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Summary. The characteristics of CI~ movement across luminal
and basolateral membranes of Amphiuma intestinal absorptive
cells were studied using Cl--sensitive microelectrodes and tracer
%Cl techniques. Intracellular Cl- activity (af;) was unchanged
when serosal Cl- was replaced; when luminal C1- was replaced
cell Cl- was rapidly lost. Accordingly, the steady state al could
be varied by changing the luminal [Cl]. As luminal [Cl] was
raised from 1 to 86 mMm, a, rose in a linear manner, the mucosal
membrane hyperpolarized, and the transepithelial voltage be-
came serosa negative. In contrast, the rate of Cl~ transport from
the cell into the serosal medium, measured as the SITS-inhibit-
able portion of the Cl- absorptive flux, attained a maximum
when aly reached an apparent value of 17 mM, indicating the
presence of a saturable, serosal transport step. The stilbene-
insensitive absorptive flux was linear with luminal [Cl], sugges-
tive of a paracellular route of movement. Intracellular aq was
near electrochemical equilibrium at all but the lowest values of
luminal [C]] after interference produced by other anions was
taken into account. al; was unaffected by Na replacement, re-
moval of medium K, or elevation of medium HCOj. Mucosae
labeled with %*Cl lost isotope into both luminal and serosal media
at the same rate and from compartments of equal capacity. Low-
ering luminal [Cl]] or addition of theophylline enhanced luminal
ClI- efflux. It is concluded that a conductive Cl leak pathway is
present in the luminal membrane. Serosal transfer is by a satura-
ble, stilbene-inhibitable pathway. Luminal Cl- entry appears to
be passive, but an electrogenic uptake cannot be discounted.
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Introduction

In a variety of animals CI~ absorption by the small
intestine is an active process. Transepithelial net
transport requires an active transport step for Cl-
across at least one membrane. It is widely held that
the active step occurs at the luminal membrane pri-
marily because, when it has been measured with CI-
sensitive microelectrodes, the intracellular Cl- ac-
tivity (aky) in the steady state, appears to be above
the value expected for electrochemical equilibrium
{1, 6, 31, 35, 37]. Four different modes of Cl~ up-

take have been proposed for the luminal membrane.,
First, NaCl cotransport has been proposed for bull-
frog [23], rabbit [22] and teleost small intestine [25].
According to this view, Cl~ uptake is coupled to the
inward gradient for Na*, i.e., a secondary active
uptake of Cl- [8]. Secondly, CI=-HCOj; exchange
operating in parallel with Na®™-H* exchange has
been suggested [30]. Experimental evidence for
both the cation and the anion exchange process has
been reported in isolated brush borders of rat small
intestine [19, 20]. NaCl cotransport, as such, was
not demonstrable in brush border vesicles prepared
from rat intestine [18]. Third, uptake of Cl- linked
to both Na and K has been proposed for flounder
intestine [21]. Fourth, a primary, electrogenic Cl-
uptake has been proposed for Amphiuma small in-
testine, a preparation in which Cl~ absorption is
linked to the secretion of bicarbonate as in human
[30], rat [12] and canine [16] small intestine. Elec-
trogenic uptake was proposed because net Cl-
transport is electrogenic, it is not accompanied by
net Na* absorption [33], and the apparent accumu-
lation of Cl~ across the luminal membrane to a
value above electrochemical equilibrium did not re-
quire Na* in the luminal medium [35].

Less well studied is the serosal exit step for Cl-
from cytoplasm to blood. Since there appears to be
a favorable electrochemical gradient for CI- move-
ment from the cell into the serosal fluid, then Cl-
movement across the serosal membrane may be
downhill if the conductance of the serosal mem-
brane is sufficiently high [8]. This proposal has re-
ceived little direct study. In contrast, in Amphiuma,
Cl~ absorption requires HCO5 in the medium [31];
HCOjs in the serosal medium is sufficient to support
Cl~ absorption [33]. Also, net Cl~ transport is com-
pletely blocked by stilbenes (e.g. SITS) added to the
serosal medium [31]. More recently, it has been
shown in separate studies that Na is required specifi-
cally in the serosal medium both for net Cl~ absorp-
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tion [35] and for Cl -dependent HCO; secretion
[36]. We have proposed that Cl- exit is linked by
cotransport to the entry of Na and HCO35 as re-
ported for salamander renal tubule [4]. This is a
secondary active transport process. The exchange
is energetically feasible in urodele intestine [14] and
provides an explanation for the inhibition of net Cl—
absorption by transported solutes which elevate in-
tracellular Na activity [34]. Stilbene-sensitive anion
exchange has been reported in rabbit ileum [17].
Also, stilbenes slowed SO3~ efflux from basolateral
membrane vesicles prepared from rat and dog intes-
tine, but did not block Cl~ efflux [9].

There are two pathways for Cl- movement
through the epithelium which can potentially
counter the forces which absorb Cl~ into the blood.
These are a paracellular leak pathway and a leak
pathway in the luminal membrane. A high conduc-
tance for Ci~ in the paracellular path has been in-
ferred from the high serosa-to-mucosa flux of la-
beled Cl- under short-circuited conditions [28].
Unfortunately, it has not always been possible to
rule out the involvement of the cellular pathway in
this flux. A luminal leak path for Cl~ has been ob-
served in brush border vesicles [19] and inferred
from the effect on net Cl~ transport of exposing the
tissue to actively transported solutes [34] or to
agents that elevate cellular cyclic AMP [32]. A mu-
cosal membrane leak will reduce the effectiveness
of the luminal uptake mechanism in elevating af;.
Despite the obvious importance of this pathway on
net Cl- absorption, it has received little study.
Clearly, both of the dissipative pathways as well as
the uptake mechanism(s) may serve as points of
control in the regulation of Cl~ absorption and wa-
ter transport.

The present study was undertaken to define and
quantitate the different pathways of Cl~ transport in
the urodele intestine. Cl~ uptake across the luminal
membrane appears to be passive; serosal transfer is
carrier mediated.

Materials and Methods

Adult Amphiuma were maintained and anesthetized as described
previously [35]. The duodenum was excised, stripped of its sero-
sal smooth muscle layers and either opened as a sheet for mea-
surement of intracellular Cl- activity with microelectrodes or
everted with the aid of a plexiglas rod for loading and washout of
%Cl.

BATHING MEDIA

The normal (control) bathing medium contained in mmM: Na 105,
Cl 86.3, K 2.5, HCO3 25, Ca?** 0.9, Mg?* 1.0, and mannitol 20.
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Solutions were gassed with 95% 0,/5% CO,. When the [Cl]] was
varied this was done by equimolar substitution with gluconate.
This required further additions of calcium gluconate to the me-
dium to maintain the [Ca?*]. The [Cl] of the nominally Cl- free
medium, determined by the titrimetric method, was 0.11 and 0.13
megq/liter in two separate batches prepared on different days. In
one series chloride and bicarbonate were substituted with gluco-
nate. In this case the medium was buffered with 5 mm Tris
(hydroxymethyl aminomethane) sulfate and gassed with oxygen.
Sodium was substituted in one series with choline. When K+ was
removed no cation was substituted.

In one series Na* was replaced with lithium and Cl- with
sulfate. In this case the mannitol concentration was increased to
69.5 mM to maintain osmolarity. The osmolality of bathing media
was routinely checked with a Wescor 5,100C vapor pressure
osmometer (Logan, UT). All chemicals were reagent grade.
SITS (4-acetamido-4'-isothiocyanostilbene-2-2'disulfonate) and
theophylline were purchased from Sigma (St. Louis, MO).

Cl-SPECIFIC MICROELECTRODES

Double-barreled Cl--sensitive microelectrodes (DBM) were pre-
pared by the method reported previously [35]. The method of
sensing and recording the voltage on each barrel of the micro-
electrode was identical to that described earlier {35]. The micro-
electrodes were calibrated in solution of 0.1, 1, 10, 20 and 100
mM NaCl. The slope (5) of the electrodes in the range from 10 to
100 mM, calculated from the regression line of voltage vs. the log
of the Cl- activity, was linear and averaged —54.4 = 0.5 mV for
11 microelectrodes employed in one randomly selected series of
calibrations. In the range from 1 to 10 mM NaCl the change in
voltage averaged —47.1 + 0.9 mV. The intracellular Cl- activity
(acf) was calculated using Eq. (1):

aé‘l = a'él/‘)l.}()}(u(‘1i*v,,,)"u'(‘\/b' ()

where § is the slope of the electrode in the appropriate range (1-
10 or 10-100 mm NaCl) ay and vy are the chloride activity and
voltage of the electrode in the highest NaCl calibrating standard
used, and v is the voltage of the Cl barrel in the cell. The
equilibrium potential for Cl~ (E¢y) at the mucosal membrane was
calculated using Eq. (2):

E(‘[ = RT/F In a{-l/a{-ﬁ (2)

where RT/F = 25.4 mV at room temperature (22°C) and «¢) is the
mucosal bath C1~ activity.

The electrochemical driving force for Cl diffusion across
the serosal membrane was calculated as (Aue/F = RT/F In aly/
aly — v,) where aiy is the Cl- activity of the serosal medium and
v, is the voltage of the serosal medium relative to the cytoplasm.

The selectivity of the exchanger for Cl- over gluconate,
estimated with single salt solutions, was ki guconare = 0.016 =
0.002. Since it is unlikely that gluconate reached concentrations
in the cytoplasm exceeding 40 mM, the ‘*gluconate error’” should
not exceed 0.6 mMm.

The selectivity of the anion exchanger for Cl over HCO3;
was evaluated with single and mixed salt solutions. Employing
100 mm NaCl or NaHCO;, the selectivity of the CI- electrode for
HCO;5 (k¢puco,) varied between 0.11 and 0.13 in different series.
However, there was essentially no difference in electrode volt-
age between a 20-mM solution of NaCl and one containing 20 mm
NaCl + 20 mMm NaHCO;. Comparing 20 mm Cl with 20 mm CI +
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40 mM HCOs, k¢puco, = 0.03. The mixed salt solution method of
calibration more closely approximates the conditions under
which cell Cl- is estimated and is, therefore, a better measure of
selectivity [2].

The protocol of experiments utilizing Cl~-sensitive DBM
were as follows: tissues were incubated in normal medium and
afy and v, were measured simultaneously in about six individual
villus epithelial cells prior to calibration. Then the medium was
changed, as necessary, and further impalements of villus cells
made at selected intervals to obtain an estimate of the time
course of changes in a¢y and v,,. Simultaneously, the transepithe-
lial voltage difference, v,,, was sensed by a voltage clamp device
through calomel cells connected to the chamber via saturated
KCL-agar bridges. The voltage divider ratio was routinely mea-
sured. Changes in this variable were difficult to interpret and are
not reported. As before, recordings were deemed acceptable
when (i) the difference in voltage between the two barrels of the
DBM., v — v,,. while in the cell was constant within | mV for 10
sec, (ii) the tip potential of the barrel sensing v,, did not change
more than 3 mV from penetration to withdrawal, and (iii) the Cl
exchanger responded to changes in «¢ with a slope § greater
than —45 mV.

TiTRIMETRIC ESTIMATE OF CELL Cl™

The intracellular concentration of Cl-, [CI), was estimated as
follows: five adjacent segment of duodenum were stripped,
pinned into paraffin, and incubated in normal, oxygenated me-
dium. After 1 hr one tissue was removed for analysis, while the
remaining segments were rinsed and then bathed in Cl~-free me-
dium which was completely replaced when a segment was re-
moved for analysis. This was done at regular intervals. Tissues
were gently blotted with ash-free filter paper, weighed, and di-
gested overnight in 0.1 N HNO; acid. The ratio of wet to dry
weight was estimated in other tissues. The ratio of cell/total tis-
sue water was assumed to be 4: 1 under all conditions based on
previous measurements on tissues bathed in normal medium.
Tissue Cl was assayed using an Aminco-Cotlove chloridimeter
(American Inst. Co., Silver Springs, MD). In a related protocol,
two adjacent segments were bathed in Cl™-free medium which
was completely replaced with fresh medium every 15 min. After
90 min tissues were removed for analysis. One homogenate was
treated with sodium perborate to oxidize sulfhydryl groups
which can combine with silver ions and provide an erroneously
high measure of tissue Cl~ [5].

Isotoric ESTIMATE oF CELL Ci~

Duodenal segments were stripped, stretched, and pinned into
individual dishes having a paraffin base. They were bathed in
normal, oxygenated medium containing *Cl (New England Nu-
clear) at 1 xCi/ml and, in addition, 2.5 uM cold inulin. After [ hr
the tissues were rinsed 3 times in unlabeled 1 mm Cl- medium
and incubated in that medium. *Cl was added to the same spe-
cific activity (uCi/meq Cl) as in the first hr of exposure. In addi-
tion, 0.125 uCi/ml of *°H inulin was added. Tissues were removed
at 100 min. The mucosa was scraped from the underlying smooth
muscle, weighed, and digested overnight in 0.1 N~ HNO;. Ali-
quots were counted on a liquid scintillation spectrophotometer
(Packard Inst., Downers Grove, IL) with appropriate correction
of the *H ¢pm in the 3Cl window. The % dry wt was estimated in
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duplicate in other tissues and averaged 17.2 = 1.4% (n = 6). Cell
water averaged 37 = 6% in the 100-min samples.

MEASUREMENT OF CELLULAR Cl- EFFLUX

Segments of duodenal mucosa 6 cm long were stripped of smooth
muscle, everted, and mounted on a tissue holder which consisted
of two segments of hollow plexiglas tubing (5 mm diam.) at-
tached to each other by a thin connector 5 cm in length. The
tissue holder was threaded through the everted intestinal seg-
ment. The intestinal segments were tied to it at each end with
surgical thread and the apparatus was mounted vertically in a
bath. Bathing medium was perfused upward through the interior
(serosal) compartment at a rate of 1 ml/min by means of a peris-
taltic pump. By collecting the serosal effluent at the fluid level of
the bathing medium the presence of a hydrostatic pressure head
across the mucosa was avoided. The design permitted perfusion
of the serosal compartment of a S-cm segment of the everted gut
using Cl--free medium while the mucosal surface was bathed in
Cl~-containing medium. Intestinal segments were incubated for 1
hr in normal medium containing 3Cl at 1 uCi/ml. During this
time the serosal compartment was perfused continuously. Frac-
tions of serosal medium were collected at 10-min intervals during
the loading and washout periods. After isotopic loading the as-
sembly was transferred to a vessel containing 40 ml of fresh
(unlabeled) medium, and *Cl efflux into the luminal medium was
monitored by collecting 100-ul samples at regular intervals over
a 55-min period. By a process of back addition the ueq Cl in the
tissue compartment at each time was calculated. Only the first 15
min of mucosal washout are reported.

StATISTICAL TESTS

Student’s t-test for paired and unpaired comparisons were used
to determine the significance of the difference between popula-
tion means.

Results

In Fig. 1 it is seen that the average value of intracel-
lular Cl1- activity (af)) was constant over several
hours for six tissues bathed bilaterally in normal Cl1~
containing medium. In the same figure, five tissues
exposed on their serosal surfaces to 0.1 mm CI~
(CI™ replaced with gluconate) continued to retain
Cl- within the cells at a normal level even though
the driving force for Cl diffusion across the serosal
membrane (Auc/F) increased markedly from —6.5
to —160 mV. If there was a finite Cl~ conductance
at the serosal membrane then a decline in cell Cl-
would be expected to occur unless losses of CI~
across the serosal membrane were matched by en-
try of Cl- into the cell across the mucosal mem-
brane. As seen in the inset of Fig. 1, the serosal
membrane depolarized over the first 30 min but was
essentially unchanged thereafter even when serosal
Cl- was reinfused. Since the effect on v, was not
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Fig. 1. The time course of intracellular Cl~ activity (a(y) in six
tissues bathed bilaterally with normal medium (filled circles) and
in five tissues exposed after a control period to medium in which
all but 0.1 mmM Cl- was replaced with gluconate (open circles).
The horizontal bars illustrate the period over which measure-
ments were made with double-barreled microelectrodes. In pa-
rentheses is the number of measurements collected within the
period. Also illustrated is the mucosal membrane potential (v,,)
of the experimental series

reversed upon readdition of Cl- to the serosal me-
dium, there is no support for a significant Cl~ con-
ductance in the serosal membrane. It can be safely
concluded from these measurements that ac/ is vir-
tually independent of the electrochemical driving
force on Cl™ at the serosal membrane. Hence it is
unlikely that there is a significant diffusional efflux
of Cl™ across the serosal membrane.

In contrast, cell CI- was very sensitive to
changes in the mucosal bath [C]]. In Fig. 2, left, is a
recording from a single cell. ak fell rapidly upon
replacement of luminal Cl~. On the right side of the
figure it is seen that reduction of mucosal CI~ to 0.1
mM (serosal [Cl] = 0.1 mm) caused a rapid drop in
aby in three different cells (filled circles). The
steady-state value of af finally achieved is de-
cribed below. In cells of other tissues pre-exposed
on their serosal surface to 1 mm SITS for 1 hr, ak
declined at about the same rate (Fig. 2, far right) as
untreated tissues. The latter observation was sup-
ported when, in another tissue pre-exposed on its
serosal surface to SITS for 55 min, replacement of
mucosal Cl was followed by a decline of af from an
average control value of 24.5 = 3.1mMm(n = 4)to a
value of 10.0 = 3.4 mM in the first 7 min (n = 4) and
to 6.8 = 0.6 mM during the next 8-min period (n =
6). If the decline in af; was a consequence of the
serosal transfer of C1 from the cell it would be ex-

pected that SITS would block the decline. Further-

more, the decline cannot be attributed solely to re-
duced CI~ upta_ke, otherwise, with SITS blocking
serosal exit, ac would have remained constant.
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Fig. 2. Single cell response of afy to luminal Cl' replacement.
Left: response of a single cell to mucosal Cl- washout. v¢, is the
voltage on the Cl--sensitive barrel, v,, the voltage of the mem-
brane-potential sensing barrel of the double-barreled microelec-
trode. The difference voltage, subtracted electronically, is re-
lated to the intracellular Cl- activity. Right: response of ay in
three different cells to replacement of all but 0.1 mm CI- in the
mucosal medinm (filled circles). The serosal medium contained
Cl at 0.1 mM. Far right: washout of intracellular Cl- after pre-
exposure for at least 1 hr to SITS (1 mM) in the serosal medium. #
is the number of animals examined

Hence, the decline observed is due to a leak of Cl~
into the mucosal medium. Further support for this
conclusion is advanced below.

In other tissues, increasing the mucosal [CI]
from 0.1 mM resulted in a rise in ab which was
more rapid when higher concentrations of Cl were
employed (86.3 mM) than with lower (e.g. 25 mMm)
concentrations of Cl. This is illustrated in Fig. 3. In
summary, intracellular C1~ responds rapidly and re-
versibly to changes in luminal [CI]. '

In order to determine the lowest level that ag
will fall, tissues from four animals were exposed to
nominally C1~-free media on both mucosal and sero-
sal surfaces. In Fig. 4 it is seen that a¢ fell from an
average value of 22.8 = 2.5 mm in four tissues to 6.5
+ 0.4 mM in the period 1-2 hr after exposure to
gluconate medium and did not decline further in the
next hour. Hence, in the steady state considerable
Cl- appeared to remain within the cell. One expla-
nation for the failure of cell Cl to fall further is that
the Cl-sensitive microelectrode sensed anions other
than CI~.

In an effort to test the validity of the value of
at measured in gluconate medium, the time course
of the decline in total tissue Cl- was estimated by
the titrimetric method in intestinal segments incu-
bated in a similar manner, first in normal medium



J.F. White: Intestinal CI- Transport Pathways

mucosal [CI1, mM

[oa] 25 | [oa] 863 |
i /
a1 1o}
mM
n:1 n=2
“ o123 o 1 2 3
min

Fig. 3. Single cell response to elevation of luminal [CI-]. Left:
response when luminal [Cl] was raised to 25 mm. Right: response
when luminal [C]] was raised to 86.3 mMm. Serosal [C]] was 86.3
mM. n is the number of animals studied

then in several changes of gluconate medium to ap-
proximate the conditions {of perfusion) under which
ak was estimated. Intracellular Cl- concentration
(IC11H), estimated from the Cl- content of mucosal
scrapes, fell over the same time course as ak to 4.5
mM and was essentially unchanged after 90 min.
Because it seemed possible that [Cl} could be low-
ered further with a more extensive exposure to Cl-
free medium, an additional series of four tissues
were rinsed every 15 min over a period of 90 min
with fresh gluconate medium. In these tissues [Cl]!
was lower at 1.8 £ 0.5 mm. Furthermore, paired
tissues treated with perborate to oxidize potentially
interfering sulfhydryl groups [5] exhibited a still
lower value of [CIJ of 0.9 = 0.3 mM. The latter
value is the best estimate of the true [CI. The
disparity between this estimate of [Cl)' and the
estimate of afy (6.5 mM) suggests that 5-6 mm of
apparent ClI- measured with Cl -sensitive
microelectrodes is actually due to interference from
other anions.

The possibility was examined that HCO;3; was
interfering. The bicarbonate concentration of the
cytoplasm of Amphiuma intestinal cells [HCO; 1)
bathed in normal medium, estimated directly with
liquid ion exchange microelectrodes, was 15.6 mm
[14]. While a comparable estimate of [HCO; ] for
tissues bathed in Cl™-free medium is not available,
intracellular pH is increased to 7.1. Therefore
[HCO3 [ may be as high as 27 mM. At this pH,
HCOj ions could account maximally for 3 mmol/
liter of the apparent Cl (selectivity of Cl electrode
for HCOj in absence of ClI = 0.12), particularly if
the true value of aly is near zero. In order to exam-
ine the possible interference by HCO; more
closely, four tissues were exposed to medium which

was nominally HCO; and Cl- free. afy fell from.
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Fig. 4. Decline in intracellular Cl- activity, aky (open circles),
and intracellular Cl- concentration, [CI} (filled circles), in un-
paired groups of tissues bathed in Cl--free medium. [Cl} was
determined from titrimetric analysis of mucosal scrapes assum-
ing cell water at 84% of total water and dry wt was 20% of wet
wt. In parentheses is the number of estimates of a{y. # is the
number of tissues examined. The point defined by the squares
are explained in the text

30.2 = 3.3 mM (n = 27) in normal medium to 8.1 =
1.8 mM in the period 2-3 hr after exposure to a (Cl~
+ HCOj3)-free medium. The latter value was not
different (P > 0.20) from the value obtained in Cl—-
free HCO; -containing medium (Fig. 4). Since there
was, most likely, a large reduction in intracellular
HCOg3, then it is safe to conclude that HCO;3 ions
contributed little interference in the measurement
of afy. Other anions must be responsible for the in-
terference.

INTRACELLULAR dac; AS A FUNCTION
ofF LumMiNaL [Cl]

In Fig. 5 it is seen that the steady-state value of ak
is related to the medium [Cl]. Tissues were bathed
continually on their serosal surface with Cl--free
medium. Initially the mucosal chamber was per-
fused with normal medium. After a control series of
measurements was obtained, the mucosal solution
was changed to one containing either 1, 10, 20, 40 or
60 mM Cl~. As bath [CI} was reduced from 86.3 mMm
by replacement with gluconate, af; declined the
mucosal membrane depolarized and the serosa be-
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came more positive, reflecting reduced net Cl ab-
sorption. When bath CI- was 1 mm, aky was appar-
ently 8.9 = 1.6 mm. At this and all other values of
aq, C1™ appeared to be above electrochemical equi-
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Fig. 5. ak, and mucosal electrical characteristics as a function of
luminal Cl- activity (a¢). Steady-state values of mucosal mem-
brane potential (v,,), C1~ equilibrium potential (E¢), Cl- accumu-
lation potential (E¢; — v,,) and transepithelial potential (v,,,) are
shown. Values of af, were obtained in the period 1-2 hr after
replacing normal medium with medium of lower [Cl]. a{y, Ec; and
Eq — v, are all uncorrected for interference by other anions. The
serosal medium was Cl-free. In the upper part of the figure is
number of tissues/number of measurements. The dashed line is
explained in the text
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librium, i.e., Eq; — v, > 0, as seen in Fig. 5. After
correction for the likely amount of interference by
other unidentified anions in the cytoplasm (=6 mm),
aty was 2-3 mM. Correcting the values of aly mea-
sured at each medium [Cl] in a similar manner, the
value of Eq — v,, was markedly positive only at the
bath [Cl] = 1 mM and exhibited negative values at
higher [Cl]. This is illustrated in Fig. 5 with a dashed
line.

To test whether the estimate of af, was in error
because double-barreled microelectrodes were
used, af was measured in a series of four tissues by
employing single-barreled microelectrodes. In nor-
mal medium «fy averaged 27.9 = 2.7 mM (n = 43).
In the period 1-2 hr after exposure to 1 mm CI-
medium, the apparent value of af was 7.6 = 1.3
mM (n = 44). The values of af obtained with single
and double-barreled microelectrodes were not sig-
nificantly different (P > 0.20).

Additional evidence for interference of the Cl-
electrode response by other anions was obtained
when the intracellular Cl- concentration was esti-
mated by measuring the distribution of *CIl. Extra-
cellular volume was estimated with 3H-inulin. After
a 90-min incubation period in medium containing 1
mM Cl (a period assumed sufficient for uniform la-
beling of all cell CI), mucosal scrapes from three
animals had an average cell Cl content of 3.6 = 0.2
mM. This value is less than half of the value mea-
sured with Cl--sensitive microelectrodes. Paren-
thetically, this value is also significantly (P < 0.01)
above the bath [Cl] and therefore consistent with a
modest CI~ uptake.

In Fig. 6 the values of af reported in Fig. 5 are
replotted. On the left are the values of aly in normal
medium (open bars) and in the period 1-2 hr after
exposure to the medium of lower [Cl] (hatched
bars). On the right side of the figure, the steady-
state values of cell Cl are normalized as a fraction of
the control value of cell Cl (in normal medium) to
reduce the influence of the variation in the control

10
[ } Fig. 6. Left: paired average values

of aly in normal mucosal medium

o8r % (open bars) and 1-2 hr after

0.6F }v

oaf %%

exposure to low Cl medium

- (hatched bars). In parentheses at
bottom are number of DBM
recordings. Values within open
bars are number of tissues
examined. Right: normalized cell

0.2}
Cl activity as a function of bath
L [CI]. Dotted line is least squares
°%s 20 40 60 estimate of slope (correlation

coefficient = 0.99)

mucosal [Cl] mm
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values of ag. Cell Cl declined in a linear manner
(correlation coefficient = 0.99) with bath [CI]. The
correlation was highly significant (P < 0.002). In
contrast, in Necturus renal proximal tubules aly
varied in a sigmoidal manner with luminal [Cl] [29].

TRANSSEROSAL Cl~ FLUX AS A FUNCTION
oF LuMinaL [CI]

It has been demonstrated that the disulfonic stilbene
SITS completely blocks net transcellular Cl~ ab-
sorption by urodele intestine when added to the
serosal medium. Luminal SITS was without effect
[31]. Thus the exit of Cl across the serosal mem-
brane is the specific step where inhibition occurs.
The amount of reduction of the absorptive CI~ flux
produced by SITS is a direct measure of the rate of
transserosal Cl~ flux. The relationship between the
luminal [Cl] and the rate of transcellular Cl~ absorp-
tion was obtained in short-circuited tissues by mea-
suring the m to s (ms) flux of *CI~ into a Cl~-free
serosal medium before and after exposure to SITS.
Paired tissues were examined. The absorptive Cl~
flux (JS) from a luminal solution containing Cl- at
a concentration of 1, 2, 10, 20, 40 or 60 mm was
compared with that of a paired adjacent tissue in
which the luminal [Cl] was 86.3 mM. The stilbene-
induced reduction in the mucosa-to-serosa flux
(AJS) is plotted in Fig. 7, left (open circles)
against the mucosal [Cl]. Stilbene-sensitive Cl~ ab-
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for the series in which the response in normal medium ([Cl] =
86.3 mM) was compared with that in media of mucosal [Cl] = 10
mM. Right lower: normalized serosal Cl~ transport at different
mucosal [Cl]. The curve was drawn by eye
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sorption approached a maximum at higher bath
[CI]. Similarly, the reduction in I (the C1~ current)
also reached a maximum (closed circles). However,
the relationship was obscured by the variability be-
tween tissues. In contrast, when the responses were
normalized within tissues, by comparing the re-
sponse when luminal [Cl] was 1-60 mM with the
response of the paired tissue bathed in media of
normal [Cl], as illustrated in the upper right hand
portion of Fig. 7, then the stilbene-sensitive trans-
serosal *Cl flux approached a maximum as luminal
[C1] was elevated. This is seen in the lower right-
hand portion of Fig. 7. ClI~ absorption reached a
maximum when the mucosal [Cl] was 40 mM.

RELATIONSHIP BETWEEN ah
AND TRANSSEROSAL Cl TRANSPORT

The relationship seen in Fig. 8 between the appar-
ent ak, and the rate of Cl~ exit from the cell into the
serosal medium, was derived from the separate,
normalized relationships illustrated in Figs. 6 and 7.
The curve reveals that there is an apparent thresh-
old [CI] of about 8 mM (most likely accounted for by
interfering anions) above which a significant flux of
CI™ into the serosal medium begins. Serosal trans-
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(AJSI-80 A JEIB83) - The data points were taken from Figs. 6
and 7. The line was drawn by eye. The K, was computed graphi-
cally as the value of all™*"/a{§** corresponding to 4 the maximal
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Table 1. Effect of SITS on cell Cl- in low Cl- medium

J.F. White: Intestinal C1- Transport Pathways

Control +SITS
0-15 min 15-30 min 30-60 min 1-2 hr
aty (mm) 11.3 £ 1.3 11.0 £ 2.0 10.3 £ 2.8 11.8 2.2 11218
Uy, (mV) ~24.6 = 2.2 -20.6 + 1.4 -20.8 = 1.4 -223 + 1.8 =209 = 2.0
Eq — v, (mV) 29.9 + 3.1 24.1 £ 5.2 21.9 + 6.9 28.0 =53 25.0 = 3.0
Ups (MV) —08 =15 0.3 +1.1 0.2+ 1.0 0.6 = 0.6 1.0 = 0.5
n 24 28 26 23 34

The luminal [CI-] was 10 mM; serosal [C1] was 0.1 mm. SITS was employed in the serosal medium at 1
mM. The averages are from three animals. » is the number of measurements.

Table 2. Effect of replacing luminal Na* on cell C1-

I-2 hr after
Na replacement

Control period

aty (mm) 8.4+ 1.0 75+0.2
U (mV) -17.8 + 1.6 —-20.0 = 2.7
Ec — v, (mV) 71.0 £ 53 71.1 = 2.6
n 26 37

Cl was present at 1 mM. Values are the average from six tissues.
n is the total number of impalements. Na was replaced with
choline. .

membrane Cl transport reached a maximal value
when af was about 17 mm, corresponding to a bath
[CI] of about 40 mmM (Fig. 6). The K, of the serosal
transporter, computed graphically, was 11.8 mm. If
interference from other anions amounts to 6—-8 mM
then the true K,, = 4—6 mMm. Saturation of transport
is an expected consequence of the presence of a
carrier-mediated transport process.

It is possible that the failure of stilbenes to ele-
vate afy, noted in a previous study [4], may have
been because, when bathed in normal medium, ay
is considerably above the value needed to saturate
the serosal carrier. For this reason the effect of
serosal SITS on af; was examined in tissues bathed
in medium of 10 mm Cl. At this value of luminal
[CI], ak; is near the K,, of the serosal transporter.
Inhibition of the transporter should elevate aly if
the transporter has an influence on cell [C]]. As seen
in Table 1, the normal, serosa-negative transepithe-
lial voltage was reversed by SITS as occurs when
electrogenic Cl- absorption is blocked. However,
SITS did not change aby. There are several possible
explanations. Luminal Cl1~ entry may be downregu-
lated by inhibition of serosal transport. Alterna-
tively, the serosal transport process may not influ-
ence the steady-state intracellular Cl~ activity to a

measurable degree. Lastly, blockage of Cl exit may
cause cell swelling as Cl accumulates in the cell.

MEcHANISM OF MucosaL Cl~ UpTAKE

As seen in Table 2, complete replacement of lumi-
nal Na with choline had no observable effect on aly
when this was examined in low ClI- medium. Low
Cl” medium was used because Cl- accumulation
appears to be significant in this condition (Fig. 5).
The lack of dependence of ai on luminal Na* was
also noted in a previous study in which media of
normal [C]] was employed [35].

In another series it was observed that replace-
ment of medium Na* did not slow the rate of Cl-
uptake. The rate of entry of Cl~ into cells incubated
initially in a C1~ + Na*-free medium was compared
when Na* or Li* was the major cation. As seen in
Table 3, aly climbed rapidly whether NaCl- or LiCl-
based medium was infused into the mucosal me-
dium. The hyperpolarization of the luminal mem-
brane when NaCl-based medium was infused is
probably due to activation of electrogenic Na trans-
port at the basolateral membrane. In contrast with
these results, in Necturus renal proximal tubule,
Cl~ activities were greatly reduced in LiCl-based
medium as compared to NaCl-based medium [29].
This result argues against a role of Na-Cl cotrans-
port as a mechanism for Cl~ entry into Amphiuma
mtestinal cells.

Linked K-Cl uptake is also an unlikely mecha-
nism since removal of luminal K* (from medium of
normal [Cl]) had no effect on cell Cl-. The results
are listed in Table 4.

Another possible route of Cl- uptake is via Cl--
HCO;3 exchange. To test for this mode of Cl~ up-
take tissues were incubated on their luminal surface
in medium containing 10 mMm Cl-, and 25 mm
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Table 3. Effect of Na* vs. Li* on increase in cell Cl~
Control period Mucosal Cl- added
15-30 min 75-130 min 150-180 min
LiCl
agy (mM) 128 £ 2.5 26.8 = 1.3 353 =11 32.6 £ 4.8
U, (mV) —-11.6 2.4 -1 =12 -89 =25 —-10.6 = 1.1
n 27 16 14 19
NaCl
agy (mM) 12.5 = 3.6 37.9 = 8.8 29.7 = 6.6 305 £ 5.2
U, (mV) -12.1 1.9 ~-16.5 =24 -17.0 =16 —-18.4 =19
n 24 16 20 24
Results are the average of four unpaired tissues in each series. Tissues were bathed during the control
period in a LiSO,-based medium buffered with Tris. # is the total number of impalements.
Table 4. Effect of removing mucosal K* on cell Cl-
Control period K*-free
0-30 min 30-60 min 3-4 hr
agy (mM) 260 1.3 25.5x£2.2 26.5 = 1.1 23.1 £ 1.5
v, (mV) -31.7+x19 —29.8 £23 274 +12 —-28.1 =25
Eq — v, (mV) 82+ 1.2 56+19 49+ 1.4 1718
n 67 101 82 70
[CI-] = 86.3 mm in mucosal and serosal fluids. # is the total number of impalements.
HCOj3. Since Cl and HCO3 are both present in the  Table 5. Effect of elevating luminal HCO3 on cell Cl-
cytoplasm then the selectivity of the ion-exchange : : -
microelectrode for Cl over HCO; should be high Control period ~ 0-30 min 30--60 min
_ i :
(G2 Loy 5 009, Al s deermned e oy 5 x
mt 31 was elevated to /> MM AP = /. al (mm) 14.9 = 0.4 156209  13.5%20
at the expense of gluconate, and aci was measured  p mv) 305+ 1.8 177 +£36 ~235+135
again. If electroneutral exchange is responsible for gy -v, mV) 426*1.4 40.7 £ 2.5 32.4+12
Cl~ uptake, then the chemical gradients for Cl~ and n 45 61 53

HCOj3 should be coupled. Thus the accumulation of
CI~ in the cell to a greater concentration than in the
medium (at; > a) should be accompanied by a
chemical gradient for HCOjs in the same direction,
i.e., (HCOs} > [HCOs). In this case elevating mu-
cosal [HCOs] to 75 mM should reverse the HCO3
gradient and favor Cl~ exit over the exchange path-
way. A drop in ab did not occur. In Table 5 it is
seen that af was essentially unchanged in the short
or the long term. Furthermore, there was no imme-
diate change in af) in single cells when this was
monitored during the switch from normal to ele-
vated HCO3 media (recordings not shown). These
results argue against luminal anion exchange as a
mechanism for CI~ entry.

Mucosal [Cl~] was 10 mM; serosal medium was Cl--free. Muco-
sal HCO; was elevated at the expense of gluconate. n is the
number of impalements.

THE PARACELLULAR Cl- FLux

While the stilbene-sensitive Cl~ flux increased to a
constant value as bath Cl was elevated, the flux
remaining after SITS exposure (the SITS-insensi-
tive Cl~ flux) did not reach a maximal value. This is
seen in Fig. 9. The correlation coefficient between
bath [CI] and CI flux was 0.99. It has been demon-
strated in this tissue that stilbenes inhibit all net
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Fig. 9. Relationship between mucosal Cl- activity and stilbene-
insensitive Cl- absorptive flux. In parentheses is the number of
tissues studied. The line of linear regression intercepted the y
axis at 0.083 ueq/hr - cm?

active CI~ absorption by blocking the serosal anion
transport process (see below and refs. 4, 7). The
stilbenes do not alter tissue conductance, as would
be expected if they blocked a Cl~ conductive path-
way in the serosal membrane [31]. Since there is no
direct support for C1~ conductive pathways in the
serosal membrane, the route of the stilbene-insensi-
tive Cl- flux is most likely paracellular. In agree-
ment with this conclusion, the secretory (sm) Cl~
flux is equal to the absorptive flux in short-circuited
tissues exposed to SITS [31].

Cl EFrLux FROM CELL TO LUMEN

In an effort to assess the rate of Cl efflux from cell
to lumen and the factors which influence it, tissue
Cl was labeled with %Cl and the rate of efflux into
both luminal and serosal compartments measured.
As seen in Fig. 104, the average Cl~ efflux (n = 3)
into normal mucosal medium was log-linear (corre-
lation coefficient = 0.97) over 15 min with a half-
time of 11.4 min. The slope intercepted the y-axis at
7.7 peq Cl-. Simultaneously, there was a brisk
transfer of Cl~ into the Cl-free serosal medium
(lower part of figure). Analysis of the washout curve
by the process of back addition revealed that, in the
period from 10-40 min after washout began, the
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Fig. 10. 3¢Cl efflux into mucosal and serosal media. (A) Cl wash-
out from a tissue compartment calculated by back addition of
cpm appearing in normal mucosal medium. (B) Washout with
SITS (1 mmM) present. n is the number of tissues examined. Bot-
tom: appearance of Cl in serosal medium during loading period
(before zero time) and during subsequent washout period. Inset:
serosal Cl~ washout kinetics. Points were obtained by back addi-
tion of cpm appearing in the serosal medium in the period from
10-55 min after washout began. Lines were fitted to the data
points from 20-50 min by linear regression

serosal efflux was loglinear (r = 0.99) with a ¢, =
12.7 min. This is illustrated in the inset of the figure.
The slope intercepted the y-axis at 7.1 ueq. Clearly
the movement of labeled Cl- occurred across the
mucosal and serosal membranes at very similar
rates and from compartments of nearly identical C1~
content.

When SITS was included in the serosal perfu-
sion fluid (Fig. 10B), serosal Cl~ transfer was
greatly reduced. Nevertheless, Cl~ efflux into the
mucosal fluid was unchanged (¢, = 11.8 min). The
capacity of the mucosal compartment (7.5 ueq - Cl)
was also unchanged, a result in agreement with the
observations reported above (Table 1) that serosal
stilbenes do not elevate ak,. If a sizeable fraction of
the 3¢Cl entering the mucosal fluid originated in the
paracellular spaces, then the capacity of the muco-
sal efflux component should have been greater in
Fig. 10A compared with Fig. 10B since, in the ab-
sence of SITS, serosal Cl transfer occurred and the
amount of Cl in the lateral intracellular spaces
would be larger. Instead, the capacity of the two
compartments was identical. It is concluded that
%Cl efflux into the mucosal medium originated
largely from the cytoplasmic pool and was unaf-
fected by inhibition of the mechanism of *¢Cl effltux



J.F. White: Intestinal CI- Transport Pathways

Table 6. *C] efflux
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Series n Mucosal Serosal C Slope r ty, Serosal efflux
washout washout (uweq/min) (In weq/min) (min) over 110 min
medium medium (pneq)

1 3 Normal Cl-free 7.7 =20 —0.061 = 0.005 -0.97 11.4 28.3 £ 11.5

4 Normal Cl-free 7.5 = 0.5 —0.060 = 0.001 —0.96 11.8 79+ 0.5
+ SITS

3 4 Cl - 1 mm Cl-free 98 =22 —0.082 = 0.011 -0.96 9.1 7.4+ 1.7
+ SITS

4 3 Normal Cl-free 98 = 1.5 —0.088 = 0.020 -0.95 8.6 9.5+ 2.6
+ theophylline + SITS

n is the number of tissues. C, the extrapolated intercept of the slope on the y-axis, is the capacity of the tissue compartment relative to
the mucosal efflux. The slope is the rate of decline and cpm obtained by back addition of cpm in the mucosal medium. r is the

correlation coefficient of cpm vs. time. SITS and theophylline were employed at 1 mm. Cl- was replaced with gluconate.

across the serosal membrane. In the remaining
studies SITS was present in the serosal medium.

When loaded tissues were washed out into mu-
cosal medium containing only 1.0 mMm CI~ there was
a significant (P < 0.05) increase in the rate of Cl~
loss (£, = 9.1 min). The results of this and the
previous studies are tabulated in Table 6 for com-
parison. The greater rate of Cl~ loss into low CI~
medium would be predicted if transmembrane CI
efflux occurred through channels which are ordinar-
ily partially blocked by luminal Cl~ ions [29]. On the
other hand, a decrease should have occurred if CI~
exit across the mucosal medium was a result of CI-
Cl exchange.

Elevation of tissue levels of cyclic AMP has
been shown to inhibit net Cl~ absorption and en-
hance the secretory (sm) flux of CI- [31]. It was
concluded that cyclic AMP elevated luminal Cl-
permeability. This finding permitted a test of the
technique of measurement of 3*Cl- efflux. Loaded
tissues were washed out into medium containing 1
mM theophylline. The results are listed in Table 6.
As expected, Cl- efflux was enhanced (¢, = 8.6
min), although the slope of Cl efflux was not signifi-
cantly greater (P < (.20) than that of series #2. The
enhanced efflux cannot be secondary to mucosal
membrane hyperpolarization since theophylline
causes depolarization of urodele intestinal mucosal
cells [32]. Hence, the result supports the earlier
conclusion that theophylline accelerates luminal
Cl- efflux and lends validity to the ClI~ efflux tech-
nique.

Discussion

The small intestine of Amphiuma absorbs Cl~ by a
process which is electrogenic, Na-dependent, and
linked to the secretion of HCOj . The present study
took advantage of the high permeability of the lumi-

nal membrane for Cl~ to control af; and thereby to
define the relationship between aly and serosal Cl-
transport. In the process important information rel-
evant to the uptake of Cl~ across the luminal mem-
brane was forthcoming,

VALIDITY OF ESTIMATE OF ak

An accurate estimate of al; is necessary in order to
estimate kinetic constants for Cl transport across
the serosal membrane as well as to establish the
degree of active Cl- uptake across the mucosal
membrane. Despite considerable effort, the true
value of ag remains somewhat uncertain because
cell C1~ only fell to an apparent value of 6.5 mmMm
when tissues were exposed to nominally Cl~-free
medium. Substantial C1~ also appeared to remain in
rabbit papillary muscle [3] and renal proximal tu-
bules [29] exposed to Cl~-free medium. The contin-
ued Cl- signal was attributed to interference from
other anions. That Cl- was not retained in the cells
of Amphiuma is evidenced from the titrimetric mea-
surement of [Cl]. HCOj can be excluded as a sig-
nificant interferent of the Cl microelectrode (i.e.,
>1 mm) because the HCOj activity and the ex-
changer sensitivity to HCO; are too low, and be-
cause acy in gluconate medium was not different
whether HCO; was present in the medium or not.
Likewise, gluconate anions probably did not con-
tribute to the apparent Cl~ signal. Possibly phos-
phate and organic anions other than HCO3 react
with the exchanger in the cytoplasm.

Because of the uncertainty in the estimate of
at, the possibility cannot be discounted that CI- is
actively accumulated across the luminal membrane.
However, if it occurs, the uptake does not elevate
ag) more than a few megq/liter. Supportive of the
presence of luminal uptake is the recent observation
[35] that luminal Cl~ stimulates a Cl~ current maxi-
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mally at about 15 mm, a value considerably below
the concentration (40 mm) at which the serosal Cl~
transport step is saturated (Fig. 8).

Saturable Serosal Efflux: Na-Cl-HCO; Exchange

Replacement of serosal Cl~ produced no detectable
change in afy. If the transport of Cl- across the
serosal membrane was strictly passive and occurred
through conductive channels, then JS. should in-
crease proportionate to the increase in ag. Instead
serosal Cl~ transfer attained a maximal value when
luminal [Cl] was 40 mM (Fig. 7). This finding is in-
dicative of the presence of a saturable process un-
derlying Cl transport from the cell into the serosal
medium. Considerable evidence has been devel-
oped in recent years for the presence of an anion
exchange process in the serosal membrane of Am-
phiuma intestinal cells [13, 31, 34]. For example,
the value of ay is normal when HCOs is absent
from the bathing medium [27], yet Cl~ absorption
from the cell into the serosal medium is completely
blocked [31]. Also, inhibitors of anion exchange
such as SITS and DIDS, inhibit all net Cl absorption
when added to the serosal medium [31, 35] and
greatly reduce the secretion of HCOj, a process
which is dependent on the presence of Cl~ in the
mucosal medium [13]. Despite the strong evidence
in support of serosal anion exchange it is unlikely
that a simple 1-for-1 exchange of Cl~ for HCOj is
occurring because it is energetically infeasible. The
concentration gradients for these ions across the
serosal membrane are such that linked exchange
would tend to bring Cl into the cell across the sero-
sal membrane in exchange for HCOj3 ions [14], i.e.,
opposite the observed direction of transport. How-
ever, if the exchange is coupled to the transmem-
brane Na gradient at the serosal membrane, then
Cl~ efflux from and HCOj3 entry into the cell could
occur. In support of this view, it has been shown
that Cl~ absorption by Amphiuma intestine is de-
pendent on the presence of sodium in the serosal
fluid [35]. Likewise, the secretion of HCO; by the
same tissue is also dependent on Na™ in the serosal
medium [36]. We have proposed that there is a car-
rier which binds Na®, Cl- and HCO; and, in the
steady state, transports Cl~ out of the cell into the
serosal medium as Na* and HCO; enter into the
cytoplasm, i.e., a secondary active transport of Cl~
[14]. This may be similar to the carrier systems op-
erating in Necturus Kidney [4, 10] and squid giant
axon [27], which simultaneously transports Nat*,
Cl-, H* and HCOys ions. This mechanism would
ultimately rely on the energy of the sodium gradient
developed by the operation of the Nat-K* pump in
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the serosal membrane. In agreement with this, it
was previously shown that ouabain completely
blocks electrogenic Cl~ absorption by Amphiuma
small intestine [31].

Another explanation for the constancy of afy
upon replacement of serosal Cl~ (Fig. 1) is that a
conductive efflux of Cl~ was increased, but that the
expected decline of af, was offset by a simulta-
neous increase in mucosal Cl uptake. However, ina
related study it was shown that the absorptive (ms)
flux of tracer *Cl is not increased but rather is re-
duced following replacement of serosal Cl~ with
gluconate [33]. The reduction is attributable to elim-
ination of serosal CI-Cl exchange, a process which
normally accelerates the efflux of 3°CI from the cell.
Thus there is little direct support for a conductive
pathway for CI~ in the serosal membrane. Serosal
Cl efflux occurs primarily, perhaps exclusively, by
secondary active transport.

MucosaL MEMBRANE Cl LEAK PATHWAY

Cell CI dropped rapidly when the mucosa was ex-
posed to Cl-free media (Fig. 3). The fall could not be
due to serosal pumping of Cl because the rate of
decline was equally great when serosal transfer was
blocked by the inclusion of SITS in the serosal bath.
The decline must be due to a high luminal perme-
ability for CI~. The rate of decline seen with micro-
electrodes was greater than seen with 3¢Cl. The
point is not important from a qualitative sense, i.e.,
the results by either approach show that Cl moves
quickly from the cell. Possibly the diffusion of *Cl
ions away from the mucosal surface into the bulk
luminal medium may be slowed by barriers such as
those produced by mucus. Alternatively, the slower
36C1 washout may reflect, in part, a slower loss of Cl
from nonvillus epithelial cells.

The efflux is rapid and behaves as though it
occurs via single-file diffusion through a channel
[11], since replacement of most of the Cl in the lumi-
nal medium with a nonabsorbed anion-accelerated
Cl efflux, a result completely opposite that expected
if there was CI-Cl exchange. We have shown that
when the [HCO;] of the serosal medium is reduced
to a very low value a sm flux of ¥Cl can be demon-
strated, which is blocked by serosal SITS but which
is completely unaffected by mucosal SITS, indicat-
ing that the flux is transcellular but does not involve
anion exchange at the luminal membrane [33]. A
mucosal conductive pathway for Cl is completely
consistent with earlier observations on the effect of
theophylline on CI~ transport [32]. It was observed
that theophylline blocked net Cl absorption and
stimulated the secretory Cl flux (but not net Cl
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transport) without changing «{,. These facts could
be understood if elevation of cyclic AMP enhances
luminal Cl permeability. The results in Table 6 fur-
nish support for this conclusion. A luminal C1~ leak
pathway has also been proposed for rat [19] and
rabbit small intestine [7].

Replacement of mucosal medium Cl produced
depolarization of the mucosal membrane which was
evident in acute measurements (Fig. 2) and in the
steady-state values (Fig. 5). In contrast, replace-
ment of Cl~ did not change v, in rabbit ileam (26].
The depolarization cannot be attributed to a transe-
pithelial Cl- diffusion potential since the average
value of v,, observed when a maximal Cl~ gradient
was present across the epithelium (=32 mV) was
identical to the value obtained in tissues bathed on
both sides with medium of normal [CI] (¢f. Fig. 1).
The depolarization was not detectable in steady-
state measurements until the mucosal [Cl] was 20
mw or less (Fig. 5). Hence, the change in v,, may be
due to a reduction in electrogenic Cl~ entry. In
agreement, as recently reported, the ability of Cl~
ions added to the mucosal medium to induce a Cl-
current toward the serosal medium is maximal at
about 15 mm CI [35]. The nature of electrogenic Cl~
entry remains unclear because of the uncertainties
in estimating ag).

Mucosal Membrane Cl- Entry Pathway

Since Cl- leaves the cell very rapidly across the
mucosal membrane (Table 6), it follows that in the
steady state Cl~ uptake occurs even more rapidly to
account for net Cl- absorption. Cl- uptake by the
luminal membrane has been attributed to NaCl co-
transport in bullfrog [2] and rabbit small intestine
[22], to Cl--HCO;3 exchange in rat small intestine
[19], and to Na-K-ClI cotransport in flounder small
intestine [21]. Arguing against a luminal uptake
mechanism for Amphiuma is the observation that
aly was not influenced by luminal Na*, K*, or
HCOj5 as would be expected if a cotransport pro-
cess or anion exchange was responsible for CI~ up-
take. Also, the normalized agy was a linear function
of the luminal [Cl], when bath [Cl] exceeded 1 mMm,
as would be expected if passive diffusion deter-
mined al;. When the measured values of a¢y were
corrected for interference by other anions Cl~ was
distributed close to electrochemical equilibrium (Eg
— v,, > 0) at all but the lowest luminal [C]] (Fig. 5).
In summary, the weight of evidence is for passive
Cl- movement across the luminal membrane.
Nevertheless, at the lower luminal Cl~ concen-
trations Cl- appeared to be above electrochemical
equilibrium after making a reasonable correction for
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Fig. 11. Estimate of lowest luminal [CI] achievable by Cl~ ab-
sorptive mechanism. Values of JS; were taken from Fig. 7. The
value of JS, is taken as the value of JS, measured after SITS
addition. J, is the difference. The lines through the points were
obtained by linear regression. J& is zero when tuminal [Cl] = 26
mM

interference by other anions. For this reason an ac-
tive uptake mechanism for Cl- cannot be dis-
counted. If C1~ uptake occurs by a rheogenic pro-
cess and is in paraliel with a C1~ conductance then
Cl~ might well appear to be in or near electrochemi-
cal equilibrinm. The value of a rheogenic pump is
that Cl~ would be distributed close to electrochemi-
cal equilibrium, thereby minimizing the driving
force for C1~ backflux.

Theoretical Cl~ Gradient Achieved
by Intestinal Mucosa

An analysis of the unidirectional Cl~ fluxes reported
in Figs. 5 and 8, indicate that the short-circuited
small intestinal mucosa should lower the luminal
[C1] to about 26 mM. The graphical analysis, illus-
trated in Fig. 11, is predicated on the assumption
that the blood-to-lumen Cl~ flux is approximated by
the lumen-to-blood flux remaining after exposure to
SITS, i.e., the stilbene-insensitive Cl~ flux. In sup-
port, it was earlier observed that after exposure to
stilbene the unidirectional C1- fluxes were equal
[31]. In agreement with the view that the luminal
[C1] should decline substantially, Rabinovitch ob-
served that the luminal [Cl] fell to as low as 34 mM
(i.e., 0.2% NaC)) in in-vivo intestinal loops of dog
duodenum [24]. The power of intestinal active Cl
transport was dramatically illustrated in the work of
Ingraham and Visscher who demonstrated that the
luminal [CI] fell to 0.4 mm (corresponding to a
blood-to-lumen [Cl] gradient of 250: 1 !) 90 min af-
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ter an isotonic mixture of NaCl and Na,SO, was
instilled into loops of dog intestine [15]. While dra-
matic, these early studies do not define the extent to
which the luminal [Cl] may fall below that of the
blood [Cl] in the normal, unligated intestine. Al-
though the mechanism of Cl transport has not been
characterized in dog intestine it is noteworthy that,
as in the urodele, Cl absorption by the intestine is
linked to the secretion of HCOj3 [16].

To the extent that another anion, HCOj3, re-
places absorbed Cl~ in the lumen, then the osmolar-
ity of the luminal fluid will remain constant and the
lumen [Cl] will decline. Otherwise, the loss of an
osmotic constituent will promote water absorption
and concentrate the remaining solute. The partial
coupling of C1~ to HCO; should render overall net
Cl absorption less electrogenic and may permit a
true reduction in the luminal Cl concentration.

MAGNITUDE OF THE Cl~ ABSORPTIVE FLUX

The existence of a large backleak of Cl~ across the
mucosal membrane has heretofore made it very dif-
ficult to estimate the magnitude of the absorptive
flux of CI~ into the intestinal cell. However, the
characterization of Cl~ transport provided by this
study permits an estimate of this important vari-
able. In the steady state, the flux of Cl~ into the cell
from the mucosal (J,) and serosal (J,) media is
equal to the efflux of CI~ across the same mem-
branes (J., and J,). For tissues incubated on their
serosal surface in Cl~-free medium then, J,. = 0 and
Jme = Jom + Jos. When the rate constants for labeled
Cl- loss from loaded tissue were measured within
the same tissues (Fig. 10), they were found to be
very similar and from compartments of similar ca-
pacity. Assuming that these fluxes were largely
from the absorptive epithelial cells (the tissue-to-
serosa flux was reduced more than 80% by SITS
{Fig. 10]), then it follows that the influx of Cl-
across the mucosal membrane (J,,.) is twice that of
Cl~ backflux (J.) and also twice that of serosal
efflux (J). Thus, when net Cl- absorption is 2 ueq/
hr - cm? then Cl- uptake across the luminal mem-
brane is about 4 ueq/hr - cm?.!

! This conclusion is supported by the following: Assuming a
cell volume of 30 pl and a density of 200,000 cells/cm? (cell
surface area = 500 um?), then it can be shown, using a value for
cytoplasmic [Cl] of 25 mM (Fig. 5) and the initial rate of Cl- loss
upon lnminal washout (Fig. 2), that the rate of Cl- transport from
cell to serosa (7 X 102 ions/cell/hr) is about equivalent to the rate
of CI~ loss from cell to mucosal medium (6 X 10% jons/cell/hr)
when net Cl- transport is 2 peq/hr - cm2. That is, Cl1- ions in the
cytoplasm leak into the luminal medium at the same rate as they
are transported into the serosal fluid.
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PARACELLULAR Cl- TRANSPORT PATHWAY

In the presence of SITS, the absorptive Cl~ flux was
strictly proportional to mucosal bath [Cl] in accor-
dance with simple diffusion. The serosal membrane
of the villus absorptive cells does not appear to
have a large permeability for Cl-, and thus it is
unlikely that these cells offer a significant trans-
epithelial pathway for Cl~ diffusion. Most likely this
flux occurs through paracellular pathways, but it
cannot be discounted that nonvillus epithelial cells
or goblet cells permit C1- movement. The role of the
paracellular pathway in intestinal ion transport has
been discussed by Schultz et al. [28].

In summary, these results indicate that Cl ions
are transported out of the intestinal cell by a satura-
ble, stilbene-inhibitable mechanism. The mecha-
nism has been previously characterized tentatively
as Na-CI-HCO; exchange, a secondary active trans-
port mechanism. There is little or no Cl-conductive
flux across the serosal membrane. Mucosal Cl entry
across the brush border occurs at a rate which is
twice the rate of net Cl~ absorption, is independent
of luminal Na and K, and does not occur as a result
of CI-HCO; exchange. Luminal membrane Cl up-
take occurs in parallel with a passive Cl efflux
which is enhanced by elevation of cell cyclic AMP.
A parallel, stilbene-insensitive and nonsaturable
component of the transepithelial Cl flux occurs
most likely through the paracellular pathway.

This work was supported by U.S. Public Health Service Grants
AM 17361 and AM 26870.
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