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Summary: 33 
The canonical basal ganglia model predicts that the substantia nigra pars 34 
reticulata (SNr) and the globus pallidus externa (GPe) will have specific effects on 35 
locomotion: the SNr inhibiting locomotion and the GPe enhancing it. In this manuscript, 36 
we use in vivo optogenetics to show that a projection-defined neural subpopulation 37 
within each structure exerts non-canonical effects on locomotion. These non-canonical 38 
subpopulations are defined by their projection to the pedunculopontine nucleus (PPN) 39 
and mediate opposing effects on reward. To understand how these structures 40 
differentially modulate the PPN, we use ex vivo whole-cell recording with optogenetics 41 
to comprehensively dissect the SNr and GPe connections to regionally- and 42 
molecularly-defined populations of PPN neurons. The SNr inhibits all PPN subtypes, but 43 
most strongly inhibits caudal glutamatergic neurons. The GPe selectively inhibits caudal 44 
glutamatergic and GABAergic neurons, avoiding both cholinergic and rostral cells. This 45 
circuit characterization reveals non-canonical basal ganglia pathways for locomotion 46 
and valence. 47 
 48 
Key words: basal ganglia; brainstem; locomotion; reward; mesencephalic locomotor 49 
region; inhibition; electrophysiology; optogenetics; substantia nigra; pedunculopontine 50 
nucleus 51 
 52 
Introduction: 53 
    The pedunculopontine nucleus (PPN) is a brainstem structure heavily interconnected 54 
with subcortical structures, such as the basal ganglia, thalamus, and spinal cord. The 55 
PPN has been implicated in locomotor control and valence processing1–4. However, 56 
understanding PPN circuitry is complicated by its anatomical and molecular 57 
heterogeneity. It has three molecularly-defined cell types, distinguished by their major 58 
neurotransmitter5 and distinct rostral and caudal topography. While cholinergic and 59 
glutamatergic neurons are more densely packed in the caudal PPN, GABAergic 60 
neurons are more densely packed in the rostral PPN5,6. These molecularly-defined 61 
populations display very minimal overlap5,7,8. This unique topography has been 62 
conserved across species9–11, but it is unknown how the basal ganglia connects to each 63 
of the distinct cell types in the rostral and caudal PPN regions to modulate locomotor 64 
and valence outputs. 65 
    While the PPN interacts with all basal ganglia nuclei3,9, the inhibitory inputs from the 66 
substantia nigra pars reticulata (SNr) and the globus pallidus externus (GPe) to the PPN 67 
are of particular interest because of their roles in the canonical motor pathways for ‘stop’ 68 
and ‘go,’ respectively. Both the SNr and GPe are known to send axonal projections to 69 
the PPN12–18. Previous studies have identified SNr and GPe monosynaptic connections 70 
to the PPN cholinergic and glutamatergic neurons using rabies tracing13–17. However, 71 
inputs to the GABAergic neurons have only been described in terms of the entire 72 
mesencephalic locomotor region (MLR), which extends beyond the PPN14. While SNr 73 
projections to MLR GABAergic neurons were identified but cannot be isolated to the 74 
PPN, GPe projections to the GABAergic MLR neurons were not detected14. Of note, 75 
these previous studies consider the PPN as a whole rather than separating its rostral 76 
and caudal subregions. While viral tracing can provide insight into neuroanatomical 77 
connections, limitations of these techniques19–21 and evidence that the rostral and 78 
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caudal PPN may have distinct functions22–24 prompt a need for electrophysiological 79 
studies to determine whether the SNr and GPe inputs differentially innervate regionally-80 
defined PPN neurons. 81 
    Optogenetic manipulations of the molecularly-defined PPN cell types have resulted in 82 
variable, and sometimes contradictory, locomotor and valence behaviors7,14,16,17,22–32. 83 
More recent studies have refined our understanding of these opposing behavioral 84 
effects by selectively stimulating the rostral or caudal GABAergic and glutamatergic 85 
PPN neurons22–24. In the basal ganglia, direct stimulation of molecularly-defined SNr 86 
and GPe subpopulations can also have distinct effects on locomotion and valence33–41. 87 
Despite the potential for the basal ganglia to modify behavior through the motor 88 
brainstem14, it is not clear how the SNr and GPe influence the rostral and caudal PPN to 89 
modify locomotion and valence.   90 
    Here, we use whole-cell patch clamp electrophysiology paired with optogenetics to 91 
selectively stimulate the SNr or GPe axons while recording inhibitory inputs to the 92 
cholinergic, GABAergic, and glutamatergic PPN neurons to comprehensively 93 
characterize the strength and pattern of inhibition across the rostrocaudal PPN axis. We 94 
find that the GPe preferentially inhibits caudal GABAergic and glutamatergic PPN 95 
neurons whereas the SNr most strongly inhibits a caudal ‘hotspot’ of PPN glutamatergic 96 
neurons. Stimulating SNr or GPe axons over the PPN in vivo evokes opposing valence 97 
processing outcomes with place aversion during SNr stimulation and place preference 98 
during GPe stimulation. Surprisingly, and counter to the predictions of the canonical 99 
basal ganglia model, we find that stimulating PPN-projecting SNr neurons increases 100 
locomotion, while the GPe decreases locomotion through its projections to the PPN. 101 
While both the SNr and GPe inhibit the PPN, our results show that each nucleus 102 
differentially modulates the activity of specific cell types in the rostral and caudal PPN 103 
and are implicated in non-canonical basal ganglia circuits for modulating locomotion and 104 
valence processing. 105 
 106 
Results: 107 
SNr and GPe axons display distinct distribution patterns across the rostral and 108 
caudal PPN. 109 
    To characterize the axon distribution pattern from the SNr and GPe throughout the 110 
rostral and caudal extent of the PPN, we stereotaxically injected a channelrhodopsin 111 
virus with a fluorescent marker (AAV1-hSyn-ChR2-eYFP) into either the SNr or GPe of 112 
ChAT-Cre/Ai9-tdTomato mice (Figure 1A&C). We sliced 200 m sagittal slices from 113 
mouse brains three weeks after viral injection and cleared the brain slices using the 114 
CUBIC clearing method42. Using the red fluorescent ChAT-positive neurons to define 115 
the borders of the PPN, we found that SNr axons appear in both the rostral and caudal 116 
PPN. The SNr axons fill the rostral PPN evenly, but appear more distinctly clustered in 117 
specific areas of the caudal PPN (Figure 1B), whereas GPe axonal projections more 118 
densely fill the caudal region and strikingly avoid the rostral region (Figure 1D). These 119 
anatomical findings predict that the SNr will inhibit both rostral and caudal PPN neurons, 120 
while the GPe will selectively inhibit the caudal PPN. However, this axon imaging 121 
method does not reveal whether these axons form functional synapses with the neurons 122 
in the PPN and does not provide information on the strength of inhibition from each 123 
structure onto specific PPN cell types. Therefore, to evaluate the functional connectivity 124 
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and synaptic characteristics from these inhibitory basal ganglia output structures to 125 
regionally- and molecularly-defined PPN neural subpopulations, we systematically 126 
recorded the inhibitory input to the rostral and caudal PPN from the SNr and GPe in 127 
three genetic mouse lines (ChAT-cre, Vgat-cre, and Vglut2-cre) to identify the 128 
cholinergic, GABAergic, and glutamatergic PPN subpopulations, respectively (see 129 
Figure S1). 130 
 131 
The SNr inhibits cholinergic neurons in both the rostral and caudal PPN to a 132 
similar extent, but evokes stronger rebound in rostral neurons. 133 
    To evaluate the functional connection between the SNr and cholinergic PPN neurons, 134 
we performed ex vivo whole-cell patch clamp electrophysiology paired with optogenetics 135 
to record synaptic currents in ChAT-Cre/Ai9-tdTomato mice injected with ChR2 in the 136 
SNr three weeks prior (Figure 2A). Neurons were targeted for whole-cell patch clamp in 137 
both the rostral and caudal PPN across three sagittal slices to evaluate the medial to 138 
lateral extent of the PPN (Figure 2B). To measure optically-evoked inhibitory post-139 
synaptic currents (oIPSCs), cholinergic PPN neurons were held at -50 mV in whole-cell 140 
voltage clamp and blue (470 nm) light was applied (2 ms pulse duration, 13 mW) to 141 
activate the ChR2-infected SNr axons. In connected neurons, inhibitory currents were 142 
recorded in the presence of glutamatergic receptor blockers (AP5, NBQX, CNQX) 143 
during stimulation (Figure 2C). In a subset of neurons, a GABA-a receptor blocker, 144 
GABAzine, was applied to confirm the oIPSCs were GABA-mediated (Figure 2C). 145 
GABAzine eliminated SNr-evoked inhibitory currents in most cells, but a small residual 146 
current remained in some cells (see Methods for details). We found that all rostral 147 
(n=19/19 cells, N=6 mice) and essentially all caudal (n=26/27, N=6) recorded 148 
cholinergic PPN neurons responded to SNr axon activation with an observable oIPSC 149 
(Figure 2D). 150 
    To determine whether the SNr input to the rostral and caudal PPN cholinergic 151 
neurons differed in synaptic strength, we measured the amplitude of each oIPSC in a 20 152 
Hz train of 2 ms optical stimulations applied for 2 seconds. We found that the oIPSCs 153 
ranged from tens to hundreds of picoamperes (pA) in both groups and there was no 154 
significant difference between the average amplitude of the first oIPSC in the stimulus 155 
train onto rostral vs caudal cholinergic neurons (mean ± SEM; first oIPSC n=15 Rostral: 156 
92.6 ± 18 pA, n=20 Caudal: 115.2 ± 17 pA; unpaired t-test, t=0.9041, p=0.3725; Figure 157 
2E&F). Going forward, the first oIPSC amplitude of the train will be referred to as the 158 
first oIPSC. 159 
    While the rostral and caudal anatomical separation of PPN neurons is commonly 160 
used, it remains a relatively coarse division. Therefore, we carefully mapped the 161 
location of each recorded cholinergic PPN neuron by matching slices to their bregma 162 
reference in the Paxinos and Franklin’s mouse brain atlas and aligning the midline of 163 
cholinergic neuron distribution which separates the loosely spread rostral neurons and 164 
densely packed caudal neurons (See Methods for details, Figure 2G). The strength of 165 
the SNr inhibitory connection is depicted by a color scale representative of the first 166 
oIPSC (Figure 2G, right). Throughout both the rostral and caudal PPN, neurons 167 
receiving larger inputs from the SNr are intermixed with neurons receiving smaller 168 
inputs. 169 
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    The postsynaptic response to a 2-second 20 Hz stimulation train can undergo short-170 
term synaptic plasticity which either depresses or facilitates current amplitude with 171 
subsequent stimulations. To compare short-term synaptic plasticity characteristics 172 
between rostral and caudal cholinergic PPN neurons, we normalized the amplitude of 173 
each current in the train to the first current. We found that the oIPSC amplitude 174 
remained relatively constant with each subsequent pulse in both rostral and caudal 175 
cholinergic neurons (Figure 2H). In addition, the paired-pulse ratio (PPR) of the peak of 176 
the first two currents in the stimulation train did not differ (mean ± SEM; PPR n=15 177 
Rostral: 0.96 ± 0.04, n=20 Caudal: 0.97 ± 0.05; unpaired t-test, t=0.1082, p=0.9145; 178 
Figure 2I). While the postsynaptic currents in some cells displayed short-term synaptic 179 
plasticity, these data show that SNr synaptic inputs onto cholinergic neurons do not 180 
undergo significant short-term synaptic plasticity in either the rostral or caudal PPN. 181 
    Although oIPSC amplitude is indicative of the strength of a synapse, it does not 182 
always correlate with the functional impact on a neuron’s action potential output20,43,44. 183 
Because cholinergic PPN neurons display spontaneous firing45–49, we characterized the 184 
impact of SNr-mediated inhibition on action potential firing rate. While optically 185 
stimulating SNr axons with the same 20 Hz blue light protocol as above, we observed a 186 
decrease in firing rate in the recorded cholinergic PPN neuron (Figure 2J). Both rostral 187 
and caudal neuronal populations showed significant inhibition compared to their pre-188 
optical stimulation firing (2way ANOVA, p=0.0154; Tukey test, %Frequency Pre vs 189 
During Stimulation Rostral p<0.0001, Pre vs During Caudal p<0.0001), and there was 190 
no significant difference between the percent frequency change in rostral and caudal 191 
neurons during SNr axon stimulation (mean ± SEM; %Frequency During Stimulation 192 
n=14 Rostral: 35.62 ± 8.87 %, n=23 Caudal: 52.11 ± 8.43 %; 2way ANOVA, p=0.0154; 193 
Tukey test, Rostral vs Caudal p=0.1133; Figure 2K). There was also no rostrocaudal 194 
difference in cholinergic neuron firing when measuring the absolute decrease in firing 195 
frequency during optical stimulation [median (IQR); Frq During Opto n=14 Rostral: -196 
2.47 Hz (-3.37 to -1.44 Hz), n=23 Caudal: -2.10 Hz (-3.11 to -0.84 Hz); Mann Whitney, 197 
U=131, p=0.3602; Figure 2L]. These data show that the SNr equally inhibits action 198 
potential firing in rostral and caudal PPN cholinergic neurons.  199 
    Post-inhibitory rebound firing has been observed in the PPN as well as other 200 
brainstem structures48,50–55 and is associated with greater excitability, temporal 201 
encoding, and generation of oscillatory activity56. Indeed, we found that the rostral and 202 
caudal cholinergic PPN neurons exhibited an increase in action potential firing after 203 
inhibition (2way ANOVA, p=0.0154; Tukey test, %Frequency Pre vs. Post Stimulation 204 
Rostral p=0.0013, Pre vs Post Caudal p<0.0012; Figure 2K). This is in agreement with 205 
previous literature showing rebound spikes following inhibitory postsynaptic potentials 206 
recorded in PPN neurons of male rats during electrical stimulation of the SNr50,51. 207 
However, we found that the rostral cholinergic neurons experienced greater increases in 208 
post-inhibitory rebound excitation compared with caudal cholinergic neurons (mean ± 209 
SEM; %Frequency Post Stimulation n=14 Rostral: 136.1 ± 7.8 %, n=23 Caudal: 119.1 ± 210 
4.6 %; 2way ANOVA, p=0.0154; Tukey test, Rostral vs Caudal p=0.0310; Figure 2K). 211 
Rostral neurons also show a significantly larger increase in rebound activity as 212 
measured by the absolute change in rebound frequency [median (IQR); RebFrq n=14 213 
Rostral: 1.64 Hz (1.00 to 2.17 Hz), n=22 Caudal: 0.83 Hz (0.42 to 1.14 Hz); Mann 214 
Whitney, U=79, p=0.0142; Figure 2M]. This aligns with previous findings showing that 215 
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rostral cholinergic neurons tend to have stronger intrinsic rebound activity compared to 216 
caudal neurons48. Importantly, we show that such rebound can be evoked by synaptic 217 
inhibition from the SNr. 218 
    To detect trends among SNr connectivity characteristics and intrinsic 219 
electrophysiological properties of cholinergic PPN neurons, we performed a correlation 220 
analysis to determine the strength and directionality of the relationship among five 221 
parameters [first oIPSC, PPR, Frq During Opto, pre-optical stimulation frequency (Pre-222 
Opto Frq), and RebFrq] (Figure 2N). We found a weak but significant negative 223 
correlation between the frequency decrease during SNr axon stimulation and the 224 
rebound frequency increase (Spearman r=-0.372, p=0.039, Figure 2N&O). This finding 225 
is expected since strong inhibition is more effective at producing rebound activity than 226 
weak inhibition. However, rostral PPN cholinergic neurons do not receive significantly 227 
stronger inhibition from the SNr compared with caudal cholinergic neurons (Figure 228 
2F&L). Therefore, larger rebound frequency in rostral neurons is likely due to 229 
differences in intrinsic cellular properties48. Put together, these findings show that the 230 
SNr inhibits rostral and caudal cholinergic PPN neurons to a similar extent, but evokes 231 
stronger rebound firing in the rostral neurons. 232 
 233 
The SNr inhibits GABAergic neurons in both the rostral and caudal PPN to a 234 
similar extent. 235 
    While there are several rabies tracing studies suggesting SNr axons project to the 236 
cholinergic and glutamatergic PPN neurons13–17, SNr projections to the GABAergic PPN 237 
neurons are inferred from a study of the entire mesencephalic locomotor region14 and a 238 
characterization of their synaptic strength has not been conducted. Therefore, we 239 
evaluated the synaptic characteristics between the SNr and GABAergic neurons in the 240 
rostral and caudal PPN. In Vgat-Cre/Ai9-tdTomato mice, we injected ChR2 into the SNr 241 
to optically stimulate axons over the PPN while patching Vgat+ GABAergic PPN 242 
neurons (Figure 3A). We post-hoc stained the slices for ChAT+ neurons to verify the 243 
location of all patched GABAergic neurons within the cholinergic PPN. We found that all 244 
rostral (n=12/12, N=6) and most caudal (n=20/22, N=6) recorded GABAergic neurons 245 
received inhibitory input from the SNr (Figure 3B). 246 
    Although there was no major difference in the proportion of GABAergic neurons 247 
receiving inhibitory input from the SNr in the rostral vs caudal PPN, we compared the 248 
current amplitudes to characterize the synaptic strength of this connection. Both the 249 
oIPSC amplitudes across the 2 second stimulation and the first oIPSC showed no 250 
difference between rostral and caudal GABAergic neurons [median (IQR); first oIPSC 251 
n=9 Rostral: 76.5 pA (27.0 to 209.9 pA), n=13 Caudal: 59.7 pA (37.7 to 269.7 pA); 252 
Mann Whitney, U=50, p=0.6005; Figure 3C&D]. While the first oIPSC was not 253 
significantly different between rostral and caudal GABAergic neurons, the variability 254 
among caudal GABAergic neurons shows an interesting division between a subgroup 255 
responding with very small (<60 pA) amplitude currents and another subgroup 256 
responding with currents more than triple that amplitude, with one neuron responding 257 
with a 2.2 nA inhibitory current. We mapped the location of each recorded GABAergic 258 
neuron, as described above, and found no specific location corresponding with the 259 
neurons receiving stronger SNr inhibition across the PPN landscape (Figure 3E). These 260 
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findings suggest that GABAergic PPN neurons may be even further divided into distinct 261 
subpopulations defined by either strong or weak SNr input.  262 
    We also did not observe any differences in short-term synaptic plasticity between 263 
rostral and caudal GABAergic neurons (Figure 3F) and found no significant difference 264 
in PPR between rostral and caudal GABAergic neurons [median (IQR); PPR n=9 265 
Rostral: 1.01 (0.88 to 1.16), n=13 Caudal: 1.06 (0.96 to 1.15); Mann Whitney, U=48, 266 
p=0.5123; Figure 3G]. This shows that, similar to the SNr connection with cholinergic 267 
PPN neurons, SNr input to the GABAergic PPN does not show significant short-term 268 
synaptic plasticity in either the rostral or caudal region. 269 
    Because GABAergic PPN neurons display spontaneous firing49, we recorded action 270 
potential firing in current clamp while optically stimulating the SNr axons. The percent 271 
inhibition was not significantly different between rostral and caudal neurons (mean ± 272 
SEM; %Frequency During Stimulation n=7 Rostral: 37.91 ± 15.91 %, n=19 Caudal: 273 
30.68 ± 8.03 %; 2way ANOVA, p=0.4662; Figure 3H), and there was no difference in 274 
rebound firing frequency (mean ± SEM; %Frequency Post Stimulation n= 7 Rostral: 275 
100.0 ± 14.6 %, n=19 Caudal: 113.2 ± 5.2 %; 2way ANOVA, p=0.4662; Figure 3H). 276 
There was also no difference in the absolute frequency change during optical 277 
stimulation between rostral and caudal neurons [median (IQR); Frq During Opto n=7 278 
Rostral: -5.03 (-5.55 to -1.34) Hz, n=19 Caudal: -4.29 (-11.02 to -2.94) Hz; Mann 279 
Whitney, U=55, p=0.5336; Figure 3I]. These data show that the SNr equally inhibits 280 
action potential firing in rostral and caudal GABAergic PPN neurons and does not evoke 281 
significant rebound firing in this neural population. 282 
    While we found that the SNr inhibits the rostral and caudal GABAergic PPN neurons 283 
to a similar extent, there was greater variability in synaptic strength and impact on 284 
neuronal action potential firing among caudal GABAergic neurons. This strong variability 285 
suggests that GABAergic PPN neurons may be divided into functionally distinct neural 286 
types that do not correspond to their rostrocaudal anatomical location. To determine if 287 
the neurons receiving larger inhibitory currents have distinct characteristics, we 288 
performed a correlation analysis (Figure 3J). As expected, we found that the absolute 289 
frequency reduction during inhibition is correlated with the first oIPSC amplitude 290 
recorded in a cell (Spearman r=-0.755, p=0.001; Figure 3K). Surprisingly, however, we 291 
found a significant negative correlation between PPR and the pre-optical stimulation 292 
frequency (Pre-Opto Frq). Specifically, input to slower-firing neurons displayed greater 293 
short-term synaptic facilitation. This finding supports the idea that multiple functional 294 
neural subpopulations may be present within the GABAergic PPN population. Together, 295 
these results show that the SNr functionally inhibits GABAergic neurons across the 296 
rostrocaudal extent of the PPN, but suggests the presence of additional heterogeneity 297 
within the GABAergic PPN population. 298 
 299 
The SNr differentially inhibits the rostral and caudal glutamatergic PPN neurons. 300 
    Previous rabies tracing anatomical studies have shown SNr inputs to glutamatergic 301 
PPN neurons14,16,17, but a full characterization of their synaptic strength and rostral and 302 
caudal connectivity has not been conducted. In Vglut2-Cre/Ai9-tdTomato mice, we 303 
injected ChR2 into the SNr to optically stimulate axons over the PPN while patching 304 
Vglut2+ glutamatergic neurons in the PPN (Figure 4A). While holding cells at -50mV 305 
and applying 470 nm blue light stimulation, neurons were identified as connected if 306 
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oIPSCs were observed. Similar to our findings in cholinergic and GABAergic neurons, 307 
we found that all rostral (n=19/19, N=6) and all caudal (n=28/28, N=6) recorded 308 
glutamatergic neurons received inhibitory input from the SNr (Figure 4B).  309 
    Comparing the oIPSC amplitudes across the 20 Hz train, we discovered that the 310 
caudal glutamatergic neurons receive larger inhibitory currents than rostral 311 
glutamatergic neurons (Figure 4C). The median first oIPSC measured in caudal 312 
glutamatergic neurons was also significantly larger than those recorded in rostral 313 
neurons [median (IQR); first oIPSC n=13 Rostral: 61.6 pA (19.2 to 113.9 pA), n=13 314 
Caudal: 313.5 pA (143.8 to 729.1 pA); Mann Whitney, U=29, p=0.0035; Figure 4D]. 315 
After post-hoc staining for the cholinergic PPN and mapping the location of each 316 
recorded glutamatergic PPN neuron as described above, we identified a ‘hotspot’ of 317 
strong SNr inhibition in a medial-caudal group of glutamatergic neurons (Figure 4E). 318 
This finding shows that a subset of caudal PPN neurons preferentially receive 319 
exceptionally strong SNr input.  320 
    To determine whether the SNr input to the rostral and caudal PPN show differential 321 
short-term synaptic plasticity, we compared the normalized oIPSC amplitudes. We 322 
found that inhibitory inputs to the rostral glutamatergic neurons display short-term 323 
synaptic facilitation with amplitudes increasing in subsequent stimulations (Figure 4F). 324 
However, strong facilitation occurred in only a few neurons that drove the mean upward 325 
(Figure 4G) and there was no significant difference between the PPR observed in 326 
rostral and caudal glutamatergic neurons when activating SNr axons [median (IQR); 327 
PPR n=13 Rostral: 1.07 (0.86 to 1.38), n=13 Caudal: 0.92 (0.89 to 1.02); Mann Whitney, 328 
U=77, p=0.7241; Figure 4G].  329 
    Because glutamatergic PPN neurons spontaneously fire16,49, we wanted to determine 330 
if larger inhibitory currents mediated larger decreases in the firing rate of caudal PPN 331 
neurons. Therefore, we recorded tonic action potential firing in glutamatergic PPN 332 
neurons while optically stimulating SNr axons (Figure 4H). Although inhibition 333 
measured as the percent of pre-optical stimulation firing frequency was not significantly 334 
different between rostral and caudal neurons (mean ± SEM; %Frequency During 335 
Stimulation n=13 Rostral: 32.62 ± 10.21 %, n=17 Caudal: 24.71 ± 7.30 %; 2way 336 
ANOVA, p=0.7320; Figure 4I), we found that the absolute frequency decrease was 337 
significantly larger in caudal glutamatergic neurons compared to rostral neurons during 338 
SNr stimulation [median (IQR); Frq During Opto n=13 Rostral: -3.21 Hz (-12.21 to -339 
1.95 Hz), n=17 Caudal: -14.08 Hz (-20.04 to -6.07 Hz); Mann Whitney, U=55, p=0.0197; 340 
Figure 4J]. To examine the discrepancy between the percent decrease and the 341 
absolute decrease in firing frequency, we compared the spontaneous firing frequency 342 
between rostral and caudal glutamatergic neurons in cells that had no holding current 343 
applied. We found that caudal glutamatergic neurons fire faster than rostral 344 
glutamatergic neurons [median (IQR); Spontaneous Frequency n=11 Rostral: 6.8 Hz 345 
(5.4 to 17.2 Hz), n=16 Caudal: 20.6 Hz (11.2 to 37.2 Hz); Mann Whitney, U=45, 346 
p=0.0343; Figure 4K]. Together, these findings show that fast-firing caudal 347 
glutamatergic PPN neurons receive larger SNr-mediated IPSCs and display greater 348 
decreases in their action potential firing. 349 
    Since we found that the caudal glutamatergic neurons receive larger inhibitory 350 
currents and display greater decreases in firing rate during SNr axon stimulation, we 351 
performed a correlation analysis to evaluate the strength of the relationship among the 352 
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synaptic and firing characteristics (Figure 4L). Interestingly, there was a weak but 353 
significant positive correlation between the PPR and frequency change during 354 
stimulation showing that input displaying short-term synaptic depression occurs in 355 
neurons with greater decreases in firing frequency (Spearman r=0.486, p=0.030; Figure 356 
4M). As expected, SNr-mediated oIPSCs with larger amplitudes are correlated with 357 
greater decreases in firing frequency during stimulation (Spearman r=-0.841, 358 
p<0.00001; Figure 4N). Greater pre-optical stimulation firing frequency is correlated 359 
with larger frequency decreases during stimulation (Spearman r=-0.791, p<0.0001; 360 
Figure 4O). This finding is expected because the fast-firing neurons can be more 361 
strongly inhibited in terms of absolute decrease in action potential frequency (i.e. a floor 362 
effect). Surprisingly, however, pre-optical stimulation firing frequency is correlated with 363 
the first oIPSC amplitude (Spearman r=0.818, p<0.0001; Figure 4P), indicating that the 364 
SNr is more strongly connected to glutamatergic PPN neurons with faster firing rates. 365 
These correlations highlight strong selectivity in SNr projections to PPN glutamatergic 366 
neurons. Overall, these findings support that the SNr selectively targets and strongly 367 
inhibits fast-firing caudal glutamatergic PPN neurons compared to rostral neurons, and 368 
that there is a medial-caudal hotspot where SNr inhibition of PPN glutamatergic neurons 369 
is particularly strong. 370 
 371 
The SNr most strongly inhibits caudal glutamatergic PPN neurons. 372 
    Most of the previous PPN circuit work has been done with rabies tracing. Aside from 373 
technical limitations, rabies tracing can only indicate the presence of synaptic 374 
connections. Our electrophysiological findings comprehensively characterize the 375 
strength and characteristics of the SNr input to each of the PPN cell types in both the 376 
rostral and caudal regions. Using this comprehensive dataset, we compared SNr input 377 
across the different PPN cell types in each region under the same electrophysiological 378 
conditions. We found that the median amplitude of the first SNr-mediated oIPSC was 379 
the same among rostral PPN neurons irrespective of cell type [median (IQR); first 380 
oIPSC n=15 ChAT+: 74.7 pA (44.5 to 136.5 pA), n=9 Vgat+: 76.5 pA (27.0 to 209.9 pA), 381 
n=13 Vglut2+: 61.6 pA (19.2 to 113.9 pA); Kruskal-Wallis, p=0.7046; Figure 5A]. The 382 
impact of these inhibitory inputs on neuronal firing did not differ with cell type as shown 383 
by the absolute change in frequency during SNr stimulation [median (IQR); Frq During 384 
Opto n=14 ChAT+: -2.47 Hz (-3.37 to -1.44 Hz), n=7 Vgat+: -5.03 Hz (-5.54 to -1.34 385 
Hz), n=13 Vglut2+: -3.21 Hz (-12.21 to -1.95 Hz); Kruskal-Wallis, p=0.3028; Figure 5B]. 386 
    We found that the SNr-mediated oIPSCs in caudal glutamatergic neurons were 387 
significantly larger than in cholinergic and GABAergic caudal PPN neurons [median 388 
(IQR); first oIPSC n=20 ChAT+: 109.3 pA (58.5 to 168.6 pA), n=12 Vgat+: 59.7 pA (37.7 389 
to 269.7 pA), n=13 Vglut2+: 313.5 pA (143.8 to 729.1 pA); Kruskal-Wallis, p=0.0128; 390 
Dunn’s test, ChAT+ vs Vgat+ p=0.6409, ChAT+ vs Vglut2+ p=0.0042, Vgat+ vs Vglut2+ 391 
p=0.0295; Figure 5C]. Likewise, the impact of SNr inhibition on neuron firing rate was 392 
strongest in caudal glutamatergic neurons. The absolute frequency decrease during 393 
stimulation in caudal glutamatergic neurons was larger than both cholinergic and 394 
GABAergic neurons [median (IQR); Frq During Opto n=23 ChAT+: -2.10 Hz (-3.11 to -395 
0.84 Hz), n=19 Vgat+: -4.29 Hz (-11.02 to -2.94 Hz), n=17 Vglut2+: -14.08 Hz (-20.04 to 396 
-6.07 Hz); Kruskal-Wallis, p<0.0001; Dunn’s test, ChAT+ vs Vgat+ p=0.0049, ChAT+ vs 397 
Vglut2+ p<0.0001, Vgat+ vs Vglut2+ p=0.0332; Figure 5D]. 398 
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    We found no significant difference between SNr-mediated oIPSCs recorded 399 
GABAergic and cholinergic neurons in both the rostral and caudal PPN (Figure 5A&C). 400 
In the caudal PPN, however, the GABAergic neuron firing frequency was more strongly 401 
inhibited than cholinergic (Figure 5D). The greater reduction in firing frequency may be 402 
driven by the caudal GABAergic subgroup receiving particularly large oIPSCs (Figure 403 
3D) and could be explained if GABAergic PPN neurons have higher input resistance 404 
than cholinergic neurons, as has been previously suggested57. Altogether, our findings 405 
show that the SNr most strongly inhibits the glutamatergic neurons followed by 406 
GABAergic neurons in the caudal PPN and more weakly inhibits rostral PPN neurons 407 
without any cell type bias (Figure 5E). 408 
 409 
The GPe preferentially, but weakly, inhibits a subset of caudal GABAergic and 410 
glutamatergic PPN neurons. 411 
    GPe projections to the cholinergic and glutamatergic PPN neurons have been shown 412 
in previous rabies tracing studies14–17, but projections to the GABAergic MLR neurons 413 
was not detected14. To evaluate the synaptic strength of these connections and 414 
determine regional connectivity, we repeated the previous whole-cell patch clamp 415 
experiments paired with optogenetics, but this time injecting ChR2 into the GPe of 416 
ChAT-Cre/Ai9-tdTomato, Vgat-Cre/Ai9-tdTomato, and Vglut2-Cre/tdTomato mice 417 
(Figure 6A). If oIPSCs were observed in response to optical stimulation, the neuron 418 
was identified as connected. In a subset of neurons, a GABA-a receptor blocker, 419 
GABAzine, was applied to confirm the oIPSCs were GABA-mediated (See Methods for 420 
details; Figure 6B). We recorded GPe-mediated oIPSCs in all three cell types of the 421 
PPN. As predicted by the low density of GPe axons present in the rostral PPN (Figure 422 
1D), very few rostral PPN neurons received synaptic input from the GPe. This was true 423 
within each molecularly-defined PPN cell type [caudal vs rostral % connected; ChAT+: 424 
30% vs 0% (n=9/30 vs 0/7), Vgat+: 68% vs 38% (n=21/31 vs 6/16), Vglut2+: 69% vs 425 
26% (n=24/35 vs 5/19); Figure 6Ci-iii]. These findings suggest that the GPe 426 
preferentially targets caudal PPN neurons compared to rostral neurons.  427 
    We then tested if the percentage of connected caudal neurons was greater than the 428 
percentage of connected rostral neurons. While the caudal connectivity was significantly 429 
greater than rostral connectivity in GABAergic and glutamatergic neurons (one-sided 430 
Fisher’s exact test; Vgat: OR=0.2857, CI=0.09190 to 0.9391, p=0.047; Vglut2: 431 
OR=0.1637, CI=0.05069 to 0.5767, p=0.0033; Figure 6Cii&iii), we found no statistical 432 
difference between the rostral and caudal connectivity in cholinergic neurons (OR=0, 433 
CI=0 to 1.301, p=0.1150; Figure 6Ci). Because the number of connected caudal 434 
cholinergic neurons was not significantly greater than its 0% rostral connectivity (Figure 435 
6Ci), GPe inhibition of PPN cholinergic neurons is likely weak to non-existent. Since so 436 
few rostral PPN neurons received GPe inhibition, we focused our characterization of 437 
GPe inhibition to the caudal PPN. 438 
    We then evaluated the strength and impact of GPe inhibition of the few connected 439 
caudal cholinergic PPN neurons. First, we measured the amplitude of each oIPSC in 440 
the 20 Hz train over 2 seconds. We found that the average oIPSC amplitude across the 441 
train was small (approximately 20 pA, Figure 6D). Similarly, the first oIPSC measured in 442 
the connected cholinergic neurons was also quite small [median (IQR); first oIPSC n=6 443 
ChAT+: 22.6 pA (9.75 to 50.20 pA); Figure 6E]. Among recorded caudal cholinergic 444 
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PPN neurons, both connected and non-connected, these small inhibitory currents 445 
displayed negligible effects on the neuronal firing frequency of the cholinergic PPN 446 
population in both the percent of pre-optical stimulation frequency and absolute 447 
frequency change [median (IQR); n=29 ChAT+: %Frequency During Stimulation 96.67 448 
% (85.1 to 100.7 %); Frq During Opto -0.16 Hz (-0.90 to 0.03 Hz); Figure 6H&I]. 449 
These findings indicate that the GPe has essentially no direct effect on the cholinergic 450 
PPN neural population as a whole. For this reason, we exclude GPe inhibition of 451 
cholinergic PPN neurons in the synaptic characterizations shown in Figures 6F&H. 452 
Together, we show that the GPe preferentially inhibits caudal GABAergic and 453 
glutamatergic neurons while largely avoiding rostral PPN neurons. 454 
    To determine whether the synaptic strength and characteristics from the GPe to the 455 
PPN differed between GABAergic and glutamatergic PPN subtypes, we evaluated the 456 
amplitude of the GPe-mediated oIPSCs during the 2-second 20 Hz optical stimulation. 457 
Because there were few GPe-connected neurons in the rostral PPN, all recorded 458 
neurons in these datasets were restricted to the caudal PPN for the analyses in the 459 
following paragraphs. Both GABAergic and glutamatergic neurons responded to GPe 460 
stimulation with oIPSCs ranging from ones to hundreds of picoamperes (Figure 6D). 461 
While there was no significant difference in the first oIPSC measured in GABAergic and 462 
glutamatergic neurons [median (IQR); first oIPSC n=19 Vgat+: 24.77 pA (6.72 to 54.17 463 
pA), n=15 Vglut2+: 65.71 pA (14.50 to 133.4 pA); Kruskal-Wallis, p=0.2176; Figure 6E], 464 
the normalized amplitudes show that GPe input to GABAergic neurons facilitates with 465 
subsequent stimulations, while the input to glutamatergic neurons depresses (Figure 466 
6F). The GPe-mediated inhibitory input to glutamatergic neurons displayed a 467 
significantly lower PPR than to GABAergic neurons [median (IQR); PPR n=19 Vgat+: 468 
0.97 (0.76 to 1.2), n=15 Vglut2: 0.81 (0.55 to 0.93); Mann-Whitney, U=76, p=0.0206; 469 
Figure 6G]. While short-term synaptic plasticity patterns were variable among 470 
GABAergic neurons with some depressing and others facilitating, GPe input to 471 
glutamatergic neurons generally depresses. 472 
    While there was no difference in oIPSC amplitudes, short-term synaptic depression 473 
can dampen the impact that repeated IPSCs have on action potential output. Therefore, 474 
we compared the firing frequency change in each cell type during optogenetic 475 
stimulation of GPe axons. As expected, the inhibition of action potential firing in both 476 
GABAergic and glutamatergic neurons was significantly greater than the overall GPe 477 
inhibition of cholinergic neurons (mean ± SEM; %Frequency During Stimulation n=25 478 
ChAT+: 92.39 ± 7.59 %, n=18 Vgat+: 57.70 ± 10.11 %, n=29 Vglut2+: 64.15 ± 7.63 %; 479 
2way ANOVA, p=0.0302; Tukey test, During Stimulation ChAT+ vs Vgat+ p=0.0359, 480 
ChAT+ vs Vglut2+ p=0.0391, Vgat+ vs Vglut2+ p=0.8669; Pre vs During ChAT+ 481 
p=0.5818, Vgat+ p=0.0017, Vglut2+ p=0.0002; median (IQR); Frq During Opto n=25 482 
ChAT+: -0.16 Hz (-0.90 to 0.03 Hz), n=18 Vgat+: -1.92 Hz (-3.85 to -0.60 Hz), n=29 483 
Vglut2+: -0.89 Hz (-3.28 to -0.43 Hz); Kruskall-Wallis, p=0.0002; Dunn’s test, ChAT+ vs 484 
Vgat+ p=0.0002, ChAT+ vs Vglut2+ p=0.0009,  Vgat vs Vglut2+ p=0.4020; Figure 485 
6H&I). The PPN GABAergic neuron population firing rate was decreased to about 58% 486 
of their pre-stimulation firing with a median frequency decrease of 1.92 Hz during 487 
stimulation (Figure 6H&I). Similarly, the glutamatergic neuron population firing rate was 488 
decreased to about 64% of their pre-stimulation firing with a median frequency decrease 489 
of 0.89 Hz during stimulation (Figure 6H&I). We found no statistical difference between 490 
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GPe inhibition of firing frequency in caudal GABAergic and glutamatergic PPN neurons. 491 
These findings show that the GPe inhibits GABAergic and glutamatergic neural 492 
populations to a similar extent. 493 
    To determine if there are significant relationships among the synaptic and firing 494 
characteristics, we performed a correlation analysis. Among GABAergic neurons 495 
receiving GPe inhibition, we found that the amplitude of the first oIPSC is significantly 496 
correlated with the absolute change in frequency during stimulation (Spearman r=-497 
0.627, p=0.044, Figure 6K). Although GPe input to GABAergic neurons exhibited 498 
various PPRs, the correlation analyses revealed no significant relationship between 499 
PPR and absolute change in frequency during stimulation (Figure 6J). These findings 500 
suggest that the initial oIPSC amplitude of GPe input to GABAergic PPN neurons has a 501 
stronger relationship with firing rate than short-term synaptic plasticity does. 502 
    As nearly all GPe inputs to glutamatergic neurons exhibited short-term synaptic 503 
depression, we expected the correlation analysis to reveal a significant relationship 504 
between PPR and the change in firing frequency. However, similar to the GPe input to 505 
GABAergic neurons, PPR was not predictive of impact on neuronal activity (Figure 6L). 506 
GPe inhibition of the glutamatergic neurons showed a significant correlation between 507 
the absolute change in frequency during stimulation and pre-stimulation firing frequency 508 
(Spearman r=-0.648, p=0.014, Figure 6M). However, because the inhibitory synaptic 509 
current amplitude did not correlate with firing frequency, this correlation is likely due to a 510 
floor effect in which faster firing neurons have a greater capacity for reductions in firing 511 
frequency. Together, these findings suggest that the GPe preferentially inhibits caudal 512 
GABAergic and glutamatergic PPN neurons. 513 
 514 
In vivo activation of GPe and SNr axons in the PPN show opposite effects on 515 
locomotion and valence. 516 
    Once we established that the SNr and GPe inhibit different profiles of regionally- and 517 
molecularly-defined subpopulations of the PPN using ex vivo optogenetic 518 
electrophysiology, we wanted to evaluate the behavioral consequences of selectively 519 
stimulating these inputs in vivo. Direct optogenetic activation of PPN subpopulations 520 
have been previously shown to either promote or inhibit motion, sometimes with 521 
contradictory results14,16,17,22–27. To determine whether differential inhibitory inputs onto 522 
the PPN influenced locomotor activity, we bilaterally injected wild-type mice with ChR2 523 
in either the SNr or GPe and implanted an optical fiber over the PPN (Figure 7A&B). 524 
Control mice were injected with an EGFP virus and implanted. After three weeks, we 525 
placed each mouse in the open field to measure gross locomotor behavior with and 526 
without optical stimulation of the SNr or GPe axons. We tracked the distance traveled 527 
for each mouse at baseline and during bilateral stimulation of either the SNr or GPe by 528 
applying blue light (473 nm, 4-4.5 mW) at 20 Hz with 2 ms pulses (4% duty cycle), for 1 529 
minute at a time (Figure 7C). We found that stimulation of these two inhibitory basal 530 
ganglia inputs to the PPN resulted in completely opposite motor behaviors. Specifically, 531 
stimulation of SNr axons in the PPN increased distance traveled, while stimulation of 532 
GPe axons in the PPN decreased distance traveled [mean ± SEM; N=9 (3M, 6F) 533 
Control (Ctrl): 2.22 ± 0.24 m, N=8 (5M, 3F) SNr: 4.11 ± 0.51 m, N=9 (4M, 5F) GPe: 0.57 534 
± 0.18 m; Welch ANOVA, Dunnett’s test, p<0.0001; Ctrl vs SNr p=0.0138, Ctrl vs GPe 535 
p=0.0001; Figure 7D, see Video S1&2]. 536 
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    The PPN has been implicated in reward processing and stimulation of the PPN can 537 
be reinforcing7,27,28,30,34,58. Therefore, we evaluated the effect of GPe or SNr axon 538 
stimulation in the PPN on valence in the real-time place preference (RTPP) task. In a 539 
three-chamber apparatus, the mouse could freely move between chambers for ten 540 
minutes. Optical stimulation of the SNr or GPe axons in the PPN was applied when the 541 
mouse entered the stimulated chamber and remained on at 20 Hz (4% duty cycle) until 542 
the mouse exited that chamber (Figure 7E). To reduce the effects of optical stimulation 543 
on locomotion, this experiment was conducted with unilateral stimulation only. 544 
Interestingly, we again found opposite effects when stimulating the two inhibitory basal 545 
ganglia inputs to the PPN. Mice avoided the stimulated chamber when the SNr axons 546 
were stimulated, but preferred the stimulated chamber when the GPe axons were 547 
stimulated (mean ± SEM; N=16 (6M, 10F) Ctrl: 40.76 ± 2.0 %, N=9 (5M, 4F) SNr: 23.99 548 
± 5.2 %, N=10 (5M, 5F) GPe: 76.11 ± 3.7 %; One-way ANOVA, p<0.0001; Dunnett’s 549 
test, Ctrl vs SNr p=0.0025, Ctrl vs GPe p<0.0001; Figure 7F, see Video S3&4). 550 
    In addition to sending inhibitory inputs to the PPN, the GPe and SNr send axon 551 
collaterals to multiple other brain areas12,36,59,60. Therefore, it is possible that stimulating 552 
these axons in the PPN could cause antidromic stimulation of the GPe and SNr cell 553 
bodies, resulting in the inhibition of non-PPN brain regions. However, it has recently 554 
been shown that 0.25 mW laser power stimulation of axons can prevent antidromic 555 
activation of cell bodies41. Therefore, we repeated these optogenetic behavioral 556 
experiments using 0.25 mW laser power. We found that the locomotion effect of SNr 557 
stimulation over the PPN was no longer present during low power stimulation, but GPe 558 
stimulation still significantly decreased locomotion (mean ± SEM; distance traveled N=9 559 
(3M, 6F) Ctrl: 2.22 ± 0.24 m, N=6 (3M, 3F) SNr: 2.24 ± 0.50 m, N=8 (4M, 4F) GPe: 1.09 560 
± 0.22 m; One-way ANOVA, p=0.0211; Dunnett’s test, Ctrl vs SNr p=0.9993, Ctrl vs 561 
GPe p=0.0232; Figure 7H). In the RTPP task, SNr axon stimulation continued to evoke 562 
place aversion and GPe axon stimulation continued to evoke place preference (mean ± 563 
SEM; % time in stimulation zone N=16 (6M, 10F) Ctrl: 40.76 ± 2.1 %, N=6 (3M, 3F) SNr: 564 
27.72 ± 4.0 %, N=8 (4M, 4F) GPe: 68.41 ± 8.5 %; Welch’s ANOVA, p=0.0044; 565 
Dunnett’s test, Ctrl vs SNr p=0.0378, Ctrl vs GPe p=0.0252; Figure 7G). These findings 566 
show that decreased locomotion and place preference are mediated by GPe inhibition 567 
of the PPN. Interestingly, we find that aversion is mediated by SNr inhibition of the PPN, 568 
but the enhancement of locomotion is likely due to PPN-projecting SNr neurons 569 
inhibiting a separate brain structure.  570 
 571 
Discussion: 572 
    In this study, we comprehensively characterize the synaptic strength and impact on 573 
neuron action potential firing in molecularly- and regionally-defined PPN subpopulations 574 
while stimulating the SNr or GPe using ex vivo electrophysiology and optogenetics. We 575 
also stimulated the SNr or GPe axons in the PPN in vivo which revealed SNr and GPe 576 
populations, defined by their projections to the PPN, involved in non-canonical basal 577 
ganglia circuits to evoke opposing locomotion and valence processing behaviors. 578 
Together, these findings show that distinct and selective inhibition of PPN 579 
subpopulations by the SNr and GPe can alter behavioral output. 580 
 581 
Region- and cell type-specific inputs to the PPN 582 
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    The SNr and GPe have been previously shown to form monosynaptic synapses with 583 
PPN neurons using rabies viral tracing12–17. While SNr input to cholinergic and 584 
glutamatergic PPN neurons has been reproduced across different studies13–17, SNr 585 
inputs to GABAergic PPN neurons has only been inferred from studies of the entire 586 
mesencephalic locomotor region (MLR), consisting of both the PPN and cuneiform 587 
nucleus14. Several studies have used slice electrophysiology to show that the SNr 588 
inhibits PPN neurons generally31 or to compare SNr input to cholinergic and non-589 
cholinergic PPN neurons47,50,51. However, a full characterization of the SNr input to 590 
regionally- and molecularly-defined PPN neurons in adult animals has been lacking. 591 
Using ex vivo whole-cell patch recordings, we were able to measure inhibitory currents 592 
in each of the PPN cell types during SNr stimulation showing that the SNr functionally 593 
inhibits each cell type within the rostral PPN to a similar extent while most strongly 594 
inhibiting a medial-caudal ‘hotspot’ of glutamatergic neurons. 595 
    While the GPe has been shown to project to the cholinergic and glutamatergic PPN 596 
neurons15–17, our electrophysiological results show that GPe inhibition of the cholinergic 597 
neurons is weak to non-existent and its inhibition of the glutamatergic PPN neurons is 598 
caudally biased. In contrast to a previous study showing that the GPe does not project 599 
to GABAergic MLR neurons14, we find that the GPe also preferentially inhibits a caudal 600 
subgroup of GABAergic PPN neurons. While the GPe selectively inhibits a caudal 601 
subpopulation of GABAergic and glutamatergic PPN neurons, its inhibition is much 602 
weaker than SNr inhibition of the PPN in terms of the proportion of connected PPN 603 
neurons, the inhibitory current amplitudes, and the inhibition of neuronal firing. Overall, 604 
our findings utilize a systematic approach to characterize the synaptic strength between 605 
these inhibitory basal ganglia nuclei and the PPN across its rostrocaudal axis for each 606 
cell type allowing us to compare SNr and GPe to PPN circuitry with regional-level 607 
granularity. These results also encourage future work involving the PPN to consider the 608 
individual influence of its rostral and caudal regions. 609 
 610 
Noncanonical basal ganglia motor circuits 611 
    We found that stimulation of GPe axons over the PPN decreased locomotion in both 612 
low (local) and high (putatively generating antidromic activity) laser power stimulations, 613 
while only high power SNr axon stimulation increased locomotion. This suggests that 614 
antidromically activating the subpopulation of SNr neurons that project to the PPN is 615 
required to generate the non-canonical increase in locomotion, but that this locomotion 616 
increase is not due to the SNr inhibition of the PPN. These behavioral outcomes appear 617 
counter to the canonical model of basal ganglia movement pathways, in which SNr 618 
activation decreases and GPe activation increases movement. Although there is strong 619 
support for this canonical model, recent in vivo recordings have found subpopulations of 620 
SNr and GPe neurons that show activity patterns counter to this model (i.e., SNr 621 
neurons that increase activity during movement and GPe neurons that increase activity 622 
during immobility)61–67. Similarly, a subset of SNr and GPe neurons paradoxically 623 
increase activity upon direct and indirect pathway striatal projection neuron stimulation, 624 
respectively40,68. While one explanation for these heterogeneous responses could be 625 
local inhibition within each structure39,40,69–73, another possibility is that distinct 626 
subpopulations within the SNr and GPe differentially modulate locomotor 627 
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behavior12,33,38–40,59,63,71. Our findings support non-canonical basal ganglia motor 628 
pathways involving SNr and GPe neurons that project to the PPN. 629 
    Our characterization of region-specific inhibitory inputs to the PPN helps us 630 
understand how GPe inhibition of the PPN can mediate decreases in locomotion. Our 631 
electrophysiology experiments show that the GPe exerts minimal influence on the 632 
rostral PPN neurons which appear to decrease locomotion22,24 and preferentially inhibits 633 
caudal GABAergic and glutamatergic PPN neurons. Because stimulating the caudal 634 
GABAergic and glutamatergic PPN neurons increases locomotion23, GPe selective 635 
inhibition of these caudal neurons could explain our behavioral experiments showing 636 
that stimulation of GPe axons over the PPN decreases locomotion. Aligned with our 637 
findings, selectively stimulating the Npas1+ or FoxP2+ subpopulations in the GPe 638 
decreases locomotion38,40. Some groups have found that direct stimulation of the PV+ 639 
GPe neurons increases locomotion38,60; however, one study shows that inhibition of PV+ 640 
GPe neurons can increase locomotion41. While we show that GPe projections to the 641 
PPN decrease locomotion, future studies are needed to determine which GPe 642 
subpopulations project to the PPN to modulate locomotion. 643 
   While we found that stimulating SNr axons in the PPN with high laser power increased 644 
locomotion, we observed no locomotor effect when using low laser power stimulation. 645 
Therefore, our findings suggest that antidromic activation of the PPN-projecting SNr 646 
neuron subpopulation during high laser power stimulation promotes locomotion, but not 647 
through direct actions at the PPN. Previous studies have identified distinct functional 648 
roles for molecularly-defined subpopulations within the SNr. Although direct stimulation 649 
of PV+ and GAD2+ SNr neurons decreases gross locomotor movement33,63, PV+ SNr 650 
neurons have been shown to increase their activity during transitions from quiet 651 
wakefulness to non-locomotor movement63. The subset of PV+ and GAD2+ SNr 652 
neurons which project to the PPN also broadly project to other SNr output targets12,63 653 
whose inhibition may mediate increases in locomotion. However, stimulation of SNr 654 
neurons has not previously been shown to increase locomotion. One possibility is that 655 
the adjacent dopaminergic neurons of the substantia nigra pars compacta (SNc) are 656 
infected with ChR2 in our experiments. Some SNc dopaminergic neurons send axons to 657 
both the PPN and striatum74. Because direct stimulation of nigrostriatal neurons 658 
increases locomotion75, antidromic stimulation of the SNc can evoke dopamine release 659 
into the striatum to increase movement in our high laser power experiments. However, 660 
we also find that this high-power SNr axon stimulation is highly aversive (Figure 7F). 661 
Because dopaminergic neuron activation is usually rewarding, our aversive effect does 662 
not support antidromic activation of these dopaminergic neurons. Our findings suggest 663 
the existence of a SNr subpopulation, defined by their projections to the PPN, that can 664 
positively modulate movement. However, future work is needed to test the locomotor 665 
effects of direct stimulation of PPN-projecting SNr neurons. 666 
 667 
Differential inhibition of PPN subpopulations by the SNr and GPe mediate 668 
opposing valence processing outcomes 669 
    We found that stimulation of SNr axons over the PPN was aversive in real time place 670 
preference (RTPP), while stimulation of GPe axons over the PPN led to increased 671 
preference for the stimulated chamber. Previous studies directly stimulating SNr and 672 
GPe subpopulations have implicated these structures in reward and aversion 673 
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processing. Inhibition of Vgat+ SNr neurons has been shown to increase place 674 
preference35 while its direct stimulation has no effect33,35. However, selective stimulation 675 
of the PV+ SNr neurons induces aversion in RTPP33. Although the GPe has been 676 
predominantly studied in the context of movement, recent work has begun to reveal a 677 
role for the GPe in valence processing41,76–78. One recent study shows that inhibition of 678 
PV+ GPe neurons induced aversion while inhibition of Npas1+ GPe neurons induced 679 
placed preference in RTPP41. Because activation of PV+ SNr neurons is aversive33 and 680 
inhibition of PV+ GPe neurons is aversive41, it is likely that our results are due to 681 
activation of the PV+ SNr and GPe axons in the PPN. While we show that activation of 682 
the PPN-projecting SNr and GPe subpopulations strongly affect valence processing, 683 
future studies are needed to determine whether these effects are specifically mediated 684 
by PV+ SNr and GPe projections to the PPN. 685 
    Neurons in the PPN have been implicated in reward and aversive-related 686 
behaviors7,27,28,30–32,34,58. The cholinergic PPN neurons are implicated in positive valence 687 
with place preference and increased lever pressing through their projections to the 688 
ventral tegmental area (VTA)27,28. Aligned with our findings, direct inhibition of the 689 
cholinergic PPN neurons evokes place aversion27. Of particular significance, we show 690 
that the SNr inhibits the cholinergic PPN neurons while the GPe axons avoid cholinergic 691 
PPN neurons. Therefore, it is possible that the difference between the SNr and GPe 692 
effects on valence is due to their differential inhibition of the cholinergic PPN neurons. 693 
    Direct stimulation of the glutamatergic PPN neurons has also been implicated in 694 
positive valence with increased reinforcement behavior7. Both the cholinergic and 695 
glutamatergic PPN neurons directly influence dopamine release in the striatum and 696 
dopaminergic neuron activity in the SNc and VTA7,27,28,79–83. Specifically, the caudal 697 
PPN neurons are thought to innervate the medial part of the SNc and the VTA9,83, two 698 
major reward pathway hubs. Our data show that the SNr most strongly inhibits the 699 
caudal glutamatergic PPN neurons. Therefore, strong SNr inhibition of these neurons 700 
would remove excitatory drive from the reward-related dopaminergic neurons. This 701 
pathway could also contribute to the aversive effect of SNr axon stimulation in the PPN.  702 
    The pathways underlying the GPe-mediated rewarding effect are less clear and may 703 
indicate functional heterogeneity among caudal PPN neurons. We find that the GPe 704 
only inhibits a subset of caudal GABAergic and glutamatergic PPN neurons. It is 705 
possible that the subset of GABAergic PPN neurons targeted by the GPe disinhibits 706 
local cholinergic and glutamatergic neurons to increase excitation of the rewarding 707 
dopaminergic neuron pathways. Another possibility is that the specific GPe-inhibited 708 
PPN population may have particularly aversive-properties. For example, PPN neurons 709 
that excite amygdala nuclei evoke place avoidance34,58. In this case, GPe inhibition of 710 
these neurons could be rewarding by removing excitation of amygdala nuclei involved in 711 
negative valence processing. Future experimental work is needed to determine the 712 
extent of local inhibition among PPN neurons and define the characteristics of the PPN 713 
neurons selectively targeted by the GPe.  714 
 715 
Conclusions 716 
    We have systematically characterized SNr and GPe inputs across the rostrocaudal 717 
axis of the PPN for each cell type – cholinergic, GABAergic, and glutamatergic. We 718 
show that the SNr inhibits nearly every PPN cell recorded with differential strength 719 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 6, 2024. ; https://doi.org/10.1101/2024.08.05.606694doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.05.606694
http://creativecommons.org/licenses/by-nc/4.0/


17 
 

determined by cell type and anatomical biases while identifying a medial-caudal 720 
‘hotspot’ of glutamatergic neurons most strongly inhibited by the SNr. In contrast, the 721 
GPe strikingly avoids the cholinergic PPN neurons and more weakly, but selectively, 722 
inhibits a subpopulation of caudal GABAergic and glutamatergic neurons. We proposed 723 
that the differential inhibition of regionally-biased, mixed-cell type PPN subpopulations 724 
can alter behavioral outputs. By stimulating these inhibitory basal ganglia axons over 725 
the PPN, we show that the SNr evokes place aversion while the GPe evokes place 726 
preference and decreases locomotion. Surprisingly, we find that high laser power 727 
stimulation (likely to evoke antidromic activation) of PPN-projecting SNr neurons 728 
increases locomotion. Together, our findings show that the SNr and GPe mediate 729 
opposing valence processing outcomes through the PPN and support non-canonical 730 
basal ganglia motor pathways in which the PPN-projecting SNr subpopulation increases 731 
locomotion and the GPe decreases locomotion through its projections to the PPN. 732 
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Star Methods text 756 
KEY RESOURCES TABLE 757 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

goat anti-choline acetyltransferase (ChAT) Millipore Cat#: AB144P, 
RRID: AB_2079751 

Streptavidin, Cy5 Invitrogen Cat#: SA1011 

Streptavidin, DyLight™ 405 Invitrogen Cat#: 21831 

Donkey anti-goat IgG (H+L) Cross-Adsorbed Secondary 
Antibody, Alexa Fluor™ 647 

Invitrogen Cat#: A-21447, 
RRID: AB_2535864 
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Sheep anti-tyrosine hydroxylase (TH) Novus Biologicals Cat# NB300-110, 
RRID: AB_10002491 

DyLight™ 405 AffiniPure™ Donkey Anti-Sheep IgG 
(H+L) 

Jackson 
ImmunoResearch 
Laboratories 

Cat# 713-475-147, 
RRID: AB_2340740 

Bacterial and virus strains  

AAV1-hSyn-hChR2(H134R)-EYFP Addgene (Deisseroth 
Lab) 

Cat#: 26973 

AAV1-hSyn-EGFP Addgene (Roth Lab) Cat#: 50465 

Chemicals, peptides, and recombinant proteins 

D-AP5 Tocris and HelloBio Cat#: 0106 and 
HB0225 

NBQX Tocris and HelloBio Cat#: 1044 and 
HB0443 

CNQX disodium salt HelloBio Cat#: HB0205 

SR 95531 hydrobromide (GABAzine) Tocris and HelloBio Cat#: 1262 and 
HB0901 

Experimental models: Organisms/strains 

ChAT-cre mice: B6.129S-Chattm1(cre)Lowl/MwarJ Jackson RRID: 
IMSR_JAX:031661 

Vgat-cre mice: B6J.129S6(FVB)-
Slc32a1tm2(cre)Lowl/MwarJ 

Jackson RRID: 
IMSR_JAX:028862 

Vglut2-cre mice: B6J.129S6(FVB)-
Slc17a6tm2(cre)Lowl/MwarJ 

Jackson RRID: 
IMSR_JAX:028863 

Ai9-tdTomato mice: B6.Cg-Gt(ROSA)26Sortm9(CAG-

tdTomato)Hze/J 
Jackson RRID: 

IMSR_JAX:007909 

C57BL/6J Jackson RRID: 
IMSR_JAX:000664 

Software and algorithms 

Igor Pro WaveMetrics Version 9.00 

GraphPad Prism Dotmatics Version 9.5.0 

Fiji software Open source on 
GitHub 

Version 1.51n 

ANY-maze® software  Stoelting Company, 
Wood Dale, IL.  

Version 7.36 

Clampex software Molecular Devices Version 11.2 

Other 

MulticlampTM 700B amplifier   

AxonTM Digidata® 1550B   

Leica SP8AOBS++   

Zeiss Axio Imager Z2   

Sutter Instrument Model P-97   

 758 
RESOURCE AVAILABILITY 759 
 760 
Lead contact 761 
Further information and requests for resources and reagents should be directed to and will be fulfilled by 762 
the lead contact, Dr. Rebekah C. Evans (re285@georgetown.edu). 763 
 764 
Materials availability 765 
This study did not generate new unique reagents. 766 
 767 
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Data and code availability 768 
• All data and code supporting the current study will be shared by the lead contact upon request. 769 
• No original code was generated in this paper. 770 
• Any additional information required to reanalyze the data reported in this paper is available from 771 

the lead contact upon request. 772 
 773 
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS 774 
 775 
Animal Welfare 776 
All animal procedures were approved by the Georgetown University Medical Center Institutional Animal 777 
Care and Use Committee (IACUC). Measures were taken to ensure minimal animal suffering and 778 
discomfort, and protocols were designed to minimize the number of animals used. 779 
 780 
Animal Subjects 781 
Homozygous Ai9-TdTomato mice [B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J; JAX# 007909] were bred 782 
with homozygous ChAT-Cre mice [B6.129S-Chattm1(cre)Lowl/MwarJ; JAX# 031661], homozygous Vgat-Cre 783 
mice [B6J.129S6(FVB)-Slc32a1tm2(cre)Lowl/MwarJ; JAX# 028862], and Vglut2-Cre mice [B6J.129S6(FVB)-784 
Slc17a6tm2(cre)Lowl/MwarJ; JAX# 028863] to obtain ChAT-Cre/Ai9-tdTomato, Vgat-Cre/Ai9-tdTomato, and 785 
Vglut2-Cre/Ai9-tdTomato in-house, respectively. C57BL/6J wildtype mice (Jax# 000664) were obtained 786 
from Jackson for behavioral experiments. Animals were housed under a 12:12 light-dark cycle (lights on 787 
at 06:00 AM) with food and water ad libitum.  788 
 789 
Experimental Groups 790 
For electrophysiological studies, ChAT-Cre/Ai9-tdTomato, Vgat-Cre/Ai9-tdTomato, and Vglut2-Cre/Ai9-791 
tdTomato mice of both sexes (3 males and 3 females in each group) aged 2-5 months were used. For 792 
behavioral studies, C57BL/6J wildtype mice of both sexes, with age-matched littermates randomly 793 
assigned to control or experimental groups. Behavioral assessments were exclusively conducted during 794 
the light phase, and all testing chambers were cleaned with 70% ethanol between mice to mitigate 795 
potential olfactory influences. 796 
 797 
METHOD DETAILS 798 
 799 
Viral injections and optical fiber implantation surgeries 800 
Mice at least 7 weeks old were briefly anesthetized with inhaled 5% isoflurane using an anesthetic 801 
chamber and placed onto a heated pad within the stereotaxic frame (Stoelting 51730UD). The skull was 802 
stabilized with evenly positioned ear bars and nose cone properly positioned to deliver continuous 1-3% 803 
isoflurane and oxygen at a steady flow of 1L/min throughout the surgery duration. Bupivacaine (5 mg/kg) 804 
and carprofen (5mg/kg) were administered as local anesthetic and analgesic, respectively. A small 805 
incision was made on the scalp to visualize bregma and lambda, which were used as references to level 806 
the skull. Bilateral holes were drilled at either the coordinates of the SNr (AP -3.1 mm, ML ± 1.4 mm, DV -807 
4.7 mm relative to bregma) or GPe (AP -0.3 mm, ML ± 1.9mm, DV -3.9 mm relative to bregma). The 5µL 808 
Hamilton microsyringe was positioned and 250 nL virus was injected at a rate of 0.2 µL/min. The syringe 809 
was raised and rested 0.5 mm above the injection site for 10 minutes. For ex vivo optogenetic 810 
experiments, AAV1-hSyn-hChR2(H134R)-EYFP (2.3 x 10^13 particles per milliliter, Addgene, Cat# 26973) 811 
was injected into either the SNr or GPe. For in vivo optogenetic experiments,  AAV1-hSyn-812 
hChR2(H134R)-EYFP 2.0 x 10^13 particles per milliliter, Addgene, Cat #26973) or AAV1-hSyn-EGFP (1.1 813 
x 10^13 particles per milliliter, Addgene, Cat# 50465) was injected into either the SNr or GPe for 814 
experimental and control mice, respectively. For mice used in the in vivo optogenetic experiments, an 815 
optical fiber (200 µm core, 0.22 NA, 3.7 mm length) was implanted over the PPN (AP -4.5, ML ± 1.1 mm, 816 
DV -3.5 relative to bregma). The skin on either side of the incision site was joined, glued together using 817 
VetBond tissue adhesive, and fastened with two wound clips or the optical fiber was fixed in position with 818 
dental cement. (C&B-Metabond Quick! Adhesive Luting Cement by Parkell Products Inc, Patterson# 553-819 
3484/CAT# S380; Jet Denture Repair Package by LANG, CAT# 1223F2). Post-surgery, buprenorphine 820 
SR (1.5 mg/kg) was administered for long-acting analgesia. Mice were allowed to recover on a heating 821 
pad until fully awake and were monitored daily for signs of distress or infection. 822 
 823 
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Electrophysiological solutions 824 
Acute brain slices were prepared in modified artificial cerebrospinal fluid (aCSF) solutions with final 825 
osmolarities ~300-310 mOsm and ~7.4 pH. The slicing solution contained (in mM) 198 glycerol, 2.5 KCl, 826 
1.2 NaH2PO4, 20 HEPES, 25 NaHCO3, 10 glucose, 10 MgCl2, and 0.5 CaCl2. The holding solution 827 
contained (in mM) 92 NaCl, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 2 MgCl2, 2 CaCl2, 35 828 
glucose, 5 sodium ascorbate, 3 sodium pyruvate, and 2 thiourea. Recording aCSF was made up of (in 829 
mM): 125 NaCl, 25 NaHCO3, 3.5 KCl, 1.25 NaH2PO4, 10 glucose, 1 MgCl2, 2 CaCl2. Whole-cell patch 830 
clamp recordings used a potassium methane sulfonate (KMeSO3)-based internal solution containing (in 831 
mM) 122 methanesulfonic acid, 9 NaCl, 9 HEPES, 1.8 MgCl2, 4 Mg-ATP, 0.3 Tris-GTP, and 14 832 
phosphocreatine for a final osmolarity between 290 and 305 mOsm. The internal solution contained 833 
neurobiotin (0.1-0.3%) for post-hoc staining. These reagents enable reliable electrophysiology recordings 834 
in adult brainstem neurons45,84. 835 
  836 
Slicing and Electrophysiology 837 
Animals were anesthetized with inhaled isoflurane and transcardially perfused with ice-cold slicing 838 
solution that had been bubbled with 95% O2 and 5% CO2. Mice were decapitated and brains were quickly 839 
extracted from the skull, keeping the cerebellum intact. For sagittal slices, the brain hemispheres were 840 
separated and the medial side was glued onto a 3% agar block fixed to the stage of a semi-automatic 841 
Leica VT1200 microtome. 200 µm-thick slices were obtained and incubated at 34oC in holding solution for 842 
30 minutes then kept at room temperature. In all steps, the modified aCSF solutions are bubbled with 843 
95% O2 and 5% CO2. Slices in recording chamber during whole-cell patch clamp experiments were 844 
continuously perfused with oxygenated recording aCSF kept at 28-34oC using a water bath and in-line 845 
Warner heater. Cells were visualized using an Olympus OpenStand upright microscope and 565nm 846 
ThorLabs LED light. Recording pipettes with resistance between 1.5-4 MΩ were prepared using 847 
borosilicate glass capillaries (World Precision Instruments, Inc. 1B150F-4, 4-inch length, 1.5 mm OD, 0.84 848 
mm ID) with a micropipette puller (Sutter Instrument Model P-97). Recordings were obtained using a 849 
MulticlampTM 700B amplifier and AxonTM Digidata® 1550B controlled by Clampex 11.2. Voltage-clamp 850 
signals were low-pass filtered at 2kHz and sampled at 10 kHz. Current-clamp signals were low-pass 851 
filtered at 10kHz and sampled at 10 kHz. At the end of recording, the cell was sealed by moving the 852 
recording pipette slightly above the soma and an image was taken of the PPN and pipette tip.   853 
 854 
Ex vivo optogenetic activation 855 
    Whole-field optogenetic activation of channelrhodopsin-infected axons in brain slice was achieved with 856 
a blue (470 nm) ThorLabs LED light sent to the tissue via a silver mirror. Light intensity measured at the 857 
objective back aperture was 13 mW. Light activation was applied at 20 Hz with 2 ms pulse intervals for 2 858 
seconds. All recordings were conducted in the presence of glutamatergic receptor blockers – 50µM D-859 
AP5 (Tocris Cat#0106 and HelloBio Cat#H0225), and 5µM NBQX (Tocris Cat#1044 and HelloBio 860 
Cat#HB0443) alone or in combination with 20µM CNQX (HelloBio Cat#HB0205). 861 
    In voltage-clamp, cells were determined to be connected if observable optically evoked inhibitory post 862 
synaptic currents (oIPSCs) were measured while holding the cell at -50 mV. In a subset of neurons, 10µM 863 
GABAzine (Tocris Cat#1262 and HelloBio Cat#HB0901) was applied to ensure the oIPSCs were GABA-a 864 
receptor mediated. In a few cells (17/54), small inhibitory currents remained with amplitudes averaging 865 
about 24% of the first oIPSC measured. Any cells that required greater than 200pA to be held at -50mV or 866 
that had access resistance that exceeded 30 MΩ at the start of recording were excluded from oIPSC 867 
quantitative analyses as they were likely unhealthy and too leaky; however, the first oIPSC amplitude was 868 
used as an approximate measure of input strength in the cell maps (SNr: 21/46; GPe: 11/40). oIPSC 869 
amplitudes were measured from the baseline to the peak of each current. The paired pulse ratio (PPR) 870 
was calculated from the amplitudes of the first two currents evoked in the 20 Hz train. 871 
    For current-clamp recordings, most patched PPN neurons spontaneously fired, but a few required a 872 
small amount of hyperpolarizing or depolarizing current to fire [(R)ostral, (C)audal; SNr-PPNChAT R: 3/14, 873 
C: 4/23; SNr-PPNVgat R: 2/7, C: 9/19; SNr-PPNVglut2 R: 2/13, C: 1/17; GPe-PPNChAT R: 2/7, C: 9/25; GPe-874 
PPNVgat R: 2/7, C: 8/18; GPe-PPNVglut2 R: 6/12, C: 7/29 required current). Neurons injected with more than 875 
60 pA were excluded. In this manuscript, we use “pre-stimulation firing frequency” to refer to the time 876 
period right before optical stimulation. The pre-stimulation firing frequency was measured using the 877 
number of action potentials in the one-second epoch before the start of stimulation. The firing frequency 878 
during stimulation was measured using the middle one-second of the 2-second stimulation. The post-879 
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stimulation firing frequency was measured in the one-second epoch immediately following the end of the 880 
stimulation. The absolute frequency change is the difference between the pre-simulation and during 881 
stimulation frequencies. The rebound frequency change is the difference between the post-stimulation 882 
and pre-stimulation frequencies. These values include cells with and without holding current applied. By 883 
contrast, the spontaneous firing rate of the cell includes only cells with no holding current applied. 884 
 885 
In vivo optogenetic activation 886 
Two behavioral tests the open field (OF) test and real-time place preference (RTPP) were conducted 887 
sequentially to assess gross locomotion and place preference. Optical stimulation was achieved by the 888 
application of blue light (473 nm) at 20 Hz with 2 ms pulses (4% duty cycle). Behavioral testing was 889 
conducted under both high laser power (4.0-4.5 mW) and low laser power (0.2-0.25 mW) conditions. Low 890 
power testing was employed to control for potential behavioral effects related to antidromic stimulation. 891 
On day 1, mice underwent OF testing and were randomly assigned to high or low power stimulation 892 
conditions. On day 2 mice were tested in the open field arena for a second time under opposite power 893 
conditions. On day 3 mice were tested in the RTPP arena and were again randomly assigned to high or 894 
low power conditions. On day 4, mice were tested in the RTPP arena without any stimulation to assess 895 
retention of place memory. Finally, on day 5, mice underwent RTPP under opposite power conditions (low 896 
vs high) and opposite chamber as stimulation zone (stripes vs spots) to those on Day 3.  897 
 898 
Open Field Test 899 
OF test was conducted in an opaque arena measuring 40.64 x 40.64 x 40.64 cm. Animals were placed in 900 
the center of the arena and allowed to explore freely for 10 minutes. This was followed by 5 minutes of 901 
discontinuous bilateral photostimulation at either high or low power, 5 minutes of recovery, another 5 902 
minutes of discontinuous photostimulation at 20 Hz (at either high or low power), and a final 5 minutes of 903 
recovery. The discontinuous photostimulation consisted of three 1-minute photostimulation periods 904 
interspersed with 1-minute intervals of no photostimulation. Movement during the OF test were recorded 905 
and analyzed using ANY-maze® software (Stoelting Company, Wood Dale, IL).  906 
 907 
Real-Time Place Preference 908 
The real-time place preference (RTPP) apparatus consisted of a rectangular behavioral arena with three 909 
chambers, each measuring 24.60 x 27.94 x 27.94 cm, with a non-reflective grey background. The 910 
adjacent chambers had distinct visual cues: one chamber featured stripes and the other spots. These 911 
striped and spotted zones were randomly assigned as stimulation zones between animals. The center 912 
chamber and one of the adjacent chambers served as neutral zones, while the other adjacent chamber 913 
served as a stimulation zone. Animals received unilateral optical stimulation when in the assigned 914 
stimulation zone. To mitigate locomotor effects with bilateral stimulation, unilateral optical stimulation was 915 
used in RTPP. Individual subjects were placed in the RTPP apparatus and allowed 10 minutes to explore 916 
both compartments. The time spent in each compartment was recorded in real-time using ANY-maze® 917 
software (Stoelting Company, Wood Dale, IL). 918 
 919 
Immunohistochemistry and confocal imaging 920 
    After electrophysiological experiments, brain slices were fixed overnight in a 4% w/v paraformaldehyde 921 
(PFA) solution in phosphate buffer (PB) solution, pH 7.6 at 4oC. The fixed brain slices were then stored in 922 
phosphate buffer (PB) solution until immunostaining. 923 
    Brain slices were also collected at the conclusion of behavioral experiments. Mice were deeply 924 
anesthetized and perfused with phosphate buffer (PB), followed by a fixative solution containing 4% w/v 925 
paraformaldehyde (PFA) in PB, pH 7.6, at 4°C. Whole brains were extracted and fixed overnight in the 926 
same PFA solution. After fixation, brains were stored in PB solution until further processing. For cubic 927 
processing, 200 µm-thick sagittal slices were obtained from post-behavioral whole mouse brains using 928 
the PELCO easiSlicer™ Vibratory Tissue Slicer.  929 
    A CUBIC tissue clearing protocol 42 was combined with immunofluorescence staining as in84 for all 930 
fixed brain slices from both electrophysiological and behavioral experiments. All steps are performed at 931 
room temperature on a shaker. Slices were placed in CUBIC reagent 1 for 1-2 days; then washed in PB 932 
3x for 1 hour each; placed in blocking solution (0.5% fish gelatin in PB) for 3 hours; placed in primary 933 
antibodies for 2-3 days; washed in PB 3x for 2 hours each; placed in secondary antibodies for 2-3 days; 934 
washed in PB 3x for 2 hours each; and placed in CUBIC reagent 2 for 2 hours before mounting onto 935 
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slides (Fisherbrand 12-550-403) in reagent 2 and sealed with frame-seal incubation chambers (Thermo 936 
Scientific AB-0577) and a coverslip (Corning 2845-18). 937 
    Neurobiotin-filled patched neurons were stained with streptavidin antibody (Cy5, Invitrogen 938 
Cat#SA1011, 1:1000 or DyLight™ 405, Invitrogen Cat#21831, 1:1000). Goat anti-ChAT primary antibody 939 
(Sigma Cat#AB144P, 1:200) and donkey anti-goat Alexa Fluor™ 647 secondary antibody (Invitrogen 940 
Cat#A-21447, 1:333) was used to identify the borders of the PPN. On an example slice to show the SNr 941 
injection site, sheep anti-TH primary antibody (Novus Biologicals Cat#NB300-110, 1:1000) and donkey 942 
anti-sheep (1:100) was used to delineate the GABAergic SNr from the dopamine-rich TH+ SNc neurons.  943 
To identify the approximate location of patched cells for cell mapping, slices were imaged as tiled z-944 
stacks using a Leica SP8AOBS++ at the Microscopy and Imaging Shared Resource core facility at 945 
Georgetown University. Additionally, to verify the injection site and optical implant placement in the brain 946 
slices from mice that underwent behavioral testing, tiled z-stacks were obtained using either the 947 
aforementioned Leica SP8AOBS++ or a Zeiss Axio Imager Z2 at the Georgetown Department of 948 
Neuroscience core imaging facility. 949 
 950 
Approximate Cell Location 951 
An image of the PPN with the pipette tip still in position was taken at the end of each cell recording and 952 
confocal images of the slices after CUBIC clearing were obtained as described above. Confocal images 953 
were overlapped with the pipette images using the streptavidin-stained patched cells (which aligned with 954 
the pipette tip images) and autofluorescence of the superior cerebellar peduncle (scp) white fibers as 955 
landmarks. The perimeter of the PPN was determined by the presence of ChAT+ neurons and generally 956 
extended from the edge of the SNr to approximately 2/3 up the scp fibers. ChAT+ neurons were identified 957 
by tdTomato expression in the ChAT-Cre mouse line and anti-ChAT staining in the Vgat-Cre and Vglut2-958 
Cre mouse lines. Slices were matched to their bregma reference in the Paxinos and Franklin’s Mouse 959 
Brain Atlas 4th edition. Our sagittal slices were cut along the 1.00, 1.25, and 1.50-mm distance of the 960 
medial-lateral axis. All neurons on the most medial slice (1.00 mm) were considered ‘caudal’ and were 961 
aligned along the scp white fibers and edge of the slice. For slices 1.25 and 1.50 mm on the medial-962 
lateral axis, the midline of cholinergic neuron distribution, which separates the loosely spread rostral 963 
neurons and densely packed caudal neurons, was aligned. The XY coordinates were determined using 964 
Fiji software and plotted in Igor. The color scale applied to the points represented the amplitude of the first 965 
oIPSC and ranged from 0 to 250pA so that amplitudes greater than 250pA were shown in the same 966 
maximal bright color. 967 
 968 
Approximate Implant Location 969 
To verify the location of the optical implant, anatomical landmarks for locating the PPN were identified by 970 
immunofluorescent labeled PPN cholinergic neurons. Sections containing visible optical fiber scarring 971 
were stained with anti-ChAT immunofluorescent labeling. These histological images were then visually 972 
matched to the corresponding sagittal planes of the stereotaxic atlas, based on the identified anatomical 973 
landmarks. The approximate position of the optical cannula was localized in the histological images. 974 
 975 
QUANTIFICATION AND STATISTICAL ANALYSIS 976 
 977 
Electrophysiological traces were processed in Igor Pro 9 (Wavemetrics) and all statistical analyses were 978 
performed in GraphPad Prism 9.5. For behavior experimental data, one-way ANOVA followed by 979 
Dunnett’s post hoc test was performed. If the equality of variances was violated (i.e. the ratio of the 980 
largest and smallest standard deviations was greater than 2 and Barlett test was statistically significant), 981 
Welch’s ANOVA test was alternatively used. For electrophysiological data, two-way ANOVA followed by 982 
Tukey’s post hoc test was performed for percent of pre-optical stimulation frequency and two-tailed t-test 983 
was performed to compare the first oIPSC amplitude and PPR between rostral and caudal cholinergic 984 
neurons. All parametric data in text is reported as mean  standard error of the mean (SEM). As the rest 985 
of the datasets did not follow a normal distribution, we used Mann-Whitney rank-sum test for comparing 986 
two groups and Kruskal-Wallis for multiple comparisons. As each comparison group within the Kruskal-987 
Wallis tests was planned and stand alone, uncorrected Dunn’s post hoc test was performed to determine 988 
significance between groups. Non-parametric data in text is reported as median [interquartile range 989 
(IQR)]. Boxplots show medians, 25th and 75th percentile as first and third quartile box edges, and 9th and 990 
91st percentiles as whiskers. To determine if caudal GPe-connectivity is significantly greater than rostral 991 
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GPe-connectivity, as expected from axon projection patterns, a one-tailed Fisher’s exact test and odds 992 
ratio effect size was performed. For correlation matrix analyses, non-parametric Spearman r was 993 
computed. Statistical details of experiments can be found in the text and figure legends. Biological 994 
replicates are individual cells (n) from 6 separate mice (N=3 males and 3 females) in the 995 
electrophysiological experiments and are individual mice of both sexes in the behavioral experiments  996 
(numbers described in results text). Same sex littermates were randomly allocated to control or 997 
experimental groups and experimenters were not blinded during experiments. Statistical significance was 998 
evaluated as p < 0.05. 999 
 1000 
 1001 
 1002 
 1003 
Main figure titles and legends 1004 
 1005 

 1006 
Figure 1. SNr and GPe axons display distinct distribution patterns across the 1007 
rostral and caudal PPN.  (A,C) Stereotaxic injection of AAV1 delivering hSyn-ChR2-1008 
eYFP to the SNr or GPe of ChAT-Cre/Ai9-tdTomato mice, respectively. (B, D) Confocal 1009 
images of EYFP-filled SNr or GPe axons across the PPN, respectively. CNII: cranial 1010 
nerve II, scp: superior cerebellar peduncle; PB: parabrachial nucleus 1011 
 1012 
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 1013 
 1014 
Figure 2. SNr inhibition of rostral and caudal ChAT+ PPN neurons. (A) 1015 
Experimental set up to identify red ChAT+ PPN neurons for whole-cell patch clamp 1016 
while stimulating ChR2-filled SNr axons [N=6]. (B) White arrowheads pointing to 1017 
neurobiotin-filled patched neurons within the PPN across three 200µm slices. (C) 1018 
Example trace of the first five oIPSCs [blue] in the 2-second 20 Hz train inhibited by 1019 
GABA-a receptor blocker, GABAzine [green], while holding the cell at -50mV. (D) 1020 
Percent connected among patched neurons in the rostral and caudal regions. (E) 1021 
Average oIPSC amplitude at each of 40 optogenetic light pulses in n=15 rostral neurons 1022 
and n=20 caudal neurons. (F) Left, Individual cell data for the first oIPSC amplitude and, 1023 
right, example current traces. (G) Cell mapping of patched neuron locations with the first 1024 
oIPSC amplitude represented by the color scale. (H) Normalized current amplitudes in 1025 
E. (I) Left, Individual cell data for the PPR between the first two oIPSC amplitudes in the 1026 
train and, right, example current traces. (J) Example voltage traces of action potential 1027 
firing during a 2-second 20 Hz train stimulation in rostral (left) and caudal (right) 1028 
neurons. (K) Percent of pre-optical stimulation firing frequency during stimulation and 1029 
rebound in n=14 rostral vs n=23 caudal neurons; rebound rostral vs caudal p=0.0310. 1030 
(L) Individual cell data for the absolute change in frequency during optical stimulation 1031 
[ΔFrq During Opto]. (M) Individual cell data for the absolute change in rebound 1032 
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frequency post-stimulation [ΔRebFrq]; rostral vs. caudal p=0.0142. (N) Correlation 1033 
analysis, color scale representing Spearman r [-1,1] and size representing p-value [1,0]. 1034 
(O) Negative correlation between the absolute change in frequency during stimulation 1035 
and post-stimulation rebound; r=-0.372, p=0.039. * p<0.05; bar graph data represent 1036 
mean ± SEM; box plots show median line with boxes showing IQR and whiskers 1037 
showing 9th and 91st percentiles. 1038 
  1039 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 6, 2024. ; https://doi.org/10.1101/2024.08.05.606694doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.05.606694
http://creativecommons.org/licenses/by-nc/4.0/


26 
 

 1040 

 1041 
 1042 
Figure 3. SNr inhibition of rostral and caudal Vgat+ PPN neurons. (A) Experimental 1043 
set up to identify red Vgat+ PPN neurons for whole-cell patch clamp while stimulating 1044 
ChR2-filled SNr axons [N=6]. (B) Percent connected among patched neurons in the 1045 
rostral and caudal regions. (C) Average oIPSC amplitude at each of 40 optogenetic light 1046 
pulses in n=9 rostral neurons and n=13 caudal neurons. (D) Left, Individual cell data for 1047 
the first oIPSC amplitude and, right, example current traces. (E) Cell mapping of 1048 
patched neuron locations with the first oIPSC amplitude represented by the color scale. 1049 
(F) Normalized current amplitudes in C. (G) Left, Individual cell data for the PPR 1050 
between the first two oIPSC amplitudes in the train and, right, example current traces. 1051 
(H) Percent of pre-optical stimulation firing frequency [% Pre-Opto Frq] during 1052 
stimulation and and rebound in n=7 rostral and n=19 caudal neurons. (I) Individual cell 1053 
data for the absolute change in frequency during optical stimulation [∆Frq During Opto]. 1054 
(J) Correlation analysis, color scale representing Spearman r [-1,1] and size 1055 
representing p-value [1,0]. (K) Negative correlation between the absolute change in 1056 
frequency during stimulation and first oIPSC amplitude; r=-0.755, p=0.001. (L) Negative 1057 
correlation between the pre-optical stimulation firing frequency and the PPR; r =-0.706, 1058 
p=0.002. Box plots show median line with boxes showing IQR and whiskers showing 1059 
9th and 91st percentiles. 1060 
 1061 
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 1062 
Figure 4. SNr inhibition of rostral and caudal Vglut2+ PPN neurons. (A) 1063 
Experimental set up to identify red Vglut2+ PPN neurons for whole-cell patch clamp 1064 
while stimulating ChR2-filled SNr axons [N=6]. (B) Percent connected among patched 1065 
neurons in the rostral and caudal regions. (C) Average oIPSC amplitude at each of 40 1066 
optogenetic light pulses in n=13 rostral neurons and n=13 caudal neurons. (D) Left, 1067 
Individual cell data for the first oIPSC amplitude and, right, example current traces; 1068 
p=0.0035. (E) Cell mapping of patched locations with the first oIPSC amplitude 1069 
represented by the color scale. (F) Normalized current amplitudes in C. (G) Left, 1070 
Individual cell data for the PPR between the first two oIPSC amplitudes in the train and, 1071 
right, example current traces. (H) Example voltage traces of action potential firing during 1072 
a 2-second 20 Hz train stimulation in rostral and caudal neurons, top to bottom. (I) 1073 
Percent of pre-optical stimulation firing frequency [% Pre-Opto Frq] during stimulation 1074 
and rebound in n=13 rostral and n=17 caudal neurons. (J) Individual cell data for the 1075 
absolute change in frequency during optical stimulation [∆Frq During Opto]; p=0.0197. 1076 
(K) Spontaneous frequency in n=11 rostral and n=16 caudal neurons; p=0.0343. (L) 1077 
Correlation analysis, color scale representing Spearman r [-1,1] and size representing 1078 
p-value [1,0]. (M) Positive correlation between the absolute change in frequency during 1079 
stimulation and PPR, r=0.486, p=0.030. (N) Negative correlation between the absolute 1080 
change in frequency during stimulation and first oIPSC amplitude; r=-0.841, p<0.00001. 1081 
(O) Negative correlation between the absolute change in frequency during stimulation 1082 
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and pre-optical stimulation frequency; r=-0.791, p<0.0001. (P) Positive correlation 1083 
between the first oIPSC amplitude and pre-optical stimulation frequency; r=0.818, 1084 
p<0.0001. * p<0.05, ** p<0.01; box plots show median line with boxes showing IQR and 1085 
whiskers showing 9th and 91st percentiles. 1086 
  1087 
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 1088 
 1089 
Figure 5. The SNr most strongly inhibits caudal glutamatergic PPN neurons. 1090 
 (A,C) Individual cell data for the first oIPSC amplitude recorded in each cell type for 1091 
rostral and caudal PPN neurons, respectively. (B,D) Individual cell data for the absolute 1092 
change in frequency during stimulation in each cell type for rostral and caudal PPN 1093 
neurons, respectively. (E) Graphical depiction of SNr stimulation results. * p<0.05, ** 1094 
p<0.01, **** p<0.0001; box plots show median line with boxes showing IQR and 1095 
whiskers showing 9th and 91st percentiles. 1096 
 1097 
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 1098 
 1099 
Figure 6. GPe inhibition of the three PPN cell types. (A) Experimental set up to 1100 
identify red ChAT+, Vgat+, and Vglut2+ PPN neurons for whole-cell patch clamp while 1101 
stimulating ChR2-filled GPe axons [N=6]. (B) Example trace of the first five oIPSCs in 1102 
the 2-second 20 Hz train [blue] inhibited by GABA-a receptor blocker, GABAzine 1103 
[green], while holding the cell at -50mV. (C) Left, Percent connected among patched 1104 
neurons in the rostral and caudal regions and, right, cell mapping of patched locations 1105 
with the first oIPSC amplitude represented by the color scale. Top to bottom, i. ChAT+, 1106 
ii. Vgat+, and iii. Vglut2+ datasets. (D) Average oIPSC amplitude at each of 40 1107 
optogenetic light pulses in n=6 ChAT+, n=19 Vgat+, and n=15 Vglut2+ caudal PPN 1108 
neurons. (E) Left, Individual cell data for the first oIPSC amplitude and, right, example 1109 
current traces. (F) Normalized current amplitudes in C. (G) Left, Individual cell data for 1110 
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the PPR between the first two oIPSC amplitudes in the train; p=0.0206. Right, top, 1111 
example current trace of short-term synaptic facilitation in VgAT+ neurons. Right, 1112 
bottom, example current traces of short-term synaptic depression in Vgat+ and Vglut2+ 1113 
neurons. (H) Percent of pre-optical stimulation firing frequency [%Pre-Opto Frq] during 1114 
and post-stimulation in n=25 ChAT+, n=18 Vgat+, and n=29 Vglut2+ caudal PPN 1115 
neurons. (I) Individual cell data for the absolute change in frequency during stimulation 1116 
[∆Frq During Opto]. (J) Correlation analysis for Vgat+ neurons, color scale representing 1117 
Spearman r [-1,1] and size representing p-value [1,0]. (K) Negative correlation between 1118 
the absolute change in frequency during stimulation and first oIPSC amplitude; r=-1119 
0.627, p=0.044. (L) Correlation analysis for Vglut2+ neurons. (M) Negative correlation 1120 
between the absolute change in frequency during stimulation and the pre-stimulation 1121 
firing frequency; r=-0.648, p=0.014. *p<0.05, **p<0.01; box plots show median line with 1122 
boxes showing IQR and whiskers showing 9th and 91st percentiles. 1123 
  1124 
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 1125 
 1126 

 1127 
Figure 7. In vivo activation of GPe and SNr axons in the PPN show opposite 1128 
effects on locomotion and valence. (A) Experimental set up to stimulate ChR2-filled 1129 
SNr or GPe axons over the PPN in vivo. (B) Representative image of optical fiber tract 1130 
overlaid with the approximate optical fiber placement for SNr- [green] and GPe- [orange] 1131 
injected mice. (C) Distance traveled over time in an open field with 1 minute 20 Hz 1132 
optical stimulations over the PPN in N=9 control (Ctrl) mice (black circles), N=8 mice 1133 
injected with ChR2 in the SNr (green diamonds), and N=9 mice injected with ChR2 in 1134 
the GPe (orange hexagons); R=recovery period. (D) Average distance traveled for each 1135 
mouse across the six 1minute optical stimulations. (E) Representative mouse track 1136 
tracings during real time place preference task in a three-chamber box and continuously 1137 
stimulating EGFP- or ChR2-filled axons over the PPN at 20 Hz in SNr- and GPe-1138 
injected mice when the mice are in the stimulation zone. (F) Percent time spent in the 1139 
stimulation zone in N=16 control mice, N=9 mice injected with ChR2 in the SNr, and 1140 
N=10 mice injected with ChR2 in the GPe. (G) Average distance traveled in the open 1141 
field during optical stimulations and (H) percent time spent in the stimulation zone using 1142 
0.25 mW laser power in N=6 mice injected with ChR2 in the SNr and N=8 mice injected 1143 
with ChR2 in the GPe. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001; box plots show 1144 
median line with boxes showing IQR and whiskers showing 9th and 91st percentiles. 1145 
See related supplemental Video S1-S4. 1146 
 1147 
 1148 
 1149 
 1150 
 1151 
 1152 
 1153 
 1154 
 1155 
 1156 
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Supplemental information 1157 
Document S1. Figure S1, related to Figures 2, 3, 4, & 6 1158 
Video S1. Example video of stimulating SNr axons over the PPN in an open field, related to Figure 7 1159 
Video S2. Example video of stimulating GPe axons over the PPN in an open field, related to Figure 7 1160 
Video S3. Example video of stimulating SNr axons over the PPN in the striped zone, related to Figure 7 1161 
Video S4. Example video of stimulating GPe axons over the PPN in the striped zone, related to Figure 7 1162 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 6, 2024. ; https://doi.org/10.1101/2024.08.05.606694doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.05.606694
http://creativecommons.org/licenses/by-nc/4.0/


34 
 

 1163 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 6, 2024. ; https://doi.org/10.1101/2024.08.05.606694doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.05.606694
http://creativecommons.org/licenses/by-nc/4.0/


35 
 

Figure S1. (A) Representative image of SNr injected with ChR2-EYFP. Cell bodies and axons filled with 1164 
ChR2 are represented in green. Post hoc staining of tyrosine hydroxylase (TH) to label dopamine 1165 
neurons in the substantia nigra pars compacta. TH+ neurons are represented in magenta. (B) 1166 
Representative image of GPe injected with ChR2-EYFP in a Vgat-Cre/Ai9-TdTomato mouse. Cell bodies 1167 
and axons filled with ChR2 are represented in green. Vgat+ neurons and their axonal projections are 1168 
represented in red. (C-E) Graphical depiction of virus spread in N=6 SNr and N=6 GPe injected mice in 1169 
each mouse line: (C) ChAT-Cre/Ai9-TdTomato, (D) Vgat-Cre/Ai9-TdTomato, and (E) Vglut2-Cre/Ai9-1170 
TdTomato mice. 1171 
 1172 
 1173 
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