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Abstract

Episodic ataxia type 2 (EA2) is a rare autosomal dominant disorder characterized by motor incoordination, paroxysmal
dystonia, vertigo, nystagmus and more recently cognitive deficits. To date over 100 mutations in the CACNA1A gene have
been identified in EA2 patients leading to a loss of P/Q-type channel activity, dysfunction of cerebellar Purkinje cells and
motor incoordination. To determine if the cerebellum is contributing to these cognitive deficits, we examined two different
EA2 mouse models for cognition impairments where CACNA1A was removed specifically from cerebellar Purkinje or granule
cells postnatally. Both mutant mouse models showed anxiolytic behavior to lighted, open areas in the open field and
light/dark place preference tests but enhanced anxiousness in the novel suppressed feeding test. However, EA2 mice
continued to show augmented latencies in the light/dark preference test and when the arena was divided into two dark
zones in the dark/dark preference test. Moreover, increased latencies were also displayed in the novel object recognition
test, indicating that EA2 mice are indecisive and anxious to explore new territories and objects and may have memory
recognition deficits. Exposure to a foreign mouse led to deficiencies in attention and sniffing as well as in social and genital
sniffing. These data suggest that postnatal removal of the P/Q type calcium channel from the cerebellum regulates neuronal
activity involved in anxiety, memory, decision making and social interactions. Our EA2 mice will provide a model to identify
the mechanisms and therapeutic agents underlying cognitive and psychiatric disorders seen in EA2 patients.

Introduction P/Q type calcium channel, Cacnala, have been identified in EA2

Episodic ataxia type 2 (EA2) is an autosomal dominant inherited
disorder, characterized by sporadic episodes of ataxia and dysto-
nia, vertigo and nausea lasting for hours to days. These attacks
can be induced by stress, startle, physical or mental exertion
and chemicals such as caffeine and alcohol (1). EA2 is a rare
disease affecting <1 out of 100000 individuals. To date >100
mutations in the pore-forming «; subunit of the voltage-gated

patients which causes a decrease to complete loss of P/Q type
calcium channel activity and ultimately cerebellar degeneration
and motor incoordination (2,3). The voltage-gated P/Q calcium
channel is highly expressed in the cerebellum and especially on
cerebellar Purkinje cells (PC), where it plays an important role in
integrating, transmitting and encoding motor and sensory infor-
mation for coordinated movement. Coordinated movement is
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finely tuned by granule cell (GC) excitation of PCs with a counter
balance of feedforward inhibition of cerebellar interneurons (4).
Disruption of this balance of PC simple spike activity leads to
motor incoordination (5). Further sensory inputs from climbing
fibers serve as a prediction error signal to reduce PC inputs to
allow for sustained fine motor learning (6).

Historically, the cerebellum is known to be important for
motor coordination. However, increasing evidence shows that
the cerebellum is also modulating higher cognitive functions
such as problem solving, socialization and refining one’s emo-
tions (7). The neurologist Dr Jeremy Schmahmann was one of the
pioneers showing that lobules VI, Crus I and II, VIIb and X of the
cerebellum are active during cognitive tasks and may be involved
in psychological disorders such as attention deficit, hyperactiv-
ity disorder, autism spectrum, schizophrenia and anxiety and
panic disorder (8-10). He defined the term and paradigms to
diagnose patients with cerebellar cognitive affective syndrome
(CCAS also known as Schmahmann’s syndrome). Patients suffer-
ing from CCAS have lesions confined to their cerebellar posterior
lobes and show cognitive and emotional abnormalities unre-
lated to motor function. Moreover, Argyropoulos and colleagues
showed that the cerebellum contributes to social cognition in
a cohort of patients suffering from a diversity of cerebellar dis-
eases including two EA2 cases. EA2 patients where degeneration
is isolated to the cerebellum also reported cognitive deficiencies
(10). During childhood, EA2 individuals often display develop-
mental delays in speech and intellectual abilities in addition to
severe behavioral deficits such as attention deficit hyperactivity,
poor control of emotions (i.e. aggression), impatience and fol-
lowing rules and instructions (11-14). The majority of adult EA2
patients displayed cognitive dysfunctions in attention, memory
both working, visual and figural, visuoconstructive abilities and
executive functions. Additionally, some EA2 individuals showed
psychiatric symptoms including attention deficit hyperactivity
disorder (ADHD), anxiety and personality disorders, psychosis,
autism, schizophrenia and depression (11,13-15). Case studies
from cerebellar lesion and EA2 patients strengthen the hypothe-
sis that the cerebellum may be involved in the processing of our
emotions and cognitive functions.

Functional connectivity MRI studies in humans show that
the cerebellum projects to higher cerebral areas via the cortico-
ponto-cerebellar and cerebello-thalamo-cortical loops (16,17).
Moreover, past tracing studies in mice and monkeys demon-
strate that the cerebellum is either directly or indirectly con-
nected to key circuitry involved in higher cognitive functions
such as the hippocampus, prefrontal cortex (PFC), periaqueduc-
tal grey area (PAG), ventral tegmental area (VTA), basal ganglia
(BG) and amygdala (18). Recent behavior studies in mice have
strongly implicated the cerebellar involvement in reward (19,20),
social behavior (20) and fear memories (21) via the PAG and VTA.
All together this strengthens the hypothesis that the cerebel-
lum is contributing to cognition by projecting to higher cortical
areas via the thalamus (16). To date there have been no reports
investigating cognitive impairments in cerebellar EA2 mutant
mice.

Using our conditional Cacnala® knockout mouse mod-
els, Cacnala?**(—/~) (postnatal removal from Purkinje cells) and
Cacnala®™(—/=) (postnatal removal from GCs), we investigated
whether EA2 mouse models displayed cognitive dysfunctions
in anxiety, memory and social behavior (22,23). We compared
our EA2 mice, CacnalaP"¥(—/-) and Cacnalad¥ik(—/-) to littermate
controls Cacnala®tne, in a battery of behavioral tests for cogni-
tion and social skills and found that EA2 mice show dysfunction
in anxiety, decision making, memory and social behavior which
cannot be attributed to prenatal effects.

Results

Episodic ataxia type 2 mouse models, Cacnala?ruk(-/-)
and Cacnala®(~/-), exhibit increased anxiety

To initially evaluate any anxiolytic deficits in the disease EA2,
we utilized our conditional knock in mouse line (Cacnalacitire),
where the P/Q-type channel can be visualized by a third gen-
eration, yellow fluorescent protein (YFP) variant, citrine, but
more importantly can be deleted by crossing Cacnala® mice
with mice expressing Cre recombinase under cell-type specific
promoters. In previous studies we deleted the P/Q-type channel
from cerebellar PCs (CacnalaP'k(~/-)) or GCs (Cacnaladuitk(—/-))in
mice by crossing Cacnala®t" mice with the PC specific promotor
(TgPCP?ere) or GC specific promotor (Tg™2¢-¢), respectively (22,23).
Both promoters are active after postnatal day 6 and are fully
active after 2-3 weeks of age, therefore eliminating any prenatal
effects. Surprisingly, we found that the postnatal knockout of the
P/Q-type channel from either cerebellar PCs or GCs exhibits the
full spectrum of neurological deficits, including ataxia, dyskine-
sia and absence seizures as seen in mice with genomic CACNA1A
ablation and loss/reduction of function mutations. Most likely
due to the mosaic expression of the Cre protein, we observed
a mild and severe form of Cacnala®™™(~/-) mice where the
severe showed dyskinesia and the mild Cacnala?i*(~/-) did not.
For this study, we used only the severe Cacnala®(~/-) and
CacnalaP™*(—/-) mice to analyze the contribution of the cerebel-
lar cortex to anxiety compared with their littermate controls,
Cacnala®ine, Therefore, the mice were subjected to the open
field, novelty suppressed feeding and light/dark place preference
behavior tests (Figs 1-3).

To eliminate the influence of motor deficits on cognition
tests and to test for anxiety, we firstly performed the open field
test. Surprisingly, both EA2 mouse models, CacnalaPk~/-) and
Cacnala®*(-/-) spent significantly more time in the center and
intermediate regions compared with their control littermates
(Cacnala®®in¢) and less time in the border region (Fig. 1B),
implying that EA2 mice are not anxious (Fig. 1, Table 1). These
differences do not seem to be due to their ataxic phenotype
since our more severe ataxic EA2 mice, CacnalaP"k(~/-) moved
the same distance as their control littermates, CacnalaCitrine
(Fig. 1D). However, we cannot exclude this possibility for the less
ataxic Cacnala®x(~/-) mice which traveled less than controls.
In contrast, when EA2 mice were starved for 24 h and underwent
the novelty suppressed feeding test, where a regular food pellet
is given in the center region of the open field arena (Fig. 2A), they
displayed prolonged latency to feed (Fig. 2B) and reduced food
consumption (Fig. 2C) compared with control littermates, imply-
ing that the EA2 mice are more anxious or have a motivation
issue. However, when the food pellet was placed in the border,
equidistant from the start to the center (Fig. 2D), Cacnaladuirk(-/-)
mice continued to display prolonged latencies to feed (Fig. 2E;
Cacnala®tire 108.44+10.6 s, Cacnalad@ik(—/=) 222.14+49.7 s) and
lower consumption levels (Fig. 2F; Cacnala®re 0.074+0.009 g,
Cacnala®™™*(~/) 0.04+0.007 g). On the other hand a familiar
reward, a Froot Loop, enticed the Cacnala®¥(—/-) mice to
feed with similar latencies (Fig. 2H, Cacnala®t® 29,7 +11.9 s,
Cacnala®(-/-) 36.94+9.2 s) and greater consumptions (Fig. 2;
Cacnala®tire 0.03+0.006 g, Cacnalad®*(—/-) 0.1440.01 g) as
their Cacnala®ine littermates, suggesting that the Cacnalad%(—/-)
mice are less motivated or need greater benefits to outweigh the
risks than their controls and their motor deficits or potential
fatigue do not appear to affect their abilities to perform simple
behavior tasks. To investigate the anxiety in our EA2 mice
further, we performed the light/dark place preference test. EA2
mice spent extensive time in the light zone compared with
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Figure 1. EA2 mouse models, Cacna1aP"%(~/=) and Cacna1ad¥r(~/=) show anxiolytic behavior in open field test. (A) Schematic of the different areas analyzed in the
open field (left) which includes the border, intermediate and center regions. Mice were placed in the center at the start of the test and allowed to explore for 15 min. An
example trace from one CacnalaCitrine (middle) and Cacna1aPu(—/=) (right). (B) Average time CacnalaCitfine (blue), Cacna1aPk(—/=) (orange) and Cacnaladuitk(~/-)
(yellow) mice spent in the center, intermediate or border areas of the open field. (C) Frequency each mouse group visited the center region. (D) Total distance moved
for CacnalaCitrine (blue), Cacna1aPu*(—/-) (orange) and Cacna1adUirk(—/=) (yellow) mice. Cacna1aP"*(—/=) and Cacna1ad%’k(~/=) mice tended to spent less time in
the border and more time in the center and intermediate regions than the CacnalaCitine The number of mice tested/group is indicated in parentheses in legend.
Statistical significance was evaluated with one-way ANOVA (*P <0.05, **P <0.01; ***P <0.001).

the dark zone in the light/dark preference test (Fig. 3B), which
was reflected by the high latencies to enter the dark zone for
the first time (Fig. 3C) and decreased number of transitions
between the light and dark zones (Fig.3E, Table 1). In fact,
69.2% of CacnalaP"X~/-) and 20% of Cacnala®*(~/-) mice
remained in the light zone the entire testing period and half
of the Cacnalad(—/~) mice took > 100 s to visit the dark zone,
implicating an increased anxiolytic response to open lit areas
(Fig. 3D).

Episodic ataxia type 2 mouse models, Cacnalaruk(-/-)
and Cacnala®i{~/-) show delays in making decisions

Given the conflicting results in the anxiety tests and extensive
latencies to feed in the novelty suppressed feeding without a
reward despite 24 h food deprivation and latency to first (to the

dark zone) in the light/dark place preference tests, where mice
are expected to spend more time in the protective dark zone,
we wanted to examine whether the EA2 mice have deficits in
making decisions. Therefore, we repeated the light/preference
test but started the mice in the dark zone (data not shown).
Since the mice displayed a similar exploring behavior as in the
original light/dark place preference test except now remained
longer in the start, dark zone, we designed a new test, the
dark/dark place preference test, where we divided the arena
into two dark zones (zone A and B) which are connected by an
opening. The mice were started in dark zone A and given 10 min
(5 min longer than in the light/dark place preference test) to
explore dark zones A and B. In this scenario, we eliminated the
anxiety of a well-lit fear zone and provided the mice more time
to transition into zone B. Interestingly, CacnalaX(—/=) mice
spent equal times in both dark zones (Fig. 4B) even though their
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Figure 2. EA2 mouse models, Cacna1aP™%(~/=) and Cacna1ad¥rk(~/=) show anxious and indecisive behavior in the novelty-suppressed feeding test. Schematic of the
NSF arena, where a~ 2 g food pellet was offered in the center (A) or border (D) or a Froot Loop was given at the border (G). Mice started in the right corner of the arena.
The latency to feed (B, E, H) and food consumption (C, E, I) for CacnalaCitrine (blue), Cacna1aPu*(—/~) (orange) and Cacna1ad"irk(—/-) (yellow) mice are depicted as
whisker boxplots. Cacna1aP"(—/~) and Cacna1ad¥rk(~/~) mice demonstrated a decreased latency to feed and consumption compared with CacnalaCitine when the
food pellet is given in the center or border of the arena (B, E). Cacna1a9¥rk(~/=) mice shows comparable latencies with feed (H) and had a higher food consumption
(1) compared with CacnalaCitrine mjce, when a Froot Loop is given at the border. The number of mice tested/group is indicated in parentheses in legend. Statistical

significance was evaluated with ANOVA (*P <0.05, **, ***p <0.001).

latency to first times remained high (Fig. 4C), zone transitions
low (Fig.4E) and total distance moved less (Supplementary
Material, Fig. S1) compared with their control littermates
(Table 1). Both EA2 mouse lines also displayed similar latency
to first times in both place preference tests which indicates
deficits in decision making rather than an increase in anxiolytic

behavior. CacnalaP**(~/~) mice continued to demonstrate an
increased duration in the start zone A and increased latency
to first times and decreased zone transitions compared with
controls but less deviations compared with the light/dark place
preference test. Since CacnalaP"*(~/~) mice traveled the
same distance as their control littermates (CacnalaCitrine
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Figure 3. EA2 mouse models, Cacna1aP¥™(—/=) and Cacna1ad4k(—/~) demonstrate anxiolytic and indecisive behavior in place preference test. (A) Schematic of the
place preference test (left) which was divided into a light and dark zone. Mice were started in the light zone in the far corner opposite to the dark zone entrance
and given 5 min to explore both zones. Representative traces from a CacnalaCitine (middle) and Cacnal1aP¥k(—/=) (right) mouse. Whisker boxplots from the duration
spent in the light or dark zone (B), latency to the dark zone (C), number of mice (n) with <100 s or >100 s latency to light zone times (D) and the number of transitions
(n) between the light and dark zones (E) for CacnalaCitfine (blue), Cacna1aP*(~/=) (orange) and Cacna1ad"irk(~/=) (yellow) mice are depicted. Cacna1aP¥(~/=) and
Cacna1ad4rk(~/=) mice spent more time in the light zone due to their inability to transition to the dark zone as evident from their long latencies to dark zone and low
number of transitions. In fact 9 Cacna1aP*(~/=) and 2 Cacna1ad"r™(—/~) mice did not leave the light zone. Whereas the Cacna1aCfi"e mjce spent equal time in both
arenas. The number of mice tested/group is indicated in parentheses in legend. Statistical significance was evaluated with one-way ANOVA (*P <0.05, ***P <0.001).

2642 +150.8 cm; CacnalaP®(—/~) 2927 +90.9 cm; Supplementary mice with >100 s latency to first explore dark zone B compared
Material, Fig. S1), their ataxic phenotype does not appear with controls (Fig. 4D) but more equivalent duration times in
to hinder them from performing the test or their mobility. both dark zones and similar latency to first times compared with
Considering the increased latency to first and number of EA2 the light/dark place preference test, is suggestive that EA2 mice
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Table 1. Summary of cognitive analyses for EA2 mouse lines.

Parameter Cacnala Within Cacnala Cacnala Within
Citrine group purk(-/-) quirk(-/-) group
Mean + SEM P value Mean + SEM P value Mean + SEM P value P value
Open field
Duration in border (s) 681.6 + 11.7 457.1+29.4 < 0.001 546.8 £31.3 0.008
Duration in intermediate (s) 756 £9.1 214.0 £ 185 <0.001 1384+ 14.8 0.032
Duration in center (s) 21.7 £ 3.8 108.5 + 13.7 <0.001 94.8 +20.3 0.006
Frequency in center (n) 15.8+2.6 449+ 6.5 <0.001 17.7 £16 0.62
Distance moved (cm) 5008 + 214.9 4472 + 238.5 0.12 3383 +573.8 0.014
Novelty suppressed feeding
Food pellet in center
Latency to feed (s) 220+ 143 275.4 +£ 439 < 0.001 115+ 48.3 0.05
Food consumption (g) 0.18 £ 0.01 0.10 £ 0.01 <0.001 0.09 + 0.01 < 0.001
Food pellet in border
Latency to feed (s) 108.4 + 10.6 222.1+49.7 0.05
Food consumption (g) 0.07 £ 0.009 0.04 + 0.007 0.04
Froot loop in border
Latency to feed (s) 29.7 £11.9 36.9+9.2 0.67
Food consumption (g) 0.03 + 0.006 0.14 + 0.01 < 0.001
Light/Dark place preference
Duration in light zone (s) 136.7 £ 9.6 263.4+16.3 <0.001 199.6 +£22.1 0.02
Duration in dark zone (s) 157.7 £9.1 38.0+17.3 <0.001 97.0 £22.7 0.012
Latency to dark zone (s) 13.0+21 220.8 +33.2 <0.001 161.3 +30.2 < 0.001
Latency to dark zone (n)
12 4 3
0 0 5
0 9 2
Zone transitions (n) 15.0 + 0.9 22+12 < 0.001 3.0 +£0.68 < 0.001
Dark/Dark place preference
Duration in dark zone A (s) 257 £22.5 354.8 +35.4 0.04 301.6 +37.9 0.33
Duration in dark zone B (s) 340.5 +£22.6 243.6 +£35.2 0.04 2949 + 38.1 0.32
Latency to zone B (s) 41.1+124 221.0 +43.7 0.001 132.0+ 384 0.032
Latency to zone B (n)
11 0 6
1 11 2
0 2 2
Zone transitions (n) 1333+ 1.4 6.0+1.3 0.001 7.0+1.0 0.003
Distanced moved (cm) 2642 + 150.8 2927 +£90.9 0.12 1997 + 164.6 0.012
Novel object recognition
Preference % to equal objects 499+22 56.6 +£3.2 0.11 52.0 + 8.0 0.77
Preference % to novel object 80.7 £ 3.5 <0.001 66.5 + 4.6 0.02 57.6 +3.6 0.02
Latency to novel object (s) 14.6 + 3.6 436+11.4 0.03 107.6 +31.9 0.013
Frequency to novel object (n) 119.8 +15.2 49.9 +£8.3 0.002 44.6 +£6.2 < 0.001
Distance moved (cm) 3302.9 +333.9 3127.4 +£470.7 0.76 2229.9 +314.8 0.032
Object relocation
Day 1
Preference %
Left object 47.7 +£5.6 0.61 53.2+21 0.43
Right object 52.3+5.6 0.06 46.8 + 2.1 0.43
Day 2
Preference %
Left object 44.1+35 0.05 419+24 0.65
Right object 55.9 £ 3.5 < 0.001 581+24 0.65
Latency to right object (s) 52.8 +21.3 86.0 + 27.0 0.38
Frequency to right object (n) 30.3+35 29.6 £3.1 0.89
Distance moved (cm) 2795.5 +209.9 2368.1 £206.4 0.19
Velocity (cm/s) 47 +£0.35 4.0+0.34 0.19
T maze
Alternation (%) 65.7 £ 8.4 675+75 0.88
Social interaction with intruder
Attention Time (s) 12.1+4.2 66.2 £6.5 < 0.001 382+7.6 0.02
Events (n) 36+12 10.0 £ 1.5 0.011 50+1.1 0.47

(Continued)
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Parameter Cacnala Within Cacnala Cacnala Within
Citrine group purk(-/-) quirk(-/-) group
Mean + SEM P value Mean + SEM P value Mean + SEM P value P value
Sniff Time (s) 65.3+11.3 60.2 +£8.3 0.76 52.6 +18.2 0.05
Events (n) 19.12.9 10.6 + 0.5 0.05 7.4 +0.96 0.01
Social sniff Time (s) 90.4 +£13.1 82.8+8.1 0.69 96.6 + 16.8 0.79
Events (n) 231+23 18 £ 0.9 0.12 158+ 1.4 0.04
Genital sniff Time (s) 236+7.1 15+ 125 0.58 52+17 0.08
Events (n) 69+18 20+ 14 0.09 1.2+04 0.04
Standing on back limbs Time (s) 15.4 +5.8 54+44 0.27 0.4+04 0.08
Events (n) 59+20 1.0£0.7 0.09 0.2+0.2 0.06
Walking Time (s) 19.9+59 33.8+838 0.24 18.8 £ 3.6 0.9
Events (n) 7.1+20 7.4+13 0.93 44 +0.5 0.33
In nest Time (s) 0 0 0
Events (n) 0 0 0
Follows Time (s) 36.3 +£14.9 29.8 +£10.7 0.77 56 +17.1 0.45
Events (n) 74+26 56+17 0.64 82+17 0.84
Mount Time (s) 11.1+49 26+15 0.22 6.0+ 19 0.42
Events (n) 28+1.2 1.0+ 0.6 0.29 1.8+0.6 0.54
Tail rattles Time (s) 0.3+0.26 0 0.4 0 0.4
Events (n) 0.1+0.13 0 0.4 0 0.4
Attacks Time (s) 171+7.2 0 0.1 0 0.1
Events (n) 50+21 0 0.1 0 0.1
Bites Time (s) 0 0 0
Events (n) 0 0 0
3 Chamber social interaction
Non-social trial
Duration (s) in
Start chamber 89.1 + 11.4 144.4 +£10.7 0.004
Empty chamber 137.7 +20.9 144.0 + 12.6 0.81
Non-social chamber 285.34+21.1 <0.001 2195+ 11.4 0.02 < 0.001
Non-social zone 54.3+6.1 326+6.1 0.03
Frequency (n)
Start chamber 15.7 +1.2 13.3+0.87 0.15
Empty chamber 10.5 + 1.8 0.05 122+1.2 0.48
Non-social chamber 71.1+44 <0.001 549 +4.6 0.03 < 0.001
Non-social zone 39.6 +2.9 30.7 £ 2.8 0.05
Distance moved with cage (cm)  2113.2 +124.6 2033.1+£94.3 0.64
Velocity with cage (cm/s) 3.8+0.2 3.8+02 0.89
Social trial
Duration (s) in
Start chamber 57.2 +8.2 116.8 + 16.2 0.006
Non-social chamber 143.7 +20.7  0.005 144.8 £ 11.9 0.97
Social chamber 270.0 4+ 25.4 0.03 0.08;
0.012
Non-social zone 19.3 +3.4 120+ 1.2 0.08
Social zone 65.5+ 8.6 454473 0.05 <0.001
Frequency (n)
Start chamber 18.7 + 0.8 0.001 12.8+ 1.0 <0.001 < 0.001
Non-social chamber 36.6 + 4.1 323+27 0.42 0.004
Social chamber 87.7 +8.4 55.2+6.6 0.01
Non-social zone 22.5+2.6 199+21 0.48
Social zone 60.9 + 6.3 < 0.001 418+ 5.7 0.05 0.003
Distance moved with mouse 2547.3 £ 140.4 2338.0 £205.3 043
(em)
Velocity with mouse (cm/s) 47 +0.2 4.7+04 0.97
Hotplate
Temperature of first paw lick (°C) 33.9+0.5 33.6+0.7 0.59
Temperature of first jump (°C) 38.4+0.9 38.3+1.2 0.89
Responding mice to jumps (%)
32°C 0 0
33°C 0 0

(Continued)
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Table 1. Continued

Parameter Cacnala Within Cacnala Cacnala Within
Citrine group purk(-/-) quirk(-/-) group
Mean + SEM P value Mean + SEM P value Mean + SEM P value P value
34°C 22.2 0
35°C 22.2 16.7
36°C 22.2 333
37°C 333 66.7
38°C 33.3 100
39°C 55.6 83.3
40°C 77.8 100
41°C 88.9 66.7
42°C 100 66.7
Buried Fruit Loop
Latency to feed (s) 82.5+195 170.6 +36.3 0.06

Looming
Responses/trial (%)
Freeze 32.2+87
Flight 36.1+4.2
No response 31.6 +5.4
Response duration/trial (s)
Freeze 99+ 1.4
Flight 4.5+0.8

61.2+4.3 0.02
179+5.1 0.03
20.9+3.2 0.09
81+13 0.39
6.5+1.2 0.21

require more time to make decisions. Although we attempted
to eliminate the anxiety factor to well-lit areas in our dark/dark
preference test, we cannot exclude the possibility that EA2 mice
continue to experience anxiousness to new territories (i.e. dark
zone B). Collectively, our results implicate that EA2 mice have
deficits in decision making in addition to being more anxious to
new territories.

Episodic ataxia type 2 mouse models, CacnalaPuk(—/-)
and Cacnala®i(-/-), demonstrate impairments
in memory

To evaluate whether EA2 mice show cognitive deficiencies
in recognition memory, CacnalaP(~/-), Cacnala®(~/-) and
control littermates were subjected to the novel object recog-
nition test. Briefly, mice were habituated to the open field,
24 h later (testing day 1) encountered two identical objects
equidistant apart and on testing day 2 one of the identical
objects was replaced by a novel object. All mice displayed
equal preferences to the identical objects on day 1 (Fig.5C,
left). On the next day, EA2 mice showed lower preferences
for the novel object compared with controls (Fig.5C, right).
Moreover, Cacnala®™re controls exhibited a higher prefer-
ence (Cacnala®re 80.743.5%; CacnalaP* (~/-) 56.6+3.2%;
Cacnala®™(~/-) 44.6 + 6.2%), shorter latency to first to the novel
object (Cacnala®tre 14,8+ 3.6 s; CacnalaPu'k(~/-) 436+ 114 s;
Cacnala®™*(—=) 107.64+ 319 s) and more frequent visits
(Cacnala®™ine 559%: CacnalaP¥*(~/~) 23.4%; Cacnala®%k(~/-)
20.8%) for the novel object compared with the EA2 mice (Table 1).
EA2 mice showed the same preference to the equal object on
day 1 as well as on day 2, implicating deficits in memory. These
observations were also verified in the three chamber social test
where a mouse is started in the middle chamber and allowed to
roam a chamber containing an empty cage and the another
completely empty chamber (Fig. 9A). Cacnalad@k(—/-) mice
displayed decreased durations (cage chamber: CacnalaCitrine
2853+ 21.1 s; Cacnala®¥k—~/-) 21954+ 11.4 s; cage zone:
Cacnala®re 5434 6.1 s; Cacnalad®*(—/-) 326+ 6.1 s) and
frequencies (cage chamber: Cacnala®tine 7114 4.4 s;

Cacnala®i(—/-) 5494 4.6 s; cage zone: Cacnala®n¢ 3964+ 29s;
Cacnala®™*(~/=) 30.7 + 2.8 s) in the chamber and zone around
the empty cage compared with control littermates (Fig. 9C, E, F;
Supplementary Material, Fig. S3C). Since our EA2 mice move
the same distance with similar velocities than their control
littermates in the novel object recognition and three chamber
social test (Fig. 5F; Supplementary Material, Fig. S3A and B),
we can minimize the influence of their ataxic phenotype.
However, we cannot exclude ataxia for our CacnalAduirk(-/-)
mice in the novel object recognition test. Cacnaladuirk(-/-)
mice did not show any differences in preference, latencies,
visits or distance moved in another test for spatial memory
and discrimination, the object relocation memory task (Fig. 6)
indicating that they have no deficits in recognizing the
relocated object or in physically performing the task. Together
these results from the novel object recognition and object
relocation memory tests indicate that EA2 mice may have
impairments in their recognition memory and potentially
anxiety for new objects and/or delays in deciding to approach
a new object but not in their spatial memory. Mice which
did not have total exploration time of >20 s or did not
explore both objects at least once were excluded from the
analysis.

We also performed the T maze to test for working memory.
However, EA2 mice demonstrated a high percentage of failed
trials where they simply did not choose an arm and remained in
the start area even after extending the test to 10 min as indicated
in the Supplementary Material, Figure S2B, supporting their
anxiety in decision-making or new territories. To investigate the
possibility that they have anxiety to new territories, we removed
the center partition (Fig. 7A) and increased the habituation trials
to 3 x 10 min instead of the standard 1 x 10 min to decrease the
anxiety to a new territory. Cacna1a?%™*(~/~) mice now performed
equally as well as the Cacnala®"®® mice with an alternation
% of 67.5+7.5 compared with 67.5+7.5 in controls (Fig.7B),
implicating a hesitation to exploring new territories. Together
the data support that EA2 mice have cognitive impairments in
not only recognition memory but also decision making and/or
anxiety for new objects and territories.


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab149#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab149#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab149#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab149#supplementary-data
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Figure 4. EA2 mouse models, Cacna1aPu*(—/~) and Cacna1ad"ik(~/~) demonstrate decision making deficits in dark/dark place preference test. (A) Schematic of the
dark/dark place preference test (left) which was divided into two dark zones, A and B. Mice started in dark zone A opposite to the dark zone B entrance and given 10 min
to explore both zones. Representative traces from a CacnalaCitine (middle) and Cacna1aP**(~/=) (right) mouse. Duration spent in the dark zone A and B (B), latency
to zone B (C), number of mice (n) with <100 s (gray), >100 s (pink) or >300 s (red) latency to dark zone B times (D) and number of transitions (n) between dark zones
(E) for CacnatlaCitrine (blye), CacnalaPuk(—/-) (orange) and Cacna1aduirk(~/=) (yellow) mice are depicted as whisker boxplots. Cacna1aPuk(—/=) and Cacnaladuirk(~/-)
mice initially spent more time in dark zone A as a reflection of the increased number of mice with >100 s latency to zone B times. Despite high latencies to zone
B, Cacna1adutk(~/~) mice spent equal time in both arenas like control GacnalaCitline mice. The number of mice tested/group is indicated in parentheses in legend.
Statistical significance was evaluated with one-way ANOVA (*P <0.05, ***P <0.001).
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Figure 5. EA2 mouse models, CacnalaPU(~/=) and Cacna1ad94itk(~/~) display cognitive impairments in recognition memory. (A) Schematic of the novel object
recognition test. After mice were habituated to the open field, the mice were placed in the middle of an open field between 2 equal (identical) objects on the first
day and 1 familiar and 1 novel object on the second day of testing. (B) Representative traces from a CacnalaCitrine (left) and Cacna1aPurk(~/=) (right) mouse are shown
on day 2. Whisker boxplots of the preference (%) for equal versus novel objects (C), latency to novel object (D), frequency (n) of visits to novel object (E) and total distance
moved in the presence of the novel object (F) for CacnalaCitrine (blue), Cacna1aP*(~/=) (orange) and Cacna1aduirk(~/=) (yellow) mice are depicted. CacnalaPurk(—/-)
and Cacna1ad¥rk(~/=) mice demonstrated a lower preference, increased latency to first and decreased frequency of visits for the novel object compared with control
CacnalaCitrine mice. Whereas the CacnalaCitrine mice spent more time and visits to the novel object. The number of mice tested/group is indicated in parentheses in
legend. Statistical significance was evaluated with one-way ANOVA (*P <0.05, **P <0.01; ***P <0.001).

Episodic ataxia type 2 mouse models, CacnalaPuk(-/-) 5 min in the resident home cage and analyzed the duration and
and Cacnala®¥(-/-) show social frequencies of attention and sniff events (Fig. 8). In addition,
interaction deficiencies we also recorded passive behaviors such as standing up
To determine if EA2 mice have social impairments, we intro- on back limbs, walking, nesting and following the intruder

duced a foreign, age and gender matched C57Bl/6 mouse for mouse and aggressive actions including mounting, tail rattling,
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Figure 6. EA2 mice, Cacnalad%i'k(—/=) do not display spatial memory impairments in the object relocation test. (A) Schematic of the object relocation test. The mouse
was habituated to the two identical, non-social objects on the first day, while on day 2 the right object was moved. (B) Example traces of a CacnalaCitrine (left) and
Cacna1ad¥rk(—/=) mouse (right) after the right object was relocated. Both Cacna1ad¥k(~/=) and CacnalaCitrin® mice showed equal preference for both objects on
day 1, but spent significantly more time on the relocated right object on day 2 (C). (D) Cacna1ad¥i*k(~/=) mice showed higher latency to first visit the relocated object
compared with control mice, while the frequency of visits (E), the total distance moved (F) and velocity (G) were identical. The number of mice tested/group is indicated
in parentheses in legend. Statistical significance was evaluated with ANOVA (*P <0.05, **P <0.01; ***P <0.001).

attacking and biting with no obvious abnormalities in EA2
mice compared with controls (Table 1). Both EA2 mouse lines
displayed a significantly enhanced duration of attention
behaviors (Fig. 8A; Cacnala®i™ne 1214+ 4.2 s; CacnalaPk(~/-)
66.2+ 6.5 s; Cacnala®™(~/-) 382+ 7.6 s) and an increase
number of attention events in CacnalaP*~/~) mice compared
with controls (Cacnala®tire 3.6 +1.2; CacnalaP¥k(—/-) 10.0+1.5),
indicating interest in the foreign intruder. However, they demon-
strated less frequent sniff events (Fig. 8B; Cacnala®iine 19.14+2.9;
CacnalaP"k(~/~) 10.6 4+ 0.54; Cacnalad(~/~) 7.4 4+ 0.96) but com-
parable time spent sniffing with Cacnala®te controls. Surpris-
ingly, only Cacnala®™*(—/=) mice exhibited less frequent social

(Fig. 8C; Cacnala®ine 231423, Cacnala®™k(~/-) 158+1.4)
and genital (Fig. 8D; Cacnala®tre 69+1.8, Cacnaladk(—/-)
1.2+0.44) sniff events compared Cacnala®™re littermates.
In support of these observations, Cacnalad'(~/=) mice also
demonstrated reduced social interactions in an independent
test, the three chamber social assay where Cacnaladi™(~/~) were
first habituated to the three empty chambers, then to just an
empty cage without a mouse in one of the chambers (nonsocial
chamber) and finally exposed to a chamber with (social) or
without a mouse (nonsocial) (Fig. 9B). Cacnala®X(~/-) mice
spent less time and visits exploring the mouse chamber (Fig. 9D,
Supplementary Material, Fig. S3F) and 2 cm zone (Fig. 9G, H)


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab149#supplementary-data
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Figure 7. EA2 mice CacnaladUk(—/=) have no difficulties in decision making
in the T-maze test. (A) Schematic of the T maze containing a center partition
at the last third of the start arm and three guillotine doors, one at the start of
the center partition and at the start of each deciding arm. (B) Cacna1aduirk(~/-)
mice needed more trials to complete the T-maze test, but had no conspicuities
in decision making and showed identical alternations to control CacnalaCitrine
mice. The number of mice tested/group is indicated in parentheses in legend.
Statistical significance was evaluated with ANOVA.
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around the mouse cage compared with Cacnala®®"¢ controls
indicative of reduced social interest (Table 1).

Although there were no significant changes in aggressive
traits such as mounting, tail rattling, attacking and biting mea-
sured, the EA2 mice tended to be more passive as evident by
their reduced number of mounts, tail rattles and attacks com-
pared with Cacnala®ti®e controls (Table 1). To further character-
ize their more docile phenotype directly, we implemented the
tube dominance test where a control and EA2 mouse of the same
gender were placed on either side of a plastic tube. The mouse
which backed out of the tube first was scored as ‘loser.” If both

mice remained in the tube for the entire 10 min, then it was
noted as a ‘tie.’ CacnalaP"k(~/-) mice only won 22% of their trials
against controls who won 67% of their trials with very few ties
(11%; Fig. 10B). On the contrary Cacnala®(~/-) mice showed
similar aggression levels as controls (18% wins) with 54% ties and
only 29% wins (Fig. 10C). All together these results indicate that
the augmented attention and sniff events in EA2 mice may have
similar traits to ADHD and social abnormalities as seen in EA2
patients and that CacnalaP'™8(~/~) mice may be less aggressive.
Considering the more ataxic phenotype of CacnalaP**(~/~) mice,
this may be contributing to their inability to push the control
mice out of the tube successfully.

Cacnala®i(-/-) demonstrate normal reward driven
olfaction, heat detection and defensive responses
to a visual stimulus (looming)

To examine if Cacnalad¥™(—/-) mice exhibit sensory deficits
which may inhibit their cognitive abilities, we tested their sense
of touch, pain, smell and sight. To test their thermoception
Cacnala®™*(~/~) mice were placed on a hotplate at 32°C with
rising temperatures of 1°C/min to 42°C. The number and time to
first paw lick and jump at each degree was recorded compared
with controls. Cacnala®X~/-) mice showed indistinguishable
temperature to first responses for either paw licks (Fig. 11A;
Cacnala®tre 33 94 0.5°C, Cacnala®k(~/~) 33,6+ 0.7°C) or jumps
(Fig. 11A; Cacnala‘itine 38.4 +0.9°C, Cacnaladuitk(—/~) 38.3 + 1.2°C)
in the hotplate test compared with controls. We did observe
that the control mice display a more linear response to the
hotplate, and the Cacna1a?4™(—/-) mice respond to lower temper-
atures than controls (Fig. 11C). Moreover, Cacnala®™(~/~) mice
demonstrated no differences in latency to feed in the buried
food assay (Fig. 12B; Cacnala®®re 82,54 19.5 s, Cacnaladurk(—/-)
170.6 £ 36.3 s), where a Froot Loop was hidden under 1 cm from a
total of 3 cm of bedding in a mouse cage (Fig. 12A). Together the
hotplate and buried food tests indicated that Cacnaladuirk(—/-)
mice appear to have an intact perception of heat and smell
when provided sufficient positive or negative incentive to
respond. Additionally, Cacnala®X(~/-) mice responded to
visual stimuli such as a growing black disk (looming) which
represents a predator coming from above (Fig. 13A) similar to
controls. The total percentage of Cacnala®(—~/~) mice (~79%)
reacting either by freezing or by flight to the looming was
comparable with controls (~68%) and the duration of freezing
(Cacnala®®ine 99414 s, Cacnalad™(—/-) 8.1+1.3 s) and flight
(Cacnala®iine 454 0.8 s, Cacnalad™(—/-) 6.5+ 1.2 s) responses
to looming (Fig. 13B, C), indicating that Cacnala®k~/-) mice
respond in a timely manner in threatening situations. Overall,
these results indicate that the sensory systems, i.e. olfaction,
thermoception and vision and sense of innate danger are intact
in Cacnala®x(~/-) mice.

Discussion

In the present study, we performed the first battery of cognitive
tests in two different mouse models for EA2, CacnalaPuk(—/-)
and Cacnala®X(~/-) where we genetically removed the P/Q type
calcium channel postnatally from either cerebellar Purkinje or
granular cells (22,23) to eliminate prenatal defects. A previous
study by Galliano et al. (24) removing the P/Q type channel from
GC in the mouse cerebellum did not show motor or cognitive
dysfunctions most likely due to a lower dose response effect by
the CRE recombinase expression levels. Both EA2 mouse models
displayed impairments in anxiety, decision making, memory and
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social behaviors compared with their Cacnala®tin¢ littermate
controls at adult ages. Our data not only support the case studies
in EA2 patients that the cerebellum can contribute to cognition
but also that these cognitive deficits cannot be attributed to
prenatal defects since complete removal of the P/Q type calcium
channel from the cerebellum occurred 2-3 weeks after birth in
mice. Additionally, our results show that loss of P/Q type calcium
channel postnatally from either PC or GC may contribute to
anxiety, ADHD, social phobia, autism spectrum disorder (ASD),
adaptation and schizophrenia disorders as seen in EA2 patients.

EA2 mice are anxious and indecisive

Using two different mouse models for EA2 where the P/Q-
type calcium channel was removed specifically from cerebellar
PCs (CacnalaP™®~/-)) or GCs (Cacnala®X—/-)) mice showed

B cacnatace(7) ] Cacnatan*(5) [] Cacnataiv- (5)

Figure 8. EA2 mouse models, CacnalaPuk(—/=) and Cacna1aduitk(~/=) demonstrate social interaction deficiencies. The duration and number of social events for
attention (A), sniffing (B), social sniffing (C) and genital sniffing (D) were analyzed from CacnalaCitrine (left), Cacna1aP%k(—/=) (middle) and Cacna1adrk(~/=) (right)
mice after a 5 min exposure to a foreign C57/B16 mouse. The number and genotype of mice tested/group is indicated on y axis and plotted against the time (s) sequence
of events. Each mouse is represented as a different color. Each dash represents a new event and time point of occurrence. The length of the dash represents the
duration of the event. The average duration (time (s)) and number of events (n) for each mouse group is depicted as whisker boxplots. The number of mice tested/group
is indicated in parentheses in legend. Statistical significance was evaluated with one-way ANOVA (*P <0.05, ***P <0.001).

at first anxiolytic behavior to brightly lighted open spaces in
the open field test (Fig. 1B), spending less time in the borders
and more time in the intermediate and center regions, and in
the place preference test (Fig. 3) where they spent more time
in the light zone (start) as evident by their severely inflated
latencies and few transitions (Fig. 3C and E). In fact 69.2% of
the CacnalaP"k(~/-) mice did not leave the brightly lit start
zone and 20% of the Cacnalad¥*(~/-) mice. This anxiolytic
phenotype cannot be attributed to ataxia since the more affected
CacnalaP%k(—/=) mice (22) moved the same total distances as
their littermate controls and subsequent behavior test show
that EA2 mice move with similar distances and velocities as their
control littermates (Fig. 6, Supplementary Material, Figs S1 and
S3). At first glance it would appear the EA2 mice were anxiolytic,
but when the mice performed the exact same place preference
test except starting in the dark zone similar results were found


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab149#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab149#supplementary-data
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Figure 9. Cacna1a9¥%(—/~) mice show deficits in social interaction and indifferent behavior in the three chamber social assay. (A) Schematic of the three chamber social
assay with a start, non-social (cage) and empty chamber. Example traces of a Cacna1aCitrine (left) and Cacna1ad%tk(~/=) (right) mouse depict the explorative behavior
of the non-social chamber assay. (B) Schematic of the three chamber social assay, where the empty chamber is changed to a social (mouse) chamber. Example traces of
a CacnalaCitrine (left) and Cacna1ad"r&(—/=) (right) mouse depict the explorative behavior. Cacna1ad"(—/=) mice spent significantly more time in the start chamber
compared with control CacnalaCittine mice for both paradigms (C, D) and showed less explorative behavior for the cage chamber than control mice (C). Additionally,
Cacna1ad¥rk(—/=) mice spent less time in the 2 cm zone around the cage (E) and displayed less visits of the adjacent area around the cage (F) than controls, indicating
a lack of curiosity and motivation. (G) Cacna1ad"™k(~/=) mice spent significantly more time in the 2 cm zone around the social than the empty cage, with more visits
of the social zone (H) than the cage zone. The number of mice tested/group is indicated in parentheses in legend. Statistical significance was evaluated with ANOVA
(*P <0.05, ¥*P < 0.01; ***P <0.001).
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Figure 10. CacnalaP (/=) mice are nonaggressive compared with
Cacna1adW™ (/=) and CacnalaCitrine controls in the tube dominance test.
(A) Schematic of the tube dominance test where opponents are placed on
opposite ends of a tube and the winner displaces their opponent out of the
tube. CacnalaCitrine (blue) controls were paired with gender matched EA2 mice
randomly for >3 trials. (B) CacnalaCitrine yersus CacnalaPuk(—/-) (orange),
CacnalaPWk(—/=) mice were docile compared with controls (67% wins). (C)
CacnatlaCitrine yersus Cacna1ad®rk(—/=) (yellow), both lines showed similar
levels of aggression with a tie of 54%. The percentage of winners from each group
is indicated in the pie graphs. The number of mice tested/group is indicated in
parentheses.

(data not shown) where EA2 mice spent more time in the dark
zone (start) with few transitions. To examine whether the mice
were anxious to new territories or to the brightly lighted open
spaces, we designed a novel test which we call the dark/dark
place preference test where an open field is divided into two
dark zones, therefore eliminating the light zone and anxiety
to brightly lighted open spaces (Fig. 4). Much to our surprise
the EA2 mice spent more time in transition zone B when they
were allotted twice the amount of time to explore both zones
as in the light/dark preference test, suggesting difficulties in
making timely decisions (Fig. 4B). In spite of this, their latencies
to dark zone B remained the same as in the light/dark preference
test with few transitions (Fig. 4E). An interesting observation to
note is that less CacnalaP"(~/~) mice displayed latencies >300 s
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(n=2) and less Cacnala®X(~/-) mice had latencies >100 s (n =2)
as in the light/dark place preference test. These data indicate
that the EA2 mice do have grave delays in making decisions to
explore new territories due to potential fears to new situations.
However, once they are given more time to overcome their delays
in decision making, Cacnala?W(~/-) spent equal times exploring
the new zone as controls with improved durations in the new
zone with CacnalaP**(~/~) mice. These observations suggest
that the EA2 mice are engaged and curious when given sufficient
time to overcome their anxiety and/or delays in decision making.
The EA2 mice also demonstrated increased latencies in the novel
suppressed feeding test with the food pellet and in the novel
recognition test to the novel object supporting that they have
decision making in addition to potential anxious impairments
since the tests cannot completely rule out an anxiety deficit
(Fig. 2B). In the T-maze test, only ~40% of the CacnalaPuk(-/-)
mice completed the trials and the remaining did not choose
an arm. Although 100% of the Cacnala®™(~/-) mice were able
to complete trial 5, previous completed trials (~5-50%) were
drastically diminished due to their inability to choose an arm
in the T maze (Supplementary Material, Fig. S2). However, after
increasing the habituation period to the T maze Cacnaladuik(—/-)
performed equally as well as control mice, supporting the
idea that EA2 mice may have delayed decision making due
to an anxiety to new territories. We also observed extensive
periods of side to side rocking at the end of the start arm in
CacnalaP"*(~/~) mice which were milder in the Cacnaladuirk(-/-)
mice. This rocking behavior was reminiscence of an autistic
child undergoing an episode except with forward and backwards
rocking. Since a few case reports observed ASD in EA2 patients
(10,11), this indecisive side to side rocking together with their
nonsocial and anxious phenotype may be an indication of
ASD like traits in EA2 mice. A recent study showed that the
cerebellum may be regulated by the PFC to mediate autism like
traits (25). Although we attempted to reduce anxiolytic responses
in the dark/dark preference, novel object recognition and social
tests by using dim light conditions, we cannot exclude the
possibility that EA2 mice demonstrate a combination of anxiety
to new territories and objects and delays in decision making.

Memory recognition impairments in EA2 mice

Both EA2 mouse lines demonstrated deficits in memory
recognition in the novel object recognition test which may
be compounded with anxiety for new objects and decision-
making deficiencies. Mice displayed an equal preference to
both identical objects like control mice though less preference,
latencies and visits to the novel object on the next day
indicating memory recognition impairments (Fig. 5). However,
Cacnala®™*(~/-) mice which showed decreased movement in
the novel object recognition test did not demonstrate any
deficiencies in their spatial memory and discrimination in a
relocated familiar object (Fig. 6). To investigate their working and
reference memory, EA2 mice were also subjected to the T-maze
test. Control mice displayed a normal alteration rate (number of
turns in each goal arm and total trial duration) of 0.73 4 0.04 (data
not shown) where EA2 mice unable to choose an arm within
the extended 10 min testing time (Supplementary Material,
Fig. S2). After increasing the habituation period to three trials
for 10 min each, Cacnala?"™®~/~) mice demonstrated a normal
alteration rate suggesting an anxiety to new territories (Fig. 7).
Together these data in EA2 mice are in agreement with EA2
patient studies that show memory deficits and anxiety disorders
(11,13,14,26).


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab149#supplementary-data
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Figure 11. EA2 mice, Cacna1ad"r™(—/=) show no sensorimotor deficits and altered nociception in the hotplate test. (A) Schematic of the test apparatus. The mouse was
placed on a 32°C warm aluminum plate surrounded by a plexiglass cylinder, which is heated to 42°C with 1°C/min. (B) Average temperature for the first reaction to the
increasing heat of Cacna1aCitrine (blue) and Cacna1aduirk(—/=) (yellow) mice. Licking the paws was observed at lower temperatures (~ 33°C) for both mouse lines, while
first jumps were observed at temperatures above 38°C. There was no significant change in the latency to jump between the mouse lines. (C) Cacna1ad“itk(~/=) (yellow)
mice respond earlier to increasing temperatures than CacnalaCitrine mice. 100% of Cacnalad®irk(~/=) mice started to jump ~ 38°C, whereas only 30% of CacnalaCitrine
were jumping as response to the heat. Control mice show a more linear response to the increasing heat compared with EA2 mice. The number of mice tested/group is
indicated in parentheses in legend. Statistical significance was evaluated with ANOVA (*P <0.05, **P <0.01; ***P < 0.001).

EA2 mice demonstrate deficiencies
in specific social traits

Twelve different features were examined for social abnormalities
in the social interaction test with same sex resident intruder
(Table 1). Passive social interactions such as attention were
exceptionally enhanced indicating hyperactivity and diminished
ability to focus while decreases in sniffing events were observed
(Fig. 8A). Only Cacnala®k(~/-) mice displayed less social and

genital sniffing events compared with their control littermates
(Fig. 8C and D) which was confirmed in the three chamber social
assay (Fig. 9). No changes in standing up on back limbs, walking,
time in nest or following behavior were notice in EA2 mice
compared with controls (Table 1). These differences in passive
social interactions may suggest ADHD and inability to focus
as seen in EA2 patients (8,11-13,15). Although there were no
significant differences in aggressive behaviors which include
mounting, tail rattling, attacking and bites, EA2 mice appeared
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Figure 12. Cacna1ad"k(—/=) EA2 mice and controls do not display olfactory
deficits in the buried food test. (A) Schematic of the buried food test, where
a Froot Loop was buried under 1 cm from 3 cm of total regular cage bedding.
Mice were starved for 24 h and given 15 min on the test day to find and bite
the treat. (B) The latency to feed is not significantly altered in Cacna1adquirk(~/-)
(vellow) compared with CacnalaCitrine (blue) mice. We observed that both mouse
lines detected the hidden Froot Loop, but that Cacnaladuirk(—/=) took more time
to dig it out due to their motor deficits. The number of mice tested/group is
indicated in parentheses in legend. Statistical significance was evaluated with
ANOVA.

more passive than the Cacnala®®e controls which showed
a tendency of more attacks and mounts (Table 1). To directly
compare the aggressive behavior between the EA2 and control
mouse lines, we implemented the tube dominance test where
the CacnalaP**(~/~) mice were much less aggressive with only
22.2% wins and 11.1% ties compared with 66.7% wins in controls.

Human Molecular Genetics, 2021, Vol. 30, No. 19 | 1827

A ;

. Camera Monitor
{
'
O - &
— Stimulus
20°
Start
B * % * %
80 [ 1 [ 1
S 70 Il
= 60 3
¥
3 T
& 30 ; -
2 20 5
g 10 £ B

I |
No response

Freeze Flight

14

—_
N

pR—
o
.

“
©
£
S
S 8 i
e 6 2‘(
5 =2 o
v 4
e
o 2
Q
g OI I |
oc
Freeze Flight

Bl Cacnata®™ (17) O Cacnala™*(19)

Figure 13. EA2 mice, Cacnalad®k(—/~) show defensive escape behavior in the
looming test. (A) Schematic of the looming test. An expanding black disk on
an LCD monitor is used as looming stimulus and presented from above. (B)
EA2 mice reacted with decreased impulsive flight behavior to the looming
stimulus but responded with increased freezing behavior compared with control
CacnalaCitrine mice. Both Cacna1ad®irk(—/—) and control mice showed the same
number of unresponsive trials. (C) The response duration per trial of freezing or
flight behavior in Cacnal1ad¥itk(~/=) mice was not different from the response
duration of Cacna1aCitrine mice. The number of mice tested/group is indicated
in parentheses in legend. Statistical significance was evaluated with ANOVA
(**P <0.01).

In contrast, Cacnala?™™*(~/~) mice showed similar aggression
levels as Cacnala®™"¢ mice with 54% ties and 29% wins (Fig. 10).
However, we cannot exclude the possibility that the decreased
aggression was due to motor incoordination.
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EA2 mice do not have obvious thermoception, olfactory,
visual or innate fear dysfunctions

To ensure that EA2 mouse performance was not inhibited by
general sensory malfunctions, we examined the Cacnalaurk(—/-)
mice for pain and olfactory perception. Cacnalad®*(~/~) mice
showed relatively comparable reactions with heat perception
in the hot plate test (Fig. 11) and finding a Froot Loop in the
buried food test (Fig. 12). In addition, they displayed compara-
ble defensive responses with a visual stimulus indicating that
their visual and innate defensive systems are intact (Fig. 13).
Based on these tests, it appears that the EA2 mice are phys-
ically able to perform simple tests that require unrestrained
walking since in the majority of experiments they moved equal
total distances with an equivalent velocity as the CacnalaCitine
mice. Additionally, when given the proper positive (e.g. novelty
suppressed feeding test with the Froot Loop, buried Froot Loop
test; Figs 2 and 12) or negative (e.g. looming test, hotplate test;
Fig. 13) stimulus, Cacnala®X(~/-) mice were able to respond in
an appropriate manner as controls which seem to indicate a
lack of engagement and motivation intensity without the proper
enticements or habituation time like in the T maze (Fig.7).
These data also indicate an anxiety for new situations either
territories or objects which influence their decision making (long
delays) as was seen in the place preference tests (Figs 3 and 4).
Although Cacnala®X(~/-) mice have no difficulties with their
spatial memory as was observed in the object relocation test
and T maze (Figs 6 and 7), EA2 mice may have a deficit in their
recognition memory (Fig. 5). However, it is difficult to distinguish
from anxiety for a new object in this test. EA2 mice also display
nonsocial behaviors as was seen in the social interaction with
a resident intruder and three chamber social test (Figs 8 and 9)
which are in agreement with their general lack of engagement
to perform certain tests without a positive or negative stimu-
lus. More complex behavior tasks need to be implemented in
the future to dissect out the different deficits contributing to
cognition in EA2 mouse models.

Contribution of cerebellar PC or GC activities
to cognition

We observed differences in cognitive function in both EA2 mouse
lines where we removed the P/Q type calcium channel from
either the PCs or the GCs which support the idea that both
neurons are contributing to cognitive functions such as decision
making, anxiety, social behaviors and memory. Although more
detailed studies in our mouse models need to be performed to
dissect the neural circuitry disrupting these cognitive functions,
numerous past studies support our hypothesis that the cerebel-
lar PC and GC activity are contributing to cognition. For example,
the Wang lab showed the molecular layer interneurons in the
posterior cerebellum which receive excitatory input from the
GCs to inhibit PCs are important for emotional and cognitive
processes (27). Moreover, they also provide evidence that PCs
are involved in working memory and decision making (28) and
perturbations in the GC pathway may be responsible for sensory
learning defects in autistic mouse models (29). PCs activity is
correlated to error predictions in an associative learning task in
monkeys (30) and in reward prediction signals in mice (31). Carta
et al. (20) found that the cerebellum modulates reward and social
behavior via the VTA. PC activity is also important in shaping our
emotions like fear (32-34). All together these findings support
our results that disruptions in PC or GC activity by removing
the P/Q type calcium channel which is important for neuronal

activity, synaptic transmission and integration of information
may lead to cognitive abnormalities in decision making, social
behaviors and emotions.

Episodic ataxia type 2 is a multi-spectrum disorder

EA2 is a complex, diverse faceted neurological disease char-
acterized by motor deficits, which include paroxysmal and
stress induced ataxic episodes, nystagmus, absence epilepsy,
headaches and more recently psychiatric and cognitive dis-
orders such as anxiety, depression, attention deficit hyperac-
tivity, autistic-like traits, personality and executive function
impairments. In order to treat individual patients successfully,
as many aspects of their deficiencies should be diagnosed
and therapeutically managed. In this study, we aimed to
investigate cognitive impairments in our mouse models for EA2
to determine whether it would be a sufficient animal model
to study combined drug therapy treatments for their ataxia,
absence epilepsy and cognitive abnormalities in the future.
It is important to keep in mind that our mouse models for
EA2 also suffer from ataxia and stress induced dystonia which
can affect their cognitive performance since most of the test
requires motor coordination. However, we tracked the total
distanced moved in several of the tests with no changes in
CacnalaP¥k(~/~) mice. Cacnalad"X(~/-) mice were not as mobile
and motivated in general and moved less distance in several the
tests. In our previous publications, we demonstrate in several
motor coordination tests that postnatal removal of the P/Q type
calcium channel have more severe effects on CacnalaPuk(—/-)
compared with Cacnala®(~/~) mice. Therefore, we do not think
this is the reason for their poor motor performance but may be
due to motivation issues. In addition, all mice experiencing a
spontaneous or stress induced dystonic attack were removed
from the analyses. Our EA2 mouse models as in some patients
suffer from absence epilepsy (22,23,35-37) which may also
contribute to their poor cognitive performance. To the best our
knowledge this is the first cognitive study in EA2 mouse models
identifying dysfunction in several areas such as anxiety for new
situations (i.e. territories and objects), decision making, memory
recognition, social interactions and aggression. Collectively, our
data suggest that EA2 mice in addition to suffering from motor-
related abnormalities also may display anxiety, autistic- and
ADHD-like traits which include deficiencies in social, decision
making and new situations. Our mouse models for EA2 would
be ideal for pharmacologically dissecting out the different
pathways contributing to cognitive deficits from their motor and
epileptic dysfunctions which may even lead to new therapeutic
treatments for EA2 patients.

Materials and Methods
Transgenic mice

Cacnala®™me mice were created in our lab (22,23) and then
further crossed with transgenic PC-specific CRE mice (Jackson
laboratories, stock number 004146 B6.129-Tg(Pcp2-cre)2Mpin/J)
(38) to create the CacnalaP"x(~/~) mice or crossed with transgenic
GC-specific CRE mice (Jackson laboratories, stock number
000196-UCD; B6; D2-Tg(Gabra6-cre)B1Lfr/Mmucd) (39) to create
the Cacnal%™ (—/=) mice. The genetic background of the mice was
determined by PCR of genomic DNA from tail biopsy (22,23). To
detect Citrine incorporation into the Cacnal gene, PCRs were per-
formed with primers to Cacnala, Citrine and Cre recombinase. The
following primer pairs were used to identify the mouse strains



described: Cacnala forward 5 GGGGTCTGACTTCTGATGGA 3,
reverse 5 AAGTTGCACACAGGGCTTCT 3'; CacnalaCe forward 5’
TATATCATGGCCGACAAGCA 3/, reverse 5 TTCGGTCTTCACAAG-
GAACC 3/; Tg™® forward 5 ATTCTCCCACCACCGTCAGTACG 3/,
reverse 5 AAAATTTGCCTGCATTACCG 3'.

Adult male and female mice (9-12 mo) were used for behavior
experiments. Cacnala®e test group consisted of 7 males and
5 females. CacnalaP*(~/~) test group contained 8 males and 5
females. Cacnala®™(~/-) test group contained 4 males and 6
females. A second group of mice consisting 7 males and 10
females for Cacnala®®"® and 13 males and 14 females for
Cacnalad¥k(—/-) at 6-12 mo of age were used for additional
experiments. All mice were group housed in the behavior lab
on a 12 h dark/light cycle with food and water ad libitum for the
duration of the testing period. Mice were single housed for the
social interaction test. Cleaning of the cages was executed at
least 2 days prior to testing and not during the testing period
to avoid stress and distraction. All tests were performed during
their dark cycle to minimize disruption of sleep cycle and with
at least 2 days in between tests to allow adequate recovery
time. Mice were acclimated for at least 7 days to the dark/light
cycle and behavior lab before testing. Trials were omitted with
mice undergoing a dyskinetic event and repeated at a later time
point if possible or excluded from the analyses. Data acquisition
was performed using the Noldus video recording system and
Ethovision XT 8.5 tracking software.

The present study was carried out in accordance with the
European Communities Council Directive of 2010 (2010/63/EU)
for care of laboratory animals and approved by a local
ethics committee (Bezirksamt Arnsberg) and the animal care
committee of North Rhine-Westphalia, Germany, based at the
LANUV (Landesamt fiir Umweltschutz, Naturschutz und Ver-
braucherschutz, Nordrhein-Westfalen, D-45659 Recklinghausen,
Germany). The study was supervised by the animal welfare
commission of the Ruhr-University Bochum. All efforts were
made to minimize the number of mice used for this study.

Behavior tests

Open field. The open field arena consisted of 50 x 50 cm opaque,
plexiglass chamber subdivided into a center (20 x 20 cm), inter-
mediate and border (8 cm from chamber wall) region, which
was brightly illuminated with 950 lux above the arena (40). Mice
were placed into the center of the open field and the following
parameters were video tracked for 15 min with the Ethovision XT
8.5 software (Noldus): time spent in the center, time spent in the
border, total distance traveled and border-to-center transitions.
The apparatus was cleaned between subjects with 70% ethanol.
Each mouse underwent 1 trial.

Novelty suppressed feeding. Mice were deprived of food for 24 h
before testing with water available ad libitum (40). A familiar food
pellet previously weighed (~2 g) was placed in the middle or in
the border equal distance from the start to the center of a new
aversive environment (arena: 50 x 50 cm), brightly illuminated
with 950 lux above the arena. As an enticement, a familiar
Froot Loop was placed in the border equal distance from the
start to the center of a new aversive environment. Mice were
placed into a plastic tube in the right corner of the arena, which
was removed at the start of the test. The task ended when the
mice first fed, defined as biting the food pellet with use of the
forepaws. The latency to start feeding served as a measurement
of anxious behavior. Subjects were recorded for 10 min with the
Noldus video recording system and Ethovision XT 8.5 tracking
and analysis software for further analysis. Mice were allowed to
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consume food an additional 5 min in the arena before returning
to home cages. Food consumption was measured for potential
feeding differences among test groups. Each mouse underwent
1 trial.

Light/dark place preference. The light/dark place preference
test, also known as the light/dark mouse exploration test was
created according to the modified specifications as Crawley and
Goodwin (41). Briefly an open field arena (30 x 30 x 30 cm) was
divided into two arenas (30 x 15 x 30 cm), an open, light arena and
a dark closed arena consisting of a black infrared (IR) see through
plexiglass box with an opening. The light arena was brightly
illuminated with 950 lux above the arena. Mice were placed into
one corner of the light arena and the following parameters were
video tracked with an IR camera for 5 min with the Noldus video
recording system and Ethovision XT 8.5 tracking and analysis
software: time spent in the light and dark arena and the number
of transitions between the light and dark arenas. The arenas
were cleaned between subjects with 70% ethanol. Each mouse
underwent 1 trial.

Dark/dark place preference. The dark/dark place preference test
was created according to the modified specifications as Crawley
and Goodwin (41) to examine the decisiveness of the mice.
Briefly an open field arena (30 x 30 x 30 cm) was divided into
two dark closed arenas (zone A and zone B) consisting of a black
IR plexiglass box (30 x 15 x 30 cm) with a small opening to access
both dark arenas. Tests were performed under IR light only. Mice
were placed into the corner of one of the dark arenas and the
following parameters were video tracked with an IR camera for
10 min with the Ethovision XT 8.5 software (Noldus): time spent
in dark zone A or B and the number of transitions between the
two dark zones. The arenas were cleaned between subjects with
70% ethanol. Each mouse underwent 1 trial.

Novel object recognition. The novel object recognition test was
performed based on the protocol from Lueptow (42). The mice
were habituated for 5 min to a 50 x 50 cm open field under dim
light conditions. The next day two equal objects were placed
in opposite quarters of the field. The mice were placed in the
middle of the box for 10 min to explore the objects. Twenty
four hours later, one of the familiar objects was replaced by a
novel object. The novel object is placed alternately in one or the
other quarter to avoid side preference bias. The mice were again
placed in the middle of the box with 10 min to explore both
objects. The mice were video tracked with an IR camera with the
Noldus video recording system and Ethovision XT 8.5 tracking
and analysis software for the last 2 days of the trials. The total
exploration time (nose point) for both objects, latency to first for
each object, duration and frequency were tracked. A preference
index (p) was calculated with the equation p = (n/t) x 100 (n = time
spent exploring the novel object, t = total exploration time). Mice
which did not have total exploration time of >20 s or did not
explore both of the objects at least once were excluded from the
analysis. To obtain a representative sample, a group is excluded
from the analysis of one phase if more than half of the mice have
been excluded. Each mouse underwent 1 trial.

Object relocation test. The object relocation test also known
as object location memory task was performed to examine
spatial memory and cognition abilities of Cacnalad™*(~/~) and
Cacnala®re mice and was created according to the protocol
from Vogel-Ciermia and Wood (43). Mice were placed in the
center of a 50 x 50 cm opaque, plexiglass chamber brightly
illuminated with 950 lux above the arena for a 5 min habituation
period. The next day, two identical objects were placed on
opposite sides of the arena, before mice were placed in the
middle of the field for 10 min. Twenty four hours later, one object
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was placed to the same side. The mice were again placed in the
middle of the box with 10 min to explore. Animals were video
tracked each time with an IR camera with the Ethovision XT
11.5 software (Noldus) and following parameters were analyzed:
total exploration time (nose point) for both objects, latency
to first, duration at each object and frequency. A preference
index (p) was calculated p = (n/t) x 100. Mice which did not have
total exploration time of >20 s or did not explore both of the
objects at least once were excluded from the analysis. To obtain
a representative sample, a group is excluded from the analysis
of one phase if more than half of the mice have been excluded.
Each mouse underwent 1 trial.

T maze. Spatial memory and cognition of the mice were
investigated using the T-maze test under dim light conditions
(44). Cacna1a?™(~/~) and Cacnala®®m® mice were habituated to
the T maze for 3 x 10 min trials. Twenty-four hours later, mice
were tested in 5 trials where each trial of the test consists of a
sample- and a choice-phase. Mice were placed at the beginning
of the start arm facing the wall. After choosing one arm, the mice
were allowed 30 s to explore the chosen arm. Then the choice-
phase began by placing mice again at the start arm and choose
an arm. Mice were given a maximum time of 10 min to com-
plete each phase. The chosen arm in the sample- and choice-
phase and duration of arm choice were noted. Animals explored
the previously unknown arm, whereas impaired animals would
explore arms randomly. Five trials per animal were averaged and
the alternation value was evaluated.

Social interaction with resident intruder. Transgenic mice were
single housed for at least 2 days before testing (45). Transgenic
mice were introduced to an age, gender and size matched C57B/6
mouse in a neutral cage for 5 min during their dark cycle. The
duration and number of events for attention, sniffing, social and
genital sniffing were later analyzed from video tracks (Ethovi-
sion XT 8.5 software, Noldus). Attention was defined as inter-
est or examination of environment. Sniffing was determined
by sniffing the environment but not the foreign mouse. Social
sniffing was defined as sniffing the foreign mouse but not its
genitals. Genital sniffing was defined as sniffing the genitals of
the foreign mouse. Nesting, standing up on back limbs, walking,
following, mounting, tail rattling, biting and fighting were also
analyzed. Each mouse underwent 1 trial.

3 Chamber social assay. This test was performed to analyze
the social skills and anxiety of Cacnalak(~/-) and CacnalaCitine
mice. We modified the protocol from Locke et al. (46). A 60 x 30 x
30 cm plexiglass arena, which was divided into three chambers
of equal size (20 x 30 x 30 cm) with small openings to allow
access to all chambers was brightly illuminated with 950 lux
above the arena. For habituation, mice were placed in the center
chamber for 10 min, freely exploring the arena. The following
day an empty wire cage (10 x 15 cm) was placed in the left arena
(non-social chamber) and the test was repeated. On the third day,
another wire cage containing a foreign mouse was placed in the
right chamber (social chamber) and the mice were tested again for
10 min. The mice were video tracked with an IR camera by the
Ethovision XT 11.5 software (Noldus). The total exploration time,
frequency of visits, time spent in the chambers and 2 cm zones
around the wire cages were analyzed. Mice which did not have
total exploration time of >20 s or did not explore both chambers
at least once were excluded from the analysis.

Tube dominance test. Aggression was more directly tested by
the tube dominance test (30 cm long and 3.0 cm diameter
transparent, plexiglass tube). Mouse pairs were released into
either end of the tube, the first mouse to exit was the ‘loser.’ EA2
mice were paired with Cacnala®™e mice of the same gender. A

maximum session of 10 min was performed and >3 trials with
randomized opponents. In the event that both mice remained in
the tube for the entire 10 min or both mice exited the tube at
the same time, this was considered a ‘tie.” The plastic tube was
cleaned between subjects with 70% ethanol.

Hotplate test. The hotplate test was modified according to the
methods of Barrot (47). Cacnala?¥™(—/-) and Cacnala®¢ mice
were placed inside a 15 x 30 cm plexiglass cylinder, which was
positioned on a metal heat plate connected to a temperature
control panel. Starting at 32°C, the plate slowly heated 1°C/min
to a maximum of 42°C. Animals were filmed with a conventional
camcorder (Panasonic). The temperature of first jump and paw
lick, total number of jumps/mouse/°C and paw licks/mouse/°C
and % of mice jumping or paw licking at a given temperature
were analyzed. Experiments were performed under normal light
conditions. The heat plate and cylinder were disinfected with
70% ethanol. Each mouse underwent 1 trial.

Buried food test. To determine the olfactory abilities of the
Cacanala®™(~/-) mice, overnight-fasted mice were timed how
quickly they could find a Froot Loop under 1 cm of bedding from
a total of 3 cm of bedding (48). Each mouse underwent 1 trial and
was given a maximum of 10 min to complete the task. Average
latencies to find the Froot Loop were analyzed and reported.

Looming test. Flight behavior and recognition abilities
of threatening situations as a parameter for anxiety were
investigated with the looming test based on the protocol from
Li et al. (49). Briefly, Cacnala®¥(~/-) and Cacnala®®in¢ mice
were habituated for 10 min to the 50 x 50 cm open field arena,
where a black plexiglass shelter (10 x 10 cm) was placed in the
upper left corner and an Acer Predator LED display (62 cm) was
placed on the ceiling of the arena with only a white background.
Twenty four hours later, mice were placed in the center of the
arena and allowed to explore for 5 min again. Following the
5 min habituation period, the monitor presented the looming
stimulus, an expanding black disk starting 2-20° in 1 s with 10
repetitions (programmed with Matlab, MathWorks®, USA). Each
mouse was presented with the looming stimulus for <5 times.
The stimulus was triggered manually as soon as the mouse
entered the opposite quarter of the arena (maximum distance
from shelter). Experiments were performed under IR conditions.
Mice were recorded with an IR camera by the Ethovision XT 11.5
software (Noldus) and the following parameters were analyzed:
number of responses for freezing or flight/trial and mean time
freezing/stimulus/trial. Mice were given a total of 3 min to rest
in the shelter. If mice did not leave the house within this time
period, they were gently removed manually and placed in the
center of the arena. <5 trials per animal were averaged. The
arena was disinfected with 70% ethanol between subjects.

Statistics and Reproducibility

All statistical analyses were calculated with Microsoft Excel soft-
ware. All statistical analyses were calculated by means of one-
way ANOVA for comparison of mouse groups. Values have been
considered as outliners, if there were 1.5*IQR (IQR: Interquar-
tile range) larger than the upper quartile or smaller than the
lower quartile. Outliners have been excluded from the analy-
sis. Mice which did not meet the individual test requirements
as described in the methods for each individual behavior test
or had a dystonic attack were also excluded from the anal-
yses. Data are presented as whisker boxplots or a dot plot/-
time sequence of events. Significance for comparisons: *P <0.05,
**P <0.01; ***P <0.001. The n for every experiment is reported in
the figures.
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