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Abstract

The role of dopamine (DA) on growth hormone (GH) secretion in the goldfish was
investigated in the present study. DA stimulated GH releasc from goldfish pituitary
fragments and pituitary cells. Results from studies using pharmacological probes for DA
D1 and D2 receptors indicate that DA-stimulated GH releasc in the goldfish is mediated
via the D1 receptors at the pituitary cell level. The GH response to DA could be blocked
by somatostatin, but was additive to that of salmon gonadotropin-rcleasing hormone.
The responsiveness of the goldfish pituitary to DA stimulation was found to be seasonal,
being the highest in sexually regressed fish, intermediate in recrudescent fish, and the
lowest in sexually mature (=prespawning) fish. Castration in prespawning goldfish
significantly enhanced the GH responses to DA, indicating that the observed seasonality
of DA actions on GH release was induced by the gradual development of the gonads. In
goldfish undergoing gonadal recrudescence, serum GH levcls were suppressed by
intraperitoneal injection of the D1 antagonist SCH23390. Dietary supplementation with
the DA agonist apomorphine, on the contrary, increased serum GH levels and body
growth of the goldfish. The binding properties of DA D1 receptors in the goldfish
pituitary cells were also characterized. The binding affinity and pharmacological profiles
of these goldfish D1 receptors were comparable to those of the mammalian D1 systems.
Moreover, these DA D1 receptors were found to be localized in the proximal pars distalis,
overlapping with the distribution of goldfish somatotrophs. The post-receptor
mechanisms of this newly identified D1 system in the goldfish were also examined.
Results from in vitro studies suggest that activation of the adenylate cyclase-cAMP-
protein kinase A pathway, followed by the entry of extracellular Ca2* through voltage
sensitive Ca2* channels, mediates the GH-releasing actions of DA. Protein kinase C,
however, was not involved in this DA D1 action. Taken together, the present study has
demonstrated that DA, through its actions on DA D1 receptors in the pituitary, functions
as a physiological GH-releasing factor in the goldfish.



Acknowledgement

I would like to express my gratitude for the support and excellent supervision of my
two supervisors, Drs. R.E. Petcr and J.P. Chang. I also wish to acknowledge the

members of my supervisory and examination committees, Drs. G.S. Tannenbaum, S.
Harvey, L.C.H. Wang, J.1. Goldberg and N.E. Stacey for their comments regarding this

work.

I would like to thank the graduate st tnis. v si0octoral fellows and visitors in our
laboratory, especially C.K. Murthy, W. Ge. K.L Yu, K. Suzuki, M. = ot -obhi G,
Van der Kraak, B.D. Sloley, C. Peng, R.M. Jobin, B. Himick, F. Van s 3. and V.L.
Trudcau for their inputs and discussions throughout the research project. I am also

grateful to C.S. Nahorniak for her daily assistance and friendly support in the laboratory.

This rescarch was sponsored by grants from the Natural Sciences and Engineering
Rescarch Council of Canada to Drs. R.E. Peter and J.P. Chang. The financial support
from the Department of Zoology, University of Alberta, in the form of a Graduate

Student Teaching Assistantship is also acknowledged.



Table of Contents

Dedication
Abstract
Acknowledgement
List of Tables
List of Figures
Chapter 1
General Introduction
1.1 Introduction
1.2 Physiology of Dopamine Actirns 1n Mam mals
1.3 Growth Hormone Release and its Signal Transduction Pathways
1.4 Growth Hormone Regulation in Teleosts
1.5 Objective of the Research Project
1.6 References
Chapter 2
Dopamine Stimulates Growth Hormone Release from the
Pituitary of Golcfish through Dopamine D1 Receptors
2.1 Introduction
2.2 Materials and Mecthods
2.3 Results
2.4 Discussion
2.5 References
Chapter 3
Actions of Dopamine as a Growth Hormone-
Releasing Factor in Goldfish
3.1 Introduction
3.2 Materials and Methods
3.3 Results
3.4 Discussion

3.5 References

10
17
20
22

58
59
62
66
78

82
83
87

103



Chapter 4
Interactions of Somatostatin, Gonadotropin-Releasing Hormone, and the

Gonads on Dopamine-Stimulated Growth Hormone Release in Goldfish

4.1 Introduction 107

4.2 Matcrials and Methods 108

4.3 Results 112

4.4 Discussion 114

4.5 References 125
Chapter §

Characterization of D1 Receptors Mediating Dopamine-
Stimulated Growth Hormone Release from Goldfish Pituitary Cells

5.1 Introduction 129

5.2 Materials and Methods 130

5.3 Results 135

5.4 Discussion 138

5.5 Refercnces 154
Chapter 6

Cyclic 3':5'-Adenosine Monophosphate (c(AMP) Mediates Dopamine
D1-Stimulated Growth Hormone Release from Goldfish Pituitary Cells

6.1 Introduction 158

6.2 Materials and Methods 159

6.3 Results 161

6.4 Discussion 164

6.5 References 177
Chapter 7

Entry of Extracellular Calcium Mediates Dopamine D1-Stimulated
Growth Hormone Release from Goldfish Pituitary Cells

7.1 Introduction 182
7.2 Materials and Methods 183
7.3 Results 186
7.4 Discussion 189

7.5 References 202



Chapter 8
Independence of Dopamine D1-Stimulated and Protein Kinase C-
Induced Growth Hormone Release from Goldfish Pituitary Cells
8.1 Introduction

8.2 Materials and Methods
8.3 Results
8.4 Discussion
8.5 References
Chapter 9
General Discussion

References

Appendix ]
Dopamine Functions as a Growth Hormone-Releasing
Factor in the Goldfish, Carassius auratus
Al.l Introduction
Al.2 Materials and Methods
Al.3 Results
Al.4 Discussion
Al.5 References
Appendix II
Effects of Norepinephrine and Serotonin on the Growth Hormon
Releasing Actions of Dopamine and Gonadotropin-Releasing
Hormone in the Goldfish
A2.1 Introduction
A2.2 Materials and Methods
A2.3 Results and Discussion
A2.4 References

206
207
210
213
225

228
242

247
248
250
251
258

e-

261
262
263
270



Appendix 111
Seasonality of Salmon Gonadotropin-Releasing Hormone-Stimulated

Growth Hormone Release from Perifused Goldfish Pituitary Fragments

A3.] Introduction 273
A3.2 Materials and Methods 273
A3.3 Results and Discussion 274

A3.4 References 277



List of Tables

Table 3.1
Conuparison of the dose-response curves of dopamine-stimulated
GH rclease in sexually mature and regressed goldfish.

Table 3.2
Comparison of growth ratcs between the groups of goldfish fed with
apomorphine- and vehicle-treated pelicts.

94

95



List of Figures

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

2.1

2.2

23

24

25

2.6

2.7

2.8

3.2

33

34

3.5

Effects of DA on GH release from perifused goldfish
pituitary fragments.

Effects of the D1 agonist SKF38393 on GH and GTH-II release

from perifused goldfish pituitary fragments.
Stereoselectivity of the GH-releasing action

of the D1 agonist SKF38393.

Effects of the D1 agonists SKF77434 and SKF82958 on
GH release from perifused goldfish pituitary fragments.

Effects of repeated 2-min pulses of 0.1% DMSQO, increasing doses

of bromocriptine and LY 171555 on GH release from

perifused goldfish pituitary fragments.

Effects of the D2 agonists bromocriptine and LY 171555 on
GTH-II release from perifused goldfish pitvitary fragments.
Effects of the D1 antagonist SCH23390 and the D2 antagonist
domperidone on the GH and GTH-II responses to DA

using perifused goldfish pituitary fragments.

Effects of D1 and D2 antagonists on SKF38393-stimulated GH
release from perifused goldfish pituitary fragments.
Seasonality of DA-stimulated GH release in the goldfish.
Effects of SRIF on DA-stimulated GH release from

perifused goldfish pituitary fragments.

Effects of SRIF on basal and DA-stimulated GH release

from dispersed goldfish pituitary cells under static incubation.
In vivo actions of the D1 antagonist SCH23390, D2 antagonist
pimozide, and GH-release inhibitor SRIF on the GH response
to the non-selective DA agonist apomorphine.

In vivo actions of the D1 antagonist SCH23390 and the D2
antagonist pimozide on the GH response to the D1 specific
agonist SKF82958.

70

71

72

73

74

76

71
96

97

98

100



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

3.6

3.7

4.1

4.2

4.3

4.4

4.5

4.6

4.7

5.1

5.2

53

5.4
5.5

5.6

Effects of feeding with apomorphine-treated peliets on plasma GH
and GTH-II levels in the goldfish.

Effects of long-term feeding with apomorphine-treated pellets
on the body growth of goldfish.

Effects of DA and sGnRH on GH and GTH-II release from
perifused goldfish pituitary fragments.

Additivity of the GH-releasing actions of DA and sGnRH

in perifused goldfish pituitary fragments.

Additivity of the GH-releasing effects of DA and sGnRH in
dispersed goldfish pituitary cells under static incubation.
Effects of SRIF on DA-stimulated GH release from

perifused goldfish pituitary fragments.

101

102

118

119

120

121

Effects of SRIF on the D1 agonist SKF38393-stimulated GH release

from perifused pituitary fragments of goldfish.

Effects of castration on DA-stimulated GH release from perifused
pituitary fragments of male goldfish.

Effects of castration on DA-stimulated GH release from perifused
pituitary fragments of female goldfish.

Effects of repeated rinsing on specific binding of

[BH]SCH23390 to goldfish pituitary cells.

TLC analysis of [3H]SCH23390 previously incubated with
goldfish pituitary cells.

Efiects of DA, the D1 agonist SKF38393, and the D2 agonist

LY 171555 on GH release from perifused goldfish pituitary cells.

Time course of [3H]SCH23390 binding to goldfish pituitary cel's.

[3H]SCH23390 binding to increasing amounts

of goldfish pituitary cells.

Displacement of bound [3H]SCH23390 from goldfish
pituitary cells with increasing doses of (+) and (-)SCH23390,
domperidone and serotonin.

122

123

124

143

144

145
146

147

148



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.7

5.8

5.10

5.11

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

Effects of DA and SRIF on GH release from enriched

somatotrophs of goldfish under column perifusion. 149
Saturation of D1 binding sites with [3H]SCH23390
in enriched somatotrophs of goldfish. 150

Displacement of bound [3H]SCH23390 from enriched

somatotrophs of goldfish with increasing doses of the

D1 antagonist SKF83566 and the D2 agonist LY 171555. 151
Displacement of bound [3H]SCH23390 from goldfish pituitary sections
with the D1 antagonist SCH23390 and the D2 antagonist sulpiride. 152
Differential distribution of [3H}SCH23390 specific binding

in the goldfish pituitary. 153
Effects of DA and the D1 agonist SKF38393 on GH release
from dispersed goldfish pituitary cells. 168

Effects of the D1 agonist SKF38393 and D2 agonist LY 171555
on GH and cAMP release from enriched somatotrophs of

goldfish under static incubation. 169
Effects of cholera toxin and pertussis toxin on GH release

from dispersed goldfish pituitary cells. 170
Effects of forskolin and dideoxyforskolin on GH release

from dispersed goldfish pituitary cells. 171
Effects of 8Br.cAMP and db.cAMP on GH release from

dispersed goldfish pituitary celis. 172
Effects of IBMX on basal GH release, and the GH responses to
forskolin and 8Br.cAMP in dispersed goldfish pituitary cells. 173
Effects of 8Br.cAMP on the dose-dependence of SKF ,8393-

stimulated GH release from dispersed goldfish pituitary cells. 174
Effects of increasing doses of H89 on 8Br.c/MP-stimulated

GH release from dispersed goldfish pituitary rells. 175

Effects of H89 on the GH responses to SKF38393 and DiC¥
using dispersed goldfish pituitary cells. 176



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

7.1

7.9

8.1

8.2

8.3

8.4

Effects of extracellular Ca2+ on the GH responses to the Ca2+
ionophore A23187 and the Ca2+ channel agonist Bay K8644

using goldfish pituitary cells under static incubation. 193
Effects of increasing doses of KCI and NaCl on GH release

from goldfish pituitary cells. 194
Effects of extracellular Ca2+ on DA-stimulated GH release

from goldfish pituitary cells. 195
Effects of extracellular Ca2+ on the D1 agonist SKF38393-

stimulated GH release from enriched somatotrophs of goldfish 196

Effects of blocking Ca2+ entry on DA-stimulated GH relcase

from goldfish pituitary cells. 197
Effects of blocking Ca2+ entry on the D1 agonist SKF38393-
stimulated GH release from goldfish pituitary cells. 198
Effects of the Ca2+ channel blocker nifedipine on SKF38393-
stimulated GH release from enriched somatotrophs of goldfish. 199

Effects of extracellular Ca2+ on the GH responses to 8Br.cAMP and
forskolin using goldfish pituitary cells under static incubation. 200
Effects of the Ca2+ channel blocker nifedipine on the GH

responses to 8Br.cAMP and forskolin using goldfish

pituitary cells under static incubation. 201
Effects of PKC desensitization on the GH responses to TPA,

DiC8 and forskolin using perifused goldfish pituitary cells. 216
Effects of PKC desensitization on the GH responses to

sGnRH, DA and the D1 agonist SKF38393 using

perifused goldfish pituitary cells. 217
Effects of PKC desensitization on the GH responses to DA, TPA,
SKF38393, DiC8, 8Br.cAMP, and forskolin using

goldfish pituitary cells under static incubation. 218
Effects of the PKC inhibitor H7 on the GH responses to 8Br.cAMP

and DiC8 using goldfish pituitary cells under static incubation. 220



Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

85

8.6

8.7

8.8

9.1
9.2

Al.l

Al.2

Al3

A2.1

A2.2

A23

A24

A2S

A3.1

Effects of DiC8 and H7 on the GH response to SKF38393

using enriched somatotrophs of goldfish under static incubation. 221
Additivity of the D1 agonist SKF38393 and the PKC activator DiC8

on GH release from goldfish pituitary cells under static incubation. 222
Effects of forskolin and TPA on the GH response to the

non-selective DA agonist apomorphine using

goldfish pituitary cells under static incubation. 223
Effects of TPA and DiC8 on the GH responses to forskolin and
8Br.cAMP using goldfish pituitary cells under static incubation. 224
A model for seasonal regulation of GH release in the goldfish. 240
A model for the signal transduction pathways mediating DA- and

sGnRH-stimulated GH release from goldfish pituitary cells. 241
Seasonality of GH responses to increasing concentrations of DA

in perifused goldfish pituitary fragments. 255
Inhibitory effects of the D1 specific antagonist (+)SCH23390 and

SRIF on DA-stimulated GH release in the goldfish. 256
Effects of apomorphine on plasma GH and GTH-Il levels, and

body growth in the goldfish. 257

Effects of norepinephine and serotonin on GH release from

perifused goldfish pituitary cells. 265
Effects of norepinephine on DA- and sGnRH-stimulated GH release
from perifused goldfish pituitary fragments. 266
Effects of serotonin on DA-stimulated GH release from

perifused goldfish pituitary fragments. 267
Effects of serotonin on the D1 agonist SKF38393- and sGnRH-
stimulated GH release from perifused goldfish pituitary fragments. 268
Effects of norepinephine and serotonin on the D1 agonist
SKF38393-stimulated GH release from goldfish

pituitary cells enriched with somatotrophs. 269
Effects of sGnRH on GH release from perifused pituitary fragments

of goldfish in sexual regression, recrudescence, and maturation. 276



Chapter 1
General Introduction

1.1 Introduction

Growth hormone (GH) is an important pituitary hormone regulating body growth
(Holder et al., 1981; Skottner et al., 1989), body metabolism (Schwartz et al., 1992;
Towns et al., 1992), tissue differentiation and proliferation (Barnard et al., 1991;
Okada et al., 1992), reproduction (Jia et al., 1986; Chatelain et al., 1991) and immune
responses in vertebrates (Kelley, 1990). In lower vertebrates, especially in teleosts, GH
is also involved in osmoregulation (Yamauchi et al., 1991; Suzuki et al., 1991). Our
current understanding of the regulation of GH release is mainly based on studies using
the mammalian animal models (for review, see Muller, 1987), and also to a lesser extent
using the avian models (for review, see Harvey, 1983). In contrast to the case of
mammals and birds, very little is known concerning the regulation of GH release in lower
vertebrates.

In mammals, GH release is under the control of the hypothalamus through GH-
releasing hormone (GHRH) and somatostatin (SRIF). GHRH stimulates, whereas SRIF
inhibits GH release from the anterior pituitary (Frohman and Jansson, 1986). The
asynchronous release of these two hypothalamic peptides determines the pulsatile pattern
of basal GH release (Tannenbaum and Ling, 1984). In the past decades, increasing
evidence suggests that other neuroendocrine factors are also involved in the control of
GH release from the pituitary. These factors include the excitatory amino acids,
neuropeptides, and the classical neurotransmitters, such as dopamine and norepinephrine
(for reviews, see Muller, 1987; Root, 1989). in general, it is accepted that the regulatory
actions of these neuroendocrine factors on GH release are often exerted indirectly by
modulating GHRH and SRIF release from the hypothalamus.

Dopamine (DA) is one of the predominant catecholamines in the central nervous
system of vertebrates (for review, see Fuxe et al., 1985). In mammals, DA is involved
in the regulation of body movement (Riederer and Wuketich, 1976; Jellinger, 1986),



emotional stability (Seeman, 1987a; Carlsson, 1988), pituitary hormone release (Fuxe et
al., 1985; Thorner and Vance, 1989) and various cardiovascular activities (Hahn and
MacDonald, 1984; Hoshino et al., 1986). In teleosts, DA also functions as a hormone-
release inhibitor for gonadotropin (GTH) ( for review, see Peter ef al., 1986) and o
melanocyte stimulating hormone (a-MSH) (Omeljaniuk e? al., 1989). In the goldfish,
the anterior pituitary is innervated by a preoptico-hypophyseal dopaminergic pathway
(Kah et al., 1987), whereas the neurointermediate lobe (NIL) is innervated by DA fibers
from the periventricular area of the hypothalamus (Fryer et al., 1985; Kah et al., 1987).
More recently, it has been shown that DA inhibits GTH-releasing hormone (GnRH)
release in vitro from goldfish hypothalamic fragments (Yu er al., 1991; Yu and Peter,
1992), indicating that a part of the DA inhibitory actions on GTH release is indirectly
through a suppression on GnRH secretion. Taken together, the anatomical and
endocrinological evidence strongly suggests that DA, besides its role as a
neurotransmitter, also functions as a neurohormone regulating pituitary hormone release
in telcosts.

In this thesis, the role of DA as a GH-releasing factor in the goldfish and the
mechanisms by which it stimulates GH release from goldfish pituitary cells have been
studied. In this chapter, the current literature in the physiology of DA actions, GH
regulation in mammals, and the signal transduction pathways involved in GH release is
reviewed. A brief overview of GH regulation in teleosts, especially in the goldfish, is

also included to provide background information for the present study.

1.2 Physiology of Dopamine Actions in Mammals
1.2.1 Dopamine Receptor and its Signal Transduction Pathways

In mammals, the biological actions of DA are mediated primarily by two DA
receptor subtypes, the D1 and D2 receptors (Kebabian et al., 1984). These two DA
receptors are distinct membrane-bound proteins (for review, see Strange, 1987) with the
molecular structure containing seven transmembrane domains, typical of the G protein-
coupled receptor family (Bunzow et al., 1988; Sunahara et al., 1990). However, the
pharmacological properties of these two DA receptors are quite different (for a recent
review, see Neumeyer et al., 1992). The D1 receptors have a high binding affinity for
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1-phenyl benzazepines, e.g., SCH23390 and SKF38393; whereas the D2 receptors are
more selective for substituted benzamides and butyrophenones, e.g., (-)sulpiride and
spiperone (Niznik, 1987; Stoof and Tilders, 1989). These two DA receptor subtypes are
also known to be stereo-specific, with the DI receptors being more selective for the
(+)enantiomers of 1-phenylbenzazepines, e.g., (+)SCH23390, and the D2 receptors for
the (-)enantiomers of substituted benzamides, e.g (-)sulpiride (for reviews on the
stereo-specificity of DA receptors, see Kaiser, 1983; lorio er al., 1986). Furthermore,
high and low affinity binding states for D1 and D2 receptors have been reported
(MacKenzie and Zigmond, 1984; Seeman et al., 1985; Secman et al., 1986). The high
affinity binding state can be converted into the low affinity state in the presence of non-
hydrolyzable GTP analogs (Sibley et al., 1982; Seeman et al., 1985). It is generally
accepted that these two receptor binding states represent the differential coupling of DA
receptors with the membrane-bound regulatory G proteins (Sibley and Creese, 1983;
Senogles et al., 1987).

The signal transduction pathways associated with the two DA receptor subtypes are
also different. The D1 receptors are positively coupled to the cAMP-producing enzyme
adenylate cyclase via a stimulatory G protein (Gs) (Battaglia et al., 1986b; Monsma et
al., 1990). Activation of D1 receptors by DA and D1 agonists, e.g., SKF38393, often
leads to a rapid accumulation of cAMP. This has been demonstrated in rat striatal slices
(Battaglia et al., 1986a,b), human neuroblastoma (Sidhu and Fishman, 1990), and some
cultured cell lines, including uic LLC-PK1 cells (Grenader and Healy, 1991) and COS-1
cells (Steffey et al., 1991). Recently, down-regulation of the D1 receptor-coupled
adenylate cyclase activity by CAMP analogs has been reported in the primary cultures of
opossum kidney cells (Bates et al., 1991), suggesting the possible existence of an
intracellular feedback mechanism in the D1 receptor-associated cAMP-dependent
pathway. The D1 receptors are also known to be coupled with the stimulation of
phospholipase C activity (Felder et al., 1989), formation of inositol phosphates (Undie
and Friedman, 1990), and activation of protein kinase C (McMillian et al., 1992).

In contrast to the signal transduction mechanism of D1 receptors, the D2 receptors
are negatively co Hled with adenylate cyclase through an inhibitory G protein (Gi)
(Enjalbert and Bockaert, 1983; Elazar et al., 1989). Inhibition of CAMP synthesis by
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DA and D2 agonists, e.g., LY171555 and bromocryptine, has been demonstrated in
striatal fragments (Battaglia er al., 1985) and pituitary cells of the rat (Meunier and
Labrie, 1982; Borgundvaag and George, 1985). In other studies, inhibition of inositol
phosphate turnover (Pizzi et al., 1987; Morra et al., 1991) and arachidonic acid
production (Canonico, 1989) via the D2 receptors has been reported, suggesting that DA
D2 receptors may be associated with phospholipid metabolism. The D2 receptors are
also coupled to K* channels, activation of which initiates outward K* current and
subsequent membrane hyperpolarization (Lledo et al., 1990a). More recently, activation
of D2 receptors has been shown to reduce intracellular Ca2+ levels (Login et al., 1990)
and Ca2* entry through voltage-sensitive CaZ* channels (Bigornia et al., 1990; Lledo et
al., 1990b), and a part of these inhibitory actions is independent of the D2 activation of
K* channels (Lledo et al., 1991).

Based on the techr.iques of molecular biology, multiple DA receptor subtypes
beyond the D1/D2 classification have been identified (for review, see Andersen et al.,
1990). The first member of the DA receptor family cloned was the D2 receptor, the gene
sequence of which reveals the presence of at least 8 exons separated by intervening
introns, coding for a G protein-coupled :eceptor with a long third cytoplasmic loop and a
short C-terminus (Bunzow et al., 1988). By altemative splicing of a single 87 bp exon
from the mRNA, the D2 gene can give rise to two D2 receptor isoforms, namely the
D2A(long) and D2p(short) receptors. The D2p receptors are the truncated form of the
D2, receptors with the absence of a 29 amino acid insert in the third cytoplasmic loop
(Dal Toso et al., 1989; Rao et al.,, 1990). Activation of the D2g receptors is more
effective than the D2A receptors in inhibiting cCAMP accumulation (Hayes et al., 1992),
and the expression of these two DA D2 receptor isoforms can be differentially regulated
by sex steroids (Kukstas et al., 1991).

After the cloning of D2 receptors, the gene sequence of D1 receptors has been
elucidated in the rat (Zhou et al., 1990) and human (Gingrich et al., 1991). In contrast
to the gene of D2 receptors, the D1 gene contains no introns and codes for a G protein-
coupled receptor with a small third cytoplasmic loop and a long C-terminus. Recently,
the gene sequences of other novel forms of DA receptors, designated as D3 (Sokoloff et
al., 1990), D4 (Van Tol et al., 1991), and DS receptors (Sunahara et al., 1991;
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Weinshank et al., 1991), have been cloned. The cDNA sequences and pharmacological
properties of the D3 and D4 receptors arc comparable to the D2 receptors (Sokoloff ef
al., 1990; Van Tol et al., 1991), whereas the D5 receptors are similar to that of the D1
receptors (Sunahara et al., 1991; Weinshank et al., 1991). Based on a classification
scheme newly developed by Sibley and Monsma (1992), DA receptors can be divided
into the "D1" and "D2" subfamilies. The D1 and D5 rcceptors are subtypes of the "D1"
receptor subfamily; whereas the D2 (including the D24 and D2p receptors), D3, and D4
receptors are subtypes of the "D2" receptor subfamily. /iithough the scheme proposed is
likely to reflect a more natural way to classify DA rect.puors, the physiological roles of
some of these DA receptor subtypes, such as the D4 and DS receptors, are still largely
unknown. (For recent reviews on the molccuiar biciogy of LA receptors, see Civelli et
al., 1991; Gingrich er al., 1992; Sibley and Monsma, 1992).

1.2.2 Dopaminergic System and its Functions
1.2.2.1 Dopaminergic systems in the brain of mammals

In mammals, the biological actions of DA in the CNS are mediated mainly through
three principle dopaminergic pathways, namely (1) the nigro-striatal pathway, (2) the
mesocorticolimbic pathway, and (3) the tuberonfundibular / tuberohypophyseal pathway
(for review, see Webster, 1989). The nigro-striatal dopaminergic pathway is involved in
the control of body movements (Riederer and Wuketich, 1976; Jellinger, 1986).
Degeneration of this pathway is considered to be the major cause of Parkinson's disease
(Jellinger, 1986; Horellou et al., 1990). The mesocorticolimbic pathway is involved in
the maintenance of emotional stability (Seeman, 1987a} and abnormality in this pathway
contributes to schizophrenia (Seeman, 1987b; Carlsson, 1988). In mammals, especially
in the rat, the tuberoinfundibular / tuberohypophyseal pathway originates from the area
A12 of the hypothalamus (including the arcuate and periventricular nuclei). Nerve fibers
from the tuberoinfundibular pathway project into the median eminence, whereas the
neurons from the tuberohypophyseal pathway directly innervate the posterior pituitary
(Moore and Demarest, 1982; Fuxe et al., 1985). In the rat, release of DA from the
tuberoinfundibular neurons into the hypophyseal portal blood system has been reported



(Gibbs and Neil, 1978), and DA released from this pathway regulates hormone release
from the anterior pituitary (Moore and Dcmarest.'1982). Recen: release of L-
DOPA, the precursor of DA, into the portal blood of the rat has bcen demonstrated
(Telford et al., 1992), and L-DOPA may be subsequently converted into DA at the
pituitary level. Moreover, cell bodies immunoreactive to L-DOPA have been identified in
the preoptic area of the rat hypothalamus, and do not overlap with the DA neurons from
the A12 areas (Mons et al., 1990), suggesting that dopaminergic systems other than the
tuberoinfundibular pathway may also participate in the regulation of hormone release

from the anterior pituitary.

1.2.2.2 Dopamine regulation of pituitary hormone release

In mammals, DA released from the tuberoinfundibular pathway functions as a
prolactin (PRL)-release inhibitor at the pituitary level (for review, see Ben-Jonathan,
1985). DA at nanomolar doses inhibits basal PRL levels (Delbeke et al., 1986) and the
PRL responses to thyrotropin-releasing hormone (Hanna and Shin, 1992) and vasoactive
intestinal peptide (Lopez et al., 1989). These inhibitory actions of DA are mediated
through the D2 receptor subtype (Ben-Jonathan, 1985), activation of which causes a
reduction of cAMP synthesis (Onali et al., 1981), lowering of intracellular Ca2+ levels
(Winiger et al., 1987), and hyperpolarization of the plasma membrane of lactotrophs
(Israel et al., 1990) (for a recent review on the mechanisms of DA inhibition on PRL
release, sce de la Escalera and Weiner, 1992). DA administered at picomolar doses has
been reported to stimulate PRL secretion in the rat (Denef ez al., 1984) and human
(Boesgaard et al., 1990). This stimulatory action has been proposed to be mediated by a
DA receptor subtype which is similar and yet distinct from the D2 receptors (Burris et
al., 1991).

In contrast to that of PRL, the role of DA on GH regulation in mammals is still
controversial. Stimulatory actions of L-DOPA, DA and the DA agonist apomorphine on
GH release have been reported in the rat (Sonntag et al., 1982; Meister and Hulting,
1987), dog (Casanucva er al., 1981) and primates, including rhesus monkey (Chambers
and Brown, 1976), baboon (Steiner et al., 1978), and human (Vasavan Nair e? al.,
1986; Delitala et al., 1987, Lal et al., 1991). These results are in agreement with the
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previous studics that disruption of the catecholaminergic pathways in the brain by
reserpine (Eden et al., 1979) and 6-hydroxydopamine (Willoughby and Day, 1981)
suppressed the plasma GH levels in the rat. However, similar L-DOPA and DA
treatments in patients with acromegaly were found to be inhibitory to GH secretion
(Verde er al., 1976; Bell et al., 1986; Hanew et al., 1987). In some other studics,
especially in the rat (Bluet-Pajot er al., 1980) and human (Lindholm et al., 1981; Jordan
et al., 1986), GH secretion was not affected by dopaminergic stimulation. The
discrepancy amongst these studies can be attributed to the different ways of drug
administration, pathological conditions of the animal model, interspecies variations of
GH responses, and also, to some extent, a result of the complexity of DA actions on GH
regulation.

It is generally accepted that the a~tions of DA on GH release arc exerted at two
different levels, directly at the pituitary level and indirectly at the hypothalamic level (for
reviews, see Buonomo and Baile, 1990; Devesa er al., 1992). The indirect actions of
DA are mediated mainly by modulating the release of SRIF and GHRH from the
hypothalamus. In the rat, DA stimulates SRIF release in vitro from hypothalamic
synaptosomes (Wakabayashi et al., 1977), perifused hypothalamic slices (Terry et al.,
1980; Kitajima et al., 1989) and hypothalamic cells in primary cultures (Richardson et
al., 1983). These results are consistent with the in vivo observations that intra-
ventricular (icv) injection of L-DOPA and DA increases SRIF levels in the hypophyseal
portal blood (Chihara et al., 1979) and depletes SRIF contents in the hypothalamus
(Torres et al., 1982). The actions of DA on SRIF release are mediated via D2 receptors
(Lewis et al., 1986), probably through the epoxygenace pathway of arachidonic acid
metabolism (Junier et al., 1990).

In mammals, DA is also stimulatory to GHRH release from the hypothalamus, both
in vivo (Chihara et al., 1986; Sopwith et al., 1986) and in vitro (Kitajima et al.,
1989). In the rat, the GHRH-releasing effects of DA are more readily observed
following immunoneutralization of SRIF (Kitajima et al., 1989). To date, the DA
receptor subtype mediating this GHRH-releasing action is still unknown. More recently,
DA and GHRH have been shown to colocalize in hypothalamic neurons projecting into

the median eminence of the rat (Niimi e al., 1992). Whether these two neurohormones
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are relcased at the same time during neuronal stimulation is not clear.

The direct effects of DA on GH release at the pituitary level are still open to debate,
as contradicting results have been reported. DA is inhibitory to GH release from
monolayer cultures of normal human pituitary cells; however, by using pituitary cells
from patients with acromegaly, DA either stimulates or has no effects on GH release
(Tallo and Malarkey, 1981; for a recent review on GH regulation in acromegaly, see Jaffe
and Barkan, 1992). In the rat, stimulatory (Serri et al., 1987; Wood et al., 1987),
inhibitory (Cronin et al., 1984) and even no effects (Meister and Hulting, 1987; Chen et
al., 1989) of DA treatment on GH release from pituitary cells have been reported. In
those studies in which DA has a stimulatory effect on GH release, the involvement of DA
D1 receptors has been suggested (Bluet-Pajot er al., 1990). These stimulatory actions of
DA do not involve the modulation of GH gene expression (Wood et al., 1987). To add
to the confusion, recent autorad’ rgraphic studies on the distribution of DA receptors
failed to identify the D1-specific binding sites (Mansour et al., 1990) and the mRNA for
D1 receptors in the rat pituitary (Meador-Woodruff et al., 1991).

Despite these contradictory results on the direct actions of DA on basal GH release,
DA consistently inhibits the GH-releasing effect of GHRH at the pituitary cell level
(Meister and Hulting, 1987; Serri et al., 1987; Lindstrom and Ohlsson, 1987; Arce et
al., 1991b). This DA action can be blocked by the D2 antagonists domperidone (Giusti
et al., 1984) and metoclopramide (Serri et al., 1987; Arce et al., 1991b), indicating that
it is mediated by the DA D2 receptors.

Besides GH and PRL, the release of other pituitary hormones, including GTH,
adrenocorticotropin (ACTH), thyrotropin (TSH), and melanocyte stimulating hormone
(MSH), arc also under the influence of hypothalamic dopaminergic pathways (for
review, see Thomer and Vance, 1989). The effects of DA on GTH release in mammals
are variable, as both stimulatory and inhibitory actions have been reported (for reviews,
see Ramirez er al., 1984, Kalra and Kalra, 1985; Weiner et al., 1988). Administration
of L-DOPA, DA, and the DA agonist apomorphine stimulates the release of LH and FSH
in rodents, including the rat and mouse (for review, see Barraclough and Wise, 1982);
however, similar treatments are inhibitory in the ewe (Deaver and Dailey, 1982; Curlewis
et al., 1991) and human (Matsubara et al., 1987; Samuels et al., 1992). In the rat, the
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stimulatory actions of DA is partially mcdiated by the release of GnRH. Increase of
GnRH levels in the hypophyseal portal blood (Kamberi et al., 1970) and enhancement
of GnRH mRNA contents in the hypothalamus (Li and Pelleticr, 1992) have been
observed in the rat following dopaminergic stimulation. Recently, DA-induced GnRH
release has been demonstrated in a GnRH-releasing neuronal cell line from the mouse,
and this DA action is mediated through D1 receptors coupled to the cAMP-dependent
pathway (dc la Escalera et al., 1992).

In mammals, DA and its agonists reduce basal (Agner et al., 1986; Samuels et al.,
1992) and TRH-stimulated TSH release (Ignar and Kuhn, 1988), abolish the nocturnal
TSH surge (Sowers et al., 1982), inhibit the TSH gene expression (Shupnick et al.,
1986, Franklyn et al., 1987) and synthesis of TSH a- and B-subunits (Cooper et al.,
1983; Samuels et al., 1992). The release of TSH is also under the inhibition of DA D2
acucas (Foord et al., 1984). Moreover, the D2 receptor capacity in thyrotrophs can be
up-regulated by TSH stimulation (Foord et al., 1985), suggesting the presence of an
ultra-short loop feedback in the control of TSH release.

ACTH and o-MSH are the gene products of pro-opiomclanocortin (POMC) (for
review, see Smith and Funder, 1988), and both of them are under the inhibitory control
of the tuberohypophyseal DA pathway (Fuxe et al., 1985). DA is known to reduce
POMC mRNA contents in the neurointermediate lobe of the rat (Lundblad and Roberts,
1988). It is generally accepted that DA inhibits a-MSH release via the D2 receptors
(Cote et al., 1982; Lidy et al., 1986), and this action is mediated through inhibition of
the adenylate cyclase-cAMP pathway (Miyazaki et al., 1984; Newman et al., 1985).
Recently, a-MSH-induced activation of the tuberoinfundibular DA neurons has been
demonstrated in the rat (Lindley et al., 1990). This may be involved in the control of
PRL release from the rat pituitary, as a-MSH treatment (ip) is inhibitory to basal and
stimulated PRL release in vivo (Khorram et al., 1982; Newman et al., 1985).

The release of oxytocin and vasopressin from the posterior pituitary is also under
the influence of the tuberohypophyseal DA pathway (Moos et al., 1982; Mason, 1983).
DA stimulates and inhibits the release of oxytocin via the D1 and D2 receptors,
respectively (Crowley et al., 1991). In the rat, the D1-stimulated oxytocin release is



mediated via the central actions of DA at the paraventricular and supraoptic nuclei of the
hypothalamus (Parker and Crowley, 1992); however, the site of action for DA D2

reccptors on oxytocin release is still unknown.

1.3 Growth Hormone Release and Its Signal
Transduction Pathways

1.3.1 Regulation of Growth Hormone Release

1.3.1.1 GHRH and SRIF as the major GH-regulators from the hypothalamus

In mammals, GH release is mainly regulated by the interplay of two hypothalamic
peptides, the stimulatory GHRH and the inhibitory SRIF (for review, see Frohman and
Jansson, 1986). In the rat, GHRH is known to stimulate GH release directly from
purified somatotrophs (Kraicer et al., 1988; Lussier et al., 1991a), increase the pituitary
GH mRNA contents (Gick et al., 1984), and enhance GH gene transcription in cultured
pituitary cells (Barinaga et al., 1983; Barinaga et al., 1985). On the contrary, SRIF
inhibits GH release without affecting GH synthesis in the pituitary (Gick et al., 1984;
Gick and Bancroft, 1987). Similar involvement of GHRH and SRIF in GH regulation
has been reported in the dog (Arce et al., 1991a), sheep (Blanchard et al., 1988;
Rosenthal et al., 1991), pig (Rosenthal er al., 1991), cattle (Silverman ez al., 1988)
and primates, including the monkey (Malozowski et al., 1990) and human (Losa et al.,
1985; Namba et al., 1989).

GHRH and SRIF are secreted into the hypophyseal portal blood in an
asynchronous manner (Plotsky and Vale, 1985), approximately 180° out of phase
(Tannenbaum and Ling, 1984). This asynchrony of GHRH and SRIF release is
responsible for the observed pulsatility of GH release in vivo (for reviews, see
Tannenbaum 1990; Tannenbaum et al., 1990a). It is generally accepted that SRIF is
secreted during the trough period to maintain the low GH levels (Tannenbaum, 1988;
Tannenbaum et al., 1990b), whereas GHRH is released during the peak period to induce
the GH surge (Wehrenberg et al., 1982; Lumpkin et al, 1989; Lumpkin and McDonald,
1989). This temporal pattern of GHRH and SRIF signalling can be attributed in part to
their interactions at the hypothalamus level. GHRH release from the hypothalamus is
known to be under the direct inhibition by SRIF (Katakami et al., 1988; Ieiri et al.,
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1988). In the rat, the primary source of SRIF nerve terminals in the median eminence is
from the periventricular nucleus (Johansson et al., 1984), whereas the GHRH nerve
fibers are from the arcuate nucleus (Sawchenko et al., 1983). Synaptic contacts between
SRIF and GHRH neurons in the hypothalamus have been previously described (Liposits
etal., 1988; Horvath et al., 1989). More recently, SRIF receptors have been identified
on GHRH neurons in the arcuate nucleus (McCarthy et al., 1992; Bertherat et al.,
1992), and these SRIF receptors can be up-regulated by estradiol (Slama et al., 1992).
It is likely that this modulatory action of sex steroids on SRIF receptor capacity partially
contributes to the sexual dimorphism of GH release observed in the rat (for a review on
sexual dimorphism of GH regulation, see Jansson et al., 1985).

On the other hand, the release of SRIF from the hypothalamus is also under the
influence of GHRH. GHRH administration (icv) is known to increase SRIF release into
the hypophyseal portal blood of the rat (Mitsugi er al., 1990). In the same animal
model, similar stimulato: y effects of GHRH have also been demonstrated using in vitro
cultures of median eminence explants (Aguila et al., 1990; Aguila et al., 1991) and
dispersed hypothalamic cells (de los Frailes ef al., 1992). These stimulatory actions of
GHRH are calmodulin-dependent (Aguila and McCann, 1988), and involve phosphatidyl
inositol turnover (Aguila et al., 1991) and the phospholipase Az-arachidonic acid
pathways (Aguila et al., 1990). Although the cAMP- and pro'~in kinase C-dependent
pathways have been reported to mediate the release of SRIF in vitro (Patel et al., 1991),
their functional roles in the SRIF response to GHRH stimulation are still not known.

Recently, an asynchronous expression of SRIF mRNA (in the periventricular
nucleus) and GHRH mRNA (in the arcuate nucleus) has been reported in the rat (Zeitler
et al., 1990a; Zeitler et al., 1991), suggesting that GH pulsatility may be in part
regulated by a "transcriptional oscillator” in the hypothalamus. Modulation of GHRH
and SRIF mRNA levels by sex steroids has been described in the rat hypothalamus
(Zeiter et al., 1990b; Argente et al., 1990; Argente ez al., 1991), and it is likely that the
operation of this "transcriptional oscillator” is also under the influence of sex steroids.

The reciprocai relationship of GHRH and SRIF signalling at the pituitary level is
essential to ;ptimize the xesponsiveness of somatotrophs to GHRH stimulation. The
GH-releasing effect of GHRH is known to undergo rapid desensitization during the
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prolonged treatment with GHRH (Wehrenberg et al., 1986; Rittmaster et al., 1987).
However, this desensitization response can be reversed, or even prevented, by previous
exposure to SRIF (Clayton and Bailey, 1987; Soya and Suzuki, 1988; Soya and Suzuki,
1990). Recently, SRIF pretreatment has been shown to potentiate the GH responses to
subsequent GHRH stimulation (Tannenbaum et al., 1989; Richardson and Twente,
1991). This phenomenon may in part contribute to the rebound increase of GH release
which is commonly observed after the termination of SRIF treatment (Login and Judd,
1986; Weiss et al., 1987; Rittmaster et al., 1987). In general, it is accepted that the
gradual withdrawal of SRIF acts in concert with GHRH stimulation to determine the
timing, duration, and magnitude of the GH pulses in circulation (Rittmaster et al., 1987,
Kraicer et al., 1988; Stachura et al., 1988). The puisatile release of GH is essential to
maintain the functional levels of hepatic GH receptors (Bass et al., 1991; Bick et al.,
1992), and regulate the serum levels of insulin-like growth factors (IGF) and their
binding proteins (Isgaard et al., 1988; Bick et al., 1992). The pulsatility of GH release
is, therefore, indispensable for the normal functioning of GH to induce body growth
(Vasilatos-Younken et al., 1988; Byatt et al., 1991)

1.3.1.2 Other GH-regulators from the hypothalamus
Besides being regulated by GHRH and SRIF, GH release in mammals is also

under the influences of (1) neurotransmitters, e.g., norepinephrine (Malozowski et al.,
1990; Devesa et al., 1991), dopamine (Bluet-Pajot et al., 1990; Arce et al., 1991b; see
previous section on DA), serotonin (Lopez et al., 1986; Willoughby et al., 1987) and
acetylcholine (Tamai et al, 1990; Arce et al., 1991a), (2) neuropeptides, e.g.,
neuropeptide Y (Rettori et al., 1990), endogenous opioid peptides (Kiem et al., 1991),
and galanin (Murakami et al., 1989; Tanoh et al., 1991), and (3) excitatory amino
acids, e.g., glutamate (Acs et al., 1990; Cocilovo et al., 1992) and Y-aminobutyric acid
(GABA) (Acs et al., 1990; Gillies and Davidson, 1992). In most of the cases, the
actions of these neuroendocrine factors on GH release are mediated indirectly through she
release of GHRH and SRIF from the hypothalamus.

Stimulatory actions of acetylcholine on GH release have been reported in the rat
(Torsello et al., 1988), dog (Arce et al., 1991a), and human (Tamai et al., 1990;
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Devesa er al., 1991). Evidence accumulated suggests that this stimulatory action of
acetylcholine is mediated via a suppression of SRIF release from the hypothalamus
(Wehrenberg et al., 1992). The actions of norepinephrine on GH releasc in mammals
are more variable. In the rat, norepinephrine directly stimulates GH relcase from the
pituitary via ol receptors (Pandiella et al., 1988); however, norepinephrine also acts
centrally to inhibit GH release via 8 receptors, probably by inducing the release of SRIF
(Krieg et al., 1988). In humans, the actions of norepinephrine on GH release arc dose-
related, being inhibitory at nanomolar doses and stimulatory at micromolar
concentrations. Low doses of norepinephrine activate SRIF release from the
hypothalamus via B2 receptors, whereas high doses of norepinephrine induce the
opposite effect via a2 receptors (for a recent review on norepinephrine regulation of GH
release in humans, see Devesa er al.,, 1992). Serotonin stimulates GH secretion in the
rat (Lopez et al., 1986), and its GH-releasing action is in part mediated by GHRH
release from the hypothalamus (Murakami et al., 1986; Willoughby et al., 1987).

The action of neuropeptide Y (NPY) on GH release is mainly inhibitory. In the rat,
immunoneutralization of NPY induces a rise in plasma GH levels (Rettori et al., 1990).
Results from in vitro studies using the same animal model also demonstrated that NPY
stimulates SRIF release from the median eminence (Rettori et al., 1990), suggesting that
the inhibitory effect of NPY on GH release probably is an indirect action. In addition,
colocalization of NPY and GHRH immunoreactivity has been demonstrated in the arcuate
nucleus of the rat (Ciofi et al., 1987) and human (Ciofi et al., 1988). Thesc anatomical
observations also raise the possibility that GHRH release from the hypothalamus may be
under the modulation of NPY.

In mammals, the physiological role of excitatory amino acids in GH regulation is
not well understood. In the rat, plasma GH levels can be increased by subcutaneous
injection of GABA (Acs ez al., 1990). Recently, it has been demonstrated that activation
of the GABA, receptors inlnbits SRIF release from the rat hypothalamus neurons in
primary cultures (Gillies and Davidson, 1992), indicating that the GH-releasing effect of
GABA probably is an indirect action. In the same animal model, high doses of glutamate
are known to deplete GHRH contents in the arcuate nucleus (Corder et al., 1990).
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Pharmacological blockade of the glutamate receptors, in particular the N-methyl-D-
aspartic acid subtype, also elevates GHRH mRNA contents in the hypothalamus, as well
as the GH and IGF levels in circulation (Cocilovo et al., 1992).

1.3.2 Signal transduction pathways for GH release

It is generally accepted that the cAMP-dependent pathway is a major cellular
mechanism mediating GH release from the somatotrophs (for review, see Frohman and
Jansson, 1986). In mammals, especially in the rat, an increase in cAMP synthesis
preceding the GH release induced by GHRH stimulation has been reported in mixed
populations of pituitary cells (Bilezikjian and Vale, 1983; Cronin et al., 1984), purified
somatotrophs (Spence et al., 1980; Sheppard et al., 1985), and GH-secreting tumor cell
lines (Reyl-Desmars and Zeytin, 1985). It is also known that elevating the functional
levels of cAMP by using (1) the adenylate cyclase activator forskolin (Cronin et al.,
1984), (2) the phosphodiesterase inhibitor IBMX (Kraicer and Chow, 1982; Sheppard
et al., 1985), and (3) the membrane permeant cAMP analogs, such as 8Br.cAMP
(Kraicer and Chow, 1982), are all stimulatory to GH secretion. Moreover, activation of
adenylate cyclase (Robberecht et al., 1986; Narayanan et al., 1989) and protein kinase
A (both type I and II) as a result of GHRH stimulation (Bilezikjian et al., 1987) has been
reported in the rat pituitary. This stimulatory action of GHRH appears to be mediated
through a membrane-bound stimulatory G protein (Gs) (Narayanan et al., 1989).

The cAMP-dependent pathway is also involved in the post-receptor mechanisms of
SRIF (for review, see Toro et al., 1988). SRIF inhibits the GH release and cAMP
accumulation induced by GHRH (Bilezikjian and Vale, 1983; Cronin et al., 1984). The
inhibitory action of SRIF on cAMP accumulation is mediated mainly by stimulating the
cAMP-degrading enzyme phosphodiesterase (Rendon et al.,1988). However, SRIF has
no effects on the basal and GHRH-stimulated adenylate cyclase activity (Narayanan et
al., 1989). The cAMP-dependent pathway is also involved in the regulation of GH gene
expression. This is supported by the findings that a cAMP-responsive element (CRE) is
present in the 5'-flanking region of the GH gene (Copp and Samuels, 1989; Dana and
Karin, 1989) and Pit-1 gene of the rat (Theill ez al., 1989; Kapiloff et al., 1991 ). Pit-1
(sometimes also referred to as GHF-1) is a transcription factor specific for GH and PRL
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gene expression (Mangalam er al., 1989). Recently, - volvement of cCAMP in the
expression of other transcription factors, such as c-fos and c-jun, has also been
reported (Lavergne et al., 1992).

Evidence accumulated also indicates the involvement of Caz*'-dependent pathways
in GH secretion. The GH responses to GHRH stimulation in vitro are sensitive to the
availability of extracellular Ca2+ (Spence et al., 1980; Kraicer and Chow, 1982; Lussier
et al., 1991a), the presence of Ca2+ competitors, such as Co2+ (Holl et al., 1988a,b),
and the inhibition by voltage-sensititve Ca2+ channel (VSCC) blockers, such as
nifedipine and verapamil (Drouva et al., 1988; Sheppard et al., 1987). Moreover, the
stimulatory actions of GHRH can be mimicked by the dihydropyridine VSCC agonist
Bay K8644 (Drouva et al., 1988; Stojilkovic et al., 1988). These findings strongly
indicate that Ca2+ entry via the VSCC is involved in GHRH-stimulated GH release.
With the recent advancements in spectrofluorometry using Ca2+-sensitive probes (for
reviews, see Leong, 1989; Gurney, 1990), an increase in intracellular Ca2+ levels
([Ca2+]i) immediately after GHRH stimulation has been demonstrated in human GH-
secreting adenoma cells (Dufy-Barbe et al., 1992), purified rat somatotrophs (Lussier et
al., 1991a,b,c), and rat somatotrophs identified by the reverse hemolytic plaque assay
(Holl et al., 1988a,b). This increase in [Ca2+]i is localized in the subplasmalemmal
region of individual somatotrophs (Kato et al., 1992), and can be blocked by the VSCC
blocker nifedipine (Lussier et al., 1991a,c) and the GH-release inhibitor SRIF (Holl et
al., 1988a,b; Lussier et al., 1991b). Recently, oscillations of cytosolic free Ca2+ in the
regulation of pituitary hormone release have been receiving a lot of attention (for a recent
review, see Stojilkovic and Catt, 1992). It is generally accepted that a part of the
intracellular signals mediating GHRH and SRIF regulation of GH release is encoded in
the frequency and amplitude of these [Ca2+]i transients, which subsequently control the
process of GH exocytosis (Holl er al., 1988a,b; Ohlsson and Lindstrom, 1990;
Tornquist and Tashjian, 1991; Cuttler et al., 1992).

In mammals, the involvement of phosphatidylinositol-protein kinase C (PKC)
pathway in the mediation of GH release has also been suggested. This is supported by
the in vitro findings that activation of PKC by phorbol esters and diacylglycerol analogs
stimulates GH release from primary cultures of rat pituitary cells (Negro-Vilar and
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Lapctina, 1985). However, the physiological role of PKC in GHRH-stimulated GH
release has been questioned. Using purified somatotrophs of the rat, previous exposure
to the phorbol ester TPA has no effects on the GH responses to subsequent GHRH
stimulation (French et al., 1989), although a similar TPA pretreatment is known to
down-regulate PKC activity in the rat pitvitary cells (McArdle and Conn, 1989).
Translocation of PKC from the cytosolic to the membrane fraction has been used as an
index for PKC activation (for review, see Huang, 1989). Similar PKC translocation is
observed in the rat somatotrophs after stimulation with phorbol esters and diacylglycerol
analogs; in contrast, GHRH is not effective in this respect (French et al., 1991). These
results indicate that PKC is not a second messenger for GHRH-stimulated GH release.
Probably, PKC is involved in the GH-releasing actions of another neuroendocrine
factor(s).

Involvement of the phosphatidylinositol system in GHRH-stimulated GH release is
still controversial. Using mixed populations of rat pituitary cells, it has been shown that
GHRH either stimulates (Canonico et al., 1983) or has no effects (Raymond et al.,
1984; Escobar et al., 1986) on the metabolism of phosphatidylinositol bisphosphate
(PIP2). To add to the confusion, a recent report using purified somatotrophs of the rat
has demonstrated that GHRH inhibits the synthesis of inositol trisphosphate (IP3) and
bisphosphate (IP2) (French et al., 1990). The cause of these variations may be partly
due to the differential use of lithium ion in their respective assay systems. Lithium ion is
known to inhibit the degradation of IP metabolites and is essential for the accurate
measurment of PIP2 turnover (for a recent review, see Nahorski et al., 1991).

In contrast to GHRH, the involvement of the phosphatidylinositol system in the
signal transduction pathway of thyrotropin-releasing hormone (TRH) is well
documented. In mammals, TRH is known to stimulate GH release from various GH-
secreting tumor cell lines, including human adenomas (Simard et al., 1988), GH3 cells
(Boc ckfor et al., 1985; Boockfor and Schwariz, 1988) and GH4C]1 cells (Aizawa and
Hinkle, 1985) (for a review on the role of TRH as a GH-releasing factor, see Harvey,
1990). TRH receptors are positively coupled to phospholipase C through a stimulatory
G protein (Gs) (Aub et al., 1986), activation of which stimulates the production of IP3,
IP2 and IP] (Smallridge et al., 1992). Recently, arachidonate release as a response to
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TRH stimulation has also been demonstrated in primary cultures of rat pituitary cells
(Judd and MacLeod, 1992), suggesting that arachidonic acid and its metabolitcs may be a
part of the post-receptor mechanisms mediating TRH-stimulated GH release.

1.4 Growth Hormone Regulation in Teleosts

Similar to mammals, GH release in teleosts is under the control of multiple
neuroendocrine factors from the hypothalamus (for review, see Nishioka et al., 1988).
Immunoreactivity of GHRH has been demonstrated in the hypothalamic-pituitary axis of
the cod (Pan et al., 1985), sea bass (Marivoet et al., 1988; Moons et al., 1988),
rainbow trout (Luo and McKeown, 1989a), chum salmon and coho salmon (Parher and
Sherwood, 1990). In the goldfish, the GH-releasing actions of a human pancreatic
GHRH have been previously described (Peter et al., 1984). Recently, a GHRH-like
peptide has been isolated from the common carp (Vaughan ez al., 1993), and this carp
GHRH stimulates GH release from pituitary cells of the goldfish (Peng er al., 1990;
Vaughan et al., 1992) and rainbow trout (Luo and McKeown, 1989b:; Luo e al.,
1990). These results strongly suggest that GHRH is involved in GH regulation in teleost
fishes.

Besides GHRH, other neuropeptides are also known to have GH-releasing activity
in teleosts. GnRH is a hypothalamic releasing factor well known for its action to
stimulate GTH release in fishes (for review, see Peter er al., 1986). In the goldfish, two
forms of GnRH, salmon GnRH (sGnRH) and chicken-II GnRH (cGnRH-II), have been
identified (Yu et al., 1987; Yu et al., 1988). Both of them stimulate GH release from
goldfish pituitary fragments (Marchant et al., 1989b; Habibi et al., 1992) and pituitary
cells (Chang et al., 1990; Jobin and Chang, 1992). In general, sGnRH is more potent
than cGnRH-II in stimulating GH release (Habibi et al., 1992). The GH-releasing
actions of these two GnRHs are Ca2+- (Chang and de Leeuw, 1990; Jobin and Chang,
1992) and PKC-dependent (Chang et al., 1991), but do not involve cAMP as a second
messenger (Chang et al., 1992; for a recent review on second messengers for GnRH
actions in the goldfish, see Chang et al., 1993). Furthermore, GnRH receptors have
been recently demonstrated on the somatotrophs of goldfish (Cook et al., 1991),
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Neuropeptide Y (NPY) is highly conserved during vertebrate evolution (Larhammar
et al., 1993), and has been identified in the brain of teleosts (for review, see Danger et
al., 1990). In the goldfish, this peptide is colocalized with SRIF in neurons within the
hypothalamus (Pickavance et al., 1992) and directly innervates both the somatotrophs
and gonadotrophs in the anterior pituitiary (Pontet et al., 1989). More recently, GH-
releasing actions of NPY have been demonstrated in the goldfish using in vitro
perifusion of pituitary fragments (Peng et al., 1990) and pituitary cells (Peng et al.,
1993). In addition to its direct effects at the pituitary cell level, NPY also exerts its
stimulatory actions on GH release indirectly by inducing GnRH release from the
hypothalamus via Y2 receptors (Peng et al., 1993).

The tripeptide TRH is also known to be a GH-releasing factor in vertebrates,
especially in birds (for review, see Harvey, 1990). However, very little is known in
teleosts concerning its physiological role in GH regulation. In the goldfish, TRH injected
intraperitoneally (ip) elevates serum GH levels (Cook and Peter, 1984). The GH-
releasing actions of TRH have been recently confirmed by in vitro studies using
perifused goldfish pituitary fragments (Trudeau et al., 1992). Furthermore, the goldfish
pituitary appears to be more sensitive to TRH stimulation when the fish are sexually
mature (i.e., in the prespawning stages) than when the fish are sexually regressed
(Trudeau et al., 1992). Recently, stimulatory effects of TRH on GH release have also
been reported in the common carp (Lin et al., 1993).

Similar to GHRH, the GH-release inhibitor SRIF is also widely distributed among
the teleosts. SRIF has been identified in the anglerfish (Hobert et al., 1980), catfish
(Oyama et al., 1980), coho salmon (Plisetskaya et al., 1986; Nozaki et al., 1988) and
rainbow trout (Nozaki et al., 1988). Its inhibitory actions on GH release have been
previously described in the tilapia (Rivas et al., 1986; Helms et al., 1987), coho salmon
(Sweeting and MacKeown, 1986), and goldfish (Cook and Peter, 1984; Marchant ez al.,
1987). In the goldfish, cell bodies of SRIF neurons are located in the periventricular
nucleus of the hypothalamus (Kah ez al., 1982), and nerve terminals of SRIF fibers are
frequently identified close to the somatotrophs (Olivereau er al., 1984). These
anatomical observations are in agreement with the in vivo findings that hypothalamic

lesions in the periventricular area significantly elevate serum GH levels in the goldfish

18



(Fryer, 1981; Cook and Peter, 1983).

Seasonal changes in SRIF levels have also been reported in the goldfish; the
hypothalamic and pitui.ary SRIF contents are the highest during gonadal regression, and
the lowest during the recrudescence and prespawning stages (Marchant et al., 1989a).
The seasonality of SRIF is opposite to the seasonal changes of serum GH levels in the
goldfish, in which the highest GH levels are observed during the spawning and post-
spawning season (Marchant and Peter, 1986). In the goldfish, SRIF inhibits basal GH
levels (Marchant et al., 1987) and the GH responses to various GH-releasing factors,
including sGnRH (Marchant et al., 1989b), NPY (Peng et al., 1993), TRH (Cook and
Peter, 1984), and carp GHRH (Peng et al., 1990).

In addition to neuropeptides, neurotransmitters are also involved in GH regulation
in teleosts. In the goldfish, administration of DA (icv) and the DA agonist apomorphine
(ip) has been shown to increase serum GH levels (Chang et al., 1985). This sumulatory
effect of DA appears to act directly at the pituitary level, as DA can stimulate GH release
from perifused goldfish pituitary fragments (Peter et al., 1990). In contrast to the
stimulatory actions of DA, norepinephrine (Chang et al., 1985) and serotonin (Somoza
and Peter, 1991) are inhibitory to GH release in the goldfish.

Involvement of sex steroids in GH regulation has been suggested in the goldfish.
This is supported by the findings that the seasonal changes in serum GH levels are
closely associated with the reproductive cycle (see above). Moreover, a preovulatory GH
surge, which occurs simultaneously with the GTH surge, is observed in both male and
female goldfish during spontaneous spawning (Yu ez al., 1991). In addition, in female
goldfish, serum estradiol and testosterone levels are known to increase prior to the
preovulatory GTH surge (Kobayashi et al., 1986; Kobayashi ez al., 1987). Recently,
estradiol implantation in the goldfish has been shown to increase basal GH levels and
potentiate the GH responses to sGnRH and TRH; however, testosterone implantation is
not effective in these respects (Trudeau et al., 1992). These findings indicate that sex
steroids, such as estradiol, can exert their actions on GH release indirectly by modulating
the responsiveness of pituitary cells to GH-releasing factors. Although immunoreactivity
of inhibin BA and BB subunits has been recently identified in the ovary of goldfish (Ge
et al., 1993), the physiological role of these gonadal peptides in GH regulation in
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teleosts is still unknown.

1.5 Objective of the Research Project

The objective of the present study is to investigate the functional role of DA as a
GH-releasing factor in the goldfish and the mechanisms by which it stimulates GH
release from goldfish pituitary cells. The goldfish (Carassius auratus) was chosen as the
animal model for the following reasons : Firstly, the goldfish is a representative of the
family Cyprinidae (i.e. the carp family). Cyprinids are fresh water fishes having a high
commerical value in Asian countries, especially in China, Taiwan, India, and Malaysia
(Rainboth, 1991). A better understanding of GH regulation in the goldfish may have
important implications in the farming of cyprinid species. Secondly, the goldfish is an
example of the teleost fish:s. Teleosts are unique among the vertebrates in that they lack
a functional hypothalamo-hypophyseal portal blood system. In contrast to that of the
mammals, the anterior pituitary of teleost fishes is under direct innervation from the
hypothalamus (for review, see Peter et al., 1990). Thirdly, the goldfish is also a well-
studied species among the teleosts. The background information available on the
physiology and endocrinology of the goldfish greatly facilitates the present research.

This thesis is composed of 9 chapters, summarizing the results of my research in
the past four years. The first chapter provides the background information for the present
siudy. In chapter 2, pharmacological evidence demonstrating the involvement of D1
receptors in the GH-releasing actions of DA at the pituitary level is presented. This is a
novel finding as DA D1 receptors have not been identified in the pituitary of vertebrates,
and yet our studies indicate that this DA receptor subtype is present in the pituitary of the
goldfish. In chapter 3, the physiological role of this DA D1 action on GH release was
investigated using different approaches, in particular by (1) the demonstration of a
seasonality in DA-stimulated GH release, (2) the body growth-promoting effecs of the
DA D1 actions, and (3) the ability of a DA D1 antagonist to inhibit serum GH levels in
vivo. In chapter 4, the physiological role of DA as a GH-releasing factor was further
substantiated by investigating its interactions with other known GH regulators in the
goldfish, including sGnRH, SRIF, and possible influences from the gonad (data for the

interactions of DA DI actions with serotonin and norepinephrine on GH release are
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presented in Appendix II). The results from chapters 3 and 4 provided substantial
evidence to support the idea that DA D 1-stimulated GH releasc is an integral part of the
complex GH regulatory system in the goldfish.

In chapter 5, by using a newly developed DA D1 radioreceptor assay, the D1
receptors mediating the GH-responses to DA were characterized using goldfish pituitary
cells. This study represents the first direct demonstration of D1 receptors in the pituitary
of vertebrates. To date, the post-receptor mechanisms of DA D1 actions are virtually
unknown in the non-mammalian species. Therefore, the last three data chapters are
devoted to an examination of the signal transduction pathways involved in DA D1-
stimulated GH release in the goldfish. In chapter 6, in vitro evidence is presented to
support the involvement of the adenylate cyclase-cAMP-PKA pathway in the GH
responses to DA stimulation. The presence of a Ca2+-dependent component, in particular
the entry of extracellular Ca2* through VSCC, is described in chapter 7. Finally, in
vitro data demonstrating the absence of PKC involvement in DA D1-actions, and the
independence of cAMP and PKC pathways on GH release are included in chapter 8.

In the last chapter, the major findings of the present study are summarized into
models describing (1) the functional role of DA as a GH-releasing factor in the goldfish,
and (2) the post-receptor mechanism by which DA stimulates GH release from goldfish
pituitary cells. In addition, the limitations, implications, and future directions of the

current studies have also been addressed.
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Chapter 2

Dopamine Stimulates Growth Hormone Release
from the Pituitary of Goldfish through
Dopamine DI receptors 1

2.1 Introduction

In mammals, the role of dopamine (DA) on growth hormone (GH) regulation is
controversial; stimulatory (La Rossa et al, 1977), inhibitory (Cronin et al, 1984), or no
effects (Kato et al, 1973) have been reported. In lower vertebrates, the effects of DA on
GH release are still largely unknown. Qur previous studies suggest that DA may be a
GH-releasing factor in teleosts; serum GH levels in the goldfish can be elevated by
intraperitoneal injection of the DA agonist apomorphine (Chang et al, 1985). Both DA
and apomorphine are stimulatory to GH release from perifused goldfish pituitary
fragments (Peter ef al, 1990). Our recent experiments using goldfish pituitary cells in
static culture also demonstrated that the DA D1 agonist SKF38393 mimics the GH-
releasing effect of DA, but the D2 agonist LY171555 is not effective in this respect
(Chang et al, 1990b). These results suggest that DA D1 receptors may be present in the
anterior pituitary of vertebrates and mediating GH release. Our conclusions are
substantiated by a recent report by Bluet-Pajot et al (1990), in which DA and the D1
agonist SKF38393 were found to be stimulatory to GH release in the rat, both in vivo
and in vitro.

Besides acting as a GH-releasing factor, DA is also a gonadotropin (GTH)-release
inhibitor in the goldfish, both in vivo (Chang and Peter, 1983) and in vitro (Chang et
al, 1984). DA exerts its inhibitory effect by reducing GTH-releasing hormone (GnRH)
receptor capacity in the pituitary (de Leeuw et al, 1989), inhibiting GnRH release from
nerve terminals (Yu et al, 1991; Yu and Peter, 1991), and suppressing both spontaneous

L A version of this chapter has been published : Wong AOL, Chang JP, and Peter RE
(1992), Endocrino’ .,y 130:1201-1210
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as well as GnRH-in¢ 'd GTH-II release from gonadotrophs (Chang et al, 1984). In
the goldfish, the negative effect of DA on GTH-II release is mediated via DA D2
receptors (Omeljaniuk er al, 1987; Omeljaniuk et al, 1989). It appears that DA
inhibition on GTH-II release is a common phenomenon in teleosts (Peter et al, 1986; Lin
et al, 1988).

In the present study, the receptor specificity for DA-stimulated GH release in the
goldfish is further characterized using an in vitro perifusion system for pituitary
fragments. Dosc-dependency of the GH response to DA stimulation was examined. The
GH-releasing aciions of three D1 agonists, SKF38393, SKF77434 and SKF82958, and
two D2 agonists, bromocriptine and LY 171555, were also studied. To confirm that the
D1 agonist-stimulated GH release is the result of ligand-receptor interaction, the action of
increasing doses of (+)- and (-)-SKF38393 on GH release was tested. The receptor
specificity was further investigated by monitoring the effects of two D1 antagonists,
SCH23390 and SKF83566, and two D2 antagonists, domperidone and (-)-sulpiride, on
the GH responses to DA and SKF38393. The release of GTH-II, which is known to be
inhibited by activation of D2 receptors, was also assayed in some experiments to verify
the receptor specificity for D1 and D2 drugs in the goldfish.

2.2 Materials and Methods

Animals Goldfish of the common or comet varieties were purchased from Ozark
Fisheries (Stoutland, Mo., USA) or Grassyforks Fisheries (Martinsville, Ind., USA),
and maintained in flow-through aquaria (1,800 liters) at 17 °C under a simulated natural
photoperiod (Edmonton, Alberta) for at least 3 weeks prior to any experiments. The fish
were fed to satiation daily with Ewos trout pellets. Fish of both sexes, with body weight
ranging from 20 g to 30 g, were used in the present study. Since reproductive cycling is
a characteristic of most teleosts, and these reproductive cycles can be reflected by
pronounced variations in gonadal size, gonadal conditions of the goldfish, determined by
the gonadosomatic index (GSI = weight of gonad / total body weight x 100 %) and
morphological characteristics of the gonads, are reported separately for each individual
experiment. The gonads, including the testes in the male and ovaries in the female, are
categorized as being regressed when the GSI is £1.5% (May to November). Regressed
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gonads are thin, translucent, and grayish in color. Ovaries undergoing gonadal
recrudescence usually exhibit a grayish-green coloration with a GSI ranging from 1.5%
to 8% (December to March). Small vitellogenic vocytes can be frequently identified in
these recrudescent ovaries. Ovaries in the prespawning (or mature) phase (March to
April) are larger, having a GSI between 8% to 16%. In this case, the vitellogenic oocytes
are mature and clearly visible to the naked eye. The gonadal size in male fish is smaller,
and rarely exceeds a GSI of 6%. Testes are considered to be recrudescent with a GSI
between 1.5% to 3%, and prespawning (or mature) when the GSI is 23%. Testes in

recrudescence and prespawning phase are white in color.

Reagents and test substances HEPES, dopamine, and bromocriptine were purchased
from Sigma Chemical Company (St Louis, MO). SKF38393 (1-phenyl-2,3,4,5-

tetrahydro-(1H)- 3-benzazepine-7,8-diol hydrochloride), SKF77434 (7,8-dihydroxy-3-
allyl-1-phenyl-2,3,4,5-tetrahydro-(1H)-3-benzazepine hydrochloride), SKF82958 (6-
chloro-7,8-dihydroxy-3-allyl-1-phenyl-2,3,4,5-tetrahydro- 1H-3-benzazepine hydro-
bromide), SCH23390 (7-chloro-8-hydroxy-3-methyl- 1-phenyl-2,3,4,5-tetrahydro- 1H-3-
benzazepine hydrochloride), and SKF83566 (7-bromo-8-hydroxy-3-methyl-1-phenyl-
2.3,4,5-tetrahydro- 1H-3-benzazepine hydrochloride) were purchased from Research
Biochemicals Inc. (Wayland, MA). LY171555 (quinpirole hydrochloride) and
domperidone were gifts from Eli Lilly & Co. (Indianapolis, Ind) and Janssen
Parmaceutica (Beerse, Belgium), respectively. Aliquots of salmon GnRH (sGnRH)
stock solution (Peninsula Lab. Inc., Belmont, Calif.) in 0.1 M acetic acid weze frozen at
-259C, and diluted with the perifusion medium to 50 nM concentration immediately prior
to use. All D1 or D2 drugs were first dissolved in dimethyl sulfoxide (DMSC), and the
dilutions of the drugs were made up in Hank's Balanced Salt solution so that the final
DMSO concentration was less than 0.1%. DMSO up to 0.1% concentration did not alter
basal GH and GTH-II release from the pituitary cells of goldfish (Chang et al, 1990b).

Perifusion of pituitary fragments Jn vitro experimems were conducted using a

perifusion system for goldfish pituitary fragments as desciibed previously (MacKenzie
et al., 1984; Marchant et gl., 1989a). In brief, goldfish pituitary fragments (=0.2 mm

60



in thickness) equivalent to 3 whole pituitaries were placed between 2 layers of 0.1 ml
cytodex I beads (Sigma) in a 0.4 ml perifusion column constructed from disposable
plastic syringes. The total dead volume of the perifusion system was about 0.75 ml. The
fragments were perifused overnight (15-18 hr) at a flow rate of § ml/hr with M199
(Gibco, Grand Island, NY, USA) supplemented with Hank's salts, 25 mM HEPES and
56 U/ml nystatin (Sigma). Thereafter, the perifusion medium was switched to Hank's
balanced salt solution containing 25 mM HEPES and 0.1 % BSA (Sigma), and the flow
rate was increased to 15 mlhr. After another 3 hr of perifusion, the basal GH and GTH-
II release from the pituitary fragments remained relatively constant in the absence of any
stimulation. Test substances were then added from a drug reservoir into the perifusion
column through a 3-way stopcock. The perifusate from each column was collected in S-
min fractions, and stored frozen at -25 °C until the hormone contents were assayed.
Each experiment was repeated several times using pituitary fragments in separate
perifusion columns. Since sGnRH is a known stimulator for both GH and GTH-1I
release in the goldfish (Marchant et al, 1989a; Chang et al, 1990b), perifusion for each
column was started and terminated with a 2-min pulse of 50 nM sGnRH to monitor the
viability and responsiveness of pituitary fragments throughout the experiment. For dose-
response studies, DA, D1 and D2 agonists were administered as 2-min pulses at 1 hour
intervals, except where specified. For DA antagonist studies, 1-hour continuous
perifusion of D1 or D2 antagonist was started one hour following the first pulse of DA or
the D1 agonist SKF38393, and a second pulse of the stimulant was given half an hour
later in the presence of the corresponding antagonist.

Radioimmunoassay GH levels were measured using a radioimmunoassay (RIA) for
carp GH previously validated for the measurement of GH contents in the perifusates from
in vitro experiments using goldfish pituitary fragments (Marchant et a/,1989b). The
RIA for GTH (Peter et al, 1984) is specific for the maturational GTH or GTH-II of the
goldfish (Van Der Kraak et al, 1991). Samples from each experiment were measured in
duplicate in the same RIA.
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Data transformation Results from each individual column were expressed as a
percentage of the average hormone content obtained in the first 6 fractions prior to any
drug weatments (% pretreatment). This transformation was done to allow the pooling of
data from separate columns of the same experiment without distorting the profile of
hormone release during the course of perifusion. The hormone response was quantified
by calculating the net change in hormone release after the drug treatment. The average
hormone content (in % pretreatment) in the 3 fractions preceding each 2-min pulse of
drug treatment was taken as the basal hormone level for that particular stimulation. Post-
pulse fractions with hormone contents greater than the mean plus one SEM of the basal
hormone level were included as a part of the hormone response. The net change in
hormone relcase afier drug treatment was defined as the sum of the differences between
the hormone levels in the post-pulse fractions minus the respective prepulse basal

hormone level.

Data analysis and statistics GH and GTH-II data (in % pretreatment) were analyzed by
Student's t test or by analysis of variance (ANOVA) followed by Fisher's least

significance difference (LSD) test. Differences were considered significant when P <
0.05. Dose-response curves for DA and SKF38393, and the corresponding values for
the half-maximal effective dose (EDsg) and the maximum GH response were determined
by the ALLFIT computer program developed by De Lean et al (1978).

2.3 Results

Effects of DA on GH release The GH response to 2-min pulses of DA was
characterized using pituitary fragments prepared from sexually mature (=prespawning)
fish. DA (0.1 nM to 5 uM) was administered either in increasing or decreasing doses in
separate experiments (x4 columns each). No significant differences were found between
the GH responses to the same dose of DA with the two protocols. Accordingly, only the
GH release profile (mean  SEM) for the experiments with increasing DA doses is
presented (Fig. 2.1A) and the data obtained from the two protocols were pooled for the
quantification of the GH response (Fig. 2.1B). The GH response to DA was dose-
dependent, with an EDsg of 0.26 + 0.06 uM. The minimal effective dose for DA to
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induce GH release was 100 nM, and the maximal GH response to DA was estimated to
be 185.6 £ 12.5 % pretreatment. The onset of the GH response was observed within §
minutes after DA treatment, and the response had a duration of 15 - 20 minutes. In
preliminary studies using the same experimental protocol (i.e., 2-min DA pulses at 1 hour
intervals), prior exposure to 100 nM, 1 uM, or 5 uM of DA did not alter the GH
response to subsequent DA challenges at the same dose, indicating that desensitization or
potentiation did not occur in this perifusion protocol (data not shown). The GH response
to sGnRH was not affected by previous exposure to DA, as no differences were found
between the GH responses to the first and second sGnRH pulses (Fig. 2.1, A and B).

Effects of DA D1 agonists on GH and GTH-ll release  Effects of the DA D1 agonist
(£)-SKF38393 on GH and GTH-II release were examined using pituitary fragments

from sexually regressed fish. Doses of SKF38393 ranging from 0.05 nM to 10 uM
were tested using a total of 16 perifusion columns. Preliminary studics demonstrated that
pituitary fragments exposed to 2-min pulses of SKF38393 at (i) 60-min intervals when
the dose of ()-SKF38393 was less than 1 UM, or (ii) 90-min intervals when the dose
was equal to or greater than 1 M, did not cause desensitization in the GH response (data
not shown). The D1 agonist (1)-SKF38393 stimulated GH release in a dose-dependent
manner with an EDsg of 0.41 £ 0.12 uM (Fig. 2.2A, lower panel). The minimal dose
of (£)-SKF38393 to stimulate GH release was 80 nM, and the GH response reached a
maximum of 405.0 £ 36.1 % pretreatment at 1 UM and higher doses of (+)-SKF38393.
In contrast, (1)-SKF38393 did not have any effects on basal GTH-1I release (Fig. 2.2B),
which indicates a selective action of this D1 agonist on GH release only. In all these
experiments, no significant differences were observed in the GH or GTH-II responses
between the first and second sGnRH pulses. The stereoselectivity of the GH-releasing
effect of SKF38393 was also investigated using pituitary fragments from goldfish in
mid-stages of gonadal recrudescence. (+)-SKF38393, at doses from 10 nM to 1 uM,
stimulated GH release in a dose-dependent manner (Fig. 2.3A), but (-)-SKF38393 was
not effective in this regard (Fig. 2.3B).

Using pituitary fragments from sexually regressed fish, another two DA D1
agonists SKF77434 (Fig. 2.4A) and SKF82958 (Fig. 2.4B) were found to have GH-
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releasing activity similar to that of SKF38393. At doses ranging from 10 nM to 1 uM,
both D1 agonists enhanced GH release in a dose-dependent manner, but did not alte. the
basal GTH-II release (data not shown). Estimation of EDsq values was not performex:
for these two D1 agonists, as no obvious maximal GH responses were observed within
the dose range tested. Again, no differences were found in the GH responses between
the first and second sGnRH pulses in these perifusions, indicating that prior treatment
with either SKF77434 or SKF82958 did not alter the GH response to a subsequent
sGnRH pulse.

Effects of DA D2 agonists on GH and GTH-II release ~ The effects of two DA D2

agonists, bromocriptine and LY 171555, on GH and GTH-II release were examined
using pituitary fragments from sexually regressed fish. Repeated 2-min pulses of 0.1 %
DMSO, the solvent used for both D1 and D2 drugs, did not alter the basal GH
(Fig.2.5A) and GTH-II release (Fig. 2.6A, upper panel). Increasing doses of
bromocriptine or LY 171555 from | nM to 1 uM had no observable effects on basal GH
release (Fig. 2.5, B and C); however, the basal GTH-II levels were attenuated in a dose-
dependent manner (Fig. 2.6). The estimated EDsq values for the inhibitory effects of
bromocriptine and LY171555 on GTH-II release were 1.0 £ 0.7 and 11.3 £ 8.1 nM,
respectively. In these perifusion experiments, previous exposure to micromolar
concentrations of the two D2 agonists significantly reduced the GTH-II but not the GH

responses to subsequent sGnRH pulse.

Effects of D and D2 antagonists on DA-stimulated GH release  The receptor specificity
for DA-stimulated GH release was further characterized by using the D1 antagonist
SCH23390 and the D2 antagonist domperidone. Pituitary fragments obtained from
goldfish in late stages of gonadal recrudescence were used in these experiments. GH
levels were consistently elevated by 2-min pulses of 0.5 uM DA. The D1 antagonist
SCH23290 ~1 5 UM concentration had no noticeable effects on the basal GH secretion,
but it blocked the GH-releasing action of 0.5 uM DA (Fig. 2.7A, upper panel). The GH
response to DA was not affected by simultaneous perifusion with 5 pM of the D2
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antagonist don:neridone (Fig. 2.7/ lower pancl). However, domperidone alone caused
a small but significant increase in basal GH levels; the mean GH comients in the six
fractions collected before and after the beginning of domperidone perifusion were 90 £ 1
and .07 3 % pretreatment, respectively (P < 0.05).

In contrast to the GH response, 2-min pulses of 0.5 uM DA caused a decrease in
the basal GTH-II levels (Fig. 2.7B); the average GTH-I1 contents in the six fractions
collected before and after the DA treatment were 98 2 and 74 £ 3 % pretreatment,
respectively (P < 0.05). In general, the GTH-1I response to DA occurred after a lag time
of 5 - 10 minutes, and the GTH-II levels were maximally srppressed at 15 - 20 minutes
after DA treatment. The GTH-IlI-release inhibitory effect of DA was abolished by
simultaneous perifusion with 5 uM of the D2 antagonist domperidone (Fig. 2.7B, lower
panel), but not the D1 antagonist SCH23390 (Fig. 2.7B, upper panel). Neither of the
two antagonists had any effects on the basal GTH-II levels or the GTH-II response to
subsequent sGnRH stimulation.

Effects of D1 and D2 antagonists on SKF38393-stimulated GH release  To further
excanine the specificity of D1 receptor activation on GH release, the effects of two D1
antagonists, SCH23390 and SKF83566, and two D2 antagonists, domperidone and (-)-
sulpiride, on the GH response to the D1 agonist SKF38393 were studied using pituitary
fragments prepared from goldfish in mid-stages of gonadal recrudescence.
Administration of 2-min pulses of the D1 agonist SKF38393 at 0.5 M co~:.s'ently
elevated the basal GH levels. This GH response was blocked in the presence of § UM of
the D1 antagonists SCH23390 or SKF83566 (Fig. 2.8, upper panels); however, the D2
antagonists domperidone and (-)-sulpiride were not effective in this respect (Fig. 2.8,
lower panels). The mean GH contents in the six fractions collected before and after the
onset of perifusion with the D1 antagonist SKF83566 were 98 + 2 and 147+ 7 %
pretreatment respectively (P < 0.05), indicating that this D1 antagonist at 5 uM
concentration behaved as a partial agonist to increase basal GH release. No GH-releasing
action was observed for the other D1 antagonist SCH23390 at the same concentration.
Similar to our previous experiments (Fig. 2.7A, lower panel), treatment with 5 uM of the
D2 antagonist domperidone, but not (-)-sulpiride, enhanced the basal GH release; the
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average GH levels in the six fractions collected before and after the onset of domperidone
perifusion were 89 £ 2 and 116 £ 7 % pretreatment, respectively (P < 0.05). Prior
exposure to D1 or D2 antagonists did not affect the GH response to subsequent sGnRH

challenge.

2.4 Discussion

In the present study, perifusion of goldfish pituitary fragments with DA resul:ed in
differential acticns on GH and GTH-II release; DA was stimulatory to GH, but inhibitory
to GTH-II release. These results confirm our earlier findings in the goldfish that DA
functions as a GTH-release inhibitor (for review, sce Peter et al, 1986) as well as a GH-
releasing factor (Chang et al, 1985; Chang et al, 1990b; Peter et al, 1990). Our data
also demonstrate that the GH-releasing action of DA is dose-dependent, with an EDsg of
0.26 £ 0.06 uM. This stimulatory effect of DA can not be due to its subsequent
conversion to norepinephrine or its cross-reactivity with receptors for norepinephrine or
serotonin, as norepinephrine and serotonin are GH-release inhibitors in the goldfish
(Chang et al,1985; Peter et al,1990; Somoza and Peter, 1991). Although a carp GH-
releasing hormone (GHRH) has been purified (Vaughan er al, 1992) and found to
increase GH release in the rainbow trout (Luo and McKeown, 1989) and the goldfish
(Peng et al, 1990), the role of GHRH in goldfish GH regulation is still unclear.

In contrast to the nanomolar potency of the known peptidergic GH-releasing factors
in the goldfish, such as sGnRH (EDsq, 2.5 £ 1.4 nM; Marchant et al., 1989a),
neuropeptide Y (EDsg, 0.5 £ 0.2 nM; Peng et al., 1990), ard thyrotropin-releasing
hormone (EDsg, 0.5 % 0.2 nM; Trudeau et al., 1992), the EDsgp for DA-stimulated GH
release is in the micromolar concentration range. This may reflect the intrinsic preperties
of the DA receptor subtype mediating the GH response. In mammals, DA is known to
act on two major receptor subtypes, the D1 and D2 receptors; the effective doses for
biological responses mediated by DA D1 and D2 receptors are at the micromolar and
nanomolar ranges, respectively (for review, see Kebabian and Calne, 1979; Stoof and
Kebabian, 1984). The EDsq for DA-stimi lated GH release in the present study is
comparable to that of the known DA D! systems in mammals, e.g., the DA- or D1
agonist SKF38393-stimulated cAMP release from the striatal tissue of the rat (EDsq for
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SKF38393, 0.2 uM; see Stoof and Kebabian, 1981) or the cervical sympathetic ganglia
of the rabbit (EDsg for DA, 6 - 10 uM; sce Kebabian and Greengard, 1971). Evidence
presented here suggests that DA stimulates GH release from the pituitary of goldfish via
the D1 receptors. This hypothesis is further confirmed by our pharmacological studies;
the dose-dependent GH-releasing effect of DA was mimicked by the D1 agonists
SKF38393, SKF77434 and SKF82958, but not by the D2 agonists bromocriptine and
LY171555. Furthermore, the GH response to DA or the D1 agonist SKF38393 was
blocked specifically by the DI antagonists SCH23390 and SKF83566; the D2
antagonists domperidone and (-)-sulpiride were not effective in this respect. With regard
to the GH-releasing potency, SKF38393 had an EDsg of 0.41 £ 0.12 uM which was not
different from that of DA. However, all the three D1 agonists hcu a bigher efficacy in
stimulating GH release than DA. Compared to the 1.8-10ld in..casc of GH release
induced by 1 pM of DA (i.e., the maximal GH response), the same dose of SKF38393,
SKF77434 and SKF82958 elevated the GH release by 4-, 6.5- and 12-fold, respectively.
The apparent discrepancy in GH-releasiug efficacy may be due to differences in the
corresponding affinity for D1 receptors in the goldfish pituitary; however, all these three
D1 agonists and DA have similar binding affinities for D1 receptors in mammals (for
review, see Seeman and Niznik, 1988). Perhaps, the synthetic D1 drugs have a higher
resistance to degradation than DA, thereby contributing to their greater efficacy in GH
release. A third DA receptor subtype, the D3 receptor, has beca cloned recently, and its
pha-mecaciogical orogeniic s are much closer fo that of the D2 receptors than the DI
receptors (for review, see Sibley, 1991). Since specific agonists or antagonists for D3
receptors are not yet available, the possible actions of D3 receptors on GH release were
not examined in the present study.

Although the site of action of DA D1 stimulation on GH release was not
investigated in the present study; it is likely to be a direct action at the level of
somatotrophs in the goldfish pituitary. This is supported by cur previous findings that
the D1 agonist SKF38393 induced GH release from pituitary cells in primary cell culture
(Chang et al, 1990b). The possibility of an indirect action of DA on GH secretion
through GnRH can also be eliminated, as DA has a negative effect on GnRH release from
goldfish pituitary fragments via the D2 receptors (Yu and Peter. 1991).

67



A key assumption for the interpretation of our data is the receptor specificity of the
D1 and D2 drugs in the goldfish, as all of the DA drugs have been validated using the
mammalian animal models. It has been well established that activation of D2 receptors in
the goldfish is inhibitory to GTH-II release, both in vivo (Omeljaniuk et al, 1987) and
in vitro (Omeljaniuk et al, 1989). Our results demonstrated that all the three D1
agonists, SKF38393, SKF77434 and SKF82958, had no effects on basal GTH-II levels;
however, the two D2 agonists, bromocriptine and LY171555, suppressed GTH-II
releasc with estimated EDsp of 1.0 £ 0.7 nM and 11.3 + 8.1 nM, respectively.
Similarly, the GTH-release inhibitory effect of DA was blocked only by the D2
antagonist domperidone but not the D1 antagonist SCH23390. Taken together, the
possibility of cross-reactivity of the D1 drugs on D2 receptors and D2 drugs on D1
receptors in the goldfish seems highly unlikely. This further substantiates our previous
hypothesis that DA receptors resembling the mammalian D1 and D2 receptor subtypes are
present in the pituitary of the goldfish (Chang et al, 1990b). Stereoselectivity consistent
with the mammalian DA D1 systems has also been demonstrated in the present study;
only the (+)- but not the (-)-enantiomer of the D1 agonist SKF38393 was stimulatory to
GH release from the goldfish pituitary fragments, and again, the GH response was dose-
dependent (for review of stereoselectivity of D1 receptors, see i aiser, 1983). These
observations strongly indicate that the DA D1 receptors are highly conserved during
vertebrate evolution.

Unexpectedly, the D2 antagonist domperidone was found to have some degree of
GH-releasing activity, but no effects on basal GTH-1I release. The domperidone action
on GH release could have been indirect through the GH-releasing effect of GnRH
(Marchant et al, 1989a). The adenohypophysis of teleosts is unicue in that it is directly
innervated by neurosecretory fibers from the hypothalamus (Petor ef al., 1990). In the
goldfish, GnRH-immunopositive fibers have been identified close to both GTH- and
GH-secreting cells (Kah ez al., 1986). Since the D2 antagonist domperidone is known
to release GnRH (Yu and Peter, 1991) and deplete DA contents (Sloley et al, 1991) in
the goldfish pituitary, it is conceivable that domperidone exerts its effect by enhancing
GnRH release from nerve terminals in the pituitary fragments. In our previous studies,
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sGnRH stimulates GH and GTH-II release from dispersed goldfish pituitary cells with
EDsg of 0.3 £ 0.1 and 1.9 + 0.5 nM respectively (Chang er al, 1990a), indicating that
the GH response to GnRH is more sensitive compared to the corresponding GTH-11
response. The treatment with 5 uM domperidone might have induced a small release of
GnRH sufficient to cause a GH but not a GTH-II response.

In summary, we have demonstrated that DA stimulates GH releasc from perifused
goldfish pituitary fragments in a dose-dependent manner, and this effect can be mimicked
by D1 but not D2 agonists. Similarly, the GH response to DA or the D1 agonist
SKF38393 can be blocked only by D1 but not D2 antagonists. The GH responsc to
SKF38393 has a stereoselectivity consistent with that of the mammalian DA D1 systems.
These results confirm that the DA-stimulated GH release from the pituitary of goldfish is
mediated through the D1 receptors. Our studies also provide a unique model for
neuroendocrine regulation in vertebrates; the neurotransmitter DA differentially regulates
the release of two distinct hormones, GH and GTH-II, in the same tissue (i.e., the
anterior pituitasy). through two different receptors, the D1 and D2 receptors, respectively.
Although DA 7 | 1sceptors have never been identified in the pituitary of veniebrates, our
results strongly indicate that this receptci subtype is present in the pituitary of goldfish
and is involved in the regulation of GH release. The apparent similarities of the DI
receptor pharmacology between the goldfish and the mzmmals also suggests that the DA
D1 receptors are highly conserved during vertebrate evolution.
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Fig. 2.1 Effects of dopamine (DA) on the growth hormoae (GH)
release from perifused goldfish pituitary fragments. Only the GH
release profile of experiments with increasing doses of DA is presented
(A). The average pretreatment GH level was 36.4 £+ 2.2 ng GH/ ml.
Data from experiments with increasing and decreasing doses of DA
admiaistration (x4 columns each) were found to have no significant
differences, and weve pooled together to construct a dose-response
curve (B). Doses of DA inducing similar GH responses are grouped
within the same underscore (P > 0.05, ANOVA followed by Fisher’s
LSD test). All data are expressed as mean + SEM.
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Fig.23 Stereoselectivity of the GH-releasing action of the D! agonist
SKF38393. The GH release profiles for increasing doses (10 aM - | uM) of
(+)-SKF38393 (A) and (-)-SKF38393 (B) are preseated (x3 columns each). The
mican pretreatment GH levels for uxperiments using (+)- and (-)-SKF38393 were
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Chapter 3

Actions of Dopamine as a Growth Hormone-
Releasing Factor in the Goldfish 1

3.1 Introduction

In mammals, dopamine (DA) functions as a neurotransmitter as well as a
neurohormone. Secretion of DA into the hypothalamo-hypophyseal portal system has
been reported in the rat (Gibbs and Neill, 1978). Its inhibitory effects on the release of
pituitary hormones, such as prolactin, thyroid-stimulating hormone, and melanocyte-
stimulating hormone are well documented (for review, see Tuomisto and Mannisto,
1985). Although internalization of [3H]-DA has been demonstrated in somatotrophs
(Rosenzweig and Kanwar, 1982), the role of DA on growth hormone (GH) relcase in
mammals is still controversial, as stimulatory, inhibitory, and no effects have been
reported (for review, see Muller, 1987).

In lower vertebrates, such as the teleost, even less is known about the actions of
DA in GH regulation. In the goldfish, the anterior pituitary is under the direct innervation
of a dopaminergic preoptico-hypophyseal pathway (Kah et al., 1987), and the nerve
terminals of DA neurons have been identified in close promixity to the somatotrophs
(Kah et al., 1984). The possible involvement of DA in GH regulation as suggested by
these anatomical studies was confirmed by our previous findings that DA and its non-
selective agonist apomorphine are stimulatory to GH release in the goldfish, both in vivo
(Chang et al., 1985) and in vitro (Peter et al., 1990). More recently, we also provided
in vitro evidence that the GH response to DA in the goldfish is mediated through the DA
D1 receptors (Chang et al., 1990b; Wong et al., 1992). These results suggest that DA,
besides its role as a neurotransmitter, may also function as a GH-releasing factor in
teleosts.

1 A version of this chapter has been accepted for publication : Wong AOL, Chang JP,
and Peter RE (1993) Am J Physiol.
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In our previous studies, we used a pharmacological approach to demonstrate the
GH-releasing actions of DA in the goldfish. However, evidence to substantiate the
physiological role of DA as a GH-releasing factor is still lacking. In the present study,
we put forward further evidence to support the hypothesis that DA, by acting through the
DA D1 receptors in the pituitary, also functions as a GH-releasing factor in the goldfish.
Seasonality of the GH responses to DA, and the actions of the GH-release inhibitor
somatostatin (SRIF) on DA-stimulated GH release were examined. Receptor specificity
for the GH-releasing effects of DA was confirmed in vivo using the non-selective DA
agonist apomorphine, the D1 agonist SKF82958, and the D1 antagonist SCH23390.
Effects of long-term feeding with apomorphine on the body growth of goldfish were also

investigated.

3.2 Materials and Methods

Animals  Goldfish of the common or comet varieties were purchased from Ozark
Fisheries (Stoutland, MO, USA) or Grassyforks Fisheries (Martinsville, IN, USA), and
maintained in flow-through aquaria (1,800 liters) at 17 °C under a simulated natural
photoperiod (Edmonton, Alberta, Canada) for at least 3 weeks prior to any experiments.
The fish were fed to satiation daily with Ewos trout pellets (pellet size 5P; Astra
Chemicals Ltd., Mississauga, Ontario, Canada). Goldfish of both sexes, with body
weight ranging from 15 g to 30 g, were used in the present study. Since reproductive
cycling is a characteristic of most teleosts, and these reproductive cycles can be reflected
by pronounce.! variations in gonadal size, gonadal conditions of the goldfish, determined
by the gonadosamatic index (GSI = weight of gonad / total body weight x 100 %) as well
as the morphological characteristics of the gonads, are reported separately for individual
experiments. The gonad was categorized as sexually regressed if GSI was < 1.5 %, as
sexually recrudescent if GSI was between 1.5 % to 8 %, and as sexually mature

=prespawning) if GSI was 2 8 % (for details, refer to chapter 2).

Reagents and test substances Dopamine, apomorphine, and somatostatin were
purchased from Sigma Chemical Company (St Louis, MO, USA). The D1 agonist

SKF82958 and the D1 antagonist SCH23390 were purchased from Research
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Biochemicals Inc. (Wayland, MA, USA). The D2 antagonist pimozide was a generous
gift from Janssen Pharmaceutica (Beerse, Belgium). For in vivo experiments,
apomorphine, pimozide, SKF82958 and SCH23390 were first dissolved in a minimal
amount of dimethyl sulfoxide (DMSO), and subsequently diluted to appropriate
concentrations with propylene glycol. Somatostatin was dissolved directly in 0.7 %
saline. For in vitro experiments, dopamine and somatostatin were dissolved in
perifusion medium (Hank's balanced salt solution supplemented with 25 mM HEPES
and 0.1 % BSA). To avoid oxidation of the DA stock solution, DA was solublized 5 min
before giving the 2-min pulses of drug treatment. Aliguots of salmon gonadotropin
(GTH)-releasing hormone (sGnRH) (Peninsula Laboratories Inc., Belmont, CA, USA)
in 0.1 M acetic acid stock solution were frozen at -25 °C, and diluted with perifusion
medium to 50 nM concentration immediately prior to use. All other materials used in the
experiments were obtained from commercial sources and were of the highest quality
available.

In vitro experiments An in vitro perifusion system for goldfish pituitary fragments
(Marchant et al., 1989a) was used to investigate the seasonality of the GH-releasing
actions of DA and the effects of SRIF on DA-stimulated GH release. In brief, goldfish
pituitary fragments (=0.2 mm in thickness) equivalent to 3 whole pituitaries were loaded
between 2 layers of 0.1 ml cytodex I beads (Sigma) in a 0.4 ml perifusion column
constructed from disposable plastic syringes. The total dead volume of the perifusion
system was about 0.75 ml. The fragments were perifused overnight (15 - 18 hr) at a
flow rate of 5 ml/hr with M199 (Gibco, Grand Island, NY, USA) supplemented with
Hank's balanced salt, 25 mM HEPES and 56 U/ml nystatin (Sigma). Thereafter, the
perifusion medium was switched to Hank's balanced salt solution containing 25 mM
HEPES and 0.1 % BSA (Sigma), and the flow rate increased to 15 ml/hr. After another
3 hr of perifusion, the basal GH and GTH-II release from the pituitary fragments
remained relatively constant in the absence of any stimulation. Test substances were then
added from a drug reservoir into the perifusion column through a 3-way stopcock. Since
sGnRH is a known stimulator for both GH and GTH-1I release in the goldfish (Marchant
et al., 1989a), two-minute pulses of 50 nM sGnRH were given at the beginning and at
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the end of each perifusion to monitor the responsiveness and viability of pituitary
fragments throughout the course of perifusion experiment. DA from 0.1 nM to 5 uM
concentrations was administered as two-minute pulses at one-hour intervals. The
protocol used for DA perifusion has been previously validated to have no potentiating nor
desensitizing effects on GH release within the doses tested (Wong et al., 1992). For the
studies of SRIF actions on DA-induced GH release, one-hour continuous perifusion of
100 nM SRIF was initiated cne hour after the first two-minute pulse of 500 nM DA, and
a second 500 nM DA puise was given half an hour later in the presence of SRIF.
Perifusates were collected in 5-minute fractions and stored at -25 °C until their GH
contents were assayed. Since DA is known to inhibit GTH-II release in the goldfish via
the D2 recentors (for review, see Peter et al., 1986), GTH-II contents in the perifusates
for SRIF perifusion experiments were also measured to serve as a negative control.
Profiles of hormone release during the course of perifusion and the net hormone
responses to drug treatment were expressed as "% pretreatment” as defined previoucly
(Wong et al., 1992). In brief, the GH and GTH-II data from each individual perifusion
column were expressed as a percentage of the corresponding average hormone content
obtained in the first six fractions of perifusates prior to any drug treatments. This
transformation was done to allow pooling of the data from separate columns of the same
experiment, without distorting the profile of hormone release during the course of
perifusion. Hormone responses were quantified by calculating the net change in
hormone release (i.c., area under the curve) after a particular drug treatment.

Pituitary fragments of the goldfish are known to contain nerve ierminals from the
hypothalamus (Peter et al., 1990), and there is a possibility that the actions of SRIF on
GH release may be exerted indirectly through these nerve terminals. To confirm that the
influence of SRIF on DA-stimulated GH release is directly at the pituitary cell level, the
effects of 0.1 nM to 10 nM SRIF on GH release were examined in the presence or
absence of 1 pM DA using a static incubation system for goldfish pituitary cells (Chang
et al., 1990b). The preparation of pituitary cells has been previous validated to have no
contamination of nerve terminals (Chang et al., 1990a). Both the GH and GTH-II
contents in culture medium were assayed, and the data were expressed as a percentage of

the basal hormone release in the control wells without any drug treatments (as "%
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control").

{n_vivo experiments Fish were anesthetized by submersion in 0.05 % tricaine
methanesulfonate (Syndel Laboratories Ltd., Vancouver, B.C., Canada) prior to
experimental handling. The effects of SRIF on DA-induced GH release in vivo were
investigated by intraperitoneal (i.p.) injection of a non-selective DA agonist apomorphine
(20 pg/g body weight) in the presence or absence of SRIF (1 pg/g body weight). The
DA receptor subtype mediating the GH responses to apomorphinc and the D1 agonist
SKF82958 were =lso examined. Apomorphine (20 pg/g body weight) or SKF82958 (20
ng/g body weight) was injected (i.p.) in the presence or absence of 40 ug/g body weight
of the D1 antagonist SCH23390 or the D2 antagonist pimozide. For cach experiment, the
fish were tagged with numbered metal clips on the operculum for individual
identification. About 200 p of blood was taken from the caudal vasculature of each fish
using heparinized syringes just prior to injection of drugs and 5 hours after the drug
treatment. Plasma was collected after centrifugation, and assayed for GH and GTH-II
contents. For each individual fish, the plasma hormone concentration after drug
treatment was expressed as a percentage of the hormone level before drug administration
(as "% presample").

To examine the effects of orally administered apomorphine on body growth and
plasma GH levels, apomorphine was dissolved in 1 % DMSO and absorbed into Ewos
trout pellets (pellet size 5P) at a dose of 20 mg/g pellets. After overnight lyophilization,
the apomorphine-treated pellets ware gased with argon and stored at -25 °C. Trout
pellets prepared in a similar manner with 1 % DMSO and stored under argon gas, but
without apomorphine were used for the control treatment. To test whether apomorphine
is orally active in the goldfish in terms of GH release, three groups of fish from the same
stock were not fed for two days. In the morning of the third day, one group was
sacrificed for blood sampling (control group), and the other two groups were fed at an
excess ration of 5 % body weight with apomorphine- and vehicle-treated pellets,
respectively. Five hours after feeding, blood samples were taken from these two groups
of fish. Plasma samples were then collected, and assayed for both GH and GTH-1I
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contents. Owing to the stress of blood sampling on feeding behavior in the goldfish,
presampling of blood prior to the feeding experiment was not performed, and the
hormone ¢ ata were simply expressed as ng hormone/m] plasma.

To investigate the effects of long-term feeding with apomorphine on the bodv
growth of goldfish, two groups of fish from the same stock were accomodated in parallel
tanks (~+15 fish per each 96-liter flow-through aquarium) at 17 °C and under 16L.:8D
photoperiod, and were tagged for individual identification. The initial body weight and
length for cach fish were recorded as described prey ety (Mo cchant et al., 1989a).
The fish were fed in the moming at a ration of § % body w...gr. v day, and the cata ¢
body weight and length were taken in the late evening. "The fish were fed with not:w'}
trout pellets for the first 30 days (referred as the "initial phase"). After that, one group of
fish was fed with apomorphine-treated pellets for another 55 days (referred as the "final
phasc"), while the other group served as the control and was fed with vehicle-treated
pellets. Body weight and length for each fish were measured once every 10 days. By
the end of the feeding experiment, data for body weight and length from individual fish

were expressed as a percentage of the corresponding initial values.

Radioimmunoassay  GH contents were measured using a radioimmunoassay (RIA)
previously validated for the measurement of goldfish GH (Marchant ez al., 1989b). The
RIA for GTH-II (Peter et al., 1984) is specific for the maturational GTH or GTH-1I of
the goldfish (Van Der Kraak et al., 1991). Samples from each experiment were

measured in duplicate in the same RIA.

Data analysis and statistics  Data for hormone contents and growth rates were analyzed
by Student's ¢ test or by analysis of variance (ANOVA) followed by Fisher's least
significant difference (LSD) est. Differences were considered significant when P<0.05.
Dose-response curves for DA, and the corresponding values for the half-maximal
effective dose (EDsg) and the maximal GH response were determined by ALLFIT
program (DeLean et al., 1978).
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3.3 Results

Seasonality of GH response to DA stimulation  GH responses to two-minute pulses of
DA with doses ranging from 0.1 nM to 5 pM were characterized using pituitary
fragments prepared from sexually mature (=prespawning) fish (x4 columns) and sexually
regressed fish (x6 columns), respectively (Fig. 3.1A). In both cases, DA stimulated GH
release in a dose-dependent manner. Characteristics of the two dose-response curves are
compared in Table 3.1; EDsq values and slope factors showed no significant differences,
whereas the maximal GH response was higher and the minimal dose of DA to trigger GH
release was lower in the dose-response curve for sexually regressed fish. Data from a
preliminary study using sexually recrud-scent g-ldfish (x2 ¢olumns) are also presented,
the dose-response curve was intermediate between the curves for sexually mature and
regressed fish (Fig. 3.1B). Since only four data points were included in the curve for
recrudescent fish, a detailed comparison with the dose-response curves from sexually
mature and regressed fish was not performed. Previous exposure to DA did not alter the
subsequent GH responses to sGnRH, as no significant differences were observed
between the average GH responses to the first and second sGnRH pulses in the two
perifusion experiments (118 1 10 vs 124 £ 17 % pretreaiment, respectively) (Fig.
3.1A).

SRIF on DA-stimulated GH release  Pitvitary fragments prepared from sexually
regressed goldfish were used to study the actions of SRIF on DA-stimulated GH releasc
(x4 columns). In the presence of 100 nM SRIF, basal GH release was significantly
suppressed (mean GH levels for the six fractions before and after SRIF perifusion were
59 + 1 and 22 * 2 ng/ml, respectively; P<0.05) and the GH response to 500 nM DA was
completely abolished (Fig. 3.2A). Previous exposure to SRIF also reduced the GH
response to subsequent sGnRH stimulation, as the net GH response to the second
sGnRH pulse (81 £ 17 % pretreatment) was significantly lower than that of the first one
(177 £ 7 % pretreatment; P<0.05). This is in accordance with our previous findings that
sGnRH-stimulated GH release in the goldfish can be blocked by SRIF (Marchant et al.,
1989a). However, the inhibitory effects of DA on basal GTH-II release and the GTH-II
responses to sGnRH were not affected by SRIF treatment (Fig. 3.2B), indicating a
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selective action of SRIF ca GH release in the goldfish (for a review on DA inhibition on
GTH-1I releasc in teleosts, see Peter et al., 1986).

To test the direct action of SRIF on DA-stimulated GH release at the pituitary cell
level. the interactions between SRIF and DA were further examined using pituitary cells
prepared from goldfish in the early stages of sexual recrudescence. SRIF at doses from
0.1 nM iv 10 nM suppressed both basal and DA-stimulated GH release in a dose-
dependent manner (Fig. 3.3A). In contrast, SRIF did not affect the inhibitory actions of
DA on basal GTH-II secretion (Fig. 3.3B).

The inhibitory effect of SRIF on DA-stimulated GH release was also investigated
in vivo using sexually regressed goldfish. Apomorphine, a non-selective DA agonist,
administered at 20 pg/g hody weight (i.p.) induced a significant increase in plasma GH
levels (Fig. 3.4A), but at the same time reduced the plasma GTH-II levels (Fig. 3.4B).
SRIF at a dosc of 1 pg/g body weight (i.p.) significantly attenuated both the basal and
apomorphine-stimulated GH release. Similar to the results of the preceding sections,
SRIF did not affect the inhibitory actions of apomorphine on GTH-II release in vivo.

SKF82958 The GH-releasing actions of the non-selective DA agonist apomorphine

(20 pg/g body weight, i.p.) was abolished by simultaneous treatment with the D1
antagonist SCH23390 (40 pg/g body weight, i.p.) in sexually regressed goldfish; the D2
antagonist pimozide (40 pg/g body weight, i.p.) was not effective in this regard (Fiy.
3.4A). The inhibitory action of apomorphine on GTH-II release, on the contrary, was
not affected by the D1 antagonist SCH23390, but was abolished by the D2 antagonist
pimozide (Fig. 3.4B). Pimozide alone significantly elevated the basal GTH-1I levels, and
the observation is consistent with our previous report that this D2 antagonist increases
circulating GTH-1I levels in the goldfish by antagonizing the inhibition of endogenous
DA on GTH-II release (Peter et al., 1986). However, both SCH23390 and pimozide
had no observable effects on basal GH secretion.

The involvement of D1 receptors in mediating DA-stimulated GH release was
further examined in vivo using a D1 specific agonist SKF82958. Administration (i.p.)
of SKF82958 (20 pg/g body weight) into sexually recrudescent goldfish caused a
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significant increasce in plasma GH levels (Fig. 3.5). This GH response was abolished by
simultaneous treatment with the D1 antagonist SCH23390 (40 pg/g body weight, i.p.).
but not the D2 antagonist pimozide (40 pg/g body weight, i.p.). In sexually recrudescent
goldfish, SCH23390 alone induced a significant drop in basal GH iclease (P<0.05);
pimozide alone was not cffective in this respect.

Oral administration of apomorphine on plasma GH levels and body growth  Goldfish in
late stages of gonadal recrudescence were uscd to study the effects of feeding with
apomorphine on plasma GH and GTH-II levels. Feeding the goldfish with
apomorphine-treated pellets significantly elevated the circulating levels of GH, but at the
same time suppressed the basal GTH-II releasc (Fig. 3.6). These results indicate that
orally administered apomorphine is active in affecting pituitary hormonc release in the
goldfish. No changes in plasma GH and GTH-II levels were observed in the group of
fish fed with vehicle-treated pellets.

Actions of long-term feeding with apomorphine on the body growth of goldfish
were also investigated using fish in late stages of gonadal recudescence. During the
initial phase of the in vivo body growth experiment (i.e., day 0 - 30), no significant
differences in terms of increases in body weight and length were found between the two
groups of fish fed with normal trout pellets (Fig. 3.7). After the beginning of drug
treatment (i.e., day 30 - 85), the group of fish fed with apomorphine-treated pellets
demonstrated a greater increase in body weight (Fig. 3.7A) and length (Fig. 3.7B) than
the control group fed with vehicle-treated pellets. Growth rates for the two treatment
groups in terms of net increases in body weight and length per day are compared in Table
3.2. The growth rates for both body weight and length were significantly enhanced after
feeding with apomorphine.

3.4 Discussion

In the present study, the non-selective DA agonist apomorphine was demonstrated
to have differential actions on GH and GTH-II release in the goldfish; apomorphine
treatment significantly elevated plasma GH levels, but at the same time suppressed GTH-
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If release. The GH-releasing effect of apomorphine was mimicked by the D1 agonist
SKF82958 and was abolished by simultancous treaument with the D1 antagonist
SCH2339%0). The D2 antagonist pimozide was not effective in blocking the GH responses
to apomorphinc or SKF82958, but was capabie of blocking the inhibitory actions of
apomorphinc on GTH-II release. These results confirm our earlier findings that DA
stimulates GH release in the goldfish via the D1 receptors (Chang et al., 1990b; Wong
et al., 1992) and inhibits GTH-II release via the D2 receptors (for review, sec Peter et
al., 1986). The absence of any GTH-II responses to SCH23390 and GH responses to
pimozide indicates that the cross-reactivity of the D1 antagonist on D2 receptors or the D2
antagonist on D1 receptors is unlikely within the doses tested. Recently, the genes for
three novel forms of DA receptor subtypes, designated as D3 (Sokoloff et al., 1990), D4
(Van Tol et al., 1991) and DS receptors (Sunahara er a!., 1991), have been cloned. The
pharmacological properties of the D3 and D4 receptors are comparable to the D2 receptors
(Skoloff et al., 1990; Van Tol et al., 1991), whereas those of the DS receptors are
similar to the DI receptors (Gunahara et al., 1991). Since pharmacological probes
specific for D3, D4, and D5 receptors are not yet available, the possible actions of these
DA receptors on GH release in the goldfish were nou examiaed in the present study.

In sexuvally recrudescent goldfish, administration (i.p.) of the D1 antagonist
SCH23390 alone induced a significant decrease in plasma GH levels, indicating that DA
D1 receptors arc involved in the maintenance of basal GH release from the pituitary.
However. this inhibitory effect was not observed when SCH23390 was given to fish in
sexual regression. The absence of an inhibitory GH response in this case may be related
to the presence of a high SRIF tone in sexually regressed goldfish. Hypothalamic and
pituitary SRIF contents are known to be the highest when the goldfish is sexually
regressed and the lowest during sexual recrudescence (Marchant et al., 1989b). The
absence of GH response to SCH23390 during sexual regression is likely due to a potent
inhibitor- effect of endogenous SRIF on DA-stimulated GH release. This hypothesis is
supported by the results of the present studies on the interactions of SRIF and DA on GH
release. Administration (i.p.) of the non-selective DA agonist apomorphine induced a
significant rise in plasma GH levels, and this GH response was suppressed by
simultaneous treatment with SRIF. Using perifused pituitary fragments and dispersed
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pituitary cells under static incubation, the inhibitory actions of SRIF on DA-stimulated
GH rulease were confirmed to be directly at the pituitary cell level. These results are also
consistent with the previous immunohistochemistry studics in the goldfish, in which the
nerve terminals of SRIF (Kah er al., 1982) and DA ncurons (Kah er al., 1984; Kah et
al., 1987) have been identified in close proximity of the somatotrophs, although only
rarely could direct synaptic contacts be observed. Together with the commonly accepted
role of SRIF as a physiological GH-release inhibitor in vericbrates (for review, see Hall
et al., 1986), our data strongly indicate that DA is an integral pant of the GH-regulating
mechanism in the goldfish, and its GH-releasing effect can be negatively regulated by
SRIF.

The role of DA as a GH-releasing factor is also supported by the demonstration of a
distinct scasonality of DA-stimulated GH release in the goldfish. Using perifused
goldfish pituitary fragments, both the magnitude and sensitivity of the GH response to
DA were significantly enhanced in sexually regressed fish as compared to the mature
(=presprawning) fish. The dccreasing ability of DA to induce GH release with the
gradual development of the gonad suggests that the responsivencss of the goldfish
pituitary to DA stimulation may be under a negative modulation of gonadal factor(s).
This is in accordance with the results of our recent in vitro perifusion studics using
pituitary fragments from ovariectomized goldfish; the GH response to micromolar doscs
of DA in sexually mature female goldfish was greatly enhanced by surgical removal of
the gonads (for details, see chapter 4). In mammals, gonadal steroids such as estrogen
and progesterone are known to affect DA D1 recentor capacity (Tonnacr et al., 1989),
DA turnover (DiPaolo et al., 1985; Yamaguchi et al., 1991) and the excitability of DA
neurons (Chiolo er al., 1986). Gonadal steroids are also involved in the regulation of
GH clearance (Badger et al., 1991), as well as the synthesis of SRIF (Argente et al.,
1990) and GH-releasing hormone (Zeitler et al., 1990). Whether similas actions of
steroids also exist in the goldfish is not clear, and the identity of gonadal factor(s)
responsible for tne observed seasonality of DA-stimulated GH release still awaits further
investigations.

The role of DA as a GH-releasing factor is further substantiated by our feeding
experiment using sexually recrudescent goldfish. Similar to the results of mammalian
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studies, the non-selective DA agonist apomorphine was found to be orally active in the
goldfish (for a review on the pharmacology of apomorphine in mammals, see Colpaert et
al., 1976). Feeding the goldfish with apomorphine resulted in an elevation of the
plasma GH levels, but at the same time the GTH-II levels were suppressed. Long-term
feeding of the goldfish with apomorphine also induced a significant increase in the
growth of body weight and length. It is conceivable that apomorphine enhanced the body
growth of goldfish by stimulating GH release from the pituitary through DA D1
receptors. Our data, however, do not eliminate the possibility of other non-pituitary
actions of apomorphine on body growth, as apomorphine is permeable to the blood-brain
barrier (Colpaert et al., 1976), and DA, by acting centrally, is known to regulate food
intake in mammals (for review, see Morley, 1987). Nevertheless, the possibility of a
growth enhancement as a result of an indirect action of apomorphine on feeding behavior
seems unlikely in the present study because the effect of DA on feeding is mainly
inhibitory (Bednar et al., 1991).

In summary, we have demonstrated that the non-selective DA agonist apomorphine
and the D! agonist SKF82958 stimulate GH release in the goldfish in vivo, and this GH
response can be blocked by the D1 antagonist SCH23390 but not the D2 antagonist
pimozide. In accordance with its GH-releasing effect, apomorphine administered orally
is capable of enhancing the body growth of goldfish. DA-stimulated GH release also
exhibits a distinct pattern of seasonality, with the highest responsiveness and sensitivity
to DA in sexually regressed fish, intermediate in recrudescent fish, and the lowest in
sexually mature (=prespawning) fish. The GH responses to DA or apomorphine can be
suppressed by simultaneous treatment with SRIF, and the inhibition of SRIF is
confirmed to be directly at the pituitary cell level. These results strongly indicate that DA,
by acting on D1 receptors in the pituitary, functions as a GH-releasing factor in the
goldfish. The differential actions of apomorphine on GH and GTH-II release are also
worth mentioning, as it may represent a potential application of non-selective DA analogs
in fish farming. Supplementing the diet with long-lasting DA agonists, such as
apomorphine, may slow down the reproductive activity of commercial fish by
suppressing GTH-II secretion, and yet simultaneously enhance the body growth by

increasing GH release.
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Table 3.1
Comparison of the dose-response curves of dopamine-stimulated GH
release in sexually mature and regressed goldfish.

Sexually Sexually
Regressed Fish : Mature Fish :
Minimal Dose of
DA for GH Response 2 : 10 ;M 100nM *
Half Maximal 274.1 £ 1444 128.2 £ 19.1
Effective Dose (ED50) : nM nM
Maximal 983.8 + 125.5 185.8 +6.9 "
GH Response : % Pretreatment % Pretreatment
Slope Factor : 0903 % 1.1+£02 %
Pretreatment / nM DA Pretreatment/ nM DA

Statistica! ananlysis by Student's t test or ANOVA followed by Fischer's LSD test.
Asterisk ( *) referred to significant difference at P < 0.05.

a The two values referred to the minimal dose of DA required 10 initiate a GH response
which was significantly different from the basal GH release in the respective dose-
response curves (as depicted in Fig. 3.1B).
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Table 3.2

Comparison of growth rates in terms of net change in body weight and
length per day between the groups of goldfish fed with apomorphine-
and vehicle-treated pellets.

Vehicle- Apomorphine-
treated group : treated group :
Growth rate for Body Weight :
(% Initial Weight / Day)
Initial Phase
before treatment : 084 +0.162 0.91+0.082

Final Phase after
the beginning of 0.84 £0.092 14540120
treatment :

Growth rate for Body Length :
(% Initial Length / Day)

Initial Phase
before treatment : 0.20£0.032 021+:.042

Final Phase after
the beginning of 021 £0.022 0.40 £ 0.07P
treatment :

Statistical analysis by t test for comparison of slope using regression coefficient.
(2 vs b, significant difference at P < 0.05)
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Fig. 3.1 Seasonality of growth hormone (GH) responses to dopamine (DA)
stimulation in the goldfish. GH-release profiles to 2-min pulses of 0.1 nM to 5 yM
DA using perifused pituitary fragments from goldfish in sexually regressed stages
(x6 columns) and mature (prespawning) stages (x4 tolumns) are presented (A).
GH responses, quantitated as area under the curve (in "% pretreatment”), were used
to construct the dose-response curve by ALLFIT program (B). Data from a parallel
experiment using sexually recrudescent goldfish (x2 columns, no SEM is
presented) are also included for comparison. The average pretreatment GH levels
for perifusions using sexually regressed and mature goldfish were 42+ 3 and 36 +
2 ng GH/ml, respectively. Doses of DA giving similar GH responses were

within the same underscore (P>0.05, ANOVA followed by Fischer's LSD test).
GH responses to the same dose of DA are compared with respect to that of the
mature goldfish using the Student's t test { *, P<0.05). All data, except that of the
sexually recrudescent goldfish, are expressed as mean +SEM (n=4-6).
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growth hormone release from perifused goldfish pituitary fragments.

Both growth hormone
presented (x4 columns).

are

(GH) (A) and gonadotropin (GTH-1I) data (B)
The average pretreatment hormone levels

for GH and GTH-1I were 65 + 3 ng GH/ml and 9 + 1 ng GTH-1V/ml,

respectively. All

data are expressed as mean + SEM (n=4).
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Fig.33 Effects of somatostatin (SRIF) on basal and dopamine
(DA)-stimulated growth hormone release from disperse:! goldfish
pituitary cells under static incubation. Both growth hormone (GH)
(A) and gonadotropin (GTH-I) data (B) are presented (pooled data
from 3 scparated experiments, each with quadru licate treatments). |
The average homone levels for GH and -11 in control wells
were 429 £ 35 ng GH/ml and 69 + 9 ng GTH-IUml, respectively.
Doses of SRIF giving similar hormone responses were grou

within the same underscore (P>0.05, ANOVA followed by ischer’s
LSD test). Hormone responses to the same dose of SRIF with and
without 1 M DA were compared using Student's t test ( *, P<0.05).
All data are expressed as mean + SEM (o = 12).
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Fig.3.4 Invivo actions of the D1 antagonist SCH23390 (SCH, 40 pe/e
body weight), D2 antagonist pimozide (Pim, 40 ug/g body weight), and
growth hormone (GH)-release inhibitor somatostatin (SRIF, 1 ug/g body
weight) on the GH response to the non-selective dopamine agonist
agomorphine (Apo, 20 pg/g body weight). Both GH (A) and gonadotropin
(GTH-1I) data (B) were transformed into "% presample” as described in the
text, and expressed as mean + SEM. The average presample GH and
GTH-1I levels in the plasma were 50+ 14ng G ml and 63 £ 03 ng
GTH-1l/ml, respectively. Owing to a limitation in the amount of plasma

. samples, the sample number for GTH-II data (n = 6 - 9) is less than that of
the corresponding GH data (n =8 - 10). Drug treatments giving similar
hormone responses were grouped within the same underscore (P>0.05,
ANOVA followed by Fischer's LSD test).
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Fig.36 Effects of feeding with apomorphine-treated pellets on
plasma growth hormone (GH) and gonadotropin (GTH-1I) levels in the
goldfish. The control group was not fed for the first two days and
blood-sampled on the morning of the third day. Another two groups
of fish received similar treatment but were fed on the third day with
vehicle- or apomorphine-treated peilets, and blood samples were taken
5 hours-after feeding. All data are presented as mean + SEM (n = 10).
Treatments giving similar hormone responses were grouped within the
same underscore (P>0.05, ANOVA followed by Fischer's LSD test).
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Fig.3.7 Effects of long-term feeding with apomorphine-treated
peliets on the body growth of goldfish. Body growth in terms of
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and (B) represent the beginning of drug treatment. All data are
presented as mean + SEM (n = 13 - 15).
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Chapter 4

Interactions of Somatostatin, Gonadotropin-Releasing
Hormone, and the Gonads on Dopamine-Stimulated
Growth Hormone Release in the Goldfish 1

4.1 Introduction

In teleosts, the brain-pituitary axis is unique for the absence of a functional
hypothalamo-hypophyseal portal blood system (for review, see Peter et al., 1990).
Unlike mammals, the anterior pituitary of bony fish is under direct innervation from the
hypothalamus, in particular by aminergic and peptidergic nerve fibers (Ball, 1981). In
the goldfish, nerve terminals immunoreactive to dopamine (DA) (Kah et al., 1984),
somatostatin (SRIF) (Kah ez al., 1982) and salmon gonadotropin-releasing hormone
(sGnRH) (Kah et al., 1986) have been identified in the close proximity of somatotrophs,
suggesting that growth hormone (GH) release in the goldfish may be under the direct
influence of these neuroendocrine factors. This hypothesis was confirmed by our
subsequent findings that DA (Chang et al., 1985; Peter et al., 1990) and sGnRH
(Marchant et al., 1989a; Chang et al., 1990b) are stimulatory to GH release in the
goldfish, both in vivo and in vitro. The functional role of sGnRH as a GH-releasing
factor is also substantiated by the recent demonstration that GnRH receptors are present
in the goldfish somatotrophs (Cook et al., 1991). SRIF, on the other hand, is inhibitory
to basal GH release (Cook and Peter, 1984; Marchant ez al., 1987) and blocks the GH
responses to sGnRH stimulation (Marchant et al., 1989a). These observations are in
accordance with the generally accepted physiological role of SRIF as a GH-release
inhibitor in vertebrates (for review, see Nishioka et al., 1988).

A distinct seasonality in circulating GH levels has been described in the goldfish;
serum GH levels in the goldfish were found to be increasing during gonadal

recrudescence, maintained at high levels throughout the spawning and post-spawning

1 A version of this chapter has been submitted for publication : Wong AOL, Chang
JP, and Peter RE (1993) Gen Comp Endocrinol.
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season, and gradually returning to low levels when the fish become sexually regressed
(Marchant and Peter, 1986). The mechanisms involved in the regulation of this seasonal
GH cycle are still not fully understood. Recently, we have demonstrated that the GH-
releasing effects of DA in the goldfish are mediated through DA D1 receptors (Chang er
al., 1990b; Wong et al., 1992; Wong et al., 1993a), and this DA D1 action also
exhibits seasonal changes closely associated with the reproductive cycle (Wong et al.,
1993a,b). The responsiveness of GH release to DA stimulation was found to be the
highest in sexually regressed fish, intermediate in recrudescent fish, and the lowest in
sexually mature (=prespaw' g) fish (Wong et al., 1992a,b), suggesting that the ability
of DA to induce GH release may be influenced by the developing gonads. In the present
study, we examined the in vitro interactions of DA with sGnRH and SRIF on GH
release using perifused goldfish pituitary fragments as well as dispersed pituitary cells
under static incubation. Possible influences of the gonads on DA-stimulated GH release
were investigated by testing the responsiveness of pituitary fragments to DA stimulation
after castration. Since DA is also known to inhibit basal an sGnRH-stimulated
gonadotropin-II (GTH-II) release in the goldfish via DA D2 receptors (for review, see
Peter et al., 1986), GTH-II data were also collected in some of the experiments to serve
as a parallel control.

4.2 Materials and Methods

Animals  Goldfish of the common or comet varieties were purchased from Ozark
Fisheries (Stoutland, MO, USA) or Grassyforks Fisheries (Martinsville, IN, USA), and
maintained in flow-through aquaria (1,800 liters) at 17 °C under a simulated natural
photoperiod (Edmonton, AB, Canada) for at least 3 weeks prior to any experiments. The
fish were fed to satiation daily with Ewos trout pellets (Astra Chemicals Ltd.,
Mississauga, ONT, Canada). Goldfish of both sexes, with body weight ranging from
20 g to 30 g, were used in the present study. Since reproductive cycling is a
characteristic of most teleosts, and these reproductive cycles can be reflected by
pronounced variations in Zonadal size, gonadal conditions of the goldfish, determined by
the gonadosomatic index (GSI = weight of gonad / total body weight x 100 %) as well as
the morphological characteristics of the gonads, are reported separately for individual
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experiments. The gonad was categorized as sexually regressed if GSI was < 1.5 %, as
sexually recrudescent if GSI was between 1.5 % to 6 %, and as sexually mature
(=prespawning) if GSI was 2 8 % (for details, see chapter 2).

Reagents and test substances HEPES, DA, and SRIF were obtained from Sigma
Chemical Company (St Louis, MO, USA). The D1 agonist SKF38393 (1-phenyl-

2,3,4,5-tetrahydro- 1H-3-benzazepine-7,8-diol hydrochloride) was purchased from
Research Biochemicals Inc. (Wayland, MA, USA). SKF38393 was first dissolved into
a minimal amount of dimethyl sulfoxide (DMSO), and subsequently diluted to 0.5 ﬂM
concentration with perifusion medium. The final concentration of DMSO was less than
0.1 %, and did not affect basal GH and GTH-II release from perifused goldfish pituitary
fragments (Wong et al., 1992). Aliquots of sGnRH (Peninsula Laboratories Inc.,
Belmont, CA, USA) in 0.1 M acetic acid stock solution were frozen at -25 °C, and
diluted with perifusion medium or medium M199 to appropriate concentrations

immediately prior to use.

Perifusion of pitvitary fragments In vitro experiments were conducted using a
perifusion system for goldfish pituitary fragments as described previously (MacKenzie

et al., 1984; Marchant et al., 1989a). In brief, goldfish pituitary fragments (=0.2 mm
in thickness) equivalent to 3 whole pituitaries were placed between 2 layers of 0.1 ml
cytodex I beads (Sigma) in a 0.4 ml perifusion column constructed from disposable
plastic syringes. The total dead volume of the perifusion system was about 0.75 ml. The
fragments were perifused overnight (15 - 18 hr) ata flow rate of 5 mV/hr with M199
(Gibco, Grand Island, NY, USA) supplemented with Hank's salts, 25 mM HEPES and
56 U/m] nystatin (Sigma). Thereafter, the perifusion medium was switched to Hank's
balanced salt solution containing 25 mM HEPES and 0.1 % BSA (Sigma), and the flow
rate was increased to 15 mV/hr. After another 3 hr of perifusion, the basal GH and GTH-
II release from the pituitary fragments remained relatively constant in the absence of any
stimulation. Test substances were then added from a drug reservoir into the perifusion
column through a 3-way stopcock. To test for interactions, in most experiments the
stimulants for GH release (i.e., DA at 0.5 uM, SKF38393 at 0.5 uM, or sGnRH at 100
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nM) were administcred as 2-min pulses before, during, and after the continuous
perifusion of test substances (i.e., SRIF at 100 nsM, DA at 1 uM, or sGnRH at 100 nM).
To validate the kinetics of hormone release during long-term perifusion of DA and
sGnRH, continuous 1-hour perifusion with 1 pM DA and 100 nM sGnRH was also
tested. Perifusates from each column were collected in 5-min fractions, and stored at -25
oC until their hormone contents were assayed by radioimmunoassay (RIA). GH contents
were assayed using a RIA for carp GH, which has been previously validated for the
measurement of goldfish GH (Marchant et al.,1989b). The RIA for GTH (Peter et al..
1984) is specific for the measurement of GTH-11 in the goldfish (Van Der Kraak et al.,
1991). Hormone data were transformed into "% pretreatment” as defined previously
(Wong et al., 1992). In short, the hormone data from each individual column were
expressed as a percentage of the mean hormone contents of the first 6 fractions at the
beginning of the perifusion experiment prior to any drug treatment. This transformation
was done to allow pooling of data from separate columns of the same experiment without
distorting the profile of hormone release. Hormone responses were quantified by
calculating the net change in hormone release (i.e., area under the curve) after a particular
drug treatment (for details, see chapter 2).

Static incubation of dispersed pituitary cells  Dispersed goldfish pituitary cells were
prepared by trypsin / DNase treatment as described previously (Chang et al., 1990a).
Viability of pituitary cells was >90 % as indicated by trypan blue exclusion test.
Pituitary cells were resuspended in plating medium (M199 with Earle's salts at pH 7.2,
supplemented with 2.2 g/ .3dium bicarbonate, 25 mM HEPES, 100,000 units
penicillin/l, 100 mg streptomycin/l, and 1 % horse serum), and were cultured in 24-well
Falcon Primaria plates (Becton Dickinson & Company, NJ, USA) at a density of 0.25
million cells/ml/well. After overnight incubation (15 - 18 hr) at 28 °C under 5% CO2 and
saturated humidity, the culture medium was decanted and replaced by testing medium
(M199 with Hank's salts at pH 7.2, supplemented with 2.2 g/l sodium bicarbonate, 25
mM HEPES, 100,000 units penicillin/l, 100 mg streptomycin/1, and 0.1 % BSA). Drug
treatment was initiated by adding testing medium with DA from 1 nM to 10 yM doses in
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the presence or absence of 100 nM sGnRH. A reciprocal experiment with doses of
sGnRH from 0.01 nM to 100 nM in the presence or absence of 1 uM DA was also
conducted. Following a further incubation of 2 hours, 500 pl of testing medium was
carefully removed from individual culture wells, and stored at -25 ©C until their hormone
contents were assayed. GH data were expressed as a percentage of the basal GH release

in control wells without any drug treatment (as "% control”).

Castration of goldfish  Sexually mature goldfish were castrated as described previously
(Kobayashi et al., 1989) with minor modifications. After the fish was anesthetized with
tricaine methanesulfonate (Syndel Laboratories Ltd., Vancouver, BC, Canada), an
incision was made from a point near the anus to the level of the pectoral girdle along the
medial line of the abdomen. The gonad, with the oviduct or the sperm duct attached, was
carefully excised, and the wounds inside the abdomen as a result of castration were
covered with non-antigenic gelfoam (Upjohn Company of Canada, Don Mills, ONT,
Canada) presoaked with antibiotics (100,000 units penicillin/l, 100 mg streptomycin/l).
The incision was sutured with sterilized silk, and treated with the antiseptic
mercurochrome. The fish was then kept in water pretreated with 0.01 % malachite green
(Sigma) and 0.05 g/l tetracycline (Sanofi Sante Animale, Victoriaville, PQ, Canada) for
one week without feeding. Sham-operation was conducted in the control group in a
similar manner without taking away the gonad. One month after castration, pituitary
fragments were prepared for in vitro perifusion experiments. DA from 0.1 nM to 5 uM
concentrations was administered as 2-min pulses at 1-hr intervals, the protocol for
perifusion was previously validated to have no potentiating nor desensitizing effects
within the doses tested (Wong et al., 1992). Since sGnRH is known to stimulate both
GH and GTH-II release in the goldfish (Marchant et al., 1989a), sGnRH at 50 nM dose
was given as 2-min pulses at the begining and at the end of the perifusion experiment to
serve as an internal control for each individual column. Survival rate of the surgery was
93 % for the male fish and 78 % for the female fish. In the sham-operated groups,
testosterone levels in the plasma were 3.76 + 1.62 ng/ml for the male, and 1.88+0.23
ng/ml for the female fish, respectively. However, testosterone levels in the castrated
groups were not detectable (detection limit of the assay is =0.35 ng/ml), indicating that
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the castration was complete.

Data analysis and statistics GH and GTH-II data were analyzed by Student’s ¢ test or
by analysis of variance (ANOVA) followed by Fisher's least significant difference (LSD)
test. Differences were considered significant when P<0.05. Dose-response curves for
DA-stimulated GH release were analyzed using the ALLFIT computer program (DeLean
et al., 1978).

4.3 Results

Continuous perifusion of DA and sGnRH on GH and GTH-II release  Pituitary
fragments from goldfish undergoing gonadal recrudescence were used to examine the
actions of 1-hr continuous perifusion of 1 pM DA and 100 nM sGnRH on basal GH and
GTH-II release (x4 columns each). DA induced a biphasic increase of GH release (Fig.
4.1A, upper panel), but at the same time suppressed basal GTH-11 secretion (kig. 4.1A,
lower panel). The GH response to DA was composed of an initial peak followed by a
plateau phase of a lower magnitude; the peak was reached 10 min after the beginning of
DA perifusion, and the plateau phase was maintained at GH levels significantly higher
than that of the basal secretion. Recovery of GH release to basal levels was observed 20
min after ‘ermination of DA treatment. sGnRH was stimulatory to both GH (Fig. 4.1B,
upper panel) and GTH-II release (Fig. 4.1B, lower panel). The kinetics of GH and
GTH-II release to sGnRH stimulation was also biphasic and similar to that of DA-
induced GH release (Fig. 4.1A, upper panel).

Interactions of DA and sGnRH on GH and GTH-I release ~ Goldfish in the early stages
of gonadal recrudescence were used to study the interactions of DA and sGnRH on GH
(Fig. 4.2, upper panels) and GTH-II release (Fig. 4.2, lower panels). 2-min pulses of
sGnRH at 100 nM dose consistently stimulated GH release from perifused goldfish
pituitary fragments (Fig. 4.2A, upper panel; x4 columns). Continuous perifusion of
1 pM DA elevated the basal GH ievels before the second sGnRH pulse. However, the
GH-releasing effects of the second sGnRH pulse were not affected by simultaneous
treatment with DA, as no significant differences were observed among the net GH
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responses to the first, second and third 100 nM sGnRH pulses (613 £ 69, 652 + 27 and
559 + 54 % pretreatment, respectively). Comparable results were also obtained with DA
in the reciprocal experiment (Fig. 4.2B; x4 columns). Continuous perifusion of 100 nM
sGnRH increased the basal GH levels before the second 2-min pulse of 1 uM DA (Fig.
4.2B, upper panel). Again, the net GH responses to the first, second and third DA
pulses were not different from one another (983 + 70, 886 + 251 and 1028 £ 57 %
pretreatment, respectively). These results indicate that the GH-releasing effects of DA
and sGnRH are independent and additive at the pituitary level. In these experiments,
GTH-II data were also collected as a parallel control; in both cases. DA consistently
suppressed both basal and sGnRH-stimulated GTH-II release (Fig. 4.2, lower panels).

To demonstrate that the observed additivity betweer: DA and sGnRH in terms of
GH release was the result of a direct action at the pituitary cell level, studies using static
incubation of pituitary cells prepared from goldfish undergoing gonadal recrudescence
were also performed. DA (1 nM - 10 uM) stimulated GH release in a dose-dependent
manner (Fig. 4.3A). The GH responses to various doses of DA were further enhanced
by an average of 36 £ 1 % control in the presence of 100 nM sGnRH. This elevation in
GH levels was not different from the net GH response to 100 nM sGnRH alone (37 £ 4
% control). Similar results were also observed in the reciprocal experiment (Fig. 4.3B).
The dose-response curve for sGnRH-stimulated GH release (with sGnRH doses ranging
from 0.01 nM to 0.1 puM) was shifted upward by an average of 64 £ 2 % control in the
presence of 1 uM DA. The magnitude of this upward shift was similar to that of the GH
response to 1 uM DA alone (59 £ 8 % control).

Effects of SRIF on DA D]-stimulated GH release ~ Pitvitary fragments prepared from
sexually regressed goldfish were used to examine the actions of SRIF on DA-stimulated
GH release (Fig. 4.4). SRIF at 100 nM dose suppressed basal GH levels and abolished
the GH response to 500 nM DA (Fig. 4.4, upper panel). A full recovery of GH
responsiveness to DA stimulation was observed 2 hours after termination of SRIF
treatment, as no significant differences were found in the net GH responses to the first
and third 500 nM DA pulses (177 £ 15 and 160 £ 18 % pretreatment, respectively).
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Basal GTH-II levels as well as the inhibitory effect of DA on GTH-II secretion were not
affected by SRIF (Fig. 4.4, lower panel), indicating that the actions of SRIF were
selective to GH but not GTH-II release. Interactions of SRIF and DA on GH release
were further investigated using the D1 agonist SKF38393 at 500 nM dose. In this study,
the pituitary fragments for perifusion were prepared from goldfish in early gonadal
recrudescence. Similar to the results of DA experiments, SRIF was inhibitory to the
basal and SKF38393-induced GH release in the goldfish (Fig. 4.5).

Effects of castration on DA-stimulated GH release ~ Seaually mature (=prespawning)
male and female goldfish were used to study the influence of the gonads on DA-
stimulated GH release. Results from male (Fig. 4.6) and female goldfish (Fig. 4.7) were
similar. In both cases, DA consistently induced a dose-related GH release from the
pituitary fragments of both castrated and sham-operated goldfish (Fig. 4.6A and 4.7A).
Basal GH release (see legends of Fig. 4.6 and 4.7) and the net GH responses to higher
doses of DA (i.e., 100 nM, 1 uM and 5 uM DA) were significantly enhanced after
castration (Fig. 4.6B and 4.7B). EDsg values and the maximal GH responses,
respectively, to DA stimulation were estimated to be : 134 £ 30 nM and 1024 £ 55 %
pretreatment for sham-operated male fish; 132 & 14 nM and 1792 + 16 % pretreatment
for castrated male fish; 90 + 21 nM and 1784 £ 10 % pretreatment for sham-operated
female fish; and 112 % 15 nM and 3428 + 40 % pretreatment for castrated female fish.
The GH responses to the first and second 50 nM sGnRH pulses were found to be similar
in magnitude in each individual perifusion experiment, indicating that the viability and
responsiveness of pituitary fragments were maintained during the course of perifusion.
In both male (Fig. 4.6C) and femaie goldfish (Fig. 4.7C), castration also reduced the GH
responses to SGnRH stimulation.

4.4 Discussion

In the present study, DA was shown to have differential actions on GH and GTH-II
secretion in the goldfish. Continuous perifusion of DA was stimulatory to GH but
inhibitory to GTH-II release from the goldfish pituitary frigments. These results are
consistent with our earlier findings that DA stimulates GH release via D1 receptors
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(Chang et al., 1990b; Wong et al., 1992) and inhibits GTH-II release via D2 receptors
(for review, see Peter et al., 1986). sGnRH, on the contrary, was stimulatory to both
GH and GTH-II release. The GH- (Marchant et al., 1989a; Habibi et al., 1992) and
GTH-II-releasing effects of sGnRH (MacKenzie et al., 1984; Peter et al., 1985) have
been previously reported in the goldfish, both in vivo and in vitro. The present study
also demonstrated that the GH-releasing actions of DA and sGnRH were independent and
additive at the pituitary cell level. Both the kinetics and magnitude of the GH responses
to DA were not affected by simultaneous treatment with sGnRH, and vice versa. These
observations are also in accordance with our previous findings that the GH responses of
sGnRH and the D1 agonist SKF38393 are additive in perifused goldfish pituitary cells
(Chang et al., 1990b).

Continuous perifusion of goldfish pituitary fragments with sGnRH is known to
cause receptor down-regulation and refractoriness to subsequent sGnRH stimulation
(Habibi, 1991). The observation of a distinct GH response to DA stimulation during the
prolonged exposure of sGnRH in the present study strongly suggests that the actions of
DA and sGnRH to induce GH release in the goldfish are mediated through different
mechanisms. In mammals, DA D1 receptors are coupled to the cAMP-producing enzyme
adenylate cyclase via the stimulatory G-protein (for review, see Andersen et al., 1990).
It is commonly accepted that the D1 actions, such as DA D1-stimulated parathyroid
hormone release (Brown and Hughes, 1983), are mediated through the cAMP-dependent
pathway. In the goldfish, pharmacological agents that can elevate intracellular cAMP
levels, e.g., forskolin and IBMX, are known to induce GH release from pituitary cells
under static incubation (AOL Wong, JP Chang, and RE Peter, unpublished results; see
chapter 6). Our recent studies also demonstrated that cAMP production in the goldfish
pituitary cells was not affected by sGnRH treatment (Chang et al., 1992), indicating that
cAMP is not a second messenger mediating the GH-releasing actions of sGnRH. In the
same animal model, the GH response to sGnRH can be suppressed by H7, a selective
inhibitor for protein kinase C (PKC), suggesting that the stimulation of sGnRH on GH
release is mediated by the PKC-dependent pathway (Chang et al., 1991). Probably, the
observed additivity of DA and sGnRH on GH release is due to the differential
involvement of two separate signal transduction pathways.
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Previously, we have demonstrated a distinct seasonality of DA-stimulated GH
release from perifused goldfish pituitary fragments. The responsiveness of GH release to
DA stimulation was found to be the highest in sexually regressed fish, intermediate in
recrudescent fish, and the lowest in sexually mature (or prespawning) fish (Wong et al.,
1993a, b). These resulis lead to the speculation that the gradual development of the
gonad may have a suppressive effect on DA-stimulated GH release. This hypothesis was
confirmed in the present study, as the ability of DA to induce GH release was potentiated
after castration of sexually mature goldfish. Similar observations were found in both
male and female goldfish, and sexual dimorphism was not evident in this phenomenon
(for a review on sexual dimorphism on GH regulation in mammals, see Jansson et al.,
1985). Based on the results of these in vitro studies, we conclude that the developing
gonad exerts a negative modulating effect on DA D1-stimulated GH release in the
goldfish.

In the present study, the GH responses to sGnRH pulses were significantly
reduced after castration in both male and female goldfish, suggesting that the gradual
maturation of the gonad also has a positive modulatory effect on the GH responses to
sGnRH. In our preliminary studies, 2-min pulses of 50 nM sGnRH induced a net GH
response of 94 * 7, 197 £ 20, and 352 + 36 % pretreatment from perifused pituitary
fragments of sexually regressed, recrudescent, and mature (=prespawning) goldfish,
respectively (AOL Wong, JP Chang, and RE Peter, unpublished results; see Appendix
III). These results suggest that the responsiveness of the pituitary to sGnRH stimulation
is enhanced when the gonad is fully mature (i.e., in prespawning stages). This is also in
agreement with our previous findings that GnRH receptor capacity is the highest in the
goldfish pituitary during the prespawning period (Habibi et al., 1989) and the GH
responses to sGnRH can be potentiated by estradiol implantation (Trudeau et al., 1992).
In mammals, especially in the rat, gonadal steroids such as estrogen are known to reduce
DA D1 receptor capacity (Tonnaer et al., 1989), stimulate GnRH mRNA expression
(Park et al., 1990), and modulate the pulsatility of GH release (for review, see Jansson
et al., 1985). In the goldfish, DA turnover in the pituitary, measured by the clearance
rate of tissue DA contents after tyrosine hydroxylase inhibition, is low in sexualiy
regressed compared to recrudescing fish, and is increased after estradiol and testosterone
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implantation (Trudeau et al., 1993). Therefore, it is conceivable that the modulatory
actions of the gonads on DA- and sGnRH-stimulated GH release in the goldfish are
mediated through sex steroids. More recently, immuno-reactivity to inhibin BA and BB
subunits has been identified in the gonad of the goldfish (Ge ez al., 1993). Whether the
gonadal peptides, such as inhibin and activin, also contribute to the modulatory effects of
the gonad is not clcar.

SRIF is generally accepted to be the major physiological GH-release inhibitor in
vertebrates (for reviews, see Nishioka et al., 1988). In the goldfish, SRIF is inhibitory
to basal GH release (Cook and Peter, 1984; Marchant et al., 1987) and blocks the GH
responses to sGnRH (Marchant et al., 1989a). In the current study, the GH responses
to DA and the D1 agonis: SKF-8393 were abolished by simultaneous treatment with
SRIF, indicating that DA D1-stimulated GH release is also subject to the negative control
of SRIF. Seasonal changes of SRIF contents in the goldfish hypothalamus are known to
exhibit an inverse relationship with the serum GH levels, being the highest in sexually
regressed fish and the lowest in sexually mature (=prespawning) fish (Marchant et al.,
1989b). The present demonstration of gonadal influences on DA- and sGnRH-stimulated
GH release also i.dicates that the seasonality of DA D1 and sGnRH actions on GH
secretion are tightly coupled with the reproductive cycle. These observations, as a
whole, suggest that SRIF, DA, sGnRH, and gonadal factor(s) may interact at the
pituitary Jevel to control the seasonality of GH release in the goldfish.

In summary, we have demonstrated that the GH-releasing actions of DA and
sGnRH in the goldfish are independent and additive at the pituitary cell level. The GH
responses to DA D1-stimulation can be abolished by the physiological GH-release
inhibitor SRIF. Castration in sexually mature (=prespawning) goldfish is stimulatory to
DA-induced GH release, but inhibitory to the GH responses to sGnRH. These results
indicate that SRIF, DA, sGnRH, and gonadal factor(s) interact at the pituitary level to
regulate GH release in the goldfish. In the present study, the gonadal factors modulating
the GH-releasing effects of DA and sGnRH have not been examined. The identification
of these gonadal factors clearly warrants further investigation.
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Fig. 4.1 Effects of of DA and sGaRH on GH and GTH-II release from
perifused goldfish pituitary fragments. Pituitary fragments were pesifused
continuously for 1 hour with either 1 M DA (A) or 100 nM sGaRH (B).
Both GH (upper panels) and GTH-1I release profiles (lower panels) are
presented. Average pretreatment hormone levels were 46 + 8 ng GH/ml and
12 + 2 ng GTH/ml for perifusions with DA, and’58 + 70g GH/ml and 102
ng GTH-II/ml for perifusion with sGnRH, respectively. All data are
.expressed as mean + SEM (n = 4).
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the two experiments are preseated. Average pretreatment GH and GTH-1I levels were
64 + 4 ng GH/ml and 15 + 2 ng GTH-1U/ml, respectively. All data are expressed as
mean + SEM (n = 4).
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Fig. 4.3 Additivity of the GH-releasing effects of DA and sGnRH
in dispersed goldfish pituitary cells under static incubation. GH
responses to 2-hr incubation of DA (from 1 nM to 19 M doses) in
the presence or absence of 100 nM sGnRH (A), and sGnRH (from
0.01 nM to 100 nM doses) in the presence or absence of 1 uM DA
(B) are presented. The average GH levels in the control wells for
the two series of experiments were 1095 + 88 and 1134 + 138 ng
GH/mi, respectively. GH data pooled from 3 separate experiments
{each with quadruplicate treatments) are expressed as mean + SEM
(n=12).
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Fig.44 Effects of SRIF on DA-stimulated GH release from perifused
pituitary fragments of goldfish. DA at 500 sM dose was administered as
2-min pulses before, during, and after the 1-hr continuous pesifusion of 100
oM SRIF. Both GH (A) and GTH-II (B) release profiles are presented. The
average pretreatment GH and GTH-1I levels were 24 + 1 ng GH/ml and 9+ 1
ng GTH-1l/ml, respectively. All data are expressed as mean + SEM (n =3).
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Fig.4.5 Effects of SRIF on the D1 agonist SKF38393-stimulated GH
release from perifused pituitary fragments of goldfish. SKF38393
(SKF) at 500 nM dose was administered as 2-min pulses before, during,
and after the 1-hr continuous perifusion of 100 nM SRIF. The average
pretreatment GH levels was 27 + 2 ng/mi, and all GH data are
presented as mean £+ SEM (n=4).

122



2 0 o A Dogamine Male
E OInM  InM  10nM 100nM  IxM SuM ;g:::\
£ o I N
(-
¢ _,
°d ¢ GnRH
g o ;
&
g
=

E zoooT ’fé 225 1
1500 - E 200 -
175 -
0 ;i E 150 -
® ®
500 . e 1254
g 100-
0- ] % 754 ™ 1 T T 1
g 10 9 8 I 6 8 0o 5 10 15 2
Dopamine conc [log (M)] Fraction No (5 min / fraction)

Fig. 46 Effects of castration on DA-stimulated GH release from perifused pituitary
fragments of male goldfish. (A) DA from 0.1 sM to 5 uM concentrations was
administered as 2-min pulses at 1 bour intervals. Average pretreatment GH levels for
the castratod group (Cast, “ad sham-operated group (Sham) were 50 +7 and 29 +3
ng/ml, respectively. (B) i'he respective dose-response curves for the castrated and
sham-operated groups were constructed using ALLFIT computer program. ©
Hormone release pmﬁleofthefustZ—minSOnManRHpnlse'Wumgniﬁedusinga
refined scale tohighﬁghtthedfeetofamﬁonons(}nkﬂ-stimnhmd(}ﬂ release.
All GH data are expressed as mean + SEM (n =4). Doses of DA giving similar
magnitude of GH responses were grouped under the same underscore (p>0.05,
ANOVA followed by Fisher's LSD test). GH responses to the same dose of DA were
compared using Student's t test (*, P<0.05).
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Fig.4.7 Effects of castration on DA-stimulated GH release from perifused pituitary
fragments of female goldfish. (A) DA from 0.1 nM to S xM concentrations was
administered as 2-min pulses at 1 hour intervals. Average pretreatment GH levels for
theasmtedgmup(Cut)andsham-opmbdmup(Sham)wmﬁt4nd42t4
ng/ml, respectively. (B) The respective dose-response curves for the castrated and
sham-operated groups were constructed using ALLFIT computer program. (C)GH
mlusepmﬁleofthefmtz-minSOnManRHp\ﬂsewnmagMedusing:nfmd
smletohighﬁghtthedfeetofmouﬁnkﬂ-sﬁmnldeﬂm Ali GH
data are expressed as mean + SEM (a =4). DouuofDAgivingsimihrmpimdeof
Gl-lmponmwmgmupedundeﬂhcnmemdetmm(p0.0S.ANOVA followed

by Fisher's LSD test). GH responses to the same dose of DA were compared using
Student's t test (*, P<0.05).
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Chapter 5

Characterization of D1 Receptors mediating
Dopamine-Stimulated Growth Hormone Release
from Goldfish Pituitary Cells 1

5.1 Introduction

Physiological actions of dopamine (DA) are known to be mediated primarily by two
DA receptor subtypes, the D1 and D2 receptors (Kebabian et al., 1984). The two
receptors are distinct membrane proteins (Strange, 1987), and can be differentiated based
on their pharmacological properties. D1 receptors have a high binding affinity for phenyl
benzazepines, such as SCH23390 and SKF83566, whereas D2 receptors are more
selective to substituted benzamides and butyrophenones, such as (-)sulpiride and
spiperone (Niznik, 1987; Stoof and Tilders, 1989). Other D2 drugs, especially
LY171555 and domperidone, which have a high binding affinity and specificity for D2
receptors, are also frequently used in the research on DA receptors (for a recent review on
the pharmacological probes for D1 and D2 receptors, see Neumeyer et al., 1992).

In teleosts, the hypothalamo-pituitary axis is unique for the absence of a functional
hypophyseal portal blood system, and the anterior pituitary is under the direct innervation
from the hypothalamus (for review, see Peter et al., 1990). In the goldfish, a
dopaminergic preoptico-hypophyseal pathway innervating the adenohypophysis has been
identified (Kah et al., 1987), and DA nerve terminals are often located in close proximity
to the somatotrophs (Kah et al., 1986). These observations provide the anatomical basis
for the possible involvement of DA in growth hormone (GH) regulation of the goldfish.

Previously, we have demonstrated that DA and the D1 agonists SKF38393 and
SKF77434 stimulate GH release from perifused goldfish pituitary fragments. In
contrast, the D2 agonist LY171555 is not effective in this regard. Furthermore, the GH

1 A version of this chapter has been submitted for publication : Wong AOL, Chang
JP, and Peter RE (1993) Endocrinology
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responses to DA or the D1 agonist SKF38393 can be blocked by the D1 antagonists
SCH23390 and SKF83566, but not the D2 antagonist domperidone (Wong et al,,
1992). Similar findings have been reported in in vitro studies using dispersed goldfish
pituitary cells (Chang et al., 1990b). Our recent in vivo studies also demonstrated that
intraperitoneal (i.p.) injection of the non-selective DA agonist apomorphine and the D1
agonist SKF82958 increased plasma GH levels in the goldfish. These GH responses
were suppressed by the D1 antagonist SCH23390 but not the D2 antagonist pimozide
(Wong et al., 1993). These results strongly suggest that DA stimulates GH release from
the pituitary of goldfish through activation of D1 receptors.

DA D1 receptor binding sites have not been demonstrated in the pituitary of
vertebrates. In the goldfish, our recent investigations have provided indirect evidence for
the presence of D1 receptors in the pituitary of this particular animal model (Wong et al.,
1992; Wong et al., 1993). In the present study, we examined the presence of D1-
specific binding sites in the goldfish pituitary, and demonstrated that these binding sites
have the expected properties of D1 receptors. To correlate the bioactivity in terms of DA
D1-stimulated GH release with the binding characteristics of these putative "D1"
receptors, dispersed pituitary cells from the goldfish and cell preparations enriched with
somatotrophs were used for the receptor binding studies.

5.2 Materials and Methods

Animals  Goldfish of the common or comet varieties were purchased from Ozark
Fisheries (Stoutland, MO, USA) or Grassyforks Fisheries (Martinsville, IN, USA), and
maintained in flow-through aquaria (1,800 liters) at 17 ©C under a simulated natural
photoperiod (Edmonton, AB, Canada) for at least 3 weeks prior to any experiments. The
fish were fed to satiation daily with Ewos trout pellets (Astra Chemicals Ltd.,
Mississauga, ONT, Canada). Goldfish of both sexes, with body weight ranging from 20
to 30 g, were used in the present study. Since the seasonality of DA D1-stimulated GH
release in the goldfish is known to be closely associated with the reproductive cycle
(Wong et al., 1993}, gonadal conditions of the fish, characterized based on the gonadal
morphology and gonadosomatic index (GSI = weight of gonad / total body weight x 100
%), are reported separately for individual experiments (for details, see chapter 2).
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Reagenis and test substances  Radioactive ligand for the D1 receptor assay, [N-methyl-
3H]}SCH23390 (N-methyl-3H-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetra
hydro- 1H-3-benzazepine hydrochloride) ([3H}SCH23390), was purchased from
Amersham Canada Ltd. (Oakville, ONT, Canada). Dopamine, serotonin, and
somatostatin (SRIF) were obtained from Sigma Chemical Company (St Louis, MO,
USA). SKF38393 (l~phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine-7,8~diol hydro
chloride), SKF83566 (7-bromo-8-hydroxy-3-methyl- 1-phenyl-2,3,4,5-tetrahydro-1H-3-
benzazepine hydrochloride), and the (+) and (-) enantiomers of SCH23390 (7-chloro-8-
hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro- 1H-3-benzazepine hydrochloride) were
purchased from Research Biochemicals Inc. (Wayland, MA, USA). LY 171555 (trans-(-
)-4aR-4.4a, 5.6,7.8,8a,9-octahydro-5-propyl- 1H-pyrazolo[3,4-glquinoline hydro
choride) and domperidone were gifts from Eli Lilly & Co. (Indianapolis, IN, USA) and
Janssen Pharmaceutica (Beerse, Belgium), respectively. The D1 and D2 drugs were first
dissolved in a minimal amount of dimethyl sulfoxide (DMSQ), and subsequently diluted
to appropriate concentrations with Medium 199 (M199) for in vitro perifusion
experiments, or with incubation medium for receptor binding studies. DMSO levels in
the final solutions were always less than 0.1 %, and did not affect GH release from
goldfish pituitary cells (Chang et al., 1990b). Aliquots of salmon gonadotropin-
releasing hormone (sGnRH) (Peninsula Laboratories, Belmont, CA, USA) in 0.1 M
acetic acid stock solution were frozen at —25 °C, and made up to 50 nM solution

immediately prior to use.

WLMWQM&&Q]L& Dispersed goldfish pituitary cells were

prepared as described previously (Chang ez al., 1990a). In brief, goldfish pituitaries,
diced into fragments about 0.5 mm in thickness, were exposed to controlled trypsin /
DNAse treatment. Pituitary fragments were then mechanically dispersed in Ca2+-
deficient medium (M199 with Hank's salts prepared without the addition of CaCl2,
supplemented with 2.2 g/l sodium bicarbonate, 25 mM HEPES, 100,000 units
penicillin/l, 100 mg streptomycin/l, and 0.3 % BSA; pH 7.2, GIBCO), and harvested by
centrifugation at 200x g for 10 minat 4 °C. Cell yield of the dispersion procedures was
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about 0.5 million cells per pituitary, and the viability of pituitary cells was >94 % as
assayed by the trypan blue exclusion test.

Pituitary cells enriched with somatotrophs were prepared by a discontinuous
density gradient as described by de Lecuw er al. (1984) with minor modifications
(Chang and Jobin, 1993). Mixed populations of dispersed pituitary cells, which
normally have about 20% of cells immunoreactive to GH antiserum, were gently layered
on the top of a discontinuous Percoll gradient (with 40, 50, 60, 70, and 80 % Percoll)
and centrifuged at 1400x g for 25 min at 17 °C. After centrifugation, pituitary cells
collected at the interphase between 60 and 70 % Percoll were found to have the highest
amount of cells immunoreactive to GH antiserum (=70 %). Viability of these "enriched
somatotrophs" after density gradient separation was always >92 % as indicated by the
trypan blue exclusion test.

Perifusion of pituitary cells  Dispersed pituitary cells were resuspended in plating
medium (M199 with Earle's salt, supplemented with 2.2 g/l sodium bicarbonate, 25 mM
HEPES, 100,000 units penicillin/l, 100 mg streptumycin/l, and 1 % horse serum; pH
7.2, GIBCO), and allowed to adhere onto preswollen cytodex beads (Cytodex I, Sigma)
at 28 °C under 5 % CO2 and saturated humidity. Cell attachment was >95 % after
overnight incubation (15 - 18 hr). Cytodex beads with pituitary cells attached were
loaded into 0.5 ml micro-columns (ACUSYST-S™, Endotronics Inc., Minneapolis,
Minn., USA) as described previously (Chang et al., 1990a). Two million cells per
column was used for experiments using mixed populations of pituitary cells, and one
million cells per column for experiments using enriched somatotrophs. The total dead
volume of the perifusion system was about 1.7 ml. Pituitary cells were perifused with
testing medium (M199 with Hank's salts, supplemented with 2.2 g/l sodium bicarbonate,
25 mM HEPES, 100,000 units penicillin/l, 100 mg streptomycin/l, and 0.1 % BSA; pH
7.2, GIBCO) at a flow rate of 15 m/hr. After 3 hours of perifusion, basal GH release
from pituitary cells remained relatively stable in the absence of any stimulation. Test
substances were then added from a drug reservoir into the perifusion column through a
3-way stopcock. Perifusates from each column were collected in 5-min fractions, and
stored at -25 °C until their hormone contents were assayed by a GH radioimmunoassay
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(Marchant et al., 1989a) . GH data werc expressed as "% pretreatment” as defined
previously (Wong et al., 1992). In brief, GH data from each individual column were
expressed as a percentage of the mean GH contents of the first 6 fractions of perifusates
at the beginning of perifusion experiment (i.e., prior to any drug treatment). This
transformation was done to allow pooling of data from separate columns of the same
experiment without distorting the profile of hormone release. GH responses were
quantified by calculating the net change in GH release (i.e., area under the curve) after a

particular drug treatment (for details, see chapter 2).

Radioreceptor assay for goldfish D1 receptors  Radioreceptor assay for D1 receptors in
the goldfish pituitary was modified from the method described by Billard et al. (1984).

Pituitary cells were detached from culture plates by replacing the culture medium with
M 199 containing Hank's salt (GIBCO) and 2 mM EGTA. About 0.5 - 0.8 million cells
were aliquoted into each polypropylene assay tube (12 x 75 mm), and centrifuged at x200
g for 10 min at 4 °C. After centrifugation, the supernatant was removed, and the pellet
resuspended in 0.8 ml ice-cold incubation medium (50 mM Tris buffer at pH 7.4,
supplemented with 120 mM NaCl, 5 mM KCl, 2 mM CaCl2, | mM MgCl2, and 1 mM
EDTA). Methylcellulose, which was incinded in the original buffer system described by
Billard et al. (1984), was eliminated, as it significantly reduced both the non-specific and
specific binding in our assay system. Incubation was initiated by adding 0.1 ml
(3H]}SCH23390 (80 Ci/mmol, 1 nM in the final solution) and 0.1 ml incubation medium
with 100 uM (+)SCH23390 (10 uM in the final solution to define non-specific binding)
or with the appropriate concentrations of D1 or D2 drugs. In the present study,
[3H]SCH23390 at the final concentrations from 0.6 to 1.4 nM produced a high specific
binding of about 68 % of the total radioligand bound (data not shown). Therefore,
[3H)SCH23390 at 1 nM dose was routinely used for the rest of the binding studies.
After 2 hours of incubation at 4 °C, boun? nd free radioactive ligand were separated by
rapid filtration, using a No.1225 Sampling Manifold (Millipore), through GF/B filters
(Whatman) presoaked with incubation medium. Separation time was always less than
1.5 sec for the filtration system. The filters were then rinsed 2 times with 5 ml ice-cold
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incubation medium. Our preliminary studies have demonstrated that 2 times rinsing
reduced the non-specific binding without affecting the specific binding (Fig. 5.1). After
drying the filters in a fumcehood for 30 min, 5 ml of scintillation cocktail (0.2 g POPOP
and 4 g PPO in a liter solution of toluene with 30 % Triton X-100) was added, and 3H
radioactivity in the GF/B filters measured the next day in a liquid scintillation counter.
The recoverable radioactivity from the polypropylene tubes used in these experiments
was found to be 96.3 £ 1.2 %. The stability of radioligand during the 2-hr incubation
period was also tested. [3H]SCH23390 (1 nM) was incubated with or without goldfish
pituitary cells (1 million cells/ml/tube) for 2 hours at 4 °C. Supernatants of the two
groups were collected after centrifugation, and loaded onto silica gel G plates (Fisher) for
thin layer chromatography (TLC) as described previously (Omeljaniuk and Peter, 1989).
TLC chromatograms were visualized by exposing to XAR films (Kodak) at -25 oC for 7
days. The results of TLC analysis did not indicate the occurrence of [3H]SCH23390
degradation by inci - tion with goldfish pituitary cells (Fig. 5.2).

Autoradiograph, g of goldfish D1 receptors  Frozen sections of the goldfish
pituitary (20 um in thickness) were prepared at -20 °C using a Histostat™ cryostat (AO
Scientific Instruments, Buffalo, N.Y., USA), and thaw-mounted onto precleaned and
subbed microscope slides. Slide-mounted consecutive pituitary sections were placed in
an incubation chamber, and incubated for 60 min at 4 °C with 1 nM of [3H]SCH23390 in
the presence or absence of the D1 antagonist SCH23390 (10 uM) or the D2 antagonist
sulpiride (10 uM). These sections were then washed 2 times (1 min) with ice-cold
incubation buffer (50 mM Tris buffer at pH 7.4, supplemented with 120 mM NaCl, SmM
KCl, 2 mM CaCl2, 1mM MgCl2, and 1 mM EDTA), and rapidly dipped in ice-cold
distilled water to remove excess inorganic salts. Based on our preliminary studies, the
above rinsing procedures consistently produced a specific binding of about 61 % of the
total radioligand bound (data not shown). After drying for 30 min under a cool air
stream, the pituitary sections were divided into two groups. In one group, the piiuitary
sections were wiped from the glass slides with GF/B filters. Thereafter, the filters with
tissue fragments attached were incubated with 5 ml scintillation cocktail to measure the
radioactivity of the bound [3H]JSCH23390. The other group of pituitary sections
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previously exposed to radioligand with or without 10 uM SCH23390 were apposed with
cover-slips precoated with NTB-2 emulsion (Kodak). After 45 days of exposure at -25

oC, the cover-slips were detached to develop the autoradiogram.

Data analysis and statistics GH data were analyzed by analysis of variance (ANOVA)
followed by Fisher's least significant difference (LSD) test. Differences were considered
significant when P<0.35. Receptor binding affinity (Kg) and capacity (Bmax) were
determined using a weighted, non-linear least-squares curve-fitting program (LIGAND)
for one- or two-site binding model as described by Munson and Rodbard (1980). ICso
values for D1 and D2 drugs were estimated by the four-parameter logistic equation using
the ALLFIT program developed by DeLean et al. (1978).

5.3 Results

To demonstrate that the pituitary cell preparation used for receptor binding studies was

viable, we examined the actions of DA and the D1 agonist SKF38393 on GH release
from goldfish pituitary cells under column perifusion (Fig. 5.3). Dispersed pituitary cells
for these experiments were prepared from goldfish in late stages of gonadal regression.
Similar to the results of our previous studies using perifused goldfish pituitary fragments
(Wong et al., 1992), 5-min pulses of DA (1 pM) and SKF38393 (1 pM) consistently
stimulated GH release from goldfish pituitary cells. The D2 agonist LY171555 (1 uM),
which served as a negative control for the experiment, was not effective in this regard.

Time course of [PHISCH23390 binding to dispersed goldfish pituitary cells Dispersed
pituitary cells were prepared from post-spawning goldfish in early stages of gonadal
regression. Specific [3H)SCH23390 binding to pituitary cells increased rapidly with
time, and reached an equilibrium within 20 min of incubion (Fig. 5.4). Thereafter, the
specific binding remained stable for the followir;g 1.5 hours. Maximal specific binding
was about 57 % of the the total radioligand bound. The binding data (from 0 - 30 min)
were fitted to a straight line (R2 = 0.97) with an observed association rate constant (Kobs)
of 0.073 /min based on a pseudo first-order kinetics (Fig. 5.4, inset). Since the
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variability of data appeared to be reduced by using a longer incubation time, a 2-hr
incubation period at 4 °C was routinely used for the subsequent binding studies.

(3HISCI123390 binding to increasing amount of goldfish pituitary cells  Dispersed
pituitary cells were prepared from goldfish undergoing gonadal recrudescence. Total and
specific [3H]SCH23390 binding increased gradually with the number of pituitary cells
used in the binding study (Fig. 5.5). A linear correlation (R2 = 0.98) between the
amount of pituitary cells and specific binding of [3H]SCH23390 was observed up to the
level of 1 million cell¥ml/tube.

serotonin  Dispersed pituitary cells were prepared form goldfish undergoing gonadal
regression. [SH]SCH23390 binding was displaced in a dose-dependent manner by both
(+) and (-)SCH23390 (Fig. 5.6A). ICsq values for (+) and (-)SCH23390, as deduced
by the ALLFIT program, were 14 + 4 and 553 £ 60 nM, respectively. These results
indicate that (+)SCH23390 is more potent than (-)SCH23390 in displacing
[3BH]SCH23390. The displacement curve for (+)SCH23390 was analyzed by Scatchard
plot using the LIGAND program (Fig. 5.6B). The binding data were best fitted with a
one-site model with Kq and Bpax values of 33 £ 8 nM and 250 £ 88 pmole/million cells,
respectively. The corresponding Hill plot (Fig. 5.6B, inset) was linear with a slope
factor of 1.04, suggesting that (+)SCH23390 interacts with its binding sites in a non-
cooperative manner.

The D2 antagonist domperidone displaced [3H]SCH23390 binding from goldfish
pituitary cells in a dose-dependent manner with an ICsg of 1.0 £ 0.2 uM (Fig. 5.6A).
Serotonin, however, was even less effective in this respect; the first significant
displacement of [3H]SCH23390 binding was observed only at 10 uM dose of serotonin.
When compared to the displacement curve of (+)SCH23390, the rank order of potency in
displacing the radioligand was (+)SCH23390 > domperidone >> serotonin.

f f DA an n i Specific binding
of [BH]SCH23390 was also studied using pituitary cells enriched with somatotrophs. To
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examine the responsiveness of this pituitary cell preparation, the actions of DA and SRIF
on GH release were tested using enriched somatotrophs under column perifusion (Fig.
5.7). Increasing concentrations of DA (0.01 - 1 pM) administered as 2-min pulses at 1
hour intervals stimulated GH release from enriched somatotrophs in a dose-dependent
manser (Fig. 5.7A). The protocol for perifusion has been previously validated to have
no potentiating nor desensitizing effects within the dose range tested (Wong et al.,
1992). Goldfish in the late stages of gonadal recrudescence were used to prepare the
enriched somatotrophs for this experiment.

Since sGnRH was previously shown to induces GH release in the goldfish
(Marchant et al., 1989b), 2-min pulses of 50 nM sGnRH were given at the beginning
and at the end of the DA dose-response study to serve as an internal contrcl. No
significant differences were found between the GH responses to the first and second
sGnRH pulses (206 £ 18 and 224 £ 15 % pretreatment, respectively), indicating that the
responsiveness and viability of enriched somatotrophs were maintained during the
perifusion experiment.

In a separate experiment (Fig. 5.7B), enriched somatotrophs were prepared from
goldfish in mid-stages of gonadal recrudescence. DA at 1 uM dose was given as 2-min
pt . during the 1 hour continuous perifusion of SRIF (100 nM). SRIF treatment
suppressed the basal GH levels and abolished the GH responses to DA.

Saturation of D1 binding sites in enriched somatotrophs with [3HISCH23390 Enriched
somatotrophs were prepared from goldfish in gonadal regression. Specific binding of
[3HISCH23390 increased gradually with increasing doses of the radioligand, and
suhsequently reached a pizteau at 10.8 nM [3H]SCH23390 (Fig. 5.8A). The binding
daca, as analyzed by Scatchard plot using the LIGAND program, were best fitted with a
one-site mode! with Kg and Bmax values of 11 £ 3 nM and 789 £ 138 pmole/million
cells, respectively (Fig. 5.8B). The corresponding Hill plot (Fig. 5.8B, inset) also
yielded a linear fit with a slope factor of 0.99.

137



Displacement of [*HISCH23390 binding from enriched somatotrophs with SKF83566
and LY171555  Enriched somatotrophs were prepared from goldfish undergoing
gonadal regression. Both the D1 antagonist SKF83566 and the D2 agonist LY171555
displaced [3H]SCH23390 binding in a dose-dependent manner (Fig. 5.9). The
corresponding ICsg values for SKF83566 and LY 171555, as deduced by the ALLFIT
program, were found to be 71 £ 2 nM and 9.1 £ 1.0 uM, respectively. These data
demonsteai> © hat 5KF83566 is at least 100 fold more potent than LY171555 in
displacing [*h} 1123390 binding from goldfish somatotrophs.

! ’- l . . [ [3111591123320 l . l. . . l IIE I ’ .

Sexually regressed goldfish were used to prepare frozen sections of the pituitary for
autoradiographic studies. The D1 antagonist SCH23390 (10 uM) significantly reduced
the binding of [3H]SCH23390 (1 nM) in goldfish pituitary sections (Fig. 5.10). The D2
antagonist sulpiride (10 uM), however, was not effective in this regard. - - the present
study, the specific binding of [3H]SCH23390 accounted for about 60 % of the total
radioligand bound. Representative autoradiograms of pituitary sections previously
exposed to [PH]JSCH23390 (1 nM) with 10 pM SCH23390 (Fig. 5.11A), and
[3H]SCH23390 (1 nM) alone are also presented (Fig. 5.11B). Specific binding of
[3H]SCH23390 was localized predominantly in the proximal pars distalis (PD), and was
not evident in the neurointermediate lobe (NIL) of the goldfish pituitary. Since the
radioactivity signal in the proximal pars distalis was so intense, it was not possible to
correlate the source of radioactivity with a specific cell type.

5.4 Discussion

In the goldfish, DA has been demonstrated to stimulate GH release, both in vivo
(Wong et al., 1993) and in vitro (Peter et al., 1990; Wong et al., 1992). Our previous
pharmacological studies indicate that the GH-releasing effects of DA are mediated
through DA D1 receptors (Chang et al., 1990b; Wong et al., 1992). In the current
investigation, we provide the first direct evidence for the presence of D1-specific binding
sites in the goldfish pituitary cells, and demonstrate that these binding sites have
properties similar to the mammalian D1 receptors. These binding sites associated with
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the D1 radioligand [3H]SCH23390 in a rapid manner with Kgpg of 0.073 /min. Such a
rapid association of [3H]SCH23390 has been previously ieported for D1 receptors in the
striatum of rats (Billard et al., 1984) and the cerebral cortex of rabbits (Reader et al.,
1989). In the goldfish model, specific binding of [3H]SCH23390 increased gradually
with increasing amount of pituitary cells used in the incubation. The demonstration of
"tissue linearity" in the present study indicates that the assay system for goldfish D1
receptors (i.e., at least up to 1 million cells/ml/tube level) is relatively cle~r of artifacts
caused by receptor or ligand degradation. This is also supported by the results of TLC
analysis, in which the chromatographical properties of [3H]SCH23390 were not affected
by previous incubation with pituitary cells. (For a detailed discussion of tissue linearity in
radioreceptor assay, see Burt, 1985)

The D1 binding sites in the goldfish pituitary were saturable, and had a high
binding affinity for [3H]SCH23390. Based on Scatchard analysis using the LIGAND
program, K4 values of the D1 binding sites in dispersed pituitary cells and enriched
somatotrophs of the goldfish were estimated to be 33 £ 8 nM and 11 + 3 nM,
respectively. These results are comparable to the nanomolar K values of the mammalian
D1 receptors as reported in the rat striatum (Billard er al., 1984), rabbit cerebral cortex
(Reader et al., 1989), and human neurob}zstoma cells (Sidu and Fishman, 1990). In
mammals, the D1 receptors always exhibit a higher selectivity fc: the (+) but not (-)
enantiomer of phenylbenzazepine derivatives (for reviews, see Kaiser, 1983; Iorio et al.,
1986). In the goldfish pituitary cells, the binding affinity of the putative "D1" receptors
for (+)SCH23390 was 38 fold higher than that of (-)SCH23390. This is also in
accordance with our previous findings that {+) but not (-)SKF38393 is effective in
stimulating GH release from perifused goldfish pituitary fragments (Wong et al., 1992).
The demonstration of a similar binding affinity and stereoselectivity between the geldfish
and mammalian D1 systems strongly suggests that DA D1 receptors are highly conserved
during vertebrate evolution.

The specific binding of [3H]SCH23390 in goldfish pituitary cells was reversible,
and could be displaced with high affinity by the D1-selective ligands, (+)SCH23390 and
SKF83566. The D2-specific ligands, LY171555 and domperidone, were much less
effective in this regard. Since a cross-reactivity of [3H)SCH23390 with serotonin SHT?2
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receptors has been reported in the frontal cortex of rats (Barnett er al., 1988) and the
thoracic aorta of rabbits (Ohlstein and Berkowitz, 1985), the effects of increasing doses
of serotonin on specific binding of [3H]SCH23390 were also examined in the present
study. The ICsp of serotonin, as deduced by the ALLFIT program (by assuming a
complete displacement occurred at 1 mM serotonin), was estimated to be >100 uM,
indicating that the specific binding of [3H]SCH23390 as a result of "non-selective”
association with SHT?2 receptors was unlikely in the goldfish "D1" system. Based on the
comparison of ICsg values, the relative binding affinity for the "D1" receptors in the
goldfish pitvitary is (+)SCH23390 > SKF83566 >> (-)SCH23390 > domperidone >
LY171555 >> serotonin. A similar rank order of potency in the pharmacological profile
for D1 receptors has been reported in the caudate nucleus (Seeman and Ulpian, 1986) and
striatum of the rat (Torio et al., 1986), and the cerebral cortex of rabbits (Reader et al.,
1989). Although the gene sequences of some novel forms of mammalian DA receptors,
such as D3 (Sokoloff et al., 1990), D4 (Van Tol et al., 1991), and D5 receptors
(Sunahara et al., 1991), have been cloned recently, selective pharmacological probes for
these receptors are not yet readily available, and the possible existence of these receptors
in the goldfish pituitary was not examined in the present study (for a recent review on the
molecular biology of DA receptors, see Sibley and Monsma, 1992).

In the present study, the binding data of [3H]SCH23390 were best fitted with a
one-site receptor model, and the results of Hill plot analysis indicated that the radioligand
associated with "D1" receptors in a non-cooperative manner. In mammals, the presence
of high and low affinity binding sites for D1 receptors has been reported, and these
binding sites were later confirmed to be the high and low affinity binding states of D1
receptors (for review, see Seeman et al., 1986). By incubating a membrane preparation
of calf caudate nucleus with non-hydrolyzable GTP analogs, the high affinity state of D1
receptors can be completely converted into the low affinity state (Seeman et al., 1985).
Similar conversion from the high to low affinity binding state was also observed for D2
receptors in a membrane preparation of the bovine pituitary (Sibley et al., 1982), but not
in intact pituitary cells (Sibley ez al., 1983). It is generally accepted that the two binding
states represent the differential coupling of DA receptors with the G-proteins (Senogles

et al, 1987), and can only be demonstrated by using a me.nbrane preparation for
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receptor binding studies (Sibley et al,, 1983). In the goldfish, our preliminary studies
using a membrane preparation of the whole pituitary produced a very low level of specific
binding (~1.2 % of the total radioligand bound), which precludes any accurate
measurements to examine the high and low affinity binding states for the goldfish "D1"
receptors.

The "D1" receptors in the goldfish model were confirmed to mediate DA-stimulated
GH release at the pituitary cell level. DA stimulated GH release from goldfish pituitary
cells under column perifusion, and this GH response could be mimicked by the D1
agonist SKF38393 but not the D2 agonist LY171555. Using an enriched somatotroph
preparation, the GH-relcasing actions of DA were found to be dose-dependent, and under
the direct inhibition of the GH-release inhibitor SRIF. Similar inhibitory effects of SRIF
on DA-stimulated GH release have been previously reported in the goldfsX, both in vivo
and in vitro (Wong et al., 1993). Furthermore, the ED5g of SKF38393-stimulated GH
release was estimated to be 26 = 7 nM in mixed populations of goldfish pituitary cells
(A.O.L. Wong, J.P. Chang, and R.E.Peter, unpublished results; see chapter 6), which is
in the same dose range of the binding affinity of [3H]SCH23390 illustrated in the current
study (K4 = 33 £ 8 nM for mixed populations of pituitary cells, and 11 £ 3 nM for
enriched somatotrophs).

In the present study, we also examined the differential distribution of D1 binding
sites in the goldfish pituitary. Specific binding of [3H]SCH23390 in the frozen pituitary
sections could be displac ' by the D1 antagonist SCH23390 but not the D2 antagonist
sulpiride. Specific binding of [3H]SCH23390 was localized in the proximal pars distalis
of the goldfish pituitary. On the contrary, the neurointermediate lobe did not demonstrate
any significant levels of speuific binding. In the goldfish, the distribution of pituitary
cells immunoreactive to GH antiserum is confined to the proximal pars distalis of the
pituitary (Cook et al., 1983). The overlap in distribution between the somatotrophs and
"D1" receptors suggests th: e "D1" receptors are indeed present in the somatotrophs
and functionally correlated w  ae GH-releasing actions of DA in the goldfish. This
hypothesis is also supported by ur findings that the binding capacity of [PH]SCH23390
in enriched somatotrophs (Bmax =789 * 138 pmole/million cells) was always higher than
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that of mixed populations of pituitary cells (Bmax = 250 £ 88 pmole/million cells).

In summary, the present study has provided the first direct evidence for the
existence of D1-specific receptor binding sites in goldfish pituitary cells. These "D1"
receptors are saturable, stereo-specific, and selective for the D1 ligands. The association
of these "D1" receptors with [SH]SCH23390 is rapid and reversible, and exhibits a
binding affinity with Kg values in the nanomolar range. These "D1" receptors are
localized in the pars distalis, overlapping with the distribution of somatotrophs in the
goldfish pituitary. These newly characterized "D1" receptors can be functionally
correlated with DA-stimulated GH release in the goldfish. Since DA D1 receptors have
not been previously demonstrated in the pituitary of vertebrates, the "D1" system in the
goldfish pituitary represents a unique model to study the role of D1 receptors in the
regulation of pituitary hormones. The apparent similarities of the D1 receptor
pharmacology between the goldfish and mammals also suggests that the DA D1 receptors
are highly conserved during vertebrate evolution.
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Fig. 5.1 Effects of repeated rinsing on specific binding of [3H]}SCH23390.
Dispersed goldfish pituitary cells at 0.5 million cells per tube were
incubated with 1 nM [3H]SCH23390 for 2hov. - - 4°C. After rapid
filtration to remove the unbound [3HJSCH233%., 3F/B filters were rinsed
repeatedly with 5 ml ice-cold incubation buffer as the number indicated.
Data for total bound (TB), non-specific binding (NSB), and specific
binding (SB) are the means of two replicate tubes (n = 2).
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Fig. 52 TLC analysls of [ 3 H]SCH23390 previously incubated with goldfish
pituitary cells. [3H]SCH23390 (1 nM) was incubated (a) without and (b) with
goldfish pituitary cells (1 million cells/ml/tube) for 2 hours at 4°C. Supernatants
of the two groups were loaded in silica gel G plate for TLC analysis, and the
results of TLC chromatogram were visualized by exposing to XAR film. The
experiment was repeated two times, and only the representative results are
presented.
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Fig.53 Effects of (A) dopamine, (B) the D1 agonist SKF38393,
and (C) the D2 agonist LY 171555 on GH release from perifused
goldfish pituitary cells. Drug treatments were administered as 5-niin
pulses at 1 uM dose as indicated by the black bars (x4 columns cach).
The mean pretreatment GH level for the experiment was 14 + 2 ng/ml.
All GH data are expressed as mean + SEM (n =4).
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Fig.54 Time course of [3H]SCH23340 binding to goldfish pituitary
cells. Pituitary cells at 0.7 million cells per tube were incubated at 4 °C
with 1 aM BHJSCH23390 for O to 120 min. The inset is the psen
first-order association plot of the binding data with Kobs of 0.072 .. .a.
All data are expressed as mean + SEM (n =3).
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Fig.5.5 [PH]SCH23390 binding to increasing amount of
goldfish pituitary cells. Pituitiary cells were incubated with 1 oM
[PH]SCH23390 for 2 hours at 4°C. Data for total bound (TB),
non-specific binding (NSB), and specific binding (SB) are
expressed as mean + SEM (n =3).

147



O (+)SCH233%0

A @ (-)SCH233%0
150 O Domperidone
g A Serolonin
§ .
&
P -
/7]
3 0.
319 T 5 3
Log(M) of ligand
B 0010 - =2
; g
& &
b g
8 101234
& log(Free (aM))
0.000  paa T T 1}
0.01 a1 1 10
Ligand bound (nM)

Fig.56 Displacement of bound [ HJSCH23390 with increasing doses of (+) and
(~)SCH23390, domperidone and serotonin. Goldfish pituitary cells at 0.85 million
cells per tube were incubated with 1aM (BH]SCH23390 for 2 hours at 4°C in the
presence of SCH23390, domperidone, and serotonin (A). Displacement curves were
expressed as a peroentage of the maximal specific binding for [PHJSCH23390. The
IC sos for (+)SCH23390, (-)SCH23399, domperidone, and serotonin were estimated
to be 14 + 4 nM, SS3 2 60 oM, 1.0 + 0.2 kM, and >100 M, respectively. Scatchard
plot for (+)SCH23390 was constructed using the LIGAND program (B), the
mpondingvaluesforKdandBmxwaemBnMudzso 4 88 pmole/million
cells, respectively. The inset represents the Hill plot analysis of the binding data
fitted to a straight line (R2 = 0.98) with a Hill coefficicat of 1.04. All data are
expressed as mean + SEM (n =3).
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Fig. 5.7 Effectsof dopamine (DA and somatostatin (SRIF) on GH
release from pefifused goldfish pituitary cells enriched with somatotrophs.
(A) DA was administered as 2-min pulses from 0.01 to 1 uM at 1 hour
intervals (x4 columns). Salmon gonadotropin-releasing hormone (sGaRH)
at 50 oM wugivenasz-minpulmatthebeginningand at the end of the
perifusion experimeat to serve as an intemal control. (B) 2-min pulses of
DA (1 M) were administered in the presence or absence of the 1-hr
continuous perifusion of SRIF (100 nM) (x4 columns each). The average

GH level for the perifusion experiments was 14 + 2 ng/ml.
All GH data are expressed as mean + SEM (n =4).
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Fig. 58 Saturation of D1 binding sites with P HISCH23390 in
goldfish pituitary cells enriched with somatotrophs. Enriched
somatotrophs at 0.5 million cells per tube were incubated with
increasing amount of 3 HISCH23390 for 2 hours at 4 °C (A)-
Scatchard plot was constructed using the LIGAND program (B),
the corresponding values for Kd and Bmax were 11 +3oMand
789 + 138 pmole/million cells, respectively. The insct represents
the Hill plot analysis of the binding data fitted to a straight line (R2
=0.99) with a Hill coefficient of 0.97. All data are expressed as
mean + SEM (n =3). .
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Fig.59 Displacement of bound [*HJSCH23390 with increasing
doses of the D1 antagonist SKF83566 and the D2 agonist LY 171555.
Enriched somatotrophs from the goldfish at 0.5 million cells per tube
were incubated with 1 sM [PHJSCH23390 for 2 hours at4 °C in the
of cither SKR83566 or LY171555. The IC50s of SKF83566

and LY 171555 were 713 2.3 nM and 9.1 + 1.0 uM, respectively.
Alldatamexptusedasmm:tsm(n=3).
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Fig.5.10 Displacement of bound [3 H]SCH23390 from goldfish pititary
sections with the D1 antagonist SCH23390 and the D2 antagonist sulpiride.
Consec%tive pituitary sections were ex to [3H]SCH23390 (1 nM)
alone, [3 HJSCH23390 (1 nM) with sulpiride (10 xM), and {3 HISCH23390
(1 aM) with SCH23390 (10 uM), respectively. After incubation for ! hrat
4 °C, radioactivity of these pituitary sections were measured using a liquid
scintillation counter. 10 pituitary sections for each individual drug treatment
were run at the same time, and the experiment was repeated six times. The
data were pooled and expressed as mean = SEM (n =6).
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Fig.5.11 Differential distribution of |3 H]SCH23390 specific binding in the
goldfish pituitary. Frozen sections of the goldfish pituitary were previously
incubated (A) with | 3H]SCH23390 (1 nM) in the presence of 10 uM S$+”"H23390,
and (R) |3 HISCH23390 (1 nM) alone. Binding of [3H]SCH23390 was visualized
by autoradiography. Results presented are the autoradiograms under dark field
microscopy. Specific binding of [3 H]SCH23390 was localized in the proximal
pars distaiis (PD). but not in the neurointermediate lobe (NIL).

( Calibration bar = 0.1 mm)
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Chapter 6

Cyclic 3':5'-Adenosine Monophosphate (cAMP) mediates
Dopamine DI-stimulated Growth Hormone Release
from Goldfish Pituitary Cells 1

6.1 Introduction

In the goldfish, dopamine (DA) is stimulatory to growth hormone (GH) release
both in vivo (Chang et al., 1985) and in vitro (Peter et al., 1990; Wong et al., 1992).
The stimulatory actions of DA are exerted directly at the pituitary cell level through
activation of DA D1 receptors (Chang et al., 1990b; Wong et al., 1992; Wong et al.,
1993a,b). Recently, we have characterized DA D1-specific binding sites in the goldfish
pituitary. These D1 binding sites are saturable, displaceable, stereoselective, and specific
to the binding of DA D1 ligands (Wong et al., 1993c). Since DA D1 receptors have not
been identified in the pituitary of other vertebrates, these newly characterized "D1"
receptors in the goldfish pituitary represent a novel neuroendocrine model to study the
actions of DA in the control of pituitary hormones.

In mammals, DA D1 receptors are positively coupled to the cAMP-producing
enzyme adenylate cyclase via a stimulatory G protein (Gs) (Battaglia et al., 1986a; Elazar
et al., 1989). Activation of D1 receptors by DA or the D1 agonists, such as SKF38393,
often leads to a rapid accumulation of cAMP. This has been demonstrated in the rat
striatal slices (Battaglia et al., 1986a,b), human neuroblastoma (Sidhu and Fishman,
1990), and cultured cell lines, such as LLC-PK1 (Grenaner and Healy, 1991) and COS-1
cells (Steffey et al, 1991). In lower vertebrates, especially in teleosts, the signal
transduction mechanism mediating DA D1 actions is still largely unknown.

In the present study, we have investigated the role of CAMP in mediating DA D1-
stimulated GH release in the goldfish. The GH-releasing activity of pharmacological

1 A version of this chapter has been submitted for publication : Wong AOL, Van Der
Kraak G, and Chang JP (1993) Neuroendocrinology.
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agents acting on the cAMP-dependent pathway, such as forskolin, IBMX, and cAMP
analogs, were tested using goldfish pituitary cells in static incubation. The actions of
SKF38393 on cAMP production and GH release were examined using a cell preparation
enriched with goldfish somatotrophs. The possible involvement of the cAMP-dep~ndent
enzyme protein kinase A (PKA) was also investigated.

6.2 Materials and Methods

Animals  Goldfish of the common or comet varieties were purchased from Ozark
Fisheries (Stoutland, MO, USA) or Grassyforks Fisheries (Martinsville, IN, USA), and
maintained in flow-through aquaria (1,800 liters) at 17 °C under a simulated natural
photoperiod (Edmonton, AB, Canada) for at least 3 weeks prior to any experiments. The
fish were fed to satiation daily with Ewos trout pellets (Astra Chemicals Ltd.,
Mississauga, ON, Canada). Goldfish of both sexes, with body weight ranging from 20
g to 30 g, were used in the present study. Since the seasonality of DA D1-stimulated GH
release in the goldfish is known to be closely associated with the reproductive cycle
(Wong et al., 1993a,b), gonadal conditions of the fish are reported separately for each
individual experiment. Gonadal conditions were determined by the gonadosomatic index
(GSI = weight of gonad / total body weight x 100 %) and morphological characteristics
of the gonads (for details, see chapter 2).

Reagents and test substances  Dopamine (DA), N6 2'-O-dibutyryladenosine 3':5'-

cyclic mono-phosphate (db.cAMP), 8-bromoadenosine 3":5'-cyclic monophosphate
(8Br.cAMP), and 3-isobutyl-1-methylxanthine (IBMX) were obtained from Sigma
Chemical Company (St Louis, MO, USA). Forskolin, 1,9-dideoxyforskolin, pertussis
toxin, cholera !oxin, the protein kinase A inhibitor H89, and the protein kinase C (PKC)
activator sn-1,2-dioctanoy! glycerol (DiC8) were purchased from Calbiochem
Corporation (San Diego, CA, USA). The D1 agonist SKF38393 (1-pheny}-2,3,4,5-
tetrahydro- 1H-3-benzazepine-7,8-diol hydrochloride) was purchased from Research
Biochemicals Inc. (Wayland, MA, USA), and the D2 agonist LY171555 (quinpirole
hydrochloride) was a generous gift from Eli Lilly & Co. (Indianapolis, IN, USA).
SKF38393, LY171555, db.cAMP, 8Br.cAMP, forskolin, 1,9-dideoxyforskolin, and
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DiC8 were first dissolved in a minimal amount of dimethyl sulfoxide (DMSO), and
subsequently diluted to appropriate concentrations with medium M199. DMSO levels in
the final solution were always less than 0.1 %, and were previously shown to have no
effects on basal GH release from goldfish pituitary cells (Chang et al., 1990b).

Preparation of dispersed pituitary cells Dispersed pituitary cells from the goldfish were
prepared as described previously (Chang et al., 1990a). In brief, goldfish pituitaries
diced into fragments (=0.5 mm in thickness) were exposed to controlled trypsin / DNAse
treatment. Pituitary fragments were then mechanically dispersed in Ca2+-deficient
medium (M199 with Hank's salts prepared without adding CaCl2, supplemented with
2.2 g/l sodium bicarbonate, 25 mM HEPES, 100,000 units penicillin/l, 100 mg
streptomycin/l, and 0.3 % BSA; pH 7.2, GIBCO), and harvested by centrifugation at
200x g for 10 min at 4 °C. Cell yield of the dispersion procedures was about 0.5 million
cells per pituitary, and the viability of pituitary cells was >94 % as assayed by the trypan
blue exclusion test. Pituitary cells enriched with somatotrophs were prepared by a
discontinuous density gradient as described by de Leeuw et al. (1984) with minor
modifications (Chang and Jobin, 1993). Mixed populations of pituitary cells, which
normally have about 20% of cells immunoreactive to GH antiserum, were gently loaded
on the top of a discontinuous Percoll gradient (with 40, 50, 60, 70, and 80 % Percoll,
Pharmacia) and centrifuged at 1400x g for 25 min at 17 °C. After centrifugation,
pituitary cells collected at the interphase between 60 and 70 % Percoll were found to have
the highest amount of cells immunoreactive to GH antiserum (=70 %). Viability of this
enriched somatotroph preparation after Percoll density gradient separation was always
>92 % as indicated by the trypan blue exclusion test. Since the cell yield of enriched
somatotophs was rather low (about 0.07 million cells per pituitary), mixed populations of
goldfish pituitary cells were used in most of the experiments in the present study.

Static incubation of pituitary cells Mixed populations of pituitary cells or enriched
somatotroph preparations were resuspended in plating medium (M199 with Earle's salts,
supplemented with 2.2 g/l sodium bicarbonate, 25 mM HEPES, 100,000 units
penicillin/l, 100 mg streptomycin/l, and 1 % horse serum; pH 7.2, GIBCO), and were
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cultured in 24-well Falcon Primaria plates (Becton Dickinson & Company, NJ, USA) at
a density of 0.25 million cells/ml/well. After overnight incubation (15-18 hr) av 28 oC
under 5% CO2 and saturated humidity, the culture medium was replaced by testing
medium (M199 with Hank's salts, supplemented with 2.2 g/l sodium bicarbonate, 25
mM HEPES, 100,000 units penicillin/l, 100 mg streptomycin/l, and 0.1 % BSA; pH 7.2,
GIBCO). Drug treatment was initiated by adding testing medium with the appropriaie
concentrations of test substances. Following a further incubation of 2 hours, 500 pl of
esting medium was carefully removed from individual culture wells, and stored at -25 °C
until their GH contents were assayed by a radioimmunoassay (RIA) previously validated
for the measurement of goldfish GH (Marchant et al., 1989). Samples for cAMP
measurement were pretreated in boiling water for 10 min to inactivate the cAMP-
degrading enzyme phosphodiesterase before storage. Samples for cell contents of cCAMP
were prepared by lysing the cells with distilled water followed by rapid freezing and
thawing for 2 times. CAMP contents were measured by RIA as described by Knecht et
al. (1982). The antiserum for CAMP assay was a generous gift from Dr. K.J. Catt
(ERRB, NICHD, NIH, Maryland, USA). All treatments were carried out in
quadruplicate in the same experiment, and each individual experiment was repeated for at
least 3 times. GH data were expressed as a percentage of the basal GH release in control
wells without any drug treatment (referred as "% control"), and were pooled for statistical

analysis.

Data analysis and statistics GH and cAMP data were analyzed by analysis of variance
(ANOVA) followed by Fisher's least significant difference (LSD) test. Differences were
considered significant when P < 0.05. EDsp values and the maximal GH responses for
the dose-response curves in the present study were estimated by the four-parameter
logistic equation using ALLFIT computer program developed by DeLean et al. (1978).

6.3 Results
Dose-dependent actions of DA and SKF38393 on GH release  The experiment was

conducted using goldfish in the early stages of gonadal regression (i.e., in postspawning
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stages). Consistent with our previous findings using perifused goldfish pituitary
fragments (Wong et al., 1992), DA (1 nM - 10 uM) and the D1 agonist SKF38393
(1 nM - 10 pM) stimulated GH relcase in a dose-dependent manner from goldfish
pituitary cells in static incubation (Fig. 6.1). The EDg( values (mean + SEM) for DA-
and SKF38393-stimula‘ed GH release were estimated tobe 26 + 7 nM and 4.5t 1.4
nM, respectively.

Effects of SKF38393 and LY171555 on GH and cAMP release  To facilitate the
measurement of CAMP release following stimulation with the DA agonists, pituitary cell
populations enriched with somatotrophs were prepared from goldfish in the late stages of
gonadal recrudescence. The D1 agonist SKF38393 from 1 nM to 10 uM concentrations
stimulated the release of GH (Fig. 6.2A) and cAMP (Fig. 6.2B) in a dose-dependent
manner; the D2 agonist LY 171555 was not effective in this regard. The EDsg values for
SKF38393-stimulated GH and cAMP release were estimated to be 73 £32 nM and 109 £
53 nM, respectively. The cellular contents of cAMP in experiments with SKF38393 and
1.Y171555 were also examined; in both cases, CAMP contents in the pituitary cells were
not affected by SKF38393 nor LY 171555 treatment (Fig. 6.2C).

Effects of cholera toxin and pertussis toxin on GH release  The GH responses to

bacterial toxins, which are known to activate adenylate cyclase indirectly via G proteins,
were examined in dispersed pituitary cells nrepared from goldfish in the late stages of
gonadal recrudescence. Concentrations of cholera toxin from 0.1 to 1000 5. ¢/ml (Fig.
6.3A) and pertussis toxin from 0.01 to 100 ng/ml (Fig. 6.3B) stimulated GH release in a
dose-dependent manner. The EDsj values for the GH dose-response curves to cholera
toxin and pertussis toxin were estimated to be 5.6 + 1.2 ng/ml and 0.8 £ 0.3 ng/ml,
respectively.

Effects of forskolin and dideoxyforskolin on GH release  Pituitary cells prepared from
goldfish in gonadal recrudescence were used to examine the actions of the adenylaw
cyclase activator forskolin on GH release (Fig. 6.4). The GH-releasing effects of
dideoxyforskolin, a forskolin derivative inactive in stimulating adenylate cyclase, were
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also tested as a negative control. Forskolin (0.1 - 40 pM) stimulated GH release in a
dose-dependent manner with an EDsg of 98 + 40 nM. However, the same doses of
dideoxyforskolin had no effects on GH release.

Eifects of membrane-permeant cAMP analogs on GH release  Experiments with
membrane-permeant cAMP analogs were conducted using pituitary cells prepared from
goldfish in different reproductive stages throughout the year. The membrane-permeant
cAMP analogs 8Br.~AMP (Fig. 6.5A) and db.cAMP (Fig. 6.5B) stimulated GH release
in a dose-dependent manner with the EDsq values of 137 + 83 uM and 206 £ 92 pM,
respectively.

Effects of IBMX on GH release  Effects of the phosphodiesterase inhibitor IBMX on
GH release were studied using pituitary cells from goldfish in different reproductive
stages throughout the year (Fig. 6.6a). IBMX stimulated GH release in a dose-
depzndent manner with an EDsg of 10.1 + 2.5 uM. The interactions of IBMX with
forskolin and 8Br.cAMP on GH release were also tested (Fig. 6.6b). Similar to the
results of the preceding sections, IBMX (100 uM), forskolin (10 uM) and 8Br.cAMP (1
mM) stimulated GH release when the drugs were administered alone. In the presence of
100 uM IBMX, the GH responses to forskolin (10 uM) and 8Br.cAMP (1 mM) were not
further enhanced (Fig. 6.6b). These results indicate that 10 uyM forskolin and 1 mM
8Br.cAMP maximally stimulated the cAMP-dependent pathway involved in GH release
in the goldfish.

Effects of 8Br.cAMP on the dos¢-dependence of SKF38393-stimulated GH release
Dispersed pituitary cells were prepared from goldfish in the early stages of gonadal
regression (i.e., in postspawning stages). In the absence of 8Br.cAMP, the D1 agonist
SKF38393 stimulated GH release in a dose-dependent manner, with an EDsg and the
maximal GH response of 11.2 £ 2.1 nM and 173 + 6 % control, respectively (Fig. 6.7).
However, the dose-dependence of SKF38393-stimulated GH release was abolished with
simultaneous treatment of 1 mM 8Br.cAMP. The GH response to 1 mM 8Br.cAMP
alone was 192 + 18 % control, and was not significantly different from the maximal GH
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response to SKF38393. These results indicate that the maximal GH-releasing actions of
8Br.cAMP and SKF38393 are not additive at pituitary cell level.

Effects of H89 on the GH responses to 8BrcAMP, SKF38393, and DiC8  Pituitary
cells prepared from goldfish in the late stages of gonadal recrudescence were used to
examine the actions of increasing doses of the PK A inhibit~r H?9 on the GH response to
8Br.cAMP (Fig. 6.8). The PKA inhibitor H89 suprresse 1 the GI1 response elicited by
8Br.cAMP (1 mM) in a dose-dependent manner. At high concentrations (1-10 pM), H89
also reduced basal GH secretion. In a separate study, the actions of H89 on the GH
responses to the D1 agonist SK=38393 and the PKC activator DiC8 were examined
using pituitary cells prepared from goldfish in gonadal regression (Fig. 6.9). The PKA
inhibitor H89 at 10 uM dose abolished the GH responses to SKF38393 (1 uM) without
affecting the GH-releasing actions of DiC8 (0.1 mM).

6.4 Discussion

In the prec<n. study, DA and the D1 agonist SKF38393, but not the D2 agonist
LY171555, siimulated GH release from goldfish pituitary cells. This is consistent with
our previous findings that DA stimulates GH release from the pituitary of goldfish
through activation of D1 receptors (Chang et al., 1990b; Wong er al.,, 1992). In
mammals, cAMP mediates the biological actions of DA D1 receptors (for review, see
Seeman and Niznik, 1988). Increase in cAMP synthesis following DA D1 stimulation
has been reported in bovine parathyroid cells (Brown and Hughes, 1983), rat striatal
slices (Battaglia er al., 1986a,b) and human neuroblastoma (Sidu and Fishman, 1990).
In this study, GH release induced by SKF38393 was accompanied with a concurrent
increase in cAMP production, indicating that the D1 receptors in goldfish pituitary cells
are positively coupled with cAMP synthesis via activation of adenylate cyclase. liis
likely that cAMP is involved in DA D1-stimulated GH release in the goldfish.

This hypothesis is supported by other results of the current investigations.
Forskolin, an activator of adenylate cyclase, stimulated G} -uicase from goidfish
pituitiary cells. Elevation of GH secretion was also cbserved foillowing treatment with
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the phosphodiesterase inhibitor IBMX. Both forskolin and IBMX have been previously
shown to increase CAMP production in goldfish pituitary cells (Chang ez al., 1992). In
contrast, dideoxyforskolin, which is known to have no binding affinity for adenylate
cyclase and does not activate CAMP synthesis, did not stimulate GH release (for a review
on the pharmacology of forskolin and its derivatives, see Laurenza et al., 1989). These
results indicate that pharmacological agents capable of increasing intracellular cAMP
levels can mimick the GH-releasing effects of DA and the D1 agonist SKF38393.

Similar to forskolin and IBMX, the membrane-permeant cCAMP analogs,
8Br.cAMP and db.cAMP, also induced GH release from goldfish pituitary cells in a
dose-dependent manner. These results further confirm the involvement of cAMP in
mediating GH release in the goldfish. The role of cCAMP as a second messenger
mediating GH release has been documented in mammals (for review, see Frohman and
Jansson, 1986). The GH-releasing effects of CAMP analogs has been previously
demonstrated in ovine fetal and neonatal pituitary cells (Silverman er al., 1989), mixed
populations of rat pituitary cells (Bilezikjian and Vale, 198.:; Cronin et al., 1984) and
purified somatotrophs of the rat (Kraicer and Spence, 1981; Kraicer and Chow, 1982).

If the synthesis of CAMP is an essential step mediating DA D1-stimulated GH
release in the goldfish, it is likely that DA D1 stimulation would not further enhance GH
secretion after the cAMP-dependent pathway is saturated by a high dose of cCAMP analog.
In the present study, 8Br.cAMP at 1 mM dose maximally stimulated the cAMP-
dependent pathway involved in GH release from goldfist pituitary cells. Under this
maximal stimulation by 8Br.cAMP, increasing doses of the D1 agonist SKF38393 failed
to further stimulate GH release. This absence of acditivity between the GH responses to
SKF38393 and 8Br.cAMP is in agreement with the hypothesis that cAMP is a second
messenger mediating DA D1-stimulated GH release in the goldfish. This idea is further
supported by the observations that the maximal GH responses to 8Br.cAMP (1909 %
control) and db.cAMP (175 % 6 % control) wers similar in magnitude to that of DA (180
+ 7 % control). In addition, the EDsg values of SKF38393-induced cAMP (109 £ 53
nM) and GH release (72 % 32 nM) from enriched somatotroph preparations are also in the
same dose range of the binding affinity of D1 receptors (Kq =34 + 9 nM) in mixed
populations of goldfish pituitary cells (Wong et al., 1993c; see chapter 5).
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In mammals, adenylate cyclase can be coupled to membrane receptors through two
regulatory G proteins, the stimulatory Gs and inhibitory Gi proteins (for reviews, see
Stadel and Lefkowitz, 1989; Permont and lyengar, 1990). The Gs protein can be
activated by cholera toxin through ADP-ribosylation of Gsax subunit, leading to activation
of adenylate cyclase (Moss and Vaughan, 1992). On the other hand, the function of the
Gi protein can be suppressed by ADP-ribosylation of the GiaY complex using pertussis
toxin. This removes the inhibitory control over adenylate cyclase, and results in an
activation of the enzyme activity (Codina er al., 1990). In the present study, both
cholera toxin and pertussis toxin stimulated GH secretion from goldfish pituitary cells.
These results are consistent with the involvement of the adenylate cyclase-cAMP pathway
in mediating GH release in the goldfish, and also suggest that G proteins (Gs and Gi) are
involved ‘i the regulation of somatotroph functions. DA D1 receptors are known to
couple with the Gs protein in mammalian D1 systems (Battaglia et al., 1986; Elazar et
al., 1989). In the goldfish, activation of D1 receptors appears to induce GH release
from pituitary cells through the production of CAMP (see earlier discussion). Itis likely
that DA D1 receptors in the somatotrophs of goldfish are also coupled to adenylate
cyclase through the Gs protein. The role of pertussis toxin-sensitive Gi protein in
mediating GH release in the goldfish is still not clear. In mammals, especially in the rat,
pertussis toxin blocks the inhibitory actions of somatostatin (SRIF) on GH release
(Cronin et al., 1983) and cAMP synthesis (Koch et al., 1985). In a recent study, a
"Gi"-like protein has been co-purified with SRIF receptors in the rat brain (Murray-
Whelan and Schlegel, 1992). In the goldfish, SRIF is known to inhibit basal (Cook and
Peter, 1984; Marchant et al., 1987) and DA D1-stimulated GH release (Wong et al.,
1993a,b,c). Therefore, the present demonstration of a pertussis toxin-sensitive
component of GH release may indicate a possible involvement of the Gi protein in the
mediation of somatostatin actions.

Biological actions of CAMP are known to be mediated primarily by the cAMP-
dependent enzyme PKA (for review, see Oyen et al.,, 1988). In the present study, the
GH-releasing actions of 8B:.cCAMP and the D1 agonist SKF38393 were blocked by the
PKA inhibitor H89. This PKA inhibitor has been reported to be highly selective for
PKA activities in mammals (Chijiwa et al., 1990). In the goldfish, H89 suppressed
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both basal and 8Br.cAMP-stimulated GH release without affecting the GH responses to
the PKC activator DiC8. A similar dose of DiC8 has been previously shown to stimulate
GH release from goldfish pituitary cells via the PKC-dependent pathway (Chang et al.,
1991). These results strongly indicate that H89 is selective to PKA in the goldfish and
does not cross-react with PKC within the doses tested. Therefore, we conclude that
PKA is involved in the maintenance of basal GH secretion as well as the mediation of DA
D1-stimulated GH release in the goldfish.

In summary, the present study strongly suggests that CAMP functions as a second
messenger mediating DA D1-stimulat. .. GH release in the goi ifish. The involvement of
the adenylate cyclase-cCAMP-PKA pathway in the DA D1 system of goldfish pit.itary
cells is quite comparable to that of mammals (see introduction). The similarity of the
signal transcuction mechanisms between the goldfish and mammalian D1 systems also
SUppOrts our prev ous hypothesis (see chapters 2) that DA D1 receptors are highly

conserved during vertcbrate evolution.
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GH (A) and cCAMP release (B) from an eariched somatotroph preparation of
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presented in (C) for the comparison of cAMP released versus the cellular
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Chapter 7

Entry of Extracellular Calcium mediates Dopamine
DI-stimulated Growth Hormone Release
from Goldfisk Pituitary Cell 1

7.1 Introduction

In the goldfish, the anterior pituitary is directly innervated by a preoptico-
hypophyseal dopaminergic pathway (Kah et al., 1987). Nerve terminals immumo-
reactive to dopamine (DA) have been identified in close proximity to the somatotrophs
(Kah et al., 1986). These anatomical observations are consistent with our findings that
DA is sumulatory to GH release in the goldfish, both in vivo (Chang et al., 1985) and
in vitro (Peter et al., 1990; Wong et al., 1992). Recently, we have demonstrated that
the GH-releasing actions of DA are mediated through DA D1 receptors (Chang et al.,
1990b; Wong et al., 1992). The GH responses to DA stimulation are seasonal (Wong
et al., 1993a) and can be blocked by the GH-release inhibitor somatostatin (Wong et
al., 1993b). Long-term treatment with the DA agonist apomorphine also stimulates the
body growth of goldfish (Wong et al., 1993a,b). These findings, taken together,
strongly indicate that DA functions as a GH-releasing factor in the goldfish.

In mammals, GH release is mediated by both cAMP- as well as Ca2+-dependent
pathways (for review, see Frohman and Jansson, 1986). In the rat, elevation of cCAMP
synthesis preceding the GH release induced by GHRH has been reported (Bilezikjian and
Vale, 1983; Sheppard et al., 1985). The GH-releasing actions mediated by CAMP are
also known to be Ca2* dependent (Spence er al., 1980; Kraicer and Chow, 1982), and
increasing evidence suggests that the interactions between Ca2+ and cAMP form an
integrated signal transduction system to mediate GH exocytosis (Ohlsson and Lindstrom,
1990; Lussier er al.. 1991a,b). In lower vertebrates, such as teleosts, the post-receptor

1 A version of this chapter has been submitted for publication : Wong AOL, and
Chang JP (1993) Neuroendocrinology.

182



mechanisms mediating GH release are still largely unknown. In the goldfish, basal GH
release is known to be Ca2+-dependent (Chang and de Lecuw, 1990; Jobin and Chang,
1992a). Using goldfish pituitary cells in static incubation, we have recently demonstrated
that DA D1-stimulated GH release is mediated by the cAMP-dependent pathway (Wong
et al., 1993c). However, the possible involvement of Ca2+-dependent pathways in this
DA DI action has not been addressed.

In the present study, we examined the role of extracellular Ca2* (|Ca2+]e) in the
GH responses to DA D1 stimulation using dispersed goldfish pititary cells. The
possible involvement of voltage-sensitive Ca2* channels (VSCC) in DA D1-stimulated
GH release was studied by using the selective VSCC *lockers nifedipine, nicardipine and
verapamil, as well as by using the inorganic competitor of Ca2* entry, CoCl). The GH-
releasing actions of K*-induced depolarization and pharmacological agents that can
induce CaZ* entry, such as A23187 and Bay K8644, were also investigated. To study
the interactions between [Ca2*]e and cAMP in the mediation of DA D1-stimulated GH
release, the GH responses to the membrane-permeant cAMP analog 8Br.cAMP and the
adenylate cyclase activator forskolin were tested in Ca2+-deficient incubation medium or

in the presence of the VSCC blocker nifedipinc.

7.2 Materials and Methods

Animals  Goldfish of the common or comet varieties were purchased from Ozark
Fisheries (Stoutland, MO, USA) or Grassyforks Fisheries (Martinsville, IN, USA), and
maintained in flow-through aquaria (1,800 liters) at 17 °C under a simulated natural
photoperiod (Edmonton, AB, Canada) for at least 3 weeks prior to any experiments. The
fish were fed to sat‘ation daily with Ewos trout pellets (Astra Chemicals Ltd.,
Mississauga, ONT, Canada). Goldfish of both sexes, with body weight ranging from 20
to 30 g, were used in the present study. Since the seasonality of DA D1-stimulated GH
release in the goldfish is known to be closely associated with the reproductive cycle
(Wong et al., 1993a,b), gonadal conditions of the fish, determined by the gonado-
somatic index (GSI = weight of gonad / total body weight x 100 %) and the
morphological characteristics of the gonads, are reported separately for individual
experiments (for details, see chapter 2).
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Reagents and test substances  Dopamine, nifedipine, nicardipine, verapamil, cobalt

chloride, 8-bromoadcnosine 3':5'-cyclic monophosphate (8Br.cAMP) were obtained
from Sigma Chemical Company (St Louis, MO, USA). Forskolin, A23187, and (1)Bay
K8644 were purchased from Calbiochem Corporation (San Diego, CA, USA). The D1
agonist SKF38393 was obtained from Research Biochemicals Inc. (Wayland, MA,
USA). SKF38393, 8Br.cAMP, and forskolin were first dissolved in a minimal 2:nount
of dimcthyl sulfoxide (DMSQ), and subsequently diluted to appropriate concentrations
with testing medium. Nifedipine, nicardif.ine. 2.4 - -rapamil were dissolved in ethanol.
Ethanol and DMSQO concentrations in wne i.rs. , - ations veere alwavs le- - than 0.1 %,
and did not affcct basal GH release from goldfish pituitary cells (Chan;. «n. < .. cuw,
1990).

Pizparation of dispersed pituitary cells  Dispersed pituitary cells from the goldfish were

prepared as described previously (Chang er al., 1990a). In brief, goldfish pituitaries
diced into fragments (=0.5 mm in thickness) were exposed to controlled trypsin / DNAse
trcatment. Pituitary fragments were then mechanically dispersed in Ca2+-deficient
medium (M199 with Hank's salts prepared without CaCl2, supplemented with 2.2 g/1
sodium bicarbonate, 25 mM HEPES, 100,000 units penicillin/i, 100 mg streptomycin/l,
and 0.3 % BSA; pH 7.2, GIBCO), and harvested by centrifugation at 200x g for 10 min
at4 °C. Cell yield of the dispersion procedures was about 0.5 million cells per pituitary,
and the viability of pituitary cells was >94 % as assayed by the trypan blue exclusion test.
Pituitary cells enriched with somatotrophs were prepared by a discontinuous density
gradient as described by de Lecuw et al. (1984) with minor modifications (Chang and
Jobin, 1993). Mixed populations of dispersed pituitary cells, which normally have about
20% of cells immunoreactive to GH antiserum, were gently layered on the top of a
discontinuous Percoll gradient (with 40, 50, 60, 70, and 80 % Percoll, Pharmacia) and
centrifuged at 1400x g for 25 min at 17 °C. After centrifugation, pituitary cells collected
at the interphase between 60 and 70 % Percoll were found to have the highest amount of
cells immunoreactive to GH antiserum (=70 %). Viability of this enriched somatotroph
preparation after Percoll density gradient separation was always >92 % as indicated by
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the trypan blue exclusion test. Since the cell yield of enriched somatotophs was rather
low (about 0.07 million cells per pituitary), mixed populations of goldfish pituitary cells
were used in most of the experiments in the present study.

Siatic incubation of pituitary cells Mixed populations of pituitary cells or cells from the

enriched somatotroph preparation were resuspended in plating medium (M199 with
Earle’s salts, supplemented with 2.2 g/l sodium bicarbonate, 25 mM HEPES, 100,000
units penicillin/l, 100 mg streptomycin/l, and 1 % horse serum: pH 7.2, GIBCQ), and
cultured in 24-well Falcon Primaria plates (Becton Dickinson & Company, NJ, USA) at
a density of 0.25 million cells/mUwell. After overnight incubation (15-18 hr) at 28 oC
under 5 % CO2 and saturated humidity, the culture medium was replaced by testing
medium (M199 with Hank's salts, supplemented with 2.2 g/l sodium bicarbonate, 25
mM HEPES, 100,000 units penicillin/l, 100 mg streptomycin/l, and 0.1 % BSA: pH 7.2,
GIBCO). Drug treatment was initiated by adding testing medium with the appropriate
concentrations of test substances. To test the effects of Ca2+-frec condition on GH
release, Ca2+-deficient medium (M199 with Hank's salts preparcd without CaCly,
containing 2.2 g/l sodium bicai.onate, 25 mM HEPES, 100,000 units penicillin/l, 100
mg streptomycin/l, and 0.1 % BSA; pH 7.2, GIBCO) supplemented with or without 0.1
mM EGTA was used in place of testing medium. Following a further incubation of 2
hours, 500 ul of testing medium was carefully removed from individual culture wells,
and stored at -25 °C until their GH contents were assayed by a RIA previously validated
for the measurement of goldfish GH (Marchant et al., 1989b). All treatments were
carried out in quadruplicate in the same experiment, and each experiment was repeated at
least 3 times. Hormone data were expressed as a percentage of the basal hormone release
in control wells without any drug treatment (as "% control”), and were pooled for
statistical analysis.

Perifusion of pituitary cells enriched with somatotrophs  Pituitary cells enriched with

somatotrophs wecre resuspended in plating medium, and incubated with preswollen
cytodex beads (Cytodex I, Sigma) at 28 °C under 5 % CO and saturated humidity. Cell
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attachment was >95 % after overnight incubation (15-18 hr). Cytodex beads with
enriched somatotrophs attached were loaded into (0.5 ml micro-columns (=1 million cells/
column; ACUSYST-STM, Endotronics Inc.. Minneapolis, Minn., USA) as described
previously (Chang et al., 1990a). The total dead volume of the perifusion system was
about 1.7 ml. Pitntary cells were then perifused with testing medium at a flow rate of 15
mlhr. After 3 hours of perifusion, basal GH release from enriched somatotrophs
remained relatively stable in the absence of any stimulation. Test substances were then
added from a drug reservoir into the perifusion column through a 3-way stopcock.
Perifusates from each column were collected in S-min fractions, and stored at -25 °C until
their GH contents were assayed. GH data were transformed into "% pretreatment” as
defined previously (Wong er al., 1992). In brief, GH data from each individual column
were expressed as a percentage of the mean GH contents of the first 6 fractions of
perifusates at the beginning of the perifusion experiment (i.e., prior to any drug
treatment). This transformation was done to allow pooling of GH data from separate
columns of the same experiment without distorting the profile of hormone release. GH
responses were quantified by calculating the net change in GH release (i.e., area under

the curve) after a particular drug treatment (for details, see chapter 2).

Data analysis and statislics GH data were analyzed by analysis of variance (ANOVA)
followed by Fisher's least significant difference (LSD) test. Differences were considered

cignificant when P<0.05.

7.3 Results

Locubati ith Ca2*-defici ! he GH. A23187 and Bay K8644
Mixed populations of pituitary cells were prepared from goldfish undergoing gonadal
recrudescence. Similar to the results of our previous studies using ionomycin (Chang
and de Lecuw, 1990). the Ca2+ ionophore A23187 (10 pM) and the VSCC agonist Bay
K8644 (1 pM) were effective in stimulating GH release from goldfish pituitary cells in
the present study (Fig. 7.1). These GH responses to A23187 and Bay K8644 were
blocked by incubation with Ca2*-deficient medium. Incubation with Ca2+-deficient
medium also significantly reduced the basal GH release.
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locreasing doscs of KCl and NaCl on GH release  Effects of K+-induced membrane
depolarization on GH release were examined using pituitary cells prepared from goldfish
undergoing gonadal recrudescence. Increasing doses of KC1 (5 - 15 mM) stimulated GH
releasc in a dose-dependent manner (Fig. 7.2). However, the GH response was reduced
when a high dose of KCl (20 mM) was used. Similar doses of NaCl (5 - 20 mM), on the
other hand, were not effective in elevating GH releasc. When administered at 20 mM
dose, NaCl caused a significant reduction in basal GH levels. This inhibitory action of
NaCl was probably due to the osmotic effects of a high level of electrolytes.

Incubation with Ca?*+-deficient medium on the GH responses to DA and SKE3R393
The influence of [Ca2t}e on DA-stimulated GH release was studicd using mixed
populations of pituitary cells prepared from goldfish undergoing gonadal recrudescence
(Fig. 7.3). In normal testing medium (containing 1.25 mM CaCly), DA from 1 nM to 10
uM doses stimulated GH release in a dose-dependent manner. However, the GH
responses to DA were abolished in Ca2+-deficient medium supplemented with or without
0.1 mM EGTA. No significant differences were found in the basal GH levels in
experiments using normal testing medium, Ca2*-deficient medium, or Ca2*-deficient
medium supplemented with 0.1 mM EGTA. In a separate study, the effects of Ca2+-
deficient medium on the D1 agonist SKF38393-stimulated GH release were examined
using pituitary cells enriched with somatotrophs (Fig. 7.4). Enriched somatotrophs were
prepared from goldfish in the late stages of gonadal recrudescence. SKF38393 a1 | uM
dose induced a significant increase in GH release from enriched somatotrophs under
static incubation. However, this GH response was blocked by incubation with Ca2+-
deficient medium. Similar to the results of the preceding study, no differences were
observed in basal GH levels between cxperiments using normal testing medium and
Ca2+-deficient medium,

Blocking Ca?* enury through VSCC on DA- and SKE38393-stimulated GH release
Pituitary cells were prepared from goldfish in early stages of gonadal recrudescence. The
GH responses to IuM dose of DA (Fig. 7.5A) and SKF38393 (Fig. 7.6A) were
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aholished by simultancous treatments with the dihydropyridine VSCC blockers nefidipine
(10 uM) and nicardipine (10 uM). Similarly, the phenylalkylamine VSCC blocker
verapamil (10 uM) and the inorganic competitive inhibitor of Ca2+ entry CoClz2 (5 mM)
were also effective in blocking the GH-releasing actions of DA (Fig. 7.5B) and
SKF38393 (Fig. 7.6B). Nifedipine, nicardipine and verapamil did not alter the basal GH
release from goldfish pituitary cells at 10 uM dose. However, basal GH levels were
sign Jicantly reduced in the presence of 5§ mM CoClj.

Dosc-dependence of SKF38393-stimulated GH release and actions of nifedipine on the
GH responses to SKF38393  Enriched somatotrophs were prepared for perifusion

experiments from goldfish in the late stages of gonadal recrudescence. Increasing
concentrations (10 nM-1 pM) of the D1 agonist SKF38393 administered as 2-min pulses
at 1 hour intervals stimulated GH release in a dose-dependent manner (Fig. 7.7A). The
protocol for SKF38393 perifusion has been previously validated to have no potentiating
or desensitizing effects on GH release within the doses tested (Wong et al., 1992).
Since salmon gonadotropin (GTH)-releasing hormone (sGnRH) is known to stimulate
GH and GTH-II relcase in the goldfish (Marchant et al., 1989a), 2-min pulses of
sGnRH at 50 nM were given at the beginning and at the end of the perifusion experiment
to serve as an internal control. In this experiment, the GH responses to the first and
second sGnRH pulses were not significantly different form each other, indicating that the
responsiveness and viability of perifused pitvitary cells were maintained during the
course of perifusion. The GH responses to 1 uM SKF38393 were greatly suppressed in
the presence of 10 uM nifedipine (Fig. 7.7B). Continuous perifusion of 10 uM
nifedipine or 0.1 % ethanol did not affect basal GH release from enriched somatotrophs.

Extracellular Ca?*_on the GH responses to 8Br.cAMP and forskolin  Goldfish

undergoing gonadal recrudescence were used to prepare dispersed pituitary cells for static
incubation experiments. The membrane-permeant cAMP analog 8Br.cAMP (1 mM) and
the adenylate cyclase activator forskolin (10 pM) were stimulatory to GH release;
however, these GH responses were suppressed by incubation with Ca2+-deficient
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medium (Fig. 7.8). Similar to the results of the preceding studies, no significant

differences in basal GH levels were found between experiments using normal testing

medium and Ca2+-deficient medium.

Pituitary cells
were prepared from goldfish undergoing gonadal recrudescence. 8Br.cAMP (1 mM) and
forskolin (10 pM) induced a significant increase in GH release from pituitary cells under
static incubation (Fig. 7.9). These GH responses were suppressed in the presence of 10
KM nifedipine. Nifedipine alone did not affect basal GH release in the present study.

7.4 Discussion

The role of extracellular Ca2+ ([Ca2+]e) in DA Dl-stimulatcd GH release was
examined in the present study using goldfish pituitary cells. The GH responses to DA
and the D1 agonist SKF38393 werc abolished by using Ca2*-deficient medium
(supplemented with or without 0.1 mM EGTA), indicating that the availability of {Ca2+]e
is important for the GH-releasing actions of DA. The stimulatory actions of DA on GH
release were mimicked by pharmacological agents capable of inducing Ca2* entry into
goldfish pituitary cells, such as the Ca?*+ jonophore A23187 and the VSCC agonist Bay
K8644. Similar to DA D1-stimulated GH relcase, the GH responses to A23187 and Bay
K8644 were blocked by incubation with Ca2*-deficicnt medium. Previously, we have
demonstrated that the D1 agonist SKF38393 (1 pM) increases intracellular Ca2+ levus in
goldfish pituitary cells (Chang et al., 1993). In this study, the GH responses to DA and
SKF38393 were abolished by blocking [Ca2+*]e entry using a high dose of CoCl.
These results strongly indicate that the GH-releasing actions of DA are mediated through
Ca2+ influx from the extracellular sources. I mammals, the involvement of [Ca2+]e in
GHRH-stimulated GH release has been well documented (for review, see Frohman and
Jansson, 1986). In the rat, pharmacological agents capable of inducing Ca2+ entry, such
as A23187 and Bay K8644, are known to stimulate GH release from mixea populations
of pituitary cells (Drouva et al., 1988) and from purified somatotrophs (Kraicer and
Chow, 1982).

Administration of high doses of KCl is generally accepted to be a valid method to
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activate VSCC by causing membrane depolarization (Stojikovic et al., 1988). In the
goldfish, a high dosc of KCl (30 mM) increases the intracellular Ca2+ levels in mixed
populations of dispersed pituitary cells (Jobin and Chang, 1992b), indicating that this
treatment is also effective in inducing Ca2* entry via VSCC in the goldfish. In the
present study, millimolar doses of KCI (5 - 20 mM) were effective in stimulating GH
release from goldfish pituitary cells, suggesting that VSCC is involved in mediating GH
release in the goldfish. This idea is also in agreement with our findings that Bay K8644
was stimulatory to GH release from goldfish pituitary cells (see earlier discussion). Bay
K8644 is a dihydropyridine derivative known to activate VSCC in mammals (for review,
sec Tsien et al., 1991).

The possible involvement of VSCC in DA D1-stimulated GH release was also
cxamined in the present study. Blockade of [Ca2+]e entry via VSCC by the selective
Ca2* channel blockers nifedipine, nicardipine and verapamil inhibited the GH responses
to DA and the D1 agonist SKF38393. These observations strongly indicate that the GH-
releasing actions of DA are mediated through activation of Ca2* entry through the VSCC.
In mammals, the dihydropyridine (e.g., nifedipine and nicardipine) and phenylalkylamine
Ca2+ channel blockers (e.g., verapamil) are known to exert their inhibitory actions by
binding directly to the "L"-type VSCC (for review, see Catterall and Striessnig, 1992).
In the rat, "L"-type Ca2* currents characterized by high voltage activation and slow
inactivation have been identified in the somatotrophs (Lewis et al., 1988). In the
goldfish, Ca2+ currents that can be inhibited by nifedipine have been demonstrated in
mixed populations of pituitary cells (Chang et al., 1991). Although the inhibitory
actions of nifedipine, nicardipine and verapamil on DA D1-stimulated GH release have
been demonstrated in this study, the presence of "L"-type VSCC in the goldfish
somatotrophs is still not clear and awaits further investigation.

In other studies, we have demonstrated that the cAMP-dependent pathway is
involved in :he mediation of DA D1-stimulated GH release (Wong et al., 1993c). In the
present study, the GH responses to the membrane-permearit CAMP analog 8Br.cAMP
and the adenylate cyclase activator forskolin were suppressed by incubation with Ca2*-
deficient medium or with the dihydropyridine VSCC blocker nifedipine. Previously, we
have shown that the GH responses to forskolin can be reduced by the phenylalkylamine
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VSCC blocker verapamil (Chang et al., 1993). These results indicate that the GH
responses mediated by the cAMP-dependent pathway also involve the entry of {Ca2*]e
through VSCC. In mammals, GH release induced by activation of the ¢AMP-dependent
pathway is known to be Ca2+-dependent (Spence et al., 1980; Kraicer and Chow,
1982). In the rat, the GH-releasing effects of cAMP analogs, forskolin, and the
phosphodiesterase inhibitor IBMX can be inhibited by limiting [Ca2+]e in the culture
medium (Spence et al., 1980) or by using VSCC blockers (Bilezikjian and Vale, 1983).
Recently, cAMP analogs and forskolin have been shown to increase intracellular Ca2+
levels ([Ca2+}i) in the rat somatotrophs (Holl et al., 1989; Lussier er al., 1991h). Thesc
Ca?* responses can be abolished by lowering [CaZ+]e levels or by using VSCC blockers
(Lussier et al., 1991b). In the goldfish, we have demonstrated that the D1 agonist
SKF38393 stimulates cCAMP and GH release in a dose-dependent manner (Wong et al.,
1993c¢). We also reported that a micromolar dose of S¥ F38393 can elevate [Ca2+}j in
mixed populations of goldfish pituitary cells (Chang et al., 1993). It is likely that DA
D1-stimulated GH release is mediated by cAMP, which subsequently activates VSCC to
allow the entry of [Ca2+]e. This idea is consistent with the recent findings that cyclic
nucleotides, including cAMP, can activate membrane-bound ion channels either by
protein phosphorylation via protein kinases or by binding directly to ion channels (for
review, see Matthews, 1991).

In this study, we have also examined the role of VSCC in the acute GH response to
DA D1 stimulation using perifused goldfish somatotrophs. In these experiments, a high
dose {10 uM) of the VSCC blocker nifedipine could not completely abolish the GH-
releasing action of the D1 agonist SKF38393. These results suggest that a component of
the acute GH response to SKF38393 is independent of Ca2+ entry through VSCC. This
VSCC-independent component was only apparent within the first 5 min after SKF38393
administration. In the rat, the entry of [Ca2+]e via VSCC has been previously reported in
luteinizing hormone (LH) releasing hormone-stimulated LH release. Similarly, a VSCC-
independent component was observed during the initial phase of LH release, which was
subsequently confirmed to be the result of {Ca2+]i mobilization (for review, see Catt and
Stojikovic, 1989). Whether the VSCC-independent component of DA D1-stimulated GH

release was also the result of [Ca2*}i mobilization is still not clear. However, it is worth
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mentioning that activation of DA DI receptors is known to increase the production of
Inositol 1,4,5-trisphosphate (IP3) (Undie and Friedman, 1990), and IP3 is stimulatory to
Ca2* release from intracellular stores (for review, see Catt et al., 1991).

In conclusion, we have demonstrated that the entry of [Ca2+]e through VSCC is a
part of the signal transduction mechanisms mediating DA D1-stimulated GH release from
goldfish pituitary cells. Probably, this Ca2+ influx takes place after the production of
cAMP. The present study also provides evidence that the post-receptor cascades leading
to GH release from goldfish pituitary cells are similar to those observed in mammals.
Thesc observations strongly suggest that the signal transduction pathways mediating GH

release from the somatotrophs may be highly conserved during vertebrate evolution.
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Chapter 8

Independence of Dopamine DI-stimulated and
Protein Kinase C-induced Growth Hormone
Release from Goldfish Pituitary Cell 1

8.1 Introduction

The release of growth hormone (GH) in teleosts is known to be under both
stimulatory and inhibitory controls from the hypothalamus (for review, see Nishioka et
al., 1988). In the goldfish, GH release can be stimulated by salmon gonadotropin-
releasing hormone (sGnRH) (Marchant et al.,, 1989a) and inhibited by somatostatin
(SRIF) (Marchant et al., 1937). Recently, we have reported that the neurotransmitter
dopamine (DA) stimulates GH release from the goldfish pituitary through activation of
DA D1 receptors (Wong et al., 1992). The GH respcases to DA are additive to that of
sGnRH (Chang et al., 1990b; Wong et al., 1993c) and can be suppressed by SRIF
(Wong et al., 1993a,b). The GH-releasing actions of DA have a distinct pattern of
seasonality (Wong et al., 1992a,b), and long-term treatment with the DA agonist
apomorphine stimulates the body growth of goldfish (Wong et al., 1993b). These
findings strongly indicate that DA functions as a GH-releasing factor in the goldfish.

In mammals, especially in the rat, the protein kinase C (PKC) activators TPA and
DiC8 stimulate GH release from mixed populations of pituitary cells (Negro-Vilar and
Lapetina, 1985) and from purified somatotrophs (French et al., 1989). Recently, PKC
activity has been identified in the somatotrophs of the rat (French er al., 1991),
suggesting that PKC is involved in the mediation of GH release. In teleosts, the post-
receptor mechanism mediating GH secretion is still largely unknown. Our recent studies
have demonstrated that DA D1-stimulated GH release in the goldfish is mediated by the
cAMP- (Wong et al., 1993d) and Ca2+-dependent pathways (Wong and Chang, 1993).

1 A version of this chapter has been submitted for publication : Wong AOL, and
Chang JP (1993) Neuroendocrinology.
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The GH-releasing actions of cAMP in the goldfish are exerted mainly through the enzyme
protein kinase A (Wong er al.,, 1993d). Similar to the cases in mammals, the PKC
activators TPA and DiC8 are stimulatory to GH secretion from goldfish pituitary cells
(Chang et al., 1991). However, the possible involvement of PKC in DA D1-stimulated
GH release has not been addressed in these studies.

The present investigation examined the role of PKC in DA D1-stimulated GH
release in the goldfish. Goldfish pituitary cells were desensitized by TPA pretreatment to
deplete the endogenous PKC contents (Jobin and Chang, 1993; Jobin et al., 1993). The
GH-releasing actions of DA and the D1 agonist SKF383%_ were then tested using these
PKC desensitized cells. The involvement of PKC in this DA D1 action was also
investigated by using the selective PKC inhibitor H7. The results based on PKC
desensitization and inhibition by H7 were further confirmed by studying the possible
additivity of the GH responses to PKC- and DA D1-stimulation. Since cAMP is known
to be a second messenger for DA D1-stimulated GH release in the goldfish (Wong et al.,
1993d), the interactions between the cAMP- and PKC-dependent pathways in GH release

were also examined.

8.2 Materials and Methods

Animals  Goldfish of the common or comet varieties were purchased from Ozark
Fisheries (Stoutland, MO, USA) or Grassyforks Fisheries (Martinsville, IN, USA), and
maintained in flow-through aquaria (1,800 liters) at 17 °C under a simulated natural
photoperiod (Edmonton, AB, Canada) for at least 3 weeks prior to any experiments. The
fish were fed to satiation daily with Ewos trout pellets (Astra Chemicals Ltd.,
Mississauga, ONT, Canada). Goldfish of both sexes, with body weight ranging from 20
to 30 g, were used in the present study. Since the seasonality of DA D1-stimulated GH
release in the goldfish i:: “nown to be closely associated with the reproductive cycle
(Wong et al., 1993a,b), gonadal conditions of the fish are reported separately for
individual experiments. Gonadal conditions were determined by the gonadosomatic
index (GSI = weight of gonad / total body weight x 100 %) and the morphological
characteristics of the gonads (for details, see chapter 2).
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Reagents and test substances  Dopamine (DA) and 8-bromoadenosine 3':5'-cyclic
monophosphate (8Br.cAMP) were obtained from Sigma Chemical Company (St Louis,

MO, USA). Forskolin, sn-1,2-dioctanoyl glycerol (DiC8), and 12-O-tetradecanoyl 4f3-
phorbol-13-acetate (TPA) were purchased from Calbiochem Corporation (San Diego,
CA, USA). SKF38393 was obtained from Research Biochemicals Inc. (Wayland, MA,
USA). SKF38393, 8Br.cAMP, DiC8, TPA, and forskolin were first dissolved in a
minimal ariount of dimethyl sulfoxide (DMSO), and subsequently diluted to appropriate
concentraiions with medium M199. DMSO concentrations in the final solutions were
always less than 0.1 %, and did not affect basal GH release from goldfish pituitary cells
(Chang et al., 1990b). Aliquots of salmon gonadotropin-releasing hormone (sGnRH)
(Peninsula Laboratories Inc., Belmont, CA, USA) in 0.1 M acetic acid were frozen at -25
oC, and diluted to 100 nM solution with M199 immediately prior to use.

Preparation of dispersed pituitary cells  Dispersed pituitary cells from the goldfish were
prepared as described previously (Chang et al.,, 1990a). In brief, goldfish pituitaries

diced into fragments (=0.5 mm in thickness) were exposed to a controlled trypsin /
DNAse treatment. Pituitary fragments were then mechanically dispersed in Ca2+-
deficient medium (M199 with Hank's salts prepared without CaCl2, supplemented with
2.2 g/l sodium bicarbonate, 25 mM HEPES, 100,000 units penicillin/l, 100 mg
streptomycin/l, and 0.3 % BSA; pH 7.2, GIBCO), and harvested by centrifugation at
200x g for 10 min at 4 °C. Cell yield of the dispersion procedures was about 0.5 million
cells per pituitary, and the viability of pituitary cells was >94 % as assayed by the trypan
blue exclusion test. Pituitary cells enriched with somatotrophs were prepared by a
discontinuous density gradient as described by de Leeuw et al. (1984) with minor
modifications (Chang and Jobin, 1993). Mixed populations of dispersed pituitary cells,
which normally have about 20% of cells immunoreactive to GH antiserum, were gently
layered on the top of a discontinuous Percoll gradient (with 40, 50, 60, 70, and 80 %
Percoll, Pharmacia) and centrifuged at 1400x g for 25 min at 17 °C. After centrifugation,
pituitary cells collected at the interphase between 60 and 70 % Percoll were found to have
the highest amount of cells immunoreactive to GH antiserum (=70 %). Viability of this
enriched somatotroph preparation after Percoll density gradient separation was always

208



>92 % as indicated by the trypan blue exclusion test. Since the cell yield of enriched
somatotroph preparations was rather low (about 0.07 million cells per pituitary), mixed
populations of goldifish pituitary cells were used in most of the experiments in the
present study.

Static incubation of pituitary cells Mixed populations of pituitary cells or cells from the

enriched somatotroph preparation were resuspended in plat: 1g medium (M199 with
Earle's salts, supplemented with 2.2 g/l sodium bicarbonate, 25 mM HEPES, 100,000
units penicillin/l, 100 mg streptomycin/l, and 1 % horse serum; pH 7.2, GIBCO), and
cultured in 24-well Falcon Primaria plates (Becton Dickinson & Company, NJ, USA) at
a density of 0.25 million cells/ml/well. After overnight incubation (15-18 hr) at 28 °C
under 5% CO2 and saturated humidity, the culture medium was replaced by testing
medium (M199 with Hank's salts, supplemented with 2.2 g/l sodium bicarbonate, 25
mM HEPES, 100,000 units penicillin/l, 100 mg streptomycin/l, and 0.1 % BSA; pH 7.2,
GIBCQ). Diug treatment was initiated by adding testing medium with tbe appropriate
concentrations of test substances. Following a further incubation of 2 hours, 500 pl of
testing medium was carefully removed from individual culture wells, and stored ax -25 °C
until their GH contents were assayed by a RIA previously validated for the measurement
of goldfish GH (Marchant et al., 1989b). All treatments were carried out in
quadruplicate in the same experiment, and each experiment was repeated at least 3 times.
For PKC-desensitization rxperiments, pituitary cells were exposed to TPA (10 nM) for 4
hours prior to drug treatments to deplete the cellular PKC contents as described by Jobin
and Chang (1993). Pretreatment with 0.1 % DMSO, the solvent for TPA, for 4 hours
was used as the control for these experiments. The procedures for PKC desensitization
did not alter the viability of pituitary cells. GH data reported in the present study were
expressed as a percentage of the basal GH release in control wells without any drug
treatment (as "% control"), and were pooled for statistical analysis.

Perifusion of pituitary cells Mixed populations of pituitary cells were resuspended in
plating medium, and incubated with preswollen cytodex beads (Cytodex I, Sigma) at 28
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oC under 5 % CO2 and saturated humidity. Cell attachment on cytodex beads was >95 %
after overnight incubation (15-18 hr). To down-regulate cellular PKC contents, pituitary
cells were incubated with 10 nM TPA for 4 hours prior to the perifusion experiments.
Incubation with 0.1 % DMSQO, the solvent for TPA, was used as the control for PKC
desensitization. Following the pretreatment with TPA or DMSO, cytodex beads with
pituitary cells attached were loaded into 0.5 ml micro-coiumns (=2 million cells/ column;
ACUSYST-S™, Endotronics Inc., Minneapolis, Minn., USA) as described previously
(Chang et al., 1990a). The total dead volume of the perifusion system was about 1.7
ml. Pituitary cells were then perifused with testing medium at a flow rate of 15 ml/hr.
After 3 hours of perifusion, basal GH release from pituiiary cells remained relatively
stable in the absence of any stimulation. Tesi substances ‘vere then added from a drug
reservoir into the perifusion column through a 3-way stopcock. Perifusates from each
column were collected in 5-min fractions, and stored at -25 °C until their GH contents
were assayed. GH data were transformed into "% pretreatment” as defined previously
(Wong et al., 1992). In brief, GH data from each individual column were expressed as
a percentage of the mean GH contents of the first 6 fractions of perifusates at the
beginning of the perifusion experiment (i.e., prior to the addition of test substances).
This transformation was done to allow pooling of GH data from separate columns of the
same experiment without distorting the profile of hormone release. GH responses were
quantified by calculating the nei change in GH release (i.e., area under the curve) after a

particular drug treatment (for details, see chapter 2).

Data analysis and statistics GH data were analyzed by Student's ¢ test, or by analysis
of variance (ANOVA) followed by Fisher's least significant difference (LSD) test.

Differences were considered significant when P<0.05.

8.3 Results
GH-release responses of pituitary cells after PKC desensitization Pituitary cells for

perifusion experiments were prepared from goldfish undergoing gonadal regression.
TPA pretreatment significantly reduced the GH responses to subsequent stimulation by
TPA (1 nM) and DiC8 (10 uM), but not that of forskolin (1 uM) (Fig. 8.1). The same
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treatment was also effective in blocking the GH responses to sGnRH (100 nM);
however, the GH-releasing actions of DA (1 uM) and the D1 agonist SKF38393 (1 uM)
were not affected (Fig. 8.2). In these perifusion studies, TPA pretreatment did not alter
the basal GH release (see legends of Fig. 8.1 and 8.2). Similar experiments were also
conducted using goldfish pituitary cells under static incubation (Fig. 8.3). The pituitary
cells for this study were prepared from goldfish in late stages of gonadal regression.
Similar to the results of perifusion studies, TPA pretreatment suppressed the GH
responses t0 TPA (10 nM) and DiC8 (0.1 mM), without affecting the GH release induced
by DA (1 uM), SKF38393 (1 uM), 8Br.cAMP (1 mM) and forskolin (10 puM). In these

experiments, basal GH levels were reduced by previous exposure to TPA.

Blocking PKC pathway by H7 on the GH-release responses of pituitary cells  Pituitary
cells were prepared from goldfish undergoing gonadal recrudescence. Using mixed
populations of goldfish pituitary cells, the PKC inhibitor H7 at 20 uM dose suppressed
the GH responses to DiC8 (0.1 mM) but not that of 8Br.cAMP (1 mM) (Fig. 8.4). Ina
separate study using an enriched somatotroph preparation, H7 at the same dose was not
effective in blocking the GH responses to 1 uM SKF38393 (Fig. 8.5).

Additivity of the GH responses induced by DA agonists and PKC activation  If PKC is
involved in DA DI-stimulated GH release in the goldfish, it is likely that the GH

responses to PKC activation and DA D1 stimulation will not be additive. To test this
hypothesis, the additivity of SKF38393- and DiC8-stimulated GH release was examined
using pituitary cells prepared from goldfish in gonadal regression (postspawning). The
D1 agonist SKF38393 stimulated GH release in a dose-dependent manner (Fig. 8.6A).
The GH responses to various doses of SKF38393 were enhanced in the presence of 0.1
mM DiC8 by an average of 88 + 2 % control, which was not significantly different from
the mean GH response to 0.1 mM DiC8 alone (83 £ 5 % control). In a reciprocal
experiment, increasing concentrations of DiC8 stimulated GH release in a dose-related
manner (Fig. 8.6B). In the presence of 1 uM SKF38393, the dose-response curve of
DiC8-stimulated GH release shifted upward by an average of 63 £ 1 % control. Again,
this enhancement of GH response was not different from that of 1 uM SKF38393 alone
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(60 £ 7 % control). Similarly, in experiments using cell preparations enriched with
somatotrophs (Fig. 8.5), the GH responses to 1 uM SKF38393 was also enhanced by
0.1 mM DiC8 in a magnitude (89 £ 15 % control) not different from the net GH respense
to DiC8 alone (90 £ 7 % control).

In a separate study, the GH releasing action of the DA agonist apomorphine (1 uM)
was tested in the presence of forskolin (10 uM) and TPA (100 nM), respectively (Fig.
8.7). According to our previous dose-response studies (Chang et al., 1991; Wong et
al., 1993d), these doses of forskolin and TPA are known to induce the maximal GH-
release responses of the corresponding drugs. In the present study, apomorphine,
forskolin and TPA are all effective in elevating basal GH release from goldfish pituitary
cells. The GH response to apomorphine in the presence of 100 nM TPA was enhanced
by an average of 76 £ 9 % control, which was not different from the net GH response to
TPA alone (85 £ 25 % control). In contrast, apomorphine (1 pM) could not further
stimulate GH release in the presence of 10 uM forskolin. These results, taken together,
indicate that the GH-releasing actions of PKC- and DA D1-stimulation are independent
and additive at the pituitary cell level.

Additivity of GH release mediated by the PKC- and cAMP-dependent pathwa Since
DA D1-stimulated GH release in the goldfish is mediated mainly by cAMP (Wong et al.,
1993d), the additivity of GH reponses to the PKC- and cAMP-dependent pathways was
also examined (Fig. 8.8). The experiments were performed using pituitary cells prepared

from goldfish at different reproductive stages throughout the year. Forskolin (10 uM)
and 8Br.cAMP (1 mM), the stimulators for the cAMP-dependent pathway, were effective
in stimulating GH release from goldfish pituitary cells. Their GH responses were further
enhanced by simultaneous treatment with the PKC activators TPA (100 nM) and DiC8
(0.1 mM). The magnitude of these enhancements (199 + 23 % control for TPA, 181
16 % control for DiC8) was similar to the net GH responses to TPA or DiC8 alone (171
1 37 and 166 + 31 % control, respectively). These results indicate that the GH responses
mediated by the PKC- and cAMP-dependent pathways are additive at the pituitary cell
level. In this study, the stimulators for the PKC- (i.e., TPA and DiC8) and cAMP-
dependent pathways (i.e., forskolin and 8Br.cAMP) were administered at doses known
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to induce the respective maximal GH-release responses (Chang et al,, 1991; Wong et
al., 1993d).

8.4 Discussion

Previously, we have shown that activation of PKC stimulates GH release in the
goldfish (Chang er al., 1991). In the present study, TPA and DiC8, two known
activators for PKC activity in mammals, were found to be stimulatory to GH release from
goldfish pituitary cells. These results indicate that the PKC-dependent pathway is a part
of the signal transduction system mediating GH release in the goldfish. The possible
involvement of PKC in DA DI-stimulated GH release was then investigated using
goldfish pituitary cells pretreated with TPA to deplete the endogenous PKC contents.
TPA pretreatment using pituitary cells from mammals is known to cause a loss of
responsiveness to exogenous PKC activators, a reduction of extractable PKC activity,
and a drop in binding sites for phorbol esters (for review, see McArdle and Conn, 1989).
Similar TPA pretreatment also reduces the amount of PKC immunoreactivity in goldfish
pituitary cells (Jobin et al., 1993). In this study, previous exposure to TPA blocked the
GH responses to subsequent stimulation by TPA and DiC8, but not that of forskolin and
8Br.cAMP, indicating that TPA-induced down-regulation of PKC contents selectively
affects the PKC- but not the cAMP-dependent pathway. Although the procedures for
PKC desensitization have been shown to reduce GH contents in goldfish pituitary cells
(Jobin and Chang, 1993), the presence of distinct GH responses to forskolin and
8Br.cAMP in TPA-pretreated cells strongly argues that the releasable pool of GH was not
severely affected by the depletion of PKC. This is also in agreement with the general
observation that GH release as a response to stimulation (e.g., sGnRH) only represents a
small fraction (<0.5%) of the total cellular GH contents in goldfish pituitary cells (R.M.
Jobin, personal communication).

In the goldfish, sGnRH is known to stimulate GH release via the PKC-dependent
pathway (Chang et al., 1991). This is confirmed by the present demonstration that PKC
desensitization induced by TPA pretreatment blocked the GH responses to sGnRH.
However, a similar TPA pretreatment had no effects on the GH responses to DA and the
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D1 agonist SKF38393, suggesting that PKC may not be involved in the post-receptor
mechanisms of this DA D1 action. This idea is supported by the present findings that
SKF38393-stimulated GH rclease was not affected by the PKC inhibitor H7. Incubation
with H7 suppressed the GH releasing actions of the PKC activator DiC8 but not that of
thec cCAMP analog 8Br.cAMP, indicating that H7, at the dose used, is a selective inhibitor
for the PKC- but not the cAMP-dependent pathway in the goldfish. The lack of PKC
involvement in DA D1-stimulated GH release is also consistent with our demonstrations
that the abilities of SKF38393 and DiC8 to induce GH release were additive at the
pituitary cell level. Similar additivity was also observed between the GH-releasing
actions of the ['A agonist apomorphine and TPA. In the goldfish, apomorphine is
known to stimulate GH r~lcase through activation of DA D1 receptors (Wong et al.,
1993b).

The additivity of GH responses to PKC- and DA D1-stimulation also suggests that
GH release in the goldfish is mediated by at least two separate post-receptor mechanisms.
Previously, we have shown that DA D1-stimulated GH release is mediated primarily by
the cAMP-dependent pathway (Wong et al., 1993d; see chapter 6). This is in agreement
with the present demonstration that apomorphine failed to enhance GH release in the
presence of a maximal stimulatory dose of forskolin. Therefore, we speculate that the
GH-releasing action of the cAMP-dependent pathway, which is coupled to DA D1
receptors, acts in parallel with that of the PKC-dependent pathway to stimulate GH
release. This hypothesis is supported by our findings that the GH responses to forskolin
and 8Br.cAMP were additive to that of the PKC activators TPA and DiC8. Since the
involvement of PKC in sGnRH-stimulated GH release has been confirmed in the present
study (see earlier discussion), it is conceivable that stimulated GH release from goldfish
pituitary cells is mediated by two independent pathways, the cAMP-dependent pathway
coupled to DA D1 receptors and the PKC-dependent pathway coupled to sGnRH
receptors. This idea is also consistent with our previous findings that the GH-releasing
action of DA is independent and additive to that of sGnRH (Wong et al., 1993c; see
chapter 4).

Taken together, the present study demonstrated that PKC is not involved in DA D1-
stimulated GH release in the goldfish. However, we have confirmed that PKC functions
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as a second messenger mediating the GH response to SGnRH. The GH-releasing actions
mediated by the CAMP- and PKC-dependent pathways in goldfish pituitary cells were
found to be independent and additive to each other. These findings, as a whole, are
consistent with our previous hypothesis (Wong er al., 1993c; sec chapter 4) that the
independent actions of DA and sGnRH to stimulate GH release in the goldfish can be
explained by two separate post-receptor mechanisms,
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Fig. 8.3 PKC desensitization on the GH responses to dopamine and TPA
(A), SKF38393 and DiC8 (B), and 8Br.cAMP and forskolin (C) using
goldfish pituitary cells under static incubation. PKC desensitization was
gcrfonned by pretreating the pituitary cells with 10 nM TPA for 4 hours.
imilar treatment with 0.1 % DMSO was used as the control. GH data are
expressed as % control, and pooled from three separate experiments (mean
+ SEM, n = 12). The average GH levels in the "control wells" for the
TPA- and DMSO-pretreated groups were 359 1 28 and 504 1 53 ng/ml,
respectively. The insets on the right represent the net GH responses to
drug treatmeants, quantified as the difference of the GH levels between the
treatment group vs that of the corresponding "control” group. Drug
treatments giving a similar magnitude of GH responses are grouped within
the same underscore (P>0.05, ANOVA followed by Fisher's LSD test).
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Chapter 9
General Discussion

In the present chapter, the major findings of this thesis are summarized. One of the
novel obscrvations of our current studies is the involvement of dopamine (DA) D1
receptors in the mediation of DA-stimulated growth hormone (GH) release from the
goldfish pitvitary. Using an in vitro perifusion system for goldfish pituitary fragments,
we have provided extensive pharmacological evidence (see chapter 2) that DA stimulates
GH relcase from the goldfish pituitary in a dose-dependent manner, and that this
stimulatory action of DA can be mimicked by the D1 agonists SKF38393, SKF77434
and SKF82958, but not the D2 agenists bromocriptine and LY171555. The GH
responscs to DA and the D1 agonist SKF38393 can be blocked by the D1 antagonists
SCH23390 and SKF83566; whereas the D2 antagonists domperidone and (-)sulpiride are
not effective in this regard. A similar D1 specificity for DA-stimulated GH release in the
goldfish was also demonstrated by in vivo studies using intraperitoneal (ip) injection of
the non-selective DA agonist apomorphine and the D1 agonist SKF82958 (see chapter 3).

The stimulatory actions of DA on GH release in the goldfish are exerted directly at
the pituitary cell level. This is supported by our findings that DA and the D1 agonist
SKF38393, but not the D2 agonist LY17155S5, stimulate GH release from mixed
populations of pituitary cells (see chapters 3, 5, 6 and 7) and cell preparations enriched
with somatotrophs (see chapters 5 and 6). In the goldfish, DA is known “~ be a
gonadotropin (GTH)-release inhibitor (see chapters 2, 3, and 4; for reviews, see Peter et
al., 1986; Peter et al., 1990). Its inhibitory actions on basal and GTH-releasing
hormone (GnRH)-stimulated GTH-II release are mediated through DA D2 receptors in
the pituitary (Omeljanivk et al., 1987; Omeljaniuk et al., 1989). The present
demonstration of DA D1-stimulated GH release from goldfish pituitary cells provides a
unique model for neuroendocrine regulation in vertebrates. In this model, the
neurotransmitter DA differentially regulates the release of two distinct hormones, GH and
GTH-II, in the same location (i.e., the anterior pituitary of the goldfish) through two
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different receptors, the D1 and D2 receptors, respectively.

Previously, a preoptico-hypophyseal dopaminergic pathway has been identified in
the goldfish (Kah er al., 1986; Kah et al., 1987), and DA nerve terminals are frequently
recognized in close proximity to the somatotrophs (Kah et al., 1984). These
observations provide anatomical evidence for the involvement of DA in GH regulation of
the goldfish. In the present study, the role of DA as a physiological GH-releasing factor
in the goldfish was confirmed, for the first time, using both in vivo and in vitro
approaches. Firstly, we have demonstrated that DA-stimulated GH release in the
goldfish exhibits a distinct pattern of seasonality (see chapter 3 and Appendix I). In our
in vitro perifusion studies, the sensitivity and responsiveness of goldfish pituitary
fragments to DA stimulation were the highest in sexually regressed fish, intermediate in
recrudescent fish, and the lowest in prespawning (or sexually mature) fish, Secondly,
administration (ip) of the D1 antagonist SCH23390 suppressed the plasma GH levels in
goldfish undergoing gonadal recrudescence (see chapter 3). These results indicate that
DA D1 receptors are involved in the maintenence of basal GH relcase, at least during the
period of sexual recrudescence. This is consistent with the previous findings that serum
GH levels in the goldfish can be suppressed by treatment (ip) with the catecholaminergic
neurotoxin, 6-hydroxydopamine, and the catecholamine synthesis inhibitor, a-methy|-
p-tyrosine (Chang et al., 1985). Thirdly, feeding goldfish in gonadal recrudescence
with trout pellets pretreated with apomorphine increased plasma GH levels and the rate of
body growth (see chapter 3). Using repeated injections (ip) of apomorphine (see
Appendix I, similar results on GH release and the linear growth rate were also observed
in goldfish undergoing gonadal regression. These observations are in agrecment with
our hypothesis that DA functions as a GH-releasing factor in the goldfish,

The physiological role of DA as a GH-releasing factor is further substantiated by
studying the interactions of DA with other GH regulators in the goldfish. SRIF is known
to inhibit basal and stimulated GH release in the goldfish, both in vivo (Cook and Peter,
1984; Marchant et al., 1989b) and in vitro (Marchant et al., 1987; Marchant et al.,
1989b). In the present study, the GH responses to DA, the DA agonist apomorphine,
and the D1 agonist SKF38393 were blocked by simultaneous treatment with SRIF (see
chapters 3, 4 and 5). This inhibitory action of SRIF was exerted directly at the pituitary
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cell level, as SRIF attenuated both basal and DA-stimulated GH release from mixed
populations of pituitary cells (sec chapter 3) and pituitary cell preparations enriched with
somatotrophs (sce chapter 5). Besides SRIF, the neurotransmitters serotonin (SHT) and
norepinephrine (NE) are also capable of inhibiting GH release from the goldfish pituitary
(Chang et al., 198S; Peter et al., 1990; Somoza and Peter, 1991). Using perifused
goldfish pituitary fragments and pituitary cells, we have demonstrated that SHT and NE
suppressed basal GH release and the GH responses to DA and the D1 agonist SKF38393
(see Appendix II), indicating that the inhibitory actions of SHT and NE are exerted
directly at the pituitary cell level. NE appears to be more effective than SHT in inhibiting
DA D1-stimulated GH releasc; NE at 5 uM dose completely abolished, whereas a similar
dose of SHT only partially reduced the GH responses to 1 uM SKF38393 (Appendix II).

Salmon GnRH (sGnRH) is stimulatory to GH release in the goldfish (Marchant et
al., 1989b; Habibi et al., 1992). The GH response to sGnRH is also seasonal, being
the highest in sexually mature fish, intermediate in recrudescent fish, and the lowest in
sexually regressed fish (see Appendix III). In the current study, the GH-releasing
actions of sGnRH and DA were found to be independent and additive to each other (see
chapter 4). Our in vitro perifusion studies also indicate that the GH responses to DA and
sGnRH are under the modulation of some unknown gonadal factors. In prespawning (or
sexually mature) goldfish, the magnitude of GH responses to DA stimulation was
significantly enhanced in both male and female fish after surgical removal of the gonads.
However, the reverse was true for the GH responses to sGnRH (see chapter 4). It is
likely that the gonads of goldfish, probably by the release of gonadal factors, exert
differential actions on the GH-releasing effects of sGnRH and DA, being stimulatory to
sGnRH and inhibitory to DA, respectively. This hypothesis is also consistent with the
scasonality of DA- (see chapter 3) and sGnRH-stimulated GH release observed in the
goldfish (see Appendix III). Taken together, the specific pattern of interactions between
DA and other GH regulators in "¢ goldfish, including SRIF, sGnRH, SHT, NE and
gonadal factor(s), stongly suggests that DA is an integral part of the complex GH
neuroendocrine regulatory system.

Besides DA and sGnRH, other neuroendocrine factors, such as neuropeptide Y
(NPY) and thyrotropin-releasing hormone (TRH), have been demonstrated to have GH-
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releasing actions in the goldfish. NPY is more effective in stimulating GH release in
sexually mature (=prespawning) goldfish, and is less effective in fish undergoing
gonadal regression (Peng er al., 1990). TRH stimulates GH release in both sexually
mature and regressed goldfish, although the sensitivity to TRH stimulation is higher in
sexually mature goldfish (Trudeau et al., 1992). More recently, a GH-releasing
hormone (GHRH) has been isolated from the common carp, and found to have GH-
releasing activity in the goldfish (Vaughan er al., 1992). This carp GHRH stimulates
GH release in goldfish undergoing gonadal regression; however, it is not effective in
stimulating GH releasc in goldfish undergoing gonadal recrudescence or maturation (.
Peng and R.E. Fzter, unpublished results). Probably, these ncuroendocrine factors,
together with DA, sGnRH, SRIF and gonadal factors, interact in a time-specific manner
throughout ! eproductive cycle to regulate GH secretion in the goldfish (Fig. 9.1).
Inthe g . ish, scrum GH levels increase during gonadal recrudescence in carly
spring, rec © “igh levels throughout the spawning and post-spawning scason from
spring toeaw,,  amer, and gradually retumn to low levels in late summer when the fish
become sexually regressed (Marchant and Peter, 1986). SRIF contents in the
hypothalamus, however, exhibit an inverse relationship with respect to the serum GH
levels, being the highest in sexually regressed fish and the lowest in sexually mature
(=prespawning) fish (Marchant et al., 1989a). During the winter months, when the
gonads are regressed, the goldfish pituitary is sensitive to the stimulation of DA, sGnRH,
GHRH, and TRH. However, serum GH levels are relatively low, presumably because
of a high SRIF inhibitory tone from the hypothalamus. Since the GH-relcasing effects of
DA and GHRH are the highest in sexually regressed goldfish (Wong et al,, 1993a,b; C.
Peng and R E. Peter, unpublished results), it is likely that these two GH-releasing factors
are relatively important in maintaining the basal GH levels at this timc. During the period
of gonadal recrudescence (late winter to early spring), the combined effects of a high
responsiveness to DA stimulation and a concurrent drop in SRIF inhibitory tone may be
involved in the rise of serum GH levels observed in the goldfish at this stage. This is
consistent with our previous findings that plasma GH levels in sexually recrudescent
goldfish could be suppressed by the D1 antagonist SCH23390 (Wong et al., 1993a; see
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chapter 3). TRH may also contribute to this increase in GH levels, as the sensitivity of
the goldfish pituitary to TRH stimulation is gradually increasing when the gonads become
more sexually mature (Trudeau et al., 1992). During the spawning season (from mid
spring to early summer), when the goldfish is in the prespawning stages, the
predominant role of DA as a GH-releasing factor is presumably replaced by sGnRH,
NPY and TRH. This switch in functional predominance is under the influence of the
gonads, which potentiates the GH-releasing effects of sGnRH, NPY and TRH, and at
the same time attenuates the stimulatory actions of DA. These changes happen at the time
when SRIF levels in the hypothalamus are low, and therefore high serum GH levels are
observed. Since the magnitude of GH responses to TRH is in general smaller than that
of sGnRH and NP (Trudeau et al., 1992; Peng et al., 1990; Marchant er al., 1989a),
it is likely that sGnRH and NPY are the major factors maintaining thc high GH levels
found during the spawning season. In the late summer and autumr months, a build up of
SRIF inhibitory tone in the hypothalamus, together with the decrease in gonadal influence
due to the regression of post-spawning gonads, gradually returns the serum GH
concentrations to a relatively low level.

The proposed model (Fig. 9.1) is intended to serve as a working model for future
investigations of GH seasonality in the goldfish. In this model, two particular aspects
have not been addressed. Firstly, the gonadal factor(s) responsible for the differential
modulation of the GH-releasing activities by DA, TRH, NPY and sGnRH has not been
included. In the goldfish, implantation with estradiol is known to increase basal GH
levels (Trudeau et al., 1992) and enhance the GH responses to NPY (C. Peng, personal
communication), sGnRH and TRH (Trudeau er al., 1992). Elevation of serum
estradiol, testosterone and 17a1,20B-dihydroxy-4-pregnen-3-one levels has been reported
in sexually mature goldfish (Kobayashi er al., 1986; Kobayashi et al., 1987), and this
increase of steroid levels occurs at a tin.e when the GnRH receptor capacity in the
pituitary is the highest (Habibi ez al., 1989). Whether sex steroids are the causative
agents for the switch from DA to TRH, NPY and sGnRH as the major GH-releasing
factors during the prespawning period still needs to be confirmed. Secondly, the
temporal relationship of TRH, NPY and sGnRH as the functional GH-releasing factors

during the spawning season has not been dis~1ssed in the model. In the goldfish,
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elevation of serum estradiol levels occurs prior to that of testosterone during the
prespawning period (Kobayashi et al., 1986). In contrast to the potentiating effects of
estradiol, testosterone is not effective in enhancing the GH responses to sGnRH and
TRH (Trudeau et al, 1992). However, testosterone implantation is effective in
potentiating the GH responses 1o NPY (C. Peng, personal communication). Although
the model proposed (Fig. 9.1) has been simplified by assuming that these 3
neuropeptides have a similar time course of actions on GH release throughout the
reproductive cycle, we do not exclude the possibility that each of them may operate in an
independent and time-specific manner during the spawning season. Although serotonin
(Somoza and Peter, 1991) and norepinephrine (Chang et al., 1985; Peter et al., 1990)
are known to inhibit GH secretion in the goldfish, the seasonality of these two factors on
GH release has not been studied, and therefore, they are not included in the propoécd
model.

In the current study, we have demonstrated, for the first time, the presence of DA
D1 receptor binding sites in the goldfish pituitary (se¢ chapter 5). This is a novel finding
in the field of comparative endocrinology, as DA D1 receptors have not previously been
identified in the pituitary of vertebrates. In the goldfish, the distribution of D1 receptors
overlaps with that of somatotrophs in the pars distalis (see chapter 5), and activation of
D1 receptors stimulates GH release from pituitary fragments (see chapters 2, 3 and 4),
mixed populations of pituitary cells (see chapters 3, 4 and 5), and cell preparations
enriched with somatotrophs (see chapters 5 and 6). These results indicate that DA D1
receptors are present in the somatotrophs and mediate DA-stimulated GH release in the
goldfish. Furthermore, the goldfish D1 receptors exhibit a binding affinity, stereo-
selectivity and rank order of ligand specificity comparable to that of the mammalian D1
systems, suggesting that DA D1 receptors are highly conserved during vertebrate
evolution (for a review on the pharmacology of mammalian D1 receptors, see Neumeyer
et al, 1992).

The signal transduction mechanism involved in DA D1-stimulated GH release was
also examined using dispersed goldfish pituitary cells. In mammals, especially in the rat,
DA D1 receptors are known to be positively coupled with the cAMP-dependent pathway
(Battaglia et al., 1986; Monsma et al., 1990). In the goldfish, the D1 agonist
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SKF38393, but not the D2 agonist Y171555 stimulated GH and cAMP release from cell
preparations enriched with somatotrophs (see chapter 6). Moreover, the GH-releasing
actions of DA and SKF38393 could be mimicked by the adenylate cyclase activator
forskolin, the phosphodiesterase inhibitor IBMX, as well as the membrane permeant
cAMP analogs. These results indicate that an increase in the intracellular cAMP levels
can initiate GH exocytosis from goldfish pituitary cells (see chapter 6). This is also
supported by our findings that GH release could be induced by activating adenylate
cyclase indirectly via the G proteins using pertussis toxin and cholera toxin (see chapter
6). Furthermore, the GH responses to the D1 agonist SKF38393 were abolished by the
protein kinase A (PKA) inhibitor H89 as well as by saturating the cAMP-dependent
pathway with the cAMP analog 8Br.cAMP (see chapter 6). These observations provide
strong evidence that DA D1-stimulated GH release in the goldfish is mediated by the
adenylate cyclase-cAMP-PKA pathway.

In the current study, the presence of a Ca2*-dependent component in DA D1-
stimulated GH release has been demonstrated. The GH-releasing actions of DA and the
D1 agonist SKF38393 were completely abolished in a Ca2*-deficient medium, indicating
that the presence of extracellular Ca2* is essential for DA D1-stimulated GH release (see
chapter 7). Inducing Ca2* entry by using the Ca2* ionophore A23187, the voltage-
sensitive Ca2+ channel (VSCC) agonist Bay K8644, and by activating VSCC directly
using a high, depolarizing dose of K*, are all stimulatory to GH release from goldfish
pituitary cells (see chapter 7). This is consistent with the previous findings by Chang and
de Leeuw (1990) that the entry of extracellular Ca2+ is a part of the second messenger
system meciating GH secretion in the goldfish. The involvement of VSCC in DA D1
actions in the goldfish has also been indicated in the present study. The GH responses
to DA and SKF38393 could be blocked by the VSCC blockers, such as nifedipine,
nicardipine and verapamil, as well as by a high dose of CoCl2, which is a known
competitive inhibitor for Ca2* entry through VSCC (see chapter 7). This is in agreement
with the recent finding that SKF38393 stimulates an increase in intracellular Ca2+ levels
in goldfish pituitary cells preloaded with Fura-2 (Chang et al.,, 1993). In mammals,
especially in the rat, interactions between the cAMP- and Ca2*-dependent pathways in the
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regulation of GH release have been reported (Narayanan et al., 1989; Lussier et al.,
1990a,b,c). In the goldfish, it has been shown that the GH responses to forskolin and
8Br.cAMP could be suppressed by incubation with Ca2+*-deficient medium or by the
VSCC blocker nifedipine (see chapter 7). These results strongly indicate that the entry of
extracellular Ca2+ through VSCC is a part of the signal transduction mechanism
mediating DA D1-stimulated GH release in the goldfish. Probably, this Ca2+ influx takes
place after the activation of the cAMP-dependent pathway.

The possible involvement of the Ca2*- and phospholipid-dependent enzyme protein
kinase C (3’K€} inn DA D1-stimulated GH release was also investigated in the goldfish.
Depleting <t x-2ous PKC contents in goldfish pituitary cells by pretrcatment with the
phorbol ester TPA (Jobin et al., 1993) significantly suppressed and totally abolished the
GH responses to subsequent challenges by TPA and the diacylglycerol analog DiC8,
respectively. However, a similar TPA pretreatment had no effects on the net GH
responses to DA and the D1 agonist SKF38393 (see chapter 8). In the present study, the
PKC inhibitor H7 was effective in blocking the GH releasing actions of the PKC
activator DiC8, but not the GH responses to SKF38393. Furthermore, -~ GH-releasing
actions of DiC8 were found to be additive to that of DA and SKF38393 (sce chapter 8).
These results, taken together, suggest that the PKC-dependent pathway is not a part of
the second messenger system mediating DA D1-stimulated GH release in the goldfish.

The present study provides strong evidence that the second messenger CAMP, but
not PKC, mediates the GH responses to DA D1-stimulation in the goldfish (sec chapters
6 and 8). The additive effects of DiC8 and the D1 agonist SKF38393 on GH release (sec
chapter 8) also suggest that the cAMP- and PKC-dependent pathways may act
independently in mediating GH secretion from the goldfish pituitary. This hypothesis is
confirmed by the findings that the GH-releasing actions of forskolin and 8Br.cAMP, two
known activators for the cAMP-dependent pathway, were additive to that of the PKC
activators TPA and DiC8 (see chapter 8). Furthermore, the net GH responses to
forskolin and 8Br.cAMP were not affected by TPA-induced PKC desensitization in
goldfish pituitary cells (see chapter 8). This is in agreement with the recent report by
Jobin and Chang (1993) that the GH-releasing actions of forskolin can not be reduced by
depleting the PKC contents of goldfish pituitary cells.
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In the current study, consistent with the previous findings by Chang ez al. (1991a),
TPA and DiC8 were found to be stimulatory to GH release from goldfish pituitary cells
(see chapter 8). Although PKC is not a second messenger for DA D1 actions, these
results suggest that PKC may be involved in the GH responses of another GH-releasing
factor(s). Onc possible candidate for such a GH-releasing factor in the goldfish is
GnRH. Two forms of GnRHs, namely sGnRH and chicken GnRH-II (cGnRH-II),
have been identified in the hypothalamo-pituitary axis of the goldfish (Yu et al., 1988).
Both of them are stimulatory to GH release (Marchant et al., 1989b; Habibi et al.,
1992) and competes for the same GnRH binding sites in goldfish somatotrophs (Cook et
al., 1991). In the present study, the GH-releasing actions of sGnRH were found to be
independent and additive to that of DA (see chapter 4). Previously, it has been shown
that the GH responses to prolonged stimulation (2 hr) of sGnRH can be blocked by the
PKC inhibitor H7 (Chang et al., 1991a) and by TPA-induced PKC down-regulation
(Jobin and Chang, 1993). Similarly, in this study, the acute GH response to short-term
stimulation (5 min) of sGnRH was abolished by prior depletion of cellular PKC contents
(see chapter 8), confirming that PKC mediates sGnRH-stimulated GH release in the
goldfish. !nterestingly, our recent experiments have shown that sGnRH stimulation does
not alter cAMP production in goldfish pituitary cells (Chang et al., 1992), indicating that
the cAMF-dependent pathway is not involved in the signal transduction mechanism of
sGnRH. Based on these observations, a model (Fig. 9.2) is proposed in this chapter to
describe the interactions of cAMP, PKC, and Ca2* in mediuting DA D1- and sGnRH-
stimulated GH release in the goldfish.

In this model, GH release from goldfish somatotrophs can be mediated by at least
two parallel pathways, the cAMP-dependent pathway coupled to DA D1 receptors and the
PKC-dependent pathway coupled to GnRH receptors, as well as an interactive Ca2*
entry component mediating the GH-releasing actions of cAMP and PKC. DA stimulates
cAMP synthesis by activating adenylate cyclase through I™ 4 D1 receptors. The coupling
between D1 receptors and adenylate cyclase is probably mediated via the G proteins,
since the bacteriotoxins, cholera toxin and pertussis toxin, were effective in stimulating
GH release in the present study (see chapter 6). The subsequent stimulation of the
cAMP-dependent enzyme PKA activates VSCC, allowing the entry of extracellular Ca?*
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into the somatotrophs to induce GH release. This accounts for both the cAMP- and
Ca2+-dependence of DA D1 action on GH release reported in the present study (see
chapters 6 and 7). This is also consistent with the recent findings that cyclic nucleotides,
including cAMP, can activate membrane ion channels by protein phosphorylation through
the actions of protein kinases (for review, see Matthews, 1991 ). In our in vitro
perifusion study using enriched somatotrophs from the goldfish, a high dose (10 pM) of
the VSCC blocker nifedipine could not completely abolish the GH responses to the D1
agonist SKF38393 (see chapter 7). In contrast, the GH-releasing actions of SKF38393
were blocked totally by the PKA inhibitor H89 (see chapter 6). Thesc observations
suggest that PKA may also have direct stimulatory effects on GH release which are
independent of its actions on VSCC.

sGnRH, on the other hand, activates PKC via the production of diacylglycerol.
This is probably mediated through the activation of phospholipasc C (PLC) coupled to
the G proteins. In mammals, especially in the rat, it is well documented that PLC-
induced hydrolysis of phosphatidylinositol 4,5-bisphosphate to produce diacylglycerol
and inositol 1,4,5-trisphosphate is essential for GnRH-stimulated LH release (for review,
see Catt et al., 1991 ). In the goldfish, GH exocytosis as a result of PKC activation is
also mediated, at least in part, by Ca2+ entry through VSCC. This is supported by the
recent findings that sGnRH-stimulated GH release from goldfish pituitary cells can be
reduced by the VSCC blockers, such as nifedipine, nicardipine, and verapamil (Jobin and
Chang, 1992a). Moreover, the GH responses to the PKC activator TPA can be inhibited
by incubation with Ca2+-deficient medium and by the VSCC blocker verapamil (Chang
et al., 1991a). The coupling of the PKC-dependent pathway with the entry of
extracellular Ca2*+ was also confirmed by Jobin and Chang (1992b) using fura-2
spectrofluorometry. The PKC activator TPA induces an increase in cytosolic free Ca2+
levels in goldfish pituitary cells, and these Ca2* responses can be abolished by using
Ca2+-deficient medium (Jobin and Chang, 1992b). In the goldfish, PKC-mediated GH
release may also have a component which is independent of Ca2* entry via VSCC. This
is indicated by the inability of verapamil and Ca2+-deficient medium to completely abolish
the GH responses to TPA (Chang et al., 1991a).

In the goldfish, arachidonic acid is a part of the signal transduction pathways for
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sGnRH-stimulated GTH-II release (Chang et al., 1989; Chang et al., 1991b).
Arachidonic acid also stimulates GH release from goldfish pituitary cells, although it does
not appear to mediate the GH responses to sGnRH stimulation (Chang and de Lecuw,
1990). Whether arachidonic acid is involved in DA D1 actions in the goldfish is still not
clear. Therefore, we do not exclude the possibility that second messengers other than
cAMP, such as arachidonic acid, may also participate in the GH responses (0 DA.
Furthermore, the model proposed in this chapter (Fig. 9.2) has been simplified by
assuming that both the cAMP- and PKC-dependent pathways act on the same population
of VSCC. However, multiple forms of VSCC have been identified, and each of them is
known to have its own characteristic electrophysiological properties (for a recent review
on the classification of VSCC, see Tsien et al., 1991). Therefore, it will ¢ of interest in
the future to examine whether cAMP and PKC are acting on the same population or
different populations of VSCC in the goldfish somatotrophs.

To conclude, the present study has provided strong evidence that DA functions as a
physiological GH-releasing factor in the goldfish. DA also interacts with other GH
regulators to control the seasonality of GH release, and its actions are mediated through
DA D1 receptors coupled to the cAMP-dependent signal transduction pathway. Results
from the in vivo studies also demonstrated that oral administration of the DA agonist
apomorphine was effective in increasing plasma GH levels and body growth in the
goldfish. These findings may have potential applications in fish farming. In aquaculture,
the productivity in many cases is limited by two factors : (1) the availability of fry for
commercial fish farming, and (2) the growth rate of fish under captivity, which determine
the overall cost-effectiveness of the aquaculture operation. Based on the earlier research
in our laboratory, a fish spawning kit OVAPRIM (Syndel Laboratories, Vancouver, BC)
has been developed and prv ven to be highly effective in a wide range of cultured fish.
The results of the present study indicate that dietary supplement with long-lasting DA
analogs may be a feasible way to enhance body growth and shorten the production cycle
of commercial fish. The use of DA analogs is unique in a sense that DA has differential
actions on GH and GTH-1I r-lcase via the D1 and D2 receptors, respectively (see chapter
2). Non-selective DA agoni : . at least theoretically, should be able to slow down the
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reproductive activity of cultured fish by inhibiting GTH-II secretion, and at the same time
channel the metabolic energy into body growth by stimulating GH relcase. Therefore,
further investigations in the use of DA analogs to enhance body growth in telcosts may be

of great potential value in fish farming.
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Eﬁ.?.l A model for seasonal regulation of GH release in the goldfish.
DA, sGnRH, SRIF, NPY, and TRH are the abbreviations for dopamine,
salmon gonad releasing hormone, somatostatin, neuropeptide Y,
and thyrotropin-releasing hormone, respectively. The positive and
negative modulating effects of the gonads on GH release from the pitvitary
are represeated as (+) and (-), mgeeﬁvely. Since the seasonal effects of
notﬁme ne and serotonin on GH release have not been studied in the
goldfish, these two factors are not included in this model. (Refer to the
text'for details.)
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adenylate cyclase, phospholipase C, dlacylglyoegol voltage-sensitive
C#+ channels, extracellular and intraceliular Ca**, L respectively.
(Refer to the text for details.)
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Appendix I

Dopamine functions as ~ “.~owth Hormone-
Releasing Factor in 1 . ldfish, Carassius auratus 1

Al.1 Intreduction

In mammals, dopamine (DA) is known to be a neuroendocrine rcgulator for the
anterior pituitary hormones (Tuomisto and Mannisto, 1985). However, its role on
growth hormone (GH) release is still controversial, as stimulatory, inhibitory, or no
effects have been reported (for review, see Muller, 1987). In lower vertebrates, like the
teleosts, even less is known about the actions of DA in GH regulation. In the goldfish,
the anterior pituitary is directly innervated by a dopaminergic preoptico-hypophyseal
pathway, and DA nerve terminals have been identified in the close proximity of
somatotrophs (Kah er al., 1987). These observations provide an anatomical basis for
the possible involvement of DA in GH regulation in the goldfish. This hypothesis was
confirmed by our findings that DA and its non-selective agonist apomorphine are
stimulatory to GH release in the goldfish, both in vive (Chang et al., 1985) and in
vitro (Peter et al., 1990). More recently, we have demonstrated that the GH-releasing
effect of DA is mediated through DA D1 receptors (Chang et al.,, 1990b; Wong et
al.,1992a) (for reviews on DA receptors, see Niznik, 1987; Civelli et al., 1991). These
results strongly suggest that DA also functions as a GH-releasing factor in the goldfish,
and possibly also in other teleosts.

In the present study, we provide further evidence to substantiate the role of DA as
one of the GH-releasing factors in the goldfish. The scasonality and receptor specificity
of the GH responses to DA were investigated using perifused pituitary fragments. The
actions of somatostatin (SRIF), a known GH-release inhibitor in the goldfish (Marchant
and Peter, 1989), on DA-stimulated GH release were examined using dispersed pituitary

1 A version of this chapter has been accepted for publication : Wong AOL, Chang JP,
and Peter RE (1993) Fish Physiol Biochem.
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cells under static ircubation. To fu.ther confirm the role of DA as a GH-releasing factor,
an in vivo approach was used to test the influence of apomorphine, a non-selective DA

agonist, on plasma GH levels and body growth of the goldfish.

A1.2 Materials and Methods

General Goldfish, obtained from Ozark Fisheries (Stoutland, MO, USA) or
Grassyforks Fisherics (Martinsville, IN, USA), were maintained in flow-through aquaria
(1,800 liters) at 17°C under a simulated photoperiod (Edmonton, Alberta, Canada) for at
least 3 weeks before experiments. Gonadal conditions of the fish, determined by the
gonadosomatic index (GSI = weight of gonad / total body weight x 100 %) and the
morphological characteristics of the gonads (see chapter 2 for details), are reported
separately for each individual experiment. DA and SRIF (Sigma, St Louis, MO, USA)
were dissolved directly into the culture medium for in vitro studies. Apomorphine
(Sigma) and the D1 antagonist (+)SCH23390 (Research Biochemicals Inc., Wayland,
MA, USA) were first dissolved in a minimal amount of dimethyl sulfoxide, and
subsequently diluted to appropriate concentrations using culture medium for in vitro
perifusions, or propylene glycol for in vivo experiments. Aliquots of salmon
gonadotropin (GTH)-releasing hormone (sGnRH) stock solution (Peninsula Laboratories
Inc., Belmont, CA) in 0.1 M acetic acid were frozen at -25 °C, and diluted with

perifusion medium to 50 nM concentration immediatedly prior to use.

[n vitro cxperiments  The seasonalitv and receptor specificity for DA-stimulated GH
releasc were examined using a perifusion system for goldfish pituitary fragments (Chang
et al.,, 1984). Since sGnRH is known to be a stimulator for both GH and GTH-II
release in the goldfish (Marchant er al., 1989), two-minute pulses of 50 nM sGnRH
were given as internal controls for individual perifusion columns. For the seasonality
studies, goldfish at different reproductive stages, including sexual regression
(November, 1989), recrudescence (February, 1990), and maturation (prespawning fish;
April, 1990), were used. The GH responses to two-minute pulses of 10 nM to 1 utM DA
were tested one hour after the first control 50 nM sGnRH pulses. The perifusion

protocol was previously demonstrated to have no desensitizing nor potentiating effects
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with the doses of DA tested (Wong er al., 1992). For the studies of DA DI receplor
specificity in GH release, sixty-minute continuous perifusion of 5 uM (+)SCH23390
was initiated one hour after the first two-minute pulse of 560 nM DA, and a second 500
nM DA pulse was given half an hour later in the presence of (+)SCH23390. Perifusates
were collected in five-minute fractions and stored at -25 °C until their GH contents were
assayed using a radioimmunoassay previously validated for the measurement of goldfish
GH (Marchant and Peter, 1989). Profiles of hormone release during the course of
perifusion were presented as "% pretreatment” as defined previously (Wong et al.,
1992). This transformation was done to allow pooling of GH data from separate
perifusion columns without distorting the profile of hormone release in the raw data. The
GH responses to DA, calculated as the area under the curve, were expressed as the total
amout of GH released.

The interactions of DA and SRIF on GH release were also investigated using a
static incubation system for goldfish pituitary cells (Chang et al., 1990a). The GH
responses (o 2-hour incubation of 1 uM DA were tested in the presence or absence of 1)
nM SRIF. The GH contents in culture medium were assayed, and the data were
expressed as a percentage of the basal hormone release in control wells without any drug
treatments (referred to as "% control"). Since DA is known to inhibit GTH-II release in
the goldfish via the DA D2 receptors (Omeljaniuk et al., 1989), GTH-II contents were
also measured (Peter et al., 1984) to serve as a negative control. The antiserum for
GTH radioimmunoassay is selective for the measurement of maturational GTH (or GTH-
II) of the goldfish (Van Der Kraak et al., 1991).

In vivo experiments  The influence of DA on GH release in the goldfish in vivo was
investigated by intraperitoneal (i.p.) injection of a non-selective DA agonist apomorphine
at the doses of 2 and 20 pg/g body weight. Plasma samples were collected immediately
before and at five hours after the drug treatment. Plasma GH and GTH-II contents were
assayed as described in the preceding section. For each individual fish, the plasma
hormone concentratic:: after apomorphine treatment was expressed as a percentage of the
hormone level before the drug administration (referred to as "% presample").

Effects of long-term administration of apomorphine on the body growth of goldfish
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was also examined in the present study. Two groups of fish from the same stock were
accomodated in separate tanks (1,800 liters) at 17°C and under 8L:16D photoperiod. The
fish were fed to satiation daily with Ewos trout pellets (pellet size 5P; Astra Chemicals
Ltd., Mississauga, Ontario, Canada) at a ration of 5 % body weight per day. The fish
were fed in the morning, and the data for body weight and length were taken in the
evening. The fish were tagged with numbered metal clips on the operculum for
individual identication, and the initial body weight and length for each fish were recorded
as described previously (Marchant et al., 1989). The initial body weights and lengths for
the control group and treatment group were 11.8 £0.5 g and 11.7 0.8 g, and 6.5 £ 0.1
cm and 6.6 £ 0.2 cm, respectively (n =9 - 10). The measurements were accurate up to
the levels of 0.01 g body weight and 0.1 mm body length. After twelve days of
acclimation, one group of fish received 20 pg/g body weight (i.p.) of apomorphine once
every three days for another thirty days, while the other group serving as the control
reccived vehicle injection over the same period of time. Body weight and length for
individual fish werc mecasured every three days and expressed as a percentage of the

corresponding initial values.

Data analysis and statistics  All the data presented are expressed as mean £ SEM. GH
and GTH-II data were analyzed by analysis of variance (ANOVA) followed by Fisher's
least significant difference (LSD) test. Data for body growth were compared using

Student's 1 test. Differences were considered significant when P< 0.05.

A13 Results
Seasonality of GH response to DA stimulation DA consistently stimulated GH release

from perifused goldfish pituitary fragments in a dose-dependent manner, regardless of
the reproductive stages of the donor fish (Fig. Al.1). The GH-releasing actions of DA
were found to be the highest in sexually regressed fish, intermediate in sexually

recrudescent fish, and the lowest in sexually mature (=prespawning) fish (Fig. Al.1, B).

DA receptor subtype mediating the GH-releasing actions of DA~ We have previously
demonstrated that the D1 antagonist (+)SCH23390 abolished DA-stimulated GH release
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in perifused pituitary fragments prepared from goldfish in late stages of gonadal
recrudescence (Wong et al., 1992). To confirm the receptor specificity of DA on GH
release at different reproductive stages of the goldfish, a similar experiment was repeated
using goldfish in sexual regression. Similar to our previous results, the GH responses to
0.5 uM DA were blocked by (+)SCH23390 at 5 pM dose (Fig. A1.2, A). In the same
experiment, no significant differences were found between the GH responses to the first
and second control 50 nM sGnRH pulses, indicating that the viability and responsivencss

of pituitary fragments were maintained during the course of perifusion.

Actions of SRIF on DA-stimulated GH release  Dispersed pituitary cells were prepared
from goldfish undergoing gonadal recrudescence. DA at 1 UM concentration elevated the
basal GH release (Fig. A1.2, B; left panel). SRIF at 10 nM dose reduced the basal GH
levels and blocked the GH-releasing actions of DA. However, SRIF alone did not affect
basal GTH-II release, and had no influencc on the inhibitory effects of DA on GTH-II
secretion (Fig. A1.2, B; right panel), demonstrating the specificity of SRIF actions on
GH secretion.

Apomorphine on plasma GH Jevels and body growth ~ Goldfish in gonadal regression

were used to investigate the DA actions on plasma GH levels and body growth.
Administration of apomorphine, a non-selective DA agonist, at 2 and 20 ng/g body
weight (i.p.) induced a dose-related increase in plasma GH levels (Fig. A1.3, A; left
panel). Meanwhile, the circulating levels of GTH-1I were suppressed at a high dose of
apomorphine (Fig. Al.3, A; right panel). Long-term treatment with apomorphine at 20
Hg/g body weight (i.p.) promoted the linear body growth of the goldfish; fish that
received apomorphine injections demonstrated a significant increase in body length
compared to that of the vehicle-treated group (Fig. A1.3, B). However, no similar
increases in body weight were observed during the treatment period (data not shown).

Al.4 Discussion
In the present study, the role of DA as a GH-releasing factor in the goldfish is



substantiated by the demonstration of a distinct seasonality for DA-stimulated GH
release. The ability of DA to induce GH release was found to be the highest in sexually
regressed fish, intermediate in recrudescent fish, and the lowest in sexually mature
(=prespawning) fish. In a separate study using perifused pituitary fragments from
ovariectomized goldfish in prespawning stages, the GH response to DA was significantly
greater than that of the sham-operated fish (for details, see chapter 4), suggesting that the
GH-releasing action of DA is under the negative modulation of gonadal factor(s). Effects
of gonadal steroids on dopaminergic functions have been well documented in mammals.
Sex steroids, e.g., estrogen and progesterone, are known to reduce DA D1 receptor
capacity (Tonnacr et al., 1989), decrease DA turnover (Dipaolo et al., 1985), and
modulate the excitability of DA neurons (Chiodo et al., 1986). It is likely that the
modulatory effects of the gonads on DA-stimulated GH release in the goldfish are also
mediated by sex steroids.

SRIF has been identified in a variety of teleost species, including the goldfish (Kah
et al., 1982), and its physiological role as a GH-release inhibitor appears to be a
common phenomenon among vertebrates (for review, see Hall er al., 1986; Nishioka
et al., 1988). In the current study, SRIF blocked the GH response to DA by actions
directly at the pituitary cell level. Together with the previous anatomical evidence that
both SRIF (Kah et al., 1982) and DA fibers (Kah et al.,1987) are in close association
with somatotrophs in the goldfish, it is apparent that DA and SRIF are a part of the
complex GH regulatory mechanism in the goldfish.

The role of DA as a GH-releasing "actor is also supported by our in vivo studies
using the non-selective DA agonist apomorphine. Injection (i.p.) of apomorphine
increased the circulating levels of GH in a dose-dependent manner. The GH releasing
effect of apomorphine in vivo is known to be D1 specific, as this GH response can be
blocked by the D1 antagonist SCH23390, but not the D2 antagonist pimozide (Wong et
al., 1993). This is also consistent with the results of the current in vitro perifusion
studies, in which the GH response to DA was abolished by (+)SCH23390 (for a
discussion on th. involvement of D1 receptors in DA-stimulated GH release in the
goldfish, sec Wong er al., 1992). The elevation of plasma GH levels induced by

apomorphine was accompanied by a significant increase in body lengt.. . ¢~ ' sh,
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This in vivo expenment (Nov - Dec, 1989) was conducted using sexually regressed
goldfish which normally do not show significant body growth in the winter months
(Marchant and Peter, 1986). Administration (i.p.) of apomorphine induced a 3.5 %
increase in the body length of goldfish during the first 9 days of the experiment, and then
the body length reached a plateau for the rest of the treatment period. The linear growth
rate (as defined by Ricker, 1979) during the first 9 days of apomorphine treatment was
about 0.3 % net increase in body length per day, which is almost three to four times the
normal linear growth rate reported in sexually regressed goldfish (< 0.1 % net increase in
body length per day) (Marchant and Peter, 1986), indicating that apomorphine is
effective in stimulating body growth in the goldfish. The gradual loss of body growth
response during the latter half of the experiment, however, was likely the result of
handling stress caused by repeated injection. In a recent in vivo experiment using oral
administration of apomorphine in sexually recrudescent goldfish, the stimulatory action
of apormorphine on body growth was also confirmed. Feeding the sexually recrudescent
goldfish with apomorphine-treated trout pellets (20 mg apomorphine / g pellet, at a ration
of 5 % body weight per day) significantly increased the plasma GH levels and enhanced
the rates of increase in both body weight and length (Wong et al., 1523). These
observations strongly suggest that the growth-promoting actions of apomorphine can be
correlated with its ability to stimulate GH release from the goldfish pituitary. Although
dopamine is also known to influence feeding behavior in mammals (for review, see
Morley, 1987), the possibility of the body growth response observed in the present study
being the result of an indirect action of apomorphine on feeding seems unlikely, as
dopamine generally exerts an inhibitory effect on feeding behavior (Bednar et al., 1991).
In summary, we have confirmed that the DA D1 receptor subtype mediates the GH
response to DA in the goldfish. The GH-releasing effect of DA was seasonal, being the
highest in sexually regressed fish, intermediate in recrudescent fish, and the lowest in
sexually mature (=prespawning) fish. SRIF, a physiological GH-release inhibitor in the
goldfish, blocked the DA-stimulated GH release at the pituitary cell level. In vivo
treatment with apomorphine, a non-selective DA agonist, significantly elevated the
plasma GH levels and enhanced the linear body growth of goldfish. These results
strongly suggest that DA, besides its well-established role as a GTH-release inhibitor in
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weleosts (for review, sec Peter et al., 1986), also functions as a GH-releasing factor in
the goldfish.
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Fig. A1.2 Inhibitory effects of A) the D1 specific antagonist (+)SCH23390 and
B) SRIF on DA-stimulated GH release in the goldfish. Perifused pituitary
fragments were used for the study of (+)SCH23390, and the mean pretreatment
GH level for the perifusion was 32.1 + 1.9 ng GH/ml. Static incubation of
dispersed pituitary cells was used for the study of SRIF, and the average GH and
GTH-11. levels in the control wells of the SRIF experiments were 429 + 35 ng
GH/ml and 69.2 + 9.2 ng GTH-11/ml, respectively. Drug treatments giving
similar bormone-release responses were grouped within the same underscore after
analysis with ANOVA followed by Fischer's LSD test (P > 0.05). All data are
presented as mean + SEM (n = 4). (For the doses of drug treatments, refer to
Materials and Methods)
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Fig. A13 Effects of apomorphine (Apo), a non-selective dopamine agonist, on (A)
plasma GH and GTH-II levels, and (B) body growth in the goldfish. GH and
GTH-1 data were transformed into "% presample” as described in the text. The
average presample GH and GTH-II. levels were 70.4 + 153 ng GH/m! and 2.7 £ 0.1
ng GTH-I1/ml, respectively. Doses of Apo giving similar hormone responses were
grouped within the same underscore after analysis with ANOVA followed by
Fischer's LSD test (P> 0.05). The average length of the goldfish at the beginning of
the body growth experiment for the control and apomorphine-treated groups were
6.5+ 0.1 cm and 6.6 £ 0.2 cm, respectively. Body length data of the Apo-treated
group were compared to that of the vehicle-treated group at the same time point
using Student’s t test (*, P < 0.05). The bar in (B) represents the beginning of drug
treatment. All data are expressed as mean + SEM (n =9 -10).

257



Al1.S References

Bednar I, Forsberg G, Linden A, Qureshi GA, Sodersten P 1991 Involveiaent of
dopamine in inhibition of food intake by cholecystokinin octapepiide in male rats.
J Neuroendocrinol 3:491-496

Chang JP, Cook H, Freedman GL, Wiggs AJ, Somoza GM, de Leeuw R, Peter RE
1990a Use of a pituitary cell dispersion method and primary culture system for the
studies of gonadotropin-releasing hormone action in the goldfish, Carassius
auratus. 1. Initial morphological, static, and cell column perifusion studies. Gen
Comp Endocrinol 77:256-273

Chang JP, Marchant TA, Cook AF, Nahorniak CS, Peter RE 1985 Influences of
catecholamines on growth hormone release in female goldfish, Carassius auratus.
Neuroendocrinology 40:463-470

Chang JP, MacKenzie DS, Gould DR, Peter RE 1984 Effects of dopamine and
norepinephrine on in vitro spontaneous and gonadotropin-releasing hormone
induced gonadotropin release by dispersed cells or fragments of the goldfish
pituitary. Life Sci 35:2027-2033

Chang JP, Yu KL, Wong AOL, Peter RE 1990b Differential actions of dopamine
receptor subtypes on gonadotropin and growth hormone release in vitro in
goldfish. Ncuroendocrinology 51:664-674

Chiodo LA, Glazer WM, Bunney BS 1986 Midbrain dopamine neurons :
Electrophysiological studies on the acute effects of estrogen. In: Woodruff GN,
Poat JA, Roberts PJ (eds) Dopaminergic System and their Regulation. V.C.H,,
London, pp 303-311

Civelli O, Bunzow JR, Grandy DK, Zhou QY, Van Tol HHM 1991 Molecular biology
of the dopamine receptors. Eur J Pharmacol 207:277-286

DiPaolo T, Rouillard C, Bedard P 1985 178-Estradiol at a physiological dose acutely
increases dopamine turnover in rat brain. Eur J Pharmacol 117:197-203

Hall TR, Harvey S, Scanes CG 1986 Control of growth hormone secretion in the
veriebrates : A comparative survey. Comp Biochem Physiol 84A:231-253

Kah O, Chambolle P, Dubourg P, Dubois MP 1982 Localisation immunocytochimique

258



de 12 somatostatine dans le cerveau antericur et I'hypophyse de deux Teleosteens, le
Cyprin (Carassius auratus) et Gambusia sp. CR Acad Sci 294:519-524

Kah O, Dulka JG, Dubourg P, Thibault J, Peter RE 1987 Neuroanatomical substrate for
the inhibition of gonadotrophin sccretion in goldfish ; Existence of a dopamincrgic
preoptico-hypophyseal pathway. Neuroendocrinology 45:451-458

Marchant TA, Chang JP, Nahorniak CS. Peter RE 1989 Evidence that gonadotropin-
releasing hormone also functions as a growth hormone-releasing hormone in the
goldfish. Endocrinology 124:2509-2518

Marchant TA, Peter RE 1989 Hypothalamic peptices influencing growth hormone
secretion in the goldfish, Carassius auratus. Fish Physiol Biochem 7:133-139

Marchant TA, Peter RE 1986 Seasonal variations in body growth rates and circulating
levels of growth hormone in the goldfish, Carassius auratus. } Exp Zool
237:231-239.

Morley JE 1987 Neuropeptide regulation of appetite and weight.  Endocr Rev
8:256-287

Muller EE 1987 Neural control of somatotropic function. Physiol Rev 67:962-1053

Nishioka RS, Kelly KM, Bern HA 1988 Control of prolactin and growth hormone
secretion in teleost fishes. Zool Sci 5:267-278.

Niznik HB 1987 Dopaminc receptors : Molecular structure and function. M)l Cell
Endocrinol 54:1-22

Omeljaniuk RJ, Tonon MC, Peter RE 1989 Dopaminc inhibition of gonzcor opin and a
melanocyte-stimulating hormone release in vitro from the pituitary of the goldfish
(Carassius auratus). Gen Comp Endocrinol 74:451-467

Peter RE, Chang JP, Nahorniak CS, Omeljaniuk RJ, Sokolowska M, Shih SH, Billard
R 1986 Interactions of catecholamines and GnRH in regulation of gonadotropin
secretion in teleost fish. Recent Prog Horm Res 42:513-548

Peter RE, Nahorniak CS, Chang JP, Crim LW 1984 Gonadotropin release from the
pars distalis of the goldfish, Carassius auratus, wransplanted beside the brain ¢
into the brain ventricles : Additional evidence for a gonadotropin release-inhibitory
factor. Gen Comp Endocrinol 55:337-346

Peter RE, Yu KL, Marchant TA, Rosenblum PM 1990 Direct neural regulation of the

259



teleost adenohypoph ssis. J Exp Zool (suppl) 4:84-89

Ricker WE 1979 Growth rates and models. In : Hoar WS, Randall DJ, Brett JR (eds)
Fish Physiology, vil. VIII. Bioenergetics and Growth. New York, Academic
Press, pp 677-743

Tonnaer JADM, Leinders L, Van Delft AML 1989 Ovariectomy and subchronic
estradiol- 178 administration decrease dopamine D1 and D2 receptors in rat striatum.
Psychoneuroendocrinology 14:469-476

Tuomisto J, Mannisto P 1985 Neurotransmitter regulation of anterior pituitary hormones.
Pharmac Rev 37:249-332

Van Der Kraak G, Suzuki K, Peter RE, Itoh H, Kawauchi H 1992 Properties of
common carp gonadotropin I and gonadotropin {I. Gen Comp Endocrinol
85:217-226.

Wong AOL, Chang JP, Peter RE 1992 Dopamine stimulates growth hormone release
from the pituitary of goidfish, Carassius auratus, through the dopamine DI
receptors. Endocrinology 130:1201-1210

Wong AOL, Chang JP, Peter RE 1993 In vitro and in vivo evidence that dopamine

exerts growth hormone releasing activity in the goldfish. Am J Physiol (in press)

260



Appendix II

Effects of Norepinephrine and Serotonin
on the Growth Hormone-Releasing Actions of Dopamine
and Gonadotropin-Releasing Hormone in the goldfish

A2.1 Introduction

In teleosts, the anterior pituitary is directly innervate - by two different types of
nerve fibers from the hypothalamus, the aminergic ar: pepud rgic fibers (for review, see
Ball, 1981). In the goldfish, nerve fibers for somatostatin (SRIF) (Kah et al., 1982),
salmon gonadotropin (GTH)-releasirg hormone (sGnRH) (Kah er al., 1986), serotonin
(5HT) (Kah and Chambolle, 1982, and catecholamines (Kah et al., 1984) have been
identified in close proxirnity to the somatotrophs, suggesting that these neuroendocrine
factors may be involved in GH regulation at the pituitary level. This hypothesis is
confirmed by the subsequent findings that sGnRH is stimulatory (Marchant et al.,
19892a; Habibi er al., 1992), whereas SRIF (Cook and Peter, 1984; Marchant et al.,
1987), SHT (Somoza and Peter, 1991) and norepinephrine (NE) (Chang et al., 1985;
Peter et al., 1991); 5-¢ inhibitory to GH elease in the goldfis.'. SRIF and sGnRH are
known to act directly at the pituitary cell level to regulate GH release (Chang et al.,
1990b; Wong er al., 1993a,b; and Appendix I); however, the sites of action for NE and
SHT have not been clearly identified.

Recently, we have demonstrated that dopamine (DA), besides its role as a GTH-
release inhibitor (for review, see Peter et al., 1986), also funciions as a GH-releasing
factor in the goldfish (Charg ef al., 1990b; Wong et 2i., 1992; Wong et al., 1993a,b).
The GH-releasing actions of DA are mediated through DA D1 receptors in the goldfish
pituitary (see chapter 5; Wong et al., 1992; Wong et al., 1993a). In the present study,
the cffects of NE and SHT on the GH-releasing actions of DA and sGnRH were
investigated using perifused goldfish pituitary fragments. To test whether NE and SHT
act directly at the pituitary cell level, the actions of these two neurotransiitters on basal
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GH release were also examined in experiments using goldfish pituitary cells.

A2.2 Materials and Methods

Apimal  Goldfish of the common or comet varieties were purchased from Ozark
Fisheries (Stoutland, MO, USA) or Grassyforks Fisheries (Martinsville, IN, USA), and
maintained in flow-through aquaria (1,800 liters) at 17 °C under a simulated natural
photoperiod (Edmonton, AB, Canada) for at least 3 weeks prior to any experiments.
Goldfish of both sexes, with body weight ranging from 20 g to 30 g, were used in the
present study. Since a distinct seasonality of DA-stimulated GH release has been
reported in the goldfish (Wong et al., 1993a,b), gonadal conditions of the fish are
reported separately for individual experiments. Morphological characteristics of the
gonads as well as the gonadosomatic index (GSI = weight of gonad / total body weight x
100 %) were used to determine the reproductive status of the goldfish used in these

experiments (for details, see chapter 2).

Perifusion of pituitary cells and pituitary fragments  To test for the direct actions of NE
and SHT on GH release at the pituitary cell level, mixed populations of goldfish pituitary

cells were prepared and perifused as described by Chang et al. (1990a). In these
experiments, NE (1 uM) and SHT (1 uM) were perifused continuously for 30 min. To
examine the effects of NE and SHT on the GH-releasing actions of DA and sGnRH, a
perifusion system for goldfish pituitary fragments was used (MacKenzie et al., 1984,
Marchant et al., 1989a). For most of the experiments, stimulants for GH release (i.e.,
DA at 0.5 uM, SKF38363 at 0.5 uM, or sGnRH at 50 nM) were administered as 2-min
pulses before, during, and after the 1 hr continuous perifusion of test substances (i.e.,
NE and SHT at 5 uM dose). For these in vitro perifusion studies using pituitary cells
and pituitary fragments, perifusates from each column were collected in 5-min fractions,
and stored at -25 ©C until their hormone contents were assayed by a radioimmunoassay
previously validated for the measurement of goldfish GH (Marchant ez al., 1989b). GH
data were transformed into "% pretreatment” as defined previously (Wong et al., 1992),
and the GH responses were quantified by calculating the net change in hormone release
(i.e., area under the curve) after a particular drug trcatment (for details, see chapter 2).
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Static incubation of pituitary cells  Populations of pituitary cells enriched with goldfish
somatotrophs were prepared as described by de Leeuw et al. (1984) with minor
modifications (Chang and Jobin, 1993). These pituitary cells were seeded onto the
bottom of 24-well culture plates for static incubation as described previously (Chang er
al., 1990a). Drug treatment was initiated by adding test medium with the D1 agonist
SKF38393 (1 pM) in the presence or absence of NE (5 MM) and 5HT (5 uM). After
incubation for 2 hours, 500 pl of test medium was carefully removed from individual
culture wells, and stored at -25 °C until their GH contents were assayed. GH data werce
expressed as a percentage of the basal GH release in the control wells without any drug
treatment (as "% control").

2.3 Rozsults and Discussion

In she zoldfish, administration (i.p.) of NE induces a dose-dependent suppression
in serum GH levels (Chang et al., 1985). More recently, NE (Peter et al. 1990) and
SHT (Somoza and Peter, 1991) were shown to inhibit basal GH release from perifused
goldfish pituitary fragments. Pituitary fragments prepared from the goldfish are known
to contain both pituitary cells as well as nerve terminals of the hypothalamic fibers
(Chang et al., 1990a). Therefore, it is not clear whether the inhibitory actions of these
two neurotransmitters are exerted directly at the pituitary cell level or indirectly through
the nerve terminals present in the goldfish pituitary fragments. In the current study, both
NE (1 uM) and SHT (1 uM) inhibited basal GH release from perifused goldfish pituitary
cells (Fig. A2.1). In both cases, basal GH levels were significantly suppressed within
10 min afier the initiation of drug treatment. Recovery to the pretreatment GH levels was
observed within 30 min following the termination of drug treatment. These results
strongly indicate that NE and SHT can exert a rapid and reversible inhibitory action on
basal GH release directly at the pituitary cell level,

In the yoldfish, DA (Chang et al., 1990b; Wong et al., 1993a,b) and sGnRH
(Marchant et al., 1989a; Habibi et al., 1991) are known to stimulate GH release, both

in vivo and in vitro. It has been shown that the GH-releasing actions of DA are
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mediated through DA D1 receptors in the goldfish pituitary cells (Wong et al., 1992; and
sec chapter 5). In the present study, the actions of NE and SHT on the GH-releasing
effects of DA and sGnRH have also been examined. In perifusion experiments using
goldfish pitvitary fragments, NE (5 pM) inhibited basal GH release and abolished the
GH-relcasing actions of DA (0.5 pM) and sGnRH (50 nM) (Fig. A2.2). SHT (5 uM)
also suppressed basal GH release; however, it reduced, but did not totally abolish the GH
responses to sGnRH (50 nM) , DA (0.5 uM), and the DA D1 agonist SKF38393 (0.5
pM) (Fig. A2.3 and A2.4). The inhibitory action of NE and SHT on DA D1-stimulated
GH releasc was further investigated using static incubation of a cell preparation enriched
with goldfish somatotrophs (Fig. A2.5). In this experiment, both SHT (5 uM) and NE
(5 uM) significantly suppressed bu.al GH release from the enriched somatotrophs.
Similar to the results of our perifusion studies, the GH responses to the D1 agonist
SKF38393 (1 uM) were only partially inhibited by SHT (5 pM) but totally abolished by
the samc ¢ asc of NE. Taken together, these observations indicate that in the goldfish the
ncurotransmitte: - NE and SHT inhibit basal GH release and the GH responses to sGnRH
and DA D1 action uirectly at the pitu'tary cell level Moreover, the inhibitory action of
NE on stimulated GH releasc in the goldfish appears to be more effective than that of
SHT. The physiological role of NE and 5HT in the regulation of GH release clearly

warrants further investigation.
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Fig. A2.1 Effects ot norepinephrine (A) and serotonin (B) on
GH release from perif:. sed goldfish pituitary cells. Mixed
populations of pitnitary cells were prepared from goldfish in
early stages of gonadal recrudescence. No:mminc (NE)
and serotomun (SHT) at 1 pM dose were peri continuously
for 30 min (x6 columns each). The average pretreatment GH
level for perifusion experiments was 37.5 + 1.4 ng GH/ml. All
GH data are expressed as mean + SEM (a = 6). '
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Fig. A2.2 Effects of norepinephrine on (A) dopamine- and (B)
sGnRH-stimulated GH release from perifused g?ldﬁsh pituitary
fragments. Pituitary fragments were prepared fr .. sexually
regressed goldfish. Dopamine (0.5 pM) and sGnPH (50 nM) were
administered as 2-min pulses before, during, and after the 1 hr
continuous perifusion of norepinephrine (S M) (x4 columns each).
The average pretreatment GH level for perifusion experiments was
30.62:)2.4 ng GHiml. All GH data are expressed as mean + SEM
(n=4).
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Fig. A23  Ef. .ats of serotonin on dopamine-stimulated GH release
from perifused goldfish pituitary fragments. Pituitary fragments were
prepared from goldfish undergoing gonadal recrudescence. 2-min
pulses of sGnRH (50 nM) were given at the beginning and at the end of
the perifusion experiment to serve as an internal control. Dopamine
(0.5 uM) was administered as 2-min pulses before and during the 1 hr
continuous perifusion of serotonin (5 uM) (x4 columns). The average
pretreatment GH level for the experiment was 26.7 + 0.9 ng GH/ml. All
GH data are expres- 4 as mean + SEM (n =4).
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Fig. A2.4 Effects of serotonin on (A) the D1 agonist SKF38393-
and (B) sGnRH-stimulated GH release from perifused goldfish
pituitary fragments. Pituitary fragmeats were from goldfish
undergoing gonadal recrudescence. SKF38393 (0.5 uM) and sGnRH
(50 nM) were administrated as 2-.uin pulses before, during, and after
the 1 hr continuous perifusion of serotonin (5 uM) (x4 columns -
each). The average pretreatmeat GI level for these two perifusion |
experiment was 36.8 + 2.1 ng GH/ml. All GH data are expressed as
mean + SEM (n = 4).
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Fig. A2.5 Effects of norepinephine (NE) and serotonin (SHT) on
the DA D1 agonist SKF38393 (SKF)-stimulated GH release from
goldfish pituitary cells enriched with somatotrophs. Populations of
pituitary cells enriched with somatotrophs were prepared from
goldfish in late stages of gonadal recrudescence. SKF (1 uM) was
applied in the preseace or absence of NE (5 uM) and SHT (5 uM).
The average GH level in the control wells without any drug
treatments was 531.3 + 84.0 ng GH/ml. Pooled data from two
separate experiments (each with quadruplicate treatments) are
presented, and all GH data are expressed as mean + SEM (n = 8).
Drug treatment giving similar magnitude of GH responses are
grouped with the same underscore (ANOVA followed by Fisher's
LSD test, P>0.05).
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Appendix III

Seasonality of Salmon Gonadotropin-
Releasing Hormone-stimulated Growth Hormone
Release from Perifused Goldfish Pituitary Fragments

A3.1 Introduction

In the goldfish, growth hormone (GH) levels in circulation exhibit a scasonal patiem
closely associated with the reproductive cycle; serum GH levels increase rapidly during
gonadal recrudesence, remain at high levels throughout the spawni.  and post-spawning
season, and gradually return to low levels when the fish b~ -ome sexually regressed
(Marchant and Peter, 1986). Somatostatin (SRIF) is a known GH-release inhibitor in the
goldfish (Cook and Peter, 1984; Marchant et al., 1987). SRIF contents in the goldfish
hypothalamus exhibit an inverse relationship with respect to the serum GH levels, being
the highest in sexually regressed and the lowest in sexually mature (=prespawning) fish
(Marchant et al., 19890). These results indicate that the seasonal variation of scrum GH
levels in the goldfish is regulated by neuroendocrine factors from the hypothalamus.

Based on the earlier research in our laboratory, salmon gonadotropin (GTH)-
releasing hormone (sGnRH) was shown to be stimulatory to GH and GTH-II release in
the goldfish, both in vivo and in vitro (Marchant et al., 1989a). More recently, GnRH
receptois have been identified in the goldfish somatotrophs (Cook et al., 1991),
suggesting that sGinRH also functions as a physiological GH-releasing facor in the
goldfish. By using an i» vitro perifusion system for goldfish pituitary fragments, the
seasonality of sGnRH-stimulated GH release was examined in the psent study.

A3.2 Materials and Methods
Goldfish of the common or comet varieties were purchased from Ozark Fisheries

(Stoutland, MO, USA) or Grassyforks Fisheries (Martinsville, IN, USA), and
maintained in flow-through aquaria (1,800 liters) at 17 °C under a s‘mulated natural
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photoperiod (Edmonton, AB, Canada) for at least 3 weeks prior (o any experiments. The
fish were fed to satiation daily with Ewos trout pellets (Astra Chemicals Ltd.,
Mississauga, ONT, Canada). Goldfish of both sexes, with body weignt ranging from 20
g 10 30 . were used in the present study. Gonadal conditions of the fish, detcrmined by
the gonadosomatic index (GSI = weight i’ gonad / total body weight x 100 %) as well as
by the morphological characteristics of the gonad (for details, see chapter 2), are reported
separately for the individual experiments. An in vitro perifusior: system for goldfish
pituitary fragments described by Mackenzie er al. (1984) was used to examine the
responsiveness of the goldfish pituitary to sGnRH stimulation. sGnRH (Peninsula
Laboratories Inc., Belmont, CA, USA) at 50 nM dose was administered as 2-min pulses
tc stimulate GH release from pituitary fragments prepared from the goldfish at different
reproductive stages. Perifusates were collected in 5-min fractions, and stored at -25 °C
until their hormone contents were assayed by a GH radinimmunoassay (Marchant et al.,
1989b). The GH data were transformed into "% pretreatment” as defined previously
(Wong et al., 1992), and the GH responses were quantified by calculating the net

change in GH release (i.e., area under the curve) after the sGnRH treatment.

A3.3 Results and Discussion

Pituitary fragments from goldfish in different reproductive stages, including sexual
regression (x6 columns), recrudescence (x4 columns), and sexual maturation
(=prespawning fish; x4 columns), were used to investigate the seasonality of sGnRH-
stimulated GH release (Fig. A3.1). sGnRH at 50 nM dose was previously validated to
exert a maximal stimulatory effect on GH release from perifused goldfish pituitary
fragments (Marchant et al., 1989a). In the present study, the GH responses to 50 nM
sGnRH were found to be the highest in sexually mature, intermediate in recrudescent,
and the lowest in sexually regressed goldfish. These results demonstrate that the gradual
maturation of the gonad can be correlated with an enhancement in GH responses to
sGnRH stimulation, suggesting that sGnRH-stimulated GH release in the goldfish may
be under the positive modulation of gonadal factor(s). This hypothesis is also in
agreement with our previous castration studies using prespawning goldfish (see chapter

4), in which surgical removal of the gonads significantly reduced the GH responses to
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sGnRH. In a separate study by Habibi ez al. (1989), it was shown that the GnRH
receptor binding capacity in the goldfish pituitary is at the lowest in sexually regressed
and the highest in sexually mature (=prespawning) fish. Furthermore, no significant
changes in GnRH receptor arfinity can be observed throughout the reproductive cy cle.
Therefore, the high responsiveness to sGnRH on GH release in prespawning goldfish is
likely due to an increase in GnRH receptor capacity in the somatotrophs during the period

of scxual maturation.
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Fig. A3.1 Effects of sGnRH on GH release from perifused pituitary
fragments of goldfish in sexual regression (x6 columns), recrudescence
(x4 columns) and maturation (x4 columns). sGnRH at 50 oM dose was
administered as 2-min pulses (as indicated by the black bar). The
average pretreatment GH levels for perifusion were 42 + 2 ng/ml for
sexually regressed fish, 38 + 3 ng/ml for recrudescent fish, and 42 + 4
ng/ml for sexually mature (prespawning) fish, respectively. All GH data
are expressed as mean + SEM (n = 4 - 6). GH responses, quantified as
area under the curve, are presented in the right panel. GH responses
with similar magnitude were grouped within the same underscore
(P>0.05, ANOVA followed by Fisher's LSD test).
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