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Abstract
Mitochondrial dysfunction leading to deficits in energy production, Ca2+ uptake capacity, and free
radical generation has been implicated in the pathogenesis of familial amyotrophic lateral sclerosis
(ALS) caused by mutations in Cu, Zn superoxide dismutase (SOD1). Numerous studies link
UCP2, a member of the uncoupling protein family, to protection of neurons from mitochondrial
dysfunction and oxidative damage in various mouse models of acute stress and neurodegeneration,
including Parkinson’s disease. Here, we tested the potential neuroprotective effects of UCP2 and
its ability to modulate mitochondrial function, in the G93A mutant SOD1 mouse model of familial
ALS. Disease phenotype, mitochondrial bioenergetics, and Ca2+ uptake capacity were investigated
in the central nervous system of double transgenic mice, expressing both human mutant G93A
SOD1 and human UCP2 (hUCP2). Unexpectedly, hUCP2 expression accelerated the disease
course of SOD1 mutant mice. In addition, we did not observe a classical uncoupling effect of
hUCP2 in G93A brain mitochondria, although we did detect a decrease in reactive oxygen species
(ROS) production from mitochondria challenged with the respiratory chain inhibitors rotenone and
antimycin A. We also found that mitochondrial Ca2+ uptake capacity was decreased in the double
transgenic mice, as compared to G93A mice. Taken together our results indicate that the
neuroprotective role of UCP2 in neurodegeneration is disease-specific and that, while a mild
uncoupling by UCP2 in brain mitochondria may protect against neurodegeneration in some injury
paradigms, the mitochondrial damage and the disease caused by mutant SOD1 cannot be
ameliorated by UCP2 overexpression.
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Introduction
Mitochondrial uncoupling protein 2 (UCP2) is involved in protection against oxidative stress
associated with several types of neuronal injury and with neurodegenerative diseases
(Andrews et al., 2009; Andrews et al., 2005; Andrews et al., 2008; Conti et al., 2005;
Deierborg Olsson et al., 2008; Della-Morte et al., 2009; Haines and Li, 2012; Haines et al.,
2010; Islam et al., 2012; M et al., 2012; Nakase et al., 2007). UCP2 localizes across the
inner mitochondrial membrane of several tissues, including the CNS, where it has been
shown to inhibit reactive oxygen species (ROS) generation and promote survival of
dopaminergic neurons in a model of Parkinson’s disease (Andrews et al., 2005). Although
the precise biochemical function of UCP2 is still a matter of debate (Brand and Esteves,
2005; Divakaruni and Brand, 2011; Starkov, 2006), accumulating literature shows that
mitochondrial UCP2 levels inversely correlate with ROS production (Andrews and Horvath,
2009; Arsenijevic et al., 2000; Brand et al., 2002; Casteilla et al., 2001; Echtay et al., 2002;
Kowaltowski et al., 1998; Nègre-Salvayre et al., 1997; Nicholls and Budd, 2000), suggesting
a regulatory role in mitochondrial bioenergetics. In addition, studies that used
overexpression, knock down, and mutagenesis approaches showed that UCP2 and UCP3
were necessary for ruthenium red–sensitive mitochondrial uptake of endoplasmic reticulum
Ca2+ released in response to histamine stimulation (Trenker et al., 2007). Other possible
functions are critically reviewed in (Divakaruni and Brand, 2011; Starkov, 2006), but the
general opinion is that up-regulation of UCP2 could be neuroprotective.

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease, which starts
generally in the 4th and 5th decades, when loss of spinal cord and cortical motor neurons
leads to progressive paralysis and premature death (Cozzolino and Carrì, 2012). Increased
oxidative radical damage is thought to be causally involved in motor neuron death in ALS
(Barber et al., 2006). Furthermore, mitochondrial oxidative damage has been demonstrated
in patients affected by sporadic ALS (Shaw et al., 1995; Shibata et al., 2002) and in
transgenic mice expressing a familial ALS-linked mutant Cu, Zn superoxide dismutase
(SOD1) (Shibata, 2001). In transgenic mouse models of SOD1 familial ALS, oxidative
stress precedes motor neuron loss (Kong and Xu, 1998; Panov et al., 2011) and it is
associated with mitochondrial bioenergetics deficits in the spinal cord (Jung et al., 2002;
Kirkinezos et al., 2005; Mattiazzi et al., 2002), primary astrocytes (Cassina et al., 2008), and
the motor cortex (Loizzo et al., 2010; Mattiazzi et al., 2002). In addition, mitochondrial Ca2+

uptake capacity is affected in ALS mice prior to motor neuron dysfunction (Damiano et al.,
2006). However, it remains unclear whether mitochondrial dysfunction is a cause or a
consequence of oxidative damage.

Because of the proposed metabolic and oxidative damage components of the disease,
therapeutic strategies tested in the ALS mouse models have often broadly focused on
bioenergetics and antioxidant agents, such as vitamin E (Gurney et al., 1996), creatine
(Klivenyi et al., 1999), and catalase (Reinholz et al., 1999), with mixed outcomes (for a
review see (Turner and Talbot, 2008)). In the present study, we crossed a human UCP2
(hUCP2) transgenic mouse with the G93A mutant SOD1 mouse, to test whether UCP2
overexpression could specifically decrease mitochondrial ROS production, modulate
bioenergetics and calcium uptake, and afford neuroprotection in a familial ALS model. In
addition, we expected that metabolic investigations in the double transgenic mice would
shed new light on the functions of UCP2 in the healthy and diseased CNS.
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Materials and Methods
Genetically modified mice

G93A mutant human SOD1 mice in a C57BL/6J genetic background were obtained from
Jackson Laboratories (strain B6.Cg-Tg(SOD1-G93A)1Gur/J). C57BL/6J mice
overexpressing human UCP2 under the control of its endogenous promoter were generous
gifts from Dr. Tamas L. Horvath (Yale University). Overexpression of human UCP2 in the
brain was assessed by real time PCR as previously described (Horvath et al., 2003). Double
transgenic mice expressing SOD1 G93A and hUCP2 (hUCP2 G93A) were generated by
crossing female hUCP2+/+ with male SOD1 G93A+/− mice. Resulting Females hUCP2+/−

SOD1 G93A−/− were crossed with male SOD1 G93A+/− mice to yield hUCP2+/− SOD1
G93A+/−, SOD1 G93A+/−, hUCP2+/−, and non-transgenic control mice (ntg). Mice were
genotyped by PCR of tail DNA at 21 days of age as previously described, (Horvath et al.,
2003; Kim et al., 2012). Central nervous system UCP2 and SOD1 mRNA overexpression
was confirmed by quantitative real time PCR. All animal experiments were carried out in
sibling- and gender-matched pairs after approval by the Institutional Animal Care and Use
Committee (IACUC).

Mouse phenotypes
Survival, body weight, and motor performance on an accelerating rod were determined as
previously described (Kim et al., 2012). When mice became unable to right themselves
within 20 s of being placed on their side they were euthanized and age at time of death was
recorded. Body weight and physical performance on an accelerating rod (Rotarod,
Columbus Instruments) were assessed every 2 weeks starting at 80 days of age.

Oxygen consumption and carbon dioxide production rates (VO2 and VCO2, respectively)
were determined at resting conditions (absence of exercise, no dietary restrictions) for 5
minutes by placing animals in a 2 L sealed chamber with dual gas sensors (Vernier Soft.
Tech. LLC). The rates were plotted as mL gas/min/kg at 120, 130, and 140 days of age.

Isolation of brain mitochondria and measurement of mitochondrial ATP synthesis, ROS
emission, Ca2+ uptake, and membrane potential

Isolation and purification of mouse brain mitochondria was performed by differential
centrifugation of homogenates on a discontinuous percoll gradient as previously described
(Damiano et al., 2006). Pure mitochondria were extracted from the non-synaptosomal
percoll gradient layer and washed three times in buffer containing 75 mM sucrose, 225 mM
mannitol, 10 mM HEPES; 2 mM EDTA pH 7.4. All reagents were from Sigma (Sigma-
Aldrich, Co, LLC), unless otherwise stated.

ATP synthesis was measured in purified brain mitochondria using a luciferase/luciferin-
based approach, as previously described (Manfredi et al., 2002). The following
measurements were carried out in a water bath-equipped (37°C) F-7000 spectrofluorometer
(Hitachi). ROS emission was measured as Amplex Red (Invitrogen) fluorescence (555 nm
excitation and 581 nm emission wavelengths) in presence of exogenous horseradish
peroxidase and mitochondrial H2O2 as described (Starkov, 2010). Briefly, 100 μg
mitochondria were added to 1mL incubation buffer (125 mM KCl, 20 mM Hepes, 0.2 mM
EGTA, 2 mM KH2PO4, 200 μg/mL BSA, 1 μM Amplex Red, 4 U horseradish peroxidase,
pH 7.2). Standard curves were used to calculate H2O2 emission rates after sequential
addition of substrate (5mM glutamate, 2mM malate), 1 μM rotenone, and 1.8 μM antimycin
A. Mitochondrial Ca2+ uptake was estimated fluorimetrically with Fura-6F (340/380 nm
excitation and 510 nm emission wavelengths) (Molecular Probes) upon repetitive additions
of 10 nmol of Ca2+ to the incubation medium (125 mM KCl, 20 mM Hepes, 1 mM MgCl2, 2
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mM KH2PO4, 0.2 mM ATP, 1 μM rotenone, 5 mM succinate, 0.3 μM Fura-6, pH 7.2).
Mitochondrial membrane potential was estimated using safranin O. Both procedures were
performed as described (Damiano et al., 2006). Mitochondrial membrane potential (Δψm)
was estimated using the fluorescence of safranin O with excitation and emission
wavelengths of 495 nm and 586 nm, respectively, as described (Figueira et al., 2012).
Incubation buffer was 125 mM KCl, 20 mM Hepes, 1 mM MgCl2, 2 mM KH2PO4, 0.2 mM
ATP, 200 μg/mL BSA, 5 mM glutamate, 2mM malate, 2 μM Safranin O, pH 7.2). Δψm
inhibition curves were obtained by repetitive additions of 25 nmol Ca2+ or 2 – 16 nM
respiratory chain uncoupler SF6847.

Results
hUCP2 expression effect on disease progression and survival of SOD1 G93A mice

We investigated the effects of hUCP2 overexpression on disease progression by comparing
lifespan, motor performance, and body weight of age and gender matched non-transgenic
(ntg) and transgenic mice (hUCP2, G93A, and hUCP2 G93A). Equal numbers of male and
female mice were used for each group. The lifespan of hUCP2 mice was unchanged
compared to ntg (not shown), while the survival of hUCP2 G93A mice was reduced
compared to G93A mice (average survival 166 ± 2.7 days and 172 ± 1.8 days, respectively;
p = 0.047; n = 24; figure 1A, B).

Motor impairment assessment in a subset of the mice in each group showed a trend for
decreased rotarod performance in hUCP2, as compared to ntg mice, but this difference did
not reach statistical significance at any of the time points analyzed in the study (Figure 1C).
In both G93A and hUCP2 G93A mice, a decline in rotarod performance was observed
starting at 136 days of age. This decline was significantly accelerated in hUCP2 G93A, as
compared to G93A mice (p = 0.002, and 0.006 at 136 and 150 days, respectively; n = 13;
figure 1D).

The body weight of hUCP2 mice was lower than ntg mice, in accordance with previous
studies (Horvath et al., 2003), but it remained stable over time (figure 2A). Conversely, the
body weight of both G93A and hUCP2 G93A mice declined starting at 130 days of age, and
there was no significant difference between these two groups. To assess whether UCP2
expression resulted in abnormal metabolic rates at the level of the whole organism, we
measured respiratory quotients (VCO2/VO2) at different time points (figure 2B). We did not
observe significantly differences amongst ntg, hUCP2, G93A, and hUCP2 G93A mice,
which suggest that the changes in body weight in the ALS mice relative to ntg mice were not
attributable to a change in substrates utilization (e.g. from high carbohydrate to high protein
catabolism) and that the overexpression of UCP2 did not affect substrate utilization.

Taken together these results indicated that UCP2 overexpression worsens the disease
phenotype in the G93A mutant SOD1 mouse, by accelerating onset and decreasing survival.

hUCP2 effects on brain mitochondrial function, ROS production, and calcium uptake
It has been previously shown by our group and others that a cohort of mitochondrial
functions including ATP synthesis (Mattiazzi et al., 2002), ROS emission (Panov et al.,
2011), and Ca2+ handling (Damiano et al., 2006; Kim et al., 2012) are altered in spinal cord
and brain mitochondria from mice and rats harboring the G93A SOD1 mutation. These
functional alterations are thought to be determining factors in the onset and progression of
ALS (Cozzolino and Carrì, 2012; Martin, 2011). Therefore, we examined mitochondrial
bioenergetics in purified brain mitochondria of 100 days old mice. We used brain as a
source of mitochondria for two reasons. First, brain mitochondria undergo the same
functional deficits found in the spinal cord of ALS mice and rats (Cassina et al., 2008;
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Cozzolino and Carrì, 2012; Damiano et al., 2006; Kim et al., 2012; Martin, 2011). Second,
brain preparations yield much larger amounts of mitochondria, which minimize animal
utilization. Additionally, brain preparations yield more reproducible biochemical results and
contain mitochondria from neurons and glia, such as astrocytes, which are relevant to ALS
pathogenesis. The age of 100 days was chosen because it reflects a pre-symptomatic disease
stage, at which mitochondrial functional abnormalities are already detectable (Damiano et
al., 2006).

ATP synthesis rates of ntg and hUCP2 brain mitochondria were similar (90.5 ± 2.9 vs. 93.8
± 2.5 nmol/min/mg mitochondrial protein, respectively), but were significantly decreased in
G93A and hUCP2 G93A, as compared to the rates of ntg mitochondria (68.1 ± 10.5 nmol/
min/mg and 68.3 ± 7.7 nmol/min/mg, respectively, p = 0.04, Figure 3). There was no
significant difference between the ATP synthesis rates of G93A and hUCP2 G93A
mitochondria.

We then measured emission of H2O2 from pure brain mitochondria to determine the effects
of hUCP2 on ROS production. H2O2 emission rates were estimated before and after
sequential addition of complexes I and III inhibitors (rotenone and antimycin A,
respectively), in the presence of different substrates. Representative graphs show that
Amplex Red fluorescence (an H2O2 indicator) increased over time upon sequential addition
of mitochondria, substrate, rotenone, and antimycin A in the presence of glutamate and
malate (figure 4A and 4B) or succinate (figure 5A and 5B). Hydrogen peroxide emission in
hUCP2 was decreased as compared to emission from ntg mitochondria (32.5 ± 1.35 vs. 36 ±
0.9 pmol/min/mg protein; p = 0.006; figure 4C). Interestingly, H2O2 emission was lowered
in hUCP2 G93A as compared to ntg mitochondria (31.6 ± 2.1; p=0.03), but was similar to
G93A (30.3 ± 2.4). After addition of rotenone (figure 4D), H2O2 emission of ntg
mitochondria increased as expected (137 ± 3.8), but less so in hUCP2 (120 ± 5.2, p = 0.014),
G93A (113.5 ± 4.5, p = 0.002), and hUCP2 G93A mitochondria (101 ± 2.6, p < 0.001). With
rotenone inhibition, hUCP2 G93A mitochondria emitted less H2O2 as compared G93A ones
(p = 0.017). Similar results were obtained after addition of antimycin A - H2O2 emission of
ntg mitochondria reached maximum levels (162 ± 2.5) but was lower in hUCP2 (141 ± 10.7,
p = 0.05), G93A (139.1 ± 2.7, p = 0.01), and hUCP2 G93A (130 ± 3.3, p = 0.002)
mitochondria (figure 4E). Like rotenone, antimycin A also elicited lower H2O2 emission in
hUCP2 G93A relative to G93A mitochondria (p = 0.05). Analyses of mitochondria respiring
with succinate as a substrate produced similar results, where hUCP2 G93A showed
decreased ROS compared to G93A mitochondria, under inhibited (i.e., rotenone and
antimycin A) conditions (figure 5A–E).

Taken together, these results confirmed that UCP2 has a protective effect on ROS
production, but they also showed that, surprisingly, G93A SOD1 causes a decrease, rather
than an increase, in ROS production from brain mitochondria. Furthermore, they indicated
that UCP2 has an additive effect in decreasing ROS production in mitochondria treated with
respiratory chain inhibitors.

We examined the effects of hUCP2 overexpression on mitochondrial Ca2+ uptake capacity
by measuring Fura-6F fluorescence after bolus Ca2+ additions to purified brain mitochondria
at 100 days of age. Maximal Ca2+ uptake capacity was expressed as the total amount of
Ca2+ (nmol Ca2+/mg protein) at which uptake ceased (i.e., the rate of uptake was zero). As
expected, Ca2+ uptake capacity in G93A mitochondria was lower relative to that of ntg and
hUCP2 (figure 6A, B, (Kim et al., 2012)). However, contrary to hUCP2, which had a higher
uptake capacity than ntg mitochondria (898 ± 48 nmol Ca2+/mg protein vs 809 ± 44,
respectively, p = 0.03, n = 5), hUCP2 G93A had lower Ca2+ uptake capacity than G93A
mitochondria (721 ± 31 vs. 593 ± 50, p = 0.018; n = 5). This result suggested the intriguing
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possibility that in ntg and bio-energetically defective G93A mitochondria, UCP2 has
opposite regulatory effects on Ca2+ uptake capacity.

Saturation of Ca2+ uptake is accompanied by a loss of membrane potential (Δψm) in brain
mitochondria (Chalmers and Nicholls, 2003). To assess whether hUCP2 expression affects
depolarization induced by Ca2+ uptake, we used safranin-O fluorescence as a means to
estimate changes in Δψm at increasing concentrations of Ca2+. hUCP2 and ntg mitochondria
had similar sensitivities to Ca2+ induced depolarization (IC50, i.e. the Ca2+ concentration at
which 0.1 mg of mitochondria lost 50% of the initial Δψm, was 889 ± 43 vs. 849 ± 45 nmol
Ca2+/mg protein, respectively, n = 4, figure 6C). Furthermore, Ca2+-induced depolarization
in G93A mitochondria did not differ from that of ntg controls (IC50 752 ± 45). However,
hUCP2 G93A mitochondria were significantly more sensitive to Ca2+-induced
depolarization than controls were (IC50 661 ± 37, p = 0.007). To assess whether the cause
for enhanced sensitivity in hUCP2 G93A, but not in G93A mitochondria, was due to an
uncoupling effect of UCP2, we measured Δψm changes at increasing concentrations of the
respiratory chain uncoupler SF6847 (figure 6D). The response to the uncoupler was similar
in G93A and hUCP2 G93A mitochondria (IC50 4.3 ± 0.2 vs. 4.4 ± 0.2 nmol SF6847/mg
protein; n = 4).

Taken together, these results suggested that UCP2 does not cause uncoupling of brain
mitochondria and that the differences in Ca2+ uptake capacity associated with its expression
are likely related to a direct effect of UCP2 on the regulation of mitochondrial Ca2+ uptake.

Discussion
Numerous reports suggested that UCP2 is involved in neuroprotection against oxidative
stress in ischemia-reperfusion injury as well as in animal models of neurodegenerative
diseases (Andrews et al., 2009; Andrews et al., 2008; Conti et al., 2005; Deierborg Olsson et
al., 2008; Della-Morte et al., 2009; Haines and Li, 2012; Haines et al., 2010; Islam et al.,
2012; M et al., 2012; Nakase et al., 2007). For example, overexpression of hUCP2 in adult
fly neurons increased uncoupled respiration, decreased oxidative damage, and extended
lifespan (Fridell et al., 2005). Another study showed that transgenic overexpression of
hUCP2 prolonged the life span of Mn, SOD knockout mice, presumably by slowing down
the oxidative damage to mitochondria (Andrews and Horvath, 2009; Cozzolino and Carrì,
2012).

Here, we tested whether hUCP2 expression was able to protect mitochondrial function and
slow down disease progression in a mouse model of familial ALS associated with mutant
SOD1. Our results indicate that overexpression of hUCP2 in SOD1 G93A mice did not
improve disease symptoms and survival rates, but rather it caused an acceleration of disease
progression. These results highlighted the still undetermined function of UCP2 in the CNS,
and prompted us to investigate how hUCP2 affects metabolism and CNS mitochondrial
function in control and SOD1 mutant mice. hUCP2 mice have been shown to have lower
amounts of body fat than non-transgenic (ntg) littermates, despite having a slightly higher
food intake rate (Horvath et al., 2003). Accordingly, we found that hUCP2 had lower body
weight than ntg, which matched the weight of G93A mice, prior to the terminal stages of
disease (figure 2B). Interestingly, hUCP2 G93A double transgenic mice had lower body
weight than the other groups, even at pre-symptomatic stages. We examined the basal
metabolic rates and found no significant changes in RQs, indicating that hUCP2-expressing
animals did not display significant changes in substrate utilization (i.e., carbohydrate vs.
proteins).
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In this work, we chose to investigate the bioenergetics and mitochondrial functions in brain
mitochondria, because they undergo the same functional deficits found in the spinal cord of
ALS mice (Cassina et al., 2008; Cozzolino and Carrì, 2012; Damiano et al., 2006; Kim et
al., 2012; Martin, 2011), but provide a much more abundant, reproducible, and consistent
source of material for biochemical studies. Brain mitochondria ATP synthesis was decreased
in G93A mice, but not further decreased by hUCP2 co-expression with mutant SOD1,
contrary to what might have been expected from the overexpression of an uncoupling
protein.

A previous study found that G93A rat brain mitochondria had increased rates of ROS
emission, although the age of the rats was not mentioned (Panov et al., 2011). We examined
ROS emission from 100 days old mouse respiring brain mitochondria, before and after the
sequential addition of rotenone and antimycin A. Contrary to expectations, we found
decreased ROS emission in G93A mitochondria. While we cannot account for the
discrepancy between G93A rat (Panov et al., 2011) and mouse brain mitochondria, the lower
emission we observed may be due to a faster secondary conversion of H2O2 into •OH−

radicals previously reported for G93A SOD1 (Bogdanov et al., 1998; Yim et al., 1996). An
ever stronger •OH− radical generation activity was determined for A4V SOD1, one of the
most common and severe mutations associated with familial ALS (Yim et al., 1997).
Interestingly, in hUCP2 G93A double transgenic, but not in hUCP2 single transgenic
mitochondria, there was a further decrease in ROS after the addition of rotenone or
antimycin A. This suggests that mutant SOD1 could act in concert with hUCP2, in an
additive or cooperative manner, to decrease ROS production under inhibited respiratory
chain conditions.

Our results showing that hUCP2 expression increased Ca2+ uptake capacity in control brain
mitochondria (figure 6A and 6B) was in agreement with an earlier study demonstrating that
UCP2 expression increased Ca2+ uptake capacity and that its ablation had the opposite effect
(Trenker et al., 2007). However, hUCP2 expression in G93A mice, not only failed to reverse
the defect in Ca2+ uptake capacity caused by mutant SOD1, but it paradoxically increased it.
To gain further insight into the mechanisms of this phenomenon we measured Δψm in
response to Ca2+ loading. While ntg and hUCP2 mitochondria had similar Ca2+ IC50 values,
hUCP2 G93A mitochondria were substantially more sensitive to Ca2+-induced
depolarization (figure 6C). In contrast, when a different, non-Ca2+ dependent, depolarizing
agent (SF6847) was tested, G93A, and hUCP2 G93A mitochondria had the same sensitivity
to uncoupling (figure 6D). These results suggested that the role of UCP2 in SOD1 mutant
brain mitochondria is not simply related to a classical uncoupling effect, but is possibly
associated with regulation of Ca2+ handling. Based on these results, it could be speculated
that mutant SOD1 in mitochondria alters the aforementioned functional interaction between
UCP2 and the mitochondrial calcium uniporter (Trenker et al., 2007), resulting in further
diminished rather than enhanced Ca2+ uptake capacity. Future studies focused on the
interactions of SOD1 with the mitochondrial calcium uniporter and its regulatory
components will be necessary to further demonstrate this hypothesis.

Mild mitochondrial uncoupling has been proposed as a mechanism to decrease Ca2+

overload and ROS emission, especially under conditions of excitotoxic injury. The rationale
behind these effects is based on the “uncoupling-to-survive” hypothesis (Brand, 2000),
which states that increased uncoupling leads to higher oxygen consumption and reduced
proton motive force, which then reduces ROS generation. UCP2-induced mild uncoupling
has been extensively documented and is generally thought to underlie the mechanisms of
neuroprotection against oxidative injury (Andrews et al., 2009; Andrews et al., 2008; Conti
et al., 2005; Deierborg Olsson et al., 2008; Della-Morte et al., 2009; Haines and Li, 2012;
Haines et al., 2010; Islam et al., 2012; M et al., 2012; Nakase et al., 2007). Despite the fact

Peixoto et al. Page 7

Mol Cell Neurosci. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that we did not find a classical uncoupling effect of hUCP2 in the mouse brain, we did
observe a decrease in ROS production and a regulation of mitochondrial Ca2+ handling in
concert with mutant SOD1.

Taken together, this work highlights the importance of using a combination of genetic and
biochemical approaches to test broadly proposed, but seldom mechanistically investigated,
pathogenesis hypotheses, Based on the results obtained in this study of hUCP2 G93A SOD1
double transgenic mice, we propose that the neuroprotection afforded by UCP2 might be
specific for certain types of injury. Further, in the case of familial ALS, UCP2
overexpression may worsen the pathogenic effects of mutant SOD1 on mitochondria.
Lowering mitochondrial ROS output by UCP2 overexpression did not protect against
mitochondria functional damage and disease progression, suggesting the dissociation
between mitochondrial ROS production and the biochemical and clinical phenotypes caused
by mutant SOD1 in vivo.
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ALS amyotrophic lateral sclerosis

hUCP2 human uncoupling protein 2

SOD1 superoxide dismutase 1

ROS reactive oxygen species

CNS central nervous system

ntg non-transgenic

RQ respiratory quotient
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Figure 1. hUCP2 worsens survival and exercise performance of G93A mice
(A) Kaplan–Meier survival curve and (B) mean survival histograms of G93A and hUCP2–
G93A mice (n = 24). (C, D) Time spent on an accelerating rod (2 rpm/sec) at indicated ages
(n = 13). Data are presented as mean ± SEM.
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Figure 2. hUCP2 induces weight loss but does not affect the basic metabolic rates of pre- and
symptomatic mice
(A) Body weight determinations every two weeks from 80 to 164 days of age (n = 13). (B–
D) Oxygen consumption, carbon dioxide production, and respiratory quotients, respectively,
at the indicated ages (n = 13). Data are presented as mean ± SEM.

Peixoto et al. Page 13

Mol Cell Neurosci. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. ATP synthesis rates of brain mitochondria from SOD1 G93A mice are decreased
regardless of hUCP2 expression
Histogram bars represent rates of ATP synthesis from purified brain mitochondria (160 μg/
mL) of 100-day-old mice (n = 4). Rates were obtained according to the luciferin-luciferase
assay described in materials and methods. Data are presented as mean ± SEM of brain
mitochondria preparations per group.
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Figure 4. hUCP2 decreases ROS emission driven by glutamate and malate utilization
(A, B) Sample curves of hydrogen peroxide emission from purified brain mitochondria. In
the presence of horse radish peroxidase, Amplex Red fluorescence is directly proportional to
H2O2. Substrate (5 mM glutamate, 2 mM malate), 1 μM rotenone (complex I inhibitor), and
1 μM antimycin A (complex III inhibitor) additions are indicated by dashed arrows. (C–E)
Histogram bars represent rates of H2O2 emission in presence of substrate (C) and after
addition of rotenone (D) and antimycin A (E); n = 4 for ntg and hUCP2; n = 5 for G93A and
hUCP2 G93A. Data are presented as mean ± SEM.
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Figure 5. hUCP2 decreases ROS emission driven by succinate utilization
(A, B) Sample curves of hydrogen peroxide emission from purified brain mitochondria.
Substrate (5mM succinate), 1 μM rotenone (complex I inhibitor), and 1 μM antimycin A
(complex III inhibitor) additions are indicated by dashed arrows. (C–E) Histogram bars
represent rates of H2O2 emission in presence of substrate (C) and after addition of rotenone
(D) and antimycin A (E). Data are presented as mean ± SEM of n = 8 for ntg and hUCP2
and n = 4 for G93A and hUCP2 G93A.
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Figure 6. hUCP2 effects on mitochondrial Ca2+ uptake capacity and membrane potential
(A) Kinetics of Ca2+ uptake in brain mitochondria measured by monitoring the change of
Fura-6F fluorescence ratio (340/380 nm excitation, 510 nm emission) on Ca2+ loading (250
nmol of Ca2+/mg protein in each addition, indicated by arrows). The fluorescence peaks
corresponds to increase in extra-mitochondrial Ca2+, whereas the decreases in fluorescence
reflects mitochondrial Ca2+ uptake. The sustained increase at the end of trace shows that
mitochondria are unable to further accumulate Ca2+. In the example, ntg and hUCP2
mitochondria took up six Ca2+ additions, whereas G93A and G93A hUCP2 mice
mitochondria only took five Ca2+ additions. (B) Average brain mitochondrial Ca2+ uptake
capacity in nmol Ca2+/mg of mitochondrial protein. Data are mean ± SEM of n = 5 brain
mitochondria preparations per group. (C) Δψm response to 25 nmol Ca2+ bolus (250 nmol of
Ca2+/mg protein) calculated as [(1/FLN nmol Ca

2+)/(1/FL0 nmol Ca
2+) × 100], where FLN is

fluorescence of safranin-O at N nmol Ca2+. Safranin-O fluorescence inversely correlates
with Δψm. Data are mean of n = 4 brain mitochondria preparations per group. (D) Δψm
response to respiratory chain uncoupler SF6847 calculated as in C. Data are presented as
mean of n =3 for hUCP2 and n = 4 for hUCP2 G93A. IC50values in C and D were calculated
from the fitted curves of the Hill equation y=xn/(kn+xn), where x is Ca2+ or SF6847
concentration, n is the Hill coefficient, and k is the IC50 value
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