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Abstract—The relationship between p-aminohippurate (PAH) and Na* transport in rabbit kidney
cortical slices was examined under optimal metabolic conditions. Addition of lactate, pyruvate and
acetate to the incubation medium stimulated PAH transport and accumulation, but had no effect on
active Na* efflux from the slices. Conversely, small concentration of F~, in the presence of acetate,
decreased PAH transport and accumulation, but had no effect on Na* efflux. These observations
constitute evidence that, in addition to Na* cotransport [M. I. Sheikh and J. V. Mgller Biochem. J.
208, 243 (1982)], PAH uptake is metabolically stimulated by a Na*-independent pathway. This could
occur either by a direct metabolic effect on the PAH carrier, or by exchange with intracellular anions
that are generated in the presence of exogenous substrate. In support of the latter possibility the PAH
carrier is demonstrated to function as an anion exchanger of PAH and fumurate after preloading of the

slices with fumurate under anaerobic conditions.

The renal transport system for organic anions which
is responsible for renal tubular secretion of p-ami-
nohippurate (PAH) and phenolsulphonphthalein
dyes is also involved in the renal excretion of a
variety of compounds of pharmacological and
physiological importance [1,2]. Several studies
indicate that Na* plays an important role in the
active tubular secretion of these organic anions. In
the case of PAH this is evident from the absence of
appreciable PAH accumulation in Na’-depleted
slices [3-7], the correlation between PAH secretion
and tubular reabsorption of Na* [8-11], and the
inhibitory effect of ouabain on PAH transport
[6, 12-16]. Studies on PAH uptake by kidney slices
uner anaerobic conditions [17] and on preparations
of basolateral membrane vesicles of rabbit kidney
[18] have indicated that Na* cotransport constitutes
a significant aspect of active PAH transport. Never-
theless, there are observations which raise the ques-
tion if extra metabolic energy, independent of Na*,
is needed to achieve maximal rates of transport of
PAH and other organic anions by a different mech-
anism than by establishing a Na* gradient across the
basolateral membrane of proximal tubule cells. Thus
metabolic stimulation with acetate increases PAH
transport [15], and low concentrations of metabolic
inhibitor reduce PAH transport in the rabbit [19],
without changing intracellular levels of Na” and K*.
Nikiforov [20] likewise obtained evidence that stimu-
lation of fluorescein transport by acetate in the frog
tubules occurs by a Na*-independent mechanism.
In the present communication we wish to report
results which support the view that under certain
conditions PAH transport is not correlated with Na*
transport and the transmembrane electrochemical
gradient of Na*. Our data suggest that metabolic
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stimulation either activates the PAH carrier directly
or, alternatively, that PAH transport may be stimu-
lated by exchange with intracellular anions by a
Na*-independent mechanism.

MATERIALS AND METHODS

The experiments were performed on both male
and female rabbits, weighing 2.5—4.0 kg. The general
experimental procedures were as previously
described [16, 19, 21], and are only briefly summar-
ized here. Thin slices were prepared from kidneys
which had been perfused with approximately 50 ml
of the Krebs—Ringer phosphate solution via a needle
inserted in the renal artery. This procedure was
performed to remove plasma albumin from the renal
tissue [22, 23].

Aerobic incubation of kidney slices. Slices (200 mg)
were preincubated for 1 hr in a medium containing
3ml 145mM NaCl, SmM KCl, 0.7mM CaCl,,
1.2 mM MgSO,, 15 mM Tris buffer (pH 7.4), tracer
amounts of #Na, together with various metabolites
and metabolic inhibitors in concentrations as indi-
cated in the figure legends. After preincubation, the
slices were blotted on a piece of filter paper and
transferred to Warburg cups containing 0.075 mM
PAH dissolved in the above-mentioned medium
without radioactive Na*. The incubations were car-
ried out in a Warburg respirometer under the fol-
lowing conditions unless otherwise specified: shaker
speed, 100 counts/min; gas phase 100% O;; tem-
perature 25°% pH 7.4; incubation period 0-120 min.
The central well contained KOH for CO; absorption.
After incubation slices were quickly transferred to
conical flasks containing 2.5ml 5% trichloroacetic
acid (TCA) and were extracted overnight with con-
tinuous shaking. The extracts were then centrifuged
for 10 min at 10,000 rev/min in Sorvall centrifuge,
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using the SS-34 rotor. A sample of medium (1 ml)
was deproteinized by adding 6 ml 5% TCA. Super-
natants obtained by centrifugation of the extracted
tissue and media samples were used for the subse-
quent analyses.

Anaerobic incubation of kidney slices. In these
experiments the Warburg vessels were flushed with
100% N,, and radioactive PAH together with unla-
belled PAH was tipped into the medium from the
side arm of the Warburg vessels after 10 min N, flow.
the experiments were performed on Na*-K*
depleted slices [16] which had been preincubated
under 100% N, for 1hr in a medium containing
2 mM fumurate and 146 mM choline chloride instead
of Na* and K™ (for further details see text to Fig.
4). The incubation was carried out either in the same
medium plus PAH and minus fumarate, or in a
medium containing 150 mM NaCl and PAH. The
slices were blotted and extracted as described above.

Analytical methods and calculations. The chemical
determination of unlabelled PAH in the supernatants
obtained from tissue extracts and media was per-
formed by the diazotization method of Bratton and
Marshall [24] as modified by Smith et al. [25]. Radio-
active PAH and *Na were measured by adding 0.2 ml
supernatant to 10ml of the scintillation fluid
described by Bray [26] and counted in a Tri-Carb
scintillation counter (Packard). The counts per min
were converted to disintegrations per min by the
addition of internal standard. Concentrations of Na*
and K* in renal tissue and media were estimated by
atomic absorption spectrometry. Inulin space and
dry weight were estimated in separate experiments
as described by Maxild [27] and Sheikh and Stahl
[28]. The inulin space varied from approximately
25+ 2% in the aerobic experiments to a minimal
value of 18 = 2% in the anaerobic experiments.

The uptake of PAH in the renal tubules was cal-
culated as the difference between the content of this
compound in the whole slices and that present in the
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inulin space. This difference was then divided by the
tubular water content (final wet weight of tissue
minus inulin space minus dry weight) to obtain the
tubular concentration (7") of the compound, from
which the accumulation of PAH (7/Mpan) was cal-
culated by division with the medium concentration
(Mpan) after the incubation. The tissue concentration
of Na* and K* was calculated as mmole/kg final wet
tissue weight.

RESULTS AND DISCUSSION

Previous studies have shown that in the slice sys-
tem lactate, pyruvate and acetate are the only
exogenous metabolites which uniformly cause a rise
in PAH accumulation over a wide range of concen-
trations [2]. Figures 1a and 1b show that PAH uptake
by the slices was more than doubled by the presence
of lactate or pyruvate, both during the rapid uptake
period immediately after addition of PAH, and dur-
ing the approach to equilibrium (after 60 min). On
the other hand, there was no effect of lactate and
pyruvate (10mM) on the efflux of ¥Na from the
slices. During the first 4-5min Na* efflux can be
described as a monoexponential process with rate
constant 0.063-0.071 min~!. Furthermore, the intra-
cellular Na*~K™ levels (see legend of Fig. 1) were
not significantly affected by the presence of lactate
or pyruvate (P> 0.5). Exactly the same findings
were obtained if lactate or pyruvate was added
together with PAH, rather than being added together
with 2Na* 1hr before PAH as in Figs 1a and 1b:
This variation in experimental procedure did not
cause any delay in the PAH uptake curve relative
to that of slices which had not been exposed to
exogenous metabolite before addition of PAH (not
shown).

The same observations were made in the presence
of 10 mM acetate (Fig. 2). This metabolite stimulated
PAH uptake without any discernible effect on Na*
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Fig. 1. Effect of lactate and pyruvate on the aerobic uptake of PAH and *Na efflux by kidney cortex
slices. The initial medium concentrations were: PAH, 0.075 mM; lactate or pyruvate, 10 mM. Ordinate:
ratio between the concentration of PAH in the tubular water and medium. Abscissa: time of incubation.
The inset shows a logarithmic analysis of *Na efflux (log dpm) vs time, the zero point value (100%)
being obtained by extrapolation of the regression line of the experimental points: ¢—4, in the
presence and O—< in the absence of metabolites. The final tissue concentrations in mmole/kg
tissue * S.D. of five experiments were: Na™: 71 =3 mmoles/kg tissue in the presence of metabolite and
70 = 4 mmole/kg tissue in the absence of added metabolite. The corresponding values for K* were:
62 = 4 and 64 = 2 mmole/kg tissue.
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Fig. 2. Effect of acetate and NaF on the aerobic uptake of PAH and #Na efflux by renal cortical slices.
The initial medium concentrations were: PAH, 0.075 mM; F~, 0.5 mM; and acetate, 10 mM. Ordinate:
ratio between the concentration of PAH in the tubular water and medium. Abscissa: time of incubation.
The inset shows a logarithmic analysis of *Na efflux vs time in the presence of acetate (¢—+4) and
F~ (B—M), and in the absence of acetate (O—<) and F~ (O—0). The final tissue concentrations
in mmole/kg tissue = S.D. of five experiments were: Na*: 73 £ 6, K*: 67 = 3; with F~: Na*: 77 = 5,
K*: 65 + 2; with acetate: Na™: 73 = 5, K*: 62 + 3; with acetate and F~: Na™: 74 = 6, K™: 60 * 4.

efflux and Na*-K* concentration of the tissue.
Addition of low concentrations of F~ as a metabolic
inhibitor reduced accumulation, but did not affect
Na* efflux or tissue Na*—K* concentrations. This is
in agreement with previous data showing that low
concentrations of various metabolic inhibitors only
affect PAH uptake and not the intracellular concen-
trations of Na*-K* [19]. In the present experiments
PAH accumulation after 1hr increased from 5, in
the presence of F~ (0.5 mM), to 23, in the presence
of acetate.

In connection with the data of Figs. 1 and 2 the
question arises to what extent Na* efflux from the
slices represents active Na™ transport. Figure 3 shows
the effect of ouabain on the efflux rate of Na* at a
concentration of the glycoside (0.2 mM) which is
capable of blocking active transport of Na® in the
slices [16]. The efflux rate was reduced about 60%
by ouabain, and there was no effect of acetate on
the process. The extracellular space as measured
with inulin is not significantly changed by ouabain
[16], and in agreement with this previous study we
found that the intracellular concentration of Na* was
increased towards the same level as in the medium.
Assuming that the ouabain-independent component
of Na* efflux has diffusional characteristics, an
increase in intracellular Na* concentration per se
would not affect the efflux rate. However, the pre-
treatment with ouabain must lead to depolarization
of the basolateral membrane [29], which may be
expected to enhance passive efflux of Na’, relative
to that which occurs in the absence of ouabain.

Therefore, the major part of the ?Na* efflux in Figs.
1 and 2 may be considered to represent active Na*
extrusion from the slices as a result of the action of
Na*-K*-ATPase.

Taken together, our data suggest that PAH accu-
mulation in part depends on metabolic energy by a
Na*-independent mechanism. The only alternative
possibility seems to be that metabolite stimulation
is accompanied by hyperpolarization of the basola-
teral membrane so as to increase the electrochemical
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Fig. 3. Effect of ounabain on the efflux rate of ?Na by renal
cortical slices. (¢p—«) represents *Na efflux in the pres-
ence of 0.2 mM ouabain and 10 mM acetate. (H—M) rep-
resents 2Na efflux in the presence of ouabain without
metabolite. Corresponding open symbols indicate #*Na
efflux in the absence of ouabain. The final tissue concen-
trations in mmole/kg tissue = S.D. of three experiments
were: Na*: 72+6, K*: 65+ 3; with ouabain: Na™:
141 = 3, K*: 22 = 3; with acetate: Na*: 74 + 5, K™: 64 =
4; with acetate and ouabain: Na*: 138 + 5, K™: 18 = 7.
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Fig. 4. Anaerobic uptake of PAH by kidney cortex slices
under various experimental conditions. (O—Q) presents
anaerobic uptake of PAH without NaCl gradient. In the
case of (A—A) and (A—A), slices were depleted of
Na* and K* by pre-incubating in 150 mM choline chloride
under 100% N atmosphere at 2°. Then the slices were
‘loaded’ by incubating in the medium containing 150 mM
choline chloride and 2 mM fumarate under anaerobic con-
ditions for 1 hrat25°. (A — A) represents anaerobic uptake
of PAH by Na*-K*-depleted and fumarate-‘loaded’ slices
in the medium containing 150 mM choline chloride instead
of NaCl. (A — A) indicates anaerobic uptake of PAH by
Na*-K*-depleted and fumarate-‘loaded’ slices in the pres-
ence of 150 mM NaCL. The values given are the means
+ S.D. of five experiments.

Na* gradient across the basolateral membrane.
However, in the presence of unchanged intracellular
Na*-K* levels and Na* transport, it is difficult to
envisage how appreciable changes in the potential
difference of the basolateral membrane could arise
by the addition of metabolites.

The present findings are complementary to pre-
vious observations showing that low concentrations
of various metabolic inhibitors may inhibit PAH
transport without any discernible effect on Na*-K~
transport [19]. Nikiforov [20] has suggested that
exogenous metabolites stimulate organic anion
secretion by increasing the number of active carriers
via an effect on the NADH/NAD* couple. However,
we would like to point out that the effect could
equally well be mediated by an anion-exchange
mechanism. In luminal membrane preparations an
‘overshoot’ of PAH in the presence of a pH gradient
has been attributed to exchange with OH/HCO;~
[30]. Hong et al. [31] have reported that SITS (4-
acetamido-4'-isothiocyano-2,2'-disulphonic stil-
bene), which is a potent inhibitor of anion exchange
in the erythrocyte membrane [32], also has a strong
inhibitory effect of PAH accumulation by rabbit
cortical slices. Previously, 2,4-dinitrophenol and
CCCP were found to inhibit PAH accumulation
more strongly in the absence than in the presence
of exogenous substrate [33]. Since these uncouplers
of oxidative metabolism dissipate pH gradients
across the cellular membranes, these observations
argue against a role of OH™ in an anion-exchange
process across the basolateral membrane of the prox-
imal tubule, which is the site of active PAH transport
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[2]. Alternatively, intracellular HCO;™ could func-
tion as the exchanging anion. However, more likely
candidates for an anion-exchange mechanism include
many of the intermediates of the citrate cycle which
inhibit PAH transport when added to the medium
at a high concentration [22, 28, 34]. Figure 4 dem-
onstrates the effect of intracellular fumarate on PAH
uptake. Before measurement of PAH transport the
slices were depleted of Na* by preincubation in a
choline chloride medium under anaerobic condi-
tions, with or without fumurate. The preloading with
fumurate resulted in transient accumulation of PAH
under anaerobic conditions, when the slices subse-
quently were transferred to a medium containing
PAH, but no fumarate. The highest accumulation
of PAH (around 3) was observed when the PAH
medium contained NaCl instead of the basic choline
chloride medium, i.e. when uptake proceeded in the
presence of an extracellular to intracellular Na™ gra-
dient. The accumulation obtained by the combined
fumurate and Na* gradient was higher than that
previously observed [17] for rabbit kidney slices in
the presence of a Na* gradient alone. It is obvious
that only limited accumulation like that observed
here is expected to occur under anaerobic conditions
due to the collapse of the transmembrane concen-
tration gradients with time.

In conclusion, the anaerobic experiments dem-
onstrate that the PAH carrier can operate as an
anion exchanger, independent of Na*. Oppositely
directed concentratior .radients of fumurate and
Na* seem to activate PAH transport by independent
mechanisms. It seems probable that both processes
are operating within the same cells, since Woodhall
et al. [14] in microperfusion studies of rabbit kidney
tubules found that PAH transport in each of the
S1-S; subdivisions of the proximal tubule is sensitive
to ouabain. It is therefore a distinct possibility that
the exogenous metabolites examined here stimulate
PAH transport by increasing the cytosolic concen-
tration of citrate cycle intermediates as a result of
their metabolic utilization. The further evaluation
of this hypothesis requires an examination of the
generation and release of citrate cycle intermediates
from the slices in the presence of exogenous
substrate.
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