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Abstract

In the tinfoil barb (Barbonymus schwanenfteldii; family Cyprinidae), we previously found that increased olfactory sensitivity to
a female prostaglandin pheromone could induce sexual behavior display in juvenile fish treated with androgens. Here, we
determined if this phenomenon is widespread among cyprinid fishes by adding 17a-methyltestosterone (MT) to aquaria
containing juveniles of 4 cyprinid species (tinfoil barbs; redtail sharkminnows, Epalzeorhynchos bicolor; goldfish, Carassius
auratus; zebrafish, Danio rerio) and then using electro-olfactogram (EOG) recordings and behavioral assays to determine if
androgen treatment enhances pheromone detection and male sex behaviors. In all 4 cyprinids, MT treatment increased the
magnitudes and sensitivities of EOG response to prostaglandins and, consistent with our initial study on tinfoil barbs, did not
affect EOG responses to the free and conjugated steroid to which each species is most sensitive. In zebrafish, EOG responses to
prostaglandins were similar in MT-treated juveniles and adult males, whereas responses of control (ethanol exposed) fish were
similar to those of adult females. Finally, as previously observed in tinfoil barbs, MT treatment of juvenile redtail sharkminnows
increased courtship behaviors (nuzzling and quivering) with a stimulus fish. We conclude that androgen-induced increase in
olfactory responsiveness to pheromonal prostaglandins is common among the family Cyprinidae. This phenomenon will help

us unravel the development of sexually dimorphic olfactory-mediated behavior.
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Introduction

In vertebrates, gonadal steroids can induce sexually dimor-
phic olfactory functions in terms of detecting and responding
to certain odorants (reviews by Mofatt 2003; Bodo 2008). For
example, testosterone (T) treatment increases fos immunore-
activity in neurons of the main olfactory bulb glomeruli of
castrated ferrets presented with bedding soiled by estrous fe-
males (Kelliher et al. 1998), and mice treated with T display
increases in neuronal firing in the olfactory bulb in response
to female urine odors (Pfaff and Pfaffmann 1969). Given that
gonadal steroids induce changes in second-order olfactory
centers, potentially affecting perception and motor responses
to odorants, it is also possible that gonadal steroids act di-
rectly on olfactory sensory neurons (OSNs), bringing about
physiological changes in peripheral processing of odorants.
To our knowledge, there is no direct physiological evidence
that gonadal steroids modulate responses of OSNs in mam-
mals, although indirect evidence is provided by the finding
that systemic T or estradiol (E2) increases fos immunoreac-
tivity in vomeronasal neurons of gonadectomized mice
(Halem et al. 1999, 2001). On the other hand, there is evidence

that gonadal steroids affect OSN responses in both fish and
amphibia. Treating ovariectomized Japanese fire belly newts
(Cynops pyrrhogaster) with E2 and juvenile (immature) tin-
foil barbs (Barbonymus schwanenfeldii) with the androgens
17a-methyltestosterone (MT) and 11-ketotestosterone in-
creased pheromone-induced extracellular field potentials
(electro-olfactogram; EOG) recorded from the surface of
the olfactory epithelium (OE) (Cardwell et al. 1995; Toyoda
and Kikuyama 2000). Although these findings suggest that
gonadal steroids act directly on OSNs to influence sensory
processing of pheromonal odorants, the phenomenon re-
mains virtually unexplored.

Gonadal steroids are well known to increase the display
of male sexual behaviors in a variety of fishes (reviewed
by Stacey and Sorensen 2009). Although these behavioral
effects likely are mediated by steroid actions at multiple
sites within the nervous system, the fact that an intact
olfactory system appears to be necessary for the display of
male reproductive behaviors (reviewed by Hamdani and
Deoving 2007; Stacey and Sorensen 2009) suggests that the
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olfactory system is one likely target. In particular, seasonal
increases in plasma androgens (reviewed by Pankhurst 2008)
may act through androgen receptors in the OE (Pottinger
and Moore 1997) either to affect the function of existing
OSNs or to favor recruitment of particular OSN types, as
has recently been suggested for crypt cells in crucian carp,
Carassius carassius (Hamdani et al. 2007). Consistent with
this hypothesis, results from a number of EOG studies show
that olfactory responsiveness to putative pheromones in-
creases with sexual development in a variety of fishes (Moore
and Scott 1991; Bjerselius and Olsén 1993; Irvine and Soren-
sen 1993; Cardwell et al. 1995; Moore and Waring 1996)
and can be induced by androgen treatment in juveniles
(Cardwell et al. 1995; Stacey et al. 2003). A similar phenom-
enon evidently occurs in mammals, where recent studies
have shown that T and E2 affect expression of vomeronasal
organ odorant receptor genes in mice (Alekseyenko et al.
20006).

The central objective of this study was to assess the feasi-
bility of using fishes in the family Cyprinidae as models for
basic and comparative studies of endocrine effects on devel-
opment and regulation of sexually dimorphic olfactory func-
tion. Cyprinids appear well suited for such studies because
they are diverse (more than 2400 species) and include the
zebrafish Danio rerio, a model vertebrate, and the goldfish,
Carassius auratus, which has evolved a complex sex phero-
mone system in which steroids and F-series prostaglandins
(PGFs) released by periovulatory females induce a suite of
behavioral and endocrine effects in males (Kobayashi
et al. 2002; Stacey and Sorensen 2009). Previous cyprinid
studies have shown that androgen treatment of juvenile tin-
foil barbs (Cardwell et al. 1995) and rainbow sharkminnows
(Epalzeorhynchos frenatus; Stacey et al. 2003) does not affect
EOG responsiveness to steroids but greatly increases re-
sponse to PGFs, thus mimicking the sexually dimorphic ol-
factory responses of adults. Perhaps most importantly,
because female sex behavior (stereotyped oviposition acts)
can be induced within minutes by injecting otherwise un-
treated juveniles with PGF,, (Cardwell et al. 1995), it is
straightforward to conduct behavioral bioassays to determine
in juveniles the functional relationship between androgen-
induced increase in PGF detection and ability to display male
sexual behaviors.

From this perspective, the key specific objective in this
study was to determine whether androgen-induced change
in olfactory response to pheromones is a widespread phe-
nomenon in cyprinids by conducting EOG recordings on an-
drogen-treated juveniles of phylogenetically diverse species
of cyprinids (see Nelson 2006; Wang et al. 2007; Li et al.
2008). Beyond this, we sought to determine if previously re-
ported androgen effects on EOG response to hormonal
odorants (Cardwell et al. 1995; Stacey et al. 2003) could
be confirmed in tinfoil barbs and extended to 3 additional
species: redtail sharkminnow (Epalzeorhynchos bicolor),
goldfish, and zebrafish.

Materials and methods

Fish

Immature (juvenile) redtail sharkminnows and tinfoil barbs
were purchased from Aquatic Imports and maintained in the
Aquatics Facility at the University of Alberta (Edmonton,
Alberta, Canada); immature goldfish and zebrafish (type
AB) were bred and reared in the Aquatics Facility. Fish were
initially classified as immature based on size and age. Post
EOG and behavioral analysis, this was confirmed by exam-
ining the gonads of immature fish. In all cases, thread-like/
undeveloped gonads of immature fish were confirmed. All
fish were maintained on a 14:10 h light:dark photoperiod
in 65 L aquaria with gravel and a flow-through dechlorinated
tap water source (27 °C) and were fed brine shrimp (Artemia
spp.) and commercially available algae (Spirulina) flakes.

Steroid treatment

Test fish were treated with MT (Steraloids) added daily to
aquaria for 21 consecutive days (methods adapted from
Bayley et al. 1999; Stacey et al. 2003); the main route of up-
take of lipophilic compounds, such as sex steroids, is most
likely via the gills (Randall et al. 1998; Scott and Ellis
2007). On each of the treatment days, water inflow was
turned off in the evening and 1 mL of an MT stock solution
(0.2 mg/mL dissolved in 95% ethanol) was delivered to each
aquarium near the airstone creating an aquarium water con-
centration of approximately 10~® M; control fish were treated
with the same volume of 95% ethanol. The following morn-
ing, approximately 12 h after MT addition, water flow was
restored. During treatment, juveniles of each of the 4 species
were held in 2 control (ethanol treated) and 2 experimental
(MT treated) aquaria (5-7 fish per aquarium). Control and
MT-treated experimental aquaria for each species began
treatment alternately and several days apart, in order that
all fish could be used for EOG recording or behavioral test-
ing 21-23 days after beginning treatment.

At the termination of experiments, weight and standard
length (mean * standard deviation) of juveniles of the 4 spe-
cies were as follows: redtail sharkminnows (N =12; 1.4 £ 0.3
gand 5.2 + 0.2 cm); tinfoil barbs (N=8;3.2 £ 0.8 gand 6.7 £
0.5 cm); goldfish (N = 10; 0.9 £ 0.5 g and 4.4 + 0.6 cm);
zebrafish (N = 8; 0.2 £ 0.02 g and 2.6 * 0.1 cm). Weight
and standard length of untreated adult zebrafish (N = 10)
was 0.4 + 0.1 gand 3.6 = 0.2 cm. Within each species, weights
and lengths of control and MT-treated fish were not
significantly different (¢-tests, P > 0.05).

EOG recording

EOG recording procedures were similar to those described
by Cardwell et al. (1995). Immediately prior to recording,
fish were anesthetized by immersion in tricaine methanesul-
fonate (MS-222; 0.4% for redtail sharkminnows, tinfoil
barbs, and goldfish and 0.2% for zebrafish), wrapped in
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wet tissue, and secured to a stand placed in an electrically
grounded water bath. A polyethylene tube was positioned
in the mouth so that the gills were continuously perfused with
aerated, dechlorinated tap water (~27 °C) containing 0.1-
0.2% MS 222 to maintain anesthesia for the duration of
the recording. Gelatin-filled (8% in 0.6% NaCl) glass micro-
pipettes were used to bridge the OE to Ag/AgCl electrodes
filled with 3 M KCI. A recording electrode was placed over
the OE, and the tip of a second reference electrode was placed
in the water bath. The OE was constantly perfused with dech-
lorinated tap water (background water; ~27 °C), and a com-
puter-controlled solenoid delivered 2-s pulses of test odorants
by switching between the background water and test solu-
tions (diluted appropriately in background water).
Amplified signals (World Precision Instruments DAMS50-
H DC amplifier) were digitized (National Instruments Lab-
PC A/D converter), and absolute response magnitude (base
to peak voltage difference) was recorded for 15 s from the
initiation of the odor pulse. Background responses were sub-
tracted from odorant responses and 2 min between each
odorant was allowed to avoid adaptation. Recording from
anesthetized fish was initiated after confirming an olfactory
response to 10~ M L-alanine, a food odor cue (Caprio 1984).
If the response to L-alanine was greater than 1 mV and back-
ground responses were negligible (response to blank water
was 0.00-0.10 mV in all cases), testing with steroid and pros-
taglandin odorants was initiated. Throughout the course of
a recording session, the response to 10~ M L-alanine was
monitored frequently to ensure the stability of the recording.

Odorants

For each of the 4 cyprinid species, prostaglandin and steroid
test odorants were selected on the basis of previous responses
during EOG and olfactory studies. Thus, prostaglandin-
F,, (PGF,,), 15-keto-PGF,, (15K-PGF,,), and 17,2083-
dihydroxy-4-pregnen-3-one-sulfate (17,20B-P-s) were used
in EOG recordings of redtail sharkminnows (Stacey et al.
2003) and zebrafish (Stacey and Cardwell 1995, 1997;
Freidrich and Korsching 1998; Stacey and Sorensen 2009);
PGF,,, 15K-PGF,,, and 17,20B-dihydroxy-4-pregnen-
3-one (17,20B-P) were used for goldfish EOG recordings
(Sorensen et al. 1987, 1988); and PGF,,, 15K-PGF,,, and
17,21-dihydroxy-4-pregnen-3-one (17,21-P) were used in re-
cordings of tinfoil barbs (Cardwell et al. 1995).

Stock solutions (1072 M) of L-alanine (Sigma Chemical
Company) were prepared in double-distilled, deionized wa-
ter and stored at 0 °C. L-alanine test solutions (10> M) were
prepared during EOG recordings by diluting stock solution
1:1000 in background water. Stock solutions (10~ M) of
PGFs (Cayman Chemical Company) and steroids (Stera-
loids) were prepared in 100% ethanol and stored at —20 °C.
Prostaglandin and steroid working solutions (10 M)
were prepared by diluting stock solution 1:1000 in double-
distilled, deionized water, stored at 4 °C prior to use, and
used to prepare fresh test solutions during EOG recordings.
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Prostaglandin and steroid test solutions (107'% to 10® M)
were prepared immediately before each odor presentation
by appropriately diluting a 10°° M working solution in 40
mL background water; each test solution was used only once
and then discarded. When testing a concentration series,
odors were always presented in increasing log molar incre-
ments from 107"* M to 107 M.

Test for male spawning behavior in juvenile redtail
sharkminnows

To determine if MT treatment facilitates the display of male
courtship behaviors in immature redtail sharkminnows, 40-
min behavioral tests were conducted 21-23 days after the
start of MT and ethanol treatments using 4 glass tanks
(19.5 cm long x 39.5 cm wide x 23.5 cm tall) that contained
18 L of 27 °C dechlorinated water. To facilitate video record-
ing (Panasonic PV-L651) through the tank front, tanks were
covered on each side by black plastic and on the back by
white plastic. A plastic tube delivering 50 mL/min of 27
°C dechlorinated water was positioned just above the surface
at the back right corner of each tank because, in aquaria,
redtail sharkminnows are reported to spawn in the current
of tank filters or airstones (Naznov 1981; Vajdak 1983).
For each behavioral test, 1 MT-treated or ethanol-treated
(control) fish was placed with 1 immature stimulus fish of
unknown sex and behavioral interactions were recorded con-
tinuously for two 20-min test periods. Prior to the first 20-
min test, the stimulus fish was injected with teleost saline
(and therefore should not have been emitting female ovula-
tory signals that elicit male courtship); between the first and
second 20-min tests, the stimulus fish was injected with
PGF,, to induce both the release of pheromonal prostaglan-
dins that elicit male courtship and the display of female
spawning behavior (Stacey 1976; Sorensen et al. 1988;
Kobayashi et al. 2002). Each MT-treated and control fish
was tested only once.

To begin each behavioral test, ] MT (5.3+0.7cm; 1.5+ 0.6 g,
N =10) or control (5.1 £ 0.5 cm; 1.4 £ 0.6 g, N = 10) fish was
added to a test tank together with an immature stimulus fish
(5.3 £0.7cm; 1.5 £ 0.7 g, N = 20) that could be identified
visually by a clipped caudal fin, and the pair was allowed
to acclimate to the test tank for 1 h. The stimulus fish was
then removed, injected intraperitoneally (i.p.) with 5 puL tel-
eost saline (Hagiwara and Takahashi 1967), and returned to
the tank where behavior was videotaped continuously for 20
min. The stimulus fish was then removed a second time, in-
jected i.p. with 5 uLL Lutalyse (Pfizer; 25 ng PGF»,), and re-
turned to the test tank, and behavior was recorded for
a second 20-min period. All behavioral tests were performed
in July 2008, between 0900 and 1800 h.

Video recordings of fish interactions were viewed on
a Panasonic Color Monitor (BT-S1000N), and time per-
forming courtship-like behaviors was scored. As described
by Vajdak (1983), male “courtship’ begins with a male chas-
ing a female and progresses to ‘“‘nuzzling” (male and female
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aligned in parallel) and “quivering” (rapid side by side un-
dulations of both fish), at which point oviposition and ejac-
ulation occur, the fish push away from each other, and the
male soon resumes chasing. Because redtail sharkminnows
exhibit both courtship and agonistic chasing, which appear
to be qualitatively similar, we assessed courtship activity by
the duration of nuzzling and quivering with the stimulus fish
and the occurrence of quivering.

Statistical analysis

EOG data are presented and analyzed as millivolt (+standard
error of the mean) responses, rather than being normalized
to the r-alanine standard because, in all 4 cyprinid species,
the magnitudes of the EOG responses induced by 107
M L-alanine tended to be greater in control fish than in
MT-treated fish (z-tests; see Results). For juveniles of each
species, differences between control and MT-treated fish in
the EOG concentration-response tests were analyzed by 2-
way analysis of variance (ANOVA) (factors: treatment
and concentration) and Fisher least significant difference
(LSD) post hoc tests. Differences in the magnitudes of
EOG responses to 107 M test odorants in adult and juvenile
zebrafish were analyzed by 2-way ANOVA (factors: fish type
and odor type) and Fisher LSD post hoc test. As in Cardwell
et al. (1995), EOG response thresholds for each odorant were
defined as the lowest dose where the 95% confidence interval
did not include 0.

For the behavioral tests in redtail sharkminnows, the total
times spent nuzzling and quivering with the stimulus fish in
the first and second 20-min observation periods were com-
pared both within fish (to determine the effect of PGF,,, in-
jection in the stimulus fish) and between control and MT
treatments by 2-way ANOVA (factors: test fish treatment
and stimulus fish treatment) and Fisher LSD post hoc test.

Results
Effects of androgen treatment on EOG responses

Effect of MT on t-alanine responses

In all 4 cyprinid species, the magnitude of EOG responses to
the 10> M L-alanine standard tended to be greater in control
than in MT-treated fish, and in redtail sharkminnows, this
difference was significant (P < 0.05; z-test; Figure 1). EOG
responses to steroid and prostaglandin test odors are there-
fore presented as millivolt rather than being normalized as
a percentage of the L-alanine standard.

Redtail sharkminnows

MT treatment significantly affected the EOG responses of ju-
venile redtail sharkminnows to PGF,, but not to 17,20B-P-s
(Figure 2A—C). For example, at a concentration of 10 M,
PGF,,, induced significantly greater EOG response magni-
tudes in MT-treated than in control fish (2-way ANOVA with

7.59 7 control
[ MT-Treated

5.0
>
£ *

- |—I—h Fh

0
RT B GF ZF

Fish Tested

Figure 1 EOG responses (mean + standard error) to 107> M L-alanine of
ethanol-treated control (white bars) and MT-treated juvenile fish (gray bars).
Redtail sharkminnows (RT), N = 6 per treatment; tinfoil barbs (TB), N = 4 per
treatment; goldfish (GF), N = 5 per treatment; zebrafish (ZF), N = 4 per
treatment. * Denotes P < 0.05.

Fisher LSD post hoc test, F=189.12, P < 0.0001), although
both treatment groups appeared to exhibit similarly extreme
sensitivity to this PGF (threshold < 107" M). In contrast,
MT-treated fish were more sensitive to 15K-PGF,, than
were control fish (olfactory thresholds of <107'? and
1071°, respectively), even though the magnitudes of 15K-
PGF,,~induced EOG response did not differ between the
groups.

Tinfoil barbs

In juvenile tinfoil barbs, MT increased EOG magnitudes in re-
sponse to 15K-PGF,, but not in response to 17,21-P (Figure
2D-F). For 15K-PGF,,, significant increases (2-way ANOVA
with Fisher LSD post hoc test, F' = 267.16) in EOG response
magnitudes were observed for concentrations of both 10°° M
(P <0.01)and 10 M (P < 0.0001). There were no differences
in threshold sensitivity between M T-treated and control fish to
both PGFs (107! M for PGF,, and <1072 M for 15K-PGF,,)
and 17,21-P (<107'2 M).

Goldfish

In juvenile goldfish, MT treatment significantly increased EOG
responses to PGFs but not to 17,208-P (Figure 2G-I).
Compared with control goldfish, MT-treated individuals
had larger EOG responses to PGF,, at 10 M (2-way AN-
OVA with Fisher LSD post hoc test, F=146.75, P < 0.0001)
and to 15K-PGF,, at 107'° (P < 0.01), 10 (P < 0.01), and
10 M (P < 0.01) (2-way ANOVA with Fisher LSD post hoc
test, F'=73.33). MT treatment also lowered olfactory thresh-
old to PGF (107'° M for MT-treated juvenile fish vs. 107 M
for controls) and 15K-PGF,,, (10 M for MT-treated juve-
nile fish vs. 1078 M for controls). In contrast, threshold con-
centration for 17,20B-P was 107" M for both treated and
control goldfish.

Zebrafish

In juvenile zebrafish, MT treatment significantly affected
EOG responses to PGFs but not to 17,20B-P-s (Figure
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Figure 2 EOG response magnitudes (mean + standard error) of juveniles of 4 cyprinid species (redtail sharkminnows [A-C], N = 6 per treatment; tinfoil
barbs [D—F], N = 4 per treatment; goldfish [G-I], N = 5 per treatment; zebrafish [J-L], N = 4 per treatment) following addition of MT (filled circles) or ethanol
vehicle (control) juvenile (empty circles) to aquarium water for 21 days. *P < 0.05, **P < 0.01, and ***P < 0.0001 indicate significance of differences
between EOG response magnitudes of MT-treated and control fish.
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2J-L). Compared with control juveniles, MT-treated fish
had larger EOG response magnitudes to both 10~° M
(P <0.01) and 10® M (P < 0.0001) PGF,, (2-way ANOVA
with Fisher LSD post hoc test, F=96.12) and to 10~ M 15K-
PGF,, (2-way ANOVA with Fisher LSD post hoc test, F'=
87.10). MT-treated fish also had lower olfactory thresholds
for both PGF», (107! M) and 15K-PGF,, (10 M) than did
control fish (10° and >10" M, respectively). In contrast,
there was no apparent difference in olfactory threshold to
17,20B-P-s (<107'2 M for both treatments).

L-alanine—induced EOG responses of adult zebrafish (adult
males 2.5 = 0.4 mV; adult females 3.0 + 0.4 mV) and juveniles
(MT-treated juveniles 3.4 £ 0.5 mV; control juveniles 4.0 +
0.5 mV) did not differ (1-way ANOVA, F=2.01, P> 0.05).
EOG response magnitudes of MT-treated juveniles to 10 M
PGF,, and 15K-PGF,, were similar to those of adult male
zebrafish, whereas responses of control fish were similar to
those of adult females (2-way ANOVA with Fisher LSD post
hoc test; F = 311.3, P < 0.0001, Figure 3). Overall, there
was no difference (P > 0.05) in EOG response magnitudes
to 17,20B8-P-s among the 4 groups of adult and juvenile
zebrafish.

MT-induced changes in courtship behavior

When paired with a saline-injected stimulus fish, both MT-
treated and control redtail sharkminnows spent approxi-
mately 2% of the first 20-min test period performing apparent
courtship behaviors. This level of activity was unchanged in
control fish when their stimulus fish were later injected with
PGF,,; however, MT-treated fish significantly increased
courtship duration when exposed to PGF,,-injected stimulus
fish (2-way ANOVA with Fisher LSD post hoc test; F =
48.80, P < 0.0001; Figure 4). Importantly, MT-treated fish
performed 1.4 % 0.2 bouts of quivering behavior with
PGF,,-injected stimulus fish during the second 20-min test
period, whereas no quivering events occurred when MT-
treated fish were paired with a saline-injected stimulus fish
or when control-treated fish were paired with either a saline-
injected or a PGF,,-injected stimulus fish.

Discussion

This study demonstrates that the androgen MT enhances ol-
factory responses of 4 cyprinid species to prostaglandin
odorants that serve as female sex pheromones in goldfish
(Sorensen et al. 1988; Kobayashi et al. 2002) and also are
likely to do so in other cyprinids (Stacey et al. 1994; Cardwell
et al. 1995). Despite this pervasive effect on olfactory re-
sponse to PGFs, however, MT did not affect EOG responses
to any tested steroid odorant, consistent with earlier studies
of androgen-treated juvenile tinfoil barbs and rainbow
sharkminnows (Cardwell et al. 1995; Stacey et al. 2003).
In addition to our findings that MT increases EOG respon-
siveness to PGFs, this androgen treatment in juvenile redtail

[ Control
[ Aduit Female
B MT-Treated

b
2 ] Adult Male
b
b2 4
a
]l a a &
a

0

PGF,, 15K-PGF,,  17,20B-P-s

mvV

Figure 3 EOG response magnitudes (mean + standard error) of juvenile
(control, N = 4; MT treated, N = 4) and adult (males, N = 5; females, N = 5)
zebrafish. Treatment groups with the same superscript are not significantly
different (P < 0.05).

1 -
50 [ saline il
2£ I PGFy, T
[
5 © 100 i
€%
o o
Qo
E3 £
=3 IiL ’iD

0

Control MT-Treated

Figure 4 Time (seconds = standard error) performing courtship behaviors
(nuzzling and quivering) by ethanol (control) and MT-treated juvenile redtail
sharkminnows (N = 10 per treatment) in response to size-matched stimulus
fish injected with 5 pL of saline (white bars) and PGF,,, (gray bars) (**, P <
0.001).

sharkminnows also increases display of behaviors that not
only appear indistinguishable from the nuzzling and quiver-
ing behaviors described by Vajdak (1983) in spawning adult
males but also are directed more toward PGF-injected part-
ners than toward saline-injected partners. Together, these
findings indicate that, at least in cyprinid fishes, increased
androgen synthesis during sexual maturation and reproduc-
tive cycles has the potential to modulate olfactory sensory
responsiveness to specific odorants, possibly through the ac-
tions of hormonal androgens on nuclear androgen receptors
located in the OE (Pottinger and Moore 1997). Androgen
receptor activation may then promote differential olfactory
receptor expression and/or increases in certain types of OSNs
(Alekseyenko et al. 2006; Hamdani et al. 2007), leading to
sexually dimorphic olfactory responses.

Our findings that androgen modulates olfactory responsive-
ness in cyprinids are supported by diverse studies in other
vertebrate groups. For example, estrogen feminizes electro-
sensory and motor systems in the weakly electric Sternopygus
(Dunlap et al. 1997) and also induces in nonreproductive
female plainfin midshipman (Porichthys notatus) auditory
responses to male vocalizations that are typical of reproduc-
tive females (Sisneros et al. 2004). In rats, estrogen treat-
ment changes the sensitivity of vaginal mechanoreceptors
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(Komisaruk et al. 1972), and neonatal T treatment increases
adult pain thresholds during inflammation (Borzan and Fuchs
2006).

Despite the fact that MT treatment consistently enhanced
PGF-induced EOG responses in the 4 cyprinids used in this
study, MT had no effect on olfactory responsiveness to any
steroid odorant. Although it might seem counterintuitive that
MT treatment affects responsiveness to prostaglandins but
not to steroids and that the steroid-induced EOG responses
of untreated juvenile zebrafish were comparable to those of
adults, these findings confirm the previously reported ineffec-
tiveness of MT treatment on steroid-induced EOG responses
of juvenile fish (tinfoil barbs, Cardwell et al. 1995; rainbow
sharkminnows, Stacey et al. 2003) and are consistent with
studies in other fishes. For example, EOG responses to ste-
roid odorants are equivalent in adult males and females of a
variety of species including goldfish (Sorensen et al. 1987),
crucian carp, C. auratus (Bjerselius and Olsén 1993), common
carp, Cyprinus carpio (Irvine and Sorensen 1993), the round
goby, Neogobius melanostomus (Murphy et al. 2001), and the
cichlid, Astatotilapia (=Haplochromis) burtoni (Cole and
Stacey 2006). Although Irvine and Sorensen (1993) found
that the pheromonal steroids 17,20B-P and 17,20B3-P-s induce
larger EOG responses in adult common carp than in juve-
niles, at least a portion of this reported difference resulted
from normalizing steroid-induced responses to those of the
L-serine standard, which induced significantly greater EOG
responses in juvenile carp than in adults (Irvine and Sorensen
1993); indeed, it is for this reason that we here report our
EOG data in millivolts rather than as a proportion of our
L-alanine standard. To our knowledge, the only clear evi-
dence for sexually dimorphic EOG responses to steroid odor-
ants in fishes comes from the roach (Rutilus rutilus),
a cyprinid (Lower et al. 2004). Although EOG thresholds
for free and glucuronidated 17,20B-P are similar in male
and female roach, suprathreshold concentrations of these ste-
roids induce much larger EOG responses in males than in fe-
males. More importantly, Lower et al. (2004) reported that
androstenedione is a potent odorant for males (107'° M
threshold) but undetectable by females, even at the extremely
high concentration of 10°® M (Lower et al. 2004), a sexual
dimorphism in EOG response that has not been observed
in any other fish. In this regard, it should also be noted that
Lastein et al. (2006) report a marked sexual dimorphism in
pheromone-induced responses of second-order olfactory
bulb neurons of crucian carp, in which 236 of 397 neurons
recorded in males responded exclusively to 1 steroid or pros-
taglandin odorant, whereas only 1 of 96 neurons recorded in
females displayed such discrimination. Unfortunately, the
relevance of this gender difference to our findings of MT-
induced EOG change is unclear.

In fishes with sexually isomorphic EOG responses to ste-
roid odorants, it seems reasonable to hypothesize that male-
typical primer and releaser responses to these odorants
derive not from differential OSN function but from actions

Methyltestosterone-Induced Changes in EOG Responses 71

of androgenic hormones on neural sites to which OSNs or
higher order olfactory neurons project. Tests of this hypoth-
esis have exploited the sexual bipotentiality of the adult fish
brain (Kobayashi et al. 2002) to determine if androgen-
treated females exhibit male-typical pheromone-induced re-
sponses. For example, in goldfish, where EOG responses to
pheromonal 17,20B-P are equivalent in males and females
(Sorensen et al. 1987) but luteinizing hormone (LH) re-
sponses are gender specific, androgen-treated females exhibit
the male-typical LH response when exposed to the phero-
mone (Kobayashi et al. 1997). An apparently similar situa-
tion occurs in the round goby, a perciform, in which a suite of
free and conjugated steroid odorants induce sexually isomor-
phic EOG responses but sexually dimorphic behavioral re-
sponses (Murphy et al. 2001); as in goldfish, MT
treatment induces female gobies to display male-typical be-
havioral responses (Murphy and Stacey 2002). These andro-
gen treatments might induce male-typical responses simply
by lowering response thresholds to sensory input. In nonre-
productive male gobies, for example, the threshold for the
estrone-induced ventilation response is 10 M, whereas in
reproductive males, it falls to 10'" M (Belanger et al.
2007), the threshold for estrone-induced EOG response in
males and females (Murphy et al. 2001). By demonstrating
that EOG responsiveness is androgen independent in a vari-
ety of cyprinids that detect distinct steroids and steroid con-
jugates, our present and earlier studies (Cardwell et al. 1995;
Stacey et al. 2003) suggest that cyprinids can be valuable
model species for investigating centrally mediated androgen
actions on pheromone-induced, sexually dimorphic primer
and endocrine responses.

Although EOG studies have shown that PGFs are detected
by the olfactory systems of fishes from orders Cypriniformes,
Characiformes, Siluriformes, and Salmoniformes (reviewed
by Stacey and Sorensen 2009), only in cypriniforms and sal-
moniforms have PGF-induced EOG responses of males and
females been compared. Consistent with the findings of the
present study, EOG studies of other cyprinid fishes provide
clear evidence that male-typical biological responsiveness to
PGF pheromones might be attributable to androgenic ac-
tions at the level of the OE. For example, sexually dimorphic
EOG responses to PGFs have been reported in adult goldfish
(Sorensen and Goetz 1993), tinfoil barbs (Cardwell et al.
1995), Barilius bendelisis (Bhatt et al. 2002), rainbow shark-
minnows (Stacey et al. 2003), and, in the present study, red-
tail sharkminnows and zebrafish. These adult gender
differences in PGF-induced olfactory response likely are an-
drogen mediated because androgen treatment enhances re-
sponse to PGFs not only in the 4 cyprinids examined in
this study but also in 3 other cyprinids: java barbs (Barbo-
nymus gonionotus; Cardwell et al. 1995), B. bendelisis (Bhatt
et al. 2002), and rainbow sharkminnows (Stacey et al. 2003).
In contrast to this consistent trend for sexually dimorphic
responses to PGFs in cyprinids, the situation in salmoniform
fishes differs in several important respects. First, whereas
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EOG studies show that PGFs are detected by all of more
than 75 species of cypriniforms representing the breadth
of cypriniform diversity, it is clear that some salmonids
(e.g., genus Oncorhynchus) do not detect these compounds
(reviewed by Stacey and Sorensen 2009). Second, reports
of sexually dimorphic responses to PGFs in salmoniforms
have been inconsistent. For example, Laberge and Hara
(2003) report that olfactory thresholds to PGFs are similar
in male and female lake whitefish (Coregonus clupeaformis)
and brown trout (Salmo trutta), although males exhibit
larger responses than females at suprathreshold concentra-
tions. Moreover, Moore et al. (2002) report that only mature
brown trout parr detect PGFs (immature parr had no EOG
response even at 10~ M), whereas data from Laberge and
Hara (2003) show that PGFs are detected by undifferenti-
ated juveniles, adult females, and bourgeois (parental) males,
consistent with findings by Essington and Sorensen (1996) in
brown trout and by Sveinsson and Hara (2000) in arctic
charr (Salvelinus alpinus).

Unexpectedly, exposure to MT also reduced the magnitude
of L-alanine-induced EOG responses in all 4 test species, al-
though the decrease was significant only in redtail sharkmin-
nows. The mechanism underlying this effect is not known but
could result if MT induced a proliferation of PGF-sensitive
OSNs, thereby reducing the density of alanine-sensitive
OSNs. Reduced EOG responsiveness to amino acids has also
been reported in hungry, but not recently fed, axolotls, 4m-
bystoma mexicanum (Park and Eisthen 2003; Mousley et al.
2006), in which both gonadotropin-releasing hormone
treatment and neuropeptide Y induce rapid and transient de-
creases and increases, respectively, in EOG magnitude, sug-
gesting that release of these neuropeptides from the terminal
nerve to the OE might normally modulate feeding responses
in relation to reproductive condition and hunger. If such
short-term neuropeptide effects occur in cyprinids, they
are likely distinct from the androgen effects reported here,
which evidently represent a sexual dimorphism that is estab-
lished at puberty and then maintained by continued andro-
gen action throughout reproductive adulthood.

Androgens may exert their effects directly on the OE, caus-
ing changes in peripheral sensitivity to PGFs, in several ways.
First, androgens may bind receptors found in the OE
(Pottinger and Moore 1997), leading to increases in the num-
ber of olfactory receptors and/or varying sensitivity of the re-
ceptors. Findings by Alekseyenko et al. (2006) support this
hypothesis by showing that, in mice, T modulates the expres-
sion of vomeronasal receptors, thus altering behavioral re-
sponses to pheromones. Second, androgens may increase
OSN density because MT treatment increases OE thickness
in goldfish (Yamazaki and Watanabe 1979) and OE surface
area increases during puberty in platyfish (Xiphophorus
maculatus) (Schreibman et al. 1984). Increases in OSN cell
number may coincide with an increase in putative pheromone
detecting OSNs (crypt cells) in the OE of crucian carps
(Hamdani et al. 2007). Furthermore, basal olfactory cells dif-

ferentiate into neurons in approximately 9 days (Graziadei
and Monti Graziadei 1979), coinciding with findings by Card-
well et al. (1995) who show that increases in EOG responses
to PGFs begin approximately 9 days post-MT treatment. In-
deed, androgen-induced changes in peripheral olfactory mor-
phology may be responsible for changes in the sensitivity of
the OE to putative PGF pheromones and increases in court-
ship behaviors observed in this study. Future work examining
cellular-level changes in the OE during treatment with
gonadal steroids will provide insights on changes in odorant
sensory transduction and stimulus response in vertebrates.

In summary, this study shows that androgen treatment of
a variety of juvenile cyprinids changes olfactory responses to
pheromonal odorants that coincide with induction of the po-
tential for male-typical, olfactory-mediated sex behaviors.
Cyprinid fishes should serve as excellent vertebrate model
organisms for examining endocrine effects on olfactory sys-
tem development because they include both the goldfish, in
which hormonally derived sex pheromones are well charac-
terized, and the zebrafish, a commonly used vertebrate
model organism.

Funding

Natural Sciences and Engineering Research Council of Can-
ada grant to N.E.S.; postdoctoral fellowships from Natural
Sciences and Engineering Research Council of Canada;
Alberta Ingenuity to R.M.B.

Acknowledgements

We thank the staff in the Aquatics Facility at the University of Al-
berta for their continued technical support and animal care. Also,
we are grateful for the both the adult and juvenile zebrafish supplied
by Dr W.T. Allison and A. McCorry.

References

Alekseyenko OV, Baum MJ, Cherry JA. 2006. Sex and gonadal steroid
modulation of pheromone receptor gene expression in the mouse
vomeronasal organ. Neuroscience. 140:1349-1357.

Bayley M, Nielsen JR, Baatrup E. 1999. Guppy sexual behavior as an effect
biomarker of estrogen mimics. Ecotoxicol Environ Saf. 43:68-73.

Belanger RM, Corkum LD, Zielinski BS. 2007. Differential behavioral
responses by reproductive and non-reproductive male round gobies
(Neogobius melanostomus) during exposure to the putative pheromone
estrone. Comp Biochem Physiol A. 147:77-83.

Bhatt JP, Kandwal JS, Nautiyal R. 2002. Water temperature and pH influence
olfactory sensitivity to pre-ovulatory and post-ovulatory ovarian pher-
omones in male Barilius bendelisis. ) Biosci. 27:273-281.

Bjerselius R, Olsén KH. 1993. A study of the olfactory sensitivity of crucian
carp (Carassius carassius) and goldfish (Carassius auratus) to 17q,20B-
dihydroxy-4-pregnen-3-one and prostaglandin F,,. Chem Senses. 18:
427-436.

Bodo C. 2008. A role for the androgen receptor in the sexual differentiation
of the olfactory system in mice. Brain Res Rev. 57:321-331.

2T0Z ‘s J8qo1nQ uo 1enb Aq /Blo'sfeulnolployxo-aswayo//:dny woiy papeojumoq


http://chemse.oxfordjournals.org/

Borzan J, Fuchs PN. 2006. Organizational and activational effects of
testosterone on carrageenan-induced inflammatory pain and morphine
analgesia. Neuroscience. 143:885-893.

Caprio J. 1984. Olfaction and taste in fish. In: Bolis L, Keynes RD, Maddrell
SMP, editors. Comparative physiology of sensory systems. Cambridge
(UK): Cambridge University Press. p. 257-283.

Cardwell JR, Stacey NE, Tan ESP, McAdam DSO, Lang SLC. 1995. Androgen
increases olfactory receptor response to a vertebrate sex pheromone.
J Comp Physiol A. 176:55-61.

Cole TB, Stacey NE. 2006. Olfactory responses to steroids in an African
mouth brooding cichlid, Haplochromis burtoni (Glnther). J Fish Biol. 68:
661-680.

Dunlap KD, McAnelly ML, Zakon HH. 1997. Estrogen modifies an
electrocommunication signal by altering the electrocyte sodium current
in an electric fish, Sternopygus. J Neurosci. 17:2869-2875.

Essington TE, Sorensen PW. 1996. Overlapping sensitivities of brook trout and
brown trout to putative hormonal pheromones. J Fish Biol. 48:1027-1029.

Freidrich RW, Korsching SI. 1998. Chemotopic, combinatorial, and non-
combinatorial odorant representations in the olfactory bulb revealed
using a voltage-sensitive axon tracer. J Neurosci. 18:9977-9988.

Graziadei PPC, Monti Graziadei GA. 1979. Neurogenesis and neuron
regeneration in the olfactory system of mammals. I. Morphological
aspects of differentiation and structural organization of the olfactory
sensory neurons. J Neurocytol. 8:1-18.

Hagiwara S, Takahashi K. 1967. Resting and spike potentials of skeletal
muscle fibres of salt-water elasmobranch and teleost fish. J Physiol. 190:
499-518.

Halem HA, Baum MJ, Cherry JA. 2001. Sex difference and steroid
modulation of pheromone-induced immediate early genes in the two
zones of the mouse accessory olfactory system. J Neurosci. 21:
2474-2480.

Halem HA, Cherry JA, Baum MJ. 1999. Vomeronasal neuroepithelium and
forebrain fos responses to male pheromones in male and female mice.
J Neurobiol. 39:249-263.

Hamdani EH, Dgving KB. 2007. The functional organization of the fish
olfactory system. Prog Neurobiol. 82:80-86.

Hamdani EH, Lastein S, Gregersen F, Dgving KB. 2007. Seasonal variations in
olfactory sensory neurons—fish sensitivity to sex pheromones explained?
Chem Senses. 33:119-123.

Irvine 1AS, Sorensen PW. 1993. Acute olfactory sensitivity of wild common
carp, Cyprinus carpio, to goldfish hormonal sex-pheromones is
influenced by gonadal maturity. Can J Zool. 71:2199-2210.

Kelliher KR, Chang YM, Wersinger SR, Baum MJ. 1998. Sex difference and
testosterone modulation of pheromone-induced neuronal-fos in the ferret's
main olfactory bulb and hypothalamus. Biol Reprod. 59:1454-1463.

Kobayashi M, Furukawa K, Kim M-H, Aida K. 1997. Induction of male-type
gonadotropin secretion by implantation of 11-ketotestosterone in
female goldfish. Gen Comp Endocrinol. 108:434-445.

Kobayashi M, Sorensen PW, Stacey NE. 2002. Hormonal and pheromonal
control of spawning behavior in the goldfish. Fish Physiol Biochem. 26:
71-84.

Komisaruk BR, Adler NT, Hutchinson J. 1972. Genital sensory field: enlargement
by estrogen treatment in female rats. Science. 178:1295-1298.

Laberge F, Hara TJ. 2003. Behavioral and electrophysiological responses to
F-prostaglandins, putative spawning pheromones, in three salmonid
fishes. J Fish Biol. 62:206-221.

Methyltestosterone-Induced Changes in EOG Responses 73

Lastein S, Hamdani EH, Deving KB. 2006. Gender distinction in neural
discrimination of sex pheromones in the olfactory bulb of Crucian Carp,
Carassius carassius. Chem Senses. 31:69-77.

Li J, Wang X, Kong X, Zhao K, He S, Mayden RL. 2008. Variation patterns of
the mitochondrial 16S rRNA gene with secondary structure constraints
and their application to phylogeny of cyprinine fishes (Teleostei:
Cypriniformes). Mol Phylogenet Evol. 47:472-487.

Lower N, Scott AP, Moore A. 2004. Release of sex steroids into the water by
roach. J Fish Biol. 64:16-33.

Mofatt CA. 2003. Steroid hormone modulation of olfactory processing in
the context of socio-sexual behaviors in rodents and humans. Brain Res
Rev. 43:192-206.

Moore A, Olsén KH, Lower N, Kindahl H. 2002. The role of F-series
prostaglandins as reproductive priming pheromones in the brown trout.
J Fish Biol. 60:613-624.

Moore A, Scott AP. 1991. Testosterone is a potent odorant in precocious
male Atlantic salmon (Salmo salar L.) parr. Philos Trans R Soc Lond B Biol
Sci. 332:241-244.

Moore A, Waring CP. 1996. Electrophysiological and endocrinological
evidence that F-series prostaglandins function as priming pheromones
in mature Atlantic salmon (Salmo salar) parr. J Exp Biol. 199:2307-
2316.

Mousley A, Polese G, Marks NJ, Eisthen HL. 2006. Terminal nerve-derived
neuropeptide Y modulates physiological responses in the olfactory
epithelium of hungry axolotls (Ambystoma mexicanum). J Neurosci.
26:7707-7717.

Murphy CA, Stacey N, Corkum LD. 2001. Putative steroidal pheromones in
the round goby, Neogobius melanostomus: olfactory and behavioral
responses. J Chem Ecol. 27:443-470.

Murphy CA, Stacey NE. 2002. Methyl-testosterone induces male-typical
behavioral responses to putative steroidal pheromones in female round
gobies (Neogobius melanostomus). Horm Behav. 42:109-115.

Naznov A. 1981. Spawning Labeo bicolor. Trop Fish Hobbyist. 29:4-12.

Nelson JS. 2006. Fishes of the world. 4th ed. Hoboken (NJ): John Wiley &
Sons, Inc.

Pankhurst NW. 2008. Gonadal steroids: functions and patterns of change.
In: Rocha MJ, Arukwe A, Kapoor BG, editors. Fish reproduction. Enfield,
NH: Science Publishers. p. 67-111.

Park D, Eisthen HL. 2003. Gonadotropin releasing hormone (GnRH)
modulates odorant responses in the peripheral olfactory system of
axolotls. J Neurophysiol. 90:731-738.

Pfaff DW, Pfaffmann C. 1969. Olfactory and hormonal influences on the
basal forebrain of the male rat. Brain Res. 15:137-156.

Pottinger TG, Moore A. 1997. Characterization of putative steroid
receptors in the membrane, cytosol and nuclear fractions from the
olfactory tissue of brown and rainbow trout. Fish Physiol Biochem.
16:45-63.

Randall DJ, Connell DW, Yang R, Wu SS. 1998. Concentrations of persistent
lipophilic compounds in fish are determined by exchange across the gills,
not through the food chain. Chemosphere. 37:1263-1270.

Schreibman MP, Margolis-Kazan H, Halpern-Sebold L, O'Neil PA, Silverman RC.
1984. Structural and functional links between olfactory and reproductive
systems: puberty related changes in olfactory epithelium. Brain Res. 302:
180-183.

Scott AP, Ellis T. 2007. Measurement of fish steroids in water—a review. Gen
Comp Endocrinol. 153:392-400.

2T0Z ‘s J8qo1nQ uo 1enb Aq /Blo'sfeulnolployxo-aswayo//:dny woiy papeojumoq


http://chemse.oxfordjournals.org/

74 R.M. Belanger et al.

Sisneros JA, Forlano PM, Deitcher DL, Bass AH. 2004. Steroid-dependent
auditory plasticity leads to adaptive coupling of sender and receiver.
Science. 305:404-407.

Sorensen PW, Goetz FW. 1993. Pheromonal and reproductive function of F
prostaglandins and their metabolites in teleost fish. J Lipid Mediat. 6:
385-393.

Sorensen PW, Hara TJ, Stacey NE. 1987. Extreme olfactory sensitivity of
mature and gonadally-regressed goldfish to a potent steroidal phero-
mone, 170,20B-dihydroxy-4-pregnen-3-one. J Comp Physiol A. 160:
305-313.

Sorensen PW, Hara TJ, Stacey NE, Goetz FW. 1988. F prostaglandins
function as potent olfactory stimulants that comprise the postovulatory
female sex pheromone in goldfish. Biol Reprod. 39:1039-1050.

Stacey NE. 1976. Effects of indomethacin and prostaglandins on the
spawning behaviour of female goldfish. Prostaglandins. 12:113-126.

Stacey NE, Cardwell JR. 1995. Hormones as sex pheromones in
fish: widespread distribution among freshwater species. In: Goetz
FW, Thomas P, editors. Proceedings of the 5th International
Symposium on the Reproductive Physiology of Fish. Austin, TX;
1995. Port Aransas (TX): University of Texas Marine Science Institute.
p. 244-248.

Stacey NE, Cardwell JR. 1997. Hormonally-derived pheromones in fish:
new approaches to controlled reproduction. In: Fingerman M, Nagab-
hushanam R, Thompson M-F, editors. Recent advances in marine
biotechnology. Vol. 1. New Delhi (India): Oxford-IBH. p. 407-454.

Stacey NE, Zheng WB, Cardwell JR. 1994. Milt production in common carp
(Cyprinus carpio): stimulation by a goldfish steroid pheromone.
Aquaculture. 127:265-276.

Stacey NE, Chojnacki A, Narayanan A, Cole T, Murphy C. 2003. Hormonally
derived sex pheromones in fish: exogenous cues and signals from gonad
to brain. Can J Physiol Pharmacol. 81:329-341.

Stacey NE, Sorensen P. 2009. Hormonal pheromones in fish. In: Pfaff DW,
Arnold AP, Etgen AM, Fahrbach SE, Rubin RT, editors. Hormones brain and
behavior. 2nd ed. New York: Academic Press. Vol. 1, p. 639-681.

Sveinsson T, Hara TJ. 2000. Olfactory sensitivity and specificity of arctic char,
Salvelinus alpinus, to a putative male pheromone, prostaglandin Fy,,.
Physiol Behav. 69:301-307.

Toyoda F, Kikuyama S. 2000. Hormonal influence on the olfactory response
to a female-attracting pheromone, sodefrin, in the newt, Cynops
pyrrhogaster. Comp Biochem Physiol B. 126:239-245.

Vajdak B. 1983. First photographic record of spawning red-tailed black
sharks. Trop Fish Hobbyist. 31:8-14.

Wang X, Li J, He S. 2007. Molecular evidence for the monophyly of East
Asian groups of Cyprinidae (Teleostei: Cypriniformes) derived from the
nuclear recombination activating gene 2 sequences. Mol Phylogenet
Evol. 42:157-170.

Yamazaki F, Watanabe K. 1979. The role of steroid hormones in sex
recognition during spawning behaviour of the goldfish, Carassius
auratus L. Proc Indian Natl Sci Acad. 45:505-511.

2T0Z ‘s J8qo1nQ uo 1enb Aq /Blo'sfeulnolployxo-aswayo//:dny woiy papeojumoq


http://chemse.oxfordjournals.org/

