
Complex II inhibition by 3-NP causes mitochondrial
fragmentation and neuronal cell death via an
NMDA- and ROS-dependent pathway
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Mitochondrial respiratory complex II inhibition plays a central role in Huntington’s disease (HD). Remarkably, 3-NP, a complex II
inhibitor, recapitulates HD-like symptoms. Furthermore, decreases in mitochondrial fusion or increases in mitochondrial fission
have been implicated in neurodegenerative diseases. However, the relationship between mitochondrial energy defects and
mitochondrial dynamics has never been explored in detail. In addition, the mechanism of neuronal cell death by complex II
inhibition remains unclear. Here, we tested the temporal and spatial relationship between energy decline, impairment of
mitochondrial dynamics, and neuronal cell death in response to 3-NP using quantitative fluorescence time-lapse microscopy and
cortical neurons. 3-NP caused an immediate drop in ATP. This event corresponded with a mild rise in reactive oxygen species
(ROS), but mitochondrial morphology remained unaltered. Unexpectedly, several hours after this initial phase, a second
dramatic rise in ROS occurred, associated with profound mitochondrial fission characterized by the conversion of filamentous to
punctate mitochondria and neuronal cell death. Glutamate receptor antagonist AP5 abolishes the second peak in ROS,
mitochondrial fission, and cell death. Thus, secondary excitotoxicity, mediated by glutamate receptor activation of the NMDA
subtype, and consequent oxidative and nitrosative stress cause mitochondrial fission, rather than energy deficits per se. These
results improve our understanding of the cellular mechanisms underlying HD pathogenesis.
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Huntington’s disease (HD) is a fatal progressive neuro-
degenerative disorder with autosomal dominant inheritance.
An abnormal CAG expansion coding for a polyglutamine
stretch in the N-terminal region of the huntingtin gene causes
HD. Disease results when the polyglutamine stretch contains
40 or more residues, and repeats of 36–39 residues have
reduced penetrance. The clinical symptoms of HD include
progressive motor, cognitive, and emotional deficits due to the
changes in the cortex and striatum. How mutant huntingtin
(mtHtt) triggers neurodegeneration is not clear. Among the
proposed mechanisms are transcriptional dysregulation,
axonal and dendritic transport defects, protein aggregation,
and excitotoxic pathways mediated by glutamate receptors.

In addition to these pathways, there is strong evidence that
deficits in energy metabolism and mitochondria play a pivotal
role in HD pathogenesis.1–6 For example, brain tissue of HD
patients1,2 and transgenic mice expressing the mtHtt gene5

exhibit reduced activity of the mitochondrial respiratory
complexes II, III, and IV. In addition, striatal neuronal cultures
expressing mtHtt exhibit decreased expression of respiratory
complex II.7 Furthermore, HD patients lose weight despite
normal or increased calorie intake and their cortex and basal
ganglia have increased lactate levels, indicative of a metabolic

defect.8 Moreover, mitochondria isolated from the lympho-
blasts of HD patients, brain tissue of mtHtt mice, and
mtHtt-expressing cells all exhibit decreased mitochondrial
membrane potential (DCm), increased susceptibility to
calcium-induced mitochondrial depolarization, and reduced
mitochondrial calcium uptake capacity.3,9 Finally, mtHtt
causes ultrastructural changes of mitochondria and localizes
to the mitochondrial outer membrane,10 where it can form
aggregates.3 Incubation of isolated mitochondria with recom-
binant mtHtt protein leads to mitochondrial swelling and
release of cytochrome c, suggesting a direct effect of the
protein on mitochondria.10

3-Nitropropionic acid (3-NP), an irreversible inhibitor of the
mitochondrial respiratory complex II and succinate dehydro-
genase, recapitulates HD-like pathology and symptoms in
primate and rodent models.11 In addition, overexpression of
complex II subunits reverts mitochondrial defects and
prevents cell death in striatal mtHtt neurons.7 Thus, although
it is clear that complex II dysfunction is an important event in
HD pathogenesis,2 the cause of this dysfunction and how it
triggers downstream neuronal cell death is not clear.

In healthy neurons, mitochondria often form long filaments
that migrate, fuse, and divide.12 The dynamic properties of
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mitochondria are believed to ensure equal energy and
metabolite distribution across long neurites. A filamentous
mitochondrial morphology correlates with high bioenergetic
functionality and cell survival. Significantly, mutations in
mitochondrial fusion factors mitofusin 2 (MFN2) and optic
atrophy 1 (OPA1), which result in chronic mitochondrial
fission, cause neurodegenerative disorders in humans.12

In addition, we recently showed that nitric oxide (NO),
N-methyl-D-aspartate (NMDA), rotenone, and b-amyloid
peptide, all of which have been implicated in neurodegenera-
tion, evoke excessive mitochondrial fission and neuronal
cell death.13,14 Finally, we demonstrated that mitochondrial
fission occurs in ischemic stroke in vivo and is required
for NO-mediated neuronal demise.13 Thus, the importance
of mitochondrial fragmentation in neurodegeneration is
becoming increasingly apparent and its potential role in
HD-associated mitochondrial dysfunction is an important area
for investigation.

As respiratory complex II inhibition is functionally implicated
in HD pathogenesis in humans and animal models,2,3,7,8,10,15

we studied here the mechanisms underlying 3-NP-mediated
neuronal injury using time-lapse fluorescence imaging. We
used quantitative time-lapse fluorescence imaging to dissect
the sequence of downstream events in response to complex II
inhibition. We show that 3-NP evokes two distinct signals on
mitochondria. The first signal is a direct effect of 3-NP on
mitochondrial bioenergetics, causing a dramatic and rapid
ATP drop and a mild reactive oxygen species (ROS) increase,
without alteration in mitochondrial morphology and neuronal
survival. The second signal, following several hours later with
variable onset, is characterized by activation of glutamate
receptors of the NMDA subtype, which in turn causes
a second ROS rise and mitochondrial fragmentation.
Importantly, this secondary event triggers neuronal cell death.
Our results indicate that secondary excitotoxicity, rather than
the initial 3-NP-induced bioenergetic deficits characterized
by ATP drop and mild ROS increase, causes mitochondrial
fission and neuronal cell death. These findings provide a
mechanistic link between mitochondrial dysfunction and
excitotoxicity in a cellular model relevant to HD. They also
have important implications for the development of new
markers and therapies to combat HD and other neuro-
degenerative disorders.

Results

3-NP induces changes in mitochondrial morphology. Mito-
chondrial dysfunction plays a pivotal role in HD pathogenesis.
Recent reports indicate that mitochondria undergo dramatic
fragmentation and movement arrest in response to various
neurotoxic insults.13,14,16–18 To determine the effect of 3-NP on
mitochondrial morphology, we investigated the mitochondrial
morphology of pure rat cortical neurons expressing DsRed2-Mito
in response to 3-NP (10mM) by 3D fluorescence wide-field
microscopy. Mitochondria, which exhibit long and tubular
morphology in healthy control neurons, became dramatically
shorter and rounder in response to 3-NP (Figure 1A).

To follow, more precisely, the sequence of mitochondrial
morphology changes over time, we tracked DsRed2-Mito-

expressing neurons by 3D time-lapse fluorescence
microscopy after 3-NP (10 mM) exposure for several hours.
Six to twelve hours after 3-NP exposure, mitochondria
were converted from elongated and filamentous to punctate
(Figure 1B). We were able to differentiate two types
of morphological change. First, a subpopulation of contracting
mitochondria, which reduced their length (condensed),
but did not increase in number (Figure 1Ba). Second,
a subpopulation that underwent fragmentation (fission) into
several smaller sized structures with an increase in number
(Figure 1Bb). Both mitochondrial condensation and frag-
mentation occurred in a single neuron following 3-NP
exposure. We used the term ‘punctate mitochondria’
to describe both of these 3-NP-mediated changes in
mitochondrial morphology.

3-NP causes a rapid decrease in ATP levels that
precedes changes in mitochondrial morphology. As
3-NP is an irreversible inhibitor of succinate dehydrogenase
and blocks respiration, we asked whether it affects
intracellular ATP concentration. To evaluate changes
in ATP concentration and correlate them with changes in
mitochondrial morphology, we exposed neurons to
increasing concentrations of 3-NP (0.1–10 mM) and
measured ATP levels in cell lysates 1, 3, and 6 h later.
Treated neurons showed a rapid dose- and time-dependent
ATP decrease. Specifically, as early as 1 h after 3-NP
treatment, ATP levels decreased by 32% at 1 mM 3-NP and
by 62% at 10 mM 3-NP (Figure 2A). This drop was even
more severe at 3 h (40% at 1 mM 3-NP and 75% at 10 mM
3-NP; Figure 2A) and became more dramatic after 6 h, with a
maximal drop of 22% at 0.1 mM 3-NP and 79% at 10 mM
3-NP (Figure 2A). The raw data of the ATP measurements
are shown in Supplementary Figure 1.

To explore the relationship between ATP decline and
changes in mitochondrial morphology, we analyzed mito-
chondrial morphology after exposing DsRed2-Mito-expres-
sing neurons to increasing 3-NP concentrations (0.1–10 mM).
We fixed neuronal cultures at 1, 3, and 6 h after 3-NP
exposure and analyzed mitochondrial morphology using
fluorescence microscopy. Unlike the early decline in ATP
production, we did not observe any significant increase in the
number of neurons with punctate mitochondria at any 3-NP
concentration in the first hour (Figure 2Aa and Ba). However,
after 3 h, a significant increase in the number of such neurons
was apparent at 5 or 10 mM 3-NP (Figure 2Ab and Bb). This
increase persisted at 6 h at 5 and 10 mM 3-NP and the number
of neurons exhibiting punctate mitochondria increased to
65 and 95%, respectively (Figure 2Ac and Bc). At 6 h, the
baseline of punctate mitochondrial morphology was
increased. This could be due to variability in the neuronal
cultures.

In sum, although 3-NP caused a decrease in ATP even at
low levels and within the first hour of exposure, mitochondrial
morphology changes only occurred at the highest levels of
3-NP, and then only at the later time points. Thus, ATP decline
greatly precedes changes in mitochondrial morphology.
Finally, despite the profound ATP drop and subsequent
mitochondrial morphology changes in response to 3-NP
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Figure 1 3-NP induces punctate mitochondrial morphology. DsRed2-Mito expressing purified cortical neurons were exposed to 3-NP (10 mM) at 12 DIV and changes in
mitochondrial morphology were visualized using wide-field fluorescence 3D time-lapse imaging. (A) Representative frames of the time-lapse series of a control neuron (upper panel)
and 3-NP-exposed neuron (lower panel) at time zero and after 6 h. Mitochondrial morphology of the control neuron remains unaltered during this time period (upper panel). In
contrast, the 3-NP-exposed neuron (lower panel) exhibits a change from tubular to punctate mitochondrial morphology. Scale bar, 10mm. (B) Representative frames of a 3D time-
lapse series featuring a DsRed2-Mito expressing cortical neuron at 300 min, 375 min and 510 min after 3-NP exposure. (a and b, lower panels) show a 2.5x zoom of the region of
interest (ROI), marked within the white square. Mitochondria show both condensation (a, white arrowheads) as well as fragmentation (b, white arrows). Scale bar, 10mm
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(Figure 2), we detected no signs of cell death over the 6-h time
frame (data not shown).

3-NP evokes a biphasic ROS increase. Mitochondria are
the primary sources of ROS. To analyze the link between
bioenergetic defects such as ROS production and
mitochondrial morphology changes, we utilized a vector
encoding reduction–oxidation sensitive GFP (ro-GFP)19

targeted to mitochondria via a pyruvate dehydrogenase
E1a sequence (ro-GFP-Mito). This novel tool allows us to
monitor changes in mitochondrial dynamics and morphology
and ROS production simultaneously in real time. Ro-GFP-
Mito has excitation wavelengths at 403 nm (oxidized) and
490 nm (reduced); thus, an increased 403/490 ratio reflects
increased ROS production. We transfected cortical neurons
with the ro-GFP-Mito vector and monitored both 403/490
ratios and mitochondrial morphology simultaneously by
quantitative 3D time-lapse fluorescence microscopy (in
each experiment, we chose 10–20 neurons per condition).
Figure 3A shows representative images of vehicle-treated
control (EBSS buffer) (a–f) and 3-NP-exposed (a0–f0)
neurons over a time period of 12 h. Control neurons exhibit
typical, tubular mitochondria and their average 403/490 ratio
remained unaltered during the imaging period (Figure 3Aa–f
and corresponding enlargements below). In contrast, 3-NP-
exposed neurons exhibited an instant increase in the 403/
490 ratio in the first hour in the majority of neurons (Figure
3Aa0–c0 and corresponding enlargements). Respiratory
complex II inhibition by 3-NP likely caused this increase in
ROS. Unexpectedly, this initial rise in ROS persisted in most
neurons and was followed, after a variable lag period lasting
several hours in most cases, by a second dramatic increase
in ROS, which was accompanied by a conversion from

tubular to punctate mitochondrial morphology (Figure 3Ad0–f0

and corresponding enlargements).
Figure 3B collectively shows the 403/490 ratios of several

control (n¼ 15) and 3-NP-treated (n¼ 14) neurons. The
403/490 ratio did not change in control neurons over the
12 h period except for two neurons (gray and light pink trace).
The thick red lines in Figure 3B correspond to the control and
3-NP exposed neuron depicted in Figure 3A. However,
several (9 out of 14) 3-NP (10 mM)-exposed neurons exhibit
biphasic increases in the 403/490 ratio – the first occurring in
the first hour after 3-NP treatment (13 out of 14 neurons) and
the second beginning after a variable lag phase – suggestive
of two distinct signals (Figure 3B). Four neurons exhibited an
early second peak (between 100 and 270 min; pink, red, light
blue, and orange trace) and five neurons showed a late
second peak (between 400 and 700 min; green, bold red,
black, light purple, and purple trace). These data demonstrate
that 3-NP treatment causes a biphasic ROS increase.
Importantly, only the second ROS peak correlates with
mitochondrial fragmentation and shortening. Thus, 3-NP-
induced respiratory inhibition and a drop in ATP does not
cause mitochondrial fragmentation, but rather a secondary
signal, which coincides with a second rise in ROS, causes the
changes in mitochondrial morphology.

Antioxidants block 3-NP-induced mitochondrial
morphology changes. Next, we asked if ROS was respon-
sible for the observed occurrence of punctate mitochondria.
To test this, we pretreated neuronal cultures expressing
DsRed2-Mito with the widely used thiol antioxidant N-Acetyl-
L-cysteine (NAC), which powerfully blocks nitrosative and
oxidative stress, and assessed mitochondrial morphology by
fluorescence microscopy in the presence or absence of 3-NP
(10 mM). Figure 4 shows representative dendritic processes
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Figure 2 3-NP induces an instant and dose-dependent decline in ATP, preceding appearance of punctate mitochondria. Cortical neurons were exposed to increasing 3-
NP concentrations (0, 0.1, 1, 2.5, 5, 10 mM), and ATP concentration and mitochondrial morphology were monitored after 1, 3, and 6 h. (A) 3-NP induces a significant decrease in
neuronal ATP concentration (measured as percentage of control) starting at 1 mM NP-3 and at 1 h, which further declines at 2.5, 5, and 10 mM 3-NP and increasing time. (B)
DsRed2-Mito expressing cortical neurons were exposed to increasing 3-NP concentrations. After cell fixation, the percentage of neurons with punctate mitochondria was scored by
fluorescence microcopy. Only at 3 and 6 h was a significant increase in mitochondrial fragmentation apparent at 5 and 10 mM 3-NP. Bar graph represent the mean of three
independent experiments and error bars indicate ±S.E.M. Significant differences are indicated by symbols *(Po0.05) and **(Po0.01; one-way ANOVA and Fisher’s t-test)
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of these neurons at 12 h. At 12 h, control neurons (a) or
neurons pretreated for 3 h with 50 mM NAC (b) exhibited
tubular mitochondria, whereas neurons treated with 3-NP
exhibited only punctate mitochondria (c). In contrast, neurons
pretreated with NAC (50 mM, 3 h) and then exposed to 3-NP
(10 mM) exhibited tubular mitochondria (d). Quantification of
these effects showed that 90.4% of neurons exposed to 3-NP
exhibited punctate mitochondria (Figure 4e), which signi-
ficantly decreased to 49.9% following NAC pretreatment.
Only 21.1 and 21.4% of control and NAC-pretreated neurons,
respectively, exhibited punctate mitochondrial morphology.
These observations demonstrate that 3-NP-induced transi-
tion from a tubular to punctate mitochondrial morpho-
logy depends, in part, on oxidative and nitrosative stress,
consistent with our and others previous observations.13,14

NMDA receptor activity is responsible for 3-NP-induced
punctate mitochondrial morphology. Excitotoxicity medi-
ated by glutamate receptors of the NMDA subtype has been
implicated in HD and 3-NP neuronal toxicity, however the
relationship to mitochondrial morphology changes is not
clear.20–26 Therefore, we tested the hypothesis that NMDA
receptor activation causes 3-NP-induced punctate mitochon-
drial morphology. DsRed2-Mito-expressing neurons were
exposed to 3-NP (10 mM) alone, to D-2-amino-5-phospho-
nopentanoate (AP5; 100mM) alone, or a combination of both
for 12 h (Figure 5). AP5 is a NMDA receptor antagonist.
As anticipated, all neurons initially exhibited tubular mito-
chondria, and after 12 h of 3-NP exposure, most neurons
exhibited punctate mitochondria (Figure 5a and b). However,
neurons treated with both 3-NP and AP5 (Figure 5c)
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Figure 3 3-NP induces a biphasic ROS increase, and mitochondrial fragmentation accompanies only the second ROS peak. Cortical neurons were transfected with the ro-
GFP-Mito vector and mitochondrial ROS and morphology were monitored simultaneously be cyclic revisiting of B15 neurons using 3D quantitative fluorescence wide-field
microscopy. (A) Representative frames of a 3D time-lapse series of one control neuron (upper panels) and one 3-NP-exposed neuron. The change in the ratio 403/490 nm and
oxidation was visualized by applying pseudocolor. Ro-GFP-Mito oxidation is recognized by a shift from cold to warmer colors. At 63 min, 3-NP causes an increase in ro-GFP-
Mito oxidation, but no change in mitochondrial morphology. At 643 min, a second increase in ro-GFP-Mito oxidation occurs, which coincided with mitochondrial fragmentation.
The bottom two rows depict a � 4 zoom of the rectangular marked ROI. Scale bars, 10 mm. (B) Traces show the kinetics of 403/490 nm ratio changes in arbitrary units (AU) of
all control (left) and 3-NP-treated (right) neurons evaluated in (A). Each colored line represents a single neuron and the thick red line corresponds to the control or 3-NP
exposed neuron depicted in (A). The control neuron does not show changes in the 403/490 nm ratio (left), whereas the 3-NP-exposed neuron shows two increases (B, right),
the first at 63 min and the second at 643–659 min. In (B), red vertical lines (a–f) and (a0–f0) correspond to the time points imaged in (A)
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exhibited mostly tubular mitochondria, similar to control
(Figure 5a) and AP5-treated (Figure 5d) neurons.

Quantification of these findings showed that 88.1% of the
neurons in cultures treated with 3-NP exhibited punctate
mitochondria. However, the presence of the AP5 significantly
reduced 3-NP-mediated increases in punctate mitochondrial
morphology to 34.2%. Only 20.6 and 21.3% of control neurons
and neurons treated with AP5 alone, respectively, exhibited
punctate mitochondria (Figure 5e). Similarly, when we
evaluated cell death by chromatin condensation and soma
shrinkage, we found that AP5 cotreatment with 3-NP
mitigated 3-NP-induced neuronal cell death (Figure 5f). The
3-NP-induced cell death lacks caspase-3 enzyme activation
(Supplementary Figure 2) and thus may proceed by a
nonapoptotic pathway. Overall, these data indicate that
downstream excitotoxic signals mediated by NMDA receptors

cause 3-NP-induced punctate mitochondrial morphology and
neuronal cell death.

AP5 blocks the second 3-NP-induced ROS peak. 3-NP
treatment of neurons elicits a biphasic ROS increase
(Figure 3). We therefore speculated that NMDA receptor
activation might cause the second ROS peak. To test this
hypothesis, we treated neurons expressing ro-GFP-Mito with
vehicle (Figure 6a), 3-NP (10 mM) alone (Figure 6b), AP5
alone (Figure 6c), or 3-NP plus 100mM AP5 (Figure 6d), and
monitored the 403/490 ratio by quantitative 3D time-lapse
fluorescence microscopy of approximately 15 neurons for
each condition by cyclic revisitation over a period of 12 h.
Control neurons (Figure 6a) and neurons treated with AP5
alone (Figure 6c) did not exhibit significant changes in
ROS generation or mitochondrial morphology. Again, 3-NP
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Figure 4 Oxidative and nitrosative stress inhibition alleviates 3-NP-induced formation of punctate mitochondria. Representative snap shots of a time-lapse series of a
DsRed2-Mito-transfected control neuron (a), a 3-NP (10 mM) exposed neuron (b), a neuron pretreated 3 h with NAC (50 mM) followed by 3-NP (10 mM) exposure (c), and a
neuron pretreated with NAC alone (50 mM) (d) – all at time zero (T¼ 0, upper) and 12 h later (T¼ 12 h, lower). Scale bar, 10mm. (e) Bar graph of the percentage of neurons
with punctate mitochondria at 12 h of 3-NP exposure. Data represent four independent experiments and error bars indicate±S.E.M. Significant differences are indicated by
symbols **(Po0.01; one-way ANOVA followed by Fisher’s t-test)
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exposure induced a biphasic ROS increase (9 out of 15
neurons; Figure 6b). Remarkably, AP5 had no impact on the
first ROS peak, but dramatically abolished the second peak
in ROS production (13 out of 14 neurons; Figure 6c). These
data suggest that NMDA receptor activation causes the
second ROS increase, the one that corresponds with a
conversion to punctate mitochondrial morphology and
neuronal cell death (Figure 5).

Discussion

Chronic decrease in mitochondrial fusion or increase in
mitochondrial fission plays a critical role in cell death and
neurodegeneration.12 Here, we examined the consequences
of complex II inhibition by 3-NP with quantitative 3D
fluorescence time-lapse microscopy. Using this technique,

we established the temporal and spatial relationship between
respiratory inhibition, energy deficits, ROS production, mito-
chondrial fission, and neuronal cell death. We found that 3-NP
evokes an immediate ATP drop in cortical neurons that
correlates with a mild but sustained ROS increase at 30 min
after 3-NP exposure. Our data are consistent with previous
reports showing a rapid ATP drop on 3-NP exposure, which is
accompanied by an increase in ROS.27–29 This initial wave in
ROS does not cause mitochondrial fragmentation or cell
death. However, an unexpected and sporadic secondary
phase of ROS increase followed this primary phase. The
onset of this delayed, secondary ROS increase varied greatly,
ranging from one to several hours, and occurred only in a
subset of neurons, suggesting that it was caused by a second
intracellular signal that is activated in response to the initial
energy drop and changes in the redox milieu. Remarkably,
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Figure 5 NMDA receptor antagonists abolish the 3-NP-induced formation of punctate mitochondria. Representative images of a DsRed2-Mito transfected control neuron
(a), a neuron treated with 3-NP (10 mM; b), a neuron treated with AP5 (100mM) plus 3-NP (10 mM; c), and a neuron treated with AP5 alone (100mM; d), all at the beginning of
treatment (T¼ 0, upper) and 12 h later (T¼ 12 h, lower). Scale bar, 10mm. (e) Bar graph shows the percentage of neurons with punctate mitochondrial morphology at 12 h of
3-NP exposure. (f) Bar graph of the percentage of cell death measured by chromatin condensation, shrunken soma, and fragmented mitochondria at 12 h after 3-NP exposure.
Data represent 3–4 independent experiments, and error bars indicate ±S.E.M. Significant differences are indicated by symbols **(Po0.01; one-way ANOVA followed by
Fisher’s t-test)
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although the mitochondrial morphology remained tubular and
unaltered during the first rise in ROS, the second ROS peak
correlated with profound mitochondrial fragmentation. NAC, a
free radical scavenger, blocked the 3-NP-induced mitochon-
drial fragmentation, suggesting that a subspecies of free
radicals, such as NO and peroxynitrite (ONOO�), may evoke
the filamentous to punctate mitochondrial morphology
change. Most importantly, glutamate receptor antagonist
AP5 blocked the second ROS peak, mitochondrial fragmenta-
tion, and neuronal cell death. Taken together, our data provide
additional evidence that secondary excitotoxicity may play a
role in HD-linked neuronal injury caused by complex II
inhibition.20–26 Additionally, our results place mitochondrial
fragmentation downstream of glutamate receptor activation,
but upstream of ROS production and neuronal cell death.
A model summarizing our results is shown in Figure 7.

There is strong evidence that excitotoxic pathways play
a central role in HD and other neurodegenerative dis-
orders.20–26,30 Medium spiny neurons and cortical neurons,
which are particularly affected in HD, receive glutamatergic

inputs. Thus, overactivation of NMDA receptors may lead
to neuronal cell death by excitotoxicity, providing an expla-
nation for their increased vulnerability in HD. Indeed, trans-
genic mtHtt mice show increased NMDA receptor activity
in neurons.30 Astrocytes and ATP-dependent glutamate
aspartate transporters mediate the clearance of extracellular
glutamate. mtHtt reduces the expression of GLT-1 in trans-
genic mice.31 In addition, expression of mtHtt in glial cells
increases neuronal excitotoxicity.32 A drop in ATP, here
elicited by 3-NP, may cause reduced glutamate reuptake
by ATP-dependent transporters. Alternatively, energy failure
may cause a gradual plasma membrane potential decline
due to decreased activity of ATP-dependent ion pumps and
channels.

Recent reports indicate that mtHtt impairs mitochondrial
function and energy production by directly interacting with
the organelle or modulating transcription of nuclear encoded
mitochondrial proteins.3,10,33 In both events, the primary
energy impairment and ATP drop may lead to decline of
Naþ /Kþ ATPases and plasma membrane depolarization,
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Figure 6 NMDA receptor antagonists abolish 3-NP-induced second ROS peak. Ro-GFP-expressing neurons were treated with 3-NP and AP5 alone or a combination of
3-NP plus AP5 and B15 neurons were subjected to quantitative fluorescence time-lapse microscopy over a 12-h time period. Each trace represents the ro-GFP Mito 403/490
ratio in arbitrary units of a single neuron over time of vehicle treated control neurons (a), neurons treated with 3-NP (10 mM; b), neurons treated with AP5 (100mM; c), and
neurons treated with 3-NP plus AP-5 (100mM; d)
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which in turn releases the voltage-sensitive Mg2þ block of
NMDA receptors, causing Ca2þ and Naþ influx, NO synthase
(NOS) activation, and NO production. NO can combine with
superoxide anions (O2

�) to form neurotoxic radical ONOO�.
NO/ONOO� can amplify the initial respiratory block by 3-NP
by irreversible inhibition of respiratory complexes. Further-
more, NO/ONOO� can activate mitochondrial fragmentation
and expression of MFN or the dominant-negative mutant
of dynamin-related protein 1 (DRP1K38A) blocks this event and
increases neuronal survival.13 Thus, it is conceivable
that the second rise in free radicals in response to 3-NP is
due to NO/ONOO�, which in turn triggers mitochondrial
fragmentation and neuronal cell death. Supporting this
possibility, Slack and colleagues reported that oxidative
stress induces mitochondrial fission before neuronal cell
death, and blocking this event by MFN2 expression is
neuroprotective.17 Whether components of the mitochondrial
fission and fusion machinery are directly regulated by
nitrosative/oxidative stress remains a question for future
investigation. That dynamin, a GTPase related to the
mitochondrial fission factor DRP1 that regulates endo-
cytosis, is S-nitrosylated suggest that this might be the case.
S-nitrosylation increases dynamin self-assembly, GTPase
activity, and membrane targeting.34 In sum, NMDA receptor
activation may cause a positive feed-back loop that exacer-
bates the initial bioenergetic defect initiated by 3-NP and
subsequently triggers NO/ONOO� production, mitochondrial
fragmentation, and neuronal cell death. Of note is that the

3-NP-induced cell death lacks caspase-3 activation (Supple-
mentary Figure 2). It has been suggested that 3-NP-mediated
and excitotoxic cell death represents a caspase-independent,
nonapoptotic form of cell death accompanied by calpain
and cathepsin activation.35–37

Routine mitochondrial fission and fusion cycles ensure
mixing of metabolites and mtDNA, determines mitochondrial
shape and numbers, and supports bioenergetic functional-
ity.12 Mutations in mitochondrial fusion GTPase MFN2 and
OPA1, oxidative/nitrosative stress, and neurotoxins, all linked
to neurodegeneration, trigger mitochondrial fragmentation.
Mitochondrial fusion correlates with increased cell survival,
although the mechanism remains elusive. Results of this
study suggest that mitochondrial fragmentation, complex II
inhibition, NMDA receptor activation, and free radical produc-
tion might contribute to HD-linked pathogenesis. Mitochon-
drial fission might amplify neurodegeneration and cell death.
That mtHtt blocks mitochondrial movement and causes
formation of punctate mitochondria is of particular signi-
ficance.38,39 Future studies are needed to investigate whether
mtHtt might impair the mitochondrial fission and fusion
balance.

Materials and Methods
Reagents and plasmids. EBSS (Earle’s Balanced Salt Solution), Hank’s
buffer, Glutamax, and penicillin-streptomycin were purchased from Invitrogen.
Neurobasal medium, B27, Dulbecco’s Modified Eagle Medium (DMEM), and bovine
calf serum were purchased from Hyclone. The Amaxa Nucleofector kit (rat neuron
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Figure 7 Model of NMDA- and oxidative/nitrosative stress-mediated mitochondrial fragmentation. 3-NP induces mitochondrial respiratory complex II inhibition, which in
turn triggers a rapid ATP drop and increase in ROS. The energy deficit may lead to plasma membrane depolarization, which may release the Mg2þ block of voltage-gated
NMDA receptors (NMDA-R). Opening of NMDA-R causes intracellular Ca2þ influx, which in turn leads to nitric oxide synthase (NOS) activation and generation of nitric oxide
(NO). NO can combine with O2� to form ONOO�. This additional increase in free radicals, in particular ONOO� can result in mitochondrial fragmentation and trafficking
defects, which eventually triggers neuronal cell death. Blocking NMDA-R with AP5 and ROS with NAC blocks mitochondrial fragmentation and neuronal cell death
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kit) was obtained from Amaxa, the Cell Titerglo kit from Promega, and AP5 from
Tocris. Poly-L-lysine, Hepes, F-12, NAC, anti-MAP2 antibodies (clone HM-2), and
3-NP were obtained from Sigma-Aldrich. All remaining chemicals were obtained
from Sigma-Aldrich. Hoechst 33342 and Alexa Fluor 568 goat anti-mouse IgG were
purchased from Molecular Probes. zVAD-fmk was obtained from BioMol and the
BCA protein assay from PIERCE. The DsRed2-Mito vector was purchased from
Clontech and ro-GFP-Mito vector was provided by Dr. Remington (University of
Oregon, Eugene, OR, USA).

Cortical neuron preparation and transfection. Primary cortical
neuronal cultures were prepared from E17 rat embryos. Cortices were dissected
in Hank’s buffer, incubated in 0.05% trypsin for 90 min at 37 1C, and dissociated
mechanically in DMEM, 10% bovine calf serum, 2 mM glutamine, 25 mM Hepes,
10% F-12, and 0.25% penicillin-streptomycin. Cells in suspension were counted and
transfected by electroporation using the Amaxa Nucleofector kit (rat neuron kit) and
electroporator device (Amaxa; G-13). Cells were plated on poly-L-lysine (1 mg/ml)
coated dishes. After 3–4 h, the medium was replaced with Neurobasal medium
supplemented with 2% B27, 2 mM Glutamax, and 1% penicillin-streptomycin.
Cultures were maintained at 37 1C in a humidified 5% CO2 atmosphere and fed
every 5 days. Experiments were performed after 11–14 days in vitro (DIV) with 3-NP
(diluted in EBSS and pH adjusted to 7.4 with NaOH).

Image acquisition and processing. Images were acquired using an
Axiovert Zeiss 100 M microscope equipped with Plan Apochromat � 63 1.4 NA oil
and Plan-neofluor � 40 1.3 NA oil objectives, a DG-4/Lambda10-2 combo Xe-arc
illumination unit (Sutter), Lambda 10-2 emission filter wheel (Sutter), a Sensicam
QE cooled CCD camera (PCO AG, Germany), and Metamorph 7.01 software
with the Multi-Dimensional Acquisition module (Molecular Devices). Neurons
were transfected with the ro-GFP-Mito expression vector.19 To assay different
treatments simultaneously, cultures were grown on four- or eight-well chambered
slides (Lab-Tek II). Growth media was replaced with EBSS supplemented
with 10 mM Hepes and mounted onto a heated, motorized stage. 3D images
were acquired simultaneously by revisiting 10–20 neurons in each well as
previously described.13,40 Z-series (12 planes at 1 mm step size) were dehazed and
z-projected using a custom version of Metafluor Analyst (Molecular Devices).
Ro-GFP-Mito protein was excited at 403/12 and 490/20 nm. Emission was
detected at 528/36 nm. Increases in oxidation were determined by calculating the
403/490 ratio.

Cell fixation and cell-death assay. Neurons were fixed with 3.7%
formaldehyde and 5% sucrose in PBS for 20 min at 37 1C and washed three times
with PBS. This method preserves mitochondrial morphology. Chromatin was
stained by incubating fixed samples with Hoechst 33342 (1 mg/ml) at RT for 5 min.
Cells with shrunken soma and condensed chromatin by Hoechst 33342 staining
were scored as dead neurons. To assess cell death in Supplementary Figure 2,
cultures were immunostained with anti-MAP2 antibodies (Sigma; clone HM-2,
ascites fluid; 1 : 500) and chromatin was stained with Hoechst 33342 (1 mg/ml). Cells
with shrunken soma, neurites containing varicosities, and condensed chromatin by
Hoechst 33342 staining were scored as dead neurons. Analyses were performed on
triplicate coverslips of three independent experiments.

ATP measurement. Neurons were plated in 96-well plates at 25 000 cells/ml
in 100ml. At 12 DIV and after 3-NP treatments, ATP levels were determined using a
luciferase-based Cell Titer Glo assay kit (Promega). Briefly, after rinsing once with
PBS, cells were incubated with Cell Titer Glo reagent for 2 min and readings were
performed with a PolarStar microplate reader (BMG). Results were collected from
multiple replicate wells (3–6) in each experiment.

Caspase assay. Caspase enzyme activity was measured of triplicates and
in four independent experiments using the EnzChek Caspase-3 assay kit 1
(Molecular Probes) and Z-DEVD-AMC as substrate following the instructions
of the manufacturer. Extract protein concentrations were determined with the
BCA protein assay (PIERCE) and caspase-3 enzyme activity was measured as
increase in fluorescence over time at RT and with a PolarStar microplate reader
(BMG).

Statistics. Results are expressed as mean±S.E.M. Statistical analysis was
performed by one-way ANOVA followed by Fisher’s test.
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