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Although a direct causative pathway from the gene mutation to the selective neostriatal neurodegeneration
remains unclear in Huntington’s disease (HD), one putative pathological mechanism reported to play a pro-
minent role in the pathogenesis of this neurological disorder is mitochondrial dysfunction. We examined
mitochondria in preferentially vulnerable striatal calbindin-positive neurons in moderate-to-severe grade
HD patients, using antisera against mitochondrial markers of COX2, SOD2 and cytochrome c. Combined cal-
bindin and mitochondrial marker immunofluorescence showed a significant and progressive grade-depen-
dent reduction in the number of mitochondria in spiny striatal neurons, with marked alteration in size.
Consistent with mitochondrial loss, there was a reduction in COX2 protein levels using western analysis
that corresponded with disease severity. In addition, both mitochondrial transcription factor A, a regulator
of mtDNA, and peroxisome proliferator-activated receptor-co-activator gamma-1 alpha, a key transcriptional
regulator of energy metabolism and mitochondrial biogenesis, were also significantly reduced with increas-
ing disease severity. Abnormalities in mitochondrial dynamics were observed, showing a significant increase
in the fission protein Drp1 and a reduction in the expression of the fusion protein mitofusin 1. Lastly,
mitochondrial PCR array profiling in HD caudate nucleus specimens showed increased mRNA expression of
proteins involved in mitochondrial localization, membrane translocation and polarization and transport that
paralleled mitochondrial derangement. These findings reveal that there are both mitochondrial loss and altered
mitochondrial morphogenesis with increased mitochondrial fission and reduced fusion in HD. These findings
provide further evidence that mitochondrial dysfunction plays a critical role in the pathogenesis of HD.

INTRODUCTION

Huntington’s disease (HD) is an autosomal dominant and fatal
neurological disorder caused by an expanded trinucleotide
CAG repeat in the gene coding for the protein, huntingtin.
Although other brain areas are involved, there is selective
death of medium-sized spiny striatal projection neurons and
depletion of their neurochemical components (1–3). Despite
great progress, a direct causative pathway from the HD gene
mutation to neuronal dysfunction and death has not yet been
established. It has been postulated, however, that mutant

huntingtin and its fragments trigger cascades of both impaired
and compensatory molecular processes and genetic programs
leading to transcriptional dysfunction and mitochondrial
damage (4). These pathological pathways ultimately lead to
increasingly fragile neurons that are susceptible to more
generic stresses, such as oxidative injury, excitotoxic stress,
expression of inflammatory signals, pro-apoptotic signals
and energy depletion, all of which may play roles in the neur-
onal death observed in HD (4). Mitochondria are critically
vital organelles that generate energy for all molecular pro-
cesses and regulate cellular function (5). Mitochondrial
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energy production is essential to carry out vital cellular pro-
cesses, such as neurotransmitter release and reuptake.
Neurons are especially vulnerable to mitochondrial abnormal-
ities, as they have a high metabolic demand and extraordinary
energy requirements (6). Mitochondrial impairment leads to
increased production of reactive oxygen species and plays a
central role in both necrotic and apoptotic cell death. There
is strong evidence that mitochondrial dysfunction plays a pro-
minent role in the pathogenesis of HD (7–10).

Evidence for mitochondrial abnormalities in HD was first
observed over three decades ago in ultrastructural studies on
brain biopsies of HD patients (11). Consistent with these find-
ings, electron transport chain complex subunits have been
reported to be involved in the selective degeneration of the
basal ganglia (12,13) and, as such, it is not unreasonable to
suggest that the genetic HD mutation may alter nuclear-
encoded components of electron transport complexes, result-
ing in primary mitochondrial dysfunction. In fact, significant
reductions have been reported in mitochondrial complex I,
II–III and IV activities in the neostriatum from HD patients
that are not present in other brain regions (10,14–20),
although these abnormalities are not observed in premanifest
and early-stage HD patients (21). It is of interest to note,
however, that in patients with other trinucleotide repeat dis-
eases, such as spinocerebellar ataxias, mitochondrial abnorm-
alities and metabolic defects are present, linking mitochondrial
dysfunction as a common mechanism to neurodegenerative
diseases caused by polyglutamine gene mutations (22,23).

Mutant htt protein induces abnormal transcriptional regu-
lation of TATA-binding proteins and Sp1, resulting in tran-
scriptional dysregulation of nuclear-encoded mitochondrial
genes in HD (24). Support for this comes from studies
showing that the transcriptional repression of peroxisome
proliferator-activated receptor-co-activator gamma-1 alpha
(PGC-1a), a key regulator of mitochondrial energy metab-
olism and mitochondrial gene expression (25,26), is selec-
tively decreased in the caudate nucleus from premanifest
HD patients (27). Recent evidence shows that, in both
muscle biopsies and myoblast cultures from HD subjects,
there are significant reductions in PGC-1a and mitochondrial
transcription factor A (TFAM), a nuclear-encoded mitochon-
drial transcription factor (28). Abnormal PGC-1a function
results in significant mitochondrial impairment. In addition,
several studies have showed mitochondrial trafficking
abnormalities in HD in which defective mitochondrial trans-
port results in neuronal death (29,30). In this circumstance,
mutant huntingtin sequesters constituent parts of the mito-
chondrial machinery in HD patients (29).

Lastly, there is evidence from experimental models that
mitochondrial fission and fusion may be altered in HD,
leading to neuronal death (30–33). Mitochondria are morpho-
logically dynamic organelles that are distributed throughout
the cell by fission and fusion to form individual units or inter-
connected networks (34). In normal healthy cells, there is
equilibrium between these two opposing states of organelle
fusion and fission (35,36). Modulation of both mitochondrial
shape and size provides a mechanism for mitochondrial traf-
ficking in positioning mitochondria throughout the cell. The
primary proteins controlling mitochondrial fission include
dynamin-related protein (Drp1) (37–39) and mitochondrial

fission 1 (Fis1) (39–41), along with a number of other regulat-
ory proteins (39). Mitochondrial fusion is controlled by homo-
logs of Fzo (fuzzy onions)1p, a large GTPase of the outer
mitochondrial membrane, and includes the mitofusins (Mfn)
1 and 2, in addition to an inner-membrane-localized, dynamin-
related protein, OPA1 (39). There is evidence to suggest that
mutant huntingtin physically impairs mitochondrial mobility
and trafficking (30). Although increasing polyglutamine
repeats result in greater mitochondrial fragmentation and
reduced ATP levels, suppression of fission and promotion of
fusion ameliorate mitochondrial fission, augment ATP levels
and attenuate cell death in HeLa cells expressing expanded
polyglutamine proteins (32).

Although mitochondrial dysfunction has been reported both
in animal models of HD and in HD patients, there are no
studies that examine the progressive loss of mitochondria
along with altered mitochondrial fission and fusion dynamics
in HD patients. As such, we performed quantitative analyses
of mitochondria identified using immunohistochemical stain-
ing for Mt-COX2, superoxide dismutase 2 (SOD2) and cyto-
chrome c in striatal calbindin-immunoreactive neurons,
which are preferentially vulnerable in HD. We also correlated
the findings with Mt-COX2, PGC-1a and TFAM protein
levels assessed using western analysis. In parallel, we investi-
gated alterations in mitochondrial fission and fusion dynamics
and their respective proteins, along with mitochondrial PCR
array expression profiling to characterize corresponding
changes in mitochondrial function.

RESULTS

Using 3D deconvolutional digital imaging, combined immu-
nofluorescence of calbindin antisera and Mt-COX2 antisera
in tissue sections from moderate Grade 2 HD and very
severe Grade 4 HD patients showed a grade-dependent
reduction in the number of mitochondria in HD, compared
with age-matched control subjects (Fig. 1A). Quantitative
analysis revealed a significant reduction in the density of peri-
karyal mitochondria in medium-sized calbindin spiny striatal
neurons from both Grade 2 and Grade 4 HD patients
(control patients 1.31+ 0.09 mm3; Grade 2 HD patients
0.85+ 0.19 mm3, P , 0.0001; Grade 4 HD patients 0.48+
0.16 mm3, P , 0.00002). In addition, there was a significant
difference between Grade 2 and Grade 4 HD patients
(P , 0.01). Despite progressive neuronal atrophy associated
with increased disease severity, these data represent a 35
and 66% loss in mitochondria from Grade 2 and Grade 4
HD patients, respectively. In addition to the observed mito-
chondrial loss, further analysis of the size of mitochondria
showed that with the progression of disease severity there
were marked alterations in the distribution of the size of
very small, small, medium and large mitochondria (Fig. 1B).
Mitochondria binned according to size resulted in four distinct
peaks, with the largest number within very small (0.18 mm3)
and small (0.26 mm3) mitochondria, in comparison with
medium (0.32 mm3) and large (0.4 mm3) mitochondria.
These peak sizes remained constant in control and HD
patients. Although there was a progressive loss of
mitochondria in HD patients, there was a greater loss of

3920 Human Molecular Genetics, 2010, Vol. 19, No. 20



Figure 1. 3D deconvolutional digital imaging using combined immunofluorescence of calbindin antisera identifying medium-sized spiny caudate neurons and
COX2 antisera marking mitochondria from moderate Grade 2 HD and very severe Grade 4 HD patients, compared with an age-matched control subject (A). The
first panel from each row represents a color image through the stacked images. Green denotes calbindin reactivity and red denotes Mt-COX2. The successive
black and white panels within each row represent serial step sections through the identified neuron showing the density of mitochondrial immunostaining. Com-
pared with the age-matched normal control, there was a significant loss of mitochondria in moderate Grade 2 HD that becomes markedly apparent in severe
Grade 4 HD sections. (B) The graph represents quantitative mitochondrial binning according to size that resulted in four peaks observed in control and HD
specimens. There was a progressive loss of mitochondria in HD patients. (C) The graph represents the percentile difference in mitochondrial size, as related
to Grade 2 and Grade 4 HD. Consistent with the findings of COX2-positive mitochondrial loss, western analysis of brain lysates of the medial caudate
nucleus in Grades 2, 3 and 4 from HD patients and age-matched control subjects showed a grade-dependent loss of COX2-immunoreactivity (D). Representative
western gels of COX2 and alpha tubulin activities are present under each bar in the graph. An asterisk represents significance.
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medium- (54%) and large-sized (55%) mitochondria in early
manifest disease (Grade 2), with very little or no change in
late-stage (Grade 4) disease. In contrast, the loss of very
small and small mitochondria in Grade 2 HD was much less
at 38 and 35%, respectively, with the greatest loss of very
small and small mitochondria occurring in Grade 4 HD
patients, 68 and 62%, respectively (Fig. 1C).

Consistent with the findings of COX2-positive mitochon-
drial loss, western analysis of brain lysates of the medial
caudate nucleus in Grades 2, 3 and 4 from HD patients and
age-matched control subjects showed a grade-dependent loss
of COX2-immunoreactivity (Fig. 1D). Although there was a
10% loss of COX2 immunoreactivity in Grade 2 HD patients,
this did not reach significance. Significant losses were
observed, however, in Grade 3 HD (P , 0.01) and Grade 4
HD (P , 0.004) patients, with a 38 and 62% reduction,
respectively, in immunoreactivity.

Comparable with the Mt-COX2 findings, stacked images from
combined calbindin and SOD2 immunofluorescence showed
similar findings, with a progressive marked reduction in SOD2-
positive mitochondrial density in medium-sized calbindin-
positive neurons in HD patients (Fig. 2). Quantitative analysis
showed a significant reduction in overall mitochondrial density
in Grade 2 HD patients (31%), with a more marked loss of mito-
chondria in Grade 4 HD patients (62%) (control patients 0.42+
0.8 mm3; Grade 2 HD patients 0.29+0.6 mm3, P , 0.001;
Grade 4 HD patients 0.16+0.5 mm3, P , 0.0001). In compari-
son with the COX2 data, the overall density of SOD2-positive
mitochondria was �3-fold less, suggesting that SOD2-positive
mitochondria may represent a distinct subset. In addition,
there was a significantly greater decrease in mitochondrial

density in Grade 4 patients, in comparison with Grade 3 patients
(P , 0.01).

Qualitative confirmation of both the mitochondrial COX2
and SOD2 data was made using a third mitochondrial
marker, cytochrome c. As in the COX2 and SOD2 findings
in Figures 1 and 2, mitochondrial density was reduced in
HD patients and worsened with increasing severity of
disease (Fig. 3).

Proteins which are regulators of mitochondrial function and
biogenesis, and activators of mitochondrial gene expression,
include PGC-1a (25,26) and TFAM (42). Both proteins have
been reported to be reduced in HD (27,28). There is a signifi-
cant decrease in PGC-1a mRNA in the caudate nucleus in pre-
manifest HD patients (27). This downregulation is accompanied
by reduced expression of genes involved in energy metabolism.
PGC-1a and TFAM are also reduced in muscle biopsies and
myoblast cultures from HD subjects (28). We confirmed
and extended these findings by examining levels of PGC-1a
and TFAM in relation to the progression of HD. Western analy-
sis showed that there were significant grade-dependent
reductions in both PGC-1a and TFAM in brain lysates from
HD patients (Fig. 4). PGC-1a immunoreactivity was decreased
by 16% in Grade 2 HD (P , 0.042), 39% in Grade 3 HD (P ,
0.013) and 70% in Grade 4 HD (P , 0.001) specimens. Similar
grade-dependent reductions were found in western analyses of
TFAM, with a 15% decrease in Grade 2 HD (P , 0.01), 32%
in Grade 3 HD (P , 0.0018) and 41% in Grade 4 HD (P ,
0.0006) specimens. Although our findings may correlate with
neuronal loss, the fact that there is a significant 30% loss of
PGC-1a in premanifest disease (27) suggests that the loss of
PGC-1a is not an epiphenomenon.

Figure 2. 3D deconvolutional digital imaging of combined immunofluorescence of calbindin antisera identifying medium-sized spiny caudate neurons and SOD2
antisera marking mitochondria from moderate Grade 2 HD and very severe Grade 4 HD patients, compared with an age-matched control subject. Consistent with
the combined calbindin/COX2 results, there was a significant loss of mitochondria in moderate Grade 2 HD, with a greater loss of mitochondria in the severe
Grade 4 HD sections.
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Large cholinergic striatal neurons are relatively spared in
HD patients (1). Consistent with this finding and of great inter-
est, there was no significant difference in COX2-positive mito-
chondrial density in large cholinergic neurons within the
medial caudate nucleus from HD patients, compared with age-
matched control patients (control patients: 1.62+ 0.15 mm3;
Grade 2 HD patients 1.49+ 0.17 mm3, P , 0.33; Grade 4
HD patients 1.41+ 0.20 mm3, P , 0.28) (Fig. 5).

We have obtained novel evidence which suggests that
altered mitochondrial dynamics, a pathophysiological
process that results in bioenergetic dysfunction and subsequent
neuronal cell death, is drastically altered in HD patients.
Immunoreactive markers of mitochondrial fission (Drp1) and
fusion (Mfn1) proteins were markedly changed in striatal
human HD tissue sections, compared with age-matched
control subjects. Histopathology of Drp1 showed a progressive
increased protein expression in both Grade 2 and Grade 4 HD
specimens, whereas Mfn1 immunoreactivity was increased in
Grade 2 HD specimens with a subsequent reduction in Grade 4
HD (Fig. 6). Western analysis of both proteins in brain tissue
lysates from Grades 2, 3 and 4 HD frozen specimens was con-
sistent with the immunohistology data (Fig. 6). There was a
significant grade-dependent increase in Drp1 protein levels,
with a 23% increase in Grade 2 HD (P , 0.032), 50% increase
in Grade 3 HD (P , 0.014) and a 59% increase in Grade 4 HD
(P , 0.0015) specimens. In contrast, although there was an
initial upregulation of Mfn1 by 42% in Grade 2 HD tissue
lysates (P , 0.001), there was a significant subsequent
reduction in Mfn1 protein by 60% in Grade 3 HD (P ,
0.0004) and by 70% in Grade 4 HD (P , 0.0008) specimens.
It is of interest to note that the levels of Drp1 and Mfn1 in

control specimens, as measured from western analyses, were
not significantly different, confirming previous studies that
both fission and fusion of mitochondria are at equilibrium
under normal conditions (35,36). These findings are consistent
with the hypothesis that mitochondrial dynamics are disrupted
in HD (31,33).

Mitochondrial PCR array expression profiling was per-
formed in caudate nucleus striatal tissue samples from
Grades 2, 3 and 4 HD patients and age-matched control sub-
jects. The 84 mitochondrial-gene probe set showed changes
in both upregulation and downregulation of mitochondrial
genes, with an overall ratio of 9.3:1 in gene upregulation
from all HD grades of severity. There was an increased
expression in mitochondrial genes from 24.5% in Grade 2
HD, with the greatest changes occurring in Grade 3 HD speci-
mens at 56%, and a subsequent falloff in overall gene
expression change in Grade 4 HD specimens to 19.5%. A
complete listing of the mitochondrial gene expression levels
can be found in Table 1. The gene changes from Grades 2,
3 and 4 HD patients are shown graphically in scatter plots
(Fig. 7). The genes monitored by the mitochondria PCR
array include regulators and mediators of mitochondrial mol-
ecular transport of not only metabolites needed for the electron
transport chain and oxidative phosphorylation, but also of the
ions required for maintaining mitochondrial membrane polar-
ization and potential that are critical for ATP synthesis. This
array’s gene profiling also targets previously translated and
folded proteins which localize into the outer and inner mito-
chondrial membranes, as well as into the mitochondrial
matrix. In addition, the intrinsic apoptosis pathway genes acti-
vated by intracellular damage signaling are also represented

Figure 3. Cytochrome c mitochondrial immunoactivity in HD caudate nucleus. 3D deconvolutional digital imaging of combined immunofluorescence of cal-
bindin antisera identifying medium-sized spiny caudate neurons and cytochrome c antisera marking mitochondria from moderate Grade 2 HD and very
severe Grade 4 HD patients, compared with an age-matched control subject. The loss of mitochondria confirmed the findings observed in the COX2 and
SOD2 studies.
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on this array. The PCR array data findings from our studies
show largely upregulated gene expression and to some
degree reflect impairment and compensatory mechanisms.

There were 10 mRNA changes associated with downregula-
tion, with a ≥2-fold decrease in expression, most of which were
found in severe and very severe HD specimens (Table 1). These
decreases included stratifin (SFN), apoptosis-inducing factor
mitochondrion-associated 2 (AFIM2), neurofilament light poly-
peptide (NEFL), translocase of inner mitochondrial membrane
50 homolog (TIMM50), translocase of outer mitochondrial
membrane 70 homolog A (TOMM70A), translocase of outer
mitochondrial membrane 34 (TOMM34), heat shock protein
90 kDa alpha (cytosolic) class A member (HSP90AA1) and
three solute mitochondrial carrier family 25 genes
(SLC25A31, adenine nucleotide translocator; SLC25A27; and
SLC25A23, phosphate carrier).

There were 57 mRNA upregulated changes in HD patients
in which there was a ≥2-fold increase in expression, with
many of these mRNA changes present across Grades 2, 3
and 4 (Table 1). We focused on the most robust changes in
which there was a ≥4-fold change (19 mRNAs), reaching as
high as 38-fold. Among the mRNAs in HD patients meeting
these inclusion criteria were tumor protein p53 (TP53),
SOD2, SFN, BCL2-like 1 (BCL2L1), BAK1, translocase of
inner mitochondrial membrane 44 homolog (TIMM44), trans-
locase of inner mitochondrial membrane 17 homolog B
(TIMM17B), tafazzin (TAZ), fracture callus 1 homolog

(FXC1), translocase of outer mitochondrial membrane 40
homolog (TOMM40), uncoupling protein 3 (mitochondrial,
proton carrier) (UCP3), StAR-related lipid transfer (START)
domain containing 3 (STARD3) and seven solute mitochon-
drial carrier family 25 genes (SLC25A37; SLC25A25, phos-
phate carrier; SLC25A20, carnitine/acylcarnitine translocase;
SLC25A2, ornithine transporter; SLC25A17, peroxisomal
membrane protein, 34 kDa; SLC25A13, citrin; and SLC25A1,
citrate transporter member 1).

The PCR array data associated with mitochondrial fission
and fusion reflected the western analysis findings. There was
a grade-dependent increase in mRNA for the fission protein
(DNM1L/DRP1), with the highest expression in Grade 4
HD tissue specimens. In addition, early overexpression
of fusion genes (MFN1 and MFN2) was present, with a
continued reduction in gene expression with greater disease
severity.

DISCUSSION

Herein, we show that quantitative analyses of the number of
perikaryal mitochondria, identified by multiple immunohisto-
chemical markers including COX2, SOD2 and cytochrome c
in vulnerable striatal calbindin-positive neurons from HD
patients, were reduced with increasing severity of disease,
although significant mitochondrial loss was not found in the
relatively spared large cholinergic striatal neurons. In addition,
western analysis of brain lysates from the caudate nucleus
revealed a grade-dependent loss of Mt-COX2 activity, with
similar findings in the transcriptional co-activators of mito-
chondrial gene expression and biogenesis, PGC-1a and
TFAM. In parallel, we found significant morphological and
biochemical alterations in mitochondrial fission and fusion,
as assessed by mitochondrial size, and their respective pro-
teins, Drp1 and Mfn1. Consistent with the above alterations
showing mitochondrial abnormalities in HD patients, mito-
chondrial PCR array expression profiling identified a large
number of corresponding changes in genes associated with
membrane potential, mitochondrial transport and localization,
inner and outer membrane translocation and apoptosis.

Mitochondria are crucial power-producing organelles that
provide most of the cellular ATP through oxidative phos-
phorylation, exhibit highly dynamic structural and functional
diversity and play a significant role in neuronal life and
death. Neurons are metabolically active cells with a high
energy requirement and, as such, mitochondrial dysfunction
results in a cascade of events that include reduced ATP pro-
duction, altered calcium homeostasis, increased reactive
oxygen species, apoptosis and cytochrome c release that sub-
sequently lead to neuronal death (32,43). Several lines of evi-
dence lend support to the hypothesis that mitochondrial
impairment and energy disturbance are an important part of
the pathophysiological process in neurodegenerative disorders,
particularly in HD (7,44). There is substantial evidence from
experimental models of HD that suggests an important role
of mitochondrial dysfunction in the pathogenesis of HD
(7,10,45). In R6/2 HD mice, there is a significant reduction
in striatal aconitase activity and a decrease of mitochondrial
complex IV activities in both the striatum and neocortex

Figure 4. Western analysis of the caudate nucleus in Grades 2, 3 and 4 from
HD patients showing significant grade-dependent reductions in both PGC-1a
(A) and TFAM (B) in brain lysates from HD patients. Representative western
gels of PGC-1a, TFAM and alpha tubulin activities are present under each bar
in the graph. An asterisk represents significance.
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(46). In addition, the mitochondrial ubiquinone, coenzyme
Q10, is significantly reduced in R6/2 mice (47). There is an
age-dependent decrease in the relative amplification of
mtDNA from both the striatum and cerebral cortex in R6/2

mice (48). Mitochondria from both R6/2 mice and YAC128
mice show increased Ca2+-loading capacity, whereas chal-
lenged neurons from full-length Hdh150 knock-in heterozy-
gote mice are more vulnerable to Ca2+ deregulation (49).

Figure 5. COX2-positive mitochondrial density in large cholinergic neurons within the HD neostriatum, compared with age-matched control caudate nucleus.
(A and B) The images represent black and white 3D stacked images of a large striatal neuron in control caudate nucleus (A) and Grade 4 HD caudate nucleus (B).
Mt-COX2-positive immunoreactive mitochondria are identified by white spheroid profiles. Asterisk shows a medium-sized striatal neuron for comparison. The
bar in B represents 20 mm.

Figure 6. Histopathology and western analysis of Drp1 and Mfn1 activities. Immunohistochemistry of Drp1activity in the medial caudate nucleus showed a
progressive increase in protein expression in Grade 2 (B) and Grade 4 (C) HD specimens, compared with a normal control patient (A). Greater immunoreactivity
is observed in both neurons and in the neuropil. Mfn1 immunoreactivity was markedly increased in Grade 2 (E) HD caudate nucleus, with a significant reduction
in Grade 4 (F) specimens, compared with a normal control (D). Western analysis findings paralleled the immunohistology observations characterizing both
proteins in brain tissue lysate from Grades 2, 3 and 4 HD frozen specimens (G, Drp1 and H, Mfn1). The bar in F represents 100 mm. An asterisk denotes
significance.
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Table 1. PCR array profiling in HD caudate nucleus specimens

Related functions Symbol RefSeq Description Grade 2 HD/control (fold
up- or downregulation)

Grade 3 HD/control (fold
up- or downregulation)

Grade 4 HD/control (fold
up- or downregulation)

Membrane polarization
and potential

BAK1 NM_001188 BCL2-antagonist/killer 1 9.06 4.4 2.26
BCL2 NM_000633 B-cell CLL/lymphoma 2 1.22 2.23 21
BCL2L1 NM_138578 BCL2-like 1 5.43 4.68 4.88
TP53 NM_000546 Tumor protein p53 2.85 5.38 7.55
UCP1 NM_021833 Uncoupling protein 1 (mitochondrial, proton carrier) 3.27 1.4 21.37
UCP3 NM_003356 Uncoupling protein 3 (mitochondrial, proton carrier) 10.41 38.27 8.98

Mitochondrial transport AIP NM_003977 Aryl hydrocarbon receptor interacting protein 2.68 2.53 2.82
BAK1 NM_001188 BCL2-antagonist/killer 1 9.06 4.4 2.26
BCL2 NM_000633 B-cell CLL/lymphoma 2 1.22 2.23 21
BCL2L1 NM_138578 BCL2-like 1 5.43 4.68 4.88
FXC1 NM_012192 Fracture callus 1 homolog (rat) 3.92 7.3 2.9
HSP90AA1 NM_001017963 Heat shock protein 90 kDa alpha (cytosolic), class A

member 1
21.02 3.13 22.01

HSPD1 NM_002156 Heat shock 60 kDa protein 1 (chaperonin) 1.24 3.09 2.23
IMMP2L NM_032549 IMP2 inner mitochondrial membrane peptidase-like

(Saccharomyces cerevisiae)
1.71 2.41 2.56

MFN2 NM_014874 Mitofusin 2 2.01 1.1 1.07
MIPEP NM_005932 Mitochondrial intermediate peptidase 2.03 2.39 2.94
MTX2 NM_006554 Metaxin 2 21.39 1.05 21.15
STARD3 NM_006804 StAR-related lipid transfer (START) domain

containing 3
18.25 12.19 7.81

TP53 NM_000546 Tumor protein p53 2.85 5.38 7.55
TSPO NM_000714 Translocator protein (18 kDa) 1.19 1.42 2.44
UCP1 NM_021833 Uncoupling protein 1 (mitochondrial, proton carrier) 3.27 1.4 21.37
UCP3 NM_003356 Uncoupling protein 3 (mitochondrial, proton carrier) 10.41 38.27 8.98

Small molecule transport SLC25A1 NM_005984 Solute carrier family 25 (mitochondrial carrier;
citrate transporter), member 1

4.32 4.08 3.17

SLC25A10 NM_012140 Solute carrier family 25 (mitochondrial carrier;
dicarboxylate transporter), member 10

2.22 1.02 21.02

SLC25A13 NM_014251 Solute carrier family 25, member 13 (citrin) 3.71 5.46 8.2
SLC25A17 NM_006358 Solute carrier family 25 (mitochondrial carrier;

peroxisomal membrane protein, 34 kDa),
member 17

2.16 4.28 4.65

SLC25A2 NM_031947 Solute carrier family 25 (mitochondrial carrier;
ornithine transporter) member 2

5.46 21.98 21.05

SLC25A20 NM_000387 Solute carrier family 25 (carnitine/acylcarnitine
translocase), member 20

4.44 3.68 2.36

SLC25A23 NM_024103 Solute carrier family 25 (mitochondrial carrier;
phosphate carrier), member 23

21.23 24.9 27.7

SLC25A24 NM_013386 Solute carrier family 25 (mitochondrial carrier;
phosphate carrier), member 24

21.59 2.19 21.04

SLC25A25 NM_052901 Solute carrier family 25 (mitochondrial carrier;
phosphate carrier), member 25

1.56 4.65 2.49

SLC25A27 NM_004277 Solute carrier family 25, member 27 22.16 21.72 22.63
SLC25A31 NM_031291 Solute carrier family 25 (mitochondrial carrier;

adenine nucleotide translocator), member 31
25.17 2.58 21.67

SLC25A37 NM_016612 Solute carrier family 25, member 37 2.87 5.65 4.58
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Targeting proteins to
mitochondria

AIP NM_003977 Aryl hydrocarbon receptor interacting protein 2.68 2.53 2.82
FXC1 NM_012192 Fracture callus 1 homolog (rat) 3.92 7.3 2.9
HSPD1 NM_002156 Heat shock 60 kDa protein 1 (chaperonin) 1.24 3.09 2.23
IMMP2L NM_032549 IMP2 inner mitochondrial membrane peptidase-like

(S. cerevisiae)
1.71 2.41 2.56

MFN1 NM_033540 Mitofusin 1 2.58 1.6 21.1
MIPEP NM_005932 Mitochondrial intermediate peptidase 2.03 2.39 2.94
TSPO NM_000714 Translocator protein (18 kDa) 1.19 1.42 2.44

Mitochondrion protein
import

AIP NM_003977 Aryl hydrocarbon receptor interacting protein 2.68 2.53 2.82
COX10 NM_001303 COX10 homolog, cytochrome c oxidase assembly

protein, heme A: farnesyltransferase (yeast)
1.3 21.04 21.58

COX18 NM_173827 COX18 cytochrome c oxidase assembly homolog (S.
cerevisiae)

2.85 1.25 1.48

DNAJC19 NM_145261 DnaJ (Hsp40) homolog, subfamily C, member 19 21.06 21.22 21.13
FXC1 NM_012192 Fracture callus 1 homolog (rat) 3.92 7.3 2.9
HSPD1 NM_002156 Heat shock 60 kDa protein 1 (chaperonin) 1.24 3.09 2.23
MIPEP NM_005932 Mitochondrial intermediate peptidase 2.03 2.39 2.94
SH3GLB1 NM_016009 SH3-domain GRB2-like endophilin B1 1.21 2.34 1.55

Outer membrane
translocation

TOMM34 NM_006809 Translocase of outer mitochondrial membrane 34 21.43 23.16 23.93
TOMM40 NM_006114 Translocase of outer mitochondrial membrane 40

homolog (yeast)
9.78 34.73 2.69

TOMM70A NM_014820 Translocase of outer mitochondrial membrane 70
homolog A (S. cerevisiae)

21.84 23.59 24.58

Inner membrane
translocation

FXC1 NM_012192 Fracture callus 1 homolog (rat) 3.92 7.3 2.9
IMMP2L NM_032549 IMP2 inner mitochondrial membrane peptidase-like

(S. cerevisiae)
1.71 2.41 2.56

TAZ NM_000116 Tafazzin 3.39 7.99 5.16
TIMM10 NM_012456 Translocase of inner mitochondrial membrane 10

homolog (yeast)
2.87 1.2 1.27

TIMM17B NM_005834 Translocase of inner mitochondrial membrane 17
homolog B (yeast)

2.16 4.25 1.63

TIMM44 NM_006351 Translocase of inner mitochondrial membrane 44
homolog (yeast)

1.93 18.87 21.09

TIMM50 NM_001001563 Translocase of inner mitochondrial membrane 50
homolog (S. cerevisiae)

1.43 22.3 21.24

Mitochondrial fission
and fusion

COX18 NM_173827 COX18 cytochrome c oxidase assembly homolog (S.
cerevisiae)

2.85 1.25 1.48

FIS1 NM_016068 Fission 1 (mitochondrial outer membrane) homolog
(S. cerevisiae)

2.23 2.25 1.68

MFN1 NM_033540 Mitofusin 1 2.58 1.6 21.1
DNM1L NM_005690 Dynamin 1-like 1.16 1.96 2.34
MFN2 NM_014874 Mitofusin 2 2.01 1.1 1.07
OPA1 NM_130837 Optic atrophy 1 (autosomal dominant) 1.14 21.1 21.11
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Figure 7. Scatter plots of gene changes from Grade 2 (A), Grade 3 (B) and
Grade 4 (C) HD patients. The center black-line represents the cipher, and
upregulation and downregulation are noted by the red and green arrows,
respectively. One- to 2-fold (dark gray zone) and 2- to 4-fold (light gray
zone) mRNA changes are represented on both sides of each figure. Downre-
gulated mRNA changes ≥2-fold included stratifin (SFN), apoptosis-inducing
factor mitochondrion-associated 2 (AFIM2), neurofilament light polypeptide
(NEFL), translocase of inner mitochondrial membrane 50 homolog, translo-
case of outer mitochondrial membrane 70 homolog A (TOMM70A), translo-
case of outer mitochondrial membrane 34 (TOMM34), heat shock protein
90 kDa alpha (cytosolic) class A member (HSP90AA1) and three solute mito-
chondrial carrier family 25 genes (SLC25A31, adenine nucleotide transloca-
tor; SLC25A27; and SLC25A23, phosphate carrier). Those upregulated
mRNA changes ≥4-fold are identified as tumor protein p53 (TP53), superox-
ide dismutase 2 (SOD2), stratifin (SFN), BCL2-like 1 (BCL2L1), BAK1,
translocase of inner mitochondrial membrane 44 homolog (TIMM44), translo-
case of inner mitochondrial membrane 17 homolog B (TIMM17B), tafazzin
(TAZ), fracture callus 1 homolog (FXC1), translocase of outer mitochondrial
membrane 40 homolog (TOMM40), uncoupling protein 3 (mitochondrial,
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Other possible sequelae of mitochondrial dysfunction
include reduced redox potentials of cellular membranes, dys-
function of the mitochondrial permeability transition pore
and activation of initiator and executioner caspases, each
one of which may further contribute to the cell death
cascade (50,51). In vitro studies have shown that N-terminal
huntingtin fragments may directly impair mitochondrial func-
tion, resulting in calcium abnormalities and subsequent energy
deficiency (52). Consistent with a link between mitochondrial
derangement and the pathological phenotype of HD, there are
a number of mitochondrial inhibitors that act at complexes of
the electron transport chain, resulting in high-energy phos-
phate deficiency and reduced cellular levels of ATP, mimick-
ing the behavioral and neuropathological phenotype of HD in
both primates and rodents (53–57). Accidental ingestion of
the complex II inhibitor, 3-nitropropionic acid, in humans
results in a clinical and pathological phenotype observed in
HD patients (58) and has been used as an experimental
model of HD (53).

It has been suggested that the altered transcriptional regu-
lation of nuclear-encoded mitochondrial genes may be
involved in HD pathogenesis (33,45,59). Of great interest
and of relevance to the present findings is that mHtt represses
the transcription of PGC-1a (27). PGC-1a is a transcriptional
co-activator regulating mitochondrial gene expression, the
production of antioxidant enzymes, mitochondrial uncoupling
proteins and mitochondrial ATP (25,26,60). PGC-1a mRNA
is reduced in the caudate nucleus from premanifest HD
patients, in transgenic HD mice and in peripheral muscle biop-
sies and myoblasts from manifest disease HD patients
(27,28,61). Reduced levels of PGC-1a result in striatal neuro-
degeneration and motor abnormalities in HD mice, along with
increased sensitivity to oxidative stressors, although the deliv-
ery of lentiviral-mediated PGC-1a expression into the striatum
of R6/2 mice significantly improves the pathological pheno-
type (27). In addition, PGC-1a is greatly reduced in medium
spiny neurons, those differentially effected in HD, but not in
relatively spared interneurons in HD mice (27). This is con-
sistent with our present findings showing no significant differ-
ence in COX2-positive mitochondrial density in large
cholinergic neurons within the neostriatum from HD patients.

Previous studies showed that the expression of PGC-1a-
dependent genes was reduced in HD caudate nucleus (61).
We confirmed and extended the human HD findings of mito-
chondrial transcription dysregulation, showing that there
were significant grade-dependent reductions of protein levels
in brain lysates from HD patients, not only of PGC-1a, but
also of TFAM, a mitochondrial transcription factor which
functions as a DNA-packaging protein that organizes mito-
chondrial chromatin into the mtDNA nucleoid (42). TFAM
is essential for mtDNA replication and stability through
mtDNA compaction and organization of the nucleoid.
TFAM knockout mice present with a significant reduction in

mtDNA (62) and, as suggested, mitochondrial chromatin
dynamics, along with mtDNA transcription and replication,
would be markedly altered from a loss of TFAM (42). Com-
pounds, therefore, that activate PGC-1a and TFAM may be
a potential therapeutic strategy in HD.

Mitochondrial fission and fusion and their respective pro-
teins regulate the morphology, function, integrity and topo-
graphic distribution of mitochondria, as well as trafficking of
mitochondria (63). Mitochondrial morphogenesis can nega-
tively impact important cellular mechanisms and exacerbate
neuronal death. Although under normal circumstances there
is equilibrium between each of these processes (35,36,64),
any perturbation in mitochondrial dynamics may certainly
result in mitochondrial dysfunction and mitophagy (65). As
such, alterations in the proteins that control the complemen-
tary functions of fission and fusion and mitochondrial stability
may trigger cell death. There is recent and emerging evidence
over the past decade that mitochondrial dynamics are dis-
rupted in neurodegenerative diseases, particularly in HD
(31,33,65). Mutations or alterations in the expression of a
group of conserved GTPases will disrupt the balance of mito-
chondrial fission and fusion. These include Drp1 and Fis1 as
the principal arbiters of mitochondrial fission and fusion pro-
teins, including the mitofusins (Mfn1 and Mfn2) that
promote outer mitochondrial membrane fusion and OPA1
that facilitates inner membrane fusion and maintenance of
mtDNA (37–41). Alterations in the expression pattern of
mitochondrial fission/fusion proteins, shown herein as elev-
ated levels of Drp1 and reduced levels of Mfn1 in HD
caudate nucleus lysates, are consistent with altered mitochon-
drial dynamics, mitochondrial distribution and trafficking in
HD. These observations were confirmed by histopathological
analysis. Our findings suggest that an imbalance in mitochon-
drial fission and fusion is likely to be an important mechanism
leading to mitochondrial dysfunction and subsequent neuronal
loss in HD patients (31).

There is evidence from studies performed in experimental
models that implicate impaired mitochondrial dynamics as a
pathophysiological mechanism in HD (29,30,32,66). It has
been suggested that the sequestration of trafficking proteins
by mutant Htt may result in altered mitochondrial mobility
(29). In addition, although the role of mutant Htt aggregates
continues to be debated, it seems logical to reason that the
mass effect of mutant Htt aggregates has a deleterious effect
on mitochondrial dynamics. It has been reported that
primary cortical neurons expressing full-length mutant Htt
physically impede mitochondrial transport and that this is an
early pathological event (30). Immobilized mitochondria
may result in reducing energy needs throughout the neuron,
especially in striatal projection neurons. It is intriguing to
suggest that the improved behavioral and neuropathological
phenotype in HD mouse models by the administration of
select therapies that reduce Htt aggregates (4) may be the
result of, at least in part, improved mitochondrial dynamics
and trafficking.

There is also direct evidence that aberrant mitochondrial
dynamics play a role in other human neurological disorders
(67–69). A mutation in OPA1, an inner-membrane-localized,
dynamin-related protein involved in fusion, causes autosomal
dominant optic atrophy (ADOA), the most common form of

proton carrier) (UCP3), StAR-related lipid transfer (START) domain contain-
ing 3 (STARD3) and seven solute mitochondrial carrier family 25 genes
(SLC25A37; SLC25A25, phosphate carrier; SLC25A20, carnitine/acylcarnitine
translocase; SLC25A2, ornithine transporter; SLC25A17, peroxisomal mem-
brane protein, 34 kDa; SLC25A13, citrin; and SLC25A1, citrate transporter
member 1).

Human Molecular Genetics, 2010, Vol. 19, No. 20 3929



inherited optic atrophy (69). OPA1 interacts with Mfn1 in pro-
moting fusion (70) and in remodeling mitochondrial cristae
(71). There are prominent morphological alterations and
defects in mitochondrial trafficking and distribution in
ADOA, in addition to marked changes in the mitochondrial
architecture with a tubular conformation of mitochondria,
and alternating areas of fragmentation with an irregular
spatial distribution (69). Muscle biopsies in ADOA show
ragged-red fibers and COX2-negative fibers that are typical
for mtDNA mitochondriopathies. In addition, mutations in
Mfn2 result in an autosomal dominant variant of Charcot–
Marie–Tooth disease, a hereditary neurological disorder pre-
senting as a motor and sensory neuropathy (72,73). There is
a significant problem in mitochondrial motility in this dis-
order. In Alzheimer’s disease, impaired mitochondrial fission
and fusion are notable features (68). Mitochondria are redis-
tributed away from axons and limited to the soma of hippo-
campal pyramidal neurons. Levels of Drp1, OPA1, Mfn1
and Mfn2 are significantly reduced, in contrast to increased
levels of Fis1, another mitochondrial fission protein. It has
recently been reported that conditional deletion of mitofusins
in mice results in mitochondrial dysfunction, increased
levels of mtDNA mutations and subsequent death (74). As
such, the marked reduction in Mfn2 in HD patients reported
herein may contribute to the significant derangement in the
mitochondrial gene expression observed in HD patients.

PCR array studies using postmortem brain samples from HD
subjects have showed great numbers of gene expression
changes, with the greatest number of changes and magnitude
of increased expression in the caudate nucleus (75,76).
Although neuronal dysfunction and loss have been identified
in other regions of the brain, the earliest and most striking neu-
ropathological changes are found in the neostriatum (3), and
this, therefore, suggests that the gene alterations in the striatum
have the greatest pathophysiological relevance. Studies showing
preferential striatal gene changes are highly germane to the pro-
posed pathophysiological mechanisms in HD, the goal of which
is to provide insight into disease pathogenesis.

In the present findings, mitochondrial PCR array profiling
was associated with alterations in genes involved with the
membrane potential, mitochondrial transport and localization,
inner and outer membrane translocation and apoptosis. Since
there is a marked and progressive loss of neurons, with a con-
comitant increase in astrogliosis and microglia, in the neostri-
atum of HD patients, it remains to be determined whether the
PCR array findings in the present study can be attributed to the
neuronal findings alone. Although this has been of some
concern in previous studies (75), a comparison analysis of
mRNA gene levels from HD caudate tissue homogenates
and laser-capture microdissected caudate neurons showed
strong similarities in gene expression and the direction of
gene changes (75).

The PCR array findings involve both downregulated and
upregulated mRNA expression and may reflect not only the
pathophysiology, but to some degree compensatory mechan-
isms in a failed attempt at restoring normalcy. Those few
downregulated genes that had a .2-fold change included
10 genes that decreased with increasing disease severity.
These were SFN, AFIM2, NEFL, TIMM50, TOMM70A,
TOMM34, HSP90AA1 and three solute mitochondrial carrier

family 25 genes (SLC25A31, adenine nucleotide translocator;
SLC25A27; and SLC25A23, phosphate carrier). Of interest to
these studies was NEFL, a gene associated with mitochondrial
localization that was reduced by 13.8-fold. Mitochondrial
movement and distribution in neurons depend upon the
docking of mitochondria to microtubules and neurofilaments
(77). Reduced NEFL expression may restrict mitochondrial
translocation to areas of the cell requiring energy, with deleter-
ious consequences. In addition, two genes associated with
outer mitochondrial membrane translocation that recognize,
unfold and translocate preproteins into the mitochondria,
TOMM70A and TOMM34, were also greatly decreased. Prop-
erly functioning mitochondria require the import of hundreds
of proteins, most of which are synthesized in the cytoplasm
and imported into mitochondria by mitochondrial translocators
(78). TOMM70A and TOMM34 play an important role in trans-
locating nuclear-encoded mitochondrial proteins, including
ADP/ATP carriers and the uncoupling proteins. As such,
downregulation of these genes may impact energy production.
Lastly, reduced expression of SLC25A23 may result in altered
small molecule transport associated with calcium binding (79).

Although there were 57 mRNA changes showing gene upre-
gulation in the caudate nucleus from HD patients with a
≥2-fold increase in expression, the greatest changes
(≥4-fold) in upregulated mRNA expression occurred in 19
mRNAs that included TP53, SOD2, SFN, BCL2L1, BAK1,
TIMM44, TAZ, FXC1, TOMM40, UPC3, STARD3 and three
solute mitochondrial carrier family 25 genes (SLC25A37,
SLC25A2 and SLC25A13) (Table 1).

TP53 responds to cell stress by regulating genes that influ-
ence cell cycle phenomena, including cell arrest, apoptosis,
senescence, DNA repair and changes in metabolism (80).
P53 is increased in brains from HD patients and, as such, it
has been suggested that the mutant huntingtin protein interacts
with p53, altering transcriptional and subsequent cell cycling
events (81,82). A deletion of p53 reduces mitochondrial mem-
brane depolarization and cell death in HD (82). SOD2, an anti-
oxidant mitochondrial matrix protein-binding manganese, is
critically vital in reducing superoxide molecules and oxidative
stress, a pathophysiological mechanism associated with HD
(83). Upregulation of SOD2 is neuroprotective in the
3-nitropropionic acid toxin model of HD (84) and in
the present findings may be an attempt to respond to reactive
oxygen species and to promote neuronal survival. In addition,
SFN (14-3-3) helps to determine DNA damage and modulates
functional cellular pathways of cell arrest or death (85).
Although the suppression of 14-3-3 zeta blocks the formation
of huntingtin inclusion bodies (86), SFN’s upregulation may
be a compensatory mechanism, acting to facilitate the incor-
poration of misfolded huntingtin protein into aggregates in
overwhelmed neurons (86). Of interest, herein, is the finding
that SFN expression is upregulated in mid-disease and down-
regulated at end-stage disease, consistent with an early effort
at cellular rescue. The BCL2L1 gene belongs to the BCL-2
protein family and can act as an anti- or pro-apoptotic regula-
tor. BCL2L1 may also regulate channel opening of the outer
mitochondrial membrane, controlling the release of ROS and
cytochrome c. Cytochrome c is significantly increased in the
cytosol of neurons in HD and induces the apoptotic cascade
(51). As such, altered BCL2L1 upregulation may contribute
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to the further demise of neurons. BAK1, another BCL2 protein
family gene, also functions to induce apoptosis. Both of the
latter two genes have their greatest upregulation in Grade 2
samples with less expression in severe and very severe HD
striatal tissue samples, suggesting that apoptosis may be an
early pathophysiological event. Two genes linked with the
inner mitochondrial membrane (TIMM44 and TAZ) catalyze
general acyl exchange between phospholipids (87) and, as
such, any perturbation in either gene may disrupt mitochon-
drial lipid distribution, resulting in mitochondrial dysfunction.
TOMM40 upregulation was increased �35-fold. The
TOMM40 machinery is essential for protein import into the
mitochondrion and in promoting mitochondrial respiration
(88). ATP is required for the formation of the TOMM40
complex (89) and, therefore, the inordinate upregulation of
TOMM40 expression may be a failed compensatory process,
resulting from the early bioenergetic deficit of reduced ATP
in HD. Mitochondrial uncoupling proteins (UCPs) facilitate
reciprocal ion transfer from the inner and outer mitochondrial
membrane for the production of ATP. UCPs are also suggested
to protect mitochondria from lipid-induced oxidative stress
(90). UCP3 expression is upregulated �38-fold in the
caudate nucleus in the present study, and may be involved
in a response aimed at reducing mitochondrial lipid peroxi-
dation. STARD3, a member of a subfamily of lipid-trafficking
proteins involved in exporting cholesterol, is upregulated early
at high expression levels (�18-fold). Cholesterol that is not
moved into the mitochondria collects into cytoplasmic dro-
plets, resulting in potential cytotoxicity (91).

The present studies used a diverse methodological approach
in examining mitochondrial dysfunction and altered mitochon-
drial dynamics in HD patients that include morphological, bio-
chemical and PCR array procedures. These techniques provide
parallel and complementary data that are consistent with mito-
chondrial dysfunction in HD patients. To that end, our findings
present the strongest evidence to date that mitochondrial impair-
ment and loss play a critical role in neuronal loss and disease
progression in HD patients and, as such, have further impli-
cations for therapeutic strategies to reduce bioenergetic defects.

MATERIALS AND METHODS

Brain tissue specimens

Postmortem neostriatal tissue specimens from 35 adult-onset HD
patients (9 Grade 2 patients, 10 Grade 3 patients and 16 Grade 4
patients; mean age 64.3 years; range 56–71 years) and 14 age-
matched control patients without any known neurologic disease
(mean age 66.2 years; range 61–71 years). The sources of the
brain tissue specimens were from the Bedford Veterans Affairs
Medical Center Brain Tissue Archive, the New York Brain
Bank at Columbia University and the Boston University Brain
Bank Tissue Archive. Collection and archiving of tissue
samples were treated in a similar manner. Drs Ferrante, McKee
and Vonsattel have been collaborators for over 20 years and
have co-authored manuscripts in preparing human brains for
research (92,93). The postmortem intervals did not exceed 18 h
(HD patients’ mean time 8.6 h, range 5–17 h; control patients
mean time 10.2 h, range 3–18 h). Each HD patient had been
clinically diagnosed based on a family history of HD and

symptoms of HD. The diagnosis of HD was confirmed by neuro-
pathological examination and graded by severity (91). Neostriatal
tissue blocks 0.5 cm in thickness were dissected fresh, fixed by
placement in ice-cold (48C) 2% paraformaldehyde-lysine and
0.2% periodate for 24–36 h, rinsed in 0.1 M sodium phosphate,
pH 7.4, and placed in ice-cold cryoprotectant (48C) in increasing
concentrations of 10 and 20% glycerol and 2% DMSO over a 36 h
period. Frozen 50 mm serial sections of the neostriatal tissue
blocks were cut in the coronal plane and stored in saline buffer
containing 0.08% sodium azide at 48C for immunocytochemistry
and immunofluorescence. Contiguous dissected fresh tissue
blocks were rapidly quenched and stored at 2808C for western
analysis and RT2-PCR array.

Immunocytochemistry

Immunohistochemical localization of antibodies to calbindin
(SWANT, diluted 1:1000) identifying medium-sized spiny
striatal neurons in HD (2), and mitochondria markers using
Mt-COX2 (Abcam, diluted 1:500), SOD2 (Abcam, diluted
1:500), cytochrome c (Zymed, diluted 1:500) (51), and
markers of both mitochondrial fission (Abcam, DNM1L
(DRP1), diluted 1:500) and fusion (Santa Cruz Biotechnology,
USA, Mfn1, diluted 1:200), was performed with conjugated
second antibodies. All dilutions of primary antiserum con-
tained 0.08% Triton X-100, 2% normal goat serum. Tissue
sections were preincubated in absolute methanol–0.3% hydro-
gen peroxide for 30 min, washed for three 10 min periods in
PBS (pH 7.4), incubated in 10% normal goat serum
(GIBCO) for 1 h, incubated free-floating in primary antiserum
at room temperature for 12–18 h, washed as above, placed in
peroxidase-conjugated goat anti-rabbit IgG (Chemicon,
diluted 1:1000 in PBS), washed as above and incubated with
3,3′-diaminobenzidine-HCl (1 mg/ml) in 1 M Tris–HCl (pH
7.0) containing 0.005% hydrogen peroxide. To test for the
specificity of the antisera used in this study, we performed pre-
absorption with excess target proteins and omission of primary
and secondary antibodies to determine the amount of back-
ground generated from the detection assay.

Immunofluorescent staining

Immunofluorescent staining was performed in all HD and age-
matched control caudate nucleus tissue specimens by first
incubating striatal tissue sections in the calbindin polyclonal
antiserum (diluted 1:600) and in separate subsequent incu-
bations using the mitochondrial markers Mt-COX2, SOD2
and cytochrome c. Antisera dilutions were made up in 1 M

Tris–HCl (pH 7) buffer containing 0.3% Triton X-100 for
24–72 h at 48C. Sections were then rinsed in PBS (three
10 min washes). For immunofluorescent visualization, sec-
tions were incubated in donkey anti-rabbit Cy3-conjugated
(Jackson ImmunoResearch Laboratory, dilution 1:200) anti-
bodies to detect Mt-COX2 and cytochrome c, or donkey
anti-mouse Cy3-conjugated (Jackson ImmunoResearch Lab-
oratory, dilution 1:200) antibodies for SOD2. Horse anti-rabbit
FITC-conjugated (Vector, dilution 1:200) or horse anti-mouse
FITC-conjugated (Vector, dilution 1:200) antibodies were
used to detect calbindin antibodies and were counterstained
with DAPI. Sections were incubated in the dark with FITC
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conjugate for 2 h at 208C, rinsed three times in PBS and incu-
bated with Cy3 for 2 h at 208C. Deletion of the calbindin anti-
sera resulted in no green fluorescence, whereas deletion of the
Mt-COX2, SOD2 and cytochrome c antisera resulted in no red
fluorescence. Sections were wet-mounted and cover-slipped in
Vectashield mounting medium (Vector) and analyzed using
fluorescence microscopy.

Microscopy and image analysis

Light and fluorescence microscopy were performed using a
Nikon Eclipse E800 microscope with a Spot RT digital
camera. Combined immunostaining was incomplete in some
of the postmortem HD and control specimens. As such,
digital imaging analysis was performed on 8 Grade 2 patients,
7 Grade 3 patients, 12 Grade 4 patients and 10 age-matched
control patients. Images were captured at 0.25 mm intervals.
Stacked images were deconvoluted with a constrained iterative
algorithm, using a cooled charge-coupled device camera
(Retiga-2000R: Q-Imaging). Optical sections were captured
using NIS-Elements AR (Nikon Instruments, Inc., Melville,
NY, USA) and processed using a 3D deconvolution module.
The spatial distribution of Mt-COX2- and SOD2-positive mito-
chondrial figures in calbindin-positive striatal neurons was
determined using confocal microscopy and an image analysis
program (Auto Quant 3D, MediaCybernetics, Inc., Bethesda,
MD, USA). We analyzed a series of 20–25 confocal layers
representing fluorescence data from striatal neurons and sub-
sequently developed an abstract image that provided the results.

Quantification/stereology

Striatal calbindin-positive neurons (green fluorescent cells)
were chosen randomly by the image analysis system, as not
to bias the results, and absolute perikaryal mitochondrial
counts for the Mt-COX2 and SOD2 markers were quantitated.
A computer-automated threshold/segmentation method was
used for separating clustered objects, identifying their
volume, and density/number of objects in 3D confocal
microscopy. Cellular volumes were computed from the
stacked images, and the density of mitochondria was deter-
mined in age-matched control, Grade 2 HD and Grade 4
tissue samples. Absolute counts of Mt-COX2- and SOD2-
positive mitochondrial figures within the calbindin-positive
striatal neurons from the medial caudate nucleus were per-
formed with the experimenter blinded to disease conditions.
Counts were performed with each mitochondrial
figure identified independently by two investigators (J.P.M.,
J.K.) using Image-Pro Plus (MediaCybernetics, Inc., Bethesda,
MD, USA). There were no significant intra-rater differences.
The accuracy of the counts was further examined and verified
by R.J.F. Over 100 neurons from each group of HD and
control specimens were used for mitochondrial quantitation.

Western blot

Western blot analyses in neostriatal tissue specimens were
performed on all 35 Grade 2, 3 and 4 HD patients and 16
age-matched control subjects. Brain lysates from the medial
caudate nucleus were obtained by fractionating tissue

samples in 100 mM Tris (pH 7.4) buffer containing 1%
Triton X-100, 150 mM NaCl, 1 mM sodium orthovanadate,
5 mM sodium fluoride, 3 mM PMSF, 3 mM DTT, 0.5 mg/ml
leupeptin and 10 mg/ml aprotinin. Thirty micrograms of
protein from tissue lysates from the medial caudate nucleus
was electrophoresed under reducing conditions on 8% poly-
acrylamide gels. Proteins were transferred to a nitrocellulose
membrane (Bio-Rad, Hercules, CA, USA). Nonspecific
binding was inhibited by incubation in Tris-buffered saline
(TBST; 50 mM Tris–HCl, pH 8.0, 0.9% NaCl and 0.1%
Tween 20) containing 5% nonfat dried milk for 0.5 h.
Primary antibodies against PGC-1a (1:1000, Abcam, USA),
mitochondrial transcription factor A (TFAM) (1:1000,
Abcam), DNM1L (DRP1 1:1000, Abcam), MfN1 (1:1000,
Santa Cruz Biotechnology) were diluted in TBST with 1%
milk and exposed to membranes overnight at 48C. Membranes
were washed and incubated for 2 h with HRP-conjugated sec-
ondary antibodies. Immunoreactive proteins were detected
according to the enhanced chemiluminescence protocol
(Pierce Biotechnology, Rockford, IL, USA). Results were
standardized to alpha tubulin and analyzed using NIH Image.

PCR array

Total RNA from Grade 2, 3 and 4 HD patients and age-
matched control subjects within eight specimens from each
group representing the lowest postmortem hours from the
medial caudate nucleus were extracted using a Trizolw
reagent (Invitrogen, Frederick, MD, USA). Total RNAs were
treated with RNase-free DNase and isolated using an RT2

qPCR-Grade RNA Isolation Kit (SABioscience, Frederick,
MD, USA). RT reaction was performed with 400 ng of total
RNA using an RT2 First-strand Kit (SABioscience). The
quality of RNA was confirmed by using an RT2 RNA QC
PCR Array Kit (SABioscience). Two hundred nanograms of
random-primed cDNAs were processed for quantitative real-
time reverse-transcriptase PCR (RT-qPCR) of 84 genes
involved in biogenesis and function of mitochondria and 12
housekeeping genes including internal controls by using an
RT2 ProfilerTM PCR Array Kit (RT2 ProfilerTM PCR Array
Human Mitochondria, PAHS-087A, SABioscience) and an
ABI 7300 real-time PCR system (Applied Biosystems,
Foster City, CA, USA). PCR products were quantified by
measuring SYBR Green fluorescent dye incorporation with
ROX dye reference. Four independent pair-wise comparisons
were performed to evaluate scored differences in gene
changes with a correlation coefficient of R . 0.990. An inte-
grated web-based software package for the PCR Array
System performed DDCt-based fold-change calculations from
the uploaded raw threshold cycle data.

Statistics

Interval scale data involving more than two groups were ana-
lyzed using two-way analysis of variance. If an overall signifi-
cant difference was detected, multiple comparisons were
performed with Fisher’s least significant difference test.
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