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The cerebellum is not only essential for motor coordination but is also involved in
cognitive and affective processes. These functions of the cerebellum and mechanisms
of their disorders in cerebellar injury are not completely understood. There is a wide
spectrum of cerebellar mutant mice which are used as models of hereditary cerebellar
degenerations. Nevertheless, they differ in pathogenesis of manifestation of the particular
mutation and also in the strain background. The aim of this work was to compare spatial
navigation, learning, and memory in pcd and Lurcher mice, two of the most frequently
used cerebellar mutants. The mice were tested in the open field for exploration behavior,
in the Morris water maze with visible as well as reversal hidden platform tasks and in the
forced swimming test for motivation assessment. Lurcher mice showed different space
exploration activity in the open field and a lower tendency to depressive-like behavior in
the forced swimming test compared with pcd mice. Severe deficit of spatial navigation
was shown in both cerebellar mutants. However, the overall performance of Lurcher mice
was better than that of pcd mutants. Lurcher mice showed the ability of visual guidance
despite difficulties with the direct swim toward a goal. In the probe trial test, Lurcher mice
preferred the visible platform rather than the more recent localization of the hidden goal.

Keywords: Lurcher, olivocerebellar degeneration, pcd, spatial learning, water maze

Introduction

Neurodegenerative disorders affecting the olivo-cerebellar system are manifested by
well-characterized motor disorders. Nevertheless, the cerebellum is also involved in cognitive
and behavioral processes, abnormalities of which have been described in humans (Schmahmann
and Sherman, 1997; Cooper et al., 2010; Fancellu et al., 2013; Marien and Beaton, 2014), as well
as in a wide spectrum of cerebellar mutant mice (for review see Manto and Marmolino, 2009;
Cendelin, 2014). Cerebellar mutants are variable relative to the feature and extent of the cerebellar
and extra-cerebellar neuronal degeneration. Moreover, the mutations appear in different mouse
strains and these mutants retain specific phenotypic traits of the original strains. The importance
of the genetic background for behavioral manifestation has been shown in gain-of-function
(Cendelin et al., 2014) as well as loss-of-function mutations (Lalouette et al., 2001). Furthermore,
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the review by D’hooge and de Deyn (2001) showed that
sex differences, age, nutrition, stress, infections as well as
experimental protocol, apparatus, and data analysis could
markedly influence results in the Morris water maze task (Morris,
1984). With respect to these facts, it is therefore difficult to
compare the behavioral phenotype of various mutations in mice
of different background strains from different studies. On the
other hand, the identification and understanding of specific
impairments related to a particular mutation should be of
interest regarding the variability of human hereditary cerebellar
degenerations (Manto, 2005) and the use of mouse models for the
development of disease-targeted therapeutic approaches.

In the present study, the behavioral phenotype of two of
the most frequently used mouse models of olivocerebellar
degeneration, Lurcher and Purkinje cell degeneration (pcd), were
studied. Lurcher mice (Phillips, 1960) constitute the semi-
dominant gain-of-function mutation in the §2 glutamate receptor
(GIuR82) gene that changes the receptor into a leaky membrane
channel, which chronically depolarizes the cell membrane (Zuo
etal., 1997). GluR32 is expressed predominantly by Purkinje cells
(Araki et al., 1993) and therefore, cell-autonomous degeneration
of Purkinje cells is a primary effect of the mutation (Wetts
and Herrup, 1982a,b). Virtually all Purkinje cells disappear by
3 months of age (Caddy and Biscoe, 1979). Fast reductions
of cerebellar interneurons and inferior olive neuron numbers
are due to secondary target-related cell death (Caddy and
Biscoe, 1979; Wetts and Herrup, 1982a,b; Zanjani et al., 2006).
Lurchers are characterized by ataxia (Fortier et al, 1987),
spatial orientation impairments (Lalonde et al., 1988; Cendelin
et al., 2008), and alterations of anxiety-related behaviors (Hilber
et al., 2004). Lurcher mutation exists in two phenotypically
undistinguishable alleles, the original one, Grid2™ (Zuo et al.,
1997), and Grid2b =/ (de Jager et al., 1997). For experiments,
Grid2'* mutants have been used, e.g., in B6GCBA and C3H (Caddy
and Biscoe, 1979; Cendelin et al., 2014) strain backgrounds.

Pcd mice (Mullen et al, 1976) carry a recessive loss-of-
function mutation in the gene encoding the cytosolic ATP/GTP
binding protein 1 (Agtpbl), ak.a. Nnal (Fernandez-Gonzalez
et al., 2002). Nnal is expressed throughout the brain and retina
with prominence in cerebellar Purkinje cells (Mullen et al., 1976;
Baltanas et al., 2011), mitral cells of the olfactory bulb (Greer and
Shepherd, 1982), thalamic neurons (O’Gorman, 1985; O’Gorman
and Sidman, 1985), and retinal photoreceptors (Blanks et al.,
1982; Lavail et al, 1982). Histopathological analysis of pcd
mice revealed rapid Purkinje cell loss between the third and
fourth postnatal week (Baltanas et al., 2013), slowly progressive
cerebellar granule cell degeneration, moderate reduction of the
deep cerebellar nuclei, and slow degeneration of inferior olivary
neurons that are supposed to be secondary to the loss of Purkinje
cells (Ghetti et al., 1987; Triarhou et al., 1987). The photoreceptor
decrease progresses slowly and even after 9 months of life, some
photoreceptors are retained (Marchena et al., 2011). Pcd mice
suffer from ataxia (Mullen et al., 1976; Goodlett et al., 1992) and a
deterioration of spatial navigation learning (Goodlett et al., 1992).
The pcd mutation exists in several different alleles (Wang and
Morgan, 2007). Ped mice carrying the original allele Agtpbp1¢<d
have been used for experiments, e.g., in B6.BR (Vinueza Veloz

et al., 2014), C57BL/6] (Zhang et al., 1996), or B6C3Fe (Rotter
et al., 2000) strains.

Both mutants constitute a distinct type of mutation affecting
the olivo-cerebellar system either exclusively (Lurcher) or
inclusively (pcd) and determining a strong pathological
phenotype. Distinct histopathological similarities predestine
them to frequent mutual comparisons, mostly often indirect
(Furuya et al, 1994; Lalonde and Thifault, 1994; Le Marec
and Lalonde, 1997, 2000), but none of these studies have
involved systematic experiments. Therefore, the aim of this
study was to test the behavioral phenotype of pcd and Lurcher
mice with particular attention paid to cognitive and emotional
disturbances under the same environmental conditions. We also
aimed to assess the comparability of the mutants, which are
not commercially available in identical strains. Thus, healthy
littermates were also tested to assess the role of the genetic
backgrounds.

Materials and Methods

Animals

Two cohorts of adult (3 months) B6.BR pcdV and B6CBA
Lurcher mutants and their healthy wild type littermates of
both sexes were used (for n, see Table1). Both B6.BR pcd
and wild type mice were obtained by crossing heterozygous
males and females. Both B6CBA Lurcher and wild type mice
were obtained by crossing wild type females with heterozygous
Lurcher males. All animals were housed in the same breeding
facility under standard laboratory conditions in a temperature
and humidity controlled room with a 12/12h light/dark cycle
(6 a.m. to 6 p.m.). The tests were performed during the light
phase of the cycle. Animals were kept in plastic cages with
wooden shavings and maintained with a standard commercial
pellet diet and water ad libitum. All experimental procedures
were performed in compliance with the EU Guidelines for
Scientific Experimentation on Animals and with the permission
of the Ethical Commission of the Faculty of Medicine in
Pilsen.

Experimental Design

To eliminate the influence of the tests on behavior, two cohorts of
mice were used. Cohort A was used for analysis of the explorative
behavior in the open field and spatial learning, orientation and
navigation in the Morris water maze. Cohort B was used for
assessment of motivation and depressive-like behavior in the
water environment. The body weight of mice from both cohorts
was measured on the first day of the experiment before the
tests. For behavioral tests and body weight evaluation, male and
female mice were considered separate experimental groups. Since
ped mice are known to suffer from retinal degeneration (Blanks
et al., 1982; Lavail et al., 1982), the retinas of samples of pcd
mutants were examined stereologically and compared with those
from their B6.BR wild type littermates as well as with retinas of
B6CBA Lurcher and wild type mice to assess the presence and
extent of photoreceptor degeneration at the time of finishing the
behavioral testing.
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TABLE 1 | Mean + SEM (n) body weight of 3-month-old pcd and Lurcher mice and their healthy littermate controls (separately for both cohorts).

wild type

Lurcher

wild type

pcd
COHORT 1
Females (9) 15.96 4+ 1.262 (16)
Males (g) 19.56 4 2.350 (16)
COHORT 2
Females (g) 15.5834+2.911(14)
Males () 19.084+3.199(11)

21.57 +£0.986 (22)
26.51+£2.509(17)

22.32+£1.052(13)
27.81+1.519(16)

20.49+1.847(17)
24.79+1.847 (19)

20.01+1.507 (14)
24.56+1.272 (12)

22.00+ 1.887 (21)
27.89+1.885(18)

22.92+£1.168(12)
28.47 £1.574(15)

Behavioral Testing

Open Field

Explorative behavior and spontaneous motor activity were
analyzed using the open field test. The apparatus consisted
of a white open top plastic box (50 x 50x 50cm) with an
illumination intensity of 20 lux at the box floor level. The
subject was placed in the center of the open field and left
undisturbed for 5min. The apparatus was cleaned with 70%
ethanol between subjects. The activity was recorded using
EthoVision® XT 7.1 (Noldus Information Technology b.v.,
Netherlands). The locomotion activity (% of the test duration),
distance moved (cm), thigmotaxis (% moved distance in the
3cm border zone), and mean walking speed (cm/s) were
evaluated.

Morris Water Maze Task

The goal-directed navigation and spatial learning were evaluated
using a Morris water maze task (Morris, 1984). The apparatus
consisted of a circular white plastic pool (100 cm in diameter x
55cm in height), with the water level set at a height of 35cm
above the base. The pool was filled with water (26 +2°C) and
illuminated with 70 lux at the water surface. Escape from the
water was provided by a transparent circular PlexiGlass platform
(7.5 cm in diameter; 0.5 cm below the water level). Four starting
points around the circumference of the pool were arbitrarily
designated: North (N), South (S), West (W), and East (E). Each
animal performed four trials per day-session with 16 min inter-
trial intervals. The subject was introduced into the pool facing
the wall in one of four starting positions. The maximal time for
the platform location was 60 s. If the mouse did not locate the
platform within the allotted time, it was manually placed on the
platform. After each trial, the mouse was left on the platform
for 30s.

The water maze test consisted of 12 consecutive day-sessions
arranged into three phases: visible platform test (day-sessions
1-5), reversal hidden platform test (day-sessions 6-11), and
probe trial (day-session 12). For the visible platform test, the
hidden escape platform position was highlighted by a cylindrical
label (3 cm in diameter; 5cm in height) with vertical black and
white stripes mounted 12 cm above the submerged platform. The
label served as a cue for visual goal-directed navigation. Platform
position and starting point order is schematically depicted in
Figure 1. For the probe trial, the escape platform was removed,
and each mouse was allowed to swim freely for 60 s per trial.

§ VISIBLE {"REVERSAL HIDDEN | i
[ PLATFORM TASK M PLATFORM TASK M FROBEIRIAE }
N N N ;
Low E | w E | W E

| stats:N-S-W-E | stats:E-W-S-N | starts: E i
1 " M . S S | " I
ey , i

1 2 3 4 56 7 8 9 101 12

Day-sessions

FIGURE 1 | Scheme of the Morris water maze protocol indicating time
schedule, platform position and starting point sequence. The red circle
indicates a visible platform position. An empty circle indicates a hidden
platform position. Dashed lines represent imaginary quadrant borders.

The movement of the mice in the maze was recorded
using EthoVision® XT 7.1. Escape latencies (s) and distance
moved (cm) were measured as the basic parameters of the
performance in the Morris water maze task. Swimming speed
during periods of activity (i.e., excluding floating periods) was
calculated to assess the swimming ability of the mice and to
evaluate the relationship between latency and distance moved.
Mouse navigation and orientation relative to the escape platform
position was determined as the heading angle error and direct
swim percentage. The heading angle error was measured as a
deviation from a direct line from the starting point to the center
of the platform. As direct swim, those trials with a shorter
distance moved than the length of a direct line connecting the
starting point and the platform multiplied by 1.3 were considered
(Cendelin et al., 2014). The exploration strategy was evaluated
using thigmotaxis (% moved distance in the 10 cm margin zone
of the maze). Floating (% of time spent inactive) was assessed as
a specific behavioral event. Spatial learning and memory were
assessed using the preference for the NW or SW quadrant,
respectively (% of distance moved), for the first 30's of the first
start of the probe trial only to avoid the effect of adaptation on
the missing platform.

Forced Swimming Test

The motivation to swim and depressive-like behavior were
analyzed using the Porsolt’s forced swimming test (Porsolt et al.,
1979). Mice were immersed in a glass water tank (diameter:
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18cm; height: 26 cm; water depth: 19cm). The water was
maintained at 26 £ 2°C and illuminated with 70 lux at the water
surface. The mouse was left to swim without any possibility of
escape for 15min per day-session for three consecutive days.
Immobility periods were recorded using EthoVision® XT 7.1,
and relative immobility (% of total time) was calculated. To
assess the development of depressive-like behavior within a day-
session, immobility periods were evaluated separately in three
5-min time-bouts for each day-session.

Quantitative Histology of the Retina

The presence and extent of retinal degeneration in pcd mutants
(n = 8) compared with their healthy littermates (n = 8) and
B6CBA mice (Lurcher: n = 8; WT: n = 8) was assessed using
stereological analysis. Paraformaldehyde-fixed right eyes of four
females and four males per group were processed into 10 pm
thick serial sections with random orientation. Every fifteenth
section was stained with Gill's hematoxylin and scanned as a stack
of four 2.5 pm optical sections using an Olympus C-5060 digital
camera coupled to an Olympus CX31 microscope (Olympus,
Tokyo, Japan) using an 60X objective with a numerical aperture
of 1.35. To count the retinal photoreceptor cell nuclei, nine
dissector-counting frames were randomly imposed on each stack
(Glaser et al.,, 2007), taking into account only those optical
dissectors located in the outer nuclear layer (ONL) of the retina
(352 % 15 dissectors for each animal). The volume of the retina
and total number of photoreceptor nuclei were estimated using
the fractionator method. Finally, the number of photoreceptor
nuclei was related to the retina volume and numerical density
was determined (Gundersen, 1986; Boyce et al, 2010). The
mean coefficient of sampling error (CE) was 4.7% for the ONL
volume and 4.4% for the retina volume (Gundersen and Jensen,
1987).

Statistical Analysis

Data were analyzed using traditional statistical tests extended
with a non-parametric permutational approach (Pesarin and
Salmaso, 2010). Three-Way ANOVA or Three-Way ANOVA
with repeated measurements were evaluated, and the following
factors were analyzed: type—cerebellar mutant (CM)/wild type
(WT), strain—B6CBA/B6.BR, sex—female/male, and within-
group factors day-session and/or time-bout (session, bout; if
applicable). Interactions of these factors were also assessed.
All ANOVA-tests were followed by planned comparisons
performed using ¢-tests with a Bonferroni correction for repeated
measurements (day-session and/or time-bout). The data ordered
in a paired design were analyzed using the paired t-test. The
preference for the selected quadrants was verified using the
one-sample f-test against a value of 25%, which represents a
random occurrence. The data are presented as mean £+ SEM.
p < 0.05 was considered statistically significant. Reported F
and t-values are considered as Fy and fy, respectively, before the
start of permutational tests. ANOVAs and ¢-tests were performed
with maximal 5000 and 10,000 permutations, respectively.
Statistical analyses were conducted using the R version 3.1.2 for
Mac OS.

Results

Body Weight

The mean body weight of mice is presented in Table 1. Both pcd
and Lurcher mutants showed significantly reduced body weights
compared to their healthy counterparts. Moreover, pcd mice
showed significantly lower body weights compared to Lurchers,
even though the wild type mice for both groups were not different
(for statistics see Supplementary Table 1).

Open Field

Spatial distribution of the exploratory activity in the open field is
presented in Figure 2A. Despite an evident preference for corners
of the square arena in all experimental groups, B6CBA mice, and
especially BCBA Lurchers, showed a higher tendency to explore
the entire arena. The significance of individual parameters
measured in the open field on individual factors (type, strain, sex)
and their interactions are shown in Table 2.

Distance moved is shown in Figure 2B. While pcd females
moved a shorter distance in the open field than B6.BR wild type
females, Lurcher females walked longer distances than B6CBA
wild type females. In males, no significant differences were found
between mutant and wild type mice. Wild type females and pcd
and wild type males of the B6.BR strain had longer distances
moved than did their B6CBA counterparts. Pcd males moved
longer distances than pcd females (f = —3.68, p < 0.001) and
B6CBA wild type males moved longer distances than females
(t = —2.40, p < 0.020).

Locomotion activity is shown in Figure 2C. The activity was
higher in Lurcher females than in B6CBA wild type females and
in pcd males than in B6.BR wild type males. Strain comparison
showed higher activity in B6.BR wild type females, mutant and
wild type males than in their B6CBA counterparts. Pcd males
had higher locomotion activity than pcd females (t = —3.76,
p < 0.001), and B6CBA wild type males were more active than
females (t = —2.52, p < 0.013).

Thigmotaxis is displayed in Figure 2D. Thigmotaxis was
significantly lower in Lurcher males than in B6CBA wild type
males. B6.BR males showed higher thigmotaxis than B6CBA
males. There was no effect of sex on thigmotaxis in the open field.

The parameter walking speed is shown in Figure 2E. Walking
speed in the open field arena was lower in pcd females than
in B6.BR wild type females, in pcd males than in B6.BR wild
type males, and in Lurcher males than in B6CBA wild type
males. Strain comparison showed that pcd females walked slower
than Lurcher females, but pcd males were faster than Lurcher
males. Both B6.BR wild type females and males achieved a higher
walking speed than B6CBA wild type mice. Pcd males showed
higher walking speed than pcd females (t = —3.59, p <
0.001), and B6CBA wild type males walked faster than females
(t=—2.02,p < 0.048).

Morris Water Maze

Parameters measured in the Morris water maze are displayed
in Figures 3-5. For the significance of the effect of individual
factors (type, strain, sex, day-session) and their interactions on
parameters measured in the Morris water maze, see Tables 3, 4.
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FIGURE 2 | Open field test: (A) Superposition of trajectories
(frequency of animal presence) for females and males in the
arena; (B) Total distance moved (cm); (C) Percentage of time
spent with locomotion activity (%); (D) Percentage of
thigmotaxis (% moved distance in the 3cm border zone) and

A FEMALES
» » - K . L]
.
- ‘l
. - B - . .
ped (B6.BR) WT (B6.BR) Lurcher (B6CBA) WT (B6CBA)
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- - » o -
- 5
. ’ [ . . -
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. pcd (B6.BR) WT (B6.BR) . Lurcher (B6CBA) WT (B6CBA)

(E) Mean walking speed (cm/s) during locomotion activity
periods. Statistical significance was evaluated using a permutational
t-test. Within-strain comparison: *p < 0.05, **p < 0.01, and **p < 0.001.
Between-strain comparison: #p < 0.05, ##p < 0.01, and

###p < 0.001. Data are presented as mean + SEM.

Typical examples of trajectory shapes observed during the
experiment are shown in Figures 6A-F.

Escape Latencies

Escape latencies in the Morris water maze (Figure 3A) were
significantly longer in both types of cerebellar mutants than in
their wild type littermates during the test with the visible as well
as the hidden platform. The only day on which the difference was
low (for the B6.BR mice, it was insignificant) was the first day
with the hidden platform moved into the opposite quadrant (D6).
Strain comparison showed smaller differences in both mutant as
well as wild type mice. Compared with Lurchers, pcd mice (both
males and females) had longer latencies in the visible platform

task, while no differences between the mutants were found during
the hidden platform task. In addition, B6.BR wild type mice
achieved worse results than their BCBA counterparts did (for
females, only at the beginning of the visible platform task, but
for males also at the end of the hidden platform task). The direct
comparison of females and males showed differences in B6.BR
wild type mice only on the day-session 3 (t = —5.28, p < 0.001)
and day-session 5 (t = —2.72, p = 0.023).

Distance Moved

Distance moved (Figure 3B) was significantly longer in Lurcher
mice compared with wild type B6CBA mice on all days of the
test. On the other hand, pcd mice showed a markedly longer
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TABLE 2 | Open field test: statistical significances of the between-group factors (type, strain, and sex) and their interactions.

Between-group factors Distance Locomotion Thigmotaxis Walking speed

Fa, 138) P F1, 138) p Fa, 138 P F, 138 p
Type 3.24 0.045 18.12 <0.001 6.32 0.007 55.21 <0.001
Strain 48.45 <0.001 37.04 <0.001 15.63 <0.001 49.22 <0.001
Sex 4.14 n.s. 2.80 n.s. 1.48 n.s. 4.28 0.020
Type:Strain 21.06 <0.001 6.12 0.005 0.54 n.s. 31.48 <0.001
Type:Sex 0.66 n.s. 1.76 n.s. 0.70 n.s. 0.30 n.s.
Strain:Sex 2.08 n.s. 0.00 n.s. 4.41 0.032 4.77 0.023
Type:Strain:Sex 12.46 <0.001 8.38 0.004 0.33 n.s. 13.01 <0.001

Permutational Three-Way ANOVA.

trajectory than wild type B6.BR mice only in the visible platform
task, except for on the first day, while the difference appeared
only occasionally in the next phase. In wild type mice, mild
strain differences appeared only in the visible platform task.
Nevertheless, in the mutants, a significant difference appeared in
the hidden platform task when the distance moved was markedly
longer in Lurchers than in pcd mice. Sex differences were found
only on the day-session 3 in B6.BR wild type mice (t = —2.72,
p = 0.037).

Swimming Speed
Swimming speed (Figure 3C) was significantly lower in pcd mice
than in other mice.

On the other hand, Lurchers did not swim slower than their
wild type littermates. Lurcher males were even significantly faster
than wild type ones on day-session 1. Strain comparison showed
a slower swimming speed in B6.BR wild type mice than in
B6CBA ones, namely in the visible platform phase. There were
no significant sex differences in swimming speed.

Heading Deviation

Heading deviation error (Figure 4A) was significantly higher in
mutant mice than in their wild type littermates. In the B6.BR
strain, the differences were mainly seen in the visible platform
task, while, in the B6CBA strain, they were significant for
almost the entire course of the experiment. In females, no strain
differences were seen. B6.BR wild type males were occasionally
worse than B6CBA males. The only sex difference in heading
deviation error was found on the day-session 10 in B6.BR wild
type mice (t = —3.42, p = 0.011).

Direct Swim

The percentage of direct swim trials (Figure 4B) was high in wild
type mice of both strains in the visible platform task except for
the first day session. Also, on some days of the hidden platform
task, wild type mice showed a significantly higher percentage
of direct swim trials than their mutant littermates. In mutant
mice, direct swim trials were rare in both phases of the test.
Strain differences showing better performance in B6CBA mice
were only seen for a few day-sessions and mainly for wild
type mice. Males and females did not differ in direct swim
percentage.

Thigmotaxis

Thigmotaxis (Figure 5A) was significantly higher in both
cerebellar mutants than in wild type animals on most days of the
water maze test. Strain differences, on the other hand, were poor.
The only difference between males and females was found on the
day-session 5 in B6.BR wild type mice (t = —3.19, p = 0.010).

Floating Analysis

Floating analysis (Figure 5B) revealed almost no differences in
the percentage of time spent without activity between mutant
and wild type mice. Nevertheless, in cerebellar mutants, a strain
difference was observed, since floating behavior was very rare in
Lurcher mutants. B6.BR wild type males spent significantly more
time floating than females on the day-session 3 (t = —3.47,
p = 0.003), day-session 4 (t = —2.86, p = 0.015), day-session
5( = —2.87, p = 0.013), and day-session 7 (t = —2.87,
p = 0.035).

Morris Water Maze Task Acquisition

Significance of the within factor (day-session) indicated the
importance of development of the parameters during the course
of the Morris water maze test (Tables 3, 4). Learning process,
which was manifested as a shortening of escape latencies
(Figure 3A, Table 5) and distance moved (Figure 3B, Table 5),
was detectable for the visible platform task in all groups of mice
and for the hidden platform task for both B6CBA and B6.BR
wild type mice and B6CBA Lurcher males. Lurcher females and
both pcd males and females did not learn the hidden platform
task (Table5). Wild type mice of both strains also showed
a significant decrease of heading deviation error (Figure 4A,
Table 5) and an increase of the direct swim percentage
(Figure 4B, Table 5) during both visible and hidden platform
tasks. Lurcher mice improved heading deviation and direct swim
percentage (males only) during the visible platform task, but
not during the hidden platform task. Pcd mice did not improve
their heading deviation or direct swim percentage in either of the
tasks.

Change of the platform position and its concealment
(compare day-sessions 5 and 6) led to significant prolongation
of both latencies and distance moved in all groups of mice
(Figures 3A,B, Table 5), an increase in heading deviation error in
all groups except pcd females (Figure 4A, Table 5) and a decrease
in the direct swim percentage in wild type mice and Lurcher
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FIGURE 3 | Morris water maze: (A) Mean escape latency (s); (B) Total
distance moved (cm) and (C) Mean swimming speed during periods
of active swimming (cm/s). Statistical significance was evaluated using
permutational t-test with Bonferroni correction for the repeated measurement

for within-strain comparisons (pcd vs. B6.BR wild type, Lurcher vs. B6CBA
wild type) as well as for between-strain comparisons of cerebellar mutants
(CM; pcd vs. Lurcher) and wild types (WT; B6.BR WT vs. BGCBA WT). Data
are presented as mean + SEM.
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comparisons (pcd vs. B6.BR wild type, Lurcher vs. BECBA wild type) as well
as for between-strain comparisons of cerebellar mutants (CM; pcd vs.
Lurcher) and wild types (WT; B6.BR WT vs. B6CBA WT). Data are presented
as mean + SEM.

males (Figure 4B, Table 5). The effect of change of the platform
position and its concealment is also shown in Supplementary
Figure 1.

Probe Trial

Probe trial on the last day of the Morris water maze test
showed a mild preference for the NW quadrant in which
the hidden platform was localized for the previous 6 day-
sessions in B6CBA and B6.BR wild type mice. Surprisingly,
both types of cerebellar mutants showed a significant
preference for the SE quadrant, where the visible platform
was localized during the first phase of the water maze
test (Figure 6G). These findings were confirmed by the
measurement of latency of the first occurrence in the former
position of the visible and hidden platform (Supplementary
Figure 2).

Forced Swimming Test
Depressive-like behavior, which manifested as a state of
immobility in the Porsolt’s forced swimming test, is presented
in Figure 7. The analysis showed a significant between-group
effect of the type and strain, but not their interaction (Table 6).
Nevertheless, a Three-Way ANOVA showed a significant effect of
type:sex as well as type:strain:sex factor interactions (Table 6). A
repeated measurement ANOVA also showed a significant within-
group factor effect of the time-bout and day-session (Table 6).
Total length of immobility in pcd females did not significantly
differ from that in B6.BR wild type females (except the first 5min
time-bout in day-session 3). On the contrary, pcd males showed
less immobility than B6.BR wild type males (Figure 7). In B6CBA
mice, both Lurcher females and males had a shorter duration
of immobility than did wild type mice in most time-bouts of
day-session 2 and 3 (Figure 7). The occurrence of immobility
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FIGURE 5 | Morris water maze: (A) Percentage of thigmotaxis (% of
distance moved in 10 cm border zone) and (B) Percentage of floating

(% of time spent without swimming). Statistical significance was
evaluated using permutational t-test with Bonferroni correction for the

—@— Lurcher (B6CBA)

MALES
Visible platform test ~ Reversal hidden platform test
30
- 25
e
0 20
X
8 15
° L)
g 10 -
£ . ool
£ s '8,.~.8._a..g...¢°.¢..¢,. .
oo O ‘Oee Qe
0 O
1 2 3 4 5 6 7 8 9 10 11
B6.BR n.s. <0.01<0.01 ns. <0.05 ns. <0.01<0.05 ns. ns. <0.01
B6CBA  n.s. <0.01<0.01<0.01<0.01<0.01<0.01 <0.01 <0.01 <0.01 <0.01
CMm ns. ns. Nns. ns. Nns. Nns. Nns. Ns. Nns. Nns. ns.
WT ns. ns. ns. <005 ns. ns. ns. ns. ns. ns. ns.
MALES
Visible platform test ~ Reversal hidden platform test
30
£
(2]
c
=
©
e}
[TH

B6.BR ns. ns. ns. Ns. ns. Nns. NsS. NS Nns. NS Nns.

B6CBA <0.01 ns. ns. ns. ns. <001 ns. ns. ns. ns. ns.
CcMm <0.05 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
WT ns. ns. <0.05 ns. ns. ns. ns. ns. ns. ns. ns

<O+ WT (B6CBA)

repeated measurement for within-strain comparisons (pcd vs. B6.BR wild
type, Lurcher vs. BBCBA wild type) as well as for between-strain

comparisons of cerebellar mutants (CM; pcd vs. Lurcher) and wild types (WT,
B6.BR WT vs. BBCBA WT). Data are presented as mean + SEM.

periods was very low in Lurcher mice; thus, their immobility state
duration was significantly shorter than in pcd mice in each day-
session for females and the last 2 day-sessions for males. BECBA
wild type females showed less immobility than B6.BR wild type
females in the first time-bout for day-session 1 and 2 as well as the
first two time-bouts on day-session 3. The sex differences were
found in pcd mice; males showed less immobility than females
(Figure 7).

Furthermore, while the immobility was permanently rare in
Lurchers, its duration increased from the day-session 1 to 3 in
other mice (Table 7). For pair comparison of time-bout 1 vs.
time-bout 3 for each day-session, see Supplementary Table 2.

Quantitative Histology
Stereological analysis showed only an insignificant reduction in
the density of retinal photoreceptors nor ONL volume relative

to whole retina volume in pcd mutants compared with their
healthy littermates, or with B6CBA Lurcher and wild type mice
(Figure 8).

Discussion

In this study, we have shown specific features of spatial
performance and behavioral differences in response to the
Morris water maze task in pcd and Lurcher mice, the most
frequently used mouse models of olivocerebellar degeneration
(for review, see Lalonde and Strazielle, 2007; Cendelin, 2014).
Although it has been described that the neurodegenerative
process disrupts spatial learning in both mutants, specific features
of their spatial performance, which are presented here, have
not been reported and sufficiently explained before, and even
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TABLE 3 | Morris water maze —escape latency, distance moved, and swimming speed: statistical significances of the between-group factors (type,
strain, and sex) and within-group factors (session) as well as their interactions.

VISIBLE PLATFORM TASK
Between-group factors Latency Distance moved Swimming speed

Fi1, 138 P F(1, 138) P F(1, 138) P
Type 665.03 <0.001 424.95 <0.001 15.29 <0.001
Strain 100.00 <0.001 0.01 n.s. 148.94 <0.001
Sex 0.70 n.s. 1.18 n.s. 2.41 n.s.
Type:Strain 31.43 <0.001 15.00 <0.001 58.87 <0.001
Type:Sex 0.11 n.s. 0.03 n.s. 1.62 n.s.
Strain:Sex 4.91 n.s. 0.07 n.s. 3.88 0.043
Type:Strain:Sex 0.57 n.s. 0.17 n.s. 0.01 n.s.
Within-group factors Fa, 552) P Fa, 552) P Fia, 552) P
Session 221.38 <0.001 251.08 <0.001 13.52 <0.001
Type:Session 15.50 <0.001 17.14 <0.001 2.22 n.s.
Strain:Session 1.66 n.s. 0.47 n.s. 7.08 <0.001
Sex:Session 1.62 n.s. 0.95 n.s. 0.90 n.s.
Type:Strain:Session 14.23 <0.001 11.25 <0.001 0.95 n.s.
Type:Sex:Session 0.68 n.s. 2.79 <0.001 0.09 n.s.
Strain:Sex:Session 2.01 n.s. 0.80 n.s. 0.21 n.s.
Type:Strain:Sex:Session 2.62 0.037 1.50 n.s. 0.85 n.s.
REVERSAL HIDDEN PLATFORM TASK
Between-group factors Latency Distance moved Swimming speed

F(1, 138) p F(1, 138) p F1, 138) P
Type 291.22 <0.001 192.35 <0.001 57.66 <0.001
Strain 6.71 0.005 89.06 <0.001 163.72 <0.001
Sex 0.66 n.s. 3.50 n.s. 2.72 n.s.
Type:Strain 11.03 0.008 176.79 <0.001 60.70 <0.001
Type:Sex 0.07 n.s. 0.48 n.s. 0.14 n.s.
Strain:Sex 4.45 0.025 0.01 n.s. 2.48 0.048
Type:Strain:Sex 0.05 n.s. 1.50 n.s. 0.43 n.s.
Within-group factors F(s, 690) P F(5, 690) P Fis, 690) P
Session 28.67 <0.001 43.91 <0.001 16.82 <0.001
Type:Session 15.68 <0.001 20.09 <0.001 5.42 <0.001
Strain:Session 1.13 n.s. 1.33 n.s. 0.47 n.s.
Sex:Session 1.09 n.s. 1.1 n.s. 0.62 n.s.
Type:Strain:Session 1.21 n.s. 1.75 0.025 0.45 n.s.
Type:Sex:Session 0.13 n.s. 0.82 n.s. 0.92 n.s.
Strain:Sex:Session 2.07 n.s. 0.90 n.s. 1.06 n.s.
Type:Strain:Sex:Session 1.79 n.s. 1.26 n.s. 0.18 n.s.

Permutational Three-Way ANOVA with repeated measurements.

contradict some earlier opinions (Goodlett et al., 1992; Lalonde
and Thifault, 1994). With regard to many factors that could
influence the performance of the mice in behavioral tests, e.g.,
specific mutations, genetic background, sex, and the environment
(for review, see Wolfer and Lipp, 2000; D’hooge and de Deyn,
2001), we performed a detailed comparative behavioral analysis
of spatial navigation, learning and memory in pcd and Lurcher
mutants. In order to assess specific behavioral abnormalities that

could influence performance in the spatial navigation task, open
field and forced swimming tests were done.

Behavior of Pcd and Lurcher Mutants in the
Open Field and Forced Swimming Test

The type of the mutation, background strain and sex influenced
behavior in both open field and forced swimming tests. The
effect of sex of experimental animals was relatively stronger in
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TABLE 4 | Morris water maze —heading deviation, direct swim percentage, thigmotaxis, and floating: statistical significances of the between-group
factors (type, strain, and sex) and within-group factors (session) as well as their interactions.

VISIBLE PLATFORM TASK
Between-group factors Heading Direct swim Thigmotaxis Floating

F1, 138) P F(1, 138 p F1, 138) P F(1, 138 P
Type 314.21 <0.001 553.17 <0.001 101.37 <0.001 0.29 n.s.
Strain 1.45 n.s. 80.97 <0.001 0.39 n.s. 16.35 <0.001
Sex 0.02 n.s. 2.87 n.s. 1.89 n.s. 12.13 <0.001
Type:Strain 1.17 n.s. 37.56 <0.001 1.80 n.s. 5.82 0.087
Type:Sex 2.08 n.s. 2.46 n.s. 1.78 n.s. 1.1 n.s.
Strain:Sex 0.562 n.s. 0.03 n.s. 0.73 n.s. 13.43 <0.001
Type:Strain:Sex 0.10 n.s. 2.21 n.s. 0.05 n.s. 0.42 n.s.
Within-group factors Fa, 552) P F1, 138) P Fa, 552) p Fa, 552) P
Session 43.71 <0.001 75.07 <0.001 214.95 <0.001 7.79 <0.001
Type:Session 11.01 <0.001 52.12 <0.001 60.72 <0.001 3.11 0.003
Strain:Session 0.96 n.s. 7.20 <0.001 1.65 n.s. 3.61 <0.001
Sex:Session 0.23 n.s. 0.46 n.s. 3.58 n.s. 1.44 n.s.
Type:Strain:Session 2.57 0.034 3.13 <0.001 3.61 <0.001 6.90 <0.001
Type:Sex:Session 0.91 n.s. 0.19 n.s. 3.39 <0.001 0.45 n.s.
Strain:Sex:Session 0.14 n.s. 0.61 n.s. 1.20 n.s. 6.03 <0.001
Type:Strain:Sex:Session 1.44 n.s. 0.81 n.s. 0.73 n.s. 0.55 n.s.
REVERSAL HIDDEN PLATFORM TASK
Between-group factors Heading Direct swim Thigmotaxis Floating

F1, 138) P Fa, 138 P F1, 138) P Fa, 138) P
Type 174.80 <0.001 113.05 <0.001 124.96 <0.001 0.07 n.s.
Strain 0.90 n.s. 16.52 <0.001 6.76 0.008 13.07 <0.001
Sex 0.36 n.s. 0.51 n.s. 0.62 n.s. 5.87 0.018
Type:Strain 8.64 <0.001 13.26 <0.001 10.45 <0.001 6.64 <0.001
Type:Sex 0.30 n.s. 0.16 n.s. 2.31 n.s. 0.00 n.s.
Strain:Sex 6.36 0.014 1.40 n.s. 1.39 n.s. 4.40 n.s.
Type:Strain:Sex 0.02 n.s. 0.39 n.s. 0.00 n.s. 0.01 n.s.
Within-group factors F(5,690) p F(5,690) p F(5,690) p F(5,690) P
Session 16.00 <0.001 12.51 <0.001 3.28 n.s. 214 0.022
Type:Session 5.30 <0.001 9.32 <0.001 7.53 <0.001 0.51 n.s.
Strain:Session 2.77 <0.001 1.96 <0.001 1.77 n.s. 1.28 n.s.
Sex:Session 3.62 0.005 0.72 n.s. 2.07 <0.001 1.36 n.s.
Type:Strain:Session 0.82 n.s. 0.83 n.s. 0.94 n.s. 1.27 n.s.
Type:Sex:Session 1.65 n.s. 1.26 n.s. 2.65 0.024 1.23 n.s.
Strain:Sex:Session 2.78 0.013 1.26 n.s. 0.43 n.s. 1.17 n.s.
Type:Strain:Sex:Session 0.15 n.s. 2.55 0.005 3.01 0.004 0.62 n.s.

Permutational Three-Way ANOVA with repeated measurements.

these tests than in the Morris water maze and was, in this case,
sufficient to completely invert the differences. In the open field,
B6.BR mice showed typical preference to the corners of the arena,
while, in B6CBA mice, the activity was more dispersed through
the arena. Such higher dispersion of the activity was more
marked in Lurchers than in their wild type littermates. Abnormal
exploration has been reported also by Caston et al. (1998) who

found significantly reduced exploratory behavior in Lurchers
despite an increase in spontaneous activity. The most obvious
phenomenon observed in the forced swimming test was the
absence of floating even during later phases of each day-session
of the forced swimming test and the absence of an increase of
floating duration across the day-sessions in Lurcher mice. While
tendency toward inactivity and depressive-like behavior were
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FIGURE 6 | Examples of typical trajectories (A-F) of cerebellar
mutants and wild type mice. (A) Thigmotaxis (e.g., B6.BR WT female,
day-session 1, trial 1) was typical for Lurcher (Lc) and both B6.BR and
B6CBA wild type (WT) mice on the first day-session. (B) Rotation (e.g.,
pcd male, day-session 1, trial 1) was an abnormal trajectory pattern that
occurred in both cerebellar mutants in all day-sessions. (C) Focal search
(e.g., B6.BR WT male, day-session 6, trial 1) in area of previous platform
position appeared in WT and Lc mice immediately after change of the
platform position (day-session 6). (D) Scanning (e.g., B6.BR WT male,
day-session 6, trial 3) or (E) circling (e.g., B6.BR WT female, day-session
7, trial 1) strategy was used by WT mice before they learned the new
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platform position. (F) Direct swim (e.g., BBCBA WT male, day-session 11,
trial 3) typical for WT mice in day-sessions 2-5 (visible platform) and
appearing also in WT mice at the end of hidden platform task, but not in
cerebellar mutants. Hatched circles indicate position of visible platform
empty circles indicate position of hidden platform. (G) Morris water maze
(probe trial): Percentage of distance moved through individual quadrants
during the first 30s of the first trial (E-starting position) of day-session 12.
Statistical significance was evaluated using one-sample permutational
t-test against 25% value, which represents a random occurrence:

*p < 0.05 and **p < 0.01, **p < 0.001. Data are presented as mean +
SEM.

observed in pcd mice, Lurchers showed rather inadequate high
activity.

Features of behavior seen in both open field and forced
swimming tests comply with behavioral disinhibition affecting
Lurcher mice (Frederic et al., 1997; Lalonde, 1998; Hilber et al.,
2004; Porras-Garcia et al., 2005). The discrepancy between
less fear-related behavior and elevated levels of corticosterone
during stressful situations (Frederic et al,, 1997; Hilber et al.,
2004; Lorivel et al., 2014), a lack of prepulse inhibition and an
inability to produce the immobility response suggest that Lurcher
mice have a reduced capacity to inhibit selective components
of natural behaviors due to an affection of the sensorimotor
gating mechanism (Lalonde, 1998; Porras-Garcia et al., 2005).
In pcd mice, only indirect evidence suggesting the possibility of
some level of behavioral disinhibition and perseveration were
reported in studies of spontaneous alternation, exploration and
habituation (Lalonde et al., 1987, 1989). Since more dispersed
activity in the open field and less frequent immobility in the
forced swimming test were also in B6CBA wild type mice as
compared with B6.BR wild type mice, these phenomena are not

only due to the Lurcher phenotype, but might be at least a
partially strain-related phenomenon.

Performance of Pcd and Lurcher Mutants in the
Morris Water Maze Tests

Both pcd and Lurcher cerebellar mutants showed poor
performance in the Morris water maze. Despite finding a marked
improvement in Lurcher mice during the visible platform task,
the results were worse than in wild type controls, and there were
only a few trials with a direct swim toward the goal. The results
for learning the hidden platform position were much worse,
and among cerebellar mutants, it was detectable only in Lurcher
males. This complies with earlier findings (Lalonde and Thifault,
1994; Cendelin et al., 2014), and may support the hypothesis that
Lurcher mice have impaired visuomotor integration suggested
by Lalonde and Thifault (1994). Nevertheless, visuomotor
integration ability seems to be partially preserved in Lurchers,
since they are able to learn the visual platform task. Preference
for the zone of the previous platform position during the first
trial after changing the platform position (analogy of probe trial)
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TABLE 5 | Morris water maze: statistical significances of change between or during individual phases.

VISIBLE PLATFORM TASK (DAY-SESSION 1VS. DAY-SESSION 5)

Latency Distance moved Heading Direct swim
Females t p t p t p t p
pcd B6.BR 4.90 <0.001 7.43 <0.001 1.39 n.s. -1 n.s.
Wild type B6.BR 14.25 <0.001 13.28 <0.001 9.46 <0.001 —7.51 <0.001
Lurcher B6CBA 8.82 <0.001 7.83 <0.001 3.06 0.007 —0.81 n.s.
Wild type BEBCBA 11.44 <0.001 9.52 <0.001 4.93 <0.001 —9.55 <0.001
Males t p T p t p t p
pcd B6.BR 3.80 0.002 7.99 <0.001 2.06 n.s. 0 n.s.
Wild type B6.BR 9.54 <0.001 9.26 <0.001 5.50 <0.001 —6.67 <0.001
Lurcher B6CBA 9.23 <0.001 8.74 <0.001 3.68 0.001 —2.96 0.016
Wild type B6CBA 7.27 <0.001 6.68 <0.001 511 <0.001 —14.75 <0.001
REVERSAL HIDDEN PLATFORM TASK (DAY-SESSION 6 VS. DAY-SESSION 11)

Latency Distance moved Heading Direct swim
Females t p T p t p t p
pcd B6.BR 1.14 n.s. 0.22 n.s. 117 n.s. —0.56 n.s.
Wild type B6.BR 6.00 <0.001 7.52 <0.001 4.09 <0.001 4.55 <0.001
Lurcher B6CBA —0.58 n.s. -0.15 n.s. —-1.47 n.s. 1.73 n.s.
Wild type BEBCBA 6.23 <0.001 7.27 <0.001 4.35 <0.001 11.12 <0.001
Males t p t p t p t p
pcd B6.BR -0.43 n.s. 1.12 n.s. 1.96 n.s. 0 n.s.
Wild type B6.BR 3.63 0.004 4.38 <0.001 3.66 0.002 7.32 <0.001
Lurcher B6CBA 3.16 0.004 3.65 0.002 1.41 n.s. 1.68 n.s.
Wild type B6CBA 5.62 <0.001 6.22 <0.001 4.50 <0.001 7.62 <0.001
PLATFORM TRANSITION (DAY-SESSION 5VS. DAY-SESSION 6)

Latency Distance moved Heading Direct swim
Females t p t p t p t p
pcd B6.BR -3.23 0.006 -2.93 0.011 -1.78 n.s. 0 n.s.
Wild type B6.BR -13.71 <0.001 -13.16 <0.001 -15.43 <0.001 7.8 <0.001
Lurcher B6CBA -8.76 <0.001 -9.28 <0.001 —2.51 0.025 1.14 n.s.
Wild type BEBCBA -10.42 <0.001 -12.56 <0.001 —8.48 <0.001 11.78 <0.001
Males t p t p t p t p
pcd B6.BR -2.64 0.020 -2.19 0.042 -2.80 0.016 —1.46 n.s.
Wild type B6.BR -11.81 <0.001 -12.63 <0.001 -10.13 <0.001 7.91 <0.001
Lurcher B6CBA —8.55 <0.001 -8.35 <0.001 —4.55 <0.001 2.96 0.016
Wild type BEBCBA -8.36 <0.001 —9.60 <0.001 —6.91 <0.001 13.83 <0.001

Permutational paired t-test.

also supports the idea that Lurcher mutants have some level of
spatial learning ability that seems to be strongly dependent on
the possibility of visual guidance training, which was constituted
in our study by the 5 day-sessions of the visual platform task.
Poor performance in the hidden platform task, on the other
hand, may suggest a severe spatial learning deficit.

Although it has been reported in pcd mice that their
performance in the visual platform task is not impaired

compared to wild type controls (Goodlett et al,, 1992), we
observed poor performance of pcd mice in both visual and hidden
platform tasks. The first study of spatial navigation in pcd mice
used quite small experimental groups of male mice (Goodlett
et al,, 1992). In the present study, the results are based on larger
samples, and males and females were analyzed separately.

An interesting phenomenon seen in the probe trial was
the marked preference for the quadrant in which the visible
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FIGURE 7 | Forced swimming test: percentage of immobility state (%
of time spent without moving). Statistical significance was evaluated
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measurement for within-strain comparisons (pcd vs.B6.BR wild type, Lurcher
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mutants (CM; pcd vs. Lurcher) and wild types (WT; B6.BR WT vs. B6CBA
WT). Sex differences were significant in pcd mutants only from day-session
1, time-bout 2 until day-session 3, time-bout 1 (t = 3.13, p = 0.011; t = 4.05,
p =0.003; t =3.89, p = 0.004; t =2.90, p = 0.030; t = 3.67; p = 0.005;

t =2.93, p = 0.019, respectively). Data are presented as mean £+ SEM.

platform was localized, and the omitting of the quadrant of
the more recent localization of the hidden platform in both
types of cerebellar mutants. In pcd mice, this is an artifact
of spending a long time in the proximity of the starting
point due to low activity. Furthermore, the reversal hidden
platform task seemed to be extremely difficult for Lurchers. The
preference of the original target quadrant could be explained
by the behavioral inflexibility of Lurcher mice (Dickson et al.,
2010). Behavioral flexibility, inhibitory response, and working
memory are high-level cognitive skills, which enable the effective
execution of goal-directed behaviors (Dalley et al., 2004). These
skills have consistently been shown to be dependent on the
prefrontal cortex (Dalley et al., 2004; Robbins and Arnsten,
2009). It has been demonstrated that the cerebellum modulates
the prefrontal cortex activity (Strick et al., 2009; Rogers et al.,
2013). Behavioral inflexibility, as well as behavioral disinhibition,
which are closely related to inhibitory response (Young et al.,
2009), suggested the affection of higher cognitive skills in
Lurcher mutants. Thus, the poor performance of cerebellar
mutants in the water maze task could be caused by at least
four types of factors or their combinations: (1) Cognitive
disorders, (2) Sensory disorders, (3) Motivation and behavioral
abnormalities, and (4) Motor deficits. The performance is further
modified by differences in manifestation of the mutations, strain,
and sex.

Role of Cognition

The Morris water maze task requires at least two types of
non-motor learning. First, association between the platform
and escape from the maze must be created. Second, the
animal must start to learn the position of the platform.

Associative learning processes are supposed to be strongly
related to the cerebellum (Gruart et al., 1997; Jimenez-Diaz
et al,, 2004; for review, see Thompson and Steinmetz, 2009;
Perciavalle et al., 2013) and its abnormalities have been
described in both Lurcher and pcd mutants (Chen et al., 1996;
Porras-Garcia et al.,, 2005, 2010; Brown et al.,, 2010). Thus,
delayed association between the platform and water escape
could affect the motivation to learn its position in cerebellar
mutants.

Traditionally, spatial cognition is related to the hippocampus
(O’Keefe and Nadel, 1978). Nevertheless, the cerebellum
participates in the construction of hippocampal spatial
representation and, thus, plays an important role in goal-
directed navigation (Rochefort et al., 2011, 2013; Onuki et al.,
2013). Therefore, it could be assumed that the absence of
Purkinje cells in both pcd and Lurcher mice might have a strong
impact on the hippocampal processes involved in solving spatial
tasks.

Role of Sensory Impairments

Since good vision is crucial for spatial navigation, retinal
degeneration could be an important factor that strongly
influences behavior, namely spatial performance in pcd mice.
Nevertheless, the retinal degeneration in pcd mice is only slowly
progressive (Blanks et al., 1982; Lavail et al.,, 1982; Blanks and
Spee, 1992; Marchena et al,, 2011), and we have found only an
insignificant reduction of photoreceptor density in the retinas
of pcd mice at the age at which they were tested for spatial
orientation. Despite this, some impact of vision problems on
behavior during spatial tasks could not be excluded due to the
possible functional imperfection of a degenerating retina even
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TABLE 6 | Forced swimming test: statistical significances of the
between-group factors (type, strain, and sex) and within-group factors
(bout, session) as well as their interactions.

Immobility
Between-group factors Fi1, 99) P
Type 39.45 <0.001
Strain 76.79 <0.001
Sex 0.03 n.s.
Type:Strain 0.43 n.s.
Type:Sex 18.15 <0.001
Strain:Sex 2.10 n.s.
Type:Strain:Sex 77 0.013
Within-group factors F2, 198) P
Bout 23.02 0.011
Type:Bout 2.65 0.025
Strain:Bout 1.69 n.s.
Sex:Bout 1.37 n.s.
Type:Strain:Bout 17.60 <0.001
Type:Sex:Bout 2.87 0.023
Strain:Sex:Bout 1.13 n.s.
Type:Strain:Sex:Bout 1.67 n.s.
Within-group factors F(1, 99) P
Session 29.48 <0.001
Type:Session 12.91 <0.001
Strain:Session 5.00 0.005
Sex:Session 0.72 n.s.
Type:Strain:Session 0.24 n.s.
Type:Sex:Session 0.27 n.s.
Strain:Sex:Session 0.10 n.s.
Type:Strain:Sex:Session 0.03 n.s.
Within-group factors Fi2, 198) P
Bout:Session 1.83 n.s.
Type:Bout:Session 1.08 n.s.
Strain:Bout:Sesion 1.22 n.s.
Type:Strain:Bout:Session 1.15 n.s.
Sex:Bout:Session 0.30 n.s.
Type:Sex:Bout:Sesion 3.56 n.s.
Strain:Sex:Bout:Sesion 0.41 n.s.
Type:Strain:Sex:Bout:Session 2.63 n.s.

Permutational Three-Way ANOVA with repeated measurements.

before a reduction of photoreceptor number becomes evident
(Marchena et al., 2011).

However, in addition, the cerebellar disorder itself may lead
to severe sensory dysfunctions by at least two mechanisms—
affection of perceptual processes and oculomotor abnormalities.
The cerebellum is associated with perceptual systems including
vision, proprioception and self-motion perception, and cerebellar

TABLE 7 | Forced swimming test: paired comparison of day-session 1 and
3 for each time-bout.

Groups Time-bout (min) Females Males
t p t p
pcd B6.BR 00 — 05 —-4.60  <0.001 —-0.86 n.s.
05-10 -0.53 n.s. —1.44 n.s.
10-15 0.01 n.s. -3.22 0.006
Wild type B6.BR 00— 05 -4.07 0.003 —7.48  <0.001
05-10 -3.30 0.012 —2.46 0.028
10-15 -5.17 0.001 -2.93 0.011
Lurcher BECBA 00 — 05 -1.22 n.s. 1.04 n.s.
05-10 0.14 n.s. 0.66 n.s.
10-15 —0.51 n.s. 0.60 n.s.
Wild type BECBA 00 — 05 -2.93 0.011 -4.24  <0.001
05-10 0.14 n.s. 0.66 n.s.
10-15 -1.36 n.s. —-2.41 0.033

Permutational paired t-test.

lesions lead to a wide range of sensory impairments (for review,
see Baumann et al., 2015). Therefore, cerebellar disorders may
severely affect spatial orientation ability due to the inappropriate
acquisition and processing of information necessary for space
navigation.

Control of oculomotor function is important for sighting
fixation and for the visual following of an object by a moving
individual. In Lurchers, abnormalities of the optokinetic and
vestibuloocular reflexes were described by van Alphen et al.
(2002). Since cerebellar Purkinje cells control oculomotor
coordination, including optokinetic and vestibuloocular reflexes
(for review, see Angelaki and Hess, 2005; Yakusheva et al., 2007),
oculomotor problems could be expected also in pcd mice, in
which, however, the vestibuloocular reflex has been found to be
almost normal (Killian and Baker, 2002).

For all of these reasons, sensory problems can be expected
to play a significant role in navigation difficulties in cerebellar
mutants. In the visible goal task, these problems may be less
important than in the case of the hidden goal task, since the
goal represents a single and marked intramaze object of interest
instead of multiple extramaze landmarks necessary for hidden
goal location.

Role of Motivation and Behavioral Abnormalities

Paradoxically, pcd mice showed short distances moved. This
fact can be explained by low swimming activity and longer
periods of floating compared with Lurchers. Therefore, their
trajectory was relatively short, even in the case where they
did not reach the platform and spent the entire trial slowly
swimming with floating periods, while Lurcher mice spent this
time intensively swimming. Higher tendency of inactivity in
ped mice and higher swimming activity in Lurcher mice were
also seen in the forced swimming test. Floating is a behavioral
phenomenon that may substantially influence the results of
the water maze tasks (Llano Lopez et al., 2010) or may be a
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FIGURE 8 | (A) Histology of the retina in pcd and B6.BR wild type (WT) mice
stained with Gill's hematoxylin. The bars indicate 50 um. (B) Mean number of
photoreceptors in outer nuclear layer (ONL) per mms3 of the retina and (C)
mean volume of ONL expressed as percentage of whole retina volume in pcd,
B6.BR WT, Lurcher (Lc) and B6CBA WT mice. Values of individual animals are
indicated by A for females and O for males.

response to a difficult task as a manifestation of depressive-
like behavior and learned helplessness (Porsolt et al,, 1979).
Potential sight impairment due to retinal degeneration and
poor fitness related to low body weight may make the spatial
task too difficult for pcd mice, which might induce learned
helplessness.

Role of Motor Impairment

For performance in the water maze task, swimming and direction
maintenance abilities are required. Motor impairment has been
shown many times in cerebellar mutants (Fortier et al., 1987;
Lalonde et al., 1996; Le Marec and Lalonde, 1997, 1998; Cendelin
et al, 2008, 2014). On the other hand, Fortier et al. (1987)
showed a normal EMG pattern in swimming Lurcher mice, but
not in walking ones, suggesting that swimming is not as affected
by the ataxia as gait. Furthermore, Lurcher mice achieved the
same swimming speed as wild type mice. In pcd mice, low
swimming speed could account for their abnormal swimming
pattern (Goodlett et al., 1992), but also for lower activity or worse
fitness. Nevertheless, in both Lurcher and pcd mice, we have
observed a high incidence of rotating, but almost no direct swim
trials. A low frequency of direct swim was even seen in Lurcher
mice at the end of the visible platform task when they showed
an improving ability to reach the visible goal. Therefore, motor
deficiency does not seem to affect swimming ability, but rather,

could influence trajectory shape and disable the maintenance of a
straight course toward the goal in cerebellar mutants.

Role of the Mutation, Strain Background and Sex
Poor spatial performance is a strong phenotypic manifestation of
particular mutations in pcd and Lurcher mice. These symptoms
are easily detectable by the tests, and other factors, such as
strain and sex, seem to only slightly modulate performance.
Sex dimorphism as a function of brain structures related to
both behavioral processes and motor control has been described
(Arvidsson et al., 2014), and significant sex differences were even
reported in neurological manifestations of mutations in mice
(Walton et al., 2012; Truong et al., 2013).

More problematic is the comparison of the manifestation of
mutations. Despite the main features and extent of cerebellar
degeneration being similar, pcd and Lurcher mice differ in a
number of aspects. The overall performance of pcd mice in
the Morris water maze was worse than in Lurchers. Grid2L¢
and Agtpb1P° mutations not only differ in the mechanism of
cell death activation, but the spectrum of extracerebellar brain
damage and the affection of other tissues was wider with the
Agtpb1P°4 mutation. Therefore, in this case, modifying factors
have a broader range of targets. Particularly, retinal degeneration
(Blanks et al., 1982; Lavail et al, 1982; Blanks and Spee,
1992; Marchena et al., 2011) and expression of Nnal in the
skeletal muscles (Harris et al., 2000) are important. Since strain
differences between B6CBA and B6.BR wild type mice were also
observed in the present study, genetic background plays a role.
Pcd and Lurcher mice are not commercially available on the same
strain background. Therefore, it is difficult to unambiguously
distinguish a specific mutation effect from the modifying effect
of strain-specific phenotypic traits, the importance of which was
particularly shown for floating behavior.

Recently, we have shown that, despite the Lurcher mutation
having a strong manifestation, the phenotype could be modulated
by genetic background (Cendelin et al., 2014). Considering the
magnitude of differences between the same mutants in different
strains and between different mutants, we could conclude that
strain differences could be sufficient to cover or mitigate some of
the mutation-related differences.

Conclusion

We have confirmed the severe impairments in cognitive and
behavioral tests in both pcd and Lurcher mutant mice. Contrary
to previous studies (Goodlett et al., 1992; Lalonde and Thifault,
1994), we found that visuomotor integration is only partially
disabled in Lurchers, and that pcd mice failed in both visual
and hidden goal tests, using large samples of mice. Overall
performance in the Morris water maze test was better in
Lurcher mutants than in pcd mice. The effect of the mutation
as well as of the genetic background was seen. The deficit
of spatial performance in cerebellar mutants may potentially
arise from a combination of cognitive, sensory, emotional, and
motor disturbances, all of which are expected to be of different
importance in various mutants. Mutation-related differences

Frontiers in Behavioral Neuroscience | www.frontiersin.org

16

May 2015 | Volume 9 | Article 116


http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Tuma et al

Spatial disturbances in Lurcher and pcd mice

could be potentiated by specific phenotypic traits of different
strains of origin than these mutants.

Acknowledgments

The authors would like to thank Helena Geciova. Irena Pojarova,
and Dr. Pavel Ostasov for their technical assistance and Dr.
Milena Kralickova for institutional support. COST Grant No.

References

Angelaki, D. E., and Hess, B. J. (2005). Self-motion-induced eye movements:
effects on visual acuity and navigation. Nat. Rev. Neurosci. 6, 966-976. doi:
10.1038/nrn1804

Araki, K., Meguro, H., Kushiya, E., Takayama, C., Inoue, Y., and Mishina, M.
(1993). Selective expression of the glutamate receptor channel delta 2 subunit
in cerebellar Purkinje cells. Biochem. Biophys. Res. Commun. 197, 1267-1276.
doi: 10.1006/bbrc.1993.2614

Arvidsson, E., Viereckel, T., Mikulovic, S., and Wallen-Mackenzie, A. (2014).
Age- and sex-dependence of dopamine release and capacity for recovery
identified in the dorsal striatum of C57/Bl6] mice. PLoS ONE 9:€99592. doi:
10.1371/journal.pone.0099592

Baltanas, F. C., Berciano, M. T., Valero, J., Gomez, C., Diaz, D., Alonso, J. R.,
et al. (2013). Differential glial activation during the degeneration of Purkinje
cells and mitral cells in the PCD mutant mice. Glia 61, 254-272. doi:
10.1002/glia.22431

Baltanas, F. C., Casafont, I, Lafarga, V., Weruaga, E., Alonso, J. R, Berciano,
M. T, et al. (2011). Purkinje cell degeneration in pcd mice reveals large scale
chromatin reorganization and gene silencing linked to defective DNA repair.
J. Biol. Chem. 286, 28287-28302. doi: 10.1074/jbc.M111.246041

Baumann, O., Borra, R. J., Bower, J. M., Cullen, K. E., Habas, C., Ivry, R. B, et al.
(2015). Consensus paper: the role of the cerebellum in perceptual processes.
Cerebellum 14, 197-220. doi: 10.1007/s12311-014-0627-7

Blanks, J. C., Mullen, R. J., and Lavail, M. M. (1982). Retinal degeneration in
the pcd cerebellar mutant mouse. II. Electron microscopic analysis. J. Comp.
Neurol. 212, 231-246. doi: 10.1002/cne.902120303

Blanks, J. C., and Spee, C. (1992). Retinal degeneration in the pcd/pcd mutant
mouse: accumulation of spherules in the interphotoreceptor space. Exp. Eye
Res. 54, 637-644. doi: 10.1016/0014-4835(92)90019-O

Boyce, R. W., Dorph-Petersen, K. A, Lyck, L, and Gundersen, H. J.
(2010). Design-based stereology: introduction to basic concepts and practical
approaches for estimation of cell number. Toxicol. Pathol. 38, 1011-1025. doi:
10.1177/0192623310385140

Brown, K. L., Agelan, A., and Woodruff-Pak, D. S. (2010). Unimpaired trace
classical eyeblink conditioning in Purkinje cell degeneration (pcd) mutant
mice. Neurobiol. Learn. Mem. 93, 303-311. doi: 10.1016/j.nlm.2009.11.004

Caddy, K. W, and Biscoe, T. J. (1979). Structural and quantitative studies on the
normal C3H and Lurcher mutant mouse. Philos. Trans. R. Soc. Lond. B Biol. Sci.
287, 167-201. doi: 10.1098/rstb.1979.0055

Caston, J., Chianale, C., Delhaye-Bouchaud, N., and Mariani, J. (1998). Role
of the cerebellum in exploration behavior. Brain Res. 808, 232-237. doi:
10.1016/S0006-8993(98)00847-6

Cendelin, J. (2014). From mice to men: lessons from mutant ataxic mice.
Cerebellum Ataxias 1:4. doi: 10.1186/2053-8871-1-4

Cendelin, J., Korelusova, I, and Vozeh, F. (2008). The effect of repeated rotarod
training on motor skills and spatial learning ability in Lurcher mutant mice.
Behav. Brain. Res. 189, 65-74. doi: 10.1016/j.bbr.2007.12.013

Cendelin, J., Tuma, J., Korelusova, I., and Vozeh, F. (2014). The effect of genetic
background on behavioral manifestation of Grid2 mutation. Behav. Brain. Res.
271C, 218-227. doi: 10.1016/j.bbr.2014.06.023

Chen, L., Bao, S., Lockard, J. M., Kim, J. K, and Thompson, R. F. (1996).
Impaired classical eyeblink conditioning in cerebellar-lesioned and Purkinje
cell degeneration (pcd) mutant mice. J. Neurosci. 16, 2829-2838.

LD12057 of the Ministry of Education, Youth and Sport of the
Czech Republic.

Supplementary Material

The Supplementary Material for this article can be found
online at: http://journal. frontiersin.org/article/10.3389/fnbeh.
2015.00116/abstract

Cooper, F. E., Grube, M., Elsegood, K. J., Welch, J. L., Kelly, T. P., Chinnery, P. F.,
etal. (2010). The contribution of the cerebellum to cognition in spinocerebellar
ataxia type 6. Behav. Neurol. 23, 3-15. doi: 10.1155/2010/724861

Dalley, J. W., Cardinal, R. N., and Robbins, T. W. (2004). Prefrontal executive and
cognitive functions in rodents: neural and neurochemical substrates. Neurosci.
Biobehav. Rev. 28, 771-784. doi: 10.1016/j.neubiorev.2004.09.006

de Jager, P. L., Zuo, J., Cook, S. A., and Heintz, N. (1997). A new allele of the lurcher
gene, lurcher]. Mamm. Genome 8, 647-650. doi: 10.1007/s003359900530

D’hooge, R., and de Deyn, P. P. (2001). Applications of the Morris water maze in
the study of learning and memory. Brain Res. Brain Res. Rev. 36, 60-90. doi:
10.1016/S0165-0173(01)00067-4

Dickson, P. E., Rogers, T. D., Del Mar, N., Martin, L. A., Heck, D., Blaha, C.
D., et al. (2010). Behavioral flexibility in a mouse model of developmental
cerebellar Purkinje cell loss. Neurobiol. Learn. Mem. 94, 220-228. doi:
10.1016/j.nlm.2010.05.010

Fancellu, R., Paridi, D., Tomasello, C., Panzeri, M., Castaldo, A., Genitrini,
S., et al. (2013). Longitudinal study of cognitive and psychiatric functions
in spinocerebellar ataxia types 1 and 2. J. Neurol. 260, 3134-3143. doi:
10.1007/s00415-013-7138-1

Fernandez-Gonzalez, A., La Spada, A. R., Treadaway, J., Higdon, J. C., Harris, B. S.,
Sidman, R. L,, et al. (2002). Purkinje cell degeneration (pcd) phenotypes caused
by mutations in the axotomy-induced gene, Nnal. Science 295, 1904-1906. doi:
10.1126/science.1068912

Fortier, P. A., Smith, A. M., and Rossignol, S. (1987). Locomotor deficits in the
mutant mouse, Lurcher. Exp. Brain Res. 66, 271-286. doi: 10.1007/BF00243304

Frederic, F.,, Chautard, T., Brochard, R., Chianale, C., Wollman, E., Oliver, C.,
et al. (1997). Enhanced endocrine response to novel environment stress and
endotoxin in Lurcher mutant mice. Neuroendocrinology 66, 341-347. doi:
10.1159/000127257

Furuya, S., Irie, F., Hashikawa, T., Nakazawa, K., Kozakai, A., Hasegawa, A., et al.
(1994). Ganglioside GD1 alpha in cerebellar Purkinje cells. Its specific absence
in mouse mutants with Purkinje cell abnormality and altered immunoreactivity
in response to conjunctive stimuli causing long-term desensitization. J. Biol.
Chem. 269, 32418-32425.

Ghetti, B., Norton, J., and Triarhou, L. C. (1987). Nerve cell atrophy and loss in the
inferior olivary complex of “Purkinje cell degeneration” mutant mice. J. Comp.
Neurol. 260, 409-422. doi: 10.1002/cne.902600307

Glaser, J., Greene, G., and Hendricks, S. (2007). Stereology for Biological Research
with a Focus on Neuroscience. Williston, VT: MBF Press.

Goodlett, C. R., Hamre, K. M., and West, J. R. (1992). Dissociation of spatial
navigation and visual guidance performance in Purkinje cell degeneration
(pcd) mutant mice. Behav. Brain. Res. 47, 129-141. doi: 10.1016/S0166-
4328(05)80119-6

Greer, C. A., and Shepherd, G. M. (1982). Mitral cell degeneration and sensory
function in the neurological mutant mouse Purkinje cell degeneration (PCD).
Brain Res. 235, 156-161. doi: 10.1016/0006-8993(82)90206-2

Gruart, A., Pastor, A. M., Armengol, J. A., and Delgado-Garcia, J. M. (1997).
Involvement of cerebellar cortex and nuclei in the genesis and control of
unconditioned and conditioned eyelid motor responses. Prog. Brain Res. 114,
511-528. doi: 10.1016/S0079-6123(08)63383-X

Gundersen, H. J. (1986). Stereology of arbitrary particles. A review of unbiased
number and size estimators and the presentation of some new ones, in
memory of William R. Thompson. J. Microsc. 143, 3-45. doi: 10.1111/j.1365-
2818.1986.tb02764.x

Frontiers in Behavioral Neuroscience | www.frontiersin.org

May 2015 | Volume 9 | Article 116


http://journal.frontiersin.org/article/10.3389/fnbeh.2015.00116/abstract
http://journal.frontiersin.org/article/10.3389/fnbeh.2015.00116/abstract
http://journal.frontiersin.org/article/10.3389/fnbeh.2015.00116/abstract
http://journal.frontiersin.org/article/10.3389/fnbeh.2015.00116/abstract
http://journal.frontiersin.org/article/10.3389/fnbeh.2015.00116/abstract
http://journal.frontiersin.org/article/10.3389/fnbeh.2015.00116/abstract
http://journal.frontiersin.org/article/10.3389/fnbeh.2015.00116/abstract
http://journal.frontiersin.org/article/10.3389/fnbeh.2015.00116/abstract
http://journal.frontiersin.org/article/10.3389/fnbeh.2015.00116/abstract
http://journal.frontiersin.org/article/10.3389/fnbeh.2015.00116/abstract
http://journal.frontiersin.org/article/10.3389/fnbeh.2015.00116/abstract
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Tuma et al

Spatial disturbances in Lurcher and pcd mice

Gundersen, H. J., and Jensen, E. B. (1987). The efficiency of systematic sampling
in stereology and its prediction. J. Microsc. 147, 229-263. doi: 10.1111/j.1365-
2818.1987.tb02837.x

Harris, A., Morgan, J. L, Pecot, M., Soumare, A., Osborne, A., and Soares, H. D.
(2000). Regenerating motor neurons express Nnal, a novel ATP/GTP-binding
protein related to zinc carboxypeptidases. Mol. Cell Neurosci. 16, 578-596. doi:
10.1006/mcne.2000.0900

Hilber, P., Lorivel, T., Delarue, C., and Caston, J. (2004). Stress and anxious-
related behaviors in Lurcher mutant mice. Brain Res. 1003, 108-112. doi:
10.1016/j.brainres.2004.01.008

Jimenez-Diaz, L., Navarro-Lopez Jde, D., Gruart, A., and Delgado-Garcia, J. M.
(2004). Role of cerebellar interpositus nucleus in the genesis and control
of reflex and conditioned eyelid responses. J. Neurosci. 24, 9138-9145. doi:
10.1523/JNEUROSCI.2025-04.2004

Killian, J. E., and Baker, J. F. (2002). Horizontal vestibuloocular reflex (VOR)
head velocity estimation in Purkinje cell degeneration (pcd/pcd) mutant mice.
J. Neurophysiol. 87, 1159-1164. doi: 10.1152/jn.00219.2001

Lalonde, R. (1998). Immobility responses in Lurcher mutant mice. Behav. Genet.
28, 309-314. doi: 10.1023/A:1021627631721

Lalonde, R., Filali, M., Bensoula, A. N., and Lestienne, F. (1996). Sensorimotor
learning in three cerebellar mutant mice. Neurobiol. Learn. Mem. 65, 113-120.
doi: 10.1006/nlme.1996.0013

Lalonde, R., Lamarre, Y., and Smith, A. M. (1988). Does the mutant mouse
lurcher have deficits in spatially oriented behaviours? Brain Res. 455, 24-30.
doi: 10.1016/0006-8993(88)90109-6

Lalonde, R., Manseau, M., and Botez, M. I. (1987). Spontaneous alternation and
habituation in Purkinje cell degeneration mutant mice. Brain Res. 411, 187-189.
doi: 10.1016/0006-8993(87)90699-8

Lalonde, R., Manseau, M., and Botez, M. I. (1989). Exploration and habituation
in Purkinje cell degeneration mutant mice. Brain Res. 479, 201-203. doi:
10.1016/0006-8993(89)91354-1

Lalonde, R., and Strazielle, C. (2007). Spontaneous and induced mouse mutations
with cerebellar dysfunctions: behavior and neurochemistry. Brain Res. 1140,
51-74. doi: 10.1016/j.brainres.2006.01.031

Lalonde, R., and Thifault, S. (1994). Absence of an association between motor
coordination and spatial orientation in lurcher mutant mice. Behav. Genet. 24,
497-501. doi: 10.1007/BF01071563

Lalouette, A., Lohof, A., Sotelo, C., Guenet, J., and Mariani, J. (2001).
Neurobiological effects of a null mutation depend on genetic context:
comparison between two hotfoot alleles of the delta-2 ionotropic
glutamate receptor. Neuroscience 105, 443-455. doi: 10.1016/S0306-4522(01)
00193-2

Lavail, M. M., Blanks, J. C., and Mullen, R. J. (1982). Retinal degeneration in
the pcd cerebellar mutant mouse. I. Light microscopic and autoradiographic
analysis. J. Comp. Neurol. 212, 217-230. doi: 10.1002/cne.902120302

Le Marec, N., and Lalonde, R. (1997). Sensorimotor learning and retention during
equilibrium tests in Purkinje cell degeneration mutant mice. Brain Res. 768,
310-316. doi: 10.1016/S0006-8993(97)00666-5

Le Marec, N., and Lalonde, R. (1998). Treadmill performance of mice with
cerebellar lesions: 1. Purkinje cell degeneration mutant mice. Behav. Neurosci.
112, 225-232. doi: 10.1037/0735-7044.112.1.225

Le Marec, N., and Lalonde, R. (2000). Treadmill performance of mice with
cerebellar lesions: 2. Lurcher mutant mice. Neurobiol. Learn. Mem. 73, 195-206.
doi: 10.1006/nlme.1999.3926

Llano Lopez, L., Hauser, J., Feldon, J., Gargiulo, P. A., and Yee, B. K. (2010).
Evaluating spatial memory function in mice: a within-subjects comparison
between the water maze test and its adaptation to dry land. Behav. Brain. Res.
209, 85-92. doi: 10.1016/j.bbr.2010.01.020

Lorivel, T., Roy, V., and Hilber, P. (2014). Fear-related behaviors in Lurcher
mutant mice exposed to a predator. Genes Brain Behav. 13, 794-801. doi:
10.1111/gbb.12173

Manto, M., and Marmolino, D. (2009). Animal models of human cerebellar ataxias:
a cornerstone for the therapies of the twenty-first century. Cerebellum 8,
137-154. doi: 10.1007/s12311-009-0127-3

Manto, M. U. (2005). The wide spectrum of spinocerebellar ataxias (SCAs).
Cerebellum 4, 2-6. doi: 10.1080/14734220510007914

Marchena, M., Lara, J., Aijon, J., Germain, F., de La Villa, P., and Velasco,
A. (2011). The retina of the PCD/PCD mouse as a model of photoreceptor

degeneration. A structural and functional study. Exp. Eye Res. 93, 607-617. doi:
10.1016/j.exer.2011.07.010

Marien, P., and Beaton, A. (2014). The enigmatic linguistic cerebellum: clinical
relevance and unanswered questions on nonmotor speech and language deficits
in cerebellar disorders. Cerebellum Ataxias 1, 1-12. doi: 10.1186/2053-88
71-1-12

Morris, R. (1984). Developments of a water-maze procedure for studying spatial
learning in the rat. J. Neurosci. Methods 11, 47-60. doi: 10.1016/0165-
0270(84)90007-4

Mullen, R. J., Eicher, E. M., and Sidman, R. L. (1976). Purkinje cell degeneration,
a new neurological mutation in the mouse. Proc. Natl. Acad. Sci. U.S.A. 73,
208-212. doi: 10.1073/pnas.73.1.208

O’Keefe, J., and Nadel, L. (1978). The Hippocampus as a Cognitive Map. Oxford:
Oxford University Press.

O’Gorman, S. (1985). Degeneration of thalamic neurons in “Purkinje cell
degeneration” mutant mice. II. Cytology of neuron loss. J. Comp. Neurol. 234,
298-316. doi: 10.1002/cne.902340303

O’Gorman, S., and Sidman, R. L. (1985). Degeneration of thalamic neurons in
“Purkinje cell degeneration” mutant mice. I. Distribution of neuron loss. J.
Comp. Neurol. 234, 277-297. doi: 10.1002/cne.902340302

Onuki, Y., van Someren, E. J., de Zeeuw, C. 1., and van der Werf, Y. D. (2013).
Hippocampal-cerebellar interaction during spatio-temporal prediction. Cereb.
Cortex 25, 313-321. doi: 10.1093/cercor/bht221

Perciavalle, V., Apps, R, Bracha, V., Delgado-Garcia, J. M., Gibson, A. R,
Leggio, M., et al. (2013). Consensus paper: current views on the role of
cerebellar interpositus nucleus in movement control and emotion. Cerebellum
12, 738-757. doi: 10.1007/s12311-013-0464-0

Pesarin, F., and Salmaso, L. (2010). Permutation Tests for Complex Data: Theory,
Applications and Software. Chippenham: A John Wiley and Sons, Ltd.

Phillips, R. J. S. (1960). ‘Lurcher, a new gene in linkage group XI of the house
mouse. J. Genet. 57, 35-42. doi: 10.1007/BF02985337

Porras-Garcia, E., Cendelin, J., Dominguez-Del-Toro, E., Vozeh, F., and
Delgado-Garcia, J. M. (2005). Purkinje cell loss affects differentially the
execution, acquisition and prepulse inhibition of skeletal and facial motor
responses in Lurcher mice. Eur. J. Neurosci. 21, 979-988. doi: 10.1111/j.1460-
9568.2005.03940.x

Porras-Garcia, E., Sanchez-Campusano, R., Martinez-Vargas, D., Dominguez-
Del-Toro, E., Cendelin, J., Vozeh, F., et al. (2010). Behavioral characteristics,
associative learning capabilities, and dynamic association mapping in an
animal model of cerebellar degeneration. J. Neurophysiol. 104, 346-365. doi:
10.1152/jn.00180.2010

Porsolt, R. D., Bertin, A., Blavet, N., Deniel, M., and Jalfre, M. (1979). Immobility
induced by forced swimming in rats: effects of agents which modify central
catecholamine and serotonin activity. Eur. J. Pharmacol. 57, 201-210. doi:
10.1016/0014-2999(79)90366-2

Robbins, T. W., and Arnsten, A. F. (2009). The neuropsychopharmacology of
fronto-executive function: monoaminergic modulation. Annu. Rev. Neurosci.
32, 267-287. doi: 10.1146/annurev.neuro.051508.135535

Rochefort, C., Arabo, A., Andre, M., Poucet, B., Save, E., and Rondi-Reig, L.
(2011). Cerebellum shapes hippocampal spatial code. Science 334, 385-389. doi:
10.1126/science.1207403

Rochefort, C., Lefort, J. M., and Rondi-Reig, L. (2013). The cerebellum: a new
key structure in the navigation system. Front. Neural Circuits 7:35. doi:
10.3389/fncir.2013.00035

Rogers, T. D., Dickson, P. E., McKimm, E., Heck, D. H., Goldowitz, D., Blaha, C.
D., et al. (2013). Reorganization of circuits underlying cerebellar modulation
of prefrontal cortical dopamine in mouse models of autism spectrum disorder.
Cerebellum 12, 547-556. doi: 10.1007/s12311-013-0462-2

Rotter, A., Rath, S., Evans, J. E., and Frostholm, A. (2000). Modulation of GABA(A)
receptor subunit mRNA levels in olivocerebellar neurons of purkinje cell
degeneration and weaver mutant mice. J. Neurochem. 74, 2190-2200. doi:
10.1046/j.1471-4159.2000.0742190.x

Schmahmann, J. D. and Sherman, J. C. (1997). Cerebellar cognitive
affective syndrome. Int. Rev. Neurobiol. 41, 433-440. doi: 10.1016/S0074-
7742(08)60363-3

Strick, P. L, Dum, R. P, and Fiez, J.
nonmotor function. Annu.  Rev.
10.1146/annurev.neuro.31.060407.125606

Cerebellum and
413-434.  doi:

A. (2009).
Neurosci. 32,

Frontiers in Behavioral Neuroscience | www.frontiersin.org

18

May 2015 | Volume 9 | Article 116


http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Tuma et al

Spatial disturbances in Lurcher and pcd mice

Thompson, R. F., and Steinmetz, J. E. (2009). The role of the cerebellum in classical
conditioning of discrete behavioral responses. Neuroscience 162, 732-755. doi:
10.1016/j.neuroscience.2009.01.041

Triarhou, L. C., Norton, J., and Ghetti, B. (1987). Anterograde transsynaptic
degeneration in the deep cerebellar nuclei of Purkinje cell degeneration (pcd)
mutant mice. Exp. Brain Res. 66, 577-588. doi: 10.1007/BF00270691

Truong, D. T., Bonet, A., Rendall, A. R, Rosen, G. D., and Fitch, R. H. (2013). A
behavioral evaluation of sex differences in a mouse model of severe neuronal
migration disorder. PLoS ONE 8:¢73144. doi: 10.1371/journal.pone.0073144

van Alphen, A. M., Schepers, T., Luo, C., and de Zeeuw, C. . (2002). Motor
performance and motor learning in Lurcher mice. Ann. N.Y. Acad. Sci. 978,
413-424. doi: 10.1111/j.1749-6632.2002.tb07584.x

Vinueza Veloz, M. F., Zhou, K., Bosman, L. W., Potters, J. W., Negrello,
M., Seepers, R. M., et al. (2014). Cerebellar control of gait and interlimb
coordination. Brain Struct. Funct. doi: 10.1007/s00429-014-0870-1. [Epub
ahead of print].

Walton, J. C., Schilling, K., Nelson, R. J., and Oberdick, J. (2012). Sex-dependent
behavioral functions of the Purkinje cell-specific Galphai/o binding protein,
Pcp2(L7). Cerebellum 11, 982-1001. doi: 10.1007/s12311-012-0368-4

Wang, T., and Morgan, J. I. (2007). The Purkinje cell degeneration (pcd) mouse: an
unexpected molecular link between neuronal degeneration and regeneration.
Brain Res. 1140, 26-40. doi: 10.1016/j.brainres.2006.07.065

Wetts, R., and Herrup, K. (1982a). Cerebellar Purkinje cells are descended
from a small number of progenitors committed during early development:
quantitative analysis of lurcher chimeric mice. J. Neurosci. 2, 1494-1498.

Wetts, R., and Herrup, K. (1982b). Interaction of granule, Purkinje and inferior
olivary neurons in lurcher chimeric mice. II. Granule cell death. Brain Res. 250,
358-362. doi: 10.1016/0006-8993(82)90431-0

Wolfer, D. P., and Lipp, H. P. (2000). Dissecting the behaviour of transgenic mice:
is it the mutation, the genetic background, or the environment? Exp. Physiol.
85, 627-634. doi: 10.1111/j.1469-445X.2000.02095.x

Yakusheva, T. A., Shaikh, A. G., Green, A. M., Blazquez, P. M., Dickman, J.
D., and Angelaki, D. E. (2007). Purkinje cells in posterior cerebellar vermis
encode motion in an inertial reference frame. Neuron 54, 973-985. doi:
10.1016/j.neuron.2007.06.003

Young, S. E,, Friedman, N. P., Miyake, A., Willcutt, E. G., Corley, R. P., Haberstick,
B. C, et al. (2009). Behavioral disinhibition: liability for externalizing spectrum
disorders and its genetic and environmental relation to response inhibition
across adolescence. J. Abnorm. Psychol. 118, 117-130. doi: 10.1037/a00
14657

Zanjani, S. H., Selimi, F., Vogel, M. W., Haeberle, A. M., Boeuf, J., Mariani,
J., et al. (2006). Survival of interneurons and parallel fiber synapses in a
cerebellar cortex deprived of Purkinje cells: studies in the double mutant
mouse Grid2Lc/+;Bax(-/-). J. Comp. Neurol. 497, 622-635. doi: 10.1002/
cne.21017

Zhang, W., Lee, W. H., and Triarhou, L. C. (1996). Grafted cerebellar cells in
a mouse model of hereditary ataxia express IGF-I system genes and partially
restore behavioral function. Nat. Med. 2, 65-71. doi: 10.1038/nm0196-65

Zuo, J., de Jager, P. L., Takahashi, K. A., Jiang, W., Linden, D. J., and Heintz,
N. (1997). Neurodegeneration in Lurcher mice caused by mutation in delta2
glutamate receptor gene. Nature 388, 769-773. doi: 10.1038/42009

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Tuma, Kolinko, Vozeh and Cendelin. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org

19

May 2015 | Volume 9 | Article 116


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive

	Mutation-related differences in exploratory, spatial, and depressive-like behavior in pcd and Lurcher cerebellar mutant mice
	Introduction
	Materials and Methods
	Animals
	Experimental Design
	Behavioral Testing
	Open Field
	Morris Water Maze Task
	Forced Swimming Test

	Quantitative Histology of the Retina
	Statistical Analysis

	Results
	Body Weight
	Open Field
	Morris Water Maze
	Escape Latencies
	Distance Moved
	Swimming Speed
	Heading Deviation
	Direct Swim
	Thigmotaxis
	Floating Analysis
	Morris Water Maze Task Acquisition
	Probe Trial

	Forced Swimming Test
	Quantitative Histology

	Discussion
	Behavior of Pcd and Lurcher Mutants in the Open Field and Forced Swimming Test
	Performance of Pcd and Lurcher Mutants in the Morris Water Maze Tests
	Role of Cognition
	Role of Sensory Impairments
	Role of Motivation and Behavioral Abnormalities
	Role of Motor Impairment
	Role of the Mutation, Strain Background and Sex


	Conclusion
	Acknowledgments
	Supplementary Material
	References


