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a b s t r a c t

Marine teleosts drink seawater, and the digestive tract is a key organ of osmoregulation. The gastro-
intestinal tract therefore offers a second site for the potential uptake and toxicity of waterborne metals,
but how these processes might interact with the digestive functions of the tract has not been investigated
previously. We therefore compared the responses of adult gulf toadfish (Opsanus beta, collected from the
wild) to a chronic 22 d exposure to waterborne Ag (nominally 200 �g L−1 = 1.85 �mol L−1), in the presence
or absence of daily satiation feeding (shrimp). Ag exposure did not affect voluntary feeding rate. Feeding
reduced the net whole body accumulation of Ag by >50%, with reductions in liver concentrations (high)
and white muscle concentrations (relatively low) playing the largest quantitative roles. Feeding also
protected against Ag buildup in the esophagus-stomach and kidney, and increased biliary and urinary Ag
concentrations. The gill was the only tissue to show the opposite response. Although terminal plasma Na+,
Cl−, and Mg2+ concentrations were unaffected, there were complex interactive effects on osmoregulatory
functions of the gastro-intestinal tract, including drinking rate, gut fluid volumes, and intestinal base

secretion rates. At the end of the exposure, the plasma clearance kinetics of an arterially injected tracer
dose of 110mAg were faster in toadfish that had been chronically exposed to waterborne Ag, and 110mAg
accumulation in their red blood cells was reduced. After 32 h, higher amounts of 110mAg were found in bile
and urine, but lower amounts in the intestine of the Ag-exposed toadfish; there were no other differences
in tissue-specific distribution. The results suggest that feeding reduces waterborne Ag uptake through the
digestive tract and alters physiological responses, while chronic exposure enhances regulatory functions.

ns o
The time-dependent actio

. Introduction

Over the past three decades, there has been extensive research
n the bioavailability and toxicity of Ag to aquatic organisms, espe-
ially fish, motivated by concerns about the potential toxicity of Ag
manating from photographic processing, mining, and other indus-

rial sources (reviewed by Eisler, 1996; Hogstrand and Wood, 1998;

ood et al., 1999; Andren and Bober, 2002; Gorsuch et al., 2003).
he major focus has been on freshwater animals, and from this, a
airly clear story has emerged. In fresh water, acute waterborne tox-
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f the liver in Ag scavenging and detoxification are highlighted.
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icity is mainly due to the free silver ion (Ag+) which interferes with
Na+ uptake at the gills, whereas internal bioaccumulation occurs
due to uptake of Ag across the gills from both the neutral silver chlo-
ride complex (AgCl0) as well as the free Ag+ ion. Marine organisms
have received far less study, but from the limited information avail-
able, it is very clear that both acute waterborne Ag toxicity and the
rate of bioaccumulation are much lower than in freshwater organ-
isms. This likely reflects speciation changes due to the high [Cl−]
concentration in full strength seawater which essentially reduces
Ag+ and AgCl0 to negligible fractions (see Ward and Kramer, 2002),
as well as competitive interactions among ions in seawater.

However, the situation may be far more complex in marine

fish, which have two potential target surfaces, the gut as well as
the gills. In contrast to freshwater fish which imbibe little water,
most seawater fish drink the external medium continuously for
the purposes of osmoregulation (reviewed by Grosell, 2006). The
relatively high levels of Ag required to cause acute toxicity in sea-

http://www.sciencedirect.com/science/journal/0166445X
http://www.elsevier.com/locate/aquatox
mailto:woodcm@mcmaster.ca
dx.doi.org/10.1016/j.aquatox.2010.04.012
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ater appear to exert their toxic effects by interfering with iono-
nd osmo-regulatory processes at both sites (Grosell et al., 1999;
ogstrand et al., 1999; Grosell and Wood, 2001; Webb et al., 2001).
t the gut, this occurs by reduction of the drinking rate and by

nterference with the mechanisms of transepithelial ion transport
nd associated water absorption. Indeed by employing continual
ntestinal perfusion with clean saline to protecting the gut surface
rom waterborne Ag, Grosell and Wood (2001) were able to reduce
hysiological symptoms of toxicity by 50–60% in the marine lemon
ole.

It remains unclear whether the gut also serves as a site of Ag
ptake for bioaccumulation. Grosell and Wood (2001) found no
eduction in internal bioaccumulation of Ag in these lemon sole
here the gut was protected by perfusion. However, in vitro prepa-

ations of the teleost intestine certainly transport Ag (Hogstrand et
l., 2002; Ojo and Wood, 2007) and several in vivo studies have
eported circumstantial evidence of gut uptake—i.e. elevated lev-
ls of Ag in intestinal tissue, and declining levels of Ag in intestinal
uid as it progresses down the tract (Hogstrand et al., 1999; Grosell
t al., 1999; Webb and Wood, 2000; Wood et al., 2004). However
uring chronic exposures, internal patterns of Ag bioaccumula-
ion were different than during acute exposures, and Ag burdens
ppeared to reach a plateau in intestinal and internal tissues of sev-
ral marine species (Webb and Wood, 2000). Indeed in our earlier
tudies on the gulf toadfish, the elevated intestinal Ag burdens seen
uring short-term (24 h) exposure (Wood et al., 2004) were not
etectable after 6-d exposure (Nichols et al., 2006). These observa-
ions suggest that physiological regulation occurs during extended
xposures.

An important factor with respect to waterborne Ag uptake and
oxicity in marine fish that has been overlooked to date is the other
ole of the gut—feeding, digestion, and assimilation. We hypothe-
ized that if the gut were a target, then there would be interactive
ffects of feeding and waterborne Ag exposure on Ag bioaccumu-
ation and physiological indices of toxicity. With this background
n mind, we extended our earlier studies on Ag in the toadfish
Wood et al., 2004; Nichols et al., 2006) to examine the impact
f chronic exposure (22–23 d) to a high but sublethal concentra-
ion of waterborne Ag in animals that were fasted throughout,
r fed daily to satiation. Parallel non-exposed fasted and fed con-
rols were also examined. Daily food consumption was monitored,
nd at the end of the exposure, total and organ-specific Ag bur-
ens were quantified, and physiological indices of toxicity were
ssessed—plasma ions, drinking rate, and transport of water, ions,
nd acid–base equivalents in the intestine via in vitro gut sac prepa-
ations. In addition, the clearance and internal distribution of an
rterially injected tracer dose of radioactive 110mAg were exam-
ned in the two fasted treatments, to evaluate the hypothesis that
hanges in physiological regulation of Ag occur during chronic
xposure.

. Materials and methods

.1. Experimental animals

Adult gulf toadfish (Opsanus beta Goode and Bean, 46.4 ± 4.8 g,
= 80, range 23–123 g) were collected in May by commercial

hrimp fishermen using a roller trawl. In the laboratory, the
sh were held in flowing seawater (salinity = 33–35 ppt, tempera-

ure = 24–25 ◦C, natural photoperiod) in 50-L aquaria at a density of
bout 25 g L−1. During this time they were treated twice (on days 1
nd 3) with malachite green (0.05 mg L−1) plus formalin (15 mg L−1)
n seawater to remove any ectoparasites (Wood et al., 1997). They

ere fed once with shrimp on days 4–6, and not fed thereafter, until
he experimental exposures started on day 8 post-collection.
ology 99 (2010) 138–148 139

2.2. Exposures

Toadfish with a mean weight of about 40 g were selected and
randomly allotted into four treatment groups of 20 fish each.
Two of these were weighed in bulk for calculation of ration
level. Each group was then placed in a 70-L tank (loading den-
sity = approximately 13 g L−1) served with running seawater at
200 mL min−1. Each tank contained PVC pipes for individual shel-
ters and air stones for vigorous aeration. The four treatments were
(i) control-fed; (ii) control-fasted; (iii) Ag exposed-fed; and (iv)
Ag exposed-fasted. These fish were used for measurements of Ag
bioaccumulation and physiological parameters (plasma ions, drink-
ing rates, and in vitro gut sac experiments) at the end of 22–23 d
exposure.

The two control treatment tanks received clean seawater, and
the two Ag-exposure tanks received their flow from a com-
mon mixing head tank which received 530 mL min−1 of clean
seawater by gravity feed and 0.12 mL min−1 of a AgNO3 solu-
tion (0.88 g Ag L−1 as AgNO3, analytical grade, Fisher Scientific, in
0.1 N ultrapure HNO3), the latter delivered from a light-shielded
bottle by a peristaltic pump. The resulting nominal Ag concentra-
tion in the water flowing to the exposure tanks was 200 �g L−1

(1.85 �mol L−1). The AgNO3 solution had no detectable effect on
seawater pH (8.05 ± 0.05). Water samples were taken daily (at
the end of the feeding period, see below) to monitor total and
dissolved Ag concentrations, the latter filtered through 0.45-�m
Gelman syringe filters. Samples were immediately acidified (1%
ultrapure HNO3, Fisher Scientific) for storage prior to later analysis
(see below).

At approximately 15:00 h each day, fish in the two feeding treat-
ments were fed a pre-weighed meal (4% ration) of whole dead
shrimp (obtained from a local market) from which the telsons had
been removed. Three hours later, remaining pieces of shrimp were
retrieved, blotted, and weighed, and the consumed ration calcu-
lated from the weight difference. Water samples were taken at this
time.

Additional exposures (control-fasted, Ag exposed-fasted) were
run in parallel under similar conditions (10 fish per 70-L tank) with
larger toadfish of a size (mean weight of about 80 g) sufficient for
arterial cannulation. These fish were used for the 110mAg clearance
and tissue distribution experiments.

2.3. Sampling

After 22 d, 6–8 toadfish from each treatment were sacrificed for
bioaccumulation and plasma ion measurements, and gut sac exper-
iments, whereas 6–8 toadfish were used for bioaccumulation and
drinking rate measurements the following day. There were no sig-
nificant differences for any tissue, in any treatment, between Ag
bioaccumulation data obtained on the two sampling days, so the
data were combined. Note that samples of the digestive tract and
its contents for Ag analyses could only be taken from the fish on
the first day of sampling, because of its removal for drinking rate
measurements in the fish on the second day. The Ag content of
the anterior intestine was not analyzed, as it was used for gut sac
experiments on the first day. In general, several fish were rejected
from each experiment because of surface wounds (probably due
to aggression), and in some cases urine, bile, plasma, or gut fluid
samples could not be obtained.

On the first day of sampling, fish were netted individually into
a 10-L bucket containing a lethal concentration of neutralized

MS-222 (2.5 g L−1, Syndel Labs) in seawater of the appropriate com-
position (i.e. with or without 200 �g L−1 of Ag as AgNO3). The fish
were weighed and blood samples (0.5 mL) were rapidly drawn by
caudal puncture into lithium-heparinized syringes and discharged
into pre-weighed plastic centrifuge tubes. The plasma was sepa-
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ated by rapid centrifugation (13,000 × g for 2 min), then decanted
nd aliquoted for ionic and Ag analyses, and the tubes re-weighed
o determine the mass of the red blood cell pellet. The fish itself
as rinsed in clean seawater, and then the coelomic cavity was

pened. The gastro-intestinal tract was tied off into segments of
sophagus-stomach (a single organ in the toadfish), anterior intes-
ine, mid intestine, and posterior intestine using silk suture. Gut
uids from each segment were then drained into pre-weighed cen-
rifuge tubes, which were re-weighed to determine volumes. The
nterior intestine was then used for in vitro gut sac experiments
see below), and the other three segments were placed into pre-
eighed plastic vials which were re-weighed to determine tissue
eights for later digestion. The gall bladder and the larger lobe

f the urinary bladder were removed intact and drained into pre-
eighed tubes to provide bile and urine samples. Liver, kidney,

ill filaments (trimmed from arches), and spleen were removed
n their entirety, plus approximately 0.5 g of epaxial white mus-
le. All tissues were blotted and weighed before being placed into
igestion vials for later Ag analysis. These weights were used to
etermine organ somatic indices, calculated as individual organ
eight divided by total body weight. The remaining tissues were

aken as a single sample (“carcass”) which was weighed, diluted
ith a known amount of distilled water, and ground to a fine paste

n a Waring blender. An aliquot (∼7 g) of this paste was preserved
or later analysis.

All Ag levels were determined as detailed by Hogstrand et al.
1996). Briefly, acidified water samples were diluted 100-fold with
% ultrapure HNO3 (Fisher Scientific), while weighed tissue and
ody fluid samples were digested overnight at 80 ◦C in appropriate
olumes (generally 3–5 volume:weight) of concentrated ultrapure
NO3. Tissue samples were then allowed to cool before adding
2O2 to remove any debris from the digests. The tissue digests
ere then heated to evaporate all liquid, and reconstituted with
mL of 1% HNO3. Ag levels were read using graphite furnace AAS

Varian 1275 fitted with a GTA-95 atomizer) using a certified stan-
ard (Aldrich). All Ag concentrations in individual organs were
xpressed on a wet tissue weight basis. The whole body Ag concen-
ration was calculated as the sum of all the organ-specific contents
ncluding the carcass, divided by the total mass of all of the organs
lus carcass. On average this accounted for 94% of the original body
ass.

.4. Drinking rate measurements

On the second day of sampling, drinking rates were measured
n the remaining 6–8 fish in each treatment, using the inert, non-
bsorbed drinking rate maker 3[H]polyethylene glycol, M.W. = 4000
3[H]PEG-4000; specific activity: 2050 mCi g−1; NEN-Dupont) in a
rotocol similar to that of Wilson et al. (1996). The fish were fed
or not, as appropriate) in the usual fashion. Drinking rate mea-
urements started 1 h after addition of the meal and continued
or an 8-h to 10-h period so as to encompass the initial period of
igestion. The water flow to the exposure tank was stopped while
eration continued, the water level was gently lowered to 10 L,
nd 12.5 �Ci of 3[H]PEG-4000 was added. Triplicate water sam-
les were taken at the beginning and end to monitor 3[H]PEG-4000
adioactivity which in fact exhibited no detectable change. At the
nd, the fish were individually netted into appropriate terminal
naesthetic solutions as above. Blood samples were taken by cau-
al puncture, rectal fluid was sampled from the anus (could not
e obtained in all fish), and then the fish were dissected exactly as

escribed earlier, except that the whole digestive tract was first

igated at anterior esophagus and anus, and removed intact for
nalysis of 3[H]radioactivity. The same organs and the homoge-
ized carcass were preserved for later digestion and analysis of Ag
ontent.
ology 99 (2010) 138–148

The excised gastro-intestinal sac, together with its fluid con-
tents, was weighed, then homogenized in 3 volumes of 10% HClO3,
allowed to incubate for 6 h with constant shaking, then centrifuged
at 500 × g for 7 min. The clear protein-free supernatant (0.5 mL
aliquots + 2.5 mL seawater), together with the water samples (3 mL)
and rectal fluid samples (10–200 �L plus sufficient seawater to
make 3 mL) were analyzed for 3[H]radioactivity by scintillation
counting, using 10 mL Ecolume fluor (ICN) and a Beckman LS1801
counter. Quench correction was performed using the external
standard ratio method and checked by internal standardization.
Drinking rate was calculated from the total 3[H] radioactivity of
the gastro-intestinal tract and its contents, factored by time, mass
of the fish, and mean radioactivity of the external sea water. The
rectal fluid samples served as a check that there was no loss of the
label through the rectum by the end of the 8–10 h measurement
period; in none of the sampled fish (N = 14) was any radioactivity
found in these samples.

2.5. In vitro gut sac experiments

Experiments were performed on preparations of the anterior
intestine, taken from fish sampled on the first day. The serosal saline
(composition in Grosell and Genz, 2006) was representative of
toadfish extracellular fluid and contained 3 mmol L−1 glucose. The
mucosal saline (NaCl = 49, MgSO4·7H2O = 77.5, MgCl2·6H2O = 22.5,
KCl = 5.0, CaCl2·2H2O = 5.0, NaHCO3 = 5.0 mmol L−1; pH 7.9) was
based on our analyses of toadfish intestinal fluid (Grosell et al.,
2004). Mannitol was added to the mucosal saline to raise its osmo-
lality equal to that of the serosal saline (320 mOsm kg−1). Both
salines were pre-equilibrated with a mixture of 0.5% CO2 and 99.5%
O2 provided by a Wosthoff 301 Digamix 2M301/a-F gas-mixing
pump (Bochum, Germany).

Methods were based on those of Grosell et al. (1999, 2005). In
brief, a short length of heat-flared polyethylene (PE-60) tubing was
tied in the anterior end of the intestine through which 20 mL of
mucosal saline was flushed to clear the gut contents. The posterior
end was then ligated with silk suture, and the sac was moderately
overfilled with mucosal saline which had been radio-labeled with
22Na and 36Cl (Amersham, 0.2 and 0.5 �Ci mL−1, respectively) to
allow for measurements of unidirectional fluxes of these ions. A
300 �L initial mucosal saline sample was obtained by flushing it
back and forth several times to ensure complete mixing before the
sample was taken. The catheter was then sealed, the preparation
was blotted dry, weighed to 0.1 mg accuracy, and placed in 15 mL of
serosal saline continually gassed with the 0.5% CO2 + 99.5% O2 mix-
ture. A 1-mL sample was taken for measurement of initial serosal
radioactivity. At the end of the 3-h flux period, a final serosal sample
was taken, and the sac was blotted and weighed again; the change
in weight provided a gravimetric measurement of fluid flux. The
contents of the sac were then drained into a centrifuge tube, and
processed for analyses as the final mucosal saline sample. The sac
was then cut open, thoroughly blotted dry, after which the mass
of the intestinal tissue (including catheter) was determined. After
overnight storage at 4 ◦C for muscle relaxation, the gross area of the
intestinal tissue was determined using graph paper.

All saline samples were assayed for radioactivity on both a
Packard Cobra II gamma counter (detecting 22Na only) and a Beck-
man LS1801 scintillation counter (detecting combined 22Na + 36Cl
radioactivity). For scintillation counting, all samples were made
up to 3 mL with seawater and added to10 mL Ecolume fluor (ICN).
Tests showed that quench was constant. The dual-label subtraction

approach outlined by Grosell et al. (2005) was used to separate the
36Cl cpm from the 22Na cpm. Mucosal samples were assayed for
concentrations of Na+ (Varian 1275 flame atomic absorption spec-
trophotometer), Cl− (Radiometer-Copenhagen CMT10 coulometric
chloridometer), total CO2 (Corning 965 total CO2 analyzer), and
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bined), but there were no significant differences among treatments
(Fig. 2B). Note however, that in all four treatments [Ag], in intesti-
nal tissue was significantly lower than in the esophagus-stomach.
Ag concentrations in intestinal fluids were rather variable and N
numbers were low (Table 2), as insufficient fluid was available for

Table 1
The influence of feeding or fasting on the percentage contribution of the whole liver
and the bile to the total body mass of toadfish exposed to waterborne Ag (nominally
1.85 �mol L−1) or control seawater for 22–23 d. Means ± 1SEM.
C.M. Wood et al. / Aquatic

H (Radiometer-Copenhagen GK2401C glass combination elec-
rode connected to a Radiometer PHM 71 blood–gas meter). Total
asic equivalent concentrations ([HCO3

−] + 2[CO3
2−]) were calcu-

ated from the total CO2 and pH measurements by means of the
enderson–Hasselbalch equation using the appropriate pK′ and
K′′ values and CO2 solubility coefficient at 1/3 strength seawater
t 24 ◦C. The pH dependence of pK′ was taken into account using
he nomogram of Severinghaus et al. (1956). Grosell et al. (1999)
alidated this method for intestinal fluid samples, noting it yielded
asic equivalent concentrations virtually identical to those deter-
ined using the double-end point titration method (Hills, 1973).
nidirectional and net fluxes of Na+ and Cl−, and net fluxes of basic
quivalents and fluid across the anterior intestine were calculated
xactly as described by Grosell et al. (2005), and expressed per unit
urface area.

.6. 110mAg clearance and tissue distribution experiments

These experiments were performed on the additional, larger
oadfish set up in parallel exposures in two of the treatment
roups—control-fasting and Ag exposed-fasting. These fish were
naesthetized in appropriate water (i.e. with or without 200 �g L−1

f Ag as AgNO3), fitted with indwelling arterial catheters exactly as
escribed by Wood et al. (1997), and then placed in individual 2.0 L
ontainers. The containers were fitted with individual PVC shel-
ers and air stones, and were served with flowing seawater of the
ppropriate composition.

After 36-h recovery, the water inflow was stopped and the vol-
me was set to 1.5 L in each container. Each fish was injected via
he arterial catheter with a tracer dose (10 �Ci kg−1 in 1 mL kg−1 of
erosal saline) of 110mAgNO3 (RISØ Nuclear Research Reactor, Risø,
enmark). The injection was washed in with a further 2 mL kg−1 of

aline. Blood samples (100 �L) were withdrawn from the catheter
ithout disturbance at 10, 20, 40, 80, 160, 320, 600, and 1920 min

32 h) post-injection. Water samples (5 mL) were also taken at each
ime, and the water in the container was exchanged at 12 h and
4 h. Blood samples were immediately centrifuged in pre-weighed
ubes (13,000 × g for 2 min) to separate plasma from red blood cells.
he volume of each fraction was measured gravimetrically, and
ounted, together with the injection stock and the water samples,
n a Packard Cobra II gamma counter. The precautions in terms
f energy window selection for 110mAg counting recommended by
ansen et al. (2002) were adopted. After the final sampling at 32 h,

he fish was sacrificed by a lethal concentration of neutralized MS-
22 (2.5 g L−1, Syndel Labs), and the organs dissected out as in the
receding series, and processed for 110mAg radioactivity analysis
n the same gamma counter.

.7. Statistical analyses

Data have been expressed as means ± 1 SEM (N) where N refers
o number of fish in each treatment. Data were first tested for
ormality and homogeneity of variances. Where necessary, data
ere log-transformed prior to further analysis to pass Bartlett’s chi

quare test for homogeneity of variances, and ratio or percentage
ata were subjected to arcsine transformation. Data were then ana-

yzed by one-way ANOVA, followed by Tukey’s honestly significant
ifference test to detect specific differences (Statistix for Windows).

n those few instances where the data still did not pass Bartlett’s
est, the non-parametric Kruskal–Wallis signed ranks test was used
n place of the ANOVA and Tukey’s test. Simple comparisons were
ade using Student’s unpaired or paired t-test (two-tailed), as
ppropriate. A significance level of P < 0.05 was used throughout.

The blood 110mAg time-series data were analyzed by fitting two-
r three-phase exponential models (Causton, 1983) to the data for
ndividual fish, so as to calculate rate constants of clearance (frac-
ology 99 (2010) 138–148 141

tional loss per hour). Breakpoints were chosen so as to maximize
r2 values for each phase, starting with the shortest one.

3. Results

3.1. Water Ag levels, feeding and mortality

The target level of total water waterborne Ag
(1.85 �mol L−1 = 200 �g L−1) was achieved in both fed and fasted
treatments (2.07 ± 0.14 and 2.05 ± 0.18 �mol L−1, respectively,
N = 22) over the 22–23 d exposures. Of this, the dissolved fraction
was about 65% (1.35 ± 0.25 and 1.25 ± 0.34 �mol L−1, respectively,
N = 22) in both treatments. Waterborne Ag was below detection
(<0.009 �mol L−1) in the control exposures. Daily food consump-
tion was unaffected by the presence or absence of chronic Ag
exposure (2.89 ± 0.20 and 2.46 ± 0.21% d−1, respectively, N = 22).
There were no mortalities in any treatment.

3.2. Bioaccumulation of Ag

There were measurable amounts of background Ag (approxi-
mately 500 pmol g−1) in the whole bodies of these wild-collected
toadfish, which did not change with feeding or fasting in the con-
trol treatments (Fig. 1A). Individual tissues ranged from a low of
about 300 pmol g−1 in white muscle (Fig. 1B) up to a high of about
1350 pmol g−1 (Fig. 2A) in the esophagus-stomach. Again these val-
ues did not differ between fed and fasted control animals.

Chronic waterborne Ag exposure for 22–23 d raised the whole
body Ag burden significantly by 44% in fasted animals (Fig. 1A).
Feeding appeared to be protective, reducing the increase to 17%, a
non-significant elevation. Two tissues accounted for most of this
difference, the white muscle, which has low [Ag] (Fig. 1B) but com-
prises about 50% of the body mass, and the liver which has much
higher concentrations (Fig. 1C), but accounts for less than 3% of
the body mass. Feeding completely eliminated the significant 32%
increase in white muscle [Ag] (Fig. 1B), and greatly attenuated the
massive 20-fold increase in liver [Ag] (Fig. 1C). Note however, that
the liver declined to about one third of its original mass in both
fasted treatments (Table 1), so the liver’s contribution to the whole
body burden was not as great as indicated by the simple ratio of
concentrations illustrated in Fig. 1C. Nevertheless, feeding still sig-
nificantly reduced the total organ Ag burden in the liver by more
than 50%. No other tissue differed in mass (expressed as a % of total
body mass) as a result of the experimental treatments; all were
very close to values reported in an earlier study (Wood et al., 2004)
so they have not been tabulated here.

The esophagus-stomach was also completely protected by feed-
ing against additional Ag bioaccumulation, whereas [Ag] in this
tissue doubled in fasted animals exposed to waterborne Ag (Fig. 2A).
A similar trend was seen in the intestine (mid + posterior com-
Fasted control Fasted Ag Fed control Fed Ag

Liver 0.76 ± 0.09A 0.73 ± 0.10A 2.47 ± 0.31B 2.22 ± 0.44B

Bile 0.19 ± .01AB 0.26 ± 0.04B 0.15 ± 0.02A 0.14 ± 0.03A

Notes: (1) N = 10–13 for all means. (2) Within each tissue or fluid, means not sharing
the same letter are significantly different (P < 0.05).
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o waterborne Ag (nominally 1.85 �mol L−1) or control seawater for 22–23 d. Note t
ame letter are significantly different (P < 0.05).

ollection in some animals. Waterborne Ag exposure tended to ele-
ate intestinal fluid [Ag] (significant in the mid-intestine only), but
ll values were below waterborne Ag levels (∼2060 pmol mL−1).
here were no substantive differences between fed and fasted ani-
als.
The other two osmoregulatory organs, gills (Fig. 3A) and kid-

ey (Fig. 3B), exhibited contrasting trends. Whereas a significant
0% elevation in kidney Ag burden in fasted animals was again pre-
ented by feeding (Fig. 3B), gill [Ag] increased more than 3-fold in
ed animals, but did not change at all in fasted toadfish exposed to
aterborne Ag (Fig. 3A).

With regard to possible excretory pathways, qualitatively differ-
nt responses were seen between bile (Fig. 4A) and urine (Fig. 4B).
iliary Ag concentrations almost doubled in fasted animals in
esponse to waterborne Ag exposure. In fed animals, elevated levels
ccurred regardless of whether the fish had been exposed to water-
orne Ag or control seawater. Not unexpectedly, feeding appeared

o influence gall bladder function, with somewhat higher biliary
olumes present in fasted animals (Table 1). Urinary Ag concen-
rations more than tripled in fed toadfish exposed to waterborne
g, while a much smaller increase was not significant in fasted
nimals (Fig. 4B). There were no differences among treatments

able 2
he influence of feeding and fasting on Ag concentrations (pmol g−1 wet weight) in sele
85 �mol L−1) or control seawater for 22–23 d. Means ± 1SEM.

Fasted control Fasted

Spleen 538.0 ± 54.9AB 702.6
RBC’s 595.7 ± 70.2A 551.7
Plasma 89.6 ± 9.1A 113.6
Anterior intestinal fluid 341.0 ± 103.2AB 710.0
Mid intestinal fluid 294.9 ± 23.3A 1004.9
Posterior intestinal fluid 429.2 ± 154.7A 1172.5
Carcass 570.9 ± 54.0A 709.5

otes: (1) N = 10–13 for all means, except for intestinal fluids, where N = 4–7. (2) Within a p
P < 0.05).
(A) the whole body, (B) the white muscle, and (C) the liver of gulf toadfish exposed
erent scales in the three panels. Means ± 1 SEM (N = 11–13). Means not sharing the

in urinary volumes present in the bladders of toadfish (data not
shown).

The experimental treatments had no significant effects on Ag
levels in red blood cells, and there were only minor differences in
plasma Ag levels among treatments (Table 2). Notably, absolute red
blood cell [Ag] was about 5-fold greater than plasma [Ag], a highly
significant difference in all treatments. The spleen, which serves as
a storage organ for red blood cells in fish, exhibited elevated levels
of Ag in response to waterborne exposure, a response which was
significant only in fed toadfish (Table 2).

3.3. Physiological responses

There was clear evidence of disturbances in gut osmoregu-
latory functions, associated with chronic waterborne Ag expo-
sure, as detailed below. However, there were no signifi-
cant differences among treatments in the concentrations of

plasma ions (overall means: Na+ = 165.0 ± 1.8, Cl− = 143.4 ± 0.7,
Mg2+ = 1.16 ± 0.04 mmol L−1, N = 39–41).

In fasted toadfish, drinking rate was unaffected by waterborne
Ag exposure, staying at about 0.6 mL kg−1 h−1 (Fig. 5A). However,
in fed animals, drinking was lower at about 0.3 mL kg−1 h−1, but

cted tissues and body fluids in gulf toadfish exposed to waterborne Ag (nominally

Ag Fed control Fed Ag

± 118.4B 408.4 ± 30.8A 652.4 ± 69.9B

± 132.7A 862.7 ± 225.5A 604.9 ± 75.3A

± 23.3AB 120.9 ± 13.5AB 135.3 ± 17.0B

± 138.4B 217.4 ± 32.4A 646.1 ± 248.6AB

± 232.9B 201.2 ± 15.4A 1428.6 ± 260.2B

± 426.6A 248.7 ± 32.2A 762.2 ± 211.6A

± 73.1A 544.5 ± 27.9A 628.7 ± 55.0A

articular tissue or fluid, means not sharing the same letter are significantly different
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Fig. 2. The influence of feeding or fasting on Ag concentrations (pmol g−1 wet
weight) in (A) the esophagus-stomach and (B) the intestine (mid and posterior intes-
t
o
s

w
e
n
f
c
t
m
A

r
l
A
o

Fig. 3. The influence of feeding or fasting on Ag concentrations (pmol g−1 wet
weight) in (A) the gills and (B) the kidney of gulf toadfish exposed to waterborne Ag

T
T
(

N

ine combined) of gulf toadfish exposed to waterborne Ag (nominally 1.85 �mol L−1)
r control seawater for 22–23 d. Means ± 1 SEM (N = 6–7). Means not sharing the
ame letter are significantly different (P < 0.05).

as raised back to 0.6 mL kg−1 h−1 in the presence of chronic Ag
xposure. The total fluid volumes collected from the gastrointesti-
al tract at sacrifice did not correlate with these drinking rates. In

asted animals, chronic waterborne Ag exposure caused a signifi-
ant 4-fold increase in gut fluid volume (Fig. 5B). However in fed
oadfish, gut fluid volume was already high in the control treat-

ent, but was significantly depressed in response to waterborne
g.
In vitro analysis of gut function using anterior intestinal sacs
evealed a significant 55% decrease in the rate of net basic equiva-
ent secretion in fasted toadfish associated with chronic waterborne
g pre-exposure (Fig. 5C). However, in fed toadfish pre-exposed
nly to control seawater, intestinal base secretion rates were

able 3
he influence of feeding and fasting on rates of water, Na+, and Cl− fluxes across the an
nominally 1.85 �mol L−1) or control conditions for 22 d. Means ± 1SEM.

Fasted control Fa

H2O flux (�L cm−2 h−1) 1.89 ± 1.31
Na+ net flux (�mol cm−2 h−1) 0.29 ± 0.14
Na+ influx (�mol cm−2 h−1) 8.57 ± 1.84
Na+ efflux (�mol cm−2 h−1) −8.27 ± 1.74 −
Cl− net flux (�mol cm−2 h−1) 0.74 ± 0.37
Cl− influx (�mol cm−2 h−1) 12.35 ± 3.11
Cl− efflux (�mol cm−2 h−1) −11.61 ± 2.80 −
otes: (1) N = 6 in all treatments. (2) There were no significant differences (P > 0.05) amon
(nominally 1.85 �mol L−1) or control seawater for 22–23 d. Note the different scales
in the two panels. Means ± 1 SEM (N = 12–13). Means not sharing the same letter
are significantly different (P < 0.05).

already at these lower levels, and did not change significantly with
chronic Ag pre-exposure. There were no significant differences in
the net water absorption rates in vitro, or in the unidirectional or
net fluxes of Na+ and Cl− across the gut sac preparations (Table 3).

3.4. 110mAg clearance and tissue distribution responses

These experiments were performed on only two groups, both

fasted, but exposed to either control seawater or waterborne Ag
for 22 d.

After injection of the tracer dose of 110mAg, whole blood radioac-
tivity declined rapidly in a quasi-exponential fashion (Fig. 6A and

terior intestine, measured in vitro, in gulf toadfish pre-exposed to waterborne Ag

sted Ag Fed control Fed Ag

2.78 ± 0.72 1.76 ± 0.43 2.82 ± 1.05
0.34 ± 0.16 0.21 ± 0.08 0.21 ± 0.17
4.67 ± 0.47 4.64 ± 0.76 7.50 ± 1.21
4.33 ± 0.43 −4.43 ± 0.73 −7.29 ± 1.22
0.82 ± 0.17 0.55 ± 0.07 0.79 ± 0.18
8.85 ± 1.23 6.99 ± 1.25 9.44 ± 1.54
8.03 ± 1.09 −6.44 ± 1.29 −8.05 ± 1.37

g treatments for any parameter.
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Fig. 4. The influence of feeding or fasting on Ag concentrations (pmol g−1 wet
w
f
1
n

T
o
t
1
p

T
T
t
b

N
8
f

m

eight) in (A) the bile collected from the gall bladder and (B) the urine collected
rom the urinary bladder of gulf toadfish exposed to waterborne Ag (nominally
.85 �mol L−1) or control seawater for 22–23 d. Means ± 1 SEM (N = 8–13). Means
ot sharing the same letter are significantly different (P < 0.05).
able 4). By 320 min post-injection, blood levels were less than 16%
f those at 10 min, and were significantly different between the two
reatments at this time through until the end of the experiment at
920 min (32 h), with faster clearance in the group which had been
re-exposed to waterborne Ag.

able 4
he influence of 22 d pre-exposure to waterborne (nominally 1.85 �mol L−1) or con-
rol seawater on the rate constant of clearance (%h−1) of injected 110MAg from the
lood of fasted toadfish. Means ± 1SEM.

Control Ag

Whole blood
K1 1.093 ± 0.143 1.114 ± 0.103
K2 0.186 ± 0.025 0.232 ± 0.015
K3 0.021 ± 0.007 0.027 ± 0.004

Red blood cells
K1 – –
K2 0.102 ± 0.011 0.136 ± 0.025
K3 0.029 ± 0.010 0.018 ± 0.005

Plasma
K1 0.861 ± 0.059 1.265 ± 0.074*

K2 0.152 ± 0.016 0.212 ± 0.018*

K3 0.018 ± 0.006 0.035 ± 0.009

otes: (1) N = 7 for both treatments. (2) K1 corresponds to 0–80 min. K2 to
0–600 min, and K3 to 600–1920 min post-injection. (3) K1 could not be calculated
or RBC’s.

* Significant difference (P < 0.05) between corresponding means in the two treat-
ents.
ology 99 (2010) 138–148

There were substantive differences between the two treat-
ments in the partitioning of 110mAg between red blood cells (RBC’s)
and plasma. This difference was established as early as 10 min
after injection, and remained significant through 160 min (Fig. 6B).
Fish which had been previously exposed to only control seawa-
ter allowed the mean [RBC 110mAg]/[plasma 110mAg] distribution
ratio to rise to as high as 3.0 at 40 min post-injection, and the ratio
remained high (approximately 2.0) for the remainder of the exper-
iment. In contrast, Ag-pre-exposed toadfish kept the ratio below
1.0 through 160 min, though by 1920 min (by which time blood
radioactivity was very low) the ratio had risen to a value similar to
that in the naïve fish.

Rate constants (fractional clearance per hour) were deter-
mined by fitting two- or three-phase exponential models to
the data for individual fish. With only 3 exceptions out of 14
fish (where two-phase models were best), the data were best
described by three-phase models covering 10–80 min, 80–600 min,
and 600–1920 min), so this analysis was applied to all fish for con-
sistency. The respective rate constants have been designated as K1,
K2, and K3 in Table 4.

In whole blood there were no differences between the two
treatment groups (Table 4). However, when rate constants were
calculated for plasma separately, the rate constants for phase 1 (K1)
and phase 2 (K2) were significantly higher by about 40% in the fish
which had been exposed to waterborne Ag. The difference in K3
was not significant. Note that K1 for RBC’s could not be calculated
because absolute radioactivity in the RBC’s sometimes increased
over the first 40–80 min, especially in the control group, in accord
with the distribution ratio data (Fig. 6B).

The relative distribution of 110mAg on a whole organ or tissue
basis at the end of the experiment (1920 min) was measured. The
mass of the white muscle has been estimated as 50% of the body
weight for the purposes of this calculation, based on test dissec-
tions. A logarithmic scale has been used in Fig. 7 to encompass the
large range of variation encountered. The liver (∼58%), the white
muscle (∼10%) and unidentified portions of the carcass (“rest”,
∼18%; note—does not include white muscle) were the largest con-
tributors, and did not differ between the two treatments. However
bile (1.68 ± 0.44% vs. 0.52 ± 0.12%, N = 7) and urine (0.023 ± 0.001%
vs. 0.003 ± 0.001%, N = 7) both made a larger contribution in the Ag-
exposed fish, whereas the intestine (1.02 ± 0.16% vs. 3.34 ± 0.63%,
N = 7) made a larger contribution in the control fish. There were
no other significant differences. The appearance of 110mAg in the
external water was undetectable in both treatments.

4. Discussion

4.1. Overview

To our knowledge, this is the first study to examine the con-
sequences of feeding versus fasting on the responses to chronic
waterborne metal exposure in a seawater teleost. The level of Ag
employed was above those of normal environmental occurrence
(discussed in Wood et al., 2004), but were chosen so as to be sub-
lethal during chronic exposure, and comparable to previous studies
on marine fish; Ag is far less toxic in seawater than in freshwater
(see Section 1).

The results provide support for our two main hypotheses. Firstly,
we hypothesized there would be interactive effects of feeding and
Ag exposure on Ag bioaccumulation and physiological indices of

toxicity. With respect to bioaccumulation, this was confirmed by
the protective effects of feeding against whole body Ag burden,
manifested in the white muscle (Fig. 1B), liver (Fig. 1C), esophagus-
stomach (Fig. 2A), and kidney (Fig. 3C), as well as alterations in the
excretory pathways of bile (Fig. 4A) and urine (Fig. 4B). Physiologi-
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Fig. 5. (A) Drinking rates and (B) total fluid volumes collected from all sections of the gas
1.85 �mol L−1) or control seawater for 22–23 d. Means ± 1 SEM (N = 5–7). (C) The net rate
gut sac technique, in gulf toadfish pre-exposed to the same conditions as in (A) and (B). M
(P < 0.05). Drinking rates versus gut fluid volumes and basic equivalent secretion rates we

Fig. 6. (A) The time course of clearance of an arterially injected tracer dose of 110mAg
in the whole blood of intact gulf toadfish which had been pre-exposed to waterborne
Ag (nominally 1.85 �mol L−1) or control seawater for 22 d. Both groups had been
fasted during the exposures. Concentrations have been expressed as a percentage
of the concentration present (100%) at 10 min post-injection in each fish. (B) The
partitioning of 110mAg between red blood cells (RBC’s) and plasma in the data of (A),
expressed as the [RBC 110mAg]/[plasma 110mAg] distribution ratio. Means ± 1 SEM
(N = 7). Asterisks indicate significant differences between means at the same time
point (P < 0.05).
trointestinal tract at sacrifice in gulf toadfish exposed to waterborne Ag (nominally
of basic equivalent secretion by the anterior intestine, measured using an in vitro
eans ± 1 SEM (N = 6). Means not sharing the same letter are significantly different

re measured on different fish.

cal differences associated with feeding or fasting were also seen in
the influences of chronic Ag exposure on drinking rates (Fig. 5A), gut
fluid volumes (Fig. 5B), and intestinal base secretion rates (Fig. 5C).
These results support the view that the gut is a target of water-
borne Ag exposure for both Ag uptake and toxic disturbance, and

that feeding ameliorates these effects, though admittedly other
explanations are possible. Secondly, our hypothesis that changes
in the physiological regulation of Ag occur during chronic expo-
sure was supported. There was clear evidence of faster clearance

Fig. 7. The relative distribution of an arterially injected tracer dose of 110mAg on a
whole organ or tissue basis after 32 h (1920 min) in gulf toadfish which had been pre-
exposed to waterborne Ag (nominally 1.85 �mol L−1) or control seawater for 22 d.
Both groups had been fasted during the exposures. Amounts have been expressed
as a percentage of the total in the whole body, and a logarithmic scale has been
used to encompass the large range of variation among tissues that was observed.
White muscle was assumed to contribute 50% of body mass. “Rest” refers to car-
cass minus white muscle. Means (N = 7). Asterisks indicate significant differences
between means for the same tissue or organ (P < 0.05).
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f an injected tracer dose of 110mAg from the whole blood (Fig. 6A)
nd plasma (Table 4) and protection against Ag accumulation inside
BC’s (Fig. 6B), as well as subtle changes in the tissue-specific dis-
ribution of the 110mAg (Fig. 7) in fish exposed to silver for 22 d prior
o 110mAg clearance studies.

.2. Patterns of Ag bioaccumulation over time

These toadfish collected from Biscayne Bay already had sig-
ificant background levels of Ag in their tissues. Based on their
eight, the animals were 2–3 years old (Malca et al., 2009). Bis-

ayne Bay receives both treated sewage effluent and non-point
ource runoff from the City of Miami, so it is perhaps not sur-
rising that the fish had accumulated measurable amounts of
g (∼300 pmol g−1 in white muscle, for example; Fig. 1B) over

heir lifetime. The toadfish is a benthic animal, generally feeding
lose to the bottom and rummaging in sediments. The elevated
ackground levels in the esophagus-stomach (∼1350 pmol g−1;
ig. 2A) relative to other tissues points to a gastro-intestinal uptake
athway, but whether this burden came from waterborne (i.e.
rinking) or dietary exposure is unknown. However, it is notewor-
hy that these background levels were in fact very comparable to
hose (e.g. 180–550 pmol g−1 in white muscle) measured in other
ottom-dwelling species (flounder, sculpins, and the closely related
idshipman, Porichthys notatus) collected from a so-called pristine

ite on the west coast of Vancouver Island, B.C., Canada (Hogstrand
t al., 1999; Webb and Wood, 2000; Grosell and Wood, 2001). This
uggests that this is a general phenomenon for marine benthic fish,
nd not necessarily indicative of a contaminated ecosystem.

An interesting observation in all of these data sets is that liver
evels were not greatly elevated (e.g. ∼700 pmol g−1 in the present
tudy; Fig. 1C) relative to other tissues as a result of chronic life-
ime exposure to background levels of Ag in the environment. This
ontrasts with the situation during experimental chronic expo-
ures (22–23 d), where liver levels increased 7–20-fold (Fig. 1C)
hile Ag levels in white muscle and other tissues increased only
oderately. Hogstrand et al. (1999), Webb and Wood (2000), and
rosell and Wood (2001) all reported quantitively similar patterns

n marine teleosts. The most dramatic accumulation in the liver
as seen in the 32-h 110mAg injection studies (Fig. 7). Fig. 8 illus-

rates these differences, with the liver accounting for ∼1%, 33%,
nd 58% of the total burden in the lifetime, 22–23 d, and 32 h expo-

ures, respectively. This suggests that the liver, which is known to
e a sensitive site for metallothionein induction by Ag (Hogstrand
t al., 1996) plays a very important role in short-term scaveng-
ng, detoxification, and biliary excretion of Ag (Figs. 4A and 8). In
ther words, the liver serves as a buffer or surge protector. How-

ig. 8. A comparison of the tissue-specific distribution of “new” Ag taken up over
ifferent time courses in the gulf toadfish. For consistency, data from fasted animals
ave been used throughout.
ology 99 (2010) 138–148

ever, the longer the exposure, the less important is the liver to the
total Ag distribution; conversely, the longer the exposure, the more
important is the deposition of Ag in white muscle and other tis-
sues. By way of comparison, in another marine benthic teleost, the
European plaice, the liver accounted for less than 25% of the total
after a 63-d waterborne 110mAg exposure (Pentreath, 1977), and
in the American plaice, the liver accounted for 28% of the total
at 42 d after a single dietary exposure to 110mAg (Rouleau et al.,
2000).

This conclusion contrasts with findings on two freshwater
teleosts, the rainbow trout and European eel exposed to a 24-h
pulse of waterborne 110mAg, where the contribution of the liver
increased from about 25% after 1 d to 70–80% after 67 d of depura-
tion (Hogstrand et al., 2003). Galvez et al. (2002) and Ausseil et
al. (2002) reported similar results with longer term waterborne
exposures of rainbow trout. Garnier and Baudin (1990) noted a
63% hepatic contribution at the end of a 34-d 110mAg feeding study
with brown trout, and this did not change during a 28-d depura-
tion period. Garnier et al. (1990) reported a 70% liver contribution
in this same species at the end of a 57-d waterborne exposure to
110mAg, and again this remained constant during a 28-d depuration
period. Overall, these observations suggest that the differences are
salinity-related rather than source-related.

4.3. The influence of feeding on Ag bioaccumulation

The simplest explanation for the clear protective role of feeding
against Ag bioaccumulation (Fig. 1) is that the processes of inges-
tion, digestion, and assimilation reduced the uptake of waterborne
Ag through the digestive tract. The fact that feeding prevented any
increase in the Ag burden in the esophagus-stomach supports this
interpretation; the binding of imbibed Ag to food and chyme in
the gastro-intestinal tract would likely reduce its bioavailability for
uptake. In this regard, the present findings support the interpreta-
tion of those previous studies which have argued that the gut serves
as an important site of uptake of waterborne Ag in marine teleosts
(Hogstrand et al., 1999, 2002; Grosell et al., 1999; Webb and Wood,
2000; Wood et al., 2004). However, an alternate or additional inter-
pretation is certainly possible, that the energy supplied by feeding
allows better homeostatic regulation of Ag. This latter interpre-
tation is supported by the observations of greater elevations of
urinary [Ag] in fed toadfish (Fig. 4B), and already higher levels of bil-
iary [Ag], even in non-exposed animals that had been fed (Fig. 4A).
Indeed, more frequent biliary discharge would be expected in fed
animals.

The only previous feeding versus fasting study on Ag bioaccumu-
lation was performed on the freshwater rainbow trout exposed to
waterborne Ag, and reached entirely opposite conclusions (Bertram
and Playle, 2002). Here uptake and depuration profiles, as well
as physiological responses, were identical in the two treatments
over 7-d uptake and 15-d depuration periods. Again, the differ-
ence may be salinity-related, as drinking-related Ag uptake through
the gastro-intestinal tract would be negligible in a freshwater
teleost.

The gill was the single tissue to show an opposite trend, where
feeding increased Ag accumulation by more than 3-fold, whereas
there was no change at all in branchial Ag burden in fasted fish in
response to waterborne Ag exposure (Fig. 3A). The likely explana-
tion is the well-known specific dynamic action (SDA) phenomenon,
whereby feeding can elevate metabolic rate several fold (reviewed
by Secor, 2009). This requirement for greater O2 consumption is

met by both increased blood flow and increased water flow to the
gills, as well as the recruitment of a greater gill area. The enhanced
delivery of Ag to both internal and external surfaces of the branchial
epithelium, as well as the greater available area, could all con-
tribute to the greater gill burden. We might expect that as a result
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f “opening up” their gills, fed fish would lose more water by osmo-
is, and therefore have to drink more, a point which is addressed
elow.

.4. The influence of feeding on physiological responses to
aterborne Ag exposure

There were complex interactive effects of feeding versus fast-
ng and waterborne Ag exposure on gut function (Figs. 5 and 6),
ut these did not alter major plasma ions (Na+, Cl−, Mg2+), so
hey were within the range of compensation for the toadfish. In
arlier studies on other marine teleosts, waterborne Ag exposure
enerally inhibited drinking and in some cases raised plasma ions
Grosell et al., 1999; Hogstrand et al., 1999; Grosell and Wood,
001; Webb et al., 2001), but in none of these studies were the
rinking measurements done on long-term fasted fish, or on fish
hat were actually digesting a recent meal. The present results show
hat Ag exposure did not alter drinking rate in long-term fasted
oadfish, but feeding significantly lowered drinking rate, whereas
his effect was eliminated by Ag exposure (Fig. 5A). In two pre-
ious studies on marine teleosts, feeding either elevated drinking
ate (in seawater Atlantic salmon; Usher et al., 1988) or had no
ffect on drinking rate (in seawater rainbow trout; Bucking et al.,
ubmitted for publication), so results may be species-dependent.
arlier, we have argued that feeding, through its effects in stimulat-
ng SDA (Secor, 2009), might be expected to induce a compensatory
ncrease in drinking rate to replace greater osmotic water loss
cross the gills. The fact that this was not seen may be because
he high water content of the food provides the necessary compen-
ation.

Ag exposure caused a marked increase in gut fluid volume in
asted toadfish, suggesting that water absorption was inhibited
Fig. 5B). In turn this would fit with the significant inhibition of
ntestinal net base secretion rates seen in vitro in this treatment
Fig. 5C), because base secretion plays a key role in water absorp-
ion through the gut (reviewed by Grosell, 2006; Grosell et al.,
009). Evidence for inhibition by waterborne Ag of intestinal basic
quivalent secretion, and Na+, Cl−, and water absorption has been
eported in several previous in vivo studies (Grosell et al., 1999;
rosell and Wood, 2001). However we were unable to detect any
ssociated decrease in water flux or disturbance of Na+ or Cl− fluxes
n our in vitro studies on the gut (Table 3), perhaps because of
ack of sensitivity or because luminal Ag was no longer present
n these preparations. Base secretion rates in vitro in fed toadfish

ere lower than in fasted toadfish (Fig. 5C), contrary to results of
aylor and Grosell (2006, 2009) on the same species, and Bucking
t al. (2009) on seawater rainbow trout. The explanation here may
e the much longer fasting period employed in the current study.
eeding appeared to protect base secretion rates against inhibition
y waterborne Ag pre-exposure.

Not surprisingly, fed toadfish had much higher gut fluid vol-
mes than fasted toadfish under control conditions (Fig. 5B), and
uch of this volume may have come from the food and gastro-

ntestinal secretions, since drinking rate was reduced. In contrast
o the processing of seawater taken in by drinking, the ingestion
f food would necessitate digestive and nutrient-linked absorp-
ive processes. These would likely be slower, keeping more fluid
n the gut for a longer period. The reduced gut fluid volume in
ed toadfish chronically exposed to Ag suggests more efficient fluid
bsorption in these fish. The explanation is not clear, though Webb
t al. (2001) noted that several marine teleosts which had been

oth fed and chronically exposed to waterborne Ag tended to have
igher intestinal Na+, K+-ATPase activities. This was also seen in

ed toadfish chronically exposed to waterborne Cu (Grosell et al.,
004). In both cases the response was interpreted as evidence of
ompensation.
ology 99 (2010) 138–148 147

4.5. Evidence for physiological regulation of Ag during chronic
waterborne Ag exposure

The 110mAg injection studies demonstrated faster clearance
from the whole blood and plasma (Fig. 6A), protection against Ag
accumulation in RBCs (Fig. 6B), and upregulated biliary and urinary
excretion pathways (Fig. 7) as a result of chronic waterborne Ag
exposure. The lower intestinal burdens in these fish (Fig. 7) suggests
that an improved clearance from this tissue also occurs, helping
explain why the elevated intestinal Ag burdens seen during short-
term (24 h) exposure (Wood et al., 2004) were not detectable after
6 d exposure (Nichols et al., 2006) in our earlier studies on toadfish.
They also help explain why there were no significant elevations in
intestinal Ag burdens during the chronic exposures of the present
study (Fig. 2B). It seems likely that these adaptations would confer
acclimation in the toxicological sense, as has been seen in at least
one freshwater Ag study with rainbow trout (Galvez and Wood,
2002).

The responses of faster clearance rate from the plasma, pro-
tection of the RBCs, and in some cases upregulated biliary and/or
renal excretion after chronic exposure appears now to be a common
pattern with several other metals, at least in freshwater fish (e.g.
Cu—Grosell et al., 1997, 1998, 2001; Zn—Chowdhury et al., 2003;
Cd—Chowdhury et al., 2003, 2004; Chowdhury and Wood, 2007;
Ni—Pane et al., 2005; Chowdhury et al., 2008). It may represent a
co-ordinated systemic response to deal with potentially dangerous
metal levels in the bloodstream. In view of the much lower urine
flow rates in seawater fish, the renal response is likely to be less
important than the biliary response.

In toadfish, RBC Ag levels are already about 5-fold higher than
plasma levels and are not allowed to rise during chronic Ag expo-
sure (Table 2), presumably as a result of the same mechanisms
responsible for excluding injected 110mAg from the erythrocytes
(Fig. 6B). The protection offered by acclimation against further
accumulation of metal in the RBCs must clearly be important for
their physiological function, but we are aware of no studies which
have examined how erythrocytic metal accumulation specifically
affects O2 or CO2 transport kinetics in fish. RBC’s are rich in car-
bonic anhydrase which plays a critical role in both O2 loading and
CO2 unloading at the gills, and vice versa at the tissues. Metals such
as Ag and Cu are known to inhibit carbonic anhydrase function in
fish (Christensen and Tucker, 1976; Morgan et al., 1997, 2004; Lund
et al., 2002). This is an important area for future investigation.
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