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Abstract: An isocratic high-performance liquid chromato- 
graphic technique was developed to measure levels of y- 
aminobutyric acid (GABA), glutamate, and taurine in the 
brain and pituitary of goldfish. Accuracy of this procedure 
for quantification of these compounds was established by 
evaluating anesthetic and postmortem effects and by selec- 
tively manipulating GABA concentrations by intraperito- 
neal administration of the glutamic acid decarboxylase 
(GAD) inhibitor 3-mercaptopropionic acid or the GABA 
transaminase inhibitor y-vinyl GABA. The technique pro- 
vided a simple, rapid, and reliable method for evaluating the 
concentrations of these amino acids without the use of com- 
plex gradient chromatographic systems. To investigate the 
relationship between neurotransmitter amino acids and the 
control of pituitary secretion of gonadotropin, the effects of 
injection of taurine, GABA, or monosodium glutamate on 
GABA, glutamate, taurine, and, in some instances, mono- 
amine concentrations in the brain and pituitary were evalu- 
ated and related to serum gonadotropin levels. Injection of 
taurine caused an elevation in serum gonadotropin concen- 
trations. In addition, injection of the taurine precursor hy- 
potaurine but not the taurine cataboiite isetheonic acid ele- 
vated serum gonadotropin levels. Intracerebroventricular 

injection of either GABA or taurine also elevated serum 
gonadotropin concentrations. Pretreatment of recrudescent 
fish with a-methyl-p-tyrosine reduced pituitary dopamine 
concentrations and also potentiated the serum gonadotro- 
pin response to taurine. Injection of monosodium gluta- 
mate caused an increase of glutamate content in the pitu- 
itary at 24 h; this was followed by a decrease at 72 h after 
administration. Pituitary GABA, taurine, and dopamine 
concentrations underwent a transient depletion after mono- 
sodium glutamate administration, and this was associated 
with an elevation of serum gonadotropin content. The in- 
crease in serum gonadotropin concentrations in response to 
a gonadotropin-releasing hormone analogue was poten- 
tiated by pretreatment with monosodium glutamate. This 
article demonstrates that procedures causing elevation in 
GABA and taurine concentrations stimulate gonadotropin 
release in a teleost fish. Key Words: y-Aminobutyric acid- 
Glutamate-Taurine- Dopamine-Gonadotropin-Gold- 
fish. Sloley B. D. et al. Amino acid neurotransmitters and 
dopamine in brain and pituitary of the goldfish: Involve- 
ment in the regulation of gonadotropin secretion. J .  Neuro- 
chem. 58,2254-2262 ( 1  992). 

In teleost fish a considerable amount of evidence 
indicates that both neuropeptide and aminergic neu- 
rotransmitters are involved in the neuroendocnne 
control of gonadotropin (GTH) release. Regulation of 
GTH release involves both stimulatory and inhibitory 
factors. In the goldfish, dopamine (DA) directly in- 
hibits GTH secretion by activation of DA type 2-like 
receptors (Peter et al., 1986; Chang et al., 1990). DA 
also inhibits GTH-releasing hormone (GnRH) release 

at both the pituitary and preoptic-anterior hypotha- 
lamic levels (Yu and Peter, 1990; Yu et al., 1991). 
GTH release is directly stimulated by at least two 
forms of GnRH (Peter et al., 1990). Norepinephrine 
also directly stimulates GTH release (Chang et al., 
199 1) and stimulates GnRH release from preoptic- 
anterior hypothalamic slices and pituitary fragments 
(Yu and Peter, 1990; Yu et al., 1991). Serotonin [5- 
hydroxytryptamine (5-HT)] stimulates GTH release 
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in goldfish both in vivo (Somoza et al., 1988) and in 
vitro from perfused fragments of the pituitary (So- 
moza and Peter, 1991), but it is not known whether 
this is a direct stimulation of the gonadotrophs; 5-HT 
stimulates GnRH release from preoptic-anterior hy- 
pothalamic brain slices in static culture (Yu et al., 
199 I),  indicating that GnRH release may be at least 
part of the stimulatory actions of 5-HT on GTH re- 
lease in goldfish. Other factors, including opiates (Ro- 
senblum and Peter, 1989) and neuropeptide Y (Peng 
et al., 1990), also stimulate GTH release in teleosts. 

y-Aminobutyric acid (GABA), glutamate, and tau- 
rine are considered important amino acid neurotrans- 
mitters in vertebrates, and GABA is implicated in the 
control of pituitary function (McCann et al., 1984; 
McCann and Rettori, 1988). To date there is very lit- 
tle information concerning amino acid neurotransmit- 
ters within the CNS and pituitary of teleost fish. In 
particular, GABA and taurine, which are found in 
high concentrations in mammalian brain and pitu- 
itary (Guidotti, 1978; Tappaz et al., 1983), have rarely 
been quantified in fish (Nilsson, 1990). Immunohisto- 
chemical evidence exists for GABAergic innervation 
of the teleost brain (Martinoli et al., 1990) and pitu- 
itary (Kah et al., 1987), but no information is avail- 
able on the anatomical distribution of taurine in fish 
brain or pituitary. In mammals, both GABA (Anden 
and Stock, 1973; Biswas and Carlson, 1977) and tau- 
rine (Ahtee and Vahala, 1985; Kontro, 1987) have 
been demonstrated to alter DA function in brain. Con- 
sidering both the importance of the inhibitory influ- 
ences of DA on GnRH and GTH secretion in the 
goldfish and the potential for modulation of DA by 
GABA and taurine, investigation of the influences of 
these amino acid neurotransmitters on GTH secre- 
tion in fish is warranted. 

This study presents data concerning the quantita- 
tive measurement of levels of amino acid neurotrans- 
mitters in various regions of the goldfish brain and 
pituitary. Several drugs known or believed to affect 
selectively GABA metabolism were also tested for ef- 
fects on neurotransmitter amino acid concentrations 
and, in some cases, monoamine concentrations and 
serum GTH concentrations. This study provides an 
initial basis for evaluation of the role of amino acid 
neurotransmitters in the regulation of pituitary func- 
tion in fish. 

MATERIALS AND METHODS 
Animals 

Goldfish (Curussius uurutus; common variety), 9-1 1 cm 
long, were purchased throughout the year from Ozark Fish- 
eries (Stoutland, MO, U.S.A.). From the time ofamval, the 
fish were held on a simulated natural photoperiod (Edmon- 
ton, Alberta, Canada) in flow-through aquaria at 18 f 1 "C. 
Fish were fed once daily with commercial trout food. 

Pharmacological agents and chemicals 
DA HCl, norepinephrine HC1, 5-HT creatinine sulfate, 

GABA, taurine, hypotaurine, L-cysteic acid, isetheonic 

acid, p-alanine, L-lysine, D,L-homoserine, L-glutamic acid, 
a-methyl-p-tyrosine (a-MPT), monosodium glutamate 
(MSG), and 3-mercaptopropionic acid (3-MPA) were pur- 
chased from Sigma (St. Louis, MO, U.S.A.). Fluoraldehyde 
(o-phthalaldehyde reagent solution) was obtained from 
Pierce Chemical Co. (Rockford, IL, U.S.A.). D,L-y-Vinyl 
GABA (~,~-4-amino-hex-5-enoic acid) was the generous 
gift of the Merrell Dow Research Institute (Strasbourg, 
France). The salmon GnRH analogue (sGnRHa) [D 
Arg6,Pro9-N-Et]-salmon GnRH was a gift from Dr. J. Rivier 
of The Salk Institute (La Jolla, CA, U.S.A.). Drugs were 
prepared fresh before injection in a vehicle of 0.6% NaCl 
except taurine, which was dissolved in distilled water. Con- 
trol groups were given an equivalent volume of the appro- 
priate vehicle. All chemicals used for analyses were reagent 
grade or better, and all solvents were HPLC grade. Water 
was distilled and deionized with a resistance of > 17 MO. 

Experimental procedures 
The drugs were given as intraperitoneal or intracerebro- 

ventricular injections. Intracerobroventricular injections 
were included in the study to act as controls for nonspecific 
effects that might arise from the intraperitoneal injection of 
large amounts of amino acids. In addition, intracerebroven- 
tricular injection avoids loss of injected substance through 
the gills before the drug reaches the brain and circumvents 
the blood-brain barrier. Doses of drugs injected intraperito- 
neally are expressed as micrograms per gram of body weight 
and were administered in a 5-pl volume per gram of body 
weight, except taurine (1 0-pl volume per gram of body 
weight). Intracerebroventricular injections were performed 
by the method of Chang and Peter (1983). Control fish for 
the experiment investigating the effects of anesthesia were 
killed by severing the spinal cord just posterior to the head. 
All other fish were anesthetized by immersion in 0.05% tri- 
caine methanesulfonate for between 1 and 2 min and 
weighed before dissection. Blood was collected by punctur- 
ing the caudal vasculature with a 25-gauge needle attached 
to a 1-ml disposable syringe. Blood samples were allowed to 
clot on ice for several hours, and the serum was separated by 
centrifugation and stored at -28°C. Serum GTH was quan- 
tified by radioimmunoassay (Peter et al., 1984). All samples 
were assayed in duplicate, and samples from the same ex- 
periment were measured in one assay. 

Brains of fish were rapidly removed through an opening 
made in the top of the skull and placed on an ice-cold glass 
plate. The hypothalamus and telencephalon (including 
preoptic region) (Yu et al., 1987) were rapidly removed, 
placed in preweighed 1.5-ml polypropylene microtubes, 
and immediately frozen on dry ice. The pituitary was re- 
moved, placed in a 1.5-ml polypropylene microtube, and 
frozen on dry ice. Dissections took <2 min. Tissues were 
stored frozen at -28°C until estimation of amino acid or 
amine concentrations (usually < 1 week). After removal of 
the brain, gonads were removed for calculation of the 
gonadosomatic index (GSI = gonad weight/body weight 

Concentrations of GABA, glutamate, and taurine were 
determined by HPLC with fluorometric detection. Amino 
acids were extracted from tissues by homogenizing tissues, 
using an ultrasonic tissue disruptor, in 250 (hypothalamus 
and telencephalon) or 40 pl (pituitary) of methanol contain- 
ing 0.1 pg/ml of homoserine as the internal standard. Ho- 
mogenates were centrifuged for 10 min at 12,800 g, and 20 
pl of the supernatant was removed and reacted with 20 p1 of 

x 100). 
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fluoraldehyde solution (Pierce) for 2.5 min to produce fluo- 
rescent derivatives. Twenty microliters of the reaction prod- 
uct was mixed with 980 gI of 0.1 M sodium acetate, and 20 
pl of this solution was injected directly onto the HPLC col- 
umn. Separation of amino acid derivatives was achieved 
using isocratic reverse-phase liquid chromatography. The 
mobile phase consisted of 0. I M NaH,PO,/methanol/ace- 
tonitrile (20: 1 1 :3 by volume). The pH was adjusted to 3.8 
with concentrated phosphoric acid, degassed, and pumped 
at a flow rate of 1 ml/min. This mobile phase could be 
recycled for periods of up to I month with constant use. The 
apparatus for HPLC with fluorometric detection consisted 
of a Gilson model 305 pump equipped with a model 805 
manometric unit and a Rheodyne manual injector 
equipped with a 20-4 injection loop. Separations were 
achieved using a 25-cm X 4.6-mm (inside diameter) analyti- 
cal column packed with C-18 spherical 5-pm particles (Ul- 
trasphere; Beckman) and protected by a 3-cm X 4.6-mm 
(inside diameter) guard column (MPLCRP- 18 SPHERI-5; 
Brownlee). Fluoraldehyde derivatives of GABA, homoser- 
ine, glutamate. and taurine were detected by fluorometric 
detection using a Gilson model 121 fluorometer with an 
excitation wavelength of 305-395 nm and an emission 
wavelength of 430-470 nm. Signals for the detector were 
estimated by peak height using a Cole-Parmer model 8384- 
32 chart recorder. 

Concentrations of DA and other amines were determined 
by HPLC with electrochemical detection as previously de- 
scribed (Sloley and Orikasa, 1988; Sloley et al., 1991). 

As single fish pituitaries and olfactory bulbs were difficult 
to weigh accurately, estimates of amino acid and DA con- 
centrations were based on the amount of protein present. 
Protein content determinations were performed using the 
Bio-Rad protein assay method using bovine serum albumin 
as the standard (Bradford, 1976). 

A C 
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FIG. 1. Sample chromatograms of o-phthalaldehyde derivatives 
of glutamate (GLU). homoserine (HSER), taurine (TAU), and 
GABA in standards and extract of whole fish brain. A Derivatized 
extraction solution containing 12.5 ng of homoserine. 6: Deriva- 
tized standard of 12.5 ng of glutamate homoserine, taurine, and 
GABA. C: Derivatized ethanol extract of whole fish brain with 
homoserine added as the internal standard, representing - 10 pg 
wet weight of tissue. 

TABLE 1. Distribution of GABA, glutamate, and taurine 
in brain and piluitary of sexually recrudescent 

male and fernale goldfish 

ng/pg of protein 

GABA Glutamate Taurine Tissue (n) 

Telencephalon (8) 2.16 f 0.12 11.1 * 0.8 22.1 k 1.9 
Hypothalamus (8) 1.40 f 0.20 6.69 & 0.93 12.2 f 1.4 
Cerebellum (8) 0.99 2 0.07 7.89 f 0.65 11.5 k 0.9 
Optic tectum (8) 3.08 k 0.1 1 10.5 f 0.6 17.0 k 1.0 
Posterior medulla (8) 1.74 f 0.28 7.65 k 1.05 10.9 k 1.3 
Pituitary (8) 0.68 f 0.04 4.48 f 0.61 20.0 k 1.9 
Olfactory bulbs (8) 1.54 k 0.10 3.78 f 0.30 10.2 f 0.9 

Data are mean f SEM values based on n determinations. 

Statistical analyses 
Data are expressed as mean ? SEM values. Differences 

between means were examined by analysis of variance. 
Means were considered statistically different ifr; < 0.05. 

RESULTS 
Figure 1 illustrates chromatograms derived from 

the extraction solution, standards, and extract of gold- 
fish brain. The internal standard (homoserine), 
GABA, glutamate, and taurine were well resolved 
from other fluorescent derivatives found in extracts of 
fish brain. Other amino acid derivatives observed, but 
not quantified, included tyrosine and phenylalanine. 
Recovery of the internal standard from tissue extrac- 
tions was 90%. 

The concentrations of GABA, taurine, and gluta- 
mate in various regions of the goldfish brain and pitu- 
itary are shown in Table 1. GABA and glutamate were 
found predominantly in the optic tectum and telen- 
cephalon. The highest concentrations of taurine were 
found in the telencephalon and pituitary. As can be 
noted in some tables, e.g., Tables 2-4, concentrations 
of amino acid neurotransmitters vaned somewhat be- 
tween experiments. For example, in the pituitary, tau- 
rine concentrations ranged from 4 to 20 ng/pg of pro- 
tein. These variations appeared to derive from age or 
seasonal differences in fish used. 

Short-term anesthesia with tricaine methanesul- 
fonate had no effects on GABA, glutamate, or taurine 
concentrations in the goldfish hypothalamus, telen- 
cephalon, pituitary, olfactory bulbs, cerebellum, optic 
tectum, and posterior medulla (data not shown). 

Permitting pituitary tissue to remain at room tem- 
perature before freezing did not result in alterations in 
GABA concentrations (Fig. 2A). However, GABA 
concentrations in the hypothalamus (Fig. 2B) and tel- 
encephalon (Fig. 2C) increased with the time the tis- 
sue was permitted to remain at room temperature be- 
fore freezing. Neither glutamate nor taurine concen- 
trations were significantly dependent on the time 
tissues were permitted to remain at room temperature 
before freezing (data not shown). 
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FIG. 2. Postmortem changes in the concentrations of GABA in 
(A) pituitary, (6) hypothalamus, and (C) telencephalon of goldfish. 
Fish were anesthetized, and the pituitary and brain regions were 
dissected out and held in polypropylene microtubes at room tem- 
perature for various times until freezing on dry ice. Data are mean * SEM (bars) values (n = 12). 'Significantly different from time 
= 0 min ( p  < 0.05). 

Intraperitoneal injection of the ~-glutamic acid de- 
carboxylase inhibitor 3-MPA (McGeer and McGeer, 
1989) (50 pg/g, 2 h) resulted in a significant reduction 
in GABA, but not glutamate or taurine, concentra- 
tions in the goldfish pituitary; pituitary GABA con- 
centrations declined from 0.72 f 0.05 (n = 7) to 0.54 
k 0.08 ng/pg of protein (n = 5). In the telencephalon, 
3-MPA caused a reduction in taurine concentrations 
[decline from 343 * 34 (n = 7) to 235 f 36 pg/g (n 
= 5 ) ;  p < 0.051; however, GABA and glutamate levels 
remained unchanged. 

Intraperitoneal injection of y-vinyl GABA into 
goldfish undergoing gonadal recrudescence resulted 
in a dose-dependent increase in GABA concentra- 
tions in the pituitary (Table 2), hypothalamus (Table 
3), and telencephalon (data not shown) lasting at least 
48 h. Taurine concentrations in the pituitary (Table 

2) but not in the hypothalamus (Table 3) or telenceph- 
alon (data not shown) were elevated by y-vinyl 
GABA administration. Serum GTH concentrations 
were also elevated by y-vinyl GABA (Table 2). DA, 
norepinephrine, 5-HT, and 5-hydroxyindoleacetic 
acid concentrations were not altered in pituitary (Ta- 
ble 2), hypothalamus (Table 3), or telencephalon 
(data not shown) by y-vinyl GABA treatment. Intra- 
cerebroventricular injection of GABA (200 pg in 2 pl, 
30 min) significantly elevated serum GTH concentra- 
tionsfrom 16.3k2.1 ( n =  12)to65.9* 11.2ng/ml(n 
= 12; p < 0.05). 

Intraperitoneal injection of taurine caused a signifi- 
cant increase in serum GTH concentrations at 30 min 
after administration (Fig. 3 and Table 4). This effect 
was also seen after injection of the taurine precursor 
hypotaurine and the structurally related amino acid 
P-alanine but not cysteic acid, isetheonic acid, lysine, 
or glutamate (Fig. 3). Intracerebroventricular adminis- 
tration of taurine also elevated serum GTH concen- 
trations from 16.3 ? 2.1 (n = 12) to 28.9 * 6.4 ng/ml 
(n = 12; p < 0.05). 

Pretreatment with a-MPT, which reduced concen- 
trations of brain DA and norepinephrine (data not 
shown) and pituitary DA (Table 4) and potentiated 
the serum GTH response to a GnRH analogue (Peter 
et al., 1986), also potentiated the GTH response to 
taurine (Table 4). 

Injection of MSG into sexually recrudescent gold- 
fish resulted in a significant increase in pituitary gluta- 
mate and taurine concentrations and a decrease in 
pituitary DA concentrations at 24 h after injection 
(Table 5). This was followed by a decrease in pituitary 
GABA, glutamate, and taurine concentrations at 72 h 
after injection; pituitary DA concentrations remained 
significantly reduced 72 h after MSG injection. Con- 
centrations of GABA, glutamate, taurine, and DA re- 
covered by 96 h after injection. In the hypothalamus 
the only significant result of MSG injection was a de- 
crease in glutamate concentrations from 1.29 * 0.04 
(n = 12) to 1.04 f 0.04 mg/g (n = 12; p < 0.05) 72 h 
after injection. No MSG-dependent changes in telen- 
cephalon amino acid neurotransmitter concentra- 
tions were demonstrated (data not shown). 

Serum GTH concentrations were elevated from 
16.8 k 2.7 (n = 12) to 31.0 -+ 6.0 ng/ml (n = 12; p 
< 0.05) at 24 h, but not at other sample times, after 
MSG administration. Fish treated with MSG for 48 h 
before the administration of sGnRHa showed a po- 
tentiated serum GTH response (Fig. 4). More specifi- 
cally, fish in midstages of ovarian recrudescence (GSI 
= 5.7 f 1.2; n = 10) were not responsive to sGnRHa 
(0.1 pg/g, 6 h) alone; however, fish pretreated with 
MSG showed a marked elevation of serum GTH con- 
centration following sGnRHa injection (Fig. 4A). 
Fish in the late stages of ovarian recrudescence (GSI 
= 9.9 * 1.3; n = 10) were responsive to sGnRHa (0.0 1 
pg/g, 6 h) alone; fish treated with MSG also showed a 
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TABLE 2. Egecls of intraperitoneal injection of y-vinyl GABA on serum GTH levels and GABA, glutamate, taurine, DA, 
and 5-Hi'' concentrations in the pituitary of sexually recrudescent goldfish 

GTH GABA Glutamate Taurine DA 5-HT 
Treatment (ng/ml) (ng/pg of protein) (ngjpg of protein) (ng/pg of protein) (pg/pg of protein) (pg/pg of protein) 

~~ ~ 

Saline (24 h) 16.0 f 2.5 1.19 f 0.10 3.19 f 0.20 4.21 f 0.66 1.64 k 0.20 0.29 f 0.04 
?-Vinyl GABA 

6.70 f 0.67" 1.58 f 0.17 0.19 IfI 0.03 100 pdg,  24 h 23.7 f 5.2 5.82 f 0.38" 3.41 & 0.30 
300 pg/g ,  24 h 14.2 f 11.4' 6.23 f 0.45" 3.23 f 0.26 5.88 f 0.50" 1.84f  0.18 0.25 f 0.04 

Saline (48 h) 15.1 f 1.8 I .68 f 0.26 3.43 f 0.27 5.56 f 0.62 1.80 f 0.27 0.25 f 0.03 
y-Vinyl GABA 

(100 pg/g, 48 h) 29.1 * 5.3" 15.3 f 1.4" 3.90 f 0.27 6.41 * 0.49 1.44 f 0.21 0.32 f 0.09 

Norepinephrine and 5-hydroxyindoleacetic acid were not detectable in the pituitary, similar to previous results (Sloley et al., 199 I). Data are 

Significantly different from time-matched controls ( p  < 0.05). The values for GABA have also been presented elsewhere (Kah et al., 1992). 
mean f SEM values (n = 6-8). 

potentiation of the serum GTH response to sGnRHa 
(Fig. 4B). 

DISCUSSION 

The present study indicates that, like other verte- 
brates, fish possess high concentrations ofGABA, glu- 
tamate, and taurine in the brain and pituitary. Phar- 
macological manipulations of both GABA and tau- 
rine suggest that these compounds have an important 
role in the regulation of GTH secretion. 

As in mammals (Alderman and Schellenberger, 
1974), postmortem effects on goldfish brain GABA 
concentrations were evident. In both the hypothala- 
mus and telencephalon, GABA concentrations in- 
crease with time until freezing of the tissue. This in- 
crease is relatively slow, and immediate freezing of 
dissected tissues on dry ice prevents significant accu- 
mulation of GABA. Killing by means of microwave 
irradiation has been suggested as a means of avoiding 
postmortem elevations of GABA levels in mamma- 
lian nervous tissue (Alderman and Scallenberger, 
1974). This is impractical with fish, and rapid freezing 

of dissected tissue appears to be sufficient to avoid 
irregularities in GABA content measurement. No 
postmortem effects on GABA concentrations were 
demonstrated in the pituitary. This may indicate that 
the GABAergic fibers located in the pituitary have a 
lesser capacity to synthesize GABA in comparison 
with the CNS. Neither glutamate nor taurine demon- 
strated postmortem elevations in level, indicating that 
postmortem alterations in the concentrations of these 
compounds are minimal. 

As anesthesia with tricaine methanesulfonate did 
not alter neurotransmitter amino acid concentrations 
in any brain region, this anesthetic was considered to 
have minimal impact on sampling procedures. It 
must be noted that all exposures to anesthetic before 
sampling were held to a minimum and that no sam- 
ples were removed from fish that had been exposed to 
tricaine methanesulfonate for >3 min. 

After validation of the sampling and measurement 
of GABA, glutamate, and taurine levels in fish ner- 
vous tissue and pituitary, tissue concentrations and 
distribution of these compounds were examined. 
GABA, glutamate, and taurine are found in all brain 

TABLE 3. Eflect of intraperitoneal injection of y-vinyl GABA on GABA, glutamate, taurine, norepinephrine (NE), DA, 
5-HT, and 5-hydroxyindoleacetic acid (5-HIAA) concentrations in the hypothalamus of sexually recrudescent goldjsh 

GABA Glutamate Taurine NE DA 5-HT 5-HIAA 
Treatment n (rgk) (mg/g) (Pg/g) (ng/g) (nglg) (ng/g) (ns/s) 

Saline (24 h) 7 156 :k 10 1.54 k 0.12 409 f 45 1,439 f 234 512 f 64 637 f 86 75 f 13 

100 d g ,  24 h 7 573 t 27" 1.44 f 0.03 424 f 26 1,464 * 170 494 2 29 634 f 63 85 f 6 
300 rg/g, 24 h 7 822 k 39' 1.55 f 0.07 401 5 22 1,497 f 135 542 s 41 611 k 32 68 * 2 

Saline (48 h) 8 136 k 9 1.42 f 0.1 1 376 f 20 1,495 f 70 6 4 9 + 7 2  7 8 1 f 4 5  7 1 f 1 1  
y-Vinyl GABA 

y-Vinyl GABA 

(100 pg/g, 48 h) 8 1021 t 96" 1.53 f 0.13 405 f 23 1,748 f 213 575 f 16 793 f 36 100 f 7 

Data are mean k SEM values based on n determinations. 

hSignifjcantIy different from time-matched controls and 100 pg/g of y-vinyl GABA, 24 h ( p  < 0.05). 
Significantly different from time-matched controls ( p  < 0.05). 
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FIG. 3. Effects of intraperitoneal injection of saline (Cont), L-cys- 
teic acid (CA), hypotaurine (HTau), taurine (Tau), 0-alanine (p  Ala), 
isetheonic acid (Ise), L-lysine (Lys), and L-glutarnic acid (GA) at 
doses of 1 .O rng/g on serum GTH concentrations 30 min later in 
sexually recrudescent female goldfish. Data are mean f SEM 
(bars) values (n = 10-1 2). 'Significantly different from controls (p  
< 0.05). 

regions and the pituitary, and, as might be expected, 
there is a regional distribution of the amino acid neu- 
rotransmitters within these tissues. 

The concentrations of these amino acid neurotrans- 
mitters determined in the goldfish approximate those 
observed in other vertebrates (Sturman et al., 1978) 
and fish (Nilsson, 1990). We did find, however, that 
amino acid neurotransmitter concentrations (espe- 
cially that of taurine) could vary substantially from 
stock to stock or at various times of the year. It has 
been demonstrated that free amino acid concentra- 
tions in nervous tissue can vary greatly in the nervous 
tissue of fish and other vertebrates. For example, 
older, larger pike have brain tryptophan concentra- 
tions that are much lower than those of younger, 
smaller pike (Sloley and Rehnberg, 1988). In mam- 
mals, taurine levels in the brain are very dependent on 
the age of the animal (Sturman et al., 1978), with lev- 
els in rat brain falling from 17 pmol/g at birth to 4.24 
pmol/g by maturation. It is likely that because gold- 
fish are seasonal breeders, amino acid concentrations 
in the brain and pituitary will alter with the age of the 
stock and be reflected in changes in concentration 
throughout the year. 

In goldfish, GABA is concentrated within the optic 
tectum and olfactory bulbs, and its level is lowest in 
the cerebellum and pituitary. These observations, in 
part, confirm the immunohistochemical studies of 
Martinoli et al. (1990), in which strong GABA immu- 
noreactivity was described in the olfactory bulbs. The 
occurrence of GABA in the goldfish pituitary also 
confirms the immunohistochemical demonstration 
of direct GABA innervation of this organ (Kah et al., 
1987). The presence of high concentrations of GABA 
in the optic tectum and olfactory bulbs suggests that, 
in fish, GABA may play a role in the processing or 
regulating of sensory information. In contrast to 
GABA, glutamate concentrations are fairly evenly dis- 
tributed throughout the brain of the goldfish, al- 
though lower levels are observed in the pituitary and 
olfactory bulbs. 

Taurine is found in highest concentrations in the 
telencephalon, optic tectum, and pituitary, parallel- 
ing results of studies on mammals (Guidotti, 1978). 
The extremely high concentrations of taurine in the 
pituitary strongly suggest a role for this compound in 
the regulation of pituitary function. 

Inhibitors of the synthesis and degradation of 
GABA were investigated both to confirm the accu- 
racy of the analytical technique and to investigate the 
involvement of GABA in pituitary function. 3-MPA, 
an inhibitor of L-glutamic acid decarboxylase 
(McGeer and McGeer, 1989), significantly reduced 
GABA concentrations in the pituitary but not in the 
brain or telencephalon. Taurine concentrations in the 
telencephalon, but not pituitary or hypothalamus, 
were also reduced by 3-MPA. These results indicate 
that although 3-MPA might inhibit goldfish ~-glu- 
tamic acid decarboxylase activity, the effects are not 
selective to the GABAergic system and may be subject 
to regional differences. Because of these problems 
with the effects of 3-MPA, we discontinued investiga- 
tion of this compound. 

Injection of y-vinyl GABA resulted in a potent and 
relatively selective increase in GABA concentrations 
in the goldfish brain and pituitary lasting at least 48 h. 
This drug has been demonstrated to inhibit irrevers- 

TABLE 4. Effect of intraperitoneal injection of taurine (I mg/g, 30 or 60 min) 
on serum GTH and pituitary DA Concentrations in sexually recrudescent goldfish 

with or without pretreatment with a-MPT (200 Fg/g, 5 days) 

GTH (ng/ml) after taurine injection 
Pituitary DA 

Treatment 30 min 60 min (pg/wg of protein) 

Saline 11.6 + 1.6 (12) 9.9 * 1.3 (12) 5.02 f 0.54 (7) 
Taunne 35.3 * 7.7 (10)" 20.9 * 3.2 (12)" ND 
(U-MPT 12.0 * 1.5 (12) 13.3 k 2.8 (12) 1.53 f 0.15 (7)" 
a-MPT and taurine 28.3 k 7.2 (9)" 37.2 k 6.6 ( 1  I ) *  ND 

Data are mean f SEM values based on n determinations. ND, not determined. 
' Significantly different from controls ( p  < 0.05). 

Significantly different from controls and taurine-injected animals (p < 0.05) at 30 min. 
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TABLE 5 .  Efects of intraperitoneal injection of MSG (2.5 mg/g) at 24, 72, and 96 h after injection on GABA, glutamate, 
taurine, and DA concentrations in the pituitary of sexually recrudescent goldfish 

GABA Glutamate Taurine DA 
Treatment (ng/pg of protein) (ng/pg of protein) (ng/pg of protein) (pg/rcg of protein) 

~~ 

Saline 24 h 0.62 f 0.09 5.12 f 0.64 14.4 f 0.8 2.18 t_ 0.14 
MSG 24 h 0.76 ? 0.04 10.2 f 1 . 0 0 4  21.6 f 1.2" 1.68f0.11" 

Saline 72 h 0.60 t_ 0.03 7.91 f 0.53 16.4 f 0.7 1.92 & 0.13 
MSG 72 h 0.46 ? 0.03" 5.29 ? 0.49" 13.7 f 0.8" 1.45 f 0.16" 

Saline 96 h 0.49 f 0.03 6.36 f 0.55 11.5 t 0.6 2.84 t 0.26 
2.36 * 0.19 MSG 96 h 0.52 f 0.03 6.46 t_ 0.70 13.1 f 0.8 

Data are mean f SEM values (n = 12). 
Significantly different from time matched controls ( p  < 0.05). 

ibly GABA transaminase in rats (Brustle et al., 1988), 
resulting in an elevation of GABA levels. ?-Vinyl 
GABA appears to have the same effects in goldfish, 
and the effect is observed on both sides of the blood- 
brain barrier. The effects of y-vinyl GABA are reason- 
ably selective, with no effects demonstrated on DA, 
norepinephrine, 5-HT, or glutamate concentrations 
in hypothalamus or pituitary and only a transient in- 
crease of taurine concentrations in the telencephalon. 
In addition to greatly elevating GABA concentra- 
tions, injections of y-vinyl GABA caused highly ele- 
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FIG. 4. Effects of MSG pretreatment on the serum GTH re- 
sponse to sGnRHa. A MSG (2.5 mg/g) potentiates GTH release 
in fish that are unresponsive (GSI = 5.37 f 1.15; n = 10) to 0.1 
pg/g of sGnRHa alone. 8: MSG also potentiates GTH release in 
fish that are responsive to 0.01 pg/g of sGnRHa (GSI = 9.86 
f 1.25; n = 10). 'Significantly different from controls ( p  < 0.05). 
'"Significantly different from controls and sGnRHa-injected ani- 
mals ( p  < 0.05). Sal, saline (control). 

vated serum GTH levels in recrudescent fish, suggest- 
ing a role for GABA in the regulation of release of this 
hormone. GABA is generally believed to be involved 
in the inhibitory control of luteinizing hormone se- 
cretion in mammals (McCann and Rettori, 1988). 
However, in rats, GABA has also been demonstrated 
to elevate levels of serum luteinizing hormone 
(Vijayan and McCann, 197th) and growth hormone 
(Vijayan and McCann, 1978b) and to lower levels of 
serum thyrotropin (Vijayan and McCann, 1978b) 
and prolactin (Schally et al., 1977). These effects have 
been suggested to be due to the ability of GABA to 
modulate DA activity in the brain and pituitary (re- 
viewed by McCann and Rettori, 1988), although this 
has not been established for all of the pituitary hor- 
mones affected. The present data do not clearly sup- 
port the proposal that GABA modulates DA release 
in the fish pituitary and thereby affects GTH release; 
injection of y-vinyl GABA caused increased pituitary 
and brain GABA levels and increased serum GTH 
concentrations without altering pituitary or brain DA 
concentrations. In addition, direct effects of GABA 
on GnRH release (Kah et al., 1992) may be involved 
in the responses to y-vinyl GABA. 

Both intraperitoneal and intracerebroventricular 
injection of taurine caused an increase in serum GTH 
levels in goldfish undergoing gonadal recrudescence. 
Taunne has been suggested to parallel GABA in its 
inhibitory effects on dopaminergic systems (Ahtee 
and Vahala, 1985) and as such might be expected to 
exert similar effects on GTH release in goldfish. If 
taurine action is similar to that of GABA, the taunne- 
induced elevation of GTH levels in fish would be con- 
sistent with the elevated luteinizing hormone concen- 
trations observed after GABA treatment in rats 
(Vijayan and McCann, 1978~). With respect to GTH 
release in fish, taurine injection elevates serum GTH 
levels in a manner similar to that described after injec- 
tion of GABA or elevation of GABA levels due to 
inhibition of GABA transaminase (this study; Kah et 
al., 1992). However, taurine stimulation of GTH re- 
lease in fish is in contrast to rats, where taurine injec- 
tion has no effect on LH release but blocks the N- 
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methyl-D-aspartate-evoked release of LH (Price et al., 
1978). 

Pretreatment with a-MPT has been demonstrated 
to potentiate the GTH response to GnRH analogues 
in goldfish (Peter et al., 1986) and Chinese loach (Lin 
et al., 1986), presumably by attenuating the inhibitory 
tone of DA on GTH release. The results presented 
here support the idea that taurine and DA modulate 
GTH release. The effect of taurine on GTH release 
appears to be dependent on the inhibitory tone of DA 
in the pituitary. Whether this effect of taurine is 
through modulation of DA, GnRH, or other neuroen- 
docrine factors remains to be determined. 

MSG has been demonstrated to cause selective le- 
sions in the nucleus lateral tuberis and the nucleus 
preopticus periventricularis of the goldfish forebrain 
(Kah et al., 1983) and is known to affect sexual matu- 
ration (MacDonald and Wilkinson, 1990) and the lu- 
teinizing hormone response to DA agonists (Rose and 
Weick, 1986) in rats. The cell attrition resulting from 
MSG has been proposed to be the result of overstimu- 
lation of glutamate-responsive cells (Olney, 1988). 
Our results indicate that, rather than having a specific 
effect on any one of the aminergic or amino acid neu- 
rotransmitters in the pituitary, MSG causes a tran- 
sient elevation ofglutamate content followed by a gen- 
eral depletion of glutamate, GABA, taurine, and DA. 
This does not appear to be due to specific attrition of 
neurons containing these neurotransmitters, as the ef- 
fect is transient, but may result from the general dam- 
age to areas through which these neurons travel. The 
elevation of GTH levels may ultimately result from a 
transient loss of inhibitory DA tone on the gonado- 
trophs through either loss of DA or loss of ability of 
these inhibitory neurons to maintain normal activity. 
The potentiation of the serum GTH response to 
sGnRHa in MSG-treated fish is consistent with this 
proposal, as inhibition of dopaminergic systems by 
DA antagonists or DA synthesis inhibitors also poten- 
tiates the serum GTH response to GnRH or agonistic 
GnRH analogues (Peter et al., 1986). 

In conclusion, GABA, glutamate, and taunne are 
found throughout the goldfish brain and pituitary. 
Taurine concentrations are particularly high in the 
pituitary. GABA and taurine have similar stimulatory 
effects on GTH secretion. The results indicate that 
stimulatory effects of GABA and taurine may be, in 
part, due to an interaction with the DA system, which 
has inhibitory effects on GnRH and GTH release in 
the goldfish. 
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