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Abstract

Cognitive dysfunction is an early clinical hallmark of Huntington’s disease (HD) preceding the appearance of motor symptoms
by several years. Neuronal dysfunction and altered corticostriatal connectivity have been postulated to be fundamental to
explain these early disturbances. However, no treatments to attenuate cognitive changes have been successful: the reason may
rely on the idea that the temporal sequence of pathological changes is as critical as the changes per se when new therapies are in
development. To this aim, it becomes critical to use HD mouse models in which cognitive impairments appear prior to motor
symptoms. In this study, we demonstrate procedural memory and motor learning deficits in two different HD mice and at ages
preceding motor disturbances. These impairments are associated with altered corticostriatal long-term potentiation (LTP) and
specific reduction of dendritic spine density and postsynaptic density (PSD)-95 and spinophilin-positive clusters in the cortex of
HD mice. As a potential mechanism, we described an early decrease of Kalirin-7 (Kal7), a guanine-nucleotide exchange factor for
Rho-like small GTPases critical to maintain excitatory synapse, in the cortex of HD mice. Supporting a role for Kal7 in HD
synaptic deficits, exogenous expression of Kal7 restores the reduction of excitatory synapses in HD cortical cultures. Altogether,
our results suggest that cortical dysfunction precedes striatal disturbances in HD and underlie early corticostriatal LTP and
cognitive defects. Moreover, we identified diminished Kal7 as a key contributor to HD cortical alterations, placing Kal7 as a
molecular target for future therapies aimed to restore corticostriatal function in HD.

Introduction appear. In this view, it has been suggested that functional and
Basal ganglia dysfunction is a clear hallmark of Huntington’s dis- morphological changes in key brain areas involved in cognitive
ease (HD) involved in the classical motor disturbances. However, processes such as the neocortex could precede alterations in
it is patent that HD encompasses more than motor deficits, with the striatum and be the initial trigger of striatal pathology
evidence of cognitive dysfunction years before chorea symptoms and late-stage motor symptoms (1-3). Thus, cognitive deficits
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manifested by HD patients such as impaired sensory discrimin-
ation, learning, memory, planning and decision making have
been related with neocortical dysfunction (4-9) while specific
thinning of the neocortex has been demonstrated in stages I-1I
of HD individuals (10,11). Interestingly, deficient cortical function
evidenced by decreased glutamate receptor-mediated currents
(12), impaired learning-dependent cortical plasticity (2,13) and al-
tered excitability of cortical pyramidal neurons (1,14) has also
been reported in different HD mouse models at early disease
stages.

Changes in the structure, location or number of dendritic
spines, which represent the site of most glutamatergic synapses
in the brain, have been critically involved in the synaptic deficits
of different neurological disorders (15-18). Thus, in symptomatic
transgenic HD mice (19,20) and in HD postmortem human brain
(21-23), reduced dendritic spines and altered dendritic morph-
ology have been reported in cortical pyramidal neurons and stri-
atal neurons, suggesting that cognitive deficits in HD could be
driven by deficiency of corticostriatal connectivity due to dendrit-
ic spine alterations. However, the molecular mechanisms under-
lying these changes are poorly understood. Dendritic spine
dynamics are dependent on neuronal activity through modula-
tion of the actin cytoskeleton by Rho-family GDP/GTP exchange
factors (Rho-GEFs) and the corresponding GTPase-activating pro-
teins (24-27). Kalirin-7 (Kal7), a brain-specific Rho-GEF for Rac-
like GTPases, is enriched in the dendritic spines of neuronal
populations where it plays a critical role in structural and func-
tional plasticity of excitatory synapses (28-31). Accordingly,
Kal7-positive clusters were found to overlap with the postsynap-
tic density (PSD)-95, NMDA and AMPA receptor clusters apposed
to Vglut-1-positive terminals while no colocalization of Kal7 with
inhibitory presynaptic (GAD65) or postsynaptic (GABA receptors)
markers was detected (32). Importantly, Kal7 expression is essen-
tial for the maintenance of dendritic spines and branching (30).
Thus, a genetically mediated decrease in Kal7 expression in neur-
onal cultures results in loss of spines along with a reduction in
dendritic length and complexity in cortical and hippocampal
neurons (28,30,31,33,34). Consistently, Kal7 knockout (KO) mice
exhibit a significant decrease in hippocampal spine density asso-
ciated with impaired hippocampal-dependent learning and defi-
cient long-term potentiation (LTP) (29).

Interestingly, Kal7 interacts with huntingtin-associated pro-
tein 1 (35). However, the role of Kal7 in HD pathology has not
been explored. We, therefore, set out to analyze whether Kal7
plays a role in corticostriatal synaptic and cognitive deficits in
HD by altering the structure and function of cortical and/or striat-
al excitatory synapses. Our findings show a significant and early
loss of Kal7 in the cortex of HD mice associated with a decrease in
dendritic spines and excitatory synapses, providing important
evidence for a critical role of Kal7 in HD cortical dysfunction.
Altogether, this study presents new insights for therapeutic strat-
egies to restore early corticostriatal-dependent cognitive deficits
in HD.

Results

Motor learning is impaired in HD mouse models at early
disease stages

Impairment of various skill acquisition tasks involving corticos-
triatal circuits has been demonstrated in HD patients (36-40).
Therefore, motor learning was evaluated in two different HD
mouse models, mutant Hdh¥/?""! knock-in mice and R6/1
mice using the accelerating rotarod task at different disease

stages (11,41,42). These two HD models differ in the onset and
progression of HD pathology, with R6/1 mice showing earlier
onset and faster disease progression than Hdh?/?* knock-in
mice (43).

We first examined Hdh?’/?'*! knock-in mice (Fig. 1). At 1
month of age, motor skill acquisition did not differ between gen-
otypes (Hdh¥/?'*! mice—genotype: F1,220) = 0.8606; P = 0.3646,
n.s.; time: F(11,200) = 8.756; P < 0.0001) (Fig. 1A). However, at 2 months
of age, even though both wild-type (WT) and mutant mice learn-
ed the rotarod task (Hdh?’/?"! mice—time: F(1231)=59.14;
P <0.0001; R6/1 mice—time: F(1; 253 = 11.07; P <0.0001), a signifi-
cant delay in the acquisition of new motor skills was observed
in Hdh?/?* mice (HdhY/?'* mice—genotype: F1,231) = 13.30;
P=0.0015) (Fig. 1B). Importantly, at 6 and 8 months of age,
Hdh¥/?1! mice were unable to maintain the balance on the
rotarod and showed a significant and progressive decrease in
the latency to fall (genotype: F100)=27.77; P<0.0001; time:
F1,200)=27.24; P<0.0001) (Fig. 1C and D). Altogether, these
findings demonstrate an age-dependent impairment of motor
learning in Hdh®/?*! mice. Because poor performance in the
accelerating rotarod at advanced disease stages could be due to
motor coordination deficits, performance on the fixed rotarod
was analyzed in Hdh®/?* knock-in mice at 2, 6 and 8 months
of age. Although 2- and 6-month-old Hdh®’/?'!! knock-in
mice were able to appropriately perform the fixed rotarod task
(Fig. 1E and F), at 8 months of age, motor coordination was severe-
ly impaired, showing Hdh®/?'!! knock-in mice a significant in-
crease in the number of falls compared with WT Hdh?/¥ mice
(Fig. 1G). Similar results were found when spontaneous loco-
motor activity was measured in the open field with no differences
in the distance traveled by Hdh%/2'!! knock-in mice compared
with WT Hdh?’Y mice at 2 and 6 months of age but a deficit at
8 months of age (Supplementary Material, Fig. S1).

Comparable data were obtained when R6/1 mice were ana-
lyzed (Fig. 2). No differences in the motor skill acquisition were
detected between WT and R6/1 mice at 1 month of age (genotype:
F(1,264) = 003423, P= 08548, n.s.; time: F(11y254) = 7391, P< 00001)
(Fig. 2A). However, at 2 months of age, R6/1 mice were unable to
maintain the balance on the rotarod and showed significantly
lower latency to fall compared with WT mice (R6/1 mice—geno-
type: (1,253 = 7.831; P =0.0102) (Fig. 2B). Importantly, this impair-
ment in the acquisition of new motor skills worsened along the
disease progression evidenced by a significant decrease in the la-
tency to fall from the rotarod at 3 months of age (genotype: F(1 242
=11.78; P=0.0024; time: F(11 545 = 16.84; P <0.0001) (Fig. 2C). It is
important to notice that R6/1 mice do not exhibit motor impair-
ments in the fixed rotarod until 3 months of age (44). Thus, al-
together these data demonstrate that at early and mild disease
stages, both knock-in and R6/1 mice show motor learning deficits
without motor coordination alterations, whereas at more ad-
vanced disease stages, cognitive deficits were accompanied by
motor coordination dysfunction.

HD mice exhibit procedural memory deficits
in a Swimming T-maze test

Learning deficits were validated in HD mice by analysis of proced-
ural memory in the Swimming T-maze test. The task was per-
formed in 6-month-old Hdh®/?** (Fig. 3A-D) and 2-month-old
R6/1 (Fig. 3E-H) mice, because at these ages, we have shown
motor learning deficits without motor coordination impair-
ments. During the acquisition phase, the escape platform was lo-
cated in the right arm of the T-maze and the latency to reach the
platform and the number of ‘errant’ trials (turning left to reach
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Figure 1. Hdh?/?"! knock-in mutant mice display impaired learning of new motor skills at early disease stages when no motor coordination deficits are observed. Latency
to fallin the accelerating rotarod task for WT Hdh?/¥ and knock-in Hdh?¥/?*!! mutant mice at 1 (A), 2 (B), 6 (C) and 8 (D) months of age. An age-dependent impairment in
motor learning was observed in HD mice. Data represent the mean + SEM (n = 9-14 per genotype). Statistical analysis was performed using two-way ANOVA with repeated
measures. *P < 0.05; *P < 0.01; ***P < 0.001. Number of falls in the fixed rotarod at 10 and 25 rpm in WT Hdh¥’¥ and knock-in Hdh¥/?''! mutant mice at 2 (), 6 (F) and 8 (G)
months of age. No motor coordination deficits were observed until 8 months of age in Hdh®/?*!! mice. Data represent the mean + SEM (n = 9-15 per genotype). Statistical
analysis was performed using one-way ANOVA with post hoc Bonferroni’s multiple comparison test. *P <0.05.
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Figure 2. R6/1 mice exhibit impaired learning of new motor skills at early disease
stages. Latency to fall in the accelerating rotarod task for WT and R6/1 mice at 1
(A), 2 (B) and 3 (C) months of age. An age-dependent impairment in motor
learning was observed in R6/1 mice. Data represent the mean + SEM (n=9-14
per genotype). Statistical analysis was performed using two-way ANOVA with
repeated measures. *P < 0.05; *P <0.01.

the platform) was scored. After one trial, both WT and HD mice
exhibited a similar decrease in the latency to reach the platform,
showing by the last trial, a constant level of performance (~10 s to
reach the platform; Fig. 3A and E). However, when the number of
errant trials was analyzed, HD mice showed a trend increase, al-
though no significant, in the error probability compared with WT
mice (Fig. 3C and G). Interestingly, this difference in the number

of errant trials was normalized in the last trial, indicating that HD
mice present a delay but notimpairment in the acquisition of this
task.

Next, the ability of HD mice to change the strategy was as-
sessed by switching the platform from the right arm to the left
arm of the T-maze (reversal phase). Contrary to what was ob-
served during the acquisition phase, the latency to reach the plat-
form was now significantly higher in HD mice compared with WT
mice (Fig. 3B and F). This increase was likely related with the
higher number of errant trials exhibited by HD mice. Thus, in
WT mice, the error ratio by the fourth trial was 0.5, meaning
that approximately half turned right and half turned left, where-
as in HD mice, it was ~0.8, indicating that most of the HD mice
entered the right arm (Fig. 3D and H). Overall, these results
demonstrate that both knock-in and R6/1 mice exhibit changing
strategy problems evidenced by an increase in the latency to
reach the platform and the error ratio in the reversal phase of
the Swimming T-maze test.

Functional and structural synaptic plasticity is altered
in HdhY/1'! knock-in mice

Altered synaptic transmission and plasticity may contribute to
behavioral deficits in HD mice (1,2). Therefore, we next addressed
whether impaired motor learning in HD mice was related to
dysfunctional corticostriatal synaptic plasticity. Because 8- to
10-week-old R6/1 mice are known to display deficits in cortical
synaptic plasticity (2), electrophysiological studies were only
conducted in WT Hdh?’Y and mutant Hdh¥/?'** knock-in mice.
Synaptic potentials were evoked by stimulation of corticostriatal
glutamatergic fibers in slices obtained from mutant Hdh?”/11
and WT Hdh?Y’? mice at 2-3 months of age (Fig. 4A). Baseline re-
sponses were monitored for 10-30 min before conditioning and
were found to be stable. Tetanus conditioning revealed a marked
difference in the ability of mutant Hdh?/?**! mice to support cor-
ticostriatal LTP with strengthening of population spike (PS) sig-
nificantly diminished in mutant mice (Fig. 4A, P <0.001). Thus,
at 60 min after tetanus, potentiation in WT Hdh?/Y mice was
133+3% (n=7 slices; three mice) versus 104 +3% in mutant
Hdh¥/11 knock-in mice (n = 8 slices; three mice), which indi-
cates impaired induction and maintenance of corticostriatal
LTP in mutant Hdh?/?*! knock-in mice.

Next, we explored whether the observed corticostriatal LTP
deficits could be related with structural synaptic changes in the
cortex and/or striatum of Hdh?/?'*! mice. To this aim, dendritic
spine density was analyzed in fixed brain slices containing both
cortex and striatum obtained from 2-month-old Hdh?’¥ and
Hdh¥/1! mice by using DiOlistic labeling (Fig. 4B). Confocal
stacks z-projections from segments of apical dendrites of motor
cortical (M1) and medium spiny striatal neurons were used for
the quantitative analyses of dendritic spines. The number of
spines per micrometer of dendrite length was significantly
reduced (~10%; P<0.01) in the motor cortex of Hdh¥/A!?
knock-in mice compared with HdhY’? WT mice. Importantly,
no significant differences were detected between genotypes
when the number of dendritic spines was analyzed in the me-
dium spiny neurons within the dorsal striatum.

To elucidate whether spine morphology was also affected in
2-month-old Hdh¥’/?!! mice, the type of dendritic spines
(mushroom, thin or stubby) was analyzed (Fig. 4B). Higher pro-
portion of thin spines compared with mushroom spines was ob-
served in WT cortical neurons, whereas a similar proportion was
found in mutant cortical neurons. As for dendritic spine density,
no changes on spine-type distribution were found in medium
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Figure 3. Hdh?/?!!! and R6/1 mice display early impairments in procedural memory. Latency to reach the platform and error trials in the Swimming T-maze test in
6-month-old WT Hdh?’¥ and knock-in Hdh?/?! mice and in 2-month-old WT and R6/1 mice during the acquisition (A, C, E and G) and reversal (B, D, F and H)
phases of the Swimming T-maze test of strategy shifting. HD mice exhibited procedural memory deficits in the reversal phase of the Swimming T-maze test. Data
represent the mean + SEM (n=11-19 per genotype). Statistical analysis was performed using two-way ANOVA with repeated measures to analyze the latency to reach
the platform: *P <0.05; **P <0.01. Logistic regression analysis using the Wald statistical test from IBM SPSS Statistics was used to analyze the error probability to reach
the platform in the correct arm: *P <0.05; **P < 0.01.
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Figure 4. Abnormal corticostriatal synaptic plasticity and altered cortical dendritic spines in Hdh?/?*!* mice at 2 months of age. (A) Summary data showing the time
course of mean PS slope in WT Hdh?/?’ (open circle, n=7) and knock-in mutant Hdh%/?!* (filled circle, n = 8) mice at 2-3 months of age in basal conditions and
following LTP induction (arrows). For each slice, data were normalized to the average slope recorded during baseline. Data represent the mean + SEM. Statistical
differences, compared with pre-tetanus baseline amplitude values, were established using Student’s two-tailed t test. ***P <0.001. (B) (Left) Representative apical
dendrites of the cortical pyramidal neurons of the motor cortex and dendrites of striatal medium spiny neurons of dorsal striatum from WT Hdh?’? and knock-in
mutant Hdh¥/2*! mice. Quantitative analysis showing dendritic spine density per micrometer of dendritic length. Knock-in Hdh?/?'** mice exhibit a significant
reduction in cortical but not striatal dendritic spines. One-way ANOVA with Tukey post hoc comparisons was performed (63-83 dendrites; n =4 animals per genotype);
**P <0.01 compared with Hdh?”/?” mice. (Right) Percentage of each morphological type of dendritic spine (see Materials and Methods for classification criteria) from
WT Hdh¥’? and knock-in mutant Hdh¥’/?!! mice at 2 months of age. One-way ANOVA with Tukey post hoc comparisons was performed (cortex: 319 spines from 30
dendrites from 4 animals per genotype; striatum: 280 spines from 25 dendrites from 4 animals per genotype were analyzed); *P <0.01 (mushrooms versus thin spines).

Spinophilin-immunoreactive puncta are reduced in the

spiny striatal neurons. Altogether, these findings show a specific . R . .
pmy & & p cortex but notin the striatum of Hdh?/2*** knock-in mice

and early alteration of dendritic spines in the motor cortex of
Hdh¥/?" mice in the absence of prominent structural synaptic To analyze structural synaptic alterations in Hdh?/?'* mice in
changes in the striatum. the early and late stages of disease progression, spinophilin
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and DM striatum. Quantitative analysis is shown as mean + SEM (n =5-6 animals per group). A specific reduction in spinophilin-immunoreactive puncta was found in
the cortex but not in the striatum of knock-in Hdh¥/?'!! mice from early disease stages. Statistical analysis was performed using Student’s two-tailed t test. *P < 0.05;
P <0.01 compared with Hdh?/¥ mice. Scale bar, 5 pm.

immunostaining was performed in cortical (motor cortex) and (Fig. 5). Spinophilin is a protein phosphatase 1-binding protein
striatal (dorsal striatum) slices obtained from WT Hdh¥’¥ and localized primarily in dendritic spines (45,46), where it labels
mutant HdhY/@*! knock-in mice at 2 and 8 months of age 90% of spines (47,48), with some marginal labeling of dendrites
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and glia (46). Confocal microscopy analysis revealed a significant
reduction (P<0.01) in spinophilin-immunoreactive puncta in
layer I of the motor cortex of 2-month-old Hdh¥/?1* mice com-
pared with WT Hdh¥’Y mice (Fig. 5A) without significant
changes in the striatum (Fig. 5C). Interestingly, at 8 months of
age, the decrease in spinophilin-immunoreactive puncta in
motor cortex layer I was more pronounced (P < 0.05) than the de-
crease observed at 2 months of age and was accompanied by a de-
crease in layers II-III and V (P <0.05) (Fig. 5B). Notice that at 8
months of age, the mean size of spinophilin puncta was also re-
duced in motor cortex layer I (P < 0.01) (Fig. 5B). Notably, spinophi-
lin immunoreactivity was not affected in the striatum of mutant
Hdh¥/1! mice either at 2 months or at 8 months of age (Fig. 5D),
further supporting the idea that in HD knock-in mice, cortical
structural changes may precede those in the striatum.

PSD-95-positive puncta are decreased in the cortex but
not in the striatum of Hdh?/?'!* knock-in mice at early
disease stages

Because most excitatory synapses in the mammalian brain are
formed on dendritic spines (49) and HD knock-in mice have de-
monstrated decreased structural plasticity in the cortex, we next
asked whether excitatory postsynaptic sites were also altered in
the cortex and/or striatum of Hdh¥/?! knock-in mutant mice.
To this aim, PSD-95 immunoreactive puncta was analyzed in the
motor cortex and dorsal striatum of WT Hdh?’? and mutant
Hdh¥/?! knock-in mice at 2 and 8 months of age. A significant
reduction in the number of PSD-95-immunoreactive puncta was
found in motor cortex layer I (P <0.01) and layers II-III (P < 0.05) of
2-month-old mutant Hdh®/?** knock-in mice compared with
WT Hdh¥’Y mice along with a decrease in the mean size of
PSD-95 clusters in layer I (Fig. 6A). Importantly, at this age, no sig-
nificant changes were found in the dorsal striatum of mutant
Hdh¥/Q mice either in the number or in size of PSD-95-immu-
noreactive puncta (Fig. 6C).

Conversely, analysis of PSD-95 immunostaining at 8 months
of age revealed a drastic reduction in the number and size of
PSD-95-immunoreactive puncta in all the cortical layers ana-
lyzed (Fig. 6B; P <0.05 and 0.01) along with a significant decline
(Fig. 6D; P<0.05 and 0.01) in the number of PSD-95 clusters in
the dorsal striatum of Hdh¥/?'!! mutant mice compared with
WT Hdh?/? mice. These data reveal an early decrease of gluta-
matergic excitatory postsynaptic sites in the cortex of mutant
Hdh¥/Q1 knock-in mice, worsening thereafter and involving,
at later disease stages, the striatum.

Cortical structural changes in young Hdh¥/!11
knock-in mice correlate with reduced levels of the
Rho-GEF protein Kal7

The structural alterations demonstrated in the cortex of mutant
Hdh¥/? knock-in mice at early disease stages prompted us to
investigate by western blot the levels of distinct pre- and postsy-
naptic proteins in total cortical and striatal extracts obtained
from WT Hdh?’Y and knock-in Hdh¥/?! mutant mice at 2
and 8 months of age. First, we analyzed the levels of the postsy-
naptic proteins spinophilin and PSD-95. Similar levels of both
proteins were found between WT and mutant mice either in
the cortex or in the striatum at 2 months of age (Fig. 7A and B).
Similarly, when other PSD components such as the glutamate re-
ceptors GluAl (AMPA receptor subunit), GluN1 and GluN2B
(NMDA receptor subunits) or the postsynaptic scaffolding protein
Shank3 were analyzed, no differences between genotypes were

found (Fig. 7A and B). Next, the levels of two important signaling
molecules, CaMKII and the brain-specific Rho-GEF protein Kal7,
were analyzed. No changes in the levels of CaMKII were found be-
tween genotypes. In contrast, Kal7 levels were found to be signifi-
cantly reduced in the cortex but not in the striatum of Hdh?/?1?
mutant mice when compared with WT Hdh?/Y mice (P < 0.05;
Fig. 7A and B). It is important to notice that no differences in
the levels of the presynaptic proteins Vglutl and Synaptophysin
were observed between genotypes, neither in the cortex nor in
the striatum. Altogether, these results suggest that the structural
plasticity changes found in the cortex of young Hdh?/®* mu-
tant mice could be associated with a specific decrease of Kal7 le-
vels rather than with a general reduction in PSD-associated
proteins or in presynaptic markers.

Next, the levels of all these synaptic-related proteins were
analyzed at 8 months of age. At this age, the decrease in Kal7 le-
vels was accompanied by a significant reduction in cortical PSD-
95 (P <0.05) and Shank3 (P <0.05) levels and by a decrease in the
levels of striatal PSD-95 (P <0.05) (Fig. 7A and B). These data sug-
gest that at more advanced HD stages, both structural and bio-
chemical changes in the cortex and striatum could contribute
to corticostriatal pathology in HD.

Kal7 levels are reduced in R6/1 mutant transgenic mice
and in HD human brain

To determine whether the decrease in Kal7 levels is a general
hallmark of HD pathology, the levels of Kal7 were also deter-
mined in the cortex and striatum of R6/1 transgenic mice
(Fig. 8A). Consistent with our previous data, Kal7 levels were
found to be significantly reduced in the cortex but not in the stri-
atum of R6/1 mice at 2 (P <0.01) and 3 (P <0.001) months of age,
without any significant decrease in other synaptic-related pro-
teins, with the exception of Vglutl and CamkKII, respectively
(Supplementary Material, Fig. S2).

Next, we investigated the levels of Kal7 in postmortem brain
tissue from the cortex and putamen of control and HD indivi-
duals. Quantitative immunoblot analysis revealed a significant
decrease of Kal7 levels not only in the cerebral cortex (control:
100 +6.702, HD: 52.75 +5.851; P =0.0008) but also in the putamen
(control: 100 +15.38, HD: 29.46 + 7.383; P =0.0033) of HD patients
compared with controls (Fig. 8B). However, data in human sam-
ples may indicate a general process of cell death or neuronal at-
rophy. To determine the specificity of Kal7 reduction in HD brain,
levels of glutamate receptor units GluN1 and GluA1, shown to be
not altered in HD mice, were analyzed. No significant differences
between HD and control brain samples were found, suggesting a
selective decrease of Kal7 in human HD cortex. In contrast, HD
putamen samples exhibited, along with altered Kal7 levels, a sig-
nificant decrease in GluN1 (control: 100 + 6.166, HD: 65.67 + 13.14;
P =0.0396) likely related with the severe striatal neuronal death
characteristic of HD human brain (50,51).

Altogether, these results showing specific cortical reduction
of Kal7 levels in both HD mice and HD patients suggest an import-
ant role for Kal7 in HD pathology.

The activity of the Rho-GTPase Racl is decreased in the
cortex of Hdh¥/?'!! knock-in mutant mice

Activation of Racl mediated by Kal7 is critical for the regulation
of activity-dependent changes in spine morphology and plasti-
city (26,52). Given the reduction of Kal7 levels in the cortex of
HD mice, we investigated whether such decrease was associated
with diminished activity of the small GTPase Racl. Pull-down
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Figure 6. PSD-95-immunoreactive puncta are decreased at early disease stages in the motor cortex of Hdh?/@**! mice. Representative confocal images showing PSD-95
(green) positive clusters in the motor cortex (A and B) and dorsal striatum (C and D) of WT Hdh?/?” and mutant knock-in Hdh¥/?''! mice at 2 (A and C) and 8 (B and D)
months of age. Cortical PSD-95-immunoreactive puncta were counted and mean size evaluated in layers I, II/IIl and V of motor cortex area 1 (M1) and in the DL and DM
striatum. Quantitative analysis is shown as mean + SEM (n = 5-6 animals per group). A specific reduction in PSD-95-immunoreactive puncta was found in cortex but not
striatum of HAh?/?'*! mice at early disease stages. At more advanced disease stages, a reduction in PSD-95-immunoreactive puncta was also found in the dorsal striatum.
Statistical analysis was performed using Student’s two-tailed t test. *P <0.05; **P < 0.01; **P <0.001 compared with Hdh?’? mice. Scale bar, 5 pm.

assays on cortical extracts obtained from WT Hdh¥’Y and
mutant Hdh®/?'*! knock-in mice revealed a significant decrease
in Racl activation evidenced by a decrease in the levels of

Rac1-GTP in mutant compared with WT mice (Hdh?/?: 100 +
15.5%, Hdh¥/Q11: 480 + 13.0%, P <0.05). Notice that total Racl
levels were similar between both genotypes (Hdh?¥/¥: 100 + 15.2%,
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Figure 7. Levels of Kal7 are reduced in the cortex but not in the striatum of Hdh?/?'!! mice at early disease stages. Representative western blots showing the indicated
subunits of glutamate receptors, pre- and postsynaptic scaffolding proteins and protein kinases in the total cortical (A) and striatal (B) extracts from 2- and 8-month-old
WT Hdh?/? and knock-in Hdh?/?'*! mutant mice. o-Tubulin was used as a loading control. A specific reduction in Kal7 was found in the cortex but not in the striatum of
Hdh¥’/?1! mutant mice compared with HdhY’¥ WT mice at 2 months of age. At more advanced disease stages, a reduction in other synaptic-related proteins was found.
Histograms represent the mean + SEM and are expressed as percentage of WT animals (n = 5-8 animals per genotype). Statistical analysis was performed using Student’s

two-tailed t test. *P <0.05; **P <0.01 compared with Hdh¥’¥ mice.

Hdh¥Y/A11: 98 4 + 1 6.5%, P =0.9462) (Fig. 9). These results suggest
that decreased GTPase Racl activity due to reduced Kal7 levels
could contribute to corticostriatal dysfunction in HD mice.

Maintenance of excitatory synapses is compromised
in R6/1 cortical cultures

Our previous findings showing reduced Kal7 levels and Rac1 ac-
tivity in the cortex of HD mice suggest that deficient Kal7 function
could contribute to early cortical structural changes in HD mice.
To explore this hypothesis, we wondered whether these deficits
could also be reproduced in vitro. To this aim, the pattern of Kal7
expression was determined by western blot analysis in WT cor-
tical cultures at different days in vitro (DIV). Expression of Kal7
was not detectable until DIV14 remaining stable by DIV21 and

DIV28 and similar to adult brain levels (Supplementary Material,
Fig. S3). Next, levels of Kal7 were compared between WT and R6/1
cortical cultures both at DIV14 and DIV28. Similar to our in vivo
data, Kal7 levels were significantly reduced (~25%; P <0.05) in
R6/1 compared with WT cortical cultures both at DIV14 and
DIV28 conditions (Fig. 10A). As we can reproduce the reduction
of Kal7 levels in vitro and Kal7 is important for excitatory synap-
ses, the number of Vglutl and PSD-95-positive coclusters, as a
measure of glutamatergic excitatory synapses, was determined
in WT and HD mutant cortical cultures at DIV14 and DIV28.
Although similar PSD-95, Vglutl and PSD-95/Vglut1 positive clus-
ters were found in R6/1 cortical neurons when compared with
WT neurons at DIV14 (Fig. 10B), a significant decrease was de-
tected at DIV28 (Fig. 10C), suggesting that excitatory synapses
in HD mutant neurons developed normally for 14 days but then
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Figure 8. Kal7 levels are reduced in the cortex of R6/1 mice and in the cortex and putamen of HD brains. (A) Representative western blots showing Kal7 and o-tubulin as a
loading control in total cortical and striatal extracts from 2- and 3-month-old WT and R6/1 mice. Histograms represent the mean + SEM (n =5-8 animals per genotype).
Statistical analysis was performed using Student’s two-tailed t test. **P <0.01; **P <0.001 compared with Hdh?’? mice. (B) Representative western blots showing Kal7,
GluN1, GluA1l and e-tubulin as a loading control in total cortical and putamen extracts from control (n =4-7) and HD samples (n = 5-7). Histograms represent mean + SEM
and are expressed as percentage of control samples. Student’s two-tailed t test was performed. *P <0.05; **P < 0.01; **P <0.001 compared with control human samples.

were lost by DIV28, in accordance with a role of Kal7 in the main-
tenance of dendritic spines (29,32).

Overexpression of exogenous Kal7 restores the number
of excitatory synapses in R6/1 cortical cultures

To validate a role for Kal7 in the loss of excitatory synapses in
mutant huntingtin conditions, exogenous Kal7 was overexpressed
at DIV12 in WT and R6/1 cortical neurons and the number of

excitatory synapses evaluated by immunocytochemistry and con-
focal analysis at DIV28. First, the efficiency of transfection was
tested by Kal7 immunostaining in Myc-His and Myc-His-Kal7
transfected cultures (Supplementary Material, Fig. S4A). As ex-
pected, endogenous levels of Kal7 in Myc-His-transfected R6/1 cor-
tical neurons were significantly lower (P <0.05) than those in WT
neurons. In contrast, similar Kal7 immunostaining was found
between WT and R6/1 cortical cultures overexpressing Kal7, dem-
onstrating similar transfection efficiency (Supplementary Material,
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Figure 9. Racl activity is reduced in the cortex of Hdh?/?!! mice. Representative
western blot of cortical extracts isolated from WT Hdh¥’¥ and mutant Hdh¥/*
mice at 8 months of age showing Rac1-GTP and total Racl levels. Activated
(GTP-bound) Racl was detected by immunoblotting of pull-down experiments
from cortical extracts. Diminished Racl activity was found in Hdh?/?!'! mutant
mice compared with Hdh®/? WT mice (n=5 animals per genotype), whereas
similar total Racl levels were found between genotypes. Histograms represent
mean = SEM and are expressed as percentage of WT animals. Student’s two-
tailed t test was performed. *P <0.05 compared with Hdh?”/?” mice.

Fig. S4A). Next, cell survival was determined to rule out that geno-
type or transfection condition could affect synapse number. No sig-
nificant changes in neuronal density were found between WT and
HD cortical cultures (Supplementary Material, Fig. S4B).

Then, the density of excitatory synapses, as the number of
Vglutl and PSD-95 positive coclusters, was examined (Fig. 11). A
severe reduction in the density of excitatory synapses, evidenced
by a significant decline (P <0.001) in PSD-95, Vglutl and PSD-95/
Vglutl positive coclusters, was found in Myc-His-transfected
R6/1 cortical neurons compared with Myc-His-transfected WT
neurons. Importantly, when Vglutl and PSD-95 positive clusters
were analyzed in WT and R6/1 cortical neurons transfected with
exogenous Kal7 (Myc-His-Kal7), no significant differences be-
tween genotypes were observed. Moreover, we found that almost
every Vglutl cluster was apposed to a PSD-95 cluster, proving
similar density of Vglutl and PSD95 positive coclusters in both
neuronal genotypes. Altogether, these findings suggest an im-
portant contribution of dysfunctional Kal7 in cortical structural
plasticity alterations in HD mice.

Discussion

Cognitive dysfunction involving psychomotor, emotional,
attentional and executive functions has been reported in asymp-
tomatic HD gene carriers, years before the onset of motor symp-
toms (6,37-39,53-55). Although there is disparity in the nature
and evolution of such cognitive decline, most evidence indicates
that these early cognitive changes stem from corticostriatal cir-
cuit dysfunction rather than from striatal or cortical neuronal

degeneration (56,57). However, it is not clear whether (i) striatal
dysfunction develops first involving thereafter other brain re-
gions namely the neocortex or the limbic system, (ii) whether at-
rophy of pyramidal cortical neurons with the consequent loss of
cortical projections is the primary cause of the striatal pathology
or (iii) whether both cortical and striatal changes progress in par-
allel inducing dysfunction of the corticostriatal pathway. In this
study, we aimed to determine the sequence of brain region path-
ology involved in corticostriatal-dependent cognitive deficits in
HD mice and the molecular mechanisms underlying such
impairments.

We have demonstrated in two different HD mouse models:
Hdh¥/Q!11 knock-in mice and transgenic exon-1 R6/1 mice,
motor learning deficits in the accelerated rotarod that were evi-
dent at 2 months of age worsening thereafter. Importantly, at
early and middle disease stages, these mice do not display de-
creased motor coordination function evidenced by similar per-
formance in the fixed rotarod or the open field compared with
WT mice. Moreover, both HD mouse models also exhibited pro-
cedural learning deficits at ages in which motor coordination is
not impaired. Interestingly, motor learning disturbances appear
in HD mice months before hippocampal-dependent cognitive
impairments (58-60), indicating that alterations in the corticos-
triatal pathway precede hippocampal dysfunction in these HD
mice. These results are in agreement with previous data in
YAC128 mice showing altered motor learning in the rotarod
task before any other behavioral abnormality (61), and with
data in humans in which deficits in procedural learning are
among the earliest cognitive symptoms that can be detected
(6,38,54,62-65). Consistent with corticostriatal-dependent cogni-
tive deficits, we also demonstrated impaired corticostriatal LTP in
2-month-old Hdh?/?'*! knock-in mice, an age in which motor
and procedural learning start to decline, supporting the idea
that these cognitive deficits come from functional changes in
the corticostriatal circuits. In fact, abnormal corticostriatal activ-
ity has already been reported in YAC128 and R6/2 mice (12,66,67).

Morphological and/or biochemical alterations either in pyram-
idal neurons from the neocortex or from the striatum may be re-
sponsible for the early cognitive and synaptic deficits observed
in HD mice. Dendritic spine pathology analyzed by Golgi staining
in striatal spiny neurons and pyramidal cortical neurons has been
previously reported at late disease stages in different HD mouse
models and in brains from HD patients (3,19,20,23,68). Interesting-
ly, in this work, we reported for the first time an early and specific
decrease in dendritic spine density and a shift in spine distribution
in cortical pyramidal neurons from the motor cortex of Hdh?/@11
mice without evident structural changes in the striatum that asso-
ciate with the initial detection of corticostriatal-dependent learn-
ing deficits as well as with alterations in corticostriatal synaptic
plasticity. Moreover, a moderate cortical-specific reduction in spi-
nophilin-positive puncta was also demonstrated in Hdh¥/11
knock-in mice, suggesting that corticostriatal pathology could in-
volve early structural synaptic changes in the cortex that would
compromise striatal function. In agreement with our data, a recent
work by Murmu et al. (69) has described reduced spine survival and
density at presymptomatic phases in R6/2 mice when no motor co-
ordination and balance deficits are observed, suggesting that syn-
aptic dysfunction precedes the motor symptoms in HD. Overall,
these data indicate thatloss of dendritic spines at early HD disease
stages is a common feature manifested in both KI and R6 lines.

Given the importance of the glutamatergic inputs to the func-
tioning of the cortex itself and the striatum, the next question
was whether changes in glutamatergic synapses could also
contribute to corticostriatal pathology. PSD-95 is exclusively
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localized to PSD of glutamatergic excitatory synapses (70,71),
where its clustering is critical for synapse function (72,73) con-
trolling synaptic strength and activity-mediated synapse stabil-
ization (74-76). Therefore, the number of PSD-95 clusters was
analyzed in the motor cortex and dorsal striatum of Hqgh¥/!1?
knock-in mice as a measure of postsynaptic excitatory struc-
tures. A significant reduction of PSD-95 positive clusters was
found in layers I and II-III of the motor cortex of Hdh¥/Q11
mutant mice at 2 months of age without any major change
in the striatum until 8 months of age, when the changes in cor-
tical PSD-95 positive clusters are even more severe and also
involve layer V. These findings support the hypothesis that
changes in glutamatergic cortical circuits could induce altered

corticocortical connectivity triggering striatal dysfunction with-
out prominent morphological or structural changes in the stri-
atum. Actually, cortical pyramidal neurons from layers II-III
and V of sensorimotor cortex are the most prominent glutama-
tergic inputs to other cortical layers and dorsolateral (DL) stri-
atum (77). Consistent with our hypothesis, a recent study has
demonstrated that specific reduction of mutant huntingtin in
cortical pyramidal neurons ameliorates motor and psychiatric-
like behaviors as well as striatal synaptic deficits in BACHD
mice (78). Moreover, it has been reported that cortical pyramidal
neurons from 3-week-old R6/2 transgenic mice have decreased
glutamate receptor-mediated currents (12) while deficits in
learning-dependent cortical plasticity have been demonstrated



in presymptomatic R6/1 mice (2,13) and abnormal motor cortex
plasticity in HD gene carriers (79).

We next addressed the potential mechanisms underlying the
specific decrease of cortical PSD-95-positive excitatory synapses
in HD mice at early disease stages. Kal7 is a brain-specific Rho-
GEF enriched in the PSD of excitatory synapses, where it plays a
role in synaptic structure and function through modulation of
the actin cytoskeleton dynamics (28-30,80,81). Thus, Kal7 KO
mice exhibit a 30% reduction in the density of glutamatergic
synapses in the CA1 hippocampal neurons while the number of
Vglut1-PSD95 positive clusters in Kal7 KO cortical neurons was
decreased by almost a 40% (29). Importantly, such changes
were along with a decline in the magnitude of the LTP and with
impaired contextual fear learning. Our results showing an early
reduction of Kal7 in the cortex but not in the striatum of HD mu-
tant mice without any change in the levels of glutamate receptors
or other synaptic scaffolding proteins strongly supports a role of
Kal7 in the structural synaptic changes found in the cortex of HD
mice and underscores Kal7 as a candidate to mediate HD corti-
costriatal synaptic plasticity and behavioral deficits. In this
view and given (i) the role of Kalirin as an essential factor to
maintain hippocampal pyramidal neuron dendrites and dendrit-
ic spines (28) and (ii) the previously reported hippocampal defi-
cits observed in both R6/1 and Hdh?/?'! mutant mice (58,59)
would be interesting to address the role of Kal7 in HD hippocam-
pal pathology. Indeed, mice lacking Kal7 expression show de-
creased hippocampal spine density and deficient hippocampal
LTP while dendritic spine disturbances found in schizophrenic
postmortem cortices and in the cortices and hippocampus of
Alzheimer’s disease patients has been associated with reduced
levels of Kal7 (29,82,83-86).

Our in vitro findings using cortical neuronal cultures from HD
mice strengthen the idea that Kal7 is involved in cortical HD syn-
aptic pathology. Thus, decreased levels of Kal7 in HD mutant cor-
tical neurons were associated with a significant reduction in
excitatory synapses. The fact that the decrease in Kal7 can be ob-
served in mutant cortical neurons at DIV14 and DIV28, but the re-
duction in excitatory contacts only at DIV28 strongly supports the
idea that dendritic spines are normally developed in the absence
of Kal7 but lost thereafter in accordance with a role of Kal7 in the
maturation or maintenance of dendritic spines (29).

The restorative effect of Kal7 overexpression in excitatory
synapses raises the question of how deficient Kal7 activity
could induce synaptic alterations in HD mice. Kal7 is a well-
known activator of Racl (26,87,88). Thus, following neuronal
activity, Kal7 induces Racl activation that in turn causes a
rapid enlargement of existing spine heads (26,87,89). Consistent
with a role for deficient Kal7/Rac1 signaling in HD cortical path-
ology, Racl activity was significantly reduced in the cortex of
HD mice, suggesting that decreased Rac1 function as a conse-
quence of diminished Kal7 expression could contribute to redu-
cing excitatory PSD-95 structures in the cortex of HD mice.
These results are in agreement with previous data showing that
Kalirin loss in KALRN-KO mice produces a specific reduction in
cortical Rac1-GTP levels (33).

Our data cannot rule out that alterations in other GEF proteins
that also regulate Rac1 activity or a contribution of Rac-1 glia dys-
function would also participate in HD synaptic pathology by
reducing Racl activity. However, we would like to emphasize
that Kal7 protein expression is absent in glia cells (88), which is
the major Rac-GEF protein expressed in the cortex of adult ani-
mals (90), suggesting altogether that the reduction of Racl activ-
ity observed in HAh¥/®*! mice is likely related with a decrease in
neuronal Kal7 levels.
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Overall, in the present study, we demonstrate corticostriatal-
dependent learning deficits in HD mice at early disease stages
associated with deficits in corticostriatal synaptic transmission,
reduction in cortical dendritic spine density and decreased cor-
tical excitatory postsynaptic structures. These data support the
concept that early morphological and biochemical changes in
the cortex would be critical for triggering striatal dysfunction
and the consequent HD behavioral and synaptic deficits in the
absence of major structural alterations in the striatum. In the
quest to elucidate the molecular pathway underlying these cor-
tical disturbances, we have identified Kal7, a critical component
of excitatory synapses that control structural and functional
plasticity of dendritic spines. Altogether, our data suggest that
therapeutic strategies aimed to restore cortical Kal7 activity
merit particular investigation to treat synaptic dysfunction in HD.

Materials and Methods

HD mouse models

Hdh? WT mice with 7 CAG repeats and Hdh?'** knock-in mice,
with targeted insertion of 109 CAG repeats that extends the glu-
tamine segment in murine huntingtin to 111 residues, were
maintained on a C57BL/6 genetic background. Male and female
Hdh¥/Q!11 heterozygous mice were intercrossed to generate
age-matched Hdh?/?! heterozygous and HdhY/Y WT litter-
mates. R6/1 mice expressing exon-1 of mutant huntingtin were
obtained from Jackson Laboratory (Bar Harbor, ME, USA) and
maintained in a B6CBA background. Our R6/1 colony has 145
CAG repeats (91). WT littermate animals were used as the control
group. All mice used in the present study were males and were
housed together in numerical birth order in groups of mixed gen-
otypes, and data were recorded for analysis by microchip mouse
number. The animals were housed with access to food and water
ad libitum in a colony room kept at 19-22°C and 40-60% humidity,
under a 12:12 h light/dark cycle. All procedures were performed
in compliance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, and approved by the
local animal care committee of the Universitat de Barcelona
(99/01) and Generalitat de Catalunya (00/1094), in accordance
with the Directive 2010/63/EU of the European Commission.

Postmortem brain tissue

Samples of human cortex (four controls and six HD patients) and pu-
tamen (five controls and five HD patients) were obtained from Banc
de Teixits Neurologics (Servei Cientifico-Tecnic, Universitat de Barce-
lona, Barcelona, Spain) following the guidelines of the local ethics
committees [controls (mean + SEM; age: 53.5 + 6.8 years; postmortem
intervals of 4-18 h), HD brain grades 3 and 4 (mean + SEM; age:
54.5+6.5 years; postmortem intervals of 4-17 h)]. All the ethical
guidelines contained within the latest Declaration of Helsinki were
taken into consideration, and informed consent was obtained from
all subjects under study.

Behavioral assessment

Accelerating rotarod training procedure

Independent cohorts of 1-, 2-, 6- and 8-month-old HdhY’¥ and
Hdh¥/1 animals (n = 9-14 per genotype, only males) and 1-,
2- and 3-month-old WT and R6/1 animals (n = 9-14 per genotype,
only males) were used. For the accelerating task, mice were
placed on a motorized rod (30 mm diameter). The rotation
speed gradually increased from 4 to 40 rpm over the course of
5 min. The time latency was recorded when the animal was
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unable to keep up with the increasing speed and fell (42,95). Ac-
celerating rotarod training procedure training/testing was per-
formed four times per day for three consecutive days. Different
trials during the same day were separately by 1 h.

Swimming T-Maze test of strategy shifting

Independent cohorts of 6-month-old Hdh?/Y and Hdh /1!
animals (n=11-19 per genotype, only males) and 2-month-old
WT and R6/1 animals (n=11-19 per genotype, only males) were
used. The T-maze apparatus used was a glass maze consisting
of three arms, two of them situated at 180° from each other and
the third, representing the stem arm of the T, situated at 90° with
respect to the other two. All arms were 45 cm long, 8 cm wide and
enclosed by a transparent 20 cm wall. Six-month-old male mice
were trained to swim from the stem arm of the T to the other
arms. In one of them, there was a transparent escape platform,
covered by water. During the acquisition phase of swimming
T-maze of strategy shifting (two consecutive days—first day:
eight trials; second day: four trials), each mouse was placed in
the water, allowed to swim until they reach the platform, and
the latency and errors (1: error, 0: non-error) to reach the platform
were recorded. Swimming to the platform was arbitrarily given a
score of 0, whereas swimming away from the platform was given
a score of 1. Based on this criterion, to successfully complete the
task, mice should remember the location or the path to the es-
cape platform, that is, to get a score of 0. The mice have to be
able to find the platform and learn the strategy faster across trials.
After the acquisition phase, we changed the location of the plat-
form to the opposite arm. During the reversal phase of Swim-
ming T-maze of strategy shifting (2 consecutive days—second
day: four trials; third day: eight trials), mice were placed in the
water, and the latency and errors were recorded until they
reach the platform. Different trials during the same day were
categorized by 1 h.

Fixed rotarod

For rotarod learning, independent cohorts of 2-, 6- and 8-month-
old HdhY’Y and HdhY/?!! mice (n=9-15 per genotype, only
males) were trained at a fixed speed of 10 rpm and subsequently
tested with two trials per day spaced 1-2 h apart during three con-
secutive days (92). During this learning phase, mice falling from the
rod were returned, and the number of falls was recorded until the
addition of the latencies to fall reached a total time of 60 s per trial.
The testing was performed at 5 (data not shown), 10 and 25 rpm,
and the number of falls was recorded in a period of 60 s.

Open field

Independent cohorts of 2-, 6- and 8-month-old Hdh?¥’¥ and
Hdh¥/1! animals (n=8-14 per genotype, only males) were
used. The device consisted of a white circular arena with 40 cm
diameter and 40 cm high. The light intensity was 40 lux through-
out the arena, and the room temperature was kept at 19-22°C and
40-60% humidity. Mice were placed into the arena during two
consecutive days (15 min/day) and spontaneous locomotor activ-
ity was measured as total distance traveled. The arena was rigor-
ously cleaned between animals in order to avoid odors. Animals
were tracked and recorded with SMART Junior Software.

Electrophysiology

Corticostriatal synaptic transmission

Coronal brain slices (450 um thickness) were prepared from mice
(n=7-8 slices per genotype, only males) as described previously
(93) and incubated for 1h at room temperature (21-24°C) in

artificial cerebrospinal fluid (aCSF). The aCSF contained (in mm)
NacCl 124, KCl 2.69, KH,PO,4 1.25, MgSO, 2, NaHCO3 26, CaCl, 2
and glucose 10, and was gassed with 95% O, and 5% CO,. Brain
slices containing both striatum and cortex were transferred to
an immersion recording chamber and superfused (2.5 ml/min)
with gassed aCSF warmed to 32-34°C. After 1 h of equilibration,
extracellular field potentials were recorded in the dorsomedial
(DM) striatum by a glass microelectrode filled with 1 M NaCl on
stimulation of the white matter between the cortex and the stri-
atum with a bipolar tungsten electrode via a 2100 isolated pulse
stimulator (A-M Systems, Inc.). LTP was induced by applying tet-
anic stimulation twice (four 1s, 100 Hz trains delivered every
10 s) at an interval of 10 min, and potentiation was measured
for1 h after LTP induction at 0.1 Hz. For each experiment, PS amp-
litude was expressed as a percentage of average pre-tetanus
baseline amplitude. Data were stored on a Pentium-based PC
using a PowerLab 4/26 acquisition system (AD Instruments,
Bella Vista, Australia); Scope software (AD Instruments) was
used to display PS and measurements of the amplitude of PSs.
Statistical differences, compared with pre-tetanus baseline
amplitude values, were established using the two-tailed Stu-
dent’s t-test.

Dendritic spine assessment and confocal analysis

Cortical and striatal neurons from 2-month-old Hdh?¥’% and
Hdh¥/! mice (n=5 per genotype, only males) were labeled
using the Helios Gene Gun System (Bio-Rad), as previously de-
scribed (58,93,94). Briefly, a suspension containing 3 mg of 1,1'-
dioctadecyl-3,3,3,3'-tetramethylindocarbocyanine perchlorate
(Dil) (Molecular Probes, Invitrogen) dissolved in 100 pl of methy-
lene chloride (Sigma-Aldrich) and mixed with 50 mg of tungsten
particles (1.7 mm diameter; Bio-Rad) was spread on a glass slide
and air-dried. The mixture was resuspended in 3.5 ml distilled
water and sonicated. Subsequently, the mixture was drawn into
Tefzel tubing (Bio-Rad) and then removed to allow tube drying for
5 min under a flow of nitrogen gas. The tube was then cut into
13 mm pieces to be used as gene gun cartridges. Dye-coated par-
ticles were delivered to 200 pm coronal sections containing both
cortex and striatum at 80 psi through a membrane filter of 3 pm
pore size and 8 x 10 pores/cm? (Millipore, Temecula, CA). Sections
were stored at room temperature in phosphate buffered saline
(PBS) for 3h protected from light and then incubated with
Hoechst 33258, and mounted in Mowiol to be analyzed. Dil-
labeled pyramidal neurons from motor cortex (M1) and medium
spiny neurons from dorsal striatum were imaged using a Leica
Confocal SP5 with a x63 oil-immersion objective. Conditions
such as pinhole size (1 AU) and frame averaging (four frames
per z-step) were held constant throughout the study. Confocal
z-stacks were taken with a digital zoom of 5, a z-step of 0.2 pm
and 1024 x 1024 pixel resolution, yielding an image with pixel di-
mensions of 49.25 x 49.25 pm. z-Stacks were deconvolved using
the Acolomo plugins from Image], to improve voxel resolution
and reduce optical aberration along the z-axis. Segments of ap-
ical dendrites from cortical pyramidal neurons and dendrites
from striatal medium spiny neurons were selected for analysis
of spine density according to the following criteria: (i) segments
with no overlap with other branches that would obscure visual-
ization of spines and (ii) segments either ‘parallel’ to or ‘at
acute angles’ relative to the coronal surface of the section to
avoid ambiguous identification of spines. Only spines arising
from the lateral surfaces of the dendrites were included in the
study; spines located on the top or bottom of the dendrite surface
were ignored. Spine density was measured manually in the



stacks using the Image] Plugin Cell Counter. Spines were marked
in the appropriate focal plane preventing any double counting of
spines. Spines were counted in dendritic segments range from 15
to 40 pm of length. Measurements of the head diameter were
manually performed using the Image] software as described in
Enrique-Barreto et al. (94). Briefly, a single image from the stack
was selected for analysis and the scale was set. Each spine was
selected, duplicated, rescaled (X and Y scales were set at 25) and
thresholded until only the spine was selected. The ‘Polygon selec-
tions’ tool was used to define the perimeter of the head, splitting it
from the neck or the dendritic shaft. Area measurements and
diameter were obtained from this image. The spine head diameter
was analyzed as a continuous distribution. To this end, we pro-
ceeded as follows: first, all the identified spines were categorized
as spines without neck (stubby spines) or with a clear neck.
From the latter, blind measurements of the head diameter were
performed manually using ImageJ for all the spines in control
mice. Then, a distribution analysis of head diameter was per-
formed. The Gaussian adjustment resulted in a normal distribu-
tion with a mean value of 0.711 um for cortical (Gaussian fit
P =0.895) and 0.605 um for striatal neurons (Gaussian fit P =0.895).
From the estimated mean value, spine populations were divided
into spines with diameters below the mean average (thin spines),
spines with head diameters above the mean value (mushrooms)
and a third category including all the non-neck spines (stubby
spines).

Brain processing and immunohistochemistry

Heterozygous mutant Hdh?/?! and WT HdhY’Y mice at 2
(n=5-6 per genotype) and at 8 (n=6 per genotype) months of
age were deeply anesthetized and immediately perfused trans-
cardially with saline followed by 4% paraformaldehyde (PFA)/
phosphate buffer. Brains were removed and postfixed overnight
in the same solution, cryoprotected by immersion in 30% sucrose
and then frozen in dry ice-cooled methylbutane. Serial coronal
cryostat sections (30 um) through the whole brain were collected
in PBS as free-floating sections. Sections were rinsed three times
in PBS and permeabilized and blocked in PBS containing 0.3% Tri-
ton X-100 and 3% normal goat serum (Pierce Biotechnology, Rock-
ford, IL) for 15 min at room temperature. The sections were then
washed in PBS and incubated overnight at 4°C with Spinophilin
(1:250, Millipore) and PSD-95 (1:500, Thermo Scientific, Waltham,
MA) antibodies that were detected with Cy3 anti-rabbit and Cy2
anti-mouse secondary antibodies (1:200, Jackson ImmunoRe-
search, West Grove, PA). As negative controls, some sections
were processed as described in the absence of primary antibody
and no signal was detected.

Confocal microscopy analysis and
immunofluorescence-positive puncta counting

PSD-95 and spinophilin-positive spine-like structures were ex-
amined as previously described (96). The analyses were per-
formed using a Leica Microsystems Heidelberg (Mannheim,
Germany) TCS SL laser scanning confocal spectral microscope
with argon and helium-neon lasers attached to a Leica DMIRE2
inverted microscope. Images were taken using a x63 numerical
aperture objective with x4 digital zoom and standard (one Airy
disc) pinhole. Three coronal sections (30 pm thick) per animal
spaced 0.24 mm apart containing the motor area M1 and dorsal
striatum were used. For each slice, we obtained three fields/cor-
tical layer (I, II/III and V) of the M1 area and three fields/dorsal
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striatum region (DL and DM). In each field, an entire z-stack was
obtained, and optical sections (three per field) of 0.5 ym were col-
lected separately (4 pm) in order to avoid biased counting. The
number and area of PSD-95 and spinophilin-positive puncta
were measured using NIH Image] version 1.33 by Wayne Rasband
(National Institutes of Health, Bethesda, MD).

To analyze either spinophilin or PSD-95 immunolabeling,
brightness and contrast of fluorescence images were adjusted
so that only punctate fluorescence but no weak diffuse back-
ground labeling was visible. In the article, we use the term ‘punc-
ta’ and ‘cluster’ interchangeable to refer to discrete points of
protein at the fluorescence microscope. Positive puncta/cluster
within a specific field was recognized by identifying the presence
of overlapping 10-100 pixels.

Western blot analysis

Heterozygous mutant HGdh?/21! WT HdhY’Y, R6/1 and WT
mice were killed by cervical dislocation at the age of 2 or 8 months
for HdhY’Y and HdhY’?*!! mice and 2 or 3 months for WT and
R6/1 mice. Brains were quickly removed, dissected, frozen in dry
ice and stored at —80°C until use. Protein extraction from striatal
and cortical tissue (n = 5-8 per genotype, only males) and western
blot analysis were performed as previously described (60). The
primary antibodies used were GluA1 (1:1000, Upstate, Lake Placid,
NY); GluN1 (1:500, Chemicon, Temecula, CA); GluN2B (1:1000, Cell
Signaling Technology, Beverly, MA); CaMKII and Shank3 (1:500,
Santa Cruz Biotechnology, Santa Cruz, CA); PSD-95 (1:1000, Ther-
mo Scientific); Spinophilin (1:1000, Millipore); Vglut1 (1:50 000,
Synaptic Systems, Gottingen, Germany), Synaptophysin (1:1000,
Abcam, Cambridge, UK) and Racl (1:2000, BD Transduction
Laboratories, San Diego, CA); Kal7 (JH2958; 1:1000) and Kalirin-
spectrin antiserum (JH2582; 1:1000) (87). Loading control was
performed by reproving the membranes with an antibody to
a-tubulin (1:50 000, Sigma-Aldrich) or a-actin (1:20 000, MP Bio-
chemicals, Aurora, OH). Image] software was used to quantify
the different immunoreactive bands relative to the intensity of
the a-tubulin/actin band in the same membranes within a linear
range of detection for the enhanced chemiluminiscent kit
reagent. Data are expressed as the mean + SEM of band density.

Rac1 activation assay

For measurement of activated Racl, cerebral cortex from Hdh?/¥
and Hdh?/?**! mice (n =5 per genotype, only males) was rapidly
homogenized in ice-cold pull-down lysis buffer containing
50 mm Tris-HCI, 1 mM ethylenediaminetetraacetic acid (EDTA),
500 mM NaCl, 10 mm MgCl,, 1% Triton X-100, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulphate (SDS), 10% glycerol, 0.5%
B-mercaptoethanol, plus sodium orthovanadate and protease in-
hibitor cocktail (Sigma-Aldrich). The lysates were centrifuged at
16 000g for 15 min at 4°C to remove insoluble material. Cleared
lysates and positive controls were mixed with 10 pg of PAK-GST
Protein Beads (Cytoskeleton Inc., Denver, CO) and incubated with
shaking for 1 h at 4°C. The beads were washed three times with
ice-cold pull-down lysis buffer. After the last wash, the super-
natant was carefully removed and the pellet was resuspended in
20 pl of 5x sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis sample buffer and boiled for 5 min. For positive and nega-
tive controls, 10 mm EDTA, 60 mMm MgCl, and 100 pM GTPYS
(positive control) or 1 mM GDP (negative control) were added
and incubated with lysates for 15 min at 30°C. Racl bound to
PAK-GST was detected by western blotting using a Rac1 antibody
(1:2000, BD Transduction Laboratories).
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Primary cultures of mouse cortical neurons, transfection
and immunocytochemistry

Dissociated cortical cultures prepared from E18.5 WT and R6/1
embryos were plated at a density of 400000 neurons onto
60 mm culture dishes (for biochemical analysis) or at a density
of 50 000 neurons onto coverslips placed in 24-well plates (for im-
munocytochemical analysis) precoated with 0.1 mg/ml poly-d-
lysine (Sigma Chemical Co., St. Louis, MO). Neurons were
cultured in Neurobasal medium (Gibco-BRL, Renfrewshire, Scot-
land, UK), supplemented with B27 (Gibco-BRL) and Glutamax™
(Gibco-BRL). Cultures were maintained at 37°C in a humidified
atmosphere containing 5% CO,. Thereafter, 50% of the medium
was replaced once a week for up to 4 weeks. For biochemical ana-
lyses, 14 or 28 days after plating, neurons were homogenized in
cold lysis buffer [SO mM Tris base (pH 7.5), 150 mm NaCl, 2 mMm
EDTA, 1% NP-40] supplemented with 1 mmM sodium orthovana-
date and protease inhibitor cocktail (Sigma-Aldrich), cleared by
centrifugation at 16 000g for 15 min and supernatants collected.
For immunocytochemical experiments, 12 days after plating,
neurons were transfected with pcDNA 3.1/myc-His (+) or pEAK.
Myec.His. Kal7 (87) plasmids using Fugene transfection Reagent
(Promega, Madison, WI). After 14 or 28 DIV, neurons were fixed
with 4% PFA/phosphate buffer for 10 min, rinsed in PBS, blocked
in PBS containing 0.1 M glycine for 10 min and permeabilized
in PBS containing 0.1% saponin for 10 min and blocked in PBS
containing Normal Horse Serum 15% for 30 min at room tem-
perature. Neurons were then washed in PBS and incubated over-
night at 4°C with PSD-95 (1:250, Thermo Scientific) and Vglutl
(1:500, Synaptic Systems) antibodies that were detected with
Cy3 anti-mouse and Alexa647 anti-rabbit secondary antibodies
(1:200, Jackson ImmunoResearch). As negative controls, some
cultures were processed as described in the absence of primary
antibody; no signal was detected. Immunofluorescence was ana-
lyzed by confocal microscopy using a TCS SL laser scanning con-
focal spectral microscope (Leica Microsystems Heidelberg). Single
images were taken using a x63 oil-immersion objective with x1
digital zoom. Conditions such as pinhole size (1 AU) and frame
averaging (four frames per z-step) were held constant throughout
the study. The number of positive PSD-95, Vglutl and PSD-95/
Vglutl positive clusters was measured using NIH Image] version
1.33 by Wayne Rasband (National Institutes of Health) and the
NeuronJ Plugin (a Java program for Neurite Tracing and Quantifi-
cation). Briefly, using NeuronJ Plugin, the tracing from at least 65—
145 neurites (1-2 neurites per neuron) for each condition and in
triplicate was analyzed and the number of positive PSD-95,
Vglutl and PSD-95/Vglutl positive clusters measured per 10 pm
neurite length.

Neuronal survival

Cell survival of cortical neurons at DIV28 was assessed by nuclear
DNA staining with Hoechst 33258. Neurons at DIV28 were fixed as
mentioned before and stained with Hoechst 33258 (1 mg/ml) for
5 min. Stained cells were then washed twice in PBS and mounted
under glass coverslips with Mowiol. Neuronal survival is repre-
sented as the percentage of Hoechst-stained nuclei positive
cells compared with the number of WT Myc-transfected cells.
Seventy-five fields per triplicate were counted per condition.

Statistical analysis

All data are expressed as mean + SEM. Statistical analysis was
performed using the unpaired Student’s t-test, Wald’s test, one-
way analysis of variance (ANOVA) or two-way ANOVA with the

appropriate post hoc test, as indicated in the figure legends. Differ-
ences with P <0.05 were considered significant.

Supplementary Material

Supplementary Material is available at HMG online.
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