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Abstract

Spinocerebellar ataxia type 1 (SCA1) is a fatal neurodegenerative disease caused by abnormal expansion of glutamine (Q)
encoding CAG repeats in the gene Ataxin-1 (ATXN1). Although motor and balance deficits are the core symptoms of SCA1,
cognitive decline is also commonly observed in patients. While mutant ATXN1 is expressed throughout the brain,
pathological findings reveal severe atrophy of cerebellar cortex in SCA1 patients. The cerebellum has recently been
implicated in diverse cognitive functions, yet to what extent cerebellar neurodegeneration contributes to cognitive
alterations in SCA1 remains poorly understood. Much of our understanding of the mechanisms underlying pathogenesis of
motor symptoms in SCA1 comes from mouse models. Reasoning that mouse models could similarly offer important
insights into the mechanisms of cognitive alterations in SCA1, we tested cognition in several mouse lines using Barnes
maze and fear conditioning. We confirmed cognitive deficits in Atxn1254@2Q knock-in mice with brain-wide expression of
mutant ATXN1 and in ATXN1 null mice. We found that shorter polyQ length and haploinsufficiency of ATXN1 do not cause
significant cognitive deficits. Finally, ATXN1[82Q ] transgenic mice—with cerebellum limited expression of mutant
ATXN1—demonstrated milder impairment in most aspects of cognition compared to Atxn11542Q mice, supporting the
concept that cognitive deficits in SCA1 arise from a combination of cerebellar and extra-cerebellar dysfunctions.

Introduction

Spinocerebellar ataxia type 1 (SCA1) is a late-onset, progressive
and fatal neurodegenerative disease caused by an abnormal
CAG repeat expansion in the coding region of Ataxin-1 (ATXN1)
gene (1,2). As CAG encodes for glutamine (Q), SCA1 belongs to
the group of polyglutamine (polyQ) diseases, which also include

Huntington’s disease, spinobulbar muscular atrophy, SCA2, 3, 6,
7,17 and dentatorubral-pallidolysian atrophy (DRPLA) (3,4). CAG
repeat length is correlated with disease severity in SCA1, with
longer CAG repeats causing earlier age of onset, faster progres-
sion and more severe symptoms (5,6). In SCA1, first clinical signs
of impaired balance and motor coordination most commonly
develop in the fourth decade. The progressive motor disability
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in SCA1 patients can be so prominent as to overshadow other
aspects of the clinical presentation. However, studies that exam-
ined non-motor symptoms report that some of SCA1 patients
also experience cognitive deficits (7-14). Moreover, in juvenile
onset SCA1 patients (60 or more CAG repeats), cognitive deficits
are among the first manifestations of disease and can start
as early as 4 years of age and remain an important symptom
throughout the disease (15). While motor deficits in SCA1 are
thought to be caused by dysfunction and loss of Purkinje neurons
in the cerebellum, a brain region known for its importance in
the control of movement (16,17), etiology of cognitive deficits
remains less understood. Examining the underlying causes of
cognitive deficits is necessary to increase our understanding of
SCA1 pathogenesis and bring us closer to the future therapies
that will treat all aspects of SCA1.

Mouse models have been a crucial tool for understanding the
mechanisms of SCA1 pathogenesis. For example, Atxn1 knockout
(Atxn1~/~) mice show little to no motor deficits, indicating that
mutant ATXN1 causes ataxia by toxic gain of function rather
than loss of function (18). In addition, ATXN1[82Q] transgenic
mice (19) (in which expression of mutant ATXN1 is limited
to cerebellar Purkinje neurons) develop motor deficits with a
similar onset and severity to those of Atxn1'**%?2 knock-in mice
(20) (in which mutant ATXN1 is expressed throughout the brain),
suggesting that mutant ATXN1 expression in the cerebellum
contributes to the motor impairments in SCA1. These compre-
hensive mouse studies contributed to our understanding that
cerebellar dysfunction and gain of mutant ATXN1 function play
critical role in SCA1 motor impairments.

On the other hand, cognitive studies in SCA1 mouse models
have been less comprehensive. While Atxn1'54¥?2 knock-in mice
and Atxnl null mice demonstrated cognitive deficits on Morris
Water Maze (MWM), systematic analysis of cognitive perfor-
mance (e.g. using the same tests on the same genetic background
at the same age) is lacking (18,20).

Recent studies provided functional, anatomical and clinical
evidence that cerebellum contributes to a host of non-motor
functions (21-24), including cognition in many species including
mice (25-28). In addition, human and mouse genetic studies
implicated ATXN1 (29-31) and the length of its polyQ region
(32) in cognitive functions (33,34). We thereby reasoned that sys-
tematic examination of cognitive performance in mouse models
could offer important insights into the mechanisms of cog-
nitive alterations in SCA1, as it has already done for motor
impairment. To address the possible role of polyQ length, loss
of ATXN1 function and cerebellar dysfunction, and to confirm
previous studies, we performed cognitive testing on the same
genetic background and at the same age employing two knock-
in mouse models of SCA1, Atxn11%4¥2Q and Atxn178¥2Q with dif-
ferent polyQ length, Atxnl null and heterozygous mice, and
cerebellum-specific transgenic ATXN1[82Q] line.

We demonstrate that cognitive decline in SCA1 knock-in
mice correlates with the polyQ length in a similar manner
that is seen for motor and balance deficits in SCA1 patients
and in SCA1 mouse models. Importantly, we have found poor
performance on cognitive tests in ATXN1[82Q] mice with
Purkinje neuron-restricted expression of mutant ATXN1. While
ATXN1[82Q] mice were very impaired in developing/adopting
optimal goal-reaching strategy in Barnes maze, in most other
aspects of cognition, they were less impaired than Atxn1!%4¥/2Q
mice. Together with evidence from other studies suggesting that
cerebellum contributes to cognition, these results may suggest
that cognitive deficits in SCA1 arise from a combination of
cerebellar and extra-cerebellar changes. In our two independent

cohorts, male ATXN1[82Q] mice showed worse cognitive and
motor performance. These results may indicate that male
cerebellum is more vulnerable in disease—as suggested by
studies in other cerebellar mutants (35,36). However, as we have
seen this possible effect of sex only in the cerebellum-specific
transgenic mice, it is important to note that these findings could
be an idiosyncrasy of this specific transgenic line.

In contrast to motor deficits, we find that cognitive deficits
could be caused by a complete loss of ATXN1 function in
homozygous (but not heterozygous) Atxnl knockout mice. This
result confirms previous studies indicating that ATXN1 may
play a role in regulating cognition (18,37) and suggests that loss
of normal ATXN1 function may contribute to cognitive deficits
in SCA1 patients. As partial loss of ATXN1 in Atxn1 heterozygous
(Atxn1%/~) mice was not sufficient to cause cognitive decline, our
results may indicate safety of SCA1 gene-reduction therapies (38)
with regard to cognitive performance.

Finally, we used CRC-SCA natural history study to examine
whether human patients show gender differences in ataxia
severity (measured by Scale for Assessment and Rating of Ataxia
(SARA) score) and self-reported cognitive deficits. In contrast
with the mouse results, our analysis indicated that female SCA1
and SCA3 patients demonstrate more severe ataxia and cogni-
tive decline, respectively.

Results

Ataxin-1 knock-in mice show cognitive alterations that
correlate with polyglutamine repeat length

We first examined cognitive and mood performance of two
SCA1 knock-in mouse lines: Atxn1%%2Q and Atxn173¥?2 mice
that express mutant mouse Atxnl with 154 and 78 CAG repeats,
respectively. Because in these mice, Atxn1 is expressed under the
control of its endogenous promoter, they maintain the physio-
logical spatio-temporal expression pattern and levels of mutant
ATXN1. Atxn178¥%?Q mice show significant rotarod deficits only
at 9 months of age and no visible ataxia up to 18 months of
age (39). For this reason, Atxn1*4¥2Q mice were created with a
longer polyglutamine repeat expansion (20). Atxn1'%¥?2 mice
demonstrate most features of SCA1, including motor deficits
(as measured by rotarod performance) at 12 weeks (40) and
premature death starting around 32 weeks (38). These mice also
perform worse on the hidden platform version of the MWM,
indicating impaired cognition (20).

We tested cognition in both Atxn1%5*¥2Q and Atxn178¥?Q mice
in parallel to determine if repeat length affects cognition as
it does motor ability. To minimize potential complications due
to motor deficits, we tested mice at 8 weeks, prior to the age
at which Atxn1'**¥22 mice demonstrate detectable ataxia on
rotarod in our hands (12 weeks) (40). In addition, we chose the
Barnes maze over the MWM as a test of spatial learning and
memory as it requires walking and not swimming, making it
less demanding on mice, which may be experiencing subtle
coordination and movement deficits.

In Barnes maze, mice were subjected to four training trials
a day for four days to learn the location of the escape box,
followed by a probe trial on the fifth day where the escape box
was removed to test their recall. We did not find significant
difference in walking speed on Barnes maze between 8-week-
old Atxn1*>*¥2Q mice and their wild-type (WT) littermates (probe
day WT average 0.062 m/s, Atxn1'**¥22 average 0.052 m/s, t-
test P=0.06203, Supplementary Fig. 1), indicating absence of
gross motor impairments at this age that could confound the



interpretation of cognitive tests. Both WT and Atxn1'*¥2Q mice
seem to learn the task; i.e. they improved during training, as
evidenced by decreased path length over the four training
days (Fig. 1A, significant effect of day by two-way-repeated-
measures(RM) ANOVA, Fpgg=22.37, P<0.0001). However,
Atxn1'>*%2Q mice performed poorly on the probe trial compared
to WT-control littermate mice (Fig. 1B, average time in goal
zone WT 38.82 sec, N=17, Atxn1!%*¥2Q mice 26.19 sec, N=13,
P=0.0017, two-way ANOVA with Bonferroni’s post hoc test).
Mice can find the escape hole using distinct search strategies
that reflect different levels of learning. We employed the Barnes
maze unbiased strategy (BUNS) classification (41) to determine
whether WT and knock-in mice used similar search strate-
gies. BUNS describes six categories of search strategies, which
are assigned a decreasing cognitive score: (1) Direct, in which
the mouse takes the most efficient path directly to the goal
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(cognitive score=1); (2) corrected, in which the mouse first
goes toward one of the holes adjacent to the goal and makes
a correction to reach the goal (cognitive score=0.75); (3) long
correction, in which the mouse first moves toward a hole far
from the goal and then turns around and goes directly to the goal
(cognitive score=0.5); (4) focused search, in which the mouse
scans a larger area near the goal (cognitive score =0.5), (5) serial,
in which the mouse goes around the maze checking each hole
in series (cognitive score=0.25), and (6) random, in which the
mouse takes a long and inefficient path with no obvious pattern
(cognitive score =0) (Fig. 1C).

Analysis of search strategies on the four training days showed
that WT mice adopted more spatial strategies (i.e. direct, cor-
rected, long correction and focused search) with each day, but
that Atxn1%*%2Q2 mijce relied heavily on a serial search strategy
(e.g. on day 4: WT mice used 61.7% spatial strategies, 25% serial
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Figure 1. Atxn1154Q2Q mice exhibit cognitive deficits on Barnes maze. Atxn1154@2Q mice and their WT littermates were tested on the Barnes maze. (A) Average path
length on each of the four training days (two-way ANOVA, data are presented as mean = SD). (B) Time spent in the goal quadrant during the probe trial (two-way
ANOVA, data are presented as mean + SD). (C-D) Barnes maze search strategies (C) and their use (D) in ATXN1[82Q] (right) mice and their WT littermate controls (left).

(E) Cognitive scores over the four training days.
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and 13.3% random, N=17; while Atxn1'>*¥22 mice used 9.8%
spatial strategies, 84.3% serial and 5.9% random, N =13; Fig. 1D).

Similarly, WT mice improved their cognitive scores at a sig-
nificantly faster rate than Atxn1'>¥?Q2 mice (WT: Y =0.1239 x
X +0.005, Atxn11>4¥2Q; Y =0.064 x X +0.029, significantly higher
slope for WT than Atxn1'**¥2Q mice, F(;11¢=5.76, P=0.0179;
Fig. 1E). This suggests a problem with acquiring spatial memo-
ries that Atxn1'>*¥?Q mice compensated for by adopting a serial
search, non-spatial strategy to find escape hole. Both female and
male Atxn1'%4¥2Q mice were significantly impaired.

Walking speed on the Barnes maze did not differ between
Atxn178¥2Q mice and their WT littermates, indicating that as
suggested by previous studies, these mice do not have crude
motor deficits until 9 months (Supplementary Fig. 2A, probe
day WT average 0.084 m/s, Atxn178¥?Q average 0.074 m/s, Stu-
dent’s t-test P=0.2529). Atxn178¥?Q mice were not appreciably
different from WT littermates during the Barnes maze training
period, as measured by path length (Supplementary Fig. 2B,
no significant effect of genotype F; 120 =0.56, P=0.4568, N =23
WT and 15 Atxn178%?Q mice), nor during recall on the probe
trial (Supplementary Fig. 2C, average time in goal zone WT
45.68 sec, N=16; Atxn178¥%?Q 42 44 sec, N=12, one-way ANOVA
with Bonferroni’s post hoc test P > 0.05). Atxn17*¥?Q mice and their
WT littermates both learned to use spatial search strategies at
similar rates (Supplementary Fig. 2D and E, linear regression: WT:
Y=0.0771 x X +0.21, Atxn178¥?2: Y = 0.01008 x X 4 0.12, no signif-
icant difference between slopes of regression lines, F(;,156 = 0.73,
P=0.3937, or between elevations, F(;,156) = 1.207, P=0.2735).

We used contextual fear conditioning as an additional
measure of cognition. Mice received a series of five foot shocks
in one context. Twenty-four h later, mice were placed in
the same context (the conditioned context) and a different
context (the baseline context) to measure recall. During fear
conditioning, Atxn1'>*¥?Q mice acquired freezing responses
similarly to WT mice, with no significant effect of genotype
(Fig. 2A, F(1.190) = 3.56, P=0.0617, N=16 WT and 13 Atxn115%/2
mice) or genotype x shock number interaction (F,120 = 1.36,
P =0.2530) by two-way ANOVA). However, when their recall was
tested 24 h later, Atxn1'>*¥?Q mice did not freeze any more in
the conditioned context than in the baseline context (baseline
context average freezing: WT 13.87%, Atxnl1'>¥2Q 13.82%
freezing, P>0.9999; conditioned context average freezing: WT
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33%, Atxn114¥2Q 13.45% g, P =0.0005, two-way ANOVA followed
by Sidak’s multiple comparisons test, effect of genotype F(1,
24)=6.058, P=0.0214, N=15 WT and 11 Atxn1!*¥2Q mice,
Fig. 2B). These results indicate that while Atxn1'**¥?Q mice
are capable of acquiring fear responses, they demonstrate a
profound memory deficit 24 h later.

Atxn178%2Q mice also acquired freezing responses similarly
to WT littermates (no effect of genotype by two-way ANOVA;
F32=0.63, P=0.4342, N=15 WT and N=17 Atxn17*¥?2 mice,
Supplementary Fig. 3A). When tested for recall 24 h later,
Atxn17892Q mice froze at WT levels in both the baseline and
conditioned context (Supplementary Fig. 3B, baseline context:
WT average 18.74% freezing, Atxn178¥2Q average 21.93% freezing;
conditioned context: WT average 67.15% freezing, Atxn178¥2Q
average 60.09% freezing, one-way ANOVA with Bonferroni’s post
hoc test comparing WT and Atxn178%2, P > 0.05).

These results indicate that Atxn'>*¥?2 mice have cognitive
impairment while Atxn178¥?Q mice do not. This suggests that
cognitive deficits, like motor deficits, are affected by CAG repeat
length in Atxnl knock-in mice and can only be observed with
longer CAG repeats.

ATXN1[82Q] mice, with Purkinje neuron-restricted
expression of mutant ATXN1, perform poorly on
cognitive tests

Both SCA1 patients and SCA1 mouse models demonstrate pro-
nounced cerebellar neurodegeneration with significant loss of
Purkinje neurons in the cerebellar cortex (20,42). Because the
cerebellum has a well-accepted role in controlling movement,
it is thought that cerebellar pathology underlies motor deficits
in SCA1 patients. This was further supported by an ataxic phe-
notype seen in ATXN1[82Q] mice, a transgenic mouse model of
SCA1 in which expression of mutant ATXN1[82Q] is limited to
cerebellar Purkinje neurons under the control of the Purkinje cell
protein 2 (Pcp2) promoter. As increasing evidence supports a role
for the cerebellum in cognition and mood (43-45), we examined
whether cerebellar dysfunction is sufficient to cause cognitive
and mood deficits in ATXN1[82Q ] mice.

We observed no difference in walking speed on the
Barnes maze between 8-week-old ATXN1[82Q] mice and WT
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Figure 2. Fear conditioning in SCA1 knock-in mice. (A) Acquisition of freezing responses during context fear conditioning in WT and Atxn1154%2Q mice, reported as
percent freezing during the 60 s interval after each shock (two-way ANOVA, data are presented as mean =+ SD). (B) Twenty-four-h recall in a baseline context and the
conditioned context for WT and Atxn11542Q mice (two-way ANOVA, data are presented as mean + SD).
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Figure 3. Cerebellum-specific ATXN1[82Q] transgenic mice have impaired learning and recall on Barnes maze with male mice being more affected. ATXN1[82] mice
and their WT littermates were tested on the Barnes maze. (A) Average path length on each of the four training days (two-way ANOVA, data are presented as mean + SD).
(B) Time spent in the goal quadrant during the probe trial (two-way ANOVA, data are presented as mean =+ SD). (C) Barnes maze search strategies in ATXN1[82Q] mice
(right) and their WT littermate controls (left). (D) Cognitive scores over the four training days. (E) Time spent in the goal quadrant during the probe trial in male mice

(data are presented as mean + SD, Student’s t-test).

littermate controls (Supplementary Fig. 4A, WT=0.099 m/s,
ATXN1[82Q]=0.097 m/s,N =14 and N = 15 respectively, P =0.6272,
Student’s t-test), confirming that in our hands, ATXN1[82Q ] mice
do not show evidence of simple motor impairments at this age.

ATXN1[82Q] mice were impaired in learning over the four
training days (measured as a decrease in path length) compared
to WT littermates (significant effect of genotype [F; 24 =5.81
P =0.0225] two-way ANOVA, N =14 WT and 15 ATXN1[82Q] mice,
Fig. 3A).

We analyzed search strategies to better understand this
learning impairment. While WT mice adopted spatial strategies,
ATXN1[82Q] mice still predominantly used random and serial
search strategies to find the escape hole even on day 4 of
training (Fig. 3C, day 4: WT mice used 63.3% spatial, 21.7% serial

and 15% random strategies; while ATXN1[82Q] mice used 25.4%
spatial, 33.3% serial and 41.2% random strategies). This indicates
impaired spatial learning and/or inability to develop and switch
to the use of more efficient strategies. This is also evidenced by a
significantly lower slope on the regression line of their cognitive
score over time (Fig. 3D, WT: Y =0.087 x X+ 0.1333, ATXN1 [82Q]:
Y =0.0279 x X + 0.1456, F(1,120) = 13.587, P < 0.0001).

On the probe trial, ATXN1 [82Q] mice as a whole were not
significantly different from WT controls (WT average 46.99 sec,
N =14; ATXN1 [82Q] average 41.79 sec, N=15, two-way ANOVA
effect of genotype F (1,100)=0.01, P=0.9125, Fig. 3B). This may
indicate that they are more impaired in developing efficient
strategies to reach the escape hole, as opposed to remembering
its location. We also noticed that the male ATXN1[82Q] mice
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Figure 4. ATXN1[82Q] mice acquire freezing response but have deficient recall 24 h later. (A) Acquisition of freezing responses during context fear conditioning in WT
and ATXN1[82Q] mice, reported as percent freezing during the 60 s interval after each shock (two-way ANOVA, data are presented as mean + SD). (B) Freezing during
24 h recall in a baseline context and the conditioned context for WT and ATXN1[82Q] mice (two-way ANOVA, data are presented as mean =+ SD).

performed significantly worse on the probe trial compared to
their WT male littermates (Fig. 3E, WT average 47.96 s, N=9;
ATXN1[82Q] average 37.92 s, N=7, Student’s t-test P=0.0253),
while female ATXN1[82Q] mice were not distinguishable from
female WT littermate controls (Supplementary Fig. 4B, WT aver-
age 41.51 s, N=5; ATXN1[82Q] average 45.94 s, N=38, Student’s
t-test P=0.3991).

These results indicate that both cerebellum-specific trans-
genic ATXN1[82Q] mice and global knock-in Atxn1'%4¥2Q mice
perform poorly on the Barnes Maze test. However, in contrast to
Atxn1*¥2Q mice that were able to develop and switch to serial
strategy (84.3% on day 4) over random search (5.9%), ATXN1[82Q ]
mice maintained a mix of random (41.2%) and serial search
(33.3%), indicating that they might be more impaired in devel-
opment and switching to more efficient strategies.

We used fear conditioning to examine associative learning
in the cerebellum-specific SCA1 mice. ATXN1[82Q] mice
acquired freezing responses to a slightly lower extent than
WT controls (after the last shock WT mice showed 72.4%
freezing versus 61.98% freezing in ATXN1[82Q] mice, N=10
WT and 14 ATXN1[82Q] mice, significant effect of genotype:
F (1,110)=4.72, P=0.0319, Fig. 4A). In the recall test 24 h later,
ATXN1[82Q] mice froze less than their WT littermates; this
effect was statistically significant in the conditioned context,
but not in the control baseline context (Fig. 4B, conditioned
context: WT average 72.22% freezing, ATXN1[82Q] average
45.64% freezing, P < 0.001; baseline context: WT average 34.11%
freezing, ATXN1[82Q] average 22.0% freezing, P > 0.05, two-way
ANOVA with Bonferroni’s post hoc testing). As in the Barnes maze,
this effect was largely driven by the male mice, while females
were not statistically different from female controls (male mice:
WT 70.71% versus ATXN1[82Q] 44.3%, P=0.01, female mice: WT
57.3% versus ATXN1[82Q] 48%, P =0.0637).

Loss of ATXN1 impairs cognition in mice

Loss of ATXN1 has been implicated in cognitive alterations
in humans (29). Previous studies showed that polyglutamine
expansion causes both gain and loss of ATXN1 function (46,47).
Thus, we examined whether complete or partial loss of ATXN1
function affects performance on cognitive tests in homozygous

and heterozygous Atxnl knockout mice. Atxnl~/~ mice have
a global deletion of exon 8 of mouse Atxnl that contains
the majority of the coding region (amino acids 1-616) (18).
These mice were originally created on a 129/SvEv background
and demonstrated cognitive deficits on MWM and in fear
conditioning tests, but had very mild motor deficits (18). Since
genetic background is known to influence mouse behavior and
other lines that we examined were on C57B6/] background, we
examined Atxn1 null mice that were backcrossed onto a C57B6/J
background.

Consistent with the previous findings, we found no dif-
ference in walking speed between WT and Atxnl™~ mice
on the Barnes maze at 8 weeks of age. We were, however,
surprised to find a significant decrease in the walking speed
in heterozygous Atxnl*/~ mice (Supplementary Fig. S5A, one-
way ANOVA, WT mice average 0.118 m/s, N = 15, Atxn1*/~ mice
average 0.0875 m/s, N=22, Atxnl~/~ mice average 0.126 m/s,
N =11, Bonferroni’s post hoc testing comparing Atxn1+/~%© WT
mice P <0.05 and Atxn1™~ to WT mice P> 0.05). Despite this,
mice in each group improved their performance (as measured by
path length) over the four training days (Fig. 5A) and we detected
no significant effect of genotype on path length.

On the probe trial, we detected a significant effect of
genotype on time spent in the goal zone by one-way ANOVA
(F2, 45 =11.35,P=0.0001) where Atxnl~/~ mice—but not Atxn1 ™/~
mice—performed significantly worse than their WT controls
(average time in goal quadrant: WT 43.82 s, Atxnl?/~ 47.75 s,
Atxnl~/~ 28.55 s, P> 0.05 for WT versus Atxn1*/~ and P <0.0001
for WT versus Atxnl~~, Bonferroni multiple comparisons test,
Fig. 5B).

We next examined how loss of ATXN1 expression affects
development of more efficient strategies. Although Atxn1*/~
mice were indistinguishable from WT mice on the probe
trial, they used more serial searches, a non-spatial strategy
during training; this effect was further exacerbated in null
mice (Fig.5C, serial search strategies use: WT mice 18.33%,
Atxn1*/~ mice 36.14%, Atxn1~/~ mice 65.9%). Thus, similar to
Atxn1*¥2Q mice, Atxn1t/~ and Atxnl~/~, mice compensated
for decreased spatial learning by adopting a serial search
strategy. This was also reflected in their cognitive scores (WT:
Y =0.091 x X+0.098, Atxnl*/~: Y=0.098 x X+0.02, Atxnl~/~:
Y =0.08 x X+0.05, Supplementary Fig. 5B). These results suggest
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Figure 5. Barnes maze performance is impaired in homozygous (Atxn1 —/~) but not in heterozygous (Atxn1 1/~ ), Atxn1 knockout mice. WT, Atxn11/~ and Atxn1—/—
mice were tested on the Barnes maze. (A) Average path length on each of the four training days (two-way ANOVA, data are presented as mean =+ SD). (B) Time spent in
the goal quadrant during the probe trial (two-way ANOVA, data are presented as mean =+ SD). (C) Use of Barnes maze search strategies.

that while Atxn1*/~ mice may have mild motor and learning
deficits, full loss of ATXN1 is required for impaired performance
on the Barnes maze.

During contextual fear conditioning, all three groups were
able to acquire freezing responses (Fig. 6A, significant effect
of shock number by two-way ANOVA, F 177 =95.85, P <0.0001,
N=15 WT, 21 Atxn1*/~ and 10 Atxnl~/~ mice). Atxn1~/~ mice
showed a trend toward freezing less during the last part of
acquisition compared to WT littermate controls (67.7% freezing
in WT mice versus 49.6% in Atxnl~/~ mice after the fifth shock)
that did not reach statistical significance (one-way ANOVA with
Bonferroni, P > 0.05). When tested for recall 24 h later (Fig. 6B),
Atxn1~/~ mice, but not Atxn1*/~ mice, froze significantly less
than WT in the conditioned context (WT average 47.68%,
Atxn1*/~ average 46.14% freezing, Atxnl~/~ average 19.83%,
two-way ANOVA, significant effect of genotype F;43 =6.06,
P=0.0002,N=15WT, 21 Atxn1*/~ and 10 Atxn1~/~ mice). Neither
Atxn1~/~ mice nor Atxnl?/~ mice differed from WT littermate
controls in the baseline context (WT average 15.98% freezing,
Atxn1t/~ average 18.12% freezing, Atxnl™/~ average 4.9%
P=0.9758, Sidak’s multiple comparisons test). We did not detect
any difference between male and female mice in these tests.

Together, these results indicate that Atxn1~/~ mice have pro-
found cognitive deficits. In contrast, while Atxn1*/~ mice may
have slightly slower learning, they were indistinguishable from
WT littermate controls on recall tests.

Male ATXN1[82Q ] mice demonstrate poorer motor
coordination than female mice

In our cohort of ATXN1[82Q] transgenic mice, males showed
greater cognitive deficits than females. To examine whether
there is a sex effect on the ataxia phenotype in this mouse model

of SCA1, we analyzed rotarod performance of a separate cohort
of ATXN1[82Q] mice at 12 and 20 weeks.

At 12 weeks, female ATXN1[82Q] mice were not statistically
different than male ATXN1[82Q] mice (Fig. 7A, average latency
to fall: male WT mice 201.5+14.8 s, N =12, male ATXN1[82Q]
mice,151.9+17.8s,N =12, female WT mice, 256.3+29.6s,N =14,
female ATXN1[82Q] mice 130.9+19.9 s, N =12,). However, at
20 weeks of age, male ATXN1[82Q ] mice performed worse on the
rotarod than females, while performance of WT male and female
mice was not significantly different (Fig. 7B, average latency:
male WT mice 311.5+37.5 s, N =11, male ATXN1[82Q] mice,
118.3+10.5s,N =7, female WT mice 335.54+29.6s,N =12, female
ATXN1[82Q] mice 174.2+16.2 s, N =10).

Thus, our results indicate that male ATXN1[82Q] mice are
more impaired than females, both in cognition and motor coor-
dination.

Sex effects on disease symptoms in SCA patients

Sex effects have been observed in other adult onset neurological
disorders, such as Parkinson’s disease (48, 49) and multiple scle-
rosis (50, 51), but have not been extensively explored in SCAs. To
examine the effects of sex on clinical phenotype of SCA patients,
we studied the CRC-SCA natural history dataset, focusing on the
symptoms of ataxia and cognitive impairment. We separately
analyzed SCA1, 2, 3 and 6 as four independent cohorts.

We did not observe any differences between men and women
in terms of baseline age, disease duration, CAG repeat number or
SARA scores. We found that women with SCA3 are more likely to
have cognitive impairment than men with SCA3 (Supplemental
Table 1).

We performed logistic regression models to study the effects
of sex in cognition in SCA patients. While we did not observe
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any sex effects in SCA1, 2 and 6 patients, sex played a role
in cognition in SCA3 patients, after adjusting for age, disease
duration and CAG repeat numbers, with women being more
likely to develop cognitive impairment (Supplemental Table 2).

In contrast, we found that sex affects ataxia severity in SCA1
after adjusting for age, disease duration and CAG repeats. On
average, women with SCA1 had SARA scores 3.32 points higher
than men with SCA1 (Table 1)—this difference is equivalent to
2 years of SCA1 disease progression from the natural history
study (52).

Discussion

We used Barnes maze and contextual fear conditioning to
systematically investigate cognition in several existing mouse
lines on a C57/Bl6 background starting at 8 weeks of age. SCA1
mice do not exhibit motor deficits at this age in our hands
(40,53), and we chose Barnes maze (BM) to minimize the effects
of the stress on the mouse performance (no food deprivation
nor swimming) (54) and contextual fear conditioning as it is
passive learning that can be used in mice with motor deficit.

In addition, we used the automated BUNS (41) classification
algorithm to analyze learning strategies in the Barnes maze,
as recent studies indicated that cerebellar Purkinje cells
contribute to choosing the optimal trajectory toward a goal
during navigation (26,55).

We report here that male transgenic ATXN1[82Q] mice with
Purkinje neuron restricted expression of mutant ATXN1 and
Atxn1'5492Q SCA1 knock-in mice, which express mutant ATXN1
ubiquitously, perform poorly on Barnes maze and fear condi-
tioning. It is important to note that Atxn1'%%?Q mice were more
impaired than ATXN1[82Q ] mice on most measures (i.e. less time
in the goal zone in Barnes maze and less % freezing in fear con-
ditioning), suggesting that both cerebellar and extra-cerebellar
dysfunctions contribute to cognitive decline in SCA1. This con-
cept is supported by postmortem pathological analyses describ-
ing pathology in other brain regions in SCA1 patients (42,56,57).
A prime extra-cerebellar suspect is the hippocampus, which is
crucial to both spatial and context-dependent memory. Indeed,
we and others have demonstrated that mutant ATXN1 impairs
hippocampal neurogenesis and electrophysiological functions
(20,58,59).



Human Molecular Genetics, 2020, Vol. 29, No. 1 | 125
Table 1. Studying factors that might influence ataxia severity
Variables Regression coefficients of baseline SARA?

SCA1 SCA2 SCA3 SCA6

B p-value B p-value B p-value B p-value
Age (years) 0.47 0.000 0.28 0.005 0.41 0.000 0.19 0.037
Gender? 3.32 0.048 —1.08 0.437 —0.80 0.521 —0.64 0.670
Disease 0.45 0.001 0.34 0.001 0.41 0.000 0.30 0.001
duration
(years)
CAG repeat 1.40 0.000 1.59 0.000 1.20 0.000 1.16 0.189
(numbers)

Abbreviations: SCA = Spinocerebellar ataxia; SARA = Scale for Assessment and Rating of Ataxia.

All regression coefficients and p-value were calculated in the linear regression model, adjusting for age of first visit, gender, disease duration and CAG repeat.

Men =0 and women =1.

ATXN1[82Q] mice were incapable of switching from a random
search strategy to a more efficient serial search strategy. This
result may provide further evidence to the suggested role of
the cerebellar Purkinje cells in supporting optimal trajectories
in goal-directed navigation (26,55). This would be consistent
with the executive function deficits seen in patients with cere-
bellar injury (43) and SCAs, including SCA1 (60,61). Previous
studies demonstrated bi-directional functional communication
between the cerebellum and the prefrontal cortex (21,23,62) and
cerebellum and hippocampus (28,62), areas involved in spa-
tial navigation, strategy switching and problem solving (63-66).
Importantly, we could not detect human ATXN1[82Q] mRNA in
cortex nor in hippocampus of ATXN1[82Q] mice (Supplementary
Fig. 6). Thus, we speculate that the cognitive deficits observed
in these mice arise from impairments in cerebellar function
that alters its interactions with other brain areas such as the
prefrontal cortex or hippocampus.

Reduced freezing of transgenic ATXN1[82Q] mice on training
and trend toward reduced freezing in basal context complicates
the interpretation of cognitive deficits in contextual fear condi-
tioning test and may hint at additional behavioral deficits, such
as the expression of fear response. Intriguingly, recent studies
implicated cerebellum as a part of the neural circuit underlying
the expression of freezing and identified cerebellar connections
with the periaqueductal gray (PAG) brain region involved in both
innate and learnt fear response (67-69).

It is important, however, to note that the observed cognitive
deficits in ATXN1[82Q] transgenic mice could also be an
idiosyncrasy of this specific transgenic line (e.g. caused by
overexpression or other genes affected by transgene insertion)
(70). Future studies, using conditional ATXN1 knock-in mice,
either expressing mutant ATXN1 only in the cerebellum or
allowing for deletion of mutant ATXN1 only in the cerebellum,
are needed to unequivocally establish relevance/contribution
of cerebellar dysfunction to cognitive deficits in SCA1. Whole
genome sequence analysis is required to identify the insertion
site as well as the presence of transgene insertion/deletions in
ATXN1[82Q] mice.

Although our cohorts were relatively small, we found worse
cognitive and motor deficits in male ATXN1[82Q] mice in two
independent cohorts. While these results may indicate that
male cerebellum is more vulnerable in SCA1 transgenic mice,
consistent with previous studies showing sex differences in
cerebellar function (35) in WT mice and worse motor deficits
in male mice in other cerebellar mutants (reeler and staggerer
mutations (36,68,71), an autism-linked Gabrb3 mutation (35), and

SCA3 transgenic mice (72)), it is important to note that sex
difference has not been reported previously in any of the SCA1
mice and that we did not observe it in knock-in Atxn1'5¥?Q mice.
Thus, it is possible that it is a peculiar feature of this transgenic
mouse line or that larger numbers of mice are needed to reli-
ably detect changes in the female transgenic mice. Therefore,
future studies will need to replicate these results in a larger
cohort of transgenic mice and in knock-in mice with conditional
cerebellum-selective expression/inactivation of mutant ATXN1.

Recent studies demonstrate that the cerebellum is involved
in non-motor functions (23,44,45,75-79). The most convincing
evidence comes from connection studies (80-82), imaging (44,83),
and the effects that cerebellar dysfunctions/lesions whether
inherited (79) or acquired during childhood (77) or adulthood
(43,84), have on cognition, social behavior and mood. For exam-
ple, the cerebellum is heavily connected to association areas
of cortex with non-motor functions (85,86). Moreover, patients
with lesions affecting the posterior cerebellum (43) may develop
the cerebellar cognitive affective syndrome characterized by
impaired executive function, poor visuospatial cognition, lin-
guistic abnormalities and personality changes such as impulsive
behavior (43,87,88). The cerebellum is activated during a wide
range of cognitive tasks without a heavy motor component
(83,89). Based on these and our own results, we propose that the
cerebellum acts in concert with other brain areas to produce nor-
mal cognition, and that cerebellar degeneration may contribute
to cognitive decline.

It is important to note that in agreement with previous stud-
ies (18,20), we found that both Atxn1'5¥?Q and Atxn1~/~ mice had
severe cognitive deficits. We were able to replicate these conclu-
sions using a different background strain (C57/BL6 as opposed to
FVB or mixed FVB/C57 backgrounds, respectively) and different
cognitive tests (Barnes maze as opposed to MWM), suggesting
that the cognitive deficits are caused by polyQ mutation or loss
of ATXN1 rather than by artifacts related to genetic background
(18,90,91) or behavioral testing methods.

We also investigated less extreme manipulations of ATXN1
with Atxn178¥22 mice (which have a shorter polyQ expansion)
and Atxn1*/~ mice (which have an approximately 50% reduction
in ATXN1). The finding that heterozygous knockout mice do
not have the same severe cognitive deficits as homozygous
knockout mice may also have important implications for SCA1
therapies. Because promising experimental gene therapies for
SCA1 (16,38,92) suppress the expression of normal ATXN1 allele
in addition to the mutant allele, it is crucial to understand the
role of endogenous ataxin-1 to predict and avoid side effects.
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Although mouse studies have suggested that mutant ATXN1
contributes to motor deficits via a toxic gain-of-function mech-
anism in the cerebellum, cognitive changes may be caused by
loss of ATXN1 function, given that Atxn1~/~ mice show severe
cognitive deficits (18). This is supported by studies in human
patients: chromosomal deletions including the ATXN1 region
cause severe cognitive impairments (29). In addition, ATXN1
has been identified as a risk factor for Alzheimer’s disease
(34,93) and schizophrenia, with reduced ATXN1 expression in
the cortex of schizophrenia patients (32,94). Because both the
knockout mouse and human studies investigated global loss of
ATXN1 function, brain regions other than cerebellum could be
contributing to impaired cognition. In addition, the similarity of
learning and memory deficits in Atxn1~/~ and Atxn1**¥22 mice
suggests that cognitive deficits may be caused by a dominant
negative effect of mutant ATXN1 (47). Because loss of ATXN1
function affected cognition in these studies, we investigated het-
erozygous Atxnl knockout mice, which have a 50% decrease in
ataxin-1 levels comparable to that induced by gene suppression
therapy (38). Fortunately, the heterozygous mice had normal
cognition on all of our tests, suggesting that these therapies
would be well tolerated with regard to cognitive performance in
WT mice.

Mutant ATXN1-induced cognitive deficits, like motor deficits,
depended on CAG repeat length; global Atxn17¥?Q knock-in
mice with a shorter polyglutamine expansion were cognitively
normal. This effect of repeat length could be mediated by the
neuropathological or molecular changes in cerebellum or in
other brain regions. Although we cannot reproducibly detect
cerebellar pathology (synaptic loss and atrophy of Purkinje cell
dendrites) in Atxn1%%*¥2Q2 mice at 8 weeks (40), when we observed
cognitive deficits, there are likely more subtle early changes such
as altered gene expression. However, Atxn178¥2Q mice exhibit no
cerebellar degeneration even at 19 months of age (39). Outside of
the cerebellum, Watase et al. demonstrated electrophysiological
changes in the hippocampus of Atxn1'*¥2Q2 mice (albeit at a
much later age of 24 weeks) (20), and we previously described
a decrease in hippocampal neurogenesis in Atxn1'*¥?Q mice
at earlier ages (59). Given the contribution of neurogenesis to
hippocampal function, we decided to test whether there are any
changes in neurogenesis in the Atxn178¥?2 mice. Using BrdU as a
way to identify actively dividing cells, we found that there is a no
significant decrease in the number of BrdU-positive cells in the
dentate gyrus of Atxn178¥%?Q mice (compared to control WT lit-
termates; Supplementary Fig. 7), consistent with the behavioral
results showing no impairment in spatial memory in these mice.

We also investigated cognitive and motor deficits in the
largest SCA natural history dataset in North America. On aver-
age, we have found that 33% of patients self-report cognitive
deficits. Intriguingly, women with SCA1 have more severe ataxia
progression than men, while women with SCA3 have faster
cognitive decline. The worse progression in female SCA patients
was previously observed in the large European natural history
studies (96,97). While increased number of patient and mouse
studies is required for definitive conclusions regarding the pos-
sible role of sex in SCAs patients and in mouse models of SCA
to be made, they caution that sex should be considered when
designing preclinical and clinical studies (73,74,98,99).

Mouse models have been an essential tool in understanding
SCA1 pathogenesis by implicating cerebellar pathology and gain
of ATXN1 function as underlying mechanisms of ataxia. Here,
we demonstrate their usefulness in studying how cerebellar dys-
function and loss of ATXN1 may contribute to cognitive decline
as well.

Materials and Methods
Mice

Atxn1~/~ mice (18) on a C57/Bl6 background were a gift from
Dr Huda Zoghbi. Atxn1%4¥2Q Atxn178¥2Q and ATXN1[82Q] mice
originally on FVB background were gifts from Dr Harry Orr and
were backcrossed onto a C57/Bl16 background. Mice were housed
in a temperature- and humidity-controlled room on a 12 h
light/12 h dark cycle with access to food and water ad libitum.
Mice were tested starting from 8 weeks of age and went through
the same order of testing (Barnes maze followed by fear condi-
tioning). All animal experiments were performed in compliance
with the National Institutes of Health’s Guide for the Care and
Use of Laboratory Animals and approved by the University of
Minnesota Institutional Animal Care and Use Committee.

Cognitive testing

Sample sizes in the behavioral tests were determined using
power analysis and the prior experience with these tests, or
previous reports using similar methodology. Experimenters were
blinded to the genotype during all tests.

Barnes maze. The maze was a white circular platform 91 cm
in diameter with 20 5 cm circular holes spaced evenly around
the edge, raised approximately 92 cm above the floor. One of
the holes led to a 5 cm wide x 11 cm long x 5 cm deep opaque
box (the ‘escape box’) and the other 19 were covered. The testing
room had visual cues on the walls to serve as landmarks, and
all objects in the room were kept in the same places for every
trial. The position of each mouse was tracked using AnyMaze
software. Mice were exposed to the maze for four 3 min trials
per day during four consecutive training days (intertrial interval
of approximately 15 min). Mice, which did not enter the escape
box within 3 min, were gently guided to it. Training day data
are reported as a path length (distance traveled before entering
the escape hole) and analyzed by two-way RM ANOVA. A probe
test was conducted 24 h after the last training session. For the
probe test, the escape hole was covered and each mouse was
allowed to explore the maze freely for 90 s. The time spent in
each quadrant of the maze was recorded, and the amount of time
spent in the goal quadrant (the quadrant centered on the goal
hole) was analyzed by one-way ANOVA.

Search strategies on the training days were automatically
classified and assigned cognitive scores using the BUNS classi-
fication tool as described by Illouz et al. (41). In order to compare
learning rates between groups, cognitive scores for each mouse
on each of the 16 training trials were plotted in GraphPad Prism
7.0. Linear regression was performed for each group and the
slopes and elevations of the lines were compared using Prism’s
analysis function.

In one cohort of mice, WT mice did not demonstrate learning.
As this indicates technical problems, we have excluded that
whole cohort from the analysis.

Contextual fear conditioning. Conditioning took place in cham-
bers with a floor consisting of stainless steel rods through which
shocks were delivered (Med Associates #ENV-008-FPU-M). On day
1, mice were placed in the chambers for a 10 min period during
which they received five foot shocks (0.70 mA, 2 s duration).
Freezing during the 60 s after each shock was quantified auto-
matically using VideoFreeze software (Freezing was defined as
a motion index <15 lasting >500 ms.). Twenty-four h after the
initial conditioning, mice were returned to the same chambers
with the shock generators turned off and freezing behavior was
monitored for 3 min. About, 1-2 h after being placed in the condi-



tioned context, mice were placed in a second context for 3 min to
measure baseline freezing. The baseline context used the same
chambers but differed from the conditioned context in floor
texture (smooth plastic versus metal rods), shape (curved plastic
wall versus square metal wall) and odor (0.5% vanilla extract
versus 33% simple green). Acquisition of freezing responses is
reported as percent freezing in the 60 s period following each of
the five foot shocks, analyzed by two-way RM ANOVA. Twenty-
four h recall is reported as percent freezing in each context over
the 3 min test period, analyzed by two-way-RM ANOVA.

Motor deficits

Motor deficits were assessed using the rotarod test as previ-
ously described in (40). Briefly, mice were placed on a rotarod
apparatus (Ugo Basile), which accelerated from a speed of four
rotations per minute (rpm) to 40 rpm over a 5-min period. We
recorded the latency for each mouse to fall off the rotarod, to a
maximum of 10 min. Mice were subjected to four trials per day
for four consecutive days, with at least 10 min of rest between
each trial. Performance data from day 4 were analyzed using
one-way ANOVA with Bonferroni’s post hoc test. Significance was
assumed at P < 0.05. The experimenter was blinded to genotype
for all tests.

Reverse transcription and quantitative polymerase
chain reaction

Total RNA was isolated from dissected cerebella, hippocampi
and cortexes (three samples each of WT and ATXN1[82Q] mice)
using TRIzol reagent (Life Technologies) following the manu-
facturer’s protocols. Tissue was homogenized using RNase-free
disposable pellet pestles (Fisher Scientific) in a motorized chuck.
RNA was then treated with DNase to remove any contaminating
genomic DNA (TURBO DNA-free™ Kit #AM1907, Thermo Scien-
tific) and reverse transcribed in independent duplicate reactions
using random hexamers and 500 ng RNA in 10 pL iScript (ADV
(172-5038)) reactions. cDNA was diluted 5-fold and 2 pL was
used in a gPCR reaction with Light Cycler 480 Probes Master
kit (Roche 04-707-494-001) on a Roche 480 Lightcycler. The tar-
get gene human Ataxinl (hATXN1) primers (Forward: AGA GAT
AAG CAA CGA CCT GAA GA, Reverse: CCA AAA CTT CAA CGC
TGA CC) and probe FAM (465-510) (Probe #67, Universal Probe
Library, Roche) and reference gene, mouse glyceraldehyde 3-
phosphate dehydrogenase mGAPDH primers and probe Hex/Yel-
low555 (533-580) (05046211001, Universal Probe Library, Roche),
reactions were amplified in separate wells under the following
cycling conditions: 95°C for 10 s, 60°C for 10 s and for 45 cycles. C;
values were determined using the Roche’s second derivative max
calculation. The mRNA levels were determined with the 274A¢t
(Ct=threshold cycle) formula normalized to mGAPDH RNA and
using ATXN1[82Q] mice as a reference.

Statistical analysis for animal models

Statistical tests were performed using GraphPad Prism. Data
was tested for normal distribution using Kolmogorov-Smirnov
and Shapiro-Wilk tests. Parametric tests were performed if
normal distribution of the data was established, otherwise
non-parametric tests were chosen. Data was analyzed using
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two-way ANOVA, one-way ANOVA followed by either Tukey’s
HSD or Bonferroni’s post hoc test, or Student’s t-test.

Clinical features and analysis in SCA patients

We used the National Institutes of Health-funded CRC-SCA
natural history dataset (52) for this study. We focused on the
symptoms of ataxia and cognitive impairment. Ataxia severity
was measured using SARA by ataxia experts (101,102). SARA
scores are continuous variables with a higher score indicating
more severe symptoms. On the other hand, cognitive impair-
ment is a binary variable to encode the presence or absence or
cognitive impairment, which was determined by a composite
examination of patients’ reports, corroborated by information
provided by care-givers and assessment of a neurologist during
face-to-face interview. We separately analyzed SCA1, 2, 3 and
6 as four independent cohorts. Linear regression models were
constructed using ataxia (SARA) or cognitive deficits as outcome
variables, and age, sex and pathological CAG repeat expansions
as independent variables to assess the relationship between
sex and ataxia and/or cognitive decline after adjusting for age
and pathological CAG repeat numbers. We also constructed
logistic regression models using cognitive impairment as the
binary outcome variable and age, genetic sex and pathological
CAG repeat expansions as independent variables. Finally, we
examined how the progression of ataxia could be influenced
by genetic sex by constructing generalized estimating equation
models.

BrdU administration and immunohistochemistry

BrdU (Sigma-Aldrich) was prepared as a 20 mg/mL solution in
sterile saline and injected intraperitoneally into 8-week-old mice
at a dose of 100 mg/kg every 12 h for three doses, and mice were
sacrificed 28 days after the last injection. Brains were perfused
with ice-cold PBS, fixed in 4% paraformaldehyde overnight and
then incubated in 30% sucrose. For immunohistochemistry of
BrdU, 40 pm thick sections were treated with 5 M HCl in 0.1%
Triton X-100 for 15 min to expose BrdU binding sites. After five
washes in PBS, samples were incubated overnight in anti-BrdU
antibody (rat, Bio-Rad #MCA2060) followed by secondary anti-
rat Alexa 488 antibody. Samples were mounted using anti-fade
mounting media with DAPI (Vectashield, Vector) and analyzed
using an Olympus FV1000 confocal microscope. Quantification
of positive BrdU+ dentate gyrus was performed by Image]J, which
was previously described in (58). At least three mice per genotype
were used for the analysis with statistics performed using the
Student’s t-test.

Data availability

All the data and materials will be available upon contacting the
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