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ABSTRACT

In order to gain a more complete understanding of the process of vitellogenesis in
fish, we have studied the effects of estradiol (E2) on the levels of hepatic estrogen receptors
(ER), and on the induction of ER mRNA and vitellogenin (Vg) mRNA and protein in the
rainbow trout, Oncorhynchus mykiss. We have characterized high-affinity estrogen-
binding sites (Kgq 1-3 nM) in cytosol and nuclear extracts from livers of juvenile trout.
These sites are specific for estrogens and bind antiestrogens with high relative affinity.
These features are common to estrogen receptors in other species and distinguish the
hepatic estradiol-binding activity from the lower-affinity, less specific steroid-binding
components of plasma.

While examining the concentration and distribution of hepatic ER following E2-
treatment, we noted a marked effect of environmental temperature on ER dynamics. In fish
maintained at 15°C, nuclear ER increased 10-fold within the first 24 hours after injecti>n.
Similar levels of nuclear ER accumulated in fish kept at 9°C or 4°C, but the response was
slower. Levels of cytosol ER rose 4- to 5-fold after treatment, also with a delayed response
at cooler temperatures. Up-regulation of ER mRNA was demonstrated as well, with
increased amounts of message appearing rapidly after treatment at all temperatures. The
enhanced expression of ER mRNA preceded the appearance of Vg mRNA and remained 3-
to 10-fold higher than in untreated controls over the time course examined. However, even
in animals receiving multiple hormone injections, elevated levels of hepatic estrogen-
binding activity were not maintained and had decreased almost to pretreatment levels by 10
days. This was notably different from the pattern of ER induction seen previously in
Atlantic salmon.

The initial appearance and the amounts of Vg mRNA and protein induced by E2
were affected by acclimation temperature, as well as by hormone dosage, and generally
paralleled the inc .1ses in nuclear ER. In chronically-ireated fish maintained at 15°C,
accumulation of bc h Vg mRNA and serum Vg occurred in two phases, with a plateau of
several days followed by a rapid increase between 7 and 10 days. The second phase
coincided with pronounced increases in hepato-somatic index and total liver RNA, but at
this time hepatic ER activity was no greater than in untreated fish. This is clearly different
fra:m the situation in Xenopus liver, where high concentrations of nuclear ER appear to be
necessary for the maintenance of vitellogenesis. We suggest that factors other than the
estrogen receptor may be induced in trout liver by high levels of E2 and may play a role in
maintaining and amplifying the output of Vg following the initial ER-mediated response.

xii
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INTRODUCTION

A. Vitellogenesis as a model system for steroid hormone action

Vitellogenensis is the estrogen-regulated production of egg-yolk precursor and
nutrient-carrier proteins by the liver of oviparous vertebrates. These proteins include:
vitellogenin, a phospholipoglycoprotein which associates with calcium in the serum and is
cleaved into the major yolk proteins, lipovitellin and phosvitin, upon entry into the cocyte;
apolipoproteins, components of the plasma very low-density and low-density lipoprotein
particles responsible for the transport of triglycerides and cholesterol to the egg; and several
vitamin- and mineral-binding proteins, such as riobflavin-, biotin- and retinol-binding
proteins and transferrin, which carry a variety of micronutrients to the developing oocyte.
Together, these proteins and their associated biochemicals provide the essential nutritional
requirements for the embyro between the time of fertilization of the egg and independent
feeding. The praduction and secretion of these egg-yolk constiuents is closely coupled to
oocyte maturation and the process involves a integrated series of hormonal effects by
pituitary factors and ovarian steroids, which in turn influence gene expression in the liver.

Vitellogenesis has provided an excellent model system for the study of tissue-
specific steroid hormone action. The production of many of the hepatic yolk-precursor
proteins is entirely dependent on estradiol, which acts via a high-affinity receptor protein to
both induce and enhance the expression of very high levels of vitellogenin mRNA and
other hepatic gene products. The process has been studied extensively in the South African
frog, Xenopus laevis, both in vivo and in hepatocyte cultures, as well as in the chicken, but
other oviparous vertebrates (fish, reptiles and other amphibians) are continually being
added to the list. Vitellogenesis appears to be a highly conserved process, with differences

in detail, among both seasonal and non-seasonal breeders (Ho, 1987).
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The standard model of vitellogenesis, based largely on studies in Xenopus and
chickens, is outlined in Fig. 1 (see Tata and Smith, 1979; Shapiro, 1982; Wahli, 1988 for
reviews). Estradicl (E2) is produced by the follicle cells of the ovary (1), in response to
circulating pituitary gonadotropins. In the serum (2), estrogen associates with and is carried
by low-affinity sex-steroid binding proteins and/or by serum albumins (Callard and
Callard, 1987). The hormone is thought to enter hepatocytes (and the cells of other target
tissues) by diffusion (3), or perhaps by a plasma membrane carrier-mediated mechanism
(Milgrom et al., 1973).

Once inside hepatocytes, E2 binds to high-affinity receptor proteins (4), causing
structural changes (activation) which allow the hormone/receptor complex to associate with
sites in chromatin. These sites, known as estrogen response elements (5), are located
upstream of, or within, hormone responsive genes. Activation of transcription of
previously silent loci (e.g. vitellogenin and apoll) and enhanced transcription of other
genes (e.g. apoB and retinol-binding protein as well as ribosomal RNA) ensues as a result
of this association (6). The accumulation of high levels of induced mRNAs is accomplished
by a combination of increased transcription and sclective stabilization of messages (Brock
and Shapiro, 1983a and 1983b).

Changes in hepatocyte morphology, such as proliferation of the rough endoplasmic
reticulum and Golgi apparatus, also accompany estrogen stimulation. Translation of
vitellogenin mRNA is associated with the rough endoplasmic reticulum (7), and extensive
modification of the precursor protein (phosphorylation, glycosylation and lipidation) occurs
within the endoplasmic reticulum and Golgi (8). The modified protein forms dimers (9), is
rapidly secreted into serum and is transported to the ovary, where it is taken up by oocytes
via a receptor-mediated mechanism (10). Vitellogenin is then processed by enzymatic
cleavage into lipovitellin and phosvitin (11), the major proteinaceous components of the

yolk.
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Advantages of vitellogenesis as a model system for the study of steroid hormone

action include the fact that previously unexpressed genes are induced to very high levels
by estrogen-stimulation and that this is a reversible phenomenon which ceases after
the withdrawal of hormone. Vitellogenesis is also tissue-specific and does not appear to
require cell division or substantial differentiation of u: - Yiver. The induction of vitellogenin
can be accomplished by treatment of males, immature females and even embryos with
estradiol, and can also be observed in hepatocyte and organ cuitures. This has greatly
facilitated the study of the development of competence to express estrogen-responsive
genes in the liver, as well as the involvement of other hormones and factors in the
process. The abundance of the gene products has aided the development of antibodies and
the cloning of their cDNAs. Genomic cloning has made possible the identification of
common regulatory elements among the various estrogen-responsive genes (Walker gt al.,
1984) and the study of the interaction of estrogen receptors and other transcription factors
with these regulatory elements (Martinez et al., 1987; Corthesy et al., 1988). Also, the
cloning of estrogen receptor cDNAs and the development of expression systems for both
ER and vitellogenin-promoter constructs have elucidated many of the structure/function
relationships between the receptor and the regulation of gene expression at the molecular

level.

B. Estrogen receptors and the steroid hormone receptor family
1. "Estrophilin" and the two-step model of steroid hormone action

The initial description of "estrophilin”, a high-affinity estrogen-binding protein, was
made by Jensen and Jacobson (1960), who noted the specific uptake and retention of
[3H]-estradiol by female reproductive tissues in immature rats. The subsequent
demonsuation that antiestrogens, such as nafoxidine, clomiphene and tamoxifen, could
inhibit the binding of estradiol to estrophilin and block its effects on uterine growth and

differentiation implicated the hormone/receptor complex in the early steps of this process.



5
Inhibitors of RNA and protein synthesis (actinomycin D and puromycin) could also block
the uterotropic response without inhibiting the binding of hormone to its receptor,
suggesting that the receptor somehow mediated the action of hormone at the level of
transcription and/o- translation (see Jensen gt al., 1982).

High-affinity receptors, specific for natural estrogens and related compounds, have
since been identified and studied in many estrogen target tissues in a variety of organisms.
Some of the more extensively studied systems include rat uterus, human breast cancer
cells, especially the MCF-7 cell line, chicken oviduct and liver, and Xenopus liver. The
estrogen receptor is a protein of approximately 67 kDa in molecular weight, and is thought
to undergo a conformational change, known as activation or transformation, in response to
binding of hormone. This alters the sedimentation coefficient of the protein in sucrose
gradients and increases its affinity for chromatin and DNA (Gorski and Gannon, 1976;
Jensen gt al., 1982). Some of the proposed conformational changes induced by hormone-
binding include dimerization (Notides and Nielsen, 1975; Little ¢t al., 1975) and
dissociation from a receptor-binding heat shock protein, hsp 90, which mzy block the
nuclear translocation of the receptor in its unoccupied state (Joab et al., 1984; Sanchez
et al., 1985).

A two-step translocation model was proposed by Jensen et al. (1968) to explain the
location of unactivated estrogen receptors in the cytosol prior to their association with
hormone, and their accumulation in the nucleus after hormone treatment, In this model the
activation of receptors by horraone causes their translocation to the nucleus where they are
able to interact with chromatin and influence gene expression. However recent literature,
citing both immunochemical (King and Greene, 1984) and biochemical evidence
(Welshons ¢t al., 1984), suggests that the appearance of ER in the cytosol may be an
artefact of homogerizativn and that both the unoccupied and steroid-activated forms of the

receptor reside in the nucleus at all times, as do the receptors for thyroid hormone and
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vitamin D (Oppenheimer, 1985; Walters gt al., 1980). The modified model proposes that
unoccupied estrogen receptors are loosely-associated with chromatin but, upon activation
by binding to estradiol, they become more tightly-bound to specific hormone response
elements and thus become extractable from nuclei only with high salt. Hence the term
"cytosol receptor” is an operational term, referring to the unoccupied or unactivated form of
the receptor which is detectable in the cytosol fraction after homogenization of tissue.
How:ever, the discovery that pherol red, a common pH indicator in tissue culture media,
acts as a weak estrogen has kopt the intracellular location of "unoccupied" estrogen
receptors in cultured cells a subject of controversy (Berthois gt al., 1986). The
glucocorticoid receptor, on the other hand, does appear to exist predominantly in the
¢ytosol prior to hormone-binding (Picard and Yamamoto, 1987).

Regardless of their location before hormone binding, ligand-dependent activation of
steroid receptors results in their tight association with nuclear components. Whether
receptors bind to specific DNA sequences or require protein "acceptor” sites in chromatin is
also a subject of some debate. The most compelling evidence for the existence of chromatin
acceptor sites comes from studies of the chicken oviduct progesterone receptor (Spelsberg
etal.,, 1971 and 1983). Cell-free incubation experiments showed that progesterone-receptor
complexes bound to chromatin of oviduct to a greater extent than to chromatin of non-target
tissues, and that reconstituting oviduct chromatin with non-histone proteins from non-target
chromosomes abolished this binding, and vice versa. Fractionation of the acidic chromatin
proteins demonstrated that a group, designated AP3, seemed to be the most effective in
conferring the progesterone receptor-binding ability to non-target chromatin. Other
fractions, AP; and AP», appeared to mask this high-affinity binding (Spelsberg et al.,
1976), an observation which has implications for the tissue specificity of steroid hormone
action.

On the other hand, there is increasing evidence that steroid-activated receptors bind
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with high-affinity to specific nucleotide sequences which mediate their actions on
transcription. Examination of the 5'-sequences upstream of estrogen-reponsive genes has
revealed several regions of nucleotide homology (Walker et al., 1984). From deletion
studies using cloned vromoter elements, several groups have established a consensus
nucleotide sequence for the "estrogen response element", shown in Fig. 2A. The
demonstration that both natural EREs and synthetic oligonucleotides corresponding to the
consensus ERE can confer hormone/receptor dependent regulation of transcription to
reporter plasmid constructs (Martinez et al., 1987; Klock et al., 1987) certainly points to
the importance of specific DNA sequences in mediating the action of the estrogen receptor.
Gel retardation assays using synthetic oligonucleotide response elements indicate that the
glucocorticoid and progesterone receptors (Tsai et al., 1988) and the estrogen receptor
(Kumar and Chambon, 1988) can bind, as dimers, to specific DNA sequences in the
absence of other chromosomal proteins. Several mutations in the 13 bp palindromic ERE
sequence can abolish the ability of the estrogen receptor to bind and induce transcription
from a heterologous promoter. Also, the fact that two nucleotide changes can convert an
ERE to a glucocorticoid respose element (Klock et al., 1987; Martinez et al., 1987)
indicates that it is the precise nucleotide sequence which determines the specificity of the
steroid receptor/DNA interaction.

Comparison of the 5'-upstream sequences of the apoll and vitellogenin genes has
revealed other areas of homology (van het Schip gt al., 1986). One of these sequences may
represent a signal for liver-specific expression, since it is not found in the 5'-flanking
regions of estrogen-induced genes expressed in oviduct. As well, a liver-specific repressor
of vitellogenin gene transcription has been noted in nuclear extracts made from male
Xenopus (Corthesy et al., 1989). This factor appears to bind to a negative regulatory
element close to the transcription initiation site of the B1 promoter. Removal of this

element, or depletion of the repressor protein, results in a low consititutive expression from



Figure 2. Schematic representations of the estrogen receptor and its response element.

A. ERE= consensus sequence for the estrogen response element.
GRE-= consensus sequence for the glucocorticoid response element.
* nucleotides governing the specificity of the ERE and GRE.

B. Representation of the domain structure of the estrogen receptor.

Amino acid positions are indicated above and functional regions are
indicated below the figure.

C. Representation of the DNA-binding domain of the estrogen receptor
showing proposed "finger" structure coordinated by zinc ions. Amino
acid changes which can convert the first finger into a GRE-recognizing
structure are indicated, as are the positions of the conserved cysteine
residues in the primary amino acid sequence.
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the vitellogenin promoter in the absence of hormone and an elevated response to estradiol.
Extracts from non-liver tissues also bind to this site but the complexes are structurally and
functionally different and cannot repress basal activity from the vitellogenin promoter.
Hence it appears that the expression of genes in a hormone- and tissue-specific manner
requires the interaction of several transcription factors, as well as the activated hormone-

receptor complex, with a variety of regulatory sequences.

2. Structure/function relationships in the steroid receptor superfamily

In the last few years the cloning of the cDNAs for all of the major steroid receptors
and a number of closely related proteins has been accomplished (see Green and Chambon,
1986; Evans, 1988; Beato, 1989 for reviews). This has resulted in a virtual explosion of
information on the structure/function and evolutionary relationships between these proteins,
based on sequence analysis, deletion-mapping studies and in vitro expression systems
using cloned promoter elements of steroid responsive genes.

Nucleotide and derived protein sequence comparisons have revealed that estrogen
and other steroid hormone receptors appear to belong to a family of genes encoding a
variety of ligand-activated DNA-binding proteins, including the receptors for thyroid
hormone (c-erb A oncogene), vitamin D3 and retinoic acid, as well as several gene products
for which no ligand has yet been identified. General structural features of this family of
proteins are shown in Fig. 2B and include: a highly variable N-terminal domain; a central,
highly conserved DNA-bin-!ing domain, rich in cysteine and basic amino acid residues; and
a variable ligand-binding domain within the C-terminal region, where the extent of
homology between the various receptors generally parallels the relatedness of the hormones
or compounds to which they bind. In addition a nuclear localization signal, similar to that
found in the SV40 T-antigen, appears to be present adjacent to the DNA-binding domain
(Picard and Yamamoto, 1987).

The DNA-binding domain is the most highly conserved region among the steroid

‘J
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receptor family. Of 65 amino acid residues, 20 are invariant, with 9 of the invariant
residues being cysteines. The positioning of the Cys residues is similar to a motif observed
in the Xenopus 5S gene transcription factor, TFIIIA (Miller et al., 1985), and the
mammalian transcription factor Spl (Kadonaga et al., 1987), in which multiple Cys- and
His-rich repeating units fold into "finger" structures, coordinated by zinc ions, which are
proposed to interact with half turns of the DNA helix. The steroid receptors contain two
such "zinc fingers" which have been shown by deletion analysis and site-directed
mutagenesis to be necessary for their DNA-binding ability (Kumar et al., 1986; Giguere
et al., 1986; Green and Chambon, 1987). Furthermore, in "finger-swapping" experiments
between estrogen and glucocorticoid receptors, Green et al. (1988) have demonstrated that
the first of the two zinc fingers is responsible for the specific recognition of hormone
response elements, and that three amino acids at the root of this finger structure are
responsible for the specificity (Mader ¢t al., 1989) (Fig. 2C). Four of the conserved Cys
residues in each finger are essential for DNA binding and are thought to coordinate with
zinc ions in a tetrahedral arrangement which stabilizes the finger structure (Freedman et al.,
1988).

Deletion-mapping and site-specific ._utagenesis studies of the estrogen receptor
have revealed that the hormone-binding domain is essential for transcriptional activation
(Kumar et al., 1987; Webster et al., 1988) and receptor dimerization (Kumar and
Chambon, 1988). Interestingly, the N-terminal region appears to be important frr
transcriptional activation of some genes (pS2) but not others (reporter constructs fused to
vitellogenin promoter elements) (Kumar et al., 1987). A small acidic region within the
N-terminal domain of the glucocorticoid receptor has also been shown to modulate the
receptor's ability to bind to specific DNA sequences and to reduce non-specific
DNA-binding (Danielson et al., 1987). The major region responsible for transcriptional
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activation appears to be located within the hormone-binding domain of the estrogen
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receptor, although deletion of this domain of the glucocorticoid receptor results in
constitutive activation of responsive genes in the absence of hormone (Danielsen ¢t al.,
1987; Godowski et al., 1987). These authors suggest that deletion of this region removes
the signal for binding of hsp90, thus allowing the receptor to associate with DNA and
activate transcription, an effect which is accomplished in the wild type receptor by
binding of hormone. However, evidence that DNA-binding alone is not sufficient for
transcriptional activation comes from experiments using fusion constructs of the hormone-
binding donain of the ER to the yeast transcription factor GAL4 DNA-binding sequences
(Webster et al., 1988). These constructs bound to a GAL4-responsive promoter in the
presence of both estradiol and tamoxifen, but transcription was activated only with
estradiol. Similar results were obtained with a constuct containing the GR steroid-binding
domain using dexamethasone or RU486, a glucocoticoid antagonist. This suggests that
steroid hormone antagonists act by blocking transcriptional activation by receptors rather
than by preventing their interaction with steroid response elements. Estrogen receptors
deleted in the hormone binding domain are also able to form dimers and to bind with
response elements, as shown by gel retardation assays, but the complexes formed are
weaker than those formed by hormone-activated wild type receptors (Kumar and
Chambon, 1988), suggesting that, at least with the estrogen receptor, both the DNA- and

hormone-binding domains are necessary for optimum function.

3. Hormonal control of estrogen receptor levels

Because the sensitivity of a given tissue to hormone may depend on the number of
receptors present, the modulation of receptor levels has been an important area of
investigation. The cloning of estrogen receptor cDNAs from a number of organisms and
the development of anti-ER antibodies have allowed the examination of estrogen receptor
regulation without the total reliance on hormone-binding : .says. The regulation of estrogen

receptor levels has been examined in a variety of organisms and cell lines, and control
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mechanisms appear to vary with the target organ in question. Effects of androgens,
progesterone, estrogens and pituitary factors h-  all been noted.

Androgens appear to down regulate ER mRNA and immunoreactive ER protein in
the human breast cancer cell line ZR-75-1 (Poulin ¢t al., 1989), while progesterone down-
regulates both ER mRNA and protein in MCF-7 and T47D cell lines (Berkenstam gt al.,
1989; Read et al., 1989) Estradiol itself can regulate the levels of ER mRNA and protein in
cultured breast cancer cells, but the effect appears to depend on the growth status or the
previous hormonal exposure of the cells. In confluent MCF-7 cells, estradiol treatment
lowers the amount of immunoreactive protein and the steady-state level of ER mRNA
(Read et al., 1989; Berkenstam et al., 1989), although actual tfranscripion of ER mRNA
may be increased (Saceda et al., 1988). These effects were dose-dependent and inhibited
by tamoxifen, suggesting an ER-dependent mechanism. Futhermore, T47D cells, which
have defective estrogen receptors, showed no change in ER protein or mRNA levels after
E2 treatment, again suggesting that the effect is mediated by the estrogen receptor
(Berkenstam et al., 1989). Interestingly, MCF-7 cells which had been maintained for
several years in the absence of phenol red and with charcoal-stripped fetal calf serum
showed no change in ER mRNA or protein levels after E2-treatment, although these cells
were still able to respond to estradiol by proliferation (Read et al., 1989). Piva et al. (1988)
reported that when estradiol was added to proliferating MCF-7 cells, ER mRNA levels
increased by two-fold, suggesting that the response to estradiol in breast cancer cell lines is
a function of their growth status as well as their previous hormonal history.

In the rat, regulation of estrogen receptor and ER mRNA levels appears to be tissue-
specific. Ovariectomy results in an increase in ER mRNA in uterus but a decrease in both
liver and pituitary, effects that were reversed by injection of estradiol (Shupnik et al.,
1989). Effects of both pituitary and adrenal hormones on the levels of E2-binding activity

in the rat liver have also been demonstrated (Norstedt et al., 1981). Ovariectomy increased
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the levels of cytosol ER in rat liver, but hypophysectomy or adrenalectomy reduced these
levels to 10% and 42%, respectively, of the control value. Prolactin or growth hormone
were shown to restore levels to 37% of control when given to hypohysectomized animals,
and when combined with dexamethasone, full hepatic ER activity was restored. Thus it
appears that the maintenance of normal ER levels in the rat liver is controlled by both
pituitary factors and glucocorticoids.

In general estrogen receptors appear to be up-regulated by estrogen in the livers of
oviparous vertebrates such as the chicken and Xenopus, which appear to require very high
levels of hormone activated receptor for the maintenance of the vitellogenic response
(Lazier and Haggarty, 1979; Hayward et al., 1980). In Xenopus, expression of the ER
mRNA remains elevated for several months after a single transient dose of E2, as does the
level of E2-binding activity in the cytosol (Barton and Shapiro, 1988). This may play a role
in the more rapid re-induction of vitellogenin mRNA transcription with subsequent
hormone treatment.

Hepatic ER activity in oviparous vertebrates may also be under multihormonal
control. In the turtle, Chrysemis picta, hypophysectomy results in a virtual disappearance
of E2-binding activity in the liver, which can be partially restored by treatment with growth
hormone (Riley et 2i, 1987). Effects of growth hormone, thyroid hormone and
dexamethasone on the ability of estradiol to induce a full vitellogenic response have also
been noted in Xenopus hepatocytes (Wangh, 1982) and in reptiles (Callard et al., 1972). In
light of the evidence discussed above, it is quite possible that these hormones act by

regulating the amount of hepatic estrogen receptor.

C. Estradiol-induced genes and their expression in liver
1. Vitellogenin genes and transcripts

The vitellogenin genes of Xenopus, chicken, Drosophila and the nematode
Caenorhabditis have been cloned and sequenced (see Wahli, 1988). They are all encoded
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by small gene families which appear to have arisen by gene duplications. The vitellogenin
genes of vertebrates share a common intron/exon organization, but their nucleotide and
derived amino acid sequences vary extensively along the genes. The regions that are most
conserved between Xenopus and chicken also appear to be the most conserved between
Xenopus and Caenorhabditis, suggesting selective pressures on the regions of these
proteins involved in post-translational modifications, uptake and cleavage by oocytes and
storage in the yolk. Conservation of cysteine clusters in the amino- and carboxy-terminal
regions also indicate a critical role for disulfide bonds in yolk protein structures.
Vitellogenin genes of vertebrates are expressed only in the liver and only in response to
estradiol.

Xenopus laevis has four vitellogenin genes, falling into two linkage groups,

designated A1, A2 and B1, and B2. Within the A and B gene pairs the sequence divergence
is about 5%, and is about 20% between the two groups. All four Xenopus vitellogenin
transcripts are approximately 6-6.5 kb in length but the sizes of the genes themselves vary
from 15.8 kb (A2) to 20.5 kb (A1), due to differences in the lengths of introns. The Al,
A2 and B2 genes each have 33 introns located at homologous positions within the coding
sequences (Germond et al., 1983; Gerber-Huber et al., 1987). Primary treatment with
estradiol causes differential activation of transcription of the four genes in liver and in
hepatocyte cultures, with the B1 mRNA appearing first, followed sequentially by the Al,
A2 and B2 transcripts. Eventually, however, all four genes are expressed at equal rates and
are induced with similar kinetics during secondary stimulation (Williams and Tata, 1983).
Estradiol treatment evokes a massive increase in vitellogenin mRNA transcripts, which can
account for up to 70% of the mRNA in maximally induced livers (Skipper and Hamilton,
1977). High steady-state levels appear to be a result of both increased transcription and

stabilization of the vitellogenin mRNA in the presence of estradiol, and withdrawal of

estrogen results in the rapid destabilization and disappearance of the message (Brock and
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Shapiro, 1983a and 1983b).

The chicken has at least three vitellogenin genes, one of which (vtglI) has been
cloned and sequenced (van het Schip et al., 1986). This gene also contains 33 introns and
the organization of exons appears to be homologous to the Xenopus vitellogenin genes.
The mRNA encoded by the vigll gene is 5.8 kb in length, coding for a protein of 1850
amino acids. cDNAs for the other two chicken vitellogenin mRNAs have been cloned and
hybridize to two disitinct transcripts, one of which is slightly larger and the other slightly
smaller than the vtgll message (Evans et al., 1988). The three mRNAs, as well as the
proteins they encode, are expressed in a ratio of approximately 3:10:1 for vtgl, vtgll and
vtgIIl in both the laying hen and estrogen-treated chicks, and an increased rate of induction
or "memory effect” upon secondary treatment has been noted for all three transcripts.

A family of cDNA clones for rainbow trout vitellogenin have also been described
(Le Guellec et al., 1988). Most of these clones showed identical restriction digestion
patterns, but one clone, pSG Vg 5.50, was distinctly different in its restriction map and
hybridized to additional genomic DNA fragments on Southern blots (Lawless, 1987),
suggesting that it might represent the product of a second vitellogenin gene. The partial
nucleotide sequence of the pSG Vg 5.50 clone is presented as part of this thesis. All of the
cDNAs hybridized to an mRNA of approximately 6.6 kb on Northern blots of total liver
RNA from estrogen-treated, but not untreated, juvenile rainbow trout. Sequence analysis of
one of the clones, pSG Vg 5.09, showed that the putative amino acid sequence bears
considerable homology to the sequences of Xenopus and chicken vitellogenins (Le Guellec
et al., 1988). Expression of the trout vitellogenin mRNA in liver was induced by estradiol-
treatment and the response was apparently more rapid upon secondary treatment,
suggesting a memory effect similar to that seen witt the chicken and Xenopus vitellogenin
mRNAs. pSG Vg 5.09 has been used as a probe to isolate a vitellogenin cDNA clone from

another fish, Oreochromis aureus (tilapia) (Ding et al., 1988), and has been shown in the
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present thesis to hybridize to distinct hepatic mRNAs in other species of fish as well,

suggesting significant homology ammong the vitellogenins of teleosts.

2. Vitellogenin proteins
The vitellogenins found in the serum cf both Xenopus and chickens are large,

highly modified proteins which exist as dimers complexed with large amounts of calcium
ions and can make up to 40% of serum proteins in a fully-induced animal. Vitellogenin
monomers have apparent molecular weights of approximately 200 kDa and are highly
phosphorylated, glycosylated and lipidated in various regions of the polypeptide before
secretion from the liver. The synthetic and secretory pathway of vitellogenin has been
analysed in E2-treated frogs by protein A-gold immunochemistry and electron microscopy
and was shown to progress through the rough endoplasmic reticulum, Golgi apparatus and
secretory granules of liver parenchymal cells (Herbener gt al., 1984). Vitellogenin does not
appear to stored in hepatocytes to any appreciable degree but is rapid secreted into the
serum or culture medium. The protein is also rapidly cleared from the serum, at least in
mature female animals, by receptor-mediated uptake by oocytes (Ooresko et al., 1981;
Yusko et al., 1981), where it is proteolytically cleaved into the egg-yolk components
phosvitin and lipovitellin (Follett and Redshaw, 1974).

As would be expected from the similarity of their genes, the chicken and Xenopus
vitellogenins show considerable amino acid sequence homology (van het Schip et al.,
1987; Gerber-Huber et al., 1987). At the extreme N-terminal there is a hydrophobic signal
peptide sequence of 15 amino acids, responsible for targeting the protein to the rough
endoplasmic reticulum for translation and processing. This is followed by a stretch of about
1100 amino acids thought to encode lipovitellin I, a protein of 120 kDa in size. Immediately
following this comes a highly serine-rich domain, approximately 217 amino acids in
length, responsible for the highly phosphorylated yolk-protein, phosvitin. In Xenopus, the

phosvitin molecule may undergo a second cleavage in the oocyte to yield two low
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molecular weight phosvettes. The final 500 amino acid domain is more than adequate to
encode the 30 kDa lipovitellin II molecule, which has been placed at the extreme carboxy-
terminal end of the precursor protein based on its amino acid composition. This leaves
enough coding capacity for a putative polypeptide of 10-20 kDa, which is either lost during
vitellogenin cleavage or has yet to be identified as an egg-yolk component (Gerber-Huber gt
al., 1987).

The vitellogenins of several species of fish have been isolated and partially
characterized (see Mommsen and Walsh, 1988; Weigand, 1982 for reviews). They appear
to display a wider variety of molecular weights and degrees of phosphorylation and
lipidation than seen between Xenopus and chicken vitellogenins, A several estimates for the
molecular weight of serum vitellogenin in the rainbow trout have been reported, ranging
from 350 kDa to 600 kDa, depending on the technique used. However the monomer
produced by in vitro translation of purified trout vitellogenin mRNA is between
170-200 kDa (Chen, 1983; Valotaire et al., 1984). As in other species, the trout
vitellogenin is cleaved in the oocyte to form phosvitin and lipovitellin. The lipid content of
the lipovitellins is approximately 25%, while the alkali-labile phosphorous content of
phosvitin is .58% (Campbell and Idler, 1980). In general, alanine, glutamic acid and
leucine are the most abundant amino acids in fish vitellogenins and they are lower in serine-
content than their counterparts in chicken and Xenopus, which is reflected in a 50% lower
protein-bound phosphate content. The phosphate content of fish vitellogenins is still high
enough to give these proteins considerable ion-binding capacity and they have been shown
to be efficient carriers of calcium, magnesium and iron (Hara, 1976). However the bulk of
phosphorous in the unfertilized egg is in the form of inorganic phosphate and phospholipid
rather than protein-bound.

The amount of lipid material carried on the vitellogenin molecules in fish is

generally about twice as high as for other vertebrate groups, ranging around 20% by
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weight for various fish. Most is polar lipid and goes to make up the lipovitellin component
of the yolk (Hori et al., 1979). In rainbow trout, two-thirds of the vitellogenin-associated
lipid is phospholipid, with the remainder consisting of triglycerides and cholestero]
(Norberg and Haux, 1985). Generally the mature oocyte contains a much larger percentage
of triglycerides, steryl-esters, sterols and wax esters, so there are probably sources of non-

polar lipids for the oocyte other than lipovitellin.

3. Estradiol-induced apolipoproteins

In addition to vitellogenin gene expression, the estrogen induction of the avian
apolipoproteins, apo-VLDL-II and apo-VLDL-B, has also been extensively studied. These
proteins, components of the very low-density lipoproteins in chicken serum, are secreted in
large amounts by the liver in response to estrogen treatment. In addition, apoB is
constitutively expressed in the liver, kidney and intestine (Blue et al., 1980), but a 5- to

6-fold induction of the apoB mRNA aiter estrogen treatment occurs only in the liver

(Kirchgessner gt al., 1987). Apoll mRNA demonstrates a lag in accumulation within the -
first few hours after primary estrogen treatment, although this is not as pronounced as with

the vitellogenin mRNA. Like vitellogenin mRNA, apoll message is induced more rapidly a
with secondary stimulation (Wiskocil gt al., 1980; Noteborn et al., 1986). ApoB, on the ‘ ;l

other hand, shows no appreciable lag and similar kinetics of accumulation with both

primary and secondary treatment (Kirchgessner et al., 1987).

While not much is known about the regulation of apolipoprotein synthesis during
the reproductive cycle in fish, there is some evidence that sex hormones may be involved in
the development of arteriosclerosis in salmonids. Development of degenerative lesions in
the coronary arteries appears to be accelerated during spawning migrations and House et al.
(1979) have noted that juvenile rainbow trout injected with human chorionic gonadotropin,
estradiol or testosterone developed lesions resembling those seen in mature fish. However

the high incidence of arteriosclerosis in males suggests that increases in plasma lipoproteins
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associated with vitellogenesis are not necessarily responsible.

n-in hepatic chan iated with vitell

As would be expected, estradiol-treatment induces changes in liver morphology
associated with the synthesis of large amounts of secreted proteins. These include
proliferation of the endoplasmic reticulum and Golgi apparatus as well as increased
synthesis of ribosomal RNAs and proteins (Lewis et al., 1976; Maenpaa, 1976; Skipper
and Hamilton, 1977; Bast et al., 1977; van Bohemen et al., 1981). Increased activity of
RNA polymerases I, I and III have all been noted following E2 administration, resulting in
a generalized up-regulation of transcription as well as induction of specific estradiol-
responsive genes (Tata and Smith, 1979). Estradiol also has pronounced lipogenic effects
on the liver (Luskey et al., 1974; Emmersen et al., 1979), in keeping with its effects on
membrane synthesis, secretion of very low-density lipoproteins and lipidation of the
vitellogenin molecule.

Estradiol also inhibits the expression of some liver genes. In Xenopus, the
synthesis of serum albumin is almost completely abolished, due to a decreased transcription
rate and destabilization of the albumin message (Reigel et al., 1986b and 1987), although

this effect on albumin mRNA is not observed in chickens (Wiskocil et al., 1980).

D. Reproductive endocrinology of the female rainbow trout
The rainbow trout, Oncorhynchus mykiss (formerly Salmo gairdnerii; Smith and

Stearley, 1989) is a seasonal breeder, spawning in the fall, winter or early spring,
depending on the strain (MacKay, 1963). Photoperiod is believed to be the major
environmental factor controlling reproductive function, with increasing daylength
apparently triggering the release of gonadotropins from the pituitary (Whitehead et al,,
1978; Bromage et al., 1982). Strain differences in responsiveness have been observed as
well, suggesting that endogenous rhythms may madify the overall response of trout to light

(Elliott et al., 1984). Temperature may also modulate vitellogenesis and may have a major
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role in regula..ug the vitellogenic responses of other species of fish (Yaron gt al., 1980;
Manning and Kime, 1984; Korsgaard ¢t al., 1986).

Female rainbow trout become reproductively active between 2-3 years of age. The
annual reproductive cycle in the female trout can be roughly divided into four physiological
stages (van Bohemen et al., 1981). During the first, pre-vitellogenic phase, the
reproductive system appears to be quiescent, with very low levels of sex steroids detectable
in the plasma. This usually occurs, in mature fish, during the 2-3 months following
spawning. In the second stage, endogenous vitellogenesis, the oocytes themselves actively
synthesize a proteinaceous material which is stored within yolk vesicles. This occurs at a
time when serum estradiol levels are still very low, and there is some controversy about
whether gonadotropin levels are increased during this period (Bromage et al., 1982; Scott
and Sumpter, 1983). Presently there is no evidence indicating that the endogenously
produced protein bears any resemblance to hepatic vitellogenin, and the vesicles which fill
the oocyte during these early stages are pushed to the periphery when exogenous
vitellogenin is later sequestered from the blood.

The third stage, exogenous vitellogenesis, is marked by the rise in levels of serum
estradiol, estrone and testosterone (Scott et al., 1980), as well as increases in serum
vitellogenin, the hepatosomatic index and the gonadosomatic index, indicating growth or
hypertrophy of both the liver and the gonads (van Bohemen et al., 1981). Liver
morphology also changes during this period, with proliferation of the endoplasmic
reticulum and Golgi and depletion of glycogen granules (van Bohemen et al., 1981).
Changes in liver morphology and production of vitellogenin are under the control of
estradiol and estrone appears to potentiate the effects of E2 (van Bohemen et al., 1982).
This has been clearly demonstrated by treating immature or male animals with these
hormones. The role of the high levels of testosterone is not clear, although it may simply

reflect the general increase in steroid output by the ovaries. Alternatively testosterone may
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serve some function, possibly as an estrogen precursor, in regulating the pituitary (Scott et
al., 1980).

Control of ovarian steroid production and uptake of vitellogenin from the serum is
achieved by the pituitary gonadotropins. There are two forms of gonadotropins in fish,
separable by chromatography on ConA-Sepharose, both of which are necessary for normal
ovarian development. The carbohydrate-rich maturational form appears to be responsible
for stimulating estradiol production by the follicle cells of the ovary, while the
carbohydrate-poor vitellogenic fraction appears to be necessary for proper uptake of
vitellogenin by the oocytes (Idler and Campbell, 1980). Injection of pituitary extracts has
been shown to stimulate the synthesis of estrogen by the ovaries and to induce
vitellogenesis in immature female fish of many species.

Exogenous vitellogenesis occurs over a period of approximately six months, during
which the ovary increases dramatically in size, comprising up to 20% of the body weight at
its peak. Individual oocytes increase in size by 250 million times before ovulation. During
the latter part of this phase, E2 peaks at approximately 40-50 ng/ml, then drops
dramatically a month or so before spawning. However levels of serum vitellogenin remain
high for another 2-3 months after estradiol levels have declined.

The final stage of the reproductive cycle includes oocyte maturation and ovulation.
There is a general agreement that secretion of gonadotropin by the pituitary is a
pre.equisite for the resumption of meiosis and release of mature oocytes into the body
cavity (Scott and Sumpter, 1983). Its action is probably mediated by the steroids
170-hydroxy-20B-dihydroprogesterone (17,20BP) and 17a-hydroxyprogesterone, which
rise in concentration immediately prior to ovulation and are potent inducers of trout cocyte
maturation in vitro (Campbell et al., 1980).

Ovulation and spawning occur in winter or early spring when water temperatures

are still low. Degradation of cocytes in the body cavity ind poor survival of fertilized eggs
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have been noted if water temperatures exceed 14-15°9C (Scott and Sumpter, 1983). Under
natural conditions, trout will spawn in loose gravel, in rapidly moving, well oxygenated
streams. Upwards of 6000-7000 eggs may be deposited in a single breeding season and the
fertilized eggs develop slowly over a period of several months. It is clear, therefore, that
the tremendous amounts of vitellogenin synthesized by the liver are necessary to maintain
the development of thousands of embryos for the prolonged period of time before they are
able to feed independently, and that an understanding of the endocrine factors controlling

vitellogenesis in fish may have serious impli. ations for aquaculture.

E. Oncorynchus mykiss as a model for vitellogenesis in teleosts

There are several advantages to using the rainbow trout as a model organism for the
study of vitellogenesis in fish. Not least among them is the trout's hardiness in captivity, a
characteristic that has led to its wide-spread use as a hatchery fish and as a laboratory
animal in a variety of physiological and biochemical studies. Much is known about its
physiology and endocrinology throughout the reproductive cycle and under a variety of
environmental conditions. With respect to the study « ...ellogenesis, many of the tools
necessary for examination of the process at the molecular level have been developed. Anti-
vitellogenin antibodies are available, as well as vitellogenin and estrogen receptor cDNA
clones, and vitellogenin synthesis has been successfully induced in hepatocyte cultures.

Therefore, like Xenopus laevis, the rainbow trout is an attractive model system for working

out the details of hormone-induced gene expression.

F. Aims of this thesis

While the estrogen-induced synthesis of vitellogenin mRNA and protein have been
demonstrated in the rainbow trout, no information was available on the relationship of
hepatic estrogen receptors to this process. To obtain a better understanding of estradiol-

mediated control of vitellogenesis it was necessary to examine both the levels of hepatic
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estrogen receptors and their intracellular distribution following estradiol-treatment. To this
end, we have further characterized the rainbow trou! aepatic estrogen receptor, in both its
nuclear and cytosolic forms, and have examined its inc. 'ction by estradiol at the mRNA
level and by hormone binding assays. We have correlated these findings to the induction of
vitellogenin mRNA and protein, as well as to total RNA levels in the liver following single
and multiple injections of E2. We have also discovered that the temperature at which fish
are maintained during treatment can modulate the effects of estradiol treatment and have
therefore examined the induction of estrogen receptors and vitellogenin, at both the mRNA
and protein levels, at different temperatures. Compared to the vitellogenic responses seen in

Xenopus and  closely related species of fish, Salmo salar, we have noted some intriguing

differences which have implications for future studies of vitellogenesis in teleost fish.
Preliminary reports of this work have been presented in the following meetings:

Mann, M.E., Mommsen, T.P. and Lazier, C.B. (1987) In vivo stimulation of hepatic

estrogen receptors in immature rainbow trout (Salmo gairdnerii). Canadian Federation of
Biological Sciences Meetings, Winnipeg, Man.

Mann, M., Wiktorowicz, M., Mommsen, T.P. and Lazier, C.B. (1987) In vivo
stimulation of hepatic estrogen receptors in various species of fish. Third International
Symposium on the Reproductive Physiology of Fish, St. John's, Nfld.

Lazier, C.B., Mann, M. and Mommsen, T.P. (1987) Estrogen receptors and regulation of
vitellogenesis. Third International Symposium on the Reproductive Physiology of Fish, St.
John's, Nfld,

MacKay (Mann), M.E. and Lazier, C.B. (1988) Hepatic estrogen receptor dynamics in the
rainbow trout, Salmo gairdnerii. First International Symposium on Fish Endocrinology,
Edmonton, Alta.

MacKay, M.E. and Lazier, C.B. (1989) Environmental effects on estradiol-induced
vitellogenin gene expression in the rainbow trout (Salmo gairdnerii). Canadian Federation
of Biological Sciences Meetings, Calgary, Alta.




II. MATERIALS AND METHOD.

A. Experimental animals
1. Rainbow trout

Male and female sexually immature rainbow trout, Qncorhynchus mykiss (formerly
Salmo gairdnerii) weighing 200-400 grams were obtained from Sun Valley Trout Farm,
Aldergrove, B.C. Animals were maintained in circulating fresh water tanks and fed once a
day with Moore and Clarke's New Age Fish Food until injection, after which no food was
given. Animals were sacrificed by decapitation and the livers were removed and
immediately frozen in liquid nitrogen for storage at -70°C, or kept in ice cold saline and
processed within 30 minutes. Each animal was weighed and the sex determined by
examination of internal sex organs. Fish from groups (D) and (E) were anaesthetized with
MS222 (ethyl m-aminobenzoate, Sigma) and blood (2-4 ml) was collected from the caudal
vein into tubes containing 50 pl of 10,000 U/ml heparin. Samples were spun 10 minutes in
a microcentrifuge and the plasma was drawn off, frozen in liquid nitrogen and stored at

-70°C.

Experimental groups were as follows:
(A). Time course after a single injection (4°C)

This experiment was performed in December. The water temperature was 4°C and
the day length was 8 hours. Fish were kept in outdoor tanks and given a single
intraperitoneal injection of 5 mg/kg estradiol-178 (E2) in 50% ethanol/saline. Groups of 10
animals were sacrificed immediately (controls) and at 4, 8, 24, 48, 72, 96 and 120 hours

after injection. Livers were quick-frozen and stored at -70°C.

(B). Fresh vs, frozen (9°C)
This experiment was performed in September with a day length of 13.5 hours. Fish

were kept in outdoor tanks with a water temperature of 9.5°C. Groups of 8 animals were
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sacrificed immediately (controls) or 2, 5 and 7 days after injection with E2 (5 mg/kg). The
livers from four animals from each group were processed immediately (fresh) for estrogen
receptor assays, while the others were quick-frozen and stored at -70°C for processing a

few weeks later.

(C). Tamoxifen vs. E2 (9°C)

Performed at the same time as group (B), animals (10 per group) in this experiment

were treated with a single injection of E2 (5 mg/kg), tamoxifen citrate (25 mg/kg), or 50%

ethanol/saline vehicle alone (controls) and sacrificed 6 days later.

(D). Temperature comparison (multiple injections)

Fish were kept indoors in circulating fresh water tanks maintained at either 9°C or
15°C. The light cycle was 13.5 hours light, 10.5 hours dark. Animals were allowed to
acclimate to their respective temperatures for two weeks nrior to treatment. To maintain
high levels of serum E2, fish were given four injections of E2 (5 mg/kg) at 2 or 3 day
intervals over the course of 10 days. Sample groups of 4 fish were taken immediately

(controls), 8, 24, 48, 72, 96, 168 and 240 hours after the initial injection.

(E). Single injection time course (15°C)

Fish were kept in outdoor tanks during September with a water temperature of 15°C
and a day length of 13.5 hours. Animals (4 per group) were given a single injection of E2
(5 mg/kg) and sacrificed immediately (controls) or 8, 24, 48 hours and 10 days later.

Results for estrogen receptor, %LSI and mRNA quantitations were expressed as
means of values obtained from 3-5 animals per treatment group + SEM (standard error of
the mean). Results were compared by an unpaired Student's T-test using Macintosh
Statview™ software. Levels of p < 0.05 were taken as significant.

No significant differences were found between male and female fish in any of the

parameters investigated. Therefore these results have been pooled. Also, since there was no
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significant difference between them, the results for the control, 8, 24 and 48 hour time
points obtained from group (E) have been pooled with those of the 15°C experiment in
group (D).

2. Other species of fish
Livers from Hemitripterus americanus (sea raven), Myoxocephalus

octodecimspinosus (sculpin), Macrozoarces americanus (ocean pout), Pseudopleuronectes

americanus (winter flounder) and Gadus morhua (Atlantic cod) were provided by Dr. T.P.
Mommsen, from stocks maintained at the Huntsman Marine Laboratory, St. Andrews,
N.B. Treated animals had been given a single injection of E2 (2 mg/kg) in ethanol/saline
and were sacrificed four days later. Controls had received ethanol/saline alone. Animals
were maintained at 9°C during treatinent. Livers had been quick-frozen in liquid nitrogen

and were stored at -70°C.

3. Chickens and frogs

White leghorn cockerels were injected once into the brezst muscle with 25 mg/kg of
E2 in propylene glycol. Livers and kidneys were taken 24 hours later for preparation of ER
fractions and RNA. White leghorn hens were injected with 25 mg/kg E2 every second day
for two weeks to induce development of the oviduct, which was also used for preparation
of ER fractions and RNA. Livers, kidneys and oviducts were also obtained from uninjected
animals.

Immature Xenopus laevis (approximately 25 g) were given four injections, at
48 hour intervals, of 1 mg E2 in propylene glycol into the dorsal lymph sac. Animals were
sacrificed 2 weeks after the first injection and livers were taken for preparation of RNA.

Livers from uninjected controls were also used for RNA preparation.

4. Tissue culture
MCF-7 (human breast carcinoma) cells were obtained from American Type Culture

Collection and grown to confluence in Earles Minimal Essential Medium supplemented
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with 10% fetal calf serum, 100 IU/ml penicillin, 100 pg/ml streptomycin, 4 mM glutamine.
Confluent cells were treated twice at 24 hour intervals with 20 nM E2 dissolved in ethanol
(Eckert and Katzenellenbogen, 1982). Treated and untreated cells were harvested and lysed

in 7.3 M guanidine hydrochloride (Sigma) for preparation of RNA (see section H below).

B. Preparation of liver fractions for estrogen receptor assays

Cytosol and salt-extractable nuclear fractions were prepared as described in Lazier
et al. (1985). All procedures were carried out on ice or at 4°C, Livers were weighed,
broken or chopped into small pieces and homogenized with 3-4 strokes of a motor-driven
Teflon/glass homogenizer in 2.5 ml/g of homogenization buffer (20 mM Tris (pH 7.9),
3 mM MgCl2, 0.33 M sucrose, 10 mM monothioglycerol). A crude nuclear pellet was
removed by centrifugation at 800 X g for 20 minutes in a Sorvall $S-34 rotor, and the
supernatant was centrifuged at 105,000 X g for 60 minutes in a Beckman Ti50 rotor. The
resulting clear supernatant beneath the layer of lipid was removed with a Pasteur pipette and
retained as the "cytosol" fraction.

The crude nuclear pellet was washed three times in washing buffer (5 mM Tris
(pH 7.4), 3 mM MgClp, 0.25 M sucrose, 10 mM monothioglycerol), resuspending before
each wash with one stroke of the motor driven homogenizer. Washed nuclei were
suspended with one stroke of the motor driven homogenizer in 1 ml/g tissue TES-B2
buffer (0.5 M KCl, 10 mM TES (pH 7.5), 1.5 mM EDTA, 10 mM monothioglycerol),
frozen at -70°C overnight, thawed on ice and centrifuged at 37,000 X g for 30 minutes.
The resulting supernatant comprised the salt-extractable nuclear fraction. The remaining
pellet was resuspended in 1 ml/g TET (10 mM Tris (pH 7.5), 1.5 mM EDTA,
10 mM monothioglycerol) and assayed as the salt-insoluble nuclear fraction.

In some cases aliquots of cytosol were partially purified by the dropwise addition of
one half volume of cold saturated ammonium sulfate in homogenization buffer, bringing

the final ammonium sulfate concentration to 30% saturation. Proteins were allowed to

-
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precipitate for 15 minutes on ice and were collected by centrifugation at 31,000 X g for
15 minutes. The pellet was then dissolved in a volume of TES-B2 buffer equivalent to the
original volume of the sample.

Aliquots of the original homogenate and the final nuclear suspensions, from which
salt extracts were obtained, were stored at -20°C for subsequent measurement of DNA and
RNA. Cytosol and nuclear fractions were stored at -70°C and thawed on ice for

measurement of E2-binding activity.

C. DNA and RNA assays

The DNA contents of homogenates and nuclear suspensions were determined by
the perchloric acid extraction and diphenylamine procedure of Burton (1956). Alternatively
both the RNA and DNA contents of these fractions were measured by extraction of aliquots
with 10% TCA, as described by Williams et al. (1986), and detection of RNA by the
orcinol procedure (Kabat and Mayer, 1961) and DNA by the diphenylamine test (Burton,
1956).

D. Estrogen receptor assays

[3H]-E2-binding activity in cytosol and nuclear fractions was measured by a
charcoal adsorption assay (Lazier and Haggarty, 1979) after treatment of the fractions for
30 minutes with dextran-coated charcoal [1% (w/v) acid-washed charcoal (Norit-A, Fisher
Scientific), 0.1% (w/v) Dextran T-70 (Pharmacia)] to remove endogenous steroids. All
procedures were performed on ice or at 4°C,

Single-point binding assays were carried out by incubating the liver fractions, in
duplicate, with 5-20 nM [2,4,6,7—3H(N )]-178-estradiol (104-115 Ci/mmole; New England
Nuclear) in a volume of 300 pl. Cytosol fractions were diluted 6- to 12-fold with
homogenization buffer while nuclear extracts were diluted 3-fold or used undiluted. Tubes
containing 100-fold excess of radioinert diethylstilbestrol (DES) were incubated in parallel

for determination of non-specific binding, Exchange was allowed to occur for 18-24 hours
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at 4°C. Bound steroid was separated from free by treatment for 30 minutes with an equal
volume of 0.5% charcoal/0.05% dextran in homogenization buffer (for cytosol fractions)
or in TES-B2 (for nuclear fractions), with shaking every 10 minutes, followed by
centrifugation for 3 minutes at 13,000 X g. Protein: hound [3HJ-E2 in the supernatant was
quantitated by liquid scintillation counting in Beckman ReadySolv HP/b scintillation fluid,
using a Beckman LS-3810 scintillation counter with automatic conversion of tritium counts
per minute (cpm) to disintegrations per minute (dpm).

Assays of the salt-insoluble nuclear fraction were adapted from the procedure of
Snow gt al. (1978). 10 nM [3H]-E2 + 1 uM DES was added to undiluted insoluble nuclear
fractions and exchange was allowed to occur for 18-24 hours at 4°C. Nuclear material was
collected by centrifugation at 13,000 X g for 3 minutes and the pellets were resuspended
in, and washed 3 times with, 1 ml TET by alternately vortexing and spinning for
3 minutes. The final pellet was extracted with 1 ml absolute ethanol for 30 minutes at 30°C,
with vortexing every 10 minutes. After a final 3 minute spin, the supernatant was collected
and counted in ReadySolv HP/b.

Results of single-point assays were corrected for saturation with the following

equation:
sB=1 (n-sB)
F Kg
where: sB= specific radioactive hormone bound

F= free hormone (total added minus bound hormone)
n= total number of binding sites
Kd= equilibrium dissociation constant (cytosol 3.4 nM; nuclear 1.4 nM)
Saturation analyses of nuclear and cytosol fractions were carried ont as above,
using a range of 1-30 nM [SH]-E2 # 100-foid excess of DES. Equilibrium dissociation
constants (K3) were determined by the method of Scatchard (1949). Competition studies

were also performed on both types of fractions using 10 nM [3H]-E2 and increasing

concentrations (1~104 nM) of estradiol-178 (E2), estrone (El), estriol (E3),
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diethylstibestrol (DES), progesterone, 170,208-dihydroxy-4-pregnen-3-one (17,208P),
dihydro-testosterone (DHT), tamoxifen, 4-hydroxy-tamoxifen (OHT) and hydrocortisone.
Results were expressed as % specific binding, calculated as total binding in the presence of
competitor minus that remaining in the nresence of 100-fold excess of E2, divided by the
specific binding in the absence of competitor. Association kinetics were determined by
incubation of cytosol with 10 nM [3H]-E2 + 1 pM DES at 4°C and charcoal-treating 300 pl
samples at various times over a 30 hour period. Dissociation kinetics were determined by
acding 1 pM radioinert E2 to cytosol fractions which had been preincubated for 24 hours
with 10 oM [3H]-E2 £ 1 UM DES, and then charcoal-treating samples at various times over

a 20 hour period.

E. E2 binding by plasma

Trout serum was diluted 50-fold with homogenization buffer, treated with
1% charcoal/0.1% dextran and assayed for estradiol-binding activity in a volume of
300 pl. Saturation analysis was performed by incubating serum with increasing
concentrations (1- 500 nM) of [3H]-E2, in the presence or absence of 100-fold excess
radioinert E2, for 18-24 hours at 4°C. Competition studies were performed using 10-fold
diluted serum, 20 nM [3H]-E2 and varying concentrations (1-105 nM) of radioinert E2,
DES, DHT, testosterone, 11-ketotestostercne, progesterone, 17,208P, OHT, tamoxifen

and hydrocortisone.

F. Tamoxifen aziridine-labeling and interaction of ER with H222

Tamoxifen aziridine (TAZ), an electrophilic ligand, has been used to covalently
label estrogen receptors from rat uterus and MCE-7 cells (Katzenellenbogen et al., 1983)
and was used to characterize chicken and trout ER. Chicken oviduct and liver nuclear salt-
extracts and trout cytosol and nuclear salt-extracts were incubated in a volume of 300 ul
with 20 oM [3H]-TAZ (22 Ci/mmole; Amersham) £ 6000 nM DES for 1 hour at 22°C or
30°C, or for 18 hours at 4°C, then charcoal-stripped with 0.25% charcoal/ 0.025% dextran
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for 15 minutes at 37°C.,

The monoclonal antibody, H222 (a gift of Dr. C. Nolan, Abbott Laboratories,
Chicago, Il1.), which is specific for an epitope in the steroid-binding domain of the human
ER and known to cross-react with the chicken oviduct ER (Greene et al,, 1984) was used
in attempts to immunoprecipitate the chicken and trout liver ER. 250 pl of charcoal-stripped
[3H]-TAZ-labeled preparations were incubated with 1.25-25 pg of H222, or equivalent
amounts of non-specific rat IgG (Sigma), for 6 hours at 4°C. Where the amount of H222
was less than 10 pg, non-specific rat IgG was added as a carrier to increase the
concentration of antibody for efficient immunoprecipitiation. The amount of goat anti-rat
IgG (GAR, Sigma) sufficient to immmunoprecipitate 10 pg of H22_ complexed with
labeled ER had to be determined experimentally as the rat IgG/anti-rat IgG complex
appeared to have a very narrow precipitin curve. The optimum amount of GAR to
precipitate 10 ug of H222 was found to be 1.75 mg, with the amount of labeled ER
recoverable in the final pellet dropping off rapidly in areas of antigen or antibody excess.
For 25 pg of H222, 3.5 mg of GAR was found to be optimum. GAR was allowed to
interact with the ER-antibody complex for 18 hours at 4°C and the precipitate was collected
by centrifugation in an Eppendorf microcentrifuge for 2 minutes. The pellet was washed
3 times with phosphate buffered saline (PBS) and solubilized in 0.1 N NaOH for liquid
scintillation counting.

[3H]-TAZ and [3H]-moxestrol-labeled chicken oviduct and liver and trout liver
extracts, and their H222 complexes, were analysed by sucrose density gradient
centrifugation. Labeled preparations were charcoal-stripped and layered over 5-20%
continuous sucrose gradients made up in TES-B2 buffer (containing 0.5 M KCl) and
centrifuged at 50,000 rpm for 15 hours in an Beckman SWS55Ti rotor. [14C]-Ovalbumin
and [14C}—7-globulin were used as internal markers. Fractions of 5 drops each were

collected from the bottom of the tubes and counted in ReadySolv HP/b using a Beckman
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LS-3801 liquid scintillation counter with a dual [3H]/[14C] program which corrected for
[14C] crossover into the [3HJ channel.

[3H]-TAZ-labeled chicken and trout liver nuclear extracts were also examined by
electrophoresis in 10% SDS-polyacrylamide gels (Laemmli, 1970). Labeled samples were
precipitated with 10% TCA or immunoprecipitated with H222 and solubilized by boiling in
sample buffer (10% glycerol, 5% 2-mercaptoethanol, 3% SDS in 0.1 M Tris, pH 6.8) and
electrophoresed for 1 hour at 200 V in a BioRad Protean 1 Model slab gel apparatus
(gel size 14 X 17 X 0.2 cm) with 25 mM Tris (pH 7.6), 0.19 M glycine, 1% SDS as the
running buffer. Gels were soaked for 1 hour in Amplify™ (Amersham), dried under
vacuum and exposed to pre-flashed Kodak XAR 5 film for 1-2 weeks at
-70°C. Mobility of bands was calculated by comparison to markers of known molecular
weight which were run in the same gel, stained with 0.25% Coomassie Blue in 50%
methanol/10% acetic acid and dried under vacuum beside the [3H]-labeled portion of the

gel to facilitate comparison.

G. Measurement of serum vitellogenin levels

Serum vitellogenin was measured by "rocket” immunoelectrophoresis as described
by Maitre et al. (1985a) with modifications. Anti-rainbow trout vitellogenin antiserum was
generously provided by Dr. M. Tenniswood, Ottawa University. Gels (110 mm X 205 mm
X 1.5 mm) contained antiserum diluted 1:300 in 1% agarose (SeaKem LE, FMC
Bioproducts, Mandel Scientific), 1% PEG (polyethylene glycol, MW 8000, Sigma),
0.1% thimerosal (Sigma) in electrophoresis buffer (0.25 M Tris (pH 9.2),
0.19 M glycine). 10 pl samples were applied in 4 mm diameter wells and the gels were
electrophoresed in a BioRad Model 1415 Electrophoresis cell for 18 hours at 4 V/cm, at
15°C. Gels were then dried and stained with 0.2% Coomassie Blue in 40% methanol/
10% acetic acid. Concentrations of serum vitellogenin were calculated by comparing peak

heights to a standard curve of purified vitellogenin standards (50-500 ng), prepared as
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Figure 3. Quantitative measurement of trout serum vitellogenin by rocket
immunoelectrophoresis.

A. Representative rockets of standards and serum samples from E2-treated
trout. Anti-trout vitellogenin was diluted 1:300 in gels containing
1% agarose, 1% PEG, 0.1% thimerosal in 0.25 M Tris (pH 9.2),
0.19 M glycine. Electrophoresis was performed for 18 h at 4 V/cm at
15°C. Gels were dried and stained with Coomassie blue.

Lanes 1-6: trout vitellogenin standards (50-500 ng);

Lanes 7-10: sera from individual E2-treated trout (96 h, 15°C;
diluted 1:200);

Lanes 11-14: sera from individual E2-treated trout (96 h, 9°C;
diluted 1:100);

Lanes 15-18: sera from individual E2-treated trout (72 h, 15°C;
diluted 1:100).

B. Representative standard curve of purified trout vitellogenin (50-500 ng)
vs rocket peak height.
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described below. A typical standard curve is shown in Fig. 3B. Serum samples, to which
100 pg/ml PMSF had been added, were diluted with electrophoresis buffer to bring the
vitellogenin concentration to within the linear range of the assay. A representative gel is
shown in Fig. 3A.

For standards, vitellogenin from the serum of an E2-treated male trout was purified
by the method of Wiley et al. (1979), as modified by Maitre et al. (1985a). Briefly, serum
was thawed on ice and 4 volumes of 20 mM EDTA (pH 7.7) were added. After mixing,
0.5 M MgClp was added to make the final concentration 0.03 M. The resuiang precipitate
was collected by centrifugation for 15 minutes in a clinical centrifuge and resuspended in
one half the original plasma volume of 1 M NaCl, 50 mM Tris (pH 7.5). After a 30 minute
centrifugation to remove insoluble material, one quarter volume of distilled water was
added to the supernatant, bringing the salt concentration to 0.8 M. The resulting precipitate
was collected by centifugation, resuspended again in 1 M NaCl, 50 mM Tris (pH 7.5),
dialysed overnight at 4°C against the same buffer, and then for 24 hours against several
changes of 50 mM Tris (pH 7.5). The final concentration of protein was determined with a
BioRad Protein Assay kit (Bradford, 1976), using bovine serum albumin as a standard.

ae purity of the vitellogenin standard was determined by non-denaturing gradient
gel electrophoresis in precast 4-30% polyacrylamide gels (Pharmacia) using 90 mM Tris
(pH 9.2), 80 mM borate, 3 mM EDTA as the running buffer. Although the yield of
vitellogenin was low (3.7 mg/1.9 ml serum), it appeared to be free of low molecular weight
contaminants and migrated as three closely spaced bands of molecular weights 538 kDa,
500 kDa and 465 kDa (Fig. 4A). Reactivity of these bands with the anti-vitellogenin
antibody was demonstrated by alkaline phosphatase immunostaining (BioRad). Protein
was transferred from gels to nitrocellulose membranes in a BioRad Transblot apparatus,
overnight at 4°C, at 30 V with 25 mM Tris (pH 9.2), 192 mM glycine, 20% methanol,

0.02% SDS. The blot was treated overnight with 20 pil of anti-vitellogenin antibody in 3 ml
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Figure 4. Molecular weight determination of trout vitellogenin standard and reactivity
with anti-vitellogenin antibody.

Vitellogenin was purified from the serum of an E2-treated trout as described
and electrophoresed in non-denaturing 4-30% polyacrylamide gels.

A. Coomassie blue-stained gels.

Lanes 1 and 4: Molecular weight markers: thyroglobulin (669 kDa),
apoferritin (440 kDa), catalase (232 kDa),
lactate dehydrogenase (140 kDa) and albumin (67 kDa);

Lane 2: purified trout vitellogenin (2.5 jLg);

Lane 3: 2.5 pg purified vitellogenin in control male serum
(10 pg total protein);

Lane 5: purified trout vitellogenin (10 pg);
Lane 6: control male serum (48 |g protein);
Lane 7: serum from an E2-treated trout (50 Jig protein).
B. Western blot of a native polyacrylamide gradient gel as shown in (A),

immunostained with anti-trout vitellogenin antibody and alkaline
phosphatase-conjugated anti-IgG.

Lane 1: serum from E2-treated trout (5 [Lg protein);
Lane 2: control male serum (10 [Lg protein);
Lane 3: purified trout vitellogenin (2.5 pLg);

Lane 4: 2.5 pg purified vitellogenin in control male serum
(10 pg total protein).
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1% gelatin, then immunostained with anti-rabbit IgG-alkaline phosphatase conjugate. All
three bands reacted with the anti-vitellogenin antibody (Fig. 4B) and migrated in the
molecular weight range of the major induced protein present in the serum of E2-treated
animals (535 kDa, Maitre et al., 1985a), which also reacted with the anti-vitellogenin

antibody.

H. Isolation of RNA

Total RNA was isolated from frozen livers and other tissues by the guanidine
hydrocloride method of Protter et al. (1982). Briefly, livers were pulverized under liquid
nitrogen in a cold mortar and pestle and homogenized in 20 ml per gram 7.3 M guanidine
hydrochloride, 0.02 M potas<inm acetate, 5 mM EDTA, 1 mM dithiothreitol, using four
30 second bursts of a Polytron homogenizer, with cooling in liquid nitrogen between
bursts. Cultured cells were homogenized in a volume of 20 ml per four 8 X 15 cm dishes.
One half volume of cold 95% ethanol was added and nucleic acids were allowed to
precipitate for 2 hours at -20°C. Precipitated matter was collected by centrifugation at
6500 rpm (Sorvall Hb-4 rotor) for 30 minutes at -10°C. The pellet was resuspended in
10 ml/g guanidine-HCl solution with a 30 second burst of the Polytron, precipitated once
again with a half volume of 95% ethanol and stored overnight at -20°C. Precipitates were
collected as before and resuspended in 1 ml/g 50 mM Tris (pH 7.5), 100 mM Na(Cl,
10 mM EDTA, 0.5% SDS. The solution was extracted 3 times with
phenol:chloroform:isoamyl alcohol (25:24:1), with 3 back-extractions of the p;otein layer at
the interface. The pH of the pooled aqueous phases was adjusted to 6.0-7.5 with glacial
acetic acid, brought to 0.3 M with sodium acetate and the nucleic acids were precipitated by
addition of 2 volumes of 95% ethanol and storage overnight at -20°C. Pellets were collected
by centrifugation at 8000 rpm (Sorvall Hb-4 rotor), brought up in TE buffer (10 mM Tris
(pH 7.0), 10 mM EDTA), and reprecipitated twice at -20°C, once with the addition of

one-tenth volume of 3 M sodium acetate and 2 volumes of ethanol and once without the
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addition of salt. The final RNA pellet was washed twice with 70% ethanol, dried under
vacuum and dissolved in TE, Optical densities at 260 and 280 nm were determined, with
the 260/280 ratio being in the range of 1.9-2.0 for RNA samples free of protein.

Poly(A)* RNA was prepared by two rounds of chromatography through columns
of oligo(dT)-cellulose (Pharmacia) (Aviv and Leder, 1972). The yield of poly(A)* RNA
was typically in the range of 0.5-3% of the total RNA initially applied.

L. Preparation and labeling of cDNA clones

Plasmids pSG Vg 5.09, pSG Vg 5.50 and pSG 3.2, from an estradiol-induced
rainbow trout liver cDNA library in pUCS, were a kind gift of Dr. Martin Tenniswood,
University of Ottawa. The cDNA clone pSG Vg 5.09 has been sequenced and shows
considerable homology to Xenopus and chicken vitellogenin cDNAs. Both pSG Vg 5.09
and pSG Vg 5.50 hybridize to the same 6660 nucleotide RNA from livers of E2-treated
fish. However pSG Vg 5.50 has a different restriction enzyme digestion pattern from
pSG Vg 5.09 (Le Guellec et al., 1988). Its pattern of hybridization to Southern blots of
trout genomic DNA and its sequence were analysed as part of this thesis. The sequence of
pSG 3.2 has shown homology to B-lactalbumin (M. Tenniswood, personal
communication.)

pORS, a human estrogen receptor ¢cDNA clone in pBR322 (Greene et al., 1986;
Green et al., 1986), was a gift of Dr. Geoffrey Greene, University of Chicago; pRT-ER
(Pakdel et al., 1989), a rainbow trout estrogen receptor cDNA clone in Bluescript
(Stratagene, San Diego, Ca.), was a gift of Dr. Yves Valotaire, Universite de Rennes,
France; TUBS ORI2, a rainbow trout testis a-tubulin cDNA clone in pTZ19R, was a gift of
Dr. A. Garber, University of Calgary (Garber ¢t al., in preparation). All plasmids carried
the gene for ampicillin resistance.

E. coli DH5-a cells containing plasmids were grown overnight in 500 ml cultures

of 2 X YT broth (16 g tryptone, 10 g yeast extract, 5 g NaCl, 50 mM Tris (pH 7.5) per
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liter) containing 100 pg/ml ampicillin. Plasmids were isolated by alkaline lysis and CsCl
gradient ultracentrifugation (Maniatis et al., 1982) or by lysis with 2% Triton X-100 and
purification through columns of QIAGEN™ as outlined in the instruction manual (Qiagen
Inc., Studio City, Ca.).

Inserts of pORS8 (2100 base pairs), pRT-ER (2602 base pairs) and TUBS ORI2
(1532 base pairs) were prepared by Eco RI digestion of plasmids and purification in low
melting point agarose gels. Bands of the appropriate size were cut out of the gels and
purified by phenol extraction and ethanol precipitation, or treated with GENECLEAN™
(Bio101, La Jolla, Ca.). Incerts were labeled with o-[32P]-dCTP (3000 Ci/mmole,
Dupont) by the random hexanucleotide primer method (Feinberg and Vogelstein, 1983),
using kits from Pharmacia or Bethesda Research Labs (BRL, Bethesda, Md.). The
plasmids pSG Vg 5.09, pSG Vg 5.5 and pSG 3.2 were linearized by digestion with
Eco RI and Bam HI and were labeled without previous isolation of inserts. Labeled cDNA
probes were purified through columns of Sephadex G-50 (Pharmacia), spun in a clinical

centrifuge for 10 minutes, as described by Maniatis et al. (1982).

J. Oligonucleotide probes

Oligonucleotides (30-mers), complementary to conserved regions of the putative
DNA-binding domain (probe C) and steroid-binding domain (probe E) of the rainbow trout
estrogen receptor cDNA (Pakdel et al., 1989), were obtained from the Regional DNA
Synthesis Laboratory, University of Calgary. Their sequences are shown in Fig. 28.
Oligo(dT)15, used for quantitation of poly(A)* RNA, was obtained from Boehringer
Mannheim. The oligonucleotides (15 pmoles) were end-labeled for 3-4 hours at 37°C with
200 pCi ¥-[32P]-ATP (6000 Ci/mmole, Dupont), using 2 units of T4 polynucleotide kinase
(Bethesda Research Labs) in 0.05 M Tris (pH 7.4), 10 mM MgCl2, 2 mM dithiothreitol,
0.5 mM spermidine in a volume of 50 pl. Labeled probes were purified through

Sephadex G-50 spin columns (Maniatis et al., 1982). Centrifugation for 20 minutes was



necessary to recover the labeled oligo(dT)15.

K. Northern and slot blot analysis of RNA

Total RNA (10-30 pg) and poly(A)* RNA (2-10 pg) was denatured in
33% deionized formamide, 6% formaldehyde, 1 X MOPS buffer at 65°C for 10 minutes
and separated by electrophoresis in formaldehyde/agarose gels at 25 V for 16-18 hours
(Lehrach et al., 1977). Gels contained 1.3% agarose (BioRad Ultrapure DNA Grade),
6% formaldehyde (Fisher Scientific, 37% solution), 1 X MOPS buffer
(20 mM 3-[N-morpholino]-propanesulfonic acid, 5 mM sodium acetate, 1 mM EDTA,
pH 7.0) and 5 pg/ml ethidium bromide. 1 X MOPS buffer was used as the running buffer.
Gels were photographed on a UV transilluminator, denatured for 45 minutes in
0.05 M NaOH/ 0.01 M NaCl, neutralized 45 minutes in 10 mM Tris (pH 7.5) and the RNA
was transferred to GeneScreen' " membranes (Dupont) with 25 mM NaH2PO4 (pH 6.5)
for 18 hours by the capillary blot procedure (Southern, 1975). Membranes were rinsed in
25 mM NaH?PO4, air dried and baked at 80°C for 2 hours.

For slot blots, total RNA was denatured at 65°C for 15 minutes in
7.5% formaldehyde in 10 X SSC (1.5 M NaCl, 1.5 M sodium citrate, pH 7.0), serially
diluted with 10 X SSC (10-0.125 pg/200 *11) and applied directly to GeneScreen'
membranes using a BioRad BioDot SF™ slot blot apparatus. Membranes were rinsed with
10 X SSC, air dried and baked for 2 hours at 80°C.

Hybridization of filters to labeled cDNA clones was carried out according to the
procedure of Thomas (1983). Filters were prehybridized overnight at 42°C in Ziploc™
freezer bags (Dow Consumer Products) with 20 ml prehybridization buffer which
contained 50% formamide (high stringency) or 35% formamide (low stringency),
50 mM NaH2PO4 (pH 6.5), 5 X SSC, 500 pg/ml yeast RNA, 1 X Denhardt's
(0.02% polyvinylpyrrolidone, 0.02% beovine serum albumin, 0.02% Ficoll 400) and
1% SDS. Radioactively labeled probes (0.5-1 X 107 cpm/bag) were boiled for 10 minutes,
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cooled on ice and added to the prehybridization mixture. Blots were allowed to hybridize
for 2 days at 42°C. After hybridization, blots were washed twice for 10 minutes at room
temperature in 2 X SSC, twice for 30 minutes in 2 X SSC/ 0.1% SDS a: 50°C, and twice
for 30 minutes at room temperature in 0.1 X SSC. Filters were autoradiographed using
Kodak XAR 5 film and a single intensifying screen (Dupont Cronex™) at -70°C.

The procedure for hybridization of oligonucleotide probes "C" and "E" was based
on that of Zeff and Gelieber (1987). Blots were prehybridized for 2 hours at 55°C in
3 X SSC, 20 mM sodium phosphate (pH 7.0), 10 X Denhardt's, 500 [Lg/ml yeast RNA,
7% SDS. Filters were hybridized to end-labeled probes (107 cpm/bag in 20 ml of the
prehybridization buffer) for 18 hours at 55°C, and washed at 65°C for 60 minutes in
2 X SSC, 10 mM phosphate, 10 X Denhardt's, 5% SDS and then for 60 minutes at 65°C
with 1 X SSC, 1% SDS.

Hybridization of slot blots to end-labeled oligo(dT)15 was carried out according to
Harley (1987). Filters were presoaked for at least 10 minutes in 5 X SSC, then hybridized
overnight at room temperature with 105-109 cpm of probe in 20 ml 5 X SSC,
5 X Denhardt's, 10 mM sodium phosphate (pH 7.0). Washing was performed at room
temperature in four changes of 2 X SSC. Blots were autoradiographed with Kodak XAR 5
film at room temperature for 2-12 hours.

To reprobe blots with a second cDNA or oligonucleotide probe, filters were first
stripped by two treatments with boiling 0.1 X SSC/1% SDS, agitating for 2 hrs at 80°C.
Filiers were rinsed for 30 minutes with 0.1 X SSC at room temperature and

autoradiographed for several days to ensure that the previous signal had been removed.

L. Quantitation of mRNA levels

Levels of mRNAs were quantitated by scanning the autoradiographs of slot blots
using a BioRad Model 620 Video Densitometer with 1-D Analyst™ software. Peak areas

within the linear range of the exposure were used to calculate the signal density per jig of

[
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RNA, using linear regression analysis with Macintosh StatView™ software. Correlation
coefficients for peak area vs. ug RNA were typically 0.9 or greater.

To correct for variations in the amount of RNA applied to the slot blots, values
were normalized to the amount of poly(A)* RNA present in each sample. This was
determined by reprobing the blots with end-labeled olign(dT)15 and scanning the
autoradiographs as above. Concentrations of the various mRNAs were expressed relative
to the signal density per pg RNA obtained with a pr »aration of total liver RNA from a
single trout (maintained at 9°C and sacrificed 48 hours after E2-treatment), included as a
standard on all slot blots.

E2 treatment has been shown to increase the concentration of rRNA in trout liver,
resulting in dilution of mRNA sequences in a given amount of total RNA (Le Guellec et al.,
1988). In order to compensate for this dilution effect and to give a more accurate estimation
of the amount of a particular mRNA per hepatocyte, relative concentrations of mRNAs
were also corrected for the ratio of total RNA:DNA in each liver, relative to the RNA:DNA

ratio in the standard. A sample calculation is shown below.

—VgmRNA (signal/ug)  x  ugtotal RNA
poly(A)* RNA (signal/uig) pg DNA

Sample (168 h, 15°C, #1): 1.8 (Vg mRNA) X 9.0 (RNA:DNA) = 9.5 units/jig DNA
1.7 (poly(A)* RNA)

Standard (48 b, 9°C, #1): 0.57 (Vg mRNA) _ x 5.6 (RNA:DNA) = 2.1 units/itg DNA
1.5 (poly(A)* RNA)

Sample relative to standard: 9.5/2.1 = 4.5 relative units

M. Preparation of liver genomic DNA and Southern blotting

High molecular weight DNA was prepared from trout liver nuclei by the method of
Gross-Bellard et al, (1973). Liver was homogenized in 20 mM Tris (pH 7.9),
3 mM MgCl2, 0.33 M sucrose, 10 mM thioglycerol and a crude nuclear pellet was
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removed by centrifugation at 800 X g for 20 minutes in a Sorvall SS-34 rotor. The pellet
was rinsed twice with STE (20 mM Tris (pH 7.4), 1 mM EDTA, 10 mM NaC(l), with
spinning at 800 X g between each wash, and the final pellet was brought up in STE to
which one tenth volume of 10% SDS was added. Proteinase K was added to a final
concentration of 0.2 mg/ml and the tube was slowly rotated overnight at 37°C to lyse nuclei
and digest protein. The solution was extracted with gentle rotation for 20 minutes with an
equal volume of phenol, followed by similar extractions with phenol:chloroform (1:1) and
then chloroform alone, and the DNA was precipitated from the aqueous phase by slow
addition of cold 95% ethanol with constant gentle swirling. After leaving the precipitate
overnight at -20°C, DNA was removed with a sterile glass hook, air dried and allowed to
dissolve for several weeks at 4°C in STE. Integrity of the high molecular weight DNA was
checked by electrophoresis in 0.8% agarose gels with TAE (0.04 M Tris (pH 7.2),
20 mM sodium acetate, 1 mM EDTA) as the running buffer.

Digestion of 10 ug DNA with various restriction enzymes was performed for
3-4 hours at 37°C in a volume of 80 pl, using 2-3 units of enzyme per ug of DNA.
Digested DNA was separated in 1.5% agarose gels for 18 hours at 30 V, using TAE as the
running buffer. Transfer of DNA to GeneScreen™ membranes was performed by the
procedure of Southern (1975), after hydrolysing the DNA in 0.25 M HCI
(2 X 15 minutes), denaturing in 0.5 N NaOH/1.5 M NaCl (2 X 20 minutes) and
neutralizing in 1 M ammonium acetate/ 0.02 N NaOH (2 X 30 minutes). Southern blots

were hybridized to radio-labeled probes as decribed above.

N. Sequencing of pSG Vg 5.50
Double-stranded sequencing of both ends of the pSG Vg 5.50 insert was performed

by the dideoxy method (Sanger et al., 1977), from the forward and reverse M13 primer
sequences present in the pUC8 vector. Three pg of double-stranded plasmid, purified as
outlined above, was denatured by adding 4 pl 1 M NaOH, 4 ul 1 mM EDTA and distilled
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H20 up to 10 pl. After 5 minutes at room temperature the solution was neutralized by the
addition of 2 pul 2 M ammonium acetate (pH 4.6) quickly followed by 60 pl cold
95% ethanol. After mixing, the precipitate was collected by centrifugation in a
microcentrifuge for 20 minutes (at 4°C), washed with 80% ethanol and air dried (Zhang
et al., 1988).

Dideoxy sequencing reactions were performed according to instructions provided
with the Sequenase™ 2.0 sequencing kit (Tabor and Richardson, 1987). Primer annealing
was achieved by heating a mixture of 2 pg denatured plasmid with 0.5 pmoles sequencing
primer (either forward or reverse) in 2 X Sequenase™ reaction buffer (10 pl final volume)
for 2 minutes at 65°C. Tubes were slowly cooled in a water bath to 37°C over a period of
approximately 30 minutes. To the annealed primer/template mix was added 1 pl of
0.1 M DTT, 2 pl of 5 X diluted labeling mix, 0.5 pl of o-[338]-dATP (500 Ci/mmole,
Dupont) and 2 pl of diluted Seque.:naseTM enzyme. After 5 minutes at room temperature,
3.5 pl of labeling mix was added to pre-warmed tubes (37°C) of termination reaction
mixtures containing either ddATP, ddGTP, ddCTP or ddTTP. Termination reactions were
performed for 10 minutes at 37°C and stopped with 4 pl of stop solution. Immediately prior
to loading, reaction mixtures were heated to 75°C and cooled rapidly on ice.

Electrophoresis of reaction products was performed in 6% polyacrylamide gels
(1:19 crosslinking) containing 7 M urea, for 2-3 hours (short-run) or 5-6 hours
(long-run) at 1900 V. Gels were vaccuum-dried and exposed to Kodak XK-1 film for 18-
60 hours.

Nucleotide and derived amino acid sequences were compared to those contained in
the GenBank (Release 58.0) nucleic acid or NBRF Protein (Release 19.0) databases using
the University of Wisconsin Genetics Computer Group software (Version 5.3, 1988)
(Devereux et al., 1984) through the Biomolecular Data Base System of the Canada Institute

for Scientific and Technical Information (CISTI), National Research Council, Ottawa.



IIT, RESULT

A, Characterization of n-binding proteins from trout liver
1. Demonstration of hepatic nuclear and cytosol estrogen receptors

By definition, estrogen receptors are proteins which bind estradiol and other
estrogens with high affinity and specificity and with limited capacity in estrogen responsive
target tissues. The liver of the rainbow trout has been shown to respond to E2 (Maitre
et al., 1985a and 1985b; Le Guellec et al., 1988) and ER activity has been demonstrated
and partially characterized in trout liver cytosol (Maitre gt al., 1985b). One of the aims of
the present project was to quantitate the levels and examine the intracellular distribution of
hepatic ER in response to E2 treatment. Therefore it was important to demonstrate the
presence of receptors in both nuclear and cytosolic fractions of liver homogenates and to
develop an assay system suitable for measuring ER activity in both fractions.

Cenditions for the isolation and characterization of nuclear and cytosolic
E2-binding activities were based on procedures optimized for the Atlantic salmon, Salmo
salar (Lazier et al,, 1985). Liver tissue was homogenized in buffer containing
0.33 M sucrose and 3 mM MgCl2 to maintain integrity of nuclei, which were collected by
low speed centrifugation. The reducing agent monothioglycerol was included in all buffers
to inhibit the potential activity of "type II receptors”, a class of medium-affinity E2-binding
proteins found in mammalian estrogen target tissues, distinct from the classical ER and
known to be highly labile in the presence of reducing agents (Markaverich et al., 1981).
Crude nuclear preparations were resuspended in buffer containing 0.5 M KCl, then frozen
and thawed, conditions which are known to release activated receptors from their
association with chromatin in many other organisms (Mester and Baulieu, 1972; Lazier,
1975; Lazier et al., 1985; Smith and Thomas, 1990). All binding assays were carried out at

4°C and ail preparations were charcoal-stripped prior to assay to remove potential
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interference by endogenous steroids (Mester and Baulieu, 1972).

a. Nuclear ER

ER-like binding activity was demonstrated in nuclear salt extracts of E2-treated fish
by saturation analysis and competition studies. Fig. SA and B show a typical binding curve
and Scatchard plot of such a nuclear salt extract. Specific binding, defined as total binding
of [3H]-E2 mainus non-specific binding in the presence of 100-fold excess of DES, showed
a single class of binding sites, saturable in the range of 10-12 nM, with an equilibrium
dissociation constant (Kq) of 1.4 nM. The mean K{, determined from four independent
Scatchard plots, was 1.9 £+ 0.33 nM.

Curves derived from competition studies using nuclear salt extracts and
10 nM [3H]-E2 plus increasing concentrations of competing steroids or antiestrogens are
shown in Fig. 6A and B. DES and 4-hydroxytamoxifen showed very high affinity for the
nuclear ER, 3- to 10-fold higher than E2 itself. Estrone and estriol also bound but with
approximately 20- and 50-fold less affinity, respectively, than E2, based on their
competition at 50% inhibition of specific binding. Surprisingly, both progesterone and
170,208-dihydroxy-4-pregnen-3-one (17,208P) competed to a significant degree, albeit in
the pM range. Smith and Thomas (1990) also noted some affinity of 17,208P for the
nuclear ER of the spotted seatrout. The affinity of tamoxifen was also within this range,
much lower than that of 4-hydroxytamoxifen, suggesting that in the trout, as in other
organisms, the 4-hydroxy-metabolite of tamoxifen is the active agent binding the receptor.
Dihydrotestosterone (DHT), testosterone and hydrocortisone did not compete to any
significant degree (Table 1).

Attempts were made to quantitate salt-insoluble nuclear ER by the method of Snow
et al. (1978). Non-specific binding was very high in proportion to the total binding and the
variability between replicates within a given experiment ranged as high as 30-40%. It was

therefore impossible to accurately quantitate the ER activity that may have been present in



Figure 5. [3H]-E2 binding by a trout liver nuclear salt-extract.

A. Binding of increasing concentrations of [3H]-E2 to a salt-extract of liver
nuclei from a trout sacrificed 24 h after treatment with 5 mg/kg E2.

Total = total [3H]-E2 bound;
Non-specific = binding in the presence of 100-fold excess of DES;
Specific = total minus non-specific.

B. Scatchard plot of data in (5A).
B = specific bound; F = unbound (free) [3H]-E2.
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Figure 6. Estrogen binding specificity of nuclear salt-extracts of trout liver.

Increasing concentrations of competitors and 10 nM [3H]-E2 were
incubated with salt-extracts from nuclei of E2-treated trout.
Results are expressed as % specific binding, calculated as the net
binding suppressible by 1 uM E2.

A. Competitors: estradiol-178 (E2); diethylstilbestrol (DES); estrone (E1);
estriol (E3); dihydrotestosterone (DHT).

B. Competitors: estradiol-178 (E2); 4-hydroxy-tamoxifen (OHT);
tamoxifen (tam); progesterone (prog);
170,208-dihydroxy-4-pregnen-3-one (17,208P).
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Table 1. Binding specificity of trout hepatic ER and plasma

Competitor % Relative Affinity*

Nuclear Cytosol Plasma
Estradiol 100 100 100
DES 750 370 0.1
¥ _Tone 5 0.25 n.d.
Estriol 2 0.37 n.d.
Testosterone 0 0 50
DHT 0 2.2 2.0
11-ketotestosterone n.d. n.d. 3.3
Progesterone 4 0 0.1
17,208P 0.75 0 n.d.
Tamoxifen 1.5 1.1 0
4-Hydioxytamoxifen 300 180 0

* G relative afﬁruty was calculawed from the concentration of E2 required for 50%

inhibition of [3H]-E2 binding divided by the concentration of competitor required for
50% inhibition.

n.d.= not Jetermined.

L
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It was therefo.e impossible to accurately quantitate the ER activity that may have been
present in the salt-insoluble fraction, at least by this method. However, when detectable,
amounts of E2 binding were low in this fraction (0-100 fmoles/ml), suggesting that most of

the nuclear ER had been extracted by the salt treatment.

b. Cvtosol ER

Resalts of saturation studies of the E2-binding component of crude liver cytosol
were more difficult to interpret due to the high level of non-specific binding which
frequently led to non-linear Scatchard plots. However saturation could be demonstrated in
the range of 10-15 nM. Fig. 7A and B show a binding curve and Scatchard plot from a
high-activity cytosol preparation, demonstrating a single class of binding sites with a
K of 1.8 nM. The mean K{, determined from four independent plots, was found to be
3.4 + 1.0 nM. This was in fairly good agreement with the Kd of 1.5 nM determined by
Maitre ¢t al, (1985b), who also noted difficulties in obtaining linear Scatchard plots with
crude cytosol preparations. These authors found that cytosol receptor could be purified
about 10-fold with precipitation in 30%-saturated ammonium sulfate and that
purification step significantly reduced non-specific binding. We also found that
precipitation with ammonium sulfate could yield an approximately 10-fold purification of
binding activity on a per mg protein basis (Table 2). However non-specific binding was
still close to or greater than 50% of the total and yields of specific binding activity varied
from 30 to 70%, a range which was felt to be unacceptable for comparing levels of ER
from a number of different individuals. On the other hand, the fact that at least a portion of
the binding activity is precipitable with 30%-saturated ammonium sulfate lent support to the
conclusion that this protein was an estrogen receptor, since plasma steroid binding proteins
usually require ammonium sulfate concentrations of 50% saturation or greater for

precipitation (Puca gt al,, 1975; Lazier, 1979).
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Figure 7. [3H]-E2 binding by trout liver cytosol.

A. Binding of increasing concentrations of [3H]-E2 to cytosol
from a trout sacrificed 24 h after treatment with 5 mg/kg E2.

Total = total [3H]-E2 bound;
Non-specific = binding in the presence of 100-foldexcess of DES;
Specific = total minus non-specific.

B. Scatchard plot of data in (7A).
B = specific bound; F = unbound (free) [3H]-E2.
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Table 2. Enrichment and vield of trout liver ER by precipitation with 30%-saturated

ammonium sulfate
Sample Specific Binding Specific Binding Enrichment Yield
(before precipitation) (after preciptation)
4hcyt 1465 fmole/ml 977 fmole/ml 67%
(4°C) 50 fmole/mg 499 fmole/mg 10X
24 h eyt 940 fmole/ml 653 fmole/ml 69%
(9°C)
24 heyt 1721 fmole/ml 542 fmole/ml 31%
(9°C)
24 hcyt 2451 fmole/ml 1279 fmole/ml 52%
(15°C)
24 hcyt 3006 fmole/ml 1324 fmole/ml 44%
(15°C)
72h SE 135 fmole/ml 28 fmole/ml 21%
4°0C) 241 fmole/mg 350 fmole/mg 15X
4h SE 144 fmole/ml 229 fmole/ml 159%
(4°C) 164 fmole/mg 1355 fmole/mg 8§ X

cyt=cytosol; SE=nuclear salt extract; h= time after first E2 injection;

°C= temperature at which fish were maintained during treatment;

fmole/ml= fmoles specific [3H]-E2 bound per ml of untreated extract;
fmole/mg= fmoles specific [3H]-E2 bound per mg protein in each assay.
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Competition studies (Fig. 8A and B and Table 1) showed that, like the nuclear ER
form, DES and 4-hydroxytamoxifen were potent competitors for E2-binding sites of the
cytosol, having relative affinities approximately 2- to 4-fold greaier than E2. Tamoxifen
and dihydrotestosterone were better competitors for the cytosol sites than for the nuclear
form, while estriol and estrone were somewhat less efficient, and progesterone and
17,208P did not compete to any significant degree in concentrations up to 10 pM.

Hydrocortisone and testosterone also did not compete.

2. E2 binding by plasma

Saturation and competition studies were performed on serum, diluted with
homogenization buffer, to characterize the plasma E2 binder and compare it to hepatic
cytosol and nuclear ER. As shown in Fig. 9A and B, trout plasma did contain significant
amounts of E2-binding activity. However this binding was saturable at much higher
concentrations of E2 than the cytosol or nuclear components (80-100 nM), with a Kq in the
range of 50 nM. Fig. 10A and B and Table 1 show that there was significant competition
by testosterone, DHT and 11-ketotestosterone for these plasma binding sites and DES had
a much lower affinity than E2 or testosterone. Tamoxifen and 4-hydroxytamoxifen did not
compete with E2 up to concentrations of 10 pM. These results indicated that the serum E2-
binder was quite distinct in its properties from the cytosol binder, resembling the sex
steroid-binding protein previously reported in trout plasma (Fostier and Breton, 1975).

It can be seen in Fig. 8A that approximately 10% of the cytosol binding sites
labeled with [3H]-E2 were not competable by DES, which could indicate a small degree of
contamination of this fraction with serum binding sites. Hence in the single point assays
used to quantitate ER levels, DES was used as the competitor for demonstration of non-
specific binding, to exclude the possible contribution of serum sites in the calculation of

specific E2 binding.
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Figure §. Estrogen binding specificity of trout liver cytosol.

Increasing concentrations of competitors and 10 nM [3H]-E2 were
incubated with cytosol of E2-treated trout. Results are expressed as
% specific binding, calculated as the net binding suppressible by 1 pM E2.

A. Competitors: estradiol-178 (E2); diethylstilbestrol (DES); estrone (E1);
estrinl (E3); dihydrotestosterone (DHT).

B. Competitors: estradiol-178 (E2); 4-hydroxytamoxifen (OHT);
tamoxifen (tam); progesterone (prog); hydrocortisone (HC).
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Figure 9. [3H]-E2 binding by trout plasma.

A. Binding of increasing concentrations of [3H]-E2 to trout plasma
diluted 50-fold with homogenization buffer.
Total = total [3H]-E2 bound;
Non-specific = binding in the presence of 100-fold excess of DES;
Specific = total minus non-specific.

B. Scatchard plot of data in (9A).
B = specific bound; F = unbound [3H]-E2.
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Figure 10. Steroid binding specificity of trout plasma.

Increasing concentrations of competitors and 20 nM [3H]-E2 were
incubated with charcoal-stripped plasma. Results are expressed as
% specific binding, calculated as the net binding suppressible by
2.5 uM E2.

A. Competitors: estradiol-178 (E2); testosterone (T);
11-ketotestosterone (11KT); dihydrotestosterone (DHT).

B. Competitors: estradiol-178 (E2); diethylstilbestrol (DES);
progesterone (prog).
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3. Optimization of ER i
a. Concentrations of [3H]-E2 and protein in assays

Single point binding assays containing 5 nM or 10 nM [3H]-E2 were used to
determine the levels of ER in cytosol extracts prepared from individual fish sacrificed at
various times after hormone injection. Single point assays containing 10 nM or 20 nM
[3H]-E2 were used for nuclear extracts. These concentrations of E2 were chosen to
minimize the amount of non-specific binding while saturating 60-90% of the receptor sites
under equilibrium conditions. All results were corrected for saturation using a Kq of
1.9 nM for the nuclear sites and a Kq of 3.4 nM for the cytosol sites. Differences in
corrected values between assays perforn.ed with 5 nM and 10 nM E2 (approximately 20%)
were within the range of intra-assay variability (10-20%), determined from replicates
assayed at the same time, and inter-assay variability (5-20%), determined using different
aliquots of the same sample and the same concentration of [3H]-E2. Furthermore, for a
given sample, corrected values for the number of binding sites determined by single point
assays were within 10% of the number of binding sites determined by Scatchard analysis.

To determine the optimal concentrations of extract to use in binding assays, various
dilutions of cytosol (protein concentration 0.24-2.4 mg/ml) or nuclear salt extract (protein
concentration 0.08-0.45 mg/ml) were added to the standard assay volume of 300 pl.
Fig. 11A and B show that specific binding of 10 nM [3H]-E2 was linear in the range of
10-50 pl of crude cytosol or 50-290 pl of nuclear salt extract. Routinely, dilutions of
25-50 pl of cytosol in 300 pl of homogenization buffer (approximately 0.5-1.0 mg/ml final
protein concentration) or 100-290 pl of salt-extract in TES-B2 buffer (approximately

0.1-0.3 mg/ml final protein) were used in all binding assays.

b. Assay temperature and exchange time
Lazier gt al. (1985) found that salmon liver E2-binding activity was markedly heat

sensitive, with at least 40% of the specific binding activity bei. st after a 30 minute
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Figure 11. Binding of [3H]-E2 to various concentrations of trout liver cytosol and nuclear
salt-extracts.

10 nM [3H]-E2 + 1 pM DES were incubated with increasing amounts of
cytosol (A) or nuclear salt-extract (B) in a volume of 300 p for 18 hours
at 4°C.
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incubation at 25°C or higher. Similar tests with trout cytosol fractions showed that
pretreatment of the incubation mixture for 2 hours at 30°C caused an approximately
40% reduction in the number of detectable specific binding sites (Table 3). It was also
noted that a 2 hour incubation at 15°C or 25°C was insufficient to saturate these cytosolic
sites, although saturation could be achieved with continued incubation at 4°C for 18 hours.
Therefore incubations for 18-24 hours at 4°C were routinely peformed.

To determine whether equilibrium binding had been reached under these conditions,
an association curve was plotted (Fig. 12A), showing the specific E2-binding activity
determined at various times after addition of 10 nM [3H]-E2 to charcoal-stripped cytosol
preparations. The curve shows that at least 90% of the detectable sites were saturated by
24 hours of incubation at 4°C. A value of 1.98 X 109 M-1 min-! was obtained for the
second order association rate constant (k+1), calculated from the slope of the function in
Fig. 12B.

Dissociation kinetics were determined after an 18 hour preincubation period at 4°C
with 10 oM [3H] E2 # 100-fold excess of DES, Dissociation began with the addition of
1 uM radioinert E2. Incubation was continued at 4°C and terminated at various times by
charcosal-dextran treatment of samples. Fig. 13A. shows the remaining specific binding,
expressed as the log% of specific binding at time 0, at each sample time over a 20 hour
period. Control incubations, to which no radioinert E2 was added, were performed in
parallel and showed no loss of specific binding activity over the same period. The first
order dissociation rate constant (k-1), determined from the plot of In(% bound) vs. time,
was calculated as 0.0085 min~1 (Fig. 13B), with a half-life for the complex of 81 minutes.
It would thus appear that the incubation conditions chosen (18-24 hours at 4°C) would be
edequate for equiiibrium to be reached and for substantial exchange of steroids to occur in

the assay mixtures.

-



Table 3. Effect of temperature on specific binding of |3ﬂ ]-E2 by trout liver cytosol

Preincubation Specific binding (dpm) % Specific binding
temperature

2hrs 18hrs 2hrs 18hrs
30°C 5203 4043 74 57
25°C 4764 7556 68 107
15°C 6405 7298 91 104
4°C 7025 59% 100

* obtained in a separate experiment



Figure 12. Association kinetics of [3H]-E2 binding to trout liver cytosol

A. Specific binding of 10 nM [3H]-E2 to charcoal-stripped
cytosol as a function of time.

B. Specific-binding from (12A) was transformed by the
formula: 1/(T-S) In(S(T-X)/T(S-X))
and plotted against time of incubation. The slope of the
graph yields a second order association rate constant
(k+1) of 1.98 X 105 M-1 min-1.
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Figure 13. Dissociation kinetics of [3H]-E2 from pre-labeled trout liver cytosol.

A. Cytosol was preincubated for 18 h with 16 nM [3H]-E2 +1 uM DES.
Specific binding was measured at various times after addition of 1 uM E2
and expressed as % specific bound at time 0.

Control = incubations to which no excess E2 was added.

B. In(% bound) vs dissociation time. The slope of the graph yields a
first order dissociation rate constant (k.1) of 0.0085 min-1,
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The X4 for the cytosol fraction calculated from the kinetic studies (k-1/k+1) was
42 nM, 10-fold higher than the Kq obtained from equilibrium measurements. The high
concentration of sucro cytosol dilution buffer and the low temperature under which
these experiments were performed may have contributed to a 10-fold lower association rate
than that observed with salmon nuclear ER (1.98 X 103 M-1 min-1 for trout cytosol vs.
1.1 X106 M-1 min-! for salmon nuclear extracts), where sucrose was not included in the
incubation medium (Lazier et al,, 1985). Smith and Thomas (1990) also noted that the
association rate of seatrout cytosol ER was slower in buffers containing glycerol than
without, possibly due to the high viscosity of the medium at low tempeiature. Dissociation,
on the other hand, may be accelerated by the presence of tM concentrations of radioinert
steroids used to displace the specifically-bound E2 (Borgna and Ladrech, 1982), leading to
sizable differences in the Kd calculated kinetically and by equilibrium studies. Other
authors have also noted discrepencies between the Kd's calculated kinetically and at
equilibrium in other systems (Truong and Baulieu, 1971; Capony and Rochefort, 1978).
¢, Charcoal treatment

i. Prior to assay

Table 4 shows that the amount of specific [3H]-E2 binding detectable in ER
preparations treated with dextran-coated charcoal prior to assay was often greater than that
observed in unstripped preparations. This suggested that endogenous estrogens could be
masking some or all of the receptor sites when exchaiige assays were performed on
unstiipped preparations. The effect was especially notable in extracts made from livers of
E2-injected animals (96 hour c;*~sol preparations), but even cytosol from control animals
showed a 25-50% increase in detectable ER after charcoal treatment. Although presumably
few "cytosol" receptor sites are occupied by ligand in the cell, hcmogenization may disrupt
the natural division of hormone between ceiiular compartrients and extracellular carrier

proteins, with redistribution of steroids to the high affinity binders found in the cytosol



Table 4. Effect of charcoal pre-treatment on binding of {3HI-E2 to trout liver fractions

Specific Bound
Sample Stripped Unstripped

(dpm/assay) (fmole/ml) (dpm/assay) _(fmole/ml) % of Stripped

Control

cyt i (15°C) 9162 718 6636 520 72
cyt4 (15°C) 11002 862 7006 554 64
cyt3 (9°C) 4246 333 1827 143 43
cyt4 (9°C) 3588 281 1714 134 48
9%h

cyt1 (9°C) 21526 1688 484 38 2
cyt2 (9°C) 18958 1487 11958 938 63
cyt3 (9°C) 17784 1395 9593 752 54
cyt4 (9°C) 21834 1712 0 0 0
cyt 3 (15°C) 15141 1187 1681 131 11
168 h

cyt 1 (15°C) 4713 409 5475 476 100
cyt2 (15°C) 8475 737 8527 741 100
SE 1 (15°C) 3982 173 1849 80 46
SE 2 (15°C) 1367 59 0 0 0
240 h

cyt 1 (15°C) 9255 805 14279 1241 100
cyt 3 (15°C) 11286 981 12233 1064 100
SE 1(15°C) 3243 141 2637 115 82
SE 3 (15°C) 1011 44 1762 77 100

cyt = cytosol; SE = nuclear salt extract; h = time after first E2 injection;
°C = temperature at which fish were maintained dvring treatment.

o e
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fraction. Significant amounts of free unlabeled estrogens would also tend to compete with
the [3H]-E2 in exchange assays, lowering the number of ER sites detectable by this
method. Hence all preparations were routinely stripped with 1% charcoal/ 0.1% dextran for
30 minutes prior to performing binding studies.

One other observation of these data should be made. Charcoal-siripping of cytosol
extracts prepared from 7 and 10 day animals, which had received 3 and 4 injections of E2
respectively, did not appear to affect the subsequent number of detectable E2-binding sites.
This would suggest that not much endogenous estrogen was present in the livers of these
animals to interfere with the exchange assay. One possible explanation for this finding is
that by 3 days after a given injection most of the E2 had been metabolized. Maitre et al,
(1985a and 1985b) noted that an injection of E2 in warm cocoa butter (3 mg/kg) produced a
rapid rise in serum E2 which fell gradually over the next 20 days. However they believe
that the cocoa butter medium solidifies in the peritoneal cavity and provides a slow release
of hormone to the system. Injection of E2 in saline/ethanol may provide a less sustained
increase in serum E2 which is cleared more rapidly by the liver (Pankurst ¢t al., 1986).
This might also explain why the levels of nuclear and cytosol ER had returned to control
values in the samples taken at day 7 and 10, both of which had received injections 3 days
previously. Unfortunately radioiinmunoassays of serum E2 levels were hampered by ether-
extractable components in control serum which interfered with the anti-E2 antibody,
resulting in non-linear standard curves. However the suppression of specific binding in
unstripped cytosol preparations might provide an indication of the relative amount of E2
present in the liver.

To test that charcoal-treatment was capable of removing the high concentrations of
E2 potentially present in animals which had received multiple hormone injections, charcoal-
stripped receptor preparations were incubated for 18 hours with various concentrations

(0-1 uM) of radioinert E2 and then assayed with 10 nM [3H]-E2 + 1 uM DES. Results
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presented in Table 5 show that full specific binding activity was restored by charcoal
treatment of preparations which had been preincubated with up to 1 uM E2. This
experiment also showed that binding sites appeared to be lost after 18 hours in the absence
of steroid. However as long as E2 was present, cytosol and nuclear sites were stablc at 4°C
for at least 2 days. Therefore preparations were only charcoal-treated immediately prior to
assay.
ii. Post-assay stripping

To ensure that the charcoal-stripping procedure removed all of the unbound
hormone at the end of exchange assays, samples to which 10 nM [3I-1]-E2 and 1 uM DES
had been added were immediately treated with 0.5% charcoal/ 0.05% dextran for varying
lengths of time. Table 6A shows that 10-30 minutes of treatment was sufficient to remove
94% of the added radioactivity. Due to the rapid dissociation kinetics of E2 from the
receptor, it was also important to ensure that 30 minutes of charcoal treatment was not
causing significant loss of bound hormone and therefore an underestimation of ER sites.
Table 6B shows that the same number of specific binding sites were detectable with 20 or
30 minutes of charcoal treatment, with less non-specific binding evident after a
30 minute treatment. However the non-specific binding remaining after 10 minutes of

charcoal-treatment was high enough to cause a serious underestimation of specific sites.

4. Comparison of chicken and trout hepatic estrogen receptors
a. Labeling with tamoxifen aziridine
The electrophilic ligand tamoxifen aziridine (Katzenellenbogen gt al., 1983) has
been successfully used as covalent label for ER from rat uterus and MCF-7 human breast
cancer cells and has been useful for studying the structural properties of ER proteins by
such techniques as sucrose density gradient centrifugation and SDS polyacrylamide gel

electrophoresis. Optimal conditions for labeling of the chicken liver nuclear ER wes .
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Table 5. Effect of charcoal-stripping on specific binding of |3ﬂ|-E2 to cytosol
pre-incubated with E2

Concentration of E2 % _Specific Bound
in pre-incubation®* Stripped Unstripped
0nM 37
0nM 60
10 nM 100 72
50 nM 100 61
100 nM 100 16
1uM 100 0

* Charcoal-stripped cytosol was pre-incubated for 18 h at 4°C with radioinert E2.

Table 6. Effect of time of charcoal-treatment on removal of ISI-I]—EZ from cvtosol

A. Before exchange:*

Length of charcoal
treament (min) DPM Remaining %[3H]-E2 Removed
0 590065 0
5 53680 91
10 43658 92
20 33572 94
30 32979 94

B. After 18 h of exchange:**
Length of charcoal ~ Total bound  Non-specific  Specific Specific

treament (min) (dpm) (dpra) (dpm) (fruole/ml)
10 52054 48696 3358 438
20 45273 36164 9108 1188
30 39856 30981 8875 1158

* 10 nM [3H] plus 1 uM DES were added to cytosol which was immediately stipped with
charcoal/dexran suspension;

#* cytosol was incubated with 10 nM [3H]-E2 + 1 pM DES for 18 h at 4°C.
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determined to be 1 hour of incubation with 20 nM [3H]-TAZ at 30°C (Lazier and Lonergan,
in preparation). Prominent bands with molecular weights of 56 kDa, 46 kDa, and 34 kDa
and minor bands of 36 kDa and 29 kDa could be observed after SDS gel electrophoresis
and autoradiography of labeled nuclear preparations (Fig. 14, lane 3).

Labeling of the trout nuclear and cytosol ER forms with [3H]-TAZ was also
attempted. Some specific binding could be demonstrated with nuclear preparations labeled
at 4°C for 18 hours, but not at 22°C or 30°C (Table 7). Cytosol preparations showed no
specific binding of [3H]-TAZ under any of the conditions tricd. No labeled protein could
be demonstrated after SDS gel electrophoresis of nuclear or cytosolic forms (Fig. 14, lanes
1 and 2). All of the label migrated with the dye front of this gel, suggesting that the protein
applied was not covalently labeled.

[3H]-TAZ-labeled chicken and trout liver nuclear preparations were also compared
by density gradient centrifugation in 5-20% sucrose gradients containing 0.5 M KCL. The
gradient profile of chicken nuclear extract showed a peak of specific binding activity at
4.7S, with a small peak of non-specific binding in the 3.6S region (Fig. 15A). This was
very similar to the 4.5S peak observed for [3H]-E2-labeled chicken nuclear ER (Lazier and
Alford, 1977}, and much like the high salt gradient profile of rat uterine cytosol, which
showed a peak of [PH]-TAZ label at 5.6S and a small amount of non-specific binding in
the 4S region (Katzenellenbogen gt al., 1983). The trout nuclear preparation, on the other
hand, showed a broad band of partially DES competable binding activity sedimenting at
about 6.6S, as well as a high level of non-specific binding (not competable with DES) in
this region of the gradient (Fig. 1A and B). Trout cytosol showed only the peak of non-

competable binding in the 6.6S region (Fig. 16C and D).



Figure 14. SDS polyacrylamide gel of [3H)-TAZ-labeled chicken and trout liver

nuclear salt-extracts.

Extracts were labeled with 20 nM [3H]-TAZ + 6 uM DES for 1 h at 37°C
(chicken) or 18 h at 4°C (trout) followed by charcoal-stripping for 30 min
at 4°C. Electrophoresis was carried out for 1 h at 200 V. The gel was
autoradiographed for 3 weeks.

Molecular weight markers indicated: phosphorylase B (97.4 kDa),
bovine serum albumin (66.2 kDa), ovalbumin (45 kDa),
carbonic anhydrase (31 kDa) and soybean trypsin inhibitor (21.5 kDa).

Lane 1: Trout nuclear salt-extract -DES.
Lane 2: Trout nuclear salt-extract +DES.
Lane 3: Chicken nuilear salt-extract -DES.
Lane 4: Chicken nuclear salt-extract +DES.
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Table 7. Effect of assay conditions on specific [3HI-TAZ binding by trout and chicken
liver ER
Incubation time Specific Bound
and temperature [3H]-E2* [3H}-TAZ*
(dpm/assay) _(fmole/ml) (dpm/assay) _{(fmcle/ml)

Trout Nuclear
24 h,4°C 19829 440 3067 397

18930 420 5899 764
1h,22°C 3857 175 0 0
1h,30°C 3439 159 0 0
Trout cytosol
24 h, 4°C 7588 3907 0 0

2528 650 0 0

Chicken nuclear
1h,30°C {2359 843 1537 483

* Extracts were incubated with 10 nM [3H}-E2 + 1 pM DES or
20 nM [3H]-TAZ + 6 uM DES.

. Mﬁ‘
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Figure 15. Sucrose density gradient profiles of [3H]-TAZ-labeled chicken liver
nuclear salt-extracts.

[3H]-TAZ-labeled nuclear preparations were applied to 5-20% sucrose
gradients (containing 0.5 M XCl) and centrifuged for 15 h at 50,000 rpm.

A. Total = preparation labeled with 20 nM [3H]-TAZ along;
Nou-specific = labeling in the presence of 6 uM DES.

B. Labeled preparations were incubated for 18 h with 0.125 pg H222 (-0-)
ot non-specific rat IgG (-8-) before application to gradients.

Internal markers: O = [14C]-ovalbumin (3.6S);
v = [14C]-Y-globulin (6.68S).
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Figure 16. Sucrosc dersity gradient prefiles of [PH]-TAZ-labeled trout liver cytosol and
nuclear sa’t-extracts.

Cytosol and nuclear preparations were labeled with

20 nM [3H]-TAZ + 6 uM DES, applied to 5-20% sucrose gradients
(containing 0.5 M KCl) and centrifuged for 15 h at 50,000 rpm.

A. Nuclear preparation (total binding).

B. Nuclear preparation + DES (non-specific binding).
C. Cytosol (total binding).

D. Cytosol + DES (non-specific binding).

Internal markers: O = [14C]-ovalbumin (3.6S);
v = [14CJ-Y globulin (6.6S).
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b. Interaction with H222

The monoclonal antibody, H222, which is known to react with an epitope in the
steroid-binding region of the human and chicken ER (Greene gt al,, 1984) was capable of
immunoprecipitadng the chicken liver ER (Table 8) and increased the sedimentation value
of the [3H]-TAZ-labeled chicken nuclear receptor from 4.7S to 8S in sucrose gradients
(Fig. 15B). On the other hand, trout nuclear preparations labeled with [3H]-TAZ and
incubated with as much as 25 pg of H222 were not immunoprecipitable, nor did the
antibody alter the sucrose gradient sedimentation profile of the [3H]-TAZ-binding activity.
This would suggest that either [3H]-TAZ was Jakeling something other than the trout ER or
that H222 did not cross react with the trcut ER. Attempts were also made to determine the
sedimentation value and to immunoprecipitate the trout ER with H222 using [3H]-E2- or
[3H]-moxestrol-labeled preparations (data not shown). However the rapid dissociation of
ligand from the labeled complex under non-equilibrium conditions made detection of ER
impossible under the long periods of centrifugation or extensive washing procedures
involved in each of these protocols.

Clearly the uat ER has different properties from the chicken or human receptors
with respect to [3H]-TAZ-1abeling and/or interaction with the antibody H222, either of

which could be due to subtle differences in the steroid-binding domains of these proteins.

5. Distribution of ER, DA and protein from fresh and frozen tissue

In the time course experiments described below (see Figs. R14 and R15) it was
noted that the concentration of cytosol ER (expressed on a fmole/gram tissue basis) was
usually several-fold higher than the concentration of nuclea: ER at any given time point
after injection of E2. This was in marked contrast to the distribution of ER in the Atlantic
salmon where, after a single dose of E2, nuclear ER gradually increased from 500 fmole/g

to over 11,000 fmole/g by 120 hours, while cytosol ER levels remained at approximately
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Table 8. Immunoprecipitation of [3H1-TAZ-labeled chicken and trout ER with H222
Sample DPM/Pellet* Specific DPM
H222 RatIgG (from exchange assay)

Chicken
Oviduct SE  Total 7271 2662

NS 3030 3646

Specific 4609 0 4090
Liver SE Total 16608

NS 2690

Specific 13968 11694
Trout
Liver SE Total 1534 899

NS 1350 1538

Specific 184 0 3067

* Samples were labeled with 20 tM [3H]-TAZ + 6 UM DES for 1 k at 30°C (chicken) or
for 24 h at 4°C (trout), charcoal-stripped and then incubated for 6 h at 4°C with 1.25 g
H222 plus 10 pg rat IgG (or rat IgG alone). NS = non-specific binding.
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1000-2000 fmole/g (Lazier gt al,, 1985). One difference between the two studies was that
the Allantic salmon ER extracts had been prepared from fresh tissue while the trout extracts
were prepared from frozen livers.

In order to test the possibility that the subcellular distribution of ER after
homogenization of trout liver had been altered by freezing of the tissue, an experiment was
performe1 in which two groups of fish were injected with E2 and sacrificed at various
times after injection. Livers from one group of animals were frozen in liquid nitrogen
before preparation of nuclear and cytosol fractions while fresh livers were used to prepare
ER fractions from the other group. There was no significant difference in the average body
or liver weights between the two groups of animals and it was noted that the amount of
DNA/g liver decreased while the %LSI (% liver weight/total body weight) increased after
E2 treatment in both groups (Table 9). This was consistent with hypertrophy of the liver
after E2 treatment which has been noted by others (Lawless, 1987; van Boheman gt gl.,
1981).

Microscopic examination of the pellets used for salt extraction of nuclear ER
showed that the preparations from fresh tissue contained intact nuclei as well as a
substantial number of intact erythrocytes. On the other hand, a large proportion of the
nuclei from frozen livers were broken, with strands of loose chromatin evident when
stained with methylene blue. This was reflected in the amount of DNA/g tissue determined
for nuclear preparations from the two groups (Table 9 and Fig. 17A). While with fresh
tissue there was a loss (15-40%) of DNA between the orisinal homogenate and the nuclear
fraction used for salt extraction of ER, loss of DNA from nuclei prepared from frozen
tissue was much greater (60-90%), especially when the livers were taken from E2-treated
animals. Evidently E2-treatment appears to promote the loss of DNA from nuclei of frozen
hepatocytes, perhaps by altering the composition of the nuclear membrane, making it

more susceptible to lysis by freezing. Proliferation of the membranous organelles of

I - 1 Ry



Table 9. Comparison of fresh and frozen livers from E2-treated trout maintained at 9°C

Controls 2 Days* S Days* 71 Days*

Fresh Frozen Fresh Frozen Fresh Frozen Fresh Frozen
Body weight (g) 149+20 14149.6 15010 149+15 12711 136+14 141+6 n.d.
Liver weight (g) 1.4+0.24 1.1+0.34 1.8+0.09 1.64%0.22 2.1+£0.23  1.8+0.30 2.810.12 1.630.68
%1L.S1 0.91+0.04 0.8%+0.23 1.2+0.07 1.1+0.07 1.6+£.017 1.3%0.11 2.0+0.14 n.d.
DNA (mg/g)
Homosenate 3.440.23 2.51£0.13 1.84+0.07 2.1+0.63
Nuclear pellet 1.36£0.10 1.3%0.25 2.11+0.17 0.6£0.20  0.98%0.20 0.20+0.07 1.2740.21  0.34%0.23
Nuclear salt-extract
ER (fmole/g) 14512 35+19 1285*176 8591321 889+137 7023 469+154 6013
ER (fmole/mg DNA) 110+17 24413 601+£34 9941272 286186  375%+105 419171 3364234
ER (fmole/mg protein) 3247 31+18 343146 435123 251432 258%+123 118+44 10310
Protein (mg/g) 5.3+1.3 1.1+£0.2 3.8+0.3 1.1+0.3 3.5+0.3 0.36+0.06 4.13+0.23 0.39+0.03
Cytosol
ER (fmole/g) 381414989 31694678 429411186 34611808 2050+552 2181%396 2787+496 29401226
ER (fmole/mg DNA) 11224291  936+203 1718+474 1373%275 11394307 1204+231 1327236  1360%186
ER (fmole/mg protein) 102421 54+12 149132 64+12 106131 56+13 126124 A3+19
Protein (mg/g) 36.5£29 62.349.5 27.6+2.3 52.5+29 20.3£1.8 41.0+£3.0 22.310.4 44.615.9

*Animals (4 per group) were injected with 5 mg/kg E2 and sacrificed at the times indicated. (X SEM.)

06
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Figure 17. Comparison of nuclear and cytosol preparations from fresh and frozen livers
of E2-treated trout.

Trout were treated with 5 mg/kg E2 and sacrificed at the times indicated.
Livers were either processed immediately :iresh) or quick-frozen and stored
at -70°C before processing (frozen).

A. DNA content of homogenates and nuclear preparations (mg/g liver).
B. Nuclear ER expressed as fmole/g liver.

C. Nuclear ER expressed as fmole/mg DNA.

D. Cytosol ER expressed as fmole/g liver.
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E2-stimulated hepatocytes, such as the endoplasmic reticulum and “oigi apparatus
(van Bohemen gt al, 1981), may also make recovery of nuclear components more difficult.
We have noted that the nuclei of Atlantic cod hepatocytes, which contain large amo  ts of
stored lipids, are very difficult o isolate by low speed ceniritugation of liver homogenates
(unpublished observations). Hayward and Shapiro (1981) have also noted difficulties in
collecting nuclei from livars of E2-stimulated Xenopus by centr.{uzq. "on through sucrose.

Paralleling the loss of DNA from frozen nuclei, the ... «.aactable ER of nuclei
prepared from frozen tissue was significantly reduced in concentration (expressed as
fmoles/g tissue) compared to salt-extracts obtained from fresh tissue (Fig. 17B). Howevei
the differences in nuclear ER concentrations between fresh and frozen tissue were not
significant when expressed as fmoles/mg DNA (Fig. 17C). Whether the tissue was fresh or
frozen, concentrations of nuclear ER expressed on a per gram liver basis were probably
underestimates of the amount of chromatin-bound ER actually present in the original
homogenate. Therefore it would appear 1o he more appropriate to express results for
nuclear ER as fmoles/ing DNA rather than as fimoles/g liver, or to correct values to take into
account the loss of DNA and ER from the nuclear fraction after homogenization and
subsequent washing of nuclei.

Concentrations of cytosol ER activity from fresh and frozen tissue were not
significantiy different from each other when expressed as either fmoles/g liver (Fig. 17D)
or as fmoles/mg DNA (Table 9). However if the results were expressed .s fmoles/mg
nrotein there appeared to be significantly less ER in the cytosol fraction frsm frozen tissue
compared to fresh (Table 9). This is explained by the fact that the concentration of protein
in the cytosol of frozen tissue was approximately twice that seen in fractions prepared from
fresh tissue, due perhaps in part to the lysis of erthrocytes by freezing and recovery of
hemoglobin in this fractiun. Conversely, the concentration of protein in the nuclear

fractions from fresh tissue were several-fold higher than those from frozen tissue, perhaps
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reflecting the presence of intact erythrocytes in the fresh nuclear pellet and substantial
amounts of hemoglobin in the subsequent salt-extract. It is evident that caution should be
used when comparing concentrations of ER expressed as fmoles/mg protein, as freezing of
the tissue prior to homogenization may significantly alter the distribution of protein
recovered in the various subcellular fractions.

The major conclusion to be made from this experiment is that while freezing of
tissue prior to homogenization does result in loss of DNA and ER from the nuclear
compartment, this cannot completely account for the high levels of ER detectable in the
cytosol fraction after treatment of rainbow trout with E2. When expressed as fmoles/g
tissue or as fmoles/mg DNA, cytosol ER concentrations were consistently several-fold
higher than nuclear, whether or not the livers had been frozen. In this respect the apparent
intracellular distribution of ER in the rainbow trout liver after E2 treatment was clearly
differem from that seen in the Atlantic salmon (Lazier et al., 1985), but similar to the
situation seen in the spotted seatrout (Cynoscion nebulosus) where the concentrations of
cytosol ER in both non-vitellogenic and vitellogenic females were much greater than those

found in the corresponding nuclear fractions (Smith and Thomas, 1950).

nt on livers of maintain ifferen

1. Hepatic ER concentration and distribution
a. Time course at 4°C
Fig. 18A and B shov the concentrations of hepatic cytosol and nuclear ER, from
animals maintained at 4°C, .t various times after a single injection of E2. Nuclear ER
concentrations were calculated as fmoles/mg DNA while cytosol ER levels were expressed
as fmoles/g liver. Unfortunately, homogenate DNA concentrations were not determined for
all preparatinns, therefore the cytosol and nuclear results were not directly comparable.

However the treud within each group was clear. Nuclear ER increased slowly from
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Figure 18. Time course of hepatic ER concentrations in E2-treated trout maintained at 4°C.

Trout were given a single injection of E2 (§ mg/kg).

A. Nuclear ER (fmole/mg DNA)
B. Cytosol ER (fmole/g liver)

C. Comparison of nuclear, cytosol and total ER concentrations.
(Nuclear concentrations were corrected for an average value
of 2 mg DNA/g liver).
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Nuclear ER increaszd slowly from 31 * 3 fmole/mg DNA in control animals to a
final concentration of 1618 + 135 fmole/mg DNA at 120 hours after injection. Cytosol ER
levels also rose, from 1364 + 537 fmole/g in controls to 6951 + 842 fmole/g at 120 hours.
Like in the Atlantic salmon (Lazier gt al,, 1985), the total concentration of hepatic ER
increased after E2 treatment, although the distribution of ER after homogenization was
quite different in the two species. The maximum amount of nuclear ER per gram tissue in
the trout (3.5 pmole/g), correcting for an average value of 2 mg DNA per gram of liver,
was not as great as in Salmo salar (12 pmole/g). However the total amount of trout hepatic
ER 5 days after a single injection (10.2 pmole/g) compared faverably with the amount
induceqd in the salmon. As in the chicken (Lazier and Haggarty, 1979; Lazier, 1979) and
Xenopus (Hayward gt al,, 1980), E2 appeared to stimulate a pronounced up regulation of
i own receptor in the livers of treated animais. However, even if one considers a 50%
loss of nuclear ER from freezing, homogenization and washing procedures, the
concentration of cytosol ER was always several fold greater than the concentration of

nuclear ER at each time point (Fig. 18C).

b. Comparison of Time Courses at 9°C and 15°C

Initial experiments attempting to duplicate the above results with fish kept at 9.5°C
(see Fig. 17B and C) revealed that both cytosol and nuclear E2-binding activity appeared to
peak earlier (48 hours) than at 4°C (120 hours). Korsgaard et al. (1986) showed that the
induction of serum vitellogenin by E2 treatment was markedly affected by the temperature
at which the animals were maintained. This led us to hypothesize that temperature may also
have an effect on the dynamics of ER distribution and induction in the liver of the trout.
Therefore a comparison was made between two groups of animals, injected with the same
dose of E2 (5 mg/kg) and kept at two different temperatures (9°C and 15°C) under the same
light cycle regime. Previously published work (Lawless, 1987; Maitre gt al., 1985a and
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1985b) suggested that a cingle injection of hormone caused only a transient rise in serum
E2 which was insufficient to sustain maximal vitellogenic activity. Since we also wanted to
study the dynamics of vitellogenin transcription, the fish in this experiment were given four
injections of E2 at 2 or 3 day intervals in an attempt to maintain high serum E2 levels.

Fig. 19A and B compare hepatic nuclear and cytosol ER levels in the two groups of
fish. Nuclear ER concentrations were calculated . fmoles/mg DNA, then corrected for the
concentration of DNA in each homogenate to give a value expressed as fmoles/g liver. In
the 15°C group, nuclear ER rose very rapidly from 323 * 47 fmole/g (219 + 61 fmole/mg
DNA) in untreaced fish to 5275 = 873 fmole/g (1681 + 252 fmole/mg DNA) by 24 hours
after the first injection. There was a second peak of receptor activity at 72 hours (24 hours
after the second injection). ER levels then gradually fell over the course of the next few
days, despite subsequent injections of hormone. Values obtained at 168 hours and 240
hours were only slightly higher than controls, although these samples were taken 3 days
after an injection and peaks of E2-binding activity between these time points may have been
missed.

At 9°C the accumulation of nuclear ER was more gradual, reaching a peak of
4799 1587 fmole/g (1778 % 588 fmole/mg DNA) at 72 hours, after the second hormone
injection. Levels fell after this time point, although once again any rise in E2-binding
activity between the third and fourth injections may have been ove:looked.

Comparison of cytosol ER concentrations per gram liver at the two temperatures
(Fig. 19B) revealed a three- to four-fold increase in ER activity after the first hormone
injection in both cases. However, like the nuclear ER, the peak of cytosol binding occurred
earlier at 15°C (24 hours) than at 9°C (48 hours). Levels in both groups oscillated after the
second hormone injection, falling at 72 hours, then rising slightly by 96 hours. At
168 hours cytosol ER concentrations were still elevated, but by the third day after the last

hormone injection (240 hours) binding activity had fallen back to control values in both
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Figure 19. Comparison of hepatic ER concentrations in E2-treated trout maintained
at 9°Cor 15°C.

Animals were given injections of E2 (5 mg/kg) at the times indicated.

A. Nuclear ER (fmole/g liver). *Values were calculated as fmoles/mg DNA
and then corrected for the amount of DNA per gram liver determined for
each sample homogenate.

B. Cytosol ER (fmole/g liver).
C. Total ER per g.am liver.
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groups of animals. The oscillations in nuclear and cytosol ER concentrations may reflect
irregular concentrations of E2 reaching the liver, which might be expected with a series of
intraperitoneal injections. It would be very interesting to compare the levels of ER seen here
to those which might be induced in animals implanted wi*» slow release silastic capsules,
where serum E2 is maintained at a more constant elevated level (Le Guellec et al., 1988).

Concentrations of total ER per gram at 9°C and 15°C are compared in Fig. 19C. A
peak of approximately 11.3 pmoles/g, a 3- to 4-fold induction above control levels, was
observed at both temperatures. Once again this occurred 24 hours earlier at 15°C than at
9°C. However multiple injections of E2 capable of inducing sustained steady-state levels of
vitellogenin and ER mRNAs and production of vitellogenin pcotein (see below) did not
seem to be able to maintain induced levels of ER protein, at least as detectable by the
binding assays used in this study.

The overall conclusion to be made from this study is that the temperature at which
trout are maintained does appear to affect the timing of ER redistribution and induction after
hormone treatment. Comparing the concentrations of nuclear ER at three temperatures, after
a single injoction of E2, Fig. 20A shows that the rise in salt-extractable ER is more rapid at
15°C than at either 9°C or 4°C. In fish maintained at 4°C it took 120 hours for nuclear ER to
reach concentrations equivalent to those seen at 24-48 hours in the higher temperature
groups. The same held true for cytosol ER (Fig. 20B). Maximum levels of 8000 fmole/g,
an approximate four-fold increase over control concentrations, were seen in all three groups
but peak cytosol ER levels were seen by 24 hours at 15°C, 48 hours at 9°C and not until
120 hours at 4°C. At 9°C cytosol ER had returned to control levels by
120 hours after a single hormone injection and even in animals receiving multiple injections
of hormone, cytosol ER levels had fallen by 240 hours, three days after the last injection, at

both 9°C and 15°C.
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Figure 20. Comparison of hepatic ER concentrations in E2-treated trout maintained at
4°C, 9°C and 15°C.

Animals had received a single injection of E2 (Smg/kg).

A. Nuclear ER (fmole/mg DNA).
B. Cytosol ER (fmole/g liver).

* Animals were from a different experimental group from the others
maintained at 9°C.

¥ Animals had received 4 injections of E2.
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Various mechanisms for the temperature effects, such as increased
hormone/receptor affinity or more rapid transport of hormone to the liver at warmer
temperatures, could be suggested and are discussed in more detail later. However,
regardless of the mechanism, differences in timing of both the accumulation of nuclear ER
and induction of total liver ER have been observed at different temperatures. This in turn
might influence the dynamics of expression of hormone-responsive genes, such as
vitellogenin, which, at least in animals such as Xenopus and chicken, require high
concentrations of the nuclear hormone/receptor complex for activation and maintenance of
transcription, The slower rise in nuclear ER at 9°C and 4°C may be related to the delay in

activation of vitellogenin gene expression at these temperatures, as discussed below.

2. Other E2-induced changes in trout liver

E2 weatment has been shown to have a marked effect on liver weight, morphology
and hepatic DNA and RNA concentrations in the rainbow trout (van Bohemen gt al., 1981
and 1982; Lawless, 1987) anc in other teleosts (Emmersen gt al., 1979; Korsgaard et al.,
1986). Fig. 21A-D and Table 10 summarize the changes in % liver-somatic index (%LSI,
calculated as % liver weight/body weight), RNA and DNA per gram tissue and the
RNA:DNA ratio in livers of rainbow trout treated with multiple injections of E2 at 9°C and
15°C. As noted by others (Lawless, 1987; Bjornsson gt al., 1989; Olsson gt al., 1989), the
%LSI gradually increased with time after E2 treatment in both temperature groups
(Fig. 21A), rising from 0.89 % 0.05% in controls to 1.73 + 0.08% by 240 hours at 9°C,
and from 0.95 £ 0.15% to 2.5 + 0.05% at 15°C. In both groups %LSI was significantly
higher than controls (p < 0.05) at all time points 48 hours or more after injection. In
addition, by 96 hours or later, %LSI was significantly greater at 15°C than at 9°C
(p £0.05). Note also that a single injection of E2 at 15°C was able to stimulate a significant

rise in %LSI by 240 hours after treatment, although this increase was not as great as when

[



Table 10. Comparison of %LSI. RNA/DNA ratios and serum vitellogenin concentrations

in E2-treated trout maintained at 9°C and 15°C

Serum Vitellogenin (mg/n")

Time % Liver-Somatic Index RNA/DNA

®C 15°C *C 15°C C
Control 0.89+0.05 0.95%+0.15 4.04+0.50 5.310.90 0
24 hour 1.02+0.06 0.87+0.02 4.11+0.63 2.510.35 0
48 hour 1.06+0.03 1.2840.08 4.2+0.71 4.7+0.73 0
72 hour 1.19+0.04 1.24%0.04 N.D. 2.4%0.20 0.35%0.12
96 hour 1.19%0.05 1.441+0.08* 4.7+0.47 3.610.43 0.79%0.08
168 hour 1.48+0.16 1.9840.25%* 6.110.33 6.9%1.1 3.18+0.58
240 hour 1.73+0.08 2.50+0.05* 7.3£0.70 12.1+2.7* 8.90+0.22
240 hour 1.65+0.11 4.1+0.27
(single injection)

15°C
0
0.17£0.14
0.80%+0.16
2.70+£0.34
6.60+0.76
27.1+3.7
70.1+2.1
38.0+7.1

* Significantly higher than 9°C (p<0.05). (+ SEM)

S01
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Figure 21. Comparisons of %LSI, DNA and RNA concentrations and RNA:DNA ratios
in “32-treated trout at 9°C and 15°C.

A. % Liver-Somatic Index (%LSI).
B. RNA (mg/g liver).

C. DNA (mg/g liver).

D. RNA:DNA ratio.

* Significantly different from 9°C (p<0.05).
¥ Significantly different from untreated controls (p<0.05).
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multiple injections were given (Table 10).

Although there was some fluctuation over the time course, the amount of RNA/g
liver was significantly greater than control values by 168-240 hours of treatment in both
temperature groups (Fig. 21B). On the other hand, after an initial rise between
24-48 hours after treatment, there was an overall decline in the concentration of DNA/g by
168-240 hours (Fig. 21C), suggesting that the increase in liver weight was due to
hypertrophy of the tissue rather than cell division. This has been observed in other teleosts
(Emmersen et al,, 1979) as well as in Xenopus (Follett and Redshaw, 1968). The
RNA:DNA ratio at 168-240 hours after treatment was significantiy higher than ‘n controls
at both temperatures (Fig. 21D). Since much of the RNA in the cell is presumably
ribosomal RNA, this increase in the RNA:DNA ratio may represent induction of rRNA,
observed by Le Guellec gt al, (1988) to occur around 10 days after treatment. An increase
in E2-dependent mRNA transcripts would also be expected. At 240 hours the RNA:DNA
ratio was significantly higher at 15°C than at 9°C, suggesting perhaps a more pronouced
induction of rRNA at the higher temperature. Note however that by 240 hours after a single
injection of E2 at 15°C, the RNA:DNA ratio was not significantly different from controls
(Table 10), suggesting that continuous exposure to E2 might be necessary for this increase

to occur.

3. Serum vitellogenin

The appearance of vitellogenin in the serum of rainbow trout after treatment with E2
has been well documented (van Bohemen gt al., 1982; Maitre et al., 1985a;
Le Guellec gt al., 1988) and estrogen-stimulated synthesis and secretion of vitellogenin by
trout hepatocytes has been demonstrated in vitro (Maitre et al., 1986; Vaillant et al., 1988).
In view of the observations of Korsgaard et al. (1986), who showed temperature

dependence in the vitellogenic response of Atlantic salmon, we wanted to examine the
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effect of temperature on the appearance of vitellogenin in the serum of E2-treated rainbow
trout.

As shown in Table 10 and Fig. 22, vitellogenin was first detectable in serum by
24 hours after E2 treatment at 15°C, but not until 72 hours at 9°C. The induction of serum
vitellogenin was very rapid at 15°C, with concentrations rising from undetectable in
controls to over 70 mg/ml by 240 hours in animals which had received multiple injections
of hormone. This was several-fold greater than the concentration seen in the serum of
vitellogenic female trout (approximately 13 mg/ml, van Bohemen gt al,, 1981), although
the higher concentrations in immature fish may result from the lack of clearance of
vitellogenin by the ovaries (Wallace and Jared, 1968). A single injection of E2 was also
able to induce high levels of serum vitellogenin by 240 hours after treatment at 15°C,
although the conceniration (38 mg/ml) was approximately half of that seen in the animals
which had received four injections. In contrast, the rise in serum vitellogenin was much
slower and less pronounced at 9°C, with levels increasing from undectectable 0-48 hours
after treatment to 8.9 mg/ml at 240 hours.

The pattern of vitellogenin appearance at 9°C was similar to that observed by
Le Guellec gt al. (1988) in chronically stimulated trout. This group showed that, in animals
which had received E2 in the form of a slow release silastic implant, viteilogenin was first
detectable in serum by 3 days after treatment, rose slowly to a concentration of
9 mg/ml by day 7 and then increased rapidly to 17 mg/ml between days 7 and 10. On the
other hand, animals which had received only a single injection of E2 (3 mg/kg) showed
similar levels of serum vitellogenin up to day 7, after which concentrations declined to
1 mg/ml by day 12. This is in contrast to the results presented here, where 38 mg/ml of
vitellogenin was observed 10 days after a single injection of E2 (5 mg/kg) at 15°C.
However, similar to our results, Maitre et al. (1985a and 1985b) reported that up to

45 mg/ml of vitellogenin was present in the serum of mature male trout 15-25 days after a



Figure 22. Time course of serum vitellogenin concentrations in E2-treated trout
maintained at 9°C and 15°C.

Serum samples were obtained from animals which had
received hormone injections at the indicated times and
vitellogenin concentrations (mg/ml) were determined by
rocket immunoelectrophoresis.
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single injection of hormone, despite a steady decline in the level of E2 in the blood after the
first day, Le Guellec gt al, (1988) postulated that the difference in results could be due to
the more rapid metabolism of E2 in juvenile trout (Hansson and Rafter, 1983). However
the results presented here, also obtained with juveniles, suggest that other mechanisms
might be involved as well.

Seasonal differences in the response of rainbow trout to E2 have been reported.
Elliott et al, (1980) noted that immature fish were most responsive to injections of E2
during the months of the breeding cycle when serum E2 and vitellogenin levels were
normally rising or high in mature fish (April to October). In November to March, when
mature fish would be spawning and serum E2 is low, E2 treatment could not stimulate the
same high levels of vitellogenin synthesis. Baroiller gt al. (1987) have noted that the
metabolic clearance rate of E2 was low during the period of natural exogenous
vitellogenesis and increased dramatically near the onset of oocyte maturation and ovulation
in trout. They suggested that seasonal variation in serum sex steroid-binding globulin
concentrations, which are under pituitary control, might affect the availability of E2 to
hepatic metabolism. This might explain the difference in the observations of
Le Guellec gt al, (1988), who perfomed their single injection experiments in April, and the
results of our experiments which were performed in September. Examination of basal
concentrations of E2-binding activity throughout the breeding cycle, both in serum and in
liver, might be informative.

Another comparison between our results and those of Le Guellec et al, (1988) is
worthy of mention. When they administered an E2-containing silastic implant to fish which
had received a primary injection of E2 (3 mg/kg) several weeks previously, a more rapid
accumulation of serum vitellogenin was observed than with a primary implant. Vitellogenin
was detectable in serum within the first day after implantation and rose to

20 mg/ml by 7-10 days. The authors concluded that this demonstrated a "memory effect” in
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the response to hormone, similar to that seen with the re-induction of Xenopus or chicken
vitellogenin after estrogen withdrawal (Baker and Shapiro, 1978; Maeenpa, 1976).
However this "secondary response” looks strikingly similar to the pattern of serum
vitellogenin induction with chronic treatment at 15°C seen in the present study, obtained
with animals which had not previously received E2. After an initial 24 hour lag period, our
results paralleled the "secondary response” curve until 7 days, and by 10 days our serum
vitellogenin levels had increased to 70 mg/ml compared to 20 mg/ml in the "secondary
response” experiment. Le Guellec gt al, (1988) state only that the primary and secondary
responss experiments were performed in June and August, respectively. As can be seen
from the temperature experiments performed here, a difference in water temperature of only
6°C may have a significant effect on both the timing and the quantity of serum vitellogenin
induced by a given dose of E2. Therefore the temperature at which the experiments are
performed, as well as the time of year, appear to be important factors influencing the
duration of the lag period in hormone responsiveness, as well as the magnitude of the
response. Water temperature should be recorded if accurate comparisons are to be made

between different experiments.

4. Vitellogenin mRNA
a. Characterization of the vitellogenin message

Fig. 23 shows a Northern blot of total trout liver RNA (20 pg per lane) from
E2-treated and control trout, hybridized to the rainbow trout vitellogenin cDNA clone
pSG Vg 5.09. A prominant band of approximately 6 kilobases was apparent in samples
from treated animals (lanes 3-6) while no hybridization signal was evident in the samples
from untreated animals (lanes 1, 2, 7 and 8). The relative abundance of vitellogenin
message was greater in samples prepared from E2-treuted animals kept at 15°C

(lanes 5 and 6) than in those prepared from animals kept at 9°C (lanes 3 and 4). Three
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higher molecular weight bands (7.5 kb, 8.1 kb, and 10.4 kb) could also be seen in lanes 5
and 6. These bands appeared in several of the RNA samples analyzed on Northern blots,
increasing in abundance as the major vitellogenin tand increased. They may represent high
molecular weight vnspliced precursor RNAs. The diffuse areas of radioactivity seen in the
regions between the 28S and 18s rRNAs, and below the position of the 18S rRNA (lanes 5
and 6), were only visible in over-exposed autoradiographs and probably represent
degradation products of the vitellogenin mRNA.

The size calculated for the major vitellogenin message, based on the sizes of 288
(4.1 kb) and 18S (1.8 kb) rRNAs (Londei gt al., 1982) or using an RNA ladder of known
sizes, ranged from 5.3 to 7.2 kb with an average size of 6.6 kb. This was in good
agreement with the 6660 nucleotides reported for the vitellogenin message by
Le Guellec gt al, (1988), and the 6.3 kb ana 7.2 kb sizes reported by Chen (1983) and
Valotaire gt al, (1984) respectively. The major bands of hybridizaton to pSG Vg 5.09
increased in intensity with time after E2 treatment, characteristic of a true vitellogenin
mRNA, and a second putative vitellogenin cDNA clone, pSG Vg 5.50, also hybridized to

RNA bands of the same size (see section E).

b. Quantitation of vitellogenin mRNA,

Vitellogenin mRNA was quantitated by scanning densitometry of the
autoradiographs of slot blots containing serial dilutions of total liver RNA and hybridized to
pSG Vg 5.09. Results were normalized to the amount of poly(A)* RNA in each sample, as
detected by hybridization of end-labeled oligo(dT)15 to blots which had been stripped of
vitellogenin probe. The results were expressed relative to the amount of hybridization to a
standard sample of total liver RNA from a single E2-treated animal which was included on

all the slot blots (see Materials and Methods, section L).
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Figure 23. Northern blot of total liver RNA from E2-treated and control trout probed with
pSG Vg 5.09.

RNA was isolated from trout maintained at 9°C or 15°C. Each lane
contained 20 pg of total RNA. Positions of the 28S (4.1 kb) and
18S (1.8 kb) rRNAs and the vitellogenin mRNA (V) are indicated.
Lanes 1 & 2: Controls (9°C);

Lanes 3 & 4: E2-treated (9°C) 48 h after injection;

Lanes 5 & 6: E2-treated (15°C) 48 h after injection;

Lanes 7 & 8: Controls (15°C).
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Several other probes were also tried, unsuccessfully, in an attempt to normalize the
results to an RNA species which did not change in response to E2 treatment. These
included a rainbow trout testis tubulin cDNA, which had been used by Olsson ¢t al. (1989)
to normalize results for metallothionein mRNA expression in E2-treated trout. This probe,
when labeled by the random hexanucleotide procedure, hybridized to two RNA bands,
2.1 kb and 1.6 kb in size, on Northern blots containing 20 pug of total liver RNA (Fig. 24).
However the signal was visible only after 2-3 weeks of exposure, even though the probe
was labeled to high specific activity (109 cpm/ug). Hybridization of this probe to slot blots,
which contained only 0.125-4.0 pg of total RNA, showed only background levels of
signal after 3 weeks of exposure. It was subsequently confirmed that, while abundant in
brain and testis, this is a relatively rare message in trout liver (A. Garber, personal
communication). Because of the low signal to background ratio, the tubulin cDNA clone
was unsuitable for normalizing the results from the slot blot assays used in the present
study.

Hybridizations with a chicken actin cDNA (Cleveland gt al., 1980) and a chicken
28S rRNA cDNA (S. Gupta, Dalhousie University) were also attempted but produced very
high levels of non-specific binding in Northern blots and uneven hybridization to both
Northerns and slot blots (data not shown). These clones were also judged unsuitable as
probes for the purpose of normalizing the trout vitellogenin mRNA data. In the end,
although the level of poly(A)* RNA per liver cell was expected to rise with time after E2
treatment, oligo(dT)15 was chosen because of the rapid exposure times
(4-12 hours) and very low background levels obtained in hybridizations with this probe.
Normalizing to poly(A)* RNA lowered the variability between samples at any given
experimental time point, although relative values per pg of total RNA calculated for
vitellogenin message may be underestimated at times “hen the total cellular content of

poly(A)™ was greater than in the standard preparation.



Figure 24. Northern blot of total liver RNA from E2-treated trout probed with a trout
testis tubulin cDNA.

RNA was isolated from trout maintained at 9°C and 15°C. Each lane
contained 20 pig of total RNA. Positions of the 288 (4.1 kb) and
18S (1.8 kb) rRNAs and the tubulin mRNAs (T) are indicated.

24 h after injection (Lane 1: 15°C; Lane 2: 9°C);
48 h after injection (Lane 3: 15°C; Lane 4: 9°C);
72 h after injection (Lane 5: 15°C; Lane 6: 9°C).
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c. Temperature effects on the induction of vitellogenin mRNA
As shown in Fig. 25A and Table 11, the induction of vitellogenin mRNA after

treatment with E2 was very rapid at 15°C, with significant amounts of message present
8-24 hours after injection. The appearance of vitellogenin mRNA was delayed until
24 hours in fish treated at 9°C. In both groups of animals, given multiple injections, levels
of vitellogenin message continued to increase in a scmewhat stepwise manner, with the
magnitude of the steps being greater at 15°C than at 9°C,

Table 11A compares the relative amounts of vitellogenin mRNA from the single
injection experiment performed at 4°C with the amounts detected after the first E2 injection
at 9°C and 15°C. The delay in appearance of vitellogenin message was more pronounced at
4°C than at 9°C. Significant levels were not detectable until 48 hours after injection. After a
prolonged plateau, levels of message doubled between 96 and 120 hours at 4°C, but only
reached levels seen between 8-24 hours at 15°C or at 48 hours at 9°C. The initial
appearance and the early stages of induction of vitellogenin mRNA appear to correlate with
the timing of increased nuclear E2-binding activity in the three temperature groups. While
maximum nuclear ER was detected by 24 hours in the 15°C group, the increase in nuclear
ER levels wzs slower at 9°C and slower still at 4°C (Fig. 20A), paralleling the delayed
appearance and accumulation of vitellogenin message at the lower temperatures.

Table 11B shows that a single injection of E2 (Smg/kg in ethanol/saline) was able to
stimulate significant levels of vitellogenin mRNA synthesis, detectable in total liver RNA
7 days (at 9°C) and 10 days (at 15°C) after treatment. In fact, apparent levels after the single
injections were higher than those found in the livers of fish treated with multiple hormone
injections. This may be due to the dilution of mRNA sequences by rRNA in the livers of
animals which had received several hormone injections, as discussed below. Like the
serum vitellogenin results, the detection of significant levels of vitellogenin mRNA

7-10 days after a single hormone injection conflict with the results of Le Guellec
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Figure 25. Relative vitellogenin mRNA levels in livers of E2-treated trout maintained at
9°C and 15°C.

Vitellogs 1in mRNA was quantitated by analysis of slot blots containing
0.125-4 j pg of total RNA probed with pSG Vg 5.09. Results were

normalized to the relative amount of poly(A)* RNA in each sample and
expressed relative to a standard sample from a single individual included
on each blot.

A. Relative amounts of vitellogenin mRNA at 9°C and 15°C,

B. Results from (25A) corrected for the RNA:DNA ratio for
each sample and expressed as relative Vg mRNA/mg DNA.
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Table 11. Relative vitellogenin mRNA levels after single and multiple injections of E2

in trout maintained at different temperatures

A. Single injection:

Vitellogenin mRINA (relative units)

Time 4°C 9°C 15°C
Control 0 0 0

8 hours 0 0 0.09+0.09
24 hours 0 0.11+0.04 0.76x0.16
48 hours 0.2240.08 0.60+0.14 2.28+0.46
72 hours 0.2040.02 n.d. n.d.
96 hours 0.28+0.05 n.d. n.d.
120 hours 0.47+0.13 n.d. n.d.
B. Multiple injections vs single injections:

Time and Multiple injections Single injections
Temperature

7 days (9°C) 1.284+0.12 6.4+0.90

(corrected)* 1.384+0.05 n.d.

10 days (15°C) 4.95%0.70 8.75%1.83

(corrected)* 10.46+1.23 4.91+0.61

* Results were corrected for the RNA:DNA ratio for each sample, as described in Materials
and Methods (section L). ( SEM)

n.d.= not determined.
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et al. (1988), who observed only a transient rise in vitellogenin message 2 days after a
single injection and a steady decrease to undetectable levels by 6 days. Once again, this
could be due to seasonal differences in hormone responsiveness.

As can be seen in Fig. 25A, there appeared to be a significant drop in vitellogenin
mRNA levels at the 168 hour time point at 15°C, although concentrations increased once
again by 240 hours. There are at least two possible explanations for the apparent decrease.
First, serum E2 levels may have fallen sufficiently by three days after the previous injection
to result in destabilization and loss of vitellogenin mRNA sequences. However the
subsequent increase in vitellogenin mRNA at 240 hours, also three days after a hormone
injection, and the observation that vitellogen’n mRNA levels are high 10 days after a single
injection of E2 (Table 11B), make this explanation unlikely. On the other hand, as was
noted in Table 10, the ratio of RNA per mg DNA had approximately doubled by
168 hours at 15°C. An induction of rRNA was observed by Le Guellec gt al. (1988) in both
their primary and secondary response experiments. As noted by this group, an increase in
rRNA content could dilute mRNA sequences per Ug of tetal RNA, resulting in an
underestimation of the actual concentration of vitellogenin transcripts per cell using slot blot
assays. If we converted the relative concentration of vitellogenin message: per |Lg of total
RNA to relative concentration per mg of DNA (see Materials and Methods, section L), we
find that, in the 15°C group, the amount of vitellogenin mRNA remained relatively constant
between 48 and 168 hours, then increased approximately 3- to 4-fold between 168 and
240 hours (Fig. 25B). This is very similar to the pattern of vitellogenin mRNA induction
noted by Le Guellec gt al. (1988) in animals given primary silastic implants of E2.
Although their RNA values were expressed in different units (parts per million rather than
units relative to a standard induced sample), they also observed an initial rise in vitellogenin
mRNA starting 2 days after treatment, a plateau at about 500 ppm between 3 and 7 days of

treatment and then a rapid five-fold increase in vitellogenin message levels between

o



7-10 days.

The RNA:DNA ratio did not increase as dramatically in the 9°C chronic treatment
group as in the 15°C group (Table 10). Hence correction for the ratio of RNA to DNA did
not significantly alter the apparent relative levels of vitellogenin mRNA in the 9°C group
(Fig. 25B). As was noted above, vitellogenin mRNA sequences accumulated more slowly
at 9°C than at 15°C and the steady-state levels remained more or less constant between
96-240 hours. The relative concentration of vitellogenin mRNA at 168 hours was
epproxirnately half of that seen in the 15°C group and a rapid increase in concentration
between 168 and 240 hours was not observed.

Also previously noted, the hepatic RNA:DNA ratio had not changed significantly
by 240 hours after a single injection of E2 at 15°C. Table 11B shows that the relative
vitellogenin mRNA value in the animals receiving a single hormone injection, after
correction for the RNA:DNA ratio, was approximately half of that seen in the group
receiving multiple injections at 15°C. This agrees well with the serum vitellogenin data
which showed that, 10 days after a single injection at 15°C, the concentration of
vitellogenin protein was only half of that present in serum from animals which had received
four injections (Table 10).

In conclusion, the temperature at which trout were maintained during estrogen
treatment appeared to have marked effects on both the timing of appearance of vitellogenin
mRNA in the liver and the amount of message which accumulated over the course of the
treatment period. Temperature also appeared to affect the increase in the amount of total
RNA in the liver relative to the amount of DNA. This increase resulted in the dilution of
vitellogenin message at the later time points in the group of fish which had received
multiple injections of E2 at 15°C, but not in the 9°C group. Single doses of hormone were
able to induce substantial amounts of vitellogenin mRNA transcripts at all temperatures,

although, at least at 15°C, the ratio of RNA:DNA in the liver was not greater at 10 days
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after treatment than it was in controls. This suggests that sustained levels of E2 might be
necessary for an increase in total liver RNA, presumably most of it IRNA, but not for the

induction and accumulation of vitellogenin mRNA.

d. Ratios of Vg protein:mRNA and Vg mRNA:nuclear ER
Table 12 compares the ratios of serum vitellogenin and vitellogenin mRNA levels in
the 9°C and 15°C treatment groups. At 15°C there appeared to be a significant increase in
the vitellogenin protein:mRNA ratio between 168 and 240 hours. This would suggest that
the dramatic increase in serum vitellogenin at this time was due not only to increased
accurnulation of vitellogenin message but also to an increase in the translational and/or post-
translational capacity of hepatocytes. One of the obvious candidates for this role would be
increased numbers of ribosomes, reflected in the higher RNA:DNA ratios at these time
points (Table 10). However animals which had received a single injection of E2 at 15°C
also had a vitellogenin protein:RNA ratio equivalent to that seen in the group receiving
multiple injections, even though the RNA:DNA ratio was not greater than in controls. Thus
there may be other E2-induced factors which also contribute to the increased efficiency of
translation of the vitellogenin message and/or the post-translational processing and
secretion of the protein into the blood. We also note that at 240 hours at 9°C, when the
amount of vitellogenin mRNA was equivalent to that seen at 168 hours at 15°C, the
vitellogenin protein:RNA ratio was less than half of that seen at the higher temperature.
This suggests that the hepatic changes responsible for the enhancement of vitellogenin
protein synthesis and secretion might be temperature sensitive as well.
Table 12 also examines the ratios of vitellogenin mRNA to nuclear ER levels.
It is interesting to note that vitellogenin mRNA sequences still appeared to accumulate

even after the concentration of detectable nuclear ER had fallen at 15°C. Again this
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Table 12. Ratios of serum Vg:Vg mRNA and Vg mRNA:Nuclear ER in E2-treated trout at 9°C and 15°C

Time Serum Vitellogenin Vitellogenin mRNA Ratio Nuclear ER Ratio
. (mg/ml) (relative units/mg DNA) (Serum Vg:Vg mRNA) (pmole/mg DNA) (Vg mRNA:Nuclear ER)
Control 0 0 0 0.56+0.11 0
24 hours 0 0.09%£0.09 0 1.14+0.23 0.1
48 hours 0 0.4710.18 0 1.11+0.31 0.4
96 hours 0.79+0.08 1.69+0.32 0.5 1.24+0.17 1.4
168 hours 3.18+0.58 1.38%0.05 2.3 1.07+0.22 1.3
240 hours 8.90+0.22 2.9410.18 3.1 1.49+0.24 2.0
15°C

Control 0 0 0 0.58+0.23 0
24 hours 0.17+0.14 0.270.06 0.6 1.82+0.32 0.2
48 hours 0.80+0.16 1.63+0.16 0.5 1.294+0.23 1.3
96 hours 6.60+0.76 2.50+0.42 2.6 1.09+0.20 2.3
168 hours 27.1£3.7 3.26%0.73 8.3 0.99+0.59 3.3
240 hours 70.1£2.1 10.5+1.23 6.7 0.93+0.24 11.2
240 hours 38.047.1 4.9+0.61 7.7 0.37+0.02 13.3

(single injection)
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was especially notable in the group which had received a single hormone injection 10 days
previously, where detectable nuclear ER was no greater than in controls. This argues that
increased amounts of nuclear ER may act as a ‘rigger for vitellogenin mRNA transcription
but that sustained occupancy of estrogen response elements by high levels of hormone-
activated receptor, which appear to be required for continued transcription of the

vitellogenin genes in Xenopus (Shapiro, 1982), may not be necessary in the trout.

5. Regulation of ER mRNA
ion of the ER m

Initial attempts to identify the rainbow trout ER mRNA were made using the cDNA
clone pORS, which contains the entire coding sequence of the human estrogen recepter
(Greene gt al,, 1986; Green gt al., 1986). Northern blots, hybridized and washed under
low stringency conditions (35% formamide and washing at 42°C in
2 X SSC) showed considerable non-specific hybridization to both the 28S and 18S rRNAs
in human (MCF7 cells), Xenopus liver, chicken oviduct and trout liver total RNA
preparations (Fig. 26A, Fig. 27A and Fig. 29A). Hybridization to 28S rRNA was
especially notable in trout liver poly(A)~ RNA fractions (Fig. 26A). The probe also
hybridized to a 6.2 kb band in RNA from MCF7 cells and to a 7.5 kb band in chicken
oviduct total RNA, corresponding to the sizes of the ER mRNAs previously reported for
these species (Walter gt al., 1985). A diffuse smear of binding between the ribosomal
RNAs was apparent in the trout poly(A)* RNA (Fig. 26A), although a discreet band of
approximately 1.7 kb could also be observed. Higher temperature washing (50°C) and a
longer exposure of the same blot resulted in the disappearance of most of the non-specific
rRNA binding in chicken total and trout poly(A)~ RNA and revealed a 3.9 kb band as well
as the 1.7 kb band in the poly(A)* RNA from livers of E2-treated trout (Fig. 26B). These

were felt to be good candidates for the rainbow trout ER message, although they were

B



Figure 26. Northern blot of RNA from chicken oviduct and trout liver probed for
ER mRNA.

A. Hybridized to pORS insert in 35% formamide with
washing at 40°C in 2 X SSC (low stringency);
B. Washed at 50°C in 2 X SSC;
C. Reprobed with oligonucleotide "probe C" at 42°C (low stringency);
D. Probed with "C" and washed at 70°C.

Lane 1: total RNA from chicken oviduct (30 pg);

Lane 2: liver poly(A)*+ RNA (7 pg) from untreated trout;
Lanes 3 & 5: poly(A)* RNA (20 pg) from E2-treated trout;
Lane 4: poly(A)- RNA (10 pg) from E2-treated trout.

cER = chicken oviduct ER mRNA

129



130

28s”

w @ -

Figure 26.



131

Figure 27. Northern blot of total RNA from trout and Xenopus liver and MCF7 cells
probed for ER mRNA.

RNA (20 pg/lane) was isolated from livers of E2-treated rainbow
trout (lanes 1-4), MCF7 human breast carcinoma cells (lanes 5 & 6)
and EZ-treated Xenopus liver (lane 7).

A. Hybridized to pORS insert in 35% formamide with
washing at 42°Cin 2 X SSC (low stringency);

B. Reprobed with oligonucleotide "probe C" at 42°C (Jow stringency).
hER = human ER mRNA; rtER = trout ER mRNAs,
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considerably smaller than the ER messages found in human (6.2 kb), chicken (7.5 kb),
mouse (6.5 kb), and rat (6 kb). Xenopus, on the other hand, has a family of ER mRNAs,
two of them quite small (9 kb, 6.5 kb, 2.8 kb and 2.5 kb; Weiler gt al,, 1987).

The cloning of the rainbow trout ER cDNA by Pakdel gt al. (1989) made further
low stringency hybridizations with heterologous probes unnecessary. Using the published
nucleotide sequence of the trout ER cDNA, two oligonucleotide probes, complementary to
regions encoding the presumptive DNA-binding domain (probe "C") and the steroid-
binding domain (probe "E"), were synthesized. The deduced amino acid sequences of these
regions are identical in the estrogen receptors of human, chicken, Xenopus and trout. The
33-nucleotide regions chosen also represented areas containing the few=<t possible
nucleotide differences between the various ER cDNAs and so could potentially be used as
probes for ER messages in other species. The nucleotide sequences complementary to
probes "C" and "E" are shown in Fig. 28, with differences between the rainbow trout
sequence and those of human, chicken and Xenopus FR cDNAs indicated.

High st gency hybridization and washing of Northern blots with either of the
oligonucleoiiae probes revealed a strong 3.9 kb signal in both poly(A)* and total RNA
from trout livers (Fig. 26D and Fig. 29B and C). The insert of the trout ER cDNA clone,
PRT-ER, also hybridized to the same size band (Fig. 29D). Occasionally a faint 4.5 kb
band could be observed in poly(A)* RNA preparations from E2-treated animals
(Fig. 26C). The 3.9 kb size determined for the major trout ER mRNA in these experiments
was somewhat larger than the 3.5 kb message reported by Pakdel et al, (1989), although
the minor 4.5 kb band was the same size in both studies. Differences in mRNA sizes
between different strains of fish is a posssible explanation.

The major band of hybridization to probes "C" and "E" migrated just in front of the
28S rRNA in total RNA preparations. Given the non-specific hybridization of pORS to

rRNA seen under lower stringency conditions, we were concerned that the presence of
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QLIGO C: (complement)

Trout  9'CAC TAC GGA GTT TGG TCC TGC GAG GGC TGCY

Human T T c T
Xenopus T T T C T T A T
Chicken T G C T T

QLIGO E:(complement)

Trout 5 ATG AGC AAC AAA GGC ATG GAG CAC CTT TAC®

Human T T G
Xenopus T G A TG
Chicken A G

Figure 28. Nucleotide sequences complementary to oligonucleotide probes "C" and "E".

Differences between the rainbow trout ER sequence and the sequences
from the corresponding regions of the human, Xenopus and chicken
ER cDNAs are shown.



Figure 29. Northern blot of total RNA from livers of E2-treated trout probed for
ER mRNA.

Each lane contains 20 pig total RNA. Before reprobing, the blot was
stripped with 0.1 X SSC/1% SDS at 80°C and autoradiographed to
ensure that the previous signal had been removed.

A. Hybridized to pORS insert at low stringency;

B. Reprobed with oligonucleotide "probe C" (high stringency);

C. Reprobed with oligonucleotide "probe E" (high stringency);

D. Hybridized to pRT-ER insert at high stringency.
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ribosomal RNA might interfere with the quantitation of the ER message in total RNA.
However several observations led us to believe that the hybridization of the oligonucleotide
probes to total RNA represented only the ER message. Very little hybridization could be
detected in trout liver poly(A) RNA, even under low stringency conditions (Fig. 26C and
D). In cases where significant hybridization to trout "(A)™" RNA was observed, subsequent
probing with end-labeled oligo(dT)15 revealed the presence of significant amounts of
poly(A)* sequences which had not been retained on the oligo(dT)-cellulose column used to
prepare this fraction (Fig. 30C and D). In addition, neither probe hybridized to rRNA from
human, chicken or Xenopus, even under low stringency conditions (Fig. 26C and
Fig. 27B). Furthermore, probes "C" and "E" did not cross hybridize with the ER mRNAs
of chicken oviduct (Fig. 26C and D), MCF7 cells or Xenopus liver (Fig. 27B). This
illustrated the high specificity of these oligonucleotide probes for trout ER sequences,
which differ from the corresponding chicken and human ER sequences by only 2-5
nucleotides. This would also suggest that hie 1.7 kb band visible in trout poly(A)* RNA,
which hybridized to probe "C" under low stringency conditions (Fig. 26C), might be more
closely related in sequence to the trout ER message than are the ER messages from the
other species.

Both probes "C" and "E", as well as the pRT-ER insert, hybridized in the same
relative proportions to the 3.9 kb bands in total RNA preparations from livers of different
individuals. This band was quite sharp compared to the non-specific binding seen with
lower stringency hybridizations with pORS8 (Fig. 29A-D). Both the 3.9 kb and 4.5 kb
bands were enriched in poly(A)* RNA, but the ability of the end-labeled oligonucleotides
to produce a strong signal in a relatively short time (2-7 days) permitted reliable quantitation
of ER message levels in total RNA.

Probe "E" was used to quantitate the ER message using slot blots of total liver RNA

from animals in the various treatment groups and the results were normalized to the amount
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of poly(A)* RNA in each sample. As was observed by Pakdel et al, (1989), the levels of
ER mRNA in control livers were lower than those seen in the livers of E2-treated trout
(Fig. 30A). Reprobing of the same blots with oligo(dT)15 revealed that equivalent amounts
of poly(A)* RNA were present in each preparation (Fig. 30C). Once again, no
hybridization of probe "E" to total RNA from Xenopus liver or chicken liver, kidney or
oviduct was noted (Fig. 30B).

ic ER mRNA levels in k ifferen

Fig. 31 compares the relative amounts of ER message over time in the 9°C and 15°C
treatment groups, normalized to the amount of poly(A)* RNA in each sample (A) and
corrected for the relative RNA:DNA ratio at each time point (B). Control values in both
groups were very low, almost at the limit of detection of the slot blot assays. In the 15°C
group, levels of ER message were induced approximately 10-fold by 8 hours after
hormone treatment and by approximately 30-fold at 24 hours. In trout kept at 9°C, injection
of E2 also induced a 10-fold increase in ER message by 8 hours, although at 24 hours
levels were approximately half of those seen in the 15°C group. At 48 hours, ER mRNA
levels were significantly higher (p < 0.05) in the 9°C experiment than in the 15°C group and
appeared to remain higher up to 168 hours of the treatment period. However caution should
be used when interpreting these data because vitellogenin mRNA molecules were also
accumulating during this time and made up a greater percentage of the poly(A)*-containing
sequences at 15°C than at 9°C. Therefore, if we consider the possible dilution of ER
mRNA, as a function of poly(A)* RNA, by vitellogenin mRNA sequences, the differences
between the 9°C and 15°C groups may not be as significant as they appear. Maximum
induction of ER mRNA (approximately 200-fold above control values) was apparent at
168 hours at both temperatures. By 240 hours, the relative concentrations of ER message

appeared to have fallen in both groups but were still about 20-30 times greater than control
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Figure 30. Slot blots of total RNA hybridized to oligonucleotide "probe E" and
oligo(dT)15.

Slots contained serial dilutions of 4.0-0.125 ug RNA and were probed
with oligonucleotide "probe E" (A & B), then reprobed with end-labeled
oligo(dT)15 (C & D).

A & C. Total RNA from livers of E2-treated (1 & 6) and
untreated (2-5) rainbow trout.

B & D. RNA from:

E2-treated rainbow trout liver (1: poly(A)~ RNA; 2: total RNA),
Xenopus liver (3) and chicken liver (4), kidney (5) and oviduct (6).
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Figure 31. Relative ER mRNA levels in livers of E2-treated trout maintained
at 9°C and 15°C.

ER mRNA was quartitated by analysis of slot blots containing
0.16-10.0 pg of total RNA probed with oligonucleotide "probe E".

Results were normalized to the relative amount of poly(A)* RNA
in each sample and expressed relative to a standard sample from a single
animal included on each blot.

A. Relative amounts of ER mRNA at 9°C and 15°C;

B. Results from (31A) corrected for the RNA:DNA ratio for
each sample and expressed as relative ER mRNA/mg DNA.
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values. Once again, considering the high relative concentrations of vitellogenin mRNA by
this time, as well as the probable increase in TRNA, the actual concentrations of ER mRNA
per cell may be much higher. The important conclusion to be made, however, is that ER
mRNA was induced in response to E2 treatment and remained induced despite an overall
decline in the total E2-binding activity of the liver (see Fig. 19C and Table 14). Trout
which had received a single injection of E2 also showed higher relative levels of ER mRNA
than controls (Table 13B), although detectable ER concentrations had completely subsided
to pretreatment levels in the livers of these animals.

A comparison of relative ER mRNA levels after a single injection of E2 in fish
maintained at 4°C, 9°C and 15°C is shown in Table 13A. In fish kept at 4°C, the ER
message was induced at least 3 to 10-fold by 8 hours after treatment. Relative levels of
ER mRNA, as a proportion of poly(A)*+ RNA, were equivalent to or greater than the values
in the 9°C and 15°C groups at 8 and 24 hours after injection, before significant
accumulation of vitellogenin mRNA sequences. As with vitellogenin mRNA induction, this
might reflect a seasonal difference in hormone responsiveness, as the 4°C experiments were
performed in December while the higher temperature experiments were performed in
September. The higher relative levels of ER mRNA in the animals kept at 4°C could also be
a reflection of differing concentrations of poly(A)* and/or total RNA in hepatocytes of the
different groups. Without data on the concentration of hepatic RNA/mg DNA in the 4°C
treatment group, the relative concentrations of ER mRNA in this experiment may not
actually be equivalent to the results of the 9°C and 15°C experiments. However the trends
within each group may still be compared.

As can be seen in Table 14, the ratio of total hepatic ER activity to relative
ER mRNA concentration remained constant over the time course at 4°C. Increases in ER
message paralleled the induction of E2-binding activity, with maximum levels of both

ER activity and ER mRNA being seen 120 hours after injection. In the 9°C group, the



A

144
Table 13. Relative h ic ER mRNA level T singl multiple injections of E2 in

trout maintained at different temperatures

A. Single injection:

ER mRNA (relative units

Time 4°C 9°C 15°C
Control 0.18+0.18 0.07£0.05 0.01+0.005
8 hours 0.59+0.18 0.17+0.07 0.18+0.18
24 hours 0.47+0.21 0.15+0.08 0.58+0.07
48 hours 0.53+0.10 0.82+0.13 0.4630.06
72 hours 0.91:£0.23 n.d. n.d.
96 hours 0.95+0.24 n.d. n.d.
120 hours 1.3840.28 n.d. n.d.
B. Multiple injections vs single injections:

Time and Multiple injections Single injections

temperature

7 days (9°C) 1.0520.03 0.45+0.12

(corrected)* 0.83+0.14 n.d.

10 days (15°C) 0.33+0.02 0.2310.02

(corrected)* 0.7240.13 0.1740.02

* Results were corrected for the RNA:DNA ratio for each sample, as described in Materials
and Methods (section L). (+ SEM)

n.d.= not determined.
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Table 14. Ratios of tot

hepatic E2-bindin

tivity:ER mRNA in tr
at different temperatures

Time and

temperature Total ER activity ER mRNA Ratio

4°C (pmole/g) (relative units) (ER:ER mRNA)
Control 1.43+0.54 0.18+0.18 7.9

24 hours 3.40+0.32 0.4710.21 7.2

48 hours 3.86+0.92 0.53+0.10 7.3

72 hours 7.16%1.61 0.91+0.23 7.9

96 hours 7.49%1.57 0.95+0.24 7.9

120 hours 10.2+1.11 1.38+0.28 7.4

9°C (pmole/mg DNA) (relative units/mg DNA)  (ER:ER mRNA)
Control 1.40+0.10 0.06+0.04 23

24 hours 2.41+0.32 0.11+0.08 22

48 hours 4.1740.21 0.660.17 6.3

96 hours 3.34+0.20 0.69+0.23 4.8

168 hours 3.05+0.02 1.15+0.09 2.6

240 hours 2.55+0.14 0.83+0.14 3.1

15°C (pmole/mg DNA) (relative units/mg DNA) __ (ER:ER mRNA)
Control 2.10+0.46 0.01+0.005 200

24 hours 5.05+0.88 0.22+0.02 23

48 hours 3.3810.43 0.28+0.08 12

96 hours 2.84+0.31 0.24+0.07 12

168 hours 3.6210.71 1.36+0.75 2.7

240 hours 2.01+0.24 0.7240.13 2.8

240 hours 0.95+0.17 0.1740.02 5.6

(single injection)
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relative levels of ER mRNA at 24 hours after treatment were lower than in the 15°C group,
which appeared to correlate with the more gradual increase in detectable ER activity at 9°C
(see Fig. 19). On the other hand, in animals maintained at both 9°C and 15°C, the ratios of
total hepatic ER activity to ER mRNA gradually fell over the course of the treatment period.
This might suggest that the efficiency of translation of the ER message was decreasing over
the time course in these groups. This contrasts with the vitellogenin protein to mRNA ratios
(Table 12) which increased over the course of the experiment. One explanation could be
that as increasing numbers of ribosomes were directed towards the endoplasmic reticulum
by secretory signals present in the abundant vitellogenin messages, less were available for
translation of non-secreted proteins such as the estrogen receptor. Another possibility is
increased degradation of the ER protein, possibly as a function of falling E2 concentrations
between injections. Once again, comparison of the present results with experiments
performed using slow release silastic capsules, which provide sustained levels of serum
E2, would be interesting.

In both the 4°C and 9°C experiments, ER mRNA levels increased before the
appearance of vitellogenin transcripts. Pakdel gt al. (1989) also showed induction of trout
ER mRNA within 3-6 hours after injection of fish, while detectable levels of vitellogenin
transcript did not appear until between 6 and 12 hours. Therefore it would appear that
enhanced accumulation of ER mRNA after E2 treatment is both more rapid and less
temperature sensitive than is the induction of vitellogenin mRNA. It would also be
interesting to see if the ER message remains induced after vitellogenin transcription has
ceased. Barton and Shapiro (1988) have observed that, in Xenopus, a single transient dose
of E2 was capable of eliciting the induction of hepatic ER mRNA for at least 4 months after
the initial treatment, long after the disappearance of vitellogenin transcipts.

In summary, treatment of trout with. E2 appeared to enhance the expression of the

hepatic ER gene, resulting in both increased levels of ER mRNA and increased
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concentrations of E2-binding activity in the livers of treated animals. This appeared to occut
more rapidly than the induction of vitellogenin mRNA, at least in the groups of animals
treated at 4°C and 9°C. As was noted with vitellogenin mRNA, relative levels of ER mRNA
remained higher in treated fish than in controls, despite falling concentrations of nuclear ER

activity and an eventual decline in the amount of detectable hepatic ER.

6. 3.2 mRNA

The cDNA clone pSG 3.2, isolated from a cDNA library prepared from an
E2-induced trout liver, has some sequence homology to B-lactalbumin and may code for an
albumin-like protein (M. Tenniswood and W. Davidson, personal communications).
pSG 3.2 hybridized to a 2.6 kb band in Northern blots of total liver RNA prepared from
both control and treate” trout (Fig. 32A). This is somewhat smaller than the 3.2 kb size
originally reported (Lawless, 1987) but may simply reflect differences in RNA isolation
methods and gel systems used. Low stringency washes in 2 X SSC and long exposures of
Northern blots revealed other higher molecular weight bands which also hybridized to
pSG 3.2 in RNA preparations from some individuals, both treated and untreated
(Fig. 32B). These bands, which varied in size between individuals, disappeared with
higher stringency washing in 0.1 X S Z. Davidson ¢t al. (1988 and 1989) have described
two fatty acid-binding proteins in trout plasma (approximate molecular weight 68 kDa),
similar in amino acid composition to albumins of higher vertebrates. They have suggested
that the two forms may exist in different proportions in different individuals. The
observation that pSG 3.2, a putative albumin cDNA, cross-hybridizes at lower stringency
to a second mRNA species which appears in only some individuals is certainly suggestive
of two related forms of albumin mRNA, expressed in different amounts in different
individuals. Xenopus laevis also has two forms of serum albumin, encoded by two related

but different mRNAs which are expressed in different amounts in the liver (Westley et al,,
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Figure 32. Northern blots of total liver RNA from control and E2-treated trout
hybridized to pSG 3.2.

A. Total RNA (20 pg/lane) from untreated (lane 1) and E2-treated trout
maintained at 4°C (lanes 2 & 3), 9°C ( lane 4) and 15°C (lane 5)
hybridized to pSG Vg 5.09 and pSG 3.2 under high stringency conditions;

B. Total RNA (20 p¢/lane) from untreated (lanes 1 & 2), E2-treated (lanes 3-6)
and tamoxifen-treated trout (lanes 7-10) probed with pSG 3.2 and washed
in 2 X SSC (low stringency).

Positions of the 28S (4.1 kb) and 18S (1.8 kb) rRNAs,
the vitellogenin mRNA (V) and 3.2 mRNA (3.2) are indicated.
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1981). The variation in size of the second mRNA species seen here might also suggest
some polymorphism between individuals. This would not be surprising since albumins
appear to be relatively rapidly evolving proteins (Wilson gt al., 1977).

Lawless (1987) noted that the steady-state levels of the mRNA hybridizing to
pSG 3.2 varied after treatment of trout with E2. Animals receiving either a single injection
or a silastic implant of E2 demonstrated a two- to three-fold increase in 3.2 mRNA steady-
state levels within 48 hours following treatment, then a steady decline in levels after
4-7 days. The author suggested that the initial increase in 3.2 mRNA was probably a
reflection of . verall increase in transcriptional activity of the liver and not a specific
effect of E2. On the other hand, he suggested that the decline in 3.2 mRNA levels during
the period of maximum induction of wne vitellogenin message might reflect competition for
the transcriptional apparatus and/or destabilization of 3.2 sequences, as in the case of
albumin transcripts in ZXenopus (Wolffe gt al,, 1985; Reigel ut al,, 1986b aud 1987).

The results of slot blot quantitation of 3.2 mRNA levels in livers of trout, treated
with E2 and maintained at 9°C and 15°C, are shown in Fig. 33. No significant difference in
mRNA levels, normalized to the amount of poly(A)* RNA in each sample, could be seen
over the time course at either temperature, except for a drop in relative concentration at
240 hours in the 15°C group. As was noted for vitellogenin mRNA, this might be
explained by dilution of message due to increased amounts of rRNA in the liver at this
time. In fact, when corrzcted for RNA:DNA ratios, there was no significant difference
between controls and the 240 hour samples in the 15°C group. These results are somewhat
different from those of Lawless (1987) in that we did not observe an initial increase in
3.2 mRNA levels relative to controls. However, normalizing to the ainount of poly(A)*
RNA per sample may have masked any rise due to overall increases in hepatic
transcriptional activity. Also, we did not observe a decline in the steady-state levels of

3.2 mRNA which would suggest destabilization of this message. If 3.2 is in fact an
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Figure 33. Relative levels of 3.2 mRNA in livers of E2-treated trout maintained
at 9°C and 15°C.

RNA levels were quantitated by analysis of slot blots containing
0.125-4.0 pg of total liver RNA and normalized to the amount of
poly(A)* RNA in each sample. Results are expressed relative to a
standard RNA preparation included on all blots.

* Results were corrected for the RNA:DNA ratio of the samples.
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albumin mRNA, this would represent another difference between the pattern of RNA

expression during vitellogenesis in the rainbow trout and Xenopus.

To determine if the antiestrogen, tamoxifen, had any effects on vitellogenesis, a
group of fish was treated with 25 mg/kg tamoxifen citrate. Fig. 34 shows a Northern blot
of total liver RNA from control, E2-treated and tamoxifen citrate-treated trout, maintained
at 9°C and sacrificed six days after injection, probed with pSG Vg 5.09. Vitellogenin
mRNA appeared to be induced in the livers of tamoxifen-treated animals but not to the
extent observed in the E2-treated group. This was confirmed by slot blot quantitation of
vitellogenin mRNA. As shown in Table 15, the amount of vitellogenin mRNA present in
control livers was negligible, while in E2-treated fish it was ap’ coximately 15-fold greater
than in the tamoxifen-treated group. On the other hand, the amount of ER mRNA in the
E2-treated group was 2-fold greater than in tamoxifen-treated fish (level of significance
p £ 0.1) and 3-fold greater than in controls (level of significance p < 0.05). ER mRNA
levels in the tamoxifen-treated group were not significantly different from the controls.

It can be concluded that, like in Xenopus liver (Reigel gt al., 1986a) and in contrast
to the chicken (Sutherland ¢t al,, 1977; Lazier gt al., 1981), tamoxifen appears to act as a
partial estrogen agonist in the rainbow trout liver, at least with respect to vitellogenin
mRNA induction. On the basis of the high affinity of 4-hydroxytamoxifen for the trout
hepatic ER, we would predict that, as in other systems, OHT is the active metabolite
(Jordan gt al,, 1977). Because of its weak agonist effects, we also predict that tamoxifen
might act as an estrogen antagonist in the trout. Tamoxifen or OHT are known to bind to
estrogen receptors of other species but inhibit the receptor's ability to activate transcription.
If tamoxifen also acts as an antiestrogen in the trout, it would be a very helpful tool for

identifying and examining the ER-mediated aspects of vitellogenesis in this animal.



Figure 34. Northern blot of total liver RNA from control, E2-treated and tamoxifen-
treated trout, probed with pSG Vg 5.09.

Total liver RNA (20pg/lane) was isolated from fish sacrificed 6 days
after a single injection. Sizes of markers (BRL RNA ladder) and the
position of the vitellogenin mRNA (V) are indicated.

Lanes 1-4: controls (ethanol/saline-injected);

Lanes 5-8: E2-treated (5 mg/kg);

Lanes 9-12: tamoxifen citrate-treated (25 mg/kg).
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Table 15. Relative levels of vitellogenin ER mRNAs in liv f E2-
tamoxifen-treated rout

Relative mRNA levels*

Control E2-treated Tamoxifen-treated
Vitellogenin 0 64+09 0.42 + 0.17
(pSG Vg 5.09)
Estrogen Receptor 0.14 £ 0.01 045 +0.12 0.23 £ 0.06
(prObe uEn)

* normalized to the amount of poty A* RNA in each sample. (+ SEM)

Table 16. Specific E2-binding activity in liver cytosol and nuclear extracts of various
species of fish

Specific [3H]-E2 bound (fmole/g) (+SEM

Species Nuclear Cytosol

Control Treated Control Treated

Hemitripterus 88 + 8.0 912+37 1265 + 8.0 1042 + 52
americanus
(Sea Raven)

Myoxocephalus 44+ 31 207 £0.7 839 + 143 437 + 121

octodecimspinosus
(Sculpin)

Macrozoarces 15+10 34+18 1457 * 88 2471+ 477
americanus
(Ocean Pout)

Oncorhynchus mykiss 31+20 410 + 107 2453 + 853 2012 + 479
(Rainbow Trout)

Salmo salar 600 9100 510 +50 640+ 70
(Atlantic Salmon)*

Treated animals, maintained at 9°C, were sacrificed 4 days after a single injection
of E2 (2 mg/kg). Fractions were prepared from frozen livers and assayed with

10 nM [3H]}-E2 + 1 uM DES.
* Data from Lazier et al, (1985).

i e e i
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D. Hepatic E2-binding activity and Vg and ER mRNAS in other species of fish

Table 16 compares the levels of DES-competable E2-binding activity in liver
cytosol and nuclear salt-extracts from various species of fish. Treated animals had been
given a single intraperitoneal injection (2 mg/kg) of E2 in ethanol/saline four days before
sacrifice. Hepatic cyosol and nuclear salt-extracts were prepared according the procedure
of Lazier gt al, (1985) and single point binding assays were performed using
10 oM [?H)-E2 + 1 uM DES.

As in the rainbow trout, DES-competable E2-binding activity was found in nuclear
extracts and cytosol fractions of control and treated Hemitripterus americanys (sea raven),
Myvoxocephalus octodecimspinosus (sculpin) and Macrozoarces americanus (ocean pout).
Concentrations of ER were low in the nuclear extracts of untreated fish and appeared to be
induced after E2 treatment in all but the ocean pout, although none showed the very high
levels of activity seen in the Altantic salmon. However, as was noted previously, peaks of
binding activity may have occured earlier than four days after injection of E2 in animals
maintained at 9°C. Also as in the trout, and unlike the Atlantic salmon, the cytosol form ¢ *
E2-binding activity appeared to predominate in both control and untreated animals. This
was also found to be the case in Cynoscion nebulosus (Smith and Thomas, 1990). It can
be concluded therefore that the induction of E2-binding activity after E2 treatment, and the
apparent intracellular distribution of this activity in response to the same

homogenizationconditions, may differ among teleost species.

2. Viteflogenin and ER mRNA

Fig. 35A-C show Northern blots of total liver RNA from E2-treated sculpin
(Myoxocephalus octodecimspingsus), sea raven (Hemitripterus americanus), winter
flounder (Pseudopleuronectes americanus) and Atlantic cod (Gadus morhua). Fig. 35A
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shows that, under high stringency conditions, the rainbow trout vitellogenin cDNA clone,
pSG Vg 5.09, hybridized strongly to a banc £ appproximately 7 kb in flounder and
sculpin RNA, and weakly to a band of the same size in cod and sea raven RNA. This
would suggest that the vitellogenin mRNAs of flounder and sculpin are more closely
related in sequence to the rainbow trout mRNA than are those of the cod and sea raven.

Northern blots probed with oligonucleotides "C" and "E", complementary to
regions of the rainbow trout ER ¢cDNA which encode the putative DNA-binding and
steroid-binding domains, are shown in Fig. 35B and C. Both oligonucleotides hybridized
strongly to bands of similar size in total RNA from livers of rainbow trout, sea raven and
sculpin, and to a slightly smaller band in liver RNA of the winter flounder. A very faint
signal was also observed in the RNA preparation from Atlantic cod liver, probed with
oligonucleotide "E". As was noted previously, no signal could be observed in RNA
preparations obtained from chicken oviduct or Xenopus liver, even though the sequences
of the ER mRNAs in these species differ from that of the rainbow trout by only a few
nucleotides (Fig. 28). It can be concluded, therefore, that the ER mRNAs of the sea raven,
sculrin and flounder must be very closely related in sequence to the ER message of the
rainbow trout, at least within the highly conserved regions coding for the DNA- and
steroid-binding domains.

In conclusion, the livers of several species of non-salmonid fish contained
measurable quantities of DES-competable E2-binding activity, as well as mRNAs which
appear to be closely related to the rainbow trout ER message. Livers of animals treated with
E2 also contained mRNAs which hybridized to the trout vitellogenin cDNA clone. The
ability of rainbow trout sequences to cross-hybridize with messages in these species should
facilitate the cloning of their vitellogenin and ER cDNAs. These would be valuable tools for
studying the evolutionary relationships among teleost vitellogenins and estrogen receptors,

and for examining the regulation of vitellogenesis at the molecular level in these fish.
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Figure 35. Northern blots of total RNA from various species of fish, probed with
pSG Vg 5.09 and ER oligonucleotide probes.

RNA samples were prepared from livers of rainbow trout (RT),

sea raven (R), sculpin (S), cod (C), winter flounder (F) and

Xenopus laevis (X). RNA was also obtained from chicken oviduct (O).
Sizes of markers (BRL RNA ladder) are indicated.

Total liver RNA (20 pg/flane) was isolated from E2-treated animals and
hybridized under high stringency conditions with:

A: pSG Vg 5.09 (trout vitellogenin cDNA);

B: "probe "E" (trout ER, steroid-binding region);

C: "probe C" (trout ER, DNA-binding region).
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1. Southern and Northern analysis using pSG Vg 5.09 and 5.50
As described in the introduction, Le Guellec gt al. (1988) have sequenced

pSG Vg 5.09 and shown that it represents the 3'-end of a message with significant
homology to chicken and Xenopus vitellogenin cDNAs. They also described a family of
cDNA clones with the same restriction digest pattern as pSG Vg 5.09. On the other hand,
pSG Vg 5.50, although hybridizing to the same 6660 nucleotide RNA as pSG Vg 5.09,
had a different restriction enzyme digestion pattern from the pSG Vg 5.09 family.
Furthermore, Southern analysis of trout genomic DNA, restricted with Bam HI or
Hind 111, showed that the two probes hybridized to several common bands but that
pSG Vg 5.50 also hybridized to at least three unique genomic fragments (Lawless, 1987).
The suggestions made to explain these results were: a) that pSG Vg 5.09 and pSG Vg 5.50
could represent cDNA clones derived from different regions of the same RNA; b) that
pSG Vg 5.09 and pSG Vg 5.50 were cDNA clones derived from mRNAs transcribed from
different vitellogenin genes; or c) that pSG Vg 5.50 contained sequences homologous to
pSG Vg 5.09 but also sequences derived from the blunt-end ligation of two unrelated
messages during the cloning process.

In the present study, it was also found that pSG Vg 5.50 hybridized to the same
6 kb and higher molecular weight RNA bands as pSG Vg 5.09 (see Fig. 23). Comparison
of densitometric scans of a Northern blot probed with pSG Vg 5.09, stripped and then
reprobed with pSG Vg 5.50, showed that the relative intensities of hybridization to the 6 kb
band of RNA preparations from several E2-treated animals were virtually equal for both
probes (Table 17). Long exposure times or hybridization of pSG Vg 5.50 to RNA from
control animals did not reveal any additional bands, suggesting that both probes were
hybridizing to the same message, which was present only in the livers of E2-treated

animals.
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Table 17. Comparison of relative intensities of hybridization of pSG Vg 5.09 and
pSG Vg 5.50 to RNA from E2-treated trout

162

RNA sample* Relative intensity of hybridization Ratio
pSG Vg 5.09 pSG Vg 5.50
48 h#1 1.0 1.0 1.0
48 h #7 0.74 0.76 0.97
72h#1 1.25 1.16 1.08
72h #3 0.73 0.66 1.1
12h# 1.24 1.30 0.95
96 h #9 2.02 1.61 1.25
6 h #10 2.64 2.51 1.05
120 h #10 3.56 3.55 1.0
120 h #6 4,03 3.77 1.07

* RNA samples were prepared from livers E2-treated trout maintained at 4°C and
sacrificed at the indicated times. Relative intensity of hybridization was determined by

scanning densitometry of a Northern blot sequentially hybridized with the two probes.
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Southern blots of trout liver genomic DNA, digested with various restriction
enzymes and probed with pSG Vg 5.09 and pSG Vg 5.50 are compared in Fig.36A and B.
With slight differences in intensity, the two probes hybridized to the same three bands in
Bam HI digested DNA and the same four bands in Eco RI digested DNA. However, while
hybridizing to the same bands as pSG Vg 5.09 in Hind 111, Pst I and Xba I digested DNA,
pSG Vg 5.50 also hybridized to several additional bands in these lanes. This would
suggest that pSG Vg 5.50 has at least some sequence homology to pSG Vg 5.09 but also
contains additional sequences.

It is not unreasonable to propose that there are at least two genes coding for
vitellogenin in the rainbow trout. Multiple copies of vitellogenin genes are present in
Xenopus and chicken as well as in insects (Wahli, 1988). The sum of the lengths of the
major hybridization bands in the Bam HI digest (12.2 kb, 11.5 kb and 10.2 kb) is
approximately 33.9 kb. It is possible that the 2 kb pSG Vg 5.09 probe could be hyoridizing
to fragments of a single gene, as the last 2 kb of both the chicken vtgll and Xenopus
vitellogenin A2 cDNAs cover more than 10 «b of geneomic sequence. However
vitellogenin genes in Xenopus and chicken are in the order of 16-20 kb in length (Gerber-
Huber et al., 1987; van het Schip gt 4., 1987). The single 8.6 kb Hind III and Xba I bands
and the small Pst I bands (total length 2-4 kb) which hybridize to pSG Vg 5.09 are better
reconciled with the idea that there are at least two genes coding for vitellogenin in the trout.
Since salmonids are known tc be stable tetraploids (Ohno gt al., 1969), it would not be

surprising to find at least two genes for both albumin and vitellogenin.

2. Seguence analysis of pSG Vg 5,50
To further characterize the pSG Vg 5.50 clone, both ends were sequenced in one
direction from the forward and reverse universal primer sequences present in the pUCS8

vector. As shown in Fig. 37A, the 350 nucleotides at the 5'-end of pSG Vg 5.50 were
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Figure 36. Southern blot of trout liver genomic DNA hybridized to pSG Vg 5.09
and pSG Vg 5.50.

DNA (10 pg/lane) was digested with Bam HI, Eco R, Hind 11, Pst 1
or Xba I and the blot was hybridized with pSG Vg 5.09 (A), stripped

and reprobed with pSG Vg 5.50 (B).

Sizes of markers (Hind 1II digested lambda phage DNA) are indicated.

T o s



[ - Ny g R ‘”;‘!e,’xl._...« [

165

A. B‘
Bam Eco Hind Pstl Xbal Bam Eco Hind Psti Xbal
[ ] g 6 o & v o
-23.1-
-
. -6.6 - '
-4.4. e
e
' » -
-2.3 -
ah
-
F

Figure 36.



-66

Figure 37, Partial nucleotide sequences of the 5'- and 3'-ends of the pSG Vg 5.50 insert.

Dideoxy sequencing of the ends of the pSG Vg 5.50 insert was performed
with Sequenase™ 2.0 from the forward and reverse M 13 primer sequences
in the pUCS vector.

A. Partial sequence determined for the 5'-end of the cDNA, using the reverse
M13 primer reaction. Restriction sites and differences in sequence between
pSG Vg 5.50 and pSG Vg 5.09 are indicated. Numbers refer to the
positions of nucleotldes in the pSG Vg 5.09 cDNA sequence
(Le Guellec et al., 1988).

*¥*: nucleotides missing in pSG Vg 5.09.
>>>>>>: direction of sequencing.

B. Partial sequence determined for the putative anti-sense strand at the 3'-end
of pSG Vg 5.50, using the forward M13 primer reaction. The derived
amino acid sequence of a potential open reading frame in the coding

direction is indicated above the nucleotide sequence. Restriction
sites and sequencing ambiguities (+++) are also shown,

<<<<<<: direction of sequencing.
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5'....TC CAA ARA GIC TAC TTT GAT ARG TAC TCA TGG AGG ATT AAA GTT GTG GAC TGG ATG RAG GGA CAG ACC TGT
881 fice 1

GGA CTC TGT GGA AfiG GCT GAT GGC GAR CAC AGR CAG GAG TAC CGT ACA CCC AGT GGC CG6C CTG ACC ARG _AGC TCA
fl G Sac 1

GTC AGC TTT GCG CAT TCC TGG GTG CTT CCT TCT GAT AGC TGC CGT GAT GGG TCT GAA TGT CTC ATG AAG CTC GAG
XXk c fiva 1

7CT GTG AAG CTG GAG ARG CAG 6TG ATT GTT GAT GAC AGG GAG TCC AAR TGC TRC TCT GTT GAG CTT GTG CTG CGT
c

TGT CTG CCT GGA TGC TCT CCA GTG AGG ACC ACC CCC ATC ACC ATC GGT TTC CAC TGC.....
1230

....GA ATT CTG CTA GAR GTA CCT GGC CAC GGC ACA TAC ACT GGT CTA CTA AGT CCT AGA AGT GT(C/G) GAC T(C/G)T GCA

vi.:Gly His Leu Glx Asn Leu Ser Gly Lys Leu lie Pro Asp Gly Ser

{(C/G)CA A(C/G)A CTA GAA TTC CTC (7/G)AC TTA CCC GTA GAC CT{(C/G) TTA GAG TCA CCG TTT GAG TAT GGC CTR CCT AGG
++ + Pst 1(7) Ban H1

The Ual RAsn lle Ual lie lle Gly Asp Asn Asn Trp ile Leu Leu Asp Leu Asn Glu Ser Gln His Leu Phe Cus Phe...
TGC CAT 736 TAT CAR TRA TAG CCC CTG TTA TTA ACC _TAG GAR GAR CTA GAG TTG CTT TCA GIT GTA AAC AAA ACG ARG....3®

Bam H1 +4+ ++
<<

101

Figure 37.
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virtually identical to nucleotides 881-1230 of the pSG Vg 5.09 clone. The differences are
four changed nucleotides, which might simply reflect ambiguities in the sequencing data,
and an insertion of three nucleotides (1 extra codon), which would not change the reading
frame of the message and might be attributed to microheterogeneity at a splicing junction or
allelic polymorphism in the vitellogenin message. An Ava I site, not originally reported in
the restriction map of pSG Vg 5.50 (Le Guellec gt al., 1988), was found by sequencing, in
a position identical to a site found in pSC Vg 5.09. The putative alignment of the two
cCNA clones is presented in Fig. 38A and shows that at least 1.5 kb of the pSG Vg 5.50
cDNA clone would have to lie 3- to the position of the poly(A)* tail of pSG Vg 5.09.

The sequence determined for 218 nucleotides at the 3'-end of pSG Vg 5.50 is given
in Fig. 37B. A potential open reacing frame of at least 41 amino acids, in the same
orientation as the ORF at the 5'-end of the clone, is indicated. Interestingly, a search of the
GenBank database revealed some nucleotide sequence homology between the sequence of
the 3'-end of pSG Vg 5.50 and the coding sequence of chicken vitellogenin II. However
no clear homology was evident at the level of the derived protein sequence.

To see if the 3'-end of pSG Vg 5.50 actually hybridized to the vitellogenin mRNA,
the plasmid was digested with Hind III and a 340 base pair fragment, which lies at the
extreme 3'-end of the insert (indicated in Fig. 38A), was isolated in a low melting point
agarose gel. This fragment was labeled with a-[32P]-dCTP and hybridized to a Northern
blot of total liver RNA from E2-treated and control fish, As shown in Fig, 38B, a very
faint hybridization signal at the 5.8 kb position of the vitellogenin message could be
detected after a 48 hour exposure. However, as shown in Fig. 39B, the same probe also
gave a very weak signal from the 1150 base pair band derived from an Eco Rl/Bam HI
digest of pSG Vg 5.09. Tt also hybridized weakly to the 600 base pair Sac I/Sac I fragment
of pSG Vg 5.50. Neither of these fragments should contain sequences homologous to the

probe. This indicates that the labeled Hind III fragment might contain some contaminating
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Figure 38. Restriction maps of pSG Vg 5.09 and pSG Vg 5.50 inserts and hybridization
of Vg 5.50 fragment to trout liver RNA.

A. Restriction maps of pSG Vg 5.09 and pSG Vg 5.5 inserts, derived from
Le Guellec et al. (1988) and modified according to sequencing data in
Fig. 37.

* position of poly(A)* addition signal in pSG Vg 5.09.
R1= Eco Rl sites; B= Bam HI sites; H= Hind I sites.

B. Northern blot of total liver RNA (20 pg/lane) from control (C) and
E2-treated trout (E), probed with the 340 bp Hind III fragment of
pSG Vg 5.50 indicated in Fig. 38A (hatched box). 48 h exposure.
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Figure 39. Hybridization of pSG Vg 5.09 and pSG Vg 5.50 fragment to restriction
igests of plasmid DNA.

A. Ethidium bromide stained agarose gel of restriction fragments of
pSG Vg 5.09 and pSG Vg 5.50.

Lane 1: Eco RI/Bam HI digest of pSG Vg 5.50;

Lane 2: Eco RI/Bam HI digest of pSG Vg 5.09;

Lane 3: 600 bp fragment of Sac I/Eco RI digested pSG Vg 5.50
(LMP-agarose gel-purified);

Lane 4: 3.1 kb fragment of Sac I/Eco RI digested pSG Vg 5.50
(LMP-agarose gel-purified);

M: markers (Hind I1I digested lambda.phage).

B. Southern blot of gel shown in (A), probed with the 340 bp
Find 111 fragment of pSG Vg 5.50.

C. Restriction maps of pSG Vg 5.50 and pSG Vg 5.09 and fragment sizes
are shown for reference.

* position of equivalent Ava I sites in the two plasmids;
hatched box= position of Hind Il fragment used as probe;
R1= Eco Rl sites; B= Ram HI sites; S= Sac I sites.
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sequences, not unexpected since the DNA was only gel-purified once. In contrast, the
probe gave an intense signal from both the 2.1 kb and 210 base pair fragments derived
from Eco RI/Bam HI digested pSG Vg 5.50 (lane 1), and from the 3.1 kb Sac I/Eco RI
fragment of pSG Vg 5.50 (lane 3), all of which contain at least part of the Hind Il
fragment sequences. A faint signal was also obtained from the 2.7 kb vector fragment
(lanes 1 and 2), which was expected since the probe contained a few nucleotides of the
pUC8 multiple cloning site.

From the results of this experiment it may be concluded that the sequence at the
3'-end of pSG Vg 5.50 is not contained in the vitellogenin mRNA band, or if present, is in
very low abundance. Without subcloning, it was not possible to establish whether or not
pSG Vg 5.50 contained sequences homologous to the stop codon, poly(A)*-addition
signal or poly(A)* tract seen in pSG Vg 5.09. This information would further help to
establish the character of the pSG Vg 5.50 clone. As it stands, it appears that if
pSG Vg 5.50 represents the cDNA of a genuine vitellogenin message, this message is rare
and would probably have an extra 1.5 kb in its 3'-untranslated region. This is unlikely in
view of the fact that the 3'-untranslated ends of both chicken and Xenopus vitellogenins are
short (221 and 182 nucleotides respectively; van het Schip et al,, 1987; Gerber-Huber gt
al., 1987). Furthermore, because it hybridizes to the same size message as
pSG Vg 5.09, an mRNA hybridizing to pSG Vg 5.50 would have o be missing 1.5 kb
upstream of the putative 3'-untranslated region. This would make the message too small to
code for a protein of 160-200 kDa, the siz¢ of the unmodified viteilogenin protein obtained
by in vitro translation (Chen, 1983; Valotaire et al., 1984). This adds further support to the
hypothesis that the clone was derived from artifactual blunt-end ligation of two unrelated
sequences, one of which was a 3'-fragment of the vitellogenin mRNA. However, further
sequencing of pSG Vg 5.50 and of the trout vitellogenin gene(s) are still necessary to

resolve this problem.



e w o Ay .

D TION

A. The hepatic estrogen receptor of rainbow trout

Estrogen receptor activity has been demonstrated in both nuclear and cytosol
fractions prepared from livers of E2-treated and untreated trout. Specific binding of
[3H]-E2 was shown to be high affinity (Kq 1-4 nM), saturable with nM concentrations of
ligand and specific for estrogens and antiestrogens. In these respects the trout hepatic ER
behaved like the classical estrogen receptors described in many other organisms. Estrogen
receptors from cytosol and/or nuclear fractions have been identifed in several species of
fish and all appear to have similar Kds, ranging from about 1-5 nM (Table 18). Most show
high specificities for natural estrogens, as well as for DES and antiestrogens. Several,
including the rainbow trout ER, have been partially purified by precipitation with
ammonium sulfate at 30% saturation. These features distinguish hepatic ER from plasma
steroid-binding proteins.

As in several other species of fish, the E2-binding component of trout serum was
saturable at much higher concentrations of E2 than the receptor and had very little affinity
for DES or 4-hydroxytamoxifen. On the other hand, the plasma binder had a higher affinity
for testosterone and its derivatives. resembling the sex-steroid binding protein previously
described in trout plasma (Fostier and Breton, 1975) and the plasma steroid-binding
activities in other fish (Table 18). Competition studies revealed a small amount of binding
in trout liver cytosol that was not competable with DES. This could represent a minor
degree of contamination of the cytosol by serum proteins. However, using high
concentrations of DES to demonstrate non-specific binding should have negated the
problem of serum contamination in single point binding assays.

The concentration of E2-binding activity in cytosol fractions from livers of untreated

trout was very high (2 pmole/g or 15,000 sites per cell based on a diploid DNA content of
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Table 18. Comparison of binding affinities and competitors for E2 of estrogen receptors

and plasma steroid-binders in various species of fish

Species Kg (nM) Competitors* Reference
Oncorhynchus mykiss nuclear 1.9 & 0.33 DES, OHT This thesis
(rainbow trout) cytosol 34X 1.0 DES, OHT
plasma 50 T, DHT, II-KT
cytosol¥ 1.41-1.52 DES Maitre et al., 1985
Salmo salar nuclear 29+ 1.1 DES, OHT, tam Lazier et al.,
(Atlantic salmon) cytosol¥ 5.9 0.3 DES, OHT 1985
plasma 13 DHT, Prog
Salmo trutta cytosol¥ 4.2=x0.16 El Pottinger, 1986
(brown trout) plasma  48-67 T,11-KT
Salvelinus fontinalis nuclear 1.63 + 0.1 DES, E1 McPherson ¢t al.,
(brook char) cytosol 7.5% 1. 1 DES, E1 1988
plasma DHT, Prog
Cynoscion nebulosus  nuclear  1.96 £ 0.42 DES, tam Smith and
(spotted seatrout) cytosol  1.26 £ 0.55 DES, tam Thomas, 1990
plasma  none
Pseundopleuronectes cytosol¥ 0.6 DES, DHT, Prog Sloop ¢t al.,
americanus (winter flounder) 1984
Gobius niger nuclear 0.63 0.4 DES, tam, DHT Le Mennetal.,
cytosol  1.9+0.3 DHT 1980
plasma 3.5 DHT
Squalus acantiag nuclear 1.53 El Callard and Mak,
(spiny dogfish) cytosol  none 1985
Eptatretus stouti nuclear  0.38 DES, E1,E3 Turner et al.,
(Pacific hagfish) 1981

* Major competitors of [3H]-E2.
¥ indicates that partial purification could be achieved with 30%-saturated ammonium

sulfate.
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13 pg/cell, Mirsky and Ris, 1949) when compared to the almost negligible amounts of
cytosol ER found in the livers of untreated Xenopus or chickens (Hayward
et al., 1980, Gschwendt, 1977; Lazier and Haggarty, 1979). High levels of non-specific
binding encountered in crude cytosol preparations tended to complicate the positive
identification of these sites as estrogen receptors by binding studies and Scatchard analysis.
This problem was partially resolved by precipitation of cytosol with 30%-saturated
ammonium sulfate, although the yields of E2-binding activity from livers of different
individuals were too variable for routine use of ammonium sulfate precipitation as a
purification step. We did observe a single class of high-affinity sites in crude cytosol
preparations from E2-treated animals, where specific binding of [3H]-E2 was high relative
to binding in the presence of excess DES. However we cannot absolutely rule out the
presence of non-receptor E2-binding sites in cytosol from untreated trout. By Scatchard
analysis of crude trout liver cytosol, Maitre et al. (1985b) noted a second, lower-affinity
component which varied in concentration between animals, possibly as a function of
different physiological states. Xenopus liver cytosol also contains large amounts of a
medium-affinity E2 binder (K3=40 nM) with high specificity for estrogens, including DES
(Hayward and Shapiro, 1981). This protein differs from the ER in that it does not increase
in concentration or translocate to the nucleus after E2-treament, and it perhaps has a role in
concentrating E2 in hepatocytes and protecting the hormone from metabolism (Hayward et
al., 1982). The K of 42 nM obtained by kinetic analysis of our crude cytosol preparations
was suggestive of a middle-affinity site, although differences in Kds calculated kinetically
and by equilibrium studies have been noted in other studies (Capony and Rochefort, 1978).
Although we cannot eliminate the possibility that the E2-binding activity found in cytosols
from untreated trout might represent an estrogen-specific middle-affinity binder, the
demonstration of a single class of high-affinity sites in E2-treated animals suggests that a

second estrogen-binding protein is either not present or in very low concentration. DNA-
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cellulose columns have been usud to resolve the two estrogen-binding activities in reptilian
target tissues (Salhanick et al., 1979) and might be useful for purification of trout cytosol
receptors as well. However, we do note that similarly high concentrations of high-affinity
E2-binding sites have been found in cytosols of other teleosts, both in males and untreated
females (Lazier et al., 1985; Smith and Thomas, 1990; McPherson et al., 1988).

We have demonstrated that ER-activity can be detected in extracts made from frozen
livers, although freezing did affect the distribution of DNA and protein between the nuclear
and cytosol fractions. Only 20-50% of the DNA present in the original homogenates was
recovered in nuclei prepared from frozen tissue, considerably less than from fresh tissue.
An equivalent amount of chromatin-bound receptor was probably lost from this fraction as
well. However, when expressed as per mg/DNA, the concentrations of nuclear ER were
not significantly different when extracts prepared from fresh and frozen tissue were
compared. If the concentration of DNA/g tissue was known, then quantities of ER in the
nuclear and cytosol fractions could be directly compared. Freezing also resulted in
considerable redistribution of protein in the various subcellular fractions. There was much
more protein in nuclear fractions prepared from fresh tissue, attributable, at least in part, to
substantial numbers of whole erythrocytes which co-sedimented with the nuclei.
Conversely, the cytosols prepared from frozen tissue contained higher concentrations of
protein, coincident with the recovery of large amounts hemoglobin in this fraction. ER
concentrations, often expressed per mg protein, must therefore be interpreted with this in
mind.

While freezing of the livers did result in substantial loss of DNA and ER from the
nuclear compartment upon subsequent homogenization, this could not completely account
for the large amounts of ER detectable in trout liver cytosol. No significant difference was
found between fresh and frozen tissue when the concentrations of cytosol ER were

expressed as either fmoles per gram liver or as fmoles per mg DNA. Although the
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distribution of receptor differed from that observed in E2-treated Atlantic salmon (Lazier gt
al., 1985), high concentrations of cytosol ER have been reported for other teleosts during
times of vitellogeain synthesis, In the spotted seatrout (Cynoscion nebulosus), hepatic ER
activity was more concentrated in the cytosol than in nuclear fractions of both vitellogenic
and non-vitellogenic females (Smith and Thomas, 1990), and in the brown trout (Salmo
trutta), as well as the seatrout, cytosol ER levels were twice as high in mature females as in
males (Pottinger, 1986).

Both cytosol and nuclear forms of the trout liver ER could bind the antiestrogens
tamoxifen and 4-hydroxytamoxifen. A high dose of tamoxifen was shown to have weak
agonist activity in the trout liver, at least in terms of vitellogenin mRNA induction. The
very high relative affinity of 4-hydroxytamoxifen for the trout ER might suggest that OHT,
rather than tamoxifen itself, was the active form of the antiestrogen. This has been shown
to be the case in mammals, Xenopus and chickens (Jordan gt al., 1977; Reigel et al.,
1986a; Borgna and Rochefort, 1981). We do not yet know if tamoxifen or OHT have any
antiestrogenic effects in the trout, but on the basis of their high affinity for the ER and
tamoxifen's weak agonist properties, we would predict so. This would be very useful for
positively identifying and examining the ER-mediated aspects of vitellogenesis, both
in vivo and in hepatocyte cultures.

Given the relatively high affinity of tamoxifen for the trout ER, the apparent lack of
specific interaction of liver fractions with [3H]-tamoxifen aziridine was somewhat
puzzling. It has been demonstrated that [3H]-TAZ covalently labels the human ER by
electrophilic attack on cysteine 530, located in the steroid-binding site (Harlow et al.,
1989). Fig. 40 compares the amino acid sequences of the steroid-binding domains of
chicken, human and trout ERs, derived from ¢cDNA sequences. Cys 530 has been
conserved in all three species, but in the trout two of the flanking amino acids, Ile 428 and

Lys 533, are different from Met 428 and Val 533 found in the other proteins. Conceivably
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Figure 40. Comparison of derived amino acid sequences of the steroid-binding domains of
estrogen receptors from rainbow trout, Xenopus, chicken and human.

Amino acid sequences of estrogen receptors were derived from the
nucleotide sequences of cDNA clones and aligned io show maximum
homology (Pakdel gt al., 1989).

Tamoxifen aziridine reacts with cystcine 530 in the human ER to form a
covalent bond (Harlow et al., 1989).

The underlined sequence, from amino acids 463-528 in the huznan ER,
comprises the epitope for the H222 antibody (Kumar gt al., 1986).

The boxed sequence is the region encoded by the complement of our
oligonucleotide "E".
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the altered sequence, especially the valine to lysine substitut on, might disrupt the local
conformation necessary for efficient covalent attachment of the aziridine group.

Sucrose density gradient analysis of the chicken nuciear ER, labeled with
[3H]-TAZ, showed a component sedimenting at 4.7S, as well as a small amount of
non-specific binding in the 4S region. The mobility of 4.7S peak increased to 8S after
incubation of the nuclear fraction with the ER-specific monoclonal antibody, H222. On the
other hand, trout liver cytosol showed a relatively broad area of [3H]-TAZ distribution in
high salt-containing sucrose gradients, with much of the label found near the top of the
gradient. This observation, and the fact that no labeled protein was apparent in SDS gels,
also suggested that the trout ER was not covalently labeled. A peak of [3H]-TAZ activity,
only partially (nuclear extracts) or not competable by DES (cytosol), sedimented at about
6.5S in high-salt gradients. This was much larger than the 4.7S peak observed using
chicken nuclear extracts, the 5.6S peak seen with MCF-7 cell extracts (Katzenellenbogen
et al,, 1983), or the 3.6S peak of [3H]-E2-labelcd nuclear extracts from salmon (Lazier
et al., 1985). The mobility of this peak did not alter in the presence of H222, further
suggesting that it might not represent the trout ER. Could the 6.6S peak represent an
antiestrogen-binding site? High-affinity binding sites, specific for triphenylethylene
derivatives, have been demonstrated in microsomal fractions of MCF-7 cells, rat liver and
in chicken liver cytosol (Watts gt al., 1986). It has been postulated that they may play a role
in the anti-tumor effects of these drugs. However the component from chicken liver cytosol
migrates between 10-30S in sucrose gradients (Lazier and Murphy, 1986). Further
investigation of the ability of E2 and other estrogens to compete with [3H]-TAZ or
[3H]-tamoxifen might help to clarify the nature of the 6.6S binding-activity in trout liver.
We were not able to definitively determine whether the trout ER cross-reacted with
the H222 antibody because of the rapid dissociation of [3H]-E2 from the receptor under the

conditions required for sucrose gradient centrifugation or immunoprecipitation. Sucrose
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gradients containing a uniform distribution of [3H]-E2 or post-labeling of fractions, or use
of a vertical-tube rotor (Beckman VTi 65) which would reduce centrifugation time to a
couple of hours, might resolve this problem. However, as shown in Fig. 40, much of the
region representing the H222 epitope (Kumar gt al., 1986) is not as well conserved in the
trout ER as it is in other species.

The E2-binding activity of trout liver differed from the chicken liver ER in other
respects as well. The trout ER was less heat-stable than that of the chicken, making steroid
richange assays at high temperature unpractical. This was similar to the heat-sensitivity
observed with the salmon and seatrout receptors (Lazier et al., 1985; Smith and Thomas,
1990). We noted, however, that the trovt ER is slightly more heat-tolerant than its
counterpart in saimon and that it remained stable at -70°C for years, both in whole liver and
in subcellular fractions. The binding-activity was also stable for 2-3 days at 4°C in the
presence of E2, althcugh it rapidly declined in the absence of steroid. This instability might
partially explain the decline in hepatic E2-binding actiity observed in fish which had

received E2 injections several days previously, despite the presence of induced levels of ER

mRNA in these animals.
B. Induction and intracellular distribution of hepatic ER activity after E2-treatment
1. Comparison with Saimo salar

The results presented in this thesis have shown that E2-treatment stimulated a 3- to
4-fold increase the total amount of hepatic E2-binding activity in the rainbow trout (see
Figs. 18 and 19). However the intracellular distribution and the dynamics of induction of
hepatic ER in the rainbow trout contrasted with the situation observed in E2-treated Atlantic
salmon maintained at 6-9°C (Fig. 41A). Over a 5 day period following a single injection of
hormone, very high levels of ER accumulated in the nuclear fractions of salmon livers,
while cytosol ER concentrations showed only a modest increase during this time (Lazier

et al., 1985). In trout, on the other hand, maximum levels of ER were observed between
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Figure 41. Comparison of hepatic ER concentrations after E2-treatment of Salmo salar
and Oncorhynchus mykiss.

A. Time course of cytosol and nuclear ER levels in Atlantic salmon
(Sa’mo salar) after a single injection of E2 (5 mg/kg). Animals were
maintained ar+ 5-9°C during treatment. Data from Lazier et al., 1985.

B. Time course of cytosol and nuclear ER levels in rainbow trout

(Gncorhynchus mykiss) after a single injection of E2 (5 mg/kg).

Animals were maintained at 4°C during treatment.

C. Time course of cytosol and nuclear ER levels in rainbow trout
(Oncorhynchus mykiss) maintained at 9°C. Animals received injections
of E2 (5 mg/kg) at 0, 48, 96 and 168 hours.
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24-48 hours after injection (in the groups treated at 9°C or 15°C), or by 5 days after

atment at 4°C, and only a portion of the E2-binding activity appeared to be located in the

salt-extractable nuclear fraction. As was discussed above, the high levels of cytosol
receptor were not simply due to loss of ER from nuclei of frozen tissue.

Differences in E2 uptake and metabolism between the species may be responsible
for the slower accumulation of hepatic ER in salmon given the same dose of E2 and
maintained at the same temperature as the trout (9°C) (Fig. 41 A and C). Although no direct
comparisons of E2 clearance rates at a given temperature have been made, there is some
suggestive evidence that differences exist between the two species. Bjornsson gt al. (1989)
demonstrated that in Atlantic salmon, maintained at 10°C, serum E2 levels of about 4 ng/ml
were observed 24 hours after injection of E2 (10 mg/kg in peanut oil), and were
significantly higher than controls 10 days later. Flett and Leatherland (1989), citing
unpublished observations, noted that when rainbow trout were given a dose of E2
(5 mg/kg in peanut oil), serum levels reached 100 ng/ml within 1 hour then fell to baseline
levels by 24 hours. Atlantic salmon have also been observed to be less tolerant of high
doses of E2 than rainbow trout, especially at high temperature. Korsgaard et al. (1986)
noted the icxic effects of E2-treatment (five injections of 1 mg/kg) in salmon maintained at
15°C, while in our experiments with trout maintained at 15°C and given a higher dose of E2
(4 injections of 5 mg/kg), the animals appeared healthy throughout the trea.ment period.
These observations might be explained by a more rapid metabolism of E2 by trout than by
salmon, hence its lower toxicity and less prolonged presence in trout serum. Obviously
direct comparisons of E2 metabolism in the two species should be made. However the
effects of E2-treatment do appear to be more rapid and shorter-lived in the trout than in
Salmo salar. Bjornsson gt al. (1989) have observed .hat the induction of calcitonin in
reponse to E2-treatment was faster in trout than in salmon, even theugh the trout were

given a lower dose of E2. Peak valcitonin levels were observed in trout within five days of
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injection, while 1 salmon the levels continued to rise over a period of 10 days following
treatment. We have also observed this phenomenon at the level of hepatic ER induction,
where maximum levels of ER were observed within 48 hours of treatment in trout
maintained at 9°C, but not for several days in the Atlantic salmon (Fig. 41).

Slower metabolis:n of E2 by Salmo salar might also explain the high levels of
nuclear ER present in livers from treated animals. Steroid receptors which partition into the
cytosol are thought to be in their unactivated form and not occupied by hormone, If, in
Salmg salar, concentrations of E2 were sufficiently high to fill hepatic estrogen receptors,
this might explain their predominantly nuclear location several days after injection. On the
other hand, if E2 was being metabolized in the trout as rapidly as Flett and Leatherland
(1985) have suggested (within the first 24 hours at 9°C), then we might expect the
accumulation of ER in the cytosol as hormone levels became depleted. As can be seen in
Fig. 41C, peak levels of cytosol ER occured 48 hours after the first injection of E2, at a
time when serum E2 concentrations may have been falling. At 72 hours, 24 hours after the
second injection, high concentrations of the hepatic ER were located in the nuclear fraction,
coincident with a drop in cvtosol ER levels. This would suggest "translocation" of
hormone-activated receptor. ER had accumulated in the cytosol once more by 96 hours,
when E2 levels may have failen again. On the other hand, in trout maintained at 4°C, a
single injection of E2 produced a slow rise in both nvclear and cytosol ER levels
(Fig. 41C), perhaps due to the very slow transport of E2 to the liver ot this temperature.
Although levels of nuclear ER were relatively low, this was sufficient for the induction of
both ER mRNA and E2-binding activity, which remained primarily in the cytosol.

Determination of serum E2 levels would be important to support this explanation.
However our attempts to measure E2 concentrations by standard RIA were frustrated by
the presence of a cross-reacting substance in trout serum. Valnes obtained for control male

trout serum were greater than 50 ng/ml, the concentration of E2 observed by others in
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vitellogenic females (Scit et al., 1980; van Bohemen and Lambert, 1981). Resting levels
of E2 in untreated males or immature females should have been in the order of 1-2 ng/ml.
Comparison of charcoal-stripped and unstripped cytosol preparations (Table 4) did indicate
that there was enough endogenous esirogen in liver homoga: ates to block 50-100% of the
cytosol sites in the 96 hour sarnples, at least under the exchange assay cond.tions
employed. However, since there can be considerable redistribution of hormone to high
affinity sites after homogenization of the tissue, this cannot really tell us if the cytosol sites
were actually occupied by hermone in sity. Confirmation might be obtained by
homogenizing the tissue in the presence of [3H]-EZ, under conditions which would allow
binding of labeled hormone to the unoccupied receptors but would prevent exchange with
ligand already present in the occupied sites (Clark gt al., 1987). However the relatively
long association time and the rapid dissociation kinetics of E2 from the trout receptor could
complicate this procedure.

Charcoal pre-treatment of cytosols from 10 day samples did not reveal any
additional binding sites, suggesting that by three days after an injection the amount of
endogenous E2 was negligible. We also noted that at this time the levels of E2-binding
activity in livers from fish maintained at 9°C and 15°C were no greater than in controls.
This might suggest thut hepatic estrogen receptors were unstable in the absence of
hormone, an effect that was also noted in our binding assays in vitro,

The multiple injection routing used in our experiments may not have been the
optimum method for administration of hormone, although this technique has been
employed by many other investigators and vitellogenin synchesis was induced very
effectively. A slower release method of hormone administration, such as silastic implants
or warm cocoa butter which forms a soft pellet in the peritoneal cavity, might have been a
better choice for observation of hepatic ER dynamics. These methods are known to provide

sustained levels of serum E2 in a more physiological range, rather than the pulsatile, short-
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lived and petentially toxic pharmaconlogical levels of hormone obtained when E2 is
administered in saline or peanut oil (Pankhurst ¢t al,, 1986; Maiire gt al., 1985a; Lawless,
1987). A single treatment also would reduce the amount of handling and stress on the fish

which might alter their responsiveness to hormone treatment.

2. Effects of temperature

The temperature at which trout were maintained during E2-treatment had a marked
effect on the induction of hepatic E2-binding activity. Maximum levels of henatic ER were
observed within 24 hours after treatment at 15°C and by 48 hours at 9°C, but not until
5 days after treatment at 4°C (Fig. 20). We also noted that in animals kept at 9°C and 15°C,
the concentration of deteciable hepatic ER appeared to decline over the treatment period,
despite multiple injections of hormorie, and that this decline was more pronounced at 15°C
than .t 9°C. On the otker hand, total hepatic ER activity continued to increase over the 5 day
treatment period at 4°C. The rate of transport of E2 to the liver, as well as differences i
hormone metabolism, might be responsible for these effects. Cook and Peter (1980) have
noted that the rate of uptake of intraperitoneally injected gonadotropin was considerably
greater in golfish maintained at 20°C than at 12°C. Trout are known to have increased
cardiac output at higher temperatures, to cope with the lowered oxygen content of the water
(Houston, 1982). This could influence the rate of transport of hormone to the liver. More
rapid metabolism of steroids by the liver with increasing temperature has also been
observed in fish (Kime and Saksena, 1980). Both factors may have contributed to the more
rapid induction of receptor and the faster decay of the response in trout maintained at 15°C
than at 9°C. In animals maintained at 4°C, a combination of low cardiac output and
precipitation of E2 in the body cavity, resembling a slow release form of hormone

treatment, could be partly responsible for the slower accumulation of hepatic ER.
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C. E2-induction of hepatic ER mRNA ang vitellogenesis
1. Detection and quantiation of viellogenin and ER mRNA transrcipts

Both vitellogenin and ER mRNAs were identified on Northern blots of total and
poly(A)* RNA from trout livers. Using the cDNA clones pSG Vg 5.09 and
pSG Vg 5.50 (Le Guellec ¢t al,, 1988), a 6-7 kilobase vitellogenin mRNA was detected
only in livers from E2-treated animals. Bands of approximately the same size were also
observed in liver RNA preparations from E2-treated sculpin (Myoxocephalus
octodecimspinosus), winter flounder (Pseudopleuronectes americanus), sea raven

(Hemitripterus americanus) and Adaatic cod (Gadus morhua).
ER mRNA was detected using oligenucleotide probes complementary to regions coding

for the putative DNA-binding and steroid-binding domains of the rainbow trout ER cDNA
(Pakdel et al., .989). Low levels of a 3.9 kilobase ER message were present in total liver
RNA preparations from untreated trout as well as from treated animals. Both
oligonucleotide probes appeared to be very specific for the trout ER message under high
stringency hybridization conditions. They did not cross-hbridize with rfRNA or ER
mRNAs from chicken oviduct, Xenopus liver or MCF-7 cells, even though the
homologous regions of the receptor mRNAs differ in sequence by only a few nucleotides.
Thus it was quite surprising to find that these probes could detect RNA transcripts in livers
of various species of fish (sea raven, sculpin and winter flounder). This indicates that the
regions complementary to our oligonucleotides are very highly conserved among the
teleosts examined.

To study the dynamics of induction of vitellogenin and ER mRNAs under different
temperature and dosage cond’"* ns, relative concentrations of each were quantitated by slot
blot analysis of total liver RNA from untreated and E2-treated individuals. As discussed
previously, direct comparisons of the relative mRNA levels between the groups of trout

ha ¢ to be interpreted with caution. We have noted thet increased concentrations of rRNA
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may dilute the amount of mRNA per unit of total RNA. This effect may be overcome hv
correcting for the ratio of RNA to DNA in the original tissue sample. However we have
normalized our data to the amount of poly(A)* RNA in each preparation. Increasing
amounts of vitellogenin transcripts, which can comprise up to 20% ur more of the
poly(A)*-containing sequences in E2-induced Lvers, could result in considerable dilution
of the relatively rare ER message. Ideally data should be normalized to a trarsc: ¢ which
does not change in abundance with E2-treatment. Actin and tubulin cDNAs' - =en used
by others (Pakdel gt al., 1989; Olsson gt al., 1989), but our attempts to hybridize these
clones to slot blots of total RNA from trout iiver were largely unsuccessful. Perhaps a
histone cDNA might be more useful, since proliferaticn of liver cells does not appear to
occur after E2-treatinent.

Slot blot analysis of total RNA only gives us an indication of the steady-state
concentration of a given RNA. Accumulation of E2-induced transcripts usually reflects a
balance between an increase in the absolute transcription rate of a responsive gene and
selective stabilization of the mRNA (Brock and Shapiro, 1983a and 1983b; Wiskocil
et al., 1980). However, with these technical limitations in mind, we can still make some
importani observations regarding the timing and extent of induction of the two messages
under different temperature and treatment regimes, and the rélationship between steady-

state message levels and the relative abundance of their translation products.

2. ER mRNA and hepatic ER activity
Low 'evels of ER mRNA, as well as cytosol E2-binding activity, were detectablr. in

livers o« untreated juvenile rainbow trout. E2-treatment resulted in an approximately
10-fold increase in the relative levels of the FR message within the first 8 hours after
injection in all temperature groups. Barton and Shapiro (1988) have also observed the
induction of hepatic ER mRNA following E2 treatment of Xenopus, both in vivo and in

cultured liver cubes. Induction was inhibited by tamoxifen and therefore appears to be an
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ER-mediated phenomenon and not dependent on the production of extra-hepatic factors.
Maximum levels of hepatic ER mRNA in our multiple injection experiments were at
least 200-fold greater than in controls by 7-10 days of treatment, and were also greater than
pretreatment levels in animals given a single injection of E2 10 days previously. However
by this time both nuclear and cytosol E2-binding activity had decreased nearly to conirol
levels. This observation could imply that post-transcriptional control mechanisms operate in
modulating the levels of ER activity in the trout liver. As was discussed previously, the
decreasing ratio of detectable hepatic ER to ER mRNA could be partly an effect of the
overwhelming abundance of vitellogenin messages, hence the redirection of the
translational apparatus towards synthesis and secretion of vitellogenin rather than non-
secreted proteins. Comparison with the rate of synthesis of other non-secreted proteins in
vitellogenic livers would be helpful. Rapid degradation of the receptor protein with
declining hormone levels has also been suggested, a hypothesis which could be tested by
using a slow release form of hormone administration to maintain elevated serum E2 levels
for a longer pericd of time.

Other - ~ssibilities are also testable by established methods. In vitro translation of

RNA could indicate if the ER message was anslatable. Several ER-specific monoclonal
and polyclonal antibodies are currently avail. sle which might cross-react with more highly
conserved epitopes of the trout ER. This could permit use of a variety of immunochemical
techniques for quantitation of receptors which might be modified or masked in some way
and could not be detected by, standard hormone-binding assays (Greene, 1984). ER might
also be associated with the microsomal fraction, which was largely separated from the
cytosol with the high speed centrifugation step during preparation. We have observed ER
activity associated with microsomes in LMH-cells, an estrogen-responsive chicken liver
cell line, which had been transfected with a chicken ER expression plasmid (C.B. Lazier,

unpublished observations). Binding assays could easily be performed on microsomal
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fractions from livers of E2-treated trout.

Induced levels of ER mRNA were apparent well before the appearance of
vitellogenin mRNA, at least in the animals maintained at 4°C. Pakdel ¢t al. (1989) also
noted that ER mRNA levels increased in trout livers within three hours of injection and
preceded the appearance of the vitellogenin message by several hours, We observed that the
pattern of induction of ER mRNA paralleled the increases in nuclear ER activity in the 9°C
and 15°C treatment groups, but induction preceded any substantial increase in nuclear ER in
the 4°C group. This might suggest that relatively low concentrations of nuclear ER were
required for an increase in the steady-state level of the constitutively expressed ER
message.

A similar case of dissociation in the kinetics of E2-induction has been observed with
the apolipoproteins, apo-VLDL-B and apo-VLDL-II, and vitellogenin mRNAs in the
chicken liver. ApoB is constitutively expressed in the liver and increased transcription
occurs rapidly and reaches maximal levels between 12 and 24 hours following
administration of E2 (Kirchgessner gt al.,, 1987). On the other hand apoll and vitellogenin
mRNAs accumulate much more slowly in the first few hours following estrogen treatment
(Wiskocil et al., 1980). The immediaie increase in transcription rate for the constitutively
expressed apoB mRNA, which appears to be similar to the rapid induction of the ER
mRNA in the trout, could reflect a more competent chromatin configuration, ready for
enhanced transcription in the presence of receptor. This might be reflected in a generalized
sensitivity to nuclease digestion, a phenomenon which has been observed in many
transcriptionally active genes (Weintraub and Groudine, 1976). The precise mechanism and
significance of nuclease sensitivity is not completely understood. However it does appear
to reflect the potential for a given gene to be transcribed and is not necessarily a result of
active transcription itself. The vitellogenin genes of Xenopus liver become sensitive to

limited DNAse I digestion only after hormone treatment (Gerger-Huber ¢t al., 1981, Folger
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et al,, 1983), but this may persist for 2-3 months after estrogen withdrawal, long after
active transcription has ceased (Dimitriadis and Tata, 1982). Such an "open" state for
chromatin has been implicated in the more rapid response of estrogen-inducible genes to
secondary stimulation with hormone, constituting the so-called "memory effect”" (Williams
and Tata, 1983).

The accumtlation of ER mRNA in trout liver at a time which precedes the
maximally induced levels of nuclear ER and the onset of vitellogenin gene transcription also
appears to be compatible with a model such as that proposed by Palmiter et al. (1981) for
the differential estrogen-mediated activation of the conalbumin and ovalbumin genes in
chicken oviduct. Whereas the rate of transcription of the conalbumin message is directly
proportional to the amount of chromatin-bound ER, the kinetics of ovalbumin mRNA
induction suggest that higher levels of nuclear ER are necessary for full activation of
transcription, as appears to be the case with vitellogenin mRNA. The model proposes that
occupation of a single estrogen response element is sufficient for induction of conalbumin
transcription. On the other hand, the cooperative effect of multiple receptors binding to
multiple response elements upstream of thie ovalbumin gene would be required for its full
induction. The discovery of multiple estrogen response elements upstream of the Xenopus
and chicken vitellogenin genes, and the apo-VLDL-II gene of the chicken, certainly lends
support to this idea (Walker et al., 1984; Klein-Hitpass et al., 1988). The coop-rative
interaction of hormone response elements has been demonstrated for the vitellogenin B1
promoter, using constructs containing either one or two of the imperfect palindromic
sequences which comprise the EREs upstream of this gene (Seiler-Tuyns et al., 1986).
When fused to a thymidine kinase-chloramphenicol acetyltransferase (tk-CAT) reporter
construct, a single imperfect ERE was not able to confer estrogen-responsiveness to the
tk promoter in transient transfection assays using MCFE-7 cells. However two or more of

these imperfect palindromes acted in synergy to form a strong ERE, allowing E2-induction
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of the CAT message (Martinez gt al,, 1987), Once they have been cloned, sequence
analysis of the upstream regions of the ER genes and of the trout vitellogenin gene(s), as
well as deletion analysis of cloned promoter elements fused to reporter constructs, should
enable us to tell whether this kind of control system is involved in the differential induction
of the two messages.

The rapid induction by E2 of other factors necessary for full transcriptional
activation of more slowly responding genes may also play a role. Of course, one of these
rapidly induced factors may be the estrogen receptor itself. E2-dependent up-regulation of
its own receptor i~ liver appears to be common among oviparous vertebrates (Hayward
et al,, 1980; Lazier, 1975; Lazier and Haggarty, 1979). Shapiro and co-workers have
postulated that the high levels of ER induced by primary hormone treatment are necessary
for full activation of the vitellogenin genes and are responsible for the more rapid secondary
response after estrogen withdrawal (Shapiro. 1982). Barton and Shapiro (1988) have
recently reported that induced levels of the ER message were present in male Xenopus for
up to 4 months after a single dose of E2. Similar levels of ER mRNA were seen in liver
cultures maintained in the presence of very low levels of E2, equivalent to the amount of
hormone normally circulating in the male (ap~roximately 0.2 nM) and sufficient to occupy
only about 25% of the estrogen receptors present. Since tamoxifen was able to reverse this
persistent induction, the authors suggested that very low levels of hormone-occupied
receptor are sufficient to allow transcription of the ER message. Thus primary estrogen
treatment establishes an auto-regulatory loop maintaining induced levels of ER protein after
estrogen withdrawal. The higher levels of receptor available for binding when a second
dose of hormone is administered allows rapid reactivation of the vitellogenin genes. This
model is also compatible with the hypothesis that the ER gene may possess fewer or
stronger estrogen response elements than the vitellogenin genes.

In view of the auto-regulatory loop model, and in light of our results showing a
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decline in total hepatic E2-binding activity over the course of our experiments, it would be
very interesting to see if the ER mRNA remains induced for a prolonged perind in the trout
liver. However we note that levels of ER mRNA and cytosol ER in untreated trout were
much higher than in untreated Xenopus, suggesting that the conuu. mechanisms governing
basal levels of ER in the two species may be quite different. The continued expression of
vitellogenin mRNA in the trout, despite declining hormone levels and low concentrations of
nuclear ER, also indicates that tae details of E2-regulation of hepatic gene expression in

teleosts may be distinct from those of Xenopus.

ion of vitellogenin mRNA an m vitellogenin

The temperature at which fish were maintained during E2 treatment influenced the
time of first appearance of the vitellogenin mRNA, as well as the relative amount of
message which accumlated in a given period. In trout treated at 15°C the induction of
vitellogenin mRNA was very rapid, with significant amounts of message appearing within
8 hours of injection. Vitellogenin transcripts first appeared by 24 hours in fish maintained
at 9°C, while in the animals kept at 4°C significant levels were not detectable until 48 hours
(Table 11). In general, the demonstration of a lag period before the accumulation of
vitellogenin message in the trout agrees with the delayed induction fo'lowing primary
E2-treatment in the chicken and in Xenopus (Wiskocil et al., 1980; Baker and Shapiro,
1978). The effect of temperature on the initial induction of vitellogenin mRNA also seems
to correlate with the timing of increased amounts of nuclear ER in the three groups.

Thie pattern of vitellogenin mRNA accumulation in our multiple injection experiment
at 15°C strongly resembled the pattern observed by Le Guellec et al. (1988) in chronically
treated trout. We noted an extended plateau between 2 and 7 days of treatment, then a 3- to
5-fold increase in steady-state levels by 10 days. At cooler temperatures the plateau period
was more prolonged and lower relative levels of vitellogenin transcripts were observed.

This might reflect a general lowering of transcription rates with cooler temperatures, or a
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dose response effect due to slower transport of E2 to the liver as discussed above. We also
noted, contrary to the results of Le Guellec gt al, (1988), that vitellogenin mRNA levels
were moderately high 10 days after a single injection of E2 and have suggested that
seasonal or strain differences in estrogen responsiveness might be responsible for the
conflicting observations (Elliott et al., 1979).

The appearance of detectable amounts of vitellogenin protein in serum followed the
induction of the mRNA by several hours, probably reflecting the time necessary for
translation of the message and processing of the protein before secretion. Accumulation of
serum vitellogenin was also influenced by the temperature at which the fish were
maintained auring treatment and showed a longer lag before appearance at 9°C than at 15°C.
The ratio of vitellogenin protein to mRNA and was low during the early part of the
treatment period at 15°C, but rapidly increased by 7-10 days in trout which had received
multiple hormone injections. This appeared to correlate with major increases in the %LSI
(liver hypertrophy) and the RNA to DNA ratio of the liver. These chianges were not as
profound in the 9°C group, or in the animals which received a single injection of E2 at
15°C. We suggest, therefore, that the induction of the hepatic trarslational and secretory
apparatus is a temperature- and/or dose-sensitive phenomenon. This agrees with the
observations made by Korsgaard and Mommsen (1986), who noted both temperature and
dose effects on the amount of serum vitellogenin induced in E2-treated Atlantic salmon.
Another interesting observation was that the rapid accumulation of high levels of serum
vitellogenin in our 15°C chronically treated group corresponded to the pattern of induction
after secondary stimulation in the experiments of Le Guellec et al. (1988), while their
primary induction pattern resembled our results at 9°C. Thus it is important to state not only
the season and dose of E2, but also the water temperature during treatment if accurate
comparisons are to be made between different experiments.

There appears to be a correlation between the length of time when high levels of ER
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were located in liver nuclei and the enhanced production of vitellogenin several days later.
Since most of the changes related to this phenomenon take place at a time when nuclear ER
concentrations are less than half of their maximum levels, we can speculate that the high
levels of chromatin-bound receptor earlier in the treatment period are responsible for the
induction of factors, other than the estrogen receptor itself, which amplify the vitellogenic
response in the rainbow trout. We have also noted, with both the multiple and single
injection experiments, that the steady state levels of vitellogenin mRMA continued to
increase despite the drop in salt-extractable nuclear E2-binding activity. This was very
different from the situation observed in Xenopus, where continuous high concentrations of
E2 and nuclear ER appear to be necessary to maintain vitellogenin mRNA transcription and
stability (Baker and Shapiro, 1978; Brock and Shapiro, 1983a). It could be that a portion
of the chromatin-bound receptor in treated trout could not be extracied from nuc’ * with
0.5 M KCl, although we were not able to detect appreciable levels of ER aciivity in the salt-
insoluble fraction and the presence of reducing agents in all buffers should have released
any nuclear matrix-associated receptor. However several observations by other groups
suggest that the maintenance of vitellogenesis in teleosts may not be as strictly E2-
dependent as in Xenopus.

Elliott et al. (1979) have noted that a single injection of E2 into immature rainbow
trout resulted in peak serum vitellogenin concentrations 21 days later, in spite of the fact
that E2 concentrations had dropped to basal levels after 5 days. Indeed, total serum
phosphoprotein phosphorous and calcium, indicators of serum vitellogenin, did not return
to basal levels until 5 months after the single E2 treatment. Similarly, in the male flounder,
vitellogenin accumulated at a constant rate for over 28 days following a single injection of
E2 (Korsgaard gt al., 1983). Vasius and Fletcher (1988), examining female winter
flounders which had been hypophysectomized after the onset of vitellogenesis, detected

active transcription of vitellogenin mRNA in liver nuclei thirty days or more after surgery,
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despite extremely low levels of serum E2 by this time. Furthermore, during the natural
breeding cycle of the trout, peak E2 concentrations precede maximal serum vitellogenin
levels by 1-3 months (Whitehead et al., 1978). These observations «. ;ue that high
concentrations of nuclear ER may act as a "trigger" for vitellogenesis and that sustained
occupancy of estrogen response elements by high levels hormone-activated receptor may
not be necessary for continued transcription of the vitellogenin gene in fish. This also
agrees with the hypothesis that E2 induces other factors which are responsible for the long-
term stimulation of vitellogenesis.

Nuclear "type II" E2-binding sites have been implicated in the long-term effects of
estrogen in other systems. These intermediate-affinity sites (Kg 10-20 nM), first identified
in rat uterus, accumulate in nuclei after E2 treatment and their concentration remains
clevated after the decline of high-affinity ER levels. The induction of type II sites can be
correlated with the stimulation of uterine growth and other long-term uterotropic effects in
rats (Clark and Markaverich, 1981). A strong correlation also appears to exist between the
concentration of type II binding sites in the nucleolus and increased synthesis of rRNA in
uterine nuclei (Whelly, 1986). Type I receptors were not found in appreciable
concentrations in isolated nucleoli, hence it is tempting to speculate that the type II sites
were somehow involved in this process.

Deeley and co-workers have hypothesized that both type I and type II E2-binding
sites are invcived in the enhanced expression of the various apolipoproteins produced by
HepG2 human hepatoma cells (Tam et al., 1986a and 1986b). Exposure of HepG2 cells to
low concentrations of E2 for 48 hours induced a 14- to 15-fold increase in high-affinity
type I estrogen receptors and, after a lag of several hours, a comparable increase in the
levels of type II sites. In contrast to the rapid disappearance of type I receptors on estrogen
withdrawal, high levels of the type II sites persisted for more than 10 cell divisions in the

absence of hormone. However, primary treatment with E2 for only 6 hours induced type I
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ER to about 80% of the maximum but failed to induce substantial quantities of type II sites,
This suggests that high and constant levels of E2-activated type I receptoss are necessary
for the initial induction of type II sites but not for their later amplification. Levels of type II
binding sites correlated well with the slow kinetics of primary induction of apoE and apoB
inRNAs in HepG2 cells, and with their ability to show a memory-effect ir response to
secondary estrogen stimulation. A similar relationship between nuclear ER levels, long-
term induction and propagation of type II binding sites, and a more rapid response to
secondary hormone treatment was observed with the E2-induction of vitellogenin and apoll
mRNAs in adun and embryonic chickens (Hache ¢t al., 1987). A model proposed for the
regulation of type II sites and the memory-effect involves ER-mediated induction of
threshold levels of type II binding sites, which are then capable of self-stimulation in the
absence of hormone, much like the auto-regulatory loop mechanism proposed for the
estrogen receptor itself in Xenopus (Barton and Shapiro, 1988). In this model, type II
sites, in combination with hormone-activated ER, are necessary for the induction of genes
such as vitellogenin and the apolipoproteins, whic:« characteristically display a lag period
during primary estrogen treatment. These genes then show a inore rapid response to
secondary stimulation when high levels of type U sites are already present. Interestingly,
high levels of type II binding sites alone appeared to be able to maintain transcription of the
vitellogenin and apoll mRNAs in embryonic chic: liver, in the absence of significant
amounts of nuclear type I ER (Hache et al., 1987). The authors suggested that E2-
metabolites with high affinity for the type II sites might accumulate in the egg and serve to
promote expression of these genes via a type Il "receptor”-mediated mechanism. The rapid
decline of apoll and vitellogenin mRNAs after hatching is consistent with this proposal.
A type II-like model might explain several of the observations made in our
experiments with rainbow trout, as well as observations made by other groups. First of all,

trout which received multiple hormone injections at 15°C, or silastic implants of E2
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(Le Guellec et al., 1988), demonstrated an extended submaximal accumulation of
vitellogenin transcripts for the first seven days, then a sudden 3- to 5-fold increase in
mRNA, at a time when rRNA appeared to be increasing as well. This occurred when
nuclear ER concentrations had declined to approximately half of their fully induced levels.
We also observed that a single injection of E2, or multiple injections at 9°C, failed to
promote either the induction of total RNA in the liver or the later increase in vitellogenin
transcripts, at least within the 10 day sampling period. With cultured trout hepatocytes,
Vaillant et al, (1988) observed that the amount of vitellogenin mRNA induced by a
secondary treatment with E2 was a function of the time of primary stimulation. They
suggested that the arnount of ER induced during the primary treatment might be responsible
for the rate of secondary induction. However we suggest that another factor, perhaps a type
II-like protein, may also be induced by initially high levels of nuclear ER and might be
responsible for the later maintenance and amplification of the vitellogenic response in the
absence of high receptor concentrations.

The existence of type II sites in trout liver, as well as the identity of ligands which
might activate ER-indeper:dent transcription, have yet to be determined. Type II E2-binding
sites can usually be detected in nuclei isolated in the absence of reducing agents, although
sometimes a brief digestion with DNAse I is necessary to render them salt-extractable
(Hache et al., 1987). It would be very interesting to see if these sites are present in trout
livers and if their induction follows an E2-dependent time course or parallels the induction
of vitellogenin mRNA or tRNA. An examination of tamoxifen's antagonist properties and
its effects on various aspects of the vitellogenic response in fish might also prove to be a
fruitful area of investigation. In addition, other steroids (estrone, cortisol and
progesterone), pituitary factors (growth hormone and prolactin) and thyroid hormone have
been shown to influence the extent of the vitellogenic response in vivo and in hepatocyte

cultures of several species (Ho, 1987). The availability of methods for maintaining primary
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cultures of trout hepatocytes and the demonstration of vitellogenin induction in yitro (Maitre
et al., 1986; Vaillant ¢t al., 1988) should greatly facilitate the exploration of possible
multihormonal control mechanisms involved in this process. Also the development of
methods for analyzing the effects of nuclear extracts on in vitro transcription of cloned
vitellogenin promoter elements (Corthesy ¢t al., 1988) might prove to be a useful tool in the

search for both positive and negative regulatory transcription factors.

D. Summary and conclusions
1. Effects of temperature on vitellogenesis

Our experiments have shown that the temperature at which trout are maintained
influences the overall dynamics of the E2-induced vitellogenic response in liver.
Temperature effects were noted at several levels of the pathway, from the induction of
hepatic estrogen receptors to the transcription of the vitellogenin message and its
subsequent translation and secretion into the serum.

We have noted that temperature may act at any of several places in the E2-regulated
pathway. One of the major effects. most consistent with all of our observations, is that
temperature influences the amount of E2 which is transported to the liver after
intraperitoneal injection. Increased cardiac output at higher temperatures could be
responsible for a very rapid rise in the local concentration of hormone in the liver, reflected
in the earlier appearance of ER in the nuclear fraction of hepatocytes. There might also be
influences on the aansport of hormone inio cells, either by simple diffusion or by plasma
membrane-associated transport mechanisms. Cooler temperatures might also affect the
interaction of hormone with ER and therefore their subsequent binding to chromatin.
Hochachka and Somero (1973) discuss numerous instances of "negative thermal
modulation” of enzymes in the rainbow trout and suggest that disruption of hydrophobic
interactions in the cold may be responsible. Since the interaction of E2 with its receptor is

largely hydrophobic in nature, this could be a serious consideration. However we do note
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that hormone/receptor interactions take place at 4°C in vitro, although the ascociation rate
was somewhat slower than at 15°C.

Accelerated transcription rates with increasing temperature may also play a role in
the more rapid induction of vitelogenin mRNA and its higher steady-state levels in animals
treated at 15°C. However we note that increases in ER mRNA levels do not show an
appreciable lag at 4°C, suggesting that the induction of its transcription is not particularly
temperature sensitive and takes place even without high concentrations of nuclear ER
complex. The generally lower steady-state levels of vitellogenin mRNA in the 9°C and 4°C
treatment groups may reflect a dosage effect rather than an effect of temperature on
transcription, since single injection experiments performed at 15°C showed approximately
the same levels of vitellogenin mRINA as in chronically treated animals maintained at 9°C.

Perhaps the most profound temperature effect we observed was on the very high
levels of serum vitellogenin which accumulated during chronic treatment at 15°C. This did
not simply reflect the lower amounts of message present in animals treated at 9°C, since the
ratio of vitellogenin protein to mRNA was markedly higher in the 15°C group. Cold-
acclimated fish generally appear to be able to adjust their rate of protein synthesis to
compensate for decreased reaction rates at low temperature (Haschemeyer, 1973). In the

toadfish (Opsanus tau), this appears to be a result of the induction of aminoacyl-tRNA

transferase, hence the overall rate of protein synthesis in 10°C-acclimated fish appears
higher than that of 20°C-acclimated fish when measured in vitro. However, while animals
may partially compensate their normal protein synthetic rates in the cold, this does not
appear to be the case for vitellogenin synthesis.

We suggest that increases in the hepatic translational and secretional apparatus are
necessary for the production of high levels of serum vitellogenin and that this may
represent a major temperature sensitive step. We have observed a significant increase in the

ratio of RNA to DNA in livers between 7 and 10 days of chronic treatment at 15°C,
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coinciding with a general increase in liver weight reflecting hypertrophy of the organ. The
output of vitellogenin protein into the serum also increased dramatically at this time. We
suggest that the induction of rRNA, as well as amplification of the encoplasmic reticulum
and Golgi apparatus, could be responsible for the enhanced production of vitellogenin at
15°C. Bast et al. (1977) have observed that the kinetics of hepatic ribosome synthesis and
their recruitment into polysome' are closely coordinated with the rate of vitellogenin
synthesis in E2-treated chicks. Interestingly, Nishio gt al. (1978) have observed a
preferential decline in the synthesis of the 40S rRNA precursor in Xenopus neurula cells at
10°C. However, we hypothesize that the high concentration of nuclear ER early in the
chronic treatment period at 15°C may be responsible for inducing factors which must
accumulate before significant changes in liver physiology can occur. Chronic treatment at
9°C or a single injection of hormone do seem to be sufficient to induce these later changes,
perhaps due tc lower effective concentrations of hormone in the liver,

Finally, we would like to repeat that, since they appear to have very marked effects
on the ability of the liver to respond to E2, any investigation of the regulation of
vitellogenesis in fish should consider the environmental temperature as well as the season

in the interpretation and comparison of experimental results.

2. A model for the control of vitellogenesis in rainbow trout and comparison to Xenopus

Our experimental results have suggested that the control of vitellogenesis in the trout
may be quite different in detail from that of Xenopus. The most important observation we
have made is that vitellogenin mRNA and protein apparently continue to accumulate in the
absence of high levels of E2 and nuclear ER. This suggests 3f the control mechanisms
involved are less dependent on the presence of continuous higu levels of hormone than they
are in Xenopus.

The induction and maintenance of vitellogenin transcripts in X. laevis appears to be

totally dependent on E2. The model proposes that high levels of ER are induced by E2
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treatment via up-regulation of the ER message. High levels of hormone-occupied receptor
accumulate and bind to multiple response elements upstream of the vitellogenin genes,
thereby activating their transcription. As long as hormone levels remain high, vitellogenin
gene transcription can continue, but once E2 is removed, levels of message rapidly decline
through a combination of decreased transcription and destabilization of the message. Low
levels of E2 are able to maintain the persistent induction of some genes, such as that of the
retinol-tinding protein (McKearin and Shapiro, 1988), possibly because these genes have
fewer estrogen response elements and can be activated by lower concenirations of nuclear
ER. Transcription of the ER gene also remains activated in the presence of very low
hormone concentrations, maintaining induced levels of receptor protein, which resides in
the cytosol fraction in its unoccupied state. Restimulation of the liver with E2 causes the
rapid translocation: of high levels of receptor to the nucleus and the immediate reactivation
of the vitellogenin genes. Hence it appears that the induction and maintenance of the high-
affinity ER alone is sufficient for the memory effect observed upon secondary stimulation.

In the rainbow trout we have found high concentrations of ER in the cytosol
fractions of livers from untreated juvenile animals. Our estimate of 12,000 sites per cell is
much higher than the concentrations observed in hormonally naive Xenopus
(approximately 500 sites per cell), but corresponds well with the levels reported for other
teleosts (Lazier et al., 1985; Smith and Thomas, 1990). Like in Xenopus, the induction of
the ER message was very rapid following E2-treatment. Our experiments at different
temperatures demonstrated that the ER message was induced much more rapidly than that
of vitellogenin and with much lower concentrations of nuclear ER. Levels of both nuclear
and cytosol ER activity also rapidly increased, to maximum combined levels of about
10 pmole/g or 60,000 sites per cell. Once again this was several-fold higher than the levels
induced in Xenopus but equivalent to concentrations seen n E2-treated Atlantic salmon

(Lazier et al., 1985). The appearance of vitellogenin transc pts followed the increase in
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nuclear ER, showing a lag time that appeared to be temperature or dose dependent. Over
the course of our 10 day treatment period, we observed that the levels of hepatic ER activity
declined, even in animals which had received multiple injections of hormone. However
steady-state levels of vitellogenin mRNA continued to increase, even in trout which had
received a single injection. This suggests that the trout vitellogenin message is stable and
that, once induced, its transcription can be maintained in the absence of appreciable
hormone-activated nuclear ER, quite different from the situation seen in Xenopus. A
memory effect has been observed in vivo (Le Guellec gt al., 1988) and in cultured trout
hepatocytes (Vaillant gt al., 1988), and the magnitude of the secondary response has been
correlated to the length of primary stimulation in culture. We postulate that higher levels of
induced ER may not necessarily correlate with a greater secondary response. We have
hypothesized that E2-treatment induces factors in trout liver, other than the ER itself, which
are responsible for the maintenance of vitellogenin gene transcription and the amplification
of the translational apparatus (fRNA and secretory membranes), even though hormone
levels have declined and nuclear ER concentrations have diminisned. The identity of these
other factors needs to be established. However type II estrogen-binding sites have been
implicated in similar effects in HepG2 cells and in chicken liver so their presence and

possible involvement in the regulation of vitellogenesis in fish should be explored.
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