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Abstract
In vivo evidence for brain mitochondrial dysfunction in animal models of Huntington disease (HD) is scarce. We applied the
novel 17O magnetic resonance spectroscopy (MRS) technique on R6/2 mice to directly determine rates of oxygen consumption
(CMRO2) and assess mitochondrial function in vivo. Basal respiration and maximal CMRO2 in the presence of the
mitochondrial uncoupler dinitrophenol (DNP) were compared using 16.4 T in isoflurane anesthetized wild type (WT) and HD
mice at 9 weeks. At rest, striatal CMRO2 of R6/2 mice was equivalent to that of WT, indicating comparable mitochondrial
output despite onset of motor symptoms in R6/2. After DNP injection, the maximal CMRO2 in both striatum and cortex of R6/
2 mice was significantly lower than that of WT, indicating less spare energy generating capacity. In a separate set of mice,
oligomycin injection to block ATP generation decreased CMRO2 equally in brains of R6/2 and WT mice, suggesting oxidative
phosphorylation capacity and respiratory coupling were equivalent at rest. Expression levels of representative mitochondrial
proteins were compared from harvested tissue samples. Significant differences between R6/2 and WT included: in striatum,
lower VDAC and the mitochondrially encoded cytochrome oxidase subunit I relative to actin; in cortex, lower tricarboxylic
acid cycle enzyme aconitase and higher protein carbonyls; in both, lower glycolytic enzyme enolase. Therefore in R6/2
striatum, lowered CMRO2 may be attributed to a decrease in mitochondria while the cortical CMRO2 decrease may result from
constraints upstream in energetic pathways, suggesting regionally specific changes and possibly rates of metabolic
impairment.

Introduction
In Huntington’s disease (HD, the expanded CAG repeat expan-
sion in the ubiquitously expressed huntingtin protein produces
energetic dysfunction along with other physiological problems.
Much effort has been expended trying to pinpoint whether the
metabolic compromise in HD brains arises from deficits in gly-
colysis or mitochondrial function. Different experimental mod-
els and strategies have uncovered abnormalities in glucose
uptake (1,2), glycolytic flux (3), metabolite and ATP levels (4–7),

mitochondrial biogenesis (8), dynamics (9), protein import (10),
transport (11) and enzyme function (12). Enzymatically, a long
standing debate exists over whether deficits in energy genera-
tion are attributable to glycolytic, tricarboxylic acid cycle (TCA)
(3) or electron transport chain (ETC) abnormalities and whether
these are causal or consequence of disease progression (12,13).
Abnormalities in glycolysis and TCA cycle have been reported
(3,14,15) as well as downstream constrictions in high energy
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phosphate storage capacity (16). In the rapidly progressive R6/2
mouse model of HD, respiration has been reported to be
unchanged in isolated brain mitochondria at 3–4 weeks and im-
paired in 12-week-old striatal homogenates (10,17). Normal
electron transport function has been reported in brain mito-
chondria from several HD mice (13,14,18) and several cellular
preparations (19,20), while abnormal fluxes have only been re-
ported for end stage R6/2 brains (17). In vivo in humans at early
disease stages, glycolytic dysfunction has been implicated (21)
while postmortem enzymatic assessments indicate electron
transport defects (22). These conflicting results may be attribut-
able to varying onset of regionally specific enzymatic deficits at
different stages of disease that are not well aligned among mul-
tiple models of the human disease. Methodologically, the ma-
jority of these studies have been conducted in a variety of
reduced preparations necessary for measuring the particular
biochemistry of interest.

High field strength, magnet-based techniques offer ways to
make the same measurements in both humans and mouse
models of HD. 17O magnetic resonance spectroscopy (MRS) pro-
vides a simple, noninvasive way to assess flux at one down-
stream step of the energy generating pathway, complex IV
(cytochrome c oxidase, CIV) of the ETC. In vivo, the H17

2 O pro-
duced by CIV from inhaled 17O2 can be monitored by 17O MRS at
high magnetic field (23–26). 17O MRS has been used successfully
to assess regional differences in the cerebral metabolic rate of
oxygen utilization (CMRO2) and to detect areas of infarct follow-
ing middle cerebral artery occlusion (24,25).

Recently we demonstrated the feasibility of measuring re-
gional CMRO2 using 17O MRS in mice with high within-session
test–retest reproducibility (27). In the experiments reported
here, we sought to measure CMRO2 in both basal and metaboli-
cally challenged states in the well described R6/2 mouse model
of HD. To maximally stimulate electron transport flux in vivo
and to obtain the maximal velocity of the CIV reaction, di-
nitrophenol (DNP) was injected to uncouple CIV from oxidative
phosphorylation (28). In an isolated mitochondrial preparation,
the maximal enzymatic flux through CIV would be considered
to be proportional to the amount of enzyme present. This would
determine whether striatum and cortex in mouse HD had simi-
lar abilities to respond to increases in metabolic demand as in
control mouse brains. Similarly, examining 17O MRS in the pres-
ence of oligomycin (oligo) to block oxidative phosphorylation
would determine the coupling between complex IV and V in
mouse HD. We used mice at 9 wk of age when disease is mani-
fest but before its overt mitochondrial defects have been re-
ported in reduced preparations (17,29).

Results
Physiological studies

At 9 weeks of age, R6/2 mice show symptoms of manifest dis-
ease (4,29,30). All R6/2 mice used in this study demonstrated
clasping behavior; wild type mice did not.

Previous work established the reliability of repeated 17O MRS
measurements of CMRO2 in mouse striatum under basal condi-
tions (27). To achieve reliable CMRO2 measurements after mito-
chondrial inhibition, 17O MRS scans would have to be obtained
at a time when drug was active in the brain but prior to physio-
logical deterioration. Primarily, the blood oxygen saturation
could not drop and secondarily, the respiration rate should not
change during the two 17O MRS scans for each mouse (the first
one at baseline, prior to drug injection and the second one

following drug injection). Since the pharmacokinetic properties
of DNP and oligomycin distribution, absorption and bioavail-
ability in mice were uncertain, we performed bench studies to
determine how long various physiological parameters remained
stable following injection. The dose of each drug to be used in
the MRS studies was determined during these initial bench
studies to provide equivalent survival times between genotypes,
a surrogate measure of bioavailability. For a 21 mg/kg dose of
DNP, survival times were 31 6 6 min, N¼ 5 for wt and 44 6

18 min, N¼ 5 for R6/2 (p¼ 0.15, 2 tailed t test). For a 2.25 mg/kg
dose of oligomycin, survival times were 35 6 7 min, N¼ 6 for wt
and 41 6 6 min, N¼ 4 for R6/2 (p¼ 0.15, two-tailed t test). These
chosen dosages provided a period of relative physiological sta-
bility in which to measure drug effects upon CMRO2 (Fig. 1).

In the bench studies, R6/2 breathing rate and body tempera-
ture were more variable than those of the wild type mice (Fig.
1B, C, F and G). Changes in the heart rate signaled onset of DNP
or oligomycin effects in the periphery (Fig. 1D and H). For wild
type mice, these occurred almost immediately after drug injec-
tion. For R6/2 mice, changes in heart rate were more delayed, by
up to 10 min. Most importantly, blood oxygen saturation was
generally very stable and high (>95%) for both R6/2 and wild
type mice, both initially and for at least 20 min following injec-
tion of either drug (Fig. 1A and E). Decreases in the oxygen con-
centration in the blood signaled deterioration leading to death.
This demonstrates that despite variation in breathing rates con-
trolling oxygen intake and heart rate controlling blood flow to
the brain, the concentration of oxygen in the blood delivered to
the brain was virtually constant for 20–25 min following injec-
tion. Given these physiological profiles following drug injection,
the second 17O MRS scan was acquired beginning 10 min after
drug injection. The second 17O2 inhalation was completed
15.5 min post-injection.

Only breathing rate and body temperature could be moni-
tored during the magnet studies without compromising the 17O
MRS signal. These remained stable for both genotypes of mice
(Table 1, examples in Fig. 2C, D, G and H). Minor differences in
body temperature did reach statistical significance across geno-
types and drug delivery in a few cases. However, these were of
no practical significance because the values were all within nor-
mal physiological ranges. Since variations in breathing rate,
body temperature and anesthesia level could influence CMRO2,
these physiological parameters were all considered as covari-
ates in subsequent statistical evaluation of the CMRO2 values.

17O MRS

During the 2.5min 17O2 inhalation, the peak 17O MRS signal in-
creased (Fig. 2B and F) as the 17O became incorporated into water
by complex IV of the ETC (see Fig. 7, (25,27)). The rate of increase of
the 17O signal represents the CMRO2 (fitted slopes in Fig. 2B and F).
Under anesthesia, the basal rates of CMRO2 in R6/2 striatum and
cortex were not different from each other or those in the corre-
sponding regions of wild type mice (cortex: 2.74 6 0.45 mmole/g/
min, N¼ 25 WT versus 2.57 6 0.47 mmole/g/min N¼ 25, R6/2,
p¼ 0.20, two-tailed t test; striatum: 2.72 6 0.46 mmole/g/min WT
versus 2.596 0.39 mmole/g/min R6/2, p¼ 0.29; Fig. 3, all basal bars).

As a mitochondrial uncoupler, DNP was expected to deplete
the hydrogen ion gradient across the mitochondrial inner mem-
brane, stimulating the ETC to operate maximally. After DNP in-
jection, the slopes of the 17O signal over time increased in both
wild type and R6/2 mouse striata, indicating an increase in met-
abolic flux (Fig. 2B and F). In both striatum and cortex, the
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stimulation of CMRO2 induced by DNP was significantly greater
in wild type mice than in the R6/2 (Fig. 3A and B), indicating that
the mutant huntingtin mice had a reduced ability to produce
oxidative energy in response to metabolic stress. Spare energy
capacity was calculated as the difference between CMRO2 in the
presence of DNP minus basal CMRO2. Significant differences
were observed in spare capacity between WT and R6/2 mice in
striatum (0.78 6 0.48 mmole/g/min versus 0.38 6 0.33 mmole/g/

min, p¼ 0.02) but not in cortex (0.54 6 0.34 mmole/g/min versus
0.34 6 0.26 mmole/g/min, p¼ 0.22, 2 tailed t test).

By blocking the oxidative phosphorylation synthesizing ATP
in complex V, oligomycin stabilizes a high proton gradient
across the inner mitochondrial membrane, slowing the ETC and
oxygen utilization. When fully active, oligomycin should de-
crease the CMRO2 by an amount representing the oxidative me-
tabolism being used under basal conditions. Within 10 min of

Figure 1. Mouse physiology changes in response to the mitochondrial uncoupler dinitrophenol (DNP, A–D) or Complex V inhibitor, oligomycin (E–H) during bench stud-

ies. Drug was injected via a cannula in the femoral vein at time 0. Data are mean 6 SD for (A–D) N¼ 5 WT (black squares) and N¼5 R6/2 (grey triangles); (E-H) WT N¼6,

R6/2 N¼4.

2815Human Molecular Genetics, 2016, Vol. 25, No. 13 |



injection, oxidative metabolism was expected to decrease pro-
portional to oligomycin bioavailability to that point. Oligomycin
did indeed decrease the CMRO2 in both striatum and cortex of
both wild type and R6/2 mice (Fig. 3C and D). However, no re-
gional nor genotype specific differences were observed, suggest-
ing that oxidative phosphorylation contributed to basal
metabolism equally in both regions of diseased and non-
diseased mice. The coupling efficiency between ATP production
and ETC function was calculated by dividing the fraction of
basal CMRO2 used for ATP synthesis (basal rate minus CMRO2 in
the presence of oligomycin) by the basal CMRO2. No differences
were observed in coupling efficiencies between R6/2 and WT in
either region (striatum 0.089 6 0.049 WT, 0.089 6 0.134 R6/2,
p¼ 1.0; cortex 0.100 6 0.083 WT, 0.147 6 0.097 R6/2, p¼ 0.26, two-
tailed t test).

When saline was delivered for the drug injection, the second
CMRO2 measurements were equivalent to the first, as in the pre-
vious study (27). This was true for R6/2 mice showing manifest
disease, as well as the wild type mice (Fig. 3E and F).

Ex vivo biochemistry

The lower maximal CMRO2 in R6/2 mice suggested that the
amount of CIV enzyme and possibly the number of mitochon-
dria could be lower in these brains. To examine the first possi-
bility, cortical and striatal tissue from 9-week-old wild type and
R/2 mice were assayed ex vivo for CIV activity. Surprisingly, no
differences were observed between diseased and normal mice
in either brain region (Fig. 4A), indicating a reduction in enzyme
levels or mitochondrial mass was unlikely. The ex vivo CIV activ-
ities and DNP-stimulated CMRO2 values from the same mice
were correlated (Fig. 4B, r2¼0.40, p¼ 0.016), indicating that the
17O measurements indeed reflected oxygen consumption at
complex IV. However, when compared by genotype, the correla-
tion coefficient for R6/2 mice (r2¼0.25, p¼ 0.21) was lower than
that for wild type mice (r2¼0.54, p¼ 0.10). This discrepancy sug-
gests the possibility that in R6/2 brain, substrate availability
may limit maximal energetic flux.

To determine if mitochondrial protein was decreased in R6/2
striatum and cortex, expression levels for representative pro-
teins from each electron transport complex and the voltage-
dependent anion channel (VDAC) were examined and ratioed to
actin as a marker of cell volume (Fig. 5). No significant differ-
ences were observed in the amount of actin detected among all
gel columns (data not shown). For complex IV, antibodies

against the entire holoenzyme (CIV) and a mitochondrially
encoded subunit (COX I) were both probed. Consistent with the
activity measurements, no differences in cellular expression
levels were observed for complexes I, II, III and holoenzyme IV
in either region between R6/2 and wild type mice (Fig. 5A–C and
E). The large variation in CIV:Actin precluded the trend towards
lower values in R6/2 from approaching significance (Fig. 5E,
p¼ 0.55, 0.19 for cortex and striatum, respectively). However,
the mitochondrially encoded COX I expression in striatum was
significantly lower in R6/2 striatum (Fig. 5D). Similarly, expres-
sion of another mitochondrial marker, the outer mitochondrial
membrane protein VDAC was lower in R6/2 striatum (Fig. 5G).

While the in vivo decrease in striatal R6/2 CMRO2 could possi-
bly be easily explained by mitochondrial loss, this explanation
or the lack of changes in the ETC would not account for the cor-
tical decrease in DNP-stimulated CMRO2. Another explanation
might be that metabolic flux may have been compromised due
to restrictions in upstream metabolic pathways. To investigate
this possibility, we examined the expression of aconitase and
enolase as representative proteins from the TCA cycle and gly-
colysis, respectively. Each has previously been implicated in HD
pathophysiology (31–34). When ratioed to actin, cortical aconi-
tase trended lower in the R6/2 brains (Fig. 6A). When ratioed to
VDAC as a mitochondrial marker, cortical aconitase expression
was twice that of the striatum in WT brains (Fig. 6B). Aconitase/
VDAC was markedly reduced in the R6/2 cortex, but did not ap-
pear so in the striatum because of the lower VDAC expression
(Fig. 6B).

Neuron-specific enolase expression ratioed to actin was
greatly reduced in both cortex and striatum of R6/2 brains (Fig.
6C). Aconitase, enolase and VDAC become oxidized in R6/2
whole brain at 10 weeks, providing another possible explana-
tion for restricted metabolic flux (31). In keeping with this, when
we probed all proteins for the presence of protein carbonyl
groups, cortical proteins from R6/2 mice were significantly more
oxidized than those in wild type cortex (Fig. 6D). In this analysis,
a main effect was found for genotype (p¼ 0.004), but the R6/2
striatal carbonyl levels were not significantly different from
those of wild type (p¼ 0.33).

Discussion
These in vivo cortical and striatal CMRO2 measurements indi-
cate that at rest, the ETC flux appears normal in the R6/2 mouse.
Oxidative phosphorylation in the basal state also seems normal

Table 1. Physiological parameters during MRS scanning

Breathing Rate Body Temperature Isoflurane Level

wild type R6/2 wild type R6/2 wild type R6/2

Experiment mean (sd) mean (sd) mean (sd) mean (sd) mean (sd) mean (sd)
Basal 109.8 (11.8) 120.3 (12.5) 37.9 (0.3) 36.9 (0.4)** 1.4 (0.1) 1.5 (0.2)
After saline 104.0 (20.6) 119.0 (13.2) 37.9 (0.2) 37.4 (0.3)*ˆ 1.3 (0.3) 1.4 (0.1)
N 5 3 5 3 5 3
Basal 104.1 (16.4) 121.6 (14.8)* 37.6 (1.1) 37.5 (0.5) 1.3 (0.2) 1.2 (0.4)
After DNP 105.0 (16.7) 108.6 (19.9) 37.9 (0.9) 37.8 (0.5) 1.2 (0.3) 1.2 (0.3)
N 10 11 10 11 10 11
Basal 107.9 (10.3) 120.6 (23.3) 37.6 (0.5) 38.2 (0.6)* 1.1 (0.3) 1.1 (0.3)
After oligo 108.3 (19.8) 111.5 (23.1) 37.8 (0.4)ˆˆˆ 38.1 (0.4) 1.1 (0.3) 1.0 (0.2)
N 10 11 10 11 10 11

*, **p < 0.05, p < 0.01 compared to wild type, unpaired t test.

,̂ ˆˆˆp<0.05, p¼0.001 compared to basal condition, paired t test.
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in this mouse HD model, as seen from the oligomycin experi-
ments. However, when maximally stressed in the DNP experi-
ments, both cortex and striatum of R6/2 brain have less spare
energy capacity than non-diseased mice. Naively, one would ex-
pect this lower maximal CMRO2 to be paralleled by both lowered
maximal CIV activity and protein expression levels ex vivo.
Surprisingly, this was not universally the case. In striatum,
VDAC and COX I decreases suggested some loss of mitochon-
dria, but this was not reflected in expression levels of other ETC
proteins. The lower maximal spare capacity in R6/2 may be at-
tributable to additional in vivo restrictions on metabolic flux
from upstream processes. While we did not perform exhaustive

metabolomics or proteomic analyses, our survey of key en-
zymes in the ETC, TCA and glycolysis indicated that metabolic
flux was likely restricted through glycolysis and TCA in cortex
and through glycolysis and possibly TCA in striatum. Most in-
terestingly, these data raise the possibility that substrate influx
into mitochondria via VDAC might also be restricted in the stri-
atum in this mouse model.

The variability among mice for the current basal CMRO2

measurements was comparable to that reported in a previous
test-retest study (27). Since the CMRO2 values are influenced by
oxygen intake and physiological status, keeping breathing rate
and body temperature within normal limits was a priority

Figure 2. Example 17O2 MRS data and mouse physiology used for CMRO2 calculations for a wild type (A–D) and an R6/2 (E–H) mouse. (A, E) 1H T2 weighted coronal im-

ages overlaid with the corresponding slice of 17O 3D CSI image, 1.5 min into the first 2.5 min inhalation. Voxels are indicated by black circles. (B, F) 17O signal from the

right striatum during first (circles) baseline inhalation and second (triangles) inhalation after injection of DNP. Signal slopes during the inhalation indicated rate of oxy-

gen consumption. During MRS scanning (dotted lines), breathing rate (C, G) and body temperature (D, H) remained stable.
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Figure 4. Cytochrome c oxidase enzyme activity in homogenates of cortex and striatum of wild type and R6/2 mice at 9 weeks. (A) ex vivo cytochrome oxidase activity

for cortex and striatum of wild type and R6/2 mice, meanþSD, N¼10 each. (B) Correlation of in vitro CIV activity with in vivo CMRO2 values in the presence of DNP.

Data are from cortex and striatum of three wild type and four R6/2 mice (r2¼0.40 for all data points, solid black line; r2¼0.25 for R6/2, dotted grey line; r2¼0.54 for wt,

dotted black line).

Figure 3. Summary of CMRO2 data from wild type (white) and R6/2 (hatched) cortex (left column) and striatum (right column). (A, B) DNP injection significantly in-

creased CMRO2 in both regions of all mice, but the increase in R6/2 (hatched) was less than in wild type (white) mice. (C, D) Oligomycin injection decreased the CMRO2

in striatum and cortex of both R6/2 (hatched) and wild type (white) mice. No differences were observed between R6/2 and WT mice in either region. (E, F) No differences

in CMRO2 were observed between regions or genotype when saline was injected prior to the second 17O2 inhalation. Data are meanþSD. N ¼10–11 for A, B. N¼3–5 for

E, F. P values appear above lines indicating significant comparisons.
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during the 17O MRS scans. To determine that the CMRO2 com-
parisons reflected disease and not anesthetic status, a general
linear model that incorporated the physiological variables as co-
variates was used in all statistical evaluations.

Other measures of CMRO2 in HD

This is the first report of CMRO2 in an animal model of HD. The
unaltered brain CMRO2 in the anesthetized state indicated that

basal mitochondrial output was adequate to support quiescent
brain function in both wild type and diseased mice. This does
not however rule out the possibility that differences might be
found in the awake state where neural activity generated in-
creases in intracellular calcium might differentially stimulate
metabolism in diseased and normal mice. The absence of a dif-
ference in the CMRO2 in the presence of oligomycin between R6/
2 and WT brains suggests that oxidative phosphorylation in R6/
2 brain mitochondria was not impaired. This similarity also

Figure 5. Relative expression levels of representative electron transport chain proteins (complexes I, II, III, IV, V and mitochondria encoded subunit 1 of complex IV

(COX I)) and mitochondrial voltage dependent anion channel (VDAC) in cortical and striatal tissue from wild type and R6/2 mice. Expression levels are ratioed to actin

(A–G). Data are meanþ sem, N¼10 per genotype in A–F; N¼11–12 in G.
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rules out an increase in mitochondrial uncoupling in the R6/2
brain.

In mouse, sensory stimulation-induced changes in cortical
CMRO2 measured using photoacoustical microscopy were re-
ported to peak at �15% (35). The DNP-stimulated CMRO2 mea-
sured here represented a 20% increase for cortex and 30%
increase for striatum in WT mice. As expected, DNP produced a
greater effect than natural stimulation. In the R6/2 brain, the
DNP-induced maximal stimulation was limited to 14-15%, a
level that would be sufficient to respond to natural stimulation
but not excessive stress. The true maximal effects of the in-
jected drugs likely occurred after our measurements were taken
when mouse physiology became unstable. Therefore the values
reported here for DNP-stimulated CMRO2 are likely underesti-
mates of maximum and should not be compared directly to
those obtained from reduced preparations.

Never the less, in striatal neurons cultured from embryonic
HD rat, oxygen consumption rate, respiratory control ratio (RCR)
and spare capacity were normal in abundant glucose but de-
creased when glucose was restricted to 2.5 mM (14). Alternate
energy substrates (lactate and pyruvate) supplement this respi-
ratory function but do not fully restore it (14). Substrate avail-
ability in the current in vivo studies was not measured, but all
animals had ad lib access to food until they were anesthetized.
We can estimate the RCR by dividing the CMRO2 in the presence
of DNP by the CMRO2 in the presence of oligomycin. For wild
type animals, the RCR estimates were 1.41 and 1.38 in striatum
and cortex, respectively. For R6/2, the estimated RCRs were 1.19
and 1.13 for striatum and cortex, respectively, clearly less than
normal.

In humans, basal measures of occipital ATP generation,
Pi/ATP and Pi/PCR measured with 31P MRS, were not different
between early stage HD patients and controls but after visual
stimulation, these measures increased in the controls but not in

the HD brains (6). This functional stress parallels the uncoupling
stress applied in the current study. Both suggest the HD brain is
unable to meet the energy generating needs of functional de-
mands. Indeed, HPLC measurements of ATP concentration in
R6/2 striatum and cortex at 8 wk is decreased by 6–9% (7), but
this deficit was too small to observe by noninvasive MRS meth-
ods (5). Phosphocreatine levels, representing the stored cellular
energy, progressively increase in R6/2 brains over their lifetime,
consistent with a compensatory attempt to replenish energy or
a restriction in PCr breakdown and use (4,5,16).

Glycolysis

The evidence is mixed for abnormalities in glycolytic metabo-
lism in HD. While striatal glucose uptake exceeds that of the
cortex in normal mice (36), cerebral glucose uptake has been re-
ported to be unchanged (37) or decreased early and progres-
sively in R6/2 (1,38). Decreased spare capacity and higher
glycolytic flux characterize a striatal cell line expressing mutant
huntingtin with a 111 repeat expansion compared to a sister
line with only seven repeats (39). An early PET study in asymp-
tomatic at risk individuals identified a subgroup with markedly
decreased caudate glucose metabolism (40). Moreover, PET mea-
surements of occipital CMRO2, cerebral blood flow and oxygen
extraction fraction were not different between early stage HD
and matched controls at rest (21). However, the cerebral meta-
bolic rate of glucose consumption (CMRglc) was decreased in
human striatum, suggesting glycolytic compromise. As a conse-
quence, the ratio CMRO2/CMRglc rose from a normal value of 5.1
to the maximum theoretical value of 6.0, indicating an in-
creased efficiency for energy generation. Essentially everything
processed through glycolysis was utilized to produce ATP, a re-
sult inconsistent with dysfunctional electron transport (21). In

Figure 6. Analysis of the TCA cycle enzyme, aconitase (A, B) and the glycolytic enzyme, enolase (C) in cortical and striatal tissue from wild type and R6/2 mice. (A, B)

Western blots of regional brain homogenates of aconitase ratioed to actin (A) or VDAC (B). Data are meanþ sem, N¼13–14 per group. (C) Western blots of regional brain

homogenates of enolase ratioed to actin, N¼8 per group. (D) Protein oxidation measured by Oxyblot signal intensity of all proteins in the regional brain homogenates

of WT and R6/2. Data are mean 6 sem, N¼9 per group.
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addition, in vitro ETC function in platelets taken from these pa-
tients prior to scanning, was not correlated with the in vivo
CMRO2/CMRglc measures (41). Our CMRO2 measurements in R6/
2 mice suggest they possess a similar phenotype.

Protein expression

Cortical aconitase activity may be reduced by both the lower
level of aconitase expression, and the possibility that this pro-
tein is oxidized (31), suggesting that the decrease in DNP-
stimulated cortical CMRO2 observed in the R6/2 brain may be
attributable to reductions in TCA flux. Previously, aconitase was
reported decreased in R6/2 striatum but not cortex at 12 wk,
while CIV activity was decreased in both regions (32). At 9
weeks, we saw no difference between R6/2 vs WT in ex vivo CIV
activity and aconitase expression was lower in R6/2 cortex. In
R6/2, respiration has been reported to be unchanged in isolated
brain mitochondria at 3-4 weeks or impaired in striatal homoge-
nates at 12 wk (10,17). If we assume that our R6/2 data add a
snapshot of metabolism at an additional 9-week time point, to-
gether these data suggest that expression levels and activity of
various metabolic enzymes are dynamically changing over dis-
ease progression. Protein carbonyls previously had been shown
to increase at 13 weeks but not earlier in R6/2 whole brain (34).
We now show significant oxidized proteins in cortex at 9 weeks.
Although we did not identify individual oxidized proteins,
VDAC1, aconitase and neuron-specific enolase are each oxi-
dized in R6/2 striatum at 10 weeks (31) and would be expected
to contribute to both the Oxyblot signal reported here and to de-
creased flux through glycolysis and the TCA cycle. VDAC is also
oxidized in Alzheimer’s disease brains and after traumatic in-
jury to rat brain (42,43).

In addition to mitochondrial loss, some other critical func-
tion of VDAC may be absent in the R6/2 striatum at 9 weeks. In

the outer mitochondrial membrane, VDAC forms the pathway
for substrates of electron transport to cross this membrane
(Fig. 7, (44)). Specific transport proteins shuttle substrates across
the inner mitochondrial membrane. Thus, VDAC is in a position
to limit substrate availability for energy generation. In cancer
cells, VDAC opening and closing limits mitochondrial substrate
availability and ATP production. One consequence of VDAC clo-
sure is glycolytic ATP production in aerobic conditions, termed
the Warburg effect (44,45). We speculate that a similar process
could be occurring in R6/2 striatum. VDAC1 is also responsible
for Ca2þ influx across the outer mitochondrial membrane.
Reduced VDAC1 levels might homeostatically reduce mitochon-
drial calcium accumulations to apoptotic stimuli (46).

Limitations

A central problem in understanding the progressive changes in
protein expression in HD models is what to use as a reference
for comparison. Some studies compare expression levels to a
marker protein while others ratio to one region or to wild type
levels (31,47). VDAC1 expression was previously examined by
ratioing 2D gels among paired R6/2 and control mice (31,47).
Results were contradictory, with one study reporting slight
whole brain increases at 8 weeks (47) and another reporting no
change in 10 weeks striatum (31). VDAC and actin are typically
used as markers for mitochondrial and cellular mass. Both may
be changing in HD as neuronal cells shrink (or fail to grow) and
glial cells proliferate (4,47,48). Nevertheless, by ratioing to actin,
Figure 5 reports the relative amount of energy generating pro-
tein machinery available to cells and mitochondria. Relative
VDAC and COX I decreases suggest mitochondrial mass has
shrunk but the majority of ETC protein levels remained normal
in the 9-week R6/2 cortex and striatum. The acknowledged, sig-
nificant variability among gels precluded resolving additional

Figure 7. Metabolic pathways and mitochondrial proteins altered or implicated in the altered function observed in this study. Changes in protein expression in enolase

(round cloud) may slow glycolytic ATP production (glycolysis, solid grey arrows). Pyruvate, as well as other mitochondrial substrates, crosses the mitochondrial outer

membrane when the voltage dependent anion channel (VDAC, large barrel) is open. Pyruvate is transported across the inner mitochondrial membrane through the mi-

tochondrial pyruvate carrier (MPC). Other substrates utilize a variety of transporters (small barrels) to enter the mitochondrial matrix. Decreases in striatal VDAC ex-

pression may limit substrate availability. Inside the matrix, pyruvate enters the TCA cycle (open single headed arrows). Decreases in expression of cortical aconitase

(oval cloud) may limit flux through TCA. These upstream alterations may limit flux through the electron transport chain complexes and oxidative phosphorylation,

whose overall expression levels were largely unchanged. In vivo CMRO2 was measured from the conversion of 17O2 to H17
2 O by complex IV (curved arrow). ATP produced

by complex V and ADP cross the inner mitochondrial membrane through the adenine nucleotide transporter (ANT) and the outer mitochondrial membrane through

VDAC. Decreases in striatal VDAC could also limit ATP and ADP movement into and out of mitochondria. The site of action of DNP and oligomycin are also indicated.
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changes in other ETC proteins. Decreased VDAC/actin levels
have been reported in StHdHQ111/Q7 cells in the absence of de-
creases in other electron transport subunits (49). In these cells,
CIV activity increased when Cox17, another CIV subunit, ex-
pression and CI activity decreased, demonstrating that compen-
satory responses occur even within the ETC (49). In R6/2 mice,
loss of body temperature indicative of PGC1a, the master regula-
tor of mitochondrial biogenesis (50), stimulated abnormalities
in mitochondrial biogenesis beginning at 10 weeks (8), so a defi-
cit in mitochondrial biogenesis would not be expected to be a
major contributor to measurements in our study. Given that rel-
ative ETC complex levels vary by tissue type and that mitochon-
dria are regulated by transcriptional, translational and
functional factors (51), VDAC or COX I expression may be regu-
lated differently than the other ETC complexes.

These data do not generally distinguish neuronal and glial
contributions. Only the enolase expression was specific to neu-
rons. We cannot rule out compensatory changes in glial mito-
chondrial protein expression that might counteract or
complement neuronal energy deficits (52). Similarly, changes in
electron transport protein expression in a subset of mitochon-
dria might be masked by the assay variability. Synaptosomal,
but not non-synaptosomal, mitochondria have less ATP in
CAG150 knock in HD mouse brains compared to controls (53,54).
Mutant htt binds to a transport protein in the inner mitochon-
drial membrane responsible for import of nuclear encoded
proteins and impairs uptake into synaptosomal but not non-
synaptosomal mitochondria (10). The deficit in maximal CMRO2

reported here was pharmacologically produced and should re-
flect activation of the ETC in all cerebral mitochondria com-
bined, not just those from a specific compartment. Similarly,
the protein evaluations were performed on regional tissue ho-
mogenates, not purified mitochondria, to obtain overall expres-
sion changes that might reflect the in vivo CMRO2

measurements.

Conclusion

Our current data, from a single time point in an overtly diseased
mouse, illustrate how a single measure of mitochondrial func-
tion, CMRO2, might actually reflect multiple dynamic changes
in upstream metabolic pathways. Metabolic dysfunction, at
least in the R6/2 mouse, and possibly more generally in HD, de-
velops in a longitudinally progressive manner that may be re-
gionally specific, or desynchronized among brain regions (4).
Since the mutant gene is present from gestation, compensatory
homeostatic mechanisms must be invoked initially and
throughout a mouse or human lifetime to explain the superfi-
cially normal phenotype prior to onset of debilitating function.
Given the strong homeostatic regulation of ATP levels, compen-
satory shifts in flux through energy pathways almost certainly
occur. Thus a documented deficit at one point in a pathway
may not result in an overall downstream loss of energy produc-
tion until the system is stressed. Such stresses shift the entire
energy production system out of its normal operating space.
The current data illustrated this. Despite deficits in glycolytic
and TCA enzymes and a possible loss of striatal mitochondria,
CMRO2 and probably energy production remained normal in R6/
2 under basal conditions but exhibited limited spare capacity to
respond to increased demands. We do not know if maximal
CMRO2 is compromised at earlier ages in the R6/2 mouse but
this might be expected. Correspondingly, as disease progresses,
the currently documented changes may expand across more

regions and additional deficits could accrue, as occurs in hu-
mans (55). Excessive mitochondrial dysfunction, however, may
be limited to end stage disease.

Materials and Methods
Animals

All animal procedures were approved by the University of
Minnesota Institutional Animal Care and Use Committee. Male
R6/2 mutant huntingtin mice and C57B6/CBA wild type controls
were obtained from Jackson Laboratories. CAG repeat length
ranged from 120 to 128 glutamines. Animals were housed and
cared for in accordance with the Guide for the Care and Use of
Laboratory Animals. In pilot studies female mice were also
tested. Survival rates and physiological parameters (described
below) were more variable for female mice than male mice of
both genotypes. Therefore, only male mice were used in these
experiments. Across all studies, a total of 68 mice were used.

At nine weeks of age, mice were weighed, checked for a
clasping response and anesthetized with isoflurane (3.0% for in-
duction, �1.5% for maintenance) in a 1:1 mixture of nitrous ox-
ide and oxygen. Isoflurane levels were adjusted manually to
maintain breathing rates stable during all experiments. The
right femoral vein was cannulated for drug delivery. To prevent
occlusion 10 ml saline with 20U heparin was administered. For
the physiological bench studies and during cannulation, a
MouseOx Plus system (Starr Life Sciences, Oakmont, PA, USA)
was used to monitor heart rate, oxygen saturation, breathing
rate, and body temperature of mice. For the magnet studies, a
Model 1025 Monitoring & Gating System (Small Animal
Instruments, Inc, Stony Brook, NY) was used to monitor breath-
ing rate and body temperature. Body temperature (maintained
between 36 and 39 �C) was regulated by a thermostat and exper-
imenter oversight of a lamp on the bench and both a circulating
warm water system and a heating fan system in the magnet.
Spontaneously breathing mice were placed in a custom holder
with a tightly fitting nose cone connected to a custom built
pneumatic switching system to deliver the anesthetic mix in
normal O2 or 17O2 (70% enriched, Cambridge Isotope
Laboratories, Tewksbury, MA, USA) during scanning (27). After
physiological parameters were stable for a minimum of 10 min,
drug (saline, 21mg/kg dinitrophenol or 2.25 mg/kg oligomycin)
was injected intravenously at a rate of 200ml/min.

Magnetic resonance protocol

All MRI studies were performed using a 16.4 T Varian/Magnex
(26 cm bore) system. A home built linear surface 17O coil com-
bined with a quadrature 1H coil designed for minimal cross-talk
was used to acquire axial anatomic 1H images and three dimen-
sional 17O MRSI (magnetic resonance spectroscopy imaging)
data with 15.4 seconds temporal resolution using previously de-
scribed parameters (27). The coil was positioned with the most
sensitive area over the striatum and anterior cortex. After initial
17O MRSI data were acquired for 3 min during non-labeled O2 in-
halation, the respiration gas was switched to the 17O2 mixture
while 17O MRSI data were continuously acquired. After 2.5 min
of 17O2 inhalation, the gas was switched back to the unlabeled
O2/N2O gas mixture, and the 17O MRSI acquisition was contin-
ued for up to 15 minutes (27). Drug was injected intravenously
15–20 min following the first inhalation. Ten minutes later, a
second MRSI acquisition sequence with 2.5 min 17O2 inhalation
ensued.
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Cerebral metabolic rate of oxygen (CMRO2) calculation

The cylindrical voxel size was nominally 9.3 mm3 (diameter 2.2
mm, height 2.4 mm). For striatal CMRO2, single voxels were
placed over each striatum, lateral to the ventricle (Fig. 2A and
E). For ‘cortical’ CMRO2, a bilateral voxel was placed over the
midline prefrontal and motor cortex extending ventrally into
the septal area. The H17

2 O resonance intensities from each voxel
were converted to absolute H17

2 O concentrations using the natu-
ral abundance signal (20.35 lmol/g) from the same voxel as an
internal reference. Linear regression of the brain H17

2 O concen-
tration time courses during the 17O2 inhalation period was ap-
plied and the slopes were used for calculating the CMRO2

values. CMRO2 values are presented as lmoles O2/min/g brain
water. We previously determined that the water content of R6/2
brains did not differ from littermates (4). This simplified model
has been previously validated in rat brains with short 17O2 inha-
lation where fast exchange of the oxygen gas is expected (25,26).
To verify the appropriateness of the linear model, a subset of
the data were also analyzed by a polynomial model (25,26). The
variability was increased by the more complex model as it over-
fit the limited data points during the inhalation. Thus the
CMRO2 fits from the linear model were reported.

Tissue harvesting

Following completion of the magnet protocol, mice were re-
turned to 3% isoflurane and rapidly sacrificed. Brains were re-
moved on ice and cortex and striatum were dissected into
homogenization buffer (50 mM KCl, 5 mM EGTA, 5 mM MgCl2, 6
mM PMSF, 1% Protease Inhibitor Cocktail (Sigma-Aldrich P8340),
9% Lauryl Maltoside Solution (Abcam), pH 7.4). Tissue was flash
frozen in liquid nitrogen and stored in �80 �C. Additional tissue
was harvested from R6/2 and wild type mice not used in the
magnet study.

Complex IV activity assay

Frozen tissue was thawed on ice, and homogenized in ice cold
homogenization buffer using a Minilys Tissue Homogenizer
(Bertin Technolgies, Villeurbanne, France). The tissue lysate
was incubated on ice for 30 min and subsequently centrifuged
at 14 000 r.p.m. for 15 min at 4 �C. The supernatant was collected
and protein concentration was determined using the Bio-Rad
DC Protein Assay (Bio-Rad, Hercules, CA). Enzyme activity was
determined using a Cytochrome Oxidase Activity Colorimetric
Assay Kit (Biovision, Milpitas, CA) according to the manufac-
turer’s protocol, following the oxidation of reduced cytochrome
C at an absorption of 550nm. Absorption slopes were then com-
pared to a standard activity curve of pure Cytochrome C
Oxidase from Bovine Heart (Sigma-Aldrich, St. Louis, MO) (56).

Western blotting

Homogenized protein (30 lg) was mixed with Laemmlli Buffer
(5% ß-mercaptoethanol) and run on a 10–20% tris-glycine gel
(Life Technologies, Carlsbad, CA), transferred to InvitrolonTM

PVDF membrane (Life Technologies, Carlsbad, CA), and immu-
noblotted according to standard procedures. Primary antibodies
were 1:500 Mitoprofile total OXPHOS Rodent WB cocktail includ-
ing mouse anti-CI, CII, CIII, Cox I (CIV mitochondria encoded
subunit 1), and CV (Abcam 110413 Cambridge, MA), and 1:1000
mouse anti-CIV antibody (native holoenzyme, Molecular
Probes, Thermo Fischer Scientific, Waltham MA) diluted in

OdesseyTM TBS Blocking Buffer and 0.2% Tween-20 (Bio-Rad,
Hercules, CA). Secondary antibodies were IR Dye 800CW goat
anti-mouse (1:10,000, LICOR, Lincoln, NE). Band intensity was
analyzed using Image Studio Lite 3.1 (LICOR, Lincoln NE). After
visualization using the LI-COR Odyssey CLx imaging system,
membranes were stripped of antibody in Restore PLUS Western
Blot Stripping Buffer (Life Technologies Carlsbad, CA). The im-
munoblotting process was then repeated from the blocking step
with the substitution of primary antibodies: 1:1000 rabbit anti-
beta actin antibody (Abcam, Cambridge, MA) and 1:1000 rabbit
anti-VDAC1 antibody (Voltage Dependent Anion Channel, Cell
Signaling, Danvers, MA) and secondary antibody IR Dye 680RD
goat anti-rabbit (LICOR, Lincoln, NE). For aconitase (1:1000
mouse anti-aconitase 2, Abcam, Cambridge MA; 1:10000 IR Dye
800CW goat anti-rabbit, LICOR, Lincoln NE) and NSE (1:2000
mouse anti-NSE, Abcam, Cambridge, MA; 1:10,000 IR Dye 680RD
goat anti-mouse, LICOR, Lincoln, NE), actin and VDAC immuno-
reactivity were visualized simultaneously.

Protein oxidation

Previously homogenized aliquots of tissue were thawed on ice.
The OxyBlot Protein Oxidation Detection Kit (Millipore, S7150)
was used to determine protein oxidation following manufac-
turer’s protocol with the exception of secondary fluorescent anti-
body detection (IR Dye 700CW goat anti-rabbit antibody (LICOR)
at 1:10,000) instead of chemiluminescence. Immunoblotted
membranes were visualized and quantified as in the Westerns.

Statistics

CMRO2 and protein markers were each analyzed in a linear
mixed model with a random effect for mouse to control for re-
peated measures within mouse across regions. Predictors in the
CMRO2 model to test genotype differences and pre- vs. post-
treatment differences included genotype (WT, R6/2), experi-
ment (pre, post), and their interaction, with adjustment for
physiological variables (isoflurane level, body temperature, and
breathing rate); these were run separately for each region (cor-
tex and striatum). Genotype differences within experiment, and
pre/post differences within genotype, were compared using F-
tests of the least square means. Predictors in the CMRO2 model
to test region differences included genotype, regions, experi-
ment and all interactions, with adjustment for physiological
variables. Regions were compared using an F test of the least
square means within each combination of genotype and experi-
ment. All these CMRO2 analyses were carried out separately for
each of the three treatments used: oligo, DNP and saline.
Predictors in the protein marker models were genotype, regions,
and their interaction, adjusting for individual gels. This ac-
knowledged the significant, practical variability arising from
running tissues from only four animals per gel. Genotypes were
compared within region using an F-test of the least square
means. All analyses were run in SAS version 9.4. Two-way
ANOVAs in Table 1 and the correlations in Figure 4B were run in
GraphPad Prism version 6.01.
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