Human Molecular Genetics, 2018, Vol. 27, No. 8 1396-1410
doi: 10.1093/hmg/ddy050

Advance Access Publication Date: 8 February 2018

Original Article

ORIGINAL ARTICLE

Protein kinase C activity is a protective modifier of
Purkinje neuron degeneration in cerebellar ataxia

Ravi Chopra®™??, Aaron H. Wasserman?, Stefan M. Pulst® Chris I. De Zeeuw>"°

and Vikram G. Shakkottai>’>*

'Medical Scientist Training Program, University of Michigan Medical School, Ann Arbor, MI 48109, USA,
“Neuroscience Graduate Program, University of Michigan, Ann Arbor, MI 48109, USA, *Department of
Neurology, University of Michigan Medical School, Ann Arbor, MI 48109, USA, 4Department of Neurology,
University of Utah, Salt Lake City, UT 84132, USA, *Netherlands Institute for Neuroscience, Amsterdam 1105
CA, The Netherlands, 6Depaurtment of Neuroscience, Erasmus MC, Rotterdam 3015 GE, The Netherlands and
’Department of Molecular and Integrative Physiology, University of Michigan, Ann Arbor, MI 48109, USA

*To whom correspondence should be addressed at: 4009 BSRB, 109 Zina Pitcher Place, Ann Arbor, MI 48109, USA. Tel: 734-615-6891; Fax: 734-647-9777;
Email: vikramsh@med.umich.edu

Abstract

Among the many types of neurons expressing protein kinase C (PKC) enzymes, cerebellar Purkinje neurons are particularly
reliant on appropriate PKC activity for maintaining homeostasis. The importance of PKC enzymes in Purkinje neuron health
is apparent as mutations in PRKCG (encoding PKCy) cause cerebellar ataxia. PRKCG has also been identified as an important
node in ataxia gene networks more broadly, but the functional role of PKC in other forms of ataxia remains unexplored, and
the mechanisms by which PKC isozymes regulate Purkinje neuron health are not well understood. Here, we investigated how
PKC activity influences neurodegeneration in inherited ataxia. Using mouse models of spinocerebellar ataxia type 1 (SCA1)
and 2 (SCA2) we identify an increase in PKC-mediated substrate phosphorylation in two different forms of inherited cerebel-
lar ataxia. Normalizing PKC substrate phosphorylation in SCA1 and SCA2 mice accelerates degeneration, suggesting that the
increased activity observed in these models is neuroprotective. We also find that increased phosphorylation of PKC targets
limits Purkinje neuron membrane excitability, suggesting that PKC activity may support Purkinje neuron health by moderat-
ing excitability. These data suggest a functional role for PKC enzymes in ataxia gene networks, and demonstrate that in-
creased PKC activity is a protective modifier of degeneration in inherited cerebellar ataxia.

Introduction

Cerebellar ataxias are a heterogeneous group of disorders with
degeneration in the cerebellum and its connections (1,2).
Diverse genetic forms of ataxia produce a shared pattern of de-
generation of cerebellar neurons, and in many cases a pro-
found loss of cerebellar Purkinje neurons. The basis for the
vulnerability of cerebellar Purkinje neurons in ataxia is

unclear. Recent work has identified altered membrane excit-
ability as one of the mechanisms for Purkinje neuron vulnera-
bility in ataxia (3). This is supported by genetic causes of
ataxia that result from mutations in ion channels that regulate
membrane excitability, as well as identification of alterations
in ion channel expression and function in other causes of
ataxia not directly related to ion channel mutations (4).
Cerebellar ataxia can also result from alterations in signaling
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pathways important for Purkinje neuron function. The rela-
tionship between membrane excitability and these signaling
pathways remains unexplored.

Protein kinase C (PKC) enzymes are a family of serine/threo-
nine kinases with widespread expression throughout the brain
(5). They play important roles in synaptic function, ion channel
regulation, neurite outgrowth, synaptic plasticity and in learning
and memory (6). The expression of several PKC isozymes is par-
ticularly enriched in the cerebellum, where PKC activity plays an
important role in normal Purkinje neuron function (7). In vitro
studies have shown that phorbol esters that activate PKC en-
zymes produce profound impairment in Purkinje neuron den-
drite development (8). Furthermore, mutations in PRKCG,
encoding the PKCy isozyme, cause spinocerebellar ataxia type 14
(SCA14) (9-11), a form of cerebellar ataxia with selective Purkinje
neuron degeneration (12) despite widespread expression of PKCy
(5). Increased enzyme function (13), novel gain of function (14,15)
and reduced enzyme function (16) have all been proposed as
mechanisms by which PRKCG mutations produce Purkinje neu-
ron pathology. Finally, analysis of gene coexpression in human
cerebellar tissue has revealed that PRKCG is a node in an interre-
lated module for many ataxia-linked genes (17), and protein
products of the ataxia-linked genes ITPR1 (codes for the type 1
IP3 receptor, implicated in SCA15/16), TRPC3 (codes for TRPC3,
implicated in SCA41) and KCNC3 (codes for Kv3.3, implicated in
SCA13) are already known to be PKC substrates (16,18,19). Taken
together, these findings suggest that appropriate PKC activity is
critical for maintaining Purkinje neuron homeostasis, and they
raise the possibility that altered PKC activity could play a role in
forms of cerebellar ataxia beyond SCA14.

Given the importance of PKC enzymes in Purkinje neuron
health and the data suggesting that PKC enzymes are a node in
ataxia gene networks, we hypothesized that PKC activity might
influence degeneration in inherited and sporadic ataxias more
broadly. Using mouse models of spinocerebellar ataxia type 1
(SCA1) and spinocerebellar ataxia type 2 (SCA2) as well as pa-
tient autopsy tissue from SCA1 and multiple system atrophy
(MSA), we demonstrate that increased PKC activity can be ob-
served in several forms of cerebellar ataxia. We demonstrate
that this activity is mediated by conventional PKC isozymes, im-
plicating PKCu and/or PKCy, and that it occurs in association
with changes in DAG metabolism. Inhibiting PKC activity results
in accelerated Purkinje neuron degeneration in SCA1 and SCA2
mouse models, suggesting that increasing PKC activity is neuro-
protective in these forms of cerebellar ataxia. Finally, we dem-
onstrate that increased PKC activity reduces Purkinje neuron
membrane excitability, suggesting that PKC activity may influ-
ence neurodegeneration through its ability to modulate ion
channel function. These findings establish a novel role for PKC
activity as a modifier of neurodegeneration in forms of cerebel-
lar ataxia not caused by PKC gene mutations.

Results

Increased PKC substrate phosphorylation is observed in
SCA1

We wished to examine alterations in Purkinje neuron PKC activ-
ity associated with neurodegeneration in SCA1. Previous studies
in the ATXN1[82Q] model of SCA1, a transgenic model where
glutamine-expanded ATXN1 is expressed solely in Purkinje
neurons, have demonstrated that motor impairment begins at 5
weeks of age in the absence of significant degeneration (20,21).
We therefore first examined PKC activity in 5-week-old
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ATXN1[82Q]*®¢ mice. Since not all substrates of PKC have been
identified, in order to investigate alterations in PKC activity, we
used an antibody that recognizes phosphorylated serine residues
within the PKC consensus motif on substrates (22). PKC substrate
phosphorylation was increased in ATXN1[82Q]®®® cerebella
(Fig. 1A and B) (wild type: 1.00=0.03 AU, ATXN1[82Q]'®"e:
2.17 = 0.16 AU). Progressive dendritic degeneration is evident in
ATXN1[82Q]*®"*¢ Purkinje neurons at 15 weeks of age without cell
loss (21,23). PKC activity was also increased at 15 weeks of age
(Fig. 1C and D) (wild type: 1.00+0.18 AU, ATXN1[82Q]'¥e:
2.49+0.39 AU), demonstrating that increased PKC substrate
phosphorylation is observed throughout the course of Purkinje
neuron degeneration. Immunohistochemistry with the same an-
tibody revealed very strong signal in Purkinje neurons relative to
other cerebellar cell types (Fig. 1E), suggesting that a significant
portion of the observed immunoblot signal originates from
Purkinje neurons. Use of PKC inhibitors in organotypic cerebellar
slice cultures reduces the immunoblot signal (Supplementary
Material, Fig. S1A), supporting the conclusion that signal detected
using this antibody is an indicator of steady-state phosphoryla-
tion of substrates by PKC enzymes.

Since the specificity of this antibody for labeling only substrates
phosphorylated by PKC isozymes is unknown, we also confirmed
this increase in PKC activity by assessing the phosphorylation of
Ser®° on the GluA2 AMPA receptor subunit, a known PKC sub-
strate (24) that is highly enriched in cerebellar Purkinje neurons
(25). Phosphorylation of Ser®®° on GluA2 was significantly elevated
in ATXN1[82Q]'®"*® Purkinje neurons at 15 weeks (Fig. 1F and G)
(wild type: 1.00 = 0.09 AU, ATXN1[82Q]®¥8: 1.62 + 0.22 AU). These
data lend further support to the conclusion that Purkinje neuron
PKC activity is increased in ATXN1[82Q]*®"*® mice.

The relevance of the observed increases in PKC activity to hu-
man disease was confirmed using post-mortem tissue from pa-
tients with SCA1 (Fig. 1H) (demographics summarized in
Supplementary Material, Table S1). Consistent with the findings
in ATXN1[82Q]'®*® mice, there was a statistically significant in-
crease in the ratio of phosphorylated PKC substrates relative to
calbindin in the somata of SCA1 Purkinje neurons compared to
healthy controls (Fig. 1I) (control: 0.85 AU, SCA1: 2.12 AU). The in-
crease in PKC substrate staining was not restricted to Purkinje
neurons in SCA1 patient samples, consistent with widespread
expression of mutant ATXN1 (26). This increase could not be ex-
plained by a change in calbindin levels, as calbindin staining in-
tensity was statistically indistinguishable between the two
groups (Supplementary Material, Fig. S1B) (control: 1216.74 AU,
SCA1: 1220.59 AU). Importantly, the staining intensity for phos-
phorylated PKC substrates was by itself significantly increased in
SCA1 Purkinje neurons (Fig. 1)) (control: 979.40 AU, SCA1: 1584.08
AU). These findings support the conclusion that there is in-
creased PKC substrate phosphorylation in Purkinje neurons from
SCA1 patient autopsy tissue. There was a notable variability
within the SCA1 patient samples, with several samples showing
elevated phosphorylated PKC substrate-to-calbindin ratios. PKC
substrate-to-calbindin ratio did not correlate with age of death or
CAG repeat length (data not shown). Thus, while the significance
of this variability remains unclear, the increase in PKC substrate
phosphorylation in human autopsy tissue from SCA1 neverthe-
less supports the conclusion that PKC activity could play a role in
modifying Purkinje neuron degeneration in patients with SCA1.

The PKC family of enzymes is subdivided into four sub-
families that are distinguished by the regulatory signals to
which they respond (27). The conventional PKC isozyme sub-
family (made up of PKCo, PKCPBI/Il and PKCy) requires Ca®>" for
activation. Cerebellar organotypic slice culture experiments


Deleted Text: ,
Deleted Text: -
Deleted Text: -
Deleted Text: ,
Deleted Text: results
Deleted Text: five
Deleted Text:  
Deleted Text:  
Deleted Text: Figure 
Deleted Text: w
Deleted Text: -
Deleted Text: Type
Deleted Text: fifteen
Deleted Text: fifteen
Deleted Text: Figure 
Deleted Text: W
Deleted Text: -
Deleted Text: T
Deleted Text: Figure 
Deleted Text: protein kinase C
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy050#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy050#supplementary-data
Deleted Text: fifteen
Deleted Text: Figure 
Deleted Text: Wild
Deleted Text: -
Deleted Text: Type
Deleted Text: Figure 
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy050#supplementary-data
Deleted Text: Figure 
Deleted Text: C
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy050#supplementary-data
Deleted Text: C
Deleted Text: in 
Deleted Text: Figure 
Deleted Text: C
Deleted Text: ,

1398 | Human Molecular Genetics, 2018, Vol. 27, No. 8

Wild-Type ATXN1[82Q]*"

4 [ | Wild-Type (N=4)
m— ATXN1[82Q]"®" (N=5)

250 — 3 s

150 —

Phosphorylated
100 = PKC
Th— Substrates
1
w-Tubulin
o — :
5 Weeks 5 Weeks

a-Tubulin
18]

Phosphorylated PKC substrate:

>
&
&8
S 4, [—1Wild-Type (N=8)
K- = m— ATXN1[82Q]% (N=8)
& Y‘ ﬁ *k
250 =— % 3 ————————————
150 m— w0
100 m— g £
75— Phosphorylated a3,
PKC BF
= Substrates 22
37— 2 1 !
2
50— [IRIN c.-Tubulin .
15 Weeks 15 Weeks
F H Control SCA1 I
: - s 10
LR : I -
Selaliia g 2 g
i AR R 2
2 - 3 Oc © Control I
FY = Al £2 %1 @ sca
R LRy W) 2
| '. TO 4
- - o i
E Z ;
§' L"E§§ !I
5 Fac) Eas
J
#1 1 Wid-Type (N=8) - *
m— ATXN1[82Q]" (N=8) DT
’ 3843 - O Control
. BRI ® SCA1

2e+3 1

Intensity

1e+3

pSer®™.GluA2: Total GluA2 @)
r

N
it
Phosphorylated PKC Substrate

(=2

=]

‘::F a5

—— e

[+

Figure 1. Increased cerebellar PKC substrate phosphorylation is observed in SCA1. (A) Representative western blot for phosphorylated PKC substrates at 5 weeks of age
showing increased PKC substrate phosphorylation in cerebella from ATXN1[82Q]'®"*€ mice, summarized in (B). Tubulin was used as a loading control. (C) Representative
western blot for phosphorylated PKC substrates at 15 weeks of age show increased PKC substrate phosphorylation in cerebella from ATXN1[82Q]'¥*¢ mice, summarized
in (D). Tubulin was used as a loading control. (E) Representative immunohistochemistry experiment showing PKC substrate phosphorylation (green) in Purkinje neu-
rons (Calbindin: red) from the anterior cerebellar vermis in 15-week-old wild-type and ATXN1[82Q]*¥*¢ mice. Scale bars, 50 ym. (F) Western blot demonstrating in-
creased phosphorylation of Ser®® of GluA2 in ATXN1[82Q]'¥'8 mice at 15 weeks of age, summarized in (G). Total GluA2 was used as a loading control. (H)
Representative images of phosphorylated PKC substrate staining (green) in calbindin-stained (red) Purkinje neurons from an SCA1 patient sample and healthy control
sample. Scale bars, 50 pm. (I) Summarized data show an increase in phosphorylated PKC substrate-to-calbindin staining ratio in the somatic compartment of Purkinje
neurons from SCA1 patient samples and age-matched healthy control samples. Each data point represents an individual patient, with error bars representing SEM for
measurements from multiple Purkinje neurons in that individual. (J) Phosphorylated PKC substrate staining intensity in the somatic compartment shows a significant
increase in SCA1 patient samples relative to age-matched healthy control samples. Each data point represents an individual patient, with error bars representing
S.E.M. for measurements from multiple Purkinje neurons in that individual. Throughout, data are represented as means with error bars representing S.E.M. * P<0.05,
** P <0.01; *** P <0.001. Statistical significance derived by unpaired two-tailed Student’s t-test (B, D, G) or two-way ANOVA (I, ]).



from ATXN1[82Q]*®¥*¢ and WT mice revealed that the increased
PKC activity which was observed in SCA1 Purkinje neurons at 15
weeks could be eliminated by using 5 mum ethylene glycol-bis(f-
aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) to chelate
extracellular Ca®" ions (Fig. 2A and B) (wild-type control:
1.00 = 0.15 AU, wild-type EGTA: 0.59 = 0.08 AU, ATXN1[82Q]'?/¢
control: 1.25+0.20 AU, ATXN1[82Q]"¥*8 EGTA: 0.60 + 0.08 AU).
This suggests that the observed change in PKC substrate phos-
phorylation is mediated by one of the conventional PKC iso-
zymes. Purkinje neurons express both PKCo and PKCy (28,29).
ATXN1[82Q]*®¥*® Purkinje neurons show unchanged PKCu ex-
pression (wild type: 1.00 +0.09 AU, ATXN1[82Q]®¥/*8: 1.15 + 0.07
AU) and reduced PKCy expression (wild type: 1.00=0.03 AU,
ATXN1[82Q]'¥*: 0.39 +0.03 AU), consistent with previous re-
ports (30) (Fig. 2C-E and Supplementary Material, Fig. S2A and
B). These data indicate that the observed increases in conven-
tional PKC substrate phosphorylation cannot be explained by
changes in expression of conventional PKC isozymes, and are
likely due to increased activation of conventional PKC
isozymes.

Calcium imaging studies in Purkinje neurons from the
ATXN1[82Q] model have revealed no consistent difference in
fast synaptic calcium entry (31,32) or reduced metabotropic glu-
tamate receptor (mGluR)-dependent calcium entry (33), making
it unlikely that changes in activation of conventional PKC iso-
zymes by Ca®" could explain the observed increases in PKC ac-
tivity. Importantly, activation of conventional PKC isozymes
requires binding by both Ca®" and diacylglycerol (DAG) (34). We
investigated expression of key enzymes for DAG metabolism
and identified reduced expression of Dagla (Fig. 2F) (wild type 5
weeks: 1.02 +0.12, ATXN1[82Q]'®*® 5 weeks: 0.37 +0.07, wild
type 15 weeks: 1.04+0.10, ATXN1[82Q]"®¥® 15 weeks:
0.32 +0.11). Dagla encodes DAG lipase alpha, which metabolizes
DAG, and blocking DAG lipase function has been shown to pro-
long activation of PKCa in Purkinje neurons (35), suggesting that
the observed increase in PKC substrate phosphorylation in
ATXN1[82Q]'¥*® Purkinje neurons could be explained by in-
creased PKC activity secondary to reduced Dagla expression.

Increased PKC activity is a protective modifier of
Purkinje neuron degeneration in SCA1 mice

To assess the significance of increased PKC activity for neurode-
generation in SCA1 Purkinje neurons, we inhibited PKC activity in
ATXN1[82Q] mice and assessed the effect on Purkinje neuron pa-
thology. PKC activity was inhibited in ATXN1[82Q]'®" mice by in-
tercrossing with PKCi'®" mice that express a pseudosubstrate PKC
inhibitor peptide under the control of the Purkinje neuron-
specific L7/Pcp2 promoter (36). As expression of both the PKCi
transgene and ATXN1[82Q] transgene is limited to Purkinje neu-
rons, this strategy allows for evaluation of the cell-autonomous
role for increased PKC activity in Purkinje neuron degeneration.
ATXN1[82Q]"¥"; PKCi'®" mice showed a reduction of cerebellar
PKC substrate phosphorylation relative to ATXN1[82Q]*¥" mice
(Fig. 3A) (wild type: 1.00+0.03 AU, PKGi'¥" 1.00+0.19 AU,
ATXN1[82Q]*¥®: 1.32 + 0.11 AU, ATXN1[82Q]'®; PKCi*¥": 1.06 + 0.05
AU. N =6 for each group).

Notably, assessment of Purkinje neuron pathology revealed
accelerated Purkinje neuron degeneration in ATXN1[82Q]*¥;
PKCi*®" mice. Molecular layer thickness, a measure of Purkinje
neuron dendrite integrity, was significantly decreased in
ATXN1[82Q]'¥"; PKCi*®" mice compared to both wild-type and
PKCGi*®" mice at a time point where molecular layer thickness
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changes are not yet detected in ATXN1[82Q]*®~ mice (Fig. 3B and
D). The accelerated neurodegeneration in ATXN1[82Q]'?;
PKCi*®" mice was also confirmed with whole-cell capacitance
measurements, which revealed that the severity of Purkinje
neuron atrophy was significantly greater in ATXN1[82Q]'®";
PKCi'¥" mice compared to ATXN1[82Q]'¥" mice (Fig. 3C). These
data suggest that the increased PKC activity observed in SCA1
mice is a protective modifier of neurodegeneration.

Increased PKC activity is a shared protective modifier
pathway in other ataxias

To explore a potential role for PKC enzymes in another cerebellar
ataxia, we examined whether PKC activity was altered in a mouse
model of SCA2 (37). In this model of SCA2, glutamine-expanded
ATXN?2 is expressed solely in cerebellar Purkinje neurons (38).
Similar to ATXN1[82Q]*¥*® mice, whole cerebellar extracts from
ATXN2[127Q]*¥" mice (38) exhibited a significant increase in phos-
phorylation of PKC substrates (Fig. 4A and B) (wild type:
1.00 = 0.07 AU, ATXN2[127Q]'®": 1.21+0.07 AU). ATXN2[127Q]*¥"
cerebella also showed reduced Dagla transcript levels (Fig. 4C)
(wild type: 1.01+0.04, ATXN2[127Q]*¥~: 0.55+0.12), suggesting
that reduced Dagla expression could be a shared mechanism for
increased PKC activity in SCA1 and SCA2 mice. Moreover, prior
work has also suggested that mutant Atxn2 directly facilitates
calcium release from intracellular stores important for PKC acti-
vation (39). We crossed ATXN2[127Q]*®" mice with PKCi*®¥" mice
to generate ATXN2[127Q]'®"; PKCi*®~ progeny. ATXN2[127Q]*¢";
PKCi®®" mice showed a reduction of PKC substrate phosphoryla-
tion relative to ATXN2[127Q]'*®¥" mice (Fig. 4D) (wild type:
1.00 = 0.17 AU, PKCi*¥": 1.05 + 0.36 AU, ATXN2[127Q]"¥": 1.37 + 0.03
AU, ATXN2[127Q]'®¥"; PKCi*®¥~: 1.24+0.021 AU. N=4 for each
group). At 25 weeks, ATXN2[127Q]*¥"; PKCi*®" mice showed signif-
icantly greater thinning of the molecular layer in the intermedi-
ate zone relative to litter-mate ATXN2[127Q]'®®" mice (Fig. 4E
and F). These data demonstrate that increases in PKC activity op-
pose dendritic degeneration in several models of ataxia.

To further explore the spectrum of cerebellar disease in
which PKC activity may modify disease pathogenesis, we exam-
ined human post-mortem tissue of MSA, a sporadic, heteroge-
neous neurodegenerative disease that in some cases can have
prominent Purkinje neuron loss (40). We assessed PKC substrate
phosphorylation in surviving Purkinje neurons from post-
mortem MSA samples that were noted at autopsy to have sig-
nificant Purkinje neuron loss (demographics summarized in
Supplementary Material, Table S2). MSA samples were com-
pared to age-matched samples from patients with Alzheimer
disease (AD), a neurodegenerative disease with limited cerebel-
lar involvement (41,42). AD tissue was used as a control in order
to determine whether merely having a neurodegenerative dis-
ease was sufficient to increase PKC substrate phosphorylation.
MSA Purkinje neurons showed a significant increase in phos-
phorylated PKC substrate-to-calbindin ratio relative to age-
matched AD controls (Supplementary Material, Fig. S3A and B)
(AD: 0.71 AU, MSA: 1.63 AU). Calbindin levels (AD: 1383.52 AU,
MSA: 1076.80 AU) and absolute staining intensity for phosphor-
ylated PKC substrates (AD: 919.74 AU, MSA: 1072.13 AU) were
not, however, significantly different between the two groups
(Supplementary Material, Fig. S3C and D). Although it is possible
that a partial reduction in calbindin levels may explain the ap-
parent increase in PKC activity in MSA, PKC activity may be a
modulator of neuropathology in both dominantly inherited
ataxias, and in other neurodegenerative ataxias with Purkinje
neuron involvement.
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Figure 2. Increased PKC substrate phosphorylation is mediated by conventional PKC isozymes in SCA1. (A) Representative western blot for phosphorylated PKC sub-
strates in organotypic cerebellar slice cultures treated with 5 mm EGTA from 15-week-old mice. Calcium chelation with EGTA reduced PKC substrate phosphorylation
in ATXN1[82Q]'¥'8 slice cultures but not wild-type slice cultures, summarized in (B). Tubulin was used as a loading control. (C) Representative western blot for PKCo
and PKCy in 15-week-old mice. Unchanged expression of PKCo in ATXN1[82Q]'¥*€ cerebella at 15 weeks of age is summarized in (D), while reduced expression of PKCy
in ATXN1[82Q]'¥'8 cerebella at 15 weeks of age is summarized in (E). Tubulin was used as a loading control. (F) Dagla transcripts are reduced at 5 and 15 weeks in
ATXN1[82Q]'¥*¢ cerebella as assessed using quantitative RT-PCR. Number of animals from each group indicated within bars. Throughout, data are represented as
means with error bars representing S.E.M. NS = not significant; * P <0.05; ** P <0.01; ** P <0.001. Statistical significance derived by two-way ANOVA (B) or unpaired two-

tailed Student’s t-test (D, E, F).

Increased PKC activity limits Purkinje neuron
excitability in ataxia

Previous studies have demonstrated that altered intrinsic excit-
ability is an important driver of neurodegeneration in the
ATXN1[82Q] model of SCA1 (20,23) and in other models of cere-
bellar ataxia (43,44). Altered Purkinje neuron spiking is also de-
scribed in cerebellar slices from mouse models of SCA2 (38),
SCA3 (45) and SCA6 (46) as well as in vivo in SCA2 mice (47). PKC
family members influence the function of ion channels that reg-
ulate membrane excitability (18,48-50), and we therefore sought
to investigate whether increased PKC activity might exert its
neuroprotective effect by altering Purkinje neuron excitability.
To assess this possibility, cell-attached and whole-cell patch
clamp somatic recordings were performed from ATXN1[82Q]¥;
PKCi®®" and litter-mate control Purkinje neurons in acute

cerebellar slices at 20 weeks of age. Baseline firing properties were
abnormal in both ATXN1[82Q]*®"; PKCi*®~ mice and ATXN1[82Q]'¢"
mice as compared to litter-mate wild-type and PKCi*®" controls
(Fig. 5A). Both ATXN1[82Q]*®¥~ and ATXN1[82Q]'¢"; PKCi'¥" Purkinje
neurons exhibited reduction in firing frequency (Fig. 5B) and in-
creased spike irregularity (Fig. 5C). Analysis of spikes from whole-
cell patch clamp recordings of baseline spiking revealed reduced
amplitude (Fig. 5D and E) of the after-hyperpolarization (AHP),
consistent with our prior work in this model of SCA1 (23). This re-
duction in the AHP likely underlies the irregular spiking (51,52).
Importantly, these spiking parameters were similarly altered in
both ATXN1[82Q]*®" and ATXN1[82Q]¥"; PKCi'®" Purkinje neurons.

In contrast to the similarity in basal spiking between
ATXN1[82Q]'®" and ATXN1[82Q]'®"; PKCi¥~ Purkinje neurons,
ATXN1[82Q]'®"; PKCi'®" Purkinje neurons were hyperexcitable
relative to ATXN1[82Q]'®" Purkinje neurons in response to
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Figure 3. Increased PKC substrate phosphorylation is a protective modifier of neurodegeneration in SCA1 mice. (A) Representative western blot for PKC substrate phos-
phorylation in wild-type, PKCi'®", ATXN1[82Q]'¥" and ATXN1[82Q]'¥"; PKCi'¥" mice at 20 weeks of age demonstrating reduction of PKC substrate phosphorylation in
ATXN1[82Q]'¥"; PKCi'®" mice. Tubulin was used as a loading control. (B) Reduced molecular layer thickness in lobule V of ATXN1[82Q]*¥"; PKCi'?" mice at 20 weeks of
age. (C) Whole-cell capacitance measurements in ATXN1[82Q]¥"; PKCi'¥~ Purkinje neurons from the anterior cerebellar vermis show a greater reduction in cell size rel-
ative to ATXN1[82Q]'¢" Purkinje neurons, which are atrophied relative to wild-type and PKCi‘®" Purkinje neurons at 20 weeks of age. (D) Representative images at the
cerebellar primary fissure in wild-type, PKCi'¥", ATXN1[82Q]'¥~ and ATXN1[82Q]'¥"; PKCi'®" mice stained with calbindin at 20 weeks of age. Scale bar, 100 pm.
Throughout, data are represented as means with error bars representing S.E.M. * P<0.05. Statistical significance derived by one-way ANOVA with Holm-Sidak multiple

comparison test (B, C).

injected current. ATXN1[82Q]'*®"; PKCi*®~ Purkinje neurons could
not sustain spiking in response to depolarizing current injection
to the same level as ATXN1[82Q]*®" Purkinje neurons (Fig. 6A
and B). This abnormality occurred despite a similar input resis-
tance for ATXN1[82Q]®¥"; PKCi'®~ Purkinje neurons and
ATXN1[82Q]'®" Purkinje neurons (Supplementary Material, Fig.
S4A). This increase in excitability caused by PKCi transgene ex-
pression was restricted to the SCA1 background, as the thresh-
old for depolarization block was indistinguishable between
PKCGi*®" and wild-type mice (Supplementary Material, Fig. S4B).
Hyperexcitability in response to injected current has been ob-
served previously in this model of SCA1 (23), and has also been
observed in Purkinje neurons from other models of ataxia
(45,53). This suggests that PKC activity suppresses pathologic
changes in Purkinje neuron excitability that are observed across
multiple models of ataxia.

In addition to action potentials originating at the axon initial
segment, Purkinje neurons demonstrate dendritic spikes medi-
ated by voltage-gated calcium channels (54). A reduced thresh-
old to dendritic calcium spikes in response to current injection
reflects an increased intrinsic dendritic membrane excitability
(55). Dendritic excitability is perturbed in the ATXN1[82Q] model
of SCA1, and targeting increased dendritic membrane excitabil-
ity has been found to be an effective therapeutic strategy in this
model (56). To assess whether PKC activity modulates dendritic

excitability, we examined whether the threshold to elicit den-
dritic calcium spikes in response to somatic current injection
(in the presence of tetrodotoxin to block action potentials origi-
nating at the axon initial segment) differed between
ATXN1[82Q]'®" and ATXN1[82Q]'®"; PKCi'®~ Purkinje neurons.
Indeed, ATXN1[82Q]®¥"; PKCi'®" Purkinje neurons required less
injected current to elicit dendritic calcium spikes (Fig. 6C and D)
in the absence of changes in input resistance (Supplementary
Material, Fig. S4C). This finding suggests that dendritic excitabil-
ity is increased in ATXN1[82Q]'®"; PKCi'®" Purkinje neurons.

Importantly, structural changes in the dendritic arbor by
themselves would be predicted to produce changes in the elec-
trical properties of the dendrites (57), raising the possibility that
the observed differences in dendritic excitability between
ATXN1[82Q]'®" and ATXN1[82Q]*®¥~; PKCi*®~ Purkinje neurons
could be explained by accelerated dendritic degeneration rather
than PKC inhibition in ATXN1[82Q]'®"; PKCi'®" mice. To explore
this possibility, dendritic calcium spike threshold was assessed
in ATXN1[82Q]®" Purkinje neurons from acute cerebellar slices
where PKC substrate phosphorylation was suppressed with the
PKC inhibitor Go6983. Go6983 lowered dendritic calcium spike
threshold (Fig. 6E) in the absence of changes in input resistance
(Supplementary Material, Fig. S4D). Taken together, these find-
ings demonstrate that increased PKC activity in ATXN1[82Q]*¢"
Purkinje neurons suppresses dendritic excitability.
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Figure 4. Increased PKC substrate phosphorylation is a shared protective pathway in SCA2 mice. (A) Representative western blot for PKC substrate phosphorylation in
wild-type and ATXN2[127Q]'¥" cerebella at 12 weeks of age demonstrating increased PKC substrate phosphorylation, summarized in (B). Tubulin was used as a loading
control. (C) Expression of Dagla is reduced at 12 weeks in ATXN2[127Q]*¥" cerebella as assessed using quantitative RT-PCR. (D) Representative western blot for PKG sub-
strate phosphorylation in wild-type, PKCi'®", ATXN2[127Q]'¥" and ATXN2[127Q]'¥"; PKCi'®" mice at 25 weeks of age demonstrating reduction of PKC substrate phos-
phorylation in ATXN2[127Q]'¥"; PKCi*¥" mice. Tubulin was used as a loading control. (E) Representative images at the cerebellar primary fissure in sections from wild-
type, PKCi'®", ATXN2[127Q]'¢" and ATXN2[127Q]'¢"; PKCi'®" mice stained with calbindin at 25 weeks of age. Scale bar, 100 ym. (F) Reduced molecular layer thickness in
lobule VI of ATXN2[127Q]'¥~; PKCi'®" mice at 25 weeks of age. Throughout, data are represented as means with error bars representing S.E.M. NS = not significant; *
P <0.05; ** P <0.01. Statistical significance derived by unpaired two-tailed Student’s t-test (B, C) or one-way ANOVA with Holm-Sidak multiple comparison test (F).

If PKC substrate phosphorylation were exerting its neuropro-
tective effect by limiting Purkinje neuron excitability, then al-
tered membrane excitability should be observed when PKC
activity is modulated in the ATXN2[127Q] model of SCA2. As
with ATXN1[82Q]'¥"; PKCi'®~ Purkinje neurons, ATXN2[127Q]'?";
PKGi*®" Purkinje neurons require less injected current to elicit
dendritic calcium spikes relative to ATXN2[127Q]'®~ Purkinje
neurons (Fig. 6F) in the absence of changes in input resistance
(Supplementary Material, Fig. S4E). Together with the findings
from the SCA1 model these data suggest that conventional PKC
isozymes may be mediating their protective effect on Purkinje
neuron degeneration by limiting membrane hyperexcitability.

Discussion

In the current study, we demonstrate that increased PKC activ-
ity within Purkinje neurons is observed in mouse models of

ataxia and human post-mortem SCA1 tissue. While the mecha-
nism for increased PKC activity remains unclear, we have ob-
served a reduction in Dagla transcripts in SCA1 and SCA2 mice
that accompanies and may play a role in increased PKC activa-
tion. We also demonstrate in mouse models of both SCA1 and
SCAZ2 that the increased PKC activity is a protective modifier of
neurodegeneration. The worsened neurodegeneration following
normalization of PKC activity in these ataxia models does not
represent a non-specific deleterious effect of overexpression of
two different transgenes in Purkinje neurons. Inhibiting a differ-
ent kinase, Akt, through overexpression of a dominant negative
Akt in Purkinje neurons of ATXN1[82] mice does not worsen
Purkinje neuron degeneration (58). Increased membrane excit-
ability is a known driver of Purkinje neuron degeneration in
mouse models of SCA1 and SCA2, and we find that PKC activity
reduces membrane excitability in these models, suggesting
that PKC activity may exert its neuroprotective effect on
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Figure 5. The increase in PKC activity in SCA1 mice is not associated with alterations in Purkinje neuron spiking. (A) Representative firing from wild-type, PKGi'¥",
ATXN1[82Q]'¥" and ATXN1[82Q]'¥* PKCi'®~ Purkinje neurons. ATXN1[82Q]'¢ and ATXN1[82Q]*¥* PKCi*¥ " mice show irregular spiking, with abnormal pauses marked.
(B) ATXN1[82Q]"¥~ and ATXN1[82Q]'¢"; PKCi'®" Purkinje neurons show reduced firing frequency. (C) ATXN1[82Q]'¥~ and ATXN1[82Q]'®"; PKCi'¥" Purkinje neurons show
more irregular firing, indicated by a higher CV. (D) Representative spontaneous action potentials from wild-type, PKCi'®", ATXN1[82Q]'®" and ATXN1[82Q]*¥"; PKCi'¥"
Purkinje neurons. ATXN1[82Q]'¥~ and ATXN1[82Q]'¥~; PKCi'®" Purkinje neurons have an AHP which does not achieve the same degree of hyperpolarization as wild-
type and PKCi Purkinje neurons, summarized in (E). Throughout, data are represented as means with error bars representing S.E.M. NS = not significant; * P <0.05.
Statistical significance derived by one-way ANOVA with Holm-Sidak multiple comparison test (B, C, E).

Purkinje neurons through its role as a regulator of ion channel
function.

Purkinje neuron PKC activation is required for long-term de-
pression (LTD) at the parallel fiber-to-Purkinje neuron synapse
(36), and it is also required for the suppression in Purkinje neu-
ron intrinsic excitability that accompanies this form of LTD (59).
PKC activation thus suppresses glutamatergic synaptic trans-
mission and intrinsic excitability in Purkinje neurons. Notably,
introducing a phosphomimetic mutation of Ser®*° on GluA2 oc-
cludes LTD at the parallel fiber synapse (60). Also, ATXN1[82Q]
transgenic mice are unable to induce parallel fiber LTD after 5
weeks of age (33), such that our finding of increased Ser®?°
GluA2 phosphorylation in ATXN1[82Q] mice due to increased
PKC activity may contribute to disease-associated changes in
synaptic transmission. We also observed that inhibiting PKC ac-
tivity increases intrinsic excitability in both ATXN1[82Q] and

ATXN2[127Q] mice, suggesting that increased PKC activity mod-
ulates intrinsic excitability in SCA1 and SCA2. Our findings
therefore suggest a role for increased PKC activity in both al-
tered synaptic function and intrinsic membrane excitability in
cerebellar ataxia.

Changes in Purkinje neuron intrinsic excitability are wide-
spread in models of ataxia (23,51-53,61-63). Altered Purkinje
neuron spiking is a consistent feature in a number of mouse
models of ataxia. In mouse models of SCA1, SCA2 and SCA3 at
early stages of disease, increased membrane excitability results
in membrane depolarization and a lack of spiking (23,45,53,56)
attributed to depolarization block. At different disease stages, a
reduction in Purkinje neuron firing frequency is consistently
seen in models of SCA1 (20,23), SCA2 (38,53), and SCA6 (46) in vi-
tro, often in association with irregular spiking in vitro and in vivo
(46,47,61). These aberrant patterns of firing are also present in
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Figure 6. Increased PKC activity reduces membrane excitability in SCA1 and SCA2 Purkinje neurons. (A) Representative traces from ATXN1[82Q]*¥~ and ATXN1[82Q]'¥";
PKCi'¥" Purkinje neurons injected with +700 pA of current. ATXN1[82Q]'®"; PKCi'¥~ Purkinje neurons undergo depolarization block of repetitive spiking at lower levels
of injected current than ATXN1[82Q]*¥" Purkinje neurons, summarized in (B). (C) Representative traces where dendritic calcium spikes were evoked with somatic cur-
rent injection (injected current amount indicated on the trace) from ATXN1[82Q]'¥~ (left) and ATXN1[82Q]'¥"; PKCi'¥" (right) Purkinje neurons treated with 1 ym TTX.
ATXN1[82Q]'¥"; PKCi'®~ Purkinje neurons require less injected current to elicit a dendritic calcium spike than ATXN1[82Q]*¥~ Purkinje neurons, summarized in (D). (E)
ATXN1[82Q]'¥" Purkinje neurons require less injected current to elicit a dendritic calcium spike in the presence of 1 uM TTX when PKC activity is inhibited with 1 (M
Go6983. All slices were pre-incubated with dimethyl sulfoxide (DMSO) or Go6983 for 40 min before recording. (F) ATXN2[127Q]'®"; PKCi'¥~ Purkinje neurons require less
injected current to elicit a dendritic calcium spike in the presence of 1 uM TTX than ATXN2[127Q]'¥~ Purkinje neurons. All data from experiments using ATXN1[82Q]'¢";
PKCi'®" were performed at 20 weeks of age, when dendritic degeneration is detected in these mice. All data from experiments using ATXN2[127Q]*®"; PKCi'®~ were per-
formed at 12 weeks of age, when dendritic degeneration is first detected in ATXN2[127Q]*¥ mice (38). Throughout, data are represented as means with error bars repre-
senting S.E.M. * P <0.05. Statistical significance derived by unpaired two-tailed Student’s t-test (B, D, E, F).

mouse models of ataxia resulting from calcium channel muta-
tions (51,52,64). Notably, studies of Purkinje neuron membrane
excitability in models of SCA1 (23) and SCA2 (43) have revealed
that increased excitability also drives Purkinje neuron degener-
ation. In these studies, activation of potassium channels redu-
ces excitability and prevents Purkinje neuron degeneration; in
the present study, increased excitability secondary to reduced
PKC activity is observed in association with accelerated degen-
eration. While other roles for PKC could explain its neuroprotec-
tive role in SCA1 and SCA2 mice, the established role for
increased excitability as a driver of degeneration in these mod-
els makes a compelling case for PKC acting through pathways
that influence membrane excitability to modify pathology in
SCA1 and SCA2. The findings from this study add further sup-
port to the critical role for increased intrinsic membrane excit-
ability in Purkinje neuron degeneration in SCA1 and SCA2.
Phosphorylation by PKC modulates the peak -current
(48,65,66), voltage dependence (67,68) or kinetics (18,69) of a di-
verse array of channels that includes voltage-gated sodium

channels, voltage-gated calcium channels, potassium channels
and non-selective cation channels. There are, therefore, many
possible ion channel targets through which PKC activity could
reduce Purkinje neuron excitability in SCA1 and SCA2. An ion
channel targeted by PKC that is very relevant to the findings of
the present study is K,3.3, which shows slowed inactivation
upon phosphorylation by PKC (18). Mutations in KCNC3 (encod-
ing K,3.3) result in spinocerebellar ataxia type 13 (SCA13) (70)
and most SCA13 mutations result in impaired channel function
(71). Furthermore, Purkinje neurons from mice lacking Kcnce3 ex-
pression show an increased propensity for dendritic calcium
spikes (55), which is similar to what was observed in the present
study. These findings suggest that the potentiation of K,3.3 by
PKC isozymes may be particularly important for explaining re-
duced excitability and neuroprotection in SCA1 and SCA2.
Future studies could evaluate the effects of increased PKC activ-
ity on individual ion channel targets, including K,3.3.

The findings from the present study may be relevant to un-
derstanding disease pathogenesis in not only SCA1, SCA2 and
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possibly MSA, but also in SCA14. Various mutations in PRKCG
have been described for SCA14, but the mechanisms by which
mutant PKCy produces Purkinje neuron degeneration remain
unclear. Increased kinase function (13), impaired kinase func-
tion (16) and protein misfolding (14) have all been proposed as
possible mechanisms of disease. There is evidence that SCA14
mutations produce PKCy with increased in vitro kinase activity
and membrane targeting (72), but mutant PKCy also has a re-
duced capacity to phosphorylate ion channel targets (16) and
exerts a dominant-negative effect on PKCa (15). The findings
from the present study support the conclusion that PKC activity
supports Purkinje neuron health, which is most consistent with
a loss-of-function mechanism in SCA14. Furthermore, the pre-
sent study suggests that increased Purkinje neuron excitability
may play a meaningful role in the pathogenesis of SCA14. It is
therefore important to examine intrinsic membrane excitability
in models of SCA14.

Materials and Methods
Mice

All animal procedures were approved by the University of
Michigan Committee on the Use and Care of Animals.
ATXN1[82Q] transgenic mice (73) overexpress mutant human
ATXN1 with 82 CAG repeats selectively in cerebellar Purkinje
neurons under the Purkinje neuron-specific murine Pcp2 (L7)
promoter and were maintained on an FVB background (Jackson
Labs). ATXN1[82Q]*¥'® mice were maintained homozygous for
the transgene (23) except as indicated below. ATXN1[82Q]"¥
mice were used between 5 and 15 weeks old. Age- and sex-
matched wild-type FVB mice were used as controls for these
studies. The ATXN2[127Q]®¥" transgenic mice (38) overexpress
mutant human ATXN2 with 127 CAG repeats selectively in cere-
bellar Purkinje neurons under the Pcp2 (L7) promoter and were
maintained on a mixed background. These mice were generated
on a B6D2F1 hybrid background (Jackson Labs) and the line was
maintained by crossing to this hybrid strain. Experiments
using ATXN2[127Q] mice were done using hemizygous
ATXN2[127Q]®¥" mice compared to wild-type ATXN2[127Q]”" lit-
ter-mate controls. Mice used for these experiments were 12
weeks old. PKCi'®" mice (36) express the pseudosubstrate PKC
inhibitor (PKCi) peptide selectively in Purkinje neurons under
the Pcp2 (L7) promoter and were maintained on a C57B6] back-
ground (Jackson Labs). A balance of mice of both sexes were
used in all studies.

In all experiments where ATXN1[82Q]'®"; PKCi*®" mice were
used, animals were always compared to litter-mate controls.
Experimental mice originated from crosses between
ATXN1[82Q]*¥~ mice on an FVB background and PKCi'®" mice on
a C57B6J background, such that all experimental animals were
F1 hybrids. The genotypes of mice used are specified as follows:

Wild type: ATXN1[82Q]”"; PKCi”"

PKCi'®": ATXN1[82Q]”"; PKCi'®"

ATXN1[82Q]*®": ATXN1[82Q]*®"; PKCi™"

ATXN1[82Q]'¥"; PKCi'®": ATXN1[82Q]'®"; PKCi'®"

All data presented from these experiments were from mice
at 20 weeks of age.

In all experiments where ATXN2[127Q]'*®"; PKCi'®" mice were
used, animals were always compared to litter-mate controls.

Experimental mice originated from crosses between
ATXN2[127Q]*¥" mice on a B6D2F1 hybrid background and
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PKCGi*®" mice on a C57B6] background. The genotypes of mice
used are specified as follows:

Wild type: ATXN2[127Q]”"; PKCi™

PKGi*®": ATXN2[127Q]”"; PKCi'¥"

ATXN2[127Q]'¥": ATXN2[127Q]'¥"; PKCi”
ATXN2[127Q]®¥"; PKCi®": ATXN2[127Q]'®"; PKCi'¥"

All data presented from these experiments were from mice
at either 12 or 25 weeks of age.

Western blotting

Preparation of whole cerebellar samples

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.

Igepal homogenization buffer was prepared as follows: 50
mu Tris-HCl, 150 mm NacCl, 5 mm EDTA, 1 mwm EGTA, pH to 8.0,
1% Igepal CA-630 (cat. no. 18896, Sigma-Aldrich). EDTA-free pro-
tease inhibitor tablets (cat. no. 11873580001, Sigma-Aldrich) and
PhosSTOP phosphatase inhibitor tablets (cat. no. 4906845001,
Sigma-Aldrich) were added to homogenization buffer immedi-
ately before use. Whole cerebellar samples were homogenized
using a Potter-Helvejm tissue grinder (Corning). The superna-
tants (soluble protein fractions) were collected and total protein
concentration was determined using the Pierce BCA protein as-
say kit (prod. no. 23225, ThermoFisher), at which point the su-
pernatants were resuspended in Laemmli buffer. Samples were
then utilized immediately for western blots.

Preparation of organotypic slice culture samples

Sagittal brain slices (300 um thickness) were prepared as re-
ported previously (23). A total of 5-6 slices per brain were used
in each set of cultures, divided evenly between control medium
and experimental medium. After a quick wash in the corre-
sponding medium, each slice was placed on a cell culture insert
(0.4 pm pore size, 30 mm diameter; Millipore), which had been
previously placed on a well (6-well plate) containing 1.2 ml of
culture medium that had been pre-incubated at 37°C in 95% O,/
5% CO,. Control medium was prepared as follows: 50% minimal
essential medium with Earle’s salts, 25% horse serum, 25%
Hank’s balanced salts solution, 25 mm HEPES, 2 mwm 1-glutamine,
6.5 mg/ml glucose. EGTA-containing medium was prepared by
starting with control medium, adding EGTA to a final concentra-
tion of 5 mu, and adjusting the pH to 7.4 with NaOH. Any slice-
culture experiment involving treatment with a pharmacological
agent was performed using experimental medium containing
the pharmacological agent or control medium which contained
an equivalent volume of vehicle.

After 24 h of incubation at 37°C in 95% 0,/5% CO,, lysates
were prepared from cerebellar slices for immunoblotting. For
immunoblotting protein lysate preparation, the cerebellum
from each brain slice was macrodissected, and all cerebellar
samples exposed to a given condition from each mouse were
pooled and placed in ice cold Igepal homogenization buffer con-
taining protease and phosphatase inhibitors (40 pl per slice),
prepared as described above. Samples were immediately ho-
mogenized by pipette trituration followed by sonication in a 500
W sonic dismembranator with Misonix 3” cup horn attachment
(cat. no. FB505110, QSonica). The supernatants (soluble protein
fractions) were collected and total protein concentration was
determined using the Pierce BCA protein assay kit (prod. no.
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23225, ThermoFisher), at which point the supernatants were
resuspended in Laemmli buffer. Samples were then utilized im-
mediately for western blots.

In all cases where ATXN1[82Q]*¥*® and wild-type mice were
compared, ATXN1[82Q]®¥*¢ and wild-type mice were matched
so that slices were prepared from matched mice on the same
day with the same reagents, and all subsequent sample prepa-
ration and analysis was performed using matched samples.

Electrophoresis and western blotting. Total protein from whole
cerebellar extracts or slice culture extracts (50 pg) were resolved
in 8% sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) gels. In the case of immunoblots for pSer®®°-
GluA2 in SCA1 mice, 30 pg of wild-type extract and 60 pg of
ATXN1[82Q]'¥*® extract were loaded to produce equivalent
GluA2 loading, suggesting differences in baseline GluA2 protein
levels. After electrophoresis and protein transfer onto a polyvi-
nyl difluoride membrane, corresponding membranes were incu-
bated overnight at 4°C with primary antibodies: rabbit anti-
Phospho-(Ser) PKC substrate antibody (1: 1000, Cat. no. 2261,
Cell Signaling), rabbit anti-pSer®®® GluA2 (1: 500, Cat. No.
ab52180, Abcam), rabbit anti-GluA2 (1: 10 000, cat. no. ab206293,
Abcam), rabbit anti-PKCa (1: 1000, Cat. no. ab4124, Abcam), rab-
bit anti-PKCy (1: 2000, Cat. no. ab71558, Abcam), rabbit anti-o-
Tubulin (11H10) (1: 5000, Cat. no. 2125, Cell Signaling). Bound
primary antibodies were visualized by incubation with a
peroxidase-conjugated goat anti-rabbit IgG secondary antibody
(1: 10000; Code no. 111-035-003, Jackson ImmunoResearch
Laboratories) followed by treatment with the Western Lightning
ECL-plus reagent (prod. no. NEL121001EA, PerkinElmer) and ex-
posure to autoradiography films.

Analysis of western blot films

Developed films were scanned and densitometry analysis was
performed in Image]. For analysis of phosphorylated PKC sub-
strates, the intensity of the entire lane following phospho-(Ser)
PKC substrate antibody blotting was normalized to the intensity
of a-tubulin band for each mouse. For analysis of pSer®®°-GluA2,
intensity of the pSer®°-GluA2 band was normalized to the in-
tensity of total GluA2. For analysis of all other proteins, inten-
sity of the band of interest was normalized to the intensity of
a-tubulin for each mouse.

Tissue immunohistochemistry

Paraformaldehyde-fixed mouse immunofluorescence

Mice were anesthetized with isoflurane and brains were
removed, fixed in 1% paraformaldehyde for 1 h, immersed in
30% sucrose in PBS and sectioned on a CM1850 cryostat
(Leica). 14 pm parasagittal sections were processed for
immunohistochemistry.

For double immunofluorescence experiments, PKCo or PKCy
were labeled with rabbit anti-PKCo (1: 100, Cat. no. ab4124,
Abcam) or rabbit anti-PKCy (1: 500, Cat. no. ab71558, Abcam) and
goat anti-rabbit Alexa488-conjugated secondary antibody (1:
200, Ref. no. A11059, Life Technologies Invitrogen), while
Purkinje neurons were labeled with mouse anti-calbindin (1:
1000, Cat. no. C9848, Sigma-Aldrich) and goat anti-mouse
Alexa594-conjugated antibody (1: 200, Ref. no. A11005, Life
Technologies Invitrogen). Sections were imaged using a FV500
Olympus Confocal Microscope at 60x magnification and single-
plane images were obtained. Image acquisition settings were
kept consistent for all samples prepared with a specific set of

antibodies to allow for comparison between genotypes. Sample
preparation was performed and images were obtained with ex-
perimenter blind to genotype.

For molecular layer thickness measurements, sections were
prepared by the same method as described above. Purkinje neu-
rons were labeled with mouse anti-calbindin (1: 1000, Cat. no.
C9848, Sigma-Aldrich) and goat anti-mouse Alexa488 conju-
gated secondary antibody (1: 200, Ref. no. A11001, Life
Technologies Invitrogen). Sections were imaged using an
Axioskop 2 plus microscope (Zeiss) at either 10x or 20x magnifi-
cation. Measurements were performed using cellSens Standard
image analysis software (Olympus). Sample preparation was
performed and images were obtained with experimenter blind
to genotype.

Molecular layer thickness measurements

Measurement of molecular layer thickness was performed as
described previously (23). A line was drawn to measure 100 um
from the depth of the primary fissure along the length of the fis-
sure. From the end of this line, a line was drawn to measure the
distance to the nearest Purkinje neuron cell body in lobule V or
VI. Measurements of molecular layer thickness were performed
in two sections per animal, and reported molecular layer thick-
ness for each animal is the mean of these two measurements.
Molecular layer thickness measurement was performed with
experimenter blind to genotype.

Paraffin-fixed mouse immunohistochemistry

Mice were anesthetized with isoflurane and brains were re-
moved and fixed in 1% paraformaldehyde in PBS. Subsequently,
brains were embedded in paraffin. 4 pm parasagittal sections
were prepared.

Slides were hydrated by performing xylene rinses followed
by ethanol gradient incubation. Subsequently, 10 mwm sodium
citrate antigen retrieval was performed by microwave boiling
for 5 min. Tissue was then processed for immunohistochemis-
try. PKC substrate phosphorylation was labeled with rabbit anti-
Phospho-(Ser) PKC substrate antibody (1: 200, Cat. no. 2261, Cell
Signaling) and goat anti-rabbit Alexa488-conjugated secondary
antibody (1: 200, Ref. no. A11059, Life Technologies Invitrogen).
Purkinje neurons were labeled with mouse anti-calbindin (1:
1000, Cat. no. C9848, Sigma-Aldrich) and goat anti-mouse
Alexa594-conjugated secondary antibody (1: 200, Ref. no.
A11005, Life Technologies Invitrogen). The anterior cerebellar
vermis in the sections was imaged using a FV500 Olympus
Confocal Microscope at 60x magnification and single-plane im-
ages were obtained.

Paraffin-fixed human autopsy tissue immunofluorescence

For all immunohistochemistry using human autopsy tissue, 4
um thick sections were prepared from paraffin-embedded hu-
man cerebellar tissue blocks. 11/12 SCA1 specimens were ob-
tained from A. Koeppen, 1/12 SCA1 specimens were obtained
from the University of Michigan Brain Bank and 7/7 age-
matched healthy control specimens were obtained from the
University of Michigan Brain Bank. 7/7 MSA specimens and 7/7
age-matched AD control specimens were obtained from the
University of Michigan Brain Bank. Slides were hydrated by per-
forming xylene rinses followed by ethanol gradient incubation.
Subsequently, 10 mum sodium citrate antigen retrieval was per-
formed by microwave boiling for 5 min. Tissue was then
processed for immunohistochemistry. PKC substrate phosphor-
ylation was labeled with rabbit anti-Phospho-(Ser) PKC
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substrate antibody (1: 200, Cat. no. 2261, Cell Signaling) and goat
anti-rabbit Alexa488-conjugated secondary antibody (1: 200, Ref.
no. A11059, Life Technologies Invitrogen). Purkinje neurons
were labeled with mouse anti-calbindin (1: 1000, Cat. no. C9848,
Sigma-Aldrich) and goat anti-mouse Alexa594-conjugated sec-
ondary antibody (1: 200, Ref. no. A11005, Life Technologies
Invitrogen). Sections were imaged using a FV500 Olympus
Confocal Microscope at 60x magnification and single-plane im-
ages were obtained. Image acquisition settings were kept con-
sistent for all samples to allow for comparison between patients
and controls. Sample preparation was performed and images
were obtained with experimenter blind to patient disease
status.

For each patient and age-matched control, Purkinje neurons
were identified as calbindin positive cells whose somata were
located in the Purkinje neuron layer. A total of six images of in-
dividual Purkinje neurons were obtained for each patient or
control, although for some MSA patients there were few surviv-
ing Purkinje neurons and it was not possible to obtain six im-
ages, in which case no fewer than four images were obtained.
To reduce bias, images were obtained in areas were Purkinje
neurons showed strong calbindin signal. Images were obtained
with experimenter blind to patient disease status.

Analysis of human autopsy tissue immunofluorescence images

In SCA1 and age-matched healthy control tissue, measurements
of average staining intensity for both phosphorylated PKC sub-
strate staining and calbindin staining were performed in the
soma. Measurements in each cell reflect the average intensity of
a circular area encompassing the soma. Measurements were per-
formed with experimenter blind to sample disease status.

For each Purkinje neuron from a given individual, a phosphor-
ylated PKC substrate-to-calbindin intensity ratio was calculated,
and in all graphs reporting these ratios each data point repre-
sents the mean of these ratios calculated from the four to six im-
ages obtained from a single patient. In all graphs where calbindin
or phosphorylated PKC substrate intensity is reported, each data
point similarly represents the mean of individual measurements
from four to six images obtained from each patient. Error bars
represent the standard error of the mean for those measure-
ments within a given patient. Lines indicating the mean intensity
ratio value or mean intensity across all patients of a group are
also included. Statistics reflect a two-way ANOVA analysis, with
statistical significance indicating whether there was a statistically
significant effect of disease state on phosphorylated PKC
substrate-to-calbindin intensity ratio, phosphorylated PKC sub-
strate intensity or calbindin intensity.

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
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sealing tape (Bio-Rad). The relative amount of transcript mRNA
was determined using the comparative C; method for quantita-
tion (74) with Actb mRNA serving as the reference gene. C; val-
ues for each sample were obtained in triplicate and averaged for
statistical comparisons. The primers used for qRT-PCR are listed
as follows: (1) Dagla (forward: CAC CTT CGT CAA GCT GAG AG),
(reverse: AGA GGA ACA CTT TTA GAC GGC), and (2) Actb
(forward: CGG TTC CGA TGC CCT GAG GCT CTT), (reverse: CGT
CAC ACT TCA TGA TGG AAT TGA).

Electrophysiology

Solutions

Artificial CSF (aCSF) containing the following (in mwm): 125 NaCl,
3.5 KCl, 26 NaHCO3, 1.25 NaH,PO,4 2 CaCl,, 1 MgCl, and 10 glu-
cose (osmolarity 295 mOsm) was continuously bubbled with
carbogen (95% 0,/5% CO,) to achieve a pH of 7.4. For all record-
ings, pipettes were filled with internal recording solution con-
taining the following (in mwm): 119 K Gluconate, 2 Na gluconate, 6
NaCl, 2 MgCl,, 0.9 EGTA, 10 HEPES, 14 tris-phosphocreatine, 4
MgATP, 0.3 tris-GTP, pH 7.3, osmolarity 290 mOsm.

Preparation of brain slices for electrophysiological recordings

Mice were anesthetized by isofluorane inhalation, decapitated
and the brains were submerged in pre-warmed (33°C) aCSF.
Slices were prepared in aCSF held at 32.5-34°C on a VT1200
vibratome (Leica). Slices were prepared to a thickness of 300 pm
and incubated in continuously carbogen (95% 0,/5% CO,)-bub-
bled aCSF for 45 min at 33°C. Slices were subsequently stored in
continuously carbon-bubbled aCSF at room temperature until
use. For recordings, slices were placed in a recording chamber
and continuously perfused with carbogen-bubbled ACSF at 33°C
with a flow rate of 2-3 ml/min.

Patch clamp recordings
Purkinje neurons from lobules II-V were identified for patch
clamp recordings in parasagittal cerebellar slices using a 40x
water-immersion objective and Eclipse FN1 upright microscope
(Nikon) with infrared differential interference contrast (IR-DIC)
optics that were visualized using NIS Elements image analysis
software (Nikon). Borosilicate glass patch pipettes were pulled
with resistances of 3-5 MQ. Recordings were made 1-5 h after
slice preparation in a recording chamber that was continuously
perfused with carbogen-bubbled ACSF at 33°C at a flow rate of
2-3 ml/min. Data were acquired using an Axon CV-7B headstage
amplifier, Axon Multiclamp 700B amplifier, Digidata 1440A in-
terface and pClamp-10 software (MDS Analytical Technologies).
In all cases, acquired data were digitized at 100 kHz. Voltage
data were acquired in current-clamp mode with bridge balance
compensation and filtered at 2 kHz. Cells were rejected if the se-
ries resistance changed by >20% during the course of recording.
Whole-cell somatic recordings were rejected if the series resis-
tance rose above 15 MQ, with the majority of recordings show-
ing a series resistance of <10 MQ. All voltages were corrected for
a liquid junction potential of +10 mV (75).

Recordings to determine the current threshold for eliciting
dendritic calcium spikes were performed as described above, but
in aCSF containing 1 pu tetrodotoxin (Tocris Bioscience).

Analysis of cell capacitance

Whole-cell capacitance was measured using K-gluconate-based
internal solution and analysed as described previously (23).
Briefly, capacitative transients were obtained in voltage-clamp
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mode using 1 s steps to —70 mV from a holding potential of —80
mV. The whole-cell capacitance was calculated as the area un-
derneath the capacitative transient following offline correction
for input resistance.

Analysis of baseline firing properties

Analysis of baseline firing properties was performed using
Clampfit 10.2 (MDS Analytical Technologies). Firing frequency
and coefficient of variation (CV) calculations were performed
using a single 10 second trace obtained in the cell-attached re-
cording configuration ~3 min after formation of a stable seal.
CV was calculated as follows:

Vo Standard deviation of interspike interval
N Mean interspike interval

Analysis of the AHP was performed using a single 10 second
trace obtained ~1 min after break-in. To calculate the AHP for
each neuron, the minima for each spike in the trace were deter-
mined using the antipeak function of Clampfit, and the mean of
those minima was reported as the AHP for each neuron.

Input resistance for each cell was calculated by generating
an input-output curve for membrane potential versus injected
current. This input-output curve encompassed only membrane
potential measurements between —80 and —75 mV.

Analysis of dendritic calcium spike threshold

Input resistance for each cell was calculated by generating an
input-output curve for membrane potential versus injected cur-
rent. This input-output curve encompassed only membrane po-
tential measurements between —80 and —75 mV in an effort to
minimize the influence of dendritic excitability on measure-
ment of input resistance. This method is consistent with previ-
ous studies using the calcium spike method to measure
intrinsic dendritic excitability (55).

Chemicals

Reagents and chemical were obtained from Sigma-Aldrich un-
less or otherwise specified.

Statistical analysis

Statistical tests are described in the figure legends for all data.
Data are expressed as mean * S.E.M. unless or otherwise speci-
fied. Sample numbers are included in each panel, with the num-
ber of cells (n) or number of animals (N) included where
appropriate. Studies were powered and analysis was performed
assuming unequal variance between groups. Statistical signifi-
cance for all Student’s t-test analysis was defined as P < 0.05. For
one-way ANOVA with Holm-Sidak multiple comparison test,
adjusted P<0.05 was considered statistically significant, and
presented P values are adjusted P values. For two-way ANOVA,
statistical significance was defined as P <0.05. Data were ana-
lyzed using SigmaPlot (Systat Software), GraphPad Prism
(GraphPad) and Excel (Microsoft).

Supplementary Material

Supplementary Material is available at HMG online.
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