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Abstract

Paroxysmal kinesigenic dyskinesia is an episodic movement disorder caused by dominant mutations in the proline-rich
transmembrane protein PRRT2, with onset in childhood and typically with improvement or resolution by middle age. Muta-
tions in the same gene may also cause benign infantile seizures, which begin in the first year of life and typically remit by
the age of 2 years. Many details of PRRT?2 function at the synapse, and the effects of mutations on neuronal excitability
in the pathophysiology of epilepsy and dyskinesia, have emerged through the work of several groups over the last decade.
However, the age dependence of the phenotypes has not been explored in detail in transgenic models. Here, we report our
findings in heterozygous and homozygous Prrt2 knockout mice that recapitulate the age dependence of dyskinesia seen in
the human disease. We show that Prrt2 deletion reduces the levels of synaptic proteins in a dose-dependent manner that is
most pronounced at postnatal day 5 (P5), attenuates at P60, and disappears by P180. In a test for foot slippage while cross-
ing a balance beam, transient loss of coordination was most pronounced at P60 and less prominent at age extremes. Slower
traverse time was noted in homozygous knockout mice only, consistent with the ataxia seen in rare individuals with biallelic
loss of function mutations in Prrt2. We thus identify three age-dependent phenotypic windows in the mouse model, which
recapitulate the pattern seen in humans with PRRT2-related diseases.
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Introduction

Mutations in the proline-rich transmembrane protein
PRRT2 were implicated in several paroxysmal neurologi-
cal disorders almost a decade ago,[1-5] and over the past
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several years, a more detailed understanding of the func-
tions of this protein has emerged. PRRT2-related disorders
include dominant paroxysmal kinesigenic dyskinesia [6]
and benign familial infantile seizures, with rare manifes-
tations of episodic ataxia and hemiplegic migraine. [7, 8]
In addition, a small number of patients have been identi-
fied who carry biallelic mutations in PRRT2, resulting in a
more severe phenotype that includes intellectual disability,
developmental delay, ataxia, and paroxysmal dyskinesias.
[9] PRRT2 mutations were found primarily to lead to a loss
of function through nonsense-mediated decay, pointing to
a haploinsufficiency mechanism. [5] This is further sup-
ported by the more severe phenotype in individuals with
homozygous mutations. [7] The PRRT?2 protein localizes to
the presynaptic membrane, where it interacts with compo-
nents of the calcium-dependent vesicle release machinery,
including the SNARE complex proteins VAMP?2, syntaxin,
and synaptotagmin-1 and synaptotagmin-2. [10] PRRT2
exerts an inhibitory effect on vesicle release at synapses,
particularly glutamatergic synapses, [11] and possibly alters

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10048-021-00645-6&domain=pdf

172

neurogenetics (2021) 22:171-185

release of other neurotransmitters, including GABA. [12] A
more recent study suggests that PRRT2 may also serve an
important function in regulating voltage-gated sodium chan-
nels at the initial segment of glutamatergic neuronal axons,
such that partial loss of PRRT?2 leads to excessive sodium
channel activity and hyperexcitability of these neurons. [13].

A unique and poorly understood feature of PRRT2-related
diseases is the age dependence of the various phenotypes:
seizures tend to occur in the infantile period [14] and abate
within the first 2 years, whereas paroxysmal kinesigenic dys-
kinesia typically appears among school-age children, and
may continue through mid-adulthood, after which time it
often improves. [15] Knockout mice [16-18] made by sev-
eral groups have recapitulated features similar to the human
phenotypes, but prior studies have explored neither the age
dependence of the phenotypes nor the mechanisms for the
age dependence of seizures and dyskinesia. In this study, we
explore the effects of PRRT2 heterozygous and knockout
states in mice, including the age-dependent expression of
synaptic proteins and motor manifestations.

Experimental methods
Nomenclature

In this study, standard nomenclature for names of genes and
proteins was used. PRRT?2 represents the human gene name,
while PRRT? is the human protein name and PKD the acro-
nym for the disorder (paroxysmal kinesigenic dyskinesia).
Prrt2 is the mouse gene name, and Prrt2 is the name for
the mouse protein. “Pkd mice” is used to denote the animal
model we created that harbored the PKD phenotype with a
heterozygous loss of expression in one allele of the mouse
Prrt2. “Prrt2 KO mice” is used to denote that the animal
model has a homozygous loss of expression in both alleles
of the mouse Prrt2.

Generation of paroxysmal kinesigenic dyskinesia
model mice

All studies were performed following protocols approved
by the University of California San Francisco Institutional
Animal Care and Use Committee. The Prrt2 knockout-first
KOMP ES-cell line was purchased, expanded, genotyped,
and karyotyped by UC Davis KOMP Repository. The
Prr2mIa(KOMPIWisi chimera mice in a C5S7BL/6 J background
were generated by blastocyst injection of targeted ES-cell
clone JM8A3.N1 subline at the Gladstone Institute Trans-
genic Gene Targeting Core. The Prrt2 knockout-first, KOMP
allele (reporter-tagged insertion with conditional potential)
uses a construct that introduces a floxed locus so that cell
type—specific KO can be achieved through breeding with Cre
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recombinase mice. The knockout-first allele is flexible and
can produce reporter knockouts, conditional knockouts, and
null alleles following exposure to site-specific recombinases
Cre and Flp. The “mouse En2 splice acceptor and the SV40
polyadenylation sequences are highly efficient in produc-
ing a null allele without cre or flp” (ftp://ftp.sanger.ac.uk/
pub/resources/opendoor/washington/201 1/manuals/modul
e4_ikmc.pdf).

The chimeras were bred to C57BL/6 J mice to obtain
germline transmission and maintained in our animal facil-
ity at The University of California San Francisco. For this
study, we used the heterozygous and homozygous knockout-
first mouse line. Prrt2 KO-first mice were genotyped by tail
qPCR using primers designed to the allele-specific Prrt2
gene trap, neo, lacz, and sex.

PCR genotyping of mouse tail DNA was performed with
the following primers:

Prrt2.5wt_F: 5'-AAG GGT ACA GAA GGA GCA GAC
TG-3',

Prrt2.5wt_R: 5"-CCC AAC AAG ACC CAG TCT
CTC-3,

Prrt2.gt_F: 5'-CTG ACG CAT GCA CAG ATT TTC-3,

Prrt2.gt_R: 5'-GGA ACT TCG GAA TAG GAA CTT
CG-3".

PCR products were 129 and 139 bp for the wild-type and
gene-trapped (knockout-first) allele, respectively. All sam-
ples were run with a 5 uL reaction volume containing 2
X EXPRESS SYBR GreenER qPCR SuperMix, primers at
final concentration of 0.3 uM each, water to a 4.8 uL final
volume, and 0.2 uL. of genomic DNA. The PCR was run in
the QuantStudio™ 6 Flex Real-Time PCR System (Applied
Biosystems) using the following amplification parameters:
2 min at 95 °C, and 35 cycles of 15 s at 95 °C and 30 s
at 60 °C, then followed by 15 s at 95 °C, 1 min at 60 °C,
and 15 s at 99 °C. The genotype was analyzed by Ct (cycle
threshold) values and dissociation/melt curves after PCR
cycles.

Each sample was also checked for sex using X and Y
chromosome-specific primers; Htr2c-3_WT_F: 5'-TAC TAC
CTG CGT GCT CAA TGA C-3', Htr2c-3_WT_R: 5-CAG
GCT GAT ATT ACG CAG TTC C-3, Sry_F_tm: 5'-AAT
GCC ACT CCT CTG TGA CAC T-3', and Sry_R_tm:
5'-CAG GAG GCA CAG AGA TTG AAG A-3'. PCR reac-
tion mix and cycles are the same as above.

Balance beam

Experimenters were blinded to genotype until the behavioral
assays were completed. Mice were placed at the end of an
18, 12, or 6-mm beam and trained to run into a dark box,
across the beam, for a total period of 8 days. The height of
the beam (50 cm above the ground) and a bright light at the
end of the beam served as aversive stimuli. The mice were
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set to cross from the thickest beam to the thinnest with at
least a 15-min break period in between. Mice were trained
for the first 4 days. On testing days (5-8), the time to traverse
each beam was recorded. Fifteen-minute intertrial breaks
were given. If a mouse took longer than 60 s to cross or fell
off the beam, it was scored as 60 s. Trials in which mice
stopped or turned around were repeated. The traverse time
and number of slips were recorded. Naive mice were tested
at each time point (postnatal day 27-30, 60, and 180).

Rotarod

Experimenters were blinded to genotype until the behavioral
assays were completed. Each mouse was gently transferred
to the rotarod as it rotated at 4 RPM and allowed to accli-
mate for several seconds. The apparatus was set to accelerate
from 4 to 40 RPM over 300 s. The apparatus was switched
to accelerate as the timers were reset. The time to fall, with
a maximum of 300 s, was recorded once daily for 8 days.

Gait analysis

To obtain footprints, the hind-feet and fore-feet of the mice
were coated with red and black nontoxic paints, respectively.
The animals were then allowed to walk along a 100-cm
long, 10-cm wide runway (with 10-cm-high walls) into an
enclosed box, and a sheet of millimeter paper was placed
on the floor of the runway. To characterize the walking pat-
tern of each mouse, the average distance between each stride
(stride length, SL), the distance between left and right hind
footprints (hind-base width, HB), and the distance between
left and right fore footprints (fore-base width, FB) were
measured. [19].

Western blot

Mouse cerebellum tissue was collected from mice at various
ages and snap frozen on liquid nitrogen and subsequently
stored at— 80 °C. Total cellular proteins were extracted
using RIPA buffer (150 mM NaCl, 1% NP-40, 0.1% SDS,
0.5% sodium deoxycholate, 20 mM Tris, pH 7.5, and
5 mM EDTA) containing cOmplete protease inhibitors
(Sigma-Aldrich). Protein lysates from cells were prepared
in SDS-PAGE loading buffer. Equal amounts of protein
were resolved on 4-12% SDS-PAGE gels and then trans-
ferred to nitrocellulose membrane. After blockage and
incubation with primary antibody in 2% BSA: TBST at
4 °C overnight, membranes were incubated with second-
ary antibodies at room temperature for 1 h. The primary
antibodies were anti-vGlutl mouse monoclonal antibody
(1:500; Novus; Littleton, CO), anti-VAMP2 mouse mono-
clonal antibody (1:1000; Novus; Littleton, CO), anti-NSF
rabbit polyclonal antibody (1:1000; Cell Signaling; Danvers,

MA), anti-SNAP25 rabbit polyclonal antibody (1:1000; Cell
Signaling), anti-Synaptotagmin mouse monoclonal antibody
(1:1000; Abcam; Cambridge, MA), anti-Complexin 1/2 rab-
bit polyclonal antibody (1:1000; Cell Signaling; Danvers,
MA), anti-MUNCI18-1 mouse monoclonal antibody (1:1000;
SYSY; Gottingen, Germany), anti-Syntaxin 1 mouse mono-
clonal antibody (1:1000; SYSY), and anti-Syntaxin 2 anti-
body (1:1000; Abcam). The Prrt2 antibody was generated by
immunizing rabbits using a synthesized oligopeptide (TQS-
DPQPTSQPPPKPPLQA) (Biomatik; Wilmington, DE), cor-
responding to a 19 amino acid central portion of the mouse
Prrt2 gene (1:2000; Agbio, Inc; Lodi, CA). All blots were
normalized using anti-GAPDH mouse monoclonal antibody
(1:20,000; Life Technology). Membranes were incubated
with secondary antibodies (conjugated either with IRDye
680 or with IRDye 800, LI-COR Biosciences; Lincoln, NE)
at room temperature for 1 h and visualized with an Odyssey
Infrared Imaging System (LI-COR Biosciences). Experi-
ments were run at least three times. Results were expressed
as a percentage of its wild-type (WT) mean values.

rt-qPCR

At the appropriate age, mice were anesthetized with Avertin
(600 mg/kg), and their brains were removed and immedi-
ately dissected on ice before preservation in RNALater. The
brain stem with midbrain, cerebellum, anterior half of the
cortex, hippocampus, spinal cord, striatum, and thalamus
were separated and individually analyzed for both wild-type
and hemizygous mice. Samples were removed from RNAL-
ater 1-2 days later and stored at— 80 °C. mRNA was isolated
(Qiagen RNEasy Lipid Mini Kit) and converted to cDNA
(Qiagen SuperScript IV). qPCR was done using probes for
Prrt2 exon 2-3 (Mm.PT.58.7964149.g, IDT) and normalized
to GAPDH (Mm.PT.39a.1, IDT).

Primary cerebellar granule cell cultures

Thirty-five-millimeter tissue culture plates were coated with
poly-L-ornithine (0.1 mg/mL, overnight) and gelatin (250 pg/
mL, overnight) before plating neurons. Mouse cerebellar
granule cells were isolated at P5 using a Papain Dissociation
System (Worthington Biochemical Corporation) and plated
at 1 million cells per 35-mm plate in serum-free media
(SFM): Neurobasal A medium (Invitrogen, Carlsbad, CA),
1 X GlutaMAX I (Fisher Scientific), 2% B27 serum-free sup-
plement, 250 uM KCL, penicillin (100 U/mL) (Invitrogen,
Carlsbad, CA), and streptomycin (100 ug/mL) (Invitrogen,
Carlsbad, CA). After 3-5 days in vitro (DIV), incubated in
a humidified 5% CO,95% air atmosphere at 37 °C, half the
medium was removed and cells were treated with cytosine
arabinoside (8 uM) in SFM to inhibit non-neuronal cell pro-
liferation. Subsequently, half of the medium was changed
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every third day. Cells were used for ELISA analysis on day
14, at which time-cultured cerebellar granule cells express
functional glutamate receptors. [20-23] Residual GABA
release is likely due to low levels of contamination of the
culture with Purkinje cells and interneurons.

ELISA analysis

Cerebellar neurons were processed for measurements of glu-
tamate concentration and GABA concentration following the
manufacturer’s protocols for glutamate ELISA kit (Cell Bio-
labs Inc, San Diego, CA) and the GABA ELISA kit (Cloud-
Clone Corp, Houston, TX), respectively. In short, the P5 cere-
bellar neuron cultures were removed 14 days after incubation,
and the cultures were washed once in loading buffer (LB)
(150 mM NaCl, 2 mM KCL, 1.2 mM CaCL2, 1 mM MgCL2,
1 mM NaHPO4, 25 mM Glucose, and 10 mM HEPES, pH
7.3) warmed to 37 °C. The LB was replaced with 0.5 mL of
37 °C LB and allowed to equilibrate for 60 (glutamate release)
or 120 (GABA release) min. After the incubation period, sam-
ples were collected and centrifuged and placed on ice. Plates
were scraped in ice-cold LB with protease inhibitors, briefly
sonicated and centrifuged to rid of cellular debris. Samples
were taken for Bradford analysis of protein levels and ELISA
to ascertain part of the total neurotransmitter levels. Results
were adjusted for protein levels and expressed as a percent-
age of total neurotransmitter level (neurotransmitter release/
neurotransmitter release + lysate level X 100).

Exocytosis analysis

Reagents: Bafilomycin 1A was obtained from Calbiochem
(EMD Millipore, San Diego, CA, USA). CPP (3-(2-car-
boxypiperazin-4-yl) propyl-1-phosphonic acid) and CNQX
(6-cyano-7 nitroquinoxaline-2,3-dione) were purchased from
Tocris Bioscience (Ellisville, MO).

Primary mouse hippocampal culture and transfection: Hip-
pocampi from PO pups of either sex were dissected and dis-
sociated after confirmation of genotype by PCR from tail
DNA. Hippocampal tissues were digested using 200 U
papain (Worthington) in HBSS buffer containing 0.2 mg/
mL L-cysteine (Fluka), 500 pM EDTA, 1 mM CaCl,, and
3 mM NaOH. Digestion was terminated with 2.5 mg/mL
soybean trypsin inhibitor (Worthington), and 2.5 mg/mL
bovine serum albumin (BSA) in minimum essential media
(MEM; ThermoFisher) growth solution. MEM growth solu-
tion consists of MEM with 5% fetal bovine serum (FBS),
2% B-27, 1% GlutaMax (Invitrogen), 0.1% MITO + Serum
Extender (BD Biosciences), and 21 mM glucose (Sigma-
Aldrich). Mouse neurons were transfected with VGLUT1-
pHluorin in a pCAGGs vector (Voglmaier Lab), using
the Basic Neuron SCN Nucleofector kit, according to the
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manufacturer’s directions (Lonza, Walkersville, MD). Cells
were maintained in Neurobasal media supplemented with
1% heat inactivated FBS, 10% NeuroMix growth supplement
(PAA, Dartmouth, MA), 2 mM GlutaMax, 15 mM NaCl,
and 10 pg/mL primocin antibiotic (Lonza) and imaged at
14-16 days in vitro (DIV). 5-Fluoro-2'-deoxyuridine (10 pM
final concentration) was added at DIV5-7 as a mitotic inhib-
itor to control glial growth.

Live cellimaging: Live cell imaging was performed essentially
as described previously. [24] Coverslips with transfected hip-
pocampal neurons were mounted in a rapid-switching, laminar-
flow perfusion and stimulation chamber (Warner Instruments,
Holliston, MA) on an inverted epifluorescence microscope
(Nikon, Melville, NY) and imaged at room temperature using
a 63X oil objective (NA=1.4). Cells were imaged in modified
Tyrode’s solution pH 7.4 (in mM: 119 NaCl, 10 HEPES-NaOH,
30 glucose, 2.5 KCl, 2 CaCl,, 2 MgCl,) containing 10 pM each
of the glutamate receptor inhibitors CNQX and CPP. Electrical
stimulation to elicit action potentials [25] was applied using an
A310 Accupulser (WPI, Sarasota, FL) at 5-100 Hz with 1-ms
bipolar current pulses through platinum-iridium electrodes, to
yield fields of 5-10 V/cm across the chamber. [22] Cells were
illuminated using a Xenon lamp (Sutter Instruments, Novato,
CA) with a 470/40-nm excitation and a 525/50-nm emission
filter (Chroma, Bellows Falls, VT). Images were acquired on a
QuantEM CCD camera (Photometrics, Tuscon, AZ), exposing
the fluorophore for 300 ms, and images were collected every 3 s.
The MetaMorph software was used to control data collection
and to perform offline analysis (Universal Imaging, Sunnyvale,
CA). The total pool size was determined using Tyrode’s solution
with 50 mM NH,Cl (NaCl reduced by 50 mM to compensate).
To measure exocytosis alone, cultures were incubated in modi-
fied Tyrode’s medium containing 0.5-1 pM bafilomycin A for
30 s before imaging in the same medium.

Data analysis: As described previously, [22, 26] the Met-
aMorph software was used to quantify the average fluo-
rescence of regions of interest (ROI) in 4 X4 pixel boxes
placed over the center of manually selected boutons. The
average fluorescence of three 4 x4 pixel ROIs without
cellular elements was subtracted as background. Baseline
values from the first 5 frames (before stimulation) were
averaged as initial fluorescence F, and the dynamics of
fluorescence intensity expressed as fractional change (AF)
over initial fluorescence. For normalized measurements,
the average pHlourin fluorescence over individual bou-
tons was normalized to the total fluorescence as visualized
by application of modified Tyrode’s solution containing
50 mM NH,CI to alkalinize all synaptic compartments.
Fluorescence measurements from 27 to 91 boutons per cov-
erslip were averaged, and the means from 7 to 10 cover-
slips from three independent cultures were averaged. Data
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are presented as means + SEM. Significance of differences
between groups was assessed by two-tailed, unpaired ¢
test at p <0.05 where appropriate (GraphPad Prism). The
fraction of transporter that undergoes exocytosis (recy-
cling pool, RP) was measured as the fraction of the total

pool that undergoes exocytosis in response to 10-Hz 90-s
stimulation. [27] The rate of exocytosis [(AF/F,)/s] was
estimated from a linear fit to the increase in pHluorin fluo-
rescence during the initial 15 s of stimulation in the pres-
ence of bafilomycin.
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Fig.2 At the earliest time point studied, in P5 cerebellar neurons, Prrz2 muta-
tion is associated with reductions of proteins associated with the SNARE
complex. Followed by small reductions in a few proteins of the SNARE
complex at P60 and those reductions are mitigated at P180. Western blot
analysis of Prrt2 and SNARE complex proteins of cerebellar tissue in Prrt2
WT (black bars), Het (grey bars), and KO (white bars) mice. Samples were
first normalized to GAPDH; then comparisons were made to the mean value
of Prrt2 WT mice and expressed as % of its WT mean+/—S.E.M. In post-
natal 5 days (P5) old, there was a significant reduction in Prrt2: WT n=12,
Het n=9, KO n=13; SNAP25: WT n=8, Het n=8, KO n=8; Synaptotag-
min: WT n=17, Het n=18, KO n=18; MUNCI8: WT n=6, Het n=6, KO
n=6; vGlutl: WT n=10, Het n=8, KO n=10; Complexin 14+2: WT n=3,
Het n=3, KO n=3; NSF: WT n=3, Het n=3, KO n=3; VAMP: WT n=12,
Het n=12, KO n=12; syntaxin 1: WT n=12, Het n=12, n=12; syntaxin 2:
WT n=12, Het n=12, KO n=12; PNKD: WT n=>5, Het n=5, KO n=5. In
postnatal 60 days (P60) old, there was a significant reduction in Prr12: WT
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n=6, Het n=6, KO n=6; SNAP25: WT n=10, Het n=9, KO n=10; Synap-
totagmin: WT n=6, Het n=6, KO n=6; MUNC18: WT n=6, Het n=6, KO
n=6; vGlutl: WT n=10, Het n=11, KO n=11; Complexin 1+2: WT n=9,
Het n=8, KO n=9; NSF: WT n=6, Het n=6, KO n=6; VAMP: WT n=12,
Het n=12, KO n=12; syntaxin I: WT n=8, Het n=9, KO n=9; syntaxin 2:
WT n=9, Het n=9, KO n=9. In postnatal 180 days (P180) old, there was a
significant reduction in Prrt2: WT n=6, Het n=6, KO n=6; SNAP25: WT
n=18, Het n=18, KO n=18; Synaptotagmin: WT n=6, Het n=6, KO n=6;
MUNCI8: WT n=6, Het n=6, KO n=6; vGlutl: WT n=12, Het n=12, KO
n=12; Complexin 1+2: WT n=18, Het n=18, KO n=18; NSF: WT n=24,
Het n=22, KO n=24; VAMP: WT n=12, Het n=12, KO n=12; syntaxin I:
WT n=6, Het n=6, KO (p=NS, n=6); syntaxin 2: WT n=12, Het n=12,
and KO n=12. All comparisons were done by one-way ANOVA, Tukey’s
multiple comparisons, compared to that in WT. (*p<0.05, *¥p<0.01,
*#%p <0.001, **+p<0.0001)
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Fig.2 (continued)

Slice electrophysiology

We prepared sagittal sections of the cerebellum from Prrt2 mice
aged 1 month (+/—3 days), 2 months (+/—7 days), or 6 months
(+/—14 days). Recordings from wild-type, heterozygous, and
knockout littermates were performed in an interleaved fashion.

Mice were then deeply anesthetized with an IP keta-
mine-xylazine injection, transcardially perfused with
ice-cold sucrose-based or glycerol-based slicing solution,
decapitated, and the brain was removed, mounted on a
chuck, and submerged in a slicing chamber with ice-cold
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slicing solution. Glycerol slicing solution contained (in
mM) 250 glycerol, 2.5 KCl, 1.2 NaH,PO,, 10 HEPES, 21
NaHCO;, 5 glucose, 2 MgCl,, and 2 CaCl,. Sequential
300-pm sagittal slices were cut on a vibrating microtome
(Leica), transferred to a chamber of warm (34 °C) carbo-
genated ACSF containing (in mM) 125 NaCl, 26 NaHCO;,
2.5 KCl, 1 MgCl,, 2 CaCl,, 1.25 NaH,PO,, and 12.5 glu-
cose for 30-60 min, then stored in carbogenated ACSF
at room temperature. Each slice was then submerged in a
chamber superfused with carbogenated ACSF at 31-33 °C
for recordings.
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Purkinje cells were targeted for recordings using differ-
ential interference contrast (DIC) imaging. Neurons were
patched in the whole-cell voltage-clamp configuration using
borosilicate glass electrodes (3—5 M) filled with cesium-
based (voltage-clamp) internal solution containing (in mM)
120 CsMeSO;, 15 CsCl, 8 NaCl, 0.5 EGTA, 10 HEPES,
2 MgATP, 0.3 NaGTP, 5 QX-314, and pH 7.3. Picrotoxin
was added to the external solution to block synaptic cur-
rents mediated by GABA , receptors. Tetrodotoxin (TTX)
was added to the external solution to block action poten-
tial-dependent synaptic release.

Whole-cell recordings were made using a MultiClamp
700B amplifier (Molecular Devices) and ITC-18 A/D board
(HEKA). Data was acquired and analyzed using the Igor
Pro 6.0 software (Wavemetrics) and custom acquisition/
analysis routines (mafPC, courtesy of MA Xu-Friedman).
Whole-cell recordings were filtered at 2 kHz and digitized
at 10 kHz. Synaptic currents were monitored at a holding
potential of — 70 mV. Series resistance and leak currents
were monitored continuously. Miniature EPSCs (mEPSCs)
were recorded at =70 mV in TTX and picrotoxin. mEPSC
events were identified by their current amplitude (> 5 pA)
and the first derivative of the current amplitude (mafPC).
Only cells with at least 500 mEPSC events were included
in the analysis.

Evoked EPSCs onto Purkinje cells were elicited in the
presence of picrotoxin with a stimulus isolator (IsoFlex,
AMPI) and a glass electrode placed in the nearby molec-
ular layer. Stimulus intensity was adjusted to yield EPSC
amplitudes of approximately 400 pA. Stimulus duration was
300 ps. For evaluation of the paired-pulse ratio, two stimuli
were given at variable interstimulus intervals (ISIs; 25, 50,
100, 200, 500 ms) with a 20-s intertrial interval. Three rep-
etitions at each ISI were averaged to yield the PPR for that
ISI.

Results

Figure 1 shows that mRNA levels in the Pkd mice are
approximately half of levels in wild-type mice across sev-
eral brain regions and in mice ranging from postnatal day
14 to 8 months of age. Expression at postnatal day 60 (P60)
demonstrates that mRNA levels, normalized to GAPDH
mRNA, are highest in the cortex, followed by the cerebel-
lum, with relatively similar expression levels in the thala-
mus, hippocampus, brainstem, striatum, and spinal cord.
Expression reaches a peak around P30 in the cerebellum,
striatum, hippocampus, and spinal cord, while in the cor-
tex, expression is maximal around P60. In the cortex, there
is a U-shaped expression pattern over time, whereas mRNA
levels vary less across age in other parts of the central
nervous system.
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A previous work has identified PRRT?2 localization
at the synapse, and co-localization with proteins of the
SNARE complex that are essential for neurotransmitter
release. [8, 9] We next sought to determine the effect on
expression levels of several presynaptic proteins in knock-
out and heterozygous mice compared to that in wild-type.
At the earliest time point studied, in P5 cerebellar neurons,
PRRT?2 mutation is associated with reductions of SNARE
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Fig.3 Deletion of prrt2 reduces the amount of glutamate release,
but not GABA release, in a gene copy-number-dependent manner.
Neurotransmitter levels of Prrt2 WT (black bars), Het (grey bars),
and KO (white bars) of P5 cerebellar neurons measured by ELISA.
a Glutamate release: Cerebellar granule cells for Prrt2 WT n=36,
Het (*p=0.0105, n=32) and KO (****p <0.0001), n=45. b GABA
release: Cerebellar granule cells for Prrt2 WT n=8, Het (p=NS,
n=5) and KO (p=NS, n=6). Results were adjusted for protein levels
and expressed as a percentage of total neurotransmitter level (neuro-
transmitter release/neurotransmitter release + lysate level X 100). One-
way ANOVA, Tukey’s multiple comparisons to Prrt2 WT neurons
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complex components SNAP-25, syntaxin-1, syntaxin-2,
synaptobrevin, Munc-18, complexins 1 and 2, and synap-
totagmin, as well as vesicle-associated proteins vGLUT-1
and synaptotagmin, and the cytoplasmic ATPase NSF. In
Pkd mice, the reductions in some synaptic proteins, includ-
ing SNAP-25, syntaxin, NSF, and synaptobrevin, appear to
be dose-dependent with PRRT2 (Fig. 2a). In other cases,
the reduction in protein expression is similar in both
the Prrt2 KO and Pkd mice, as is the case for vGLUTI,
Munc18, complexins 1 and 2, syntaxin-2, and synaptotag-
min. By P60, there are no longer any differences in expres-
sion of vVGLUT1, complexins 1 and 2, Munc18, NSF, syn-
aptobrevin, or synaptotagmin (Fig. 2b). Small reductions
in SNAP-25, syntaxin-1, and synatxin-2 remain at P60. At
P180 (Fig. 2c), reductions in protein levels of the above
synaptic proteins are no longer detectable in the Pkd and
Prrt2 KO compared to that in wild-type. In fact, there are
mild increases in the levels of NSF and synaptobrevin in
the Prrt2 KO mice versus wild-type at this later time point.

The reductions in expression of synaptic proteins in the
Prrt2 KO and Pkd mice seen at P5 correlate with a dose-
dependent reduction in glutamate release from cerebellar
granule cells harvested from P5 mice (Fig. 3). By contrast,
there is no change in the low level of GABA release in the
Pkd or Prrt2 KO mice from the small number GABAergic
neurons (likely Purkinje cells or interneurons) that remain
in the culture of cerebellar granule cells. In a fluorescence-
based assay of synaptic vesicle release (Fig. 4), using a
pH-sensitive tagged vGLUT]1, rates of vesicle release are
similar between Prrt2 KO and wild-type mice, but the
extent of vesicle release is greatly reduced in the absence
of Prrt2 (p <0.05).
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Fig.4 Deletion of prrt2 reduces the amount of VGLUTI1-pH in the
RP, but not the rate of exocytosis. a The time course of VGLUT1-pH
fluorescence changes in response to electrical stimulation at 10 Hz
90 s (bar) in the presence of 5 uM bafilomycin (baf) in transfected
hippocampal synaptic boutons from WT (black circles) or prrt2 KO
mice (white triangles), normalized to the total fluorescence in each
bouton in the presence of 50 mM NH,CI applied after stimulation.
The fluorescence of VGLUTI1-pH increases rapidly upon stimula-
tion and reaches a plateau which represents the fraction of VGLUT1-
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Given the age-dependent alterations in presynaptic pro-
tein expression and in vitro glutamate release, we next
examined whether synaptic transmission was altered in
the Prrt2 mouse model. Several lines of evidence suggest
the cerebellum as a likely locus for alterations in syn-
aptic function, including strong PRRT2 expression, age-
dependent changes in expression, and linkage to dystonic
movements. [14—16] To assay synaptic transmission in the
cerebellum of Pkd and KO mice, we performed whole-
cell voltage-clamp electrophysiological recordings from
cerebellar Purkinje cells in ex vivo slices of the cerebel-
lum (Fig. 5a), again focusing on age-dependent changes.
We first measured miniature excitatory postsynaptic cur-
rents (mEPSCs) onto Purkinje cells (Fig. 5b), comparing
wild-type, heterozygous, and knockout mice at 1, 2, and
6 months. Typically, the amplitude of mEPSCs reflects
postsynaptic function, whereas mEPSC frequency reflects
presynaptic function, including the number of inputs and/
or their probability of release. The amplitude of mEPSCs
does not significantly differ between the three Prrt2 geno-
types at any of the three ages (Fig. 5c; p=0.42; p=0.23,
p =0.68; Kruskal-Wallis test). However, at 2 months
(but not 6 months), the frequency of mEPSCs is reduced
in slices from heterozygous and knockout mice, com-
pared to those from wild-type mice (Fig. 5d; p =0.0096,
Kruskal-Wallis test). These results suggest that loss of
Prrt2 yields reduced presynaptic glutamatergic input
onto Purkinje cells at 2 months of age, which resolves by
6 months of age.

Age-dependent changes in glutamatergic synapses in
Prrt2 mice suggest the possibility that the loss of Prrt2 dis-
rupts or delays normal synaptic development, resulting in
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pH in RP. b Loss of prrt2 decreases the amount of VGLUT1-pH in
the RP (KO, white bars 0.2940+0.0442), compared to that in WT
(black bars, 0.438+0.0419, *p<0.05). ¢ The rate of VGLUT1-pH
exocytosis is not significantly altered by loss of prri2 [(AF/Fy)/s:
WT 0.0459 +£0.0044; and KO 0.0485+0.0052, p>0.05)]. Data are
means +SEM of AF/F, normalized to total fluorescence. Data are
from 27 to 91 boutons per coverslips from 7 to 10 coverslips from
three independent cultures
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«Fig.5 Cerebellar synaptic transmission altered at 2 months in PRRT2
mice. Cerebellar Purkinje cells were recorded in the whole-cell, volt-
age-clamp mode in slices from PRRT WT, Het, and KO mice at ages
1, 2, and 6 months. A stimulating electrode was placed in the nearby
molecular layer. a Schematic of the recording configuration. b—d
Miniature excitatory postsynaptic currents (mEPSCs) recorded in
the presence of picrotoxin and tetrodotoxin. b Traces of mEPSCs in
representative cells from WT, Het, and KO mice at 2 and 6 months.
¢, d Average mEPSC amplitudes ¢ and frequencies (d) measured
at 1 month (WT: N=4/n=7; Het: N=7/n=11; KO: N=3/n=38),
2 months (WT: N=5/n=10; Het: N=9/n=15; KO: N=6/n=11) and
6 months (WT: N=4/n=8; Het: N=5/n=9; KO: N=1/n=4). Indi-
vidual neurons are represented by the overlaid dots. e—f Electrically
evoked excitatory postsynaptic currents, measured in the presence of
picrotoxin at 2 months. e Pairs of overlaid EPSCs evoked at different
interstimulus intervals (ISIs) in representative cells from WT, Het,
and KO slices. f Average paired-pulse ratio (PPR) at different ISIs in
WT (N=3/n=9), Het (N=6/n=20), and KO slices (N=5/n=12). N
refers to animals, n to cells. Data represented as average +/—SEM

either a reduction in functional synaptic contacts or altera-
tions in their individual function. To determine whether glu-
tamatergic synapses onto Purkinje cells have altered release
properties, we next measured evoked synaptic release, focus-
ing on the 2-month time point. We activated inputs by local
electrical stimulation through a glass stimulating electrode
placed in the molecular layer (Fig. Se), focusing on a com-
mon indicator of presynaptic release probability, the paired-
pulse ratio (PPR). At low release probability synapses, two
pulses in close succession produce paired-pulse facilitation,
whereas at high release probability synapses, two pulses in
close succession produce paired-pulse depression. In wild-
type slices, we gave two pulses at a variety of interstimulus
intervals (Fig. 5e), and measured PPR. At short interstimulus
intervals, we find a strong paired-pulse facilitation, whereas
there is little if any facilitation at intervals > 150 ms (Fig. 5f).
We then compared the PPR curves of Purkinje cells recorded
in wild-type, heterozygous, and knockout Prrt2 mice. We
found the PPR curves are not significantly different among
the three genotypes (Fig. 5f). Taken together, these findings
suggest that, though there is an age-dependent reduction in
synaptic input onto Purkinje cells in Prrt2 mice, this is not
likely to be driven by a global reduction in the probability
of release.

We then proceeded to assess the motor phenotypes of
wild-type, Pkd, and Prrt2 KO mice at different ages. All
three genotypes were challenged with the learned task of
crossing balance beams of progressively narrower widths, at
ages P30, P60, and P180 (Fig. 6a—c). With P30 mice, there
is an increase in traverse time as the beam is narrowed in
width from 18 to 12 mm and 6 mm, though this difference
is only seen in the Prrt2 KO mice. The Prrt2 KO mice also
have increased slips compared to wild-type on the 12-mm
and 6-mm beams, while the Pkd mice show an increased
frequency of slips only on the narrowest beam. At P60, the
longer traverse time in the Prrt2 KO versus the wild-type

and Pkd mice is maintained, while the differences in slip-
ping become more pronounced. In particular, an increased
rate of slips is apparent in the Prrt2 KO mice even on the
widest beam of 18-mm diameter. When crossing the nar-
rower 12-mm and 6-mm beams, Pkd and Prrt2 KO mice
have more slips than the wild-type mice in a PRRT2 dose-
dependent pattern. Finally, at P180, the slower traverse time
for Prrt2 KO mice is still detectable, and present even across
the 18-mm beam, while there is no longer a significant dif-
ference in the rate of slips on any of the beams between
wild-type, Pkd, and Prrt2 KO mice. Thus, the slower traverse
time of the knockout mice persists across the range of ages
tested, while the rate of slips is increased at P30, peaks at
P60, and disappears by P180.

Gait analysis of mice from all three genotypes reveals
no significant differences in stride length of forelimbs or
hindlimbs in Pkd mice compared to those in wild-type
(Fig. 7). Similarly, there is no difference in rotarod perfor-
mance at p30 and p80 between the wild-type and Pkd mice
(data not shown).

Discussion

The age dependence of paroxysmal symptoms in PRRT2-
related diseases is a widely reported but poorly understood
phenomenon. Efforts of several groups have helped to elu-
cidate the mechanisms of PRRT2 mutations in synaptic
function, through a combination of knockdown [8, 9, 28]
and knockout [5, 9, 14-16] approaches in rodent models,
along with immunohistochemistry, electrophysiology, and
behavioral experiments. These studies have shown a pattern
of PRRT2 expression restricted to the brain and spinal cord,
and most prominent in the cerebellum and cortex. Our model
affirms the distribution of Prrt2 mRNA and Prrt2 protein
throughout the central nervous system with an allelic muta-
tion—dependent reduction in Pkd and Prrt2 KO mice (Fig. 1).
This reduction in PRRT?2 correlates with reduction in synap-
tic proteins. The level of some synaptic proteins decreased
in a dose-dependent manner, while others were maximally
reduced with Prrt2 haploinsufficency. These biochemical
changes are most pronounced at P30 and P60, the same age
window where presynaptic glutamatergic input is reduced.
At the ultrastructural level, PRRT?2 is firmly established as
a presynaptic protein, [8, 26, 29] though recent work argues
for an important role in modulation of voltage-gated sodium
channels at the axon initial segment. [11] At the synapse,
PRRT2 co-localizes with SNAP-25 and syntaxin-1, [10]
and loss of PRRT2 leads to a decrease in synaptic vesicle
density. [8, 30].

Our finding of reduced levels of multiple synaptic
proteins in the Pkd and Prrt2 KO mice, compared to
that in the wild-type, could suggest a globally reduced
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«Fig. 6 Balance and motor coordination assessed on the balance beam.
Transient loss of coordination, as measured by increased slipping on
the balance beam test, is apparent at P30, and seems to persist and
even worsen at P60, but disappears by P180. Prolonged balance beam
traverse time becomes more apparent at later time points (P60 and
P180). Graphs represent traverse time (s) and slips. Bars represent
the mean+/—SEM of the final days (5-8 trials), post training on the
beam. (a) Traverse time and (b) slips: P30: WT (black bar) n=13,
Het (grey bar) n=28, and KO (white bar) n=9. P60: WT (black bar)
n=27, Het (grey bar) n=34, and KO (white bar) n=10. P180: WT
(black bar) n=15, Het (grey bar) n=22, and KO (white bar) n=9.
The maximum traverse time was 20 s. Traverse time greater than 20 s
the mouse fails and was counted as 20 s. One-way ANOVA, Tuk-
ey’s multiple comparisons, compared to WT. (*p<0.05, **p<0.01,
*#%p <0.001, ¥*¥*#*p <0.0001)

number of neurons or reduced synaptic density. However,
the unchanged levels of some synaptic proteins, such as
PNKD, among the three genotypes, as well as the similar-
ity to wild-type levels in older (P60 and P180) mice would
argue against a reduced number of neurons. Furthermore,
our electrophysiological data support decreased synaptic
input at earlier time points, without an effect on release
probability, findings also consistent with reduced synaptic
density. Rather, our results are consistent with those of Liu
et al. [26] and Valente et al. [29] who found that PRRT2
knockdown decreased synaptic density after birth. Indeed,
Liu et al. noted delays in neuronal migration, but that neu-
rons eventually reach their target, a model that would also
be compatible with our findings. Thus, our western blot
data would support Liu et al.’s suggestion that loss of Prrt2
slows synaptic development, with a reduced number of
synapses at early time points. Our western blotting data
cannot distinguish whether deficiency of Prrt2 leads to
transcriptional or translational repression of other synaptic
proteins, or to changes in protein turnover.

There has been some variability in findings among
rodent models of PRRT2-related diseases, with most pub-
lications showing primarily synaptic localization, and one
recent publication showing a role for PRRT2 in regula-
tion of voltage-gated sodium channels in the axon. [11] In
addition, while there is consensus that PRRT2 modulates
glutamate release at excitatory synapses, some groups have
identified changes in inhibitory neurotransmitter release.
[10, 29] It should be noted that altered inhibitory neuron
physiology in Prrt2 KO mice was identified in hippocam-
pal, not cerebellar neurons, which likely accounts for differ-
ences between our findings and those reports. Our data are
consistent with studies focused on the cerebellum in Prrt2
KO and Pkd mice, [15] in spite of differences in technical
approaches, while hippocampal electrophysiology suggests
a more complex increase in cortical excitability [29] due to
altered activity at both excitatory and inhibitory synapses.
Dyskinesia in PKD seems to be mechanistically distinct
from paroxysmal non-kinesigenic dyskinesia (PNKD),
which is caused by dominant mutations in MR-1, and is
associated with alterations in dopaminergic signaling in the
striatum. [31] It remains an open question whether there
are convergent metabolic and anatomic pathways shared by
the various dyskinesias.

Increased slipping on the balance beam test, which may
be due to transient balance and coordination deficits, includ-
ing dyskinesias, is apparent at P30, and seems to persist and
even worsen at P60, but disappears by P180. Prolonged balance
beam traverse time, a more complex measure that may reflect
sustained deficits in coordination, balance, anxiety, and motiva-
tion, becomes more apparent at later time points (P60 and P180).
Thus, the reduced levels of synaptic proteins at early time points
do not correlate with impaired coordination. Our findings of
more frequent slips and longer traverse time on progressively
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narrower balance beams are similar to the findings of Tan et al.,
[15] though they studied mice only at 6 weeks of age. Michetti
et al., [14] on the other hand, examined motor coordination at
very early time points, from P4 to P16, and found that loss of bal-
ance peaked at P8, while backwalking and grooming increased
during the first 2 weeks of life. The reduced expression levels of
synaptic proteins at earlier time points in the Pkd and Prrt2 KO
mice may reflect a developmental abnormality of the synapse,
which is independent of the transient uncoordination/dyskinetia
phenotype that appears early and persists into adulthood. Our
data suggest that this transient uncoordination/dyskinetia may
peak, while difficulties with balance beam traversal, reflecting a
more sustained impairment of coordination, persist in the Prrt2
KO mice, consistent with the more severe phenotype seen in the
rare patients with biallelic mutations in PRRT2. [7]

Thus, there appear to be three phenotypic windows: early
delayed synaptic development, which may be associated with
increased seizure propensity; a peak in transient uncoordina-
tion/dyskinesia around P60 that attenuates by P180; and a
persistent uncoordination phenotype that is present at P180
and beyond in Prrt2 KO mice. Delayed cortical migration
is associated with many severe epileptic encephalopathies,
and may explain why there is a developmental window for
epilepsy in individuals with PRRT2 mutations. More recent
data from Fruscione et al. [11] implicate a sodium channel
inhibitory role for PRRT2, which becomes less inhibited in
disease-associated PRRT2 mutations, and which offers an
explanation for the sensitivity of both seizures and dyskine-
sias to sodium channel-blocking agents like carbamazepine.
It remains to be further clarified, however, why this effect of
PRRT?2 manifests as seizures in infancy and kinesigenic dys-
kinesia in later childhood and adulthood. Perhaps further work
may elucidate the infantile vulnerability of cortex compared
to the later vulnerability of cerebellum, which appears to be
the source of dyskinesias. [15].
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