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the evidence that the net reduction of Na transport by DCCD was very close to the

change of Cl transport in the PW media. Furthermore, DCCD caused a small but
significant increase in the net loss of titratable base when Cl-free PW was used as a
medium. In Cl-free PW medium, H becomes the primary factor influencing the acidity
of the bathing solution because the CUHCOs exchange is not functioning under these
conditions. The small and varying amount of HCO; can all be autotitrated by H
released, as supported by the positive value of net base flux in the control animals in Cl-
free PW. The inhibition of a proton-pump by DCCD would reduce the H being released
into the bathing solution resulting an increase in the net loss of titratable base.

Other pharmacological agents reported to have effects on membrane ions
permeability in other animals were examined. Of the agents tested, only indomethacin
stimulated the net flux of Na. The other chemicals had no effect on Cl or Na net flux.
Indomethacin is an inhibitor of prostaglandin synthesis which has been shown to

stimulate Na uptake in unionids (Graves and Dietz, 1979).
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CHAPTER FIVE
PARACELLULAR SOLUTE UPTAKE IN THE FRESHWATER
BIVALVES, CORBICULA FLUMINEA AND
CARUNCULINA TEXASENSIS
INTRODUCTION

The paracellular pathway is known to be the site responsible for the high
electrical conductance of “leaky” epithelia in vertebrates (Fromter and Diamond, 1972).
This particular pathway is usually limited by tight junctions, but can operate as a simple
“gate” in several epithelia (Diamond, 1977). Paracellular movement of solute has been
demonstrated in the epithelia of vertebrate gallbladders, small intestine, and proximal
renal tubules (Boulpaep, 1971; Barry ef al., 1971; Fromter and Diamond 1972). In
mollusks and some other invertebrates, the septate junction performs a similar function
as the vertebrate tight junction (Lord and DiBona, 1976). Dehydrated terrestrial slugs
Lehmannia valentiana display rapid water uptake, and accumulate nonelectrolytes
(mannitol and inulin) through opened paracellular pathways in their foot epithelium
(Uglem et al., 1985). In the intestine of Aplysia juliana, the paracellular pathway for
both Na and Cl constitutes the major conductive route for these ions (Gerencser,
1982).

Recent studies of Dreissena polymorpha (zebra mussels) have demonstrated
unusually “leaky” characteristics in their gill epithelia (Dietz et al,, 1995). When
exposed to solutions that are hyperosmotic to their blood, zebra mussels display

substantial solute movement through paracellular pathways (Dietz ef al., 1995).

Following exposure to hyperosmotic but low ionic strength mannitol, glucose or
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sucrose solution (100 mM), zebra mussels lost 80-85 % of blood Na and Cl within 12 h

with concomitant accumulation of the nonelectrolytes from the bathing medium
through the paracellular pathway.

Corbicula fluminea (Miller) belong to the family Corbiculidae and are recent
invaders of freshwater (Keen and Casey, 1969). C. fluminea have been reported to
inhabit brackish water up to 5%, salinity although they are considered to be freshwater
species (Filice, 1958; Hayashi, 1956). C. fluminea have higher blood osmolality, higher
ion transport rate, and a different blood ionic composition compared to unionid
mussels. In contrast to the corbiculids, the unionid bivalves invaded fresh water millions
of years ago (Keen and Casey, 1969). The unionid C. texasensis and the corbiculid C.
fluminea may have evolved different epithelial characteristics and, thus were chosen as
bivalve models for a comparative study of paracellular permeability.

MATERIALS AND METHODS
Animals

C. fluminea were collected under permit from the Tangipahoa river in
Mississippi. Carunculina texasensis were obtained under permit from ponds in
Louisiana. The animals were acclimated to an artificial pondwater (PW) containing (in
mM) 0.5 NaCl, 0.4 CaCl,, 0.2 NaHCOs, 0.05 KCl at 22-25°C for at least one week
before use.

Blood Analyses
Blood was collected anaerobically by cardiac puncture (Fyhn and Costlow,

1975) and centrifuged 1 min at 8,000 X g. The supernatant was used for solute
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determinations. Total solute was measured by freezing point depression on undiluted

samples. Na and potassium were measured by flame photometry and Cl by
electrometric titration. Calcium and magnesium concentration were determined from
samples diluted with LaOy/HCI with an atomic absorption spectrophotometer. The
phenol/sulfuric acid method for total sugars was used to determined glucose
concentration (Montgomery, 1957). Mannitol was determined by HPLC separation
using a normal phase APS-hypersil column and a refractive index detector (Géde,
1991; Dietz et al,, 1995). A 5 ul sample of blood in acetonitrile was injected onto the
column. Mannito! concentrations calculated from the HPLC chromatography peak area
had less than 5% error. Glucose was measured using a specific glucose kinase
procedure (Sigma Chemical) for some samples.
Ion transport

Net ion flux (J,) was calculated from the change in bath ion concentration.
(Dietz, 1978). The animals were rinsed with deionized water (DW) for about 30 min,
and transferred to individual beakers with appropriate bathing medium as outlined
extensively in chapter 3. Bath samples were collected at intervals and J, calculated and
expressed as peq(g dry tissue - h)!.
Hyperosmotic conditions and paracellular permeability

PW containing 100 mM mannitol or glucose was used to established the
hyperosmotic conditions without the elevation of bath ion concentrations. In other
experiments, sucrose was used as an additional osmotic stressor and lanthanum as an

electron dense diffusion tracer. Animals were exposed to CO»-free PW containing 0.1
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mM LaCl; and 100 mM sucrose for 2h or 12h. Lanthanum carbonate forms an

insoluble precipitate at the site of La contact with endogenous HCO;. Blood samples
were collected from control and treated animals and total solute determined. Gills were
excised and fixed for 2 h in 2% glutaraldehyde prepared with phosphate buffer that was
isosmotic to the blood at pH 7.3 (Gardiner et a/., 1991). Tissues were rinsed with
buffer, exposed to 1% osmium tetroxide for 1 h, and dehydrated in an ethanol series.
The tissues were infiltrated with 50% LR White resin in ethanol overnight, transferred
to 100% LR White resin (2-3 changes), and polymerized at 59 °C overnight. Tissues
were thin sectioned with an ultramicrotome (50-70 nm), and examined with a JOEL
CX-100 transmission electron microscope operating at 40 or 80 keV without staining.
Statistical analyses

Data were expressed as the Mean+SEM with the number of animals in
parentheses. Statistical significance was determined by one way ANOVA or Student’s
T-test. For some data sets where larger variances were associated with the relatively
higher mean values, the data were transformed by the natural log (Ln) for the statistical
analysis.

RESULTS

The responses of C. fluminea to hyperosmotic stress

Mannitol

Analysis of the blood of animals exposed to 100 mM mannitol demonstrated
that hyperosmotic stress induced an elevation in blood ion concentrations and thus total

blood solute concentration (Table 5.1). After 12 h exposure to 100 mM mannitol in
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Table 5.1. Comparisons of blood ion concentrations, total blood solute and the
accumulation of mannitol in C. fluminea over different exposure times to 100 mM
mannitol in PW. Means, expressed as mM or mOsm, in the same row having different
letters are significantly different with P<0.03.

solute control 100 mM mannitol
12h 24 h
Na 28.1+0.2(23)* 38.0:0.7(18)°  43.2+£1.0(15)
Cl 23.3£0.5(24)* 30.70.6(18)" 31.1£1.2(15)°
Ca 9.0+0.5(24)* 14.6£1.5(18)° 16.9+1.4(15)°
K 0.8+0.0(24)* 0.9+0.0(18)" 0.8+0.0(15)"
mannitol 1.6+1.1(18)" 13.9+3.3(15)°
mOsm 61.5£0.6(24)* 85.8+2.2(18)" 97.1£2.0(15)°
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pondwater, blood osmolality and all blood ion concentrations of the animals were

significantly elevated, with the exception of blood potassium.

A small amount of mannitol was detected in the blood after 12 h of exposure to
100 :nM mannitol (1.6+1.1 mM), but after 24 h exposure mannitol a significant (P <
0.05) amount of mannitol accumulated in the blood (13.9+3.3 mM), suggesting an
apparent change in permeability of the epithelium after prolonged exposure to the
hyperosmotic 100 mM mannitol solution. Although blood Na concentration was further
elevated from 12 to 24 h exposure to hyperosmotic mannitol, there was no difference
between the 12 and 24 h treated groups for the other blood ions. These data are
consistent with a dehydration-induced elevation of blood ion concentration. The
penetration of mannitol into the body fluids is likely vza paracellular routes.
Glucose

Glucose was selected as an alternative nonelectrolyte to induce a hyperosmotic
challenge that allowed more rapid chemical analysis. The changes of blood ion
concentration induced within 24 h by hyperosmotic glucose were similar to that of
mannitol in most cases (Table 5.2). At 12 h of exposure to 100 mM glucose, blood
osmolality and all blood ion concentrations except blood potassium were significantly
elevated. With the exception of blood calcium that continued to rise during the 24 h of
exposure, the other blood ion concentrations were not further altered until 48 h at
which time a critical change in membrane permeability occurred. Small amounts of

glucose entered the blood after 12 h of exposure and remained relatively constant up to
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Table 5.2. Comparisons of blood ion concentrations, total blood solute and the
accumulation of glucose in C. fluminea over different exposure times to 100 mM
glucose in PW. Means, expressed as mM or mOsm, in the same row having different
letters are significantly different with P<0.05, {(n=10).

solute control 100 mM glucose
12h 24h 36h 48 h
Na 29.7+0.5° 44.2+0.9° 45.4+1.0° 43.5£0.8° 13.2+1.5°
Cl 27.6+0.4° 35.1£0.5° 32.5+1.0° 32.1£1.3° 26.3+3.0°
Ca 8.9+0.7* 13.6£1.0° 19.8+1.8° 14.60+¢1.0°  12.0¢1.3°
Mg 2.8+0.3* 5.2+0.4° 5.0£0.4° 4.5+0.3° 3.3+0.4*
K 0.6£0.0° 0.6£0.0° 0.1+0.0° 0.1x0.0* 0.0+0.0*
glucose 0.7x0.1* 4.4+0.8" 10.1£2.3° 5.5+0.5" 44.0+8.0°
mOsm 64.7+1.0° 86.6+0.9" 96.6+0.9° 94.7£1.4° 95.0+5.1°
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36 h of exposure. These data are consistent with an initial dehydration induced
elevation of blood ion concentration over 12 to 36 h.

Although all of the animais lived and appeared to be in normal condition after
prolonged hyperosmotic stress, there were acute decreases in major blood ion
concentrations concomitant with a rapid rise in glucose concentration in the blood
during 36 to 48 h of exposure. During this period, 70% of blood Na and 18 to 26% of
blood Cl, calcium and magnesium were lost. Concomitantly, the amount of glucose in
the blood increased about 8 times. The concentration of blood potassium after 48 h of
exposure was so low that it was below the detection limit (0.05 mM) of the equipment.
These data suggest an acute change in permeability of the epithelial tissue following
prolonged exposure to hyperosmotic stress.

Due to the elevation of blood ion concentrations and a rather small amount of
glucose in the blood, blood osmolality became isosmotic with the bathing medium
within 24 h of exposure. Although most of the blood ion concentrations decreased
during 36 to 48 h of exposure, blood osmolality remained isosmotic to the bathing
solution because of the simultaneous accumulation of glucose in the blood.

In PW-acclimated animals, blood osmolality of C. fluminea (about 60-65
mOsm) is higher than that of C. texasensis (about 40-50 mOsm). 100 mM glucose in
the bathing medium is about double the blood osmolality of C. texasensis. In order to
compare the responses to hyperosmotic stress between these two species, 140 mM

glucose was added to PW to challenge C. fluminea with double the normal
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osmolality. After 12h exposure to glucose in PW, both the 100 mM and 140 mM

glucose treatments had significantly higher blood osmolality and blood ion
concentrations than PW controls (Table 5.3). However, with the exception of blood
calcium, major blood ions and blood osmolality in 140 mM treatments were not
statistically different from the 100 mM treatments. Likewise, the higher osmotic
gradient did not significantly increase the amount of glucose entering the blood.
The responses of C. texasensis to hyperosmotic stress
Glucose

Table 5.4 shows the time course of change in C. fexasensis blood solute
concentration, total blood solute and the accumulation of glucose over 24 h exposure
to 100 mM glucose. During the 4 to 8 h exposure to 100 mM glucose in PW, C.
texasensis were able to maintain their blood ion concentrations in normal range. During
this period, there was a small but significant amount of glucose entering the blood.
Total blood solute was significantly increased due to the combined results of all
individual ions and the accumulated glucose. After 12h or longer exposure to
hyperosmotic glucose, there was a precipitous decrease in blood ion concentrations
with concomitant accumulation of a large amount of glucose in the blood. The
concentration of glucose in the blood was about 70 mM after 12 h exposure to 100
mM glucose accounting for 80 to 90 percent of blood osmolality. “Other” solute
concentration was relatively unaffected by hyperosmotic challenge although the
variability was large. “Other” is mostly HCO; in C. texasensis, and is the difference

between the blood osmolality and the measured ions. The measured blood ion morality
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Table 5.3. Comparisons of blood ion concentrations, total blood solute and the
accumulation of glucose in C. fluminea after 12 h exposure to 100 mM and 140 mM
glucose in pondwater. Means, expressed as mM or mOsm, in the same row having
different letters are significantly different with P<0.05, (n=5).

solute control glucose

100 mM 140 mM
Na 35.0+1.2° 47.320.4° 48.4%1.5°
Cl 25.6+0.9° 34.9+0.5° 35.7£1.9°
Ca 12.2+0.6* 16.4+2.1° 25.0+1.2°
Mg 1.7+0.2* 1.8+0.2° 3.4£0.6°
K 0.90.0° 0.8+0.0° 0.8+0.1°
glucose 3.6+1.8* 3.9+0.5*
mOsm 67.7+1.5* 90.8+0.8" 95.8+3.0°
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Table 5.4. Comparisons of blood ion concentrations, total blood solute and the
accumulation of glucose in C. texasensis over different exposure times to 100 mM
glucose in PW. Means, expressed as mM or mOsm, in the same row having different
letters are significantly different with P<0.05, (n =5-10).

solute. control 100 mM glucose

4h 8h 12h 24 h
Na 17.2+0.8°  19.0£2.2° 20.1x1.0°  1.6x0.8 0.0£0.0"
Cl 10.4£0.5°  11.3%1.4° 11.5£05°  2.4x0.4° 0.8+0.2*
Ca 3.6+0.5° 5.6+0.9° 3.9+0.3° 1.120.1* 1.4+0.1°
Mg 0.3£0.1° 0.4+0.0° 0.2+0.0° 0.0+0.0* 0.2+0.0°
K 0.5+0.0° 0.60.0° 0.5+0.1° 0.0+0.0* 0.0+0.0*
other 5.1x0.8* 5.6+0.8 17.4+1.5°  4.0+1.6° 14.9+7.4°

glucose 3.5+0.4* 10.4+5.5° 10.583.2°  73.2£7.6°  66.68.8°

mOsm 40.6+1.8* 5§3.0+4.9° 64.0+3.4° 80.3+6.0° 83.4+9.4°
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(mM) was used as an estimated molality in the calculation of “other”. Because the

blood ion concentrations in C. texasensis can be considered to be very dilute (less than
20 mM).
Mannitol

The changes in blood ion concentrations following the treatment with
hyperosmotic 100 mM mannitol were similar to those after a glucose challenge for
most of the blood ions in C. texasensis (Table 5.5). After 24 h exposure to 100 mM
mannitol in PW, all blood ion concentrations were significantly decreased with the
exception of “other” solute (mostly HCO;) which was variable but not statistically
different. During the 24 h exposure, a large amount of mannitol accumulated in the
blood and reached 61.5+11.0 mM after 24 h exposure, accounting for about 71 percent
of the total blood osmolality.
Localization of electron-dense lanthanum carbonate precipitate

In order to exclude the existence of the possible, but unlikely, epithelial glucose
transport system in the gills of these animals, we used sucrose instead of glucose as the
hyperosmotic osmolyte in lanthanum studies. Preliminary studies had demonstrated
that both C. fluminea and C. texasensis behaved the same in sucrose induced
hyperosmotic stress as in glucose treatment (data not shown).

C. fluminea exposed to lanthanum

Exposure of C. flumineato 0.1 mM lanthanum in HCOs-free PW (control

animals) for 2 or 12 h resulted in either no or only trace amount of electron-dense
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Table 5.5. Comparisons of blood ion concentrations, total blood solute, and the
accumulation of mannitol in C. texasensis following 24 h exposure to 100 mM mannitol
in PW. Means, expressed as mM or mOsm, in the same row having different letters are
significantly different with P<0.05.

solute control mannitol

Na 16.9+1.0(9)" 2.4£1.2(6)*
Cl 9.9+0.8(9)° 2.0+0.6(6)"
Ca 3.1£0.3(9)° 1.8£0.5(6)*
K 0.6+0.0(9)° 0.2+0.0(6)*
mannitol 61.5£11.0(6)
other 9.6+0.9(9)* 19.0£10.4(6)°
mOsm 40.3+2.6(9)* 86.8+10.1(6)"
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lanthanum carbonate deposits in a few locations in the junctional complexes of the gill

epithelial cells (Fig. 5.1, A and C). Only one out of eight control animals was found to
contain lanthanum precipitate in either 2 or 12 h exposure. In contrast, exposure of
four C. flumineato 0.1 mM lanthanum in HCO;-free PW containing 100 mM sucrose
for 2 or 12 h resulted in lanthanum precipitates appearing in the intercellular spaces
between many epithelial cells in all the gill sections examined (Fig. 5.1, B and D). More
interestingly, some lanthanum deposits were found to be inside the vesicles or “blister-
like” structures inside the epithelial cells of the gill filaments or in the intercellular
spaces between the cells (Fig. 5.1, E). The lanthanum-containing “blisters” were more
prominent in the 12 h hyperosmotic treatment than 2 h treatments. These “blisters”
were probably formed by the deformation of cells or the disruption of the lateral
membranes due to the hyperosmotic-induced dehydration. This inference was
supported by the evidence of the tissue condensation in the gill filament (Fig 5.1, E),
and the dehydration-induced elevation of blood solute concentrations under
hyperosmotic glucose or mannitol challenge. (Table 5.1, 5.2). Longer term
hyperosmotic stress (12 h) also resulted in more extensive lanthanum deposits in the
paracellular spaces of gill epithelial cells than the shorter-term treatments (2 h)
indicating a time dependence of the hyperosmotic induction of paracellular leakage.
C. texasensis exposed to lanthanum

Animals after both 2 h and 12 h exposure to HCO;-free PW containing 0.1 mM

lanthanum showed only a few locations in one of six controls containing a limited
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Fig. 5.1. Transmission electron micrographs of gill of C. fluminea. All sections are
unstained. Apical surface is at the top of each micrograph. A: Gill epithelium after
animals were exposed to 0.1 mM lanthanum in pond water for 2 h (control animals).
There were no electron-dense precipitates of lanthanum in the lateral spaces between
the epithelial cells. Bar = 0.51 um. B: Gill epithelium after animals were exposed to

100 mM sucrose in pond water with 0.1 mM lanthanum for 2 h. Small amounts of
lanthanum deposits were noticeable in the lateral membranes between cells
(arrowheads). Bar = 0.19 um. C: Gill epithelium after animals were exposed to 0.1 mM
lanthanum in pondwater for 12 h (control animals). Note presence of a small deposits
of electron-dense lanthanum precipitate in the lateral space between cells in the center
of the micrograph (arrowhead). Bar = 0.33 um. D: Gill epithelium after animals were
exposed to 100 mM sucrose in pondwater with 0.1 mM lanthanum for 12 h. Extensive
electron-dense precipitates of lanthanum were found to penetrate deeply into the lateral
spaces between cells (arrowheads). Bar = 0.19 um. E: Gill epithelium after animals
were exposed to 100 mM sucrose in pondwater with 0.1 mM lanthanum for 12 h. Note
the condensation of the tissue, and a series of lanthanum-containing “blisters” in the
lateral membrane region between the epithelial cells (arrowheads). These “blisters™ may
appear as vesicles that are incorporating portions of lateral membranes. Bar = 0.67 um.
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amount of lanthanum deposit in the junctional complexes of the gill epithelial cells

(Fig.5.2 A and C). When animals were exposed to 0.1 mM lanthanum in HCOs-free
PW containing 100 mM sucrose for 2 or 12 h, lanthanum was found to penetrate
intercellular spaces between many epithelial cells in all the gill sections examined (Fig.
5.2, B and D). Longer exposure to hyperosmotic conditions always resulted in a larger
quantity of lanthanum precipitate than shorter exposure. In some sections from the 12 h
treated animals, lanthanum precipitate were found inside of the “blisters” as observed in
C. fluminea.

C. texasensis was more sensitive to hyperosmotic stress than C. fluminea. Both
the quantity of lanthanum in each location and the number of locations of lanthanum
precipitate in the intercellular spaces of C. texasensis were qualitatively greater than
that of C. fluminea after the similar treatment time. These data suggest that the
paracellular pathways between cells of epithelia of C. texasensis were more sensitive to
hyperosmotic stress than that of C. fluminea.

DISCUSSION

The epithelia of C. fluminea was relatively “tight” and resistant to the
penetration of nonelectrolytes under short term hyperosmotic challenge compared to
other freshwater bivalves studied (Dietz ef a/, 1995). The initial response of C.
fluminea to 100 mM hyperosmotic stress was to increase blood ion concentrations by
dehydration. During the initial period, C. fluminea tolerated a 20 to 50% increase of
major blood ion concentrations and total blood osmolality without a significant change

in the epithelial permeability to the nonelectrolytes. However, small but significant
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Fig. 5.2. Transmission electron micrographs of gill of C. fexasensis. All sections are
unstained. Apical surface is at the top of each micrograph. A: Gill epithelium after
animals were exposed to 0.1 mM lanthanum in pondwater for 2 h (control animals).
Close to the apical surface in the lateral spaces between the epithelial cells, electron-
dense precipitates of lanthanum were noticeable (arrowhead). Bar = 0.67 um. B: Gill
epithelium after animals were exposed to 100 mM sucrose in pondwater with 0.1 mM
lanthanum for 2 h.. Electron-dense lanthanum deposits were found to penetrate into the
lateral space between cells (arrowheads). Bar = 0.17 um. C: Gill epithelium after
animals were exposed to 0.1 mM lanthanum in pond water for 12 h (control animals).
Close to the bottom of the micrograph, there were noticeable amounts of lanthanum
deposits in the lateral membranes between cells (arrowheads). Bar = 0.17 um. D: Gill
epithelium after animals were exposed to 100 mM sucrose in pondwater with 0.1 mM
lanthanum for 12 h. Extensive electron-dense precipitates of lanthanum were found to
spread around the lateral spaces between cells (arrowheads). Note the formation of
lanthanum-containing “blisters” on the right side of the micrograph (arrows). Bar =
0.17 um.
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amounts of nonelectrolytes were able to diffuse into the blood probably through

paracellular leakiness in gill epithelia. The paracellular permeability was demonstrated
by the increase of lanthanum carbonate precipitates between the cell junctions of gill
filaments after 12 h exposure to hyperosmotic stress.

A distinct change of epithelial permeability, however, can be induced by
prolonged exposure to hyperosmotic condition. This is suggested by the acute decrease
of blood ion concentrations and the concomitant rise in glucose during 36 to 48 h
exposure of C. fluminea to hyperosmotic glucose. This distinct increase of epithelial
permeability was most likely due to the increase of paracellular permeability through
which large amounts of glucose or mannitol diffuse into the body fluids. It is very
interesting that the decrease of blood ions is more selective to Na than to any other ion.
As much as 70 percent of Na ions but only 18 to 26 percent of other ions (Cl, calcium
or magnesium) were lost from the blood during 36 to 48 h of exposure to hyperosmotic
conditions. The reason for this selectivity was not clear. Perhaps the paracellular
pathway was more permeable to monovalent cations and constitutes some proportion
of diffusive loss of Na in C. fluminea even under normal conditions. Nevertheless, even
after the significant increase of paracellular leakage, the animals were still able to
stabilize their blood ion concentrations at the control levels except for Na and
potassium (Table 5.2).

The most distinct difference between C. texasensis and C. flumineais the
former’s much lower resistance to long-term hyperosmotic challenge probably due to

the relative leakiness of their gill epithelia. The distinct change of epithelial permeability
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of C. texasensis occurred after only 8 h of exposure to hyperosmotic glucose at which

time acute loss of large amounts of blood ions occurred concomitant with the rapid rise
of glucose concentration in the blood. As in C. fluminea, this increased epithelial
permeability is mostly paracellular as suggested by the increased lanthanum precipitates
between the intercellular spaces after hyperosmotic treatments. Unlike C. fluminea, C.
texasensis were unable to retain their blood ion concentrations after this distinct change
of epithelial permeability. After 12 h of exposure to the hyperosmotic glucose, more
than 75% of the ionic solutes were lost from the blood. Furthermore, the loss of the
solutes is relatively non-selective.

Another significant difference was that instead of experiencing an elevation of
blood ion concentrations by dehydration, C. fexasensis maintained a nearly normal
blood ion concentration for a short period of time (up to 8 h) after exposure to a
hyperosmotic challenge of glucose. The maintenance of blood ion concentration was
coupled with the low glucose accumulation in the blood, suggesting a relatively low
paracellular permeability, initially. The slightly increased total blood osmolality was
attributed to the small amount of accumulated glucose in the blood. No statistical
evidence of an elevation in individual blood ion concentrations suggested minimal
dehydration occurred in C. texasensis.

The physiological responses of C. fexasensis to hyperosmotic stress are more
similar to the zebra mussel Dreissena polymorpha (Dietz et al, 1995) than to C.
fluminea. In Dreissena polymorpha approximately 80-85% of Na and Cl in the blood

were lost after 12 h of exposure to 100 mM mannitol or glucose in PW. Blood total
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solute was elevated within 4 h of exposure to hyperosmotic conditions due to the gain

of glucose or mannitol in the blood and not to the osmotic loss of water. The responses
of C. texasensis to hyperosmotic challenge are similar to that of D. polymorpha in, at
least, two respects. There is no significant elevation of blood ion concentrations by
dehydration in either species for short term hyperosmotic exposure. In addition, within
12 h for both species, a hyperosmotic challenge induced a substantial increase in
paracellular permeability in the epithelium allowing both the blood solutes to diffuse
out and bath glucose to diffuse in.

The tolerance to osmotic challenge of freshwater bivalves might reflect their
habitats and possibly to their origin. Corbiculidae are recent invaders of freshwater
(Keen and Casey, 1969), and C. fluminea has been reported to inhabit brackish water
up to 5% salinity although it is considered to be a freshwater species (Filice, 1958;
Hayashi, 1956). Corbiculids have higher blood osmolality compared to unionid clams
(Dietz, 1979, McCorkle and Dietz, 1980). The characteristic of relatively lower
paracellular permeability in epithelia of C. fluminea than the unionid clam C. texasensis
allows these animals to maintain a higher blood osmolality. Thus, C. fluminea are less
sensitive to osmotic stress and more resistant to the environmental osmotic challenges

than C. texasensis.
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CHAPTER SIX
CONCLUSION, INTERPRETATION
AND FUTURE DIRECTIONS

Corbicula fluminea (Miiller) maintains hydromineral balance in dilute media by
active transepithelial transport of Cl and Na into the blood primarily through
transcellular pathways. Cl uptake of C. fluminea depends on the external CI
concentrations and displays similar saturable kinetics to that reported for Na uptake
(McCorkle and Dietz, 1980). The transport capacity in PW acclimated animals is
7.00£0.51 peq(g dry tissue - h)™" with the transport affinity of 0.21+0.08 mM.
Prolonged salt depletion increases Cl transport capacity with little influence on the
transport affinity. This is probably due to increased amounts of numbers of proton-
pumps in the gill epithelial cells.

The possible transcellular Cl and Na uptake mechanisms in C. fluminea are
summarized in Fig 6.1. Based on this model, Cl and Na transport are through
independent pathways but correlate with each other by the activity of the proton-pump
and the hydration of CO,. The apical entrance of Na into the gill epithelial cells is likely
through a proton-pump Na channel. This process may be energized by a DCCD-
sensitive and Cl-dependent proton-pump located on the basolateral membrane of the
gill epithelial cell. Operation of the ATP-consuming proton pump drives the formation
of H and HCO; from CO, and H,O with the latter reaction catalyzed by carbonic
anhydrase. The active pumping of proton out of the epithelial cell generates an

electrochemical driving force for the entrance of Na. A Na/K-pump also is located on
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Fig 6.1. Model of transcellular Cl and Na transport in the gill epithelial cells of C
fluminea. ATP-driven pumps are denoted by solid circles and ion exchangers by open
circles. Downward arrows on the membranes represent ion conductive channels. AM,
apical membrane; BM, basolateral membrane; CA, carbonic anhydrase; GEC, gill
epithelial cells.
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the basolateral membrane and is responsible for the basolateral Na exit. The activity of

the Na/K-pump may also create a transmembrane Na gradient facilitating the apical
entrance of Na.

In addition to the proton-pump Na channel, another Na entrance pathways may
also exist. Although Na transport in C. fluminea was not inhibited by amiloride
(McCorkle and Dietz, 1980), the presence of a Na/H antiporter cannot be completely
excluded. The amiloride-insensitive Na/H antiporter has been reported in mammalian
proximal tubule cell, functioning in transepithelial transport (see Alpern ef al., 1995).
Although a Na/H antiporter in this model is depicted in the same cell as a proton-pump
Na channel, it could be located in different cells. The partition of Na entrance via
different pathways may depend on the acclimated conditions or the regulatory activities
of the animal.

The apical entrance of Cl is likely via a CI/HCO; exchange pathway driven by
the transmembrane HCO; gradient. In the process of proton-pumping , the proton-
pump also raises the intracellular activity of HCO; to levels above that of Cl in the
external bath, providing the condition for uphill transport of CI across the apical
membrane in exchange for cellular HCO;. The exit of Cl in the basolateral membrane
could be v72 a passive Cl conductive channel.

The cellular substrates for the proton-pump can originate from the hydration
CO,. Gills are the major respiratory sites of gas exchange for aquatic animals and the
gills would normally be exposed to large amounts of metabolic CO,. Furthermore, the

oxidative activities inside the epithelial cell itself may be another source of CO,. Rather
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than simply diffusing across the gill epithelial cells in the process of gas exchange, CO,

can be hydrated into H and HCOj catalyzed by carbonic anhydrase. Thus, the metabolic
waste CO; can be re-utilized as an important source of counterions for the active
uptake of Na and Cl. The regulation of Cl and Na entrance through H and HCOs could
be of great advantage to animals because hydromineral and acid-base balance could be
regulated simultaneously.

Salt depletion increases Cl and Na transport capacity without changing
transport affinity and increases the Cl dependency of Na transport in C. fluminea.
Furthermore, salt depletion is a relatively slow process in C. fluminea. It is reasonable
to assume that salt depletion increases the number of proton-pumps in epithelial cells,
or the numbers of proton-pump containing cells in the epithelia. Serotonin
independently stimulates Cl and Na transport without increasing the Cl-dependence of
Na uptake. The stimulation by serotonin is a rapid event. Apparently, serotonin action
is different from salt depletion in activating Cl and Na transport in C. fluminea.

The epithelia of C. fluminea is relatively “tight” compared to the unionid C.
texasensis or to the zebra mussel Dreissena polymorpha (Dietz et al, 1995).
Paracellular solute permeability in C. fluminea is insignificant under normal pondwater
conditions, but can be increased to a certain extent by prolonged hyperosmotic
challenge especially for the Na ion. Compared to Cl and/or other blood ions, Na is a
relatively penetrable ion through the paracellular pathway. This paracellular “leakage”

for Na may constitute a substantial part of passive Na loss under certain conditions. It
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may also account for some of the high Na/Na exchange diffusion reported for C.

Huminea McCorkle and Dietz, 1980).

The gill epithelia of C. fluminea can serve as a useful model for the study of
linkage between hydromineral balance and acid/base regulation in the freshwater
invertebrates. Continued definitive localization, characterization and quantification of
the proton-pump, CI/HCO; exchanger, Na/H antiporter and carbonic anhydrase are
necessary. The use of the advanced cellular localization techniques, such as
immunocytochemistry and autoradiography, will benefit our understanding of the

mechanism of osmoregulation and acid/base balance in freshwater bivalves.
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