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Chloride transport in unionid bivalves is cation independent and is apparently an
anion exchange system. The influx of Cl is highly correlated with the appearance of
titratable base in the bathing medium. There is & substantial exchange diffusion com-
ponent of Cl fluxes in these mussels. The influx of Cl displays saturation kinetics with
a maximum velocity of 1 uEq {g dry tissue-h)™! and an affinity of 0.1 mM Cl/liter,
Salt depletion doubles the rate of C1 influx by increasing the active fransport com-
ponent, with no change in the affinity. Chloride uptake is inhibited about 80% by
2 mMy/liter thiccyanate but is not affected by acetazolamide or furosemide.

INTRODUCTION

Freshwater animals must take up ions
from the environment to maintain salt
balance. Krogh (193%9) demonstrated the
presence of well-developed salt transport
systems in a variety of aquatic animals,
including bivalves. Recent studies have
shown that many epithelial salt transport
systems employ ion exchange mecha-
nisms: Na/H or NH, and ClI/HCO; or
OH (Maetz and Garciz Romeu 1964;
Garcia Romeu, Salibian, and Pezanni-
Hernandez 1969; Stobbart 1971; Ker-
stetter and Kirschner 1972; Dietz 1974;
Alvarado, Poole, and Mulien 1975; Gar-
cia Romeu and Ehrenfeld 1975). Al
though Na transport has been studied
extensively, until recently there was
limited information on the mechanism
of €l transport.

Mussels are unusual in maintaining
low blood solute concentrations (Dietz
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1977, 1979). The principal anions in
unionid bivalve blood are Cl and HCO;,,
in nearly equal concentrations. Further-
more, when bivalves are subjected to
salt depletion they tolerate a loss of more
than 709 of their body fluid C! with
no mortality (Murphy and Dietz 1976}.
Although freshwater mussels tolerate
large changes in blood Cl concentrations,
they can actively transport Cl from the
bathing medium ({(Dietz and Branton
1975; Murphy and Dietz 1976).

This paper characterizes Cl transport
in two freshwater bivalves. Chloride
transport is by Cl/base exchange and is
stimulated by salt depletion. Chloride
transport is inhibited by thiccyanate but
not by furosemide or acetazolamide.

MATERIAL AND METHODS

Animals—The unionid mussels Li-
gumia subrosirata and Carunculing lexa-
sensis were obtained from ponds near
Baton Rouge. The animals were accli-
mated to an artificial pond water (0.5
NaCl, 0.4 CaCl;, 0.2 NaHCO,, 0.05 KXCI,
in mM/liter) for at least 1 wk (22-25 C)
before use. Salt-depleted mussels were
obtained by storing the animals in de-
lonized water, which was replaced daily,
for 14 days or more.

Ton analyses.—Sodium was determined
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by flame photometry and Cl by electro-
metric titration. To measure the net loss
of titratable base (J,'#e), the bath-
ing solutions were buffered with 1 mM
tris(trisfhydroxymethyllaminomethane)-
HsS0, to pH 7.3. Bath samples were
collected at the beginning and end of an
experiment and sonicated to remove re-
spiratory CO.. The bath samples were
titrated to pH 4.5 using standardized
SmN HCl and the difference between
initial and final buffer capacity was used
to calculate base production.

Ton tramnspori.—Unidirectional influx
(J:) was determined by the disappear-
ance of isotope {2,000 cpm/xM Cl) from
the bathing solution (see Dietz and
Branton 1975}. Samples of the bathing
medium were collected at 1-3-h intervals
and radioactivity in each sample was
determined by a Beckman LS-8000 liquid
scintillation counter using a iriton-X 100,
toluene, p-terphenyl counting fluid. Net
flux (J,) was estimated from the changes
in bath ion concentration. Efflux (J,)
was calculated from: J, = J, — J,. The
bath volume was small (30 ml} to allow
rapid changes in the radicactivity of the
bath with small changes in the body
fluids, This restriction is important be-
cause of the low blood C! concentration
of <12 mM/liter. If the Cl isotope up-
take exceeds about 209}, of the initial
radioactivity in the bath, the body fluid-
specific activity could approach 109, of
the bath-specific activity. Isotope back
flux would be significant causing an
underestimation of J,.
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Polvethvlene glycol clearance—Carhon
14 labeled polyethylene glycol was in-
jected Into the bicod sinus in the foot
of the animals (0.03 Ci in 25 4) and
they were left overnight in pond water.
After rinsing, each animal was placed
in pond water and bath samples were
collected initially and after 30 min. Blood
was collected by cardiac puncture im-
mediately after the last bath sample
Clearance was calculated from the in-
crease in bath radioactivity divided by
the blood-specific activity (see Murphy
and Dietz 1976).

Statistical analyses.—Data are ex-
pressed as mean + SEM (Standard Fr-
ror of the Mean}. Differences between
group means were tested using the Stu-
dent’s i-test and were considered signifi-
cant if P < 05, Linear regression coeffl-
cients were caleulated by the method of
least squares.

RESULTS

When acclimated to pond water both
Ligumia subrostrate and Carunculing
texasensis are able to maintain Cl and
Na ion balance (table 1). Rates of ex-
change of Cl and Na are similar in the
{wo species.

In previous studies, inulin clearance
from the body fluids of L. subrosiraia was
about 1159, of the soft tissue weight
per day (Murphy and Dietz 1976).
Clearance rates of “C-polyethylene gly-
cal (PEG) in C. fexasensis gave similar
results {127 + 289 of soft tissue weight
per day, no. = 8). These clearance data

TABLE ¢
UNIDIRECTIGNAL Na AND Cl FLUXES IN POND-WATER-ACCLIMATED MUSSELS

nBq (g Dry Tissue+h)=t

SPRCIES Ne. 75t T,c! No. J N FALL
Ligumia subrostrata. . ... ... 17 96+ (9= BT+ .13 g 113+ .16 1.174.23
Carunculing fexasensis. .. ... 15 1.20+ .16 1,35+ .20 13 1.314 .09 1.124 .11

s Mean + SEM.
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suggest the osmotic water uptake may
be rather high in bivalves. However, be-
cause the nephropore is In the suprabran-
chial chamber and cannot be blocked,
we do not have a direct measurement of
osmotic water movement. Most of the
PLG loss is from the kidney rather than
extrarenal since the clearance of PEG is
dependent upen the osmotic uptake of
water. When the bath is made isosmotic
with. the blood by adding mannitol, the
PEG clearance is reduced to 28 + 79,
(no. = 6) of the control rate.

If water uptake is substantial, there
could be a solvent drag or convective
component of Cl influx. To determine
the solvent drag on J.%, we measured
Cl influx in pond water, then sufficient
mannitol was added to make the bath
isosmotic with the mussel body fluids
{table 2). The data are listed as the
group averages. On a paired basis the
mannitol treated J,°F was 75 + 109, of
the control. Therefore abolishing the os-
motic uptake of water did not signifi-
cantly reduce J,°' and convective Cl
uptake is minimal.

Unidirectional Cl influx for pond-wa-
ter-acclimated L. subrostrate exposed to
a range of NaCl concentrations displays
saturation kinetics (fig. 1). The trans-
port capacity (Viax) is 0.95 pEq (g dry
tissue-h)~1. The transport aflinity (K,)
for Cl is about 0.1t mM/liter. These
coeflicients do not change when pond-

TABLE 2

EFFECT OF ISOSMOTIC MANNITOL ON UNIDIREC-
TiONAL Cl FLUXES IN “CARUNCULINA TEXA-
SENSIS” ACCLIMATED TO POND WATER

#Eq {g Dry Tissue+h)™?

Bati 7€t TGt
Pond water......... 1.36 £ .21»  1.77+ .19
Pond water-+
45 mM /1 mannitol 1.05+4+.19 1.52:4 .19

= Mean £ SEM, no. = 10.
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water-acclimated mussels are exposed to
a range of choline chloride concentra-
tions {fig. 2), The Vaax is 1.0 pEq (g dry
tissue-h)~!, and K, is 0.13 mM/liter.
However, salt depletion (2 wk or more)
elevates V.« (2 uEq g dry tissue-h]-1)
without affecting K, (0.14 mM/liter).
The response of . fexasensis is essen-
tially the same as for L. subrosirata.
Chloride is taken up from choline
chloride solutions at the same rate as
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Fic. 1.—Effect of NaCl concentration in the
bathing medium on the unidirectional influx of Cl
in pond-water-acclimated Ligumia subrosirale. Each
point represents the mean * SE of 5-8 animals.
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Fie. 2.—Effect of choline chloride concentration
in the bathing fluid on the unidirectional influx of
Cl in Ligumin subrestrate (@) and Carunculina
texasensis (X). Fach point represents the mean = SE
of 3-10 animals. S refers to salt-depleted animals
and PW refers to pond-water-acclimated mussels.
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from pond water, Choline, however, is a
nonpenetrating cation. The measured
rate of choline influx by pond-water-ac-
climated I.. subrosiratain I mM /liter *C-
choline is very low (0.08 -+ 0.02 uEq
[¢ dry tissue-h]™!, no. = 3).

Since Cl uptake occurs without the
concomitant uptake of a cation, 1 must
be exchanged for an endogenous anion.
Table 3 shows the Cl exchanges and net
base production (J,r*¢) by pond-water-
acclimated and salt-depleted €. fexasen-
sts in choline chioride. Salt depletion
stimulates J,°! and the animals experi-
ence a net uptake of Cl. Chloride efflux
is significantly lower in salt-depleted
musgels than in nondepleted animals.
There is a substantial production of
titratable base, possibly HCO,, in both
groups of animals. Although the average
production of base does not differ be-
tween groups, this is due to the variabil-
ity within each group. Paired compari-
sons of J.O! with J.Ps° revealed a highly
significant correlation for both nonde-
pleted and sait-depleted animals (r ==
90 and .72, respectively; P < .001). In
addition, salt-depleted mussels display
a significant correlation between J,°!
and J,base {y = 89 P < 001).

The relationship between the appear-
ance of titratable base in the hathing
medium and Cl influx for both nonde-
pleted and salt-depleted animals is shown
in figure 3. The relationship is highly
significant {r = .79, P < 01}. The slope
of the line is 0.72 + 0.04 uEq base/uEq
Cl, which is not significantly different
from 1, indicating good stoichiometry
between Cl and base exchange. The base-
line in the figure represents the ap-
pearance of base in the hath (0.46 +
0.14 yEq [g dry tissue-h]™?) when the
animals are in Cl-free media where 7,01 ==
0. Presumably, this baseline represents
an excretory component of base loss or
diffusion out of the animal. Tris (1 mM/

523

liter) was used to adjust the Initial
bathing medium pH to 7.3, but Tris has
no effect on J.,°! (control, 0.69 + 0.14;
Tris, 0.80 4 0.17 uEq g dry tissue-hi-t).

The total unidirectional fluxes can be
partitioned into several components. The
effiux is composed of an excretory/diffu-
sive loss, which cannot be separated in
the bivalves, and exchange diffusion.
The influx can be separated into diffu-
sion, the same exchange diffusion com-
ponent as in the efflux and active
transport.

The CI fluxes from table 3 are parti-
tioned in table 4. The sum of diffusion
and excretion was obtained by trans-
ferring bivalves into deionized water.
There is no significant change in electri-
cal potential (Dietz and Branton 1973},
and we are assuming no change in the
epithelial permeability to Cl. When pond-
water-acclimated and salt-depleted C.
fexasensis are in celonized water, the
initial loss of Cl is 0.37 + 0.08 and
0.03 + 0.01 uEq {g dry tissue-h)~*, re-
spectively. Subtracting the diffusion/ex-
cretory component from total efflux gives
the exchange diffusion. The inward dif-
fusion of Cl is negligible, as calculated
from the flux ratio equation (Ussing
1949). Blood Cl is about 12 mM/iiter in
pond-water-acclimated musseis and 2-3
mM/liter in salt-depleted mussels. The
body fluids are about —11 to —15 mV,
and the voltage is independent of bath
Cl (Dietz and Branton 1975). Subtract-
ing the diffusion and exchange diffusion
components from total influx gives the
active Cl transport.

Salt depletion results in a decreased
Cl efflux due to a reduction of all of the
components. A siibstantial exchange dif-
fusion is evident in these bivalves. The
influx of Cl is stimulated in salt-depleted
animals because of an increase in the
active transport of Cl. The active trans-
port component in nondepleted animals
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is low, and this group of animals ex-
perienced a net loss of Cl Active Cl
transport in pond-water-acclimated ani-
mals, in a steady state, is probably
about 0.4 uEq (g dry tissue-h) ™, or
zhout 4077, of the total unidirectional
influx.

Attempts to alter J .9 with HCO, were
ineffective. Elevating the hath HCO; to
160 mM/liter NaHCO, {(and t mM Cl/
liter} had no effect on J,%' in pond-water-
acclimated animals (Control, .71 +
0.16; HCO4, 0.61 + 0.19 yEq [g dry tis-
sue-h]™ no. = 4). Injections of NaHCQ,
to raise blood HCO; 5-7 mM/liter in
pond-water-acclimated animals did not
change J.©'. Control animals’ {injected

T. H. DIETZ AND W. D, BRANTON

with 100 x1 0.5 M/liter Nu,S0Q,) J.°F was
0.80 £ 029 uFg {g dry tissue-h)t
(no. = 4), and HCOs-injected (100 4l of
1 M/liter NafH{CO;) mussels” /.5 was
0.60 + 0.10 pEq (g dry tissue-h)~' {no. =
5). The injections caused an elevation in
J.beee in hoth groups {control, —1.52 +
0.62; HCO,, —2.82 + 1.83 uEq [g dry
tissue-h]~Y). Compared with the data in
table 3, the HCOs-injected animals are
significantly higher in J b=se (P < 08).
However, in the HCOj-injected animals
the base preduction does not correlate
with J.¢0 {r = 28 P > .1); but it does
in the control animals (r = .95, P < .05).
The HCO; injections may cause an in-
creased renal output of base or outward

TABLE 3

EFFECTS OF SALT DEPLETION ON ION EXCHANGES IN “CARUNCULINA
TEXASENSIS” IN 1 mM/LITER CHOLINE CHLORIDE

#lg g Dry Tissuesh)t

TREATMENT No. e A Tl T bse
Nondepleted. .. ... 23 1.024 .06 1.274 .15 - .25+ .18 — 05+ .13
Salt depleted... ... 11 1.47 £ . 19w+ .63+ . 16% 824 21k —1.22+ .12

2 Mean + SEM.

* Significantly different from nondepleted animals, P < .05,

*¥ Significantly ditferent from nondepleted animals, P < .61,

20

G5

1. 3.—Relationship between the influx of Cland the net loss of titratable base in Corunculing texasensis
in 1 mM choline chloride solutions. Closed circles are pond-water-acelimated animals, open circles are salt-
depleted mussels. The open square represents base production in Cl-free solutions. The units are uEq (g dry

tissues h) 7L
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TABLE 4

PARTITIONING OF Cl FLUXES IN POND-WATER-ACCLIMATED AND
SALT-DEPLETED “CARUNCULINA TEXASENSIS”

wEg (g Dy Tissuesh)™

Efflux Influx
Diffusion
and Exchange Exchange Active
Net Flux Total Excretion Diffusion Total Diifusion Diffusion  Tramsport
Nondepleted. ... —.25 1.27= 3 00 1.02e < i2e .90 10
Salt depleted. . .. .82 634 03 .62 1.47¢ <.01 .62 B4

3 In pomd water.

b Loss to defonired water,

e Flux ratio equation.

4 In 1 mM/liter choline chinride.

diffusion of HCO; across the body sur-
face, independent of Cl transport.

A number of drugs inhibit J,%! in some
freshwater animals. However, in mussels,
thiocyanate is the only effective inhibi-
tor of several drugs we tested (table 5).
A relatively high concentration of thio-
cyanate (SCN) (2 mM/liter) was required
to inhibit J,°' by 8497, Acetazolamide,
injected to have a blood concentration
of about 0.1 mM/liter, had no effect on
J € but significantly increased J,°% Fu-
rosemide {1 mM/liter} in the bath had
no significant effect on J,%%

DISCUSEION

Chloride transport in freshwater bi-
valves 1s by an active transport process
with a substantial C1/Cl exchange diffu-

sion component. Salt depletion stimu-
lates the active transport system and
causes a recduction in the exchange dif-
fusion component. In salt-depleted hi-
valves, the active transport component
is about 6097 of total J L. Pond-water-
acclimated animals have an active trans-
port component of less than 409 of
total J.%. When pond-water mussels are
in a negative Ci balance, the loss is due
to a decrease In active transport and an
apparent increase in Cl/Cl exchange dif-
fusion. A high exchange diffusion com-
penent of J.°1 has been noted in other
animals (Alvarade and Dietz 1970; Al-
varado et al. 1975; Alvarado, Dietz, and
Mullen 1975 Dietz 1974).

The chloride transport system in mus-
sels is saturable. The affinity, K., is

TABLE 5

EFFECTS OF PHARMACOLOGICAL AGENTS ON UNIDIRECTIONAL C! FLUXES IN “CARUNCULINA
TEXASENSIS” IN 1 mM/LITER CHOLINE CHLORIDE SOLUTIONS

wulig (g Dry Tissmesh)™!

Control Treated
Drve Dose Location No. Ji Jo Ji Jo
Thiocyanate. ... 2 mM/liter Bath 5 B7TE 12 B8+ 14 234 Q7 ks 6L 17
Acetazolamide. . 100 pg/g dry  Inject N .64+ .09 V354,060 70+ 06 1.51+ .34+
Furosemide. .. .. 1 mM /liter Bath 1§ 61+ 11 83+ .12 54+ .13 1.16+ .18

aMean + SEM.
* Significantly different from control fluxes, P < .05,
** Signiticantly different [rom control fluxes, P < .01,
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about 0.1 mM Cl/liter and is similar to
thit reported in other freshwater animals
{Shaw 1060; Kerstetter and Kirschner
1972; DeRenzis and Maetz 1973; Dietz
1974; Dietz and Alvarade 1974}, The
capacity (Vaax) for Cl transport in bi-
valves is about 1 xEq (g dry tissue-hy-*
(1.3 pEq [10 g soft tissue-h]~!) which is
comparable with values for earthworms
{Dietz 1974) and amphibians {Alvarado
and Dietz 1970; Dietz and Alvarado
1974) but lower than the V.. in fresh-
water fish (Kerstetter and Kirschner
1972; DeRenzis and Maetz 1973).

Chioride uptake in salt-depleted mus-
sels is stimulated when they are returned
to solutions containing Cl. The transport
capacity is at least double the Vi .x of
pond-water-acclimated unionids, with no
change in K, Similar responses have
been seen in other salt-depleted animals
{Alvarado and Dietz 1970; Dietz 1974).
Bivalves apparently have control mecha-
nisms to regulate Cl balance. However,
the regulation of Cl balance is rather
loose since bivalves will survive for
months in delonized water, which results
in biood €l concentrations decreasing to
about 2 mM/liter (Murphy and Dietz
1976). Some of the Cl lost {rom the
blood during salt depletion is replaced
by HCOs.

The blood HCO; may serve as the
substrate for a Cl/base exchange mecha-
nism. Subtracting the “excretory” com-
ponent of base production (0.5 pEq |g
dry tissue-h]~") from the total base out-
put (table 3) leaves 0.45 uEqg base (g
dry tissue-h)=" available for a Cl/base
exchange in pond-water-acclimated mus-
sels. This is about equal to the active
transport component of J.0! if the mus-
sels are in a steady state. The guantity
of base available for anion exchange in
salt-depleted animals is 0.7 uEq base (g
dry tissue-h)=' (1.2-0.5) which is about
equivalent to the active transport com-

T. H. DIETZ AND W. D. BRANTON

ponent of J.®! in salt-depleted mussels.

The highly significant correlation (P <
001) between J,°' and J, s and the
correlation between J,° and J,bese ip
salt-depleted mussels suggests a C1/hase
exchange system. The uptake of Cl from
choline chloride solutions requires an
anjon for anion exchange. The presence
of an anion exchange system was pro-
posed by Krogh (1939}, and recent stud-
ics have confirmed their presence as a
general characteristic of aquatic verte-
brates and invertebrates {Jorgensen, Le-
vi, and Zerahn 1954; Shaw 1960; Maetz
and Garcia Romeu 1964 ; Garcia Romeu
et al. 1969; Stobbart 1971; Kerstetter
and Kirschner 1972; Dietz 1974; Dietz
and Alvarado 1974; Alvarado, Poole,
and Mullen 1975; Garcia Romeu and
Lhrenfeld 1975).

1t is interesting that HCO, in the
bath or injected into the bleod does not
influence Cl transport in pond-water-
acclimated bivalves. The lack of effect
of bath HCO; on J.°' may reflect the
high affinity for Cl and a low affinity for
HCO;3. The lack of effect of injected
HCOy on J&' may be due to the Cl
transport system being saturated at the
i-mM bath Cl concentrations (see figs.
1 and 2). The increased J,>#*¢ observed
in HCOg-injected animals could be due
to elevated renal output and Cl-indepen-
dent outward diffusion of HCO; across
permeable epithelia. Alternatively, it is
possible that the endogenous base used
in Cl exchange is not HCOj; (see Bentley
and Yorio 1978).

The site of Cl transport in freshwater
mussels is unknown but may be in the
epithelial cells of the gilis or mantle.
Pond-water-acclimated mussels’ body
fluid is electrically negative by about
10 mV {Dietz and Branton 1975}, and
the cytoplasm of mantle cells is electri-
cally negative to the bathing medium
(Istin and Kirschner 1968). The Ci con-
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centration in the blood (12 mM/liter)
and the cytoplasm (2 mM /liter) is high-
et than the hath (Murphy and Dietz
1976). Therefore, Cl transport from the
bath into the epithelial cells occurs
against the electrochemical gradient {sce
Kristensen 1972; Alvaradeo, Poole, and
Mullen 1975).

The similar rates of Cl transport by
mussels in pond water, NaCl or choline
chloride solutions indicates Cl move-
ment is independent of cation transport.
Others have noted a partial coupling of
Na and Cl transport in fish and amphib-
ians {Garcla Romeu et al. 1969; DeRen-
zis and Maetz 1973, Alvarado, Dietz,
and Mullen 1975). In an earlier report
(Dietz and Branton 1975} we had indi-
cated a partial coupling between Na and
Cl transport. However, this may have
been due to differential levels of salt
depletion in the two groups of mussels.

Although Cl transport can be stimu-
lated, the system is effectively inhibited
by thiocyanate in the bath (2 mM/liter).
Chloride uptake in other animals is in-
hibited by SCN (Kristensen 1972; Alva-
rado, Dietz, and Mullen 1975; Epstein,
Maetz, and DeRenzis 1973). Of interest
is the recent ohservation of a CI/HCO,
stimulated-5CN-inhibited ATPaseinthe
gills of goldfish {DeRenzis and Bornan-
cin 1977). This enzyme is located in the
cell membrane fraction of gill tissue and
is stimulated by Cl and HCOj concen-
trations within the range expected in
freshwater and cytoplasm, respectively.
We have detected the presence of a HCO;
stimulated-SCN inhibited ATPase in bi-
valve gills {unpublished observations).

The freshwater mussels are similar to
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some fish {n the ingensitivity of Cl trans-
port toward acetazolamide inhibition
{Kerstetter and Kirschner 1972; Degnan,
Karnaky, and Zudunaisky 1977). How-
ever, in other animals, Cl transport is
significantly depressed by acetazolamide
(Dietz 1974; Garcla Romeu and Ehren-
feld 1975; Alvaradoe, Dietz, and Mullen
1975; Alvarado, Poole, and Mullen
1975). If HCO; is the endogenous anion
used for Cl exchange, some animals may
require HCO; generated by carbonic an-
hydrase at or near the site of Cl/HCO;
exchange. It is noteworthy that J,5' in
bivalves is significantly elevated follow-
ing acetazelamide injection. The route of
(1 Toss is partially renal, suggesting that
the mechanism of Cl reahsorption by
kidney tissue differs from that in the
epithelial tissues involved in ion uptake
from the environment.

Furosemide is a potent diuretic that
has been shown to inhibit J°! in a
number of animals (Burg et al. 1973;
Prusch and Otter 1977; Degnan et al.
1977). However, furosemide (1 mM/li-
ter) is ineffective in blocking J© in
bivalves. Apparently there are basic
functional similarities in Cl/base ex-
change systems among animals but there
are significant differences. Some animals
(bivalves and trout) have a Cl transport
system which is not inhibited by aceta-
zolamide or furcsemide. Other animals
{(earthworms, amphibians, goldfish), hav-
ing a C1 transport system which is in-
hibited by acetazolamide, also display a
sensitivity toward furosemide. The bases
behind this dichotomy are, as yet, un-
resolved.
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