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Sex steroids play major roles in vertebrate sexual
differentiation. Unexpectedly, we now find that
exposure to elevated levels of the naturally
occurring stress hormone cortisol can also mascu-
linize sexually dimorphic morphological
characters and behaviour in adult female mosqui-
tofish (Gambusia affinis) in a dose-dependent
manner. Females masculinized by cortisol devel-
oped elongated anal fins with distal tip features
similar to those of mature males. Most masculi-
nized females also attempted to copulate when
placed with normal females. Although the mech-
anism of masculinization is currently unknown,
we propose a role for an enzyme that both inacti-
vates cortisol and catalyzes the final step in
synthesis of a major teleost androgen. This mech-
anism may also help explain some previously
reported effects of stress on sexual development
across vertebrate taxa. Our findings underscore
the need to understand the full range of chemicals,
both naturally occurring hormones and human-
produced endocrine disruptors, that can influence
sexual differentiation and reproductive function.
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1. INTRODUCTION

The stress hormones cortisol and corticosterone have
numerous, well-documented effects on physiology, repro-
duction and behaviour in vertebrates [1]. Because
glucocorticoids can affect fat deposition in teleost fishes
[2], we investigated the use of cortisol for manipulating
fat stores of adult female western mosquitofish (Gambusia
affinis) as part of ongoing research on resource-dependent
maternal provisioning in live-bearing fishes [3]. Although
understanding female life history was the impetus for our
study, those results will be reported elsewhere. Here, we
report a completely unanticipated result of exposure to
exogenous cortisol: masculinization in adult females of
anal fin morphology and mating behaviour.

Like other poeciliids, G. affinis is sexually dimorphic
(figure la,c), with adult males possessing a modified
anal fin (gonopodium) used for sperm transfer. The
gonopodium normally develops under the influence of
androgens, and involves elongation of anal fin rays 3, 4
and 5 and development of distal tip structures (hooks,
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serrae, spines and blades) thereon. Although the anal
fin of females is normally unspecialized (figure 1a), devel-
opment of gonopodial structures can be induced by
exposure to various androgens [4] and endocrine-dis-
rupting chemicals (EDCs) such as those found in
effluent from paper mills [5]. Indeed, the sensitivity of
female mosquitofish morphology and behaviour to
androgenic EDCs has lead to this species’ use as sentinels
for such environmental contamination [5]. Although
exposure to stress or to natural and human-produced
androgenic and oestrogenic compounds early in life
affects morphology and behaviour in both sexes across
vertebrate taxa [6,7], stress hormones such as cortisol
have not been previously shown to induce masculiniza-
tion of reproductive morphology or behaviour in
mature individuals. However, there are intriguing reports
of early exposure to elevated levels of glucocorticoids
inducing altered offspring sex ratios (e.g. [8,9]).

2. MATERIAL AND METHODS

We conducted two experiments: the initial pilot study in which we
discovered the masculinizing effect of cortisol and a follow-up
study to examine behaviour and effects of lower cortisol dosages.
For both experiments, gravid female western mosquitofish (judged
by the presence of a gravid spot and distended abdomen) were col-
lected on the University of Oklahoma campus. Females were taken
to a greenhouse and placed individually in 1.2 1 plastic (PETE) con-
tainers containing 11 charcoal-filtered well water. Fish were fed
approximately 50 mg of commercial flake food every other day.

On the day that a female gave birth (day 1), she was moved to a clean
container and randomly assigned to one of five treatment groups. A male
was placed with her on days 2 and 3 to ensure fertilization of the sub-
sequent brood. On day 3 (after male was removed), treatment began
with 1 ml of cortisol, ethanol (vehicle) or charcoal-filtered well water
added directly to the container water and continued every 3 days for
the duration of the experiment. In experiment 1, cortisol treatments
were 0.5, 1.0 or 2.0 mg 1™}, and in experiment 2 they were 0.05, 0.1 or
0.5mgl !, Water was changed every 6 days (without handling the
female). At the end of the experiment, females were euthanized by an
overdose of MS-222 and preserved in 10 per cent unbuffered formalin;
see electronic supplementary material, S1, for additional detail.

Anal fins were removed from preserved females, examined under an
Olympus SZX12 stereomicroscope using transmitted light and photo-
graphed at 7x magnification with an Olympus Spot Idea camera. The
lengths of bony fin rays 4 and 6 were measured to the nearest 0.1 mm
as the straight-line distance from the attachment of the bony fin ray to
the pterygiophore of the fin suspensorium to the distal extent of the
ray, using ADVANCED SpoT software (figure 1d). The ratio of lengths of
ray 4 to ray 6 was used as an index of the degree of masculinization
[10], hereafter referred to as the masculinization index (MI), with
higher values indicating greater elongation of ray 4 and greater masculi-
nization (electronic supplementary material, S1).

Behavioural tests were conducted with fish from experiment 2.
One set of tests focused on the behaviour of experimental females
towards a stimulus female, and another set focused on the behaviour
of males towards the experimental females. For the female trials, an
experimental female (n = 5—12 per treatment group) was placed in a
17.61 glass aquarium with a stimulus female from the same popu-
lation who had also been isolated for at least 2 days prior to the
trial. After acclimation for 10 min, behaviour of the experimental
female towards the stimulus female was observed for 10 min and
scored for number of copulation attempts. All female trials were
recorded by L.V. who was blind to the female’s treatment group.
For the male trials, R.K. (also blind to the female’s treatment)
scored the number of male copulation attempts towards experimen-
tal females (electronic supplementary material, S1).

Non-parametric Kruskal—Wallis tests (PASW v. 18) were used to
compare MI and copulation attempts among treatments. Because
water and ethanol control groups did not differ significantly for
female copulatory behaviour, these groups were combined for the
statistical analysis of behavioural results.

3. RESULTS

In both studies, anal fins of cortisol-exposed females,
but not control females, became masculinized in a
dose-dependent manner (figures 15, 2a). The MI for
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Figure 1. Cortisol-induced masculinization of adult female
mosquitofish. Anal fins of (a¢) normal female, (b) cortisol-
exposed female and (¢) normal male. (d) Anal fin of a
cortisol-treated female illustrating ray length measurements
(black lines) used to calculate the masculinization index
(see text). (e) Distal tip structures on the anal fin of a corti-
sol-treated female (alizarin stain). Scale bars, (a—¢) 1 mm.

all females in both experiments ranged from 1.02 to
1.61 (n = 124), with a range of 1.12—1.61 for females
that developed male-typical distal tip structures (n =
51). The MI varied significantly among treatments in
experiment 1 (n=72, Xz =46.79, df.=4, p<
0.0001) and in experiment 2 (n =53, x*>=26.16,
d.f. =4, p < 0.0001), with the highest MI from females
exposed to 0.5 mgl ! in both cases (figure 2a). Com-
bined responses for the two experiments suggest an
overall inverted U-shaped response curve.

In experiment 1, 39 of 46 females (84.8%) exposed to
cortisol (0.5mgl : 12 of 13; 1 mgl*: 12 of 16;
2mgl™': 17 of 17) developed distal tip structures on
bony fin rays 3—5, while none of the 33 females exposed
to control treatments (18 water; 15 EtOH) developed
such structures. In experiment 2, 16 of 24 females
(66.7%) exposed to 0.5 mg 1! cortisol developed distal
tip structures, but no females exposed to either control
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Figure 2. Variation in masculinization of adult female mosquito-
fish with cortisol concentration. (a) Masculinization index
among cortisol treatments and controls over two experiments
(n=5-25). Grey bars, experiment 1; white bars, experiment
2. (b) Copulation attempts by control and cortisol-treated
females (n = 5—12) and normal males (z = 8). Male copulation
attempts are towards control females exposed to water only.

treatment (eight water; five EtOH) or to the lower dose
cortisol treatments (0.05mgl ': n=6; 0.10mgl "
n=9) did so.

Distal tip structures (figure le) were examined in 33
masculinized females from both experiments (chosen
because the anal fin tip was intact). Number of
serrae varied from three to eight, and was positively
correlated with MI (r=0.46, n= 33, p=0.007).
Dorsal hooks on rays 4 and 5 always occurred together
and were present in all but three females. The ventral
blade on ray 4 and spines on ray 3 were difficult to dis-
cern and presence was highly variable. There appeared
to be no relationship between the presence of either
blades or spines with MI or with each other.

In the behaviour trials, evidence of masculinized
behaviour varied significantly among treatments
(figure 2b; electronic supplementary material, video S2;
n=28, x*=18.94, df. =3, p<0.0001). All females
examined from the 0.5 mg 1! dose attempted copulations
with stimulus females. Of those treated with 0.1 mg1~!
cortisol, only one exhibited masculinized behaviour, but
the number of copulation attempts by this female
exceeded that of some females treated with 0.5 mg1 .
The frequency of copulatory attempts by masculinized
females actually exceeded the frequency of such attempts
by normal males towards control females (figure 2b).
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4. DISCUSSION

We were able to induce morphological and behavioural
masculinization of adult females, not by manipulating
an androgen, but rather by manipulating a stress hor-
mone. Our results suggest an unexpected interaction
between stress and androgenic endocrine pathways in
adult vertebrates. Although cortisol-exposed females
did not exhibit an MI equivalent to that of normal
males (range 2.45-2.61; [10]), they did exhibit MIs
and distal tip structures remarkably similar to those
of female mosquitofish treated with 11-ketotestoster-
one (11-KT), the primary androgen in males of
many fish species: females fed 11-KT in the diet dis-
played an MI ranging from 1.35 to 1.55 and eight to
10 serrae (normal male range is five to eight [10]).

Our finding that cortisol can masculinize behaviour
and morphology in sexually mature females comp-
lements recent studies reporting masculinizing effects of
exposure to elevated levels of cortisol, its metabolites or
social stress early in life on morphology in fish [11,12],
and on the physiology and behaviour of female guinea
pigs [13]. The mechanism(s) by which cortisol or stress
induce such masculinization in adulthood are currently
unknown. However, a strong candidate is upregulation
of 11B-hydroxysteroid dehydrogenase (11B3-HSD),
an enzyme that both inactivates cortisol and is involved
in synthesis of 11-KT, even in mammals [14].

The distal growth of the rays in cortisol-treated
females is additionally surprising because fin rays are
bony structures and cortisol typically reduces bone for-
mation, although considerable individual variation in
sensitivity exists [15]. Future research will thus be
directed at determining the relative roles of cortisol
and possible 11B-HSD-induced androgen production
on anal fin elongation.

Our results also have important implications for
EDC research. To date, the major focus of effects of
EDCs that interfere with glucocorticoid function has
been on metabolic syndrome, obesity and immune
function [16]. Our findings compel future research
efforts to examine possible effects on sexual differen-
tiation of reproductive morphology and behaviour,
even for EDCs not traditionally considered to be
androgenic or estrogenic, particularly in fishes.

Studies were approved by our institutional JACUC (RO08-
007A, R08-007B).
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