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Abstract—Daphnids (Daphnia magna) were exposed to AgNO; at 0.303 * 0.017 p.g silver/L (46.9% as Ag*), in the absence of
food, in moderately hard synthetic water under static conditions for up to 48 h. Results from accumulation experiments demonstrated
that silver body burden was inversely related to body mass. Daphnids exposed to silver exhibited ionoregulatory disturbance, which
was characterized by decreases in whole-body sodium concentration. This ionoregulatory disturbance was explained, at least in
part, by a competitive inhibition of the whole-body sodium uptake (six- to sevenfold increase in the Michaelis constant with no
change in maximal velocity), which was complete by 1 h of exposure, and resulted in approximately 40% inhibition of sodium
influx from the water. A rapidly developing inhibition of whole-body Na*,K *-dependent adenosine triphosphatase (Na*,K *-ATPase)
activity, significant by 2 h and complete at 90% blockade by 12 h, also was observed during exposure to AgNO;. Therefore, these
findings clearly demonstrate that the key mechanism involved in acute Ag* toxicity in D. magna, the most sensitive freshwater
organism tested to date, resembles that described for freshwater fish— that is, inhibition of active sodium uptake by blockade of
Na*,K*-ATPase. Furthermore, the results showed that Na*,K *-ATPase inhibition was directly related to silver accumulation in the
whole body of D. magna. However, the nature of the sodium uptake inhibition (competitive vs noncompetitive in fish) and the fact
that whole-body chloride concentration was not disturbed in daphnids was different from fish. With regard to the biotic ligand
model (BLM) for silver, our results yielded a log K value of about 8.9. However, the current version of the BLM uses a rainbow
trout log K value (7.3) but achieves the correct sensitivity of the model for daphnids by reducing the saturation of toxic sites needed

to cause toxicity. An alternative way may be to use the log K value derived from the present results.
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INTRODUCTION

Although most silver in surface waters originates from nat-
ural leaching, elevated concentrations usually are associated
with anthropogenic activities such as mining and photographic
processing. Therefore, several different geochemical or bio-
logical modeling approaches have been developed in the last
few yearsin an attempt to predict acute silver toxicity in aquat-
ic invertebrate and vertebrate species [1]. For example, acid-
volatile sulfide concentrations and silver interstitial water toxic
units have been employed to predict the toxicity of silver to
estuarine invertebrates in different sediments [2]. Other mod-
eling approaches that emphasize geochemical speciation use
the ionic silver (Ag*) concentration in the water column to
directly predict toxicity (e.g., thefreeion activity model [3,4]).

A modeling approach to predict silver toxicity to freshwater
fish that takes into account the geochemistry of the biological
ligand, has been developed over the last few years [5,6]. Ac-
cording to the biotic ligand model (BLM), thegill isconsidered
a negatively charged ligand (the biotic ligand) to which Ag*
can bind. Toxic effects are considered a function of the degree
of saturation of toxic sites on the biotic ligand by Ag*. The
gill modeling approach presents some advantages over simply
considering speciation of silver in the water column [1,7]. For
example, current versions of the BLM take into account the
competition between other cations and Ag* for toxic binding
sites on the gills as well as the influence of different com-
plexing agents on silver speciation and availability [6,8].
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Parallel to the development of the BLM, evidence eluci-
dating the physiological mechanism of acute Ag* toxicity in
freshwater fish and crustaceans has been accumulating (for
reviews, see Wood et al. [1], Wood [7], and Hogstrand and
Wood [9]). The gills are well known to be the main site of
active transport of Na® and Cl- from the water into the ex-
tracellular fluid of freshwater animals, and branchial Na*,K*-
dependent adenosine triphosphatase (Na*,K *-ATPase) activity
is well known to be directly related to Na* and Cl- uptake
across the gills [10-13]. This uptake is essential to counteract
the diffusive ion loss through the gills and excretory organs
in freshwater fish and crustaceans. In rainbow trout, the
Na*,K+-ATPase located at the basolateral membrane of the
gill epithelium seems to be the key site for Ag* toxicity
[14,15]. Recently, the same toxic mechanism has been dem-
onstrated in crayfish [16]. In both cases, the inhibition of
Na*,K+-ATPase activity is accompanied by an inhibition of
Na* uptake from the water, and the organisms are thought to
die from the pathology associated with the resulting net loss
of ions.

Despite the geochemical and toxicological information now
available for silver that has contributed to the development of
the BLM, one critical area for improvement of the current
version of this model is the need for more invertebrate data.
The most sensitive freshwater organisms appear to be cladoc-
erans and amphipods with values of acute lethal concentration
for 50% of the individuals tested (LC50) as low as 0.3 pg/L
of total silver when silver is added as AgNQO; in the absence
of food [17,18]. For this reason, the present version of the
silver BLM [6] is calibrated with toxicity data for Daphnia,
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but the actual gill binding constants and most of the water
chemistry interaction data come from work on fish. Implicit
in this extrapolation is the assumption that the key toxic mech-
anism in Daphnia and other sensitive freshwater invertebrates
is the same as in fish, that is, inhibition of active Na* uptake
by Ag* blockade of Na*,K*-ATPase. This assumption is based
on the facts that essentially all aquatic organismsionoregulate,
requiring Na“,K*-ATPase to fuel the process of Na* uptake,
and that metals such as silver inhibit Na*,K+-ATPase, as de-
scribed above. However, this has never been demonstrated.
Therefore, the main goal of our study was to analyze the mech-
anism of acute toxicity in Daphnia magna exposed to AgNO;.

MATERIALS AND METHODS
Daphnid maintenance

Colonies of gravid adult D. magna (ARO strain, ot 090600
DM) were obtained from A quatic Research Organisms (Hamp-
ton, NH, USA). The broods originated from the Office of
Research and Development of the U.S. Environmental Pro-
tection Agency (Cincinnati, OH). According to the Aquatic
Research Organisms data sheet, the daphnids had been reared
in a freshwater static-renewal system with water saturated in
dissolved oxygen, pH 7.5, hardness approximately 150 mg
CaCQO4/L, and 25°C. The D. magna had been fed phytoplank-
ton and a slurry of yeast, cerophyll, and trout chow. Upon
arrival at McMaster University, the colonies of D. magna were
acclimated to synthetic water in an incubator for 3 d. To ensure
standardized conditions for water chemistry, synthetic water
used for all tests was prepared as a single batch employing
1,000 L of reverse osmosis—purified water in a food-grade
polyethylene tank. This water was reconstituted to the follow-
ing composition: 1.0 mM CaCO,, 0.15 mM MgSO,, and 0.6
mM NaCl. It was bubbled with pure CO, for 24 h to ensure
that CaCO; went into solution and then was bubbled with air
for 48 h to ensure removal of excess CO, and atmospheric
equilibration. Water was then left to stand for at least two
weeks before use. Final pH was 8.1 to 8.3. Temperature was
maintained at 22 to 23°C for the first 24 h of the acclimation
period and was then held at 20°C. Photoperiod was fixed at
16:8 h light:dark. During the acclimation period, daphnids
were fed a slurry of yeast, cerophyll, and trout chow. Water
was not aerated, but was renewed daily.

After acclimation, reproduction rate was measured to ensure
it met established criteria for a healthy population (1520 ne-
onates per adult every 3—4 d). We only proceeded with those
colonies where the reproductive rate was satisfactory. To col-
lect neonates, adults were confined in a fine-screen mesh net
suspended in a 1-L glass aquarium containing synthetic water
at 20°C. During this time, feeding was withheld. Neonates
passed through the mesh and into the aquarium of synthetic
water, and were maintained under the same conditions de-
scribed above for up to 25 d.

AgNO; exposure

In al experiments performed in this study, daphnids were
acutely exposed to a single concentration (nominal = 0.5 pg
silver/L) of silver as AgNO;, for up to 48 h. This concentration
was selected as it is very close to the 48-h LC50 reported for
neonatal D. magna under the same experimental conditions
[18]. Acutesilver exposure was performed in borosilicate glass
beakers containing 250 ml of synthetic water, preequilibrated
to 20°C. This high volume-to-daphnid ratio was used to min-
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imize the accumulation of dissolved organic carbon during the
tests, and to maximize the volume-to-wall surface ratio. All
glassware used was new and was acid washed in 1% HNO,
(trace metal grade, Merck, Darmstadt, Germany) and rinsed
thoroughly with synthetic water before use.

A stock solution of unlabeled AgNO, (SigmaUltra, Sigma
Co., St. Louis, MO, USA) was added into the test solution 3
h before introduction of D. magna. This solution contained a
proportion of radioactive '°"Ag (RIS National Laboratory,
Roskilde, Denmark) to facilitate analyses of silver concentra-
tions in the test solution and organisms. The final specific
activity of radiolabeled silver in all test solutions was 0.72
wnCi/pg total silver. Final silver concentration was obtained by
measuring the AgNO; stock solution (1 mg/L) acidified with
1% HNO;, by using graphite furnace atomic absorption spec-
trophotometry (Varian AA-1275 with GTA-9 atomizer, Varian,
Palo Alto, CA, USA).

Total and filtered silver concentrations were followed over
the experiment. The 1°"Ag radioactivity in filtered (Acrodisc
0.45 uM polyethersulfone in-line filters, Pall, Ann Arbor, MI,
USA) and nonfiltered water samples (2 ml) was determined
by using a gamma counter (MINAXI gamma Auto-gamma
5000 series, Canberra-Packard, Mississauga, ON, Canada),
with the precautions on window selection outlined by Hansen
et al. [19]. Free Ag* ion concentrations also were calculated
under the chemical conditions determined in our experiments
by using the MINEQL + geochemical program [20]. Param-
eters were entered into the program as follows: pH = 8.2;
temperature = 20°C; total silver = mean measured over 48 h;
Na*, Cl-, Ca?*, Mg?*, and HCO;~ = nominal concentrations.
Dissolved organic carbon was not included in the program
because measured concentrations of total organic carbon in
the synthetic water used in the tests were very low (<0.1 mg
C/L [18,21]). lonic strength corrections were calculated by the
MINEQL + program.

After 3 h of preequilibration, daphnids were placed in bea-
kers containing AgNO; and maintained without aeration. Mea-
surements were taken to ensure that the water remained suf-
ficiently oxygenated (partial pressure of oxygen = 165 = 2
mm Hg; n = 10) and that the water pH remained constant
(8.25 = 0.014; n = 10) over 24 h of the experiment. Daphnids
were not fed during the tests. Temperature and photoperiod
were maintained at 20°C and 16:8 h light:dark, respectively.

After 24 h, daphnids were transferred to a new set of test
solutions prepared 3 h before transfer as previously described.
For this second 24-h exposure, daphnids were removed from
the original beakers and transferred by using plastic pipettes.

The methodology employed ensured the consistency of the
silver concentration over the course of the test, as documented
in previous studies from our laboratory [18,21].

Slver accumulation studies

In afirst experiment, neonates, juveniles, and adultsranging
in weight from 0.06 to 6 mg and maintained as previously
described were acutely exposed to AgNO; for 1 (n = 49) or
24 h (n = 45). After silver exposure, daphnids were collected
by using plastic pipettes, washed for 15 sin a concentrated (1
mg silver/L) AgNO; solution to displace loosely bound 1*°m"Ag,
blotted dry on filter paper (Whatman No. 1, Whatman, Clifton,
NJ, USA), weighed with an electronic microscale (Mettler
UMT2, 0.001-mg accuracy, Mettler-Toledo, Columbus, OH,
USA), dried (40°C), weighed, and transferred to plastic vials.
The HomAg radioactivity in daphnids was then measured as
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described for water samples. Total silver concentration in D.
magna was expressed in ng silver/g wet weight. Daphnid water
content was 92.2 + 1.2%.

In asecond experiment, juvenile D. magna (1.115 = 0.061
mg) were acutely exposed to AgNO;, and sampled at various
times for up to 48 h. At these different times of exposure,
daphnids were collected and total silver concentration was
assessed in the whole body as described in the first experiment.

Whole-body Na*,K+*-ATPase activity, Na* uptake, and Na*
and Cl - concentration measurements

In athird experiment, adult D. magna (2.83 = 0.08 mg; n
= 48) were used because they provided more biological material
than juveniles, thereby ensuring individual enzyme assays and
avoiding the use of pooled animals. The adults were exposed
up to 48 h to the same nominal concentration of AgNO; as
described above, but using only unlabeled silver. At different
times during the exposure, daphnids were collected by using
plastic pipettes, washed for 15 sin deionized water, blotted dry
on filter paper (Whatman No. 1), transferred to plastic assay
tubes, and frozen (—70°C) until Na*,K+-ATPase activity was
measured. Enzyme activity in the whole body was analyzed in
single animals. For the enzyme activity assay, samples were
thawed and kept on ice throughout the analysis. They were then
homogenized in 0.5 ml of ice-cold buffer solution (150 mM
sucrose, 10 mM ethylenediaminetetraacetic acid, 50 mM im-
idazole, and 11.5 mM sodium deoxycholate), and centrifuged
at 5,000 g for 30 s at 4°C. Enzyme activity was measured in
the supernatant by using the method described by McCormick
[22] with modifications according to Whesatly and Henry [23].
Two reaction mixtures were assayed. Reaction mixture A con-
sisted of 20 pl of sample, 50 pl of salt solution A, and 150 pl
of working solution A. Reaction mixture B consisted of 20 pl
of sample, 50 pl of salt solution B, and 150 pl of working
solution B. Salt solution A contained 100 mM NaCl, 10.5 mM
MgCl,, 30 mM KCI, and 50 mM imidazole, with pH adjusted
to 7.5. In salt solution B, NaCl replaced KCI at the same con-
centration. Working solution A contained four enzymatic units/
ml lactate dehydrogenase, five enzymatic unitsml pyruvate ki-
nase, 2.8 mM phosphoenolpyruvate, 3.5 mM adenosine tri-
phosphate (ATP), 0.22 mM nicotinamide adenine dinucleotide
phosphate, and 50 mM imidazole, with pH adjusted to 7.5. To
obtain the working solution B, 1 mM ouabain was added to
working solution A. Kinetic assays were then run in duplicate
at 25°C in a temperature-controlled microplate reader (Molec-
ular Devices, Menlo Park, CA, USA), for 10 min. An adenosine
diphosphate standard curve (0—20 nmoles/10 wl) was aso run.
TheNa*,K+-ATPase activity was then cal culated by considering
the difference in adenosine diphosphate production between the
two reaction mixtures (A and B). Protein content in the ho-
mogenate was measured by using Bradford reagent (Bio-Rad,
Richmond, CA, USA). Enzyme activity was then expressed as
pmoles adenosine diphosphate/mg protein/h.

Whole-body sodium and chloride concentrations also were
analyzed in a separate set of daphnids (n = 48) exposed to
AgNO; in a paralel series within this third experiment. After
different times of exposure, daphnids were collected as indi-
viduals by using plastic pipettes, washed for 15 sin deionized
water, dried on filter paper (Whatman No. 1), transferred to
plastic assay tubes, and digested in 50 p.l of concentrated (95—
97%) H,SO, (Merck) overnight at 60°C. After digestion, 1.5
ml of deionized water was added to the digested sample. So-
dium concentration was then measured as described for water
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samples. Chloride concentration was determined by a colori-
metric assay [24].

To evaluate Ag* effects on kinetic parameters of whole-
body sodium influx, some daphnids (n = 150) from the same
exposure of the third experiment were used. After they had
been exposed for 0, 1, or 24 h, they were quickly (15 s) rinsed
in deionized water and transferred to a new glass beaker con-
taining 50 ml of solution (1 mM calcium gluconate, sodium
gluconate at different concentrations, 20°C, and pH adjusted
to 8.2). Chloride replacement by gluconate in this experimental
medium was applied to avoid different free Ag* concentrations
due to silver complexation by chloride. Preliminary tests with
control daphnids showed no significant differences in the
whole-body Na* influx kinetics when using NaCl or sodium
gluconate. The AgNO; (nominal = 0.5 pg silver/L) and ??Na
(10 nCi/L, specific activity 303 Ci/g Na*, Amersham) were
then added to this new experimental medium. Water samples
for measurement of 2Na radioactivity and total sodium were
taken at 0 and 1 h. These samples were used for #?Na radio-
activity measurement with the Canberra-Packard MINAXI
gamma counter, and total sodium measurement with the Varian
AA-1275 atomic absorption unit operated in flame emission
mode. After the 1-h flux period, daphnids were collected by
using plastic pipettes, washed for 15 s in a concentrated (600
mM) NaCl solution to displace loosely bound ??Na, blotted
dry on filter paper, weighed on an electronic microscale (Met-
tler UMT2, 0.001-mg accuracy), and transferred to plastic vi-
als. The #Na radioactivity in the whole body was then mea-
sured as described for the water samples. The Na* uptake rate
was calculated based on the incorporation of 2?Nain the whole
body during the 1-h flux period, the mean measured specific
activity of the?Nain the water, the body weight of the animal,
and the elapsed time as above.

Data presentation and statistical evaluation

All values, except in the first experiment, were expressed
as mean = one standard error of the mean (n = 6). The re-
lationship between size of the D. magna and silver accumu-
lation after 1 or 24 h of exposure was assessed by regression
analysis. Differences in whole-body Na*,K+*-ATPase activity
and ion concentrations (Na* and ClI-) over the 48-h period of
exposure to AgNO; were assessed by analysis of variance in
combination with the least significant difference test. Data
were previously tested for normality and homogeneity of var-
iances. Kinetic parameters (Michaelis constant [K,,] and max-
imal velocity [V...J]) for sodium uptake in daphnids under
control conditions and exposed to AgNO, for either 1 or 24
h were determined by means of nonlinear regression analyses
(one-site binding). In all statistical analyses, the significance
level was 95% (o = 0.05).

RESULTS

Mean total and filtered silver concentrations in the first and
second experiments were 0.303 = 0.017 and 0.248 = 0.014
ng/L, respectively. Free Ag* concentration calculated using
the MINEQL program was 0.142 p.g/L, with the remainder of
the silver present as AgCl,.

We found a highly significant negative correlation between
body mass of D. magna and whole-body silver accumulation
in the first and second experiments. Log—log regression lines
for silver body burden (ng/g) against body mass (.g) in daph-
nids exposed to AgNO; for either 1 or 24 h were parallel with
slope values around 0.4 (Fig. 1). Furthermore, sampling at
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Fig. 1. Whole-body silver accumulation in Daphnia magna exposed
to 0.3 pg total silver/L, as AgNO,, for 1 or 24 h.

intermediate times demonstrated that silver accumulated very
quickly in juvenile daphnids over the first 5 h of exposure,
after which the silver accumulation rate decreased markedly
(Fig. 2).

Whole-body Na*,K+*-ATPase activity was significantly in-
hibited after only 1 h of exposure to AgNQO,, and inhibition
progressively increased until 12 h (Fig. 3). The maximum
enzyme activity was approximately 90% inhibited by thistime
and remained constantly inhibited up to 48 h of experiment
(Fig. 3). Whole-body Na*,K*-ATPase inhibition was directly
related to whole-body silver accumulation (Fig. 4).

Measurement of unidirectional Na* influx rates showed that
silver significantly inhibited whole-body sodium uptake after 1
or 24 h of exposureto silver. Kinetic parameterswere significantly
affected by silver exposure. The K, values were significantly
higher (i.e., lower affinity) in daphnids exposed to AgQNO;. The
Vo Values were not significantly affected (Fig. 5). This pattern
is characteristic of classical competitive inhibition. Note that this
inhibition (as indicated by the six- to sevenfold increase in K))
was essentially complete by 1 h, indicating arapid effect. In fact,
no significant differences were found in the kinetics of whole-
body sodium influx after 1 and 24 h of exposure to silver. In the
water Na* level (0.6 mM) to which the animals were acclimated,
inhibition of Na* uptake was about 40%, amounting to a dec-
rement of about 2.4 nEg/g/h.

The AgNO; exposure induced a continuous decrease in
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Fig. 2. Whole-body silver accumulation in juvenile Daphnia magna
exposed to 0.3 pg total silver/L, as AgNO;, over 48 h. Data are means
+ 1 standard error of mean (n = 6).
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Fig. 3. Whole-body Na*,K+*-dependent adenosine triphosphatase

(Na,K*+-ATPase) activity in juvenile Daphnia magna exposed to 0.3

w.g total silver/L, as AgQNO;, over 48 h. Data are means = 1 standard

error of mean (n = 6). An asterisk (*) indicates means significantly

different (p < 0.05) from control.

whole-body sodium concentration over the 48-h period of the
experiment that first became significant at 15 h. The slope of
the loss relationship against time was only about 0.29 wEg/g/
h or about 12% of the inhibition of influx, suggesting that a
considerable compensating decrease in efflux occurred that
slowed the rate of net loss. On the other hand, whole-body
chloride concentration was not affected by AgNO;, even after
exposure for 48 h (Fig. 6).

DISCUSSION

In rainbow trout, the Na*,K+-ATPase located at the baso-
lateral membrane of the gill epithelium seems to be the key
site for Ag* toxicity [14,15], resulting in a net loss of ions
from the animal, with death probably resulting from an as-
sociated cardiovascular collapse [9]. Recently, the same toxic
mechanism (ionoregulatory failure associated with the inhi-
bition of branchial Na*,K*-ATPase) has been demonstrated in
crayfish [16]. In spite of this, an elucidation of the mechanism
involved in acute Ag* toxicity in more sensitive invertebrates,
such as D. magna, was necessary to validate the use of toxicity
data from daphnids in the current version of the BLM [6].

In our study, examination of data obtained in silver accu-
mulation experiments clearly demonstrated that whole-body
mass was an important factor affecting silver body burden.
Silver accumulation was inversely related to body mass. This
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Fig. 4. Whole-body Na*,K*-dependent adenosine triphosphatase
(Na*,K+-ATPase) activity in juvenile Daphnia magna as a function
of whole-body silver accumulation in organisms exposed to 0.3 pg
silver/L, as AgNO,, for 48 h (data from Figs. 2 and 3).
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silver/L, as AgNO;, for 1 or 24 h. Data are means = one standard
error of mean (n = 6).

kind of relationship can be explained if we consider the gill
asthemain sitefor gill binding and the fact that in crustaceans,
the mass-specific gill surface areais inversely related to body
mass [25]. Note that the slope value (~0.4) obtained from the
relationship is very close to that observed for other surface-
dependent physiological processes, for example, respiration
[26] and whole-body sodium uptake rate [27]. This argument
does not preclude the possibility that silver may bind to other
surfaces in D. magna, or inhibit Na*,K*-ATPase activity at
extrabranchial sites, or both.

Examination of silver accumulation data showed that the
slopes of the regression lines estimated from the relationship
between body mass and silver body burden in daphnids ex-
posed for 1 or 24 h were similar (~0.4). This result indicates
that body mass effects on silver accumulation do not depend
on the time of exposure. Results obtained in the second ex-
periment indicate that silver accumulation occurred very
quickly in juvenile daphnids. This may be explained by con-
sidering the high turnover of sodium in D. magna compared
to other crustacean species [27], and the fact that Ag* may be
acting as an analogue for Na* in a competitive fashion. This
statement is based on the observation that the inhibition of
whole-body sodium uptake induced by silver in daphnids is
competitive, indicating that silver and sodium are sharing the
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Fig. 6. Whole-body sodium and chloride concentrations in juvenile

Daphnia magna exposed to 0.3 p.g total silver/L, as AgQNO;, over 48

h. Data are means * one standard error of mean (n = 6). An asterisk
(*) indicates means significantly different (p < 0.05) from control.
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same mechanism(s) of sodium transport across the gill epi-
thelium. In the rainbow trout, Bury and Wood [28] demon-
strated that silver, probably as Ag*, enters the branchial epi-
thelial cells viathe Na* channel coupled to the proton ATPase
in the apical membrane of the gills. Recently, we have dem-
onstrated the presence of this same mechanism of transport in
D. magna [29]. Therefore, it seems very likely that Ag* is
sharing the Na* channel coupled to the proton ATPase to enter
the branchial epithelial cellsin D. magna, as it does in fish.

As previously mentioned, gills are the main site of active
transport of Na* and Cl- from the water into the extracellular
fluid of freshwater crustaceans, and branchial Na*,K *-AT Pase
activity is directly related to the Na® and Cl- uptake across
the gills [10,13]. This uptake is essential to counteract the ion
loss through the gills and excretory organs in freshwater crus-
taceans. We observed a progressive and profound inhibition
of Na*,K+-ATPase activity after silver exposure. In this case,
an inhibition of the enzyme powering the active transport of
sodium should lead to decreases in hemolymph and conse-
quently in whole-body sodium concentrations. Thus, this in-
hibitory effect of Ag* on Na",K*-ATPase activity can also
explain, at least in part, the reduced sodium uptake rate and
whole-body sodium concentration recorded in Ag*-exposed
daphnids. At this point, it is interesting to note that the inhi-
bition of the whole-body sodium influx was almost complete
by 1 h of exposureto silver, indicating arapid effect. However,
at this time inhibition of Na",K*-ATPase activity was only
about 30%. Thereafter, a further progressive inhibition of
Na*,K+-ATPase activity occurred, reaching 90% by 12 to 48
h, but virtually no additional effect occurred on whole-body
sodium influx. The explanation for this phenomenon is pres-
ently unclear and worthy of a future study.

Although in broad view, this mechanism of Ag* toxicity
in D. magna appears similar to that in fish (i.e., ionoregulatory
failure associated with inhibition of branchial Na*,K *-ATPase
activity [1,7,9]), in fine detail there are two substantial dif-
ferences. First, in D. magna the inhibition of Na" uptake by
Ag* is clearly competitive, whereas in the rainbow trout it is
clearly noncompetitive [14], asis the inhibition of Ag* uptake
by Na*. Other kinetics experiments on D. magna that used
different concentrations of silver (lower and higher than that
employed here) in the scope of another study in our laboratory
again showed significant changesin the K, without significant
changes in V,,,, thus supporting the present results. Possibly,
this reflects a different balance in the degree of apical channel
competition versus Na*,K *-ATPase inhibition in daphnidsrel-
ativeto trout. Second, in trout, Cl- uptakeissimilarly inhibited
by Ag* exposure [14,30,31], such that plasma Na* and Cl-
concentrations fall almost in parallel [15,30-33]. Very clearly,
whole-body CI- concentration did not fall in AgT-exposed
daphnids of the present study (Fig. 6), nor did hemolymph CI-
concentration in the Ag*-exposed crayfish of Grosell et al.
[16]. Unfortunately, Cl- uptake was not measured in either
study. Reductions in whole-body Na* concentration would be
expected to be accompanied by similar reductionsin Cl- con-
centration to maintain the charge balance. The lack of an effect
of Ag* on Cl- whole-body concentration suggests that other
ionoregulatory shifts could be occurring in freshwater crus-
taceans exposed to silver. This lack of an effect of Ag* on Cl-
whole-body concentration in crustaceans is reminiscent of a
similar lack of effect in eels [31], but there the difference is
explained by the fact that eels take up Cl- through the diet
rather than through the gills [34]. This is unlikely to be the
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explanation in crustaceans; both daphnids [35] and crayfish
[36] exhibit a vigorous active uptake of Cl- at the gills, al-
though at least in the latter, this appears to be partially inde-
pendent of Na" uptake, and vice versa [37,38]. However, in
fish, the coupling aso is loose, and indeed the mechanism by
which Na*,K+-ATPase activity islinked to Cl - uptake remains
poorly understood (reviewed by Wood [7]). Interestingly, the
chloride transport pathway has been demonstrated to be less
sensitive to AgNO; exposure than the sodium transport path-
way in the intestine of marine teleost fish [39]. Clearly, much
remains to be learned about the fine details of these transport
mechanisms in both fish and crustaceans, and Ag+* may prove
to be a very useful tool in this regard.

Finally, it is important to note that inhibition of Na*",K+*-
ATPase activity is well correlated with silver accumulation in
the whole body of juvenile daphnids, the most sensitive fresh-
water organism [17]. This supports the idea that silver binds
to a specific biotic ligand, that is, the Na*,K+-ATPase, and
that this binding is directly associated with toxicity in D. mag-
na, just as in less sensitive crustaceans [16] and fish [1]. In
this regard, it is noteworthy that in rainbow trout, the con-
centration of free Ag* ion in the water associated with 85%
inhibition of Na*,K*-ATPase is about equal to the 96-h LC50
value (2.7-5.5 pg/L), and thereby provides the log K value
for the BLM—7.6 according to McGeer et a. [8] or 7.3 ac-
cording to Paquin et a. [6]. Similarly in D. magna, the con-
centration of free Ag* ion in the water associated with 90%
inhibition of Na*,K+-ATPase in our study (0.142 pg/L = 1.3
nM) is about equal to the 48-h LC50 value [18]. By analogy
this would yield a log K value of approximately 8.9 for a
daphnid BLM. However, the current version of the silver BLM
for daphnids uses a rainbow trout log K value (7.3) but
achieves the correct sensitivity of the model by reducing the
saturation of toxic sites needed to cause toxicity [6].

Theoriginal log K values (7.3-7.6) were worked out in fish
gills on the basis of correlation with acute toxicity (i.e., 96-h
LC50 values) before we understood the exact physiological
basis. Once we learned the physiological basis in the fish gill
(Na*,K+-ATPase inhibition with resulting ionoregulatory fail-
ure), it became apparent that sufficient inhibition (50-85%) to
cause death occurred in this log K range. Thus, we can now
associate a log K value with a physiological endpoint [1,8].
The original developers of the BLM for silver in Daphnia did
not have the advantage of this knowledge, so they had to make
a fish-based model work in Daphnia without knowledge of
mechanism. To account for the toxicological data (many-fold
greater sensitivity in Daphnia) they had the choice to either
greatly reduce the saturation of binding sites needed to cause
50% mortality or to change the log K value. Because both
constants are operationally defined, either modification would
work equally well. They chose to reduce the saturation of
binding sites needed to cause 50% mortality and developed a
model that worked extremely well [6]. However, with the new
physiological knowledge presented in this paper (i.e., that the
toxic mechanism is the same as in fish, and associated with
the same degree of Na*,K+-ATPase inhibition), it is apparent
that it may have been preferable to raise the log K value to
the point where comparable Na*,K*+-ATPase inhibition oc-
curred (i.e., around 8.9).

This is not meant as a criticism of the BLM, but simply an
improvement, which allows it to be founded on a common
mechanistic basis with that for fish. Relating the BLM to its
mechanistic basis may become important when it is applied

A. Bianchini and C.M. Wood

to new circumstances (e.g., multimetal mixtures or different
water qualities). This approach offers a way to also adapt the
model to other species with higher or lower tolerance. It dem-
onstrates the beauty of the BLM—that it can evolve as new
information becomes available. In this regard, it is interesting
that De Schamphelaere and Janssen [40] recently developed a
maodification of the BLM for copper that works better in Daph-
nia, and they did this principally by raising the log K value.
Because copper and silver are thought to work through a sim-
ilar physiological mechanism, this offers additional support
for our conclusion.
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