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Abstract—Rainbow trout were exposed to AgNO; (9.2 pg/L total Ag, of which 35% was as the free ion, Ag*) for a 6-d period
in dechlorinated Hamilton tapwater. Our findings suggest that the primary toxic mechanism of Agisan interruption of ionoregulation
at the gills, stopping active Na* and Cl- uptake without increasing passive efflux, thereby causing net ion loss. Thereis no recovery
of influxes over 6 d, whereas effluxes are gradually reduced below control levels, and ion balance remains negative. The resulting
fall in plasma [Na*] and [Cl-] leads to a decrease in plasma volume and hemoconcentration, but the red blood cells do not swell.
A substantial metabolic acidosis with partial respiratory compensation occurs in the blood, due to a net uptake of acidic equivalents
from the environmental water. This uptake greatly exceeds the measured acid load in the extracellular fluid, suggesting that acidosis
also occurs in the intracellular compartment, which in turn explains the continual loss of K+ to the water in the absence of any
change in plasma [K*]. Plasmaammonia, glucose, and cortisol rise. Asthereis no reduction but rather a progressive risein ammonia
excretion, the increase in plasma ammonia is due to elevated metabolic production rather than inhibited excretion. The cause is
probably the stress-induced mobilization of cortisol. This increased plasma ammonia, in conjunction with hyperventilation, helps
to counteract metabolic acidosis. However, because the fish is unable to counteract the loss of plasmaions, death eventually results

from a severe ionoregulatory disturbance.
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INTRODUCTION

Whilevariousforms of complexed Ag arerelatively benign,
freeionic Ag", asliberated from dissolved AgNO;, is extreme-
ly toxic to freshwater fish, with 96 h 50% lethal concentrations
(LC50s) in the range of 6.5 to 65 ng/L total Ag [1-4]. Recent
data [5,6] suggest that these toxic effects of ionic Ag- are
similar to those of both copper [7—12] and acid exposure (see
Wood [13,14] and Reid [15] for reviews of the extensive low-
pH literature). Both Cu?* and H* cause net ion losses (J.)
from the fish by inhibition of active branchial Na* and Cl-
influxes (J;,) and increases in diffusive Na* and Cl- effluxes
(Jow)- In addition, net K+ losses have also been reported. De-
creased uptake appears to be caused by the inhibition of gill
basolateral Na"/K*-ATPase in the case of Cu?*, whereas in
the case of H*, the decrease is due to the inhibition of apical
ion-exchange processes. For both toxicants, increased efflux
appears to be due mainly to a rise in paracellular leakage,
probably by displacement of Ca2+ from the junctional com-
plexes. The resulting drop in plasmaions causes internal fluid
shifts that decrease plasma volume, exacerbating the hemo-
concentration caused by red blood cell swelling and splenic
contraction. Plasma glucose and cortisol levelsrise, indicative
of atypical stress response. Plasma ammonia levels also rise,
but it isunclear whether thisis dueto an inhibition of branchial
ammonia excretion that has been reported in several studies
and/or due to the metabolic effects of cortisol mobilization
(" proteolysis” [16]). Plasma acidoses of diverse origins, in-
cluding a disturbance of acid—base exchange at the gills, have
also been seen in some studies.
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Rainbow trout

In the two investigations to date on the physiology of Ag*
toxicity [5,6], both on adult rainbow trout (Oncorhynchus my-
kiss), elements of similarity to the effects of Cu?* and/or H*
include blockade of active Na* and Cl- influxes, profound
inhibition of gill Na*/K*-ATPase activity, large declines in
plasma Na* and Cl- levels, associated decreases in plasma
volume, splenic contraction, hemoconcentration, elevated
plasma glucose, and plasma acidosis. Elements of difference
include an absence of stimulated diffusive effluxes at the gills
and an absence of red cell swelling. Elements that have not
yet been examined include K+ fluxes, plasma cortisol levels,
plasma ammonia levels, branchial anmonia fluxes, and bran-
chial acid-base exchanges.

The present study was designed as a comprehensive ex-
amination of the stress response to Ag* in adult rainbow trout
under the same exposure conditions as those used by Wood
et a. [5] and Morgan et al. [6]. Fish were exposed to total Ag
= 9.2 ng/L as AgNO; (approximately 1/3 as Ag*, close to the
168 h LC50 [3,4]) for 6 d in moderately hard freshwater. The
first specific objective was to confirm key responses of the
previous studies, including effects on Na+ and Cl- exchanges
at the gills, plasmaionic and acid—base status, and the nature
of hemoconcentration. The second was to document responses,
or lack thereof, in the elements listed above that were not
examined in the two previous studies. Inasmuch as the oc-
currence of profound ionoregulatory disturbance and a com-
plex plasma acidosis were confirmed, and elevations of both
plasma ammonia and cortisol were documented for the first
time, the final objective was to understand the mechanisms
behind the acid—base and ammonia responses. In particular,
because both ammonia excretion and acid-base exchange are
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known to be intimately linked to ion-exchange processes at
the gills [14], we tested whether the observed responses were
due to disturbances of ammonia excretion and acid-base ex-
change with the environment.

MATERIALS AND METHODS
Experimental animals

Adult rainbow trout (O. mykiss, 200—400 g) were obtained
from Humber Valley Trout Farm (Orangeville, ON, Canada)
and held for at least 2 weeks prior to experimentation in flow-
ing, aerated, dechlorinated Hamilton tapwater (Ca&** = 1.0,
Mg> = 0.2, Na* = 0.5, CI- = 0.7, K+ = 0.05, in mM;
titratable alkalinity to pH 4.0 = 1.9; total hardness = 140 ppm
as CaCO, equivalents; pH = 8.0 = 0.2; 15 = 1°C). They were
fed a ration of 1% body weight of commercial trout pellets
three times a week.

To standardize metabolic conditions, al fish were starved
for 7 d prior to experimentation. On the seventh day, the fish
were either fitted with indwelling dorsal aortic catheters [5]
while under MS-222 anesthesia (group A) or were left intact
(groups B and C). The catheters consisted of PE50 tubing filled
with Cortland saline heparinized at 50 1U/ml with sodium
heparin (Sigma, Oakville, ON, Canada). All fish were then
weighed and transferred to individual darkened plexiglas
chambers (volume = 4 L [17]) served with 800 mi/min of
flowthrough water, for 48 h of recovery. The chambers were
individually aerated and could be closed to allow measure-
ments of ammonia excretion and ionic and acid-base exchang-
es with the environment. By slowing the flow, ammonia ex-
cretion could also be continually monitored from measure-
ments of differences in concentration between inflow and out-
flow (group B). The three groups of fish underwent similar
exposure protocols with group A fish being used for blood
parameter analysis over 6 d of exposure, group B fish being
used to monitor the fine time course of ammonia excretion
during the first 12 h of exposure, and group C being used for
whole body ionic, acid—base, and ammonia fluxes over the 6-
d period. Tests were performed on control and experimental
fish simultaneously to yield a total N of 8 control (240.6 =
14.4 g) and 14 experimental (216.3 = 8.8 g) in group A, 5
control (228.7 = 16.9 g) and 6 experimental (216.9 * 6.6 Q)
in group B, and 13 control (380.8 = 35.2 g) and 13 experi-
mental (344.6 = 29.5 g) in group C.

Experimental protocol

At the start of the exposure (T = 0), AgNO, was added to
a well-mixed head tank by a peristaltic pump, from a light
shielded stock bottle (20.0 ng/ml Ag as AgNO;, BDH) to give
a nominal total Ag concentration in the inflow water of 10
rg/L. At time 0, each flux box was spiked with the stock
solution to bring the water immediately to the exposure level.
Water samples were taken from the fish boxes throughout the
experiment to verify the exposure concentration for each fish.
Water leaving the fish boxes exited to waste; there was no
recirculation.

Group A

For both control and experimental fish, blood samples (0.8
ml) were taken via the dorsal aortic catheters prior to the
exposure (control or *‘C"”" sample) and again at 4, 24, 48, 96,
and 144 h during the exposure. Blood was drawn anaerobically
into ice-cold gas-tight Hamilton syringes for analysis of ar-
terial blood pH (pH,), total plasma CO, content (Cac,), he-
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matocrit, hemoglobin, and plasma levels of protein, total am-
monia, glucose, cortisol, Na*, Cl-, K+, and total Ag. This
volume was replaced by reinfusion of nonheparinized Cortland
saline plusthe resuspended red blood cellsnot used in analysis.
After the final blood sample on day 6, the fish were imme-
diately sacrificed by an overdose of MS-222 (1 g/L, neutralized
with NaOH; Syndel Labs, Vancouver, BC, Canada). Gill, liver,
and white muscle samples were dissected, frozen in liquid N,,
and stored at —80°C for future analysis.

Group B

Ammonia excretion rates were monitored hourly on aflow-
through basis prior to and throughout the first 12 h of exposure
for both control and experimental fish. The water inflow to all
boxes was decreased to 200 ml/min. Water samples (10 ml)
from both inflow and outflow were taken and analyzed for pH
and total ammonia concentration. The goal of these fine time-
scale measurements was to test whether there was any initial
inhibition of ammonia excretion.

Group C

M easurements of ionic exchange, acid-base exchange, and
ammonia excretion in both control and experimental fish were
carried out over 3-h periods prior to the start of exposure (*'C”
sample) and also starting at 4, 24, 48, 96, and 144 h. For each
measurement period, the water flow was stopped and the vol -
ume of the box was set to exactly 4 L. At thistime, 4 nCi of
2Na (as NaCl; NEN-Dupont, Boston, MA, USA) and 5 uCi
of 3Cl (as NaCl; ICN Radiochemicals, Irvine, CA, USA) were
added to the water and allowed to mix for 5 min. Vigorous
aeration was used to ensure thorough mixing and to maintain
the partia pressure of O, at >85% of air-saturation levels. A
50-ml water sample was taken at this time and again at the
end of 3 h. The boxes were then reopened to a flowthrough
system. Each water sample was analyzed for gamma (?*Na
only) and total radioactivity (?Na plus 3¢Cl), pH, and total
water levels of Na*, Cl-, K+, Ag, anmonia, and titratable
akalinity. After the final sample period (day 6) the fish were
immediately sacrificed by an overdose of MS 222 (1 g/L), and
aterminal blood sample was taken by caudal puncture to mon-
itor internal 2Na and 3Cl, and plasma Na*, and Cl- levels.
Gill, liver, and white muscle samples were dissected, frozen
in liquid N,, and stored at —80°C for future analysis.

ANALYTICAL METHODS
Blood and tissue parameters

Arterial blood pH was determined at the experimental tem-
perature by a Radiometer microel ectrode system (E-5021) con-
nected to a Radiometer PHM 72 meter. Hemoglobin was mea-
sured colorimetrically using the cyanmethemoglobin method
and Sigma reagents. Total carbon dioxide concentration
(Caco,) in the plasma was determined with a Corning 965 CO,
analyzer. Plasma glucose and ammonia were determined en-
zymatically using Sigma kits (HK 16-UV and 171-UV, re-
spectively). Cortisol levels were determined by a radioim-
munoassay kit from Immunocorp (**°I RIA kit, ICN Biomed-
ical, Irvine, CA, USA). Cl- levels were measured with a Ra-
diometer CMT10 chloridometer, while Na* and K+
concentrations were determined by atomic absorption spectro-
photometry (AAS, Varian 1275). All silver levels were deter-
mined as detailed by Hogstrand et al. [ 3] using graphite furnace
AAS (Varian 1275 fitted with a GTA-95 atomizer).
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Water parameters

Water pH was measured with Radiometer electrodes (GK
2401C) connected to Radiometer PHM84 meters. Water P,
was monitored with a Radiometer O, electrode (E-5046) con-
nected to the PHM 72 meter. Ammonia levels were determined
using the colorimetric assay of Verdouw et al. [18], which
employs the reaction of ammonia with salicylate and hypo-
chlorite. Water Cl- was measured colorimetrically by the lib-
eration of thiocyanate from mercuric thiocyanate to form mer-
curic chloride [19]. Na® and K+ levels were determined by
atomic absorption spectrophotometry (Varian 1275). Water sil-
ver levels were determined by graphite furnace AAS (Varian
1275 fitted with a GTA-95 atomizer), again as described by
Hogstrand et al. [3]. Titratable alkalinity was determined as
described by McDonald and Wood [20] by titrating continually
aerated 10-ml water samplesto pH 4.00 with 0.02 N HCI using
Gilmont digital microburettes and Radiometer electrodes (GK
2401C) attached to Radiometer PHM 82 meters.

3Cl is a pure B-emitter, while 2Na is a mixed y- and -
emitter. Dual-labeled 5-ml water samples (and 100-p.| terminal
plasma samples) were prepared in duplicate. 2?Naradioactivity
alone was measured by y-counting in awell counter (Canberra-
Packard Minaxi Auto-Gamma 5000) and ?Na plus %Cl radio-
activity by scintillation counting (LKB Rackbeta 1217). 3Cl
radioactivity was obtained by subtraction after accounting for
differences in efficiency of 22Na counting by the two instru-
ments, as described by Wood [21].

Calculations

Group A. Acid-base cal culations employed the Henderson—
Hasselbalch equation, as detailed in Playle et al. [22], to de-
termine Pa.,, and plasma [HCO;] from measured values of
pH, and Cag,. CO, solubility («CO,) and pK' values at ex-
perimental temperatures for trout plasmawere taken from Bou-
tilier et al. [23]. The metabolic acid load (AH;;) in the blood
plasma was calculated from changes in plasma HCO; con-
centrations and pH, using the formula of McDonald et al. [24].
In this equation, the whole blood buffer capacity () for true
plasma was estimated from the measured Hb concentration
and the regression relationship determined for rainbow trout
blood by Wood et a. [25]. Mean cell Hb concentration
(MCHC) was calculated as the ratio of Hb to hematocrit. The
inverse ratio of the plasma protein concentration at day 6 to
theinitial (time* C"") value was used as an index in the change
of plasma volume [5,24]. Ag speciation in the exposure water
was calculated using the determined water chemistry and the
aquatic geochemical equilibrium program MINEQL * [26].

Partial pressures of ammonia (Py,,) in the plasmaand water
were determined from the measured total ammonia concen-
trations (T, and pH by the equations detailed in Wright and
Wood [27], using NH; solubility («NH3) and pK'’ values for
trout plasma and freshwater at the experimental temperature
from Boutilier et al. [23].

Group B. Ammonia excretion rates during the first 12 h of
exposure were calculated by the Fick principle from mea-
surements of body weight, water flow rate, and inflowing and
outflowing concentrations, as detailed by Booth et al. [28].

Group C. Detailed rationales for net and unidirectional flux
calculations are given by Wood [21]. In brief, net flux rates
of ammonia and ions were calculated from changes in water
concentrations over the 3-h period of box closure:
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(linitia] — [find]) X V

net = W X t D

where[initial] and [final] aretheinitial and final concentrations
in the water respectively (wmol/L), V is the volume of the
water in the flux chamber (L), Wis the weight of the fish (kg),
and t is the duration of the flux period (h). Thus net losses
from the fish have a negative sign, and net gains a positive
sign. By reversing the [initial] and [final] terms, the net ti-
tratable acid flux was calculated from the titratable alkalinity
measurements. The sum of titratable acid and ammoniafluxes,
signs considered, yields the net flux of acidic equivalents. As
pointed out by McDonald and Wood [20], this method does
not distinguish between ammonia movements in the NH; ver-
sus NH; forms nor between the net excretion of acidic equiv-
alents and the net uptake of basic equivalents, or vice versa.
Fortunately, this does not matter in terms of the net acid—base
balance of the fish, which is still faithfully represented.

Unidirectional influx rates for sodium and chloride were
determined by monitoring the disappearance of radiotracers
from the external water into the fish:

3 - (cpm; — cpmy) X V
mT MSA X WX t

@)

where cpm; and cpm; are the initial and final concentrations
of counts per minute (cpm/L), respectively, MSA is the mean
specific activity of the test water during the flux period (cpm/
pmol), and the other variables are as above.

Unidirectional efflux rates were determined by subtraction:

Joul = ‘]net - ‘]in (3)

By convention, unidirectional influx rates and net uptake rates
by the fish have a positive sign, while unidirectional efflux
rates and net loss rates have a negative sign.

Repeated radioisotope flux determinations may lead to in-
ternal accumulation and associated ** backflux’ of radiotracers
that would require a correction of the calculated J;, values.
This becomes important when the internal SA of the isotope
is =10% of the external specific activity [21]. However, asthe
final SA measured from terminal plasma samples for all fish
was =6% of the external SA on day 6 in the present study,
correction was not required.

Data have been expressed as means = SEM. Differences
between control and experimental treatment means at the same
time were analyzed by the Student’s unpaired two-tailed t test.
Comparisons of changes over time within treatments were as-
sessed with Student’s two-tailed paired t test using the Bon-
ferroni procedure to adjust the t value for multiple compari-
sons. Significant differences (p < 0.05) between treatments
areindicated by asterisks (*) while significant differenceswith-
in treatments are indicated by a plus sign (+).

RESULTS
Water chemistry and survival

The mean total water Ag concentration during the exposure
was 9.2 = 0.2 pg/L. Ag speciation calculated by MINEQL *
showed similar species distribution as in Wood et al. [5] for
Hamilton tapwater, indicating that 35% of total Ag was in the
freeionic form (Ag*), with the rest being bound up in various
forms of silver chloride (AgCl [ag] = 60%, AQCl; = 5%).
The lack of any AgNO; remaining in bound form is directly
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Table 1. Tissue Ag burdens of rainbow trout exposed to 9.2 ng/L
Ag (as AgNQ,) for 6 d?

Total Ag (ng/kg

wet wt.) Control AgNO,

Gill 164 + 10 1,305 + 202°
Liver 7,450 = 352 26,150 + 7,240°
White muscle 5,420 + 1,280 6,320 + 1,050

aValues are means = 1 SEM (n = 8).
bp < 0.05.

due to the dissociation constant of NO; being extremely high
in freshwater [2,26,31].

Of the fish exposed for 6 d (groups A and C), three ex-
perimental fish died after 4 d and two fish after the fifth day
(i.e.,, 5/27). Only one of the control fish died (i.e.,, 1/21) im-
mediately before the sixth day of sampling. Data from all
individuals that died were included in calculations as they did
not bias any of the trends seen. None of the short-term exposed
fish (group B) died.

Tissue silver burden

Gill silver levels were found to be approximately 1,300
ra/kg (or about 12 pmol/kg), 8 times those of control fish by
the end of 6 d exposure. Silver levels in liver samples from
exposed fish were much higher (~26,000 wg/kg), but only 3.5
times those of control fish. White muscle concentrations were
intermediate (6,000 wg/kg), and there was no difference seen
between the mean values for control and exposed fish (Table
1).

Group A—blood chemistry

Plasma total Ag concentration in exposed fish increased
continually throughout the exposure (Fig. 1A). This increase
was significant by day 1 and reached about 7 pmol/L (750
rg/L), again nearly eight times the pre-exposure levels by day
6. The Ag levels in the plasma of control fish remained less
than 1 pmol/L and did not change during the treatment (Fig.
1A).

Plasma K+ levels remained unchanged throughout the ex-
posure (Table 2), while both Na+ and Cl- levels dropped by
16% over the 6 d (Fig. 1B and C). lon concentrationsin control
fish remained unchanged throughout the experiment.

The hematocrit values for both exposed and control fish
did not differ significantly from pre-exposure levels (Fig. 2A).
However, Ag exposure prevented the decrease in Hb seen in
control fish that resulted from repetitive blood sampling (Fig.
2B). MCHC did not change significantly (Table 2). A signif-
icant increase in plasma protein levels to nearly twice the
control value was seen by the end of the exposure (Fig. 2C).
This corresponded to a marked 40% drop in relative plasma
volume by the sixth day (Table 2).

Acid-base measurements demonstrated progressive, highly
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Fig. 1. The effects of 6 d exposure to 9.2 ng/L Ag (as AgNO,) on
(A) plasmatotal Ag levels, (B) plasma Na*, and (C) plasma Cl- in
both control (M, n = 8) and Ag-exposed fish (A, n = 14). Data points
are means = 1 SE. Asterisks indicate a significant difference (p <
0.05) between groups, while + indicates a significant difference from
pre-exposure (day C) values.

significant decreases in both Pa.,, (Fig. 3A) and plasma
[HCO3] (Fig. 3B). By day 6, both parameters had fallen to
about 50% of pre-exposure values (Fig. 3A and B). Blood pH,
in these fish dropped by 0.2 units after 6 d of Ag exposure,
with the drop becoming significant by the fourth day (Fig. 3C).
The decreases in [HCO;] and pH, was associated with an
increase in the metabolic acid load (AH;;) of the plasma, sig-
nificant by day 4 (Fig. 3D). By thistime, the Ag-exposed trout
exhibited an increased depth of breathing indicative of hy-
perventilation.

Table 2. Plasma K+ and hematological parameters of rainbow trout exposed to 9.2 ug/L Ag (as AgNO,) for 6 d2

Control

AgNO,

Plasma K+ (mmol/L)
MCHC (g Hb/ml RBC)
Relative plasma volume (%)

3.418 + 0.509 (6)
0.464 + 0.083 (6)
89.0 + 3.4 (6)

3.900 + 0.227 (9)
0.475 + 0.063 (14)
62.6 + 2.9 (14)

aValues are means = 1 SEM (n).
bp < 0.05.
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Fig. 2. The effects of 6 d exposure to 9.2 pg/L Ag (as AgNO;) on
(A) hematocrit, (B) hemoglobin, and plasma protein (C) levels in
rainbow trout. Other details as indicated in legend to Figure 1.

Total ammonia (Ta,m Fig. 4A) and P, (data not shown)
levels in the blood plasma increased in Ag-exposed fish by
almost 150% and 75% respectively, by day 6, compared to
control fish. T, in control fish dropped at 4 h, perhaps an
effect of blood sampling, but thereafter recovered to pre-ex-
posure levels. Ag-exposed fish showed a progressive increase
in plasma glucose and cortisol levels (150-230%; Fig. 4B and
C) that were significantly different from controls by day 4.
Cortisol levels did not change in control fish, but plasma glu-
cose dropped below pre-exposure levels at 4 h and remained
slightly depressed for the remainder of the experiment.

Changes in the partial pressure gradient for ammonia be-
tween blood and water (AP,,,,), thought to be the major driving
force for ammonia excretion (see Discussion), are summarized
in Table 3. AP, increased significantly by day 2 in Ag-ex-
posed trout, whereas it fell significantly over this same period
in control fish. By day 6, the gradient in the exposed fish had
increased by about 60%, whereas it had returned to pre-ex-
posure levels in the control group.

Group B—initial ammonia excretion rates

Ammonia flux rates for both control and exposed fish were
essentially the same over the first 12 h of exposure, although
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the exposed fish, on average, had a slightly higher (but non-
significant) excretion rate compared to controls (Fig. 5A).
These measurements demonstrated that the progressive build-
up of plasma Ta,m,, Seen as early as 4 h (Fig. 4A), was not
due to an inhibition of ammonia excretion to the environment.

Group C—ammonia, acid-base, and ionic flux rates

M easurements of ammoniafluxes over thelonger term (Fig.
5B) demonstrated a dramatic increase in ammonia excretion
that became significant at 24 h and reached almost threefold
control levels by day 6, in concert with the build-up of T,
in the blood plasma (Fig. 4A) and the increase in AR, (Table
3). Ammonia excretion in the control fish remained constant
over the 6 d of the exposure (Fig. 5B).

These ammonia excretion rates are shown in relation to the
net acid—base exchange of the fish with the environment (Fig.
6). In control fish, there were no significant changes in the net
uptake of titratable acidity or the net excretion of ammonia
over the 6 d of the experiment (Fig. 6A). The arithmetic sum
of the two components remained positive and constant, indi-
cating a continuing uptake of acidic equivalents (or loss of
basic equivalents) over this period. However, in Ag-exposed
trout, a significant rise in the net uptake of titratable acidity
from the environment occurred concomitant with the rise in
ammoniaexcretion (Fig. 6B). Thisincreasein titratable acidity
flux exceeded that in ammoniaflux, so the net uptake of acidic
equivalents increased significantly to approximately twice the
control levels by day 6 (Fig. 6B). Thus, the internal acidosis
seen in the blood plasma of Ag-exposed fish (Fig. 3) was
associated with an increased net uptake of acidic equivalents
or loss of basic equivalents by the fish.

The movements of major ions (Na*, Cl-, and K*) between
the fish and the environmental water were markedly affected
by Ag exposure. Despite the constancy of plasma K+ concen-
tration (Table 2), K+ balance changed from a net uptake rate
to a net loss rate during the first 4—7 h of Ag exposure, and
remained negative at about the same level (—25 pmol/kg/h)
for the duration of the experiment (Fig. 7).

In addition to net flux rates (J,), unidirectional influx (J;,)
and efflux (J,,) components were measured for Na- and Cl-
balance (Fig. 8). Prior to exposure, J, values were positive,
as J,, exceeded J,, for both Na* and Cl-. Throughout the
experiment, the control fish remained close to zero balance for
both ions, with J,, and J,, values approximately equal. How-
ever, following only 4 h of Ag exposure, J;, values for Na*
and Cl- decreased by 88% (Fig. 8B) and 64% (Fig. 8D), re-
spectively, and were completely abolished after 48 h. As a
result, J,o became highly negative for both ions (—100 to —300
pmol/kg/h) over this period. These negative balances were
largely due to the inhibitions of the active influx (J;,) com-
ponents. Although J,, values also appeared to increase (sig-
nificant only for Cl- at 4—7 h; Fig. 8D), a similar phenomenon
occurred in the controls (Fig. 8A and C). The absolute J,,
values in the Ag-exposed trout were not significantly different
from those of the control fish at thistime. Astime progressed,
the net loss rates of Na+ and Cl- from the fish decreased due
entirely to decreases of the J,, components that eventually
reached values less than half the control levels. There was no
significant recovery of influx (J;,) for either ion during the
exposure (Fig. 8B and D).

DISCUSSION

The present study was successful in its first objective, that
of confirming key responsesto ionic Ag+ exposure in rainbow



584 Environ. Toxicol. Chem. 17, 1998

3.5 -‘

3co,

3.0 4

R
=

25 1

torr

2.0 1 ' +

,
,
;
,
.
+ %
;
h
J
J
;
J
<+ x

8.0 c pH,

7.9 4

pH

7.8 1

1.7 1

%“

7.6 4

,
,
,
,
,
,
4w

75

Time (h)

'
'
'
'
'
T
c o0 24 48 72 96 120 144

N.A. Webb and C.M. Wood

[HCO;7]

mmol-L™!
F-S
1
+ o —F—

T
[AH*m]

g
.
.

\ B

s .

f B

ik + -+ kP

-1.0 -

D
4.0 -
* >
3.0 }
T A
= H .
o 2.0 A ! ‘
£ '
E |
1.0 - !
H
0.0 —= ,
i
1
1
0

24 48 72 96 120 144
Time (h}

Fig. 3. The effects of 6 d exposure to 9.2 pg/L Ag (as AgNO;) on (A) partial pressure of CO, in the blood (Pco,), (B) plasma [HCO;], (C)
blood pH, and (D) metabolic acid load (AH;,) in rainbow trout. Other details as indicated in legend to Figure 1.

trout. Thus, with only minor quantitative differences, the ob-
served decreases in plasma Na- and Cl- levels, associated
increases in plasma protein and Hb (the latter relative to sam-
pling-induced decreases in control fish), decreases in plasma
volume, and complex acidosis in the blood plasma (see bel ow)
were very similar to those reported by Wood et al. [5,29] for
adult rainbow trout similarly exposed to 10 pg/L total Ag (as
AgNQ;) for 6 d in moderately hard Hamilton tapwater. The
results also confirm that the red cells do not swell (i.e., un-
changed MCHC), which suggests that Ag in the plasma may
in some way block the B-adrenergically stimulated Na+/H*
exchange on the erythrocyte membrane, which is thought to
be responsible for this response during low pH or Cu?* ex-
posure (see Introduction). Plasma [Ag] rose steadily over the
6 d, rather than levelling off after 2—4 d as reported by Wood
et al., and by day 6 were twofold higher than the levels seen
in the previous study [5,29]. However, gill and liver Ag con-
centrations were very comparable in the two investigations.
Notably in white muscle, atissue that has not previously been
examined, there was a high background level of Ag in control
samples but no further Ag accumulation during the exposure.
In thisregard, muscle appears very similar to the kidney tissue
monitored by Wood et al. [5]. These studies therefore confirm
that nonexposed fish have considerable background levels of
Ag in tissues that they have presumably accumulated from
trace levels in the water or the diet during their lifetimes.
Our study also confirms that the Na* and Cl- losses are
due to a rapidly developing inhibition of active Na* and Cl-
uptake processes (J;,) at the gills and are not due to a stim-
ulation of diffusive effluxes (J,.), in agreement with the recent
report of Morgan et al. [6]. Assuming that measured declines
(~20 mmol/kg) in plasma Na" and Cl- levels occurred
throughout an internal distribution space of about 270 mi/kg
(as determined by Wood [21]—i.e., largely extracellular fluid),

they would amount to about —5,400 wmol/kg, approximately
1/3 of the measured net loss ratesto the water over 6 d (~—2100
pmol/kg/h X 144 h = —14,400 pmol/kg). Considering that
the flux measurements represent only isolated ‘‘ snapshots’” in
time versus an integrated plasma measurement, agreement is
not unreasonable. As for Cu?+ [9,30], the influx blockade is
undoubtedly related to the potent inhibition of branchial Na*/
K+-ATPase caused by Ag* [6]. However, the absence of efflux
stimulation (which is normally thought to be due to C&?* dis-
placement from the gill [14]) is a clear difference from the
actions of both Cu?+ [7,8] and low pH [14] but is in accord
with the very limited protective effect of water [Ca?*] against
Ag+ toxicity [4] and the very weak affinity of the Ag* binding
ligands on gills for Ca?* [31]. These observations all suggest
that Ag* does not attack the Ca?* binding sites that stabilize
paracellular permeability. The later reductions in unidirec-
tional Na* and Cl- effluxes to less than 50% of control levels
are much larger than can be explained by the drop in the
gradient alone (i.e., falling plasma [Na‘] and [Cl-]). As with
acid stress, hormonal factors such as prolactin mobilization
are probably also involved [15].

The present observations confirm that the blood acid-base
response to Ag exposure comprises a dominant metabolic ac-
idosis (AH;, accumulation leading to HCO; reduction) and
partially compensating respiratory alkalosis (Pac, reduction,
also leading to HCOj3 reduction). An obvious hyperventilation
is the probable cause of the latter, without which the drop in
pH, would be more severe. Earlier, Wood et al. [5] demon-
strated all of these same responses and also reported that there
was no appearance of lactate in the blood, thereby ruling out
anaerobic metabolism as the cause of the metabolic acidosis.

Two completely new, and likely interrelated, findings of
the present study are that stimulated uptake of acidic equiv-
alents (or loss of basic equivalents) and steady net loss of K+
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to the water both occur during Ag exposure. The former isthe
probable cause of the marked build-up of metabolic acid
(AH;) in the blood. Applying the same sort of calculations as
for Na* and Cl- losses (above), the net uptake of acidic equiv-
alents from the water over 6 d, relative to controls, was about
12,000 pwmol/kg, or at least 10-fold the measured accumulation

Table 3. Plasma to water ammonia gradients in control and fish
exposed to 9.2 ug/L Ag (as AgNO;,) for 6 d2

APy, (nTorr)

Hour Control Exposed

C 33.17 + 1.83 27.64 = 3.62
4 16.69 = 1.57° 23.88 = 5.86

24 18.34 = 2.18° 25.46 = 4.67

48 21.44 + 1.10° 40.67 + 2.38°¢

96 26.44 + 4.87 41.20 = 7.70

144 35.18 + 3.61 45.23 + 4.56°

aVaues are means = 1 SEM (n = 8).
bp < 0.05 from pre-exposure value of same group.
¢p < 0.05 between groups.
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of AH;, in the extracellular compartment. This discrepancy is
too large to be an artifact and strongly suggests that a con-
siderable portion of the net acid uptake penetrated the intra-
cellular compartment that has about a 10-fold greater ability
to tolerate AH;, loading because of its 5-fold larger buffer
capacity and 2-fold larger compartmental size [25,32]. The
major intracellular compartment lies in the white muscle
(>50% of body mass). Strong corroborative evidence for this
intracellular acid loading was the steady loss of K+ to the
water (~—5,000 pwmol/kg relative to controls over 6 d) in the
absence of any change in plasma [K*]. Exchange of H* for
K+ is the classic mechanism by which metabolic acid enters
muscle, accompanied by a net excretion of K+ to prevent hy-
perkalemiafrom occurring in the blood. Exactly the same phe-
nomenon of acid uptake from the water in excess of the ex-
tracellular load and K+ loss to the environment has been seen
during exposure of trout to low pH in the same water quality
[13,20,24]. We are unaware of any acid flux data for Cu?*-
exposed fish, but a similar loss of K+ has been reported [7].
The mechanism responsible for this disturbance of acid—
base exchange with the environment is unknown. One pos-
sibility is that it is a direct consequence of the observed dis-
ruption of Na* and Cl- uptake at the gills, which are thought
to involve Nat/**acid” and Cl-/*“base” exchange processes
[14]. Another possibility, which may be synergistic, is an in-
hibition of branchial carbonic anhydrase, the enzyme that pro-
vides the acidic (H*) and basic (HCO;3) counterions through
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the catalysis of CO, hydration. Indeed, Morgan et al. [6] dem-
onstrated that in fish exposed to 10 pg/L Ag for 48 h in vivo,
there was a 30% reduction of carbonic anhydrase activity in
the gills, as well as when added in vitro. Ag has also been
reported to inhibit erythrocytic carbonic anhydrase [33].

The present observations on ammonia metabolism and cor-
tisol mobilization are also entirely new. Ammonia excretion
(Jamm),» More than 90% of which occurs across the gills [14],
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Fig. 7. Net flux rates of potassium across the gills in control (open
bars, n = 8) and Ag-exposed fish (hatched bars, n = 8) during 6 d
in 9.2 ng/L Ag (as AgNQ;). Other details as indicated in legend to
Figure 1.
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was monitored throughout the exposure and no inhibition was
seen at any time. J,, iNcreased, in association with anincrease
in APy, the driving gradient for NH; diffusion across the
gills. Thus, the situation appears to be different to that for low
pH and Cu?* exposure, where ammonia retention has been
attributed to an initial reduction of J,,, at the gills due to an
inhibition of linked Na* uptake and NH; efflux [12,14]. The
whole question of whether Na* influx is really coupled to
NH; efflux at the gills or rather to H* efflux (with NH; dif-
fusing passively) remains controversial [34] and beyond the
scope of this Discussion. The key point here is that the in-
creased plasma T,,,, observed during Ag exposure was due
to an increased metabolic production, not retention due to a
blockade of Jamnm.

The substantial mobilization of cortisol reported here for
thefirst time had been earlier predicted on the basis of observed
glucose mobilization [5]. These two parameters are standard
““stress responses”’ in fish and usually occur simultaneously
[35]. Cortisol has well-known proteolytic and gluconeogenic
effects [16]. The increased rate of ammonia production was
therefore likely caused by the action of cortisol in stimulating
protein catabolism, subsequent amino acid oxidation and glu-
coneogesis, and resulting ammoniogenesis. Some longer-term
studies with both low pH [36] and Cu?+ [37] have suggested
a similar scenario.

The levels of plasma T,,.,, accumulating during Ag expo-
sure are well below those known to be acutely damaging in
trout [34], so it is unlikely that ammonia build-up directly
contributes to toxicity. Indeed, from an acid-base standpoint,
because ammoniais produced metabolically as NH; but exists
almost entirely as NH; at physiological pH, its action in buf-
fering H* ions may be helpful in reducing the extent of aci-
dosis. This may be particularly important in alleviating intra-
cellular acidosis. Tissue Tan, levels in fish are usualy far
greater than plasma T,..... However, recent studies on Cu?*
[12] have suggested that internal ammoniaretention, especially
in white muscle, may have an important sublethal action to
reduce swimming performance in fish. In future studies it
would be useful to measure exercise performance, muscle in-
tracellular pH;, and muscle T, in Ag-exposed trout.

This study was designed to elucidate the acute toxic mech-
anism of silver in teleosts. Due to the level and type of Ag
used (10 pg/L Ag as AgNO,, 35% as Ag*), the degree of
toxicity seen hereis severe compared to anatural environment.
Ag levelsin nature tend to be much lower, with concentrations
being no more than a few percent of the levels used here [38].
However, the parameters measured here (plasma Na and Cl,
and ion flux rates) can serve as nonspecific indicators of sub-
lethal stress in fish. This nonspecificity is due to the similarity
of the toxic action of Ag* to that of acid (H*) and other heavy
metals (Cu?+), as discussed earlier (see Introduction).

Clearly, the next step is to examine the mechanism of tox-
icity of these three toxicants at the cellular and molecular levels
in greater detail and also to evaluate whether these sublethal
stress effects result in impaired growth, reproduction, or long-
term survival.
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