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Subthalamic Nucleus Modulation of the Pontine Nuclei and
Its Targeting of the Cerebellar Cortex
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The subthalamic nucleus (STN) has been implicated in motor and nonmotor tasks, and is an effective target of deep brain
stimulation for the treatment of Parkinson’s disease, likely in part because of the STN’s projections outside of the basal gan-
glia to other brain regions. While there is some evidence of a disynaptic connection between the STN and the cerebellum via
the pontine nuclei (PN), how the STN modulates the activity of the neurons in the PN remains unknown. Here we addressed
this question using a combination of anatomical tracings, optogenetics, and in vivo electrophysiology in both wild-type (WT)
and transgenic mice of both sexes. Approximately half of recorded neurons in the PN, which were located primarily in the
medial area, responded with short latency to both single pulses and trains of optogenetic stimulation of channelrhodopsin
(ChR2)-expressing STN axons in awake, head-restrained mice. Furthermore, the increase in the activity of PN neurons corre-
lated with the strength of activation of STN axons, suggesting that the STN projections to the PN could, in principle, encode
information in a graded manner. In addition, transsynaptic retrograde tracing confirmed that the STN sends disynaptic pro-
jections to the cerebellar cortex. These results suggest that the STN sends robust functional projections to the PN, which
then propagate to the cerebellum, and have important implications for understanding motor control of normal conditions,
and Parkinsonian symptoms, where this pathway may have a role in the therapeutic efficacy of STN deep brain stimulation.
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Significance Statement

The primary excitatory nucleus in the basal ganglia, the subthalamic nucleus, is known to play a role in pathways modulating
movement. The pontine nuclei are the main precerebellar nuclei, which transmit signals through their axonal projections to
the cerebellum as mossy fibers. The pathway we have functionally characterized in this paper represents an additional cortex-
independent pathway capable of relaying information between the basal ganglia and cerebellum. The effectiveness of subtha-
lamic nucleus deep brain stimulation in Parkinson’s disease suggests that this pathway could be explored as an avenue of
investigation for therapeutic purposes.

Introduction
The subthalamic nucleus (STN) of the basal ganglia plays a cru-
cial role in motor and nonmotor functions (Isoda and Hikosaka,
2008; Weintraub and Zaghloul, 2013; Espinosa-Parrilla et al.,
2015; Pasquereau and Turner, 2017). Although the STN mainly
projects within the basal ganglia, anatomical projections to vari-
ous regions outside of the basal ganglia have also been found
(Hammond et al., 1983; Parent and Hazrati, 1995). Detailed

anatomical scrutiny in primates using retrograde viral tracing
found that the STN sends projections to the brainstem, including
the pontine nuclei (PN) (Giolli et al., 2001). These STN projec-
tions to the pontine are then relayed to the lateral hemispheres of
the cerebellar cortex (Bostan et al., 2010). A study in rats sug-
gested that the STN also sends disynaptic projections to the pos-
terior vermis; however, the intermediate region through which these
projections are routed remains to be established (Jwair et al., 2017). It
is likely that the STN projections to the cerebellum in the rat are also
mediated by the PN. It is noteworthy that the PN provide a substan-
tial set of projections to the cerebellar cortex and nuclei via cortico-
pontine fibers as mossy fibers (Brodal and Bjaalie, 1992).

The STN is highly vulnerable and becomes abnormal at the
network and neuronal levels in Parkinson’s disease (PD), a neu-
rodegenerative disorder initiated by the degeneration of dopami-
nergic neurons in the substantia nigra pars compacta of the basal
ganglia (Levy et al., 2000; Amtage et al., 2008; Lintas et al., 2012;
Atherton et al., 2016; Hirschmann et al., 2016). PD is characterized
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by bradykinesia, rigidity, and resting tremor. In patients with
tremor, STN neurons exhibit high-frequency synchronized oscilla-
tions (Levy et al., 2000; Amtage et al., 2008) that have been sug-
gested to be associated with the pathology of resting tremor
(Rodriguez et al., 1998; Levy et al., 2000; Amtage et al., 2008;
Hirschmann et al., 2016). Deep brain stimulation (DBS) of the STN
is a common treatment for PD patients (Benabid, 2003; Okun,
2012), and has been shown to be effective in alleviating parkinso-
nian tremor, although the full scope of the mechanism of DBS is
not clear (Fraix et al., 2005; Diamond et al., 2007; Kim et al., 2010).
It has been suggested that the projections from the STN to the cere-
bellum are a potential circuit pathway by which STN-DBS lessens
motor symptoms in PD (Hilker et al., 2004; Bostan et al., 2010; Hill
et al., 2013; Sutton et al., 2015; Menardy et al., 2019). DBS in the
STN of rats showed decreased activity of the Purkinje cells (PCs) in
the lateral area of lobule VI of the cerebellar cortex. Additional
experiments showed that stimulating the deep cerebellar nuclei
potentiated the therapeutic effects of STN stimulation, suggesting a
possible functional role for the cerebellum in improving PD symp-
toms with DBS (Sutton et al., 2015). In humans, data obtained with
diffusion magnetic resonance imaging (MRI) and tractography
identified the presence of subthalamo-cerebellar projections routed
through the PN (Pelzer et al., 2013; Milardi et al., 2016). Thus,
while there is some evidence for the presence of STN projections
to the cerebellum via the PN, the exact anatomical nature and
functional properties of this pathway remain to be elucidated.

Given the uncertainty regarding the anatomical pathways
between the STN, the PN, and the cerebellum in rodents, and
the potential relevance of this pathway for the therapeutic ef-
ficacy of DBS in PD, we used anatomical tracing techniques,
and combined optogenetics with in vivo electrophysiology in
awake, head-restrained, freely ambulating mice, to examine
the properties of STN inputs to the neurons in the PN, and the
anatomical connectivity with the cerebellum. We found that
the STN modulates the activity of the neurons in the PN with
a short latency. Our anatomical studies suggest that the
STN projects primarily to the dorsomedial portion of the PN,
although sparse projections were also noted in lateral and ven-
tral portions of the PN. Furthermore, our retrograde tracing
results revealed that the STN sends dense disynaptic projec-
tions to Crus I/II and the paramedian lobule (PML) of the lat-
eral cerebellar cortex, and sparse projections to the vermis
lobules VI and VII in mice. Further scrutiny of this pathway
would be of value to understand what type of information is
transferred under normal conditions, and how its dysfunction
contributes to motor disorders.

Materials and Methods
All the experiments were approved by the Institutional Animal Care and
Use Committee of Albert Einstein College of Medicine. Mice were main-
tained on a 12 h reversed light/dark cycle.

Animals. All experiments were performed on C57/B6 WT and trans-
genic mice of both sexes, 6-10weeks of age. The spermatozoa of the
transgenic mouse strain used for this research project, 129S-Pitx2tm4(cre)Jfm/
Mmucd, RRID:MMRRC_000126-UCD, was obtained from the Mutant
Mouse Resource and Research Center at the University of California at
Davis, a National Institutes of Health-funded strain repository, and the
mouse line was donated to the Mutant Mouse Resource and Research
Center by Dr. James Martin (Texas A&M Health Science Center). In vitro
fertilization was performed by the Gene Modification Facility at Albert
Einstein College of Medicine in New York. Mice were maintained in-house
on a C57Bl/6 background.

Pitx2 is densely expressed in the mouse STN (Martin et al., 2004).
Among the glutamatergic subpopulation that exist in the STN, there is a

large Vglut2 subpopulation that is coexpressed with Pitx2, and reducing
its population substantially affects motor function, but not affective or
cognitive functions (Schweizer et al., 2014). Our hypothesis was that the
STN conveys movement and PD-related signals to the cerebellum via
the PN; therefore, the Pitx2-Cre mice would be a better choice to selec-
tively target the population of neurons in the STN. This population
might be associated with motor function.

Stereotaxic mouse surgery. The animal was anesthetized with isoflur-
ane and mounted on a stereotactic frame (Kopf). The animal was main-
tained under constant isoflurane anesthesia (1.5%-2%), confirmed by a
failure to respond to a tail or toe pinch, for the duration of the surgery.
Betadine (Purdue Products) was applied to the skin on top of the skull to
minimize infection. A midline incision was made in the skin to expose
the skull. Throughout the surgery, the utmost care was taken to minimize
bleeding. The surface of the skull was wiped thoroughly with 70% ethanol.
Two craniotomies, each ;1 mm in diameter, were performed immediately
above the STN (coordinates: �1.92 to 2.18 mm anterior-posterior
(AP), 1.3-1.7 mm mediolateral (ML).

To optogenetically stimulate STN fibers in the PN, 0.15ml of AAV2-
hSyn-hChR2(H134R)-EYFP (UNC vector core) was injected bilaterally
into the STN of WT mice (coordinates: �1.93 mm AP, 1.32 mm ML,
�4.35 mm dorsoventral (DV), and�2.14 mmAP, 1.65 mmML,�3.9 mm
DV; two injections on each side) using a Hamilton syringe (Hamilton
Gastight 1701, 32 gauge). Likewise, 0.3ml of AAV1.EF1a.DIO.hChR2
(H134R)-eYFP.WPRE.hGH (Addgene 20298, Penn vector core) was
injected bilaterally into the STN in Pitx2-Cre mice. We achieved spatial
specificity by using AAV2 serotype-based channelrhodopsin-2 (ChR2)
that yielded much more localized expression.

Following the injections, a flat titanium metal plate was mounted on
top of the skull near bregma with Metabond (C&B Metabond Quick
Adhesive Cement System, Parkell, S380) and dental cement. After sur-
gery, the mouse was injected with an analgesic (flunixin 2.5mg/kg) and
normal saline every 12 h for 48 h. The mice were given at least 2 weeks
to recover from the surgical procedure. This period of time also opti-
mized expression of channelrhodopsin. During the recovery period,
each animal was housed individually and monitored daily.

In vivo electrophysiology combined with optogenetic stimulation. In
vivo extracellular single-unit recordings of neurons in the PN were per-
formed while optogenetically stimulating the axonal fibers of STN with a
447 nm wavelength laser (OEM Laser Systems) in awake head-fixed
mice using a custom-made optrode. Optrodes were made using a
100mm optical fiber (Multimode Fiber, 0.22NA, High-OH 105mm
Core, ThorLabs, FG105UCA) that was attached to a tungsten electrode
(WPI, TM33B20, shaft diameter= 0.256 mm) with epoxy (Devcon, 5
Minute Epoxy). The tip of the optic fiber was aligned to be ;200mm
from the tip of the electrode. The optrode was coated with DiI
(Invitrogen, V22889) before recording to allow for the post hoc identifi-
cation of the recording sites (see Fig. 4D). The coating procedure was as
follows: The optrode was dipped in the DiI at least 10 times and then left
to dry for 20min. This process was repeated at least 3 times. The Kwik-
Sil was removed, and the surface of the brain was exposed just before the
recording. Based on the Paxinos atlas, the following coordinates were
used for neuronal recordings: from bregma �3.8 to �4.6 mm AP; 1.2
mm ML; and 4.5 mm and below DV. The optrode was lowered to the
surface of the brain, determined by the change in voltage detected by the
tip of the electrode. The well around the recording site was filled with
sterile saline, and the tip of the reference wire was placed in the saline.
The optrode was then gradually lowered to the desired depth.

For the optical single-pulse stimulation protocol, 1ms pulses of light
were delivered at 5 s intervals. To explore whether the cells could encode
the strength of their synaptic input in their firing rate, responses to dif-
ferent light intensities were examined. Cells that did not respond to a
maximum light intensity of 8 mW were considered nonresponsive cells.
For the train stimulation protocol, five light pulses of 1ms duration were
delivered at 20Hz with an interstimulus interval of 10 s. For all proto-
cols, at least 40 trials were repeated for each cell.

Isolated extracellular single-unit signals were amplified 2000� using
a custom-made differential amplifier (1Hz to 10 kHz, RC bandpass fil-
ter) and digitized at 20kHz (National Instruments, PCI6052E). Data
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were collected using custom-written software in LabVIEW (National
Instruments), and single units were sorted offline according to principal com-
ponent analysis using Plexon Offline Sorter. Data were analyzed with cus-
tom-written programs in MATLAB (The MathWorks). A peristimulus time
histogram (PSTH) using 2ms bins was constructed for each cell, along with a
raster plot. The firing rate of each neuron was then calculated from the
PSTH, and the recorded cells were categorized as follows: excitation (Ex), in-
hibition (In), excitation followed by inhibition (Ex1In), and no response.

The number of spikes evoked by the stimulus (referred to as extra
spikes) was calculated by subtracting the number of spikes expected fol-
lowing the stimulus, given the baseline firing rate of the cell, from the
observed number of spikes following the stimulus. The period following
the stimulus used in the calculation of extra spikes was determined by
identifying consecutive bins in which the spike count exceeded 3 stand-
ard deviations (SDs) of the mean baseline spike count. Inhibition was
identified when the spike count in three consecutive bins was ,1 SD of

the mean baseline spike count. Excitatory response latencies were defined
as the duration between the stimulus onset and the time at which the firing
rate reached at least 3 SDs above the baseline. For inhibitory response
latencies, at least 1 SD below the baseline was used. The latency histograms
were generated, and the mean and median latencies were calculated.

Retrograde transsynaptic tracing with pseudorabies virus (PRV). We
used PRV 152, a recombinant strain of PRV Bartha containing the CMV-
EGFP reporter gene inserted into the gG locus of the viral genome (for
further details, see B. N. Smith et al., 2000; Demmin et al., 2001; Card and
Enquist, 2012). The PRV 152 strain is known to be transported in the ret-
rograde direction in a time-dependent manner (Card and Enquist, 2012).

A stock of 20 or 50ml aliquots was stored at �80°C until just before
use. A fresh aliquot of viral stock was thawed for each set of injections.

We used a Hamilton syringe (32 gauge) to inject the virus into the
cerebellar cortex in WT mice. In a cohort of mice, we targeted Crus I/II
and the PML with three injections of 0.5-1ml at each injection with the

Figure 1. Brief optogenetic activation of STN inputs reliably evokes responses in the PN. A, Experimental schematic. Single units were recorded in the PN while activating
STN fibers in WT mice. B, Left, A representative raw trace is shown for each response type. Blue triangle represents the stimulus onset. Right, The PSTH (bottom) of the re-
sponsive cell with corresponding raster plot (top). Green vertical line indicates the stimulus onset. Top, Excitation. Middle, Excitation 1 inhibition. Bottom, Inhibition. C, A
pie chart showing the proportion of responding cells. Approximately half of the recorded cells responded to the stimulation with excitation (24%), excitation 1 inhibition
(7%), or inhibition (14%). n = 58, N = 9. D, Distribution of response latencies of cells in PN that responded to STN activation with excitation or excitation 1 inhibition. E,
Latency histogram of inhibited neurons. See Extended Data Figure 1-1.
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following coordinates into the right- or left-side hemisphere: (1) �6.64
mmAP; 2.5 mmML;�1.7 mm,�2.7 mm,�3.3 mmDV; (2)�6.64 mm
AP; �3 mm ML; �2.7 mm, �3.7 mm DV; and (3) �6.36 AP; �3 mm
ML; �3 mm DV. In a separate cohort, we targeted the vermal part of
lobules VI and VII with three injections of 0.5-1ml at each injection with
the following coordinates: (1) �6.75 mm AP; 0 mm ML; �2.6 mm, �2
mm, �1.6 mm DV; (2) and (3) (left side and right side, respectively) bilat-
eral�6.75 mm AP;�0.75 mmML;�2.3 mm,�2 mm,�1.65 mm DV. In
this way, we could maximize the viral infection, spreading it into the area of
interest. In the current study, we set the appropriate survival time following
the cerebellar injections for monosynaptic (40-45 h), disynaptic (55-60 h),
and polysynaptic (80-85 h) expression. At the end of the survival time, the
mice were perfused, and the brain was processed for histology.

This work was supported by National Institutes of Health Virus
Center Grant P40 OD010996, which allowed us to purchase the PRV 152.

Histology. After either neuronal recordings or tracer injection, mice
were anesthetized with isoflurane and transcardially perfused with PBS

(Thermo Fisher Scientific) followed by 4% PFA (Acros Organics). The
brain was removed and fixed overnight in 4% PFA at 4°C. The brain was
dehydrated in 30% sucrose for 30-40 h and then frozen in cryoprotectant
solution (optimal cutting temperature compound) on dry ice and stored
at �80°C. The brains were then cut into 40-mm-thick sections using a
cryostat (Leica CM3050S) and collected on glass slides (Superfrost Plus,
Thermo Fisher Scientific). The slides were then covered with aluminum
foil and air-dried for at least 48 h before immunostaining. Sections were
incubated overnight at 4°C with primary antibody against GFP (chicken,
1:1000, Abcam AB13970), followed by secondary antibody Alexa-488
(1:1500, goat anti-chicken, Invitrogen A11039) along with nuclei-label
DAPI (1:2000, Hoescht 33342, Invitrogen H1399). Glass coverslips
(22� 50-1.5) (Thermo Fisher Scientific) were affixed with mounting
solution (Fluoromount-G, Southern Biotechnology). The slides were
viewed under a fluorescent microscope (Zeiss) at 10-40� objectives,
which was then used to capture images, while some sections were
imaged using a confocal microscope (Zeiss LSM 880 with Airyscan)

Figure 2. Activation of STN fibers in transgenic mice modulates activity of neurons in PN. A, Experimental schematic. Single units were recorded in the PN while activating STN fibers in
Pitx2-Cre transgenic mice. B, Left, A representative raw trace is shown for each response type. Blue triangle represents the stimulus onset. Right, The PSTH (bottom) of the responsive cell with
corresponding raster plot (top). Green vertical line indicates the stimulus onset. Top, Excitation. Middle, Excitation 1 inhibition. Bottom, Inhibition. C, A pie chart showing the proportion of
responding cells. Approximately half of the recorded cells responded to the stimulation with excitation (33%), excitation1 inhibition (8%), or inhibition (6%). n= 36, N= 4. D, Distribution of
response latencies of cells in PN that responded to STN activation with excitation or excitation1 inhibition. E, Latency histogram of inhibited neurons.
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using a 63� objective (see Fig. 4D, right). Recording sites were deter-
mined by the presence of DiI fluorescence and damage caused by the
optrode (see Fig. 4D, left).

WT mice which exhibited ChR expression during post hoc histologic
examination outside of STN were excluded from the analysis.

Whole-brain imaging and 3D reconstruction. Coronal 40mm serial
sections were imaged on a Zeiss AxioScan Z1 slide scanner (Zeiss) using
a 20� objective (GIVE NA). Images were exported as combined color
channel TIF image files via Zen Blue 2.3 SP1 software (Zeiss) and then

split into discrete channels using Fiji (ImageJ). Serial images were ini-
tially aligned in Brain Maker 1.1 (MBF Bioscience), and subsequently
the alignment was fine-tuned manually using Adobe Photoshop CC
2019 (Adobe). Using MetaMorph 7.8.13 (Molecular Devices), signal
intensities were combined across multiple brain sections. To reduce the
background signal, for each section the fluorescence signal was thresh-
olded to obtain the mean background intensity per section. The average
of all individual mean background intensities for each brain was then
subtracted from the raw fluorescence intensity of individual sections.

Figure 3. PN neurons follow a train of STN inputs, and their excitation response scales with graded STN inputs. A1, The PSTH (bottom) and corresponding raster plot (top) of a representative
cell that followed a 20 Hz train of stimulation of STN axons in the PN. Blue triangle represents the stimulus onset. A2, The mean (black line) and SD (turquoise blue) for all of the excited neu-
rons that responded to the stimulation. A3, Average extra spikes in response to each pulse within the train were calculated for all the cells that responded to the stimulation. Each pulse was
normalized to the first pulse (mean6 SEM). n= 7, N= 5. F(1.356,8.135) = 2.769, p= 0.1297. ns = not significant. B1, A 3D plot of a representative cell showing a graded excitatory response
to increasing intensities of light stimulation. Blue triangle represents the stimulus onset. B2, Extra spikes of all the responsive cells plotted against light power. Responses were normalized to 1
mW light power. n= 9, N= 7. Each individual cell is represented with a separate color. B3, The average extra spikes were significantly higher for increasing light intensities. A one-way ANOVA
followed by Tukey’s multiple comparisons post hoc test indicated the significance in increased extra spikes. F(1.158,9.268) = 19.89, **p= 0.0011; repeated one-way ANOVA measurements (low vs
medium: *p= 0.0104; low vs high: **p= 0.0036; medium vs high: **p= 0.0088; Tukey’s multiple comparisons test). Data are represented as mean6 SEM.
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Figure 4. STN has a distinct projection pattern within the PN. A, Left, f-ChR2 was injected into left STN in a Pitx2-Cre mouse. Red cross on the right represents the absence of GFP expression
(because no injection was made). Scale bar, 1 mm. Right, Zoomed-in representation of the boxed area in the left side image, highlighting that STN is characterized by GFP-expressing neurons,
but no expression was found in the neighboring areas. Scale bar, 200mm. B1, B2, The STN sends a bilateral projection to the PN. B1, Left, A section from left side PN containing GFP-express-
ing axonal fibers. Yellow arrows indicate the GFP fibers in the medial and lateral part of the PN. Scale bar, 100mm. B2, Left, A section from right side PN containing GFP-expressing axonal
fibers. Yellow arrow indicates the GFP fibers in the ventral part of the PN. Scale bar, 100mm. B1, B2, Right, Zoomed-in representation of the boxed area in the left side image, highlighting
the GFP-expressing axonal fibers. Scale bar, 20mm. C, An image from the averaged 3D reconstruction obtained from 3 mice. Scale bar, 500mm. Zoomed-in representation of the boxed area.
Yellow arrow indicates the presence of dense projection in the dorsomedial portion of the PN. Scale bar, 200mm. D, Left, End of the optrode in PN confirming the recorded area. Red arrows
indicate the presence of DiI tracks. Scale bar, 200mm. Right, Confocal image captured from the PN, showing the presence of GFP-expressing axons. Note the absence of GFP expression in the
soma. Scale bar, 10mm. E, Four 40-mm-thick coronal brain sections at the level of the STN in the f-ChR2-injected transgenic mouse showing the presence of GFP expression only in the STN
but not in the neighboring ZI areas. Scale bar, 1 mm. Bottom, Zoomed-in representation of the boxed area showing the GFP containing STN along with the GFP-expressing fibers in the ventro-
medial thalamic nucleus. Scale bar, 200mm. ZI, Zona incerta; pSTN, parasubthalamic nucleus; cp, cerebral peduncle; Hp, hippocampus; VM, ventromedial thalamic nucleus; PN, pontine nuclei;
PRN, pontine reticular nucleus; GP, globus pallidus; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulate; Hy, hypothalamus; PPN, pedunculopontine nucleus; APN, anterior
pretectal nucleus; MRN, midbrain reticular nucleus.
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Multiple brain sections were then averaged to
generate a heat map. The annotation and con-
touring were performed in 3D space using Imaris
9.2.1 (Bitplane).

Anatomical 2D reconstructions. The sec-
tioning and staining of transsynaptic viral tracer
injected brain samples were performed as men-
tioned above; 40mm coronal sections encom-
passing the STN area were imaged on a Zeiss
AxioScan Z1 slide scanner using a 20� objective
(GIVE NA). We used all the STN images for the
cell count and for 2D manual reconstruction.
The whole 2D reconstruction was performed
using Adobe Illustrator (Adobe, 2019). GFP-
expressing neurons were detected manually,
and GFP-labeled neurons were marked with
green dots. This was further visually vali-
dated on every section for all experiments.

Statistics. All the analyses were performed
with MATLAB R2017b (The MathWorks) and
GraphPad Prism 8.0.2. The data were analyzed
using an unpaired t test or Mann–Whitney
test for comparisons between groups. A one-
way ANOVA, followed by Tukey’s multiple
comparisons post hoc test, was also per-
formed to analyze the train stimulation data
and the graded response data. p, 0.05 was considered significant
(*p, 0.05; **p, 0.01). Data are represented as mean 6 SEM, unless
otherwise specified.

Results
Activation of STN axons in PN elicits responses in WTmice
We examined whether STN inputs could elicit a response from
the neurons in PN. An AAV containing a cassette for the expres-
sion of ChR2 fused with yellow fluorescent protein (ChR2-YFP)
was injected into the STN of WT mice (C57BL/6). Extracellular
single-unit activity was recorded in the PN while the STN inputs
were stimulated with 1ms pulses of blue light using an optrode
(Fig. 1A) (number of cells (n) = 58; number of animals (N) = 9).
We observed the following types of responses elicited by stimula-
tion in recorded neurons: excitation only (Ex, n=14; N=5), exci-
tation followed by inhibition (Ex1In, n=4; N=3), and inhibition
only (In, n=8; N=4) (Fig. 1B,C; Extended Data Fig. 1-1). The
remaining neurons, approximately half of the recorded cells, did
not respond to the stimulation (n=32; N=7) (Fig. 1C). We meas-
ured the latency of response from the stimulus onset and found
that the mean latency in neurons responding with either Ex or
Ex1In was 3.86 0.6ms with a median latency of 2ms (n=18)
(Fig. 1D), while that of those responding with inhibition was
3.56 0.5ms with a median latency of 3ms (n= 8) (Fig. 1E).
Together, these results show that activation of STN inputs rap-
idly modulates the activity of PN neurons.

Activation of STN axons in PN elicits responses in transgenic
mice
The observation of inhibitory responses in the PN following stim-
ulation of STN inputs was puzzling, as STN is known to contain
mainly glutamatergic projection neurons. To discard the possibility
that we might be stimulating inputs from other nearby structures
that may inhibit neurons in the PN, we used Pitx2-Cre transgenic
mice to selectively target neurons in the STN with an AAV con-
taining floxed-ChR2 (f-ChR2). We performed the former
experiments using the same protocol we used for WT mice
(Fig. 2A) and recorded extracellular single-unit activity in the
PN (n = 36; N=4). Similar to experiments in WTmice, we found

that activation of STN inputs elicited the following re-
sponses: excitation only (n = 12; N = 3), excitation followed
by inhibition (n = 3; N = 3), and inhibition only (n=2; N=1)
(Fig. 2B,C). Overall, about half of the recorded cells responded to
the activation of STN inputs, indicating that STN modulates activ-
ity in the PN in transgenic mice as well (Fig. 2C). The mean la-
tency in neurons responding with either Ex or Ex1In was
2.36 0.2ms with a median latency of 2ms (n=15) (Fig. 2D). The
mean latency of those responding with inhibition was 2.5ms
(n=2) (Fig. 2E). Overall, these results are consistent with the find-
ings inWTmice, namely, that the activation of STN inputs modu-
lates the activity of PN neurons. We also confirmed that STN
stimulation inhibits some neurons in the PN of both WT and
Pitx2-Cre mice.

PN activity follows trains of subthalamic inputs
STN neurons are known to fire at ;20Hz (Hollerman and Grace,
1992; Bergman et al., 1994; Remple et al., 2011); we thus determined
whether STN inputs to PN could effectively follow trains at this fre-
quency. We activated PN neurons with trains of optical stimuli (five
light pulses, each of 1ms duration) at a frequency of 20Hz (Fig.
3A1). We found that PN neurons increased their firing rate in
response to each pulse in the train (Fig. 3A2, n=7; N=5), and
showed little sign of depression. The average decrease in the response
amplitude from the first pulse to the secondwas 11.476 3.34%, while
from the first pulse to the last was 15.446 3.97% (Fig. 3A3).

PN neurons exhibit a graded response to the intensity of
stimulus input
To test whether the PN neurons are capable of encoding the
strength of STN inputs, we activated STN axons with varying
light intensities while monitoring the excitatory responses of PN
neurons. We found that the response amplitude of the cells
increased with the intensity of light stimulation. We used three
different light powers ranging from low to high, as shown in
Figure 3B1. The mean extra spikes in response to the stimulus
with low light power was 0.6246 0.073. In response to medium
light power, the extra spikes increased to 0.6976 0.075, and to
0.8766 0.087 with high light power. These graded responses to

Movie 1. A 3D reconstruction video shows the STN projection pattern in the PN and other regions in the brain. Averaged
fluorescence signal intensity following 3D reconstruction of serial sections from bregma –1.06 through bregma –5.02. The 3D
reconstruction was done using multiple brain serial images obtained from transgenic mice in which the f-ChR2 was injected
into the left-side STN (N = 3). [View online]
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varying input strength was observed in all PN neurons examined
(n=9;N= 7) (Fig. 3B2).

The STN to PN pathway is characterized by distinct
projection patterns
We examined STN to PN projection patterns (N=3) in Pitx2-
Cre transgenic mice unilaterally injected with f-ChR2-YFP into
the STN (Fig. 4A). We discovered that the dorsomedial portion
of the PN contained dense YFP-expressing axonal fibers, whereas
sparse expression was found in the lateral and ventral portions of
the PN (Fig. 4B1,B2,C; Movie 1). This expression pattern was
bilateral (Fig. 4B1,B2). The specificity of the ChR2 expression to
the STN was evaluated using a series of 40-mm-thick sections at
the STN (Fig. 4E). ChR2 expression was apparent in the STN,
but not in the neighboring areas, highlighting its specificity
(Fig. 4E). Overall, the expression pattern discovered in the
PN revealed that the STN sends dense axonal projections to
the dorsomedial portion of the PN.

The location of each of the recorded neurons in the PN (from
transgenic mice) was reconstructed based on the coordinates and
the type of response (Fig. 5A). We found that most of the re-
sponsive cells were located in the medial and dorsal portion of
the PN (Fig. 5B). However, we found some responsive cells in
the lateral and ventral portions of the PN as well (Fig. 5B). A
few recorded neurons did not respond to optogenetic stimula-
tion of up to 8 mW of light intensity. These nonresponsive cells
were distributed throughout the PN (Fig. 5B,C). Together, these
findings suggest that the STN sends strong functional projec-
tions to the medial portion of the PN.

STN sends disynaptic projections to the posterior cerebellar
cortex
Using an attenuated retrograde transsynaptic viral tracer, we
examined whether the STN sends disynaptic projections to the
cerebellum. A previous study using retrograde transsynaptic viral
tracing in primates demonstrated the presence of STN

Figure 5. Spatial mapping of recorded neurons in the PN reveals a distinct functional projection pattern. A, Individual sections here show the recorded cells within the PN, with magnification
of the recorded area that contains colored dots, which represent recorded cells. Most of the responsive cells were obtained from the medial portion of the PN. B, Recorded cells were plotted
using the anteroposterior, mediolateral, and dorsoventral coordinates. The majority of responsive cells were clustered within 300mm of the midline. C, Cells that exhibited various responses
responded to,4 mW power, whereas nonresponsive cells were checked by gradually increasing the power until 8 mW was reached.
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Figure 6. Injection of PRV 152 into the posterior lateral hemisphere of the cerebellar cortex yields retrograde labeling in the STN. A, A schematic of PRV 152 injection into Crus I/II and the
PML of the cerebellar cortex. Green arrows indicate monosynaptic projections. Red arrows indicate disynaptic projections. Purple arrows indicate trisynaptic projections. B, Both the timeline for
the spread of the virus and its direction are indicated. Thick arrows indicate the direction of travel of the virus. Dotted arrows indicate the actual direction of the projections. C, A representative
section from the injected area. Red arrowhead indicates the spread of the virus. D, First-order labeling was found in the vestibular nuclei, an area that is known to send a monosynaptic projec-
tion to the cerebellum. a, Magnified view of the boxed area. E, First-order expression was denser in the contralateral side of the inferior olive. b, Magnified view of the boxed area. F, First-order
expression was found in the contralateral side of the PN. c, Magnified view of the boxed area. G, An example section from the animal after 45 h of survival time. The STN, the pSTN, the ZI,
and the Hy of the left side (a) and the right side (b) show no GFP expression. H, A section from the frontal lobe, including the primary motor cortex (M1), which shows no GFP labeling after
45 h of survival time. I, Second-order labeling was found in the STN and the regions around it after 60 h of survival time. Magnified view of the left side (a) and the right side (b) of the STN
show individual neurons labeled with GFP. J, Disynaptic labeling was found in the primary motor cortex (M1) after 60 h of survival time. K, A large number of GFP-labeled neurons were found
in the STN and the regions around it after 85 h of survival time. Magnified views of the left side (a) and the right side (b) contain densely packed GFP neurons in the STN, ZI, pSTN, and Hy. L,
In addition to the labeled neurons in layer V of the primary motor cortex (M1), labeled neurons were found in layer III after 85 h. A magnified image shows labeled pyramidal neurons and
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projections to the lateral cerebellar cortex (Bostan et al.,
2010). However, a transsynaptic tracing study in rats identi-
fied an alternative disynaptic pathway from the STN to the
posterior vermis (Jwair et al., 2017). We adopted a similar
approach by injecting a retrograde transsynaptic PRV into the
CrusI/II and PML regions of the lateral hemisphere (Fig. 6A;
Extended Data Fig. 6-1) or the posterior vermis of the cerebellar
cortex (Fig. 7A; Extended Data Fig. 7-1) of WT mice to deter-
mine the origin of inputs to the injection sites. We set the
appropriate survival time following the cerebellar injections
for monosynaptic (Figs. 6B and 7B, N = 6), disynaptic (Figs.
6B and 7B, N = 6), and polysynaptic (Figs. 6B and 7B, N = 6)
expressions. For each condition (the posterolateral injections
and the posterior vermal injections), we used at least 3 mice,
obtaining data from at least 18 mice overall. We unilaterally
targeted neurons in Crus I/II and PML of the lateral cerebel-
lar cortex (Fig. 6C; Extended Data Fig. 6-1, N = 3) or bilater-
ally targeted lobules V-VIII of the vermis (Fig. 7C; Extended
Data Fig. 7-1, N = 3) by making multiple injections. In mono-
synaptic cases, we found first-order neurons labeled with
GFP in regions of the inferior olive (Figs. 6E and 7E) and the
PN (Figs. 6F and 7F) that are known to send direct projec-
tions to the cerebellar cortex. We did not find any labeling in
the STN (Figs. 6G and 7G) or any other second-order areas
that are known to send disynaptic projections to the cerebel-
lum (Figs. 6H and 7H). In disynaptic cases, in addition to
first-order labeling in the PN and in the inferior olive, we
found second-order GFP-labeled neurons in the STN (Figs.
6I and 7I; Extended Data Fig. 6-2). Moreover, we located sec-
ond-order labeled neurons in the cortical regions that are
known to target first-order neurons in the PN (Figs. 6J and
7J). We did not find GFP labeling beyond second-order areas
(Figs. 6J and 7J). In polysynaptic cases, we obtained monosy-
naptic and disynaptic expression along with expression in
cortical layer III and other areas (Figs. 6K,L and 7K,L).

Further analysis was done on the STN regions for 2D
reconstruction and manual counting of GFP-labeled neu-
rons within the STN. In the disynaptic cases where the pos-
terolateral hemisphere was unilaterally targeted, there was a
relatively large number of labeled neurons within the STN
(n = 24.336 4.84, N = 3; Fig. 8A,C1), whereas in the cases
where the posterior vermis was targeted there was sparse
labeling within the STN (n = 2.336 0.66, N = 3; *p = 0.0108,
unpaired t test; Fig. 8B,C1). The labeled neurons in the
cases targeted to the posterolateral hemisphere were scat-
tered throughout the STN along the rostro-caudal orienta-
tion (Fig. 8A). Unilateral injection of PRV 152 into the
posterolateral hemisphere yielded bilateral expression (Fig.
8A,C2), and the number of labeled neurons was found to be
similar in both the ipsilateral and the contralateral sides (ip-
silateral: n = 12.666 3.28, N = 3; contralateral: n = 11.666
1.76, N = 3; p = 0.8017; Fig. 8C2). We also found that the
majority of the labeled neurons were located mainly in the
ventromedial side of the STN (ventromedial: n = 186 2.88,
N = 3; the rest: n = 6.336 2.6, N = 3; *p = 0.0399; Fig. 8A,C3).
Our data support the notion that in mice, similar to what

has been found in nonhuman primates, the STN sends
dense projections to neurons in the posterolateral cerebellar
hemispheres, presumably via the PN.

Discussion
This study’s central finding is that the STN, a main glutamatergic
nucleus within the basal ganglia (Parent and Hazrati, 1995) that
primarily contains glutamatergic projection neurons (Y. Smith
and Parent, 1988; Y. Smith et al., 1990), sends projections that
strongly modulate the activity of neurons in the dorsomedial
PN. In addition, the STN sends a disynaptic projection pre-
dominantly to the lateral cerebellar cortex.

The origin of excitatory and inhibitory responses in the PN
We identified that about half of the recorded cells in the PN
responded to the activation of STN inputs. In both WT and
transgenic mice, the majority of neurons in the PN increased
their firing rate in response to activation of STN projections. In a
small number of PN neurons, we found that activation of STN
was inhibitory. While in humans and monkeys there is some evi-
dence for the presence of GABAergic interneurons within the
STN (Rafols and Fox, 1976; Lévesque and Parent, 2005), there
are no reports of GABAergic projection neurons originating in
the STN (Y. Smith and Parent, 1988; Y. Smith et al., 1990; Parent
and Hazrati, 1995). Thus, the nature of the inhibitory responses
in the PN is not yet clear, although there are perhaps a few possi-
bilities. The first possibility is the presence of interneurons in the
PN that receive excitatory input from the STN and provide feed-
forward inhibition to PN neurons. The presence of a small num-
ber of GABAergic interneurons in the PN of the rat, cat, and
monkey has been reported (Brodal et al., 1988; Brodal and
Bjaalie, 1992). However, no studies have so far reported the exis-
tence of GABAergic interneurons in the mouse PN. The second
possibility is that the STN sends excitatory projections to other
brain regions, which in turn send inhibitory projections to PN.
The STN has been shown to send projections to regions of the
brainstem such as the pedunculopontine nucleus, which is
known to have functional projections with the STN (Hammond
et al., 1983; Sutton et al., 2015), and contain GABAergic projec-
tion neurons (Mena-Segovia et al., 2009; Wang and Morales,
2009). While the presence of pedunculopontine nucleus projec-
tions to the PN has not been explicitly highlighted, anterograde
tracings in mice have demonstrated the presence of a projection
from the pedunculopontine nucleus to the PN (e.g., see experi-
ments 264566672 and 298079222 in Allen Institute for Brain
Science, 2011); http://connectivity.brain-map.org). In addition,
anatomical tracing studies suggest that the basilar PN may receive
sparse GABAergic projections from zona incerta, anterior pretec-
tal nucleus, lateral cerebellar nucleus, perirubral area, and the pon-
tine and medullary reticular formation (Border et al., 1986). It is
therefore plausible that the STN also provides sparse GABAergic
inputs to the PN.

It is of note that, in WT mice, a population of cells that
respond to stimulation with a delayed latency is not present in
Pitx2-Cre mice. This could be because the STN contains at least
three main populations of glutamatergic cells, characterized by
the expression of either Vglut1 or Vglut2 or the coexpression of
both (Schweizer et al., 2014). Vglut2 is abundantly expressed, so
it is therefore more readily detectable than Vglut1, and is
strongly correlated with Pitx2 expression. It might be that the
early and late components in the histogram from the WT data
correspond to these two subpopulations. In such a case, the
3ms latency responses would most likely correspond to Vglut2-

/

other types of neurons. Yellow arrows indicate monosynaptic expressions. Red arrows indicate
disynaptic expressions. Purple arrows indicate trisynaptic expressions. pSTN, parasubthalamic
nucleus; ZI, zona incerta; Hy, hypothalamus; cp, cerebral peduncle; VN, vestibular nuclei; IO, in-
ferior olive; M1, primary motor cortex. See Extended Data Figures 6-1 and 6-2.
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Figure 7. Sparse labeling was found in mice with injection into the posterior vermis of the cerebellar cortex. A, A schematic of PRV 152 injection into lobules V-VIII of the posterior vermis.
Green arrows indicate monosynaptic projections. Red arrows indicate disynaptic projections. Purple arrows indicate trisynaptic projections. B, Both the timeline for the spread of the virus and
its direction are indicated. Thick arrows indicate the direction of travel of the virus. Dotted arrows indicate the actual direction of the projections. C, A representative section from the injected
area. Red arrowhead indicates the spread of the virus. D, First-order labeling was found in the vestibular nuclei. a, Magnified view of the boxed area. E, First-order expression was found in the
inferior olive. b, Magnified view of the boxed area. F, First-order expression was found in the PN. c, Magnified view of the boxed area. See Extended Data Figure 7-1. G, An example section
from the animal after 45 h of survival time. The STN, the pSTN, the ZI, and the Hy of the left side (a) and the right side (b) show no GFP expression. H, An image of the frontal cortex, which
shows no GFP labeling after 45 h of survival time. I, Sparse second-order labeling was found in the STN after 60 h of survival time. Magnified views of the left side (a) and the right side (b) of
the STN are shown. The left side contains a labeled neuron. J, Disynaptic labeling was found in the primary motor cortex (M1) after 60 h of survival time. K, A large number of GFP-labeled neu-
rons were found in the STN and the regions around it after 85 h of survival time. Magnified views of the left side (a) and the right side (b) contain densely packed GFP neurons in the STN, ZI,
pSTN, and Hy. L, In addition to the labeled neurons in layer V of the primary motor cortex (M1), labeled neurons were found in layer III after 85 h. A magnified image shows labeled pyramidal
neurons and other types of neurons. Yellow arrows indicate monosynaptic expressions. Red arrows indicate disynaptic expressions. Purple arrows indicate trisynaptic expressions. pSTN,
parasubthalamic nucleus; ZI, zona incerta; Hy, hypothalamus; cp, cerebral peduncle; VN, vestibular nuclei; IO, inferior olive; M1, primary motor cortex.
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Figure 8. Prominent disynaptic labeling in the STN suggests that the STN sends dense projections to the posterolateral hemisphere of the cerebellar cortex. A, A 2D reconstruction of the
STN of mice injected in the posterolateral hemisphere. N= 3. B, A 2D reconstruction of the STN of mice injected in the posterior vermis. N= 3. Green dots represent the labeled neurons in the
STN. We used only selective sections for both A and B, among which all the sections with GFP-labeled neurons were included. The case that had the largest number of sections with labeled
neurons was used as a reference for selecting the number of sections for all the remaining cases. The numbers on the right in Panels A and B refer to the distance from the bregma in milli-
meters. C1, The average counts of second-order labeled neurons were compared between the cases injected in the posterolateral hemisphere and those injected in the posterior vermis. N= 6.
*p= 0.0108. C2, A bar diagram of the second-order labeled cell counts of the ipsilateral and contralateral sides of the cases injected in the posterolateral hemisphere. N= 3. p= 0.8017. C3, A
bar diagram of the second-order labeled cell counts of those cases injected in the posterolateral hemisphere where the ventromedial part had a significantly higher cell count than the rest of
the locations in the STN. N= 3. *p= 0.0399. C4, The average counts of third-order labeled neurons were compared between the cases injected in the posterolateral hemisphere and those
injected in the posterior vermis. N= 6. *p= 0.0428. Interestingly, the number of labeled neurons counted was significantly higher in posterolateral injected cases, even after the longer survival
time that yielded third-order labeling. Data are represented as mean6 SEM. *p, 0.05.
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expressing neurons, as similar short latency responses were also
present in Pitx2-Cre mice.

The lateral hemisphere of the cerebellar cortex receives
disynaptic projections from the STN
We used retrograde transsynaptic tracing (Card and Enquist,
2012) to explore the nature of the STN projections to the cerebel-
lum, which have been shown to exist from previous studies
in humans, primates, and rats (Bostan et al., 2010; Pelzer
et al., 2013; Milardi et al., 2016; Jwair et al., 2017). This same
method was used in primates to identify disynaptic projections
from the STN to the lateral hemispheres of the cerebellar cortex
(Bostan et al., 2010). However, a subsequent study in rats high-
lighted the vermis as the primary target of the STN (Jwair et al.,
2017). In our study, in separate cohorts, we injected transsynap-
tic retrograde PRV to target neurons in the lateral hemisphere,
or within the vermis of the posterior cerebellar cortex. While we
observed sparse labeling in the STN when we injected the virus
into the posterior vermis, in agreement with the work done in
primates (Bostan et al., 2010), we found dense bilateral labeling
in the ventromedial STN when the posterolateral hemisphere
was targeted. Our observations are in line with the findings of
human studies that confirmed the connections between the STN
and the lateral cerebellar cortex (Pelzer et al., 2013; Milardi et al.,
2016), mainly in the Crus region and lobule VIIb along with
lobules VIII and IX (Pelzer et al., 2013).

Functional implications
While the role of the STN-PN-cerebellum circuit in motor con-
trol remains to be established, there are reasons to believe that
this pathway, under pathologic conditions, contributes to some
of the motor symptoms associated with PD. A similar suggestion
has been made before by primate and rat studies (Bostan et al.,
2010; Sutton et al., 2015). The abnormal high-frequency network
oscillations and neuronal firing in the STN that is synchronized
with limb tremor are common features in patients with PD
tremor (Levy et al., 2000; Amtage et al., 2008; Hirschmann et al.,
2016). It is reported that, in these patients, the pathologic pattern
of network activity is accompanied by metabolic increases in the
PN and the cerebellum (Antonini et al., 1998; Ma et al., 2007). In
addition, the pathologic changes in PCs were found in both pri-
mate (Necchi et al., 2004; Heman et al., 2012) and rodent
(Takada et al., 1993) animal models of PD. In the MPTP-primate
model of PD, the degeneration of dopaminergic neurons induced
an abnormal c-Fos expression in the PCs (Necchi et al., 2004;
Heman et al., 2012). A recent study using the 6-OHDA mouse
model of PD reported abnormal spiking of the PCs in the Crus
area (Menardy et al., 2019). Furthermore, systematic MPTP
injections to mice caused a substantial loss of PCs, especially in
Crus I/II and the paraflocculus, while no obvious loss of PCs was
detected in the rest of the lobules (Takada et al., 1993), suggesting
a regional specificity to degeneration within the cerebellum.
These commonly used animal models of PD reveal a signifi-
cant change of activity in the cerebellum that predominantly
occurs in the lateral hemispheres of the cerebellar cortex.
Another study demonstrated that the cerebellothalamic cir-
cuit was recruited into tremor generation because of signals
received from dopamine-depleted basal ganglia in PD patients
(Helmich et al., 2011). Therefore, it is plausible that aberrant ac-
tivity in the STN-PN-cerebellar pathway may lead to tremor by
altering the cerebellar inputs into the thalamus.

Our findings may provide insight into electrophysiological
recordings in hemiparkinsonian rats in which the STN was

repeatedly activated to mimic DBS, and changes in activity of
cerebellar neurons were monitored (Sutton et al., 2015). In
the aforementioned study, STN-DBS reduced neuronal activ-
ity in the STN, and in turn reduced the activity of lobule VI
PCs in the lateral hemisphere. Moreover, as expected from a
decrease in the firing of PCs in the lateral hemispheres, the
activity of the neurons in the lateral deep cerebellar nuclei
was also increased. Positron emission tomography studies
(Hilker et al., 2004; Bradberry et al., 2012; Hill et al., 2013) and
c-Fos staining in the dentate nucleus (Moers-Hornikx et al.,
2011) as well as neuronal recordings in the cerebellum have
found that STN-DBS alters cerebellar activity in PD (Sutton
et al., 2015). The improvement in the motor function as a
result of STN-DBS correlated with increased regional cerebral
blood flow in the cerebellum (Hill et al., 2013). Intriguingly,
bilateral STN-DBS increased regional cerebral blood flow in
Crus II of the posterolateral cerebellum, whereas it decreased
the activity in lobule VI of the posterolateral cerebellum and
the vermis (Bradberry et al., 2012). This demonstrated that the
STN-DBS could engage the cerebellum in the improvement
of motor symptoms, which we hypothesize might have occurred
via the activation of the STN-PN-cerebellum pathway.

In conclusion, here we show that the STN sends bilateral pro-
jections predominantly to the dorsomedial portion of the PN
and that the lateral hemisphere of the posterior cerebellar cortex
receives dense projections from the STN, whereas lobules VI and
VII of the vermis receive sparse projections.
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