AQUATIG
TOXIGOLOGY

www.elsevier.com/locate/aquatox

- JE

ELSEVIER Aquatic Toxicology 68 (2004) 263-275

Effects of prolonged copper exposure in the marine gulf toadfish
(Opsanus betdl: copper accumulation, drinking rate and
Na"/K+-ATPase activity in osmoregulatory tissues

M. Grosell®*, M.D. McDonald®, P.J. Wals®, C.M. Wood?P

a Division of Marine Biology and Fisheries, RSMAS, University of Miami, 4600 Rickenbacker Causeway, Miami, FL 33149-1098, USA
b Department of Biology, McMaster University, Hamilton, Ont., Canada

Received 14 October 2003; received in revised form 26 January 2004 ; accepted 3 March 2004

Abstract

Gulf toadfish were exposed to sublethal levels of copper (12.8 on84)2for 30 days. Drinking in control fish averaged
1mlkgth! but exposure to 552M copper resulted in a complex biophasic pattern with initial (3h and 1 day) inhibition
of drinking rate, followed by an elevation of drinking rate from day 3 onwards. Drinking led to copper accumulation in the
intestinal fluids at levels three to five times higher than the ambient copper concentrations, which in turn resulted in intestinal
copper accumulation. The gill exhibited more rapid accumulation of copper than the intestine and contributed to early copper
uptake leading to accumulation in internal organs. Muscle, spleen and plasma exhibited little if any disturbance of copper
homeostasis while renal copper accumulation was evident at both ambient copper concentrations. The liver exhibited the highest
copper concentrations and the greatest copper accumulation of all examined internal organs during exposugevio 55.2
Elevated biliary copper excretion was evident from measurements of gall bladder bile copper concentrations and appeared to
protect partially against internal accumulation in fish exposed todl®l&opper. No inhibition of N&a/K*-ATPase activity
in either gills or intestine was seen despite copper accumulation in these organs. Calculations of inorganic copper speciation
suggest that Cu(C§»?~ complexes which dominate in seawater and intestinal fluids are of limited availability for uptake while
the low levels of ionic C&Ir, CuOH" and CuCQ may be the forms taken up by the gill and the intestinal epithelium.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 1998. The redox nature of copper is also what makes
this element a potent toxicant. Tight regulation of or-
Copper is a co-factor for a number of enzymes gan and cellular copper concentrations has therefore
including cytochrome C oxidase and is thus essential evolved to ensure sufficient copper for essential pro-
for respiration in all eukaryote celldifder et al., cesses while at the same time preventing toxicity aris-
ing from copper excesP€na et al., 1999 Aquatic
"+ Corresponding author. Tel 1-305-361-4623: organisms can taI§e up copper directly from the water
fax: +1-305-361-4001. and elevated ambient copper concentrations can lead to
E-mail addressmgrosell@rsmas.miami.edu (M. Grosell). excess copper accumulation in several tissuasren

0166-445X/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.aquatox.2004.03.007



264 M. Grosell et al. / Aquatic Toxicology 68 (2004) 263—-275

and McDonald, 1985, 1987a, 1987b; De Boeck et al., up to 30 days in flow-through seawater. To achieve this
1995; Grosell et al., 1997, 1998a, 2001b, 2003b; De goal, copper concentrations in gills, plasma, intestinal
Boeck et al., 2001; Grosell and Wood, 2002; segments, liver, kidney, spleen, white muscle and gall
Kamunde et al., 2002 Oxidative stress is generally bladder bile were monitored throughout 30 days of
accepted as one of the major effects of excessive cel-exposure. Furthermore, to ascertain intestinal copper
lular copper concentrations but other effects occur in exposure, drinking rate was measured and intestinal
osmoregulatory organs of aquatic organisms. Exam- fluid samples were obtained for analysis of copper
ples are the inhibition of Natransport across the gills  concentrations. Because both the gills and intestine
of freshwater fish which co-incide with inhibition of accumulated copper during the 30-day exposures and
the Na /K T-ATPase enzymel@uren and McDonald,  because the fish exhibited significant osmoregulatory
1985, 1987a, 1987kand the inhibition of branchial  disturbance Grosell et al., 2009 these tissues were
carbonic anhydrase in crustaceaviisgle et al., 1999 also examined for N&/KT-ATPase activity. By com-
Osmoregulatory organs, of aquatic organisms, which paring the results of the present study with a parallel
are in direct contact with the environment are targets investigation of hydromineral balance during these
for these effects. In freshwater organisms osmoregu- prolonged copper exposuresrpsell et al., 2004we
latory effects of acute copper exposure occur in the were able to examine potential relationships between
gills (Wood, 2001; Grosell et al., 20p2and can be  copper concentrations in osmoregulatory tissues,
related to the copper concentration in the gill tissue corresponding N&K*-ATPase activity and whole
which in turn can be related to ambient copper con- animal osmoregulatory disturbance.
centration and water chemistrgntore et al., 2001;
Di Toro et al.,, 2001 The gills of marine fish also
accumulate copper in response to elevated ambient2. Materials and methods
concentrations§tagg and Shuttleworth, 1982; Grosell
et al., 2003b but it is entirely unknown to what ex- 2.1. Experimental animals and copper exposure
tent branchial copper accumulation reflects the degree
of physiological disturbance during either acute or  The present investigation was conducted on the gulf
chronic exposure. In addition, the intestine of marine toadfish Opsanus befeobtained and held in the labo-
fish may accumulate copper from imbibed seawater. ratory as outlined in the accompanying articdBr¢sell
Drinking is a vital part of marine teleost osmoregula- et al., 2004. Fish were subject to prolonged copper
tion (Smith, 1930; Loretz, 1995; Karnaky, 1998nd exposure under flow-through conditions resulting in
intestinal copper accumulation and perhaps associated12.8+ 1.6 and 552 + 5.0 wM copper in Bear cut sea-
osmoregulatory effects might therefore be expected water (30 and 23°C) as previously outlined3rosell
during water-borne exposure. Despite earlier findings et al., 2004.
of osmoregulary effects of copper in marine teleost
(Stagg and Shuttleworth, 1982; Wilson and Taylor, 2.2. Experimental protocol
1993 this issue has not been addressed for copper.
Findings for silver, however, have demonstrated in- 2.2.1. Copper accumulation and N&K™-ATPase
testinal silver accumulation in marine fish exposed activity
to water-borne silver and have also revealed that the To determine the effect of prolonged copper ex-
silver accumulation in the intestine contributes signif- posure on copper uptake, internal distribution and
icantly to whole animal osmoregulatory disturbance accumulation, fish¥ = 8) were sampled from both
during both acute and Chronic exposur@rgsell copper concentrations at 0, 1, 3, 8, 16 and 30 days of
et al., 1999; Hogstrand et al., 1999; Webb and Wood, exposure. Weekly feeding was scheduled to always
2000; Grosell and Wood, 2001; Webb et al., 201 precede sampling times by at least 48 h. For sam-
The purpose of the present study was to character- pling, individual fish were transferred from the expo-
ize copper uptake, internal accumulation and potential sure tank to copper-free MS222 containing seawater
excretion during exposure to two elevated but sub- (0.2g1) and a spot sample of rectal fluids was ob-
lethal copper concentrations (12.8 and 55\) for tained prior to blood sampling by caudal puncture as
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already described3rosell et al., 2004 Subsequently,  at the start of the esophagus and immediately anterior
fluid samples were obtained from the anterior, mid to the anus by hemostats to prevent loss of contents,
and posterior segment of the intestine and then gall carefully placed in a vial and weighed. The entire GIT
bladder bile, liver, spleen, kidney, gill, muscle and was homogenized in 4vol. of 10% perchloric acid.
intestinal tissue were obtained by dissection. Plasma, The homogenate was centrifuged (500 g for 5min).
bile and tissues were placed in liquid nitrogen im- Initially, aliquots of 0.5, 1.0 and 1.5 ml of the clear,
mediately after collection. Gill and intestinal tissues protein-free supernatant, 20 plasma and 2@ of
were transferred to an ultra-cold freezei80°C) and rectal fluid, from each fish, were prepared for deter-
stored for later analysis of N@K*-ATPase activity, mination of B radioactivity as described below. Hav-
while the remaining samples were stored—&0°C ing determined that the 1.5 ml supernatant volume was
until analysis of [copper]. best suited for determining radioactivity in the gastro-
intestinal tract, samples from subsequent experiments
were prepared only using this volume.

When sampling fish exposed to 5p.®1, we noted Drinking rate was calculated by relating the counts
that initially the volume of intestinal fluid was low from the GIT to the counts from the reference water
compared to non-exposed control fish. In addition, the samples, the weight of the individual fish and the PEG-
volume tended to be higher in fish sampled towards 4000 exposure time.
the end of the 30 day exposure. Based on these obser-
vations, a separate experiment was performed to mea-2.3. Analytical techniques
sure drinking rate in fish exposed to copper for 3h,

1, 3, 8, 15 and 30 days. Drinking rate measurements Sub-samples of all collected tissues, were prepared
were always conducted with a parallel non-exposed for analysis of copper concentration by adding ap-
control group as follows. In each of two tanks (41) 8 proximately five times the volume of 1N HNGjtrace

fish were placed and allowed to recover from the han- metal grade, Merck Chemicals). The samples were
dling for a minimum of 24 h. Both tanks were supplied left overnight at 75C, vortexed and centrifuged.
with a flow-through seawater (>200 ml mit). For the The supernatant together with water, plasma and bile
copper exposed fish, copper was added as describedsamples were diluted appropriately prior to copper
above to yield a final nominal concentration of|58l. analysis on a graphite furnace atomic absorption
To initiate the drinking rate experiment, water flow spectroscope (Varian AA-1275 with GTA-9 atom-
was terminated and 30Ci [3H]polyethylene glycol- iser) using a 1@l injection volume, N gas and
4000 (PEG-4000)1! (specific activity: 205@Cig~; standard operating conditions as documented by the

2.2.2. Drinking rate experiments

NEN-Dupont), an extracellular marker, was added to
each of the two tanks (staggered by 45 min to allow for
sampling). Water samples were taken for radioactivity

manufacturer. Copper in seawater was determined
using NHyNO, as modifier and all copper analy-
ses were referenced to a certified standard. Control

measurements at 0.25, 3.0 and 6.0 h after addition of copper concentrations were below detection limit of

the PEG-4000. After obtaining the last water samples,

MS-222 was added from a neutralized stock solution
to yield a final concentration of 0.2g? in the expo-

12nM.
[BH]PEG-radioactivities in the water samples,
plasma, rectal fluids and homogenized GIT samples

sure tanks. Subsequently, individual fish were netted from the drinking rate experiments were determined
out of the exposure tanks, rinsed in non-radioactive using liquid scintillation counting. All samples were
seawater and weighed. Samples of rectal fluid and made up to a total volume of 5ml by addition
plasma were obtained to ensure that no PEG-4000 wasof seawater, to which was added 10ml ACS fluor
absorbed into the blood or was leaving the gastro- (Amersham). Radioactivity was determined using a
intestinal tract through the rectum, respectively, at the TmAnalytic BetaTract 6895 instrument and quench
end of the 6h incubation period. No appreciable ra- correction was performed manually by internal
dioactivity was recorded in any of the plasma or rectal standardization. Drinking rates (mlkgh—1) were
fluid samples. Subsequently, the gastro-intestinal tract calculated from the radioactivity recorded in the
(GIT) was exposed as above and was then clampedgastro-intestinal tract taking into account the weight
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of the fish, the H]JPEG incubation time, and the
[3H]PEG-specific activity of the water.

Nat/K+-ATPase enzyme activity was determined
in gill filament samples and in samples of all intesti-
nal segments by the micro-plate methddc¢ormick,
1993.

2.4. Data presentation and statistical evaluation

Data are presented as mean$.E.M. (N). [Cop-
per] and Na/KT-ATPase values from copper exposed
fish were compared to their corresponding control val-
ues by a two-tailed Studenttstest with Bonferroni
multisample comparison correction. Control animals
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were sampled both at the beginning and at the end Fig. 1. Drinking rate in control toadfish (dark symbols) and in

of the 30 days of exposure and were not different.

These two control samples have been combined and
are presented as one control value at day 0 throughout.

In addition, single factor ANOVA’s were employed
to evaluate trends in N@K™-ATPase activity values
over time. Drinking rates from copper exposed fish

were compared to the simultaneous control value us-

ing a simple two-tailed Studentistest. In all cases,
P < 0.05 was applied.

3. Results
3.1. Drinking rate

Drinking rate in control toadfish was greatly vari-
able over time with values ranging from 0.5 to 1.5ml
kg~th~1 illustrating the importance of simultaneous
experimental and control measuremeriigy( 1). Ex-
posure to 55.2M copper for 3 and 24 h resulted in

toadfish exposed to 552V copper (open symbols) for up to
30 days (v = 8). The symbol (*) denotes statistically significant
difference from corresponding contraP < 0.05).

a fivefold difference in branchial copper concentra-
tions, which differed by only 30% at the end of the
30-day exposureHg. 2). Only a very limited ef-
fect of exposure to elevated copper in the water was
seen on plasma [copper] with levels being around
20 nmolmi-! (Fig. 2). Both exposure concentrations
resulted in a 20-25% increase in plasma copper after
1 day of exposure but values returned to control levels
by days 3 and 8 for both groupbkig. 2).

The other epithelial surface directly in contact with
the copper containing environment, the intestine,
showed a delayed onset of copper accumulation when
compared to the gillsKig. 3). The anterior segment
of the intestine showed elevated copper concentration
from days 3 and 8 onwards at exposure to 55.2 and
12.8uM copper, respectively. The onset of copper

a substantially reduced drinking rate whereas longer accumulation was delayed even further in the more
exposure periods resulted in drinking rates elevated asdistal segments of the intestine where elevated copper
much as threefold above corresponding control rates concentrations were not seen until days 8 and 16 in the

(Fig. 2).
3.2. Copper accumulation

Gill filaments exhibited significantly elevated [cop-
per] from day 1 of exposure to both ambient copper

mid region and days 8 and 30 in the posterior region
of the intestine during exposure to 55.2 and 1i\8
copper, respectivelyHg. 3). It is interesting to note
that the anterior intestine accumulated approximately
50% more copper in comparison to the branchial tis-
sue from the same fish, and also that intestinal copper

concentrations throughout the 30 days of exposure concentrations were lower in the distal segments than

with a progressive, almost linear gradual increase
over time. Interestingly, the approximately fivefold
difference in exposure concentration did not lead to

in the anterior segment of the intestine. Furthermore,
the relative copper concentrations in the intestinal ep-
ithelium, at least during the first 16 days of exposure,
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. 0
toadfish exposed to 12.8 and 5p.® copper for up to 30 days 0 5 10 15 20 25 30 35

(N = 8). The symbol (*) denotes statistically significant difference
from the control value at day O (mean of controls obtained at days
0 and 30) ¢ < 0.05).

Cu exposure time (hours)

Fig. 3. Copper concentration in tissue obtained from the anterior
(top panel), mid (middle panel) and posterior (bottom panel) region

. . . of the intestine in toadfish exposed to 12.8 and p3/Rcopper
seem to better reflect the difference in ambient copper ¢, up to 30 days ¥ = 8). The symbol (*) denotes statistically

concentrations than those seen in the branchial tissue significant difference from the control value at day 0 (mean of
While the kidney exhibited close to a doubling of controls obtained at days 0 and 3@ £ 0.05).
tissue copper concentration from day 1 of exposure to
55.2uM and at day 30 of exposure to 12481 cop-
per, the spleen and white muscle did not show copper Onset of increased biliary copper concentration
accumulation during the 30 days of exposure to either was not seen until day 3 of exposure but was of
copper concentratior={g. 4). Copper levels in white  similar magnitude in the two groups of fish, largely
muscle tissue were very low compared to all other ex- independent of the exposure concentration. For both
amined tissues, even plasma, and even in control fish.experimental groups biliary copper concentrations
As could be expected, both hepatic and biliary cop- increased continuously over time to values seven to
per levels were much higher (approximately one or- eight fold those of non-exposed fiskig. 5 and to
der of magnitude) than levels seen in any other tissuesvalues more than 100-fold higher than corresponding
even in non-exposed fish. Hepatic copper was signif- plasma values.
icantly elevated from day 3 onwards in fish exposed  Spot samples of intestinal fluids obtained from fish
to 55.2uM copper reaching levels seven to eight fold exposed to both copper concentrations revealed cop-
higher than control values by day 30. At the lower per concentrations up to fivefold higher than those of
copper exposure (128M), the elevation in hepatic  the surrounding and ingested seawatég(6). Fur-
copper concentrations was much less, reaching aboutthermore, at least for fish exposed to 586M, cop-
twofold the control values by day 3Fig. 5). per levels in the gastro intestinal fluids tended to be
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Fig. 4. Copper concentration in renal tissue (top panel), spleen

(middle panel) and white muscle (bottom panel) from toadfish .
exposed to 12.8 and 55:M copper for up to 30 days\( = 8). fect of copper exposure on N&T-ATPase activity

The symbol (*) denotes statistically significant difference from the  in the anterior intestine was evideffig. 8), however,
control value at day 0 (mean of controls obtained at day 0 and both the mid and posterior region of the intestine ex-

30) (P < 0.05). hibited an overall significant (ANOVA), and perhaps
surprising, increase in Na@K™-ATPase activity dur-

higher in the more distal segments of the intestine. No- ing the 30-day exposure to both copper concentrations

tably, intestinal fluids of non-exposed fish contained (Fig- 8).

relatively high copper concentrations on the order of

10uM in the anterior region of the intestine and ex-

hibited a trend towards reduced rather than increased4. Discussion

concentrations in the distal gastro-intestinal regions

(Fig. 6). 4.1. Drinking rate
Despite substantial copper accumulation, no signif-
icant effect of copper exposure on branchiali&™ - The initial inhibition of drinking rate in response to

ATPase activity was observed, although fish exposed copper exposure is in agreement with several reports
to 55.2puM may have exhibited a trend towards re- onreduced drinking as a result of acute silver exposure
duced levels from days 3—-16, with re-established nor- (Grosell et al., 1999; Hogstrand et al., 1999; Webb
mal levels at the end of the 30-day exposulrég( etal., 200) and may be interpreted as a taste aversion.
7). Nat/K*-ATPase activities were two- to threefold The control drinking rate in the gulf toadfish is at the
higher in the intestinal tissues but a similar lack of ef- lower end of the range of drinking rates reported from
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Fig. 6. Copper concentrations in fluid samples obtained from the anterior, mid and posterior segment of the intestine as well as from the
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rectum of toadfish exposed to 12.8 and 55\2 copper for up to 30 daysN = 8). All values were significantly different from the control
value at days 0 (mean of controls obtained at days 0 and B@) @.05).

other teleostshehadeh and Gordon, 1969; Carrick

and Balment, 1983; Perrot et al., 1992; Wilson et al.,

1996 and appears to vary greatly with time. From day

loss across the gill surface and reduced renal fluid re-
absorption as a response to copper exposure cannot
be dismissed as potential effects. In support of the

3 and onwards the drinking rate in copper-exposed latter was rapid renal copper accumulatidfig( 4)
fish was elevated above control values presumably in during exposure to 55;2M copper which may have
an attempt to increase intestinal fluid absorption to influenced kidney function. Elevated plasma #g
compensate for other copper induced effects. Theseas reported in the previous papeBrosell et al.,
effects could include reduced branchial ion extrusion 2004 could be a consequence of both impaired re-

as seen for N&in silver-exposed marine fisiggosell
and Wood, 200} In addition, increased osmotic fluid

Gills

o
w

—e— 128 M
—o— 55.2 uM

o o
[ )

Na/K-ATPase activity
(umol ADP mg protein™ h™)

o

o

10 15 20 25 30
Cu exposure time (days)

Fig. 7. Na"/KT-ATPase activity in gill filaments obtained from
toadfish exposed to 12.8 and 5p.®@ copper for up to 30 days
(N = 8). No significant differences among individual means were
observed.

nal Mg?+ excretion and increased branchial perme-
ability. The potential effects of copper exposure on
branchial permeability and on kidney function are
clearly worthy of further attention. Indeed, it seems
that renal copper accumulation is a feature common
to only marine teleosts Sfagg and Shuttleworth,
1982; Grosell et al., 2003bRegardless of which ef-
fect(s) lead to the increased drinking rate, it seems to
have been a sufficient response only up until day 8
of exposure since plasma osmolality and NaCl con-
centration were elevated at days 16 and Googell

et al., 2004. Drinking rate was not measured in fish
exposed to 12.8M copper, but it is clear that the
gastro-intestinal tract must be involved in a compen-
satory response during exposure to this concentration
since rectal fluid composition in these fish indicated
increased fluid absorptiorGfosell et al., 2004 In
further support of the proposed compensatory role
of the intestine is the overall increase in intestinal
Nat/K+-ATPase activity during prolonged exposure

(Fig. 9).
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(Pelgrom et al., 1995; Grosell et al., 1996; Grosell

2.5 7 Anterior

20 4 —e— 128uM et al., 1997; Taylor et al., 2000Fish exposed to

e o 552mM 12.8uM copper exhibited a continuous linear in-

' crease in gill copper concentration over time. This
~ 107 W was largely true also for fish exposed to 5aM
= 05 copper, although a tendency to reduced accumulation
15 0.0 L— , , i i i i rate was seen from day 8 onwards. Notably, toadfish
IS 0 5 10 15 20 25 30 gill tissue accumulates copper to levels that are 10-15
> 25+ Mid times higher than background levels which is different
E 20 ] from most teleosts (fresh water and marine) examined
g to date Pelgrom et al., 1995; Grosell et al., 1996,
o 1.5 1 1997, 2003b; Taylor et al., 20Dp0One noteworthy
3 1.0 exception is the freshwater acclimated European eel
g 0.5 | which can exhibit similarly elevated branchial copper
S g0l . . . . . . concentrations when exposed to higher copper con-
o 0 5 10 15 20 25 30 centrations Grosell et al., 1998alt thus seems that
S _ greatly elevated gill copper concentrations are per-
= 2.5 7 Posterior . i
< haps a species-specific response rather than a feature
X 207 related to marine fish. It is interesting that the two
Z 15 species which exhibits the highest copper accumula-

1.0 4 tion are also among the most copper toler&sriosell
0.5 1 et al., 1997, 2004

It is clear from the early accumulation in plasma

00 and kidney Figs. 2 and #at day 1 when copper is not
elevated in the intestind={g. 3) but clearly elevated
in the qgill (Fig. 2) that the gill contributes to inter-
Fig. 8. Na' /K *-ATPase activity in tissue obtained from the anterior Nalization of copper in marine teleosts. Copper accu-
(top panel), mid (middle panel) and posterior (bottom panel) region mulating in the gill is the product of net uptake from
of the intestine in toadfish exposed to 12.8 and pdRcopper the water across the apical membrane and net extru-
for up to 30 days ¥ = 8). No significant differences among  sjon across the basolateral membrane into the blood.
individyal means were observed but an overall effect of copper in Since copper continues to accumulate in the gill tissue
the mid and posterior segment was revealed by ANOVA. . .

during continuous exposure the basolateral membrane

likely comprises the rate-limiting step for copper in-

0 5 10 15 20 25 30
Exposure time (days)

4.2. Copper homeostasis ternalization across the gill.
The slightly elevated plasma copper concentra-
4.2.1. Copper uptake and accumulation tions observed at 1 day after onset of copper expo-

Two main epithelia in marine fish are exposed to sure Fig. 2 must have been derived primarily from
copper during water-borne exposure and may thus branchial uptake since gastro-intestinal exposure was
exhibit direct effects from contact with the metal- limited during this period due to reduced drinking
containing water and may also be involved in whole (Fig. 1). Plasma copper concentration had returned
animal copper accumulation. Since both the gill and to normal values by day 3 of exposure and remained
the intestine accumulate copper to concentrations sev-normal or only slightly elevated during the remainder
eral fold higher than control value&i@s. 2 and 3 of the 30 day exposure. This strong homeostatic con-
these tissues could both contribute to whole body cop- trol of plasma copper is in agreement with findings
per uptake. Internalization of copper in the toadfish from several freshwater teleost but toadfish levels
was evident from kidney, liver and bil&igs. 4 and h (20-25 nmol mt?t) are slightly higher than in most

Control gill copper concentrations are in agree- other fish which typically exhibits plasma copper lev-
ment with previously reported values for teleost fish els in the order of 8-10 nmolmt (Buckley et al.,
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1982; Pelgrom et al., 1995; Grosell et al., 1997;
Kamunde et al., 2001; Grosell et al., 2001b, 2003b
The intestinal epithelium did not exhibit significant
copper accumulation until days 3-8 in fish exposed
to 55.2uM copper or until as late as day 30 for
the posterior intestinal segment from fish exposed to
12.8uM. This delayed intestinal copper accumulation
was in contrast to intestinal fluid copper concen-
trations which were already elevated greatly above
control values after 1 day of exposure. Unexpectedly,
the copper concentrations in the anterior intestinal
lumen were generally threefold higher than the corre-
sponding copper concentration in the water. For fish
exposed to 55.2M copper, this trend was even more
pronounced in the distal segment of the intestine with
values fivefold higher than water levels. Several con-
clusions can be made from this observation: Firstly,
it is clear that fluid absorption across the intestinal

271

Table 1

Concentration of major electrolytes (in mM) and pH in gastro-
intestinal fluids of the gulf toadfish. Na Mg?*, C&*, CI~ values
are from Grosell et al., 2004 and remaining values are from
Grosell, McDonald & Walsh (unpublished)

Anterior Mid Posterior Rectal
Nat 85 50 41 35
Mg?+ 83 135 150 180
cat 7 9 55 4
K+ 5 5 5 5
cl- 120 97 75 65
SO 83 125 130 112
HCO3~ 50 60 60 70
pH 8.01 8.20 8.30 8.50

conditions with high C@ levels. Precipitation of
calcium salt results, so dissolved®aconcentrations
are generally lower in the intestinal lumen than in sea-

epithelium renders copper more concentrated in the water (10 mM) Wilson, 1999; Grosell et al., 2001a;
intestinal lumen. Secondly, considering the increase Wilson et al., 2002 Table 1summarizes the toad-
in copper concentrations as fluids are passing throughflSh intestinal fluid Chemlstry based on our previous

the intestine Fig. 6) and the lower tissue copper con-

report Grosell et al., 200dand unpublished observa-

centration in the more distal segments of the intestine tions (Grosell, McDonald and Walsh). The chemical

(Fig. 3) it appears that copper becomes less bioavail-

composition listed infable 1was used together with

able as it moves along the intestine. Indeed, gill copper & geochemical speciation computer program kindly

levels are twice those found in the posterior intestine

provided by Dr. Millero Millero and Pierrot, 1998

despite the fact that the posterior intestine is exposed to0 calculate the inorganic chemical speciation of cop-

to 150-25QuM which is three- to fivefold higher

per in seawater and in intestinal fluidgaple 2. Both

than the Corresponding water copper concentration Seawater and intestinal fluids are Clearly dominated

(55.2uM). Although these differences in copper ac-
cumulation could be due to one or several of the many
physiological difference between these two epithelia,
it is conceivable that different chemistry in intestinal

fluid compared to seawater could be part of the reason

for the observed differences. Finally, billiary excre-
tion of copper, perhaps in a form which is unavailable
for intestinal uptake, could contribute to the highly
elevated concentrations in the intestinal fluids.

The intestinal fluid has an osmolality generally com-
parable to that of the blood plasma300-320 mOsm)

and thus much lower than the surrounding seawater cv?*+

(~1000 mOsm) but exhibits a rather unique chemistry.
The continuous absorption of NaCl results in rather
low Na™ and CI~ levels in intestinal fluids but leaves
Mg?*t and SQ~ concentrated much above the corre-
sponding values in seawater. In addition, the intestinal
epithelium secretes HGO at very high rates resulting
not only in high HCQ™ levels but also highly alkaline

by Cu(CQ)»%~ and CuCQ@ an effect which is pro-
nounced for Cu(Ceg); in intestinal fluids due to the
alkaline conditions. It is also clear that, although al-
ready low in seawater, the concentrations of ionic

Table 2
Relative distribution of inorganic copper species in seawater and
in gastro-intestinal fluids (% of total copper)

Seawater Gastro-intestinal fluids

Anterior Mid Posterior Rectal
0.27 0.08 0.03 0.02 0.01
CuOH" 0.16 0.08 0.05 0.04 0.03
Cu(OH) 0.08 0.09 0.11 0.12 0.13

CuHCGQs™ 0.04 0.02 0 0 0
uCQ; 25.44 15.87 8.16 6.65 5.08
Cu(CQs)2%~  73.95 83.78 91.65 93.14 94.74

Speciation was calculated using a chemical speciation program
based on natural waterdMi{lero and Pierrot, 1998 and was
independent of copper concentration.
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Table 3
Correlation coefficientsrf for relation between luminal concentra-

tion of various copper species and intestinal tissue copper concen-
tration based on values obtained from days 16 and 30 of copper

exposure
12.8uM 55.2uM
CUw2t+ 0.73 0.80
CuOH*+ 0.55 0.41
Cu(OHY 0.02 —-0.61
CuCQ; 0.65 0.61
Cu(CQs)2%~ 0.13 —0.56
Total copper 0.20 -0.29

Correlations are based on mean tissue and intestinal fluid concen-

trations from a total of 12 data sets.

CU?* and CuOH are further reduced in the intestinal
fluids.
A correlation analysis of luminal copper versus
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extent intestinal copper uptake contributes to whole
animal internalized copper and to overall osmoregu-
latory disturbance. This question could be resolved
using an approach similar to that employed to assess
the relative contribution of the gill versus the intestine
to silver uptake and effects in marine teleo&sdsell

and Wood, 200

4.2.2. Fate of internalized copper

Spleen and white muscle did not accumulate cop-
per during the 30 days of exposure. Muscle cop-
per concentrations were low which is in agreement
with previous reports from other teleostStd¢gg and
Shuttleworth, 1982; Kamunde et al., 2001; Grosell
etal., 2001b, 2003bln contrast to freshwater teleosts,
but in agreement with the marine fish examined to
date, the toadfish accumulated significant amounts of
copper in the kidneyStagg and Shuttleworth, 1982;

intestinal tissue copper concentration revealed a very Buckley et al., 1982; Grosell et al., 1997, 1998a,
low and even negative correlation suggesting that the 1998b, 2001b, 2003b; Kamunde et al., 201

majority of the copper is not available for uptake by
the intestinal tissueTable 3. A similar relationship

is seen for the largely dominating Cu(@@*~ con-
firming that most of the copper is indeed of limited
availability. In contrast however, i, CuCQ and
CuOH" all exhibit relative strong and positive corre-
lations (most pronounced for &ti) suggesting that
these forms of copper are available for uptake by the
intestinal epithelium. This is agreement with our un-
derstanding of copper toxicity in freshwater organisms
where C@* and to a lesser extent CuOHare the
most potent forms of copper when it comes to exerting
acute toxicity at the gills@hakoumakos et al., 1979;
Lauren and McDonald, 1986Less is known about
uptake and toxicity of CuC® however, although
much less potent that &b, CuCQ; have been found
to exert acute toxicity to the freshwater cladoceran,
Daphnia magna(De Schamphelaere et al., 2002

The liver and bile contained the highest copper con-
centrations of any tissue examined, which is in agree-
ment with several previous reports from teleost fish
(Stagg and Shuttleworth, 1982; Buckley et al., 1982;
McCarter and Roch, 1984; Lauren and McDonald,
1987a; Grosell et al., 1998a, 1998b, 20pHnd in
overall agreement with the homeostatic role of the
liver in vertebrates in generaCpusins, 198p Con-
trol liver copper levels were in agreement with values
from other teleost and were increased several-fold
during exposure to 55;2M copper but only slightly
increased at 30 days of exposure to 12M copper.
Gallbladder bile on the other hand was elevated five-
to sevenfold at 30 days of exposure to either 12.8 or
55.2uM copper, showing only a minor difference be-
tween the two exposure groups. From gallbladder bile
copper concentrations it is evident that hepatobiliary
copper excretion is involved in copper homeostasis.

Recognizing the many differences between the gill and Whereas biliary copper excretion in fish exposed to
the intestinal epithelium, the gill copper vs. seawater 12.8uM almost protects against hepatic and renal
copper speciation was not included in the correlation copper accumulation, this is not the case in fish ex-
analysis. It should be noted however, that the above in- posed to 55.2AM. Despite the fivefold difference in
terpretations seem to extend also to the seawater—gillambient copper concentrations and the three- to four-
interface. fold difference in hepatic copper between the two
Although the intestine accumulates substantial copper exposed groups at the end of the 30 days ex-
amounts of copper, and although it seems that the posure, gall bladder bile copper remains similar. This
intestinal transport processes are affected by copperfinding demonstrates that whole animal copper uptake
exposure Grosell et al., 2004 it is not clear to what ~ exceed the hepatobiliary copper excretion capacity in
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fish exposed to 552M, but less so in fish exposed (Evans, 1993; Karnaky, 1998; Wood, 200%econdly,

to 12.8uM. marine teleost osmoregulation involves more organs
than in freshwater fish, in addition to a drinking re-
4.2.3. N&/KT-ATPase activity and correlation sponse and these components seem be influenced in
between tissue copper and effects a complex manner including also compensatory re-
The Biotic Ligand Model (BLM) has been refinedto sponses Grosell et al., 2004 Second considering
be highly successful in predictiragutecopper and sil- the exposure duration and the essentiality of copper

ver toxicity in freshwateibased on the overall premise it seems likely that homeostatic control mechanisms
that short-term tissue metal accumulation equates to may have been activated during the prolonged expo-
effect levels §antore et al., 2001; Di Toro etal., 2001  sure employed in the present study. Certainly at the
It is therefore perhaps tempting to propose a similar whole animal level, this is evident from the highly
relationship for tissue copper concentration and in- elevated biliary copper concentrations. Furthermore,
duced effects imarinefish duringchronic exposure. copper concentration increased in the anterior and pos-
A comparison of the osmoregulatory effects of the 30 terior intestines of fish exposed to 5p®1 copper
day exposures reported in the previous studgogell during the first 8 days after which a stable level was
et al., 2004 and the observed copper accumulation maintained Fig. 3. A similar pattern is evident in
however, does not seem to support a simple relation- the gill (Fig. 2 where accumulation rate seemed to
ship between copper concentration in osmoregulatory be reduced from day 8 and onwards. It is not possi-
tissues and the observed whole animal effects. For ex- ble from the present information to determine whether
ample, comparing fish exposed to 5p)2 copper for the homeostatic response involved reduced uptake, in-
16 days when osmoregulatory disturbance was mostcreased extrusion or both, but the response occurred
pronounced to fish exposed to 128! copper for 30 after the duration of standard acute toxicity testing
days illustrate this lack of relationship. Although ac- (96 h) and could thus be one reason for the dissimi-
cumulating the same amount of copper as the fish ex- larity between the metal-effect correlation seen when
posed for 16 day to 5542M, fish exposed for 30 days comparing acute and prolonged exposures.
to 12.8uM exhibited no osmoregulatory disturbance. Perhaps in contrast to expectation no or only little
A similar case can be made for the anterior segment effect of copper exposure was seen on™N&"-
of the intestine although not for the mid and posterior ATPase enzyme activity levels in gills and intestinal
segments where ambient copper concentrations weresegments. This is in clear contrast to observations
reflected by tissue copper accumulation at all times. It from freshwater fish exposed to coppé&agren and
should be noted however that there was no, or a neg- McDonald, 1987gbut is similar to reports from silver
ative, general relationship between intestine luminal exposed marine fishGrosell et al., 1999; Hogstrand
total copper concentration and intestinal tissue copper et al., 1999. It is interesting that the distal intestinal
accumulation, making potential relationships between segments exhibited a trend towards elevated enzyme
tissue copper and induced effect even more compli- activity as copper exposure progressed because itis in
cated. agreement with a compensatory response suggested
The differences between the clear correlation of tis- based on intestinal fluid compositioGosell et al.,
sue copper accumulation and effect during acute expo-2004). This might indicate that elevated N&K*-
sure in freshwater and the lack thereof in the present ATPase enzyme activity is involved in what appears
prolonged exposure in seawater must be related toto be a compensatory elevation of intestinal fluid
salinity and/or exposure duratidfirst consideringthe  absorption.
potential importance of different salinities, it is clear It is unknown why N&/K+-ATPase enzyme activ-
that the gill which is a target organ in both fresh- ity seems to be insensitive to copper (and silver) expo-
water and marine fish, contributes significantly to os- sure in seawater fish. The N&K+-ATPase enzyme is
moregulation in both environments, but it does so in central to ion transport by the gills of both freshwater
entirely different ways. Not only is the direction of and marine fish and could therefore be expected to re-
ion transport opposite in the two environments but it spond similarly to metal accumulation in the two en-
is also conducted through highly different pathways vironments. However, recent studies have shown that
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in the gills of euryhaline fish different isoforms of this  De Boeck, G., Desmet, H., Blust, R., 1995. The effect of sublethal
enzyme are expressed in response to salinity change 'e"e'st_ of Ci’ﬁpef on OXyge”'CO_”SU”éPt'O_n :“d tafT“mon'a
(Richards et al., 20Q3and it is conceivable that that excretion in the common carfyprinus-Carpio Aquat. Tox.

. . o . e . 32, 127-141.
different isoforms may exhibit differential sensitivity pa poeck G. Viaeminck. A. Balm. P.HM. Lock RA.C. De
to copper. Wachter, B., Blust, R., 2001. Morphological and metabolic
While Naf/Kt-ATPase enzyme activity in os- changes in common carp, Cyrpinus carpio, during short-

moregulatory tissues is not clearly influenced by term copper exposure: interactions betweerCand cortisol
: : - : : elevation. Environ. Tox. Chem. 20, 374-381.

copper eXposuTe .In mgrln? flsl’ll, deiplte SUbStamllal De Schamphelaere, K.A.C., Heijerick, D.G., Janssen, C.R.,,
gopper accymu atlo.n,. it '_S also clear that osmoregula- 2002. Refinement and field validation of a biotic ligand
tion is impaired. This indicates that other components  model predicting acute copper toxicity ®Daphnia magna
of ion transport processes may be the target for metal-  Comp. Biochem. Physiol. C133, 243-258.
induced osmoregulatory disturbance and clearly war- Di Toro, D.M., Allen, H.E., Bergman, H.L., Meyer, G., Paquin,
rants attention. Furthermore, although we did not find ™R~ Santore, R.C., 2001. A biotic ligand model of the acute

. . toxicity of metals. 1. Technical basis. Environ. Tox. Chem. 20,
a clear correlation between tissue copper concentra- 2383-2396.
tions and induced effects, it remains to be investigated gyans, D.H., 1993. Osmotic and lonic regulation. The Physiology
whether effects of chronic copper exposure can be  of Fishes. In: Evans D.H. (Ed.). CRC Press, Boca Raton,

predicted from early copper uptake and accumulation.  pp. 315-341.
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