
Increase in telencephalic dopamine and cerebellar
norepinephrine contents by hydrostatic pressure in goldfish:
the possible involvement in hydrostatic pressure-related
locomotion

Taro Ikegami . Akihiro Takemura . Eunjung Choi .

Atsushi Suda . Shozo Tomonaga . Muhammad Badruzzaman .

Mitsuhiro Furuse

Received: 20 June 2014 / Accepted: 11 May 2015 / Published online: 15 May 2015

� Springer Science+Business Media Dordrecht 2015

Abstract Fish are faced with a wide range of

hydrostatic pressure (HP) in their natural habitats.

Additionally, freshwater fish are occasionally exposed

to rapid changes inHPdue toheavy rainfall, flood and/or

dam release. Accordingly, variations in HP are one of

the most important environmental cues for fish. How-

ever, little information is available on how HP infor-

mation is perceived and transmitted in the central

nervous system of fish. The present study examined the

effect of HP (water depth of 1.3 m) on the quantities of

monoamines and their metabolites in the telencephalon,

optic tectum, diencephalon, cerebellum (including

partial mesencephalon) and vagal lobe (including

medulla oblongata) of the goldfish, Carassius auratus,

using high-performance liquid chromatography. HP

affectedmonoamine andmetabolite contents in restrict-

ed brain regions, including the telencephalon, cerebel-

lum and vagal lobe. In particular, HP significantly

increased the levels of dopamine (DA) in the telen-

cephalon at 15 min and that of norepinephrine (NE) in

the cerebellum at 30 min. In addition, HP also sig-

nificantly increased locomotor activity at 15 and 30 min

after HP treatment. It is possible that HP indirectly

induces locomotion in goldfish via telencephalic DA

and cerebellar NE neuronal activity.

Keywords Brain � Fish � Hydrostatic pressure �
Monoamine � Swimming

Introduction

Aquatic organisms are constantly exposed to hydro-

static pressure (HP). Notably, many fish are faced

with a wide range of HPs in their natural habitats,

such as during vertical migration (Godø and Michal-

sen 2000; Janssen and Brandt 1980; McCleave and

Arnold 1999; Raffaelli et al. 1990). Additionally,

when water levels increase rapidly in freshwater due

to heavy rainfall, flood and/or dam release, freshwater

fish migrate to safer places in response to increasing

HP and flow velocity (Koizumi et al. 2013; Nunn
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et al. 2010). Marine fish are always exposed to

semidiurnal-cyclic HP changes caused by tidal am-

plitude (Northcott et al. 1991b), and they synchronize

their migration, feeding and spawning with tidal

cycles (Gibson 1984, 1992; Takemura et al. 2010b).

Therefore, it seems likely that HP is an important

environmental cue for fish (Northcott et al. 1991a, b).

The sensor for HP has been found only in the

crab, Carcinus maenas, and the dogfish, Scyliorhi-

nus canicula (cartilaginous fish) (Fraser et al. 2003;

Fraser and Macdonald 1994; Fraser and Shelmerdine

2002). In the crab, sensory hair receptors in the

balancing organ (statocyst) respond to HP with a

piston mechanism: differential compression of the

outer cuticle and the internal fluid of thread hairs in

the balancing system lead to nanometer-level dis-

placements that are sensed by mechanoreceptors

(Fraser and Macdonald 1994). In the dogfish,

vestibular hair cells located in the labyrinth sense

HP due to changes in resting and angular accel-

eration-derived activity after a change in HP (Fraser

and Shelmerdine 2002).

After perceiving HP, this information is transmit-

ted to the central nervous system (CNS). In fact, when

isolated labyrinths are exposed to cyclic HP, a positive

relationship is observed between nerve spike frequen-

cy and HP in the dogfish (Fraser and Shelmerdine

2002). Some studies have reported on the effects of

HP on monoamines (known as neurotransmitters and

neuromodulators) and their metabolites in the CNS of

marine fish (Damasceno-Oliveira et al. 2006, 2007;

Sebert et al. 1985, 1986; Takemura et al. 2010a,

2012). Exposing the European eel, Anguilla anguilla,

to constant HP (101 ATA, correspondence to a water

depth of 1000 m) for 1 h results in a rise in brain

epinephrine (E) and dopamine (DA) contents, where-

as HP does not affect brain serotonin (5-HT) or its

metabolite 5-hydroxyindoleacetic acid (5-HIAA) con-

tents (Sebert et al. 1985, 1986). In the threespot

wrasse, Halicoeres trimaculatus, constant HP (water

depth of 3 m) for 3–6 h decreases the DA and 5-HT

turnover ratio (Takemura et al. 2010a, 2012). Fur-

thermore, in the European flounder, Platichthys flesus,

tidal-related-cyclic changes in HP (800 kpa, corre-

sponding to a water depth of *70 m) decrease

norepinephrine (NE), DA, 3-methoxytyramine (DA

metabolite), 5-HT and 5-HIAA contents in the brain,

whereas constant HP does not affect those compounds

(Damasceno-Oliveira et al. 2006, 2007). Therefore, it

seems likely that brain monoamines act as neuro-

transmitters and/or neuromodulators in the CNS in

response to HP in fish.

Monoamines are involved in different behaviors

and physiological processes in some vertebrates. For

example, dopaminergic perikarya are located mainly

in the hypothalamus and mesencephalon in mam-

mals. Hypothalamic DA regulates prolactin release

from the pituitary, whereas mesencephalic DA

modulates motor control and emotional behavior

(Gnegy 2012). In fish, a wealth of dopaminergic

perikarya is concentrated in the hypothalamus (Corio

et al. 1991; Goping et al. 1995; Kah and Chambolle

1983; Yoshida et al. 1983). One of the functions of

hypothalamic DA is to inhibit a gonadotropin release

from the pituitary (Vidal et al. 2004). In addition,

dopaminergic perikarya are present in the telen-

cephalon (Kapsimali et al. 2000; Vetillard et al.

2002), and telencephalic DA modulates locomotion

(Goping et al. 1995; Pollard et al. 1992, 1996;

Thompson et al. 2008). Therefore, it is possible that

HP indirectly affects behaviors and/or physiological

processes by affecting monoaminergic neuron ac-

tivities in fish.

The goldfish, Carassius auratus, has been used as a

neuro-experimental model for decades, and the

distribution of brain monoaminergic neurons is well

known when compared with that in other fish species

(Bonn 1987; Geffard et al. 1984; Gotow et al. 1990;

Kah and Chambolle 1983; Yoshida et al. 1983). In

addition, DA and 5-HT functions in some specific

brain regions have been already clarified in the

goldfish (De Pedro et al. 1998; Dietrich et al. 2002;

Goping et al. 1995; Kah and Chambolle 1983; Olcese

et al. 1979; Pollard et al. 1992, 1996; Somoza and

Peter 1991; Wollmuth et al. 1989). Accordingly, the

present study clarified the effect of HP on brain

monoamines and HP-affected monoamine functions

in the goldfish. First, the effect of HP (water depth of

1.3 m) on the quantities of monoamines and their

metabolites was examined in the telencephalon, optic

tectum, diencephalon, cerebellum (including partial

mesencephalon) and vagal lobe (including medulla

oblongata) using high-performance liquid chromatog-

raphy (HPLC). Second, the effect of HP on locomotor

activity was examined because HP increased telen-

cephalic contents of DA and DA metabolites and

cerebellar content of NE, which were expected to be

involved in locomotion.
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Materials and methods

Experimental fish

Goldfish (body weight, 4.4 ± 0.1 g) were purchased

from a local dealer and maintained in an aquarium

(350-mm height 9 300-mm width 9 600-mm depth)

at 25 �C under a 12-h light:12-h dark photoperiod for

2 weeks. Fish were fed commercial goldfish pellets

equivalent to 1 % of body weight per day.

Effect of HP onmonoamine levels in goldfish brain

Sixty-three fish were transferred to nine cages

(200 9 350 9 350 mm) set at the water surface of

a 3-metric-ton-capacity concrete tank with a depth

of 1.3 m. Seven individuals were housed in each

cage. After a 24-h acclimation under these condi-

tions, the cages were either kept at the surface

(control group, n = 7; depth of 0 m, 101 kpa) or

moved to the tank bottom (HP group, n = 7; depth

of 1.3 m, 115 kpa). At 0, 15, 30, 60 and 180 min,

fish were removed from cages and anesthetized in

0.03 % tricaine methanesulfonate (Sigma-Aldrich,

St. Louis, MO, USA) buffered with an equal amount

of sodium bicarbonate. Then fish were killed by

decapitation, and the brain was removed. The brains

were trimmed into the telencephalon, optic tectum,

diencephalon, cerebellum (including partial mesen-

cephalon) and vagal lobe (including medulla oblon-

gata), as shown in Fig. 1, and immediately frozen in

liquid nitrogen and stored at -80 �C until mono-

amine measurements.

Monoamine quantification in brain tissues

Monoamines and their metabolites were measured in

the telencephalon, optic tectum, diencephalon, cere-

bellum and vagal lobe. Each brain tissue was ho-

mogenized in 0.2 M ice-cold perchloric acid, and the

homogenates were cooled on ice for 30 min for

deproteinization. The homogenates were centrifuged

at 20,0009g for 15 min at 0 �C. Then, pH of the

supernatant was adjusted to 3.0 by adding 1 M sodium

acetate, and the precipitate was used to quantify

protein. The samples were filtered through a 0.45-lm
filter (Millipore, Billerica, MA, USA). NE, DA, 3,4-

dihydroxyphenylacetic acid (DOPAC), 5-HT and

5-HIAA concentrations were analyzed in filtrates by

HPLC (Eicom, Kyoto, Japan) with a 150 9 3.0-mm

ODS column (EICOMPAK SC-5ODS, Eicom) and an

electrochemical detector (ECD-300, Eicom) at an

applied potential of ?750 mV versus an Ag/AgCl

reference analytical electrode. The change in electric

current (nA) was recorded using a computer interface

(Power Chrom ver 2.3.2.J; AD Instruments, Tokyo,

Japan). The mobile phase was pH 3.5 and consisted of

0.1 M sodium acetate, 0.1 M citric acid, sodium

1-octan sulphanate and disodium ethylenediaminete-

traacetic acid (5 mg/ml). Flow rate was 0.5 ml/min.

The retention time and height of the peaks in the tissue

homogenates weremeasured and compared to samples

of external calibrating standard solution (0.2–50 pg/ll
each of NE, DA, DOPAC, 5-HT and 5-HIAA). Protein

was quantified using the BCAmethod according to the

manufacturer’s protocol (Sigma-Aldrich). The con-

centrations of these monoamines in the sample were

calculated and expressed as pg/mg protein.

Effect of HP on locomotor activity of goldfish

Individual fish was transferred to the cage sets

(100 9 90 9 177 mm) at the water surface of a

10-metric-ton-capacity concrete tank, and the cages

were set either at the surface (control group, n = 9;

depth of 0 m, 101.3 kpa) or at the tank bottom (HP

group, n = 9; depth of 1.3 m, 114 kpa). Fifteen and

30 min later, fish were individually transferred to an

observation tank (150 9 130 9 170 mm) filled with

1.6-L tap water (water depth of 80 mm). A video

camera (HDR-PJ590, Sony, Tokyo, Japan) directly

above the tank was used to record locomotion.

Locomotor activity was measured by counting the

1
2

3

4
5

Fig. 1 Schematic illustration of goldfish brain trimming. 1

Telencephalon; 2 optic tectum; 3 diencephalon; 4 cerebellum

(including partial mesencephalon); 5 vagal lobe (including

medulla oblongata)
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frequency that the goldfish’s head crossed grid lines

(one grid size, 30 9 30 mm) during a 10-min video

observation. Locomotion consisted of swimming

movement.

Statistical analysis

Values are expressed as means ± standard errors.

Comparisons of the monoamine and metabolite con-

tents among the five brain regions were performed by

one-way analysis of variance followed by Tukey’s

post hoc test for multiple-group comparisons. Com-

parisons between monoamines, their metabolites and

locomotion between the control and the HP groups

were performed by Student’s t test. Statistical sig-

nificance was set at P\ 0.05. Statistical analyses were

performed using SPSS for Windows (SPSS Inc.,

Chicago, IL, USA).

Results

Levels of monoamines and their metabolites

in the goldfish brain

Levels of monoamines and their metabolites in five

brain regions of the initial control fish (at 0 min) were

compared (Fig. 2). The highest NE level was found in

the telencephalon (Fig. 2a), whereas the highest DA,

5-HT and 5-HIAA levels were found in the dien-

cephalon (Fig. 2b, d, e). No significant differences

were observed in DOPAC levels among the five brain

regions (Fig. 2c).

Effect of HP on levels of monoamines and their

metabolites in the telencephalon, cerebellum

and vagal lobe

Of the brain areas (telencephalon, optic tectum,

diencephalon, cerebellum, and vagal lobe) tested, the

effect of HP on the levels of monoamines and their

metabolites was found only among the telencephalon

(Fig. 3), cerebellum (Fig. 4) and vagal lobe (Fig. 5).

HP increased telencephalic DA and DOPAC levels at

15 and 30 min, respectively (Fig. 3a, b). In addition,

HP also increased cerebellar NE and 5-HIAA levels at

30 min (Fig. 4a, c) while HP did not affect cerebellar

5-HT level (Fig. 4b). In contrast, HP inhibited 5-HT

and 5-HIAA levels in the vagal lobe at 30 and 60 min,

respectively (Fig. 5a, b).

Effect of HP on locomotor activity

The effect of HP on locomotor activity was examined

at 15 and 30 min after exposure to HP using a video

camera for 10 min. HP induced locomotion both at 15

and 30 min (Fig. 6): Locomotor activity was three-

and fourfold higher in the HP group than in the control

group at 15 and 30 min, respectively.

Discussion

We clarified brain levels of monoamines and their

metabolites in goldfish in the present study (Fig. 2a–e).

Excellent agreement was observed in the rank order of

DA, 5-HT and 5-HIAA levels in the brain regions

between the goldfish and crucian carp, Carassius

carassius (Nilsson 1989). The highest DA, 5-HT and

5-HIAA levels were found in the diencephalon

(Fig. 2b, d, e). In addition, immunohistochemical

studies have revealed a wealth of DA-immunoreactive

(DA-IR) perikarya and 5-HT-IR perikarya in the

hypothalamus of the goldfish (Goping et al. 1995;

Kah and Chambolle 1983; Yoshida et al. 1983),

zebrafish, Danio rerio (Lillesaar, 2011), African

sharptooth catfish, Clarias gariepinus (Corio et al.

1991) and rainbow trout,Oncorhynchus mykiss (Vetil-

lard et al. 2002), demonstrating that dopaminergic and

serotonergic perikarya are highly concentrated in the

hypothalamus. These results suggest that the distribu-

tion of DA and 5-HT neurons is conserved in fish

species.

The rank order of NE in the brain regions of

goldfish was in agreement with that reported in

rainbow trout (Linard et al. 1996) and European eel

(Sébert et al. 2008). In those studies, the highest NE

level was found in the telencephalon (Fig. 2a). In fact,

in the goldfish telencephalon, dense innervation of

tyrosine hydroxylase-IR (TH-IR) and dopamine b-
hydroxylase-IR fibers has been noted within the area

dorsalis, pars lateralis and pars dorsalis of the telen-

cephalon (Hornby and Piekut 1990). Similarly, a

formaldehyde-induced fluorescence study in the te-

lencephalon demonstrated that monoaminergic fibers

in the European eel contain predominantly NE

fluorophores (Fremberg et al. 1977). In the crucian
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carp, the highest NE level was found in the hypotha-

lamus (Nilsson 1989). Therefore, the distribution of

NE neurons may vary depending on species.

HP increased DA and DOPAC levels in the

telencephalon at 15 and 30 min, respectively (Fig. 3a,

b), whereas HP did not affect NE level in the

telencephalon, suggesting that HP-induced DA is not

merely a precursor of NE. An immunohistochemical

study in goldfish demonstrated that DA-IR perikarya

are present in the medial part of the central telen-

cephalon [nucleus pars medialis, (NPM)] (Goping

et al. 1995). Additionally, TH-IR cells have been found

in a similar region of the telencephalon in rainbow trout

(Vetillard et al. 2002). In goldfish, DA neurons in the

NPM are likely to be equivalent to those in the

substantia nigra of the mesencephalon in mammals,

which play a key role in locomotion (Goping et al.

1995; Pollard et al. 1992). When goldfish are treated

with the neurotoxin 1-methyl-4-phenyl1-1,2,3,6-te-

trahydropyriine (MPTP), MPTP destroys major DA

neurons in the NPM and causes reduced movement, as

seen in Parkinsonian syndrome (Goping et al. 1995;

Pollard et al. 1992, 1996; Weinreb and Youdim 2007).

A similar report in European river lamprey, Lampetra
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Fig. 2 Distribution of monoamines and their metabolites in

goldfish brain. Distribution of a norepinephrine (NE),

b dopamine (DA), c 3,4-dihydroxyphenylacetic acid (DOPAC),
d serotonin (5-HT) and e 5-hydroxyindoleacetic acid (5-HIAA)
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fluviatilis, indicated that MPTP injection causes

greater DA depletion in the forebrain (i.e., nucleus

tuberculi of the telencephalon) compared with other

brain regions and impairs motor behavior (Thompson

et al. 2008). These observations reinforce involvement

of forebrain dopaminergic neurons in fish locomotion.

Additionally, locomotion is regulated by DA receptors

(D1-like receptors) expressed in the telencephalon of

the cichlid genus Oreochromis (Mok and Munro

1998). When apomorphine (non-selective DA agonist

that activates both D1-like and D2-like receptors) is

added to the water, it causes a significant increase in

locomotion. This effect is abolished by the D1

antagonist SCH-23390. In contrast, the D2 antagonist

metoclopramide has no effect. Additionally, removing

both hemispheres of the telencephalon abolishes the

response to apomorphine, whereas removal of only one

hemisphere has no effect on locomotion. These

Fig. 3 Effect of hydrostatic pressure (HP) on a dopamine (DA)

and b 3,4-dihydroxyphenylacetic acid (DOPAC) contents in the

telencephalon. Asterisk and double asterisk indicate significant

differences at P\ 0.05 and P\ 0.001 in DA and DOPAC

contents between the control and HP groups, respectively
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observations suggest that locomotion is regulated by

DA, which is synthesized and released in the telen-

cephalon of fish. In the present study, HP increased DA

level in the telencephalon at 15 min (Fig. 3a). In

addition, HP also increased locomotion at 15 min

(Fig. 6). Therefore, it seems likely that HP leads to an

increase in locomotion by inducing synthesis and

release of DA in the telencephalon of goldfish at

15 min. However, the present study could not clarify

direct relationship between HP-induced DA and HP-

induced locomotion. HP also increased NE and

5-HIAA levels in the cerebellum at 30 min (Fig. 4a,

c). However, HP did not affect 5-HT levels (Fig. 4b).

Meanwhile, the effect of HP on levels of NE metabo-

lites including 3-methoxy-4-hydroxyphenylglycol and

3-methoxy-4-hydroxymandelic acid was unclear be-

cause we could not measure those levels. An immuno-

cytochemical study in goldfish demonstrated a wealth

of NE and 5-HT fibers in the corpus cerebelli (CC) of

the cerebellum, but no NE and 5-HT perikarya in the

cerebellum (Hornby and Piekut 1990; Kah and Cham-

bolle 1983), demonstrating that NE and 5-HT in theCC

are transported through axons from other brain regions

in goldfish. Similarly, NE and 5-HT are transported to

the cerebellum through axons from the locus coeruleus

of the dorsal pons and the dorsal raphe nucleus in

mammals, respectively (Gnegy 2012; Hensler 2012).

These results suggest that HP induces transport of NE

through axons to the cerebellum and that HP induces

release of 5-HT in the cerebellum. The CC plays a key

role in controlling tail-beat frequency (swimming

speed) in rainbow trout (Roberts et al. 1992) and

goldfish (Matsumoto et al. 2007). In mouse, NE in the

cerebral cortex, stratum and cerebellum is involved in

modulating locomotion (Nishi et al. 1991). When NE

terminals were destructed by N-ethyl-2-bromobenzy-

lamine (DSP4) in the cerebral cortex, striatum and

cerebellum, locomotion significantly was reduced

(Nishi et al. 1991). In the present study, HP significant-

ly increased cerebellar NE contents at 30 min. In

addition, HP also increased locomotion at 30 min.

These results suggest that HP-induced NE in the

cerebellum might be involved in locomotion. Mean-

while, it is also possible that cerebellar 5-HT is

involved in locomotion. However, cerebellar 5-HT

seems to be involved in other function such as

neuromodulation because it is considered that function

of 5-HT in locomotion reduces activity in goldfish

(Fenwick 1970).
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HP decreased 5-HT and 5-HIAA contents in the

vagal lobe at 30 and 60 min, respectively (Fig. 5a, b).

Serotonergic perikarya are not present in the vagal

lobe, but numerous fibers are present in goldfish (Kah

and Chambolle 1983). These results suggest that HP

inhibits axonal transport of 5-HT to the vagal lobe and

release of 5-HT in the vagal lobe. The vagal lobe is

involved in swallowing in goldfish (Finger 2008),

crucian carp (Morita et al. 1980) and bullhead catfish,

Ictalurus natalis (Atema 1971): When selective abla-

tions of the vagal lobe were performed in the bullhead

catfish, the fish could not swallow food (Atema 1971).

However, the effect of HP on swallowing in the

present study was unclear due to overhead video

recording of fish behavior.

5-HT is a well-known modulator of c-aminobutyric

acid (GABA), glutamate and aspartate neurons in

addition to neurotransmitter function. In fact, 5-HT is

involved in modulating GABA-elicited inhibition of

cerebellar Purkinje cells (Strahlendorf et al. 1989),

glutamate-induced excitation of Purkinje cells (Lee

et al. 1985) and aspartate-induced excitation of deep

cerebellar nuclei neurons in rats (Gardette et al. 1987).

In the CC of goldfish, the Purkinje cells and euryden-

droid cells utilize GABA and aspartate, respectively,

as neurotransmitters (Ikenaga et al. 2005, 2006).

Additionally, GABA is likely to play an important

role in the sensory layer of the goldfish vagal lobe

(Contestabile et al. 1986), whereas glutamate mainly

acts as a neurotransmitter for both the primary

gustatory afferent fibers and the reflex interneurons

(Finger 2008). Therefore, HP-affected 5-HT might be

involved in modulation of GABA, aspartate and/or

glutamate neuronal activities in the cerebellum and

vagal lobe.

Locomotor activity was higher in the HP group

(water depth of 1.3 m) than that in the control group

(water depth of 0 m) (Fig. 6). In addition, Macdonald

et al. (1987) have reported that HP induced swimming

activity within habitat depth in European plaice

Pleuronectes platessa, European eel and Atlantic

cod Gadus morhua. At HP 1–50 atm (water depth

1–50 m), fish were stationary (European plaice),

resting (Atlantic cod), slow exploratory (European

eel). In contrast, at HP 50–100 atm, fish were upward

swimming (European plaice and European eel) and

attempted to upward swimming (Atlantic cod) (Mac-

donald et al. 1987). Thus, we hypothesized that fish

locomotion (swimming speed) varies depending on

water depth (HP) within their normal habitat depth:

Fish choose deeper waters when they need to swim

faster. Some supporting results have been reported on

the relationship between swimming speed and water

depth in some fish (Block et al. 1992; Tanaka et al.

2005). For example, an acoustic telemetry study in the

blue marlin, Makaira nigricans, demonstrated that

when fish are at a depth [50 m, they swim faster

(80–120 cm/s). In contrast, the fish swim slowly

(15–25 cm/s) in near-surface (within 10 m of surface)

waters (Block et al. 1992). Additionally, a data logger

study in chum salmon, O. keta, showed that hourly

average swimming speeds were positively correlated

with water depth during oceanic migration (Tanaka

et al. 2005). Accordingly, fish might choose water

depth according to the swimming speed demand.

However, it is difficult to evaluate the relationship

between water depth and swimming speed in fish in

the field because several factors influence the choice of

water depth, such as pursuit of prey and/or avoidance

of predators. It will be necessary to evaluate the effect

of water depth on swimming speed by excluding other

factors without HP under laboratory conditions.

Therefore, goldfish would be a good model for any

such study. However, the protocol for testing the effect

of HP on locomotion is defective in the present study

because we recorded locomotion in HP group after

transfer from high pressure to control pressure.

Accordingly, we could not exclude another possibility

that the increase in goldfish locomotion observed is the

result of the transfer from high pressure to lower

pressure.

Swimming activities of most marine fish are

synchronized with tidal cycles. In fact, there are many

reports on tidal-synchronized locomotion rhythm with

peaks during high tides in intertidal fish, including

shanny, Lipophrys pholis (Northcott et al. 1991a, b);

Montagu’s blenny, Coryphoblennius galerita (Gibson

1970) and rocky goby, Gobius pagnellus (Northcott

1991). Additionally, when those fish are exposed to

tidal-cyclic HP in an aquarium, locomotion is syn-

chronized with changes in HP with a peak during the

highest HP (Gibson 1970; Northcott 1991; Northcott

et al. 1991a, b). Accordingly, Northcott (1991)

reported that HP is probably the most reliable tidal

cue for intertidal fish because it is less affected by

weather conditions and seasonal changes. Therefore,

the tidal-related locomotion in intertidal fish could also

be explained by HP-induced locomotion in goldfish.
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In conclusion, HP (water depth of 1.3 m) affected

the contents of monoamines and their metabolites in

the telencephalon, cerebellum and vagal lobe of

goldfish. In particular, HP increased DA content in

the telencephalon at 15 min and NE content in the

cerebellum at 30 min. In addition, HP also induced

locomotion at 15 and 30 min. These results suggest

that HP induced fish locomotion via the telencephalic

DA and cerebellar NE neuronal activity. However, we

could not exclude the possibility that locomotion

observed is the result of the transfer from high pressure

to lower pressure. Further studies will be needed to

clarify direct relationship between HP-induced loco-

motion and telencephalic DA and cerebellar NE

system by inhibitory experiment such as DA and NE

antagonists.

Acknowledgments We would like to thank Ms. Chihiro

Yamauchi, University of the Ryukyus, and Dr. Yoriko Akimoto,

Mr. Takahiro Nakashita, Mr. Seiya Mochinaga and Mr. Takeshi

Yoshihara, Kyushu University, for their support and help in

sampling. Dr. Sethu Selvaraj, Kyushu University, Dr. Takeshi

Onuma, Osaka University, and Mr. Makoto Yoshida, The

University of Tokyo, provided stimulating discussions and

helpful advice. This study was supported by a Grant-in-Aid for

JSPS fellows (Grant Numbers 10J02886 and 12J02083) to TI

from the Japan Society for the Promotion of Science.

References

Atema J (1971) Structures and functions of the sense of taste in

the catfish (Ictalurus natalis). Brain Behav Evol 4:273–294

Block BA, Booth D, Carey FG (1992) Direct measurement of

swimming speeds and depth of blue marlin. J Exp Biol

166:267–284

Bonn U (1987) Distribution of monoamine-containing neurons

in the brain of a teleost, Carassius auratus (Cyprinidae).

J Hirnforsch 28:529–544

Contestabile A, Villani L, Bissoli R, Poli A, Migani P (1986)

Cholinergic, GABAergic and excitatory amino acidic

neurotransmission in the goldfish vagal lobe. Exp Brain

Res 63:301–309

Corio M, Peute J, Steinbusch HWM (1991) Distribution of

serotonin- and dopamine-immunoreactivity in the brain of

the teleost Clarias gariepinus. J Chem Neuroanat 4:79–95

Damasceno-Oliveira A, Fernández-Durán B, Gonçalves J, Ser-
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