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The U.S. Environmental Protection Agency (EPA) and/or 
state regulatory agencies are requiring biomonitoring of 
industrial and municipal wastewater effluents as part of 
the National Pollutant Discharge Elimination System 
(NPDES) and Water Quality Based Toxics Control. 
Understanding the environmental tolerances of toxicity 
test species required for biomonitoring is important to 
assure that toxic substances are being acurately detected 
and anomalous responses are recognized. Effluent 
evaluations have revealed that common chemical 
constituents of effluents frequently considered non-toxic 
such as potassium, sodium and calcium may become toxic 
to test species at elevated concentrations. 

Recently, a petroleum effluent with a salinity of 15 o/oo 
was tested using recommended marine species (Mysidopsis 
bahia [Mysid shrimp] and �99 varieqatus 
[Sheepshead minnow]). Evaluation of the effluent with 
these two test species produced conflicting results (M. 
bahia 48-hr LC50 = 7.5% effluent dilution, �99 varieqatus 
96-hr LC50 = 73.0% effluent dilution). Further 
examination of the effluent revealed a calcium 
concentration 12.5 times above ambient marine water 
concentration of 400 mg Ca/L at 32 o/oo salinity. This 
observation prompted our investigation on the effects of 
high calcium concentrations on the cellular physiology 
of these two test species. 

A majority of the work on calcium-membrane interaction 
has been conducted with isolated plasma membranes. These 
studies have shown that calcium may (i) alter membrane 
surface charge; (2) lower bilayer fluidity; and (3) 
produce a linkage of acidic lipids to integral proteins 
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(Gordon and Sauerbeber 1982). Anyone of these may alter 
the function of membrane bound enzymes. 

Na,K-adenosine triphosphatase (Na-K-ATPase) is a 
transmembrane protein which has been used to study 
sublethal effects of toxic compounds (Shephard and 
Simkiss, 1978; Stagg and Shuttleworth, 1982~. This 
protein is responsible for maintaining the Na and K § 
concentrations within a cell. Maintaining the proper Na § 
and K § gradient is required for uptake by cells of 
metabolites such as glucose, amino acids, and 
regeneration of transmembrane potential (Haya and 
Waiwood, 1983). Results reported in the literature are 
variable regarding the effects of calcium on Na-K-ATPase 
activity. Benedetti and Emmelot (1968) observed a 
decrease in enzyme activity with all membrane fractions 
from rat liver (calcium 200 mg/L) while Bouting et al. 
(1961) observed a stimulation in enzyme activity with 
adult cat gray matter and human retina tissue (calcium 
40 mg/L). 

The objective of this study was to determine the effect 
of excessive calcium concentrations on the Na-K-ATPase 
activity of two routinely used marine test species, 
C__~.varieqatus and M. bahia. The hypothesis to be tested 
was: There is no difference in the Na-K-ATPase activity 
of C__~. varieqatus and M. bahia when exposed to elevated 
calcium concentrations. 

MATERIALS AND METHODS 

Test animals were obtained from commercial sources. Ai1 
test organisms were acclimated to laboratory conditions 
for one week prior to conducting tests. 

TWO experiments were completed on each species: (i) a 
time-dependent study at one aqueous calcium 
concentration, and (2) a concentration study observing 
responses to various aqueous calcium concentrations for 
a specified time period. Calcium chloride was used as 
the test chemical. Calcium concentrations at the 
beginning of each experiment were determined using a 
Perkin Elmer, model 2380, Atomic Absorbtion 
Spectrophotometer according to Standard Methods (1985). 
Selection of calcium concentrations for the time- 
dependent studies was based on actual values observed in 
an industrial effluent and the resulting toxicity of the 
effluent to �99 variegatus and M. bahia. The time- 
dependent study, starting with 20 o/oo saltwater, was 
used to determine the exposure time most affecting the 
Na-K-ATPase activity at one calcuim exposure 
concentration. 
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Prior to definitive testing, Na-K-ATPase activity studies 
were conducted to establish the quantity of tissue 
(�99 varieqatus - gill; M. bahia - entire organism) needed 
to produce measurable enzyme activity. Initial assays 
with juvenile organisms were unsatisfactory but adult 
organisms provided sufficient tissue to produce 
measureable activity. Although some differences in 
sensitivity may exist between juvenile and adult 
organisms, it was assumed that the direction of their 
response to increasing calcium concentration is similar. 

Homogenates containing Na-K-ATPase were prepared from the 
gills of Cyprinodon varieqatus and whole organisms for 
M. bahia. Each tissue sample was weighed before 
homogenization. Tissues were then homogenized with a 
Teflon-glass homogenizer using Tris-EDTA buffer pH 7.4 
( sucrose 250 mM, Tris-HCl 2 0mM, 
ethyl enediaminetetraacetic acid (EDTA) 2mM and imM 
dithiothreitol). Homogenates were centrifuged at 2,000 
x g for 15 minutes to remove cellular debris. The 
supernate was removed and centrifuged at i0,000 x g for 
15 minutes to obtain a fraction with high Na-K-ATPase 
activity. The resulting pellet was resuspended in Tris- 
EDTA buffer at a volume rive times the initial wet weight 
of each sample. Protein concentrations were determined 
according to Bradford (1976). Na-K-ATPase activity was 
measured spectrophotometrical ly by monitoring the 
oxidation of NADH at 360 nm (25 C) in the coupled enzyme 
assay system of Swartz e__tt a_!l. (1969). Optimal enzyme 
activity was established. Each cuvette contained (in 
final concentration) 5mM MgCI2, 100mM NaCI, 10mM KCI, 
25mM Tris-cl pH 7.5, 2.5mM Tris-ATP, 5mM NADH, 2.5 mM 
phosphoenolpyruvic acid (PEP) and 0.02 ml of a combined 
pyruvate kinase (PK, 14 units) - lactic dehydrogenase 
(LDH, 20 units) suspension in a final volume of 0.2ml. 
AIl additions to the cuvette were in excess except for 
the ATPase preparation. The assay was determined to be 
linear with respect to concentration and time. 

Measured time intervals for the time-dependent study 
varied with species tested and results of previous time 
period studies. Tests using �99 varieqatus utilized three 
fish for each time period and calcium concentration. Due 
to the small size of M. bahi___aa, each crude homogenate 
consisted of ten adults which were exposed in the same 
test chamber. There were three replicate test chambers 
for each time period and aqueous calcium concentration. 
Calcium concentrations in the time-dependent study were 
5100 mg Ca/L and 990 mg Ca/L for C__~. varieqatus and 
M_~. bahia, respectively. In the second study, calcium 
concentrations ranged from 352 - 5100 mg Ca/L for 
_C. varieqatus and from 317 - 1175 mg Ca/L for M~. b~hia. 

123 



Ai1 statistical comparisons were conducted utilizing the 
nonparametric Kruskal-Wallis Test. 

RESULTS AND DISCUSSION 

At a constant calcium exposure concentration of 5100 mg 
Ca/L, the teleost C. varieqatus showed a gradual increase 
in enzyme activity (2.7-12 Bmole Pi/mg protein/hr over i0 
days, Fig. i). Evaluating test calcium concentrations, 
there was a significant difference in enzyme activity 
(p = 0.0194) observed on day ten as compared to other 
test concentrations. Ten days was selected as the 
exposure period for enzyme activity measurements in the 
time-dependent study at various calcium concentrations. 
A statistically significant increase in enzyme activity 
(4.0-12.0 ~mole Pi/mg protein/hr, p = 0.0160) was again 
observed with this species as exposure time was held 
constant and calcium concentrations increased (352 to 
5100 mg Ca/L, Fig.l). 

Osmotic response in the mysid, Mysid stenolepis occurs 
rapidly when placed in either hypo or hyperosmotic 
environments (Dormaar and Corey 1973). We observed a 
statistically significant decrease in whole-animal enzyme 
activity from one to six hours at a calcium concentration 
of 990 mg Ca/L, (p = 0.0300, Fig. 2), after which a 
stability in enzyme activity was noted for a period of 
48 hours. Based on the time-dependent response, 12 hours 
of exposure was selected as the period of maximum 
activity. Increasing calcium concentrations (317-1175 mg 
Ca/L) for a period of 12 hours also produced a decrease 
in enzyme activity (4.25-1.5 ~mole Pi/mg protein/hr). A 
statistically significant decrease in activity was 
observed at 940 mg and 1175 mg Ca/L (p = 0.0200, Fig. 2). 

In these studies, gill Na-K-ATPase activity was increased 
in the vertebrate �99 varieqatus whereas whole-animal 
enzyme activity decreased in the invertebrate M. bahia 
after calcium exposure. Similar differences have been 
observed in vertebrate and invertebrate species when 
exposed to a relatively large increase in salinity 
(proportional increase in allions comprising saltwater). 
Karnaky (1976) noted that a large increase in gill Na-K- 
ATPase activity accompanied adaption of �99 varieqatus to 
high salinity; enzyme activity increased 1.6 times with 
adaption from 50% to 100% sea water and increased 3.9 
times from 100% to 200% sea water. In contrast, D'Orazio 
and Holliday (1985) who worked with the crustacean Uca 
puqilator (fiddler crab), observed a decrease in Na-K- 
ATPase activity in animals exposed to 150% and 200% sea 
water conditions. In addition, Winkler (1986), working 
with Na-K-ATPase in Carcinus maenas (shore crab) also 
reported a decrease in gill enzyme activity with 
increasing calcium ion concentrations. 
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Figure i. Na-K-ATPase activity in homogenates of C_~. 
Varie~atus gills. (A) Activity at a constant calcium 
concentration (5100 mg Ca/L) for various time intervals. 
(B) Activity for various calcium concentrations after 240 
hr exposure. AIl concentrations ~ • SD. Activity 
measurements not statistically different (p ~ 0.05) are 
enclosed by brackets. 
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Figure 2. Na-K-ATPase activity in homogenates of M__~. 
bahia. (A) Activity at a constant calcium concentration 
(990 mg Ca/L) for various time intervals. (B) Activity 
for various calcium concentrations after 12 hr exposure. 
AIl concentrations ~ • SD. Activity measurement~ hot 
statistically different (p ~ 0.05) are enclosed by 
brackets. 

126 



Calcium is a component of saltwater and therefore 
contributes to the measured salinity. The interaction of 
salinity and calcium ion concentration on an organism's 
response to a changing environment is not clearly 
defined. These studies have shown that �99 varieqatus and 
M. bahia had opposing responses to increases in calcium, 
an increase and decrease being observed in Na-K-ATPase 
enzyme activity, respectively. Acute calcium toxicity 
tests, however, have demonstrated that calcium 
concentration plays a significant role in an organisms 
ability to survive test conditions. Further studies are 
needed to illuminate the interaction of calcium 
concentration, salinity, and different responses of 
different phyla to this changing environment, as might 
occur in dilutions under toxicity testing conditions. 
Salinity is a multi-component parameter and may not be 
sufficiently specific to use as the sole parameter in 
selection of appropriate test species for toxicity 
testing. 

REFERENCES 

American Public Health Association 1985 Standard 
methods for the examination of water and 
wastewater. 16th ed APHA Washington DC 

Benedettio EL and Emmelot P (1968) Structure and 
function of plasma membranes isolated from liver. In: 
Dalton AJ and Haguenau G (ed) The Membranes pp 33-120 

D'Orazio SE and Holliday CW (1985) Gill Na K-ATPase and 
Osmoregulation in the sand fiddler crab, Uca pugilator. 
Physiol Zool 58(4): 364-373 

Dormaak RA and Corey S (1973) Some aspects of 
osmoregulation in Mysis stenolepis (Crustacea 
Mysidacea). J Fish Res Board Can 30:1747-1749 

Gordon LM and Sauerheber RD (1982) Calcium and membrane 
stability. In: Anghiler's LJ and Tuffet-Anghiler's AM 
(ed) The role of calcium in biological systems, vol 2. 
CRC Press Boca Raton, FL pp 3 - 16 

Haya K and Waiwood BA (1983) Adenylate energy charge 
and ATPase activity: Potential biochemical indicators 
of sublethal effects caused by pollutants in aquatic 
animals. In: JO Nriague (ed) Aquatic Toxicity, Vol 13. 
Wiley-Intersciences Publication, New York, pp 307-333 

Karnaky KJ Ernst SA and Philpott CW (1976) Teleost 
Chloride Cell i.: response of pupfish Cyprinodon 
varieqatus gill Na,K-ATPase and chloride cell fine 
structure to various high salinity environments. J Cell 
Biol 70:144-156 

Mantle LH and Farmer LL (1983) Osmotic and ionic 
regulation. In: LH Mantle (ed) The biology of 
crustacea: Internal anatomy and physiological 
regulation, Vol 5. Academic Press, New York, pp 54- 
162 

127 



Ohnisho S and Ito T (1974) Calcium Induced phase 
separation in phosphatidylserine and 
phosphatidylcholine membranes. Biochemistry 13(5):881- 
887 

Shephard K and Simkiss J (1978) The effects of heavy 
metals on Ca 2+ ATPase extracted from fish gills. Comp 
Biochem Physiol 61B:69-72 

Stagg RM and Shuttleworth TJ (1982) The effects of 
copper on ionic regulation by the gills of the 
saltwater adapted flounder (Platichthys flesus). Comp 
Biochem Physiol 149:83-90 

Swartz A Julius CA and Harigaya S (1969) Possible 
involvement of cardiac Na+-K~adenosine tripihosphtase 
in the mechanism of action of cardiac glycosides. J 
of Pharmacol Exper Therapeut 168(1):31-41 

Winkler A (1986) Effects of inorganic sea water 
constituents on branchial Na-K-ATPase activity in the 
shore crab Carcinus maenas. Marine Bio 92:537-544 

Received April 28, 1989; accepted June 8, 1989. 

128 


