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Abstract 

Primary cultures of isolated rabbit renal proximal cells were grown on collagen-coated permeable supports. The confluent 
epithelia were polarized, making possible the measurement of uptakes and effluxes across the apical and the basolateral 
membranes. Uptakes of 65Zn w e r e  assessed under initial rate conditions, after 0.5 min incubation. The kinetic parameters of 
apical uptake were a Jma~ of 25.1 + 5.3 pmol min -1 (/~g DNA) -1, a K m of 43.3 + 7.3 /~M and an unsaturable constant of 
0.105 + 0.029 (n = 7) at 37°C. Cadmium competitively inhibited the zinc uptake, with a K i value of 24.5 + 7.3/~M. Basolateral 
uptake was characterized by a high capacity (Jma~ = 227.9 + 46.6 pmol min-1 (~g DNA)-1) and an affinity similar to that of the 
apical uptake ( K  m = 35.4 + 14.2 /zM). Cadmium had no effect on the basolateral zinc uptake. Effluxes across the basolateral 
face of the epithelium always exceeded those across the apical face. Excess zinc in the culture medium induced the synthesis of 
metallothionein in the epithelia, as judged by the rate of [35S]cysteine incorporation into a fraction of cytosolic proteins. 
Metallothionein induction did not appear to modify the kinetic parameters of the apical zinc uptake. These data suggest that 
separate saturable transport systems are responsible for the apical and basolateral zinc uptakes in proximal renal cells. Induction 
of metallothionein had no apparent effect on apical zinc uptake in this system. 
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1. Introduction 

Zinc is the most abundant trace element in the 
body, and its importance as a nutrient is widely estab- 
lished [1]. Although the renal handling of zinc seems to 
differ markedly from that of other divalent cations [2], 
its transport mechanisms along the renal tubule are 
poorly characterized. Using isolated renal proximal 
ceils, we previously showed that zinc was transported 
either as a free ion via a saturable carrier-mediated 
process and an unsaturable pathway, or complexed 
with cysteine or histidine, via a sodium-amino acid 
cotransport mechanism [3]. However, with this tech- 

nique, all surfaces (brush-border and basolateral mem- 
branes) of the isolated cell were exposed to the sub- 
strate and it was therefore impossible to determine the 
site at which zinc uptake actually occurred. The simple 
geometry and free access to the apical and basolateral 
membranes of cultured monolayers are experimental 
conditions particularly suited to polarized membrane 
transport measurements. In this study, using a previ- 
ously well-described model of primary culture of rabbit 
kidney proximal cells [4], we undertook to characterize 
apical and basolateral zinc transports. The induction of 
metallothionein and its relation to membrane transport 
was also studied. 
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2. Materials and methods 

A n i m a l s .  Young male New-Zealand white rabbits 
(body wt., 600-800 g) were used for the experiments. 
All animals were fed a standard diet and had free 
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access to tap water. For cell preparations, kidneys were 
removed under sterile conditions from animals killed 
with 150 mg pentobarbital sodium and 1250 U heparin 
(Roussel, France) injected through the vein of the ear. 

Primary cultures from sterile isolated proximal cells. 
Isolated proximal cells were prepared as previously 
described by Poujeol et al. [5], all steps being per- 
formed under sterile conditions. Briefly, kidneys were 
perfused with a medium composed of equal quantities 
of Dulbecco's modified Eagle medium (DMEM) and 
Ham F12 (Eurobio, Paris, France) containing 15 mM 
NaHCO 3, 20 mM Hepes (pH 7.5), 100 U/ml  penicillin 
and 100/zg/ml streptomycin. Slices of the superficial 
cortex were then passed through a tissue press and 
successively filtered through 100-, 40- and 20-/zm nylon 
meshes. Finally, cells were placed in a hormonally-de- 
fined culture medium composed of DMEM, Ham F12, 
15 mM NaHCO3, 20 mM Hepes, 100 U/ml  penicillin, 
100 /zg/ml streptomycin, 2 mM glutamine, 5 /xg/ml 
insulin, 50 nM dexamethasone, 10 ng/ml epidermal 
growth factor, 5 /xg/ml transferrin, 30 nM sodium 
selenite and 10 nM triiodothyronine. 

The total number of cells was estimated by micro- 
scopic observation of 20 /zl of cell suspension diluted 
in 0.5% eosin solution. A final concentration of 20- 106 
cells/ml was usually obtained. Isolated cells were then 
seeded in collagen-coated culture wells containing 0.5 
ml of culture medium (MilliceU-HA 12 mm diameter, 
Millipore, Bedford, MA, USA) or 75 cm 2 culture flasks 
(Falcon, Becton Dickinson, UK) at a concentration of 
1.106 cells/cm 2. The wells were placed in a 12-well 
culture dish (Costar, Cambridge, MA, USA) containing 
1.5 ml of culture medium, thus representing the baso- 
lateral compartment. The medium was changed 3 days 
after seeding and then every other day. The antibiotics 
were definitively removed from the medium at the first 
change. Cultures were maintained at 37°C in a 5% 
CO2-water-saturated atmosphere. Eight days after 
seeding, cultures reached confluency. Eight-day old 
cultures were used for experiments. 

65Zn uptake studies. In experiments on the tempera- 
ture-dependence of the rate of uptake, cultures were 
preincubated for 15 min at the desired temperatures 
under air, in a shaking water bath at 60 oscilla- 
tions/min. The incubation medium consisted of Hank's 
balanced salt solution (Eurobio, Paris, France) buffered 
with 20 mM Hepes (pH 7.4). The wells were rinsed 
three times with unlabelled medium, and apical up- 
takes were initiated by addition of 200 /zl incubation 
medium inside the 12 mm diameter well and were 
terminated at the indicated times (or at 0.5 min for 
initial velocity measurements) by aspirating the medium 
then plunging and rinsing the well three times in 
ice-cold phosphate-buffered saline with 5 mM EGTA. 
The EGTA prevented further zinc uptake by chelating 
the free zinc in solution and reduced the amount of 

metal loosely or unspecifically bound to cell surfaces 
[6]. Basolateral uptakes were initiated by placing the 
well containing 200/zl apical unlabelled medium in a 
12-well culture dish with 1.2 ml incubation medium per 
well and terminated as for apical uptake measure- 
ments. 

All experiments were carried out in triplicate. The 
radioactivity was determined by scintillation counting 
(Minaxi, Packard Instrument Company, Downer Grove, 
IL, USA) after dissolving the cultured cells in 500 /zl 
2% SDS. 

65Zn efflux studies. Cultures were loaded with 65Zn 
for 4 h at room temperature in Hank's balanced salt 
solution with 20 mM Hepes at pH 7.4, under a continu- 
ous air stream. After rinsing the wells in unlabelled 
medium to remove isotope from the extracellular space, 
apical and basolateral 65Zn effluxes were measured 
simultaneously. Every 2 min, the totality of the medium 
(0.2 apical ml and 1.2 basolateral ml) was collected 
directly from the apical and basolateral sides of the 
culture well and replaced by fresh medium. The re- 
maining radioactivity in the cultured cells at the end of 
the experiment was determined by scintillation count- 
ing after dissolving the epithelium in 500 ml 2% SDS. 

DNA determination. DNA was measured by a modi- 
fication of the fluorimetric micromethod of Switzer 
and Summer [7]. 

Transport data analyses. For uptake studies, kinetic 
parameters were determined by a simplex iterative 
method, using a PC/XT-like desk computer and a 
curve-fitting program (Enzfitter, Elsevier Biosoft, Cam- 
bridge, UK). For apical and basolateral zinc uptakes, 
the best adapted model was one involving a single 
carrier with a so-called 'diffusive' component according 
to the equation: 

Jmax" [S] 
J =  g m+ IS] + gd" IS] 

where Jm~ is the maximum rate of uptake expressed in 
pmol min -1 (/zg DNA) -I, [S] the concentration of 
zinc, K m the apparent dissociation constant in /~M 
and K a a 'diffusional constant'. For metal competition 
experiments, the inhibition constant (K i) was calcu- 
lated by the method of Neame and Richard [8], accord- 
ing to the equation: 

K m • [i] 
g i = _ _  Ka-K m 

where K m is the value obtained in the absence of 
inhibitor, K a the apparent K m in the presence of 
inhibitor and [i] the concentration of inhibitor. 

For efflux studies, the apical and basolateral efflux 
rate constants (i.e., the fraction of the total radioactiv- 
ity lost per unit time) were calculated from the backad- 
dition of the radioactivity in the efflux samples to the 
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radioactivity remaining in the cells, according to the 
Eqs. (1) and (2): 

(Ca), 
(ka)t t + l  " ( l / T )  

Cep + ~ [ ( (Ca) /+ (Cb)i] + 1/2[(Ca)t  + (Cb)t] 
i = t f  

(1) 

(l /T) 
(Cb)t 

(kb)t = t+1 

Cep + ~ [((Ca)/+ (Cb)i] + I/2[(Ca) , + (Cb)t] 
i=tf 

(2)  

where ( k a )  t and (kb) t are the apical and basolateral 
efflux rate constants at time t, and (Ca) t and (Cb)t are 
the radioactivities lost from the apical and basolateral 
sides at time t and during the period T, respectively. 
Cep is the radioactivity remaining in the epithelium at 
the end of the measurements, and tf corresponds to 
the final time of the experiment. 

Values reported in the text and figures are means + 
S.E. Student's t-test was used for statistical analysis. 

Determination of metallothionein in renal proximal 
cells. The cultured cells were trypsinized and resus- 
pended in a minimal volume of buffer containing 10 
mM Tris, 1 mM dithiothreitol and 0.1 mM phenyl- 
methyl-sulfonyl fluoride (pH 7.4). They were disrupted 
by freezing and thawing in liquid nitrogen. Samples for 
metallothionein determination were prepared by cen- 
trifugation of the homogenate at 12 000 × g for 3 min 
followed by heat denaturation of the supernatant at 
95°C for 4 min. The heat denaturated proteins were 
removed by centrifugation at 12000×g for 3 min. 
Protein content was determined in the heat stable 
fraction according to the Bradford method (Bio-Rad 
protein assay, Bio-Rad laboratories, Munich, Ger- 
many). After adjustment for protein concentration, the 
supernatant was analyzed by fast protein liquid chro- 
matography (FPLC, Pharmacia, USA) equipped with a 
gel filtration column (Superose 12). After injecting 
samples (15/zg protein), the column was washed with 
200 mM Tris-HC1 (pH 7.4) at a flow rate of 0.4 ml/min, 
and 1-ml fractions were collected of which 500-/~1 
aliquots were taken for scintillation counting. The ab- 
sorbance at 280 nm was monitored. In another set of 
experiments, samples were analyzed by FPLC ion-ex- 
change chromatography (Mono Q HR 5/5  column). 
The mobile phases were 10 mM Tris-HCl, 0.1% SDS 
(pH 7.4, buffer A), and 200 mM Tris-HC1, 0.1% SDS 
(pH 7.4, buffer B). After isocratic elution with 5 ml of 
buffer A, bound materials were eluted with a linear 
gradient of 20 ml of 10-200 mM Tris-HCl (0-100% 
buffer B). The flow rate was 1 ml/min and 1-ml 
fractions were collected. The absorbance at 280 nm 
was measured, and aliquots of 500 /zl were taken for 
scintillation counting. The metallothionein-containing 

fractions were identified by elution of purified rabbit 
liver metallothionein (Sigma Chimie, France). 

Two methods were employed to identify cellular 
metallothionein in the cultured monolayers. In the first 
the basal level of metallothionein was determined by 
incubating the heat stable fraction of the cytosolic 
proteins with l°9Cd. The labelled supernatant was ana- 
lyzed by FPLC as described above. In a second set of 
experiments, the neosynthesis of metallothionein was 
assessed by the incorporation of [35S]cysteine in the 
epithelia. At day 7 in culture, the medium in the flasks 
was replaced with complete medium containing [35S]cy- 
steine (2/zCi/ml).  The following morning, after about 
20 h of incubation, the heat stable fraction of the 
cytosolic proteins was eluted as described. In both sets 
of experiments, cellular metallothionein was deter- 
mined under control conditions and after overnight 
incubation with 50 /~M zinc in the culture medium. 
The concentration of zinc in the normal medium was 
1.5/zM. 

Chemicals. 65Zn (as ZnC12), l°9Cd (as CdCI 2) and 
[35S]cysteine were obtained from Amersham France 
(Les Ulis, France). All other chemicals were obtained 
from standard sources. 

3. Results 

3.1. Apical 65Zn uptake 

The apical uptakes of 15/zM zinc by cultured proxi- 
mal cells incubated for different lengths of time at 4°C 
and 37°C are illustrated in Fig. 1. Zinc uptake showed 
a marked temperature dependence, particularly at in- 
cubation periods longer than 2 min. Subsequent experi- 
ments were performed at 37°C, and the uptake of zinc 
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Fig. 1. Time and temperature dependences of apical 65Zn uptake. 
Cell cultures were equilibrated for 15 rain at the indicated tempera- 
tures. 65Zn (15 ~M) equilibrated at the corresponding temperature 
was added on the apical side of the monolayer, and uptakes were 
terminated at the indicated times. Each point is the mean ( + S.E.) of 
three experiments. 
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Fig. 2. Concentration-dependence of apical 65Zn uptake. Cultured 
cells were incubated for 0.5 min at 37°C and increasing apical 
external Zn ([Zn]~) concentrations. The unsaturable component 
( . . . . . .  ) was subtracted from the total uptake (o)  to obtain the 
carrier-mediated transport (e). Each point represents the mean 
(+ S.E.) of triplicate samples from seven different experiments. 
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Fig. 4. Time and temperature dependences of basolateral 65Zn 
uptake. Cell cultures were equilibrated for 15 rain at the indicated 
temperatures. Wells were placed in dishes containing 65Zn (15/zM) 
equilibrated at the corresponding temperature, representing the ba- 
solaterai compartment. Basolateral uptakes were terminated at the 
indicated times. Each point is the mean (+ S.E.) of at least three 
experiments. 
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Fig. 3. Effect of cadmium on the kinetics of apical 65Zn uptake. 
Cultured renal cells were incubated at 37°C and various apical 
external Zn ([Zn] e) concentrations in the presence (e) or absence (0) 
of 30 /xM CdCIa, and initial (0.5 min) velocities of 6SZn apical 
uptake determined. Each point is the mean (+ S.E.) of three experi- 
ments. (A) Rate of apical uptake as a function of [Zn] e. (B) Eadie- 
Hofstee linearization of data shown in (A), obtained by plotting 
apical Zn uptake against apical Zn uptake/[Zn] e. 

2 5 0  

200  
T 

1 5 0  

100 

~ so 

g 
~ o 0 I I i 

5 1 O0 150 200  

[zn], Oat) 

Fig. 5. Effect of cadmium on the kinetics of basolateral 65Zn uptake. 
Cultured renal cells were incubated at 37°C and various basolateral 
external Zn ([Zn]~) concentrations in the presence (e) or absence (0) 
of 30/zM CdCI2, and initial (0.5 min) velocities of basolateral 65Zn 
uptake determined. Each point is the mean (+ S.E.) of three experi- 
ments. 
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Fig. 6. 65Zn effluxes from cultured renal cells. After loading with 
65Zn for 4 h at room temperature, apical (0) and basolateral ([3) 
efflux rate constants were measured simultaneously at the indicated 
times. Each point is the mean (+ S.E.) of three experiments. 



B. Gachot et al. / Biochimica et Biophysica Acta 1191 (1994) 291-298 295 

after 0.5 min was chosen to represent the initial rate of 
entry. 

The relationship between zinc uptake and increas- 
ing extraceUular zinc concentration after 0.5-min incu- 
bation is shown in Fig. 2. The non-saturable compo- 
nent varied from one cell culture preparation to an- 
other. After subtracting these values from the total 
uptake values, initial rates of zinc accumulation can be 
seen to reach saturation within the 100-200/zM range. 
The kinetic parameters of apical zinc uptake obtained 
from these data are Jma~ 25.1 + 5.3 pmol min -~ (/zg 
DNA) -1, K m 43.3 + 7.3 ~M and K a 0.105 + 0.029 
(n = 7) at 37°C. 

The effect of cadmium on apical 65Zn uptake is 
illustrated in Fig. 3. Analyses of the curves were made 
by plotting Zn uptake against the Zn uptake/external 

Zn ratio (Fig. 3B). Cadmium at a low concentration (30 
/zM) behaved as a competitive inhibitor of apical 65Zn 
uptake, increasing the K m from 54.3 + 8.7 ~M (con- 
trol) to 125.8 + 7.3/zM (P < 0.01). Jm~ was essentially 
unchanged, being 48.4 5- 1.9 pmol min-~ (/zg DNA)- 
under control conditions and 59.8 5- 3.5 pmol min -~ 
(/zg DNA) -1 in the presence of CdCI 2 (n.s.). The 
apparent K i of cadmium was found to be 24.5 5- 7.3 
mM (n = 3). 

3.2. Basolateral 65Zn uptake 

Fig. 4 shows the basolateral uptakes of 15/xM zinc 
by 8-day old cultured proximal cells incubated for 
different lengths of time at 4 or 37°C. The temperature 
dependence was evident even at incubation periods as 
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Fig. 7. Binding of l°gCd by cytosolic proteins of proximal cells in culture• The heat stable fraction of the cytosolic proteins was incubated with 
I°gCd and analyzed by fast liquid chromatography. Absorbance at 280 nm (solid line) and radioactivity (o,  e) in each fraction were determined. 
The experiments were performed under control conditions (e) or after overnight incubation with 50/zM zinc in the culture medium (o). MT 
indicates the site of elution of purified metallothionein. Representative experiments are shown. (A) Gel filtration chromatography. (B) 
Ion-exchange chromatography; the dotted line denotes the theoretical gradient. 
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short as 1 min. In subsequent experiments, the basolat- 
eral uptake of zinc after 0.5 min was chosen to repre- 
sent initial rate conditions. 

Fig. 5 illustrates the concentration dependence of 
basolateral zinc uptake and the effect of cadmium. 
After  subtraction of the unsaturable component,  initial 
rates of basolateral zinc uptake showed a nonlinear 
dependence on extracellular zinc concentration. Cad- 
mium at a concentration of 3 0 / z M  had no significant 
effect on this uptake. The g m was 35.4 + 14.2 /zM 
under control conditions and 43.4 + 14.5 /zM in the 
presence of cadmium (n,s.). The basolateral zinc trans- 
port system was shown to be of a high capacity, with a 
Jmax of 227.9 _+ 46.6 pmol min -1 (/xg DNA) -1 under  
control conditions, and unchanged in the presence of 
CdCI 2 (247.3 + 44.6 pmol min -1 (~g  DNA) -1, n.s.). 

3.3. 65Zn 

Isolated cultured cells grown on permeable  Milli- 
pore supports allowed for the separate measurement  of 

zinc effiuxes across the apical and basolateral mem- 
branes. Fig. 6 presents the 65Zn effiux from the mono- 
layer as a function of time. The basolateral effiux rate 
constant always exceeded the apical rate constant (n = 
3). 

3.4. Metallothionein synthesis by cultured proximal cells 

As seen in Fig. 7, significant binding of l°9Cd into 
the metallothionein peak occurred under control con- 
ditions and when the cultured cells were incubated 
overnight with 50 /zM ZnC12 in the medium. Excess 
zinc in the culture medium did not modify l°gCd bind- 
ing into the metallothionein peak. 

When metallothionein synthesis was assessed by in- 
corporation of [35S]cysteine into the monolayer, metal- 
lothionein was detected only in the presence of excess 
zinc in the medium (Fig. 8). The incorporation of 
[35S]cysteine into other proteins remained unaffected 
by the zinc concentration of the culture medium. 
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Fig. 8. Incorporation of [3SS]cystcine in cultured renal cells. After overnight incubation in medium containing [35S]cysteine with (0) or without 
(o) 50/~M zinc, the heat stable fraction of the cytosolic proteins was analyzed by fast liquid chromatography. Absorbance at 280 nm (solid line) 
and radioactivity (0, e) in each fraction were determined. MT indicates the site of elution of purified metallothionein. Representative 
experiments are shown. (A) Gel filtration chromatography. (B) Anion exchange chromatography; the dotted line denotes the theoretical gradient. 
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3.5. Effect of metallothionein induction on apical 65Zn 
uptake 

After overnight incubation with 50/zM ZnC12, api- 
cal zinc uptake assessed in initial velocity conditions 
was essentially unchanged: the K m was 35.3 + 21.9/zM 
under control conditions and 43.4 + 25.2 /zM after 
metallothionein induction (n.s.). The Jmax was 21.0 + 
6.3 pmol min -1 (/xg DNA) -1 under control conditions 
and unchanged after metallothionein induction (25.5 + 
5.8 pmol rain -1 (/zg DNA) -1, n.s., n = 3). 

4. Discussion 

In order to study apical and basolateral zinc trans- 
ports in the rabbit proximal tubule, we chose primary 
cultures of freshly isolated proximal cells. Morphologi- 
cal, enzymatic and transport characteristics of these 
cells clearly showed that they were mainly of proximal 
origin [5]. Furthermore, Le Maout et al. [4] demon- 
strated that such isolated cells in primary culture pre- 
served their proximal characteristics and recovered 
their membrane polarity when growing on collagen- 
coated permeable supports. Our results indicate that 
ionic zinc is transported into rabbit renal proximal cells 
through the apical membrane by a saturable, carrier- 
mediated process and an unsaturable pathway. The K m 

value that we determined is in good agreement with 
data obtained from isolated renal proximal ceils [3]. In 
addition, cadmium, the toxic homologue of zinc, is a 
potent competitive inhibitor of apical zinc uptake in 
cultured renal cells, suggesting that these two divalent 
cations share a common apical transport system. Few 
studies have attempted to characterize heavy metals 
transport systems in the kidney. Studying ~°gCd apical 
uptake by LLCPK1 cells, Templeton [9] did not find 
saturation kinetics in this system. However, uptakes in 
this study were measured at 4 h and thus did not 
represent initial velocities. The same applies to the 
data of Groten et al. [10] from primary cultures of rat 
renal cortical cells, since cadmium uptake was assessed 
after 22 h of incubation. Recently, Endo and Shaikh 
[11] found that cadmium uptake in primary cultures of 
rat cortical renal cells appeared to reach saturation 
with a K m of 7/zM, and showed evidence of competi- 
tive inhibition by zinc and copper. However in the two 
latter studies, neither the isolated cells nor the result- 
ing primary cultures were precisely characterized. 

In the present study, we show that basolateral zinc 
uptake in cultured renal proximal cells is temperature- 
dependent and exhibits saturation within the 50-100 
/zM range. It would seem that distinctly different zinc 
transport systems exist at the two membrane surfaces 
of renal proximal cells since the basolateral Jmax was 
about eight times that of the apical, although affinities 

of the two systems were similar. In addition, cadmium 
had no effect on basolateral zinc uptake. Our results 
are in agreement with data obtained with LLCPK1 
cells, in which the basolateral uptake of cadmium was 
about twice the apical uptake [12]. Uptake by rat 
intestinal basolateral membrane vesicles had already 
been found to be saturable with a K m of 24 /zM [13], 
although these data were not subsequently confirmed 
in Caco-2 cells, an epithelial cell line derived from 
human large intestine [14]. The present study shows 
that zinc effluxes in cultured proximal kidney cells are 
also polarized, with evidence of an increased Zn per- 
meability at the basolateral side of the epithelium. 
Taken together, these transport systems are adequate 
to explain both the proximal tubular reabsorption and 
the ionic zinc secretion, that have been found to occur 
in various experimental conditions [15,16]. 

In a second series of experiments, we investigated 
the induction of metallothionein by zinc in primary 
cultures of rabbit kidney proximal cells. A high level of 
metallothionein was found in renal proximal cells in 
culture, as revealed by l°9Cd binding of heat stable 
cytosolic proteins. This high basal level of metallo- 
thionein remained unaffected by previous incubation in 
a medium containing 50 /zM ZnC12, suggesting that 
there was either no induction or that metallothionein 
was only synthesised in undetectable amounts. To be 
detectable with this technique, induction may have 
required higher concentrations of zinc or the use of 
cadmium, as suggested by data from LLCPK1 cells 
[17]. Evidence of cytotoxicity had been demonstrated in 
vitro at zinc concentrations as low as 125 /zM [18]. 
Furthermore, using the highest non-toxic concentration 
of metal and RK-13 cells derived from rabbit kidney, 
Koizumi et al. [19] showed that induction of metallo- 
thionein synthesis by 100 /zM zinc was 2-fold higher 
than by 15 /zM cadmium. We therefore chose to em- 
ploy zinc at a relatively low concentration. Incorpora- 
tion of [35S]cysteine in cultured renal cells confirmed 
that induction of metallothionein did in fact occur in 
the presence of 50 ~M zinc in the medium, with only 
small amounts of protein being neosynthesized. Induc- 
tion of metallothionein has already been shown to 
occur in the kidney, both in vivo [20] and in vitro, using 
established cell lines [17,19,21-24], or primary cultures 
of kidney cells of uncertain origin [25]. These studies 
clearly do not reflect the exact physiology of any spe- 
cific nephron segment. Our results obtained from 
well-characterized primary cultures suggest that proxi- 
mal tubular cells are able to synthesize metallothionein 
in the presence of excess zinc. The exact function of 
this metalloprotein in the kidney remains unclear. 
Chronic intoxication by cadmium is responsible for 
proximal tubular dysfunction [26], and intracellular 
metallothionein probably plays a role in protecting 
against the toxicity of cadmium [27]. Although a func- 
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tion for metallothionein in the regulation of intestinal 
absorption of heavy metals has been proposed [28], 
similar evidence is lacking for renal transport [29]. In 
our model, metallothionein induction did not appear to 
modify the kinetic parameters of apical zinc uptake in 
renal proximal cells. Perhaps higher concentrations of 
zinc are necessary to cause a significant effect on apical 
transport. Furthermore, metallothionein may interfere 
with basolateral uptake or polarized zinc efflux, and 
these possibilities deserve further investigation. 

In conclusion, the present study demonstrates that 
distinct saturable carrier-mediated systems associated 
with an unsaturable pathway are involved in zinc up- 
take by the apical and basolateral membranes of proxi- 
mal tubular renal cells in primary culture. Low concen- 
trations of zinc induce the synthesis of metallothionein 
in proximal cells. The exact function of kidney metal- 
lothionein remains to be determined, but there is no 
evidence that it is involved in the regulation of apical 
zinc uptake in proximal cells. 
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