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The purpose of this study was to investigate the link between mutant huntingtin (Htt) and neuronal damage in
relation to mitochondria in Huntington’s disease (HD). In an earlier study, we determined the relationship
between mutant Htt and mitochondrial dynamics/synaptic viability in HD patients. We found mitochondrial
loss, abnormal mitochondrial dynamics and mutant Htt association with mitochondria in HD patients. In
the current study, we sought to expand on our previous findings and further elucidate the relationship be-
tween mutant Htt and mitochondrial and synaptic deficiencies. We hypothesized that mutant Htt, in associ-
ation with mitochondria, alters mitochondrial dynamics, leading to mitochondrial fragmentation and
defective axonal transport of mitochondria in HD neurons. In this study, using postmortem HD brains and
primary neurons from transgenic BACHD mice, we identified mutant Htt interaction with the mitochondrial
protein Drp1 and factors that cause abnormal mitochondrial dynamics, including GTPase Drp1 enzymatic ac-
tivity. Further, using primary neurons from BACHD mice, for the first time, we studied axonal transport of
mitochondria and synaptic degeneration. We also investigated the effect of mutant Htt aggregates and oligo-
mers in synaptic and mitochondrial deficiencies in postmortem HD brains and primary neurons from BACHD
mice. We found that mutant Htt interacts with Drp1, elevates GTPase Drp1 enzymatic activity, increases ab-
normal mitochondrial dynamics and results in defective anterograde mitochondrial movement and synaptic
deficiencies. These observations support our hypothesis and provide data that can be utilized to develop
therapeutic targets that are capable of inhibiting mutant Htt interaction with Drp1, decreasing mitochondrial
fragmentation, enhancing axonal transport of mitochondria and protecting synapses from toxic insults
caused by mutant Htt.

INTRODUCTION

Huntington’s disease (HD) is a monogenic, fully penetrant,
fatal, progressive neurodegenerative disease characterized by
motor dysfunction, involuntary movements, chorea, cognitive
decline and psychiatric disturbances (1–3). The loss of body
weight is a typical characteristic feature of disease progression
found in HD patients (4–8). In postmortem brains from HD
patients, medium spiny neuronal loss occurs in the caudate

and putamen, along with pyramidal neuronal loss in the
cortex and hippocampus (9–13). More recently, hypothalamic
neuronal loss has also been reported in HD brains (14,15).
Currently, there are no drugs or agents available that
prevent, slow or cure HD pathogenesis and progression.

HD is caused by an expanded polyglutamine (polyQ) repeat
within exon 1 of an HD gene that encodes for an expanded
polyQ stretch in the huntingtin (Htt) protein (16). HD is inher-
ited in an autosomal dominant manner, with age-dependence
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penetrance: 40 or more repeats linked with full penetrance by
65 years. Prevalence of HD is 4–10 in 100 000 individuals in
the Western world (3,17). PolyQ repeats are highly poly-
morphic, with 6–36 in healthy persons. Individuals with 36
or more polyQ repeats are likely to develop HD (16).
Genetic and epidemiological data suggest that expanded
polyQ repeats are inversely correlated with disease onset.

Htt, a 350 kDa protein product of HD gene, is ubiquitously
expressed in peripheral cells and both neurons and glia in the
brain, but is mainly localized in the cytoplasm (16). Mutant
Htt protein aggregates have been found in pathological sites
in HD postmortem brains and brain specimens from HD
mouse models (18–27). Mutant Htt soluble oligomers, fibrils
and fibrillogenesis have also been reported in HD brains and
brain tissues from mouse models and HD cells (28–36).
Extensive research using cell cultures, animal models and
postmortem brains from HD patients suggests that multiple
cellular changes are involved in neuronal damage that charac-
terizes HD pathogenesis (reviewed in 17), including transcrip-
tional deregulation, altered calcium homeostatis, aberrant
protein–protein interaction, abnormal mitochondrial dynamics
and impaired axonal transport (17). Among these, abnormal
mitochondrial dynamics and impaired axonal transport are
strongly associated with HD pathogenesis and progression.

Recent studies suggest that abnormal mitochondrial dy-
namics are involved in HD pathogenesis (36–39) and that
these abnormal mitochondrial dynamics are caused by an
imbalance in highly conserved GTPase genes that are essen-
tial for mitochondrial fission (division) and fusion. In
normal neurons, mitochondrial fission and fusion balance
equally, maintaining mitochondrial dynamics and distribu-
tion in the neuron (40–43). However, in neurons that
express mutant Htt, an imbalance between mitochondrial
fission and fusion leads to abnormalities in mitochondrial
structure and function (36,39). Recently, we studied abnor-
mal mitochondrial dynamics in tissues from postmortem
brains of patients at grade 3 (HD3) and grade 4 (HD4)
stages of HD progression and from control subjects (36).
In the striatum and cortex (HD-affected brain regions) but
not in the cerebellum (non-HD-affected brain regions), we
found increased expression of the fission genes, Drp1 and
Fis1, and decreased expression of the fusion genes, Mfn1,
Mfn2 and Opa1 (36). These results indicate that mitochon-
drial fragmentation and abnormal mitochondrial dynamics
may be related to HD since these altered mitochondrial dy-
namics were not found in the cerebellum (36). Further, we
also found significantly increased levels of the mitochon-
drial matrix gene, CypD, only in the striatum and cortex
of HD3 and HD4 patients relative to control subjects,
again indicating the presence of structurally damaged mito-
chondria in the HD-affected brain regions. However, the
mechanistic link between mutant Htt and abnormal mito-
chondrial dynamics and axonal transport of mitochondria
in neurons that express full-length human Htt with expanded
polyQ repeats is not fully understood.

Dynamin-related protein 1 is evolutionarily highly con-
served, a large GTPase protein reported to be involved in
several important structural features of mitochondria, including
shape, size, distribution, remodeling and the maintenance of
mitochondria in mammalian cells (41). Further, recent research

revealed that Drp1 is also associated with several mitochondrial
structural and functional alterations, including fragmentation,
phosphorylation, SUMOylation, ubiquitination and cell death.
In addition, we recently found that Drp1 is interacted with
amyloid beta (a toxic protein found in the brains of Alzheimer’s
disease patients), causing abnormal mitochondrial dynamics
and neuronal damage in AD patients (44).

Recently, Gray et al. (18) developed BACHD transgenic
mice that express the full-length (170 kb DNA) human Htt
gene with 97 CAA and CAG (mixed repeats). The BACHD
mice exhibit motor deficits by 2 months of age and exhibit
selective, late-onset neuropathology in similar regions of the
brain affected in humans with HD. Recently, several studies
reported synaptic deficiencies and metabolic abnormalities in
BACHD mice (45–53). Although BACHD mice have been
used extensively to analyze mutant Htt-associated neuro-
physiological alterations and associated behavioral deficits,
the model has yet to be characterized in terms of abnormal
mitochondrial dynamics, defective axonal transport of mito-
chondria and abnormal synaptic changes.

In the current study, we used postmortem HD brains and
tissues from BACHD mice to investigate mutant Htt inter-
action with Drp1, mitochondrial dynamics as well as Drp1
enzymatic activity. Further, using primary neurons from
BACHD mice, we studied axonal transport of mitochondria
and synaptic proteins. Finally, we investigated the effects of
mutant Htt aggregates and oligomers in synaptic and mito-
chondrial deficiencies in HD postmortem brains and in
BACHD mice.

RESULTS

Mutant Htt expression in 2-month-old BACHD mice

To establish the mutant Htt expression in a recently generated
BACHD mouse line, we studied 2-month-old BACHD mice
and age-matched, non-transgenic wild-type (WT) mice
(control mice) using MAB 2166 (that recognizes both WT
and mutant Htt) and 1C2 (that recognizes only expanded
polyQ protein) antibodies. As shown in Figure 1 (upper
panel), both WT and full-length mutant Htt were found in
the 2-month-old BACHD mice (lanes 2 and 3), and only the
full-length Htt was observed in WT mice (lane 1). Western
blot analysis using the 1C2 antibody found four distinct
bands expressed in the BACHD mice cortex: ,350 kDa full-
length mutant Htt and 230, 115 and 82 kDa cleaved products
of mutant Htt. We also found 115 kDa in the WT mice.
These results suggest that both mutant Htt were present
early in the disease process in BACHD and that the two
cleaved 230 and 82 kDa proteins may be specific to BACHD
mice.

Interaction of mutant Htt with Drp1 in HD patients

To determine whether mutant Htt interacts with Drp1, we con-
ducted co-immunoprecipitation (IP) analysis, using cortical
protein lysates from postmortem brain tissues of HD patients
[Vonsattel Stage 3 (HD3) and Stage 4 (HD4)] and of
age-matched control subjects, and antibodies to mutant Htt
(1C2) and Drp1.
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Our IP and immunoblotting analyses revealed an 82 kDa
band of Drp1 expression in the IP elutes of cortical tissues
from controls and HD3 and HD4 patients, with much higher
expression levels in HD patient brains (Fig. 2A). Drp1 expres-
sion was much higher in lysates from HD3 and HD4 cortical
samples compared with healthy controls (Fig. 2B). These find-
ings suggest that the Drp1 antibody used for IP and immuno-
blotting is specific for Drp1.

To determine whether the interaction of mutant Htt with
Drp1 increases while HD progresses, we performed co-IP
analysis with the Drp1 antibody, and ran immunoblotting
analysis with the 1C2 antibody and also cortical protein
lysates from control subjects and HD patients. As shown
in Figure 3A, we found an 82 and a 40 kDa mutant Htt
protein in IP elutes from HD3 and HD4 patients. We also
found Drp1 interaction with WT Htt, but to a lesser
extent, in the control subjects. As shown in Figure 3B,
our immunoblotting analysis of protein lysates using the
1C2 antibody revealed an 82 and a 40 kDa mutant Htt in
HD3 and HD4 patients but not in the control subjects,

Figure 2. IP analysis in HD patients using the Drp1 antibody. (A) IP and
immunoblotting analyses of Drp1 in cortical tissues from control subjects
(lanes 1 and 2) and HD patients (lanes 3 and 4). (B) Immunoblotting analysis
of Drp1 in control subjects (lanes 5 and 6) and HD patients (7 and 8). The
Drp1 antibody recognizes the 82 kDa protein.

Figure 1. Identification of Htt in BACHD mice. Mutant Htt proteins were
identified in cortical tissues from 2-month-old BACHD mice and control
mice using two different Htt antibodies: MAB2166 (which recognizes both
WT and mutant Htt) and 1C2 (which identifies expanded polyQ proteins).
As shown, both full-length WT and mutant Htt proteins were found in the
2-month-old BACHD mice (lanes 2 and 3), and only full-length WT Htt
was observed in the WT mice (lane 1). Western blot analysis using the 1C2
antibody (in the middle panel) showed that the BACHD mice cortex expressed
four distinct bands: ,350 kDa full-length mutant Htt, and 230, 115 and
82 kDa cleaved products of mutant Htt. A 115 kDa protein was identified in
the WT mice. Bottom panel shows b-actin for equal loading.

Figure 3. Co-IP analysis of Drp1 and mutant Htt antibodies in HD patients and
control subjects. (A) IP with the Drp1antibody and immunoblotting with the
mutant Htt-specific 1C2 antibody in control subjects (lanes 1 and 2) and HD
patients (3 and 4). (B) Immunoblotting with the 1C2 antibody using protein
lysates from control subjects (lanes 5 and 6) and HD patients (lanes 7 and
8). Mutant Htt-specific 1C2 antibody immunoreacted with two proteins: one
with 82 kDa and the other with 40 kDa in IP elutes from HD patients.

Figure 4. IP analysis in BACHD mice using the Drp1 antibody. (A) IP and
immunoblotting analyses of Drp1 in cortical tissues from WT mice (lane 1)
and BACHD mice (lane 2). (B) Immunoblotting analysis of Drp1 in WT
mice (lane 3) and BACHD mice (lane 4).
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indicating that 1C2 is specific for expanded polyQ repeat
protein in HD patients.

Interaction of mutant Htt with Drp1 in BACHD mice

As shown in Figure 4A, we found an 82 kDa Drp1 protein in
IP elutes of the cerebral cortex of WT and BACHD mice, and
protein lysates from cortical WT and BACHD mice (Fig. 4B),
indicating that the antibody used for IP and immunoblotting is
specific for Drp1. Figure 5 shows co-IP analysis of Drp1 and
immunoblotting with the 1C2 antibody. Two bands of pro-
teins, one with an 82 kDa and the other with a 40 kDa
mutant Htt protein were found in the IP elutes of the
BACHD mice (lane 2), but not in those of the WT mice
(lane 1) (Fig. 5A). Similar to protein in the IP elutes, we
also found two bands of proteins, 82 and 40 kDa in the
protein lysates of BACHD mice (lane 4; Fig. 5B).

Drp1 and mutant Htt in primary cortical neurons
of BACHD mice

To determine whether the increased Drp1 expression in
BACHD brains altered neuronal morphology or mitochondrial
localization in the cytoplasm, we double-labeled primary cor-
tical neurons taken at 4, 7 and 14 days in vitro (DIV) with
Drp1 and 1C2. Increased Drp1 immunoreactivity was found
in the neuronal branches and processes in the 4 DIV neurons
and even higher in 7 and 14 DIV neurons. Interestingly, in
the 7 and 14 DIV BACHD neurons, we found co-localization
of Drp1 and 1C2 in the mitochondria of neurons, particularly
at synapses, indicating mitochondrial fragmentation and
degenerating synapses (Fig. 6). However in the WT neurons,
1C2 was not stained in all DIV cultures, whereas

immunoreactivity of Drp1 was found in healthy branching
dendrites and in the growth cones of neurons (data not shown).

Drp1 enzymatic activity in HD brains and BACHD mice

We determined whether Drp1 interaction with mutant Htt
enhances GTPase Drp1 enzymatic activity in HD patients
and BACHD mice. We studied Drp1 enzymatic activity in
the cortex of HD3 patients (n ¼ 3), HD4 patients (n ¼ 3)
and control subjects (n ¼ 3), and in the striatum and cortex
tissues of 2-month-old BACHD mice (n ¼ 5) and age-matched
WT control mice (n ¼ 5). As shown in Figure 7A, we found
significantly increased Drp1 enzymatic activity in the cortex
tissues from the HD patients relative to control subjects
(P , 0.005). We also found significantly increased levels of
Drp1 enzymatic activity in the striatum and cerebral cortex
tissues of the 2-month-old BACHD mice relative to the age-
matched WT mice (striatum, P , 0.005; cortex, P , 0.05)
(Fig. 7B), indicating that increased interaction of mutant Htt
with Drp1 is associated with enhanced Drp1 enzymatic activ-
ity, leading to excessive fragmentation of mitochondria in HD
neurons.

Decreased mitochondrial motility in BACHD hippocampal
neurons

To determine the effect of mutant Htt on mitochondrial trans-
port, we incubated hippocampal neurons from BACHD mice
with pDsRed2-mito, at 2 DIV, and then we quantified mito-
chondrial motility at 12 DIV (Fig. 8). In BACHD transgenic
neurons, we observed significantly decreased mitochondrial
motility (20.88+ 4.86%, mean+SEM) relative to the WT
mice neurons (36.76+ 3.36%, mean+SEM, P , 0.015).
The number of mitochondria moving anterograde was signifi-
cantly decreased in the BACHD neurons (10.04+ 1.78%,
mean+SEM) relative to the WT mice neurons (21.58+
2.42%, mean+SEM, P , 0.0009). A decrease in retrograde-
moving mitochondria was also observed (10.84+ 3.59%,
mean+SEM) in the BACHD neurons relative to the WT
neurons (15.18+ 2.38%, mean+SE). However, this decrease
did not reach statistical significance (P ¼ 0.32). The average
speed of mitochondrial movement was slightly elevated in
the BACHD neurons (13.83+ 2.22 mm/min, mean+SEM,
P ¼ 0.66) relative to the WT neurons (12.7+ 1.51, mean+
SEM), suggesting that mutant Htt impairs axonal transport
of mitochondria in BACHD neurons.

Mitochondrial distribution in BACHD cortical neurons

To determine whether mutant Htt is involved in mitochondrial
fragmentation and abnormal mitochondrial distribution in HD
neurons, we transfected primary cortical neurons from WT
and BACHD mice with MitoDsRed and GFP constructs at 2
DIV, and studied mitochondrial distribution at DIV 12. As
shown in Figure 9, we found healthy, evenly distributed mito-
chondria along dendritic branches in the WT neurons. In con-
trast, the mitochondria in the BACHD mice were fragmented,
and dendrites were deformed and had fewer branches.

Figure 5. Co-IP analysis of Drp1 and mutant Htt antibodies in WT mice and
BACHD mice. (A) IP with the Drp1 antibody and immunoblotting with the
mutant Htt-specific 1C2 antibody in WT mice (lane 1) and BACHD mice
(lane 2). (B) Immunoblotting with the 1C2 antibody using protein lysates
from WT mice (lane 1) and BACHD mice (lane 2). The mutant Htt-specific
1C2 antibody immunoreacted with two proteins: one with 82 kDa and the
other with 40 kDa in IP elutes from the BACHD mice.
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Drp1 dominant negative mutation and increased
mitochondrial fusion in primary neurons

To determine whether Drp1 dominant negative mutation
(K38A) decreases mitochondrial fragmentation, we trans-
fected WT neurons with cDNAs of Drp1 K38A and
WT-Drp1, and studied mitochondrial fragmentation. As
shown in Figure 10B, we found increased mitochondrial frag-
mentation, concentrated mainly in the soma of neurons. In the
neurons transfected with Drp1 K38A, we found elongated
mitochondria distributed throughout neuron (Fig. 1C), includ-
ing the soma, the neuronal process and terminals. These obser-
vations suggest that Drp1 dominant negative mutation reduces
mitochondrial fragmentation and promotes mitochondrial
fusion in neurons.

Mutant Htt aggregates and oligomers in BACHD cortical
neurons

To determine whether mutant Htt aggregates and oligomers
are present in BACHD neurons, we performed immunostain-
ing analyses using 1C2 (that recognizes expanded polyQ
repeat protein) and A11 (oligomer-specific) antibodies in 10
DIV primary cortical neurons from BACHD mice. As shown
in Figure 11, we found mutant Htt aggregates and oligomer
immunoreactivity throughout the BACHD neurons, including
in the cell body and neuronal processes. We also noticed
that mutant Htt aggregates co-localize with oligomers in
BACHD neurons. These findings suggest that mutant Htt
aggregates and oligomers may promote neuronal damage
and cell death in HD neurons.

Figure 6. Time-course, double-labeling analysis of Drp1 and mutant Htt in cortical primary neurons from BACHD mice. Drp1 (green) and mutant Htt (1C2 in
red) accumulate in the cell neurites and soma over time. Drp1 co-localization increased with mutant Htt in DIV 14.

Figure 7. Increased GTPase Drp1 enzymatic activity in HD patients and BACHD mice. (A) Significantly increased GTPase Drp1 enzymatic activity in the cortex
of HD patients relative to control subjects. (B) Significantly increased Drp1 activity in the striatum and cortex of 2-month-old BACHD mice relative to
non-transgenic littermates.
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Decreased synaptic gene expression and increased
mitochondrial fission genes in BACHD mice

To further investigate potential alterations in mitochondrial
function in BACHD mice, we used quantitative real-time
RT–PCR to measure mRNA expression levels of genes
involved in mitochondrial dynamics and synapse formation
and neuroprotective genes (Table 1), in cortical tissues from
2-month-old WT and BACHD mice. In six mitochondrial
genes that we examined, four showed a statistically significant
increase in mRNA expression levels, compared with WT
mice. Drp1 and Fis1, which mediate mitochondrial fission,
were significantly increased (7.1- and 1.8-fold, respectively),
whereas Mfn1 and Mfn2 (fusion genes) were significantly
decreased (21.1- and 21.3-fold, respectively) in the
BACHD mice relative to the WT mice. We also found
Tomm40 (outer mitochondrial membrane protein)
significantly increased (1.6-fold) in BACHD mice relative to
WT mice. Additionally, we found a significant reduction in
fold changes for the synaptic genes, synaptophysin
(21.2-fold) and PSD 95 (21.3-fold) relative to WT mice.
As shown in Table 1, PGC1a (21.4-fold) and Sirt1 (NAD-

dependent protein deacetylase, which regulates apoptosis)
(21.3-fold) were significantly reduced in the BACHD mice
relative to WT mice.

Overall, our results indicate the presence of abnormal mito-
chondrial dynamics in HD progression. Up-regulation of the
mitochondrial matrix gene, CypD, may be associated with
mitochondrial structural damage in BACHD mice. These
observations from BACHD mice concur with our earlier
observations of HD postmortem brains (36).

Synaptic loss in BACHD neurons

To determine the effects of mutant Htt on synaptophysin and
MAP2 levels, we performed immunostaining analysis of
BACHD neurons using 10 DIV neurons from BACHD and
WT mice. As shown in Figure 12A and B, immunoreactivity
of synaptophysin was significantly decreased in the BACHD
neurons relative to WT neurons (P , 0.001). Similar to
synaptophysin, immunoreactivity of MAP2 was significantly
decreased in the BACHD neurons relative to WT neurons

Figure 8. Primary neurons from BACHD mice show reduced motile mitochondria and also anterograde axonal transport of mitochondria. (A) Percent of motile
mitochondria in neuronal cultures of BACHD and WT mice. (B) Mitochondrial speed in BACHD and WT neurons. (C) Kymographs show anterograde move-
ment of mitochondria. ∗P , 0.02; ∗∗P , 0.0005.
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(P , 0.01) (Fig. 12A and C), indicating that mutant Htt may
be involved in synaptic degeneration.

DISCUSSION

In a previous study, we examined mitochondrial electron
transport chain genes, mitochondrial structural genes (fission
and fusion), mitochondrial dynamics, oxidative damage,
mutant Htt aggregates and oligomers in brain specimens
from HD3 and HD4 patients and control subjects (36). We
found abnormal mitochondrial dynamics (increased fission
and decreased fusion) and altered electron transport chain
genes in HD brains, both of which increased with HD progres-
sion. Mutant Htt aggregates and oligomers were significantly
increased in HD3 and HD4 patients, and abnormal dynamics

positively correlated with HD progression (HD3 to HD4) rela-
tive to the controls (36). Based on the postmortem brains from
HD patients, we proposed that mutant Htt is associated with
mitochondrial protein(s), alters dynamics of mitochondria
and may cause mitochondrial fragmentation and impair
axonal transport of mitochondria, ultimately leading to synap-
tic deficiencies and damaging HD neurons.

Using postmortem HD brains, brain tissues and primary
neurons from BACHD mice, in the present study, we extended
our previous investigations (i) to determine whether mutant
Htt interacts with mitochondrial protein Drp1, (ii) to determine
the extent that mutant Htt and Drp1 interaction influences
GTPase Drp1 enzymatic activity (which is essential for mito-
chondrial fragmentation), (iii) to study mitochondrial axonal
transport, and (iv) to study mitochondrial and synaptic defi-
ciencies. We also investigated the relationship between

Figure 9. Mitochondria are more fragmented in primary cortical neurons from BACHD mice. Upper panel shows DsRed-mito (A) and GFP (B) transfected
(C, merged) cortical neurons from WT mice, and lower panel shows DsRed-mito (D) and GFP (E) transfected (F, merged) cortical neurons from BACHD mice.

Figure 10. Mitochondrial fragmentation is prevented in neurons transfected with the Drp1 dominant negative mutation K38A. (A) Hippocampal primary neuron
showing mitochondrial fragmentation. (B) Primary neurons transfected with WT Drp1 showing increased fragmentation. (C) Elongated mitochondria in WT
neurons transfected with the Drp1.K38A mutation.
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mutant Htt aggregates/oligomers to abnormal mitochondrial
dynamics and synaptic deficiencies in HD neurons.

We found that mutant Htt interacts with the mitochondrial
protein Drp1, enhances GTPase Drp1 enzymatic activity and
causes excessive mitochondrial fragmentation, and abnormal
distribution, leading to defective anterograde transport of
mitochondria and selective synaptic degeneration.

BACHD mice and mutant Htt

Using two different antibodies that recognize mutant Htt pro-
teins, we found both full-length and cleaved products with
expanded polyQ stretch of proteins in cortical lysates from
BACHD mice. The 2166 MAB antibody recognizes full-
length WT and mutant proteins. The 1C2 antibody recognized
only proteins with expanded polyQ (53), and our immunoblot-
ting results showed four different bands of 350, 230, 115 and
82 kDa sizes in BACHD mice, indicating the presence of
several cleavage sites that cleave Htt proteins that contain
polyQ repeat stretches in BACHD mice. However, a protein
of 115 kDa was found in both WT and BACHD mice, indicat-
ing that the 1C2 antibody recognizes a protein in WT Htt.
These observations agree with the earlier reports by Gray
et al. (18), who studied brain specimens from BACHD mice
and found several mutant Htt proteins.

Mutant Htt interaction with Drp1

By co-IP and immunostaining analyses, using postmortem
brain tissues from HD patients and brain tissues from

BACHD mice, we demonstrated that Drp1 interacts with
mutant Htt. Interestingly, mutant Htt-cleaved products of 82
and 40 kDa appeared to interact with Drp1 (Figs 3 and 5),
and these abnormal interactions progressively increased in
HD3 and HD4 patients. Very little interaction between Drp1
and WT Htt was observed in control subjects and non-
transgenic, WT mice, indicating that this interaction is
mutant Htt-specific. Further, it is interesting to note that
mutant Htt and Drp1 interact in cortical tissues from
2-month-old BACHD mice. These observations, in particular
Drp1 interaction with mutant in 2-month-old BACHD mice,
indicate that the interaction between mutant Htt and Drp1 is
an early event in the disease process, and that the polyQ
repeat length and disease process are critical for this
interaction.

Our findings are supported by a recent study of Song et al.
(39), in which they sought to determine mutant Htt interaction
with Drp1, using lysates from transgenic mice lines, YAC18
(control) and YAC128 (mutant Htt). They found increased
interaction of mutant Htt with Drp1 in YAC128 mice and
little interaction in YAC18, control mice. Similar to our find-
ings, they also found increased mutant Htt interaction with
Drp1 in HD brains relative to control subjects. However,
their study did not define the specific bands of mutant Htt pro-
teins’ interaction with Drp1. Our results identified the two
bands of mutant Htt (82 and 40 kDa) that specifically interact
with Drp1 and that this interaction is polyQ-specific to Drp1.

Our extensive time-course double-labeling immunofluores-
cence analyses of Drp1 and mutant Htt-specific 1C2 antibodies
revealed the formation of mutant Htt aggregates and that these
aggregates interact with Drp1 in an age-dependent manner
(Fig. 6). These formations of mutant Htt aggregates and
Drp1 immunoreactivity in 14 DIV relative to 4 DIV further
support the notion that these aggregates interact with Drp1
in an age-dependent manner.

Our findings, together with those from Song et al. (39),
indicate that mutant Htt and Drp1 interact. These interactions
may be involved in abnormal mitochondrial dynamics
(increased fission and decreased fusion), may fragment mito-
chondria excessively and may ultimately cause neuronal
damage.

Increased GTPase Drp1 enzymatic activity in HD brains
and BACHD mice

In a previous study, we demonstrated increased mitochondrial
fragmentation and decreased fusion in postmortem brains (36),
but the cause of this increased fragmentation was not clear. In

Figure 11. Mutant Htt aggregates co-localize with oligomers in BACHD primary neurons. (A) Immunoreactivity mutant Htt oligomers (immunolabeled with the
A11 antibody). (B) Mutant Htt. (C) Co-localization of mutant aggregates and oligomers.

Table 1. mRNA fold change of synaptic, mitochondrial fission and fusion and
neuroprotective genes in the cortex of BACHD mice relative to WT mice

Mitochondrial dynamics Synaptic and neuroprotective
genes

Fission genes
Drp1 7.1∗∗ PSD-95 21.3∗

Fis1 1.8∗ Synaptophysin 21.2∗

Fusion genes
Mfn1 21.1∗ PCG1a 21.1∗

Mfn2 21.3∗ Sirt1 21.3∗

Tomm40 1.6∗

Matrix gene
CypD 1.6∗∗

mRNA fold changes were calculated for mitochondrial and synaptic genes.
Gene expression was normalized to b-actin. n ¼ 5 mice per group.
∗P ≤ 0.05, ∗∗P ≤ 0.01 compared with WT.
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this study, using lysates from HD brains and control subjects
and from BACHD and control WT mice, we found GTPase
Drp1 enzymatic activity elevated, causing excessive mito-
chondrial fragmentation. Interestingly, we also found signifi-
cantly increased Drp1 enzymatic activity in the cortex of
HD patients relative to the control subjects, and in the striatum
and cerebral cortex of BACHD mice relative to WT mice.
We did not find increased Drp1 enzymatic activity in
HD-unaffected region, cerebellum both HD patients and non-
transgenic WT littermates of BACHD mice (data not shown).
These observations confirmed our hypothesis that increased
interaction between mutant Htt and Drp1 enhances Drp1 en-
zymatic activity, excessively fragments mitochondria and
causes abnormal mitochondrial dynamics selectively in
affected regions of HD brain.

Drp1 dominant mutation prevents mitochondrial
fragmentation

Our findings that WT neurons transfected with WT-Drp1 show
increased mitochondrial fragmentation in the cell body, and
presence of less number of mitochondria in neurites and
nerve terminals. On the contrary, elongated and uniformly dis-
tributed mitochondria were observed in WT neurons trans-
fected with Drp1.K38A (dominant mutation). These
observations further support that Drp1 is critical for mitochon-
drial fragmentation. Our findings concur with recent studies of
Drp1 knockout mice (54,55) and cell culture studies of mutant
Htt by Song et al. (39) and Wang et al. (37), all of which

demonstrated that a lack of Drp1 or the presence of mutant
Drp1 enhances mitochondrial fusion and decreases fission.

Further, recent studies of Drp1 knockout in mice revealed
that double-knockouts are embryonic lethal (54,55) because
of the presence of elongated mitochondria and decreased mito-
chondrial division in cells that caused developmental defects
in embryos. However, primary neurons from Drp1 knockout
mice (2/2) forebrain showed a decrease in the number of
neurites and also the formation of defective synapses. These
defects highlight the importance of Drp1-dependent decreased
mitochondrial fission in Drp12/2 knockout neurons. Add-
itional findings from studies that sought to determine mito-
chondrial fission and fusion in neurons also revealed that
mitochondria formed extensive networks and elongated.
These observations together with the findings of the present
study (increased Drp1-negative mutation K38A caused exces-
sive mitochondrial fusion and decreased fusion in neurons)
suggest that a balanced or partial loss of Drp1 expression
may protect neurons, particularly in a disease such as HD.

Defective mitochondrial transport and abnormal
mitochondrial distribution in HD neurons

For the first time, we demonstrated significantly decreased
total mitochondrial motility and anterograde-moving mito-
chondria in BACHD neurons relative to WT neurons.
However, we found that the movement of retrograde mito-
chondria and the speed of moving mitochondria were

Figure 12. Double-labeling analysis of synaptophysin and MAP2 in BACHD and WT primary neurons. Upper panel shows immunoreactivity of synaptophysin
(A), MAP2 (B), DAPI (C) and merged (D) in WT neurons. Lower panel shows immunoreactivity of synaptophysin (E), MAP2 (F), DAPI (G) and merged (H) in
WT neurons. Images are taken with a confocal microscope using a 60× objective. (B) Quantification of synaptophysin in BACHD and WT neurons. Significantly
decreased synaptophysin was found in BACHD neurons.
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unaffected in BACHD mice. Our observations agree with a
previous study by Song et al. (39).

Our double-labeling analysis of BACHD primary cortical
neurons with cDNAs of MitoDsRed and GFP revealed that
increased numbers of mitochondria in the cell soma and
reduced numbers of mitochondria in neuronal processes,
neurite and terminals indicate that excessively fragmented
mitochondria remain in the soma and are not able to transport
to neuronal processes.

For the first time, we demonstrated that BACHD mice that
express human full-length Htt with 97 polyQ repeats showed
excessive fragmented mitochondria. Our observations were
supported by findings from Song et al. (39). In a study in
which they transfected exon 1 Htt with three different polyQ
repeat lengths—16, 46 and 97—they reported that neurons
with exogenously expressed exon 1 Htt with 17 polyQ
repeats exhibited filamentous, normal and healthy mitochon-
dria, whereas neurons expressing exon 1 Htt with 46 polyQ
showed both elongated and round mitochondria. Neurons
that exogenously expressed 97 polyQ repeats show mainly
rounded and fragmented mitochondria. The findings of the
present study together with the observations of Song et al.
(39) suggest that mutant Htt with expanded polyQ repeats
are responsible for mitochondrial fragmentation in HD
neurons and that the fragmentation of mitochondria occurs
along the length of polyQ and the stage of disease process
and/or is age-dependent.

We recently reported on the increased interaction of
amyloid beta (a toxic protein found in patients with Alzhei-
mer’s disease) with Drp1, which resulted in elevated Drp1
enzymatic activity, excessive mitochondrial fragmentation
and altered mitochondrial distribution in neurons affected by
the disease (44,56–58). We reported a similar finding in a
study of HD, in which the interaction of mutant Htt had
similar consequences: this interaction resulted in elevated
Drp1 enzymatic activity, excessive mitochondrial fragmenta-
tion and altered mitochondrial distribution in HD neurons.
These parallel findings for two different neurodegenerative
diseases suggest a common pathway that may be involved in
triggering abnormal mitochondrial dynamics and selective
neuronal damage.

Synaptic and mitochondrial deficiencies in HD neurons

Synaptic deficiencies and mitochondrial ATP alterations likely
contribute to the clinical symptoms in HD patients, such as
chorea, dystonia and cognitive decline. We found significantly
decreased mRNA levels of synaptic genes, synaptophysin and
PSD95 in BACHD neurons, indicating that synaptic loss may
be an early event in HD progression in BACHD mice. Our
findings of increased levels of Drp1 and Fis1, CypD and
Tomm40, and decreased levels of Mfn1 and Mfn2 in
BACHD mice further support the presence of abnormal mito-
chondrial dynamics in BACHD mice. Our findings that mRNA
levels of PGC1a and Sirt1 were decreased in BACHD mice
not only agree with earlier research in HD (59–62), but also
support the role of PGC1a and Sirt1 in promoting synaptic
viability and neuronal protection.

We found significantly decreased immunoreactivity of
synaptophysin in BACHD primary neurons relative to WT

neurons, further supporting that synaptic deficiencies are
present early on in the disease process.

Findings from our previous study of mutant Htt and mito-
chondria (36) together with those from the present study
suggest that increased levels of mutant Htt cause abnormal
mitochondrial dynamics and increased mitochondrial frag-
mentation in HD neurons. Mutant Htt-induced fragmented
mitochondria are localized mainly in the cell body, and not
able to transport to axons, dendrites and synapses, thus produ-
cing low mitochondrial ATP at synapses, leading to synaptic
degeneration.

CONCLUSIONS

The purpose of our study was to understand how mutant Htt
and mitochondria interact with each other and the conse-
quences of this interaction. We studied this interaction and
the effect of this interaction on mitochondrial damage and syn-
aptic degeneration in HD. We found that mutant Htt interacts
with the mitochondrial protein Drp1, which in turn enhances
GTPase Drp1 enzymatic activity, and this enzymatic activity
appears to cause excessive mitochondrial fragmentation and
abnormal mitochondrial distribution in the HD neurons.
These problems ultimately lead to selective synaptic degener-
ation in neurons affected by HD. With a better understanding
of abnormal mitochondrial dynamics, and the role of mutant
Htt interaction with Drp1 being clarified, therapeutic strategies
can be developed to reduce the interaction between mutant Htt
and Drp1, and to prohibit GTPase Drp1 enzymatic activity,
thus preventing excessive mitochondrial fragmentation and
abnormal mitochondrial distribution in HD neurons.

MATERIALS AND METHODS

Postmortem brains

Nine postmortem frozen brain specimens from the frontal
cortex of HD patients and age-matched healthy subjects (con-
trols) were obtained from the Harvard Tissue Resource Center.
Three specimens were from patients with HD3 [graded
according to VonSattel et al. (9)], three were from patients
with HD4 and three were from the controls. Demographic
details are described in a previous publication (36).

BACHD mice and primary neuronal cultures

To understand the mutant Htt effects in mitochondrial and syn-
aptic dynamics, using brain tissues and primary neurons from
the BACHD mice and controls (18), we investigated the
expression of mutant Htt and its effects to mitochondrial
dynamics and synaptic processes. The BACHD mice and non-
transgenic littermates were housed at the Oregon National
Primate Research Center of Oregon Health & Science Univer-
sity (OHSU). The OHSU Institutional Animal Care and Use
Committee approved all procedures for animal care according
to guidelines set forth by the National Institutes of Health. We
genotyped for the HD transgene, using the DNA prepared
from a tail biopsy of day-1 pups, following the protocol
described in Gray et al. (18).
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Primary neurons were prepared for our mutant Htt, mito-
chondrial and synaptic studies, as previously described
(58,63). Briefly, day-1 mice were decapitated, and the brains
were removed and maintained in room temperature with
HABG (Hibernate A medium, Brain Bits, Springfield, IL,
USA) supplemented with B-27 (Invitrogen, Carlsbad, CA,
USA) and 0.5 mM GlutaMAX (Invitrogen). The cortex or
hippocampus was then dissected and reserved for culture,
and the cerebellum was used in this study for genotyping.
The tissue was minced and then transferred to a solution of
2 mg/ml papain (Worthington Biochemical Corporation,
Lakewood, NJ, USA), dissolved in Hibernate A without
calcium (Brain Bits) and then supplemented with 0.5 mM Glu-
taMAX. Tissue was digested for 30 min at 308C in a shaking
water bath and then removed to 2 ml of HABG. Digested
tissue was triturated 10 times with a fire-polished, siliconized,
9 in. glass pipette. Non-dissociated tissue was allowed to settle
for 2 min, and then the supernatant was removed to a fresh
tube. An additional 2 ml of HABG was added, and the
process was repeated until 6 ml of dissociated cells were col-
lected. Cells were centrifuged at 1000g for 2 min and then
washed with 2 ml of HABG. The pellets were resuspended
in Neurobasal (Invitrogen) supplemented with B-27 and
0.5 mM GlutaMAX. Live cells were counted using the trypan
blue exclusion method, and were plated at 500 cells/mm2 on
poly-D-lysine-coated cover slips. Cells were moved to a
378C, 5% CO2 incubator and allowed to adhere for 1 h. The
medium was then changed to Neurobasal, supplemented
with B-27 minus antioxidants and 0.5 mM GlutaMAX.
One-half the growth medium was changed every 3 days.

Real time RT–PCR

Using RT–PCR, we measured mRNA expression levels of
mitochondrial (Drp1, Fis1, Mfn1, CypD and Tomm40), neuro-
protective (PGC1a and Sirt1) and synaptic (synaptophysin and
PSF95) genes in the cortex of BACHD mice, as described in
Shirendeb et al. (36), Manczak et al. (63) and Gutala and
Reddy (64). Using the Primer Express software (Applied Bio-
systems), we designed the oligonucleotide primers for the
housekeeping genes (b-actin, GAPDH, synaptic) and the mito-
chondrial genes. The oligonucleotide sequences for
genes studied in this paper were: Drp1 forward primer 5′

GCGCTGATCCCGCGTCAT 3′ and reverse primer 5′ CCGC
ACCCACTGTGTTGA 3′; Fis1 forward primer 5′ GCCCC
TGCTACTGGACCAT and reverse primer 5′ CCCTGAA
AGCCTCACACTAAGG 3′; Mfn1 forward primer 5′ TCTC
CAAGCCCAACATCTTCA 3′ and reverse primer 5′ ACTCC
GGCTCCGAAGCA 3′; Mfn2 forward primer 5′ ACAGCCTC
AGCCGACAGCAT 3′ and reverse primer 5′ TGCCGAAG
GAGCAGACCTT 3′; Tomm40 forward primer 5′ CCTGCC
CTCTGACCTTTCC and reverse primer 3′ GAGAGCTGGC
AGCCAACAC 5′; CypD forward primer 5′ CAGC-
CAAGCCCTCCAACTC 3′ and reverse primer 5′

GCCGATGTCCACGTCAAAG 3′; synaptophysin forward
primer 5′ CATTCAGGCTGCACCAAGTG 3′ and reverse
primer 5′ TGGTAGTGCCCCCTTTAACG 3′; PSD95 forward
primer 5′ GGACATTCAGGCGCACAAG and reverse primer
5′ TCCCGTAGAGGTGGCTGTTG 3′; PGC1a forward
primer 5′ GGACAGTCTCCCCGTGGAT 3′ and reverse

primer 5′ TCCATCTGTCAGTGCATCAAATG 3′; Sirt 1
forward primer 5′ GCCGCGGATAGGTCCATATA 3′ and
reverse primer 5′ TCGAGGATCGGTGCCAAT 3′; b- actin
forward primer 5′ ACGGCCAGGTCATCACTATTC 3′ and
reverse primer 5′ AGGAAGGCTGGAAAAGAGCC 3′;
GAPDH forward primer 5′ TTCCCGTTCAGCTCTGGG 3′

and reverse primer 5′ CCCTGCATCCACTGGTGC 3′.
Briefly, total RNA was isolated from neurons representing

three independent cultures, in six-well plates, using TRIzol.
Reverse transcription was performed with 2 mg of total RNA
from each sample, using the Superscript III First Strand Syn-
thesis System for RT–PCR (Invitrogen). RNA was combined
with oligo-dT20, 1 ml of oligo (dt) and 1 ml of dNTPs (10 mM

each) in a total volume of 12 ml; and then the mixture was
heated to 658C for 5 min. It was chilled on ice, and then
4 ml of 5× first-strand buffer, 2 ml of 0.1 M DTT and 1 ml
of RNAse out were added. Samples were incubated at 428C
for 2 min, and then 1 ml of Superscript III (40 U/ml) was
added. After a 50 min incubation at 428C, the reaction was
inactivated by heating the mixture to 708C for 15 min.

Real-time quantitative PCR was performed using an ABI
PRISM 7900HT Sequence Detection System (Applied Biosys-
tems, Carlsbad, CA, USA) in a 25 ml volume. The reaction
mixture for each primer comprised 1× PCR buffer, 2 mM

MgCl2, 250 mM dNTPs, 0.3× SYBR Green, 3.12% DMSO,
0.015 U/ml GoldTaq, 50 ng cDNA and 200 nM primers. Both
b-actin and GAPDH were measured as housekeeping genes
that we used to normalize the gene expression data.
However, we chose b-actin for normalization because this
non-mitochondrial gene generates a less variable CT value
between samples. CT values for gene products were normal-
ized to b-actin CT values, and comparisons were made
between experimental groups, using the DCT method.
Briefly, the DCT value was calculated for each sample (CT

gene of interest minus CT b-actin). Then the calibrator value
was averaged (DCT) for the control samples. The calibrator
was subtracted from the DCT for each control and from the
experimental sample to derive the DDCT. The fold change
was calculated as 2DDCT . Average fold change was calculated
for each experimental group.

Western blot analysis

Using western blot analysis, we detected the mutant Htt
protein expression using cortical protein lysates from
BACHD and control mice. Protein concentrations were deter-
mined with the BCA protein assay (Pierce/Thermo Scientific).
Ten percent polyacrylamide gels (Invitrogen) were loaded
with 30 mg of protein per well as described in Manczak
et al. (44). Using 3–8% Tris acetate gels, 30 mg of protein
lysate was resolved to determine the mutant Htt proteins as
described previously in Gray et al. (18). The resolved proteins
were transferred to PVDF membranes using transfer buffer
(Tris 25 mM, Glycine 190 mM, 20% methanol) (Millipore,
San Diego, CA, USA) overnight at 15 V (Perkin Elmer).
Membranes were then incubated for 1 h at room temperature,
in a blocking buffer (5% dry milk dissolved in TBST). The
nylon membranes were incubated overnight with the primary
antibodies 1C2 (to identify expanded polyQ protein; 1:300;
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mouse monoclonal, Millipore) (65) and MAB 2166 (to iden-
tify both control and mutant Htt; 1:500; mouse monoclonal,
Millipore). Following Calkins et al. (58), the membranes
were washed with a TBST buffer three times at 10 min inter-
vals and then incubated for 2 h with appropriate secondary
antibodies, followed by three additional washes at 10 min
intervals. Proteins were detected with the Supersignal West
Pico chemiluminescent reagent (Thermo Scientific). Images
of the exposed X-ray film were taken to visualize WT and
mutant Htt proteins.

IP of Drp1 and mutant Htt

To determine the interaction between Drp1 and mutant Htt,
we performed co-IP using affected and unaffected protein
lysates from a large number of brains from HD3 and HD4
patients, from control subjects and from 2-month-old
BACHD mice, as described in Manczak et al. (44).
Briefly, we used a Dynabeads kit for IP (Invitrogen, Temi-
cula, CA, USA). Fifty microliters of Dynabeads containing
protein G was incubated with 10 mg of Drp1 antibodies for
1 h at room temperature, with rotation. The Dynabeads
were then washed three times with a washing buffer and
incubated with rotation overnight with 400 mg of lysate
protein at 48C. The incubated Dynabead–antigen/antibody
complexes were washed again three times with a washing
buffer, and an immunoprecipitant was eluted from the Dyna-
beads, using the NuPAGE LDS sample buffer. The IP elute
was loaded onto a gel, followed by western blot analysis of
Drp1 and mutant Htt (1C2) antibodies.

Mitochondrial motility

To determine whether mutant Htt impairs mitochondrial trans-
port, we assessed mitochondrial motility in the primary
neurons from BACHD and control mice, as previously
described (58). Briefly, mitochondria were labeled by trans-
fecting pDsRed2-mito (Clontech) and GFP (Clontech) into
the hippocampal neurons at day 2 (DIV) with Lipofectamine
2000 (Invitrogen), according to the manufacturer’s protocol.
Mitochondrial motility was evaluated at DIV 12. Axonal pro-
cesses were determined by morphological characteristics.
Axons were identified as processes stemming from the soma
if they were two to three times longer than other processes.
Recordings were made on axonal segments, �20–100 mm
from the soma. A series of time-lapse images was captured
every 5 s, using a Leica SP5 AOBS confocal microscope
with a heated (378C), 5% CO2-controlled stage for 5 min.
Z-stacks at each time point were collapsed to maximum pro-
jections, and the time series was archived as avi files.
ImageJ software, with a mulitple kymograph plug-in, was
used to analyze the avi files. Mitochondrial movements (direc-
tion and speed) were determined from the kymographic
images. Mitochondria were considered stationary if they did
not move .2 mm during the entire recording period. Each
series of images was recorded for at least three randomly
selected DsRed-mito-labeled cells per culture and for four
cultures of independent pups.

Mitochondrial content in neurites

To determine the mitochondrial distribution in primary
neurons from BACHD and WT mice, we assessed the mito-
chondria in neurites in the neuronal cultures from BACHD
and control mice. Neuronal cultures were fixed with 4% paraf-
ormaldehyde (PFA) in PBS (PFA/PBS) for 10 min at room
temperature and then washed with PBS. Images of cell
bodies with neurites extending at least 100 mm were collected
using a Leica SP5 AOBS confocal microscope with a 63×
objective. GFP and DsRed were analyzed with the measure-
ment tools in ImageJ, to determine the mitochondrial index
of the neurites, the average mitochondrial length and the
number of mitochondria per neurite length. Data were col-
lected from at least four cells per culture and six cultures of
independent pups per condition.

Immunocytochemistry of primary neurons

To determine the localization of mutant Htt, A11 oligomers and
mitochondrial and synaptic proteins in BACHD neurons, we
performed immunocytochemical analysis, following Calkins
et al. (58). We used the following primary antibodies: Drp1
(1:200), 1C2 (1:200), A11 (rabbit polyclonal; 1:50; Invitrogen),
MAP2 (1:300, rabbit polyclonal; Millipore) and synaptophysin
(1:200, mouse monoclonal; Millipore). Briefly, we plated cells
on 13 mm round cover slips coated with poly-D-lysine contained
in a 24-well plate. After 14 DIV, the media were removed, and
the cells were fixed with 4% PFA in PBS for 10–15 min at room
temperature. Cover slips were washed with PBS, cell mem-
branes were permeablized with 0.1% Triton X-100 in PBS for
5 min and then a blocking solution was applied (2% normal
goat serum, 1% BSA in PBS). All incubations were carried
out in a humidified environment. Samples were blocked for
2 h at room temperature and then incubated overnight with
primary antibodies diluted in blocking solutions, at 48C. After
the primary antibodies were incubated, the cells were washed
three times with PBS and then incubated with either
goat-anti-rabbit-Alexa488 or goat-anti-mouse-Alexa568 (both
1:500, Invitrogen/Molecular Probes) for 2 h at room tempera-
ture. The cells were then washed three times again in PBS,
and some sections were counterstained with DAPI (1:1000,
KPL, Gaithersburg, MD, USA) (blue) for nuclear labeling.
Then the cover slips were mounted on slides with a ProLong
Gold antifade mounting reagent (Invitrogen). Cells were
imaged using a Zeiss Axioskop 40 FL microscope.

Double-labeling analysis

To determine the interaction between Drp1 and mutant Htt,
and A11 and mutant Htt, we performed double-labeling
immunofluorescence analysis, using an anti-Drp1 antibody,
1C2 and A11, and primary cortical neurons as described in
Manczak et al. (44) and Shirendeb et al. (36). For the first
labeling, the slides were incubated overnight at 48C with the
anti-Drp1 antibody (1:200), under appropriate conditions and
with appropriate reagents. For the second labeling, slides
were incubated overnight at 48C with 1C2 (1:200) or A11
(1:50 dilution, rabbit polyclonal). Next, the slides were incu-
bated with appropriate secondary antibodies conjugated with
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Alexa 488 or 568 and then cover-slipped with ProLong Gold
and photographed with a confocal microscope.

Drp1 and Drp1.K38A mutation transfections to WT
neurons

To determine whether Drp1 dominant mutation, K38A,
reduces mitochondrial fragmentation and enhances mitochon-
drial distribution in hippocampal neurons, we transfected WT
neurons with pDsRed2-mito (Clontech) and Drp1 (WT)
construct, and pDsRed2-mito (Clontech) and Drp1.K38A
mutation constructs to day-2 WT hippocampal neurons separ-
ately with Lipofectamine 2000 (Invitrogen), according to the
manufacturer’s protocol. Neurons were harvested at DIV 12
and neuronal cultures were fixed with 4% PFA in PBS
(PFA/PBS) for 5 min at room temperature and then washed
with PBS. Neurons were processed for mitochondrial labeling
and cover-slipped with ProLong Gold and photographed with
a confocal microscope.

GTPase enzymatic activity of Drp1

Using a Novus Biological calorimetric kit (Littleton, CO,
USA), we measured GTPase Drp1 enzymatic activity in
frozen cortical tissues from HD patients, control subjects
and 2-month-old BACHD mice. In a GTPase assay, Drp1
hydrolyzes GTP to GDP and inorganic phosphorous (Pi).
We measured GTPase activity, based on the amount of inor-
ganic phosphorous that the GTP produces. By adding the Col-
orLock Gold (orange) substrate to the inorganic phosphorous
that is generated from GTP, we assessed GTP activity, based
on the inorganic complex solution (green). Calorimetric
measurements (green) were read in the wavelength range of
650 nm. We compared GTPase Drp1 activity in HD3 and
HD4 patients and in control subjects. We also compared
GTPase Drp1 enzymatic activity between BACHD mice and
control mice.

Statistical analysis

All data were analyzed using the Prism3 software from Graph-
Pad Software (San Diego, CA, USA). Results are expressed as
mean+SEM. The data were analyzed using an unpaired Stu-
dent’s t-test. The data from GTPase Drp1 enzymatic activity
were retrieved from the cortex and striatum tissues and com-
pared, to determine whether Drp1 activity is confined to
HD-affected regions of the brain or whether Drp1 activity
also occurs in unaffected regions. Statistical significance was
attained at P ≤ 0.05.
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