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PREFACE - )
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Patience - A minor form of suffering, of dispair, disguised’

as a virtue (unknown)

-~ *
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R ABSTRACT
' - Estrogen’ has ~ a marked .Effect .on - the expréssion of
vitellogepin (Vg), 'the egg-yolk precursor protein, in‘ﬁhe
liver of egg-laying - vertebrates. In .this_ study we have

examined the effects of'estrédiol.dn the in vivo stimulation

of vitellogenesis in male rainbow trout (Salmo gairdneri).

Vitelléégnin appeérs to be encodgd by a family of at least
two genes.in rainbow trout. In both the primary and secondary
stimulations Vg mRNA is induced de novo by estradicl. - The
kinetics of inducéion ‘are‘similar to that . of Xenopus and’
chicken, in that the ‘lag in the accumulation observed during
p;imary'étiﬁﬁlation'is.absent during secondary'stimulation.
Our results. indicate that a decrease in serum estradiel
.levels.is_.not required to- inducer maximum stimulation of
vitellogénési§. In .vitro translation of poly(a)* RNA
extracted ffom_the liver of control” and estradiol-stimulated
male troﬁt indicat;;‘that while some messages are induced,
the leveis of several other 1liver mRNAs appear to 53
decreased by estradiol. Analysis of the levels of pSG 3.2

'mRNA (a constitutively expressed trout liver mRNA) suggests

that estradiol induces a general ‘increase in the
. . . *
transcriptional activity of the~liver>\“{1n contrast to pSG

3.2, high levels of estradiol act to maintain the levels of a (’\\
second constitutively expressed liver mRNA (pSG 2.5) at a

constant level relative to the amount of rRNA.

{
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In oviparous vertebrates estradiol plays a central role
in the production of the egg-yolk proteins bf the iiver.
.Vitelloéenin, the pfecursor of these egg-yolk proteins, is
- synthesized in the liver of most egg-laving verteﬁrates
(Pan, Bell, & Telfer, 1969). ‘Vitellggénesis is a complex
process in which the secretion of vitellogenin from_the
liver is closelyccoupied with ococyte maturation, . the uptake
of vitellogenin by the oocyte, and the specific proteolytic
cleavage.of the precursor protein into tbg Eespective-yolk
componenis. Vitellogenesié is a well conserved process and
has been studied in a number of egg-~laying species including
chicken = (Deeley, Gordon, Burns, Mullinix, Stein ®§'
Goldberger, 1977), Xenopus {(Shapirc & Baker, 1979; Wahli &
Dawid, 1980; Ng, Wolffe & fata 1984) and several species of

fish including catfish (Nath & Sundararaj, 1981) and

rainbow trout <{Salmo gairdneri) (Chen, 1983 ; Valotaire,
Tenniswood, Le Guellec, & Tata, 1984). Vitellogenin-like
proteins have also been studied in invertebrates such as

Droscophila and Locusta (Bownes & Hames, 1977; -Applebaum,

James, Wreschner & Tata, 1981).

(A) Vitellogenesis in the female rainbow trout =

Figure 1 outlines the general process of vitellogenesis

-

in the female rainbow trout. Estradiol, which .is produced



FIGURE 1:

Summary of vitellogenesis in female rainbow trout,
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Salmeo gairdneri.
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in the follicle cells of the ovary, 1s secreted into the
circulation and transported to the liver  where 'the‘sterdid
binds to " a receﬁtor ~ protein. . This iﬁitiates the
transcribéiaﬁ of the‘vitellogenin gene (6r" genes) and the
production of vitellogenin mes;enger RNA (Vg mRNA) which is
approximately 7600 nucleotides in length (Valotaire gﬁ-g;.,
1984). The Vg mRNA is then tra@slated to give a
pre-vitellogenin pro;ein which undergoes glycosylation,
lipidation and phosphorylation before -export into the
¢circulation. Either during secretion fréﬁ the 1liver, or

immediately after entering the circulation, the vitellogenin
Vmbnomer dimerizes to - form mature vitellogenin which has a
molecular weight of approximately 500,000 daltons (Maitre,
Le Guellec, Derrien, Tenniswood & Valotaire, 1985). The
mature dimer is transported to the oocyte where it is taken

up by a specific transport system (Busson-Mabillot, 1984} and

clegved into the +two major groups of egg-yolk proteins,
loosely termed the phosvitins and the lipovitellins. These
proteins serve as sources of phosphate and lipid

respectively, for the developing embryo.
(B) EHistorical

The study of vitelloggnesis began some fifty years ago,

when Roepke  and Hughes (1935) first demonstrated that a sex
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.specific phosphoprotein appears in the serum of domestic
. hens during volk aeposition in the cocyte. Fliqk}nger and™
Rounds (1956) implicated estradiol in the production of
these egg-yolk proteins. Several vyears later, Greengard,
Gordon, Smithréﬁd Acs (1964) Shcyed_;that the appearance of
the -phosvitin precursor in the serum represents de novo
synthesis of <the protein by the., liver, and that RNA
synthesis is™ a. requirement for_ this process (Gréengard,‘
Sentenac and Acs, 1965). Although the volk protein
precursors are absent ;n the serum of the male, Vanestone, .
- ~—Dale, Oliver, and Common (1957) were the first to show that

the administration of estrogen to roosters evoked the
appearance of Fhe ph&svitin precursor in the serum. These

. results showed_ that vitellogenesis could be studied in the

male of oviparous species without the potential problems
associated withwendogenous estrogens préﬁent in éhe female.
It is now known that males of all egg-laving vertebrates
including Xenopus (Follett & Redshaw, 1968; Wallace & Jared,
1968) and rainbow trout (Chen, 1980; Valotaire et al., 1984;
Maitre et al., 1985) produce and secrete large -;;éa;ts of
vitellogenin into the circulation ﬁpon treatment with
estradiol. Wallace (1970) first postulated that the‘egg-yolk
proteins were synthesized in the liver as a large precursor.

This was confirmed by c¢vancgen bromide cleavage of °

(3H]-serine labeled in vitro translation products of Vg mRNA
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(C) The egg-volk proteins

6—‘

b

(Gorden, Deeley, Burns, Patterson, cﬁ}istmann’ and
Goldbergery 1977). fhe\ffagmenté from the cyanogen bromide
cleavage of .ﬁﬁé in wvitro translation products were shown to
be very similar to the fragments generated “by cyanogen

bromide cleavage of phosvitin and lipovitellin.

—~

The lipovitellins.are glyco;lipo-phospho—proteiﬁs witp;a
very low -content of acid-labile phosphorus, while(ghe
phosvitinsn are@—rich in " phosphorus but lack lipid and
carbohydrate. In rainbow trout there are twé lipovitellins:
of 95,000 dalteons and 24,000 daltons "and two slightly
différent phosvitins ‘of approximatelyw 22,000 daltons each
(Chen, 1980). In ZXenopus, on the other hand, there are two
iipovitellins of 121,000 and 34,000 ’aaltons, one phosvitin
of'32,000 daltons and two phosvettes of 19,000 and 14,000
daltons (Wiley, Opresko & Wallace, 1981). Théré is ~one
lipovitellin (135,000 daltons) and two phosvitins of 34,060

and 28,000-daltons found in the chicken (Gordon et al.,

1977)-

Trout lipovitellfﬁs have a 1lipid content of 25% and an
alkali-labile phosphorus content of 0.007%, while trout

phosvitins have an alkali-labile phosphorus content of 15.8%

| _- .
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(Campbell & Idler, 1980}. The amino acid cpmposiﬁion of
rainbow trout lipovitellin resembles that fougd in Xenopus
exéept for scme differences in serine and)kaliée content

- (Campbell & Idler,. 1980). The difficulties inherent in

analyzing proteins containing large 1lipid and carbohydrate

side chains has -prevented the determination of the amino

)

acid sequéncé{of these proteins. The lipid content of trout
lipovitellins is comparable to that in Xenogus,JRedshaw'&
Follett, 1971). In salmonid phosvitins, serine is the*
predominant amigo acid accounting for as much as 42% of the

amino acid content, and exists almost exclusively in its

phosphorylated form, phosphoserine (Mane & Yoshida, 1969;

Campbell & Idler, 1980). ~ These characteristics of teleost
rhosvitins are common to Xenopus and chicken phosvitins

(Redshaw & Follett, 1971).

(D) Expression of the vitellogenin genes

Figure 2 outlines the mechanism of activation of

estradiol responsive genes in hepatocytes. Estradiol .

circulates bound to proteins such as albumin and enfgrs the
cell, either by passive diffusion or facilitated transport
(Gorski & Gannon, 1976). The hormone is translocated to the
nucleus and binds to unoccupied receptors (King & Greene,

1984; Welshons, Lieberman & Gorski, 1984). The binding of

-



FIGURE 2: Summary of the mechanism of estradiol-induced gene
.expression.
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the activated hormone-receptor complex to chromatin initiates

a change in the conformation of the chromatin from an

*

inactive -to an active state, resulting in the transcription
of the estradiol sensitive genes (Williams & Tata3 1983).
The primary RNA transcript is then capped, spliced, and
polvadenylated to ‘give the mature mRNA. In the cytoplasm
the” mature MRNA _is protécted from degradatioﬁ_ by
estradiol-induced stabilizing protein§ {Brock & Shapiro,
1983a}), and is tfanslated to produce the pre-protein which

undergoes post-translational "modification in the endoplasmic

——

reticulum and Golgi apparatus before packaging into
s .
secretory gdranules and export to the circulation (Tata &

Smith, 1979). : -

(1) The Kinetics of induction: _ _

Primary versus secondary stimulation

-

A general feature oﬁ the action of most growth and
development hormones is a lag period preceding the onset of
a given response (Tata, 1970). The latent period, which is
important in explaining the early events underlying hormone
actién, can vary according to whether the animal has been
previously primed with <the hormone. In -male ZXenopus,

vitellogenin “starts to accumulate in the circulation

‘approximately two days after the initial administration of

e,
R



estradiol (Farmer, Henshaw, Berridge & Tata, 1978). If very
large doses| of |estradiol are used for stimulation,
vitellogenin i's detectable in the serum at approéiﬁately 4-5
_hours after treatment and the accumulation of VglmRNA in the

liver begins approximately 3-4 hours after treafment-(Baker'

& Shapiro,-. 1977).

Upon withdrawal of the primary stimulus vitellogenin
production and Vg ~-mRNA levels gradually return to
undetectable levels. If a second dose of estradicl is then °
administered, the lag in thel acéumulation of Vg mRNA is
reduced to 1-2 hours (Baker & Shapiro, }978) and the
synthesis. of wvitellogenin 1is lrapidly established at the
maximum rate (Farmer et al., 1978). This is rgfgr;ed to as
secbndary stimulation. The rate of accumulation of Vg mRNA
between four and six days after secondéry stimu%ipion is
about four times greater than tﬁé primary induction'dufing
the equivalent time period. Levels of Vg mRNA during
secondary stimulation are about twice those observed with the
same dose during primary stimulation (Baker & Shapiro,
1978). This pheﬁémenon has been termed the "memory effect"
and has been observed in both Xenopus (Berridge, Farmer,
Green, Henshaw & Tata, 1976; Farmer et al., 1978; Baker &
Shapiro, 1977; Baker & Shapiro, 1978) and chicken (Beuving &

Gruber, 1971; Maeenpaa, 1976). The length of the 1lag period
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is dose . dgpendenﬁ {(Shapiro, 1982). The "memory effect" has
also been demonstrated iﬁ organ culture (Green & Tata, 1976;
Felber, Ryfféi & Weber, 1978L and primary hepatocyte
éultures iSearle & Tata, 1981; Tenniswood, Searle, Wolffe &

Tata, 1983).

Sﬁbsequent studies.,have shown that estradiol regulates
the absolute rate of vitel;ogenin gene transcription and the -
differences observed betﬁeen primary and secondary
stimulations are partiy attributable to an increase 'in the
rate of vitellogenin géne transcription {Brock & Shapire,
1983b) . There has been a conszderable amount of research to
determine’ the underlying'cause "~ of this "memory eff$ct". It
has been s;ggested that changes’ iﬂ the nuclear estradiol
receptor populétions, chromatin conformation, methylation of
the vitellogenin genes or a combination of these processes
mav be involved in the regulation of vitellogenin gene
expression and the establishment and maintenance of the
"memory effect".

v

(2) Changes in the nuclear estradiocl receptor populations

The original two step hypothesis of steroid receptor

unoccupied cytoplasmic

~

action proposes that the binding of the steroid to the
TLreceptor induces a conformaticnal
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change in the receptor protein which activates the
steroid-receptor complex (Jedsen, Suzuki, Kawashima,',Stqmpf,
Jungblunt & Desombre, 1968). The steroid-receptor complex

then translocates to the nucleus where it binds to acceptor

e

sites on the chromatin, initiating transcription of the
steroid-inducible genes. Recently, the estrogen receptor
has been localized in the nucleus of estrogen responsive

A\
tissues by immunohistochemistry using monoclonal antibodies

specific for the esttogen receptor kKing & Greene, 1984;
Welshons et al., 1984;3: Since there is little or no specific
cytoplasmic étaining/fq;_the receptor observed in any of‘ghe
estrogen responsive tissues or tumour cells eiamined, there
is now considerable debate as to whether cytoplasmic
receptors are presemnt 1in estrogerr target tissues. These
studies have 1led to the suggestion that the unoccupied
receptors reside in the nucleus, not t@emggtoplgsm. The
occupied estrogen receptors which . &fe” localizéd in the
nucleus are most probably bound to 7tﬁé nuclear matrix and

chromatin, altering the expression of _estradiol sensitive

genes (Schrader, 1984).

In naive male Xenopus hepatocytes, there are several

hundred estradiol receptors per cell, the majority of which
/ -

are localized in the nucleus (Hayward, Mitchell & Shapire,

1980). Upon stimulation with estradiol there 1is an

~ .
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induction of the estradiol receptor. The total number of .

nuclear receptors increases to approximately 2000 receptors
per cell, most of which are bound to estradiol. Although the
nuclear receptor levels remain elevatéd up to 70 days after

withdrawal of estradiol, only a few hundred remain bound to

the nuclear matrix and chromatin. It has been suggested
‘\ -

that the ©pool of £free receptors may account for the\iagid
and enhanced secondary response to estradiol .(Hayward éﬁ
al., 1980), although cther contribuéing factors have not been
ruled out. The fact that estradiol-induced protein synthesis
is required during the withdrawal period'to indﬁce a full
secondary response suggests that new qstradiol receptérs
continue to be . synthesized even after hormone withdrawal
(Perlman, Wolffe, Champion & - Tata, 1984). It should bhe noted
that de novo initiation of transcription is noﬁ dependent on

new receptor synthesis, however receptor synthesis is

required for continued transcription (Perlman et al., 1984).

{3) Estradiol-induced changes in chromatin conformation

Chromatin which is gptively undergeoing transcription, or
has the potential to undergo active transqription, possesses
a unique conformation (Weintraub & Groudine, 1976). This is
reflected in enhanced susceptibility of the active chromatin

to digestion by DNase I or micrococcal nuclease (Conklin &

iz
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Groud;ne, 1984). These 9hanges.in chromatin conformation
- are éissue specific. Limited digéstion ef nuclei isolated
from Xenopus hepatocytes with DNaée I,- suggests that the
vitellogenin genes of estradiol treated males are 2-fold more
sensitive to digestion ~when ‘cémpared to untreéted males
(Tata & Baker, 1979; , Gerber-Huber, Felber, Weber & Ryffel,
1981). The sensitivity of the viteilogeniﬂ genes to DNase I
occurs over the entire Xenopus vitellogenin gene locus and
reflects the potential for +transcription of the . gene

(Folger, Anderson, Hayward & Shapiro, 1983). Although no

DNase I hypersensitive sites have been found in Xenopus,

steroid-mediated transcription of --the chicken vitellogenin

II gene in the liver is accompanied by both a general
increase in the sensitivity to DNase I and the appearance of
two groups of‘naclease hypérseﬁsitive sites in the region
upstream of the vitellogenin gene {Burch & Weintraub, 1983)
that maps to putative estradicl receptor hinding sites

{Burch & Weintraub, 1983; Burch, 1984).
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The fact that the generglized sensitivity to DNase I in
Xenopus persists as long gs,four months after the withdrawal
of estradiocl and the ceséation of transcription has led to
the suggestion that the change in chfdmatin conformatipn may
play an, important role in the maintenance of memory"
(Williays’& Taté, 1953). Recently work by Burch and Evans
(l986)-?emonstrates that the "memory effect " doces not always
correlate  with DNase I sensitivity, éuggesting that some
other aspect of chromatin structure, which is not

discernible by DNase I sensitivity may be, . at least

partially, responsible for the stébility of "memory".

(4) Gene structure and expression

There are four vitellogenin genes expressed in Xenopus
laevis (Wahli, Dawid, Wyler, Jaggi, Weber & RyEfel, 1979).
The two main groups of mRNAs, A and B, differ in
approximately 20% of their ﬁucleotides. The Araﬁd B groups
are each composed of two subgroups ¢of segquence J(Al & A2; Bl
& B2) which differ in about 5% of their nucleotides. The
four mRNAs have a similar length (6000 nucleotides) and
accumulate to high levels in stimulated animais (Wahli et
al., 1979; Feiber, Maurhofer, Jaggi, Wyler, Réffel, Weber,
1980). Heteroduplex mapping has shown that tﬁg 6 kb coding

region of the Al, A2 and B2 genes are inteﬁftpted 33 times
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by intervening sequences, resulting in total Qene lengths of -

20.5 kb, 15.8 kb, and 17.5 kb respectively (Wahli & Dawid,
1980; Germond, Heggler, Schubiger, Walker, Westley & Wahli,
'1980)  The Bl gene  is 16.6 kb in length and has 34
intervéning sequences (Wahli & Dawid, 1980). Within each
" group of genes the lengths of the coding sequeﬁces de not
change, only the 1length (and number) 6f intrens. The;e
similarities suggest that the four genes have arisen from a

common ancestral gene by some form of duplication and are

not independently derived (Wahli, Dawid, Ryffel & Weber,
1981). '

1

During chronic stimulation all four genes’ are egqually
expressed and the mesgages are represented in equal amouhts
(Wahii et al., 1979). when male hepato;ytes are stimulated
by estradicl in wvitro, only the B group of vitellogenin
messages are detectabhle within the firéé 2-3 hours (Wolffe &
‘Tata, 1983),‘the subsequent order of expression is B1l, Al, A2
and B2. The Bl:Al ratio remains relatively constant
throughout the first 12 hours. The Al + Bl mRNAS are about
5-6 times more abundant than the A2 + B2 mRNAs during the
first hour of stimulation (Ng et al., 1984). The fact that

the B group of genes becomes DNase I sensitive at least 12

hours before the A group after stimulation (Williams & Tata,
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- 1983), suggests that the Bl gene changes conformat%oh and is

-

transcribed before the Al gene. \

Duriné secondary stimulation there 1s no lag in the
expression of the Al gene and all of the vitellogenin genes
are equally expressed and quually sensitive to DNase I
{Williams & Tata, 1983). The complex chromatin structural
change; which account for this altered pattern of expression
during the initial stages of primary induction take several
hours to manifest themselves. These results indicate that the
structural changes which occur during primary inducticn

probably play an important role in the establishment\and .

maintenance of "memory".

(5) Gene committment and DNA methylation

The tissue-specific methylation patterns that are
created upoﬁ cell differentiation are part of +the process
termed "gene committment" (Compere & Palmiter, 1981).-Early
studiés on methylation suggested that genes which are
expressed in a particular cell type are undermethyipted. when
compared to cells which do not express the gene (McGhee_&
Ginder, 1979; Mandel & Chamﬁon, 1979; Bird & Taggart, 1980).
Although tbis is true for several genes which are

constitutively expressed ( albumin in
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hepatocytes) the demethylation of_ hormonally controlled.

-— genes is not universal. - Nine of the twenty-one methylation

sites within the transcribed region of the chitken
vitellogenin II gene are demethylated in laying-hen liver
(Philipsen, -Gruber & Ab,  1985) while.. the Xenopus

vitellogenin genes are expressed even when fully' methylated

-{Folger et al., 1982; Gerber-Huber, May, Westley, Felber,

‘Hosbach, Andres & Ryffel, 1983). This suggests that the

demethylation of the vitellogenin genes may be species as
well as tiséug_gependent.
| M | .
The existence of\ female and liver specific
demethylation at the 3'-end of thé édult Xenopus Bl'gené (Ng,

Baker & Tata, 1984) and of .expression-linked demethylation

sites 5' to the chicken vitellogenin II gene (Burch &

Weintraub, 1983; Philipsen et al., 1985) suggests that

demethylation of ‘cytosine residues outside of the-—coding
region may also help to direct the expression of the

vitellogenin genes in a sex and tissue-specific manner.

However, the demethvlation of the chicken vitellogenin

occurs only after chronic stimulation of vitellogenesis and
can not account for the enhanced expression of the
viteliggénfg- genes upon secondary stimulation with

estradiol.
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{6) Other changes in- liver gene expression

In addition to stimulating the production of
vitellogenin, estrogen has a marked effect on the exprg;sion
5f a number of ‘other genes 1in the 1liver. For example,
.stimulation of male Xenopus results in " the induction of a
small estrogen inducible m;ssaéé codingw for a protéin of
about 22,000 daltons (Hayward, Barton and Shapiro, 1985). _In
rainbow trout the production o¢f an estradiol responsive
messége of about . 1800 nuclectides has been feporéed to
increase several-fold upon induction with estradiol 1Chen,
1983). In chicken, estradiol stimulates the production of
the mRNA qodingﬂiiéi_ apc very low density lipoprotein II
{(apo VLDL II mR§A), and secretion of apo VLDL II into the

serum (Wiskocil, Bensky, Dower, Goldberger, Gordon and

Deeley, 1980). -

Estradicl also stimulates the production of severél
different vitamin binding proteins (Murthy & Adiga, 1978:
Muniyéppa & Adiga, 1980; Murty & ﬁdiga, 1985). These
vitamin bkinding pfoteins are synthesized de nove by avian
liver and are minor, but important constituents of both the
egg-white and egg-volk. The. kinetics of induction of these

_vitamin carriers during both primary and seceondary -
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N . .
stimulation are qualitatively similar to . that of

vitellogenin (Murty & Adiga, 1985).

Iﬁ contrast to the proteins mentionqg above, chronic -
* induction of vitellogenésis in male Xeﬁégus results in the
virtual disappearance- of several proteins from the Serum,.
“including albumin (Follet & Redshaw, 1968; Follet & Redsaw,
- 1974). The level of albumin mRNA in male Xenopus liver
declines rapidly. following adﬁiniStration of estrogen (May,
Ryffel, Weber & Westley, 1982); The decrease in the levels
of albumin mRNA is due ﬁo a combination of a decreased rate
of albumin gene transcription and an _increased rﬁte of
albumin mRNA degradation (Wolffe, Glover, Martin, Tenniswood,”
Williams & Tata, 1985; Riegel, Martin & Schoenberg, 1986).
' The effect of estradiocl on albumin gene transcription is
transient and levels of albumin mRNA return to contrel after
several days eQen in the presence of estradiol (Wolffe et
al., 19867).
Estradiol alsa) has an é%fect on‘ the proteins required
for transcription and translation. The chick oviduct is the
L”site of egg-white protein synthesis and is one of many model
systems used for the study o¢f estradiol induced.gene

expression (Compere, McKnight & Palmiter, 1981; Palmiter,

Mulvihill, Shepherd & McKnight, 1981). Stimulation of the
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chick oviduct with estradiol results in an increase in
overall “RNA polymerase . II -levels prior‘ to ovalbumin gene
transcription (Taylor & Smith, 19861: This suggests that one
of the first responses of the' oviduct to estreogen is to
increase RNA polymerase II levels in order to cope with the
increased demands on the transcriptional machinery. It
should be noted that while the increases -in the level of RNA
pdiymerase ITI activity is undoubtedly of physiological
-significance, it 1is orders o¢f magnitude smaller than the
.effects of estradiol on the synthesis of vitellogenin mRNA

(Shapiro, 1982). - "

N

In the chicken 1liver, administration of estradiol
results in an increased rate of ribosomal RNA synthesis and
a decrease in the amount of ribonuclease activity associ&ted
-;Ith the liver ribosomes (Bast, Garfield, Gehrke & Ilan,
1977; Penttila & Maenpaa, 1985). The levels of ribosomal
RNA increase three to six-fold tc-meet the high demand placed

on the system for translation of the estrogen responsive

. messages. The induction of vitellogenesis by estradiol i§~’
very complex, and involves not only the induction of thg

- vitellogenin genes, but the coordinated control and
expression of the transcriptional and translational machinery
needed for the produétion of iérge amoggﬁs of vitellogenin

(Tata & Smith, 1979).
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(E) Rainbow trout as.a model for vitellogenesis

-

p—— -

- Although the kinetics of induction of the vitellogenin

génes has been thoroughly investigated in Xenopus and

chicken, neither of these species are seasonal breeders.

Xenopus are Kkept in captivity, the seasonal “oductive

The reproductive cycle of the chicken is non-seagiff} . When
P
cycle is disrupted. Thus, the ugé of Xenopus and chicken as
model systems for the study of vitellogenesis in seasonal
species may not be appropriate. Since rainbow trout retain
the seasonality of their reprecductive cycle even in
captivity, they are an appropriate mﬁdel to study
vitellogenesis in a seasonal speciés. Moreover, since female
trout produce vast amounts of vitellogenin over a 4-5 month

period, the control and expression of the vitellogenin genes

may be different from that of Xenopus and chicken.

(1} The reproductive biology of the female rainbow trout

v

Rainbow trout spawn seasonally, producing one batch of

eggs per vyear. First time spawners are two to three-years
of age. In the young female trout, differentiation of the
primordial germ cells into oogonia occurs at about three
months of age. Throughout the life of the female, oogonia

undergo mitosis to preduce primary Socytes. Development of

333;
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the cocytes is arrested at the "pfenucléolué" stage, by

which time they have increased to over 1000 times their
original vblume. ;The second§Fy égoéth of the cocyte 1is
synchronous and begins 18 mopths prior to spawning. This
proceﬁs_ can be divided into two phases: "endogenous
vitellogenesis" and "exogenous vitellogenesis" (van Bohemen &
Lambert, 1981). "Endogenous vitellogenesis™ occurs primarily
in the early stages of secondary growth and is characterized
by  the synthesis of a small, amount of wvitellogenin,
apparently by the cocyte itself, aﬁd the appeaiance of yolk

vesicles in the oocyte in Februaryv and March.

"The levels of estradiecl in the serum are very low during

-

the previtellogenic pericd and begin to rise in May or June

in response to longer periods of sunlight and warmer

temperatures. The l'vels of estradiol peak at approximately
50 ng/ml in e"ly October, one or two months before
spawning, then return to previtellogenic levels ﬁust prior
to ovulation (§g§;t, Bye & Baynes, 1980). As estradiol
levels rise,. "exogenous vitellogenesis" commences in the
liver and continues until spawning in December. During this
period vitellogenin, which is synthesized by the 1liver, is
sequestered in theroocyte. By the end of this phase the
oocytes have grown to a diameter of 5 mm gnd to a volume

approximately “"250 million-fold greater than-.that of the
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oogonia._At ovulation,.the ovaries constitute approximately
"~ 20% of the weight of the fish-fSumpter, 1984).

As_ these numpbers might ’‘suggest estradiol has a
é?gnounced effect on both liver metabolism and morphology.
'Eﬁtradio¥‘induces hypertrophy of the liver in all teleost
species stﬁ&ied so far, including rainbow trout (Campbell &
Idler, 1980). During the early stages of the reproductive
cycle the liver of the female trout is indistingﬁishable from
the male liver; both show a moderate development of rough
endoplasmic reticulum, the Golgi bodies are small and
contain very little electron dense material. The livers of
both sexes coﬁtaig large cytoplasmic 1lipid and ’_glycégen
stores. As vitellogenesis progresses the cytoplasm is
depleted of giycogen granules and lipid droplets, the rough
endoplasﬁic reticulum increases dramatically and the Golgi
bodies are enlarged with electron dense inclusions (Aida,
Hirose & Yokote, 1973). As a result the Iliver weight
increases 300% to meet the high demand for vitellogenin_
production (Sumpter, 1984). Similar changes occur in Xenopus
after injection with estradiols (Lewis, Clemens & Tata,

1976).
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(2) Role of pituitaryv hormones

Unlike the .situation in Xenopus, pituitary'hormones,
particularly the gonadotropins, have a éronounced effect on
vitellogenesis and ooc&té ' maturaﬁion_ in teleost fishes.
There are ﬁwo -typeé of gonadotropins in teleosts, the
viteilogenic and maturation gonadotropins (Idler & Ng,
1579). The two are easily sepa;ated on a Concanavalin_A
Sepharose. The maturaticnfhormone (ConA fraction II) is
'carbohydrate fich ahd is absoébed by the column. In contrast
the vitellogenic hormone (ConA  fraction I) is carbohydrate
poorxr aqd is not absorbed. In the winter fléunder; matur;tion'
hormone is present in foliIEle envelopes and interstitial
tissue of the ovaries and in large immature oocytes'(ﬁg,
Idler & Burton, 1980). The maturation hormone is thought to
be responsible for- stimulating'estrogen production by the
ovary. The vitellogenic hormbne has been shown to stimulate
the uptake of vitellbgenin intd the ovary of
hypophysectomized flounder which are actively undergoing
vitellogenesis (Idler & Ng, 1979) and the in vitro
incorporation of vitellogeniﬁ into immature chinook salmon

oocytes (Campbell, 1978).

Several lines of evidence suggest that both pituitary

factors are needed for normal vitellogenesis. First, unlike
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whole pituitary extract, viteliogenic gonadotropin does not
induce the ”ultrastructural chaﬁgesy. in‘_ the 6vary
characteristic of eibéenous vitellogenesis. Secondly,
injection of an excess of ant;-vitellogenic gonadotropin
antibodies into vitellogenic flounder impairs, but does not
prevent, vitellogenin accumulation in the ococyte (Wiegand &
Idler, 1984), suggesting that both the ConA fraction I and
Cond fraction II gonadotropins may be reguired for normal
oocyte development and uptake. of vitellogeﬁln and lipids.
The ééntrgl nervous system-hypophysial‘axis is also the most

likely trigger <for the photoperiodic modulation of plasma

estradicl in the female trout (Bromage, Whitehead & Breton,

1982). -
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(F) Specific aims

In the present study rainbow trout liver gene expression

during vitellogenesis was examined with the following

specific aims:

trout. - y \
(2) to determine if any difference exists between the
primary response of male trout liver to estradiol

versus the secondary response.

(3) to determine the medium to long term effects
estradiol on the expression of non-vitellogenic

messages in male trout liver.

(1) to characterize the control of vitellogenesis in rainbow

of.
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METHODS



(1) ANIMALS . o -

-~

‘Iwo year old male rainbow trout (Salmo gairdneri},

175-600 ¢, re obtained from Thistle Springs Trout Farm,

Ashton Ontario. The sex of-each fish was determined on the

.basis of secondary sexual characteristics and later confirmed

at autopﬁy. on arrival. the fish were transferred tg living
streams filled with deionized, ' dechlorinated city water
buffered with a small amount of sodium bicarbonate. The pH
was maintained at pH 6.8-7.0 throughou; the study. The light
cycle was 12 hours on / 12 hours off. The fish-were fed once’
a day with Purina Fish Chow, uneaten food was removed after -
15 minutes of feeding. Fish were anesthetized by placing
them in a bath of 100 mg/litre Tricane (ethyl
3-aﬁinobenzoate, methanesulfonic acid} buffered to pH 7.0
with sodium bicarbonate. Blood samples were obtained from

anesthetized fish via the caudal wvein.

(2) ADMINISTRATION OF ESTRADIOL

The fish were divided into three &foups. The first
group (primary acute stimulation), was injected
intraperitoneally with estradiol (3 mg/kg body weight) in
warm cocoa butter (3 mg/ml) (Maitre et al., 1985). The

second group of fish were implanted subcutaneously with
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silastic tubes containing 20 mg estradiol (primary chronic.
‘stimulaéion). "The remaining group was first .injected with
. the cocoa butper-estradioi mix then 28 days later implanted
with silastic tubing containing 26 mg estradicl (secondary
chronic stimulation). At various times after injection or
implantatidn, the fish were ranesthetized, blood was sampled
~and the iivers excised, frozen in liquid'nitrogen and.stored
at -70° c. Boégéyweights and liver weights were'alsé
measured. The primarf acuté stimulation was performed in

late April, while the primary and secondary chronic

stimulations were performed in June and August respectively.

(3) MEASUREMENT OF ESTRADIOL SERUMlLEVELS

The serum levels of estradicl were measured by
radio-immunoassay at the Kingston General Hospital (courtesy
of Dr. Albert Clark). Sampie determinations were performed
in duplicate and compared -to a prepared set of standards.
The anti-se;uﬁ -used does not cross-react with estrone,

estriol, progesterone or testosterone.

(4) MEASUREMENT OF VITELLOGENIN SERUM LEVELS

Serum vitellogenin was measured by  rocket

immunoelectrophoresis as described by Maitre et al. (1985),
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FIGURE 3: Quantitative measurement of serum vitellogenin by
rocket immunoelectrophoresis.

Rocket immunoelectrophoresis was performed on 5 X 5 cm
gels containing 1% agarose, in 0.25 M Tris and 0.19 M glycine
pH 9.2, containing monospecific anti-trout Vg antibody
diluted 1:400. Inset: - increasing amounts of purified
‘vitellogenin (100-500 ng) were added to each well in 2 ul of
gel buffer and electrophoresed for 18 hours at 80 volts. The
graph shows the linear correlation between peak height and
the amount” of vitellogenin in each sample over the range of 0
to 500 ng. Each point represents a single determination.
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using anti-trout vitellogenin antibodies and purified trout

vitellogenin as the standard. The purified ‘vitellogenin

standard was prepared from the serum of estrddioc reated
males by the method of Wiley, Opresko, and Wallace (1379),
with moqifications (Maitre et al., 1985). The precipitation
band was visualized by staining-with Cdahassie blue (Maitre
et al., 1985). Al typical standard curve is shown in figure
3. The relationship between migration versus nanograms of
vitellogenin is linear up to 500 ng. Unknown serum samples

were diluted with sa%;ng te bring the concentration of

vitellogenin within the.linear. range of the .assay.

l(S)_EXTRACTION QF RNA

Total RNA was extracted from the livers of céntrol and
stimulated trout by the LiCl/urea procedure (Auffray &
Rougeon, 1977) with minor modifications (Tenniswood &
Simpson, 1982). The concentration of .RNA was estimated by
measuring optical densiéy at 260 nm. The ODyg/0ODpgg ratios
were all in the range of 1.5 - 1.7, indicating that the
samples were essentially free of protein or phenol
contamination. Typical yields were 3-10 mg of total RNA per
gram of liver. Poly(a)* RNA  was. prepared by

oligo(dT)-cellulose chromatography as described by Aviv and

Fa

" Leder (1972).

-

C;‘\
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(6) AGAROSE GEL ELECTROPHORESIS OF PA[AL .

Total and poly(A)T RNA were electrophoresed in 1.5%
agarose slab gels under denaturing cénditions-(McMaster &
Carmichael, }977) using trout' rRNA as size markers.
Electrophoresis was carried_out at room temperature at 100
volts for 4 hours, during the run the buffer was continually
fecirculated. The gels were stained with ethidium bromide (1
ug/ml} and photographed using 306 nm U.V. t:anéillumination
with an orange filter aﬁd Ilford FP4 £film. Densiometrici
scaﬁs of the negatives were perfbrmed on a Beckman DU-8

spectrophotometer at a wavelength of 520 nm.

(7) PREPARATION OF cDNA LIBRARY FROM STIMULATED

MALE TROUT LIVER

Trout 1liver cDNA clones were prepared using the
procedure of Rutledge, Seligy, Cote, Dimock, Lewin and
Tenniswood (1986). Poiy(A)+ RNA -from the liver of an
estradiol stimula;ed_ male -trout, implanted 10 days
previously with an estradiol containing silastic implant, was

used for the cloning. -
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(1) Synthesis of [ 32P]-single stranded~cDNA

[32P]-s§-cDNA was synthésized as. féllpws: 10 ug of
poly‘(A)+ RNA | fromlthe liﬁer of an estradiol stimulated male
was incubated in a final . volume of 30 ul of a'buffer
. containing 100 mM Tris-HCL pH 8.3, 130 mM KCl, 10 mM MgCl,,
2.5 mM DTT, 4 ug qligo[d?)lo_lg,.lo ug,randoﬁ hexanucleotide'
primer, lmM dATP, lmM TTP, 1mM dGTP, 1mM dCTP, and 50 pCi of
[32P]-dCTP. Aftef heating to 609C for 2 minutes, 24 units of
AMV reverse transcriptase were -added and .the mix was,

incubated at 42°C for 30 minutes.

The [32P]-ss-cDNA/RNA hybrids prepared above were
incubated at 15°C. for 1 hour with 400 units of T4 DNA ligase
in a total volume of 100 pl of 50mM Tris-HCl pH 7.8, 10 mM
MgCl,, 20 mM DTT, 1 mM ATP, 50 ug/ml BSA. After incubation
the sample was heated to 65° C for 15 minutes to inactivatep-
the ligase. ‘

b

(1ii) Synthesis of [ 32P]-double stranded-cbNA

- RNase H (2 units) and DNA polymerase I (25 units) were
added to the E32P]-ss-cDNA/RNA hybrid and the reaction
mixture was incubated at 15°C for 2 hours. At the end of

the incubation. period the sample was extracted with phenol/
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cﬁloroform/ iscamyl alcohol (25:24:1), and passed through a
G~50 spin coclumn (Maniatis, Fristsch, &“-Sambiéok, 1982) to
separate the free nucleotides from the incorporated
radicactivity. The [32P]-ds-cDNA in the ﬁoid volume eluant
from the G-50 columqs {(approximately 100 pl) was
fractionated thfough a Sepharose 4B column packed in a 1 ml

pléstic pipette. One drop (30 ul) fractions were collected

"and counted in a Nuclear Chicago Isocap 300 scintillation

counter.

One microlitre aliquots from the Sepharose 4B fractions
were sized by electrophoresis on a 2% agarcse slab gel in a
Tris-acetate buffer. A ﬁind IIX digest of lambda DNA was
used as a standard molecular weight marker. The gel was
stained with ethidium bromide as outlined above and
photegraphed. The gel was then dried down under vacuum on a
Savant gel drier and autoradiographed using Cronex X-ray

film in a Kedak X-Omatic X-ray cassette with intensifying

screens.

(iii) Cloning of [ 32P]-ds-cDNA into pUC 8

Fractions 8-12 from the Sepﬁérose 4B column were pocled
and precipitated at -20°C for 1 hour in alcohol with an-

equimolar amount of Sma I-digested calf intestinal
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phosphatase-treated pUC 8. The sample was redissclved in a
total velume of 10 ¢l in a buﬁfer containing 50 mM Tris-HCl
BH 7.8, 10 mM MgCly, 20 mM DTT, lmM ATP, 50 ug/ml BSA and 400
units éf T4 DNA ligase. The sample was incubated at 15°C for
16 hours. After di;ﬁtion of the ligation mixtures to 100 pl
with T.E. buffer, aliquots containing recombinant plasmids
were used’ 56 transform E. ceoli  DH1 cells,.whidh were then
grown on psi agar containing 100 ug/ml ampicillin. Plasmids
containing ¢DNA inserts were identified by Grunstein-Hogness

hybridization as described below. Plasmiés of interest were
prepared using a 'modification of the method described by -

Birnboim and Doly (1979).

(8) éRUNSTEIN-HOGNESS EYBRIDIZATION ANALYSIS

-

Ampicillin-resistant colonies were  selected and
characterized by colony hybridization to [32P]-labeled cDNA
(Grunstein & Hogness, 1975). The colonies were picked in
duplicate ontc nylon membranes, each of which was hybridized
to [32P]-cDNA complemehtary‘ to estradiol stimulated or
unstimulated male trout liver poly(A)T RNA. The intensities
of the signals were compared, and the clones of interest
were classified accordingly as constitgtive or estradiocl
gnduced. Selected plasmids were further characterized by

northern hybridization analysis.

&
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(9) NORTHERN HYBRIDIZATION ANALYSIS

Duplicate lanes of poly(A)t RNA from contr&l and
stimuliééﬁ male - trout were electrophoresed as described
‘previously, transferred to nylon membranes es§§ntialiy as
described by Thomas (1980) for nitrocellulose filters, and
hybridized- to nick-translated plasmids (average specific
activity 8-10 x 106 cpm/200 ng plasmid). The filters were
- prehybridized . for at least 6 hours at 42°C in a buffer
Containing 50% formamide, 5X SSC, 5% Demhardt's solution
(0.2% bovine serum albumin, 0.2% ficoll, ‘ 0.25%
polyvinyvlpyrrolidone) and 100 wung/ml heat @enatured calf
thynus DNA. Tﬁe filters were then hybridized with
[32p]-labeled plasmids in the same buffer at 42°C for at
.least 18 hours. After hybridization the filters were washed
twice in 2X ssC, 0.1% SDS at room temperat&re for_ 15
minutes, and twice in 1X SSC, 0.1% SDS at 42°C for 10
minutes. The filters were sealed /ﬁn Saran Wrap and
autoradiographed with Cronex:X-ray fi%ﬁ in a Kodak x-Omatiq

cassette with intensifying screens./,’//
e

(10) PREPARATION OF RADIOACTIVE PROBES

[32p]-cDNA complementary  to poly(a)t RNA from

unstimulated or stimulated trout used for Grunstein-Hogness
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analysis wag synthesized by  the method of Williams and
Penman (1975) with minor modifications (Smith, Searle, &
williams, 197%). Plasmids of interest were nick-translated
following the standard,procedure of Rigby, Dieékmépn,(Rhodgé,
and Berg (1977) or labeled using the oligo-nucleotide
labeling technique described by Feinberg and Vogelstein
(19é3). [32p]-5'-end labeling of . 185 rRNA was performed
using the method originaliy described by Richardson (l971f

with modifications (Maniatis et al., 1982)..

(11) RESTRICTION MAPPING OF CLONES

Restriction digests were performed on 5 or"I0 ug of the
‘plasmids of interest wusing conditions suggested by the
enzyme suﬁplier. Double ° digests were performed
sequentially, using the enzyme requiring the lowest salt
concentration first. The digestion products were separated
on néﬁ;denaturiﬁgh 2% Tris-acgtate?agarose gels. A.ﬁind‘
III-Eco RI digest of lambda DNA-or combination of Hind III
digest of lambda DNA and Tag I digest of-pBR 322 were used.
as standard molecular weight markers. After electrophoresis
the gels were stained with ethidium bromide and

photographed.
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(12) SOUTHERN HYBRIDIZATION ANALYSIS

DNA was exXtracted from -female trout liver using the
u‘;method Qf Gross-Bellard, | Oudet, and Chambon (1973).
Restriction digests were performed on 40 ug of DNA, 10 ug of’
the digested DNA was electrophoresed on 0.8% -
.Tris-acétate/agarose gels. After electrophoresis the geis
were stained with ethidium promide ‘and photographed.\\gzhe
gels were then denatured.for 30 minutes in 2.5 M NacCl, 0.5 M
NaQH, and neutralized with 3M sodium acetate,‘ PH 5.5 priot

to transfer onteo nvlon membranes {(Southern, 1975). After
transfer the bloté were baked at 80°C for 2 hours and then

hybridized to [32P]41abeled cDNA clones.

(13) QUANTITATION OF mRNA SPECIES E
Total . RNA extracted from the 1livers of control and
égimulated trout was dot blotted in triplicate onto nylon
m;mbranes as described by Thomas (1983). A poly(A)tT RNA
preparation from control and stimuléted male trqut liver were
used as st;ndards. The aﬁount of each of the messages in
the‘poly(A)+ RNA preparations was determined by scanning the
negatives of an analytical gel of the standard poly(a)* RNA

preparations (results not shown). Vg mRNA represented 13.5%

1 M ' .
of the stimulated poly(A)" RNA standard, while the mRNAs

<
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correspondiné to psSG 3.2 and pSG 2.5 représented 6.4% and
- 7.1% respectively of the poly(A)*™ RNA  -preparation from a
ncontrol male trout. The nylon filteéé were piehybridized as
previously described . for Nerthern hybridization and
hybridized with {32p]-labeled plasmids ' at 42°C for at least
18 hours.  After hybridization the filters were washed twice
Twith §§_“§SC,_O.1% SDS ‘at room temperature for 15 minutes,
then twice with 1X SSC, 0.1% SDS at 42°C for 10 minutes.
The filters were sealed in Sarén wrap and autéradiographed
as previously described. The blots were then cut up and
individual dots were placed in scintillation vials with 5 ml
éf Beckman Ready-Solv ET scintillation fluid and coﬁnted for
10 minutes using a Beckman LS1801 or Nuclear Chicago Isocap
300 scintillation counter. Ten micrograms of vyeast total
RNA was used to determine non-specific hybridization.
Non-specific counts were subtracted from_sample counts and
then compared +to the standards. The amount of gacﬁ'message
is expressed as parts per million (ppm) of total RNA. A
.-typical standard curve is shown in figure 4. Hybridization
of [32p]-1 ed pSG Vg5.09 to Vg mRNA 1is linear up to 100
ng of! VG mRNA. The standard curves for pSG 3.2 and pSG 2.5
also showed a linear'relationship between cpm hybridized and
concentration of message, over the range assayed. A sample

calculation is shown below.
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Sample Calculation:

( sample cpm - non-specific 1 = ¢pm bound
extrapolated from standard curve (figure 4)
X ¢cpm = ¥ ng of Vg mRNA

¥ ng Vg mRNA = ppm of Total RNA
mg total RNA dot blotted

P



FIGURE 4: Quantitative measuremeﬁt of Vg mRNA using dot blot
assay.

. Poly(A)¥ RNA standards from stimulated trout (+ 10.ug
veast total RNA) and vyeast total RNA (control) were
glyoxylated at 50°C for one hour prior to dot blotting onto
nylon membrane. After baking the bleots for two hours at 80°C,
the filters wegs prehybridized for 6 hours at 42°C and then
hybridized to [°4P]j-pSG Vg 5.09 for 18 hours at 42°C. After
hybridization the blots were washed twice in 2X Ssc, 0.1% SDS
at room temperature, then twice in 1X SSC, 0.1% SDS at 42°c
‘and autoradiographed. The graph shows +the linear
relationship between cpm bound versus ng of Vg mRNA present.
Points are the mean value of trlpllcates. The bars represent
the range of the  triplicates.

Inset: A 1-12: 10 ug yeast total RNA
B 1-3: 100 ng Vg mRNA
B 4-6: 50 ng Vg mRNA
B 7-9: 25 ng Vg mRNA
B 10-12~ 10  ng Vg mRNA
c 1-3: 7.5 ng Vg mRNA
c 4-6: 5.0 ng Vg mRNA
Cc 7-9: 2.5 ng Vg mRNA
C 10-12: 1.0 ng Vg mRNA.
s
s
-~
o
ad
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(14) BINDING AND RECOVERY OF 18S rRNA USING DEAE MEMBRANE

Duplicate lanes of non-glyoxalated poly(A)~ RNA from
male.trout were electrophoresed in a 1.5% agarose gel usihg
a 10 mM phbsphate buffer at pH 6.8. One lane was stained
with ethidium bromide and the posiﬁion of  the rRNA bands
detgrmined. The 18S and 28S rRNA bands in the auplicate lane
were intercepted by placing a strip of Schleicher an?
Schuell DEAE membrane in front of the rRNA bands and
electrophoresing the rRNA _onto the membrane: The rRNA was
éluted from the DEAE membrane by incubating the membrane at
65° C, in a formamide containing high salt buffer (55%
formamide, 1.8 M sodiuﬁ acetate, ‘2 mM EDTA, 0.2% SDS, pH
7.4) for 10 minutes. After incubation the buffer was
diluted with water and the rRNA was precipitated with
ethanol, microfuged and resuspended in a minimal amount of

water. -

——— -

13

(15) DOT BLOT MEASUREMENT OF THE CHANGES IN 18S + 28S rRNA

CONTENT

Measurement ‘of the qualitative changes in the levels of
185 and 285 rRNA was preformed using the dot blot assay
previously described for the quantitation of mRNA species

(section 13). The measurement of these changes was hampered
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" by a lack of available recombinant probes for frout rRNA. We
considered using [32P]—;abeled cDNA prepared— frém ilsolated
rRNA as a prabe, but the synthesis was inhibited by the
secondary structure of the rRNA (results not shown).
However, the extensive secondary-stéucéafe_of the rRNA does
allow_for the hybridizatiqn of the rRNA to a [32P]—5'-end
labeled rRNA probe prepared froﬁ isolated 18S <rRNA. The
disadvantage of using [32p]-labeled 185 rRNA as a probe is
that it hybridiiés to both 18S and 285 rRNA. This, coupled
. with the low specific activity of the probe (50 x 106 cpm/
2.4 ug 188 rRNﬁf made it impéssible to provide an absolute
measure of the amount of rRNA dot blotted onto the membrane.
However, the hybridizations were sufficient for determining
i1f there are significant changes in the proportion of 18S
and 2és rRNA in the samples. The levels of 185 and 285 rRNA
are exXpressed as the amount of [32P]-labeled probe

“hybridizing to 10 ng of total RNA.

(lé) IN VITRO TRANSLATICN AND TWO-DIMENSIONAL GELS

Poly(A)+ RNA from stimulated and control trout was
translated in a ' micrococcal nuclease-treated reticulocyte
lysate cell free translatioh system (Pelham & Jackson, 1976)
using [39g]-methionine as the radioactive label. After

translation the ‘[3SS]—labeled products were separated by two
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diménsionai electrophoresis (O'Farreii, 1975}). The labeled

translation products-.(400,000 cpm of TCA _precipitable

material), were first electrophoresed <on isofocusing tube

-

gels ﬁsing LKB pH 3-10 ampholines, followed by -SDS

polyacrylamide slab gel electrophoresis (10% acrylamide) for
_ ’ ? '
the second dimension (Newbeld, Bovle, Smith, & Brown, 1982).

Isofocusing gels using unlabeied reticulocyte lysate were

run concurrently, cut into 1 cm long discs, placed in 1 ml
of distilled water and the pH measured. These served as a
measure of pI for the sample gels. Bio-Rad low molécular
weight SDS-PAGE protein markers were used as molecular
weight standards. After electrophorésis the gels were
stained with Coomassie blue, - destained, and fixed with 7§
acetic acid. After fixing, the gels were prepared for
flucrography (Bonner & Laskey, %374), dried down under
vacuum and fluorographed using Cronex X-ray film in a Kodak

X-Omatic cassette with intensifying “screens.
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RESULTS
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(A) CLONING AND CHARACTERIZATION OF ¢DNA CLONES

(1) Preparation of c¢DNA library from stimulated

_male trout liver

In order to study the effects of estradiol on liver.gene

expression, cDNA probes were needed to measure the levels of
) - ,

specific liver mRNA segquences. When this study was
initiated very few troﬁt liver cDNA clones were availablef
The c¢DNA .plasmids'specific for trout vitelldgenin and other
liver specific sequences which were availablé were very
small (Tenniswood, Bailey, Valotaire & Tata, 198;b). This,
coupled with the fact <that these plasmids contained long
tracts of cytodine and guénosine residues which hybridize
nonspecifically, has made <these recombinant probes very
difficult to use. In order to measure the levels of liver
spécific messages it was <therefore necessary to prepare
ancther cDﬁA clone library made from trout liver poly(A)T RNA
and to screen it for cDNA clones correspondiﬁg to Vg mRNA and
other esttadiol-inducib;g messages. Poly(a)* RNA, extracted
from a male trout implanted 10 days previocusly with an
estradiol-containing silastic tube, was used for cloning.

This time point was selected because of the elevated levels

of. vitellogenin mRNA known to be present. &
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The cloning procedure is - summarized in figure 5. The
fractionation of the ds-cDNA on Sepharose 4B makes it

possible to select specific size classes for cloning. The

\\ ‘au radiograph of the Tris-acetate gel of size 'fracfionated
A ds-cDNA shows a number of distinect bands in the column

profile, most of which represent full.length ds-cDNA copies
of mRNA species (figure 6) "(Rutledge et al., 1986). In total
3.6 ug of ds-cDNA was prepared from 10 ug of poly(a)* RNA.
Half of the ds-¢DNA was size fractionated by Sepharose 4B
'chroma;ography and fractions 8-12 were pooled. Two hundred
nanggramns of ds-cDNA was réquered from'thesg fractions and
raéged in size from 1-5 kb. Forty nancgrams of the size
- - fractionated ds-cDNA was then used for ligation to pUC 8.
Transformation of E. coli DH1 with the recombinant plasmids
produced approximately 10,000 recombinant colonies. This
size selected CDNA library should therefore represent clones
for all abundant mRNA species greater than 1000 nucleotides.
The background of colonies containing uninserted pUC 8 as

determined by the 1ligation and transformation of phosphatase

treated-Sma I digested pUC 8 into E. coli DH1 was less than
5%.



FIGURE 5:

Cloning strategy (adapted from Rutledge et al.,
198s6).
RP : random hexanucleotide primers
A MRNA
VWARAAAINAA CDNA
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FIGURE 6: -Size fractionation of {32P]-doqble stranded-cDNA"
by Sepharose 4B chromatography,

[32P]—double stranded-cDNA, synthesized as described in
methods section 7, was size fraCQ%qnated on a 1 ml Sepharose
4B column (d¥oid volume-fraction 8). One micoliter aliquots
from these fractions were electrophoresed on non-denaturing
2% Tris-acetate/agarase gels. A Hind III digest of lambda DNA
was used as a -~ molecular weight standard. After
electrophoresis the gel was dried down and autoradiagraphed.

Lane 1l: unfractionated cDNA

lane 2: ' fractions™d & 10

lane 3: fractions 11 & 12

lane 4: fractions 13 & 14 )

lane 5: fractions 15 & 16

lane 6: fractions 17 & 18 . ' L .
lane 7: fractions 19 & 20. ' )
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(2) Grunstein-Hogness analysis

: The cDNA clones specific for viteliogénin 'mRNA, were
identified by = differential hybridization. [32P]-labeled
ss-cDNA‘érobés, prepared from control and stimulated trout,
were hybridized to ampicillin-fésisﬁanﬁ colonies as
described by Gruq;tein ang Hognesé ‘(1975). Clones which
hybridized to the [32Pj;labeled ss-¢cDNA from eétradiol
stimulated male trout but nct ﬁhe [32p]-labeled ss-cDNA from
control males were -classified ;s estradiol-induced
sequences. The clones which hybridized to both the control
and- stimulated cDNA  probes were classified//EE‘lbeing_
constitutively expressed. 1200 of the approximé%ely 10,000
clones in the ¢DNA library were analyzedl Iéo huﬁdred of'
these were classified as strongly estradicl-induced.

- :
Thirteen clones with the strongest hybridization were chosen

for further analysis.

(3) Northern analvsis of cDNA clones

The estradiol-induced cDNA clones were charactefized by
Northern analysis. Figure 7, panels A to D shows the
hybridization of fdur [32P]-labeled vitellogenin c<¢DNa
clones: pSG Vg 3.10, pSG Vg 4.14, pSG Vg 5.09 and pSG Vg

5.50. These plasmids hybridize to a 7000 nucleotide MRNA



~ FIGURE 7:- Northern analysis of trout ¢cDNA clones.

2 ug of_poly(A)*RNA from control (lane 1) and stimulated
trout (lane 2) was glyoxylated and electrophoresed on
analytical 1.5% agarose gels in 10 mM phosphate buffer pH 6.8
for 4 hours at 80 wvolts. Trout rRNA subunits were used as
molecular weight markers. The, K RNA was blotted onte nylon
membranes and hybridized to [ 2p]-nick translated cDNA clones
(average specific activity 8-10 X 10 cpm/200 ng).
Poly(A)TRNA from day 10 of the primary chronic stimulation
was used for lane 2 of panels A-D. Poly(A)* RNA from day 4

of the primary acute stimulation was used for lane 2 of
panels E and F-

panel A: pSG Vg 3.13

panel B: pSG Vg 4.14 : T
panel C: pSG Vg 5.09

panel D: pSG Vg 5.50

panel E: pSG 3.2

panel F: pSG 2.5.
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from the liver of an estradiol treated male trout (lane 2),
but do  not hybridize to the RNA' from the liver of
unstimulated males (lane 1), demonstrating that the RNA is
induced de novo by estradiocl. The 7000 nucleotide band is
thg\same as that obtained upon ﬂ&bridization with PpSG Vg
225, a trout vitelleogenin specific ¢DNA plasmid (Tenniswood
et al., 1983b}, (not shown) and corresponds to the size of
Vg mRNA reported by Valotaire et al. (1984): Northern
analysis of three other estradiol-induced cDNA clones;
designated pSG Vg 1.43, pSG Vg 3.13 and pSG Vg 14.12 showed

similar results to those obtained above (results not shown).

Panels E and F &figure 7} represent the Northern
analysis of two of " the constitutively expressed cBNA clones
desigpated PSG 3.2 and pSG 2.5 after the size of\EE? message
{in kilobases) to which’ they hybridize. Both messages are
present in the livers of both unstimulated (lane 1) and

stimulated (lane 2) male trout. At present the identity of

the proteins encoded by pSG 3.2 and pSG 2.5 is not known.

(4) Restriction mapping of cDNA clones

The ¢DNA clones were characterized by restriction
mapping. Figure 8-A represents a Bam HI - Eco RI digest of

six of the vitellogenin c¢lones and a pUC 8 contreol. The band
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at approximately 2700 base pairs, present in all lanes
corresponds to the Eco RI-Bam HI linearization of the pUC_B
vector (2722 bp) (lane 7). The vitell;genin clones shown
here cbnﬁain inserts that range from 1350 to 2500m”5p in
total length. The largest clone, pSG 4.14 (lane 3), is 2500
base pairs in “length and represents over one third of the.
mature vitellogenin mRNA; Thé presence of extra bands on the
gel 1s indicative of internal Eco RI or Bam HI sites. A
. summary of insert size and mRNA species size for the Eiones
"is shown in Table 1. The restriction maps of these
uitelloéenin.clones are shown in figure 9. All the large
‘clones, except for pSG Vg 5.50, contain a common Bam HI -
Eco RI fragment of 1080 bp in length and a common Pst I
site. DSG Vgh 5.09.and psSG Vg 4.14 also cont;in a second
comﬁon Pst I site. péG Vg 3.10 and pSG Vg 4.14 are linearized
upon digestion with Ava I suggesting either an internal Ava
I site, or regeneration of cne of the Sma I(Ava I sites upen

- ligation of the insert to the Sma I digesteggiuc 8.

The restriction map of pSG Vg 5.50 1is distinctly
different from the‘ other vitellogenin ciones. The insert
contains three Pst I sites, a Hind III site, An Eco RI éite
and a Bam HI site adjacent to the Bam HI site in theé
multicloning cloning region of puUC 8. | The relationship

between pSG Vg 5.50 and the other vitellogenin clones has



FIGURE 8: 2% Trils acetate/agarose gel of Bam HI-Eco RI
digested cDNA clones. -

Ten micrograms of Bam HI-Eco RI digested plasmids were
run on non-denaturing 2% Tris-acetate/agarose gel for 16
hours at 40 volts, using either a Hind III-Eco RI digest of
lambda DNA ﬁpr a Tag I digest of pBR 322 as molecular weight
standards. "After electrophoresis the gels were stained with
ethidium bromide and photographed. The. number de51gnat10n for
the vitellogenin specific clones is arbitrary.

-

Panel A:
lane 1:  pSG vg 3.10 . .
lane 2: . pSG Vg 3.13 quH
lane 3: pSG Vg 4.14
lane 4: pSG Vg 5.09
lane.5: pPSG Vg 5.50
1an§\%?~\ PSG Vg 14.12

‘ lane 7: pUC 8
Panel B:

lane 1: pPSG 3.2
lane 2: PSG 2.5
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FIGURE 9: Restriction Maps of vitellogenin cDNA clones.

Restriction digests were performed as outlined in
Methods (section 11). The wvitellogenin c¢DNA clones are
aligned with the Bam HI site found in the multicloning region
of the pUC 8 vwvector. pSG Vg 3.10 and pSG Vg 4.14 were
linearized with Ava I suggesting either an internal Ava I
site, or regeneration c¢f of one of the Sma I /Ava I sites
upon ligation of the insert to the Sma I digested pUC 8.

< Bam HI -

: '@ : Eco RI
% : Hind III
A : pst1

T N ——
~_7
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500 bp

p8QG vg3.10

PSG Vg14.12

. p8Q Vg u;u_

p8G Vg 58.09

P8G Vg 4.14

pP8G Vg 5.50




Figure 10: Restriction Maps of pSG 3.i'and.pSG 2.5.

Restriction digesté' were performed as outlined in
Methods (section 11). There were no "Pst I, Ava I, Kpn I or -
Hind III sites within the inserts of pSG 3.2 or pSG 2.5.

—

~ Bam HI )

Eco RI
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TABLE 1: Summary of the total insert size of characterized
- plasmids. .
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SUMMARY OF CHARECTERIZED PLASMIDS
PLASMID INSERT SIZE  mRNA SPECIES % MATURE mRNA
(bp) (nucleotides) '

PSG Vg." .43 340 N 7000 . | 5 % R
PSG Vg 3.10 1350 7000 19 %
 pSG Vg 14.12 1690 .7000 - 24 %

pSG Vg 3.13 1920 7000 . , 27 %

pSG Vg 5.09 2030 . 7000 29 %

PSG Vg 5.50 2120 7000 - 30 %

pSG.Vg 4.14 2500 - “ 7000 36 %
- pSG 3.2- 1330 3200 . 42 %

" pSG 2.5 .. 530° 2500 21 %
. . y,
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not been firmly established, “but it could repreéeht either a
: . . . '
clone specific for a different region of the same " RNA, or a

clone specific for a different Vg mRNA.

The Bam HI-Eco RI digestion of the two constitutively
expressed c¢DNA clones, pSG 3.2 and psé 2.5, ié shown‘in
figure 8-B._ ﬁSG 3.2 has an insert size of 1330 base pairs,
or 41% of the matu;é sequence. The chA insert in ?SG 2.5
is 530 base pairs in length corresponding to 21% of the
‘mature message (Table 1). The restriction maps for these two
CDNA clénes are éhown in figu;e 10. There are no internal Bam
HI, Eco RI, Ps£ I, 'Ava I, Hind IITI or Kpn I restriction
éites inleither of the inserts of these two clones; however
péG 3.2 does contain several Hae III sites, the positionrdf

. L] . a
" which are still to be determined.

(5) southern anélysis

In an attempt to determine the relationship between pSG
Vg 5.50 .and - the other.ng plasmids, Southern anal&sis was
performed on Hind III and Bam HI digests of female trout
liver DNA (figure 11). Except for. a number of minor
differences, the hybridization pattern of (32pj-labeled pPSG
Vg 5.50 (lane 1) and [32P]\ldbeled pPSG Vg 5.09 (lane 2} to
Hind III digests of female tgput DNA (panel A) is -
. . : M’>




FLGURE 1l: Southern analysis of trout DNA using (32P] labeled
PSG Vg 5.09 and pSG Vg 5.50'as probes.

Duplicate lanes of 10 ug of Hind III digested (panel A)
and Bam HI digested (panel B) female trout liver DNA was
electrophoresed on a 0.8% Tris-acetate/agarose gel at 40
volts for 16 hours. After denaturation the_DNA was blotted
onto nylon membranes and hybridized <to: (3 P]-labeled pSG
Vg5.09 (lane 1) or pSG Vg 5,50 (lane 2), with an average
specific activity of 30 x 106, ¢cpm/100 ng in 10 ml of
hybridization buffer. After hybridization the blots were
washed and autoradiographed. - The stars -indicate differences
[fxln the hybridization banding patterns of pSG Vg5.09 and pSG

Vgs. 50
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substantially the same. When prohed w;th pSG Vg 5.50, the
largel_band at approximately 16 kilobase pairs is much
fainter than in the lane probed with pSG Vg 5.09. This
suggests that pSG Vg 5.09 may contain a larger proportion of
the sequences céﬁiained in this band than pSG Vg 5.50. Two
other bands of approximately 1.5 and 1.0 kilobase pairs are
pfesent only when probed with pSG 5.50. Southefn analysis of
the Bam HI digested DNA (panel B) shows ‘only a single band
difference (7.5 kilcocbase pairs) in the péftern of
hybridization between the two probeé. The fact that the sum
of the major hybridization bands of the Hind IIT digested
— DNA is in excess of 43 kb‘suggests that both probes are.

hybridizing to two separate genes in the genome.



62

(B) VITELLOGENIN GENE EXPRESSION

{l) - Serum estradiecl levels

As described in the introduction, . the synthesis of
vitellogenin in the liver of egg-laying vertebrates is under
the  control of estradiol. We set out to characterize
vitellogenin gene expression in trout because, as a
seasonally spawning species, rainbow trout must produce large
amounts of vitellogenin over a 4-5 month pefiod. Since the
"memory effect" has been desdribéd in non-seasonal species,
we wanted to determine if a seasonal species such as trout
exhibits the same kinetics‘?%f induction. One of the aims of
this study is to determine if a drop in serum estradiol is
required to bring about maximum stimulation of
vitellogenesis. To this end, we have used silastic implants
containing estradiol to provide chronic stimulation of

vitellogenesis. The treatment groups were characterized as
T
follows:

{(a) Primary-"acute" stimulation:. intraperitoneal injectién
‘ of estradiol (3mg/kg bedy weighti in cocoa butter.

(b) - Primary "chronic" ~ stimulation: sgbcutaﬁeous

implantation of a silastic impiant containing 20 mg of

estradiol.
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(c) Secondary "ch?onic" stimulation: intraperitoneal
injection of estradiol (3mg/kg body weight) in cocoa
butter 28 days prior to implantation o¢f silastic

implant containing 20 mg of estradiol.

It has been reported -that the injection of estradiol in
cocoa Dbutter at a dose of 3 mg/kg body weight tprimary acute
stimulation), resﬁlts in a large, but short lived rise in
serum estradiol ' levels, that is sufficient to induce
vitellogenesis in male rainbow trout (Maitre et al., 1985).
Implantation of 3 cm silastic 1implants containing 20 mg
-estradiol.either alone, or 28 days after a primary dose of
estradiel, providgs a continuous supply of estradiocl to the

\ -
serum. The levels Ff estradieol rise rapidly from control

values and are maintained at approximately 30 ng/ml
throughout the time course of the experiment {results not
shown).

(2) Serum vitellogenin levels

In order to establish that these doses of estradiol are
A

sufficient to induce vitellogenesis, we measured the serum
vitellogenin levels by rocket immunoelectrophoresis. As

. Shown in figﬁre fZ, acute primary stimulation using a single

injection of estradiol results in a transient rise in serum

4
x
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vitellogenin, increasing from undetéctable levels on day 2
to a maximum of 2.4 ug/ul on day 9, declining to 1 ug/ul by
day 1l2. 1In the primary chronic stimulation similar kinetics
are observed up to day 7. but. between day 7 and day 10
instead of declining, serum vitellogenin levels increase to
17 ug/ul. The levels of serum vitellogeﬁin continue,to 
increase after day 10 and reach appfoximately 19 ug/u; by
day 21. In contrast to the primary chronic stimulation,
there is no lag phase observed in the accumulation of
vitellogenin® in the serum during the secondary chronic
stimulation. Serum vitellogenin begins to rise immediately
after implantation, reaching a maximum of 19 ug/ul by‘ day 7.
The increases in the levél of viteilogehin are‘ similar. to

that seen between day 7 and 10 of the primary chronic

stimulatioen.

Q

-(3) Liver Vg mRNA levels

—

To characterize the early events of vitellogenesis and
to determine the extent of the induction of Vg mRNA, total
RNA samples from the livers of stimulated trout were
analyzed By Northern analysis. Figure 13 shows the
hybridization of [32P]-labeled pSG Vg 5.09 tq;total RNA from
primary chronic estradigi stimulated trout. The hybridization

signal of the [32P]-labeled probé is visible by day 3 and



FIGURE 12: Serum vitellogenin levels in .estradiol treated
male rainbow trout.

‘ Serum vitellogenin was measured by rocket
immuncelectrophoresis using anti-trout Vg antibodies and
purified vitellogenin as a standard (see Methods section 4).
Each point represents the average value of two fish. Serum
levels of individual fish varied by no more than 10% of mean
values, except for day 21 of the primary chronic stimulation
which varied by 14%. :

@ @ : primary acute stimulation

® @ : primary chronic stimulation

@--——cme @ : secondary chronic stimulation.
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increases to its méximum intensity by day 10. Although
-these reéults show a massive induction of Vg mRNA, they are
difficult to analyze on the basis of 'scanning deﬁsitometry
due to streaking and the necessity of obtaining signal in
the linear exposure range of the autoradiogram. Therefore,.
the steady-stéte levels of Vg mRNA were measured usihg a dot

[

blot assay (Methods,'section 13). As shown in figure 14,
prim;ry acute stiﬁulation with estradiol _produces a
transient rise in Vg mRNA, reaching a maximum of '260 ppm of
" total RNA on day 2, before dropping to undétectable levels
by day Gt‘p When silastic implants aré used for primary
stimulation, therg'is an initial lag of 2 days, after which
the ‘levels of Vg mRNA rise slowly to 520 ppm of total RNA on
day 7. By day 10, these levels increase to 2750 ppm of the
total RNA. This is five-fold higher than the levels seen at
day 7 and a full 12-fold higher than ﬁaximum levels of Vg
mRNA achieved by a single injection of estradiol. . * Between
days 10 and 21 of the primary chronic stimulation levels of
Vg MRNA drop by - about half to 1450 ppm. Secondary
stimulation with silastic implants containing estradiol
results in a more rapid a?cumuLat;on of the-Vg mRNA. By day
1 the level of Vg mRNA are 500 ppm of total RNA, and rise-
steadily to 1200 ppm over the next 9 days. This is only half
the \maximgm level observed with the primary stimulation

-

using implants. Since both the primary and the secondary

e
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FIGURE 13: Northern analysis of the induction of Vg mRNA
during primary chronic stimulation.

Total RNA samples (10 ug/lane) extracted from the liver

"on different days after primary chronic stimulation were

glyoxylated and run on a 1.5 ‘% .agarose gel in a 10 mM
phosphate buffer pH 6.8 (see Methods section 9). After
electrophoresis Ehe RNA was blotted onto a nylog membrane and
hybridized to [3 P]-labeled pSG Vg5.09 (20 x 10° cpm/200 ng).
The membrane was then washed and autoradiographed. The
positions of the 28s, 188, and 5.88 1IRNA subunits were
determined from a set of duplicate lanes which were stained
with ethidium bromide and photographed.

lane 1: 10 ug total RNA from day O
lane 2: 10 ug total RNA from day 3
lane 3: 10 ug total RNA from day S ’
lane 4: 10 ug total RNA from day 7
_ lane 5: 10 pg total RNA from day 10
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FIGURE 14: Steady-state levels of Vg mRNA in the liver of -
estradiol treated male rainbow trout.
. ' A

Total RNA samples extracted from ~“the 1livers  of, .
stimulated trout were. glyoxylateg2 dot ‘blotted onto‘nqugﬁ/)
memebranes, and hybridized to [ Pi-labeled PSG Vg 540
(50x10° cpm/200 ng plasmid). Poly(A)™ RNA from a stimulated
.male was used as-a standdrd and yeast total RNA to determine

non-specific’ binding. Non-specific counts weresubtracted
from sample counts and then compared to the stahdards (see
Metheds section 13). Each peint presents the mean value
for two fish. The range of values) for  individual trout
varied by no mere than 10% of the mean

- —— @ : primary acute) stimulation

'. ) .
@ \_ @® : primary chrornic stimulation Lt

X

®-—-—-—c.@ : secondary chronic stimulation.

!
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stimulations with silastic implants result in'the same
estradiol and vitellogeﬁfﬁ—gérum concentrations this result

[l

is somewhat surprising.
To determine if there is a two-fold difference in the
maximum levels of Vg mRNA, we isolated poly(A)™ RNA from

W

primé}y and secondary chronic stimulations. Figﬁre 15 shows
éﬁ an&lyéical agarose gel of poly(A)+ RNA from control,
' primary "and secondary chronic stimulations. Densiometric
- scans of the negatives show that Vg mRNA makes up aﬁout 13%
of all -the messages—of—the poly (A)"Y RNA of day 10 (primary
chronic stimulation) and about 10.5% of day 5 (secondaryg
chronic stimulation). Vg ‘ mMRNA therefore represents

approximately the sagme level of the mRNA in both the primary

and secondary response. There are tﬁo possible explanations
for Ehe—apﬁgfent discrepancy in the differences between the
two methods. Firstly, Ehere may be a loss of Vg mRNA during
oligo(dT)-cellulose chromatography of the day 10 primary
chronic samples. Secondly, since estradjol is known to
induce the synthesis of rRNA in other species (Lewis et
al., 1976; Bast et al., 1977), there may be differences in
the ribosomal RNA content of the total RNA sample between

the primary and secondary chronic stimulations. Since the
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FIGURE 15: Analytical gel electrophoresis of Poly(a)* RNA

from control® and estradiol stimulated male rainbow
trout. ’
/

10 uwg of poly(A)+ RNA from contrel (lane 1), day 10
primary chronic stimulation (lanes 2 & 3), and day 5
secondary chronic stimulation (lanes 4 & 5) were glyoxylated
and run on a 1.5% agarose gel in 10 mM. phosphate buffer pH
6.8 for 4 hours at 80 volts. After electrophoresis the gel
was denatured, stained with ethidium bromide and photographed
by 306 nm U.V. transillumination using an orange filter.
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selective loss of Vg mRNA ~ during oligo(dT)-cellulose
chromatography is unligely we decided to measure the effects

of estradiol on ribosomal RNA levels.

(4)- changes in ribosomal RNA content

—

Ribosomal RNA makes up a significant. proportion of the

total RNA. A several-fold increase in the level of rRNA in
_ the cell effectively reduces the concentration of the other
RNA sSpecies. Figufe 16 summarizes the results of the rRNA
dot blot experiments. Equal amounts of total RNA were dot,
blotted onto nylon membranes and hybridized to isolated 188
L TRNA which had been alkali digested and 5'~end 1labeled using
ggmma;[3zP]—ATP (Methods, . section 15). Despite. several
attempts it_ﬁas not possible to produce a standard curve of
cpm bound versus nanograms rRNA which was linear within the
range necessary for the assay (4-10 Hg/sample). We -
attributed this problem to the unusually high concentration
of the [32p]-labeled rRNA used in the hybridization assay,
which effectively altered the kinetics of hybridization since
the RNA bound to the filter was not the oﬁly "driver" in the
hybridization reaction. The level of rRNA in the ‘samples
could not be quantified due to the inherent problems
associated with using [32p]-5'-end labeled 18S rRNA as a

probe (see methods, section 15). However, the amount of

o

T
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[32P1-labeled probe hybridized does give an indication of

L]

,ﬁhe changes in the s;eady—stqte'leveis of 18S and 285 rRNA,

since all.the'hypridizatioﬁg were perforﬁéd at the “same time

with the same probe.

s ’ P

1

. During primary chronic stimulation the levels of

[32P]-labeled 188 rRNA bound to the total RNA remains

Fl

-

- : : Vs
constant at approximqtely 3,750 cpm. uwnvil day 10, after—

which levels increase to a maximum of 5,250 cpm by day 21.

In contrast, secondary stimulation results in a much more
. . - 1
rapid accumulation of 18S and 28S rRNA.. The levels of

[32P]—labeled probe hybridizing remains between 4,400 and

4,300 cpm until day 2, after which the levels increase to

. 1Y
reach a maximum of 5,650 cpm by day 5. The relatively high

levels of probe bound is maintained even to day 10. -These
.results indicate that 185 and 28S rRRA-eccupies a greatex
propo:tion of ﬁhe total RNA on day 5 (secondary chronic

stimulatioh) than the day 10 (primary chronic stimulation).

Since Vg mRNA represents approximately the same propertion

of the poly(a)™t RNA (figure 15), the apparent differences in
the maximum levels.of Vg mRNA (when expressed as ppm total
RNA) between the primary chronic and the secondary chronic

stimulation‘musp//;é\ due to the differences in the rRNA

r

content. .
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/’ {C) i OTHER ESTRAﬁIOL-INDUCED CHANGES IN LIVER
; Tl 7 -
(1) Chénqeé in the liver weight/body weight ratios

The effect of estradiol on fhe liver is not restricted

;to the induction of vitellogenin and the changes in rRNA
content shown above. As discuséed in the introduction,

estradiol in known to have a marked effect on the liver

weight aﬁd morphology. Figure 17 shows the differences in

the liver weight/body weight (LW/BW) ratios in response to

the three treatmént regipes. Acute p;imary estradiol

, Stimulation shows no significant change in the liver to body
weight rétio over the study period. In contrast both the

primary and secondary stimulations ,1“5;99 silastic implants
éh&w nearly a two foid increase in the LW/BW ratio over the
same time peried. ”Thgse results indicate that the durat;on
. of the estradiol dosgﬁ@ust be sufficiently long‘té induce the‘
_—changes in the liver chafécterized by the gain in weight.
The e§tradiol-ihduced changes in,ﬁhe LW/BW ratios plateau by
.day 10 of the primary chrénic stimu%ation. By comparison, the
changes in. the .LW/BW ratios during secondary chronic
stimulation plateau by day 5 of =~ the treatment. These
resg}ts correlate with our earlier findings, in that the

maximum accumulation of vitellogenin in the serum occurs when

the changes in LW/BW ratios are complete (figure 12). The
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FIGURE 17: Liver/Body weight ratios of estradiol treated
male rainbow trout.

Indlshdual trout were weighted and the livers excised

and weighted. Paired liver welght/body weight ratios were
then determlned

B W : primary acute stimulation

primary chronic stimulation

>
!
|
!

!
>

secondary chronic stimulation.
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difgérences in the initial LW/BW ratios of the primary and
secondary chronic stimulations. may be a reflection of the

growth of the trout over the 28 days between the injection

" of estradiol and the implantation of the estradiol implants.

(2) In vitro translation products

4

The changes wh;ch occur in trout liver upon étimulatidﬁ
—— with estradiol are complex. In order to deterﬁine the‘scope
of these changes, poly(A)T RNA from control and st%mulated
trout 'was‘ translated in an in vitro rabbit’;eticulocyfe

franslation system using [3551-methionihe to label nascent

.

“proteins.. Figures 18 and 19 represent the autoradiograms of -
two dimensional gels of the in vitro translation products of
mMRNA extracted from control and stimulated trouf. The
predominant vitellogenin band (M.W.- 160,000 déltons, p§’§.2),
is breseﬁt, in the stimilated trout, but completely absent in
the unstimulated animal. A second protein (M.wW. 65,000
daltons, pI 8.1) prdbably corresponds to the translation
_#;roduct of thé small estrogen-inducible message described by
Cﬁgn (1983). In addition to the estradiol-induced messages
there are a number of translation products which are greatly
reduced upon stimulation with estradiol. These include a

group of translation products having a molecular weight of

between 75,000 and 86,000 daltons and an isoelectric'point

P



FIGURE "18: g dimensional gel electrophoresis of
- Sl-labeled in wvitro translation products of
poly(A}+ RNA from the liver of an unstimulated

male trout. ' T . .

-

’

Poly(A)"t RNA from a control male was translated in a
cg%l -free reticulocyte in wvitro translation system using
S]-methionine to label the synthesized proteins.: 400,000
TCP-prec;pltable cpm were loaded onto isofocusing tube gels.
A 10% polyacrylamlde gel was used for the second dimension
(see Methods section 16). After electrophoresis the gel was
flourographed at -70°C for 5 days. Bio-Rad Low Molecular
Weight SDS-PAGE markers were used as molecular weight
standards. .

Molecular weight standards:

92.5 kbha : phosphorvlase B

66.2 kDa : bovine serum albumin
. 45.0 kbDa : ovalbumin

31.0 kDa : carbonic anhydrase

21.5 kDa :

soybean trypsin inhibitor

- -
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FIGURE 19: ng dimensional gel electrophoresis of
[39S]-labeled in vitro translation, products of
polylA)* RNA from the liver of an estradiol
stimulated male trout.

Poly(A)T RNA from a stimulated male trout was translated
in a cell—fre% reticulocyte lysate " in vitro translation
system using [ 5s]-methionine to label synthesized proteins.
400,000 TCA-precipitable cpm .were loaded onto isofocusing
tube gels. A 10% polyacrylamide gel was used for the second’
dimension (see Methods section 16). - After electrophoresis
the gel was flourographed at -70°C for 5 days. Bio-Rad Low
Molecular Weight SDS-PAGE markers were used as molecular
weight standards. '

Molecular weight standards: .
-92.5 kba : phosphorylase B
6.2 kDa : bovine serum albumin
45.0 kDa : ovalbumin
31.0 kDa : carbonic anhvdrase
21.5 kDa : soybean trypsin inhibitor
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between 6 and 6.2. These resﬁlts suggest that in addition to
stimulating the synthesis of Vg mRNA, it also decreases the
levels of other liver mRNAs.

(3) Changes in pSG 3.2 and pSG 2.5 mRNA levels

Because the changes in liver gene expression upon
stimulation with estradiocl are complex, we decided to
examine the expression of two liver messages which are
expressed in the male but which appear to be estrogen
sensitive. We chose to study the messages for pSG 3.2 and psSG
2.5 because the levels of their messages appééred to be
altered upon  treatment with estradiol (figure 7). Hybrid
selected trénslation has shown that pSG 3.2 codes for a
protein of approximately 100,000 daltons and pSG 2.5 codes
for a protein of approximately 83,000  daltons (D;. K. Le
Guellec, perso?al communication}. Figure 20 shows the
changes in pSG 3.2 and pSG 2.5 ﬁRNA levels during primary
acute stimulation. At day 0 both messages are present at
appreciable levels, pSG 3.2 mRNA levels are 1000 ppm of
total RNA and pSG 2.5 mRNA levels are approximately 600 ppm.
After estradiol administration the level of pSG 3.2 and pSG
2.5 mRNAs rise to approximately three timés their original
values to 3100 ppm (day 2) and 24&%\ppm (day 9) respectively.

The increases in both meséages are not sustained, and fall



FIGURE 20: Steady state levels of pSG 3.2, pSG 2.5 and Vg
mMRNA during primary acute stimulation.

Total RNA samples extracted from the 1livers of male
trout from the primary acute treatment grggp were dot blotted
onto nylon membranes and hybridized to [“<P]-labeled pSG 3.2
or pSG 2.5. Poly(At) RNA from a control male was used as a
standard for both messages. Yeast total RNA was used to

determine non-specific binding. After hybridization the
filters were washed, and the amount of radiocactivity bound to
each of the dots was measured. Non-specific cpm were

subtracted from sample cpm and compared to the standards (see
Methods section 13). Since the same total RNA samples were
also used to determine Vg mRNA levels (figure 15), the levels
of Vg mRNA are reproduced for comparison purposes. Each point
represents the mean value for two fish. The range of values
of individual £ish for Vg, pSG 3.2 and pSG 2.5 mRNAs were
within 12% of the mean.

u B : pSG 3.2 mRNA
A———=————A : pSG 2.5 mRNA

i
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FIGURE 21: Steady state levels of PpSG 3.2 mRNA and PSG 2.5
#RNA during primary chronic stimulation.

Total RNA samples extracted from the livers of male
trout from the primary chronic treatment gro%g were dot
blotted onto nylon membranes and hybridized to [ Pl-labeled
pSG 3.2 or psG 2.5 (see Methods section 13). Since the same
total RNA samples were also used to determine Vg mRNA levels
(figure 15), the levels of Vg mRNA are reproduced for
comparison purposes. Each point represents the mean value
for two fish. The range of values of individual fish for Vg,
pSG 3.2 and pSG 2.5 mRNAs were within 12% of the mean.

u E pSG 3.2 mMRNA
A A: ©DSG 2.5 mRNA
® @: Vg mRNA
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FIGURE 22: Steady state 1levels of pSG 3.2 mRNA and pSG 2.5
' mRNA during secondary chronic stimulation.

Total RNA samples extracted from the 1livers of male
trout from the secondary chronic treatment grggp were dot
blotted onte nyvlon membranes and hybridized to [“<“P]-labeled
pPS&-3.2 or pSG 2.5 (see Methods section 13). Since the same
total RNA samples were also used to determine Vg mRNA levels
(figure 15), *the levels of Vg mRNA "are reproduced for
comparison purposes. ~—Each point represents the mean value
for two £fish. The range of values for Vg, pSG 3.2 and psG
2.5 mRNAs were within 12% of the mean.. .

A—c—-—e—e g : DSG 2.5 mMRNA
. —--—-—-—. - Vg mRI-q{\
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to 1850 ppm and 1700 ppm  respectively by day 12. 1In

undetectable levels as shown previously (figure 14).

comparison Vg mRNA levels rise transiently and return to

During primary chronic _ stimulation using silastic

~implants {(figure 21) pSG 3.2 mRNA levels rise qgickly from
an initiai level of 1000 ppm to 2000 ppm on day 3. These
leveis_afé not maintdined and fall to Qﬁqébppm by day 10. The
drop in the level of pSG 3.2 mRNA occurs at the same time as
tﬁe level of Vg mRNA 1s increasing at a mg;;mum rate. In
contrast to pSG 3.2 mRNA, the levels of ﬁéG 2.5 mRNA,remain
relatively constant at 600.ppm of thé tot#l RNA. A further

decline in the level of both messages occurs between day ld

and 21, during which time the rRNA content of the hepatocytes

is increasing (figure 16).

Secondary chronic stimulation . (figure 22) shows a
different time course of événts, the levels of pSG 3.2 mRNA
increase at a much slower rate than the primary chrenic

.stimulation. The level of pSG 3.2 mRNA remains constant at
éﬁproximaﬁely 350 ppm until day 3, —after which llevels
increase to a haximum of 760 ppm by day 5. The increase in

the 1level of pSG-3.2 is not sustained and the levels of the

N\

message decline +to 580 ppm by day 10. In contrast to the

lag t3t§§3A3.2 mMRNA accumqéation, the levels of pSG 2.5 mRNA
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rise from an initial value of 250 ppm to 380 ppm on day 3,
after which the levels of pSG 2.5 remain . relatively

constant. The relatively constant level ¢f pSG 2.5 between

. days two and five suggest that the rate of pSG 2.5 mRNA

accumulation_ is. the same as that of rRNA. The concentrations
of pSG 3.2 and 'pSG 2.5 mRNAs on day 0 of the secondary
chronic stimulation are approximately 40% of the primary
acute stimulations.n * The digg;rences between the initial
values of the two treatment groups probably reflect both a
decrease in _the size of the poly(A)?T RNA pool and increases
in rRNA content which occurs during the 28 days between the

priméry injection of estradiol and the implantation of the

silastic implants containing estradiocl.
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(A) Cloning and characterization of cDNA clones

In,ordér to characterizé the control of vitellogénesis
in rainbow trout, it was necessary to prepare a ¢cDNA clone
library from an estradiol stimulated trout and screen the
library for vitellogenin and other liver mRNAs. We choose to
use the cloning procedure developed by Rutledge et al.
(1986), because it has been shown to‘have several édvantages
over cohven%}onal cloning procedures. These include the use
of random hexanucleot;des and oligo(dT) to prime the first
strand synthesis,‘ﬁhich' in conjunction with the ligation
reaq;ion, 'has' been~——shown to produce large cDNA clones
fRutledge et al., 19@6). The use of RNase H and DNA
polynmerase I _dﬁring the second strand synthesis eliminates
the need to use Sl nucleaée which results in the loss of some
of the 5'-terminal sequences of the mRNA (Sippel, Land,
Lindenmaier,’ Nguyen-Huu, -Wurtz, Timmis, éiesecke and
Schultz, 1978). Finally, the size selection of the ds-cDNA
prior to cloning by Sepharose 4B chromatography decreases
the amount of screening necessary to select for larxge

clones.

The screening procedure which was used to select for the

vitellogenin clones is based on the observation that
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vitellogenin is induced de novo by estradiol in male rainbow
trout (Maitre et al., -1985). -The mRNA for Vg is theréfore
not expriessed in male trout liver. This makes it possible
to use differential hybridization ‘to identify clones
specific ¥or estradiol-induced sequences. The colonies which
hybridize specifically .tﬁ [32p]-labeled cDNA from
estradiol-stimulated male trout and not with [32p]-labeled
¢cDNA from unstimulated male tfout were classified as being
estradiol-induced. . The vitellogenin clones were selected
from the estradiol-induced clones on the basis of Northern
hybridization to the 7000 nuclggtide Vg mRNA (figure 8).
Hybrid selected translation of Vg mRNA using pSG Vg 5:09
produces a protein which is immunoprecipitable by anti-trout
vitellogenin‘ antibodies {Dr. K. Le Guellec, persocnal
communication).
)

All of the large vitellogenin clones, with the possible
exception of pSG Vg 5.50, appear to be related. Restriction
mapping shows that these clones have common Eco Ri and Pst I
restriction sites (figure 9). Since we have used both random
hexanucleotides and ©ligo(dT) to prime the first strand
synthesis, these clones could represent sequences throughout
thé vitellogenin message. The number of vitellogenin clones
ceontaining the 71080 bp Bam HI-Eco RI restriction fragment

" suggests that these clones represent sequences from the
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- -3'-end gf the same Vg mRNA. This has been cqpfirmed recently
by sequencing of these clones (Dr. K. Le Guellec, personal

communicaticn).

In contraét to the clones above, the restriction map of
pSG Vg 5.50 is distinctly different and contains internal
Bam HI, Hind III, Eco RI and three Pst I restriction sites
(figure 9). At présent the relationship between pSG Vg 5.50
and the other vitellogenin Q%?Fes remains unclear. Southérn
analysis of Hind III\ ;nd Bam HI digested genomic DNA.
indicates that pSG Vg 5.09 and pSG Vg 5.50 sgare regions of
homology (figure 11)}. The Similarity in the bandihg pattern

. can be | interpreted as suggesting that these two clones™
represent different regions of the same mRNA. However, the
fact that the sum of the lengths of the major hybridization
bands in the Hind III digest is in excess Qf-43 kb (figure
11), suggests that these two probes are hybridizing to at
least two separate genes in the wenome. In Xenopus the
vitellogenin genes ‘range in size from 15.8 to 20.5 kb (Wahli
& Dawid, 1980; Germend et al., 1980). Comparison of the
Xenopus A2 gene with the 22 kb chicken vitellogenin II gene

is conserved during evolution (Arnberg,

indicates that the, number and length of exons of the
vitellogenin genes l'

Meijlink, Mulder, Van Bruggen, Gruber & Ab, 1981). Since

‘trout Vg mRNA is only a few hundred base pairs larger than
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Xenopus Vg mRNA "(valotaire t al., 19%4), it is not

unreasonable  to expect the trout vitellogeninmgen®t to be

similar in size. Sequencing of the vitellogenin ¢DNA clones

should establish whether pSG Vg 5.50 represents a related

mMRNA species or a different portion of the same mRNA.

\ At present the identities of the prdteins encoded by pSG

3.2 and psG 2r5\has not been determined. PSG 3.2 1is a
single copy éeﬁe in atlantic salmon, a species closely
related to rainbow trout (Dr. W. Davidson, Memorial

University of Néwfoundland, personal communication}. The
protein encoded by pSG 3.2 1is thought to be approximately
the same size as telegst serum albumin and studies’are
underway to determine 3§\Jt

sequehces of these plasmidé have been determiqed, they will
be compared to liver messages from other species ‘to

determine the nature of these sequences.

his is the case. When the |

N
b
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(B) Gene expression during estradiol-induced vitellogenesis

The results reported in this thesis (results Section B}

suggest that the control of vitellogenesis in rainbow trout

is similar to that previously described in Xenopus and &

chicken (Baker & Shapiro, 1977; Maeenpaa, 1976}, in that the
lag in the induction of vitellogenin observed dpog\primary
stimulation is absent during secondary stimulation. Aithqugh
vitellogenesis has been thoroughly investligated in a number
of species, this is the first time the '"memory effect" has
been demonstrated in teleosts. This is also the first time
that there has been a distinction between the response of
the liver t¢ a primary acute versus a primary chronic
stimulation with estradiol.

.Previous studies have shown that injection of estradiol
at a dose of 3 mg/kg body weight in cocoa butter results in
a large but short-lived rise in estradiol: serum levels
sufficient te induce vitellogenesis in adulﬁ male rainbow
trout (Maitre et al., 1983). ;As-shown in figure 12, primary
acute stimulation of juvéﬁilel male +trout results in a
transient rise in serum Yitélldgenin levels. The lag in the
synthesis and secretion'-fovitellogenin is similar to that
reported by Ma;tré ggﬁrgi;ﬁ (1985) for  adult male trougﬂ

stimulated with -a much;loééi:dose'of estradiol. Adult male

.

ay

&
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trout stimulated with the same dose of estradiol show serum
vitellogenin levels approximately 20-fold higher than that of
juvenile trout. The differences in the responses to estradiol
is probably due to the high rate of éstrogen metabolism in

the juvenile trout (Hansson & Rafter, 1583).

During the primary acute stimulation, serum estradiol
levels begin to decline on or by day 2 (Maitre et al.,
1985). The fact that Vg mRNA . levels alsc increase
transiently (figure 14), is not surprising since estradiol
is required for the continued transcription and stability of
Vg mRNA in Xenopus {Brock & Shapiro, 1983a; Brock & Shapiro,
1983b). The maintenance of serum vitellogenin levels after
the decline in Vg mRNg l?vels i; due to the long half life

of vitellogenin in the circulation of male vertebrates

(Wallace & Jared, 1968).

-

In both the primarv and secondary chronic stimulations
serum estradiol levels are'maintained at levels close to 30
ng/ml using silastic implants containing estradicl. The
maximum vitellogenin serum cohcentrationsl (19 ug/ul) are
approximately the same for both primary and secondary
chronic stimulationsf -These levels are almost twice that of

vitellogenic females with estradiocl serum concentrations of

60 ng/ml (van Bohemen & Lambert, 1981). The higher
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vitéllogenin serum concentrations in the stimulated male can
\
be attributed to the lack of clearance of vitellogenin from

the serum of males (Wallace & Jared, 1968).

The kinetics of vitellogenin accumulation during primary
ch;bnic stimulétion appears to be a composite of both the
p%;mary acute;and‘the secondary chronic stimulations (figure
15). The early phase of the primary chronic stimulation is

~characterized by a lag in the secretion of vitellogenin'into
the circulation, similar to that observed during primary
acute stimulation. The levels of vitellogenin rise'siowly
until day 7, after which the levels increase several-fold.
“The lag in the accumulation of vitellogenin observed in both
the primary acute and- primary chronic stimulations is
similar to that observed after in vivo stimulation of male
Xenopus by estradiol (Farmer et al., 1976). The rapid rise
in serum vitellogenin after day 7 is similar to that seen
during secondary chronic stimulation. Thése results suggest
that a decrease in serum estradiol levels is nét required to
induce the high levels of serum vitellogeain observed upon

secondary stimulation.
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Tﬁé‘.increases in Vg mRNA 1levels during primary and

- secondary chronic stimulations parallel the increases in

serum vitellogenin levels. The biphasic nature of the
primary chronic response suggests .EBat theﬂchanges which are
responsible for the establishment of the "memﬁry éffect"
occurs between days 0 and 7. The existence of ! a pool of
unoccupied estrogen receptors afﬁer primary acute stimulation
of male Xenopus has led to the suggestion that the
establishment of "memérf“ may be dependent on the number of
available estrogen receptors (Hayward et al., 1980). The
rapid increase in Vg mRNA Jlevels following day 7 of the
primary chronic stimulation may be due to an increase in the
number of available estrogen recepto;s. This model is
consistent with the results obtained in Xenopus hepatocyte
cultures which have established that the level of -occupied
estrogén receptors getermines the maximum  rate of
vitellogenin gene transcription and that K the receptor is
induced de novo by estradiol (Perlman et al., 1984). A
similar result has been observed 1in the chick oviduct, which
shows a strong correlation betwgen nuclear estrogen receptor

concentrations, template engaged RNA polymerase II, and

bbalbumin gene transcription (Taylor & Smith, 1986).

The enhanced response of the liver to estradiol during

the primary chronic stimulation (between days 7 and 10) and
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the secondary chronic stimulation may also reflect changes

in the chromatin conformation. Although chromatin which is
®

actively being transcribed, or has the potential to undergo

active transcription is more susceptible to DNase I than
inactive chromatin’}We§ntraub & Groﬁdine; 1976; Conklin &
Grou&ine, '1984), recent work by Burch and Evans (1986)
suggests that the establishment of the "memory effect" does
not alwayé correlate with changes 1in DNase I sensitivity.
These results imply that aithpugh the =~ changes in chromatin’
structure diséerniﬁle by .DNase I sensitivity may be
important for continued expression of the vitellogenin genes
they are not necessari;y féiéonsible for the establishment

and stability of hgpatic "memory". Similarly, although

. estradicl may induce changes in the methylation pattern of

the vite;logenin genes 1t 1is generally believed that
demethylation is not directly involved in the establishment

of "memory" (Burch & Evans, 1986).

Whereas the maximum ~serum ‘vitellogenin concentrations
are the same for both chronic stimulations, the lével of Vg
mRNA (expressed as ppm of total RNA) in the secondary
stimulation is 'only half that of the oprimary chronic
stimulation (figure 13). This result was somewhat surprising
since both tﬁé primary and sécondary chronic stimulations

resulted in approximately the same Vg mRNA levels when
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expréssed as a proportion of the‘poly(A)+ RNA (figure 14).
The apprarent two-fold difference in Vg mRNA levels is due to
differences in the rRNA contéﬁt of the total RNA between the

primary and secondary chronic stimulatioms. The stimulation

—_— - PR

&

. of rRNA synthesis by estradiol has been shown to occur in the

livers of both Xenopus and chicken (Lewis gt al., 197&; Bast
et al., 1977). The effect of increasing the proportion of
the PRNA in the samples is demonstrated by the decline in

the levels of Vg mRNA, pSG 3.2 and pSG 2.5 after day 10 of

' the primary ghronic stimulation (figure 21), a time when the

rRNA content is increasing to maximum values (figure 16).
Since the induction of 18S and 285 rRNA occurs much sooner
in the secondary chronic stimulation than in the primary
chronic stimulation (figuré 16), the proportion of Vg mRNA
in the totéI\RNA’from the secondary chronic stimulation must
be lower than that of the primary chronge stimulation.

These results ‘imply that the changes in rRNA content account
for the apparent differences in the levels of Vg mRNA.
Since the synthesis of wvitellogenin is a function of the
levél of its mRNA (Baker & Shapiro, 1977, 1978; Bgeley et
al., 1977; Ryffel et al., 1977; Smith & Tata, 1979) the

number of Vg mRNA molecules per cell is most likely the same

~in both the primary and secondary chronic stimulations.
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The increases in liver weigﬁt which' are observed upon
chronic stimu%;tion of wvitellogenesis (figure 17) has been
well documented in both rainbow trout and Xenopus (Aida,
Hirose & Yokote, 1973; Lewis gg al., 1956). In Xenopus, the
increases in 1liver weight have been associated with
proliferation of the endoplasmic reticulum .,and Golgl
apparatus and not cell proliferation (Lewis et al., 1976).
Since there is very little cell divisign in primary cultures
of male trout hepatocytes stimuiated with estradiol (Maitre,
Valotaire & Gﬁguen—Guillouzo, 1986), it is unlikely that the
increases in liver weight observed upon chronic stimulation
are the result of cell proliferation. Thus, the increases
in Vg mRNA observed upon stimulation with estradiocl is the
result of anncreased rate of transcription and not due to

an increase in the number of cells expressing the

vitellogenin gene(s).

The induction of vitellogenesis is a complex process
requiring the coordinated control and expression of a number
cf liver gene products (Tata & Smith, 1979). The translation
profiles from stimulated and unstimulated male trout show
that iq addition to stimulating the accumulation of Vg mRNA,
estradiol decreases the steady-state levels of several liver
mRNAs (figures 18 & 19); In order to beﬁE;r understand these

mechanisms we examined the changes in the levels of the mRNAs
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for psSG 3.2 and pSG 2.5. Both these messages are present in
the liver of the male and appear to have altered levels of

expression upon induction of vitellogenesis with estradiol

(figure 7).

Primary acute stimulation results in a transient rise in .
the steady-state levels of pSG 2.5 mRNA (figure 20). This
contrasts the primary and secondary. chronic stimulations in
which the levels remain relatively constant (figures 21 &
22). The reason for the differential expr?ssion of pSG 2.5
in acute versus chronic stimulation is not known. However,
the inecreases in the level of pSG 245 occurs only after day 2
of the primary acute stimulation, a time when the levels of
serum estradiol are declining. These results suggest th§E.
estradiol may act to maintain the levels of pSG 2.5 at a
cohstant level relative to the amount of rRNA, presumably by
altering the rate of transcription and/or mRNA stability.
These results contrast the induction of a small estrogen
inducible mRNA (Hayward et al., 1985) and the deinduction of
albumin mRNA in Xénogus liver upon induction of
vitellogenesis- (May et al., 1982). The rapid increase in
pSG 2.5 levels aftér day 2 of the primary acute stimulation
is consistent with the elevation of RNA _polymerase .II
activity in the 1liver. This 'has shown to occur in chicken

liver and the chick oviduct |upon induction with estradiol
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(Kastern, Christmann, Eldridge & Mullinix, 1981; Taylor &

Smith, 1986). r

. The ianeaSes in the levels of pSG 3.2 mRNA upon
. stimulation with estradicl is probably a refRection of the
increased transcripgional activi;y ofr the liver and not
necessarily a specific effect of estradiol (figures 20, 21,
22). Two  other «trout liver mRNA clones which were
characterized, but not presented displayed a similar pattern
of expression. The'rapid decline in the levels of pSG 3.2
between days 7 and 10 of the primary c@??hic stimulation is
of particular interest ‘lbecause it correlates with the
maximum induction of Vg mRNA (figure 21) and not with the
increases in the TrRNA content of the hepatocytes (figure
16). The rapid decline of pSG 3.2 upon maximum induction of
the vitellogenin genes is similar to‘the deinduction of the
albumin genes in male Xenopus. The decline in the
steady-state levels of albumin mRNA in Xenopus have been
shown in vivo and in vitro to be due to both a  decrease in
albumin mRNAj stability and a decrease 'in albumin gene
-transcription.(Riegel et al., 1986; Jackson & Shapiro{”i§86;
Wolffe et al., 1986). The decreased rate of albugin gene
transcription is believed to be due to competition with the

vitellogenin genes for the transcriptional apparatus (Wolffe

et al., 1986) The decline in the levels of pSG 3.2 and pSG
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"2.5 after day 9 of the primary acute stimulation is probably
due to a decline in the transcriptionaid activity of the
liver which hésQ,been shown to -occur upon withdrawal of

estradiecl (Kastern et al., 1881; Taylor & Smith, 1986).
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CONCLUSION

a

» . e

: —
The results ;eported in this theé'é are a study of
~vitellogenesis in maie rainbow trout. In both Ehe primary
énd secondary stimulations Vg mRNA is induced de gggg.by
estradiol. The kinetics of induction of the vitellcogenin
genes are similar to-thét- of Xenopus and chicken, in that
the -lag in the accumulation of Vg mRﬁA present during the
primary stimulation, is absent duéing the secondary
stimulation. This is the first time that the "memory effect”
has been demonstrated in teleosts. Although the inducpion of
vitellogenesis occurs much sooner in the secondary chronic

than the primary chronic Etimulation, both of these forms of

stimulation result in the same levels of vitellogenin 1n the

serum. - -

The compléxity of the induction of vitéllogenesis is

demonstrate by the changes in 1liver weight and the
induction “of rRNA which occurs upon administration of
estradiol.‘ﬁghe translation profiles indicate that while

some messages are induced by estradiol, the levels of several
messages appear to be reduced upon stimulation with
estradiol. pSG 2.5 represents a constitutively expressed
mMRNA whose “levels appear to be maintained at a constant level

relative to that of rRNA by high levels of estradicl. The

-
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exact mechanism has not been elucidéte@, but may involve
altering the stability of the mRNA or the rate of pSG 2.5
transcription. The second meggége characterized, pSG 3.2,
represents a constitutively expressed mRNA which appears to
be induced upoﬁ stimulation with estradiol. We believe that
this 1is a reflection of the general increase in RNA
polymerase II levels and not é specific effect of estradiol.

b

Although tﬁe control and expression of vitellogenesis in
rainbow trout is similar to that of non-seasconal specieé
(ﬁenogus and chicken), this system remaiﬁs an attractive
model for the study of the exp;ession of Ether liver mRNAS
during vitellbgenesis. Further characterization of the

transcription and stability of\the mRNAs for Vg, pSG 3.2 and

pSG 2.5 should help elucidate the effects of estrogen on

trout liver gene expression.

- ——
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LIST OF ABBREVIATIONS




BSA

D™

CDNA

ds-cDNA
ss=CDNA

QATP

dcTP

dGTP .
DEAE cellulose
' DTT ‘

EDTA
estradiol(-178)
LW/BW

PAGE

pH

poly(A)¥ RNA

poly(A)~ RNA

‘ ..
Ppm

RNA -
mRNA

rRNA

" tRNA

SDS

SsC (X1) -

T.E. buffer

bovine ﬁerum albumin
deoxyribonucleic acid
_complementary DNA
double-stranded cDNA
single-stranded cDNA
deoxyadgnosine 5'-triphosphate
deoxycytidine 5'~triphosphate
deoxyguanosine S'-triphosphate
(diethylaminoethyl cellulose
dithiothreitol
ethylenediaminetetra-acetic acid
1,3,5(10)-estratriene-3, 178-dicl
liver weight/body weight ratio
polyacrylamide gel electrophoreéis
logyp [H']
polvadenylated RNA

RNA not retained on
oligo(dT)~cellulose column

parts per million
ribonucleic acid
messenger RNA
ribosomal RNA
transfer RNA
sodium dodecyl sglphate
" 0.3 M NaCl1/0.03 M sodium citrate

1 mM EDTA, 10 mM Tris-HCl, pH 8.0



2=-amino-2-hydromethylpropane=-1,
3-diol )

thymidine S5'-triphosphate

* “vitellogenin (protein)

vitellogenin mRNA



ADPENDIX: 2

MATERTALS

e



The following items were supplied by Amersham Corp.
*(Oakville, ont.);  o-[32p]-dCTP (3000  Ci/mmol),
gamma-[32P1-dATP (3000 Ci/mmol), [35S]-methionine (>800
Ci/mmol), Nick-translation kit, Multiprime labeling kit, and
rabbit reticulocyte ‘lysate. Estradiol-178, d&CTP , dATP,
dGTP, TTP, oligo(dT}y5-18. acrylamide, bis-acrylamide,. TEMEb,

and bovine serum albumin were obtained from Sigma Chemical :

Co. (St. Louis, Mo.). The <£following products and enzymes
were supplied by Boehringer Mannheim Canada Ltd (Dorval,
Que.)E random hexanucleotides, calf thymus DNA, DNA

polymerase I, T4 ligase, polynucleotide kinase,- calf
intestinal phosphatase, Ava I, Bam HI, Eco RI, Hae III, Hind
IIT, Ken I, Pst I, Sal I, and Sma 1I. AMV reverse
transcriptase was obtained from Life  Sciences (St.
Petersberyg, Fl.}). RNase H was supplied by BRL Canada Ltd
(Burlington, .Ont.). Electrophoresis grade agarose, Pall
membraﬁe, and the Hind 1III-lambda DNA molecular weight
markers were obtained from International Biotechnologies Inc
(Toronte, Ont.). AG 501-X8D mixed bed-.resin and the
SDS-PAGE 1o§: molecular weight standards were supplied by
Bio-Rad (Mississauga;'Ont.).'Agar, tryptone, and bacto-yeast
extract were supplied by Oxoid Canada (Nepean, Ont.).

Parmacia (Dorval, Que) supplied the  following:-
oligo(dT)-cellulose, Sephadex G-50, and Sepharose 4B.
Silastic tubing was suéplied by Down's Surgical Supply

(Mississauga, Ont.). Ficoll and polyvinylpyrrolidone were



supplied_ by BbH Canada (Toronto, 6nt. ). ~Ready-Solv ET
Scintillation fluid was obtained from TBeckman Canada
(Mississauga, Ont.). Picker Int. (Ottawa, Ont) supplied the
Cronex X-ray film. All other chemicals were reagent grade
and were obtained from Fisher Scientifc Co. Ltd. (Nepean,

. Ont. ).
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