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Abstract

Monoaminergic systems play a crucial role in linking behaviour and physiology. Here the physiological and behavioural effects
of metal exposure in relation to monoaminergic systems were considered by exposing rainbow trout dyads, demonstrating stable
dominance relationships, to cadmium or lead. Fish exposeg.¢d cadmium accumulated more cadmium at the gill than fish
held in control water. Fish exposed tp.g I~ cadmium had higher gill, liver and kidney cadmium concentrations. No significant
lead accumulation was seen after exposure taghs® for 48 h but exposure to 335g1-* lead caused an increase in gill, liver
and kidney lead concentrations. Brain accumulation of both cadmium and lead was only seen after exposure to the highest
concentrations. Exposure to 4 opdl~* cadmium, or 46 or 32hg|~! lead for 48 h did not disrupt established dominance
hierarchies. As expected with this stable behavioural situation, in control pairs, animals of different social status displayed
different physiological profiles. Subordinate fish had higher concentrations of circulating plasma cortisol and telencephalic 5-
hydroxyindoleacetic acid/5-hydroxytryptamine (serotonin) (5-HIAA/5-HT) ratios. However, these physiological profiles were
affected by metal exposure, with a trend towards higher serotonergic activity in dominant fish. Dominants exposgd t0'325
lead had significantly higher hypothalamic 5-HIAA/5-HT ratios when compared with subordinates. The results demonstrate that
if stable social hierarchies are established in control water they may not be affected by exposure to cadmium and lead although
physiological changes may be evident.
© 2004 Elsevier B.V. All rights reserved.
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monoaminergic systems and behaviour have been es-dividuals with different physiological profiles and their
tablished. Food intakeZverli et al., 1998; De Pedro  associated behaviours.
et al., 1998, cognitive ability ODeNoble et al., 1991, The current study aimed to examine the physiologi-
Meneses, 1999locomotor activity Genot et al., 1984 cal and behavioural effects of the trace metals cadmium
and social behaviourypdyingyuad et al., 1985; Win-  and lead. Exposure of fish to cadmium prior to social
berg et al., 1996are influenced by brain monoamines interaction can affect competitive ability and therefore
and links between serotonergic activity and reproduc- hierarchy formation $loman et al., 2003a)bbut the
tion have also been identifieilpfsson et al., 2000 potential for metals to affect individuals following ac-
In mammals, there is a wealth of information support- quisition of a particular social status and associated
ing a role of serotonin in regulating function of the physiological profile is unknown.
hypothalamic—pituitary—adrenal axis, with a general Two experiments were carried out. In the first, fish
assumption that such stimulation occurs at a hypotha- were allowed to establish dominance hierarchies and
lamic level Dinan, 1996. then exposed to two different concentrations of each
The importance of monoaminergic systems in metal for a 48 h period. To verify whether metal ac-
linking behaviour and physiology creates the op- cumulation was occurring in the brain at these con-
portunity for toxicants targeting these neurotrans- centrations of cadmium and lead, a second experiment
mitters to have effects both at the individual and exposed groups of 10 fish to the same concentrations
population level. The effect of organic pollutants for 48 h and then measured brain metal accumulation.
on brain monoamines has received some attention For each metal, the lowest concentration was based
(e.g. Rozados et al., 1991; Aldegunde et al., 1999; uponthe US EPA National Recommended Water Qual-
Khan and Thomas, 2000ut there is less known about ity Criteria, a concentration that could realistically be
the effect of trace metals on brain monoamines. In gen- experienced by fish in the wild. The highest concentra-
eral, metal exposure (including mercury, lead and cop- tion was equal to 30% of the 96 h gfor that metal, a
per) has been associated with a dose-dependent fall inconcentration above that known to induce a behavioural
brain 5-HT levels in fish\(/eber et al., 1991; De Boeck effect of cadmium during hierarchy formation (15% of
etal., 1995; Tsaietal., 1995; Khan and Thomas, 2000 the 96 h LGg; Sloman et al., 2003a)b
Dominant-subordinate relationships formed be-
tween pairs of salmonid fish represent a stable be-
havioural situation in which animals of different social 2. Materials and methods
status display different physiological profilé¥ihberg
and Nilsson, 1993; Sloman et al., 2Q0A characteris- 2.1. Experimental animals
tic change in physiology associated with subordinance
both in fish and mammals is elevation of circulating Rainbow trout (140.64.1g; 23.0£0.2cm (mean
plasma cortisol concentrations and substantial activa- + S.E.M.)) were obtained from Humber Springs trout
tion of the brain serotonergic systerfodyingyuad hatchery, Ontario and held in 2001 stock tanks fed
et al., 1985 Winberg et al., 1992a, 199&verli et with flowing, aerated, city of Hamilton tap water from
al., 1999. Increased 5-HIAA/5-HT ratios in subordi- Lake Ontario (hardness =120 mgflas CaC@; Na*
nates are primarily due to increased levels of 5-HIAA =0.6 mmol?1; CI~ =0.7 mmol I'}; C&*=1.0 mmol
(Winberg et al., 1996 caused by the stress, rather 171; 12°C; pH=8; Cd=0.08: 0.009u.g1~1; Pb=0.5
than the decreased food intake, associated with sub-+0.2ugl™1). Fish were fed to satiation twice daily
ordination Winberg et al., 1992b Changes in brain  on commercial trout pellets (Martin Mills Inc., Elmira,
monoamines in dominant fish include elevations of ho- Ontario).
movanillic acid (HVA), a major dopamine metabolite
(Winberg et al., 19911 Additionally, social dominance  2.2. Experiment 1
can be induced by administrationiefdopa (an imme-
diate precursor of dopaminey{nberg and Nilsson, At the start of this experiment, fish were anaes-
1992. Here, rainbow trout dyads were used as a model thetised in benzocaine (0.05 mgmh) and individually
to investigate the effects of trace metal exposure on in- marked with Alcian Blue dye injected into their fins
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(Kelly, 1967. Initial fork lengths and weights were this time, fish were not fed with the exception of the
recorded. Fish were then allocated to size-matched single food item introduced during each behavioural
pairs as used in many previous behavioural experimentsobservation period. Metal exposure concentrations
(Winberg etal., 1996; Qverlietal., 1999; Sloman etal., were achieved by dripping a concentrated metal so-
2007). Fish were placed in their pairs into 26| plastic lution (low concentration of cadmium: 0.0118¢|
tanks but separated from each other by a plastic, opaqueof Cd(NOs)»-4H,0; high cadmium: 0.0181 gf; low
partition. Tanks were set up on a flow-through system concentration of lead: 0.0927 gl of Pb(NQG;)»; high
supplied with control water. After 24 h acclimation to lead: 0.4795gt') into a mixing tank at a rate of
the tanks, the partitions were removed and the fish al- 0.5 mlmin~. All stock solutions were acidified with
lowed to socially interact. At the same time a shelter, 1% HNO; (Fisher Scientific Trace Metal Grade). The
a small plastic box wrapped in black plastic, was in- mixing tank was supplied with control tap water at a
troduced to the tank to allow the submissive fish to flow rate of 500 mImirmt and the flow from the mix-
escape any continued aggression by the dominant fish.ing tank into the experimental tanks was 100 mlmin
Behavioural observations were made from this point Three water samples were taken daily, acidified to
for the remainder of the experiment. 1% with HNQO;s, and analysed for the relevant metal

Four daily observations of each pair of fish were concentration by graphite furnace atomic absorption
made at 08:00am, 11:00 am, 02:00 pm and 05:00 pm. spectrophotometry (Varian AA-220, GTA 110) using a
At each time point, three behaviours were scored. multi-element standard (Inorganic Ventures).

Firstly, the position of each fish within the tank was Following the exposure period, fish were sampled
noted. A fish swimming around in the water column by placing in a lethal dose of benzocaine (0.5 mgHl
scored three points, resting on the bottom of the tank which ensured death within 30 s. Blood samples were
scored two points, hiding in the shelter scored one point withdrawn by caudal venipuncture using heparinised
and swimming at the water surface scored zero points. syringes. Blood was spun at 13,00@ for 2 min and
This method for scoring position in the tank was based the plasma removed, frozen in liquid nitrogen and
upon previous studies of salmonid behavidtvir{berg stored at—80°C for later analysis of cortisol by ra-
and Nilsson, 1993; Sloman et al., 2000a,b, JQ@iere dioimmunoassay (ICN pharmaceuticaSamperl et
maintaining position in the water column is more in- al., 1994. The fish were decapitated and the brain dis-
dicative of dominance and seeking shelter or swimming sected out and separated into four parts: telencephalon,
at the water surface is indicative of submission. Sec- hypothalamus, optic tectum, and brain stem (including
ondly, the colouration of each fish was noted, the fish medulla, cerebellum and part of the spinal cord). Brain
lighter in colouration scored one point, the other zero parts were immediately wrapped in labelled pieces of
points. Darkening in colour is associated with subordi- aluminium foil and frozen in liquid nitrogen for later
nation O’Connor et al., 1999; Bglund et al., 2000 analysis of monoamines. Samples of gill, liver and kid-
Thirdly, a single food item was introduced to the tank ney tissue were then taken and placed in pre-weighed
and the fish that consumed the food item scored one Falcor tubes and digested in five times their volume
point and the other fish scored zero points. Thus, at the of 1 N HNO;3 at 50°C for 48 h. Supernatents of these
end of the experiment, the fish within each pair that tissue digests were then analysed for the relevant metal
had the highest score was considered to be the domi-concentration by graphite furnace atomic absorption
nant fish. spectrophotometry as before.

Following 24 h of social interaction, fish were as- The brain samples were transported -a60°C
signed to one of five groups. The first group of to Uppsala University in Sweden for analysis of
pairs remained in control water for the remainder of monoamine and monoamine catabolite concentrations
the experiment. The remaining four groups of pairs by HPLC. One sub-set of samples was lost during
were exposed to nominal concentrations of either 4 transit, which accounts for the varying numbers.
or 7pgl~1 cadmium or 46 or 32pg1~1 lead (mea- Brain samples were weighed and homogenised in 4%
sured concentrations: cadmium: 3:5D.29ugl™? ice-cold perchloric acid containing 0.2% EDTA, and
or 7.00+£0.54ugl™1; lead: 46.12+3.93ugl™t or 40ng mi! epinine (deoxyepinephrine (internal stan-
325.85+ 82.34ug 171 lead) for a further 48 h. During  dard)), using a Potter—Elvenhjem homogeniser (optic
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tectum and brain stem) or an MSE 100 W ultrasonic for statistical analyses and the limit of significance in
disintegrator (telencephalon and hypothalamus). all analyses wap<0.05.

2.3. Experiment 2
3. Results
Five groups of 10 fish were allocated to 200]

tanks containing aerated, flowing, control water. Fish Fish were scored according to their behaviour both
were allowed 24 h to acclimate to the tanks before before and after exposure to cadmium or lead. A to-
the experiment was started. One group of fish re- tal behaviour score was calculated for each fish for
mained in control water for the remainder of the ex- both the first 24 h of the experiment (pre-exposure)
periment. The remaining four groups were exposed to and for the last 48 h (exposure). There was no signifi-

nominal concentrations of either 4 onugl~! cad- cant difference between pre-exposure and exposure be-
mium or 46 or 325ugl~! lead (measured concen- haviour scores in all treatments¥0.1). Neither was
trations: 3.69: 0.09ug|~1 or 6.96+ 0.25ug|~! cad- there any significant difference in behaviour scores be-

mium, 35.47+2.63ugl™! or 384.73+18.85pg 17t tween treatmentsp@ 0.1; Fig. 1). In each treatment,
lead) for a further 48 h. During this time, fish were therewas asignificantdifference in behaviour score be-
not fed. Metal exposure concentrations were achieved tween dominants and subordinates in both pre-exposed
by dripping a concentrated metal solution (low concen-

tration of cadmium: 0.0065 gt of Cd(NQ3)2-4H,0; 1 Pre-exposure Dominant
high cadmium: 0.0115 gf'; low concentration of lead: e ey ate
0.0441 gt of Pb(NG;)2; highlead: 0.312giY) intoa ezeEm Exposed Subordinate
mixing tank at a rate of 1 mI mirt. All stock solutions 25 -

were acidified with 1% HN@(Fisher Scientific Trace
Metal Grade). The mixing tank was supplied with con-
trol water at a flow rate of 600 mlmirt and the flow
from the mixing tank into the experimental tanks was
500 ml mirrL. Three water samples were taken daily,
acidified to 1% with HNQ@, and analysed for the rel-
evant metal concentration by graphite furnace atomic
absorption spectrophotometry as before.

After 48 h exposure, fish were placed in a lethal dose 5
of benzocaine (0.5 mg mt), that ensured death within
30 s. The fish were decapitated and the whole brain dis-
sected outand placed in pre-weighed Epperfintes
and digested in five times their volume of 1 N Hjlax ) ) .
50°C for 48 h. Supernatents of these brain digests were Fig. 1. Behawoural scores calculated by a_ld_qmon of ‘a‘|| scores

; awarded to the fish based upon food acquisition, position in the
then analysed for the relevant metal concentration by tank and colouration (see Secti@nfor more detail). Scores are
graphite furnace atomic absorption spectrophotometry. divided into the first 24 h of the experiment (pre-exposure) and
the last 48h of the experiment (exposure) where all except the
control treatment were exposed to trace metal. Letters denote sig-
nificant differences where groups sharing the same letter are not
. . . statistically different. Subordinate fish had significantly lower be-

Dataare given as mea#sS.E.M. Physiologicaland  hayioural scores than dominant fish in both pre-exposure and expo-
behavioural measurements were compared betweensure groups (ANOVA followed by Bonferroni post-hoc comparisons:
pairs of fish using paired Studentdests. Physiolog- F19,332=1615,p<0.001). Asterisks indicate a significant difference

ical parameters were Compared among groups using aWithin pairs pf fish. In all cases, subord_inate figh had_ significantly
ANOVA with Bonf . t-h VSi lower behavioural scores than the dominant with which they were

one-way . wi onterroni post-hoc ana ySIS_‘ paired (paired-test:p<0.001). Data are given as mean$.E.M.

Physiological parameters were also compared using (control:n=18; 4ug It Cd: n=15; 7ugl~t Cd:n=17; 46pgl-!

linear regression analyses. SBPS&®ftware was used  Pb:n=17; 325,91~ Pb:n=13 pairs).
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Fig. 2. Gill (a) cadmium, (b) lead, liver (c) cadmium, (d) lead, kidney (e) cadmium and (f) lead concentrations in dominant and subordinate
rainbow trout. Letters denote significant differences where groups sharing the same letter are not statistically different. There was a significant
effect of metal exposure on all tissue concentrations (ANOVA followed by Bonferroni post-hoc comparisons: Bilded13.058 p<0.001;

gill Pb: F5,70=6.909,p<0.001; liver CdFs 94=4.489,p=0.001; liver PbFs 70=13.093p < 0.001; kidney CdFs 94=3.933,0=0.003; kidney
Pb:Fs570=8.398p<0.001). Asterisks indicate a significant difference using pair-wise comparisons within pairs of fish. Subordinate fish exposed
to 325u.g1~1 lead had significantly higher liver lead concentrations than the dominants with which they were pairedt{sitee —2.229,

p=0.046). Data are given as meapn$.E.M. (control:n=18; 4ugl~t Cd:n=15; 7ugl~! Cd: n=17; 46pgl~! Pb:n=17; 325ug1~! Ph:

n=13 pairs).
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and exposed groupp € 0.001;Fig. 1). In all pairs, the
fish originally identified as the dominant fish during the
pre-exposure period remained dominant during metal
exposure. There were also no significant changes in
pre-exposure and exposure behaviours of individuals
(p>0.1) and within each pair, the dominant fish con-
sistently scored higher than the subordinate with which
it was paired both pre-exposure, and following expo-
sure £<0.001).

Exposure to 4 and jZgl~tcadmium for 48h re-
sulted in significant elevation of gill cadmium con-
centrations when compared with controfs<(0.001;
Fig. 2). Subordinate fish in theZg |~ treatment had
significantly higher gill cadmium concentrations when
compared with the subordinates in tha.gl—* treat-
ment but there was no significant difference between
dominant fish exposed to 4 andug!~! cadmium.
Liver and kidney cadmium concentrations were also
significantly affected by treatment (livep=0.001;
kidney: p=0.003). Subordinate fish in thepg|—!
treatment had significantly higher liver and kidney con-
centrations than control fish.

There was also a significant effect of treatment
on lead tissue concentrationBig. 2). Exposure to
325ug -1 lead resulted in significant elevation of gill,
liver and kidney lead concentrations when compared
with control fish £<0.001). When tissue concentra-
tions were compared within each pair of fish, subor-
dinate animals exposed to 3g§1~1 lead had signif-
icantly higher liver lead concentrations than the dom-
inants with which they were paireg@ € 0.046). Expo-
sure to 46ug 1~ lead did not significantly alter tissue
lead concentrations. Exposing groups of 10 fish to the
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Fig. 3. Brain (a) cadmium and (b) lead concentrations of groups of 10
rainbow trout. Asterisks denote a significant difference from control
levels (ANOVA followed by Bonferroni post-hoc comparisons: brain
Cd: F2,27=35.519,p<0.001; brain Pbfz27=61.922,p<0.001).
Data are given as meattsS.E.M. =10).

same concentrations of cadmium and lead in the second

experiment demonstrated that only at the higher con-
centrations of both metals was there significant metal
accumulation in the brairpk 0.001;Fig. 3).

Plasma cortisol did not significantly vary between
treatmentsKig. 4). When differences in plasma corti-
sol were examined between individual pairs of fish,
subordinate fish had significantly higher circulat-
ing cortisol concentrations than the dominants with
which they were paired in the control, low cad-
mium (4n.g 1~1) and high lead (32hg|~1) treatments
(control: p=0.003; 4ugl~! cadmium: p=0.028;
325ug 11 lead: p=0.049; Fig. 4). Differences be-

There was no overall difference in 5-HIAA/5-HT
telencephalon ratios among treatments. However, in
the control treatment, subordinate fish had a signifi-
cantly higher 5-HIAA/5-HT ratio than the dominant
with which they were pairedo=0.019), whereas this
difference was eliminated by all of the metal expo-
sure treatmentd=g. 5). In the control treatments there
was a significant positive correlation between plasma
cortisol and 5-HIAA/5-HT ratios in the telencephalon
(p=0.01) that was also eliminated in the metal treat-
ments. Interestingly, there was a trend towards dom-
inant fish having higher 5-HIAA/5-HT ratios in both

tween subordinates and dominants were not significant the 7pug 1= cadmium and 32f.g I~ 1 lead exposed fish

in the other treatments.

(Fig. 5).
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hoc differences between groups (ANOVA with Bonferroni post-
hoc: Fg 146=2.527,p=0.10). Asterisks indicate a significant dif-
ference within pairs of fish. In control treatments, subordinate fish
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pared to the dominant with which they were paired (pairéest:
t=—3.347;p=0.003) and the same was true in both thegd—*
cadmium {= —2.450;p=0.028) and the 32ag |~ lead treatments
(t=—2.149,p=0.049). Data are given as mean$.E.M. (control:
n=18;4ugl~1 Cd:n=15; 7ugl~1 Cd:n=17; 46pg -1 Pb:n=17;
325ug1~1 Pb:n=13 pairs).

0.5 4
1 Dominant
@z Subordinate
=
S 041
=
=" *
g —
5 03
2
E_
=
w 0.2
<
=
o g1
0.0 T T T

Control  4pgl'Cd 7pgl'Cd 46pugl' Pb 325 ugl' Pb

Fig. 5. 5-HIAA/5-HT (5-hydroxyindoleacetic acid/serotonin) ratios
in the telencephalon. Asterisks denote a significant difference within
pairs of fish. In control treatments, subordinate fish had significantly
higher 5-HIAA/5-HT ratios when compared to the dominant fish
with which they were paired (pairetest:t=—2.791,p=0.019).
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Fig. 6. 5-HIAA/5-HT ratios in the hypothalamus. Letters denote sig-
nificant differences where groups sharing the same letter are not sta-
tistically different (ANOVA followed by Bonferroni post-hoc com-
parisonsFg g6=2.435,p=0.015). Using paired statistics, asterisks
indicate a significant difference within pairs of fish. In fish exposed to
325ug 1=t lead, dominant fish had significantly higher 5-HIAA/5-
HT ratios in the hypothalamus than the subordinates with which
they were paired (pairegtest:t=3.947,p=0.004). Data are given

as meand: S.E.M. (controln=18; 4pgl~1 Cd:n=15; 7pg |1 Cd:
n=17; 46ugl~! Pb:n=17; 325ug|~! Pb:n=13 pairs).

Treatment significantly affected 5-HIAA/5-HT ra-
tios inthe hypothalamug& 0.015;Fig. 6). There were
no differences between dominants and subordinates in
the control treatment or in the lower concentrations
of each metal. However, dominant fish exposed to the
highest concentrations of cadmium and lead appeared
to have elevated 5-HIAA/5-HT ratios. Between pairs of
fish exposed to 32gg |~ lead, dominant fish had sig-
nificantly higher 5-HIAA/5-HT ratios in the hypothala-
mus than the subordinates with which they were paired
(p=0.004). No other statistical differences were found
in the other monoamine concentrations measured and
the tissue-specific monoamine concentrations, aver-
aged across social status and metal treatment are shown
in Table 1

4. Discussion

Pairs of fish were allowed to establish dominance
hierarchies at the start of the experiment and in
control pairs, animals of different social status dis-
played different physiological profiles. Subordinate
rainbow trout had higher concentrations of circulating
plasma cortisol and elevated 5-HIAA/5-HT ratios in the
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Table 1

Concentrations of DOPAC (3,4-dihydroxyphenylacetic acid),

K.A. Sloman et al. / Aquatic Toxicology 71 (2005) 237-247

HVA (homovanillic acid), DA (dopamine), MHPG (3-methoxy-4-

hydroxyphenylglycol), NE (norepinephrine), 5-HIAA (5-hydroxyindoleacetic acid) and 5-HT (5-hydroxytryptamine; serotonin) measured in
the various brain regions

Brain monoamine concentration (ng'y

Telencephalon Hypothalamus Optic tectum Brain stem
DOPAC 9.71+ 1.86 13.59+ 2.50 9.90+ 2.04 6.35+ 1.25
HVA 6.87 + 1.13 31.35+ 10.10 6.50+ 2.38 5.36+ 0.75
DA 181.46+ 19.83 177.76+ 28.89 222.99% 57.07 33.98+ 6.00
MHPG 6.59+ 1.13 10.98+ 2.18 6.75+ 1.37 5.89+ 1.72
NE 698.47+ 42.47 613.76+ 41.93 285.55+ 38.08 16.31+ 1.96
5-HIAA 37.35+ 6.88 281.79+ 21.47 38.67+ 7.92 30.43+ 3.78
5-HT 314.53+ 27.73 1045.35+ 84.88 127.92t 18.99 65.47+ 6.80

Values are averaged across dominance status and metal exposure, due to no significant effects of either treatrper@ §%)ugr Social status

(p>0.05). Data are given as meah$.E.M.,n>70.

telencephalon in agreement with previous work
(Laidley and Leatherland, 1988; Winberg et al., 1996;
Fox et al., 1997; @verli et al., 1998999;Hdglund et
al., 2000 Sloman et al., 2000a, 20RThe 5-HIAA/5-

HT ratio is used as an indicator of serotonergic activity
(Winberg et al., 1992band is considered a more di-
rect indicator of central serotonergic activity than ab-
solute values of monoamine®Vinberg and Nilsson,
1993. Hypothalamic 5-HIAA/5-HT ratios were unaf-
fected by social status in control dyads and although

calcium uptake does not appear to be affected by social
status (Sloman and Wood, unpublished data).

As expected, there were no significant differences in
accumulation of cadmium between dominant and sub-
ordinate fish of the same exposure group in the present
study. Cadmium significantly accumulated in the gill
tissue following exposure to 4 anduf |1, and in-
creased in concentration in the liver and kidney, al-
though there was a lot of individual variation. Signifi-
cant lead accumulation occurred in the gills, liver and

increases in these ratios have been demonstrated prekidney of fish exposed to 3386g1~1 lead, but not at

viously in subordinate fish they may be less dramatic
than in the telencephalo@gerli et al., 1999

The differences in physiology that exist between in-
dividuals of different social status could potentially af-
fect their vulnerability to the toxic effects of trace met-
als. For example, subordinate rainbow trout will take
up more waterborne copper and silver than their dom-
inant counterparts3loman et al., 2003cDifferences
in metabolic rate between individuals might provide a
logical explanation but it appears that the differences

the lower concentration (469 1~1). Social status did
not affect lead accumulation in the gills or kidney but
a significant difference existed between liver lead con-
centrations of dominant and subordinate fish exposed
to 325pg1~! lead. The greater accumulation of lead
seen in subordinate trout of the present study in part
contradicts the hypothesis that only those metals cross-
ing the gill by sodium pathways are affected by social
status. Lead is also presumed to cross the gill via cal-
cium pathwaysNlacDonald et al., 2002; Rogers et al.,

in copper and silver uptake are instead dependent upon2003; Rogers and Wood, 200dut there is now some

elevated sodium uptake rates associated with subordi-

nate trout Sloman et al., 2004Both copper and silver
cross the gills via sodium transport pathwagaify and
Wood, 1999; Grosell and Wood, 20(#hd so increased

sodium uptake results in a consequential increase in up-

take of these metals. Similar effects are not found with

indication that partial transport may occur by sodium
pathways Rogers et al., 2003 The effect of social
status on lead uptake warrants further investigation, in
particular the measurement of actual rates of lead up-
take in relation to social status and sodium turnover.
The repeatable physiological profiles associated

cadmium accumulation because cadmium acts as a cal-with social status were in part disrupted by exposure
cium analogue, crossing the gill via calcium pathways to cadmium and lead. Cortisol concentrations were
(Verbost et al., 1989; Wicklund-Glynn et al., 19%hd higher in metal-exposed subordinates compared to their
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dominant counterparts as seen in control pairs of fish. the cell body layers of the tectum close to the hypothala-
However, there was more inter-individual variation mic region Handy, 2003. Alternatively, cadmium and
among the metal-exposed fish and so this relationship lead may cause specific neuro-endocrine adjustments,
was only significant in dyads exposed tp.gl~! cad- for example by interfering with binding of endogenous
mium and 325.g 11 lead. In contrast, the character- ligands to their receptors, or potentially altering intra-
istic elevation of telencephalic 5-HIAA/5-HT ratios in  cellular calcium regulationRjllai et al., 2003. In the
subordinate animals was eliminated following metal present study, itis not clear why the greatest changesin
exposure. Indeed, in fish exposed to the highest con- 5-HIAA/5-HT ratios occurred in dominant individuals,
centrations of cadmium and lead, there was a trend but changes in brain monoamine ratios occurred in the
towards higher 5-HIAA/5-HT ratios in dominant fish, higher exposure concentrations where brain accumula-
the opposite of that seen in control fish. This effect was tion of metals occurred. Socially-mediated differences
also seenin the hypothalamus and reached significancen brain metal accumulation were not measured in the
in lead-exposed fish. present study, and this remains a feasible explanation
Social interaction is believed to increase functional and area for future research.
5-HT release and turnoverin submissive animalsresult-  The close involvement of serotonin in the reg-
ing in higher levels of 5-HIAA, the metabolite of 5-HT  ulation of hypothalamic—pituitary—adrenal (interre-
(Winberg and Nilsson, 199&nd a consequential ele- nal) axis has been well documentedirfan, 1996;
vation of 5-HIAA/5-HT ratios. In mammals, both cad- Winberg et al., 199) In particular, the release of
mium and lead cause decreases in 5-HT hypothalamic corticotrophin-releasing hormone (CRH) from the par-
concentrationsKillai et al., 2003 and a similar effect ~ aventricular nucleus of the hypothalamus is known to
of copper exposure has been documented in fsh (  be under serotonergic control, and in addition sero-
Boeck et al., 1996 One-week exposure of common tonin may have a direct action on the anterior pitu-
carp to waterborne copper resulted in a dose-dependenitary and adrenal cortex/interrenal cellBiian, 1999.
decrease in 5-HT resulting in increased 5-HIAA/5-HT  Stressors other than social status that activate the
ratios in the telencephalon, hypothalamus and brain hypothalamic—pituitary—interrenal (HPI) axis in fish
stem. This would suggest a reduced 5-HT synthesis also increase the 5-HIAA/5-HT ratio in the same way
rate rather than increased 5-HT turnovBre(Boeck (e.g. repeated netting, predatiaminberg et al., 1992a,
et al., 199%. In addition, cadmium causes a depres- 1993. In the present study, exposure to cadmium and
sion in serotonin metabolism in mammalsafuente lead only altered the differences in brain monoamines
and Esquifino, 199and decreases in hypothalamic 5- between dominants and subordinates, with no appar-
HT have been associated with le&thén and Thomas,  ent effects on cortisol concentratiohafuente and
2000 and mercuryTsai et al., 199bexposure in fish. Esquifino (1999)noted in their study on the effects
There are several mechanisms by which metals may of cadmium on rats that changes in pituitary hormone
affect brain monoamine levelPe Boeck et al. (1995)  secretion did not correlate with the modifications of
suggested that hypoxia may underlie the fall in 5-HT central nervous system metabolism of the neurotrans-
seen in copper exposed carp. Copper is known to causemitters involved in their regulation.
gill damage and as the authors could detect no cop- In all the treatments, no status switches were ob-
per accumulation in the brain, direct effects of cop- served and dominant fish had significantly higher be-
per on post-synaptic receptor mechanisms were dis- haviour scores than the subordinate with which they
counted. Cadmium and lead, like copper, are known to were paired, both prior to and during metal exposure.
cause gill damageSprensen, 1991which could lead This lack of behavioural change may seem surpris-
to mild hypoxia known to initiate decreases in 5-HT ing given the observed changes in physiology. How-
levels Freeman et al., 1986However, in the present  ever, as differences in brain serotonergic activity asso-
study both cadmium and lead were seen to accumulateciated with social rank are a consequence rather than a
inthe brain atthe higher exposure concentrations and socause of social behaviouwinberg et al., 1992aand
could also exert more direct neurological effects. Dam- changes in aggression are generally associated with
age to brain tissue occurs following dietary exposure of long-term increases in brain monoamin®dr{berg et
trout to copper, including oedema and vacuolation in al., 2001; @verlietal., 20Q4itis perhaps not surprising
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that physiological changes were not manifested in be- Bury, N.R., Wood, C.M., 1999. Mechanism of branchial apical silver
havioural changes, particularly if the behaviour of the uptake by rainbow trout is via the proton-coupled'Nhannel.
fish was relatively stable. Nevertheless, implications _ AM-J Physiol. 277, R1385-R1391.

of these physioloaical changes in subsequent eriodsDe Boeck, G., Nilsson, G.E., Elofsson, U., Vlaeminck, A., Blust, R.,
phy: 9 g q P 1995. Brain monoamine levels and energy status in common carp

of hierarchy Sta_bi”ty rema_in Unkf‘own- An increqsing (Cyprinus carpi9 after exposure to sublethal levels of copper.
number of studies are trying to integrate behavioural  Aquat. Toxicol. 33, 265-277.

and physio|0gica| measures of toxicity (reviewed by DeNoble, V.J., Schrack, L.M., Reigel, A.L., DeNoble, K.F., 1991.
Scott and Sloman 200)4and it is becoming obvious Visual recognition memory in squirrel monkeys: effects of sero-

that f lex behavi h ial stat th tonin antagonists on baseline and hypoxia-induced performance
al for complex benaviours such as social status, the deficits. Pharmacol. Biochem. Behav. 39, 991-996.

detectable effects of toxicants may vary from physi- pe pedro, N., Pinillos, M.L., Valenciano, A.l., Alonso-Bedate, M.,
ological to behavioural, critically depending upon the Delgado, M.J., 1998. Inhibitory effect of serotonin on feeding
timing of exposure. Understanding how behavioural behavior in goldfish: involvement of CRF. Peptides 19, 505-511.
and physiological thresholds vary in this way is cru- Dinan, T.G., 1996. Serotonin and the regulation of hypothalamic—

ial to th tential f behavi indicat f pituitary—adrenal axis function. Life Sci. 58, 1683—-1694.
cialto the potential use of behaviour as an indicator o Elofsson, U.O.E., Mayer, I., Damagd, B., Winberg, S., 2000. In-

toxicity. termale competition in sexually mature Arctic charr: effects on
brain monoamines, endocrine stress responses, sex hormone lev-
els, and behavior. Gen. Comp. Endocrinol. 118, 450-460.
Fox, H.E., White, S.A., Kao, M.H.F., Fernald, R.D., 1997. Stress and
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