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Abstract. We have quantitated and studied the topol-
ogy of isoforms of the Na*/K*-ATPase and of the
glucose transporter in rat adipocyte plasma mem-
branes.

Adipocytes were incubated with or without in-
sulin for 15 min. Sheets of native plasma membrane,
with the cytoplasmic face exposed, were prepared
by adsorption to EM grids. Grids were incubated in
parallel with monoclonal antibodies against the Na™/
K*-ATPase isoforms al and «2, and the glucose
transporter isoforms GLUT1 and GLUT4, followed
by immunogold labeling, negative staining and quan-
titation by counting of the gold particles in electron
micrographs. In addition, the distribution of glucose
transporters and Na™/K*-ATPase isoforms in sub-
cellular membrane fractions prepared by an estab-
lished fractionation procedure was monitored by
Western blotting.

We found that the Na*/K*-ATPases and the glu-
cose transporters were confined to the planar part
of the plasma membrane, without association to ca-
veolar invaginations.

The vast majority of the Na*/K*-ATPase mole-
cules in the adipocyte plasma membrane were of
the o2 isoform; GLUT4 was the dominating glucose
transporter isoform.

The total number of Na*/K*-ATPase molecules
labeled in the plasma membrane was 3.5 X 10° per
cell, independent of insulin stimulation. Concomi-
tantly, insulin increased GLUTY labeling sevenfold
to a value of 3.5 x 10’ per cell.
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Introduction

The active transport of Na and K ions across the
plasma membrane of mammalian cells is mediated
by the Na*/K*-ATPase enzyme complex (EC:
3.6.1.3). The smallest functional unit consists of
an «, a B and perhaps a y subunit (Sweadner,
1989; Ngrby & Jensen, 1991). The « subunit exists
in at least three forms with specific tissue distribu-
tions (Emanuel et al., 1987; Herrera et al., 1987;
Sweadner, 1989; Lingrel et al., 1990). The o2
isoform of the Na*/K*-ATPase is thought to be
the insulin-sensitive form (Lytton, 1985; Lytton,
Lin & Guidotti, 1985; Brodsky, 1990a; Hsu &
Guidotti, 1991).

The expression of isoforms in different tissues
is subject to specific regulation during development
(Schmitt & McDonough, 1986; Emanuel et al.,
1987; Lingrel et al., 1990). In this respect, the Na™/
K*-ATPase shows similarities with the glucose
transporter, which also exists in different isoforms,
among which the GLUT!1 is found in most tissues,
whereas the GLUT4 is found in insulin-sensitive
tissues only (Haney et al., 1991). Data on the
expression of Na*/K*-ATPase isoforms in genuine
fat cells during differentiation are not available,
but studies on cation as well as glucose transport
in 3T3-fibroblast-adipocyte models have shown the
appearance of increased insulin responsiveness
during differentiation. While development of insu-
lin-sensitive glucose transport is accompanied by
the expression of GLUT4, whether expression of
a2 is involved in the development of insulin-sensi-
tive cation transport in these models is controver-
sial (Resh, 1982c¢; Russo et al., 1990; Brodsky,
1990b; Robinson et al., 1992). The study of Robin-
son et al. (1992) used a planar membrane prepara-
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tion of 3T3-L1 adipocytes adherent to glass, and
included immunogold as well as immunofluores-
cence labeling to assess the number and the topol-
ogy of GLUT4 and GLUTI; however, the study
did not include quantitation of Na*/K*-ATPase,
nor were isoforms distinguished.

Insulin-induced enhancement of Na*/K™* trans-
port in adipocytes and muscle cells is a well-
established phenomenon (Clausen & Hansen, 1977;
Resh, Nemenoff & Guidotti, 1980; Resh, 1983;
Lytton, 1985; Lytton et al., 1985). Likewise, insulin
increases glucose transport markedly, and this in-
crease is, at least in adipocytes, concomitant with
translocation of the glucose transporter GLUT4
to the plasma membrane (Vinten, Gliemann &
Osterlind, 1976; Cushman & Wardzala, 1980; Su-
zuki & Kono, 1980; James et al., 1988; Smith et
al., 1991; Robinson et al., 1992). Although it is
the prevailing view that the enhancement of Na*/
K* transport is due to an increased activity of
the enzyme (for reviews see e.g. Resh, 1982a,b;
Sweadner, 1989), a translocation of the Na*/K*-
ATPase to the plasma membrane has also been
claimed to contribute to this effect of insulin (Erlij
& Grinstein, 1976; Omatsu-Kanbe & Kitasato,
1990; Hundal et al., 1992).

A variety of biochemical methods have been
applied to estimate the number of Na™/K"-pumps
in plasma membranes of insulin-responsive and
of nonresponsive cells (Clausen & Hansen, 1974;
Hootman & Ernst, 1988; Kashgarian & Biemes-
derfer, 1988; Resh, 1988; Skou, 1988). Commonly
applied approaches are binding and activity studies
which rely on the conservation of relevant steps
in the functional cycle of the enzyme, whereas
other rely on immunochemical quantitation of Na*/
K* pumps in subcellular fractions and indirect
determination of plasma membrane recovery and
purity.

To circumvent these difficulties, we have ap-
plied a new immuno-electron-microscopical method
for quantitation of proteins in pure and structurally
defined sheets of plasma membranes from adipo-
cytes, previously described in preliminary reports
(Tranum-Jensen, Vinten & Ploug, 1988; Vinten &
Tranum-Jensen, 1991). In the present study, we have
used this method to obtain a quantitative measure
of the insulin effect on the density of the «1 and the
o2 isoforms of the Nat/K*-ATPase molecuie in rat
adipocyte membranes. The results are compared to
data on glucose transporters (GL.UT1 and GLUT4)
obtained analogously and in paraliel. In addition,
data were obtained on the lateral membrane topol-
ogy of the Na*/K*-ATPase and the glucose trans-
porters.
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Materials and Methods

PREPARATION OF ADIPOCYTES

Sixteen 180 g male Wistar rats, fed ad libitum, were killed by
decapitation, two on each of eight experimental days. Adipocytes
were prepared as described in Vinten et al. (1976). In short,
epididymal fat pads were quickly removed, weighed, and sus-
pended in a 37°C Krebs-Ringer-HEPES buffer (KRH): Na*, 126
mM; K*, 6.0 mm; Mg*", 1.2 mm; Ca?*, 2.5 mm; Cl-, 128.5 mM;
H,PO;, 1.2 mm; SOF~, 1.2 mm; HEPES, 10 mM; glucose, | mM;
pH 7.4 containing 3.5% albumin (Sigma A 4503) and 0.5 mg/ml
collagenase (Sigma Type 1 C-0130). Collagenase digestion was
carried out at 37°C for 45 min with gentle magnetic stirring. Cells
were filtered through cotton gauze and washed five times with
4 ml KRH-buffer containing 1% albumin and 1 mm glucose, to
remove debris and collagenase. Two 1-ml aliquots of the cell
suspension, diluted to 4% vol/vol, were incubated for 15 min at
37°C with or without insulin (1.67 x 10~* M, porcine insulin,
Novo-Nordisk, Gentofte, DK).

PREPARATION OF MEMBRANE SHEETS FOR EM

All steps were carried out at 4°C. Poly-L-lysine (P-1399 Sigma)
coated EM grids (prepared as described below) were rehydrated
by floating, with the coated film facing downwards, on the surface
of a PBS-G buffer (saline buffered with 10 mm sodium-phosphate,
pH 7.4, supplemented with 0.5 mMm glucose) contained in a cylin-
drical 20 ml plastic beaker filled to a fluid level of 40 mm. At the
end of the incubation period at 37°C, adipocytes were injected
below the floating grids. The cells floated by buoyancy and ad-
hered to the poly-lysine coated grids. The grids were then lifted
off the water surface and flushed with a jet from a 20 ml syringe
containing a buffer, TK (153 mm KCl; 1.92 mM Tris-HCL buffer,
pH 7.4) delivered through an 18 G X 1.5 cannula. The attachment
of the cells to the coated grid film was so tenacious that the cells
were disrupted leaving a sheet of adsorbed plasma membrane with
the cytoplasmic aspect exposed (Jacobson, Cronin & Branton,
1978). The grids were subsequently placed on drops of PBS-G
lined up on a dental wax plate.

IMMUNOGOLD LABELING

All steps were carried out at 20°C. To reduce unspecific binding,
a series of grids was incubated for 15 min in TSA 4% (10 mMm
Tris base; 154 mM NaCl; 4% bovine albumin, pH 7.4). Individual
grids were then incubated for 45 min, each with one of the four
different primary antibodies listed below. The antibodies were
monoclonal mouse IgG, contained in hybridoma culture superna-
tants, diluted with TSA 4% as described below. One grid in each
series was incubated without a primary antibody to determine
unspecific gold labeling. In a separate experiment, a mouse mono-
clonal IgG antibody against a parvo virus antigen was used as a
nonsense antibody. The gold particle counts obtained with this
antibody were not significantly higher than those obtained when
a primary antibody was omitted.

After washing by passage over 5 drops of TSA 4%, all grids
were incubated for 45 min on a drop of rabbit anti-mouse anti-
body, (DAKO, Z412), conjugated to 5 nm colloidal gold particles,
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by the method of Slot and Geuze (1985) and diluted to an equiva-
lent of 10-20 pg IgG/ml. Incubation was terminated by a final
wash on 3 drops of TSA 4% and 2 drops of PBS-G. To avoid
possible dissociation of the immunogold label during negative
staining, specimens were fixed for 5 min in 1% glutaraldehyde
(GA) before the negative staining procedure. Fixation prior to
the antibody incubation was not possible, because the epitope
of the al Na*/K*-ATPase was sensitive to GA (Felsenfeld &
Sweadner, 1988). A survey micrograph of an unlabeled membrane
sheet is shown in Fig. 1. All labeling procedures applied to mem-
branes from insulin-stimulated and nonstimulated cells were car-
ried out in parallel. The specimens were stained with 2% sodium
silicotungstate (Tranum-Jensen, 1988).

MicROSCOPE OPERATION

Micrographs were taken with a JEOL 100CX Transmission Elec-
tron Microscope at 80 kV. Magnification was calibrated from
micrographs of a Fullam SiO, grating replica (cat. no. 6002).
Search for membrane sheets was performed at 1,600 X magnifica-
tion. Micrographs were taken at a primary linear magnification
of 33,000 x . On each grid, plasma membrane sheets of five differ-
ent cells were photographed. The photographed area of each
membrane sheet was randomly chosen, but was not allowed to
include the edge of the sheet.

QUANTITATION OF IMMUNOGOLD LLABELING

The total number of gold particles on each micrograph was coun-
ted, using a squared grid. Counts were expressed as the mean
number of gold particles per um? plasma membrane from five
different cells. Each of the five micrographs were equivalent to
a membrane area of 4.48 um?. Unspecific labeling was counted
similarly on grids processed in parallel, omitting the primary
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Fig. 1. Low magnification electron
micrograph of an adipocyte plasma membrane
sheet adsorbed to a poly-lysine-coated EM
grid surface, fixed with glutaraldehyde and
negatively stained from its cytosolic face. The
torn edge of the sheet is seen to the right. The
adipocyte membrane is furnished with
numerous caveolae (arrows), most of which
are grouped (g), spaced by larger areas of
planar membrane (asterisks). Scale bar
indicates 1 pm.

antibody, and these ‘‘background counts’ were subtracted from
each of the ‘‘mean counts.”” When expressing the number of
gold particles per um? of plasma membrane, all countings were
corrected for occasional preparatory or photographic imperfec-
tions that made counting uncertain. The ignored area of the micro-
graphs was typically less than 1%.

MEMBRANE FRACTIONATION
AND WESTERN BLOTTING

Adipocytes were prepared from twelve 220 g male Wistar rats.
The cells were pooled, divided in two aliquots, and incubated
with or without 1.67 uM of insulin for 15 min at 37°C. After
washing, cells were homogenized and membrane fractions were
prepared according to the procedure described by McKeel and
Jarret (1970), with the modifications of Cushman and Wardzala
(1980), and with the addition of protease inhibitors (N-a-p-tosyl-
L-lysine chloro-methy! ketone (TLCK) 0.1 mM; L-1-tosylamide-
2-phenyl-ethylchloromethyl ketone (TPCK) 0.1 mm; phenyl-
methyl-sulfonyl flouride (PMSF) 1 mm). Each of the membrane
fractions, t.e. plasma membranes (PM), high- and low-density
microsomes (HM and LLM), and the mitochondria-rich fraction
(Mi) was diluted to the same protein concentration, determined
by the method of Lowry (1951) modified by Peterson (1977), and
characterized by immunoblotting. Thirty ul sample buffer was
added to the 90 ul sample (final concentrations: SDS, 2%; Pyronin
G, 0.05%; glycerol, 12.5%; Tris, 12 mM; EDTA, 0.5 muM; dithio-
threitol, 50 mm) and incubated for 15 min at 56°C. SDS-PAGE
electrophoresis was performed according to Laemmli (1970) in
a Biorad electrophoresis apparatus (Protean II), using a stacking
gel of 5% and a separating gel of 7.5% acrylamide, and run over-
night at 4 mA. Electrotransfer onto nitrocellulose paper and im-
munostaining was done according to O’Connor and Ashman
(1982).
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ANTIBODIES

Mouse hybridoma culture supernatants, containing antibodies
against the Na®/K*-ATPase al and o2 subunits (MCK1 and
MCB2), were kindly donated by K. J. Sweadner. Detailed charac-
terization of these antibodies is given in Felsenfeld and Sweadner
(1988); Urayama and Sweadner (1988); Urayama, Shutt and
Sweadner (1989). For immunogold labeling, the supernatants
were diluted 1:20. For immunoblotting, the MCK1 and MCB2
were diluted to 1:40. The monoclonal antibody, F18 (Handberg
et al., 1992) against the GLUT1, was used in a protein-A purified
form in concentrations of 10 ug/ml for immunogold labeling and
5 ug/mi for immunoblotting. The GLUT4 was detected in immu-
nogold labeling experiments with a monoclonal antibody, F27,
directed against the C-terminal peptide described below. The F27
was prepared by Peer N. Jgrgensen, Novo-Nordisk, Denmark,
and used as a culture supernatant diluted 1 : 10. For immunoblots
of the GLUT4 a polyclonal rabbit antiserum (Handberg et al.,
1992) was used diluted 1: 100. This antiserum, as well as the F27,
were raised against a commercially synthesized peptide (Kem
En Tech, Copenhagen) corresponding to the 14 C-terminal amino
acid residues of GLUT4 (Birnbaum, 1989). For detection in immu-
noblots, an alkaline phosphatase conjugated secondary antibody
from DAKO, Denmark (cat. no. D314 DAKO) was used. All
antibodies were diluted in TSA-buffer containing 4% albumin for
gold labeling experiments and 1% albumin for immunoblotting.

DETERMINATION OF FAT CELL SIZE

Equal volumes of a 4% cell suspension in PBS and osmium tetrox-
ide 4% were mixed. After 4 hr-3 days, cells were washed in
distilled water and placed in a well on a microscope slide. Cell
diameters were measured to the nearest mark of an ocular mi-
crometer with scale divisions equivalent to 3.64 um at 400X
magnification. Cell surface areas were calculated on the assump-
tion that the cells were spherical.

PREPARATION OF SPECIMEN SUPPORTS
FOR EM EXAMINATION

Carbon-reinforced, thin Formvar films, carried on 400-mesh cop-
per grids were prepared and exposed to plasma glow (Tranum-
Jensen, 1988). Following the plasma-glow treatment, a drop of
poly-L-lysine (1 mg/ml) in distilled water was placed on the carbon
surface, followed by a wash with 10 drops of distilled water.
Grids were allowed to dry and could be stored for at least some
days without loss of adsorptive properties.

Results

GLUCOSE TRANSPORTERS

To ascertain that membranes from cells incubated
with insulin were in a stimulated state, we used mem-
branes prepared from the same cell pools as those
for Na™/K*-ATPase labeling to label for the glucose
transporter isoforms GLUT4 and GLUT1 with a
procedure analogous to that used for labeling of the

M. Voldstedlund et al.: Transporters in Plasma Membrane

Na*/K*-ATPase. Figure 2 depicts membranes la-
beled for GLUT4.

In the nonstimulated state (Fig. 2A4), labeling
was scarce overall, but occasional clusters of gold
particles were found, centered on spherical or sack-
like structures different from the numerous caveolar
invaginations. No such clusters were found in the
insulin-stimulated state (Fig. 2B). Coated pits were
rarely seen and did not carry the GLUT4 label. No
systematic association of GLUT4 labeling with ca-
veolae was found. The mean-fold increase in gold
particle number (including labeling on the sack-like
structures) between plasma membranes from non-
stimulated and insulin-stimulated adipocytes was
about seven (see Table 1). Labeling of GLUTI1 was
much less dense and was significantly different from
background only in membranes from insulin-stimu-
lated cells. The insulin-induced increase in GLUT1
labeling was not statistically significant.

WESTERN BLOTTING

The specificity of the antibodies was assessed by
Western blotting of subcellular fractions of adipo-
cyte membranes, prepared by a technique estab-
lished for the detection of translocation of glucose
transporters (Cushman & Wardzala, 1980). Results
are shown in Fig. 3. As expected, there was an
increase in staining representing GLUT4 in the PM
fraction after insulin stimulation of the adipocytes,
concomitant with a decrease in the LM fraction.
Bands representing the Na*/K*-ATPase al and the
o2 subunit isoforms appeared at a M, corresponding
to about 115 kD. The resolution of the gels did not
allow us to observe a reported difference in mobility
of theisoforms (Lyttonetal., 1985; Sweadner, 1989).
The lack of minor bands in the «2, GLUTI and
GLUT4 blots confirmed the high specificity of the
antibodies used. We consider the weak band at a
position corresponding to 65 kD, observed with the
al antibody (MCK1) to represent a degradation
product, because the intensity of the band varied
by addition of different protease inhibitors without
which the 115 kD band often disappears entirely.
Although both isoforms dominated in the PM frac-
tion, they were detected in the other fractions as
well. The intensity of the bands representing «l and
a2 was not influenced by insulin stimulation.

Na*/K*-ATPase IMMUNOGOLD LABELING
Representative micrographs of plasma membranes

labeled by the immunogold method for the a2 sub-
unit isoform of the Na*/K*-ATPase are shown in
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Fig. 2. Electron micrographs of negatively stained sheets of adipocyte plasma membrane, immunogold-labeled from the cytosolic
face for GLUT4, without (4) and following (B) insulin stimulation. In the nonstimulated state (A) labeling is scarce over the membrane
(small arrows), but high density labeling is found on spherical or sack-like structures associated with the membrane (large arrow). In
the stimulated cell (B) the density of labeling is markedly increased and appears randomly scattered over the planar areas of the
membrane without association to caveolae (¢). Scale bars indicate 100 nm.

Fig. 4. The membrane sheets were prepared from
nonstimulated (4) and insulin-stimulated (B) adipo-
cytes. In both situations, gold particles were scat-
tered over the planar part of the membranes and not
found on the numerous caveolar invaginations.

All of the 75 membrane sheets labeled for the a2
isoform carried label-—none of them conspicuously
little. Within the individual sheets, the distribution
of a2 counts per 2.24 pum? (half the full counting
frame) was not different from a Poisson distribution
as evaluated by a Chi-square test. The coefficient
of variation of the a2 counts per 4.48 um? between
sheets prepared from the same cell pool was 16%
(average of 15 determinations). The variation in gold
particle counts between cell pools was not correlated
to the (modest) variation in mean adipocyte size (cf.
Table 1).

Insulin stimulation of the adipocytes prior to
membrane preparation had no statistically signifi-
cant effect on o2 counts (P = 0.96, Table 1), nor
on the labeling pattern within the membrane sheets.

Immunogold labeling of the «1 isoform was also
confined to the planar part of the plasma membrane,
but was far less abundant than that of the «2 isoform.
The labeling tended to increase upon insulin stimula-

tion, but the increase was not statistically significant
(P = 0.21, Table 1).

Since insulin had no statistically significant ef-
fect on either al or a2 labeling, counts were pooled
ignoring insulin addition and mean values for each
of the two isoforms were calculated. The mean of
gold particle counts for a2 labeling was 30 = 5 (SE)
per um’? plasma membrane; for a1 the number was
1.5 = 0.5 (sg) per wm?. The «l labeling, although
low, was statistically different from zero (P < 0.01).

In Figure 5, the results are expressed on a per
cell basis by multiplication with the mean cell sur-
faces in the individual cell pools, determined as de-
scribed in Materials and Methods, to facilitate com-
parison with published values.

Discussion

The present results of GLUT4 labeling in plasma
membrane sheets showed that this transporter was
located to the planar part of the membrane. The
occasional, heavily labeled sack-like structures
found in nonstimulated membranes could represent,
according to the generally accepted translocation
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Table 1. Average density of gold particles labeling the indicated membrane proteins, expressed per um?
of adipocyte plasma membrane?

GLUTI GLUTI GLUT4 GLUT4 «al al o2 a2 Cell size®
Insulin =~ (-) (+) (=) (+) =) ) ) (+) (10* pm?)
Exp. 1 13.10 40.50 1.60 0.70 27.90 52.10 0.8539
Exp. 2 5.60 24.70 0.80 0.00*  33.80 19.00 0.8218
Exp.3  0.00° 2.20 3.50 26.50 1.10 1.60 27.70 24.40 1.2610
Exp. 4 0.00° 34.60 2.80 3.80 41.70 26.10
Exp.5 0.60 2.80 2.70 0.10 1.40 44.00 1.4463
Exp. 6  3.00 2.20 4.40 9.90 0.00°  1.70 21.00 26.50 1.5048
Exp. 7 1.00 1.70 3.60 43.00 0.50 2.10 39.20 22.70 1.3920
Exp. 8 2.02 28.80 1.60 2.70 17.30 23.80
Mean 1.15 2.234 4.39¢ 29.71¢ L.o6?  1.75¢  29.80¢ 29.83¢  1.2133
+SE 0.65 0.23 1.38 4.21 0.33 0.41 3.41 4.13 0.1233

2 Each value is the mean number of gold particles per wm? from five different membrane sheets. Unspecific
labeling (2.93 = 0.47, mean = SE) was determined in each experiment by omission of the primary antibody,
and subtracted from the counts obtained with the specific antibodies. +/— indicate the presence vs.
absence of insulin in the incubation medium prior to membrane isolation.

b Zero or a small negative value.

¢ Average cell surface areas expressed in units of 10* um?. In each experiment, the mean diameter of 100
adipocytes was determined microscopically (with a coefficient of variation of 28%), and used to calculate
gold labeling density per cell in each experiment, assuming cells to be spherical.

4 Values significantly different from background labeling (P < 0.05). Abbrevations used: a1, kidney Na/
K-ATPase subunit isoform; 2, brain axolemma Na/K-ATPase subunit isoform; GLUT]I, erythroid glucose
transporter isoform; GLUT4, insulin-regulatable glucose transporter isoform.

M, PM LM HM Mi PM LM HM Mi PM LM HM Mi PM LM HM Mi  +/-

(kD) =P EEEEEE — 4= =+ =% R A -4+ -+ -+ -+ ins.
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45-

o oy GLUT4 GLUT1

Fig. 3. Western blots of the four subcellular membrane fractions (PM: plasma membrane; LM: low density microsomes; HM: high
density microsomes; Mi: mitochondria-rich fraction), prepared from rat adipocytes before and after prior stimulation with insulin,
indicated by +/— at the top of each pair of lanes. The blots were incubated with antibodies as described in Materials and Methods
to detect the membrane proteins indicated below each set of membrane fractions. The positions of molecular weight markers are
shown to the left. Note that the translocation of GLUT4 from the LM to the PM fraction in response to insulin stimulation is
clearly demonstrated.
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Fig. 4. Electron micrographs of negatively stained sheets of adipocyte plasma membrane labeled from the cytosolic face for the «,
isoform of the Nat/K*-ATPase, before (A) and after (B) insulin stimulation. In both cases, the gold label is scattered over the planar
areas of the membrane without association to caveolae (¢). Scale bars indicate 100 nm.

x10*
Il no insulin
XY insulin
40
30
20
10
0 i\ N
GLUT 1 GLUT 4 a1 o2

hypothesis for insulin stimulation of glucose trans-
port (Cushman & Wardzala, 1980), transporter de-
pot vesicles in the process of fusion with or seques-
tration from the plasma membrane. Stimulation of
adipocytes has been reported to increase the rate of
mobilization of transporters to the plasma mem-

Fig. 5. Columns express numbers of gold particles per cell.
Bars indicate SE. Hatched columns represent experiments
where insulin was added to a final concentration of 1.67 uM in
the incubation medium of the cells prior to the preparation of
membrane sheets. Abbreviations as in the legend to Table 1.

brane rather than to decrease internalization (Yang
et al., 1992). It is therefore tempting to suggest that
the occurrence of the heavily labeled structures in
noninsulin stimulated membranes results from an
abortive stimulation of the translocation mechanism
elicited by contact with the grid surface, being only



70

rudimentarily effective at the low temperature. An
earlier immunogold labeling study based on resin-
embedded sections of rat adipocytes also pointed to
the existence of subplasmalemmal membrane struc-
tures rich in GLUT4 that decreased concomitant
with an increased plasmalemmal labeling in response
to insulin stimulation (Smith et al., 1991). In arecent
study of the insulin effect on 3T3-L.1 adipocytes
(Robinson et al., 1992), gold labeling of GL.UT4 was
examined in that part of the plasma membrane which
had become adherent to the support of the cells
during growth. The authors reported that a substan-
tial fraction of the GLLUT4 label was associated with
coated pits, and that only the GLUT4 label found
in the planar part of the membrane increased in pro-
portion to the glucose transport. With respect to the
transporters in the planar part of the membrane,
these findings agree with the present ones, where
the total GLUT4 labeling was increased about sev-
enfold. However, GLUT4 labeling associated with
coated pits was not observed in our preparation.
This latter discrepancy is perhaps best explained as
a characteristic difference in the properties of the
cells in question.

The ultrastructural localization in adipocytes of
the Na™/K*-ATPase isoforms, to our knowledge,
has not been studied previously. Our results show
that both the a1 and the a2 Na'/K*-ATPase iso-
forms are randomly distributed in the plasma mem-
brane of adipocytes. No blank membrane sheets,
nor sheets with conspicuously low labeling, were
found with either of the antibodies, and the distribu-
tion of the gold particle densities within individual
sheets, as well as between sheets from the same cell
pool, was compatible with a Poisson distribution.
This excludes the theoretical possibility of the exis-
tence of larger (>5 uwm?) plasma membrane domains
lacking pumps, as well as subpopulations of adipo-
cytes with aberrant expression of Na*/K*-ATPase
isoforms (Lytton et al., 1985).

The consistent observation that the caveolar in-
vaginations were devoid of Na*/K *-ATPase labeling
demonstrates indirectly that this membrane struc-
ture is indeed specialized (Anderson et al., 1992),
since one protein, otherwise typical of the plasma
membrane, is absent from caveolae. This finding (in
adipocyte membranes) is at variance with a cyto-
chemical study (Ogawa, Fujimoto & Ogawa, 1986)
of ouabain-inhibitable, K*-activated-phosphatase
activity in vascular endothelium and smooth muscle
cell plasma membrane, where the cytochemical re-
action product was found to be associated with ca-
veolae. It cannot presently be settled whether this
discrepancy is due to differences between cell types
or whether it is of technical origin (Mayahara &
Ogawa, 1988).
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It is generally held that immunogold labeling is
rather inefficient, i.c., that only a small fraction of
the molecules of a particular species are labeled due
to inaccessibility and/or to destruction .of the epi-
topes by fixatives (see e.g., Horisberger, 1981; Slot
et al., 1989). In the present preparation, classical
fixatives were not applied until after the immunogold
labeling had been completed, and accessibility is
expected to be favorable for labeling of the mem-
brane proteins in question because the epitopes are
naturally exposed on the surface of the specimen.
Amplification due to multiple binding of secondary
antibodies would show up as clusters of closely
spaced gold particles. Such clusters could also result
from primary clustering of epitopes in oligomers, as
suggested for the Na*/K"-ATPase (Liang & Winter,
1977; Craig, 1988; Jensen & Ngrby, 1988; Buxbaum
& Schoner, 1991). Our results do not permit us to
distinguish between these two sources of pairs and
small clusters of gold particles in the specimens.

The ratio between labeling of the «l and the
o2 isoforms in plasma membrane sheets was about
1:20, consistent with the much heavier staining for
a2 than for «l found in immunoblots of the plasma
membrane enriched subcellular fraction (c¢f. Fig. 3).
Earlier estimates indicate a somewhat lower ratio of
a2 to al. Thus, exploiting the difference in ouabain
affinity of the isoforms, it has been estimated from
the kinetics of ouabain-stabilized ‘‘back-door”’
phosphorylation (Lytton et al., 1985) that about 25%
of the maximum P, incorporation in Na*/K*-ATPase
in an adipocyte plasma membrane fraction occurs
in the «l isoform. It is not obvious which of these
two estimates is the more reliable.

In Table 2 the number of Na*/K*-ATPase mole-
cules per adipocyte, reported earlier in the literature,
are given along with the present results. Despite the
use of very different methods, these earlier estimates
are seen to agree very well, being within arange from
6 X 10°to 2 X 10° per cell. The present estimate of
3.5 x 10° per cell, obtained by immunogold label-
ing, is thus between 20 and 60% of the previously
published figures, and may be taken as an estimate
of the method’s labeling efficiency.

Insulin has been found to increase the pumping
of Na*/K* in skeletal muscle (see e.g., Clausen,
1986, for review), brain synaptosomes (Brodsky,
1990b), adipocytes (Resh et al., 1980; Lytton, 1985;
Lyttonetal., 1985; McGill, 1991; McGill & Guidotti,
1991) and 3T3-L1 adipocytes (Russo et al., 1990).

In adipocytes, Na*/K* pumping in the basal
state has been reported to be shared among the «l
and o2 isoforms in the proportion of 2: 1-4: 1 (Lyt-
tonetal., 1985). By insulin stimulation, the pumping,
measured as Rb™ uptake, increased by 60-75%, and
this increase was ascribed to an increase of the «2
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Table 2. The number of Na/K-ATPase molecules in rat adipocyte plasma membranes expressed per
cell as estimated in this study, compared to estimates given in the literature

Preparation Technique Results Reference

Intact cell Immunogold 3.5 x 10° (This study)

Intact cell Quabain bind. 7.9 x 107 (Clausen & Hansen, 1974)
Intact cell Quabain bind. 2.0 x 10° (Resh et al., 1980)

Pl. membranes Quabain bind. 9.0 x 10° (Resh, 1982¢)

PL. membranes Back-door-P 6.0 x 10° (Resh, 1982¢)

Pl. membranes Back-door-P 1.0 x 108 (Lytton et al., 1985)

Abbreviations used: Pl. membranes: experiments based on subcellular fractions enriched in plasma
membranes. Immunogold: the electron-microscopic immuno-gold method of the present study. Ouabain
bind.: Determination of specific ouabain-binding sites. Back-door-P: ouabain-stabilized back-door

phosphorylation.

* The number was calculated for the size of adipocytes used in the present study from the value given

in the reference.

activity, to alevel where the total activity was shared
among the two isoforms ina 1: 1 ratio McGill, 1991;
McGill & Guidotti, 1991). The present study shows
no statistically significant insulin-induced increase
in either a1 or o2 labeling in the plasma membrane,
although the actual increase of «1 was of a magnitude
comparable to that found for the “‘constitutive’” glu-
cose transporter GLUTI1. This supports the view
that insulin acts by increasing the intrinsic activity
of Na*/K "-ATPase molecules, without changing the
actual number of pumps present in the plasma mem-
brane (Clausen & Hansen, 1977; Resh et al., 1980;
Resh, 1982¢; Lytton, 1985).

Inrat skeletal muscle this view has recently been
challenged by Hundal et al. (1992), who reported
translocation to the plasma membrane of the o2 iso-
form based on Western blot analysis of subcellular
membrane fractions. Also in frog skeletal muscle,
an insulin-induced translocation of ouabain-binding
sites to a plasma membrane enriched subcellular
fraction has been reported (Omatsu-Kanbe & Kita-
sato, 1990). The discrepancy between the report of
Hundal et al. (1992) and the present findings, along
with the findings of Clausen (1986), might derive
from two different tissues being compared (muscle
contra fat). A recent study of insulin-responsive cul-
tured 3T3-L1 adipocytes (Robinson et al., 1992) us-
ing immuno-labeled membrane sheets (called
““lawns’’) attached to coverslips, and thus compara-
ble to the present method, reports that insulin did
not change the content of Na™/K*-ATPase in the
plasma membrane lawns.

In addition, our immunoblot analysis on subcel-
lular membrane fractions of fat cells did not indicate
translocation phenomena relating to the «l or the
a2 isoform.

In the work of Hundal et al.(1992) mentioned
above, the al isoform was barely detectable in the

internal membrane fractions and no increase in stain-
ing of the plasma membrane enriched fractions was
seen. This is partly in contrast to our Western blot
study, in which we were able to detect al in the
internal membrane fraction called heavy micro-
somes, but the result agrees with the absence of
translocation.

Our immunogold labeling method circumvents
some of the inherent limitations in traditional meth-
ods of membrane preparation. The origin and com-
position of our adsorbed membrane sheets are de-
fined morphologically, and we regard the sheets as
a pure preparation of plasma membrane, with a dis-
tribution of proteins and membrane structures close
to that in native cells.
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