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Spinocerebellar ataxia type 14 (SCA14) is a dominantly inherited neurodegenerative disease caused by diverse
mutations in the Protein Kinase C gamma (PKCy) gene which is one of the crucial signaling molecules of Purkinje
cells. We have previously created a mouse model of SCA14 by transgenic expression of a mutated PKCy gene
causing SCA14 with a mutation in the catalytic domain. Purkinje cells from the mutated mice have a strong
reduction of their dendritic tree in organotypic slice cultures typical for increased PKC activity. There was no
overt degeneration of Purkinje cells in vivo and the cerebellum appeared morphologically normal with the

pS6 . - . . _ .
C-Fos exception of lobule 7 where abnormal Purkinje cells were present. Besides from mild motor deficits the mice
Arc have no major phenotype. We have now done a more extensive study of cerebellar morphology in these mice and

show by rapid Golgi staining that there is a marked reduction of Purkinje cell dendritic tree size throughout the
cerebellum. Despite this reduction in dendritic tree size, climbing fiber innervation of Purkinje cells as visualized
by immunostaining for the vesicular glutamate transporter 2 (vGlut2) appeared normal in most parts of the
cerebellum. The same was true for the expression of the activity and plasticity markers pS6, c-Fos and Arc. These
finding suggest that the cerebellar cortex in the transgenic mice is functioning fairly normal and that the re-
duction of dendritic tree size and the increased PKC activity can be compensated in most Purkinje cells. Around
cerebellar lobule 7 there was high transgene expression from the L7 promotor and Purkinje cells showed ab-
normal morphologies. Climbing fiber innervation as well as the expression of the activity and plasticity markers
was strongly disturbed in this area. Our results show that there is substantial potential for functional compen-
sation in the cerebellar cortex. In lobule 7, an area with high transgene expression, compensation failed resulting
in Purkinje cell degeneration and dysfunction.

1. Introduction well understood. There is evidence for both gain-of-function and loss-
of-function mechanisms contributing to SCA14 (Wong et al., 2018,

Spinocerebellar ataxias are mostly dominantly inherited neurode- Nakazone et al. 2018, Chopra et al., 2018) but the dominant inheritance

generative diseases which are characterized by cerebellar dysfunction
and Purkinje cell degeneration, resulting in ataxia as a classic sign of
cerebellar dysfunction (Soong and Paulson, 2007; Bushart et al., 2016).
While some of the spinocerebellar ataxias are caused by extended
glutamine repeats in the ataxin gene family (Paulson et al., 2017), a
subgroup of spinocerebellar ataxias is caused by point mutations or
small deletions in genes related to calcium signaling and homeostasis in
Purkinje cells (Shimobayashi and Kapfhammer, 2018). In SCA14, mu-
tations are present in Protein Kinase C gamma (PKCy), the PKC isoform
dominantly expressed in Purkinje cells. The mechanism by which the
mutations induce Purkinje cell dysfunction and degeneration are not

would be compatible with a toxic gain-of-function mechanism
(Pandolfo and van de Warrenburg, 2005). We have previously reported
that in a transgenic mouse model of SCA14 with a mutation in the
catalytic domain of PKCy (S361G) we found evidence for Purkinje cell
dysfunction, morphological abnormalities of Purkinje cells but no overt
Purkinje cell degeneration (Ji et al., 2014). Interestingly, the dendritic
tree of PKCy-S361G transgenic Purkinje cells in organotypic slice cul-
tures was severely reduced in size and resembled that of Purkinje cells
exposed to stimulators of PKC (Metzger and Kapfhammer, 2000; Gugger
et al., 2012) suggesting that this mutation confers increased biological
activity of PKC (Shimobayashi and Kapfhammer, 2017) resulting in

Abbreviations: SCA14, Spinocerebellar ataxia type 14; PKCy, protein kinase C gamma; vGlut2, vesicular glutamate transporter 2; pS6, phosphorylated form of
ribosomal protein S6; GFP, green fluorescent protein; PB, 100 mM phosphate buffer; P18, postnatal day 18; CF territory, climbing fiber territory
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altered gene expression in PKCy-S361G transgenic mice (Shimobayashi
et al., 2016). Interestingly, the morphological changes of Purkinje cells
were most pronounced in organotypic slice cultures from PKCy-S361G
transgenic mice but less evident in the cerebellum in vivo, where they
were restricted to lobule 7 of the cerebellar cortex (Ji et al., 2014). We
have now extended the morphological characterization of these mice by
assessing Purkinje cell morphology by rapid Golgi staining. This
method allows the morphological characterization of Purkinje cells
throughout the cerebellum (van Hove et al., 2012). In addition, we
studied climbing fiber innervation of Purkinje cell dendrites using
vGlut2 immunohistochemistry (Hioki et al., 2003) and the expression of
the neural activity and plasticity markers pS6 (Wullschleger et al.,
2006), c-Fos (Sagar et al., 1988) and Arc (Steward and Worley, 2001;
Kim and Thompson, 2011). Our results show that Purkinje cell dendritic
morphology was compromised not only in lobule 7 of PKCy-S361G
transgenic mice but throughout the entire cerebellar cortex. In contrast,
major abnormalities of climbing fiber innervation and expression of
plasticity markers was restricted to the area of and around lobule 7 of
the cerebellar cortex.

2. Materials and methods
2.1. Mice

Animal experiments were carried out in accordance with the EU
Directive 2010/63/EU for animal experiments and were reviewed and
permitted by Swiss authorities. Transgenic mice expressing PKCy car-
rying the S361G mutation (Ji et al., 2014) were used, and non-trans-
genic littermates or B6CF1 (CB6) mice were used as non-transgenic
controls. The genotype of the transgenic mice was determined by PCR
as previously described (Ji et al., 2014) and confirmed by observing
GFP expression in Purkinje cells.

2.2. Golgi staining

A total of 39 mice (18 wild type and 21 S361G) were used for the
Golgi study, ranging from ages P16 to age 15 months. The FD Rapid
GolgiStain™ Kit (FD Neuro Technologies) was used for Golgi staining.
Control and S361G transgenic mice were euthanized and briefly per-
fused with PBS. The cerebellum was dissected from the rest of the brain
and collected in 4 ml of impregnation solution according to the man-
ufacturer's instructions. After 2-3 weeks of incubation, the cerebella
were placed in solution C from the kit and stored at 4 °C for 3 to 4 days.
Then, the cerebella were frozen in isopentane at approximately —80 °C
without embedding. Once frozen, the brains were kept at —80 °C for 5
to 10 min before being stored at —20 °C. Sections were cut at 100 ym
using a Leica CM1900 cryostat, collected and mounted on gelatin
coated-slides using solution C and dried overnight in the dark. The next
day, the staining was developed using solutions D, E and distilled water
at a 1:1:2 concentrations. The sections were then dehydrated in in-
creasing alcohol concentrations and coverslipped using Eukitt
mounting medium (Sigma-Aldrich, Switzerland). Slides were viewed on
a Zeiss Axioscope microscope and images were taken using a Zeiss
AxioCam imaging system (Zeiss, Germany).

2.3. Immunohistochemistry

A total of 32 mice were used for the immunohistochemical study (16
wild type and 16 S361G mice). For each developmental time point at
least two mice per genotype were analyzed. Mice were perfused with
4% paraformaldehyde and the cerebellum was dissected. After cryo-
protection in 30% sucrose for 24 h the cerebellum was covered with
Tissue-Tek (Sakura), frozen in —40°C cold isopentane and stored at
—20° until further use. Frozen sections were cut on Leica CM1900
cryostat at 25 um. Sections were incubated free floating with the fol-
lowing antibodies: rabbit anti-calbindin D28K and mouse monoclonal
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anti-Calbindin (1:1000, Swant, Marly, Switzerland), guinea pig anti
vGlut2 (1:1000, Merck Millipore, Germany), rabbit anti-PKCy (1:1000,
Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-GFP (1:500,
Novus, Zug, Switzerland), rabbit anti-Phospho-S6, (1:500, Cell
Signaling, USA), rabbit anti-cFos (1:500, Merck-Millipore, Germany),
rabbit anti-Arc (1:500, Synaptic Systems, Germany).

All reagents were diluted in 100 mM phosphate buffer (PB), pH7.3.
Primary antibodies were added in fresh blocking solution (0.1-0.3%
Triton X-100, 3% normal goat serum) and incubated overnight at 4 °C. The
staining was visualized with anti-mouse and anti-rabbit AlexaFluor 488
and 568 2nd antibodies or anti-guinea pig AlexaFluor 568 (1:500,
Molecular Probes, Eugene, OR). After washing in PB, secondary antibodies
were added in PB containing 0.1% Triton X-100 in order to prevent non-
specific antigen binding for at least 1h at room temperature. Stained
sections were mounted on Superfrost glass slides (Menzel, Braunschweig,
Germany) and coverslipped with Mowiol (Sigma Aldrich, Buchs,
Switzerland). Sections were viewed on an Olympus AX-70 microscope
equipped with a Spot digital camera. Recorded images were adjusted for
brightness and contrast with Photoshop image processing software.

2.4. Statistical analysis

The quantification of Purkinje cell dendritic tree size was done as
previously described (Sherkhane and Kapfhammer, 2017). An image
analysis program (ImageJ) was used to trace the outline of the Purkinje
cell dendritic trees yielding the area covered by the dendritic tree and
the length of the longest dendrite. The analysis was performed in adult
mouse brains age 7-9 months. A total of 15-30 Purkinje cells were
acquired from one cerebellum, representing all or the majority of all
Golgi-stained Purkinje cells per cerebellum. The measurements from
three different brains were pooled and statistical differences were
analyzed using GraphPad Prism software (San Diego, USA). The mean
value of the wild type mice was set as 100%. Data are shown as the
mean *+ S.D. The statistical significance of differences in parameters
was assessed by non-parametric Mann-Whitney's test. Confidence in-
tervals were 95%, statistical significance when p < .05.

The CF territory was determined by measuring the expansion of
climbing fibers into the molecular layer on cerebellar sections.
Measurements were made using ImageJ on a minimum of 4 different
sections per condition. The thickness of the molecular layer was mea-
sured as the distance from the Purkinje cell layer to the pial margin of
the molecular layer, and the climbing fiber extension by measuring the
distance from the Purkinje cell layer to the end of climbing fiber in-
nervation in the molecular layer. The CF territory value was calculated
by diving the climbing fiber extension by the molecular layer thickness
for each measurement. Statistical analysis was done using GraphPad
Prism software (San Diego, USA). The statistical significance of differ-
ences in the parameters was assessed by non-parametric analysis of
variance (Kruskal-Wallis test) followed by Dunn's post test.

CF puncta were counted on vGlut2-stained sections using ImageJ.
The number of immunopositive puncta was counted in a square of
defined size at three locations of the molecular layer of cerebellar lo-
bules located either in the anterior lobe or in lobule 7. Measurements
were made on a minimum of 4 different sections per condition.
Statistical analysis was done using GraphPad Prism software (San
Diego, USA). The statistical significance of differences in the parameters
was assessed by non-parametric analysis of variance (Kruskal-Wallis
test) followed by Dunn's post test.

3. Results

3.1. Purkinje cells in S361G-PKCy transgenic mice have abnormal dendritic
trees with reduced size

We have previously shown that the cerebellum of S361 transgenic
mice has an essentially normal morphology, and most Purkinje cells
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Fig. 1. Golgi staining of Purkinje cells.

A, B Low power images (10 X ) of Golgi stainings of the cerebellum of 15 months
old wild type mice (A) and S361G-PKCy transgenic mice (B). Purkinje cells in
S$361G-PKCy transgenic mice did not cover the entire width of the molecular
layer. C - F At higher magnification (20 x) Purkinje cells with well differ-
entiated dendritic trees can be seen in wild type mice (C, D). Purkinje cells in
S$361G-PKCy transgenic had smaller, more condensed dendritic trees (E, F). G,
H Low power view (10 x) of the cerebellum from P18 mice. There are several
Purkinje cells with well extended dendritic trees visible in wild type mice (G),
Purkinje cells in S361G-PKCy transgenic mice had smaller less branched den-
dritic trees (1H). J — M At higher power (20 x), Purkinje cells with large den-
dritic trees were present in wild type mice (I,K). Purkinje cells from S361G-
PKCy transgenic mice were smaller and the dendritic braches appeared more
condensed (L, M). Scale bar in H for A, B, G, H = 100 um, in M for C, D, E, F, I,
K. L, M = 50 um.

appear to have a normal dendritic tree based on immunohistochemical
anti-Calbindin staining (Ji et al., 2014). We have now used a rapid Golgi
stain in order to visualize the dendritic tree of Purkinje cells of control and
transgenic mice. It is evident already from low power views (10 X lens)
that Purkinje cells in adult S361G-PKCy transgenic mice (15 months old)
had smaller dendritic trees compared to control mice (Fig. 1A and B).
When viewed at higher magnification, Purkinje cells from control mice
had Purkinje cells with the typical large dendritic trees (Fig. 1C, D). In
contrast, Purkinje cells from S361G-PKCy mice had smaller, more con-
densed dendritic trees (Fig. 1E, F). This difference was present throughout
all parts of the cerebellum. In the lower part of the figure, images from P18
mice are shown, a time point immediately after rapid extension of the
Purkinje cell dendritic trees (Armengol and Sotelo, 1991; Kapfhammer,
2004). In the wild type cerebellum, Purkinje cells have well developed
dendritic trees spanning the whole width of the molecular layer (Fig. 1G).
At higher magnification the branching pattern with many higher order
branches is evident (Fig. 1J, K). In contrast, Purkinje cells in S361G-PKCy
mice had smaller dendritic trees with less side branches (Fig. 1H). At
higher magnification, side branches appear to be condensed and have a
reduced number of higher order branches (Fig. 1L, M). We quantified the
dendritic trees of Purkinje cells in adult (7-9 months old) control and
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Fig. 2. Quantification of Purkinje cell dendritic tree size.

The area covered by the dendritic tree and the length of the longest dendrite were
measured in Purkinje cells from adult (7-9 months) old mice. All Purkinje cells
present in the Golgi-stainings on sections from the vermis and the adjacent part of
the hemispheres were measured. The n was 52 for WT and of 94 for the S361G-
PKCy mice.The mean value of the wild type mice was set as 100%. Data are shown
as the mean + S.D. A The area covered by Purkinje cells in S361G transgenic mice
was reduced to 54% of that of wild type mice. B The length of the longest dendrite
in S361G transgenic mice was reduced to 70% of that of wild type mice. Both
results were significant with p < .0001 in the Mann-Whitney test.

S361G-PKCy transgenic mice. While the rapid Golgi method stains many
cells in the cerebellar cortex the number of visualized Purkinje cells was
rather limited (see for example Fig. 1B). For the quantification, we used all
sections from a particular cerebellum which included sections of the
vermis and the adjacent medial part of the hemispheres (but not the lateral
part of the hemispheres). All Golgi-stained Purkinje cells present in the
sample were analyzed and this yielded only 15-40 Purkinje cells per
cerebellum. From the three cerebella which were analyzed for each gen-
otype, we got an “n” of 52 for WT cerebellum and of 94 for the S361G-
PKCy cerebellum. The mean value of the wild type mice was set as 100%.
Data are shown as the mean = S.D. The mean for the dendritic area was
reduced to 54% of the control value for Purkinje cells from S361G-PKCy
transgenic mice (Fig. 2A). The reduction was less strong for the length of
the longest dendrite which was reduced to 70% (Fig. 2B). Both differences
were significant with p < .0001. A similar reduction of dendritic tree size
was also found for mice at other ages including P16-P19 mice, the earliest
age studied (quantitative data not shown, but see Fig. 1G-1M). The Golgi
staining showed that despite the rather normal appearance of Purkinje
cells in Calbindin immunohistochemistry there was a widespread reduc-
tion of Purkinje cell dendritic tree size in S361G-PKCy transgenic Purkinje
cells throughout the cerebellum.

3.2. Normal climbing fiber innervation of Purkinje cells in most parts of the
cerebellum of S361G-PKCy transgenic mice

We analyzed climbing fiber innervation in adult, 3 months old mice
by immunohistochemistry with an anti-vGlut2 antibody. In the cerebellar
molecular layer, vGlut2 is specifically expressed only in climbing fibers
(Hioki et al., 2003). The antibody staining revealed an innervation of
Purkinje cell dendrites in the inner 80% of the molecular layer in control
animals (Fig. 3B). Because the transgene is expressed from a plasmid
together with GFP, Purkinje cells in S361G-PKCy transgenic mice, but not
Purkinje cell in control mice, express GFP. In the wild type control, no
anti-GFP staining was present (Fig. 3A). In contrast, in S361G-PKCy
transgenic mice, GFP expression was present and revealed Purkinje cells
and their dendritic trees (Fig. 3D). In most parts of the cerebellum of
S$361G-PKCy transgenic mice, vGlut2 staining was similar as in control
mice. It covered the inner 80% of the molecular layer leaving the out-
ermost part free (Fig. 3B and E, quantification shown in Fig. 3N).

3.3. Maturation of climbing fiber innervation is similar in wild type and
S361G-PKCy transgenic mice

We have studied the development and maturation of climbing fiber
innervation in S361G-PKCy transgenic mice. Before P14, climbing
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Fig. 3. Climbing fiber innervation of the wild type and S361G cerebellum.

A - C Immunostaining for the climbing fiber marker vGlut2 in wild type cere-
bellum. A Transgenic expression of GFP is absent in wild type cerebellum. B
Anti-vGlut2 immunostaining reveals the climbing fiber innervation of the inner
80% of the molecular layer. C Because anti-GFP staining was absent, the
double-staining is mostly identical to the vGlut2 staining.

D - F Immunostaining for anti-vGlut2 in the S361G cerebellum. D Anti-GFP
immunostaining shows Purkinje cells with varying intensity of transgene ex-
pression. E Anti-vGlut2 staining reveals the climbing fiber innervation also
covering approximately 80% of the molecular layer similar as in wild type
cerebellum. F The double staining shows normal climbing fiber innervation in
the molecular layer with transgenic Purkinje cell dendritic trees.

G - I Postnatal progression of climbing fiber innervation in the wild type cer-
ebellum. G Immunostaining for the climbing fiber marker vGlut2 in the P14 WT
cerebellum covers approx. 50% of the molecular layer thickness. H At P28,
climbing fibers cover approx. 70% of the molecular layer thickness. I At
3 months, climbing fibers cover approx. 80% of the molecular layer thickness.
K - M Postnatal progression of climbing fiber innervation in the S361G cere-
bellum. K In the P14 S361G cerebellum climbing fibers also cover approx. 50%
of the molecular layer thickness. L At P28, climbing fibers also cover approx.
70% of the molecular layer thickness in the S361G cerebellum. M At 3 months,
climbing fibers cover approx. 80% of the molecular layer thickness in the
S361G cerebellum. Scale bar in M for A - M = 100 um.

N Quantification of the climbing fiber territory for wild type and S361G mice at
P14, P28 and 3 months. The CF territory increased from approx. 48% at P14 to
68% at P28 and reached 79% at 3 months. No major differences were observed
between wild type and S361G mice.

fibers cannot be unequivocally identified by vGlut2 immunostaining
because also parallel fiber terminals at these stages express vGlut2
(Miyazaki et al., 2003). At P14, in most parts of the cerebellum there
was a still rather sparse innervation of the Purkinje cell dendrites by
climbing fibers. At this stage, climbing fibers were more abundant in
the inner half of the molecular layer and only occasionally spread into
the distal half of the molecular layer (Fig. 3G and K). On average, they
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covered < 50% of the molecular layer (Fig. 3N). The pattern was si-
milar in wild type (Fig. 3G) and in S361G-PKCy transgenic mice
(Fig. 3K) and in both genotypes a similar fraction of the molecular layer
was covered by climbing fibers (Fig. 3N). At 4 weeks of age, climbing
fiber innervation had increased in density and extended to about 70%
of the molecular layer thickness. This was true both for the wild type
(Fig. 3H) and the S361G-PKCy transgenic mice (Fig. 3L, quantification
in 3N). In both wild type (Fig. 3I) and S361G-transgenic mice (Fig. 3M)
climbing fiber innervation covered approximately 80% of the molecular
layer in 3 months old mice. We have quantified the climbing fiber
territory (i.e. the extension of climbing fibers towards the outer margin
of the molecular layer) in wild type and S361G mice on sections from
the vermis. The climbing fiber territory increased from 48% in P14 mice
to 68% in P28 and to 79% in 3 months old mice. No major differences
between wild type and S361G mice were observed (Fig. 3N).

3.4. Reduced climbing fiber innervation in lobule 7 of S361G-PKCy
transgenic mice

We have previously reported that in lobule 7 of the cerebellar vermis
the phenotype of the S361G-PKCy transgenic mice is more prevalent and
Purkinje cells have an abnormal morphology with greatly reduced and
condensed dendritic trees (Ji et al., 2014). This was also reflected in the
climbing fiber innervation. In wild type mice at P28 there were climbing
fibers present throughout the molecular layer of lobule 7 (Fig. 4A-C). In
S361G-PKCy transgenic mice, the Purkinje cell layer was disorganized
and Purkinje cells which strongly expressed GFP and which had ab-
normal dendritic trees were present (Fig. 4D, G). In these areas, the
density of climbing fiber innervation was greatly reduced (Fig. 4E, H). At
higher magnification, it is obvious that climbing fibers were only present
at the cell soma and the initial parts of the dendrites very close to the
soma. The more distal parts of the dendritic tree remained free of
climbing fibers (Fig. 4H). The tight association of climbing fibers with the
soma and the initial part of the dendritic tree is particularly obvious in
the double staining (Fig. 4J). In these cells, the transition of climbing
fiber innervation from the soma to the more distal dendrites is impaired.
Some Purkinje cells in lobule 7 were almost completely devoid of
climbing fiber innervation (arrowheads in Fig. 4H and J).

At the age of three months, there was still a similar overall depletion
of climbing fiber innervation in lobule 7 (Fig. 4K-M). Some Purkinje
cells still had a sparse climbing fiber innervation in the more distal part
of their dendritic tree (Fig. 4K-M, cells on the left) whereas other cells
had lost climbing fiber innervation almost completely (Fig. 4K-M, cell
shown by white arrow). In other cells, climbing fiber innervation was
restricted to the cell soma and the primary dendrites as described above
(Fig. 4K-M, cell shown by white arrowhead and cell at bottom right)
indicating that the transition from innervation of the soma to the more
distal dendrites was impaired in these Purkinje cells. These findings
suggest that Purkinje cells with a dystopic location and strong expres-
sion of the S361G-PKCy transgene have an abnormal and reduced
climbing fiber innervation.

We have quantified the density of climbing fiber innervation by
counting vGlut2-positive puncta in the molecular layer of 4 week old
mice. In lobules of the anterior lobe, no difference was found between
wild type and S361G mice (Fig. 4N, left). In contrast, in lobule 7, there
was a strong reduction of climbing fiber innervation to < 50% of the
wild type values (Fig. 4N, right). This difference was statistically sig-
nificant with p < .001.

3.5. Suppression of PI3K/Akt/mTORC]1 signaling in lobule 7 in Purkinje
cells with dystopic location and highly abnormal dendritic trees

The activity of the PI3K/Akt/mTORC1 signaling pathway can be
monitored by the phosphorylation of the ribosomal protein S6
(Wullschleger et al., 2006). This fundamental signaling pathway is es-
sential for many cell functions and developmental processes. In the
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Fig. 4. Impaired climbing fiber innervation around lobule 7 of the cerebellar
cortex of $361G-PKCy transgenic mice.

A - C Immunostaining of cerebellar lobule 7 for the climbing fiber marker
vGlut2 in P28 wild type cerebellum. A Purkinje cells are labelled with anti-
PKCy. B Anti-vGlut2 immunostaining reveals climbing fiber innervation ex-
tending to about 70% of the molecular layer thickness. C Double-staining for
PKCy and vGlut2.

D - F Immunostaining of cerebellar lobule 7 for the climbing fiber marker
vGlut2 in P28 S361G cerebellum. D Several Purkinje have strong transgene
expression as revealed by GFP expression, some have a dystopic location in the
molecular layer. E Anti-vGlut2 immunostaining shows only very scarce
climbing fiber innervation restricted to the Purkinje cell soma and proximal
dendrites. F Double-staining for PKCy and vGlut2.

G - J The boxed areas from D - F are shown at higher magnification in G - J. In
H and J, it is obvious that the climbing fibers only cover the soma and proximal
dendrites of Purkinje cells but do not spread to the outer parts of the molecular
layer. Arrowheads in H and J label two Purkinje cells virtually devoid of
climbing fiber innervation.

K - M Immunostaining of cerebellar lobule 7 for the climbing fiber marker
vGlut2 in 3months old S361G cerebellum (higher magnification). K Two
Purkinje cells are strongly GFP-positive and are labelled by an arrow and an
arrowhead. L Anti-vGlut2 immunostaining shows that the left Purkinje cell
(white arrow) is almost completely devoid of climbing fiber innervation while
the right cell (arrowhead) receives climbing fiber innervation restricted to the
cell soma and the primary dendrites. M Double-staining for PKCy and vGlut2.
Scale bar in F for A - F = 100 um, in M for G - M = 50 ym.

N Quantification of vGlut2-positive puncta representing climbing fiber in-
nervation in the molecular layer (CF puncta) of P28 mice. In lobules of the
anterior lobe, there was no major difference in the number of CF puncta be-
tween wild type and S361G mice. In contrast, innervation densitiy was reduced
to 48% of control values in lobule 7. This difference was statistically significant
with p < .01.

cerebellum of wild type mice, Purkinje cells are positive for pS6 to a
varying degree, and the intensity of the staining may reflect different
activation states of this pathway in different cells (Fig. 5A-C, G-K). In
most parts of the cerebellum from S361G-PKCy transgenic mice, pS6
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Fig. 5. Suppression of staining for the phosphorylated protein S6 (pS6) in
Purkinje cells around lobule 7 of the cerebellar cortex of S361G-PKCy trans-
genic mice.

A - C Immunostaining of the transition between cerebellar lobules 6 and 7 for
pS6 in 3 week old (P20) wild type mice. A Purkinje cells are labelled with anti-
Calbindin. B Anti-pS6 immunostaining was present in all Purkinje cell somata in
wild type mice. C Double-staining for Calbindin and pS6 confirms the presence
of pS6 in all Purkinje cells.

D - F Immunostaining of the transition between cerebellar lobules 6 and 7 for
pS6 in 3week old (P20) S361G-PKCy transgenic mice. D Calbindin staining
reveals several Purkinje cells with abnormal morphology and dystopic location.
Two such cells are labelled with arrowheads. E Most Purkinje cells located in
the Purkinje cell layer express pS6. In contrast, Purkinje cells with abnormal
dendrites and dystopic location were often pS6 negative. F Double staining
confirms absence of pS6 staining in dystopic and abnormal Purkinje cells.

G - J Immunostaining of cerebellar lobule 7 for pS6 in 4 week old (P28) wild type
mice. G Purkinje cells are labelled with anti-Calbindin. H Anti-pS6 im-
munostaining was present in all Purkinje cell somata in wild type mice. J Double-
staining for Calbindin and pS6 confirms the presence of pC6 in all Purkinje cells.
K - M Immunostaining of cerebellar lobule 7 for pS6 in 4 week old (P28) S361G-
PKCy transgenic mice. K Calbindin staining reveals several Purkinje cells with
abnormal morphology and dystopic location. Two such cells are labelled with
arrowheads. L Most Purkinje cells located in the Purkinje cell layer express pS6.
In contrast, Purkinje cells with abnormal dendrites and dystopic location were
often pS6 negative. M Double staining confirms absence of pS6 staining in dys-
topic and abnormal Purkinje cells. Scale bar in M for A - M = 100 um

expression is similar to that in wild type cerebellum (data not shown).
In contrast, Purkinje cells with a dystopic location in the molecular
layer and a highly abnormal dendritic tree at the transition from lobule
6 to lobule 7 (arrowheads in Fig. 5D-F) were negative for pS6, in-
dicating a suppression of the PI3K/Akt/mTORC1 signaling pathway. A
cerebellar lobule 7 from 4 week old mice is shown in Fig. 5G-M. In the
wild type mouse, all Purkinje cells in lobule 7 were positively stained
for pS6 (Fig. 5G-J). In the S361G-PKCy mouse, several Purkinje cells
located correctly in the Purkinje cell layer showed a normal pS6
staining. In contrast, some Purkinje cells which had a dystopic location
in the molecular layer and had abnormal dendritic trees indicative of
Purkinje cell dysfunction did not express pS6 (Fig. 5K-M, dystopic cells
indicated by arrowheads). Our data indicate that the PI3K/Akt/
mTORCI signaling pathway is suppressed in dystopic Purkinje cells of
lobule 6 and 7 suggesting that these cells are dysfunctional.
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Fig. 6. Suppression of c-Fos and Arc in Purkinje cells in lobule 7 of the cere-
bellar cortex of S361G-PKCy transgenic mice.

A - C Immunostaining of cerebellar lobule 7 for c-Fos in P20 wild type mice. A
Purkinje cells are labelled with anti-Calbindin. B Anti-c-Fos immunostaining
was present in all Purkinje cell somata in wild type mice. C Double-staining for
Calbindin and c-Fos confirms the presence of c-Fos in all Purkinje cells.

D - F Immunostaining of cerebellar lobule 7 for c-Fos in P20 S361G-PKCy
transgenic mice. D Calbindin staining reveals several Purkinje cells with ab-
normal morphology and dystopic location. Two such cells are labelled with
arrowheads, one with an arrow. E Purkinje cells with abnormal dendrites and
dystopic location were often c-Fos negative (arrowheads). Some abnormal
Purkinje cells were also strongly c-Fos positive (arrow). F Double staining
confirms the absence of c-Fos staining in many dystopic and abnormal Purkinje
cells (arrowheads). Some of these cells also were c-Fos positive (yellow cells in
the right part of the lobule, arrow).

G - J Immunostaining of the transition between cerebellar lobules 6 and 7 for
Arc in 3 week old (P20) wild type mice. G Purkinje cells are labelled with anti-
Calbindin. H Anti-Arc immunostaining was present in all Purkinje cell somata
in wild type mice. C Double-staining for Calbindin and pS6 confirms the pre-
sence of pC6 in all Purkinje cells.

K - M Immunostaining of cerebellar lobule 7 for pS6 in 4 week old (P28) S361G-
PKCy transgenic mice. K Calbindin staining reveals several Purkinje cells with
abnormal morphology and dystopic location. Two such cells are labelled with
arrowheads, one with an arrow. L Purkinje cells with abnormal dendrites and
dystopic location were often Arc negative (arrowheads) but a few were also Arc
positive (arrow). F Double staining confirms absence of Arc staining in most
dystopic and abnormal Purkinje cells. Scale bar in M for A - M = 100 pm

3.6. Suppression of the activity and plasticity markers c-Fos and Arc in
lobule 7 in Purkinje cells with dystopic location and highly abnormal
dendritic trees

The immediate early gene c-Fos has been shown to be expressed
with neural activity (Sagar et al., 1988) and is now widely used as a
marker for neural activation. We have used c-Fos to see whether the
Purkinje cells in S361G-PKCy transgenic mice have altered levels of
activity. In 3-week old control mice, c-Fos was expressed to varying
degrees in most Purkinje cells of the cerebellar cortex (Fig. 6A-C). A
similar widespread expression of c-Fos was found in the Purkinje cells
of S361G-PKCy transgenic mice. However, in lobule 7 where Purkinje
cells with a dystopic location in the molecular layer and altered den-
dritic morphology are common, c-Fos immunoreactivity was typically
absent from these abnormal cells (Fig. 6D-F, two c-Fos negative cells
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are labelled with arrowheads). However, a few abnormal cells were
strongly positive for cFos (white arrow in Fig. 6D-F) indicative of a
strong activation of these cells.

The cytoskeletal protein Arc is also considered to be a marker for
neuronal activity and plasticity. It was shown to be selectively targeted
to active synapses (Steward and Worley, 2001). In the cerebellum of 3-
week old wild type mice we found again a solid expression of Arc in the
majority of Purkinje cells (Fig. 6G-J). This was similar in most parts of
the cerebellum from S361G-PKCy transgenic mice. When we looked at
the border between lobule 6 and 7 we found again many Purkinje cells
with altered dendritic trees and a dystopic location in the molecular
layer. Most of these cells were negative for Arc immunoreactivity (ar-
rowheads in Fig. 6K-M) suggesting that they only had a low activity
level. Similar as for c-Fos, a few dystopic cells with altered morphology
were also positive for Arc (arrow in Fig. 6K-M).

The findings from the two immediate early genes, c-Fos and Arc, are
very similar. While in most parts of the S361G-PKCy transgenic cerebellum
the expression of these markers was comparable to wild type mice, the
Purkinje cells in lobule 7 with dystopic location and altered dendritic
morphology were mostly negative for these immediate early genes.

4. Discussion

In this study we have extended the morphological analysis of
changes in the cerebellum of the S361G-PKCy mouse, a mouse model of
SCA14. Using rapid Golgi staining we show that there is a marked size
reduction of the Purkinje cell dendritic tree in this mouse throughout
the cerebellar cortex. In contrast, climbing fiber innervation as studied
by vGlut2 immunoreactivity appeared to be normal in most parts of the
cerebellum but was strongly disturbed in lobule 7 where the morpho-
logical changes of Purkinje cells are most prominent. The same applied
for immunostaining with the activity and plasticity markers pS6, c-Fos
and Arc which all showed a rather normal pattern in most parts of the
cerebellum, but were greatly altered in lobule 7. Our results show that
the general reduction of Purkinje cell dendritic tree size in the S361G-
PKCy mouse can be compensated in most parts of the cerebellum and is
compatible with a normal development of climbing fiber innervation
and normal expression of global activity markers. In contrast, in lobule
7, an area with high transgene expression and with abnormal Purkinje
cells, all these parameters are disturbed and the cerebellar cortex here
appears to be dysfunctional. Our findings show that the cerebellar
cortex can compensate a certain increase of PKC activity and a reduc-
tion of Purkinje cell dendritic tree size but becomes dysfunctional with
very high PKC activity leading to Purkinje cell dystopia and greatly
reduced dendritic trees.

4.1. Reduced Purkinje cell dendritic tree size in S361G-PKCy mice

We have analyzed Purkinje cell morphology in S361G-PKCy and
control mice using rapid Golgi staining. While this method stains many
cells in the cerebellar cortex the number of visualized Purkinje cells is
rather limited (see for example Fig. 1B). For the quantification we used
all stained Purkinje cell present in the sample, but this yielded only a
low sampling rate of 15-30 Purkinje cells per cerebellum. Rapid Golgi
staining is known to be a delicate method and certainly has its limita-
tions for assessing Purkinje cell dendritic morphology. It cannot be
completely excluded that the low sampling rate did bias our quantita-
tive findings, for example if smaller Purkinje cells were more prone to
become impregnated by the rapid Golgi procedure. Nevertheless, the
size difference of the Purkinje cell dendritic tree from wild type and
S361G-PKCy transgenic mice was very evident. In the wild type cere-
bellum, the dendritic tree of many Purkinje cells covered the entire
thickness of the molecular layer (see Fig. 1G). In the S361G-PKCy cer-
ebellum, the Purkinje cell dendritic trees hardly reached the top of the
molecular layer which still had a normal thickness. In immunostainings
with Purkinje cell-specific markers, there was positive staining
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throughout the molecular layer, including the distal part (e.g. Fig. 4A)
indicating that some Purkinje cells must span the entire molecular
layer. The presence of the small Purkinje cells seen in the Golgi study
indicates that in the S361G-PKCy mice the dendritic tree size of many
Purkinje cells is reduced. This was not obvious in calbindin or PKCy
stainings (Ji et al., 2014) and demonstrates that these immunostainings
do not easily detect reductions of dendritic tree size when they affect
only a fraction of Purkinje cells. Due to the extensive overlap of Pur-
kinje cell dendritic trees smaller dendritic trees may be masked by the
larger dendritic trees from neighboring cells.

In another study looking at the size of the Purkinje cell dendritic tree
using Golgi staining in hotfoot mutant mice, a reduction of dendritic tree size
was found in the absence of major changes in calbindin staining and mo-
lecular layer thickness (Zanjani et al., 2016) confirming the higher sensi-
tivity of Golgi staining compared to immunohistochemical evaluation. In a
number of additional mutant mouse models, a reduction of Purkinje cell
dendritic tree size has been demonstrated using rapid Golgi staining. These
include mouse models of Dytl dystonia (Zhang et al., 2011; Song et al.,
2014) and a knockout mouse of the matrix metalloproteinase MMP-3 (van
Hove et al., 2012). Furthermore, in human specimens from patients with
essential tremor a marked reduction of Purkinje cell dendritic tree size was
demonstrated (Louis et al., 2014). Taken together these data indicate that a
reduction of the Purkinje cell dendritic tree size as revealed by rapid Golgi
staining is a sensitive parameter indicating Purkinje cell dysfunction. Our
data provide clear evidence for such a reduction of Purkinje cell dendritic
tree size in the S361G-PKCy mouse model of SCA14.

4.2. Subtle changes of climbing fiber innervation in the cerebellum of
S$361G-PKCy mice, but severe disorganization in lobule 7

Despite these changes in Purkinje cell dendritic tree size the S361G-
PKCy mice only have a mild ataxic phenotype (Ji et al., 2014) indicating
that the cerebellar cortex is essentially functional. This is reflected in the
rather normal pattern of climbing fiber innervation as visualized by vGlut2
immunostaining. Climbing fibers target the dendritic tree of Purkinje cells
covering approx. 80% of the molecular layer thickness both in WT and
$361G-PKCy mice (Fig. 31, M). The developmental timing of climbing fiber
innervation was similar in WT and S361G-PKCy mice with climbing fibers
being present in the inner part of the molecular layer by P14 (Fig. 3G, K)
and extending to the outer part by P28 (Fig. 3H, L). The inferior olivary
nucleus, the origin of the climbing fiber projection, appeared normal in
cresyl violet stained sections and no major atrophy was apparent (data not
shown). This finding is in agreement with the normal climbing fiber in-
nervation of most parts of the cerebellum.

This rather normal pattern of climbing fiber innervation with only
minor abnormalities contrasts with the greatly abnormal pattern found
around lobule 7. As reported earlier (Ji et al., 2014), in this cerebellar
lobule Purkinje cell morphology becomes disrupted and the molecular
layer is disorganized. Climbing fiber innervation was strongly reduced
and only covered the soma and parts of the primary dendrite of the
Purkinje cells (arrows in Fig. 4K, L), in some Purkinje cells it was
completely absent. This disorganization of the molecular layer indicates
that this cerebellar lobule is probably dysfunctional in S361G-PKCy
mice. Reduced climbing fiber innervation is a hallmark of dysfunction
of the cerebellar cortex. In a mouse model of SCA-1 lacking neurode-
generation but showing a distinct behavioral phenotype, reduced
climbing fiber innervation was one of the major pathological hallmarks
of the disease (Duvick et al., 2010). A similar situation exists for mice
deficient for Car8 where the absence of Purkinje cell degeneration
contrasts with a marked behavioral phenotype (Jiao et al., 2005; White
et al., 2016). These mice also have a reduction in climbing fiber in-
nervation (Miterko and Sillitoe, 2018). Both mouse models share some
similarities to the S361G-PKCy mice because they show an ataxic be-
havioral phenotype in the absence of Purkinje cell degeneration. The
major reduction of climbing fiber innervation in lobule 7 of the S361G-
PKCy mice shows that strong transgene expression does induce a
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disorganization of the cerebellar cortex and interferes with climbing
fiber innervation. The rather subtle changes in the rest of the cerebellar
cortex indicate that despite the reduction of dendritic tree size the
Purkinje cells there probably function rather normally, as reflected in
the rather mild behavioral phenotype of the S361G-PKCy mice.

4.3. Near normal expression of activity and plasticity markers in the
cerebellum of S361G-PKCy mice, but severe disorganization in lobule 7

We have used three different markers of activity and plasticity to
monitor changes in Purkinje cells of S361G-PKCy mice. With the anti-pS6
staining the activity of the mTORCI signaling pathway is monitored. This
staining is absent in Purkinje cells deficient for RPTOR which have in-
active mTORC1 signaling (Angliker et al., 2015) and is increased in Tscl
mutant mice with increased mTORC1 activity (Tsai et al., 2012). The
mTORC1 pathway is essential for cell growth and a wide variety of
cellular functions and normally all Purkinje cells are pS6 positive, and
this was also the case in most parts of the cerebellum of S361G-PKCy
mice. The virtual absence of pS6 staining in morphologically altered and
dystopic Purkinje cells in lobule 7 of S361G-PKCy mice indicates that
these cells are severely compromised in their function and are unlikely to
be part of the functional network of the cerebellar cortex. For the activity
related gene c-Fos the situation was very similar. In most parts of the
cerebellum of the S361G-PKCy mice there was the typical expression
pattern with Purkinje cells having a stronger or weaker c-Fos expression,
but all Purkinje cells expressed some c-Fos protein. In lobule 7 where
abnormalities in S361G-PKCy mice are most evident, many Purkinje cells
were present with abnormal dendritic morphology and often a dystopic
location in the molecular layer. Most of these cells were negative for c-
Fos indicating a reduced level of activity. However, some of these cells
were also c-Fos positive (Fig. 6D-F). It is not clear whether the c-Fos
activation in these cells reflects compensatory mechanisms aiming at a
normalization of cellular functions or whether it reflects the activation of
pathways which eventually could result in the elimination of these cells.
This would be supported by the observation that dystopic Purkinje cells
in lobule 7 are more common in young animals compared to older ani-
mals (Ji et al.,, 2014). The expression of the activity marker Arc was
rather similar to that of c-Fos. The very similar picture of the activation
of c-Fos and Arc confirms an earlier report in which a similar activation
has been found after eyeblink conditioning (Kim and Thompson, 2011).

4.4. Expression of mutated S361G-PKCy and Purkinje cell morphology and
function

The results from the Golgi staining show that there is a widespread
reduction of Purkinje cell dendritic tree size throughout the cerebellar
cortex in S361G-PKCy mice. This corresponds with the L7-driven
widespread expression of the mutated PKCy gene and the finding that in
organotypic slice cultures there is a reduction of Purkinje cell dendritic
tree size in most Purkinje cells. It also corresponds to the known ne-
gative effect of PKC activity on Purkinje cell dendritic development
(Kapfhammer, 2004). In contrast to the reduction seen in Golgi
staining, in most parts of the S361G-PKCy cerebellum immunostainings
for Purkinje cell and synaptic markers are normal (Ji et al., 2014). This
was confirmed in this study which showed that in most parts of the
cerebellum climbing fiber innervation appeared to be intact and by the
normal expression of the three different activity and plasticity markers
pS6, cFos and Arc. These findings suggest that in most part of the
cerebellar cortex the marked reduction of Purkinje cell dendritic tree
size is compatible with normal synaptic connections and function
showing a substantial potential for functional compensation. Such
compensatory mechanisms are well known from neurodegenerative
diseases (Gregory et al., 2017) and appear to be in operation also on the
level of the cerebellar cortex and are most likely responsible for the
rather subtle behavioral phenotype of the S361G-PKCy mouse model.
Such mechanisms might include increased expression of heat shock
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proteins (Nakazono et al. 2018), the reduction of ER-stress (Guo et al.,
2018) or activation of potassium channels (Bushart et al., 2018). In
contrast, in lobule 7 and adjacent parts of lobule 6 there is a much
stronger morphological phenotype. In these areas, many Purkinje cells
show strong transgene expression and have very small condensed
dendritic trees. The cell somata often have a dystopic location in the
molecular layer. Furthermore, there is a major reduction of climbing
fiber innervation and reduced or absent expression of the activity and
plasticity markers. The area around lobule 7 thus appeared to be dys-
functional. In the affected Purkinje cells transgene expression was
strong, so the strong phenotype could be partly explained by a strong
expression of the L7 promoter in this region around birth and the early
postnatal period (Ozol et al., 1999). Less efficient compensatory me-
chanisms in this region might also contribute to the stronger phenotype.
An important contribution of compensatory mechanisms is suggested
by the finding that Purkinje cell dendritic development is strongly im-
paired in cerebellar slice cultures derived from S361G transgenic mice
(Ji et al., 2014). Obviously, compensatory mechanisms are expected to
be less effective in slice cultures which impose a certain stress on the
cerebellar tissue. Our Golgi study demonstrates that throughout the
cerebellar cortex, transgene expression is sufficient to affect dendritic
tree size of Purkinje cells. Our immunohistochemical findings show, in
contrast, that this mild alteration of Purkinje cell dendrites is still
compatible with a functional cerebellar cortex. The rather mild phe-
notype and the effectiveness of the compensatory mechanisms in the
S$361G-PKCy transgenic mice is certainly helped by the fact that two
normal alleles of PKCy are still present in addition to the mutated
transgene and that transgene expression from the L7 promoter is rather
moderate (Ji et al., 2014). It is thus likely that both factors, an early and
increased transgene expression and less effective compensatory me-
chanisms contribute to the strong phenotype in lobule 7.

In conclusion, our findings suggest that the expression of the mutated
S361G-PKCy protein interferes with Purkinje cell development and
function resulting in a general reduction of Purkinje cell dendritic tree
size, but that the functional deficits can be compensated for in most parts
of the cerebellar cortex. A strong morphological phenotype probably
associated with severe dysfunction of the cerebellar cortex only develops
in the presence of strong transgene expression and less effective com-
pensatory mechanisms in and around lobule 7 in this mouse model.
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