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There is now considerable direct evidence that
sodium is actively reabsorbed by most portions of
the nephron (1-3). The reabsorption of chloride,
on the other hand, is generally considered to be a
passive process driven by the electromotive forces
arising from active sodium transport (4).

The evidence for this hypothesis of passive chlo-
ride reabsorption in the proximal tubule is im-
pressive. Giebisch and Windhager (5) found
in the proximal tubule of Necturus kidney that the
relationship between the ratio of the unidirectional
chloride fluxes and the transtubular potential is
compatible with passive diffusion plus a large com-
ponent of exchange diffusion. The existence of
this component of exchange diffusion suggests the
presence of a carrier system for chloride and raises
the possibility of active as well as passive chloride
transport. However, Windhager and Giebisch
(6) subsequently demonstrated in the proximal tu-
bule of rat kidney that the short-circuit current is
approximately equal to net sodium reabsorption,
indicating that sodium reabsorption accounts for
most, if not all, active ion transport in the proxi-
mal tubule. This is strong evidence that passive
diffusion, rather than active transport, constitutes
the predominant reabsorptive mechanism for chlo-
ride in the proximal tubule.

Conditions for chloride reabsorption, however,
differ in the proximal and distal tubules. In the
proximal tubule chloride concentration is usually
equal to or greater than that of plasma (3), so that
chloride is reabsorbed against very little or no con-
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centration gradient. In the more distal portions of
the nephron, however, chloride may be reabsorbed
against considerable concentration gradients (3).
If the reabsorption of chloride were entirely pas-
sive, the maximal concentration gradient that could
be established across the tubular epithelium would
be related to the transtubular potential difference
according to the Nernst equation,

[Cl]e
[Clrr.
where Er = distal transtublar potential difference,
[Cl]p = plasma chloride concentration corrected
for plasma solids and Donnan effect, and [Cl]r.p.
= chloride concentration in distal tubular fluid.

To investigate the mechanism of chloride reab-
sorption in the distal tubule, the relationship be-
tween Er and the ratio [Cl]p/[Cl]p.r. has been
studied under experimental conditions favorable
for the development of maximal chloride concen-
tration gradients. In preliminary studies it was
found that during Na,SO, diuresis, [Cl]rp. falls
to very low levels (less than 1.0 mEq per L).
Consequently, all studies were performed on nor-
mal and salt-depleted rats during the constant in-
fusion of hypertonic Na,SO,.

7 =— 61.5 log

METHODS

Studies were performed on two groups of male Sprague-
Dawley rats weighing 250 to 350 g. One group was
maintained on normal rat pellet diet and tap water. The
second group was salt-depleted by the administration of
a single dose of chlorothiazide, 15 mg per kg body weight,
by gastric tube. These rats were then maintained for at
least 5 days on a salt-free diet and distilled water before
being used in an experiment.

The rats were anesthetized by an intraperitoneal in-
jection of sodium pentobarbital, 40 mg per kg, and placed
on a heated animal board. The left kidney was exposed
through a wide abdominal incision and suspended on a
small glass cup anchored to the animal board. The sur-
face of the kidney was illuminated with a Knisely quartz
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rod (7) continuously perfused with mineral oil. An ini-
tial intravenous injection of 0.4 to 0.5 ml of indigo car-
mine was given 5 to 10 minutes before the experiment
(preliminary experiments showed that this quantity of
indigo carmine did not affect Er and did not interfere
with the determination of chloride in tubular fluid).
This caused the distal tubules to appear blue in con-
trast to the colorless proximal tubules, markedly simpli-
fying tubular identification. The urine coming from the
left kidney was collected from the ureter through a
small-bore polyethylene tube under mineral oil. Sodium
sulfate, 0.5 M, was infused intravenously at a rate of 0.02
ml per minute for 30 minutes before the collections and
continued at this rate throughout the experiment.

Er was measured with glass microelectrodes which
were pulled from 1-mm Pyrex tubing with an instrument
similar to that described by Alexander and Nastuk (8).
The electrodes were filled with 3 M KCI by boiling un-
der vacuum. The tips of the electrodes selected for use
had a diameter of approximately 0.5 u, resistance of 5 to
50 megohms, and tip potential less than 10 mv. The elec-
trode was placed in a small Lucite chamber filled with 3 M
KCl; electrical contact was established with a Ag-AgCl
electrode mounted in the Lucite chamber, which then con-
nected to the input of a Cary vibrating-reed electrometer.
The chamber was mounted on the head of a DeFonbrune
micromanipulator. The reference electrode, consisting of
a KCI bridge in contact with a Ag-AgCl electrode, was
inserted into the psoas muscle of the rat. The measuring
electrode was placed in contact with saline on the surface
of the kidney and the tip potential balanced out by applying
a bucking potential of appropriate sign and magnitude by
means of a potentiometer in the reference side of the elec-
trical circuit. The electrode was then inserted into the
tubule lumen along its longitudinal axis in order to mini-
mize the possibility of recording intracellular potential dif-
ferences. One minute was allowed to elapse after puncture
for the potential reading to stabilize. No potential read-
ings were accepted that did not remain stable for at least
4 to 5 minutes. In order to obviate the recording of in-
tracellular potential differences the electrode was slowly
withdrawn through a distance greater than the diameter
of a tubular cell; only those instances in which the po-
tential difference did not change were accepted.

After measuring Er, samples of fluid were collected from
distal tubules with Pyrex glass micropipets with tip di-
ameters of 5 to 8 u. Intratubular pressure was usually
high enough, owing to rapid solute diuresis, to permit
fluid to enter the pipet spontaneously, thereby obviating
the necessity for suction. This served to eliminate the
danger, inherent in any degree of suction, of collecting
fluid either distal or proximal to the puncture site. The
site of puncture was localized by injecting with latex,
macerating with 50 per cent HCI for 2 hours, and dis-
secting free the tubular cast. The distal convoluted tu-
bule was laid out in linear fashion and measured with a
micrometer eyepiece. The puncture site was then ex-
pressed as a percentage of the total distal tubular length.

[Cl]r.r. were determined by the method of Ramsay,
Brown and Croghan (9) as modified by Windhager and
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Giebisch (3). All samples containing 1.0 mEq per L or
more of chloride were titrated amperometrically with
an accuracy of * 2 per cent. However, in those samples
with concentrations less than 1.0 mEq per L, the initial
potential reading obtained when the sample was trans-
ferred to the silver-wire electrode was used to calculate
the chloride concentration. For the apparatus to func-
tion properly in this range it was necessary to prepare
fresh Ag-AgCl and NaNO, electrodes once or twice
daily. A standard curve was determined each day, us- -
ing chloride standards ranging from 10 to 0.01 mEq per
L. In this range the potential reading was linearly re-
lated to the log of chloride concentration (Figure 1).
To determine the possible effect of other ions on the po-
tential, chloride standards were prepared in a solution
containing 50 mmoles per L K.SO, and 50 mmoles per L
Na,SO,. This solution was chosen so as to approximate
distal tubular fluid composition during Na,SO, diuresis.
Standards prepared in this manner gave the same po-
tential readings as those prepared with distilled water
(Figure 1). To check further for possible interfering
substances that might be present in tubular fluid, rat
urine of known chloride concentration (determined with
a Cotlove chloridometer) was diluted serially to approxi-
mately 0.01 mEq per L. Determinations of urine chlo-
ride in concentrations ranging from 1.0 to 0.01 mEq per
L were accurate to = 10 per cent. Duplicate or triplicate
determinations were done on all samples, and each de-
termination was bracketed between standards to detect any
change in the sensitivity of the apparatus. Plasma chlo-
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ride concentrations were measured with a Cotlove chlo-

ridometer.
RESULTS

Two types of experiments were undertaken.
In one group of experiments Ex and [Cl]y.p. were
measured in random distal tubules in 49 normal
rats and 16 salt-depleted rats during Na,SO, diu-
resis. In a second group of experiments in 11
normal and 4 salt-depleted rats determinations
were made in the same distal tubule; E; was first
measured, and fluid was then obtained for chloride
analysis from the same puncture site.

As shown in Figure 2, Eq in normal rats ranges
from — 30 to — 105 mv, with a mean of — 60 mv.
The lumen in every instance was negative with
respect to peritubular fluid. These values are simi-
lar to those obtained by Solomon (10). In salt-

Salt-depleted Rats

Normal Rats

o Observations

Numbar

-0
mV

2705 =80, 90100 =420

BT
-30 -40 -50 -60
Potential Differences

Transtubular

F16. 2. RANGE OF DISTAL TRANSTUBULAR POTENTIAL
DIFFERENCES IN NORMAL AND SALT-DEPLETED RATS GIVEN

Na,SO,.

depleted rats Er was slightly higher, ranging from
— 40 to — 120 mv, with a mean of — 70 mv. The
values represent measurements that were stable
for at least 4 minutes and did not change when
the electrode tip was withdrawn for a distance
equal to the diameter of a single tubule cell. It is
very unlikely, therefore, that any of these values
represents intracellular potential differences. No
correlation was observed between the site of the
tubular puncture and the magniutde of Er.

The range of all [Cl]yp. is illustrated in Fig-
ure 3. No differences were noted between normal
and salt-depleted rats. The mean [Cl]yr was
5.0 mEq per L (range 24 to 0.013). Since the
lower [Cl]p.p. are the critical values in testing the
hypothesis of passive reabsorption, it is important
to note that, of approximately 260 measurements,
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36 (or 15 per cent) fell below 1.0 mEq per L.
This relatively small number of observations below
1.0 mEq per L reflects the percentage of samples
obtained from the terminal 15 to 20 per cent of
the distal tubule.

The relationship between [Cl]pp. and site of
puncture is shown more precisely in Figure 4.
During Na,SO, diuresis, fluid enters the distal
tubule with chloride concentrations ranging from
4 to 14 mEq per L, and as the fluid traverses the
distal tubule [Cl]p p. falls to very low levels. The
progressive fall in concentration along the length
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of the distal tubule clearly establishes that chlo-
ride is reabsorbed in the distal tubule.

Plasma chloride concentrations were 89.0 = 2.0
(SD) mEq per L. When corrected for plasma
water (93 per cent) and a Donnan factor of 1.05,
the estimated chloride concentration in peritubular
water was 100 = 2.0 mEq per L. Ureteral urine
chloride concentrations were 3.1 =2.3 mEq per
L in the normal rats and 2.7 = 2.5 mEq per L in
the salt-depleted rats.

DISCUSSION

The distal tubule is capable of reabsorbing chlo-
ride against extreme concentration gradients. To
determine whether this reabsorptive process is
mediated by active transport or by passive diffu-
sion the relationship between Eq and the ratio,
[Cl]e/[Cl]1.p., has been examined, utilizing the
Nernst equation. Since this equation applies only
to equilibrium states and since it is unlikely that
equilibrium conditions ever exist across the tu-
bular epithelium, the validity of its use in these
studies may be questioned. Despite this objection,
the Nernst equation can nevertheless be used to
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calculate the theoretical [Cl]r.y. that would exist
in electrochemical equilibrium with [Cl]p at any
given Er. This calculated Eq represents the low-
est possible concentration that could be achieved
by passive diffusion along electrochemical gradi-
ents. If all the measured [Cl]r.y. are above this
limiting value, the only conclusion that can be
drawn is that electrochemical equilibrium has not
been attained and that the data are consistent
with, but do not prove, passive diffusion. If, on
the other hand, [Cl]ry, are obtained which are
less than the limiting value defined by the Nernst
equation, then active transport of chloride against
an electrochemical gradient is clearly established.

In the present studies the highest measured Eg
was — 120 mv with the lumen negatively charged.
An electromotive force of this magnitude could, in
the face of a [Cl]p of 100 mEq per L, lower
[Cl]pp. to 1.0 mEq per L, but not below this

1This can be readily established by substituting into
the Nernst equation a value of — 120 mv for Er and 100
mEq per L for [Cl]e and solving for [Cllr.r.: —120=
—61 log (100/[Cl]z.r.), or 197 =log (100/[Cl]lz.r.).

The antilog gives 94 =100/[Cl]r.r.. Therefore, [Cl]r.r.
=1.06 mEq per L.
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The horizontal line at — 120 mv indicates the maxi-
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value. Of 260 measurements, 36 (or 15 per cent)
[Cl]r.r. were below the critical value of 1.0 mEq
per L.

The relationship between distal [Cl]pp, and
the maximal Erp is illustrated in Figure 5. The
chloride concentrations are plotted along the hori-
zontal axis. The predicted Eq (calculated from
the Nernst equation) required to produce the ob-
served [Cl]rr, by a process of passive diffusion
is plotted along the horizontal axis. The heavy
horizontal line represents the highest observed
Er of — 120 mv. Points falling below the line are
compatible with passive reabsorption, while those
points above the line represent [Cl]yy. that could
not be produced by the highest Eg observed. Some
of the [Cl]p. would, in fact, require Eq as high
as — 220 mv. Those points falling above the line,
therefore, are incompatible with passive reabsorp-
tion and indicate an active transport of chloride.

The points falling below the horizontal line in
Figure 5 and which, therefore, are compatible with
passive reabsorption may be due to two factors.
First, many of these samples were obtained from
the first third of the distal tubule where the
[Cl]r.r. has not yet achieved its minimal value.
Consequently, these points do not constitute a valid
test of the reabsorptive mechanism. Second, al-
though these [Cl]r p. are compatible with passive
reabsorption when compared with the highest
LEr, many of these values are incompatible with
passive reabsorption when compared with the Ep
measured in the same tubule from which the sam-
ple was obtained.

Figure 6 represents the results of 51 determina-
tions in which the Er was first measured, then a
sample of fluid collected from the same puncture
site for chloride analysis. The measured Er are
plotted along the vertical axis and [Cl]pp, are
plotted along the horizontal axis. The oblique
line represents the Er necessary to produce the ob-
served [Cl]pr. by passive reabsorption (calcu-
lated from the Nernst equation). All points fall-
ing on or above this line are consistent with pas-
sive reabsorption, while those falling below the
line are not. Of 51 determinations only 3 fell on
or above the line, indicating that the measured Er
are insufficient to produce the observed [Cl]r.r. by
passive reabsorption. The data establish that Cl-
reabsorption in the distal tubule is mediated by an
active process.
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F16. 6. RELATION OF TRANSTUBULAR POTENTIAL DIF-
FERENCE AND CHLORIDE CONCENTRATION FROM THE SAME
DISTAL TUBULE. The heavy oblique line was calculated
from the Nernst equation using the measured concentration
of chloride in tubular fluid and 100 mEq per L for chlo-
ride concentration in peritubular water. Points below the
line indicate that the measured potential is too low to
produce the observed distal tubular chloride concentra-
tion by a process of passive reabsorption (see text).

Three possible sources of error in these studies
must be considered. First, there is the possibility
of electrical shunting at the site of puncture, giving
falsely low measurements for Er. Recently Wind-
hager and Giebisch (6) found in the proximal tu-
bule of the rat that a locally applied current de-
creases progressively as it is propagated along the
tubule, falling to 37 per cent of its original value
at a point 55 p from the site of current application.
In the present studies the tip of the measuring
electrode was threaded along the longitudinal axis
of the distal tubule for distances greater than 90 to
120 u (3 or 4 lumen diameters). Thus, if the
electrical properties of the distal tubule are simi-
lar to the proximal tubule, any electrical shunting
around the shaft of the electrode would only
slightly alter the Eq measured by the electrode tip
3 to 4 lumen diameters away. Further evidence
against significant shunting is the fact that in most
instances the electrode could be either inserted
farther along the tubule or withdrawn for distances
equal to 1 or 2 lumen diameters without changing
Er. In addition, the discrepancy between the
measured Er and the Eq necessary to produce the
observed [Cl]rp. was, in some instances, as high
as 120 mv. Tt is extremely unlikely that shunting
of this magnitude would have occurred.

Second, there is the possibility that the meas-
urements of [Cl]p . were falsely low. Contami-
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nation of the sample of distal tubular fluid with
proximal tubular fluid, interstitial fluid or plasma
would all raise rather than lower the chloride con-
centration. It is unlikely that the low [Cl]r.p.
were due to analytical error, since each sample was
measured in duplicate and carefully bracketed be-
tween standard chloride solutions. In addition,
samples with chloride concentrations between 1
and 5 mEq per L were determined from both the
voltage obtained with the Ag-AgCl electrode, as
described in Methods, and by the amperometric
titration as described by Ramsay and co-workers
(9). The results obtained by the two different
measurements always were within 5 per cent of
each other. Moreover, it should be borne in mind
that in many instances the measured [Cl]rp—in
the range from 5 to 0.1 mEq per L—were 5- to
100-fold lower than those that could be achieved
by the measured Ep (Figure 6). Consequently,
even if the measurement of [Cl]rpr, were falsely
low by 15 to 20 per cent, such an error could in
no way account for the tremendous disparity be-
tween the measured [Cl]rpp. and that which could
result from passive diffusion along electrochemical
gradients.

The third possible cause of error is that the ac-
tual concentration of chloride in peritubular water
is much less than that estimated from the plasma
concentration. This discrepancy might arise either
because the distal tubule reabsorbate is hypotonic
during osmotic diuresis or because the HCO;" to
Cl- ratio is higher in the reabsorbate than in
plasma, owing to the addition of HCO,  as H* is
secreted. Both processes could result in a dilution
of peritubular Cl- so that its concentration would
be less than that estimated from plasma. The
distal tubular fluid, however, is known to equili-
brate to isotonicity (11), indicating that the peri-
tubular fluid must also be isotonic. Thus, the hy-
potonicity of the reabsorbate cannot significantly
alter peritubular chloride concentration. Since the
relatively high blood flow in the cortex is capable
of dissipating the effects of a hypotonic reab-
sorbate, it is similarly likely to counteract the ef-
fects of a high HCO,~ to Cl ratio in the reabsorbate.

However, these considerations aside, even if the
actual concentration of Cl- in peritubular fluid
were significantly different from the concentration
estimated from plasma, the disparity would have
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very little effect in the distal Er as calculated from
the CI- ratio. This becomes readily apparent from
a consideration of the arithmetic of the Nernst
equation. It should be emphasized that the nu-
merator of the Nernst ratio, [Cl]p, is so large with
respect to the denominator that absolute changes
of [Cl]p of considerable magnitude have com-
paratively minor effects on the ratio. Ey is, there-
fore, relatively insensitive to changes in [Cl]g.
Consequently, even if the actual concentration of
CI- peritubular fluid were 75 mEq per L, instead
of the estimated 100 mEq per L, this would lower
the predicted Er necessary to produce the ob-
served [Cl]pp, by only 7 mv. An error of this
magnitude would not account for the discrepancies
between the observed and predicted Er.

Thus, the results in the present study cannot
be explained on the basis of underestimation of
transtubular Eq due to electrical shunting, un-
derestimation of [Cl]yy. due to analytical errors,
or overestimation of the [Cl]p; and, therefore,
they clearly indicate that in the distal tubule, chlo-
ride is actively reabsorbed against electrochemical
gradients.

SUMMARY

The mechanism of Cl- reabsorption in the distal
tubule was examined by determining the relation-
ship between the distal transtubular potential dif-
ference (Er) and the ratio of peritubular Cl- con-
centration, [Cl]p, to distal tubular fluid CI- con-
centration, [Cl]rp, in normal and salt-depleted
rats during Na,SO, diuresis. The [Cl]pp. fell
to very low levels as fluid passed through the distal
tubule. Fifteen per cent of all [Cl]r r, was below
a level (1 mEq per L) that could result from the
highest Ex (— 120 mv) if passive reabsorption
were solely responsible. Ninety-five per cent of
all [Cl]r.p. fell below the level that could be pro-
duced by the Eq measured in the same tubule from
which the chloride sample was obtained. It is
concluded, therefore, that in the distal tubule chlo-
ride is actively reabsorbed against electrochemi-
cal gradients,
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