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(Background: Oxidative damage has been implicated in the pathology of Huntington disease (HD).
Results: Strikingly higher mitochondrial Ca®>" loading and superoxide generation cause significantly higher levels of mitochon-

Conclusion: Excessive mitochondrial Ca®>" loading-dependent oxidant generation is a causative factor for HD.
Significance: Our data reveal new links between dysregulated mitochondrial Ca®>" signaling and elevated oxidative DNA
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Huntington disease (HD) is an inherited, fatal neurodegen-
erative disorder characterized by the progressive loss of striatal
medium spiny neurons. Indications of oxidative stress are
apparent in brain tissues from both HD patients and HD mouse
models; however, the origin of this oxidant stress remains a mys-
tery. Here, we used a yeast artificial chromosome transgenic
mouse model of HD (YAC128) to investigate the potential con-
nections between dysregulation of cytosolic Ca*>* signaling and
mitochondrial oxidative damage in HD cells. We found that
YAC128 mouse embryonic fibroblasts exhibit a strikingly
higher level of mitochondrial matrix Ca®>* loading and elevated
superoxide generation compared with WT cells, indicating that
both mitochondrial Ca®* signaling and superoxide generation
are dysregulated in HD cells. The excessive mitochondrial oxi-
dant stress is critically dependent on mitochondrial Ca** load-
ing in HD cells, because blocking mitochondrial Ca®>* uptake
abolished elevated superoxide generation. Similar results were
obtained using neurons from HD model mice and fibroblast
cells from HD patients. More importantly, mitochondrial Ca®>*
loading in HD cells caused a 2-fold higher level of mitochondrial
genomic DNA (mtDNA) damage due to the excessive oxidant
generation. This study provides strong evidence to support a
new causal link between dysregulated mitochondrial Ca®* sig-
naling, elevated mitochondrial oxidant stress, and mtDNA dam-
agein HD. Our results also indicate that reducing mitochondrial
Ca’" uptake could be a therapeutic strategy for HD.
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Huntington disease (HD)? is an inherited, progressive neu-
rodegenerative disorder characterized by chorea, gradual but
inexorable cognitive decline, and psychiatric disturbances (1,
2). At the genetic level, the disease is caused by an abnormal
expansion of the CAG repeat located in exon 1 of huntingtin
(HTT), the gene encoding the huntingtin protein (3). A number
of lines of evidence indicate that polyQ expansion in HTT
(HTT®) leads to a “toxic gain of function” (4—15). Recent
results suggest that HT'T**? toxicity may also involve disturbed
glutamate-induced Ca>" signaling in MSNss (9, 16). It has been
reported that HTT®? facilitates activity of NMDA receptors
(15, 17-21) and type 1 inositol 1,4,5-trisphosphate receptors
(InsP4R1) (22, 23), leading to the enhanced intracellular Ca>*
signaling in HD neurons.

Oxidative damage may also contribute to neuronal loss in
HD (24). Oxidative damage is clearly apparent in both HD
patients and HD mouse models (25-29). Interestingly, oxida-
tive damage in mitochondrial genomic DNA (mtDNA) prefer-
entially occurs in the parietal region of the human HD brain,
but not frontal cortex or cerebellum (26), and striatal MSN
particularly accumulates more mtDNA mutations than any
other brain cells (27), indicating the brain regional specificity of
oxidative damage in HD. Deficiency of respiratory chain com-
plexes has been suggested in enhanced reactive oxygen species
generation in the HD yeast model (30), and complex II and III
defects have been detected in HD brain (31-33), suggesting that
defects of respiratory chain complexes may cause mitochon-
drial dysfunction and ROS overproduction. However, no signif-
icant deficiency of respiratory chain complexes has been dem-

2 The abbreviations used are: HD, Huntington disease; MEF, mouse embry-
onic fibroblast; MSN, medium spiny neuron; DHPG, (RS)-3,5-dihydroxyphe-
nylglycine; BK, bradykinin; InsP5R, inositol 1,4,5-trisphosphate receptor;
MCU, mitochondrial Ca?* uniporter; cpYFP, circular permuted yellow flu-
orescent protein; gPCR, quantitative PCR; 2-APB, 2-aminoethoxydiphenyl
borate; ER, endoplasmic reticulum; ROS, reactive oxygen species; mPTP,
mitochondrial permeability transition pore.
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onstrated in presymptomatic patients or in HD model mice
expressing full-length HTT®*®, suggesting that respiratory
chain defects are a secondary feature in HD pathogenesis (34,
35). Therefore, the mechanism by which HTT®*® causes ele-
vated oxidant stress in HD neurons remains elusive, and why
striatal MSN are preferentially under oxidant stress is not
known.

Enhanced cytosolic Ca®™" signaling in striatal MSN has been
linked to neuropathology in HD (18, 22, 23). Mitochondrion is
not only a very efficient Ca>" buffer system but also constitutes
the major ROS generator in eukaryotic cells, including neurons.
We aim to look at the potential connection between mitochon-
drial Ca®>”" loading and ROS generation in HD cells/neurons.
However, whether Ca®>" loading into mitochondria matrix
stimulates or decreases ROS generation is a topic of great
debate in the field. From a thermodynamic point of view, it has
been noted that Ca®" loading into mitochondria, which con-
sumes mitochondrial membrane potential (AW ), should
result in a partial uncoupling and thus would reduce electron
flow from complex I and decrease ROS generation (36). How-
ever, a fundamentally different model has been proposed that
mitochondrial matrix Ca®>" loading-induced uncoupling leads
to increased ROS generation by virtue of increased in electron
flux (to restore and to maintain AW ), and thus increased in the
probability of electron slippage and superoxide formation (37,
38). Both models were supported experimentally; however, the
lack of specific ROS probes targeted to the mitochondria of
living cells may be the main reason for this discrepancy. Never-
theless, Ca®" signaling system may regulate components of
ROS homeostasis and thus influence the redox balance in cells
(38, 39), raising the possibility that excessive Ca®>" loading into
mitochondria creates mitochondrial oxidant stress.

To dissect the molecular events between disrupted cytosolic
Ca®" signaling and mitochondrial oxidant stress, it is essential
to visualize and quantify mitochondrial matrix ROS generation
in situ and in real time. Recently, Wang et al. (40, 41) developed
a highly sensitive mitochondrially targeted superoxide indica-
tor, circular permuted yellow fluorescent protein (cpYFP),
which can sense bursts of superoxide generation (termed
superoxide flashes) in single mitochondrion in live cells. More-
over, mitochondrial matrix Ca>* dynamics were also visualized
by a mitochondria matrix-targeted Ca®>" indicator, cameleon
(42, 43). We found that both mitochondrial Ca>" signaling and
superoxide generation are dysregulated in embryonic fibro-
blasts and striatal neurons from a yeast artificial chromosome
transgenic mouse model of HD. We then provided direct evi-
dence to support a new causal link between dysregulated mito-
chondrial Ca>* signaling, elevated mitochondrial oxidant
stress, and mtDNA damage accumulation in HD. Steady
buildup of oxidative damage to mitochondrial DNA and pro-
teins could eventually result in mitochondrial dysfunction and
the defects of respiratory chain complexes found in postmor-
tem studies of symptomatic HD patients (31-33). Because dys-
regulation of cytosolic Ca>* signaling occurs preferentially in
striatal neurons of HD (18, 21, 22), excessive mitochondrial
Ca®" loading and elevated mitochondrial oxidant stress are
expected to affect striatal region selectively. Given that dys-
regulation of intracellular Ca®>* signaling has been linked to
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many pathological conditions (16, 44 —48), our data also sug-
gest that reducing mitochondrial Ca®>" uptake could form part
of a therapeutic approach to slow the progression of several
neurodegenerative diseases, including HD.

EXPERIMENTAL PROCEDURES

MEF and Primary MSN Cultures—YAC128 HD transgenic
mice were obtained from The Jackson Laboratory (Bar Harbor,
ME). Generation and breeding of YAC128 HD transgenic mice
(FVBN/NJ background strain) have been described previously
(49). Heterozygous male YAC128 mice were crossed with wild-
type (WT) female mice. MEFs were isolated from 12.5 to 13.5
postcoitum mouse embryos as described previously (50) and
genotyped by PCR with primers specific for exons 44 and 45 of
HTT. The MEF cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum and
immortalized through continuous passaging. Several immor-
talized MEF clones for each genotype were frozen for Ca>"
imaging and superoxide flash imaging experiments. Primary
MSN cultures were established as described previously (23, 51).

Mitochondrial Ca®" Imaging Experiments—Mitochondrial
cameleon expression plasmid (pCDNA3.0-2mt-cameleon)
was kindly provided by Dr. Roger Tsien (University of Califor-
nia, San Diego, La Jolla) (42, 43). Immortalized WT and
YAC128 MEFs were plated on 3.5-cm confocal dishes and
grown to 60 —80% confluency in DMEM supplemented with
10% FBS. MEFs were then transfected with
pCDNA3.0-2mt-cameleon (42) using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. Cells
were imaged 2 days later after transfection. For imaging exper-
iments, cells were rinsed twice and then maintained in Hanks’
balanced salt solution (HBSS, 142 mm NaCl, 5.6 mm KCI, 1 mm
MgCl,, 2 mm CaCl,, 0.34 mm Na,HPO,, 0.44 mm KH,PO,, 4.2
mwm NaHCOg, 10 mm HEPES and 5.6 mMm glucose, pH 7.4). The
Ca®" imaging experiments were performed using a Leica
DMI6000B total internal reflection fluorescence microscope
(Leica). Dual-emission ratio imaging of cameleon was accom-
plished using a BP420/10 excitation filter, a 440/520 dichroic
mirror, and two emission filters (BP472/30 for cyan fluorescent
protein and BP542/27 for YFP) that were alternated using a
filter changer. Exposure times were typically 100 ms, and
images were collected every 3 s. Base-line (50 s) measurements
were acquired before the first pulse of bradykinin (BK). BK was
dissolved in HBSS, and the working concentration was 2.5 um.
In some experiments, MEFs were preincubated with 2-amino-
ethoxydiphenyl borate (2-APB, 20 um) or Ru360 (10 um) for 30
min at room temperature before stimulating with BK.

MSN cultures that had been 13-14 days in vitro were trans-
fected with pCDNA3.0 —2mt-cameleon using Lipofectamine
2000 (Invitrogen) and then imaged 2 days later after transfec-
tion. The MSNs were rinsed twice and maintained in artificial
cerebrospinal fluid (140 mm NaCl, 5 mm KCl, 1 mm MgCl,, 2
mwm CaCl,, and 10 mm HEPES, pH 7.3) at room temperature
throughout the experiments. The stock solution of (RS)-3,5-
dihydroxyphenylglycine (DHPG) was dissolved in artificial cer-
ebrospinal fluid, and the working concentration was 50 um.
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The free Ca®>" concentration in mitochondria was deter-
mined using the following equation (42): R = R, [Ca**]"/
(K" + [Ca®>*]"), where K, = 0.76,R,,. = 105.3,and n = 0.74.

Measurement of Superoxide Flashes in Mitochondria of Liv-
ing Cells—We employed lentivirus-medicated gene transfer to
express cpYFP in the mitochondrial matrix of WT and YAC128
MEFs. The superoxide flash measurement experiments (cpYFP
imaging) were performed as described previously with modifi-
cations (40). Briefly, cells were rinsed twice, maintained in
HBSS at room temperature, and then stimulated with BK.
cpYFP was excited at 488 nm, and emission was collected at
500-550 nm. Amplitude of superoxide flashes (AF/F,) was
expressed as (Fp.c = Foase)/(Foase = Fhackgrouna)r Where Fo
represented the peak superoxide flash fluorescence recorded,
and F, . represented the fluorescence recorded before the gen-
eration of superoxide flashes. In some experiments, MEFs were
preincubated in 2-APB or Ru360 at room temperature for 30
min before stimulating with 5 um BK. 13—14 days in vitro MSN
cultures were transfected with plasmid encoding cpYFP using
Lipofectamine 2000 and then imaged the next day. MSNs were
rinsed twice and then maintained in artificial cerebrospinal
fluid at room temperature throughout the whole superoxide
flashes experiment. The base-line measurements were acquired
over 8 min, and the treatment with BK or DHPG also lasted for
8 min.

Normal (GM02185C) and HD patient (GM09197) primary
human fibroblasts were from Coriell Cell Repositories. Human
fibroblasts were grown in minimal essential medium supple-
mented with 15% fetal bovine serum at 37 °C with 5% CO.,.
Lentivirus-mediated gene transfer was employed to express
cpYFP in the mitochondrial matrix of human fibroblasts, and
cpYFP imaging was performed as described above.

Knockdown Experiments—The siRNA sequence was synthe-
sized for IP3R1, IP3R2, and IP3R3. The sequences used were as
follows: 5'-AGCAGACACGAUAGUGAAAATAT-3', 5'-GGG-
UCCUGGUUUUACAUUC-3', and 5'-CCAUUCAAACAGC-
AUUCAU-3' for IP3R1; 5'-CCGUAUCUCUUACAUGCUG-
UCCAUAJdTAT-3' for IP3R2; and 5'-CAAGCAGUCUGUAU-
UUGGUATAT-3’ for IP3R3 (52, 53). Meanwhile, a nonspecific
sequence was synthesized as negative control from the follow-
ing sequence: 5-UUCUCCGAACGUGUCACGUGAAAU-
UdTdT-3" (53). Two days after siRNA transfection with
RNAIMAX (Invitrogen), Western blot experiments were per-
formed to confirm the efficiency of IP3R knockdown. MEFs
were dissociated and cultured in confocal dishes 1 day after
siRNA transfection and then were transfected with cameleon or
cpYFP plasmids. Measurements of mitochondrial Ca*"
dynamics and superoxide flashes were carried out as described
above.

Assessment of Mitochondrial DNA Damage—The extent of
mitochondrial DNA damage was evaluated by using a previ-
ously described qPCR assay with modifications (54, 55). Briefly,
WT and YAC128 MEFs, before and after repetitive BK stimu-
lation (twice for 10 min, 2.5 uM of BK) without or with Ru360
and SS31 pretreatment, were rinsed twice with cold PBS and
digested with 0.25% trypsin. Total DNA was extracted using a
TIANamp genomic DNA kit (TTANGEN) according to the
manufacturer’s protocol. DNA concentration and the A,.y/g0
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ratio were measured using a SYNeRGY4 (Biotek) spectropho-
tometer. A 117-base pair (bp) mtDNA fragment was amplified
by qPCR to quantify the relative mitochondrial genome DNA
copy number in total DNA samples. We also amplified a 900-bp
fragment of 18 S ribosome gene as a control to correct the
117-bp mtDNA copy number in qPCR. The qPCR cycling con-
ditions were as follows: 75 °C for 2 min; 94 °C for 1 min; 94 °C
for 15 's; 62 °C for 45 s, and 72 °C for 30 s (40 cycles), and 72 °C
for 5 min. The data were analyzed using the AACt method to
reflect the relative mitochondrial genome copy number in 1.0
ng of total DNA. Standard PCRs were then carried out to fur-
ther confirm the exact relative mitochondrial genome copy
number using the 117-bp mitochondrial fragment primers and
cycle numbers that were within the linear range of qPCR ampli-
fication. To assess mitochondrial DNA integrity, a 10.0-kilo-
base pair (kb) mitochondrial DNA fragment was then amplified
by using same amount of mitochondrial DNA as templates. The
PCR profile was as follows: 1 min at 94 °C, followed by 30 cycles
of 40 s at 94 °C and 60 °C for 15 min. A final extension at 72 °C
was performed for 10 min. The 10.0-kb PCR products were
resolved on 1% agarose gels, whereas the 117-bp PCR products
were resolved on 2% agarose gels. Ethidium bromide-stained
products were imaged, and the density of the amplified bands
was quantified using Image] software under Gel Analyzer
Options. Amplification of the 10-kb mtDNA fragment was nor-
malized to the amplification of the 117-bp mtDNA fragment,
and the PCR signal from treated samples was compared with
that from untreated control DNA that contained the same
amount of mtDNA. DNA from control samples is defined as
undamaged in this assay. Because the DNA polymerase ampli-
fies only undamaged templates, the relative amplification ratio
(Ap/A,) is inversely proportional to the extent of damage. A,
= amount of amplification from damaged DNA sample (BK-
stimulated); A, = amount of amplification from undamaged
DNA sample (no BK stimulation). The average lesion frequency
per strand is calculated as —In A,,/A, as described previously
(54, 55). The results are expressed as relative amplification ratio
(Ap/AL) and as lesion frequency per 10-kb per strand.

The primers used in these experiments were as follows: 5'-
GCCAGCCTGACCCATAGCCATATTAT-3" and 5'-GAGA-
GATTTTATGGGTGTATTGCGG-3' for the 10-kb mito-
chondrial fragment; 5'-CCCAGCTACTACCATCATTCA-
AGT-3" and 5'-GATGGTTTGGGAGATTGGTTGATG-3'
for the 117-bp mitochondrial fragment (54, 55); and 5'-CCGT-
GGCGGCGACGACCCAT-3' and 5'-TGCCTGGTGGTGC-
CCTTCCG-3' for the nuclear 18 S ribosome.

Drugs—BK and DHPG were purchased from Sigma. Ru360
and 2-APB were purchased from Merck. SS31 was a gift from
Tao Ye (Laboratory of Chemical Genomics, Peking University
Shenzhen Graduate School, China).

Statistics—Data were expressed as the means * S.E., and sta-
tistical significance of differences between different groups was
assessed using the independent samples ¢ test or analysis of
variance for repeated measures at the 95% level (p < 0.05).

Study Approval—All animal experiments were reviewed and
approved by the Institute of Zoology Institutional Animal Care
and Use Committee and were conducted according to the com-
mittee’s guidelines.
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RESULTS

Disrupted Mitochondrial Ca®" Signaling in HD Cells—In our
previous studies, we found that mutant huntingtin protein,
HTT®*®, specifically binds to and facilitates InsP3R1 activity
(22), suggesting that excessive cytoplasmic Ca®" signaling may
play an important role in HD pathogenesis (9, 23). Because of
the close connection between mitochondria and the endoplas-
mic reticulum (ER) (56, 57), Ca*>* may rush into the mitochon-
dria and cause excessive Ca®>* loading during Ca®>* mobiliza-
tion. To monitor the mitochondrial Ca®>" concentration
([Ca**],,) changes in HD cells, we took the advantage of a pro-
tein-based Ca*" indicator, cameleon. Cameleon was targeted
into mitochondria, and the free Ca®>" dynamics in the mito-
chondrial matrix were visualized using fluorescence resonance
energy transfer (FRET) (42, 43). The free Ca>" concentration in
the mitochondria of WT and YAC128 MEF cells was continu-
ously monitored by cameleon FRET imaging, and the data are
presented as absolute Ca*>* concentration in micromoles (Fig.
1). On average, the basal mitochondrial Ca*>* concentration
before BK treatment in YAC128 MEFs was significantly higher
than that in WT MEFs (6.23 = 0.19 uM versus 5.48 = 0.23 um,
p < 0.05) (Fig. 1, A-C). Treatment with 2.5 um BK caused
significantly bigger mitochondrial Ca®>" transients in YAC128
MEFs than in WT cells (22.95 * 2.1 um versus 15.0 = 1.2 um,
p < 0.01) (Fig. 1, A—C). To quantify the amount of Ca>" that
loaded into mitochondria during BK stimulation, we calculated
the area (um-s) below Ca”>™ transient traces. Significantly, more
Ca®" was loaded into the mitochondria in YAC128 MEFs than
in WT MEFs (2485 * 218 uM-s versus 1155 * 209 umss, p <
0.01) (Fig. 1D). Similar results were obtained using different
WT and YAC128 MEF clones (data not show). In summary,
mitochondria in YAC128 HD cells show significantly higher
Ca®" loading compared with WT cells, even in resting cells,
suggesting that mitochondrial Ca*" signaling in HD cells is
dysregulated.

Involvement of InsP;Rs and Mitochondrial Ca®" Uniporter
(MCU) in the Disrupted Mitochondrial Ca®* Signaling in HD
Cells—InsP,R is involved in the abnormal Ca>™ signaling in HD
(16, 22, 23); therefore, we next tested if Ca>" release via InsP;R
is important in the disrupted mitochondrial Ca*>* signaling.
2-APB, a membrane-permeable blocker of InsP;Rs, can specif-
ically block Ca>" release from InsP,Rs (58, 59). We compared
BK-induced mitochondrial Ca>" signals in WT and YAC128
MEF cultures in the presence and absence of 2-APB. Preincu-
bation with 20 um 2-APB significantly decreased the BK-in-
duced mitochondrial Ca®>" peak values in both WT and
YAC128 MEFs (p < 0.01) (Fig. 2, A, B and D). Consistent with
mitochondrial Ca*>* peak value results, 2-APB was able to sig-
nificantly reduce the peak area of BK-induced mitochondrial
Ca®" transients in WT MEFs and YAC128 MEFs (p < 0.05, Fig.
2, B and E), indicating the important role of InsP3Rs in exces-
sive mitochondrial Ca®?* loading in HD cells. Moreover, in rest-
ing cells, 2-APB significantly reduced the basal mitochondrial
Ca”" levels in YAC128 MEFs (p < 0.05) but not in WT MEFs
(p > 0.05) (Fig. 2, B and D), suggesting that the higher basal
mitochondrial Ca®>* levels seen in YAC128 MEFs also involved
InsP;Rs.
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FIGURE 1. Disrupted mitochondrial Ca®?* signaling in YAC128 MEFs.
A, representative mitochondrial cameleon images showing donor, acceptor,
and ratio (Fret/donor) in WT and YAC128 MEFs. The pseudocolor calibration
scale bar for Fret/donor ratios is shown on the right. Ratio recordings are
shown for 2.5 um bradykinin-induced mitochondrial Ca®* transients in MEFs.
B, absolute mitochondrial Ca®* concentration ([Ca®*],,,) changes in response
to BK (2.5 um) in WT (n = 21) and YAC128 (n = 35) MEFs. Cand D, significantly
larger [Ca®"],, transients were found in YAC128 MEFs. Both basal and peak
values (C) and peak areas (D) were significantly higher in YAC128 mitochon-
dria than in WT mitochondria in response to BK (¥, p < 0.05; **, p < 0.01).
[Ca®"],, traces in B are shown as an average of all cells in one experiment.
Similar results were obtained in three independent experiments. Data are
shown as the mean = S.E.

There are three types of InsP,R (InsP;R1/2/3), and which
type of InsP,R is responsible for mitochondrial loading is not
known. We performed InsP;R1/2/3 siRNA knockdown exper-
iments to address further the role of InsP;R in elevated mito-
chondrial calcium loading. The efficiency and selectivity of
siRNA knockdown experiments were confirmed by Western
blot with antibodies against InsP;R1/2/3 (Fig. 2F). We found
that knockdown of InsP;R1 but not InsP;R2/3 significantly
reduced matrix Ca®>" loading in HD cells (Fig. 2, G-L), indicat-
ing that HTT***-induced elevated mitochondrial Ca®>* loading
in HD cells was mainly mediated through type 1 InsP;R. This is
in agreement with our previous findings, which show that
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FIGURE 2. Involvement of InsP;R1 and MCU in the disrupted mitochondrial Ca>* signaling in HD cells. BK-induced [Ca®*],,, transients in WT and YAC128
MEFs were significantly reduced in the presence of the InsP5R blocker 2-APB (20 um) (B) and MCU blocker Ru360 (10 um) (C). Knockdown of InsP5R1 (H) but not
InsP3R2 (/) and InsP3R3 (J) was able to decrease BK-induced [Ca® "], , transients. [Ca®"],,, traces in A, B, C, G, H, |, and J are shown as an average of all cells in one
experiment. Similar results were obtained in three independent experiments. D, effect of 2-APB and Ru360 on the peak value of [Ca?*],, in WT and YAC128
MEFs in response to BK. Pretreatment with 2-APB and Ru360 significantly decreased the peak value of [Ca®*],,, in both WT (n = 21 for 2-APB and n = 29 for
Ru360) and YAC128 MEFs (n = 34 for 2-APB and n = 22 for Ru360) when compared with the control group (**, p < 0.01). E, effect of 2-APB and Ru360 on the
peak area of [Ca®*],, in WT and YAC128 MEFs in response to BK. Pretreatment with 2-APB and Ru360 significantly decreased the peak area of [Ca®*],, in both
WT and YAC128 MEFs when compared with the control group (*, p < 0.05; **, p < 0.01). Data are shown as the means = S.E. F, efficiency and selectivity of siRNA
knockdown were confirmed by Western blot with antibodies against InsP;R1, InsP;R2, and InsP;R3, respectively. K, effect of knocking down InsP;R1/2/3 on the
peak value of [Ca®*],,,in WT and YAC128 MEFs in response to BK. Knockdown of InsP,R1 significantly decreased the peak value of [Ca®*],,, in both WT (n = 23)
and YAC128 MEFs (n = 15) when compared with the control group (**, p < 0.01). L, effect of knocking down InsP;R1/2/3 on the peak area of [Ca®*],,,in WT and
YAC128 MEFs in response to BK. Knockdown of InsP;R1 significantly decreased the peak area of [Ca® "], in both WT and YAC128 MEFs when compared with the
control group (¥, p < 0.05; **, p < 0.01). Data are shown as the mean = S.E.

mutant huntingtin protein facilitated the activity of InsP;R1
(22, 23).

uptake (60). Consistent with the involvement of MCU in our
experiments, preincubation of MEFs with the membrane-per-

The MCU is located in the mitochondrial inner membrane
and is considered the primary route of mitochondrial Ca®"
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meable MCU blocker, Ru360 (61), significantly decreased the
amplitudes of BK-induced mitochondrial Ca®>" transients in
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FIGURE 3. BK promotes superoxide flash generation in YAC128 MEFs. A, representative mt-cpYFP images showing superoxide flashes in mitochondria of
WT and YAC128 MEFs. Arrowheads depict individual mitochondria with superoxide flashes. Insets are enlarged views showing mitochondria undergoing
superoxide flashes. B, representative mitochondrial superoxide flash traces (mt-cpYFP fluorescence with excitation at 488 nm, AF/F,) in WT and YAC128 MEFs
without or with 2.5 um BK stimulation. Cand D, statistical analysis of superoxide flashes in WT and YAC128 MEFs in response to 2.5 um BK. C, in resting cells, the
amplitude of spontaneous mitochondrial superoxide flashes in YAC128 (n = 37) MEFs was significantly higher than in WT MEFs (n = 21) (**, p < 0.01). In
response to BK, both WT (n = 21) and YAC128 MEFs (n = 17) showed significantly higher amplitudes of superoxide flashes when compared with spontaneous
flashes in resting MEFs (**, p < 0.01), and BK caused significantly higher superoxide flashes in YAC128 MEFs (n = 17) than in WT (n = 21) MEFs (**, p < 0.01).
Flashes occurring 8 min before BK application and 8 min after BK application were averaged for superoxide flash amplitude analysis. D, in resting cells,
spontaneous mitochondrial superoxide flashes occurred at a similar frequency in WT and YAC128 MEFs (p > 0.05). In response to BK, superoxide flashes in
YAC128 MEFs occurred at a significantly higher frequency at 2-4 min after BK treatment when compared with resting cells (**, p < 0.01) and with WT MEFs
(**, p < 0.01). Data are shown as the mean = S.E.

both WT (p < 0.05) and YAC128 MEFs (p < 0.01) (Fig. 2, Cand
D), and it also reduced the amount of Ca®?" loaded into the
mitochondria of both WT (p < 0.01) and YAC128 MEFs (p <
0.01) (Fig. 2, C and E). The resting mitochondrial Ca** levels
were also significantly reduced in YAC128 MEFs in the pres-
ence of Ru360 (p < 0.01). Based on these results, we concluded
that excessive mitochondrial Ca®>* loading in HD cells involved
both InsP3Rs and MCU.

Excessive ROS Generation in YACI128 HD Cells—Compelling
evidence suggests that oxidative damage contributes to neuro-
degeneration in HD. However, the origins of this oxidative
stress remain unclear. ROS are primarily produced as by-prod-
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ucts of mitochondrial respiration due to electrons leaking from
the electron transfer chain, and accumulating data indicate that
mitochondrial matrix Ca®>" is a positive effector of the tricar-
boxylic acid (TCA) cycle (62) and ROS generation (38, 39). The
quantitative estimation of the mitochondrial matrix redox state
in situ in live cells was not possible until the development of the
highly sensitive superoxide indicator, cpYFP (40, 63). We there-
fore used cpYFP imaging to quantitatively compare the mito-
chondrial superoxide flashes between WT and YAC128 MEFs
to determine the functional consequences of excessive mito-
chondrial Ca®" loading in YAC128 HD cells (Fig. 34). In resting
cells, the amplitudes of spontaneous superoxide flashes was sig-
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nificantly higher in YAC128 MEFs compared with WT MEFs
(0.266 = 0.015 versus 0.143 = 0.008, p < 0.01) (Fig. 3, A-C).
Stimulation with 2.5 um BK significantly increased the ampli-
tudes of superoxide flashes both in WT MEFs (0.263 = 0.026
versus 0.143 *+ 0.008 without BK, p < 0.01) and YAC128 MEFs
(0.416 = 0.022 versus 0.266 = 0.015 without BK, p < 0.01) (Fig.
3, B and C). Furthermore, BK stimulated significantly higher
amplitude flashes in YAC128 MEFs compared with WT MEFs
(0.416 = 0.022 versus 0.263 = 0.026, p < 0.01) (Fig. 3, Band C).
Because superoxide flashes occur randomly in space and time,
we also quantified the number of flashes that occurred per min
per cell to indicate the flash frequency. In resting cells, sponta-
neous superoxide flashes occurred at similar frequencies (flash-
es/min/cell) in WT and YAC128 MEFs (1.558 = 0.118 and
1.676 * 0.121, respectively, p > 0.05). However, in response to
BK, WT MEFs exhibited a significantly higher superoxide flash
frequency 2 min after BK application (2.619 = 0.355 versus
1.558 * 0.118, p < 0.01), whereas YAC128 MEFs exhibited
significantly higher superoxide flash frequencies at 2 min
(5.294 * 0.476 versus 1.676 * 0.121, p < 0.01), 3 min (3.00 £
0.297 versus 1.676 = 0.121, p < 0.01), and 4 min (2.471 * 0.259
versus 1.676 = 0.121, p < 0.01) after BK application compared
with resting cells (Fig. 3D). More importantly, BK stimulated
significantly higher flash frequencies in YAC128 MEFs com-
pared with WT MEFs at 2—4 min (p < 0.01) after BK applica-
tion (Fig. 3D). In summary, the amplitudes and frequencies of
both spontaneous and BK-stimulated superoxide flashes are
significantly higher in YAC128 MEFs compared with WT
MEFs, indicating that mitochondria in HD cells produce ele-
vated levels of oxidative stress.

FIGURE 4. Role of mitochondrial Ca®>* overloading in the generation of
superoxide flashes in WT and YAC128 MEFs. A, effect of InsP3R blocker,
2-APB, and MCU blocker, Ru360, on mitochondrial superoxide flashes in WT
and YAC128 MEFs. Pretreatment with 2-APB (20 um) or Ru360 (10 um) signif-
icantly decreased the amplitude of both spontaneous and BK-induced super-
oxide flashes in YAC128 MEFs (n = 21 for 2-APB and n = 28 for Ru360) com-
pared with the control group (**, p < 0.01). For WT MEFs, however, 2-APB (n =
17) and Ru360 (n = 20) only caused significant reduction in the amplitude of
BK-induced superoxide flashes (*, p < 0.05). B, effect of InsP5R blocker, 2-APB,
on flash frequency in WT and YAC128 MEFs. Pretreatment of YAC128 MEFs
with 2-APB resulted in a significantly lower spontaneous flash frequency and
BK-induced flash frequency at 1-7 min after treatment when compared with
the control group (n = 21, **, p < 0.01; *, p < 0.05). However, 2-APB only
caused a significantly lower BK-induced flash frequency at 4 and 5 min after
treatment (n = 20,*,p < 0.01) in WT MEFs. Data are shown as the mean = S.E.
G, effect of MCU blocker, Ru360, on flash frequency in WT and YAC128 MEFs.
Pretreatment of YAC128 MEFs with Ru360 resulted in a significantly lower
spontaneous flash frequency and BK-induced flash frequency at 1-8 min
after treatment when compared with the control group (n = 28, **, p < 0.07;
*,p < 0.05). Ru360 caused a significantly lower spontaneous flash frequency
and BK-induced flash frequency only at 2, 4, and 5 min after treatment (n = 20,
** p < 0.01; * p < 0.05) in WT MEFs. Data are shown as the mean =+ S.E.
D, effect of knockdown of InsP;R1/2/3 on mitochondrial superoxide flashes in
WT and YAC128 MEFs. Knockdown of InsP5R1 significantly decreased the
amplitude of both spontaneous and BK-induced superoxide flashes in
YAC128 MEFs (n = 31) and in WT MEFs (n = 35) when compared with the
siRNA control group (**, p < 0.01). In contrast, knockdown of InsP;R2/3 failed
to exhibit significant effect on flash amplitudes. E-G, effect of knockdown of
InsP3R1/2/3 on flash frequency in WT and YAC128 MEFs. Knockdown of
InsP3R1in YAC128 and WT MEFs resulted in a significantly lower spontaneous
flash frequency and BK-induced flash frequency at 1-8 min when compared
with the siRNA control group (n = 31 for YAC128, n = 35 for WT, **, p < 0.01;
*,p < 0.05). In contrast, knockdown of InsP;R2/3 failed to exhibit significant
effect on flash frequencies. Data are shown as the mean = S.E.
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Role of Mitochondrial Ca®" Overloading in Excessive ROS
Generation in YAC128 HD Cells—In the above mitochondrial
Ca®" and cpYFP imaging experiments, we demonstrated exces-
sive mitochondrial Ca®" loading (Figs. 1 and 2) and elevated
ROS production (Fig. 3) in HD MEF cells. We next explored
whether the elevated ROS production was dependent on mito-
chondrial Ca®>”" influx. Pretreatment with 20 uMm 2-APB or 10
M Ru360 significantly attenuated the amplitudes of both spon-
taneous and BK-induced superoxide flashes in YAC128 MEFs
compared with untreated control cells (p < 0.01) (Fig. 4 A). For
WT MEFs, however, 2-APB and Ru360 caused significant
reduction in the amplitudes of only the BK-induced superoxide
flashes (p < 0.01) (Fig. 4A). As for flash frequency, both spon-
taneous and BK-induced superoxide flashes occurred at signif-
icantly lower frequencies in YAC128 MEFs in the presence of
2-APB or Ru360 (p < 0.01) (Fig. 4, B and C).

Specific knockdown of InsP;R1 significantly reduced the
amplitudes and flash frequencies of both spontaneous and BK-
induced superoxide flashes in YAC128 MEFs compared with
siRNA-control cells (p < 0.01) (Fig. 4, D and E), whereas knock-
down of InsP;R2/3 failed to elicit any significant effect on
superoxide flash generation (Fig. 4, F and G), indicating the
important role of type 1 InsP;R in augmenting oxidant stress in
HD. All these results together demonstrate that elevated oxida-
tive stress is critically dependent on excessive mitochondrial
Ca®" uptake in HD cells.

Disrupted Mitochondrial Ca®" Signaling in YAC128 MSNs—
To determine whether mitochondrial Ca®" signaling is dis-
turbed in HD neurons, we established MSN cultures from WT
and YAC128 HD mice and compared the mitochondrial Ca>"
signaling dynamics between WT MSNs and YAC128 MSNs.
DHPG, a selective group I metabotropic glutamate receptor
agonist that can trigger InsP, production in MSNs, was used to
stimulate intracellular Ca*>* mobilization in MSNs. Similar to
the mitochondrial Ca®>* results in MEFs, in resting MSNS, the
basal mitochondrial Ca>* concentration before DHPG applica-
tion in YAC128 MSNs was significantly higher than thatin WT
MSNs (p < 0.05) (Fig. 5, A-C). The difference in mitochondrial
Ca®" concentration between WT and YAC128 MSNs was even
more pronounced during intracellular Ca** mobilization.
Treatment with 50 um DHPG caused much larger mitochon-
drial Ca®>* transients in YAC128 MSNs than in WT MSNs (p <
0.01) (Fig. 5, A—C). To quantify the amount of Ca®"* that was
loaded into mitochondria during DHPG stimulation, we also
calculated the peak area (um-s) below each Ca®" transient trace.
Significantly more Ca®>" was loaded into mitochondria in
YAC128 MSNs than in WT MSNs (547 ® 207 um-s versus
135 £ 56.7 (um-s, p < 0.01) (Fig. 5D). Therefore, mitochondria
in YAC128 HD neurons show a significantly higher level of
Ca®" loading compared with WT neurons, further indicating
that mitochondrial Ca®>* signaling is dysregulated in HD
neurons.

Excessive ROS Generation in YAC128 HD Striatal Neurons—
Excessive mitochondrial Ca®>" uptake caused elevated oxidative
stress in YAC128 HD MEFs (Figs. 3 and 4). Next, we deter-
mined whether this was also true in YAC128 HD striatal
medium spiny neurons. In resting MSNs, the amplitude of
spontaneous superoxide flashes was significantly higher in
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FIGURE 5. Disrupted mitochondrial Ca?* signaling in YAC128 MSNs.
A, representative mitochondrial cameleon images in MSNs showing donor,
acceptor, and ratio (Fret/donor) images in WT and YAC128 MSNs. The pseudo-
color calibration scale for Fret/donor ratios is shown on the right. Ratio record-
ings are shown for 50 um DHPG-induced mitochondrial Ca* transients in
MSNs. Insets are enlarged views for ratio images showing Ca®" transients
in MSN mitochondria. B, mitochondrial Ca>* concentration ([Ca®*],,,) tracesin
response to 50 um DHPG in WT (n = 12) and YAC128 (n = 6) MSNs. C and
D, significantly larger [Ca®"],,, transients were found in YAC128 MSNs. Both
basal and peak values (C) and peak area (D) are significantly greater in YAC128
mitochondria than in WT mitochondria in response to DHPG (*, p < 0.05;
** p < 0.01). [Ca®"],, traces in B are shown as an average of all cells in one
experiment. Similar results were obtained in three independent experiments.
Data are shown as the mean = S.E.

YAC128 MSNs compared with that in WT MSNs (p < 0.01)
(Fig. 6, A-C). Stimulation with 50 um DHPG significantly
increased the amplitudes of superoxide flashes both in WT
MEFs (p < 0.01) and YAC128 MEFs (p < 0.01) compared with
resting cells (Fig. 6, B and C). In addition, DHPG caused the
amplitude of flashes to be significantly higher in YAC128 MSNs
compared with WT MSNs (p < 0.01) (Fig. 6, Band C). Similarly
to MEF cells, superoxide flashes in neurons also occur ran-
domly. We monitored 5 min of neuronal flash events and cal-
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FIGURE 6. DHPG promotes superoxide flash generation in YAC128 MSNs. A, representative mt-cpYFP images showing mitochondrial superoxide flashes in
WT and YAC128 MSNs. Arrowheads in enlarged images depict individual mitochondria with superoxide flashes. B, representative mitochondrial superoxide
flash traces (mt-cpYFP fluorescence with excitation at 488 nm, AF/F,) in WT and YAC128 MSNs without or with 50 um DHPG stimulation. C and D, statistical
analysis of mitochondrial superoxide flashes in WT and YAC128 MSNs in response to 50 um DHPG. C, in resting MSNs, the amplitude of mitochondrial
superoxide flashes in YAC128 (n = 12) MSNs was significantly higher than that in WT MEFs (n = 10) (**, p < 0.01). In response to DHPG, both WT (n = 11) and
YAC128 MSNs (n = 7) showed significantly higher superoxide flash amplitudes compared with spontaneous flashes in resting MSNs (**, p < 0.01), and DHPG
caused significantly higher superoxide flash amplitudes in YAC128 MSNs (n = 7) compared with those in WT (n = 11) MSNs (**, p < 0.01). D, in resting MSNs,
spontaneous mitochondrial superoxide flashes occurred at a significantly higher frequency in YAC128 neurons than in WT neurons (**, p < 0.01). In response
to DHPG, superoxide flashes in both WT (n = 11) and YAC128 MSNs (n = 7) occurred at a significantly higher frequency when compared with resting MSNs
(**, p < 0.01), and DHPG induced a significantly higher flash frequency in YAC128 MSNs (n = 7) compared with thatin WT MSNs (n = 11) (¥, p < 0.05). Flashes
occurring 5 min before and 5 min after DHPG application were averaged for superoxide flash frequency analysis. Similar results were obtained in three
independent experiments. Data are shown as the mean =+ S.E.

culated the number of flashes occurring per neuron in 1 min to
indicate the flash frequency. A striking difference in flash fre-
quency between WT and YAC128 MSNs was already seen in
resting cells (p < 0.01) (Fig. 6D). Stimulation with DHPG sig-
nificantly increased the frequencies of superoxide flashes both
in WT MSNs (p < 0.01) and YAC128 MSNs (» < 0.01) (Fig. 5
6D). Furthermore, DHPG induced significantly higher flash fre-

quencies in YAC128 MSNs compared with WT MSNs (p <

0.01) (Fig. 6D). Therefore, the amplitudes and frequencies of B
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signaling dynamics and superoxide flashes were also visualized
in human fibroblasts from healthy individuals and HD patients.
Similar to YAC128 MSNs, HD patient fibroblasts also showed a
significantly higher level of mitochondrial Ca*>* loading com-
pared with healthy fibroblasts (Fig. 7, A-C), indicating that
mitochondrial Ca®" signaling is also disrupted in HD patient
fibroblasts. Furthermore, the amplitudes and frequencies of
both spontaneous and BK-stimulated superoxide flashes were
significantly higher in HD patient fibroblasts compared with
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FIGURE 7. Disrupted mitochondrial Ca®™* signaling in HD patient fibro-
blasts. A, healthy and HD patient fibroblasts were used for mitochondrial
cameleon imaging experiments. Fret/donor ratio recordings were con-
verted to absolute [Ca®"],,,. Mitochondrial Ca?" concentration traces in
response to 2.5 um BK in healthy (n = 10) and HD patient fibroblasts (n =
12) are shown. [Ca®"],, traces in A are shown as an average of all cells in
one experiment. Similar results were obtained in three independent
experiments. Band G, significantly larger [Ca®*],,, transients were found in
HD patient fibroblasts. Both basal and peak values (B) and peak area (C)
were significantly higher in HD patient fibroblast mitochondria than in
healthy fibroblast mitochondria in response to BK (**, p < 0.01). Data are
shown as the mean = S.E.
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FIGURE 8. BK promotes superoxide flash generation in HD patient fibro-
blasts. A, representative mt-cpYFP images showing superoxide flashes in
mitochondria of healthy and HD patient fibroblasts. Arrowheads depict indi-
vidual mitochondria with superoxide flashes. Insets are enlarged views show-
ing mitochondria undergoing superoxide flashes. B, representative mito-
chondrial superoxide flash traces (mt-cpYFP fluorescence with excitation at
488 nm, AF/F,) in healthy and HD patient fibroblasts without or with 2.5 um BK
stimulation. C and D, statistical analysis of superoxide flashes in healthy and
HD patient fibroblasts in response to 2.5 um BK. G, in resting cells, the ampli-
tude of spontaneous mitochondrial superoxide flashes in HD patient fibro-
blasts (n = 18) was significantly higher than that in healthy fibroblasts (n =
17) (**, p < 0.01). In response to BK, both healthy (n = 15) and HD patient
fibroblasts (n = 16) showed significantly higher amplitudes of superoxide
flashes when compared with spontaneous flashes in resting MEFs (**, p <
0.01), and BK caused significantly higher amplitudes of superoxide flashes in
HD patient fibroblasts (n = 16) than in healthy (n = 15) fibroblasts (**, p <
0.01). D, in resting cells, spontaneous mitochondrial superoxide flashes
occurred at a similar frequency in healthy and HD patient fibroblasts (p >
0.05). In response to BK, superoxide flashes in both healthy and HD patient
fibroblasts occurred at a significantly higher frequency at 2 min after BK treat-
ment when compared with resting cells (¥, p < 0.05; **, p < 0.01). Data are
shown as the mean = S.E.

healthy fibroblasts (Fig. 8, A—D), demonstrating that mitochon-
dria in HD patient fibroblasts produce elevated oxidative stress.

Mitochondrial Ca®" Loading Induces Elevated Mitochon-
drial Genomic DNA Damage in HD Cells—Age-dependent
increases in mitochondrial DNA damage have been reported in
the 3-nitropropionic acid-induced HD model and in R6/2 HD
mice (64), although the underlying mechanism is not clear.
Based on our results described above, excessive mitochondrial
Ca®" loading-dependent ROS generation might be responsible.
We employed a quantitative PCR technique to check whether
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mitochondrial Ca®" loading causes oxidative damage to
mtDNA. The qPCR assay is based on the principle that DNA
lesion blocks the progression of the DNA polymerase during
PCR, resulting in decreased amplification of the fragment of
interest. Thus, the amount of PCR amplification is inversely
proportional to the extent of DNA damage on a given template.
BK-stimulated WT and YAC128 MEFs show significant
decreases in relative amplification, 50 and 69%, respectively,
compared with control groups (Fig. 9, A and C), indicating
damage to mtDNA. Pretreatment with MCU blocker, Ru360, or
the mitochondrion-targeted antioxidant peptide, SS31, almost
completely prevented the BK-induced decrease in relative
amplifications (Fig. 9, A and C). The frequency of mtDNA
lesions in BK-stimulated MEFs was 0.70 lesions/10 kb for WT
and 1.29 lesions/10 kb for YAC128, indicating that BK induces
an almost 2-fold higher level of mtDNA damage in YAC128 HD
MEFs compared with WT MEFs during matrix Ca>* loading
(Fig. 9D). Ru360 can significantly reduce the BK-stimulated
mtDNA damage to 0.18 lesions/10 kb for WT and 0.29
lesions/10 kb for YAC128, and SS31 significantly reduces the
BK-stimulated mtDNA damage to 0.18 lesions/10 kb for WT
and 0.37 lesions/10 kb for YAC128, demonstrating that the BK-
stimulated increase in mtDNA damage is mitochondrial matrix
Ca®" loading-dependent and matrix oxidant-dependent (Fig.
9D). Our mtDNA damage assay data clearly revealed that dis-
turbed mitochondrial Ca*>* signaling in HD cells causes exces-
sive oxidant generation, which in turn leads to more serious
mtDNA oxidative damage in HD cells. It should be noted that
this repetitive BK-stimulated increase in mtDNA lesions may
occur transiently, and most of the mtDNA damage could be
repaired by the base excision repair pathway (65, 66). However,
a significantly higher level of mtDNA damage in HD cell is
expected to accumulate mtDNA lesions much faster than WT
cells.

DISCUSSION

The mechanisms causing elevated oxidative stress in HD
neurons remain elusive. By using a highly sensitive mitochon-
drial matrix-targeted superoxide indicator, cpYFP, which can
sense bursts of superoxide generation iz situ in living cells (40),
we show that, even in resting cells, mitochondria in HD cells
exhibit strikingly higher mitochondrial Ca®" loading and oxi-
dant generation, which in turn causes a significantly higher rate
of mtDNA damage accumulation in HD cells. Steady buildup of
oxidative damage to mitochondrial DNA could eventually
result in mitochondrial dysfunction and be central to the etiol-
ogy of HD.

Mitochondria are not only central to energy metabolism but
are also a very efficient Ca®>* buffer system. Mitochondria are
spatially and functionally organized in a network of dynamically
interconnected organelles and are often in close contact with
the ER and intracellular Ca®*-releasing channels (57). Once
Ca®" is released from the ER into the cytoplasm, mitochondria
take up a portion of the released Ca®>" primarily via the MCU at
the expense of mitochondrial membrane potential (AW ) (67).
Recently, a number of studies have indicated that toxicity of
HTT®*® may involve disturbed glutamate-induced Ca>* signal-
ing in HD medium spiny neurons (15-22, 68). InsP;R1 is an
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FIGURE 9. Mitochondrial Ca®* loading induces elevated mitochondrial DNA damage in YAC128 MEFs. Total DNA samples extracted from WT and YAC128
MEFS before and after repetitive BK stimulation (twice for 10 min) without or with Ru360 and SS31 pretreatment were used for real time PCR analysis.
A, representative agarose gel showing the amplification of a 10-kb mtDNA fragment from WT and YAC128 MEFs before and after BK stimulation. B, represent-
ative agarose gel showing the amplification of a 117-bp mtDNA fragment. G, statistical analysis of the relative levels of amplification of the mtDNA fragments
before and after BK stimulation without or with Ru360 and SS31 pretreatment. Amplification of the 10-kb mtDNA fragment was normalized to the amplification
of the 117-bp mtDNA fragment. Because the DNA polymerase amplifies only undamaged templates, relative amplification (A5/Ao) is inversely proportional to
the presence of damage. A, = amount of amplification from damaged DNA sample; A, = amount of amplification from undamaged DNA sample.
D, comparison of mtDNA lesion frequencies from WT and YAC128 MEFs. The mean lesion frequency per 10 kb per strand was calculated using the Poisson
equation as described under “Experimental Procedures.” In response to the twice for 10 min BK treatment, both WT (n = 6) and YAC128 MEFs (n = 6) showed
significantly higher mtDNA lesion frequencies compared with control MEFs (p < 0.01), and BK caused significantly higher mtDNA lesion frequenciesin YAC128
MEFs than in WT MEFs (**, p < 0.01). Pretreatment with MCU blocker, Ru360, and mitochondrion-targeted antioxidant peptide, SS31, significantly reduced
BK-induced elevation of mtDNA lesion frequencies in both WT and YAC128 MEFs (**, p < 0.01). Similar results were obtained in three independent experiments.

Data are shown as mean = S.E.

intracellular Ca®"-releasing channel located on the ER, and
HTT®*® binds directly and specifically to the InsP,R1 C-termi-
nal region and facilitates the sensitivity of InsP;R1 to activation
by InsP; (22). It is conceivable that mitochondrial Ca®>" loading
is excessive in HD striatal neurons due to the potentiation of
Ca®" releasing activity of InsP,R1. Indeed, we found that the
amount of mitochondrial Ca®>" loading in HD cells was 2—4-
fold higher than in WT MEFs (Fig. 1) or WT MSNs (Fig. 5)
during intracellular Ca>* mobilization. Our evidence also dem-
onstrated that Ca>" release via InsP,;R1 (Fig. 2) and the mito-
chondrial Ca®" uniporter (Fig. 2) are all important for excessive
Ca®" loading into mitochondria. Our data indicate that dis-
turbed cytosolic Ca®>" mobilization can directly cause dis-
rupted mitochondrial Ca®>* signaling in HD neurons.

Altered mitochondrial Ca®>" handling in HD cells has been
previously implicated in HTT®® toxicity (69). Mitochondria
isolated from HD patient lymphoblasts and from transgenic
HD mouse brain have a lower membrane potential and are
more sensitive to Ca”>*-mediated mPTP opening (70), and
mitochondria in MSNs from HD mice have enhanced loss of
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AW _ and enhanced mPTP opening in response to acute gluta-
mate or NMDA stimulation compared with wild-type control
mice (23, 51, 71). In this study, by monitoring mitochondrial
matrix Ca>* dynamics iz situ and in real time, we provide direct
evidence of a strikingly higher level of mitochondrial Ca*"
uptake during Ca?" mobilization in HD neurons. Furthermore,
different from our previous basal cytosolic Ca>" level measure-
ment results, we here observed significantly higher basal mito-
chondrial Ca>" levels in HD cells (including MEFs, MSNs, and
human fibroblasts) compared with those in WT/healthy cells
even without stimulation. This suggested that InsP3R is more
active at the resting state in HD cells than in WT cells and that
this extra released Ca>" was largely loaded into mitochondria
and elevated the basal mitochondrial Ca*>* levels in HD cells.
This is in agreement with a recent finding that HD cells have
higher store-operated Ca®>" entry activity than WT cells (72),
implying a constant level of ER depletion (in other words, Ca®"
release from ER) in HD cells. Besides the direct effect of HT TP
on mitochondrial Ca*>" retention capacity (70), our observa-
tions of excessive mitochondrial matrix Ca>" loading provide
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another explanation for the mitochondrial Ca®* defect
observed in HD cells, and higher matrix Ca®" loading could
result in higher probability of mPTP open to release matrix
Ca** into cytosol in HD cells.

Mitochondria constitute the major ROS generator in eukary-
otic cells, including neurons. ROS are primarily produced as
by-products of mitochondrial respiration due to electrons leak-
ing from the electron transfer chain. It has long been of great
interest to quantitatively monitor mitochondrial matrix ROS
production ix situ in live cells. By using the recently developed
cpYFP, a highly sensitive superoxide indicator (40, 41), we
quantitatively estimated mitochondrial superoxide generation
in situ in HD MEFs and MSNs. HD cells exhibit significantly
higher superoxide flash amplitudes and frequencies compared
with WT cells (Figs. 3, 6, and 8), suggesting that mitochondria
in HD cells are producing excessive ROS. More importantly,
the elevated ROS generation in HD cells is mitochondrial
matrix Ca’>*-dependent, because higher basal mitochondrial
Ca?" levels and greater mitochondrial Ca*>* loading in HD cells
promoted ROS generation, whereas blockage of mitochondrial
Ca®" loading diminished the elevated superoxide flashes seen
in HD cells (Figs. 3 and 4), indicating the causal link between
increased mitochondrial matrix Ca®* loading, elevated super-
oxide generation, and mtDNA damage in HD cells/neurons.
Striatal neurons are most affected in HD. The striatal neurons
particularly accumulate more mitochondrial genomic DNA
(mtDNA) mutations than any other brain cells (27), suggesting
that there is a brain regional specificity of oxidative damage in
the HD patient. It has been reported that, due to the preferential
expression of metabotropic glutamate receptor 1/5 (coupling to
phospholipase C-inositol 1,4,5-trisphosphate pathway that can
trigger InsP;R open) and NR2B NMDA receptor in striatal
MSN, Htt®P preferentially augments intracellular Ca*>* signal-
ing in striatal MSN (18, 21, 22). Moreover, it has been reported
that InsP;R-mediated calcium signaling can be further
enhanced by the dopamine D;-class receptor that is primarily
expressed in striatal MSN (73). Therefore, excessive mitochon-
drial Ca®" loading and elevated mitochondrial oxidant stress
are expected to occur selectively in the striatal region, which
may explain why striatal neurons accumulate more mtDNA
mutations than other brain cells.

Exactly how mitochondrial matrix Ca** loading stimulates
ROS production remains an open question. Our results show
that an increase in mitochondrial Ca®>" uptake was closely cor-
related with higher mitochondrial superoxide flash generation
(Figs. 3, 4, 6, and 8). This is in agreement with recent findings
that Ca®" influx through L-type Ca>* channels during pace-
making increases mitochondrial Ca®>" loading and oxidant
stress in substantia nigra pars compacta dopaminergic neurons
(74). One possibility is that matrix Ca>* loading induces ROS
production simply by stimulating the tricarboxylic acid cycle
and increasing electron flux (38). Another possibility is that
matrix Ca®>* loading induces transient openings, or flickers, of
the mPTP, and a brief opening of the mPTP has been reported
to stimulate ROS generation (40, 75). The frequency of brief
mPTP opening is primarily determined by the matrix Ca*"
concentration (76). Therefore, higher matrix Ca®>* loading may
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induce a higher frequency of brief mPTP opening and higher
superoxide flash generation in HD mitochondria.

As an ROS marker, superoxide flashes are bursts of superox-
ide generation in single mitochondria and represent the oxida-
tive stress in mitochondria (40, 63). ROS play an important role
in physiological cellular functions, such as contraction, secre-
tion, and metabolism, but excessive ROS signals are detrimen-
tal to nucleic acids, lipids, proteins, and carbohydrates. There is
a delicate balance in mitochondria between ROS generation
and ROS removal to maintain a physiological oxidative home-
ostasis. Both overproduction of ROS and/or a deficit in the ROS
defense system could disrupt this balance and cause oxidative
stress. This study revealed that, due to the excess mitochondrial
Ca?* loading, mitochondria in HD neurons are producing sig-
nificantly higher levels of ROS. Recently, Li et al. (77) showed
that impairment of cysteine uptake led to a decline of antioxi-
dant synthesis in HD neurons expressing full-length HTT<®?
protein. Therefore, both overproduction of ROS and deficiency
in ROS defense systems may account for the elevated oxidative
stress in HD neurons.

Mitochondria are not only the major ROS producer but are
also the main target of ROS. Overproduction of ROS in HD
neurons causes oxidative damage to mitochondrial nucleic
acids, proteins, and lipids, which in turn impair the function of
mitochondria. Naked mitochondrial genomic DNA (part of
which encodes subunits of complex I, III, IV, and V) and the
iron-sulfur cluster-containing proteins, including the succinate
dehydrogenase B subunit of complex II and the Rieske protein
of complex III, are particularly vulnerable to oxidative stress
(30, 78, 79). Postmortem studies of symptomatic HD patients
revealed a drastic deficiency of complexes Il and III and a lesser
deficiency of complex IV in the caudate or putamen, with rela-
tively normal levels in the frontal cortex or cerebellum (31, 32).
Studies with HD cell models expressing Htt exon-1 containing
elongated CAG repeats showed decreased complex II enzy-
matic activity and deficiency of complex III (33, 80, 81). These
observations suggest that impairment of mitochondrial func-
tion is important in the progression of the disease. However, no
significant deficiency of respiratory chain complexes has been
demonstrated in presymptomatic patients or in HD model
mice expressing full-length HTT“?, suggesting that respiratory
chain defects are a secondary feature in HD pathogenesis (34,
35). Based on our results showing excessive mitochondrial ROS
generation and greater mtDNA damage in HD cells/neurons
(Figs. 3, 4, 6, 8, and 9), it is plausible that excess Ca*>* loading-
dependent mitochondrial oxidant stress could be a primary
contributor to the respiratory chain complex defects. The
appearance of mitochondrial dysfunction in advanced HD may
be the result of a gradual accumulation of oxidative damage to
mitochondrial proteins, DNA, and lipids due to excessive ROS
production. Indeed, in this study, for the first time, we show
that repetitive BK application led to increased damage of mito-
chondrial genomic DNA in HD cells (Fig. 9). This observation
strongly supports the role of elevated ROS levels in damaging
mitochondrial genomic DNA in HD. Because the mitochon-
drial oxidant stress in HD cells/neurons was attenuated by
exposure to an InsP;R blocker, an MCU blocker (Fig. 4), and a
mitochondrial antioxidant (Fig. 9), our data also suggest that a
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combination of Ca®>" blockers and antioxidants may form a
potential neuroprotective strategy for HD.
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