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ABSTRACT

Evidence from this study suggests that Naf+K?-activated
ATPase is involved in the ionic‘regulation of sodium in the hemo~
lymph of the blue crab in low salinity environments, The time
course of changes in gill Nat+k"-ATPase specific activity follow=
ing transfer of crabs from 30 o/oo to 5 ofoo0 salinity indicates
that a major increase in activity occurred within 2.5-3.0 hr,
Apparenfly, a 8.8-11.1% decrease in hemolymph sodium ion concen=-
tration to about 355-360 meq/1 in approximately 2-3 hr was
sufficient to activate the ATPase cation transport system in

the gills of Callinectes sapidus. Following enzymatic activa-

tion, hemolymph sodium concentration gradually approached stabili-
zation at 270-310 meq/1 within 24 hr. Acclimation to high salinity

(30 o/oo0) occurred within 2 hr after transfer from 5 o/oo salinity.



ii

ACKNOWLEDGEMENTS

The author wishes to thank Dr. David W. Towle for his
supervision of this research project. Thanks are also expressed
to Drs, J. W. Bishop and F, B. Leftwich for their criticism of
this work and to Dr. W. A. Powell for making available the flame
photometer for the analysis of serum,

Finally, I would like to thank my wife for her support

and encouragement during the course of this study.



INTRODUCTION

Of the environmental parameters which play significant
roles in distribuiion of animals, salinity is of particular
importance to aquatic organisms. Animals which can tolerate
wide ranges of salinity are, by definition, euryhaline and those
which are restricted to narrow ranges. are sienohaline. Euryhaline
animals may be able to invade and survive in fresh, brackish,
and marine environnments, either tecause they can tolerate large
changes in the osmotic concentration of bedy fluids (osmocon=
formers) or because they can regulate the osmotic concentration
of the blood‘independently of the environment (osméregulators).
In some agquatic animals, osmoregulation is well developed and the
concentration of osmotically active substances is maintained at
relatively constant levels regardless of the environmental
salinity. In others, the osmoregulatory ability is not sufficient
to maintain osmotic stability in different salinities and thus
their cells and tissues must be able to endure some degree of
fluctuation in osmotic concentration.

The osmotic concentration of the blood depends on the total
number of solute substances present, irrespective of kind. The
Naf and C1~ concentrations are responsible for the bulk of the
osmotic pressure exerted by the blood of most organisms (Schof-
feniels and Gilles, 1970). Ionic regulation therefore appears to
be associated in a significant manner with the mechanism of

osmoregulation.



The common blue crab, Callinectes sapidus Rathbun, is both

euryhaline and eurythermal, and thus is one of the most successful
estuarine species, It is known to inhabit environments ranging
from fresh (Gunter, 1938; Odum, 1953; Copeland and Fitzjarrell,
1968; Mangum and Amende, 1972) to hypersaline waters (Gifford,
1962; Hedgepeth, 1967)., In Virginia waters, it is found in
salinities from 30-32 parts per thousand (o/co) total salinity

to essentially fresh water (0-0.5 o/oo) (Van Engel, 1958;

Mangum and Amende, 1972),

The life cycle of the blue crab involves movements across
salinity gradients with salinity-related, age, sexual, and
seasonal distribution patterns (Ballard and Abbott, 1969; Engel
and Eggert, 1974). After hatching, the zoeal larvae of C. sapidus
normally develop in salinities between 20-30 o/co (Sandoz and
Rogers, 1944; Costlow and Bookout, 1959). At salinities below

20 o/oo the zoeal larvae do not develop probably because they
absorb water at the molt stages and they may be very sensitive
to dilution of the medium at this stage of their life cycle
(Prosser, 1973). Upon reaching the first crab stage, immature
crabs of both sexes migrate toward lower salinity environments,
At maturity, females return to the high salinity waters to spawn.
Thus, male crabs are’predominant in the low salinities and females
in the high salinities,

Ionic regulation plays a significant role in the osmo-
regulatory ability of the blue crab., It has been demonstrated

that the blue crab maintains its hemolymph ionic concentration



hyperosmotic to the medium in low salinity (below 28 o/o00)
environments and isosmotic at 28-35 o/oo salinity (?an and Van
Engel, 1966; Mantel, 1967; Ballard and Abbott, 1969; Tagatz,
19713 Gerald and Gilles, 1972; Lynch et al., 1973; Weiland and
Mahgum, 1975). There is evidence that the main site of ion
absorption in Crustaceans is through the gills (Nagei, 1934;
Krogh, 1939; Lockwood, 1962; Potts and Parry, 1964; Prosser,
1973). The active absorption of scdium ions (Gerard and Gilles,
1972; Colvocoresses et al., 1974; Engel et al., 1974; Mangunm
et al,, 1975) by the gill epithelia (Mantel, 1967; Schoffeniels
and Gilles, 1970; Smith and Linton, 1971) appears to be a major
mechanism of hemolymph sodium regulation by C. sapidus in hypo-
osmotic conditions,

The oxygen consumption of C. sapidus increases by 30-50%
when placed in brackish water (King, 1965). Respiration of
excised gills is known to be affected by salinity (Engel and

Eggert, 1974). Mantel (1967) found that a part of the oxygen

consumption by isolated gills is dependent on the presence and/or -

transfer of Na+, since respiration is decreased by ouabain and
by a Na+-free medium,

Copeland and Fitzjarrell (1968) have shown a highly
"developed epithelial layer of cells (patches) located in the
respiratory (lamillar) platelets of the gills of C. sapidus.
" These cells are presumed to provide the mechanism for salt
absorption byiactive transport., The cell patches are much more

extensive in gills of animals acclimated to low salinities



(Prosser, 1973).

The membrane-localized enzyme, ouabain sensitive, Naf+K%-
activated adenosine triphosphatase (Né++K+-ATPase) is believed
to play an essential part in the active exchange of Naf for K+
across the plasma membranes of many animal cells (Skou, 1965;
Glynn, 1968; Glynn and Karlish, 1975). According to Quinn and
Lane (1966) the activity of the Na'+K'-ATPase is characte?ized
by its ability to catalyze the hydrolysis of ATP; by the require-
ment of magnesium (Mg2+); by maximal activity in the presence
of both Na© and K+; by ouabain inhibition; and by 1ts presence
in the internal cell membranes and plasma membranes., Principal
support for the hypothesis that Né++K+-ATPase is correlated with
active transport comes from ouabain inhibition. Ouabain, a
cardiac glycoside, has been shown to inhibit both cation trans-
port in the intact cell (Glynn, 1957) and Na'+K'-ATPase activity
‘of membrane fragments (Skou, 1965).

Another characteristic of Nat+KT-ATPase is that NHQT can
replace K with 1little loss of activity in the enzyme systenm.
The ability of NHuf to serve as an effective counterion, coupled
with the finding that the output of ammonia in C. sapidus increases
in dilute sea water (Mangum et al., 1975), supports the hypo-
thesis that C. sagidué osﬁoregulates at low salinity by actively
exchanging NHM_'+ fér Na© at the gill (Mangum, et al., 1975; Towle
and Harris, 1976). It has been demonstrated that increased

sodium uptake in C. sapidus 1s correlated with increased Nat+xto

ATPase specific activity of gill microsomes. (Towle, 1974;



Towle and Harris, 1976).

Since sodium ions account for approximately 85.5% of the
total cations in the hemolymph of the blue crab (florkin, 1960),
experiments designed to measure the in vivo concentration of
this ion would indicate its role in the overall lonic regulation
of this species. The present study describes some of the charac-
teristics of the Naf+K*-ATPase enzymersystem prepared from crabs
acclimating to low salinity and reports some results relating the
in vitro Na'+K"-ATPase to the ionic regulatory mechanism in the
intact animal.

Some of the field data representing hemolymph sodium ion
concentration of crabs in various salinities are obscure.
Colvocoresses et al. (1974) cited a mean serum sodium concentra-
tion of 350 milliequivalents per liter (meq/1) for blue crabs .
found in 21 ofoo salinity at 26° C in the York River. Five days
later, a mean serum sodium concentration of 400 meq/l was
recorded for crabs found in the same salinity, temperature, and
location. Apparently, the effects of migration and tidal influences
were not taken into consideration and thus there are some incon-
sistances in the data. In the present study, an attempt is made
to establish the relative lapse of time incurred in the acclima-
tion of crabs to low salinity. A preliminary report of some of
these results has already appeared (Mangum, et al., 1975; Towle

and Harris, 1976).

MATERIALS AND METHODS

Experimental animals




Adult intermolt male blue crabs, (Callinectes sapidus

Rathbun), were obtained from a seafood distributor in Richmond,
Virginia, in June-August 1975. Reportedly, these crabs were
caught in pots at Gwynn Island (Mathews, Virginia) on the
Chesapeake Bay. Crabs measured 12-14 cm in éarapace length
(point to point distance between lateral spines) and weighed 170~
200 g, Prior to the experiments, crabs were acclimated two days
without food in well-zerated recirculating water of desired
salinity at 18°%c. A 12-hr light-dark photoperiod of fluorescent
light was established. All salinity concentrations were prepared
by diluting Instant Ocean Synthetic Sea Salts (I.0.S.S.S.)
(Aquarium Systems, Inc.) with tap water. Salinities were
periodically assayed with a flame photometer for Na¥ concentration
and confirmed with a Van Waters and Rogers glass hydrometer. At
34 o/oo (average salinity of oceanic sea water), I.0.S5.S.S. has
10.2 ofoo N5+Jconcentration. The sodium value cited by Barnes
(1954) for natural sea water is 10,56 o/oo.

Several of the crabs had lost some of their appendages.,
Chelipeds, when present, were secured with rubber bands to prevent
- cannibalism. Where technically feasible, the same crabs were used
throughout the entirety of each separate experiment. Data from
crabs that diled during experimentation were discarded.,

Hemolymph Na+ analysis

At designated time intervals, a single (0.1 ml) sample of
prebranchial hemolymph was extracted from the arthrodial membrane

at the base of a "walking leg", within 15 sec after removal of



the crab from water. Hemolymph samples were drawn with (lcc)
Stylex disposable plastic syringes with 22-guage (11") needles and
frozen immediately in the syringes at -20°C until assayed. Each
crab was transferred to the experimental acclimatlion salinity
immediately after an initial sample was taken.,

Clots in the hemolymph were disrupted when the thawed hemo-
lymph was ejected from the syringe into Microfuge test tubes,
After centrifuging the sample in a Beckman/Spinco 152 Microfuge
for 5 min. at 25°C, the supernatant serum was used for the deter—
mination of Na® concentration. A dilution (1:1000) of serum in
deionized-distilled water and 0,02% Sterex SE detergent (Harleco)
was assayed with a Coleman Model 21 flame photometer and Model 22
Galv-o-meter. A calibration curve was established for conversion
of percent transmittance to milliequivalents Na*/liter, as a
direct read-out scale was not available,

Crab gill microsome preparation

The crab gill microsomal fraction was prepared by a modified
method of Hendler et al. (1972). All operations were performed
at 0-4°C unless otherwise noted. The right-side gills of individual
crabs were excised, pooled, and rinsed in a homogenizing solution
contaiﬁing 0,25M sucrose, 6mM disodium ethylene-diamine tetra-
acetic acid (EDTA) and 20mM imidazole-HCl (pH 6,8). Following
surgical removal of afferent and efferent vessels, the gills were
blotted briefly, welghed (nearest 0.1 mg) and placed in a fresh
volume (10 ml/g) of homogenizing solution containing 0.1% (w/v)

sodium deoxycholate. The tissue was homogenized at 1725 rev/hin



in a Teflon-glass Potter-Elvehjem apparatus using 18 complete

up and down strokes, The resulting homogenate was strained
through two single layers of gauze and centrifﬁged at 10,800 x
gmax for 35 min in a Beckman Model L3-50 Ultracentrifuge. The
supernatant was then decanted and centrifuged at 105,000 x gmax
for 60 min., After removing the supernatant, the microsomal pellet
was resuspended in a volume (in ml) of fresh homogenizing solution
(without sodium deoxycholate) equivalent to 5 times the original
gill weight (in g). The suspension was homogenized (3-4 strokes)
in a Teflon-glass homogenizer and frozen at -20°C in Teflon-
capped glass test tubes until assayed. When time did not allow
for immediate gill microsomal preparation, pooled gllls were
frozen at -=20°C in 2 ml of homogenizing solution., The gill
microsomal fraction was always prepared within 24 hr after excision.

Assay of Naf+K#-dependent ATPase activity

The ouabain-sensitive, Naf+K*-dependent ATPase specific
activity of the gill microsomes was assayed according to a modified
method of Towle and Harris (1976). The microsomal suspensions
were thawed in ice water and vortexed briefly., Triplicate 50 pl
sampies (20-25 pg of microsomal protein) were preincubated at
25°C for 10 min in the total ATPase assay mediumlcontaining 20mM
imidazole=-HCl (pH,?.S), 100mM NaCl, 30mM KCl, and 5mM Mg012 (final
concentrations). Identical triplicate samples wWere preincubated
in the control assay medium which contained 20mM imidazole~HCl
(pH 7.8), 130mM NaCl, 5mM MgCl,, and imM ouabain, The enzymatic

reaction was started by adding 0.2 ml of substrate (50mM disodium



ATP, PH 7.0 with 10% imidazole) to each tube, resulting in a
total volume of 2 ml. Following incubation at 25°C for 30 min,
the reaction was terminated by adding 2 ml of ice-cold 10% (w/v)
trichloroacetic acid to each tube and placing them in an ice
water bath. Each tube was then centrifuged at 10,800 x gmax

for 10 min, Liberated inorganic phosphate in the supernatant was
measured spectrophotometrically in a Baush and Lomb Spectronic
700 according to the phosphorus estimation methods of Fiske and
SubbaRow (1925). Protein concentrations were determined by the
procedure of Lowry et al. (1951). Ouabain-sensitive, NatakT-
dependent ATPase specific activity was calculated by subtracting
the ouabain insensitive (control) value from the total ATPase
value yielding pmoles of inorganic phosphate per mg of microsomal

protein per min.

RESULTS

Preliminary investigations determined the effects of
cheliped binding and other conditions on hemolymph sodium
concentration, Haefner's (1971) study demonstrated that claw
binding does not interfere with feeding, molting, or survival
of captive crabs. The present study.revealed that there was no
significant variation in hemolymph sodium lon concentration due
to autotomy of limbs, frequent hemolymph sampling, or short-term
starvation (less than 2,5 days). Removal of hemolymph samples,
either by aspiration with a syringe or by severing a pereiopod,

had no effect on sodium ion concentration. There was no
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difference in fresh serum or frozen serum thawed once.

The sodium concentration of the external medium was
approximately 400 milliequivalents per liter (meq/1) for 30 o/oo
salinity, 325 meq/1 for 25 o/oo, and 65-70 meq/i for 5 o/oo
salinity (Figure 1). The mean serum sodium concentration varied
with the external salinity. It ranged from 380-410 meq/i at 30 o/oo,
395 meq/1 at 25 o/oo, and 270-310 meq/i at 5 o/oo (Figure 2).

In acclimation from a salinity of 30 ofco to 5 ofoo, C. sapidus
mean serum sodium ion concentration fell from 398 meq/1 to 312
meq/i in approximately 24 hr (Figure 3). Approximately 2-3 hr
after transfer to low salinity, the rate of sodium dilution is
slowed at 350-360 meq/i. In another acclimation experiment,
transfer from 30 o/oo to 5 ofoo caused the mean serum sodium con-
centration to fall from 405 meq/1 to 310 meq/1 within 5 hr (Figure
L), The rate of dilution in hemolymph concentration decreased
around 350 meq/1 serum sodium concentration after 2 hr acclimation,
Upon transferring the same crabs back to high salinity (30 o/oo)
after 24 hr adaption, the mean serum sodium concentration rose
from 310 meq/1 to 380 meq/1 and stabilized in approximately

2 hr (Figure 5). After transfer from 25 ofoo to 5 o/oo salinity,

. Co sapidus mean serum sodium drops from 395 to 270 meq/1 in 24 hr
(Figure 6). The ratelof dilution slowed. between 2-3 hr and at
this time the mean hemolymph sodium concentration was estimated
at 355 meq/i.l |

Preliminary experiments comparing the Né++K+-ATPase activity
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of fresh and frozen gill microsomes from crabs demonstrated that
the difference in storage conditions produced less than 1%
difference in Na'+K'-ATPase specific activities., Quinn and Lane

(1966) have stored frozen gill (Carcinus maenus) homogenates for

L4-6 months with no significant loss in Na'+K'-ATPase activity.
Although the in vitro temperature optimum for Na¥+K"-ATPase specific
activity has been shown to be 37-45°¢ for C. maenus (Quinn and
Lane, 1966), assays were performed at 25%¢ to approach in vivo
environmental conditions for C., sapidus. The concentration of
microsomes per assay (20-25 ng protein) was well within the linear
range of proportlonal ATPase activity defined for C. sapidus (Towle
and Harris, 1976).

From a comparative study, it was.revealed that the microsomes
of the posterior gills of the blue crab adapted to 30 o/oo
salinity possess a Nat+kT-ATPase specific activity 23% greater
than that of the anterior gills. Also, excised gills from crabs
in low salinity (5 o/00) exhibited almost twice as much specific
activity as those from crabs adapted to 30 o/oo salinity, A
major increase in activity of the Nat+KT-ATPase occurred within
2.5-3,0 hr following transfer from 30 o/co to 5 ofoo salinity
(Figure 7). The increase in activity at 2.5 hr was 51% greater
than the control value (t=0) and 70% greater than the control at

3 hr,

DISCUSSION

The osmoconforming and hyperregulatory abilities of C.
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sapidus are well demonstrated by a comparison of sodium con-
centration of the hemolymph and acclimation medium. The data
in this study show that the hemolymph sodium'concentration is
essentially isionic at 28-30 o/oo and hyperionic from 28-5 o/bo
salinity. This follows the trends which have been established
for the blue crab by other investigators (Mantel, 1967; Ballard
and Abbott, 1969; Smith and Linton, 1971; Engel et al., 1974;
Colvocoresses et als, 1974),

The finding that a two-fold increase in Na'+K'-ATPase
specific activity in»gills of crabs acclimated to dilute medium
is consistent with previous investigatlons of Naf+K#-ATPase
activity from gills of blue crabs adapted to low and high
salinities (Towle, 1974; Towle and Harris, 1976)., The increased
gill Na'+K'-ATPase activity in crabs acclimated to 5 o/oo salinity
may account for theilr ability to maintain thelr hemolymph sodium
ion concentration hyperionic to the environment. The possible
exlstence of two different Na++K+-ATPases, one predominating in
a high salinity environment and another in low salinity, has been
discounted previously (Towle, 1974; Towle and Harris, 1976).

There have been several observations that indicate func-
tional differences in the osmoregulatory abiiity of anterior
and posterior gills of‘euryhaline crabs (Florkin and Schoffeniels,
1969; King and Schoffeniels, 1969)., The posterior gills possess

large osmophlic patches and the anterior gills possess either

smaller patches or none at all (Copeland and Fitzjarrell, 1968).
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Also, differences in respiration rates and differences in total
ATP levels between anterior and posterior gills have been
reported (Engel, et al., 1974). This is in agreement with the
present finding that, even at’BO o/oo salinity, the posterior
sets of gills possess a 23% greater Naf+K+-ATPase activity than
the anterior gills.

Evidence from this study suggests that Néf+K*-activated ATP-
ase is involved in the osmoregulatory abjlity, or more specifically,
the ionic regulation of sodium in the hemolymph of C. sapidus in
low salinity environments, The t;me course of changes in gill
. Naf+K?-ATPase specific activity following transfer of crabs to
5 o/oo sea water indicates that a major increase in activity occurs
within 2,5-3,0 hrs At 3 hr, there is a 70% increase in Naf+Kf—
ATPasebspecific activity over that of the control. Since the
activity of Nat+K'-ATPase from low salinity adapted crabs is 80%
greater than the activity of the high salinity adapted crabs ,
(Towle, 1974), it followed then that at 3 hr acclimation to 5 ofoo,
the NaT+K'-ATPase should be almost completely activated. A
comparison of in vivo sodium ion changes with time indicates that
a reduction in hemolymph sodium ion dilution occurs at 2«3 hr in
adaption to low salinity. Serum sodium concentrations continue
to fall slowly until stabilization is reached at 270-310 meq/1 in
approximately 24 hr,

The activation of the lonic regulatory mechanism may be
initiated by a certain percent decrease in the hemolymph sodium

ion concentration upon entering brackish and fresh water
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environments. Perhaps when a critical hemolymph sodium con-
centration is approached the Naf#K*-ATPase enzyme system is
activated fully. It has been demonstrated that a 5% decrease

in hemolymph sodium concentration of Carcinus maenus is sufficient

to activate the sodium transport system (Potts and Parry, 1964).
The results of this study indicate that a 8.8~11.1% decrease in
sodium concentration to about 355-360 meq/1 in approximately 2-3
hr is sufficient to activate the ATPase cation transport systenm
in the gills of C, sapidus. Following the enzymatic activation,
hemolymph sodium concentration gradually approaches stabiliza-
tion at 270-310 meq/1 within 24 hr in 5 ofoo salinity.
Acclimation to high salinity (30 o/00) occurs within
approximately 2 hr after transfei from 5 o/oo and the serum
sodium concentration stabilizes at approximately 380 meq/i. The
time course of Na++K+-ATPase activity would be expected to show
a major decrease in activity at approximately 2 hr, indicating
that the hemolymph sodium concentration is isionic with the
environment, Active uptake of ilons has been shown to decline
sharply when hemolymﬁh sodium ion concentration approaches 400
meq/1 in C. maenus (Potts and Parry, 1964). The fact that the
sodium concentration in the present study stabilized at 380 meq/1
~and not at 405 meq/1 (the original hemolymph sodium concentration
in 30 o/oo salinity) is not uncommon. Ballard and Abboft (1969)
reported a hysteresis-like effect in the osmotic accomodation of
the biue crab to different salinities. The hemolymph concentra-

tion after acclimation is higher when a given salinity is
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approached from a higher salinity than when approached from a
lover one. |

It is possible that a complex neurohormonal system is
involved in the acclimation process (Kamenoto and Cno, 1969;
Kato and Kamemoto, 1969). Several investigations have revealed
that a hormone present in the eyestalks of éhryhaline Crustaceans
may stimulate the Né++K+-ATPase in the gills (Prosser, 1973;
Heit and Fingerman, 1975), or it may cause a reduced permeability
of the epithelial cells (Whitney, 1974).,

Further studies of ATPase activity and ionic regulation in
the blue crab may provide clues to the many factors and complex

mechanisms involved in actlve membrane transport,
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Figure 1, The sodium concentration of synthetlic sea water.
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Figure 2, Changes in mean serum sodium concentration with

changes in environmental salinity (N=5).
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Figure 3. Change in mean serum sodium concentration following

transfer from 30 o/oo to 5 o/oo salinity (N=5).
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Figure 4, Change in mean serum sodium concentration following

transfer from 30 o/oo to 5 ofco salinity (N=3).
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Figure 5. Change in mean serum sodium concentration following

transfer from 5 o/oo to 30 ofoo salinity (N=3).
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Figure 6, Change in mean serum sodium concentration following

transfer from 25 o/oo to 5 ofoo salinity (N=5).
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Figure 7. Responses of gill microsomal Na++K+-ATPase activity

following transfer from 30 o/oo to 5 o/oo salinity

(N=3).
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