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Persistent Nav1.6 current at axon initial segments tunes
spike timing of cerebellar granule cells
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Cerebellar granule (CG) cells generate high-frequency action potentials that have been proposed
to depend on the unique properties of their voltage-gated ion channels. To address the in vivo
function of Nav1.6 channels in developing and mature CG cells, we combined the study of the
developmental expression of Nav subunits with recording of acute cerebellar slices from young
and adult granule-specific Scn8a KO mice. Nav1.2 accumulated rapidly at early-formed axon
initial segments (AISs). In contrast, Nav1.6 was absent at early postnatal stages but accumulated
at AISs of CG cells from P21 to P40. By P40-P65, both Nav1.6 and Nav1.2 co-localized at CG cell
AISs. By comparing Na* currents in mature CG cells (P66—P74) from wild-type and CG-specific
Scn8a KO mice, we found that transient and resurgent Na* currents were not modified in the
absence of Nav1.6 whereas persistent Na* current was strongly reduced. Action potentials in
conditional Scn8a KO CG cells showed no alteration in threshold and overshoot, but had a faster
repolarization phase and larger post-spike hyperpolarization. In addition, although Scn8a KO
CG cells kept their ability to fire action potentials at very high frequency, they displayed increased
interspike-interval variability and firing irregularity in response to sustained depolarization. We
conclude that Nav1.6 channels at axon initial segments contribute to persistent Nat current and
ensure a high degree of temporal precision in repetitive firing of CG cells.
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Abbreviations AHP, afterhyperpolarization; AIS, axon initial segment; AP, action potential; BSA, bovine serum
albumin; CG, cerebellar granule; DIV, days in vitro; P, post-natal days; ISI, inter-spike interval; KO, knock-out; RT,
room temperature.

particularly important because they are localized at the

Introduction axon initial segments (AISs), where action potentials

Ten voltage-gated sodium (Nav) channel « subunits
(Navl1.1-1.9, Nax) have been identified to date (Goldin,
2001). Each isoform has its own regional, cellular and
developmental expression (Trimmer & Rhodes, 2004) but
the reasons for this diversity are still largely unknown.
The Navl.6 channel is highly expressed in the adult
cerebellum, where it serves a specialized role in regulating
the activity patterns of cerebellar neurons. In Purkinje cells
lacking Nav1.6 channels both spontaneous firing activity
and high-frequency discharge are impaired (Raman
et al. 1997; Khaliq ef al. 2003). Navl.6 channels are
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(APs) are initiated (Waxman & Quick, 1978; Kaplan
et al. 2001; Boiko et al. 2001, 2003; Osorio et al.
2005; Lorincz & Nusser, 2008; Royeck et al. 2008; Hu
et al. 2009). Consistently, mice with disrupted Navl.6
expression exhibited neurological syndromes including
ataxia, dystonia and juvenile lethality (Meisler et al. 2004;
Meisler & Kearney, 2005), and cognition is impaired
in human heterozygotes for a null allele of Navl.6
(Trudeau et al. 2006), suggesting that Navl.6 is crucial
for impulse propagation at postnatal stages and later in
life.
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Collectively, these data indicate that Navl.6 plays a
critical role in faithfully transmitting high frequency firing,
which could reflect the distinctive biophysical nature of
Navl.6 compared to other Nav isoforms. Particularly,
Navl.6 channels have been widely associated with the
presence of resurgent Na't currents, thereby providing a
depolarizing drive following firing of single APs (Raman
& Bean, 1997; Swensen & Bean, 2003). Another property
that distinguishes Nav1.6 channels is their propensity to
generate larger steady-state Na' currents (Smith et al
1998; Rush et al. 2005). These ‘persistent’ Na™ currents
critically influence AP firing at just-threshold levels of
stimulation (Crill, 1996) and are greatly reduced in
Purkinje and cortical neurons from Navl.6-null mice
(Raman et al. 1997; Maurice et al. 2001).

Our previous study of rat cerebellar granule (CG) cells
has shown that Nav1.2 precedes Nav1.6 at developing AISs
in culture (Osorio et al. 2005). The functional benefit of
this differential developmental pattern is still unclear, but
it might be necessary for the appearance of the complex
firing pattern of mature CG cells (D’Angelo et al. 2001;
Isope & Barbour, 2002; Chadderton et al. 2004; Isope
et al. 2004; Jorntell & Ekerot, 2006). Inactivation of
Navl.6 specifically in cerebellar granule cells resulted in
impaired rotarod performance and reduction of evoked
firing in Purkinje cells (Levin et al 2006). However,
it is not clear how Navl.6 subunits contribute to the
biophysically distinct Na* currents of CG cells (Osorio
et al. 2005; Magistretti ef al. 2006) and set their intrinsic
firing properties in vivo.

To test the selective contribution of Nav1.6 channels to
CG cell firing properties, we studied the developmental
expression pattern of Navl.2 and Navl.6 in situ. We
found that developmental targeting of Nav1.6 subunits
at AISs is complete only into adulthood, making the use of
Navl.6-null mice inappropriate, as they die prematurely.
We therefore generated Scn8a/°x_Cre* transgenic mice
showing selective inactivation of Navl.6 in CG cells. We
show that Nav1.6 channels at AISs contribute to persistent
but not resurgent Na*t currents, and regulate the firing
regularity of granule neurons in adult cerebellum.

Methods
Ethical approval

Animal use followed the guidelines established by the
European animal care and use committee (N. 86/609/
CEE) and complied with The Journal’s policies and
regulations (Drummond, 2009). Mice older than P14 were
anaesthetized with halothane or isoflurane and killed by
decapitation. The total number of mice used in this study
was 55.
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Scn8a null mice, conditional Scn8a KO mice
and genotyping

Scn8a*/fox mice possess ‘floxed’ alleles of the Scn8a gene
containing loxP sites flanking the first coding exon (Levin
& Meisler, 2004). Scn8a™*/1x mice were crossed with
BACw6-Cre transgenic mice, in which Cre expression is
under the control of the granule-specific GABA, receptor
a6 subunit promoter (Laurie ef al. 1992; Aller et al. 2003).
The loxP exon is deleted by exposure to Cre recombinase
(Cre), resulting in a complete loss of expression of Nav1.6.
In that manner, disrupted Nav1.6 expression is restricted
to cerebellar granule cells in Scn8a/fe*| Cre* mice.

Genotyping used DNA extracted from mouse tails
(Truett et al. 2000). Mouse tails were incubated for
20 min at 95°C in a dissociation solution consisting of
25mM NaOH and 0.2 mMm EDTA; the reaction was then
stopped with 40 mm Tris-HCI. The resulting solution was
centrifugated 5 min at 2000g and used for PCR reactions.
PCR amplification of wild-type (WT) and floxed alleles of
Scn8a used the F2 (5-GTG TGT GAT TCT CAA CAG
TGG GTT-3') and R2 (5-GTC TGT AAG AAG GCC
TGA AAG TGA-3') primers (Levin & Meisler, 2004). Cre
transgenes were genotyped with the Cre-specific forward
primer 5'-ACT TAG CCT GGG GGT AAC TAA ACT-3
and the reverse primer 5-GGT ATC TCT GAC CAG
AGT CAT CCT-3'. The reaction consisted of 30s at
94°C, 30s at 55°C and 1min at 72°C (35cycles) and
5min at 72°C. PCR products were separated on a 2%
agarose gel allowing resolution of a 800 bp product for
the WT Scn8a allele, a 900 bp product for the floxed
Scn8a allele and a 300 bp product for the Cre transgene.
Mice homozygous for the floxed allele of Scn8a produce
normal levels of Navl.6 protein in the absence of
Cre (Levin & Meisler, 2004). In addition, Na™ current
properties in C57BL/6, Scn8a™ and Scn8a™/fe* mice
were indistinguishable and the data were pooled as WT
mice.

The med Scn8a-null mutation arose from insertion
of a transposable L1 element into exon 2, causing
aberrant splicing and disruption in the open reading frame
(Kohrman et al. 1996). This mutation was maintained
by crossing to strain C3Heb/Fe]. Homozygous med
mice developed severe muscle atrophy, weakness and
progressive paralysis of the hindlimbs and died by 3 weeks
of age. Throughout the manuscript, the term ‘med’ refers
to the animals that were homozygous for the recessive null
mutation (Burgess et al. 1995; Kohrman et al. 1996).

Reverse transcriptase-PCR

Total RNA was extracted from cerebella and
extra-cerebellar brain of Scn8a™*/fx| Cret mice with
Tri-Reagent (Sigma, Saint-Louis, MO, USA) according
to the manufacturer’s recommendation. Reverse
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transcription reactions with oligo(dT),, primers were
performed with the cloned AMV reverse transcriptase
following the manufacturer’s protocol (Invitrogen,
Grand Island, NY, USA), using 3 g of total RNA. PCR
on reverse-transcribed cDNA were performed with a
forward primer located in the 5-UTR (5'-CAC TGA GGT
TTG GAC AGG TTG TCA CC-3’) and a reverse primer
located in the exon 3 (5'-ATA CAC AGT TGG TCA GGA
TGG TGC-3') (Drews et al. 2005). PCR products were
separated on a 2% agarose gel allowing resolution of a
650 bp product for the floxed Scn8a mRNA and a 350 bp
product for the truncated Scn8a mRNA.

Antibodies

Primary antibodies used and dilutions were as follows:
serine-rich domain of ankyrin-G node (polyclonal,
Bouzidi et al. 2002), 1/500; ankyrin-G (monoclonal
4G3F8, Santa Cruz Biotechnology, Santa Cruz, CA, USA),
1/50; Navl.l (polyclonal AB5204, Chemicon), 1/150;
Navl.2 polyclonal (ASC-002, Alomone Laboratories,
Jerusalem, Israel), 1/100; Navl.2 monoclonal (K69/3,
Upstate Biotechnology, Lake Placid, NY, USA), 1/100;
Navl.6 polyclonal (ASC-009, Alomone), 1/100; Navl.6
monoclonal (K87A/10, Neuromab, Davis, CA, USA),
1/200. Alexa Fluor488- and Alexa Fluor546-conjugated
goat secondary antibodies were used to detect rabbit
polyclonal antibodies, and Alexa Fluor555-conjugated
goat secondary antibodies were used for visualization of
the mouse monoclonal antibodies (all from Molecular
Probes, Eugene, OR, USA).

The specificity of the Navl.6 antibodies was tested
on cryosections of cerebella of med mice. Because med
mice die before 3 weeks of age, we performed control
immunostaining on P19 med mice cryosections. In
addition, because WT CG cells did not express Navl.6
at AISs before P20 (see Figs 1 and 2), comparison were
made between WT and med Purkinje cell AISs, which
have been shown to cluster Navl1.6 at this developmental
stage (Jenkins & Bennett, 2001). Dual labelling with
polyclonal anti-ankyrin G antibody (to mark AISs) and
monoclonal Nav1.6 antibody or monoclonal anti-ankyrin
G antibody and polyclonal anti-Nav1.6 antibody did not
reveal staining of med Purkinje cell AISs (not shown),
demonstrating that the Nav1.6 antibodies were specific.

Tissue preparation and immunostaining
of cryosections

Mice older than P14 were anaesthetized with halothane
and killed by decapitation. Cerebella were rapidly dissected
out and frozen in OCT embedding matrix (Cellpath,
Hemel Hempstead, UK) bathed in chilled isopentane.
Tissues were sagitally cryosectioned at 14-18 um,
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transferred to SuperFrostPlus slides (Fisher Scientific,
Houston, TX, USA) and stored at —80°C until processed.
Slides with cryosections were thawed at room temperature
(RT), washed in phosphate-buffered saline (PBS) and then
incubated for 40 min at RT in blocking solution containing
3% BSA and 0.1% Triton X-100. Primary antibodies were
diluted in blocking solution and applied to sections to be
incubated overnightat4°Cin sealed humidified chambers.
Slices were then washed three times for 15 min in PBS.
Secondary antibodies were applied in 3% BSA-containing
PBS for 40 min at RT in the dark. After six washes in PBS,
sections were mounted in PBS-50% glycerol.

Confocal imaging and deconvolution

Images were acquired using a TCS SP2 laser-scanning
confocal microscope (Leica Microsystems, Mannheim,
Germany), initially processed using Leica Confocal
Software (LCS Lite) and later exported into Adobe
Photoshop for final processing. Images comparing
WT and med cerebellar granule cells or WT and
granule-specific KO mice cerebella were acquired and
digitally processed with identical parameters. No staining
was detected in sections or cultures incubated with the
secondary antibodies alone.

In order to compare the fluorescence intensities of
Nav (Navl.2 and Navl.6) and ankyrin G antibodies at
AISs over age, images of double labelled sections were
acquired using a set of acquisition parameters that was
specific for each antibody. LCS Lite software was used to
measure intensities of fluorescence on planar projections
of confocal raw images spanning 1.6 um. For each pair
of ankyrin G-specific and isotype-specific images of the
same field, regions of interest encompassing a single AIS
(~0.4 um) were defined in the ankyrin G image and
the intensities of both ankyrin G- and isotype-specific
fluorescences were measured. The measurements were
repeated in an adjacent unlabelled area and the resulting
background intensities were subtracted from the AIS
fluorescence signal. The intensity ratios of Navl.2 or
Nav1.6 signal over ankyrin-G intensity at individual AISs
were plotted against age (Fig. 2). Ankyrin G staining
intensity was used as reference because it remains stable
over age (Fig. 2B).

Images acquired for the deconvolution process were
taken with an oil immersion objective 63x NA and
pixel sizes were adjusted to 58 nm x 58 nm with a
z-sectioning interval of 163nm. Raw images were
transferred to a Silicon Graphics Octane workstation,
visualized with Imaris software and deconvolved by
the Huygens Professional software (Scientific Volume
Imaging, Hilversum, The Netherlands). We determined
the microscope’s point-spread function from images of
spherical beads acquired with the same parameters as raw
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images of cerebellum and used the Classical Maximum
Likehood Estimation as restoration image process.

As indicated in the figures, images show either planar
projections of a series of successive confocal images or
representative individual confocal sections.

Voltage-clamp experiments: slice preparation
and recording

To prepare cerebellar slices for voltage-clamp, patch-clamp
experiments, mice (P66-P74) were anaesthetized by
inhalation of isoflurane (Merial, Toulouse, France) and
decapitated. The procedures followed for extracting the
cerebellum, cutting sagittal sections of the cerebellar
vermis (220 um thick), and maintaining the slices before
recording were exactly the same as described elsewhere
(Magistretti et al. 2006). The apparatus employed and
the procedures followed for patch-clamp recordings in
the voltage-clamp mode are also described elsewhere
(Castelli et al. 2007a). Briefly, the recording chamber
was mounted on the stage of an upright microscope
(Axioskop 2 FS; Zeiss, Oberkochen, Germany) equipped
with differential-contrast optics and a near-infrared
charge-coupled device (CCD) camera used to improve
cell visualization during the approaching and patching
procedures. Slices were perfused with a solution suitable
for isolating Na® currents, containing (in mm): 100
NaCl, 26 NaHCO;3, 19.5 tetraethylammonium chloride
(TEA-CI), 3 KCl, 2 MgCl,, 2 CaCl,, 2 BaCl,, 0.5 CdCl,,
4 4-aminopyridine (4-AP), 11 D-glucose (pH 7.4 by
saturation with 95% O,-5% CO,). Patch pipettes were
fabricated from thick-wall borosilicate glass capillaries
(CEI GC 150-7.5; Harvard Apparatus, Edenbridge, UK)
and were filled with an intracellular solution containing (in
mM): 104 CsE, 50 TEA-CI, 2 MgCl,, 10 Hepes, 10 EGTA, 2
Na-ATP, and 0.2 Na-GTP (pH adjusted to 7.2 with CsOH).
The patch pipettes had a resistance of 5-8 MQ2 when
filled with the above solution. Liquid junction potential
(Vj), estimated as explained in Castelli et al. (20074), was
5.5 mV. The voltage values specified in the text and figures
are uncorrected values (actual membrane potential values
can be calculated from nominal command potentials,
Veoms a8: Vip = Vo — VJ)

Tight seals (>5 GS2) and the whole-cell configuration
were obtained by suction according to the standard
technique (Hamill et al. 1981). Voltage-clamp recordings
of Na™ currents were performed at room temperature
(21-22°C) by means of an Axopatch 200B patch-clamp
amplifier (Axon Instruments/Molecular Devices, Union
City, CA, USA). Series resistance (R;), which was evaluated
on-line and continually monitored during the recording
(see Castelli et al. 2007a), averaged 22.1+4.6 MQ
(n=34), and was always compensated by ~95%. The
program Clampex of the pCLAMP 8.2 software package
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(Axon Instruments) was used for commanding voltage
protocols and digitally acquiring current signals. In all
recordings the nominal holding potential was —80 mV.
Current signals were low-pass filtered at 5kHz and
digitized at 50 kHz (step protocols) or 10kHz (ramp
protocols). On-line subtraction of leak and capacitive
currents was performed using a P/4 routine when step
protocols were applied. No on-line subtraction procedure
was adopted for ramp protocols. Tetrodotoxin (TTX;
Alomone Laboratories) was always applied in the bath
with the superfusing solution at the end of the experiment,
so as to obtain residual TTX-insensitive currents to be
subtracted from control traces and isolate voltage-
dependent Na™ currents.

Current-clamp experiments: slice preparation
and recording

Parasagittal slices (200 um) were cut from the cerebellar
vermis of mice aged between P40 and P65, as described in
Cathala ef al. (2003). Briefly, mice were decapitated and
the cerebellum was rapidly removed and placed in cold
‘slicing’ (2-4°C) solution of the following composition
(mM): 125 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,, 26 NaHCO;,
1.25 NaH,PO,, 25 glucose, 0.5 ascorbic acid and 1
kynurenic acid, pH 7.3 when bubbled with 95% O,—5%
CO,. Slices were cut from the dissected cerebellum
using a Leica VT1000S (Leica Microsystems, Wetzlar,
Germany) or a Vibroslicer (Campden Instrument Ltd)
vibrating microtome; these were incubated in slicing
solution at 30°C for 45min and subsequently were
maintained without kynurenic acid at room temperature
for up to 7 h. Patch-clamp recordings were made at room
temperature with an EPC9 amplifier (HEKA Elektronik,
Lambrecht/Pfalz, Germany), low-pass filtered at 5 kHz and
digitized at 20 kHz. Patch pipettes had a resistance of
8—11 Mwhen filled with the internal solution consisting
of (in mM): 110 K-MeSO,, 40 Hepes, 0.15 BAPTA, 6
NaOH, 0.02 CaCl,, 4.6 MgCl,, 4 Na-ATP and 0.3 Na-GTP
(adjusted to pH 7.3 with KOH). Capacitance measures
were determined directly from the amplifier setting. All
voltage recordings were corrected for a measured liquid
junction potential of 6 mV.

Data analysis

Data were analysed using pCLAMP 8.2 (Axon
Instruments) software. Na® currents were re-filtered
off-line at 3kHz. Current amplitude was measured
at the peak of each tracing. Iy, kinetics was
studied by fitting the current activation and decay
phases with a double exponential function in
the form: I = Ajexp(—t/t,) + Asexp(—t/t,) + C. Nat
permeabilities (Py,) were calculated from current
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amplitudes (Iy,) by applying the Goldman equation in
the form:

Py = Ina (RT/F?V;y) [1 — exp(—F V,y /RT)]
/{[Na™]; — [Na"], exp(—=FV;/RT)},

in which the nominal intra- and extracellular Na™
concentration values (4.2 and 126 mM, respectively)
were introduced. Fittings with the Boltzmann function,
Pno = AI{1 4+ exp[(V — V,,)/k)] } were carried out using
Origin 6.0 (OriginLab Corp., Northampton, MA, USA).

Current-clamp data obtained on cerebellar slices were
analysed in the Igor Pro 5.01 environment (Wave-
metrics Inc, Lake Oswego, OR, USA) using Neuromatic
software (Jason Rothman, University College London, UK;
http://www.neuromatic.thinkrandom.com). Measures of
AP overshoot, rise time, half-width and AHP amplitude
were performed on the first action potential elicited by
liminar current injection, unless otherwise stated.

Results are presented as means=+S.E.M., unless
otherwise specified (Fig. 4), and n represents the
number of cells examined. When data were normally
distributed (Shapiro—Wilk test), statistical difference
between groups were tested using Student’s two-tailed
t test for unpaired data (unless otherwise stated). P was
considered significant at P < 0.05. *, ** and *** indicate
P <0.05, P <0.01 and P < 0.001, respectively.

Results

Nav1.2 and Nav1.6 accumulate differentially at
developing axon initial segments of CG cells in situ

We have shown previously that in rat cultured CG cells,
Nav1.2 channels are clustered in early-formed AISs (days
in vitro (DIV) 7 on), and that during maturation Nav1.6
becomes the predominant Nav channel isoform at these
sites (Osorio et al. 2005).

Therefore, we asked whether a similar developmental
progression of Nav1.6 expression also occurs in mice CG
cell AISs in situ. We examined Nav subunit expression
in cryosections of mice cerebella early in postnatal
development, starting at P10. By then most CG cells have
attained the internal granular layer and show ankyrin
G-defined AISs (Supplemental Fig.1A). Faint Navl.2
immunoreactivity was observed in ~80% of these ankyrin
G-positive CG cell AISs (Supplemental Fig. 1A; see Fig. 2A
for average data). Deconvolved confocal sections, shown
in the bottom panel of Supplemental Fig. 14, revealed that
Navl1.2 staining extended through the entire length of the
CG cell AISs. In marked contrast, no Navl.6 immuno-
reactivity was observed in ankyrin G-positive AISs in
the granular layer, whereas Nav1.6 and ankyrin G were
co-expressed at Purkinje cell AISs (Supplemental Fig. 1B).
AtP14,Navl.6 immunostaining remained undetectable in

© 2010 The Authors. Journal compilation © 2010 The Physiological Society

Nav1.6 ensures spike regularity in cerebellar granule cells 655

the granular layer. Nav1.2 was still present and appeared
to accumulate at AISs during this period, as evidenced by
the increase in the Nav1.2 versus ankyrin G intensity ratio.
Navl.2 expression remained high in most AISs up to P30
(Figs 1A and 2A and B).

The first instances of dim Nav1.6 fluorescence were seen
atP21inabout 30% of CG cell AISs (Figs 1Aand 2A). From
P21 through adulthood, the number of Navl.6 positive
AlSs increased sharply, along with an increase in Nav1.6
labelling intensity (Fig. 2A and B). By P60, 90% of ankyrin
G-positive AlSs in the granular layer were positive for
Nav1.6 and Nav1.2 (Figs 1A and 2A). At this stage, Nav1.6
staining appeared regular and extended nearly through the
entire ankyrin G-positive AISs (bottom panel in Fig. 1B),
while Navl.2 labelling intensity, although present, was
reduced (bottom panel in Figs 1A and 2B). Thus, Nav1.2
channels cluster first at early CG cell AISs, whereas Nav1.6
appears with maturation. It should be noted that neither
Navl1.2 nor Navl.6 (or PanNav immunoreactivities, not
shown) was seen in the cell bodies and dendrites of mature
CG cells, consistent with the observation that Na™ channel
activity was absent from the granule cell somato-dendritic
compartment in cerebellar slices (Diwakar et al. 2009).

Maturation of AlSs and developmental accumulation
of Nav1.2 at AlSs are unchanged in CG cells from
granule-specific Scn8a KO mice

To investigate Nav1.6 function in CG cells, we used gene
targeting to generate granule-specific KO mice deficient
in the Navl.6 subunit. Homozygous mice for the floxed
allele of Scn8a (Scn8a™*/Mx mice) were crossed with
BACa6-Cre transgenic mice, in which expression of
the Cre recombinase (Cre) is under the control of the
granule-specific GABA, receptor w6 subunit promoter
(Aller et al. 2003; Levin & Meisler, 2004; Levin et al.
2006). Deletion of the loxP exon by exposure to Cre
in Scn8a™/f*_Cre* recombinant mice resulted in the
inactivation of the Scn8a gene only in CG cells. Mice
homozygous for the deleted Scn8a allele were viable,
had normally developing cerebella and had no visible
motor impairment, but a slower rate of improvement was
observed in 5-month-old mice with the rotarod test (Levin
et al. 2006). We refer hereafter to these mice as Scn8a CG
KO mice.

Based on the onset of Cre expression in the Cre* line
(Aller et al. 2003), Scn8a inactivation may be expected to
occur gradually after P7. Deletion of Scn8a exon 1 genomic
DNA was detected in cerebella from P30 Scn8a CG KO
mice (Fig.3A). Scn8a mRNA lacking exon 1 was also
detected by RT-PCR in cerebella but not in extra-cerebellar
regions of Scn8a CG KO mice (Fig. 3A).

To verify that homologous deletion of the Scn8a
allele was associated with a concomitant reduction in
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Figure 1. Differential expression of Nav1.6 and Nav1.2 at developing CG cell AlSs

A, cryosections of a P21 WT mouse cerebellum were double-labelled with anti-ankyrin G (polyclonal) and
anti-Nav1.2 (monoclonal K69/3) antibodies (left panels) or with anti-ankyrin G (monoclonal, 4G3F8) and
anti-Nav1.6 (polyclonal ASC-009) antibodies (right panels). Upper panels, virtually all AlSs located in the granular
layer were stained with the anti-Nav1.2 antibody, whereas Purkinje cell AlSs (double arrowheads) and nodes
located in the white matter were clearly devoided of Nav1.2 labelling. Purkinje cell AlSs as well as nodes in
the white matter exhibited Nav1.6 staining. Images are projections of 21 consecutive optical sections spanning
3.3 um. Bottom panels, expanded deconvolved projections of 11 consecutive optical sections spanning 1.7 um
in the granular layer, in which most CG cell AISs expressed Nav1.2 (arrowheads) and did not express Nav1.6
(arrows) or showed the first signs of Nav1.6 clustering at AlSs (dashed circles). B, cryosections of a P60 WT mouse
cerebellum were double-labelled with anti-ankyrin G (polyclonal) and anti-Nav1.2 (monoclonal K69/3) antibodies
(left panels) and with anti-ankyrin G (monoclonal, 4G3F8) and anti-Nav1.6 (polyclonal ASC-009) antibodies (right
panels). Upper panels, most AlSs located in the granular layer were stained with the anti-Nav1.2 antibody, whereas
Purkinje cell AlSs (double arrowheads) and nodes located in the white matter were negative. Purkinje cell AlSs and
CG cell AlSs (arrowheads) exhibited Nav1.6 clustering (see also Fig. 38 for Nav1.6 clustering at P60 Scn8aflox/flox
CG cells). Images are projections of 21 consecutive optical sections spanning 3.3 um. Middle panels, projections of
11 consecutive optical sections spanning 1.7 um in the granular layer showing Nav1.2-positive or Nav1.6-positive
(arrowheads) and Nav1.2-negative (arrows) CG cell AlSs. Lower panels, deconvolved images showing fragmented
Nav1.2 staining (left) and Nav1.6 labelling (right) at P60 CG cell AlSs. Images are deconvolved projection of 7
consecutive optical sections spanning 1 um. ml, molecular layer; pkj: Purkinje cell layer; gl: granular layer; wm:
white matter.
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protein products, levels of Navl.6 were examined by
in situimmunohistochemical analysis of cerebellar slices at
developmental stages where the channel is normally seen
at CG cell AISs. At P60, Navl.6 immunoreactivity was
strongly expressed at most CG AISs in Scn8a™*/Mx mice,
whereas it was absent from most CG AlISs in Scn8a CG
KO mice (Fig. 3B and C). Nearly 5% of AISs present in the
granular layer remained immunoreactive for anti-Nav1.6
antibodies, possibly due to the non-granule cells present
in that layer. In contrast, expression and clustering of
Navl.6 at Purkinje cell AISs were not altered in Scn8a
CG KO mice (Fig. 3B and C). Figure 3D summarizes the
percentage of Nav1.6-positive AISs from P10 to adulthood
in Scn8a CG KO mice as compared to control mice (pooled
data from Scn8a™*/f* and WT mice). The percentage of
Navl.6-positive AlSs in the granular layer of Scn8a CG
KO mice decreased to be virtually undetectable by P38. In
contrast, neither Nav1.2 subunit clustering nor expression
level appeared affected by the Nav1.6 deletion (Fig. 3D).
Nav1.2 subunits were sequestered normally at developing
CG cell AISs in Scn8a CG KO and expressed in about 80%
of AISs, as observed in WT animals (Fig. 3D).

Because retinal ganglion cells have been shown to
exhibit compensatory Na® channel expression in med
mice (Van Wart & Matthews, 2006), we also examined
whether Navl.l was present at CG cell AISs, where it
is not normally found (Osorio et al. 2005). Double
immunolabelling of P60 Scn8a CG KO cerebella with
anti-ankyrin G and anti-Navl.1 antibodies showed that
none of the ankyrin G-positive AlISs in the granular layer
were immunoreactive for Navl.1 (Fig. 3E). We confirmed
that the Navl.1 antibody stained AISs of Purkinje cells
and inhibitory interneurons in the molecular layer of P19
cerebellum med mice (inset in Fig. 3E), in agreement with
Van Wart & Matthews (2006).

Persistent Na* current is selectively depressed
in Scn8a KO mature granule cells

To assess how the loss of Nav1.6 affects the biophysical
properties of Na™ currents (Iy,), we performed a series of
voltage-clamp experiments in acute slices of cerebellum
from WT and Scn8a CG KO mice aged P66-P74.
Voltage-clamp experiments were performed under ionic
conditions suitable to isolate Na™ currents (see Methods),
and current tracings were always TTX-subtracted to better
isolate TTX-sensitive Na™ currents from contaminants. To
elicit transient Na*t currents (Iy,r), an I-V protocol was
applied consisting of 20 ms depolarizing step pulses at —75
to +20 mV in 5 mV increments. Iy, thus evoked showed
evident signs of bad space-clamp control, especially over
the ascending part of the I-V relationship (not shown),
very similarly to what has been previously observed for
Inar of rat CG cells (Magistretti et al. 2006). Such a
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behaviour is expected for currents generated by channels at
least in part located in neuronal processes electrotonically
remote from the soma.

The resurgent and persistent Na®™ currents, I,z and
Inap, were elicited by applying a step repolarizing protocol
(Fig. 4A, top) or ramp depolarizing protocol (Fig.4C,
top), respectively, and appeared adequately controlled.
Because all Na*t-current components showed a tendency
to slowly run-up with time, Ix,r, Inor and In.p activation
protocols were repeatedly applied during the course
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Figure 2. Developmental regulation of Nav1.2 and Nav1.6
clustering at CG cell AlSs in mice aged P10-P60

A, percentage of total ankyrin G-labelled AlSs in the granular layer
showing staining for Nav1.2 (monoclonal K69/3 antibody) and Nav1.6
(polyclonal ASC-009 and monoclonal K87A/10) in cerebella from mice
aged from P10 to P60. Each data point is the mean =+ s.e.m. of 200 to
500 ankyrin G positive AlSs obtained from at least 3 different animals
for each staining condition and developmental stage. B,
developmental change in the intensity of Nav1.2 (K69/3 antibody) and
Nav1.6 (K87A/10 antibody) immunofluorescence relative to the
intensity of ankyrin G immunostaining at the same AlS. Between 30
and 50 AlSs were measured for each age from Nav1.2/ankyrin G and
Nav1.6/ankyrin G double-labelled confocal images. Inset shows
intensity (arbitrary unit) of ankyrin G staining at AlSs, which was very
much constant over age.
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Figure 3. Conditional inactivation of the Scn8a gene in CG cells

A, PCR amplification of genomic DNA and cDNA (obtained from reverse transcription of mRNA) from the
cerebellum and extra-cerebellar brain of a Scn8aflox/flox_Cret (Scn8a CG KO) mouse. Flox primers amplified a
0.9 kb product from the floxed Scn8a gene and a 0.3 kb product from the truncated Scn8a, which was detected
only in cerebellum. Cre primers amplified a 0.2 kb product. RT-PCR primers amplified a 0.65 kb product from
the full-length transcripts and a 0.35 kb fragment from transcripts lacking exon 1. The 0.35 kb amplicon was
selectively detected in the cerebellum. RT (—) experiments were done omitting reverse transcriptase. B and C,
cryosections of Scn8a’™/fox (B) and Scn8a KO CG (C) mouse cerebella (aged P60) were double-labelled with
anti-ankyrin G (polyclonal) and anti-Nav1.6 (monoclonal K87A/10) antibodies. Scn&afle*/flox CG cell AISs showed
strong Nav1.6 staining whereas ankyrin G positive AlSs in the granular layer were clearly devoid of Nav1.6
in granule-specific Scn8a KO mice (arrows in C). Note that Purkinje cell AISs are still positive for Nav1.6 in
granule-specific Scn8a KO mice (double arrowheads). Images are projections of 20 consecutive optical sections
spanning 3.1 um (upper panels) or 10 sections spanning 1.5 um (bottom panels) in B and C. D, comparison
of proportion of ankyrin G positive CG cell AlSs that were positive for Nav1.2 or Nav1.6 in WT mice (data
from Fig. 2A; open symbols) and Scn8a CG KO mice (filled symbols) at different ages. Data points for Scn8a
CG KO mice are means =+ s.e.M. of 200-300 AlISs obtained from at least 2 animals for each staining condition
and developmental stage. E, cryosections of a P60 Scn8a CG KO mouse cerebellum were double-labelled with
anti-ankyrin G (monoclonal, 4G3F8) and anti-Nav1.1 (polyclonal) antibodies. No Nav1.1 positive AlSs were
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of the experiment, which allowed us to monitor their
amplitudes at various moments of the recording (see
Fig. 5).

Figure 4A shows currents recorded in response to the
Inar activation protocol in representative CG cells from
WT and Scn8a KO mice. An evident I,z was observed
in 18 out of 19 CG cells from WT mice, and 14 out
of 15 CG cells from KO mice. In both cases, Iy.r
amplitude increased, with increasing repolarizations, up to
a peak at —35 to —40 mV, and then decreased for further
repolarizations and became particularly fast-decaying at
potentials negative to —50mV. Such a behaviour is
characteristic of I,z and has been observed in several
other neuronal populations (Raman & Bean, 1997; Do
& Bean, 2003; Afshari et al. 2004; Cummins et al. 2005;
Enomoto et al. 2006; Magistretti ef al. 2006; Castelli et al.
2007a,b).

To measure Iy,x amplitude, the amplitude of the
‘persistent’ component observed at the end of the
100 ms repolarizing pulse (horizontal bars in Fig.4A)
was subtracted from the peak amplitude of the decaying
component (see Magistretti et al. 2006). The voltage
dependence of Iy,g amplitude was very similar in WT and
Scn8a KO CG cells (Fig. 4B). Absolute Iy,r amplitude,
measured at the peak of this current’s I-V relationship,
was, on average, only slightly and not significantly smaller
in Scn8a KO CG cells as compared to WT CG cells
(Fig. 5Ba; P > 0.18 in all cases). In,g amplitude was also
evaluated relative to Iy,r amplitude. The amplitude of
Inar at the peak of its -V relationship (which in different
cells occurred at widely variable voltage values, i.e. —35 to
—10 mV) was not significantly different in Scn8a KO and
WT CG cells (Fig. 5Aa; P> 0.20 in all cases). However,
it can be expected that measurements of this parameter
are strongly influenced by the poor clamp control of
Inar. To attenuate this problem, we considered, as a
more significant parameter, Ix,r amplitude at a voltage
level positive by 20 mV to the I-V peak (Inar(peak+20))-
Indeed, the currents recorded in the descending portion
of Inar’s I-V relationship are expected to be less affected
by clamp artifacts than those recorded in the ascending
and peak regions (discussed in Castelli et al. 2007b).
INaT(peak+20) Was also not significantly different in Scn8a
KO and WT CG cells (Fig.5Ab; P> 0.12 in all cases).
Expressing I,z peak amplitude relative to Ingr(peak+20) (the
temporally closest pairs of Iy,g and In,r recordings were
always considered to calculate this ratio) further reduced
the slight, non-significant differences observed for Iv,r
absolute amplitude (P > 0.10 at 1.5-4 min, P > 0.4 at the
other time points; Fig. 5Bb).
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Inar kinetics was also compared between WT and
KO CG cells. For these measurements, Iy,g recordings
obtained in individual cells at different time points were
averaged, so as to improve the signal-to-noise ratio and
the reliability of measures. First, the activation kinetics
of Inak was evaluated by measuring the current’s time
to peak (TTP) at the different voltage levels examined.
As shown in Fig. 6A, TTP progressively increased from
~3.5ms at —15mV to ~5.5ms at —30 to —40 mV, and
decreased back sharply at potentials negative to —50 mV.
At potentials negative to —60 mV, I,z activation was
so fast that no current peak clearly separated from the
foregoing tail currents and/or unsubtracted artifacts by
a rising phase was distinguishable, and TTP could not be
measured. It can be seen that TTP absolute values and TTP
voltage dependence were extremely similar in WT and KO
CG cells (Fig. 6A). Inar kinetics was further characterized
by performing exponential fittings of the current rising
and decay phases. Both phases could be consistently fitted
jointly by applying a double exponential function (Fig. 6B,
upper and middle tracings). Increasing the number of the
exponential components did not improve the goodness
of fit. At potentials negative to —50mV, Iy,r rising
phase was too short or indistinguishable, and a single
exponential function was only applied to fit I,z decay
phase (Fig. 6B, lower tracing). The voltage dependence of
the time constant of Iy,r activation (t,) closely paralleled
that of TTP (Fig. 6Ca). The time constant of Iy,r decay
(Tdecay) displayed a behaviour very similar to that pre-
viously reported for Iy,r of rat CG cells (Magistretti et al.
2006), including a nearly plateau level at —30 to —50 mV,
a sharp decrease at more negative voltages, and a trend
to increase at potentials positive to —25 mV (Fig. 6Cb).
Moreover, Tqecy turned out to be very similar between WT
and KO CG cells over the whole voltage range explored
(Fig. 6Cb). Hence, KO of the Na,1.6 subunit has no
apparent effects on the kinetics of the resurgent sodium
current expressed by CG cells.

The persistent Na' current, In,p, was evoked
by applying slow depolarizing ramps with a slope
of 0.ImVms™' (Fig.4C) and 0.05mVms~' (not
shown), which allowed us to obtain ‘instantaneous’
I-V relationships for Iy,p. The currents evoked by
0.05mVms~! ramps were consistently smaller in
amplitude than those evoked by 0.1 mVms™' ramps
(Fig. 5Ca), indicating the development of I\y,p inactivation
during slow depolarizations (see Fleidervish & Gutnick,
1996; Magistretti & Alonso, 1999; Osorio et al. 2005). Plots
of Iv,p voltage dependence of activation were obtained
from ‘instantaneous’ -V relationships by deriving Na™

detected in the granular layer. Images are projections of 21 consecutive optical sections spanning 3.3 um. Inset:
staining of AlSs of Purkinje cells (arrowhead) and inhibitory interneurons (arrow) for Nav1.1 (green) and ankyrin G

(red) from P19 med cerebellum. Scale bar: 20 um.
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Figure 4. Resurgent and persistent Na* currents in CG cells from wild-type (left) and Scn8a CG KO
(right) mice

A, currents recorded in response to an Iyar activation protocol (upper subpanels) in a representative WT CG cell
(cell C8514; a) and a representative Scn8a KO CG cell (cell H8509; b). Transient Na™t currents elicited by the test
depolarization at 0 mV have been truncated (~).The horizontal bars indicate the tracing region over which current
data points were averaged to measure the amplitude of the sustained component (/Nap), Which was subtracted
from the peak amplitude of the transient current elicited by repolarizing pulses to obtain a measurement of /nar
amplitude. B, average Inar current-voltage (/-V) plots for WT CG cells (a) and Scn8a KO CG cells (b). The plots were
obtained from currents recorded 6-9.5 min after break-in. Inag peak amplitudes were normalized for the maximal

© 2010 The Authors. Journal compilation © 2010 The Physiological Society



J Physiol 588.4 Nav1.6 ensures spike regularity in cerebellar granule cells 661

Aa 0.0- 2-5.5 min 7-11 min 12.5-16 min b 0.0 2-5.5 min 7-11 min 12.5-16 min
o | ! - e © ' 8 '
— (»] I 8 I << 1 ]
< .08 g : Q £ .07 : M = |
= : 88 : 928 z g ;8 8 1 8 ;
[=8 [ i 1 [
E 16 g B g & <] 851880 §8
2 : : 2 a : 8 8 . o 8
o [ [ = (o] 1 [
g 241 8 : g g g 8 g 214 = i g ' o
w2 o o o i i O i 0
'32 T T T T T t T T ‘-Z'Z-B T T : T T : T T
W e e N N S N
Ba 0o 1.54min  685min  9-13.5min b 1.5-4min  6-95min  9-13.5 min
: : 12 ; ;
' ¥ s 1 o 1 8 (o]
o o ; ; = : :
g 40 o g \ o g : 8 T 10 § o | 8 ! e
. S iasic® za8cigdig
NEEEREEE TR IR B
¥ o o | 5 Al : 8 | 3
§-120{ g ! g | g 4 © 8 : ¢ |
s {0, ! 8°%1o0g 2] 5 5
- -160- T T :l T T 'i ? T & 0 T T : T T : T T
OISR SV C B A OIS R A SR SRS
Ca b
35-7 10-14 475 10.5-14.5 36, 357 10-14 475 10.5-14.5
0+ : oo ! ' - - , O
= o8 ! oo 1 0 8 T 3.01 il ' ! %%
L 0] 8 8 ! 8 R 8 £ B .1 Ho|o 8
= 8 = o
: 1 O g 244 ' o . o ©
a g ' o . 0 £ 8 ' o % |
E 201 B8 o5 . B S 18 . !
| " g E ' 8 ! 0
g 8 * 1 Bawx| - R s 124 B : 9 l
s ! ® g8 ! 8 L g
3 o l y O . 064 © : 8 . O
-40- : ? L] : Ll L] B 0'0 :l L] L) L] L] E L] L]
& O

£E £ £ Le SE L e L€
0.

0.1 mV/ms ramp 0.05 mV/s ramp 1 m\/ms ramp 0.05 mV/s ramp

Figure 5. Amplitude of transient, resurgent, and persistent Na* currents in CG cells from wild-type and
Scn8a CG KO mice

Each panel shows amplitude values for Inat (A), Inar (B), and Inap (C) as determined at various time points after
break-in (see the labels at the top of each subpanel). The parameters considered are: Iyar absolute amplitude
at the peak of its I-V (Inat(peak); Aa); Inat absolute amplitude at a voltage level positive by 20 mV to the -V
peak (INaT(peak+20); Ab); INar absolute amplitude at the peak of its =V (Ba); Inar peak amplitude relative to
INaT(peak-+20) @mplitude (as a percentage; Bb); absolute, peak amplitude of ramp-evoked /nap (Ca); peak amplitude
of ramp-evoked /ap relative t0 Iyat(peak+20) amplitude (as a percentage; Cb). Note in C that both 0.1 mV ms~" and
0.05 mV ms~" ramps were applied to measure /yap amplitude (left and right parts of each subpanel, respectively).
Open circles are individual values; filled squares indicate mean values + s.E.m.

value observed in each cell, then averaged among cells. Data points and error bars are means +s.0. (n =12
and 11 in Ba and Bb, respectively). C, currents recorded in response to a ramp Iyap activation protocol (upper
subpanels) in a representative WT CG cell (Ca) and a representative Scn8a KO CG cell (Cb) (same cells as shown
in Aa and Ab, respectively). In the lower subpanels the currents are shown as ‘instantaneous’ -V relationships.
D, voltage dependence of the Na™ permeability underlying the ramp-activated /yqp values shown in Ca and Cb.
Na*-permeability values were obtained from current values by applying the Goldman equation as explained in
Methods. Continuous white lines are best fits obtained by applying a single Boltzmann function. Fitting parameters
are specified in each panel.
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permeability values (Py,p) from Na™ currents as explained
in Methods (Fig.4D). Fitting Py,p(V) plots with a
single Botzmann function (Fig.4D) returned average
half-activation potential (V;,) and slope factor (k) values
that were not significantly different in Scn8a KO and WT
CG cells (Table 1). However, Iny,p peak amplitude was
significantly smaller, by a factor of ~1.5 to 2.2, in Scn8a
KO CG cells as compared to WT CG cells (Fig. 5Ca). Peak
Inop amplitude relative to Ingr(peak-20) Was also significantly
smaller (by ~1.35-1.9 times) in Scn8a KO CG cells
(Fig. 5Cb).
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Scn8a KO CG cells have impaired firing regularity

To test how the loss of Nav1.6 affects the firing properties
of CG cells, we performed a series of current-clamp
experiments in acute slices of cerebellum from WT
and Scn8a CG KO mice aged P40-P65. To characterize
intrinsic membrane properties, we examined the response
of CG cells to constant current injection (Fig.7A).
Passive properties (input capacitance, input conductance
and resting membrane potential) of WT and Scn8a
KO CG cells were not significantly different (Table 2).
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Figure 6. Iyar activation kinetics is not affected by Scn8a knockout

A, voltage dependence of Inar time to peak (TTP) in WT (open circles) and Snc8a KO (filled circles) CG
cells (n=15 and 13 for WT and KO, respectively). B, currents recorded in response to the Iyar activation
protocol (see Fig. 4A) at three different repolarisation potentials (—20, —40 and —70 mV) in a representative
WT neuron (cell A8514), and biexponential fittings (enhanced lines) of Inar activation and decay phases.
Fitting parameters are: Ay =37.6 pA, 71 =1.33ms, A, = —50.1pA, 7, =213 ms, C=—13.2 pA (=20 mV);
A1 =130.0pA, 71 =325ms, Ay =-166.3pA, 12=202ms, C=-154pA (—40mV), A; = —24.0 pA,
12 =2.88ms, C=0.0pA (=70 mV). C, voltage dependence of Iyar activation time constant, T, (equivalent
to panel B's 1) (Ca), and Inar decay time constant, Tqecay (Quivalent to panel B's 72) (Cb), in WT (open circles)
and Snc8a KO (filled circles) CG cells (n = 15 and 13 for WT and KO, respectively).

© 2010 The Authors. Journal compilation © 2010 The Physiological Society



J Physiol 588.4

Table 1. Iyap activation parameters

Nav1.6 ensures spike regularity in cerebellar granule cells 663

Time point: 3.5-7.5 min

Time point: 10-14.5 min

WT Scn8a KO WT Scn8a KO
mean =+ s.D. n mean =+ s.D. n P mean =+ s.D. n mean =+ s.D. n P

0.1Vs™!

Vi —-559+34 15 -56.0 £ 4.5 6 0.96 —-59.7+2.8 15 —60.6 + 3.9 6 0.59

k -3.6+0.7 -3.0+04 0.08 —35+0.6 -3.0+0.6 0.15
0.05Vs™!

Vi —-56.7 +2.7 15 —-56.5+3.2 6 0.87 —-59.7+2.8 15 —60.7 + 3.2 6 0.49

k -3.9+0.8 -3.5+0.9 0.33 —-39+1.1 -3.1+0.6 0.1

The table shows Ingp activation parameters (V1,2 and k, in mV) returned by Boltzmann fittings of Pyap(V) plots. Statistical
comparisons were made applying Student’s two-tail t test for unpaired data.

Table 2. Intrinsic membrane properties and action potential (AP) characteristics measured in WT and Scn8a KO CG cells

WT Scn8a KO
mean =+ S.E.M. n mean = S.E.M. n P
Input capacitance (pF) 3.9+0.2 23 3.9+0.3 17 >0.05
Input conductance (pS) 0.7 +£0.1 21 0.8 +£0.1 15 >0.05
Resting membrane potential (mV) —-925+1.6 11 -94.1+1.3 13 >0.05
AP threshold (mV) —42.4 +1 23 —-42.8+0.9 17 >0.05
AP overshoot (mV) 225+2 23 21242 17 >0.05
AP rise time (ms) 0.42 +0.02 23 0.33 +0.01 16 <0.05
AP half-width (ms) 0.67 £0.02 23 0.51 £ 0.02 16 <0.05
Postspike AHP (mV) -71.6+0.7 23 -74.94+0.8 17 <0.05

Statistical comparisons were made applying Student’s two-tail t test for unpaired data.

Subthreshold I-V relationships of both WT and Scn8a
KO CG cells exhibited moderate inward rectifications,
typical of mature CG cells (Fig.7A; Cathala et al
2003). The current required to reach firing threshold
was also not significantly different between the two
conditions (Table 2 and Fig.7B). Figure7D shows
superimposed representative action potentials obtained
from WT and Scn8a KO cells. Action potential
threshold and overshoot (Table 2 and Fig.7D) were
identical in the WT and Scn8a KO CG cells. However,
both AP rise time and half-width were significantly
reduced in Scn8a KO CG cells (WT CG cells:
rise time = 0.42 4 0.02 ms, half-width =0.67 £ 0.02 ms;
Snc8a KO CG cells: rise time=0.33 4+0.01 ms,
half-width = 0.51 £0.02 ms; Table 2). Moreover, a
significant enhancement of the postspike AHP was
typically observed in Scn8a KO CG cells compared to
WT CG cells (Fig.7G and Table 2). When considering
the AHP that followed the first spike obtained in response
to the minimum injected current which evoked firing,
AHP peak was at —74.9+ 0.8 mV in Scn8a KO CG
cells vs. —=71.6£0.7mV in WT CG cells (P <0.05;
Table 2). Similar differences and statistical significance
were observed when comparing the postspike AHP at 40
or 100 Hz firing frequency.

In agreement with previous studies, mature CG cells
supported high-frequency firing in response to sustained

© 2010 The Authors. Journal compilation © 2010 The Physiological Society

depolarization. Figure 7C shows representative examples
of firing responses to injection of increasing amounts
of current in WT and Scn8a KO CG cells. There was a
tendency toward reduction in the mean firing frequency
of Scn8a KO CG cells (Fig. 7I), resulting in a reduction
in the gain of the frequency—stimulation relationship
(slopes of the frequency—current plots: 1.72 +0.04 in
WT vs. 1.17 £ 0.03 HzpA~! in Scn8a KO CG cells). AP
firing was more variable in Scn8a KO than in WT, as
shown by the difference in the shape of interspike interval
(ISI) distribution (Kolmogorov—Smirnov test, P < 0.001;
Fig. 7H). The slope of the cumulative plot for small ISI
durations was higher in Scn8a KO CG cells than in
WT cells, whereas it was lower for longer ISI durations
(Fig. 7H). These results indicate that firing was less regular
in Scn8a KO CG cells, thus implying that Navl.6 is
necessary to maintain regular spiking.

Discussion

Developmental regulation of Nav isoforms in mouse
cerebellar granule cells in situ

The present study provides evidence that expression of
Nav1.2 and Navl.6 subunits in mouse CG cells in situ is
developmentally regulated. Nav1.2 subunits were detected



664

H

Cumulative prob.

N. Osorio and others

J Physiol 588.4
8 201 o e wT C WT Scn8a
& 0 O ScnBa CG KO J omv CGKO
= i 50 ms
15 2
2 ®
o L ]
2 ) J/‘J/U J//U
L 4
$ 10 c‘) A/Ll/‘
= +22pA +26pA
= o JTe g* i
E' 2o JWJW/ JJH
= [s ]
o . ® +34p . e I)2I'—"&l\‘
1 I
0 01 02 03 04
Input conductance (pS/pF)
+54 pA'-
—_
E 50 - F
Gen o W Halfwidth [0 80
) 5 O Risetime 0
g = 8 - 0.8
= 30 : g% 8 * T = 8
£ & ﬁ o 8 = E
= g i [os T = 70
o 8 s = 047 = o
o 107 @ e Loa & o
() ¢ =
= |®C gl B 2 5 % |3
P <02 % Loz wod O
L I ] T T 0 S ——
WT 5cn8a WT Scn8a WT ScnB8a
CG KO CGKO CGKO
/
1.0 _
Scn8a =97
087 cGKO T g m W
WT > O scnsa
0.6 2404 CGKO
g
oo E-'- 30
o
o 20
0.2 - £ 104
[N
0 - u“““!i T T T
T T T T
0 10 20 30 40 19 Ini tmd 30t A g
Interspike interval (ms) njected current (pA)

Figure 7. Passive and firing properties of CG cells from wild-type and Scn8a CG knockout mice
A, characteristic responses of CG cells from WT (P37) and Snc8a CG KO (P59) mice to current injection (2 pA step
increments). Shown are passive electrotonic responses to hyperpolarizing current pulse injections and responses
up to the first current step that induced spiking in each cell. B, relationship between input conductance and firing
threshold (the minimal current required to evoke action potentials) in WT (n = 21) and Scn8a KO CG cells (n = 15;
P > 0.05). Circles indicate individual values and squares indicate mean values =+ s.e.m. (WT: filled symbols; Snc8a
CG KO: open symbols.) D, characteristic action potentials from WT (black line, P49) and Snc8a CG KO (grey line,
P41) mice. Shown are the first recorded action potentials aligned at threshold. The WT action potential has a rise
time of 0.35 ms, a peak amplitude of 31.3 mV and a half-width of 0.64 ms while the Snc8a CG KO action potential
has a rise time of 0.29 ms, a peak amplitude of 32.0 mV and a half-width of 0.50 ms. E, action potential peak in
CG cells from WT mice (+22.5 £ 2.0 mV, n = 23) and Snc8a CG KO mice (+21.2 £2.0mV, n=17) (P > 0.05).
Open circles indicate individual values; filled squares indicate mean values + s.e.m. F, action potential rise time
(filled squares) in CG cells from WT mice (0.42 £ 0.02 ms, n=23) and Snc8a CG KO mice (0.33 £ 0.01 ms,
n=16) and half-width (open squares) in CG cells from WT mice (0.67 &+ 0.02 ms, n = 23) and Snc8a CG KO
mice (0.51 £ 0.02 ms, n = 16). Open circles indicate individual values; filled squares indicate mean values + s.e.Mm.
G, postspike AHP amplitude in CG cells from WT mice (=71 +0.7mV, n=17) and Snc8a CG KO mice
(—=74.9 £ 0.8 mV, n = 23). Open circles indicate individual values; filled squares indicate mean values + s.e.m. C,
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at most CG cell AISs from the early stages of maturation
to adulthood with a sparser distribution in mature CG cell
AlSs as compared to the first postnatal stages. In contrast
Navl.6 expression at the AISs appears much later, once
CG cells have attained their mature electrophysiological
phenotype (D’Angelo et al. 1997; Cathala et al. 2003).
Our data also suggest that the mechanisms responsible
for selective targeting of Nav1.6 to the AISs do not exclude
Nav1.2 from this site. Thus, as with AISs of retinal ganglion
cells (Boiko et al. 2003), but unlike nodes of Ranvier in
the myelinating optic nerve (Boiko et al. 2001), Navl.2
expression does not disappear from CG cell AISs as Nav1.6
expression increases, indicating that in CG cells both
subunits participate to define the characteristics of mature
Na* currents.

Contribution of Nav1.6 and Nav1.2 to transient,
resurgent and persistent Na* currents

The biophysical properties of CG cell I,r were similar to
those described for Iy, in rat CG cells in situ (Magistretti
et al. 2006) and in acutely dissociated mice CG cells
(Afshari et al. 2004). It displayed a bell-shaped voltage
dependence with a peak at —35/—40 mV. In Purkinje cells,
Inar has been primarily ascribed to the activity of Navl.6
channels (Raman et al. 1997; Levin et al. 2006; Royeck
et al. 2008). However, it is becoming clear that other Na™
channel subunits, including Nav1.2 (Rush et al. 2005) and
Navl.1 (Grieco & Raman, 2004), may also contribute to
Inar in some neurons (Do & Bean, 2004; Enomoto et al.
2007). Consistent with this view, we found that in Scn8a
KO CG cells, In,r amplitude levels were unchanged with
respect to WT cells. Interestingly, In,r activation and decay
kinetics were also indistinguishable in Scn8a KO CG cells
as compared to WT cells. This is different from what has
been reported for Purkinje cells, in which a slowing of
activation and decay kinetics of residual Iy, has been
observed in Navl.6-null mice (Aman & Raman, 2007).
Our results clearly show that the Nav1.2 subunit is capable
of generating a resurgent current which appears fully
normal in terms of both amplitude and kinetic properties,
at least in particular conditions. They also may imply that
Navl1.6 channels normally do not contribute to Inag, or,
alternatively, that they can be fully substituted by Nav1.2
channels, as far as I,z generation is concerned, when
Navl.6 expression is impaired. Which one of these two
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possibilities is correct cannot be inferred on the basis of
the present findings.

Our data raise another open question regarding the
basis of the resurgence mechanism itself. Recently, it has
been shown that in Purkinje cells the cytoplasmic tail of the
Na* channel auxiliary 84 subunit can act as the ‘resurgent
particle’ by competing with the inactivation ball domain of
the Na™ channel « subunit (Grieco et al. 2005). However,
the auxiliary B4 subunit is expressed at detectable levels
neither in rat (Yu et al. 2003) nor in mouse (Allen Brain
Atlas, www.brain-map.org) CG cells, raising the question
as to which molecule acts as the blocking particle in
CG cells. However, because we did not specifically look
at the expression of $4 subunits, we cannot rule out a
contribution of 84 subunits in CG cell KO mice. Whatever
the identity of the blocking particle, our data show that
Nav1.2 can undergo the resurgence process at least as well
as Navl.6 in CG cells.

While showing that loss of Nav1.6 does not significantly
affect In,r In CG cells, our data revealed that the same
condition results in a significant reduction of Iy,p. Thus,
Navl.2 channels that remain in CG cells of Scn8a KO
animals are not capable of passing steady-state current as
well as Navl1.6 channels. This is consistent with previous
data showing that Iy, is markedly reduced in brain
neurons from Navl.6-null mice (Raman et al. 1997;
Maurice et al. 2001; Enomoto et al. 2007; Royeck et al.
2008), and that Nav1.1 and Nav1.2 yield smaller persistent
currents in heterologous expression systems (Smith &
Goldin, 1998; Rush et al. 2005). Thus, our data add to
the previous results in suggesting that Nav1.6 subunits are
more effective than other isoforms in generating persistent
Na* currents.

Functional evidences suggest a difference in the
propensity of different neuronal compartments to
generate In,p (Osorio et al. 2005; Yue et al. 2005;
Astman et al. 2006). Our previous experiments using
focal application of TTX onto the soma of CG cells
indicated that channels responsible for Iy,p are located
on axonal processes but not in the cell body plasma
membrane (Osorio et al. 2005). In addition, somatic and
dendritic Nav channels in layer 5 neocortical neurons
have been shown to play a minimal role in generating
Inap, Which appears to be almost entirely carried by
channels located in the proximal axon (Astman et al.
2006). These observations together with our findings
that somato-dendritic compartments of CG cells are

representative responses of CG cells from a WT (P45, left) and an Snc8a CG KO (P41, right) mice to increasing
current injections. H, cumulative plot showing the difference in the distribution of the interspike intervals in WT
(black line) and Snc8a KO CG cells (grey line) measured following a +40 pA current step (Kolmogorov-=Smirnov
test: P < 0.001). /, average mean firing rate plotted against current intensity for WT CG cells (filled squares, n = 23)
and Snc8a KO CG cells (open squares, n = 17). Straight lines are linear regression fits to data points, giving slope
coefficients of 1.72 and 1.16 Hz pA~" for WT and Scn8a KO CG cells, respectively.
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not immunoreactive for Nav antibodies indicate that
persistent Nav1.6 current is generated in the AISs where it
is segregated.

Nav1.6 channels regulate action potential waveform
and spike timing

Functional consequences of Navl.6 elimination on CG
cell excitability and firing pattern were analysed in mature
cerebellar slices. Our data indicate that the absence of
Navl.6 in granule cells had no significant effects on the
rheobase and threshold for AP generation. The observed
reduction in Iy,p amplitude would, instead, be expected
to increase the rheobase of AP discharge (Magistretti ef al.
2006). Adaptive rearrangements in the balance between
the conductances active in the subthreshold voltage range
could explain this unexpected finding. On the other hand,
AP duration was found to be significantly shortened
in Scn8a KO granule cells, and AHP was significantly
enhanced. This could be due to an acceleration of Iy,r
kinetics. Indeed, in particular conditions (although not
always: Do & Bean, 2004; Enomoto et al. 2007) neuronal
Na™ currents produced in the absence of Nav1.6 channels
inactivate more quickly than those due to Nav1.6 channels
(Raman et al. 1997; Mercer et al. 2007). If inactivation of
Na't channels is more complete in Scn8a KO cells than in
WT cells, the tail current flowing through non-inactivated
channels during the AHP will be smaller. Consequently,
the balance between inward currents and Kt currents will
move towards the latter, and a larger hyperpolarization
will result.

In CA1 hippocampal pyramidal cells it has been shown
that I,p contributes to amplify the post-spike AHP, and
that its absence results in AHP decrease (Vervaeke et al.
2006). This is because In,p reduced the current injection
required to elicit any given level of firing activity, whereas
AHP peak occurred at potential levels more negative
than those at which Iy,p is significantly activated. As a
consequence, at the peak of the AHP the total depolarizing
current was larger in the absence of Iy,p, and AHP
amplitude was reduced. Our observation that in Scn8a KO
granule cells the AHP was enhanced even for equal levels
of firing frequency indicates that, if the above mechanism
is also active in CG cells, it is overcome, after abolition of
Nav1.6 expression and the consequent I,p reduction, by
additional mechanism(s) that tend to enhance the AHP.

Previous work suggested that Iy, plays critical
roles in other aspects of neuronal functions, including
subthreshold oscillations and repetitive firing (Do & Bean,
2003; Magistretti et al. 2006; Kang et al. 2007; Mercer et al.
2007). We found that Scn8a KO CG cells exhibited a mild
— but not significant — impairment of frequency—current
relationship compared with their WT counterparts. We
showed that this subtle firing deficit in Scn8a KO CG
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cells was not the consequence of compensatory changes
in expression of other Nav isoforms, since neither Nav1.1
nor Navl.2 was upregulated during development nor
took the place normally occupied by Navl.6. It is not
yet clear, however, whether other K* or Ca*" currents
exert compensatory effects (Swensen & Bean, 2005) and
influence the overall electrophysiological phenotype of
CG cells in a manner to favour high frequency firing.
Nevertheless, it may not be surprising that high frequency
capability was so little affected in Scn8a KO CG cells, given
that these cells showed normal Na™ resurgent current,
which is critical to fast spiking (Mercer et al. 2007).

One major difference between WT and Scn8a KO
CG cells was a propensity for Scn8a KO CG cells to
display increased interspike interval variability and firing
irregularity. This observation may appear at odds with
the observation of AHP enhancement, because spike
afterhyperpolarization is a mechanism that improves
temporal precision during AP trains (de Ruyter van
Steveninck et al. 1997; Berry & Meister, 1998; Vervaeke
et al. 2006). Why then in the presence of a more profound
AHP does the ISI interval variability not decrease, but,
if anything, increase? This could be the result of a
combination of factors. Per se, the enhanced AHP would
tend to make firing precision higher: indeed, a more
profound AHP promotes Nav channel repriming, and
combined with resurgent gating it may allow membrane
potential to rise back to spike threshold quickly, thus
increasing spiking precision. On the other hand, the
smaller Iy,p of Scn8a KO CG cells could make the slope of
the interspike depolarizing ramp less steep, which would
have the opposite effect on firing precision. Indeed, from
Fig. 7H it can be seen that the slope of the cumulative plot
at smaller ISI durations was higher (greater precision)
in Scn8a KO CG cells than in WT cells, and somewhat
lower (smaller precision) for longer ISI durations. This
would mean that when the interspike phase lingers a
little longer around the threshold, AP firing becomes less
regular, perhaps because the depolarizing contribution of
Inap is partially lacking.

In conclusion, our results demonstrate that in CG cells,
Navl.2 channels, clustered in the AISs in the absence of
Nav1.6 channels, can generate normal levels of transient
and resurgent Na™ currents, and sustain a high-frequency
firing that appears normal in many respects. However,
Nav1.6 channels seem to be required for normal expression
of persistent Na™ current and to warrant a high degree of
temporal precision in repetitive firing of CG cells.
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