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ABSTRACT 

The transport of organic solutes from sea water by the molluscan integument 

occurs via a Na+-dependent cotransport process. Although much is known about the 

mechanism of this transport, little attention has been given to the influence of 

environmental parameters on this process. One highly variable parameter to intertidal 

animals is salinity. Intertidal habitats are routinely exposed to periodic changes in 

external salinity from -0 to .... 425 mM Na+, representing a range of....Q to .... 1000 mOsM 

osmotic concentration. This study examined the effect of salinity on organic solute 

transport and cell volume regulation in the gill of two representative intertidal animals, 

Mytilus edulis and Mytilus californianus. Integumental organic solute transport was 

found to adapt to reduced salinity in a 2-stage response. There was an initial, steep 

inhibition of transport that was far greater than predicted from the reduction of external 

Na+ alone. However, within 10 min. of acclimation to the dilute medium, transport 

recovered to the level predicted by the external Na+ concentration. Long-term 

acclimation to reduced salinity resulted in no upregulation of integumental transport. 

Thus, the degree of adaptation of integumental organic solute to reduced external salinity 

was always defined by the availabilty of external Na+ for the transport process. 

The exposure to reduced salinity also resulted in a change of cell volume. The 

gill preferentially lost organic solutes but spared inorganic ions following long-term 

acclimation to reduced salinity. Short-term acclimation of gill tissue to reduced salinity 

resulted in a rapid Volume Regulatory Decrease (VRD) which served to restore cell 

volume toward the control value. This short-term VRD did not involve the substantial 

loss of organic solutes, but was probably mediated by the efflux of K+ (and a counter 

anion) across the basolateral membrane. The loss of inorganic ions during brief 

exposures to reduced salinity conserves metabolically expensive organic compounds. 

The loss of organic solutes during long-term acclimation to reduced salinity may be due 



10 

to the decreased Na+ gradient which reduces the ability of integumental transport to 

maintain the high solute concentrations in gill tissue of control animals. 



CHAPTER 1 

INTRODUCTION 
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The field of integumental ttansport has received considerable attention over the last 

three decades. Studies have characterized the transport of sugars and amino acids in a 

number of marine invertebrate species, and in the last decade, considerable emphasis has 

been placed on the mechanism of the transport process. Although the work completed to 

date has generated a large data base on integumental transport, very little work has been 

completed which examines the effect of environmental parameters on these cellular 

processes. One environmental parameter of particular relevance to intertidal and/or 

estuarine animals is salinity. These habitats are routinely exposed to changes in external 

salinity which result in a change in the salt concentration and a concomitant change in the 

osmotic concentration in the ambient medium over a range of -0 to -425 mM Na+, and ...() 

to -1000 mOsM osmotic concentration. The focus of this dissertation is to examine how 

changing external salinity influences transport processes in an integumental epithelium of a 

representative intertidal organism, MytiIus, the common mussel. 

INTEGUMENTAL TRANSPORT 

The integumental epithelium of euryhaline marine invertebrates, including those of 

the genus Mytilus, is capable of transporting glucose and amino acids from sea water 

(Pequignat 1973; Wright et at, 1975; see also review by Wright and Pajor 1989). 

Integumental uptake of organic solutes occurs via a Na+ -dependent cotransport process 

which is analogous to other secondary-active transport processes found in vertebrate 

epithelia (Wright and Pajor 1989; Stevens et al., 1984). Although the presence of active 

transport systems is a hallmark of all animal cells, their expression in the integument, 
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where solute gradients can exceed 107 to one, make these systems particularly useful in the 

study of the energetics of transport (Manahan et al., 1982; Wright and Pajor 1989). 

The early literature on integumental transport has been reviewed by Jorgensen 

(1976). The initial interest in this field began in 1909, when PUtter argued that aquatic 

animals must be capable of feeding from dissolved organic material (DOM) in the 

surrounding sea water. "Plitter's hypothesis" was later contradicted in the early 1930's by 

Krogh, who found the nutrient levels in freshwater to be much lower than the earlier 

estimates by PUtter. In addition, Krogh demonstrated that freshwater animals could not 

accumulate DOM. Krogh's conclusion that DOM was unavailable to aquatic organisms 

was, however, based solely on his studies of freshwater animals. 

Interest in integumental transport was renewed with the advent of radiolabeled 

substrates and improved analytical procedures to measure the concentration of DOM in 

marine waters. These new techniques returned attention to organic solute transport. In the 

early 1960's Stephens and Schinske (1961) demonstrated net uptake of amino acids from 

sea water by the integument of marine invertebrates. Their work showed that integumental 

amino acid transport occurred in representative species from 10 different marine phyla. 

Work in this area continued through the mid-1970's, and included demonstrations that 

integumental uptake of organic substrates occurred via a carrier-mediated process. To date 

integumental transport has been identified in animals in 18 classes from 13 phyla (see 

review by Wright 1988), with the notable exception being the arthropods (Anderson and 

Stephens 1969; see review by Aheam 1987). 

Transport in Marine Bivalves 

Studies on integumental transport have primarily centered on the uptake of amino 

acids from sea water. Pequignat (1973), showed that the gill of the common mussel, 

Mytilus edulis, was capable of transporting 3H glycine from sea water. Additional studies 



13 

with Mytilus followed, and demonstrated integumental amino acid transport in M. edulis 

(Bamford and Campbell 1976; Manahan 1982; and Wright and Stephens 1978), and in M. 

calijornjanus (Swinehart et aI., 1980; Wright and Stephens 1977 and 1988; and Wright et 

aI., 1975). Studies with other genera of bivalve mollusks Modiolus demissus (Crowe et 

aI., 1977); Rangia cuneata (Anderson and Bedford 1973); Cerastoderma edule (Bamford 

and McCrea 1975); and Mya arenaria (Stewart 1977 and 1978), confIrmed the presence of 

integumental transport in these animals. 

A few studies have been conducted on integumental glucose transport. Such 

observations are significant in light of the suggestion that sea water concentrations of 

carbohydrate may exceed those of amino acids by as much as to-fold (Williams 1975). 

Nevertheless, studies on integumental glucose transport have been limited. Glucose 

transport has been identified in the gill of the oyster, Crassotrea gigas (Bamford and 

Gingles 1974), and in Mytilus gill (Pajor et aI., 1989; Pequignat 1973). 

Several separate transport pathways for glucose and amino acids have been 

identified in the brush-border aspect of the integumental epithelium in Mytilus gill (Wright 

1985; Wright and Pajor 1989). Four different pathways for amino acid transport and a 

separate path for glucose have been identified in the gill of Mytilus,' one carrier for 

dicarboxylic acids, one for the ~-neutral amino acid, taurine, two for the uptake of 0.-

neutral amino acids, and one carrier for glucose. Further support for these distinct 

pathways in Mytilus gill has been obtained from studies using isolated brush border 

membrane vesicles from the gill of Mytilus edulis (Pajor and Wright 1987 and 1989; Pajor 

et al., 1989). Studies by Stewart (1978) showed the presence of four amino acid pathways 

in the soft-shelled clam, Mya arenaria, although the specificity characteristics differ from 

those in Mytilus gill. Separate pathways for neutral and basic amino acids were also 

defIned in the cockle, Cerastoderma edule (Bamford and McCrae 1975). 
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Amino acid transport in the bivalve integument shows several similarities with 

processes found in vertebrate epithelia. First, the uptake of amino acids is Na+-dependent, 

as shown by the fact that replacement of Na+ with K+ or Li+ results in a 95% decrease in 

alanine and taurine transport (Wright 1985 and 1987). Second, hannaline, which inhibits 

Na+-dependent transport in mammalian tissue (Aronson and Bounds 1980), also inhibits 

amino acid transport in Mytilus gill (Wright 1987). Last, metabolic poisons including 2,4-

dinitrophenol and sodium cyanide also inhibit amino acid transport, presumably by 

inhibiting the Na,K- ATPase thereby decreasing the energy available in the Na+ gradient 

(Bamford and Campbell 1976). 

Whereas integumental transport of glucose and amino acids from sea water is 

qualitatively similar to transporters found in the other epithelia, it differs significantly in its 

quantitative characteristics. These differences arise primarily in the kinetics of transport. 

The half-saturation constants (Kt s) for integumental transport typically range from 5-10 

J.l.M, compared to 0.5 mM (and higher) concentrations for vertebrate epithelia (Stevens et 

al., 1984). The high affinity for substrate of integumental solute transporters presumably 

reflects adaptations to the very low concentrations of glucose and amino acids in sea water 

which are typically <1 J.l.M (Eberlein et al., 1985; Mopper and Lindroth 1982). 

Two Proposed Roles for Integumental Transport 

The studies conducted to date have suggested two possible roles for the 

integumental transport of DOM. The first possibility is that uptake of organic substrates is 

a means of meeting the nutritional needs of the animal. Several studies by Manahan and 

co-workers suggest that rates of integumental transport in marine larvae can supply 

significant amounts of amino acids required for larval protein synthesis. At substrate 

concentrations near their Kt values, i.e. 10 J.l.M, C. gigas larvae could supply 100% of their 

oxidative needs by uptake of amino acids from sea water (Manahan 1989). Larvae of the 
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red abalone (Haliotis ru!uescens), which cannot capture particulate foods, can meet 

between 39 and 70% of their metabolic needs from uptake of amino acids (Jaeckle and 

Manahan 1989). Experiments with sea urchin larvae have shown that amino acid uptake 

from sea water may account for 67% of the animal's caloric needs (Shilling and Manahan 

1990). Wright (1988) has estimated that the concentration range of amino acids in natural 

sea waters, i.e. 200-700 nM, is capable of supporting between 8 and 55% of the oxidative 

metabolism of Mytilus. Because of the difficulty in determining the concentration of 

organic substrates that are available to marine animals, the significance of nutritional input 

via integumental pathways is difficult to quantitate. Nevertheless, these observations 

suggest that integumental transport has the potential to provide substantial nutritive input to 

supplement more traditional forms of nutrient acquisition. 

The second possibility suggests that integumental transport plays an active role in 

maintaining the large intracellular pools of organic osmolytes for isosmotic volume 

regulation. Mytilus is an osmoconformer and has blood (hemolymph) and tissue osmotic 

concentrations that closely match the osmotic concentration of the external seawater. Full 

strength seawater is -1000 mOsM and consists of inorganic salts (primarily NaCl). 

Whereas the composition of the hemolymph is essentially that of seawater, the tissue 

osmotic concentration of Mytilus is maintained with high concentrations of organic solutes, 

including taurine. Mytilus gill has a highly specific pathway for taurine uptake even though 

taurine has never been unambiguously identified in seawater (Wright 1987). Taurine, 

however, is the primary constituent of the free amino acid pool in gill tissue and in the 

tissues of many other marine invertebrates (Lange 1963). The presence of a dedicated 

taurine pathway in the gill supports the contention that a primary role for integumental 

transport is the recovery (or "recycling") of metabolically expensive organic osmolytes 
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which would otherwise be lost from the integument by passive leak: processes (Wright and 

Secomb 1986; Wright et al., 1987). 

Recycling has also been suggested as a means of nutrient conservation in Nereis 

diversicolor (Gomme 1981). Recycling by Nereis integument can recover as much as 40% 

of the glucose lost from the integument and may represent an important function in the 

invertebrate integument and epithelial tissues in general (Gomme 1984). 

A Modelfor Integwnental Transport 

A model for integumental transport in Mytilw gill has been proposed by Wright and 

Pajor (1989). Glucose and amino acids in seawater are transported across the brush-border 

membrane of the gill by Na+-dependent, cotransport processes. Each process involves the 

coupling of multiple Na+ ions to the movement of 1 organic molecule. Thus, Na+ serves 

as both a catalytic and energetic activator of transport. Because of the exponential 

relationship between the coupling coefficient, i.e. the number of activator ions (in this case 

Na+) coupled to the movement of each substrate molecule, and the electrochemical gradient 

of the activator solute, the coupling of more than 1 Na+ ion to the movement of each 

organic substrate provides for transport against extreme solute gradients (see Gerencser and 

Stevens 1989). Thus, in invertebrate epithelia, the coupling of 3 Na+ ions to the 

movement of 1 amino acid or glucose molecule "taps" more of the available energy in the 

inwardly directed Na+ electrochemical gradient (seawater to cell) and can enable net 

transport of organic substrate against solute gradients exceeding 107 to 1. 

Integumental transport has a very low affinity for N a+ and this has a significant 

influence on the behavior of this process. For a Na+-dependent cotransport system, the 

Na+ affinity is defined by the kSO value, which is the concentration of Na+ that drives 

transport to 1/2 maximal rate. The kSO for integumental taurine transport in Mytilus gill is 

285 mM (Silva and Wright 1992) whereas kSO's for vertebrate epithelia are typically much 



17 

lower, e.g. 40-50 mM for renal amino acid transport (Fukuhara et aI., 1986) and 

approximately 30 mM for intestinal amino acid transport (Wingrove and Kimmich 1987). 

The net result of a high kso (low Na+ affinity) for integumental transport is illustrated with 

the following observations. When external Na+ is decreased from the 425 mM 

concentration found in normal strength seawater to ... 300 mM by isosmotic replacement 

with Li+, rates of gill taurine uptake are reduced by 50% (Wright 1987). When external 

Na+ falls below 50-100 mM, uptake of taurine is decreased by >85% compared to control 

animals in 100% ASW (Silva and Wright 1992; Wright 1987). These observations have 

important implications to taurine loss via carrier mediated "leak" pathways. The inwardly 

directed Na+ electrochemical gradient necessary for transport in this tissue is maintained by 

the Na,K-ATPase located on the basolateral membrane (Pajor et at, 1989; Wright and 

Pajor 1989; Wright et at, 1989). The action of this transport keeps cytoplasmic Na+ low, 

typically <20 mM. Thus, even when external Na+ is reduced to levels where uptake is 

effectively halted, loss of taurine via the transporter remains very low because intracellular 

Na+ levels are too low to activate carrier-mediated efflux. However, when cytoplasmic 

Na+ is elevated to >100 mM by the addition of the ionophore nigericin, the rate of taurine 

efflux increases to a level comparable to taurine uptake (Wright et al., 1989). Because of 

the high concentration ofNa+ in sea water (e.g. 425 mM for normal-strength sea water) the 

uptake pathway (seawater to cell) normally remains activated. The "activated" uptake 

pathway and "inactivated" efflux path, coupled with the extremely low passive (non

carrier-mediated) permeability of the bivalve gill (Wright and Secomb 1986; Wright et al., 

1987) makes integumental transport an "uptake only" pathway for organic solutes. 

Effect of Salinity on Integwnental Transport 

Mytilus is an intertidal animal that can be routinely exposed to changes in external 

salinity and, therefore, to changes in both the ambient ionic (salt) and osmotic 
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concentration. Tidally driven changes in external salinity can shift the osmotic 

concentration of the seawater from values near that of freshwater (-0 mOsM) to full 

strength seawater ( .... 1000 mOsM) and back again as frequently as twice in a 24-hr period 

(Davenport 1985). This change in salinity corresponds to a change in external Na+ from 

approximately 0 mM to 425 mM. Although an animal such as Mytilus is capable of 

isolating itself from extreme changes in salinity by closing its valves (Davenport 1985), 

studies by Shumway (1977) suggest that Mytilus remains open and pumping until the 

seawater concentration drops below 45% normal strength (-450 mOsM). 

One consequence of a reduction in external salinity is exposure to decreased salt 

concentration. Because of the sensitivity of integumental transport to external Na + (Wright 

and Pajor 1989), one goal of the present study was to examine the response of transport to 

changes in external salinity, the only situation when the integument is exposed to a change 

in external Na+ concentration. 

Despite the routine changes in external salinity faced by intertidal animals, only a 

few studies have examined the effects of salinity on integumental transport. In general, 

acute reductions in external salinity result in decreased uptake of amino acids (Anderson, 

1975; Bamford and Campbell 1975; Stewart and Bamford 1976; and Wright et al., 1987). 

Studies which have examined the effect of Na+ concentration alone on integumental 

transport in Mytilus gill have shown that a reduction in external Na+ results in a steep, 

sigmoid reduction in the rate of integumental organic solute transport (Wright 1987; Wright 

and Pajor 1989; Wright et al., 1989). Therefore, a reasonable hypothesis for the basis of 

the reduction in amino acid uptake caused by the reduction in salinity is that transport is 

simply responding to the reduction of external Na+, as suggested by Stewart and Bamford 

in their work with Mya arenaria gills (see Stewart and Bamford 1976). However, uptake 

rates of amino acids by M. mercenaria acclimated to reduced salinity appear to return to 
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near control values (Rice and Stephens 1988). Additionally, taurine uptake in gills of intact 

M. edulis acclimated to 50% sea water (Jorgensen 1983), show transport rates similar to 

those measured by Wright and coworkers (see Wright et al., 1987), for taurine transport in 

M. californianus gills in nonnal sea water. In fact, no study to date has systematically 

examined how the two parameters of salinity--Na+ and osmotic concentration--interact to 

affect integumental organic solute transport 

GENERAL STRATEGIES OF OSMOREGULATION IN MARINE INVERTEBRATES 

The second consequence of a reduction in external salinity is exposure to decreased 

osmotic concentration. Two types of generalized responses occur when cells are exposed 

to anisosmotic media. Upon exposure of cells to hypotonic stress (which increases the 

water activity in the surrounding medium) cells swell to alleviate the osmotic stress across 

the plasma membrane (Gilles 1987). Cell swelling typically induces volume regulatory 

mechanisms that involve a loss of intracellular solutes. Solute loss can be accomplished by 

efflux from the cell, by compartmentalization into some osmotically inactive fonn, or by 

metabolic degradation (Chamberlin and Strange 1989). The most common strategy for 

solute loss is by activation of efflux pathways. Swelling frequently activates transport

mediated volume regulatory mechanisms which involve efflux of intracellular solutes. This 

is followed with an obligatory movement of water out of the cell and results in a Volume 

Regulatory Decrease (VRD). Conversely, when cells are exposed to a hypertonic challenge 

which decreases extracellular water activity, the cells shrink to offset transmembrane 

osmotic stress. A decrease in cell volume may induce volume regulatory mechanisms 

involved in the uptake of solutes. This raises the intracellular osmotic concentration and 

results in a Volume Regulatory Increase (VRI) as water enters the cell. While most cells 

undergo a VRD, not all cells are capable of a VRI (Gilles 1987). 
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Marine animals living in the intertidal zone are routinely faced with osmotic stress 

and must be capable of regulating cell volume to preserve normal cell function. For an 

osmoconforming animal such as Mytilus, hemolymph and tissue osmotic concentrations 

must closely match the osmolality of the external seawater for maintenance of normal cell 

volume. Samples of pericardial fluid obtained from Mytilus edulis show that hemolymph 

osmolality closely tracks the osmotic concentration of the external seawater over the course 

of a relatively rapid 450 mOsM osmotic challenge (Stickle and Denoux 1976). 

One of the principle strategies of osmoconforming animals for coping with changes 

in ambient osmotic concentration is the manipulation of intracellular levels of organic 

osmolytes, including free amino acids, thereby sparing intracellular inorganic ion 

concentrations (Gilles 1987; Yancey et al., 1982). Maintenance of normal cell volume with 

organic solutes does not impair cellular protein function in the way that occurs with high 

concentrations of inorganic ions (Yancey et aI., 1982). In recent years, studies with 

medullary tissue from the vertebrate kidney (Bagnasco et al., 1986; Gullans et al., 1988; 

Wirthenson et al., 1989; see also review by Garcia-Perez and Burg, 1990) and rat brain 

(Lien et aI., 1990 and 1991; Pasantes-Morales et al., 1990) suggest that these tissues use 

strategies for cell volume control similar to those found in marine invertebrates. 

Many studies have examined the response of invertebrate tissues to anisosmotic 

media, but these have been confined primarily to the examination of ventricle muscle and 

blood cells in mollusks, or nerve and muscle cells in crustaceans, hereafter referred to as 

"internal" tissues (Gilles 1987). These studies have focused on either a short-term 

acclimation (minutes to hours) to an osmotic challenge or to a period of long-term 

acclimation, following days or weeks in an isosmotic media. However, no observations 

have been made on both the short-term and long-term responses to an osmotic challenge in 

the same tissue. 
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Osmoregulatory Mechanisms in Marine Invertebrates: Short-Term Acclimation 

A considerable portion of the work on volume regulation in marine invertebrate 

tissues has been conducted by Pierce and coworkers. Pierce and Greenberg (1972 and 

1973) examined the short-term response of isolated ventricle tissue from Modiolus 

demissus to acute exposure to hypotonic media. They reported that the ventricle lost 

amino acids to the extracellular space in response to hypotonic stress. This response was 

the result of decreased external Ca+2 concentration associated with dilution of the external 

medium. Costa and Pierce (1983) found that red coelomocytes from the polychaete 

Glycera dibranchiata regulate cell volume by the coordinated loss of K+ and amino acids in 

a 2-stage response to hypotonic stress. It was apparent from this study that loss of K+ 

mediates the first part of the response f<?llowed with loss of amino acids in the latter part of 

the response. Regulatory control of permeability in these cells also appears to be 

modulated by external divalent cation concentration (particularly Ca+2); as Ca+ 2 

concentration decreases there is a resultant increase in membrane permeability to amino 

acids. Similarly, Warren and Pierce (1982) showed that inorganic salts (NaCl) are lost 

from heart tissue from the horseshoe crab Limulus polyphemus in the initial phase of 

recovery from hypotonic shock followed with a loss of organic solutes (e.g. glycine 

betaine) in the latter phase of the volume regulatory response. 

In another short-term study with intact Modiolus demissus, Strange and Crowe 

(1979) reported a decrease in amino acid content of ventricular tissue after an acute 

exposure to reduced salinity. During exposure to the hypotonic medium, hemolymph 

amino acid concentration increased and then subsequently decreased following a return to 

normal strength seawater which saw tissue concentrations of amino acids increase. These 

studies further suggest that tissue amino acid levels are manipulated for control of cell 
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volume, however, it is not known what quantitative influence the flux of these solutes has 

on the cellular volume regulatory response. 

It is important to emphasize that all of these short-term studies examined the 

response of internal tissues to osmotic stress. For the ventricle muscle and blood cells, the 

external medium is hemolymph, and changes in the ionic and osmotic concentration of the 

hemolymph as a result of a change in external salinity typically lag behind the concentration 

changes in the ambient seawater (Shumway 1977). Thus, internal tissues like the ventricle 

and blood cells are not usually exposed to the full extent of the hypotonic shock seen by an 

external tissue, e.g. the gill, in these animals. 

Osmoregulatory Mechanisms in Marine Invertebrates: Long-Term Acclimation 

Long-term studies conducted by Henry and Mangum (1980) showed a loss of 

amino acids from adductor muscle in the euryhaline clam Rangia cuneata following a 

reduction in external salinity from 200/00 (parts/lOOO) to 2 0/00 ( .... 625 mOsM to .... 50 

mOsM). Conversely, when animals were returned to 20 0/00 salinity, tissue pools of 

amino acids increased (Henry et al., 1980). These results represent an extreme hypotonic 

stress which intertidal animals such as Mytilus are probably not exposed to on a routine 

basis. This is because at very low salinities the animal can isolate itself from the 

environment by closing its valves (Davenport 1985). Nevertheless, these studies 

demonstrate that manipulation of intracellular organic solute concentration is a significant 

strategy for maintenance of normal cell volume. 

In the euryhaline mollusk, Elysia chlorotica, tissue levels of proline betaine were 

found to decrease following 14 days of acclimation to reduced salinity (Pierce et al., 1984). 

Betaine tissue levels showed similar decreases in tissues from Mytilus edulis following 

long-term acclimation to reduced salinity (Bricteux-Gregoire et al., 1964). Muscle tissue 

from M. edulis acclimated for two weeks to decreased external salinity showed decreases in 
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amino acid concentration (Hoyaux et al., 1976). Lange (1963) also reported overall 

decreases in taurine and amino acid concentrations in a variety of tissues of M. edulis 

following long-term acclimation to reduced salinity. 

The majority of studies which have examined invertebrate tissue responses 

following long-term acclimation to reduced salinity implicate the manipulation, i.e. loss, of 

organic solutes for maintenance of normal cell volume. However, long-term isosmotic 

volume regulation does not always involve the loss of organic solutes. Long-term studies 

with nerve cells from Mytilus show an incomplete volume regulatory ability which is 

mediated by the loss of K+ and Na+ salts (Willmer 1978). 

The studies outlined here examined the mechanisms of long-term acclimation to 

reduced salinity and provided considerable information on how marine invertebrate tissues 

maintain normal cell volume during prolonged periods of hypotonic stress. However, 

animals living in the intertidal region do not routinely see long periods of reduced ambient 

salinity. Rather, these animals must cope with daily, i.e. short-term, fluctuations in 

external salinity. The previous section described some of the short-term volume regulatory 

strategies utilized by internal tissues of marine invertebrates. Nevertheless, a thorough 

study of the short-term volume regulatory response in an external tissue such as the gill is 

lacking. 

Volwne Regulation in Mytilus Gill 

The gill of Mytilus is the organ which is the primary interface between the animal 

and its environment; as such it is exposed to the most rapid and extreme changes in external 

salinity. The epithelial nature of the gill has every cell bathed in hemolymph on its 

basolateral aspect while the apical aspect is exposed to sea water (Figure 1). Thus, every 

cell of the gill is exposed to the full brunt of the osmotic shock associated with routine 

tidally driven changes in the osmotic concentration of the ambient medium. This is 



Frontal aspect 

cilia 

50 J.1ffi 

Abfrontal aspect 

Figure 1. Cross-sectional view of two adjacent Mytilus gill filaments. Each filament is 
contains a single layer of epithelial cells in an overall eliptical tube-like structure 
approximately 50 J.1Il1 X 200 J.1Il1. The cells of each filament surround the branchial blood 
vessel (bv) at the basolateral membrane and are exposed to seawater at the brush-border 
aspect. Movement of the lateral cilia create convective currents (arrow shown) which 
draws seawater past the filament surface (from Wright et al., 1987). 
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contrasted \\ith other tissues such as ventricle muscle which may be exposed to only 2/3 of 

the total change in osmotic concentration of the external seawater because of a substantial 

time lag for equilibration of internal compartments (Livingstone et al., 1979). Despite the 

importance of the gill to the physiology of Mytilus, little is known about the volume 

regulatory mechanisms of this organ. Furthermore, while a number of studies have 

examined cellular volume regulation following either short- or long-term acclimation to 

anisosmotic media, no studies have been conducted to examine both short- and long-teno 

responses to an osmotic stress in the same tissue. 

Volume regulation following exposure to hypotonic media typically means loss of 

solutes. For Mytilus gill a VRD could, presumably, involve a loss of either organic or 

inorganic solutes (or both). As previously outlined, permeability of tile gill to amino acids 

is normally very low; estimates of permeability coefficients for amino acids are -1 X 10-9 

cm·sec-1 (Wright and Secomb 1986; Wright et al., 1987). Following exposure to reduced 

salinity (100% to 60% normal strength which corresponds to a 400 mOsM osmotic shock) 

passive permeability to amino acids does increase, but results in only a 5% loss of taurine, 

a principle osmolyte in the total tissue solute pool (Wright et al., 1987). This low passive 

permeability to organic solutes coupled with the low leak carrier-mediated pathway for 

organic solute efflux raises important questions concerning the possible strategy of the gill 

for coping with short-term changes in ambient salinity. Under a situation of hypotonic 

stress, for example, organic solute transporters would need to increase their sensitivity to 

cytoplasmic N a+, i.e. to activate carrier-mediated organic solute efflux, or invoke a 

membrane "permease" to increase amino acid permeability. A permease system has been 

described for sorbitol transport in renal papillary epithelial cells (Siebens and Spring 1989), 

but the existence of a similar system in Mytilus gill or other invertebrate epithelia has not 

been reported. 
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Loss of inorganic solute, particularly K+ (and Cl-) is a common strategy for VRD 

in vertebmte cells. This is accomplished by the activation of coupled KCl efflux pathways, 

parallel activation of KIH exchange and C)JHC03 exchange (which results in a net loss of 

K+ and Cl- as H+ and HC03- cycle across the membrane), or the pamllel activation of K+ 

channels and Cl- channels (Lang et al., 1990). These pathways may be activated alone, or 

in the case of Ehrlich ascites cells, several pathways may be invoked (Hoffmann and 

Simonsen 1989). When red blood cells (from Amphiuma, rabbit or dog), lymphocytes, 

gallbladder or liver cells are exposed to hypertonic media parallel activation of Na/H 

exchange and Cl/HC03 exchange results in the net uptake of NaCI (as H+ and HC03-

cycle across the membmne) followed with an obligatory uptake of water. In Ehrlich ascites 

cells and astrocytes solute uptake following hypertonic stress is mediated by the activation 

of NaCI-KCl symport (Lang et aI., 1990). The loss of inorganic solutes following 

hypotonic shock would, for Mytilus, spare the necessity to lose and then reaquire 

metabolically expensive organic solutes with each tide cycle. 

I have already mentioned that Mytilus can be routinely exposed to abrupt and severe 

changes in external salinity, leading to exposure to an osmotic challenge of 400 mOsM (or 

greater). An effective regulatory response would, therefore, require the mediated tmnsport 

both out of and (after return to normal salinity) into the cell of very large amounts of solute. 

Neither the proposed cycling of solutes in the gill tissue in response to changes in salinity, 

nor the influence of salinity on other aspects of integumental tmnsport has been carefully 

studied. 

OBJECIJ\TES OF THE STUDY AND SUMMARY OF THE RESULTS 

The purpose of the present study was to examine the effect of short- vs. long-term 

changes in salinity on transport processes in the integumental epithelium of Mytilus gill. 
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The first objective was to investigate the effect of acute exposure to reduced external 

salinity on integumental organic solute transport. We found that gill taurine transport is 

acutely sensitive to reduced salinity, but rapidly adapts (within 60 min.) to a range of 

salinities commonly encountered by intertidal or estuarine animals. The degree of 

adaptation was always defined by the concentration of Na+ in the external medium, i.e. the 

availability ofNa+ for the transport process. 

The second objective was to compare short- vs. long-term strategies of adaptation 

to reduced salinity. Following long-term (3-weeks) acclimation to 60% ASW, Mytilus gill 

preferentially lost organic solutes (taurine and betaine). The short-term response to reduced 

salinity was different. The gill was capable of a rapid VRD which was completely blocked 

by 1 mM quinidine. However, after 60 min. of acclimation to 60% ASW no significant 

changes were observed in the intracellular pool of organic solutes and only a slight decrease 

in tissue K+ content. Nevertheless, the quinidine blockade was reversed with 1 J.1M 

valinomycin, consistent with the loss of K+ as a primary mediator of the short-term VRD. 

Chapter 2 ( the present study) expands on the objectives outlined here. Section 2.1 

is a summary of the published work on the effect of salinity on integumental taurine 

transport in Mytilus gill. Section 2.2 describes the studies on short- and long-term 

osmoregulation in Mytilus gill. The conclusions of the present study are presented in 

section 2.3 and the references are listed in section 2.4. Appendix A describes the 

development of the branchial hemolymph pelfusion technique. Appendix B is a reprint of 

the published work, Integumental taurine transport in Mytilus gill: short-term adaptation to 

reduced salinity, (A.L. Silva and S.H. Wright, authors) as it appears in the Journal of 

Experimental Biology, vol. 62, pp. 265-279 (1992), used by permission of the Company 

of Biologists LTD. 



CHAPTER 2 

PRESENT STUDY 

2.1 Integumental Taurine Transport in Mytilus Gill: 

Short-Term Adaptation to Reduced Salinityl 

INTRODUCTION 
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Intertidal animals can be exposed to abrupt, but transient, changes in external salinity 

(Stickle and Ahokas, 1974). For osmoconforming animals, including marine mussels of 

the genus Mytilus, this can result in large changes in the osmotic concentration of 

hemolymph (e.g., Shumway, 1977), necessitating compensatory volume regulatory 

responses in the cells of these animals. One of the primary strategies of osmoconforming 

animals for coping with changes in ambient osmotic concentration is the manipulation of 

intracellular levels of organic osmolytes, including free amino acids, thereby sparing 

intracellular inorganic ion concentrations (Gilles, 1987; Yancey et at, 1982). Changes in 

cell amino acid content can involve changes in permeability of the plasma membrane to 

amino acids as noted in studies of the response of isolated ventricular tissue to acute 

exposure to reduced salinity (Pierce and Greenberg, 1972; Strange and Crowe, 1979). 

The fIrst tissues exposed to changes in ambient salinity are those of the general 

integument. Indeed, for a fllter feeder, sllch as Mytilus, the epithelial surfaces of the gill are 

immediately exposed to the full shock of exposure to dilute media, down to ambient 

salinities of 15 0/00 or less (<50% full strength sea water; see Shumway, 1977). Although 

a few studies have examined the effect of acclimation to reduced salinity on rates of 

integumental amino acid transport in bivalves (Anderson, 1975; Rice and Stephens, 1989), 

1 Section 2.1 summarizes the previously published work on this subject which is presented 
in the form of a reprint in Appendix B. All work presented in this section was conducted 
by the dissertation author (A.L. Silva). 
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nothing appears to be known about the immediate response of these processes to acute or 

transient changes in external salinity. Such changes should have a profound effect on 

transport, owing to the requisite cotransport of amino acids with Na+ in integumental 

tissues (Wright, 1987; Wright and Pajor, 1989). However, exposure of the gill to dilute sea 

water involves not only a reduction in Na+ concentration, but also a reduction in osmotic 

pressure of the external solution. To our knowledge, nothing is known about the combined 

influence of these two parameters on integumental transport. Therefore, the current study 

was undertaken to examine the effect of abrupt changes in external salinity on integumental 

transport of taurine in Mytilus gill. 

We found that immediately following exposure of gills to reduced salinity, uptake of 

taurine, the major constituent of the intracellular free amino acid pool, was reduced to a 

greater extent than could be explained by a requirement of the transporter for Na+. 

However, within 60 minutes, transport recovered to the predicted, Na-limited level. 

Transport rates returned to control levels within 90 minutes of being reintroduced to normal 

salinity (320/00). Acclimating animals to reduced salinities for several days did not result 

in rates of transport any greater than those noted in gills exposed for one hour to the reduced 

salinity. Gills exposed to hypoosmotic media initially gained mass, but tissue mass returned 

to the control value within 60 minutes, suggesting that recovery of transport may have been 

associated with recovery of normal cell volume. 

MATERIALS AND METIIODS 

Animals 

Specimens of Mytilus californianus and Mytilus edulis were purchased from 

Bodega Marine Labs, Bodega Bay, CA, and were held in a commercial artificial sea water 

(Tropic Marin, salinity 320/00) in recirculating aquaria at 130 C. The animals were not fed 
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. Transport Experiments 
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Gills of M. caiijornianus were dissected and individual demibranchs secured at one 

end with nylon fishing line as previously described (Wright and Secomb, 1986). Prior to a 

transport measurement, tissue was maintained for 60 minutes at room temperature (230 C) 

in artificial sea water (ASW; Cavanaugh, 1956), which, at nonnal strength (Le., 100% 

ASW; salinity of 320/00) included 425 mM Na+ and had on osmolality of .... 980 mOsM 

(range of 950 to 1010 mOsM, as detennined using a Wescor vapor pressure osmometer, 

Mode15500XR). Immediately prior to the experiments, individual demibranchs were pre

equilibrated for 1 minute in a slowly stirred solution of ASW of the proper composition 

containing 10 J.1M 5-hydroxytryptamine (5-HT), to activate lateral cilia (Wright, 1979). 

Tissue was then suspended for 2 minutes in 200 ml of a slowly stirred solution of ASW of 

the appropriate composition containing 10 J.1M 5-HT, 1 J.1Ci 14C taurine, and sufficient 

unlabeled substrate to produce a final taurine concentration of 0.5 J.1M. 

The structure of M. edulis gills precluded their being suspended by a thread, so a 

different procedure was used for these experiments. Gills were removed and maintained as 

with M. caiijornianus, and then cut into several small pieces, approximately 25 mg (wet 

mass) each. The pieces of tissue were placed into flasks containing the appropriate 

composition of ASW and 10 /lM 5-HT and pre-equilibrated for 1 minute on a shaker at 90 

r.p.m. Tissue sections were then transferred with a spatula to flasks containing 100 ml of 

ASW, 10 J.1M 5-HT, 0.5 /lCi 14C taurine, and sufficient unlabeled taurine to produce a fmal 

taurine concentration of 0.5 J.1M. 

Following a 2-minute test incubation, demibranchs were rinsed for 5 min in 200 ml 

of ice-cold ASW containing 10 /lM 5-HT and then blotted on tissue paper. Small (7 mm 

diameter) disks were then cut from intact M. caiijornianus demibranchs. Tissue disks and 
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sections were weighed to the nearest 0.1 mg, and extracted for several hours in 80% ethanol 

before being assayed for radioactivity content. Uptake rates are expressed as pmol 

taurine·mg wet mass-1.2 min-I. 

Long-term acclimation to reduced external salinity 

Eight M. calijornianus were acclimated in 10% steps to 50% (16 0/00; 490 mOsM) 

or 40% (12.8 0/00; 390 mOsM) ASW. Animals spent two days in each 10% step

reduction, followed with 4 days at 50% ASW prior to transport experiments. 

Data Analysis 

Kinetic constants were calculated from uptake data according to the Hill equation 

(Segel, 1975) using a non-linear regression algorithm (Enzfitter, Biosoft). Statistical 

analysis of data was made using an analysis of variance (ANOV A) and comparisons made 

with Sheffe's F test (Statview II by Abacus). The significance of observed changes in wet 

tissue mass was gauged using a repeated measures ANOV A, and compmisons made with 

Fisher's PLSD test. Differences were considered to be significant at the P < 0.05 level. 

Chemicals 

14C-taurine (92.1 mCi/mmol) and 14C-D-glucose (305 mCi/mmol) were purchased 

from New England Nuclear. All other chemicals were obtained from Sigma chemical 

corporation. 

RESULTS 

Taurine uptake in gills of M. calijornianus was dependent on external [Na+] when 

Na+ was isoosmotically replaced with Li+ (Fig. 2), consistent with previous reports 

(Wright, 1987; Wright and Pajor, 1989). The activation of taurine uptake was a sigmoidal 

function of external Na+ and adequately described by the Hill equation (Segel, 1975): 

J = (Jmax • [Na+]n) I ([KNa+]n + [Na+]n) 
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in which J is the rate of uptake of 0.5 J.1M taurine at an external concentration of Na+ of 

[Na+], Jmax is the maximal rate of taurine uptake at a saturating Na+ concentration, KNa+ is 

the concentration of Na+ producing half-maximal taurine uptake, and n is the apparent Hill 

coefficient. For the three experiments summarized in Figure 2, Jmax was 19.3 ± 7.4 

pmol·mg-1.2 min-I, KNa+ was 370 ± 120 mM, and n was 3.2 ± 0.58, in general agreement 

with previously reported (Wright, 1987) values for these parameters. 

A decrease in external salinity reduces the external Na+ concentration, and, as 

suggested by the results in Figure 2, should reduce the rate of taurine uptake by the gill. 

For example, the Na+ concentration of 60% normal strength ASW(580 mOsM; 19.20/00) 

is 255 mM. If rates of transport are defined only by the Na+ concentration of the external 

medium, then the rate of uptake of taurine in 60% ASW would be approximately 55% of 

that noted in full strength ASW (425 mM Na+). We tested this simple hypothesis by 

measuring taurine transport in gills of M. californianus and M. edulis acutely exposed to 

60% ASW (Fig. 3). Transport was reduced by >85%, much greater than the inhibition 

predicted to occur on the basis of the reduction in external [Na+]. However, when gill 

tissue was allowed to "acclimate" to the dilute medium for 60 minutes, rates of taurine 

transport increased to 45% (M. californianus) or 57% (M. edulis) of control, i.e., to levels 

very similar to that predicted if Na+ was the only modulating factor involved in defining 

rates of uptake. In a paired series of measurements, we examined the effect on transport of 

reducing salinity (i.e., salt), while maintaining the osmotic concentration equal to control 

levels by adding mannitol. The results are presented in the right hand set of bars in Figure 

3. The rate of taurine transport in gills acutely exposed to 60% salinityl100% [OsM] was 

the same as the rate observed in tissues given 60 minutes to recover from the combined 

effects of reduced salinity and osmotic dilution. 

We examined more directly the issue of whether the reduced availability of Na+ was 
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the limiting factor in ability of gills to recover transport capability following acute exposure 

to dilute media. Reduction of Na+ in the experimental medium was accomplished by either 

(i) partial replacement of Na+ in sea water with Li+; or (ii) simple dilution of ASW with 

distilled water to achieve the desired Na+ concentration. Uptake of taurine was measured (i) 

during an acute exposure to the Li-ASW; or (ii) after a 60 minute acclimation period in the 

dilute sea water. As shown in Figure 4, both methods of reducing Na+ significantly 

reduced uptake of taurine when ambient Na+ levels were reduced from 425 mM to 255 or 

213 mM (60% and 50% ASW, respectively). However, as implied by the results of the 

experiment presented in Figure 3, there was no difference between the two reduced Na+ 

conditions; tissues allowed to acclimate for 60 minutes to dilute sea water had rates of 

uptake that were the same as those that were exposed only to a reduction in external [Na+]. 

Rice and Stephens (1988) reported that the rate of integumental amino acid uptake by 

the bivalve Mercenaria mercenaria following long-term acclimation (5-7 days) to 50% 

ASW, does not differ from the rate observed in animals held in normal strength seawater. 

They did not, however, examine the short-term effects of exposure to reduced salinity. 

Therefore, we tested if the rates of integumental transport in MytUus gill following long

tenn acclimation differ significantly from those observed following short-term acclimation. 

Taurine uptake in gills from M. californianus acclimated over a course of 2 weeks to 50% 

ASW (including 4 full days in 50% ASW) was not significantly different from the rate 

observed in tissues following a 60 min. acute exposure to 50% ASW (3.09 ± 1.12 vs. 3.25 

± 1.34 pmol·mg-1.2 min-1, respectively; n=4). Furthermore, the Na+-activation curve for 

taurine uptake in tissues from animals acclimated over a course of two weeks was virtually 

identical to that observed in tissues from animals held in 100% ASW (refer to Fig. 2), with 

a JrnllX of 14.1 ± 3.9 pmol·mg-1.2 min-1, KNa+ of 319 ± 56 rnM, and a Hill coefficient, n, 

of 3.1 ±D.22. 
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In a previous study we reported that the response of Mytilus gill to an acute 

exposure to 60% ASW includes a loss of endogenous taurine to the ambient medium 

(Wright et aI., 1987). Loss of endogenous substrate can reduce the ambient specific activity 

of a radioactively labeled substrate and thereby reduce the accumulation of label into the 

tissue. Indeed, such a mechanism was found to be the basis for apparent inhibition of 

serine transport by sea urchin larvae produced by preloading larvae with unlabeled serine 

(Davis and Stephens, 1984). Under the conditions used in the present set of experiments, a 

linear release of taurine could have resulted in an increase in the ambient taurine 

concentration from a starting level of 0.5 IlM to approximately 2 IlM after a 2 minute 

incubation in 200 ml of medium, or a mean concentration of -1 IlM. This increase in the 

ambient taurine concentration reduces the specific activity of the radiolabeled taurine by a 

factor of 2. However, the half-saturation constant (Kt) for taurine transport by M. 

caiijornianus gill is 4 IlM (Wright, 1987) which means that a 2-fold decrease in the specific 

activity of taurine has a trivial effect on transport. This combination of factors could have 

combined to reduce the apparent accumulation of taurine by -10%, a small effect compared 

to the 85% inhibition caused by acute exposure to dilute ASW noted here. 

Despite the argument above, it was important to assess whether other integumental 

transport pathways were similarly inhibited by acute exposure to hypoosmotic media. 

Glucose uptake by Mytilus integument is by a Na+-dependent cotransport process (pajor et 

al., 1989) similar to, but separate from, those for taurine and other amino acids. 

Furthermore, the free concentration of glucose in the gill is very low, «<1 mM; Pajor et aI., 

1989), so leakage of glucose from the gill into hypoosmotic media should not influence the 

specific activity of an exogenous labeled compound during measurement of transport. 

Based on the Na+-activation characteristics of glucose transport in the gill (Pajor et aI., 

1989), the Na+ concentration of 60% ASW should reduce uptake by only 15%. Yet, 
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consistent with our observations with taurine, rates of glucose uptake by the gill were 

decreased by >85% following acute exposure to 60% ASW, compared to control gills held 

in 100% ASW (Fig. 5). Following a short-term (60 minute) acclimation to 60% ASW 

glucose transport did recover significantly, to a level approximately 54% of the control value 

(Fig. 5). We draw two conclusions from this and the observations described above. First, 

Na+ -dependent integumental transporters respond to an acute exposure to dilute media with 

a decrease in the rate of substrate influx that is larger than that predicted to arise simply 

through the associated reduction in external Na+. Second, this large initial inhibition is 

transient; after a relatively brief (60 minute) acclimation period in dilute sea water, transport 

of both amino acid and glucose recovers significantly and, in the case of taurine, is limited 

apparently only by the availability ofNa+ to the transport process. 

As discussed earlier, intertidal animals are routinely exposed to relatively abrupt 

fluctuations in salinity, with a decrease in salinity followed in several hours by an increase 

in salinity. Therefore, we felt it would be of interest to determine the rate of taurine 

transport in gills that were allowed to acclimate briefly to 60% ASW, and then were returned 

to 100% ASW. Figure 6 shows that the rate of gill taurine uptake returned to the control 

rate within 90 minutes of being reintroduced to normal strength sea water. This 

demonstrates that integumental transport can adapt relatively rapidly to a range of salinities 

common to the intertidal environment, with the extent of adaptation at any given salinity 

(i.e., >160/00) ultimately defined by the external [Na+]. 

A sudden reduction in external osmolality increases the water activity at the external 

surface of the gill. As an osmoconformer, Mytilus is incapable of sustaining an osmotic 

gradient between cells of the gill and the surrounding medium, so exposure to reduced 

external salinity should result in an influx of water into the gill, and would be reflected by an 

increase in tissue wet mass. In Figure 7, we show the time course of the change in gill wet 
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mass, expressed as the percentage of the wet mass at time zero, in intact M. calijornianus 

gills following exposure to 60% ASW. Within two minutes of the exposure of the gill to 

the dilute medium there was a rapid increase (20 ± 8%) in wet tissue mass. In the isolated 

gills, the ends of branchial hemolymph vessels are open to the external medium, so it is 

unlikely that this accumulation of water by the gill represented a substantial loading of the 

hemolymph space of the gill. Instead, we presume it indicated an increase in volume of the 

epithelial cells of the gill. Within 60 minutes gill wet mass returned to the control value 

(Fig. 7). This response suggests that the gill is capable of rapid cell volume regulation. It is 

also interesting to note that integumental transport recovers from the transient, steep 

inhibition that follows acute exposure to dilute sea water within the same time period (Fig. 

3). 

Because the rates of integumental transport are expressed as the amount of substrate 

accumulated in gill tissue per unit of wet tissue mass, the increase in wet tissue mass 

immediately following exposure to reduced salinity overestimated the degree of inhibition of 

transport observed in gills acutely exposed to 60% ASW (Fig. 3). From Figure 7, gill wet 

tissue mass increased -120% 2-3 minutes after introduction to the dilute medium, but after 7 

minutes (the total time gill tissue was exposed to 60% ASW in the acute transport 

experiments, i.e. a 2 minute incubation in media containing radiolabeled substrate followed 

with a 5-minute rinse) had recovered to approximately 112% of the initial mass. The 

increase in wet tissue mass to 112% is calculated to reduce the degree of inhibition of 

transport following acute exposure to 60% ASW from 15% of the control rate (85% 

inhibition, e.g. refer to Fig. 3) to 25% of the control rate (75% inhibition). Nevertheless, a 

75% inhibition of taurine uptake following acute exposure of gill tissue to 60% ASW 

represents a level of uptake significantly lower than the .... 50% inhibition of transport 

observed in gills acclimated to the dilute medium or spared the osmotic shock of acute 
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exposure to reduced salinity by the addition of mannitol. 
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Figure 2. Effect of Na+ concentration on taurine uptake in intact M. cali/ornianus gills. 
Gills were incubated for 2 minutes in normal strength artificial sea water (ASW, 980 
mOSM) containing 1 J.1Ci [l4C] taurine, sufficient unlabeled taurine to produce a final 
taurine concentration of 0.5 J.1M, and increasing concentrations of Na+ (Na+ isosmotic ally 
replaced with Li+). Uptakes are means ± S.E. from a total of three experiments, each using 
tissue from a different animal. Line was calculated using the Hill equation, and parameters 
estimated from the means ± S.E. from 3 separate experiments. using a non-linear regression 
algorithm. KNa+ was 370 ± 120 mM, Jmax was 19.3 ± 7.4 pmol! (mg· 2 min), and the 
apparent hill coefficient, n, was 3.2 ± 0.58. 
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Figure 3. Effect of decreased external salinity on taurine uptake in intact Mytilus gill. 
Gills from M. caiifornianus and M. edulis were incubated for 2 minutes in 100% ASW 
(980 mOSM), 60% ASW (590 mOSM), or 60% ASW + mannitol (980 mOSM), 
containing 10 mM 5-HT, 1 mCi [14C] taurine, and sufficient unlabeled taurine to produce a 
final taurine concentration of 0.5 mM. Acclimation experiments exposed gill tissue to 60% 
ASW for a minimum of 60 minutes prior to incubation in 60% ASW with [l4C) taurine. 
Uptakes are means ± S.E. from a total of 3 experiments using tissue from different 
animals. Single asterisks indicate uptake values significantly different from control 
uptakes; double asterisks indicate significant differences from all other groups. Differences 
were considered significant at p < 0.05. 
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Figure 4. Effect of exposure to reduced external Na+ on taurine uptake in intact M. 
californianus gills by (i) replacement with Li+; and (ii) short-tenn acclimation to decreased 
external salinity. Transport measurements with Li+ replacement are as in Figure 1. 
Acclimation studies exposed gill tissue to decreasing steps (20 minutes per 10% step) of 
salinity prior to incubation in decreasing concentrations of ASW containing 10 J.1M 5-HT,1 
J.1Ci [litC] taurine, and sufficient unlabeled taurine to produce a final taurine concentration 
of 0.5 J.1M. Uptakes are means ± S.E. from a total of 7 experiments using tissue from 
different animals. Asterisks indicate uptakes significantly different from other groups at the 
p < 0.G5 level. 
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Figure 5. Effect of decreased external salinity on glucose uptake in intact M. californianus 
gills. Gills were incubated in 100% ASW (980 mOSM), or 60% ASW (590 mOSM), 
containing 10 JLM 5-HT, 1 J,lCi [l4C] taurine, and sufficient unlabeled taurine to produce a 
final taurine concentration of 0.5 J.1M. Acclimation experiments exposed gill tissue to 60% 
ASW for a minimum of 60 minutes prior to incubation in 60% ASW with [l4C] taurine. 
Uptakes are means ± S.E. from a total of 3 experiments using tissue from different 
animals. Asterisks represent uptakes significantly different at the p < 0.05 level. 
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Figure 6. Recovery of taurine uptake in M. calijornianus gills following exposure to 60% 
ASW. Gills were incubated in 60% ASW for 60 minutes, and then returned to 100% ASW 
for an additional 90 minutes. Individual demibranchs were incubated for 2 minutes in 
100% ASW or 60% ASW containing 10 /lM 5-HT, 1 /lei [14C] taurine, and sufficient 
unlabeled taurine to produce a fmal taurine concentration of 0.5 J.1M. Uptakes are means ± 
S.B. from a total of 3 experiments using tissue from different animals. The asterisk 
represents rate of uptake significantly different from control uptake at the p < 0.05 level. 
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Figure 7. Change in wet mass of M. californianus gills following exposure to 60% 
artificial sea water. Gills were excised and exposed to 60% (590 mOSM) ASW. Masses 
were recorded at selected sampling intervals from 30 seconds to 60 minutes following 
exposure. Points ± S.E. are calculated from the mean % change in wet mass from time 
zero, using 12 demibranchs from 4 different animals. Asterisks represent significant 
differences from control mass at the p < 0.05 level. 
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DISCUSSION 

The focus of the current study was to examine how two parameters of salinity-

[Na+] and osmotic concentration--affect integumental transport in Mytilus gill. Based on 

our previous observations of the Na+-dependence of taurine transport in the gill (Wright, 

1987), our initial hypothesis was that exposure of the gill to a decrease in external salinity 

would reduce transport because of the associated reduction in [Na+]. The actual pattern of 

short-term response to an acute exposure to dilute sea water was different. The immediate 

effect was a dramatic, almost complete, inhibition of uptake (Fig. 3). However, within 60 

minutes, taurine transport recovered to a level consistent with that predicted by the tlNa

limittl hypothesis (Figs. 2 & 3). Figure 8 is a compilation of all the data measuring taurine 

transport as a function of either [Na+] or salinity (following either short- or long term 

acclimation). The rate of transport in acclimated tissues always appeared to be defined by 

the kinetics of Na+ as an essential activator of the transport process (see Wright and Pajor, 

1989). 

Changes in osmotic and ionic concentration have been shown to influence the 

permeability of bivalve membranes to amino acid. Pierce and Greenberg (1972, 1973) 

reported that ventricles isolated from Modiolus lose amino acid to the extracellular space in 

response to acute exposure to hypoosmotic media. This response arose from changes in the 

external Ca+2 concentration associated with dilution of the external medium. For the 

ventricle, the tlexternal medium tI is normally hemolymph, and changes in hemolymph 

osmotic and ionic composition lag behind those occurring in ambient sea water (e.g., 

Shumway, 1977). Reduction in external divalent cation concentration has, however, been 

shown to also influence amino acid flux in bivalve gill, a tissue whose cells are directly 

exposed to the ambient medium. For example, Swinehart et al. (1980) found that reduction 

in seawater Mg+2 concentration inhibits uptake and accelerates efflux of amino acid in gills 

isolated from M. cali/ornianus, but the reduction in external Mg+2 required to produce these 
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Figure 8. Summary of data on taurine uptake by intact M. califomianus gills as a function 
of external [Na+]. Uptakes are means from control animals in 100% ASW, animals short
tenn acclimated to reduced salinity, and animals acclimated to 50% ASW, taken from 
Figures 2, 4, and values presented in the text. 
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effects is greater than that arising from exposure to 50% or 60% ASW, the conditions 

employed in the present study. The basis for the steep, transient inhibition of transport that 

immediately followed acute exposure to reduced salinity is less clear. The decrease in 

external Ca+2 concentration known to influence the permeability of Modiolus ventricle does 

not appear to be involved in the acute inhibition of integumental transport: uptake of taurine 

into Mytilus gill is still reduced by 85% when 60% ASW is augmented with Ca+2 to the 

concentration found in 100% ASW (i.e., 9.7 mM; unpublished observations). Changes in 

intracellular Ca+2 have, however, been linked to transport-mediated cell volume regulation 

in several systems (e.g. Cala, 1983; McCarty and O'Neil, 1990). Thus Ca+2 (and Mg+2) 

may still play an important regulatory role in the cycle of events that follows acute exposure 

of Mytilus gill to dilute seawater. 

It is interesting to speculate on the possible adaptive role of the recovery from the 

initial, large inhibition of amino acid transport in the hypoosmotically-shocked gill. Acute 

exposure of bivalve tissues to reduced salinity is associated with a loss of amino acid, but 

the amount of endogenous substrate lost over the course of 30 minutes is small compared to 

the size of the total pool (4%; Wright et al., 1987) and, therefore, is unlikely to playa 

significant role in a short-term volume regulatory decrease (VRD). Indeed, the loss of an 

organic substrate, such as taurine, as a means to regulate cell volume during cyclic 

exposures of an intertidal animal to reduced salinities is, arguably, a metabolically expensive 

strategy. In fact, short-term cell volume regulation is typically associated with changes in 

inorganic ion content (Gilles, 1987). Integumental transport has been shown to playa role 

in recovering endogenous solutes, such as taurine, lost to the seawater through passive 

processes. Gomme (1981) estimates that some 40% of the D-glucose lost from the 

integument of the marine polychaete, Nereis diversicolor, could be recycled back into the 

surface epithelium. We estimated that up to 50% of the taurine lost from Mytilus gill is 
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reaccumulated under normal circumstances; (Wright and Secomb, 1986), and Gomme 

(1982) suggested that up to 90% could be recovered by the gill. Therefore, the rapid 

recovery of integumental transport following exposure of the gill to dilute seawater could 

playa role in reducing losses of endogenous organic osmolytes during a period of VRD that 

(presumably) involves the efflux of other osmotically active solutes. 

The capacity of the gill to effect a VRD was apparent from the change in wet tissue 

mass that followed exposure to a dilute medium (Fig. 7). Immediately following 

introduction of the gill into 60% ASW, tissue mass began to increase, reaching a maximum 

of approximately 120% of the control mass within 2 minutes. We assume this reflected, 

primarily, an increase in cell water arising from the difference in osmotic concentration 

across the apical, brush border membrane of the gill epithelium. After two minutes, tissue 

mass began to decline, representing a VRD (Gilles, 1987; Pierce, 1971). Indeed, within 60 

minutes, tissue mass (cell volume) was back to control levels. It is tempting to suggest that 

the parallel between recovery of integumental transport and apparent recovery of cell volume 

is indicative of a causal link between the two processes. Changes in cell volume have been 

shown to cause changes in the flux of both inorganic (see Larson and Spring, 1987) and 

organic solutes (e.g., Nakanishi and Burg, 1989) associated with volume regulatory 

responses. Although it is premature to conclude that the observed correlation between 

recovery of transport and recovery of cell volume represents such a link in Mytilus gill, it 

warrants further examination. 

The ability of the gill to respond rapidly to large, acute osmotic shocks is clearly 

advantageous for an animal that can experience such changes several times a day. The 

estuarine habitat of M. edulis can undergo tidally-driven changes in salinity that can shift 

the ambient osmotic concentration from 1000 mOsM to -0 mOsm and back to 1000 mOsM 

twice in 24 hrs (Davenport, 1985). Although M. californianus is typically found in a rocky 
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intertidal habitat not nonnally associated with such broad or routine changes in ambient 

salinity, it is capable of living in salinities as low as 200100 for several months (Young, 

1941) and thus represents a valid model to study adaptive responses to salinity stress. 

There is some controversy in the literature (see Davenport, 1985) concerning the extent to 

which Myrilus is exposed to fluctuation in ambient salinity; by closing its valves, the animal 

can effectively isolate itself from changes in the external salinity. However, it 'is clear that 

M. edulis continues to actively ventilate the mantle cavity, thereby irrigating the gill and 

other integumental surfaces, until the external osmotic concentration drops to -45% ASW 

(14.4 0/00; Shumway, 1977), well below the lowest salinity employed in the acute studies 

used in the present experiments. Integumental transport is extremely sensitive to acute 

changes in external salinity. The ability of transport to recover from the inhibition of 

transport following acute osmotic shocks suggests that the gill has volume regulatory 

responses that come rapidly into play and pennit the gill to regain function quickly after 

exposure to an altered salinity. 

Rates of taurine transport in gills from animals acclimated over several days to 

reduced salinity were significantly lower than those measured in animals acclimated to 100% 

ASW. We found this somewhat surprising in light of Rice a~d Stephens' (1988) 

observation that alanine uptake in intact Mercenaria mercenaria was the same in animals 

acclimated for 5-7 days in media of either 34 or 17 0/00. They did not, however, measure 

the acute response of transport to decreased salinity, or the effect of external Na+ 

concentration on transport. We cannot dismiss the possibility that an increase in 

integumental transport may follow a longer time course of acclimation than that used in the 

present study. Stephens (1964) reported that the introduction of Nereis limnicola into 

seawater (190/00) from freshwater (0.20/00) results in a 10-fold increase in glycine 
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transport over a 9 week period, and less than 60% of this upregulation occurs within 2 

weeks of the exposure to elevated salinity. 

In summary, the integumental transport of taurine is sensitive to external salinity. 

The response to a decrease in salinity involves both a "salt" (Na+) and an osmotic 

component. The initial, steep inhibition of transport upon exposure of gill tissue to a 

decrease in external salinity was related to the decreased osmotic concentration of the 

medium. Following a modest period (60 minutes) of acclimation to the dilute medium, 

integumental transport rapidly recovered to the rate predicted by the external Na+ 

concentration. Following this short-term acclimation to reduced salinity, gill tissue returned 

to 100% ASW for 90 minutes had rates of uptake similar to control gills. Increasing the 

period of acclimation to reduced salinity to several days did not result in an increase in 

taurine transport over rates measured following the 60 min acclimation. A rapid and, 

apparently, complete VRD was also observed following exposure of isolated gills to 

reduced external salinity. This temporal correlation between the recovery of rates of 

transport and cell volume suggests a possible causal link between integumental transport and 

cell volume status. 

SUMMARY 

Taurine, a principle osmolyte in molluscan integument, is actively transported from 

sea water by Mytilus gill by means of a Na+ -dependent process. In this study we 

examined the response of this transport to reductions in external salinity, i.e., the response 

to reductions in osmotic, as well as Na+ concentration. Acute exposure of isolated gill 

tissue to 60% artificial sea water (ASW), resulted in a >85% inhibition in taurine uptake, 

substantially more than the 45% inhibition predicted on the basis of the acute reduction in 

external [Na+]. Within 60 minutes however, taurine transport recovered to the level 
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predicted by the Na+ concentration in dilute sea water. Acute exposure of isolated gills to 

60% ASW made isosmotic to normal (100%) ASW with mannitol, had rates of taurine 

uptake comparable to gills acclimated for 60 minutes. Taurine uptake by gill tissue exposed 

to 60% ASW for 60 min and then returned to 100% ASW for 90 minutes was not 

significantly different from control gills held in 100% ASW. Glucose uptake by the gill 

during acute exposure to reduced salinity responded in a pattern similar to that of taurine. 

Gill tissue increased by 20% in wet mass within 2 min of exposure to 60% ASW, but 

returned to control mass within 30 to 60 min, presumably reflecting cell volume regulation. 

Long-term (12-days) exposure to reduced salinities was not accompanied by increases in 

taurine transport over those observed following the 60 min "short-term" acclimation. 

These results suggest that Mytilus gill undergoes a rapid (albeit incomplete) recovery from 

the extreme inhibition of transport associated with abrupt changes in salinity, and the extent 

of recovery is defined by the availability of Na+ in the external medium. The extreme 

sensitivity of taurine uptake observed with acute exposure of gills to reduced salinity is 

related to the osmotic concentration of the medium, and is possibly linked to a change in 

cell volume. 
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Several studies have examined marine invertebrate osmoregulatory strategies 

utilized by ventricle muscle and blood cells--defined here as "internal" tissues--for coping 

with long-tenn (days to weeks) reductions in external salinity. Most internal tissues 

adapt to long-tenn reductions in ambient osmolality by manipulating intracellular levels 

of organic osmolytes, including free amino acids, thereby sparing intracellular inorganic 

ion concentrations (Gilles, 1987; Yancey et al., 1982). Changes in cell amino acid 

content can involve changes in the penneability of the plasma membrane to amino acids 

as noted in studies of the response of isolated ventricular tissue to acute exposure to 

reduced salinity (Pierce and Greenberg, 1972; Strange and Crowe, 1979). 

Intertidal animals may be exposed to cyclic changes in salinity that can decrease 

the osmotic concentration of the ambient medium from .... 1000 mOsM (Le. sea water) to 

....() mOsM (fresh water) followed by a return to 1000 mOsM as often as twice in a 24-hr 

period (Stickle and Ahokas 1974; Stickle and Denoux 1976). For an osmoconfonner, 

including species of the genus Mytilus, a short-tenn change in salinity can result in a large 

change in the osmotic concentration of hemolymph (e.g., Shumway, 1977), necessitating 

a rapid compensatory volume regulatory response in the cells of these animals. In the 

case of Mytilus, integumental tissues, including the gill, are immediately exposed to the 

full extent of the salinity change. However, despite the importance of the gill to the 

physiology of the animal, a thorough study of the short-term volume regulatory response 

in this external tissue remains to be done. 

In the preceding chapter, we reported that the uptake of organic substrates by the 

gill is inhibited upon acute exposure of this tissue to reduced external salinity, during 

which time it rapidly increases in wet tissue mass. Within 30-60 minutes, however, this 
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inhibition of transport recovers to a level predicted by the external Na+ concentration. 

Over this time period the gill decreased in wet mass, presumably reflecting a rapid 

Volume Regulatory Decrease (VRD). The present study was undertaken to examine the 

mechanism of cell volume regulation in Mytilus gill following short- and long-term 

acclimation to reduced external salinity. 

Following long-term (21 days) acclimation to 60% ASW (600 mOsM) significant 

decreases were observed in gill taurine and betaine content with no remarkable changes 

in tissue inorganic ion content. In contrast, gills short-tenn acclimated to hyposmotic 

media showed no significant decreases in organic osmolytes and only a slight, though 

statistically insignificant, decrease in tissue K+ content. Nevertheless, several 

observations supported the contention for a rapid VRD in Mytilus gill. Gill tissue 

exposed to reduced external salinity showed a transient increase in wet mass but 

recovered towards control mass within 30-60 minutes of acclimation. Nomarski DIe 

microscopy showed a rapid increase in lateral cell height followed by a recovery towards 

control height within 20 minutes of exposure to the dilute medium (tl/2 approximately 10 

minutes). Additional evidence for the short-term VRD was the sensitivity of the response 

to temperature and the complete inhibition by 1 mM quinidine. Optical studies directed 

towards the mechanism of the short-term volume regulatory response suggested that 

quinidine inhibits the VRD in gill tissue by blocking efflux of K+ across the basolateral 

membrane. We conclude that Mytilus gill responds to long-tenn exposure to reduced 

salinity primarily by decreasing the intracellular pools of organic osmolytes, whereas 

short-term acclimation to reduced salinity is probably mediated by loss of intracellular 

K+ and a counter anion. 
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MATERIALS AND METHODS 

Animals 

Specimens of Mytilus californianus (Conrad) and Mytilus edulis (L.) were 

purchased from Bodega Marine Labs, Bodega Bay, CA, and held in commercial artificial 

sea water (Tropic Marin, salinity 32 0/00) in recirculating aquaria at 130 C. The animals 

were not fed and were normally used within 8 weeks of collection. 

Long-term acclimation studies 

M. cali/ornianus were acclimated in 20% steps to 60% ASW (19 0/00; 585 

mOsM) followed with a return to 100% ASW (32 0/00; 980 mOsM). Animals spent 7 

days in the first 20% step reduction (80% ASW) and then 14 days at 60% ASW. Some 

animals were then returned to 100% ASW for an additional 7 days. 

Preparation of gill extracts 

Gill extracts were prepared for Nuclear Magnetic Resonance (NMR) and High 

Performance Liquid Chromatography (HPLC) measurements of tissue taurine and betaine 

content. Approximately 0.5 g of gill tissue was homogenized in deionized water, 

followed by overnight extraction in 6% perchloric acid (PCA). PCA extracts were 

centrifuged the following day at 4 oC for 20 minutes at 48,000 x g to remove particulate 

material. The supernatant was neutralized to pH 7 with 30% KOH, refrigerated for 2 hrs 

and centrifuged again to remove the resultant KCI04 precipitate. For HPLC analysis, the 

neutralized extract was passed through a Sep-Pak C18 cartridge (Millipore Corp., 

Bedford, MA) and stored at -20 oC until analyzed. For NMR studies, the neutralized 

extract was lyophilized and stored at room temperature until used. 
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NMR spectroscopy 

Nuclear magnetic resonance spectroscopy (NMR) identified the principle organic 

compounds in Mytilus gill. Lyophilized gill extracts were reconstituted in 3.0 mls of 20% 

D20 and analyzed by 13C and IH NMR. Both types of spectra were acquired on a 

Broker AMX 400 wide bore spectrometer using a 10 mm broad banded probe. 

For 1 H NMR, the water resonance peak was suppressed with presaturation. 

Spectra were acquired with a 32 ~lS pulse (900 ) every 2 seconds. Proton frequency was 

400.135 MHz. IH NMR spectra were also acquired in vivo using the same parameters. 

13C NMR was proton decoupled using a WALTZ-16 sequence during the 

acquisition with no decoupling between acquisitions. These conditions give complete 

decoupling but do not establish a nuclear Overhauser effect. Spectra were acquired with 

a 900 pulse every 20 seconds. I3C NMR spectra were also acquired in vivo with a 450 

pulse every 2 seconds. 13C in vivo measurements were also proton decoupled with a 

W ALTZ-16 sequence as described above. The duty cycle of decoupling was 

approximately 10% and did not cause sample heating. 13C frequency was 100.625 MHz. 

Data from extracts and in vivo studies were compared to standard spectra. This 

served as a qualitative measure of the organic compounds present in Mytilus gill. 

HPLC 

Quantitative estimates of gill taurine and betaine content were made with high 

performance liquid chromatography (HPLC) using the method of Wolff et al. (1989). 

The contents of prepared extracts of gill tissue were resolved on a Waters Sugar Pak I 

calcium cation exchange column (300 x 6.5 mm ID) heated to 840 C, using distilled 

water as the mobile phase. Peaks were quantified using a refractive index detector and 

identified from their retention times. 
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101l-excha1lge chromatography 

Ion exchange chromatography measured total amino acid content (less betaine) in 

the gill. Gill tissue disks approximately of 17 mg wet tissue mass, were extracted 

overnight in 80% ethanol. The ethanol extracts were evaporated to near dryness and then 

resuspended in 1.0 ml Lithium buffer (Beckman), pH 7, followed with analysis on a 

Beckman 7300 amino acid analyzer. Primary, secondary and tertiary amines were 

visualized with ninhydrin and identified from their retention times. 

Measurement of tissue Na+ I K+ and Cl- concentrations 

Total tissue content of Na+, K+, and CI -was determined in a manner similar to 

that previously described (Wright et aI., 1989). Briefly, gill tissue disks (approximately 

17 mg wet tissue mass) were weighed and placed into 0.5 mls of 0.1 N HN03 acid and 

freeze-thawed 3 times over a 24-hr period. Na+ and K+ content of the tissue extracts was 

determined with a flame photometer (Instrumentation Laboratory) using a Li+ standard, 

and CI- content determined with a chloridometer (Buchler Instruments, Inc.). 

Measurement of extracellular and vascular space 

The space between the filaments in Mytilus gill--the "interfilament" space-

represents a substantial portion of the total tissue water and is defined as the extracellular 

compartment of the gill. We measured this compartment by incubating pieces of 

demibranch in ASW containing 14C polyethylene glycol (14C PEG) for 10 minutes. 

Tissue was blotted in the manner used for other assays, weighed, rutd then extracted in 

80% ethanol for several hrs. before assayed for radioactivity content. 

Vascular space was measured in separate experiments using the 'bolus' perfusion 

technique (Wright et aI., 1989). ASW perfusate containing 14C PEG was delivered in 

sufficient volume to distend the efferent branchial vessel 2-3 times its original diameter 

of ,..100 J.1m. A total of 1.25-1.5 mls of the 14C PEG-ASW solution was perfused through 
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a single demibranch. This represents a perfusate volume : vascular space volume of 

approximately 5 : 1. The myogenic activity of the vessel served to evenly perfuse the gill 

filaments which make parallel connections to the branchial vessel. Following perfusion, 

radioactivity content was assayed as above. 

The values for extracellular and vascular space were used to correct for non-cell 

Na+, K+ and CI- measured in tissue extracts: 

[I]cell = (loot - IBH + ES) / volcellt 

where [I]cell is the concentration in cell water of the desired ion; lOOt is the tissue ion 

content in J.Lmol g-1 wet tissue mass; IBH + ES is the content of that ion in the vascular 

space and extracellular space, assuming that hemolymph concentrations of these ions 

were equal to that of sea water (Bayne et al., 1976); and volceII is an estimate of the 

volume of cell water in 1 g of gill tissue. The volume of the cellular compartment was 

determined by measuring total tissue water from wet/dry ratios and correcting for 

extracellular and vascular space volumes. 

Transport Experiments 

Gills of M. californianus were dissected and individual demibranchs secured at 

one end with nylon fishing line as previously described (Wright and Secomb, 1986). 

Prior to a transport measurement, tissue was maintained for 60 minutes at room 

temperature (230 C) in artificial sea water (ASW; Cavanaugh, 1956), which, at normal 

strength (i.e., 100% ASW; salinity of 320/00) included 425 mM Na+ with an osmolality 

of -980 mOsM (range of 950 to 1010 mOsM, as determined using a Wescor vapor 

pressure osmometer, Model 5500XR). Immediately prior to the experiments, individual 

demibranchs were pre-equilibrated for 1 minute in a slowly stirred solution of ASW 

containing 10 J.LM 5-hydroxytryptamine (5-HT), to activate lateral cilia (Wright, 1979). 

Tissue was then suspended for 2 minutes in 100 ml of a slowly stirred solution of ASW 
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of the appropriate composition containing 10 J.1M 5-HT, 1 J.1Ci radiolabeled taurine, and 

sufficient unlabeled substrate to produce a total taurine concentration of 0.5 J.LM. 

Following the test incubation demibranchs were rinsed for 5 min in 200 ml of ice

cold ASW containing 10 J.1M 5-HT and then blotted on tissue paper. Small (7 mm 

diameter) disks were then cut from intact demibranchs. Tissue disks were weighed to the 

nearest 0.1 mg, and extracted for several hours in 80% ethanol before assayed for 

radioactivity. Uptake rates are expressed as pmol taurine·mg wet weight-1.2 min-I. 

Optical Studies 

Morphometric measurements of relative changes in gill cell volume following 

exposure to salinity stress were made with a Nomarski Differential Interference Contrast 

(DIC) video microscopy system (Figures 9 and 10). A small section of gill tissue 

(approx. 2 mm X 8 mm) was placed (frontal surface down) on a no. 1 cover glass in a 

modified Dvorak-Stotler chamber (Nicholson Precision Instruments Inc.). The tissue was 

held in place with a 3/4" round lucite disk (1/8 inch thick) with a 1/4" hole drilled 

through the center for light to pass through the central portion of the tissue section. The 

disk was sealed to the chamber cover glass with an O-ring and vacuum grease applied to 

the outer edges of the disk and O-ring. The chamber assembly was placed on the stage of 

an inverted Olympus IMT-2 DIC microscope and continually perfused at a rate of 1 ml 

min-I with sea water of the appropriate composition via gravity delivery through a 1mm 

diameter port in the lucite disk. Perfusate was continuously removed via a separate 1 mm 

diameter vacuum exhaust line. 

The Nomarski DIC optics of our system used an Olympus 40X objective (N.A. of 

0.55) and condenser with an N.A. also of 0.55, to yield a system resolution of 0.5 J.1m. 

Video DIC images were produced with aDAGE CCD-72 video camera and displayed on 

an Ikegami PM175-A B/W monitor. Images were collected at pre-programmed intervals 



58 

and stored as TIFF files with a Gateway 2000 486 33MHz computer system using the 

IMAGE 1 image processing system (Universal Imaging Corp.). Morphometric 

measurements of lateral cell height were made with optical calipers (Image I software) 

calibrated using a micrometer slide. Images were further processed for contrast 

enhancement with Photofinish software (Z Soft). 

Video images of living tissue were compared to images of fixed gill tissue. Small 

sections of demibranch (approx. 5 x 5 mm each) were fixed for 90 min. in 50 mls of 

ASW containing 3% glutaraldehyde, pH 7.3. The tissue was then transferred to a fresh 

glutaraldehyde solution and held overnight at 4 °C. The following day the tissue was 

rinsed for 5 min. in ASW and dehydrated through an alcohol series (70,90, 95% and 

absolute ethanol, five minutes in each solution). The tissue was embedded in a low

viscosity plastic medium (Spurr 1969) and 1 J.Lm sections made with an ultramicrotome 

and subsequently mounted on glass slides. Sections were stained with toludine blue. 

Data Analysis 

Statistical analysis of data was made using an analysis of variance (ANOV A) and 

comparisons made with Sheffe's F test (Statview II and SuperAnova by Abacus). The 

significance of observed changes in wet tissue mass was gauged using a repeated 

measures ANOV A, and comparisons made with Fisher's PLSD test. Differences were 

considered to be significant at the P < 0.05 level. 

Chemicals 

14C-taurine (92.1 mCi/mmol) and 14C PEG (Mr 4000; 4.0 mCi g-l) were 

purchased from New England Nuclear. All other chemicals were obtained from Sigma 

Chemical Corporation. 
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Monitor 

Inverted Microscope 

Figure 9. Nomarski DIC video microscopy system. Video output from aDAGE CCD-72 
video camera is displayed on an Ikegami B/W monitor via computer assisted image 
acquisition with a Gateway 2000 486 33MHz computer and lmage-1 image processing 
software. Images are stored as TIFF files and enhanced for contrast with Photofinish 
software. 



Gravity 
Perfusion 
Line 

Light 

ltt~t~ttttttttttttt~~ttt~t~t~l Light Source 

Analyzer 

1st Wollaston 
Prism 

Condenser 

!!l!l!lllllllllllllllllllllllllllllllllllllll!l!!!ll!l!l!l!l!!!l!l!l!l!l!l!l!l!l!!!l!l!l!l!l!l 

-

Vacuum Removal 
Line 

Chamber 

Tissue 

Objective lens 

2nd Wollaston 
Prism 

Polarizer 

To EyePiece and Video Camera 

60 

Figure 10. Light path of the Nomarski DIC inverted microscope with tissue perfusion 
system. Light enters the ftrst polarizer (analyzer) and passes through the frrst Wollaston 
prism where it is split into ordinary and extraordinary beams. The light beams are retarded 
in phase as they pass through the tissue section. Light then enters the objective lens and is 
retarded in phase (arbitrarily) by the 2nd Wollaston prism. After passing through the 2nd 
polarizer, light is then routed to the eyepiece and video camera. Tissue is continuously 
perfused via a gravity perfusion line which delivers perfusate through a port in the lucite 
disk which holds the tissue section in place. Perfusate is continually removed with a 
vacuum exhaust line. 
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RESULIS 

The regulation of cell volume following exposure to anisosmotic media typically 

implies the gain or loss of osmotically active solutes or "osmolytes". A common strategy 

utilized by marine invertebrates for coping with osmotic stress is the manipulation of 

intracellular concentrations of organic osmolytes (Gilles 1987). Therefore, it was 

important to identify the organic compounds present in gill tissue that could be utilized 

for isosmotic volume regulation. 

We used NMR, HPLC and ion-exchange chromatography to measure the organic 

solutes present in M. californianus gill. NMR is the technique of choice for identifying 

small organic molecules because it reports on all compounds with carbon or hydrogen, 

whereas other techniques involve sample preparation which can render some compounds 

invisible. 13C and IH NMR gave a qualitative estimate of the organic compounds in gill 

tissue. Figure 11 is a IH NMR spectrum obtained from PCA extracts of gill tissue. The 

spectrum showed three major peaks with proton ratios of 9:2:2 corresponding to the 

betaine tri-methyl, taurine CH2, and betaine CH2 groups respectively. 

Figure 12 is a 13C spectrum from a PCA extract of gill tissu~. 13C spectra showed 

broad peaks at 25, 125, and 175 ppm, (data not shown), which correspond to methyl, 

methylene, vinyl, and carboxyl carbons, respectively, in a ratio of 2.3/0.4/1. These peaks 

were tentatively assigned to short, unsaturated acyl chains. Spectra also revealed sharp 

peaks at 35, 45, 55, and 65 ppm, corresponding to taurine and betaine (Fig. 12). 

Figure 13 represents IH and 13C NMR spectra obtained from in vivo 

measurements of the organic compounds in a single isolated demibranch. The in vivo 

spectra were qualitatively similar to spectra obtained from gill extracts. Collectively, the 

information obtained from these spectra identified the principle organic compounds in M. 

californianus gill as taurine and betaine. 
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Quantitative measurements of taurine and betaine content from PCA gill extracts 

were obtained with HPLC techniques. An HPLC chromatogram from a typical 

experiment is shown in Figure 14. Measurements obtained from tissue extracts from 10 

animals held in 100% ASW detennined gill taurine content to be 53.5 ± 2.5 and betaine 

content to be 44.8.t 2.8, both values expressed as J,1moles g-l wet tissue mass. 

For an osmoconfonner such as M. caiijornianus, the intracellular osmotic 

concentration of the gill should approximate that of external sea water. Thus, infonnation 

on intracellular solute concentration enables comparison of the cellular concentration of 

osmolytes with the osmotic concentration of the ambient sea water. One method of 

detennining the intracellular solute concentrations from the total tissue solute content is 

by subtraction of the dry solid mass and extracellular space compartments from the total 

tissue wet mass to yield the volume occupied by the cellular compartment. The 

extracellular compartments of the gill consist of the hemolymph or vascular space, and 

the "interfilament" space (the area between the filaments occupied by external water) 

hereafter referred to as the extracellular space. Following measurement of wet weight, 

demibmnchs were dryed at 60 oC until no further change in mass was observed (usually 

overnight). Wet/dry ratios obtained from measurements using 3 pieces of tissue from 3 

different animals showed gill solids to be 14.6 ± 0.5 % of total tissue wet mass or 

approximately 0.15 g solid in 1 g of wet gill tissue. Hemolymph space was measured as 

0.32 ± 0.046 ml g-l wet tissue mass and extmcellular space as 0.29 ± 0.016 ml g-l wet 

tissue mass, both obtained from gill tissue from 3 different animals. These measurements 

are consistent with previous reports (Wright 1977, extracellular space; Wright et aI., 

1989, hemolymph space). The hemolymph and extracellular volumes did not 

significantly change following short- or long-tenn acclimation to reduced salinity. 

Hemolymph space in animals acclimated to 60% ASW for 60 minutes was 0.31 ± 0.023 



63 

ml g-l and extracellular space was 0.29 ± 0.0092 ml g-l. The volume of the hemolymph 

space in animals acclimated for 3 weeks to 60% ASW was 0.33 ± 0.027 ml g-l and the 

extracellular space in these animals was 0.38 ± 0.031 ml g-l. Measuring these two 

extracellular compartments independently does introduce some overlap in the results, i.e. 

the radiolabelr..d substance used to measure the volume of one extracellular compartment 

can leak to the other extracellular compartment thereby adding additional error to the 

volume estimates, however, the amount of error added is relatively small. Tissue 

incubated in ASW containing 14C PEG and 10 JlM 5-HT, i.e. the protocol for measuring 

extracellular space, followed by rinsing in ASW for 5 minutes removed 95 ± 1.2% of the 

radiolabel. Perfusion of 3 demibmnchs from different animals with ASW containing 14C 

PEG, i.e. the technique used to measure the vascular space component of total tissue 

water, followed by: 1) perfusion of the demibranchs with ASW and 2) rinsing the tissue 

in ASW containing 5-HT removed 94 ± 2.3% of the radiolabeled substance. These 

results suggest that independent measurement of the extracellular space does not result in 

substantial loading of the radiolabeled substance in the vascular compartment, nor does 

separate measurement of the hemolymph space add considerable radiolabel to the 

extracellular space. Thus, the total error added to the volume estimate of the cellular 

compartment by this experimental approach is .... 5%. 

For control animals we calculated the volume of the cellular compartment in M. 

calijornianus gill to be 0.24 ± 0.056 ml g-l wet tissue mass. This value was used to 

estimate the intracellular concentrations of organic gill solutes from total tissue solute 

content. For taurine and betaine, intracellular concentrations in control gills were 

approximately 214 mM and 179 mM, respectively. These calculations assume that 

taurine and betaine are contained primarily in the cellular compartment and not in the 

hemolymph. Lange (1963) reported that the hemolymph concentrations of organic 
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solutes, i.e. amino acids, in M. edulis were very low relative to the cellular concentration, 

on the order of 1 mM. Therefore we feel this approach provides an accurate 

measurement of the concentrations of taurine and betaine in the cellular compartment of 

Mytilus gill. 

In addition to the principle organic components taurine and betaine, NMR spectra 

suggested the presence of several other organic compounds in M. californianus gill (data 

not shown). We explored this further and examined the total pool of primary, secondary, 

and tertiary amines with ion exchange chromatographic analysis of ethanol extracts of gill 

tissue. (As a quaternary amine, betaine is not identified by this protocol). Table 1 lists 

the concentrations of intracellular organic solutes obtained from control gill extracts. 

Note taurine content measured with this procedure (49.9 ± 4.91 ).1moles solute g-t wet 

tissue mass) closely matched the value reported using HPLC techniques 53.5 ± 2.5 

).1moles solute g-t wet tissue mass). Values presented in Table 1 are expressed as ).1moles 

solute g-t wet tissue mass. The total pool of nitrogenous solutes in control gill tissue 

(including taurine) was measured to be 75.1 ± 7.7 ).1moles g-t wet tissue mass. The 

betaine content (44.8 ).1moles g-t wet tissue mass; determined with HPLC) combined with 

the organic compounds measured with ion-exchange chromatography, resulted in a total 

amino acid pool in M. californianus gill of 119.9 ).1moles g-t wet tissue mass. This 

corresponds to an intracellular concentration of 500 mM. Full strength sea water (100%) 

is -1000 mOsM. Thus, the amino acids in control gills comprise approximately 50% of 

the intracellular osmolyte pool. 

Long-term acclimation to reduced salinity 

One strategy for returning cell volume to normal following a hypotonic stress is 

the loss of intracellular organic solutes which would result in an concomitant loss of cell 

water. Solutes and water are typically lost from the intracellular compartment until cell 
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volume returns to control. The mechanism employed by a number of "internal" marine 

invertebrate tissues for isosmotic volume control following exposure to dilute media is, 

indeed, the reduction of organic solutes (Bricteux-Gregoire, et aI., 1964; Pierce et al., 

1984; see also review by Gilles, 1987). However, information on the volume regulatory 

response of an external tissue, e.g. Mytilus gill, to long-term reductions in external 

salinity is lacking. 

To examine long-term osmoregulation in Mytilus gill, we acclimated 9 M. 

californianus to 80% ASW for 7 days, followed by an additional 14 days at 60% ASW. 

Taurine and betaine content in gill tissue was measured with HPLC and the total pool of 

nitrogenous solutes (excluding betaine) determined with ion-exchange chromatography. 

With HPLC measurements, we observed a significant decrease following long-term 

acclimation of animals to 60% ASW in both gill taurine and gill betaine content from 

53.5 ± 2.5 and 44.8 ± 2.8 Ilmoles g-I wet tissue mass, respectively, to 36.9 ± 0.28 and 

26.2 ± 3.42 Ilmoles g-I wet tissue mass, also respectively. Ion exchange chromatography 

confirmed the loss of gill taurine following long-term acclim~tion to reduced salinity: 

gill taurine content decreased from 49.9 ± 0.06 to 24.9 ± 0.94, both values expressed as 

Ilmoles g-I wet tissue mass (see Table 1). These animals also lost significant amounts of 

urea, aspartate, and glycine from gill tissue (Table 1) amounting to an additional 6.73 

Ilmoles g-I wet tissue mass. Interestingly, alanine and NH31evels significantly increased 

in gill tissue following long-term acclimation to reduced salinity. Nevertheless, the total 

tissue content of organic solutes decreased from 119.9 ± 10.5 to 73.8 ± 6.2 Ilmoles g-I 

wet tissue mass. This corresponds to a calculated decrease of the intracellular organic 

solute concentration from ... 500 to ... 308 mOsmoles of solute I-I cell water or a loss of 

... 200 mmoles of solute I-I of cell water. These data suggest that Mytilus gill manipulates 
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concentrations of organic osmolytes as a primary means for coping with long-term 

reductions in external salinity. 

Long-term strategies of osmoregulation do not always involve the gain or loss of 

organic osmolytes. Willmer (1978) showed that nerve cells from M. edulis lose K+ and 

Na+ following long-term acclimation to reduced salinity. It was important, therefore, to 

measure the inorganic solutes present in Mytilus gill. Table 2 lists the Na+, K+, and Cl

content of M. californianus gill tissue. The ionic composition of the extracellular and 

vascular space compartments are essentially the same as sea water. Because of the low 

concentration of K+ in 100% sea water, i.e. 9 mM, the changes in the total tissue content 

of this ion reflect a change in the K+ concentration in the intracellular compartment. 

Tissue K+ content showed no significant decrease after 3 weeks of acclimation of gill 

tissue to 60% ASW which suggested that the gill cells did not lose K+ during long-term 

acclimation to reduced salinity. Assuming the extracellular and vascular compartments 

are 0.29 and 0.32 respectively, both values expressed as ml g-t wet tissue mass, and the 

dry solid mass in 1 g of gill tissue is 0.15 g, the volume of the cellular compartment is 

calculated to be 0.24 ± 0.056 ml got. Subtraction of the small amounts of K+ in the 

extracellular compartments from the total tissue K+ concentration shows that the 

intracellular concentration of K+ remains unchanged: intracellular K+ concentration in 

control animals is calculated to be 184 ± 7 mM and 178 ± 7 mM for animals long-term 

acclimated to 60% ASW. 

Tissue Na+ and Cl- content significantly decreased during long-term exposure to 

dilute sea water (fable 2). This is probably due to the decrease in the concentration of 

these ions in the extracellular and vascular space compartments which normally have 

large amounts of these ions; i.e., the concentration of Na+ in full strength sea water is 

.... 425 mM, Cl- concentration in full strength sea water is .... 500 mM. It is difficult, 
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however, to detennine the changes in intracellular concentrations of Na+ and Ct- by the 

method described above because the volumes of the extracellular and vascular spaces are 

rather variable; this is reflected in the variability of the tissue Na+ and Cl- contents listed 

in Table 2. (Note that the measured K+ contents are much more consistent). The 

variability of the extracellular space compartments coupled with the high concentrations 

of Na+ and CI- in sea water introduces considerable error into the calculation of the 

intracellular Na+ and CI- concentrations. This has been discussed previously by Potts 

(1958). For example, tissue Na+ content in control animals was measured to be 288 ± 8.9 

Ilmoles g-t. Using the values listed above for dry mass, hemolymph volume and 

extracellular space, intracellular Na+ is calculated to be 134 ± 36 mM. This is much 

greater than that expected from the. information on the kinetics and energetics of 

integumental transport which suggests intracellular Na+ concentration in the bivalve 

integument is much lower, i.e. < 20 mM (Wright and Pajor 1989). This value is also 

contrary to measurements of intracellular Na+ activity (17 mM) in the molluscan 

integument (Ap/ysia gut; Gerencser 1988). After three weeks of acclimation to 60% 

ASW, Na+ tissue content decreased to 160 ± 12 Ilmoles got and the decrease in the 

intracellular Na+ concentration was calculated to be 28 ± 46 mM, again a value with 

considerable error. The same problem exists for determining intracellular CI

concentration. Control gill tissue CI- content is 356 ± 23 Ilmoles got, and the calculated 

intracellular concentration is 223 ± 93 mM. Following long-tenn acclimation to 60% 

ASW, total tissue CI- decreased to 216 ± 21 J.1moles got which corresponds to a decrease 

in 144 ± 84 mM of the intracellular CI- concentration. The decrease in total tissue Na+ 

and CI- in Mylilus gill following long-term acclimation to reduced salinity are consistent 

with a decrease in the concentration of these ions in the hemolymph and extracellular 

space compartments, however the variability in the measurements makes it impossible to 
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draw conclusions regarding the change in the intracellular concentrations of the these ions 

following long-term reductions in external salinity. 

Because taurine and betaine were preferentially lost from the organic osmolyte 

pool in Mytilus gill in response to long-term hypotonic stress, it was appropriate to 

determine whether they were preferentially accumulated following the reintroduction into 

normal strength sea water of animals acclimated to reduced salinity. HPLC 

measurements of PC A extracts from gills obtained from 4 M. cali/ornianus reintroduced 

to 100% ASW for 7 days after 21 days in reduced salinity (7 days in 80% ASW, followed 

with 14 days at 60%) showed no significant increases in either taurine or betaine. 

Intracellular concentrations of gill taurine and betaine in these animals were measured to 

be 143 ± 11 mmoles 1-1 and 118 ± 9 mmoles 1-1, respectively. 

Slwrt-term acclimation to reduced salinity 

Although the majority of osmoregulatory studies with marine invertebrates have 

focused on long-term adapatation to salinity stress, daily fluctuations in salinity are more 

likely to be encountered by an intertidal animal than are long-term changes in the osmotic 

concentration of the ambient medium. In the previous chapter we presented data that 

suggested that Mytilus gill is capable of a rapid VRD following exposure to reduced 

external salinity: isolated gill tissue placed in 60% ASW rapidly increased in wet tissue 

mass (cell volume) during the first 5 minutes following introduction into the dilute 

medium, but returned to control mass within 60 minutes. Integumental transport also 

recovered from the acute inhibition of salinity stress within the same time period. 

We were interested in determining if the mechanism of the short-term volume 

regulatory response to hypotonic stress was similar to the strategy used by the gill for 

long-term acclimation to reduced salinity, i.e. the loss of organic solutes. Tables 1 and 2 

list the organic and inorganic solutes respectively, measured in Mytilus gill following 60 
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minutes of acclimation to 60% ASW. Short-tenn acclimated gills showed no significant 

decrease in the concentration of taurine or betaine. In fact, the total organic pool showed 

a slight increase in concentration, however, this was not significantly different from 

control animals. We also did not observe any significant reductions in the tissue content 

of Na+ or CI- following short-tenn acclimation to reduced salinity. This was surprising 

because the hemolymph space was perfused with 60% ASW following the 60 minutes of 

acclimation to reduced salinity. These high tissue contents of Na+ and Cl- may reflect 

the trapping of these monovalent ions in the extracellular matrix (the effect of 

extracellular matrix on ion trapping is discussed more completely in an upcoming 

section). There was, however, a slight (albeit insignificant) decrease in gill K+ content, 

consistent with the loss of K+ from the cellular compartment during the VRD. 

Slwrt-term VRD in Myti/us gill: effect of temperature 

The failure to observe a loss of solute following the short-tenn acclimation of gill 

tissue to reduced salinity was surprising. As noted earlier, the loss of volume associated 

with a VRD typically involves a loss of solute. Therefore, we felt it was important to 

further examine the apparent short-tenn VRD in this tissue. We repeated the 

measurements of gill wet tissue mass following exposure to 60% ASW at 5 0C. Changes 

in apparent gill cell volume were calculated from changes in wet tissue mass by 

subtraction of the hemolymph and extracellular volumes from the total tissue water. 

Figure 15 shows the time course of gill cell volume changes following exposure to 60% 

ASW. Apparent cell volume rapidly increased to a level expected for a perfect 

osmometer, i.e. the cells gained a volume of water necessary for the cellular osmolality to 

equal the ambient osmolality. However, whereas cells at 23 0C underwent the typical 

VRD, the response was completely blocked at 5 0C ambient temperature. This profound 
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temperature sensitivity suggested that the apparent short-tenn volume regulatory response 

in Mytilus gill is dependent on some aspect of cell metabolism. 

Short-term VRD in Mytilus gill: effect of quinidine 

Quinidine has been shown to block the VRD in a variety of cell types by 

inhibiting transport-mediated volume regulatory mechanisms, including K+ channels 

(Hoffmann and Simonsen 1989), K/H exchange (Cala et al., 1986) and myo-inositol and 

betaine transport in MDCK cells (Yamauchi et al., 1991). We tested the effect of 1 mM 

quinidine sulfate on the short-tenn volume regulatory response in gill tissue. Isolated 

demibranchs from M. californianus were perfused with 1 mM quinidine in 100% ASW 

thereby exposing the basolateral aspect of gill cells to this compound. The gills were 

then placed into 60% ASW containing 1 mM quinidine (apical exposure). Cell volume 

was calculated as described above. Figure 16 shows that quinidine completely blocked 

the recovery of cell volume following hypotonic shock as compared to control gills which 

recovered cell volume following exposure to 60% ASW. Gills perfused with ASW 

containing quinidine and maintained in 100% ASW with quinidine showed no significant 

change in apparent cell volume (data not shown). 

The inhibition of volume recovery in dilute media by quinidine provided further 

support for the contention that the short-tenn VRD in Mytilus gill was representative of 

an active cellular response. Although quinidine has been shown to influence directly 

processes associated with volume regulation in other cells, it was important to detennine 

the effect of quinidine on the general metabolic status of Mytilus gill. One assay for gill 

cell function is integumental transport. We measured Na+-dependent taurine uptake in 

M. californianus gills as a function of quinidine concentration. Figure 17 shows that 

quinidine concentrations above 500 J.1moles liter 1 inhibit taurine uptake by >85% as 
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compared to the control rate in normal sea water. The measw'ed Kl/2 for quinidine's 

inhibitory effect on taurine uptake (Figure 17 inset) was 192 J.1moles liter1. 

The inhibition of taurine uptake by quinidine was completely reversible after 

rinsing the tissue in ASW. Figure 18 shows the rate of taurine uptake by Mytilus gill 

after 2- and 60-minute exposures to 1 mM quinidine in ASW followed with rinsing in 

ASW for 5 and 30 minutes. A 2-minute exposure followed with rinsing in ASW for 5 

minutes resulted in the recovery of taurine uptake to control values. Sixty minutes of 

exposure to the same quinidine concentration in ASW required a longer rinse time to 

achieve recovery of taurine uptake, but complete recovery was observed after 30 minutes 

of rinsing. These data suggest that the inhibitory effects of quinidine are transient, and do 

not compromise the functional integrity of the tissue. 

Short-term volume regulation in Mytilus gill: symmetry of the response 

We were also interested in the volume response of gill tissue returned to normal

strength sea water after 60 minutes of acclimation to reduced salinity. In the previous 

chapter we reported that the rate of integumental taurine transport in gills exposed first to 

60% ASW returned to control rates of uptake after 90 minutes of incubation in 100% 

ASW. Figure 19 is a time course of changes in apparent cell volume subsequent to 

exposure to 60% ASW (hypotonic shock) for 60 minutes, followed by 90 minutes of 

exposure to 100% ASW. Gill cell volume increased in 60% ASW to the level predicted 

for a perfect osmometer and recovered within 60 minutes to control volume. 

Immediately after returning the tissue to normal strength sea water, cell volume rapidly 

decreased to below the control value, and over the time course of experiment, there was 

trend for cell volume to recover (increase) to control volume. 

We draw two conclusions from these data. First, gill tissue behaves as an 

osmometer with a symmetrical response to anisosmotic media: cells increase in volume 
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following hypotonic stress, and decrease in volume with subsequent hypertonic stress. 

Second, the decrease in cell volume below the control value upon return of gill tissue to 

normal strength sea water implies solute loss as the mechanism mediating the short-term 

VRD; i.e. following the return to 100% ASW, gill cells rapidly lost volume, suggesting 

that the intracellular compartment was hyposmotic to the external medium. The simplest 

explanation for this observation is that solutes were lost from the cellular compartment 

during the period of exposure to reduced salinity. 

Optical characterization of short-term volwne regulation 

The inhibition of the recovery of cell volume by quinidine and reduced ambient 

temperature suggested that the short-term VRD in Mytilus gill is an active cellular 

response to hypotonic stress. Moreover, the decrease in cell volume observed when gill 

tissue was subsequently returned to 100% ASW after 60 minutes of acclimation to 60% 

ASW implied that the volume regulatory response to dilute external media involved the 

loss of osmotically active intracellular solutes. Nevertheless, changes in wet tissue mass, 

particularly a tissue with the complex structure of the gill, can provide at best a crude 

measure of cell volume. Therefore, further investigation into the mechanism of the 

apparent volume regulatory response was needed. 

Several technical approaches have been used to monitor more directly changes in 

cell volume arising from exposure to anisosmotic media. Some of these approaches 

include use of the Coulter Channelizer (Costa and Pierce 1983) and the measurement of 

differences in the d,istribution of radiolabeled space markers in cell suspensions (Klein 

and O'Nei1l1990). These approaches, however, are limited to isolated cells, and are not 

applicable to an intact tissue preparation such a filaments from Mytilus gill. Optical 

techniques including Nomarski differential interference contract (DIC) microscopy have, 

however, been successfully used to measure cell volume changes in isolated renal 
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proximal tubules and other intact epithelia (DiBona et aI., 1985). Nomarski DIe 

microscopy uses closely separated plane polarized beams which are retarded in phase 

relative to each other by the object of interest, and in an arbitrary manner, by a Wollaston 

prism to produce contrast differences in regions of the object where there is a gradient in 

phase change (Figure 10). High contrast images are produced with DIe, and can be 

coupled with high resolution because the condenser aperture can be fully open. Because 

the characteristic halos of objects in the phase-contrast microscope are not present with 

DIe, it is possible to optically section material. The Nomarski DIe microscope in 

conjunction with video imaging capabilities and computer assisted data acquisition 

provides a highly accurate method of monitoring cell volume changes during exposure to 

anisosmotic media (Figure 9). 

To further characterize the short-term VRD, we monitored changes in the height 

of the lateral cells in the gills from M. edulis and M. cali/ornianus as a relative measure 

of cell volume change throughout the course of exposure to anisosmotic media. The top 

of Figure 20 is a cartoon drawing of a cross section (x.s.) through a single gill filament. 

Each filament is an elliptic&l tube composed of a single layer of epithelial cells resting on 

an extensive extracellular matrix. Each cell is exposed to sea water on the apical aspect 

and hemolymph on the basolateral aspect. Illustrated below the cartoon in Figure 20 are 

toluidine stained and live tissue optical sections from a single gill filament in M. 

cali/ornianus. The middle section is a stained x.s. of a single gill filament; compare this 

with the cartoon drawing at the top of Figure 20. The line drawn through the left hand 

side of the stained x.s. represents the approximate plane, i.e. at the level of the lateral 

cells, shown in the accompanying longitudinal sections (1.s.) (stained and optically 

sectioned) of tissues (bottom of Fig. 20). Note that the stained l.s. is approximately 25% 
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narrower than the optical I.s. This probably reflects shrinkage from the preparative 

procedure. 

Figure 21 is a compilation of optical images from a single gill filament from M. 

californianus collected at the level of the lateral cilia taken at selected time points during 

a salinity challenge. In Figure 21-A (control tissue in 100% ASW) cell height was 24.8 

J.1m. (Note that the resolution of the system is 0.5 J.1m, and thus changes smaller than 0.5 

J.1m cannot be distinguished). After a 2.5 minute exposure to 60% ASW, cell height had 

increased to 31.7 J.1m (Figure 21-B). After 60 minutes of acclimation to the reduced 

salinity, gill tissue was returned to normal strength sea water. Figure 21-C shows that 

cell height decreased to 22.3 J.1m, 1.5 minutes after reintroduction into 100% ASW. 

Figure 22 is a time course of change in lateral cell height from M. edulis gill 

during 60 minutes of exposure to 60% ASW followed with a return into 100% ASW. 

Cell height rapidly increased over the nrst few minutes after introduction into reduced 

salinity and within 20 minutes returned to a new steady-state value reflective of a VRD. 

The half-time (tl/2) for achieving the new steady state volume (volume measured at 60 

minutes post-recovery) was approximately 10 minutes. In experiments with tissue from 5 

different animals, the tl/2 for M. edulis gill VRD was 12 ± 1.1 min. Re-exposure of the 

tissue to 100% ASW resulted in rapid shrinkage below control height with subsequent 

recovery (increase) to control volume with a tl/2 of 11.8 ± 1 min., data obtained from 

tissue measurements from 5 different animals. The shrinkage below control volume 

implied, again, that the short-term VRD involved a loss of solutes from the gill. 

It is important to emphasize that cell height represents a relative measure of cell 

volume, and that the change in cell height does not necessarily reflect the total change in 

cell volume. For example, when gill tissue is exposed to 60% ASW which corresponds 

to an osmotic shock of 350-400 mOsM, cell volume should increase by approximately 
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60% if the gill cells--like most other cell types studied--behave as perfect osmometers 

(Lang et al., 1990). The cell volume changes determined from changes in wet tissue mass 

suggested that the gill cells do behave as osmometers (Figures 15, 16, and 19) following 

osmotic stress. However, cell height typically increased only 25-35% (Figs. 22 and 24) 

immediately after exposure to 60% ASW. In addition to increasing in height following 

hypotonic shock, the gill cells may be increasing in width andlor depth (refer to 23). In 

separate experiments with single gill filaments from M. edulis no increase in cell width 

(which would have increased the filament length) was noted. This is similar to 

observations with epithelial cells from renal proximal tubules which primarily increase in 

cell height but do not significantly increase in cell width or depth following hypotonic 

shock (Kirk et al., 1983). However, we did observe a 12-14% increase in cell depth in 

gill filaments. Taken together with the 25-35% change in cell height, the increase in cell 

depth suggests a 45-55% increase in total cell volume, which is close to the predicted 

60% increase. Thus, the laternl cells from Mytilus gill appear to behave as osmometers 

following a hypotonic stress. 

An intertidal animal such as Mytilus can be routinely exposed to cyclic variations 

in external salinity (Stickle and Denoux 1976). An external tissue like the gill is exposed 

to the full extent of these salinity changes and must be capable of coping with these 

cyclic fluctuations in external osmolality. We examined the volume regulatory response 

of M. californianus gill to cyclic changes in salinity by repeated exposures of gill tissue 

to 60% ASW for 60 minutes followed with return to 100% ASW for an additional 60 

minutes. Lateral cell height was monitored for 3 complete cycles of 60%/100% over 6 

hrs (Figure 24). The gill was capable of regulating cell volume following each exposure 

to a change in salinity, with similar tl/2 values for each cycle of salinity stress (range of 

10-14 minutes). These results suggest that an external tissue of an intertidal animal is 
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capable of coping with frequent changes in the osmotic concentration of ambient 

medium. 

Mechanism of the short-term VRD in Mytilus gill 

The inhibition of the recovery of tissue wet mass following exposure of the gill to 

hypotonic medium by quinidine gave further support to our hypothesis that short-term 

volume regulation in Mytilus gill is an active process probably mediated by the activation 

of efflux pathways for the loss of intracellular solutes. We further explored the effect of 

quinidine on cell volume by measuring changes in cell height following exposure to 60% 

ASW (Figure 25). We observed a polarity of the quinidine effect on the short-term VRD: 

apical exposure of quinidine had no effect on gill VRD. Indeed, gill tissue recovered cell 

volume at a rate similar (tl/2 of 10 ± 1.5 minutes) to control tissue exposed to 60% ASW. 

In the 2 animals studied, inhibition of the VRD was achieved only with basolateral 

exposure to quinidine. In 3 additional experiments where gills were exposed to quinidine 

on both the apical and basolateral aspects, we also observed a complete inhibition of the 

VRD during a 6O-minute exposure of gill tissue to 60% ASW (data not shown). 

If the quinidine inhibition of the VRD is the result of a blockade of efflux 

pathways, addition of an ionophore that provides another avenue of efflux for an 

osmotically active solute should reverse the inhibitory effect. Figure 26 shows the effect 

of the addition of 1 J.1M valinomycin to the perfusate 10 minutes after exposing gill tissue 

to 60% ASW containing quinidine (apical and basolateral exposure). Prior to the 

addition of valinomycin, gill VRD was completely blocked. The addition of valinomycin 

resulted in the recovery of gill cell volume, presumably by adding a conductive pathway 

for efflux of intracellular K+. 

We were interested if the addition of valinomycin would accelerate the normal 

rate of recovery of cell volume following exposure of gill tissue to 60% ASW by 
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increasing the rate of solute efflux. One ~M valinomycin added to the perfusate 5 

minutes after exposing gill tissue to 60% ASW did not accelerate the rate of recovery 

(Fig. 27). Cell height gradually returned to a new steady state within 20 minutes of 

exposure to the dilute sea water, similar to that observed with control animals (tl/2 = 10 ± 

1.2 minutes). 

Collectively, these observations provide important infonnation on the mechanism 

of the short-tenn VRD in Mytilus gill. First, the inhibition of the VRD with 1 mM 

quinidine requires basolateral exposure. Quinidine may require entry into the cell via the 

basolateral membrane to exert an inhibitory effect, or, it may block directly the loss of 

solutes across the basolateral membrane. The quinidine inhibition of the VRD was 

reversed by the addition of valinomycin (a K+ ionophore); this is consistent with the loss 

of K+ as the primary mediator of the short-tenn VRD and implies the existence of a 

parallel avenue of conductive loss of an anion, e.g. Cl-. Moreover, the polarity of the 

quinidine inhibition suggests that the solute loss was via the basolateral membrane. 

Supporting this hypothesis is the observation that valinomycin added to 60% ASW at the 

peak of cell swelling, i.e. 5 minutes following exposure to hypotonic media, did not 

accelerate the rate of volume recovery. If a solute other than K+ was the primary 

osmolyte lost from the cells during the VRD, e.g. taurine, the rate of volume recovery 

should have increased if an additional avenue for solute efflux was provided to the cell. 

Because the rate of the gill VRD was unchanged with addition of valinomycin, we 

suggest that loss of K+ (and a counter anion) across the basolateral membrane primarily 

mediates the short-tenn volume regulatory response to reduced external salinity. 

Temporal correlation oj the recovery ojintegwnental transport and cell volwne 

In the previous chapter we reported that the rates of integumental transport and 

cell volume recover from the acute exposure to reduced salinity after a brief (60 minute) 
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period of acclimation to the dilute medium. This observation made it tempting to suggest 

a temporal correlation between the two processes. We examined the time course of 

recovery of integumental taurine transport in the gill following exposure to 60% ASW 

(Figure 28) and compared this to the observed recovery in cell volume (Figures 22 and 

24). Rates of gill taurine uptake recovered to the predicted Na+ -limit within 10 minutes 

of acclimation, however, cell volume did not reach a new steady state until 20 minutes of 

acclimation to reduced salinity. These results suggest that transport is not solely 

dependent on cell volume status, i.e. rates of transport recover during a period in which 

cell volume remains elevated. However, these results do not rule out an initial cellular 

signal that may influence both the steep, transient inhibition of integumental transport and 

the volume regulatory response to acute exposure to reduced external salinity. 
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Figure 11. IH NMR Spectrum from peA extract of M. californianus gill. 0.5 g of gill 
tissue was homogenized in deionized water, and extracted in 6% perchloric acid (peA). 
peA extracts were neutralized to pH 7 with 30% KOH, lyophilized and stored at room 
temperature until used. For 1 H NMR studies, the water resonance peak was suppressed 
with pre saturation. Spectra were acquired with a 32 J.lS pulse (900) every 2 seconds. 
Proton frequency was 400.135 MHz. Data from extracts were compared to standard 
spectra. 
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Figure 12. 13C NMR Spectrum from PCA extract of M. cali/ornianus gill. 0.5 g of gill 
tissue was homogenized in deionized water, and extracted in 6% perchloric acid (PCA). 
PCA extracts were neutralized to pH 7 with 30% KOH, lyophilized and stored at room 
temperature until used. l3C NMR was proton decoupled using a WALTZ-16 sequence 
during the acquisition with no decoupling between acquisitions. Spectra were acquired 
with a 9QO pulse every 20 seconds. BC frequency was 100.625 MHz. Data from extracts 
were compared to stan~ spectra. 
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Figure 13. IH (top) and 13C (bottom) NMR in vivo spectra from a single M. californianus 
demibranch in ASW. For IH NMR studies, the water resonance peak was suppressed 
with pre saturation. Spectra were acquired with a 32 JlS pulse (9OO) every 2 seconds. 
Proton frequency was 400.135 MHz. 13C NMR was proton decoupled using a WALTZ. 
16 sequence during the acquisition with no decoupling between acquisitions. Spectra were 
acquired with a 450 pulse every 2 seconds. 13C frequency was 100.625 MHz. Data from 
in vivo studies were compared to standard spectra. 
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Figure 14. HPLC chromatogram of a perchloric acid (PCA) extract of gill tissue from 1 
control animal. 0.5 g of gill tissue was homogenized in deionized water, followed with 
overnight extraction in 6% (PCA). PCA extracts were centrifuged the following day at 
40 C for 20 minutes at 48,000 x g to remove particulate material. The supernatant, was 
neutralized to pH 7 with 30% KOH, refrigerated for 2 hrs and centrifuged again to remove 
the resultant KCI04 precipitate. The neutralized extract was passed through a Sep-Pak 
C18 cartridge and stored at -20 oC until analyzed. Prepared extracts were resolved on a 
Waters Sugar Pak I calcium cation exchange column (300 x 6.5 mm 10) heated to 840 C, 
using distilled water as the mobile phase. Peaks were quantified using a refractive index 
detector and identified from their retention times. 
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Table 1. Nitrogenous solutes in Mytilus gill tissue measured with ion-exchange 
chromatography in extracts from control animals (100% ASW) and animals short- and 
long-tenn acclimated to 60% ASW. All values are means ± S. E. expressed as J.1moles 
solute g-1 wet tissue mass. 

Solute Control Animals Short-tenn Long-tenn 
n=7 n=2 n=6 

Phosphatidylserine 0.43±0.06 0.62±0.15 0.47±0.11 
Taurine 49.9±4.91 54.9 ±2.17 24.9±0.94** 
Urea 4.96±0.75 5.44 ± 0.40 2.39±0.59** 
Aspartate 4.62±0.35 6.1S±0.19 2.22±0.47** 
Threonine O.19±0.05 0.14±0.02 0.26±0.OS 
Serine 0.39±0.16 0.29 ± 0.00 0.32 ± 0.07 
Glutamate 1.50 ± 0.10 1.44±0.13 1.55 ±0.22 
Glutamine 0.05±0.01 0.05 ± O.oI 0.03 ±O.oI 
Sarcosine 0.03±0.03 * 0.09 ± 0.05 
ex-amino adipic acid O.15±0.09 0.60±0.03 0.95 ± 0.29 
Glycine 2.46 ± 0.27 2.20±O.oI 0.70±O.13** 
Alanine 1.33±0.24 0.94±0.02 2.22±0.34** 
Cib'Uline 0.03±0.02 * 0.04 ± 0.02 
ex-amino n-butyric acid O.oI ±0.01 * 0.09±0.04 
Valine 0.04 ± 0.04 0.05 ± 0.03 0.07±0.02 
Cystathionine O.oI ±0,O1 0.06±0.01 0.04±0.04 
Isoleucine 0.14±0.03 O.lS ± 0.00 0.11±0.02 
Leucine 0.03±0.01 0.08 ± 0.00 0.12 ± 0.03 
Tyrosine 0.12 ± 0.02 0.IS±0.03 O.1S ± 0.04 
Phenylalanine 0.09±0.02 0.03±0.02 0.1O±0.03 
p-alanine 0.02 ± 0.02 0.37 ±0.26 0.17 ±0.09 
p-aminoisobutyrate 0,01 ±0,O1 * 0.05±0.03 
H-CYS * * 0.55 ±0.47 
GABA 1.32±0.1l 1.94 ±0.06** 1.l4±0.OS 
NH3 0.93±0.29 3.20±0.OS" 3.74±0.84** 
HLYS-A 4.61 ±0.97 10.9 ± I.S** 2.69±0.S2 
Ornithine 0.37 ±O.l5 0.79±0.33 0.56±O.l3 
Lysine 0.43±0.07 0.53 ± 0.12 0.47 ±0.26 
I-methyl histidine * * O.OS ± 0.05 
Histidine 0.30 ± 0.09 0.14 ±O.OO 0.44 ±0.19 
3-methyl histidine * * 0.02 ± 0.01 
Anserine 0.26 ± 0.12 0.14 ± 0.10 0.04±0.03 
Camitine * * 0.06 ± 0.01 
Arginine O.3S±O.OS 0.61±0.00 0.33±0.OS 
Hydroxyproline * * 0.12±0.04 

Total Solutes 75.08± 7.68 92.09±5.19 47.64 ± 2.77** 

* Undetectable in these animals. **Statistically different from control animals at p9).05. 



Table 2. Tissue content of inorganic solutes in Mytilus gill measured with a flame 
photometer (Na+ and K+) and a chloridometer (CI-) in HN03 extracts from control 
animals (100% ASW) and animals short- and long-term acclimated to 60% ASW. 
All values are means ± S. E. 

Na+ K+ CI-
n= 6 animals n=6 animals n= 3 animals 

/lJ1loles g-l J,Unoles g" 1 /lJ1loles g-l 

Control 288 + 8.9 48 ± 1.7 3S6±23 

Short-term 2S4±31 41 ± 2.5 332± 13 

Long-term 160± 12 46± 1.8 216±21 
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Figure 15. Effect of reduced ambient tempemture on gill VRD. Isolated M. californianus 
demibranchs were placed into 60% ASW at 5 0C. Tissue wet mass measurements were 
made at selected intervals and used to calculate changes in cell volume (see text for 
discussion of methods). Points are means ± S.B. obtained from measurements in tissue 
from 4 different animals. 
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Figure 16. Effect of 1 mM quinidine on gill VRD. Isolated M. caiijornianus demibranchs 
were perfused with 1 mM quindine in ASW (basolateral exposure) and subsequently placed 
into 60% ASW containing quinidine. Tissue wet mass measurements were made at 
selected intervals and used to calculate changes in cell volume (see text for discussion of 
methods). Points are means ± S.B. obtained from measurements in tissue from 4 different 
animals. 
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Figure 17. Effect of quinidine on gill taurine uptake. Gills were incubated in nonnal 
strength sea water containing 10 J,LM 5-HT, 1 J.1Ci [l4C] taurine, sufficient unlabeled 
taurine to produce a final taurine concentration of 0,5 J.LM, and 1 mM quindine. Uptakes 
are means ± S.E. from a total of three experiments, each using tissue from a different 
animal. Inset: Dixon plot of reciprocal taurine uptake vs. quindine concentration. Line 
was calculated from a simple regression computer algorithm. The KI/2 for quindine's 
inhibition of gill taurine uptake was 192 J,LM, calculated by dividing the y-intercept of the 
regression line by the slope. 
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Figure 18. Reversal of quinidine inhibition on gill taurine uptake. Gills were incubated 
for 2 minutes or 60 minutes in nonnal strength artificial sea water (ASW, 980 mOSM) 
containing 1 mM quinidine and then rinsed for 5 minutes or 60 minutes in nonnal sea 
water containing 10 IlM 5-HT prior to uptake measurements. For transport experiments. 
isolated demibranchs were incubated in nonnal strength sea water containing 10 J.1M 5-
HT, 1 IlCi [14C] taurine and sufficient unlabeled taurine to produce a final taurine 
concentration of 0.5 IlM. Uptakes are means ± S.E. from a total of three experiments. 
each using tissue from a different animal. 

88 



89 

180 

160 " Osmometer" 

140 

~ 
120 "S Return to 100% ASW 

;> 

+ Ii 100 U t ~ 
80 Expose to 60 % ASW 

" Osmometer" 
60 

40 

o 10 30 50 70 90 110 130 150 

Time (minutes) 

Figure 19. Symmetry of the short-teon volume regulatory response in Mytilus gill. 
Isolated M. caiijornianus demibranchs were exposed to 60% ASW for 60 minutes and 
then reintroduced to 100% ASW. Tissue wet mass measurements were made at selected 
intervals and used to calculate changes in cell volume (see text for discussion of methods). 
Points are means ± S.E. obtained from measurements in tissue from 4 different animals. 
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Figure 20. Sections of a single filament from M. californianus gill. Top: cross-sectional 
(x.s.) drawing at the level of the lateral cells. Middle and bottom: Nomarski DIC 
microscopy images of toludine stained and live tissue sections from a single gill filament at 
the level of the lateral cells. The line drawn through the stained x.s. represents the 
approximate plane, i.e. at the level of the lateral cells, shown in the accompanying 
longitudinal sections (l.s.) (stained and optically sectioned) of tissues. Video l.s. is an 
image of live tissue enhanced with Photofmish software. Stained (1 J..Lm) sections were 
fixed in glutaraldehyde in ASW and dehydrated in an ethanol series prior to staining with 
toludine blue. 
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Figure 21. Nomarski DIC video microscopy images of a single gill filament (l.s. at the 
level of the lateral cilia) following salinity challenge. Top image (A) is a control filament 
in 100% ASW. Lateral cell height was 24.8 JlDl. Middle (B) image is taken 2.5 min. 
following exposure to 60% ASW; cell height has increased to 31.7 JJ.m. Bottom (C) 
image taken 1.5 min. afterre-exposing tissue to 100% ASW. Note decrease in cell 
height below control height to 22.3 JJ.m. 
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Figure 22. Time course of short-term volume regulation in M. edulis gill following 
salinity challenge. Gill tissue was continuously perfused at a rate of 1 ml min-I with 60% 
ASW for 60 min. and then re-exposed to 100% ASW for an additional 60 min. Cell 
height was monitored with Nomarski DIC video microscopy. The tIll for the VRD was 
10 min. Points are lateral cell height measurements from a single representative 
experiment. 



frontal 
surface 

height 

f-z-f 

lateral 
surface 

x 
length 

93 

Figure 23. 3-Dimensional representation of a single gill filament The majority of the 
optical studies examined changes in lateral cell height (arbitrarily designated as the "z" 
axis) during the course of an osmotic challenge. In separate experiments with single gill 
filaments, changes in filament depth (designated as the "y" axis) and filament length ("x" 
axis) were recorded during exposure to anisosmotic media. Cells typically showed a 25-
35% increase in the z direction (cell height) after exposure to 60% ASW. Individual 
filaments showed a 12-14% increase in the y direction (a measure of cell "depth"), with no 
measureable change in the x direction (a measure of cell "length") following exposure to 
60% ASW. The total increase in cell height and cell "depth" is equivalent to a 45-55% 
increase in total cell volume. 
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Figure 24. Time course of the short-tenn volume regulatory response in M. californianus 
gill following cyclic changes in external salinity. Gill tissue was continuously perfused at 
a rate of 1 ml minot with 60% ASW for 60 min. and then re-exposed to 100% ASW for 
an additional 60 min (1 cycle) for a total of 3 cycles (360 min.). Cell height was 
monitored with Nomarski DIe video microscopy. The tIll values for each cycle of 
salinity stress ranged from 10-14 minutes. Points are means oflateral cell height 
measurements from gill tissue from 3 different animals. 
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Figure 25. Quinidine inhibition of VRD in M. cali/ornianus gill following exposure to 
reduced salinity. For basolateral exposure, the branchial hemolymph of isolated 
demibranchs was first perfused with 1 mM Quinidine in 100% ASW. Gill tissue was 
continuously perfused at a rate of I ml minor with 60% ASW, and, for apical exposure, 
60% ASW containing 1 mM quinidine for 60 min. The tIll for the VRD (apical 
exposure) was 10 ± 1.5 minutes. Tissue was then re-exposed to 100% ASW for an 
additional 60 min. Cell height was monitored with Nomarski ole video microscopy. 
Points are means of lateral cell height measurements in gill tissue from 2 different 
animals. 
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Figure 26. Valinomycin reversal of quinidine inhibition of VRD in M. cali/ornianus gill. 
For basolateral exposure, the branchial hemolymph of isolated demibranchs was first 
perfused with 1 mM quinidine in 100% ASW. Gill tissue was continuously perfused at a 
rate of 1 ml min-1 with 60% ASW containing 1 mM quinidine for 60 min. Valinomycin 
(lJ.1M) in 60% ASW was added to the perfusate 10 min. after exposing the tissue to 60% 
ASW + quinidine. Cell height was monitored with Nomarski DIe video microscopy. 
The tl/2 for the VRD was 10 ± 1.2 minutes. Points are means of lateral cell height 
measurements from gill tissue from 3 different animals. 
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Figure 27. Effect of valinomycin on VRD in M. californianus gill. Gill tissue was 
continuously perfused at a rate of 1 ml minot with 60% ASW for 60 min. Valinomycin 
(1J.1M) in 60% ASW was added to the perfusate 5 min. after exposing the tissue to 60% 
ASW. Cell height was monitored with Nomarski DIe video microscopy. The till for 
the VRD was 10 ± 1.2 minutes. Points are means of lateral cell height measurements 
from gill tissue from 3 different animals. 
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Figure 28. Recovery of gill taurine uptake following acute exposure to 60% ASW. 
Isolated M. californianus demibranchs were incubated for 2, 5, 10,20,30, and 60 min. 
in 60% ASW prior to transport experiments. For uptake measurements, individual 
demibranchs were incubated in 60% ASW containing 10 mM 5-HT, 1 J.1Ci [l4C] taurine 
and sufficient unlabeled taurine to produce a final taurine concentration of 0.5 J.1M. 
Uptakes are means ± S.E. from a total of three experiments, each using tissue from a 
different animal. Asterisks denote uptakes significantly different from the predicted 
"Na+-limit level". 

98 



99 

DISCUSSION 

The present study examined short- vs. long-term osmoregulation in Mytilus gill. 

The composition of the osmolyte pool in this tissue was found to be comprised primarily 

of the organic compounds taurine and betaine, and the inorganic ion, K+. As expected 

for an osmoconformer, the total intracellular concentration of osmotically active solutes 

(organic and inorganic) in control gill tissue was in close agreement with the osmotic 

concentration of the sea water and hemolymph compartments which surround the gill. 

The high levels (approximately 50% of the total intracellular osmolyte pool) of 

intracellular organic osmolytes used in maintaining cell volume reduce the need for large 

concentrations of inorganic salts and ensure that cellular protein function is not perturbed 

(Yancey et al., 1982). Previous studies with muscle tissue from several molluscan genera 

including Mytilus, Glycymeris, and Acanthocchitona have reported that organic 

compounds comprise 20-40% of the cellular osmolality in these tissues (Gilles 1972). In 

the estuarine clam, Rangia cuneata, organic solutes make up 40-50% of the cellular 

osmolytes in gill, adductor muscle, and mantle tissues (Henry and Mangum 1980). Thus, 

Mytilus gill uses strategies similar to other molluscan tissues for maintenance of normal 

cell volume. 

The majority of invertebrate osmoregulatory studies have focused on tissues such 

as ventricle muscle, blood cells, and nervous tissue--which can collectively be referred to 

as "internal" tissues--with little attention being given to the response to anisosmotic 

media of an "external" tissue such as the gill (Gilles 1987). Moreover, the invertebrate 

studies completed to date have examined either the short-term or the long-term response 

to osmotic stress, without attempting to integrate different strategies which may be 

employed by a single tissue for these temporally different stresses. The present study 
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compared short- and long-term volume regulatory responses to salinity stress within a 

single tissue. 

Mytilus gill responds to long-term reductions in external salinity by decreasing the 

intracellular concentration of organic solutes (primarily taurine and betaine) with no 

significant change in the concentration of intracellular K+ (Table 1 and data presented in 

the text). A reduction in organic solute content is a common strategy utilized by a 

number of marine invertebrate tissues to cope with long-term reductions in ambient 

salinity. Tissue levels of betaine, taurine and other amino acids in the adductor muscle 

from intact Mytilus edulis were shown to decrease following long-term acclimation to 

reduced salinity (Bricteux-Gregoire et al., 1964; Hoyaux et aI., 1976). Lange (1963) also 

reported overall decreases in taurine and amino acid concentrations in a variety of tissues 

of M. edulis following long-term acclimation to reduced salinity. Other molluscan 

species show similar responses to long-term exposure to reduced salinity. In the 

euryhaline mollusc, Elysia clzlorotica, tissue levels of proline betaine were found to 

decrease following 14 days of acclimation to reduced salinity (Pierce et aI., 1984). 

Henry and Mangum (1980) reported a loss of amino acids from adductor muscle in the 

euryhaline clam R. cuneata following a reduction in external salinity from 20 0/00 to 2 

0/00 ( .... 625 mOsM to -50 mOsM). Although these latter results represent an extreme 

hypotonic stress which intertidal animals such as Mytilus are probably not exposed to on 

a routine basis, they nevertheless demonstrate the consistent approach of molluscs to 

long-term exposure to reduced salinity. 

Following long-term acclimation to reduced salinity, animals returned to 100% 

ASW for 7 days did not show a significant increase in the pools of either taurine or 

betaine. This suggests that the rates of biosynthesis of taurine and betaine in gill tissue 

are very low, consistent with observations reported for other invertebrate tissues (Bishop 
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et at., 1983). An alternative mechanism for the acquisition of these compounds is uptake 

via integumental transport. Both taurine and betaine can be accumulated directly from 

sea water (Wright 1987; Wright et at., 1992). However, our artificial sea water aquaria 

did not contain taurine or betaine, so acquisition of these solutes via integumental 

pathways was prevented in our experiments. 

The strategy utilized by the gill for coping with short-term salinity stress is 

fundamentally different from the long-term response to anisosmotic media. Whereas 

long-term acclimation to reduced salinity resulted in decreases to the intracellular pools 

of organic osmolytes, there was no significant loss of organic osmolytes from the gill 

during the short-term VRD (Table 1 and data presented in the text). Loss of organic 

osmolytes is a mechanism employed by some invertebrate tissues to cope with brief 

exposures to reduced salinity. Pierce and Greenberg (1972 and 1973) reported that 

isolated ventricle tissue from Modiolus demissus lost amino acids to the extracellular 

space in response to a 60-minute exposure to hypotonic stress. In another short-term 

study with intact Modiolus demissus, Strange and Crowe (1979) reported a decrease in 

amino acid content of ventricular tissue after an acute exposure to reduced salinity. 

During exposure to reduced salinity, the concentration of amino acids in the hemolymph 

increased and then subsequently decreased following a return to normal strength seawater 

which saw tissue concentrations of amino acids increase. 

It is important to emphasize, however, that these short-term studies with 

invertebrates examined the response of internal tissues to osmotic stress. For the 

ventricle, the external medium is hemolymph. Changes in the ionic and osmotic 

concentration of the hemolymph as a result of a change in external salinity typically lag 

behind the concentration changes in the ambient seawater (Shumway 1977), so the cells 

of these internal tissues are not exposed to the full extent of the hypotonic shock faced by 
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an external tissue like the gill. In addition, a reduction in the intracellular pool of organic 

osmolytes in the ventricle in response to hypotonic media most likely represents a loss of 

solutes to the hemolymph. This means that organic compounds are probably not lost 

from the animal. In contrast, efflux of organic solutes from the cells of an external tissue 

may represent a loss of valuable organic material from the animal. 

The fact that Mytilus gill does not lose organic solutes during short-term volume 

regulation is consistent with what is known about the physiology and physical 

characteristics of the apical membrane of the gill. Passive permeability of the gill to 

amino acids is extremely low ( ... 1 X 10-9 cm·sec-1) and does not seem to increase 

dramatically during exposure to reduced salinity (Wright and Secomb 1986; Wright et aI., 

1987). Carrier-mediated pathways would not seem to be viable avenues for efflux either, 

because intracellular Na+ concentrations are too low to activate efflux, even in the face of 

the reduced Na+ gradient resulting from exposure to reduced salinity. Finally, the failure 

to make use of organic solutes during short-term volume regulation can be seen to be 

adaptive; the gill cells need not lose metabolically expensive organic solutes during a 

transient exposure to reduced salinity. 

Although the gill does not appear to lose organic osmolytes as a means to cope 

with short-term reductions in external salinity, there are large amounts of inorganic 

solutes (e.g. K+ ) in the cells of this tissue that may be utilized for cell volume regulation. 

Loss of inorganic ions, particularly K+ (and Cn is a common osmoregulatory strategy 

used by vertebrate cells for coping with hypotonic stress. Efflux of K+ salts can be 

accomplished by activation of KCI transport, parallel activation of KIH exchange and 

CI/HC03 exchange (which results in a net loss of K+ and CI- as H+ and HC03- cycle 

across the membrane), or the parallel activation of K+ channels and CI- channels (Lang et 

al., 1990). These pathways may be activated alone, or in the case of Ehrlich ascites cells, 
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several pathways may be invoked (Hoffmann and Simonsen 1989). Some invertebrate 

tissues have also been shown to lose inorganic ions in response to reduced salinity. Costa 

and Pierce (1983) found that red coelomocytes from the polychaete Glycera dibranchiata 

lose K+ in the first part of a 2wstage response to hypotonic stress. Similarly, Warren and 

Pierce (1982) showed that inorganic salts (NaCl) are lost from heart tissue from the 

horseshoe crab Limulus polyphemus in the initial phase of recovery from hypotonic 

shock. 

The Na+, K+, and Clw content of gill tissue was comparable to the amounts 

measured in other Mytilus tissues, e.g. adductor muscle (Potts 1958). However, the 

calculations of the intracellular concentrations of Na+ and CI- in the gill showed 

considerable variability. This is because the measured extracellular and vascular space, 

which contains large quantities of Na+ and CI-, were rather variable. Therefore, 

obtaining the intracellular concentration of these ions by subtraction of the nonwcell Na+ 

and CI- from the total tissue content introduced considerable error into these 

measurements. In light of what is known about the energetics of Na+ -amino acid 

cotransport in the gill, there is reason to suspect that the concentration (i.e. activity) of 

Na+ in gill cell cytoplasm is .... 10-20 mM (Wright and Pajor, 1989). This is consistent, in 

fact, with the only measurement of Na+ activity in a molluscan epithelium (17 mM in 

Ap/ysia gut; Gerencser 1988). 

Because the K+ concentration of the ambient sea water and hemolymph is much 

lower than the concentrations of Na+ and Clw in these compartments, i.e. 9 mM, much 

less error was introduced into the calculations of intracellular K+ concentration as 

reflected in the consistency of the K+ values presented in Table 2, e.g. 48 ± 1.7 J.1moles . 

g-l for control gill tissue. Assuming that the concentration of intracellular Na+ in the gill 

is 10-20 mM, we could determine the influence of inorganic ions on the short-term VRD 
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by measuring the changes in the concentration of intracellular K+, which represents a 

substantial amount of the total inorganic solutes in Mytilus gill. Following short-term 

acclimation to reduced salinity, however, we did not observe a significant loss of K+ 

from the gill, despite this being a predominant inorganic cation in gill tissue (see data 

presented in text). 

The failure to measure a loss of either inorganic or organic solutes from the gill 

following short-term acclimation to reduced salinity was surprising because recovery of 

cell volume following exposure to hypotonic media, suggested by the observed change in 

wet tissue mass, implied the loss of intracellular solutes. Several observations suggested 

that short-term osmoregulation in Mytilus gill was an active cellular response that 

involved the efflux of intracellular solutes. First, the process was sensitive to tempemture 

(Fig. 15). Second, it was completely inhibited by 1 mM quinidine (Fig. 16). Finally, the 

decrease in cell volume below the control value of gill tissue frrst exposed to 60% ASW 

and then returned to 100% ASW (Fig. 19) supported the contention that the short-term 

VRD was, indeed, mediated by the loss of intracellular solutes. 

Nomarski optical techniques furnished direct evidence for the short-term VRD in 

lateml cells from Mytilus gill. The height of the lateral cells provided a relative measure 

of cell volume. Lateral cells (as opposed to other cells in the gill) were chosen for these 

studies because of the reproducibility of the measurements: the lateral cell layer could be 

easily and repeatedly located by focusing on the lateral cilia. 

The lateml cells of Myti/us gill responded to reduced salinity with a rapid VRD. 

Cell height increased over the first 5 minutes of exposure to the dilute medium and within 

20 minutes recovered to a new steady state volume (Fig. 22). This short-term volume 

regulatory response of the gill to changes in ambient salinity was reproducible for as 

many as 3 "tide cycles", i.e. repeated 1 hr. exposures to reduced salinity interspersed with 
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1 hr. exposures to nonnal strength sea water (Fig. 24). For an intertidal animal which can 

routinely be exposed to such abrupt changes in the osmolality of the external medium, a 

rapid volume regulatory response is both necessary and expected provided the animal 

remains open and pumping during the course of the salinity challenge. There is some 

controversy in the literature (see Davenport, 1985) concerning the extent to which 

Mytilus is exposed to changes in external salinity. Davenport has suggested that by 

closing its valves, Mytilus can effectively isolate itself from osmotic changes in the 

ambient medium. However, in separate studies (Shumway, 1977) M. edulis was shown 

to actively ventilate the mantle cavity until the external osmotic concentration drops to 

..... 45% ASW (14.4 0/00), which is well below the lowest salinity used in our experiments. 

It was interesting to note from the optical measurements that, although the cells 

did recover cell volume following exposure to hypotonic media, they did not return to 

control cell height during the VRD (Figs. 22 and 24). The data obtained with wet tissue 

mass measurements throughout the course of the salinity challenge suggested that gill 

cells return to control volume within 30-60 min of exposure to 60% ASW. Several 

factors may account for the apparent discrepancy between the two methods. First, 

although the increase in cell volume measured in these experiments was significantly 

different from control volume and the extent of the volume increase did not differ 

significantly from the predicted increase if the cells behave as osmometers, there was 

considerable variability in these measurements which influenced the precision of the cell 

volume estimates. Second, the determination of cell volume from wet mass assumed that 

all the water that was gained or lost by the tissue enters or leaves the cellular 

compartment only. This assumption was supported by our measurements of extracellular 

and vascular space which indicated that these compartments do not significantly change 

in volume during exposure of the tissue to hypotonic media. However, once gain, the 
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error in the technique does not preclude the possibility that small, yet systematic changes 

in the volume of these extracellular compartments following acute exposure to reduced 

salinity were masked by the variability of the measurements. For example, the optical 

measurements show a dramatic decrease in the interfilament space during exposure to 

dilute media. If cell volume remains elevated above control volume, the decrease in the 

interfilament space could reduce the volume of the extracellular compartment. A 

decrease in the extracellular volume would be reflected in the total loss of tissue water 

and thereby overestimate the amount of cell volume recovery made with wet mass 

measurements. Finally, the optical studies examined only the lateral cell layer. It is 

possible that the remaining cell types in the gill filaments (well over 90% of tissue mass) 

undergo a more complete volume recovery following exposure to hypotonic media than 

that exhibited by the lateral cells. 

The time required for recovery of gill cell volume following introduction into 

60% ASW was typically 15-20 minutes (Figs. 22 and 24). This response time is similar 

to the time required for a VRD in Ehrlich ascites tumor cells (Hoffmann et at., 1984), but 

varies considerably from the volume regulatory responses to hypotonic stress observed in 

other cell types. The epithelial cells of Necturus gall bladder regulate cell volume more 

rapidly than Mytilus gill, and complete a VRD within 2 min. of exposure to hypotonic 

media (Larson and Spring 1984). EIasmobranch red blood cells also complete a VRD 

within 2 minutes following a 30% reduction in the external osmolality (McConnell and 

Goldstein 1990), however, red blood cells from Noetia ponderosa take approximately 60 

min. for completion of a VRD (Pierce 1982). Isolated Limulus heart tissue takes much 

longer to volume regulate, and continues to lose cell volume after 12 hrs. of exposure to a 

540 mOsM reduction in external salinity (Pierce 1982). Studies with intact Modiolus, 
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show that these tissues require 24-48 hrs. for maximum volume recovery following 

exposure to hypotonic media (pierce 1971). 

Several lines of evidence obtained from the optical studies suggest that the 

mechanism of the short-term VRD in Mytilus gill is mediated by the loss of intracellular 

K+ (and a counter anion) across the basolateral membrane. First, quinidine a known 

blocker of K+ channels (Hoffmann and Simonsen 1989), completely inhibited the short

term VRD (Fig. 25). Second, addition of valinomycin to the perfusate reversed the 

inhibitory influence of quinidine, probably because it provided a non-quinidine 

inhibitable efflux pathway for intracellular K+ (Fig. 26). Third, the addition of 

valinomycin (which adds a conductive K+ pathway) to control tissue at the peak of cell 

swelling, i.e. 5 minutes, did not accelerate the rate of volume recovery, implying that K+

-and not another solute--is the primary mediator of the short-term VRD (Fig. 27). 

If loss of K+ is, indeed, responsible for the short-term VRD, why wasn't a 

significant decrease in gill intracellular K+ concentration observed following 60 minutes 

of acclimation to reduced salinity? One possible explanation is the trapping of K+ by the 

considerable extracellular matrix material that lies adjacent to the basolateral membrane 

(see Fig. 20). The optical studies which examined the effects of quinidine and 

valinomycin on gill VRD collectively suggest that loss of intracellular K+ occurs during 

short-term acclimation to decreased external salinity and that the efflux of this cation is 

across the basolateral membrane. We also observed a polarity of the quinidine effect: 

basolateral exposure completely inhibited the VRD whereas apical exposure had no effect 

(Fig. 25). One assumption of the measurements of gill solutes following short-term 

acclimation to reduced salinity was that the perfusion of the vascular space with sea water 

removed any solutes lost from the intracellular compartment into the hemolymph during 

the VRD. However, if the VRD was accomplished by decreasing the concentration of 
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intracellular K+ via efflux across the basolateral membrane, K+ may not have moved 

freely from the cellular compartment into the blood space. An extracellular matrix can 

represent a significant unstirred layer and may, possibly, bind positively charged species. 

For example, electron probe analysis of extracellular matrix from chick epiphyseal 

growth cartilage shows exceptionally high levels of monovalent cations (Na+ and K+) 

which are believed to be bound to fixed anions (Hargest et aI., 1985). In Mytilus gill, a 

considerable quantity of hemolymph Na+ could be bound to the extracellular matrix and 

subsequently be displaced by intracellular K+ during the VRD. Thus, K+ could be lost 

from the cellular compartment in significant quantities, but remain trapped in the tissue 

by the extensive extracellular matrix. If taurine and betaine were lost together with K+ 

across the basolateral membrane during the short-term VRD, it is less likely that the 

organic solutes would be trapped in the matrix by binding to fixed anionic sites. This is 

because both taurine and betaine are zwitterions at physiological pH and do not posess a 

net positive charge. Although the data do not rule some loss of taurine and betaine during 

the brief period of acclimation of gill tissue to reduced salinity, the studies presented here 

suggest that loss of K+ and a counter ion across the basolateral membrane primarily . 

mediate the short-term VRD in Mytilus gill. 

In the previous chapter we suggested a possible causative link between the 

recovery of cell volume and the recovery of integumental transport following acute 

exposure to reduced external salinity. This was based on the observation that gill cell 

volume recovered from hypotonic stress within 60 min. of acclimation to the dilute media 

and that the rates of gill taurine uptake recovered within the same time period. These 

results suggested that integumental transport may be dependent on cell volume status. In 

fact, gill taurine uptake recovers to the predicted Na+-limit level within 10 minutes of 

acclimation to reduced salinity (Fig. 28). Our optical measurements of lateral cell height, 
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however, suggest a longer time period, i.e. 20 minutes, is required for maximum recovery 

of cell volume. Thus, it does not appear that a temporal correlation exists between 

recovery of integumental transport and recovery of cell volume. However, these data do 

not rule out the possibility that an intracellular signal, e.g. a change in cytoplasmic Ca+2 

concentration, may initiate both the recovery of cell volume and the recovery of 

integumental transport. 

In summary, the long-tenn volume regulatory response of Mytilus gill to reduced 

ambient salinity involves changes to the intracellular pool of organic osmolytes, primarily 

a loss of taurine and betaine. No significant changes occur in tissue K+ content following 

long-tenn acclimation to reduced salinity. However, Mytilus gill is also capable of rapid, 

repeated short-tenn volume regulation that presumably comes into play during routine, 

tidally-driven changes in ambient salinity. This short-tenn response does not involve 

changes in the concentration of organic osmolytes. Instead, the short-tenn VRD probably 

involves the loss of inorganic solutes from the gill. The inhibition (and subsequent 

reversal with valinomycin) of the short-tenn VRD produced by basolateral exposure to 

quinidine suggests that the response is mediated by the efflux of intracellular K+ and a 

counter anion across the basolateral membrane. 

SUMMARY 

Taurine and betaine were identified as the principle organic osmolytes and K+ as 

a primary component of the inorganic solute pool in the gill. Gill tissue from animals 

acclimated over 3 weeks to 60% artificial sea water (600 mOsM; ASW) showed a 

significant decrease in taurine (53.5 ± 2.5 to 36.9 ± 0.28) and betaine (44.8 ± 2.8 to 26.2 

± 3.42), all values expressed as J.Ul101es gel, as compared to control animals held in 100% 

(1000 mOSM) ASW. No significant changes were observed in tissue K+ content 
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following long-tenn acclimation to reduced salinity. Gill tissue acclimated for 60 

minutes to reduced salinity showed only a slight, albeit statistically insignificant, decrease 

in tissue K+ (48 ± 1.7 to 41 ± 2.5 J.1moles g-l) with no significant reductions in the 

remaining inorganic and organic osmolytes. However, several lines of evidence 

supported a rapid Volume Regulatory Decrease (VRD) in Mytilus gill. Gill tissue 

exposed to 60% ASW initially gained wet mass but recovered towards control mass 

within 30-60 minutes of acclimation. Direct optical measurements with Nomarski 

microscopy showed a rapid increase in lateral cell height followed by a recovery towards 

control height within 20 minutes of exposure to the dilute medium (tl/2 approximately 10 

minutes). The short-term VRD also showed sensitivity to temperature and was 

completely inhibited by 1 mM quinidine. Optical characterization of the mechanism of 

the short-term volume regulatory response suggests that quinidine inhibits the VRD in 

gill tissue by blocking efflux of K+ across the basolateral membrane. These results 

suggest that long-tenn tissue volume regulation in Mytilus gill mainly involves 

adjustments to the intracellular pools of organic osmolytes, whereas short-term tissue 

volume recovery is primarily mediated by the loss of intracellular K+ and a counter ion. 
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2.3 CONCLUSIONS 

This dissertation examined the effect of salinity on integumental transport 

processes in the integumental epithelium of the intertidal animals, M. edulis and M. 

californianus. In particular, the studies characterized the effect of two parameters of 

salinity--Na+ and osmotic concentration--on organic solute transport and cell volume 

regulation in the gill of these animals. 

Integumental transport of organic solutes adapts to reduced external salinity in a 

2-stage response. Acute exposure of Mytilus gill tissue to reduced salinity results in an 

initial, steep inhibition of transport that is far greater than the level of inhibition predicted 

from the requirement of the transporter for external Na+. However, when allowed to 

"acclimate" to the dilute medium for only 10 minutes, rates of uptake return to the level 

predicted by the external Na+ concentration. Prolonged exposure, for days to weeks, to 

dilute sea water does not result in an upregulation of this transport. Integumental uptake 

processes (for taurine, betaine, and glucose) all appear to be regulated by the availability 

of Na+. This reliance on Na+ as the major regulatory effector may have significant 

impact on the long-term strategy of osmoregulation as discussed below. 

The exposure to reduced salinity also resulted in a change of cell volume. Of 

particular significance was the observation that the gill cells invoke a fundamentally 

different set of adaptive strategies for coping with short- vs. long-term changes in reduced 

salinity. The gill preferentially loses organic osmolytes but spares inorganic ion 

concentrations following long-term (3-week) acclimation to reduced salinity. Moreover, 

the organic solutes lost from gill tissue are primarily taurine and betaine, with 

unremarkable changes in the remaining pool of nitrogenous compounds. 

Brief exposures to reduced external salinity result in a rapid increase in cell 

volume followed by a VRD which serves to restore cell volume toward the control value. 

This short-term VRD in Mytilus gill does not involve the loss of organic solutes that 
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occurs with long-term acclimation to salinity stress, but is, instead, mediated by the efflux 

of K+ (and a counter anion) across the basolateral membrane. 

The adaptive advantage of manipulating inorganic ion concentration for short

term volume regulation is the conservation of metabolically expensive organic osmolytes 

which could otherwise be lost from the integument with each successive tide cycle. A 

loss and subsequent gain of inorganic solutes with each tidal exposure to salinity stress 

may influence cellular enzymatic activity. However, any detrimental effect on cell 

function as a result of adjusting inorganic ion concentration may be minor compared to 

the energetic cost of reacquiring organic solutes, or the consequence of the cells 

remaining swollen. 

This dissertation has raised several important questions worthy of future study, a 

number of which are outlined below: 

1. The short-term strategy of Mytilus gill for restoring cell volume following 

hypotonic stress apparently involves the efflux of intracellular K+ (and a counter anion) 

across the basolateral membrane. Loss of K+ may be mediated by the activation of one 

or more types of transport pathways, e.g. K+ channels inhibited with barium or quinidine 

and/or KCI cotransport which is blocked with furosemide. Additional volume regulatory 

studies with other types of inhibitors would contribute to the current understanding of the 

mechanism of the short-term VRD in gill tissue. 

2. The fai~ure to measure a loss of solutes from the gill following short-term 

acclimation to reduced salinity led to the postulated role of the extracellular matrix for 

trapping intracellular K+ that would otherwise be lost to the hemolymph. The application 

of electron probe analysis of frozen sections of gill tissue could test this hypothesis 

directly. 
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3. The optical studies provided direct evidence for short-tenn cell volume 

regulation in gill tissue. However, only the lateral cells were examined. Improvements 

to the optical system, e.g. in its resolution, would permit the examination of other cells in 

gill filaments and would give insight into the volume regulatory response of the 

remaining cell types in this tissue. 

4. The capability of the gill to volume regulate in response to cyclic changes in 

salinity suggests that the tissue is capable of both a rapid VRD followed with a rapid 

Volume Regulatory Increase (VRI). In this case, however, the "VRI" response needs 

further study. The observed VRI response was in cells that were not long-tenn 

acclimatr.d to reduced salinity. It would be of interest to acclimate animals for several 

days to several weeks (i.e. after cell organic osmolyte concentrations have changed), and 

then examine the short-term response of gill tissue returned to normal strength sea water. 

5. Finally, the long-term strategy for maintenance of cell volume in Mytilus gill 

involves the preferential loss of intracellular taurine and betaine. The mechanism of this 

response is not known. One possibility is that the mechanism of long-term 

osmoregulation in this tissue is simply the result of tue establishment of a new steady

state condition for integumental transport. The inwardly directed Na+ gradient (sea water 

to cell) together with the coupling of multiple Na+ ions to the movement of 1 organic 

molecule provide for the uptake of solutes against chemical gradients of 107 to 1. As 

discussed previously, one role of integumental transport is the maintenance of the large 

intracellular concentrations of organic osmolytes used for osmoregulation. In full

strength sea water the Na+ gradient is approximately 30 to 1; however, as salinity 

decreases the concentration of external Na+ falls, thereby reducing both the Na+ gradient 

and the concentrating ability of the transport process. For exampie, a reduction in salinity 

from 100% to 60% normal strength reduces the medium concentration of Na+ from 425 
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mM to 255 mM. Assuming intracellular Na+ remains unchanged, a 40% decrease in 

external salinity results in a reduction in the Na+ gradient from -30 : 1 to -18 : 1. The 

effect on the thennodynamics of transport is profound. Whereas a 30 : 1 inwardly 

directed Na+ gradient provides for transport against solute gradients of-3 X 107 to 1, an 

18 : 1 Na+ gradient enables transport against a maximum solute gradient of -6 X 1()6 to 

1, a decrease of approximately 80%2. Thus, the loss of approximately 50% of cell 

taurine and betaine following long-tenn acclimation to 60% ASW may simply be the 

result of a new thennodynamic situation for the transport process, i.e. with a reduction in 

the Na+ gradient, integumental transport cannot maintain the high solute concentration of 

control animals, resulting in a "loss" of organic osmolytes during long-tenn acclimation 

to reduced salinity. Of course, this simple model does not preclude the existence of a 

more complex regulatory mechanism, nevertheless, it does warrant further examination. 

It also provides an explanation for the reliance of the system on Na+ concentration as the 

(apparent) sole means of regulation. By this reliance on Na+ and the Na+ gradient, 

integumental transport becomes a sensitive means to regulate intracellular organic 

osmolyte concentration. 

2 Transport energetics involving a neutral substrate and an activator ion can be expressed 
by the following equation derived from thennodynamic principles (s'fn Aronson 1981): 

(Sj)/(So) < [(Na+)oI(Na+)i exp F(<po - <pv/RT ]nN~~S 
where (S)i and (S)o are the substrate activities and (Na+)i and (Na )0 are the activator 
activities, inside and outside the cell respectively; F is the Faraday constant, R is the gas 
constant, T is the absolute temperature, (<Po - <Pi) is the membrane potential difference, 
and nNa/ns is the ratio of Na+ ions to substrate molecules per translocation event, which 
is commonly referred to as the the coupling coefficient. Assuming a membrane potential 
of -60 m V, a coupling coefficient of 3, and a Na+ gradient of 30 : 1 (outside to inside the 
cell), the maximum gradient that solutes can be transported against is 3 X 107 to 1 .. 
Decreasing the Na+ gradient to 18 : 1 by decreasing the external Na+ concentration only, 
i.e. no change in intracellular Na+ concentration, and assuming membrane potential 
remains unchanged, decreases the maximum solute gradient which transport can operate 
against to 6 X 106 to 1. 
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APPENPIXA 

DEVELOPMENT OF TIm BRANCHIAL HEMOLYMPH PERFUSION TECHNIQUE 

Preparation of cannulae 

Cannulae were prepared by heating and pulling a 10-12 inch piece of PE-50 

intramedic tubing to the appropriate external diameter (100-150 J.1m). The small end of 

the cannula was trimmed to a 450 angle with a mzor blade and the larger end connected 

to a 23-gauge needle. 

Preparation 0/ gill demibranchs 

Gill demibranchs were carefully isolated from M. calijornianus and placed in 

petri dishes containing 100% ASW at R.T. (23 0 C). The petri dish was then anchored to 

an Olympus stereo microscope with wax. To prevent closure (contraction) of the efferent 

branchial vessel 0.05% tricaine in ASW (pH 8 with Tris buffer) was topically applied to 

one end of the vessel. In separate experiments, the effect of tricaine on gill cell function 

was determined using integumental transport as a functional assay. A 15 minute 

exposure of gill tissue to 0.05% tricaine in ASW resulted in a >60% inhibition of alanine 

uptake, but the inhibltion was completely reversed by rinsing gill tissue for 5 minutes in 

ASW containing 10 J.1M 5-HT (Fig. 29). 

Perfusion o/the hemolymph space 

One end of the branchial vessel was carefully teased to distend the opening to 

twice its normal diameter. A cannula filled with the appropriate perfusate was inserted 

approximately 0.5 cm into the teased end of the efferent branchial vessel (previously 

treated with tricaine) and then secured in the vessel with 70 suture. A small amount 

(typically 0.1 mls) of perfusate was delivered to the branchial vessel to remove any air 

bubbles trapped in the cannula or the vessel. The opposite end of the efferent branchial 

vessel was then tied off with 70 suture to ensure equal distribution of perfusate through 

the high resistance filament vasculature. 
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The cannula was then connected to a hand syringe pump and perfusion of the 

demibranch carried out by a "bolus" technique, i.e. perfusate was delivered in sufficient 

volume to distend the branchial vessel 2-3X its original diameter of 100 J1m. This was 

repeated several times and each time the vessel was allowed to return to near normal 

diameter before the next bolus of perfusate was delivered. This approach resulted in a 

more equal distribution of perfusate than a "steady-flow" delivery. Typically, 1.25-1.5 

mls of perfusate was delivered to the branchial vessel resulting in a 4-5 fold turnover of 

the fluid in the hemolymph compartment. 

Vascular space measurements were made using 14C PEG and/or 3H mannitol in 

ASW as the perfusate. Following perfusion, demibranchs were rinsed 3X in ASW 

containing 10 mM 5-IIT to remove tricaine and radiolabeled marker from the external 

compartment of the tissue and then sectioned into small pieces. Individual pieces of 

tissue were blotted on tissue paper, weighed and extracted in 80% ethanol for several 

hours. Tissue sections were analyzed for radioactivity content and hemolymph space 

expressed as the volume of radiolabeled market1wet mass tissue. 

Figure 30 shows the distribution of radio labeled space markers in demibranchs 

from 3 different animals. Radioactivity content of 3H mannitol in ASW and 14C PEG in 

ASW was assayed in 9 different sections of gill tissue. The consistency of the content of 

radiolabeled space markers throughout the tissue demonstrates that the "bolus" perfusion 

method results in a near equal distribution of perfusate throughout the demibranch 

vascular space. Also, the distribution pattern of the two space markers was essentially the 

same which suggests that either compound can be used for these measurements. 

Calculation of the vascular volume in tissue from 3 different animals showed the 

hemolymph space of M. californianus gill to be 0.32 ± 0.046 ml g-l wet tissue mass. 
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Effect of perfusion on gill junction 

We used integumental transport to assess the effect of perfusion of the vascular 

space on gill cell function. Demibranchs were perfused with ASW as described above 

and then incubated in ASW containing 10 f.LM 5-HT, 1 J.LCi of 14C alanine, and sufficient 

unlabeled alanine to produce a final alanine concentration of 0.5 J.LM. Figure 31 shows 

that alanine uptake by perfused gills does not differ significantly from uptake measured in 

control gills held in ASW, suggesting that perfusion of the vascular space does not 

compromise the functional integrity of the gill. 
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Figure 29. Effect oftricaine on gill alanine uptake. Gills were incubated in nonnal 
strength sea water containing 10 J.1M 5-HT, 1 J.LCi [14C] alanine, and sufficient unlabeled 
alanine to produce a final alanine concentration of 0.5 J.1M. Gill tissue exposed to tricaine 
was first incubated in 0.05% tricaine in ASW for 15 minutes (acute exposure). Some 
tricaine-exposed demibranchs were then rinsed in ASW containing 10 J.1M 5-HT for 5 
minutes prior to uptake measurements. Uptakes are means ± S.E. from a total of three 
experiments, each using tissue from a different animal. Asterisk represents uptake 
significantly different from control uptake at the p<o.05 level. 
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Figure 30. Distribution of radiolabeled space markers in single demibranchs from M. 
californianus. Tissue was treated with 0.05% tricaine in ASW and then perfused with 1.5 
mls of ASW containing 31-1 mannitol and 14C PEG. Tissue was then rinsed for 5 min. in 
ASW containing 10 J.1M 5-HT, sectioned, weighed and extracted in 80% ethanol before 
assayed for radioactivity content. Values are means ± S.E. from a total of three 
experiments, each using tissue from a different animal. 
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Figure 31. Effect of perfusion of the hemolymph space on gill alanine uptake, Gills 
were incubated in nonnal strength sea water containing 10 J.1M 5-HT, 1 J.1Ci [14C] 
alanine, and sufficient unlabeled alanine to produce a fmal alanine concentration ofO.S 
J.1M. Perfused gills were rinsed in ASW containing 10 J.1M 5-HT for 5 minutes to remove 
tricaine prior to uptake measurements. Uptakes are means ± S.E. from a total of three 
experiments, each using tissue from a different animal. 
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APPENDIXB 

INTEGUMENTAL TAURINE TRANSPORT IN MYTILUS GILL: 
SHORT-TERM ADAPTATION TO REDUCED SALINITY 

Integumental taurine transport in Mytilus gill: short-tenn adaptation to reduced salinity. 
Reprint of the publication as it appears in the Journal of Experimental Biology, 162, 
265-279,1992, A.L. Silva & S.H. Wright, authors. Reproduced by pennission of the 
Company of Biologists LTD. 
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Summary 
Taurine, a principal osmolyte in molluscan integument, is actively transported 

from sea water by Mylilus gill by means of a Na + -dependent process. In this study 
we examined the response of this transport to reductions in external salinity, i.e. 
the response to reductions in osmotic concentration as well as Na+ concentration. 
Acute exposure of isolated gill tissue to 60 % artificial sea water (ASW) resulted in 
a greater than 85 % inhibition of taurine uptake, substantially more than the 45 % 
inhibition predicted on the basis of the acute reduction in external [Na+]. Within 
6Omin, however, taurine transport recovered to the level predicted by the Na+ 
concentration in dilute sea water. Isolated gills acutely exposed to 60 % ASW 
made isosmotic to normal (100 %) ASW with mannitol had rates of taurine uptake 
comparable to gills acclimated for 6Omin. Taurine uptake by gill tissue exposed to 
60 % ASW for 60 min and then returned to 100 % ASW for 90 min was not 
significantly different from that of control gills held in 100 % ASW. Glucose 
uptake by the gill during acute exposure to reduced salinity responded in a pattern 
similar to that of taurine. Gill tissue increased by 20 % in wet mass within 2 min of 
exposure to 60% ASW, but returned to control mass within 30-60 min, presum
ably reflecting cell volume regulation. Long-term (12 days) exposure to reduced 
salinities was not accompanied by increases in taurine transport over that of gills 
observed following the 60 min 'short-term' acclimation. These results suggest that 
MYlilus gill undergoes a rapid (albeit incomplete) recovery from the extreme 
inhibition of transport associated with abrupt changes in salinity, and the extent of 
recovery is defined by the availability of Na + in the external medium. The extreme 
sensitivity of taurine uptake observed after acute exposure of gills to reduced 
salinity is related to the osmotic concentration of the medium, and is possibly 
linked to a change in cell volume. 

Introduction 

Intertidal animals may be exposed to abrupt, but transient, changes in external 
salinity (Stickle and Ahokas, 1974). For osmoconforming animals, including 
marine mussels of the genus Mytilus, this can result in large changes in the osmotic 
concentration of hemolymph (Shumway, 1977), necessitating compensatory vol-

Key words: salinity, transport, integument, Mytilus edulis. Mytilus california"us. gill. epithelia. 
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ume regulatory responses in the cells of these animals. One of the primary 
strategies of osmoconforming animals for coping with changes in ambient osmotic 
concentration is the manipulation of intracellular levels of organic osmolytes, 
including free amino acids, thereby sparing intracellular inorganic ion concen
trations (Gilles, 1987; Yancey et al. 1982). Changes in cell amino acid content can 
involve changes in the permeability of the plasma membrane to amino acids, as 
noted in studies of the response of isolated ventricular tissue to acute exposure to 
reduced salinity (Pierce and Greenberg, 1972; Strange and Crowe, 1979). 

The first tissues exposed to changes in ambient salinity are those of the general 
integument. Indeed, for a filter feeder, sllch as Mytilus, the epithelial surfaces of 
the gill are immediately exposed to the full shock of exposure to dilute media, 
down to ambient salinities of 15 %0 or less «50 % full strength sea water; se~ 
Shumway, 1977). Although a few studies have examined the effect of acclim~tion 
to reduced salinity on rates of integumental amino acid transport in bivalves 
(Anderson, 1975; Rice and Stephens, 1988), nothing appears to be known about 
the immediate response of these processes to acute or transient changes in external 
salinity. Such changes should have a profound effect on transport, owing to the 
requisite cotransport of amino acids with Na+ in integumental tissues (Wright, 
1987; Wright and Pajor, 1989). However, exposure of the gill to dilute sea water 
involves not only a reduction in Na+ concentration, but also a reduction in osmotic 
pressure of the external solution. To our knowledge, nothing is known about the 
combined influence of these two variables on integumental transport. Therefore, 
the current study was undertaken to examine the effect of abrupt changes in 
external salinity on integumental transport of taurine in Mytilus gill. 

We found that, immediately following exposure of gills to reduced salinity, 
uptake of taurine, the major constituent of the intracellular free amino acid pool, 
was reduced to a greater extent than could be explained by a requirement of the 
transporter for Na+. However, within 60min, transport recovered to the pre
dicted, Na + -limited level. Transport rates returned to control levels within 90 min 
of being reintroduced to normal salinity (32 %0). Acclimating animals to reduced 
salinities for several days did not result in rates of transport any greater than those 
noted in gills exposed for 1 h to the reduced salinity. Gills exposed to hypo-osmotic 
media initially gained weight, but tissue mass returned to the control value within 
60 min, suggesting that recovery of transport may have been associated with 
recovery of normal cell volume. 

Materials and methods 

Animals 

Specimens of Mytilus californianus (Conrad) and Mytilus edulis (L.) were 
purchased from Bodega Marine Labs, Bodega Bay, CA, and were held in a 
commercial artificial sea water (Tropic Marin, salinity 32 0/00) in recirculating 
aquaria at 13°C. The animals were not fed and were normally used within 8 weeks 
of collection. 

133 



Salinity and integumental taurine transport 267 

Transport experiments 
Gills of M. californiall11S were dissected and individual demibranchs secured at 

one end with nylon fishing line as previously described (Wright and Secomb, 
1986). Prior to a transport measurement, tissue was maintained for 60 min at room 
temperature (23°C) in artificial sea water (ASW; Cavanaugh, 1956), which. at 
normal strength (i.e. 100 % ASW; salinity of 32 %0), included 425 mmoll-1 Na+ 
and had an osmolality of approximately 980 mosmol kg- 1 (range 950-1010 
mosmolkg-1, determined using a Wescor vapor pressure osmometer, model 
5500XR). Immediately prior to the experiments, individual demibranchs were 
pre-equilibrated for 1 min in a slowly stirred solution of ASW of the proper 
composition containing 1Ollmoll-1 5-hydroxytryptamine (5-HT), to activate 
lateral cilia (Wright, 1979). Tissue was then suspended for 2 min in 200 ml of a 
slowly stirred solution of ASW of the appropriate composition containing 
IOllmoll-1 5-HT, IIlCi of [14C]taurine and sufficient unlabeled substrate to 
produce a final taurine concentration of 0.5Ilmoll-1. 

The structure of M. edulis gills precluded their being suspended by a thread. so a 
different procedure was used for these experiments. Gills were removed and 
maintained as with M. caiifornianllS, and then cut into several small pieces, 
approximately 25 mg (wet mass) each. The pieces of tissue were placed into flasks 
containing the appropriate composition of ASW and 10 Ilmoll-1 5-HT and pre
equilibrated for 1 min on a shaker at 90 revs min -1. Tissue sections were then 
transferred with a spatula to flasks containing 100ml of ASW. lOllmoll-1 5-HT, 
0.51lCi of [14C]taurine, and sufficient unlabeled taurine to produce a final taurine 
concentration of 0.5Ilmoll-l. 

Following the test incubation. demibranchs were rinsed for 5 min in 200 ml of 
ice-cold ASW containing 10 Ilmoll-l 5-HT and then blotted on tissue paper. Small 
(7 mm diameter) disks were then cut from intact M. califomiamls demibranchs. 
Tissue disks and sections were weighed to the nearest 0.1 mg. and extracted for 
several hours in 80 % ethanol before being assayed for radioactivity. Uptake rates 
are expressed as pmol taurinemg-1 wetmass2min-1. 

Long-term acclimation to reduced external salinity 
Four M. californiallus were acclimated in 10 % steps to 50 % (16 %0; 490 

mosmol kg-I) ASW. Animals spent 2 days in each 10 % step reduction, followed 
by 4 days at 50 % ASW prior to transport experiments. 

Data analysis 
Kinetic constants were calculated from uptake data according to the Hill 

equation (Segel, 1976) using a non-linear regression algorithm (Enzfitter, Biosoft). 
Statistical analysis of data was made using an analysis of variance (ANOVA) and 
comparisons made with Sheffe's F-test (Statview II by Abacus). The significance 
of observed changes in wet tissue mass was gauged using a repeated-measures 
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ANOVA, and comparisons were made with Fisher's PLSD test. Differences were 
considered to be significant at the P<0.05 level. 

Chemicals 
[l4C]taurine (92.1 mCi rnmol- 1

) and D-P4C]glucose (305 mCi mmol- 1
) were 

purchased from New England Nuclear. All other chemicals were obtained from 
Sigma chemical corporation. 

Results 

Taurine uptake in gills of M. californianus was dependent on external [Na+] 
when Na+ was iso-osmotically replaced with Li+ (Fig. 1), consistent with previous 
reports (Wright, 1987; Wright and Pajor, 1989). The activation of taurine uptake 
was a sigmoidal function of external [Na+] and was adequately described by the 
Hill equation (Segel, 1975): 

J = (Jmnx[Na+]n)/([KNn]n + [Na+]n) , 

in which J is the rate of uptake of 0.5 jlmoll-1 taurine at an external concentration 
of Na+ of [Na+], Jmnx is the maximal rate of taurine uptake at a saturating Na+ 
concentration, KNn is the concentration of Na+ producing half-maximal taurine 
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Fig. 1. Effect of Na+ concentration on taurine uptake in intact Mytilus californianus 
gills. Gills were illcubated for 2 min in normal strength artificial sea water (ASW, 
980mosmol kg-I) containing 11lCi of [14C)taurine, sufficient unlabeled taurine to 
produce a final taurine concentration of O.5Ilmoll-l, and increasing concentrations of 
Na+ (Na+ isosmotically replaced with Li+). Uptakes are means±s.E. from three 
experiments, each using tissue from a different animal. The line was calculated using 
the Hill equation, and variables were estimated from the meanS±S.E. from three 
separate experiments using a non-linear regression algorithm. KNa was 
370±120mmoll- I, Jmax was 19.3±7.4pmolmg-12min- l

, and the apparent Hill 
coefficient, n, was 3.2±0.58. 
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uptake, and n is the apparent Hill coefficient. For the three experiments 
summarized in Fig. 1, Jmnx was 19.3±7.4pmolmg-12min-1, KNn was 
370±120mmoll-1 and n was 3.2±O.58, in general agreement with previously 
reported (Wright, 1987) values for these variables. 

A decrease in external salinity reduces the external Na+ concentration and, as 
suggested by the results in Fig. 1, should reduce the rate of taurine uptake by the 
gill. For example, the Na+ concentration of 60% normal strength ASW 
(580mosmol kg-I; 19.2 %0) is 255 mmoll- 1

• If rates of transport are defined only 
by the Na+ concentration of the external medium, then the rate of uptake of 
taurine in 60 % ASW would be approximately 55 % of that noted in full-strength 
ASW (425 mmoll- 1 Na+). We tested this simple hypothesis by measuring taurine 
transport in gills of M. californianus and M. edulis acutely exposed to 60 % ASW 
(Fig. 2). Transport was reduced by more than 85 %, much greater than the 
inhibition predicted to occur on the basis of the reduction in external [Na+]. 
However, when gill tissue was allowed to 'acclimate' to the dilute medium for 
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Fig. 2. Effect of decreased external salinity on taurine uptake in intact Mytilus gill. 
Gills from M. callfornianus and M. edulis were incubated for 2 min in 100 % ASW 
(980mosmolkg- I), 60% ASW (590mosmolkg- l

) or 60% ASW+mannitol (980mos
mol kg-I) (A+M), containing 10 Ilmoll- I 5-HT, IIlCi of [,4C)taurine and sufficient 
unlabeled taurine to produce a final taurine concentration of O.5Ilmoll-l. Acclimation 
experiments exposed gill tissue to 60 % ASW for a minimum of 60 min prior to 
incubation in 60% ASW with [14C)taurine. Uptakes are meanS+S.E. from three 
experiments using tissue from different animals. Single asterisks indicate uptake values 
significantly different from control uptakes; double asterisks indicate significant 
differences from all other groups. Differences were considered significant at P<O.05. 
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6Omin, rates of taurine transport increased to 45 % (M. californianus) or 57 % 
(M. edulis) of control, i.e. to levels very similar to that predicted if Na+ were the 
only modulating factor involved in defining rates of uptake. In a paired series of 
measurements, we examined the effect on transport of reducing salinity (i.e. salt), 
while maintaining the osmotic concentration equal to control levels by adding 
mannitol (Fig. 2). The rate of taurine transport in gills acutely exposed to 60 % sal
inity at 100 % osmolality was the same as the rate observed in tissues given 60 min 
to recover from the combined effects of reduced salinity and osmotic dilution. 

We examined more directly the issue of whether the reduced availability of N a + 
was the limiting factor in the ability of gills to recover transport capability 
following acute exposure to dilute media. Reduction of [Na+] in the experimental 
medium was accomplished by either (i) partial replacement of Na+ in sea water 
with Li+; or (ii) simple dilution of ASW with distilled water to achieve the desired 
Na + concentration. Uptake of taurine was measured (i) during an acute exposure 
to the Li+ -ASW; or (ii) after a 60 min acclimation period in the dilute sea water. 
As shown in Fig. 3, both methods of reducing [Na+] significantly reduced uptake 
of taurine when ambient Na+ levels were reduced from 425 to 255 or 213 mmoll-1 

(60 % and 50 % ASW , respectively). However, as implied by the results of the 
experiment presented in Fig. 2, there was no difference between the two reduced 
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Fig. 3. Effect of exposure to reduced external [Nat.j on taurine uptake in intact 
Mylilus califomianlls gills by (i) replacement with Li+ and (ii) short-term acclimation 
to decreased external salinity. Transport measurements with Li+ replacement are as in 
Fig. 1. Acclimation studies exposed gill tissue to decreasing steps (20 min per 10 % 
step) of salinity prior to incubation in decreasing concentrations of ASW containing 
IOllmoll-1 S-HT, IIlCi of [l4C]taurine and sufficient unlabeled taurine to produce a 
final taurine concentration of O.S 1lIlIoi I-I. Uptakes are meanS+S.E. from seven 
experiments using tissue from different animals. Asterisks indicate uptakes signifi
cantly different from other groups at the P<0.05 level. 
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[Na+] conditions; tissues allowed to acclimate for 60 min to dilute sea water had 
rates of uptake that were the same as those that were exposed only to a reduction 
in external [Na+]. 

Rice and Stephens (1988) reported that the rate of integumental amino acid 
uptake by the bivalve Mercenaria mercenaria following long-term acclimation (5-7 
days) to 50 % ASW does not differ from the rate observed in animals held in 
normal strength sea water. They did not, however, examine the short-term effects 
of exposure to reduced salinity. Therefore, we tested whether the rates of 
integumental transport in Mytilus gill following long-term acclimation differed 
significantly from those observed following short-term acclimation. Taurine 
uptake in gills from M. califomianus acclimated over 2 weeks to 50 % ASW 
(including 4 full days in 50 % ASW) was not significantly different from the rate 
observed in tissues following a 60 min acute exposure to 50 % ASW (3.09± 1.12 vs 
3.25±1.34pmolmg-12min-1, respectively; N=4). Furthermore, the Na+ acti
vation curve for taurine uptake in tissues from animals acclimated over 2 weeks 
was virtually identical to that observed in tissues from animals held in 100 % ASW 
(refer to Fig. 1), with a Jmnx of 14.1±3.9pmolmg-12min-1, KNn of 
319±56mmoll-1 and a Hill coefficient, n, of3.1±0.22. 

In a previous study we reported that the response of Mytilus gill to an acute 
exposure to 60 % ASW includes a loss of endogenous taurine to the ambient 
medium (Wright et al. 1987). Loss of endogenous substrate can reduce the ambient 
specific activity of a radioactively labeled substrate and thereby reduce the 
accumulation of label into the tissue. Indeed, such a mechanism was found to be 
the basis for apparent inhibition of serine transport by sea urchin larvae produced 
by preloading larvae with unlabeled serine (Davis and Stephens, 1984). Under the 
conditions used in the present set of experiments, loss of taurine could have 
resulted in an increase in the ambient taurine concentration from a starting level of 
0.5Ilmoll-1 to approximately 2/lffioll-l after a 2 min incubation in 200 ml of 
medium, or a mean concentration of approximately Illmoll-l. The half-satu
ration constant (Kt ) for taurine transport by M. cafifomianus gill is 4llmoll-1 
(Wright, 1987). This combination of factors could have combined to reduce the 
apparent accumulation of taurine by approximately 10 %, a small effect compared 
to the 85 % inhibition caused by acute exposure to dilute ASW noted here. 

Despite the argument above, it was important to assess whether other 
integumental transport pathways were similarly inhibited by acute exposure to 
hypo-osmotic media. Glucose uptake by Mytilus intpgument is by a Na+
dependent cotransport process (Pajor et al. 1989) similar to, but separate from, 
those for taurine and other amino acids. Furthermore, the free concentration of 
glucose in the gill is very low, (<ailmmoll- 1; Pajor etal. 1989), so leakage of 
glucose from the gill into hypo-osmotic media should not influence the specific 
activity of an exogenous labeled compound during measurement of transport. 
Based on the Na+ activation characteristics of glucose transport in the gill (Pajor 
et al. 1989), the Na+ concentration of 60 % ASW should reduce uptake by only 
15 %. Yet, consistent with our observations with taurine, rates of glucose uptake 
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Fig. 4. Effect of decreased external salinity on glucose uptake in intact Mytilus 
californianus gills. Gills were incubated in 100% ASW (980mosmolkg-1) or 60% 
ASW (590mosmolkg-1) containing 101lmoll-1 5·HT, 11lCi of [l4C]taurine and 
sufficient unlabeled taurine to produce a final taurine concentration of O.5/lffioll-l. 
Acclimation experiments exposed gill tissue to 60 % ASW for a minimum of 60 min 
prior to incubation in 60 % ASW with [l4C]taurine. Uptakes are meanS+S.E. from 
three experiments using tissue from different animals.' Single asterisk represents 
uptake significantly lower (P<O.05) from all groups; double asterisks represent uptake 
significantly lower than control uptake. 

by the gill were decreased by more than 85 % following acute exposure to 60 % 
ASW compared to control gills held in 100 % ASW (Fig. 4). Following a short
term (60min) acclimation to 60 % ASW, glucose transport did recover signifi
cantly, to a level approximately 54 % of the control value (Fig. 4). We draw two 
conclusions from this and the observations described above. First, Na+ -dependent 
integumental transporters respond to an acute exposure to dilute media with a 
decrease in the rate of substrate influx that is larger than that predicted to arise 
simply through the associated redur;tion in external [Na+]. Second, this large 
initial inhibition is transient; after a relatively brief (60 min) acclimation period in 
dilute sea water, transport of both amino acid and glucose recovers significantly 
and, in the case of taurine, is limited apparently only by the availability of Na+ to 
the transport process. 

As discussed earlier, intertidal animals are routinely exposed to relatively 
abrupt fluctuations in salinity, with a decrease in salinity followed in several hours 
by an increase in salinity. Therefore, we felt that it would be of interest to 
determine the rate of taurine transport in gills that were allowed to acclimate 
briefly to 60 % ASW, and then were returned to 100 % ASW. Fig. 5 shows that the 
rate of gill taurine uptake returned to the control rate within 90 min of the 
reintroduction of normal strength sea water. This demonstrates that integumental 
transport can adapt relatively rapidly to a range of salinities common to the 
intertidal environment, with the extent of adaptation at any given salinity (i.e. 
>16%0) ultimately defined by the external [Na+]. 

A sudden reduction in external osmolality increases the water activity at the 
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o 
Control 60% ASW 100% ASW 

Fig. 5. Recovery of taurine uptake in Mytilus califomianlls gills following exposure to 
60 % ASW. Gills were incubated in 60 % ASW for 60 min, and then returned to 100 % 
ASW for an additional 90 min. Individual demibranchs were incubated for 2 min in 
100% ASW or 60% ASW containing 1Ollmoll-1 S·HT, IIlCi of [l4C]taurille and 
sufficient unlabeled taurine to produce a final taurine concentration of O,Sllmoll- l • 

Uptakes are meanS+S.E. from three experiments using tissue from different animals. 
The asterisk represents a rate of uptake significantly different from the control rate at 
the P<O.OS level. 
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external surface of the gill. As an osmoconformer, Mytilus is incapable of 
sustaining an osmotic gradient between cells of the gill and the surrounding 
medium, so exposure to reduced external salinity should result in an influx of 
water into the gill, and would be reflected by an increase in tissue wet mass. In 
Fig. 6, we show the time course of the change in gill wet mass, expressed as the 
percentage of the wet mass at time zero, in intact M. californiallus gills following 
exposure to 60 % ASW. Within 2 min of the exposure of the gill to the dilute 
medium there was a rapid increase (20±8 %) in wet tissue mass. In the isolated 
gills, the ends of branchial hemolymph vessels are open to the external medium, so 
it is unlikely that this accumulation of water by the gill represented a substantial 
loading of the hemolymph space of the gill. Instead, we presume that it indicated 
an increase in volume of the epithelial cells of the gill. Within 60 min gill wet mass 
returned to the control value (Fig. 6). This response suggests that the gill is 
capable of rapid cell volume regulation. It is also interesting to note that 
integumental transport recovers from the transient, steep inhibition that follows 
acute exposure to dilute sea water within the same time period (Fig. 2). 

Discussion 

The focus of the current study was to examine how two variables of salinity -
[Na+] and osmotic concentration - affect integumental transport in Mytilus gill. 
Based on our previous observations of the Na + ·dependence of taurine transport in 
the gill (Wright, 1987), our initial hypothesis was that exposure of the gill to a 
decrease in external salinity would reduce transport because of the associated 
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Fig. 6. Change in wet mass of Mytilus californianus gills following exposure to 60 % 
artificial sea water. Gills were excised and exposed to 60% (590mosmolkg-') ASW. 
Masses were recorded at selected sampling intervals from 30 s to 60 min following 
exposure. Points±s.E. are calculated from the mean percentage change in wet mass 
from time zero, using 12 demibranchs from four different animals. Asterisks represent 
significant differences from control mass at the P<0.05 level. 

reduction in [Na+]. The actual pattern of short-term response to an acute exposure 
to dilute sea water was different. The immediate effect was a dramatic, almost 
complete, inhibition of uptake (Fig. 2). However, within 60 min, taurine transport 
recovered to a level consistent with that predicted by the 'Na+ -limit' hypothesis 
(Figs 2 and 3). Fig. 7 is a compilation of all the data measuring taurine transport as 
a function of either [Na+] or salinity (following either short- or long-term 
acclimation). The rate of transport in acclimated tissues always appeared to be 
defined by the kinetics ofNa+ as an essential activator of the transport process (see 
Wright and Pajor, 1989). 

Changes in osmotic and ionic concentration have been shown to influence the 
permeability to amino acid of bivalve membranes. Pierce and Greenberg (1972, 
1973) reported that ventricles isolated from Modiolus demissus lose amino acid to 
the extracellular space in response to acute exposure to hypo-osmotic media. This 
response arises from changes in the external Ca2+ concentration associated with 
dilution of the external medium. For the ventricle, the 'external medium' is 
normally hemolymph, and changes in hemolymph osmotic and ionic composition 
lag behind those occurring in ambient sea water (Shumway, 1977). Reduction in 
external divalent cation concentration has, however, also been shown to influence 
amino acid flux in bivalve gill, a tissue whose cells are directly exposed to the 
ambient medium. For example, Swinehart et al. (1980) found that reduction in 
seawater Mg2+ concentration inhibits uptake and accelerates efflux of amino acid 
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o Animals acclimated to 50% ASW 
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Fig. 7. Summary of data on taurine uptake by intact Mytilils californianw gills as a 
function of external [Na+]. Uptakes are means from control animals in 100% ASW, 
animals short-tenn acclimated to reduced salinity and animals acclimated to 50 % 
ASW, taken from Figs 1 and 3 and values presented in the text. 
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in gills isolated from M. californian us , but the reduction in external [Mg2+] 
required to produce these effects is greater than that arising from exposure to 50 % 
or 60 % ASW, the conditions employed in the present study. The basis for the 
steep, transient inhibition of transport that immediately followed acute exposure 
to reduced salinity is less clear. The decrease in external Ca2+ concentration 
known to influence the permeability of Modiolus ventricle does 1I0t appear to be 
involved in the acute inhibition of integumental transport: uptake of taurine into 
Mytilus gill is still reduced by 85 % when 60 % ASW is augmented with Ca2+ to the 
concentration found in 100% ASW (i.e. 9.7mmoll-1

; A. L. Silva and S. H. 
Wright, unpublished observations). Changes in intracellular [Ca2+] have, how
ever, been linked to transport-mediated cell volume regulation in several systems 
(e.g. Cala, 1983; McCarty and O'Neil, 1990). Thus, Ca2+ (and Mg2+) may still 
play an important regulatory role 1n the cycle of events that follows acute exposure 
of Mytilus gill to dilute sea water. 

It is interesting to speculate on the possible adaptive role of the recovery from 
the initial, large inhibition of amino acid transport in the hypo-osmotically 
shocked gill. Acute exposure of bivalve tissues to reduced salinity is associated 
with a loss of amino acid, but the amount of endogenous substrate lost over the 
course of 30 min is small compared to the size of the total pool (4 %; Wright et al. 
1987) and, therefore, is unlikely to playa significant role in a short-term volume 
regulatory decrease (VRD). Indeed, the loss of an organic substrate, such as 
taurine, as a means of regulating cell volume during cyclic exposures of an 
intertidal animal to reduced salinities is, arguably, a metabolically expensive 
strategy. In fact, short-term cell volume regulation is typically associated ,,'ith 
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changes in inorganic ion content (Gilles, 1987). Integumental transport has been 
shown to playa role in recovering endogenous solutes, such as taurine, lost to the 
sea water through passive processes. Gomme (1981) estimates that some 40 % of 
the D-glucose lost from the integument of the marine polychaete Nereis diversico
lor could be recycled back into the surface epithelium. We estimated that up to 
50 % of the taurine lost from Mytilus gill is re-accumulated under normal 
circumstances; (Wright and Secomb, 1986), and Gomme (1982) suggested that up 
to 90 % could be recovered by the gill. Therefore, the rapid recovery of 
integumental transport following exposure of the gill to dilute sea water could play 
a role in reducing losses of endogenous organic osmolytes during a period of VRD 
that (presumably) involves the efflux of other osmotically active solutes. 

The capacity of the gill to effect a VRD was apparent from the change in wet 
tissue mass that followed exposure to a dilute medium (Fig. 6). Immediately 
following introduction of the gill into 60 % ASW, tissue mass began to increase, 
reaching a maximum of approximately 120 % of the control mass within 2 min. We 
assume that this reflected, primarily, an increase in cell water arising from the 
difference in osmotic concentration across the apical, brush-border membrane of 
the gill epithelium. After 2 min, tissue mass began to decline, representing a VRD 
(Gilles, 1987; Pierce, 1971). Indeed, within 60 min, tissue mass (cell volume) was 
back to control levels. It is tempting to suggest that the parallel between recovery 
of integumental transport and apparent recovery of cell volume is indicative of a 
causal link between the two processes. Changes in cell volume have been shown to 
cause changes in the flux of both inorganic (see Larson and Spring, 1987) and 
organic solutes (Nakanishi and Burg, 1989) associated with volume regulatory 
responses. Although it is premature to conclude that the observed correlation 
between recovery of transport and recovery of cell volume represents such a link in 
Mytilus gill, it warrants further examination. 

The ability of the gill to respond rapidly to large, acute osmotic shocks is clearly 
advantageous for an animal that can experience such changes several times a day. 
The estuarine habitat of M. edulis can undergo tidally driven changes in salinity 
that can shift the ambient osmotic concentration from 1000 to approximately 
Omosmolkg- 1 and back to l000mosmolkg-1 twice in 24h (Davenport, 1985). 
Although M. californianus is typically found in a rocky intertidal habitat not 
normally associated with such broad or routine changes in ambient salinity, it is 
capable of living in salinities as low as 20%0 for several months (Young, 1941) and 
thus represents a valid model for studying adaptive responses to salinity stress. 
There is some controversy in the literature (see Davenport, 1985) concerning the 
extent to which Mytilus is exposed to fluctuation in ambient salinity; by closing its 
valves, the animal can effectively isolate itself from changes in the external 
salinity. However, it is clear that M. edulis continues to ventilate the mantle cavity 
actively, thereby irrigating the gill and other integumental surfaces, until the 
external osmotic concentration drops to approximately 45 % ASW (14.4 %0; 
Shumway, 1977), well below the lowest salinity employed in the acute studies used 
in the present experiments. Integumental transport is extremely sensitive to acute 
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changes in external salinity. The ability of transport to recover from the inhibition 
of transport following acute osmotic shocks suggests that the gill has volume 
regulatory responses that come rapidly into play and permit the gill to regain 
function quickly after exposure to an altered salinity. 

Rates of taurine transport in gills from animals acclimated over several days to 
reduced salinity were significantly lower than those measured in animals ac
climated to 100 % ASW. We found this somewhat surprising in the light of Rice 
and Stephens' (1988) observation that alanine uptake in intact Mercenaria 
mercenaria was the same in animals acclimated for 5-7 days in media of either 34 
or 17%0. They did not, however, measure the acute response of transport to 
decreased salinity, or the effect of external Na+ concentration on transport. We 
cannot dismiss the possibility that an increase in integumental transport may 
follow a longer time course of acclimation than that used in the present study. 
Stephens (1964) reported that the intcoduction of Nereis limnicola into sea water 
(19 %0) from fresh water (0.2 %0) results in a 10-fold increase in glycine transport 
over a 9 week period, and less than 60 % of this upregulation occurs within 2 weeks 
of the exposure to elevated salinity. 

In summary, the integumental transport of taurine is sensitive to external 
salinity. The response to a decrease in salinity involves both a 'salt' (Na+) and an 
osmotic component. The initial, steep inhibition of transport upon exposure of gill 
tissue to a decrease in external salinity was related to the decreased osmotic 
concentration of the medium. Following a modest period (60 min) of acclimation 
to the dilute medium, integumental transport rapidly recovered to the rate 
predicted by the external Na+ concentration. Following this short-term acclim
ation to reduced salinity, gill tissue returned to 100 % ASW for 90 min had rates of 
uptake similar to control gills. Increasing the period of acclimation to reduced 
salinity to several days did not result in an increase in taurine transport over rates 
measured following the 60min acclimation. A rapid and, apparently, complete 
VRD was also observed following exposure of isolated gills to reduced external 
salinity. This temporal correlation between the recovery of rates of transport and 
cell volume suggests a possible causal link between integumental transport and cell 
volume status. 

This work was supported by NSF grant DCB8819367 and by NIH training grant 
HL-07249. 
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