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SUMMARY

1. Cyclic adenosine 3',5'-monophosphate and N°®-2"-O-dibutyryl cyclic adeno-
sine 3’,5'-monophosphate decrease the initial entry rate and the steady-state uptake
of p-aminohippurate and uric acid by rabbit kidney cortex slices.

2. N°®-2'-O-Dibutyryl adenosine 3'-5'-monophosphate inhibits the tubular
transport of p-aminohippurate competitively.

3. Isoproterenol, known to increase cyclic nucleotide concentration of the
cortical tubules by activation of adenyl cyclase, decreases p-aminohippurate transport.
Antidiuretic hormone which is known to stimulate only medullary adenyl cyclase
has no effect on p-amino-hippurate uptake by cortical slices.

4. Theophylline, which inhibits cyclic nucleotide phosphodiesterase and, there-
fore, enhances the cellular accumulation of endogenous cyclic nucleotide, depresses
p-aminohippurate transport.

INTRODUCTION

Recently, it has been suggested that cyclic adenosine 3',5-monophosphate
(cyclic AMP) might be involved in the transport of amino acids [1, 2] and sugars [3]
by the kidney. This view was supported by the observation that cyclic AMP and N¢-2'-
O-dibutyryl cyclic adenosine 3',5'-monophosphate (dibutyryl cyclic AMP) in the
external bath stimulated transport of the two classes of organic substances by renal
cortical cells from several mammalian species. The mechanism by which this stimula-
tion occurs is not known. In addition, some of the characteristics of the cyclic AMP
stimulation of amino acids were the opposite of those observed for sugars. In order
to obtain further insights concerning the action of cyclic nucleotides on the transport
of organic substances by renal tissue, we have studied the influence of these compounds
on organic acid uptake by renal cortical cells. We observed that both cyclic nucleotides
and compounds known to increase cyclic AMP cellular concentration inhibited trans-
port of p-aminohippurate and uric acid by renal cortical cells. This observation forms
the basis of the present report of some of the characteristics concerning cyclic nucleo-
tides induced inhibition of organic acids transport by rabbit kidney cortex slices.
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METHODS

Tissues

White male rabbits weighing 2-4 kg, were anesthetized with sodium pento-
barbital. The kidneys were removed and perfused with acetate-Ringer solution.
Slices of cortex approximately 0.2-0.4 mm thick were prepared with a Stadie-Riggs
microtome.

Incubation procedure

All incubations were performed at 27 °C in special incubation flasks [4] with
O, bubbling from below. The bathing medium consisted of 135 mM NaCl, 10 mM
KCl, 1 mM MgSO,, 1 mM CaCl,, 0.5 mM CaH, (PO,),, 10 mM sodium acetate,
20 mM Tris-Cl (pH 7.4 at 27 °C) and 5 mM glucose. In preliminary experiments,
tissues were first incubated for 120 min with or without various nucleotides (cyclic
AMP, dibutyryl cyclic AMP, AMP, or ATP). Following this incubation period,
p-amino-[1-!*CJhippuric acid and [methoxy-*H Jinulin were added and the incubation
continued for 60 min. Since it was observed that such a preincubation period did
not influence the nucleotide effect, it was deleted. Incubation was started by addition
of 2-5 slices to 5 ml of the acetate-Ringer solution containing the isotopes ([methoxy-
3Hlinulin and either p-amino-[1-'*Clhippuric acid or [2-!#Cluric acid) and the
investigated chemical compound. Unless otherwise stated, the final concentration of
p-aminohippurate or uric acid in the bathing medium was 0.15 mM.

Determination of organic acid uptake and electrolyte and water content

After the completion of incubation, slices were removed, blotted on filter
paper, weighed and dried overnight in an oven at 70 °C. Dried tissues were extracted
in 3 ml of 0.18 M trichloroacetic acid with a sonifier (Sonifier B12 Branson, Conn.,
U.S.A.), and the resulting extracts were centrifuged 10 min at 5000 x g. Determina-
tions of '*C and *H were performed with some modifications as described by Amiel
et al. [5]: 50 pl aliquots of the tissue extracts, and of the incubation media diluted
1: 30 with trichloracetic acid (0.18 M), were deposited in duplicate on fiber-glass
discs Whatman G.F.C. and evaporated under an infrared lamp. The discs were covered
with 5 ml of solution containing 4 g of PPO and 0.3 g of POPOP per liter of toluene.
The radioactivities of '*C and *H were measured with a Nuclear Chicago Mark I
scintillation counter. The settings were such that the spillover of !4C into *H was 10 %
and *H into '*C less than 0.05 %. The counting rates were carried out for sufficient
length of time to achieve a statistical accuracy of at least 3 %,.

Cellular water was calculated for each sample by the difference between wet
and dry weight after correction for the extracellular water, as previously described [6].
For each sample, tissue '*C-labeled organic acids radioactivity was corrected for
that portion of radioactivity trapped along with extracellular water. This contamina-
tion was calculated as the product of extracellular ! *C concentration times the trapped
fluid volume measured by the [*HJinulin space. The distribution ratio of the organic
acid concentration between cellular water and extracellular water was then calculated.
In some experiments, the initial rate of p-aminohippurate accumulation in the slices
(expressed in mmoles/kg dry wt per 30 min) was determiried as the amount of p-
aminohippurate entering the cells during a 30 min incubation period. In preliminary
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experiments, it was verified that ' *C radioactivity in tissue extracts, as assessed by the
method of Sgrensen {7] was at least 90 %, [**C]uric acid.

Tissue content of Na* and K* were determined as previously described [6].

In all cases, kidneys from the same animal were used to prepare tissues for
control and experimental studies.

Results were expressed as the mean -+ standard deviation (S.D.). The signifi-
cance of the difference between two means has been assessed on the basis of the Stu-
dent’s 7 test.

MATERIALS

All nucleotides except ATP, a product of Sigma Chemical Co., were supplied
by Calbiochem. Lysine-vasopressin (antidiuretic hormone) and isoproterenol were
purchased from Sigma Chemical Co. [Methoxy-*H]Inulin, p-amino-[1-'*C Jhippuric
acid were purchased from New England Nuclear. [2-'*C]Uric acid was obtained
from Amersham, and recrystallized as described by Sgrensen [7] to a specific activity
of approximately 10 #Ci/mg. All chemicals were of reagent grads.

RESULTS

Inhibition of organic acid transport

All the nucleotides tested inhibited the uptake of p-aminohippurate by rabbit
kidney cortex slices (Table I). However, for equal concentrations, the dibutyryl
derivative is approximately twice as active as cyclic AMP, and about three times as
active as AMP or ATP.

Incubation of kidney slices in media containing from 0.1 to 2.4 mM of dibutyryl
cyclic AMP caused a progressive decrease of p-aminohippurate accumulation (Fig. 1).
On the other hand, there is no requirement for prior incubation of the tissue with cyclic
nucleotide in order to see the inhibitory effect. Exposing tissues to dibutyryl cyclic
AMP for 2 h or not did not change significantly the degree of inhibition (Table II).
To inhibit the transport of p-aminohippurate, dibutyryl cyclic AMP must be present
during the uptake period. Tissues exposed to dibutyryl cyclic AMP for 2 h and subse-

TABLE 1

EFFECT OF NUCLEOTIDES ON p-AMINOHIPPURATE UPTAKE BY KIDNEY CORTEX
SLICES
Slices were incubated for 120 min with or without 0.5 mM nucleotide as indicated. Labeled p-amino-

hippurate subsequently added to a concentration of 0.15 mM, and continued incubation for 60 min.
Each value represents the mean +S.D. from six individual experiments.

Nucleotide Distribution ratio

None (control) 21.44+3.61

Dibutyryl cyclic AMP 11.2740.90 (P < 0.005)
Cyclic AMP 15.4941.35 (P < 0.01)
AMP 18.344-0.60 (P < 0.05)

ATP 18.39-+1.38 (P < 0.05)




109

30,

Q
20l
N
3
5
g‘IO
5 L
v
<]
oL — s "
5

o1 3 70
DIBUTYRYL CYCLIC AMP CONCENTRATION (mM)

Fig. 1. Effects of various concentrations of dibutyryl cyclic AMP on p-aminohippurate uptake by
kidney slices. Preparations initially incubated for 120 min with or without dibutyryl cyclic AMP at
indicated concentrations. Labeled p-aminohippurate was then added to give a concentration of 0.15
mM and the incubation continued for 60 min. Each point represents the mean of five experiments
and the vertical bars indicate 41 S.D.

quently transferred in a medium devoid of this nucleotide failed to inhibit p-amino-
hippurate transport (Table II). For these reasons, no intervening time was allowed
between adding the cyclic nucleotide and the test solute in the subsequent studies.

TABLE II

EFFECT OF PRIOR EXPOSURE TO DIBUTYRYL CYCLIC AMP AND ITS DELETION
DURING p-AMINOHIPPURATE INCUBATION

Tissues were initially incubated for 120 min with or without 0.5 mM dibutyryl cyclic AMP. The
slices were washed twice and resuspended in the appropriate incubation solution. Labeled p-amino-
hippurate was then added to give a concentration of 0.15 mM and the incubation continued for
60 min. Each result represents the mean | S.D. from six individual experiments. N.S., not significant.

Preincubation Incubation . Distribution ratio
Control Control 19.314-3.28

Control Dibutyryl cyclic AMP 12.6241.62 (P < 0.002)
Dibutyryl cyclic AMP Dibutyryl cyclic AMP 11.66+0.67 (P < 0.002)
Dibutyryl cyclic AMP Control 17.67+1.24 (N.S.)

The greater effectiveness of the dibutyryl derivative observed was unchanged
when nucleotide pretreatment was suppressed. As compared to control tissues, incu-
bation of kidney slices for 60 min with 0.5 mM dibutyryl cyclic AMP induces a mean
inhibition of p-aminohippurate uptake of 43.124-6.03 % and of only 27.20--8.37 %
with 0.5 mM cyclic AMP. Each value represents the mean --S.D. of six paired obser-
vations. As shown in Table III, dibutyryl cyclic AMP and to a lesser degree cyclic
AMP inhibit urate uptake by rabbit kidney slices. However, AMP is ineffective.

Effects of isoproterenol, antidiuretic hormone and theophyliine
The effects of isoproterenol, antidiuretic hormone and theophylline on p-
aminohippurate uptake by cortical slices are shown in Table IV. Tsoproterenol, a
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TABLE 111
EFFECT OF VARIOUS NUCLEOTIDES ON URIC ACID UPTAKE

Tissues were incubated with or without 0.5 mM nucleotide at 27 °C for 60 min. ['*C]Uric acid
concentration in the medium was 0.15 mM. Each value represents the mean -+ S.D. from six individual
experiments. N.S., not significant.

Nucleotide Distribution ratio

None 5.8240.62
Dibutyryl cyclic AMP 3.344-0.60 (P < 0.002)
Cyclic AMP 4.7340.64 (P < 0.01)

AMP 6.144-0.84 (N.S.)

B-adrenergic stimulating agent, known to enhance the production of cyclic AMP in
cortical tissue [8] inhibits p-aminohippurate uptake. In contrast, antidiuretic hor-
mone which stimulates specifically medullary adenylcyclase [9] does not affect p-
aminohippurate uptake. On the other hand, theophylline, a well known inhibitor
of the cyclic nucleotide phosphodiesterase, inhibits p-aminohippurate transport.

TABLE 1V

EFFECT OF ISOPROTERENOL, ANTIDIURETIC HORMONE AND THEOPHYLLINE ON
p-AMINOHIPPURATE UPTAKE BY KIDNEY CORTEX SLICES

Slices incubated for 60 min at 27 °C with 0.15 mM of labeled p-aminohippurate. Each experiment
corresponds to a different animal. Values are means +S.D. Within parentheses are the numbers of
experiments. N.S., not significant.

Number of Compound Distribution ratio
experiment
1 None 21.96+1.31 (6)
Isoproterenol (1 mM) 18.014-0.87 (6) (P < 0.0005)
2 None 23.844+2.13 (10)
Antidiuretic hormone
(50 pg/ml = 4.5 units/ml) 24.57-£1.93 (10)
(N.S.)
3 None 22.78+1.25 (5)
Theophylline (0.1 mM) 16.28+1.53 (5)
(P < 0.0005)
Theophylline (1 mM) 10.40+0.69 (5)
(P < 0.0005)

Time course of effect of dibutyryl cyclic AMP on p-aminohippurate uptake

Dibutyryl cyclic AMP inhibits both the initial entry rate and the cumulative
uptake of p-aminohippurate (Fig. 2). The uptake of p-aminohippurate was signifi-
cantly depressed after a 15 min incubation period (P < 0.01). This inhibitory effect
was maintained during a 3 h incubation period.
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Fig. 2. Time course of the effects of dibutyryl cyclic AMP on p-aminohippurate uptake by kidney
slices. Each preparation incubated with labeled p-aminohippurate for specified periods in absence of
and presence of 0.5 mM dibutyryl cyclic AMP. Each point represents the mean of three individual
experiments and the vertical bars indicate 41 S.D.

Effect of substrate concentration

The effects of dibutyryl cyclic AMP on the accumulation of p-aminohippurate
which is a saturable process, were studied at concentrations of external p-amino-
hippurate varying from 0.09 to 2.7 mM (Fig. 3). In the presence of the nucleotide
the mean value for the apparent K, has more than doubled (control, 0.49+-0.16 mM;
dibutyryl cyclic AMP, 1.15+0.47 mM; P < 0.05) whereas ¥ was not significantly
affected by this agent (control, 12.164-2.53 mmoles/kg dry wt per 30 min; dibutyryl
cyclic AMP, 13.65+5.40 mmoles/kg dry wt per 30 min; P > 0.4).
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Fig. 3. Lineweaver-Burk plots of the inhibition of p-aminohippurate uptake in kidney slices by
dibutyryl cyclic AMP. Ordinate is the reciprocal of p-aminohippurate uptake (mmoles/kg dry wt per
30 min) and abscissa is the reciprocal of medium concentration of p-aminohippurate (mM~1),
Each point is the mean +S.D. from four individual experiments. Lines were drawn by the least
squares method.
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Influence of dibutyryl cyclic AMP on electrolytes and water content
Incubation of kidney cortex slices for 60 min with 0.5 mM of dibutyryl cyclic
AMP does not significantly affect the tissue content of Na™, K™ and water (Table V).

TABLE V

EFFECT OF DIBUTYRYL CYCLIC AMP ON ELECTROLYTE AND WATER CONTENT
OF KIDNEY CORTEX SLICES

Tissues were incubated for 60 min at 27 °C. Each value represents the mean -+ S.D. from six individual
experiments. N.S., not significant.

Addition Tissue ion and water content

Water Na* K+
(kg/kg dry wt) (mequiv/kg dry wt)  (mequiv/kg dry wt)

None (control) 1.76 +0.11 122411 303411

Dibutyryl cyclic AMP
(0.5 mM) 1.794-0.07 13147 2946
(N.S.) (N.S.) (N.S.)
DISCUSSION

The present observations add to the list of the numerous cellular processes
already known to be influenced by cyclic AMP. Our investigation shows that cyclic
AMP and its dibutyryl derivative inhibit initial rate of entry and cumulative uptake
of organic acids in the rabbit kidney cortex.

It has been shown recently that cyclic AMP penetrates with relative facility
the peritubular membrane of renal tubular cells [10]. Tt has also been claimed that
probenecid inhibits cyclic AMP uptake by the isolated perfused rat kidney [10]. It
also diminishes urinary excretion of the cyclic nucleotide in humans without altering
the plasma levels [11]. These findings suggest that the nucleotide enters the cell by the
organic acid transport system. The present finding that dibutyryl cyclic AMP acts
competitively to inhibit p-aminohippurate entry into renal cells is a strong argument
in favour of this hypothesis. In view of these data, it is reasonable to assume that intra-
cellular concentration of dibutyryl cyclic AMP decreases when external p-amino-
hippurate increases. Hence, the observed interference of dibutyryl cyclic AMP with
p-aminohippurate in the concentration dependence studies might reflect an interaction
with the membrane or might instead be a consequence of the decreased cellular con-
centration of dibutyryl cyclic AMP. This latter interpretation of the kinetic data
would be consistent with the observation that p-aminohippurate uptake by renal
cortical cells was inhibited by compounds known to enhance cellular concentration
of cyclic AMP. Indeed, isoproterenol known to stimulate cortical adenyl cyclase
inhibits p-aminohippurate uptake by kidney cortex, whereas antidiuretic hormone
known to stimulate medullary adenyl cyclase has no effect. Uptake of p-aminohippur-
ate is also degressed by theophylline. However, the present results do not exclude the
possibility that the effect of theophylline was not mediated by an increased cellular
concentration of cyclic AMP. Indeed, theophylline which is structurally related to
uric acid may act competitively to inhibit the entry of organic acid into renal cells.
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It has been claimed recently that methylxanthines inhibit the renal uptake of both
cyclic AMP and p-aminohippurate [10].

At equimolar concentrations, AMP and ATP cause a smaller effect than cyclic
AMP on p-aminohippurate uptake, whereas AMP is ineffective on urate transport.
Since our results suggest that endogenous cyclic AMP is active as an inhibitor, it
might be that these effects of ATP and AMP on p-aminohippurate transport are
secondary to an enhanced formation of this cyclic nucleotide [12].

It has been recently reported that the uptake of amino acids [1, 2] and sugars
[3] was stimulated by cyclic nucleotides after a time lag. Kinetic studies concerning
sugars indicated that the stimulation was noncompetitive. Therefore, the effect of
cyclic nucleotides and its major characteristics on the transport of these two classes of
organic substances are the opposite of those observed for organic acids, using the
same tissue preparation. One plausible explanation for this divergence is that our
observations reflect events occurring at the basal or blood surface of the cell, whereas
studies with amino acids and sugars may be concerned with transport processes
occurring at the apical or urinary surface of the proximal tubules. This is in line with
the major known sites of proximal tubule transport of these different substances.
With regard to uric acid there is now good evidence that its tubular transport occurs
in both directions [13-15]. In vitro, however, tubular uptake of uric acid is inhibited
not only by pyrazinamide, a urate secreticn depressor, but also by probenecid, a urate
reabsorption depressor [16].

The importance of Na* and K™ for the transport of organic acids by mamma-
lian kidney cortex has been well documented [16-21]. In other respects, it has been
reported that cyclic AMP inhibited the (Na*—K*)-dependent ATPase obtained from
several mammalian tissues [22, 23]. One theoretical possibility could have been that
the observed interference with organic acid accumulation was secondary to depression
of cation transport. This possibility, however, seems unlikely since the intracellular
concentration of water and electrolytes is unchanged with dibutyryl cyclic AMP.

The findings that organic acid transport was influenced not only by high exter-
nal concentration of cyclic nucleotides but also by compounds known to enhance
endogenous cellular cyclic AMP concentration, suggest that the observed effects are
not merely pharmacological. It is, therefore, likely that cyclic AMP might be involved
in the regulation of renal cortical transport of organic acids. In view of the effects
of cyclic AMP on uric acid transport, we might speculate further that this nucleotide
would play a role in the actions of uricosuric and antiuricosuric agents.

ACKNOWLEDGEMENTS

The authors wish to thank Dr H. Kuntziger for his help in preparing the manu-
script. We wish to thank Misses C. Priol and M. N. Manguy for skillful technical
assistance, and Miss M. Bizien for excellent secretarial assistance.

The authors are also indebted to Professor G. Richet for stimulating discus-
sions.

These studies have been supported by Institut National de la Santé et de la
Recherche Médicale (I.N.S.E.R.M.) and the Commissariat & 'Energie Atomique
(C.E.A.), France.



114

REFERENCES
I Phang, J. M., Downing, S. J. and Weiss, 1. W. (1970) Biochim. Biophys. Acta 211, 605-608
2 Weiss, 1. W., Morgan, K. and Phang, J. M. (1972) J. Biol. Chem. 247, 760-764
3 Rea, C. and Segal, S. (1973) Biochim. Biophys. Acta 311, 615-624
4 Burg, M. B. and Orloff, J. (1962) Am. J. Physiol. 203, 327-330
5 Amiel, C., Kuntziger, H. and Richet, G. (1970) Pfliigers Arch. 317, 93-109
6 Podevin, R. A. and Boumendil-Podevin, E. F. (1972) Biochim. Biophys. Acta 282, 234-249
7 Serensen, L. B. (1960) Scand. J. Clin. Invest. (Suppl.) 54, 1-214
8 Kurokawa, K. and Massry, S. G. (1973) Am. J. Physiol. 225, 825-829
9 Chase, L. R. and Aurbach, G. D. (1968) Science 159, 545-546
10 Coulson, R. and Bowman, R. H. (1974) Life Sci. 14, 545-556
11 Cramer, H., Ng, L. K. Y. and Chase, T. N. (1972) J. Neurochem. 19, 1601-1602
12 Sattin, A. and Rall, T. W. (1970) Mol. Pharmacol. 6, 13-23
13 Gutman, A. B. and Yu, T. F. 1961) Trans. Assoc. Am. Physicians 74, 353-365
14 Gutman, A. B., Yu, T. F. and Berger, L. (1959) J. Clin. Invest. 38, 1778-1781
15 Podevin, R., Ardaillou, R., Paillard, F., Fontanelle, J. and Richet, G. (1968) Nephron 5, 134-140
16 Platts, M. M. and Mudge, G. M. (1961) Am. J. Physiol. 200, 387-391
17 Taggart, J. V., Silverman, L. and Trayner, E. M. (1953) Am. J. Physiol. 173, 345-350
18 Foulkes, E. C. and Miller, B. F. (1961) Membrane Transport and Metabolism (Kleinzeller, A. and
Kotyk, A., eds), pp. 559-565, Academic Press, New York
19 Burg, M. B. and Orloff, J. (1962) Am. J. Physiol. 202, 565-571
20 Berndt, W. O. and Beechwood, E. C. (1965) Am. J. Physiol. 208, 642-648
21 Chung, S. T., Park, Y. S. and Hong, S. K. 11970) Am. J. Physiol. 219, 30-33
22 Moazsik, G. (1969) Eur. J. Pharmacol. 7, 319-327
23 Moazsik, G. (1970) Eur. J. Pharmacol. 9, 207-210



