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Huntington’s disease (HD) is one of a group of neurodegenerative diseases caused by an expanded trinucleotide (CAG) repeat coding for
an extended polyglutamine tract. The disease is inherited in an autosomal dominant manner, with onset of motor, cognitive, and
psychiatric symptoms typically occurring in midlife, followed by unremitting progression and eventual death. We report here that motor
presymptomatic R6/1 HD mice show a severe impairment of somatosensory-discrimination learning ability in a behavioral task that
depends heavily on the barrel cortex. In parallel, there are deficits in barrel-cortex plasticity after a somatosensory whisker-deprivation
paradigm. The present study demonstrates deficits in neocortical plasticity correlated with a specific learning impairment involving the
same neocortical area, a finding that provides new insight into the cellular basis of early cognitive deficits in HD.
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Introduction
The pathological hallmark of Huntington’s disease (HD) is ex-
tensive neurodegeneration in the striatum and the cerebral cortex
(Vonsattel et al., 1985; de la Monte et al., 1988). The adult-onset
form of the disease is characterized by motor symptoms, such as
chorea and athetosis, as well as psychiatric symptoms, including
anxiety and depression (Paulsen et al., 2001; Berrios et al., 2002).
Although motor symptoms correlate with the number of CAG
repeats (Snell et al., 1993), psychiatric symptoms do not (Berrios
et al., 2001). Moreover, it is becoming increasingly clear that,
interestingly, cognitive deficits often precede the appearance of
the classical motor symptoms, such as chorea, that would nor-
mally be used to define symptom onset of the disease. For exam-
ple, HD gene carriers (with a CAG repeat expansion) who were
not displaying any of the clinical symptoms of Huntington’s dis-
ease had significantly worse scores in the Wechsler Adult Intelli-
gence Scale (Revised) compared with non-gene carriers (Foroud
etal., 1995). Similar conclusions have also been reported in other
studies (Kirkwood et al., 1999, 2000).

Initial symptoms of the disease precede neuronal loss (Von-
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sattel et al., 1985), suggesting that the earliest cognitive deficits,
manifest in advance of the classical motor symptoms of HD, may
reflect underlying abnormalities of synaptic transmission and
neuronal function. Long-term changes in the efficacy of neuro-
transmission, in the form of synaptic plasticity, are thought to
contribute to normal cognitive processes such as learning and
memory (Bliss and Collingridge, 1993). In the context of Hun-
tington’s disease, abnormal synaptic plasticity has been reported
in vitro in hippocampal slices from the R6/2 HD mouse model
(Murphy et al., 2000).

Various areas of the neocortex have been crucially implicated
in cognitive processes such as sensory discrimination, learning,
memory, planning, and decision making (Smith and Jonides,
1999; Tanji and Hoshi, 2001). Therefore, early cognitive deficits
observed in HD gene carriers who have not yet developed all of
the classical symptoms of Huntington’s disease might be attrib-
uted to selective cellular dysfunction in specific areas of the
neocortex.

The aim of the present study was to test whether, in transgenic
HD mice before the onset of motor signs, there is an abnormality
in neocortical plasticity correlated with performance at the be-
havioral level. To assess any possible cortical synaptic abnormal-
ities, we used a plasticity paradigm involving the ability of sensory
deprivation to induce cortical map plasticity in the barrel cortex
of wild-type (WT) mice and rats (Kossut et al., 1993; Fox et al.,
1996; Lebedev et al., 2000). We were also interested in correlating
effects on barrel cortex-specific plasticity with a discrimination-
learning paradigm involving only the whiskers. For this purpose,
we used a modification of the Lashley jump-stand apparatus
(Guic-Robles et al., 1989; Cybulska-Klosowicz and Kossut,
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2001). Successful performance of this task
has been convincingly shown to depend
on an intact barrel cortex (Guic-Robles et
al., 1992).

Our results demonstrate that motor pr-
esymptomatic HD mice show deficits in a
barrel cortex-dependent sensory-discrimi-
nation learning task, as well as deficits in bar-
rel-cortical plasticity.

Materials and Methods

Subjects. For the experiments on experience-
dependent plasticity, the mice were 8 weeks of
age, and for the discrimination-learning exper-
iments, we used 10-week-old mice. For the
open field, rotarod, and photobeam arena, we
used 10-, 12-, and 14-week-old mice. Mice of
both sexes were used in all of the tests. The R6/1
line was generated by Gillian Bates as described
previously (Mangiarini et al., 1996). Approxi-
mately one-half of each litter are wild type, and
the other half are hemizygous for the HD
transgene.

After weaning, all of the mice were randomly
allocated to standard cages in groups of three to
five (for more details of housing conditions, see
below). At 6 weeks of age, the mice were anes-
thetized by a combination of Hypnorm (fenta-
nyl citrate; Janssen—Cilag, Bucks, UK) and
Hypnovel (midazolam; Roche, Welwyn Garden
City, UK) in distilled water (1:1:2; 2.7 ml/kg).
The mice were then tail tipped and PCR geno-
typed to determine which mice were hemizy-
gous for the HD transgene. A microchip was
inserted subcutaneously to allow identification
of each mouse. The study was conducted blind
to genotype, and, only when all of the data had
been collected, the genotype code was broken. The experiments were
conducted in accordance with the United Kingdom Animals (Scientific
Procedures) Act of 1986.

Housing conditions. The mice (both HD transgenic and wild type) were
randomly allocated to standard cages in groups. The cages were in a room
with a 12 h light/dark cycle. The mice had ad libitum access to water and
food, with the exception of the mice used in the behavioral training,
which were deprived of food for ~7 h before training. For all of the
behavioral tests, there were 612 mice per group.

Open field. The open-field behavioral testing apparatus consisted of a
gray box that was open at the top. The dimensions of the box were 50 X
30 X 20 cm, and the floor was divided into 15 10 X 10 cm squares.
Testing took place under normal room illumination. Each mouse was
randomly placed in one of the four corners of the box, facing the wall. We
measured for a period of 3 min the number of squares entered (all four
paws inside the square). We also counted the number of rearing sessions
(i.e., the mouse balancing on the rear paws with both front paws off the
ground). After each mouse had been tested, the box was thoroughly
cleaned to remove odor cues.

Rotarod. After the open-field test, the mice were tested on an acceler-
ating rotarod. The rotating cylinder was 3 cm in diameter, with the cyl-
inder divided by flanges in five compartments, allowing the simultaneous
testing of up to five mice. The animals had to walk on the rotating cylin-
der, at an initial speed of 4 rpm. The cylinder was accelerated steadily to
40 rpm, and the time until the mouse fell from the rotarod cylinder to soft
bedding below was recorded.

Clasping test. Once the sensory-deprivation paradigm and the
discrimination-learning training started, the mice were tested once per
week for signs of clasping. Mice displaying this sign flex their rear limbs
and clasp them together over the abdomen when briefly suspended by the
tail. This is an early motor symptom of Huntington’s disease in mice

Figure 1.
across the gap between the start platform and each choice platform and, using only its vibrissas, palpate the metal gratings to
discriminate them (b) and then jump to the rewarded choice platform (c). d, Once the animals were on the correct choice platform,
the experimenter opened the gate, and the mice had access to the reward. If the mouse chose the wrong choice platform, it was
removed from the apparatus and placed in its home cage. After each trial, the apparatus was thoroughly cleaned to remove any
odor cues. Testing was performed in a room illuminated only with dim red light to ensure that the mice did not use visual cues to
make the choice of the platform.
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Whisker-dependent sensory-discrimination task. a, The mouse was placed in the start platform. b, ¢, Ithad to stretch

(Mangiarini et al., 1996; Van Dellen et al., 2000) and is thought to be
independent of muscle strength and acquired motor abilities. Each test
for clasping involved suspending the mouse 10 times for 3 s each time. If
an animal retracted its rear paws in the manner described on two or more
of 10 trials, it was considered to be clasping. Less than two retractions
were considered nonclasping.

Locomotor activity in the photobeam arena. Coulbourn Instruments
(Allentown, PA) Tru Scan photobeam arenas (model E63-10) were used
to record the exploratory behavior of mice in photobeam arenas (loco-
motor cells) over 30 min test sessions. Before the weekly test sessions,
mice were habituated to the arenas for 30 min periods on 4 consecutive
days. Subsequent test sessions commenced 1 week from the final day of
habituation. The following parameters collected by Tru Scan were se-
lected for additional analyses: total floor plane distance traveled, time
spent moving, average velocity, and number of jumps. The latter refers to
the number of escape movements (jumps) from the floor plane of the
arena within a time window of 2 s. Photobeam arena behavioral data
from all of the test sessions were collected using the Tru Scan 2.0 software
provided by Coulbourn Instruments.

Sensory-discrimination learning. Seventeen mice of both sexes from
mixed litters (WT and HD) were used for behavioral training. We used a
modification of the Lashley jump-stand apparatus (Carvell and Simons,
1990), designed for rats but previously used successfully for mice
(Cybulska-Klosowicz and Kossut, 2001). Briefly, behavioral training
consisted of a pretraining phase and a training phase. During the pre-
training phase, which lasted 2 weeks, the mice were familiarized with the
apparatus, and they learned to cross a narrow gap between the “start”
platform and the “choice” platform (Fig. 1) and to consume the reward.
The distance between the start platform and the choice platform was
progressively increased to ~6 cm. At the end of the pretraining period,
no mice showed any evidence of motor disability, and all of them were
able to cross the platforms and consume the rewards.
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Figure 2.  Sensory-deprivation paradigm. The whiskers of the right pad were trimmed
(white circles), except for those in row E (black circles). The whiskers (rows A-D) were trimmed
to the level of the fur every 2 d for a period of 1 month.

The training phase started after all of the mice had learned to approach
and consume the reward. All of the training was performed in dim red
light, to ensure that visual cues could not be used. During training, the
mouse had to stretch across the gap between the start platform and the
two choice platforms and, using only its vibrissas, palpate two metal grids
(one with square mesh, the other with diamond mesh) (Fig. 1b). They
had to discriminate between them and to climb over onto the rewarded
choice platform (cued by the discriminanda) (Fig. 1¢). Each mouse re-
ceived 20 trials per daily session. Nine mice were rewarded for choosing
the platform cued by the square grating, and eight mice were rewarded
for choosing the platform cued by the diamond grating. Once the ani-
mals were on the correct choice platform (all four paws), the experi-
menter opened a gate and the mice had access to the reward (Fig. 1d). If
the mouse chose the wrong choice platform, it was removed from the
apparatus and placed in its home cage. The placement of the rewarded
discriminandum to the left or right choice platform was randomized on
each trial, with the restriction that the reward would not be on the same
side for more than three consecutive trials. After each trial, the apparatus
was thoroughly cleaned to remove any odor cues.

Results of testing were recorded as percentage of correct choices. The
mouse was considered to have successfully learned the discrimination
task when it reached a score of =80% (i.e., 16 correct responses of 20,
corresponding to a binomial significance of p < 0.05) during three con-
secutive sessions.

Sensory deprivation. Fifteen mixed litters of mice (HD and WT) of both
sexes were used to examine any effects on experience-dependent plastic-
ity in the barrel cortex as a result of sensory deprivation. The deprivation
procedure consisted of trimming all of the whiskers, except for row E
(Fig. 2) of the right whisker pad, starting at 8 weeks of age. Trimming
took place while the mice were restrained but awake. The whiskers were
trimmed to the level of the fur every 2 d for 1 month (Fig. 2).

2-Deoxyglucose metabolic labeling. After the period of sensory depriva-
tion and to visualize any possible experience-dependent changes in the
functional representation of the spared row of whiskers, we used [ '*C]2-
deoxy-p-glucose (2-DG) metabolic labeling (Sokoloff et al., 1977) as part
of a protocol described previously (Siucinska and Kossut, 1996). Briefly,
after an intraperitoneal injection of 2-DG (55 mCi/mmol sterile saline
solution; American Radiolabeled Chemicals, St. Louis, MO) in a dose of
5 nCi per mouse, the animals were immediately placed on a neck re-
strainer and taped by their trunks, tail, and paws to the base of the neck
restrainer, so that they were immobile but awake throughout the exper-
iment. After a few trial procedures, the mice seemed relaxed and did not
struggle in the restrainer. Using a pair of fine paintbrushes, the experi-
menter manually stimulated bilaterally the three large posterior whiskers
of row E at a frequency of 2 Hz for 30 min. After the 2-DG labeling, the
mice received a lethal intraperitoneal dose of pentobarbitone (J. M. Lov-
eridge, Southampton, UK) and were perfused with 4% paraformalde-
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hyde in phosphate buffer for 5 min. The brain was removed, cut sagittally
along the midline, and flattened following a procedure described previ-
ously (Strominger and Woolsey, 1987). The brains were then frozen in
isopentane and stored in a freezer at —80°C. The flattened cortices were
sectioned tangentially at 20 wm, using a cryostat at —18°C. Autoradio-
grams were made on Eastman Kodak (Rochester, NY) mammography
film. Once the autoradiograms were obtained, the sections were coun-
terstained with cresyl violet (Nissl staining) to correlate the metabolic
label with the pattern of whisker-related rings of neuronal somata (“bar-
rels”) in layer IV.

Areal quantification of autoradiograms. The method for areal quantifi-
cation was based on a modification of the method used for analysis of
intrinsic signal optical imaging in rats described by others (Chen Bee et
al., 1996). Briefly, the autoradiogram images were smoothed using a
two-dimensional Gaussian smoothing kernel, with sigma 10 pixels (each
pixel had a diameter of 37 wm) and a filter width of 20 pixels. Thresh-
olding, at a value of 50% of the range between the median and maximum
values, and clipping (removing the extreme top and bottom 1% of val-
ues) were applied to the filtered image to generate a viewable,
intermediate-cluster image consisting of the high-contrast smoothed
data overlaid with contours at the 50% value. It should be noted that
clipping was used only for the purposes of data visualization to generate
an easily viewable image (by enhancing the visible contrast). It was not
applied to the actual data.

The experimenter subsequently selected one of the intermediate clus-
ters that corresponded to row E. An automatic region of interest (ROI)
was created, defined to be a square (3 X 3 mm?) centered on the centroid
of the selected cluster, adjusted translationally if necessary to fall entirely
within the original filtered image. The ROI was then used to generate
improved image statistics based only on the particular area of interest and
avoiding other active areas and artifacts within the original image. This
enabled a robust measurement of the position (centroid) of the activated
region and the area of the region, which was calculated as follows: the
difference between the centroid value and the median value was normal-
ized to 100%. We then calculated the contour area enclosing 95% of this
normalized difference. This normalization procedure helps to minimize
the effects of general variation in cortical activity that is not related to
whisker stimulation (e.g., associated with slow cortical oscillations and
anesthesia before perfusion). The area size of row E of each animal’s
hemispheres (control/experimental) was the average obtained, using the
quantification method described above, from four to six sections in
which the barrel cortex was visible.

Statistical analysis. For statistical comparisons of behavioral results, we
used repeated-measures ANOVA. For areal quantification, we used a
paired ¢ test or a Wilcoxon test. Finally, for 2-DG labeling intensity and
centroid values, we used t tests. Data are reported as mean * SEM.
Differences were considered statistically significant at p < 0.05.

Results

Open field

The performance of the HD mice in the open field was very
similar to that of the WT controls (Table 1). Specifically, at 10
weeks of age, the average number of squares crossed in a 3 min
open-field test (an indication of general motor activity) was 29
for WT mice and 23 for HD mice. Similarly, at 12 weeks, WT mice
crossed 34 squares, and the HD mice crossed 32 squares. At 14
weeks, the WT mice crossed 25 squares, and the HD mice crossed
26 squares, indicating almost identical general mobility.
Repeated-measures ANOVA revealed no difference in the num-
ber of squares crossed for the factor of age (F(,3,) = 2.4;p >
0.05). There was no difference between HD and WT mice (geno-
type) (F(;.16) = 0.134; p > 0.05), and, finally, there was no inter-
action between age and genotype (F(, 5,) = 0.46; p > 0.05). These
results show that there was no difference between WT and HD
mice in the number of squares crossed in the open field between
10 and 14 weeks of age.
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Table 1. Exploratory behaviors and motor performance of wild-type and HD transgenic mice recorded from 3 min sessions in the open field and on the accelerating rotarod

Exploratory parameter Number of squares crossed

Number of rears

Time spent on the accelerating rotarod

Age (weeks) 10 12 14 10
52(2.5)
45(1)

28.8(5.6)
228(3.4)

34 (4)
31.5(4.9)

25(9.1)
26.2(5.2)

Wild-type mice (n = 6)
HD transgenic mice (n = 12)

12 14 10 12 14
6.2(0.9) 6(2.8) 106.8 (23.4) 109.3 (17.5) 127.3(18.4)
47(1.2) 5.3 (1.6) 83 (11.3) 82.4(13.5) 873 (17.5)

Data are presented as mean (SEM).

Table 2. Exploratory behaviors of wild-type and HD transgenic mice recorded from 30 min sessions in photobeam arenas

Exploratory parameter Distance moved (cm)

Time spent moving (s)

Average speed of movements (cm/min) Number of jumps

Age (weeks) 10 12 14 10 12
Wild-type mice (n = 8) 7880.9 (352.7)  8573.1(608.7)  8083.2(528.0)  681.4(20.2)
HD transgenic mice (n = 10) 7617.9 (576.4)  7366.4(596.8)  7463.0 (463.6)  681.2(29.5)

709.5 (28.9)
659.6 (24.5)

12 14
82.7(7.1)  755(12.6)
96.9(17.9) 1146 (14.2)

14 10 12 14 10
680.4(25.8) 262.7(11.8)  285.8(20.3) 269.4(17.6) 1013 (13.4)
670.8(28.6) 254.0(19.2) 2455(19.9) 248.7(155) 117.4(20.1)

Data are presented as mean (SEM).

Analysis of the number of rears in the open field (Table 1), an
indicator of motor activity, strength, exploratory behavior, and
motivation, also showed no difference between WT and HD mice
between 10 and 14 weeks of age. In more detail, at 10 weeks of age,
WT mice on average displayed five rearing events, and the aver-
age for HD mice of 4.5 rearing events was very similar. At 12
weeks, the average number of rearing events was 6 and 4.7. At 14
weeks, the averages were 6 for WT mice and, similarly, 5.3 for HD
mice. Repeated-measures ANOVA revealed no significant differ-
ence for the age factor (F, 5, = 0.284; p > 0.05). There was no
difference for the genotype factor (F, sy = 0.225; p > 0.05).
Finally, there was no interaction between age and genotype
(Fo32) = 0.09; p > 0.05).

Rotarod

The accelerating rotarod is used to assess motor ability and motor
coordination in particular. Our results (Table 1) show that WT
mice spent on average 107 s on the accelerating rotarod at the age
of 10 weeks, whereas HD mice spent 83 s. At 12 weeks, the results
were 109 s for WT and 82 s for HD mice. Finally, at 14 weeks, WT
mice spent 127 s and HD mice spent 87 s. Repeated-measures
ANOVA revealed no significant difference in the age factor
(F(1.321.7) = 0.6315 p > 0.05; Greenhouse-Geisser correction ap-
plied). Similarly, there was no significant difference for the geno-
type factor (F(; 4y = 2.6; p > 0.05). Finally, there was no signif-
icant interaction between age and genotype (F; 3,7 = 0.244;
p > 0.05; Greenhouse-Geisser correction applied). These results
suggest that there was no obvious difference in the time spent on
the rotarod by WT and HD mice between the ages of 10 and 14
weeks.

Locomotor activity in the photobeam arena

To assess further whether the HD mice were presymptomatic at
10-14 weeks of age, we used an automated system involving
photobeam arenas to record the exploratory behavior of mice
(total floor plane distance traveled, time spent moving, average
velocity, and number of jumps) for a longer period of time (30
min). This enabled us to examine the possibility that motor def-
icits might become more apparent after more extended testing.
Furthermore, the use of an automated system meant that the
experimenter did not need to observe the mice directly in the
arena, thus avoiding possible observer-induced effects on behav-
ioral performance.

Repeated-measures ANOVA revealed no significant differ-
ences (Table 2) between WT and HD mice for distance traveled
(F1.16) = 0.302; p > 0.05), time spent moving (F, ;) = 0.534;
p > 0.05), average velocity of movements (F(, 5y = 0.302; p >
0.05), and number of jumps (F(, 15, = 0.591; p > 0.05). Similarly,

HD

20 —-— WT

a

-
=

Number of correct choices

1 3 5 7 9 11 13 15 17 19

Sessions

Figure3. Huntington's disease mice presymptomatic for motor disorders show clear deficits
in a barrel cortex-dependent sensory-discrimination task. None of the HD mice (n = 8; gray
line) successfully learned the task, which involved using their whiskers to discriminate between
two different tactile discriminanda in a red-illuminated dark room (Fig. 1). During the entire
training period, their performance fluctuated around chance levels (50% or 10 correct choices of
20). In contrast, all of the WT mice steadily improved after the seventh session. All but one
reached the criterion for learning the task (black line plots mean results; n = 9).
Repeated-measures ANOVA showed that the HD and WT mice differed significantly. Error
bars indicate SEM.

there were also no significant differences attributable to age for
distance traveled (F(, 5, = 0.775; p > 0.05), time spent moving
(Fia31) = 0.885; p > 0.05), average velocity of movements
(Fa,31) = 0.777; p > 0.05), and number of jumps (F, 5,, = 0.646;
p > 0.05). Finally, there were no interactions between genotype
and age for distance traveled (F,3,, = 0.210; p > 0.05), time
spent moving (F,3,, = 0.235; p > 0.05), average velocity of
movements (F(, 3, = 0.208; p > 0.05), and number of jumps
(Foa1) = 0.953; p > 0.05) (Table 2).

Overall, the results from the open-field test, the accelerating
rotarod (Table 1), and the photobeam arena (Table 2), as well as
the complete absence of clasping (data not shown), confirmed
that the R6/1 HD mice used in the present studies of discrimina-
tion learning and cortical plasticity (all of which were completed
by 14 weeks of age) were presymptomatic with respect to motor
abilities.

Sensory-discrimination learning
For sensory-discrimination learning, we used a modification of
the Lashley jump-stand apparatus in which the mouse had to
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Figure4.  WTmice show expansion of functional cortical whisker representation after sensory deprivation, assessed with 2-DG
metabolic labeling. Examples of 2-DG labeling of the barrel field in tangential slices of the somatosensory cortex of WT mice. a,
Functional representation of row E of the left (control) pad (arrow) in the right hemisphere. b, Functional representation of the
right (experimental) row Ein the left hemisphere after T month of sensory deprivation. Note that the functional representation of

row Ein bis larger than that in . Scale bar, T mm.

Figure 5.

with that in a. Scale bar, T mm.

discriminate between two wire gratings with its vibrissas to ob-
tain access to a food reward (Fig. 1). The experimenter was blind
to genotype at the time of testing. The mice were trained every
day, and all of them initially showed fluctuating performance
around chance levels (~10 of 20 correct choices) (Fig. 3). After
the seventh session, a subgroup of the mice displayed a clear and
gradual increase in the number of correct choices, reaching a
plateau at approximately the 17th training session (Fig. 3),
whereas others remained near chance. At no point, even toward
the end of the testing sessions, did any of the mice exhibit rear-
paw clasping [an early motor sign of the disease in mice (Mang-
iarini et al., 1996)] or other motor abnormalities that might
have affected the ability to perform the discrimination task
(Tables 1, 2).

After the completion of behavioral training, the results of
genotyping revealed that all but one of the mice reaching the
criterion (>16 of 20 or >80% correct choices) were WT, whereas
all of the mice that failed to reach the criterion were positive for
the HD transgene. The one WT mouse that failed did manage to
reach criterion twice consecutively and failed to do so only the
third time. Repeated-measures ANOVA showed that overall, WT
mice performed significantly better compared with HD mice
(main effect of genotype, F(, 15y = 62.7; p = 0.0001). There was
also a significant effect of the sessions, a within-subject factor
(F7.3,100.6) = 8.4; p < 0.0001; Greenhouse-Geisser correction ap-
plied). Finally, there was a significant interaction between ses-
sions and genotype (F; 3 100.6) = 7-4; p < 0.0001). These results

Presymptomatic HD transgenic mice do not show functional expansion of the spared-whisker representation after
sensory deprivation, as assessed with 2-DG metabolic labeling. a, Functional representation of row E of the left (control) pad in
tangential slices of the right hemisphere (arrow). b, Functional representation of the right (experimental) row E in the left
hemisphere after 1 month of sensory deprivation. Note that the functional representation of row Ein & is not expanded compared
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show that motor presymptomatic HD
mice show deficits in a discrimination-
learning task that is known to be depen-
dent on the barrel cortex.

Deficits in cortical plasticity

The sensory-deprivation paradigm in-
volved trimming all of the whiskers on the
right side except those of row E for 1
month (with all of the whiskers on the left
side kept intact). In the 10 WT mice (ge-
notype identified after the experiment),
this resulted in the enlargement of the
functional representation of the spared
row of whiskers, as assessed with 2-DG
metabolic labeling (Fig. 4). More specifi-
cally, when the threshold level was set to
95%, the average areal size of row E of the
right barrel cortex (corresponding to the
left, control whisker pad) was 0.17 £ 0.01
mm?, whereas that of row E of the left bar-
rel cortex (experimental/deprived side)
was 0.2 = 0.009 mm? (n = 10; p < 0.05;
paired ¢ test). These results suggest that
sensory deprivation in WT mice induces
adaptive changes in the areal size and the
strength of activity in the functional repre-
sentation of the spared row of whiskers.

In the five transgenic HD mice, this
sensory-deprivation paradigm failed to in-
duce functional enlargement of the exper-
imental spared row E of the left barrel cor-
tex (Fig. 5). Specifically, at a threshold level
of 95%, the areal sizes of the right and left
row E representations were 0.2 = 0.009
and 0.2 £ 0.006, respectively (n = 5; p >
0.05; Wilcoxon test).

To exclude the possibility that there were differences in the
overall levels of 2-DG labeling between WT and HD mice, we
compared the centroid values of the right hemisphere (control
side) between WT and HD mice. Additionally, we compared the
ratios of labeling intensity (optical density) between HD and WT
mice. The mean centroid value of WT mice (n = 5) was 0.43 *+
0.028 (arbitrary units), and that of HD mice (n = 4) was 0.41 =
0.03 ( p > 0.05; t test). The ratio of labeling intensity in WT mice
(n = 4)was 1.44 * 0.06, and that of HD mice (n = 5) was 1.48 =
0.06 (p > 0.05; ¢ test). These results indicate that there was no
difference in the baseline metabolic labeling of 2-DG between
WT and HD mice.

During the period of sensory deprivation, none of the mice
showed any symptoms of rear-paw clasping nor other motor
symptoms (Tables 1, 2). The above results suggest that motor
presymptomatic Huntington’s disease mice show deficits in neo-
cortical plasticity in response to sensory deprivation.

Discussion

The results in the present study demonstrate that Huntington’s
disease mice that are presymptomatic for motor disorders exhibit
sensory cortical dysfunction. Presymptomatic HD mice showed
both a clear inability to learn a barrel cortex-dependent tactile
discrimination task (Guic-Robles et al., 1992) and reduced plas-
ticity of the barrel cortex in response to whisker deprivation. This
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result correlates abnormalities at the behavioral level with those
at the cellular level. This is the first demonstration that HD mice
show deficits in neocortical plasticity and that they occur before
the onset of motor symptoms. Such functional deficits correlate
with the failure of these mice in a discrimination-learning task
that is dependent on the same neocortical area.

Previous work (Murphy et al., 2000) using early-onset R6/2
HD mice (Mangiarini et al., 1996) showed that, although these
mice display normal basal synaptic transmission, they have ab-
normalities in synaptic plasticity in the form of deficits in long-
term potentiation (LTP) and long-term depression (LTD) in hip-
pocampal slices in vitro. Murphy et al. (2000) related these
synaptic plasticity deficits with the poor performance of R6/2 HD
mice in the Morris water maze, a hippocampus-dependent spa-
tial memory task.

Synaptic abnormalities have also been reported by others in
hippocampal and striatal slice preparations from HD mice
(Hodgson et al., 1999; Levine et al., 1999; Usdin et al., 1999;
Cepeda et al., 2001, 2003; Klapstein et al., 2001; Laforet et al.,
2001). Some researchers (Hodgson et al., 1999; Usdin et al., 1999)
have reported deficits in posttetanic potentiation (PTP) and
paired-pulse facilitation, which are indicators of calcium-
dependent presynaptic mechanisms. This, together with evidence
that expression of presynaptic metabotropic glutamate receptors
(mGluR2/3) is downregulated in HD mice (Cha et al., 1998; Cha,
2000), leads to the plausible speculation that the underlying
mechanism for these electrophysiological abnormalities in HD
mice is abnormalities in neurotransmitter release from the pre-
synaptic terminal (Li et al., 2003). Interestingly, however, PTP is
normal when in the presence of the NMDA receptor antagonist
AP-5. This finding is indicative of the disruption of signaling
associated with the postsynaptic NMDA receptor complex (Mur-
phy et al., 2000).

NMDA receptors are important in experience-dependent
plasticity in the barrel cortex (Jablonska et al., 1995; Rema et al.,
1998). Moreover, NMDA receptors can signal via calcium/
calmodulin-dependent protein kinase I (CaMKII) (Gardoni et
al., 1998) and cAMP response element-binding protein (CREB)
(Hardingham et al., 2002), which are thought to be important in
neocortical plasticity (Glazewski et al., 1999; Hardingham et al.,
2003). Experience-dependent plasticity in the barrel cortex in-
volves several processes, such as potentiation of responses to the
spared vibrissas and suppression of those to deprived vibrissas
(Fox, 2002). The final outcome of these processes, which might
involve LTP/LTD-like mechanisms (Feldman, 2000), is an ex-
pansion of the functional representation of the spared row of
whiskers, as shown for the wild-type mice in the present study.

There is accumulating evidence that postsynaptic signaling
pathways, including those associated with NMDA receptor acti-
vation, are impaired in HD. For instance, a microarray study
(Luthi-Carter et al., 2002) showed that the mRNA levels for
CaMKII in the cortex of R6/2 HD mice were significantly re-
duced. Similarly, others have reported a reduction of CaMKII
protein levels in a mouse model of HD (Deckel et al., 2001).
Interestingly, neuronal intracellular inclusions, which are abun-
dant in the HD cortex (Gutekunst et al., 1999), recruit CREB-
binding protein (Nucifora et al., 2001). Therefore, the lack of
neocortical experience-dependent plasticity observed in R6/1
HD mice, as shown in the present study, could be associated with
disrupted intraneuronal signaling and the dysregulation of
activity-dependent gene expression.

An early impairment of cortical neurotransmission and syn-
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aptic plasticity could explain why HD gene carriers show psychi-
atric and cognitive deficits before the onset of motor symptoms.
Indeed, as shown in the present study, R6/1 HD mice exhibit clear
cognitive deficits in a task that depends on the barrel cortex at the
stage when they have a deficit in barrel-cortex plasticity and be-
fore the onset of motor signs. Human studies have shown that
motor presymptomatic HD gene carriers already have cognitive
deficiencies (Lawrence et al., 1998) as well as clear metabolic
deficits in the cortex (Sax et al., 1996; Deckel et al., 1998).

One issue in interpreting the deficits in cortical plasticity in
HD mice is the possibility that glucose metabolic machinery is
impaired in these mice. To the best of our knowledge, there is no
evidence suggesting an impairment of primary glucose metabo-
lism in R6/1 HD mice. Additionally, in human HD patients with
mild neuropathological features of HD (grade 1), there is no
difference in the expression of the GLUT1 and GLUT3 glucose
transporters compared with control subjects (Gamberino and
Brennan, 1994). Moreover, our analysis of cortical plasticity,
based on a within-subject approach rather than a comparison
between WT and HD mice, dissociates defects in cortical plastic-
ity from the separate issue of basal glucose metabolism. In addi-
tion, we demonstrated that there was no difference between base-
line 2-DG labeling in WT and HD mice. Nevertheless, this issue
could warrant additional investigation, especially in light of con-
flicting clinical studies concerning metabolic impairment in HD
patients and presymptomatic HD gene carriers (Kuhl et al., 1982;
Grafton et al., 1990; Feigin et al., 2001).

In the present study, we demonstrate that motor presymp-
tomatic R6/1 HD mice have a striking inability to perform a
cognitive task that is dependent on the very region of cortex in
which we showed deficits in experience-dependent cortical plas-
ticity. These results support the notion that cortical dysfunction
occurs early in HD pathogenesis, which may explain why cogni-
tive symptoms often precede classical motor symptoms. In the
quest to elucidate the mechanisms of early cortical impairments
in mouse models of HD and to identify therapeutic targets, the
experimental paradigm used in our present study, involving
2-DG metabolic labeling in the barrel cortex in combination with
a barrel cortex-dependent sensory-discrimination task, could
provide a useful model to relate cortical and cognitive dysfunc-
tion directly in Huntington’s and other brain diseases.
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