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ABSTRACT Under particular circumstances like lacta-
tion and fasting, the blood-borne monocarboxylates acetoac-
etate, b-hydroxybutyrate, and lactate represent significant
energy substrates for the brain. Their utilization is dependent
on a transport system present on both endothelial cells
forming the blood-brain barrier and on intraparenchymal
brain cells. Recently, two monocarboxylate transporters,
MCT1 and MCT2, have been cloned. We report here the
characterization by Northern blot analysis and by in situ
hybridization of the expression of MCT1 and MCT2 mRNAs
in the mouse brain. In adults, both transporter mRNAs are
highly expressed in the cortex, the hippocampus and the
cerebellum. During development, a peak in the expression of
both transporters occurs around postnatal day 15, declining
rapidly by 30 days at levels observed in adults. Double-labeling
experiments reveal that the expression of MCT1 mRNA in
endothelial cells is highest at postnatal day 15 and is not
detectable at adult stages. These results support the notion
that monocarboxylates are important energy substrates for
the brain at early postnatal stages and are consistent with the
sharp decrease in blood-borne monocarboxylate utilization
after weaning. In addition, the observation of a sustained
intraparenchymal expression of monocarboxylate transporter
mRNAs in adults, in face of the seemingly complete disap-
pearance of their expression on endothelial cells, reinforces
the view that an intercellular exchange of lactate occurs within
the adult brain.

Glucose is the major, if not exclusive, energy substrate for the
brain (1). Under certain situations, other substrates can con-
tribute significantly to brain energy demands. Thus, immedi-
ately after birth, lactate present in high amounts in the blood
following delivery provides an important source of energy for
the brain in the presuckling period (2, 3). In addition, aceto-
acetate and b-hydroxybutyrate, two ketone bodies formed by
the hepatic oxidation of fat contained in maternal milk, are
also significant energy substrates for the brain during the
preweaning period (4, 5). These energy substrates however do
not cross the blood-brain barrier easily, and require a transport
system to reach the brain parenchyma. Such a transport system
that has been demonstrated by uptake studies with tracers
across the blood-brain barrier during lactation is shared by
lactate, pyruvate, and the ketone bodies (6, 7).

Recently, two transporters for monocarboxylates have been
cloned and their distribution in various tissues, organs, and cell
types has been described (8–10). These reports made limited
mention about their presence in the central nervous system,
despite evidence from functional studies for the presence of a

lactate transport system in different brain cell types or in tissue
slices (11–14). More recently, two reports have appeared,
describing the presence of monocarboxylate transporters
(MCT) mRNAs by Northern blot analysis (15) as well as the
MCT1 protein (16) in the central nervous system. In this
article, we provide an extensive characterization of the re-
gional distribution of both MCT1 and MCT2 mRNAs by in situ
hybridization and of their level of expression during develop-
ment in the mouse brain. The results obtained support previ-
ous evidence for a developmentally regulated monocarboxy-
late transport across the blood-brain barrier in preweaning
animals. Parts of this work have been presented under abstract
form (17).

MATERIALS AND METHODS

Cloning of cDNA Fragments for Mouse Monocarboxylate
Transporters MCT1 and MCT2. The MCT1 and MCT2 cDNA
fragments were obtained by reverse transcription and PCR
amplification of poly(A)1 mRNA isolated from primary cul-
tures of mouse cortical neurons and mouse liver, respectively.
The set of primers used for MCT1 was 59-CAAGTGGATC-
AGACCTCGG-39 and 59-GGAGCTATTCTGCTGCG-39 lo-
cated at 1,128–1,635 bp in the coding region of the hamster
MCT1 cDNA sequence (8, 9). For MCT2, the set of primers
used was 59-GATGGCTTTTGTTGATATG-39 and 59-CTC-
TTTCTCTGTCTGAGGG-39 located at 979–1,559 bp in the
coding region of the hamster MCT2 cDNA sequence (10). The
reverse transcription–PCR fragments were subcloned in
pT7Blue(R) vector (Novagen). The identity of the amplified
MCT1 and MCT2 cDNA fragments was confirmed by se-
quencing using an automated DNA sequencer (Automated
Laser Fluorescent DNA analysis system, Pharmacia). The
amplified MCT1 cDNA fragment shares 89% nucleotide iden-
tity with the hamster MCT1 cDNA sequence (8, 9) and was
later found to be identical to the mouse MCT1 cDNA se-
quence (18). The amplified MCT2 cDNA fragment was shown
to share 84% nucleotide identity with the hamster MCT2
cDNA sequence (10).

Northern Blot Analysis. Total RNA was extracted by using
the CsCl centrifugation procedure as described by Chirgwin et
al. (19). Poly(A)1 RNA was obtained by passing total RNA
through an oligo(dT)-cellulose spin column (Pharmacia). To-
tal RNA (20 mg) or 4 mg of poly(A)1 RNA were electropho-
resed on a denaturing 1.2% agarose gel containing 2 M
formaldehyde, and were transferred onto nylon membrane
(Gene Screen, DuPontyNEN). Hybridization was performed
for 16–18 h at 65°C in 50% formamide, 53 standard saline
citrate (SSC; 13 SSC 5 0.15 M sodium chloridey0.015 M

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1998 by The National Academy of Sciences 0027-8424y98y953990-6$2.00y0
PNAS is available online at http:yywww.pnas.org.

Abbreviations: MCT, monocarboxylate transporter; DIG, digoxige-
nin; LDH, lactate dehydrogenase
*To whom reprint requests should be addressed. e-mail: Luc.Pellerin@

iphysiol.unil.ch.

3990



sodium citrate, pH 7.0), 50 mM TriszHCl, pH 7.5, 0.1% sodium
pyrophosphate, 1% SDS, 0.2% polyvinylpyrrolidone, 0.2%
Ficoll (Pharmacia), 5 mM EDTA, 0.2% BSA, and 150 mgyml
sheared denatured salmon sperm DNA, which contained a
32P-MCT1 or MCT2 riboprobe. Filters were then washed
under high-stringency conditions (twice with 23 SSCy0.1%
SDS at 65°C for 15 min and once with 0.13 SSCy0.1% SDS at
65°C for 15 min), and apposed to Kodak AR film at 270°C with
an intensifying screen. Differences in RNA gel loading and
blotting were assessed by rehybridizing the filters with a
32P-antisense actin riboprobe. Hybridization and washing con-
ditions for actin were identical to those for MCT1 and MCT2.

In Situ Hybridization. Experiments were performed as
reported (20). Plasmids containing MCT1 or MCT2 cDNA
fragments inserted in the pT7Blue(R) vector in both orienta-
tions were linearized with either BamHI (MCT1) or EcoRI
(MCT2). Digoxigenin (DIG)-labeled antisense- or sense-
strand RNA probes were prepared by in vitro transcription with
T7-RNA polymerase (Boehringer Mannheim). Sections were
incubated overnight at 58°C in the prehybridization buffer
containing 200 ngyml of sense or antisense DIG-labeled RNA
probe. At the end of the incubation period, sections were
washed successively in 23 SSC for 30 min at room temperature
followed by 1 h at 65°C and finally in 0.13 SSC for 1 h at 65°C.
Immunodetection of the hybridized probe was performed by
using a DIG Nucleic Acid Detection kit (Boehringer Mann-
heim) according to the manufacturer’s instructions. Controls
with sense-strand RNA probes were performed for each
fragment and found to give no labeling (data not shown).

In Situ Hybridization Combined with Histochemistry. Fol-
lowing in situ hybridization, sections were rehydrated in PBS
for 5 min. To reveal histochemically endothelial cells, sections
were then incubated overnight in presence of Griffonia sim-
plicifolia lectin coupled to horseradish peroxidase (12.5 mg/ml
in 0.1 M Trisy0.9% saliney1% Triton X-100). Sections were
incubated in 0.05% diaminobenzidine for 10 min and revealed
in 0.05% diaminobenzidiney0.003% H2O2 for 5 min. Finally,
sections were rinsed 5 min in PBS and rapidly dried.

RESULTS

Expression of MCT1 and MCT2 mRNAs in Various Mouse
Brain Regions. Northern blot analysis revealed the expression
of both MCT1 and MCT2 mRNAs in whole brain preparations,
as well as in the cerebral cortex, the hippocampus and the
cerebellum (Fig. 1). MCT1 mRNA was detected as a single
transcript of 3.6 kb, a size identical to the one reported in both
rat and hamster tissues (8). MCT1 mRNA was more abundant
in the cerebellum than in the other regions. For MCT2, three
transcripts of 9.5, 6.7, and 2.7 kb were observed in comparable
amounts in all three regions except in the cerebellum where the
2.7-kb transcript is less abundant. The 9.5-kb transcript was by
far the most abundant, in accordance with what was observed
in whole brain preparations.

Distribution of MCT1 and MCT2 mRNAs in the Brain by in
Situ Hybridization. To further characterize the regional dis-
tribution of MCT1 and MCT2 mRNAs in the brain, we applied
DIG-labeled riboprobes to sagittal cryostat sections from
mouse brain. The regional distribution observed was in agree-
ment with results obtained by Northern blot analysis. The
expression of both MCT1 and MCT2 mRNAs was intense
throughout the neocortex, in the hippocampus as well as in the
cerebellum (Fig. 2 A and B, respectively). Expression in the
striatum was also high both for MCT1 and MCT2 mRNAs. As
a rule, the overall expression of MCT1 mRNA was much more
abundant than that of MCT2 mRNA. Observations made at a
higher magnification revealed several interesting features. In
the cortex (Fig. 3 A and B), layer I was virtually devoid of
labeling both for MCT1 and MCT2 mRNAs. For MCT1, a
large number of strongly labeled cells were found in layers

II-III while moderately labeled cells were present in the rest of
the cortical thickness. In the case of MCT2, moderately labeled
cells were present throughout the cortex with some strongly
labeled cells observed in the deeper layers. Very strong
labeling was found in the hippocampus with both MCT1 and
MCT2 probes mainly in association with the pyramidal cell
layer of the CA1-CA4 region and the granule cells of the
dentate gyrus (Fig. 3 C and D). A complementary labeling was
observed in the hippocampus with strong staining in the
CA1-CA4 area and less in the dentate gyrus in the case of
MCT1 while the opposite was observed for MCT2 mRNA.
Outside the pyramidal cell and the granule cell layers, some
moderately labeled cells were also found. The cerebellum
presented a very distinctive staining (Fig. 3 E and F ). First, the
granular layer was strongly labeled with both MCT1 and
MCT2 while a very low level of staining was observed in the
white matter. Remarkably however, the Purkinje cell layer was
heavily labeled with MCT1 while it was not at all with MCT2.
This last feature points to a possible selective distribution of
MCT1 and MCT2 in different cell types.

Expression of MCT1 and MCT2 mRNAs during Develop-
ment. The expression of MCT1 and MCT2 mRNAs during
development was characterized by Northern blot analysis.
Results were quantified by scanning densitometry (BioImage,
Ann Arbor, MI) and reported as a percentage of maximal
expression (at postnatal day 15) after correction using the
expression of the ribosomal protein L27 as control (21) (Fig.
4). A very strong increase in the expression of both MCT1 and
MCT2 mRNAs at postnatal day 15 (7.4 and 103 the levels
observed the day of birth, respectively) was detected, followed

FIG. 1. Northern blot analysis of MCT1 and MCT2 expression in
whole mouse brain and in three specific brain regions. Northern blot
analysis was performed as described in Materials and Methods. Twenty
micrograms of total RNA were extracted from the whole brain as well
as from cortex, hippocampus, and cerebellum, electrophoresed, and
hybridized with an antisense 32P-MCT1 or MCT2-riboprobe. Exposure
time was 1 day for MCT1 and 3 days for MCT2.
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by a rapid decrease by postnatal day 30. The distribution of
MCT1 and MCT2 mRNAs by in situ hybridization was then
analyzed at postnatal day 15. In contrast to the region-specific
differences observed in adults, the distribution of MCT1
mRNA at day 15 is rather ubiquitous with a stronger expres-
sion in the cerebellum and the hippocampus. In the case of
MCT2 however, a more selective distribution was observed
with a particularly strong labeling in the cortex, the hippocam-
pus and the cerebellum. At high magnification, a rather
uniform distribution of labeled cells was found in the cortex for
both MCT1 and MCT2 (Fig. 5 A and B). In the hippocampus,
labeled cells were observed not only in the pyramidal and
granule cell layers but also throughout the hippocampus for
MCT1 (Fig. 5C). This was not the case for MCT2 where an
intense staining was restricted to the pyramidal and granule
cell layers (Fig. 5D). The cerebellum presented a similar
pattern of labeling when compared with the adult: for both
transcripts, the granular layer was labeled while the white
matter was not (Fig. 5 E and F). Similarly to the adult brain
(Fig. 3 E and F), the Purkinje cell layer was heavily stained with
MCT1 while not for MCT2. At the cellular level, numerous
cells with an elongated shape, present only at this stage,
appeared to be labeled by the MCT1 probe. Their organization
and distribution throughout the section suggested that they
might represent endothelial cells forming the capillaries.

Double-Labeling with MCT Riboprobes and a G. simplici-
folia Lectin. To confirm the possible expression of MCT
mRNAs in endothelial cells, we performed a double-labeling
experiment. Sections were first stained with DIG-labeled
MCT1 or MCT2 riboprobes (Fig. 6, blue), and then with a
lectin from G. simplicifolia, a well characterized marker of
endothelial cells (Fig. 6, brown). The results show that at
postnatal day 15, a clear colocalization was observed between
the lectin staining and the expression of MCT1 mRNA (Fig.
6 A–C), but not MCT2 mRNA (Fig. 6D). In contrast, colo-

calization between endothelial cells and either MCT1 or
MCT2 mRNA was never observed in adult sections (Fig. 6 E
and F ).

DISCUSSION

MCTs have been demonstrated in various tissues including the
central nervous system (for a review, see ref. 22). Interestingly,
tissues that either produce large amounts of lactate, such as
skeletal muscle, or utilize lactate as an energy substrate, such
as the heart, possess a lactate uptake system (23, 24) and
express MCTs (9, 10, 15). In the central nervous system,
monocarboxylates can cross the blood-brain barrier in young
animals, a fact suggesting that brain capillary endothelial cells
are likely to also express a MCT (22). This was very recently
confirmed by immunocytochemistry (16). Lactate transport
experiments in cultured cells have also suggested the presence
of at least one MCT type on both neurons and astrocytes
(12–14).

Two MCTs—MCT1 and MCT2—have been cloned and
their tissue distribution determined (8–10). Western blot
analysis did not reveal the presence of MCTs in these studies
performed on hamster brains. Very recently, Jackson et al. (15)
have reported by Northern blot analysis the expression of
MCT1 mRNA in rat brain, while MCT2 expression was not
detected in rat or mouse brain but was found in the hamster
brain. In another study, Gerhart et al. (16) have confirmed by
Western blot analysis the expression of MCT1 in rat brain.
Results reported here clearly indicate the expression of both
MCT1 and MCT2 mRNAs in mouse brain. The present study
also reveals the presence of three transcripts for MCT2 in
mouse brain. Because genomic clones for MCTs have not been
isolated yet, the presence of these three transcripts awaits
further clarification. One possibility is that they may arise from
splicing variants, generated by different promoters andyor
having different polyadenylation sites, as described for the
gene encoding brain-derived neurotrophic factor (25). The
physiological significance of these three transcripts is not
known for the moment but because their relative abundance
seems to vary from one tissue to another, their role might be
tissue-specific. Very recently, a third subtype of MCT—
MCT3—has been identified (26). Its expression however
appears to be restricted to the retinal pigment epithelium and
no expression was detected in the brain (27).

Results reported in this article provide a detailed charac-
terization of the regional expression of the two MCTs, MCT1
and MCT2, in the central nervous system. MCT mRNAs are
particularly abundant in the cerebral cortex, the hippocampus,
and the cerebellum, but are also expressed in the striatum and
other subcortical structures. At the cellular level, there appears
to be some differences between the expression of MCT1 and
MCT2 mRNAs (e.g., Purkinje cells) but further work will be
needed to clearly identify the presence of these transporters on
a particular cell type. We have recently obtained evidence in
cultured cells for a cell-specific localization of MCTs with an
enrichment of MCT1 in astrocytes and of MCT2 in neurons
(28).

Temporal Correlation Between the Pattern of Developmen-
tal Expression for MCTs and Nutrient Utilization by the
Brain. Glucose is the almost exclusive energy substrate for the
adult brain (1). There exist only a few situations in the adult
(e.g., diabetes or prolonged starvation) where other substrates,
such as ketone bodies, can provide a significant contribution to
brain energy metabolism. In the developing brain however, the
situation is different (reviewed in ref. 29). During the suckling
period, newborn mice receive through the maternal milk a high
fat-low carbohydrate diet (30). This results in the formation by
the liver of ketone bodies that reach high levels in the blood.
Ketone bodies provide indeed a substantial proportion of the
energy substrates used by the developing brain (at least 30%
of the total energy metabolism balance) (5). Another impor-

FIG. 2. Localization by in situ hybridization of MCT1 and MCT2
mRNAs in the adult mouse brain. In situ hybridization was performed
as described in Materials and Methods. Sagittal sections from separate
animals were hybridized with an antisense MCT1 (A) or MCT2 (B)
DIG-labeled RNA probe. (Bar 5 1 mm.)
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tant energy substrate for the developing brain is lactate. A
number of studies in vitro as well as in vivo have shown that
lactate utilization is much higher than that of glucose or ketone
bodies in the neonatal brain (3, 31). Both lactate and ketone
bodies utilization is limited by their transport across the
blood-brain barrier. In addition, transport of lactate and
ketone bodies across cell membranes is operated through the
same MCT. In view of the data presented here, it is then not

surprising that both lactate and ketone body utilization in-
crease dramatically during the suckling period (7–10-fold), and
then decrease after weaning to reach their adult values (6, 32).
Specifically, a 7-fold increase in b-hydroxybutyrate utilization
has been reported between postnatal day 1 and 19 (32). This
value is strikingly similar to the increase in MCT1 mRNA
expression observed between postnatal day 0 and 15 (Fig. 4).
Furthermore, double-labeling experiments show that endothe-
lial cells forming the capillaries express MCT1 mRNA (but not
MCT2 mRNA) during the suckling period (peak at postnatal
day 15) but then the expression of MCT1 on endothelial cells
sharply decreases in adults (Fig. 6). This tight correlation
between substrate utilization and MCT1 level of expression
can quantitatively account for the metabolic adaptations oc-
curring in the developing brain.

Role of MCTs Within the Brain Parenchyma in the Adult.
As discussed above, permeability of the blood-brain barrier for
lactate and ketone bodies decreases sharply after weaning.
Thus, a tight coordination between the diet, the circulatory
levels of lactate and ketone bodies, and MCT expression on
capillaries appears to exist in a developmentally regulated
manner. However, while their level of expression decreases
compared with preweaning period (Fig. 4), both MCT1 and
MCT2 mRNAs remain expressed within the adult brain pa-
renchyma (Figs. 2 and 3). At first analysis, this observation may
appear as a paradox. Why brain cells would continue to express
transporters for molecules that can no longer cross easily the
blood-brain barrier and be used as energy substrates? This
question can be resolved if the possibility is considered that in
the adult brain monocarboxylates do not originate from the
circulation, but are formed within the brain parenchyma.

An array of experimental evidences has recently pointed to
astrocytes as a cell type playing a critical role in the regulation
of brain energy metabolism (33, 34). First, they occupy a
strategic position between blood vessels and neurons. Astro-
cytes possess specialized processes, the end-feet, which are in
close apposition on capillaries, covering a large part of their
surface (35). The glucose transporter GLUT1 is expressed on
the end-feet membrane facing the capillaries (36), thus indi-
cating that astrocytes may represent an important glucose
uptake site. Astrocytes have a high glycolytic activity and
produce large amounts of lactate (37, 38). Glucose uptake and

FIG. 3. In situ hybridization analysis of MCT1 and MCT2 mRNA expression in the cortex, the hippocampus, and the cerebellum of adult mouse.
In situ hybridization was performed as described in Materials and Methods. (A, C, E) MCT1 mRNA expression in the cortex, the hippocampus, and
the cerebellum, respectively. (B, D, F) MCT2 mRNA expression in the cortex, the hippocampus, and the cerebellum, respectively. Arrows in E
indicate the strongly labeled Purkinje cell layer. (Bar 5 500 mm.)

FIG. 4. Levels of MCT1 and MCT2 mRNA expression during
mouse brain development. Northern blot analysis of MCT1 and MCT2
mRNA expression was performed on whole brain from mice taken at
various ages from embryonic (E) day 15 up to postnatal (P) day 60. The
levels of mRNA expression were quantified by scanning densitometry
and normalized for differences in loading relative to the levels of L27
mRNA, which was shown to remain unchanged during brain devel-
opment (21). Results are reported as a percentage of maximal
expression, which occurs at postnatal day 15 for both MCT1 and
MCT2.
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lactate formation by astrocytes is stimulated by a restricted set
of neuroactive substances released by neurons in an activity-
dependent manner, such as the excitatory neurotransmitter
glutamate (39, 40). A vast set of in vitro experiments has shown
that lactate is an adequate energy substrate for neurons
(41–43), possibly even preferred over glucose (38, 44). In
addition, lactate appears to represent an essential energy
substrate for recovery of synaptic transmission after an hypoxic
episode (45).

This set of observations obtained with a variety of experi-
mental approaches has been integrated into an operational
model whereby during neural activity glucose enters the brain

parenchyma through glucose transporters localized at the
astrocyte end-feet, is processed glycolytically by astrocytes,
which then release lactate to meet the energetic demands of
neurons (33, 34). Indeed lactate, after conversion to pyruvate
under the action of lactate dehydrogenase (LDH), can provide
18 ATP molecules via oxidative phosphorylation. Further
support to this view has been provided by the apparent
selective cellular localization of LDH isoforms in the brain.
Lactate dehydrogenase is composed of two distinct subunit
types: the LDH1 or H (for heart) subunit and the LDH5 or M
(for muscle) subunit. These two forms have slightly different
kinetic properties that make them better adapted to operate in

FIG. 5. In situ hybridization analysis of MCT1 and MCT2 mRNA expression in the cortex, the hippocampus and the cerebellum of mouse at
postnatal day 15. In situ hybridization was performed as described in Materials and Methods. (A, C, E) MCT1 mRNA expression in the cortex, the
hippocampus, and the cerebellum, respectively. (B, D, F) MCT2 mRNA expression in the cortex, the hippocampus, and the cerebellum, respectively.
(Bar 5 500 mm.)

FIG. 6. Cellular localization of MCT1 and MCT2 mRNA expression in relation to intraparenchymal capillaries at postnatal day 15 and in adult
mouse brain. Double-labeling with in situ hybridization to reveal MCT1 and MCT2 mRNA expression (blue) together with histochemistry for G.
simplicifolia lectin to visualize endothelial cells (brown) was performed. (A–C) MCT1 mRNA expression colocalizing with the endothelial cell
marker at postnatal day 15. B is a higher magnification of A. D shows the absence of colocalization between MCT2 mRNA expression and the
endothelial cell marker at postnatal day 15. E and F illustrate the absence of colocalization between MCT1 (E) and MCT2 (F) mRNA expression
and the endothelial cell marker in adult brain. (Bar 5 20 mm.)
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tissues that either produce large amounts of lactate (such as
skeletal muscle), or consume lactate as a fuel (such as the
heart). Accordingly, the LDH5 isoform is enriched in skeletal
muscle while LDH1 is the predominant heart form. Using
antibodies directed against each subunit type, a subpopulation
of astrocytes was found to be enriched in LDH5 while neurons
expressed exclusively the LDH1 form (46).

The foregoing set of considerations, taken together with
results indicating the presence of MCTs in the adult brain
reported here, are consistent with the proposed existence of a
lactate shuttle operating between astrocytes and neurons (46).
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