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The time course of silver accumulation in rainbow trout during
static exposure to silver nitrate: physiological regulation or an
artifact of the exposure conditions?
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Abstract

The pattern of gill silver accumulation in rainbow trout during waterborne silver exposure has been reported to be unusual,
reaching a peak in the first few hours of silver exposure followed by a marked decline with continued exposure. The potential
causes of the pattern were investigated. Rainbow trout (1-5 g) were exposed in a static sy$tEAgtabeled AgNQ at a
total concentration of 1.92g Ag I-* for 24 h in synthetic soft water. Periodically throughout the exposure, gill and B88g
accumulation, gill and bod$/Na uptake (from which whole body Nauptake was calculated), gill N&*-ATPase activity,
plus water silver (total and dissolved), Cand total organic carbon (TOC) concentrations were measured. Gill silver levels
rapidly increased, peaked at 3 h of exposure and then decreased until a plateau was reached at 12 h of exposure. Body (minus
gills) silver levels increased steadily over the exposure period until 18 h of exposure. Whole bodptdke decreased, was
maximally inhibited by 3 h of exposure but recovered by 12 h despite continued silver exposure. @il MaPase activity
was not inhibited until 5h of exposure. The water dissolved silver concentration declined@% over the 24 h exposure
period and the TOC content of the water increased over three-fold during the first 2 h of exposure. There was a decrease in the
calculated contribution of Ag(from 20.9 to 2.5%) and an increase in the calculated contribution of Ag—TOC complexes (from
77 to 97.3%) to the total water silver concentration over the first 2 h of exposure. Apical silver uptake into the gills decreased
over the initial 2.5h of exposure while basolateral silver export out of the gills to the body remained constant throughout the
exposure. The results of this study suggest that: (1) physiological regulation of silver movement may explain the pattern of gill
silver accumulation observed in rainbow trout, although not by a mechanism coupletikd M& Pase inhibition as originally
proposed; (2) alternatively or additionally, a decreased bioavailability of silver, due to the static exposure conditions, may explain
the pattern of gill accumulation; (3) the early inhibition of whole body Ngtake observed during silver exposure occurs via
a mechanism other than Nig+-ATPase inhibition; and (4) gill silver accumulation may be an appropriate endpoint for biotic
ligand modeling.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

When present as silver nitrate, silver is one of the
most acutely toxic metals to freshwater rainbow trout
(Oncorhynchus mykiss) with 96 h LC50 values in the
range of 6.5-13.g1~1 in freshwaters that are gener-
ally low in organic matter contenD@avies et al., 1978;
Nebeker et al., 1983; Hogstrand et al., 1p%ilver
nitrate is highly toxic because it readily dissociates
in water to yield ionic silver (Ag), the most acutely
toxic species of silverHogstrand et al., 1996; Galvez
and Wood, 1997; McGeer and Wood, 1998ury
et al., 1999a,cGrosell et al., 2000 Silver species
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of the body) is at least in part carrier-mediated and
ATP-dependent, suggesting active transport.

Two studies recently investigated the temporal pat-
terns of silver accumulation in the gills and body of
rainbow trout Bury and Wood, 1999; Wood et al.,
2002. These studies found that the gill silver ac-
cumulation constantly changed over time; qill silver
concentrations increased, peaked and then declined
despite continued silver exposure. In contrast, body
silver accumulation increased steadily to a plateau
with time. Relative to other metals this pattern of gill
silver accumulation is unusual. Most studies with Cu,
Cd and Zn have shown simple linear or hyperbolic ac-

such as silver complexed by dissolved organic carbon cumulation of the metals at the gills over timea(rén

(DOC) or chloride are much less toxic to rainbow
trout than Ag (Hogstrand et al., 1996; Galvez and
Wood, 1997; McGeer and Wood, 199Bury et al.,
1999a,¢ Karen et al., 1999; Grosell et al., 2000;
Rose-Janes and Playle, 20®@cause their formation
renders the ion less available for binding at key toxic
sites on the gill epithelium.

It is generally accepted that the key toxic site of
action of Ag™ is the NaK*-ATPase located on the
basolateral membrane of gill celldMérgan et al.,
1997. This enzyme is responsible for extruding™a
in exchange for K across the basolateral membrane
and into the extracellular fluidSkou, 1990, thereby
providing much of the energy for active Nand CI-
uptake. In freshwater fish, this transport is essential
to counteract the diffusive loss of Nand CI to the
hypo-osmotic freshwater environment. Waterborne
Ag™ exposure inhibits the activity of this enzyme
causing an inhibition of N& and CI- uptake via the
gills (Wood et al., 1996; Morgan et al., 1997; McGeer
and Wood, 1998; Webb and Wood, 1998; Bury et al.,
1999c; Grosell et al., 2000 The resultant ionoreg-
ulatory disturbance eventually leads to circulatory
collapse and death of the fisWood et al., 1996;
Hogstrand and Wood, 1998

To exert its toxic action, Ag enters gill cells from
the water, at least in part, by the same route as,N&
an apical Na channel driven by the electrical gradient
established by a #ATPase Bury and Wood, 1999
In addition to accumulating in the gills, silver readily
accumulates in the rest of the bodydgstrand et al.,
1996; Wood et al., 1996; Webb and Wood, 1R9he

and McDonald, 1986; Giles, 198&layle et al.,
1993a,b Hollis et al., 1997; Grosell et al., 1998;
Alsop et al., 1999; MacRae et al., 199®lbeit un-
usual, the pattern may be characteristic of silver expo-
sure; it is observed in both rainbow tro@.(mykiss)

and European eelAfguilla anguilla) during expo-
sure to either predominantly Agor predominantly
AgClaq (Wood et al., 2002

The mechanism behind the pattern is unknown.
Wood et al. (2002hypothesized that the mechanism
may involve physiological regulation of silver move-
ment across the gill cell. According to this hypothesis,
the initial rapid increase in gill silver accumulation
is due to entry via the apical HATPase coupled
Na™ channel. The peak and decline in gill silver ac-
cumulation is due to the inhibitory effect that Ag
has on the N&K*-ATPase, as well as the continu-
ing active export of silver from the gill across the
basolateral membrane and into the body. Inhibition
of NatK+-ATPase by Ag could lead to an increase
in the intracellular N& concentration over time and
a reduction of the membrane potential. In turn, this
would inhibit apical N& and Ag™ uptake because
the driving force for entry would be decreased, and/or
the apical channel might close.

The objective of this study was to determine if phys-
iological regulation of silver movement across the gill
cell as the result of inhibition of NeK*-ATPase by
Ag™ could explain the pattern of gill silver accumu-
lation observed in rainbow trout during waterborne
silver exposure. This objective was accomplished by
performing a detailed time course analysis of the

transport of silver across the basolateral membrane of pattern of gill and body silver accumulation (using ra-

the gill cell and into the blood (and thereby the rest

diolabelled'1°™Ag), whole body N& uptake (using
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radiolabelled®*Na), and gill Na& K*-ATPase inhibi- Research Reactor, Roskilde, Denmark), was added to
tion over the course of 24 h of static silver exposure. an 801 polyethylene tank containing 401 of aerated,
A total concentration of silver of 1.92g1~1 was  synthetic soft water (composition as above) 24 h be-
used because this value is close to the concentrationsfore the addition of fish. This was done to ensure
used in previous studies which examined silver ac- saturation of silver-binding sites on the tank walls

cumulation in rainbow troutBury and Wood, 1999;
Wood et al., 200p Radiolabelled°™Ag was used to
achieve the sensitivity of analysis required for these

so that silver concentrations would remain constant
during the experiment. The addition of silver yielded
a total silver concentration of 1.92y1~1 in the ex-

detailed time course studies, and thereby necessitated?0sure water at the start of the experiment.

the use of a closed exposure system, similar to that

used in these earlier investigations.

2. Materials and methods
2.1. Experimental animals and acclimation

Juvenile rainbow trout @. mykiss, 1-59g) were
obtained from Humber Springs Trout Hatchery (Or-
angeville, ON, Canada) and held for 2 weeks in a
2001 polyethylene tank supplied with flowing, aer-
ated, dechlorinated Hamilton city tap water (approxi-
mate ionic composition in mM: 0.5 [Ng, 0.7 [CI7],

1.0 [C&*], 0.2 [Mg?*] and 0.05 [K], pH 7.8-8.0,
DOC ~3mg CI1, hardness~140mg?! as CaCQ@

and temperature 13+ 0.5°C). All fish were then
acclimated over a 2-week-period to synthetic soft
water, created by mixing increasing amounts of re-
verse osmosis (Culligan Aqua-Cleer Reverse Osmo-
sis System, Toronto, ON, Canada) treated Hamilton
city dechlorinated tap water with Hamilton city tap
water until the desired water ionic composition was
achieved. Fish were maintained in this soft water (ap-
proximate ionic composition in mM: 0.09 [N, 0.09
[CI~], 0.08 [C&"], 0.04 [Mg?t], 0.04 [Kt], pH 7.0,
DOC ~0.5mg C I, hardness-10 mg -1 as CaCQ@

and temperature 122 °C) for at least an additional 2
weeks before experimentation. During initial holding
and soft water acclimation, fish were fed to satia-
tion once daily with commercial trout pellets (Martin
Mills, Tavistock, ON, Canada). Feeding was sus-
pended for 1 day before and during the experiment to
minimize silver-binding to organic matter in uneaten
food and waste products during the exposure period.

2.2. Experimental design

Silver, ast%MAg labeled AgNQ (70.Ci; specific
activity (SA) 0.92uCing~! Ag™; RISOE Nuclear

After the 24 h equilibration period, a total of 152
fish were placed into the exposure tank. Eight fish
were sampled at 0.5h, every hour from 1 to 8h and
at 12, 18 and 24 h of silver exposure for determina-
tion of gill and body silver accumulation (the body
was that portion of the rainbow trout remaining after
the gills were excised) and gill and body Naptake
(from which whole body Na uptake was calculated;
via 2*Na). The methods for th&Na uptake measure-
ments are given separately below. Water samples were
also taken at each time point for measurement of wa-
ter silver (total and dissolved), chloride and TOC con-
centration. At 1, 3, 5, 8, 12, 18 and 24 h of exposure,
an additional eight fish were collected for determina-
tion of gill Na™K*-ATPase activity. Gill and body sil-
ver accumulation, gill and body Nauptake and gill
NaK*-ATPase activity were also measured in fish
before silver exposure (initial time point on figures).
Sampled fish were rinsed in a concentrated solution
containing AgNQ@ (7.9 mg 1) and NaCl (2.9gt1)
to remove any loosely bound radioisotope?(’Ag
and/or?*Na) by displacement, and were euthanized
by an overdose of MS-222 (1g1).

2.3. Water analyses

Water samples were taken to determine the con-
centration of total and dissolved silver during the
exposure period. Dissolved silver was measured be-
cause it is believed to more closely approximate the
bioavailable fraction of metal in the water than does
total silver. Silver was referred to as dissolved if it
was able to pass through a O filter (Acrodisc
polyethersulfone syringe filters, Pall Gelman Labo-
ratory, Ann Arbor, MI, USA). Two 5 ml non-filtered
(for determination of total silver) and two 5 ml filtered
water samples were taken from the exposure tank at
each of the time points listed above and counted for
10maAg radioactivity (MINAXI Auto-gamma 5000
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series, Canberra-Packard, Toronto, ON, Canada). InThe additional beaker was then used for the second
addition, six 5 ml water samples were taken from the measurement and so on. This was done to ensure
exposure tank at the start and end of the experiment. saturation of silver-binding sites on the glass beaker
Three of these samples were immediately acidified so that the concentration of silver in the water would
with 1.0% (v/v) trace metal grade HNO(Fisher remain constant during the uptake measurement. For
Scientific, Canada) and analyzed for total silver by Nat uptake measurements conducted in fish before
graphite furnace atomic absorption spectrophotom- silver exposure, the beaker was not equilibrated in the

etry (Varian AA-1275 with GTA-9 atomizer, Varian
Ltd., Mississauga, ON, Canada). The remaining three
samples were counted f&t9™Ag radioactivity. From
these two measurements, the specific activity of silver
in the water was calculated (in cpay silver). The
SA of silver changed by less than 20% between the
start and end of the experiment. The total and dis-
solved silver concentration of the exposure water at
each of the time points was determined by dividing
the 119MAg radioactivity (in cpm) of the water by the
SA of silver.

Concentrations of Cl in the water were analyzed
using the colorimetric mercuric thiocyanate method
(zall et al., 1958. Total organic carbon (TOC) con-
centrations were measured on a Shimadzu 5050A total
organic carbon analyzer (Mandel Scientific Co. Ltd.,
Guelph, ON, Canada). TOC is the sum of particulate
organic carbon (POC) and dissolved organic carbon.

2.4. Tissue silver accumulation

To determine the silver concentration of the gills
and body, the tissues were first counted ¥Ag
radioactivity (MINAXI Auto-gamma 5000 series,
Canberra-Packard, Toronto, ON, Canada; see below
for details of radioactivity counting). The counts due

silver exposure water.

At each sample time fish were netted from the
exposure water and added to one of the 600ml
beakers which contained 300 ml of water to which
the fish had been exposedNa (6.7u.Ci; mean SA
0.009u.Cipg~1 Nat; McMaster University Nuclear
Reactor, Hamilton, ON, Canada) was then added to
the beaker. The uptake measurement lasted a total
of 30 min during which time the water was contin-
uously aerated. Five minutes after the start of the
measurement and again at the end, 5ml water sam-
ples were taken in duplicate for measurement of
water 2*Na radioactivity by gamma-counting (MI-
NAXI Auto-gamma 5000 series, Canberra-Packard,
Toronto, ON, Canada; see below) and total {Nay
flame atomic absorption spectrophotometry (Varian
AA-1275, Varian Ltd., Mississauga, ON, Canada). In
addition, at the end of the measurement, gills were
excised and then the gills and the body (minus the
gills) were counted separately f&tNa activity on the
gamma counter (see below). The gill or body uptake of
Nat (wmolg-1h~1) was then calculated as follows:

CT

illor body Na™ uptake= ———
g y up SA x Wt x ¢t

to 110MAg radioactivity were then converted to abso- Where CT is the total counts per minute in the gills

lute silver concentrations based on the known specific

or body, SA is the measured specific activity of the

activity of silver in the water during the exposure Water, wt is the wet weight of the gills or body (9),

period (see above).
2.5. Na' uptake measurements

Na" uptake measurements were conducted in a

andt is the time of exposure (h). The average specific
activity of the water was calculated as follows:

SA = 1((cpm/INaJi) + (cpmy/[Na]r))

600 ml Pyrex glass beaker. Before the uptake mea- where cpm represents thé*Na cpm per ml initially

surements in silver-exposed fish, two of the beakers

in the water, cpmrepresents the fin&*Na cpm per

were submerged in the exposure water in the exposureml in the water, and [NaJand [Na} represent the

tank for 24 h before experimentation. One beaker was
removed from the tank, used for the first uptake mea-
surement, and at the completion of the measurement,

initial and final sodium concentrations of the water,
respectively. Whole body Nauptake was calculated
by adding the gill and body Nauptake and correcting

rinsed with water and replaced in the exposure tank. for the whole body weight.
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2.6. Radioactivity counting

Because gill and body silver accumulation andNa
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tributing to the mean except for the water silver, chlo-
ride and TOC concentrations where only the means
of duplicate determinations are reported. All compar-

uptake were determined at each sample time, the sam-isons were made using a one-way ANOVA followed

pled fish were exposed to two radioisotopé@da and
L0mAg  both of which are gamma emitters. To de-
termine thel®MAg radioactivity in the gills, body,
and water, the samples were initially counted for the
sum of 2*Na and 19MAg radioactivity. 2*Na (15h
half-life) was then allowed to decay for approximately
2 weeks and the samples were counted again to give
the 110MAg radioactivity (250 half-life). To determine
the2*Na radioactivity in the gills, body and water, the
110maq radioactivity was subtracted from the sum of
24Na and0MAg radioactivity. The?*Na activity was
then corrected for decay to a common reference time.
Gamma radioactivity counting was conducted as out-
lined byHansen et al. (2002)sing an energy window

of 1050—2000 keV.

2.7. Gill NaTKT-ATPase activity

Gills were obtained by dissection at the above men-
tioned sample times and also before silver exposure,
immediately frozen in liquid nitrogen, and stored at
—80°C for later analysis of NBK*-ATPase activ-
ity. The activity of gill NatK*-ATPase was mea-
sured according to the method icCormick (1993)
Briefly, gills were homogenized in SEID buffer (0.5g
of sodium deoxycholate in 100 ml of SEI; SE:

150 mM sucrose, 10mM EDTA, 50 mM imidazole,
pH 7.3) at between 0 and°€. Using a microplate
spectrophotometer (SPECTRAmMax 340PC, Molecu-
lar Devices Corp., Sunnyvale, California, USA), the
linear rate of NADH disappearance was measured in
all gill homogenates in the presence and absence of
ouabain at 340nm for 10 min at room temperature.
NatK*-ATPase activity gmol ADP mg1h—1) was
calculated as the difference in ATP hydrolysis in the
absence and presence of ouabain and was standar
ized to protein content. The protein concentration in

homogenates was measured using the Bradford assay,

(kit no. B6916, Sigma, Canada) with bovine serum
albumin as a standard (Sigma, Canada).

2.8. Satistical analyses

Data have been expressed as mearS.E.M. ),
wheren represents the number of different fish con-

by the Dunnett's multiple comparison test (SPSS
10 for Windows). Linear regression and non-linear
regression analyses were done using SPSS 10 for
Windows. A significance level oP < 0.05 was used
throughout.

3. Results
3.1. Water chemistry

The mean measured total and dissolved water sil-
ver concentrations over the 24 h exposure period were
1.924 0.08 and 071+ 0.11ugl~1, respectively. As
explained in the discussion, the large difference be-
tween the total and dissolved water silver concentra-
tions is likely due to silver-binding to organic matter
produced by the fish.

Static exposure of rainbow trout to silver was asso-
ciated with changes in the chemical constituents of the
exposure water over time. In terms of water silver, the
total silver concentration remained relatively constant
over the 24 h exposure period, declining by only 20%
(from 1.92 to 1.56.g1~1; Fig. 1A). Approximately,
one-third of the decrease in concentration was due to
the measured uptake of silver by the fish with the re-
maining decrease likely due to adhesion of silver to the
tank and Pyrex beaker surface. However, the dissolved
silver concentration did not remain constafigy; 1A).
Over the first 7 h of exposure, the concentration of dis-
solved silver decreased by approximately 65% (from
1.32 to 0.46.g1~1) but remained relatively constant
over the remaining 17 h of exposure. In total, over the
24 h exposure period the dissolved silver concentra-
tion decreased by approximately 70% (from 1.32 to
0.39ugl71).

Over the exposure, there was a small decrease in
e water chloride concentratiofi¢). 1B). At 1 h of
silver exposure, the water chloride concentration was
122.M but by 24 h of exposure the concentration had
declined by 7% to 11@M. In contrast, there was an
increase in the TOC concentration of the exposure
water from an initial value of 0.6 to 1.9mg CJ at

2 h of silver exposure, an increase of over three-fold
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Fig. 1. Changes in the measured water total (filled circles) and dissolved (open circles) silver (A), chloride (B) and TOC (C) concentrations
over 24 h of acute exposure of rainbow trout to AgNi@ synthetic soft water. The dissolved silver concentration is the concentration of
silver in the water after passage through a Quabfilter. Values are means: & 2).
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(Fig. 10. TOC concentrations remained elevated rel-
ative to the initial value and constant over the follow-
ing 22 h of exposure.

3.2. Slver accumulation

When rainbow trout were exposed to silver, gill sil-
ver initially increased rapidly and then peaked after 3
h of exposure at-200nggww. A gradual decline
in gill silver with continued silver exposure followed
until a plateau was reached atl25ng gt ww after
12 h of exposureKig. 2A).

Body (minus the qill) silver increased steadily
over the first 18 h of silver exposure to a plateau of
~12ng g tww at 24 h of exposurer(g. 2B).

Whole body silver concentrations increased rapidly
over the first 3h of exposure after which concentra-

tions increased slowly until a plateau was reached of

~15ngglww at 24 h of exposureF(g. 20).

Initially, the gills were the largest contributor
(~82%) to the whole body silver burden. However,
over the course of the exposure the contribution of
the gills decreased steadily te30% by 24 h of expo-
sure Fig. 3. In contrast, the contribution of the body
to the whole body silver burden increased steadily
from only 18% at 0.5h to almost 70% at 24h of
exposure.

3.3. Nat uptake

Silver exposure rapidly inhibited whole body
Na® uptake Fig. 4A). By 3h of silver exposure,
Na" uptake was maximally inhibited by~55%
(from 834nmolglh~! before silver exposure to
374nmolglh~1). Inhibition was followed by even-
tual recovery of N& uptake at 12-24h of silver
exposure. The time course of inhibition of body
(minus the gills) N& uptake paralleled the time
course of inhibition of whole body Na uptake
(Fig. 4A). Interestingly, Na uptake appeared to
vary inversely with gill silver accumulation such
that maximal inhibition of N&a uptake (3h of ex-
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3.4. Gill NaTK*-ATPase activity

Silver exposure significantly inhibited gill NaK*-
ATPase activity in rainbow trout by~40%, but
the effect did not occur until 5h (from 4;2mol
ADPmg! protein ! before silver exposure to
2.6pmol ADP mg! protein i1 at 5 h of silver expo-
sure;Fig. 4B). The 5h delay in enzyme inhibition was
in contrast to the rapid inhibition of whole body Na
uptake (significant at 2 h and maximal at JHig. 4A)
and rapid accumulation of gill silver (significant at
0.5h and peaking at 3Fig. 2A). NatK-ATPase
activity remained inhibited over the remaining 19h
of exposure except at 12 and 18 h.

4, Discussion

4.1. The mechanism behind the pattern of gill
silver accumulation

The unusual and complex pattern of gill silver accu-
mulation reported in this study, with somewhat differ-
ing time courses, has been demonstrated before in two
separate studieB(ry and Wood, 1999; Wood et al.,
2002, suggesting that the pattern is characteristic of
silver exposure.

The present data allowed an analysis of the rates
of apical silver uptake into the gills and basolateral
silver export from the gills. This was accomplished
by first calculating silver accumulation at each time
point based on the equations of the lines of best fit
(provided in legend ofFig. 2) for the whole body
(apical uptakeFig. 20 and body (basolateral export;
Fig. 2B; adjusted to whole body weight) silver accu-
mulation data and then dividing the change in silver
accumulation over each time interval by the length of
the time interval. The rates were therefore expressed
as rates per unit whole body weight, and were plotted
at the midpoint of the time interval. Initially, apical
silver uptake was much higher than basolateral silver
export (10nggth—1 versus 0.5nggt h~1; Fig. 5).

posure) was associated with the greatest gill silver However, apical uptake decreased rapidly over the first

accumulation (3h of exposurdsig. 2A). Further-
more, the eventual recovery of Nauptake with

continued silver exposure corresponded with the de-

cline in gill silver accumulation (compareigs. 2A
and 4A.

2.5h of exposure and by 3.5h of exposure and for
the remainder of the exposure apical uptake was simi-
lar to and slightly lower than basolateral silver export
at ~0.5nggth~1. The peak in gill silver accumu-
lation (Fig. 2A) therefore could be attributed to the



62

R - . Al
Body silver concentration (ng g L ww) Gill silver concentration (ng g~ ww)

Whole body silver concentration (ng g™* ww)

T.P. Morgan et al. / Aquatic Toxicology 66 (2004) 5572

A) Gill Silver Accumulation

250 4

200 1

150 +

100 A

50 4

0 5

10

B) Body Silver Accumulation
(Basolateral Silver Export)

15 4

15

20 25

0 5

10 15

C) Whole Body Silver Accumulation
(Apical Silver Uptake)

20 +

15 4

10 4

20 25

10

Exposure time (h)

15

20 25



T.P. Morgan et al. / Aquatic Toxicology 66 (2004) 55-72 63

100
>
k]
o
a
5]
»n 80 A
S Bod
£ Y
&
° 60 4
=1
a
o
o
>
n 40 Gills
>
k]
o
el
Q
E 20
2
©
X

0 v T v T v T v T v 1
0 5 10 15 20 25

Exposure time (h)

Fig. 3. Gill (filled circles) and body (open circles) silver burden as a percentage of the whole body silver burden in rainbow trout acutely
exposed for up to 24h to 1.931~1 total silver as AgNQ in synthetic soft water. The body was that portion of the rainbow trout
remaining after the gills were excised. Values are mearS8.E.M. @z = 8 at each time point).

initially much higher uptake rate than export rate, a (Fig. 4A). The identical time course of apical Naip-
phenomenon that rapidly declinefig. 5). Basolateral  take inhibition and basolateral Naexport inhibition
silver export was low but constant over the exposure suggests that the rate limiting step in the movement of
period Fig. 5. The steady increase in body silver ac- Nat across the whole gill epithelium is the movement
cumulation over timeKig. 2B) reflected the constant  of Nat across the apical membrane.
basolateral export of silveF{g. 5).

Apical Na uptake and basolateral Naxport were 4.2. Physiological regulation of silver uptake?
also determined. (Apical Nauptake is the sum of gill
and body Na& uptake because all of the radiolabelled The temporal patterns of whole body Naiptake
Nat present in the fish must have crossed the apical and gill Na"K™-ATPase activity inhibition observed
membrane in the 0.5 h measurement period; basolat-in this study suggest that physiological regulation
eral Na" export is the body (minus the gill) Naup- of silver movement across the gill epithelium by
take because all of the radiolabelled Npresent in the mechanism originally proposed (i.e. inhibition of
the body must have crossed the basolateral membraneNa"K™-ATPase activity) cannot explain the pattern
in the 0.5 h measurement period.) Both apicat Ng@- of gill silver accumulation. Upon silver exposure,
take and basolateral Naexport decreased and then Na' uptake was affected rapidly such that by 3h of
increased to a plateau with continued silver exposure exposure, uptake was significantly and maximally

Fig. 2. Time course of silver accumulation in the gills (A), body (B) and whole body (C) of rainbow trout acutely exposed for 24h to
1.92ug 1! total silver as AgN@ in synthetic soft water. The body was that portion of the rainbow trout remaining after the gills were
excised. Values are meass S.E.M. ( = 8 at each time point except the initial time point where= 16). Asterisks indicate significant
differences from initial values (before silver exposure; ANOVA followed by the Dunnett's multiple comparisonPtest0.05). The
equations of the lines of best fit for (B) and (C) are gill silver accumulation70.50 + 82.15/[(1 + ¢(~(exposuretime 1571)/0.3310.003 gnq

gill silver accumulation= 13.74 x exposure timg(0.89 + exposure timg+ 0.14 x exposure time, respectively.
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Fig. 4. Time course of inhibition of whole body (filled circles) and body (open circles) Matake (A) and gill NAK*-ATPase activity

(B) of rainbow trout acutely exposed to 1081~ total silver as AgN@ over 24 h in synthetic soft water. Values are mear.E.M.

(n = 8 at each time point except the initial time point for (A) and (B) where- 16 and 14, respectively and the 1 and 3h time point
for (B) wheren = 7). % indicate significant differences from initial values (before silver exposure; ANOVA followed by the Dunnett's

multiple comparison testP < 0.05).

inhibited by ~55% (Fig. 4A). Morgan et al. (1997)
saw a similar large and rapid inhibition of uptake
(50% inhibition by 3 h of exposure) during exposure
of larger rainbow trout to 2g Ag =1 but did not mea-
sure NaK*-ATPase activity at this time. However,

in the present study gill NeKT-ATPase activity was
not inhibited until 5h of silver exposure-ig. 4B),

2 h after maximal inhibition of N& uptake. If phys-
iological regulation of silver movement through in-
hibition of NatK™-ATPase activity could explain the
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Fig. 5. Apical silver uptake (filled circles) and basolateral silver export (open circles) across the gills of rainbow trout acutely exposed to
1.92ug 17! total silver as AgNQ for 24 h in synthetic soft water. Silver uptake was determined by first calculating silver accumulation at
each time point based on the equations of the lines of best fit for the whole body and body silver accumulation data and then dividing

the change in silver accumulation over each time interval by the length of the time interval.

pattern of accumulation as hypothesized, we would
have expected to see inhibition of Ni&*-ATPase
activity preceding or simultaneous with the inhibition
of Nat uptake as the intracellular Naconcentration
increased and reduced apical®Nantry.

However, if it is the movement of Naacross the

tion is much less than that of N&™-ATPase. Inhi-
bition of CA by Ag" (discussed further below) could
lead to a decrease in the intracellular supply of H
which would in turn inhibit apical Na and Ag™ up-
take because the HATPase requires protons to fuel
apical uptake of N&. Together with constant silver

apical membrane rather than the basolateral membraneexport across the basolateral membrane, this would

(i.e. via Na"KT-ATPase) that is the rate limiting step
in the movement of N& across the gill epithelium
(Fig. 4A), physiological regulation of silver movement
may still explain the pattern of gill silver accumulation
by a different mechanism(s). Gill carbonic anhydrase
(CA) and the gill epithelial N& channel are associated

lead to a peak and decline in gill silver accumulation.
Uptake of Na from the water and into the gills of
rainbow trout is believed to occur via an epitheliafNa
channel Perry and Fryer, 1997Analysis of the struc-
ture of the epithelial N& channel in other species has
revealed several cysteine-rich domains within the ex-

with Nat movement across the apical membrane and tracellular loop of the channel subunitsgllenberger

CA inhibition and/or blockage of the epithelial Na
channel by silver itself could also alter silver move-
ment across the gill epithelium.

Carbonic anhydrase catalyzes the hydration o CO
to produce H and HCQ~ which are exchanged
against Na and CI at the apical membranéiénry,
1996. Ag™ has been shown to inhibit gill CA, both
in vitro (Christensen and Tucker, 197&nd in vivo
(Morgan et al., 199) although the degree of inhibi-

and Schild, 2002 Ag™ has a very high affinity for
sulfhydryl groups such as those found on cysteine
(Cooper and Jolly, 1970so that the resulting block-
age of epithelial N& channels would result in an in-
hibition of Na*, as well as Ad uptake because Ag
enters gill cells via the same pathway astN@ury

and Wood, 199p With continued silver export across
the basolateral membrane, this would lead to a peak
and decline in gill silver accumulation. The metal
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ions Cd*, Znt and Hg+ have been demonstrated
to block both skeletal and cardiac Nahannels (dis-
tinct from the epithelial Na channel) by binding
to sulfhydryl groups of cysteinyl residues, albeit at
much higher metal concentration®dvindran and
Moczydlowski, 1991; Ravindran et al., 1991; Schild
et al., 1991; Doyle et al., 1993; Schild and Moczyd-
lowski, 1994; Hisatome et al., 20P0 Moschen
et al. (2001 yeported that Hg" did not affect the ep-
ithelial Na© channel although this does not preclude
an effect of Ag- on channel function.

4.3. Changes in silver uptake due to changes in
silver bioavailability?

It is well known that silver toxicity in rainbow trout
is influenced by chemical constituents in the freshwa-
ter environment such as Cland dissolved organic
carbon Hogstrand et al., 1996; Galvez and Wood,
1997; Bury et al., 1999a; Karen et al., 199€om-
plexation of silver by DOC or Cl decreases the
concentration of the free silver ion, Ag thus re-
ducing the degree of inhibition of Nauptake and
gill NatK*-ATPase activity. The presence of POC
in the water also decreases Adioavailability (POC
strongly binds Ag, Ratte, 1999 and has been asso-
ciated with decreased silver toxicity (increased LC50
values) in rainbow trout and fathead minnovwobper
and Jolly, 1970; Nebeker et al., 1983; Erickson et al.,
1999. While binding of Ag™ by POC and DOC de-
creases gill silver accumulation, binding of Ady
Cl~ does not necessarily prevent accumulatigsmges
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Visible fish waste did accumulate in the bottom of
the exposure tank over time (probably reflecting mu-
cus production by fish). Although the silver content of
this waste was not monitored, it is assumed that this
waste buildup rendered some of the added silver as
non-dissolved and non-bioavailable due to silver—POC
formation. As such, it is not surprising that the TOC
content of the water increased over time, increasing
more than three-fold over the first hour of exposure
(Fig. 1Q. The change in water TOC content is consis-
tent with the earlier study results danes and Playle
(1995) where TOC levels also increased during static
gill silver accumulation studies. Their 2—3 h static up-
take studies had biomass densities in the range of
6-18 g/l (versus 11 g/l in our study) and the TOC con-
tent in their lab reverse osmosis water increased from
approximately 0.5-0.7 to 1.7 or 2.4mg C/L TOC.
Although we were unable to interpret filtered wa-
ter samples taken for DOC concentration analysis due
to contamination of the samples with organic carbon
from the 0.45.m filters used, an increase in the DOC
content of the exposure water might have contributed
to the increase in TOC content and therefore resulted
in a decrease in Agbioavailability due to silver-DOC
complex formation. We therefore propose that alter-
natively to physiological regulation, changes in"Ag
bioavailibility over the exposure period through com-
plexation of Ag- by POC and DOC may explain the
pattern of gill silver accumulation observed in rainbow
trout. TOC was not monitored in earlier studi@&uty
and Wood, 1999; Wood et al., 200%hich showed
similar patterns of gill silver accumulation over time.

and Playle, 1995; Hogstrand et al., 1996; McGeer and  Altered bioavailability of silver could explain the

Wood, 1998Bury et al., 1999a;dGrosell et al., 2000;
Rose-Janes and Playle, 2000; Wood et al., 2002
Thus, it would appear to be the reduction of free'Ag
in solution, rather than the prevention of its uptake,
that is critical in preventing silver toxicity.

pattern of gill silver accumulation in the following
way: initially during silver exposure there would be
rapid accumulation of A by the trout gills because

it would be available for uptake. However, as time
progressed and the fish contributed organic matter

Because the present experiment was performed us-to the exposure water, Aguptake would decrease

ing a static silver exposure system (similar to that
used byBury and Wood, 1999; Wood et al., 2002

as it became less available through complexation.
Complexation, in combination with the constant re-

is possible that the chemistry of the exposure water moval of silver basolaterally via its carrier-mediated,

changed over the course of the experiment. Surpris-

ingly, rather than increasing, the waterQloncentra-

ATP-dependent mechanismBiry et al., 1999
would produce a peak and decline in gill silver accu-

tion decreased very slightly over the exposure period mulation.

(Fig. 1B). However, there was also a large decrease

in the dissolved silver concentration over the course
of the exposure~70% decline over 24 hiig. 1A).

We calculated the speciation of silver in the ex-
posure water using the aquatic chemistry program
MINEQL™* (Schecher and McAvoy, 19%2using
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measured total silver concentrations and TOC values (i.e. inhibition of gill CA or blockage of the apical

and appropriate binding constants frobanes and
Playle (1995) Note that the DOC-binding constant
taken fromJanes and Playle (1995)the binding con-

Na* channel) were responsible for the time course
of inhibition, we would expect the inhibition of Na
uptake that occurs initially but not the recovery of

stant for natural humic substances. It is possible that Nat uptake that occurs with continued silver expo-

the constant may be different for mucus-like material
derived from fish because of the higher protein con-
tent relative to natural humic substances. Therefore,
speciation calculations should be interpreted with
caution.

Over the first hour of silver exposure the calculated
contribution of Ag™ to the total silver concentra-
tion decreased from 20.9 to only 2.5%, while the
contribution of Ag—TOC complexes increased from
77.0 to 97.3%. Together with the changes in apical
silver uptake and basolateral silver export demon-
strated over the exposur€ig. 5, these results sug-
gest that altered AQg bioavailability could explain
the pattern of gill silver accumulation noted in these
experiments.

Contradictory to this theory of altered silver
bioavailability is the observation that gill silver accu-
mulation continued to increase up to 3 h of exposure
even though the TOC concentration was maximal
by 2h of silver exposure. However, if the kinetics
of complexation of silver with TOC are slow, silver
bioavailability and hence gill silver accumulation may
not be affected until later in the exposure, once suf-
ficient time has passed for complexation. There is no

sure, lending further support to the bioavailability
theory.

Because altered silver bioavailability appears to be
a consequence of static silver exposure, the pattern of
gill accumulation may be an artifact of the exposure
conditions. A similar reduction in bioavailability may
have played a role in the studies Btiry and Wood
(1999)andWood et al. (2002)vho used similar static
exposure systems. Two recent studies with copper have
demonstrated a pattern of gill accumulation for copper
similar to that of silver Grosell et al., 1997; Grosell
and Wood, 200p again the pattern may be an artifact
of the exposure conditions as these studies were also
performed using static exposure systems. In the fu-
ture, the use of flow-through exposure conditions that
minimize or prevent changes in silver bioavailability
may be helpful in resolving the uncertainty.

4.4. Arolefor gill carbonic anhydrase and/or apical
Na* channels in the acute toxicity of silver?

For the past 6 years, it has generally been accepted
that the inhibition in whole body Nauptake observed
in rainbow trout during silver exposure is the result of

evidence to suggest that the rate of reaction betweenan inhibition of basolateral Ne&K T-ATPase, because

silver and TOC is slow, howevé@&owles et al. (2002)
showed that it takes up to 3 h before silver interacts
with another anionic ligand, sulfide. Furthermokéa

et al. (1999)showed that increasing the reaction time
between copper and humic acid reduces the toxicity
of copper. The physiological and toxicological sim-

this enzyme is greatly inhibited during silver exposure
(Morgan et al., 199rand is known to power Naup-
take in freshwater fishRichards and Fromm, 19Y0
The results of the present study indicate that this may
not be a complete explanation. Specifically, Nap-
take was very clearly inhibited before Nig+-ATPase

ilarities between copper and silver suggest the sameactivity (2 h versus 5 hrig. 4A and B suggesting that,

kinetic limitation may exist between silver and TOC.
This idea of a kinetic limitation is consistent with
the observation that initially during silver exposure
whole body Nd uptake fell, but with continued silver

exposure uptake later increased to pre-silver expo-

sure valuesKig. 4A). As time passed and there was
complexation of silver by TOC, the bioavailability
of Ag™ would decrease and the degree of inhibition
of Na© uptake by Ag  would be reduced, allowing
recovery of whole body Na uptake despite contin-
ued silver exposure. If physiological regulation alone

at least early during silver exposure, the inhibition of
Na'™ uptake may be due to an additional mechanism.
Carbonic anhydrase has been localized to the in-
tracellular compartment of gill epithelial cellR@him
et al., 1988 while NatK*-ATPase is located on the
basolateral membrane. As such, inhibition of CA and
hence, inhibition of N& uptake would perhaps be ex-
pected to occur before N& T-ATPase inhibition be-
cause Ad must traverse the entire cell before reaching
the Na-K*-ATPase, but only a short distance before
reaching CA. Likewise, blockage of the apical Na
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channel by silver (see above) would result in an inhibi-
tion of Na™ uptake, although initially NaK *-ATPase
activity would remain unchanged. In addition, simple
competition between Naand silver for uptake by the
channel could explain the inhibition of Nauptake in
the absence of NeK*-ATPase inhibition. Silver has
a very high affinity for the uptake pathway relative to
Na* (Janes and Playle, 1995; Bury and Wood, 1999;
McGeer et al., 2000 and as such its presence in the
water could reduce apical Nauptake as it competed
with Na™ for uptake by the channel.

4.5. A relationship between gill silver accumulation
and physiological mechanism of toxicity

The temporal patterns of gill silver accumulation
and whole body Na uptake observed during silver ex-
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200)). Thus, for the models to be adequately predic-
tive of toxicity, a relationship must exist between gill
accumulation and mortality. As of yet the silver ver-
sion of the BLM @aquin et al., 199%has not been
accepted for use as a regulatory tool because silver
accumulation on the gill has not been satisfactorily
correlated with silver toxicity in terms of mortality. In
the present study, we have demonstrated a relationship
between gill silver accumulation and whole body'Na
uptake. This result suggests that there is also a rela-
tionship between gill silver accumulation and mortal-
ity because inhibition of whole body Nauptake is the
principal cause of eventual mortality of silver-exposed
fish (Hogstrand and Wood, 1998This observation
lends support to the BLM approach for predicting sil-
ver toxicity. Further support for the approach would
come from experiments establishing a direct relation-

posure suggest an inverse relationship exists betweenship between short-term silver accumulation and even-

the two parameters-{gs. 2A and 4A. Indeed, regres-

sion analysis revealed a significant negative relation-

ship between the two-{ = 0.64; P < 0.01; Fig. 6A).
This result was somewhat surprising becaMieg&Seer
and Wood (1998kould find no correlation between
gill silver concentrations and disruption of Nébal-

tual fish mortality. For examplé/acRae et al. (1999)
demonstrated a relationship between copper concen-
tration on the gill of the fish after 24 h of exposure
and mortality of juvenile rainbow trout after 120h
of copper exposure, a finding which underpins the
recently approved BLM for copperSantore et al.,

ance. The reason for the difference between the two 2007).

studies may be timé&icGeer and Wood (199&xam-
ined the relationship between gill silver accumulation
and N& balance at 48 h, whereas we looked at the
relationship at progressive times up to 24 h. Longer
term silver exposures (such as those used/loGeer
and Wood, 1998 may obscure a direct relationship
between gill silver accumulation and toxic effect be-
cause accumulation of silver may occur at “non-toxic”
sites Paquin et al., 19991n addition, defense mecha-

The temporal patterns of gill silver accumulation
and Na K T-ATPase activity do not suggest a relation-
ship between the twoF{gs. 2A and 4B, an obser-
vation that is supported by regression analysfs=£
0.08; P > 0.05; Fig. 6B). This corroborates the find-
ings of other investigatorsv{cGeer and Wood, 1998;
Bury et al., 1999 Because total gill silver accumu-
lation could not be related to the actual toxic mecha-
nism of silver (inhibition of N& K+-ATPase)McGeer

nisms, such as detoxification, may be activated during et al. (2000)uilt a physiologically based BLM which

longer exposure times. Our result is in agreement with
that of Janes and Playle (1998)ho demonstrated a
significant correlation between gill silver accumula-
tion and net sodium losses from the fish using short,
2 h exposure periods.

The negative relationship between gill silver accu-
mulation and whole body Nauptake demonstrated
in the present study is particularly important due to

calculates acute silver toxicity by predicting inhibi-
tion of gill NatK*-ATPase rather than by predicting
gill silver accumulation. When this model was devel-
oped, it was thought that the inhibition of Naup-
take observed with silver exposure was solely caused
by inhibition of Na"K*-ATPase, justifying the use
of Na*K*-ATPase inhibition as an endpoint. How-
ever, as shown in our study, Naiptake inhibition can

the current interest by regulatory agencies such as theoccur in the absence of N&*-ATPase inhibition.

US Environmental Protection Agency in the genera-
tion of biotic ligand models (BLMs). BLMs attempt to
predict acute metal toxicity in different water qualities
by predicting gill metal accumulatiorD{ Toro et al.,

This suggests that using Nauptake inhibition as an
endpoint rather than N&K*-ATPase inhibition may
give the physiologically based BLM more predictive
power.
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Fig. 6. Plot of whole body Na uptake (A) and gill NAK*-ATPase activity (B) as a function of gill silver concentration. Whole body
Nat uptake was inversely correlated to the gill silver concentration by the following equation: whole bddyptiake= 966.4 — 2.5x

gill silver concentration, slope significantly different from zem® € 0.01), 2 = 0.64. There was no significant correlation between gill
NatK*-ATPase activity and gill silver concentratior?(= 0.08; P > 0.05).

5. Conclusions

Four important conclusions can be drawn from this
study. First, physiological regulation of silver move-
ment by the mechanism proposed (i.e. inhibition of
NarK*-ATPase activity) cannot explain the com-
plex pattern of gill silver accumulation demonstrated

in rainbow trout. However, it remains possible that
physiological regulation may still occur as the result
of inhibition of carbonic anhydrase or blockage of
the apical N& channel by silver. Second, alterna-
tively or additionally to physiological regulation, the
mechanism behind the pattern may involve changes
in the bioavailability of Ag" due to complexation
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by organic matter, a phenomenon associated with the

use of a static exposure system. Third, the inhibition
in Na™ uptake that occurs early during silver expo-
sure is not due to an inhibition of N&*-ATPase
activity as previously thought. The inhibition may
involve the inhibition of carbonic anhydrase activity,
blockage of the apical Nachannel by Ag or com-
petition between Na and Ag" for uptake at the api-
cal Nat channel. With regards to a role for carbonic
anhydrase inhibition, a time course study ofNap-
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comparison between rainbow trout and fathead minnows.
Environ. Toxicol. Chem. 18, 56-62.

Bury, N.R., Grosell, M., Grover, A.K., Wood, C.M., 1999b.

ATP-dependent silver transport across the basolateral
membrane of rainbow trout gills. Toxicol. Appl. Pharmacol.
159, 1-8.

Bury, N.R., McGeer, J.C., Wood, C.M., 1999c. Effects of altering

freshwater chemistry on physiological responses of rainbow
trout to silver exposure. Environ. Toxicol. Chem. 18, 49-55.

Christensen, G.M., Tucker, J.H., 1976. Effects of selected water

toxicants on the in vitro activity of fish carbonic anhydrase.
Chem. Biol. Interact. 13, 181-192.

take together with measurements of CA activity and Cooper, C.F., Jolly, W.C., 1970. Ecological effects of silver iodide

NarK*-ATPase activity are required to test this hy-
pothesis. Fourth, the biotic ligand model approach for
predicting acute silver toxicity based on short-term gill

and other weather modification agents: a review. Water Resour.
Res. 6, 88-98.

Davies, P.H., Goettl, J.P., Sinley, J.R., 1978. Toxicity of silver to

rainbow trout Galmo gairdneri). Water Res. 12, 113-117.

silver accumulation is supported. We demonstrated p; 1or0, p.M., Allen, H.E., Bergman, H.L., Meyer, J.S., Paquin,

a relationship between gill silver accumulation and
the degree of inhibition of whole body Nauptake,
the principal physiological effect of silver exposure
which eventually leads to mortality in rainbow trout.
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