regulated to avoid over-filling of the pulmo-
nary veins which necessarily accumulate a
substantial volume of blood during the ven-
tilatory period. Following submergence, Q,
is then expected to draw largely from the
pulmonary venous reservoir of oxygenated
blood, and Q,, increases only intermittently
as the venous volume is reduced. The phasic
pattern of Q, evident during submergence
conceivably “meters out” the lung oxygen
store, as demonstrated recently in a turtle
(8), while allowing the pulmonary venous
volume to be reduced to preventilatory lev-
els. Alternatively, patterns of Q, during
diving might be related to CO; exchange or
chemosensory monitoring of circulating
blood (12). Clearly, the ability to adjust the
parallel perfusion of pulmonary and system-
ic tissues—a situation unattainable by birds
and mammals—has been favored by natural
selection almost universally during evolu-
tion of the lower tetrapods (13). The dra-
matic expression of this capability in Acro-
chordus may provide a novel system for stud-
ies of pulmonary blood flow regulation, as
well as the performance of cardiovascular
shunts.
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Localization of the Pancreatic Beta Cell Glucose
Transporter to Specific Plasma Membrane Domains

LeL1o Orcl, BERNARD THORENS,* MARIELLA RAVAZZOLA,

HARrvVEY E. LopIsH

Immunocytochemical techniques revealed that the “liver-type” glucose transporter is
present in the insulin-producing beta cells of rat pancreatic islets but not in other islet
endocrine cells. Ultrastructural analysis of the transporter by the protein A—gold
technique showed that it is restricted to certain domains of the plasma membrane, its
density being sixfold higher in microvilli facing adjacent endocrine cells than in the flat
regions of the plasma membrane. These results support a possible role for this glucose
transporter in glucose sensing by beta cells and provide evidence that these cells are

polarized.

ANCREATIC B cells secrete insulin in
response to an increase in blood glu-
cose concentration, and both glucose
uptake and metabolism by the B cell are
required for signaling to occur (7). A mem-
ber of the facilitated glucose transporter
(GT) family has recently been characterized
by molecular cloning (2, 3). This GT, pre-
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Fig. 1. Protein-blot analysis of
the glucose transporter (GT) in
20 pg of membrane proteins pre-
pared from liver or islets (13).
The blots were probed with the
antibody to the COOH-terminal
977 peptide of the liver-type GT that
was used for the immunocyto-
68 chemical study. The position of
" @ the molecular mass standards is
43 - indicated on the left (values are in
kilodaltons).

Islet
- Liver

200 =
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sent in liver, intestine, and kidney, is also
expressed in pancreatic islets (2) and is
thought to have a high Michaelis constant
(Km) (15 to 20 mM) for glucose compared
to that of the erythroid GT (1 to 2 mM) (4,
5). It has been suggested that, because of its
kinetic properties, the “liver-type” GT may
be partly responsible for glucose sensing by
B cells (2). We now report the localization of
the liver-type GT in pancreatic islets and
show that it appears to be present exclusive-
ly in insulin-secreting cells. Moreover, im-
munofluorescence and immunoelectron mi-
croscopic studies localize the GT at the
surface of B cells and show that its distribu-
tion is not homogeneous.

For the immunocytochemical study, an
antibody was raised against the COOH-
terminal peptide (amino acids 513 to 522)
of the liver GT as described (2), which was
then affinity-purified. This antibody was
used in a protein-blot analysis of membrane
proteins isolated from liver and islets (Fig.
1). The antibody recognized a single protein
of 53 kD in liver and predominantly a 55-
kD protein in islets; the same results were
obtained when an antibody raised against a
peptide corresponding to amino acids 47 to
60 was used (2). With the anti—~COOH-
terminal antibody, a protein of lower molec-
ular mass (~51 kD) in the islet membrane
preparation was detected upon longer expo-
sure of the film. The intensity of the minor
component was ~5% of that of the major
band as assessed by densitometric scanning
of the autoradiogram, and its nature is un-
known; this protein probably does not ac-
count for the immunocytochemical staining
observed, because the same antibody ap-
plied to sections of liver generates strong
immunofluorescence on the plasma mem-
brane and recognizes a single band on pro-
tein blots (6).

Immunofluorescence detection of the liv-
er-type GT and of insulin (or proinsulin),
glucagon, somatostatin, and pancreatic
polypeptide (Fig. 2, B to H) on consecutive
semithin sections showed that the GT was
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present in the insulin-containing B cells but
not in the three other types of endocrine
cells. The distribution of the transporter on
the plasma membrane of B cells appeared
nonhomogeneous (Fig. 2A); at higher mag-
nification (Fig. 2B), it was evident that
some segments of the plasma membrane
were strongly labeled, in particular those
facing adjacent endocrine cells, but other
segments were poorly labeled or not labeled
at all.

Electron microscopic detection of the GT
by the protein A—gold technique revealed
that immunoreactivity was greatly concen-
trated on domains of the B cell plasma
membrane that contain microvilli, whereas
flat surfaces were only weakly labeled (Fig.
3). Quantitation of these data (Table 1)
revealed the density of the transporter to be
sixfold as great on microvilli as on the flat
surfaces that face either the capillary or the

spaces between endocrine cells. Microvilli
face spaces adjacent to other endocrine cells
(Fig. 3), and a probable consequence of this
is that glucose uptake will preferentially
proceed in these regions of the plasma mem-
brane and not in membrane regions in close
proximity to the capillary lumen.

The expression of the liver-type GT in B
cells but not in other types of islet endocrine
cells is consistent with the particular sensi-
tivity of B cells to changes in the concentra-
tion of extracellular glucose. Glucose-stimu-
lated insulin release displays a sigmoidal
dose-response curve with a threshold con-
centration of 5 mM and a maximal effect at
concentrations above 15 mM (1). Glucose
transport across the liver plasma membrane
has a K;;, of between 15 to 20 mM (4), and
because the cloned liver GT is localized to
the plasma membrane of hepatocytes (6) it
can be assumed that the Ky, of transport

Tablie 1. Protein A—gold labeling of the glucose transporter (GT) of the B cell plasma membrane.

Number Membrane
Membrane domain GT density* of gold length
particles (nm)
Flat membrane (facing the capillary) 0.36 = 0.05 48 138
Flat membrane (facing the intercellular space) 0.38 = 0.05 87 224
Microvilli 213+ 0.14 839 379

*Densities are expressed as the number (mean + SEM) of gold particles per unit length (1 wm) of membrane; 30
different B cells were evaluated. The density of labeling on the plasma membrane of other endocrine cells was
0.10 % 0.02 (134 pum evaluated) and of exocrine acinar cells was 0.08 * 0.02 (161 pm cvaluated).

Fig. 2. Localization of the
GT on semithin sections of
pancreatic islets by immuno-
fluorescence (14). (A) Islet
labeled with the ant-GT
antibody, showing the cell
profiles outlined by a dis-
continuous line of immuno-
fluorescence. (B through H)
Serial semithin  sections
showing that the GT (B and
E) is present on B cells iden-
tified by the presence of
proinsulin (C) or insulin (F)
but not on cells containing
glucagon (D), somatostatin
(G), or pancreatic polypep-
tide (PP) (H). Magnifica-
tion: (A) X240; (B through
D) x490; (E through H)
x380.
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Capillary - ®_ 7 wi- Fig. 3. Ultrastructural localization of
= . s the GT on B cells by the protein A—
& # % gold method (15). (A and B) Serial
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] . thin sections numerous
2 pcell i gold particles labeling the microvilli
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applies to this GT species. In support of this,
we have shown that the liver GT is also
present in the basolateral plasma membrane
of absorptive cells of the small intestine (6).
The Kpn of glucose transport across this
membrane is similar to that for liver (5).
Moreover, several insulinoma cell lines have
an abnormal sensitivity to glucose, with
insulin secretion being maximal at 1 to 3
mM glucose (7). All these cell lines express
large amounts of the GT found in erythro-
cytes and brain (K, = 1 to 2 mM) and little
or none of the liver-type GT (2, 8). Also,
RINmSF insulinoma cells have a reduced
rate of glucose equilibration across their
plasma membranes as compared to normal B
cells (9). These observations are thus con-
sistent with the hypothesis that the B cell GT
may be part of the glucose sensor (2).
Glucose sensing in pancreatic B cells has
been attributed to one rate-limiting enzyme
of glucose metabolism, a hexokinase, usually
referred to as glucokinase, which has a K,
for glucose of 5 to 6 mM (10). For glucoki-
nase to function as a glucose sensor, the
concentration of intracellular glucose would
need to change as the concentration of
extracellular glucose changed from the nor-
mal concentration of 5 mM. This is possible
if the GT exhibits a Ky, for glucose of 15 to
20 mM but not if the K, is 1 to 2 mM. The
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rate of glycolysis in the former case would
thus be dependent on the relative velocities
of both glucose transport and glucose phos-
phorylation. In this way, variations in glu-
cose metabolism would reflect changes in
blood glucose concentrations and eventually
trigger insulin secretion (1).

Beta cells are not thought to be polarized,
and, because of the lack of reliable surface
markers, no specializations of any segments
of their plasma membrane have been de-
scribed. However, when placed in tissue-
culture dishes, B cells sort budding vesicular
stomatitis and influenza viruses to opposite
regions of the cell (11), indicating that some
polarization of the plasma membrane does
exist. The preferential localization of the
liver-type GT to the microvilli may thus
define a domain of the B cell plasma mem-
brane and suggests an interaction with the
underlying cytoskeleton (12), possibly
through binding of the GT to an ankyrin-
like molecule.
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