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Neurobiology of Disease

Cognitive Dysfunction Precedes Neuropathology and Motor
Abnormalities in the YAC128 Mouse Model of Huntington’s
Disease
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Michael R. Hayden'?
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Huntington’s disease (HD) is an adult-onset neurodegenerative disorder involving motor dysfunction, cognitive deficits, and psychiatric
disturbances that result from underlying striatal and cortical dysfunction and neuropathology. The YAC128 mouse model of HD repro-
duces both the motor deficits and selective degeneration observed in the human disease. However, the presence of cognitive impairment
in this model has notbeen determined. Here, we report mild cognitive deficits in YAC128 mice that precede motor onset and progressively
worsen with age. Rotarod testing revealed a motor learning deficit at 2 months of age that progresses such that by 12 months of age,
untrained YACI28 mice are unable to learn the rotarod task. Additional support for cognitive dysfunction is evident in a simple swim-
ming test in which YAC128 mice take longer to find the platform than wild-type (WT) controls beginning at 8 months of age. YAC128 mice
also have deficits in open-field habituation and in a swimming T-maze test at this age. Strikingly, in the reversal phase of the swimming
T-maze test, YAC128 mice take twice as long as WT mice to locate the platform, indicating a difficulty in changing strategy. At 12 months
of age, YAC128 mice show decreased prepulse inhibition and habituation to acoustic startle. The clear pattern of cognitive dysfunction in
YAC128 miceis similar to the symptoms and progression of cognitive deficits in human HD and provides both the opportunity to examine
the relationship between cognitive dysfunction, motor impairment, and neuropathology in HD and to assess whether potential therapies

for HD can restore cognitive function.
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Introduction
Huntington’s disease (HD) is the most common inherited neu-
rodegenerative disorder affecting ~1 in 10,000 individuals (Con-
neally, 1984). HD is caused by a CAG repeat expansion in the HD
gene (Huntington’s Disease Collaborative Research Group,
1993). Patients with HD have deficits in motor coordination,
cognitive impairment, and psychiatric disturbances. In the brain,
there is a characteristic degeneration of the caudate and putamen
with a loss of GABAergic medium spiny projection neurons (Al-
bin et al., 1992). The cortex is also severely affected, whereas the
hippocampus and cerebellum are relatively spared until late in
the disease (Cudkowicz and Kowall, 1990; Hedreen et al., 1991;
Vonsattel and DiFiglia, 1998).

The clinical diagnosis of HD is dependent on characteristic
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choreiform movements that often herald the onset of the illness.
This initial hyperkinesia is usually followed by bradykinesia, ri-
gidity, dystonia, and eventually a complete inability to initiate
voluntary movement. Even before clinical diagnosis, persons car-
rying the mutation demonstrate cognitive dysfunction. Specifi-
cally, presymptomatic HD carriers have deficits in shifting strat-
egy, psychomotor speed, recognition memory, planning, and
verbal fluency (Hahn-Barma etal., 1998; Lawrence et al., 1998a,b;
Paulsen et al., 2001; Berrios et al., 2002; Snowden et al., 2002). At
this point in time, the impairments are subtle, and many studies
were unable to detect any difference in cognitive function before
motor onset (Strauss and Brandt, 1990; Blackmore et al., 1995; de
Boo et al., 1997, 1999).

As the disease progresses through motor onset, cognitive def-
icits worsen and become more widespread. Symptomatic HD
patients show deficits in procedural learning (Heindel et al., 1988,
1989; Knopman and Nissen, 1991; Gabrieli et al, 1997;
Schmidtke et al., 2002) and have been shown to have deficits in
both long-term memory (Wilson et al., 1987; Rohrer et al., 1999)
and working memory (Lawrence et al., 2000; Brown et al., 2001).
One of the most common findings in HD patients is a difficulty in
tasks requiring a shift in strategy (Lawrence et al., 1999; Ho et al.,
2003). This type of response may stem from an inability to inhibit
the previously learned response, a process thought to be mediated
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by the striatum (Mink, 1996). The loss of inhibition in HD pa-
tients is also demonstrated by impairments in prepulse inhibition
(PPI) (Swerdlow et al., 1995).

The YAC128 mouse model of HD expresses full-length mu-
tant huntingtin (htt) and recapitulates the motor dysfunction
and neuropathology observed in human HD (Slow et al., 2003).
Behaviorally, YAC128 mice show early deficits in motor coordi-
nation on the rotarod as well as biphasic hyperactive—hypoactive
activity in an open field. Phenotypic onset of the disease occurs at
3 months of age with hyperkinesia. In the brain, striatal and cor-
tical atrophy develop at ~9 months of age and are followed by
neuronal atrophy and neuronal loss.

Although the motor deficits and neuropathology in the
YACI128 mice recapitulate symptoms of the human disease, cog-
nitive function has not been assessed. As such, we designed these
experiments to assess whether the cognitive deficits present in
human HD are modeled in the YAC128 mice and to assess how
they relate to motor dysfunction and neuropathology. Cognitive
deficits have been demonstrated previously in the R6/2 mouse
model of polyglutamine toxicity in which learning deficits were
shown to precede motor dysfunction (Carter et al., 1999; Lione et
al., 1999).

Overall, we show cognitive deficits early in the YAC128 mice
that precede motor onset and progress to global cognitive impair-
ment in symptomatic mice. The cognitive deficits we report are
similar to those present in human HD patients and can be used
both to dissect the relationship between cognitive impairment,
motor dysfunction, and neuropathology in the natural history of
YAC128 mice and to assess the efficacy of potential treatments for
HD in preserving and or restoring cognitive function.

Materials and Methods

Animals. All of the experiments were performed on the YAC128 mouse
model of HD maintained on the FVB/N strain background (Slow et al.,
2003). Mice were group housed with littermates of mixed genotype. Mice
were tested during the light phase of a normal light/dark cycle in which
lights were turned off at 8:00 P.M. and on at 6:00 A.M. Experimenters
were blind to the genotype of the mice. Unless stated otherwise, experi-
ments were performed on 2-month-old presymptomatic mice and 8- to
9-month-old symptomatic mice. Some experiments were performed on
12-month-old mice. Experiments were performed with the approval of
the animal care committee at the University of British Columbia.

Rotarod test of motor learning. Motor coordination and motor learning
were assessed on an accelerating rotarod apparatus (UGO Basile, Com-
erio, Italy). In this test, mice must learn to run when placed on a rotating
rod to prevent them from falling. Once the task is learned, the rotarod
can be used to assess motor coordination and balance. Separate cohorts
of mice were trained at 2, 7, or 12 months of age with three trials per day
spaced 2 h apart for 3 d. Two-month-old mice were trained at a fixed
speed of 24 rpm. Seven- and 12-month-old mice were trained with the
rotarod accelerating from 5 to 40 rpm to facilitate learning in older
animals. Mice were subsequently tested with three trials in 1 d spaced 2 h
apart. Fixed-speed rotarod testing was completed at a speed of 24 rpm to
a maximum time of 60 s. For the accelerating task, the rotarod was
accelerated from 5 to 40 rpm over 5 min with a maximum score of 300 s.
The latency to fall was recorded for each of the three trials and averaged to
generate the overall time for each mouse. Mice trained at 2 and 7 months
of age were tested bimonthly and monthly, respectively, until 12 months of
age. Motor coordination was assessed bimonthly from 2 to 12 months of age
at a fixed speed of 24 rpm or accelerating as described above.

Open-field habituation test of learning and memory. Open-field habit-
uation was measured using an automated open-field system (San Diego
Instruments, San Diego, CA). Because mice demonstrate less exploratory
activity in a familiar environment, this simple test assesses the ability of
the mouse to learn and remember the open-field chamber. Intrasession
habituation is measured by the relative decrease in activity over time in a
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single open-field trial and is calculated as the difference in activity from
the first interval divided by the activity of the first interval. Intersession
habituation is the relative decrease in activity between repeated open-
field trials and is calculated as the decrease in activity from the first trial
divided by the level of activity in the first trial. The activity of mice in the
open field was assessed in the dark during the light cycle and was mea-
sured automatically as the number of photobeam breaks during each
trial. Mice that were naive to the open-field chamber were given five trials
of 30 min duration. The first three trials were given at 9:00 A.M. on 3
consecutive days with the remaining trials given at 11:00 A.M. and 1:00
P.M. on the third day. On the first trial, activity was recorded for the
duration of the 30 min period to assess intrasession habituation in 5 min
intervals. The activity during the first 10 min of each of the five open-field
trials was used to assess intersession habituation. For each trial, mice were
allowed to remain in the testing chamber with the lights out for a total of
30 min to facilitate habituation.

Simple swimming test of procedural learning. A simple swimming test
was designed to test procedural learning. In this test, mice were placed in
the middle of a linear swimming chamber (76 X 13 cm; water depth, 9
cm; platform, 6 X 13 ¢cm) facing away from an escape platform. Mice
were trained to reach the platform in the shortest amount of time to
escape from the water. Completion of this task involves learning and
remembering the location of the platform or the route followed to reach
the platform. On subsequent trials, mice must plan to turn around im-
mediately for the shortest route to the platform. The amount of time
required for the mouse to reach the platform and the initial swimming
direction were recorded for each trial. Swimming toward the platform
was arbitrarily given a score of 0, whereas swimming away from the
platform was initially given a score of 1. Mice were trained at 2 months of
age with three pairs of two consecutive trials spaced 2 h apart for 2 d. Mice
were tested bimonthly with three tests per day spaced 2 h apart until 12
months of age.

Normal phase swimming T-maze test of procedural learning and mem-
ory. We developed a swimming T-maze test to assess procedural learning.
In this test, mice were placed in the base of a water-filled T-maze with an
escape platform located in the right arm of the maze (T-maze dimen-
sions: arms, 38 X 14 cm; water depth, 7 cm; platform, 10 X 14 cm). Mice
must learn to turn right after reaching the top of the T to reach the
platform directly. The time to reach the platform and the path taken to
reach the platform were recorded. Swimming right was arbitrarily given
a score of 0, whereas swimming left was given a score of 1. Mice received
four trials per day spaced 45 min apart for 3 d. To successfully complete
this task, mice must remember either the location of or the path to the
escape platform. Because FVB/N mice have severe retinal degeneration at
the age tested (Taketo et al., 1991; Huerta et al., 1999), learning to swim
to the correct arm of the maze likely relies on internal rather than external
cues.

Reversal phase swimming T-maze test of strategy shifting. After 1 d of
rest, we included a reversal phase to the swimming T-maze test to assess
the ability of the mice to replace a previously learned strategy. For this
test, the platform was switched to the left arm of the T-maze, and again
the amount of time and the path to reach the platform were recorded.
Swimming toward the platform was arbitrarily given a score of 0, whereas
initially swimming away from the platform was given a score of 1. In
addition, the total number of arm entries was noted for each mouse. Mice
received four trials per day spaced 45 min apart for 3 d. After 3 d of
reversal testing, the swimming speed of the mice was measured by block-
ing the stem of the T-maze and measuring the amount of time the mice
take to swim the length of the top of the T to reach the platform. Mice
were given five trials spaced 45 min apart. The last four trials were used to
calculate swimming speed.

PPI and habituation to acoustic startle. Acoustic startle PPI and habit-
uation to acoustic startle were assessed using two SR-Lab Systems (San
Diego Instruments). PPI is a test of sensorimotor gating and does not
involve learning. PPI is measured as the percentage of decrease in startle
intensity from a pulse-alone startle when a prepulse is given before the
pulse. Habituation to acoustic startle is a test of learning of memory. If
mice remember that there is no biological consequence associated with a
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Figure 1. YAC128 mice show deficits in motor learning and motor coordination on the rotarod. Three cohorts of mice were

trained on the rotarod at 2, 7, or 12 months of age. Training consisted of three trials per day for 3 d. The scores for the second and
third days were recorded. The mice were subsequently given three trials on each test day, and the scores were averaged. A, At 2
months of age, both WT and YAC128 mice learned the rotarod task, but WT mice learned the rotarod task more rapidly than
YAC128 mice (day: F 14¢) = 43.3,p << 0.001; genotype by day: F, 110 = 7.8, p = 0.001; genotype: F; 55y = 4.4,p = 0.041;
n =27 WT, 30 YAC128). On the test day, YAC128 mice performed as well as WT mice on the rotarod, indicating that their motor
coordination was equal to wild type but their motor learning was impaired (WT, 53.7 == 2.25; YAC128, 55.6 == 2.15; p = 0.54).
B, At7 months of age, YAC128 mice learned the rotarod task but did not perform as well as WT mice during training or on the test
day (day: F s = 10.6,p < 0.001; genotype by day: F, 55, = 0.9,p = 0.4; genotype: F; 55, = 85.1,p <<0.001;p < 0.001;n =
16 YAC128, 15 WT). €, At 12 months of age, previously untrained YAC128 mice failed to learn the rotarod task, whereas WT mice
werestill able to learn the task (day: F, 4 = 7.7,p = 0.001; genotype by day: F, 45, = 7.7,p = 0.001; genotype: f; ,,) = 32.8,
p << 0.001;n = 8 YAC128, 14 WT). D, YAC128 mice that had been trained at an earlier time point ran on the rotarod, indicating
that 12-month-old YAC128 mice failed to run on the rotarod because of a learning deficit (mice trained at 2 months of age: WT,
272 £ 205; YAC128, 139 == 145; p < 0.001; mice trained at 7 months of age: WT, 180 == 155; YAC128, 88 == 145; p < 0.001;
mice trained at 12 months of age: WT, 160 = 18'5; YAC128, 7 = 24'5; p << 0.001). E, F, The onset of motor dysfunction was
monitored bimonthly using a fixed-speed rotarod test at 24 rpm and an accelerating rotarod test. In both tests, YAC128 mice
showed significant motor deficits compared with WT mice (24 rpm, genotype: F; 15, = 17.2, p < 0.001; accelerating, genotype:
Fi15) = 16.1,p << 0.001;n = 8 WT, 9 YAC128). There was no difference in motor performance at 2 months of age between WT
and YAC128 mice. Subsequently, motor coordination in YAC128 mice declined steadily from 4 to 12 months, whereas WT mice
showed little change (24 rpm, age by genotype: Fs 75, = 7.1, p << 0.001; accelerating, age by genotype: f5 75, = 10.2, p <
0.001). There was a trend toward decreased performance on both tests at 4 months of age, which became significant at 6 months
ofage (24 rpm: WT, 57 = 655; YAC128, 27 = 4s; p = 0.001; accelerating: WT, 259 == 16'5; YAC128, 164 == 155; p = 0.001). sec,
Seconds. Error bars represent SEM. **p < 0.01; ***p << 0.001.

repeated loud sound, they will show decreased startle in response. Before
testing, the sensitivity of the two startle chambers was calibrated using a
vibrating standardization unit at 700 V (San Diego Instruments). Mice
were then placed into each startle chamber and given a 5 min acclimati-
zation period with background noise alone (65 dB). Each mouse was
presented with six trials (block 1) of a 40 ms, 120 dB noise burst (pulse
alone). Subsequently, the mice experienced eight blocks of 6 trials (48
trials total), each block consisting of the following trial types: (1) no
stimulus (background noise only); (2) a 40 ms, 120 dB noise burst alone;
or (3—6) a40 ms, 120 dB noise burst preceded 100 ms by a 20 ms prepulse
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(2, 4, 8, and 16 dB above background noise).
The order of trials within each block of six trials
was pseudorandomized, and four of the eight
blocks contained one extra pulse-alone trial.
The mice then received another six trials (block
10) of 40 ms, 120 dB noise burst (pulse alone).
The intertrial interval was randomized
throughout the entire session and ranged be-
tween 8 and 23 s. Each animal enclosure was
wiped clean with ethanol between test subjects.
Habituation analysis was measured using the
average of four blocks of pulse-alone scores
(block 1, pulse-alone startles from blocks 2-5,
pulse-alone startles from blocks 69, block 10)
and was calculated as the difference in startle
between the first block and subsequent blocks
divided by the startle in the first block. PPI was
calculated from the average of six trials per pre-
pulse as follows: PPI = [(pulse-alone startle) —
(prepulse + pulse startle)]/pulse-alone startle.
Statistical analysis. Data are given as the
mean *= SEM. Behavioral measures were ana-
lyzed by either repeated-measures ANOVA or
two-factor ANOVA using software from SPSS
(Chicago, IL). Within-subjects effects of age per
trial per day and the interaction of genotype and
age per trial per day as well as between-subjects
effect of genotype were assessed. In case of sig-
nificant differences between genotypes, post hoc
comparisons between genotypes at individual
points were assessed with the Student’s ¢ test.
For these comparisons, the significance level
was adjusted to account for errors of multiple
measurements [significance level = 0.05/
(number of measurements); e.g., for six trials,
the significance level was 0.05/6 = 0.008]. Sim-
ple comparisons of one variable between two
genotypes were assessed by the Student’s ¢ test
with a significance level of 0.05. Comparisons of
categorical data were performed with y? tests.

Results

YAC128 mice show impaired motor
learning on the rotarod

Motor learning was assessed using the ro-
tarod test of motor coordination. Three
separate cohorts of mice were trained on
the rotarod at 2, 7, or 12 months of age.
The scores for the second and third days of
training were recorded as well as the score
on a subsequent test day. At 2 months of
age, mice were trained and tested on the
rotarod at a fixed speed of 24 rpm. In this
test, the maximum score was 60 s, and nor-
mal mice were able to stay on the rotarod
for the full duration of the test on most
trials. Although both wild-type (WT) and

YAC128 mice learned the rotarod task, WT mice learned the task
more rapidly than YAC128 mice (Fig. 1A) (genotype: F(, 55 =
4.4; p = 0.041). Despite receiving equal amounts of training, WT
mice were able to stay on the rotarod 10 s longer than YAC128
mice on each of the training days (Fig. 1A) (training day 2: WT,
43.7 £3.0s; YAC128, 31.5 £ 2.8 s; p = 0.005). However, on the
test day, YAC128 mice performed equally to WT mice on the
rotarod (Fig. 1A) (p = 0.54), indicating that once they were
trained, they were physically able to stay on the rod aslong as WT
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mice. Thus, at 2 months of age, the motor coordination of
YACI128 mice was normal, but there was a mild motor learning
deficit whereby YAC128 mice required more training to reach the
same level of performance as WT mice.

At 7 and 12 months of age, mice were trained and tested in an
accelerating rotarod test to a maximum score of 300 s. Seven-
month-old mice from both genotypes learned the rotarod task,
but YAC128 mice performed significantly worse than WT mice
during training and on the test day (Fig. 1 B) (day: F, s4) = 10.6,
p < 0.001; genotype: F(, 59, = 85.1, p < 0.001). Thus, even after
3 d of training, YAC128 mice were unable to maintain their bal-
ance on the rotarod as well as WT mice. Similarly, YAC128 mice
trained at 12 months of age were significantly worse than WT
mice during training and testing (Fig. 1C) (genotype: F; o) =
32.8; p < 0.001). At this age, the differences in rotarod perfor-
mance were dramatic, because the YAC128 mice failed to dem-
onstrate any improvement in performance with training and
thereby showed a complete inability to stay on the rotarod even
after 3 d of training (day: F, ;,, = 0.5; p = 0.6).

To determine whether the severe rotarod impairment in
YACI128 mice at 12 months of age stemmed from a motor deficit
or an inability to learn, we compared the performance of the
cohorts of mice trained at 2, 7, and 12 months of age at the 12
month time point. There was a clear effect of age on rotarod
performance indicating that either earlier training or more train-
ing results in improved performance (age: F(, 1,6, = 15.5; p <
0.001). Nonetheless, all three cohorts at 12 months of age dem-
onstrated a clear rotarod deficit in the YAC128 mice compared
with the WT mice (Fig. 1 D) (genotype: F(; sq) = 70.5; p << 0.001).
Examining the performance of mice trained before 12 months of
age revealed that YAC128 mice trained at earlier time points were
able to appropriately perform the rotarod task at 12 months of
age (YAC128 mice trained at 2 months of age, 139 = 14 s;
YAC128 mice trained at 7 months of age, 88 = 14 s; YAC128 mice
trained at 12 months of age, 7 * 24 s). This indicates that YAC128
mice were physically capable of staying on the rotarod at this late
age. Thus, the complete failure of previously untrained YAC128
mice to maintain their balance on the rotarod at 12 months of age
even after 3 d of training cannot be solely accounted for by defi-
ciencies in motor coordination. In addition to motor impair-
ment, YAC128 mice also had a substantial learning deficit at 12
months of age.

To compare the onset of the motor learning deficit with the
development of motor dysfunction, YAC128 mice were followed
bimonthly from 2 to 12 months of age on the rotarod. Mice were
tested at a fixed speed of 24 rpm and in an accelerating rotarod
test (Fig. 1E,F, respectively). In both tests, YAC128 mice per-
formed significantly worse than WT mice (24 rpm, genotype'
F115) = 17.2, p < 0.001; accelerating, genotype: F(, ;5 = 16.1,
p < 0.001). YAC128 mice performed equally to WT mice at 2
months of age, when the learning deficit was first observed. At 4
months of age, there was a trend toward decreased rotarod per-
formance in the YAC128 mice compared with wild type that
reached significance at 6 months of age (p = 0.001). With in-
creased age, the motor coordination of YAC128 mice on the ro-
tarod worsened, whereas WT mice maintained a relatively con-
stant level of performance (24 rpm, age by genotype: F(s ;5) = 7.1,
P < 0.001; accelerating, age by genotype: Fs,5 = 10.2, p <
0.001). Thus, the deficit in motor coordination on the rotarod
develops at 4 months of age and progressively worsens over time.
This deficit is preceded by mild impairments in motor learning
that occur at 2 months of age. The motor learning deficit also
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worsens with time, leading to a complete inability to learn the
task at 12 months of age.

YAC128 mice show impaired memory in a test of

open-field habituation

Habituation is the decrease in response after repeated exposure to
the same stimulus. Open-field habituation is measured by a de-
crease in exploratory activity with increased exposure to the
open-field chamber within one trial or over multiple trials. Two-
month-old presymptomatic and 8-month-old symptomatic
YACI128 mice were given a total of five open-field trials in which
their exploratory activity was measured over the first 10 min of
the trial before an additional 20 min of time was provided to
facilitate habituation.

At 2 months of age, the activity of YAC128 mice did not differ
from WT mice (WT, 163 * 4 beam breaks; YAC128, 170 *= 4
beam breaks; p = 0.18). Within a 30 min open-field trial, both
genotypes showed a decrease in activity between intervals, but the
decreases in activity were equal (interval' Fis, 110y = 48.3,p <
0.001; genotype by interval: Fs ;) = 1.0, p = 0.4; genotype:
F 55 = 1.3, p = 0.3). Similarly, both groups showed equivalent
decreases in activity between repeated open-field trials (trlal
Flag8) = 39.2, p < 0.001; genotype by trial: F, g) = 1.9, p =
genotype: F(; 55y = 1.5, p = 0.2). As a result, the extent of i 1ntra-
session and intersession habituation was not different between
YAC128 and WT mice (intrasession habituation, genotype:
F(1 55 = 1.8, p = 0.2; intersession habituation, genotype: F(, ,,, =
0.3, p = 0.57). Thus, presymptomatic YAC128 mice did not ex-
hibit a learning and memory deficit in open-field habituation at 2
months of age.

Next, we examined symptomatic YAC128 mice at 8 months of
age. At this time, YAC128 mice showed significant hypoactivity
compared with WT mice (Fig. 2A) (interval 1: WT, 190 = 11
beam breaks; YAC128, 145 = 7.4 beam breaks; p = 0.008). Ac-
tivity of both the WT and YAC128 mice declined in subsequent
intervals in the 30 min open-field trial, with the activity of WT
mice declining more rapidly than YAC128 mice (Fig. 24, B) (in-
terval: F(5 ;,5) = 36.4, p < 0.001; genotype by interval: F5 ;5 =
4.5, p < 0.001; genotype: F(, 55y = 8.1, p = 0.009). The initial
difference in activity was eliminated, and for the last four inter-
vals, the activity of WT and YAC128 mice did not differ (Fig. 2A).
To account for the initial differences in activity, we calculated
habituation as the difference in activity from the first trial divided
by the activity of the first trial. This calculation revealed decreased
intrasession habituation in the YAC128 mice compared with the
WT mice (Fig. 2C) (interval: F, o,) = 8.6, p < 0.001; genotype by
interval: F(, 9,y = 0.9, p = 0.4; genotype: F(; 53, = 9.7, p = 0.005).

In subsequent trials on the next 2 d, both YAC128 and WT
mice demonstrated intersession habituation (Fig. 3A) (trial:
F (405 = 60.8, p < 0.001; genotype by trial: F 4 5,y = 2.5, p = 0.04;
genotype: F(, 3, = 4.8, p = 0.04). Again, in the intersession com-
parison, YAC128 mice were hypoactive in the first trial, with the
difference in activity between the WT and YAC128 mice declin-
ing with repeated trials (Fig. 3B). This resulted in a trend toward
decreased intersession habituation in YAC128 mice compared
with WT mice (trial: F; 59y = 39.9, p < 0.001; genotype by trial:
F560) = 0.1, p = 1.0; genotype: F(; ,3) = 3.2, p = 0.08). Accord-
ingly, the rate of decline in activity per trial was significantly less
in YAC128 mice compared with WT mice, indicating a deficit in
intersession habituation (WT, 38.8 = 5.0 beam breaks/trial;
YACI128, 26.2 = 3.2 beam breaks/trial; p = 0.05). Overall, symp-
tomatic YAC128 mice showed decreased intrasession and inter-
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Figure2.  YAC128 mice show decreased intrasession open-field habituation. The activity of
8-month-old micein an open field was tested for 30 min divided into six 5 min intervals. As mice
became familiar with the open field, they showed less exploratory activity. A, Although the
activity of both WT mice and YAC128 mice decreased during the 30 min trial, WT activity de-
dlined atamorerapid rate (interval: F 5 1,5, = 36.4,p < 0.001; genotype by interval: f 5 1,5y =
4.5,p < 0.001; genotype: f; 55 = 8.1, p = 0.009). Initially, YAC128 mice showed significant
hypoactivity compared with WT mice (interval 1: WT, 190 = 12 beam breaks; YAC128, 145 +
7beam breaks; p = 0.008), but this difference was eliminated as the WT mice habituated to the
open-field chamber (e.g., interval 3: WT, 123 = 8 beam breaks; YAC128, 125 = 5 beam breaks;
p = 0.84). B, To control for differences in baseline activity levels, the activity for each interval
was divided by the level of activity in the first interval. When the initial level of activity was
controlled for, WT mice showed a greater decrease in activity from the first interval starting at
interval 3 (percentage of original activity in interval 3: WT, 66%; YAC128, 89%; p = 0.004). C, As
a result, YAC128 mice showed decreased intersession habituation compared with WT
mice, in which habituation was measured as the difference in activity from the first
interval divided by the activity in the first interval (interval: Fa,92 = 8.6, p < 0.001;
genotype by interval: F; o) = 0.9, p = 0.4; genotype: F; 53y = 9.7,p = 0.005;n = 12
WT, 13 YAC128). Error bars represent SEM. **p << 0.01.

session habituation compared with WT mice, suggesting a deficit
in memory.

YAC128 mice show cognitive deficits in a simple

swimming test

A simple swimming test was designed to assess the ability of mice
to learn and remember how to reach an escape platform. In this
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Figure 3.  YAC128 mice show decreased intersession open-field habituation. The activity of

8-month-old micein an open field was tested once per day for 2 d, followed by three trials on the
third day. Mice that recognized the open field is not a novel environment showed less activity
with each trial. A, The activity of WT mice declined more rapidly than the activity of YAC128
mice, but both groups showed decreased activity over repeated trials (trial: F 4, = 60.8,p <
0.001; genotype by trial: F , o5, = 2.5, p = 0.04; genotype: F; ,3 = 4.8, p = 0.04). Error bars
represent SEM. **p << 0.01. B, YAC128 mice are hypoactive at 8 months of age as indicated by
an initial 18% difference in activity between YAC128 and WT mice. With repeated open-field
trials, the difference in activity between WT and YAC128 mice progressively decreased to 5% by
the last trial. Examining the rate of decrease in activity per trial demonstrates that WT mice
showed a more rapid habituation than YAC128 mice (WT, 38.8 = 5.0 beam breaks/trial;
YAC128, 26.2 = 3.2 beam breaks/trial; p = 0.05;n = 12 WT, 13 YAC128).

test, mice were placed in a linear swimming chamber facing away
from the escape platform and learn to turn around and swim to
the platform (Fig. 4A). Both WT and YAC128 mice trained at 2
months of age rapidly learned to turn immediately to reach the
platform (Fig. 4B). Testing the same cohort of mice at 4 and 6
months of age revealed no differences in the time or path taken to
reach the platform between YAC128 and WT mice. Here, it ap-
pears that the motor deficits detected on the rotarod starting at 4
months of age did not impair the swimming ability of the
YAC128 mice even at 6 months of age.

Surprisingly, at 8 months of age, there was a dramatic increase
in the amount of time YAC128 mice took to reach the platform
compared with WT animals (Fig. 4B) (WT, 1.0 = 0.3 s; YAC128,
3.7 £0.5sp <0.001). To ascertain whether the increased latency
to reach the platform stemmed from a cognitive deficit, we ex-
amined the path taken to the platform. In contrast to WT mice,
YACI128 mice often failed to swim directly to the platform. To
quantify this observation, we arbitrarily gave mice swimming
toward the platform a score of 0 and mice swimming away from
the platform a score of 1. Using this measurement, the YAC128
mice showed a significant deficit in initiating the task in the cor-
rect direction, first detected at 8 months of age and persisting to
12 months of age (Fig. 4C) (errors in initial swimming direction:
WT, 0 of 27 trials, 0 of 9 mice; YAC128, 12 of 30 trials, 7 of 10
mice; x> = 13.7;p < 0.001). Overall, YAC128 mice took longer to
reach the platform starting at 8 months of age, primarily as a
result of choosing the incorrect direction to swim at the outset
(time to reach platform, genotype: F; 5 = 23.1; p < 0.001). A
motor deficit that decreases swimming speed may also contribute
to the time difference, although the swimming speed was unaf-
fected at 6 months of age.
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Figure4.  YAC128mice show a cognitive deficitin a simple swimming test. Mice were placed

at the start position facing away from the platform, and the time and path taken to reach the
platform were recorded. The apparatus is shown in A. At 2 months of age, all mice learned to
turn immediately and swim directly to the platform, and there was no significant difference in
the amount of time required to reach the platform (WT, 0.9 = 0.15; YAC128,1.7 == 0.4s,p =
0.1). B, The amount of time needed to reach the platform remained equal between the YAC128
and WT mice until 8 months of age, when YAC128 mice took significantly longer to reach the
platform (8 months of age: WT, 1.0 == 0.3 5; YAC128,3.7 = 0.5'5; p << 0.001). Overall, YAC128
mice took significantly longer to reach the platform than WT mice (genotype: F; ;¢ = 23.1,
p < 0.001). sec, Seconds. €, The increased time to reach the platform resulted from the path
taken to reach the platform. Mice swimming toward the platform initially were given a score of
0, whereas mice swimming away from the platform initially were given a score of 1. Starting at
8 months of age, YAC128 mice showed a number of errors in the path chosen to reach the
platform, likely resulting from a memory deficit (errorsin initial swimming direction: WT, 0 of 27
trials, 0 of 9 mice; YAC128, 12 of 30 trials, 7 of 10 mice; x> = 13.7;p < 0.001;n = 9 WT, 9
YAC128). Error bars represent SEM. **p << 0.01; ***p << 0.001.

YAC128 mice show multiple cognitive deficits in swimming
T-maze test

A swimming T-maze test was used to test procedural and spatial
learning in symptomatic YAC128 mice at 8.5 months of age. We
developed this test as a simple two-choice test of learning and
memory to facilitate rapid training and testing in visually im-
paired mice. Initially, the escape platform was placed in the right
arm of the T-maze. After two trials, both WT and YAC128 mice
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showed a large decrease in the amount of time required to reach
the escape platform (Fig. 5A). By the third day, both genotypes
had achieved a constant level of performance, with YAC128 mice
taking significantly longer than WT mice to reach the platform
(Fig. 5B) (genotype: F(, 53y = 11.5, p = 0.003; WT, 1.9 * 0.1 s;
YAC128,3.0 = 0.3 s).

To determine whether the increased latency to reach the plat-
form resulted from a motor or cognitive deficit, we examined the
path taken to reach the platform and individual swim times for
the third day. This analysis revealed that YAC128 mice had sev-
eral “errant” trials that were much slower than the average,
whereas the times for WT mice were tightly bunched around the
average (Fig. 5C) (errant trials >4 s: WT, 0 of 44 trials, 0 of 12
mice; YAC128, 10 of 52 trials, 6 of 13 mice; y* = 9.4; p = 0.002).
To gain insight into the difference, we monitored the direction
that each mouse turned after arrival at the stem of the T. Initially,
approximately one-half of the mice, regardless of genotype,
turned left (given a score of 1), and the other half turned right
(given a score of 0). After training, mice learned to turn right to
reach the platform, and by the third day, all of the WT mice
turned right in all of their trials (Fig. 5D). In contrast, YAC128
mice still turned left in a small number of trials on the third day
(WT, 0 of 44 incorrect path trials, 0 of 12 mice; YAC128, 5 of 52
incorrect path trials, 3 of 13 mice; x*> = 4.5; p = 0.04). This
accounts for only one-half of the errant trials observed. Observa-
tions suggest that the remainder of the difference in average time
to reach the platform was caused by increased pausing and de-
creased swimming speed (assessed after the reversal phase of the
T-maze). Nonetheless, the decision to take inappropriate paths to
the platform indicates that a cognitive deficit contributed to the
increased latency to reach the platform observed in YAC128
mice.

To assess the ability of YAC128 mice to change strategy, we
incorporated a reversal phase into the swimming T-maze test by
switching the platform from the right arm to the left arm of the
maze. Mice that were trained to swim directly to the right arm
would now have to change their strategy to find the shortest path
to the platform. In the first trial after switching the platform to the
left arm, there was a remarkably clear difference between the
YAC128 and WT mice. All of the WT mice swam down the right
arm initially, and after discovering that the platform was no
longer present, immediately swam down the unvisited left arm of
the maze and found the platform. Similar to the WT mice, all of
the YAC128 mice entered the right arm of the T-maze initially.
However, after discovering that the platform was not present in
the right arm of the maze, the majority of the YAC128 mice swam
back to the start of the T-maze where they had already been. At
this point, some of the YAC128 mice returned to the right arm of
the T-maze, whereas some swam directly to the platform in the
left arm.

We measured this abnormality by quantifying the number of
arms of the maze entered en route to the platform. Although all of
the WT mice showed two arm entries, YAC128 mice showed
anywhere from two to five arm entries to reach the platform (Fig.
6A). This pattern of response resulted in the YAC128 mice having
more arm entries than WT mice (WT, two arm entries; YAC128,
2.9 = 0.3 arm entries; x> = 9.0; p = 0.03) and taking twice as long
to reach the platform as WT mice (Fig. 6B) (WT, 7.5 = 0.4 s;
YAC128,15.6 = 1.9 s; p < 0.001). With additional trials, both the
WT and YAC128 mice learned to swim directly to the platform in
the left arm, and by the last trial, swim times were similar to the
last trial for the normal phase of the T-maze (Fig. 6 B). Again, on
day 3 of the reversal phase of the T-maze testing, YAC128 mice
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Figure5.  YAC128 mice show cognitive and motor deficits in swimming T-maze. Mice (8.5 months of age) were trained toswim -y unted for by cognitive dysfunction.

toaplatform located in the right arm of a swimming T-maze. Mice received 3 d of testing with four trials per day. The time and path
to reach the platform were recorded. For the path to the platform, right was given a score of 0 and left was given a score of 1. 4,
After two trials, both YAC128 and WT mice showed a marked decrease in the time required to reach the platform, with minor
improvements in time thereafter. B, During the first 2 d, there was no difference in the time required to reach the platform
between YAC128 and WT mice. On the third day, YAC128 mice took significantly longer to reach the platform (trial: £ 5 g5 = 0.6,
p = 0.6; genotype by trial: f 5 5, = 0.8, p = 0.5; genotype: F; 53y = 11.5,p = 0.003; WT, 1.9 = 0.15; YAC128,3.0 = 0.3 5).
*¥p < 0.01. C, Closer inspection of the latency to reach the platform on day 3 reveals that WT mice showed very little variation,
whereas the YAC128 group have several errant trials (errant trials >4 s: WT, 0 of 44 trials, 0 of 12 mice; YAC128, 10 of 52 trials, 6
of 13 mice; x* = 9.4; p = 0.002). D, Some of these errant trials are caused by choosing an indirect path to the platform. Initially,
both groups demonstrate a chance level of selecting the correct arm to swim down to reach the platform. By the third day, WT mice
always swam down the correct arm, whereas YAC128 mice had some trials in which the wrong arm was chosen (trials swimming
down incorrect arm: WT, 0 of 44 trials, 0 of 12 mice; YAC128, 5 of 52 trials, 3 of 13 mice; x2 = 4.5;p = 0.04;n = 12WT, 13

YAC128). Error bars represent SEM. se, Seconds.

took longer than WT mice to reach the platform, but this differ-
ence did not reach significance, possibly because a constant level
of performance had not been reached (genotype: F, ,5) = 3.9,
p=0.06; WT,2.0 = 0.25; YAC128, 3.4 £ 0.55). The difference in
time to reach the platform on the third day resulted from choos-
ing the incorrect arm more frequently (Fig. 6C) (not significant),
an increased number of errant trials (data not shown), increased
pausing, and decreased swimming speed (see below). It was not
caused by an increased number of arm entries, which was equal
after day 1 (Fig. 6 D). Here, a clear deficit in changing strategy was
apparentin the path and time that YAC128 mice took to reach the
platform in the reversal of the T-maze test, which training re-
duces. The mild cognitive deficit observed in the normal phase of
the T-maze test was also observed here.

Deficits of YAC128 mice in swimming tests are

primarily cognitive

To determine the relative contributions of cognitive and motor
dysfunction to the increased latency to reach the platform in our
swimming tests, we measured swimming speed in mice at 8.5
months of age. The stem of the T-maze was blocked off, and the
time for mice to swim from the right arm of the maze to the
platform in the left arm of the maze was measured (Fig. 7A).
Assuming that mice, on average, swim to the middle of the T
before turning, the distance is identical to that traveled in the
T-maze tests, but differences in the amount of time required for
mice to turn around a corner were not determined. In this assess-
ment, the average latency of YAC128 mice to reach the platform
was significantly longer than that of WT mice (WT, 1.6 = 0.1 s;

Similarly, we used the swimming speed
calculated in the T-maze apparatus, to es-
timate the relative contributions of motor
and cognitive deficits to the differences
observed in the simple swimming test. We
calculated the predicted difference in la-
tency to reach the platform in the simple
swimming test, based on motor dysfunc-
tion alone, as 0.2 s. This accounts for only
5% of the actual difference observed in the
time to reach the platform at 8 months of
age. Comparing the difference in latency
to reach the platform between YACI28
and WT mice in the three swimming tests revealed that cognitive
factors account for the majority of the difference observed (73—
95%) (Fig. 7B). Thus, by measuring swimming speed in a non-
cognitive test, we showed that motor dysfunction is present at
this age but only accounts for a small proportion of the overall
performance deficit in the simple swimming test and swimming
T-maze tests. The remainder of the difference is caused by cog-
nitive dysfunction, which is most apparent in the reversal phase
of the swimming T-maze test in which a change in strategy is
required.

Presymptomatic YAC128 mice show difficulty in

shifting strategy

Because presymptomatic HD patients show mild cognitive symp-
toms that worsen as the disease progresses, we tested a cohort of
2-month-old presymptomatic YAC128 mice in the swimming
T-maze to determine whether the cognitive deficits in symptom-
atic YAC128 mice were present at this young age. In the normal
phase of the test, both YAC128 and WT mice rapidly learned to
swim to the platform, and there was no difference in the time
taken to reach the platform in any of the 12 trials (Fig. 8A).
However, switching the location of the platform to the opposite
arm of the maze revealed a difference in changing strategy be-
tween the YAC128 and WT mice even at this age. Although the
difference was not as dramatic as we observed in symptomatic
YAC128 mice, 2-month-old YAC128 mice took significantly
longer than WT mice to reach the platform during the reversal
phase of the swimming T-maze test (WT, 4.9 = 0.4 s; YAC128,
9.5+ 1.2's; p = 0.003). Again, none of the 12 WT mice reentered
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the stem of the T-maze, whereas 3 of the 12
YACI128 mice retraced their path before
reaching the platform (Fig. 8 B). With ad-
ditional trials, YAC128 mice were able to
reach the platform as fastas WT mice (data
not shown). At this age, there was no sig-
nificant difference in swimming speed be-
tween the YAC128 and WT mice (WT,
45 * 6 cm/s; YAC128, 45 £ 6 cm/s; p =
0.99). Overall, this demonstrated that pr-
esymptomatic YAC128 mice had difficulty
in changing strategy but did not show any
cognitive deficit in the normal phase of the
swimming T-maze test. As with the ro-
tarod test at this age, no deficit in motor
coordination was detected in measuring
swimming speed.

YAC128 mice show decreased
sensorimotor gating in the PPI test
Based on observations of decreased PPI in
human HD patients (Swerdlow et al.,
1995), we tested symptomatic YACI128
mice at 9 and 12 months of age to deter-
mine whether this difference was evident
in the mouse model. Using the same appa-
ratus, we also assessed habituation to
acoustic startle. Acoustic startle is a fast re-
sponse to a loud noise stimulus that can be
measured by a movement-sensitive appa-
ratus. Mice exposed to repeated, high-
intensity sounds learn to startle less when
they recognize the sound and remember
that there is no harmful event associated
with the sound. This habituation to acous-
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Figure 6.  YAC128 mice show cognitive deficits in the reversal phase of the swimming T-maze test. Mice (8.5 months of age)

were trained to swim to a platform located in the right arm of a swimming T-maze. After 3 d of four trials each day, the platform
was switched to the left arm of the maze. The time to reach the platform, the path to the platform, and the total number of arm
entries were recorded. A, On thefirst trial of the reversal phase, all WT mice swam right initially then swam straight to the platform
in the left arm for a total of two arm entries. In contrast, most YAC128 mice swam back to the start of the maze before either
retracing their steps or exploring the left arm of the maze leading to anywhere from two to five arm entries before reaching the
platform. This resulted in YAC128 mice showing a greater number of arm entries compared with WT mice (WT, 2 arm entries;
YAC128,2.9 = 0.3 armentries; x> = 9.0;p = 0.03). B, YAC128 mice also showed a greater latency to reach the platform on the
first trial of the reversal phase, despite all mice choosing the same initial swimming direction (WT, 7.5 = 0.4'5; YAC128, 15.6 ==
1.95;p < 0.001). In subsequent trials, both groups improved their latency to reach the platform as they learn to swim directly to
the platform in the left arm of the T-maze. On the third day, there was a trend toward an increased latency to reach the platform
in YAC128 mice compared with WT mice (trial: F 3 4) = 5.9, p = 0.001; genotype by trial: F 5 4 = 1.7, p = 0.2; genotype: f; 53,
=3.9,p=0.06;WT,2.0 == 0.25; YAC128,3.4 = 0.55). sec, Seconds. C, This is partially because YAC128 mice continued to choose
indirect paths to the platform in the last two trials, whereas all WT mice swam directly to the platform (trials swimming down the
incorrect arm: WT, 0 of 22 trials, 0 of 12 mice; YAC128, 5 of 26 trials, 3 of 13 mice; y > = 4.7; p = 0.03). D, The difference n latency
to reach the platform on the third day did not result from an increased number of arm entries that were equal after day 1.n = 12

tic startle can be used to assess learning and
memory. When mice are exposed to a qui-
eter sound before the loud stimulus, they
will startle less than they would for the loud stimulus alone. This
PPI is not learned but rather measures sensorimotor gating. At 9
months of age, there was no difference between WT and YAC128
mice in PPI or habituation to acoustic startle (data not shown).

YAC128 mice tested at 12 months of age showed significantly
less PPI compared with WT mice, indicating a deficit in sensori-
motor gating (Fig. 9A) (genotype: F; g5y = 62.7, p < 0.001; pre-
pulse: F(; 555 = 37.4, p < 0.001). At 12 months of age, YAC128
mice also showed decreased habituation to acoustic startle. With
repeated pulses, both WT and YAC128 mice showed a decreased
response, but the habituation was greater in WT mice than in
YAC128 mice (Fig. 9B) (block: F, g5y = 3.9, p = 0.025; genotype
byblock: F, g¢) = 0.3, p = 0.7; genotype: F(, 4,4y = 7.9, p = 0.008).
The decreased habituation to acoustic startle reflects a deficit in
learning and memory, whereas the decreased PPI suggests a dif-
ficulty in inhibiting the motor response to the sound. In both
cases, the acoustic startle observed in YAC128 mice may have
been influenced by emotional state, because this is known to
impact startle response magnitude and emotional changes are
common in patients with HD.

Discussion

In this study, we have demonstrated clear cognitive deficits in the
YACI128 mouse model that precede the onset of motor deficits
and progressively worsen with age. Based on cognitive impair-

WT, 13 YAC128. Error bars represent SEM. ** p < 0.01, *** p < 0.001.

ments present in human HD, we adapted and validated behav-
ioral tests to dissociate cognitive from motor dysfunction in
YAC128 mice. We showed deficits in procedural learning, mem-
ory, sensorimotor gating, and strategy shifting, all of which are
present in patients with HD (Heindel et al., 1988; Swerdlow et al.,
1995; Lawrence et al., 2000; Watkins et al., 2000; Ho et al., 2003).
Importantly, the pattern of symptom development is similar to
human HD with limited cognitive deficits early that are followed
by widespread impairment after motor onset.

Cognitive deficits in presymptomatic YAC128 mice
Presymptomatic HD patients show mild cognitive deficits in pro-
cedural learning, memory, planning, and shifting strategy
(Hahn-Barma et al., 1998; Lawrence et al., 1998a,b; Snowden et
al., 2002). These deficits worsen with the advancement of the
disease and are also found in symptomatic HD patients (Bamford
et al., 1995; Lawrence et al., 1999; Ho et al., 2003). In YAC128
mice, disease onset occurs at 3 months of age with hyperkinesia.
Accordingly, we tested for presymptomatic cognitive deficits in
2-month-old YAC128 mice.

At 2 months of age, YAC128 mice showed a learning deficit on
the rotarod test of motor coordination (Lalonde et al., 1995; Ger-
lai et al., 1996; Le Marec and Lalonde, 1997; Hyde et al., 2001;
Dubois et al., 2002; McFadyen et al., 2003). At this age, YAC128
mice do not have a motor deficit, because trained YAC128 mice
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Figure 7.  Cognitive deficits are primarily responsible for increased latencies to reach the
platform in swimming tests. A, The swimming speed of the mice was assessed by measuring
how long the mice took to swim linearly to the platform (P) along the top of the T in the
swimming T-maze. YAC128 mice swam slower than WT mice, indicating a deficit in motor
coordination at 8.5 months of age (WT, 48.2 == 2.7 cm/s; YAC128, 39.1 == 2.0 am/s; p = 0.071).
B, Using swimming speed to calculate the difference in latency to reach the platform predicted
by motor deficit alone and comparing this to the actual difference observed reveals that motor
dysfunction only accounts for a small percentage of the difference. Most of the difference in the
latency to reach the platform results from cognitive deficits. n = 12 WT, 13 YAC128. sec,
Seconds.

performed as well as WT mice. Because YAC128 mice require
more training to reach the same level of performance, it is clear
that they learn slower than WT mice. Presymptomatic YAC128
mice also showed a deficit in strategy shifting whereby they took
longer to reach the platform in the reversal phase of the swim-
ming T-maze test, despite swimming as fast as WT mice. At this
time point, YAC128 mice showed normal cognition in the simple
swimming test, the normal phase of the swimming T-maze test,
and in tests of habituation.

Because the earliest behavioral abnormality reported previ-
ously in YAC128 mice was hyperactivity at 3 months of age, cog-
nitive dysfunction is present before any other behavioral symp-
tom. Similar findings have been reported in human HD and the
R6/2 mouse model (Hahn-Barma et al., 1998; Lawrence et al.,
1998a,b; Snowden et al., 2002). Because HD is characterized by
motor dysfunction, it is not surprising that cognitive tasks involv-
ing motor function deteriorate first, especially when HD patients
show deficits in several paradigms of skill learning (Heindel et al.,
1988, 1989; Gabrieli et al., 1997; Schmidtke et al., 2002; Knopman
and Nissen, 1991). Similarly, difficulty in changing strategy is one
of the earliest reported cognitive symptoms in HD (Lawrence et
al., 1998a).

Cognitive deficits in symptomatic YAC128 mice
Symptomatic HD patients show widespread cognitive dysfunc-
tion (Backman et al., 1997). In our assessment of symptomatic
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Figure 8.  Presymptomatic YAC128 mice show cognitive deficit in strategy shifting. Two-

month-old YAC128 mice were tested in the swimming T-maze test with reversal. 4, During the
normal phase of the test, both YAC128 and WT mice learned to swim to the platform, and no
differences were observed (trial: F ;1 54, = 11.0,p << 0.001; genotype by trial: F;; 545, = 0.3,
p = 1.0; genotype: f; ,, = 0.0,p = 0.9). During the reversal phase, when the location of the
platform was switched, YAC128 mice required significantly more time to find the platform than
WT mice (WT, 4.9 = 0.4 5; YAC128,9.5 = 1.2'5; p = 0.003). Error bars represent SEM. sec,
Seconds. B, After the platform was switched to the opposite arm of the T-maze, none of the WT
mice swam down the stem of the T-maze. In contrast, 3 of the 12 YAC128 mice retraced their
steps to the starting position before swimming to the platform. This resulted in the YAC128 mice
exhibiting more arm entries en route to the platform (y* = 6.0; p = 0.05). At this age, the
swimming speed of YAC128 miceis equal to that of WT mice, indicating that motor coordination
isnormal at this time point (WT, 45 = 6 cm/s; YAC128,45 == 6 cm/s; p = 0.99).n = 12WT, 12
YAC128.

YAC128 mice, we examined abilities deficient in both presymp-
tomatic and symptomatic HD patients, namely procedural learn-
ing, memory, and strategy shifting (Hahn-Barma et al., 1998;
Lawrence et al., 1998a,b; Snowden et al., 2002). We also followed
the progression of motor impairment for comparison with the
development of cognitive dysfunction.

Motor abilities were assessed using the rotarod test. YAC128
mice showed normal performance at 2 months of age, but by 4
months of age, YAC128 mice were unable to stay on the rotarod
as long as WT mice. Thereafter, YAC128 rotarod performance
decreased steadily with age, whereas WT mice maintained a con-
sistent level of performance. Decreased motor function on the
rotarod is the most common symptom among animal models of
HD (Carter et al., 1999; Schilling et al., 1999; Laforet et al., 2001;
Lin et al., 2001; von Horsten et al., 2003).

At 7 months of age, YAC128 mice learned the rotarod task but
were unable to reach the same level of performance as WT mice.
By 12 months of age, the motor learning deficit originally de-
tected at 2 months of age progressed into a severe learning deficit
that completely prevented YAC128 mice from learning the ro-
tarod task. At this age, previously untrained YAC128 mice could
not perform the rotarod task, whereas mice trained earlier were
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significant difference between WT and YAC128 mice (n = 11 WT, 13 YAC128; data not shown).
At 12 months of age, YAC128 mice showed a deficitin PPl at 2, 4,8, and 16 dB above background
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YAC128). B, At this age, YAC128 mice also showed a decreased habituation to acoustic startle
compared with WT mice (block: F, g5 = 3.9, p = 0.025; genotype by block: f, g5 = 0.3,p =
0.7; genotype: F; 49 = 7.9, p = 0.008; n = 21 WT, 25 YAC128). Error bars represent SEM.
*p < 0.05; **p < 0.01;***p < 0.001.

physically able to run on the rotarod. Although environmental
enrichment improves motor function (Hockly et al., 2002), the
fact that learning on the rotarod is thought to result from changes
in motor strategy and not increased motor function (Buitrago et
al., 2004) suggests that the reason that YAC128 mice trained at 7
months of age performed better than YAC128 mice trained at 12
months of age is because of differences in cognitive rather than
physical ability.

In the simple swimming test, YAC128 mice took longer to
reach the platform than WT mice beginning at 8 months of age.
Only 5% of this difference were accounted for by differences in
swimming speed. The remainder resulted from cognitive deficits
that predisposed the YAC128 mice to choose an indirect path to
the platform. Because these mice were unable to rely on visual
cues for navigation (Taketo et al., 1991; Huerta et al., 1999), this
is likely a deficit in procedural rather than spatial memory. Mem-
ory deficits have also been reported in human HD (Wilson et al.
1987; Rohrer et al., 1999; Lawrence et al., 2000; Brown et al.,
2001). Validation for this test comes from the ability of WT mice
to learn to swim directly to the platform and remember this skill
in subsequent trials.

Symptomatic YAC128 mice also showed deficits in open-field
habituation, a simple test of learning and memory (Gerlai et al.,
1996; Bolivar et al., 2000; Cook et al., 2002). At 8 months of age,
YACI128 mice were hypoactive compared with WT mice. Al-
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though YAC128 mice demonstrated intrasession and interses-
sion habituation, in both cases WT mice showed a more rapid
decline in activity, because the difference in activity between WT
and YAC128 mice diminished with repeated trials. Although we
have attempted to control for the initial difference in activity in
our calculation of habituation, it is possible that the initial hypo-
activity in YAC128 mice contributed to their decreased habitua-
tion. However, the observation of memory deficits in the simple
swimming test and in habituation to acoustic startle supports a
memory deficit as the cause of decreased open-field habituation
in symptomatic YAC128 mice. Validation for the use of open-
field habituation for memory testing comes from experiments
showing more rapid habituation in rodents treated with drugs
prescribed for memory disorders (Platel and Porsolt, 1982).

We also demonstrated cognitive deficits in a swimming
T-maze test at 8.5 months of age in which trained YAC128 mice
took longer to reach the platform than WT mice. A motor deficit
in swimming speed is present at this age but does not account for
the difference observed. Although WT mice all swam directly to
the platform on the third day, YAC128 mice showed multiple
errant trials in which they swam down the wrong arm, possibly as
aresult of a memory deficit. The use of this test is validated by the
ability of WT mice to improve their latency to reach the platform and
choose the correct arm in every trial. Similarly, cognitive function
has been assessed in a water plus-maze (Dobkin et al., 2000).

Symptomatic YAC128 mice showed a dramatic cognitive def-
icit in the reversal phase of the swimming T-maze test. When the
location of the platform was changed, WT mice all rapidly
adapted to the new task, reaching the platform without retracing
their path. In contrast, most YAC128 mice returned to the start of
the T-maze after discovering the platform was not present in the
right arm. This difference in response strategy provides a clear
manifestation of cognitive dysfunction in YAC128 mice. Re-
markably, not a single WT mouse had difficulty in changing strat-
egy, whereas difficulty was the norm in YAC128 mice. Interest-
ingly, difficulties in changing strategy are present in HD patients
(Lawrence et al., 1999; Ho et al., 2003).

At 12 months of age, YAC128 mice had decreased PPI com-
pared with wild type. This represents a decreased ability to inhibit
a motor response. Because motor inhibition is thought to be
mediated by the striatum, this finding is in line with the striatal
pathology reported in YAC128 mice (Mink, 1996; Slow et al.,
2003). Decreased PPI has been reported in human HD patients
and mouse models of polyglutamine toxicity (Swerdlow et al.,
1995; Carter et al., 1999). We also demonstrated decreased habit-
uation to acoustic startle in 12-month-old YAC128 mice, provid-
ing additional evidence for impaired memory. Because 9-month-
old YAC128 mice had an equivalent motor deficit on the rotarod
as 12-month-old YAC128 mice and did not show deficits in PPI
or habituation to acoustic startle, the deficits in 12-month-old
animals were likely cognitive and not related to the motor dys-
function at this age.

Cognitive deficits have been reported previously in animal
models expressing N-terminal fragments of htt. The R6/2 mouse
model shows deficits in learning and PPI but has normal open-
field habituation (Lione et al., 1999; Murphy et al., 2000; Bolivar
et al., 2003). Similarly, a rat transgenic model of HD exhibits a
spatial memory deficit in the radial maze test (von Horsten et al.,
2003). Our findings in YAC128 mice extend these results to dem-
onstrate cognitive dysfunction in a mouse model expressing full-
length mutant htt.
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YAC128 mice show deficits similar to animals with

striatal lesions

Animal research has demonstrated two distinct forms of learning
that are mediated by different systems within the brain. Cognitive
learning involves the acquisition of knowledge about the envi-
ronment, such as the generation of a spatial map, which is then
used to influence subsequent actions. Stimulus—response learn-
ing involves procedural learning in response to the stimulus. Le-
sions involving the lateral striatum eliminate stimulus—response
learning, whereas those involving the medial striatum or hip-
pocampus affect cognitive learning (Packard and McGaugh,
1996; Devan and White, 1999; DeCoteau and Kesner, 2000).
Studies involving striatal damage caused by the mitochondrial
toxin 3NP have shown perseverance in a lever-pressing task and a
T-maze alteration task as well as a spatial learning deficit in le-
sioned animals (Shear et al., 1998; El Massioui et al., 2001). Thus,
the demonstration of procedural learning deficits and persever-
ance in the YACI128 mice is in accordance with the observed
striatal pathology in these mice, because similar deficits have been
achieved in animals with striatal lesions.

Conclusion

We demonstrate a clear pattern of cognitive dysfunction in the
YAC128 mouse model of HD that complements the motor dys-
function and selective neuropathology present in these mice
(summarized in supplemental Fig. 1, available at www.jneuro-
sci.org as supplemental material). Cognitive deficits arise before
motor onset and progress with age. These cognitive impairments
are similar to deficits observed in human HD and can be used as
outcome measures in therapeutic trials to assess the effect of po-
tential treatments on cognition.
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