of the time spent in
209 immobility (p>0.05, repeated measures ANOVA, Supplementary Figures 2D and E) and
210 velocity (p>0.05, repeated measures ANOVA, Supplementary Figures 2F and G). In the
211 cylinder test, the unilateral photoinhibition (12 mW, Figure 3H) produced no impair-
212 ment in contralateral forelimb use (p>0.05, Student’s t-test, Figures 3I) and rearing
213 behavior (p>0.05 vs TAG mice, Student’s t-test, Figures 3J).

214
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Figure 3: Unilateral GPe photoinhibition does not reproduce motor deficits. (A) Schematic illus-
tration of the experimental procedure for opsin expression in GPe. (B) Immunofluoresence image
illustrating bilateral viral expression in GPe neurons. (C) Cresyl violet staining showing bilateral
fiber optic placement in the GPe. (D) Placement of individual optical fiber across antero-posterior
GPe axis. (E) Photoinhibition protocol used in the open field test. Testing was carried over 10 min
with continuous light illumination (450 nm, 12 mW). (F) Time course and total number of
ipsilateral rotations over 10 min of testing, respectively. (G) Photoinhibition protocol used in the
cylinder test. Testing was carried over 6 min with continuous light illumination (450 nm, 12 mW).
(I) Percentage of contralateral forelimb use relative to the total number of forepaw contacts. (J) To-
tal number of rears (forepaw contacts). Results are presented as mean + SEM. p>0.05, Mann-
Withney test or unpaired t-test following a significant non-parametric Kruskal-Wallis test for cir-

cling behavior and forelimb akinesia, respectively.

2.4. GPe photoinhibtion improves cognitive functions in normal mice

The above findings indicate that GPe may not contribute to modulation of sponta-
neous locomotor behavior in physiological conditions. GPe establishes direct anatomical
connections with the cortex, thalamus, and amygdala!4-4 suggesting that it may partic-
ipate to modulation of motivational and cognitive aspects of motor behavior. To explore
this possibility, we examined whether bilateral GPe photoinhibition (6 mW/side) could
impact short-term spatial working memory performance assessed by spontaneous alter-
nations in the Y-maze task (Figures 4A and B). The latency to exit the starting arm and
the number of arm entries were used as an index of neophobia and general locomotor
activity, respectively. TAG and iC++ mice, displayed good spontaneous alternation per-
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formances that were above chance level (calculated at 22.2%, p<0.05, One-group test
Figure 4B). Interestingly, iC++ mice had a better score than TAG mice (p<0.05, Student’s
t-test) indicating that the photoinhibition promotes short-term working memory. The
photoinhibition did not change the latency to exit the starting arm (p<0.05 vs TAG mice,
Student’s t-test, Figure 4C) or the number of arm entries (p<0.05 vs TAG mice, Student’s
t-test, Figures 4D and E).
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Figure 4: Bilateral GPe photoinhibition impacts working memory and directed explora-
tion. (A) Photoinhibition protocol used in the Y-maze test. Testing was carried over 6 min with
continuous light stimulation (450 nm, 6 mW/side). (B) Percentage of spontaneous alternations. The
dashed line shows a chance level of 22.2%. (C) Latency to exit the starting arm (sec). (D-E) Time
course and total number of arm entries in the Y-maze over 6 min of testing, respectively. (F)
Photoinhibition protocol used in the nose-poke habituation test. Two 15-min of testing were car-
ried one week apart, session 1 with continuous light illumination (450 nm, 6 mW/side) and session
2 with light OFF. (G-H) Time course and total number of nose-pokes per session. Results are pre-
sented as mean + SEM. *p<0.05, unpaired t-test for Y-maze test and unpaired t-test following a sig-
nificant repeated measures ANOVA for nose-poke exploration.

The effect of the photoinhibition was also studied on the long-term habituation to
spatial cues, a simple form of non-associative learning, using one week of retention de-
lay. Testing was conducted over 15 min in operant chambers equipped with illuminated
nose-poke ports placed on the front wall. We previously demonstrated that nose-poke
ports can be employed as spatial cues for evaluating directed exploration and learning
performances in mice*-4. Mice received bilateral optical inhibition (6 mW/side) solely on
the first session (Figure 4F). TAG mice displayed the expected exploration profile (Fig-
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262 ure 4G). On session 1, they initially displayed a high number of nose-poking that de-
263 clined over the course of the session and then remained at the same low level on the se-
264 cond testing session, reflecting respectively short-term (within-session) and long-term
265 (between-session) habituation phenomenon (F, sy = 5.062, p<0.0001, main effect across
266 days). iC++ mice had a remarkably low exploration level on session 1 compared to TAG
267 mice (F ¢, 81 = 2.574, p<0.05, sessions x optical inhibition interaction) and a significant dif-
268 ference between groups was detected in the first block (p<0.05, Student’s t-test). On ses-
269 sion 2, they displayed a normal habituation performance illustrated by a low exploration
270 level comparable to TAG mice (p>0.05, Student’s t-test for all blocks). Analysis of the
271 global scores confirmed that iC++ mice had a significantly lower number of nose-poking
272 than TAG mice only in session 1 (p<0.05, Student’s t-test, Figure 4H) indicating that they
273 were able to efficiently process and retain novel spatial information despite their low
274 exploration level.

275

276 3. Discussion

277 The present study shows that global GPe optogenetic activation is effective at re-
278 ducing motor impairments in hemi-parkinsonian mice. As expected, unilateral SNc le-
279 sion produced the typical motor deficits in mice manifested by ipsilateral circling,
280 locomotor hypoactivity, bradykinesia, and forelimb akinesia. Global GPe optogenetic ac-
281 tivation improved the various motor abnormalities. The beneficial effects were reversible
282 and only seen in 6-OHDA-lesioned mice expressing the excitatory opsin, confirming the
283 selectivity of the optogenetic neuromodulation. The improvement of locomotor
284 hypoactivity may be due to restoration of ipsilateral circling, and thus the balance in the
285 motor circuit, which is essential to walk in a straight line and to travel over long distanc-
286 es in the arena. It may also be attributed to restoration of the exploration drive as dopa-
287 minergic lesions are well known to reduce novelty-induced exploration. The ameliora-
288 tion of hypokinesia and bradykinesia produced by GPe photostimulation is consistent
289 with this conclusion. The photostimulation was also efficient at improving akinesia as-
290 sessed by contralateral forelimb use in the cylinder test. Overall, our findings extend
291 those reported in the literature using pharmacological and chemogenetic approaches 2
292 31, However, they contrast with those of Mastro et al.®? showing that cell-specific rather
293 than global GPe optogenetic manipulations are effective in restoring motor deficits in
294 MEFB-lesioned mice, a PD model of severe DA deficiency. The discrepancy between the
295 two studies may be explained by the differences in photostimulation protocols and PD
296 mouse models used. The unilateral intranigral lesion model we used produces a less se-
297 vere DA depletion and motor impairments than the bilateral MFB lesion that targets all
298 midbrain DA neurons. It is therefore possible that global GPe photostimulation may
299 more readily alleviate motor impairments induced by unilateral SNc than bilateral MFB
300 lesion. It should be stressed that in Mastro et al. study the behavioral effects of GPe
301 photostimulation were assessed 3-5 days post-lesion while in our study they were eval-
302 uated at a much later time point (5-6 weeks post-lesion). Such a difference in post-lesion
303 testing time may be another possible source of the discrepant results considering that BG
304 circuity undergoes major functional changes several weeks after DA depletion®. An in-
305 teresting study will be to assess the beneficial effects of global GPe photostimulations in
306 hemi-parkinsonian mice at different time-points post-lesion.

307

308 Numerous electrophysiological studies demonstrated a reduction of GPe neuronal
309 firings in animal models and PD patients242628, Gpe hypoactivity has been attributed to
310 an abnormal elevation of extracellular GABA concentrations caused by the overactivity
311 of the striato-pallidal pathway??# and to local changes at the level of pallidal
312 GABAergic synapses*#. Our study provides new behavioral evidence that Gpe activity

313 is altered upon DA depletion. We show that an ineffective optical stimulation in normal
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314 mice is sufficient for improving many aspect of motor impairments caused by DA lesion.
315 Here, we selected low optical stimulation parameters to reveal possible functional altera-
316 tions of the Gpe, and we do expect that a full restoration of the motor deficits can be
317 achieved using higher illumination frequencies and/or intensities. The greater sensitivity
318 of hemi-parkinsonian mice to behavioral effects of the photostimulation may also reflect
319 a functional hypersensitivity of Gpe GABAergic neurons that develops following DA le-
320 sion. For instance, the number of GABAergic synapses and the expression of GABAAare-
321 ceptors are increased in the STN upon DA depletion leading to a strengthening of the
322 functional connectivity between Gpe and STN%-%2. Hence, the motor improvement seen
323 in lesioned mice may be attributed to restoration of the inhibitory drive of Gpe prototyp-
324 ic neurons expressing parvalbumine (PV-neurons), which are the main source of Gpe
325 inputs to STN and BG output structures (substantia nigra pars reticulata and
326 entopeduncular nucleus homologous to primates globus pallidus interna)*. Selective
327 optogenetic stimulations of PV-neurons was consistently shown to alleviate motor defi-
328 cits in mouse models of PD32%354, Interestingly, we found that a behaviorally ineffective
329 optical stimulation in normal mice restores to normal level the motor deficits in lesioned
330 mice*. It is worth noting that not all GPe neurons promote motor behaviors.
331 Optogenetic silencing of prototypic neurons expressing Lim homeobox 6 (Lhx6-neurons)
332 improves motor deficits in MFB-lesioned mice indicating that this neuronal subpopula-
333 tion plays a deleterious role in the context of DA depletion®. Optical stimulations of
334 arkypallidal neurons, namely FoxP2-expressing neurons that exclusively innervate the
335 striatum, were also found to suppress locomotion in normal mice?"%. The fact that global
336 GPe photostimulation produces a beneficial effect in hemi-parkinsonian mice implies
337 that the recruitment of PV-neurons overrides deleterious influences of other GPe neu-
338 ronal populations that suppress motor behavior, an action that may be exerted through a
339 local collateral inhibition and suppression of downstream BG nuclei as recently demon-
340 strated?!.

341

342 The series of experiments conducted in normal mice show that mere reduction of
343 GPe activity did not produce an impairment of spontaneous locomotor behavior and
344 forelimb use, like DA lesion did. It is unlikely that the illumination parameters used are
345 insufficient for silencing GPe neurons. We tested a range of photoinhibition protocols
346 that were previously demonstrated to be effective for silencing neurons and triggering
347 behavioral responses in normal mice®5. Our results are in a good agreement with a re-
348 cent study of Isett et al.% demonstrating a little effect of optogenetic inhibitions of GPe
349 and striatal indirect pathway on locomotor activity in mice. They also extend those re-
350 ported in rats and monkeys showing that neurotoxic lesions of GPe do not reproduce
351 changes in BG discharge patterns and motor dysfunction observed in DA-depleted
352 states?s%”. Collectively, these findings suggest that GPe contribution to gross motor func-
353 tion may not be critical in physiological conditions. Though, in a parkinsonian patient, a
354 lesion confined to the GPe exacerbates akinesia®. GPe ablation was also reported to
355 worsen motor deficits in parkinsonian monkeys and to abolish the improvement in-
356 duced by the dopaminergic receptor agonist, apomorphine®. It thus appears that in DA-
357 depleted state, GPe may play a more important role in the development of motor defi-
358 cits. In PD, the degeneration of DA neurons also leads to a hypoactivity of the direct
359 striatal pathway that promotes motor behaviors. It is therefore possible that the deleteri-
360 ous impact of reduced GPe activity on motor function may be exacerbated when direct
361 striatal pathway transmission is concomitantly reduced. Another possibility could be
362 that the inhibitory drive of some GPe GABAergic neurons that suppress motor behavior
363 is enhanced upon DA depletion. As mentioned above, optical inhibition of GPe Lhx6-
364 neurons improves motor deficits in MFB-lesioned mice®. On the other hand, striatal in-
365 puts of Npasl+-expressing neurons, which suppress locomotor behavior, have been
366 shown to be strengthened upon DA lesion®. Finally, it should be noted that motor

367 symptoms of PD were linked not only to changes in local firing rates but also to an ab-
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368 normal rhythmic activity in BG and cortex manifested by an enhanced oscillations in the
369 beta frequency range (13-30 Hz)%¢!. Pathological beta-oscillations are thought to com-
370 promise information flow and processing in the cortico-basal ganglia (CBC) network,
371 thereby leading to the impairment of motor functions. Recent preclinical studies showed
372 that GPe plays a central role in this context by promoting the expression and propaga-
373 tion of abnormal beta-oscillations throughout the CBG network®-¢. A such capability of
374 orchestrating changes in the pattern of activity across the CBG network may thus
375 emerge as a consequence of the compensatory alterations of GPe inhibitory drive onto
376 BG nuclei and thalamus following DA neuron loss'%6. The contrasting effects of
377 optogenetic GPe modulations on motor functions in normal and hemi-parkinsonian
378 mice is in line with this conclusion.

379

380 An important finding was the improvement of cognitive performances produced by
381 GPe inactivation in normal mice. In the Y-maze task, the photoinhibition induced a spe-
382 cific improvement of short-term working memory that was manifested by an increase of
383 spontaneous alternations without any changes in locomotor exploration and emotionali-
384 ty. In the nose-poke habituation task, the promnesic effect was a less clear-cut because
385 the photoinhibition reduced nose-poking behavior. Despite the exploration deficit, iC++
386 mice displayed a normal long-term habituation performance like control mice, which al-
387 so points to a cognitive facilitation. The reduction of nose-poking behavior induced by
388 the photoinhibition contrasts with the null effects found in the open field and the Y-
389 maze tests. In both cases, higher illumination intensities (8-12 vs 6 mW) produced no
390 locomotor dysfunction in mice, supporting the view that directed exploration and
391 locomotor activity are subserved by distinct neural substrates*¢. The low level of nose-
392 poke exploration displayed by iC++ mice on session 1 may also be indicative of a
393 promnesic action of the photoinhibition. An enhanced ability to process and retain spa-
394 tial information should favor a rapid familiarization of mice with surrounding salient
395 spatial cues and thus lead to a reduced investigatory activity. A such cognitive facilita-
396 tion can explain the good working memory performance of iC++ mice revealed in the Y-
397 maze task, which also requires spatial processing. The precise mechanisms underlying
398 the inhibitory influence of GPe on cognitive processing remains to be delineated. GPe
399 contains a diversity of GABAergic neurons that sends widespread projections within
400 and outside BG and could each influence specific aspects of motor and cognitive behav-
401 iors. In support of this idea, it was recently shown that PV-neurons projecting to the SNr
402 promote motor behavior while those innervating the parafascicular thalamus negatively
403 modulate behavioral flexibility in mice . It is therefore possible that the promnesic ef-
404 fects produced by the photoinhibition may in part be attributed to an inhibition of GPe
405 inputs to the parafascicular thalamus. It may also be linked to a suppression of the GPe
406 inhibitory drive onto the frontal cortex® that subserves executive functions. Future stud-
407 ies are necessary to elucidate the specific contribution of the GPe pathways to the differ-
408 ent facets of cognitive behaviors.

409

410 In conclusion, our findings provide a new insight into the functional role of GPe in
411 health and disease state. They suggest that GPe modulation of gross motor function may
412 not be critical in physiological conditions as previously thought. This BG nucleus may
413 rather participate to specific aspects of motor and cognitive behaviors. In PD condition,
414 the GPe may however play a central role in the expression of a range motor signs of PD
415 because of the complex functional compensatory remodeling affecting BG circuits upon
416 DA depletion.

417

418 4. Materials and Methods

419 4.1. Subjects
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420 Eight weeks old C57BL/6] (BL6) male mice were purchased from Charles River La-
421 boratories (Saint Germain Nuelles, France). Mice were housed in groups of 3-4 in indi-
422 vidually ventilated cages (Techniplast, Grostenquin, France) and kept in 12 h light/dark
423 cycle (light on at 07:00am, off at 07:00pm) with water and food ad lib. Behavioral testing
424 was performed during the light cycle between 07:00am and 07:00pm. All experimental
425 procedures were approved by the French national ethics committee (CE071) and con-
426 ducted in accordance with EEC (2010/63/UE) guidelines for care and use of laboratory
427 animals.

428 4.2. Viral constructions

429 For global optical stimulation of GPe neurons the excitatory channelrhodopsin 2
430 variant (ChR2(H134)) fused to a yellow fluorescent protein (eYFP) was expressed under
431 the hSYN1 promoter using an adeno-associated virus serotype 2 vector (AAV2-hSYN1-
432 ChR2(H134R)-eYFP, 5.6 x 102 particles/ml). For optical inhibition we used the AAV2
433 vector encoding the engineered chloride channel, IC++, fused to eYFP under the hSYN1
434 promoter (AAV2-hSYNI1-IC++-eYFP, 4.1 x 102 particles/ml). AAV2 encoding the eYFP
435 reporter protein only (AAV2-hSynl-eYFP, 2 x 10" particles/ml) was used as a control.
436 All viral vectors were obtained from Vector Core (University of North Carolina, Chapel
437 Hill, USA and MTA from Karl Deisseroth at Stanford University).

438 4.3. Stereotaxic surgery

439 4.3.1. Unilateral 6-OHDA lesion

440 Mice were pre-treated subcutaneously with buprenorphine (0.05mg/kg) for analge-
441 sia, then deeply anesthetized with isoflurane (4% induction then 1-2%) and placed in a
442 stereotaxic frame (David Kopf instruments) on a headed pad and OcryGel was used to
443 protect from dry eyes. Lidocaine (6mg/kg) was injected subcutaneously before incising
444 the scalp. Mice received 1.5 pl infusion of 6-OHDA hydrobromide (2.7 ug/ul, free base,
445 Tocris) either into the left or right SNc over 5 min at the following coordinates: AP: 3
446 mm, ML + 1.3mm and DV -4.7 mm, according to the atlas of Paxinos and Watson, (2001).
447 The injection side was randomized between experimental groups. The microinjector was
448 slowly removed 5 min after the end of the injection to minimize backflow. Control mice
449 (Sham) received an injection of the corresponding volume of vehicle (0.02% ascorbic acid
450 in NaCl) in the same conditions.

451 4.3.2. Viral infusion and fiber optic implantation

452 This procedure was performed either immediately after 6-OHDA lesion for study-
453 ing the effects of GPe optostimulation in PD mice or in separate surgery session in nor-
454 mal mice for assessing behavioral effects of optogenetic manipulations of GPe activity in
455 a baseline condition. For GPe photostimulation in PD mice or in non-lesioned control
456 mice (Sham), 300 nl of AAV2-hSyn1-ChR2(H134R)-eYFP or AAV2-hSynl-eYFP was uni-
457 laterally infused into the GPe over 6 min (AP: -0.3 mm, ML: + 2.0 mm and DV: -3.8 mm
458 from the skull surface, according to the atlas of Paxinos and Watson, 2001). The
459 microinjector was slowly removed 6 min after the end of the injection. Following viral
460 injection, an optical fiber-ferrule (optical fiber 200 pum diameter, 0.22 N.A., Doric lenses,
461 Quebec, Canada) was unilaterally implanted 0.2 mm above the injection site and ce-
462 mented to the skull with Super-Bond C&B. For GPe photoinhibition in a normal condi-
463 tion, normal mice received bilateral infusion of 300 nl of AAV2-hSynl-iC++-eYFP or
464 AAV2-hSynl-eYFP in GPe over 6 min at the same stereotaxic coordinates as above. Op-
465 tical fiber-ferrules were bilaterally implanted 0.2 mm above the injection site and ce-

466 mented to the skull with Super-Bond C&B.
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467 Animals received a subcutaneous injection of carprofen (3mg/kg, diluted in NaCl
468 0.9% and glucose 5%) immediately after surgery and then for 2 consecutive post-
469 operative days. They were kept for 2-3 weeks in the post-operative room and their
470 weight monitored daily. Lesioned mice received supplemental food (diet gel, Nutella,
471 chocolate puffed cereals) and additional NaCl 0.9% injections if needed until complete
472 recovery.

473

474 4.4. Optogenetic manipulations

475 Mice were connected through an optical patch cable (Doric lenses, Quebec, Canada)
476 coupled either to a green DPSS laser (532 nm, LaserGlow Technologies, Toronto, Cana-
477 da) or a blue LD Fiber Light Source (450 nm, LDES, Doric Lenses, Quebec, Canada) via a
478 rotary joint (Doric Lenses, Quebec, Canada). The light pulses were triggered by a pro-
479 grammable TTL Pulse Train Generators (custom made). The optical light power was cal-
480 ibrated before behavioral testing by measuring the output power at the tip of an optical
481 fiber-ferrule using a light power meter (PM100D, Thorlabs, France).

482 4.5. Behavioral Procedures

483 Behavioral testing was carried 5-6 weeks after the surgery. All experiments were
484 performed on 20-22 weeks old mice. Mice were handled and habituated to the optical
485 connection few days before behavioral testing. Pilot tests were carried in a viewing jar
486 (20 cm diameter and 30 cm height Plexiglas cylinder) to establish the adequate optical
487 stimulation parameters (light pulse frequency, duration, and intensity) before behavioral
488 testing. For optogenetic studies in 6-OHDA-lesioned mice, a green wavelength light
489 (DPSS laser) was used for photostimulation because the delivery of the blue LDFS was
490 delayed due to the Covid19 pandemic, and pilot tests carried in the viewing jar showed
491 that it is effective in normal mice (Figure S3 for behavioral comparison conducted af-
492 terwards with green DPSS laser and blue LDFS, see also). For GPe photostimulation
493 study, mice were first submitted to the open field test for assessing circling behavior and
494 changes in spontaneous locomotor activity then the cylinder test for assessing forelimb
495 use impairment and postural asymmetry. For GPe photoinhibition study, mice were
496 tested in the following order: open field test, then the nose-poke habituation test session
497 1, Y-maze test, nose-poke habituation test session 2 and the cylinder test.

498 4.5.1. Cylinder test

499 Mice were placed in a small Plexiglas cylinder (10 cm diameter, 20 cm height) and
500 forepaw contacts performed against the wall during vertical exploration (rearing) were
501 manually scored using an ethological keyboard (LabWatcher, ViewPoint, France). For
502 studying the effects of GPe optostimulation in PD mice testing was conducted as follow:
503 after 30 sec of familiarization, mice received light pulses for 1 min (ON period) followed
504 by no stimulation for 1 min (OFF period), repeated three times. For GPe photoinhibition
505 in normal mice, the illumination was applied during the whole testing session (6 min).
506 Mice failing to reach 3 contacts during the 3 min OFF or ON period were excluded from
507 the analyses. One mouse from the 6-OHDA/ChR2 group and one from the iC++ group
508 were excluded. Data are expressed as a percentage of contralateral forepaw contacts rel-
509 ative to the total number of contacts.

510 4.5.2. Open field test
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511 Testing was carried in a white PVC arena (50 x 50 x 45 cm) and spontaneous
512 locomotor activity was recorded by a video-tracking system (ViewPoint, France). Each
513 mouse was individually placed facing a corner of the arena and allowed to freely ex-
514 plore the apparatus for 8 min. For GPe photostimulation in PD mice, light pulses were
515 delivered as follows: 2-min OFF periods (baseline locomotor activity level) and 2-min
516 ON periods, repeated twice to assess whether the behavioral effect of the
517 photostimulation was reversible. For GPe photoinhibition in normal mice, a repeated 2-
518 min and continuous illumination protocols were used. In each period, distance traveled,
519 velocity, % of time spent in immobility (movement threshold < 1cm/s) were analyzed.
520 Circling behaviors was hand-scored in parallel.

521 4.5.3. Y-maze test

522 Mice were placed in a Y-maze made of grey Plexiglas with 3 identical arms (40 x 9
523 x 16 cm) placed at 120° from each other. Each arm had walls with specific motifs allow-
524 ing to distinguish it from the others. Mice freely explored the maze for 6 min with light
525 ON. Spontaneous alternation performance was assessed by visually recording for each
526 mouse the pattern of entrance into each arm in the maze. Alternations were operational-
527 ly defined as successive entries into each of the three arms as on overlapping triplet sets.
528 Percent spontaneous alternation performance was defined as the ratio of actual (total al-
529 ternations) to possible alternations (total arm entries - 2) x 100. Total entries were scored
530 as an index of exploratory activity in the maze. Latency to exit the starting arm was used
531 to assess neophobia.

532 4.5.4. Nose-poke habituation test

533 Mice were tested in five-choice operant chambers (Coulbourn Instruments, Allen-
534 town, United State) dimly lit with a permanent house-light. The front panel was curved
535 and composed of five bays filled with metal wall panels interchangeable by nose-poke
536 modules (Model H21-10M). Each nose-poke hole was equipped with a controlled yellow
537 LED cue light at the end and infrared photobeam across the opening that detects the
538 nose-pokes. Two adjacent nose-poke units (spaced 4 cm apart) were presented in the
539 right corner and two others in the left corner of the front wall (no nose-poke unit in cen-
540 tral bay). The back wall was composed of a single bay fitted with metal panels and the
541 plexiglass side walls were completely covered by cardboard with distinguishable geo-
542 metrical motifs. The metal stainless-steel rod floor (the grid shock floor provided by the
543 manufacturer) was covered by a grey vinyl-coated paper that was used as the standard
544 flooring throughout the study. Testing consisted of 15 min long sessions with nose-poke
545 holes illuminated. The bilateral photoinhibition (continuous illumination) was applied
546 only the first day. One week retention delay was used to assess the impact of GPe inhibi-
547 tion on long-term habituation performances of mice. The number of nose poking was
548 monitored and used as an index of directed exploration and habituation capacity to sali-
549 ent spatial cues.

550 4.6. Immunofluorescence and histological analysis

551 4.6.1. Analysis of 6-OHDA-induced dopamine cell loss

552 Mice were perfused transcardially with 4% paraformaldehyde and the brains were
553 removed, postfixed, and cryoprotected. Free floating coronal sections (40 um thick) con-
554 taining the SNc were incubated with rabbit anti-TH antibody (1/1000, Synaptic Systems,
555 213 102) overnight at 4°C followed by a 2h incubation with the Alexa Fluor 594 goat anti-
556 rabbit antibody (1/400, Jackson Laboratory, 111-585-003) at room temperature (RT). Sec-

557 tions were mounted onto SuperFrost Plus glass slides (VWR) and coverslipped with Ro-
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558 ti®-Mount FluorCare mounting medium (Carl Roth). Immunofluorescence was ana-
559 lyzed by a laser confocal microscopy (Zeiss LM710, Germany) at a 20 X magnification.
560 TH positive cells were counted through the SNc region based on the stereotaxic mouse
561 atlas (Paxinos & Franklin, 2001) delineating the SNc from the ventral tegmental area by
562 the medial optic tract. Counting was done manually in five regions of interest (ROIs) per
563 hemisphere, covering the whole medio-lateral extension of the structure (-2.70 to -3.80
564 mm relative to bregma, 3 sections per mouse), using cell counter plugin of FIJI software
565 (Image], National Institutes of Health).

566 DA depletion in the striatum was also examined. Coronal sections (40pum) were in-
567 cubated overnight at 4 °C with a mouse anti-TH antibody (1/1000, Millipore, MAB318).
568 Thereafter, they were incubated with a biotinylated secondary antibody (goat anti-
569 mouse, 1/200; Jackson Immunoresearch; 115-065-003) for 1 hour and then in a solution
570 containing 0.01% DAB (3,3-diaminobenzidine) and 3% H20: diluted in PBS 1X for 3 min.
571 Sections were finally mounted on slides as described before. Images were acquired using
572 a bright field microscope (Nikon Leica DMLB) at 10X magnification.

573 4.6.2. Analysis of opsins expression

574 Free floating coronal sections (40 um thick) containing the GPe were incubated a
575 48h with a rabbit anti-GFP antibody (1/500, Invitrogen, A-11122) at 4°C then 1h30 with
576 Alexa Fluor 488 donkey anti-rabbit antibody (1/500, Invitrogen, R37118) at RT. Sections
577 were mounted onto SuperFrost Plus glass slides (VWR) and coverslipped with Roti®-
578 Mount FluorCare mounting medium (Carl Roth). Imnmunofluorescence was analyzed by
579 a laser confocal microscopy (Zeiss LM710, Germany) at 10 X magnification.

580 4.6.3. Verification of optic fiber-ferrule placement:

581 For confirming the placement of the optical fiber in the GPe, coronal sections of the
582 GPe were stained with cresyl violet. Images were acquired using Leica DM LB Micro-
583 scope at 2.5 X magnification equipped with Nikon digital camera DXM1200. Mice with
584 the optical fiber-ferrule placements outside of the GPe were excluded from analysis.

585 4.7. Statistical analysis

586 All data are expressed as mean group value + standard error of the mean (s.e.m.).
587 Analysis of forelimb akinesia and rears data in the cylinder test were carried out using a
588 non-parametric Kruskall-Wallis test followed by Dunn’s post-hoc test and a two-way
589 repeated measures ANOVA followed by unpaired t-test, respectively. Analysis of cir-
590 cling behavior was performed using Kruskall-Wallis test followed by Dunn’s post-hoc
591 test or using an Mann-Whitney test. Locomotor activity data in the open field test were
592 analyzed using two-way ANOVA with repeated measures (OFF and ON periods or
593 time). When relevant, post-hoc comparisons were carried using Tukey’s multiple com-
594 parisons tests or t-tests, respectively. The accepted level of significance was p<0.05.

595

596 Supplementary Materials: The following supporting information can be downloaded at:
597 www.mdpi.com/xxx/s1,

598 Figure S1: Behavioral effect of GPe photostimulation in Sham controls groups

599 Figure S2: Unilateral GPe photoinhibition has no impact on locomotor activity measures in normal

600 mice;
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Figure S3: Similar behavioral effects of GPe photostimulation with green or blue light in normal
mice ;

Author Contributions: Conceptualization, AM. O., M. A. and F. A.; methodology, AM. O., M. L,,
A. C. and S. DBC,; formal analysis, AM. O., M. A,, M. L., A. C. and S. DBC; investigation, AM. O,
M. L., A. C. and S. DBC,; resources, AM. O., M. A. and F. A ; writing—review and editing, AM. O.,
M. A. and F. A, M. L. and S. DBC; supervision, AM. O., M. A. and M. L; project administration,
AM. O. and M. A; funding acquisition, AM. O., M. A. and F. A. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Centre National de la Recherche Scientifique (CNRS),
Aix-Marseille University (AMU), European Union’s Horizon 2020 Research and Innovation Pro-
gram (FETOPEN, Grant # 767092) and the Association France Parkinson (AFP).

Institutional Review Board Statement: The animal study protocol was approved by the French
national ethics committee in animal experimentation (CEEA071) and the Ministere de
I"Enseignement Supérieur, de la Recherche et de I'Innovation (authorization no 24894) and con-
ducted in accordance with EEC (2010/63/UE) guidelines for care and use of laboratory animals.

Data Availability Statement: The data reported in this paper will be shared by the lead contact
upon reasonable request.

Acknowledgments: Sonia Di Bisceglie Caballero was supported by French Ministry of Higher Ed-
ucation and Research and Aix-Marseille University Neuroschool. We would like to thank, E.
Mansour, JL Fina and ]. Espejo for animal care, D. Louber for technical assistance, the histology
platform headed by N. Lorenzo and A. Tonetto for assistance in confocal microscopy.

Conflicts of Interest: All authors declare no biomedical financial interest or potential conflicts of
interest.

References

1.

10.

11.

Lanciego, J.L., Luquin, N., and Obeso, J.A. (2012). Functional neuroanatomy of the basal ganglia. Cold Spring Harb.
Perspect. Med. 2, 743-746. 10.1101/cshperspect.a009621.

Alexander, G.E., DeLong, M.R., and Strick, P.L. (1986). Parallel organization of functionally segregated circuits linking
basal ganglia and cortex. Annu. Rev. Neurosci. VOL. 9, 357-381. 10.1146/annurev.ne.09.030186.002041.

Albin, R.L., Young, A.B., and Penney, J.B. (1989). The functional anatomy of basal ganglia disorders. Trends Neurosci. 12,
366-375. 10.1016/0166-2236(89)90074-X.

Hegeman, D.J., Hong, E.S. Hernandez, V.M., and Chan, C.S. (2016). The external globus pallidus: Progress and
perspectives. Eur. J. Neurosci. 43, 1239-1265. 10.1111/ejn.13196.

Gittis, A.H., Berke, J.D., Bevan, M.D., Chan, C.S., Mallet, N., Morrow, M.M., and Schmidt, R. (2014). New roles for the
external globus pallidus in basal ganglia circuits and behavior. J. Neurosci. 34, 15178-15183. 10.1523/J]NEUROSCI.3252-
14.2014.

Dong, J., Hawes, S., Wu, J., Le, W., and Cai, H. (2021). Connectivity and Functionality of the Globus Pallidus Externa Under
Normal Conditions and Parkinson’s Disease. Front. Neural Circuits 15, 1-19. 10.3389/fncir.2021.645287.

Jaeger, D., and Kita, H. (2011). Functional connectivity and integrative properties of globus pallidus neurons. Neuroscience
198, 44-53. 10.1016/j.neuroscience.2011.07.050.

Mallet, N., Micklem, B.R., Henny, P., Brown, M.T., Williams, C., Bolam, J.P., Nakamura, K.C., and Magill, P.J. (2012).
Dichotomous Organization of the External Globus Pallidus. Neuron 74, 1075-1086. 10.1016/j.neuron.2012.04.027.

Amalric, M., and Koob, G.F. (1989). Dorsal pallidum as a functional motor output of the corpus striatum. Brain Res. 483,
389-394. 10.1016/0006-8993(89)90186-8.

Ossowska, K., Wedzony, K., and Wolfarth, S. (1984). The role of the GABA mechanisms of the globus pallidus in mediating
catalepsy, stereotypy and locomotor activity. Pharmacol. Biochem. Behav. 21, 825-831. 10.1016/S0091-3057(84)80060-X.
Chen, L., Chan, S.C.Y., and Yung, W.H. (2002). Rotational behavior and electrophysiological effects induced by GABAB



647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688

Int. ]. Mol. Sci. 2022, 23, x FOR PEER REVIEW 17 of 20

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

receptor activation in rat globus pallidus. Neuroscience 114, 417-425. 10.1016/S0306-4522(02)00299-3.

Wisniecki, A., Correa, M., Arizzi, M.N., Ishiwari, K., and Salamone, J.D. (2003). Motor effects of GABAA antagonism in
globus pallidus: Studies of locomotion and tremulous jaw movements in rats. Psychopharmacology (Berl). 170, 140-149.
10.1007/s00213-003-1521-z.

Grabli, D., McCairn, K., Hirsch, E.C., Agid, Y., Féger, J., Franois, C., and Tremblay, L. (2004). Behavioural disorders induced
by external globus pallidus dysfunction in primates: I. Behavioural study. Brain 127, 2039-2054. 10.1093/brain/awh220.

Xue, Y., Han, X.H., and Chen, L. (2010). Effects of pharmacological block of GABAA receptors on pallidal neurons in
normal and parkinsonian state. Front. Cell. Neurosci. 4, 1-10. 10.3389/neuro.03.002.2010.

Ikeda, H., Kotani, A., Koshikawa, N., and Cools, A.R. (2010). Differential role of GABAA and GABAB receptors in two
distinct output stations of the rat striatum: Studies on the substantia nigra pars reticulata and the globus pallidus.
Neuroscience 167, 31-39. 10.1016/j.neuroscience.2010.01.054.

Crossman, A.R., Mitchell, 1.]., Sambrook, M.A., and Jackson, A. (1988). Chorea and myoclonus in the monkey induced by
gamma-aminobutyric acid antagonism in the lentiform complex. The site of drug action and a hypothesis for the neural
mechanisms of chorea. Brain 111 ( Pt 5, 1211-1233. 10.1093/brain/111.5.1211.

Tian, J., Yan, Y., Xi, W., Zhou, R, Lou, H., Duan, S., Chen, ].F., and Zhang, B. (2018). Optogenetic stimulation of GABAergic
neurons in the globus pallidus produces hyperkinesia. Front. Behav. Neurosci. 12, 1-11. 10.3389/fnbeh.2018.00185.

Cui, Q., Pamukcu, A., Cherian, S., Chang, I.Y.M., Berceau, B.L., Xenias, H.S., Higgs, M.H., Rajamanickam, S., Chen, Y., Du,
X., et al. (2021). Dissociable roles of pallidal neuron subtypes in regulating motor patterns. J. Neurosci. 41, 4036—4059.
10.1523/JNEUROSCI.2210-20.2021.

Lilascharoen, V., Wang, E.H.J.,, Do, N,, Pate, S.C., Tran, A.N., Yoon, C.D., Choi, ].H., Wang, X.Y., Pribiag, H., Park, Y.G,, et
al. (2021). Divergent pallidal pathways underlying distinct Parkinsonian behavioral deficits. Nat. Neurosci. 24, 504-515.
10.1038/s41593-021-00810-y.

Hernéndez, V.M., Hegeman, D.J., Cui, Q., Kelver, D.A,, Fiske, M.P., Glajch, K.E., Pitt, ].E., Huang, T.Y., Justice, N.J., and
Savio Chan, C. (2015). Parvalbumin + neurons and Npasl + neurons are distinct neuron classes in the mouse external
globus pallidus. J. Neurosci. 35, 11830-11847. 10.1523/J]NEUROSCI.4672-14.2015.

Aristieta, A., Barresi, M., Azizpour Lindi, S., Barriere, G., Courtand, G., de la Crompe, B., Guilhemsang, L., Gauthier, S.,
Fioramonti, S., Baufreton, J., et al. (2021). A Disynaptic Circuit in the Globus Pallidus Controls Locomotion Inhibition. Curr.
Biol. 31, 707-721.e7. 10.1016/j.cub.2020.11.019.

McGregor, M.M., and Nelson, A.B. (2019). Circuit Mechanisms of Parkinson’s Disease. Neuron 101, 1042-1056.
10.1016/j.neuron.2019.03.004.

O’Connor, W.T. (1998). Functional neuroanatomy of the basal ganglia as studied by dual-probe microdialysis. Nucl. Med.
Biol. 25, 743-746. 10.1016/s0969-8051(98)00066-3.

Filion, M., and Tremblay, L. (1991). Abnormal spontaneous activity of globus pallidus neurons in monkeys with MPTP-
induced parkinsonism. Brain Res. 547, 140-144. 10.1016/0006-8993(91)90585-].

Bianchi, L., Galeffi, F., Bolam, J.P., and Della Corte, L. (2003). The effect of 6-hydroxydopamine lesions on the release of
amino acids in the direct and indirect pathways of the basal ganglia: A dual microdialysis probe analysis. Eur. J. Neurosci.
18, 856-868. 10.1046/j.1460-9568.2003.02795.x.

Starr, P.A., Rau, G.M.,, Davis, V., Marks, W.]., Ostrem, J.L., Simmons, D., Lindsey, N., and Turner, R.S. (2005). Spontaneous
pallidal neuronal activity in human dystonia: Comparison with Parkinson’s disease and normal macaque. J. Neurophysiol.
93, 3165-3176. 10.1152/jn.00971.2004.

Chazalon, M., Paredes-Rodriguez, E., Morin, S., Martinez, A., Cristévao-Ferreira, S., Vaz, S., Sebastiao, A., Panatier, A.,

Boué-Grabot, E., Miguelez, C., et al. (2018). GAT-3 Dysfunction Generates Tonic Inhibition in External Globus Pallidus



689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730

Int. ]. Mol. Sci. 2022, 23, x FOR PEER REVIEW 18 of 20

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Neurons in Parkinsonian Rodents. Cell Rep. 23, 1678-1690. 10.1016/j.celrep.2018.04.014.

Soares, J., Kliem, M.A., Betarbet, R., Greenamyre, ].T., Yamamoto, B., and Wichmann, T. (2004). Role of external pallidal
segment in primate parkinsonism: Comparison of the effects of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced
parkinsionism and lesions of the external pallidal segment. J. Neurosci. 24, 6417-6426. 10.1523/J]NEUROSCI.0836-04.2004.
Maneuf, Y.P., Mitchell, 1], Crossman, A.R., and Brotchie, ].M. (1994). On the Role of Enkephalin Cotransmission in the
GABAergic Striatal Efferents to the Globus Pallidus. Exp. Neurol. 125, 65-71. 10.1006/exnr.1994.1007.

Liu, J., Shelkar, G.P., Sarode, L.P., Gawande, D.Y., Zhao, F., Clausen, R.P., Ugale, R.R., and Dravid, S.M. (2021). Facilitation
of GluN2C-containing NMDA receptors in the external globus pallidus increases firing of fast spiking neurons and
improves motor function in a hemiparkinsonian mouse model. Neurobiol. Dis. 150, 105254. 10.1016/j.nbd.2021.105254.
Assaf, F., and Schiller, Y. (2019). A chemogenetic approach for treating experimental Parkinson’s disease. Mov. Disord. 34,
469-479. 10.1002/mds.27554.

Mastro, KJ., Zitelli, K.T., Willard, A.M., Leblanc, K.H., Kravitz, A. V., and Gittis, A.H. (2017). Cell-specific pallidal
intervention induces long-lasting motor recovery in dopamine-depleted mice. Nat. Neurosci. 20, 815-823. 10.1038/nn.4559.
Chen, L., Chan, C.S., and Yung, W.H. (2004). Electrophysiological and behavioral effects of zolpidem in rat globus pallidus.
Exp. Neurol. 186, 212-220. 10.1016/j.expneurol.2003.11.003.

Turski, L., Klockgether, T., Turski, W.A., Schwarz, M., and Sontag, K.H. (1990). Blockade of excitatory neurotransmission in
the globus pallidus induces rigidity and akinesia in the rat: implications for excitatory neurotransmission in pathogenesis
of Parkinson’s diseases. Brain Res. 512, 125-131. 10.1016/0006-8993(90)91180-O.

Bolkan, S.S., Stone, LR., Pinto, L., Ashwood, Z.C., Iravedra Garcia, ].M., Herman, A.L., Singh, P., Bandi, A., Cox, J.,
Zimmerman, C.A,, et al. (2022). Opponent control of behavior by dorsomedial striatal pathways depends on task demands
and internal state (Springer US) 10.1038/s41593-022-01021-9.

Isett, B.R., Nguyen, K.P., Schwenk, J.C., Snyder, C.N., Adegbesan, K.A., Ziausyte, U., and Gittis, A.H. (2022). The Indirect
Pathway of the Basal Ganglia Promotes Negative Reinforcement, But Not Motor Suppression. bioRxiv, 2022.05.18.492478.
Lerner, T.N,, Ye, L., and Deisseroth, K. (2016). Communication in Neural Circuits: Tools, Opportunities, and Challenges.
Cell 164, 1136-1150. 10.1016/j.cell.2016.02.027.

Berndt, A., Lee, S.Y., Wietek, J., Ramakrishnan, C., Steinberg, E.E., Rashid, A.]., Kim, H., Park, S., Santoro, A., Frankland,
P.W.,, et al. (2016). Structural foundations of optogenetics: Determinants of channelrhodopsin ion selectivity. Proc. Natl.
Acad. Sci. U. S. A. 113, 822-829. 10.1073/pnas.1523341113.

Park, S., Kramer, E.E., Mercaldo, V., Rashid, A.J., Insel, N., Frankland, P.W., and Josselyn, S.A. (2016). Neuronal Allocation
to a Hippocampal Engram. Neuropsychopharmacology 41, 2987-2993. 10.1038/npp.2016.73.

Saunders, A., Oldenburg, I.A., Berezovskii, V.K,, Johnson, C.A., Kingery, N.D., Elliott, H.L., Xie, T., Gerfen, C.R., and
Sabatini, B.L. (2015). A direct GABAergic output from the basal ganglia to frontal cortex. Nature 521, 85-89.
10.1038/nature14179.

Karube, F., Takahashi, S., Kobayashi, K., and Fujiyama, F. (2019). Motor cortex can directly drive the globus pallidal
neurons in a projection neuron type dependent manner in rat. bioRxiv, 1-25. 10.1101/677377.

Giovanniello, J., Yu, K., Furlan, A., Nachtrab, G.T., Sharma, R., Chen, X., and Li, B. (2020). A central amygdala-globus
pallidus circuit conveys unconditioned stimulus-related information and controls fear learning. J. Neurosci. 40, 9043-9054.
10.1523/JNEUROSCI.2090-20.2020.

Hunt, A.J., Dasgupta, R., Rajamanickam, S., Jiang, Z., Beierlein, M., Chan, C.S., and Justice, N.J. (2018). Paraventricular
hypothalamic and amygdalar CRF neurons synapse in the external globus pallidus. Brain Struct. Funct. 223, 2685-2698.
10.1007/s00429-018-1652-y.

Reiss, D., Walter, O., Bourgoin, L., Kieffer, B.L., and Ouagazzal, A.-M. (2014). New automated procedure to assess context



731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772

Int. ]. Mol. Sci. 2022, 23, x FOR PEER REVIEW 19 of 20

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

recognition memory in mice. Psychopharmacology (Berl). 231, 4337-4347. 10.1007/s00213-014-3577-3.

Boccia, M.M., and Baratti, C.M. (1999). Effects of oxytocin and an oxytocin receptor antagonist on retention of a nose-poke
habituation response in mice. Acta Physiol. Pharmacol. Ther. Latinoam. 49, 155-160.

Brodkin, J. (1999). Assessing memory in mice using habituation of nose-poke responding. Behav. Pharmacol. 10, 445-451.
10.1097/00008877-199909000-00002.

Ochi, M., Koga, K., Kurokawa, M., Kase, H., Nakamura, J., and Kuwana, Y. (2000). Systemic administration of adenosine
A(2A) receptor antagonist reverses increased GABA release in the globus pallidus of unilateral 6-hydroxydopamine-
lesioned rats: A microdialysis study. Neuroscience 100, 53-62. 10.1016/S0306-4522(00)00250-5.

Chazalon, M., Paredes-Rodriguez, E., Morin, S., Martinez, A., Cristévao-Ferreira, S., Vaz, S., Sebastiao, A., Panatier, A.,
Boué-Grabot, E., Miguelez, C., et al. (2018). GAT-3 Dysfunction Generates Tonic Inhibition in External Globus Pallidus
Neurons in Parkinsonian Rodents. Cell Rep. 23, 1678-1690. 10.1016/j.celrep.2018.04.014.

Kimberly Johnsonl, 2, Jessica Barraganl, Sarah Bashiruddinl, Cody J. Smith3, Chelsea Tyrrell4, Michael J. Parsons5,
Rosemarie Doris6, Sarah Kucenas3, Gerald B. Downes?7, Carla M. Velezl, Caitlin Schneiderl, Catalina Sakail, Narendra
Pathakl, Katrina Anders, 4, and 1Department (2017). FL& CI42H HHS Public Access. Physiol. Behav. 176, 139-148.
10.1038/nn.2692.HCN.

Fan, K\Y., Baufreton, J., Surmeier, D.J., Chan, C.S., and Bevan, M.D. (2012). Proliferation of external globus pallidus-
subthalamic nucleus synapses following degeneration of midbrain dopamine neurons. J. Neurosci. 32, 13718-13728.
10.1523/JNEUROSCI.5750-11.2012.

Kovaleski, RF., Callahan, J.W., Chazalon, M., Wokosin, D.L., Baufreton, J., and Bevan, M.D. (2020). Dysregulation of
external globus pallidus-subthalamic nucleus network dynamics in parkinsonian mice during cortical slow-wave activity
and activation. J. Physiol. 598, 1897-1927. 10.1113/JP279232.

Shen, K.-Z., and Johnson, S.W. (2005). Dopamine depletion alters responses to glutamate and GABA in the rat subthalamic
nucleus. Neuroreport 16, 171-174. 10.1097/00001756-200502080-00021.

Pamukcu, A., Cui, Q., Xenias, H.S., Berceau, B.L., Augustine, E.C., Fan, I, Chalasani, S., Hantman, A.W., Lerner, T.N., Boca,
S.M.,, et al. (2020). Parvalbuminl and Npasl11 pallidal neurons have distinct circuit topology and function. J. Neurosci. 40,
7855-7876. 10.1523/JNEUROSCI.0361-20.2020.

Di Bisceglie Caballero, S., Ces, A., Ambroggi, F., Amalric, M., and Ouagazzal, A.-M. (2022). Contribution of external globus
pallidus projection neurons to motor deficits of Parkinson’s disease: optogenetic studies in murine model. In Movement
Disorders, p. Abstract# 1541. 10.1002/mds.29223.

Glajch, K.E., Kelver, D.A., Hegeman, D.]., Cui, Q., Xenias, H.S., Augustine, E.C., Hernandez, V.M., Verma, N., Huang, T.Y.,
Luo, M., et al. (2016). Npasl+ pallidal neurons target striatal projection neurons. J. Neurosci. 36, 5472-5488.
10.1523/JNEUROSCI.1720-15.2016.

Lin, J.Y., Lin, M.Z,, Steinbach, P., and Tsien, R.Y. (2009). Characterization of engineered channelrhodopsin variants with
improved properties and kinetics. Biophys. J. 96, 1803-1814. 10.1016/j.bp;j.2008.11.034.

Hassani, O.K., Mouroux, M., and Féger, J. (1996). Increased subthalamic neuronal activity after nigral dopaminergic lesion
independent of disinhibition via the globus pallidus. Neuroscience 72, 105-115. 10.1016/0306-4522(95)00535-8.

Frcs, L.EM., Mrcp, R.G,, Frcpath, W.S,, Radatz, M., Silburn, P., Scott, R., Aziz, T., Sn, F., and Stein, J.F. (1999). Clinical study
Lateral pallidotomy e x a cerb a t e s akinesia in the Parkinsonian patient. 6, 474—476.

Zhang, J., Russo, G.S., Mewes, K., Rye, D.B., and Vitek, J.L. (2006). Lesions in monkey globus pallidus externus exacerbate
parkinsonian symptoms. Exp. Neurol. 199, 446-453. 10.1016/j.expneurol.2006.01.006.

Yu, Y., Sanabria, D.E., Wang, J., Hendrix, C.M., Zhang, J., Nebeck, S.D., Amundson, A.M., Busby, Z.B., Bauer, D.L., Johnson,

M.D,, et al. (2021). Parkinsonism alters beta burst dynamics across the basal ganglia-motor cortical network. J. Neurosci. 41,



773
774
775
776
777
778
779
780
781
782
783
784
785
786

787
788
789

Int. ]. Mol. Sci. 2022, 23, x FOR PEER REVIEW 20 of 20

61.

62.

63.

64.

65.

66.

2274-2286. 10.1523/JNEUROSCI.1591-20.2021.

Witcher, M., Moran, R., Tatter, S.B., and Laxton, A.W. (2014). Neuronal oscillations in Parkinson’s disease. Front. Biosci.
(Landmark Ed. 19, 1291-1299. 10.2741/4282.

Mallet, N., Pogosyan, A., Marton, L.F., Bolam, J.P., Brown, P., and Magill, P.J. (2008). Parkinsonian beta oscillations in the
external globus pallidus and their relationship with subthalamic nucleus activity. J. Neurosci. 28, 14245-14258.
10.1523/JTNEUROSCI.4199-08.2008.

Crompe, B. de la, Aristieta, A., Leblois, A., Elsherbiny, S., Boraud, T., and Mallet, N.P. (2020). The globus pallidus
orchestrates abnormal network dynamics in a model of Parkinsonism. Nat. Commun. 11, 1-14. 10.1038/s41467-020-15352-3.
Tachibana, Y., Iwamuro, H., Kita, H., Takada, M., and Nambu, A. (2011). Subthalamo-pallidal interactions underlying
parkinsonian neuronal oscillations in the primate basal ganglia. Eur. J. Neurosci. 34, 1470-1484. 10.1111/j.1460-
9568.2011.07865.x.

Chan, C.S., Surmeier, D.J., and Yung, W.H. (2006). Striatal information signaling and integration in globus pallidus: Timing
matters. NeuroSignals 14, 281-289. 10.1159/000093043.

Schwab, B.C., Heida, T., Zhao, Y., Marani, E., van Gils, S.A., and van Wezel, R.J.A. (2013). Synchrony in Parkinson’s disease:
Importance of intrinsic properties of the external globus pallidus. Front. Syst. Neurosci. 7, 1-7. 10.3389/fnsys.2013.00060.



