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Abstract

In vitro microperfusion experiments were performed to exam-
ine the effects of peptide hormones on bicarbonate and ammo-
nium transport by the medullary thick ascending limb
(MTAL) of the rat. Arginine vasopressin (AVP, 2.8 X 10-10 M
in the bath) reduced bicarbonate absorption by 50% (from 7.8
to 3.7 pmol/min per mm). AVPcaused a similar reduction in
bicarbonate absorption in tubules perfused with i0' Mfuro-
semide to inhibit net NaCI absorption. Glucagon (2 X 10' M
in the bath) also reduced bicarbonate absorption (from 11.7 to
7.6 pmol/min per mm). The inhibition of bicarbonate absorp-
tion could be reproduced with either exogenous 8-bromo-
cAMP or forskolin. With 8-bromo-cAMP (i0-3 M) in the
bath, addition of vasopressin to the bath did not significantly
affect bicarbonate absorption. PTH significantly inhibited bi-
carbonate absorption, but the extent of inhibition was less than
that observed with either AVPor glucagon. Vasopressin had
no effect on net ammonium absorption in MTALperfused and
bathed with 4 mMNH4C1. These findings indicate that: (a)
vasopressin, glucagon, and PTH directly inhibit bicarbonate
absorption in the MTALof the rat; (b) this inhibition occurs
independent of effects on net NaCI absorption and appears to
be mediated in part by cAMPF, and (c) HCO3 and NWab-
sorption can be regulated independently in the MTAL. (J.
Clin. Invest. 1990. 85:1006-1013.) vasopressin * cyclic AMP.
thick ascending limb * renal bicarbonate transport * peptide
hormones

Introduction

Medullary and cortical thick ascending limbs from rats absorb
bicarbonate in vitro at rates that are comparable to rates mea-
sured in isolated, perfused cortical and medullary collecting
ducts and that are sufficient to account for much of the
10-15% of filtered bicarbonate that is reabsorbed between the
late proximal convoluted and early distal tubule of the rat in
vivo (1, 2). The bicarbonate absorption occurs against both
chemical and electrical gradients and is mediated predomi-
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nantly by apical membrane sodium-hydrogen exchange (3). In
contrast to segments of the proximal tubule and collecting
duct, however, little direct information is available regarding
factors that control bicarbonate absorption in the mammalian
thick ascending limb.

Peptide hormones such as vasopressin, glucagon (Glu),'
and PTH regulate a variety of cell functions in thick ascending
limbs, including the transport of ions such as Na+, Cl , Ca2",
and K+ (4-8). Peptide hormones also have important effects
on urinary acidification, both in physiologic and pathophysio-
logic conditions (9-13), and recent evidence suggests that the
thick ascending limb may be a site of peptide hormone action
on bicarbonate transport. Micropuncture studies in rats have
shown that the acute infusion of vasopressin, Glu, or PTHcan
alter bicarbonate reabsorption by the superficial "loop seg-
ment," the portion of the nephron between the late proximal
convoluted and early distal tubule (10, 12, 14, 15). While these
findings are consistent with an effect of peptide hormones on
thick ascending limb bicarbonate transport, interpretation of
the micropuncture experiments is complicated by the fact that
the loop segment is composed of the proximal straight tubule,
the thin descending limb, the thin ascending limb, and the
early distal convoluted tubule, in addition to the medullary
and cortical thick ascending limbs. Such heterogeneity pre-
cludes precise localization of the site(s) of hormone action. In
addition, in experiments in which hormones are infused sys-
temically, it is not possible to determine whether a change in
bicarbonate absorption may be due to a direct action of the
hormone on a particular nephron segment or to a change in
some luminal or systemic factor that is related to the hormone
and that indirectly influences bicarbonate transport. The pos-
sibility that different peptide hormones may affect different
nephron segments or act via different cellular mechanisms is
supported by the findings that vasopressin and Glu inhibited,
whereas PTH stimulated, bicarbonate absorption in the loop
segment(10, 14).

The purpose of the present study was to determine directly
whether peptide hormones affect bicarbonate absorption in
the medullary thick ascending limb of the rat. The isolated,
perfused tubule technique was used so that the effects of dif-
ferent hormones on bicarbonate transport could be examined
in the absence of changes in other systemic factors. In addi-
tion, experiments were performed to gain information regard-
ing the signal transduction system that may be involved in the
hormones' effects. Finally, because the medullary thick as-
cending limb also influences urinary net acid excretion by
reabsorbing ammonium (1, 16-18), the effect of vasopressin
on NH' transport also was examined. The results demonstrate
that vasopressin, Glu, and PTH directly inhibit bicarbonate
absorption in the rat medullary thick ascending limb, and that

1. Abbreviations used in this paper: 8-Bromo-cAMP, 8-bromoadeno-
sine 3':5'-yclic monophosphate; Glu, glucagon.
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the inhibition appears to be mediated in part by increased
intracellular levels of cAMP. In contrast, vasopressin has no
effect on net ammonium absorption, indicating that bicar-
bonate and ammonium transport rates can be regulated sepa-
rately in this nephron segment.

Methods

Pathogen-free male Sprague-Dawley rats (Taconic Farms, Inc., Ger-
mantown, NY) weighing 60-70 g were housed in filter-top isolation
cages with autoclaved food (NIH 31 diet; Ziegler Brothers, Inc.,
Gardners, PA) and bedding. They had free access to food and distilled
water up to the time of experiments. The rats were injected intraperito-
neally with 2 mg furosemide 5-10 min before being anesthetized with
sodium pentobarbitol (50 mg/kg i.p.). The left kidney was exposed via
an abdominal incision, bathed in situ for 1-2 min with ice-cold dissect-
ing solution, and then removed and sliced for tubule dissection. As
discussed previously (1, 18, 19), these procedures help preserve the
viability of rat renal tubules in vitro. Medullary thick ascending limbs
were dissected at 10C from the inner stripe of the outer medulla in a
solution that contained (in mM): 145 NaCl, 2 K2HPO4, 1.2 Na2SO4, 1
CaCl2, I Ca lactate, 0.5 Mg citrate, and 5.5 glucose. The dissection
fluid was gassed with 1000% oxygen and titrated to pH 7.4.

The tubules were transferred to a temperature-controlled chamber,
mounted on concentric pipettes, and perfused in vitro at 370C as
previously described (1, 3, 18). Tubule fluid emerging from the distal
end of the tubules was collected for timed intervals into calibrated
constriction pipettes for calculation of tubule fluid flow rate and for
analysis of total CO2or total ammonia concentration. In bicarbonate
transport experiments, perfusion rate averaged 1-2 nl/min per mm; in
ammonium transport experiments, a higher perfusion rate (5-6 nl/
min per mm)was used to prevent development of limiting transepithe-
lial ammonium concentration gradients (18). In all experiments the
luminal perfusion solution contained (in mM): 146 Na', 4 K+, 122
Cl-, 25 HCO5, 2 Ca2+, 1.5 Mg2+, 2 phosphate, 1.2 SO42-, I citrate, 2
lactate, and 5.5 glucose. The bath solution was identical except for
addition of 0.2% bovine albumin (fraction V, essentially fatty acid free;
Sigma Chemical Co., St. Louis, MO). Experimental agents were added
to the bath solution as described below. In ammonium transport ex-
periments, the perfusate and bath also contained 4 mMNH4Cl. All
solutions were equilibrated with 95% 02, 5% CO2 and were pH
7.47-7.48 at 370C. The oxygen and CO2 tensions in the bath were
maintained during the experiments by continuously flowing freshly
gassed solution into the perfusion chamber as previously described
(1, 18).

Arginine vasopressin (AVP), Glu, PTH (1-34 fragment, bovine),
8-bromoadenosine 3':5'-cyclic monophosphate (8-bromo-cAMP), and
forskolin were purchased from Sigma Chemical Co. Glu was prepared
as a concentrated stock solution in dilute HCI; forskolin was prepared
and stored as a stock solution (1 mg/ml) in 95%ethanol. Final ethanol
concentration in forskolin bath was 0.05%. An equal concentration of
ethanol was added to the control bath in all forskolin experiments.

The general protocol was similar with each of the experimental
agents. Tubules were equilibrated for 20-60 min at 37°C with the
control bath solution2 and the perfusion reservoir was adjusted to
establish a steady luminal flow rate. After equilibration, two to four
tubule fluid collections were obtained for determination of control
bicarbonate or ammonium transport rate (control period). The bath
solution was then changed to one containing one of the experimental
agents and the tubule allowed to re-equilibrate for 10-30 min. Two to

2. After warming tubules to 370C, the bicarbonate absorption rate
increases to a stable value over a period of - 30 min. Therefore, a
20-60-min equilibration period was allowed. The increase in bicar-
bonate absorption presumably reflects a change in some regulatory
factor, possibly a fall in cell cAMP(see Results).

Table I. Effect of AVPon Bicarbonate Transport

[Total C02J

V Perfused Collected JTCO2 VTE

nIl/min mM pmol/min mV
per mm per mm

Control 1.0±0.1 25.9±0.2 17.2±1.0* 7.8±0.4 12.5±1.1
Vasopressin 0.9±0.1 25.9±0.2 21.5±0.8* 3.7±0.5 15.1±0.7
P NS <0.001 <0.001 <0.05

Values are means±SE. Vasopressin was 2.8 X 10-11 Min the bath.
No. of experiments = 8 (means do not include values from three tu-
bules in Fig. I studied with NH4Cl in perfusate and bath). Mean tu-
bule length = 0.57±0.02 mm. Total CO2concentration in the bath
was 26.8±0.4 mMin control and 26.7±0.3 mMwith vasopressin. V
is fluid collection rate; JTCO2 is absolute rate of total CO2absorp-
tion; VTE is transepithelial voltage, oriented lumen positive with re-
spect to bath. Pvalues compare control and vasopressin (paired t test).
* Collected total CO2concentration significantly different from per-
fused (paired t test).

seven additional tubule fluid collections were then obtained (experi-
mental period). Finally, the agent was removed from the bath and
control measurements were repeated (recovery period). Complete re-
covery generally was observed within 30-40 min. In some experi-
ments, only two periods (either control and experimental or experi-
mental and recovery) were studied. Also, longer time periods were used
with some agents (see Results).

Total carbon dioxide concentrations in perfusion and bathing so-
lutions and in collected tubule fluid were measured by microcalorim-
etry as previously described (1, 3). Total ammonia concentrations were
measured by microfluorometry (1). Transepithelial voltage was mea-
sured between calomel cells using a digital electrometer (1, 18). Be-
cause net fluid transport is absent in rat thick ascending limbs in both
the presence and absence of vasopressin (1, 19-21), absolute rates of
total CO2 or total ammonia absorption (Ji, picomoles/minute per
millimeter) were calculated as J, = V(CO- C1)/L, where V is fluid
collection rate (nanoliters/minute), C is total CO2 or total ammonia
concentration in perfused (o) and collected (1) fluid (millimolar), and L
is perfused tubule length (millimeters).3 A mean fluid collection rate,
transepithelial voltage, and total CO2or total ammonia absorption rate
were calculated for each period studied in a given tubule. Whencontrol
measurements were made at the beginning and end of an experiment,
the control values were averaged. Single tubule values, presented in the
figures, were averaged to obtain the group means presented in tables (n
= No. of tubules). Differences between means were eyaluated using the
paired t test, with a P value < 0.05 considered statistically significant.

Results

Effect of vasopressin on bicarbonate absorption. The effects of
AVPon bicarbonate transport by the medullary thick ascend-
ing limb are shown in Table I (mean values) and Fig. 1 (indi-
vidual data). Vasopressin (2.8 X 10-10 M) added to the bath
reduced net bicarbonate absorption from 7.8 to 3.7 pmol/min
per mm(Table I). The inhibition of bicarbonate absorption

3. In this paper, as in previous papers (1, 3, 17), total CO2absorption is
referred to generally as bicarbonate absorption and total ammonia
absorption is referred to as ammoniumabsorption. Whenmechanisms
of ammonium transport are discussed, the chemical formulae NH4
and NH3are used to indicate the particular species transported.
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Figure 1. Effect of AVP(2.8 X 10-10
Min the bath) on total CO2absorp-
tion by the rat medullary thick as-
cending limb. Solid and open circles
are mean values for single tubules;
lines connect paired measurements
made in the same tubule. P value is
for paired t test.

was reversible (Fig. 1) and could be observed within 10- 1 5 min
after addition of vasopressin to the bath. Vasopressin caused a
small but significant increase in the transepithelial voltage
(Table I). In three additional tubules studied with 4 mM
NH4Cl in the perfusate and bath, vasopressin (2.8 X 10-10 Min
the bath) reduced bicarbonate absorption rate from 8.3±0.5 to
4.9±0.6 pmol/min per mm(open circles, Fig. 1).

Effect of vasopressin on bicarbonate absorption in the pres-
ence offurosemide. To determine whether the inhibition of
bicarbonate absorption may have been the indirect result of an
effect of vasopressin on transcellular NaCl transport, the effect
of vasopressin was studied in tubules perfused with furosemide
to inhibit net NaCi absorption (Table II, Fig. 2). With 10-' M
furosemide in the luminal perfusate, vasopressin (2.8 X 10-10
Min the bath) reduced net HCO- absorption from 1.5 to 8.1
pmol/min per mm(Table II). The inhibition was reversed
when vasopressin was removed from the bathing solution (Fig.
2). Thus, the effect of vasopressin to inhibit HCO- absorption
was similar in the presence and absence of furosemide. With
furosemide, the transepithelial voltage was near zero and was
unaffected by vasopressin (Table II).

Effect of Glu on bicarbonate absorption. The effects of Glu
are shown in Table III and Fig. 3. Glu (2 X iO-9 M) added to
the bath reduced net bicarbonate absorption from 11.7 to 7.6
pmol/min per mm(Table III). This effect was reversible (Fig.
3). Glu increased the transepithelial voltage in four of five
tubules; however, the net increase in voltage was small and was
of borderline significance (0.05 < P < 0. 1).

Table II. Effect of A VPon Bicarbonate Transport
(J-4'M Luminal Furosemide)

[Total C02]

V Perfused Collected JTCO2 VTE

nl/min mM pmol/min mV
per mm per mm

Control 1.1±0.1 25.4±0.2 15.1±0.8* 11.5±1.0 1.5±0.2
Vasopressin 1 .1±0.1 25.4±0.2 18.0±1. 1* 8.1±1.2 1.3±0.1
P NS <0.005 <0.005 NS

Values are means±SE. Vasopressin was 2.8 X 10-0 Min the bath.
In both control and vasopressin conditions, the luminal perfusate
contained 1 x 10-4 Mfurosemide. No. of experiments = 5. Mean tu-
bule length = 0.49±0.03 mm. Total CO2concentration in the bath
was 25.7±0.4 mMin control and 25.9±0.5 mMwith vasopressin. V,
JTCO2, VTE, P values, and * as in Table I.

E 16

E
14 p<0.005

E

12 \

=

<4

-6 2r .

0C A

Control AVP Control

Figure 2. Effect of AVP (2.8 X 10-10 M
in the bath) on total CO2absorption in
the presence of furosemide. Furosemide
(1 X 10-4 M) was present in the luminal
perfusate throughout the experiments.
Solid circles, lines, and Pvalue as in Fig. 1.

Effect of PTHon bicarbonate absorption. PTH(2 X I 0- or
3 X 10-8 M) added to the bath caused a small but significant
decrease in net bicarbonate absorption (Table IV, Fig. 4). The
inhibition of bicarbonate absorption was reversible (Fig. 4) but
was smaller in magnitude ( 19%) than that observed with vaso-
pressin or Glu (35-50%, Tables I and III). PTHhad no signifi-
cant effect on transepithelial voltage (Table IV).

Effects of 8-bromo-cAMP and forskolin on bicarbonate ab-
sorption. To determine whether vasopressin and Glu may have
inhibited bicarbonate absorption via their action to stimulate
intracellular production of cAMP, the effects of exogenous
8-bromo-cAMP and forskolin (an agent that increases cell
cAMP production) were examined in the absence of added
hormone. 8-Bromo-cAMP (1 X 10-3 M in the bath) reduced
net bicarbonate absorption by 37%, from 13.1 to 8.2 pmol/
min per mm(Table V, Fig. 5). Forskolin (1 X 10-6 M in the
bath) reduced bicarbonate absorption by 30%, from 16.7 to 12
pmol/min per mm(Table V, Fig. 6). The effect of both agents
to inhibit bicarbonate absorption was reversible (Figs. 5 and 6).
Both 8-bromo-cAMP and forskolin significantly increased the
transepithelial voltage (Table V).

Effect of vasopressin on bicarbonate absorption in the pres-
ence of 8-bromo-cAMP. To examine further whether cAMP
may be responsible for the transport effects observed with va-
sopressin, the effects of vasopressin were studied in the pres-
ence of exogenous 8-bromo-cAMP. With 8-bromo-cAMP (1
X 10' M) in the bath, adding vasopressin (2.8 X 10-10 M) to
the bath had no significant effect on bicarbonate absorption
(Table VI, Fig. 7). In the presence of 8-bromo-cAMP, vaso-
pressin also had no significant effect on transepithelial voltage
(Table VI).

Effect of vasopressin on ammonium absorption. The effect
of AVP on ammonium transport by the medullary thick as-

Table III. Effect of Glu on Bicarbonate Transport

[Total Co2]

V Perfused Collected JTC02 VTE

nIl/min mM pmol/min mV
per mm per mm

Control 1.1±0.1 25.3±0.3 14.7±0.7* 11.7±1.0 7.8±0.8
Glu 1.1±0.1 25.3±0.3 18.4±0.6* 7.6±0.8 9.6±1.2
P NS <0.005 <0.005 NS

Values are means±SE. Glu was 2 X 10' Min the bath. No. of ex-
periments = 5. Mean tubule length = 0.56±0.03 mm. Total CO2
concentration in the bath was 25.4±0.4 mMin control and 25.4±0.4
mMwith Glu. V, JTCO2, VTE, P values, and * as in Table I.
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cending limb is shown in Table VII and Fig. 8. Vasopressin
(2.8 X 10-10 M) added to the bath did not significantly affect
net ammonium absorption. To determine whether exposure
times longer than those used in the bicarbonate transport ex-
periments were required to observe an effect of vasopressin on
ammonium absorption, tubules in some of the experiments
were exposed to bath vasopressin for up to 100 min after an
initial 60-90-min control period. Even with these prolonged
time periods, no effect of vasopressin on ammonium absorp-
tion was observed.

Discussion

Peptide hormones such as vasopressin and PTH influence uri-
nary net acid excretion and have been shown to alter luminal
acidification in the proximal tubule, distal tubule, and cortical
and inner medullary collecting ducts (9-15, 22-26). The pres-
ent experiments were designed to determine directly whether
peptide hormones affect bicarbonate absorption in the medul-
lary thick ascending limb of the rat. The results show that
vasopressin, Glu, and PTH inhibit bicarbonate absorption,
and that this inhibition can be reproduced by procedures that
increase intracellular levels of cAMP. Thus, peptide hormones
and factors that regulate intracellular cAMPare likely to be
important determinants of luminal acidification in the medul-
lary thick ascending limb.

Effects of vasopressin on bicarbonate transport. Bicarbon-
ate absorption was markedly inhibited by 2.8 X 1010 Mvaso-
pressin (Fig. 1). This hormone concentration was used because
it represents the upper end of the physiologic range of vaso-
pressin concentrations, and because it had been shown pre-

Table IV. Effect of PTHon Bicarbonate Transport

[Total C02]

V Perfused Collected JTCO2 VTE

nIl/min mM pmol/min mV
per mm per mm

Control 1.1±0.1 25.2±0.4 14.4±0.8* 12.5±0.8 9.4±1.1
PTH 1.2±0.1 25.2±0.4 16.6±0.7* 10.1±0.7 10.0±0.5
P NS <0.001 <0.005 NS

Values are means±SE and are combined results of experiments with
2 X 10-9 and 3 X 10-8 MPTH in the bath. Total no. of experiments
= 8 (n = 5 with 2 X l0-9 MPTH; n = 3 with 3 X 10-1 MPTH).
Mean tubule length = 0.50±0.03 mm. Total CO2concentration in
bath was 25.5±0.2 mMin control and 25.6±0.4 mMwith PTH. V,
JTCO2, VTE, P values, and * as in Table I.

16
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6. X-. Figure 4. Effect of PTH in the bath on
4 total CO2absorption by the rat medul-
211 lary thick ascending limb. Solid circles, 2

O[ X 10-9 MPTH; open circles, 3 X 10-1 M
Controi PiN cok PTH. Lines and P value as in Fig. 1.

viously to stimulate net NaCI absorption in the isolated, per-
fused rat medullary thick ascending limb (21). The inhibition
of bicarbonate absorption was observed with or without
NH4Cl in the perfusate and bath, and was sustained for as long
as vasopressin was present in the bathing solution.

The direct inhibition of bicarbonate absorption in the med-
ullary thick ascending limb in vitro can explain, in part, the
recent observation that an acute infusion of 1 -deamino-8-D-
AVPdecreased fractional bicarbonate reabsorption in the loop
segment of the Sprague-Dawley rat in vivo (12). The inhibition
in vivo was observed in hormone-deprived rats in which the
potential effects of endogenous peptide hormones were mini-
mized by hypotonic volume expansion, thyroparathyroidec-
tomy, and somatostatin infusion, but could not be detected in
intact rats that received only hypotonic volume expansion
(12). These findings suggest that factors other than vasopressin
influence loop segment bicarbonate transport; however, they
do not preclude an important regulatory role for the action of
vasopressin on the medullary thick ascending limb for several
reasons: (a) the medullary thick ascending limb may be rela-
tively short in superficial nephrons, minimizing the impact of
vasopressin on overall loop bicarbonate transport; (b) changes
in bicarbonate absorption in the cortical thick ascending limb
may compensate for changes in the medullary segment (see
below); and (c) direct effects of vasopressin on the medullary
thick ascending limb may be opposed by other luminal or
systemic factors that change with vasopressin and that indi-
rectly influence loop bicarbonate transport.

In contrast to its action to inhibit bicarbonate absorption
in the medullary thick ascending limb, vasopressin stimulates
net bicarbonate absorption in the distal tubule and collecting
ducts (12, 25, 26) and increases urinary net acid excretion (1 1,
12). The physiologic importance of increased net acid excre-
tion with vasopressin may be to maintain plasma pH during
states of antidiuresis when water retention would tend to dilute
the plasma bicarbonate concentration (12). A possible means
by which the thick ascending limb could contribute to the
vasopressin-related stimulation of urine acidification would be
as follows. If vasopressin inhibited bicarbonate absorption in
the medullary thick ascending limb but not in the cortical
thick ascending limb (as is the case for vasopressin stimulation
of NaCI absorption [6]), then an increase in bicarbonate ab-
sorption by the cortical segment, in response to the increased
bicarbonate load, could compensate for the decrease in ab-
sorption in the medullary segment. The net result would be a

shift in bicarbonate absorption from the medullary to the cor-
tical thick ascending limb with little or no change in overall
loop bicarbonate transport. This would have the important
effect of reducing net bicarbonate delivery to the medullary
interstitium, which could limit the bicarbonate concentration
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Table V. Effects of 8-Bromo-cAMP and Forskolin on Bicarbonate Transport

[Total C021

V Perfused Collected JTCO2 VW

nil/min per mm mM pmol/min per mm mV

Control 1.0±0.1 25.0±0.2 11.6±1.4* 13.1±1.5 11.9±0.8
8-Bromo-cAMP 1.0±0.1 25.0±0.2 16.3±1 .4* 8.2±1.0 13.8±1.1
P NS <0.00 1 <0.00 1 -0.05

Control 1.7±0.2 25.7±0.2 15.8±0.7* 16.7±1.4 6.6±0.6
Forskolin 1.7±0.2 25.7±0.2 18.5±0.2* 12.0±0.9 9.0+0.7
P NS <0.01 <0.01 <0.025

Values are means±SE. 8-Bromo-cAMP was I X 10-3 Mand forskolin was 1 X 10-6 Min the bath. No. of experiments 8 with 8-bromo-
cAMPand 5 with forskolin. Mean tubule length was 0.57+0.03 mmwith 8-bromo-cAMP and 0.46±0.05 mmwith forskolin. Total CO2con-
centration in bath was 25.4±0.2 mMin control, 25.5±0.1 mMwith 8-bromo-cAMP, and 25.9±0.3 mMwith forskolin. V, JTCO2, VTE, P
values, and * as in Table I.

surrounding the medullary collecting ducts and enhance col-
lecting duct proton secretion. Such an effect may be particu-
larly important with vasopressin, since concentrations of med-
ullary solutes are greatest during antidiuresis. Further studies
of the effects of vasopressin on the cortical thick ascending
limb and on medullary acid-base handling will be required to
evaluate this hypothesis.

Mechanisms of vasopressin action. The effect of vasopres-
sin to inhibit bicarbonate absorption can be accounted for by
its action to stimulate adenylyl cyclase and increase the intra-
cellular production of cAMP. This view is supported by several
observations: (a) vasopressin in physiologic concentrations
(10-11 -101o M) stimulates adenylyl cyclase and increases
cAMPproduction in the rat medullary thick ascending limb
(4, 8, 27); (b) an analogue of cAMP(8-bromo-cAMP) closely
mimicked vasopressin action (Fig. 5); (c) the effect of vaso-
pressin to inhibit bicarbonate absorption was blocked by exog-
enous 8-bromo-cAMP (Fig. 7); (d) forskolin, an agent that
stimulates intracellular cAMPproduction (28, 29), inhibited
bicarbonate absorption (Fig. 6); and (e) Glu, another hormone
that stimulates adenylyl cyclase activity in medullary thick
ascending limbs (4, 7, 8), inhibited bicarbonate absorption by
an amount similar to that observed with vasopressin (Fig. 3).

One possible explanation for the inhibition of bicarbonate
absorption would be that it occurs as an indirect result of the
effect of vasopressin to stimulate net NaCl absorption. Vaso-

18 A
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< 6 \ Figure S. Effect of 8-bromo-cAMP
8 4 (cAMP; I X 10-3 Min the bath) on total

A 2 CO2absorption by the rat medullary
o- thick ascending limb. Solid circles, lines,
contro cAiP conw andPvalue as in Fig. 1.

pressin (via cAMP) increases net NaCl absorption in mouse (6,
20) and rat (21) medullary thick ascending limbs and this
effect is associated with increased apical sodium uptake via the
Na+-K+-2 Cl- cotransport system (6, 30). The vasopressin-de-
pendent increase in Na+ uptake could increase cell Na+ activ-
ity, reduce the Na+ gradient driving apical membrane Na+-H+
exchange, and inhibit net bicarbonate absorption. To test this
possibility, the effect of vasopressin was examined in tubules
perfused with furosemide to inhibit Na+-K+-2 Cl- cotransport
and transcellular NaCI absorption (5). The results show that
vasopressin inhibited bicarbonate absorption to a similar ex-
tent either in the presence or absence of luminal furosemide.
Thus, the inhibition of bicarbonate absorption occurs inde-
pendent of effects on net NaCl absorption. The experiments
with furosemide also demonstrate that the inhibition of bicar-
bonate absorption can occur in the absence of a change in
transepithelial voltage (Table II).

Another means by which vasopressin and cAMP could
inhibit bicarbonate absorption would be by inhibiting apical
membrane Na+-H+ exchange, which mediates most of trans-
cellular bicarbonate absorption in the rat thick ascending limb
(2, 3). cAMPand hormones such as PTH that stimulate pro-
duction of cAMP, have been shown to inhibit Na+-H+ ex-
change and net bicarbonate absorption in proximal tubules (9,
22, 23, 31) and in renal brush border membranes (32). cAMP
also inhibits Na+-H+ exchange in the apical membrane of the

I

I
I3

Control Forsk Control

Figure 6. Effect of forskolin (Forsk; I
X 10- Min the bath) on total CO2ab-
sorption by the rat medullary thick as-
cending limb. Solid circles, lines, and P
value as in Fig. 1.
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Table VI. Effect of A VP on Bicarbonate Transport in the Presence of 8-Bromo-cAMP

[Total CO2]

V Perfused Collected JTCO2 VE

nl/min per mm mM pmol/min per mm mV

8-Bromo-cAMP 1.2±0.1 25.4±0.3 19.1±0.7* 7.3±0.4 9.5±1.0
Vasopressin + 8-bromo-cAMP 1.2±0.1 25.4±0.3 19.3±0.5* 6.9±0.5 8.8±1.1
P NS NS NS NS

Values are means±SE. Vasopressin was 2.8 X 10-11 Min the bath. The bath contained 1 X 10-3 M8-bromo-cAMP throughout the experi-
ments. No. of experiments = 7. Mean tubule length = 0.58±0.02 mm. Bath total CO2concentration was 26.2±0.5 mMin both 8-Bromo-
cAMPand vasopressin + 8-bromo-cAMP conditions. V, JTCO2, VTE, P values, and * as in Table I.

Necturus gallbladder (33). However, whether cAMPinhibits
apical Na'-H' exchange in the medullary thick ascending limb
has not been determined.

Effects of Glu on bicarbonate transport. Glu directly inhib-
ited bicarbonate absorption (Fig. 3). As discussed above, this
effect can best be accounted for by the action of Glu to stimu-
late adenylyl cyclase and increase intracellular production of
cAMP(4). The similarity of the effects of Glu and vasopressin
on bicarbonate absorption in the medullary thick ascending
limb supports the concept of multiple hormonal control in
which different hormones that activate adenylyl cyclase in a
particular nephron segment are predicted to exert a similar
physiologic effect (4, 7).

In recent studies in hormone-deprived rats, the acute infu-
sion of Glu to physiologic levels caused an increase in urinary
bicarbonate excretion and a decrease in net acid excretion
(13). The increase in bicarbonate excretion was associated with
a decrease in fractional bicarbonate absorption by the loop
segment (10, 15). Results of the present study indicate that this
decrease can be explained, at least in part, by direct inhibition
of bicarbonate absorption in the medullary thick ascending
limb. At the present time the physiological importance of the
effects of Glu on urinary acidification is unknown.

Effects of PTHon bicarbonate transport. Bichara et al. re-
ported recently that infusion of PTH into thyroparathyroidec-
tomized rats increased bicarbonate absorption along the su-
perficial loop segment ( 14). Results of the present study show,
however, that PTH directly inhibited bicarbonate absorption
in the medullary thick ascending limb (Fig. 4). Furthermore,
preliminary studies in this laboratory have shown that PTH
also inhibits bicarbonate absorption in the rat cortical thick
ascending limb (Good, D., unpublished observations).4 Thus,
the increase in loop bicarbonate absorption seen with PTH
administration in vivo does not appear to be due to direct
hormonal stimulation of bicarbonate absorption in the thick
ascending limb. Because the extent of inhibition of bicarbon-
ate absorption by PTH in vitro was relatively small (< 20%),
and because the effect was observed using PTHconcentrations
above the physiological range, it is uncertain whether inhibi-
tion of bicarbonate absorption in the medullary thick ascend-
ing limb represents an important physiologic effect of the hor-

4. In two experiments with cortical thick ascending limbs, bicarbonate
absorption rate with 3 X 10-l MPTH in the bath was 1-3 pmol/min
per mmcompared with 7-9 pmol/min per mmmeasured in controls.

mone. If PTH does not significantly inhibit thick ascending
limb bicarbonate absorption in vivo, then the stimulation of
loop bicarbonate absorption observed after PTH infusion ( 14)
may simply reflect the ability of the loop segment to increase
its bicarbonate absorptive capacity in response to the increase
in bicarbonate load (increase in luminal bicarbonate concen-
tration) delivered to it from the proximal tubule.

The mechanisms by which PTHaffects bicarbonate trans-
port in the medullary thick ascending limb are uncertain. PTH
inhibits bicarbonate absorption and Na'-H' exchange in cells
of the proximal tubule, and these actions are mimicked by
analogues of cAMP (9, 22, 23, 31, 32). Several studies, how-
ever, have reported no effect of PTHon adenylyl cyclase activ-
ity in the medullary thick ascending limb (34-36). It is possi-
ble, however, that the sensitivity of the adenylyl cyclase assay
may be insufficient, or that performance of the assay in lysed
cells under nonphysiological conditions may be inadequate to
detect modest (- 50%) changes in cyclase activity that may
occur in intact cells and be physiologically significant. Alterna-
tively, PTHcould influence bicarbonate transport in thick as-
cending limbs by other mechanisms such as activation of
Ca2l-dependent messenger systems (37, 38), effects on prosta-
glandins, or inhibition of carbonic anhydrase (39).

Effect of vasopressin on ammonium transport. In addition
to reabsorbing bicarbonate, a second means by which the thick
ascending limb influences urinary net acid excretion is by
reabsorbing ammonium (1, 18). Absorption of NH' by the
medullary thick ascending limb enhances urinary ammonium
excretion by promoting countercurrent multiplication of am-
monium in the renal medulla, which facilitates secretion of
ammonium into the collecting ducts (16-18). Absorption of
ammoniumby the medullary thick ascending limb occurs pre-
dominantly by secondary active transport, mediated by sub-

E

1 IC

0
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4

cAi AVPcAMP

cAWP

Figure 7. Effect of AVP(2.8 X 10-0 M
in the bath) on total CO2absorption in
the presence of 8-bromo-cAMP. 8-
Bromo-cAMP (I X 10-' M) was present
in the bath throughout the experiments.
Solid circles and lines as in Fig. 1. NS,
No significant difference (paired t test).
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Table VII. Effect of AVP on Ammonium Transport

[Am]

V Perfused Collected JAm VTE

nIl/min mM pmol/min mV
per mm per mm

Control 5.8±0.4 4.0±0.03 2.5±0.2* 9.2±1.6 3.2±0.3
Vasopressin 5.9±0.5 4.0±0.03 2.5±0.2* 9.4±1.9 3.6±0.5
P NS NS NS NS

Values are means±SE. Vasopressin was 2.8 X 10-0 Min the bath.
No. of experiments = 6. Mean tubule length = 0.56±0.02 mm. [Am]
is total ammonia concentration; JAm is absolute rate of total ammo-
nia absorption. Total ammonia concentration in bath was 4.0±0.1
mMin both control and vasopressin conditions. Vand VTE are as in
Table I. P values compare control and vasopressin (paired t test).
* Collected total ammonia concentration significantly different from
perfused (paired t test).

stitution of NHZfor K+ on the apical membrane Na'-K+-2 CV-
cotransport system (1, 40-42). The previous observation that
vasopressin stimulates apical Na'-K+-2 Cl- uptake in mouse
and rat medullary thick ascending limbs (6, 21, 30) suggested
that NH' uptake via the cotransporter also might be acceler-
ated. The results show, however, that vasopressin had no sig-
nificant effect on net ammonium absorption (Table VII, Fig.
8). Therefore, vasopressin either did not stimulate apical NH4
uptake, or an increase in NH' uptake was offset by another
effect tending to reduce net NHWabsorption.

The observation that vasopressin markedly inhibits net bi-
carbonate absorption with no effect on net ammonium ab-
sorption illustrates that ammonium and bicarbonate transport
rates can be regulated independently in the thick ascending
limb. In the medullary thick ascending limb, net ammonium
absorption is due to direct NH' transport that is predomi-
nantly transcellular and active (40, 41). Furthermore, back-
diffusion of NH3 from bath to lumen, which could be in-
fluenced by luminal pH, comprises only a small fraction of the
net ammonium flux due to the low NH3 concentrations at
physiological pH and to a relatively low transepithelial NH3
permeability (17, 41).5 Thus, it is not surprising that NH'4
absorption in the medullary thick ascending limb might be
relatively insensitive to changes in luminal pH. The observa-
tions that changes in potassium concentration inhibited net
NH' absorption with no effect on bicarbonate absorption (18,
40) and that furosemide inhibited NH' absorption while stim-
ulating net bicarbonate absorption (1, 3) illustrate further that
NHZ and HCO transport rates can vary independently in
thick ascending limbs.

5. Using the collected fluid bicarbonate and ammonium concentra-
tions in Tables I and VII, and assuming a transepithelial NH3perme-
ability of 3 X 10-3 cm/s (41), the calculated change in NH3backflux
with vasopressin would be - 0.9 pmol/min per mm. This represents
an upper estimate since high flow rates used in the ammonium trans-
port experiments would tend to minimize luminal pH changes. Thus,
the change in NH3 backflux would be < 10% of the net ammonium
absorptive flux.

20 NS
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,& 18

,E 16 -
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Figure 8. Effect of AVP(2.8 X 10-0
Min the bath) on ammonium ab-
sorption by rat medullary thick as-
cending limbs. Solid circles are mean
values for single tubules. Lines as in
Fig. 1. NS, No significant difference
(paired t test).
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