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Abstract. The Na-HCO, cotransporter is the main system responsible for HCO, trans- 
port from proximal tubule cells into the blood. The expression of the renal cortical 
basolateral Na-HCO, cotransporter was studied in Xenopus laevis oocytes. Injection of 
mRNA prepared from renal cortex into oocytes enhanced HC0,-dependent 22Na up- 
take, on average 6-fold, (range: 2-44) compared with vehicle-injected oocytes, without 
altering 22Na uptake in presence of gluconate. These findings indicate that mRNA 
selectively expresses Na-HCO, cotransporter activity without altering diffusive 22Na 
uptake. The expressed Na-HCO, cotransporter activity had a K, for Na of 20 mM, was 
electrogenic and was sensitive to disulfonic stilbenes. In presence of HCO,, the ex- 
pressed Na-HCO, cotransporter activity was like the native cotransporter, enhanced 
by carbonate or sulfite, a finding compatible with the existence of distinct sites for 
HCO, and carbonate on the transport system. After fractionation by a sucrose density 
gradient, the mRNA fraction responsible for the Na-HCO, cotransporter was found to 
be between 1.50 and 3.48 kb classes. [P.S.E.B.M. 1996, Vol2111 

H CO, transport from proximal tubule cells into 
the blood is mediated by a basolateral elec- 
trogenic Na-HCO, cotransporter (1-4). The 

ionic mechanism of the Na-HCO, cotransporter has 
been well characterized, and it has been well estab- 
lished that the system functions via 1 : 1 : 1 cotransport 
of C032-, HC03-, and Na+ on different sites (2). 
This system functions in an integrated fashion with the 
brush border Na-H antiporter and the activities of 
these two systems vary in parallel (5, 6). Despite the 
importance of this system in the transport of HCO, in 
the kidney and in other organs (7, 8), little is known 
about the factors that regulate the activity of this sys- 
tem. It has been well established that the activity of 
the renal Na-HCO, cotransporter is stimulated by ac- 
idosis and inhibited by alkalosis (5, 6). In addition, 
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cyclic AMP and calmodulin inhibit while protein ki- 
nase C stimulates the cotransporter (9). Little is 
known about this transport protein, but recent studies 
in our laboratory have solubilized and partially puri- 
fied a protein fraction that has been suggested to rep- 
resent the Na-HCO, cotransporter (10). The Xenopus 
laevis oocytes has been utilized to express different 
transport proteins (11-17). In the present study, we 
utilized this system to express the mRNA that encodes 
the renal Na-HCO, cotransporter protein. Our results 
demonstrate that renal cortical poly (A+) RNA in- 
jected with frog oocytes result in expression of the 
Na-HCO, cotransporter. The expressed protein has 
kinetic characteristics, anion dependence, and inhibi- 
tor sensitivity similar to the native Na-HCO, cotrans- 
porter. The mRNA encoding the Na-HCO, cotrans- 
porter corresponds to a class size between 1.50 and 
3.48 kb, which should allow cloning of the gene re- 
sponsible for the Na-HCO, cotransporter. 

Materials and Methods 

Isolation and Purification of Renal Cortical 
mRNA. Total RNA from renal cortical tissue taken 
from New Zealand white rabbits were prepared by 
phenol/chloroform extraction using the method of 
Chomczynski and Sacchi (18) with some modifica- 
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tions. After the second ethanol precipitation step, the 
pellet was washed twice with 75% ethanol to remove 
excess salt. Total RNA was resuspended in DEPC- 
treated water and stored precipitated in ethanol at 
-20°C. 

Poly (A+) mRNA was purified by affinity chroma- 
tography on oligo (dT) cellulose (19) using oligo (dT) 
spun column kit. About 200 kg total mRNA were size- 
fractionated on a linear 596-25% (w/w) sucrose gradi- 
ent containing 10 mM Tris-C1, pH 7.50, 100 mM KCl, 
and 1 mM EDTA as described by McGookin (20). Af- 
ter heating for 2 min at 65"C, the gradient was spun 
at 200,000g for 4 hr at 4°C using SW 41 Beckmann 
rotor. Twenty 0.5-ml fractions were collected. Each 
fraction was precipitated with 0.1 volume of 3 M Na 
acetate, pH 5.2, and 2.5 volumes of 95% ethanol at 
-20°C. Then each fractionated mRNA was resus- 
pended in DEPC-treated H 2 0  at concentrations 
needed for microinjection. 

Expression of mRNA in Xenopus Oocytes. 
Adult female Xenopus laevis were anesthetized with 
0.2% of 3-amino-benzoic acid ethyl ester methane sul- 
fonate salt for 2&30 min, and oocytes were prepared 
as described by Colman (21) and Markus-Sekura (22). 
Oocytes from three to five ovarian lobes were dis- 
sected and defolliculated by 2-3 hr incubation in 2 mg/ 
ml collegenase in Ca' +-free modified Barth's solution 
containing 88 mM NaCl, 1 mM KCI, 2.4 mM NaHCO,, 
0.82 mM MgS04, and 7.5 mM Tris, pH 7.60, with HC1. 
Stages V and VI oocytes (23) were carefully selected 
and incubated for 15-20 hr in modified Barth's solution 
containing Ca+ +, 100 U/ml penicillin, I mg/ml strep- 
tomycin, 50 pg/ml gentamicin, and 0.25 &ml ampho- 
tericin B. Healthy oocytes were injected with 10 ng of 
rabbit cortical mRNA (0.2 mg/ml) or an equivalent vol- 
ume of water. Injected oocytes were cultured for three 
to five days with daily changes of Barth's solution. 
Each batch of oocytes was pre-screened for baseline 

Na-HCO, cotransporter activity before microinjection 
as described below. Only those batches of oocytes 
with activity of less than 1 nmol/oocyte/hr were used 
for the study. 

22Na Uptake Assay. 22Na uptake assay previ- 
ously described in our laboratory (6) was modified for 
the oocyte experiment. In brief, oocytes were pre- 
incubated for 1 hr at room temperature in a solution 
containing 200 mM sucrose, 50 mM Hepes, pH 7.50, 
with Tris, and 1mM Mg gluconate. The reaction was 
started by incubating the oocyte in an uptake medium 
consisting of 40 mM Na gluconate, 60 mM K glu- 
conate, 1 mM Mg gluconate, 0.25 pCi 22NaCl, and 25 
mM of KHCO, or K gluconate. The reaction was 
stopped by addition of 4 ml ice-cold solution contain- 
ing 200 mM sucrose and 50 mM Hepes, pH 7.50 with 
Tris. The stop solution was then carefully pipetted out, 
and the oocyte was washed and then rinsed three times 

more. Each oocyte was then dissolved in 1 ml 10% Na 
lauryl sulfate and radioactivity was measured by scin- 
tillation spectroscopy. 

HC0,-dependent 22Na uptake, a measure of Na- 
HCO, cotransporter activity, was taken as the differ- 
ence in 22Na uptake in the presence and in the absence 
of an inwardly directed HC0,-gradient. Statistical sig- 
nificance was calculated using the paired t test. Values 
are expressed as mean k SEM. 

Results 
To look for the existence of endogenous of Na- 

HCO, cotransporter activity in the oocytes, we per- 
formed paired experiments in which we measured 
22Na uptake in presence of HCO, or gluconate. Pre- 
liminary experiments showed that in uninjected 
oocytes and in oocytes injected with vehicle, 22Na up- 
take in the presence of gluconate was highly variable. 
However, in these paired experiments, 22Na uptake in 
presence of HCO, tended to be higher than in the pres- 
ence of gluconate, suggesting the presence of endoge- 
nous Na-HCO, cotransporter (expressed as the differ- 
ence in 22Na uptake in the presence of HCO, and glu- 
conate). This endogenous Na-HCO, cotransporter 
activity was not always present and when present its 
activity was of small magnitude (less than 1 nmoll 
oocyte/hr). In contrast, in oocytes injected with 
mRNA, 22Na uptake in the presence of HCO, was 
always higher than in the presence of gluconate sug- 
gesting expression of the Na-HCO, cotransporter. 
Time curve experiments indicated that 22Na uptake 
increased with time and plateaued at 60 min and there- 
fore all experiments were performed at one hr. Prelim- 
inary experiments showed that 22Na uptake was high- 
est after 3-5 days injection of mRNA and therefore, 
this time interval was used in all subsequent experi- 
ments. Table I shows 22Na uptake in the presence of 
HCO, and in the presence of gluconate in oocytes in- 
jected either with the vehicle or with long mRNA. It 
can be seen that in the mRNA-injected oocytes, 22Na 
uptake increased in the presence of HCO, but not in 

Table 1. **Na Uptake (nmol/oocyte/hr) in the 
Presence of HC03- or Gluconate in Vehicle and 

mRNA-Injected Oocytes 

HC03- GI uconate 

Vehicle 13.6 5 1.0 12.9 k 1.1 

mRNA 17.8 5 1 .O 13.25 1.1 
P < 0.01 NS 

Note. 22Na uptake in vehicle and mRNA-injected oocytes. 
Oocytes were incubated at room temperature for one hour in a 
buffer containing HC03- or gluconate and 22Na uptake was 
measured as described in Materials and Methods. Values are 
means 2 SEM from 10 experiments done in triplicates from 10 
separate oocyte preparations. Statistical significance was ana- 
lyzed using paired t test. NS, not significant. 
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the presence of gluconate, suggesting that mRNA- 
injected oocytes selectively expressed the Na-HCO, 
cotransporter without altering diffusive 22Na uptake. 
This latter finding suggests that 22Na uptake is not 
mediated by expression of a Na+ channel. Further 
evidence against the expression of Na channel is the 
fact that amiloride did not inhibit HC0,-dependent 
22Na uptake (in nmols/oocyte/hr: control, 2.05 k 0.64; 
amiloride, 2.54 t 0.13, n = 3). In Figure 1,  HC03- 
dependent 22Na uptake (difference in 22Na uptake in 
the presence of HCO, and gluconate) was increased, 
on the average 6-fold (range: 244), in mRNA-injected 
as compared with vehicle-injected oocytes. This vari- 
able rate of enhancement of Na-HCO, cotransporter 
could be related either to variable degradation of 
mRNA because it is not capped or alternatively be- 
cause of variable expression of different batches of 
oocytes. Injection of higher concentrations (25 or 50 
ng) of mRNA (data not shown) induced greater in- 
creases in Na-HCO, cotransporter activity, but we 
chose to use only 10 ng for all subsequent experiments. 

Since in the kidney the Na-HCO, cotransporter 
functions to extrude HCO, and Na from the cell, it was 
important to demonstrate that mRNA-injected oocytes 
can extrude 22Na at a rate greater than vehicle-injected 
oocytes. In this experiment, oocytes injected with ve- 
hicle or mRNA, were incubated with 22Na and HCO, 
in presence of 1 mM ouabain and 1 mM amiloride. 
After 1 hr, they were removed from the medium, 
washed several times, and 22Na was allowed to efflux 
in a Na-free medium. It can be seen that in oocytes 
injected with mRNA, the rate of 22Na efflux is greater 
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Figure 1. HC0,-dependent 22Na iptake (22Na uptake in pres- 
ence of HCO, minus uptake in presence of gluconate) in vehicle- 
and mRNA-injected oocytes. Oocytes were injected with 50 nl of 
0.2 mg/ml poly (A’) RNA or 50 nl of water. 22Na uptake was then 
assayed after 3-5 days postinjection as described in Materials 
and Methods. Each bar represents mean uptake 2 SEM from ten 
batches of oocytes. Each experiment was done in triplicates to 
q uad ru pl icates. 

than that of oocytes injected with vehicle as shown in 
Figure 2. 

Figure 3 shows that HC0,-dependent 22Na uptake 
is concentration dependent, reaching maximum at 40 
mM Na. The half maximal uptake occurred at 20 mM 
Na concentration, a value similar to the K ,  reported 
for the native Na-HCO, cotransporter of basolateral 
membranes (6). The expressed Na-HCO, cotrans- 
porter was inhibited 33% ? 9% by 1 mM disulfonic 
stilbene, SITS (4-acetamido-4’-isothiocyanostilbene- 
2,2’-disulfonic acid) (n = 4), and 100% by 1 mM 
DNDS (disodium 4,4’-dinitrostilbene-2,2’-sulfonate) 
(n = 5). It was electrogenic as evidenced by 218% t 
54% enhancement in activity by a positive potential 
inside the oocyte generated by an inwardly directed K 
gradient (150 mM outside/100 mM inside) and 7 ~.LM 
valinomycin. Amiloride, lo-, M, did not affect 22Na 
uptake in the presence of HCO, or gluconate. 

To test for the anion sensitivity of the expressed 
Na-HCO, cotransporter, 22Na uptake was measured in 
mRNA-injected oocytes in presence of HCO, and 
other anions which were used to replace HCO,. It can 
be seen from Figure 4 upper panel, that the only anion 
that enhanced 22Na uptake compared to gluconate was 
HCO,. In contrast, in presence of HCO,, 22Na uptake 
was enhanced by C0,2- and SO,2- over HCO, (Fig. 
4, lower panel). This finding is very similar to that 
described for the native Na-HCO, cotransporter, and 
this finding has been used to postulate the existence of 
distinct sites for HCO, and C0,2- on the transporter 
(24). 

To identify the mRNA fraction encoding the Na- 
HCO, cotransporter, total mRNA was separated into 
20 fractions on a 59’&25% linear sucrose gradient and 
the fractions were injected into oocytes. Figure 5 
shows that HC0,-dependent 22Na uptake was en- 
hanced 44-fold in mRNA-injected oocytes over the ve- 
hicle-injected oocytes. This greater enhancement of 
expression of the Na-HCO, cotransporter activity 
compared with data of Fig. 1 is partially explained by 
the fact that in these experiments, the Na-HCO, 
cotransporter in uninjected oocytes was lower (aver- 
age 0.12 nmol/oocyte/hr). Nevertheless, fractions 2 
and 3 consistently increased HC0,-dependent 22Na 
uptake 2- and 3-fold respectively over that present in 
oocytes injected with total mRNA. Fraction 3 had the 
highest activity increasing HC0,-dependent 22Na up- 
take 105-fold over the vehicle and 3-fold over mRNA- 
injected oocytes. This fraction corresponds to a 
mRNA size-class within the 18s subfraction between 
1.50 and 3.48 kb. 

Discussion 
The present studies were aimed at identifying the 

mRNA encoding the renal basolateral Na-HCO, 
cotransporter, the main transporter responsible for 
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HCO, transport from the cell into the blood. For sake 
of simplifying the experimental protocol, the experi- 
ments were designed to measure "Na uptake in the 
presence of HCO, or gluconate and the difference was 
taken as Na-HCO, cotransporter activity. The ratio of 
extracellular/intracellular concentration of Na (out- 
side, 40 mM; inside, only l o w ,  and HCO, (outside, 
25 mM; and inside, approximately 25 mM if one as- 
sumes an equilibrium pC02 of around 10 mm Hg and 
intracellular pH of 7.50-7.60) and membrane potential 
( -30 mV) were such to favor net influx of Na and 
HCO, (25). Unpublished results from our laboratory 
showed an average membrane potential of -30 mV 
(inside negative). For the uptake experiments, the 
membrane potential was set at approximately 0 mV. 
Calculation of the membrane potential using published 
permeabilities for Na and K (26) indicate that the 
membrane potential was close to zero ( - 1-2 mV). Un- 
der these conditions, the direction of Na uptake is de- 
termined by the ratio Nai/No ratio = (HC030/HC03i)3. 
Since the HCO, was approximately equal, a Nai/Na, 

0 Vehicle 
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W 
Y (0 

I 
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Figure 2. 22Na efflux in vehicle- and 
mRNA-injected oocytes. Oocytes in- 
jected with 50 nl of 0.2 mg/ml mRNA or 
50 nl of vehicle were incubated with 
22Na and HCO, for 1 hr, washed, and 
transferred to a Na-free medium; 22Na 
was allowed to efflux and radioactivity 
in the solution measured at different 
time points. Each point represents the 
rate of cumulative Na efflux in Na- and 
HC0,-free medium at different time 
points expressed as a percentage of 
total cpm in the oocytes, mean 5 SEM, 
n = 5. P values for vehicle versus 
mRNA-injected oocytes at 30, 60, 120, 
and 180 min: P < 0.05, P < 0.01, P < 
0.05, and P < 0.02, respectively. 
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ratio less than 1 would favor net 22Na uptake (27). It is 
of interest to note however, that although 22Na uptake 
in presence of gluconate was variable, we observed 
that in paired experiments, 22Na uptake in the pres- 
ence of HCO, was always higher than in the presence 
of gluconate. This endogenous Na-HCO, cotrans- 
porter activity was of small magnitude (<1 nmol/ 
oocyte/hr). This finding clearly indicates that frog 
oocytes contain a HC0,-dependent 22Na uptake, 
which can be expressed by injection of renal cortical 
mRNA. It is of interest to note that 22Na uptake in 
presence of gluconate (diffusive 22Na uptake) was not 
enhanced by mRNA injection suggesting that 22Na up- 
take is not mediated by expression of Na channel. Fur- 
ther evidence against the expression of a Na channel is 
the fact that amiloride did not inhibit 22Na uptake in 
presence of gluconate or HCO,. These studies are in 
agreement with studies of other investigators showing 
absence of Na channel activity in uninjected oocytes 
(13).  

We attempted to characterize the expressed pro- 

Figure 3. HC0,-dependent 22Na up- 
take in presence of different Na con- 
centrations. 22Na uptake assayed in 
mRNA-injected oocytes was done in 
presence of 5 to 100 mM Na in the up- 
take medium. Each point represents 
mean uptake * SEM of five different 
oocyte preparations with each experi- 
ment done in triplicate. 
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Figure 4. Effect of different anions on HC0,-dependent 22Na 
uptake. In the upper panel, with gluconate taken as control, 22Na 
uptake was assayed in mRNA-injected oocytes pre-equilibrated 
in a CI-free solution in presence of 40 mM Na gluconate, 1 mM 
Mg gluconate, 0.25 pCi 22Na and 45 mM concentration of each 
of the anions added as potassium salt. In the lower panel, with 
bicarbonate taken as control, 22Na uptake was measured in 
presence of 25 mM KHCO, plus 45 mM of each of the anions 
added as potassium salt. Each bar represents mean uptake 2 
SEM of three different oocyte preparations. 
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tein to provide evidence that it is indeed the Na-HCO, 
cotransporter and not another protein, particularly the 
Na-dependent Cl-HCO, exchanger. To exclude the 
possibility that the protein expressed was the Na- 
dependent Cl-HCO, exchanger, we depleted the 
oocytes of chloride by exposing them to chloride-free 
solution for more than 60 min, a maneuver that has 
been used successfully to deplete chloride in other 
cells (28). Thus, our experiments performed in the 
presence of chloride depletion and chloride-free me- 
dium indicate that the expressed protein represents the 
Na-HCO, cotransporter and not the Na-dependent C1- 
HCO, exchanger. In addition, this latter transporter 
should stimulate Na uptake in the presence of nitrate 
or sulfite and, as can be seen in Figure 4 (upper panel), 
nitrate or sulfite could not replace HCO,, arguing 
strongly against the presence of Na-dependent C1- 
HCO, exchanger. Regarding the ability of anions to 
stimulate Na uptake, it is of interest to note that in 
mRNA-injected oocytes, the only anion that enhanced 
22Na uptake over the values observed in presence of 
gluconate was HCO,. In addition, in presence of 
HCO,, only C0,2- and were able to enhance 
22Na uptake over that observed in presence of HCO,. 
These findings are qualitatively very similar to those 
described for the native renal Na-HCO, cotransporter 
(24) and are compatible with the existence of distinct 
sites for HCO, and C032- on the cotransporter. 

The expressed Na-HCO, cotransporter has a K ,  
for Na of 20 mM and this in the range of K ,  (10-20 
mM) for the Na-HCO, cotransporter measured in our 
laboratory (6). In addition, the expressed Na-HCO, 
cotransporter, like the native cotransporter, is electro- 
genic and is sensitive to SITS. The inhibitory effect of 
SITS, however, was less in the oocytes than in baso- 
lateral membranes. Differences in stilbene sensitivity 
of Na-HCO, cotransporter have been observed be- 
tween epithelial and nonepithelial tissues (3). This dif- 
ference has been attributed to post-translational mod- 
ifications of the cotransporter or to alterations in the 
structure of the cotransporter. In contrast to SITS, the 

Figure 5. HC0,-dependent 22Na up- 
take in uninjected oocytes and in 
oocytes injected with total mRNA and 
size-fractionated mRNA. Approxi- 
mately 200 pg of total mRNA was size- 
fractionated by sucrose gradient cen- 
trifugation. Oocytes were injected with 
10 ng of either total or size-fraction- 
ated mRNA or with an equivalent vol- 
ume of vehicle (control) and then 22Na 
uptake assayed 3 days after. Fractions 
6-20 were pooled to give adequate 
mRNA centrifugation. Each bar repre- 
sents mean 2 SEM of three to five dif- 
ferent oocyte preparations. 
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disulfonic stilbene, DNDS, completely inhibited the 
Na-HCO, cotransporter activity in the oocyte. This 
finding is similar to that reported by Morgan et al. who 
also found that DNDS was a more potent inhibitor of 
the band 3 protein expressed in the oocyte than DIDS 
(29). Fractionation of a mRNA fraction by sucrose gra- 
dient centrifugation identified a mRNA fraction encod- 
ing the Na-HCO, cotransporter to be a mRNA class 
within the 18s subfraction between 1.50 and 3.48 kb. 
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