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Development/Plasticity/Repair

Neurogenic and Neuroendocrine Effects of Goldfish
Pheromones

Yu-Wen Chung-Davidson, Christopher Benjamin Rees, Mara Beth Bryan, and Weiming Li
Department of Fisheries and Wildlife, Michigan State University, East Lansing, Michigan 48824

Goldfish (Carassius auratus) use reproductive hormones as endocrine signals to synchronize sexual behavior with gamete maturation
and as exogenous signals (pheromones) to mediate spawning interactions between conspecifics. We examined the differential effects of
two hormonal pheromones, prostaglandin F,, (PGF,,) and 17,203-dihydroxy-4-pregnen-3-one (17,203-P) on neurogenesis, neuro-
transmission, and neuronal activities, and on plasma androstenedione (AD) levels. Exposure to waterborne PGF, , induced a multitude
of changes in male goldfish brain. Histological examination indicated an increase in the number of dividing cells in male diencephalon
(p < 0.05, Kruskal-Wallis test). Real-time quantitative PCR tests showed elevated levels of transcripts for the salmon gonadotropin-
releasing hormone (GnRH) in the male telencephalon and cerebellum ( p < 0.005, one-way ANOVA) and for ChAT (choline acetyltrans-
ferase) in the male vagal lobe and the brainstem underneath the vagal lobe ( p < 0.05, one-way ANOVA). Therefore, PGF,, seemed to
modulate male brain plasticity that coincided with behavioral changes during spawning season. Exposure to waterborne 17,203-P,
however, increased circulatory levels of immunoreactive AD in males and the transcripts of androgen receptor and cGnRH-II (chicken-II
GnRH) in the female cerebellum ( p < 0.05, one-way ANOVA). PGF,, and 17,203-P thereby seemed to act through distinct pathways to
elicit different responses in the neuroendocrine system. This is the first finding that links a specific pheromone molecule (PGF,,) to

neurogenesis in a vertebrate animal.
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Introduction

Adult neurogenesis occurs in many species including both verte-
brates and invertebrates. In the subventricular zone of adult
mammalian forebrain, a cell population retains the potential to
generate new neurons destined for the olfactory bulb (Goldman,
1997, 1998; Garcia-Verdugo et al., 1998; Luskin, 1998). New neu-
rons are also produced year-round in the dentate gyrus through-
out the life of the individual (Kempermann et al., 1998; Gould et
al., 1999; Conover et al., 2000; Lim et al., 2000). In songbirds,
widespread telencephalic adult neurogenesis adds new neurons
to the high vocal center. Neuronal turnover in the high vocal
center plays a role in the modification of perceptual memories or
motor programs for song production in these animals (Alvarez-
Buylla and Kirn, 1997; Goldman, 1998). Seasonally variable neu-
rogenesis and recruitment has also been demonstrated in the
hippocampus of avian brains (Barnea and Nottebohm, 1994,
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1996; Tramontin and Brenowitz, 2000). In reptiles, adult neuro-
genesis results in new growth of several telencephalic areas and
appears to be seasonally regulated (Ramirez et al., 1997). In de-
capod crustaceans, persistent neurogenesis among olfactory pro-
jection neurons is a common principle that shapes the adult
brain, indicating a remarkable degree of lifelong structural plas-
ticity (Harzsch et al., 1999). In some insects, persistent neurogen-
esis occurs in the mushroom bodies, which are brain structures
involved in learning and memory and considered as functional
analogues of the hippocampus (Cayre et al., 2002). However, this
phenomenon is absent in other insects and therefore cannot be
seen as a common feature in all insect brains (Fahrbach et al.,
1995; Gronenberg et al., 1996).

Adult neurogenesis in both vertebrates and invertebrates ap-
pears to be regulated by internal factors such as hormones, neu-
rotransmitters, and growth factors, and by external factors such
as environmental cues (Scotto Lomassese et al., 2000; Cayre et al.,
2002). Pheromones are a class of environmental cues that are
known to exert profound effects in insect brains (Grozinger et al.,
2003, 2007; Alaux and Robinson, 2007; Beggs et al., 2007; Groz-
inger and Robinson, 2007; Vergoz et al., 2007). In mice, odors
from soiled bedding of dominant males have been shown to stim-
ulate neurogenesis in the olfactory bulb and the hippocampus of
adult females (Mak et al., 2007). However, no specific phero-
mone molecules have been linked to induction of neurogenesis in
vertebrates.

The goldfish (Carassius auratus) pheromone system contains
at least two known pheromone molecules, prostaglandin F,,,
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Table 1. Neurogenesis in goldfish brain
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Brain area Control (n = 8) L-Ser(n =5) PGF,,, (n=4) 17,208-P(n=7)
Olfactory bulb 0.0 = 0.0° 0202 0404 0.0 = 0.0°
Telencephalon 03+0.2 04+0.2 03+03 0.0 = 0.0°
Midbrain 0.6 =03 0.7 =03 0.8 = 0.5 0.8 £03
Vulvela 0.1+0.1 0402 0505 04+03
Brainstem under vulvela 09=*03 2712 89 6.1 22110
Cerebellum 0302 0.7 =03 24+15 40 = 2.1
Brainstem under cerebellum 154+ 69 288 £ 157 72.6 = 49.6 47.6 = 239
Facial lobe 14+08 0.9+ 06 6.4+ 6.0 1108
Brainstem under facial lobe 50+20 84+73 327 £19.0 163 = 6.3
Glossopharyngeal lobe 03=*02 02*02 1411 0.7*+04
Brainstem under glossopharyngeal lobe 31%15 2616 10.4 = 9.1 85+31
Vagal lobe 63 *35 29+21 350 %199 274 %172
Brainstem under vagal lobe 14174 3.6 =20 256 = 144 291+ 108

Data are presented as number of dividing cells/section (mean == SEM). The same individuals were used for measurements in different brain regions.
“No dividing cells were found in these brain regions. However, because of the small sample size, the result was not statistically significant.

(PGF,,,) and 17a,20B-dihydroxy-4-pregnen-3-one (17,203-P),
detected by distinct sets of olfactory receptor neurons as tested by
electroolfactogram (Sorensen et al., 1989). This system allows us
to examine the mechanisms by which different pheromone mol-
ecules modulate brain plasticity and the neuroendocrine system.
In this report, we examined whether the sex pheromones PGF,,,
and 17,203-P affected neurogenesis, neuronal activities, and neu-
rotransmitters in goldfish brain as well as plasma androstenedi-
one (AD) concentrations.

Materials and Methods

Animals. Spawning-stage goldfish (total length, 4—6 inches) were ac-
quired from Ozark Fisheries and transported to Michigan State Univer-
sity. Goldfish were placed in an 800 L flow-through tank (Frigid Units),
acclimated to 15°C, and fed daily with Tetrafin Tropical Flakes for 7 d.
After the initial acclimation at 15°C (12 h light/dark cycle), goldfish were
divided by sex into two separate tanks. Animal handling procedures were
approved by the Institutional Committee on Animal Use and Care of
Michigan State University.

One week before pheromone treatment, goldfish were randomly as-
signed to flow-through aquaria (0.5 L/min) containing 40 L of aerated
water heated to 18°C. Three goldfish of the same sex were placed into
each aquarium. Feeding was continued for a period of 3 d while goldfish
were acclimated to 18°C. Two days before pheromone exposure, fish
were taken off feed to eliminate nonexperimental food odorants from the
testing aquarium. Pheromone treatment was specified in each experi-
ment and administered every 20 min to each aquarium to maintain
appropriate concentrations.

Experiment 1: Treatment for examining the effect of pheromonal expo-
sure on neurogenesis in male goldfish. Twenty-four male spawning gold-
fish were treated with ethanol (318 ul/L), 10 ~® m1-serine (L-Ser) (Sigma-
Aldrich), 2 X 10 ~'°M PGF,,, (Sigma-Aldrich), or 2 X 10 ~'°m 17,203-P
(Sigma-Aldrich) for 4 h. The treatment was timed so that it ended at
dawn (typical spawning time for goldfish) (Partridge etal., 1976). The 4 h
treatment time corresponds to the period of biological release of PGF,,
in ovulating female goldfish (Stacey, 2003). Ethanol (vehicle) was used to
make up the stock solution. L-Ser served as an odor control because
L-amino acids have been established as important feeding stimulants for
teleost fish (Atema et al., 1980; Carr, 1982). They have also been sug-
gested to serve as nonreproductive social cues in goldfish as well as other
fish (Hara et al., 1984; Saglio and Fauconneau, 1985). The concentration
of PGF,, or 17,203-P was chosen according to Sorensen et al. (1988,
1989, 1990).

Immediately before pheromone exposure, fish were intraperitoneally
injected with 25 mg/ml 5-bromo-2’-deoxyuridine (BrdU) (Sigma-Al-
drich; dissolved in 0.9% saline, 0.01 ml/g body weight). Immediately
after the pheromone treatment, fish were euthanized with 0.05% MS222
(3-aminobenzoic acid ethyl ester) (Sigma-Aldrich). Brain tissues were
removed, fixed in 4% paraformaldehyde (in 0.1 M phosphate buffer, pH

7.4) overnight, and transferred to 20% sucrose. Tissues were then em-
bedded in OCT mounting media and kept at —80°C until use.

Immunohistochemistry. Brain tissues were sectioned into 20 wm slices
using a Leica CM 1850 cryostat. Sections were mounted onto SuperFrost
Plus microslides (VWR Scientific) and immunostained for antigens of
interest. Negative controls for immunocytochemistry (deprived of the
primary antibody of interest) were performed simultaneously in every
immunostaining experiment.

To double stain the brain tissue for BrdU and an additional antigen,
sections were rinsed three times in Tris-buffered saline (TBS) (50 mm
Tris, 150 mm NaCl, pH 7.2) for 5 min between each step of the protocol.
All reagents were diluted with TBS/0.5% Triton X-100 according to the
manufacturer’s instructions unless mentioned otherwise. Sections were
incubated in 0.3% hydrogen peroxide (diluted with TBS) for 10 min,
followed by 2N HCI for 30 min. Sections were blocked by normal horse
serum (Vectastain ABC kit; Vector Laboratories) for 15 min and incu-
bated in the mixture of antibody for BrdU (1:1000; Sigma-Aldrich) and
normal horse serum (Vector Laboratories) overnight at 4°C. Sections
were then incubated in biotinylated secondary antibody (horse anti-
mouse IgG; Vector Laboratories) for 2 h at room temperature, followed
by ABC solution (Vector Laboratories) for 2 h at room temperature.
Finally, sections were reacted with 3,3’-diaminobenzidine/nickel chlo-
ride (DAB substrate kit) (Vector Laboratories) for 15 min. After the
immunocytochemistry (ICC) procedure for BrdU detection, sections
were processed for ICC for another antigen. Immunocytochemistry for
the second antigen(s) was performed following the same steps described
above using appropriate normal serum and secondary antibody, but us-
ing DAB (Vector Laboratories) as the chromagen to show different color
(brown) from the first set (black) of the ICC. The concentrations for the
antibodies used were as follows: 1:100 mouse-anti-a-internexin (Milli-
pore), 1:1000 mouse-anti-S1003 (Sigma-Aldrich), and 1 ug/ml rabbit-
anti-HuD (Millipore). Dividing cells with minimum cytoplasm and a
pronounced granulated nucleus were counted in different brain area
using unbiased stereological method described by Chung-Davidson et al.
(2008).

Experiment 2: Effect of pheromonal treatment on the mRNA levels of
androgen receptor, neuronal activation markers, and neurotransmitters in
goldfish brain. Seventy-two spawning goldfish were treated with ethanol
(318 wl/L), 10 ~¢ M 1-Ser, 2 X 10 ~'° M PGF,_, or 2 X 10 ~'° M 17,208-P
for 4 h and anesthetized as described for experiment 1. Brains were
removed from the cranium, separated into four parts (telencephalon,
midbrain/diencephalon, cerebellum/brainstem underneath cerebellum,
and vagal lobe/brainstem underneath vagal lobe) (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material), snap frozen in
liquid nitrogen, and stored at —80°C before use.

Real-time quantitative PCR. Real-time quantitative PCR (RTQ-PCR)
followed the procedure described by Rees and Li (2004). Briefly, total
RNA was extracted using TRIzol reagent (Invitrogen), treated with
TURBO DNA-free kit (Applied Biosystems), and diluted to 100 ng/ul.
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RNA samples were then reverse transcribed
into cDNA using M-MLV reverse transcriptase
(Invitrogen) and random hexamers (Promega).
RTQ-PCR was performed using the TagMan
MGB system (Applied Biosystems). Each reac-
tion consisted of 2 ul (5 ng/ul) cDNA, 8 ul of
TaqMan Universal PCR master mix, 900 nm
each forward and reverse primers, and 250 nm
TagMan MGB probe. Amplification plots were
analyzed on an ABI 7900 real-time PCR thermal
cycler (Michigan State University Research
Technology Support Facility, East Lansing,
MI). Synthetic oligos were used as standards
and ran on the sample plate. Standards were
PCR-amplified using the primers for RTQ-
PCR, purified with MinElute PCR purification
kit (Qiagen), and serially diluted (10-fold) into
10'°-10° molecules/2 ul solutions. The se-
quences for standards, primers, and TagMan
MGB probe for each mRNA are listed in the
supplemental ~ material (available  at
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www.jneurosci.org). 18S ribosomal RNA was
used as an internal standard and was confirmed
not to have changes in expression levels among
treatment groups.

Experiment 3: Effect of pheromonal exposure
on plasma AD concentrations in goldfish. One
hundred sixty-eight spawning goldfish were
treated with ethanol (318 ul/L), 10 6 M L-Ser,

Control Ser

PGF,, 17,20p-P

2 X 10 7'M PGF,,, or 2 X 10 ~'* M 17,208-P
for 4 h and anesthetized as described for exper-
iment 1. Body length and weight were recorded
as well as the presence or absence of expressible
milt. Blood was obtained from the caudal vein

Figure 1. A, Exposure to 2 X 10 ~'° m PGF,, for 4 h increased the number of dividing cells in the diencephalon of male
goldfish. Exposure to vehicle (318 wl/L ethanol; control), 10 6w 1-serine (Ser), or 2 X 10 " °m 17,203-P had no effect on
neurogenesis in male goldfish. The asterisk shows significant difference between control and the treatment group ( p << 0.05).
Error bars indicate SEM. B, BrdU-immunoreactive 2-cells (black stain). €, Dividing cells (black arrows) showed distinct morpho-
logical characteristics: minimum cytoplasm with a pronounced granulated nucleus.

using heparinized syringes, held at 4°C for 20

min, and centrifuged at 1000 X g for 20 min. (A) Telencephalon sOuRI (B) Cerebellum sCaRH
The plasma was removed and stored at —20°C
before use. .

Quantification of AD in goldfish plasma. 2% 6000 1 s 0 *
Plasma samples were diluted 1:50 in buffer (50 % 00 E 300 1
mM sodium phosphate, pH 7.4, 137 mm NaCl, 5 4000 E 25011
0.40 mm EDTA, and 0.77 mm sodium azide). To 2 2000 o 200 1
inactivate sex steroid binding proteins, the di- £ R 9 £ 150 4 s .
luted plasma samples were incubated at 60°C ~ F 2000 ] " 0 10 E 100 {10 N7l |l 10
for 30 min and centrifuged at 2000 X g for 15 & 1000 - 8 (s |s 9 g s
min. The supernatant was then tested using ra- ~ © 0 =
dioimmunoassay for AD [similar to Scott et al. T E S e de TE ST o S
(1980)]. Antiserum raised against AD was gen- g & 2 8 § 2 2 & §F = g 8 § 2 g |
erously provided by Dr. A. P. Scott (Centre for E Boo 0§ = ': ; Boo 3 = ':

= = L =

Environment, Fisheries and Aquaculture Sci-
ence, Weymouth, UK) and tritiated AD was

purchased from GE Healthcare. The assay
buffer consisted of 50 mm sodium phosphate,
pH 7.4, 0.2% bovine serum albumin, 137 mm
NaCl, 0.40 mm EDTA, and 0.77 mMm sodium

Figure2. FExposureto2 X 10 'u PGF,, for4hincreased sGnRH transcripts in the telencephalon and cerebellum of male (M)
but not in female (F) goldfish. Exposure to vehicle (318 wul/L ethanol; control), 10 ~® m L-serine (Ser), or 2 X 10 ~ 1 17,208-P
had no effect on sGnRH mRNA levels. The number inside each bar represents sample size n for the corresponding group. The
asterisk denotes significant difference between control and the treatment group ( p << 0.05). Error bars indicate SEM. F, Female;
M, male.

azide. Nine standards were made up in dupli-
cate over the range 500-1.95 pg/100 ul per
tube (twofold serial dilution). The tubes containing unknowns also
had a volume of 100 ul. Binding reagent was made by adding radio-
label and antisera to 20 ml of assay buffer in amounts such that, when
100 pl was dispensed to all tubes, each tube contained 5000 disinte-
grations per minute (dpm). In the absence of any standard, 50% of the
radiolabel was bound to the antisera. Blank tubes, to which no anti-
body was added, and tubes necessary to determine the total maximum
dpm counts, were also included in the assay. All tubes were incubated
overnight at 4°C. The tubes were placed on ice, and 500 ul of ice-cold
charcoal solution (50 mMm sodium phosphate, pH 7.4, 0.1% gelatin,
and 1.0% dextran-coated charcoal) was added to each tube. The tubes
were kept in ice for 15 min, and then centrifuged at 1000 X g for 12

min. The supernatants were poured into 8 ml scintillation vials,
mixed with 6 ml scintillation mixture (Safety-Solve; Research Prod-
ucts International) and counted for dpm using a Beckman LS6500
scintillation counter (Beckman Coulter).

Statistics. Statistical analyses were performed using StatView (SAS In-
stitute). Nonparametric Kruskal-Wallis test was used to compare the
number of dividing cells among treatment groups. If there was significant
effect by pheromone treatment ( p < 0.05), Mann—-Whitney U tests were
used to examine which group was different from the control. RTQ-PCR
data and plasma AD concentrations were analyzed by one-way ANOVA
tests followed by Fisher’s PLSD post hoc tests if the ANOVA showed
significant effects by pheromone treatment ( p < 0.05).
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Results

Neurogenic effects of PGF,,

As expected for lower vertebrates, dividing cells were found wide-
spread in goldfish brain. Dividing cells showed distinct morpho-
logical characteristics: minimum cytoplasm with a pronounced
granulated nucleus. The level of neurogenesis in most of the brain
was not affected by pheromone treatment (Table 1). However,
the number of dividing cells increased in the male diencephalon
after PGF,, exposure (Fig. 1 A). It is noteworthy that no dividing
cells were found in the olfactory bulb of the control fish, and the
telencephalon of the control and 17,20 3-P-treated fish. However,
because of the small sample size, it was not statistically significant.

PGF,, treatment with simultaneous BrdU injection allowed
us to identify newly divided cells after pheromone treatment.
BrdU-immunoreactive cells were found in the cerebellum as
shown by BrdU-immunoreactive 2-cells (Fig. 1B) and in the
midbrain, brainstem, and the spinal cord of male goldfish (sup-
plemental Fig. 2, available at www.jneurosci.org as supplemental
material). None of the vehicle- or serine-treated fish brains
showed BrdU immunoreactivity (data not shown).

Dividing cells in pheromone-treated male goldfish were
mainly found in the motor areas along the brainstem and the
spinal cord continuum, such as the secondary gustatory nucleus
and nucleus isthmi, the trigeminal motor nucleus, the medial
octavolateral nucleus, the facial motor nucleus, the vagal motor
nucleus, and the spinal motor nucleus. A few scattered dividing
cells were also found in the telencephalon, preoptic area, hypo-
thalamus, optic tectum, vulva cerebellum, and cerebellum (Table
1).

Additional characterization of the dividing cells with immu-
nocytochemistry for various neuronal and glial markers showed
that the dividing cells were either neurons (a-internexin or HuD
immunoreactive) or glia (S-1003 immunoreactive) (supplemen-
tal Fig. 3, available at www.jneurosci.org as supplemental
material).

Neuroendocrine effects of PGF,,

Exposure to PGF,, for 4 h increased salmon gonadotropin-
releasing hormone (sGnRH) mRNA levels in the telencephalon
and cerebellum of male but not female goldfish (Fig. 2). Exposure
to L-Ser or 17,20B3-P did not affect sGnRH mRNA levels signifi-
cantly in either sex (Fig. 2). Interestingly, choline acetyltrans-
ferase (ChAT) mRNA concentrations also showed increases in
the vagal lobe and the brainstem underneath the vagal lobe in
male goldfish after PGF,,, exposure (Fig. 3). Exposure to PGF,,,
had no effect on the mRNA concentrations of androgen receptor
(AR), chicken-II gonadotropin-releasing hormone (cGnRH-II),
glutamate decarboxylase 3 and 65 (GAD3 and GADG65), neu-
ropeptide Y (NPY), and tyrosine hydroxylase (TH) in goldfish
brain of either sex (data not shown).

Effects of 17,20 3-P

Exposure to 17,203-P for 4 h increased plasma AD levels in male
but not in female goldfish (Fig. 4). Exposure to L-Ser or PGF, , did
not affect the plasma AD levels of either sex (Fig. 4). Interestingly,
only the female cerebellum showed increases in AR and
c¢GnRH-II mRNA concentrations after 17,203-P exposure (Fig.
5), and the AR and cGnRH-II transcription levels were highly
correlated (r = 0.935; p < 0.0001). Exposure to 17,203-P had no
effect on the mRNA concentrations of sGnRH, GAD3, GAD65,
NPY, and TH in goldfish brains of either sex (data not shown).
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Figure3. Exposure to2 X 10 ~ ' PGF,,, for 4 h increased ChAT mRNA concentrations in
the vagal lobe and the brainstem underneath it in male (M) but not in female (F) goldfish.
Exposure to vehicle (318 wl/L ethanol; control), 10 % M L-serine (Ser), or 2 X 10O
17,203-P had no effect on ChAT mRNA levels. The number inside each bar represents sample
size n for the corresponding group. The asterisk denotes significant difference between control
and the treatment group ( p << 0.05). Error bars indicate SEM. E6, >X1,000,000. F, Female; M,
male.
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Figure 4.  Exposure to 2 X 10 ~ "% 17,208-P for 4 h increased AD concentrations in the

plasma of male (M) but not in female (F) goldfish, whereas exposure to vehicle (318 wl/L
ethanol; control), 10 ~® m L-serine (Ser), or 2 X 10 ~ ' m PGF,,, had no effect on plasma AD
levels. The number above or inside each bar represents sample size n for the corresponding
group. The asterisk denotes significant difference between control and the treatment group
(p << 0.05). Error bars indicate SEM. F, Female; M, male.

Sexual dimorphism in goldfish brain immediate-early

gene expression

Neuronal activation markers Fos and Jun (immediate-early
genes) showed significant sexual dimorphism in mRNA expres-
sion levels in goldfish brains ( p < 0.05). In general, male brains
contained more Fos or Jun mRNA in the midbrain/diencephalon
and in the cerebellum than female brains. After L-Ser, PGF,, or
17,20B-P exposure, male goldfish showed decreased Fos mRNA
concentrations in the telencephalon and the cerebellum (Fig. 6),
whereas Jun mRNA levels did not change after the above treat-
ments (data not shown).

Discussion

We selected PGF,,, and 17,20B-P to examine neurogenesis and
neuroendocrine effects of pheromones in goldfish for several rea-
sons. Goldfish use these two molecules both as endogenous sig-
nals (hormones) to synchronize spawning behavior with gamete
maturation within each individual and as exogenous signals
(pheromones) to synchronize sexual interactions between con-
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specifics (Stacey and Sorensen, 2002). At  (A)AR (B) cGnRH-II
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and Sorensen, 2002). Waterborne
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GTH-II release in males, which in turn
stimulates milt (sperm and seminal fluid)
production (Stacey and Sorensen, 1986,
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indicate SEM. F, Female; M, male.
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crease male GTH-II and sperm produc-
tion (Sorensen et al., 1988, 1989; Sorensen
and Goetz, 1993). Therefore, PGF,, also
plays a dual role as a hormone and a phero-
mone, synchronizing male and female sex-
ual behaviors in goldfish (Stacey, 1987).

We found that exposure to waterborne
PGF,, increased neurogenesis and sGnRH
and ChAT mRNA concentrations in male
goldfish brain. PGF,, seemed to modulate brain plasticity asso-
ciated with behavioral changes during spawning season via the
neuroendocrine (sGnRH) and motor (ChAT) components of the
pheromone-reproductive system. The addition of new neurons
to the brainstem motor area may enable a structural reorganiza-
tion of the underlying neural network for spawning behavior.
This altered the propensity of goldfish to execute multiple spawn-
ing behaviors during the breeding season because goldfish only
exhibit overt sexual behavior during spawning season after expo-
sure to waterborne PGF,,, (Sorensen et al., 1988, 1989; Sorensen
and Goetz, 1993). Although the exact mechanisms have yet to be
identified, our data strongly link a specific mating pheromone
molecule (PGF,,) to adult neurogenesis in a specific brain region
(diencephalon) known to be involved in reproduction.

Our data also reveal that PGF,, induced neurogenesis in sev-
eral brain regions outside of telencephalon, including brainstem
motor nuclei. This finding confirms previous discoveries in the
intensity and regional distribution of adult neurogenesis in dif-
ferent vertebrate taxa. Adult neurogenesis is more widespread
and affects more brain regions in nonmammals than in mam-
mals. The restriction of adult neurogenesis to telencephalic areas
seems to be a common feature of all amniotic vertebrates (Cayre
et al., 2002). In contrast, adult neurogenesis is observed in the
olfactory bulb, dorsal telencephalon, optic tectum, cerebellum,
and the brainstem in fish (Zupanc, 2006). Neurons born in adult-
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Figure 6.
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Exposure to 10 ~® m L-serine (Ser), 2 X 10 ~"° m PGF
concentrations in the telencephalon and cerebellum of male (M) but not female (F) goldfish. The number inside each bar repre-
sents sample size n for the corresponding group. The asterisk denotes significant difference between control and the treatment
group ( p < 0.05). Error bars indicate SEM. F, Female; M, male.
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hood have been reported in all the major subdivisions of the
lacertilian telencephalon, including the olfactory bulbs (main
and accessory), all of the four cortical areas (medial cortex, dor-
somedial cortex, dorsal cortex, and lateral cortex), septum, ante-
rior dorsal ventricular ridge, striatum, and nucleus sphericus
(Lopez-Garcia et al., 1988; Pérez-Canellas and Garcia-Verdugo,
1996; Font et al., 1997; Pérez-Canellas et al., 1997). The cerebel-
lum may also be a site of adult neurogenesis in some reptiles
(Lopez-Garciaetal., 1990). Adult neurogenesis has been reported
in the hypothalamus of frogs (Chetverukhin and Polenov, 1993;
Polenov and Chetverukhin, 1993). Another striking difference
between mammals and nonmammals concerns the types of neu-
rons produced in adulthood. In mammals, only microneurons
are produced postnatally (Altman and Das, 1965). Many new
neurons born in the brain of reptiles and birds are large and some
are projecting neurons (Nottebohm, 1985, 1989; Lopez-Garcia et
al.,, 1988; Pérez-Canellas and Garcia-Verdugo, 1996; Pérez-
Canellas et al., 1997). We also found neurogenesis in many brain-
stem motor nuclei containing large neurons in goldfish.
Environmental enrichment and voluntary exercise have con-
sistently been shown to increase adult hippocampal neurogenesis
and improve spatial learning ability in mammals (Olson et al.,
2006). Several environmental factors, such as seasonal variations
in temperature and photoperiod, and sensory inputs influence
adult neurogenesis (Cayre et al., 2002). Enriched sensorial and
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social environments enhanced neurogenesis in cricket mush-
room bodies (Scotto Lomassese et al., 2000), crayfish brain (San-
deman and Sandeman, 2000), and the hippocampus of birds and
rodents (Kempermann et al., 1997, 1998; Patel et al., 1997; Gould
etal., 1999; van Praag et al., 1999a,b; Ambrogini et al., 2000). Our
finding of PGF, ,-induced neurogenesis in goldfish brain suggests
that an enriched chemical environment may also promote adult
neurogenesis.

Previous studies have indicated that gonadotropin-releasing
hormone (GnRH) plays a role in the spawning behavior of female
goldfish (Volkoff and Peter, 1999). Chicken GnRH-II is the most
conserved form of GnRH and expressed in neurons of embryonic
mesencephalic origin, whereas sGnRH neurons are mainly dis-
tributed in the forebrain from the olfactory system to either the
telencephalon or diencephalon (Parhar, 2002). Salmon GnRH,
therefore, is the GnRH form that regulates the gonadotroph
functions (Scherwood et al., 1997; Yu et al., 1997), whereas the
function of cGnRH-II is still elusive (Parhar, 2002). We found an
increase in cGnRH-II and AR transcripts in the cerebellum of
female goldfish treated with 17,208-P, but not PGF,,,. This sug-
gests that cGnRH-II was associated with the extra-hypothalamic-
pituitary steroidal pathways of the female reproductive system.
Conversely, we found that exposure to PGF,,, increased sGnRH
mRNA concentrations in the telencephalon and the cerebellum
of male goldfish. This indicates that sGnRH may be involved in
male spawning activity and/or in the process of increasing milt
storage (Sorensen et al., 1988, 1989; Zheng and Stacey, 1996,
1997). In both cases, sexual dimorphism in the roles of cGnRH-II
and sGnRH in goldfish pheromonal systems was robust. In the
future, it will be interesting to determine whether sGnRH plays a
role in mediating neurogenesis in the diencephalon of males ex-
posed to PGE,,,.

We found that exposure to waterborne 17,208-P increased
plasma AD levels in male goldfish. This was consistent with the
finding that stimuli from preovulatory and postovulatory fe-
males increased plasma concentrations of sex steroids such as
testosterone and 17,203-P in males (Kobayashi et al., 1986). The
main target for 17,20B-P action seemed to be the steroid-
signaling component of the pheromone-reproductive system.

.‘ sGnRH mRNA, | FosmRNA
//T—‘)%
0 )Ty
)

£

1 Neurogenesis

1 Spawning Behavior *

Schematic diagram of goldfish pheromonal communication. *Previous findings in the literature.
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This phenomenon was GnRH indepen-
dent in males because brain sGnRH and
c¢GnRH-II mRNA levels did not change.
The increase in plasma AD would likely
result in increased AD release from male
goldfish, because Sorensen et al. (2005)
had found that spermiating male goldfish,
when sexually aroused by females or their
pheromones, release up to 1 pg/h AD. This
waterborne 17,20B-P-induced plasma
AD, when released into water, may adver-
tise the males’ own reproductive status to
female goldfish and provides reciprocal
chemical communication between oppo-
: site sexes to synchronize their reproduc-
l tive cycles. In addition, mature male gold-

~TCRAT ]

fish could release AD to trigger agonistic
behaviors among males (Poling et al,
2001) and to suppress milt levels in other
males (Stacey, 1991; Stacey et al., 2001;
Fraser and Stacey, 2002). Hence, AD could
act as a bisexual pheromone to inhibit re-
production in the same sex and to stimu-
late reproduction in the opposite sex.

Interestingly, the female cerebellum showed increased AR
transcripts after 17,203-P exposure (Fig. 7), which may result in
higher sensitivity of female brains to androgens. This may play a
role in mediating brain responses to the increased plasma testos-
terone before the gonadotropin surge at spawning in female gold-
fish (Kobayashi et al., 1989). However, the actual ligands for the
increased androgen receptors in the cerebellum of female gold-
fish remain unknown. Moreover, waterborne AD inhibits the
endocrine-gonadal response to 17,208-P, but neither the mech-
anism nor the biological function of this effect is known (Stacey,
2003). The increase in androgen receptor transcripts may be in-
volved in the inhibitory pathway for 17,208-P function.

In conclusion, experimental data linked a specific pheromone
molecule (PGF,,) released by female goldfish to neurogenesis in
the diencephalon of adult male goldfish. This result suggests that
an enriched chemical environment may promote adult neuro-
genesis. Another pheromone molecule released by female gold-
fish, 17,20B-P, increased plasma AD in male goldfish via GnRH-
independent pathways, but increased female AR mRNA in the
cerebellum via cGnRH-II-associated pathways. Chemical com-
munication in goldfish is therefore sexually dimorphic and forms
an intricate network involving structural reorganization of neu-
ral circuits and several neuroendocrine systems.
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