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Abstract

Motor slowing, forebrain white matter loss, and striatal shrinkage have been reported in
premanifest Huntington’s disease (HD) prior to overt striatal neuron loss. We carried out detailed
LM and EM studies in a genetically precise HD mimic, heterozygous Q140 HD knock-in mice, to
examine the possibility that loss of corticostriatal and thalamostriatal terminals prior to striatal
neuron loss underlies these premanifest HD abnormalities. In our studies, we used VGLUT1 and
VGLUT2 immunolabeling to detect corticostriatal and thalamostriatal (respectively) terminals in
dorsolateral (motor) striatum over the first year of life, prior to striatal projection neuron
pathology. VGLUT1+ axospinous corticostriatal terminals represented about 55% of all excitatory
terminals in striatum, and VGLUT2+ axospinous thalamostriatal terminals represented about 35%,
with VGLUT1+ and VGLUT2+ axodendritic terminals accounting for the remainder. In Q140
mice, a significant 40% shortfall in VGLUT2+ axodendritic thalamostriatal terminals and a 20%
shortfall in axospinous thalamostriatal terminals was already observed at 1 month of age, but
VGLUT1+ terminals were normal in abundance. The 20% deficiency in VGLUT2+
thalamostriatal axospinous terminals persisted at 4 and 12 months in Q140 mice, and an additional
30% loss of VGLUT1+ corticostriatal terminals was observed at 12 months. The early and
persistent deficiency in thalamostriatal axospinous terminals in Q140 mice may reflect a
development defect, and the impoverishment of this excitatory drive to striatum may help explain
early motor defects in Q140 mice and in premanifest HD. The loss of corticostriatal terminals at 1
year in Q140 mice is consistent with prior evidence from other mouse models of corticostriatal
disconnection early during progression, and can explain both the measurable bradykinesia and
striatal white matter loss in late premanifest HD.
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Introduction

Although considerable attention has focused on the role of differential striatal projection
neuron loss in the progression of HD motor symptoms (Deng et al., 2004; Glass et al., 2000;
Reiner et al., 1988; Richfield et al., 1995), little attention has focused on the neuronal
pathology underlying the emerging motor symptoms reported in premanifest HD
individuals. For example, numerous studies have noted that premanifest HD individuals are
slowed in the initiation and/or execution of a variety of motor tasks involving the eyes,
hands or lower limbs (Bechtel et al., 2010; Biglan et al., 2009; Blekher et al., 2004; de Boo
etal., 1997; Delval et al., 2011; Kirkwood et al., 1999, 2000; Rao et al., 2008, 2011; Siemers
et al., 1996; Tabrizi et al., 2011; Turner et al., 2011). This defect is mild in premanifest cases
not yet near clinical onset, but more severe in those near onset (Bechtel et al., 2010;
Kirkwood et al., 2000; Rao et al., 2008, 2011; Rupp et al., 2010). Diverse types of imaging
studies (computed tomography, magnetic resonance imaging, positron emission
tomography, and diffusion tensor imaging) show that these growing motor symptoms in
premanifest HD occur in parallel with a slowly progressive loss of cerebral and striatal white
matter (Aylward et al., 2011; Ciarmiello et al., 2006; Dumas et al., 2012; Hobbs et al.,
2010a; Kipps et al., 2005; Paulsen et al., 2006; Reading et al., 2005; Rosas et al., 2006),
striatal hypometabolism (Ciarmiello et al., 2006; Grafton et al., 1992), and reduced striatal
activation during behavioral tasks (Paulsen et al., 2004; Wolf et al., 2012). Nonetheless, the
limited neuropathological studies of premanifest striatum have reported little or no neuronal
loss, particularly in the motor striatum (i.e. putamen) (Albin et al., 1991; VVonsattel et al.,
1985; Vonsattel and DiFiglia, 1998).

These findings in premanifest human HD raise the possibility that the very earliest motor
defects in HD victims may be related to the loss of afferent connectivity of motor striatum
with its major sources of excitatory input — cerebral cortex and thalamus. Both inputs mainly
end as terminals that make asymmetric synaptic contact with dendritic spines of striatal
projection neurons, which make up the vast majority of striatal neurons (Albin et al., 1989;
Gerfen, 1992; Reiner and Anderson, 1990; Smith et al., 2004; Wilson et al., 1982). The
input from cerebral cortex, which arises from all cortical regions to a greater or lesser extent,
is the more substantial of the two, and is thought to provide striatum with an instructive
signal for its role in motor control (Gerfen, 1992, Wilson, 1992). The thalamic input, which
arises heavily from intralaminar, mediodorsal and midline thalamic nuclei (Berendse and
Groenewegen, 1990; Groenewegen and Berendse, 1994), however, also provides drive to
striatum that is critical to its role in movement selection and facilitation (Kato et al., 2011;
Smith et al., 2004, 2009, 2011). In symptomatic HD, neuronal loss occurs in cortical layers
3,5, and 6, and is prominent by grade 4 (Byers et al., 1973; Cudkowicz and Kowall, 1990;
De La Monte et al., 1988; Passani et al., 1997; Selemon et al., 2004; Sotrel et al., 1991,
Vonsattel et al., 1985). Similarly, more than 50% neuronal loss in the intralaminar nuclei has
been reported for advanced HD (Heinsen et al., 1996), and thalamic shrinkage in HD
correlates with cognitive decline (Kassubek et al., 2004a,b). Consistent with their
vulnerability in symptomatic HD, regional cortical thinning and volume loss, and thalamic
volume loss have been seen in premanifest HD (Aylward et al., 2011; Rosas et al., 2005),
although again without evidence of neuron loss (Vonsattel et al., 1985).

Thus, although available data suggest that early loss of excitatory cortical and/or thalamic
input could be a major contributor to the striatal hypoactivity and motor abnormalities seen
in premanifest HD, direct neuropathological evidence for such input loss is lacking.
However, given the difficulties in obtaining EM grade fixation in human brain tissue and
given the difficulty in obtain premanifest HD brains for neuropathological study, it would be
challenging to address this issue by detailed EM study of human striatum. As an alternative
approach, we examined thalamostriatal and corticostriatal input loss over the first year of
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life in a precise genetic mimic of human HD, the heterozygous Q140 knock-in mouse, in
which expression of the mutant protein occurs from the native gene (Hickey et al., 2008).
Although homozygous Q140 mice show motor and behavioral abnormalities beginning by 6
months of age, and HD-like striatal neurochemical abnormalities and neuron loss by 12
months, the behavioral phenotype in heterozygous Q140 mice is more attenuated and mice
are not yet overtly symptomatic at 1 year of age (Rising et al., 2011). To identify
corticostriatal and thalamostriatal terminals in Q140 heterozygotes, we used
immunolabeling for VGLUT1 and VGLUT?2, respectively. Excitatory thalamic projection
neurons use the vesicular glutamate transporter VGLUT2 for packaging glutamate in
synaptic vesicles, while excitatory cortical neurons use VGLUT1 (Fremeau et al., 2001,
2004; Fujiyama et al., 2004; Herzog et al., 2001; Lei et al., 2013; Varoqui et al., 2002). We
confirmed the absence of striatal pathology at 12 months in Q140 heterozygotes. Our results
indicate deficiencies in thalamic input to the spines and dendrites of striatal neurons already
at one month, with substantial loss of cortical input to the spines of striatal neurons evident
at 1 year. Our results suggest that loss of thalamostriatal and corticostriatal terminals may, in
fact, underlie motor impairments in premanifest HD.

Materials and Methods

Animals

Results from 35 WT and heterozygous Q140 mice (obtained from JAX, Bar Harbor, Maine)
are presented here, and all animal use was carried out in accordance with the National
Institutes of Health Guide for Care and Use of Laboratory Animals, Society for
Neuroscience Guidelines, and University of Tennessee Health Science Center Guidelines.
Heterozygous HD mutants were studied because the human disease most commonly occurs
due to a single allelic defect. It should be noted that the repeat length in the Q140 mice that
we used had undergone a spontaneous reduction during breeding at JAX, and the average
repeat length in our eight 1-month old Q140 mice was 127.8, our five 4-month old Q140
mice was 128.6, and our five 12-month old Q140 mice was 135.0. Seven 1-month old WT
mice, five 4-month old WT mice, and five 12-month WT mice were studied. For histological
analysis, mice were deeply anesthetized with 0.2ml of 35% chloral hydrate in saline, and
then exsanguinated by transcardial perfusion with 30 ml of 6% dextran in sodium phosphate
buffer (PB), followed by 200 ml of 3.5% paraformaldehyde - 0.6% glutaraldehyde - 15%
saturated picric acid in PB (pH 7.4). The brain of each mouse was removed, postfixed
overnight in 3.5% paraformaldehyde - 15% saturated picric acid in PB. The right side of the
brain was used for light microscopic (LM) and the left for electron microscopic (EM)
analysis. For LM studies, forebrain was section at 35um and collected as 12 parallel series,
#1 and #7 of which were mounted on slides at the time for cresyl violet staining. For EM
studies, forebrain was sectioned at 50um on a vibratome.

Light Microscopic Visualization of VGLUT

Single-label immunofluorescence was carried out to examine the localization of VGLUT1
and VGLUT? in striatal axons and terminals. For these studies, we used either a guinea pig
VGLUT?2 antibody (AB5907, Chemicon Temecula, CA) or a rabbit VGLUT2 antibody
(\V2514, Sigma), and a guinea pig VGLUT1 antibody (AB5905, Chemicon Temecula, CA).
Sections were incubated overnight at room temperature either in the guinea pig anti-
VGLUT2 (1:1000), rabbit anti-VGLUT2 (1:2000), or guinea pig anti-VGLUT1 (1:1000).
After incubation in primary antibody at room temperature with gentle agitation, the tissue
was rinsed three times, and the secondary antibody incubation carried out. The sections were
incubated for 2 hours at room temperature (with gentle agitation) in an Alexa 594-
conjugated goat anti-guinea pig IgG (to detect the guinea pig anti-VGLUT1 or guinea pig
anti-VGLUT2) or an Alexa 594-conjugated goat anti-rabbit 1gG (to detect the rabbit anti-
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VGLUT?2). Secondaries were from Molecular Probes (Eugene, OR), and were diluted at
1:200. Sections were rinsed three times in 0.1M PB after incubation in secondaries, mounted
on gelatin-coated slides, and coverslipped with ProLong® antifade medium (Molecular
Probes, Eugene, OR). Sections were viewed and images captured using a Nikon D-Eclipse
C1 confocal laser scanning microscope (CLSM), using a 40x oil objective. Z-stack serial
images were collected at 1um (40x oil) steps from dorsolateral striatum. Note that some
single-label tissue was also prepared using the peroxidase-antiperoxidase method as detailed
in prior studies (Deng et al., 2006, 2007). Three striatal images from each of 3 sections at the
level of the anterior commissure for each mouse were analyzed (thus totaling nine images
per mouse) using the public-domain software NIH ImageJ (http://rsbweb.hih.gov/ij/
download.html). For each image, five areas were selected for detailed measurement, four
from each image quadrant and one from the center. Areas selected for measurement were
300-500 um? in size, and free of perikarya or fiber bundles. Three types of measurements
were made: 1) the mean labeling intensity of the selected area; 2) the intensity of the
immunolabeled fibers in the selected area; and 3) the percent of the selected area covered by
immunolabeled fibers. Immunolabeled fibers were highlighted by auto-thresholding to allow
their selective measurement.

Light Microscopic Visualization of Striatal Neuron Markers

LM immunohistochemical analysis was carried out to determine the effects of the Q140
mutation on the neurochemical integrity of striatal projection neurons, as evaluated by their
outputs to their target areas. The peroxidase-antiperoxidase (PAP) procedure as described
previously (Reiner et al., 2007, 2012a) was used for substance P (SP) immunolabeling to
study SP+ striatal projection systems, and for enkephalin (ENK) immunolabeling to study
ENK+ striatal projection systems. The anti-SP was a rabbit polyclonal antibody
(ImmunoStar, Hudson, WI) whose specificity has been documented previously (Figueredo-
Cardenas et al., 1994). The anti-ENK used was a rabbit polyclonal antibody against leucine-
enkephalin (ImmunoStar, Hudson, WI) whose specificity has also been shown previously
(Reiner, 1987; Reiner et al., 2007).

EM immunolabeling for VGLUT1 or VGLUT2

Sections were pretreated with 1% sodium borohydride in 0.1 M PB for 30 minutes followed
by incubation in 0.5% H,0O, solution in 0.1 M PB for 30 minutes. To carry out conventional
single-label immunohistochemistry, sections were incubated overnight at room temperature
in primary antiserum diluted 1:2000 (VGLUT1) or 1:2000 (VGLUT2) with 0.1M PB
containing 10% normal horse serum, 4% normal goat serum, 1.5% bovine serum albumin,
and 0.02% Triton X-100. Sections were then rinsed and incubated in biotinylated goat anti-
guinea pig 1gG diluted 1:100 (to detect guinea pig anti-VGLUT1 or VGLUT2) or
biotinylated goat anti-rabbit 1gG 1:100 (to detect rabbit anti-VGLUT2) in 0.1M PB (ph7.4)
at room temperature for one hour, followed by incubation in the ABC complex in 0.1M PB
(pH7.4) at room temperature for two hours. The sections were rinsed between secondary and
ABC incubations in three five-minute washes of PB. Subsequent to the ABC incubation, the
sections were rinsed with three to six 10-minute washes in 0.1M PB, and a peroxidase
reaction using diaminobenzidine (DAB) carried out. After the PB rinses, the sections were
immersed for 10 minutes in 0.05% DAB (Sigma, St. Louis, MO) in 0.1M PB (pH7.2).
Hydrogen peroxide was then added to a final concentration of 0.01%, and the sections were
incubated in this solution for an additional 10 minutes, and washed six times in PB. Some
sections to be viewed by LM were mounted onto gelatin-coated slides, dried, and
dehydrated, cleared with xylene, and coverslipped with Permount® (Fisher Scientific,
Pittsburgh, PA). Tissue to be examined by EM was rinsed, dehydrated, and flat-embedded in
plastic as described below.
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Preparation of Tissue for EM

Following immunolabeling as described above, sections processed for EM viewing were
rinsed in 0.1M sodium cacodylate buffer (pH 7.2), postfixed for 1 hour in 2% osmium
tetroxide (OsOy) in 0.1 M sodium cacodylate buffer, dehydrated in a graded series of ethyl
alcohols, impregnated with 1% uranyl acetate in 100% alcohol, and flat-embedded in
Spurr’s resin (Electron Microscopy Sciences, Fort Washington, PA). For the flat-
embedding, the sections were mounted on microslides pretreated with liquid releasing factor
(Electron Microscopy Sciences, Fort Washington, PA). The Spurr’s resin-embedded
sections were examined light microscopically for the presence of VGLUT-immunolabeled
axons and terminals in striatum. Pieces of embedded tissue were cut from the dorsolateral
(motor) striatum and glued to carrier blocks, and ultrathin sections were cut from these
specimens with a Reichert ultramicrotome. The sections were mounted on mesh grids,
stained with 0.4% lead citrate and 4.0% uranyl acetate using an LKB Ultrastainer, and
finally viewed and images captured with a JEOL 2000EX electron microscope.

VGLUT Antibodies Used

EM Analysis

Both guinea pig VGLUT antisera are highly selective for their target antigens (Fremeau et
al., 2001; Montana et al., 2004). The immunogen peptide used to produce the VGLUT1
antibody (Chemicon Cat. # AB5905) was rat VGLUT1 C-terminus, aa542-560. VGLUT1
antibody specificity has been demonstrated by Western blot analysis of rat cerebral cortex
(Melone et al., 2005), and by immunogen block of retinal immunolabeling (Wassle et al.,
2006). Melone et al. (2005) also showed that immunofluorescence with Chemicon anti-
VGLUT1 nearly completely overlapped that for a previously well-characterized antibody
against VGLUT1, although its target was called the brain-specific Na-dependent inorganic
phosphate co-transporter (BNPI) at that time (Bellocchio et al., 1998). The immunogen
peptide for the guinea pig VGLUT2 antibody (Chemicon Cat. # AB5907) was rat VGLUT?2
C-terminus, AA 565-582, and Montana et al. (2004) showed specificity of the VGLUT2
antiserum in Western blots of rat cerebral cortex, and Wassle et al. (2006) reported that
preadsorption of the VGLUT?2 antiserum with its immunogen peptide blocked
immunostaining in mouse retina. VGLUT?2 is also known as the differentiation-associated
Na-dependent inorganic phosphate co-transporter (DNPI). The immunogen for the rabbit
VGLUT2 antibody (V2514, Sigma) was a synthetic peptide located near the C-terminus of
rat VGLUT2 (amino acids 520-538). The sequence is identical in mouse and human
VGLUT2 and has no homology to VGLUT1. Western blotting by the manufacturer confirms
antibody specificity. A previous study of ours demonstrated that the immunolabeling in rat
striatum for the two VGLUT?2 antibodies used here show complete colocalization (Lei et al.,
2013).

Analysis and quantification was carried out on random fields using digital EM images. We
focused on dorsolateral somatomotor striatum, which is poor in striosomes (although not
entirely devoid) and the major target of intralaminar thalamus (Berendse and Groenewegen,
1990; Desban et al., 1993; Gerfen, 1992; Wang et al., 2007), and performed the analysis in
the upper 5 microns of the sections, in which labeling was optimal. We avoided the very
surface, where histology was poor. The size of terminals was determined by measuring them
at their widest diameter parallel to and 0.1um before the postsynaptic density, and spines
were identifiable by their small size, continuity with dendrites, prominent postsynaptic
density, and/or the presence of spine apparatus (Wilson et al., 1983). Dendrites were
identifiable by their size, oval or elongate shape, and the presence of microtubules and
mitochondria. For VGLUT1 and VGLUT?2, counts of labeled and unlabeled synaptic
terminals on spines and dendrites were made to ascertain the percent of axospinous and
axodendritic terminals in mouse striatum that possess VGLUT1 or VGLUTZ2, and to

Neurobiol Dis. Author manuscript; available in PMC 2014 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Deng et al.

Page 6

determine the abundance of each terminal type per unit area of striatum. The data are
presented as group means (£SEM) for the various traits analyzed, unless otherwise stated.
Analysis for each animal is based on 30-50 EM images per marker, which typically totaled
>150 thalamic and cortical terminals per animal.

Volume Measurements

To evaluate the effect of the Q140 genotype on the volume of striatum, blinded image
analysis was carried out (Reiner et al., 2007, 2012a). An image of each section in the one-in-
six cresyl violet series of the LM hemisphere, mounted for each mouse at the time of
sectioning, from the rostral telencephalic pole to just behind the anterior commissure, was
captured using an Aperio ScanScope XT scanner. NIH ImageJ software was used to
measure the area occupied by the striatum from the end of the olfactory bulb to the level just
behind the anterior commissure. The striatum was defined by the contours of the external
capsule and globus pallidus, while the boundaries of the lateral ventricles were readily
evident. Section thickness and spacing were used to calculate volume from the area
measurements.

Striatal Neuron Analysis

Statistics

To assess injury to the striatal projection systems in the Q140 mice, blinded computer-
assisted image analysis was carried out on immunolabeled striatal terminals in each of the
three main striatal projection targets in rodents, the globus pallidus externus (GPe), the
globus pallidus internus (GPi), and the substantia nigra (SN). For these studies, the extent
and immunolabeling intensity of the striatally derived ENK fiber plexus in GPe and the
striatally derived SP fiber plexuses in GPi and SN were analyzed using ImageJ software, as
in our prior studies on human HD or HD animal models (Deng et al., 2004; Figueredo-
Cardenas et al., 1994; Meade et al., 2000; Reiner et al., 2007, 2012a; Sun et al., 2002).
Slides with sections immunolabeled for SP and ENK were scanned at 4800 dpi resolution
(Epson Perfection 4490 Photo Scanner). Images of the entire GPe, GPi or SN were cropped
bilaterally from the 1-2 (for GPi) or 4-6 (for GPe and SN) sections spanning their
rostrocaudal extent in a one-in-twelve series. The immunolabeled fibers in GPe, GPi, or SN
were highlighted, and their area and intensity (reflecting peptide abundance) determined
using the automatic thresholding and optical density measuring capabilities of ImageJ
software. Autothreshold uses the iterative isodata algorithm of Ridler and Calvard (1978) to
set threshold at halfway between the foreground and background. To correct for slight
variations in image intensity stemming from variations in lighting during scanning and/or
from variations in the staining protocol, the background intensity of the captured images was
standardized using the editing capabilities of ImageJ to a value of 100 on the 0-255 white-
to-black gray scale employed by Image J. The region used to set the background intensity
for each image was an area of unlabeled white matter within the field of view. For GPe and
GPi, the external capsule was used, while for the substantia nigra the cerebral peduncle was
used. Means per mouse were calculated for each structure and parameter from the individual
measurements (Reiner et al., 2012a).

Parametric t-tests were used to evaluate statistically significant differences between WT and
Q140 mice within each of the three age groups examined for each of the parameters
measured, all of which were independent. In the few instances in which terminals within a
specific size range were compared between WT and Q140 mice by a t-test, a Bonferroni
correction for multiple comparisons was applied. A Mann-Whitney U nonparametric t-test
was performed for those few data sets that were not normally distributed.
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- CLSM

We observed a significant decline in VGLUT1 and VGLUT?2 terminals in striatum at the
LM level at 12 months, but not earlier (Figs. 1, 2; Table 1). We evaluated three indicators of
VGLUT fibers: 1) intensity of immunolabeling in the entire striatal field analyzed; 2)
intensity of immunolabeling specifically in the labeled fibers; and 3) percent of the striatum
covered by immunolabeled fibers. As can be seen, the overall intensity of striatal labeling
for both VGLUT1 and VGLUT2 in the mutants was not significantly different than in the
WT at either 1 month or 4 months. The overall striatal immunolabeling intensity measure
reflects both fiber abundance and their VGLUT content. Using thresholding to examine
selectively and separately the intensity and abundance of immunolabeled fibers, we also saw
no significant difference for either VGLUT1 or VGLUT2 at the LM level between Q140
and WT at 1 month. Similar analysis for WT and Q140 at 4 months revealed a trend toward
slight reductions in VGLUT1 and VGLUT2 terminal abundance in striatum (about 5-10%),
but the reductions were not statistically significant. At 12 months, however, there was clear
evidence that both VGLUT1 corticostriatal and VGLUT?2 thalamostriatal terminals were
reduced in abundance in Q140 HD mice. Overall VGLUT1 and VGLUT2 immunolabeling
in striatum (VGLUT intensity for entire striatum) was significantly reduced by 15-20%, and
the specific abundance of VGLUT?2 thalamostriatal fibers and terminals was also
significantly reduced by about 20%. Although the specific abundance of VGLUT1
corticostriatal fibers appears comparably reduced, this was not significant for this sample.
The immunolabeling intensity for individual thresholded fibers showed a trend toward
significant reduction (p<0.055) for both VGLUT1 and VGLUT?2. Thus, the overall LM data
indicate that both VGLUT1 and VGLUT2 are diminished at 12 months in Q140
heterozygotes, but they are not clearly diminished at 4 months.

Because of the inherent limitations of LM studies for specific assessment of synaptic
terminal loss, we also performed quantitative EM studies. Four types of terminals were
assessed at each of the three ages examined (1, 4, and 12 months): 1) VGLUT1
corticostriatal terminals on spines of striatal neurons; 2) VGLUT?2 thalamostriatal terminals
on spines of striatal neurons; 3) VGLUTL corticostriatal terminals on dendrites of striatal
neurons; and 4) VGLUT?2 thalamostriatal terminals on dendrites of striatal neurons. Only
terminals with an overt synaptic contact possessing a PSD (post-synaptic density) were
measured, since all VGLUT terminals are excitatory and their synaptic contacts evidenced
by the presence of vesicles in the terminal and a PSD in the spine or dendrite (Lei et al.,
2013). Results for each terminal type are presented below in separate sections.

VGLUT1 Axospinous Terminals—VGLUT1 axospinous terminals showed an age-
related increase in size and an age-related decrease in spatial frequency in WT mice, as
shown in the mean size, mean spatial frequency, and size frequency distribution data (Figs.
3-6; Table 2). At 1 and 12 months, VGLUT1 axospinous terminals showed a bimodal size
frequency distribution that may reflect a size difference between the small IT-type and large
PT-type corticostriatal terminals (Reiner et al., 2010) (Fig. 5). No difference was seen
between Q140 and WT mice at 1 or 4 months in mean size, mean spatial frequency, or size
frequency distribution of VGLUT1 axospinous terminals (Fig. 5A-B; Table 2). At 12
months, however, a significant 27.3% reduction in the spatial abundance of VGLUT1
axospinous terminals was seen in the Q140 mice (Fig. 6). The size frequency distribution
showed that the loss was in smaller terminals (0.4-0.5 pm), coinciding with the smaller of
the two peaks seen in WT mice for VGLUT1 axospinous terminals (Fig. 5C). Note that the
decline in spatial abundance of VGLUT1+ axospinous terminals in Q140 mice at 12 months
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did not stem from a failure to label otherwise surviving corticostriatal terminals, but rather
appears to reflect true terminal loss. VGLUT1-negative axospinous terminals were observed
in the same frequency as VGLUT2+ axospinous terminals in WT and Q140 mice, meaning
there was not a disproportionate increase in VGLUT1-unlabeled corticostriatal terminals in
Q140 mice.

VGLUT2 Axospinous Terminals—As shown by their mean size and the peak of their
size frequency distributions, VGLUT2 axospinous corticostriatal terminals became larger
with age in WT mice, being larger at 4 months than 1 month (Figs. 7-9, Table 2).
Associated with this growth in terminal size was also a decreased spatial frequency of the
terminals. For example, axospinous VGLUT2 terminals are 10-20% less abundant per unit
area at 4 months than 1 month. In general, a similar size increase is seen in the Q140 mice
for VGLUT?2 axospinous thalamostriatal terminals as in the WT mice. Note, however, there
is a trend toward a 20% shortfall in the overall spatial abundance of VGLUT2 axospinous
terminals in Q140 mice compared to WT at 1 month, and a significant 20% reduction in the
overall spatial abundance of VGLUT2 axospinous terminals in Q140 mice at 4 months, and
a comparable loss at 12 months (Fig. 6). This is shown in the table, in which abundance is
expressed as synaptic terminals per square micron (Table 2). Comparisons for specific size
ranges indicate that a loss occurs for smaller terminals in Q140 mice at all ages examined
(Fig. 9). In the case of 1-month mice, the shortfall of VGLUT2 axospinous terminals occurs
in the 0.3-0.6 pm range compared to WT mice (Fig. 9A), while the loss occurs in the 0.5—
0.8 um range at 4 and 12 months (Fig. 9B and 9C). The results thus indicate a shortfall in
thalamostriatal axospinous terminals in Q140 striatum, beginning very early in the lifespan,
already being evident at 1 month. Note that the shortfall in spatial abundance of VGLUT2+
axospinous terminals in Q140 mice did not stem from a failure to label otherwise surviving
thalamostriatal terminals, but rather appears to reflect true terminal shortfall. VGLUT2-
negative axospinous terminals were observed in the same frequency as VGLUT1+
axospinous terminals in WT and Q140 mice, meaning there was not a disproportionate
increase in VGLUT2-unlabeled thalamostriatal terminals in Q140 mice.

VGLUT1 Axodendritic Terminals—VGLUT1 axodendritic terminals were the least
common terminal type in WT mice, and showed a decline in abundance and increase in size
from 1 month to 4 and 12 months. A similar trend was seen for VGLUT1 axodendritic
terminals in Q140 mice, and no significant differences were seen between WT and Q140 at
any age in spatial frequency or size (Table 2). Note, however, that due to the scarcity of this
terminal type, results were somewhat variable.

VGLUT2 Axodendritic Terminals—VGLUT2 axodendritic terminal size showed a more
complex pattern than VGLUT2 axospinous terminal size in WT mice (Figs. 10-11).
VGLUT2 axodendritic terminals in WT mice were smaller in mean size at 1 month than at 4
and 12 months, and the spatial frequency data showed an overall decline of about 50% in
their abundance from 1 to 4 months, which was maintained at 12 months (Fig. 6). The size
frequency distribution data showed that the age-related decline in WT mice was in smaller
(<0.6 um) VGLUT2 axodendritic terminals. Q140 mice showed a 40% shortfall in VGLUT2
axodendritic terminals at 1 month of age (Figs. 6 and 11A). The size frequency data shows
the shortfall in Q140 mice to be in larger terminals. Since there was no significant increase
in VGLUT2- negative axodendritic terminals at 1 month in Q140 mice, the shortfall in
VGLUT2+ axodendritic terminals appears to represent a true deficiency in axodendritic
thalamic input to striatum at this age. Unlike WT mice, Q140 mice showed no decline in the
abundance of VGLUT2 axodendritic terminals from 1 to 4 months of age. As a result, no
significant differences were evident between WT and Q140 mice in the spatial frequency of
VGLUT2 axodendritic terminals at 4 and 12 months (Fig. 11B and 11C). Nonetheless, the
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size frequency distributions of terminals showed that at 12 months, Q140 mice had more
small (0.4um) and fewer large (0.8um) VGLUT2 axodendritic terminals than did WT mice.
No such differences were seen at 4 months.

Comparisons among Terminal Types—The relative frequency of each terminal type
as a percent of all four types summed together (axospinous VGLUT1, axodendritic
VGLUT1, axospinous VGLUTZ2, and axodendritic VGLUTZ2) is shown in Table 3. These
data highlight and detail the trends described above. At 1 month, a noteworthy relative
deficiency in VGLUT2 axodendritic terminals is evident. Together with an under-
representation of VGLUT2 axospinous terminals, this results in a relative over-
preponderance of VGLUT1 axospinous terminals at 1 month. At 4 months, the 20% shortfall
in VGLUT2 axospinous terminals yields a prominent under-representation of that terminal
type compared to others and again a relative over-preponderance of VGLUT1 axospinous
terminals. Finally, the larger loss of VGLUT1 axospinous than VGLUT2 axospinous
terminals at 12 months in Q140 mice yields relative under-representation of VGLUT1
axospinous and relative over-representation of VGLUT2 axospinous terminals at that age.
Additionally, a slight excess of VGLUT?2 axodendritic terminals was evident in Q140 mice
at 4 and 12 months.

LM Striatal Pathology Assessment

Striatal Volume—Note that precise estimates of the abundance of particular terminal
types in striatum, and the impact of the Q140 mutation on this, need to take into account the
reducing effects of age-related growth of striatal volume on VGLUT terminal spatial
frequency, as well as the possible enhancing effects of disease-related striatal shrinkage on
VGLUT terminal spatial frequency. To this end, we performed stereological volume
measurements on the LM half of the brain for our cases. We found that the striatum in Q140
mice is not significantly different in its volume than it is in WT at any of three ages
examined (Fig. 12). Thus, the area data for VGLUT terminal spatial frequency at each age
accurately reflects the relative similarities or differences between WT and Q140 mice in
VGLUT terminal abundance. The striatal volume for WT increased about 35% from 1 to 4
months as the mice grew to adulthood, and then another 10% by 12 months. Due to the
increased volume, VGLUT1 axospinous and VGLUT2 axospinous terminals were about
20% more numerous in the entire striatum at 4 months and about 40% more numerous at 12
months than at 1 month, despite their lower spatial density at 4 and 12 months than at 1
month.

Striatal Projection Systems—Additionally, we measured the abundance of SP+ striatal
terminals in GPi and substantia nigra, and ENK+ striatal terminals in GPe (Fig. 13). We
found no differences between Q140 and WT in any of these measures, indicating that striatal
projections neurons were not notably affected in the HD mutants at these ages. Thus, the
loss of cortical and thalamic terminals that was observed at the ages studied did not
obviously stem from striatal neuron loss at those ages, but rather was more likely to stem
from input loss.

Discussion

Our EM results show early occurring deficiencies in the thalamic input to striatum and a
later occurring loss of cortical input in the Q140 heterozygous mouse. The early occurring
deficiency in thalamic input includes a 40% shortfall in thalamic input to dendrites at 1
month, and a 20% shortfall in thalamic input to spines that is also already manifest at 1
month and maintained at 4 and 12 months. By contrast, a 30% loss of cortical input is not
evident until 12 months, and the loss is for axospinous terminals. Our LM data also show
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overall reduction (i.e. not distinguishing axospinous and axodendritic terminals) in cortical
input to striatum of about 20% at 12 months of age. Our LM and EM data for corticostriatal
input loss are thus largely consistent with one another, indicating that corticostriatal neuron
loss occurs between the ages of 4 and 12 months, and is significant (20-30%) by 12 months.
Consistent with this time frame, slight cortical thinning (about 15%) is observed in
heterozygous Q140 mice at 12 but not 9 months (Rising et al., 2011). Our EM data on
thalamostriatal projections, however, detect a deficiency in VGLUT2+ input already at 1
month, but our LM data do not detect a VGLUT2+ input deficiency until 12 months. Our
LM approach, however, could not distinguish between synaptic terminals and preterminal
axons, while our EM approach only counted synaptic terminals. Thus, it may be that the
arborization of VGLUT2+ thalamostriatal axons is largely normal in Q140 mice at 1 and 4
months, but these axons are deficient in the number of synaptic terminals they make. Our
LM and EM data together suggest that the arborization of VGLUT2+ thalamostriatal axons
and the number of terminals they form are both deficient by 12 months in Q140 mice.
Taking cortical and thalamic input loss together, this yields an overall deficiency of about
25% in excitatory drive to striatum.

Our volumetric data indicate no significant differences between Q140 and WT in striatal
volume over the 1-12 month age range, and our projection neuron immunolabeling indicate
no significant differences between Q140 and WT in striatal projection neuron
neurochemistry, suggesting no major loss in striatal projection neurons in the heterozygous
Q140 mice studied here. Prior studies indicate no significant loss of striatal neurons in
homozygous Q140 mice until >1 year of age (Hickey et al., 2008; Lerner et al., 2012), and a
yet milder phenotype in heterozygous Q140 mice (Rising et al., 2011), further supporting
the conclusion of no major striatal neuron loss in our Q140 mice over the age range studied
here. Thus, it seems likely that the abnormalities in thalamic and cortical input to striatum in
Q140 mice that we observed do not reflect loss of striatal neurons per se. Rather, it seems
likely that loss or deficiency in the cortical or thalamic inputs to striatum per se accounts for
our results. The loss of input could stem from impoverishment in axonal arborization and
synapse formation by the cortical and thalamic inputs. Alternatively, loss of cortical or
thalamic neurons may contribute to the deficient input to striatum in our Q140 mice. The
latter, however, seems unlikely since cortical and thalamic neuron loss occurs after striatal
neuron loss in HD, and we observed no evident striatal neuron loss in our Q140 mice. Our
results thus indicate that an early occurring phenotype of heterozygous Q140 mice is a
shortfall in the thalamic input to striatum, followed by later pruning of cortical input, in the
likely absence of neuron loss from either cortex or thalamus, or their target the striatum. The
early thalamic input shortfall raises the possibility that there is a developmental defect in
striatal innervation by thalamus caused by the HD mutation in the Q140 mice. Consistent
with this possibility, mild and non-progressive defects are evident in heterozygous Q140
mice in rearing and rotarod performance from a few months of age (Rising et al., 2011).
These issues and their relevance to human HD are discussed in greater detail below.

Thalamic Input to Striatum in HD

Thalamic atrophy and hypometabolism have been reported in premanifest HD (Aylward et
al., 2011; Feigin et al., 2007; Paulsen et al., 2004), although neuron loss has not been
reported (Vonsattel et al., 1985). In symptomatic HD, both thalamic shrinkage and cell loss
are evident (Byers et al., 1973; Douaud et al., 2006; Mann et al., 1993; Vonsattel, 2008;
Vonsattel et al., 1985), with up to 50% interneuron loss in intralaminar thalamus late in
disease (Heinsen et al., 1996, 1999), and atrophy of somatosensory thalamus as well (Dom
etal., 1976). Imaging studies confirm that intralaminar thalamic nuclei projecting to frontal
cortex and/or striatum undergo considerable atrophy in HD, and their atrophy is associated
with cognitive (Kassubek et al., 2004a), and motor deficits (Ginestroni et al., 2010).
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Consistent with the deficits associated with thalamostriatal projection system degeneration
in HD, thalamic input to striatum is thought to play a role in attentional mechanisms
concerning motor planning and preparedness (Smith et al., 2004). Various morphological
and neurochemical thalamic abnormalities have also been observed in mouse models of HD,
including increased GFAP expression, loss of the adhesion molecule tenascin-C, and loss of
the synaptic protein complexin 1l in the parafascicular intralaminar nucleus of R6/2
transgenic mice (Freeman and Morton, 2004; Kusakabe et al., 2001). Of further note, striatal
expression of the semaphorin 3E receptor Plexin-D1 is significantly reduced early in the
lifespan of several transgenic or knock-in HD mice (Kuhn et al., 2007). This is of note
because synapse formation between thalamostriatal terminals and direct pathway striatal
projection neurons involves presynaptic semaphorin 3E — postsynaptic Plexin-D1 signaling
(Ding et al., 2011), and the early underexpression of Plexin-D1 in HD mouse striatum may
reflect a developmental defect and/or a loss in thalamostriatal connectivity for this neuron
type. Significant abnormalities in striatal expression of Plexin-D1 are also seen early in the
course of human HD as well (Strand et al., 2007). Similar HD-related impairment of
developmental signaling could occur for thalamic input to indirect pathway neurons as well.

We observed an early occurring and seemingly sustained deficiency in thalamic input to
striatal neuron dendrites in heterozygous Q140 mice. The shortfall was in the larger
axodendritic thalamic terminals. That this shortfall was already evident at one month
suggests that it may have been a developmental defect, since the thalamostriatal circuitry
forms shortly after birth in rodents (Ding et al., 2011). The possibility of brain
developmental defects has been suggested in human HD as well (Nopoulos et al., 2011). As
thalamic input ends on the dendritic shafts of both cholinergic interneurons and striatal
projection neurons (Bacci et al., 2002, 2004; Giorgi et al., 2001; Salin and Kachidian, 1998),
we cannot know whether the missing thalamic axodendritic input in Q140 mice occurs for
cholinergic interneurons or striatal projection neurons. A deficiency in thalamic input to
spines as well was seen already at 1 month, and maintained at 4 months and 12 months. This
too may represent a developmental defect, but possibly involve a progressive degenerative
component as well. It is uncertain if the deficiency in thalamic input to Q140 striatum is a
reflection of a reduced number of thalamic neurons, or a deficiency in their striatal
branching. In any event, our results suggest that the thalamic shrinkage and hypometabolism
observed in premanifest human HD may reflect early disease effects on thalamostriatal
projection neurons, leading to deficient thalamostriatal connectivity that contributes to the
concomitant striatal hypometabolism seen in human imaging studies. As noted above, the
mild and non-progressive motor defects in heterozygous Q140 mice from a few months of
age may in part stem from the early occurring thalamostriatal defect in these mice (Rising et
al., 2011). This could also be the case for the behavioral abnormalities seen in homozygous
Q140 mice in their first year of life before any demonstrated striatal pathology or neuron
loss (Hickey et al., 2008; Lerner et al., 2012; Menalled et al., 2003).

Cortical Input to Striatum in HD

Numerous magnetic resonance imaging (MRI) and computed tomography (CT) imaging
studies have noted regional cortical thinning and volume loss in premanifest HD, coupled
with loss of cerebral white matter (Aylward et al., 2011; Ciarmiello et al., 2006; Dumas et
al., 2012; Hobbs et al., 2010a; Kipps et al., 2005; Paulsen et al., 2006; Reading et al., 2005;
Rosas et al., 2005, 2006). Additionally, cerebral white matter loss coincident with striatal
hypometabolism (Ciarmiello et al., 2006; Grafton et al., 1992), and hypoactivation during
task performance (Paulsen et al., 2004; Wolf et al., 2012) have been noted. Consistent with
imaging studies of cerebrum, neuropathological investigation has reported loss of cerebral
axons in premanifest HD (DiProspero et al., 2004). Although premanifest cortical neuron
loss has not been quantified, it is generally thought to be minimal (Nopoulos, et al., 2010;
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Vonsattel et al., 1985; Vonsattel and DiFiglia, 1998). Several authors have suggested that
corticostriatal connectivity and drive becomes diminished in premanifest HD, increasingly
so as onset nears (Wolf et al., 2008a,b, 2012). In this context then, our results in Q140 mice
showing about 30% loss of corticostriatal terminals prior to striatal neuron loss and
prominent motor decline suggest that corticostriatal synaptic pruning may occur during
premanifest HD, and at least in part account for the observed abnormalities in striatal
activity. Given the important role that cortical excitatory drive plays in the motor role of
striatum, the early loss of corticostriatal input, together with a deficiency in thalamic input,
may help explain the growing motor slowing evident in premanifest HD (Bechtel et al.,
2010; Biglan et al., 2009; Blekher et al., 2004; de Boo et al., 1997; Delval et al., 2011;
Kirkwood et al., 1999, 2000; Rao et al., 2008, 2011; Siemers et al., 1996; Tabrizi et al.,
2011; Turner et al., 2011). Premanifest corticostriatal terminal loss might be expected as an
early reflection of a pathogenic process that in symptomatic HD causes significant regional
thinning of cerebral cortex (Douaud et al., 2006; Kassubek et al., 2004b; Muhlau et al.,
2007; Rosas et al., 2003). The cortical shrinkage and white matter loss seen with imaging
studies in symptomatic HD have been shown by neuropathological studies to reflect
pyramidal projection neuron loss (Byers et al., 1973; Cudkowicz and Kowall, 1990; De La
Monte et al., 1988; Passani et al., 1997; Selemon et al., 2004; Vonsattel et al., 1985). The
neuron loss is progressive and can involve 50-70% of neurons in layers 3, 5, and 6 by late
HD (Hedreen et al., 1991; MacDonald and Halliday, 2002; Sotrel et al., 1991). MRI and
functional MRI studies show that cortical thinning in symptomatic HD involves both gray
and whiter matter loss, is related to disease progress and to CAG repeat length (Jech et al.,
2007; Kassubek et al., 2004b; Rosas et al., 2005; Squitieri et al., 2009), and is associated
with loss of input to striatum (Bohanna et al., 2011; Kloppel et al., 2008; Wolf et al., 2008b).
Unlike in our Q140 mice, however, striatal shrinkage is observed in premanifest HD
individuals, increasingly so with proximity to clinically defined onset (Aylward et al., 1994,
1996, 2000; van den Bogaard et al., 2011; Henley et al., 2009; Hobbs et al., 2010b; Jurgens
et al., 2008; Kipps et al., 2005; Paulsen et al., 2006; Wolf et al., 2012). It is uncertain if this
is so because of a greater magnitude of striatal white matter loss in premanifest human HD,
or because of some degree of early striatal neuron loss (Augood et al., 1997; Glass et al.,
2000; Deng et al., 2004).

Although loss of corticostriatal input prior to significant striatal neuron loss has not been
directly demonstrated neuropathologically in either human HD or in prior studies of mouse
HD models, various neuropathological and physiological data from mouse models are
consistent with our finding in premanifest Q140 mice. For example, loss of presynaptic
markers such as Lin7b and synaptophysin from cortex, loss of postsynaptic markers such as
PSD-95 from striatum, loss of dendritic spines from striatal projection neurons, and/or loss
of excitatory synaptic terminals in striatum are observed in early symptomatic R6/2 and
YAC128 mice (Cepeda et al., 2003; Cummings et al., 2010; Graham et al., 2009; Klapstein
et al., 2001; Singaraja et al., 2011), consistent with loss of corticostriatal terminals by early
symptomatic stages. The electrophysiological data from mouse models suggests that direct
pathway neurons in particular are the striatal projection neuron type that shows reduced
glutamatergic corticostriatal excitation (André et al., 2011a, b). Of interest with regard to our
evidence for corticostriatal synaptic terminal loss prior to striatal projection neuron loss in
Q140 mice, this striatal projection neuron type does not show loss in either R6/2 or YAC128
mice at the ages at which it shows electrophysiological signs of cortical disconnection (Benn
et al., 2007; Reiner et al., 2012a,b).

The size of the corticostriatal terminals lost in Q140 mice suggests that it may, in fact, be the
case for them as well that a substantial amount of the loss of corticostriatal terminals at 1
year occurs for direct pathway type striatal projection neurons. The corticostriatal input
arises from two neuron types, an intratelencephalically projecting (IT) — type residing
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predominantly in layer 111 and upper layer V, and a pyramidal tract (PT) - type located
primarily in lower layer V (Cowan and Wilson, 1994; Levesque and Parent, 1998; Levesque
et al., 19964, b; Parent and Parent, 2006; Reiner et al., 2003; Wilson, 1987; Wright et al.,
1999, 2001). We and other investigators have found in rats and monkeys that PT-type
corticostriatal neurons preferentially contact striatal neurons projecting to the external
segment of globus pallidus (GPe) with larger terminals, while I1T-type cortical neurons
preferentially target striatal neurons projecting to the internal pallidal segment (GPi) or the
substantia nigra pars reticulata (SNr) with smaller terminals (Cepeda et al., 2008; Lei et al.,
2004; Reiner et al., 2010). In the present study in 12-month old Q140 mice, the loss of
corticostriatal terminals occurred selectively for smaller terminals, suggesting they might be
IT-type terminals and preferentially lost from direct pathway type striatal neurons. If this is
the case, this loss of drive to the “go” neurons of the direct pathway would be expected to
cause behavioral hypoactivity, which is observed as a major symptom as Q140 mice age
(Hickey et al., 2008; Menalled et al., 2003; Rising et al., 2011). If a similar event occurs in
humans, it could help explain the slowing of movement initiation and execution seen in
premanifest HD.

In both R6/2 and YAC128 HD mice, however, the eventual loss in corticostriatal drive to the
striatum is preceded by very early corticostriatal hyperactivity (André et al., 2011a; Cepeda
et al., 2003; Joshi et al., 2009). Although it is uncertain if the early enhanced corticostriatal
synaptic activity reflects enhanced cortical neuron activity or enhanced glutamate release
due to corticostriatal terminal dysfunction, the large amplitude synaptic events together with
the higher membrane input resistance and depolarized resting membrane potentials of
striatal projection neurons is consistent with the increased activation of striatal projection
neurons early in progression in HD mice (Rebec et al., 2006). The electrophysiological data
from mouse models suggests that direct pathway neurons in particular are the striatal
projection neuron type that shows early enhanced and later reduced glutamatergic
corticostriatal excitation (André et al., 2011a, b). By contrast, indirect pathway striatal
projection neurons show neither the early cortically driven hyperexcitability nor the late
hypoexcitability. Despite any loss of excitatory input, striatal projection neurons in HD mice
remain hyperexcitable, since they are more depolarized at rest, and have elevated input
resistances (Cepeda et al., 2003; Estrada-Sanchez and Rebec, 2013; Singaraja et al., 2011).
Thus, loss of cortical input may, in part, be a regulated event that prevents striatal projection
neuron overexcitation, rather than strictly a reflection of cortical neuron pathology. The
possibility that cortical input loss is preferential for direct pathway striatal projection
neurons is of interest in light of the possibility that the cortical input loss is neuroprotective.
Direct pathway projection neurons projecting to GPi are the most resistant projection neuron
type in HD (Deng et al., 2004), and a downregulation in excitatory cortical input to them
may explain not only why direct pathway striato-GPi neurons resist death better in human
HD, but also may explain the emergence of resistance to corticostriatal excitotoxicity as HD
mice age (Graham et al., 2009; Hansson et al., 1999, 2001).
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Figure 1.

CLSM views of immunofluorescence labeling for VGLUT1 corticostriatal terminals in
striatum of 1 month- (A, B), 4 month- (C, D), and 12 month-old (E, F) wildtype (A, C, E)
and heterozygous Q140 Huntington’s disease knock-in (B, D, F) mice. All images are at the
same magnification.
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Figure 2.

CLSM views of immunofluorescence for VGLUT?2 thalamostriatal terminals in striatum of 1
month- (A, B), 4 month- (C, D), and 12 month-old (E, F) wildtype (A, C, E) and
heterozygous Q140 Huntington’s disease knock-in (B, D, F) mice. All images are at the
same magnification.
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Figure 3.

EM images of VGLUT1+ immunolabeled synaptic terminals in striatum of 1 month- (A, B),
4 month- (C, D), and 12 month-old (E, F) wildtype (A, C, E) and heterozygous Q140
Huntington’s disease knock-in (B, D, F) mice. The relatively low power views show many
labeled terminals, and typify the decline in VGLUT1 terminals seen in Q140 mice at 12
months. All images are at the same magnification.
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Figure 4.

Higher magnification EM images of VGLUT1+ immunolabeled synaptic terminals on
spines of striatal projection neurons in striatum of 1 month- (A, B), 4 month- (C, D), and 12
month-old (E, F) wildtype (A, C, E) and heterozygous Q140 Huntington knock-in (B, D, F)
mice. Spines (Sp) were recognizable by their small size, the presence of spine apparatus, and
the absence of mitochondria and microtubules. All VGLUT1+ synaptic terminals formed
asymmetric synaptic contacts, as recognizable by the thick postsynaptic density (PSD,
arrow). All images are at the same magnification.
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Figure 5.

Graphs showing the size frequency distributions for VGLUT1+ axospinous synaptic

Page 27

terminals in striatum of 1 month- (A), 4 month- (B), and 12 month-old (C) wildtype and

heterozygous Q140 Huntington knock-in mice. Note that at 12 months a noteworthy

shortfall in small terminals is evident in Q140 mice.
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Figure 6.

Graph showing the abundance of axospinous and axodendritic VGLUT1 and VGLUT?2
terminals in striatum from 1 month-, 4 month-, and 12 month-old heterozygous Q140 knock-
in Huntington’s disease mice as a percent of WT. * p<0.05, compared to wildtype, by
parametric t-test for 12-month VGLUT1 axospinous, 4-month VGLUT2 axospinous, and 1-
month VGLUT2 axodendritic terminals. The asterisk in the case of 12-month VGUT2
axospinous terminals reflects a significant difference between Q140 and WT for terminals in
the 0.5-0.8 um range, by a parametric t-test with Bonferroni correction for multiple
comparisons.
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Figure 7.
EM images of VGLUT2+ immunolabeled synaptic terminals in striatum of 1 month- (A, B),

4 month- (C, D), and 12 month-old (E, F) wildtype (A, C, E) and heterozygous Q140
Huntington’s disease knock-in (B, D, F) mice. The relatively low power views show many
labeled terminals, and typify the shortfall in VGLUT2 terminals seen in Q140 mice at all
ages. All images are at the same magnification.
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Figure 8.

Higher magnification EM images of VGLUT2+ immunolabeled synaptic terminals on
spines of striatal projection neurons in striatum of 1 month- (A, B), 4 month- (C, D), and
month-old (E, F) wildtype (A, C, E) and heterozygous Q140 Huntington’s disease knock-in
(B, D, F) mice. Spines (Sp) were recognizable by their small size, the presence of spine
apparatus, and the absence of mitochondria and microtubules. All VGLUT2+ synaptic
terminals formed asymmetric synaptic contacts, as recognizable by the thick postsynaptic
density (PSD, arrow). All images are at the same magnification.
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Figure 9.

Graphs showing the size frequency distributions for VGLUT2+ axospinous synaptic
terminals in striatum of 1 month- (A), 4 month- (B), and 12 month-old (C) wildtype and
heterozygous Q140 Huntington knock-in mice. Note that a shortfall in small terminals was
found in Q140 mice at 1, 4 months and 12 months.
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Figure 10.
High magnification EM images of VGLUT2+ immunolabeled synaptic terminals on

dendrites of striatal neurons from 1 month- (A, B), 4 month- (C, D), and 12 month-old (E, F)
wildtype (A, C, E) and heterozygous Q140 Huntington’s disease knock-in (B, D, F) mice.
Dendrites (De) were recognizable by their larger size, the presence of mitochondria (M) and
microtubules, and the absence of spine apparatus. Arrow indicates postsynaptic density
(PSD). All images are at the same magnification.
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Figure 11.

Graphs showing the size frequency distributions for VGLUT2+ axodendritic synaptic
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terminals in striatum of 1 month- (A), 4 month- (B), and 12 month-old (C) wildtype and

heterozygous Q140 Huntington’s disease knock-in mice. Note that a shortfall in large

terminals was found in Q140 mice at 1 month, but not at 4 months. At 12 months, a shortfall
was again seen in Q140 mice, specifically for large (0.8um diameter) terminals.
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Striatal Volume in Q140 and WT Mice

1 month 4 month 12 month

Figure 12.

Graphs showing quantitative striatal volumetry data from 1 month-, 4 month-, and 12
month-old wildtype and heterozygous Q140 Huntington’s disease knock-in mice. Note that
striatal volume in Q140 mice does not differ from that in WT at any of the ages examined.
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Figure 13.
Graphs showing abundance (A) and intensity (B) of substance P-immunolabeling in striatal

terminals in GPi and SN, and ENK-immunolabeling in striatal terminals in GPe of 1 month-,
4 month-, and 12 month-old wildtype and heterozygous Q140 Huntington’s knock-in mice,
presented in all cases as a percent of WT mice (xSEM). Note that abundance and labeling
intensity for these three fiber types does not differ significantly between Q140 and WT at
any of the three ages examined, by a parametric t-test.

Neurobiol Dis. Author manuscript; available in PMC 2014 December 01.



Page 36

'G50°0>d = [e3] %® plog
‘50°0>d = x %@ plog

‘UolRIASQ PJBpUBIS F URSIA

1M 10 % LPLGFILL %12+E08 L« Y00'SFLY8 0'6eT | OVTO S LM S | Yyuow gt
1M J0 % %9'V+1°06 %/.L'8+E°0TT %V 6+ L0T 9'82T | OVTOG LM S yuow
1M 10 % %8'v¥.' 10T %T'9¥8'G0T %S'6¥6'TTT 82T | ovTO8 ‘LML | Yuow T
se s19qi4 2LNTOA siaqld [ererns wnjeLns aanugy ovo S[ewiuy aby
umoys Aq pa1dnaoo - Aususiu| - Aususiu| orTO 10 JaquInN
S}nsay ealy [erells ¢LNTIOA ZLNTIOA
1M 0% S+ 7'9F L0 LF 0GET | OVTO S 'LMS | Yuow gT
%c'8L %b'Z8 %0'8L
1M 10 % LT '6F 6'8F 9'82T | OVTO G 'LMS | ywow
%9°G6 %9°€6 %0°€6
1M 10 % S'l¥ 6L 80T+ 8.¢T | ovTO8 ‘LML | Yuow T
%8°00T %T'L6 %T'96
se $19q14 TLNTTOA | sdeqld [elelnns | wnelnsaanug | ovOo s[ewiuy aby
umoys Aq paidnaoo - Aisuajuy - Ajisuaju| [\)axe) 10 JaquinN
synsay valy |eleuls TLNTOA TLNTOA

Neurobiol Dis. Author manuscript; available in PMC 2014 December 01.

Deng et al.

‘painseaw siajewresed ay) Jo Yyoes 4oy pauiwexa sdnoib sbie aaiyl ay1 40 Yora UIylm 321w 0TO pue | A\ USaMISQ SS0UBIBLIP a1en|eAd

0} pasn alam S1S8l-1 dLlsweled "Siagly 1 NI/ JO 8duBpuUNge aAIR|a] 8y} PUe ‘Siagly +1 NT1OA Ul Buijage] Jo Alisusiul aallejal syl ‘Burjagel ererns
[[eJaA0 JO AIsuaiul anneal ay) pue ‘dnoib abe Jad aa1w oy TO Joj yibua] 1eadal 9w uesw ay) ‘dnoub abe Jad pazAjeue sfewiue | AA pue 0FTO JO Jaquinu
AUl MOUS SUWN|02 3yl "ZLNTOA PUe TLNTOA J0) umoys Aja1esedas si ‘sabew NSTD ul Buljage] sousdsainonjjounwiwl Jo uonediinuenb Ag aulwiaiep
Se ‘a21W ] A\ 01 dAITR|aJ d01W aseasip uolbununy ui-yoouy 01O snobAzolsiay Jo wineras ul Buljagejounwiwi 21 N1OA PUB T1NTOA J0 dduepunge ayl

TalqeL
NIH-PA Author Manuscript

NIH-PA Author Manuscript NIH-PA Author Manuscript




Page 37

Deng et al.

suostiedwod ajdnjnw 10y UOND31I0D 1UOLIBJUOY YM GO'0>d e Juedniubis abuel wr g'0-G0 = [e) % pjog

‘50°0>d = pjog

‘UolRIABQ PJBpUBIS F URSIA

cwrliad | 9200 0F¥¥10°0=0¢TO | ¥T00°0¥T900°0=0TO | £€00°0¥1S80°0=0¥TO | S500°0F0S0T0=0¥TO | 0'SET | OFTO G LM G | ywow zT
¥T00°0FTTTO 0=LM €€00°0¥6200°0=LM GOTO'0F0E0T 0=1M L200°0Fp7YT 0=LM
cwriiad | $200°0¥0810°0=0vTO | T#00°0¥9600°0=0rTO | S900°0F0£20'0=0¥TO | STTO'0F20rT0=0¥TO | 9'82T | OFTO G ‘LM G | Yuow
T200°0F22T00=1M 0200°0F6500°0=1LM T900'0¥2060'0=LM | tTTO'0¥S62T0=LM
Lwriuad | €200°0F6¥T0°0=0¥TO | 9v00°0F¥¥T0°0=0¥TO | S900°0F9¥80°0=0¢TO | ZETO0FTIVT0=0vTO | 8927 | OVTO L ‘LM L | Yuow T
0€00°070920°0=LM | 6€00°0F¥TTO0=1M 02T0°0FSS0T 0=1M 0ST0'0F02ST 0=1M
se aouepunqy souepungy ouepungy souepunqy [3)\40) Sjewiuy aby
umoys leulwua | Jeulwaa | leulwua | Jeuiwaa | ot
s1nsey J1}1IPUBPOXY J11IPUBPOXY snouldsoxy snouldsoxy
ZLN19A TLNT9OA ZLN19A TLNT9OA
wrl up 679°0=0710 969°0=0%TO 099'0=0¢10 829°0=0¥T0 0GeT | OVTO G ‘LMS | Yuow T
219°0=1M 206°0=1M 959°0=1M 809°0=1M
wrl up T79°0=0v1O 199°0=0¥1O €09°0=0¥10O €65°0=0vTO 9'82T | OVTOG ‘LM S | Uow
T29°0=1M 779'0=1M €29°0=1M 709°'0=1LM
wrl up 995°'0=0¥T0O 2.5°0=071O 125°0=0vT0 G87°0=071O 8'92T | OVIO L LM /L | ywow T
GT9'0=1M G9G°0=1M ¥T1G°0=1M 261°0=1M
ur Umoys Jarwelqg Jalawelq Jajwelq Jalawelq [3)v/e} s[ewiuy aby
S1Nsay leulwua | Jeulwaa | leulwua | Jeuiwaa | ot
J1}1IPUBPOXY J11IPUBPOXY snouldsoxy snouldsoxy
ZLN19A TLNT9OA ZLN19A TLNT9OA

NIH-PA Author Manuscript

‘paInqLIsIp Ajjew.ou 1ou a13m Asyy 3oUls ‘syluow gT pue T 1e Aouanbaiy [eneds
[euIw.g) snouldsoxe z1 NTOA o) pue ‘yiuow auo Je Aousnbaiy [eneds eulwlsy snouldsoxe T1NTOA 10J ‘YUOW 3UO Je 9ZIS [eullIS) I1IIPUSPOXe pue
snouidsoxe T1NTOA 10} pawlogiad sem 1s31-1 arnaweleduou N Asullypn-UURIA B 1eyl Suoindadxa ayl Ylim ‘painseaw sislawered ayl JO Yoea Joj paulwexa
sdnoJb abe aa1y1 ay1 JO Yoea UIYIM 321W OFTO PUR | A\ USSMISQ SI0UIBLIP 81BN|eAS 01 Pasn 3Jam S1S3)-] dLIIsWeIRd "S[euIWIS) J1ILIPUSPOXE Z1 MDA
pue ‘onipuspoxe T1NTOA ‘snouldsoxe 21 NTOA ‘snouidsoxe T1NTOA 10 aduepunge Jo azis ay) pue ‘dnoib abe Jad ad1w oy TO Joj y1bus] yeadal

OV ueaw ay) ‘dnoib abe sad pazAeue sjewiue 1 AA pue O TO JO Jaquinu syl MOYS SUWNJ0I 3y "UAOYS aJe ‘sabewl |AT Jo uonealjnuenb Aq paulwlisiap
se ‘aa1w aseasip uolbununH ui-3oou 0y TO snobAzoia1ay pue | A JO WNJBLIS Ul Sjeulwa) andeuAs +Z21 N1OA pPue +T1N 1A JO sduepunge pue azIs ay L

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Neurobiol Dis. Author manuscript; available in PMC 2014 December 01.



Page 38

Deng et al.

INT9OA | %T6'9=0vTO | %S82=0vT0 | %t 0v=0vTO | %08'67=0rTO | 0'GET | OVTO G 'LMG | yuow zT
118 % Sv %92 7=1M %98°Z=1M %6E'8E=LM | %67 '¥S=LM

INTOA | %SG 2=0vTO | %08'€=0vTO | %E€9'0€=0vTO | %20'85=0vTO | 982T | OVTOG 'LMG | yuow
118 % Sv %EE'G=LM %¥SZ=1LM %26'LE=LM | %TZ¥S=LM

LNT9A | %89'G=0vTO | %.€'G=0vTO | %.6'2€=0vTO | %.6'SS=0vTO | 8'92T | OVTO L ‘LML | Uwow T
1e % sV %00'6=LM %26'€=LM %ES GE=1M %SG TS=1M

seumoys | asouepunqy 9ouBpUNQY aouepuNgy aouepungy | ovD sfewiuy aby ovT1O

sy nsay [eulwia ] Jeulwa ] Jeuiwa] [euiwa orTd
onupuspoxy | onipuspoxy | snouldsoxy snouidsoxy
C¢1N19A TLNTOA ¢1NT9OA TLNTI9A

"winells ul sjeulwts) andeuAs anupuspoxe

ZLNTIOA pue ‘anpuspoxe T1NTOA ‘snouldsoxe z1 NTOA ‘snouldsoxe T1NTOA AQ pa1ninsuod sjeulwlsy 1 N1OA [e101 Jo uadiad pue ‘dnoib abe
Jad 921w oy TO Joy y1bua] 1eadal 9D ueaw ayl ‘dnolb abe Jad pazAfeue spewiue | AN pue 0y TO JO Jaquinu syl MOYS SULLIN|0I 3y "WNJ.LIS Ul pa)aalap
sadA1 [eurwal 1 NI9OA |18 01 8ANR|a1 321w 0T snobAzolsiay pue ] AA Joj winjels ul adA) jeuiwlial 1 N9 Yoes Jo asuepunde ayl sassaldxa ajgel ayL

€9lgel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Neurobiol Dis. Author manuscript; available in PMC 2014 December 01.




