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Altered lactate metabolism in Huntington’s disease is
dependent on GLUT3 expression
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Summary

Aims: Huntington’s disease (HD) is a neurodegenerative disorder characterized by
progressive abnormalities in cognitive function, mental state, and motor control. HD
is characterized by a failure in brain energy metabolism. It has been proposed that
monocarboxylates, such as lactate, support brain activity. During neuronal synaptic
activity, ascorbic acid released from glial cells stimulates lactate and inhibits glucose
transport. The aim of this study was to evaluate the expression and function of
monocarboxylate transporters (MCTs) in two HD models.

Methods: Using immunofluorescence, qPCR, and Western blot analyses, we ex-
plored mRNA and protein levels of MCTs in the striatum of R6/2 animals and
HdhQ7/111 cells. We also evaluated MCT function in HdhQ7/111 cells using radioac-
tive tracers and the fluorescent lactate sensor Laconic.

Results: We found no significant differences in the mRNA or protein levels of neu-
ronal MCTs. Functional analyses revealed that neuronal MCT2 had a high catalytic
efficiency in HD cells. Ascorbic acid did not stimulate lactate uptake in HD cells.
Ascorbic acid was also unable to inhibit glucose transport in HD cells because they
exhibit decreased expression of the neuronal glucose transporter GLUT3.
Conclusion: We demonstrate that stimulation of lactate uptake by ascorbic acid is a
consequence of inhibiting glucose transport. Supporting this, lactate transport stim-
ulation by ascorbic acid in HD cells was completely restored by overexpressing
GLUT3. Therefore, alterations in GLUT3 expression could be responsible for ineffi-
cient use of lactate in HD neurons, contributing to the metabolic failure observed in
HD.
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1 | INTRODUCTION

Huntington’s disease (HD) is a neurodegenerative disorder which
exhibits an autosomal dominant inheritance.? HD is characterized
by widespread neurodegeneration with preferential deterioration
of medium-sized spiny neurons (MSNs) in the striatum. It is caused
by an unusual expansion of the trinucleotide sequence cytosine-
adenosine-guanosine (CAG) in exon 1 of the huntingtin gene.® In
affected people, the triplet is present more than 35 times.* The
huntingtin gene codes for a protein called huntingtin (Htt). This is a
soluble 384-kDa protein, essential for embryogenesis, and is ubiqg-
uitously expressed in moderate amounts in the nervous system as
well as in other systems.® Wild-type (WT) Htt has an important role
in the intracellular transport of vesicles, organelles, and trafficking
of proteins to the cell surface. It also plays a role as a transcriptional
regulatory element.®

Huntington’s disease is characterized by a failure in brain energy
metabolism. Positron emission tomography studies show drastic re-
ductions in glucose metabolism in the basal ganglia and cerebral cor-
tex of symptomatic HD patients.” Reduced TCA cycle activity and
oxidative phosphorylation,® decreased glyceraldehyde 3-phosphate
dehydrogenase activity,” impaired oxidative phosphorylation en-
zyme activity10 and downregulation of peroxisome proliferator-

! have also been described. Decreased

activated receptor-y!
expression of the neuronal glucose transporter GLUT3 also occurs
in HD.!213

The brain is a metabolically active organ. Special attention
has been focused on the role of monocarboxylates in supporting
brain activity, in particular the Astrocyte-Neuron Lactate Shuttle
(ANLS).} The ANLS proposes that under resting conditions, neu-
rons consume glucose, whereas during synaptic activity, they
preferentially consume lactate. The key to this energetic coupling
is the metabolic activation that occurs in astrocytes. Glutamate
released from neurons stimulates glucose uptake,'® glycolysis,*

15 and ascorbic acid depletion in astrocytes.17

lactate release,
According to our data, ascorbic acid may function as a metabolic
switch by inhibiting glucose consumption during episodes of glu-

tamatergic synaptic activity'®*’

and stimulating lactate uptake in
neurons.'®2° The monocarboxylate transporter MCT2 is essential
for neuronal lactate uptake.21'22 In HD, the ascorbic acid meta-
bolic switch and ANLS do not function correctly.23 Indeed, inhib-
ited uptake of lactate and other monocarboxylates did not affect

t.2% The first aim

synaptic activity in neurons expressing mutant Ht
of this study was to examine the expression, function, and modu-
lation of monocarboxylate transporters (MCTs) by ascorbic acid in
mouse and cellular models of HD.

The MCTs correspond to gene SLC16 family.?* MCT1, MCT?2,
MCT3, and MCT4 show affinity for monocarboxylates.?*?> MCT1 is
highly expressed in postnatal periods in all cell types of the brain.2¢
In adult brain, the expression of MCT1 decreases in neurons and in-
creases in astrocytes.?” MCT1 is also expressed in endothelial cells

of the blood-brain barrier, choroid plexuses, and ependymal cells.?®

MCT2 is a high-affinity lactate transporter, and its expression occurs
mainly in neurons, increasing with neuronal maturation.?? MCT4 has
been extensively characterized in muscle and testis, where it was
involved with lactate efflux.%° In brain, MCT4 is localized exclusively
in astrocytes.?

2 | METHODS

2.1 | Animals

All experiments were conducted in accordance with the Chilean
Government’s Manual of Bioethics and Biosafety (CONICYT: The
Chilean Commission of Scientific and Technological Research,
Santiago, Chile) and according to the guidelines established by
the Animal Protection Committee of the Universidad Austral de
Chile. R6/2 mice (male and female) were obtained from the breed-
ing colony maintained at the University of California, Los Angeles
(UCLA). All experimental procedures were carried out in accord-
ance with the National Institute of Health Guide for the Care and
Use of Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee at UCLA. Animals were maintained
in a 12:12-hour light: dark cycle and supplied with commercial food
pellets and water ad libitum. Studies were performed on two age
groups of R6/2 mice and with age-matched WT control mice, based
on the development of the overt motor phenotype. The first group
of animals was tested before the appearance of overt behavioral
symptoms at 3-4 weeks. The second group was tested after the ap-
pearance of the full behavioral phenotype at 8-12 weeks. Efforts
were made to minimize the number of animals used for experimen-

tal purposes.

2.2 | Cell cultures

Mouse striatal STHdhQ7 and STHdhQ111 cells (Q7 and Q111 cells;®!
were grown using DMEM (Dulbecco’s modified Eagle’s medium;
United States Biological) containing 10% fetal bovine serum (FBS:
Hyclone, Logan, UT, USA), 50 U/mL penicillin, 50 mg/mL streptomy-
cin, 50 ng/mL amphotericin B, and 2 mmol/L t-glutamine (Nalgene,
Rochester, NY, USA). Glioblastoma C6 cells (CCL-107™ ATCCR) were
cultured in DMEM-F12 supplemented with 10% FBS, 50 U/mL peni-
cillin, 50 mg/mL streptomycin, 50 ng/mL fungizone, and 2 mmol/L
L-glutamine. Cells were maintained at 70% confluence, washed with
0.1 mol/L phosphate buffer (PBS, pH 7.4, 320 mOsm), and treated
with 0.25% trypsin-EDTA (w/v) before being seeded at a density of

3-4 x 10° cells/cm? for the respective experiments.

2.3 | Uptake assays using radiolabeled lactate

Uptake assays were performed in 500 pL of incubation buffer (IB
contains 15 mmol/L HEPES (pH 7.4), 135 mmol/L NaCl, 5 mmol/L
KCl, 1.8 mmol/L CaCl,, 0.8 mmol/L MgCl,) containing 0.2-0.5 uCi of
2—deoxy—D—[1,2—(N)3H]glucose (26.2 Ci/mmol, Dupont NEN, Boston,
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MA, USA), 0.2-0.5 uCi of D-3-O- {methyl—3H} - glucose (26.2 Ci/
mmol, Dupont NEN, Boston, MA, USA) or 0.1-0.2 uCi of L-[U-*C]-
lactic acid (50-180 mCi/mmol, Amersham Biosciences, Piscataway,
NJ, USA). Cells were dissolved in 200 mL of lysis buffer (10 mmol/L
Tris-HCI (pH 8.0), 0.2% SDS), and the incorporated radioactivity was
measured by liquid scintillation spectrometry. For ascorbic acid ef-
fect assays (intracellular ascorbic acid), cells were pre-incubated in
an IB containing ascorbic acid and 0.1 mmol/L dithiothreitol (DTT)
for 40-60 minutes. Finally, 0.5 mmol/L DOG uptake was measured
over a 15-second period at RT.

2.4 | Biotinylation of surface proteins

Biotinylation assays were performed as previously was described
by Covarrubias-Pinto et al*? Surface proteins were labeled using
Sulfo-NHS-LC-Biotin (Thermo Fisher Scientific, Rockford, IL, USA).
Labeled cells were homogenized in 200 pL of buffer RIPA (50 mmol/L
Tris-HCI, 150 mmol/L NaCl, 1% NP-40, 12 mmol/L sodium deoxy-
cholate, 1% SDS, 5 mmol/L EDTA, 0.3% Triton X-100, pH 7.4) and
protease inhibitors and then precipitated by continuous mixing with
40 puL of immobilized NeutrAvidin Protein (Thermo Fisher Scientific,
Rockford, IL, USA) for 4 hours at 4°C. The resin-bound complex
was boiled in SDS-PAGE sample buffer. Samples were resolved by
10% (w/v) SDS-polyacrylamide gels, and Western blot analysis was

performed.

2.5 | Real-time quantitative reverse
transcription PCR

gPCR analyses were performed as previously described by Acuia
et al?® Total RNA from each sample was extracted with the EZNA
Total RNA Kit Il (Omega Bio-Tek, Norcross, GA, USA) according to
the manufacturer’s instructions. cDNA was synthesized using the
Maxima Universal First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, Rockford, IL, USA), and PCR was performed using the
Maxima SYBR Green qPCR Master Mix (Thermo Fisher Scientific,
Rockford, IL, USA). The primers used are described in Table 1.

TABLE 1 Primers usedin RT-gPCR analyses

Forward Reverse

MCT1 5' gca acg acc agt gaa 5' gca acc aga cag aca
gtatc 3’ acca3’

MCT2 5' ggg ctg ggt cgtagt ctg 5’ atc caa gcg atc tga
t3' ctg gag 3’

MCT4 5' cac ggg ttt ctc cta cge 5' gct gta gec aat ccc
c3' aaactc 3’

GAD67 5' cca cca agg ttc tgg att 5' gta ctt cag ggt gtc
tcc 3’ tctacagt 3’

B-ACTIN 5'tac cac cat gtacccagg 5’ ctcagg agg agc aat
cad’ gat ctt gat 3’

GFAP 5"accagcttacggccaaca 5’ ccagcegatt caacct

g3’ ttc tct 3’

2.6 | Western blot analysis

Total protein extracts were obtained from R6/2 mice striatum or
cell cultures (STHdhQ7, STHdhQ111, Cé). Biotinylated proteins
were obtained from cell cultures (see above). Dissected striata
were homogenized in buffer A, 2 mg/mL pepstatin A, 2 mg/mL
leupeptin, and 2 mg/mL aprotinin) and sonicated three to five
times for 10 seconds at 4°C. Proteins were resolved by SDS-PAGE
(70 mg per lane for total protein extract) in a 10% (w/v) polyacryla-
mide gel, transferred to polyvinylidene difluoride membranes
(0.45-mm pore; Amersham Pharmacia Biotech., Piscataway, NJ,
USA), and probed with anti-MCT1 (1:1000, ab3538P, Millipore,
USA), anti-MCT2 (1:1000, ab3542, Millipore, USA) anti-MCT4
(1:1000, ab3314P formerly ab3546P, Millipore, USA) and anti-p
actin antibodies (1:1000, sc-81178, Santa Cruz Biotechnology,
Santa Cruz, CA, USA). The reaction was visualized using anti-goat,
anti-mouse HRP-conjugated antibodies (1:10 000, PA1-86326 and
31430, Thermo Scientific, Rockford, IL, USA), and the enhanced
chemiluminescence Western blot method (Amersham Biosciences,
Pittsburgh, PA, USA).

2.7 | Immunofluorescence analysis

Cells grown on poly-L-lysine-coated coverslips were fixed with
HistoChoice Tissue Fixative (Sigma-Aldrich). Mouse brains were dis-
sected and fixed immediately by immersion in 4% paraformaldehyde
in 0.1 mol/L phosphate buffer (pH 7.4). Samples were dehydrated in
graded alcohol solutions, embedded in paraffin, and incubated over-
night with anti-MCT1 (1:100, ab3538P, Millipore, USA), anti-MCT2
(1:100, ab3542, Millipore, USA), anti-MCT4 (1:100, ab3314P for-
merly ab3546P, Millipore, USA), anti-Htt (1:100, MAB2166, Chemicon
International, Inc.) Samples were washed and incubated with anti-
rabbit, anti-goat, or anti-mouse IgG-Alexa Fluor 488, IgG-Alexa Fluor
568 or lgG-Alexa Fluor 633 (1:300, A-11055, A-21202, A11057,
A21070, Invitrogen) and propidium iodide (1.7 mg/mL, Sigma-Aldrich),
TO-PRO-3 (1:1000, T3605, Lifetech) and then subsequently washed
and mounted. An inverted Olympus FluoView 1000 confocal micro-

scope was used to examine the samples.

2.8 | Lactate uptake using live cell imaging

Lactate uptake was visualized using a H* sensitive probe, BCECF,
or lactate sensor, Laconic. Live cell recordings were performed at
room temperature in incubation buffer (IB). Laconic experiments
were carried out 24 to 48 hours post transfection. The sensor
was excited at 440 nm, and emission was detected at 480/30 nm
(mTFP) and 550/30 nm (Venus). The mTFP/Venus ratio was cal-
culated for each time frame Ri and was normalized by the initial
ratio Ri. The slope was obtained from the ratio during the first
60 seconds after 5 mmol/L L-lactate was added to the buffer in
the presence or absence of 1 pmol/L AR-C155858 (AR-C; Ki for
MCT1: 2.3 nmol/L and Ki for MCT2: 10 nmol/L). BCECF-AM was
kindly provided by Dr. Rafael Burgos (Instituto de Farmacologia,
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Facultad de Ciencias Veterinarias, Universidad Austral de Chile).
BCECF experiments were performed after a 60-minute incuba-
tion period in IB 0.1 mmol/L DTT in the presence or absence of
1 mmol/L ascorbic acid. BCECF-AM was loaded 20 minutes prior
to recording the final concentration of 100 nmol/L. The slope was
calculated from BCECF signal decay during the first 100 seconds

after 5 mmol/L -lactate addition.

2.9 | Plasmids and transfection

Plasmid constructs, GLUT3-EGFP, encoding full-length rat GLUT3
fused at the C termini to EGFP were kindly provided by Dr. J.P.
Bolafios (Departamento de Bioquimica y Biologia Molecular,
Universidad de Salamanca, Spain). GLUT3-mCherry, encoding full-
length GLUT3 fused at the C termini to mCherry (red fluorescent
protein) was subcloned from GLUT3-EGFP to pcDNA 3.1-mCherry
using Xba and Xhol restriction enzymes. Laconic was acquired from
Addgene (#44238). Cells maintained in Optimem defined media
were transfected using Lipofectamine 2000 (Gibco Invitrogen
Corporation, Grand Island, NY, USA).

2.10 | Statistical analyses

Statistical comparison between two or more groups of data was re-

spectively performed using Student’s t test or analysis of variance
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(ANOVA) followed by the Bonferroni posttest. Linear and nonlinear
regressions were calculated using SigmaPlot v9.0 software (only cor-

relations >0.8 were accepted).

3 | RESULTS

We examined MCT expression in R6/2 mice to determine why syn-
aptically active striatal HD neurons are not dependent on mono-
carboxylate uptake.23 R6/2 is a transgenic mouse that carries the
HD gene.®? Similar to other HD mouse models, R6/2 exhibits motor
symptoms (symptomatic stage) and impaired brain energy metabo-
lism which is detectable in presymptomatic stages.23'3s'34 RT-gPCR
analyses did not show changes in MCT1 and 2 mRNA levels in symp-
tomatic and presymptomatic R6/2 mice (Figure 1A,D). MCT1 was
mainly localized in structures that appeared to be blood vessels
(Figure 1B) and ependymal cells (Figure 1C) in immunofluorescence
analyses. MCT2 was localized in striatal neurons (Figure 1E) and also
in pyramidal neurons from CA1 hippocampus (Figure 1F). MCT1 ex-
pression has been described in ependymal cells, endothelial cells,
and the end feet of astrocytes.25 Additionally, MCT2 expression has
been detected in neuronal cells throughout the brain,?? corroborat-
ing the high specificity of our antibodies. Thus, before HD onset and
during symptomatic stages, MCT expression in R6/2 mice would be

similar to WT mice.

c MCT1

Ependymal cells

F MCT2

CA1

R6/2

FIGURE 1 Monocarboxylate transporter expression is unaltered in R6/2 mice. (A,D) Real-time gPCR analyses for MCT1 and MCT2 from
mRNAs of striatum from presymptomatic (3-4 wk old) and symptomatic (8-12 wk old) R6/2 mice. Striatum samples from littermates (WT)
were used as controls. Results were normalized using specific primers to amplify mRNAs coding for GAD67 (striatal neuronal marker) and
GFAP (astroglial marker). Analysis of variance (ANOVA) followed by the Bonferroni posttest, n = 3. (B,E) Immunofluorescence analyses for
MCT1 (green) and MCT2 (green) in the striatum of presymptomatic and symptomatic R6/2 mice. Representative images of four independent
experiments. Nuclei were stained using TO-PRO-3. Scale bar is 10 pm. (C,F) Specific reactivity of MCT antibodies in ependymal cells and
hippocampal neurons. Nuclei were stained using TO-PRO-3. Scale bar is 50 pm
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To study the possibility that neuronal lactate transport is im-
paired in HD, we studied MCT expression and function in STHdhQ7
and STHdhQ111 cell lines. STHdhQ is an immortalized striatal neu-
ron cell line obtained from HD knock-in mouse embryos that accu-
rately express endogenous levels of normal and mutant huntingtin
(Htt). WT STHdhQ7 cells express an Htt containing 7 glutamine re-
peats, while mutant STHdhQ111 cells express an Htt containing 109
glutamine repeats.! We will refer to WT and mutant cells as Q7 and
Q111 cells, respectively. As for R6/2 mice, gPCR analyses showed
no significant differences in MCT1 and MCT2 mRNA levels between
Q111 and Q7 cells (Figure 2A,D). The same behavior was observed by
Western blot analyses (Figure 2B,E). Immunofluorescence analyses
showed immunoreactivity throughout the cell body (Figure 2C,F).
MCT1 immunoreactivity was more abundant at the plasma mem-
brane in both Q7 and Q111 cells (Figure 2C), while MCT2 exhibited
cytoplasmic immunoreactivity (Figure 2F).

The expression of monocarboxylate transporters in Q7 and
Q111 cells was confirmed by functional assays using radiolabeled
lactate or the fluorescence lactate sensor Laconic (Figure 3). In
both Q7 and Q111 cells, lactate transport was linear for the first
10 seconds, with a plateau being reached at 15 seconds (Figure 3C).
The initial velocity for lactate transport was 14.64 pmol/min x 10°
cells (Q7) and 14.58 pmol/min x 10° cells (Q111). Additional assays
were performed to determine kinetic parameters (Figure 3A,B).
Both Q7 and Q111 cells exhibited at least two kinetic components
for lactate transport. The second component exhibited an appar-
ent Vmax of 697.7 (Q7) and 528 (Q111) nmoles/10° cell x min. The
apparent Kms for this kinetic component were 54.7 (Q7) and 32.5
(Q111) mmol/L which are comparable to MCT4 Km values.?%%°

Lactate transport in Q cells was almost completely abolished by
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AR-C (Figure 3D-F), an inhibitor for MCT1 and MCT2, indicating
that MCT4 contributes poorly to lactate uptake in those cells. The
first component showed an apparent Vmax of 34.4 (Q7) or 34.28
(Q111) nmoles/10° cell x min. Surprisingly, the apparent Km for the
first component in Q111 cells (2.34 mmol/L) was lower than that
for Q7 cells (3.52 mmol/L), implying an increased affinity for lac-
tate in HD cells. Those Km values are attributable to MCT1 and
MCT2.20:80:35.36 The apparent Km for MCT1 expressed in Xenopus
oocytes is 3.5 mmol/L%¢ and 0.5 mmol/L for MCT2.%” Therefore, an
increased affinity (lower Km) could indicate an increased MCT2 ac-
tivity in Q111 cells. Increased MCT2 activity could be explained by
an increased number of transporters at the cellular surface or by an
increase in transporter efficiency (kcat). In this case, we observed an
increased Km without changes in Vmax. This can be interpreted as
an increased efficiency without changes in the number of molecules
at the cellular surface. This idea was corroborated by biotinylation
assays. No changes were seen in MCT2 levels at the plasma mem-
brane when comparing Q7 and Q111 cells (Figure 4). Therefore, the
number of transporters at the cellular surface is not altered, imply-
ing increased MCT2 efficiency.

ANLS does not seem to be working correctly in HD. Indeed, syn-
aptic activity in neurons expressing mutant Htt is not affected when
monocarboxylate uptake is inhibited.?® However, HD neurons could
express a highly efficient MCT2. Lactate uptake and glucose uptake
cannot occur simultaneously.*® In WT neurons, lactate uptake is pos-
sible because glucose uptake is inhibited by ascorbic acid during syn-
aptic activity.19 Thus, ascorbic acid can stimulate lactate uptake in WT
neurons (Figure 5A).2° This effect was not observed in cells expressing
mutant Htt (Figure 5A). Lactate is transported across cell membranes
by diffusional, saturable cotransport with protons, mediated by MCTs.

® MCT2

Q7 Q111

FIGURE 2 Monocarboxylate transporter expression is unaltered in cellular models of Huntington’s disease. (A,D) Real-time gPCR
analyses for MCT1 and MCT2 from mRNA obtained from Q7 and Q111 cells. The results were normalized using specific primers to amplify
mRNAs coding for p-actin. Student’s t test, n = 3. (B,E) Western blot assay for MCT1 and MCT2 from total protein extracts of Q7 and Q111
cells. Results were normalized using a specific antibody for p-actin. (C,F) Immunofluorescence analyses for MCT1 (green) and MCT2 (green)
in Q7 and Q111 cells. Representative images of four independent experiments. Scale bar is 20 pm
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FIGURE 3 Kinetic properties of lactate transport revealed increased lactate transport efficiency in cellular models of Huntington’s
disease. (A) Dose-response curve of **C-lactate transport in Q7 (10-s uptake assay, 4°C). Double rectangular hyperbolas were fitted

to the data using nonlinear regression, n = 3. (B) Dose-response curve of 14C-lactate uptake in Q111 (10-s uptake assay, 4°C). Double
rectangular hyperbolas were fitted to the data using nonlinear regression, n = 3. (C) Time course uptake for 14 C-lactate (0.1 mmol/L, 4°C)
in Q cells. Simple exponential curve of two parameters was fitted to data using nonlinear regression (R > 0.99). (D) and (E) Time course

of lactate uptake rate in cells expressing FRET-based laconic sensor in the presence or absence of AR-C155858 (AR-C). Data correspond
to a representative experiment in Q7 (D) and Q111 (E) cells. (F) Bar plots for lactate uptake rate in Q7 and Q111 cells expressing FRET-
based laconic sensor. The rate was obtained from the slope of mTFP/Venus ratio per minute during the application of 5 mmol/L lactate in
the presence or absence of AR-C155858 (AR-C). Data represent the mean + SD from 6 cells (Q7) and 13 cells (Q111) from 4 independent
experiments. Student’s t test, *P: 0.05, **P: 0.01
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We also observed an ascorbic acid-stimulated increase in the proton
concentration in Q7 cells without changes in Q111 cells (Figure 5B-D).
Ascorbic acid inhibits glucose uptake by a GLUT3-dependent mecha-
nism®® and HD neurons and Q111 cells exhibit a decrease in GLUT3
expression.*? Therefore, we reasoned that the failure in ascorbic acid-
dependent stimulation of lactate uptake could be a consequence of
inhibited glucose transport. In other words, in HD cells ascorbic acid
is unable to inhibit glucose uptake, and therefore, it is unable to stim-
ulate lactate transport. To test this hypothesis, we used Cé cells (brain
glioma) which endogenously express GLUT3.%8 C6 cells also express
MCT1 and MCT2, demonstrated by Western blot and immunofluores-
cence analyses (Figure 6A,B). MCTs expressed in Cé cells were func-
tional, which was corroborated by kinetic analyses using radiolabeled
lactate (Figure 6C,D). Lactate transport was linear for at least the first
10 seconds (Figure 6C). Lactate uptake in Cé cells was saturable and
also exhibited two kinetic components (Figure 6D). The Vmax was
18.5 + 2.4 pmol/10° cells x min for the first component and 110.4 + 7
pmol/10° cell x min for the second component. The apparent Km

for the first component was 2.4 + 1 mmol/L which is comparable
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FIGURE 5 Ascorbic acid is unable to modulate lactate
transport in cellular models of Huntington’s disease. (A) Bar plot
for 1C-Lactate transport analysis using a 10-s uptake assay (25°C)
in Q7 and Q111 cells. Cells were treated with O mmol/L (control)
or 1 mmol/L ascorbic acid prior the assay. The absolute values of
C-lactate uptake in controls were 553 (Q7 cells) and 554 (Q111
cells) pmol/min x 10° cells. (B) Bar plots for the lactate uptake

rate using BCECF H* probe in Q7 and Q111 cells preloaded with

1 mmol/L ascorbic acid/0.1 mmol/L DTT (Asc) or 0.1 mmol/L

DTT (control) for 60 min. The rate was obtained from the slope
during the first 100 s after application of 5 mmol/L lactate. Data
represent the mean £ SD from 42 cells (Q7) and 18 cells (Q111).
ANOVA followed by Bonferroni posttest, ***P < 0.001. (C) and

(D) Time course of lactate uptake rate using BCECF H* probe

in Q7 (C) and Q111 (D) cells preloaded with 1 mmol/L ascorbic
acid/0.1 mmol/L DTT (Asc) or 0.1 mmol/L DTT (control) for 60 min.
Data correspond to a representative experiment in Q7 (C) and
Q111 (D) cells

with MCT1 plus MCT2 activity. The second kinetic component Km
was 56 = 2 mmol/L indicating MCT4 activity. As mentioned above,
intracellular ascorbic acid can inhibit glucose uptake in cells express-
ing GLUT3®® (Figure 7A,B). Thus, the ablation of GLUT3 expression
using a specific shRNA (fully characterized in Beltran et al®®) was suf-
ficient to abolish ascorbic acid-dependent glucose uptake inhibition.
Accordingly, lactate uptake was stimulated by intracellular ascorbic
acid only in cells expressing GLUT3 (Figure 7C-F) suggesting that
the effect of ascorbic acid on lactate uptake is a consequence of the
effect of ascorbic acid on glucose transport. Thus, we reasoned that
increasing GLUT3 expression in HD cells would correct the altered
lactate uptake modulation. To test this hypothesis, experiments in Q7
and Q111 cells overexpressing GLUT3 (Q+GLUT3) were performed.
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FIGURE 6 C6 cells express functional type-1 and type-2
monocarboxylate transporters. (A,B) Western blot and
immunofluorescence analyses for MCT1 and MCT2 in C6 cells.
Nuclei were stained using iodide propidium. Scale bar is 20 pm.

(C) Time course uptake for 40 s and 10 s (inset) of *C-lactate

(0.1 mmol/L, 4°C) in Cé cells. Simple exponential curve of two
parameters was fitted to data using nonlinear regression (R > 0.99).
(D) Eadie-Hofstee plot for the dose-response curve of **C-lactate
transport in Cé cells (10-s uptake assay, 4°C). Data represent the
mean = SD of four experiments. Lines were fitted using linear
regression. Linear regressions were calculated using SigmaPlot v9.0
software (only correlations >0.9 were accepted)

Q111 + GLUTS3 cells exhibited the same behavior as Q7 (Figure 5) and
Q+GLUT3 indicating that GLUT3 expression is a key component of
metabolic failure in HD.

4 | DISCUSSION

Monocarboxylates are essential for sustaining neuronal energy metab-
olism.%?%0 Lactate consumption is important for several neurophysi-
ological mechanisms such as respiratory control,*! sexual impulse and
appetite,42 recovery after cerebral hypoxia, resistance to oxygen and

3 neuroprotection** and learning and memory

glucose deprivation,?
processes.*>* MCTs play a central role in lactate uptake in the brain.
MCTs correspond to the gene family SLC16 including 14 members
(MCT1-14).2* MCT1-4 expression and MCT14 expression have been
described in the brain.?>*” MCT1 expression is decreased in adult neu-
rons, while it is highly expressed in whole embryonic and postnatal
brain.2¢ This is consistent with MCT1 expression in Q cells. MCT2,
a high-affinity lactate transporter, is mainly expressed in neurons.?’
It has been proposed that MCT2 and AMPA receptors could inter-

act at postsynaptic densities. This would allow improved energetic
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FIGURE 7 The modulation of lactate transport by ascorbic acid is dependent on GLUT3 expression. (A) Bar plot for the 3H-deoxyglucose
transport analysis using a 15-s uptake assay (25°C) in Cé cells and shRNA-treated Cé cells to knock down GLUT3 expression. Cells were
treated with O mmol/L (control) or 1 mmol/L ascorbic acid prior the assay. The data represent the mean % SD of four experiments. (B) **C-
Lactate transport analysis using a 10-s uptake assay (25°C) in Cé cells and shRNA-treated Cé cells to knock down GLUT3 expression. Cells
were treated with O mmol/L (control) or 1 mmol/L ascorbic acid prior the assay. The data represent the mean + SD of three experiments. (C)
Bar plots for the lactate uptake rate using a BCECF H* probe in Q7 and Q111 cells expressing GLUT3-mCherry. Cells were preloaded with

1 mmol/L ascorbic acid/0.1 mmol/L DTT (Asc) or 0.1 mmol/L DTT (control) for 60 min. The rate was obtained from the slope during the first
100 s after the application of 5 mmol/L lactate. Data represent the mean + SD from 8 cells (Q7) and 6 cells (Q111). (D) and (E) Time course
of lactate uptake rate using BCECF H* probe in Q7 (D) and Q111 (E) cells expressing GLUT3-mCherry. Cells were preloaded with 1 mmol/L
ascorbic acid/0.1 mmol/L DTT (Asc) or 0.1 mmol/L DTT (control) for 60 min. Data correspond to a representative experiment. (F) Bar plot
of the “C-lactate transport analysis using a 10-s uptake assay (25°C) in Q7 and Q111 cells overexpressing GLUT3-EGFP. Cells were treated
with O mmol/L (control) or 1 mmol/L ascorbic acid prior to the assay. The data represent the mean + SD of three experiments. ANOVA
followed by Bonferroni, **P < 0.01, *P < 0.05

adaptation to the demand of synaptic activity.48 MCT14 expression gp70. Embigin is required to maintain MCT2 catalytic activity. Thus,

has been described in neuronal somas.*” However, phylogenetic anal- changes in embigin expression or stability could be responsible for
ysis supports the idea that MCT14 should be a neuronal aromatic- increased MCT2 efficiency. Further experiments should be per-
amino-acid transporter.*’ formed to understand this molecular mechanism. The Huntingtin

The anchorage and activity of MCTs at the plasma membrane protein modulates transcription,”® and microarray analysis has es-
requires interaction with a chaperone protein such as basigin/CD147 tablished that a number of transcriptional pathways are impaired

and embigin/gp70.49 The ancillary protein for MCT2 is embigin/ in HD, inducing both increases and decreases in mRNA profiles.>!
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Thus, it is possible to speculate that changes in embigin could explain
changes in MCT2 activity.

Expression of MCT1, 2, and 4 (data not shown) is not altered
in HD. This could be a compensatory mechanism to rectify altered
glucose metabolism in HD.?® The expression of the neuronal glu-
cose transporter, GLUT3, is decreased in HD.*?> However, in HD the
astrocyte-neuron metabolic interactions are altered.?® Changes in
neuronal metabolism also occur between the brain in resting state
and periods of activity.lg’39 During conditions of glutamatergic syn-
aptic activity, neurons preferentially use MCTs, such as lactate, to
sustain synapse function.'” Under neuronal activity, lactate uptake is
increased while glucose uptake is inhibited. This phenomenon occurs
because neurons synaptically active induce an increase in ascorbic
acid uptake, which is released from glial cells in response to extracellu-
lar glutamate.18 Intracellular ascorbic acid in neurons inhibited glucose
uptake through GLUT3. As shown here, inhibition of glucose uptake
is sufficient to induce increased lactate transport. Therefore, con-
sidering altered ascorbic acid uptake and altered MCT2 and GLUT3
expression profiles described in HD, during synaptic activity neuro-
nal cells should meet their energetic requirements through glucose
uptake. Meanwhile in resting conditions, neuronal energy should be
produced from lactate uptake. Thus, energetic substrate preferences
between the resting and the active brain are completely altered in
HD. This would explain the altered metabolism which is characteristic
of prodromal and early HD (for review, see Beltran et al®?).

The ascorbic acid metabolic switch is impaired in HD?® sup-
porting the idea that correct modulation of neuronal metabolism is
essential for proper functioning of neuronal circuitry. As discussed
above, this impaired mechanism in HD is induced by (i) an altered
flow of ascorbic acid from glial to neuronal cells without changes in
their expression,?? (i) a decreased expression of the high-affinity and
catalytic constant, GLUT3, in neurons,*? and (i) an altered lactate
uptake (as indicated in this study). Increasing GLUT3 expression and
supplementing ascorbic acid would be sufficient to re-establish the
correct metabolic substrate preference between resting and activity
periods. This idea could be relevant for developing therapeutic strat-

egies for preventing the onset and slowing the progression of HD.
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