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Abstract

Spinocerebellar ataxia type 1 (SCAL) is a fatal neurodegenerative disease caused by an abnormal
expansion of CAG repeats in the Afaxinl (ATXNI) gene. SCAL is characterized by motor deficits,
cerebellar neurodegeneration, gliosis and gene expression changes. Expression of brain derived
neurotrophic factor (BDNF), growth factor important for the survival and function of cerebellar
neurons is decreased in ATXN1/82Q] mice, the Purkinje neuron specific transgenic mouse model
of SCAL. As this decrease in BDNF expression may contribute to cerebellar neurodegeneration we
tested whether delivery of extrinsic human BDNF via osmotic Alzet pumps has a beneficial effect
on disease severity in this mouse model of SCAL. Additionally, to test the effects of BDNF on
established and progressing cerebellar pathogenesis and motor deficits we delivered BDNF post-
symptomatically.

We have found that post-symptomatic delivery of extrinsic BDNF ameliorated motor deficits, and
cerebellar pathology (i.e. dendritic atrophy of Purkinje cells, and astrogliosis) indicating
therapeutic potential of BDNF even after the onset of symptoms in SCA1.However, BDNF did not
alter Purkinje cell gene expression changes indicting that certain aspects of disease pathogenesis
cannot be ameliorated/slowed down with BDNF and that combinational therapies may be needed.
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Introduction

Spinocerebellar ataxia type 1 (SCAL) is a dominantly inherited and fatal neurodegenerative
disease resulting from an overexpansion of glutamine(Q)-encoding CAG repeats within the
Ataxinl (ATXN1)gene [1,2]. SCAL belongs to a group of polyglutamine (polyQ) disorders
that also includes SCA2, 3, 6, 7, 17, spinobulbar muscular atrophy, Huntington’s disease
(HD), and dentatorubropallidoluysian atrophy [3-5]. Clinical onset of SCAL1 is characterized
by progressive ataxia, or loss of motor coordination and balance, which typically starts
during patients’ mid-thirties [5-8]. In addition, patients with SCA1 exhibit cognitive
deficits, depression, and premature lethality 10-20 years after disease onset [6]. Currently,
there are no disease modifying treatments for SCA1 [9].

Treatment with neuroprotective factors, such as brain derived neurotrophic factor (BDNF),
has been demonstrated to ameliorate neural toxicity in several neurodegenerative diseases,
including mouse models of Alzheimer’s disease and Huntington’s disease. This is thought to
occur because BDNF, as a neurotrophin, supports neuronal health and function by promoting
cell survival and synapse plasticity in adult tissue [10-12]. Moreover, previous studies show
that BDNF plays an important role in both cerebellar development and cerebellar neuronal
function in adult mice [13-15].

We have previously reported a reduction in cerebellar BDNF in ATXN1/82Q] mice, a
Purkinje neuron specific transgenic mouse model of SCAL, that may contribute to the
pathological degeneration of the cerebellar cortex [16]. In addition, administration of
extrinsic BDNF intracereberoventricularly (ICV) to early stage A7XN1/82Q] mice delays
the onset of motor deficits and ameliorates several markers of SCAL pathology[16]. While
the dominantly inherited nature of SCA1 allows for pre-symptomatic treatment, prolonged
chronic BDNF treatment may not be affordable and may have side effects. Therefore, we
examined the therapeutic efficacy of BDNF treatment after the onset of motor symptoms.
We observed that post-symptomatic BDNF delivery ameliorates SCAL disease severity
through improvement of rotarod performance and decrease in gliosis and neuronal atrophy.

Materials and Methods

Mice

The creation of the ATXN1/82Q] mice was previously described [17]. Equal number of
male and female ATXN1/82Q]and wild-type mice were randomly allocated to BDNF or
control artificial cerebrospinal fluid (aCSF) groups (N =16, 12, 12, 15 respectively). We
surgically implanted ALZET pumps (Alzet Model 1004) into 12-week-old mice in a
subcutaneous pocket in their back. Delivery cannula was placed into the right lateral
ventricle using stereotaxic surgery (A/P, 1.1 mm; M/L, 0.5 mm D/V, -=2.5 mm from Bregma)
as previously described [16]. ALZET pumps delivered BDNF or aCSF at a steady flow rate
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for 4 weeks following implantation (20 ug of human recombinant BDNF (R&D Systems
Cat. 248-BD-250/CF) in 100ul per micropump, resulting in a delivery rate of 0.71 ug/day).

In all experiments, investigators were blinded to the genotype/treatment. While we started
with the same number of animals in each group, the final number of animals per condition
varied depending on the success of surgery, including survival from surgery and correct
placement of cannula. All mice in which postmortem examination revealed that cannula was
misplaced or obstructed were eliminated from the analysis.

Animal experimentation was approved by University of Minnesota and was conducted in
accordance with the National Institutes of Health’s (NIH) Principles of Laboratory Animal
Care (86-23, revised 1985), and the American Physiological Society’s Guiding Principles in
the Use of Animals.

Rotarod analysis

Mice were tested on rotarod (#47600; Ugo Basile) to evaluate motor deficits as described
previously [16,18,19] prior to BDNF delivery, 2 and 5 weeks after the BDNF delivery
started. Rotarod paradigm consisted of four trials per day over four days with acceleration
from 5 to 40 rotations per minute (rpm) over minutes 0 to 5, followed by 40 rpm constant
speed from 5 to 10 min. Latency to fall was recorded.

Immunofluorescent (IF) staining

IF was performed on minimum of six different floating 45 pum thick brain slices from each
mouse (six technical replicates per mouse). We used primary antibodies against Purkinje cell
marker calbindin (mouse, Sigma-Aldrich) and astrocytic marker glial fibrillary acidic protein
(GFAP) (rabbit, DAKO) as previously described [19,20]. Confocal images were acquired
using a confocal microscope (Olympus F\VV1000) using a 20X oil objective. Z-stacks
consisting of twenty non-overlapping 1 um thick slices were taken of each stained brain slice
(i.e. six z-stacks per each mouse, each taken from a different brain slice). The laser power
and detector gain were standardized and fixed between mice within a surgery cohort, and all
images for mice within a cohort were acquired in a single imaging session to allow for
quantitative comparison.

Quantitative analysis was performed using ImageJ (NIH) as described previously [19]. We
quantified a minimum of six different images from each mouse, each taken from a different
brain slice. Measurements of molecular layer thickness were taken on calbindin
immunostained sections by measuring the distance from the base of the Purkinje cell body to
the end of the dendrite at the pial surface. Six measurements at the primary fissure were
taken from each cerebellar section per animal. These measurements were averaged to
represent the molecular thickness of each biological replicate. GFAP intensity was
quantified by measuring the mean gray value of GFAP staining in the molecular and
Purkinje cell layers of the primary fissure. At least six measurements were taken from
images of different slices and averaged. Relative GFAP intensity of each mouse was
normalized to the WT aCSF treated mouse within the surgery cohort.
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Enzyme-linked immunosorbent assay (ELISA)

Tissue was extracted from each mouse, and a quarter of the cerebellum and quarter of the
cerebrum separated and weighed to get total tissue weight of each. Tissue protein was
extracted from mouse cerebellum and cerebrum using 300uL and 600uL of Tris-Triton Lysis
Buffer [150nM sodium chloride, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS
(sodium dodecyl sulfate), and 50mM Tris (pH 8.0)] respectively, as has been described
previously [20-22]. Following lysate preparation, total BDNF was quantified in duplicates
using the Total BDNF Quantikine ELISA kit (Biotechne-R&D Systems).

Reverse transcription and quantitative polymerase chain reaction (RT-gPCR)

Total RNA was extracted from mouse cerebella using TRIzol (Life Technologies) and RT-
gPCR was performed as described previously [16,23].

Western Blot

Cerebellar protein lysates prepared for ELISA were used for Western blotting. Protein
concentration was measured using a Bradford Assay as previously described [21,22].
Western blot (N=3 samples per group) was performed using 50ug protein per well with two
negative controls (cerebellar lysate from an A#xn1 null mouse[24] and water loading
control). To detect ATXN1 we used an anti-ATXN1 antibody (11NQ, rabbit, gift from Dr.
Harry Orr) and normalized samples using a-tubulin (mouse, Sigma) as a loading control.

Statistical analysis

Wherever possible, sample sizes were calculated using power analyses based on the standard
deviations from our previous studies, significance level of 5%, and power of 90%. Statistical
tests were performed with GraphPad Prism. Data was analyzed using unpaired Student’s t-
test (to test statistical significance of differences between two groups), or one way ANOVA
followed by the Sidak’s multiple comparisons post-hoc test. Outliers were determined using
GraphPad PRISM’s Robust regression and Outlier removal (ROUT) with a Q=1% for non-
biased selection.

Data availability

Results

All the data from this study are available from the authors.

Delivery of BDNF late in disease ameliorates motor deficits in SCA1

ATXN1[82Q] mice demonstrate reproducible motor deficits and cerebellar pathology by 12
weeks[21,23,25-28]. Thus, to determine whether ICV BDNF delivery starting after the
onset of motor deficits has therapeutic benefits we choose 14 weeks as treatment starting
time point (Figure 1A). Pre-surgery rotarod was performed at 12 weeks of age to confirm
presence of motor deficits in ATXNI/82Q] mice. As expected, ATXN1[/82Q] mice
performed significantly worse on the rotarod compared to their wild-type (WT) littermate
controls (latency to fall for WT mice was 347+30.56 s, N=24, while for ATXN1/82Q] mice
it was 188.9+12.82 s, N=28, two-tailed unpaired t-test P<0.0001, Figure 1B) confirming that
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ATXN1[82Q] mice exhibit motor deficits at 12 weeks. At 14 weeks we randomly divided
mice into four experimental groups (WT and ATXN1/82Q] mice treated with BDNF or
aCSF) and performed stereotaxic surgeries to implant cannulas into the right lateral
ventricle. Cannulas were connected to Osmotic ALZET pumps to deliver recombinant
BDNF (at a rate of ~ 0.71 pg/day) or control artificial cerebrospinal fluid (aCSF) for a total
of 4 weeks. Importantly, there was no difference in the pre-surgery rotarod performance of
ATXN1[82Q] mice that underwent BDNF or aCSF treatments (latency to fall of
ATXN1[82Q] mice chosen for future aCSF delivery was 187.5+16.82 s, N=13, and for
ATXN1[82Q] mice chosen for future BDNF delivery latency was 183.5+18.07 s, N=15,
two-tailed t-test P=0.8839, Figure 1C).

We confirmed extrinsic BDNF delivery using an enzyme-linked immunosorbent assay
(ELISA). We found a significant increase in cerebellar BDNF levels in mice receiving
extrinsic BDNF compared to mice receiving aCSF both in wild-type and in ATXN1/82Q]
mice (P=0.0001 one way ANOVA F (3, 38)=8.836). There was 76.7% increase in cerebellar
BDNF levels in WT mice (WT aCSF: 234.5+28.4 ng/g cerebella, N=12, and WT BDNF:
422.4+455.7 ng/g, N=8, P = 0.0011, one way ANOVA with posthoc Sidak’s test). BDNF in
ATXN1[82Q] mice similarly increased (71.9%, ATXN1/82Q]aCSF: 146.1+26.4 ng/g, N=9,
ATXNI1/82Q]BDNF: 251.1+29.5 ng/g, N=14, P=0.0347 one way ANOVA with post-hoc
Sidak’s tests Figure 1D). Moreover WT-aCSF and A7XN1/82Q]-BDNF cerebella had very
similar BDNF levels (P=0.791 one way ANOVA with post-hoc Sidak’s test). These results
indicate that ICV delivery of exogenous BDNF can increase cerebellar BDNF levels to
similar % in both WT and ATXN1/82Q] mice.

Next, to determine whether two weeks of BDNF treatment are sufficient to ameliorate SCA1
motor deficits, we tested mice on rotarod at 16 weeks of age. BDNF-treated ATXN1/82Q]
mice performed significantly better on rotarod at 16 weeks compared to control aCSF-
treated ATXNI1/82Q] mice (e.g. day 4 average latency to fall of BDNF-treated A7XN1/82Q]
mice was 329.4+23.7 sec, N=16; compared to aCSF-treated ATXN1/82Q] mice 239+22.97
sec, N=12, P<0.0001, one-way ANOVA F(3, 49)=21, followed by posthoc Sidak’s test
P=0.042, Figure 2A). Intriguingly, BDNF-treated WT mice also performed better on rotarod
(latency for aCSF- and BDNF- treated WT mice was 469.1+45.16 sec, N=15, and
594.7+3.193, N=10 respectively, post-hoc Sidak’s test P=0.0094). Both aCSF- and BDNF-
treated ATXN1/82Q] mice performed worse compared to wild-type mice (post-hoc Sidak’s
tests comparing to WT mice P<0.05). These results suggest that two weeks of BDNF
treatment are sufficient to ameliorate, but not fully restore motor deficits in SCA1 mice even
when treatment was started after the onset of motor symptoms.

We then tested how long the positive effect of BDNF administration on motor function lasts.
The ALZET pumps delivered BDNF for four weeks, thus we chose to test mice on the
rotarod one week after BDNF delivery ended at 19 weeks. Extrinsic BDNF delivery again
improved motor performance of WT mice (Figure 2B, latency for aCSF- and BDNF-treated
WT mice was 460.1+41 sec, N=14, and 560.1+21, N=9 respectively, one way ANOVA F (3,
44)=20.1, post-hoc Sidak’s test P=0.017). Both aCSF- and BDNF-treated A7TXNI1/82Q]
mice performed worse than WT mice (P<0.05 posthoc Sidak’s tests comparing aCSF- and
BNF-treated ATXN1/82Q] mice with aCSF- and BDNF-treated WT mice). While BDNF-
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treated ATXNI1/82Q] mice demonstrate a trend towards improved latency to fall on rotarod
compared to control aCSF-treated ATXNI/82Q] mice, this was not statistically significant

(day 4 average latency to fall of BDNF-treated ATXN1/82Q] mice=294.4+33.6 sec, N=15;
compared to aCSF-treated ATXN1/82Q] mice =227.3+13.24sec, N=11, P=0.1539 one way
ANOVA with post-hoc Sidak’s test). This suggests that post-symptomatic administration of
BDNF may have a time-limited effect on SCA1-associated motor deficits after cessation of
delivery.

Delivery of BDNF late in disease improves SCA1 Purkinje neuron pathology

We then investigated whether BDNF ameliorates cerebellar pathology characteristic for
SCAL1 including Purkinje cell dendritic atrophy and gene expression changes [21,23,26,29—
33]. Dendritic atrophy can be quantified as a decrease in the width of molecular layer in
cerebellar slices stained with the Purkinje cell marker calbindin (Figure 3A). There was a
significant reduction in molecular layer width in 20 week old ATXN1/82Q] mice (average
width of the molecular layer for aCSF-treated WT mice was 209.8+1.51 pm compared to
136.6+3.1 um in aCSF-treated A7T.XN1/82Q] mice, N=5 of each, P<0.05 one-way ANOVA
F(3, 16)=71.72 followed by Sidak’s post-hoc test), suggesting that Purkinje cell dendritic
arbors are degenerating. There is notable amelioration of molecular layer degeneration in
ATXN1[82Q] BDNF-treated mice (Figure 3B, average width of the molecular layer for
aCSF-treated ATXN1/82Q] mice was 136.6+1.51 pm compared to 157.6+5.06 pm in
BDNF-treated ATXN1/82Q] mice, N=5 of each, P=0.0021, one-way ANOVA followed by
post-hoc Sidak’s test).

We also examined molecular Purkinje cell pathology by quantifying SCA1-associated gene
expression changes. The Magenta Module is a hub of genes whose expression is reduced
and correlates with disease progression in ATXN1[82Q] Purkinje cells [33]. We used RT-
gPCR to determine whether BDNF treatment rescued expression of Purkinje neuron genes
belonging to magenta module (Calbindin, Inpp51, Garnl3, ITPR, Homer 3, Rgs8, Pcp4).
Notably, none of the genes tested were rescued with BDNF treatment (representative data
included for Calbindinand /npp5a; all gPCR normalized to WT aCSF littermates, N=5 per
group; for Calbindin relative mRNA levels for ATXN1/82Q]aCSF=0.3100+0.0639,
ATXN1[82Q] BDNF=0.3520+0.1049, and WT BDNF=0.9580+0.1894; for /npp5a, relative
mMRNA levels for ATXN1/82Q]aCSF=0.4100+0.0616, ATXN1/82Q]
BDNF=0.3780+0.1042, and WT BDNF=1.136+0.2105; one-way ANOVA F(3, 16)=10.49,
P<0.05 post-hoc Sidak’s test comparing WT to either ATXN1/82Q]aCSF or ATXN1[82Q]
BDNF, and P >0.05 comparing A7TXN1/82Q]aCSF and ATXN1/82Q] BDNF, additional
magenta genes exhibit similar results, Figure 3C).

Finally, because expression of ATXNL1 is tightly controlled [34] and correlates with SCA1
pathology [33], we assessed whether application of exogenous BDNF affected ATXN1
expression. Western blot of cerebellar protein lysates demonstrated no significant change in
the expression of either wild type mouse ATXN1[2Q] or human mutant ATXN1[82Q]
proteins expression upon BDNF treatment (Supplemental Figure 1).
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Together, these data suggest that exogenous BDNF supports the health of Purkinje cell
dendritic arbors, though Purkinje cell disease-associated gene expression changes are not
rescued.

Cerebellar gliosis is altered with BDNF treatment

We have previously shown that cerebellar glia become reactive early in SCA1 mouse models
and contribute to disease pathogenesis [19,20]. As Bergmann glia, a cerebellum specific type
of astroglia, are intimately associated with Purkinje cells and also express BDNF receptors,
we investigated whether BDNF treatment affects their activation [35-37].

Astrogliosis in the molecular and Purkinje cell layer where Bergmann glia reside was
examined using immunohistochemistry of parasagittal cerebellar slices with the antibody
against astroglial marker, glial fibrillary acidic protein (GFAP), which is increased during
their activation (Figure 4A). In accordance with our previous findings, we noted an increase
in the intensity of GFAP staining in the molecular and Purkinje cells layers of the cerebella
of ATXN1[82Q] mice compared to their wild-type littermates (1.557+0.106 fold increase
over wild type levels, one-way ANOVA F(3, 12)=16.27, P=0.002, followed by post-hoc
Sidak’s test, P=0.0002) [38]. This increase in GFAP intensity was significantly reduced
upon BDNF treatment (normalized intensity for aCSF ATXN1/82Q] mice was 1.557+0.106
compared to 1.223+0.085 in BDNF treated mice, one-way ANOVA followed by post-hoc
Sidak’s test P=0.0073; Figure 4B), indicating reduction in Bergmann gliosis with BDNF
treatment.

We obtained similar results at the level of total cerebellar GFAP mRNA. First, expression of
total cerebellar GFAP mRNA was significantly increased in ATXN1/82Q] mice compared to
wild type mice (Figure 4C, normalized to 18S loading control and WT aCSF treated
littermates relative mRNA expression levels in ATXN1[82Q]aCSF was 2.746 + 0.43,
P=0.0035, one way ANOVA F(3,15)=7.48 followed by the post-hoc test). Moreover, we
observed a decrease in total cerebellar GFAP mRNA levels in BDNF-treated ATXN1/82Q]
mice (ATXN1/82Q]BDNF mice 1.604 + 0.43, P=0.007, one way ANOVA followed by the
post-hoc Sidak’s test P = 0.0249). Interestingly, there was a slight decrease in total cerebellar
GFAP mRNA levels in BDNF treated WT mice that was not statistically significant (WT
BDNF mice 0.694 + 0.11, one way ANOVA followed by the post-hoc Sidak’s test
P=0.4601). This result may indicate that the BDNF-associated decrease in Bergmann glia
GFAP is at the transcriptional or mRNA stability level.

Discussion

We report here that post-symptomatic delivery of extrinsic BDNF ameliorates motor deficits
and aspects of cerebellar pathology in the Purkinje cell specific transgenic mouse model of
SCAL1, including shrinkage of the Purkinje cell dendrites and astrogliosis. Based on these
results, we propose BDNF as a potential candidate for post-symptomatic therapeutic
treatments targeting motor deficits and cerebellar degeneration in SCAL.

The ATXN1/82Q] mouse model recapitulates the cerebellar aspects of SCAL, including
ataxia, motor dysfunction, Purkinje cell molecular layer atrophy, and gliosis. To assess the
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efficacy of BDNF treatment over time, we measured motor function using the rotarod at
three key points: before, during, and after end of ICV BDNF application. At 12 weeks of
age, ATXN1/82Q] mice demonstrate reduced motor function as compared to WT littermate
controls. ICV application of BDNF lead to ~ 70% increase in BDNF levels and reduced the
severity of motor dysfunction with two weeks of treatment (16 weeks of age). However, this
beneficial effect was not statistically significant one week after BDNF application had
ceased, suggesting that BDNF may need to be continuously delivered for sustained
beneficial effects. In addition, it is possible that BDNF stability was declining in the
implanted Alzet pumps during the four weeks of treatment.

Accordingly, four weeks of extrinsic BDNF treatment ameliorated key pathological changes
in cerebellar tissue, reducing molecular layer degeneration and lessening SCA1-associated
astrogliosis. While extrinsic BDNF ameliorated shrinking of the PC dendritic arbor, it did
not rescue expression of Purkinje neuron genes associated with disease progression. As
BDNF treatment in early stage SCAL did ameliorate expression of these genes [16], this
may indicate that some pathological changes, such as altered PC gene expression cannot be
ameliorated after the onset of symptoms. This is reminiscent of previous reports that timing
of the treatment is a critical determinant of degree of the therapeutic rescue. For instance, in
the conditional SCAL1 transgenic mice stopping mutant ATXNL1 expression in the early
disease stage (6 weeks of age) was much more beneficial compared to stopping mutant
ATXNL1 expression in the mid stage (12 weeks), while stopping mutant ATXNL1 at the late
stage (32 weeks) had no beneficial effect [28]. Similarly, anti-sense oligonucleotides (ASOs)
targeting Atxn were much more efficient if injected early (5 weeks) than if injected at a
later disease stage (8—9 weeks) [22]. Our results build on this, proposing that after the onset
of motor symptoms, BDNF may be beneficial in maintaining the Purkinje cell dendrites
without altering the expression of genes that belong to the disease-associated Magenta
Module.

BDNF belongs to the family of neurotrophins [37], which are largely responsible for neuron
proliferation, survival, and synaptic plasticity [11,39]. Dysregulation of BDNF levels has
been noted in several neurodegenerative disorders including proteinopathies such as
Alzheimer’s and Parkinson’s diseases [12,40,41] as well as a number of polyglutamine
repeat disorders (HD[10], SCA6[42]). Correction of aberrant BDNF levels in models of
neurodegenerative disease has been shown to ameliorate different aspects of disease
symptomology, from preventing the loss of vulnerable neuron populations to improving
disease-associated cognitive and motor deficits [43-45].

BDNF is expressed in cerebellum from early development [46], and its cognate receptor,
Tyrosine kinase B receptor (TrkB), is highly expressed on Purkinje neurons. Recent work
has shown that BDNF dysregulation in cerebellum may be a common characteristic of
ataxias, including SCA1 [16], SCAG6 [6,42], and Friedreich’s Ataxia [47]. Notably, BDNF
has been identified as one of the top four upstream regulators of gene expression changes in
SCAL1 [33]. Takahashi et al. described reduced BDNF mRNA levels in the cerebellar extract
from patients with SCA6 [42], and BDNF was also decreased in patients with Friedreich’s
Ataxia [47]. In addition, BDNF expression is reduced in several mouse models of cerebellar
degeneration — Lurcher, Purkinje cell degeneration (pcd), and stargazer mice [48,49]. As
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BDNF-TrkB signaling regulates Purkinje cell dendritic branching and synaptic strength
[11,13,15,39,50], reduced BDNF signaling may contribute to cerebellar Purkinje cell
pathology described in SCA1 and these other ataxias, including shrinkage of the dendritic
arbor [20,23,27]. In support of this theory, we have previously found that treatment with
recombinant BDNF delivered intracerebroventricularly (ICV) early in SCA1- prior to the
onset of motor symptoms- ameliorated both motor deficits and dendritic atrophy in a mouse
model of SCAL [16].

We have found a similar relative increase in cerebellar BDNF levels in both WT and SCA1
mice with Alzet pumps ICV (72 and 77% increase compared to aCSF treated mice
respectively). However, since the pumps were set to deliver equivalent BDNF amounts, due
to the lower BDNF in SCAL mice we expected a higher percent of increase. There are
several mutually non-excluding possibilities: due to lower BDNF in the mutant mice there
might be more available BDNF receptors to sequester extrinsic BDNF, neuroinflammation in
the cerebella of mutant mice may reduce the ability of BDNF to be extracted from CSF as
well as stability of BDNF in the extracellular space, and BDNF may be less efficient in
upregulating its production in neurodegenerative cerebella [51].

Our results suggest that BDNF treatment even after the onset of symptoms can improve
motor function in transgenic ATXN1/82Q] mice. In this mouse model, ATXNL1 is expressed
only in Purkinje cells, which recreates many of the cerebellar aspects of the disease.
However, in patients with SCAL, ATXNL1 is expressed throughout the brain. Knock-in SCA1
mice, Atxn1254Q2Q \which express mutant ATXN1 globally exhibit additional SCA1
features not present in transgenic A7TXN1/82Q] mice, such as premature lethality, reduced
adult hippocampal neurogenesis, cognitive deficits, and kyphosis [52,53]. Interestingly,
BDNF treatment in neurodegenerative proteinopathies like Alzheimer’s and Parkinson’s
diseases improves cognitive function through improving adult hippocampal neurogenesis
[54,55]. In addition, we have also found that BDNF treatment improves motor performance
of wild-type mice, but did not alter PC morphology or expression of PC genes. This may
indicate that extrinsic BDNF has a beneficial effect in healthy aging brains, but it is unclear
whether this effect is due to the changes in cerebellar function or outside of the cerebellum.
Indeed, using BDNF ELISA of cerebrum we have found that ICV application, in addition to
increasing BDNF levels in cerebellum (Figure 1D), also causes a significant increase in a
brain BDNF level in BDNF treated mice (Supplemental Figure 2). Given this, it would be of
interest to assess the effect of BDNF treatment on a range of SCAL phenotypes that may be
caused by non-cerebellar pathologies using the Atxn1254Q/2Q knock in mouse model that
expresses mutant ATXN1 throughout the brain.

Summary

To date, there is no cure for SCAL. However, administration of exogenous BDNF seems to
improve key behavioral and pathological phenotypes associated with cerebellar aspects of
SCAL. To continue to unearth how this treatment strategy could be extended to patients, the
next step would be to assess how BDNF administration affects broader aspects of SCA1,
including cognitive deficits and premature lethality. In addition, this treatment strategy could
be considered for combination therapy with drugs currently under review targeting ATXN1
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expression, allowing for a two-pronged approach for improving neuron health and delaying
onset of disease symptoms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Delivery of BDNF after onset of motor symptomsin SCA1 mice.
A. Schematic of intracerebroventricular BDNF treatment and evaluation. In brief,

ATXN1[82Q] mice and their WT littermates were treated with either ICV BDNF or aCSF
starting at 14 weeks of age. Rotorod testing to assess relative motor function was done at 12
weeks (pre-treatment), 16 weeks (mid-treatment), and 19 weeks (post-treatment). Following
the final rotarod test, cerebellar tissue was dissected and processed for analysis. B. Rotorod
at 12 weeks of age (WT, N=24, ATXN1/82Q], N=28). C. Rotarod performance of
ATXNI1[82Q] mice randomly assigned into two groups (ATXN1/82Q] mice chosen for
future aCSF delivery, N=13, or future BDNF delivery, N=15). * two-tailed, unpaired t-test
P<0.05. D.BDNF enzyme-linked immunosorbent assay (ELISA) of the cerebella of
experimental mice (WT aCSF (N=12), WT BDNF (N=8), ATXN1/82Q]aCSF (N=10), and
ATXNI1[82Q]BDNF (N=14) . *P< 0.05 one way ANOVA with posthoc Sidak’s test. Each
data point represent individual mouse, bars show the average with error bars = SEM.
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Figure 2. Post-symptomatic BDNF delivery ameliorates motor deficits.
A. Rotarod performance of mice at 16 weeks, two weeks after the start of treatment (WT

aCSF (N=15), WT BDNF (N=10), ATXN1/82Q]aCSF (N=12), and ATXN1/82Q]BDNF
(N=16). B. Rotorod performance of mice at 19 weeks, one week after the cessation of
treatment (ATXN1/82Q]aCSF, N=11, ATXN1/82Q] BDNF, N=15). Each data point
represent individual mouse, bars show the average with error bars = SEM. * P<0.05, one-
way ANOVA with post hoc Sidak’s test.
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Figurﬁ 3. Delivery of BDNF latein disease improves SCA1 cerebellar Purkinje neuron dendritic
atro .

A. Rpegresentative images of cerebella stained for Calbindin. B. Width of the molecular layer
quantification. N=5 in each group. C. Relative expression of two representative Magenta
Module genes associated with SCAL pathology in the cerebellum- Calbindin 1 (Calb1) and
Inpp5a, MRNA in total cerebellar extracts, measured with RTqPCR (normalized to 185 RNA
using WT aCSF as reference). N=5 per group. Each data point represent individual mouse,
bars show the average with error bars = SEM. * P<0.05, one-way ANOVA followed by post
hoc Sidak’s test.
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Figure 4. Astrogliosisisreduced with BDNF treatment
A. Representative images of GFAP staining in the cerebellar molecular and Purkinje cell

layers. B. Quantification of GFAP intensity in Bergmann glia. N=5 per group. C. Relative
expression of GFAP mRNA in total cerebellar extracts, measured with RTgPCR (hormalized
to 18S RNA using WT aCSF as reference) N=5 per group. Each data point represent
individual mouse, bars show the average with error bars = SEM. * P<0.05, one-way ANOVA

followed by Sidak’s post hoc test.
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