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A B S T R A C T   

PRoline-Rich Transmembrane protein-2 (PRRT2) is a recently described neuron-specific type-2 integral mem
brane protein with a large cytosolic N-terminal domain that distributes in presynaptic and axonal domains where 
it interacts with several presynaptic proteins and voltage-gated Na+ channels. Several PRRT2 mutations are the 
main cause of a wide and heterogeneous spectrum of paroxysmal disorders with a loss-of-function patho
mechanism. The highest expression levels of PRRT2 in brain occurs in cerebellar granule cells (GCs) and cere
bellar dysfunctions participate in the dyskinetic phenotype of PRRT2 knockout (KO) mice. We have investigated 
the effects of PRRT2 deficiency on the intrinsic excitability of GCs and the input-output relationships at the mossy 
fiber-GC synapses. We show that PRRT2 KO primary GCs display increased expression of Na+ channels, increased 
amplitude of Na+ currents and increased length of the axon initial segment, leading to an overall enhancement of 
intrinsic excitability. In acute PRRT2 KO cerebellar slices, GCs were more prone to action potential discharge in 
response to mossy fiber activation and exhibited an enhancement of transient and persistent Na+ currents, in the 
absence of changes at the mossy fiber-GC synapses. The results support a key role of PRRT2 expressed in GCs in 
the physiological regulation of the excitatory input to the cerebellum and are consistent with a major role of a 
cerebellar dysfunction in the pathogenesis of the PRRT2-linked paroxysmal pathologies.   

1. Introduction 

Mutations in the PRoline-Rich Transmembrane protein-2 (PRRT2) 
were found to be the main cause of a wide and heterogeneous spectrum 
of paroxysmal disorders including paroxysmal kinesigenic dyskinesia 
(PKD), benign familial infantile epilepsy, PKD with infantile convul
sions, episodic ataxia and hemiplegic migraine. Over seventy distinct 
mutations have been reported in association with these paroxysmal 
disorders and 78% of cases showed the same frameshift mutation 
(c.649dupC) that leads to a premature stop codon (Heron and Dibbens, 
2013; Ebrahimi-Fakhari et al., 2015; Valtorta et al., 2016). Most of these 
mutations lead to unstable mRNA or a non-functional truncated protein 

that fails to be targeted or becomes degraded, supporting a loss-of- 
function patho-mechanism (Chen et al., 2011; Lee et al., 2012; Liu 
et al., 2016; Tsai et al., 2019). 

PRRT2 is a recently described neuron-specific type-2 integral mem
brane protein with a large cytosolic N-terminal domain (Rossi et al., 
2016) that distributes in presynaptic and axonal domains, where it in
teracts with several presynaptic proteins involved in synaptic trans
mission including SNARE proteins, synaptotagmin and the actin 
cytoskeleton (Valente et al., 2016a; Coleman et al., 2018; Savino et al., 
2020). Knockdown of PRRT2 sharply decreases the Ca2+-sensitivity of 
the release machinery, leading to an impairment of basal synaptic 
transmission and a dramatic increase of facilitation of excitatory 
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synapses that translates into hyperactivity and instability of neuronal 
networks (Valente et al., 2016a; Fruscione et al., 2018; Valente et al., 
2019). In addition to its synaptic activity, we recently demonstrated that 
PRRT2 interacts with voltage-gated Na+ channels NaV1.2/1.6 - the two 
main voltage-gated Na+ channel expressed in excitatory neurons - and 
negatively modulates their membrane expression (Fruscione et al., 
2018; Lerche, 2018; Valente et al., 2019). 

Consistent with the loss-of-function mechanism of the most frequent 
human PRRT2 mutations, PRRT2 knockout (KO) murine models well 
recapitulate the pathological hallmarks of PRRT2-associated parox
ysmal disorders (Michetti et al., 2017a; Tan et al., 2018; Mo et al., 2019; 
Calame et al., 2020). We have initially shown that a constitutive PRRT2 
KO mouse displays a paroxysmal motor phenotype characterized by loss 
of balance, bouncing behavior, dyskinetic movements, backward loco
motion (“moonwalking”) and repetitive grooming. The motor phenotype 
starts early in the postnatal life and persists in the adulthood. In addi
tion, PRRT2 KO mice display an increased seizure propensity with 
sound-induced wild and explosive running episodes (Michetti et al., 
2017a). Interestingly, the morphological analysis of heterozygous 
PRRT2 KO mice expressing β-galactosidase under the control of the 
PRRT2 promoter revealed PRRT2 expression in discrete brain regions, 
with the highest expression in cerebellar granule cells (GCs) (Michetti 
et al., 2017a). Consistently, specific deletion of PRRT2 in cerebellar GCs 
recapitulates the behavioral phenotype of PRRT2 KO mice (Tan et al., 
2018). An implication of cerebellar GCs in PRRT2 pathology is also 
suggested by the marked and long-lasting facilitation of synaptic re
sponses in PRRT2 KO parallel fiber (PF) to Purkinje cell (PC) synapses 
that was proportional to the stimulation frequency and triggered 
abnormal PC firing in response to GC optogenetic stimulation (Michetti 
et al., 2017a; Tan et al., 2018). 

The cerebellum is central to motor control perfecting on-going ad
justments of movement execution (D’Angelo and Casali, 2013). 
Together with the basal ganglia, the cerebellum participates in the 
expression of dystonic movements (Neychev et al., 2008; Chen et al., 
2014; Fremont et al., 2014; Kross and De Zeeuw, 2018; Cook et al., 
2020). The high expression of PRRT2 in GCs strongly supports a cere
bellar role in the onset of paroxysmal attacks characterizing PKD 
(Michetti et al., 2017a). In agreement, mice in which PRRT2 was spe
cifically removed from GCs became more prone to dystonic attacks (Tan 
et al., 2018). GCs represent the input stage of the cerebellum receiving 
sensory, proprioceptive, vestibular and motor information via mossy 
fibers (MFs) originating from several pre-cerebellar nuclei in the 
brainstem and spinal cord. These neurons show regular high frequency 
discharge upon pronounced long depolarization while they display 
particular patterns of activity and action potential (AP) organization at 
firing threshold (D’Angelo et al., 1998; D’Angelo et al., 2001). Together 
with transient Na+ currents, persistent and resurgent Na+ currents have 
been described in GCs (Magistretti et al., 2006; Afshari et al., 2004) and 
proposed to participate in AP clustering in response to limited depo
larization (D’Angelo et al., 2001). During cerebellar development, GCs 
initially express NaV1.2 channels that accumulate at the axon initial 
segment (AIS), while NaV1.6 channels emerge at postnatal day 21 and 
their expression sharply increases thereafter. In adult mouse GCs, 90% 
of AISs are positive for both NaV1.6 and NaV1.2. Furthermore, NaV1.6 is 
also expressed in GC dendrites (Osorio et al., 2010). Given the PRRT2- 
mediated negative modulation of membrane expression and biophysi
cal properties of NaV1.2/1.6 (Fruscione et al., 2018), the absence of 
functional PRRT2 could affect GC activity, not only acting at the level of 
GC-PC synapses (Michetti et al., 2017a; Tan et al., 2018), but also trig
gering GC hyperexcitability that will ultimately alter the cerebellar 
input at the MF-GC synapses. 

In this paper, we have investigated the effects of PRRT2 deletion on 
the intrinsic excitability of GCs and the input-output relationships at the 
MF-GC synapses using primary granule cultures and acute cerebellar 
slices from constitutive PRRT2 KO mice. We show that primary mutant 
GCs display increased expression of Na+ channels, increased amplitudes 

of transient Na+ currents and increased length of the AIS, leading to an 
overall increase in intrinsic excitability. These results were fully 
confirmed in PRRT2 KO cerebellar slices, in which GCs were more prone 
to AP discharge in response to MF activation and displayed an 
enhancement of transient and persistent Na+ currents, in the absence of 
changes at the mossy fiber-GC synapses. The results support a key role of 
GC PRRT2 in the physiological regulation of the excitatory input to the 
cerebellum and are consistent with a major role of a cerebellar 
dysfunction in the pathogenesis of PRRT2-linked paroxysmal 
pathologies. 

2. Materials and methods 

2.1. Breeding and genotyping of PRRT2 KO mice 

PRRT2 KO mice were generated by EUCOMM/KOMP using a tar
geting strategy based on the ‘knockout-first’ allele (Skarnes et al., 2011; 
Michetti et al., 2017a). Mutant animals in a C57BL/6 N background 
were propagated as heterozygous colonies in the IIT SPF facility. Gen
otyping was performed by PCR with primers Prrt2_F: AGGTA
GACGGGCATTTGAGC, Prrt2_R: CGTGGGGAAGAGGAGACAAC; 
CAS_R1_Term: TCGTGGTATC GTTATGCGCC, that were used to detect 
the wild type (WT) (Prrt2_F plus Prrt2_R product, 480 bp) and mutant 
(Prrt2_F plus Cas_R1_Term product, 200 bp) PRRT2 alleles and to ge
notype WT, heterozygous, and homozygous mice. The primer Prrt2_F, 
common to WT and mutant PCR, was designed in the intronic sequence 
between Prrt2 Exon 1 and Exon 2. The primers Prrt2_R and Cas_R1_Term 
were designed in the exon 2 of the PRRT2 gene and in the targeting 
cassette, respectively. All experiments were carried out in accordance 
with the guidelines established by the European Communities Council 
(Directive 2010/63/EU of 4 March 2014) and were approved by the 
Italian Ministry of Health (authorization n. 73/2014-PR and n. 1276/ 
2015-PR). 

2.2. Primary cultures of cerebellar granule cells 

Primary cultures of low-density GCs neurons were prepared from WT 
and PRRT2 KO mice as described in Lee et al. (2009), with some mod
ifications. Briefly, 7-day-old mice were sacrificed by CO2 inhalation and 
cerebella were dissected out and collected in phosphate buffered saline 
(PBS). Then, the minced tissue was added to a dissociation system kit for 
cell culture preparation (Worthington Biochemical Corporation, Lake
wood, NJ) and the mixture was equilibrated in a 5% CO2 incubator at 
37 ◦C. Tissue was dissociated by incubation with activated papain at 
37 ◦C for 15–20 min, followed by mechanical trituration. Dissociated 
cells were pelleted and then resuspended in medium containing ovo
mucoid, a papain inhibitor. Intact cells were separated from broken cells 
by centrifugation through a single step discontinuous density gradient. 
The pellet was finally re-suspended in Neurobasal A + 1% Penicillin- 
Streptomycin +1% Glutamax +250 μM KCl + B27 and plated at 
different concentration for the experiments. No antimitotic drugs were 
added to prevent glia proliferation. Primary cultures of GCs were incu
bated at 37 ◦C in 5% CO2 and half of the culture medium was changed 
every 4 days. 

2.3. Immunoblot analysis 

For western blotting analysis, protein concentration of the samples 
was determined using the BCA assay and equivalent amounts of protein 
were subjected to SDS-PAGE on polyacrylamide gels and blotted onto 
nitrocellulose membranes (Whatman, ThermoFisher Scientific, Wal
tham, MA). Blotted membranes were blocked for 1 h in 5% milk in Tris- 
buffered saline (10 mM Tris, 150 mM NaCl, pH 8.0) plus 0.1% Triton X- 
100 and incubated overnight at 4 ◦C with pan-NaV (1:300, Sigma 
Aldrich, St. Louis, MO), PRRT2 (1:1000, Sigma Aldrich, St. Louis, MO) 
and actin (1:1000, Sigma Aldrich, St. Louis, MO) specific antibodies. 
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After washing, membranes were incubated for 1 h at room temperature 
with peroxidase-conjugated secondary antibodies and immunoreactive 
protein bands were revealed with the ECL chemiluminescence detection 
system (ThermoFisher Scientific) and quantified by densitometric 
analysis. 

2.4. Immunocytochemistry of the axon initial segment 

Immunofluorescence of the axon initial segment (AIS) in primary 
GCs was performed as previously described (Fruscione et al., 2018; 
Prestigio et al., 2019). Cells were fixed at 10 days in vitro (DIV) and 
probed with pan-NaV (1:100, Sigma Aldrich, St. Louis, MO) and 
AnkyrinG (1:200, Santa Cruz Biotechnology, Inc., TX). To quantify the 
immunofluorescence intensity at the AIS, images were acquired with a 
Leica SP8 confocal microscope using a 63× oil-objective and 1024 ×
1024 pixels (1 pixel = 0.24 μm) in z-stack with 0.3 μm steps. To analyze 
stack images, a Matlab script freely available at: www.mathworks.co 
m/matlabcentral/fileexchange/28181-ais-quantification was used as 
previously described (Grubb and Burrone, 2010; Fruscione et al., 2018). 
Briefly, a line profile was drawn along the fluorescently labeled AIS from 
the soma through and 5 μm past the AIS. Pixel fluorescence intensity 
values were averaged over a 3 × 3 pixel square centered on an arbitrarily 
drawn line, which was then smoothened using a 40-point sliding mean 
and normalized between 1 and 0 (maximum and minimum fluorescence 
intensity). The maximum position of the AIS was determined at the peak 
of the smoothed and normalized profile of fluorescence intensity. The 
start and end positions of the AIS were the proximal and distal sites, 
respectively, at which the profile dropped to 33% of its peak. 

2.5. Patch-clamp recordings in primary granule cells 

Whole-cell patch-clamp recordings were conducted on primary cul
ture of GCs plated at low-density (≈ 500 cells /mm2) and kept 7–12 DIV. 
All recordings were performed using an EPC-10 amplifier (HEKA Elec
tronik, Reutlingen, Germany) using patch pipettes prepared from thin- 
borosilicate glass (Hilgenberg GmbH, Malsfeld, Germany) and pulled 
to a final resistance of 2–3 MΩ when filled with standard internal so
lution. Voltage-gated Na+ currents were recorded in whole-cell config
uration using an internal solution containing (in mM): 100 CsCl, 30 CsF, 
10 NaCl, 1 MgCl2, 0.5 CaCl2, 10 HEPES, 10 EGTA, 4 Mg-ATP and 0.4 Na- 
GTP, pH 7.3 with CsOH. The extracellular solution contained (in mM): 
120 NaCl, 3 KCl, 2 CaCl2, 1 MgCl2, 11 glucose, 10 HEPES, 0.5 CdCl2, 20 
TEA-Cl and 1 4-aminopyridine, pH 7.3 with NaOH (Osorio et al., 2005). 
Data acquisition was performed using PatchMaster programs (HEKA 
Elektronik). Transient and leakage currents were digitally subtracted 
using the P/N leak subtraction procedure. Whole-cell family currents of 
fast inactivating voltage gated Na+ channels were evoked by 5 mV steps 
depolarization from − 85 to 70 mV with a holding potential of − 90 mV. 
Steady-state of fast inactivation curves were studied by recording the 
peak currents amplitude evoked by 20-ms test pulses to − 10 mV after 
500-ms pre-pulses to potentials over the range of − 130 to 10 mV. Time- 
dependent rate of recovery from fast inactivation was calculated by pre- 
pulsing the cell with a 20-ms step to − 20 mV to inactivate the channels 
and then bringing back the potential to − 100 mV for increasing recovery 
durations (0.5, 1, 2, 4, 8, 32, 64, 128, 148 ms) before the test pulse of 
− 20 mV. The Na+ current density (J) was obtained by dividing the peak 
inward current by the cell capacitance (nA/pF). The conductance/ 
voltage relationship (G-V) curves were obtained by converting the 
maximal current values, evoked with the voltage step protocols, to 
conductance using the relation GNa = INa / (V-ENa), where GNa is the Na+

conductance, INa is the peak Na+ current, V is the command pulse po
tential, and ENa is the experimentally determined reversal potential of 
Na+ current obtained from the J/V curves. The normalized activation 
and inactivation curves for each cell were fitted to the Boltzmann 
equation in the form: Y = 1/{1 + exp.[(V–V0.5)/k]}, where Y is the 
normalized GNa or INa, V is the command pulse potential, V0.5 is the 

voltage required to activate the half-maximal conductance or inactiva
tion, and k is the slope of curve in V0.5. 

Recordings of GC firing properties were performed using the current- 
clamp configuration using a standard internal solution containing (in 
mM): 126 K+ gluconate, 4 NaCl, 1 MgSO4, 0.02 CaCl2, 0.1 BAPTA, 15 
glucose, 5 HEPES, 3 ATP, 0.1 GTP, pH 7.2 with KOH. Cells were main
tained in a standard external solution containing (in mM): 140 NaCl, 2 
CaCl2, 1 MgCl2, 4 KCl, 10 glucose, 10 HEPES, pH 7.3 with NaOH. In all 
recordings, D-AP5 (50 μM), CNQX (10 μM), CGP (10 μM) and BIC (30 
μM) were added to the external solution to block NMDA, non-NMDA, 
GABAA and GABAB receptors, respectively. The rheobase was calcu
lated as the minimum depolarizing current needed to elicit at least one 
AP. Input resistance was calculated using the Ohm law in the linear 
region of the voltage-current relationship determined after injecting 
hyperpolarizing/depolarizing current steps (− 10, − 5, 5, 10 pA) in 
neurons maintained at a holding potential of − 70 mV. For each recorded 
cell, the plot of the time derivative of voltage (dV/dt) versus voltage 
(phase-plane plot) was determined from the first action potential eli
cited by the minimal current injection. This plot was used to extract 
threshold potential, maximum rising slope and peak potential (Vmax). 
Amplitude of APs was calculated as the difference between the Vmax and 
the threshold value. For the determination of evoked firing, GCs were 
current clamped at − 70 mV and APs were elicited by 5 pA steps lasting 
1000 ms applied every 2 s. The instantaneous and mean firing fre
quencies were determined at the minimal value of injected current able 
to evoke two or more APs. The instantaneous firing frequency was 
estimated as the reciprocal value of the time difference between the first 
two evoked APs. The mean firing frequency was calculated as the ratio of 
the number of APs to the time interval between the first and the last 
evoked action potential (Valente et al., 2016b). The threshold and 
rheobase ramps were calculated on the firing properties of GCs stimu
lated by a slow ramp (10 s) of current injection (increments of 10 pA) 
with cell held at − 70 mV after a first step of 30 pA to approach mem
brane threshold. Series resistance was compensated 80% (2-μs response 
time) and the compensation was readjusted before each stimulus. The 
shown potentials were not corrected for the measured liquid junction 
potential of 9 mV. Recordings with either leak currents >100 pA or 
series resistance >20 MΩ were discarded. All recordings were performed 
at 22–24 ◦C. Voltage-clamp recordings of voltage-gated Na+ current and 
current-clamp recordings were acquired at 20 kHz and low-pass filtered 
at 4 kHz, while the action potential shape was studied with a sampling 
frequency of 50 kHz, lowpass filtered at 10 kHz. 

2.6. Electrophysiology in acute cerebellar slices 

Acute cerebellar slices were prepared from PRRT2 KO mice, WT 
littermates or C57Bl6/N age-matched animals. Adult (at least 7 weeks 
old mice) female and male mice were used for the recordings. Briefly, 
mice were anesthetized with a short isoflurane exposure, decapitated 
and the cerebellum quickly dissected in ice-cold 95% O2 / 5% CO2 
bubbled Krebs buffer containing (in mM): NaCl 120, KH2PO4 1.18, KCl 
2, MgSO4 1.2, CaCl2 2, NaHCO3 26 and glucose 24 mM. Sagittal 300-μm 
slices were cut with a vibratome and let recover at least 30 min in 
bubbled Krebs buffer at room temperature before starting the experi
ments. Electrophysiological experiments were performed with a Multi
Clamp 700B amplifier and data acquired via the Clampex software 
(Molecular Devices, San Jose, CA). Patch-clamp experiments in whole- 
cell configuration were performed at room temperature in 95% O2/5% 
CO2 bubbled Krebs buffer supplemented with SR95531 and strychnine 
(5 and 1 μM, respectively; Tocris Bioscience, Bristol, UK) to block 
GABAergic and glycinergic inhibitory transmission respectively. Thick 
wall patch pipettes with a 7–8 ΩM final resistance were pulled with a 
horizontal puller (Sutter Instruments, Novato, CA) and filled with a K- 
gluconate-based intracellular solution containing (in mM): K-gluconate 
126, NaCl 4, CaCl2 0.02, MgSO4 1, BAPTA 0.1, MgATP 3, NaGTP 0.1, 
HEPES 5 and glucose 15, pH 7.2. 
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Fig. 1. Voltage-gated Na+ channels are negatively regulated by PRRT2 in primary cultures of cerebellar granule cells. 
A. Phase-contrast micrographs of typical networks formed by primary GCs (7 DIV) prepared from WT (left) and PRRT2 KO (right) mice. Scale bar, 200 μm. B. 
Representative whole-cell Na+ currents recorded in WT (left, blue) and PRRT2 KO (right, red) GCs elicited by a protocol (inset) consisting of 5-mV depolarization steps 
from − 80 to 70 mV from a holding potential of − 90 mV. For clarity, four representative current traces per genotype are plotted. C. Current density (J) versus voltage 
relationship for WT and PRRT2 KO GCs. Data are means ± sem (WT, n = 52; PRRT2 KO, n = 47). D. Voltage-dependence of conductance (G/Gmax) and steady-state 
inactivation curves for both genotypes. The lines are the best-fitted Boltzmann curves and the activation half-maximal voltages (V0.5 act.), slope of activation curve 
and inactivation half-maximal voltages (V0.5 inact.) are plotted on the right. Data are means ± sem (WT, n = 52; PRRT2 KO, n = 47). E. Family of representative 
whole-cell current traces normalized to the peak from WT and PRRT2 KO GCs showing the rate of recovery from fast inactivation at − 80 mV. In the protocol (inset), 
neurons were first pulsed to − 20 mV from a holding potential of − 90 mV, brought back to the recovery potential (− 80 mV) for increasing recovery periods (0.5 to 
130 ms) before the second test pulse to − 20 mV. The time indicated in the traces corresponds to the duration of the recovery period. F. Time-dependent rate of 
recovery from fast inactivation for the two genotypes studied as in E, shown in a semilogarithmic scale. The time scale of the first two points is expanded in the inset 
for clarity. Data are means ± sem (WT, n = 42; PRRT2 KO, n = 40). *p < 0.05, **p < 0.01, ***p < 0.001 unpaired Student’s t-test/Mann-Whitney’s U test. 
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GCs in the anterior cerebellum were targeted, with most of the 
recorded cells located in lobule VI, that receives MF from pontine nuclei 
that are mostly negative for PRRT2 (Michetti et al., 2017a). Typical all- 
or-none MF-mediated excitatory post-synaptic currents (EPSCs; Silver 
et al., 1996) were induced by white-matter electrical stimulation via a 
glass pipette filled with extracellular recoding solution. The stimulation 
strength was progressively raised and set to the minimum value required 
to induce MF-evoked EPSCs in GCs voltage-clamped at − 70 mV. Cur
rents were lowpass filtered at 1 KHz and digitized at 5 KHz. Following 
EPSC recordings, cells were switched to current-clamp mode, held at 
− 70 mV and GCs firing properties were investigated by applying 1-s 
depolarizing steps of 2.5 pA. AP characteristics were measured on the 
first AP elicited by the applied protocol. MF-mediated membrane 
voltage depolarization was induced by applying 5 or 20 consecutive 
stimuli at 10, 20, 50, 100, 200 and 400 Hz. Traces were filtered at 10 
KHz and digitized at 50 KHz. To stimulate single MFs, the stimulation 
intensity was set to the minimal level required to obtain the typical all- 
or-none MF-mediated response in the recorded GC. Increasing the 
stimulation strength beyond this point elicited EPSCs of larger ampli
tude and separated in discrete steps. Since GCs are innervated by 3 to 5 
MFs, with each MF forming a single synapse, each activation level re
flects the progressive recruitment of additional MFs, with EPSC elicited 
at minimal stimulation originating from a single input (Sola et al., 
2004). 

Whole-cell Na+ currents were recorded under experimental condi
tions favoring their isolation; the extracellular recording solution con
tained (in mM): NaCl 100, TEA-Cl 19.25. KCl 3, MgCl2, 2 CaCl2 2, BaCl2 
2, CdCl2 0.5, 4-AP 0.1, NaHCO3 26 and glucose 11. Patch pipettes were 
filled with following intracellular solution (mM): CsF 104, TEA-Cl 50, 
MgCl2 2, HEPES 10, EGTA 10, NaATP 2, NaGTP 0.2, pH 7.2 (Osorio 
et al., 2010). Tetrodotoxin (TTX) 1 μM was added at the end of each 
recording session and Na+ currents routinely isolated by subtracting the 
TTX-insensitive trace from the control trace. GCs were voltage-clamped 
at − 80 mV and transient currents were elicited by progressively depo
larizing the membrane voltage from − 75 mV to 15 mV with 5-mV steps 
lasting 20 ms. Inactivation was investigated with a test step of 50 ms at 
− 10 mV proceeded by 125-ms long conditioning step changing the 
membrane voltage from − 85 mV to − 15 mV in 5-mV increments. 
Persistent currents were recorded by applying 500 ms-long depolarizing 
steps from − 75 mV to − 15 mV with 5 mV increments and quantified at 
the end of the depolarizing step where transient currents were inacti
vated. Resurgent currents were recorded by depolarizing the membrane 
voltage from − 40 mV to − 15 mV with a 100 ms-long step and 5 mV 
increment after an inactivating pre-pulse of 20 ms at 0 mV. 

Whole-cell recordings were analyzed with Clampfit. The AP 
threshold was quantified with the phase plot analysis and calculated as 
the membrane voltage value at which the AP first derivative is equal to 
10. AP height was defined as the AP amplitude in relation to the after 
hyperpolarization and AP width was measured at 50% of the AP 
amplitude. Just-threshold (defined as the first depolarizing step 
inducing more than 2 APs) burst analysis was performed in Clampfit 
using the mean inter-event interval detection method with a minimum 
of 2 APs/burst. At each current step, AP bursts were separated when the

interval between consecutive APs was greater than the mean interspike

interval.

2.7. Statistical analysis 

Data are expressed as means ± sem for number of cells (n) or mouse 
preparations as described in the figure legends. Normal distribution of 
data was assessed using the D’Agostino-Pearson’s normality test. The F 
test was used to compare variance between two sample groups. To 
compare two sample groups, either the two-tailed Student’s t-test or the 
Mann-Whitney U test was used depending on whether data were nor
mally or non-normally distributed. To compare more than two normally 
distributed sample groups, one-way or two-way ANOVA followed by the 
Fisher exact test was used. Alpha levels for all tests were 0.05%. Sta
tistical analysis was performed using OriginPro-8 (OriginLab Corpora
tion, Northampton, MA) and Prism (GraphPad Software, San Diego, CA) 
softwares. 

3. Results 

3.1. Increase of transient voltage-gated Na+ currents in cultured PRRT2 
KO granule cells 

To examine the functional consequences of PRRT2 loss on voltage- 
gated Na+ currents, we performed electrophysiological recordings in 
low-density cultures of primary GCs (7–12 DIV) obtained from 7-days- 
old WT and PRRT2 KO mice (Fig. 1A). Whole-cell current recordings 
by voltage-step depolarization (Vh = − 90 mV) showed that, in the 
absence of PRRT2, the amplitude of fast activating-inactivating Na+

currents were significantly enhanced (Fig. 1B). However, the density (J 
= nA/pF) versus voltage relationships showed that Na+ currents had the 
same kinetic properties in both genotypes (Fig. 1C). The voltage- 
dependence of activation and inactivation as a function of the mem
brane voltage were measured by fitting the G/Gmax and I/Imax curves 
with the Boltzmann equation. The membrane potential at half-maximal 
activation (V0.5) and inactivation, as well as the slope of activation were 
not affected by loss of PRRT2 suggesting that the absence of PRRT2 does 
not affect the voltage-dependent properties of Na+ channels in primary 
cerebellar GCs (Fig. 1D). The kinetics of recovery from fast inactivation 
was also similar in both genotypes (Fig. 1E,F), although a significant 
increase of the Na+ channel recovery fraction was observed at the 
shortest interpulse intervals in PRRT2 KO GCs (Fig. 1F, inset). These 
results indicate that the absence of PRRT2 expression in GCs is associ
ated with an enhancement of the Na+ current density, in the absence of 
substantial changes in the biophysical properties of the channels. 

3.2. PRRT2 deletion increases the intrinsic excitability of primary 
cerebellar granule cells 

The observed effects of PRRT2 deficiency on voltage-gated Na+

currents led us to investigate GC intrinsic excitability. Patch-clamp re
cordings in current-clamp configuration revealed that, while WT and 
PRRT2 KO GCs exhibited similar resting membrane potentials and input 
resistances (Fig. 2A,B), they showed different intrinsic properties 
(Fig. 2C). Indeed, PRRT2 KO GCs were characterized by a significant 
decrease in the rheobase paired by an increase in instantaneous and 
mean firing frequencies and in the number of APs evoked at the rheo
base, while the width at 0 mV of the first evoked AP remained 

Fig. 2. PRRT2 KO granule cell neurons display an increased intrinsic excitability. 
A,B. Mean (± sem) resting membrane potential and input resistance recorded in WT (blue) and PRRT2 KO (red) low-density primary GCs (WT, n = 35 and 60; PRRT2 
KO, n = 33 and 59; for panels A and B, respectively). C. Representative current-clamp recordings of action potentials evoked in WT and PRRT2 KO GCs by 1-s current 
step at 40 pA. D–H. Mean (± sem) values of rheobase (WT, n = 60; KO, n = 59), instantaneous firing frequency (WT, n = 57; KO, n = 59), mean firing frequency 
(WT, n = 57; KO, n = 59), AP number at rheobase (WT, n = 60; KO, n = 59) and action potential width measured at 0 mV (WT, n = 54; KO, n = 57), for both 
genotypes. I. Representative shapes of the first evoked AP recorded in WT (blue) and PRRT2 KO (red) GCs. J. From left to right: amplitude, maximal slope, maximal 
voltage and AP threshold calculated for the first AP evoked by minimal current injection in GCs of both genotypes (WT, n = 60; KO, n = 59). K. Representative 
current-clamp recordings of APs evoked by 40 pA current injection over a 10-s slow ramp (inset) for WT (blue) and PRRT2 KO (red) GCs. L. Mean (± sem) threshold 
and rheobase values calculated in GCs from both genotypes subjected to the ramp protocol showed in K (WT, n = 40; KO, n = 43). *p < 0.05, **p < 0.01, ***p <
0.001; unpaired Student’s t-test/Mann-Whitney’s U test. 
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unchanged (Fig. 2D-H). When we studied in more detail the waveform of 
the first AP evoked at the rheobase (Fig. 2I), PRRT2 KO GCs exhibited an 
increase in AP amplitude, slope of the rising phase and maximal peak 
potential (Vmax), in the absence of effect on the threshold potential 
(Fig. 2J). Because the lack of effect on AP threshold could be due to the 
coarse stimulation of cell firing (injection of 5 pA steps), we used a more 
accurate protocol for firing activation by injecting a 10-s slow ramp 
current (Fig. 2K). Using ramp stimulations, we observed that PRRT2 KO 
GCs had a significantly more negative threshold for AP activation paired 
by a decreased rheobase (Fig. 2L). Collectively, these data testify that 
primary cerebellar GCs lacking PRRT2 are hyperexcitable and display 
alterations of AP waveforms that are compatible with the increased Na+

currents. 

3.3. PRRT2 deletion increases the expression of Na+ channels and the 
length of the axon initial segment in cerebellar granule cells 

The electrophysiological phenotype of primary PRRT2 KO GCs and 
the reported interaction between PRRT2 and NaV channels (Fruscione 
et al., 2018) brought us to investigate whether PRRT2 deletion affects 
the Na+ channel expression and localization at the AIS in primary GCs. 
We first evaluated the overall expression of Na+ channels in extracts of 
primary GCs from WT and PRRT2 KO mice using a pan-NaV specific 
antibody. Consistent with the electrophysiological data, PRRT2 KO GCs 
expressed higher levels of Na+ channels than WT GCs (Fig. 3A,B). To 
investigate the molecular basis for the increased intrinsic excitability of 
PRRT2 KO GCs, we investigated the distribution of Na+ channels in the 
AIS, the domain responsible for the initiation of the AP (Fig. 3C,D). WT 
and PRRT2 KO GC cultures were double immunostained with AnkyrinG 
and pan-NaV antibodies and the intensity profiles of both markers were 
analyzed as a function of the distance from the cell body (Fig. 3E,F; see 
Materials and Methods). The length of the AIS, evaluated from the in
tensity profiles of both AnkyrinG (Fig. 3G) and pan-NaV (Fig. 3H). 
immunoreactivites, was significantly increased in PRRT2 KO GCs as 
compared to WT GCs. Interestingly, the increase in length was entirely 
attributable to the AIS start that was significantly closer to the cell body 
in PRRT2 KO GCs than in WT GCs (Fig. 3G,H; left panels). This dem
onstrates that the increased intrinsic excitability of primary mutant GCs 
is paralleled by a longer AIS that originates closer to the cell body. 

3.4. Lack of PRRT2 facilitates mossy fiber-induced granule cell firing in 
cerebellar slices 

The effects of PRRT2 deficiency on the intrinsic excitability of GCs in 
primary cultures led us to investigate the same cells in a more physio
logical environment. Thus, we evaluated the impact of PRRT2 ablation 
on GC synaptic integration of MF input in PRRT2 KO and WT acute 
cerebellar slices by whole-cell patch-clamp recordings of GCs paired 
with MF electrical stimulation. Because of the expression of PRRT2 in 
some pre-cerebellar nuclei (Michetti et al., 2017a) and the reported ef
fects of PRRT2 deficiency on fast synchronous release (Valente et al., 
2016a), we first analyzed MF-induced EPSCs and short-term plasticity in 
GCs to exclude any functional change at these synaptic inputs in the 
absence of PRRT2. Stimulation of a single MF (see Materials and 

Methods) elicited EPSCs in GCs of similar amplitude in WT and PRRT2 
KO slices (Fig. 4A). Charge and kinetics of EPSCs were also unaltered in 
PRRT2 KO GCs (not shown). Moreover, the paired-pulse depression 
characterizing MF-GC synapses at shorter interpulse intervals (Xu- 
Friedman and Regehr, 2003) was unaltered in PRRT2 KO compared to 
WT slices (Fig. 4B). These data support the notion that synaptic trans
mission at MF-GCs synapses is not affected by the PRRT2 deletion under 
our experimental conditions. 

We next investigated the GC synaptic integration properties in 
response to single MF activation by applying 5 (Fig. 4C,D) or 20 (Fig. 4E, 
F) pulses at increasing frequencies (from 10 to 400 Hz). The cumulative 
distribution of APs elicited at various input frequencies revealed the 
presence of an increased excitability of GCs in PRRT2 KO cerebellar 
slices. Five consecutive stimulations were poorly effective in inducing 
GC firing in WT slices, with 81–96% of WT cells remaining silent at all 
tested frequencies (Fig. 4C). On the contrary, raising the stimulation 
frequency progressively increased the percentage of firing cells in 
PRRT2 KO slices from 12% at 10 Hz to 59% at 400 Hz (Fig. 4D). This 
increment was more pronounced in response to 20 stimuli, with virtu
ally all PRRT2 KO GCs firing at an input frequency of 400 Hz (Fig. 4F, 
yellow triangle), whereas only 45% of WT GCs reached the firing 
threshold under the same conditions (Fig. 4E, yellow triangle). Statistical 
analysis revealed a highly significant increase in the number of firing 
PRRT2 KO GCs at 200 Hz (5 stimuli), 400 Hz (5 and 20 stimuli) and at 
100 Hz (20 stimuli) (Fig. 4G,H). 

3.5. PRRT2 KO granule cells display multiple action potential discharge 
profiles in acute cerebellar slices 

Granule cells receive typical physiological inputs at 50–100 Hz 
(Rancz et al., 2007) and can discharge multiple, clustered APs upon just- 
threshold depolarization. When GCs were stimulated by trains of 20 
stimuli administered at increasing frequencies, mostly silent WT GCs 
responded with few single APs, while PRRT2-KO GCs displayed a clear 
propensity to fire double APs already at low frequency of stimulation 
(10 Hz; Fig. 5A; Suppl. Fig. 1). Multiple APs (> 2 APs) were effectively 
induced with a 50 Hz train in PRRT2-KO, while WT neurons required 
higher stimulation frequencies to be brought to firing, with multiple APs 
appearing only after the last stimulus of >100 Hz trains (Suppl. Fig. 1). 
We therefore quantified the percentage of the total applied stimuli that 
induced two or more APs immediately after each single stimulation for 
each input frequency in WT and PRRT2 KO slices. Increasing the fre
quency of MF stimulation progressively enhanced the probability of GC 
repetitive firing/stimulus with peak values at 50 and > 100 Hz in PRRT2 
KO and WT slices, respectively (Fig. 5B). Up to 100 Hz input frequency, 
the percentage of stimuli able to trigger multiple APs was larger in 
PRRT2 KO compared to WT slices, with a significant difference at 50 Hz 
(Fig. 5B, inset). We also measured the firing frequency of the multiple 
APs elicited per single stimulus (intra-stimulus frequency). Since no 
correlation was detected between the input frequency and the intra- 
stimulus frequency in both WT and PRRT2 KO slices (Fig. 5C), data 
were pooled and the intra-stimulus frequency quantified. When 
compared to the WT, PRRT2 KO GCs displayed a highly significant in
crease in the overall intra-stimulus frequency (Fig. 5D). 

Fig. 3. PRRT2 deletion increases the expression of Na+ channels and the length of the axon initial segment in primary granule cells. 
A. Representative immunoblots of pan-NaV and PRRT2 immunoreactivities in primary GC lysates from WT and PRRT2 KO mice. Actin immunoreactivity was 
included as control of equal loading. B. Quantification of NaV channel expression in WT and PRRT2 KO mice normalized on actin immunoreactivity and expressed in 
percent of the mean WT immunoreactivity (mean ± sem with superimposed individual values; n = 7 from 3 independent preparations per genotype). C,D. 
Representative images of WT (C) and PRRT2 KO (D) primary GCs (10 DIV) immunostained for AnkyrinG (green) and pan-NaV (red). The upper panels are the merged 
phase contrast and double fluorescence images. Cell bodies are circled in the fluorescence images. Scale bar, 2 μm. E,F. Representative fluorescence intensity profiles 
of AnkyrinG (E) and pan-NaV (F) signals along the axon of WT (blue) and PRRT2 KO (red) GCs used to measure the AIS start, end and maximum. The horizontal red 
line represents the threshold fluorescence used to define AIS limits. G. Distance of AIS start, maximum and end from the cell body in WT (blue symbols) and PRRT2 
KO (red symbols) neurons based on the distribution of AnkyrinG (left) and pan-NaV (right) immunoreactivities. H. Mean (± sem) AIS length measured in AnkyrinG 
(left) and pan-NaV (right) labeled GCs from WT (blue) and PRRT2 KO (red) mice (n = 25 GCs for both conditions from n = 3 independent cell preparations). *p < 0.05; 
**p < 0.01; Mann-Whitney U test. 
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Just-threshold bursting behavior was further investigated by current- 
clamp experiments and highlighted significant differences between WT 
and PRRT2 KO GCs. As expected, 1-s membrane depolarization elicited 
bursts in both WT and PRRT2 KO GCs (Fig. 5E). However, the intra-burst 
frequency was significantly higher in PRRT2 KO GCs compared to WT 
GCs, although the number of APs/burst was comparable between the 
two genotypes (Fig. 5F), Taken together, these data support an increased 
responsiveness at the input stage of the cerebellum in PRRT2 KO mice. 
Mossy fiber activation was more effective in triggering GCs firing in the 
absence of PRRT2 and GCs’ propensity to fire multiple APs was also 
increased. Moreover, multiple APs were discharged at higher frequency 
upon stimulation in the KO compared to the WT. 

3.6. PRRT2 deletion modulates granule cell firing properties in cerebellar 
slices 

The positive modulation of Na+ channels expression occurring in the 
absence of PRRT2 supports an increase GC excitability as the underlying 
mechanism of the previously described enhanced responsiveness to MFs 
activation. We therefore investigated the AP waveform and properties in 
WT and PRRT2 KO GCs from acute cerebellar slices. Current-clamp GCs 
recordings in slices revealed a strong impact of PRRT2 deletion on the 
AP characteristics, in line with what observed in primary GCs. The AP 
overshoot was significantly increased in PRRT2 KO GCs when compared 
to WT GCs (Fig. 6A,B), while no significant differences in AP threshold 
and width were detected (Fig. 6C,D). PRRT2 KO GCs also showed a more 
biphasic behavior with a pronounced AIS component in the phase-plane 
plot analysis (Fig. 6E,F) described by a faster rising phase when 
compared to WT GCs (Fig. 6G,I). Furthermore, the somato-dendritic 
component (SD) of the AP was also positively modulated by the 
absence of PRRT2 as shown by the higher slope obtained in PRRT2 KO 
GCs (Fig. 6H,J). Taken together these data support a positive modula
tion of the activity of Na+ channels located in the AIS and SD com
partments of GCs in the absence of PRRT2. 

3.7. Transient and persistent granule cell Na+ currents are upregulated in 
PRRT2 KO cerebellar slices 

In order to gain a better understanding of the molecular and func
tional mechanisms underlying GCs increased responsiveness to MF 
activation in PRRT2 KO mice, we investigated whether Na+ currents 
were upregulated in acute cerebellar slices, as observed in GC primary 
cultures. Sodium currents were fully blocked by the bath application of 
TTX (1 μM) and were isolated by subtraction of the TTX-insensitive trace 
from the control trace. Transient Na+ currents were elicited by depola
rizing voltage steps lasting 20 ms and applied in 5-mV increments from 
− 75 to 15 mV from a holding potential of − 80 mV (Magistretti et al., 
2006; Fig. 7A). Transient currents displayed significantly increased 
values in PRRT2 KO GCs, in the absence of appreciable shifts in the peak 
voltage (Fig. 7A,B). However, fitting the conductance versus voltage 
relationship to the Boltzmann equation showed comparable slopes and 
V0.5 values of WT and PRRT2 KO transient Na+ currents (Fig. 7C,D). 
Similarly, transient current inactivation curves revealed no significant 
differences under both tested conditions (Fig. 7E,F), pairing the data 
obtained on primary GCs. 

The persistent Na+ current is a hallmark of mature GCs and in
fluences AP firing at just-threshold depolarization level (Magistretti 
et al., 2006). Since PRRT2 KO GCs displayed a higher intra-burst fre
quency than WT GCs (see Fig. 5C,D), we recorded persistent Na+ cur
rents from GCs in response to a 500-ms depolarization step from − 75 to 
− 40 mV (Fig. 7G). Due to the small amplitude of Na+ currents, the 
signal-to-noise ratio was increased by averaging of 4–8 traces recorded 
at each tested potential. The long depolarization step elicited transient 
Na+ currents that displayed an incomplete inactivation, revealing the 
persistent Na+ current component. Strikingly, GCs from PRRT2 KO mice 
displayed a dramatic increase in persistent Na+ currents (Fig. 7H). 
Furthermore, fitting the normalized conductance curves to the Boltz
mann equation revealed a significant left shift of the curve that was 
paralleled by a more negative V0.5 and a significant increase in the slope 
value in PRRT2 KO GCs with respect to WT GCs (Fig. 7I,J). 

Resurgent Na+ currents were also investigated in GCs using repola
rizing pulses from − 80 to − 30 mV following a 20-ms pre-pulse to 0 mV 
(Fig. 7K). Although the peak of the resurgent current was higher in 
PRRT2 KO GCs, the amplitude of the resurgent current density at the net 
of the persistent Na+ current (also increased in PRRT2 KO GCs) revealed 
no significant changes between WT and PRRT2 KO GCs (Fig. 7L). 

4. Discussion 

Paroxysmal kinesigenic dyskinesia is the most frequent phenotype of 
patients bearing loss-of-function PRRT2 mutations (Mir et al., 2005; 
Ebrahimi-Fakhari et al., 2015; Mo et al., 2019). However, whether PKD 
has a cortical or subcortical origin is still matter of debate. In the past, 
PKD was considered as a form of reflex epilepsy, given the paroxysmal 
nature of the attacks, its frequent clinical association with abnormal 
interictal EEG activities or overt epilepsy and excellent response to an
ticonvulsants (Mir et al., 2005; van Strien et al., 2012; Ebrahimi-Fakhari 
et al., 2015; Mo et al., 2019; Corradi et al., 2020). More recently, 
however, the participation of other brain areas involved in motor con
trol, such as the basal ganglia and the cerebellum has been hypothe
sized, mostly on the basis of animal studies. 

Although PRRT2 is widely expressed in several brain areas including 
cerebral cortex, basal ganglia and hippocampus, it reaches the highest 
expression levels in the cerebellum, specifically in GCs (Michetti et al., 
2017a). Consistent with the physiological PRRT2 expression pattern, 
robust experimental evidence points to a major involvement of the 
cerebellum in the generation of the dyskinetic phenotype observed in 
patients bearing loss-of-function PRRT2 mutations and PRRT2 KO mice 
(Michetti et al., 2017a; Tan et al., 2018; Calame et al., 2020). 

The cerebellum is a unique brain area devoted to the fine control of 
motor planning and execution. It is an efficient computational interface 
between motor intentionality and motor programming as well as be
tween motor commands and sensory feedbacks that allows optimal 
motor planning and real-time optimization of ongoing movements 
(D’Angelo and Casali, 2013). Data obtained in the PRRT2 KO mouse 
have suggested that motor paroxysms primarily originate in the cere
bellum, rather than in the basal ganglia-thalamic-cortical circuit and are 
associated with irregular PC activity (Tan et al., 2018). Purkinje cell 
firing dysfunctions play a key role in the generation of cerebellum- 
related behavioral alterations (Becker et al., 2014; Khan and Jinnah, 

Fig. 4. Increased firing propensity of PRRT2 KO granule cells in acute cerebellar slices. 
A,B. Representative currents (inset; stimulation artifacts were blanked for clarity) and amplitude of MF to GC synaptic currents (A) and paired-pulse ratio (PPR; 
EPSC1/EPSC2; B) studied in WT (blue) and PRRT2 KO (red) GCs show no significant difference between the two genotypes (WT, n = 25; KO, n = 39). C–F. WT (C,E) 
and PRRT2 KO (D,F) GC firing in response to MF repeated stimulation with either 5 (C,D) or 20 (E,F) stimuli at increasing frequencies (10–400 Hz). PRRT2 KO GCs 
reached the firing threshold more easily with respect to WT GCs, as shown by the reduced percentage of silent GCs (number of AP = 0) in the mutant compared to the 
WT slices at each input frequency tested. In both WT and PRRT2 KO GCs, yellow circles and yellow triangles represent the GC response to 10 and 400 Hz stimulation, 
respectively. G,H. Frequency distribution of GC firing in WT (blue) and PRRT2 KO (red) cerebellar slices as a function of the input frequency. The number of firing 
GCs in response to either 5 (G) or 20 (H) stimuli is expressed in percentage of the total number of GCs. The data reveal an increased percentage of responding GCs 
upon MF stimulation at each tested frequency in PRRT2 KO as compared to WT GCs. WT, 10–100 Hz, n = 26; 200 Hz, n = 20; 400 Hz, n = 17. PRRT2 KO, 10–100 Hz, 
n = 32; 200 Hz and 400 Hz, n = 27. *p < 0.05, **p < 0.01, ***p < 0.001; Fisher’s exact test. 
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2002; Isaksen et al., 2017; Matsushita et al., 2002). The simple spike 
firing pattern of PCs is enhanced by GC parallel fibers making excitatory 
synapses in the dendritic tree of PCs in the molecular layer. Cerebellar 
GCs represent half of total brain neurons and act as the entry gate and 
distribution station for the vast cerebellar inputs brought to PCs by MFs. 
PC in turn inhibit the output neurons of the deep cerebellar nuclei (DCN) 
that activate the thalamus and its connections with the cerebral cortex 
and the striatum to contribute to motor planning and execution (Chen 
et al., 2014). Moreover, the axons of DCN neurons project recurrent 
nucleo-cortical fibers that activate GCs, constituting an internal ampli
fication mechanism that provides a closed-loop sustained activation of 
GCs and PCs thought to be important in motor learning (Gao et al., 
2016). 

Interestingly, synaptic transmission at MF-GCs synapses was not 
affected by PRRT2 deletion, in contrast with the synaptic phenotype 
observed in hippocampal and neocortical synapses (Valente et al., 2016a 
and 2019; Michetti et al., 2017a). It is conceivable that the absence of a 
synaptic phenotype depends on the scarce or absent expression of 
PRRT2 in the pontine pre-cerebellar nuclei (pontine nucleus and nucleus 
reticularis tegmenti pontis; Sillitoe et al., 2012) projecting to the GCs of 
lobule VI, as recently shown with β-gal staining in heterozygous PRRT2 
KO mice (Michetti et al., 2017a). Indeed, the absence of PRRT2- 
expressing projections to lobule VI allowed us to monitor the GC 
behavior in the absence of confounding effects in synaptic transmission 
and plasticity at the MF-GC synapses. 

4.1. PRRT2 negatively controls Na+ currents and intrinsic excitability of 
cerebellar granule cells under physiological conditions 

Given the very high expression level in GCs, we hypothesized that the 
dyskinetic phenotype caused by PRRT2 deficiency and the irregular and 
bursting PC activity is due to a dysfunction of GCs. Using the PRRT2 KO 
mouse that we were the first to characterize (Michetti et al., 2017a), we 
demonstrate that: (i) primary cerebellar GCs display enhanced Na+

current density due to an increased expression of Na+ channels, in the 
absence of changes in their biophysical properties; (ii) primary cere
bellar GCs are markedly hyperexcitable and display an increased length 
of the AIS that is more proximal to the soma; (iii) GCs in cerebellar slices 
display an increased firing responsiveness to MF activation, with a 
marked propensity to fire multiple APs characterized by enhanced AIS 
and SD components, in the absence of substantial changes in the MF/GC 
synaptic transmission; (iv) the hyperexcitability phenotype of GCs in 
cerebellar slices is correlated with an increase amplitude of both tran
sient and persistent Na+ currents. 

The persistent Na+ current is a subthreshold non-inactivating 
voltage-dependent current expressed in several neuronal types with a 
pronounced slow inactivation and J/V peak and activation curve shifted 
toward hyperpolarized potentials (Magistretti et al., 2006; Lewis and 
Raman, 2014; Ceballos et al., 2017). The persistent Na+ current flows 
through the same channels as transient and resurgent Na+ currents. In 
spite of the small amplitude, the persistent Na+ current can have a major 

impact on membrane excitability, particularly in small neurons with 
high Rin like mature cerebellar GCs. Indeed, they have been reported to 
increase the rate at which the GC membrane potential approaches firing 
threshold, to boost near-threshold depolarization and producing spon
taneous firing (D’Angelo et al., 1998). 

The persistent Na+ current in cerebellar PCs and GCs has been 
associated with the NaV1.6 α-subunit and its binding to the NaVβ4 
subunit. Previous studies have shown that the persistent Na+ current is 
reduced in neurons from mice lacking the NaV1.6 α subunit (Aman and 
Raman, 2007). Moreover, knockdown of the NaVβ4 subunit in cerebellar 
GCs reduced the persistent currents, without affecting Na+ transient 
current, decreasing repetitive firing (Bant and Raman, 2010). Interest
ingly, the observation that mutations in NaV subunits that increase the 
expression of persistent Na+ current are associated with paroxysmal 
disorders, such as epilepsy (Stafstrom, 2007), is highly suggestive for a 
key role of this phenotype in the pathogenesis of PRRT2 movement 
disorders. 

Recently, PRRT2 was shown to interact and downregulate Nav1.2/ 
1.6 channel expression, so that loss-of-function of PRRT2 leads to 
increased Na+ currents and hyperexcitability in excitatory neurons 
(Fruscione et al., 2018). Interestingly, gain-of-function mutations in 
SCN8A encoding Nav1.6 channels cause very similar diseases with 
excellent response to Na+ channel blockers (Gardella et al., 2016). These 
results prove that GC Na+ channels are the fundamental cerebellar 
target of PRRT2-deficiency and play a key role in the dyskinetic 
phenotype of PRRT2 KO mice and PRRT2 patients. The marked changes 
in GC excitability and GC/PF to PC transmission caused by the genetic 
ablation of PRRT2 may lead to the highly irregular cerebellar cortical 
and nuclear output that can be maintained by the reverberant DCN-GC 
connections, thus generating and prolonging the dyskinetic attacks. 
Interestingly, PRRT2 can play an opposite role with respect to fibroblast 
growth factor homologous factors (FHFs), a family of voltage-gated Na+

channel binding proteins. Indeed, lack of FHFs decreases GC excitability, 
increases voltage threshold for spike initiation at the AIS and causes 
ataxia and motor weakness (Goldfarb et al., 2007; Dover et al., 2016). 

4.2. A combined synapto/chanellopathy at cerebellar granule neurons 
and PF-PC synapses at the basis of the paroxysmal dyskinetic phenotype 
associated with PRRT2 loss-of-function 

Shared phenotypes exist between PRRT2-linked PKD and other 
cerebellar chanellopathies. Mutations in genes encoding Ca2+ channels 
or Ca2+ channel interactors have been associated with recurrent 
paroxysmal disorders in man and mouse. The dyskinetic/ataxic mice 
tottering, lethargic, rolling and moonwalker bearing mutations in Cav2.1, 
Cav2.1β4 and TRPC3 (Becker et al., 2014; Khan and Jinnah, 2002; 
Matsushita et al., 2002) share paroxysmal phenotypic traits with the 
PRRT2 KO mouse (Michetti et al., 2017a; Tan et al., 2018). 

We and others have shown that PRRT2 is an important catalyst of the 
Ca2+-evoked neurotransmitter release machinery at the synapse (Val
ente et al., 2016a; Coleman et al., 2018). Through its interactions with 

Fig. 5. Multiple action potential discharge profile of PRRT2 KO granule cells in acute cerebellar slices. 
A-D. The propensity of GCs to discharge multiple APs upon MF stimulation was investigated by applying 20 stimuli at increasing input frequency (10–400 Hz). (A) 
Representative current-clamp traces recorded in WT and PRRT2 KO GCs in response to a 10-Hz train of 20 stimuli (stimulation artifacts were blanked for clarity). (B) 
Frequency distribution of the percentage of the total applied stimuli eliciting 0, 1 or 2 or more APs per stimulus. Inset: enlarged scale of the frequency distribution of 
the percentage of stimuli eliciting ≥2 APs per stimulus. The propensity of multiple AP discharges was higher in PRRT2 KO GCs (red bars) compared to WT (blue bars) 
GCs at most of input frequencies, reaching a significance at 50 Hz. *p < 0.05; Fisher’s exact test. (C) MFinput frequency stimulation does not influence multiple 
discharges of APs. MF input frequency stimulation plotted versus the frequency of multiple AP discharges (≥ 2 APs per stimulus) reveals no correlation in both WT 
(Pearson’s correlation coefficient r = 0.139; p = 0.6347) and PRRT2 KO (Pearson’s correlation coefficient r = 0.094, p = 0.4659) GCs. (D) The intra-stimulation 
frequency of multiple AP discharges was significantly higher in mutant (red bar; n = 61) as compared to WT (blue bar; n = 14) GCs. ***p < 0.001; unpaired Stu
dent’s t-test. E,F. Just-threshold bursting properties were investigated in PRRT2 KO (red traces/bars) and WT (blue traces/bars) GCs. (E) Representative current- 
clamp recordings of evoked firing. Horizontal lines represent detected bursts. (F) Mean (± sem) firing frequency (upper panel) and APs/burst (lower panel) for 
both phenotypes (WT, n = 20; PRRT2 KO, n = 28). While no differences were found in the number of APs discharged/burst (WT: 3.8 ± 0.67, n = 20; PRRT2 KO: 3.29 
± 0.39, n = 28; mean ± sem, p = 0.4477), the intra-burst frequency was significantly higher in PRRT2 KO GCs compared to WT GCs (WT: 30.79 ± 4.03 Hz, n = 20; 
KO: 58.45 ± 8.7 Hz, n = 28; mean ± SEM, p = 0.0077). *p < 0.05; Mann-Whitney’s U test. 
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SNARE proteins and synaptotagmin, PRRT2 endows the SNARE complex 
with Ca2+ sensitivity and boost the release probability in response to the 
AP. In the absence of PRRT2, the reduction of release probability trig
gers a marked synaptic facilitation in response to high-frequency stim
ulation that, by high-pass filtering of input synaptic signals, contributes 
to the hyperexcitability phenotype (Valente et al., 2016a; Fruscione e 
al., 2018; Valente et al., 2019). This phenotype, initially observed in 
primary neurons, was subsequently confirmed at the level of PF-PC 

synapses in the cerebellar cortex, where PRRT2 deletion induced a 
long-lasting facilitation and inhibited the expression of synaptic 
depression (Michetti et al., 2017a). Thus, the physiological role of 
PRRT2 at the synaptic level could be that of stabilizing and increasing 
the reliability of basal transmission. In this respect, PRRT2 can be 
considered a network stability gene, acting as a lowpass filter on 
network activity (Jackman and Regehr, 2017; Michetti et al., 2017b). 
While a pronounced synaptic facilitation phenotype was also observed 
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Fig. 6. Action potential properties in PRRT2 KO 
granule cells in acute cerebellar slices. 
Action potential waveform and properties were 
studied in PRRT2 KO (red traces/bars) and WT (blue 
traces/bars) GCs. A. Representative current-clamp 
recordings of evoked APs. B–D. Mean (± sem) AP 
overshoot (B), threshold voltage (C) and half-width 
(D). WT, n = 8; PRRT2 KO, n = 14. E-H. Represen
tative phase-plot analysis of AP waveforms in WT (E) 
and PRRT2 KO (F) GCs. The analysis of the slopes for 
the AIS (G) and somato-dendritic (SD; H) components 
of the AP revealed increased slope values in mutant 
GCs for both components. I,J. Means (± sem) values 
of AIS (I) and SD slopes (J) reveal more pronounced 
AIS and SD components in mutant GCs compared to 
WT GCs. WT, n = 8; KO, n = 14. *p < 0.05; unpaired 
Student’s t-test.   
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Fig. 7. PRRT2 deletion increases transient and 
persistent, but not resurgent, Na+ currents in granule 
cells from acute cerebellar slices. 
A-F. Transient Na+ current. Representative recordings 
(A) and J/V relationships (B) reveal a significant in
crease of transient Na+ currents in mutant GCs (red 
traces/symbols) with respect to WT GCs (blue traces/ 
symbols). The analysis of Na+ channel activation 
properties by fitting the activation curve to the 
Boltzmann equation (C) reveals no significant 
changes in the half-maximal activation potential 
(V0.5) and slope in WT and PRRT2 KO GCs (D). The 
analysis of the inactivation curves of transient Na+

currents (E) did not detect genotype-dependent dif
ferences in the slope of inactivation or in the half- 
maximal inactivation potential (V0.5; F). Mean (±
sem) capacitance: WT, 4.37 ± 0.69; PRRT2 KO, 4.10 
± 0.484. WT, n = 8; PRRT2 KO, n = 7; *p < 0.05; 
unpaired Student’s t-test/Mann-Whitney’s U test. 
G-J. Persistent Na+ currents. Representative re
cordings (G) and J/V relationships (H). The persistent 
Na+ currents were markedly increased in PRRT2 KO 
GCs (red traces/symbols) when compared to WT GCs 
(blue traces/symbols). Boltzmann fitting of the acti
vation curve of PRRT2 KO GCs (I) revealed a hyper
polarization shift of the V0.5 value and an increased 
slope compared to WT (J). Mean (± sem) capacitance: 
WT, 3.89 ± 0.71; PRRT2 KO, 3.78 ± 0.34. WT, n = 5; 
KO, n = 7; *p < 0.05, **p < 0.01, ***p < 0.001; 
unpaired Student’s t-test/Mann-Whitney’s U test. 
K,L. Resurgent Na+ currents. Representative averaged 
traces (K) and J/V relationships (L). The J/V analysis 
of the resurgent Na+ currents revealed no significant 
differences resurgent Na+ currents across genotypes 
at the net of the persistent Na+ current. Mean (± sem) 
capacitance: WT, 3,60 ± 0.32; PRRT2 KO, 4.28 ±
0.22. WT, n = 4; PRRT2 KO, n = 5.   
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at the PF/PC synapses in cerebellar slices of PRRT2 KO mice by us and 
others (Michetti et al., 2017a, 2017b; Tan et al., 2018), the gluta
matergic input at the MF/GC synapses was not altered by PRRT2 KO 
cerebellar slices. The lack of a synaptic phenotype in the MF/PC syn
apses, while emphasizing the central role of GC’s intrinsic excitability in 
the cerebellar phenotype of PRRT2 KO mice, indicates that the synaptic 
involvement under conditions of PRRT2 deficiency largely depends on 
the expression level and synaptic targeting of PRRT2 in specific neuronal 
systems. 

A similar phenotype, paroxysmal non-kinesigenic dyskinesia, was 
identified in patients and knockout mice for PNKD, a novel synaptic 
protein that interacts with RIM1 and RIM2 at presynaptic terminals 
known to facilitate neurotransmitter release (Shen et al., 2015). From 
these considerations, it is conceivable that paroxysmal movement dis
orders can result from mutations either in ion channels/ion channel 
accessory proteins or in proteins regulating the probability of release 
and thereby the short-term plasticity/filtering properties of synaptic 
connections. In the case of PRRT2 deficiency, both mechanisms can 
contribute to the pathology, generating a hybrid synapto/chanellopathy 
that profoundly alters cerebellar function in motor control. 

5. Conclusions 

In conclusion, the results reveal the potential involvement of the cere

bellum in forms of paroxysmal disorders. While the distinct roles played by 
PRRT2 at synaptic and AIS levels may explain the pleiotropic phenotypic 
expression of the PRRT2-linked diseases and the substantial lack of ge
notype/phenotype correlations (Heron and Dibbens, 2013; Valtorta 
et al., 2016), PRRT2 may be concomitantly acting at both levels, 
simultaneously affecting intrinsic excitability and short-term synaptic 
plasticity. Indeed, synaptic facilitation is triggered by high-frequency 
activity that can result from an increase in intrinsic excitability in 
response to physiological inputs. Thus, the two mechanisms can syner
gistically participate in the emergence of the PRRT2-linked paroxysms, 
as recently suggested by neural network modelling studies (Valente et a., 
2019). 
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