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Abstract

Cumulative evidence indicates that the onset and severity of Huntington’s disease (HD) symptoms correlate with connectivity
deficits involving specific neuronal populations within cortical and basal ganglia circuits. Brain imaging studies and
pathological reports further associated these deficits with alterations in cerebral white matter structure and axonal pathology.
However, whether axonopathy represents an early pathogenic event or an epiphenomenon in HD remains unknown, nor is
clear the identity of specific neuronal populations affected. To directly evaluate early axonal abnormalities in the context of
HD in vivo, we bred transgenic YFP(/16) with R6/2 mice, a widely used HD model. Diffusion tensor imaging and fluorescence
microscopy studies revealed a marked degeneration of callosal axons long before the onset of motor symptoms. Accordingly,
a significant fraction of YFP-positive cortical neurons in YFP(J16) mice cortex were identified as callosal projection neurons.
Callosal axon pathology progressively worsened with age and was influenced by polyglutamine tract length in mutant
huntingtin (mhtt). Degenerating axons were dissociated from microscopically visible mhtt aggregates and did not result from
loss of cortical neurons. Interestingly, other axonal populations were mildly or not affected, suggesting differential vulnerability
to mhitt toxicity. Validating these results, increased vulnerability of callosal axons was documented in the brains of HD patients.
Observations here provide a structural basis for the alterations in cerebral white matter structure widely reported in HD patients.
Collectively, our data demonstrate a dying-back pattern of degeneration for cortical projection neurons affected in HD, suggesting
that axons represent an early and potentially critical target for mhtt toxicity.

Introduction

Huntington’s disease (HD) is an autosomal dominant genetic dis-
order thatresults from mutations leading to abnormal expansion
of a polyglutamine (polyQ) tract within the protein huntingtin
(htt) (1). The polyQ tract length in mutant htt (mhtt) correlates
with the onset of clinical symptoms and the extent of neuronal

degeneration (1,2). Major clinical HD features include progressive
development of behavioral disturbances, cognitive deterioration
and motor abnormalities (3). Data from pathological studies and
genetic experiments indicated that these symptoms result from
dysfunction and degeneration of a subset of projection neurons
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within the cerebral cortex (CCX) and the striatum (ST) (1,3). Within
the CCX, postmortem studies demonstrated that HD-vulnerable
projection neurons localize to layers III-VI, yet little is known
about the identity of those neuronal populations beyond their
topographic location and hodology (4,5). Intriguingly, cortical
and striatal interneurons are spared or mildly affected in HD, sug-
gesting that cell type-specific characteristics, including the extent
of axonal branching and metabolic load might contribute to the
selective vulnerability of projection neurons (6). However, the
full complement of factors mediating increased vulnerability of
projection neurons to mhtt toxicity remains unknown (5,7).

For many years, the marked atrophy of the CCX and the ST ob-
served in postmortem brains of advanced HD patients fueled the
pursuit of mechanisms linking mhtt to activation of apoptosis
and other forms of neuronal cell death (8). More recently, the gen-
eration of rodent HD models revealed earlier pathogenic events
that better correlate with the onset of disease symptoms (7,9,10).
Many studies utilized the well-characterized R6/2 mouse model,
which expresses low levels of a transgene comprising exon 1 of
human mhtt (11). Interestingly, a similar mhtt protein fragment
is expressed in human HD brain tissue as a result of aberrant
mbhtt gene splicing (12). R6/2 mice and other available HD rodent
models feature major HD hallmarks including the autosomal
dominant pattern of disease inheritance, formation of micro-
scopically visible mhtt aggregates and development of both
motor and non-motor symptoms reminiscent of HD (9,10). Des-
pite major variations in disease onset and severity, all mouse
HD models analyzed to date invariably displayed behavioral ab-
normalities well prior to neuronal cell death, suggesting that
symptoms might result from neuronal dysfunction or disconnec-
tion rather than loss of neurons (13). Supporting this concept,
electrophysiological studies documented deficits in basal ganglia
connectivity early in the course of pathology (14,15). Extending
these observations, brain imaging-based approaches including
diffusion tensor imaging (DTI) showed alterations in white mat-
ter integrity in presymptomatic HD patients, most notably within
the corpus callosum (CC) (16-18). A cellular and structural basis
for these alterations was not addressed by these studies, but
pathological observations from unrelated reports collectively
suggest that they might involve the atrophy of neurites (19-22),
an early and distinctive pathogenic feature of neurons undergo-
ing a dying-back pattern of degeneration (7,23). Despite this
knowledge, a direct evaluation of axonal pathology in vivo re-
mained to be performed for HD-relevant cortical neurons.

Transgenic mice with neuron-specific mosaic expression of
fluorescent proteins have been widely used to evaluate axonal
pathology in the context of several major neurological diseases.
Yellow fluorescent protein (YFP) mice represent widely used
mouse models, with various lines featuring unique, mosaic pat-
terns of transgenic YFP expression (24). Because YFP is expressed
in some, but not all neurons, alterations in the morphology and
caliber of axons can be visualized and quantified (25). However,
this selectivity in YFP expression requires careful selection of a
specific YFP mice line, to assure that YFP is expressed in the neur-
onal population(s) of interest.

To evaluate axonal pathology directly in the context of HD, we
generated YFP(/16)-R6/2 reporter mice. Results from DTI studies,
fluorescence microscopic analysis and ultrastructural observa-
tions documented presymptomatic degeneration of callosal
axons in these mice. Axonal degeneration directly correlated
with age and mhtt polyQ tract length, did not result from loss of
cortical neurons and was dissociated from microscopically visible
mhtt aggregates. Further, results seen in these preclinical experi-
ments were confirmed in human HD brain samples. Collectively,

data derived from our studies here demonstrate a dying-back pat-
tern of degeneration for cortical projection neurons affected in HD.

Results

Analysis of cortical YFP expression pattern in transgenic
YFP mice

To evaluate axonal pathology in the context of HD, we first set out
to generate YFP-R6/2 reporter mice featuring YFP-positive cor-
tical neurons, as previously done for other animal models of neu-
rodegenerative diseases (25). Using this type of approach, a recent
study reported no obvious signs of axonal pathology in YFP(H)-
R6/2 mice (26). However, YFP expression in the CCX of YFP(H)
transgenic mice is mainly restricted to a small subpopulation of
corticospinal neurons within layer V (24,27,28), leaving unclear
whether axons that project from neurons in other cortical layers
are affected. Further, the contribution of corticospinal neurons to
HD pathology remains unreported. Because HD-affected cortical
neurons are found in layers III-VI (4,29), we examined YFP expres-
sion in YFP(J16) mice, which display a much wider pattern of cor-
tical YFP expression (Fig. 1) (24). The CC, a white matter structure
largely composed of axons emanating from cortical projection
neurons, featured much stronger YFP expression in YFP(/16)
mice than in YFP(H) mice (compare Fig. 1A and B). Accordingly,
YFP-positive neurons were broadly distributed from layers III-
VI of the CCX in YFP(J16) mice (Fig. 1D), but narrowly confined
to layer V in YFP(H) mice (Fig. 1C). Highlighting the heterogeneity
of neuronal cell types within a single cortical layer, YFP-positive
cell bodies in layer V were smaller in YFP(/16) mice than in YFP(H)
mice, and featured less prominent apical dendrites. As expected
from prior studies, most YFP-positive cortical neurons in YFP(H)
mice co-localized with Ctip2, a transcription factor that, within
the cortex, is selectively expressed in corticospinal pyramidal
neurons (28,30) (Fig. 1E). In contrast, little YFP/Ctibp2 co-localiza-
tion was observed in the cortex of YFP(J16) mice (Fig. 1G). The in-
volvement of intratelencephalic callosal projection neurons in
HD prompted us to evaluate YFP co-localization with the tran-
scription factor marker SATB2 (30,31). As expected, minimal
YFP/SATB2 co-localization was observed in YFP(H) mice cortex
(Fig. 1F). However, many YFP-positive cortical neurons co-loca-
lized with SATB2 in the cortex of YFP(J16) mice (Fig. 1H). Based
on these results, we concluded that, in terms of cellular topog-
raphy and molecular profiling, HD-vulnerable cortical neurons
are better represented in YFP(J16) mice than in YFP(H) mice.

Generation and characterization of YFP(/16)-R6/2
reporter mice

Having established that the pattern of cortical YFP expression in
YFP(J16) mice significantly overlaps with the topographic distribu-
tion of HD-vulnerable cortical neurons in humans, we generated
YFP(J16)-R6/2 mice. To avoid confounding effects associated with
contraction/expansion of the polyQ tract within mhtt across gen-
erations, we crossed YFP(/16)** male mice with ‘R6/2(160Q) ovary’
female mice. These mice have a wild-type phenotype, but bear
ovaries transplanted from R6/2 mice expressing a mhtt exonI trans-
gene with a polyQ tract of 160(+/-5) glutamine repeats [R6/2(160Q)
mice]. The genotype of littermates obtained from this breeding
above was either YFP(J16)*/~ (henceforth, ‘YFP(j16) mice’) or YFP
(/16)*~-R6/2(160Q) (henceforth, “YFP(j16)-R6/2(160Q) mice’).
Reports of axonal pathology associated with YFP expression in
YFP(H) mice (32) prompted us to evaluate whether YFP expression,
as featured in YFP(J16) mice, could modulate (i.e. worsen) the
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Figure 1. Analysis of YFP expression in the CCX of YFP(H) and YFP(/16) transgenic mice. Confocal microscopic images (10x) showing portions of the CCX, the CC and the ST
illustrate major differences in the pattern and levels of YFP fluorescence between YFP(H) (A) and YFP(J16) mice brains (B). At higher magnification (25x), confocal images
show that YFP expression in the CCX of YFP(H) mice is limited to a subset of corticospinal neurons located in layer V (C). In contrast, the pattern of YFP expression is much
broader in the CCX of YFP(J16) mice, also comprising cortical neurons in layers III-VI (D). In YFP(H) mice, nearly all YFP-positive cortical neurons (pseudo-colored in green)
co-localized with the corticospinal projection neuron marker Ctip2 (arrows) (E), but only few co-localized with the callosal projection neuron marker SATB2 (in red) (F).
Conversely, little YFP-Ctip2 co-localization was observed in the CCX of YFP(J16) mice (G). Instead, most YFP-positive neurons in these mice co-localized with SATB2 (H),
indicating that an important fraction of YFP-positive cortical neurons in the CCX of YFP(/16) mice corresponds to callosal projection neurons. Scale bars: 100 uM (4, B),

20 1M (C-H).

severity and/or onset of motor deficits characteristic of R6/2(160Q)
mice. Toward this end, a well-characterized rotarod test was per-
formed at ages P30, P60 and P75 (Supplementary Material, Fig. S2).
At age P30, no differences in rotarod performance were observed
among experimental groups. At age P60, R6/2(160Q) mice showed
a significant reduction in rotarod performance compared with
both naive and YFP(J16) mice (52.7 + 5.8 versus 90.5+ 8.8 and 93.3

+ 8 s, respectively; n = 6 mice per genotype; P <0.05), and these dif-
ferences become more pronounced at age P90 (35.5 + 6.6 versus
102.7 +8.7 and 96.9 + 13 s, respectively; P <0.001). Similarly, YFP
(/16)-R6/2(160Q) mice showed reduced rotarod performance
when compared with both naive and YFP(/16) mice at age P60
(55.4+7.8 versus 90.5+8.8 and 93.3 8 s, respectively; P <0.05),
and these differences were larger at P90 (40.3+6.1 versus
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102.7 +£8.7 and 96.9 + 13 seconds, respectively; P < 0.001). No statis-
tically significant differences in rotarod performance were ob-
served between naive and YFP(J16) mice or between R6/2(160Q)
and YFP(/16)-R6/2(160Q) mice at all ages analyzed. These data indi-
cated that YFP overexpression, as featured in YFP(J16) mice, did not
significantly affect the onset or severity of R6/2(160Q) motor symp-
toms up to age P75. Based on these data, we also deemed YFP(J16)-
R6/2(160Q) mice at age P30 as presymptomatic, P60 as symptomatic
and P75 or older as advanced symptomatic throughout this study.

Presymptomatic degeneration of callosal axons in YFP
(/16)-R6/2(160Q) mice

To detect early signs of axonal pathology independent of YFP ex-
pression, we first performed DTI studies ex vivo (33). Diffusion
tensor color maps were obtained for YFP(J16) and YFP(J16)-R6/2
(160Q) fixed mouse brains obtained at presymptomatic age P30
(Fig. 2A and B). Medium fractional anisotropy (mFA) values ob-
tained by DTI represent a measure of water diffusion within cel-
lular structures and are commonly used as indirect reporters of
white matter integrity (34). Reduced mFA values were observed
for the CC of YFP(J16)-R6/2(160Q) mice, compared with age-
matched YFP(J16) mice (0.35 +0.086 versus 0.46 + 0.09; n =3 per
genotype; P <0.05) (Fig. 2C). This finding suggested that altera-
tions in CC integrity and/or organization occur very early in the
course of R6/2 pathology and was consistent with reports from
DTI studies in presymptomatic HD patients (17,18,35).

YFP(J16)

To provide a structural basis for the alterations in white matter
integrity above, we performed detailed confocal microscopic ana-
lysis of YFP-positive axonal fibers within the CC. In YFP(/16) mice,
the intensity of callosal YFP fluorescence was homogeneous, re-
vealing a neat pattern of axons running in parallel that was high-
lighted by the aligned pattern of distribution of callosal glial nuclei
(Fig. 2D). On the other hand, YFP-positive callosal axons of YFP
(/16)-R6/2(160Q) mice displayed a less organized pattern, as evi-
denced by a more scattered distribution of callosal glial nuclei,
which also displayed morphological alterations compared with
YFP(J16) mice (Fig. 2E). Further, some areas within the CC of YFP
(/16)-R6/2(160Q) mice displayed reduced levels of YFP fluorescence
suggestive of axonal pathology (dashed areas in Fig. 2E).

Degeneration of callosal axons in YFP(J16)-R6/2(160Q)
mice is age and polyQ tract length dependent

Based on findings from our own DTI studies above, we performed
quantitative fluorescence microscopy studies aimed at evaluating
the effect of aging on callosal axon pathology (Fig. 3). In YFP(/16)
mice, the CC showed even levels of YFP fluorescence and a similar
pattern of axonal organization throughout all the ages analyzed
(Fig. 3A). In contrast, YFP fluorescence levels were progressively re-
duced with increasing age in the CC of YFP(J16)-R6/2(160Q) mice
(Fig. 3B), and by P60, most callosal axons appeared severely degen-
erated. In YFP(J16) mice, some axonal swellings were occasionally
seen at P90, but similar ones were observed at age P30 in YFP

YFP(J16)-R6/2(160Q)

Figure 2. YFP(/16)-R6/2(160Q) mice feature presymptomatic alterations in CC integrity. Diffusion tensor color maps of YFP(J16) (A) and YFP(/16)-R6/2(160Q) mice (B) at
presymptomatic age P30 revealed structural alterations in the CC (white arrows). (C) Quantitative data showed reduced mFA values for the CC of YFP(J16)-R6/2(160Q) mice,
compared with YFP(J16) mice (*P < 0.05; n=3 per experimental group). (D) A confocal microscopy image of the CC of YFP(J16) mice shows a homogeneous pattern of YFP
fluorescence (yellow), a neat parallel organization of callosal axons and an aligned distribution of 4’,6-diamidino-2-phenylindole-stained callosal glia nuclei (blue). (E) In
contrast, some areas of the CC showed reduced levels of YFP fluorescence (delineated by dashed lines) in YFP(J16)-R6/2(160Q) mice, and callosal axons appear less organized
overall. In addition, callosal glia nuclei displayed a more scattered distribution and abnormal morphology, compared with that of YFP(J16) mice. Scale bars in D-E: 10 uM.
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Figure 3. Age-dependent degeneration of callosal axons in YFP(J16)-R6/2(160Q) mice. (A) In YFP(J16) mice, confocal microscopic images of the CC showed even levels of YFP
fluorescence and a consistent pattern of callosal axon organization from ages P30 to P90. (B) In contrast, YFP fluorescence levels were reduced, and the fibrillar pattern of
YFP fluorescence was gradually lost as YFP(/16)-R6/2(160Q) mice aged. By age P90, callosal axons appeared severely degenerated. Axonal swellings (white arrows), which
were observed at P90 in YFP(/16) mice, become conspicuous at P30 in YFP(/16)-R6/2(160Q) mice. (D) Consistent with the pathophysiology of HD, axonal degeneration was
less pronounced in YFP(J16)-R6/2(120Q) mice than in YFP(J16)-R6/2(160Q) mice. (C) Quantitative data show YFP fluorescence levels for YFP(J16) mice (control, solid gray bars,
n=3), YFP(J16)-R6/2(120Q) mice (120Q, vertical dashed bars, n=3) and YFP(/16)-R6/2(160Q) (160Q, horizontal dashed bars, n=3). *P <0.05, P <0.01. Scale bar: 10 pM.

(/16)-R6/2(160Q) mice (arrows in Fig. 3A and B). Quantitative fluores-
cence analysis confirmed these observations, showing age-
dependent reductions in callosal YFP fluorescence levels for YFP
(/16)-R6/2(160Q) mice, compared with YFP(J16) mice at all the ages
analyzed (P30: 98 890 + 4394 versus 11 7608 + 3917 pixels, P <0.05;
P60: 67 421 + 2947 versus 80 966 + 2092 pixels, P < 0.01; P90: 57 007 +
2897 versus 75786 + 2191 pixel, P <0.001; n =3 mice per genotype)
(Fig. 3C). These data indicated that callosal axon degeneration re-
presents an early, presymptomatic pathogenic event associated
with mhtt toxicity in vivo, which progressively worsens with aging.

Within a certain range, the onset of symptoms inversely corre-
lates with mhtt polyQ tract length in R6/2 mice and in HD (1,2). To
evaluate the impact of mhtt polyQ tract length on callosal axon de-
generation, we generated YFP(J16)-R6/2(120Q) mice, which express
mbhtt with a polyQ tract length of 120 + 5 glutamines. As expected
from the pathophysiology of HD, reductions in callosal YFP

fluorescence levels were less pronounced in YFP(/16)-R6/2(120Q)
mice than in YFP(J16)-R6/2(160Q) mice (Fig. 3D). When compared
with YFP(16) mice, quantitative data showed that these reduc-
tions only became significant at P90 [YFP(16): 75 786 + 2191 versus
YFP(J16)-R6/2(120Q) 60 667 + 13 653 pixels; n = 3 mice per genotype;
P <0.05] (Fig. 3C). Thus, the severity of callosal axon degeneration
in R6/2 mice was increased with mhtt polyQ tract length.

Next, we performed studies aimed at determining whether the
reductions in YFP fluorescence intensity shown in Figures 2 and 3
reflected alterations in axonal structure, and not mere alterations
in YFP distribution. To this end, we performed immunostaining of
the CC using SMI-31 antibody against axonal neurofilament heavy
chain subunits (NFs), a major constituent of the axonal cytoskel-
eton (Fig. 4). As observed for YFP (Figs 2D and 3A), a fibrillar pattern
of SMI-31 immunoreactivity was observed in the CC of YFP(/16)
mice at P90 (Fig. 4A). However, this pattern was progressively
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Figure 4. Reductions in YFP fluorescence levels in YFP(/16)-R6/2(160Q) mice reflect axonal pathology. (A) In coronal brain sections, SMI-31 antibody against neurofilament
heavy chain subunits shows a fibrillar staining pattern for callosal axons of YFP(J16) mice up to age P90. (B) Butin YFP(j16)-R6/2(160Q) mice, this fibrillar pattern is lostin an
age-dependent manner, much as seen for YFP fluorescence (compare with Fig. 3A and B). (C) Confocal images show YFP fluorescence in sagittal sections of the CC at age
P90. Compared with YFP(J16) mice, YFP(/16)-R6/2(160Q) mice displayed a marked reduction in YFP fluorescence levels, and an apparent reduction in the caliber of YFP-
positive axons. (D) EM images of the CC confirmed this observation, thus validating YFP fluorescence levels as a reporter of axonal integrity. (E) The mean caliber of
callosal axons was significantly reduced in YFP(J16)-R6/2(160Q) mice, compared with YFP(J16) mice (n=3 mice, 1500 axons per experimental group); **P <0.001. All

scale bars are 10 pM.

lost in YFP(J16)-R6/2(160Q) mice with increasing age (Fig. 4B). In
sagittal sections of the CC, the pattern of YFP fluorescence further
suggested a reduction in the caliber of callosal axons of YFP(j16)-
R6/2(160Q) mice, compared with YFP(J16) mice (Fig. 4C). Electron
microscopic images confirmed this observation (Fig. 4D), with
quantitative data showing a reduction in mean callosal axon
caliber of YFP(j16)-R6/2(160Q), compared with YFP(/16) mice
(10.47 £6.9 versus 20.3+9.2 um?; n=3 mice and 1500 axons per
genotype) (Fig. 4E). Together, these data validated YFP fluores-
cence as a marker of axonal integrity, further suggesting that
YFP-positive callosal axons in YFP(J16) mice serve as reporters of
a much larger callosal axon population.

Callosal axon degeneration does not associate with loss
of neuronal cell bodies

Next, we evaluated whether degeneration of callosal projection
neuron axons in YFP(/16)-R6/2(160Q) mice was associated with

concurrent degeneration and/or loss of YFP-positive neuronal
cell bodies in the CCX (Fig. 5). Compared with YFP(J16) mice, a
marked reduction in YFP fluorescence was observed in the cor-
tical neuropil of YFP(J16)-R6/2(160Q) mice as early as age P30
(dashed area in Fig. SA). Despite these changes, quantitation of
YFP-positive neuronal cell bodies revealed similar numbers be-
tween YFP(J16) and YFP(J16)-R6/2(160Q) mice (P30: 32 +5 versus
31+12; P60: 33 +7 versus 30+8; P90: 32 +9 versus 32+11;n=3
per genotype and age) at P30 (Fig. 5B). Taken together, these re-
sults indicate that cortical projection neurons affected by mhtt
follow a dying-back pattern of degeneration.

Mutant htt aggregates are spatially and temporally
segregated from degenerating axons

The formation of microscopically visible mhtt aggregates repre-
sents an HD hallmark reproduced in R6/2 mice and other HD
rodent models (36). The contribution of mhtt aggregates to HD
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Figure 5. Callosal axon degeneration does not result from loss of neuronal cell
bodies. (A) Representative confocal microscopic images (40x) of YFP(/16) and
YFP(J16)-R6/2(160Q) mice CCX (layers I1I-V) at ages P30, P60 and P90. A marked
reduction in YFP fluorescence levels was observed for the cortical neuropil (for
example, the areas delimited by dashed lines) at all the ages analyzed. (B)
Quantitation of YFP-positive neuronal cell bodies revealed similar numbers for
YFP(J16) (control, solid gray bars, n=3) and YFP(J16)-R6/2(160Q) mice (160Q,
horizontal dashed bars, n=3) at all the ages analyzed. Scale bar: 10 pM.

pathogenesis remains a matter of debate (37), but they have been
proposed to promote axonal pathology by interfering with axonal
transport (38,39), a process critical for the maintenance of axonal
connectivity (23). Using the well-characterized EM48 antibody
(40), we evaluated temporal and spatial correlations between de-
generating callosal axons and mhtt aggregates in YFP(16)-R6/2
(160Q) mice (Fig. 6). At age P30, few mhtt aggregates were ob-
served in the CCX (Fig. 6A, left panel). Although signs of callosal
axon degeneration were evident at this age (Figs 2E and 3B), mhtt
aggregates were not seen in the CC (Fig. 6A, right panel). At P90,
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abundant mhtt aggregates were found in the CCX (Fig. 6B, left
panel), but again, little EM48 immunoreactivity was observed in
the CC (Fig. 6B, right panel), suggesting that in YFP(J16)-R6/2
(160Q) mice, callosal axons undergoing degeneration are tempor-
ally and spatially segregated from microscopically visible, EM48-
positive mhtt aggregates.

Differential vulnerability of specific axonal tracts in R6/2
mice

The marked degeneration of callosal axons observed in YFP(J16)-
R6/2(160Q) mice contrasted sharply with the lack of axonal patho-
logy reported for YFP-positive corticospinal neurons of YFP(H)-R6/2
mice (26), prompting us to examine axonal degeneration in other
white matter structures (Fig. 7). Consistent with a recent report
(41), no obvious alterations were observed in optic nerve tract
(ONT) axons of YFP-R6/2(160Q) and YFP mice at symptomatic
age P60 (Fig. 7A). Similarly, these observations extended to YFP-
positive axons within the lateral funiculi of the spinal cord (dor-
solumbar level) (Fig. 7B) and sciatic nerves (Fig. 7C). Quantitation
of YFP fluorescence levels mostly confirmed these observations
(Fig. 7A’-C’). Only at age P90, a statistically significant reduction
in YFP fluorescence levels was observed for spinal cord axons
of YFP(J16)-R6/2(160Q) mice, compared with YFP(J16) mice (68 773
+3976 versus 43676+3976 pixels; P<0.05; n=3 per group)
(Fig. 7B’). Together, these studies revealed differential vulnerabil-
ity of specific axonal tracts in the R6/2(160Q) mouse model, with
callosal axons being affected earlier and to a much larger extent
than spinal cord axons.

Analysis of callosal axon pathology in human HD

To evaluate the relevance of findings from YFP(J16)-R6/2(160Q)
mice to HD, we evaluated callosal axon pathology in the brains
of HD patients using SMI-31 antibody against axonal NFs (Table 1
and Fig. 8). As observed for YFP(J16)-R6/2(160Q) mice (see Fig. 3A
and B), coronal sections of the CC’s genu revealed a marked
change in the pattern of callosal SMI-31 immunoreactivity from
fibrillar in control brains, to dot-like in HD brains (Fig. 8A, left pa-
nels). Also as seen for YFP fluorescence in YFP(J16)-R6/2(160Q)
mice (see Fig. 4C), sagittal sections of the CC showed reduced
SMI-31 immunoreactivity in HD brains, compared with control
cases (Fig. 8A, right panels). In contrast, no obvious alterations
were observed for axons within the ONT between control and
HD brains (Fig. 8B), demonstrating increased vulnerability of spe-
cific axonal tracts in HD. Quantitative data in Figure 8C indicated
that SMI-31 immunoreactivity ratios between the CC and the
ONT (CC/OTN SMI-31 IR) were reduced in HD cases, compared
with controls (0.5 versus 1.07; P <0.04). Also consistent with ob-
servations from YFP(j16)-R6/2(120Q) mice (Fig. 3C and D), a Pear-
son’s test showed a statistically significant correlation between
polyQ tract length and CC/OTN SMI-31 IR (r =-0.85) (Fig. 8D). To-
gether, these data indicated that the increased vulnerability of
callosal axons observed in YFP(/16)-R6/2(160Q) mice represents
an HD-relevant event, further suggesting a correlation between
polyQ tract length in mHtt and the degree of callosal axon
degeneration.

Discussion

In recent years, a consensus has emerged that pathogenic events
underlying the cognitive and motor changes characteristic of HD
long precede neuronal cell death (7,43,44). Accordingly, thorough
analyses of R6/2 mice and other rodent HD models consistently
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A CCX corpus callosum corpus callosum

P30
P90

Figure 6. Mutant huntingtin aggregates are spatially and temporally segregated from degenerating callosal axons. Merged confocal images obtained from YFP(j16)-R6/2
(160Q) mice show YFP fluorescence (pseudo-colored in green) and mhtt immunoreactivity (in red), as revealed by EM48 monoclonal antibody. (A) At presymptomatic age
P30, a few mhtt aggregates (arrowheads) were observed in the CCX. Although signs of callosal axon pathology were evident at this age (see Fig. 3B), no mhtt aggregates were
observed in the CC. (B) At age P90, abundant nuclear (long arrows) and neuritic (short arrows) mhtt aggregates were found in the CCX, but only occasional ones were found
in the CC (short arrows). All scale bars: 10 pM.

>
s

M YFP(J16) B YFP(J16)-R6/2(160Q)

S o 15
® x
= -
o <
c @ 10
@ =
: :
o $
= S 5
[o =
o) ©

P90

ve)
vr)
~

10
— *
g
275
z x
o 2
S 2
© g5
= 8
£ g
@ 525
E
(T

P30 P60 P90

r

O
0

)

Fluorescence (AU x 10

sciatic nerve

P30 P60 P90

Figure 7. Differential vulnerability of axons in YFP(J16)-R6/2(160Q) mice. Confocal microscopic images (63x) show YFP-positive axons within the ONT (A), the lateral
funicular region of the spinal cord (B) and sciatic nerves (C) of YFP(J16) and YFP(J16)-R6/2(160Q) mice at symptomatic age P60. Plots in A’-C’ show YFP fluorescence
levels for these white matter structures at ages P30, P60 and P90 (n=3 per genotype). Unlike the CC (see Fig. 3), axons within the ONT and the sciatic nerve show
similar YFP fluorescence levels for both experimental groups at all the ages analyzed. However, a small decrease was observed for spinal cord axons at late
symptomatic age P90 (*P < 0.05). Scale bars: 10 pM.
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Table 1. Summary of case demographics
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CAG (n) Age (years) PMI (h) HD onset (age) Grade Clinical severity

Control cases

Case 45 ™M) NA 57 6.3

Case 50 ™) NA 72 7.0

Case 35 (M) NA 61 16.0

HD cases

Case 69 (™M) 42 64 12.0 30 (1976) 3 Chorea: moderate
Dysphagia: mild
Dystonia: moderate
MMSE: 18/30
HRSFD: NA

Case 85 (F) 63 63 124 44 (1995) 2 Chorea: mild
Dysphagia: mild
Dystonia: moderate
MMSE: 23/30
HRSFD: 13

Case 87 (F) 51 43 5.0 34 (2002) 3 Chorea: moderate

Dysphagia: severe
Dystonia: mild
MMSE: 22/30
HRSFD: 4

M, Male; F, Female; PMI, postmortem interval; Grade, neuropathological grade as described in Ref. (42); MMSE, mini-mental state examination; HRSFD, Hamilton Rating

Scale for Depression; NA, Not available.

A corpus callosum B

coronal

_ saggital

Control 45

HD 85

Control 45

HD 85

optic nerve C 15
-
saggital
i E 1.0
|-
=
[e]
Q os
O
o 1
D Control HD
15
« r=-0.85
£ 10 HD 69
< HD 85
o HD 87
0
30 40 50 60 70
polyQ length

Figure 8. Increased vulnerability of callosal axons in HD brains. (A) Representative images corresponding to coronal and sagittal sections of the CC’s genu show reduced
SMI-31 immunoreactivity in the CC of human HD cases, compared with controls (n = 3 per group, cases 45 and 85 are shown, see Table 1 for case demographics), suggesting
a marked loss of callosal axons in HD. (B) In contrast, the pattern of SMI-31 immunoreactivity in the ONT remained largely unchanged. (C) Quantitative
immunofluorescence data showed reduced ratios of callosal (CC) to ONT SMI-31 immunoreactivity (IR) in HD brains, compared with control cases (*P <0.05). (D) A
Pearson’s test shows a statistically significant correlation between mhtt polyQ tract length and CC/OT SMI-31 immunoreactivity ratios for HD cases analyzed in this

study (r=-0.85). Scale bar: 50 pM.

revealed an early neuronal disconnection associated with mHtt
expression, which manifests as a variety of behavioral (10,45)
and electrophysiological deficits (14,15). The cellular basis of
these deficits remained unknown, but data from several inde-
pendent reports suggested that progressive atrophy of neurites
might play a major role. For example, mhtt was shown to pro-
mote degeneration of neurites in cultured neuronal cell lines
(46). Our studies here suggested a marked degeneration of

cortical neuropil in R6/2 mice that was also observed in HD brains
(19,21,22,47,48). Further, numerous reports from brain imaging
studies in presymptomatic HD patients documented alterations
in axon-rich white matter brain structures, most notably the
CC, that directly correlated with the severity of cognitive deficits
(16-18,43,49). Thus, multiple independent lines of evidence sug-
gested that neurite degeneration represents an early and import-
ant pathologic event that long precedes neuronal cell death in
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HD. However, a temporal relationship between these pathogenic
events was not directly documented for HD-relevant neurons in
vivo.

YFP-expressing transgenic mouse lines have been used to ad-
dress axonal pathology in the context of diverse neurological disor-
ders (25). Recently, Marangoni et al. (2014) reported no obvious signs
of axonal pathology for YFP-positive neurons in YFP(H)-R6/2 mice
(26). However, the limited pattern of YFP expression in YFP(H)
mice left the fate of axons from cortical neurons known to be af-
fected in HD unclear (27,28,50). To circumvent this limitation, we
crossed ‘R6/2(160Q) ovary’ mice with YFP(J16) mice, resulting in a
wider pattern of cortical YFP expression (24). In HD, neuronal degen-
eration in the cortex includes pyramidal projection neurons within
layers III-VI, many of which project axons that pass through the CC
and end route to the contralateral cortex (4,5,29). Accordingly, YFP-
positive neurons in the cortex of YFP(J16) were found to express the
callosal projection neuron marker SATB2 (30). Rotarod tests further
confirmed that YFP expression, as featured in YFP(J16) mice, did not
affect the onset or severity of motor deficits characteristic of R6/2
(160Q) mice. Together, these studies validated the use of YFP(J16)-
R6/2(160Q) mice for the study of HD-related axonal pathology in vivo.

DTI studies of presymptomatic YFP(J16)-R6/2(160Q) mice first
revealed alterations in axon-rich white matter microstructure in-
dependent of YFP expression. Compared with YFP(J16) mice, YFP
(/16)-R6/2(160Q) mice showed reduced mFA values for the CC, a
finding consistent with results from brain imaging studies in liv-
ing, presymptomatic HD patients (17). Providing a cellular basis
for these alterations, detailed confocal fluorescence microscopic
analysis of the CC revealed alterations in the morphology and or-
ganization of YFP-positive axons. Indeed, callosal axons of YFP
(/16)-R6/2(160Q) mice appeared disorganized and featured occa-
sional axonal swellings as early as age P30. At symptomatic age
P60, the fibrillar organization of callosal axons was markedly
lost, and by P90, most axons appeared severely degenerated.
Axonal swellings were observed in YFP(J16) mice at a much
later age (P90), but the lack of motor phenotype in these mice
left their pathological relevance unclear (51). Notably, callosal
glia nuclei featured morphological alterations in the CC of YFP
(/16)-R6/2(160Q) mice, compared with YFP(J16) mice. A recent
study showed callosal axon pathology in transgenic mice featur-
ing oligodendrocyte-specific mHtt expression (52), but additional
studies are needed to determine the contribution of glial cells to
axonal degeneration in HD.

Quantitative studies revealed age-dependent reductions in
YFP fluorescence levels for callosal axons of YFP(J16)-R6/2(160Q)
mice, compared with YFP(J16) mice, suggestive of axonal degen-
eration. These studies also indicated that callosal axon degener-
ation was less severe in YFP(J16)-R6/2(120Q) than in YFP(J16)-R6/2
(160Q) mice, a finding consistent with results from studies in HD
brains in this study. Although more HD cases need to be analyzed
to establish definite conclusions, a significant correlation was ob-
served between polyQ tract length in mHtt and the degree of cal-
losal axon degeneration. Together, these data suggest that polyQ
tract expansion confers upon mhtt a toxic effect particularly crit-
ical for the maintenance of axonal connectivity.

Validating the use of YFP as a reporter of axonal pathology, re-
duced YFP fluorescence levels were associated with alterations in
the pattern of neurofilaments, major components of the axonal
cytoskeleton (53). Accordingly, a dramatic reduction in mean callo-
sal axon caliber was revealed by both confocal fluorescence and
electron microscopy. Together, these studies indicated that degen-
eration of callosal axons represents a very early pathogenic event
in R6/2(160Q) mice, providing a structural basis for findings ob-
tained from prior brain imaging studies in this animal model (54).

Analysis of YFP-positive neurons in the CCX of YFP(/16)-R6/2
(160Q) mice indicated that callosal axon degeneration did not re-
sult from loss of neuronal cell bodies in the cortex. Consistent
with the reports of early alterations in cortical gray matter struc-
ture in HD (21), these studies instead documented a marked re-
duction of YFP fluorescence derived from the cortical neuropil.
Accordingly, a recent report correlated a reduction in the thick-
ness of the R6/2 mouse cortex that involved increased density,
but not reduced numbers, of cell bodies (54). When considered to-
gether, these observations suggest that neuritic connections
might represent a significant fraction of brain tissue lost in HD,
and that cortical neurons vulnerable to mhtt toxicity degenerate
following a dying-back pattern (7,23,55).

Consistent with the reports of differential mhtt toxicity (5,7,56),
fluorescence microscopic analysis of additional white matter
tracts in YFP(/16)-R6/2(160Q) mice revealed differential vulnerabil-
ity of axonal fibers. Indeed, axons within the ONT and the sciatic
nerve of YFP(J16)-R6/2(160Q) mice displayed no obvious signs of
degeneration, even at late symptomatic age (41). However, spinal
cord axons of YFP(J16)-R6/2(160Q) mice displayed some signs
of pathology at late symptomatic age P90. Thus, axonal pathology
likely represents a feature common to several neuronal cell types,
but the short lifespan of YFP(/16)-R6/2(160Q) mice could make dif-
ficult the visualization of pathology for axons that are more mildly
affected, including sciatic nerves (57). Regardless, data from this
work suggest that cell type-specific characteristics of SATB2-
positive cortical projection neurons render these cells highly vul-
nerable to mHtt-induced toxicity.

Validating findings from YFP(/16)-R6/2(160Q) mice for HD, im-
munohistochemical analysis of axonal NFs revealed a marked
degeneration of callosal, but not optic nerve axons in the brains
of HD patients. These data confirmed pathological alterations in
callosal axons previously inferred from neurological and brain
imaging studies (17), and further extended findings of differential
axonal vulnerability from YFP(J16)-R6/2(120Q) mice to HD. Since
the CC plays a critical role in the relay of cognitive, motor and sen-
sory information between homologous cortical regions, dying-
back degeneration of callosal projection neurons may account
for some early behavioral symptoms observed in HD, including
compromised associative cortical processing (17).

In summary, the analysis of YFP(J16)-R6/2 mice in this study
revealed a dying-back pattern of degeneration for neurons af-
fected in HD, suggesting that axons represent a critical neuronal
compartment for mhtt-induced toxicity in vivo (7,23,55). Mec-
hanisms underlying axonal degeneration were not directly
addressed by these studies, but multiple lines of evidence de-
monstrated a toxic effect of mhtt on axonal transport, a process
critical for the maintenance of axonal connectivity (23,58). Steric
interference (39) and sequestration of motor proteins by mhtt ag-
gregates (38,59) have been proposed as potential mechanisms
mediating this toxic effect. EM-48-positive, microscopically vis-
ible mhtt aggregates were temporally and spatially segregated
from degenerating callosal axons in YFP(J16)-R6/2 mice, but the
possibility that other mHtt aggregates species (i.e. oligomeric
species or mhtt fragments) contribute to axonal pathology
could not be excluded. Significantly, our prior work demon-
strated axon-autonomous inhibitory effects of mhtt on axonal
transport, which were mediated by c-Jun amino terminal kinase
3 (JNK3) (7,58,60). Future studies in YFP(J16)-R6/2 mice and similar
models will help address the contribution of JNK3 and other mo-
lecular targets to axonal degeneration in HD. Regardless, any ef-
fective therapeutic strategies for HD should aim to halt or prevent
the progressive degeneration of neuritic connections documen-
ted in these studies.

1220

1225

1230

1235

1240

1245

1250

1255

1260

1265

1270

1275

1280



1285

1290

1295

1300

1305

1310

1315

1320

1325

1330

1335

1340

Materials and Methods
Mice

All animal procedures were performed in accordance with
National Institute of Health guidelines, institutional animal
protocol procedures at the University of Illinois and following re-
commendations listed in Ref. (61). Mice were housed in standard
conditions in a dark/light cycle of 12 h with ad libitum access to
food and water. Starting at age P40, all mice were provided wet
food to avoid malnourishment associated with reduced loco-
motor function in R6/2 mice (61). Wild-type female mice with
ovaries transplanted from R6/2 mice expressing mhtt with a
polyQ tract of 160 5 [R6/2(160Q); JAX#002810] or 120+ 5 [R6/2
(120Q); JAX#006494] glutamines, as well as YFP(J16)"* JAX#003709)
and YFP(H)** (JAX#003782) transgenic male mice were obtained
from Jackson Laboratories. A description of mice used for proce-
dures in this study is provided as Supplementary Data.

Rotarod tests

A rotarod apparatus (San Diego Instruments, CA) was used to
evaluate locomotor deficits, as described previously (54). For
each time point analyzed (P30, P60, P75), mice were tested over
three consecutive days (P28, P29 and P30; P58, P59 and P60; and
P73, P74 and P75). At each daily session, mice were first accli-
mated by placing them on a rod that was rotating at a constant
speed of 4 rpm for 20 s. After acclimation, five rotarod trials
were performed for each mouse, each separated by a 15-20 min
period. Rotarod trial involved placing mice on the accelerating
rod (4-40 rpm). Latency time to fall from the rod was recorded.
Accordingly, mean values for each age in the Supplementary Ma-
terial, Figure S2, were calculated from 15 independent rotarod
trials. After each mouse was tested, the apparatus was thorough-
ly cleaned with 70% methanol. Experiments were consistently
run between 2 and 3 pm to avoid confounding effects associated
with disrupted circadian rhythms in R6/2 mice (61).

Tissue preparation

Animals were euthanized by CO, inhalation, and transcardially
perfused with 4% paraformaldehyde diluted in phosphate-buf-
fered saline (PBS) (pH 7.4), as described before (62). The brains,
spinal cords, optic and sciatic nerves were removed, further
fixed overnight and then incubated in PBS with increasing
sucrose concentrations (5, 10, 20 and 30% sucrose w/v in PBS)
for additional 24 h. After embedding in OCT solution (Tissue
Tek, cat #4583), 50 pm thick coronal (0.98 mmM from Bregma) and
sagittal sections were obtained using a Leica CM 1850 Cryostat.
Sections were mounted on Superfrost glass slides (Fisher #12-
550-15) and dried for 15 min. OCT was removed by washing
three times with Tris buffer saline (TBS: Tris-glycine 50 mm,
NacCl 150 mm; pH:7.4).

Diffusion tensor imaging studies

Fixed mouse brains (n = 3 per genotype) were washed thoroughly
in Fluorinert (3M Company, MN) to reduce magnetic susceptibil-
ity during scanning. DTI data were gathered ex vivo using an Agi-
lent 9.4 T horizontal bore magnetic resonance imaging (MRI)
system (33). To reduce variations in measurements between ex-
perimental groups, the brains were randomized within their
group, and scanned three at a time. Structural data were acquired
using a standard spin echo sequence with repetition time (TR) =
2000 ms, echo time (ET) = 35 ms, number of excitations (NEX) =4,
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a slice thickness of 500 um and an in-plane resolution of 78 pm.
DTI was accomplished with a diffusion-weighted spin echo se-
quence of TR =2000 ms, TE ~20 ms, NEX =4, matrix size 256 x 256
and FOV =30 mm x 30 mm x 1 mmM. Twelve diffusion-weighted di-
rections were acquired at b = 1000 s/mm? with a B, image for diffu-
sion studies. From coronal reconstructions of fractal anisotropy (FA)
maps, a total of four regions of interest (ROIs) (two left and two
right) were manually segmented and centered in the prefrontal co-
ordinates. Eigenvalues and mean fractional anisotropy (mFA) were
obtained using DTIStudio software. Individual values were aver-
aged and subjected to statistical analysis, as described before (33).

Immunohistochemistry

The following primary antibodies were used: anti-neurofilament
heavy chain SMI-31 clone (Covance cat#SMI-31R, 1:000), anti-
huntingtin EM48 clone (Millipore cat#MAB5374, 1:200), anti-
Ctip2 (Abcam ab18465 1:100) and anti-SATB2 (Abcam ab51502,
1:200). Secondary antibodies were goat anti-mouse Alexa Fluor
647 (Invitrogen cat#A-21235) and goat anti-rat Alexa Fluor 647
(Invitrogen cat#A-211247). Tissue sections were permeabilized
with TBST (0.25% TX-100 w/v in TBS) for 10 min, blocked with
5% goat serum for 1 h in TBS and incubated with primary anti-
bodies overnight. After extensive washing with TBS, sections
were incubated with secondary antibodies for 1 h, then washed
again with TBS. Slides were dried and mounted in VectaShield
mounting media (Vector Laboratories, Burlingame, CA) and
sealed with nail varnish.

Confocal fluorescence image analysis

At ages P30, P60 and P90, three mice per experimental group
(genotype) were sacrificed, perfused as above, and nerve tissue
sections obtained (brain, spinal cord and sciatic nerves). For
quantitation of YFP fluorescence levels in Figures 3C and
7A’-C’, three tissue sections were analyzed for each mouse geno-
type, age point and tissue. YFP fluorescence images were acquired
using an LSM 710 confocal microscope (Zeiss) with optical filters
set at 546 nm. To reduce variability associated with image acqui-
sition, tissue sections derived from all mouse genotypes and ages
were placed on the same slide (Supplementary Material, Fig. 1A).
Images corresponding to four ROIs were obtained for each tissue
section (Supplementary Material, Fig. 1B). For each ROI image,
mean pixel fluorescence intensity values were obtained by apply-
ing auto-threshold methods in Image J (Bethesda, MD) (Supple-
mentary Material, Fig. 1C) and used for statistical analysis, as
before (62).

For counting of neuronal cell bodies in Figure 5B, four ROIs
comprising layers III-VI of the M1 motor cortex were obtained
per coronal brain section (Supplementary Material, Fig. 1B).
Images were transformed to 8-bit images using Image J. A
200 um? area pixel mask was applied to identify YFP-expressing
neuronal cell bodies from other YFP-positive structures (i.e. adja-
cent neuropil), and neuronal cell bodies counted using the elem-
ent counter plug-in tool of Image J (see the Supplementary
Material, Fig. 1D).

For quantitation of SMI-31 immunoreactivity in Figure 8C, six
subjects (three HD and three controls) were analyzed (see Table 1).
Tissue sections were prepared from the CC’s genu and ONT and
immunostained with anti-SMI-31 antibody (1:1000), as before
(63). Three images per subject per tissue were obtained using
the same imaging settings. Fluorescence background subtraction
was performed using tissue sections incubated with secondary
antibody only.
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Electron microscopy (EM)

For experiments in Figure 4D and E, three mice per experimental
group were euthanized as above and intracardially perfused with
PBS and Karnovsky fixative (64). The brains were removed from
the skull, bisected with a razor blade and embedded in gelatin.
One hundred micrometer thick sections were cut with a
vibratome, post-fixed in 1% OsO4, dehydrated through a graded
series of alcohols and propylene oxide, infiltrated in Durcupan
(Fluka, Ronkonkoma, NY) and flat-embedded on glass slides
with a plastic coverslip. Areas of interest were marked and cut
off the slide with a razor blade. These areas were then super-
glued onto a blank stub, and 80-90 nm ultrathin sections were
sectioned with a diamond knife (Diatome). Seventy nanometer
thick sagittal sections of the CC (prefrontal area) were collected
on formvar-coated 1 x 2 mu slot grids. Grids were stained with
uranyl acetate and lead citrate and examined in a JEOL 1220
TEM at 80 keV.

For quantitative data shown in Figure 4E, five representative
pictures were obtained for each animal (n=3 mice per experi-
mental group). Using a JEOL 1220 electron microscope, a total of
15 images per experimental group were collected. EM images
were transformed to 8 bits, and axoplasms delineated using
pixel intensity detection threshold function (20-225). Images
were then masked using a 200-1000 pixel filter size, and circular-
ity parameters adjusted (0.7-1) to reveal individual axoplasmic
profiles. The same image settings were applied to all images,
and mean axonal caliber was calculated using the element coun-
ter function of Image J (n = 3 mice and 1500 axons total per group).

Statistical analysis

Quantitative data were tabulated using Excel and analyzed using
GraphPad Prism 6 software (La Jolla, CA). Based on the results
from pilot experiments, minimum numbers of animals per ex-
perimental group were established using power analysis and
sample size calculations. Differences in rotarod performance
among experimental groups were analyzed using two-way
ANOVA (mixed effect model) and post hoc Tukey’s tests (Supple-
mentary Material, Fig. 2). For quantitative analysis of YFP fluores-
cence levels, one-way ANOVA and Tukey’s post hoc tests were
used to determine statistical differences among experimental
groups (Figs 4C, 5B and 7A’-C’). Unpaired t-tests were used to
compare differences in mFA values (Fig. 2C) and axonal dia-
meters (Fig. 4E). A Pearson’s correlation test was used to evaluate
the association between the number of CAG repeats and callosal/
ONT SMI-31 immunoreactivity levels (Fig. 8D). Error bars in all the
figures represent standard error of the mean (SEM). Researchers
performing data collection were blinded to mice genotype and
age for all procedures.

Supplementary Material

Supplementary Material is available at HMG online.
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