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a b s t r a c t

Atrazine, the widely used herbicide, has shown to affect the hypothalamus–pituitary–gonad axis in cer-
tain vertebrate species, but few studies have examined reproductive effects of this chemical on fish.
Our study was designed to evaluate a population endpoint (egg production) in conjunction with his-
tological (e.g., gonad development) and biochemical (e.g., hormone production) phenotypes associated
with atrazine exposure in fathead minnows. Adult virgin breeding groups of 1 male and 2 females were
exposed to nominal concentrations of 0, 0.5, 5.0, and 50 �g/L of atrazine in a flow-through diluter for 14
or 30 days. Total egg production was lower (19–39%) in all atrazine-exposed groups as compared to the
controls. The decreases in cumulative egg production of atrazine treated fish were significant by 17–20
onad abnormalities
ish

days of exposure. Reductions in egg production in atrazine treatment groups were most attributable to
reduced numbers of spawning events with increased atrazine exposure concentrations. Gonad abnor-
malities were observed in both male and female fish of atrazine-exposed fish. Our results also indicate
that atrazine reduces egg production through alteration of final maturation of oocytes. The reproductive
effects observed in this study warrant further investigation and evaluation of the potential risks posed
by atrazine, particularly feral populations of fish from streams in agricultural areas with high use of this

herbicide.

. Introduction

Atrazine is one of the most commonly used herbicides in the
orld. In the United States this broadleaf herbicide is widely uti-

ized on the majority of corn, sugarcane, and sorghum crops. Annual
ales of atrazine in the US are approximately 33–36 million kilo-
rams (Kiely et al., 2004). Moreover, atrazine has been routinely
etected in surface and ground waters, particularly in mid-western
tates, at concentrations from 1 to 25 �g/L (Gilliom et al., 2006).
isk analysis of these concentrations of atrazine in surface waters
f North America indicated the vulnerability of aquatic ecosys-
ems through direct effects of atrazine on algae, phytoplankton,
nd macrophytes (Gidding et al., 2005). However, atrazine related
ffects through endocrine mechanisms on vertebrate reproduction

nd development have not received the same level of ecological
isk evaluation.

Atrazine has neuroendocrine effects in vertebrates which lead
o deregulation of ovarian function (Cooper et al., 2000). This
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reproductive dysfunction in mammals has been attributed to
atrazine-induced effects on neurotransmitter and neuropeptide
functions resulting in suppression of luteinizing hormone (LH) and
prolactin surges with subsequent disruption of hypothalamic con-
trol of pituitary function (Cooper et al., 2007). The observed effects
in mammals have occurred at elevated oral doses and it is not
known if atrazine works through these same mechanisms of action
in other vertebrates that are exposed through different routes of
uptake. However, it is known that many of these same neuroen-
docrine pathways exist in fishes (Rosenfeld et al., 2007).

Atrazine caused reduced fry production in bluegill (Lepomis
macrochirus) in mesocosm studies, but the reductions were
attributed to secondary effects due to decreases in primary pro-
duction caused by atrazine and reduced refugia for the developing
fry (Kettle et al., 1987). Laboratory exposures of fathead minnow
(Pimephales promelas) to atrazine increased the number of late
stage oocytes, as well as reduced sperm maturation (Bringolf et
al., 2004). These authors found decreases in egg production (fecun-
dity), reduced fertilization rates, and reduced gonad–somatic index
(GSI) in atrazine-exposed fish, but the reductions were not statisti-
cally significant. Endocrine-related effects, such as altered steroid

hormones, have been observed in fish after environmental expo-
sures to atrazine (Moore and Lower, 2001) and high exposures to
atrazine (Spanò et al., 2004). Therefore, this study was designed to
further understand the effects of atrazine on gonad function in fish
during reproduction. The objective of this study was to evaluate the
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eproductive effects of graded, environmentally-relevant concen-
rations of atrazine on adult fathead minnow as measured through
series of biological endpoints.

. Materials and methods

.1. Experimental design

Fathead minnows were acclimated for a week prior to expo-
ure to atrazine at 0 (solvent control, 0.02% acetone), 0.5, 5.0, and
0 �g/L in a flow-through diluter. Virgin, mature fathead minnow
purchased as embryos from Aquatic Bio Systems, Ft. Collins, CO
nd raised at CERC to 11–12 months old) were randomly assigned
o a glass exposure tank (6.5 L) at a ratio of 2 females to 1 male,
ith a week to acclimate prior to exposure. Each tank contained

ne rectangular spawning substrate (5.1 cm height, 8.9 cm width,
nd 8.9 cm length sections of glass). Breeding sets of fish were
onitored over the course of the 1-week acclimation period and

bserved for signs of successful spawning behavior and egg pro-
uction. Body weights were measured on a subset of the males
2.8 g ± 0.3 SE) and females (1.8 g ± 0.2 SE) on day 0 of exposure.
ampling of adults occurred at 14 and 30 days of exposure and was
onducted from 19:00 to 24:00 to minimize effects of diurnal cycles
f reproductive hormones. Spawning events (tanks containing eggs
n a given day) and egg production were monitored in the morning,
aily through 29 days of exposure. Eggs were collected from each
ank, placed in a Petri dish with exposure water, held for 24 h in
n incubator at 25 ± 1 ◦C, then evaluated for viability and counted.
n addition to checking spawning substrate, aquarium sides and
iphoned waste were checked for eggs. Twelve replicate tanks per
reatment were used, with six tanks sampled at each of the time
oints (14 and 30 days).

.2. Animal care and feeding

Animals were held on a 16 h:8 h (light:dark) photoperiod at
5 ± 1 ◦C and fed brine shrimp (Artemia nauplii) twice daily.
anks were siphoned clean 1 h after each feeding. Water qual-
ty was monitored weekly throughout the test and maintained

ithin ASTM standards (ASTM, 2004) for oxygen (mean 7.5 mg/L,
ange 5.5–8.3 mg/L), pH (mean 8.4, range 8.2–8.5), hardness
mean 319 mg CaCO3/L, range 298–336 mg CaCO3/L), alkalinity
mean 242 mg/L, range 226–256 mg/L), and total ammonia (mean
.13 mg/L, range 0.04–0.44 mg/L). Water flow was 11 mL/min and
urnover in the tanks was at a rate of 2.5 times/day.

.3. Atrazine exposure and water analysis

Atrazine (98% purity, Fluka Chemicals, Dorset, UK) was pre-
ared in stock solutions of acetone:water (40:60%) and stored in
mber bottles at 4 ◦C prior to use in the diluter. Water concen-
rations of atrazine in the diluter and each exposure tank were
hecked twice weekly using enzyme-linked immunosorbant assay
ELISA) kits (Abraxis, Warminister, PA) in accordance with man-
facturer’s protocols. The method detection limit (MDL) for the
trazine ELISA procedure was 0.05 �g/L of water. Confirmatory
nalysis was performed on selected water samples by gas chro-
atography (Jimenez et al., 1997). Briefly, water samples were

xtracted using methylene chloride; the extract dried with sodium
ulfate and filtered through glass fibers; volume reduced to 0.1 mL
n methyl tertiary butyl ether; and triphenylphosphate (Chem

ervice Inc., 500 �g/mL in MtBE) was added as an instrumental
nternal standard. The extracts were analyzed by gas chromato-
raphic nitrogen/phosphorus detector (GC/NPD) and quantified
y PerkinElmers TotalChromTM workstation chromatography data
oftware. Samples for GC/NPD analysis were taken on three of the
logy 99 (2010) 149–159

8 days water was collected and each of those sample sets were
comprised of triplicate water samples from each of the treatment
groups (0, 0.5, 5, and 50 �g/L). Quality control samples were ana-
lyzed with each sample set and included: atrazine-spiked water,
matrix (tap) water blank, and a procedural blank. Additionally,
atrazine stock concentrations used for the proportional diluter
were also confirmed by GC/NPD.

2.4. Fish collection, histological, and biochemical assays

Adult fathead minnows were euthanized on collection days
(14 and 30 days of exposure) with an overdose of unbuffered tri-
caine methanesulfonate (MS-222, Sigma, St. Louis, MO) and fish
were weighed to the nearest 0.001 g. Breeding tubercles were enu-
merated on males. Brains, livers, and gonads were dissected and
preserved accordingly (see below) for each of the measured end-
points (histology, biochemistry, or gene expression). Gonads and
brains were weighed to the nearest 0.0001 g. Aromatase activity
was measured in fresh samples of brain and ovary on a subset
of female fish from each replicate and each treatment accord-
ing to the methods of Orlando et al. (2002). 17�-Estradiol and
testosterone were measured in the eviscerated carcass of fathead
minnow (Heppell and Sullivan, 2000).

2.5. Histology

Gonads of all fathead minnows were examined histologically to
determine reproductive stage and to evaluate pathological lesions.
One half of one lobe of the bi-lobed ovary and one entire lobe of the
bi-lobed testis were preserved in Davidson’s solution. Preparation
of tissues followed standard histological techniques (Luna, 1968).
Briefly, tissues were rinsed in two changes of 10 mM HEPES buffer
(pH 7.4) and dehydrated by immersion in graded aqueous solutions
ranging from 50% to 100% ethanol. This was followed by immersion
in xylene and subsequent infiltration with paraffin. Tissue blocks
were sectioned at 5 �m thickness using a standard microtome, then
mounted on glass slides and stored at room temperature until stain-
ing. In preparation for staining, the longitudinal, caudal sections
were dewaxed with xylene and then rehydrated to water by immer-
sion in graded aqueous solutions containing decreasing amounts of
ethanol ranging from 100% to 0%. Tissues were stained with Har-
ris’ hematoxylin and eosin for routine histological analysis under
a compound microscope. Gonads were examined histologically to
determine reproductive stages and evaluate pathological lesions.

Two sections of each ovary per fish were evaluated histologi-
cally at 0, 14, and 30 days to determine the presence of oogenesis
stages including pre-vitellogenic (stage II), early vitellogenic (stage
III; central germinal vesicle), mid-late vitellogenic (stage IV; ger-
minal vesicle, GV, moving towards animal pole), and mature (stage
V; GV beginning to breakdown). The number of oocytes in each
section was counted, percentages calculated and an average deter-
mined for each ovary based on the two sections evaluated. Two
sections of each testis per fish were also evaluated for stage of
development and pathological lesions. Classification of testis devel-
opmental stages generally followed the description of Leino et
al. (2005) as follows: tubules containing spermatogonia singly or
in clusters (stage II); cysts of spermatocytes (stage III); mostly
spermatids with some spermazoa in lumen (stage IV); and lumen
expanded and filled with sperm (stage V). Mineralization in each
testis was evaluated and the percentage of fish with this condition
was noted in each treatment.
2.6. Statistical analysis

All of the statistical analyses were conducted using SAS statisti-
cal software (SAS®, Cary NC) with the probability of a type I error
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et at 5% (p = 0.05). Water concentrations of atrazine as determined
y ELISA or GC were tested for significance by Student’s t-test.
umulative mean egg counts per tank were compared with gen-
ral linear models (GLM) procedures of SAS and least square means
ontrasts. Mean egg production rates (eggs/tank with spawn/day
r eggs/female/day) were compared using GLIMIX procedures of
AS with a poisson distribution. Weekly spawning rates (# tanks
ith eggs/treatment/week) were compared using GLIMIX proce-
ure with a logit distribution and the total numbers of spawns per
reatment were compared using GLIMIX procedures and the likeli-
ood of spawning with a binomial distribution. Contrasts of steroid
oncentrations, tubercles on males, aromatase activity in females,
nd GSI were conducted using GLM procedures, analysis of variance
r co-variance, and least square means comparisons. Histologi-
al anomalies were compared by Kruskal–Wallace non-parametric
nalysis of ranks.

. Results

.1. Exposure and adult mortality

During the acclimation period, no anomalous behaviors were
oted and spawning was observed in all of the treatment groups.
trazine exposure concentrations remained relatively constant and
ear nominal concentrations for the entire course of the experi-
ent (Table 1). Measured concentrations of atrazine were slightly

ower than nominal concentrations. Mean (±SE) measured con-
entrations of atrazine over the 30-day exposure were <MDL,
.36 (±0.08), 4.76 (±1.0), and 47.9 (±4.7) �g/L in the control,

ow, medium, and high atrazine concentration groups, respectively
Table 1). Atrazine concentrations in the exposure water declined
n all of the treatment groups on day 17 of exposure. The reason
or the decline in water concentrations of atrazine on this day was
ot known; however water quality measurements for this period

ndicated that dissolved oxygen (5.57–6.99 mg/L) and ammonia
total ammonia 0.07–0.25 mg/L and estimated unionized ammo-
ia < 30 �g/L) remained within ASTM guidelines (ASTM, 2004).
ater concentrations of atrazine were verified by GC-analysis (see

upplemental Information) and there were no significant differ-
nces (p > 0.05) within any of the treatments as compared to ELISA
eterminations. Metabolites of atrazine were not targeted for anal-
sis due to the flow-through nature of the exposure systems. No
ignificant mortality was observed in any of the treatment groups
p > 0.05). Mortality occurred in 10 (7%) of the 144 breeding fathead

innows over the course of the egg production (three on day 6, two
n day 7, one on day 9, one on day 10, one on day 12, one on day 21,
nd one on day 28 of exposure). Individuals were replaced (except

he fish that died on day 21 and 28) to maintain the experimen-
al design of the study. There were two tanks which were stocked
ith 2 males and one female (instead of the designed ratio of 1
ale:2 females). We discovered this when sampling; a control tank

t 14 days, and one tank from the 0.5 �g/L exposures sampled at

able 1
ean water concentrations (�g/L) of atrazine in fathead minnow exposure tanks.

Treatment (�g/L) Exposure day

Day 2 Day 7 Day10 Day 14

0 <MDLb <MDL <MDL <MDL
0.5 0.05 (0.04) 0.35 (0.13) 0.49 (0.09) 0.52 (0.04)
5.0 4.91 (0.82) 1.89 (0.24) 2.67 (0.48) 8.28 (0.70)

50 52.0 (29.7) 32.8 (4.7) 35.4 (6.4) 61.5 (5.2)

ean and standard deviation of atrazine ELISA determinations from each exposure tank w
hich one sample was lost, thus n = 11 for that treatment.
a Treatment mean and standard error (SE) were determined across entire exposure per
b Method detection limit (MDL) was 0.05 �g atrazine/L for ELISA measurements.
Fig. 1. Mean cumulative egg production (#/tank) of fathead minnow exposed to
atrazine. Cumulative egg counts were compared with SAS Statistical Software GLM
procedure and least square means (p = 0.05). The first day in which cumulative egg
numbers were different from controls is designated with an asterisk.

day 30 of exposure. These tanks were not included in subsequent
data analysis for egg production.

3.2. Egg production and spawning

Cumulative mean egg production (cumulative mean number
of eggs/tank) was reduced at all three exposure concentrations of
atrazine (Fig. 1). Mean cumulative egg production was 1173, 815,
844, and 661 eggs per breeding tank across the 0, 0.5, 5.0, and
50 �g/L treatment groups, respectively. Reductions in cumulative
mean egg production rates were significant (p ≤ 0.05) by day 17
at 50 �g/L exposure, by day 18 at 0.5 �g/L exposure, and by day
20 at 5.0 �g/L nominal exposure concentration (Fig. 1). Cumulative
egg production remained significantly reduced in atrazine treat-
ment groups relative to the control group from these respective
times until the end of the study. Cumulative total numbers of eggs
produced per treatment over the course of the study were 9829,
7351, 7925, and 6016 eggs in the 0, 0.5, 5.0, and 50 �g/L exposures,
respectively. This corresponds to reductions in the total number of
eggs produced across a treatment of 25, 19, and 39% relative to the
control, in the 0.5, 5.0, and 50 �g/L exposures, respectively, over
the course of the study.

Egg production data were also evaluated on a subset of the
entire experimental design. There were six tanks in which replace-
ment fish were used due to mortality in one of the breeding adults

prior to exposure day 12. These tanks were removed from the data
set and cumulative mean egg production was analyzed for the
remaining tanks. Significant reductions in cumulative mean egg
production were still observed at all of the treatment concentra-
tions (see Figure S2 in Supplemental Information). The reductions

Day 17 Day 21 Day 24 Day 28 Mean (SE)a

<MDL <MDL <MDL <MDL <MDL
<MDL 0.36 (0.05) 0.41 (0.10) 0.68 (0.04) 0.36 (0.08)
0.76 (0.14) 7.69 (0.53) 7.71 (0.52) 4.27 (0.19) 4.76 (1.0)
30.2 (7.1) 60.1 (5.4) 61.9 (4.9) 48.4 (2.1) 47.9 (4.7)

ith n = 12 (days 2–14) or n = 6 (days 17–29), except Day 14 treatment of 50 �g/L in

iod.
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Fig. 2. Mean egg production (eggs/tank with a spawning event/day) of fathead min-
now exposed to atrazine. Mean egg production was calculated as the mean of the
daily number of eggs produced per tank with a spawning event over a given week.
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Fig. 4. Total number of spawning events in fathead minnow exposed to atrazine.
Total number of tanks with spawned eggs observed during daily monitoring. Twelve
replicate tanks per treatment were monitored through 14 days, then six replicate
tanks per treatment were monitored until the end of the study. Statistical analysis of
tatistical analysis of mean egg production rates was conducted with SAS Statistical
oftware using GLIMIX procedure with a poisson distribution and a critical value of
= 0.05. Values with similar letters within a week are not different.

n cumulative mean egg production were first significant on expo-
ure days 17, 25, and 19 in the 0.5, 5.0, and 50 �g/L treatments,
espectively (p ≤ 0.05). Subsequent analyses were conducted with
hese tanks included to maintain the intended experimental design.

Weekly rates of egg production, normalized to the number
f spawning sets of adults (tanks with eggs), were not signifi-
antly reduced with the exception of the third week of exposure
Fig. 2). During the third week of exposure to atrazine, there was a
oncentration-related decrease in the egg production rates; how-
ver, this relationship did not hold for the last week of the study
Fig. 2). Survival of the eggs for 24 h after collection was not affected
y atrazine exposure relative to the control group (data not pre-
ented).
Atrazine exposure caused reductions in spawning events (days
ith eggs produced in a tank) which were statistically significant in

ome of the treatments during the latter half of the exposure (weeks
and 4) and were concentration-related after 3 weeks of exposure

Fig. 3). The decreases in spawning events resulted in an overall

ig. 3. Weekly spawning rates (mean number of spawnings/treatment) of fathead
innow exposed to atrazine. Mean number of tanks from a treatment which con-

ained eggs on a given day for each week of exposure. Statistical analysis of weekly
pawning rates was conducted with SAS Statistical Software using GLIMIX proce-
ure with a logit distribution and a critical value of p = 0.05. Values with similar

etters within a week are not different.
total number of spawns was conducted with SAS Statistical Software using GLIMIX
procedure and the likelihood of spawning with a binomial distribution and a critical
value of p = 0.05. Values with an asterisk are different from controls.

concentration-related reduction in total spawning events over the
course of the entire egg collection period (30 days) across all of the
treatment groups (Fig. 4). However, the reductions in spawning
events among the atrazine treatment groups were very similar and
there appeared to be a threshold-type response for this effect.

3.3. Steroids and aromatase activity

No significant effects of atrazine were observed in steroid
hormone concentrations in either gender or sampling time
(Tables 2 and 3). There were decreases in testosterone of both
males and females at 14 days, but these differences were not sig-
nificant (p > 0.05) due to variation among individuals within the
treatment groups. No significant differences in E/T ratios were
observed between control and treated fish at either collection time
point (Tables 2 and 3). Gonad and brain aromatase activity (CYP19
isoforms) in female fathead minnow were not significantly differ-
ent among atrazine treatments or controls at either 14 or 30 days
of exposure (Table 3).

3.4. Testicular staging

Testicular stages (II–V) of developing sperm were observed in
males sampled prior to the start of the exposures (day 0, data not
presented). A complete set of spermatic stages of developing sperm
were also observed in control and high concentration (50 �g/L)
males at day 14, but no late stage testes (stage V) were observed
in males from the 0.5 and 5.0 �g/L concentration groups at this
sampling time (Table 2). Stages III and IV were the modal stage
among replicate fish across all concentrations and times, except
males from the 50 �g/L exposure group on day 14; stage II was the
modal stage among testes in this latter group (Table 2). The mean
GSI values were not different among treatments (Table 2).

3.5. Testicular pathologies
Six types of pathological lesions were observed in testes of fat-
head minnows in this study. Granulomatous inflammations were
found in one of six control males sampled on day 30 and one
of six males from the 5 �g/L atrazine exposure sampled on day
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Table 2
Male biomarkers: mean concentrations (SD) of estradiol (E2) and testosterone (T), E/T ratio, gonad–somatic index (GSI), breeding tubercles and gonad stage in fathead
minnows exposed to atrazine for 14 or 30 days.

Concentration (�g/L)

Day n Control n 0.5 n 5.0 n 50

Estradiol (ng/g) 14 6 0.7 (0.7) 6 0.5 (0.6) 6 1.0 (0.1) 5 0.4 (0.6)
30 5 0.8 (0.4) 5 0.2 (0.7) 5 0.7 (0.5) 6 0.7 (0.4)

Testosterone (ng/g) 14 6 1.2 (0.8) 7 1.1 (0.5) 6 1.1 (0.9) 5 0.7 (0.6)
30 5 0.9 (0.6) 6 0.4 (0.6) 6 1.2 (1.2) 7 0.7 (0.9)

E/T ratio 14 6 0.6 (0.6) 6 0.5 (0.6) 6 0.9 (1.1) 5 0.5 (2.0)
30 5 0.9 (0.9) 5 0.5 (2.5) 5 0.6 (0.6) 6 0.9 (2.6)

GSI (%) 14 6 1.1 (1.1) 6 1.2 (0.4) 7 1.4 (0.2) 6 1.4 (0.4)
30 6 0.9 (0.8) 6 1.0 (0.4) 6 1.8 (2.6) 7 1.4 (0.7)

Breeding tubercles 14 5 23 (5.2) 6 21 (4.3) 6 27 (4.4) 6 25 (5.3)
30 5 25 (5.9) 3 18 (7.8) 3 25 (6.1) 3 18 (9.9)

Testes staging
II 14 6 1/6 6 2/6 6 1/6 6 3/6
III and IV 14 6 3/6 6 4/6 6 5/6 6 1/6
V 14 6 2/6 6 0/6 6 0/6 6 2/6
II 30 6 1/6 6 2/6 5 0/5 6 2/6
III and IV 30 6 3/6 6 2/6 5 3/5 6 2/6
V 30 6 2/6 6 2/6 5 2/5 6 2/6

A eses.
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ll values are reported as means followed by standard deviations (SD) in parenth
eported as ng/g body weight, GSI = [gonad weight/(body weight − gonad weight)] ×
f individuals in a category per total individuals in a treatment combination. Numb

4. Mineralized material was observed in testicular tubules and
fferent ducts at rates of 30, 23, 30, and 17% in fish from 0, 0.5,
.0, and 50.0 �g/L treatment groups, respectively. A number of
ariably-sized perinucleolar stage oocytes (testicular oocytes) scat-

ered among and within testicular tubules were observed in one of
ix males sampled on day 14 in the 5.0 �g/L atrazine exposure group
Fig. 5). We did not observe any follicle cells associated with these
esticular oocytes. The same male also had granulomatous inflam-

ation and mineralized material in the testes. Last, we observed

able 3
emale biomarkers: mean concentrations of estradiol (E2), testosterone (T), E/T ratio, gona
xposed to atrazine for 14 or 30 days.

Concentration (�g/L)

Day n Control n

Estradiol (ng/g) 14 12 4.3 (3.1) 12
30 12 4.4 (2.9) 9

Testosterone (ng/g) 14 11 0.8 (0.4) 12
30 12 0.6 (0.4) 9

E/T ratio 14 11 5.4 (5.9) 12
30 12 7.5 (5.0) 9

GSI (%) 14 11 14 (6) 12
30 12 13 (5) 10

Egg staging
II (%) 14 8 34 (6) 10
III and IV (%) 14 8 29 (7) 10
V (%) 14 8 35 (9) 10
II (%) 30 12 39 (10) 9
III and IV (%) 30 12 26 (7) 9
V (%) 30 12 33 (7) 9

Gonad aromatase (pmol/mg) 14 10 0.07 (0.2) 11
30 11 0.08 (0.07) 10

Brain aromatase (pmol/mg) 14 6 0.01 (0.0) 6
30 6 0.03 (0.01) 6

ll values are reported as means followed by standard deviations (SD) in parentheses.
nd reported as ng/g body weight. GSI = [gonad weight/(body weight − gonad weight)] × 1
ndeveloped, perinucleolar oocytes at various stages or perinucleolar and cortical alveoli o
oderate numbers of vitelline granules or fully developed oocytes with an abundant amo

erminal vesicles which had migrated to the animal pole (V). Aromatase activities were d
reatment is given (n).
Estradiol and testosterone were determined by RIA (Heppell and Sullivan, 2000)
reeding tubercles reported as number per male. Testes staging reported as number

ndividuals in each treatment combination is given (n).

a moderate frequency of germ cell syncytia (not shown) across all
treatments and occasional pyknotic cells in males from the 5.0 and
50 �g/L concentration groups (not shown).
3.6. Ovarian staging

Pre-vitellogenic oocytes were predominant in ovaries prior to
the beginning of the exposures (data not presented). By days 14 and
30 of the exposure period, ovaries were dominated by vitellogenic

d–somatic index (GSI), egg staging, gonad, and brain aromatase in fathead minnows

0.5 n 5.0 n 50

3.9 (1.1) 12 4.3 (3.1) 12 2.1 (2.8)
3.8 (2.3) 10 4.5 (2.2) 10 3.2 (2.6)

0.7 (0.5) 12 0.5 (0.4) 10 0.3 (0.4)
0.4 (0.5) 10 0.7 (0.4) 10 0.6 (0.8)

5.7 (4.6) 12 8.5 (2.9) 10 6.6 (5.7)
8.7 (10) 10 6.9 (17.4) 10 5.1 (3.2)

15 (4) 12 12 (5) 11 13 (5)
14 (6) 9 13 (10) 10 14 (7)

40 (10) 11 35 (15) 8 20 (16)
27 (8) 11 20 (11) 8 31 (12)
30 (8) 11 36 (17) 8 40 (12)
39 (10) 9 37 (17) 8 33 (13)
16 (6) 9 23 (12) 8 24 (14)
43 (9) 9 33 (11) 8 32 (19)

0.05 (0.03) 11 0.12 (0.19) 10 0.13 (4.6)
0.06 (0.08) 7 0.04 (0.07) 10 0.07 (0.11)

0.01 (0.0) 6 0.01 (0.0) 5 0.01 (0.01)
0.03 (0.03) 5 0.03 (0.01) 5 0.03 (0.01)

Estradiol and testosterone were determined by RIA (Heppell and Sullivan, 2000)
00. Egg staging was determined on histological sections. Pre-vitellogenic (II) were
ocytes with no vitelline granules, vitellogenic were vitellogenic oocytes containing
unt of vitelline granules (III and IV), and mature were fully developed oocytes with
etermined by the methods of Orlando et al. (2002). Number of individuals in each
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Table 4
Summary of male and female gonad abnormalities and corresponding rates of egg production, as a function of exposure concentrations of atrazine.

Concentration
atrazine (�g/L)

N (number
of tanks)

Percent (%) tanks containing
no fish with abnormalities

Percent (%) females without
abnormalities (by tank)

Percent (%) females with
atretic follicles (by tank)

Percent (%) females with lipid
accumulation in ovaries (by tank)

Total egg production

Tanks with abnormalities
mean ± SE (range)

Tanks with no abnormalities
mean ± SE (range)

0 101 50 52 37 21 1002 ± 304 (244–1818) 964 ± 392 (53–2102)
0.5 11 27 48 58 63 681 ± 165 (18–1725) 526 ± 96 (356–688)
5 11 27 27 59 55 570 ± 135 (32–1320) 930 ± 221 (695–1371)

50 12 25 25 62 46 402 ± 99 (0–970) 799 ± 341 (204–1386)

1 The number of replicate tanks within each exposure concentration is given. The control group (0 �g/L) contained one tank with 2 males and one tank for which no histology sample was available, thus leaving 10 replicate
tanks. The low atrazine treatment (0.5 �g/L) contained a tank with 2 males, resulting in 11 replicate tanks; and the medium atrazine treatment (5 �g/L) had a tank for which no histology was available for the females, resulting
in 11 replicate tanks for this analysis.



D.E. Tillitt et al. / Aquatic Toxicology 99 (2010) 149–159 155

F s of p
f vary f
( �g/L
5 ated g

3

g
c
p
m
a
n
o
t
f
a
c

ig. 6. Ovaries of fathead minnows: (A) normal stage II ovary with normal number
emale (50 �g/L) with increased numbers of pre-vitellogenic oocytes; (C) stage II o
D) large ovarian cysts (asterisks) in ovary of female fathead minnow exposed to 50
�g/L atrazine for 14 days. Section shows the ovary to contain mostly undifferenti

.7. Ovarian pathologies

Gonads from two fish (one from 5.0 �g/L and one from 50 �g/L
roups) were filled with undifferentiated germinal cells and also
ontained a few scattered perinucleolar oocytes (micrograph not
resented). Fish with these gonads were found in tanks with a nor-
al female and normal male. A third fish, had both perinucleolar

nd vitellogenic oocytes scattered among undifferentiated germi-
al cells (Fig. 6E). This single fish with perinuclear and vitellogenic

ocytes was found in the same tank as the single male with tes-
icular oocytes and a normal female in the 5 �g/L treatment. A
ew additional pathological lesions were observed in the ovaries of
trazine-exposed fathead minnows. Pathologies in female gonads
onsisted of a trend of increased frequency of ovaries with lipid
re-vitellogenic oocytes in control females (0 �g/L); (B) stage II ovary from exposed
rom exposed female (50 �g/L) with reduced numbers of pre-vitellogenic oocytes;
atrazine for 14 days; and (E) gonad tissue from female fathead minnow exposed to
erm cells (UGC), cortical alveoli oocytes (CAO), and a vitellogenic oocyte (VO).

accumulation and atretic follicles in atrazine-exposed females
(Table 4); however, there were no significant differences among
the concentrations, likely due to small sample sizes. In addition,
one individual exposed to 0.5 �g/L and three individuals exposed
to 50 �g/L atrazine had multiple ovarian cysts that occupied a large
portion of the ovary (Fig. 6D).

4. Discussion
Atrazine adversely affects neuroendocrine-regulated functions
in vertebrates (Cooper et al., 2007), including fish (Spanò et al.,
2004; Suzawa and Ingraham, 2008). The threshold concentra-
tions of atrazine reported to cause endocrine-related effects in
fish are 1–5 �g/L (Moore and Lower, 2001; Waring and Moore,
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Fig. 7. Frequency distributions of pre-vitellogenic oocytes (PVO) in the ovaries of
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athead minnows exposed to atrazine for 30 days. Individual females were catego-
ized according to the percentage of PVO (%) in their ovaries. The vertical dotted lines
epresent the 10th and 90th frequency percentiles of PVO for the control treatment
roup.

004; Fortin et al., 2008; Suzawa and Ingraham, 2008) and these
oncentrations are commonly found in streams, rivers and lakes
f agricultural regions in North America (Gilliom et al., 2006).
ffective concentrations (lowest observable adverse effect con-
entrations, LOAEC) of atrazine have been reported to be 1.0 �g/L
or olfactory-mediated endocrine functions in Atlantic salmon
Salmo salar) (Moore and Lower, 2001), 2.2 �g/L for up-regulation
f brain aromatase activity in zebrafish (Danio rerio) (Suzawa and
ngraham, 2008), and 5 �g/L for osmotic control in mummichog
Fundulus heteroclitus) (Fortin et al., 2008). Effects of atrazine
n reproductive function in fish have received little attention;
et common environmental concentrations of this herbicide are
ithin these observed endocrine LOAEC values. Thus, testing of

trazine for population level metrics, such as fecundity, is needed
o assess possible ecological risk of this herbicide.

.1. Comparison of atrazine-induced reductions in fecundity
mong studies

Atrazine reduced egg production at all of our treatment con-
entrations (0.5, 5, and 50 �g/L) relative to the control group.
ignificant decreases in cumulative mean egg production of fat-
ead minnow were observed at all concentrations of atrazine
Fig. 1). Cumulative numbers of eggs produced per female were
educed after nearly 2 weeks of exposure to the highest concen-
ration of atrazine; although not significant (p = 0.05) until 17 days

f exposure. The cumulative egg production rates in the low and
edium atrazine treatment groups were nearly identical to the

ate in the control group over the first 17 days of exposure and
nly began to deviate from the control group at that time. Sig-
ificant reductions in cumulative egg production rates occurred
logy 99 (2010) 149–159

after 18 and 20 days of exposure to 0.5 and 5 �g/L atrazine, respec-
tively (Fig. 1). Decreases in cumulative egg production were not
found to be statistically significant at similar exposure concen-
trations of atrazine in two previous studies with fathead minnow
(Bringolf et al., 2004; Battelle Corporation, 2005). Our study condi-
tions and protocols were similar in many ways to those described
by Bringolf et al. (2004) and Battelle Corporation (2005); how-
ever, there were some key differences between the protocols of
these studies which might have accounted for differences in our
results and conclusions. First, in order to better simulate envi-
ronmental exposure, our system was flow-through, as opposed to
static-renewal (Bringolf et al., 2004). This undoubtedly led to dif-
ferences in uptake kinetics and thus fish body burdens of atrazine
between the studies. The exposure regime in the report by Battelle
Corporation (2005) was flow-through, similar to our exposure
system. Bringolf et al. (2004) observed nearly immediate reduc-
tions in cumulative egg production (fecundity presented in Fig. 1
of their paper). The fecundity curves for the atrazine-exposed
groups were below those of the controls and slopes appeared to
be deviating from the control group in their study, but the effects
were not as dramatic as our study and not statistically signifi-
cant (Bringolf et al., 2004). A similar trend was observed in the
study conducted by Battelle Corporation (2005), with decreases
in egg production; however, the concentration-related decreases
observed in the atrazine treatments were not statistically signif-
icant. The Battelle Corporation (2005) report tested the power
of the experimental design and suggested that the probability of
detecting even a 20% difference in fecundity was low (22%), based
on the variability observed. Our protocol included greater num-
bers of replicate tanks per treatment (twelve tanks per replicate
as opposed to four tanks per replicate) which provided greater
statistical power. Our protocol also used a longer exposure (30
days) than the 21 day protocol Battelle Corporation (2005) and
Bringolf et al. (2004) followed. Thus, part of the differences in the
study conclusions may have been due to differences in the duration
of exposure and differences in the power of the tests. Egg pro-
duction rates in the control groups across our entire experiment
(mean = 21.0 ± 14.9 eggs/female/day) were similar to that reported
by the USEPA (mean = 20.5 ± 14.3 eggs/female/day) in their sum-
mary of fathead minnow reproductive assays (Wantanabe et al.,
2007).

4.2. Reduced spawning precedes decreases in fecundity

The decrease we observed in cumulative egg production was
largely due to reductions in spawning events as opposed to reduced
egg production by each female (Figs. 3 and 4). Spawning events in all
of the atrazine treatment groups were reduced in the first 2 weeks
of exposure, but not statistically significant, and the reductions in
spawning events became significant for the atrazine exposures dur-
ing week three (50 �g/L treatment) or week four (0.5 and 5.0 �g/L
treatments) of exposure. Bringolf et al. (2004) did not observe
reductions in spawning in their study of atrazine effects on fathead
minnow reproduction and spawning events were not reported in
the study by Battelle Corporation (2005). A difference between the
protocols of this study and the protocol used by Bringolf et al.
(2004) was the numbers of fish used in each tank. We stocked one
male and two females per tank, while Bringolf et al. (2004) stocked
two males and four females per tank, as prescribed in the abbre-
viated 21-day fathead minnow reproductive assay developed by
the USEPA (Ankley et al., 2001). We do not know if that difference

may have been a factor in the reduced spawning events observed
in our study. We observed concentration-dependent reductions
in the total numbers of spawning events with increasing expo-
sure concentrations of atrazine (Fig. 4); however, the degree of
the reductions in spawning among atrazine exposure groups was
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mall relative to the larger difference observed between control
nd any of the atrazine exposure groups. There appeared to be
threshold-type of response with this biological endpoint rel-

tive to atrazine exposure, as opposed to a graded, monotonic
oncentration-response. Reductions in spawning events could be
ue to either male-specific or female-specific effects on repro-
uctive behavior. If there were male-specific effects of atrazine,
ur study with a single male per tank may allow those effects
o be detected, while multiple males in a single tank might

ask those effects. We did not measure breeding behavior in
his study, so it is impossible to evaluate if such an effect was
xpressed. However, fathead minnow reproductive assays have
een successfully used to monitor reproductive behavioral effects
f chemicals (Ankley et al., 2001) and reproductive behaviors
ave been demonstrated to be sensitive measures of endocrine
ctive agents (Zala and Penn, 2004). Last, direct effects on male
eproductive behavior with secondary consequences on spawning
annot be ruled out. A male-specific effect would be consistent
ith the observations of atrazine-induced reductions in olfac-

ion of male salmon (Salmo salar) to female priming pheromone
prostaglandin F2�) (Moore and Lower, 2001) and reduced sperm
roduction in salmon (Moore and Waring, 1998). If males were
ot properly responding to the reproductive cues of female fat-
ead minnows, a reduction in spawning events would be a natural
utcome.

.3. Concentration–response relationships of atrazine-induced
eproductive toxicity

Concentration-related effects of atrazine on spawning events,
gg production, and gonad anomalies in females were observed
n this study. The concentration–response relationships of these
ndpoints were not always monotonic over the course of the
tudy. Decreases in total egg production were greatest in the
0 �g/L exposure of atrazine and less in the 0.5 �g/L and the
�g/L treatment groups (Fig. 1); however, egg production in the

ow and medium treatments were indistinguishable from one
nother throughout the course of the study. Spawning events
ere decreased in a concentration-dependent manner when the

ntire experiment was considered (Fig. 4); however, as mentioned
bove, this response was more consistent with a threshold-type
esponse. Weekly spawning rates were reduced in a concentration-
ependent fashion on week three (Fig. 3). There appeared to be
marked threshold effect in the decreases in total numbers of

pawning events, as opposed to a monotonic decrease across
ncreasing atrazine concentrations (Fig. 4). Last, the decreases in
he percentage of females without gonad anomalies followed a
oncentration-related pattern (Table 4). However, these responses
total egg production, spawning, and females with gonad abnor-

alities) were not monotonic throughout the course of the study.
he reason for the lack of consistent and continuous monotonic
oncentration-response relationships over the course of the study
annot be discerned based on our experimental design. Clearly,
on-monotonic dose–response curves are common in toxicology
Calabrese and Baldwin, 2003). Over the past decade, our knowl-
dge and the importance of biphasic or hormetic responses of
rganisms to chemical stressors has increased (Calabrase, 2008).
ormesis is particularly apparent when reproductive toxico-

ogical endpoints are considered due to the significant role of

he endocrine system in regulation of reproduction (Calabrase,
008). The biochemical or physiological mechanisms leading to
he atrazine-induced decreases in total egg production, spawning
vents, and normal ovarian cycling would be required to determine
he reasons for the type of concentration–response relationships
bserved.
logy 99 (2010) 149–159 157

4.4. Steroids and aromatase

Atrazine can alter steroid hormone concentrations in peripheral
blood of exposed fish. Spanò et al. (2004) observed concentration-
related suppression of plasma androgens (11-ketotestosterone and
testosterone) and induction of estrogen (17�-estradiol) after 17
days of 1000 �g/L atrazine in goldfish (Carassius auratus). At more
environmentally common surface water concentrations of atrazine
(0.5 or 2 �g/L), testosterone was significantly elevated, while 11-
ketotestosterone lowered, but not significantly compared to the
control male parr Atlantic salmon (Salmo salar, Moore and Lower,
2001). Steroid hormone concentrations, E/T ratios, and GSI values in
our study were not significantly affected by atrazine at either sam-
pling time point (Tables 2 and 3). Direct measurement of steroids
in plasma may have been a more sensitive approach as opposed to
the tissue method we used (Heppell and Sullivan, 2000). Addition-
ally, aromatase activities in gonad and brain of females were not
altered by atrazine. This is consistent with recent studies in female
goldfish that reported no significant effects of atrazine on catalytic
activity or expression of aromatase (Nadzialek et al., 2008). How-
ever, our findings are different than the results reported for female
zebrafish where atrazine significantly induced aromatase expres-
sion (Suzawa and Ingraham, 2008). Suzawa and Ingraham (2008)
concluded that atrazine was not a direct agonist for the estrogen
receptor, but rather activated expression of aromatase through a
complex mechanism involving NR5A receptor activation, as well
as receptor phosphorylation, amplification of cAMP, and PI3K sig-
naling. Whether this mechanism holds for fathead minnow, under
chronic exposures to atrazine is unknown and beyond the scope of
this paper.

4.5. Gonad abnormalities reflective of reduced egg production

Histological investigations indicated that abnormalities in the
gonads could have contributed to the observed reduced egg pro-
duction. Gonad lesions that reasonably could have resulted in
reduced egg production were more prevalent in females from
tanks receiving atrazine (Table 4). We observed more ovaries
of atrazine-exposed minnows that contained atretic follicles as
compared to control fish and only ovaries of atrazine-exposed min-
nows contained ovarian cysts. Bringolf et al. (2004) noted that
atrazine exposure in fathead minnow led to greater variability in
the maturation of ovaries. They attributed the increased variation
in maturation to sensitive individuals within the population. Based
on the increased variability we observed in ovarian development
in atrazine-exposed fish, our data are consistent with their find-
ings. Additionally, gonads comprised mainly of undifferentiated
germ cells with few oocytes were present in fish from the 5 �g/L
(2 fish) and 50 �g/L (1 fish) treatment groups. Presumably all three
of these fish were genetic females based on the phenotypic mark-
ers of size, elevated E2 concentrations, and the lack of breeding
tubercles. It may be possible that these fish were genetic males
with testicular oocytes and we had simply misidentified them at
stocking, but that does not seem to be likely. We do know that the
fish in this study were well past the age of sexual differentiation
(Uguz, 2008) leaving unexplained why the gonads of these three
fish from the atrazine-exposed treatment groups were filled pri-
marily with undifferentiated germ cells. We also observed ovarian
cysts in a small number of atrazine-exposed females and none of the
control females. Ovarian cysts have not previously been reported
in atrazine-exposed fish, although such lesions were reported in

other species exposed to atrazine. Multiple large ovarian cysts
were present in fish from the 0.5 and 50 �g/L atrazine treatments.
Polycystic ovaries in fish are not commonly reported in the sci-
entific literature (J. Wolff pers. comm.). Nevertheless, pigs fed low
amounts of atrazine developed multiple ovarian cysts and estrous
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as prolonged (Gojmerac, 1996). We observed a concentration-
elated increase (albeit not significant) in the number of tanks
ontaining fish with atresia (Table 4). An increase in atresia was
ot observed in the study by Battelle Corporation (2005). These
uthors quantified the numbers of atretic follicles in individuals,
hile our observations were based on a more qualitative relative

bundance (none/low/medium/high) of atretic follicles in female
varies. We only observed a low degree of atresia in most of the
emales presenting this condition, which is consistent with the
tudy by Battelle Corporation (2005). However, we observed a
reater percentage of females in the atrazine treatment groups with
his condition (Table 4). An increase in the proportion of oocytes
ndergoing atresia has been previously associated with atrazine
xposure in goldfish (Spanò et al., 2004). Atretic oocytes can be
ound in both unstressed and stressed fish but are more prevalent
n stressed fish and may indicate that the fish missed an opportunity
o spawn (McCormick et al., 1989). We did not observe differences
n mean GSI of females among treatments; however, the gonads of
our putative females exposed to 5 and 50 �g/L atrazine for either
4 or 30 days were exceptionally small. The gonads of three of these

ndividuals contained primarily undifferentiated germ cells with a
ew oocytes, similar to an asynchronously developing gonad; how-
ver, the observed oocytes were not solely located in one region.
s indicated above, the fathead minnows used in the present study
ere well past the age of sexual differentiation (22 days post-

pawning in males; Uguz, 2008). Although the germinal epithelium
as disorganized, the very small size of the gonad suggested it was
ot a germ cell neoplasm (Johnson et al., 2009).

Gonad abnormalities were also observed in atrazine-exposed
ale fathead minnows in this study, but it is not known if these

esions contributed to reductions in spawning. Testicular oocytes
ave not previously been reported in fish as a result of atrazine
xposure and have rarely been reported for adult fathead minnow
xposed to endocrine disruptors in general (Dietrich and Krieger,
009). We identified one such intersex male that had been exposed
o 5 �g atrazine/L for 14 days. This was one male out of 48 males
otal used in our study. P. promelas is a differentiated gonocho-
ist (ie. males and females are sexually distinct) and spontaneous
ccurrence of intersex is rare (Dietrich and Krieger, 2009). In fact,
e did not find a report of a single intersex male among untreated

nimals upon review of the published toxicological literature for
tudies that used fathead minnow as the test organism and for
hich gonad histopathology was an endpoint. We do not know

f the abnormal condition of the intersex male reduced its fertility
s has been suggested for other fish species (Jobling et al., 2002).
his fish was in a tank that contained a female with an abnormal,
ndifferentiated gonad (see above). Although the second female in
his tank was normal, this set of fish only spawned a single clutch
f 32 eggs in 14 days.

.6. Ovarian maturation disrupted by atrazine

The follicular atresia and variability in the relative proportions
f oocyte stages in the atrazine-exposed females could reflect a dis-
uption in the normal processes of final maturation of oocytes with
ubsequent disturbances in ovulation and oviposition. The cause
or this lack of release of oocytes may be due to direct action on
he hypothalamic–pituitary–gonad axis in the female, as demon-
trated with mammalian models of atrazine disruption of ovarian
unction (Cooper et al., 2000). Final maturation of fish oocytes is
ontrolled in part by maturation-inducing steroids (MIS) which are

timulated by LH and act through a membrane progestin receptor-
lpha (mPR-�), see Thomas et al. (2002) for review. The mPR-�
ctivates nongenomic pathways and stimulates rapid physiological
hanges required for final maturation steps in oocyte develop-
ent prior to ovulation (Thomas et al., 2002, 2006). Atrazine is
logy 99 (2010) 149–159

effective at interfering with MIS binding to mPR and disrupting
subsequent physiological responses in fish gonad development.
Thomas and Doughty (2004) demonstrated that atrazine blocked
the action of the progestin 17, 20�,21-trihydroxy-4-pregnen-3-one
to up-regulate sperm motility in Atlantic croaker (Micropogo-
nias undulates). In the same model species, atrazine blocked final
maturation of oocytes in vitro through this same membrane pro-
gestin receptor (Thomas and Sweatman, 2008). The mPR-� controls
rapid, nongenomic responses in both female (oocyte matura-
tion) and male (sperm hyperactivity) fishes (Thomas et al., 2002).
Thus, atrazine interference with MIS-induced activation of mPR-
� has been a mechanism proposed for interference with both
male and female reproductive processes. Atrazine-induced inhi-
bition of mPR-related signaling was observed in Atlantic croaker
at environmentally-relevant concentrations (0.05 �M, Thomas and
Doughty, 2004), similar to concentrations used in our study.

5. Conclusions

Environmentally-relevant concentrations of atrazine have sig-
nificant effects on reproductive output in fathead minnow. The
atrazine threshold concentration (0.5 �g/L) at which reductions
were observed is lower than previously defined, yet well within
surface water concentrations in agricultural areas. The observed
reductions in egg production were largely due to reduced numbers
of spawning events, which was not predicted by routine physio-
logical measurements of endocrine disruption (steroid hormones,
aromatase, or gonad–somatic indices). Evidence suggests that
atrazine-induced reductions in egg production were attributable to
effects on oocyte maturation processes; however, effects on males
cannot be discounted. The effects on egg production and spawning
in fathead minnow suggest the reproductive risks of atrazine expo-
sure to feral fish populations in high use, agricultural areas may be
under estimated by current evaluations.
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