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Abstract
Huntington’s disease (HD) is a progressive neurodegenerative disease characterized by
progressive atrophy of the striatum, cerebral cortex, and white matter tracks. Major pathological
hallmarks of HD include neuronal loss, primarily in the striatum, and dendritic anomalies in
surviving striatal neurons. Although many mouse models of HD have been generated, their
success at reproducing all pathological features of the disease is not fully known. Previously, we
demonstrated extensive striatal neuronal loss and striatal atrophy at 20–26 months of age in a
knock-in (KI) mouse model of HD. To further investigate this model, which carries a human exon
1 with ~119 CAG repeats inserted into the mouse gene (initially 140 repeats), we have examined
whether these mice exhibit the atrophy and neuronal anomalies characteristic of HD. Stereological
analyses revealed no changes in the striatal volume of male and female homozygote mice at 4
months, however striatal atrophy was already present at 12 months in both sexes. Analysis of
cortical and corpus callosum volume in male homozygotes revealed a loss in corpus callosum
volume by 20–26 months. At this later age, the surviving striatal neurons displayed extensive loss
of spines in distal branch orders that affected both immature and mature spines. Mirroring late
stage HD striatal neuronal morphology, the striatal neurons at this late age also showed reduced
dendritic complexity, as revealed by Sholl analysis. Tyrosine hydroxylase immunoreactivity was
also decreased in the striatum of 20–26 month old KI mice, suggesting an alteration in striatal
inputs. These data further indicate that CAG140 homozygote KI mice exhibit HD-like
pathological features and are a useful model to test the effects of early and/or sustained
administration of novel neuroprotective treatments.
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1.0 INTRODUCTION
Huntington’s disease (HD) is a progressive, autosomal dominant, neurodegenerative
disorder that leads to deterioration of movement, mood and cognitive function. The disease
is caused by an unstable elongated trinucleotide repeat in the huntingtin gene which results
in the expression of mutant huntingtin protein with an extended stretch of glutamines in its
N-terminal [19]. Mice expressing the HD-causing mutation are an invaluable tool for
understanding the pathophysiology of the disorder and for testing therapies that could halt
the course of HD, or prevent its onset in gene carriers. A critical question regarding the use
of mouse models is how well they reproduce key pathological features of the disorder.
Although many models exhibit functional disturbances, premature death, and characteristic
aggregates of mutant huntingtin; only a few progress towards a loss of neurons in the
striatum, thus failing to reproduce this cardinal sign of HD. Such deficit would be important
for evaluating the neuroprotective effects of new therapeutics for HD.

Mice with the mutation “knocked-in” to the mouse HD gene (KI mice) have the advantage
of expressing the mutation in the proper genomic and protein context of full-length
huntingtin. Mice of this line originally carried human exon 1 with approximately 140 CAG
repeats inserted in the mouse gene and were characterized for behavioral deficits and
neuropathology over time [32]. Further studies of mice from the same line with
approximately 120CAG repeats confirmed that these mice exhibit behavioral anomalies as
early as 1 month of age and huntingtin pathology, including diffuse huntingtin nuclear
staining, punctate nuclear and neuropil aggregates, and nuclear inclusions at 4 months [15,
32]. Cellular dysfunction, indicated by reduced expression of striatal mRNAs encoding
enkephalin, DARPP-32, D1, D2, and CB1 is observed at 4 months of age, with reduced
DARPP-32 immunohistochemistry by 12 months [14, 15]. The mice progress toward overt
behavioral deficits at 24 months of age, at which time there is a 38% decrease in striatal
volume and a 40% loss of striatal neurons [15]. The progressive time course of deficits in
this model suggests that it is highly suited to testing drug interventions that could be
beneficial at different stages of the disease. Little is known, however, of the time course of
brain atrophy and whether the mice reproduce any of the characteristic features of neuronal
pathology observed in post-mortem brains of patients with HD.

In the present study we sought to further investigate the use of the CAG140 KI mice as a
model of HD pathology by measuring striatal, corpus callosum and cortical volumes in 4,
12, and 20–26 month old homozygote mutants and their wild-type (WT) littermates. In
addition, we carried out quantitative analysis of the neuronal processes of surviving Golgi-
stained striatal neurons of 20–26 month old mice. Finally, a tyrosine hydroxylase (TH)
immunohistological stain was conducted in striatum from the 20–26 month old mice to
determine whether the morphological anomalies were associated with loss of dopaminergic
terminals in the striatum.

2.0 MATERIALS AND METHODS
2.1 Animals

All procedures were carried out in accordance with the NIH Guide for the Care and Use of
Laboratory Animals (NIH Publications No. 80-23) revised 1996, and were approved by the
Institutional Animal Care and Use Committee at UCLA. All analyses were carried out by
blinded observers/scorers. Mice used in this study were on a mixed C57BL/6J × 129/Sv
background (N3 on C57BL/6J). All KI mice used in this study were homozygous for the
mutation. Mice were generated from heterozygote breeding pairs (only non-sibling breeding
pairs were used). The repeat lengths from a sample of the KI mice used in this study were
119 ± 3.2 (mean ± sem, n = 8, Laragen Inc., Culver City, CA, USA). We have examined
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CAG140 KI mice extensively for both behavior and pathology using mice with a very
similar repeat length (~121, [15]) to the mice used in the current study (~119). Body weight
was unaffected by genotype in mice carrying ~121 repeats [36] or repeat length of
approximately 140 [32] at less than 1 year of age. Food and water were available ad lib and
mice were kept on a reverse 12-h light/dark cycle.

2.2 Volume measurements
Male mice were used for stereological volume measurements of the striatum, corpus
callosum and cortex (4 months, n=4–5; 12 months, n=3–4; 20–26 months, n=4–7) and
female mice were used for additional volume measurements of striatum (4 months n=3; 12
months n=3). Mice were perfused with 4% paraformaldehyde and brains were then dissected
out. The hemispheres were separated and postfixed overnight and then cryoprotected in 30%
sucrose and frozen for analysis except that for a subset of 20–26 month old mice one
hemisphere was not frozen and was instead processed for Golgi staining. Coronal
cryosections from the frozen hemispheres were cut (35 µm) and stored in cryoprotectant
until processing. The volume of striatum was measured in sections from bregma +1.94
through −0.46 [35] i.e. from the front of the striatum to levels slightly posterior to the level
of the crossing of the anterior commissure, similar to previous analyses in HD mice [6, 25,
44]. In two previous analyses, we found that striatal volume at this level correlated to total
volume with r2= 0.98 or r2= 0.73 (p<0.0001, data not shown, n=11; p<0.0001, data not
shown, n=14; respectively), indicating that it is representative of total striatal volume.
Furthermore, this volume represents 82–86% of total striatal volume. The volume of the
cortex and corpus callosum was determined from the sections used for striatal
measurements. For stereological analyses, the first section of the stereological series was
chosen at random from the first 10 sections of the region of interest, to eliminate bias. Every
10th section thereafter was chosen such that 350 µm was the advance between each section.
Sections were stained with cresyl violet, according to manufacturer’s instructions (Fisher
Scientific, Pittsburgh, PA). The striatum, corpus callosum and cortex were outlined in each
section using StereoInvestigator V5.00 (MicroBrightField Inc., Colchester, VT), at 5× using
a 1.4 NA lens and 1.4 NA oil condenser, with a DVC realtime digital camera (Digital Video
Camera Company, Austin, TX). The boundaries used for striatum included the corpus
callosum and followed the external capsule as ventrally as possible. The line then continued
across to the most ventral point of the lateral ventricle (excluding the anterior commissure)
and continued along the lateral ventricle until it reached the corpus callosum again.
Overlying cortex (excluding the piriform cortex) was used for cortical measurements. The
program calculated the outlined area. Volumes were calculated using the Cavalieri method.
All measurements were conducted by an observer blinded to the mouse genotype.

2.3 Golgi Staining
One hemisphere from a subset of 20–26 month old mice used for stereology (WT, n=3; KI,
n=4) was cut into 100 µm sagittal sections and stained as per manufacturer guidelines (FD
Neurotechnology, MD) by the UCLA Microscopic Techniques Core. The striatum was
identified and defined at 4X magnification. For gross morphology, medium sized spiny
neurons in the dorsal region of the striatum were drawn at 40X magnification using a CHS
Olympus Hi Tech Instruments, Inc. microscope and a camera lucida. Spine morphology was
drawn and examined at 100X magnification.

We identified 10 Golgi-stained neurons from each mouse using the following criteria 1) at
least three dendrites per soma and 2) one dendrite from each neuron with at least a second
order branch. The drawings were then scanned into digital format using an Epson, Stylus
RX580 scanner for NIH ImageJ analysis. ImageJ was used to determine soma size, dendritic
length and dendritic diameter. The dendritic diameter for each neuron was calculated from
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the mean of three measurements per branch. Dendritic fields were measured using Sholl
analysis (ImageJ). The number of primary dendrites, spine density, and spine morphology
were measured at the time of drawing. The dendrite with the greatest number of branch
orders (for each neuron) was used for spine density and spine morphology measurements.
The immature and mature spines were identified using a qualitative scale [22, 39]. Briefly,
spines were grouped into immature or mature groups depending on spine neck thickness and
length, in addition to bouton morphology, as previously described [22, 39]. Distal dendrites
were also analyzed for the presence or absence of wavy extensions, as a measurement of
dysmorphic neurons, as previously described [28]. All measurements were conducted by an
observer blinded to the mouse genotype.

2.4 Tyrosine hydroxylase staining
Immunohistochemical staining for TH was performed on free-floating cryosections from the
frozen hemisphere of a subset of the 20–26 months old mice that were used for stereology
with one additional KI mouse (WT n=6, KI n=5). Sections were washed in 0.1 M phosphate-
buffered saline (PBS, 3 × 10 mins) and then incubated in 10% NGS normal goat serum, in
0.5% Triton/PBS for 1 h. Sections were then incubated in rabbit anti-TH (1:500) antibody in
0.5% Triton X, 5% NGS and PBS at 4°C overnight (Millipore, Temecula, CA). Control
sections were incubated in 5% NGS/PBS at 4°C overnight. The following day, unbound
primary antibody was washed off with 0.1 M PBS (3×10 min washes). Sections were
incubated in Cy3-conjugated goat anti-rabbit antibody (1:500) diluted in 5% NGS for 1 h,
followed by washes in 0.1 M PBS (3 × 10 min). Sections were then mounted onto gelatin-
coated slides and scanned with an Agilent DNA microarray scanner (Agilent Technologies
Inc., Santa Clara, CA) at 10 µm resolution. Fluorescence intensity of cortical regions with
no detectable immunostained terminals (background) and of striatum were determined for
each section using ImageJ, and the relative fluorescence intensity calculated by subtracting
the background from striatal fluorescence intensity. No specific staining was observed in
control sections (no primary antibody). All measurements were conducted by an observer
blinded to the mouse genotype.

2.5 Statistics
All statistical analyses were performed using raw data and are represented as mean ± sem.
Volume data were expressed as a percent of WT values for graphic purpose only. Striatal
volume of male and female mice was analyzed using a completely randomized three-way
ANOVA with genotype, gender and age (4 and 12 months) as factors, followed by Fisher’s
LSD post hoc tests. Cortical and corpus callosal volumes were also analyzed with separate
completely randomized two-way ANOVAs with genotype and age (4, 12 and 20–26
months) as factors, followed by Fisher’s LSD post hoc tests. We also analyzed cortical,
striatal and corpus callosum volume at 4 and 12 months using two-way repeated measures
ANOVAs, where anatomical area (cortex, striatum and corpus callosum) was used as the
repeating factor and genotype was used as the additional factor, followed by Fisher’s LSD
post hoc tests. Power calculations used striatal data from male CAG140 KI mice, using WT
striatal volume as the target volume. For Golgi staining, the mean for each mouse was used
to generate group means. Frequency distribution, Sholl analysis and spine densities were
analyzed by repeated measures ANOVAs (with genotype, and soma size, distance from
soma, or branch order, respectively as factors) followed by Fisher LSD post hoc tests. Mean
soma size, mean dendritic length and mean TH fluorescence were compared with two-tailed
Student’s t tests. GBStat (V8.0) was used for all statistics. A critical value of p<0.05 was
used for all comparisons.
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3.0 RESULTS
3.1 Striatal, cortical, and corpus callosum volume estimates

We have previously reported that striatal volume is decreased by 38% in the brain of ~24
month old male CAG140 KI mice compared with WT littermates [15]. In the present study,
we extend these data by examining striatal volume in both male and female mice at younger
ages, and the volume of the overlying corpus callosum and cortex in male mice across time.
Measurements of striatal volume were conducted from the rostral part of the striatum to a
level caudal to the anterior commissure crossing (from bregma +1.94 through −0.46; 35). In
previous analyses we found that striatal volume at this level correlated to total volume with
r2= 0.98 or 0.73 (p<0.0001, n=11 and p<0.0001, n=14, respectively), indicating that it is
representative of total striatal volume. Striatal volume was measured in both male and
female mice at 4 and 12 months of age and analyzed by randomized 3 way ANOVA: effect
of genotype F(1,20)=15.7, p<0.001; genotype × gender interaction F(1,20)=0.4, ns;
genotype × age F(1,20)=4.4, p<0.05; genotype × gender × age F(1,20)=0.1, ns; 4 month
males: WT: 6.4 ± 0.3 mm3; KI: 5.8 ± 0.4 mm3; Fisher’s LSD, ns (Fig. 1A); 4 month
females: WT: 6.5 ± 0.8 mm3; KI: 6.0 ± 0.5 mm3; Fisher’s LSD, ns; 12 month males: WT:
8.0 ± 0.5 mm3; KI: 5.8 ± 0.4 mm3; Fisher’s LSD, p<0.01 (Fig. 1A); females: WT: 6.4 ± 0.2
mm3; KI: 4.9 ± 0.2 mm3; Fisher’s LSD, p<0.05. Thus, no deficit in striatal volume was
present at 4 months of age in either male or female KI mice. However, we observed a
significant striatal atrophy by 12 months of age in both male (−27%) and female (−24%)
homozygous KI mice. At this age, n=3 male mice are sufficient to detect normalization of
striatal volume to the level of male WT mice based on power calculations using α = 0.05 and
90% power.

To determine whether atrophy of extrastriatal regions also occurred in these mice, we
measured the volume of the corpus callosum and of the cerebral cortex directly overlying
the striatum, at the level used for the analysis of striatal volume, in male homozygous mice.
The cortex and corpus callosum were analyzed separately using genotype and age (4, 12 and
20–26 months) as variables. No significant change in cortical volume was detected by
ANOVA: effect of genotype F(1,21)=4.0, ns; effect of age, F(2,21)=2.2, ns.; genotype × age
interaction, F(2,21)=0.8, ns.: at 4 months of age WT: 11.6 ± 0.9 mm3; KI: 10.8 ± 0.9 mm3;
12 months of age: WT: 13.2 ± 0.8 mm3; KI: 11.9 ± 1.3 mm3; 20–26 months: WT, 15.6 ± 1.0
mm3; KI, 11.9 ± 1.6 mm3 (Fig 1B).

In contrast, for the corpus callosum, ANOVA indicated no effect of genotype (F(1,21)=2.6,
ns) or genotype × age interaction (F(2,21)=2.0, ns) but an effect of age (F(2,21)=3.5,
p<0.05; 4 months: WT: 1.9 ± 0.1 mm3; KI: 2.0 ± 0.2 mm3; Fisher’s LSD, ns; 12 month:
WT: 2.0 ± 0.2 mm3; KI: 1.8 ± 0.2 mm3; Fisher’s LSD, ns; 20–26 months: WT: 3.1 ± 0.3
mm3; KI: 2.1 ± 0.2 mm3; Fisher LSD p<0.05), indicating a volume reduction (−33%) by
20–26 months in CAG140 male KI mice (Fig. 1B).

Together, these data indicate that CAG140 KI mice show robust atrophy in brain, with an
initial loss in striatal volume, compared to WT mice, at 12 months, and a later reduction in
corpus callosum volume at 20–26 months. Nonetheless this atrophy occurs many months
after initial behavioral deficits are found [15]. This suggests that striatal volume
measurements at 12 month of age would provide a useful measure for preclinical drug trials,
whereas time-consuming measurements of corpus callosum would only be informative at
much older ages.

3.2 Golgi staining
We analyzed Golgi-stained medium sized spiny neurons in striatum from CAG140 WT and
KI mice at 20–26 months of age (representative neuron, Fig. 2). Mean soma size and the
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relative frequency distributions of soma sizes were similar between WT and homozygote
mutant (KI) mice (Fig. 2, frequency distribution, genotype × soma size interaction
F(7,35)=0.76, ns; mean size, WT, 129.8 ± 3.5µm2, KI, 127.3 ± 4.7µm2, Student’s t test, ns).
Total branch length and dendritic diameter were also similar between WT and KI mice;
however, there was a trend towards reduced dendritic total length in KI mice (Fig. 3, left,
dendritic diameter: effect of genotype F(1,5)=0.2, ns; effect of branch order F(4,20)=67.1,
p<0.0001; genotype × branch order F(4,20)=0.8, ns; right, total branch length: 11%
reduction, Student’s t test, ns). Indeed, analysis of dendritic complexity using Sholl analysis
revealed reduced intersections at 40–60µm from the soma, when compared to WT mice
(Fig. 4, effect of genotype F(1,5)=9.8, p<0.03; effect of distance F(9,45)=125.0, p<0.0001;
genotype × distance from soma, F(9,45)=0.6, ns; WT versus KI at 40 and 50 µm, Fisher’s
LSD, p<0.05; WT versus KI at 60 µm, Fisher’s LSD, p<0.01). Results are indicative of
reduced dendritic arborization and complexity, similar to observations in medium sized
spiny neurons of the striatum in late stage HD and in transgenic R6/2 mice [9, 27]. We also
examined whether dendrites were wavy [i.e., dysmorphic, [28]], but in mice of this age (20–
26 months) we did not detect any differences between WTs and KIs (data not shown).

With regard to spine density and spine morphology, we found that proximal branch orders
(1–2) contained few spines, but with increasing distance from the soma, the density of
spines increased, as is well-known (Fig. 5, effect of branch order, F(4,20)=59.2, p<0.0001).
Despite the advanced age of the mice, spine density in WT mice was comparable to
previously published data in younger normal mice [27]. In KI mice, a large decrease in spine
density was found in the 3rd, 4th and 5th branch orders (Fig. 5, effect of genotype F(1,5)=9.1,
p<0.03; genotype × branch order F(4,20)=1.8, ns; branch order 3, WT versus KI, Fisher’s
LSD, p<0.05; branch orders 4 and 5, WT versus KI, Fisher’s LSD, p<0.01). These results
are reminiscent of observations made in medium sized spiny striatal neurons from severe
grade IV HD brains [9, 10].

We then analyzed whether immature and mature spines were affected equally. Spines were
identified as mature or immature based on previously published qualitative criteria,
involving length and thickness of neck, in addition to bouton morphology [22, 39]. Both
immature and mature spines were reduced in KI mice (Fig. 6, immature spines: effect of
branch order F(4,20)=13.9, p<0.0001; genotype × branch order F(4,20)=1.9, ns; branch
orders 4 and 5, WT versus KI, Fisher’s LSD, p<0.05; mature spines: effect of branch order
F(4,20)=28.8, p<0.0001, genotype × branch order F(4,20)=1.4, ns; branch order 5, WT
versus KI, Fisher’s LSD, p<0.05). However, immature spines were more affected in KI mice
than mature spines with a greater loss of immature spines in distal branches (KI mice:
branches 3 through 5: 28–47% loss of immature spines; 12–38% loss of mature spines;
immature versus mature spines: overall effect of genotype F(1,10)=9.2, p<0.02; overall
effect of maturity, F(1,10)=8.4, p<0.02; overall effect of branch order F(4,40)=46.1,
p<0.0001; genotype × maturity × branch order F(4,40)=0.3, ns; KI, immature versus mature,
branch orders 3 and 4, Fisher’s LSD, p<0.05 and p<0.01, respectively; WT, no significant
difference in density of immature versus mature spines at any branch order).

Both glutamatergic and dopaminergic inputs contribute to spine morphology [33].
Specifically, dopamine deficiency has been associated with a loss in spines in medium sized
spiny neurons [4, 20, 21, 33, 46], and dopamine is being increasingly considered as a
potential neuroprotective agent in HD [16, 29, 49]. Therefore, to determine whether
alterations in DA transmissions could contribute to the morphological impairments we have
observed in older mice, we performed an immunocytochemical stain for TH, a marker of
nigrostriatal dopaminergic terminals in the striatum. 20–26 month old KI mice showed a
significant loss of striatal TH immunoreactivity (Fig. 7, Student’s t test, p<0.002).
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4.0 DISCUSSION
HD is a progressive disorder and new evidence indicates that the onset of the characteristic
neurological symptoms is preceded by a protracted premanifest phase of disease [34, 47,
48]. Because carriers can be readily identified with genetic testing, early implementation of
neuroprotective treatments will eventually be possible once such treatments are identified.
At this time, however, no cure or methods to delay or prevent the onset of the devastating
symptoms of HD are available, and the development of such treatments is predicated on
preclinical testing in mouse models of the disease. Of the many models available, the
CAG140 mice present many advantages both because they express a full length mutated
protein and because they express robust behavioral deficits that are suitable for drug testing,
from an early age. Previous characterization of the pathological features of this model has
been limited to a description of huntingtin pathology [32] and the discovery of late stage
striatal atrophy and neuronal loss [15].

In the present study, we show that this striatal atrophy develops over time as with HD. We
observed no deficit in striatal volume at 4 months of age but by 12 months there was
decreased volume in both male and female homozygote KI mice. In addition, we show that
atrophy of the corpus callosum is present at 20–26 months of age and that surviving neurons
in the striatum show significant morphological alterations at that age. These data further
establish the validity of this mouse model for studies of neurodegeneration and its
prevention, and provide time course information on some of the major endpoint measures
and robust differences that can be used in preclinical drug testing of neuroprotective
therapies for HD.

It is noteworthy that the decrease in striatal volume we have observed in CAG140 mice
(repeat length of ~119 CAGs in this study) does not occur until many months after the onset
of behavioral deficits that have been detected as early as 1 month of age in this model.
Carriers of the HD mutation also show subtle behavioral deficits many years before the
onset of clear neurological symptoms [34, 45, 47, 48]. Similarly, CAG94 KI mice show
~14% loss in striatal volume, but no loss in neuronal number, at approximately 2 years of
age whereas behavioral deficits begin at 2 months [32]. Nevertheless, as in HD [34, 48],
striatal atrophy was detected in our model many months before the onset of overt behavioral
deficits (approximately 20–26 months of age [15]). Notably, the striatal atrophy detected at
this late age is similar to the “one third to one half loss” demonstrated in HD patients at the
time of diagnosis [2].

Alterations in white matter tracts have been described to occur very early in carriers of the
HD mutation [48]. Neither the volumes of the cerebral cortex nor the corpus callosum,
measured in the same sections as the striatum, were altered at 12 months, when striatal
atrophy was already evident. This result in cortex however, should be interpreted with
caution because it reflects only a small portion, and a global measure of cortex can miss
specific atrophy of defined cortical layers, as has been observed in patient brain [40, 42].
Similarly, our corpus callosum measurements were global, which could obscure subtle
changes, as have been found in HD [3]. Nevertheless, a significant decrease in the volume of
the corpus callosum was detected at 20–26 months of age, confirming that white matter
tracts are affected in this model, as they are at early stages of HD [41, 43].

The existence of morphological anomalies of surviving striatal neurons in post-mortem
tissue from HD patients has been well documented but these studies are usually performed
at relatively advanced stages of disease [9, 10]. We found that at a time when about 40% of
striatal neurons are lost and overt behavioral deficits just become apparent, remaining
striatal neurons in our mouse model present significant morphological alterations suggesting
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the presence of a slow, ongoing neurodegenerative process. Specifically, the neurons
showed a significant reduction in spine density, preferentially lost in the distal branches of
the dendrite, as well as a reduced dendritic arborization, and a trend toward a reduction in
total dendritic branch length. Thus, the CAG140 KI mice offers an opportunity to analyze
the mechanisms that lead to cellular pathology characteristic of HD, in addition to allowing
the testing of potential neuroprotective agents.

It is clear that both intrinsic and extrinsic mechanisms contribute to the demise of striatal
neurons in HD [11–13, 18, 50]. A role for cortical inputs has been documented in mouse
models [12, 13], however another intriguing possibility is the potential role of dysfunction in
the other main striatal input, the dopaminergic neurons from the Substantia nigra pars
compacta that are more commonly thought of as the primary deficit in Parkinson’s disease.
In humans, a reduction in dopamine receptors has been demonstrated in both symptomatic
and asymptomatic HD patients [1, 37, 38, 51]. Early loss of dopamine receptors, abnormal
transcriptional levels of dopamine-regulated proteins, reduced dopamine release, reduced
dopamine levels, have all been observed in the striatum of HD mice [5, 14, 16, 23, 49]. In
CAG 140 KI mice, we have shown reduction in D1 and D2 dopamine receptor mRNAs as
early as 4 months of age [14, 17]. On the presynaptic side, some studies have detected a loss
of striatal dopamine in post-mortem brains of HD patients [26] although the data have been
inconsistent [30, 31]. In the present study, we have measured immunoreactivity of TH, the
rate-limiting enzyme of catecholamine synthesis and a marker for dopamine terminals in the
striatum (which contains very few noradrenergic terminals). Interestingly, several studies
have reported an association between striatal dopamine deficiency and spine loss in medium
sized spiny neurons [4, 20, 21, 33, 46]. In fact, changes in dopamine function influencing
striatal spines in HD could either be pre- or post-synaptic. Importantly, our measurements
here were made using a fluorescently-labeled secondary antibody and measured with a
microarray scanner. This method provides enhanced correlation of signal intensity to antigen
concentration because, contrary to diaminobenzidine based immunodetection techniques, it
does not rely on an enzymatic reaction and it uses the expanded dynamic range of
fluorescence. TH immunofluorescence was markedly reduced, and although no non-
perfused tissue from these very old mice was available to perform neurochemical studies,
previous data in R6/2 mice, a severe model of HD, suggests that striatal dopamine is reduced
in old mutant mice [16].

It is tempting to interpret these data to suggest that dopamine therapy could be beneficial in
HD. Unfortunately, although L-dopa administration was found to improve short-term
symptoms in R6/2 mouse models, its long-term administration was deleterious to behavior
and survival [16]. Moreover, high-dose L-dopa treatment has not been shown to restore
spine density back to normal levels in either PD models or patients, demonstrating that an
increase in dopamine does not recover the pathology [8]. Perhaps dopamine needs to be
administered earlier, or other factors present in dopaminergic or other terminals contribute to
the morphological deficits in striatal neurons.

Indeed, another factor that could lead to spine loss is excess glutamate. Studies in mouse
models of HD have revealed increases in corticostriatal glutamate currents that occur early
in the course of the disease [24, 28]. In our study, we found that distal branches of the
dendrites suffered greater spine loss than those of the proximal dendritic branches. As the
distal dendrites are associated with growth and with relatively greater spine densities, they
are more susceptible to excessive activity of glutamatergic inputs and the resulting increase
in calcium levels that could lead to their degeneration [9]. At later disease stage, some
mouse models exhibit a disconnection of the corticostriatal synapse [7, 24]. Although it is
not known whether a cortical disconnection results in spine degeneration, or whether the
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spine degeneration is itself the cause of the cortical disconnection, it is clear that at the late
stage examined in our study, neuronal function is severely compromised.

In conclusion, we report loss in striatal volume from 12 months of age in both male and
female mice, with loss in corpus callosum volume by 20–26 months, and show that
surviving neurons in the striatum of 20–26 month old mice exhibit degenerative changes in
morphology, in particular loss of both immature and mature spines in distal branches. This
was accompanied by a decrease in striatal TH immunohistochemical staining, suggesting a
loss of dopaminergic input to the striatum at this age. Together, these data reveal additional
endpoint measures for neuroprotective studies. Our data clearly indicate that therapies
should target earlier stages of pathophysiology, prior to the occurrence of irreversible
cellular impairments that occur during disease progression. This is because the striatal
atrophy, and the morphological anomalies, present in striatal neurons in our mouse model at
20–26 months are likely to correspond to early manifest HD. The CAG140 KI mice provides
a useful model to analyze the effects of potential neuroprotective treatments on both short-
and long-term effects of the HD mutation, correlating to different stages of disease.
Furthermore, the protracted period of time between the appearance of subtle but robust
behavioral deficits at 1 month of age and evidence of frank neurodegeneration allows for the
testing of early and sustained neuroprotective interventions in this model, and provides a
long therapeutic time window in this model of HD, as occurs in HD itself.

Highlights

Here, we show striatal atrophy is already present at 12 months in CAG140 KI mice

We also show late-disease-stage (20–26m) atrophy in white matter in CAG140 KI mice

Late-disease-stage KI striatal neurons display extensive morphological degeneration

DA input may be altered in late-disease-stage KI striatum, as striatal TH is reduced

CAG140 KI mice are highly suited for testing neuroprotective therapies
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Fig. 1.
A) Male homozygous KI mice exhibit a striatal volume loss, with a significant 27%
reduction, by 12 months of age. **p<0.01 compared to WT, same timepoint. Data are mean
± sem (4 months, n=4–5; 12 months, n=3–4). B) Male homozygous KI mice show
significant volume reduction in the corpus callosum by 20–26 months of age (right).
*p<0.05 compared to WT, same timepoint. Data are mean ± sem (4 months, left, n=4–5; 12
months, middle, n=3–4; 20–26, right, months; n=4–7). Volumes of striatum are measured at
from bregma +1.94 through −0.46 [35] and cortical and corpus callosum volumes are
measured from these same sections. See text for details on statistical analyses.
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Fig. 2.
Frequency distribution of soma sizes in Golgi-stained MSSNs from 20–26 month old male
WT (n=3) and male homozygous KI mice (n=4). Medium sized spiny neurons were drawn
using a camera lucida and features measured from these drawings. Insert: Photomicrograph
of part of a representative golgi-stained MSSN observed through a CHS Olympus Hi Tech
Instruments, Inc. microscope. Scalebar: 20 µm.
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Fig. 3.
No differences were observed in the branch diameter (left) or total branch length (right)
between male WT and male homozygous KI mice. However, KI mice showed a slight trend
towards reduced total branch length. Data (mean ± sem; n=3–4) were analyzed with
ANOVA followed by Fisher’s LSD post hoc tests (dendritic diameter) or Student’s t test
(branch length).
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Fig. 4.
Sholl analysis of medium sized spiny neurons in 20–26 month-old male WT and male
homozygous KI CAG140 mice revealed that KI mice show fewer dendritic intersections,
indicating loss of dendritic field, when compared to WT mice. *p<0.05, **p<0.01 compared
to WT. Inset: Example of Sholl concentric circles, placed over a Golgi-stained MSSN drawn
using camera lucida technique. Bar = 100 µm. Data (mean ± sem; n=3–4) were analyzed
with ANOVA followed by Fisher’s LSD post hoc tests.
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Fig. 5.
Spine density in Golgi-stained medium sized spiny striatal neurons was significantly
reduced in male homozygous KI mice at branch orders 3, 4, and 5. *p<0.05, **p<0.01
compared to male WT, same branch order. Data (mean ± sem, n=3–4) were analyzed using
ANOVA followed by Fisher’s LSD post hoc tests.
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Fig. 6.
Male homozygous KI mice exhibited a loss of both immature and mature spines, with
greater loss of immature spines, *p<0.05. Data (mean ± sem, n=3–4) were analyzed using
ANOVA followed by Fisher’s LSD post hoc tests.
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Fig. 7.
Male homozygous KI mice show significant loss of striatal TH immunostaining, by 20–26
months of age. Sections were stained for TH, using fluorescence and the fluorescence
intensity quantified using a microarray scanner. KI mice showed 32% loss in TH intensity
(mean ± sem, n=5–6). **p<0.01 compared to WT, Student’s t test. Right: representative
photomicrographs of immunostaining.
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