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We have examined the expression and function of a previously
undescribed human member (SGLT3/SLC5A4) of the sodium/glu-
cose cotransporter gene family (SLC5) that was first identified by
the chromosome 22 genome project. The cDNA was cloned and
sequenced, confirming that the gene coded for a 659-residue
protein with 70% amino acid identity to the human SGLT1. RT-PCR
and Western blotting showed that the gene was transcribed and
mRNA was translated in human skeletal muscle and small intestine.
Immunofluorescence microscopy indicated that in the small intes-
tine the protein was expressed in cholinergic neurons in the
submucosal and myenteric plexuses, but not in enterocytes. In
skeletal muscle SGLT3 immunoreactivity colocalized with the nic-
otinic acetylcholine receptor. Functional studies using the Xenopus
laevis oocyte expression system showed that hSGLT3 was incapa-
ble of sugar transport, even though SGLT3 was efficiently inserted
into the plasma membrane. Electrophysiological assays revealed
that glucose caused a specific, phlorizin-sensitive, Na*-dependent
depolarization of the membrane potential. Uptake assays under
voltage clamp showed that the glucose-induced inward currents
were not accompanied by glucose transport. We suggest that
SGLT3 is not a Na*/glucose cotransporter but instead a glucose
sensor in the plasma membrane of cholinergic neurons, skeletal
muscle, and other tissues. This points to an unexpected role of
glucose and SLC5 proteins in physiology, and highlights the im-
portance of determining the tissue expression and function of new
members of gene families.
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lucose, in addition to its central role in metabolism, also

plays an important role as a signaling molecule in animal
and plant cells (1). Glucose sensing is critical to such diverse
physiological phenomena as regulation of metabolism in yeast,
photosynthesis in higher plants, and, in mammals, the regulation
of food intake, blood glucose levels, and enteric reflexes. Apart
from yeast, where homologs of facilitated glucose transporters
(Snf3 and Rgt2) have been implicated in glucose sensing (2),
little is known about the molecular mechanisms involved. In this
study we have cloned and examined the tissue localization and
function of a member of the large Na*t/glucose cotransporter
family, hSGLT3, and the results suggest that it is a glucosensor
in smooth and skeletal muscle.

Human members of the SLCS gene family include the intes-
tinal and renal glucose transporters (SLC5SA1, SLC5A2), the
widely distributed inositol and multivitamin transporters
(SLC5A3, SLC5A6), and the thyroid iodide transporter
(SLC5AS). Although a major function of these plasma mem-
brane proteins is secondary active transport in epithelia, they
also behave as Na* uniporters, water and urea channels, and
water cotransporters (3, 4). We have previously demonstrated
that a pig SGLT3 expressed in Xenopus laevis oocytes also
behaves as tightly coupled Na*/glucose cotransporter with a
lower affinity for glucose and a more restricted sugar specificity
than SGLT1 (SLC5AL1) clones (5-8). The human homolog to pig
SGLT3 (hSGLT3, SLC5A4) was identified in the sequencing of
chromosome 22 (9), and this prompted us to isolate the cDNA
and confirm that it is indeed a Na* /glucose cotransporter. Here
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we report that hRSGLT3 is expressed in tissues such as smooth and
skeletal muscle, and that hNSGLT3 is not a coupled Na™/glucose
cotransporter but instead a glucosensor. These results suggest
that hSGLT3 plays a hitherto unexpected role in regulating the
activity of smooth and skeletal muscles, and underscore the
importance of determining the cellular expression as an impor-
tant clue to the physiological function of human genes.

Methods

Cloning hSGLT3. Initial RT-PCR was carried out on total RNA
from a human colon carcinoma that expresses hNSGLT3 (10). The
primers were HSA6, designed from a known fragment of hS-
GLT3 (11) (forward, 5'-AGGTTATGAGAGCTTTAC-3', po-
sition of 697-717, GenBank accession no. U41897) and a de-
generate primer SA-DEG designed from a conserved region of
the SGLT family (reverse, 5'-CCA(TC)AANGG(TC)TT-
(TC)TCNGANGT(AG)TC-3', position 1901-1924 of hSGLT3).
The 1,228-bp fragment obtained was sequenced, and used to
obtain the 3" end of hSGLT3 by 3" RACE using RNA from colon
carcinoma as a template. The 5’ end was obtained by using PCR
on colon carcinoma ¢cDNA and 5" RACE on Marathon-Ready
intestinal cDNA (Clontech). An additional PCR was made to
cover nucleotides 8-1,878 of hSGLT3. The complete hSGLT3
clone was created by ligation of this PCR product to the 3’-end
of hSGLT3 at the HindIII site and cloned into plasmid pRSSP
(kindly provided by R. Schopfer, Heidelberg, Germany). The
cDNA used for functional studies in oocytes was resequenced
and the predicted amino acid sequence was identical to that
obtained in the genome project (9).

RT-PCR (12) was carried out on mRNA from human tissues
(Clontech). Five different hSGLT3 primers were used: HSA40
forward, 5'-CTCGCTGGTCGTGATATGGCC-3', position
194-214; HSA39 reverse, 5'-GCCAACATCAACGCCA-
CAGTG-3', position 1076—-1096; HSA38 forward, 5'-GGGA-
CAACTTGACAATCAGTGCC-3', position 753-775; HSA37
reverse, 5'-TAGAGTTCAGGCATAGTAGCCG-3’, position
1981-2002; HSA42 forward, 5'-GTCAGGAAGAAACAGAT-
GATGGTG-3', position 1752-1775, and we used primer pairs
separated by introns (9). The PCR products were resolved on
agarose gels, blotted and hybridized with [y->>P]ATP-labeled
oligonucleotides.

Immunohistochemistry. The hSGLT3 specific antibody was raised
in rabbits against a peptide (EEKSQEETDDGVEEDY-
PEKS-C, residues 576-595), and affinity purified (Sulfolink,
Pierce). BLAST searches of the SWISS-PROT database using the
peptide sequence failed to identify other proteins containing this
peptide sequence, including nicotinic acetylcholine receptors
(see below). The frozen tissue sections, fixed with 3% parafor-
maldehyde, were incubated for 1 h at 22°C with the antibody. The
reaction of the anti-hSGLT3 antibody was detected with Cy3-
coupled secondary antibody against rabbit IgG. The monoclonal
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antibody for the human AchR B-subunit was from Acris (Hid-
denhausen, Germany), and the reaction with acetylcholine re-
ceptor was visualized with Cy2-coupled secondary antibody
against mouse IgG F(ab’)2 fragment. Both secondary antibodies
were raised in goat (Dianova, Hamburg, Germany).

The human tissue used for immunohistochemistry and West-
ern blotting was obtained in accordance with German law under
the rules of the Ethics Commission of the University of Wurz-
burg. Both the duodenal sample (from a 50-year-old male
gastrectomy patient) and the musculus rectus femoris sample
(from a 35-year-old tumor patient) were tissues left over from
the usual and customary pathological investigations.

Expression of hSGLT3 in Oocytes. Stage VI oocytes from X. laevis
(Nasco, Fort Atkinson, WI) were defolliculated and injected
with hSGLT3 cRNA and maintained at 18°C in modified Barth’s
medium containing gentamycin (5 mg/ml) and penicillin (100
units/ml)/streptomycin (100 ug/ml). Each oocyte was injected
with 20 ng of cRNA. Experiments were performed at 22 + 1°C,
3-9 days after the injection.

Western Blotting. Oocytes were incubated for 3 days after cRNA
injection. Plasma membranes from oocytes or tissues were
isolated (13) and probed as described (14). Whole tissue samples
were homogenized in 280 mM sucrose, 20 mM TrissHCI (pH
7.5), 5 mM EGTA, 5 mM MgSO,4, and 1 mM PMSF and
centrifuged at 8°C for 10 min at 2,000 X g. Membranes were
collected by centrifuging the supernatant for 60 min at 40,000 X
g. The resulting pellet was used for Western blotting. Oocyte
membranes were homogenized in 10 mM Hepes (pH 7.9), 83
mM NaCl, 1 mM MgCl, containing 1 mM PMSF, 0.5 pg/ml
aprotinin, 0.05 pg/ml leupeptin, and 10 mM benzamidine.
Debris was removed by centrifugation at 1,000 X g, and mem-
branes were collected from the supernatant by centrifugation for
20 min at 10,000 X g. The hSGLT3 antibody dilution was 1:1,000
(serum) and the secondary antibody was peroxidase-labeled goat
anti-rabbit IgG, and was detected by chemical luminescence
(Amersham Pharmacia). The B-subunit AchR antibody was used
according to the supplier’s recommendations. Specificity of the
hSGLT3 antibody reaction was verified by showing that no
immunohistochemical reaction was observed when the antibod-
ies had been blocked by a 1-h (37°C) incubation with 0.1 mg/ml
antigenic peptide. The B-subunit AchR antibody did not immu-
noreact with hSGLT3 expressed in oocytes.

Two-Electrode Voltage Clamp. Oocytes expressing SGLTs and
control oocytes were placed in the chamber, impaled with the
two electrodes and continuously superfused with the required
medium (15). Membrane potential changes and ionic currents
were measured when adding different sugar concentrations.
Sugar-specific changes in current were the difference between
the values measured with sugar and the preceding value in buffer
alone. Na* buffer contained 100 mM NaCl, 2 mM KCl, 1 mM
CaCl;, 1 mM MgCl,, and 10 mM Hepes/Tris (pH 7.5). In
Na*-free buffer, choline Cl replaced NaCl, and for the experi-
ments at pH 5.0, Hepes/Tris was replaced with Mes/Tris. In
some experiments at low pH, we simultaneously recorded the
intracellular pH of the oocyte by using the fluorescent dye
BCECF-AM (15, 16). The apparent affinity (K, s) and apparent
maximal current (/max) were calculated with the equation = Iiyax
- [S]/(Kos + [S]), using the nonlinear fitting method in SIG-
MAPLOT (SPSS, Chicago), where [S] is the sugar concentration.
The results are illustrated by experiments on single oocytes, but
each was representative of three to eight different oocytes.

Uptake Experiments. Control oocytes or oocytes expressing a

SGLT were superfused with a buffer solution containing either
100 mM NaCl or choline chloride at pH 7.5 or 5, and the plasma
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membrane potential was clamped at voltages between —50 and
—110 mV. When the baseline was stable, D-glucose with tracer
[**C]glucose was added. After the sugar was removed from the
bathing solution, the current returned to the baseline. The
oocyte was washed and solubilized, and glucose uptake was
determined by using a scintillation spectrometer. Sugar-induced
current was obtained by integrating the difference between
baseline and the glucose-dependent current. The current, mea-
sured simultaneously with sugar uptake, was converted to its
molar equivalent of univalent charge. ['*C]Glucose uptake in
noninjected oocytes from the same batch of oocytes was used as
a control (8)

Results

Human SGLT3 was identified as a member of the SLC5 gene
family by the chromosome 22 genome project (G1:5679464) (9).
The cDNA was cloned and sequenced (GI:7263938). The amino
acid sequence of the 659 residue protein is identical to that
deduced from the genomic sequence. It has 82% amino acid
identity to the pig SGLT3 (previously called SAATI, ref. 17),
and 70% identity to human SGLT1 Na™ /glucose cotransporter
(18). To gain insight into the role of hASGLT3 we examined where
the gene is transcribed and the protein is expressed. Northern
blotting and PCR have detected SGLT3 mRNA in pig kidney,
intestine, skeletal muscle, and spleen (17). When we used
RT-PCR, we also detected SGLT3-RNA in human skeletal
muscle and small intestine. Fig. 14 shows that the mRNA was
present in both tissues by using different primers. Each primer
pair amplified the predicted DNA product from both intestinal
and skeletal muscle RNAs. In other experiments, RNase pro-
tection assays showed that hSGLT3 was also transcribed in
kidney, uterus, and testis (data not shown).

Western blots demonstrated that hNSGLT3 mRNA was trans-
lated in the human small intestine and skeletal muscle (Fig. 1B).
A ~60-kDa band was detected in plasma membranes from
oocytes injected with hSGLT3 cRNA (lane 4) and not in the ones
injected with hSGLT1 cRNA (lane 5), showing the specificity of
the antibody. The antibody identified an identical band in
samples from whole small intestine (lanel) and skeletal muscle
plasma membranes (lane 3), and in all cases the immunoreac-
tivity was blocked by the hSGLT3 peptide.

Confocal immunofluorescence microscopy (Fig. 24) revealed
that the hSGLT3 protein in the intestine (red) was restricted to
discrete patches of the plasma membrane of cells in the submu-
cosa (A7) and in the longitudinal smooth muscle cells (44), but
no immunoreactivity was detected in the enterocyte. In both
locations, the immunoreactively was blocked by the hSGLT3
peptide, and the hSGLT3 immunoreactivity colocalized with the
B-subunit of the nicotinic acetylcholine receptor (42 and A5, the
receptor shown in green, and 43 and A6, the superimposed
images in yellow). These results suggest that, in the intestine,
hSGLTS3 is expressed in cholinergic neurons of the submucosal
plexus and myenteric plexus (Fig. 2B). In skeletal muscle,
hSGLT3 is detected in discrete regions of the plasma membrane
(Fig. 34) and colocalized with the acetylcholine receptor (Fig.
3B), suggesting that hSGLT3 is at the neuromuscular junction.
The resolution does not permit us to conclude whether hNSGLT3
is expressed in the pre- or postsynaptic membrane of the
junction.

What role does hSGLT3 play in the physiology of cholinergic
neurons and muscle? To address this question, we examined
functional properties of hSGLT3 in the X. laevis oocyte expres-
sion system by using biochemical and biophysical techniques.
Western blots demonstrated that the cRNA injected into the
oocytes was translated (Fig. 1B), and freeze-fracture electron
microscopy (19) indicated that the protein was efficiently in-
serted into the plasma membrane (data not shown). Radioactive
tracer assays, however, showed that hSGLT3 expressed in oo-
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Fig. 1. (A) Identification of hSGLT3-mRNA in human skeletal muscle and
human small intestine by RT-PCR. Several different pairs of primers were used:
lanes 2-4, primer HSA40/primer HSA39 (segment size: 903 bp); lanes 5-7,
primer HSA38/primer HSA39 (segment size: 344 bp); lanes 9-11, primer
HSA38/primer HSA37 (segment size: 1,250 bp); lanes 12-14, primer HSA42/
primer HSA 37 (segment size: 251 bp). The primer pairs are separated by
introns of the genomic DNA. Lanes 1 and 15, 100-bp ladder (MBI Fermentas);
lane 8, 1-kbp ladder (MBI Fermentas); lanes 2, 5, 9, and 12, negative controls
(—) (water instead of RNA in RT-PCR); lanes 3, 6, 10, and 13, skeletal muscle (M);
lanes 4, 7, 11, and 14, small intestine (I). The PCR products were resolved on
agarose gel, blotted, and hybridized with hSGLT3-specific oligonucleotides
([y-32P]ATP) to verify the identification of hSGLT3. Amplificates HSA40/HSA39
and HSA38/HSA39 were hybridized with HSA27 (nucleotides 982-1,006, for-
ward). Amplificates HSA38/HSA37 and HSA42/HSA37 were hybridized with
HSA30 (nucleotides 1,878 to 1,855, reverse) (data not shown). (B) Immuno-
chemical staining of Western blots with affinity-purified antibody against
amino acids 576-595 from hSGLT3. Plasma membranes from the small intes-
tine, skeletal muscle, and Xenopus oocytes were isolated by differential
centrifugation (14). The oocytes were injected with 20 ng of hSGLT3-cRNA
(lane 4), 20 ng of hSGLT1-cRNA (lane 5), or water (lane 6). In the Western blots,
20 pg of protein was applied per lane. The hSGLT3 antibody recognized a
single protein band (=60 kDa) in membranes isolated from whole small
intestine (lane 1) and skeletal muscle (lane 3), and from oocytes injected with
hSGLT3 cRNA (lane 4), but not from oocytes injected with cRNA from hSGLT1
(lane 5). Lane 2, membranes from small intestine again, but this time the
antibody against SGLT3 was blocked by 1 h (37°C) incubation with 0.1 mg/ml
antigenic peptide.

cytes did not increase the uptake of glucose into oocytes over
that of control, noninjected oocytes (described below).
Because freeze-fracture electron microscopy showed that
hSGLT3 was inserted in the plasma membrane, we used the
two-electrode voltage-clamp to monitor hSGLT3’s electrical
properties in Xenopus oocytes. Exposure of the oocytes express-
ing hSGLT3 to D-glucose (and the nonmetabolized analogue
a-methyl-D-glucopyranoside, aMDG) reversibly depolarized the
membrane potential (Fig. 44). This depolarization was specific
for D-glucose and aMDG, and was blocked by 250 uM phlorizin.
Phlorizin is a specific competitive inhibitor of pig SGLT3 (6).
D-galactose, D-fructose, and mannitol had no effect on the
membrane potential at concentrations as high as 100 mM. The
glucose-induced depolarization saturated with increasing glu-
cose concentrations with an apparent K, of 20 mM and the
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Fig. 2. (A) Laser-scanning confocal micrographs of immunostaining by the
anti-hSGLT3 antibody (red, 7 and 4) and anti-acetylcholine receptor g-subunit
(green, 2 and 5) in the intestine. The images were superimposed to show that
the antibodies stain the same structure (yellow, 3 and 6). Reaction products
were found below villus crypts in the plexus submucosus (7-3 cross section
with crypt in the upper right), and in the plexus myoentericus (4-6, longitu-
dinal section). (Scale bar = 10 um.) (B) Cartoon of a cross-section of small
intestine showing the major structures and location of the myenteric neurons.

maximum depolarization (AVy) was 23 mV (Fig. 4B). This
suggests that glucose induced an ionic current through hSGLTS3.

We measured the hSGLT3 currents in oocytes under voltage-
clamp conditions and determined the effect of membrane po-

A

Fig. 3.  (A) The reaction of hSGLT3 antibody in a human skeletal muscle
biopsy. The nuclei are stained with 4’,6-diamidino-2-phenylindole (DAPI)
(blue). (B) Immunostaining by the anti-hSGLT3 antibody (red, 7 and 4) and the
anti-acetylcholine receptor B-subunit antibody (green, 2 and 5) in skeletal
muscle. 3 and 6 show that both antibodies stain the same structure. (Scale
bar = 10 umin 3and 2 umin 6.)

PNAS | September 30, 2003

vol. 100 | no.20 | 11755

PHYSIOLOGY



z
/|
~ |

A z

| M

1 min T

aMDG Gal Glc
B 12 -
9
>
£
)
& 6
©
>
< AVinax 23 1.5mV
3
Kos 19+ 2mM
0
0 5 10 15 20

[glucose], mM

Fig. 4. Sugar-induced changes in membrane potential in a single hSGLT3-
expressing oocyte. (A) In Na* buffer at pH 7.5, 5 mM glucose or «aMDG
depolarized the membrane by ~4 mV, whereas 5 mM galactose had no effect.
Phlorizin, a high-affinity competitive inhibitor of Na*-glucose cotransport, at
a concentration of 250 uM, inhibited the membrane depolarization induced
by 5 mM glucose. (B) Voltage depolarization in response to glucose. The data
were fitted to calculate the Ko 5 (=20 mM glucose) and the maximal depolar-
ization (23 mV) by using the equation /| = Inax[S]/(Kos + [S]) (see text for
details). In six experiments, Ko5 = 60 = 10 mM and AVpax = 26 = 9 mV.

tential on the sugar-dependent current. Fig. 5 shows that «MDG-
dependent hSGLT3 currents: (i) did not reverse at positive
membrane potential; (i) increased from +50 to —90 mV; and
(iii) increased on lowering the pH to 5 in the presence or absence
of Na™. The sugar concentration dependence of the currents was
also recorded. At —150 mV, the maximum current at the
saturating sugar concentration (Imax) was 122 = 20 nA (n = 5)
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Fig.5. Effect of membrane potential and pH on sugar-induced currentin an
hSGLT3-expressing oocyte. The figure shows the currents induced by 25 mM
aMDG in Na* buffer at neutral and acidic pHs and in buffer without Na* at pH
5 at voltages ranging from +50 to —90 mV.
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and the apparent sugar affinity (Kys) was 36 = 6 mM (n = 5).
There were no sugar-induced currents in the absence of Na*
indicating that Na* carried the inward current. In four of these
oocytes at pH 5, the Ir,ax was 1,725 = 99 nA and the Ky s was 41 =
7 mM at pH 5 in NaCl, and the I,,ax Was 2,385 = 651 nA and the
Koswas 131 = 22 mM in choline Cl. These data indicate that H*
carry the sugar current at pH 5, and this is supported by
measurement of 2?Na uptakes and intracellular pH: there was no
increase in Na*t uptakes at pH 5, but there was a sugar-
dependent acidification of the cytoplasm (Fig. 7, which is
published as supporting information on the PNAS web site,
WWW.pnas.org).

We examined the relationship between sugar and the inward
ion currents through hSGLT3 by simultaneously measuring the
radiotracer sugar uptake and sugar-induced currents. Sugar
uptakes were identical in control oocytes and those expressing
hSGLT3 in the absence or presence of Na* at pH 7.5 and 5. Fig.
6 illustrates experiments performed in oocytes in Na* at pH 5.
After the baseline current was recorded in the absence of sugar,
2 mM D-glucose containing tracer ['*C]D-glucose was added and
the sugar-induced currents were continuously recorded for 5
min. We compared uptake of glucose and the cation uptake
(calculated from the integrated sugar-induced current as the net
monovalent charge uptake) in each oocyte. D-Glucose uptakes
were identical in hSGLT3 and control (noninjected) oocytes
(11 £ 0.5 and 11 = 0.6 pmol, n = 5, Fig. 6B). No cation uptakes
were induced by glucose in control oocytes, whereas the cation
uptake was 81 = 7 pmol, n = 5 in hSGLT3 oocytes (Fig. 6A).
With this cation uptake, we would expect a glucose uptake of 40
pmol if there were a 2/1 coupling between cation and sugar
transport as in SGLT1. Because the glucose uptake did not
increase above that of the control oocytes (Fig. 6B), we conclude
that hNSGLT3 is not a glucose cotransporter.

To validate these observations, we repeated the experiments
with oocytes expressing hSGLT1 and pig SGLT3 (Fig. 6C). The
results with both hSGLT1 and pig SGLT3 at pH 7.5 confirmed
the 2/1 coupling between ion and sugar transport (8, 20).
Whereas hSGLT1 remained strictly coupled at acid pH, pig
SGLT3 became uncoupled at pH 5, i.e., the ratio of ion to sugar
uptake increased to 5 (Fig. 6C).

The activation energy (E,) for the sugar-induced hSGLT3
current was determined by measuring the glucose-induced cur-
rents in the presence and absence of Na* at pH 5 at 10, 22, and
28°C in the same oocyte. Arrhenius plots of the currents
obtained in the presence and absence of Na™ gave E, values for
the glucose-induced current of ~9 kcal/mol, much lower than
expected for cotransport (26 kcal/mol; ref. 3). To further
characterize the glucose-induced currents through hSGLT3, we
also recorded the effect of cytoplasmic pH on the I/V curves in
the absence of Na* at an external pH of 5. In two experiments,
we recorded the 100 mM aMDG currents from +50 to —150 mV
before and after acidification of the cytoplasm by using a 50 mM
K acetate pulse (data not shown). In both, the I/V curves shifted
by —50 mV, similar to the D204N hSGLT1 mutant, which
behaves as a glucose-gated ion channel (20). These results
indicate that the sugar-induced currents through SGLT3 have
properties more in common with channels than transporters.

Discussion

To determine the function of a new member of the SLCS gene
family, SGLT3, we have cloned the cDNA, determined where
the gene is transcribed and the protein is expressed, and ex-
pressed the membrane protein in a heterologous expression
system. The amino acid sequence encoded in the cDNA was
identical to that predicted from the genomic sequence (9), and
transcripts were detected in tissues including the small intestine
and skeletal muscle. In the intestine, the protein is found in
cholinergic neurons of the submucosal and myenteric plexuses

Diez-Sampedro et al.
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Fig. 6. Sugar uptake is not coupled to cation uptake through SGLT3.
Sugar-induced current (A) and glucose uptake (B) were simultaneously mea-
sured in the same hSGLT3-expressing oocytes (hSGLT3) and in noninjected
oocytes (control). The membrane was voltage-clamped at —70 mV, and the
experiment was carried out in Na* buffer at pH 5. (A) In control oocytes, 2 mM
glucose did not induce any current, whereas in hSGLT3-expressing oocytes, a
sugar-dependent current equivalent to univalent positive charge of 81 + 7
pmol per 5 min was recorded. (B) Glucose uptakes were recorded in the same
oocytes used to measure the currents in A. The glucose uptake in the hSGLT3
oocytes was identical to thatin control oocytes (P> 0.5). The data are from five
hSGLT3-expressing and five control oocytes. (C) Ratio of positive ion uptake
and sugar uptake in pSGLT3- and hSGLT1-expressing oocytes. These experi-
ments were carried out as described for hSGLT3 (A and B). In hSGLT1-
expressing oocytes, the ratio in Na* at neutral pH is 2.1 = 0.04 (n = 4) and at
acidic pH in H is 2 = 0.1 (n = 7) (taken from ref. 20). pSGLT3-expressing
oocytes show the same ratio of positive charge/sugar uptake at neutral pH:
2.1 = 0.1 (n = 12), but at acidic pH the ratio increases to 4.7 = 0.2 (n = 6).

(see Fig. 2) and in skeletal muscle at the neuromuscular junction
(Fig. 3). Unlike other members of the family, SGLT3 is not a
glucose transporter when expressed in oocytes. However, glu-
cose does produce a phlorizin-sensitive inward current that
depolarizes the membrane potential by up to 50 mV. The low
sugar affinity of the human SGLT3 at pH 7.5 (apparent affinity
~60 mM) means that the depolarization in membrane potential
is a linear function of glucose concentration in the physiological
range (2-12 mM). We speculate that variations in plasma
membrane glucose concentration modulate membrane potential
in cholinergic neurons in the enteric nervous system and at the
neuromuscular junction in skeletal muscle. The actual magni-
tude of the responses will depend on the density of SGLT3
proteins, the native conductance of the membranes, and whether
SGLTS3 is coupled to any other protein.

Diez-Sampedro et al.

Intestinal motility in both rodents and man is finely regulated
by the enteric nervous system, and all activity between and after
a meal appears to be regulated by cholinergic neurons (21). The
importance of glucose in regulating intrinsic enteric reflexes
after a meal is well recognized (21, 22). Electrophysiological
recordings from guinea pig enteric neurons demonstrated that
77% were glucose sensitive (23). Two-thirds of these neurons
hyperpolarized (=5 mV), and their spontaneous electrical dis-
charges were inhibited by the removal of glucose from the
extracellular medium. This finding suggests that the modulation
of intestinal motor reflexes after a meal is caused by the effects
of glucose on these enteric neurons. It was postulated that the
glucose sensitivity is mediated by ATP-sensitive K-channels (23).
Our results point to a more direct role of glucose through
SGLTS3, and are reinforced by our observation that the effect of
glucose on the mechanical activity of guinea pig ileum is blocked
by phlorizin, the specific blocker of SGLT proteins (M. J.
Ramirez and A.D.-S., unpublished data).

Although glucose responsive cells are widely distributed
throughout the body, from the hypothalamus to endocrine cells
(24, 25), little is known about the glucosensors in either animal
or plants (1). In yeast, homologs of the facilitated glucose
transporters (GLUTSs) have been implicated in glucose sensing
(2), and this has led to the hypothesis that glucosensors may have
evolved from proteins with a glucose-binding site by acquiring a
regulatory site for signal transduction (1). Our results suggest
that members of the SGLT gene family may also act as glu-
cosensors by conveying information to the cell about the external
glucose concentration directly through the membrane potential,
or indirectly coupled through another molecule such as a G
protein. As glucosensors, the critical factor is not whether the
SGLT is a Na'/glucose cotransporter or a glucose-sensitive ion
channel, but where the gene is expressed. The SGLTs are
expressed in many different cell types, ranging from epithelia to
neurons, and we show here that SGLT3 is in excitable cells. Thus,
in skeletal muscle, human, or pig, an increase in glucose con-
centration will depolarize the membrane either by Na™/glucose
cotransport or by an increased Na* conductance through
SGLT3.

There is independent evidence that SGLTs are intimately
involved in glucosensing in both the central nervous system and
gastrointestinal tract. Hypothalamic glucosensing neurons have
been implicated in the regulation of food intake and body weight,
and these neurons respond to changes in glucose concentration
by changes in membrane potential and firing rate (see ref. 26).
Although ATP-sensitive K* channels may mediate these re-
sponses, no changes in ATP concentrations were detected (27).
An alternative hypothesis is that SGLTs mediate the change in
membrane potential, and this is supported by the observations
that phlorizin increases food intake when injected into the
cerebrospinal fluid (28, 29) and blocks the glucose-mediated
increase in firing rate of glucose-responsive neurons in the
hypothalamus (30). Additional evidence comes from studies of
glucagon-like peptide-1 secretion from neuroendocrine cells
(31). The nonmetabolized sugar «MDG stimulates GLP-1 pep-
tide secretion in a Na*-dependent and phlorizin-sensitive man-
ner. «MDG increases the membrane conductance, depolarizes
the membrane potential, and increases action potential fre-
quency. Although RT-PCR analysis indicated that these neu-
roendocrine cells express both SGLT1 and SGLT3, the incre-
ments in both the electrical activity and GLP-1 secretion at high
sugar concentrations suggest a role for SGLT3. The authors
concluded that the electrogenic activity of SGLTs provides a
novel mechanism for glucose sensing by neuroendocrine cells.

Nature, therefore, seems to be conservative in her approach
to the genome: small modifications in structure can result in
large changes in function (cotransporter to channel); and
changes in the location of gene expression may change the
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physiological role (from epithelial transporter to neuronal glu-
cosensor). Successful protein designs may thus be modified to
serve diverse purposes, e.g., the SGLTs are cotransporters,
uniporters, glucosensors, water channels, and water transporters
(32), or the proteins may be expressed in locations where
“secondary” functional properties are exploited. All of which
emphasizes the limitations of in silico projects in assigning
function to homologous genes.

Lastly, we comment on the functional differences between the
human and pig SGLT3 proteins. When expressed in X. laevis
oocytes, pig SGLT3 behaves as a low-affinity Na/glucose co-
transporter with a greater selectivity for sugars than SGLT1
(5-8, 10). Na* and glucose transport are tightly coupled at
neutral pH, but at pH 5, ion transport is uncoupled from sugar
transport (Fig. 6C). Ion transport through human SGLT3 is
totally uncoupled from sugar transport at pH 7.5 and 5, but the
sugar selectivity of both proteins are quite similar (D-glucose ~
aMDG >> D-galactose). Thus, the functional differences be-
tween human and pig SGLTs are not absolute, but simply a
matter of degree and become moot if indeed the pig protein is
expressed in cholinergic neurons in the small intestine and at the
neuromuscular junction of skeletal muscle.

Sequence alignments of the SGLT genes in general, and
hSGLT1, hSGLT3, and pig SGLT3 in particular, provide few
positive clues about structural differences that may account for
differences in function between the three proteins. This points
to the need for caution when extrapolating the function of
homologous genes from one to another. Thus, we need to modify
the previous interpretation that the uptake of a potential
therapeutic agent (B-D-glucosylisophoshoramide) into human
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tumor cells occurred through SGLT3 (10). We know now that
human SGLTS3, unlike pig, does not transport the glucoside (not
shown) or any other sugar, and so another explanation is needed
to account for the observed phlorizin-inhabitable uptake of
B-D-glucosylisophoshoramide into tumor cells.

In summary, hSGLT3 is expressed in cholinergic neurons of
the small intestine and in skeletal muscle at the neuromuscular
junctions, and this, together with the phenotype of hSGLT3
expressed in oocytes, leads to our hypothesis that this membrane
protein is a glucosensor involved in the regulation of muscle
activity. The pig isoform is also expressed in the small intestine
and skeletal muscle, but the cellular location of the protein is
unknown. It is also possible that the pig protein is expressed in
the enteric nervous system and the neuromuscular junction,
where it too behaves as a glucosensor. In this case Na* /glucose
cotransport would also depolarize the membrane potential and
thereby regulate muscle activity. This study points to the hitherto
unexpected role of SGLTs in regulating muscle activity, and
highlights the importance of not only determining the function
of new genes in a family but also the cellular location of the
protein.
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