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Summary. Simultaneous measurements of net ion and water
fluxes and transepithelial potential difference (PD) were made
in the stripped intestine of the seawater eel, and it was examined
whether C1~ was driven following electrochemical gradient for
Na™ across the brush border membrane of the epithelium or
not. When mucosal Na* was completely replaced with K*,
while the serosa was being bathed with normal Ringer’s solu-
tion, net C1~ and water fluxes were maintained as high as those
in normal Ringer’s solution. After serosal Na* was completely
replaced with choline™ while the mucosa was being bathed with
Na*-free KCl Ringer’s solution, 80% of the original C1~ and
water fluxes still persisted, indicating significant Na*-indepen-
dent C1™ and water transport. These results are against a hypo-
thesis that Cl~ is driven by electrochemical gradient of Na*
across the brush border membrane. The Na*-independent C1~
and water fluxes were a saturable function of mucosal K* con-
centration, suggesting K *-dependent C1~ and water transport.
A possible mechanism of Cl~ transport is discussed in relation
to K* transport. On the other hand, a good correlation was
observed between the net Cl~ and water fluxes. This suggests
that water transport depends on Cl~ transport system; NaCl
and/or KCl cotransport.
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Introduction

Seawater eel intestine shows serosa-negative trans-
epithelial potential difference (PD) in normal Rin-
ger’s solution (Ando, 1975; 1980; Ando, Utida &
Nagahama, 1975; Ando & Kobayashi, 1978) and
greater net C1~ flux than net Na™ flux under short-
circuited condition (Ando et al., 1975), which are
very similar to observations in flounder intestine
(Huang & Chen, 1971; Field et al., 1978).
Recently, in the seawater eel intestine, it has
also been demonstrated that Na™ and Cl~ tran-
sport depend on each other and water transport
is linked to the coupled NaCl transport (Ando &
Kobayashi, 1978; Ando, 1980; 1981). Such inter-
dependence of Na® and Cl~ transport has also
been demonstrated in the flounder intestine, in

which NaCl cotransport system across the brush
border membrane of the epithelium has been pro-
posed by Field et al. (1978). The model is the same
as for the NaCl cotransport system proposed in
rabbit ileum and gallbladder (Schultz, Frizzell &
Nellans, 1974; Frizzell, 1976) or other tissues (see
Frizzell, Field & Schultz, 1979). Their model em-
phasizes that Cl™ is driven following the electro-
chemical gradient of Na™ across the brush border
membrane of the epithelium, and the serosa-nega-
tive PD is due to diffusion potential of Na™
through the tight junction. However, evidence for
the NaCl cotransport is not direct yet.

In order to clarify whether C1™ is driven follow-
ing the sodium gradient or not, C1~ flux was mea-
sured under reduced Na™ gradient by replacing
mucosal Na™ with various cations. If C1~ is driven
following the Na* gradient, all of these treatments
will reduce the C1~ transport.

The results indicate that C1~ flux depends not
only on Na™ flux but also on K* flux across the
brush border membrane of the epithelium in the
seawater cel intestine.

Materials and Methods

Japanese cultured eels, Anguilla japonica, weighing about 150 g
were obtained from a commercial fish pond and kept in seawa-
ter aquaria at 20 °C for more than one week before use. They
were sacrificed by decapitation. After opening the abdomen,
the intestine was excised and the outer muscle layers were strip-
ped off. The intestinal sac was filled with Ringer’s solution
(0.5 to 1 ml) and incubated in 30 ml Ringer’s solution at 20 °C.
The net water flux was measured gravimetrically by weighing
the sac every 5 min for 30 or 50 min, and described as positive
in case of absorption from mucosa to serosa. The PD was
recorded as serosal potential with respect to the mucosal side.
Details of the simultaneous measurement of the net water flux
and the PD are described previously (Ando & Kobayashi,
1978).
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In the present study, net Na*, K* and CI~ fluxes were
also measured simultaneously. The net jon flux (/) was calcu-
lated as following:

Jor=CV,—C,V;

net

where C is the mucosal ionic concentration, ¥ is the mucosal
volume, and subcripts / and f mean initial and final, respec-
tively. Incubation time was 50 min, since both the PD and the
net water flux were constant for 50 min in normal Ringer’s
solution (Ando, 1980). Sodium and K * concentration was mea-
sured with flame photometry (Hiranuma, FPF-2A) and CI™
concentration was determined with a chloride counter (Hira-
numa, CL-5M). Initial and final volume were obtained gravi-
metrically by subtracting the tare which was weighed after emp-
tying the sac.

Normal Ringer’s solution contained, in mm: 118.5 NaCl,
4.7 KCl, 3.0 CaCl,, 1.2 MgSO,, 1.2 KH,PO,, 24.9 NaHCO,
and 5 glucose. In other test solutions, Na* was replaced with
choline*, Tris*, Li*, Rb* or K'. Sodium bicarbonate was
replaced with choline HCO, or KHCO; in case of Na*-free
Ringer’s soltuion. All these solutions were kept at the same
osmolality (290 mOsm/kg), and at the same pH (7.3) by bubb-
ling with 95% 0,-5% CO, gas mixture. When the bathing
solution was replaced with a test solution, the intestinal sac
was rinsed five times with the new solution. Junction potential,
arising between a Ringer’s-agar bridge and the mucosal or sero-
sal Ringer’s solution, was measured separately by bathing a
calomel electrode (A H. Thomas Co.), which made contact di-
rectly with the test solution through 3 M KCl solution, into
the mucosal or serosal test solution. The difference between
these mucosal and serosal junction potentials was subtracted
from the observed transepithelial potential, and the corrected
value was used as the PD.

Results

Effects of Replacement of Na*
with Various Cations

Figure 1 illustrates typical effects of Na™ on the
PD and the net water flow. When mucosal Na™®
was replaced with choline™®, the serosa-negative
PD increased immediately to —40 mV, and the net
water flux represented as the slope of the water
flow decreased to zero. After returning to normal
Ringer’s solution, the initial PD and the net water
flux were restored. On the other hand, when sero-
sal Na* was replaced with choline™, the serosa-
negative PD reversed to serosa-positive without
significant change in the net water flux. Thus, the
presence of Na* in the mucosal side seems to be
essential for water absorption from mucosa to se-
rosa.

Relationship between the mucosal Na* con-
centration and the net water flux is shown in Fig. 2.
In this experiment, mucosal Na* concentration
was decreased progressively by mixing normal Rin-
ger’s solution with each test solution, while the
serosa was being bathed with normal Ringer’s so-
lution. When choline™ or Tris™ was substituted
for the mucosal Na™, the net water flux decreased
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progressively to nearly zero with the diminution
of Na* concentration. On the other hand, after
complete substitution of Li* for the mucosal Na*
the net water flux was diminished to about 30%
of the initial water flux. Similar results were ob-
tained by replacing the mucosal Na™ with Rb*.
In contrast, when the mucosal Na* was replaced
with K™, the net water flux was maintained as
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Fig. 1. Effects of replacement of Na™ with choline* in mucosal
(M) or serosal (S) fluid on PD (o) and net water flow (e)
across the middle part of the seawater eel intestine. The slope
represents net water flux. n-R, normal Ringer’s solution; Na*-
free, choline* Ringer’s solution
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Fig. 2. Effects of mucosal Na* concentration on net water flux
across the middle part of the seawater eel intestine. The net
water flux is expressed as percentage of the initial value in
normal Ringer’s solution. Mucosal Na* was replaced with cho-
line™ or Tris™, solid line; with Li* or Rb*, dotted line; with

- K*, dashed line. Each point represents the mean value. The

number of preparations is indicated in the parentheses
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high as that in normal Ringer’s solution. The origi-
nal values were mostly restored after reintroducing
normal Ringer’s solution at the end of these experi-
ments except for the case of Li™ substitution.
Figure 3 shows, the relationship between muco-
sal Na* concentration and PD. The PD was esti-
mated after 30 min, when a steady level had been
attained (cf. Fig. 1). When mucosal Na* was repla-
ced with choline™ or Tris*, the serosa-negative PD
increased progressively with the diminution of mu-
cosal Na™ concentration, mainly due to diffusion
of Na* from serosa to mucosa as explained pre-
viously (Ando & Kobayashi, 1978). On the other
hand, the PD did not change when Li* was substi-
tuted for mucosal Na™. When the mucosal Na™
was replaced with K* or Rb™, in contrast, the
serosa-negative PD decreased progressively to

Nd"  concentration (mEq/L)
[~ °
Low S,
0 -~ 50 . 100 150
Or‘ r T T T \'\ "] LA L L T T o T
L ] \\ i
; ° \.\n\\
E oo
-10f
k
a =201
o
e Choline’ (5)
o Trls* 3)
o Li 9)
" K, 5)
30+ s Rb (5)
L L ]

Fig. 3. Effects of mucosal Na' concentration on PD in the
middle part of the seawater eel intestine. Each point represents
the mean value. All symbols are the same as in Fig. 2
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around zero, or reversed to serosa-positive in case
of Rb* substitution. Although the PD could be
complicated by two components, active and pas-
sive diffusion potentials, the change in PD might
reflect mainly a biionic potential, thus permeability
sequence across the eel intestine could be estimated
as Rb">K*'>Na">Li" »choline™ =Tris ™,
which is very similar to that in the “tight junction™
of the rabbit gallbladder (Moreno & Diamond,
1974). After reintroducing normal Ringer’s solu-
tion at the end of the experiments, the PD was
restored to the original value in cases of choline™
and Tris* substitution, but was less than half of
the control level in cases of Li*, K* and Rb*
substitution.

lon and Water Fluxes in KCI-Ringer’s solution

Since among cations substituted for mucosal Na™
only K* retained the water transport as high as
Na™ did, net ion fluxes were measured in KCI Rin-
ger’s solution in the following experiments. As
shown in Table 1, the net Na™ and C1~ fluxes were
almost identical and the net K* flux was negligible
in normal Ringer’s solution, which confirms pre-
vious results (Oide & Utida, 1967; Utida et al.,
1972). When the mucosal side of the intestine was
bathed with KCI Ringer’s solution, while the se-
rosa was being bathed with normal Ringer’s solu-
tion, net Na™ secretion from serosa to mucosa and
high net K™ absorption were observed. However,
net Cl1™ and water fluxes were similar to those in
normal Ringer’s solution. On the other hand, when
the serosal Na™ was replaced with K*, while the
mucosa was being bathed with normal Ringer’s
solution, net Na* absorption increased and signifi-
cant K secretion was observed. At the same time,
the net CI™ and water fluxes decreased to almost
half of the control level in normal Ringer’s solu-
tion. When both the mucosa and serosa were ba-
thed with KCI Ringer’s solution, the Na*, K*,
Cl™ and water fluxes were all diminished to appro-

Table 1. Effects of Na™ replacement with K* on the transepithelial potential difference (PD), net ion fluxes (JE;, J;‘el and JS)
and net water flux (#2°) in the seawater eel intestine. All Ringer’s solutions were buffered with NaHCOs.

Mucosal Serosal No.of PD Jhe JE, Jo JH20

solution solution eels (mV) (ueg/cm?-h) (ul/ecm?- h)
NaCl NaCl 16 —6.2+04° 7.14+0.4 0.140.0 7.14+0.5 42.9+3.1

KCl NaCl 9 —0.8+0.6 —~4.6+0.5 12.3+0.5 8.5+04 46.3+3.2
NaCl KCl 4 —~3.5+03 9.8+0.5 —6.7+1.1 3.7+04 27.3432

Kl Kl 3 —0.840.0 —-0.9+02 14407 0.34+0.3 2.1+3.1
NacCl NaCI® 3 —1.5+0.3 7.1+0.3 —0.1+£0.0 7.540.6 443+6.7

2 Mean + SEM.

" These values were obtained after pretreatment of both sides with KCl Ringer’s solution.
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Table 2. Effects of Na*-free Ringer’s solution on the transepithelial potential difference (PD), net ion fluxes (/= J&
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and J)

net’  net net

and net water flux (/%2%) in the seawater eel intestine. The mucosa and serosa were bathed with KCl Ringer’s solution buffered
with KHCO; and choline CI Ringer’s solution buffered with choline HCOj, respectively.

Mucosal Serosal PD S = Je H120
solution solution (mV) (peq/cm? - h) (ul/cm?-h)
NacCl NaCl —9.8+1.1* 8.710.6 0.3+0.0 8.8+0.6 59.0+4.7
KCl1 NaCl —3.14£2.0 —5.84+1.0 15.440.5 9.440.6 60.5+6.0
KCl1 Choline Cl 19.5+2.6 —0.3£0.1 11.0+1.1 6.7+04 411426
KCl1 NacCl —1.24+0.8 —9.74+1.2 18.54+0.6 94+1.2 55.5+74

* Mean +SEM (n="6).
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Fig. 4. Relationship between mucosal K* concentration and
net CI™ (e) and water (o) fluxes. Mucosal K" concentration
was diminished progressively by mixing Na *-free KCl Ringer’s
solution with choline Cl Ringer’s solution (Na*-free), while
the serosa was being bathed with normal Ringer’s solution.
Each point represents the mean value, and vertical bars indicate
standard error of the mean (n=7)
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ximately zero. After reintroducing normal Ringer’s
solution at the end of each treatment with KCl
Ringer’s solution, the ion and water fluxes were
all restored to the control level, although recovery
of the PD was incomplete.

Since it might be possible that Na™ residue was
enough to maintain the C1~ and water fluxes, in
the next experiments, Na *-free KCl Ringer’s solu-
tion was introduced into mucosa (Table 2). Chan-
ges in the PD, the net ion and water fluxes were
all similar to those in Table 1. When the serosal
Na* was replaced with choline™ (Na*-free) while
the mucosa was being bathed with Na*-free KCl
Ringer’s solution, the net K*, C1~ and water fluxes
decreased barely, by about 20% of the control le-

vel. In spite of the absence of Na™ absorption un-
der this condition, 80% of the C1~ and water fluxes
were still maintained, indicating significant so-
dium-independent CI~ and water transport.
Figure 4 shows the relationship between muco-
sal K* concentration and net C1™ and water flux-
es. Initially, the mucosa was bathed with Na*-free
KCl Ringer’s solution, and then the mucosal K*
concentration was diminished progressively by
mixing the KCl Ringer’s solution with choline Cl
(Na*-free) Ringer’s solution. During the experi-
ments, the serosa was being bathed with normal
Ringer’s solution. With the diminution of mucosal
K* concentration, the net CI~ and water fluxes
decreased progressively to zero; they were a satura-
ble function of mucosal K™ concentration, suggest-
ing potassium-dependent C1~ and water transport.

Relationship between CI~ and Water Fluxes

As already shown in Tables 1 and 2 and Fig. 4,
change in Ci~ transport was parallel to change
in water transport. Figure 5, in addition, shows
a good correlation between individual net C1~ and
water fluxes. The net Cl1™ and water fluxes were
obtained simultaneously from one preparation
bathed cither in normal or in Na™*-free (mucosa
and serosa were bathed with K% and choline®,
respectively, as described in Table 2) Ringer’s solu-
tion. Under both conditions, an identical regres-
sion line was obtained (/12°=6.6 J<! —3.5; r=
0.94, p<0.001). In normal Ringer’s solution, the
net Na* and Cl~ fluxes were almost identical with
no K* absorption (Tables 1 and 2), suggesting that
water transport depends on NaCl transport. On
the other hand, in Na™-free Ringer’s solution the
net K+ and C1~ fluxes were observed with no Na*
absorption (Table 2), suggesting that water trans-
port depends on KCl transport. These results may
imply that water transport depends on C1™ trans-
port system (NaCl and/or KCl cotransport) in the
seawater eel intestine.
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Discussion

A sodium chloride cotransport system has been
proposed by many workers (Field etal.,, 1978;
Duffey, Thompson, Frizzell & Schultz, 1979; Friz-
zell, Smith, Vosburg & Field, 1979; Frizzell, Field
& Schultz, 1979; Eveloff et al., 1980) in the floun-
der intestine. In their model, C1~ transport is se-
condary active and is driven by electrochemical
potential difference for Na™ across the brush bor-
der membrane of the epithelium. The present re-
sults do not exclude the existence of such a NaCl
cotransport system across the brush border mem-
brane of the epithelium in the seawater eel intestine
bathed in normal Ringer’s solution. However, it
is clearly shown in the present study that the elec-
trochemical gradient of Na™ is not the only driving
force for CI™ transport; substitution of K* for
mucosal Na™ also maintained CI~ transport at a
high level. Furthermore, when both sides of the
intestine were bathed with Na*-free Ringer’s solu-
tion, significant C1~ absorption still remained with
no Na* absorption (Table 2). The sodium-inde-
pendent Cl~ transport was a saturable function
of mucosal K* concentration (Fig. 4). Therefore,
it is most likely that C1~ transport in the seawater
eel intestine depends on Na™ and/or K ¥ transport.
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The dependence of Cl~ flux on K flux might
be explained by the other way. Because K * diffuses
faster than Na* and thus induces serosa-positive
PD, ClI™ can follow the K* flux through the PD.
If it were true, mucosal substitution of Rb™ should
maintain Cl~ transport, and thus water transport,
as high as those in mucosal K* substitution, since
Rb* could diffuse as fast as K* (Fig. 3). However,
mucosal Rb* substitution diminished the water
flux to 30% of the control level (Fig. 2), suggesting
that K™ flux drags 3 times more Cl~ than Rb"
does. Moreover, it is also against this explanation
that the Cl~ transport under K* concentration
gradient persists in the absence of serosa-positive
PD (Tables 1 and 2). In addition, it has been re-
cently observed that mucosal furosemide inhibits
both K* and Cl~ fluxes under K* concentration
gradient (M. Ando, in preparation). If furosemide
inhibits specifically Cl~ transport, this phenome-
non will mean that a part of the K* flux also
depends on Cl~ transport, suggesting KCI cotran-
sport across the brush border membrane of the
epithelium.

Although the reason for serosal K* to inhibit
Cl™ transport is unclear in this study, this pheno-
menon may suggest another KCl cotransport dri-
ven through K™ concentration gradient across the
basolateral membrane, as suggested in rabbit (Duf-
fey et al., 1978) and Necturus (Reuss, 1979) gall-
bladder and flounder intestine (Stewart et al., 1981).

The water transport was always in parallel with
the net C1~ flux, and regression line between these
two parameters was J1129=6.6 J< —3.5. The value
of 3.5 ul/cm?-h is too low to detect by the present
method, and may be considered as approximately
zero, since the net water flux is nearly zero in Cl™-
free Ringer’s solution (Ando, 1980). From the re-
gression line, the absorbed Cl~ concentration can
be calculated as 1000/6.6=151.5 meq/liter, which
is only slightly higher than that in the experimental
solutions (129.2 meq/liter). The nearly unity
among the absorbed and bathing CI~ concentra-
tion suggests that water is transported almost isos-
motically by a C1™ transport system (NaCl and/or
KCI cotransport) in the seawater eel intestine.
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