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Serotonin, GnRH-A, and dopamine interaction
in the control of in vivo luteinizing hormone release
in Prussian carp (Carassius gibelio Bloch) at the time
of gonad recrudescence
M. Sokolowska-Mikolajczyk, D. Gajdzinski, G. Gosiewski, M. Socha
Department of Ichthyobiology and Fisheries, University of Agriculture, Krakow-Mydlniki, Poland
ABSTRACT: The effects of serotonin (5-HT), GnRH analogue (D-Ala6 LHRH, GnRH-A) and dopamine
antagonist – pimozide (PIM), on luteinizing hormone (LH) release in mature Prussian carp female (Carassius
gibelio Bloch) were examined at the time of gonad recrudescence. Fish were intraperitoneally injected with
5-HT (10 mg/kg), GnRH-A (20 μg/kg) or PIM (5 mg/kg) or the combinations: 5-HT+GnRH-A, 5-HT+PIM,
5-HT+GnRH-A+PIM. Before the injection and 3, 6, 12 or 24 h after treatment blood samples were collected
for LH levels determination by ELISA method. The analysis of LH concentrations, expressed as the percentage
of pre-treatment, showed that serotonin alone had no influence on the spontaneous LH release, however the
additive effects of serotonin and GnRH-A was observed. Serotonin potentiated the GnRH-A-stimulated LH
release and potentiated also the effect of PIM. Extremely strong response to PIM and also to the combination
with GnRH-A masked the participation of serotonin in the process of LH release in fish with recrudescing
gonads. The interaction of serotonin GnRH-A and PIM in the control of LH release is discussed.
Keywords: gonadotropin-releasing hormone analoque; LH; pimozide – dopamine antagonist; serotonin

INTRODUCTION
The role of the serotonergic system in the control
of fish maturation and reproduction is not definitively explained but the number of data showing its
involvement in these processes is growing, also in
the context of selective serotonin reuptake inhibitor
(fluoxetine – an antidepressant drug) presence in the
aquatic systems in significant concentrations (Kolpin
et al. 2002; Brooks et al. 2003; Metcalfe et al. 2010).
This potential disruptor of serotonin-mediated physiological processes concentrates also in the tissues
of wild-caught fish (Brooks et al. 2005). The serious
ecotoxicological effect of fluoxetine concentrations
in aqueous environment has been demonstrated
not only in the case of fish reproduction but also
on feeding (Mennigen et al. 2009) and behaviour
(Semsar et al. 2004; Mennigen et al. 2011).

To assess the potential role of serotonin reuptake
inhibitor-induced reproductive impairment in fish,
the role of serotonin in the control of hypothalamopituitary-gonadal axis function has to be definitively established. Serotonin immunoreactive pericaria
are located in goldfish (Carassius auratus L.)
hypothalamus (nucleus recessus lateralis and nucleus recessus posterioris) (Kah and Chambolle
1983). Also in the pituitary gland immunoreactive
serotonergic fibres, cells, and nerve terminals were
found: in goldfish (Kah and Chambolle 1983), threespined stickleback – Gasterosteus aculeatus L.
(Ekstrom and Van Veen 1984), rainbow trout –
Oncorhynchus mykiss (Frankenhuis-van den Heuvel
and Nieuvenhuys 1984), platyfish – Xiphophorus
maculatus (Margolis-Kazan et al. 1985), molly –
Poecilia latipinna (Groves and Batten 1985), and
Atlantic croaker – Micropogonias undulatus (Khan
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and Thomas 1993). These morphological observations
confirm serotonin involvement in the regulation of
pituitary hormone secretion in fish, gonadotropic
hormones among others. There is also a direct evidence on the effects of serotonin on gonadotropin
secretion in fish: 5HT2-like receptors mediate the
in vivo and in vitro stimulatory effects of serotonin
on gonadotropin release in goldfish (Somoza et al.
1988; Somoza and Peter 1991; Wong et al. 1998), in
Atlantic croaker (Khan and Thomas 1992), and in red
seabream (Senthilkumaran et al. 2001) at the level of
GnRH cell body or nerve terminals (Yu et al. 1991).
In mammals, serotonin involvement in the regulation of gonadotropin LH and FSH release is not
so well defined and data are still controversial:
according to Pinilla et al. (1994) and Dow et al.
(1994) serotonin stimulates gonadotropin release
and according to others (Le Corre and Chemineau
1993a, b; Rodriguez et al. 1994; Chemineau et al.
2003) its action is inhibitory.
Gonadotropin (FSH and LH) secretion in fish
is a resultant of the interaction of many external
and internal factors: several neurohormones and
neuropeptides affect their synthesis and/or release,
directly at the pituitary level or indirectly at the
level of hypothalamus. Some of them, like GnRH,
dopamine, γ-aminobutyric acid (GABA), pituitary
adenylate cyclase activating peptide (PACAP),
norepinephrine, neuropeptide Y (NPY), ghrelin,
leptin, kisspeptin have been reviewed extensively
(Lethimonier et al. 2004; Levavi-Sivan et al. 2010;
Zohar et al. 2010), however, potential interactions
between them affecting the synthesis and release
of gonadotropins have not been definitively elucidated yet. Of so many at least two are considered
as the most important: GnRH and dopamine (Peter
and Yu 1997). It would be interesting to find out
whether serotonin stimulates luteinizing hormone
(LH) release acting on GnRH system or on dopamine release which in turn affects GnRH secretion.
Khan and Thomas (1993) showed that in Atlantic
croaker serotonin and GnRH systems are in close
proximity what suggests that they may interact
in the process of gonadotropin release control.
Data on serotonin and dopamine concentrations in
the brain and pituitary of mummichog (Fundulus
heteroclitus), showed that dopamine content, high
during gonadal recrudescence, lowers significantly
during ovulation and spawning (Subhedar et al.
1997). Wong et al. (1998) have already demonstrated that 5-HT exerts its stimulatory action on
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gonadotropin release directly at the pituitary level,
probably by interactions with other regulators,
such as dopamine.
As there is no clear information on the interaction
of these hormones in the process of gonadotropin
secretion, the experiments on Prussian carp were
undertaken in order to determine LH secretion
under the influence of exogenous serotonin, GnRH
analogue in fish with dopamine receptors blocked by
the specific D2 receptor antagonist – pimozide (PIM).

MATERIAL AND METHODS
Sexually mature female Prussian carp (Carassius
gibelio Bloch) bred in the Fisheries Experimental
Station of the Department of Ichthyobiology and
Fisheries, University of Agriculture in Krakow,
were used for the experiment conducted at the
end of November.
Ninety-six fish netted from the wintering pond
were transferred to eight 300-l glass aquaria (12 fish
per aquarium) with aerated water. Water temperature was slowly raised and after two days it reached
18–19°C. Then fish were anaesthetized by means
of immersion in Propiscin (IRS, Zabieniec, Poland)
solution (0.3 ml/l of water), weighed (mean body
weight (BW) of 82.2 ± 2.2 g), and individually
marked by a gentle fin clip. Fish were at the stage
of gonadal recrudescence: their gonadosomatic
index (GSI) was of 5.4 ± 0.9%.
After 10-day lasting acclimatization to water
temperature of 18–19°C and to the simulated
photoperiod typical for November (ratio of light
to dark phase of a day L : D was 8 : 16) fish were
anaesthetized, blood samples (150 μl) were taken
with heparinized 1-ml syringes, and then fish
were subjected to intraperitoneal injections of the
tested substances as follows: group 1 (Control –
0.6% saline solution), group 2 (5-HT – 10 mg/kg
BW), group 3 (GnRH-A – 20 μg/kg BW), group 4
(PIM – 5 mg/kg BW), group 5 (GnRH-A + PIM),
group 6 (5-HT + GnRH-A), group 7 (5-HT + PIM),
group 8 (5-HT + GnRH-A + PIM).
5-HT – serotonin (creatinine sulfate monohydrate), GnRH-A (D-Ala6 LHRH), PIM – dopamine
D2-type receptor blocker were purchased from
Sigma-Aldrich, St. Louis, USA. Serotonin and
GnRH-A were dissolved in saline acidified with
0.1M HCl and PIM in propylene glycol acidified
with 0.1M acetic acid. Each drug dose calculated
for 1 kg of fish BW was dissolved in 1 ml.
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At time 0 (before injection) and at 3, 6, 12, and
24 h post injection plasma blood samples were
collected from all fish and then they were frozen
and kept at –20°C until gonadotropin (LH) determination by ELISA method (Kah et al. 1989).
Statistical analysis was performed using GraphPad
Prism 5 software (Version 5.0, 2007) for MS Windows.
The effects of serotonin, PIM, and GnRH-A on LH
levels were expressed as percentage of pre-treatment.
Kruskal-Wallis non-parametric ANOVA followed
by Mann-Whitney U test (one tailed) with Bonferroni correction were applied to find the statistically
significant differences between the groups (P < 0.05).
Data on the graphs are presented as the mean ±
SEM percentage of pre-treatment values of gonadotropin LH.
The experiment was conducted according to
the guidelines given by the Institutional Ethical
Committee.

RESULTS

LH (% of pre-treatment)

Effects of serotonin (5-HT) on the spontaneous
or GnRH-A-stimulated LH release. In the case of
fish treated with GnRH-A or serotonin alone at all
times of blood sampling there were no statistically
significant differences between control, serotonin
or GnRH-A receiving fish. In 5-HT+GnRH-A
treated fish LH levels were significantly higher at
6, 12, and 24 h post-injection in comparison to the
control (by 276.9, 329.9, and 142.9%, respectively)
or serotonin injected fish (by 313.72, 344.1, and
132.28%, respectively), and at 12 h also to GnRH-A
receiving group by 335.1% (Figure 1).
Effects of 5-HT on the spontaneous LH release
in fish with dopaminergic system blocked by
PIM. Injection of PIM alone caused statistically

significant increase in LH levels (by 236.9 and
229.1%) in comparison to the control group at 12
and 24 h after injection respectively.
In fish receiving 5-HT+PIM statistically significant increase of LH levels was found at 6, 12, and
24 h sampling times after treatment in relation to
control (by 162.6, 371.9, and 448.7%, respectively)
as well as to serotonin group (by 125.3, 199.42,
386.2, and 438.1%, respectively) (Figure 2).
Effects of serotonin on GnRH-A-stimulated LH
release in fish with dopaminergic system blocked
by PIM. As shown in Figure 3, PIM given together
with GnRH-A evoked a significantly higher LH
levels increase compared to control at 12 and 24 h
post-injection (by 1572.3 and 297.3%, respectively).
The combination: 5-HT+GnRH-A+PIM at 6, 12, and
24 h after injections caused significant increase of
LH concentrations in comparison to control group
(by 464.6, 1204.9, and 572.2%, respectively) as well
as to serotonin receiving group (by 501.42, 1219.2,
and 507.6%, respectively). The comparison with
GnRH-A injected fish at 6, 12, and 24 h after injections demonstrated LH increase (by 431.9, 1211.0,
and 491.6% respectively – data not shown). Also in
comparison to PIM alone injected fish the combination of all three compounds caused a significant
increase in LH levels at 6 and 12 h sampling time
by 395.2 and 968.0%, respectively (data not shown).

DISCUSSION
In teleost fish, gonadotropin LH concentration
in the blood circulation depends on interaction
of many hormonal factors acting at the level of
the brain and/or pituitary, with two most studied: GnRH and dopamine, having opposite effect
on this process. From the in vivo and in vitro study
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Figure 1. Effects of serotonin (5-HT)
on the spontaneous and GnRH-Astimulated luteinizing hormone (LH)
secretion at 3, 6, 12, and 24 h postinjection. Bars represent the mean
± SEM percentage of pre-treatment
values of gonadotropin LH. Different
superscripts indicate significant differences within the same sampling time
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it is known that in fish serotonin stimulates LH
secretion at the level of hypothalamus (GnRH cell
body or nerve terminal – Yu et al. 1991; Schulz and
Goos 1999; Senthilkumaran et al. 2001) or pituitary
gland (Somoza and Peter 1991; Khan and Thomas
1992; Wong et al. 1998). This influence at the level
of hypothalamus may be direct or indirect (through
interaction with other hormonal systems, like dopaminergic one), but this latter possibility has not
been intensively studied so far. However, there is
immunohistochemical data showing that interaction between serotonin and dopamine has the morphological base: Ekstrom and Van Veen (1984) in
Gasterosteus aculeatus L. and Batten et al. (1993)
in sea bass (Dicentrarchus labrax) brain found that
all region of the brain is densely innervated by 5-HT
fibres and terminals. In catfish (Clarias gariepinus)
brain Corio et al. (1991) demonstrated that diencephalon contained a high number of serotonin- or
dopamine-immunoreactive cell bodies confined to
the same brain nuclei. On the other hand, there is
an evidence (Kah et al. 1987) that dopamine and
GnRH neurons are also co-localized in goldfish
brain. Based on these observations we can conclude
that there is morphological and anatomical base for
the interaction between serotonin, dopamine, and
GnRH systems in teleost fish.
Our in vivo experiments on the effects of serotonin
on LH release in Prussian carp were conducted at the
time of early gonadal recrudescence – at that time
of the season fish response to GnRH stimulation is
usually weaker (Sokolowska et al. 1985) probably
because of stronger dopamine inhibition on LH
secretion. Depending on the phase of fish gonad
maturity the sensitivity of hypothalamo-pituitarygonadal axis to hormonal stimulation differs, what has
already been demonstrated for GnRH and dopamine

(Sokolowska et al. 1985) or for endogenous opioid
peptides (Sokolowska-Mikolajczyk et al. 2002).
The analysis of LH concentration in serotonin
or GnRH-A receiving fish showed no significant
changes during all times of blood sampling (3, 6,
12, and 24 h after treatment). Such lack of responsiveness may reflect the influence of the season
(winter, early gonad recrudescence) on reproductive
axis activity. However, the combination of both:
serotonin and GnRH-A stimulated LH secretion
(Figure 1) not only in comparison to control (at 6,
12, and 24 h post-injection) but also to serotonin
alone (at 6, 12, and 24 h) or GnRH-A alone injected fish (at 6 and 12 h after treatment), which
represents the potentiation of GnRH-A effect by
serotonin. Also Khan and Thomas (1994) demonstrated similar potentiation in Atlantic croaker, in
agreement with their earlier findings (Khan and
Thomas 1993), that serotonin and GnRH systems
are in close proximity. Our data confirm the connection between serotonin and GnRH system, as
far as LH release from fish pituitary is concerned, in
fish with dopamine inhibition on this gonadotropin
secretion not changed by the treatment with PIM.
This interaction gives stronger effect than inhibition exerted by dopamine at that stage of gonad
maturity. How strong this inhibition is we demonstrated in PIM injected fish (Figure 2) – over 236%
increase of LH level in relation to control values at
12 h post-injection were observed. Removed dopamine inhibition by PIM strongly potentiated LH
releasing effects of GnRH-A – 1573.9 and 314.7%
stimulation in relation to control group at 12 and
24 h post-injection respectively, were found (Figure 3) while the influence of GnRH-A alone was
not detected – no differences from control values at
any sampling time (Figure 1). Such stimulation was
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Figure 2. Effects of serotonin (5-HT) on
luteinizing hormone (LH) secretion
at 3, 6, 12, and 24 h post-injection in
pimozide (PIM; dopamine antagonist)
treated fish. Bars represent the mean ±
SEM percentage of pre-treatment values
of gonadotropin LH. Different superscripts indicate significant differences
within the same sampling time
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surprising, whereas experiments were performed in
November on fish with recrudescing gonads (gonadosomatic index GSI = 5.4%). Usually the response
to the stimulation at that time of the season is weak
– this observation is confirmed by the lack of effects of GnRH-A alone in the present data. It shows
also that dopamine inhibition on LH release is very
strong at that time of the year. It is confirmed by the
pronounced response to PIM (Figure 2), which is
stronger than can be found in mature carp or goldfish,
having GSI exceeding 20% (Mikolajczyk et al. 2004).
The seasonality of maturation and reproduction in
fish and accompanying them different activity and
sensitivity of many systems controlling production
and secretion of hormones, responsible for gonad
maturation, is well known (Sokolowska et al. 1985,
Saligaut et al. 1992; Sokolowska-Mikolajczyk et al.
2002). This seasonality was also demonstrated by
Khan and Thomas (1992) in Atlantic croaker serotonin stimulated gonadotropin release in sexually
mature females and in juvenile fish potentiated gonadotropin release by GnRH, but in fish undergoing
sexual recrudescence gonadotropin releasing action
of salmon GnRH analogue was not affected by the
treatment with 5-HT. The authors suggest that the
post-receptor mechanisms mediating gonadotropin
releasing effect of these hormones are independent
to each other and they may act additively and that
5-HT may be synthesized in the pituitary acting
as an autocrine/paracrine factor. It may be as well
taken up by the 5HT-positive cells from the blood
entering the anterior pituitary (Wong at al. 1998).
Serotonin action in fish with dopamine system
blocked with PIM was found at 6, 12, and 24 h
post-injection (Figure 2) in comparison to control
group. Later (at 12 and 24 h) the action of PIM

a

a

Figure 3. Effects of serotonin (5-HT)
on luteinizing hormone (LH) secretion
at 3, 6, 12, and 24 h post-injection in
GnRH-A and pimozide (PIM; dopamine antagonist) treated fish. Bars
represent the mean ± SEM percentage
of pre-treatment values of gonadotropin LH. Different superscripts indicate
significant differences within the same
sampling time

24

was so strong (341% of LH increase in comparison to control) that it masked the participation
of serotonin in this process. Significantly higher
LH levels observed in 5-HT+PIM group at other
sampling times, when compared to control group,
were caused by PIM action only (no differences
between 5-HT+PIM and PIM groups). The presence of the relationship between serotonin and
dopamine may be more pronounced in fish with
mature gonads but to prove that future studies will
be required. It is known that dopamine and serotonin take part in endogenous rhythms related to
reproduction – changes in dopamine and serotonin
turnover were observed in the brain of teleost fish
under different reproductive conditions (Dulka
et al. 1992; Saligaut et al. 1992; Senthilkumaran
and Joy 1993; Trudeau et al. 1993). Subhedar et al.
(1997) found significant changes of dopamine and
serotonin concentrations in the brain of killifish
(Fundulus heteroclitus) during its reproductive cycle.
In the case of joint action of serotonin and
GnRH-A in fish treated with PIM we observed
tremendous increase of LH secretion (Figure 3):
at 12 h post-injection it was 1204.9% in relation
to control group. Such high stimulation was due
to the combination of GnRH-A+PIM, and serotonin did not change in any way this process (no
differences between 5-HT+GnRH-A+PIM and
GnRH-A+PIM were found).
In summar y, our experiment performed on
Prussian carp at the stage of gonad recrudescence
showed that:
– serotonin alone had no influence on the spontaneous LH release
– additive effects of serotonin and GnRH-A on LH
release were observed
49
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– serotonin potentiated the GnRH-A-stimulated
LH release
– extremely high response to PIM alone and also to
the combination with GnRH-A masked the potential participation of serotonin in the process of LH
release in fish with recrudescing gonads.

REFERENCES
Batten T.F.C., Berry P.A., Maqbool A., Moons L., Vandesande
F. (1993): Immunolocalization of catecholamine enzymes,
serotonin, dopamine and l-dopa in the brain of Dicentrarchus labrax (teleostei). Brain Research Bulletin, 31, 233–252.
Brooks B.W., Foran C.M., Richards S.M., Weston J., Turner
P.K., Stanley J.K., Solomon K.R., Slattery M., La Point T.W.
(2003): Aquatic ecotoxicology of fluoxetine. Toxicology
Letters, 142, 169–183.
Brooks B.W., Chambliss C.K., Stanley J.K., Ramirez A., Banks
K.E., Johnson R.D., Lewis R.J. (2005): Determination of
select antidepressants in fish from an effluent-dominated
stream. Environmental Toxicology and Chemistry, 24,
464–469.
Chemineau P., Daveau A., Pelletier J., Malpaux B., Karsch F.J.,
Viguie C. (2003): Changes in the 5-HT2A receptor system
in the pre-mammillary hypothalamus of the ewe are related
to regulation of LH pulsatile secretion by an endogenous
circannual rhythm. BMC Neuroscience, 4, 1–14.
Corio M., Peute J., Steinbusch H.W.M. (1991): Distribution of
serotonin- and dopamine-immunoreactivity in the brain of
the teleost Clarias gariepinus. Journal of Chemical Neuroanatomy, 4, 79–95.
Dow R.C., Williams B.C., Bennie J., Carroll S., Fink G. (1994):
A central 5-HT2 receptor mechanism plays a key role in the
proestrous surge of luteinizing hormone in the rat. Psychoneuroendocrinology, 19, 395–399.
Dulka J.G., Sloley B.D., Stacey N.E., Peter R.E. (1992): A
reduction in pituitary dopamine turnover is associated
with sex pheromone-induced gonadotropin secretion in
male goldfish. General and Comparative Endocrinology,
86, 496–505.
Ekstrom P., Van Veen T. (1984): Distribution of 5-hydroxytryptamine (serotonin) in the brain of the teleost Gasterosteus aculeatus L. Journal of Comparative Neurology, 226, 307–320.
Frankenhuis-van den Heuvel T.H.M., Nieuvenhuys R. (1984):
Distribution of serotonin immunoreactivity in the diencephalon and mesencephalon of the trout Salmo gairdneri.
Anatomy and Embryology, 169, 193–204.
Groves D.J., Batten T.F.C. (1985): Ultrastructural autoradiographic localization of serotonin in the pituitary gland of
a teleost fish, Poecilia latipinna. Cell and Tissue Research,
240, 489–492.

50

Kah O., Chambolle P. (1983): Serotonin in the brain of goldfish
Carassius auratus: an immunohistochemical study. Cell and
Tissue Research, 234, 319–333.
Kah O., Dulka J.G., Dubourg P., Thibault J., Peter R.E. (1987):
Neuroanatomical substrate for the inhibition of gonadotrophin secretion in goldfish: existence of a dopaminergic
preoptico-hypophyseal pathway. Neuroendocrinology, 45,
451–458.
Kah O., Pontet A., Rodriguez J.N., Calas A., Breton B. (1989):
Development of enzyme-linked immunosorbent assay for
goldfish gonadotropin. Biology of Reproduction, 40, 68–73.
Khan A.I., Thomas P. (1992): Stimulatory effects of serotonin on maturational gonadotropin release in the Atlantic
croaker, Micropogonias undulatus. General and Comparative Endocrinology, 88, 388–396.
Khan A.I., Thomas P. (1993): Immunocytochemical localization of serotonin and gonadotropin-releasing hormone
in the brain and pituitary gland of the Atlantic croaker
Micropogonias undulatus. General and Comparative Endocrinology, 91, 167–180.
Khan A.I., Thomas P. (1994): Seasonal and daily variation in
the plasma gonadotropin II response to a LHRH analog
and serotonin in Atlantic croaker (Micropogonias undulatus): evidence for mediation by 5-Ht receptors. Journal of
Experimental Zoology, 269, 531–537.
Kolpin D.W., Furlong E.T., Meyer M.T., Thurman E.M., Zaugg
S.D., Barber L.B., Buxton H.T. (2002): Pharmaceuticals,
hormones, and other organic wastewater contaminants in
US streams, 1999–2000: a national reconnaissance. Environmental Science and Technology, 36, 1202–1211.
Le Corre S., Chemineau P. (1993a): Control of photoperiodic
inhibition of luteinizing hormone secretion by dopaminergic
and serotonergic systems in ovariectomized Ile-de-France
ewes supplemented with oestradiol. Journal of Reproduction
and Fertility, 97, 367–373.
Le Corre S., Chemineau P. (1993b): Serotonergic 5HT2receptors mediate the inhibitory action of serotonin on
LH secretion in ovariectomized, estradiol-treated ewes
that are refractory to short days. Biology of Reproduction,
49, 140–147.
Lethimonier C., Madigou T., Munoz-Cueto J.A., Lareyre J.J.,
Kah O. (2004): Evolutionary aspects of GnRHs, GnRH neuronal systems and GnRH receptors in teleost fish. General
and Comparative Endocrinology, 135, 1–16.
Levavi-Sivan B., Bogerd J., Mananos E.L., Gomez A., Lareyre J.J.
(2010): Perspectives on fish gonadotropins and their receptors. General and Comparative Endocrinology, 165, 412–437.
Margolis-Kazan H., Halpern-Sebold L., Schreibman M. (1985):
Immunocytochemical localization of serotonin in the brain
and pituitary gland of platyfish Xiphophorus maculatus. Cell
and Tissue Research, 240, 311–314.

Czech J. Anim. Sci., 60, 2015 (2): 45–51

Original Paper

doi: 10.17221/7973-CJAS
Mennigen J.A., Harris E.A., Chang J.P., Moon T.W., Trudeau
V.L. (2009): Fluoxetine affects weight gain and expression
of feeding peptides in the female goldfish brain. Regulatory
Peptides, 155, 99–104.
Mennigen J.A., Stroud P., Zamora J.M., Moon T.W., Trudeau
V.L. (2011): Pharmaceuticals as neuroendocrine disruptors:
lesson learned from fish on Prozac. Journal of Toxicology
and Environmental Health, 14, 387–412.
Metcalfe C.D., Chu S., Jud C., Li H., Oakes K.D., Servos M.R.,
Andrew D.M. (2010): Antidepressants and their metabolites in municipal wastewater, and downstream exposure
in an urban watershed. Environmental Toxicology and
Chemistry, 29, 79–89.
Mikolajczyk T., Chyb J., Szczerbik P., Sokolowska-Mikolajczyk
M., Epler P., Enright W.J., Filipiak M., Breton B. (2004): Evaluation of the potency of azagly-nafarelin (GnRH analogue),
administered in combination with different formulations of
pimozide on LH secretion, ovulation and egg quality in common carp (Cyprinus carpio L.) under laboratory, commercial
hatchery and natural conditions. Aquaculture, 234, 447–460.
Peter R.E., Yu K.L. (1997): Neuroendocrine regulation of
ovulation in fishes: basic and applied aspects. Reviews in
Fish Biology and Fisheries, 7, 173–197.
Pinilla L., Ranchal A., Aguilar R., Aguilar E. (1994): Role of
the serotoninergic system in the control of gonadotropin
secretion in prepubertal male rats. European Journal of
Endocrinology, 130, 617–624.
Rodriguez M., Feleder C., Szwarcfarb B., Scacchi P., Arias P.,
Moguilevsky J. (1994): Mediobasal hypothalamic perifusion
with serotonin inhibits steroid-stimulated LH secretion:
assessment with push-pull technique. Neuroendocrinology
Letters, 16, 121–129.
Saligaut C., Salbert G., Bailhache T., Bennani S., Jego P. (1992):
Serotonin and dopamine turnover in the female rainbow
trout (Oncorhynchus mykiss) brain and pituitary: changes
during the annual reproductive cycle. General and Comparative Endocrinology, 85, 261–268.
Schulz R.W., Goos H.J. (1999): Puberty in male fish: concepts
and recent developments with special reference to African
catfish (Clarias gariepinus). Aquaculture, 177, 5–12.
Semsar K., Perreault H.A., Godwin J. (2004): Fluoxetinetreated male wrasses exhibit low AVT expression. Brain
Research, 1029, 141–147.
Senthilkumaran B., Joy K.P. (1993): Annual variations in hypothalamic serotonin and monoamine oxidase in the catfish
Heteropneustes fossilis with a note on brain regional differences of day-night variations in gonadal preparatory phase.
General and Comparative Endocrinology, 90, 372–382.

Senthilkumaran B., Okuzawa K., Gen K., Kagawa H. (2001):
Effects of serotonin, GABA and neuropeptide Y on seabream
gonadotropin releasing hormone release in vitro from preoptic-anterior hypothalamus and pituitary of red seabream,
Pagrus major. Journal of Neuroendocrinology, 13, 395–400.
Sokolowska M., Peter R.E., Nahorniak C.S., Chang J.P. (1985):
Seasonal effects of pimozide and des-Gly10 (D-Ala6) LHRH
ethylamide on gonadotropin secretion in goldfish. General
and Comparative Endocrinology, 57, 472–479.
Sokolowska-Mikolajczyk M., Socha M., Mikolajczyk T., Chyb
J., Epler P. (2002): Seasonal short-term effects of naltrexone
on LH secretion in male carp (Cyprinus carpio L.). Comparative Biochemistry and Physiology, Part C, 131, 379–385.
Somoza G.M., Peter R.E. (1991): Effects of serotonin on
gonadotropin and growth hormone release from in vitro
perifused goldfish pituitary fragments. General and Comparative Endocrinology, 82, 103–110.
Somoza G.M., Yu K.L., Peter R.E. (1988): Serotonin stimulates
gonadotropin release in female and male goldfish, Carassius auratus L. General and Comparative Endocrinology,
72, 374–382.
Subhedar N., Cerda J., Calman B.G., Wallace R.A. (1997):
Changes in forebrain and pituitary dopamine and serotonin
contents of female Fundulus during its biweekly reproductive cycle. Comparative Biochemistry and Physiology, 118A,
577–584.
Trudeau V.L., Sloley B.D., Wong A.O., Peter R.E. (1993): Interactions of gonadal steroids with brain dopamine and
gonadotropin-releasing hormone in the control of gonadotropin-II secretion in the goldfish. General and Comparative
Endocrinology, 89, 39–50.
Wong A.O.L., Murphy C.K., Chang J.P., Neumann C.M., Lo A.,
Peter R.E. (1998): Direct actions of serotonin on gonadotropin-II and growth hormone release from goldﬁsh pituitary
cells: interactions with gonadotropin releasing hormone
and dopamine and further evaluation of serotonin receptor
speciﬁcity. Fish Physiology and Biochemistry, 19, 23–34.
Yu K.L., Rosenblum P.M., Peter R.E. (1991): In vitro release of
gonadotropin-releasing hormone from the brain preopticanterior hypothalamic region and pituitary of female goldfish. General and Comparative Endocrinology, 81, 256–267.
Zohar J., Munoz-Cueto J.A., Elizur A., Kah O. (2010): Neuroendocrinology of reproduction in teleost fish. General and
Comparative Endocrinology, 165, 438–455.
Received: 2014–04–14
Accepted after corrections: 2014–09–04

Corresponding Author
Prof. Miroslawa Sokolowska-Mikolajczyk, University of Agriculture, Department of Ichthyobiology and Fisheries,
ul. Prof. T. Spiczakowa 6, 30-199 Krakow-Mydlniki, Poland; Phone: +48 126 375 176, e-mail: msokmik@ar.krakow.pl

51

