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Summary. The pig kidney cell line LLC-PK 1 cultured 
on a collagen coated membrane filter formed a con- 
tinuous sheet of oriented asymmetrical epithelial cells 
joined by occluding junctions. A transepithelial elec- 
trical potential (PD) and short-circuit current (SCC) 
were dependent on the presence of Na and sugar in 
the apical bathing solution. In the presence of 5.5 mM 
o-glucose, a PD of 2.8 mV, apical surface negative, a 
SCC of 13 gA cm 2 and transepithelial resistance of 
211 ohm. cm 2 were recorded. The SCC was promptly 
reduced by the addition of phlorizin to the apical 
bath but unaffected when placed in the basolateral 
bath. The effect on SCC of various sugars was com- 
pared by the concentrations required for half-ma- 
ximal SCC: 0.13mM /~-methyl-D-glucoside, 0.28ram 
D-glucose, 0.65 mM c~-methyl-D-glucoside, 0.77 mM 6- 
deoxy-D-glucose, 4.8 mM D-galactose, and 29 mM 3-0- 
methyl-glucose. When [Na] was reduced, the con- 
centration of D-glucose required for half-maximal 
SCC increased. Isotopically labeled 3H and 14C D- 
glucose were used to simultaneously determine bidi- 
rectional fluxes; a resultant net apical-to-basolateral 
transport was present and abolished by phlorizin. 
The transported isotope cochromatographed with la- 
beled D-glucose, indicating negligible metabolism of 
transported glucose. The pig kidney cell line, LLC- 
PK~, provides a cell culture model for the investi- 
gation of mechanisms of transepithelial glucose trans- 
port. 

Key words: Hexoses, short-circuit current, transepi- 
thelial transport, phlorizin, sodium dependent. 

The advantages of the cell-culture system for study- 
ing epithelial transport depend on the question under 
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investigation. In cell culture, reconstituted epithelial 
tissue potentially provides an experimental system of 
ultimate simplicity. Even epithelial cells from organs 
of complex architecture, i.e., kidney (Leighton et al., 
1969; Hull, Cherry & Weaver, 1976), liver (Owens, 
Smith & Hacket, 1974) or mammary gland (Owens et 
al., 1974; Bisbee, Machen & Bern, 1979) are reduced 
to a single cell layer that forms a transporting epi- 
thelial tissue. Epithelial function studied by culturing 
cells on a supportive porous membrane allows access 
and separate bathing of either side of the cell layer 
(Misfeldt, Hamamoto & Pitelka, 1976; Cereijido et 
al., 1978). The heterogeneity of cell types can be 
reduced to the extent possible by cloning from cell 
lines and the culture conditions chemically defined 
(Taub et al., 1979) and thus controlled. Also, the 
continuous growth of cell lines in culture allows 
collection of whatever amount of tissue is necessary. 

As a first step toward utilizing the advantages of 
cell culture for the understanding of epithelial trans- 
port function, we have identified in a pig kidney cell 
line, LLC-PK1, net transepithelial D-glucose trans- 
port and have characterized the similarity of this 
system to kidney proximal tubule and intestinal epi- 
thelia. Independently, others have reported for LLC- 
PK 1 Na-dependent cellular concentration of ~- 
methyl-D-glucoside which was inhibited by phlorizin 
(Mullin, Diamond & Kleinzeller, 1979; Rabito & 
Ausiello, 1980). 

Materials and Methods 

Cell-Filter Preparation 

Pig kidney cell line LLC-PK 1 was obtained from the American 
Type Tissue Collection (Rockville, Maryland) and grown on col- 
lagen-coated Millipore filters (0.45 lam, type HAMK, 25 mm). Fil- 
ters were prepared by soaking in a 0.5 % rat tail collagen solution 
(acetic acid/water, 1:1000) and exposed to ammonia vapor for 
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30 min. This was followed by fixation in 3 ~ glutaraldehyde for 
60 min, thorough wash in tap water, and sterilization by placing in 
70~  ethanol for 12h. Before use, filters were soaked in sterile 
phosphate buffered saline and tacked to the bottom of the culture 
dish with a soldering pencil. Freshly trypsinized LLC-PK 1 cells 
were plated onto the filters and grown in Minimal Essential 
Medium (GIBCO) supplemented with 10G porcine serum, 
10 txg/ml gentamycin and 5 Ixg/ml insulin. Cultures were kept in a 
37 ~ incubator gassed with 5 G CO 2 and 95 ~o air and were ready 
for use in about one week. 

Electron Microscopy 

Preparation for transmission electron microscopy was as described 
(Pickett et ai., 1975). 

Experimental Chamber 

All electrical and flux measurements were carried out in an Ussing 
chamber. The filter preparation was carefully removed from the 
culture dish and placed between halves of the chamber, sand- 
wiched between two silicone washers. The exposed filter area was 
2.54 cm 2. Each chamber half contained a well to accommodate a 
small magnetic stir bar; the fluid volume was 8ml per side. 
Platinum-irridium wire was used to pass current through the 
chamber and potential difference measurements (PD) were made 
with a pair of Ag-AgCI electrodes contained in a microelectrode 
holder (W.P. Instruments). A 5-cm length of polyethylene tubing 
(PE50) filled with 3 M KC1 in 3 % agar was placed within 2 mm of 
the filter surface. Both current passing and potential measuring 
bridges were input to an automatic voltage clamp (D. Lee Instru- 
ments, Sunnyvale, Calif.). The output from the clamp was fed into 
a two-channel Varian recorder (G2000). In the voltage-clamp 
mode, the tissue is continuously short circuited except for a 3-sec 
period each minute to measure open-circuit voltage. Tissue re- 
sistance was calculated from Ohm's law. The Ussing chamber was 
immersed in a 37 ~ water bath which sits atop a magnetic stirrer. 
Solution in the chamber was changed by a Harvard infusion pump 
and the filter preparation maintained under solution with no 
hydrostatic pressure difference between chamber halves. Electric 
measurements were stable over several hours, although fiequent 
solution changes were associated with a gradual decrease in re- 
sistance. 

Short-Circuit Current vs. [Sugar] 

Sugar and other compounds were tested for their ability to stimu- 
late short-circuit current (SCC) by the addition of aliquots from a 
50-mM solution. An Eadie-Hofstee plot of SCC vs. SCC/[sugar] 
allowed calculation of an assumed relative affinity of the nonelec- 
trolyte to the carrier mechanism and an apparent maximal SCC 
stimulation. In this type of analysis, the slope of the graph is given 
as - K,  and the y intercept is SCCma X, The effect of an osmotically 
induced streaming potential due to solute addition was disregarded 
as up to a 50-ram mannitoi gradient was associated with <0.2 mV 
change in potential. 

Transepithelial Sugar Fluxes 

Simultaneous bidirectional sugar fluxes using ~4C and 3H forms of 
glucose (New England Nuclear) measured the amount of net 
glucose movement (usually 1 gCi 1'C glucose to the apical so- 
lution, 10gCi 3H glucose to basolateral). Fifty Ixl bath samples 
were taken every 15 rain, beginning after a 3-min isotope equilib- 
ration period. Samples were counted in a dual channel scintillation 
counter (Beckman LS100), along with a ~4C-glucose sample to 

correct for ~4C counts counted by the 3H channel. Unidirectional 
fluxes were calculated according to the equation: 

FLUX 12 - -  cpm,2 - cpmt z 
X 

where the flux from compartment 1 to 2 is equal to the difference 
in count rate between successive 15-rain samples in compartment 2 
divided by X, the specific activity of sugar (cpm/l~mol) of compart- 
ment 1. Following corrections for time and surface area, results are 
expressed as ~mol h - t  c m z .  Net flux is the difference between 
apical and basolateral unidirectional fluxes. 

Glucose as a Tracer 

The question of whether glucose can be used as a transepithelial 
tracer without appreciable loss of label or metabolism was checked 
in the following manner. A unidirectional 14C glucose apical-to- 
basolateral flux experiment was run for 60 min, and samples from 
both the apical and basolateral compartments placed on a silica 
gel thin layer plate and eluted in an ascending chromatography 
tank with (50:32:18, butanol/ethanol/water). After drying, the 
plate was placed against X-ray film and exposed for several weeks. 
The position of the resulting spots was compared to a ~4C D-glucose 
control. 

Solutions 

Hanks' salt solution (HSS), pH 7.2, used in most of the experiments 
had the following composition (mM): 
NaC1, 140.0; NaHCO 3 4.2; MgC12, 0.5; 
Na2HPO 4 0.36; HEPES 10.0; KC1 5.4; 
CaCI 2 1.3; KHzPO 4 0.44; Glucose 5.5. 

For testing other sugars, glucose was left out of the for- 
mulation. Na-free HSS was made with either choline or Tris. 
Adjustments in pH were made with NaOH with the respective K 
salts replacing those of Na when necessary. 

Chemicals 

All sugars and phlorizin were obtained fi'om Sigma Chemical 
Company. 

Results 

A. Morphology 

W h e n  L L C - P K  1 cells  a re  c u l t u r e d  o n  a c o l l a g e n -  

c o a t e d  M i l l i p o r e  f i l t e r  ( M F ) ,  s e c t i o n s  fo r  t r a n s -  

m i s s i o n  e l e c t r o n  m i c r o s c o p y  p e r p e n d i c u l a r  to  t he  

e p i t h e l i a l  s h e e t  d e m o n s t r a t e d  w e l l - d e f i n e d  m i c r o v i l l i  

( M V )  l o c a l i z e d  to t he  a p i c a l  ( b r u s h  b o r d e r )  su r f ace  

e x t e n d i n g  i n t o  t h e  m e d i u m  (Fig.  1). C i r c u m f e r e n t i a l  

t i g h t  j u n c t i o n  (Tj)  c o m p l e x e s  j o i n  a d j a c e n t  cel ls  i n t o  a 

c o n t i n u o u s  s h e e t  a n d  t h e  cells  f o r m  a m o n o t a y e r  

r e s t i n g  o n  t h e  c o l l a g e n - c o a t e d  M i l l i p o r e  filter.  F r o m  

o u r  i n v e s t i g a t i o n s ,  i t  is n o t  p o s s i b l e  to  c o m m e n t  o n  

t he  a s y m m e t r y  o f  i n t r a c e l l u l a r  o r g a n e l l e s .  

B. Electrical Properties 

A t r a n s e p i t h e l i a l  p o t e n t i a l  d i f f e r ence  ( P D )  a n d  s h o r t -  

c i r cu i t  c u r r e n t  (SCC)  were  ef fec ted  b y  t h e  cell  l aye r  
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Fig. 1. Transmission electron micrograph of kidney cell layer sectioned perpendicular to plane of the sheet of cells. The cellular monolayer 
rests on a film of rat tail collagen which was applied to the methyl cellulose membrane filter (MF). Microvilli (MV) extend from the apical 
cell surface into the medium and a juxta-apical tight junction (7]) joins adjacent cells. Bar equals i gM 

Table l. Basic transep~thelial e]ectrical properties of LLC-PK~ 
monolayer 

Potential difference (mV) 
Short-circuit current (~tA cm a) 
Resistance (ohm- cm;) 

-2 .7+ 0.16 (32) a 
13.0+ 0.7 (32) 

211.0_+13.0 (44) 

a ~+ SEM(n) measured at 37 ~ in HSS (contains 5.5 m~ glucose). 

when placed in an Ussing chamber  with identical 
Hanks '  salt solution (HSS) on either side (Table 1). 
Collagen coated Mill ipore filters without  cells and 
multi layered mouse  fibroblasts show minimal resis- 
tance (6 o h m .  cm 2) and no observable P D  or SCC. 

In the absence of  D-glucose, a minimal SCC of 
1.21aA cm -2  was prompt ly  increased an order of 
magni tude  on the addit ion of D-glucose to the apical 
ba th  (Fig. 2). Added  D-glucose caused the PD to 
increase from - 0.46 mV +_ 0.06 (11) to - 2.7 _+ 0.16 (32) 
with no significant decrease in resistance. Apical ad- 
dition of  phlorizin (2.5 x 10-5 M) resulted in a p rompt  
85 ~o reduct ion in SCC. 

Progressive amounts  of  D-glucose resulted in a 
saturable SCC and P D  response (Fig. 3). Sugars 
which stimulate SCC were analyzed by an Eadie- 
Hofstee plot of  SCC vs. SCC/[sugar ]  (Fig. 4). This 
allowed determinat ion of  the sugar concentra t ion 
required for half-maximal st imulat ion of  SCC (K+) 
and gave a value for compar ing  the relative affinity of 

6 min. 

2.5xt0 -5 Phlorizin 

1.25mM Glucose ~' 

f 

Fig. 2. The effect of D-glucose and phlorizin on SCC when added to 
a D-glucose-free bathing medium. The cell sheet has been placed in 
an Ussing chamber at 37 ~ the voltage clamped to zero, and SCC 
measured 

sugars to the t ransport  mechanism (Table2). The 
calculated SCCma x for D-galactose, c~-methyl-D-gluco- 
side, and 3-O-methyl-D-glucose was not  statistically 
different from D-glucose a l though for /3-methyl-I)- 
glucoside and 6-deoxy-I)-glucose the SCCma • was sig- 
nificantly less. Other  sugars and compounds  with 
reported Na-dependent  t ranspor t  were evaluated by 
addit ion to glucose-free HSS at concentrat ions of 1- 
2 mM for their ability to stimulate SCC and none was 
detected (Table 3). 
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Fig. 3. Increasing amounts of D-glucose in the apical bath stimu- 
lates SCC and transepithelial PD in a saturable fashion. The cell 
layer was placed in an Ussing chamber, and an automatic voltage 
clamp allowed continuous recording of SCC (lower trac/ng) except 
for a 3-sec period each minute when the open-circuit voltage is 
measured (upper tracing) 

Effect of Sodium on D-glucose Dependent SCC 

Reduction of the sodium concentration by substi- 
tution with Tris from 140 to 70 mM resulted in a 70 % 
increase in the amount of D-glucose for half-maximal 
SCC, but no significant change in maximal SCC. 
However, further reduction to 20 mM Na produced a 
4.3-fold increase in K~ and was associated with a 
30 % reduction in maximal SCC (Table 4). Thus over 
the range of Na concentrations chosen, the effect of 
decreased Na on K s is more pronounced than on 
maximal SCC. 

Transepithelial Flux of Isotopically Labeled D-Glucose 

The validity of isotopically labeled D-glucose requires 
that the label remain intact and unmodified by meta- 
bolism. The flux of 14C and 3 H  labeled D-glucose was 
simultaneously measured during the apical-to-basola- 
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Fig. 4. An Eadie-Hofstee plot of a typical experiment analyzing the 
effect of sugar concentration on SCC for D-glucose and c~-methyi- 
n-glucoside. The slope and intercept were determined by linear 
regression 

Table 2. Concentration of sugars to stimuIate SCC ability 

K,  (raM) VSmSC~(.aA cm-  z) 

fl-methyl-D-glucoside 0.131+-0.01 (7) b 4,9+-1.1 (7) b 
D-glucose 0.284--+0.03 (17) 11.7+_1.9 (17) 
c~-methyl-D-glucoside 0.653+_0.04 (7) b 8.4+-2.1 (7) a 
6-deoxy-D-glucose 0.772__0.08 (8) b 2.3-+0.14 (8) b 
D-galactose 4.76 +-1.4 (4) b 15.1_+3.8 (4) ~ 
3-O-methyl-D-glucoside 29.5 _+3.0 (4) b 17.1_+6.4 (4)" 

Paired t-test to D-glucose, 
P > 0.05, 

b P<0.05.  

Table3. Compounds unable to stimulate 
SCC 

L-glucose Sucrose 
D-xylose L-alanine 
D-fructose L-prolinc 
2-deoxy-D-glucose Citrate 
Myoinositol Succinate 
c~-aminoisobutyrate D-mannose 

Table4, Effect of sodium concentration on D-glucose-dependent 
SCC 

Vm~ax (hA cm-;) Na (raM) K~_ (mM) scc 

140 0.30+--0.02 (12) 13.8_+ 1.2 (12) 
70 0.5i+0.05 (6) a 12,8• (6) 
20 1.30--+0.25 (6) a 9,7+-1.4 (6)' 

x_+ SEM(n). 
a Paired t-test P<0 .05  compared to 140raM Na. 
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Table 5. Simultaneous 3H + 14C glucose api- 
cal to basolateral flux 

Period aH 14C 

1 0.050 a 0.057 
2 0.116 0.109 
3 0.061 0.066 

a ~tmol cm-2 h I 

Table6. ~ C +  3H bidirectional simultaneous D-glucose flux 
(gmolcm 2 h  1) 

Direction Control Phlorizin 

JAMB1 0.259_+0.02 (10) 0.130+0.02 (4) 
JBI~A 0.150_+0.03 (10) 0.133_+0.04 (4) 

ff+SEM(n) at 37~ in HSS (contains 5.5 mm glucose). 

teral transport (Table5). The equivalent transport 
rates over sequential 15-min periods suggest no sig- 
nificant metabolism of the labeled glucose and that 
the labeled molecules have not followed separate 
metabolic paths. Autoradiographic analysis of chro- 
matographed ~4C-labeled D-glucose before and after 
apical-to-basolateral transport gave identical elution 
patterns without detectable migration of labeled 
compounds other than D-glucose. Net apical-to-baso- 
lateral D-glucose flux was 0.1 gmol c m  - 2  h ~ by 
simultaneous bidirectional fluxes of ~4C and 3H la- 
beled D-glucose. Phlorizin (10 5 M) added to the api- 
cal bath eliminated the net transport by reducing the 
apical-to-basolateral flux to that of basolateral-to- 
apical (Table 6). 

Discussion 

Transepithelial D-glucose transport by the pig kidney 
cell line LLC-PK 1 provides a model for D-glucose 
transport by the proximal nephron or small intestine. 
The epithelial monolayer is able to effect net D- 
glucose transport that is sodium dependent and phlo- 
rizin inhibited with an associated and saturable SCC 
as D-glucose concentration is increased. D-glucose 
analogs stimulate SCC with a similar hierarchy of 
effectiveness as observed in small intestine (Crane, 
1960; Barry, Smyth & Wright, 1965) and rat proximal 
tubule (Ullrich, Rumrich & Kloss, 1974). The struc- 
tural requirements of glucose analogs capable of 
stimulating SCC across the LLC-PK1 cell lines is 
also the same pattern associated with cellular de- 
polarization (Fromter, 1979) and steady-state con- 
centration differences (Ullrich et al., 1974) across rat 
proximal tubule. In each case, the configuration re- 
quirement for D-glucopyranosides and the D-glucose 
equatorial position of C2 OH group was absolute 

with less stringent requirements for the OH at C6 or 
the ~ or/? plane of a methyl group at C1. 

The saturable response of SCC to increasing 
sugar concentrations allows estimation of the as- 
sumed glucose carrier affinity by the concentration 
required for half-maximal SCC (K~). Our determi- 
nation of K~for D-glucose of 0.28 mM is comparable 
to 0.2 mM for the high affinity site in dog kidney 
brush border vesicles (Turner & Silverman, 1978), 
0.125-0.135 mM for rabbit proximal tubule brush bor- 
der membrane in reconstituted liposomes (Fairclough 
et al., 1979) and 1.0mM from the relation to mem- 
brane potential in rat proximal tubule (Fromter, 
1979). The SCC maximum for D-glucose, ~-methyl-D- 
glucoside, 3-O-methyl-D-glucose and D-galactose was 
not significantly different despite the 100-fold range 
in K_~; however, the SCC maximum for 6-deoxy-D- 
glucose and /%methyt-O-glucoside were significantly 
less. 

In the mammalian ileum (Schultz & Zalusky, 
1964; Barry et al., 1965), glucose-dependent Na flux 
was directly measured and equivalent to SCC. Effect 
of D-glucose on transepithelial SCC determinations 
and solute transport have not been performed on 
renal tissues; however, Burg et al. (1976) described 
increased proximal tubule fluid and presumably Na 
absorption when D-glucose was added to the per- 
fusate. Our studies (to be published) also demonstrate 
an equivalence between net Na transport and SCC. 

The effect of reduced sodium on D-glucose-stimu- 
lated SCC was to decrease the assumed affinity to the 
carrier with an increase in the concentration of D- 
glucose required for half-maximal SCC (Table4). 
Other reports describe a direct relationship between 
the concentration of Na and the affinity of phlorizin 
and D-glucose binding to isolated renal apical mem- 
branes (Frasch et al., 1970; Chesney, Sacktor & 
Kleinzeller, 1974). Although apical membrane bind- 
ing may be the limiting step, our experiments do not 
address the site or primary effect of Na for D-glucose- 
stimulated SCC. 

In addition to those sugars not activity transport- 
ed (Ullrich et al., 1974), amino acids associated with 
Na-dependent apical membrane depolarization 
(Fromter, 1979) or tricarboxylic acid cycle inter- 
mediates which show Na-dependent apical vesicle 
accumulation (Kippen et al., 1979) were not able to 
stimulate SCC (Table 4). Studies of depolarization of 
rat proximal tubule apical membrane by Samarzija 
and Fromter (summarized by Ullrich, 1979) suggested 
interaction among Na-dependent sugar and amino 
acid transport systems without delineation of the 
mechanism responsible. Whether a single cell type 
transports a single Na-dependent solute and LLC- 
PK 1 represents a clone dedicated to sugar transport 
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or whether there has been a loss of other transport 
systems during cell culture is not possible to discern. 

The transported D-glucose is not detectably meta- 
bolized by the LLC-PK 1 as evidenced by the identi- 
cal elution pattern of labeled D-glucose before and 
after transport. Isotopicatly labeled ~4C glucose in- 
troduced in the renal artery was recovered intact 
from the renal vein with no nonvolatile radioactivity 
other than glucose and 0.06 ~o as 1r (Chinard et 
al., 1959). Minimal decrease in glucose recovery was 
demonstrated during glucose transport studies on 
isolated perfused rabbi t  proximal tubule (Tune & 
Burg, 1971). Not only is there no evidence for glucose 
metabolism as a consequence of proximal tubule 
transport, there is little evidence for renal glucose 
metabolism at all (Cohen & Barac-Nieto, 1973). 

D-glucose transport by the LLC-PK I cells has 
several features that fulfill criteria as an ideal system 
for detailed study of the mechanism of transepithelial 
solute transport. LLC-PK~ is a homogeneous popu- 
lation of epithelial cells that form a functional epi- 
thelial tissue, a simple monolayer sheet devoid of 
other cellular elements. The transported solute is 
biologically important, yet investigation of its fate 
not complicated by interaction with cellular meta- 
bolism. Net transport is distinguishable from bidirec- 
tional flux and is electrogenic. The cell culture system 
provides an additional unique advantage, that of the 
genetic approach to biochemical mechanisms. This 
kidney cell line can be cloned from a single cell which 
allows for the potential to select populations of 
unique mutants for D-glucose transport (Puck, 1972). 

The research was supported in part by the Cobb Foundation, 
Dufrense Foundation, the Veterans Administration and Grant No. 
5 T32 CA09287 awarded by the National Cancer Institute, Depart- 
ment of Health, Education and Welfare. 
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