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Abnormal involuntary movements, or dyskinesias, are seen in many neurologic diseases, including disorders where the brain
appears grossly normal. This observation suggests that alterations in neural activity or connectivity may underlie dyskinesias.
One influential model proposes that involuntary movements are driven by an imbalance in the activity of striatal direct and
indirect pathway neurons (dMSNs and iMSNs, respectively). Indeed, in some animal models, there is evidence that dMSN
hyperactivity contributes to dyskinesia. Given the many diseases associated with dyskinesia, it is unclear whether these find-
ings generalize to all forms. Here, we used male and female mice in a mouse model of paroxysmal nonkinesigenic dyskinesia
(PNKD) to assess whether involuntary movements are related to aberrant activity in the striatal direct and indirect pathways.
In this model, as in the human disorder PNKD, animals experience dyskinetic attacks in response to caffeine or alcohol.
Using optically identified striatal single-unit recordings in freely moving PNKD mice, we found a loss of iMSN firing during
dyskinesia bouts. Further, chemogenetic inhibition of iMSNs triggered dyskinetic episodes in PNKD mice. Finally, we found
that these decreases in iMSN firing are likely because of aberrant endocannabinoid-mediated suppression of glutamatergic
inputs. These data show that striatal iMSN dysfunction contributes to the etiology of dyskinesia in PNKD, and suggest that
indirect pathway hypoactivity may be a key mechanism for the generation of involuntary movements in other disorders.
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Significance Statement

Involuntary movements, or dyskinesias, are part of many inherited and acquired neurologic syndromes. There are few effec-
tive treatments, most of which have significant side effects. Better understanding of which cells and patterns of activity cause
dyskinetic movements might inform the development of new neuromodulatory treatments. In this study, we used a mouse
model of an inherited human form of paroxysmal dyskinesia in combination with cell type-specific tools to monitor and
manipulate striatal activity. We were able to narrow in on a specific group of neurons that causes dyskinesia in this model,
and found alterations in a well-known form of plasticity in this cell type, endocannabinoid-dependent synaptic LTD. These
findings point to new areas for therapeutic development.

Introduction
Abnormal involuntary movements, or dyskinesias, occur in a
wide variety of neurologic disorders. These include neurodege-
nerative conditions, such as Huntington’s disease, as well as
disorders where the brain appears grossly normal, such as drug-
induced disorders and many forms of dystonia. This finding
suggests aberrant neural activity or connectivity may be the
underlying basis for involuntary movements.

Several neural circuits have been implicated in dyskinesias,
including the basal ganglia, cerebellum, thalamus, and cortex
(Hendrix and Vitek, 2012; Shakkottai et al., 2017; Cenci et al.,
2018). In dyskinesias associated with anatomic abnormalities,
lesions are most commonly found in the basal ganglia (Sethi et
al., 1987; Ohara et al., 2001) and cerebellum (Standaert, 2011).
Basal ganglia deep brain stimulation is therapeutic in several
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forms of dyskinesia (Damier et al., 2007; Ramirez-Zamora and
Ostrem, 2018), implying a role for basal ganglia circuitry.
Moreover, abnormal activity has been found in conjunction with
dyskinesias (including dystonia) in both the basal ganglia (Papa
et al., 1999; Chiken et al., 2008; Liang et al., 2008; Schrock et al.,
2009) and cerebellum (LeDoux et al., 1998; Calderon et al., 2011;
Fremont et al., 2014; Washburn et al., 2019).

Few studies have established causal links between abnormal neu-
ral activity and dyskinetic movements. However, in some forms of
dystonia, rodent studies suggest that aberrant cerebellar firing may
cause involuntary movements; moreover, this activity can be propa-
gated to the striatum via a disynaptic pathway (Calderon et al.,
2011; Chen et al., 2014). In contrast, the striatum has been impli-
cated in another condition, levodopa-induced dyskinesia (LID)
(Alcacer et al., 2017; Hernández et al., 2017; Perez et al., 2017;
Girasole et al., 2018; Ryan et al., 2018). It is unclear whether altera-
tions in striatal firing are a general feature of dyskinesia or whether
such changes are causal in other forms of disease. Thus, we investi-
gated the role of striatal firing in an etiologically distinct mouse
model of dyskinesia, paroxysmal nonkinesigenic dyskinesia
(PNKD). PNKD is a rare human autosomal dominant disorder, in
which patients experience dyskinetic attacks in response to caffeine,
alcohol, or extreme stress. PNKD is associated with mutations in
the gene pnkd, which has unknown function but is expressed in
neurons and localizes to synapses (Y. Shen et al., 2011). The PNKD
mouse model shows a robust phenotype of caffeine- and alcohol-
induced dyskinetic attacks (Lee et al., 2012). Although neurochemi-
cal studies suggest that dopamine signaling may be altered, neither
the neurophysiological signature of dyskinesia in PNKD nor its
underlying cellular mechanisms have been identified.

A longstanding model of basal ganglia function posits that
dyskinesia is associated with an imbalance in the activity of the
striatal direct and indirect pathways (Albin et al., 1989; DeLong,
1990). This model hypothesizes that direct pathway activity pro-
motes movement, whereas indirect pathway activity suppresses
movement. A corollary is that increased firing of striatal direct
pathway neurons (dMSNs), decreased firing of indirect pathway
neurons (iMSNs), or both may contribute to dyskinesia. Indeed,
recent pathway-specific recordings in LID show bidirectional
changes in the activity of dMSNs and iMSNs (Parker et al., 2018;
Ryan et al., 2018). Moreover, optogenetic and chemogenetic
studies indicate that dMSN activation can recapitulate and/or
worsen LID (Alcacer et al., 2017; Perez et al., 2017; Ryan et al.,
2018), although reduced iMSN activity may also contribute
(Alcacer et al., 2017). We hypothesized that similar changes in
activity might contribute to dyskinesia in etiologically distinct
but phenotypically similar PNKD.

To test whether striatal dMSNs and iMSNs show abnormal
patterns of activity during dyskinesia in PNKD mice, we first
performed single-unit recordings from optogenetically identified
striatal projection neurons. These recordings in freely moving
mice showed marked reductions in iMSN activity during dyski-
netic attacks. Second, we used chemogenetic tools to bidirection-
ally modulate iMSN output, and found that decreased iMSN
activity is required for dyskinetic attacks in PNKD mice. Finally,
we used ex vivo electrophysiology to investigate the underlying
cellular mechanisms, and identified endocannabinoid-dependent
LTD of excitatory inputs onto iMSNs as a key contributor.

Materials and Methods
Animals. Hemizygous PNKD mice (Tg(RP24-112K19 Pnkd*/

IRESDsRed), hereafter termed “PNKD mice”), were maintained on a

C57Bl/6 background. For in vivo experiments, hemizygous PNKD mice
were bred to WT C57Bl/6 (Jax), Adora2a-Cre (A2a-Cre), or Drd1-Cre
(D1-cre line 217) hemizygous mice (Gong et al., 2003, 2007; Gerfen et
al., 2013). PNKD-negative littermates were used as WT controls. For ex
vivo slice physiology experiments, hemizygous PNKDmice were bred to
hemizygous Drd1a-tdTomato or Drd2-GFP mice, to generate Drd1a-
tdTomato or Drd2-GFP (WT control) and PNKD;Drd1a-tdTomato or
PNKD;Drd2-GFP (PNKD) mice. Mice of either sex were used. All
experiments were initiated in mice aged 2-4months, terminating before
the age of 6months. We complied with local and national ethical and
legal regulations regarding the use of mice in research. All experimental
protocols were approved by the UCSF Institutional Animal Care and
Use Committee.

Behavior. Mice were administered intraperitoneal (IP) saline and
habituated to the open field (a clear acrylic cylinder, 25 cm diameter) for
a minimum of 1 h daily for 2 d before experiments. Mice implanted with
infusion cannulae were habituated to tethering and infusion (of saline)
for a minimum of 2 d, to confirm that the infusion process alone did not
trigger dyskinesia. In experiments involving chemogenetic manipulation
of iMSNs in PNKD mice, both PNKD and WT control mice were habi-
tuated to saline injections 5 d/wk for ;2weeks, to minimize the likeli-
hood of a stress-induced dyskinetic attack in response to IP injection of
a drug or its vehicle in subsequent experiments.

During experiments, mice were placed in the open field chamber and
monitored by two cameras: one mounted directly above the chamber to
capture overall locomotor activity, and another in front of the chamber
to capture qualitative aspects of movement, particularly dyskinesia.
Video-tracking software (Noldus Ethovision) was used to quantify
movement. Manual scoring was performed live during experiments,
using a slight modification of a previously published dyskinesia scale
(Lee et al., 2012). In this modified scale, numerical ratings indicate the
following behaviors: 1 (asleep, inactive); 2 (normal activity); 3 (increased
activity); 4 (hyperactivity, running); 5 (jerky movement and slow pat-
terned movement; repetitive exploration); 6 (fast patterned movement;
repetitive exploration with hyperactivity); 7 (stereotyped movements; re-
petitive sniffing/rearing in one location); 8 (continuous purposeless
gnawing, sniffing and/or licking); and 9 (chorea, observed as irregular
purposeless jaw, tongue, or forepaw movements; dystonia). Two seizure
episodes were observed after caffeine administration during the study
and were excluded from the dataset. A score of 7 was used for animals
with frequent, but not continuous, gnawing, sniffing, or licking move-
ments. For chemogenetic and pharmacological experiments, dyskinesia
was scored for 1min every 5min. For in vivo electrophysiology experi-
ments, dyskinesia was scored for 1min every 5min, except for the period
between drug injection and the onset of involuntary movements (here
defined as a score of �7), when it was scored continuously in 1 min
bins. In AM251 prophylaxis experiments, animals were randomized to
the drug or vehicle, one of which was administered IP 30min before
administration of caffeine. On an interleaved experimental day, mice
received the other treatment. JZL184 experiments were conducted in the
same fashion. The experimenter was blinded to the drug being administered
until after acquisition and analysis had been performed. Dyskinesia scores
were averaged between 45 and 60min and compared between vehicle and
AM251 or JZL184 and vehicle groups.

Pharmacology. For in vivo experiments, animals were injected IP
with saline (10ml/g) or caffeine (Tocris Bioscience). Caffeine was dis-
solved in normal saline and injected IP at a final dose of 25mg/kg in
most experiments. In the experiments for Figure 8F, G, animals were
administered caffeine at 2 or 10mg/kg. Clozapine-N-oxide (CNO,
Sigma) was dissolved in normal saline at 0.1mg/ml and injected IP at a
final dose of 1mg/kg. AM251 (Tocris Bioscience) was dissolved in
DMSO, diluted in a 1:1 solution of saline and polyethylene glycol, and
injected IP at a final dose of 5mg/kg. JZL-184 (Tocris Bioscience) was
dissolved in DMSO, aliquoted, then diluted in normal saline and injected
IP at a final dose of 16mg/kg. For intracranial infusions, caffeine was
dissolved in normal saline at a concentration of 100 mM.

For ex vivo slice experiments, picrotoxin (Sigma) was dissolved in
warm water at 5 mM and added to ACSF for a final concentration of 50
mM. TTX (Abcam) was dissolved in water at a stock concentration of 1
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mM and added to ACSF for a final concentration of 1 mM. WIN55212
was dissolved in DMSO at 10 mM and added to ACSF for a final concen-
tration of 1mM. CNO was dissolved in DMSO at 10 mM and then diluted
in ACSF for a final concentration of 1 mM. Caffeine was dissolved in
water and then diluted in ACSF for a final concentration of 1mM.

Intracranial infusion. Two- to 4-month-old mice were implanted
with bilateral infusion cannulae. Anesthesia was induced with IP keta-
mine/xylazine and maintained with inhaled isoflurane. After opening
the scalp, two small holes were drilled over the dorsolateral striatum
(DLS; 0.8 AP, 2.2 mm DV from bregma) on either side of the skull using
a stereotax-mounted drill. The exposed skull surface was scored with a
scalpel to maximize adhesion of dental cement. Dental cement
(Metabond) was applied to the exposed skull surface and the double-
infusion cannula (PlasticsOne). The infusion cannula (with inner
dummy cannula with cap screwed into place) was then lowered into the
brain, with the tip of the inner cannula lowered to �2 mm DV from the
brain surface. The cannula was then secured to the skull by application
of dental acrylic (Ortho-Jet). After the acrylic had set, the scalp was
closed with suture, and the mouse was allowed to recover from anesthe-
sia. Buprenorphine (IP, 0.05mg/kg) and ketoprofen (subcutaneous
injection, 5mg/kg) were administered for postoperative analgesia.

Behavioral experiments began 1week following surgery. The experi-
menter was blinded to the genotype of the animal. In each session, the
dummy inner cannula was removed, and a drug infusion inner cannula
was placed inside the outer cannula, and screwed into place. The mouse
was then returned to its home cage with the top removed, so it could
move freely during drug infusion. Drug or saline was infused bilaterally
using a Hamilton double syringe pump (WPI) at a rate of 0.1ml per mi-
nute for a total volume of 0.5ml per side. The cannula was left in place
for an additional 3 min, after which both infusion cannulae were
removed. The mouse was then transferred to the open field behavioral
chamber for simultaneous video-tracking (for locomotion) and manual
scoring (for dyskinesia). Infusion experiments were performed a mini-
mum of 24 h apart.

To verify cannula function and to mark the location and estimate the
extent of drug infusions, a lipophilic fluorescent dye was infused before
sacrifice. After the final infusion experiments, 0.5ml of the dye (FM4-
64�, Thermo Fisher Scientific) was infused in the same fashion, after
which terminal anesthesia was administered and transcardial fixative
perfusion was performed. Tissue was processed and imaged to validate
infusions (data not shown).

In vivo electrophysiology/optogenetics. To construct optrode arrays,
optical fiber-ferrule assemblies were cemented onto 32 channel micro-
electrode arrays (Innovative Neurophysiology). Optical fiber-ferrule
assemblies consisted of a 200mm optical fiber (Thorlabs) threaded
through a ceramic ferrule (Thorlabs) and cemented with epoxy. The tip
of the optical fiber was positioned in the center of the array, ;0.5 mm
above the tips of the microelectrodes. Surgical implantation of optrode
arrays was performed at 2-4months of age. Anesthesia was induced with
IP ketamine/xylazine and maintained with inhaled isoflurane. Mice were
stereotaxically injected with AAV5-DIO-ChR2-eYFP (UPenn Vector
Core, 1ml of 1:1 diluted virus) in the left DLS (0.8 AP, 2.25 ML, and
�2.5 mm DV from bregma) through a small hole in the skull. Using a
stereotax-mounted drill, this hole was later enlarged into a rectangular
craniectomy and the dura was removed to permit implantation of the
optrode. Small holes were also made in the right frontal and right posterior
areas for later insertion of a skull screw (Fine Scientific Tools) and the
ground wire, respectively. The exposed skull surface was scored with a scal-
pel to maximize adhesion of dental cement. Dental cement (Metabond) was
applied to the exposed skull surface and the base of the optrode array con-
nector. The optrode array was then slowly lowered into the center of the
craniectomy to a depth of 2.3-2.4 mm from the brain surface. The array,
ground wire, and skull screw were secured to the skull by application
of dental acrylic (Ortho-Jet). After the acrylic had set, the scalp was closed
with suture, and the mouse was allowed to recover from anesthesia.
Buprenorphine (IP injection, 0.05mg/kg) and ketoprofen (subcutaneous
injection, 5mg/kg) were administered for postoperative analgesia.

Two weeks after implantation, mice were habituated to tethering, the
recording chamber, and IP saline injection for a minimum of 1 h daily

for 2 d. After habituation, experimental sessions occurred approximately
twice weekly for 2-6weeks. During each session, electrical signals (single-
unit and local field potential data from each of the 32 channels) were col-
lected using a multiplexed 32 channel headstage (Triangle Biosystems), an
electrical commutator equipped with a fluid bore (Dragonfly), filtered,
amplified, and recorded on a MAP system, using RASPUTIN 2.4 HLK3 ac-
quisition software (Plexon).

During recording sessions, after a baseline period, caffeine was
injected IP. If a mouse developed stress-induced dyskinesia after tether-
ing, but before drug administration, the experiment was terminated.
After a period of 2-6 h of recording spontaneous activity in the open
field, an optogenetic cell identification protocol was applied (Kravitz et
al., 2013), consisting of 100ms blue light pulses, given at 1Hz. At each of
four light powers (0.5, 1, 2, and 4 mW typically), 1000 light pulses were
delivered via a lightweight patch cable (Doric Lenses) connected to a
blue laser (Shanghai Laser and Optics Century), via an optical commuta-
tor (Doric Lenses), and controlled by TTL pulses from a behavioral
monitoring system (Noldus Ethovision). At the end of this cell identifi-
cation protocol, the animal was detached from the electrical and optical
cables and returned to its home cage.

Single units were identified offline by manual sorting using Offline
Sorter 3.3.5 (Plexon) and principal components analysis. Clusters were
considered to represent a single unit if (1) the unit’s waveforms were
statistically different from multiunit activity and any other single units
on the same wire, in 3D principal components analysis space, and (2) no
interspike interval ,1ms was observed. Single units were classified as
putative MSNs based on waveform and interspike interval distribution,
using previously published criteria (Gage et al., 2010) to exclude fast-
spiking interneurons.

After single units had been selected for further study, their firing ac-
tivity was analyzed using NeuroExplorer 4.133 (Nex Technologies). To
determine whether a unit was optogenetically identified, a peristimulus
time histogram was constructed around the onset of laser pulses. To be
considered optogenetically identified, a unit had to fulfill three criteria:
(1) firing rate increased above the 99% CI of the baseline within 15ms of
laser onset; (2) firing rate was above this threshold for at least 20ms; and
(3) laser-activated waveforms were not statistically distinguishable from
spontaneous waveforms. For display and analysis purposes, the firing
rate of single units was averaged in 1 min bins.

Chemogenetics. AAVs encoding Cre-dependent constructs were ster-
eotaxically injected 2-4weeks before the first behavioral or slice physiol-
ogy experiments. Littermates were randomized to DREADD or control
fluorophore groups. For chemogenetic inhibition of iMSNs, A2a-Cre mice
(either WT or PNKD) were stereotaxically injected with either AAV5-DIO-
hM4D(Gi)-mCherry or AAV5-DIO-mCherry (UNC Vector Core, 1ml) at
four sites to cover the bilateral DLS (61.0 AP, 62.2 ML, �2.5 mm DV).
For chemogenetic activation of iMSNs, PNKD;A2a-Cre mice were injected
with either AAV5-DIO-hM3D(Gs)-mCherry or AAV5-DIO-mCherry
(UNCVector Core, 1ml) at 8 sites per side to cover the majority of the stria-
tum, bilaterally (0.8 AP,62.2 ML,�2.5,�4.0 DV; 0.8 AP,61.2 ML,�2.5,
�4.0 DV; 0.0 AP, 62.0 ML, �2.5, �3.7 DV; �0.5 AP, 62.5 ML, �2.0,
�3.0 DV). After a recovery period, mice were then habituated daily to the
behavioral chamber and to IP injection of saline, to reduce the chance of
stress-induced dyskinetic attacks when later injected with an experimental
agent.

During chemogenetic inhibition experiments, on interleaved days,
mice were injected IP with either saline or CNO, after which their behav-
ior was monitored with both video-tracking of locomotor activity and
manual scoring of dyskinesia (see Behavior, above). During chemoge-
netic activation experiments, on interleaved days mice were injected IP
with either saline or CNO 20min before injection of caffeine, and behav-
ior was monitored. The experimenter was blinded to the viral construct
injected in the mice.

Slice electrophysiology. For recordings in the dyskinetic state, animals
(1.5-4months old) were handled, then placed in a 500 ml glass beaker
for 5min before preparation of brain slices. In PNKD mice, such han-
dling in unhabituated animals produced stress-induced dyskinetic
attacks, as has been previously described (Lee et al., 2012). For record-
ings in the nondyskinetic state, PNKD animals were habituated to daily
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handling and IP injections of saline to reduce the chance that terminal
procedures would elicit a stress-induced attack. Mice were then deeply
anesthetized with an IP ketamine-xylazine injection, transcardially per-
fused with ice-cold sucrose- or glycerol-based slicing solution, decapi-
tated, and the brain was removed and placed in the slicing chamber with
ice-cold slicing solution. Sucrose slicing solution contained the following
(in mM): 79 NaCl, 23 NaHCO3, 68 sucrose, 12 glucose, 2.3 KCl, 1.1
NaH2PO4, 6 MgCl2, and 0.5 CaCl2. Glycerol slicing solution contained
the following (in mM): 250 glycerol, 2.5 KCl, 1.2 NaH2PO4, 10 HEPES,
21 NaHCO3, 5 glucose, 2 MgCl2, 2 CaCl2. The brain was mounted on a
submerged chuck, and sequential 300mm coronal slices were cut on a
vibrating microtome (Leica), transferred to a chamber of warm (34°C)
carbogenated ACSF containing the following (in mM): 125 NaCl, 26
NaHCO3, 2.5 KCl, 1 MgCl2, 2 CaCl2, 1.25 NaH2PO4, 12.5 glucose for
30-60min, then stored in carbogenated ACSF at room temperature.
Each slice was then submerged in a chamber superfused with carbogen-
ated ACSF at 31°C-33°C for recordings.

MSNs were targeted for recordings using differential interference
contrast optics in Drd1a-tdTomato or D2-GFP mice. In Drd1a-
tdTomato mice, direct pathway neurons were identified by their
tdTomato-positive somata, and indirect pathway neurons were identi-
fied by their tdTomato-negative medium-sized somata. In D2-GFP
mice, indirect pathway neurons were identified by their GFP-positive
somata, and direct pathway cells were identified by their GFP-negative
medium-sized somata. Fluorescence-negative neurons with GABAergic
interneuron physiological properties (membrane tau decay ,1ms for
both fast-spiking and persistent low-threshold spiking subtypes; input
resistance .500 MV in persistent low-threshold spiking subtype) were
excluded from the analysis. Neurons were patched in whole-cell current-
clamp or voltage-clamp configurations using borosilicate glass electrodes
(3-5 MV) filled with either potassium-based (current-clamp) or cesium-
based (voltage-clamp) internal solution containing the following (in
mM), respectively: 130 KMeSO3, 10 NaCl, 2 MgCl2, 0.16 CaCl2, 0.5
EGTA, 10 HEPES, 2 MgATP, 0.3 NaGTP or 120 CsMeSO3, 15 CsCl, 8
NaCl, 0.5 EGTA, 10 HEPES, 2 MgATP, 0.3 NaGTP, 5 QX-314, pH 7.3.
Picrotoxin was added to the external solution to block synaptic currents
mediated by GABAA receptors. Drugs were prepared as stock solutions
and added to the ACSF to yield the final concentration.

Whole-cell recordings were made using a MultiClamp 700B ampli-
fier (Molecular Devices) and ITC-18 A/D board (HEKA). Data were
acquired using Igor Pro 6.0 software (Wavemetrics) and custom acquisi-
tion routines (mafPC, courtesy of M. A. Xu-Friedman). Whole-cell
recordings were filtered at 2 kHz and digitized at 10 kHz. All recorded
neurons exhibited electrophysiological characteristics of MSNs. In cur-
rent-clamp recordings to measure intrinsic properties, membrane poten-
tial (Vm) was measured as the average Vm 5-10min after break-in. A
series of small negative current steps were delivered from rest to calcu-
late the input resistance of each cell. Rheobase and other input-output
properties were obtained by giving a series of square-wave current steps,
ranging from 100 to 800 pA (or the maximum current at which a cell
could sustain spiking across the step), in 100 pA increments, with a 10 s
interstimulus interval. Synaptic currents were monitored at a holding
potential of�70mV. Series resistance and leak currents were monitored
continuously. Miniature EPSCs (mEPSCs) were recorded at –70mV in
TTX and picrotoxin. The mEPSC amplitude threshold was set at 5 pA.
Only cells with at least 500 mEPSC events were included in the analysis.
Cumulative probability plots were generated from 500 randomly selected
mEPSC events. Evoked EPSCs onto MSNs were elicited in the presence
of picrotoxin with a stimulus isolator (IsoFlex, AMPI) and a glass elec-
trode placed dorsolateral to the recorded neuron, typically 100-200mm
away. Stimulus intensity was adjusted to yield EPSC amplitudes of
;400 pA. Stimulus duration was 300 ms. For evaluation of the paired-
pulse ratio (PPR), two stimuli were given at variable interstimulus inter-
vals (ISIs; 25, 50, 100, 200, 500ms) with a 20 s intertrial interval. Three
repetitions at each ISI were averaged to yield the PPR for that ISI. For
monitoring of EPSC amplitude over time, two pulses delivered with
50ms ISI were given every 20 s. Our high-frequency stimulation (HFS)
protocol for induction of LTD consisted of 4 trials (1 s each, 10 s inter-
trial interval) of 100Hz afferent stimulation (stimulation intensity

calibrated to produce a 1.5 nA EPSC at�70mV) paired with depolariza-
tion to �10mV (Kreitzer and Malenka, 2007; Lerner and Kreitzer,
2012). Following the HFS protocol, the stimulation intensity was
returned to the baseline level and EPSCs were monitored for a minimum
of 30 additional minutes.

In slice experiments to validate use of the inhibitory DREADD
hM4D (Gi), we prepared acute slices from animals coinjected with
AAV5-DIO-ChR2-eYFP (UPenn Vector Core, 1ml of 1:1 dilution) and
AAV5-DIO-hM4D(Gi)-mCherry (UNC Vector Core, 1ml). eYFP-posi-
tive striatal neurons were patched in the whole-cell current-clamp mode,
with a potassium-based internal solution (see above). Optogenetic stim-
ulation was delivered to the slice by a TTL-controlled LED (Olympus),
passed through a ChR2 (473nm) filter (Chroma) and the 40� immer-
sion objective. LED intensity was adjusted to yield an output of ;1-2
mW at the slice. Light pulses were 5ms in duration. To measure acute
effects of CNO in slice physiology experiments, we targeted eYFP-nega-
tive neurons in the striatum or globus pallidus pars externa (GPe), in an
area of mCherry fluorescence indicating local striatal axons were
infected. These neurons were patched in whole-cell voltage-clamp mode,
with a cesium chloride-based internal solution containing the following
(in mM): 120 CsCl, 15 CsMeSO3, 8 NaCl, 0.5 EGTA, 10 HEPES, 2
MgATP, 0.3 NaGTP, pH 7.3. IPSCs were elicited with optogenetic stim-
ulation every 30 s.

Histology. Following behavioral, in vivo physiology, and chemoge-
netic experiments, mice were deeply anesthetized with IP ketamine-xyla-
zine and transcardially perfused with 4% PFA in PBS. Before perfusion,
electrode location was marked in implanted mice by electrolytic lesion-
ing. After deep anesthesia, the implant was connected to a solid state,
direct current Lesion Maker (Ugo Basile). A current of 100 mA was
passed through each microwire for 5 s. After perfusion, the brain was
dissected from the skull and postfixed overnight in 4% PFA, then placed
in 30% sucrose at 4°C for 2-3 d for cryoprotection. The brain was then
cut into 30mm coronal sections on a freezing microtome (Leica), before
washing in PBS and mounting in Vectashield Mounting Medium onto
glass slides for subsequent imaging. All images were taken on a Nikon
6D conventional widefield microscope.

Experimental design and statistical analysis. The experimental
design and statistical analysis of all key experiments are summarized in
Table 1. This table includes planned sample sizes, statistical tests, N (ani-
mals), n (units or cells), p values, and the associated figures. Power calcu-
lations were performed based on either pilot data or the relevant
literature. For behavioral experiments, we based power calculations on
prior pharmacological studies in PNKD (Lee et al., 2012), as well as prior
chemogenetic studies in dyskinesia (Alcacer et al., 2017), typically dis-
counting the reported effect sizes by 50%. For slice electrophysiology
experiments, we based power calculations on prior publications on stria-
tal excitability (Planert et al., 2013; Fieblinger et al., 2014) and synaptic
function (Kreitzer and Malenka, 2007), again typically discounting
reported effect sizes by 50%. We aimed to achieve.90% power to detect
a significant difference with a two-sided a of 0.05, using the statistical
tests reported in the table.

Comparison groups are indicated in Results or the figures. In behav-
ioral experiments, caffeine-induced dyskinesia scores were compared
within-group at baseline (�30 to 0min before caffeine) and 30-60min
after caffeine injection. In chemogenetic experiments, dyskinesia scores
were compared at baseline (0-10min) and at 40-60min following CNO
administration. Only one data point was collected per animal per behav-
ioral state/manipulation.

For in vivo electrophysiological experiments, firing rate was com-
pared before, during, and after dyskinetic periods, using the average
firing rate from 0-30min before injection, 30-60min after injection, and
0-20min after behavioral recovery (dyskinesia score of 2). In many cases,
multiple neurons were recorded in each animal in each behavioral state,
but each neuron was only sampled once per animal/manipulation.

In DREADD validation slice electrophysiological experiments, IPSC
amplitude was compared before and 10-15min after addition of CNO to
the ACSF. Synaptic depression was analyzed by calculating the average
EPSC amplitude during the 10 min baseline and 20-30min following a
manipulation (HFS or WIN55212 application). Changes in excitability
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or mEPSC frequency in response to acute caffeine application were ana-
lyzed by comparing a 10 min baseline period with the value 20-30min
after drug application.

Results
We investigated the physiological correlates of dyskinesia in
the PNKD mouse model (Lee et al., 2012). In this model, ani-
mals show normal baseline movement, but;5-10min after IP
injection of caffeine, PNKD mice develop markedly abnormal
movement, including repetitive licking, gnawing, choreiform
movements of the forepaws, and intermittent dystonic pos-
tures (Fig. 1A,B; Movie 1; N = 24 mice). WT littermates
showed mild hyperactivity but no dyskinesias (Fig. 1A; N = 15
mice). To date, no definitive evidence indicates what site in
the brain causes dyskinesia in PNKD. However, traditional
models of basal ganglia function suggest that the striatum may
be a key site. To determine whether local striatal caffeine infu-
sion could trigger dyskinesia, we implanted infusion cannulae
in the DLS (sensorimotor) of PNKD mice and WT littermates
(Fig. 1C). Saline infusion did not trigger dyskinesias in WT or
PNKD mice, but caffeine reliably triggered dyskinesia in
PNKD mice (Fig. 1D; p = 0.026, N= 5 mice per group). The
ability of local striatal caffeine to reproduce the behavioral
effects of systemic caffeine administration suggests that
abnormalities in striatum are critical for triggering dyskinetic
attacks in PNKD.

We next explored the neurophysiological correlates of dyski-
netic attacks within the striatum, taking advantage of the parox-
ysmal nature of this disorder. We implanted multielectrode
arrays in the DLS (Fig. 1E,F). The single-unit activity of striatal
MSNs was assessed before and after caffeine injection in PNKD
mice and their WT littermates during open field behavior. In the
nondyskinetic state (before injection), the firing rates of MSNs
recorded in WT mice (1.336 0.18 spikes/s; n= 376 units; N= 12
mice) did not differ from those recorded in PNKD animals

(1.406 0.10 spikes/s; n=350 units; N=16 mice; p=0.13).
Caffeine injection triggered mild hyperactivity and a modest
increase in the average MSN firing rate in WT animals to
1.616 0.09 spikes/s, with individual neurons showing both
increases and decreases in firing rate (Fig. 1H; n= 230 units;
N= 12 mice; p=0.0013). Surprisingly, in PNKD animals, caffeine
triggered a decrease in the average firing rate to 0.796 0.18
spikes/s in parallel with dyskinesia (Fig. 1H; n= 205 units; N= 16
mice; p, 0.0001). Thus, in contrast to other models of dyskine-
sia and/or dystonia (Gernert et al., 1999; Liang et al., 2008),
reduced striatal single-unit activity was observed during
dyskinesia.

Based on classical models of basal ganglia function (DeLong,
1990), hyperkinetic movements are predicted to result from an
increase in direct pathway activity, a decrease in indirect pathway
activity, or both. Given the overall decrease in striatal firing we
observed during dyskinesia, we hypothesized that iMSN firing
might be suppressed after caffeine administration. To specifically
record from striatal dMSNs or iMSNs, we used an optogenetic
labeling approach (Kravitz et al., 2013; Jin et al., 2014), using Cre
recombinase mouse lines that selectively label neurons compos-
ing the two pathways [Drd1-Cre (D1-cre) and Adora2a-Cre
(A2a-Cre) for dMSNs and iMSNs, respectively (Gong et al.,
2007; Gerfen et al., 2013)]. Mice were injected with an AAV
encoding Cre-dependent channelrhodopsin-2 (ChR2) and
implanted with optrode arrays. Positively identified single
units showed short-latency firing to blue light pulses (Fig.
1G). We first examined whether baseline firing rates differed
between identified dMSNs and iMSNs in WT and PNKD
mice. The baseline firing rate of dMSNs did not differ between
WT (1.726 0.22 spikes/s; n = 66 dMSNs; N= 5 mice) and
PNKD animals (1.666 0.31 spikes/s; n= 32 dMSNs; N = 6
mice; p = 0.33), nor did the firing rates of iMSNs (1.426 0.28
spikes/s in WT vs 1.406 0.17 spikes/s in PNKD; n = 34, 68
iMSNs; N = 4, 7 mice, respectively; p = 0.59). As with the

Table 1. Experimental design and analysisa

Key experiments Figure Comparison

Statistical

Test N (animals) n (units/cells) p

Planned sample size

(from power calculation)

Intracranial caffeine infusion 1D Between-group MWU 5 NA 0.0128 N= 6 mice

Baseline firing rate of all MSNs 1H Between-group MWU 12 (WT), 16 (PNKD) 376 (WT), 350 (PNKD) 0.13 N= 10 mice, n= 100 units/group

Change in firing rate after caffeine 1H Within-cell WSR 12 (WT), 16 (PNKD) 230 (WT), 205 (PNKD) 0.0013 (WT), ,0.0001 (PNKD) N= 10 mice, n= 100 units/group

Baseline firing rate of dMSNs 1I Between-group MWU 5 (WT), 6 (PNKD) 66 (WT), 32 (PNKD) 0.33 N= 5 mice, n= 40 units/group

Change in dMSN firing rate after caffeine 1I Within-cell WSR 5 (WT), 6 (PNKD) 66 (WT), 32 (PNKD) 0.008 (WT), 0.32 (PNKD) N= 5 mice, n= 40 units/group

Baseline firing rate of iMSNs 1J Between-group MWU 4 (WT), 7 (PNKD) 34 (WT), 68 (PNKD) 0.59 N= 5 mice, n= 40 units/group

Change in iMSN firing rate after caffeine 1J Within-cell WSR 4 (WT), 7 (PNKD) 21 (WT), 38 (PNKD) 0.59 (WT), ,0.0001 (PNKD) N= 5 mice, n= 40 units/group

Slice validation of Gi DREADD 1C–E Within-cell WSR 5 13 0.0016 n= 7 cells

Behavior with Gi DREADD 2H, I Within-animal WSR 9 NA ,0.0001 N= 10 mice/group

Behavior with Gs DREADD 3B Between-group MWU 9 (ctl), 10 (DREADD) NA 0.00028 N= 10 mice/group

Change in dMSN excitability with caffeine 4E–H Within-cell WSR 5 (WT), 4 (PNKD) 7 (WT), 7 (PNKD) 0.31 (WT), 0.79 (PNKD) n= 7 cells/group

Change in iMSN excitability with caffeine 5E–H Within-cell WSR 4 (WT), 4 (PNKD) 12 (WT), 7 (PNKD) 0.39 (WT), 0.039 (PNKD), n= 7 cells/group

mEPSC frequency of dMSNs 6B Between-group ANOVA 13 (WT), 7 (PNKD), 9 (PNKD/dysk) 31 (WT), 21 (PNKD), 21 (PNKD/dysk) 0.42 n= 20 cells/group

mEPSC amplitude of dMSNs 6C Between-group ANOVA 13 (WT), 7 (PNKD), 9 (PNKD/dysk) 31 (WT), 21 (PNKD), 21 (PNKD/dysk) 0.45 n= 20 cells/group

Evoked EPSC, PPR in dMSNs 6E Between-group MWU 5 (WT), 6 (PNKD) 22 (WT), 24 (PNKD) 0.83 n= 20 cells/group

mEPSC frequency of iMSNs 7B Between-group ANOVA, HSD 15 (WT), 5 (PNKD), 7 (PNKD/dysk) 37 (WT), 21 (PNKD), 22 (PNKD/dysk) 0.0003 n= 20 cells/group

mEPSC amplitude of iMSNs 7C Between-group ANOVA, HSD 15 (WT), 5 (PNKD), 7 (PNKD/dysk) 37 (WT), 21 (PNKD), 22 (PNKD/dysk) 0.0018 n= 20 cells/group

mEPSC frequency caffeine 7E Within-cell WSR 4 (PNKD) 13 (PNKD) 0.01 n= 10 cells

Evoked EPSC, PPR in iMSNs 7G Between-group MWU 8 (WT), 11 (PNKD) 23 (WT), 23 (PNKD) 0.016 n= 20 cells/group

LTD of inputs onto iMSNs 7H Within-cell WSR 6 (WT), 7 (PNKD) 10 (WT), 8 (PNKD) 0.008 (WT), 0.15 (PNKD) n= 7 cells/group

Evoked EPSC with WIN55212 7I Between-group MWU 5 (WT), 7 (PNKD) 7 (WT), 9 (PNKD) ,0.0001 n= 7 cells/group

Behavior with AM251 8B Between-group MWU 10 (PNKD) NA ,0.0001 N= 10 mice/group

Change in firing rate after caffeine/AM251 8D, E Within-cell WSR 4 (PNKD) 18 (unID), 8 (iMSNs) 0.11 (unID), 0.643 (iMSNs) n= 10 units/group

Behavior with JZL at 10 mg/kg caffeine 8G Between-group MWU 13 (PNKD) NA 0.00008 N= 10 mice/group

aWSR, Wilcoxon Signed Rank Test; MWU, Wilcoxon Rank Sum or Mann–Whitney U test; HSD, Tukey’s HSD.
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unidentified striatal recordings, these cell type-specific record-
ings suggest that there is no gross change in baseline striatal
firing in PNKD mice versus healthy mice, consistent with nor-
mal motor behavior during this period.

We next tested whether the firing rate of optically identified
dMSNs or iMSNs changed during caffeine-induced dyskinetic
attacks. In dMSNs, caffeine injection evoked a variety of firing
rate responses in bothWT and PNKD animals (Fig. 1I). On aver-
age, dMSNs showed an increase in firing rate following caffeine
injection in WT animals (n=66 dMSNs; N= 5 mice; p= 0.008),
but not in PNKD animals (n=32 dMSNs, N=6 mice; p=0.32).
However, we found significant changes in iMSN activity that
developed in parallel with dyskinesia in PNKD mice. In WT
iMSNs, a variety of individual responses were seen, but average
firing rate was unchanged after caffeine injection (Fig. 1J; n=21
iMSNs, N= 4 mice; p=0.59). In contrast, the firing rate of
PNKD iMSNs dramatically decreased, on average to 0.096 0.03
spikes/s (Fig. 1J; n=38 iMSNs,N=7 mice; p, 0.0001). To inves-
tigate how the caffeine-triggered decrease in iMSN activity might
be related to dyskinesia in PNKD mice, we looked more closely
at the timing of firing rate and behavioral changes. In extended
recording sessions lasting 4-6 h, the timing of iMSN firing rate
changes closely paralleled both the onset and offset of dyskinesia,
with decreased firing rate during dyskinesias and restoration of
baseline firing rate at the time of behavioral recovery (Fig. 1K).
Furthermore, in all but one PNKD iMSN recorded, the firing
rate decreased significantly before the onset of dyskinesia (Fig.
1L). These findings indicate that, in PNKD mice, caffeine-
induced dyskinesia is tightly correlated with suppression of
iMSN firing.

Reduced iMSN firing rates and dyskinesia are strongly corre-
lated in PNKD, but these findings do not demonstrate causality.
Indeed, dyskinesia may be characterized by changes in activity in
many brain regions, some causative and others the result of the
altered experience of a dyskinetic animal. To determine whether
inhibition of iMSN activity is sufficient to cause dyskinesia in the
absence of caffeine, we used a chemogenetic approach. We

Figure 1. Striatal indirect pathway firing is profoundly decreased during dyskinesia in
PNKD. A, Dyskinesia scores of WT and PNKD mice treated with systemic caffeine (dotted
line). B, Dystonic posturing in a PNKD mouse. C, Schematic diagram of bilateral infusion can-
nulae in the DLS. D, Dyskinesias scores of WT and PNKD mice after bilateral intrastriatal infu-
sion of saline (left) or caffeine (right). E, Optrode recording configuration (left) and
representative postmortem histology showing ChR2-eYFP and recording site in DLS. F,
Recording sites (confirmed by electrolytic lesioning). G, Representative optogenetically identi-
fied unit, showing responses to blue light pulses (left) and average spontaneous and light-
evoked waveforms (right). H–J, Left, Average Z-scored firing rates of unidentified MSNs (H),

/

optogenetically identified direct pathway MSNs (I), or indirect pathway MSNs (J) in WT and
PNKD mice, before and after caffeine administration. Right, Percentage of units whose firing
rates went up, down, or had no change (NC) after caffeine. K, Dyskinesia score (black line)
and Z-scored iMSN firing rates (red line) from PNKD animals monitored until recovery. L, Plot
of time to change in firing rate of iMSNs versus time to dyskinesia. Data are mean6 SEM.

Movie 1. Caffeine induces abnormal movements in PNKD mice. A PNKD mouse was
treated with caffeine (25 mg/kg, IP injection), which induced abnormal movements, includ-
ing repetitive licking and forepaw movements. These movements occur intermittently for a
period of hours after caffeine injection. [View online]
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expressed the inhibitory DREADD, hM4D(Gi-coupled) or a con-
trol fluorophore (mCherry) in iMSNs of the DLS of both WT;
A2a-Cre and PNKD;A2a-Cre mice (Fig. 2A). To validate the use
of hM4D, we first performed whole-cell ex vivo recordings in
brain slices from a subset of mice coinjected with Cre-dependent
ChR2-eYFP (Fig. 2A–E). Brief blue light pulses evoked spiking in
ChR2-eYFP-positive iMSNs (Fig. 2B). Voltage-clamp recordings
in postsynaptic eYFP-negative MSNs (Fig. 2C) or GPe neurons
(Fig. 2D) showed light-evoked IPSCs. As expected (Bock et al.,
2013; Stachniak et al., 2014), application of the DREADD agonist
CNO reduced the amplitude of IPSCs onto both MSNs and GPe
neurons (Fig. 2C–E; n= 13 striatal, n=5 GPe cells, N= 5 mice,
p=0.0016). We repeated these experiments in slices from
PNKD;A2a-Cre mice and found that CNO also reduced light-
evoked IPSC amplitude in the striatum and GPe (Fig. 2E; n=7
striatal, n= 5 GPe cells, N=3 mice, p=0.03), confirming that the
Gi-coupled DREADD worked at least as well in PNKD animals.
Using whole-cell current-clamp recordings, we also observed a
modest hyperpolarization of resting membrane potential in
mCherry-positive iMSNs after CNO application (Fig. 2E; 2.7 6
1.1mV; n=7 iMSNs, N= 2 mice), as has been seen in other stud-
ies using the Gi-coupled DREADD in the striatum
(Kozorovitskiy et al., 2012). These findings validate the use of Gi-
coupled DREADDs in the striatum.

To determine whether activating Gi-DREADDs in striatal
iMSNs could cause dyskinesia, we tested the effects of CNO on
animals in the open field. After habituation to daily IP saline
injections, we scored motor behavior after injection of saline or
CNO (Fig. 2F,G). Administration of saline did not evoke dyski-
nesia in any group (Fig. 2H,I, left panels; N= 6-10 mice per
group). CNO administration did not result in abnormal move-
ments in mCherry-injected WT;A2a-Cre or PNKD;A2a-Cre
mice (Fig. 2H,I, right panels; N=6-8 mice per group, p=0.373,
0.17, respectively) nor in Gi-coupled DREADD-injected WT
mice (Fig. 2H, right; N= 8 mice, p= 0.9), but in PNKD;A2a-Cre
mice, CNO triggered dyskinesia (Fig. 2I, right; N= 9 mice,
p, 0.0001). These results demonstrate that chemogenetic inhibi-
tion of iMSNs is sufficient to cause dyskinesia in PNKD mice,
but not WTmice.

We next tested whether chemogenetic activation of iMSNs
might blunt dyskinesia. We expressed the activating DREADD
hM3D(Gs-coupled) in PNKD;A2a-Cre mice (Fig. 3A). After
habituation to IP injections, saline or CNO was administered
20min before injection with caffeine (Fig. 3B, top). If reductions
in iMSN output are required for dyskinesia in PNKD mice, then
pretreatment with CNO should reduce the severity of caffeine-
induced dyskinetic attacks. While pretreatment with saline did
not prevent caffeine-induced attacks (Fig. 3B, middle), pretreat-
ment with CNO reduced dyskinesia in Gs-coupled DREADD-
expressing mice compared with mCherry-expressing controls
(N=9 or 10 mice per group; p= 0.00028; Fig. 3B, bottom), sug-
gesting that reductions in iMSN activity are necessary for dyski-
nesia in PNKD.

To further investigate the mechanism underlying onset of
dyskinesia, we reasoned that caffeine, an antagonist at Gs-
coupled adenosine A2a receptors, might trigger dyskinetic
attacks in PNKD through regulation of either the intrinsic excit-
ability of iMSNs or the strength of their excitatory inputs.
Within the basal ganglia and its connections, A2a receptors are
selectively expressed on striatal iMSNs (Schiffmann et al., 1991),
which might account for the cell type selectivity of the inhibition
we observed during dyskinesia. In order to test whether the
intrinsic excitability of dMSNs or iMSNs was altered in PNKD

mice, we performed whole-cell ex vivo recordings in slices of
PNKD or WT mice, using fluorophore lines in which dMSNs
and iMSNs can be visually identified (Figs. 4A,B, 5A,B) (Doyle et
al., 2008; Shuen et al., 2008). In order to reduce the likelihood of

Figure 2. Chemogenetic inhibition of striatal iMSNs triggers dyskinetic attacks in PNKD
mice. A2a-Cre mice were injected in the DLS with AAV5-DIO-hM4D(Gi)-mCherry or AAV5-
DIO-mCherry. A–E, Mice were also injected with AAV5-DIO-ChR2-eYFP. A, Representative cor-
onal sections showing expression of hM4D(Gi)-mCherry (left), ChR2-eYFP (middle), and
merged (right) in the DLS. B–E, Whole-cell recordings of MSNs (B,C) and GPe (D) neurons.
Recording configurations are schematized at left in each panel. B, Representative current-clamp
recording from an eYFP-positive striatal neuron (putative iMSN), showing a light-evoked action
potential in response to a 5ms pulse of blue light. C, D, Representative voltage-clamp recordings
from an eYFP-negative MSN (C) or GPe neuron (D), showing light-evoked IPSCs before (black) and
after (purple) application of CNO. E, Left, Summary of IPSC amplitude in the DLS and GPe after
CNO application. Right, Resting Vm of iMSNs before and after CNO application. F, Schematic dia-
gram showing bilateral injection of virus encoding hM4D-mCherry or mCherry, and postmortem
tissue showing expression. G, Behavioral session timeline. H, I, Dyskinesia scores of WT mice
treated with saline (H, left) or CNO (H, right), PNKD mice treated with saline (I, left), or CNO (I,
right). Data are mean6 SEM. Scale bar, 1 mm.
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stress-induced dyskinetic attacks around the time of death, we
habituated animals to daily saline injections before preparation
of brain slices. As these brain slices should represent the nondy-
skinetic state in PNKD mice, we hypothesized that basic electro-
physiological properties would not differ between neurons in
PNKD and WT mice. We found that input resistance, resting
membrane potential, and rheobase were similar in dMSNs from
WT (n=24 cells, N= 7 mice) and PNKD slices (n= 20 cells,
N= 4 mice, p= 0.25; Table 2). To measure excitability, we
injected current steps of varying amplitude, and measured the
output firing rate (Fig. 4C). The relationship between input cur-
rent and output firing rate was very similar in WT and PNKD
dMSNs (Fig. 4D). The similar ex vivo intrinsic properties of WT
and PNKD dMSNs were consistent with the comparable baseline
firing rates we observed in dMSNs in freely moving mice.

We next examined whether acute caffeine application could
evoke changes in the excitability of dMSNs in WT or PNKD sli-
ces. As dMSNs do not express A2a receptors (Schiffmann et al.,
1991), we reasoned caffeine would not trigger significant changes
in excitability. Indeed, acute caffeine application did not alter
dMSN firing response gain in WT (Fig. 4E,F; n=7, N=5,
p. 0.05) or PNKD slices (Fig. 4G,H; n=7, N=4, p. 0.05).
These results are consistent with the hypothesis that intrinsic
properties of dMSNs are not strongly modulated by caffeine.

We next tested the intrinsic excitability of iMSNs from WT
and PNKD mice, using the same methods. Resting membrane
potential and input resistance did not differ between iMSNs
recorded in WT (n=22, N=8) and PNKD mice (n= 22, N= 4;
Table 2). We were able to confirm the previously reported find-
ing (Kreitzer and Malenka, 2007; Day et al., 2008; Planert et al.,
2013) that iMSNs are more excitable than dMSNs (Figs. 4D, 5D;
p=0.04), but we did not observe differences in the rheobase or
firing response gain between WT and PNKD iMSNs (Fig. 5C,D;
Table 2). If the dyskinesia-associated reductions in the firing rate
of PNKD iMSNs in vivo were mediated by reductions in intrinsic

excitability, we would expect to see a decrease in intrinsic excit-
ability in response to caffeine application. However, caffeine did
not trigger notable differences in the evoked firing of iMSNs in
WT (Fig. 5E,F, n=12, N=4, p= 0.39) or PNKD slices (Fig. 5G,H,
n= 7, N= 4, p. 0.05). The negligible effects of caffeine on intrin-
sic excitability of iMSNs are consistent with previously published
evidence suggesting that A2a receptors primarily modulate exci-
tatory synaptic inputs onto iMSNs (Higley and Sabatini, 2010).

A2a receptors expressed in iMSNs are known to regulate
endocannabinoid release, which is implicated in synaptic
depression on both short and long timescales (Gerdeman et
al., 2002; Narushima et al., 2006; W. Shen et al., 2008; Lerner
and Kreitzer, 2012). Endocannabinoid-dependent LTD is pre-
synaptically expressed and characterized by a reduction in the
probability of transmitter release and decreased mEPSC fre-
quency, but not amplitude (Choi and Lovinger, 1997a,b). To

Figure 3. Chemogenetic activation of striatal iMSNs blunts dyskinetic attacks in PNKD
mice. The striatum of PNKD;A2a-Cre mice was injected with AAV5-DIO-hM3D(Gs)-mCherry or
AAV5-DIO-mCherry. A, Postmortem striatal mCherry expression. B, Top, Behavioral session
timeline. Middle, Bottom, Dyskinesia score in animals pretreated with saline (middle) or CNO
(bottom) before caffeine. Data are mean6 SEM. Scale bars, 1 mm.

Figure 4. Intrinsic excitability is not significantly altered in WT or PNKD dMSNs. Current-
clamp recordings from dMSNs in WT and PNKD slices. A, B, Schematic diagram showing
identification of tdTomato-positive dMSNs and recording configuration. C, Representative WT
(black) and PNKD (green) dMSN responses to current injections (�100, 100, and 300 pA
steps). D, Summary of input-output curves in WT and PNKD dMSNs. E, Representative WT
dMSN responses before and after caffeine application. F, Summary of input-output curves in
WT dMSNs before and after caffeine. G, Representative PNKD dMSN responses to before and
after caffeine application. H, Summary of input-output curves in PNKD dMSNs before and af-
ter caffeine. Data are mean6 SEM.
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test whether excitatory synaptic transmission is altered onto
dMSNs or iMSNs in PNKD mice, we performed whole-cell
voltage-clamp recordings. We compared slices from mice rep-
resenting three conditions: WT mice, PNKD mice in the non-
dyskinetic state, and PNKD mice in the dyskinetic state
(stress-induced). We first measured mEPSCs in dMSNs (Fig.
6A–C). We saw no significant differences in mEPSC ampli-
tude (p = 0.45) or frequency (p = 0.42) between the three
groups (n = 21-31 neurons and N = 6-13 mice per group).
Furthermore, we did not observe acute changes in dMSN
mEPSC amplitude or frequency after application of caf-
feine in PNKD slices (data not shown; n = 9, N = 4,
p. 0.05). We observed similar evoked EPSCs in dMSNS
from WT and PNKD slices, as measured by pulse ratio
(PPR; Fig. 6D,E; n = 22, 24 cells, N = 5, 6 mice respectively;

p = 0.83). These findings in ex vivo recordings indicate
PNKD is not associated with marked changes in dMSN
excitability or synaptic function.

Based on our in vivo recordings, we predicted marked
changes in iMSN synaptic function in ex vivo slices from PNKD
mice in the dyskinetic state. We first measured mEPSCs in
iMSNs from WT mice, nondyskinetic PNKD mice, and dyski-
netic PNKD mice (Fig. 7A–C). Although mEPSC amplitude was
similar across the groups, we observed small (9%-12%), but sig-
nificant, differences between iMSNs from WT mice (n=37,
N= 15), nondyskinetic PNKD mice (n= 21, N=5), and dyski-
netic PNKD mice (n= 22, N=7, p=0.0018). However, iMSN
mEPSC frequency was more substantially (25%-38%) reduced in
slices from dyskinetic PNKD mice compared with WT litter-
mates or nondyskinetic PNKD mice (p= 0.0003). We could elicit
similar acute reductions in mEPSC frequency by applying caf-
feine on slices from nondyskinetic PNKD mice (Fig. 7A,D,E;
n= 13, N= 4, p= 0.0001). Together, these results support the idea
that there may be a reduction in the number of excitatory synap-
ses and/or probability of release onto iMSNs in dyskinetic
PNKD animals, consistent with prior observations of altered exo-
cytosis in PNKD (Y. Shen et al., 2015). Also consistent with a
reduction in the probability of release, at 40Hz stimulation, we
found increased PPR of evoked EPSCs in iMSNs from dyskinetic
PNKD animals (Fig. 7F,G; n=23 cells per group; N= 8,11 mice;
p= 0.016). If these reductions in excitatory synaptic input onto
iMSNs were the result of in vivo LTD, we predicted that LTD
might be occluded in ex vivo slices from dyskinetic animals. To
test this hypothesis, we recorded evoked EPSCs before and after
a standard high-frequency (HFS) LTD protocol (Kreitzer and
Malenka, 2007; Lerner and Kreitzer, 2012). In iMSNs from WT
slices, LTD was robust (Fig. 7H; n= 10 cells; N=6 mice;
p= 0.008), but in iMSNs from PNKD animals, LTD was absent
(n= 8 cells; N= 7 mice; p= 0.15), suggesting that it might be
occluded. One of the major cellular mechanisms in presynaptic
striatal LTD is release of endocannabinoids and CB1 receptor-
dependent changes in presynaptic probability of release
(Gerdeman et al., 2002; Kreitzer and Malenka, 2007). If this ma-
chinery had already been engaged in PNKD mice in vivo, then
further endocannabinoid-mediated reductions in synaptic
responses would be smaller than otherwise predicted. Indeed,
the endocannabinoid agonist WIN55212 produced less synaptic
depression in PNKD compared with WT iMSNs (Fig. 7I; n=7, 9
cells; N=5, 7 mice; p, 0.0001). These findings show a pathway-
specific disruption in excitatory neurotransmission onto iMSNs
in symptomatic PNKD animals, which may represent a cellular
and synaptic substrate of dyskinesia in this model.

If depression of iMSN synaptic inputs leads to reduced iMSN
activity, in turn causing dyskinesia, then preventing presynaptic
CB1 activation should reduce or prevent dyskinetic attacks in
PNKD mice. To test this hypothesis, we administered the CB1
antagonist AM251 to PNKD mice, before caffeine treatment
(Fig. 8A). In vehicle-pretreated animals, caffeine triggers dyski-
netic attacks, as expected (Fig. 8B, N=10 mice, p, 0.0001),
However, in AM251-pretreated mice, attack severity was
strongly reduced (N= 10 mice, p, 0.0001), suggesting that
endocannabinoid signaling is necessary for caffeine-induced dys-
kinesia. To explore whether AM251 might prevent dyskinetic
attacks by blunting or preventing a loss of iMSN activity, we per-
formed additional striatal single-unit recordings in PNKD ani-
mals during behavioral sessions (Fig. 8C,D). Administration of
AM251 itself caused a modest reduction in MSN firing rates,
from 1.31 6 0.38 to 1.03 6 0.38 spikes/s (n=18 units, N=4

Figure 5. Intrinsic excitability is not significantly altered in WT or PNKD iMSNs. Current-
clamp recordings from iMSNs in WT and PNKD slices. A, B, Schematic diagram showing iden-
tification of tdTomato-negative iMSNs and recording configuration. C, Representative WT
(black) and PNKD (green) iMSN responses to current injections (�100, 100, and 300 pA
steps). D, Summary of input-output curves in WT and PNKD iMSNs. E, Representative WT
iMSN responses before and after caffeine application. F, Summary of input-output curves in
WT iMSNs before and after caffeine. G, Representative PNKD iMSN responses to before and
after caffeine application. H, Summary of input-output curves in PNKD iMSNs before and af-
ter caffeine. Data are mean6 SEM.
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mice, p=0.02). In contrast to control experiments, in which caf-
feine induced robust dyskinetic attacks and decreases in both un-
identified (Fig. 1H) and iMSN firing rates (Fig. 1J), caffeine did
not cause a significant change in unidentified MSN or iMSN fir-
ing rates after AM251 pretreatment (Fig. 8D,E; n= 18, 8 units;
N= 4 mice; p= 0.11 and 0.643, respectively). These findings iden-
tify a candidate mechanism underlying iMSN suppression in
PNKD, and further bolster our main hypothesis that reductions
in indirect pathway activity are critical for the expression of dys-
kinesia in this model.

If endocannabinoid signaling is required for dyskinesia induc-
tion, we theorized that potentiating endocannabinoid signaling
might lower the threshold for dyskinesia in PNKD mice. Previous
work suggested that, in vivo, A2a antagonists increase the endocan-
nabinoid 2-arachidonoylglycerol (Lerner et al., 2010), which is
metabolized by monoacylglycerol lipase (MAGL). To test whether
potentiating endocannabinoid signaling could lower the threshold
for caffeine-induced dyskinesia in PNKD mice, we administered

the MAGL inhibitor JZL184 (16mg/kg) or vehicle (Long et al.,
2009) in conjunction with lower doses of caffeine (2 and 10mg/kg)
that are less likely to cause dyskinesia (Fig. 8F,G) than the moderate
doses (25mg/kg) used elsewhere in our study. At the lowest dose
(2mg/kg) of caffeine, neither vehicle- nor JZL184-pretreated ani-
mals developed dyskinesias (Fig. 8F). At 10mg/kg of caffeine, vehi-
cle-treated animals developed modest behavioral abnormalities,
including hyperactivity and exploratory behavior. However, the
combination of JZL184 pretreatment and 10mg/kg caffeine yielded
greater dyskinesia than in vehicle-pretreated animals (Fig. 8G).
These results suggest that enhancing or prolonging endocannabi-
noid signaling can lower the threshold for induction of dyskinesia
in PNKDmice.

Discussion
This study tested the hypothesis that, in the PNKDmouse model,
striatal circuit dysfunction contributes to dyskinetic attacks. We
found that caffeine-induced dyskinetic attacks were paralleled by
a profound reduction in the firing rate of striatal iMSNs.
Reduced indirect pathway output appears to be necessary and
sufficient for the generation of dyskinesia in the PNKDmodel, as
chemogenetic manipulations of iMSNs yielded bidirectional reg-
ulation of dyskinesia. Further, using ex vivo slice recordings, a
potential cellular mechanism for suppression of iMSN activity
was identified: endocannabinoid-mediated synaptic depression
of excitatory synapses onto iMSNs, which is known to be regu-
lated by cAMP levels and A2A receptors (W. Shen et al., 2008;
Lerner and Kreitzer, 2012). Indeed, pharmacological blockade of
CB1 receptors in vivo blunted or prevented caffeine-induced dys-
kinetic attacks in PNKD mice. The predominant role of reduced
indirect pathway activity in PNKD contrasts to dyskinesias seen
in other disorders.

In some ways, the key role of iMSNs in the PNKD mouse
model is not surprising. In the classic hyperkinetic movement
disorder, Huntington’s disease, postmortem studies suggest that
early neurodegeneration may target iMSNs over dMSNs (Reiner
et al., 1988). In LID, there are coincident increases in dMSN ac-
tivity and decreases in iMSN activity (Parker et al., 2018; Ryan et
al., 2018). Although aberrant direct pathway activity appears to
be a major driver of dyskinetic movements in this disorder
(Perez et al., 2017; Ryan et al., 2018), recent work has implicated
iMSN activity as a contributor (Alcacer et al., 2017). One reason
that iMSN activity may be critical for normal movements is that,
by virtue of their extensive inhibitory collaterals within the stria-
tum (Smith et al., 1998; Taverna et al., 2008; Dobbs et al., 2016;
Wei et al., 2017), and through their downstream regulation of
brainstem and thalamocortical motor circuits (Oldenburg and
Sabatini, 2015; Roseberry et al., 2016), they are key to the normal
ability to suppress competing motor programs (Cui et al., 2013;
Tecuapetla et al., 2014, 2016). Broad loss of the inhibitory influ-
ence of iMSNs, either through neurodegeneration (as in
Huntington’s disease) or through reductions in firing rate or syn-
chronization (as in PNKD and other “functional” forms of

Figure 6. Synaptic properties are unaltered in dMSNs in PNKD. Voltage-clamp recordings
from dMSNs in WT and PNKD slices A, Representative traces of mEPSCs from WT (black),
nondyskinetic PNKD (gray), and dyskinetic PNKD (green) dMSNs. B, mEPSC frequency cumu-
lative histogram from WT and PNKD dMSNs. Inset, Average mEPSC frequencies from WT
(black open), nondyskinetic (gray open), and dyskinetic (green closed) PNKD mice. C, mEPSC
amplitude cumulative histogram. Inset, Average mEPSC amplitudes from WT (black open),
nondyskinetic (gray open), and dyskinetic (green closed) PNKD mice. D, Schematic diagram
showing recording configuration, including local intrastriatal electrical stimulation. E, Average
PPR of evoked EPSCs in dMSNs from WT and PNKD mice. Inset, Representative EPSCs with
25ms ISI. Data are mean6 SEM.

Table 2. Intrinsic properties of WT and PNKD dMSNs and iMSNsa

Excitability parameters WT dMSNs (n= 24/N= 7) PNKD dMSNs (n= 20/N= 4) p WT iMSNs (n= 22/N= 8) PNKD iMSNs (n= 22/N= 4) p

Rin (MOhms) 104 6 10 118 6 18 0.25 160 6 15 136 6 10 0.25
Vm (mV) (�85) 6 1.6 (�86.1) 6 1.3 0.95 (�89.2) 6 1.9 (�89.4) 6 1.6 0.66
Rheobase (pA) 400 6 30 355 6 22 0.26 283 6 17 287 6 21 0.87
Firing response gain (spikes/s/nA) 53 6 4 49 6 4 0.25 56 6 3 60 6 4 0.16
aN, n refer to the number of animals and cells, respectively.
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dyskinesia), could lead to increased activity in neighboring
dMSN ensembles, decreasing the threshold for triggering move-
ments facilitated by these ensembles (Burke et al., 2017).
Although not linked to dyskinesia per se, a larger ensemble of
activated dMSNs has been observed in parkinsonian mice treated
with levodopa (Maltese et al., 2021). This type of microcircuit
phenomenon might explain why voluntary movement can exac-
erbate chorea or dystonia in the same body segment (Berardelli
et al., 1998; Albanese et al., 2013). Dyskinesias may thus repre-
sent an “overflow” of normal motor commands (Mink, 1996).

Interestingly, we found that chemogenetic suppression of
iMSNs triggered dyskinesia in PNKD mice, but not in their WT
littermates. This observation suggests that iMSN suppression (to
the extent possible with DREADDs) alone is not sufficient to
cause involuntary movement in otherwise normal basal ganglia

Figure 8. Endocannabinoid signaling bidirectionally regulates dyskinetic attacks in PNKD
mice. A–E, PNKD mice were pretreated with the endocannabinoid antagonist AM251 or vehi-
cle before caffeine injection (25 mg/kg). A, Experimental timeline. B, Dyskinesia score in
PNKD mice during these trials. C, Left, Schematic of recording configuration. Right,
Postmortem histology showing expression of ChR2-eYFP. D, E, Average Z-scored firing rates
of all MSNs (D) and optically identified iMSNs (E) from PNKD mice treated with caffeine,
with or without AM251 pretreatment. F, G, Dyskinesia scores in PNKD mice pretreated with
the MAGL inhibitor JZL184 or vehicle before caffeine injection at 2 mg/kg (F) or 10 mg/kg
(G). Data are mean6 SEM.

Figure 7. Excitatory transmission is reduced onto iMSNs in dyskinetic PNKD mice.
Voltage-clamp recordings from iMSNs in WT and PNKD slices. A, Representative
mEPSC traces from WT (black), nondyskinetic PNKD before and after caffeine (gray
and blue), and dyskinetic PNKD (red) iMSNs. B, mEPSC frequency cumulative histo-
gram (inset: averages) from WT, nondyskinetic (gray), and dyskinetic PNKD (red)
iMSNs. C, mEPSC amplitude cumulative histogram (inset: averages). D, mEPSC fre-
quency in a representative PNKD iMSN in response to acute application of caffeine.
E, Summary of mEPSC frequency before and after caffeine application. Each pair of
dots represents one iMSN. F, Schematic diagram showing recording configuration,
including local intrastriatal electrical stimulation. G, Average PPR of evoked EPSCs
from WT and PNKD mice. Inset, Representative evoked EPSCs with 25 ms ISI. H, Top,
Representative evoked EPSCs before (thin line) and after (thick line) HFS. Bottom,

/

Normalized EPSC amplitude in WT before and after HFS. I, Top, Representative
evoked EPSCs before and after application of WIN55212. Bottom, Normalized
evoked EPSC amplitude in WT and PNKD iMSNs treated with WIN55212. Data are
mean 6 SEM.
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circuitry, consistent with another group’s findings in a mouse
model of Parkinson’s disease (Alcacer et al., 2017). Additional
cellular or circuit changes in PNKD, such as altered synaptic
connectivity or aberrant biochemical signaling, may amplify the
effects of chemogenetic inhibition, leading to increased vulner-
ability to dyskinesia. Precedent for downstream amplification of
striatal signaling has been observed in a mouse model of
Parkinson’s disease/LID at striatonigral synapses (Borgkvist et
al., 2015). In PNKD, a similar phenomenon might occur at intra-
striatal and/or striatopallidal synapses, amplifying the effect of
reduced iMSN activity. Several studies suggest that dopamine
reduces the efficacy of both intrastriatal (Tecuapetla et al., 2009;
Dobbs et al., 2016) and striatopallidal (Dayne Mayfield et al.,
1996; Wei et al., 2013; Jijón-Lorenzo et al., 2018) synapses.
Indeed, in parkinsonian mice, these synapses may become par-
ticularly sensitive to dopamine (Wei et al., 2013). If dopamine
release is dysregulated in PNKD (Lee et al., 2012), it could fur-
ther reduce synaptic efficacy of the indirect pathway.

We found that excitatory inputs, but not intrinsic excitability,
were altered in iMSNs in brain slices from dyskinetic PNKD ani-
mals. Interestingly, excitatory inputs onto iMSNs from carefully
habituated, nondyskinetic PNKD mice were similar to those
onto WT iMSNs, and acute application of caffeine induced a
reduction in mEPSC frequency. dMSNs, in contrast, showed lit-
tle to no differences between WT and PNKD mice. These obser-
vations are consistent with the idea that aberrant synaptic
plasticity may contribute to movement disorders (Deffains and
Bergman, 2015). Alterations in striatal LTD have been observed
in other animal models of hyperkinetic disorders, such as pri-
mary dystonias, drug-induced dyskinesias, and Huntington’s dis-
ease (Picconi et al., 2003, 2006; Martella et al., 2009; Avchalumov
et al., 2013; Sepers et al., 2018; Ghiglieri et al., 2019; Smith-Dijak
et al., 2019), suggesting it may be a key cellular mechanism medi-
ating circuit dysfunction. Though the normal function of the
PNKD protein is unknown, it is located at synapses and appears
to participate in regulation of synaptic release in vitro (Y. Shen et
al., 2015). In the context of either increased excitatory input
(stress) or adenosine antagonism (caffeine), iMSNs expressing
mutant PNKD protein may have a lower threshold for LTD
induction, perhaps by amplification of normal postsynaptic sig-
naling pathways or presynaptic endocannabinoid signaling.

Finally, we observed that, in PNKD mice, manipulations
of endocannabinoid signaling could bidirectionally regulate
dyskinesia. Pretreatment with the endocannabinoid antago-
nist AM251 could blunt caffeine-induced changes in iMSN
firing rates, as well as dyskinetic attacks. These results sug-
gest that endocannabinoid signaling is required to trigger
the profound decreases in iMSN firing that resulted from caffeine
treatment and, moreover, that CB1 signaling is required for dyski-
nesia. Our slice physiology experiments, which focused exclusively
on excitatory inputs onto MSNs, suggest that AM251 may prevent
the reduction in iMSN firing rates and the induction of dyskinesia
by blocking striatal LTD. We also found that the MAGL inhibitor
JZL184, which would be predicted to potentiate 2-AG (Long et al.,
2009), the endocannabinoid species generated by A2a receptor an-
tagonist treatment (Lerner et al., 2010), lowered the threshold for
caffeine-induced dyskinetic attacks in vivo. In vivo, JZL-184 has
been reported to have a number of different dose-dependent be-
havioral effects, including reducing pain responses, social behav-
ior, increasing motivated behaviors, and interestingly, reducing
locomotor activity (Long et al., 2009; Covey et al., 2018; Folkes et
al., 2020). JZL184 has also been shown to promote striatal LTD in
ex vivo whole-cell recordings in a mouse model of Huntington’s

disease (Sepers et al., 2018), providing a potential link between
endocannabinoid signaling, LTD, and dyskinesia in PNKD.
However, endocannabinoid signaling regulates the strength and
long-term plasticity of other striatal synapses, including glutama-
tergic synapses onto striatal interneurons (Manz et al., 2020), local
inhibitory synapses deriving from GABAergic interneurons and
from other MSNs (Freiman et al., 2006; Adermark et al., 2009;
Mathur and Lovinger, 2012). Endocannabinoid signaling also reg-
ulates striatal dopamine release (Covey et al., 2017). It is thus pos-
sible that the in vivo effects of cannabinoid drugs on behavior in
PNKD involve dopamine signaling and/or striatal inhibitory
transmission, in addition to excitatory inputs onto iMSNs.

Together, these findings highlight a key role for the striatal
indirect pathway and synaptic plasticity in the development of
dyskinesia episodes in PNKD. While studies in other animal
models have stressed the potential importance of the direct path-
way (Cenci et al., 1999; Perez et al., 2017), we found that reduced
indirect pathway activity may be an alternate physiological corre-
late, consistent with the idea that the two pathways act in concert
to help select appropriate movements, while at the same time
suppressing competing movements. Mouse models, such as the
one used here, may have limitations in understanding human
disorders, but targeting the striatal indirect pathway and endo-
cannabinoid-mediated synaptic plasticity may represent a prom-
ising new strategy for the focused treatment of hyperkinetic
disorders.
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