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The molecular characterization of transl~rt proteins is often limited by transient functional expression or the need for a simple 
method to select functional eDNA clones. We used a mammalian expression system to obtain long-term ¢.~<pression of G[ UT-2, 
an isoform of glucose permeasc. Rat GLUT-2 eDNA was ligatcd into an EBV vector (pLPP) and transfccted into B lyml: :,,~cyw,~ 
which lack GLUT-2. Northern and Western analyses confirmed expression of GLUT-2 protein in membranes of lransfected 
cells. Two functional assays using flow ~tometry were developed to distinguish GLUT-2 transfectants from control/pLPP 
traasfectants. Uptake of NBD-glucosamine, a fluorescent analogue of glucose, was increased in GLUT-2 transfcctants, in 
addition, when exposed to hypertonic gluco~ie medium, GLUT-2 transfectants and control/pLPP transfectan~s exhi~,ited a 
difference in forward-angle light scatter (FALS), an index of cell volume, indicating a difference in glucose permeability 
Independent measurements of giucosc uptake (isotopic) and cell volume (video microscopy) confirmed the flow cytometry 
observations. This expression system used in combination with flow cytomctry is useful for studying the functional properties of 
glucose and other solute transporters. 

Introduction 

GLUT-2, one of a famii> of Na +-independent glu- 
cose transporters, is a low-affinity hexose tramporter. 
it was cloned from liver but is also expressed on the 
basolateral membrane of renal and ~,ntestJna! epithelia 
and in pancreatic/3 cells [1,2]. In B ceils, GLUT-2 is 
thought to function as part of the glucose sensor for 
insulin release and down-regulation of this transporter 
may play a role in the pathogem.sis of type I and I1 
diabetes mellitus [3,4]. While the isoforms of glucose 
permease share significant homology at the nucleotide 
and amino acid level, kinetic properties, regulation, 
and inhibitor sensitjvit.v differ [5-7]. For example, t.he 
K m of GLUT-2 (20-40 raM) is grcat.er than that of 
GLUT-1 (2-20 raM), which iu i.he native transporter 
expressed ir~ B lymphocytes. The molecular basis for 
these functional differences is largely unknown. Ex- 
pression of GLUT-2 eDNA in mammalian cells will be 
important for studying structure.function relationships 
of this transporter. 

Correspondence to: M.I. Rauchman, Renal Division, Brigham and 
Wo,-nen's Hospital, 75 Francis St., .rtaston, MA 02115, USA. 

Several expression systems have been used to char- 
acterize cDNAs encoding transport proteins (e.g., 
Xenopus oocytes, COS cells)[8]. However, the molecu- 
lar chrraeterization of transport proteins using these 
methoeJs can be limited by transient functional expres- 
sion or the need for a rapid and efficient method to 
se!eet f"netio'~l t, lt~,,.~,- I~,( . . . .  , . . I . . . . .  . . . . . . . . . . . . . . . . . . . . . .  • ~ - 6 , , . o ~ , , ~  et ~,I. [9] used an 
EBV expression vector to transfect B iymphocytes and 
then identify and select functional clothes using a fluo- 
rescence-activated cell sorte~ (FACS). h, combination 
with an antibody, this approach was used to clone a 
TNF receptor [10,11]. This method has the advantages 
of stable eDNA expression and rapid selection of func- 
tional clones using the FACS. In general, however, 
identification of functional clones using flow cytometry 
has involved the binding of an anlibody or high-affinity 
ligand to the protein of interest. 

The transport of uncharged solutes such as glucose 
has traditionally been studied by isotopic uptake. How- 
ever, fluov:.scent substrate analogues are available and 
there are ~everal advantages of using these substrates 
to study transport [12]. Most significantly, measure- 
ment of fluorescence requires little biological material 
for study and can be used to measure solute uptake b,,, 
imtividual cells rather than the average uptake rate of 
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a heterogeneous population of cells as is done with 
isotopic uptake. There are many fluorescent probes 
available including NBD-glucosamine (NBD-G), an 
analogue of glucose which can readily enter cells via 
the glucose permease pathway [13]. 

Changes in cell volume can also reflect differences 
in solute transport rates. Moreover, ligh: scatter has 
been used to measure permeability of cells to various 
solutes based on changes in ceil volume [14,15]. Light 
~att~:r can be routinely measured by FACS and has 
been used successfully ;o discriminate O.'fferent popu- 
lations of cells [16]. 

The purpose of this study was to transfect B cells 
with glucose permease-2 (GLUT-2) cDNA using the 
EBV vector pLPP and to develop functional assays of 
glucose transport using the FACS to identity and select 
cells which expressed this transp~rter. Two functional 
assays of glucose transport were developed using the 
flow cytometer: (I) uptake of a fluorescent glucose 
analogue, NBD-glucosamine and (2) l'orward-angle light 
scatter (FALS) of cells exposed to hypertonic glucose. 
Using these assays, GI.UT-2 ~.ransfectants exhibited 
significantly greater glucose transport capacity than 
eontrol/pLPP transfectants. 

Methods 

Cell culture and DNA tmnsfection 
B JAB cells, an EBV-negative B lymphocyte cell line 

(kindly provided by Dr. F. Wang), were grown in RPMI 
1640 r~edium (Whittacker Bioproducts) supplemented 
with 10c~ fetal bovine serum (JRH Bioscicnces) at 
37°C/5G CO,. Transfected c~:lls were maintained in 
medium supplemented with hygromycin B 4(~) ttg/mi 
(Calbiochcm). Cells w~:rc split l '  l cver:~. ~-7 d:ys. 

Full length rat GLUT-2 eDNA, 2573 bp, (a gift from 
B. Thorens) was ligated inte the EBV exorcssion vec- 
tor ~BO-pLPP (a detailed description of this vector is 
piovided in Ref. 171. For transfecfior, of these plasmid 
vectors 50 (XX) ceils were rcsuspended in RPMi medium 
and transferred to electroporation cuvettes containing 
15 #g of pLPP/GLUT-2 (for GLUT-2 transfectants) 
er plasmid ahmc (for contrul/pLPP transfectants). 
Electroporation was perform :d at room temperature, 
0.2 kV, 960 # F  using a Bio-Rad Gem: Pulser. After 
electroporation the cells were resuspended in 20 ml 
medium pre-warmed to 37°C and incubaled for 24 h at 
37°C/5C/- CO.,. Cells w~:~'¢ th~n seeded at, 125(t-5(~) 
cells per 2(M)/.tl well (96 well plates. Costar) in medium 
containing 4(M) #g,/ml hygromycin B to select for trans- 
fectants. 

RNA preparation and Northern analysis 
Total cellular RNA was extracted from untrans- 

fected cells and GLUT-2 and control/pLPP transfec- 

rants as previously described [18]. Briefly, cells were 
pelleted and lysed with 4 M guanidine isothiocyanate 
(BRL), 22 #M sodium acetate pH 6 and 0.0075% 
/3-mercaptoethanol and subjected to ultracentrifuga- 
tion through 5.7 M cesium chloride (BRL) and 25 mM 
sodium acetate pH 6. Total RNA was quantitated 
spectrophotometrically, 7 #g of each sample was frac- 
tionated on a I% agarose-formaldehyde gel and then 
transferred overnight onto a Genescreen membrane 
(New England Nuclear) with 20 × SSC (1 × consists of 
150 mM NaCI, 15 mM Na citrate, pH 7.0) and UV 
crosslinked (UV Stratalinker, Stratagene). Membranes 
were then pre-washed with I M NaCI, 10 mM Tris (pH 
8), 1 mM EDTA, (|.l~k SDS at 47°C for 2 h and 
pre-hybridized with 40e/; - (v/v) lbrmamide, 10% dex- 
tran sulfilte (American Bioanalytical), 4 × SSC, 7 mM 
Tris (pH 7.6), 0.8 × Denhardt's solution (I x consists 
of 0.02% polyvinylpyrrolidine, 11.(12% ficoll, 0.02% 
bovine serum albumin). 0.02 mg/m~ salmon sperm 
DNA (Sigma), and 0.5"Z ql'~S at 42°C for 1 h. Mem- 
branes were hybridized overnight under the above con- 
ditions with 10" cpm/ml  of a"P-cDNA prone. The 
GLUT-2 probe was synthesized form the 2573 bp, full 
length eDNA by random primer extension. Mehfl;~an~.~ 
were washed twice (2 x SSC, 0. I~  SDS) for 20 rain a! 
25°C and then ence in 0.2 x SSC, 0.1% SDS for 30 mix 
at 50°C. Membranes were exposed on Kodak XAR-5 
film at -80°C in the presence of an intea:~ifying screen 
for 48 h. 

Preparatitm of microsonu,s and western anuly_qs 
5. ltl" cells wc~c ,ashed  twice in PBS, ~esuspended 

in 2 ml of low i:mic strength buffer (10 mM Tris (pH 
7.5), 0.5 mM M~CI,) and incubated on ice lot 10 rain. 
Proteinase inhibitors (PMbF 0.1 mM and aprotinin I(|(| 
L1/ml) were added and the cc~is homogenized with a 7 
ml Dounce tight A pestle a~, follows: 40 strokes, addi- 
tion of 2 ml sucrose buffer (",.5 M sucrose, 20 mM Tris 
(pH /.5), 6 mM O-mercaptoethanol, 2 mM EDTA), 20 
strokes. The homogenate was spun at 800 × g (SA-600 
rotor, Sorvall) at 4°C fi~r 10 min. The supernatant was 
removed and spun at 80(IP, x g at 4°C for 20 rain. The 
supcrnatan! was then transfcr~'ed to ultrac,~ntrifuge 
tubes and spun at 360(~) rpm a: 4°C for 1 h (1"]27(I 
rotor Sorvall). The final pellet (crude microsomex~ was 
resuspended in 50 #l of a 1:1 dilution of the sv:rosc 
buffer. 

In parallel, rat liver micm.,,omes were prepared. 
Fresh rat liver. 0.5-0.6 g, was finely diced, suspended 
in 3 ml of a sucrose buffer consisting of 0.25 M sucrose, 
10 mM "rris (pit 7.5), 3 mM fl-mercaptoethaaol, ! mM 
EDTA in the presence of proteinase inhibltors (PMSF 
0.1 mM ahd apretinin i00 U/ml)  and homogenized in 
a Oounce homogenizer with 15-20 strokes. Crude mi- 
crosomes were then prepared exactly as outlined above 
for BJAB ce!!s. Protein ~'as deterr, tined by the Brad- 



ford assay (Bio-Rad) using bovine serum albumin as 
the standard. 

Liver microsomes (10 /.tg) and B JAB microsomes 
(30/J.g) from GLUT-2 and control /pLPP transfectanls 
were suspended in Laemmli buffer and resolved on a 
10% SDS-polyacrylamidc gel (Bio-Rad Mini-Protean il 
apparatus) and electrotransferred to nitrocellulose fil- 
ters (Micron Separations, Inc.) [19]. The filters were 
washed at room temperature in distilled water for 10 
rain; for 20 rain in TBS (20 mM Tris (pH 7.4), 150 n,M 
NaCi)/0.1% Tween-20; and then blocked for 30 rain in 
TBS/5% non-fat dry milk (SACO, Mix'n'Drink)/0.2% 
NP-40 at 37°C. The filters were incubated with a rabbit 
antibody to GLUT-2 diluted 1:200 in blocking solution 
at 4°C for 12 h. The GLUT-2 antibody (kindly provided 
by B. Thorens)was raised in rabbits against a peptide 
consisting of amino acids 477-492 of the carboxy ter- 
minal of GLUT-2. The filters were washed "twice at 
morn tenlpcrature Ibr 2(I rain in TBS/(I.2'% NP-40, 
once in TBS/0.1% Tween-20 and reblocked as above. 
The blocked filters were then incubated at room tem- 
perature lbr i h with anti-lgG alkaline phosphatase 
conjugate (Promega) diluted I: 75t.11} in blocking solu- 
tion. The tilters were washed ~wicc as above and dcvc!- 
oped using a !:1 molar ratio of the chromogenic 
substrates nitrobluc tetrazolium chloride and 5-bromo- 
4-chloro-3-indolylphosphate p-toluidine salt (BRL) in 
!fl ml l) 1 M Tris (pI I 9.~, I}.l M NaCI. 5 mM Mt~CI,. 

3-O-Methyl.o.i¢H]ghtcose (~H-3-OMG) uptake 
Cells were resuspended in RPMi medium (which 

contahls 11 mM unl~behed glucose) to achieve a con- 
centration of (2-5) .  10 7 cells/ml. At time zero 111 #1 of 
3H-3-OMG, 1.5 /zCi/ml, was added to 4110 p,I of co!! 
suspension and incubated at 20°C with gentle shaking. 
Preliminary experiments indicated that under these 
c:::nditions uptake was linear tbr 3 rain. Therefore, the 
relative initial velocity of 3-OMG uptake was calcu- 
lated as the slope of the linear regrcss[,J:~ !inc for the 
plot of time (min)vs. uptake (nmoi 3-OM(J/mg pro- 
Lein) based on five time points. Each time point was 
performed in triplicate. The reaction was stopped by 
layering the cell suspension on 5(10 ttl of oil (1 part 
silicone: I laar~ dioctyl phthalate, Aldrich) in ice-cold 
microfuge tubes ,'~nd immediately spun at 1200 ~, in a 
microcentrifugc for 15 s. The cell pellet was collected 
by cuttil,g off the bottom of the microfuge tube and 
agitatiog it for 12-18 h in 5 ml scintillation vi~,tls 
containing 500 ptl 10% SDS to lyse the cells. 4 ml of 
scintillation fluid (Optifluor, PackarO) was added to 
each tube and they were counted in a liquid scintill:~- 
tion analyzer (Packard). 

Video microscopy 
500 /.tl of cells, suspended in RPMI medium t¢~ 

achieve a concentrat.ion of ! • l{]¢' cells/ml, were trains- 
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ferred to 1 ml, six well plates (Costar). At time zero 
500 tti of RPMI medium alone (isotonic control) or 
500 ttl of RPM! medium containing 900 mM glucose, 
sorbitol or urea was added to the 500 ttl cell suspen- 
sion to achieve a final concentration of 450 mM of thc 
added solute. The cc!!s were incubated at 37°C/5C/- 
CO,  in the presence of hypertonic glucose or sorbitoi 
and at 20°C in the presence of hypertonic urea. At 
sclected time points 300-/zl aliquots were placed on a 
glass slide and viewed with the 25 × objective (Zei,~s). 
Differential interference contrast microscopy images 
were recorded on videocassettcs (3M) as previously 
described [20]. Cell perimeter was nleasured by the 
tracing tht~ outlines of video images using Image l 
software (Universal Imaging Corp.). 50-55 cells were 
counted for each time point and condition. Cell volume 
was calculated as the volume of a sphere. Cells ap- 
peared round under both control isotonic and hyper- 
tonic conditions. Roundness was assessed tluan!ita- 
t'ively by a shape factor using lmage-i soflwarc. The 
shape factor = 4 r r a / p : ,  where a = area and p = 
perimeter. The equation is based on the fact that a 
circle has the highest area to perimeter ratio of any 
object. Values above 0.8 represent objects which are 
very round, with a perfect circle having a value of ~. 
Under all conditions cells had a shape factor >t 0.9, 
indicatiJlg a high degree t;f roundnc>s. 

Flow cytomeler anab'si," 
Cells were ..,uspcndcd in medium to a concentration 

of 1 10 c' ceils/ml and transferred l'~ 1 ml. six well 
p~ates (Costar) and exposed to hypersonic conditk,,,m 
exac',ly :Is outlined above for video microscopy mea- 
surements. Flow cytometric analysis was perf~,'m,:c: o.': 
a Coulter Epic.~ 7511. Light scattered at ~tngles of l °- 19 ° 
was collected for forward-angle light :.catter (FALS). 
The change in FALS in the presence of 450 mM urea 
was performed at 29°C. FALS was measured before 
tke addition of urea (isotonic) and at ,~elecled time 
points after exposure T:o 4511 mM urea. 

Fo measure NBD-C uptake l #l of 30 mM NBD-G 
(Molecular Probes)~'as added to i ml of cell suspen- 

• .' | .  sion (1.1(1" cel ls /m,) in  RPMI medium and incubated 
at 37°C/5~  CO,.  At selected time 0dints a 5011-/.~1 
aliquot was removed to a tube containing I ml of 
ice-cold stopping solution (RPMI medium + '(1(I mM 
phloretin~ arid ~ptu: d::wn in a table top centrifuge at 
1200 x g  for 15 s. The cell pellet was washed twice in ! 
ml ice-cold stopping solution and resuspended in 51)1t 
/.,.l ice-cold sf.opping solution. All optical emissions 
were derived from an argon laser tuned to 488 nm. 
NBD-G emission was mea~:urcd at 530 nm-560 nm. 
Each time point was done in triplicate. For expcri- 
r,:cnts in which an inhibitor was used, cells were incu- 
bated with 100 /zM phlorctin 20 rain prior to end 
during dye uptake. In all experiments 1 • l04 cells were 
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Fig. I, Northern analysis of GLUT-2 mRNA in untransf¢cted B JAB 
cells (lane I) and control/pLPP (lane 2) and GLUT-2 (hmc 3) 

transfected cells. 7 ~g of total RNA was loaded per lane. 

4 9 . 5  - 

i 
Fig, 2, Western blot detection of GLUT.2 transporter in microsomes 
prepared from rat liver (lane !), control/pLPP transfectants (lane 2) 
and GLUT-2 transfectants (lane 3) using an antibody against a 
peptide consisting of carboxy-terminal amino acids 477-492. 10 t~g 
of protein was loaded of liver microsomcs and 30 pg each of 
control/pLPP and GLUT.2 microsomcs. Molecular mass markers in 

kDa arc on the left. 

analyzed per sample, Simultaneous staining with pro- 
pidium iodide was used to exclude dead cells. For 
sorting, (2-5).  10 4 cells were collected in 4 ml of 
medium, spun down and resuspended in 400 gl  RPMI 
medium and seeded in two 200/zl wells. 

Reagents 
All chemicals were purchased from Sigma unless 

otherwise indicated. 

Results  

E¢pression of GLUT-2 eDNA in transfected cells 
Northern and Western analyses, B Lymphocytes 

(BLAB) were transfected with pLPP-GLUT-2 (GLUT-2 
transfectants) or plasmid alone (control/pLPP trans- 
f¢ctants), Fig, I is a Northern blot demonstrating that 
GLUT-2 mRNA is not expressed in untransfected cells 
(lane 1) or ¢ontrol/pLPP transfectants (lane 2). In 
contrast, there was a significant level of GLUT-2 
mRNA in the GLUT-2 transfected cells (lane 3), Fig, 
2, a Western blot using an antibody to GLU'r-2, con- 
firms the presence of GLUT-2 protein in mitrosomes 
isolated from GLUT-2 transfectants (lane 3), Liver 
microsomes (!~ae I~ serve as a positive control since 
GLUT-2 is nativel~ expressed in liver. Microsomes 
from control/pLPP transfectants did not bind the 
GLUT-2 antibody (lane 2), The apparent molecular 
mass (63 kDa) of GLUT-2 protein was identical "n liver 
microsomes and GLUT-2 transfectants and is in agree- 
ment with published reports [2]. Thus, GLUT-2 eDNA 
was transcribed and translated by the transfected B JAB 
cells and the mature protein was detected in the mem- 
brane fraction of these cells. 

Glucose uptake 
Flow cytometric analysis, Having demonstrated ex- 

pression of the transfected eDNA at the mRNA and 
protein level, we next sought to develop functional 
assays to show that GLUT-2 transfectants exhibited 
greater glucose tra~isport than control/pLPP transfec- 
rants. We reasoned that if GLUT-2 transfectants have 
increased glucose transport, they should possess an 
enhanced ability to take up NBD-glucosamine, a fluo- 
rescent glucose analogue. Alternatively, this increase in 
glucose permeability should be evident when the cells 
are exposed to hypertonic glucose since the GLUT-2 
transfectants would shrink less and /o r  return more 
quickly towards control volume. 

NBD-glucosamine (NBD-G) is a fluorescent ana- 
logue of glucose which has been used to study hexose 
transport [13], It is able to enter cells via a glucose 
permease pathway [13]. Fig. 3 compares NBD-G up- 
take at 20 rain in GLUT-2 versus control/pLPP trans- 
fectants. The GLUT-2 histogram is shifted to the right, 
indicating increased dye uptake and hence increased 
glucose transport. Phloretin, an effective inhibitor of 

p L p p ~ G L U T - 2  

LOG FLUORESCENCE 
Fig. 3. Comparison of histograms of NBD-glucosamine (NBD-G) 
uptake in control/pLPP and GLUT-2 transfectants. The ordinate 
represent,,; cell number• 1. lO 4 cells were analyzed for each sample. 
Cells were incubated in 30 t~M NBD-G for 20 min at 37°C/5% CO2 
and fluorescence due to NBD-G uptake was measured in 
control/pLPP and GLUT-2 transfectants. Propidium iodide staining 
was used to exclude dead cells. Autofluorescence was insignificant in 

control/pLPP and GLUT-2 transfectants. 
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Fig. 4. Inhibition of NBD-G uptake by phloretin, an inhibitor of Na'-independent hexose uptake. Conditions are identical to those in Fig. 3 
except cells were incubated with 101) #M phloretin I'~r 15 rain prior to and during dye uptake. Inhibition of NBD-G uptake in control/pLPP (A) 

and GLI.JT-2 (B) transfectants by phloretin. 

sodium independent glucose transport, inhibited NBD- 
G uptake in both control/pLPP (Fig. 4A) and GLUT-2 
(Fig. 4B) transfectants. Thus GLUT-2 transfcctants 
exhibited enhanced uptake of NBD-glucosaminc via a 
phloretin-inhibitable pathway. 

,~.O.Methyl.o/'~H/gh,'ose ("H-3-OMG) tqmakt'. To 
confirm that the assays developed on the FACS re- 
flected true funetiotml dilTeretlces between GLUT-2 
and control/pLPP transfcctants, we performed inde- 
pendent measurements of hexose uptake. The relative 
initial velocity of 3H-3-OMG uptake was 1.9-fold 
greater in GLUT-2 transfectants compared with con- 
trol/pLPP (49.5 + 5.1 nmol/mg protein vs. 26.6 + 7.1 
nmol/mg protein, P < 0.(15, n = 3). This finding is in 
agreement with Fig. 3 which shows increased uptake of 
NBD-G, the fluorescent he×use analogue, hy GLUT-2 
transfcctants compared with control/pLPP. 

Cell t'ohtme changes hz hypertonic media 
Forward-angh" light scatter (FALS). Light scatter has 

been used successfully to discriminate cell populations 
on the basts of different ccll properties. Under certain 
well-defined conditions FALS correhttes with cell sizc. 
However, other properties of the cell clearly influence 
FALS [16]. To demonstrate that light scatter was re- 
lated to cell volume in this cxperinaental system, we 
compared video microscopy measurements of cell vol- 
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Fig. 5. Time course of I/linear FALS (closed squares) and cell 
volume (p.m a) measured by video mkroscopy (closed circles) in 
control/pLPP transfectants exposed to '5[1 mM urea (n = 3). Identi- 

cal results were obtained with GLUT-2 cells (data not shown). 

I 

ume with light scm!er in the pre,~;encc of 450 mM urea. 
Since cells have a relatively high urea permeability, in 
hypertonic urea the cells should shrink initially but 
return rapidly to control (isotonic) volume as urea 
cntcrs the cell. Fig. 5 shows that the time course of 
change in light scatter parallels changes in cell volume, 
with a maximum decrease in cell volume occurring by 5 
rain and the subsequent recovery to near conlrol cell 
vohtme in isotonic nledium by 30 rain. l h c  magnitude 
of change in FALS and cell wdumc at 5 rain (311% and 
35%, respectively) and the degree of recovery (to 86% 
and 94% of control cell volume in isotonic medium) 
were also comparable. Thus there is a correlation 
between cell volume and FALS. 

Next, FALS was used to characterize differences in 
glucose permeability following exposure of transfected 
cells to either isotonic or hypertonic medium. As shown 
in Fig. 6, exposure of control/pLPP transfectants to 
hypertonic glucose medium (i.e., supplemented with 
45(1 mM glucose)caused a significant increase in FALS, 
indicative of cell shrinkage. GLUT-2 t~,,,n:.fcctants also 
exhibited a si~,,nificant increase in FALS when exposed 
to hypcrtonic glucose medium (not shown). Figs. 7A-C 
are representative histograms comparing the FALS of 
control/pLPP and GLUT-2 transfectants exposed to 
various media, in isotonic medium (Fig. 7A) there was 
no significant difference in FALS of the two transfec- 
rant'.;. With exposure to m~:dium supplemented with 

ISOTONIC , ~  

LINEAR FALS 

Fig. h. Compari.~on - f  histograms of Ihicar f ,  rwa= d ,mglu light ~catter 
(F,%LS) in control/pLPP transfecl:ints iII j.~otonic v:, hyperlonic 
medium. The ordinate represents cell number. Cel:s were incubated 
at 37°C/5';~ CO: for 2 h in isotonic RPM! or RPMI stlpi')lem~:nled 
with 4511 mM glucose. For each sample !. 104 cells were al|alyzud 
for linear FALS. PropidiLm iodide staining was used to exclude 

dead cells. 
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450 mM sorbitol, a relatively impermeant solute, con- 
trol/pLPP and GLUT-2 transfectants displayed an 
identical increase in FALS indicative of cell shrinkage 
(Fig. 7B). However, in the presence of 450 mM glucose 
for 2 h, these two cell populations could be reliably 
distinguished on the basis of linear FALS. Fig. 7C 
shows that the FALS distribution for GLUT-2 trans- 
letted cells is shifted to the left compared to the 
control/pLPP cells. Quantitation of ,hese data was 
performed by comparing the means of t ~ae FALS distri- 
bution between control/pLPP and GLUT-2 transfec- 
tants for each of the three experimental conditions, In 
isotonic medium the difference in the mean FALS was 
1.5 ± 1.2% (n.s., n = 5). When exposed to 450 mM 
~roitol the difference in the means FALS was 0.5 :t: 
2.C% (n,s., n = 4). With exposure to 4511 mM glucose 
the difference in mean FALS of 13.1 + 2.1% was sig- 
nificant (P < 0.001, n = 5). Thus, the GLUT-2 transfec- 
tants appeared less shrunken in 450 mM glucose as 
would be expected if they possessed a greater perme- 
ability to glucose. 

A ISOTONIC 

G L U T ~  

X..,__. 
LINEAR FAL8 

B 
+ 45(I mM SORI31T()I. 

(11 t. V'l' ,t~,/ 

LINEAR FAL~ . . . . . . .  

C 
+ 450 mM GLUCOSE 

LINEAR FAL$ 

FiB. 7. Comparison of histograms of linear FALS in control/pLPP 
versus GLUT-2 transf~:ctants, Experimental conditions were exactly 
as outlined in the legend 1o Fig, 6. Control/pLPP vs. GLUT-2 
transf:ctants in isotonic medium (A, difference in mean FALS = 
0,2~,), in medium supplemented with 450 mM sorbitol [B, difference 
in mean FALS = 2,0%) and in medium supplemented with 4511 mM 
gluc t~  (C, different,: in mean FALS = 13.4%]. Note that the x-axes 
in panels A, B and C are not aligned and therefore cannot be 
compared directly, FALS is shifted to the right under the hypet~.t~nic 
conditions (B and C] compared with the isotonic condition [A) (see 

Fig. 6.). 

TABLE I 

Cell rohm~e measured b~ ~'ideo microscopy 

Condition Control /  GI.UT-2 
pLPP 

45(1 mM sorbitol (n = 4) 5h :t: 1.8q¢ 55 +_ 3.9c; 
450 mM glucose (n = 4) 51) _+ 4.9t',; 6h _+ 3.8c~ * 

• P < 0.05 compared with Control/pLPP. 

Cell t'ohone measm'ement by t'ideo microscopy. To 
confirm that the light scatter measurements demon- 
strated in Fig. 7 correlated with cell volume changes, 
we measured cell volume in hypertonic medium sup- 
plemented with 450 mM glucose or sorbitol. Control/ 
pLPP and GLUT-2 transfectants were incubated in 
isotonic or hypertonic medium for 2 h and imaged by 
video microscopy. The results shown in Table ! are in 
agreement with the FALS data in Fig. 7. in the ores- 
ence of 451J mM glucose GLUT-2 transfectants were at 
66% of their volume in isotonic mediunl, whereas 
control/pLPP transfcctant:: were significantly.smaller 
at 50% of their isotonic volume. To confirm that this 
:_'ffcct was specific for glucose, cell~ were incubated in 
450 mM sorbitol. Under these conditions the sizes of 
GLUT-2 and control/pLPP transfcctants were nt~t sig- 
nificantly different (Table 1). 

Viabilio' 
After flow cytometric analysis of either NBD-G up- 

take or FALS the top and bottom 5-10% of each cell 
population were sorted on the FACS and grown for 
greater than five passages indicating that these condi- 
tions were not toxic to cells and can therefore be used 
to sort and expand a population of cells. 

Discussion 

Wc obtained long-term expression of GLUT-2 
eDNA in a human B lymphocyte cell line, B JAB, using 
an EBV expression vector, oLPP. Expression was con- 
firmed both by demonstration of GLUT-2 mRNA and 
protein and by functional criteria. The apparent molec- 
ular mass (63 kDa) of GLUT-2 in transfcctcd B lym- 
phocytcs was identical to that of liver, a tissue which 
has native GLUT-2 expression. This suggests that 
GLUT-2 protein expressed in transfected B cells un- 
derwent very similar or identical post-translational 
modifications (e.g., glycosylation) to that in the native 
tissue of expression (liver). Several assays of glucose 
transport confirmed that a mature, functional protein 
was expressed in the transfected B cells. Uptake of 
NBD-glucosamine or ~H-3-OMG was greater in 
GLUT-2 transfectants than control/pLPP. Further- 
more, video microscopy and FALS indicated that 
GLUT-2 transfectants shrank less in hypertonic glu- 



cose confirming increased permeability of these cells to 
glucose. 

A method was devised to rapidly and efficiently 
select B cells expressiog GLUT-2 using flow cytometry. 
Two functional assays of glucose transport using flow 
cytometry were developed: (1) uptake of NBD-gluco- 
samine, a fluorescent analogue of glucose and (2) 
changes in linear forward-angle light scatter (FALS) in 
hypertonic glucose. Both of these functional parame- 
ters assayed by flow cytometry were confirmed by inde- 
pendent video microscopy and isotopic uptake mea~ 
surements. 

Fluorescence due to NBD-glucosamine (NBD-G} 
was greater in GLUT-2 transfectants than in 
control/pLPP cells indicating increased hexose uptake. 
NBD-G has previously been used to :.tudy hexose 
transport. Spcizer et al. [13] showed that NBD-G up- 
takc into RBC ghosts is inhibited by i~-glucose and 
cytochalasin B but not by i.-glucose. The influx of 
NBD-G was found to be slower than that of D-glucose 
probably due to decreased affinity of NBD-G for the 
external site of the transporter. We found that NBD-G 
uptake was inhibited by phloretin. This supports the 
finding of Speizer et al. [13] that NBD-G enters cells 
via the glucose permeasc pathway. The native glucose: 
transporter in B lymphocytes is the phloretin-inhibita- 
hie GLUT-I permease. For this reason, phloretin also 
reduced NBD-G uptake in the control/pLPP transfec- 
tants. However, the phioretin-inhibitabic uptake of 
NBD-G was greater in GLUT-2 transfected cells than 
in control transfectants. Increased 3-OMG uptake con- 
firmed increased glucose permease activity in GLUT-2 
transfectants. Whcther GLUT-I and GI,UT-2 have 
different affinities for NBD-G was not determined in 
this study. However, these findings suggest that this 
fluorescent hexose analogue can be valuable lbr the 
study of facilitated glucose transport. 

in the presence of 450 mM glucose both GI.UT-2 
and control/pLPP transfectants demonstrated in- 
creased linear forward-angle light scatter (FALS). 
However, the histogram for GLUT-2 cells remained 
closer to the isotonic histogram than control/pLPP 
cells. As with the NBD-G uptake data, this suggests 
increased permeability of GLUT-2 cells to glucose. 

FALS is generally believed to be a good measure of 
cell size [14-16]. In this study we observed an inverse 
correlation between cell size and FAI.S. In the pre~- 
ence of 450 mM urea the magnitude and time course 
of change in linear FALS strongly correlated with 
independent measurements of cell volume by video 
microscopy. We found, however, that FALS increased 
with decreasing cell volume (Fig. 6), whereas FALS is 
generally believed to increase with increasing cell vol- 
ume [14,15,21,22]. However, a direct correlation be- 
tween cell size and FALS is only valid under narrowb 
defined conditions. Many cell properties can influence 
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FALS, including but not limited to, th,: internal struc- 
ture of the cell, its biochemical composition and its 
surface-to-volume ratio [16]. For example, Grogan et 
al. [23] showed that neutrophils have much higher 
FALS than larger monocytic cells probably d,,,e to the 
granular inclusions and segmented nuclei of neu- 
trophils. There are many other instances in which 
FALS does not vary directly with cell size [16]. 

in hypertonic glucose, GLUT-2 transfectants showed 
a FALS distribution closer to that in isotonic condi- 
tions than did control/pLPP transfcctams (Fig. 7C). 
This suggests that the enhanced ability of the GLUT-2 
cells to take up glucose led to lesser morphological 
and/or  biochemical changes that affect FALS. Since 
control/pLPP and GLUT-2 transfectants have identi- 
cal FALS in isotonic medium (Fig. 7A) and hypertonic 
tncdium supplemented with sorbitol (Fig. 7B), this dil- 
fc~cncc in FAI..S in hypcnonic glucosc is not iikel,, to 
bc due to some other ell"cot of the transfection or an 
artifac! of the assay. Rather, increased glucose perme- 
ability seems responsible Ii~r the measured difference 
in FALS in hypcrtonic glucosc. 

Under all circumstances studied, we c',~.erved an 
inverse relationship between FALS and volL le meas- 
ured by video microscopy but the exact relationship 
between FALS and cell volume is not clear. The rela- 
tionship was observed in hypertonic gluco,~e, urea, and 
sorbitol. This suggests that, under these condilions, 
FALS is determined by one or morc cell p, opertics 
that closely correlates with changes in cell size. We 
hypothesize that changes in cell granularity, ruffling of 
the cell membrane (which was observed by video imag- 
ing in cells exposed to hypcrtonic medium) and/or 
changes in surface-to-volume ratio, all of which may be 
a consequence of cell volume changes, are responsible 
for the differences in FALS wc measured. The rapidity 
of the changes in FALS and the observed biphasic 
response to hypertonic urea makes biochemical and/or  
metabolic effects related to increased glucose uptake 
less likely. 

The changes in light scattcr that occur with alter- 
ations in cell size depend on the angle at which scat- 
tered light is collected [24]. The flow cytometcr used in 
this study collects light scatter at angles of 1-19 ° and 
this setup for FALS is typical of many commercially 
available machines. FALS would be expected to in- 
crease directly with increasing cell size only at much 
narrower angles of light scatter (3-5 ° ) [25]. Thus the 
direction of change in FALS observed in this study 
could be due in part to the angle at which scattered 
light was collected. Since e×ternal factors, such as the 
angle of scatter and composition of the medium, influ- 
ence FALS, the use of independent measures to con- 
firm the validity of this assay were needed. Though not 
performed in this study, measurement of cell volume 
can also be performed with a coulter counter. Previous 
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studies have shown that a coulter counter, when cou- 
pled to a flow cytometer, can be used to analyze and 
sort cells according to size [26]. Such an approach 
could potentially provide greater sensitivity than FALS 
in detecting cell volume changes. 

The GLUT family of facilitative transporters pro- 
mote equilibration of the extracellular and intracellular 
glucose concentration. Thus, at steady-state, cells with 
differing rates of glucose permease-mediated glucose 
transport will contain simila~ intracellular levels of 
glucose or its analogues. For this reason, it is critically 
important to select a pro-steady-state time point for 
analysis of glucose uptake by the cells. In the present 
study, NBD.glucosamine uptake was measured at 20 
min whereas FALS in the presence of 450 mM glucose 
was measured at 2 h. Pilot experiments using flow 
cytometry, isotope fluxes, and video microscopy indi- 
cated that these time-points were optimal for distin- 
guishing differences in glucose uptake. Studies of other 
cells or transporters will thus require similar attention 
to identifying optimal conditions for distinguishing dif- 
ferences in transport. 

The method described here has severai advantages 
for the expression of cDNA encoding transport pro- 
teins. Most important among these is the relatively 
long-term expression of eDNA. This enables the isola- 
tion of transfected clonal B cell lines. Repeated sorts 
on the FACS can be used to isolate clones with high or 
low expression and /o r  different inhibitor sensitivity 
yielding important information about structure-func- 
tion relationships. These transport assays could also be 
used to determine the effects of site-directed mutagen- 
esis of GLUT-2 on its function or to isolate functional 
clones following random mutagcnesis, To study regula- 
tion, two dyes could be used simultaneously to relate 
glucose transport to another important cell function, 
for example intracellular pH or [Ca-" ÷ 1, for which fluo- 
rescent prqbes are available, in addition to the study of 
regulation and structure-function relationships, Mar- 
golskee ¢t al. outlined a cloning strategy using this 
expression system which takes advantage of flow cy- 
tometry to select and amplify clones of interest [9]. 

Although we have used B cells as the recipient cell 
line, many other cell lines are permissive for this vector 
[27]. This will facilitate selection of a cell line with low 
native expression of the function of interest. Since 
many of the recipient cell lines are mammalian, pro- 
cessing of the eDNA transcript and post-translational 
modifications are likely to be accurate, increasing the 
likelihood of functiona! expression. 
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