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ABSTRACT

Gill Na-K-activated ATPase activity in the common oyster,
Crassostrea virginica and the hard clam, Mercenaria mercenaria transferred
from ambient salinity to higher and lower salinities was periodically
monitored for 72 hours. Significant increases in gill ATPase activity
were recorded for animals transferred to higher than ambient salinities.
Corresponding decreases in ATPase activities occurred when animals were
transferred to lower salinities. Oxygen depletion also caused lowered
ATPase activities in both species. Fluctuations in ATPase activities
were detectable within 6 hours after transfer during the salinity shock
experiments. Results could indicate that the gills are a major site of

ionic or osmotic regulation.



INTRODUCTION

Osmotic and ionic regulation are major factors in determining the
capacity of euryhaline species to tolerate changes in salinity (Motais
and Garcia-Romeu, 1972).

The gills of mollusks are involved in several metabolic functions
such as feeding, respiration, osmotic regulation, and ionic regulation.
Jorgensen (1966) provides a comprehensive review of the literature deal-
ing with the functions of gills in mollusks as well as other filter
feeders.

The energy for ionic regulation is supplied by a system of Na-K-
dependent ATPases (Judah and Ahmed, 1964). The existence of these ATP-
hydrolyzing compounds inranimal tissues was first ascertained by Jacobsen
(1931). Since that time, cytochemical and kinetic studies have been
performed on this class of enzymes (Lansing and Lamy, 1961; Farquhar and
Palade, 1966; Epstein, Katz, and Pickford, 1967; Organ, Bovee, and Jahn?
1968; Kamiya and Utida, 1968 and 1969; Zaugg and McLain, 1970, 1971,
1272; and Zaugg and Wagner, 1973).

Bonting and Caravaggio (1962) studied ATPase activity as a function.
of cation flux in six tissues. They concluded that ATPases served in
functions such as salt and water balance, repolarization processes, and
maintenanpe of ion gradients.

There is much controversy over the actual mechanism by which the
hydrolysis of ATP provides for ion transport across the cell membrane.

Judah and Ahmed (1964) have proposed the following mechanism:
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ATP + Nat T—————> ATP-NA

+4-
ATP-Na + protein «<———" ADP + P_protein + Nao

Rvprotein.i‘Kg P E—— P_protein-K

P_protein-K —_————— protein + K+ + inorganic P
+
ATP Ei ADP + Pi

In reaction (1), the ATP-sodium complex- is formed. In (2), ATP next
reacts with protein (protein phosphokinase), sodium is ejected and phos-
phoprotein is formed, which in (3) reacts with potassium outside the cell.
The complex turns inward and is split (4) by protein phosphatase, under
the influence of the potassium 1iberating protein, inorganic phosphate,
and potassium within. In this scheme, the authors contend that the phos-
phoprotein (P protein) is the actual carrier of Na ions. Sodium is neces-
sary for the phosphorylation of the protein while the potassium is neces-
sary for the dephosphorylation reaction.

Lowe (1968) suggests that the ATPase molecule extends across the en-
tire width of the cell membrane so that it is in contact with the media
inside and outside the cell. The substrate for the ATPase is a complex
of ATP4_, Mg2+, and three Na+. According to this model, the hydrolysis
of ATP occurs only when; the three Na+ on the substrate are replaced by two
K+ ions from outside the cell. Thus, the transport of three Na+ and two

K* ions is completed with the return of ADP and inorganic phosphate to the

internal medium.

Recently the gills of freshwater, marine, euryhaline, and anadro-
mous fishes have been implicated in having a role in osmotic and ionic
control (Epstein et al., 1967; Kamiya and Utida, 1968 and 1969; Zaugg
and McLain, 1970; Motais and Carcia-Romeu, 1972; and Zaugg and Wagner,
1973). 1In each case ATPase activities in the gills were significantly

higher in sea water adapted animals than in those adapted to freshwater.
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Kirschner (1969) found essentially equal ATPase activity in sea
water and fresh water specimens of the eel (Anguilla anguilla) and the
flounder (Platychthys flesus). Zaugg and McLain (1970) contend that
Kirschner's failure to use a detergent in the majority of his prepara-
tions may account for the ATPase activities he observed.

Similar studies on gill ATPase activities have been performed on
other fishes common to the northwestern United States. Zaugg and Mclain
(1972) found that ATPase activity rose to much higher levels just prior
to seaward migration in steelhead trout (Salmo gairdneri). They inter-
preted this increase in ATPase activities as a physiological adaptation
to prepare the animal for the salt water environment. Zaugg, Adams, and
McLain (1972) found that if migrating smolts of the steelhead trout were
held in wet water above 12°C, the gill ATPase activities would decrease
to parr levels.

Gill ATPase activities in other fish have also been investigated.
These include the eel (Maetz and Skadhauge, 1968; Kamiya and Utida,
1968; Utida, Kamiya, and Shirai, 1971; Kirschner, 1968); the killifish
(Epstein, et al., 1967); the flounder (Kirschmner, 1968); and the goby
(Kamiya and Utida, 1969).

In addition to changing tgg ATPase activities during conditions of
ionic stress, Utida et al., (1970) reported an increase in the number
and size of choloride cells in the gills of the Japanese eel (dngutlla
Japonica). The ATPase activity of the eels adapted{to sea water for 7
days was 5 times higher than that of the eels adapted to sea water for
1 day. Motais, Isaia, Rankin, and Maetz (1969) reported that the teleo-
" stean gill became much more permeable as the salinity of the medium was
increased. Also, increases in drinking rate and gill ionic turnover have

been described (Maetz and Skadhauge, 1968).
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Little study has been done on ATPase in mollusks. Stephens and
Levine (1970) performed extensive studies on the ATPases found in:the
gill cilia of Pectin irradians. These ATPases were found to be very
specific to ATP as its substrate. Other nucleotide triphosphates such
as GTP, ITP, UTP and CTP were hydrolyzed on average only about 7% of
the rate at which ATP was hydrolyzed. At 20°C, the enzyme was most
active at pH values between 7.5 and 8.5. The enzyme activity was greatly
enhanced by certain monovalent (Na, K) and divalent (Mn, Mg) iomns.

In this study, ATPase activity in two estuarine bivalves were com-
pared under various environmental stresses. Crassostrea virginica
and Mercenaria mercenaria have long been commercially important species.
Because -of their immobility, they have been especially susceptible to
natural and man-made changes in the environment. In the present investi-
gation, the author seeks to study an energy-releasing reaction in order
to possibly correlate changes in the activity of the reaction with

changes in the physico-chemical environment.
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MATERIALS AND METHODS

Specimens of Crassostrea virginica (65-75 mm shell length) and
Mercenaria mercenaria (55-65 mm shell length) were used in this investi-
gation. The animals were collected during the spring (March-May) of
1973. The oysters were dredged in the James River near the mouth of the
Warwick River (salinity approximately 16 o/o00) andvkept in trays sus-
pended from the ferry pier of the Virginia Institute of Marine Science.
Clams were taken from the Poquoson River (salinity approximately 16 o/oo)

<
and mainﬁained on wet tables with a constant supply of unfiltered York
River water (salinity approximately 17 o/oo). Prior to experiments,
both clams and oysters were kept on wet tables for one to two weeks. No
supplemental feeding was provided. On the day before being placed under
experimental conditions, a small hole (1/8 inch diameter) was bored near
the center of the left valve with a Dremel engraving tool. This was
done so the gills would be in direct contact with the external medium
at all times. Extreme caution was exercised to avoid damage to the
mantel and gill tissue. The small shell fragments were removed from
the animals by first inverting the organism and then directing a slow
stream of river water into the hole. This was done in order to prevent
or at least minimize mechanical clogging of the gills. Preliminary
experiments showed no adverse effects of the drilling on ATPase activi-
ties in either Mercenaria or Crassostrea over a 7é—hour period. During
the course of the entire study, only one mortality was observed — a clam
which had been exposed to very low oxygen concentrations (about 2 ppm)
for 72 hours. The effects of salinity shocks and oxygen depletion on
ATPase activity were studied for 72 hour periods. Twelve individuals of

each species were sacrificed and assayed just prior to placing the ;emaining
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10 under experimental conditions. The ATPase activities of these two
individuals served as experimental controls in establishing baseline
values. Two more individuals of each species were sacrificed for assay
after 6, 12, 24, 48, and 72 hours. All experiments were carried out in
10 gallon aquariums with the water maintained at ambient temperature.

The animals were subjected to hypo- (lower than ambient) and hyper-—
(higher than ambient) salinity shocks. Higher than ambient salinities.
were prepared by a&ding artificial sea salts to unfiltered York River
water. Lower th;n ambient salinities were prepared by diluting York
River water with tap water. Salinities were checked with an induction
salinometer. Changes in percent cell water at several salinities were
determined by sacrificing animals at similar time intervals as described
above. The gills of these animals were dissected and weighed (wet weight).
The tissue was then dried at 90°C for 24 hours before being reweighed

(dry weight). The animals were subjected to salinities of 0 o/oo, 9 o/oo,
23 o/oco, and 31 o/oo with ambient salinity averaging about 18 o/oo. In
the experiments with oxygen depletion, the animals were placed in 10
gallon aquariums at ambient temperature and salinity with no supply/of
oxygen. Oxygen levels and ATPase activities were monitored after 0 hours
(controls), 6, 12, 24, 48, and 72 hours.

"The actual assay commenced with the sacrifice of an animal. A
portion of the gill tissue was dissected from the organism. The dissec-
tion normally required about 3 inches for each organism. This portion of
‘tissue was very gently blotted between 2 sheets of filter paper to ab-—
sorb excess water. After weighing, the tissue was placed in a cold 5%
sucrose solution. This suspension served for the preparation of the
homogenate. A w/v ratiorof’igilllitissue ta-solvent (5% sucrose) was main-

tained at 70 mg gill tissue/15 ml. The homogenate was prepared in a
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Ten-Broeck hand-operated glass homogenizer (Arthur H. Thomas Co.). The
tissue was ground thoroughly with 10 complete strokes. Next, the suspen-
sion was centrifuged for 10 minutes at 2,000 rpm and 2°C. After centri-
fugation, the resulting supernatant was transferred to a small vial to
later serve as the enzyme extract. ATPase activity was determined by

3

adding 10 ml of enzyme extract to 20 ml of 10 “m ATP and equimolar
(lO_ZM) NaCl and KCl. The temperature of the reaction mixture was main-
tained at 37°C in a constant temperature bath. ATPase activity was de-
termined by removing a 5 ml aliquot of the reaction mixture at 10 minute
intervals for 30 minutes. The reaction in this 5 ml portion was halted
by the addition of 5 ml of .IM NaF. After 30 minutes, each NaF-treated
sample was assayed for inorganic phosphate according to the Method of
Chen, Toribara and Warner (1956). Samples were read on a Klett-Summerson
colorimeter (model 900-3). ATPase activity was expressed as ug atoms

of Pi produced/liter/30 minutes. ATP (disodium salt) was purchased
from Sigma Chemical Company, St. Louis, Missouri. All other reagents

were Baker Analyzed Reagents. All solutions were prepared with deionized

water.
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RESULTS

Transferring Mercenaria mercenaria from ambient salinity (16 o/oo)
to 23 o/oo, 27 o/oo and 31 o/oo resulted in increased ATPase activity
of 50.8%, 53.7% and 57.2% respectively, after the first 12 hours of ex-
posure (Figure 1). Changes in ATPase activity after the first 12 hours
were much less dramatic.

On the other hand, when Mercernaria mercenaria was transferred to
lower than ambient salinities, significant decreases in ATPase actiVity
resulted during the 72 hour period. The net decrease in activity was
37.5% and 63.1% in 9 o/oo and tap water respectively (Figure 2).

When ATPase activity of C. virginica and M. mercenaria were com-—
pared at 31 o/oo, quite similar curves resulted (Figure 3). Also simi-
lar curves resulted when the ATPase activity of these two bivalves were
compared in tap water (Figure:4).

When transferred from 17 o/oo to 31 o/oo, the decreases in cell
water were only 3% and 4% over a 48 hour period for clams and oysters
respectively. When transferred from 17 o/oo to 0 o/co, the increases
in cell water over a 48 hour period were .6% and 1.57 for clams and
oysters respectively (Table 1). These small fluctuations in gill cell
water cannot possibly account for the much larger fluctuations in
ATPase activity.

When ATPase activities were plotted against oxygen concentrations
at ambient salinities and temperature, it was found that the enzyme
activity very closely paralleled oxygen concentrations over a period of
72 hours. This pattern was consistent with both M. mercenaria and C.

virginica (Figures 5 and 6). Oxygen levels reached a minimum of 2.35 ppm
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in the experiment with Mercenaria and reached a low of 1.70 ppm with
Crassostrea. ATPase activity reached a minimum value of 2.99 ug at
Pi/1/30 minutes with Mercenaria and 1.90 mg at Pi/1/30 minutes with

Crassostrea.
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Fig, 1
Time course of change in ATPase activity in Mercenaria
mercenaria after being transferred from 16 o/oo

to 23 o/oo, 27 o/oo, and 31 o/oo.
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Fig. 2
Time course of change in ATPase activity in Mercenaria
mercenaria after being transferred from 18 o/oo

to 9 o/oco and tap water.
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Fig. 3
Comparison of ATPase activity at 31 o/oo
in Crassostrea virginica and Mercenaria

mercenaria.
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Fig. 4
Comparison of ATPase activity in Crassostrea
virginica and Mercenaria mercenaria held in

tap water.
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Fig. 5
Effect of low oxygen on ATPase activity

in Mercenaria mercenaria.
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Fig. 6
Effect of low oxygen levels on ATPase

activity in Crassostrea virginica.
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DISCUSSION

Salinity related fluctuations in gill ATPase activity have been
interpreted to reflect changes in cation fluxes across the gill mem-~
brane. 1Increased gill ionic turnover rates have been reported in the
eel (Anguilla anguilla) at higher than ambient salinities (Maetz and
Skadhauge, 1968). The data presented here could indicate that
Crassostrea and Mercenaria adjust to hypo salinity shocks without any
significant expenditure of energy. On the other hand, adjustment to
higher than ambient salinity shocks apparently is an energy-requiring
process as the gill ATPase activity showed large increases during
the 72 hour period of study. While the net change in ATPase activity
during these 72 hour periods was sometimes well over 50%, the changes
in gill cell water at these same salinities averaged only 2-3% over 48
hours with the animals being assayed at similar time intervals as before.
This means that the large fluctuations in ATPase activity could not be
accounted for by cellular dehydration and concentration of the enzyme
at higher than ambient salinities. Nor could the observed decreases
in activity be accounted for by cellular swelling at the lower than
ambient salinities. A possible role in osmotic adjustment can be in-
ferred here. Periods of low ATPase activity at lower than ambient sa-
linities may reflect an attempt to halt or at least slow down the
demineralization ;f body tissues that will ultimateiy lead to the ani-
mal's demise. High ATPase activity may well correspond to periods of
high salt and water transport across the gill membrane in order to main-
tain the proper osmotic balance with the external environment. If this

is the case, than the actual mechanism by which this occurs remains a
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mystery. The low ATPase activity measured at lower than ambient salini-
ties may . also correspond to a more impermeable state of the gill tissue.
Such a correlation has been reported in the gills: of several teleosts
(Motais, et al., 1969).

The mechanism by which oxygen depletion suppresses ATPase activity
is not clear.. The author feels that a blockage of either ATP production
or protein (ATPase) biosynthesis could have possibly led to the low
ATPase activity observed when the oxygen levels in the water were very
low. The two are not necessarily mutually exclusive. Indeed, Rooney
and Eiler (1968) in a study on Tetrahymena pyriformis found that hypoxic
shocks caused large (approximately 50%) decreases in intracellular ATP
concentrations and in respiratory rates. They attributed these decreases
to lower rates of oxidative phosphorylation, protein synthesis, and
RNA synthesis.

This stud& shows how chahges in the physical environment can quickly
invoke measurable biochemical changes in these two commercially impor-
tant species of bivalves. Monitoring of ATPase activity or other bio-
~chemical processes during periods of fluctuating environmental conditions
provides useful insight into the condition of organisms. For example,
reports of mass shellfish mortalities in the estuary during periods of
heavy fresh water runoff normally do not specify what vital life func-
tions were upset to the point of causing death. Monitoring of biological
processes in desirable species may also give greatef insight into the
actual effects of natural or man-made alterations of the physico-chemical
environment. Zaugg, et al., (1972) reported that increases in gill
‘Na—K—activated ATPase activity preceded parr-smolt transformation and
seaward migration in the steelhead trout (Sqgimo gardneri). They further

found that neither seaward migration, parr-smolt transformation, nor
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increases in the Na-K-activated ATPase activity occurred if the parrs
were kept at temperatures above 12°C. J\As a result of their study, the
authors emphasized the potential hazards of nuclear power plant construc-—
tion along rivers where anadromous species live, as the animals migra-
tory behavior could be altered by the heated effluent. In thig case,
had the ATPase activity in these fish not been monitored, there would
have been some question as to why the warmer wateéer téemperatures affected
parr-smolt transformation and migration. Here, the investigators

found the the increases in the ATPase activity during parr-smolt trans-—
formation and just prior to. seaward migration was a vital process that
would prepare the animals for the marine environment.

The alteration of metabolic processes ultimately causes the ob-
served changes in the organism.

More detailed studies of this type are necessary to describe other
physiological changes that accompany sudden changes in the physico-
chemical environment. Also a properly designed field study should be
undertaken to verify laboratory findings in natural habitats. The re-
sults of such a study should provide insight to how closed systems and

wet tables effect an animal's natural or normal metabolism.
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SUMMARY

¢

The activity of gill Na-K-activated ATPase increases and increas-
ing salinity in both M. mercenaria and C. virginica.

The activity of gill Na-K-activated ATPase decreases with decreas-
ing salinity in both M. mercenaria and C. virginica.

ATPase activity in both mollusks decreases as the oxygen supply of
the medium is depleted.

Only small fluctuations in-% cell water in the gill tissue occur
in either species as the salinity is raised and lowered within

the range of 0 o/oo to 31 o/oo over a 48 hour period.
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