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*Corresponding author. E-mail address: t.yamamoto@kdu.ac.jp (T. Yamamoto).

http://dx.doi.org/10.1016/j.jchemneu.2016.03.004
0891-0618/ã 2016 Elsevier B.V. All rights reserved.

Journal of Chemical Neuroanatomy 74 (2016) 55–70

Contents lists available at ScienceDirect

Journal of Chemical Neuroanatomy

journal homepage: www.elsevier .com/ locat e/ jchemne u

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jchemneu.2016.03.004&domain=pdf
mailto:t.yamamoto@kdu.ac.jp
http://dx.doi.org/10.1016/j.jchemneu.2016.03.004
http://dx.doi.org/10.1016/j.jchemneu.2016.03.004
http://www.sciencedirect.com/science/journal/08910618
www.elsevier.com/locate/jchemneu


A R T I C L E I N F O

Article history:
Received 4 December 2015
Received in revised form 24 March 2016
Accepted 24 March 2016
Available online 29 March 2016

Keywords:
Glucose transporter
Rat brain
Immunohistochemistry

A B S T R A C T

This study aimed at examining the distribution of glucose transporter 5 (GLUT5), which preferentially
transports fructose, in the rat brain by immunohistochemistry and Western blotting. Small
immunoreactive puncta (less than 0.7 mm) were sparsely distributed all over the brain, some of which
appeared to be associated with microglial processes detected by an anti-ionized calcium-binding adapter
molecule 1 (Iba-1) monoclonal antibody. In addition, some of these immunoreactive puncta seemed to be
associated with tanycyte processes that were labeled with anti-glial fibrillary acidic protein (GFAP)
monoclonal antibody. Ependymal cells were also found to be immunopositive for GLUT5. Furthermore,
several noticeable GLUT5 immunoreactive profiles were observed. GLUT5 immunoreactive neurons,
confirmed by double staining with neuronal nuclei (NeuN), were seen in the entopeduncular nucleus and
lateral hypothalamus. Cerebellar Purkinje cells were immunopositve for GLUT5. Dense accumulation of
immunoreactive puncta, some of which were neuronal elements (confirmed by immunoelectron
microscopy), were observed in the optic tract and their terminal fields, namely, superior colliculus,
pretectum, nucleus of the optic tract, and medial terminal nucleus of the optic tract. In addition to the
associated areas of the visual system, the vestibular and cochlear nuclei also contained dense
GLUT5 immunoreactive puncta. Western blot analysis of the cerebellum indicated that the antibody used
recognized the 33.5 and 37.0 kDa bands that were also contained in jejunum and kidney extracts. Thus,
these results suggest that GLUT5 may transport fructose in subsets of the glia and neurons for an energy
source of these cells.

ã 2016 Elsevier B.V. All rights reserved.

1. Introduction

Glucose is the principal source of energy for the mammalian
brain; a continuous supply of this substrate is essential for
maintenance of normal brain functions (Maher et al., 1994).
Glucose transporter proteins (GLUTs) are highly homologous
integral membrane proteins with 12 membrane-spanning
domains and a single glycosylation site, and are responsible for
the facilitative uptake of glucose and other monosaccharaides into
mammalian cells (Bell et al., 1993; Gould and Holman, 1993). To
date, 14 GLUT family members have been identified (Mueckler and
Thorens, 2013). Among them, GLUT5 (molecular weight, 50–
60 kDa in rats; Maher et al., 1994) is highly expressed in the small
intestine, kidney, testis and brain (Bell et al., 1993; Gould and
Holman, 1993; Cui et al., 2003; Horikoshi et al., 2003). Although
GLUT5 is classified as a glucose transporter, it is known to function
as a high-affinity fructose transporter with a poor glucose
transporting ability (Kayano et al., 1990; Burant et al., 1992;
Funari et al., 2007). Most tissues expressing GLUT5 have been
found to be rich in fructose, with the exception of the brain (Maher
et al., 1994).

Ambient fructose levels are low in the brain (Maher et al., 1994),
suggesting the minor contribution of GLUT5 for neuro-energetics.
However, a number of studies have shown that GLUT5 is expressed
in the Purkinje cells of the cerebellum (Funari et al., 2005),
microglia (Payne et al., 1997; Horikoshi et al., 2003) and epithelial
cells of choroid plexus, and the ependymal cells in the brain (Ueno
et al., 2014). Despite the considerable interest in understanding
fructose metabolism in the brain owing to increased consumption
of dietary fructose, the overall distribution of GLUT5 in the brain
has not been reported so far. In the present study, we investigated
the distribution of GLUT5 in the rat brain, and found the more
extensive distribution of GLUT5 in subsets of neurons and glia of
the rat brain than one might expect.

2. Materials and methods

This study was carried out with the permission from the Ethics
Committee of Kanagawa Dental University, and in accordance with
the guidelines established by the committee. Male Wistar rats
(n = 7) were deeply anesthetized with pentobarbital sodium (Wako
Pure Chemical Industries, Ltd., Osaka, Japan), and perfused with

0.9% NaCl and, subsequently, with 4% formaldehyde and 0.2% picric
acid in 0.1 M sodium phosphate buffer (PB, pH 6.9). The brain was
rapidly dissected and fixed, in a same fixative, for one or two days
at 4 �C. After washing in PB and immersing in 20% sucrose, the
frozen samples were cut into 20-mm-thick transverse sections
using a sliding microtome equipped with a freezing stage and
immunostained using the free-floating method.

Immunohistochemistry was performed according to the
method routinely used in our laboratory (Yamamoto et al.,
2011). Briefly, the sections were washed overnight in 0.1 M PB
(pH 7.4) containing 0.9% saline (PBS), and incubated with rabbit
anti-GLUT5 antibody (Immuno-Biological Laboratories Co., Taka-
saki, Japan) diluted in 1.5 mg/ml in PBS containing 1% bovine serum
albumin (BSA) and 0.3% Triton X-100 (PBS-BSAT) for 2 days at 4 �C.
This antibody was raised against a part of the C-terminal region
(SEVYPEKEELKELPPVTSEQ) of human GLUT5 and affinity purified
(company’s description). After washing in PBS, the sections were
incubated with a secondary antibody (biotinylated goat anti-rabbit
IgG, Vector Laboratories, Burlingame, CA, USA) diluted in PBS-BSAT
(1:200) for 1 h at room temperature. The sections were then
washed again in PBS and incubated with avidin-biotin-horseradish
peroxidase complex (ABC; Vector Laboratories) diluted in PBS-
BSAT (1:200) for 30 min at room temperature. After a final wash in
PBS, the sections were reacted with 3, 30-diaminobenzidine
tetrahydrochloride (DAB; 0.02%) and hydrogen peroxide
(0.005%) in 0.05 M Tris–HCl buffer solution (pH 7.4). Thereafter,
the sections were counterstained with thionin and coverslipped
with Malinol (Muto Pure Chemicals, Tokyo, Japan). Some sections
were coverslipped without counterstaining. Negative controls
were prepared by omitting the antibody in the first incubation or
by using antibody pre-absorbed with a GLUT5 antigen peptide
(20 mg/ml; Immuno-Biological Laboratories Co.). Cytoarchitecture
and line drawing of the rat brain were referred to a rat brain atlas
(Paxinos and Watson, 2007).

To identify the types of immunoreactive cells, double immu-
nofluorescence staining was performed. Neurons, astrocytes and
microglia were labeled using mouse, anti-neuronal nuclei (NeuN)
monoclonal antibody (1:500; Chemicon International, Temecula,
CA, USA; Yamamoto et al., 2011), mouse, anti-glial fibrillary acidic
protein (GFAP) monoclonal antibody (1:10; American Research
Products, Inc., Belmont, MA, USA; Aoki et al., 2010), and mouse,
anti-ionized calcium-binding adapter molecule 1 (Iba-1)
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