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Abstract

Previously we demonstrated that arginine vasopressin (AVP)
directly inhibits bicarbonate absorption (JHCO3, pmol/min
per mm) in the medullary thick ascending limb (MTAL) of the
rat. To determine whether changes in osmolality also may af-
fect bicarbonate absorption, MTALwere studied in vitro with
25 mMHCO3- solutions. Control osmolality was 290 mosmol/
kg H20. In the absence of AVP, increasing osmolality to 560 in
perfusate and bath by addition of 150 mMNaCI reduced
JHCO3from 13.7 to 4.5. With 2 X 10-10 MAVP in the bath,
adding 150 mMNaCI to perfusate and bath reduced JHCO3
from 6.9 to 0.6, while adding NaCI to the bath alone reduced
JHCO3from 7.1 to 0.5. Adding 150 mMNaCl to perfusate and
bath caused a similar inhibition of JHCO3in MTALperfused
with furosemide to inhibit net NaCGabsorption. In the presence
of AVP, adding 600 mMurea to perfusate and bath inhibited
JHCO3by 55%; adding 300 or 600 mMmannitol to perfusate
and bath inhibited JHCO3by 75%. The effects on JHCO3were
reversible and dissociable from changes in transepithelial volt-
age. Conclusions: (1) osmolality is a factor capable of regu-
lating renal tubule bicarbonate absorption; (2) hypertonicity
produced with NaCl, urea, or mannitol markedly inhibits bicar-
bonate absorption in the MTAL; (3) this inhibition occurs inde-
pendent of, and is additive to, inhibition by vasopressin. Hyper-
tonicity may shift TAL HCO3absorption from medulla to cor-
tex, thereby limiting delivery of bicarbonate to the medullary
interstitium during antidiuresis. (J. Clin. Invest. 1992. 89:184-
190.) Key words: hypertonicity * loop of Henle * urinary acidifi-
cation * vasopressin * antidiuresis

Introduction

In addition to its central role in the generation of a concen-
trated or dilute urine, the thick ascending limb of Henle also is
an important site of renal bicarbonate absorption (1-3). Fac-
tors that influence bicarbonate absorption in the thick ascend-
ing limb include chronic metabolic acidosis and alkalosis (3, 4),
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peptide hormones (5), and dietary sodium intake (4). In particu-
lar, we have demonstrated recently that arginine vasopressin
inhibits bicarbonate absorption by 40 to 50% in the isolated,
perfused medullary thick ascending limb of the rat (5). Changes
in vasopressin levels in vivo are accompanied by changes in
medullary osmolality that may independently influence renal
tubule ion transport. For example, in the mouse medullary
thick ascending limb, hypertonicity and vasopressin have op-
posing effects on net NaCl absorption that maybe components
of a feedback system that regulates medullary interstitial osmo-
lality (6-8). Whether changes in osmolality influence renal tu-
bule bicarbonate absorption has not been investigated directly.

The purpose of the present experiments was to examine
directly the effects of increasing osmolality on bicarbonate ab-
sorption in the medullary thick ascending limb of the rat. The
aims were to determine whether hypertonicity influences net
bicarbonate transport, and whether osmolality and vasopressin
might interact to regulate bicarbonate absorption. The results
show that an increase in osmolality markedly inhibits net bi-
carbonate absorption in the medullary thick ascending limb,
and that this inhibition is both independent of and additive to
inhibition by vasopressin.

Methods

Medullary thick ascending limbs from pathogen-free male Sprague-
Dawley rats (60-90 g body wt) were isolated and perfused in vitro using
methods described previously for this laboratory (1, 5, 9). The rats had
free access to distilled H20 and autoclaved food (NIH 31; Tecklad
Premier Laboratory Diet, Madison, WI) up to the time of experiments.
To preserve tubule function in vitro (1, 10), the rats were injected
intraperitoneally with furosemide (2 mg) 5-10 min before being anes-
thetized. After anesthesia (50 mg/kg pentobarbital i.p.), the left kidney
was bathed in situ for 1-2 min in ice-cold dissection solution and then
removed for tubule dissection (9).

Medullary thick ascending limbs were dissected at I0'C from the
inner stripe of the outer medulla and perfused in vitro at 37'C using
concentric glass pipettes (1, 9). Tubule fluid emerging from the distal
end of the tubules was collected for timed intervals into calibrated
constriction pipettes for calculation of fluid collection rates and for
analysis of total CO2 concentrations. Four perfusion solutions were
used for experiments: (1) control solution contained (in mM) 146 Na+,
4 K+, 122 C1-, 25 HCO-, 2.0 Ca2 , 1.5 Mg2", 2.0 phosphate, 1.2 S04,
1.0 citrate, 2.0 lactate, and 5.5 glucose; (2) NaCl solution was identical
to control solution except for addition of 150 mMNaCl; (3) urea solu-
tion was identical to control solution except for addition of 600 mM
urea; (4) mannitol solution was identical to control solution except for
addition of 300 or 600 mMmannitol. Corresponding bath solutions
were identical except for addition of 0.2% BSA (fraction V, essentially
fatty acid free, Sigma Chemical Co., St. Louis, MO). In most experi-
ments the bath also contained 2 X 10-10 Marginine vasopressin (see
Results). Also, in some experiments [3H]inulin was added to the perfu-
sion solution to serve as a volume marker for measurement of net fluid
transport (see below). All solutions were equilibrated with 95%02, 5%
CO2and were pH 7.47-7.48. The oxygen and CO2tensions in the bath
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Table . Net Fluid Transport

Collection Tubule
Perfusate/bath Osm Jv rate VTE length

mosmol/kg H20 nilmin per mm nIlmin per mm mV mm

A. Control/control (3/2) 290/290 0.03±0.01 1.3±0.04 12.1±1.1 0.60±0.01
B. NaCi/NaCi (10/3) 560/560 -0.01±0.01 1.2±0.07 7.5±0.7 0.64±0.02
C Urea/urea (9/3) 890/890 -0.02±0.02 1.0±0.10 3.3±1.2 0.68±0.01
D. Control/NaCi (13/5) 290/560 0.17±0.03* 1.0±0.01 19.4±2.2 0.61±0.03

Values are means±SE for individual tubules. Numbers in parentheses are number of collected fluid samples/number of tubules. All bath solu-
tions contained 2 x 10-0 Marginine vasopressin. Composition of solutions is given in Methods. Jv is net fluid transport rate. VTE is transepi-
thelial voltage, oriented lumen positive with respect to bath. * Jv significantly different from zero.

were maintained during the experiments by continuously flowing
freshly gassed solutions into the perfusion chamber (1, 9). The control
bath solution was used for tubule dissection.

The general protocol was similar in each experimental series. Tu-
bules were equilibrated for 20-40 min with control perfusate and bath,
following which, two to four tubule fluid samples were collected for
determination of bicarbonate absorption rate (control period). The
perfusion and/or bath solutions were then changed to one of the experi-
mental solutions and the tubule was allowed to re-equilibrate for 5-20
min. Two to four additional tubule fluid samples were then collected
(experimental period). Finally, the control solution was returned to the
perfusate and bath, and control measurements were repeated (recovery
period). Complete recovery generally was obtained within 20-40 min.
In experiments in which net fluid transport was measured, additional
tubule fluid samples were collected for measurement of inulin radioac-
tivity. In some experiments, only two periods (control and experimen-
tal, or experimental and recovery) were studied. With one exception,
solution changes involved symmetric replacement of both the perfus-
ate and bath (see Results).

In previous studies, net fluid transport was absent in rat thick as-
cending limbs perfused and bathed with isosmotic (290 mosmol/kg
H20) solutions in the presence or absence of vasopressin (1, 10- 12). To
confirm and extend these observations, we measured net fluid trans-
port with isosmotic and hypertonic solutions under experimental con-
ditions used in the present study (Table I). Net fluid transport was
measured as described previously (1) using exhaustively dialyzed
[methoxy-3H]inulin (New England Nuclear, Boston, MA). In the pres-
ence of 2 x 10-10 Mbath vasopressin, no significant net fluid transport
was observed in tubules perfused and bathed symmetrically with either
the control, NaCl, or urea solutions (conditions A-C, Table I). Thus,
for tubules studied with symmetric solutions, absolute rates of bicar-
bonate absorption (JTCO2, pmol/min per mm) were calculated as
JTCO2 = V1(C. - C1)/L, where VI is fluid collection rate (nl/min), Cis
total CO2 concentration (mM) in perfused (o) and collected (1) fluid,
and L is perfused tubule length (mm)2. In contrast, in tubules studied
with an imposed transepithelial osmotic gradient (control perfusate/
NaCl bath), significant net fluid absorption was observed (condition D,
Table I). Accordingly, for this condition, the absolute bicarbonate ab-
sorption rate was calculated as JTCO2 = [(V0C0) - (VICI)]/L, where V.
is perfusion rate (nl/min) calculated from the fluid collection rate and
the ratio of inulin radioactivities in perfused and collected fluids [VO
= V1([inulin]J/[inulin]O)].

Total carbon dioxide concentrations in perfusion and bath solu-
tions and in collected tubule fluid were measured by microcalorimetry
as previously described (1, 2). As a technical note, we were unable to

1. Abbreviation used in this paper: JTCO2, absolute rate of bicarbonate
absorption.
2. In this paper, as in previous papers (1, 2, 5), total CO2absorption is
referred to generally as bicarbonate absorption.

obtain reliable measurements of total CO2concentration in the NaCl
solution using concentrated H2SO4 in the release chamber, however,
reproducible and accurate results were obtained using H2PO4. The rea-
son(s) for this difference were not investigated. Either acid gave reliable
results for the control, urea, and mannitol solutions. Transepithelial
voltage of the tubules was measured between calomel cells connected
to perfusion and bath solutions by saline-agar bridges (1, 9). In one
experimental condition in which the perfusate and bath differed in
ionic composition (control perfusate/NaCl bath, Tables I and IV), the
measured transepithelial voltage was corrected for the change in liquid
junction voltage. The liquid junction voltage (calculated by use of the
Henderson equation [2, 13]) was -2.7 mV, control vs. NaCl. This
value was added to or subtracted from the measured voltages as appro-
priate to obtain the actual transepithelial voltages reported in Results.
In each experiment, a mean transepithelial voltage and total CO2ab-
sorption rate was calculated for each period studied in that particular
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 the Tables (n = number of tubules). Differences
between means were evaluated using the paired t test. P < 0.05 was
considered statistically significant.

Results

Effects of NaCl on bicarbonate absorption. The effects of in-
creasing NaCl concentration on bicarbonate absorption are
shown in Table II (mean values) and Fig. I (individual data).
Adding 150 mMNaCl to the perfusion and bathing solutions
reduced net bicarbonate absorption by 67%. The inhibition of
bicarbonate absorption was reversible (Fig. 1). Increasing the

Table IL Effect of Increasing NaCl Concentration in Perfusate
and Bath on Bicarbonate Absorption

[TCO2J

V Perfusion Collection JTCO2 VTE

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

Control 1.2±0.1 25.5±0.2 14.3±1.5* 13.7±2.0 8.0±1.3
NaCl 1.1±0.1 25.5±0.2 22.3±0.6* 4.5+0.7 5.0±0.9
P NS NS <0.005 <0.025 <0.025

Values are means±SE. Number of experiments = 5. NaCl, 150 mMNaCl added
to perfusate and bath. Mean tubule length = 0.64±0.06 mm. Total CO2con-

centration in bath solutions was 26.0+0.2 mM. V, fluid collection rate; [TCO2],
total carbon dioxide concentration; JTCO2, absolute rate of total CO2absorp-
tion; VTE, transepithelial voltage, oriented lumen positive with respect to bath.
P values compare control vs. NaCl (paired t test). * Collected [TCO21 different
from perfused (paired t test).
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NaCl concentration significantly decreased the transepithelial
voltage (Table II).

To examine possible interactions between hypertonicity
and vasopressin, the effect of increasing NaCl concentration
was studied in the presence of vasopressin. In tubules bathed
with 2 X 1010 Mvasopressin, adding 150 mMNaCl to the
perfusate and bath reduced net bicarbonate absorption reversi-
bly from 6.9 to 0.6 pmol/min per mm(Table III, Fig. 2). Thus
prior inhibition of HCO- absorption by vasopressin did not
prevent inhibition by NaCl, indicating that the inhibitory ef-
fects of hypertonicity and vasopressin are additive. In the pres-
ence of vasopressin, increasing NaCl concentration reduced
the transepithelial voltage (Table III).

To determine whether the inhibition of bicarbonate ab-
sorption may have been the indirect result of an effect of NaCl
concentration on transcellular NaCl transport, the effect of
NaCl was studied in tubules perfused with furosemide to in-
hibit net NaCl absorption. The results of two such experiments
are shown in Fig. 3. In these experiments, 2 X 1010 Mvaso-

pressin was present in the bathing solutions and perfusion rate
averaged 1.0±0. 1 nl/min per mm. With I0-' Mfurosemide in
the luminal perfusate, adding 150 mMNaCl to perfusate and
bath reduced net bicarbonate absorption nearly to zero. Thus,
the effect of NaCl to inhibit bicarbonate absorption was similar
in the presence or absence of luminal furosemide (Figs. 2 and
3). With furosemide, the transepithelial voltage averaged
1.3±0.1 mVand was unaffected by the increase in NaCl con-

centration.
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Figure 2. Effect of add-
ing NaCl (150 mM)to
perfusate and bath on

bicarbonate absorption
in the presence of vaso-

pressin. Arginine vaso-

pressin (2 X 10'0 M)
was present in the bath
throughout the experi-
ments. Filled circles,
lines, and P value as in
Fig. 1.

The effects of increasing NaCl concentration in the bath
alone are shown in Table IV and Fig. 4. The control and NaCl
bath solutions contained vasopressin (2 x 10-10 M). Adding
150 mMNaCl to the bath reduced net bicarbonate absorption
from 7.1 to 0.5 pmol/min per mm, an effect nearly identical to
that observed when NaCl concentration was increased symmet-
rically (Table III). With NaCl added to the bath, bicarbonate
concentration rose along the tubule lumen due to small net
fluid absorption (0.17±0.03 nl/min per mm) driven by the
transepithelial osmotic gradient (Table IV). Adding NaCl to
the bath increased the transepithelial voltage (Table IV), pre-

sumably due to the diffusion voltage generated across the cat-
ion-selective paracellular pathway (14).

Effects of urea. In addition to NaCl, the other solute primar-
ily responsible for hypertonicity in the renal medulla is urea.

The effects of urea on bicarbonate absorption are shown in
Table V and Fig. 5. In the presence of vasopressin (2 X 101O M
in the bath), adding 600 mMurea to the perfusate and bath
reduced net bicarbonate absorption by 55%. The inhibition of
bicarbonate absorption was reversible (Fig. 5). Increasing osmo-

lality with urea decreased the transepithelial voltage (Table V).
Effects of mannitol. The effects of increasing osmolality

with a nonphysiologic solute are shown in Table VI and Fig. 6.
Adding either 300 or 600 mMmannitol to the perfusate and
bath inhibited net bicarbonate absorption (Table VI, Fig. 6). In
four of the five experiments, vasopressin was present in the
bath solutions; in one experiment, mannitol inhibited bicar-
bonate absorption in the absence of vasopressin (Fig. 6). Manni-
tol also decreased the transepithelial voltage (Table VI).

Table III. Effect of Increasing NaCi Concentration in Perfusate and Bath on Bicarbonate Absorption (Vasopressin Present)

[TCO2J

V Perfusion Collection JTC02 VTE

n1lmin per mm mM pmol/min per mm mV

Control 1.0±0.1 26.0±0.3 18.8±0.9* 6.9±0.8 10.3±0.9
NaCl 1.0±0.1 25.8±0.3 25.1±0.4* 0.6±0.1 5.6±1.0
P NS NS <0.005 <0.005 <0.05

Values are means±SE. Number of experiments = 5. NaCl, 150 mMNaCl added to perfusate and bath. Control and NaCl baths contained
2 x 10`0 Mvasopressin. Mean tubule length = 0.60±0.03 mm. Total CO2concentration in bath solutions was 26.5±0.3 mM. V, [TCO2,
JTCO2, VTE, and * as in Table II. P values compare control vs NaCl (paired t test).
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Discussion

Although a variety of systemic and hormonal factors have been
identified to regulate renal bicarbonate transport and urinary
net acid excretion, direct studies of the effects of osmolality on

renal tubule bicarbonate absorption are lacking. The present
experiments were designed to examine directly the effects of
increasing osmolality on bicarbonate absorption by the iso-
lated, perfused medullary thick ascending limb of the rat. Be-
cause vasopressin directly inhibits bicarbonate absorption in
the medullary thick ascending limb (5), possible interactions
between osmolality and vasopressin also were examined. The
results demonstrate that hypertonicity markedly inhibits bicar-
bonate absorption in the medullary thick ascending limb. The
effect was observed with either NaCl, urea, or mannitol, indi-
cating that the increase in osmolality, rather than the addition
of a particular solute, was responsible for the inhibition. The
inhibition of bicarbonate absorption by hypertonicity occurred
independent of, and was additive to, inhibition by vasopressin.
These findings indicate that osmolality may be an important
factor regulating renal tubule bicarbonate transport, and that
changes in medullary tonicity must be taken into account
when evaluating changes in bicarbonate absorption in the med-
ullary thick ascending limb in response to systemic acid-base
or electrolyte disorders.

The inhibition of bicarbonate absorption by hypertonicity
is likely to be of physiologic importance because it was ob-
served with either of the two solutes primarily responsible for
medullary tonicity, namely, NaCI and urea. The concentra-
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Figure 4. Effect of add-
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the bath on bicarbonate
absorption by rat med-
ullary thick ascending
limb. Vasopressin (2
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circles, lines, and P
value as in Fig. 1.

tions of NaCl (150 mM)and urea (600 mM)that were studied
were chosen because they represent the upper end ofthe physio-
logic range of values achieved in the renal medulla in vivo, and
because their effects on medullary thick ascending limb NaCl
absorption previously had been studied in detail (6-8). Our
observation that increasing bath osmolality inhibited bicar-
bonate absorption by an amount similar to that observed when
osmolality was increased symmetrically (Tables III and IV),
suggests that a change in peritubular osmolality is the proxi-
mate cause of the transport effect. In the rat in vivo, approxi-
mately 15% of filtered HCO- is reabsorbed by the loop of
Henle (1, 3). Because HCO- absorption along the proximal
straight tubule is limited in vivo by both a low luminal HCO-
concentration and a lack of functional luminal carbonic anhy-
drase (S3 segment) (15), it is likely that the major fraction of
loop HCO- absorption occurs along the thick ascending limb
(3). Accordingly, the near-complete inhibition of HCO- ab-
sorption in the medullary thick ascending limb by hypertonic-
ity plus vasopressin suggests that reclamation of a substantial
fraction of filtered HCO is under the control of these two
regulatory factors. Whether changes in osmolality influence
luminal acidification directly in other nephron segments has
not been examined.

Although the mechanism(s) by which osmolality affects bi-
carbonate absorption cannot be determined from these experi-
ments, it is possible to comment on some of the factors that
might be expected to influence medullary thick ascending limb
bicarbonate transport. First, the inhibition of bicarbonate ab-
sorption can be dissociated from effects of osmolality on net

Table IV. Effect of Increasing NaCl Concentration in Bath on Bicarbonate Absorption (Vasopressin Present)

Flow rate [TC02J

Perfusion Collection Perfusion Collection JTCO2 VTE

ni/min per mm mM pmol/min per mm mV

Control 1.1±0.1 25.9±0.4 20.0±0.4t 7.1±1.5 10.8±2.5
NaCi 1.3±0.1 1.1±0.1* 25.9±0.4 30.2±0.3* 0.5±0.3 17.4±2.3
P NS <0.001 <0.025 <0.01

Values are means±SE. Number of experiments = 4. NaCI, 150 mMNaCi added to bath. Control and NaCl baths contained 2 X 10-0 Mvaso-
pressin. Mean tubule length = 0.60±0.10 mm. Total C02 concentration in bath solutions was 25.6±0.5 mM. Perfusion and collection rates
determined as described in Methods. * For control condition, perfusion rate is assumed to equal collection rate (Table I; references 1, 11, 12).
* Collected value different from perfused (paired t test). [TCO2], JTCO2, VTE, and P values as in Table 11.
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Table V. Effect of Adding Urea to Perfusate and Bath on Bicarbonate Absorption (Vasopressin Present)

[TCO21

V Perffusion Collection JTC02 VTE

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

Control 1.1±0.1 25.5±0.1 17.3±0.8* 9.3±1.7 7.4±0.6
Urea 1.1±0.1 25.4±0.3 21.6±0.7* 4.1±1.1 1.9±0.6
P NS NS <0.025 <0.05 <0.005

Values are means±SE. Number of experiments = 6. Urea, 600 mMurea added to perfusate and bath. Control and urea baths contained 2 X 10-'°
Mvasopressin. Mean tubule length = 0.61±0.06 mm. Total CO2concentration in bath solutions was 25.4±0.3 mM. V, [TCO2, JTC02, VTE,
and * as in Table II. P values compare control vs urea (paired t test).

NaCl absorption and transepithelial voltage. Peritubular hy-
pertonicity markedly inhibits NaCl absorption in the medul-
lary thick ascending limb (6-8), an effect that could indirectly
influence HCO- absorption through effects on cell ion activi-
ties, membrane voltages, or intracellular pH. The results show,
however, that the effect of hypertonicity on bicarbonate trans-
port was similar in untreated tubules (Fig. 2) and in tubules
perfused with furosemide to inhibit transcellular NaCl trans-
port (Fig. 3). Thus, the inhibition of bicarbonate absorption
occurs independent of effects of osmolality on net NaCl ab-
sorption. The results also demonstrate that the effect of hyper-
tonicity to inhibit bicarbonate absorption was observed with an
increase (Table IV), a decrease (Tables II, III, and V), or no
change (furosemide experiments, Fig. 3) in transepithelial volt-
age, consistent with previous studies demonstrating indepen-
dence of bicarbonate absorption rate and VTE (2, 4, 5).

Second, the inhibition of bicarbonate absorption by hyper-
tonicity occurs independent of inhibition by vasopressin. This
is evident from the observations that NaCl and mannitol inhib-
ited bicarbonate absorption in the absence of vasopressin, and
that the inhibitory effects of hypertonicity and vasopressin
were additive. Inhibition of bicarbonate absorption by vaso-
pressin is mediated by an increase in intracellular production
of cyclic AMP(5). At the concentration of vasopressin used in
the present study (2 X 1010 M), cyclic-AMP-dependent inhibi-
tion of bicarbonate absorption should have been maximal.
This conclusion is based on the observations that a high con-
centration (10-3 M) of exogenous 8-bromo-cyclic AMPinhib-
ited bicarbonate absorption by an amount similar to that ob-
served with vasopressin, and that the inhibitory effects of 8-
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bromo-cyclic AMPand vasopressin were not additive (5).
Thus, the additivity of the effects of hypertonicity and vaso-
pressin suggests that the inhibition by hypertonicity involves a
signal transduction mechanism other than cyclic AMP. This
view is supported by the observation that hypertonicity pro-
duced with a variety of solutes, including NaCl and urea, had
no effect on baseline cyclic AMPproduction in the rat medul-
lary thick ascending limb (16). Urea also had no effect on cyclic
AMPproduction in the presence of 10-8 Mvasopressin (16).

Finally, the inhibition of bicarbonate absorption could be
the indirect result of activation of transport mechanisms neces-
sary for cell volume regulation. Cell volume regulation has not
been studied directly in the thick ascending limb of the rat.
However, several features of hypertonic cell volume regulation
described for the medullary thick ascending limb of the mouse
suggest that the inhibition of bicarbonate absorption can be
dissociated from cell volume. First, vasopressin was required
for hypertonic cell volume regulation (17), but is not necessary
for inhibition of bicarbonate absorption (Figs. 2 and 6). Sec-
ond, cell volume was decreased by addition of NaCl or manni-
tol but not by addition of urea (6), whereas all three agents
inhibit HCO- absorption. Third, the vasopressin-dependent
volume regulatory increase required parallel activation of baso-
lateral membrane Na'-H' and Cl--HCO- exchangers (18), a
mechanism that should have no net effect on basolateral base
efflux or intracellular pH. It is possible that preferential activa-
tion of basolateral Na'-H' exchange in the rat medullary thick
ascending limb could inhibit transcellular bicarbonate absorp-
tion by reducing net base efflux. Other possible mechanisms
for the inhibition of HCO- absorption include inhibition of
apical membrane Na'-H' exchange and/or inhibition of baso-
lateral membrane HCO- transport (3). Further direct studies of
the effects of hypertonicity on apical and basolateral mem-
brane H'/OH-/HCO- transporters will be necessary to deter-
mine the cellular mechanism(s) of the bicarbonate transport
inhibition.

It is of interest to consider briefly the possible physiologic
significance of osmolality as a factor controlling bicarbonate
absorption in the medullary thick ascending limb. As discussed
earlier, hypertonicity and vasopressin have opposing effects on
medullary thick ascending limb NaCl absorption, suggesting
the existence of a feedback system for the control of medullary
interstitial osmolality (6-8). A similar feedback mechanism
clearly is not present for the control of medullary thick ascend-
ing limb bicarbonate transport because hypertonicity and vaso-
pressin act cooperatively to inhibit bicarbonate absorption.
The induction of antidiuresis in vivo is associated with an in-
crease in urinary net acid excretion, due in part to direct stimu-
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Table VI. Effect of Adding Mannitol to Perfusate and Bath on Bicarbonate Absorption (Vasopressin Present)

[TCO2]

V Perfusion Collection JTCO2 VTE

ni/min per mm mM pmol/min per mm mV

Control 1.2±0.1 25.3±0.2 19.2±0.6* 7.1±0.7 7.7±1.0
Mannitol 1.1±0.1 25.1±0.2 23.6±0.6* 1.8±0.8 5.5±1.0
P NS NS <0.01 <0.001 <0.05

Values are means±SE and are combined results of experiments with 300 or 600 mMmannitol added to perfusate and bath. Total number of
experiments = 5 (n = 3 with 300 mMmannitol; n = 2 with 600 mMmannitol). 2 X 10-' Mvasopressin was present in bath in four of five
experiments (see Fig. 6). Mean tubule length = 0.61±0.07 mm. Total CO2concentration in bath solutions was 25.4±0.4 mM. V, [TCO2], JTCO2,
VTE, and * as in Table II. P values compare control vs mannitol (paired t test).

lation by vasopressin of acidification in the distal tubules and
collecting ducts ( 19-21). This stimulation of urinary acidifica-
tion may serve to prevent a fall in plasma bicarbonate concen-
tration due to water retention during antidiuresis and/or to
maintain net acid excretion under conditions in which urine
flow rate is reduced (19). The effect of hypertonicity to inhibit
bicarbonate absorption in the medullary thick ascending limb
may contribute to the stimulation of urinary acidification in a
manner similar to that proposed recently for vasopressin (5).
During antidiuresis, osmolality would increase in the intersti-
tial fluid of the renal medulla but would remain relatively un-
changed in the renal cortex. Consequently, bicarbonate ab-
sorption would be inhibited in the medullary portion but not in
the cortical portion of the thick ascending limb. The net result
would be a shift in thick ascending limb bicarbonate absorp-

16

14

p<O.005

mannitol conc.

* 600 mM
300 mM

121_ \

\\
10

8

6

4

2

0

Control Mannitol Control
Figure 6. Effects of adding mannitol to perfusate and bath on bicar-
bonate absorption by rat medullary thick ascending limb. Open cir-
cles, 300 mMmannitol; filled circles, 600 mMmannitol. Solid lines,
vasopressin (2 x 10-' M) present in the bath throughout the experi-
ments; broken line, vasopression absent from bath solutions. P value
as in Fig. 1.

tion from the medulla to the cortex, maintaining constant net
bicarbonate absorption by the loop segment as a whole. Such a
shift would have the important effect of reducing delivery of
bicarbonate to the interstitial fluid surrounding the outer med-
ullary collecting ducts. This could limit accumulation of bicar-
bonate in the peritubular fluid adjacent to the collecting ducts,
thus contributing to the increased collecting duct acidification
observed during antidiuresis.

Finally, the results of this study also may provide insight
into the urinary-acidifying effects of loop diuretics. The admin-
istration of furosemide causes a marked decrease in urine pH
and an increase in urinary net acid excretion (22-26). This
effect is due in part to a direct stimulation by furosemide of
bicarbonate absorption in the cortical thick ascending limb (2).
Results of the present experiments indicate that furosemide
also may stimulate bicarbonate absorption indirectly in the
medullary thick ascending limb as a result of its action to di-
minish medullary tonicity.
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