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We describe the localization of the recently identified glucose
transporter GLUTx1 and the regulation of GLUTx1 in the hippocam-
pus of diabetic and control rats. GLUTx1 mRNA and protein exhibit
a unique distribution when compared with other glucose trans-
porter isoforms expressed in the rat hippocampus. In particular,
GLUTx1 mRNA was detected in hippocampal pyramidal neurons
and granule neurons of the dentate gyrus as well as in nonprincipal
neurons. With immunohistochemistry, GLUTx1 protein expression
is limited to neuronal cell bodies and the most proximal dendrites,
unlike GLUT3 expression that is observed throughout the neuropil.
Immunoblot analysis of hippocampal membrane fractions revealed
that GLUTx1 protein expression is primarily localized to the intra-
cellular compartment and exhibits limited association with the
plasma membrane. In streptozotocin diabetic rats compared with
vehicle-treated controls, quantitative autoradiography showed
increased GLUTx1 mRNA levels in pyramidal neurons and granule
neurons; up-regulation of GLUTx1 mRNA also was found in non-
principal cells, as shown by single-cell emulsion autoradiography.
In contrast, diabetic and control rats expressed similar levels of
hippocampal GLUTx1 protein. These results indicate that GLUTx1
mRNA and protein have a unique expression pattern in rat hip-
pocampus and suggest that streptozotocin diabetes increases
steady-state mRNA levels in the absence of concomitant increases
in GLUTx1 protein expression.

he family of facilitative glucose transporter (GLUT) proteins

is responsible for the entry of glucose into cells throughout
the periphery and the brain (1, 2). In the central nervous system
(CNS), glucose transporters play an essential role in neuronal
homeostasis, because glucose represents the primary energy
source for the brain (3, 4). Metabolic disorders that disrupt
glucose delivery or utilization in the CNS may adversely affect
neuronal activity, particularly cognitive function. For example,
glucose utilization is reduced in Alzheimer’s disease (AD) (5),
and the cognitive impairments associated with AD can be
ameliorated to some extent by glucose administration (6) and
insulin therapy (7). Similarly, diabetes mellitus (type 1 or insulin-
dependent diabetes) is associated with cognitive impairments in
humans and in animal models of hyperglycemia (8). Reductions
in glucose transport in the CNS may be particularly endangering
to the hippocampus, a region that has been identified as an
important integration center in the development of learning and
memory (9). Inview of the special metabolic requirements of the
hippocampus, it is not unexpected that hippocampal neurons
exhibit robust expression of the neuron-specific glucose trans-
porter GLUT3 (10) as well as the insulin-sensitive glucose
transporter GLUT4 (11).

Recent cloning of a novel mammalian glucose transporter was
stimulated by the unexpected phenotypes of GLUT2 and
GLUT4 knockout mice (12, 13) and by the ability to search
databases for sequence similarities with GLUTs 1-5 (14).
GLUTX1, also referred to as GLUTS, exhibits between 29 and
32% identity with rat GLUTs 1-5, and transport activity of
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GLUTXx1 expressed in Xenopus oocytes was inhibited by cytocha-
lasin B (14, 15). Subsequent studies suggested that expression or
translocation of GLUTx1 to the plasma membrane may be
hormonally regulated (14-16). Northern blot analysis demon-
strated that GLUTx1 mRNA is expressed most abundantly in
testis, as well as several brain regions, including the hippocampus
(14). In an attempt to determine whether this novel glucose
transporter assists GLUT3 and GLUT4 in meeting the metabolic
demands of the hippocampus, we have examined the localization
of GLUTx1 mRNA and protein in the hippocampus by in situ
hybridization histochemistry and immunohistochemistry, re-
spectively. In addition, we also have examined the regulation of
GLUTx1 mRNA and protein in the hippocampus of streptozo-
tocin (STZ) diabetic rats.

Materials and Methods

Animal Protocols. Diabetes was produced in adult male Sprague—
Dawley rats by i.p. injections of STZ (35 mg/kg; Sigma) dissolved
in citrate buffer (0.1 M, pH 4.2) administered on 3 consecutive
days; control animals were injected with vehicle only. The
development of hyperglycemia was confirmed by measuring
fasting glucose concentrations, using the glucose oxidase method
[Glucose (trinder) kit; Sigma]. STZ-treated rats exhibited
plasma glucose levels 3—4 times above control rats (control =
110.48 mg/dl, STZ = 353.05 mg/dl; P =< 0.0001). On the seventh
day of STZ-induced hyperglycemia, rats were killed, blood was
collected, and the brains were removed quickly. For in situ
hybridization histochemistry, the brains from control and dia-
betic rats (n = 8) were frozen on dry ice and stored at —70°C
until use. For immunoblot analysis, vehicle-treated rats and
diabetic rats (n = 8) were decapitated, brains were removed
quickly, and the hippocampus was microdissected, frozen on dry
ice, and stored at —70°C until use.

In Situ Hybridization Histochemistry. In situ hybridization studies
were performed as described (17) by using sense and antisense
probes generated from rat GLUTx1 cDNA corresponding to bp
1,300-2,087. Antisense riboprobes were labeled with [3S]JUTP
by using T7 RNA polymerase; sense probes were labeled with
[**SJUTP by using T3 RNA polymerase. Slides were exposed to
Kodak X-Omat film for autoradiography and subsequently
dipped in Kodak NTB-2 emulsion for single-cell emulsion au-
toradiographic analysis. All autoradiographic films and emulsion
slides were developed and processed for analysis at identical time
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points. Autoradiographic film optical density analysis and quan-
tification of reduced silver grains were performed as described
(18). The values obtained represent the average of measure-
ments taken from 2-3 sections per slide and two slides per animal
(control and STZ, n = 8). Statistical analysis was performed by
using an unpaired ¢ test; significance was accepted at P = 0.05.

GLUTx1 Antibody Generation. Polyclonal antisera to the carboxyl-
terminal 11 aa [LEQITAHFEGR] of the GLUTXx1 protein were
generated by using a previously described technique (19). The
synthetic GLUTx1 peptide (Research Genetics, Huntsville, AL)
was linked to keyhole limpet hemacyanin (Pierce) and was
administered to New Zealand rabbits by s.c. injection.

Immunohistochemistry. Immunohistochemical analysis was per-
formed as described (20). GLUTXx1 primary antisera were used
at a concentration of 1:1,000. For competition studies, immu-
nizing peptide was added to the immune serum at increasing
concentrations (0.5-2.4 mg/ml) and incubated for 1 h at 4°C. The
competed serum then was used at a dilution of 1:1,000.

Immunoblot Analysis. Hippocampal plasma membrane and intra-
cellular membrane-containing fractions were separated by su-
crose density centrifugation as described (21). Proteins (50 ng)
were separated by 10% SDS/PAGE, transferred to nitrocellu-
lose (NC) membranes and blocked in TBS plus 5% nonfat dry
milk for 60 min. NC membranes then were incubated with
GLUTXI primary antisera (1:1,000 in TBS/5% nonfat dry milk)
for 90 min at room temperature (RT) with gentle shaking. NC
membranes were washed with TBS plus 0.05% Tween 20 (TBST)
three times for 5 min with gentle shaking and then subjected to
a high-stringency wash (200 mM urea/100 mM glycine/1%
Triton X-100, pH = 7.5) for 5 min, followed by a final 5-min wash
of TBST. NC membranes then were incubated with peroxidase-
labeled anti-rabbit secondary antibodies (1:20,000; Vector Lab-
oratories) for 60 min at RT with gentle shaking. NC membranes
were washed as described above and developed by using en-
hanced chemiluminescence reagents (Amersham Pharmacia) as
described by the manufacturer. Optical density analysis of
GLUTx1 bands was performed as described (21); statistical
comparisons were based on at least four separate immunoblot
assays. Statistical analysis was performed by using an unpaired
t test; significance was accepted at P = 0.05.

Results

Localization of GLUTx1 mRNA in Rat Hippocampus. Autoradiographic
film analysis revealed that GLUTx1 mRNA exhibits a similar
pattern of distribution in the rat hippocampus when compared
with the neuron-specific glucose transporter GLUT3 (17).
GLUTx1 mRNA expression is observed in CA1l, CA2, and CA3
pyramidal neurons of the hippocampus and the granule neurons
of the dentate gyrus (Fig. 14). The specificity of the antisense-
labeled probe was demonstrated with use of 33S-labeled sense
probe, which did not detect GLUTx1 mRNA (Fig. 1B). GLUTx1
mRNA was also detected in other neuronal populations, includ-
ing the cerebral cortex (Fig. 1.4) and the hypothalamus (data not
shown). Single-cell emulsion autoradiographic analysis revealed
that GLUTx1 mRNA expression also was detected in nonprin-
cipal cells of the rat hippocampus. GLUTx1 mRNA was detected
as reduced silver grains deposited over hippocampal nonprinci-
pal cells in the rat hilus (Fig. 24), as well as in stratum radiatum
and stratum lucidum of CA1 of Ammon’s Horn and in nonprin-
cipal cells in CA3 (Fig. 2B). In contrast, as described in our
previous studies (17), GLUT3 mRNA is observed exclusively in
the principal neurons of the rat hippocampus.
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Fig. 1.
(A) GLUTx1 expression in rat brain as detected by use of 3°S-labeled antisense
riboprobe. GLUTx1 mRNA is detected in the pyramidal neurons of CA1, CA2,
and CA3 of Ammon'’s Horn, as well as in granule neurons of the dentate gyrus
(DG). (B) Adjacent section incubated with 3°S-labeled sense riboprobe fails to
detect GLUTx1 mRNA in rat brain.

Autoradiographic analysis of GLUTx1 mRNA expression in rat brain.

Regulation of GLUTx1 mRNA Expression in the Hippocampus of Dia-
betic Rats. The regulation of GLUTx1 mRNA expression was
examined by in situ hybridization histochemistry in the hip-
pocampus of STZ diabetic rats. Autoradiographic film image
analysis revealed that GLUTx1 mRNA levels were increased in
CAl, CA2, and CA3 pyramidal neurons in diabetic rats com-
pared with vehicle-treated controls (Fig. 3). Similarly, GLUTx1
mRNA expression was increased in granule neurons of the
superior and inferior blades of the dentate gyrus (DGs and DGi,
respectively; Fig. 3). GLUTx1 mRNA levels also were increased
in the cerebral cortex of diabetic rats compared with vehicle-
treated controls (data not shown). Single-cell emulsion autora-
diographic analysis was performed to determine the regulation
of GLUTx1 mRNA expression in hippocampal nonprincipal
cells of diabetic rats. As shown in Fig. 4, quantification of
reduced silver grains determined that GLUTx1 mRNA levels
were increased in hippocampal nonprincipal cells in the hilus,
CALl oriens, CAl radiatum, and CA3 of diabetic rats compared
with control rats. Collectively, these results demonstrate that
GLUTx1 mRNA levels are increased in principal neurons, as
well as nonprincipal cells in the hippocampus of STZ-treated
rats, illustrating that GLUTx1 mRNA levels are up-regulated in
response to hyperglycemia and/or insulinopenia as in type 1
diabetes.

Immunohistochemical Localization of GLUTx1 in Rat Hippocampus.
GLUTx1-specific antisera were used in immunohistochemical
analysis to localize GLUTx1 protein in the rat hippocampus.
GLUTx1 immunoreactivity (IR) exhibited a similar distribution
as GLUTx1 mRNA, in that GLUTx1 IR was detected in
principal neurons as well as nonprincipal cells of the rat hip-
pocampus. Specifically, as shown in Fig. 54, GLUTx1 IR was
observed in the granule neurons of the dentate gyrus (Fig. 5,
arrows) and nonprincipal cells of the rat hilus (Fig. 5, arrow-
heads); GLUTx1 primary antisera preabsorbed with immunogen
did not detect GLUTx1 protein in the rat hilus (Fig. 5B).
GLUTx1 IR was detected in CA3 pyramidal neurons and
nonprincipal cells of CA3 (Fig. 5C). Higher magnification re-
vealed that GLUTx1 IR is predominantly cytoplasmic and
associated specifically with neuronal cell bodies and the most
proximal dendritic branches in CA1 pyramidal neurons (Fig. 5D,
arrows).

Regulation of GLUTx1 Protein Expression in the Hippocampus of
Diabetic Rats. To determine whether GLUTx1 protein expression
was regulated in type 1 diabetes, we measured GLUTx1 immu-
noreactive protein levels in hippocampal membrane fractions
isolated from diabetic rats and control rats. Immunoblot analysis
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Fig. 2.

Representative dark-field photomicrographs of emulsion autoradiographic analysis for GLUTx1 mRNA expression in the rat hippocampus. (A) Reduced

silver grains for GLUTx1 were detected over granule neurons of the dentate gyrus (arrows) and nonprincipal cells in the hilus (arrowheads). (B) Reduced silver
grains of GLUTx1 mRNA over CA3 pyramidal neurons (arrows) and nonprincipal cells (arrowheads). (Bar = 100 p.)

of hippocampal plasma membrane fractions and mitochondrial
fractions prepared from control rats did not exhibit appreciable
levels of GLUTx1 (Fig. 64; data not shown). GLUTx1 expression
similarly was absent in plasma membrane fractions and mito-
chondrial fractions isolated from STZ-treated rats. In hippocam-
pal cytoplasmic fractions, GLUTx1 IR was detected as a single
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Fig. 3. Autoradiographic image analysis of hippocampal GLUTx1 mRNA
expression in STZ rats compared with vehicle-treated control rats. Statistical
analysis revealed that GLUTx1 mRNA levels were significantly increased in
diabetic rats in CA1 pyramidal neurons, CA2 pyramidal neurons, CA3 pyrami-
dal neurons, granule neurons of the superior blade of the dentate gyrus (DGs),
and granule neurons of the inferior blade of the dentate gyrus (DGi) com-
pared with vehicle-treated controls (* = P = 0.05).
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band at approximately 35 kDa in vehicle-treated control rats
(Fig. 6B) and STZ diabetic rats (Fig. 6C). Preabsorption of
GLUTXx1 antisera with immunizing peptide eliminated this 35-
kDa band (Fig. 6D). Successful isolation of the intracellular
fraction was verified by immunoblot analysis by using antisera
raised against proteins found exclusively in the cytoplasm,
including glutamic acid decarboxylase, calretinin (data not
shown), and B-tubulin (Fig. 6F). Autoradiographic image anal-
ysis of the 35-kDa protein in the cytoplasmic fractions revealed
that GLUTXx1 expression was nearly identical in STZ diabetic
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Fig. 4. Statistical analysis of emulsion autoradiography for GLUTx1 mRNA
expression in nonprincipal cells of the rat hippocampus. Diabetic rats exhib-
ited significant increases in GLUTx1 mRNA expression compared with vehicle-
treated controls in nonprincipal cells of the hilus, CA1-radiatum, CA1-oriens,
and CA3 (* = P = 0.05).
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Fig. 5.
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Representative bright-field photomicrographs of GLUTx1 immunoreactivity in the rat hippocampus. (A) GLUTx1 immunoreactivity in granule neurons

of the dentate gyrus (arrows) and nonprincipal cells of the hilus (arrowheads). (B) Preabsorption of GLUTx1 antisera eliminates GLUTx1 immunoreactivity in the
hilus. (C) Low-power magnification of GLUTx1 immunoreactivity in pyramidal neurons (arrows) and nonprincipal cells (arrowheads) in CA3 of Ammon’s Horn.
(D) Higher-power magnification of GLUTx1 immunolabeling showing cytoplasmic labeling and GLUTx1 immunoreactivity in the proximal dendrites of CA1

pyramidal neurons (arrows). (Bars = 100 w.)

rats and vehicle-treated controls (STZ = 97.8% of control; ts =
0.554, P = 0.599).

Discussion

The current study provides a description of the localization of
GLUTx1 mRNA and protein in the rat brain. Although our study
focused upon the hippocampus, GLUTx1 mRNA and protein
displayed a ubiquitous distribution in neuronal cell bodies
throughout the brain, including the cortex and the hypothala-
mus. In the hippocampus, GLUTx1 mRNA and protein are
expressed in both principal and nonprincipal neurons. In addi-
tion, we found that steady-state levels of GLUTx1 mRNA are
increased in the hippocampus of STZ rats whereas GLUTx1
protein levels are unchanged. We previously reported similar
findings for GLUTS3, in that GLUT3 mRNA levels were in-
creased in the hippocampus of STZ diabetic rats, without a

Reagan et al.

concomitant increase in GLUT3 protein levels (17). The absence
of detectable changes in GLUTx1 protein in the presence of
increased steady-state levels of GLUTx1 mRNA does not elim-
inate the possibility that GLUTx1 protein is modulated in
STZ-treated rats. Protein recycling or protein stability may be
modulated by hyperglycemia or insulinopenia, resulting in the
maintenance of basal expression of GLUTx1 protein. Previous
studies have reported that glucose transporter degradation may
be greatly affected by a variety of metabolic challenges, including
STZ-induced diabetes (22). Similarly, increased steady-state
levels of GLUTx1 mRNA in the hippocampus of STZ rats may
result from changes in stability or half-life as well as increased
transcription of GLUTXxI.

The intracellular localization of GLUTXI raises the important
question of whether GLUTXx1 translocates to the plasma mem-
brane and, if so, what stimulus leads to this translocation. The
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Fig. 6. Immunoblot analysis of membrane fractions isolated from rat hip-
pocampus using GLUTx1 antisera. Lane A, GLUTx1 primary antisera (1:1,000)
weakly immunodetect a 35-kDa protein in hippocampal plasma membrane
fractions; lanes B and C, GLUTx1 antisera immunodetect a single protein at
approximately 35 kDa in hippocampal intracellular membrane-containing
fractions isolated from control rats (lane B) and STZ diabetic rats (lane C); lane
D, preabsorption of GLUTx1 antisera with blocking peptide eliminates the
detection of this 35-kDa protein in control cytoplasmic fractions; lane E,
B-tubulin mAb (Sigma) immunodetects a single protein at approximately 52
kDa in cytoplasmic fractions, confirming the successful isolation of hippocam-
pal cytoplasmic fractions from hippocampal plasma membrane fractions. (All
lanes equal 50 ug of protein; lanes are representative of at least four separate
immunoblot experiments.)

initial description of GLUTXx1 characterized a dileucine motif at
the amino terminus that may serve as an internalization signal
that limits GLUTXx1 translocation to the plasma membrane (14).
Using mouse blastocysts and confocal microscopy, GLUTx1 was
shown to translocate from a cytoplasmic location to the vicinity
of the plasma membrane in a manner analogous to the translo-
cation of GLUT4 (16). Alternatively, GLUTx1 may remain
sequestered in the cytoplasmic compartment to assist in the
maintenance of glucose concentrations of intracellular or-
ganelles. Immunohistochemical and immunoblot analysis per-
formed in the current study strengthens the hypothesis that
GLUTXI is retained in an intracellular compartment, consistent
with previous reports (14-16). The experimental approaches
used in our study cannot eliminate the possibility that GLUTx1
is associated with the plasma membrane; nonetheless, our results
suggest that GLUTXx1 is localized to the cytoplasmic compart-
ment and may be associated with intracellular organelles. In
support of this hypothesis, electron microscopic analysis of
hippocampal neurons has revealed that in addition to being
localized to the plasma membrane, GLUT3 and GLUT4 are
associated with intracellular organelles, such as mitochondria
(GLUT3), vesicles (GLUT3 and GLUT4), and the rough endo-
plasmic reticulum (GLUT4) (23, 24).

As described above, the localization of GLUT3 and GLUT4
has been well established in the rat hippocampus by immuno-
histochemical techniques at the light and electron microscopic
levels. GLUTS3 has been localized to pre- and postsynaptic nerve
terminals and small neuronal processes, but is relatively absent
from neuronal cell bodies and apical dendrites (10, 24, 25). Like
GLUTx1, GLUTY is associated with neuronal cell bodies in
hippocampal pyramidal neurons (23, 26); GLUT4 is also local-
ized to a select population of parvalbumin-positive interneurons,

1. Vannucci, S. J., Maher, F. & Simpson, I. A. (1997) Glia 21, 2-21.
2. Mabher, F., Vannucci, S. J. & Simpson, 1. A. (1994) FASEB J. 8, 1003-1011.
3. Lund-Anderen, H. (1979) Physiol. Rev. 59, 305-310.
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but GLUT4 immunoreactivity was not detected in other hip-
pocampal nonprincipal cell types (26). The absence of a ubiqg-
uitous distribution of glucose transporters in nonprincipal cells
is somewhat paradoxical because the metabolic demands of
neuronal cell bodies are often greater than the surrounding
neuropil (27). Our immunohistochemical studies demonstrate
that GLUTXx1 is a neuronal cell body-specific glucose transporter
and suggests that GLUTx1 may support the glucose require-
ments of hippocampal neuronal cell bodies.

In the hippocampus, GABAergic interneurons serve as the
major postsynaptic targets of the mossy fiber pathway, which
projects from the dentate gyrus to the apical dendrites of CA3
pyramidal neurons (28). Previous studies from our laboratory
have demonstrated that stress or exposure to stress levels of
glucocorticoids leads to the reversible dendritic remodeling of
the apical dendrites of CA3 pyramidal neurons (29, 30). Ad-
ministration of GABA receptor agonists inhibits stress-induced
dendritic remodeling, suggesting that hippocampal nonprincipal
cells play an important role in stress-induced morphological
changes (31). GLUTx1 expression may be increased in hip-
pocampal interneurons and permit enhanced glucose utilization
during periods of heightened neuronal activity involved in
dendritic remodeling. In this regard, diabetic rats exhibit mor-
phological changes in CA3 pyramidal neurons similar to eugly-
cemic rats subjected to stress levels of glucocorticoids (32).
Because interneurons represent a subtype of nonprincipal neu-
rons, future studies will be required to more accurately define
the phenotype of GLUTx1-positive nonprincipal cells in the rat
hippocampus.

In addition to morphological changes, GLUTx1 expression
may be intimately involved in a variety of hippocampal functions,
including glucoregulation and cognitive function. For example,
microinjection of glucose into the hippocampus increases ace-
tylcholine release, an effect that is potentiated during task
learning in rats, suggesting that glucose can amplify the activity
of the hippocampal cholinergic system (33). Conversely, reduc-
tions in hippocampal cholinergic activity are associated with
cognitive impairments in STZ rats (34). Such results suggest that
a dynamic interplay exists between hippocampal glucoregula-
tion, activation of the cholinergic system, and cognitive function.
Central to hippocampal glucoregulation and, ultimately, cogni-
tive performance is the regulation and function of hippocampal
glucose transporters. Our studies have shown that GLUT3 and
GLUTx1 mRNA expression is up-regulated in the hippocampus
of STZ rats, possibly to compensate for decreases in glucose
transport in diabetes. However, our other studies also have
shown that GLUT3 is a target of diabetes-induced increases in
oxidative stress in the hippocampus (21), suggesting that com-
pensatory increases in glucose transporter expression may not
alleviate the metabolic endangerment produced by hyperglyce-
mia. The isolation of a glucose transporter that is expressed in
neuronal cell bodies provides another mechanism through which
the metabolic demands of the brain may be fulfilled. Accord-
ingly, future studies will be necessary to determine the functional
role of GLUTxI in regard to how this glucose transporter may
contribute to the glucoregulatory and cognitive functions of the
hippocampus.
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