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In the gray matter of the brain, astrocytes have been suggested to export lactate (derived from glucose or glycogen) to neurons to power
their mitochondria. In the white matter, lactate can support axon function in conditions of energy deprivation, but it is not known
whether lactate acts by preserving energy levels in axons or in oligodendrocytes, the myelinating processes of which are damaged rapidly
in low energy conditions. Studies of cultured cells suggest that oligodendrocytes are the cell type in the brain that consumes lactate at the
highest rate, in part to produce membrane lipids presumably for myelin. Here, we use pH imaging to show that oligodendrocytes in the
white matter of the rat cerebellum and corpus callosum take up lactate via monocarboxylate transporters (MCTs), which we identify as
MCT1 by confocal immunofluorescence and electron microscopy. Using cultured slices of developing cerebral cortex from mice in which
oligodendrocyte lineage cells express GFP (green fluorescent protein) under the control of the Sox10 promoter, we show that a low glucose
concentration reduces the number of oligodendrocyte lineage cells and myelination. Myelination is rescued when exogenous L-lactate is
supplied. Thus, lactate can support oligodendrocyte development and myelination. In CNS diseases involving energy deprivation
at times of myelination or remyelination, such as periventricular leukomalacia leading to cerebral palsy, stroke, and secondary
ischemia after spinal cord injury, lactate transporters in oligodendrocytes may play an important role in minimizing the inhibition
of myelination that occurs.

Introduction
The adult brain normally uses glucose as its primary energy
source (Sokoloff, 1992). However, before and immediately after
birth, lactate from the blood is also an important energy source
(Dombrowski et al., 1989; Vicario et al., 1991; Vicario and Me-
dina, 1992) because the level of glucose in the blood is low at this
time, whereas the lactate level is high. Lactate is transported across
cell membranes by monocarboxylate transporters (MCTs), of
which MCT1– 4 cotransport lactate with a proton (Halestrap and
Meredith, 2004). In the adult, the supply of lactate from the blood
is thought to play a less significant role. However, lactate pro-
duced by astrocytes in the gray matter may power neurons in
need of extra energy (Pellerin et al., 1998). Similarly, in the white
matter, lactate produced by astrocytes can maintain axon func-
tion during high neuronal activity or when the glucose supply is
limited (Brown et al., 2003, 2004). This effect of lactate has been

attributed to uptake into axons (Brown et al., 2004; Tekkök et al.,
2005), but no direct proof of this has been given and at least some
of the lactate may go to preserve the function of the oligodendro-
cytes that myelinate axons.

Oligodendrocytes develop from oligodendrocyte precursor
cells (OPCs), which, during the early postnatal (suckling) period,
develop into immature oligodendrocytes and then into mature
oligodendrocytes. For myelination to occur, there needs to be
sufficient energy available: the oligodendrocytes need to make
ATP to maintain cell function and they need carbon skeletons
to produce lipids for myelination. Sánchez-Abarca et al.
(2001) found that oligodendrocytes in culture consume more
lactate than neurons and that the lactate is used not only to
fuel the mitochondria but also for lipid synthesis, presumably
to make myelin.

Energy deprivation can cause a delay in myelination, or dys-
myelination, both in culture (Yan and Rivkees, 2006) and in vivo
(Koeda et al., 1990). This may partly reflect damage to oligoden-
drocyte lineage cells, which are highly vulnerable to energy depri-
vation (Pantoni et al., 1996). The lack of energy causes a reversal
of glutamate transporters that increases the extracellular gluta-
mate concentration and thus activates AMPA/kainate receptors
and NMDA receptors, which trigger damage to oligodendrocytes
(Li et al., 1999; Káradóttir et al., 2005; Salter and Fern, 2005; Micu
et al., 2006; Fu et al., 2009) and OPCs (Fern and Möller, 2000;
Follett et al., 2000; Káradóttir et al., 2008; Manning et al., 2008).
Lack of energy may also inhibit myelination by limiting the
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availability of substrates for the synthesis of the lipids in my-
elin. However, relatively little is known about the metabolism
of oligodendrocytes and their preferred energy substrates.

Here, we investigate how lactate and glucose can sustain oli-
godendrocyte development and myelination, and the mechanism
by which oligodendrocytes take up lactate. Using pH imaging, we
show that oligodendrocytes take up lactate through monocar-
boxylate transporters, identified by immunolabeling as MCT1.
Using cultured slices of developing cerebral cortex, we show that
lactate can support oligodendrocyte development and myelina-
tion when glucose levels are low.

Materials and Methods
Animals. For pH imaging and patch-clamp experiments, Sprague Dawley
rats at postnatal day 12 (P12) were used. Adult (300 g) male Wistar rats
were used for postembedding immunogold electron microscopy. For
confocal light microscopic immunofluorescence experiments, Sprague
Dawley and Wistar rats from P12 to adult (300 g) were used. For organotypic
slice cultures, we used transgenic mice (at P8) in which expression of green
fluorescent protein (GFP) was under control of the oligodendrocyte-specific
transcription factor Sox10, making all oligodendrocyte lineage cells fluoresce
green (Kessaris et al., 2006).

Slice preparation. Animals were killed by cervical dislocation and then
decapitated in accordance with United Kingdom legislation. For pH im-
aging experiments, 225 �m sagittal slices from the vermis of the rat
cerebellum or coronal slices from the rat cerebral cortex (containing the
corpus callosum) were cut with a vibratome in the slicing solution de-
scribed below. For organotypic slice cultures, 325 �m coronal slices from
the mouse cerebral cortex were cut in EBSS with 25 mM HEPES added,
pH 7.3.

Solutions. Acute brain slices were cut in solution containing the fol-
lowing (in mM): 124 NaCl, 26 NaHCO3, 1 NaH2PO4, 2.5 KCl, 4 MgCl2,
2.5 CaCl2, 10 glucose, and 1 kynurenic acid, gassed with 95% O2/5%
CO2, pH 7.4. For pH imaging, a HEPES-buffered extracellular solution
was used, containing the following (in mM): 144 NaCl, 10 HEPES, 1
NaH2PO4, 2.5 KCl, 2 MgCl2, 2.5 CaCl2, and 10 glucose, adjusted to pH 7.4
with NaOH, gassed with 100% O2. When 10 mM Na-L-lactate was added to
the extracellular solution, 10 mM NaCl was removed to compensate for the
osmolarity change. Intracellular solution for single-cell imaging contained
the following (in mM): 140 KCl, 0.5 CaCl2, 5 Na2EGTA, 0.5 HEPES, 2 MgCl2, 4
Na2ATP, and 96 �M 2�,7�-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein
(BCECF) acid (a pH-sensitive fluorescent dye), adjusted to pH 7.3 with KOH.

Organotypic slices were cultured in medium containing 41.5 (the rec-
ommended level) (Stoppini et al., 1991; De Simoni and Yu, 2006), 10.5,
5.5, 2.9, or 1.4 mM glucose. All slices were cultured in medium with 41.5
mM glucose for the 3 first days. When used, low-glucose treatment started
on the third day in vitro (DIV3). The medium was then replaced every
3 d. For lactate experiments, 20 mM Na-D-lactate or Na-L-lactate (Sigma-
Aldrich) was added to solutions containing 41.5 and 2.9 mM glucose
(added on DIV3 and then every 3 d). When D- or L-lactate was added, it
was substituted for 20 mM NaCl.

All culture media contained 25% horse serum (Invitrogen; catalog
#26050070), penicillin (25 U/ml), streptomycin (25 �g/ml), 1.125% nys-
tatin (12.5 U/ml), 5 mM Tris base, and the following additional compo-
nents. Culture medium with 41.5 mM glucose contained 50% Minimal
Essential Medium (MEM) (Invitrogen; catalog #41090028), 23% Earl’s
balanced salt solution (EBSS) (Invitrogen; catalog #24010043), and 36
mM glucose was added to give a final concentration of 41.5 mM (horse
serum, MEM, and EBSS contain 5.5 mM glucose). Culture medium with
10.5 or 5.5 mM glucose contained 50% MEM, 23% EBSS, and 5 or 0 mM

glucose was added to give a final concentration of 10.5 or 5.5 mM, respec-
tively (15.5 or 18 mM NaCl was added, respectively, to compensate for the
osmolarity changing with less glucose in the solution). Culture medium
with 2.9 mM glucose contained 50% glucose free DMEM (Sigma-Aldrich;
D5030; with 4 mM L-alanyl-glutamine added as a glutamine source), 23%
EBSS, and 0.3 mM glucose was added to give a final concentration of 2.9
mM (18 mM NaCl was added to compensate for the osmolarity change).
Culture medium with 1.4 mM glucose contained 73% glucose-free

DMEM (18 mM NaCl was added to compensate for the osmolarity
change). Because the EBSS, MEM, and DMEM contain 0, 5.3, and 10.9
mM total amino acids, respectively (and the amino acids from the serum
are the same in all the media), it follows that the 1.4 mM glucose medium
contains 2.5 mM more amino acids than the 2.9 mM glucose medium, and
5.3 mM more amino acids than the high-glucose medium. Some of the
extra amino acids could in principle be used as substrates for ATP pro-
duction, but in fact, as described below, the cells survived less well in 1.4
mM glucose medium than in the higher glucose media, indicating that the
lowered glucose concentration had the dominant effect on survival. Ex-
periments examining the effect of L- and D-lactate on myelination were
done in 2.9 mM glucose medium with constant amino acid composition.

pH imaging. MCTs cotransport lactate and H �, so their activity can be
monitored from the pH change they produce (Meredith et al., 2002). We
used confocal imaging and the pH-sensitive dye BCECF to study pH
changes evoked by application of lactate. For simultaneous pH imaging
of many cells in the white matter, slices were incubated for 30 min in
slicing solution containing 10 �M of the acetoxymethyl ester of BCECF
(BCECF-AM) (Invitrogen) together with 0.01% pluronic acid (Invitro-
gen) at room temperature. Slices were then transferred to slicing medium
for 45 min at room temperature to allow deesterification to occur. The
whole procedure was performed in the dark. For pH imaging of single
cells, white matter oligodendrocytes were whole-cell patch-clamped at
�60 mV (series resistance was 15–50 M�) and filled with intracellular
solution containing 96 �M BCECF acid (Invitrogen) through the patch
pipette. Oligodendrocytes were identified by their characteristic mor-
phology when filled with fluorescent dye. The imaging was performed on
a LSM 5 Pascal confocal microscope (Zeiss). The slices were superfused
with a HEPES-buffered extracellular solution and bubbled with 100% O2.
MCT inhibitors used were phloretin (100 �M; Sigma-Aldrich), 5-nitro-2-(3-
phenylpropylamino)-benzoate (NPPB) (Research Biochemicals International;
100 �M), and �-cyano-4-hydroxycinnamate (4-CIN) (Sigma-Aldrich; 1
mM). Phloretin and NPPB were applied during the imaging, whereas 20 min
preincubation was necessary to see an effect of 4-CIN as reported previously
(Wender et al., 2000). Thus, for experiments using 4-CIN, the imaging was
discontinued (to avoid bleaching of the dye) for 20 min while incubating
with the inhibitor. Controls for this experiment were given the same treat-
ment (discontinued imaging for 20 min), but with no 4-CIN.

The excitation wavelengths were 488 nm, for which the emitted fluo-
rescence decreases when the pH goes more acid, and 458 nm (closer to
the isosbestic wavelength of 440 nm at which the fluorescence is inde-
pendent of pH), and emitted light �505 nm was monitored. Pictures
were taken every 40 s with a 40� water-immersion objective. Changes of
pH were monitored using the ratio of [emitted light with 488 nm excita-
tion]/[emitted light with 458 nm excitation]. The emission gain for both
wavelengths was adjusted for each slice so that the fluorescence was re-
corded at as high a gain as possible without saturating the detector; as a
result, the apparent fluorescence ratio at the start of the experiment
varied between slices. When using NPPB, the emitted light at 488 excita-
tion was monitored, not the 488/458 ratio, because NPPB absorbs 458
nm light (our unpublished observations).

Organotypic slice cultures. Using Sox10-GFP mice allowed us to de-
velop an assay for myelination in brain slices in which oligodendrocyte
lineage cells fluoresce green, and neuronal axons and myelin are identi-
fied and quantified with immunofluorescence. This method, which will
be described in detail elsewhere (N. B. Hamilton and D. Attwell, unpub-
lished observations), has the advantage that one can assess whether
changes in the amount of myelination occurring reflect changes in the
number of oligodendrocyte lineage cells, changes in the number of ax-
ons, or changes of the myelinating activity per oligodendrocyte lineage
cell. Slices from 8-d-old transgenic mice were cut and cultured (De Si-
moni and Yu, 2006) on polytetrafluoroethylene filter membranes (0.45
�m pore size; Millipore) lying on 30 mm culture plate inserts (0.4 �m
pore size; Millicell; Millipore) in culture dishes with wells containing 1 ml
of culture medium. The cultures were kept at 37°C in a humidified at-
mosphere with 5% CO2. After 2 weeks, the slices (together with the filter
membranes) were fixed and immunolabeled with markers for myelin
[myelin basic protein (MBP), red-emitting secondary antibody with
peak emission wavelength 555 nm] and axons [neurofilament 200
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(NF200), far red-emitting secondary antibody
with peak emission wavelength at 665 nm: this
emission is recolored blue in the pictures be-
low]. Pictures were taken on a LSM 510 Meta
confocal microscope (Zeiss) using a 10� ob-
jective. Since large white matter tracts like the
corpus callosum often seemed to die during the
2 weeks in culture (our unpublished observa-
tions), images were taken of myelination
within the gray matter of the cortex, covering
layers I–VI. For each cultured slice, two confo-
cal z-stacks covering the thickness of the slice
were taken. The myelination was quantified by
measuring the intensity of MBP labeling rela-
tive to the axon labeling (NF200), averaging
the fluorescence intensity in the three stack im-
ages with the strongest labeling.

Immunofluorescence labeling. Slices were
fixed in 4% paraformaldehyde for 1 h, and then
rinsed in 0.01 M PBS followed by preincubation
in 0.05% Triton and 10% goat serum in 0.01 M

PBS for at least 4 h at room temperature. The
slices were then incubated with primary anti-
bodies overnight at room temperature, rinsed
in PBS, incubated with secondary antibodies
for 4 h, and rinsed again in PBS. Primary anti-
bodies for myelin assessment in cultured slices
were rat anti-myelin basic protein (amino ac-
ids 82– 87; 1:200; Millipore) and chicken anti-
neurofilament, NF200 IgY (1:10,000; Abcam).
Secondary antibodies for myelin assessment
were Alexa 555 goat anti-rat (1:200; Invitro-
gen) and Cy5 goat anti-chicken (1:200; Jackson
ImmunoResearch). Primary antibodies for
acute rat brain slices were rat anti-myelin basic
protein (amino acids 82– 87; 1:200; Millipore),
chicken anti-monocarboxylate transporter 1 (C
terminus; IgY; 1:400; Millipore), rabbit anti-
monocarboxylate transporter 2 (C terminus;
1:100), and rabbit anti-monocarboxylate trans-
porter 4 (C terminus; 1:100). The antibodies
against monocarboxylate transporters 2 and 4
(Poole et al., 1996; Jackson et al., 1997; Wilson et al., 1998) were kindly
provided by Dr. Maz Wilson and Prof. Andrew Halestrap (Department of
Biochemistry, School of Medical Sciences, University of Bristol, Bristol, UK).
Secondary antibodies for acute rat brain slices were Alexa 633 goat anti-rat
(1:500; Invitrogen; emitted light �650 nm was captured; this emission is
recolored red in images below), Alexa 555 goat anti-rabbit (1:500; Invitro-
gen; emitted light between 560 and 615 nm was captured; recolored green in
images below), and Alexa 488 goat anti-chicken (1:1000; Invitrogen; emitted
light between 505 and 530 nm was captured). Pictures were taken on a LSM
5 Pascal confocal microscope (Zeiss) with a 40 or 63� objective.

Tissue preparation and staining procedure for postembedding immunogold
labeling. Small rectangular pieces from the vermis of rat cerebellum (�0.5 �
0.5 � 1 mm) were cryoprotected by immersion in graded concentrations of
glycerol (10, 20, and 30%) in 0.1 M phosphate buffer (75 mM Na2HPO4 and
25 mM NaH2PO4, pH 7.4). The samples were then plunged into liquid pro-
pane cooled to �170°C by liquid nitrogen in a Universal Cryofixation Sys-
tem KF80 (Reichert-Jung). For freeze-substitution (Chaudhry et al., 1995;
Bergersen et al., 2008), the samples were immersed in a solution of anhy-
drous methanol and 0.5% uranyl acetate overnight at �90°C. The temper-
ature was then raised stepwise in 4°C increments per hour from �90 to
�45°C, where it was kept for the subsequent steps. The tissue samples were
washed several times with anhydrous methanol to remove residual water
and uranyl acetate, and then infiltrated in the embedding resin Lowicryl
HM20 stepwise from Lowicryl/methanol 1:2, 1:1, and 2:1 (1 h each) to pure
Lowicryl (overnight). Polymerization was catalyzed by 360 nm ultraviolet
light for 2 d at �45°C followed by 1 d at room temperature. Ultrathin sec-

tions (90 nm) were cut by a diamond knife on a Reichert-Jung ultramic-
rotome and mounted on nickel grids with an adhesive pen (David Sangyo).

The grids with the ultrathin sections were first washed in Tris-buffered
saline (50 mM Tris-HCl buffer, pH 7.4, and 150 mM NaCl) containing
H2O2 followed by Tris-buffered saline with 0.1% Triton X-100 (TBST)
containing 2% human serum albumin (HSA). They were then incubated
overnight with primary antibodies diluted in TBST containing 2% HSA,
followed by 2 h incubation with secondary antibodies diluted in TBST
containing 2% HSA. The secondary antibody solution was spun at
1000 rpm for 1 min before use to sediment aggregated gold particles.
Primary antibodies for electron microscopy were chicken anti-
monocarboxylate transporter 1 (C terminus; IgY; 1:500; Millipore)
and rabbit anti-monocarboxylate transporter 2 (C terminus; 1:100; Prof.
Andrew Halestrap) (see above). Secondary antibodies for electron mi-
croscopy were goat anti-chicken coupled to 15 nm gold particles (1:20;
Aurion Immunoresearch) and goat anti-rabbit coupled to 10 nm gold
particles (1:20; British Biocell International). The ultrathin sections were
contrasted in uranyl acetate (5%) and lead citrate (30%), before they
were observed in a Philips CM100 electron microscope. Pictures were
taken from the white matter at a primary magnification of 34,000. The
density of gold particles was quantified in myelin, axons, endothelial cells
(MCT1), and postsynaptic densities (parallel fiber–Purkinje cell synapses
in the molecular layer; MCT2) using an overlay screen (Landsend et al.,
1997; Bergersen et al., 2008). Gold particles situated within 30 nm of the
membrane/compartment were included [i.e., approximately the same
distance as the lateral resolution of the immunogold method (Chaudhry
et al., 1995; Bergersen et al., 2008)].

Figure 1. Lactate uptake in corpus callosum generates an intracellular pH change. Cell bodies and processes aligned with axons,
which are presumed to be oligodendrocyte processes, in corpus callosum loaded with BCECF-AM, respond to lactate with a
reduction in fluorescence intensity excited at 488 nm, but no change in fluorescence excited at 458 nm, indicating acidification. A,
Confocal image from corpus callosum showing the regions measured in B–E. R1 and R2 are processes aligned with axons, whereas
R3 is a cell body (this soma was chosen to have a fluorescence level that does not saturate the detector). B, The fluorescence
response to 10 mM lactate in region R1 at excitation wavelengths 488 and 458 nm. C, The fluorescence response ( F) to lactate in
region R1 shown as the ratio F488/F458. D, The fluorescence response to lactate in region R2 (F488/F458). E, The fluorescence response
to lactate in region R3 (F488/F458).
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Statistics. Data are presented as mean � SEM. Values of p are from
Student’s t tests (for single comparisons) or one-way ANOVA with Dun-
nett’s post hoc test for multiple comparisons. When averaging fluores-
cence data over different brain slices to quantify myelination, within each
experiment data were normalized to the average fluorescence value ob-
tained for 41.5 mM glucose, and data were then averaged over the re-
peated experiments performed. ANOVA showed that most variability in
the data was between different slices rather than between experiments,
and so we used the number of slices as the number of observations for
statistical calculations.

Results
Lactate uptake in the white matter
We performed time-lapse confocal microscopy of acute brain slices
loaded with the acetoxymethyl ester of the pH-sensitive dye BCECF
(BCECF-AM). A decrease in fluorescence intensity excited at 488
nm, but no change in fluorescence excited at 458 nm indicates acid-

ification of the tissue. In the corpus callo-
sum, cell bodies and processes aligned with
axons (presumed to be oligodendrocyte
processes) showed a decrease in pH when 10
mM lactate was applied (Fig. 1A,B), indicat-
ing that lactate is transported into the cells
via MCTs that cotransport H� with each
lactate molecule. The mean decrease in flu-
orescence when excited at 488 nm was
5.58 � 0.76% (n 	 6 slices).

The acidification produced by lactate
was superimposed on slowly declining base-
line signals evoked at 488 and 458 nm (Fig.
1B), which can lead to an apparent acidifi-
cation of the cell when assessed as the ratio
of signals evoked at 488 and 458 nm (Fig.
2A) and probably reflect slow bleaching of
the dye as reported by Weiner and Hamm
(1989). This baseline decline, which was
subtracted for quantitative analysis of the
signals, was not observed in BCECF signals
evoked from cells loaded with dye from the
patch pipette (see below), for which fresh
(unbleached) dye can diffuse in from the pi-
pette. Applying lactate to an unloaded slice
(no BCECF-AM) gave a negligible 0.4% de-
crease in fluorescence, and this background
change in fluorescence was not subtracted
from the data. In BCECF-loaded slices, the
mean change in the ratio (fluorescence ex-
cited at 488 nm)/(fluorescence excited at
458 nm) in response to lactate (Fig. 1C–E)
was 0.050 � 0.006.

The activity of MCTs is reduced by the
blockers phloretin (Garcia et al., 1995;
Bröer et al., 1999), NPPB (Carpenter and
Halestrap, 1994), and 4-CIN (Poole and
Halestrap, 1993; Bröer et al., 1998). For
MCTs 1, 2, and 4, the uptake of 10 mM

lactate is predicted to be blocked by 34 –
65% using 100 �M phloretin, by 24 –74%
using 100 �M NPPB, and by 38 –75% us-
ing 1 mM 4-CIN [assuming competitive
inhibition, and using IC50 and Ki values
from Bröer et al. (1999) for phloretin and
4-CIN in MCT1 and 2, Carpenter and
Halestrap (1994) for NPPB in MCT1, and
Manning Fox et al. (2000) for phloretin,

NPPB, and 4-CIN in MCT4]. All these blockers reduced the pH
response to lactate (Fig. 2). Three successive applications of lac-
tate (separated by 10 min) gave pH responses of a similar size
(Fig. 2A). With 100 �M phloretin present during the second ap-
plication of lactate, the response was reduced by 54% ( p 	
0.0003) (Fig. 2B,C,F), whereas 100 �M NPPB reduced the lactate
response by 35% ( p 	 0.0002) (Fig. 2D,F), and 1 mM 4-CIN
reduced the response by 55% ( p 	 0.009) (Fig. 2E,F). After the
long preincubation needed for 4-CIN to inhibit lactate uptake,
the BCECF fluorescence was too weak to reliably quantify the
response to lactate after 4-CIN was removed.

To test whether the response to lactate was restricted to the
corpus callosum, we performed similar pH imaging in the
cerebellar white matter. As in the corpus callosum, application
of 10 mM lactate lowered the pH in cell bodies and processes
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Figure 2. The MCT inhibitors phloretin, 4-CIN, and NPPB reduced the pH response to lactate in the corpus callosum. A, Three
successive pH responses (measured from regions encompassing numerous BCECF-loaded processes and somata in the corpus
callosum) to 10 mM lactate. B, As in A, but with 100 �M phloretin present during the second response. C, The mean responses to
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aligned with axons (Fig. 3 A, B). The
mean change in 488/458 nm fluores-
cence ratio was 0.077 � 0.015 (n 	 5
slices). This response was inhibited by
the MCT inhibitor phloretin ( p 	
0.005) (Fig. 3C,D). The pH response to
lactate in the white matter was similar to
that in the adjacent granule cell layers
(95 � 7% of the value in the adjacent
gray matter in five slices).

To test whether the response seen in
the white matter in processes anatomi-
cally resembling oligodendrocytes was in-
deed attributable to lactate uptake into
oligodendrocytes and not into axons or
astrocytes, oligodendrocytes from the
corpus callosum and cerebellar white
matter were whole-cell patch clamped
and filled with BCECF through the patch
pipette. Application of 10 mM lactate
evoked a pH response in the oligodendro-
cytes similar to that seen in the white mat-
ter of slices loaded with BCECF-AM. A
pH response was seen both in the pro-
cesses of the cells and in their somata (Fig.
3E). The average response ratio (488/458
nm) to lactate was 0.86 � 0.36 in the pro-
cesses of the cells (n 	 6 cells) and 0.25 �
0.08 in their somata (n 	 12 cells) after the
background autofluorescence was sub-
tracted (for each time-lapse series, the
background at a location distant from the
cell was measured and subtracted from
the fluorescence of the cell). The mean
background autofluorescence (away from
the filled cell) at 488 nm excitation was 4
and 14% of the fluorescence measured
from the soma and processes, respec-
tively, of the BCECF-loaded cell (before
lactate was applied). Lactate produced no
significant change ( p 	 0.6) in the re-
sponse ratio (488/458 nm) at locations
away from the patched cell (�0.008 �
0.015 in 13 slices, where minus denotes in the opposite direction
to the change seen in the dye-loaded cell).

MCT1 is expressed in the myelin
MCT1, MCT2, and MCT4 are expressed throughout the brain
(Bergersen et al., 2007), whereas MCT3 is only present in retinal
pigment and choroid plexus epithelia (Philp et al., 2001). To
identify the MCT isoform(s) mediating lactate uptake into oligo-
dendrocytes, we performed immunofluorescence labeling with
antibodies against MCT1, MCT2, and MCT4 on fixed brain sec-
tions. MCT1 stained the myelin, colocalizing with MBP (Fig. 4A,
white arrowheads). This staining was weaker than that seen in the
blood vessel walls (Fig. 4A). MCT2 also appeared to colocalize
with MBP (Fig. 4B, white arrowheads), but we suggest below that
this is caused by the limited spatial resolution of light microscopy.
MCT4 labeled astrocyte-like processes as previously reported
(Rafiki et al., 2003) but did not colocalize with MBP (Fig. 4C).
The fluorescence images in Figure 4 are from a 12-d-old rat, but
similar labeling was seen in adult rats.

The limited resolution of light microscopy makes it hard to dis-
tinguish between labeling of the axon and of myelin in myelinated
axons. To overcome this problem, cerebellar white matter sections
immunolabeled for MCT1 or MCT2 using the postembedding im-
munogold technique were observed in the electron microscope. An-
tibodies against MCT1 labeled the myelin and the endothelial cells of
blood vessels (Fig. 4 D, left and right, respectively). There was
also staining of mitochondrial membranes (Fig. 4 D, left), as
previously reported (Butz et al., 2004; Hashimoto et al., 2008).
The density of gold particles representing MCT1 was signifi-
cantly higher in myelin and endothelial cells compared with
axons ( p 	 7 � 10 �6 and 3 � 10 �7, respectively) (Fig. 4 E),
implying that the colocalization of MCT1 with MBP seen with
immunofluorescence is caused by MCT1 labeling the myelin.
Unlike the immunofluorescence staining, the immunogold la-
beling showed no significant difference between endothelial
cells and myelin (Fig. 4 E).

Antibodies against MCT2 labeled axons (presumably indi-
cating MCT2 in transport vesicles moving along the axon),
with few gold particles in the myelin (Fig. 4 F, left), suggesting
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that the colocalization of MCT2 with MBP seen with immu-
nofluorescence is attributable to MCT2 labeling the axons and
not the myelin. Strong MCT2 labeling was seen in the postsyn-
aptic density of parallel fiber–Purkinje cell synapses (Fig. 4 F,
right), as previously reported (Bergersen et al., 2001). There
was a significantly higher density of particles representing
MCT2 in axons compared with myelin ( p 	 8 � 10 �4),
whereas postsynaptic densities had a higher labeling than ax-
ons and myelin ( p 	 5 � 10 �10 and 7 � 10 �16, respectively)
(Fig. 4G).

Effect of glucose concentration on
oligodendrocyte development
and myelination
To assess the possible function of the lactate
transporters in oligodendrocytes, we stud-
ied the dependence of oligodendrocyte de-
velopment and myelination on energy
supply in cultured cortical slices. Slices from
Sox10-GFP mouse brains (i.e., expressing
GFP in oligodendrocyte lineage cells) were
cultured for 14 d in medium containing 41.5
mM glucose, and then were immunolabeled
for MBP (Fig. 5A, shown in red) and NF
(Fig. 5A, blue). At 41.5 mM glucose, we ob-
served normal myelination of axons in the
cortex (Figs. 5A, left; 6F, left).

We then cultured slices in 41.5, 10.5,
5.5, 2.9, or 1.4 mM glucose to check
whether the different glucose conditions
affected myelination, the generation and
survival of axons, or the number of Sox10-
GFP cells. As the glucose concentration
was reduced, MBP expression decreased,
suggesting that less myelin was being
formed (Fig. 5A,B; the graphs show
pooled data from four separate experi-
ments, using 22, 10, 23, 24, and 9 slices for
41.5, 10.5, 5.5, 2.9, and 1.4 mM glucose,
respectively). In contrast, between 41.5
and 2.9 mM glucose, the neurofilament
expression level was unchanged, implying
no change in the number of axons present,
and only when the glucose was reduced to
1.4 mM did neurofilament expression de-
crease (Fig. 5A,C). Similar to the expres-
sion of MBP, Sox10-GFP fluorescence was
reduced at lower glucose concentrations,
suggesting a reduction in the number of
oligodendrocyte lineage cells (Fig. 5A,D).
To check that GFP fluorescence could be
used to monitor Sox10-GFP cell number
even at low [glucose], the two variables
were plotted against each other. GFP fluo-
rescence was proportional to the number of
Sox10-GFP cells present, even at low glu-
cose concentrations (Fig. 5G), confirming
that GFP intensity does not decrease at low
glucose levels and that the (more quickly
measured) GFP fluorescence accurately re-
flects Sox10-GFP cell number.

To obtain a measure for the amount of
myelination per axon, we took the ratio of
MBP fluorescence to that of neurofila-

ment (MBP/NF) (Fig. 5E). MBP/NF was significantly reduced by
lowering the glucose concentration. To see whether the reduction
in myelin (MBP) level could be explained by a reduced number of
oligodendrocyte lineage cells, we measured the ratio of the MBP
fluorescence to that of Sox10-GFP (MBP/Sox10-GFP) (Fig. 5F),
which gives an estimate of the myelin produced per oligodendro-
cyte lineage cell present (this procedure gave results similar to
counting the number of GFP-expressing cells present and divid-
ing the MBP fluorescence by this value). MBP/Sox10-GFP was
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not significantly changed between 41.5 and 2.9 mM glucose, imply-
ing that the reduction in myelin was attributable to the reduced
number of oligodendrocyte lineage cells at these glucose concentra-
tions (Fig. 5D). However, at 1.4 mM glucose, the MBP/Sox10-GFP
ratio was reduced compared with 41.5 mM glucose, suggesting that,
at this very low glucose level, in addition to the number of oligoden-
drocyte lineage cells being reduced, there was also a decrease in the
myelin made per oligodendrocyte lineage cell present.

L-Lactate rescues myelination in low-glucose solution
To test whether L-lactate had an effect on myelination, on the
formation and survival of axons, or on the number of Sox10-GFP
cells, slices were cultured in medium with 20 mM L-lactate added
(Fig. 6). At 41.5 mM glucose, L-lactate had no effect on MBP, NF,
or Sox10-GFP labeling (Fig. 6A–E; pooled data from two exper-
iments using 15 slices for control and D-lactate, and 10 slices for
L-lactate). Thus, when glucose is abundant, the presence of the
extra energy source lactate does not alter myelination.

To investigate possible effects of lactate when the glucose sup-
ply was compromised, we studied myelination at 2.9 mM glu-

cose—a level that inhibits myelination without decreasing the
number of neuronal axons present (Fig. 5C). At 2.9 mM glucose,
slices with L-lactate added showed more MBP fluorescence than
control slices cultured in 2.9 mM glucose alone; indeed, the lactate
brought the MBP level back to that seen in 41.5 mM glucose (Fig.
6F,G; pooled data from two separate experiments, using 11 slices
for 41.5 mM glucose, and 13 slices for each condition in 2.9 mM

glucose). Thus, L-lactate rescues myelination from the reduction
caused by the low glucose level. When added to 2.9 mM glucose,
L-lactate had no effect on neurofilament labeling (Fig. 6F,H),
implying that lactate did not alter the number of axons present.
However, the Sox10-GFP fluorescence was increased in slices
cultured with 2.9 mM glucose and L-lactate, compared with
control slices with only 2.9 mM glucose (Fig. 6 F, I ), almost
reaching the level seen in 41.5 mM glucose, implying that
L-lactate prevented the lack of oligodendrocyte lineage cells
caused by the low concentration of glucose. The MBP/NF ratio
was also increased (Fig. 6 J), suggesting that lactate increased
the myelination per axon compared with slices in 2.9 mM

glucose alone. The MBP/Sox10-GFP ratio was increased by
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L-lactate compared with both the high-glucose and the low-
glucose controls ( p 	 6 � 10 �4 and 0.019, respectively) (Fig.
6 K), implying that there was an increase in myelination per
oligodendrocyte lineage cell.

D-Lactate does not affect oligodendrocyte development
and myelination
D-Lactate is taken up through MCTs and competes for uptake
with L-lactate (Tekkök et al., 2005), although the lower affinity of

MCTs for D-lactate than L-lactate (Poole et al., 1990; Wang et al.,
1993) implies that 20 mM D-lactate should inhibit uptake of low
levels of endogenous L-lactate by only �25%. D-Lactate cannot be
efficiently metabolized by the mammalian brain (Gibbs and
Hertz, 2008) and so might be expected to have no beneficial effect
on myelination. At 41.5 mM glucose, 20 mM D-lactate had no
effect on MBP, NF, or Sox10-GFP labeling (Fig. 6A–E), implying
that D-lactate did not influence myelination, nor the number of
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axons or oligodendrocyte lineage cells. At
2.9 mM glucose, D-lactate also had no sig-
nificant effect on any of the labeling pa-
rameters (Fig. 6F–K). Thus, the beneficial
effect of L-lactate on myelination is spe-
cific to the physiological form of lactate.

Discussion
Energy deprivation often causes white
matter damage, as in periventricular leu-
komalacia, stroke, and the secondary isch-
emia associated with spinal cord injury,
but the preferred substrates for energy
production and myelination by oligoden-
drocytes have not been identified. Here,
we show that white matter oligodendro-
cytes can take up lactate through MCTs
and that lactate can support the survival of
oligodendrocyte lineage cells and myeli-
nation in low-glucose conditions. An
overview of the fluxes of lactate between
blood vessels, astrocytes, neurons, and
oligodendrocytes is given in Figure 7.

Application of 10 mM lactate to acute
brain slices generated an acidification in
cells in the white matter, which was re-
duced by the MCT inhibitors phloretin,
NPPB and 4-CIN, suggesting uptake of
lactate through MCTs (Figs. 1–3). The lactate response in the
white matter occurred both in cell bodies and in processes aligned
with axons, presumed to be oligodendrocyte processes. Lactate
uptake into oligodendrocytes was confirmed at the single-cell
level by measuring the intracellular pH of single oligodendrocytes
loaded with the pH-sensitive dye by patch clamping (Fig. 3E).
Immunolabeling at the light and EM level showed expression of
MCT1 in myelin (Fig. 4), which presumably mediates lactate
uptake into oligodendrocytes. The MCT1 labeling is in agree-
ment with strong MCT1 mRNA expression in white matter areas
of mouse brain and in oligodendrocyte lineage cells (Koehler-
Stec et al., 1998; Cahoy et al., 2008).

Normally, oligodendrocytes may take up extracellular lactate
released from astrocytes (Fig. 7). It has been suggested that white
matter astrocytes in the optic nerve can release lactate generated
from metabolized glycogen, because blocking breakdown of gly-
cogen (which is only present in astrocytes) or inhibiting lactate
transport accelerates the loss of the compound action potential
during aglycemic conditions (Wender et al., 2000; Brown et al.,
2005). This was interpreted in terms of the astrocytes providing
metabolic support to axons, but since oligodendrocytes become
damaged in low-energy situations (Salter and Fern, 2005; Micu
et al., 2006) it is possible that the lactate released from astro-
cytes also maintains the health of oligodendrocytes. Recently,
Vinet et al. (2010) showed that oligodendrocytes can also be in
direct contact with blood vessels, with no intervening astrocytic
processes, suggesting that oligodendrocytes could also take up
lactate and other substrates directly from the blood through en-
dothelial cells.

In organotypic slice cultures, myelination and the number of
oligodendrocyte lineage cells were gradually reduced as the glu-
cose concentration was lowered (Fig. 5). Compared with 41.5 mM

glucose, at 5.5 mM glucose the number of oligodendrocyte lineage
cells and the level of myelin basic protein were significantly re-
duced. In contrast, the number of axons, as assessed by neurofila-

ment labeling, was not decreased until the glucose concentration
was lowered to 1.4 mM. Thus, survival of oligodendrocyte lineage
cells and the myelination they perform is more dependent on
having an adequate glucose level than is neuronal survival.

Glucose concentrations �41.5 mM are commonly used for
organotypic cultures (Stoppini et al., 1991; De Simoni and Yu,
2006) but represent hyperglycemic conditions and are far away
from physiological values: normal brain extracellular glucose
concentrations are �1 mM (McNay and Gold, 1999) or lower
(Fray et al., 1997; Lowry et al., 1998). However, these high glucose
concentrations are those present initially in the culture medium,
and the actual glucose level will fall as glucose is used by the cells.
Measurements of glucose uptake into rat organotypic hippocam-
pal slices (Gramsbergen et al., 2003) showed that slices cultured
in 5, 2, and 1 mM glucose used 0.36, 0.27, and 0.16 nmol of
glucose, respectively, per slice per minute. This corresponds to
1.56, 1.17, and 0.69 �mol over the 3 d between medium changes
in our experiments. Thus, if our organotypic cortical slices con-
sume glucose at the same rate, for slices cultured in 1 ml of solu-
tion containing 5.5, 2.9, or 1.4 mM glucose, after 3 d the
concentration of glucose in the medium would be �3.9, 1.7, or
0.7 mM, respectively (using the estimated consumption rates for
5, 2, or 1 mM glucose, respectively), and these concentrations
would be lower if our (probably larger) cortical slices consume
more glucose than the hippocampal slices of Gramsbergen et al.
(2003). In addition, because of the limited diffusion speed of
glucose (Lund-Andersen and Kjeldsen, 1976), the extracellular
glucose concentration is lower in the middle of the slice than at
the surface [by �0.4 mM in a 300 �m slice from calculations by
Tekkök et al. (2002)].

These estimates suggest that the slices cultured in 1.4 mM glu-
cose experienced true hypoglycemia, and, since the numbers used
in the calculations are approximate and the glucose consumption
measurements by Gramsbergen et al. (2003) were from a differ-
ent preparation, they do not exclude the possibility that the slices
in 2.9 mM glucose also experienced true hypoglycemia. Neverthe-
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less, since a reduction in myelin protein expression and number
of oligodendrocyte lineage cells was seen when the glucose con-
centration was lowered to 5.5 mM (Fig. 5B,D), it is worth bearing
in mind the possibilities that, first, glucose alone does not suffice
to maximize myelination and, second, that the survival of oligo-
dendrocyte lineage cells, even in physiological glucose concentra-
tions, may also require additional energy and carbon sources
such as lactate or pyruvate, particularly when they are carrying
out myelination. Consistent with this, compared with neurons
and astrocytes, oligodendrocytes have a relatively low expression
of the glucose-processing enzyme hexokinase (Snyder and Wil-
son, 1983; Cahoy et al., 2008), suggesting a low glycolytic rate,
and Saneto and de Vellis (1985) found that oligodendrocytes in
culture depended on the supply of exogenous pyruvate, another
monocarboxylate.

Between 41.5 and 2.9 mM glucose, the ratio of MBP/Sox10-
GFP fluorescence was unchanged (Fig. 5F). This implies that the
“myelin protein expressed per oligodendrocyte lineage cell”
stayed the same, and thus the inhibitory effect of a low glucose
level on myelin protein production (Fig. 5B) must be explained
by a reduction in the number of oligodendrocyte lineage cells
(Fig. 5D). Sox10-GFP labels mature and immature oligodendro-
cytes and OPCs, and thus a reduction in Sox10-GFP labeling
could reflect a loss of cells from all three developmental stages.
Indeed, Yan and Rivkees (2005) showed that hypoglycemia re-
duces OPC proliferation and maturation in OPC cultures and
reduces the density of myelinated fibers in cerebellar slice cul-
tures. At 1.4 mM glucose, the MBP/Sox10-GFP ratio decreased
(Fig. 5F), implying that the myelin made per oligodendrocyte
lineage cell decreased as well as the number of oligodendrocyte
lineage cells. Neurofilament fluorescence was unchanged bet-
ween 41.5 and 2.9 mM glucose. Only at 1.4 mM glucose did we
observe a reduction in the neurofilament fluorescence (Fig. 5C),
but this was smaller than the reduction in myelination, as the
MBP/NF ratio was greatly reduced (Fig. 5E). Thus, oligodendro-
cytes and myelination are particularly vulnerable to energy depri-
vation (Pantoni et al., 1996).

At 2.9 mM glucose, 20 mM lactate rescued the myelination lost
in slices cultured in 2.9 mM glucose alone and increased the num-
ber of oligodendrocyte lineage cells toward the level seen in high
glucose concentrations (Fig. 6). This suggests that lactate is used
by the oligodendrocyte lineage cells, although it does not rule out
the possibility that lactate supports the oligodendrocytes indi-
rectly, e.g., by being taken up into axons (Brown et al., 2003;
Tekkök et al., 2005), and converted into another substance that
supports myelination, for example NAA (N-acetylaspartate)
(Chakraborty et al., 2001), which can be transferred to oligoden-
drocytes and converted into aspartate and acetyl CoA for use in
myelination (Baslow et al., 1999). Application of lactate increased
the MBP/Sox10-GFP ratio to a value above that seen in the high-
glucose and low-glucose control media (Fig. 6K). This suggests
that the myelination per oligodendrocyte lineage cell is increased
and might indicate that lactate is preferred over glucose as a sub-
strate for myelin production.

MCTs also transport other energy-providing substances such
as pyruvate and �-hydroxybutyrate. In humans, the highest rate
of myelination occurs between midgestation and the end of the
second postnatal year (Gilles, 1976; Kinney et al., 1994), whereas
the most rapid myelination in rats happens during suckling
(Davison and Dobbing, 1966). In this period, the level of
�-hydroxybutyrate in the blood is elevated (Hawkins et al., 1971;
Snell and Walker, 1973; Foster and Bailey, 1976) and can con-
tribute to the brain energy supply (Cremer and Heath, 1974;

Nehlig and Pereira de Vasconcelos, 1993). Thus, our findings
suggest that, in addition to lactate, other MCT substrates like
�-hydroxybutyrate could also support myelination in vivo.
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