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Effect of Acidosis on Chloride Transport in the Cortical Thick
Ascending Limb of Henle Perfused In Vitro
Charles S. Wingo
Division of Nephrology and Hypertension, University of Florida, and the Medical Service,
Veterans Administration Medical Center, Gainesville, Florida 32602

Abstract

The present studies examined the effect of acute in vitro acidosis
on chloride reabsorption in the rabbit cortical thick ascending
limb of Henle (cTALH). Four protocols were used: (a) hyper-
capnic acidosis; (b) "isocapnic" peritubular acidosis (bath bi-
carbonate reduction to 10 mM); (c) isocapnic luminal acidosis
(luminal bicarbonate reduction to 10 mM); (d) isocapnic pen-
tubular acidosis in the absence of luminal potassium. Transep-
ithelial voltage (VT) decreased during hypercapnic acidosis and
increased with recovery. Chloride reabsorption (pmol - mm-' v
min') decreased from 503±8.4 to 15.7±5.6, then increased to
45.6±11.1 with recovery. Likewise, VT was decreased reversibly
during isocapnic peritubular acidosis, and chloride reabsorption
decreased by 60%. Chloride reabsorption was greater (283±3.6)
when tubules were perfused at normal luminal pH than at an

acidotic luminal pH (11.4±4.5; P < 0.05). Luminal potassium
removal reduced chloride transport, and acidosis had no signif-
icant additional effect. Decreased chloride reabsorption in the
cTALH during acidosis could contribute to the chloruresis as-
sociated with systemic acidosis. The symmetrical nature of this
effect suggests that acidosis inhibits chloride reabsorption
through an effect on cytosolic pH.

Introduction

Acidosis of either respiratory or metabolic origin is associated
with chloruresis and natriuresis (1, 2). Recent evidence suggests
that acidosis decreases chloride transport in the proximal tubule
(3) and sodium transport in post-proximal segments (4), includ-
ing the cortical collecting tubule (5). However, it has not been
determined whether acid-base changes affect sodium chloride
transport in the thick ascending limb of Henle. Therefore, the
present studies examined this issue using in vitro microperfusion.
Separate protocols were designed to examine the effect of hy-
percapnic acidosis and "isocapnic" acidosis due to reduction in
bicarbonate concentration in either the luminal or peritubular
fluid. The changes in pH produced were similar to those en-

countered in clinical medicine.

Methods

Female NewZealand White rabbits (1-2 kg) were maintained on standard
rabbit ration (Ralston Purina Co., St. Louis, MO) and allowed free access

to water until they were killed.
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Segments of cortical thick ascending limbs of Henle (cTALH)' were
perfused in vitro as originally described by Burg et al. (6). Rabbits were
decapitated, one kidney was quickly removed, and 1-2-mm-thick slices
were placed in a chilled petri dish containing an artificial filtrate of plasma.
The solution contained the following concentrations (in millimoles per
liter): sodium, 145; potassium, 5; chloride, 112; bicarbonate, 24; calcium,
2.0; phosphorus, 1.5; magnesium, 1; sulfate, 1; acetate, 10; glucose, 8;
alanine, 5. This solution was designated solution A. Unless otherwise
specified, the dissection, bath, and perfusion solutions were identical
with the exception that 5% vol/vol fetal calf serum was added to the
dissection and bath solutions. The perfusate contained 50 ,uCi ml-' of
methoxy-tritiated inulin exhaustively dialyzed according to the method
of Schafer et al. (7). Unless otherwise specified, all solutions were gassed
to pH 7.4 with a 95% 02 and 5% CO2 mixture. Three other solutions
were used in these experiments. Solution B was identical to solution A
except that 14 mMNa benzenesulfonate replaced 14 mMNaHCO3for
a final [HCO3] of 10 mM. Solution Cwas identical to solution A except
that 14 mMNaCl replaced 14 mMNaHCO3for a final [HCO3] of 10
mM. Solution D was identical to solution A except that 19 mMNa
benzenesulfonate replaced 19 mMNaHCO3for a final [HCO3J of 5 mM.

Dissection proceeded superficially from the cortical-medullary junc-
tion. Tubules were transferred to a thermostat-controlled chamber, and
the two ends of the tubule were aspirated into holding pipettes. The
perfusing pipette was advanced -100 Ambeyond the holding pipette.
Transepithelial voltage (VT) was monitored as described by Jacobson
and Kokko (8). Perfusate traversed the tubule and was collected under
water-equilibrated mineral oil in a constant volume pipette. The bath
fluid was continuously exchanged by means of a constant infusion pump
at a rate of 0.64 ml * min-'. Volume reabsorption was determined from
timed measurements of the collected fluid using the equation J, = (cpm.1
cpmj - 1). VO/L, where J, is net volume of reabsorption in
nl mm' min~1, and cpmOand cprn are the respective tritiated inulin
counts per minute per nanoliter in the collected and perfused fluid. V.
is the collected fluid rate (in nanoliters per minute), and L is the tubular
length (in millimeters). In all experiments the absolute magnitude of
volume reabsorption was <0.1 nI * mm-' * min-'. Chloride concentration
of the perfused and collected fluid was measured by electrotitration (9)
(model ET1 electrotitrator; World Precision Instruments, Inc., New
Haven, CT). This instrument displayed a linear response over the entire
sample range, employing three NaCl standards (50, 100, 150 meq/liter).
Since volume reabsorption was negligible under the conditions of these
experiments, net chloride reabsorption (Ja) was calculated as follows:
Ja = ([Cl]i - [Cl],). VO/L, where [Cl]i and [Cl]. are the chloride con-
centrations in milliequivalents per liter of the perfused and collected
fluid, respectively. Chloride analysis was performed in triplicate.

VT was adjusted to zero at the beginning of the experiment, before
tubule cannulation in symmetrical solutions (with 5% fetal calf serum
in the bath), and was rechecked upon the completion of the experiment
under asymmetrical conditions. The latter value was within 1.5 mV,
and usually within 1 mV, of zero. Under asymmetrical conditions the
recorded VT represents the sum of the transepithelial voltage and a liquid
junction potential, EL. All voltage measurements are reported without
correction for EL. The bi-ionic liquid junction potential for both chloride

1. Abbreviations used in this paper: cTALH, cortical thick ascending
limb of Henle; mTALH, medullary thick ascending limb of Henle; VT,
transepithelial voltage.
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and benzenesulfonate substitution for bicarbonate can be estimated from
the Henderson equation (10, 1 1):

RT M(uziXaj'-ai) 2:ajuEL= .In.EL=F- ;uj(a-a!) Za'u,

using activities rather than concentrations. Activities coefficients can be
estimated from the Debye-Huckel equation:

-A . Zj2. P/2
1 +-,B . a.I /2'

whereA = 0.5056, # = 0.3286 X 10' at 250C (11). aj maybe considered
the effective diameter of the hydrated ion i (12). The values from this
formula are similar to measured activities for chloride and bicarbonate
(13). In the case of benzenesulfonate, the activity coefficient was estimated
from the extension of the Debye-Huckel equation proposed by Kielland
(12). Limiting mobilities of chloride and bicarbonate at 250C were ob-
tained from tables (13), and the limiting mobility of benzenesulfonate
at 250C was approximated from molecules of similar structure, size, and
charge. Sensitivity analysis disclosed that EL exhibited little change over
a reasonable range of estimated values for the limiting mobility of ben-
zenesulfonate. In addition, this EL was measured directly, using a silver/
silver-chloride-saturated potassium chloride electrode system. This mea-
sured value, 0.2 mV, compares favorably with the value derived from
the Henderson equation. The calculated liquid junction potential for
the bicarbonate substitution experiments with chloride was -0.7 mV.
In the case of bicarbonate substitution with benzenesulfonate, the VT
should be corrected by +0.3 mVfor the bath substitution experiments
and by -0.3 mVfor the luminal substitution experiments. Since these
corrections are small, and since numerous assumptions are necessary for
the calculation of the liquid junction potential, the reported VT represents
that which was directly observed.

In the four protocols used in this study, tubules were perfused at
37±0.50C for 30 min before obtaining control collections for volume
reabsorption and chloride analysis. In the first protocol (hypercapnic
acidosis), the bath was exchanged for one identical in composition but
gassed with 10% C02, 90% 02. After a 15-min equilibration period,
three or more collections were obtained for volume reabsorption and
chloride analysis. The bath was then exchanged for the original solution,
and after another 1 5-min equilibration period, recovery collections were
obtained. In the second protocol (isocapnic peritubular acidosis) the bath
bicarbonate concentration was decreased to 10 mMduring the experi-
mental period by exchanging solution A for either solution B or solution
C. The protocol was otherwise similar to the preceding one. In the third
protocol (isocapnic luminal acidosis) the luminal bicarbonate concen-
tration was reduced to 10 mMby substitution with benzenesulfonate
(solution B). After a 15-min equilibration, collections were obtained for
volume reabsorption and chloride analysis. The order of the acidotic
and the normal pH periods was randomized. In the fourth protocol (is-
ocapnic peritubular acidosis without luminal K) tubules were perfused
with the normal pH perfusate (solution A) except that 5 mMKCI was
omitted from the perfusate (solution A'). The tubules were bathed in
random order with either solution A (including potassium chloride) or
solution D(including potassium chloride). At least three collections were
made for volume reabsorption and chloride analysis, and the bath solution
was exchanged for the other solution. After a 15-min equilibration, col-
lections were obtained for volume reabsorption and chloride analysis.

Perfusate and bath solutions were placed in syringes immediately
after gassing and were analyzed for pH, Pco2, and bicarbonate concen-
tration within 15 min on an IL blood gas analyzer, model 713 (Allied
Chemical Corp., Analytical Systems Div., Waltham, MA). Paired samples
were analyzed again upon completion of the experiment and showed no
significant alteration in acid-base composition.

The pH means for each experimental protocol are given as follows.
For hypercapnic acidosis, pH = 7.46±0.02, control, and pH = 7.16+0.01,
acidosis; for isocapnic peritubular acidosis, pH = 7.47±0.009, control,
and pH = 7.12±0.007, acidosis; for isocapnic luminal acidosis, pH
= 7.43±0.02, control, and pH = 7.12±0.005, acidosis; for isocapnic

peritubular acidosis in the absence of luminal potassium, pH
= 7.45+0.005, control, and pH = 6.88±0.01, acidosis. The values were
obtained directly from the blood gas analyzer. To be certain that the
reported pH values accurately reflected the pH in the bath during these
experiments, the experimental protocol was repeated exactly and the pH
of the bath was monitored using a miniature pH electrode (Microelec-
trodes Inc., Londonderry, NH). The pH electrode was positioned at the
location of the collecting pipette in the bath. It was calibrated at 370C
using three reference standards (pH = 4.0, 7.4, 10.0) and was linear over
this entire pH range (coefficient of determination = 0.9993). The solutions
and pH measured by this pH electrode placed directly in the perfusion
bath are listed in Table I. In separate experiments, the pH of the bath
was monitored as a function of time. The pH of the bath was very stable
with time. The maximum pH increase registered as 0.04 pH units after
60 min of perfusion (solution A: time 0, pH = 7.43±0.01, time 60, pH
= 7.47±0.01; solution B: time 0, pH = 7.08±0.01, time 60, pH
= 7.12±0.01).

Statistical analyses were performed using analysis of variance, multiple
regression analysis, or t test for paired or unpaired data as appropriate.
The null hypothesis was rejected at the 0.05 level of significance.

Results

There was no significant change in J4 for any of the control,
experimental, and recovery periods. The mean J, in
nl * mm-' * min-' was -0.04±0.01 for the hypercapnic acidosis
protocol (solution A), -0.01 i±0.0 1 for the isocapnic peritubular
acidosis protocol (-0.03±0.01 for the benzenesulfonate substi-
tution subgroup [solution B] and 0.03±0.04 for the chloride
substitution subgroup [solution C]), 0.002±0.02 for the isocapnic
luminal acidosis protocol (solution B), and -0.05±0.02 for the
final protocol (solution D). Thus, changes in volume reabsorption
could account for no more than 13% of the observed changes
in chloride transport due to acidosis.

The effect of hypercapnic acidosis (solution A) on VT is il-
lustrated in Fig. 1. VT decreased from a mean value of 4.6±1.1
mVduring the control period to 0.9±0.5 mV(P < 0.05) with
acidosis and increased to 2.1±0.7 mV(P < 0.05) with recovery.
Fig. 2 illustrates the effect of hypercapnic acidosis on net chloride
reabsorption. Chloride reabsorption during the control period
averaged 50.3±8.4 pmol * mm-' * min-' and decreased to
15.7±5.6 pmol * mm-' * min-' (P < 0.05) with exposure to 10%
Co2, 90% 02. With recovery, there was a substantial increase
in net chloride reabsorption to 45.6±1 1.1 pmol * mm-' * min-'
(P < 0.05). The relation between chloride reabsorption and lu-
minal flow rate is illustrated in Fig. 3. There was a significant
correlation between chloride reabsorption and axial flow rate in
seven tubules for both control periods and acidotic periods. One

Table I. Direct Measurement of Bath pH as
Monitored by Glass-Membrane pH Electrode

pH of solution
Solution [aC] [HCO31 [BS]* Gassing mixture in bath

mM mM mM

A 112 24 0 95% 02/5% CO2 7.46±0.02
A 112 24 0 90% OJ10%CO2 7.08±0.02
B 112 10 14 95% 0J5% CO2 7.10±0.01
C 126 10 0 95%02J5% CO2 7.04±0.01
D 112 5 19 95% 0J5% CO2 6.87±0.008

* BS, benzenesulfonate.
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N=8

Figure 1. Effect of aci-
dosis (increased Pco2)
on VT in cTALH. Dur-
ing the control and re-
covery periods, the bath
pH was 7.46±0.02 and
the Pco2 was 37±1.5
mmHg. During the ex-
perimental period the

I | bath pH was 7.16±0.01
Control Experimental Recovery and the Pco2 was

L<p( .05-lo--p(.05 ffi 75±3.2 mmHg.

tubule was excluded from the analysis for both the control and
acidotic periods. The two lines (Fig. 3) represent linear regression
equations for the control and acidotic periods. Multiple regres-
sion analysis demonstrated that there were statistically significant
separate effects of acidosis and luminal flow rate on chloride
transport. Thus, at any given luminal flow rate, there was a sig-
nificant reduction in chloride reabsorption in the acidotic group.
Therefore, alteration in chloride reabsorption could not be as-
cribed simply to variation in tubular fluid flow rate. Furthermore,
analysis of the luminal flow rates by paired t test showed no
significant difference in flow rates for the control versus acidosis
or acidosis versus recovery period for any of the four protocols.
The mean±SEMperfusion rate in nanoliters per minute in the
hypercapnic acidosis protocol was 5.19±0.70, 4.64±0.66, and
6.57±0.97 for the control, experimental, and recovery periods,
respectively. For the isocapnic peritubular acidosis protocol, the
respective perfusion rates were 3.48±0.38, 3.53±0.38, and
3.41±0.38. (The values for the subgroup with chloride substi-
tution [solution C] were 3.00±0.16, 3.15±0.49, and 3.40±0.84.
The values for the subgroup with benzenesulfonate substitution
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Figure 3. Relation between flow rate (V.) and chloride reabsorption
(JO) in cTALH. One tubule exhibiting substantially greater transport
for both the control and acidosis periods was excluded from the
regression analysis.

[solution B] were 3.76±0.58, 3.74±0.55, and 3.42±0.43). In the
isocapnic luminal acidosis protocol, the mean perfusion rate
was 4.84±0.68 during the control period (solution A) and
4.55±0.61 during acidosis (solution B). The mean perfusion rate
in the final protocol during the control period (solution A) was
4.52±0.71, and during peritubular acidosis (solution D) it was
4.51±0.72.

The next two sets of protocols were performed to examine
the effects of selective luminal and peritubular acidosis due to
a reduction in bicarbonate concentration. Fig. 4 illustrates the
effect of isocapnic reduction in bath bicarbonate concentration
on VT (solutions B or C). In these tubules, VT declined slowly
but consistently over the period of the experiment. The reason
for this decline was not entirely obvious, but the tubules appeared
to be morphologically normal. Peritubular acidosis, however,
produced a clear decrease in VT, which was 3.5±0.4 mVduring
the control period and averaged 0.37±0.38 mV(P < 0.05) during
the period of peritubular acidosis. Moreover, there was a sig-
nificant increase in VT after reexposure to a normal pH bath
(1.6±0.7 mV). Whenthe tubules in which benzenesulfonate re-
placed bicarbonate (solution B) were analyzed separately, VT
significantly decreased (from 3.1±0.3 to -0. 1±0.5 mV; P< 0.05)
and then significantly increased (1.1±0.8 mV; P < 0.05) with

12

8 2

Control Experimental Recovery
IL p< .05 -p(.05

Figure 2. Effect of acidosis
(increased Pco2) on chlo-
ride reabsorption (JV) in
cTALH. During the control
and recovery periods, the
bath pH was 7.46±0.02 and
the Pco2 was 37±1.5
mmHg. During the experi-
mental period the bath pH
was 7.16±0.01 and the
Pco2 was 75±3.2 mmHg.
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4 Figure 4. Effect of aci-

dosis (decreased bath
HCO3) on VT in
cTALH. During the
control and recovery pe-

riods, the bath pH was
7.47±0.009 and the
[HCO31 was 22.1±0.3
mM. During the experi-
mental period the bath

_j pH was 7.12±0.007 and
rcovery the [HCO3] was
j 10.3±0.3 mM.
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recovery. Fig. 5 illustrates the effect of isocapnic peritubular aci-
dosis on chloride reabsorption. Chloride reabsorption decreased
from 38.6±4.4 pmol* mm-'* min-' during the control period
to 12.6±2.9 pmol -mm-' -min' (P < 0.05) after reducing the
bath bicarbonate concentration to 10 mM. On reexposure to a
normal bath pH, chloride reabsorption increased to 26.2±5.6
pmol * mm-' * min-' (P < 0.05). The effect did not appear to be
different whether chloride (solution C) or benzenesulfonate (so-
lution B) was substituted for bicarbonate. There was also a sig-
nificant and reversible effect of acidosis on chloride transport
for the tubules that were subjected to peritubular acidosis under
symmetrical luminal and peritubular chloride concentrations
(benzenesulfonate substitution, solution B). These tubules ex-
hibited a significant decrease in chloride transport, from 37.6±7.0
pmol * mm-' * min' to 13.1±2.4 pmol * mm-' * min- (P < 0.05)
during peritubular acidosis, which increased significantly on re-
covery, to 25.1±4.2 pmol * mm-' * min' (P < 0.05).

The third protocol was designed to examine whether the
effect of isocapnic (metabolic) acidosis was symmetrical or lim-
ited to the basolateral membrane. Luminal bicarbonate was re-
placed by benzenesulfonate in all these experiments (solution
B). Fig. 6 illustrates the effect of isocapnic luminal bicarbonate
reduction on VT. The mean VT was 5.0±0.9 mVduring those
periods when the pH of the perfusate was normal, and was sig-
nificantly less, 2.5±1.0 mV(P < 0.05), during the acidotic period.
Chloride reabsorption with both the normal and acidotic luminal
pH is illustrated in Fig. 7. Chloride reabsorption was 28.3±3.6
pmol * mm-' * min' at a normal luminal pH compared with
1 1.4±4.5 pmol * mm-' * min-' (P < 0.05) during an acidotic pH.
The degree of inhibition of chloride transport was similar to the
previous observations. Therefore, a selective effect of peritubular
versus luminal acidosis could not be established.

The fourth protocol was designed to examine whether or
not the inhibitory effect of acidosis required the presence of lu-
minal potassium. Six tubules were perfused in the absence of
luminal potassium (solution A') and bathed in random order
with either normal bicarbonate (solution A) or a solution in
which 19 meq/liter of bicarbonate was replaced with benzene-

120

100 o Cl substitution
* Benzenesulfonote

substitution
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Figure 6. Effect of aci-
dosis (decreased luminal
HCO3) on VT in
cTALH. During the
control and recovery pe-
riods, the luminal pH
was 7.43±0.02 and the
[HCO3] was 22.1±0.6
mM. During the experi-
mental period the lu-
minal pH was
7.12±0.005 and the
[HCO3J was 9.83±0.35
mM. The arrows denote
the order in which the
tubule was exposed to
acidosis (arrowhead for
second period).

sulfonate (solution D). Because previous reports suggested that
chloride transport would be diminished under these circum-
stances, a greater degree of acidosis was chosen to enhance the
possibility of observing a detectable change in effluent chloride
concentration. The results of this protocol are given in Table II.
Indeed, chloride transport was significantly less in the absence
of luminal potassium (8.68±4.06 pmol * mm-' * min', P< 0.05)
during the normal pH period, and VT was significantly less
(0.3±0.5 mV, P < 0.05) in these tubules than in tubules perfused
with 5 mMpotassium. Despite a greater degree of acidosis during
the experimental period, the decrease in chloride transport to
-19.5±12.0 pmol * mm-' * min-' was not statistically significant.
Further evaluation of these data by two-way analysis of variance
for replicate samples, either with or without an interaction term,
disclosed no significant effect on chloride transport of either the
order in which the experiments were performed (acidosis first
period vs. acidosis second period) or the condition during which
chloride transport was measured (acidosis vs. control). However,
a clear effect of acidosis was to decrease VT from 0.3±0.5 mV
at normal pH to -2.1±0.2 mVduring acidosis (P < 0.05).

To examine the contribution of active transport to this effect
of acidosis on VT, separate studies were performed in six tubules
perfused in the absence and presence of luminal furosemide
(10-5 M). The mean±SEMvoltage change when solution Dwas
exchanged for solution A in the bath (lumen always contained

Nz8

N=II 50

Figure 5. Effect of aci-
dosis (decreased bath
HCO3) on chloride reab-
sorption in cTALH.
During the control and
recovery periods, the
bath pH was
7.47±0.009 and the
[HCO3] was 22.1±0.3
mM. During the experi-
mental period the bath

| I pH was 7.12±0.007 and
Control Experimental Recovery the [HCO3] was

Lp( .05 JLp ( .05J 10.3±0.3 mM.
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Figure 7. Effect on aci-
dosis (decreased luminal
HCO3) on chloride reab-
sorption (Ja) in
cTALH. During the
control and recovery pe-
riods, the luminal pH
was 7.43±0.02 and the
[HCO3J was 22.1±0.6
mM. During the experi-
mental period the lu-
minal pH was
7.12±0.005 and the
[HCO3J was 9.83±0.35
mM. The arrows denote
the order in which the
tubule was exposed to
acidosis.
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Table II. Effect of Bath Acidosis on Chloride Transport in the Absence of Luminal Potassium

Flow rate Transepitheial voltage Chloride flux

Length Control Experimental Control Experimental Control Experimental

mm nil/min nil/min mV mV pmol mm'-min-' pmol mm-' min-'

1.40 2.58 2.97 -2.0 -3.0 -8.88 0.23
1.66 6.24 6.64 0.4 -2.0 11.5 -32.4
0.64 6.87 5.46 0.4 -1.5 21.4 -44.2
1.58 2.93 2.19 0.8 -2.3 6.13 12.4
0.93 3.79 3.91 1.4 -1.7 10.6 -58.6
0.80 4.69 5.87 1.0 -2.0. 11.3 5.77

Mean 1.17 4.52 4.51 0.3 -2.1 8.68 -19.5
±SEM 0.18 0.71 0.72 0.5 0.2 4.06 12.0

solution A) was -2.9±0.4 mV(from 2.4±0.2 to -0.5±0.2 mV)
in the absence of furosemide. Whenthis maneuver was repeated
in the presence of luminal furosemide, the response was
-1.1±0.4 mV(from 0.1±0.2 to -1.0±0.4). These values are
significantly different (P < 0.05). Thus, a component of the volt-
age response appears to be independent of active transport.
However, the voltage response was greater in the absence of
furosemide, suggesting that transcellular transport was also af-
fected by acidosis. In five tubules perfused in the presence of
luminal K, the effect of bath isocapnic acidosis (solution A to
D exchange) on VT was greater (-2.8±0.7, from 2.7±0.4 to
-0. 1 ± 1.0) than the same bath exchange in the absence of luminal
K (- 1.0±0.2, from 0.7±0.3 to -0.3±0.4). However, a significant
(P < 0.05) effect of acidosis on VT was still present in the absence
of luminal K. One tubule exhibited a transient lumen positive
response before depolarizing with acidosis. Furthermore, in four
tubules when the luminal fluid was exchanged (solutions A and
D) in the presence of furosemide (10-' M), the voltage became
more lumen-positive by 1.4±0.2 mV(from 0.1±0.1 to 1.5±0.2
mV). Therefore, luminal acidosis would produce an even greater
depolarization when corrected for this asymmetry potential.

Discussion

The present studies were designed to examine the effect of hy-
percapnic acidosis and isocapnic acidosis on sodium chloride
transport in the cTALH in the rabbit. The main findings are:
(a) in vitro hypercapnic acidosis decreases chloride reabsorption
in the cTALH in the rabbit; (b) this phenomenon is accompanied
by a decrease in VT; and (c) isocapnic acidosis due to reduced
luminal or peritubular bicarbonate concentration is also asso-
ciated with reduced chloride reabsorption and a concomitant
decrease in VT.

It has been known for more than 30 years that acidosis results
in natriuresis, kaliuresis, and chloruresis. Polak et al. (14) dem-
onstrated that whereas the natriuresis accompanying acidosis
may be variable and depend on the sodium chloride intake of
the animal, chloruresis is present even with sodium chloride
restriction. Recent work by Stanton and Giebisch (15) examined
the effect of metabolic acidosis on potassium excretion by the
whole kidney and secretion by the distal nephron. They found
differences in potassium transport when in vivo microperfusion
experiments were compared with free-flow micropuncture and

whole kidney clearance studies. Using whole kidney clearance
techniques, they observed an increased potassium excretion
during metabolic acidosis. However, in their in vivo microper-
fusion experiments, distal nephron potassium secretion was de-
creased under conditions of constant luminal flow rate and peri-
tubular acidosis. They suggested that alterations in solute delivery
during metabolic acidosis might explain the differences between
these outcomes, since acidosis resulted in an increase in the frac-
tional delivery of sodium to the distal nephron. In addition, the
observations of Molony et al. (5) suggest that acidosis may result
in decreased sodium reabsorption in the cortical collecting tu-
bule. Cogan (3) has shown recently that in more proximal neph-
ron segments, hypercapnic acidosis decreases chloride reabsorp-
tion in the proximal convoluted tubule. However, the effect of
acidosis on sodium chloride transport in the cTALH, a major
nephron site of chloride reabsorption, has not been systematically
examined by microperfusion.

In the present experiments chloride reabsorption was sub-
stantially reduced with three different maneuvers that decreased
either luminal or peritubular pH and presumably cytosolic pH.
The work of Burg and Green (16) and Rocha and Kokko (17)
first established that the nature of solute transport in the thick
ascending limb is quite different from other nephron segments.
Subsequently, Hebert et al. (18-20) and Greger (21) have pro-
vided evidence that chloride reabsorption in this segment is not
primarily active but derives its energy from the reabsorption of
sodium across the apical membrane, down its electrochemical
gradient. The present studies provide clear evidence for an effect
of acidosis to reduce chloride transport in the cTALH. These
studies also demonstrate an effect of acidosis to depolarize VT.
In view of previous evidence (16, 22) that isohydric luminal
bicarbonate removal does not significantly alter VT, these ob-
servations are consistent with an effect of hydrogen ion concen-
tration per se to decrease VT. At least three possible effects of
acidosis could decrease transport in this segment: (a) acidosis
could inhibit the Na pump directly; (b) acidosis could have in-
tracellular effects such as alteration of cytosolic enzyme activity,
agents that regulate transepithelial solute movement, or mito-
chondrial energy production; (c) acidosis could inhibit luminal
NaCl entry. Molony et al. (5) have suggested that acidosis inhibits
Na transport in the cortical collecting tubule by inhibiting the
Napump. Acidosis could directly inhibit apical NaCl entry also.
Recent evidence suggests that NaCl entry is via a Na-K-2C1
cotransport system and that K conductance may critically reg-

1328 C. S. Wingo



ulate the activity of this transport system. Acidosis may inhibit
sodium chloride transport by altering apical K conductance.
Observations in the cortical collecting tubule (23) suggest that
acidosis decreases potassium conductance in this structure.
Similar effects of acidosis have been reported for the proximal
convoluted tubule (24) and the medullary thick ascending limb
of Henle (mTALH) (25). Recent work in the mTALHsuggests
that sodium chloride entry depends on potassium conductance
and luminal potassium cotransport (26, 27). To examine whether
potassium-coupled sodium chloride entry was critical for the
inhibition of chloride transport due to acidosis, a separate set
of experiments was performed in which luminal potassium was
removed. In these studies chloride transport was reduced and
acidosis did not significantly affect chloride transport. Although
there appeared to be greater variation in the effect of acidosis
on chloride transport in the cTALH in the absence of luminal
K, the simplest and most direct interpretation of these results is
that chloride reabsorption depends on luminal potassium (con-
sistent with the observations of other investigators 116, 25-27])
and that the effect of an even greater degree of peritubular acidosis
cannot be demonstrated under these conditions. The degree of
inhibition of chloride transport in the absence of luminal K is
greater in the present study than in previous reports (28). The
explanation for these differences is not apparent but may reflect
differences in the solutions used or the method used to access
chloride transport (net chloride flux in the present study vs. short
circuit current estimated by cable analysis [28]). Whether luminal
potassium concentration and acidosis act by the same mecha-
nism cannot be completely answered by these studies. However,
the significant effect of acidosis on VT in this final protocol sug-
gests that in this segment acidosis has separate or additional
effects that do not depend on the presence of luminal potassium.
This fact is underscored by the significant difference in the voltage
response to isocapnic peritubular acidosis in the presence and
the absence of active transport (luminal perfusate without or
with furosemide, respectively).

The symmetrical nature of the reduction in sodium chloride
reabsorption with either peritubular or luminal acidosis would
also be consistent with the effect of acidosis to inhibit sodium
chloride transport by an effect on cytosolic pH. Consistent with
this hypothesis is the observation that the activity of the sodium
pump is highly sensitive to cytosolic pH (29). Moreover, Swenson
and Maren (30) have recently demonstrated that in the shark
rectal gland metabolic or respiratory acidosis of magnitude sim-
ilar to that used in this study resulted in a 60% inhibition of
gland flow. These authors postulated that the removal of CO2
was critical to the optimal function of the gland. Since the rectal
gland is believed to transport sodium chloride in a manner sim-
ilar to that of cTALH, this additional evidence is consistent with
an effect of intracellular pH to inhibit NaCl transport in the
cTALH.

In summary, these observations demonstrate that chloride
transport in the cTALH is depressed by acidosis in vitro. In the
context of whole kidney physiology, these in vitro findings may
have direct clinical relevance to the effect of acidosis on solute
and chloride reabsorption in cTALH in vivo.
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