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Abstract

Glucose metabolism produces lactate and hydrogen ions in an anaerobic

environment. Cerebral ischemia or hypoxia is believed to become progressively

lactacidemic. Monocarboxylate transporters (MCTs) in endothelial cells are essential for

the transport of lactate from the blood into the brain. In addition, it is considered that

MCTs located in astrocytic and neuronal cells play a key role in the shuttling of energy

metabolites between neurons and astrocytes. However, roles of lactate in the brain

remain to be clarified. In this study, the localization of lactate transporters and a receptor

for cellular uptake of lactate was immunohistochemically examined in autopsied human

brains. Immunoreactivity for MCT1 was observed in the apical cytoplasmic membrane

of some epithelial cells in the choroid plexus as well as astrocytes and the capillary

wall, whereas that for MCT4 was found in the basolateral cytoplasmic membrane of

small number of epithelial cells as well as astrocytes and the capillary wall. In addition,

immunoreactivity for the hydroxy-carboxylic acid 1 receptor (HCA1 receptor), a

receptor for cellular uptake of lactate, was also found on the basolateral cytoplasmic

membrane of epithelial cells as well as astrocytic and neuronal cells. Immunoreactivity

for lactate dehydrogenase (LDH)-B was observed in the cytoplasm of epithelial cells in



the choroid plexus as well as astrocytes and the capillary wall.

These immunohistochemical findings indicate the localization of MCT1, MCT4, the

HCALI receptor, and LDH-B in epithelial cells of the choroid plexus as well as

astrocytes, and suggest the transport of intravascular lactate into the brain through

epithelial cells of the choroid plexus as well as cerebral vessels and the possibility of

lactate being utilized in epithelial cells.



INTRODUCTION

Monocarboxylate transporter 1 (MCT1), MCT2, MCT3, and MCT4 are known to

catalyze the proton-coupled transport of lactate, pyruvate, and ketone bodies across the

plasma membrane of several organs [1,2]. MCT1, MCT2, and MCT4 are widely

expressed in the brain [3,4]. In the brain, MCT1 is mainly detected on endothelial cells

of the blood-brain barrier in rodents and humans [5,6]. Both MCT1 and MCT4 are

known to be involved in lactate release by astrocytes, in which energy supply depends

on glycolysis [7-9]. The low-affinity and high-capacity transporter MCT4 conveys

lactate from astrocytes to other brain cells. In contrast, MCT2, which is known to be

mainly located in neurons, transports lactate as an efficient oxidative energy substrate,

and contributes to the establishment of the astrocyte-neuron lactate shuttle concept [10-

12]. In this way, the cellular distribution of MCTs in the brain suggests a key role of

these transporters in the shuttling of energy metabolites between neurons and astrocytes

[10, 12-14]. On the other hand, the expression of MCT3 is restricted to cells in the

retinal pigment and choroid plexus epithelium [15,16]. Regarding the expression of

MCTs other than MCT3 in the choroid plexus, weak and diffuse staining for MCT1 was

reported to be observed in epithelial cells of the rat choroid plexus, although the



immunohistochemical images were not shown [17]. A quantitative targeted absolute

proteomics study using the plasma membrane in the isolated choroid plexus of rats and

humans showed low-level expression of MCT1 in rats and humans, low-level

expression of MCT3 in rats, and very low-level expression of MCT4 in humans [18].

These findings suggest low expression of MCT1 and MCT4 as well as MCT3 in the

choroid plexus. In addition, a recent quantitative study involving analysis by

quantitative targeted absolute proteomics-based liquid chromatography-tandem mass

spectrometry using the porcine choroid plexus showed that MCT1 was expressed in

plasma membranes of the porcine choroid plexus [19]. However, it remains unclear,

especially in human brains, whether MCT1 and MCT4 are significantly expressed in

epithelial cells of the choroid plexus; moreover, it remains to be clarified where they are

expressed in cytoplasmic membranes of epithelial cells.

A hydroxy-carboxylic acid 1 receptor (HCA1 receptor), a receptor for cellular

lactate, is primarily expressed in white and brown adipocytes [20,21].

Immunohistochemical studies indicated that the HCA1 receptor is highly concentrated

in principal neurons, such as hippocampal pyramidal and Purkinje cells, and in

interneurons in multiple brain regions, whereas the receptor is also expressed to a lesser

extent in astrocytes and the vascular endothelium [16,22]. However, at present, it



remains unclear whether the HCA1 receptor is expressed in epithelial cells of the

choroid plexus. Accordingly, in this study, we immunohistochemically examined

whether receptors for the cellular uptake of lactate as well as MCTs are localized in

epithelial cells of the choroid plexus as well as astrocytes of autopsied human brains.

Materials and Methods

Human brain samples were obtained at autopsy from 6 patients with or without

neurological abnormalities in Kagawa University Hospital, as previously reported [23-

25]. The main diagnosis of each case was established according to the clinical and

autopsy findings shown in Table 1. This study using human brains was approved by the

institutional ethics committee of the Faculty of Medicine, Kagawa University. The

brains were fixed in 10% formalin and processed for immunohistochemical

examination. The brain samples were embedded in paraffin and sectioned at a 4-um

thickness. The antibodies used in this study were mouse antibodies for MCT1 (1:100,

Abcam, ab90582) [26], GFAP (1:200, ab10062) [24], and early endosome antigen |

(EEAT) (1:100, Novus, NBP2-36568) [24] and rabbit antibodies for MCT1 (1:100,

Merck, AB3538P) [27], MCT4 (SLC16A3) (1:200, NBP1-81251, Novus Biologicals,



Littleton, CO, USA) [28], MCT4 (1:50, Abcam, ab244385) [29], HCA1 receptor (1:200,
NLS-2095, Novus Biologicals) [30], lactate dehydrogenase A (LDH-A) (1:200, Abcam,
ab125683) [31], LDH-B (1:200, Abcam, ab75167) [32], GFAP (1:1000, DAKO, Z0334)
[24], and EEA1 (1:100, Novus, NBP1-30914) [24]. Before incubation with these
antibodies, antigen retrieval was performed by heating sections in 10 mM sodium citrate
buffer (pH 6) at 95°C for 20 min. Aftler treatment with hydrogen peroxide and blocking
with 2% bovine serum albumin in PBS for 30 min, the sections were incubated with the
primary antibodies at 4°C overnight. Staining was achieved with Simple Stain kit
(Nichirei, Tokyo, Japan) and developed with 3,3’-diaminobenzidine tetrahydrochloride
(DAB) and hydrogen peroxide (Nichirei) at room temperature for 5-7 min. The sections
were counterstained with hematoxylin.

For morphometrical analyses, the average numbers of epithelial cells positive for
immunostaining of MCT1 (ab90582), MCT4 (NBP1-81251), HCA1-R (NLS-2095), and
LDH-B (ab75167) as percentages of the cells examined in ten randomly selected areas
were calculated in six human brains.

For fluorescent immunostaining, the sections were incubated overnight with the
mouse antibody for MCT1 (ab90582), GFAP (ab10062), or EEA1 (NBP2-36568) and

the rabbit antibody for GFAP (Z0334), MCT4 (NBP1-81251 or ab244385), HCA1



receptor (NLS-2095), LDH-B (ab75167), or EEA1 (NBP1-30914), followed by

incubation at RT for 60 min in Alexa Fluor 488-anti-mouse IgG and Alexa Fluor 594-

conjugated anti-rabbit IgG antibodies (1:200, Molecular Probes, Eugene, OR, USA),

respectively. Then, the sections were incubated for 60 min at RT in Monomeric Cyanine

Nucleic Acid Stain (TO-PRO-3, Molecular Probes, Eugene, OR, USA), which was

diluted to 2.5 uM in PBS. The fluorescent signals were viewed under a confocal

microscope (Carl Zeiss LSM700, Oberkochen, Germany).

For confirmation of the specificity of the antibodies used in this study, the

antibodies for MCT1 (ab90582), MCT1 (AB3538P), MCT4 (NBP1-81251), MCT4

(ab244385), HCA1-R (NLS-2095), and LDH-B (ab75167) were preincubated with an

excess of recombinant peptides or proteins, which were antigens for MCT1 (ab152689),

MCT1 (H00006566-P01, Abnova), MCT4 (NBP-1-81251PEP), MCT4 (NBP-1-

81251PEP), HCAI1-R (amino acid sequence of synthetic peptide;

SPSFPKFYNKLKICSLKPK), and LDH-B (ab96765), respectively, at 4°C overnight,

according to the procedure reported previously [25]. Then, immunohistochemical

examination using the antibodies preincubated with the antigens were performed. In

addition, Western blot analysis was also performed using human carcinoma cell lines to

confirm the specificity of the antibodies for MCT1 and MCT4. The human cervical



carcinoma cell line (HeLa) and colorectal adenocarcinoma cell line (HT-29) were

obtained from the American Type Culture Collection (Manassas, VA, USA). HT-29 cells

were maintained in Dulbecco's modified Eagle's medium supplemented with 10% FBS,

100 mU/mL penicillin, and 100 pg/mL streptomycin at 37°C under a 5% COz - 95%

atmosphere. Eagle's Minimum Essential Medium supplemented with 10% FBS, 100

mU/mL penicillin, and 100 pg/mL streptomycin was used for HeLa cells. Preparation of

whole-cell lysates subjected to Western blot and subsequent Western blot analysis using

the antibodies for MCT1 (ab90582) and MCT4 (NBP1-81251) were performed

according to the procedure reported previously [33].

RESULTS

Preabsorption of the antibodies for MCT1, MCT4, HCA1 receptor, and LDH-B with

their antigens abolished the immunoreactivity on the cytoplasmic membrane of

epithelial cells of the choroid plexus (Supplemental Fig. 1A-F). In addition, Western

blot analysis with the antibody for MCT1 (ab90582) using human carcinoma cell lines

revealed immunoreactive signal bands with molecular masses around 53 and 47 kDa,

whereas that for MCT4 (NBP1-81251) revealed an immunoreactive signal band with a



molecular mass around 42 kDa (Supplemental Fig. 1G). Immunohistochemical

examination using the antibody for MCT1 (ab90582) showed immunoreactivity not

only in granular structures in the cytoplasm of astrocytic cells and cerebral vessel wall,

but also in the apical cytoplasmic membrane of some epithelial cells in the choroid

plexus of human brains (Fig. 1A, B). Immunoreactivity for MCT1 (AB3538P) was also

observed in the apical cytoplasmic membrane of some epithelial cells in the choroid

plexus (left inset in Fig. 1B). Immunohistochemical examination using the antibody for

MCT4 (NBP1-81251) showed immunoreactivity not only in the cytoplasm of astrocytic

cells and cerebral vessel wall, but also in the basolateral cytoplasmic membrane of small

number of epithelial cells in the choroid plexus (Fig. 1C, D). Immunoreactivity for

MCT4 (ab244385) was also observed in the basolateral cytoplasmic membrane of small

number of epithelial cells in the choroid plexus (left inset in Fig. 1D).

Immunohistochemical examination using an antibody for the HCA1 receptor showed

strong immunoreactivity in neuronal cells located in the hippocampus and subiculum

and weak immunoreactivity in the cytoplasm of some astrocytic cells (Fig. 1E). In

addition, immunoreactivity for the HCA1 receptor was noted in the basolateral

cytoplasmic membrane of epithelial cells in the choroid plexus (Fig. 1F).

Immunoreactivity for LDH-B was clearly observed in the cytoplasm of astrocytic cells
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and faintly in the vessel wall (Fig. 1G). In addition, immunoreactivity for LDH-B was

found in the cytoplasmic membrane and cytoplasm of epithelial cells in the choroid

plexus (Fig. 1H). Most epithelial cells in the choroid plexus were not stained with the

antibody for LDH-A (data not shown). The average numbers of epithelial cells positive

for immunostaining of MCT1, MCT4, HCA1-R, and LDH-B as percentages of the total

cells examined are shown in Table 1.

Double immunofluorescence examination using antibodies for GFAP, a marker of

astrocytes, and MCT1, MCT4, the HCA1 receptor, or LDH-B was performed. Granular

immunoreactivity for MCT1, MCT4, and the HCA receptor was partially colocalized

with that of GFAP (Fig. 2A-C), whereas immunoreactivity for LDH-B was observed in

the cytoplasm of astrocytes showing immunoreactivity for GFAP (Fig. 2D). In addition,

granular immunoreactivity for MCT1 and MCT4 was partially colocalized with that for

EEAI (Fig. 2E, F). Granular immunoreactivity for MCT1 was colocalized with that for

MCT4 (Fig. 2G). In the choroid plexus, immunoreactivity for MCT1 and MCT4 was

observed in the apical and basolateral cytoplasmic membrane of small number of

epithelial cells, respectively (Fig. 2H). From the findings in this study, the hypothesized

localization of MCT1, MCT4, HCA l-receptor, and LDH-B and movement of lactate in

epithelial cells of the choroid plexus are shown in Fig. 21.
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DISCUSSION

In this study, immunohistochemistry was performed using antibodies that had been

used for immunohistochemical examination [24,26-30,32]. The immunostaining

absorption tests confirmed the specificity of the antibodies used in this study. In

addition, Western blot analysis with antibodies for MCT1 (ab90582) and MCT4 (NBP1-

81251) using human carcinoma cell lines revealed immunoreactive signal bands with

molecular masses compatible with findings reported previously [34,35].

Immunohistochemical findings of MCT1, MCT4, and the HCA1 receptor on astrocytes

and endothelial or neuronal cells were consistent with previous results [2-4]. In

addition, new findings in the choroid plexus of human brains were found.

Immunoreactivity for MCT1, MCT4, and the HCA receptor was observed on the

apical or basolateral cytoplasmic membrane of epithelial cells of the choroid plexus.

However, it is unclear why these transporters and receptors are located in the apical or

basolateral cytoplasmic membrane of small number, some, or almost all epithelial cells.

Diversity in the ultrastructure and molecular expression among epithelial cells of the

choroid plexus has been reported [36,37]. Each epithelial cell of the choroid plexus
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might have an individual molecular expression profile to fulfill its function.

It is known that LDH-A is involved in lactate production from pyruvic acid, whereas

LDH-B catalyzes the conversion of lactate into pyruvic acid in a metabolic pathway

[38]. Expression of LDH-B in cells is convenient to supply energy by metabolizing

lactate. Although it had already been reported that the intensity of enzymatic staining

showing LDH activity was located in choroid plexus epithelial cells [39], it was unclear

whether LDH-B existed in epithelial cells of the choroid plexus. In this study,

expression of LDH-B was immunohistochemically confirmed to be localized in the

epithelial cells of the choroid plexus as well as in astrocytes. Granular immunoreactivity

for MCT1 or MCT4 was partially colocalized with that for EEA1 (Fig. 2E, F). The

findings suggest the colocalization of MCT1 and MCT4 in the endosomal membrane of

glial cells, as reported in an efflux transporter for iron [24]. Smith et al. [40] reported

the internalization of MCT1 from the plasma membrane into early endosomes in rat

cerebrovascular endothelial cells. Lauritzen et al. [22] reported the endocytotic

internalization of MCTs by lactate through the HCA1 receptor into cytosolic

membranes of organelles. Accordingly, analogous internalization of MCTs into

endosomal structures depending on the energy supply status may also occur in

astrocytes.
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The proton and lactate are translocated through MCT1 across the membrane and

released on the other side [4]. This may represent either the influx or efflux of lactate

depending of the intra- and extracellular lactate concentrations and existing pH gradient

across the plasma membrane. MCT4 is considered to be involved in the efflux of lactate

from tissues to prevent its intracellular accumulation [41]. On the other hand, it is well-

known that GLUT1, a representative transporter of glucose, is located in the basolateral

cytoplasmic membrane of epithelial cells in the choroid plexus. In addition,

sodium/glucose cotransporter 2 (SGLT2) was recently confirmed to be expressed in

epithelial cells of the choroid plexus [25]. Based on these findings, MCTs, GLUT1, and

SGLT2 are considered to work cooperatively to transport glucose and lactate in choroid

plexus epithelial cells to supply energy. Further studies using brains with an increased

lactate utilization state are needed to clarify the significance of MCTs in the choroid

plexus. As several kinds of transporters are known to be present in the choroid plexus,

the disturbance of the choroid plexus may affect the brain parenchyma in periventricular

regions, including the hippocampus, near the choroid plexus and lead to the

exacerbation of cognitive dysfunction.
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Figure legends

Fig. 1

Representative microphotographic images of immunoreactivity for MCT1 (A, B, and

right inset in B: ab90582, left inset in B: AB3538P), MCT4 (C, D, and right inset of D:

NBP1-81251, left inset of D: ab244385), HCAL receptor (E,F: NLS-2095), and LDH-B

(G,H: ab75167) in sections of human brains are shown. The inset of each image shows

an enlarged image (A-H). Scale bars indicate 100 pm.

Fig. 2

Representative confocal microscopic merged images (A-D) of glial cells immunostained

with anti-MCT1 (A), MCT4 (B), HCA1-R (C), and LDH-B (D) antibodies (visualized

as green) and the anti-GFAP antibody (visualized as red) and with nuclear staining by

TO-PRO-3 (visualized as blue) are shown. Representative confocal microscopic merged

images (E and F) of glial cells immunostained with anti-MCT] (E) or MCT4 (F)

antibodies (visualized as green) and the anti-EEA 1 antibody (visualized as red) and with

nuclear staining by TO-PRO-3 (visualized as blue) are shown. Representative confocal

microscopic merged images (G and H) of glial cells immunostained with the anti-MCT1

antibody (visualized as green) and the anti-MCT4 antibody (visualized as red) and with

nuclear staining with TO-PRO-3 (visualized as blue) are shown. The insets of each
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image (A-H) show enlarged green, red, and merged images of cells indicated by arrows.

Scale bars indicate 50 pm. Hypothesized localization of MCT1, MCT4, HCA1-R, and

LDH-B and movement of lactate in the cytoplasm of the choroid plexus epithelium is

shown (I).

Supplemental Fig. 1

Validation of the specificity of the antibodies used in the present study.

Immunoreactivities of the antibodies for MCT1 (ab90582), MCT1 (AB3538P), MCT4

(NBP1-81251), MCT4 (ab244385), HCAl-receptor, and LDH-B without preabsorption

with their antigens are shown in (A-1), (B-1), (C-1), (D-1), (E-1), and (F-1),

respectively, whereas immunoreactivities of these antibodies with preabsorption with

their antigens are shown in (A-2), (B-2), (C-2), (D-2), (E-2), and (F-2), respectively.

Preabsorption of the antibodies with their antigens abolishes the immunoreactivity on

the cytoplasmic membrane of epithelial cells in the choroid plexus. The inset of each

image shows an enlarged image (A-F). Western blot analyses of MCT1 (ab90582) and

MCT4 (NBP1-81251) using human cell lines are shown in (G) and (H), respectively.

Whole-cell lysates of HeLa and HT-29 cells were subjected to Western blot analysis. M:

molecular weight marker proteins.
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Table 1. Summary of clinical profiles and percentage of immuno-positive epithelial cells in the subjects

No. Age/sex Main diagnosis MCT1 MCT4 HCAIRLDH-B
1 30-39/F Brainstem hemorrhage 71% 13%  97%  98%
2 70-79/M Cerebellar tuberculosis, LL DM 73%  16%  96%  99%
3 60-69/M Dissecting aneurysm, DM 79% 13%  96%  99%
4 70-79/F Pneumonia 66%  12%  93%  98%
5 70-79/M Unstable angina, DM 65%  14%  96%  98%
6 70-79/M Lung cancer, DM 68%  16%  95%  99%

DM, diabetes mellitus; F, female; LI, lacunar infarction; M, male
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