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SUMMARY

vesicles isolated from basal and insulin-stimulated
adipocytes. These studies revealed that: (1) GLUT4 and

The facilitative glucose transporter, GLUT4 undergoes
insulin-dependent movement to the cell surface in

adipocytes. The magnitude of the insulin effect is much
greater for GLUT4 than other recycling proteins such as
the CD-MPR. In the present study we have studied the
colocalisation of these proteins in adipocytes in an effort
to explain this selective insulin-dependent recruitment
of GLUT4. Using immunofluorescence microscopy or
immuno-EM on 3T3-L1 adipocytes we find that there is

CD-MPR were concentrated in small (30-200 nm) vesicles
at a labelling density of 1-20+ gold particles/vesicle; (2)
there was significant overlap between both proteins in that
70% of the total GLUT4 pool colocalised with CD-MPR,;
(3) a significant amount of GLUT4 (approx. 50% of total)
was found in a subpopulation of vesicles that contained
as little as 5% of the total CD-MPR pool; (4) the

considerable colocalisation between these proteins
particularly within the area of the TGN. However, the
distribution of CD-MPR was not significantly effected by
insulin. The insulin-dependent recruitment of GLUT4 was
concomitant with a selective decrease in GLUT4 labelling
of cytoplasmic vesicles whereas the amount of GLUT4 in
the TGN region (approx. 50% of total GLUT4) was
relatively unaffected. To explore the possibility that the
cytoplasmic GLUT4(+) vesicles represent an intracellular
insulin-responsive storage compartment we performed
guantitative immuno-EM on whole mounts of intracellular

GLUT4(+)/CD-MPR(-) vesicles were highly insulin-
responsive, and (5) the total number of GLUT4(+) vesicles,
but not CD-MPR(+) vesicles, decreased by approx. 30% in
response to insulin treatment. These data are consistent
with a model in which GLUT4 is selectively sorted into a
vesicular compartment in adipocytes that is recruited to the
plasma membrane by insulin stimulation.

Key words: GLUT4, Mannose 6-phosphate receptor, Insulin, Protein
trafficking

INTRODUCTION and Lienhard, 1987; Yang and Holman, 1993). These
observations suggest that in the absence of insulin GLUT4 is
Insulin stimulates glucose uptake into muscle and adiposactively sequestered at an intracellular location, and insulin
tissue through the translocation of a glucose transporteoyerrides this sequestration allowing GLUT4 to recycle with
GLUT4, from an intracellular compartment to the cell surfacehe bulk of endocytic traffic.

(reviewed by James et al., 1994). One of the defining featuresSeveral models have been proposed to account for the
of GLUT4 is its very slow exocytic rate £f in basal unique trafficking of GLUT4. For example, GLUT4 may
adipocytes, which varies between 0.01 minttesd 0.024 constantly shuttle between two intracellular organelles in basal
minutes® (Jhun et al., 1992; Satoh et al., 1993; Yang anaells in such a way that it is excluded from the cell surface
Holman, 1993) and is considerably lower than that of GLUTZecycling route (Fig. 1A). An adaptation of this model is the
(kex=0.035 minuted) (Yang and Holman, 1993) and the retention model (Fig. 1B) whereby GLUT4 may be actively
transferrin receptor (TfR) @=0.111 minuted) (Tanner and retained within sub-domains of endosomes and/or TGN. Both
Lienhard, 1987). A major effect of insulin is to increase theof these mechanisms would result in a low rate of incorporation
rate of GLUT4 exocytosis such that it is now similar to that oiof GLUT4 into vesicles recycling to the cell surface. Insulin
GLUT1 and TfR (Jhun et al., 1992; Satoh et al., 1993; Tannenay either block endosomal retrieval or override the retention
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step effectively allowing GLUT4 to enter the cell surfacesurface (Duncan and Kornfeld, 1988; Klumperman et al.,
recycling pathway. The potential of these types of mechanisni®993; Luzio et al., 1990; Press et al., 1998; Schulze-Garg et
to exclude recycling proteins from the cell surface has beeal., 1993). Thus, one can imagine that GLUT4 may follow a
demonstrated for other molecules. Both furin (Molloy et al. similar route in the basal state in order to avoid the cell surface
1994; Wan et al., 1998) and TGN38 (Ghosh et al., 1998ecycling pathway. In support of this we have previously noted
recycle via the cell surface, but at steady state they havetlaat there is considerable overlap in the intracellular
predominantly intracellular localisation conferred by theirdistribution of these proteins in adipocytes (Martin et al.,
unique recycling kinetics. In support of this model, it has beett996; Hashiramoto and James, 2000). In the present study we
shown that GLUT4 constitutively recycles via the cell surfaceshow that unlike GLUT4, the intracellular distribution of CD-
in the absence of insulin stimulation although its basaMPR is relatively unaffected by insulin. The major effect of
recycling rate is very slow (Jhun et al., 1992). Insulin alsdnsulin is on GLUT4-containing tubulo-vesicular elements
regulates the recycling of other endosomal proteins such as thistributed throughout the cytoplasm in 3T3-L1 adipocytes.
TfR (Tanner and Lienhard, 1987) and MPR (Kandror andJsing whole mounts of isolated intracellular vesicles we have
Pilch, 1996; Tanner and Lienhard, 1989), resulting in theifound that insulin preferentially effects a sub-population of
partial redistribution to the cell surface, and suggesting a moseesicles which are enriched in GLUTA4, but relatively depleted
general effect of insulin on the endosomal system. in endosomal proteins such as CD-MPR. These results
The alternate model (Fig. 1C) suggests that GLUT4 isndicate that insulin effects a specific compartment enriched
packaged into regulated storage vesicles which may be storadthe GLUT4 protein.
in the cytoplasm until insulin signals their exocytosis. This
mechanism may be analogous to other regulated exocytic
pathways, such as secretory granules and small synapM:ATERlALS AND METHODS
vesicles. Exocytic secretory granules are formed from the
transGolgi network (TGN) (reviewed by Tooze, 1998), Materials _ _
whereas small synaptic vesicles are formed from th&lRP, human apo-transferrin and all reagents f.o.r Tf/HRP syntheS|s
endosomal system (de Wit et al., 1999) or directly from th&'€re from Sigma (Poole, UK). Dulbecco's modified Eagle medium
plasma membrane (Schmidt et al., 1997). Stimulation resul MEM), Myoclone-Plus foetal calf serum and antibiotics were from

! . ¢ . ibco BRL (Paisley, UK)123-labelled goat anti-rabbit antibody was
in the direct fusion of these storage compartments with the cgll,.\, by, Pont/NEN (UK). Normal sera were from Dako (Carpinteria,

surface. Fusion is mediated, at least in part, by an interactigf). all other reagents were as described (Livingstone et al., 1996).
between v-SNAREs, such as VAMP2, and t-SNAREs such gsyotein A-gold was obtained from the Dept Cell Biology, University

syntaxin (Pfeffer, 1999). In support of this model it has beenf Utrecht.

shown that GLUT4 is localised to a compartment that is

distinct from recycling endosomal markers (Livingstone et al.Cell culture

1996; Malide et al., 1997; Martin et al., 1996), and that iST3-L1 f_ibroblasts were grown in 10% new born calf serum in DMEM
capable of mediating the translocation of GLUT4 to the celft 37°C in 10% C@and passaged at about 70% confluence. Cells for
surface even following chemical ablation of the endosomdfse in experiments were grown in the same medium until two days

system (Martin et al., 1998). Furthermore, VAMP2 has recentl ost-confluence then differentiated into adipocytes as described
b)éen pr(oposed to have a) specific role in GLUTA4 traffickin reviously (Frost and Lane, 1985). Cells were used between 8-12 days

. ! . . ost-differentiation and between passages 4 and 12. Before use, cell
(Martin et al., 1998). There is evidence that the formation o onolayers were incubated in serum-free DMEM for 2 hours, or

this insulin-responsive compartment occurs early duringvernight (for immunofluorescence microscopy studies).

adipocyte differentiation indicating that it might by a

specialised feature of insulin-responsive cell types (El-Jack &reparation and use of HRP-conjugated transferrin

al., 1999). Tf/HRP was prepared, purified, iron-loaded and used as described
It is essential to distinguish between these different modeRyeviously (Livingstone et al., 1996). Briefly, after a 2 hour incubation

of GLUT4 trafficking because the mechanism by which insuliri® serum-free. DMEM, adipocytes were incubated with (&fml

triggers GLUT4 exocytosis will be fundamentally different in T/HRP for 1 hour, chilled by washing in ice-cold isotonic citrate

. s : uffer (150 mM NacCl, 20 mM sodium citrate, pH 5.0) to remove cell
each case. This has been difficult to achieve for two re‘r’IS’on;I%urface-attached Tf/HRP and kept on ice to prevent vesicle trafficking

Firstly, there is no ot_)vipus. morphological_ feat_ure that r?aﬁuring the DAB cytochemistry reactions. DAB was added at 100
permitted a clear distinction between msqlm—responswglg/m, to all wells and KO, added to 0.02% (v/v) to one of each pair
GLUT4 compartments and other GLUT4-containing elementsf wells. After a 1 hour incubation at 4°C in the dark the reaction was

of the endosomal/TGN system. Secondly, because intracellulsfopped using 5 mg/ml BSA in PBS, and samples prepared for
protein sorting occurs on an iterative basis there is alwayisimunoblotting.

considerable overlap between different proteins among a o _

variety of organelles (Dunn et al., 1989; Geuze et al., 19g7uPcellular fractionation of adipocytes o

1988). In order to overcome these problems it is necessary /ﬂghpocytgs were §ubjecteq to a differential cgntrlfugatlon procedure
use quantitative approaches that can discern an accumulatigﬁdesc”|OeO| previously (Piper et al., 1991) using HES buffer (20 mM

e L PES, 1 mM EDTA, 255 mM sucrose, pH 7.4) containing protease
of specific proteins in organelles, compared to other marker nhibitors (1pug/ml pepstatin A, 0.2 mM diisopropylfluoro-phosphate

In this study we have chosen to compare the localisatio : - .
- . . FP), 20uM L-transepoxysuccinyl-leucylamido-4-guanidiniobutane
and regulation of GLUT4 with the 46 kDa catlon-dependengE)M) and 50uM aprotinin) to yield fractions enriched in plasma

mannose 6-phosphate receptor (CD-MPR). The CD-MPRembranes or low density microsomes. All fractions were

predominantly recycles between endosomes and the TGN, argsuspended in equal volumes of HES buffer and store’D&E prior
only a small proportion recycles back to the TGN via the celio use.
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Electrophoresis and immunoblotting washed with PBS, washed again with PBS/0.15 M glycine and
Proteins were electrophoresed on 7.5, 10 or 15% SDS-polyacrylamidigcubated in 5% normal swine serum/PBS for 30 minutes. Primary
ge|s and transblotted onto nitrocellulose sheets as describ&ﬂltibodies were diluted in PBS/1% normal swine serum and incubated
previously (Martin et al., 1996). Immunolabelled proteins werefor 1 hour. Cells were then washed with PBS/0.1% BSA and incubated
visualised using either!23-labelled goat anti-rabbit secondary for 30 minutes with a corresponding FITC- or Texas Red-conjugated
antibody followed by autoradiography, or using HRP-conjugatecsecondary antibody (Molecular Probes, Eugene, OR) diluted in 2.5%
secondary antibody and the ECL system (Amersham, Aylesbury, UKpormal rat serum/PBS. Normal rabbit serum was used as a negative
Bands were quantitated either by using-@unter or Lumi-Imager control. The coverslips were washed with PBS, mounted onto glass
(Boehringer-Mannheim, Castle Hill, NSW, Australia). To quantify themicroscope slides and viewed using&8/1.4 Zeiss oil immersion
degree of protein ablation the difference in immunoreactive signatbjective on a Zeiss Axiovert fluorescence microscope, equipped with
between membranes obtained from cells incubated @®;Hvas @ Bio-Rad MRC-600 laser confocal imaging system.

determined by densitometry using a Bio-Rad GS700 syster& ibodi
(Livingstone et al., 1996; Martin et al., 1996). ntibodies _ _ _ _

_ . . Polyclonal antibodies raised against a synthetic peptide corresponding
Electron microscopy: isolated vesicles to the C-terminal 12 amino acids of GLUT4, and the anti-GLUT4

Paraformaldehyde-fixed intracellular membrane vesicles wergonoclonal antibody (1F8), have been described previously (James et
prepared from a post-nuclear/plasma membrane supernatant afld 1988, 1989). An anti-transferrin receptor monoclonal antibody
allowed to adsorb to formvar-coated copper grids, prior to labellingvas purchased from UBI (Lake Placid, New York). Anti-CD-MPR
for immuno-electron microscopy (immuno-EM) as describedwas a generous gift of Dr A. Hille-Rehfeld (Universitat Gottinggen,

previously (Martin et al., 1996). Germany) (Schulze-Garg et al.,, 1993) and anti-VAMP2 was a
generous gift from Dr M. Takahashi (Mitsubishi Kasei Institute of
Electron microscopy: cryosections Medical Research, Tokyo).

3T3-L1 adipocytes were fixed using 2% paraformaldehyde/0.2%

glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 for 1 hour, or 4%

paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 for 24 hours ®ESULTS

room temperature. Fixed cells were embedded in 10% gelatin, and

infused with 2.3 M sucrose overnight at 4°C, prior to snap freezingubcellular distribution and insulin-regulation of
onto specimen holders in liquid 2N Ultracryomicrotomy was  G|UT4 and CD-MPR in 3T3-L1 adipocytes

performed by a slight modification of the Tokuyasu techniqu o . . .
(Tokuyasu, 1980) using a Leica Ultracut S/FCS cryomicrotome (Leicjhe subcellular distribution and insulin regulation of GLUT4

Instruments Pty Ltd, North Ryde, Australia}-420°C and a diamond and CD-MPR was Compf.”e‘j. in 3T3-L1 ad|pocytes_ using a
knife designed for ultracryotomy (Drukker, Cuijk, The Netherlands).number of techniques. Using immunofluorescence microscopy
Sections were picked up with a 1:1 mixture of 2.3 M sucrose: 29ve found that both GLUT4 and CD-MPR were concentrated in
methyl cellulose and transferred onto Formvar and carbon-coatdtie perinuclear region of basal 3T3-L1 adipocytes, with some
copper grids (Liou et al., 1996). Immuno-EM was performediabelling of punctate structures in the cell periphery (Fig. 2A).
essentially as described previously (Martin et al., 1997) except thasulin resulted in redistribution of GLUT4 to the cell surface,
the sections were blocked using 1% cold water fish skin gelatin/0.2%,t had no detectable effect on the cell surface level of CD-
acetylated BSA (Aurion, Wageningen, The Netherlands) in PBS, antipr However. there was a slight dispersal of GLUT4 and CD-
the primary antibody was diluted in 0.5% cold-water fish skin gelatin PR labelling i’n insulin-treated cells, although this may have

0.1% acetylated BSA in PBS. In order to increase the labellin due t Il effect of i i Il sh VAMP2
efficiency, swine anti-rabbit IgG (Nordic, Tilburg, The Netherlands) een due 1o an overall elfect of Insulin on cell shape.

was used at a dilution of 1:2000 in PBS/1% BSA as a bridge betwed}@S also found to have a perinuclear distribution similar to
the primary antibody and Protein A-gold, in the single-labelingGLUT4 and CD-MPR, although the labelling was less
experiments. Grids were viewed using a Jeol 1010 transmissioghispersed. Insulin had no detectable effect on the distribution of

electron microscope. VAMP2 using this technique. This is not surprising as we have
Quantitation of the distribution of GLUT4 and CD-MPR in previously shown by subcellular fractionation that insulin

cryosections was undertaken using prints of randomly selected cellsauses only a 2- to 3-fold translocation of VAMP2 to the plasma

On the same prints random points were projected onto the cells, ahgembrane fraction (Martin et al., 1996).

density of 400 points per 1gdm? and assigned to cell structures as The absence of a significant effect of insulin on the

if they were gold. The density of random points (400/p0®) is distribution of CD-MPR was confirmed by subcellular

approximately equivalent to the density of gold particles/i086. - . . . .

The random point distribution, which is included in the results sectiorf,racuonat'on of basal and msulm-s_tlmulated cells._ BOth GLUTA4
can be used to estimate the non-specific labelling of gold on cef"d CD-MPR were concentrated in the low density microsomal
structures. Gold particles located no more than 20 nm from &-DM) fraction of 3T3-L1 adipocytes in the absence of insulin
membrane were designated specific labelling and assigned to one(6fg. 2B). Insulin treatment resulted in a marked (approx. 3.5-
the following structures: the TGN region, plasma membrane, tubuldfold) increase in the amount of GLUT4 in the plasma membrane
vesicular (TV)-elements within 100 nm of the plasma membranefraction, commensurate with a decrease (approx. 30%) in the
early endosomal vacuoles (EE), TV-elements within 100 nm of EE, DM fraction. In contrast, insulin had a relatively modest effect
Cymp"l'*sm'c TIV-elgngents.l.Eet[(ly e”dosgmes V\Lerte def('j”ed as empfie plasma membrane fraction, which is presumably too low to
vacuoles enclosed by a limiting membrane. Late endosomes w: : .

defined as a limiting membrane surrounding a lumen that was partial %te?:teatgge(?hazéeImThuengljul\(zrescence microscopy, and no
or wholly filled with membranous or amorphous material. To determine the extent to which GLUT4 and CD-MPR were
Indirect immunofluorescence microscopy localised to the recycling endosomal system, we employed a
Cells were incubated in the absence or presence of insylit(In ~ procedure in which Tf/HRP is used to ‘ablate’ the transferrin
DMEM for 15 minutes and then fixed in acetone for 15 minutesreceptor (TfR) recycling compartments of 3T3-L1 adipocytes
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Fig. 1. Potential models for the intracellular A. Protein Sorting B. Active Retention C. Vesicle Sorting

sequestration and insulin-responsiveness of GLUT4 PM

in 3T3-L1 adipocytes. (A) In the protein sorting % / %

model GLUT4 recycles between intracellular @ @ Endosomes
compartments in the absence of insulin. Following l

insulin stimulation the recycling pathways of () Transport
GLUT4 alter in favour of the cell surface. (B) In vesicles

the active retention model GLUT4 is retained in a ﬁ E Z : ﬁ t J : \ ﬁ ( 2 :’
specific sub-domain of the endosomal/TGN system

and following insulin stimulation the mechanism

retaining GLUT4 is removed allowing it to enter

the recycling endosomal system. (C) In the vesicle e GLUT4

sorting model GLUT4 is sorted from the general

recycling pathways into a unique population of intracellular storage vesicles. Following insulin stimulation these vesieligiseiudirectly or
via an endosomal intermediate, with the cell surface.

(Livingstone et al., 1996; Martin et al., 1996). Consistent withCD-MPR and GLUT4 in rat adipocytes, using both immuno-

previous studies, we observed substantial ablation of the TfRM on isolated intracellular vesicles (Martin et al., 1996) and

following a 1 hour incubation with Tf/HRP at 37°C (79+8%), vesicle immunoadsorption (Hashiramoto and James, 2000).
but only modest ablation of GLUT4 (38+9%). Under the samd{owever, in these studies we did not perform an extensive
conditions only approx. 35% of CD-MPR was ablated (Figquantitative analysis of this co-localisation, nor did we

2C), indicating that substantial proportions of both GLUT4 andxamine the overlap between these proteins isolated from
CD-MPR are excluded from the early and recycling endosomemsulin-treated cells. Furthermore, the nature of those
At 4°C no ablation of any protein was observed, consistent witexperiments did not allow us to draw any conclusions

inhibition of the internalisation of the Tf/HRP conjugate (resultsconcerning the intracellular location of the membranes

not shown). These results suggest that CD-MPR has a simileavolved.

intracellular distribution to GLUT4 in basal 3T3-L1 adipocytes, In the present study we initially compared the localisation

but these two proteins are markedly different in their responsef GLUT4 and CD-MPR in cryosections of basal and insulin-

to insulin. stimulated 3T3-L1 adipocytes. In cryosections of basal 3T3-

o _ _ L1 adipocytes GLUT4 was distributed between TV-elements
Distribution of GLUT4 and CD-MPR in cryosections close to the Golgi region of the cells (54.0%) and TV-elements
of basal and insulin-stimulated 3T3-L1 adipocytes distributed throughout the cytoplasm (19.8%) (Fig. 3; Table 1).

We have previously demonstrated co-localisation between thEhese two pools of GLUT4 were nominally designated as the

Fig. 2. Analysis of the distribution of GLUT4 and CD-MPR

in basal and insulin-stimulated 3T3-L1 adipocytes. (A) A
Immunofluorescence microscopy of GLUT4 and CD-MPR in GLUT4 CD-MPR VAMP2
3T3-L1 adipocytes. 3T3-L1 adipocytes were treated with :
vehicle (BAS) or uM insulin for 15 minutes (INS) and the
distribution of GLUT4, CD-MPR or VAMP2 analysed using é
immunofluorescence confocal microscopy. In basal cells %
GLUT4, CD-MPR and VAMP2 were predominantly present @
in the perinuclear region, although some punctate peripheral
labelling was also observed. Following insulin stimulation
only GLUT4 redistributed to the cell surface. Bar 0.

(B) Subcellular fractionation. 3T3-L1 adipocytes were
treated with vehicle (BAS) or M insulin for 15 minutes

(INS) then subjected to differential centrifugation to isolate
plasma membranes (PM) and low density microsomal
membranes (LDM). Aliquots of each fraction (1§ protein)
were resolved by SDS-PAGE and immunoblotted with
antibodies specific for GLUT4 or CD-MPR. (C) TfR
compartment ablation. Duplicate plates of 3T3-L1 adipocytes C

were loaded with Tf/HRP for 1 hour at 37°C after which
80
- . W |

INSULIN

ablation cytochemistry was performed. Intracellular
membranes were prepared and the amount of specific
proteins remaining determined by immunoblotting. Ablation

efficiency was quantified by measuring the signal remaining ! 40

in samples from cells ablated in the presencex@hHwhich P ' ‘ CD-MPR

is required for the ablation cytochemistry), with the signal - 20

remaining following ablation in the absence ofd4 (no - +||- +| INS 0

ablation control). Results represent the percentage of the = Il _*] TR GLUT4 CD-MPR

control signal remaining following ablation%3 + s.e.m.). PM LDM
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GLUT4: BAS &

Fig. 3. Localisation of GLUT4 and CD-MPR in 3T3-L1 adipocyte cryosections. Cryosections of basal and insulin-stimulated 3T3-L1
adipocytes were immunolabelled using antibodies specific for GLUT4 or CD-MPR, and labelling detected using a swine aritigialgbit b
IgG and 15 nm Protein A-gold. Both CD-MPR and GLUT4 labelling was observed in the TGN region and in TV-elements distributed
throughout the cytoplasm of the cell. Within the TGN region GLUT4 was often observed in densely coated vesicles (double arsoivs)
stimulated cells there was a marked increase in the labelling for GLUT4 on the plasma membrane. The distribution of GLIDFMP&Rd C
labelling between the plasma membrane, TGN and TV-elements in the cytoplasm was quantified in single-labelled sectidtssothehieku
are shown in Table 1. G=Golgi, large arrows=plasma membrane. Bar, 100 nm.

TGN region and cytoplasmic TV-elements respectively, imf 3T3-L1 adipocytes appeared to be higher than previously
order to distinguish between them. There was little GLUT4eported in other cell types, including brown adipocytes (Slot
detected on, or close to, the cell surface or in/fadjacent to easy al., 1991b) and cardiac muscle (Slot et al., 1997, 1991a).
or late endosomal vacuoles under basal conditions (Table However, this is probably because many elements of the
The amount of GLUT4 labelling observed in the TGN regionTGN/endosomal system are perinuclear in 3T3-L1 adipocytes
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Fig. 4. Double-labelling for
GLUT4 and CD-MPR in 3T3-

L1 adipocyte cryosections.
Cryosections of basal 3T3-L1
adipocytes were double-labelled
using antibodies specific for
GLUT4 (10 nm Protein A-gold)
and CD-MPR (15 nm Protein A-
gold). There was significant co-
localisation between these two
proteins, frequently observed in
coated (arrows) vesicles in the
region of the Golgi. There was
only low labelling of the Golgi
cisternae, and no labelling of the
late endosomal compartments.
m=mitochondria, N=nucleus,
G=Golgi. *Late endosomal
vacuole. Bar, 100 nm.

where this is not the case in tissues such as cardiac musateajor insulin-responsive pools of GLUT4 in 3T3-L1
Hence it is likely that this membrane does not correspond tadipocytes is present in TV-elements distributed throughout the
TGN alone. For example, we have observed an accumulatiaytoplasm. It is likely that these elements are also found in the
of endocytic tracers, such as BSA-gold, in this region of th&GN but that here they exist together with other GLUT4(+)
cell (data not shown). Similarly, in brown adipocytes aelements and this would explain the relatively small effect of
significant proportion (approx. 70%) of GLUT4 labelling in theinsulin on GLUT4 labelling in the TGN region.
area of the TGN can be positively identified as endosomal The CD-MPR had an overall distribution almost identical to
through the use of other markers (Slot et al., 1991b). that of GLUT4 in basal 3T3-L1 adipocytes (Fig. 3; Table 1).
Following stimulation of the cells with insulin there was alLabelling was predominantly distributed between TV-elements
>7-fold increase in GLUT4 labelling at the plasma membrané the TGN region (53.9%) and in cytoplasmic TV-elements
relative to basal cells (2.2+0.2 gqldd plasma membrane vs. distributed throughout the cell (22.5%). Again there was low
0.3+0.0 goldim plasma membrane), concomitant withlabelling of early and late endosomal vacuoles or TV-elements
decreased labelling in the cytoplasmic TV-elements by approxnmediately adjacent to them. There was a slightly higher
50% and a slight decrease in labelling within the TGN regiomproportion of CD-MPR labelling on the surface of basal cells
by approx. 20% (Table 1). These results suggest that one of ttiean was observed for GLUT4 (15.6% vs 10.5%, respectively).

Table 1. Distribution of GLUT4 and CD-MPR in basal and insulin-stimulated 3T3-L1 adipocytes

CD-MPR GLUT4
Basal Insulin Basal Insulin Random
Plasma membrane 5.1+1.0 5.8+1.5 3.8+0.6 18.9+1.9* j 6
Sub-PM TV-elements 6.6+2.6 9.1+2.2 6.3+0.7 18.3+2.3*
TGN region 53.7+4.6 50.0£3.0 54.046.0 43.8+5.2 7
Early endosomes 1.9+0.7 1.3x0.4 45+1.1 2.7£0.5 :I 1
Adjacent TV-elements 1.2+0.3 0.940.3 5.0£1.6 3.9+1.3
Late endosomes 2.0£0.5 2.8+1.1 2.1+0.6 0.4+0.1 2
Adjacent TV-elements 3.2#1.1 4.4+0.9 4.1+1.3 2.9+0.8 :I
Cyoplasmic vesicles 22.5+4.1 27.3+4.1 19.8+4.3 9.3+1.8* 2

Cryosections of 3T3-L1 adipocytes were single-labelled for GLUT4 or CD-MPR and the distribution of labelling quantifiedbesideddaterials and
Methods. The non-specific association of gold with cell structures can be estimated from the percentage of random pairitsrwriojected onto the cells
were assigned to cell structures as if they were gold (shown in the final column) and can be used to correct for poteotiatidabkling. Results shown =
mean distribution + s.e.m., whemne7 cells except basal wheme8. For each condition between 5000-8000 gold particles were courRe@.05, relative to
basal.
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1997; Ross et al., 1996) and has a similar labelling efficiency
as the CD-MPR antibody in 3T3-L1 adipocytes (results not

shown). Consistent with previous studies we observed a high
degree of overlap between GLUT4 and IRAP in adipocytes, in
that approx. 62% of the IRAP(+) structures contained GLUTA4.

The higher overlap between GLUT4 and IRAP compared to

that observed for CD-MPR is consistent with the generation of
an intracellular compartment that may be enriched in GLUT4

and IRAP, but not CD-MPR.

Analysis of the distribution of GLUT4 and CD-MPR
labelling in whole mount intracellular vesicle
preparations

= B G A To account for the difference in insulin-regulation between
2050 L — GLUT4 and CD-MPR, we considered the possibility that
- GLUT4 may be selectively targeted to an insulin-responsive
Fig. 5.Whole mount vesicle double labelling for GLUT4 and CD-  compartment, that may coincide with the cytoplasmic TV-
MPR. Intracellular vesicles were prepared from basal 3T3-L1 elements identified in 3T3-L1 adipocyte cryosections. We used
‘\"‘/diF?OICYtes anriihadsgrb%? tc|> fgrﬂ]\:jar carbon-tc_:gaée_ed copper Q;ids(-:D whole mount immunolabelling on vesicles isolated from 3T3-
esicles were then douple-labelled using antboaies specific Tor i ; _ R H
PR, Getecied g 10 am P A g0 andGLUTs eteed. e 21552 MO SCcurael ausntly e corocalsaton
using 5 nm Protein A-gold. Labelling of individual vesicles was . . g . . h
quantified, the results of which are shown in Tables 2 and 3, and IS that the "'?‘be"'”g efficiency is ”.‘“Ch higher than that Obtamed
analysed in Fig. 7. Bar, 100 nm. in cryosections and so co-localisation between two different
proteins can be analysed with high resolution. Furthermore, as
indicated below, in addition to examining the degree of co-
However, unlike GLUT4, the amount of CD-MPR at the celllocalisation between two markers, it is also feasible to compare
surface was unchanged following stimulation with insulin.labelling density in individual vesicles.
Furthermore, there was no detectable effect of insulin on the Intracellular vesicles from basal cells were initially single-
distribution of CD-MPR between the TGN region and thelabelled with antibodies specific for either GLUT4 or CD-MPR
cytoplasmic TV-elements (Table 1). These data suggest thand the labelling profiles analysed (Table 2). The density of
GLUT4 and CD-MPR may be present in distinct populationgabelling was similar for both proteins, with a range of 1-20+
of vesicles in the cytoplasm, of which only the former aregold particles/vesicle. The diameter of labelled vesicles varied
affected by insulin stimulation. However, it does not excluddérom 30-200 nm. Occasionally labelled structures >200 nm in
the possibility that GLUT4 and CD-MPR are co-localised indiameter were observed but these were excluded from the
these structures, but that GLUT4 is selectively removeduantitation. Although there was no direct correlation between

following insulin stimulation. the vesicle size and the number of gold particles/vesicle, highly

labelled vesicles (those with >10 gold particles for either
Co-localisation of GLUT4 and CD-MPR in 3T3-L1 GLUT4 or CD-MPR) were frequently larger (100 > 200 nm)
adipocyte cryosections and may represent endosomal vacuoles.

In an attempt to resolve separate populations of GLUT4 To quantify the degree of co-localisation between GLUT4
and CD-MPR vesicles in 3T3-L1 adipocytes, we performedind CD-MPR, whole mounts of vesicles were double-labelled
double-labelling  immuno-EM on 3T3-L1 adipocyte (Fig. 5). Using this protocol we observed significant overlap
cryos_ections. As the bridg_ing antibody used_ for the _single-

labelling could not be used in the double-labelling experiments, +, 1 2 Immuno-EM analysis of GLUT4 and CD-MPR

It \évas ?ecesiary o Iortr)ut”glutar?f!dghyde (ajur;ng{ thetfllxatltohn N single-labelling in intracellular vesicles from basal and
order to optimise labelling efficiency. Unfortunately, this insulin-stimulated 3T3-L1 adipocytes

compromised the preservation of the ultrastructure, particularly

outside the perinuclear region, thus limiting a detailed analysis % Tgs:el‘fssic'es % Chande /Xﬁrc?gs/vgeosli(::le
of these two proteins at specific intracellular locations. Wfth insuﬁn P
Nevertheless, quantitation of the overall overlap between CDgesicles Basal Insulin stimulation* Basal  Insulin
MPR and GLUT4 r(_avealed that approx. 47% of the CD—GLUT(+) 97423 68126  69.0+8.7 55 59
MPR(+) structures in 3T3-L1 adipocytes co-labelled forcp-mpRr(+) 10.7+2.6  10.7¢1.3 104.6£21.0 3.4 34

GLUT4', This CO-|OC§3.|IS&'[IQI‘1 was predomlnantly ‘?bser\/ed N |ntracellular vesicles were isolated from basal and insulin-stimulated 3T3-

the perinuclear region (Fig. 4), although the disruption of 1 adipocytes and single-labelled for GLUT4 or CD-MPR by immuno-EM.

peripheral structures precluded definitive localisation. The percentage of the total vesicles adhered to the grid that could be labelled
As a positive control for the co-localisation procedure wdor either GLUT4 or CD-MPR was quantified, as well as the percentage

compared the distribution of GLUT4 and the insulin- change in labelling following insulin stimulation in individual vesicle
P eparations (% labelling of total vesicles derived from insulin-stimulated

responsive ami.nopeptidase (IRAP), also known as VP16guiis/9% labelling of total vesicles derived from basal cells*). The average
(Kandror and Pilch, 1994; Keller et al., 1995; Mastick et al.pumber of gold particles/vesicle for both GLUT4 and CD-MPR was also
1994)_ IRAP is thought to translocate to the cell surfac@uantified. For each quantitation >200 labelled vesicles were counted from 3
together with GLUT4 in response to insulin (Martin et al.,individual vesicle preparations.
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CD-MPR vesicles It was clear from the vesicle whole mount approach that
A g0 there was considerable variation in the labelling density for
. B CD-MPR different antigens among different vesicles. Thus, one
<30 B GLUT4 possibility is that while two proteins such as GLUT4 and
o0 CD-MPR may co-localise this may not provide a true
3520 representation of the quantitative overlap. This may be
= 101 important because different vesicle populations could represent
& discrete functional entities. To test this possibility we analysed
0 the whole mount labelling data by quantifying the co-
012345678 9 10+ localisation between GLUT4 and CD-MPR within individual
CD-MPR gold label/ vesicle vesicle pools that were identified on the basis of labelling

density. As shown in Fig. 6 the distribution of total label for
both GLUT4 and CD-MPR among these different vesicle pools

B GLUT4 vesicles exhibited a Gaussian distribution with a peak at around 2-4
40 B GLUT4 gold particles/vesicle for each antigen. However, when we
B CD-MPR examined the distribution of GLUT4 labelling in the CD-

=

MPR(+) structures it became evident that the distribution
patterns were non-overlapping. In fact, approx. 50% of the total
GLUT4 labelling was associated with <5% of the total CD-
MPR labelling. Conversely a large proportion of the total CD-
j MPR labelling (approx. 60%) was associated with GLUT4

% Total gold
g L8]

—
=

0012345678 9 10+ vesicles that contained only 1-2 GLUT4 gold particles per
GLUT4 gold label/ vesicle vesicle, and whlch acpognted for only approx. 25% of the total
GLUT4 labelling. This is unlikely to be due to a random
Fig. 6. Analysis of the co-localisation between GLUT4 and distribution of these two proteins among individual vesicles as

CD-MPR in intracellular vesicles from basal 3T3-L1 adipocytes. ~ we have previously observed a positive correlation between
The number of gold particles of either 5 nm (GLUT4) or 10 nm GLUT4 and IRAP labelling of vesicles, in which the labelling
(CD-MPR) labelling individual vesicles was determined and the density of GLUT4 is mirrored by that of IRAP (Martin et al.,

distribution of labelling analysed. The co-localisation between 1997).
GLUT4 and CD-MPR was analysed in either CD-MPR(+) or
GLUTA4(+) vesicles. CD-MPR vesicles (A) or GLUT4 vesicles Effect of insulin on the distribution of GLUT4 and

(B) were divided into sub-populations based on labelling density.  cp-MPR in intracellular vesicles

The distribution of total gold among these vesicles populations was — .
quantified. In addition, the distribution of GLUT4 among The significant correlation between IRAP and GLUT4

CD-MPR(+) vesicles (A) or the distribution of total CD-MPR among 1abelling in vesicles (Martin et al., 1997), compared to the poor
GLUTA4(+) vesicles (B) was also quantified. Results represent the ~ correlation between GLUT4 and CD-MPR labelling, may be
mean * s.e.m. of three separate experiments. indicative of a sorting step that results in the formation of an
insulin-responsive compartment, enriched in GLUT4 and
IRAP. We hypothesised that if this were the case we should
between GLUT4 and CD-MPR in intracellular 3T3-L1 observe a net decrease in vesicles corresponding to this
adipocyte vesicles (Table 3), consistent with data obtainecompartment after insulin treatment, whereas vesicles carrying
using cryosections. This high degree of co-localisation wasther cargo, such as CD-MPR, should be unaffected. Initially
surprising in view of the different effects of insulin on thesewe examined the effect of insulin on the total number of
two proteins (Fig. 2). GLUTA4(+) versus CD-MPR(+) vesicles in an intracellular

b

-HHHHHHHHHHE- | yesicle

i sorting

Fig. 7. Schematical representation of the predicted
effects of insulin on the GLUT4 vesicle

population. The three models of GLUT4
regulation, protein sorting or vesicle sorting/active PM 8
retention, are predicted to result in distinct

changes in the distribution of GLUT4 relative to

CD-MPR in intracellular vesicles. It would be Vesicles {[:? {3&
expected that the vesicle sorting model would

result in a decrease in the proportion of vesicles \ Protein

that contain GLUT4 (A). In contrast the protein X)rttilngl
sorting model and the active retention model C} @ e: Vt“:
would result in a decrease in the average number retention

of GLUT4 particles per vesicle (B).
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Table 3. Effect of insulin on the colocalisation between Table 4. Effect of insulin on GLUT4 labelling in CD-
GLUT4 and CD-MPR in vesicles isolated from basal and MPR(+) and CD-MPR(-) vesicles
insulin-stimulated 3T3-L1 adipocytes % Basal values
Vesicles Basal Insulin CD-MPRE) CD-MPR(+)
GLUT4  CD-MPR GLUT4 CD-MPR GLUT4 gold labelling* 64+10 132439
GLUTA4(+) 100 64.945.6 100 75.843.6 Number of vesiclest 63+9 112+8
CD-MPR(+)  71.447.1 100 70.245.2 100 Intracellular vesicles were prepared from basal and insulin-stimulated 3T3-

Intracellular vesicles were isolated from basal and insulin-stimulated 3T3- L1 adipocytes and double-labelled for GLUT4 and CD-MPR by immuno-
L1 adipocytes and double-labelled for GLUT4 and CD-MPR by immuno- ~ EM. For both basal and insulin-stimulated cells >200 randomly chosen
EM. The percentage of either GLUT4(+) or CD-MPR(+) vesicles that could labelled vesicles were counted per preparation. ) ) )
be co-labelled for the other protein was quantified. For each quantitation >200 *The number of GLUT4 gold particles observed labelling vesicles which

labelled vesicles were counted from 3 individual vesicle preparations. colabelled for CD-MPR (CD-MPR(+)), or did not colabel (CD-MP#R)(
was compared between basal and insulin-stimulated cells. The results show

the percentage of GLUT4 gold particles labelling vesicles from insulin-
. . . . stimulated cells relative to the vesicles from basal cells.
membrane fraction using single-labelling (Table 2). The tThe number of vesicles labelled for GLUT4 and either colabelled for

labelling characteristics of vesicles isolated from insulin-CD-MPR (CD-MPR(+)), or not (CD-MPR-) were calculated in insulin-
stimulated cells were similar to those isolated from basal cell Fieﬁﬂ:f‘sti?]gﬁ'r'f;fe'iﬂ‘ée tgrg;‘;tg“':‘;‘?r\/g;i‘(’:’fgisc'r‘;f;t?vgqztmggtﬁglge”5-
The efficiency of labelling ranged from 1-20 gold F3tsem. P g
particles/vesicle for both antibodies and the diameter of
labelled vesicles varied from 30-200 nm. Most notably, there
was a 30% decrease in the number of GLUT4(+) vesicleBISCUSSION
relative to the total number of vesicles after insulin treatment,
whereas there was no change in the total number of CD-MPRhe intracellular sorting and trafficking route of GLUT4 in
vesicles (Table 2). insulin-responsive cells remains poorly understood. While
The most likely interpretation of the differential effects of GLUT4 is localised to endosomes and the TGN (Ralston and
insulin on GLUT4-containing vesicles relative to CD- Ploug, 1996; Slot et al., 1997, 1991a,b; Wang et al., 1996), a
MPR(+) vesicles is that insulin selectively stimulates thenumber of studies have questioned the contribution of these
removal of vesicles that are enriched in GLUT4 but relativel)compartments to the insulin-stimulated translocation of
deplete in CD-MPR, a result which is consistent with theGLUT4 to the cell surface (Bao et al., 1995; Chakrabarti et al.,
vesicle sorting model (Fig. 7). One prediction, if this is thel994; El-Jack et al., 1999; Kao et al., 1998; Kono-Sugita et al.,
case, is that there should, in fact, be an increase in the degk#96; Livingstone et al., 1996; Malide et al., 1997; Martin et
of overlap between GLUT4 and CD-MPR in intracellularal., 1996; Yang and Holman, 1993; Yeh et al., 1995). Despite
vesicles after insulin treatment. Consistent with thisnumerous attempts, however, the identification of a separate
hypothesis, there was a detectable increase in co-localisatidnsulin-responsive GLUT4 compartment has been difficult to
with respect to both the percentage of GLUT4 vesicles coachieve possibly due to the difficulty in separating such
labelled for CD-MPR (Table 3), and in the percentage ofmembranes from endosomes or TGN. To begin to dissect these
GLUT4 gold particles that overlapped with CD-MPR gold compartments, we have compared the localisation and
particles (results not shown), in vesicles prepared fromegulation of GLUT4 with that of the cation-dependent
insulin-stimulated cells. mannose 6-phosphate receptor, CD-MPR. The CD-MPR is an
As the total number of GLUT4 vesicles in the intracellularideal marker for this purpose because it displays a similar
membrane preparations decreased with insulin (Table 2), bintracellular distribution to GLUT4 in basal 3T3-L1 adipocytes
the total number of vesicles analysed from basal and insulirnd is highly expressed in these cells but, unlike GLUT4, its
stimulated cells was the same, a second prediction is that thestribution is largely unaffected by insulin stimulation.
proportion of GLUT4(+)/CD-MPRY) vesicles in the total In the present study we have unveiled key differences
labelled vesicle pool would decrease relative to thdetween GLUT4 and CD-MPR trafficking and we suggest
GLUTA4(+)/CD-MPR(+) vesicle population. To investigate these are primarily due to sorting of GLUT4 into a separate
this possibility we divided the GLUTA4 vesicles, isolated frompopulation of vesicles. Firstly, although GLUT4 and CD-MPR
basal and insulin-stimulated cells, into GLUT4(+)/CD- have a similar distribution in basal 3T3-L1 adipocytes, insulin
MPR(-) and GLUT4(+)/CD-MPR(+) sub-populations and does not elicit a significant translocation of CD-MPR to the
examined the distribution of GLUT4 labelling among thesecell surface. This is consistent with previous studies on the
different populations. In support of this hypothesis, theeffects of insulin on numerous other recycling proteins in
percentage of GLUT4 gold particles labelling vesicles thaadipocytes (reviewed by James et al., 1994). Secondly, using
were CD-MPR¢{) decreased by approx. 36% in insulin- cryosections of 3T3-L1 adipocytes we have found that GLUT4
stimulated cells (Table 4). This decrease was fully accountdd largely distributed between the TGN, endosomes and tubulo-
for by a similar decrease (approx. 37%) in the proportiorvesicular elements in basal cells, but that the major effect of
of GLUT4(+)/ICD-MPRE) vesicles following insulin insulinis on the latter pool of tubulo-vesicular elements located
stimulation (Table 4), and a concomitant increase in thé the peripheral cytoplasm. Importantly, this observation
proportion of GLUT4(+)/CD-MPR(+) vesicles. Therefore, suggests that there are functional differences between the
the insulin-dependent decrease in GLUT4(+) vesicles wadifferent compartments containing GLUT4, and that these
found to occur predominantly within the sub-population ofcompartments are differentially effected by insulin stimulation.
GLUTA4(+)/CD-MPRE) vesicles. Thirdly, using whole mount immuno-labelling of intracellular
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vesicles we found that GLUT4 and CD-MPR were highlyand James, 1992). Therefore, it seems likely that the
co-localised, but that there was not a high degree a#ndosomal/TGN pool must also contribute to the insulin effect
correspondence in the labelling density of individual vesiclesgither directly or by generating new releasable vesicles by
consistent with a differential sorting mechanism for theseepeated rounds of recycling. It is noteworthy that we did detect
proteins. Thus, despite considerable co-localisation, there isaaslight decrease in GLUT4 labelling in the TGN region with
population of vesicles in the intracellular membrane fractionnsulin which, together with the decrease observed in the
isolated from adipocytes that is highly enriched in GLUT4cytoplasmic vesicles, may account for the entire cell surface
compared to CD-MPR. This is not simply the result of randonincrease in GLUT4 levels. In agreement with these data the
targeting of proteins to vesicles as previous studies have showbhsolute amount of GLUT4 in the GLUT4(+)/CD-MPR(
a clear correspondence in labelling density between GLUTgool that was used to calculate the data shown in Table 4 was
and IRAP (Martin et al., 1997). In addition, using thisapprox. 30%. Thus, while there was clearly a selective effect
technique we demonstrated that insulin stimulation causeddd insulin on this pool quantitatively it can not account for the
selective decrease of approx. 30% in the total number dfisulin-dependent increase in cell surface levels of GLUT4 in
GLUT4(+) vesicles in the intracellular membrane fraction,which case it is likely that there is also a contribution of the
whereas the total number of CD-MPR(+) vesicles did noCD-MPR(+) pool to the insulin effect. Hence, based on these
change (Table 2). Not surprisingly, it was the GLUT4-enrichedlata we suggest that adipocytes have the capacity to store
vesicles that selectively decreased following insulin-GLUT4 in a releasable pool but that the size of this pool is
stimulation (Table 4). While there is considerable evidence tbmited, perhaps in the same way that the size of the ready
support the generation of specific insulin-regulatable vesicle®leasable pool of synaptic vesicles is limited. This pool may
there is, as yet, no direct evidence for a secretory modeatonstitute the initial burst of GLUT4 in response to an insulin
However, the alternative protein sorting model, where GLUT4hallenge after which new releasable vesicles may need to be
dynamically recycles through the endosomal system in thiarmed from the endosomal/TGN system, or GLUT4 traffic out
absence of insulin, seems less probable in view of the datd the latter system may be directly activated by insulin in a
presented here. Sequestration of GLUT4 as a result of its actimeanner that is possibly unrelated to that used for the ready
sorting away from recycling vesicles within the endosomarteleasable pool. Evidence has recently been published to
system would have been more consistent with a reduction support the fact that insulin may stimulate exit of GLUT4 from
the amount of GLUT4 labelling/vesicle which was notmultiple intracellular pools (Bogan and Lodish, 1999; Foran et
observed (Table 2; Fig. 7). al., 1999; Martin et al., 2000). It is interesting to note that in
We believe our observations are consistent with a model ithe very early stages of insulin stimulation of rat adipocytes a
which GLUT4 is selectively targeted to a compartment undediminution in the number of small vesicles within the
basal conditions that is specifically affected by insulin (Figs 1¢ytoplasm has been reported (Morre et al., 1996). While these
7). This is likely to be through either the generation of specifivesicles were not characterised it is tempting to speculate that
exocytic GLUT4 vesicles, similar to synaptic vesicles, orthey may represent the same compartment identified here using
through concentration and retention in sub-domains of th#he whole mount approach. Other evidence for the existence of
endosomal system. The v-SNARE, VAMP2, has beem population of insulin-regulatable, GLUT4-enriched vesicles
implicated in the insulin dependent trafficking of GLUT4 has come from biochemical analysis of the intracellular
(Martin et al., 1998) and VAMP2 is highly colocalised with membranes from adipocytes. It is possible to separate two
GLUT4 in adipocytes (Martin et al., 1996). In order tofractions enriched in GLUT4 one of which is enriched in
determine the distribution of VAMP2 in the two sub- endosomal proteins, endocytosed transferrin and TGN
populations of GLUT4(+) vesicles described in this study wenarkers, and the other of which contains relatively few
performed triple labelling experiments in vesicle wholeendosomal proteins, is highly insulin-responsive and is
mounts. While it was difficult to accurately quantify the enriched in membranes from insulin-responsive cell types
distribution of VAMP2 due to low labelling (approx. 1-3 gold (Hashiramoto and James, 2000). Furthermore, studies
particles/vesicle) it was clear that, in contrast to CD-MPR¢comparing the recycling of endosomal and insulin-responsive
VAMP2 was distributed among the GLUT4(+)/CD-MPR( proteins in basal and insulin-stimulated cells suggests that the
vesicles and the GLUT4(+)/CD-MPR(+) vesicles with noinsulin-responsive GLUT4 compartment is distinct from the
obvious concentration in either population (data not shownendosomal system (Kandror, 1999).
Hence, these data are consistent with the idea that the insulin-Sequestration of insulin-responsive proteins such as IRAP is
responsive GLUT4(+)/CD-MPR] vesicles are competent to an early event in 3T3-L1 adipocyte differentiation, possible
dock and fuse directly with the plasma membrane in adue to the inhibition of post-endosomal traffic and the
analogous manner to synaptic vesicles. generation of a new class of insulin-responsive vesicles (El-
While our data point to the existence of a sub-population alack et al., 1999). However, studies in non-insulin-responsive
GLUT4 vesicles that may represent a releasable pool we do nll types such as CHO cells (Wei et al., 1998) and PC12 cells
believe that this pool can account for the entire stimulatioffHerman et al., 1994) have also suggested that GLUT4 sorts
observed in response to insulin. Firstly, we assume that thisto a unique population of GLUT4-containing small vesicles.
pool corresponds to the cytoplasmic vesicles observed ifihese also exclude the TfR suggesting that adipocytes may
adipocyte cryosections. However, this pool only representesimply upregulate the generation of a class of secretory-type
approx. 20% of the total GLUT4 labelled in the cell (Table 1)vesicle during differentiation. The studies in CHO cells have
and we know from biochemical experiments that as much asiggested that the GLUT4 vesicles are derived from either the
30-50% of the entire intracellular pool shifts to the cell surfacendosomal system, or directly from the cell surface (Wei et al.,
in response to insulin under steady state conditions (Robinsd®98). The presence of GLUT4 in the TGN and endosomes is
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consistent with the high degree of co-localisation with other GLUT4 but not GLUT1 or transferrin receptors in 3T3-L1 adipocytes by a
proteins found in these compartments (Calderhead et al., 1990pathway involving SNAP-23, synaptobrevin-2, and/or cellubrelirBiol.
Hanpeter and James, 1995; Tanner and Lienhard, 198§'Chem'274' 28087-28095.

o . . rost, S. C. and Lane, M. D(1985). Evidence for the involvement of vicinal
Volchuk et al., 1995). Additional targeting to the highly sulfhydryl groups in insulin-activated hexose transport by 3T3-L1

enriched GLUT4 compartment likely provides the basis for adipocytesJ. Biol. Chem260, 2646-2652.
selective insulin responsiveness. Hence, proteins such &suze, H. J., Slot, J. W. and Schwartz, A. L(1987). Membranes of sorting
GLUT4 and IRAP presumably contain unique targeting signals organelles display lateral heterogeneity in receptor distributic@ell Biol.

" iy ; : 104, 1715-1723.
that facilitate efficient entry into this compartment. OtherGeuze’ H. J.. Stoorvogel, W., Strous, G. J., Slot, J. W., Bleekemolen, J. E.

proteins, such as the CD-MPR or GLUTL, that are not and Mellman, I. (1988). Sorting of mannose 6-phosphate receptors and
translocated to the cell surface as efficiently as GLUT4, may lysosomal membrane proteins in endocytic vesidleGell Biol. 107, 2491-
also sort into this compartment but less efficiently. Importantly, 2501.

; ; ; ; ; hosh, R. N., Mallet, W. G., Soe, T. T., McGraw, T. E. and Maxfield, F.
this model implies that other factors, possibly independent .(1998). An endocytosed TGN38 chimeric protein is delivered to the TGN

the cargo, may r_egulate insulin-dependent movement to the cellier trafficking through the endocytic recycling compartment in CHO cells.
surface. It remains to be demonstrated that this compartment. cell Biol. 142, 923-936.

fuses directly with the cell surface following insulin Hanpeter, D. and James, D. E(1995). Characterization of the intracellular

; ; ; ; ; ; GLUT-4 compartmentMol. Membr. Biol.12, 263-269.
stimulation. However, in view of the fact that in Cryose.cuonsHashiramoto, M. and James, D. E.(2000). Characterisation of insulin-
these elements appear to be vesicular and they contain the vz

- ) - responsive GLUT4 storage vesicles isolated from 3T3-L1 adipodyits.

SNARE, VAMP?2, that is known to interact with the cell surface cell. Biol. 20, 416-427.

t-SNARE, Syntaxin4, this seems probable. Herman, G. A., Bonzelius, F., Cieutat, A. M. and Kelly, R. B(1994). A

distinct class of intracellular storage vesicles, identified by expression of the
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