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Abstract. The stimulation of glucose transport in re- Introduction
sponse to various types of stress has been studied. There
is no relationship between effects of stress-inducing . ] .
agents on glucose transport and their effects on cellulaExposure of cells to various stresses induces an increased
protein synthesis. Although the effect of stress on glu-Synthesis of the group of proteins termed heat shock
cose transport appears analogous to its stimulation bproteins (Welch, 1992), some of which function as ‘mo-
insulin, cells that are slightly insulin-sensitive in terms of lecular chaperones’ (Ellis & van der Vies, 1991). An-
glucose transport (BHK cells) show a similar degree ofother response to such stresses (e.g., hyperthermia
stimulation as highly insulin-sensitive cells (differenti- (Reeves, 1977; Warren et al., 1986); infection by RNA
ated 3T3-L1 cells). External labeling of the transporter(Gray et al., 1983; Garry, Bostick & Ulug, 1986; Paster-
protein with a photoactivatable derivative of mannose,nak, Whitaker-Dowling & Widnell, 1988) or DNA
2-N-4-(1-azi-2,2,2-trifluoroethyl) benzoyl-1, 3-bis-(D- (Landini, 1984; Warren et al., 1986; Gray et al., 1986)
mannos-4-yloxy)-propylamine, shows that most of theviruses; exposure to arsenite (Warren et al., 1986) or to
increased glucose transport activity correlates with arbacterial endotoxin (Lang et al., 1992) is an increased
increase in the amount of the transporter on the celtapacity of cells to take up glucose; it is a specific re-
surface. Cells subjected to"Klepletion, which inhibits sponse in that amino acid uptake, for example, is unaf-
endocytosis and results in an accumulation of receptorfected (Gray et al., 1983; Warren et al., 1986; Lang et al.,
at the cell surface, show the same increase in glucos€992). The response is not correlated with increased
transport as cells exposed to stress; stressed cells shq@/arren et al., 1986) or decreased (Pasternak et al.,
no further increase in glucose transport when subjected988; this paper) protein synthesis; instead, it is more
to K* depletion. These results support the view (Wid- similar to the insulin-stimulated uptake of glucose (War-
nell, C.C., Baldwin, S.A., Davies, A., Martin, S., Paster- ren et al., 1986; Warren & Pasternak, 1989) that is in-
nak, C.A. 1990.FASEB J4:1634-1637) that cellular dependent of protein synthesis and involves a transloca-
stress increases glucose transport by promoting the agon of the glucose transporter protein from an intracel-
cumulation of glucose transporter molecules at the cellular (inactive) site to the plasma membrane where it is
surface. functional (Simpson & Cushman, 1986). Glucose trans-
porter proteins comprise a family of isoforms (termed
Key Words: Cell surface—Glucose transporter— GLUTL, GLUT2, etc.), each with a characteristic tissue
GLUT1—GLUT4—Insulin—Stress distribution (Gould & Bell 1990; Mueckler, 1990; Bell et
al.,, 1993). Baby hamster kidney (BHK) cells, which
contain predominantly GLUT1, show a similar morpho-
logical change when exposed to insulin or stress (Wid-
ical School (University of London) London SW17 ORE, UK. On leave nell et ‘?I" 1990); this Change in the d]str|but|_C)n of
of absence from Institute of Physiology, University of St. Petersburg,GLUTl is reversed by removal of the stimulus in the
St. Petersburg, Russia same way as is the uptake of glucose (Pasternak et al.,
Correspondence toC.A. Pasternak 1991).

*Present addresDepartment of Anatomy, St George’s Hospital Med-
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To investigate the generality of the stress response i matter of convenience: the levels of glucose transport of stimulated
cultured cells (Warren & Pasternak 1989) we have mea¢tells return to basal values already within 3 hr (Pasternak et al., 1991).
sured the effect of stress on cells that exhibit major dif-
ferences in the|r response to msulm: d|ﬁ9rent|ated 3T3-GLucOSE AND AMINOACID TRANSPORT ACTIVITY
L1 cells which are adipocyte-like, contain GLUT1 and
GLUT4, and are very sepsmvg to insulin (Calderhead efyptake of FH] 2-deoxy-D-glucose, and{C]-L-amino-iso-butyrate
al., 1990; 10-20 fold stimulation of glucose transport) (AiB) as internal control, by BHK cells was measured as described
and BHK cells that contain mainly GLUT1, and respond previously (Pasternak et al., 1988). Uptake #{][2-deoxy-D-glucose
Weakly to insulin (Warren et al., 1986; Widnell et al., by differentiated 3T3-L1 cells was measured as described (Kozka et al.,
1990: Pasternak et al.. 1991: <3-fold stimulation of g|u_1991); the uptake offC] AIB by 3T3-L1 cells was unaffected by

! - ’ . .__insulin or stress.
cose transport). We find that sensitivity to a stress stim-
ulus such as arsenite is independent of whether cells are
insulin-sensitive or not. PROTEIN SYNTHESIS

We have also assessed quantitatively the distribution
of the glucose transporter between cytoplasmic vesicleBrotein synthesis was assessed by exposing duplicate dishes of BHK
and the cell surface by covalent Iabeling of the trans-cells to 1 ml of carrier-free’PS] methionine in HBS for 15 and 30 min
porter protein with a photoactivatable derivative of man-& 37°C. Cells were washed three times with HBS and extracted with

. . . 2 x 0.5-ml samples of ice-cold 5% TCA. The extract was sonicated,
nose, 2-N-4-(1-azi-2,2,2-trifluoroethyl) benzoyl-1,3-bis- sampled for’®S, and spun. The pellet was extracted with 0.5 ml of 1

(D-mannose-4-yloxy)-2-propylamine (ATB-[2- \ NaoH and sampled fot°S and protein.
*H]BMPA; Holman, Karim & Karim, 1988), and find

that stressed cells show an increase in label at the cell

surface that correlates with the increase in glucose uptABELING WITH ATB-[2-°H]BMPA
take. Furthermore we show that*Kdepletion, which

blocks endocytosis (Larkin etal., 1983) and might there_Labehr'lg of cells, |mmunopre_c|p|tat|on of_ the glupose transporter, arid
analysis of the labeled protein was carried out in Dr. G.D. Holman’s

fore be expected to accumulate CyCImg mo"?C”'eS aboratory (Yang & Holman, 1993). The method—which works for

such as the glucose transporter that associates with clatiy yt1 of BHK cells as well as it does for GLUT1 and 4 of rat

rin lattices (Robinson et al., 1992), does indeed increasgdipocytes (Holman et al., 1990) or differentiated 3T3-L1 cells (Yang

glucose transport to the same extent as exposure to arsa-al., 1992)—has been tested by comparing the total number of glucose

nite. transporter molecules in basal and stimulated states assessed by pho-
Taken together, the present results—which havéolabeling, with that assessed by extraction of transporters from BHK

. . - . . embranes followed by immunoprecipitation and quantitation by
been reported in brief (Pasternak, 1993)—provide dlreCtlr\llestern blotting (Widnell et al., 1990): in each case, approx 4 pmol of

evidence to support our earlier findings based on immu—Gl_UTl,mg protein is found.
nocytochemistry (Widnell et al., 1990; Pasternak et al.,
1991) that stress induces a specific increase in the num-
ber of glucose transporter molecules at the cell surfac&™ DEPLETION oF BHK CELLs
that is independent of the insulin-sensitivity of the cell.
Cells were subjected to hypotonic shock by exposure to MENX/H: 1
for 20 min at 37°C, and then cultured in 0.05HEPES pH 7.4 0.
for various times at 37°, essentially as described (Larkin et al., 1983).
Cells cultured in HSAG supplemented with 5MnKCl (HSAGK)
MATERIALS served as controls, and in some experiments, cells in MEM/BSA were
used as additional controls. The rates of glucose transport and trans-
ATB-[2-3H|BMPA (specific activity 10 ci/mmol) was prepared as de- ferrin uptake were similar in the two groups of controls.
scribed (Clark, Holman & Kozka, 1991}?9-transferrin was prepared
as described (Simon et al., 1990) and all other reagents were obtained 12
from commercial sources as described (Widnell et al., 1990; PasternaklPTAKE AND RELEASE OF - TRANSFERRIN
et al., 1991).
The procedures used to study the uptakeé“SF-transferrin, and the
distribution of transferrin between the cell surface and intracellular
CELLS membranes, have been described (Simon et al., 1990). To study the
release of transferrin, cells were treated wif-transferrin for 15 min
The procedures for cell culture have been described for BHK cellsat 37°, and washed 5 times with HSAGK at 37°. At this tini#0% of
(Pasternak et al., 1991) and for 3T3-L1 cells, which were stimulated tathe *23-transferrin was internal, and release from the cell was deter-
differentiate prior to use (Calderhead et al., 1990; Frost & Lane, 1985)mined, during the subsequent 20—30 min, by analyzing radioactivity in
Cells were kept in serum-free medium containing albumin (MEM/ the cells and medium. In some experiments, the cells were also
BSA) overnight prior to use (BHK cells) or for 2 hr prior to use trypsinized at 2° to determine the fraction of th&l-transferrin that
(3T3-L1 cells) as described (Kozka, Clark & Holman, 1991); the over- was located within the cells. At all timés80% of the cell-associated
night deprivation of serum in the case of BHK cells was carried out as'?3-transferrin was internal.
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Table 1. Increased glucose transport by BHK cells is independent ofyjrus (SFV)_as well as exposure to serum or insulin—
protein synthesis increase the proportion of glucose transporter at the
plasma membrane to about the same extent (viz 2- to

Treatment Protein Glucose .
synthesis transport 3.-fold mgrease) as thg uptake of glucose. 3ecause of
dish-to-dish variation within a particular experiment, the
Control 100 100 totals (column 1 of Table 2) vary somewhat; nevertheless
Arsenite (0.1 nw) 28 155 it is clear that the increases in surface label (column 2 of
(0.3 mv) 27 262 Table 2) cannot be accounted for by changes in total
Mercaptoethanol (10 m) 2 148 labeling [except for experiment 3, for reasons that are not
Dithi . (30 m) 30 351 clear; even in this experiment, however, there is good
ithiothreitol (20 mv) 49 139 .
(30 mv) 35 057 correlation between % label at the surface and the uptake
Insulin (6 pM) 111 157 of glucose].
Serum (10%) 148 211 The stress stimuli that lead to an increased glucose

uptake in BHK cells also do so in differentiated 3T3-L1
BHK cells were exposed to the treatments shown for 2 hr and proteince||s [Warren (1988) and results obtained in conjunction

synthesis and glucose transport then measured as described in Materi th J. McLenithan and M.D. Lane which showed 6-fold
and Methods. The values for protein synthesis are means of the % Ostimullation by infection (40 fulcell: 6 hr) with SFV:
[33S] methionine that is TCA-precipitable relative to a control value of y p-I.U. ' '

6.25%. The values for glucose transport are means of rate of glucosé'fOId stimulation by arsenite (0.2wnfor 30 min); 1.5-
uptake relative to a control value of 5.9 pmol/min/mg protein. fold stimulation by heat shock (45° for 30 min)]. Table
2 shows that in these cells, also, there is good correlation
between % label at the surface and the uptake of glucose
Results (for cells exposed to arsenite). It is to be noted that
GLUT1 and GLUT4 accumulate at the cell surface to the
same extent.
Interpretation of the results from experiments in
which cell surface—exposed glucose transporters are la-

The increase in glucose uptake following exposure oibmed with ATBPH]BMPA has begn criticized (Harrison
BHK cells to stress is unlikely to be due to synthesis Ofet al., 1992) on the grounds that if glucose transporters at

new glucose transporter molecules, since stress stimu“‘ef‘ cell surface exist in active and Inactive _form_s distin-
such as arsenite or thiols inhibit—rather than increase—gLIIShed by alterations in the glucose-binding site, only

protein synthesis (Table 1); although other inducers otheB glitévl\ﬂep'z\ogmdwogltﬂ becomgt Iabelclad smcle
glucose uptake such as insulin or serum do increase pr(ﬁ—; t[ ] » oinas at Iebsz?me S'.eh‘?s gtuc?lse.t n
tein synthesis somewhat, there is no correlation betwee al case an Increase in ‘abeling might not reriect an
the two effects (Table 1). Moreover Western blotting Ofmcreased number of transporter molecules at the cell

BHK cells exposed to these treatments shows no increa: rface. Such an explanation is rendere_d unlike_:ly by the
in the total amount of glucose transporter molecule act that the total amount of label associated with trans-

present (Widnell et al., 1990). Taken together with theporter_molecules (i.e._, as measured in digitonin_—treated
previous observations that inhibition of protein synthesiscens) is not systematically increased by stress in BHK

by cycloheximide does not increase glucose uptake (Pa&enS (GLUT1) or 3T3-L1 cells (GLUT1 and GLUT4).
ternak et al., 1988), and that cycloheximide does not

affect arsenite—or heat—stimulated glucose uptakézey ation oF MEMBRANE TRAFFICKING IN BHK CELLS

(Warren et al., 1986), it is clear that changes in the rate
of cellular protein synthesis do not underly changes in : . . I~
the rate of glucose uptake. This is in contrast to situa—StUdles on GLUTA4 in adipocytes _and 3T3-L1 cells indi-
tions like that in L6 muscle cells. where an increasedcate that the glucose transporter is _contlnuously recycled

’ between the cell surface and an internal compartment

glucose transport in response in hypoxic stress is pre;, . )
vented by cycloheximide (Bashan et al., 1992). (Satoh et al., 1991; Jhun et al., 1992; Czech & Buxton,

1993). The same appears to be the case for GLUT1 in
BHK cells (Widnell et al., 1990; Pasternak et al., 1991).

INCREASED GLUCOSE TRANSPORT ISINDEPENDENT OF
PROTEIN SYNTHESIS

STRESSINDUCED GLUCOSE UPTAKE INVOLVES Confirmation that this is so and that stress leads to an
ACCUMULATION OF TRANSPORTERMOLECULES AT THE accumulation of glucose transporters at the cell surface
PLASMA MEMBRANE of BHK cells was obtained by comparing the effect of

arsenite with that of blocking endocytosis. Because en-
Use of the bis-mannose photo-activatable probelocytosis by BHK cells occurs entirely via clathrin
ATB[3H]BMPA (Table 2),shows that stress stimuli such coated pits (Marsh & Helenius, 1989; Davoust, Gruen-
as arsenite, heat shock or infection with Semliki Forestberg & Howell, 1987), prevention of clathrin-mediated
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Table 2. Photolabeling of glucose transporter in BHK and 3T3-L1 cells

Transporter localization dGlc uptake
(dpm per 100.C added) (pmol/min/mg protein)
Total Surface Surface (%)
Exp 1: Control 1704 360 21 7.6
BHK Arsenite 2008 1268 63 26.7
Exp 2: Control 1525 461 30 13.6
BHK Arsenite 1765 1027 58 334
Heat 1645 807 49 26.9
Exp 3: Control 1551 327 21 31
BHK Serum 2136 648 30 10.5
SFV 2718 1050 39 23.9
Exp 4: Control 2238 338 15 6.8
BHK Insulin 2386 738 31 15.8
SFV 2022 956 47 29.0
Exp 5: Control 2809 649 23
3T3-L1 Arsenite 2183 1448 66 18.6
GLUT 1 675
GLUT 4 Control 2881 185 6 '
Arsenite 1823 646 35

BHK cells and differentiated 3T3-L1 cells were exposed to arsenite (®.fam2 hr), heat shock (45°C for 30
min), serum (10% new born calf serum for 2 hr), Semliki Forest virus (SFV) infection (14 hr after infection at
m.o.i. of 5) or insulin (6um for 2 hr). One dish corresponding to each condition was then used for ass#] of [
deoxyglucose uptake. Two other dishes were used for photolabeling with*ATEYIPA (Calderhead et al.,
1990): one dish was irradiated directly for 1 min at 18°C to assesfaceGLUT1 (BHK and 3T3-L1 cells) or
GLUT4 (3T3-L1 cells); the other dish was exposed to ATEBMPA in the presence of 0.025% digitonin for

8 min at 18°C in the dark prior to irradiation for 1 min to assegal GLUT1 or GLUT4. Each dish was then
treated exactly as described (Yang et al., 1992) in order to isolate labeled GLUT1 or GLUTA4.

endocytosis by hypotonic shock followed by Keple- We next studied the rate of release of transferrin
tion (Larkin et al., 1983), should lead to an increase infrom BHK cells (Mayor et al., 1993) to determine wheth-
glucose uptake. When BHK cells are subjected to hypoer arsenite or phenylarsine oxide (PAO; Frost & Lane,
tonic shock and K-depletion, the uptake of transferrin is 1985) affects constitutive exocytosis. Table 5 (one ex-
inhibited by [00% (Table 3). This treatment results in a periment, confirmed with different time points in two
parallel increase in the number of transferrin receptors offiurther experiments) shows that transferrin is released
the cell surface and an increased glucose transport actifrom arsenite-treated cells at the same rate as from con-
ity (Table 3). In contrast, cells first treated with arsenitetrol cells. This shows that recycling of the transferrin
and then subjected to Kdepletion show no further in- receptor is unaffected by arsenite stress and suggests that
crease in the rate of glucose transport (Table 4). Thehe increased recycling of the glucose transporter is a
effect of K'-depletion is reversible: when cells are re- specific—not a generic—response. As anticipated from
turned to MEM/BSA after 2 hr in K-free medium, the previous experiments (Pasternak et al., 1991), PAO
rate of glucose transport returns to control values withincauses an inhibition of transferrin release, for reasons
2 hr (Table 4). Amino acid transport—assessed by upthat are not yet clear.

take of the alanine analogue amino-iso-butyrate—does

not increase, and, in fact shows a variable decrease at 2 )

hr of K*-depletion (Tables 3 and 4), and a marked de-Discussion

crease at 4 hmpt showi); this confirms previous obser-

vations (Warren et al., 1986; Pasternak et al., 1988) thaur present results extend earlier findings (Warren &
amino acid uptake by cultured cells is not controlled inPasternak, 1989; Pasternak et al., 1991) that examined
the same manner as is that of glucose. The results ithe relationship between the stimulation of glucose trans-
Tables 3 and 4 are from one experiment; two othersport in response to insulin or serum, and the stimulation
which studied different times after'kdepletion, yielded in response to stresses such as hyperthermia, hypother-
essentially the same results. mia (unpublishey, azide (i.e., anoxia), virus infection or
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Table 3. Effect of K"-depletion on glucose transport by BHK cells

Treatment of cells Glucose AIB transport Surface-bound Internalized
transport (pmol/min transferrin transferrin
(pmol/min /mg protein) (ng/mg protein) (ng/mg protein)

/mg protein)

Control (MEM/BSA) 9.9 14.8 27 65
K*-depleted, 0.5 Rr 15.0 16.6 34 21
K*-depleted, 1 hr 19.0 18.1 38 15
K*-depleted, 2 hr 24.4 12.0 43 6
K*-supplemented, 1 Rr 10.1 16.8 28 63
K*-supplemented, 2 hr 11.7 16.5 25 66

The uptake of glucose and AIB were determined as described in Materials and Methods. The surface binding and
internalization of transferrin was determined as described in Materials and Methods, after incubating the cells
with *29-transferrin at 37°C in the same medium as that used for their treatment.

aCells were subjected to hypotonic shock and then cultured*idéicient medium (HSAG), as described in
Materials and Methods.

b Cells were subjected to hypotonic shock and then cultured*isupplemented medium (HSAGK), as de-
scribed in Materials and Methods.

Table 4. Effect on K" depletion on glucose transport by BHK cells tion of glucose uptake by insulin] show a similar re-
pretreated with arsenite sponse to arsenite, hyperthemia or SFV infection as
Treatment of cells Glucose . highly |nsul|n-s¢n3|tlve cells [i.e., d|fferent|at.ed 3T3-L1
transport transport ce_lls or rat adipocytes (Pasternz_;\k, 1_991), 10-20-fold
(pmol/imin/ (pmolimin/ stimulation of glucose uptake by insulin); the effect of
mg protein) mg protein)  Stress appears to bypass the insulin receptor, as previ-
ously postulated (Warren & Pasternak, 1989), but to con-
Control (MEM/BSA) 10.6 135 verge at some subsequent state in the regulation of ves-

Arsenite, 2 it 24.0 1038 icle trafficking. Because insulin-induced and stress-
Arsenite, 2 hr; then K-depleted, . " .
1 hi 245 15.6 !nd_uc_ed gl_ucose uptake are equally sensitive to thiol
Arsenite, 2 hr; then K-depleted, inhibitors like NEM and PAO (Warren & Pasternak,
2 hr 22.8 95 1989; Frost & Lane, 1985), identification of the mole-
Arsenite, 2 hr; then MEM/BSA, cules with which they react should prove fruitful for
2 hr 12.1 12.3 elucidating postreceptor events in the case of insulin ac-
K’-depleted, 2 fir 21.8 14.2 tion. We have ruled out changes in intracellulafCar
K’-depleted, 2 hr then protein kinase C (Warren & Pasternak, 1989) as well as
MEM/BSA 0.5 hr 17.8 18.1 Ay L
K*-depleted, 2 hr: then pH (no effect of acidifying or alkalinizing cytoplasm by
MEM/BSA 2 hr 12.7 146 addition of 10 nw sodium acetate or 10 mammonium

chloride respectively) or an effect of NO (no effect of 0.1
The uptake of glucose and AIB were determined as described in Mamm or 1 mm N nitro-L-arginine methyl ester) as possi-

terials and Methods. ble “second messengers” of stress-induced glucose up-
aCells were treated with 10@m arsenite in MEM/BSA. take in BHK cells
b ; ita i ; i . .

Cells were treated with 10m arsenite in MEM/BSA, subjected to Second, we have obtained results that validate the
hypotonic shock and then cultured irf eficient medium (HSAG), as lusi d f i toch ical .
described in Materials and Methods. conclusions drawn from oyr earlier cytochemical evi-
 Cells subjected to hypotonic shock and cultured indépleted me- ~ dence (Widnell et al., 1990; Pasternak et al., 1991), that
dium (HSAG) for 2 hr; these cells internalized 8% of the9-  sStress induces an alteration in the disposition of the glu-
transferrin internalized by controls. cose transporter between an intracellular location and the

cell surface (Table 2). The fact that the redistribution of

GLUT1 in BHK cells is observed both after inhibition of
arsenite. First, we have shown that the stimulation ofendocytosis and after exposure to arsenite (Tables 3 and
glucose transport by stress occurs under conditiong) supports such a conclusion and demonstrates clearly
where protein synthesis is inhibited, i.e., in a situationthat recycling of glucose transporters is not a special
opposite to that elicited by insulin or serum (Table 1).feature of GLUTA4.
Since slightly insulin-sensitive cells [i.e., BHK cells, Third, our results indicate that selective trafficking
Swiss 3T3 cells, undifferentiated 3T3-L1 cells, chick or of GLUT1 is responsible for the regulation of glucose
rat embryo fibroblasts (Warren, 1988); <3-fold stimula- transport in response to stress. Our earlier results (Pas-
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Table 5. Release of3Y-transferrin from BHK cells

Experiment Treatment Reculture Cell-associated
of cells (min) transferrin
ng/mg protein % released
A None (control) 0 73 0
6 40 45
12 24 67
20 17 77
Arsenité 0 71 0
6 42 41
12 34 53
20 28 61
B None (control) 0 55 0
5 35 36
15 15 73
30 12 78
PACP 5 53 4
15 45 18
30 44 20

The uptake and release of transferrin were determined as described in Materials and Methods.
aCells were treated with 0.2 marsenite for 2 hr before the addition of transferrin.

b Cells were treated in the same way as controls until after the addition of transferrin, when
0.1 mm PAO was included throughout the period of release.

ternak et al., 1988; Simon et al., 1990; Pasternak et allated at the surface of arsenite-treated cellsdpletion
1991) have clearly dissociated changes in glucose tran$ras no additional effect.
port from the general bulk flow of membrane, as judged  There are now several lines of evidence that the
by the recycling of the transferrin receptor and by fluid- regulation of GLUT4 in response to insulin is mainly the
phase pinocytosis. First, the stimulation of glucoseresult of a stimulation of exocytosis, i.e., the fusion of
transport by arsenite occurs without affecting fluid-phasemembrane vesicles containing GLUT4 with the plasma
endocytosis, as measured by uptake YC[ sucrose membrane (Satoh et al., 1991; Yang et al., 1992; Rob-
(Warren & Pasternak, 1989), and with a scarcely detectinson et al., 1992; Cain et al., 1992; Holman et al., 1994).
able effect on the uptake of transferrin and the amount oft will be important in future studies to define the relative
the transferrin receptor present on the cell surface (Pasontribution of exocytosis and endocytosis to the regu-
ternak etal., 1991). Second, in cells at the early stages détion of GLUT1, and to determine how the trafficking of
infection with VSV, there is a marked inhibition of fluid- GLUT1 is segregated from that of other recycling plasma
phase pinocytosis and transferrin uptake, together withmembrane proteins.
an accumulation of transferrin receptors at the cell sur-  The increased movement of the glucose transporter
face (Simon et al., 1990) well before any change in glu-in stressed cells is physiologically significant, since the
cose transport could be detected (Pasternak et al., 1988hcrease in glucose transport is matched by an increase in
Further evidence that the regulation of glucose transtactate production (Pasternak et al., 1991). An increased
port in stressed cells requires the specific trafficking ofglycolytic rate, first noted in heat-shocked cells by Bur-
GLUT1 was obtained in the present study. Cells indon, Kerr, Cutmore, Munro and Gill (1984) and by
which endocytosis was inhibited by *Kdepletion  Schlesinger (1985), is likely to be a consequence of any
showed a parallel increase in glucose transport and thstress stimulus that inhibits respiration and hence meets
amount of the transferrin receptor on the cell surfacethe demand for ATP synthesis by accelerated glycolysis.
The inhibition of bulk membrane flow either by *’K  However an increase in glucose transport is not shown
depletion or by VSV infection causes the transferrin re-by all anaerobically stressed cells: cells that have an
ceptor to accumulate at the cell surface at essentially thantrinsically high rate of glucose uptake, such as hepa-
same rate, since the results in Table 3 are very similar téocytes, erythrocytes or malignant cells, do not show an
those described by Simon et al. (1990). In contrast, théncrease when exposed to arsenite, azide or hyperthermia
increase in the rate of glucose transport occurs at afexperiments with A Burchall). In avian erythrocytes,
earlier time in arsenite-treated cells, and later in VSV-the rate of glucose uptake appears to be controlled by
infected cells. As expected, when GLUT1 has accumuactivation of transporter resident at the cell surface,



E.V. Sviderskaya et al.: Glucose Transporter Movement 139

rather than by accumulation of transporter molecules aPavoust, J., Gruenberg, J., Howell, K.E. 1987. Two threshold values of
the cell surface (Diamond, Hebert & Carruthers, 1993). ':’?(‘S’Z);’H block endocytosis at different stagdsMBO J.6:3601-
IThe fact th.at lactate prOdUCtlon. in hep_atocw:astlmu Diamond, D.L., Hebert, D.N., Carruthers, A. 1993. Molecular mecha-
ated by azide or other st_ress stlm_ull without an e_ffect ON™" Hisms of glucose ransport and glucose fransport regulaBiy.
glucose transport (experiments with A Burchall) is com- cobiology3:542

patible with the well established concept that in suchgliis, R.J., van der Vies, S.M. 1991. Molecular chaperoAesu. Rev.
cells lactate production is controlled by an enzyme of Biochem60:321-347

glycolysis (Krebs, 1972), rather than by the rate of g|u-Frost, S.C,, Lane, MD _1985_. Evidence for the involvement of vicinal
cose uptake; another example of this situation is afforded su[fhydryl groups in insulin-activated hexose transport by 3T3-L1
by the increased synthesis of pyrurate kinase in heats, 2dIPocytesd. Biol. Chem260:2646-2652

t . S .
Garry, R.F., Bostick, D.A., Ulug, E.T. 1986. Sindbis virus infection
shockedXenopusembryos (Marsden et al., 1993). Our increases hexose transport in quiescent c#imlogy 155:378—

results with stressed cells in culture suggest that in intact 391
organisms, also, increases in glucose uptake in responguld, G.W., Bell, G.I. 1990. Facilitative glucose transporters: an ex-
to stresses such as sepsis and endotoxin (Lang et al., panding family.Trends Biochem. Sci5:18-23

1992) may be due to translocation of g|ucose transporte@l’ay, M.A., James, M.H., Booth, J.C., Pasternak, C.A. 1986. Increased
proteins to the cell surface sugar transport in BHK cells infected with Semliki Forest virus or

In conclusion, the present results show that a variety, "t Nerpes simplex virusirch. Virol. 87:37-48

f | ke b diff ray, M.A., Micklem, K.J., Brown, F., Pasternak, C.A. 1983. Effect of
of treatments can cause glucose uptake by two differen vesicular stomatitis virus and Semliki Forest virus on uptake of

cell types to be increased by a mechanism similar to that nytrients and intracellular cation concentratiah. Gen. Virol.
induced by insulin. This has implications both for the  64:1449-1456

elucidation of the molecules that may be involved in thatHara, K., Yonezawa, K., Sakaue, H., Ando, A., Kotani, K., Kitamura,
mechanism (e.g., Laurie et al., 1993, Piper et al., 1992, T. Kitamura, Y., Ueda, H., Stephens, L., Jackson, T.R., Hawkins,
Ismail-Beigi, 1993; Hudson et al., 1993; Okada et al., P-T- Dhand, R., Clark, AE., Holman, G.D., Waterfield, M.D.,

1994; Hara et al., 1994) and for the synthesis of novel Kasuda M. 1994. 1-phosphatidylinositol 3-kinase activity is re-
quired for insulin-stimulated glucose transport but not for RAS

drugs that may prove clinically useful in situations of  ,¢4yation in CHO cellsProc. Natl. Acad. Sci. USB1:7415-7419

insulin resistance or insensitivity where the insulin re-yarrison, s.A., Clancy, B.M., Pessino, A., Czech, M.P. 1992. Activa-

ceptor is impaired. tion of cell surface glucose transporters measured by photoaffinity
labeling of insulin-sensitive 3T3-L1 adipocyte3. Biol. Chem.
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