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Abstract

Alterations in Purkinje neuron firing often accompany ataxia, but the molecular basis for these changes is poorly understood.
In a mouse model of spinocerebellar ataxia type 2 (SCA2), a progressive reduction in Purkinje neuron firing frequency
accompanies cell atrophy. We investigated the basis for altered Purkinje neuron firing in SCA2. A reduction in the expression
of large-conductance calcium-activated potassium (BK) channels and Kv3.3 voltage-gated potassium channels accompanies
the inability of Purkinje neurons early in disease to maintain repetitive spiking. In association with prominent Purkinje neu-
ron atrophy, repetitive spiking is restored, although at a greatly reduced firing frequency. In spite of a continued impairment
in spike repolarization and a persistently reduced BK channel mediated afterhyperpolarization (AHP), repetitive spiking is
maintained, through the increased activity of barium-sensitive potassium channels, most consistent with inwardly rectifying
potassium (Kj;) channels. Increased activity of K;, channels results in the generation of a novel AHP not seen in wild-type
Purkinje neurons that also accounts for the reduced firing frequency late in disease. Homeostatic changes in Purkinje neuron
morphology that help to preserve repetitive spiking can also therefore have deleterious consequences for spike frequency.
These results suggest that the basis for spiking abnormalities in SCA2 differ depending on disease stage, and interventions
targeted towards correcting potassium channel dysfunction in ataxia need to be tailored to the specific stage in the degenera-
tive process.

Introduction with involvement of the cerebellum and its associated path-

Purkinje neurons exhibit autonomous firing in the absence of ways (8). Neuronal dysfunction precedes neuronal loss in

synaptic input (1). The spontaneous firing of Purkinje neurons is
normally extremely precise, with nearly uniform interspike in-
terval duration (2). Modulation of Purkinje neuron intrinsic
firing by synaptic input shapes the precision of movement (3-5).
Disruption of Purkinje neuron spiking is associated with cere-
bellar ataxia (6,7). Spinocerebellar ataxias (SCAs) constitute a
group of dominantly inherited neurodegenerative disorders

mouse models of SCA. A shared pattern of neuronal dysfunction
in different mouse models of SCA, includes a progressive reduc-
tion in cerebellar Purkinje neuron firing frequency. A reduction
in Purkinje neuron firing frequency is seen in mouse models of
SCA1 (9,10), SCA2 (11), SCA3 (12), SCAS (13), and SCA27 (14). In a
mouse model of SCA2 there is a correlation between reduced
spike frequency, motor impairment and progressive thinning of
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the cerebellar molecular layer, a surrogate for Purkinje neuron
dendritic atrophy (11).

Autonomous spiking in Purkinje neurons relies on the inter-
play between a number of ion channels (1). The depolarization
during the upstroke of the action potential is mediated primar-
ily by the voltage-gated sodium channel, Nav1.6. Action poten-
tial repolarization is mediated by voltage-gated potassium
channels, including Kv3.3 (15). Importantly, in order to maintain
autonomous repetitive spiking, there is critical need for large
conductance calcium-activated (BK) and small conductance
calcium-activated (SK) potassium channels responsible for the
afterhyperpolarization (AHP) (16-18). Alterations in spiking in
SCAs may be attributed to specific changes in ion channel ex-
pression and function. In a mouse model of SCA3, changes in
firing were attributed to altered function of Kvl potassium
channels (12). In SCA27 reduced function of the voltage-gated
sodium channel, Nav1.6, is associated with the reduced
Purkinje neuron firing (14). In SCA1, these changes in firing are
due to a reduction in expression and function of BK and G-pro-
tein coupled inwardly rectifying potassium (GIRK) channels (10).
Although changes in firing described in SCA1 are present in
SCAZ2 Purkinje neurons (11), the basis for these changes in firing
remain unexplained.

Here we demonstrate that reduced expression of Kv3.3 and
BK channels accompanies the reduction in firing frequency in
SCA2 Purkinje neurons. In spite of reduced BK channel expres-
sion, BK channel function continues to be necessary for repeti-
tive spiking. The reduced firing frequency at a disease stage
when there is significant Purkinje neuron atrophy, is however,
not directly due to reduced Kv3.3 and BK expression, but the de-
velopment of a novel AHP with slow kinetics.

Results

Alterations in firing in cerebellar Purkinje neurons in the
ATXN2[127Q] model of SCA2 result from a reduction in
potassium channel transcripts

In the ATXN2[127Q] model of SCA2, a progressive reduction in
cerebellar Purkinje neuron firing frequency occurs in associa-
tion with dendritic degeneration (11). At the outset of dendritic
degeneration at 12 weeks, firing frequency is modestly reduced,
but is markedly reduced by 24 weeks. Cell loss is not evident un-
til 40 weeks (11). The basis for the changes in Purkinje neuron
firing in this model of SCA2 are not clear. We wished to deter-
mine the basis for changes in Purkinje neuron firing at 12 and
25 weeks, prior to the onset of significant cell loss. At 12 weeks,
in cell attached recordings from cerebellar slices, wild-type
Purkinje neurons uniformly exhibited repetitive spiking (Fig. 1A
and C). Surprisingly, over 55% of Purkinje neurons from
ATXN2[127Q] littermates displayed no evidence of spiking (Fig.
1B and C). The ~45% of ATXN2[127Q] neurons that did display
repetitive spiking had a lower firing frequency (Fig. 1D). The
modest reduction in firing frequency is consistent with a prior
study using extracellular cerebellar slice recordings in these
mice (11). In order to determine the basis for a lack of spiking,
and an overall reduction in firing frequency ATXN2[127Q]
Purkinje neurons, we performed whole-cell patch-clamp record-
ings. Wild-type neurons continued to display regular repetitive
spiking (Fig. 1E). Purkinje neurons from ATXN2[127Q] mice that
did not display repetitive spiking in the cell attached configura-
tion, also did not display repetitive spiking in the whole-cell
configuration. These non-firing cells had a relatively depolar-
ized membrane potential (Fig. 1F).

In order to determine the basis for the lack of spiking in
depolarized ATXN2[127Q] Purkinje neurons, in whole-cell con-
figuration, cells were hyperpolarized to —90mV, and depolar-
ized with sequentially increasing current injection.
ATXNZ2[127Q] Purkinje neurons were capable of generating
spikes, but were unable to sustain spike trains for the duration
of the step for more than a few current steps (Fig. 2A), unlike
wild-type littermate controls that could sustain spike trains for
entire duration of the current step with injected current (Fig.
2B). With lower levels of injected current compared to wild-type
neurons, action potentials trains in ATXN2[127Q] Purkinje neu-
rons underwent a plateau potential (Fig. 2C), consistent with de-
polarization block of repetitive spiking, a phenomenon we
previously described in models of SCA1 (10) and SCA3 (12). The
three-fold lower threshold to depolarization block was only ex-
plained in part by ~1.5-fold increase in input resistance in
ATXNZ2[127Q] Purkinje neurons (Supplementary Material, Fig.
S1A and B). We therefore also examined characteristics of ac-
tion potentials evoked from a negative holding potential of
—90mV in order to determine the basis for inability of
ATXN2[127Q] Purkinje to sustain spike trains. In spite of the ac-
tion potential threshold being more depolarized in
ATXNZ2[127Q] Purkinje neurons (Supplementary Material, Fig.
S1C), spike height was not impaired (Supplementary Material,
Fig. 1D). Corresponding to the more depolarized action potential
threshold, the maximal slope of the rising phase of the action
potential was reduced in ATXN2[127Q] Purkinje neurons
(Supplementary Material, Fig. S1E). These data suggest a func-
tional impairment in voltage-gated sodium channels, but do
not explain either depolarization block of repetitive spiking or
the depolarized membrane potential of ATXN2[127Q] Purkinje
neurons. Since depolarization block of repetitive spiking is asso-
ciated with reduced potassium channel function (10,12), we de-
termined whether spike repolarization and the AHP, both
mediated by potassium channels, were impaired. The ampli-
tude of the AHP measured from the spike threshold (Fig. 2D and
E) as well as the maximal slope of the repolarization phase of
the action potential (Fig. 2F) were significantly impaired. Since
the action potential threshold is significantly more depolarized
in ATXN2[127Q] Purkinje neurons, and this may confound the
measurement of the AHP, the absolute value of the AHP from
the peak was also measured (Fig. 2G). The AHP was more depo-
larized in ATXN2[127Q] Purkinje neurons. We also measured
the AHP and the time to the AHP minimum from the peak of the
action potential, using short 10ms depolarizing steps from
—90mV. The AHP amplitude was reduced, and the time to AHP
minimum was similar in wild-type and ATXN2[127Q] Purkinje
neurons (Fig. 2H-J). These data are consistent with impaired
repolarizing potassium conductances in ATXN2[127Q] Purkinje
neurons.

In order to determine the underlying molecular basis for these
changes in potassium channel function, we looked at transcript
levels of potassium channels important for Purkinje neuron spik-
ing. Cerebellar RNA sequencing data from these mice (19) showed
a reduction in transcript levels of BK channels (gene: Kecnmal), im-
portant for the AHP (18) as well as Kv3.3 (gene: Kcne3) and Kv3.1
(gene: Kencl) channels, important for spike repolarization (15)
(Fig. 3A). Other potassium channels, including SK channels
showed no reduction in transcript levels (not shown). Progressive
changes in BK (Fig. 3B) and Kv3.3 (Fig. 3C) expression were con-
firmed by quantitative RT-PCR from whole-cerebellar lysates.
Immunostaining for BK channels, with an antibody that has been
validated in knockout mice (20) confirmed a reduction in BK
channel expression in ATXN2[127Q] Purkinje neurons (Fig. 3D-J).
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Figure 1. ATXN2[127Q] Purkinje neurons exhibit impaired spiking at 12 weeks. (A) Wild-type Purkinje neurons exhibit repetitive spiking (B) A significant proportion of
ATXN2[127Q] Purkinje neurons lack spiking at 12 weeks, summarized in (C). (D) The firing frequency of firing ATXN2[127Q] Purkinje neurons is not statistically signifi-
cantly reduced at this time point. (E) In the whole-cell configuration wild-type Purkinje neurons continue to display regular, repetitive spiking. (F) Non-firing
ATXN2[127Q] Purkinje neurons display a depolarized membrane potential. Data were analysed with a Student’s t-test, and are displayed as mean = SEM.

These data suggest that at 12 weeks, the reduction in firing fre-
quency, and the loss of spiking in a subset of ATXN2[127Q]
Purkinje neurons is associated with the reduction in expression
and function of BK and Kv3 channels.

Preservation of spiking in 25-week atrophic
ATXN2[127Q] Purkinje neurons is associated with a
normal AHP amplitude

Later in disease, at 25 weeks, ATXN2[127Q] Purkinje neurons un-
dergo marked cell atrophy (11). In order to confirm the previously
reported reduction in Purkinje neuron firing frequency this stage
in disease when there is marked Purkinje neuron dendritic de-
generation, but no cell loss (11), we performed cell-attached
recordings from 25-week-old ATXN2[127Q] Purkinje neurons.
Wild-type neurons display repetitive firing (Fig. 4A) with a firing
frequency that is similar to that seen at 12 weeks (Fig. 4A and C).
25-week-old ATXN2[127Q] Purkinje neurons uniformly exhibited
repetitive spiking, but at a markedly reduced firing frequency (Fig.
4B and C). In order to determine whether the reduced firing fre-
quency in ATXN2[127Q] Purkinje neurons, was due to altered syn-
aptic activity, we performed cell-attached recordings in the
absence and then presence of 50 uM picrotoxin and 5 pM DNQX to
block inhibitory and excitatory synaptic transmission. The firing
frequency of ATXN2[127Q] Purkinje neurons was unchanged in
the presence of synaptic inhibitors (18.7 +7.0Hz before, and
20.7+5.2Hz in the presence of synaptic inhibitors, n=6,
P =0.482), consistent with our prior studies suggesting that there
is little tonic synaptic activity on Purkinje neurons in acute cere-
bellar slices (10,12). In order to determine the changes in intrinsic
membrane excitability that accounts for the reduction in firing,
we performed whole-cell recordings. Wild-type neurons contin-
ued to exhibit repetitive spiking (Fig. 4D), as did ATXN2[127Q]
Purkinje neurons (Fig. 4E). Following an action potential, the
membrane potential hyperpolarizes to values more negative

than the spike threshold. The most negative value of this post-
spike hyperpolarization defines the afterhyperpolarization (AHP).
Unlike in 12-week-old ATXN2[127Q] Purkinje neurons, however,
at 25weeks these neurons had an AHP that achieved the same
amplitude as in wild-type littermate controls (Fig. 4F). In order to
also directly compare the amplitude of the AHP between 12 and
25-week ATXN2[127Q] Purkinje neurons, we evoked spikes after
holding the membrane potential at —90mV in 25-week
ATXN2[127Q] Purkinje neurons. The amplitude of the AHP in
evoked spikes was similar to spontaneous spikes in 25-week
ATXN2[127Q] Purkinje neurons and significantly more negative
as compared to the AHP of 12-week ATXN2[127Q] Purkinje neu-
rons (AHP minimum —66.5+1.0mV, n=9, P<0.001 compared to
the AHP in ATXN2[127Q] Purkinje neurons at 12 weeks as seen in
Fig. 2H and I). These results suggest that the restoration of spiking
in ATXN2[127Q] Purkinje neurons is associated with their ability
to now generate an AHP of normal amplitude.

Impairments of BK and Kv3.3 function continue to be
present in 25-week atrophic ATXN2[127Q] Purkinje
neurons

In SCA1 mice, in spite of a progressive reduction in BK channel
transcript levels with cell atrophy, an increase in density of BK
channels due to Purkinje neuron atrophy helps these channels
maintain a normal AHP amplitude (10). We wished to examine
whether atrophy plays a similar homeostatic role to preserve
BK and Kv3.3 channel function, in spite of reduced transcript
levels, in ATXN2[127Q] mice. Although the amplitude of the
AHP was similar in ATXN2[127Q] Purkinje neurons and litter-
mate wild-type controls (Figs 4F and 5A), we wished to examine
the component of the AHP mediated by BK channels. BK chan-
nels normally contribute maximally to the component of the
AHP that closely follows, and is within 1ms of the peak of the
spike (so called “fast-AHP”) (18). In wild-type neurons the fast-
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Figure 2. Impaired spiking in 12-week ATXN2[127Q] Purkinje neurons is secondary to loss of repolarizing potassium conductances. (A) In response to depolarizing cur-
rent injection of 650 pA from a negative holding potential of — 90 mV, ATXN2[127Q] Purkinje neurons can generate spikes, but cannot sustain spike trains. (B) Purkinje
neurons from wild-type littermate controls can sustain high rates of repetitive firing in response to the same amount of depolarizing current injection. (C) The amount
of injected current needed for ATXN2[127Q] Purkinje neurons to undergo depolarization block of repetitive spiking is significantly lower than in wild-type littermate
controls. (D) The inability of ATXN2[127Q] Purkinje neurons to sustain spike trains is associated with slower spike repolarization and a reduction the amplitude of the
AHP. For clarity, traces with similar spike threshold in ATXN2[127Q] and wild-type Purkinje neurons are shown. (E) Summary of AHP amplitude from threshold. (F)
Summary of spike repolarization slope. (G) The absolute value of the AHP is more depolarized in ATXN2[127Q] Purkinje neurons. (H) Single spikes were evoked using
10ms depolarizing steps from —90mV. Note the reduction in AHP amplitude in ATXN2[127Q] Purkinje neurons, without a change in spike height or the time to mini-
mum AHP, summarized in (I, J) Numbers within the bars indicate numbers of cells. Data were analysed with a Student’s t-test, and are displayed as mean * SEM.

AHP closely corresponded to the AHP minimum (Compare Figs
4F, 5C and D, P=0.35), confirming that the AHP is mediated pri-
marily by BK channels. In marked contrast in ATXN2[127Q]
Purkinje neurons, the fast-AHP amplitude was significantly re-
duced (Fig. 5C and D), in spite of a normal overall AHP amplitude
(Fig. 4F and 5A). The AHP minimum in ATXN2[127Q] Purkinje
neurons was also significantly delayed (Fig. 5E), suggesting that
it is generated by a current distinct from BK channels. Since the
AHP is sensitive to calcium buffering, and expression of calbin-
din, a major calcium buffer in Purkinje neurons is reduced in
ATXN2[127Q] Purkinje neurons (11), measurement of the AHP at
this age with the same calcium buffer as for wild-type mice may
underestimate the function of BK channels. To address this pos-
sibility, patch-clamp recordings were performed in the cell-
attached followed by the whole-cell configuration. The firing
frequency and regularity of spiking as represented by the coeffi-
cient of variation (CV) were indistinguishable between the
whole-cell and cell-attached configuration (Frequency and CV
cell attached: 9.3 + 1.9 Hz, 0.091 *+ 0.02; Frequency and CV whole
cell: 12.3 = 2.4Hz, 0.09+ 0.01, n=9), suggesting that in spite of a
reduction in transcripts for calcium buffering proteins, buffering
capacity is not significantly altered in 25-week-old ATXN2[127Q]
Purkinje neurons. Spike repolarization, mediated by Kv3.3

channels (15), continued to be impaired in 25-week-old
ATXN2[127Q] Purkinje neurons (Figs 2D and F, 5A and F). These
results suggest that Purkinje neuron atrophy is unable to com-
pensate for the loss of BK and Kv3.3 channels in ATXN2[127Q]
mice. Reduced transcript levels of these channels are associated
with continued functional impairment in both BK and Kv3.3
channels. ATXN2[127Q] Purkinje neurons are nevertheless able
to maintain pacemaker firing due to the presence of an AHP
that has novel kinetic properties.

BK channels continue to play an important role in
generating discrete spikes in 25-week atrophic
ATXN2[127Q] Purkinje neurons

We wished to determine the molecular basis for the novel AHP
associated with slowed firing frequency in ATXN2[127Q]
Purkinje neurons. In order to first determine whether assump-
tion of novel kinetic properties by BK channels could explain
this AHP. The AHP in Purkinje neurons is normally mediated by
calcium-activated potassium channels. In order to determine
the role that BK channels play in spiking in 25-week-old
ATXN2[127Q] Purkinje neurons, we first determined the role of
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Figure 3. A progressive reduction in potassium channel transcripts accompanies degeneration in ATXN2[127Q] Purkinje neurons. (A) RNA sequencing from 6-week-old
cerebella of ATXN2[127Q] mice and littermate controls reveals a reduction in transcripts of potassium channels important for Purkinje neuron spiking. FDR (false dis-
covery rate) >30 corresponds to a corrected p value of < 0.01. (B) Quantitative RT-PCR for Kcnmal (BK) demonstrates a progressive reduction in BK channel transcripts in
ATXN2[127Q] cerebella. (C) Quantitative RT-PCR for Kcnc3 (Kv3.3) demonstrates a progressive reduction in Kv3.3 channel transcripts in ATXN2[127Q] cerebella.
Immunostaining for calbindin (D) and BK channels (E) in wild-type Purkinje neurons shows prominent overlap of BK and calbindin staining (F). (G) In 25-week-old
ATXN2[127Q] cerebella, calbindin immunostaining reveals prominent Purkinje neuron dendritic atrophy, with thinning of the molecular layer. (H) BK staining is re-
duced in ATXN2[127Q] Purkinje neurons, also seen in the merged image of BK and calbindin in (I) and summarized in (J). Data were analysed with a Student’s t-test,

and are displayed as mean + SEM.

BK channels in wild-type neurons using iberiotoxin, a selective
BK channel inhibitor. Iberiotoxin increased the firing frequency
of wild-type Purkinje neurons, without causing spiking irregu-
larities or bursting (Fig. 6A-C). In ATXN2[127Q] Purkinje neu-
rons, surprisingly, Iberiotoxin caused irregular spiking with
short bursts containing one to two spikelets (Fig. 6D-G).
Iberiotoxin increased the overall firing frequency (Fig. 6H), but
this effect disappeared when spikelets in doublets/spike bursts
were excluded, so that the overall firing frequency was
unchanged (Fig. 6I). Since iberiotoxin insensitive BK channels
are reported to contribute to the AHP (21), we also determined
the effect of 10uM paxilline, which blocks both iberiotoxin-
sensitive and insensitive BK currents (21). The effect of paxilline
on firing was similar to that of iberiotoxin, with regular firing
converted into spike bursts. Also, similar to iberiotoxin, when
doublets and spikelets in bursts were excluded, there was no
significant change in firing frequency (n=5 cells, 25.2 = 9.2Hz
before paxilline, and 20.3 + 9.2 Hz following paxilline). These re-
sults suggest that in spite of the fact that BK channel transcripts
and immunostaining is significantly reduced in ATXN2[127Q]
Purkinje neurons, these neurons continue to depend on the BK
channel mediated AHP to generate tonic, repetitive, regular
spiking. The reduction in firing frequency and therefore the

novel AHP in ATXN2[127Q] Purkinje neurons is not, however,
mediated through BK channels.

The reduction in firing frequency in atrophic
ATXN2[127Q] Purkinje neurons is secondary to a novel
AHP generated by K;, channels

The other calcium-activated potassium channel normally in-
volved in regulating spiking and the AHP in Purkinje neurons is
the SK channel. Apamin, a selective SK channel inhibitor in-
creased firing frequency by only ~3Hz in ATXN2[127Q] Purkinje
neurons (Fig. 7A). This suggested that the reduced firing fre-
quency, and the novel AHP in ATXN2[127Q] Purkinje neurons is
due to a potassium current that does not normally play a signifi-
cant role in Purkinje neuron spiking. In our studies in a model
of SCA1, barium-sensitive subthreshold-activated, inwardly-
rectifying potassium (K;) channels play an important role in
maintaining spiking in atrophic Purkinje neurons (10). In order
to determine whether K;, channels may be playing a role in reg-
ulating spiking in atrophic ATXN2[127Q] Purkinje neurons we
used 50 uM extracellular barium, which is selective for K;, chan-
nels (22-25). Barium only had a modest effect on the firing


Deleted Text: Figure 
Deleted Text: Figure 
Deleted Text: Figure 
Deleted Text: P
Deleted Text: Figure 

3940 | Human Molecular Genetics, 2017, Vol. 26, No. 20

Wild-Type
A ‘ B ATXN2 [127Q] c

IRUARMAEHIN i

T L]

@
(=]

p < 0.001

£
(=T -]

Mean Firing Frequency (Hz)
w
o

20
10
— 200ms 200 ms 0 Wild-ype ATXN2[127Q]
D E F -80 NS
Wild-type ATXN2[127Q] _
20

AHP minimum
A o
o o

)
o

|7

=70 mv

10 mV

0=
Id-
o Wild-type ATXN2[127Q]

Figure 4. Atrophic 25-week ATXN2[127Q] Purkinje neurons are able to restore spiking in association with a normal AHP amplitude. (A) In the cell-attached configura-
tion, wild-type Purkinje neurons at 25 weeks continue to display tonic repetitive spiking. (B) ATXN2[127Q] Purkinje neurons also display tonic repetitive spiking at
25 weeks, although at a greatly reduced firing frequency, summarized in (C). (D) In the whole-cell configuration wild-type Purkinje neurons display spikes with a promi-
nent AHP. (E) ATXN2[127Q] Purkinje neurons display repetitive spiking with a similar amplitude AHP, summarized in (F). Data were analysed with a Student’s t-test,
and are displayed as mean + SEM.
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Figure 5. 25-week ATXN2[127Q] Purkinje neurons generate an AHP with novel kinetics. (A) Overlay of one interspike interval from a wild-type and ATXN2[127Q]
Purkinje neuron showing a similar AHP amplitude. (B) Schematic action potential showing the location of the fast AHP and the AHP minimum. (C) Overlay of a sponta-
neous spike from a wild-type and ATXN2[127Q] Purkinje neuron on an expanded timescale to demonstrate the slowing of spike repolarization and reduced fast AHP
amplitude in ATXN2[127Q] Purkinje neurons. (D) Summary of the fast AHP amplitude in ATXN2[127Q] Purkinje neurons. (E) The AHP minimum is delayed in
ATXN2[127Q] Purkinje neurons. (F) The repolarization of the action potential (AP) is impaired in ATXN2[127Q] Purkinje neurons. Data were analysed with a Student’s
t-test, and are displayed as mean + SEM.

frequency of wild-type neurons (Fig. 7B and D). Remarkably, bar- amplitude in ATXN2[127Q] Purkinje neurons (Fig. 7F and G).
ium normalized firing frequency of 25-week- old atrophic Significantly, the barium sensitive current contributes to the en-
ATXN2[127Q] Purkinje neurons (Fig. 7C and D). Corresponding tire duration of the AHP, so that the time to AHP minimum is
to the changes in firing frequency, in wild-type Purkinje neu- not altered in the presence of barium (Fig. 7G). No consistent
rons, barium had only a modest effect on the AHP amplitude changes were observed in K;, channel transcripts and transcript

(Fig. 7E and G). Barium had a large effect on reducing the AHP levels of GABAjp receptors (26), which indirectly activate
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Student’s t-test, and are displayed as mean + SEM.

K;, channels, are reduced, suggesting that the increased activity
of Kj channels is not explained by alterations in the
expression of these channels (Supplementary Material, Table
S1). These results suggest that increased activity of K;, channels
is responsible for generating a novel AHP in atrophic
ATXN2[127Q] Purkinje neurons, that causes a reduction in firing
frequency.

Discussion

Purkinje neurons maintain repetitive spiking through the inter-
play of currents mediated by depolarizing voltage-gated sodium
channels, and rapidly deactivating voltage-gated and calcium-
activated potassium channels. The AHP, normally mediated by
BK (16) and SK channels (16,17), also decays rapidly so that little
potassium current is present in the interspike interval (1). In
other neurons, distinct potassium channels mediate an AHP
with slower kinetics. For example, a potassium channel distinct
from SK and BK channels, mediates a slow AHP in the interspike
interval of cortical neurons that do not exhibit autonomous
pacemaking (27). K;, channels support repetitive spiking at a rel-
atively low frequency in pacemaker nociceptive neurons in the
spinal cord (28). In ATXN2[127Q] Purkinje neurons, we demon-
strate that in spite of a reduction in the BK channel mediated
AHP, the overall amplitude of the AHP is maintained at a dis-
ease stage when there is significant Purkinje neuron atrophy.

The kinetics and pharmacology of this AHP is similar to that of
slow-firing pacemakers such as spinal cord nociceptive neurons
(28). The exact mechanism for the generation of this novel bar-
ium sensitive AHP in ATXN2[127Q] Purkinje neurons is unclear,
but may be secondary to the increased density of subthreshold
activated potassium currents resulting from a reduction in cell
size. The exact molecular identity of this subthreshold activated
potassium channel is also unclear. Although both Kcnj (K;; chan-
nels) (22-25,29) and some Kcnk (K2P channels) (30,31) are sensi-
tive to external barium, K2P channels are an order of magnitude
less sensitive to external barium (in the hundreds of uM) (30,31)
than Kcnj channels (<50puM) (22-25,29). Since in our current
study, 50 uM external barium had a profound effect on firing in
ATXN2[127Q] Purkinje neurons, this is most consistent with a
potassium current carried by K;, channels. The exact identity of
the channel will be difficult to identify due to the lack of avail-
ability of specific pharmacologic agents for these channels. K;,
channels are normally present in Purkinje neurons (10,32) but
do not play a major role in controlling spike frequency or the
AHP (1). In this study, we too demonstrate that low doses of ex-
tracellular barium, selective for K;, channels (22-25), has a lim-
ited effect on firing frequency and the AHP in wild-type Purkinje
neurons. In association with a reduction in Purkinje neuron size
in SCA2, retained expression of subthreshold-activated potas-
sium channels and correspondingly an increase in channel den-
sity, may allow for these channels to play an unusual role in


Deleted Text: Discussion

3942 | Human Molecular Genetics, 2017, Vol. 26, No. 20

A B ‘ ‘ H : H "‘u\mu_-type ‘ ‘ c ‘ | ATXN2[127Q] ‘ D
30 p<0.05 ‘ e ‘ ‘ H' ‘ ! !H' 80 NS
- g 1
N 25 I: 50 p<0.01 T
— o 40 A
Z 20 A g 7
= 8 ' : g 30
3 15 200 ms 200ms &
(=2 @ 20
£ 2 £
E’ 10 50 uM Ba . 50 uM Ba™ & 40 7
E 5 | i a
| ‘ | WT  ATXN2[127Q]  WT ATXN2[127Q]
: L . oo . Baseline Ba®**
Baseline Apamin | ' |
ATXN2[127Q] |
200 ms 200 ms
E F G p < 0.001
= 14
E
=2 [ + 4
E
£ 10
Wild-type ATXN2[127Q] €
S 8
z e
o
= @ p<0.01
E 2
[ —{l— .
0 L
10 mv 10 mv 72 -70 -68 66 -64
|_1 ms AHP Minimum (mV)

10 ms

@ ATXN2[127Q] baseline
O  ATXN2[127Q] BaZ*

[ WT baseline
B wrea?*
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generating the AHP. It is interesting to speculate as to whether
the increase in density of these channels is a homeostatic re-
sponse in Purkinje neurons to retain repetitive spiking when
channels (BK and Kv3.3) that usually play this role are no longer
able to do so. A reduction in cell size of Purkinje neurons due
the degenerative process thus makes them resemble other
pacemaker neurons in both size, and in utilizing K;, channels
that are normally used by these other neurons for slower pace-
making. It is possible that a distinct repertoire of ion-channels
is part of a cell-size associated program for pacemaking.

A reduction in Purkinje neuron firing frequency is a common
feature of distinct ataxia causing channelopathies. Kv3.3 knock-
out mice, a model for SCA13 (33), have reduced spontaneous fir-
ing due to decreased availability of voltage-gated sodium
channel resurgent-current in the interspike interval (15).
Purkinje neurons in BK channel knockout mice also have re-
duced firing frequency secondary to reduced recovery of
voltage-gated sodium channels from inactivation (18). Neither
of these mouse models of ataxia, however, have changes in
Purkinje neuron size or neurodegeneration. At 12 weeks, when
there is little Purkinje neuron atrophy, and there is a reduction
in BK and Kv3.3 transcripts, the reduction in firing frequency
and membrane depolarization in ATXN2[127Q] Purkinje neu-
rons is likely due to the loss of membrane repolarization medi-
ated by these channels, and thus the inability of voltage-gated
sodium channels to recover from inactivation. Although re-
duced transcript levels of both Kv3.3 and BK are more profound
in ATXN2[127Q] mice at 25weeks, when there is marked

Purkinje neuron atrophy, the reduced Purkinje neuron firing fre-
quency is due to a mechanism distinct from changes in voltage-
gated sodium channel kinetics. Although there are functional
consequences of reduced BK and Kv3.3 channels in Purkinje
neuron spiking, atrophic SCA2 Purkinje neurons are able to hy-
perpolarize the membrane sufficiently through a novel K;, cur-
rent mediated mechanism. In SCA1 mice, which also display
reduced Purkinje neuron firing frequency, a reduction in BK and
subthreshold-activated potassium channels contributes to
Purkinje neuron atrophy. A reduction in Purkinje cell size in a
mouse model of SCA1 is able to increase BK channel density, so
that these channels not only continue to play a major role in re-
petitive spiking (10), but also generate a normal amplitude fast
AHP. Although changes in membrane excitability resulting from
a reduction of Kv3.3 and BK channels may contribute similarly
to Purkinje neuron atrophy in SCA2, cell atrophy does not in-
crease the density of BK channels sufficiently in ATXN2[127Q]
Purkinje neurons to enable BK channels to continue to generate
a normal amplitude fast-AHP. Nevertheless, BK channels play
an important role in enabling atrophic ATXN2[127Q] Purkinje
neurons to maintain discrete spikes, and preventing spike dou-
blets/bursts. The importance of BK channels in maintaining
normal firing frequency in atrophic ATXN2[127Q] Purkinje neu-
rons is however greatly diminished. The reduction in firing fre-
quency in atrophic SCA2 Purkinje neurons is therefore
independent of the reduced activity of BK and Kv3.3 channels.
Alterations in Purkinje neuron spiking are associated with
motor dysfunction in a variety of mouse models of ataxia (6,34).



Normalizing Purkinje neuron spiking is associated with im-
proved motor function in mouse models (34,35). In these stud-
ies, the target for improvement in Purkinje neuron spiking has
primarily been calcium-activated potassium channels (6,35).
The utility of calcium-activated potassium channel activators in
improving motor dysfunction is also established in a different
model of SCA2, where there is not prominent Purkinje neuron
atrophy (36). The calcium-activated potassium channels, BK
and SK, normally play a vital role in Purkinje neuron repetitive
spiking, and disruption of calcium-activated potassium channel
function results in ataxia (18,37,38). In this study, we demon-
strate that prior to substantial Purkinje neuron atrophy in SCA2,
early in the disease process, there is a reduction of BK and Kv3.3
channel expression and function. In Purkinje neurons, since BK
channel function is closely tied to calcium entry, the net effect
of calcium entry is activation of calcium-activated potassium
channels (1). We cannot therefore rule out the possibility that
dysfunction of voltage-gated calcium channels, in addition to
reduced BK channel transcripts, also contributes to reduced BK
channel function. In any event, reduced BK and Kv3.3 channel
function is associated with disrupted Purkinje neuron spiking
and membrane depolarization in a fashion similar to mice with
a knockout of the respective channels. With the onset of
Purkinje neuron atrophy, however, although BK channels con-
tinue to play a role in supporting spiking, Purkinje neurons rely
on K; channels to maintain a normal AHP amplitude.
Activating potassium channels at this stage of disease is likely
to have either no effect on spiking, or a further slowing of firing
frequency and would therefore likely either not improve, or
worsen motor function. If a similar pattern of changes in
Purkinje neuron physiology occurs in human cerebellar ataxia,
it would be important to consider the stage in the disease pro-
cess before considering potassium channel activators to treat
motor symptoms.

Materials and Methods
Mice

All animal procedures were approved by the University of
Michigan Committee on the Use and Care of Animals. The
ATXN2[127Q] transgenic mice overexpress mutant human
ATXN2 with 127 CAG repeats selectively in cerebellar Purkinje
neurons under the Pcp2 (L7) promoter as described previ-
ously (11). Hemizygous ATXN2[127Q] mice and wild-type litter-
mate controls were used in all experiments. Mice used for these
experiments were between 12 and 25weeks old. Mice of both
sexes were used for all experiments.

Immunofluorescence

Mice were anesthetized with isoflurane and brains were re-
moved, fixed in 1% paraformaldehyde for 1h, immersed in 30%
sucrose in PBS and sectioned on a CM1850 cryostat (Leica).
14 pm parasagittal sections were processed for immunohisto-
chemistry. Purkinje cells were labeled with anti-calbindin anti-
body (Swant 1:1000 (Marly, Switzerland), or Cell Signaling
Technologies 1:200 (Danvers, MA)) and an appropriate second-
ary goat anti-mouse Alexa Fluor antibody (Life Technologies
Molecular Probes, Grand Island, NY). Sections were imaged us-
ing a FV500 Olympus Confocal Microscope and single plane im-
ages were obtained. Measurements of molecular layer thickness
were made for each section, 100 um from the depth of the pri-
mary fissure as previously described (10). Dual calbindin (rabbit,

Human Molecular Genetics, 2017, Vol. 26, No. 20 | 3943

1: 200, Cell signaling Technologies, Beverly, MA) and BK channel
(1:500, Clone L6/60, mouse monoclonal antibodies were ob-
tained from the UC Davis/NIH NeuroMab facility) immunostain-
ing was performed. Measurement of staining intensity was
performed in the cerebellar molecular layer. In order to elimi-
nate selection bias, an area of strong calbindin staining was
identified for each image, and the corresponding region was
analysed for BK staining. Average staining intensity was mea-
sured in a circle of uniform area in each image. Approximately
30 images were analysed for each genotype at each time point.
The intensity values were averaged by age and genotype.
Sample preparation was performed and images were obtained
with experimenter blind to genotype.

RNA isolation and quantitative real-time PCR

Mice were euthanized following anesthesia with isoflurane, and
cerebella were removed and flash-frozen in liquid nitrogen.
Tissue was stored at —80°C until the time of processing. Total
RNA from each harvested mouse cerebellum was extracted us-
ing Trizol Reagent (Invitrogen) and subsequently purified using
the RNeasy mini kit (Qiagen) following the manufacturer’s in-
structions. cDNA was synthesized from 1 pg of purified RNA us-
ing the iScript cDNA synthesis kit (Cat. no. 1708891, Bio-Rad).
Quantitative real-time PCR assays were performed using the iQ
SYBR Green Supermix (Cat. no. 1708880, Bio-Rad) in a MyiQ
Single Color Real-Time PCR Detection System (Bio-Rad), with
each reaction performed at a 20 ul sample volume in an iCycler
iQ PCR 96-well Plate (Bio-Rad) sealed with Microseal optical seal-
ing tape (Bio-Rad). The relative amount of transcript mRNA was
determined using the comparative C; method for quantitation
(39) with Actb mRNA serving as the reference gene. C, values for
each sample were obtained in triplicate and averaged for statis-
tical comparisons. The primers used for gRT-PCR are listed as
follows: (1) Kcnmal (Forward: AGC CAA CGA TAA GCT GTG GT),
(Reverse: AAT CTC AAG CCA AGC CAA CT), (2) Kence3 (Forward:
TTG AGG ACC CCT ACT CGT C), (Reverse: CTG ATG TGG ATG
AAG CCC TC) and (3) Actb (Forward: CGG TTC CGA TGC CCT GAG
GCT CTT), (Reverse: CGT CAC ACT TCA TGA TGG AAT TGA).
RNA sequencing. Cerebella from 6-week-old ATXN2[127Q] and
wild-type littermates (16 animals in each group) were used for
RNA sequence analyses. Total RNA was isolated using
miRNeasy Mini Kit (Qiagen Inc., USA) according to the manufac-
turer’'s protocol. RNA quality was determined using the
Bioanalyzer 2100 Pico Chip (Agilent). Samples with an RNA in-
tegrity number (RIN) >8 were used for library preparation using
[llumina TrueSeq Stranded Total RNA Sample Prep with Ribo-
Zero rRNA Removal Kit for mouse. Single-end 50-bp reads were
generated on a Hiseq 2000 sequencing machine at the
University of Utah Microarray and Genomic Analysis Shared
Resource using Illumina Version 4 flow cells. Reads were then
aligned to the mouse reference genome (mm?10) by Novoalign
(http://www.novocraft.com) as previously described (19).
Preparation of brain slices for electrophysiological recordings. Mice
were anesthetized by isofluorane inhalation, decapitated, and
the brains were chilled in ice-cold cutting solution containing
(in mM): 87 Nacl, 2.5 KCl, 25 NaHCOs, 1 NaH,POy, 0.5 CaCl,, 7
MgCl,, 75 sucrose and 10 glucose, bubbled with 5% C02/95% O,.
300 um parasagittal cerebellar slices were cut using a vibratome.
Slices were incubated at 33°C in artificial CSF (ACSF) containing
(in mM): 125 NaCl, 3.5 KCl, 26 NaHCO3, 1.25 NaH,POy4, 2 CaCl,, 1
MgCl, and 10 glucose, bubbled with 5% CO,+ 95% O, (carbogen)
for 45min. Slices were stored at room temperature until use.
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Slices were then placed in a recording chamber and continu-
ously perfused with carbogen-bubbled ACSF at 33°C with a flow
rate of 2-3ml/min.

Whole-cell recordings. Purkinje neurons were identified for
patch-clamp recordings in parasagittal cerebellar slices.
Borosilicate glass patch pipettes (with resistances of 2-4 MQ)
were filled with internal recording solution containing (in mM):
119K Gluconate, 2Na Gluconate, 6 NaCl, 2 MgCl,, 0.9 EGTA, 10
HEPES, 14 Tris-Phosphocreatine, 4 MgATP, 0.3 tris-GTP, pH 7.3.
Whole-cell recordings at 33°C were made in ACSF 1-5h after
slice preparation using an Axopatch 200B amplifier, Digidata
1440 A interface and pClamp-10 software (MDS analytical tech-
nologies, Sunnyvale, CA) as previously described. Voltage data
were acquired in the fast current clamp mode of the amplifier
and filtered at 2kHz. Cells were rejected if the series resistance
changed by greater than 20% in the course of the recording or if
it exceeded 15 MQ. Data were digitized at 100 kHz. Voltage traces
were corrected for a 10mV liquid junction potential. In order to
determine the effect of pharmacologic agents on firing, agents
were perfused on slices for at least 8 min or until changes in fir-
ing reached equilibrium. The coefficient of variation (CV) was
calculated as the ratio of the standard deviation of the inter-
spike interval divided by the mean interspike interval. In order
to prevent inaccuracies due to changes in threshold of spiking,
the absolute value of the membrane potential was recorded as
the AHP at specified time points following the peak of the spike.
The spike threshold was defined as 10% of the maximum slope
of the rising phase of the action potential. In order to calculate
depolarization and repolarization slopes, the 1% order differen-
tial of either the upward or downward deflection of the action
potential was calculated, and the respective most positive or
negative value is reported.

Statistical analysis

Statistical significance for electrophysiology was assessed by ei-
ther an unpaired Student’s t-test, Fisher’s exact test. A paired
Student’s t-test was used to determine the effect of pharmaco-
logic agents on firing properties. Data were considered signifi-
cant for P<0.05. Data are expressed as mean * SEM unless
otherwise specified. Data were analysed using SigmaPlot (Systat
Software Inc), GraphPad Prism (GraphPad Software Inc.) and
Excel (Microsoft Corp).

Supplementary Material

Supplementary Material is available at HMG online.
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