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Recent studies have identified impairments in neural induction
and in striatal and cortical neurogenesis in Huntington’s disease
(HD) knock-in mouse models and associated embryonic stem cell
lines. However, the potential role of these developmental alter-
ations for HD pathogenesis and progression is currently unknown.
To address this issue, we used BACHD:CAG-Cre®™ mice, which
carry mutant huntingtin (mHtt) modified to harbor a floxed exon
1 containing the pathogenic polyglutamine expansion (Q97). Upon
tamoxifen administration at postnatal day 21, the floxed mHtt-
exon1 was removed and mHtt expression was terminated (Q97<FE).
These conditional mice displayed similar profiles of impairments to
those mice expressing mHtt throughout life: (i) striatal neurodegen-
eration, (ii) early vulnerability to NMDA-mediated excitotoxicity,
(iii) impairments in motor coordination, (iv) temporally distinct
abnormalities in striatal electrophysiological activity, and (v) al-
tered corticostriatal functional connectivity and plasticity. These
findings strongly suggest that developmental aberrations may
play important roles in HD pathogenesis and progression.

neurodegeneration | prodromal | plasticity

untington’s disease (HD) is an inherited neurodegenerative

disorder caused by abnormal expansion of a polyglutamine
tract in the amino terminal end of the protein, huntingtin (Htt).
HD is characterized by the onset and progression of motor al-
terations frequently commencing during the fourth decade of life
and associated with degeneration of the striatum, cortex, and
other brain areas. Research initiatives in the field have tradi-
tionally focused on defining the biological processes mediating
neuronal dysfunction and death during adult life. More recently,
our studies and others have shown that the HD pathogenic
mutation impairs the specification and maturation of striatal
medium spiny neurons (MSNs), the primary target of HD neu-
rodegeneration, and alters cortical progenitor cell divisions and
neurogenesis by causing deregulation of mitotic spindle orien-
tation (1, 2). Although the role of these diverse developmental
defects for HD pathogenesis remains undefined, they have the
potential to impair the integrity of striatal and cortical neuronal
homeostasis and function through multiple inductive interactions.
Indeed, these changes may provide an explanation for studies,
including the Neurobiological Predictors of Huntington’s Disease
(PREDICT-HD) and TRACK-HD studies, showing electrophys-
iological abnormalities, discrete brain structural as well as volu-
metric changes, and cognitive and motor deficits occurring long
before disease onset (3-8). We therefore propose that selective
exposure to mutant H#t (mH#t) during neural development can
recapitulate characteristic features of HD. To examine this
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possibility, we used a conditional mHtt-ablation model allowing
selective developmental expression of mHt.

Results

The Generation of BACHD Mice Selectively Expressing mHtt During
Development. We interbred BACHD mice (9) carrying the full-
length human mH# gene modified to harbor a floxed exon 1
coding for 97 polyglutamine repeats (HD juvenile repeat range)
with mice carrying the tamoxifen-inducible Cre recombinase
(CRE) driver system (CAG-Cre/Esr1) (10). Their offspring were
subsequently treated with tamoxifen at postnatal day (PND) 21
to generate mice expressing mHt: (i) only during development
(Q97°RE), (ii) during development and adult life (Q97), and (iii)
in WT controls not expressing mH# (WT). In 3-mo-old mice, the
efficiency of mH#t tamoxifen-induced brain gene ablation was
examined at genomic (Fig. S1 4 and B), transcript, and protein
levels (Fig. 1 and Fig. S1 C and D). Quantitative real-time PCR
(QRT-PCR) analysis using primers targeting the floxed region of
mHit revealed a 98.2% reduction of the genomic amplicon in

Significance

Research initiatives in Huntington’s disease (HD) have tradi-
tionally focused on defining the biological processes mediating
neuronal dysfunction and death during adult life. In contrast to
these classical approaches, we have shown that selective ex-
posure to the pathogenic protein during development reca-
pitulates characteristic features of HD. These findings support
the hypothesis that putative HD-associated developmental
impairments in neurogenesis contribute to regional cellular
vulnerabilities to late-life stressors leading to dysfunction cul-
minating in cell death. An implication of our findings is that the
spectrum of developmental alterations can be held in check for
many decades after the birth of these vulnerable neuronal
subtypes, thus defining a previously unidentified window for
therapeutic interventions at a time when irreversible neural
degeneration has not yet occurred.
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Fig. 1. CREFR yields highly efficient levels of mHtt excisional recombination
in Q97RE mice. In contrast to striatal Q97 specimens, RT-PCR amplicons using
primers that selectively detect the presence of mutant exon 1 of the Htt
cDNA (Top) and Western blot analysis probed with the mAb 2166 anti-Htt
antibody (~350 kDa, Bottom) show no discernible bands in control and
Q97RE striatal specimens (Nper strain = 3)-

Q97“RE compared with Q97 mice (Fig. S1 A and B). Further
analysis of mH#t RNA expression showed a 99.8% reduction of
transcript expression in Q97°RF compared with WT mice (Fig. 1,
Upper and and Fig. S1 C and D). Accordingly, no mH#t protein
was detected by Western blot analysis (Fig. 1, Lower). Consistent
with previous studies (10), we also verified efficient levels of
recombination throughout the neuraxis and in nonneural tissues
(Fig. S2). These observations validate the use of the BACHD
mouse model to study the selective effects of mH#t expression
during development.

Q97°RE Mice Display HD-Like Profiles of Striatal Vulnerability to Cell
Death. Striatal vulnerability to neurodegeneration is a seminal
hallmark of HD. To investigate the presence of HD striatal pa-
thology in Q97“RE mice, we studied gross morphological changes
in brain specimens of 9-mo-old mice. We found that striatal
volumes [F(312) = 1.28, P = 0.311], as well as the numbers of
striatal NeuN™ neuronal species [F221) = 1.86, P = 0.18], were
not different between the three experimental groups. To identify
neurodegenerative changes more thoroughly, we used toluidine
blue staining of semithin striatal sections from the lateral aspect
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of the striatum (Fig. 2 A and B), a region previously shown to
display the largest number of degenerating neurons in Q97 mice
(9). Degenerating cells in the striatum appear dark when stained
with toluidine blue. We found that compared with WT speci-
mens [1.1%, 0.6-1.9 coefficient interval (CI195%)], both Q97°RE
(6.6%, 5.3-8.1 CI95%) and Q97 (7.6%, 6.3-9.1 CI95%) speci-
mens showed larger numbers of darkly stained degenerating
neurons (Fig. 24), many of which exhibited atrophic morphol-
ogies (Fig. 24, arrowheads). Electron microscopic techniques
further confirmed the presence of darkly stained atrophic neu-
rons displaying morphological features of neurodegeneration,
not only in the Q97 striatum but also in the Q97°RE striatum (Fig.
2 C-E). The neuronal identity of degenerating cells was confirmed
by the detection of axosomatic synapses in these species (Fig. 2 C,
outlined box and D). These results suggest that selective exposure
to mHtt during neural development creates a state of striatal cell
vulnerable to cell death.

One provocative additional possibility is that this vulnerability
might even be present early in life. In support of this possibility,
previous studies have shown that early in life, HD mouse models
exhibit an increased striatal vulnerability to NMDA-mediated
excitotoxicity both in vivo and in vitro (11, 12). However, these
studies do not clarify whether the cellular vulnerability is a con-
sequence of developmental abnormalities or the continuing effects
of the mutant protein during adult life. To investigate this seminal
issue, we injected either the NMDA agonist quinolinic acid (QA)
or PBS unilaterally into the corresponding dorsal aspect of the
striatum of 3-mo-old Q97°RE mice. Seven days postinjection,
striatal lesions were quantified using Fluoro-Jade C (Millipore), a
cell death marker. PBS-mediated lesions were similar across all
experimental groups [F( 11y = 0.245, P = 0.786], and were smaller
than those lesions resulting from QA [t = 4.5, t, = 8.2, and
t) = 4.6; P < 0.01 for Q97°RE, 97, and control (CTL) mice,
respectively]. Moreover, both Q97“RE and QU7 striata displayed
approximately twofold larger QA lesions compared with those
lesions seen in WT specimens [F(,11) = 10.64, P = 0.002; Tukey’s
honest significant difference (HSD) post hoc test, P = 0.031 and
P =0.002, respectively; Fig. 2 F-I, asterisks]. These results reveal

Fig. 2. Q97°RE mice display late-life appearance of striatal cellular degeneration and enhanced vulnerability to QA. Semithin sections (1 pm) of 9-mo-old striatum of
female mice show that the number of darkly stained degenerating toluidine blue-positive cells was significantly higher in both Q97<%€ (4, arrowheads) and Q97 mice
compared with CTL mice (B, percentage + 95% confidence interval). (C-E) Electron micrographic images showing representative degenerating cells in the striatum of
Q97" mouse specimens. D corresponds to the boxed area in C, illustrating the presence of an axosomatic synapse (arrowheads). The asterisk in £ identifies the
nucleus of a normal striatal cell. (G-/) Representative striatal specimens that received a single intrastriatal injection of QA and were thereafter treated with Fluoro-
Jade C to label dying cells (an asterisk depicts the site of the QA lesion). Arrowheads in H and / depict scattered Fluoro-Jade C—positive cells throughout the striatum.
(Scale bars: A, 100 pm; D, 0.33 pm; C and E, 1 pm; /, 220 pm.) *P < 0.05 for statistical comparisons between CTL and either Q97%€ or Q97 specimens.
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Fig. 3. Q97°FF mice have analogous, although less severe, motor deficits
compared with Q97 mice. Behavioral examinations were performed at 3 and
9 mo of age in a single cohort of female mice from each experimental group
(n =10, n =9, and n = 12 for Q97°RE, Q97, and CTL mice, respectively).
Compared with CTL mice, both Q97°% and Q97 mice displayed deficits in
limb grip strength (paw grip endurance hanging wire test) at 9 mo of age (A)
and a higher number of slips in the balance beam test at 3 and 9 mo of age
(B). (C and D) Consistently, repeated rotarod tests at 3 and 9 mo of age also
revealed significant deficits in motor coordination in Q97<fE mice. Individual
values represent the mean + SEM. P values (*) depicted at the top or next to
each experimental group in A and B represent the statistical comparison with
corresponding age-matched controls.

that mHtt displays an active role in sculpting this cellular vul-
nerability to neurodegeneration during neural development.

Q97°FE Mice Partially Recapitulate Motor Deficits of Q97 Mice. Pro-
gressive motor alterations are a clinical hallmark of HD, and
they appear years before pathological changes are observed in
patients with HD. However, whether selective developmental
expression of mHtt is sufficient to produce progressive behav-
ioral impairments remains unknown. We performed comparative
behavioral analysis in a cohort of Q97°RE, Q97, and CTL mice at
3 and 9 mo of age (Fig. 3). To control for the confounding effects
of weight in our behavioral examinations, all analyses were ad-
justed for this variable (13). We studied muscle strength with the
Grip test. At 3 mo of age, Q97 but not Q97°RE mice displayed
shorter latencies to fall in comparison to CTL mice [F(557) =
2.86, P = 0.073; Tukey’s HSD post hoc test, P = 0.045; Fig. 34].
However, at 9 mo of age, both Q97 and Q97°RE mice exhibited
shorter latencies to fall compared with CTL mice [F 227y = 20.68,
P < 0.0001; Fig. 34]. These observations indicate the presence of
progressive reductions in muscle strength for both Q97°RE and
Q97 mice. To examine motor coordination, we measured the
number of slips of the mice using the balance beam test. Com-
pared with CTL mice, both 3- and 9-mo-old Q97°RE and Q97
mice displayed higher numbers of slips [F(2,26) = 3.92, P = 0.032
and F(58) = 39.4, P < 0.0001, respectively; Fig. 3C]. In addition,
the number of slips at 9 mo, but not at 3 mo, were significantly
higher in Q97°** compared with Q97 mice [¢(;6) = 4.99, P = 0.0001
and f(;5y = 0.59, P = 0.6, respectively]. To examine motor co-
ordination further, we used the rotarod test (Rotamex-5;

5738 | www.pnas.org/cgi/doi/10.1073/pnas.1603871113

Columbus Instruments). We assessed differences among groups
using a mixed linear ANOVA model with repeated measurements.
This model revealed differences in the latencies of mice at 3 mo
(Fig. 3B) and 9 mo (Fig. 3D) of age to fall across all experimental
models examined. Compared with CTL mice, the individual laten-
cies to fall of Q97°RF and Q97 mice were shorter at both 3 mo
[F(1,22) = 840, P =0.0122 and F(1,21) = 344, P < 0.01 for genotype
effects, respectively; Fig. 3B] and 9 mo [F(; 24) = 5.75, P = 0.02 and
F123 =898, P < 0.01 for genotype effects, respectively; Fig. 3D] of
age. Moreover, although comparisons between mutant strains
(Q97°RE and Q97) revealed that Q97°RE mice displayed longer
latencies to fall than Q97 mice at 3 mo of age [F(1,17) = 7.73, P =
0.013 for genotype effect; Fig. 3B], but not at 9 mo of age [F(,17) =
0.08, P = 0.77 for genotype effect; Fig. 3D], indicating the prefer-
ential influences of mHtt during early but not later life. Overall,
these data demonstrate that Q97°%F mice display deficits in motor
coordination, suggesting that selective expression of mHtt during the
developmental period partially recapitulates the motor deficits of HD.

Q97°"E and Q97 Mice Display Age-Dependent Alterations in Striatal
Spiking Activity. A number of studies have demonstrated defects in
in vivo striatal spiking activity (14, 15) and in vitro age-dependent
alterations in different striatal cell types (14, 16, 17) in various HD
mouse models. We sought to determine whether mHtt-associated
developmental effects contribute to these electrophysiological
alterations. We implanted a drivable microarray to record single-
unit activities within the dorsolateral striatum of behaving 3-
to 4-mo-old and 9- to 12-mo-old Q97°RE mice (Fig. 4). The
recorded units were classified according to their waveform (18)
as either putative MSNs (Fig. 44) or GABAergic interneurons
(GINs; Fig. 4B). The proportions of units classified as MSNs and
GINs were not different between the three genotypes in 3- to
4-mo-old and 9- to 12-mo-old mice [~50% for MSN and GINs at
both age ranges; Xz(z) = 0.566, P = 0.753 and X2(2) =1.877,P =
0.391, respectively]. At 3 to 4 mo of age, the firing rate of MSNs
was similar among the experimental groups [H ¢y = 0.557, P =
0.756; Fig. 4C), although the coefficient of variation (CV) of the
interspike interval (ISI) of MSNs was increased in both Q97°RE
and Q97 mice [F(;¢6) = 8.22, P < 0.001, P = 0.032; Fig. 4D]. In
contrast, the firing rate of striatal GINs was decreased [H > 60y =
16.31, P < 0.001; Fig. 4E] in both Q97°RE and Q97 mice. Be-
cause the firing rate of GINs was different among groups, we
used the SD of the ISI as a more appropriate measure of spiking
variability than the CV of the ISI. We observed that the SD of
the ISI for GINs was increased for both Q97 and Q97°RE mice
[F(2,60) = 3.19, P = 0.048; Fig. 4F]. These observations during the
3- to 4-mo age range suggest generalized alterations in the
striatal spiking activity as a result of the presence of mHtt during
development. At 9 to 12 mo of age, the MSN firing rate was
similar among all genotypes [H 75y = 1.50, P < 0.472; Fig. 4G].
However, the CV of the ISI of MSNs was decreased [F(»74) =
7.09, P < 0.001; Fig. 4H]. For GINs, both the firing rate [H; 65y =
0.56, P < 0.752; Fig. 4I] and the CV of the ISI [F 568y = 1.69, P <
0.192; Fig. 4J] were similar across all experimental groups.
Therefore, by contrast, during the 9- to 12-mo age range, we
observed that alterations in striatal spiking activity were selective
for MSNs rather than GINs. These overall observations dem-
onstrate that both MSNs and GINs display age-dependent al-
terations in their spiking activity. Moreover, our results reveal
that mHtt-associated developmental defects contribute to alter-
ations in both age- and neuronal subtype-dependent striatal
spiking activity.

Q97°F€ and Q97 Mice Display Alterations in Corticostriatal Communications
and Plasticity. Several electrophysiological alterations in the cortico-
striatal pathway have been implicated in HD. They include late-onset
loss of cortical innervation of the striatum and defects in cortico-
striatal plasticity in acute brain slices from HD mouse models (19—
21). However, whether selective expression of the mHtt during the
developmental period contributes to corticostriatal dysfunction is
not known. We addressed this issue by analyzing corticostriatal
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Fig. 4. Both Q97°"¢ and Q97 mice exhibit abnormal striatal electrophysio-
logical activity. (A and B) Drivable microarrays were implanted within the
dorsolateral striatum to record the single-unit activity of awake, behaving
3- to 4-mo-old and 9- to 12-mo-old mice. (C) In 3- to 4-mo-old mice, MSN firing
rates from Q97 (n = 22) and Q97<RE (n = 20) mice were similar to CTL (n = 27)
mice. (D) ISI CV was increased in Q97 and Q97°RE MSNs compared with CTL
MSNSs. (E) GIN firing rates from Q97 (n = 21) and Q97F€ (n = 15) mice were
significantly lower than in CTL (n = 27) mice. (F) In comparison to CTL units, the
SD of the ISI of GINs was higher for both Q97 and Q97 units. In 9- to 12-mo-
old mice, MSN firing rates from Q97 (n = 23) and Q97<%€ (n = 27) mice were
similar to CTL (n = 26) mice (G); however, the CV of the ISI was decreased in
both Q97 (n = 23) and Q97<FE (n = 27) mice in comparison to CTL (n = 26) units
(H). No differences were detected in the firing rate (/) or the CV of the ISI of
GINs (J). Data are shown as whisker box plots representing the median (at the
center), interquartile range (outer box), and minimum and maximum values
(whiskers). *P < 0.05; **P < 0.001.

pathway properties in 9- to 12-mo-old freely moving Q97°RE mice.
We implanted an eight-wire microarray in the striatum and an
electrical microstimulator within the motor cortex of experimental
mice. We then assessed the effects of cortical stimulation on the
responsivity of striatal unit activity. We found that cortical stim-
ulation induced the following responses: (i) excitation, defined as
the transient increase in the firing rate (Fig. S34); (ii) inhibition,
characterized by the transient suppression of striatal activity (Fig.
S3B); and (iii ) no response (Fig. S3C). Because the motor cortex
provides the primary excitatory input to the dorsolateral striatum,
we focused our analysis on units displaying excitation as a re-
sponse. We found that there is an ~20% decrease of striatal units
displaying excitatory response in both Q97 and Q97°RE mice
compared with CTL mice [y’ = 15.53, P < 0.0003; Fig. 54].
These findings suggest a decrease in functional corticostriatal
connectivity. However, we observed that in those cells displaying
excitation, the number of spikes elicited after cortical stimulation
[H270) = 3.923, P = 0.140; Fig. 5B] and the excitatory response
latency [H 2,70y = 2.422, P = 0.297; Fig. 5C] were similar among all
genotypes. This finding suggests that the remaining cortical inputs
retain the ability to modulate the firing of striatal neurons in the
HD mouse models. Our overall observations imply that the re-
duction of the cortical input to striatal cells is a consequence of
selective developmental expression of mHtt.

It is known that decreased inputs to the striatum are able to
alter corticostriatal plasticity (22, 23). Therefore, we hypothesized

Molero et al.

that the relative corticostriatal functional disconnection is also
able to impair corticostriatal plasticity in HD. In a previous work,
we have shown that delivery of high-frequency stimulation (HFS)
to the motor cortex of freely moving mice is able to induce bi-
directional striatal plasticity (24). Using the same experimental
paradigm, we observed striatal units that displayed decreased
[long-term depression (LTD); Fig. S3D] or increased [long-term
potentiation (LTP); Fig. S3E] evoked spikes post-HFS in com-
parison to pre-HES in all experimental mice. We find that the
proportion of units displaying LTP was increased ~25% at the
expense of units displaying LTD in both Q97 and Q97°RE mice in
comparison to CTL mice [Xz(z) = 19.02, P < 0.0001; Fig. 5D]. For
units that we categorized as undergoing LTD, the ratio of extra
spikes post-HFS/pre-HFS was comparable among all experimental
micec[lléz,@ =3.382, P = 0.184; Fig. 5E]. Similarly, in both Q97 and
Q97 mouse units undergoing LTP display, there were no
differences in the ratio of extra spikes post-HFS over pre-HFS
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Fig. 5. Q97" mice display impairments in corticostriatal connectivity and
plasticity. (A) Proportion of cells exhibiting an excitatory response to cortical
stimulation was reduced in both Q97 and Q97 mice in comparison to CTL mice
(CTL = 47, Q97 = 49, and Q97<E = 47 cells). (B) Correspondence to the summary
data for the number of extra spikes elicited in striatal units displaying excitation
by cortical stimulation (CTL = 32, Q97 = 22, and Q97FE = 17 cells). The number of
extra spikes was similar among all experimental groups. (C) Correspondence to
the summary data for latency to elicited excitation in striatal units by cortical
stimulation. The latency was similar among all experimental groups. (D) Pro-
portion of striatal cells undergoing LTP is increased in both Q97 and Q97<%€ mice
in comparison to CTL mice (CTL = 27, Q97 = 22, and Q97FE = 15 cells). (€ and F)
Summary data for striatal units undergoing LTD or LTP, respectively, for all ex-
perimental groups. (E) Ratio of spikes before and after HFS for cells undergoing
LTD was not statistically different among genotypes. (F) Ratio of spikes before
and after HFS for cells undergoing LTP among all experimental groups was not
statistically different among genotypes. We used six to eight mice per genotype
in all of the experimental paradigms. The mean and SEM are displayed in B, C, E,
and F, and each individual point represents a striatal unit.
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compared with CTL mice [H(,,15) = 2.464, P = 0.304; Fig. 5F].
These overall results suggest that the relative HD-mediated
corticostriatal disconnection has the potential to alter bidirectional
striatal plasticity and, additionally, that previously demonstrated
mHtt-associated developmental alterations in both the striatum
and cortex may furnish the regional substrates to mediate these
dynamic processes.

Discussion

We have shown that selective exposure to mHtt during devel-
opment recapitulates characteristic features of the HD pheno-
type. The findings in Q97°RE mice of striatal degeneration, early
susceptibility to NMDA-mediated excitotoxicity, progressive mo-
tor coordination deficits, impairments in striatal spiking activity,
and defects in corticostriatal plasticity and functional connectivity
suggest that developmental abnormalities play an important role
in HD pathogenesis.

We have postulated that mH#t-associated developmental dys-
function contributes to HD neurodegeneration (1). We and
other groups have previously shown impairments in early em-
bryonic development and stem cell-mediated striatal neuro-
genesis in HD mouse and cellular models (1, 25-27). These
impairments may exert long-term disease-modifying effects (27),
including selective neuronal vulnerability to degeneration. This
concept is supported by the fact that Q97°RE mice display HD-
like neurodegeneration.

Ablation of mHit after PND21 in Q97°%" mice resulted in
reductions in muscle strength and alterations in locomotor ac-
tivity and motor coordination. However, these defects were not
as severe as those defects observed in Q97 mice. These partial
defects in the Q97°RE mice suggest that developmental mecha-
nisms alone may not be sufficient to yield the entire spectrum of
HD pathologies, thus potentially supporting a disease model
encompassing two pathogenic components: one developmental
and the other reflecting the ongoing toxic effects of mH#t. As a
corollary, selective targeting of mH# during postnatal life may
not be sufficient to prevent or cause complete rescue of the HD
phenotype. Consistently, although cumulative studies have
reported that postnatal ablation or reduction of mH# delays HD
onset (28, 29), prolongs longevity of mice (28, 30, 31), stabilizes
brain atrophy (28, 32), and improves motor functions (28, 33),
targeting of the pathogenic protein does not lead to full reversal
of the HD phenotype. It is also possible that these profiles of
partial recovery reflected the fact that gene targeting was per-
formed at a time when the deleterious effects of mH# had already
resulted in irreversible pathophysiological changes. However,
Wang et al. (30) targeted mHit well before the establishment of
neuropathological disease hallmarks, thus making it unlikely that
the absence of full recovery was a consequence of delayed ther-
apeutic interventions. Overall, the evidence from postnatal mH
targeting studies further suggests that additional pathogenic
mechanisms are operating in response to the presence of mHit
during adult life.

Different studies have shown the involvement of multiple
striatal cell types (MSNs, GINs, oligodendrocytes, and astrocytes)
in addition to other cardinal brain regions and cell types in HD
(34-37). All of these cellular subtypes are elaborated in a regional-
and temporal-specific manner during neural development. Striatal
cell types are, for example, derived from distinct regional ventral
telencephalic progenitor pools, with MSNs derived from the lat-
eral ganglionic eminence and GINs derived preferentially from
the medial ganglionic eminence. These and other cellular com-
ponents of the evolving striatum define an integrated functional
microenvironment. In the context of mH#, impairments of these
and other striatal cellular subtypes likely contribute to progressive
dysfunction of multiple regional progenitor domains, including the
striatum. The presence of these developmental alterations would
suggest a mechanism for generating both temporal and spatial
cellular vulnerabilities that are known to occur in HD.

We have observed a change in the proportion of cells un-
dergoing corticostriatal LTD and LTP after delivering HFS to
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the motor cortex in both Q97 and Q97°RE mice in comparison to
CTL mice (Fig. 5). Although these alterations can be explained
by loss in corticostriatal functional connectivity, other mecha-
nisms must also contribute to these alterations. One possibility
for the decreased proportion of cells undergoing LTD reflects
impairments in different mechanisms of striatal LTD. As a proof
of principle, we have previously demonstrated that using an
antagonist (AM251) of cannabinoid receptor 1 (CBR1), we re-
duced the proportion of cells undergoing LTD in freely moving
mice (24). These findings suggest that alterations in CBR1 or
other components of the signaling pathways of striatal LTD
could contribute to the corticostriatal plasticity defects in HD.
Accordingly, patients with HD and mouse models display alter-
ations in molecular components of striatal LTD, including can-
nabinoid receptors (38-40) and the mGIuRS5 signaling pathway
(41-43). Previous studies have shown that using an agonist for
CBR1 (WIN 55,212-2) (44) or mGIuRS5 (42, 45) modulators in
HD mouse models ameliorates several alterations associated
with corticostriatal dysfunction. Alterations in excitatory-inhibitory
(E-I) balance can also deregulate corticostriatal plasticity (46).
Changes in inhibitory (47, 48) and excitatory (14, 17) inputs to
different striatal neurons (MSN-D1 and MSN-D2, fast-spiking
interneurons, and persistent low-threshold interneurons) have
been observed in BACHD (at both 2 and 12 mo of age) (47) and
other mouse models of HD, thereby suggesting another mecha-
nism to explain the alterations in corticostriatal plasticity. These
defects in E-I balance may be established during development,
given the fact that associated synaptic alterations are present very
early in HD mouse models. These overall observations suggest
that the alterations in corticostriatal plasticity may be mediated
by multiple mechanisms occurring in parallel, including those
mechanisms exhibiting a developmental origin.

Although the use of mice carrying a mixed C57BL-6J/FVB-NJ
background might potentially act as a confounding factor in our
analyses, this possibility seems unlikely because (i) the HD-like
phenotype exhibited by our mixed C57BL-6J/FVB-NJ BACHD
(Q97) strain was similar to the HD-like phenotype previously
described in other studies using the FVB-NJ BACHD strain,
thus indicating that the mixed background did not alter the
pathogenic effects of mHtt in our mouse model (9); (ii) Q97
and Q97°RE HD-like phenotypes (e.g., neuronal vulnerability to
excitotoxicity and neuronal degeneration, electrophysiological
abnormalities) were consistently observed to be in the same di-
rection throughout our studies, despite the fact that these phe-
notypes involved cohorts of mice obtained from different litter
pools; (iii) our findings of neuronal degeneration and impair-
ments of motor coordination were further confirmed in a separate
cohort of experimental mice in which the FVB-NJ background
was outbred following 10 consecutive matings with WT C57BL
mice (Fig. S4); and (iv) our corticostriatal communications and
plasticity experiments were performed using our purebred C57BL
mouse models (Fig. 5), and both Q97 and Q97°RF mice dis-
play similar alterations compared with CTL mice. These convergent
observations suggest that mHtt is sufficient to produce robust
pathological impairments, NMDA-mediated excitotoxicity, be-
havioral abnormalities, and electrophysiological alterations un-
der these breeding paradigms.

These studies illuminate a developmental window associated
with HD pathogenesis that has major implications for our un-
derstanding of the mechanisms governing the process of neuro-
degeneration. These observations have the potential to identify
new classes of biomarkers and innovative therapeutic targets to
delay, reverse, or prevent the onset and progression of HD, with
potential relevance to other neurodegenerative diseases. In fact,
the stages of premanifest HD likely represent the time interval
during which therapeutic strategies “may provide the most pos-
itive possible outcome for patients and their families affected by
this devastating disease” (5). Our findings also suggest that dis-
ease-specific profiles of propagation throughout the neuraxis are
likely due to regional cellular vulnerabilities programmed during
neural development rather than exclusively or preferentially due
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to mechanisms of prion-like propagation of pathogenic forms of
neurodegenerative disease proteins (49).

Materials and Methods

Mouse Models. All studies were conducted with the approval of the Albert
Einstein Animal Institute and were in compliance with all ethical guidelines
and regulations (Institutional Review Board #00023382). CTL mice (Fig. 3)
encompassed a combination of WT and CAG-CREER mice; we confirmed that
there were no behavioral differences among them (Fig. S5). Detailed
breeding paradigms are described in S/ Materials and Methods.
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