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The s-triazine pesticide atrazine, a known contaminant of ground and surface water, had a significant
sublethal impact upon the pheromona mediated endocrine system in mature male Atlantic salmon (Salmo
salar L.) parr. Previous studies have demonstrated that ovulated femal e salmon release a priming pheromone
in their urine (considered to be an F-type prostaglandin) which is subsequently detected by the olfactory
system of mature male salmon and results in increased levels of plasma sex steroids and expressible milt.
Short-term exposure of the olfactory epithelium of male parr to concentrations of the pesticide ranging from
2.0-20 pg L~ significantly reduced the olfactory response to prostaglandin F,,. In addition, exposure of
male parr to atrazine significantly reduced their ability to respond to the priming effect of ovulated female
salmon urine. The priming effect on milt and plasma 17,203-dihydroxy-4-pregnen-3-one level s were reduced
at water atrazine concentrations at and above 0.04 g L ~2. The priming effect of urine on plasmatestosterone
and 11-ketotestosterone concentrations was also affected at pesticide concentrations at and above 3.6 and
6.0 wg L%, respectively. Atrazine also affected the accumulation of steroids in bile and directly impacted
upon the testes, modifying 17,20B-dihydroxy-4-pregnen-3-one and androgen secretion. The results of the
study are discussed in relation to the possible sublethal impacts of atrazine on the biology of Atlantic salmon

with particular emphasis on olfaction and reproduction

INTRODUCTION

An increasing number of aguatic contami-
nants have been shown to influence the repro-
ductive endocrine function of fish (30). These
endocrine-disrupting chemicals (EDCs) (6)
encompass a broad suite of compounds and
include anumber of pesticides(38). Recent stud-
ies (24,43) have demonstrated that exposure to
low levels of certain water borne pesticides have
a significant impact upon pheromonal mediated
endocrine function in mature mae Atlantic
salmon parr. Exposure of male parr to both an
organophosphate (diazinon) and a carbamate
(carbofuran) pesticide inhibited the olfactory
detection of the female priming pheromone (22,
25,41), which is considered to be involved with
the synchronization of spawning between the
sexes. This inhibition in the olfactory detection
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of femal e pheromones resulted in the subseguent
reduction in the levels of plasma sex hormone
concentrations and expressible milt in these
males.

This present study examined the impact of
sublethal levels of athird common pesticide (the
striazing, atrazine) on pheromonal mediated
endocrine function in mature male salmon parr.
Atrazine (2-chloro-4-ethylamino-6-isopropoy-
lamino-s-triazine) is a pre- and postemergence
herbicide for the control of annual and perennial
grass and annua broad-leaved weeds. Atrazine
is known to have high mobility through soil and
is a known contaminant of aguatic ecosystems
in England and Wales. In 1992 and 1993, atra-
zine was one of the five pesticides most fre-
quently present in both ground and surface water
at levels in excess of the maximum admissible
concentration (MAC) 0.1 pg L~ imposed by
the Water Act 1991 (27). In addition, some anal-
yses of UK surface waters demonstrated levels
approaching, and in a few cases exceeding, the
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proposed Environmenta Quality Standard
(EQS) of 2.0 wg L based on the annual com-
bined average of atrazine and simazine. Since
1993 there has been a general decline in the
detection of atrazinein United Kingdom surface
waters as a result of aban on use on noncropped
land. However, itsmain useisnow in the produc-
tion of maize particularly in the south west of
England where it is still detected in surface
waters exceeding the 0.1 wg L ~* MAC (8). Con-
centrations of atrazine up to 275 wg L~ have
been detected in runoff water from agricultural
land (35), but at these concentrationsit is consid-
ered not to be a risk to aguatic life.

The study examined three different aspects
relating to the effects of atrazine exposure on
pheromonal priming and the endocrine response
of male salmon. First, an electrophysiological
study was carried out to investigate the effects
of the pesticide on the olfactory ability of mature
male Atlantic salmon parr to detect prostaglan-
din F,, (PGF,,). Second, an endocrinological
study was carried out to investigate the effects
of atrazine exposure on the levels of plasma sex
steroids and expressible milt in mature male parr
after exposure to ovulated female salmon urine.
Female urine has been demonstrated to have a
significant priming effect on male salmon (41,
42) and to contain a priming pheromone, PGF,,
(25). Third, in order toinvestigate possibledirect
effects of the pesticide on the ability of the testes
to respond to pituitary stimulation, testes were
removed from atrazine-exposed males and incu-
bated invitrowith apituitary extract from mature
salmonids. In addition, free and glucuronidated
steroid levelsin the bile were measured to ascer-
tain whether the pesticide altered aspects of the
metabolism and excretion of steroids in mature
male salmon part.

MATERIALS AND METHODS

In November 1996, mature male Atlantic
salmon parr (14-24 g weight range; 110-155
mm length range; 4.7-9.0 % GSI range) were
obtained from the Marine Harvest-MacConnell,
Loch Shiel hatchery, Scotland, and transported
to the CEFAS, Lowestoft Laboratory. The fish
were kept in 1000-L tanks, under natural light

conditions, with a constant flow of aerated
dechlorinated water (flow rate of 85 L min™1).
Water temperature ranged from 7.5 to 10°C and
the physicochemical characteristics of the water
have been reported el sewhere (24). Thefishwere
fed to satiation twice a day with commercial
salmon pellets (BP Mainstream).

Effect of Atrazine on the Olfactory Detection
of PGF,,

The study used the same electrophysiological
technique (electroolfactogram, EOG) as that in
previous studies on mature male Atlantic salmon
parr (21-25,43). EOG recording measures trans-
epithelial voltage gradients from the surface of
the olfactory epithelium and is considered to
reflect multiunit cell activity (9).

Testing Procedure

The testing procedure was the same as that
used previously in the studies on diazinon and
carbofuran (24,43). The responses of the olfac-
tory epithelium of mature male saimon parr to
a10~° M concentration of PGF,, were recorded
after perfusion of the olfactory rosette with dif-
ferent concentrations of atrazine (0.1, 1.0, 2.0,
5.0, 10.0, and 20.0 pg LY. The olfactory epi-
thelium was perfused with each concentration
of the pesticide for a period of 30 min.

The amplitude of each EOG response was
measured from the baseline to the peak of each
phasic displacement and expressed in millivolts
(mV). All recordingsin response to the dechlori-
nated water controls were subtracted from the
EOG responses. In all experiments the EOG
responsesrecorded at each concentration of atra-
Zine were compared to the responses recorded
to the relevant control water taken from the inlet
of the salmon tank, using a paired two sample
for means t test.

Effect of Atrazine on the Priming Response
of Males to PGF,,

In November 1996, spermiating male parr
were transferred to glass tanks each of 63-L
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volume. Each tank had aconstant flow of dechlo-
rinated tap water (1 L min~t) with no recircula-
tion. A natural photoperiod was followed and
the water temperature was 11 + 1°C. Males
were gently stripped of milt and groups of five
were placed into each tank and left to recover
for 96 h without feeding.

Stock solutions of atrazine (Greyhound Chro-
matography and Allied Chemicals, Birkenhead,
Merseyside, UK) were produced by dissolving
in water and were stored in amber glass bottles.
Atrazine was added to the tanks viaamultichan-
nel peristaltic pump (Watson—-Marlow) and sili-
con tubing (Altec) and vigorously mixed by
aeration. Stock solutions were renewed every 12
h. At the end of the experiment water samples
weretaken and stored in thedark at 4°C in amber
glass hottles before analysis of actual atrazine
contents. Water atrazine concentrations were
measured at the CEFAS Burnham-on-Crouch
Laboratory using gas chromatography/mass
spectrometry (1).

Maleswere exposed to various concentrations
of atrazine (nominaly 0-20.0 ug L™1) for 5
days. At the end of this period groups of males
werethen either given a5-h exposureto ovul ated
female salmon urine or to a water control. The
urine had been collected from five urinary blad-
der-catheterized ovulated female salmon as
described previously (25) and pooled. One-mil-
liliter aliquots of this pooled urine were mixed
with an equivalent volume of dechlorinated tap
water of tank water and then added to the rele-
vant tanks. Rapid aeration ensured that the urine
was thoroughly mixed with the tank water and
that each fish was exposed to similar concentra-
tions of the urine.

At the end of the urine exposure period, males
were anesthetised in 0.4 ml L~ 2-phenoxyetha-
nol and milt and blood were sampled (24). Gall-
bladders were removed from each fish and the
contents were left to drain into preweighed 1.5-
ml microcentrifuge tubes. Bile was then diluted
1:10 (w/v) with distilled water and stored at
—20°C.

Testes were removed from some of the males

and were then washed, chopped into 50-mg frag-
ments, and incubated in vitro using the proce-
dures outlined in detail previoudly (26,43).

Free steroids were extracted from plasma (50
wl), bile (50 wl), and testes incubation medium
(100 wl) with 3 ml of diethyl ether. Plasma
levels of testosterone (T), 11-ketotestosterone
(11-KT) and 17,20B-dihydroxy-4-pregnen-3-
one (17,203 P) were measured using radioimmu-
noassay (32,33). Levels of glucuronidated and
sulfated T, 11-KT, and 17,208 P were also mea-
sured in bile and incubated medium using the
methods described previously (31,42,43). The
data have been expressed as nanograms of free
steroid equivalents and have not been adjusted
to take into account the mass of the conju-
gated moiety.

The milt, bile, and plasma steroid data were
analyzed using a one-way ANOVA followed,
if significance was indicated, by Student—
Neuman—Keuls (SNK) tests as the multiple
range test. The testes incubation data were ana-
lysed using a two-way ANOVA with the pres-
ence or absence of PE and pesticide treatment as
factors. When significance was indicated, SNK
was used as the multiple range test.

RESULTS

Water Atrazine Concentrations

Samples from the electrophysiological study
although stored in the dark and at low tempera-
ture suffered rapid degradation as the result of
an unavoidable delay in being analyzed. The
measured water atrazine concentrations from the
endocrinological study wereinthe range 8-72%
of the nominal concentrations (Table 1). The

TABLE 1
Nominal and Measured Concentrations of Atrazine in the
Endocrinological Experiment

Nominal Measured % of
(hg L™ (hg L™ nominal

Control (0) 0 0

0.5 0.04 8

5.0 3.6 72

10.0 6.0 60

20.0 14.0 70
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measured water concentrations are referred to
intherest of thetext and figures. However, these
valueswereterminal measurementsand we have
no data regarding water concentrations earlier
in the exposure period.

Effect of Atrazine on the Olfactory Detection
of PGF,,

Electrophysiological responsesrecorded from
the olfactory epithelium of mature male Atlantic
salmon parr to 10~° M PGF,,, were significantly
reduced (P < 0.01) after perfusion of the epithe-
lium with nominal concentrations of atrazine
ranging from 2.0to 20 ug L ~* (Fig. 1). Although
at the highest concentration tested (20.0 wg L ™3),
responses were still recorded from the epithe-
lium, the amplitudes were only 56 = 3.2% com-
pared to the control.

Mean EOG recordings (in mV) from the olfac-
tory epithelia of the parr in response to PGF,,
at each concentration of atrazine were control,
17 = 013 mV; 0.1 pg L%, 1.7 = 0.12 mV;
10pgL ™t 17 £ 011 mV; 20 ng L%, 1.54
+0.10mV; 50 ug L%, 1.34 + 0.11 mV; 10.0

100 -
90
80

70 |

% EOG response

60 1

50 -

12 5 10 20
atrazine (ug I'1)

FIG.1. EOG recordings from the olfactory epithelium
of mature male Atlantic salmon parr to PGF,, (concentra-
tions 107°M; n = 6), after perfusion of the olfactory epithe-
lium with various concentrations of atrazine (0.1, 1.0, 2.0,
5.0, 10.0, and 20.0 pg L™%). The responses to PGF,, after
exposure to 0.1 g L~ atrazine were similar to those after
exposure to 1.0 wg L~ and have not been included. The
amplitude of each EOG response was measured from the
baseline to the peak of each phasic displacement and
expressed as millivolts. The negative value of the EOG
response has been changed and each recording expressed as
positive millivolts. Vertical bars represent SEM.

pg L™t 113 = 0.09 mV; 20.0 ng L%, 0.99 +
0.09 mV. There was also a significant reduction
in the recorded response to 107° M I-serine (P
< 0.0001). The mean EOG recording prior to
atrazine exposure was 0.75 = 0.08 mV. After
exposure to the highest concentration of the pes-
ticide (20.0 ng L™1), the EOG recording was
reduced to 0.38 = 0.03 mV, which was 50% of
theinitial response. Atrazine itself did not elicit
arecordabl e response from the olfactory epithe-
lium at any of the concentrations used in these
experiments.

Effect of Atrazine on the Priming Response
of Males to Ovulated Female Urine

Exposure to ovulated female salmon urine for
5 h significantly increased levels of expressible
milt and plasma 17,20BR, T, and 11-KT concen-
trations (Fig. 2) in male parr compared to the
control group. However, when the male parr
were exposed to water atrazine concentrations
at and above 0.04 g L~ significant increases
in milt and plasma levels of 17,203P were not
apparent when compared to control males. Expo-
sure of male parr to atrazine in the water also
impacted on the plasma androgen response
which was affected at water concentrations at
and above 3.6 wg L™ (T) and 6.0 pg L1
(11-KT).

Bile-free and glucuronidated 17,20B8P levels
were significantly elevated in the pheromonally
primed males compared to controls (Fig. 3).
However, this response was not apparent when
water atrazine concentrations were 14.0 ug L1
(bile free) and at and above 0.04 pg L~ (bile
glucuronides). Similar increases in bile free and
glucuronidated T concentrations were aso evi-
dent in males exposed to female urine, but in
the presence of atrazine both these responses
were attenuated when the pesticide was present
at and above 0.04 g L 1. The exposure to ovu-
lated urine resulted only in an increase in the
bile-free and not glucuronidated levels of 11-
KT. However, the presence of atrazine at concen-
trations at 0.04 g L~ and above significantly
reduced this response in male parr.

When exposed to PE in vitro, there was no
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FIG. 2. Theeffect of atrazine on expressible milt, plasma 17,20B P, testosterone, and 11-ketotestosterone concentrations
in various groups of mature male salmon parr. Open column, controls not exposed to ovulated female salmon urine; solid
column, controls exposed to ovulated female salmon urine; slashed column, exposed to atrazine and ovulated female
salmon urine. Data represent the mean + SEM of five fish per group. *P < 0.05 compared to control fish not exposed

to ovulated female salmon urine.

significant difference in the release of free, gluc-
uronidated, and sulfated 17,208P and T from
testes of male parr that had been exposed to
ovulated female urine and the control group
(Table 2). However, in fish exposed to atrazine
concentrations of 0.04 wg L~ there was a sig-
nificant increase in the release of 17,203P from
the testes of nonstimulated fish and at 3.6 pg

L~'anincreasein release of 17,20B8P from both
nonstimulated and pituitary stimulated testes.
In fish exposed to the higher pesticide concen-
trations of 6.0 and 14.0 pg L~ there was a
significant decrease in the release of glucuroni-
dated T from both PE-exposed and nonexposed
testes (Table 2). However, in the case of T, there
was a significant decrease in the release of the
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and the control group (Table 2). However, there
was a significant decrease in the levels of sul-
fated 11-KT from testes of male exposed to
female urine when compared to the control
group. At the pesticide concentration of 3.6 g
L~therewasasignificant increasein therelease
of glucuronidated 11-KT from the testes of non-
stimulated fish, but a decrease in release from
nonstimul ated testes at the higher concentrations
of 6.0 and 14.0 g L. The release of sulfated
11-KT was significantly reduced in PE-exposed
testes at atrazine concentrations of 0.04 and 14.0
wg L1 An atrazine concentration of 3.6 ug Lt
also significantly increased the release of free
11-KT from testes which had not been exposed
to PE. Theresults suggest that atrazine may have
adirect effect on the testes modifying the rel ease
of 17,208P and the androgens.

DISCUSSION

Exposure of mature male salmon parr to sub-
lethal levels of water-borne atrazine clearly
inhibited their ability to detect and respond to
female priming pheromones. Similar results
were obtained when mature male parr were
exposed to the pesticides diazinon and carbo-
furan (24,43). However, in the case of atrazine
the mode of action on the reproductive system
appears to be more complex. The increase in
expressible milt and plasma sex hormones was
significantly reduced as the result of impaired
olfactory detection of the priming pheromones.
But unlike carbofuran, there was evidence that
exposureto atrazine influenced both the metabo-
lism of steroids and their accumulation within
the bile. Males continued to accumulate the ste-
roid 17,20BP in the bile as a result of atrazine-
induced secretion from the testes. Atrazine also
had afurther direct impact upon the testes modi-
fying the release of androgens and suggesting
an additional toxic mechanism on reproduction
in the male salmon. Previous studies on endo-
crine-disrupting chemicals in United Kingdom
rivers and streams have indicated that many are
estrogen mimics and act as xenoestrogens (30).
The data from the present study would suggest
that atrazine isamodifier of endogenous andro-
gen metabolism.

The gonads are known key target organs for
the bioconcentration of lipophilic pollutants
such as atrazine (4,15,40), principaly due to
their high lipid contents during oogenesis and
spermatogenisis. In fish there is a rapid uptake
of atrazine from the water which occurs via the
gills with the other organs contaminated via the
blood circulation (17). This uptake often occurs
with increasing environmental concentration
(16). Other pesticides such as the organochlo-
rines have also been implicated in a number of
reproductive abnormalities in salmonid species
livinginthe Laurentian Lakes of North America
In male coho salmon, these abnormalities
include decreased fertility, lower plasmaconcen-
trations of gonadotropins and steroids (testoster-
one and 11-ketotestosterone), poor expression of
secondary characteristics, and high precocious
sexual maturation.

Thetoxic mechanism by which atrazineinhib-
its the olfactory response to the priming phero-
mone in the male parr is not known. Atrazine
is a known inhibitor of acetylcholinesterase
(AChE) and has been shown to operate in a
dose-dependent manner in the freshwater fish
species Oreochromis niloticus and Chrysich-
thyes auratus (18). AChE is known to be local-
ized within the olfactory epithelium of fish and
amphibia (11) and, although not unequivocally
demonstrated, it hasbeen proposed that acholin-
ergic mechanism within the olfactory epithelium
of amphibiaperformsaparticular rolein creating
thereceptor (generator) potential (39). However,
studies on the effect of the anticholinesterase
phosdrin on the EOG and AChE activity in the
olfactory epithelium of the goldfish demon-
strated that cholinergic transmission does not
directly participate in generation of the EOG
(12). Studies on the toxicity of heavy metals on
the EOG of the Atlantic salmon have suggested
that the toxic effect operates on the transduction
mechanisms of the olfactory receptor cells
(3,44). However, the peripheral sensitivity to sex
pheromones in fish is controlled and modified
by endogenous androgens (5,29), and therefore
atrazine may affect the expression of the PGF
receptors within the olfactory epithelium of the
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male parr, significantly reducing their ability to
respond to the priming pheromones.

It is not evident from the present study what
the long-term impact of exposure of Atlantic
salmon to atrazine is in relation to reproductive
function and population viability. However, the
rapid accumulation of atrazine by salmonids, the
direct effect of the pesticide on steroid synthesis
of the testes, and inhibition of the priming
response suggest that exposure of male fish to
atrazine should be viewed with concern. Of par-
ticular concern is the spring run component of
the Atlantic salmon population which are resi-
dent within freshwater for longer periods and
would be exposed for longer periods. Exposure
to atrazine may either enhance the males’ repro-
ductive status too early or delay it and this may
subsequently have adverse effects onthe motiva
tional mechanisms controlling the run timing of
the fish and subsequent reproductive success.

The inability of the salmon parr to detect the
pesticidewould suggest that it hasno mechanism
by which to avoid contaminated areas which in
turn may have a compounding effect on the fish
(43). In addition, it is not known what effect
atrazine may have on the reproductive biology
of mature female salmon. Atrazine is known
to have a direct effect on kidney structure and
function in freshwater sailmonids (10,28). Dis-
turbance to renal function may also inhibit the
release of pheromones within the urine of the
female (25,42) presuming there had been no ini-
tial effect on reproductive status.

Atrazine may also impact upon other critical
life history stages of the Atlantic salmon particu-
larly smoltification and migration into the
marine environment. Thetoxicological effect on
the olfactory system was not only restricted to
priming pheromones and reproduction. The pes-
ticide also significantly reduced the ability of
the olfactory epithelium to respond to the amino
acid L-serine. The occurrence of atrazine in the
aquatic environment may therefore have signifi-
cant effects on other olfactory-mediated behav-
ior and physiology during the salmon life cycle
(e.g., smaltification).

Using standard toxicity tests, atrazine seems
to be a relatively harmless contaminant of the

aquatic ecosystem with calculated 96-h LCxy
of >18 and 6.3 mg L~ for rainbow trout and
brook trout, respectively (20). However, studies
have demonstrated a range of significant suble-
thal effects by the pesticide on both the physiol-
ogy and the behavior of other freshwater species.
Reduced reproductive success has been demon-
strated in bluegill sunfish (Lepomis mac-
rochirus) due to an indirect effect of atrazine
on diet and prey availability rather than direct
toxicity (19). Early life history stages of the
zebrafish (Brachydanio rerio) were also shown
to be sensitive to atrazine. Exposure resulted in
deformities of the embryos but did not influence
hatching rate or growth (13). Short-term expo-
sure of carp to atrazine resulted in an increase
in muscle glycogen levels but a significant
reduction after longer exposure (14). Exposure
of Galaxias maculatus to the pesticide resulted
in a reduction in levels of muscle DNA levels
and hepatic GSH, (7). Atrazine concentrations
aslow as5 pg L ~2 were shown to have an effect
on the swimming behavior of zebrafish (37).
The persistence of atrazine and its widespread
temporal and spatial occurrence in both ground
and surface waters may be a hazard to other
indigenousfish species. The dual hormone/pher-
omone reproductive system in cyprinids has
been well described (2,34,36), and both the
priming and the releasing pheromones involved
in spawning may be the target for similar toxic
mechanisms to those described in the Atlantic
salmon. A study on the effects of pesticides on
the pheromonal control of reproduction in cypri-
nids could provide a suitable model for examin-
ing theimpact of persistent aguatic contaminants
at the population level.
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