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Summary.

This thesis provides a detailed study of the neuroendocrine
mechanisms that control vitellogenesis and ovarian development in
the female rainbow trout. Fluorometric, electrophoretic and
chromatographic techniques and radioimmunoassay were used to
determine serum levels of oestrone, oestradiol-17B, testosterone,
vitellogenin and calcium and these correlated with histological
data both during the reproductive cycle and after treatment with
hormones.

Single and double injections of oestradiol-178 respectively
produced primary and much more rapid secondary increases in levels
of vitellogenin, total calcium and phosphoprotein phosphorus. The
dose of oestradiol-17B was correlated with the levels of vitellogenin
and with hepatosomatic and gonadosomatic indices. Although the
liver was at no time completely refractory to oestradiol-178, there
was a marked seasonal variation in sensitivity, being highest in
October and lowest in January.

During the reproductive cycles of three strains of female trout,
initial increases in oestrone and oestradiol-173 were followed by
increases in vitellogenin, calcium and testosterone. Levels of
both oestrogens were correlated with vitellogenin during
vitellogenesis, which supports a role for both hormones in this
process, All three strains showed similar sequences of changes in
both endocrinological and histological development. Similar,
although much reduced, changes were observed in immature fish of one
strain at a time of year suggestive of a practice-run, one year
before the first spawning, as a rehearsal for full reproductive
development.

Exposing fish to long and then short days, or a condensed 6 month
seasonal photoperiod, advanced spawning by 4-5 months. These
results indicate that the different spawning times shown by the
three strains may be the result of a requirement for a different
number of stimuli by a specific length of daily photoperiod.

The application and value of techniques of hormonal and photo-
periodic manipulation, for the improvement of egg quality and
alteration of spawning time, in the farming of salmonid fish are
discussed.

Vitellogenesis, Oestrogen, Egg, Photoperiod, Salmonid Culture.
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Introduction.

In all seasonally breeding teleosts, the production of eggs is
a complex process encompassing a number of individual stages which
are all essential to the successful development of the ovary,
Subsequently, these species have evolved a reproductive cycle such
that oogonial mitosis, oogenesis, folliculogenesis, vitellogenesis,
maturation and ovulation occur in the correct sequence and spawning
occurs at the correct time of year. The control of the reproductive
cycle is directly affected by changes in the hormonal milieu which
are in turn modulated by cues from the external environment (de
Vlaming, 1974; Bromage et al., 1982b; Dodd & Sumpter, 1962). During
this period in trout, there is a dramatic reorganisation of the
animals' energies and resources to meet the gross morphological and

developmental changes that occur in the ovary.

At present, little data are available on the mechanisms .
controlling the first phase in reproduction, oogonial mitosis, which
in trout probably occurs both at an early stage, and in the
immediate post-spawning period (Tokarz, 1978). The cyclical
nature of oogonial proliferation suggests that it is under some form
of hormonal control, and an understanding of this mechanism may
enable the number of mitoses and thus eggs produced by broodstock
fish to be controlled. Whether the fecundity of fish is decided at
this early stage, or later in development as a result of atretic
processes, is not known, but the ability to control this process

may be of commercial significance.

The next phase in development, oogenesis, closely follows

oogonial mitosis and involves the meiotic transformation of oogonia



into primary oocytes (Tokarz, 1978; Dodd & Sumpter, 1982).

Evidence suggests that this occurs independently of any hormonal
regulation, since treatment with other hormones, including
oestrogens and androgens, appears to inhibit this progression (Dodd,
1960). These primary oocytes are observed quite early in fish of
only a few months old, aﬁd appear to remain at this stage until the
onset of the second phase of gonadal development which leads to
spawning (vivien, 1939; Barr, 1968). Another process involving
primary oocytes is folliculogenesis, where individual oocytes
become closely associated with the different follicular cells that

constitute individual follicles.

At the beginning of this second phase of ovarian growth, which
ultimately results in the production of ripe gametes, the primary
oocytes, probably under some form of pituitary trigger (vivien,
1939) enter the phase which is commonly called 'vitellogenesis'.

It is during this period that the large yolk-precursor given the
name vitellogenin by Pan et al., (1969) is believed to be
synthesised by the liver under the influence of oestrogenic control.
Although the oestrogen principally involved in this mechanism in
amphibians and birds has been positively shown to be oestradiol-17B,
there is some doubt as to the role of other oestrogens and even
androgens in this process in fish. Clearly, an investigation

of the hormones responsible for this important phase of development
must be carried out. The production and uptake of the yolk
precursors are of considerable importance in the growth of the
oocyte and to the growth of the embryo and fry derived from these eggs.
An understanding of the mechanism controlling both the synthesis and

uptake of this material is also of importance to the fish farming



industry, since hormonal manipulation of these processes may

enable alteration to be made in the size and quality of trout eaqgs.

More recently it has been reported that amphibians and possibly
fish (Wiley & Wallace, 1981; de Vlaming et al., 1980) may have more
than one form of vitelldgenin. That such a large and heterogenous
molecule should be represented in more than one form suggests that
different vitellogenins may have different physiological roles at
different stages of gonad growth. This could be represented by
differences in their nutritional value, or the relative speed of
their uptake into the oocytes. Clearly, an understanding of the
nature of vitellogenin(s) in trout may reveal what possible effect

differences in this large complex may have on egg guality.

During the period of vitellogenin production by the liver, the
incorporation of this large heterogenous molecule into the
developing oocytes is indicated by large increases in gonad size
and oocyte diameter, There is some evidence that the oocyte
itself may produce some material which has subsequently been called
endogenous yolk (Wallace, 1978). The significance of this
material in ovarian development and its mechanism of control is
still poorly understood. Indeed, chemically, it is unlike both
the vitellogenin isolated from the serum and the granular material
believed to be exogenous vitellogenin, which is laid-down after the
appearance of theiendngenOUS material' in the oocyte (Khoo, 1979).
1t is possible that it is another vitellogenin similarly synthesised
exogenously, which undergoes drastic alteration when sequestered by

the ovary. Clearly, this needs further investigation.

At the end of this period of gonadal growth, when the gonad may



represent 207 of the weight of the fish, the mature oocytes undergo
a physicochemical changes which involves a rapid, though variable,
uptake of water and a solubilisation of yolk (Fulton, 189%;

Wallace, 1978). However, in all the species so far studied, it is
not clear whether all developing ococytes reach maturity and are
subsequently expelled as eggs at ovulation, or whether some are

lost due to atresisa, Thus some authors have shown that atresia

may occur at all stages of gonadal development and after spawning,
whilst others attribute virtually no loss of ococytes to this
degenerative process (See Tokarz, 1978). The significance of
atresia in trout may have a direct bearing on the number ie.
fecundity, of eggs produced by broodstock and needs to be assessed.
There is some evidence that certain environmental factors,

including stress and nutrition can directly affect this process,
Thus, the highly variable daily ration of food that some broodstock
receive may, by modifying atresia, have effects on the fecundity of
commercially farmed stocks. There is also a report that
testosterone can cause atresia in vitellogenic oocytes (Yamazaki,
1972) and although high levels of testosterone have been observed in
female teleosts, including trout, during the reproductive cycle
(Campbell & Idler, 19763 Wingfield & Grimm, 1977; Scott et al.,
1980b; Stuart-Kregor et al., 1981) it is not known whether this
hormone has a physiological role in fish. It has been variously
reported that androgens are inhibitory towards vitellogenesis in some
cases (Dodd, 1960), but exert a vitellogenic action in others (Hori
et al., 1979; Le Menn, 1979; Le Menn & Lamy, 1976). An
investigation of the seasonal changes in this hormone, together
with a study of its effect on immature fish is included to determine

whether it is important in the control of vitellogenesis in the



female rainbow trout,

Although the changes in serum levels of these various hormones
directly control the different phases of the reproductive cycle,
the changing external environment ultimately controls the initiation
and timing of these events. O0f all the environmental factors
that influence reproduction in fish including temperature, rainfall
and nutrition, the daylength or photoperiod is the major factor in
the overall control of the timing of reproduction in salmonids.
Thus, in extensive experiments carried out previously in this
laboratory using a number of strains of trout under different
conditions, modifications of the photoperiod successfully altered the
time of spawning such that eggs were available at all times of the
year, A regqular supply of eggs throughout the year would be of
distinct commercial advantage, since the current limited seasonal
availability of eggs imposes severe restrictions on the fish farming
industry in the U.K. (See Bromage, 1982). The use of photoperiod
manipulation to extend this availability would be even more
flexible if used in conjunction with different strains which spaun

at different times of the year.

Currently there has been no investigation of how different strains
of trout respond to the same seasonal photoperiod to produce their
different spawning times. If this occurs as a resultof changes in
the rate, or nature, of the endocrine, or physiological, processes
that make up their reproductive cycles, such differences may reflect
the quality and/or fecundity of the eggs they produce. It is also
possible that the different spawning times occur in response to
different environmental cues, and thus it is important for these

triggers to be determined if other strains are selected for use on



broodstock farms which already utilise light control to alter

spawning times.

Throughout this introduction, reference has been made to 'good
quality' eggs. At present there is no critical appraisal of
what constitutes ‘quality' in an egg apart from the mythical values
of large size and colour, What limited data zre available from
a wide range of species held under various conditions provide little
evidence to indicate that size and/or colour have any bearing on
the future development of the young. For example, there is little
published evidence regarding the differences in fecundity or guality
of eggs produced by different strains of trout, or indeed what
mechanisms might determine these factors in other teleosts. Clearly,
any such differences may be related to differences in the neuro=-
endocrine mechanisms controlling the different phases of reproduction
in these fish. Since hormone treatments may directly control or
influence the distinct phases or processes in the reproductiué cycle
including fecundity and the production and assimilation of yolk, it
is surprising that the application or use of hormones in aqguaculture
has not been widely investigated. Broodstock =zre very expensive
fish to maintain, in terms of their water supply and food requirements
and the production of good quzslity eggs from thsse fish more than
once a year, or at an earlier age would give the fish farmer a
greater return on his investment. It is possible that the
endocrine changes, brought about by photoperiodic manipulation aimed
at more frequent spawning, could be augmented by hormonal
treatments to produce better eggs. Furthermore, female fish
normally spawn at either 2 or 3 years of age, and at first stripping

the eggs are often small and unsaleable. Thus, female broodstock



have to be maintained for almost 4 years before any real return

on investment is realised, It may be possible for the hormonal
changes observed in maturing adults to be artificially produced in
younger fish by the addition of hormones, such that first spawning
occurs at 1 or 2 years of age, and/or better quality eggs are
produced at 3 years of age. An investigation of the neuroendocrine
mechanisms that control the different phases of ovarian development
in female rainbow trout, may provide a2 greater understanding of

how these processes can best be manipulated to provide optimum

commercial advantage.

Clearly, one of the determining factors that governs the
gquality of eggs is the nature of the yolk, which constitutes the
future food supply for the independent development of the embryo and
alevin, Thus, the production and assimilation of this material
must hold a position of importance amongst the different phases of
reproduction. Furthermore, a study of the mechanisms that control
these processes are of equal importance. A common feature
amongst oviparous vertebrates appears to be the role of oestrogens
and in particular oestradiol-178 in the production of 2 large
lipoglycophosphoprotein yolk-precursor, vitellogenin, by the liver
which is carried in the blood to the developing ovaries. It is
the investigation of the synthesis of this precursor, vitellogenesis,
and the neuroendocrine mechanisms involved in its control,

towards which this present study is directed.
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230 Fish Maintenance, Handling and Blood Sampling.

Zolaky Fish Maintenance.

The experimental animal used throughout this study was the

rainbow trout (Genus Salmo gairdnerii, Family Salmonidae); this

is the major farmed species in Great Britain, Fish of different
stocks and strains were used in this work, but care was taken to
ensure that fish from the same source were used in related
experiments. Although the majority of. fish were purchased from
commercial farms, some were reared from broodstock held at the
Fish Culture Unit at Aston. Detailed information regarding size,
age and stock used in each experiment is included in the materials
and methods section for each chapter. Generally, experiments
were carried out either at the University of Aston Fish Culture
Unit or at a commercial trout Hatchery and farm at Pewsey in
Wiltshire, Before starting each experiment, the fish were weighed,
and then fed daily with the appropriate ration and pellet sizé of
a commercially-produced dry trout diet as recommended by the
manufacturers (Mainstream B.P, Nutrition U.K. Ltd., Witham, U.K.
or Omegas, E. Baker, Sudbury, U.K.). Fish were starved for 24-36
hours prior to injection, blood sampling, tagging or sacrifice for

histological examination.

All the experiments conducted at Aston, were carried out in
recirculation systems within the Fish Culture Unit. Two systems
were used, both of a similar carrying capacity, but with marked
differences in the methods of solid settlement. However, these

provided water of parallel quality and chemical composition (See
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Appendix 2). A more detailed description of the systems can

be found in Appendix 1.
2,1.2. Anaesthesia.

All blood sampling anq hormone injections were carried out under
anaesthesia to avoid scale damage, and consequent fungal and
bacterial infections, Two anaesthetics were used, benzocaine (ethyl
-4-amino-benzoate, BOH Chemicals Ltd., Poole, U.K.) and 2-
phenoxyethanol (BDH), both at concentrations of 1:20,000. 2-
phenoxyethanol proved to be more effective when used at the commercial
farm, firstly because the larger fish sampled here showed better
recovery, and secondly because it is more readily miscible with water
than benzocaine, which has to be initially dissolved in acetone
before addition to water, Benzocaine, however, was used gquite
successfully with minimal mortality for all the experiments at Aston.
Fish were starved overnight prior to anaesthesia and allowed to

-

recover in separate tanks with increased water flow.
Zeitis s Blood sampling.

8lood was removed from the Cuverian vein with 2 1,2 or 5ml

syringe (depending on fish size) fitted with a 1% inch 21G needle,
The volume withdrawn depended on the size of fish and the freguency
of sampling eg. 0.5 - 1.0ml from a fish of 50g, 2.0 - 5,0ml from a
fish in excess of 1kg, up to twice in one week., Post-sampling
haemorrhage or mortality was only rarely seen. The blood obtained
was allowed to stand for 15 minutes, the clot rimmed with a needle
to improve serum separation, then centrifuged at 2,500 rpm for

20 minutes. The resultant serum was pipetted into clean plastic
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tubes (LP3, Luckham Ltd., Sussex, U.K.), stoppered and either

stored at -20°C for future analysis, or assayed immediately,

In the field experiments Sml serum monovettes (sarstedt, Leics.,
U.K.) were used for sampling. These are essentially combined
syringes and centrifuge tubes containing glass beads which creates
a greater surface area on which the clot can form. Using these,
sml of whole blood were taken with a 2 inch (19G) needle and after

clotting treated as above,
2ol Identification of Fish.

Several methods of identifying different treatment groups were
assessed in this study. Initially, fin clipping was used, but
this was discontinued because of problems with fin regeneration
and 'nipping' of wounds by other fish. Subsequently, fish were
tagged with small plastic numbered tags (Charles Neal, Finchley
Ltd., East Finchley, U.K.) of an appropriate size and colour.
These were attached dorsally just anterior to the dorsal fin with
silver or a nickel alloy wire, with due allowance for growth of
the fish, Using this method, at Aston, very few tags were lost,
gven on fish as small as 30g, although occasionally repeated
netting loosened them sufficiently to make re-tagging necessary.
This method, however, proved unsatisfactory under commercial
conditions, due to entanglement and subsequent extraction of the
wire with the 'loose-mesh' nets used. A modification was therefore
adopted in which the small numbered tags were attached at the same
dorsal position by punching a plastic pin through the hole in the

tag and then through the fish's back, The device used for punching
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the pins, is a gun used by the clothing industry which accepts a

cassette of plastic pins (Kimbal Systems Ltd., Leics., Wk )s
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2.2, Assay Methods.

2+210s Radioimmunoassay for Serum Oestradiol-178.

The initial method used for the radioimmunoassay of serum
oestradiol-178 was that developed in this laboratory by Whitehead
(1979). The sheep anti-17p-oestradiol serum was supplied by
Searle Diagnostic, High Wycombe, Buckinghamshire, U.K.. Each
vial contained freeze-dried anti-17B-oestradiol conjugated with
bovine serum albumin at the & position because this gives improved
specificity over conjugates linked in other positions (Leonard &
Craig, 1974). When reconstituted and diluted with the appropriate
buffer to the volume shown on the vial, a working dilution of the
antiserum was obtained which bound approximately 50% of a trace of
tritiated—-17p-oestradiol. Each tube then received 200pl of this
working dilution and an antibacterial agent, sodium azide, added to
the buffer, gave the reconstituted antisera a shelf-life of 6 weeks

at 4°c.

The standard curve on all occasions exhibited full parallelism
with serial dilutions of extracted rainbow trout sera (Fig. 2.1.).
Cross-reactivity with other steroids was tested by running parallel
standards against oestradiol-178 antiserum (Fig. 2.2.). The
sensitivity of the assay was approximately 50 pg ml‘_1 and the
overall precision of the assay estimated oy making & replicate
determinations from a pool of female serum. The intra—assay
coefficient of variation was 4,23% and the inter—assay coefficient
of variation was 7.49%. The efficiency of extraction was 32,53

+ 2,38% over a total of 10 assays.
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RELATIVE % BOUND
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FIG. 2.1« PARALLELISM OF STANDARD CURVE FOR OESTRADIOL-17B
WITH SERIAL DILUTION OF SERUM (AFTER C. WHITEHEAD,

1979).
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Materials :
(a) Dichloromethane with 1% methanol = frequently redistilled.
(b) Distilled water - double glass quality.

(c) Buffer A : (0.01M phosphate buffer pH 6,8 - 7,0)

Disodium hydrogen phosphate (12H20) 21.82g
Sodium dihydrogen phosphate (2H20) 6.08g
Sodium chloride 9,00g
Sodium azide ] 1.00g
Bovine serum albumen (BSA) 1.00g.

(d) Buffer B : As buffer A but without BSA.

(e) Charcoal suspension - 250mg powdered charcoal (Norito'l)

in 50ml buffer B,

(f) Dextran solution = 25mg dextran (Pharmacia T40) in 50ml

buffer B.

-

(q) (6,?,—3H)-Destradial-1?ﬁ-Radiochemical Centre Amersham
Specific activity = 44 Ci mN-1
Stock solution - 20 uCi mm"1

Working solution - 4 uCi in 100ml buffer B.

(h) Scintillator = 20g 2,5 Diphenyloxazole (PP0O) in 2.5L toluene

anc 2.3L ethoxyethanol.

(i) Antiserum - from Searle Diagnostic (U.K.) - reconstituted as

specified in buffer A,

(j) Standard oestradiol solutions - 0,5,10,20,50,100,200,500 and

1000 pg 100 ul™' oestradiol in ethanol,
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Assay Procedure :

(a)

(o)

Shake vigorously 200pl of serum with Sml dichloromethane

(2 mins).

Wash extracted phase with 2ml double distilled water and

mix gently for 1.5 minutes.
Centrifuge for 10 minutes at 2,500 rpm to separate emulsion.

Set up water blanks by washing Sml dichloromethane with 2ml

double distilled water as in (c).-

Take 500pl aliquot of dichloromethane extract into a clean

assay tube,
Pipette 100upl of each standard into similar tubes.

Take extracts and standards to dryness at 40°C under

stream of medical grade nitrogen.

Add 200pl antiserum dilution,

Add 200pl working label solution,

Vortex for 30 seconds.

Incubate at 37°C for 1 hour.

Transfer to ice bath for minimum of 30 minutes.

Add 200ul cooled dextran coated charcoal suspension, mix
reagents (e) and (f) 1:1 v/v (not more than 30 minutes prior

to use).

Mix twice briefly using a8 vortex mixer - centrifuge for 10

minutes at 1,500 rpm (%)

Transfer a 400pl aliquot to 10ml scintillation fluid in a

counting vial.
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(p) Count for 10 minutes or to 10,000 free counts.

(q) For total counts, count 200pl working label solution in 10ml

scintillant,
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Calculations :

(a) Correct free counts from 400ul aliquot to total free counts

(ie multiply by 0.6/0,4).

(b) Calculate % free and hence % bound.

B =100 (F/T 1.5 100) %.
(c¢) Plot standard curve of % bound against pg oestradiol.
(d) Calculate water blank correction (ie y = x).

(e) Correct % bound of assay samples

B'=B+(Y-x)o
{0 Read off pg oestradiol from standard curve using B'.

(g) Correct for recovery.

(h) Correct results to pg/ml.

Explanation of symbols :-

8 = % bound )

total counts

3' = corrected % bound y % bound in water blank

F = 7 free x = % bound in O standard
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22 e Second method for Oestradiol=-17B.

Due to the cessation of production of the Searle Diagnostic
antiserum, a new antisera was obtained from Steranti-Research, St.
Albans, England. The antiserum preparation represents a pool of
high titre, high specificity bleeds of successfully immunised New
Zealand White rabbits. The antigen used was 17B-oestradiol-6-(CMO)
BSA prepared by O-carboxy-methyl-oxime formation at the steroid '6'
position and subsequent coupling to bovine serum albumen.
Oestradiol=173 labelled in four positiﬁns instead of two (Radio-
chemical Centre, Amersham) had a higher specific activity, In

addition further modifications were made to the method as follows :-

(1) Ethyl acetate was substituted for dichloromethane because it
gave an improved efficiency of extraction and thus better

recovery of the steroid.

(2) A recovery step was included.

-

(3) The incubation period of the assay was extended overnight at

4°¢ to give a more consistent binding.

(4) A serial dilution of standard was used since this minimised

possible sources of error.

The cross-reactivities were determined of a number of steroids
having either structural similarities to oestradiol-173, or which
one might expect to find in teleost serum. The cross-reactivity of
each steroid is expressed as the dimunition in the proportion of
bound label produced by 100 pg of steroid relative to that produced

by 100 pg of oestradiol-178 (Table 2.1.).
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STEROID % CROSS REACTIVITY
OESTRADIOL-17B TAKEN AS 1007
OESTRONE | T+ 5%
OESTRIOL 12,2%
TESTOSTERONE 1.6%
11- KETOTESTOSTERONE 1.0%
ANDROSTENEDIONE 1.8%
17«HYDROX Y-20B- DIHYDROPROGESTERONE 4 D.’Si‘é
CORTISOL {0.5%
PREGNENOLONE £ 0.5%
(0N SPECIFIC) 2.1

TABLE 2.1, CROSS REACTION DATA FOR OESTRADIOL=178B ANTI=-SERUM

WITH SOME OTHER STEROIDS.
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The inter-assay coefficient of variation was found to be 6.05%
and the intra-assay variation 3.97%. This meets the requirements
for assay precision as laid down by Abraham, (1974) who indicated
that within (intra) assay variance should be 10% or less., The
accuracy of the assay, was determined by both the % recovery of
oestradiol=-178 and the assay of known amounts of the steroid added
to charcoal-treated serum. The correlation between known amounts
of oestradiol-17p added to the serum and those estimated by RIA was
highly significant (P¢ 0.001; r=0.999).  The sensitivity of the

assay can be calculated by the following expression :=

e )
Sedie e
if R = % recovery

F = fraction of sample used

s = sensitivity of standard curve (smallest
amount of standard significantly different
from 0 at 95% confidence limit -

Abraham, 1974).

-1
The sensitivity was calculated to be about 200pg ml of serum.
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Materials :-

(a)
(b)
(e)

(g)

(h)

Ethyl acetate (Analar, BDH Chemicals).

Analar water (Hopkin and Williams Ltd.).

RIA Buffer (0.1M phosphate buffer pH 7.0; containing 0.9% NaClj;

0,1% Gelatine and 0,01% Sodium azide).
(i) 0.1M Disodium hydrogen phosphate (NaZHPDdanhydrous)
in Analar water.
(ii) 0.1M Sodium dihydrogen phosphate (NaH2P042H20) in
Analar water, (i) and (ii) mixed approximately
50/30 v/v and adjusted to pH 7.0.
Dextran-coated charcoal - 'Separex' (Steranti Research)
tablets. Each tablet when dissolved in 50ml RIA buffer
produces a very fine and homogenous suspension of Dextran-

coated charcoal. Made up freshly,

(2,4,6 ?—3H) -Oestradiol-17p-Radiochemical Centre, Amersham,
i G )

As supplied - 80 Ci mm-1
Stock solution - 10 uttml™’
Working solution - 30,000 dpm 100 T e

Recovery label - 5ml working solution up to 50ml with RIA
buffer.

Scintillant = 20g Diphenyloxazole (PPO) in 2.5L toluene and
2,5L ethoxyethanol.

Antiserum (Steranti-Research, St. Albans, Herts., Code E002).
Reconstituted as specified, in RIA buffer.

Standard oestradiol solution = 1000 pg 100 ul—1 oestradiol

in ethanol, Serial dilution 1000 - 4.0 pg 100 ul_1.
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Assay Procedure :

(a) Pipette 100pl of each serum sample into separate polypropylene
tubes (Hughes and Hughes Ltd., Romford, U.K.).

(b) Add 100pl of recovery label.

(¢) Mix well and incubate overnight at s

(d) Add 1ml Ethyl acetate.

(e) Mix on rotary mixer for 1 hour,

(f) Centrifuge briefly at 1500 rpm for 10 minutes.

(g) Transfer a 1DQp1 aliquot of extract into 10ml scintillant
in 2 counting vial and count against 1UQP1 of recovery
label for 10 minutes to obtain % recoveries.

(h) Take 100pl aliquot of extract into clean assay tubes (Radley
and Co., Ltd., Sawbridge, U.K.).

(i) Prepare serial dilution of oestradiol standard in duplicate
in similar assay tubes 1000 pg - 4.0 pg, and O.

(j) Take extracts and standards to dryness in vacuum oven at less
than 35°C.

(k) Cool to a’c,

(1) Add 100ul antiserum - to bind 50% approximately.

(m) Add 100ul labelled oestradiol - to give 30,000 dpm.

(n) Vortex for 30 seconds and incubate overnight at &°C,

(o) Reconstitute 'Separex' tablets with RIA buffer prepared not
more than 30 minutes before use.

(p) Add 500ul of dextran-coated charcoal, prepared in (o) above,
to each tube.

(q) Mix briefly and incubate for 10 minutes at 4 C.

(r) Centrifuge for 10 minutes at 1500 rpm (47E).
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(s) Transfer 400yl supernatant to 10ml scintillant in a counting
vial,

(t) Count for 10 minutes.

(u) For total counts, count 100pl working label solution in 10ml

scintillant.
Calculations :

(a) Correct % binding from 400ul aliquot to total % bound counts
(multiply by 0,7/0.4). |

(b) Calculate % bound.

(e) Plot standard curve of % bound against pg oestradiol.

(d) Read off pg oestradiol from standard curve.

(e) Correct for recovery.

(f) Correct results to ng mi~" trout serum,

(g) No water-blank correction was used since in all assays it was

found not to be significantly different from the 0 standard.
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2.2.3, Radioimmunoassay for Oestrone.

The method used for measuring oestrone in trout serum was
similar to the liquid phase RIA procedure for oestradiol-178
outlined above. The specific antiserum which was again obtained
from Steranti Research Ltd., St. Albans, U.K. raised in New Zealand
White rabbits against oestrone-6-0(Carboxymethyl) oxime-bovine
serum albumen. 2,4,6,?—3H oestrone was used as label (Radio-
chemical Centre, Amersham, U.K.) having a high specific activity

(80 ci mM™ ).

Cross~reactivity data for a number of steroids are shown in
Table 2.2.. The intra-assay coefficient of variation was 4.07%
and the inter-assay coefficient of variation 7.15%. The

sensitivity of the assay was calculated by the following expression :-

s x 100
? R i F
where R = % recovery
F = fraction of sample used
s = sensitivity of standard curve,.

The sensitivity of this assay was calculated as approximately

160 pg ml-1.
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STEROID % CROSS_REACTIVITY
OESTRONE TAKEN AS 100%
OESTRADIOL-17j 9.5%
DESTRIOL 10,2%
TESTOSTERONE . 1.,8%
11 KETOTESTOSTERONE 0.5%
ANDROSTENEDIONE 2.1%
17&HYDROXY-208-DIHYDROPROGESTERONE £ 0,5%
CORTISOL < ;.5%
PREGNENOLONE 0.97
(NON SPECIFIC) j R

TABLE 2,2, CROSS REACTION DATA FOR OESTRONE ANTI-SERUM

WITH SOME OTHER STEROIDS.
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Materials :

(2) Ethyl acetate (Analar).
(b) Wwater (Analar).
(e) RIA Buffer (0.1M phosphate buffer pH 7.0 containing 0,9%
Sodium chloride; 0.,1% gelatine and 0.01% Sodium methiolate)
(i) Disodium hydrogen phosphate {NazHPDaanhyd.) 4,449

(ii) Sodium dihydrogen phosphate (NaHEPU .ZHZD) 2.91q

4
(iii) Sodium chloride 2.25qg
(iv) Gelatine 0.25q
(v) Sodium methiolate 0.03g.

(d) Dextran-coated charcoal - 'Separex' (Steranti Research, St.
Albans, U.K.).
(e) 2,&,6,?—3H oestrone - (Radiochemical Centre, Amersham)
Specific activity = 80 Ci ad™
Working solution - 30,000 dpm 100u1”",
(f) Recovery label - 5ml working solution, made up to 50ml with
buffer,
(a) Scintillant = 20g Diphenyloxazole (PPO) in 2.5L toluene
and 2.5L ethoxyethanol (scintillator grade).
(h)  Antiserum - (Steranti Research, St. Albans, U.K., Code E001).
Reconstituted as specified in RIA buffer to bind 50%.
(i) Standard oestrone solution (Steranti Research, Code ST EO001).
Stock A as supplied - 10 pg 1UUF1—1

working solution - 1000 pg 100u1” .
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Assay procedure ¢

(a)

(b)
(e)

Pipette 100ul of each serum sample into separate polypropylene
tubes,

Add 100p1 of recovery label.

Mix well and incubate overnight at 4°c,

Add 1ml Ethyl acetate.

Mix on rotary mixer for 45 minutes.

Centrifuge briefly at 1500 rpm for 10 minutes.

Transfer a 100pl aliquot of extract into 10ml scintillant

in a counting vial and count against 100pl recovery label

for 10 minutes to obtain % recoveries.

Take 200pl aliquot of extract into clean assay tubes (Radley
and Eo.. Ltd),

Prepare serial dilution of oestrone standard in duplicate

in similar assay tubes over range 1000pg - 4.0pg, and O.

Take extracts and standards to dryness in vacuum oven at less
than 35°C.

Cool to 4°C.

Add 100upl working antiserum dilution.

Add 100pl working oestrone label.

Vortex for 30 seconds and incubate overnight at 4°Cs
Reconstitute 'Separex' tablet with RIA buffer. One tablet
dissolved in 50ml is sufficient for 100 tubes. Prepared

not more than 30 minutes before use.

Add 0.5ml dextran-coated charcoal, as prepared above, to each
tube.

: 0
Mix briefly and incubate for 10 minutes at 4 C.



(r)
(s)

(t)
(u)
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Centrifuge for 10 minutes at 1500 rpm (4°c).

Transfer 0.4ml supernatant to 10ml scintillant in a counting
vial,

Count for 10 minutes,

For total counts, count 100ul working label solution in

10ml secintillant.
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2 2040 Radioimmunoassay for Serum Testosterone.

A similar method was used for measuring testosterone in trout
serum to that used to determine oestradiol-178 and oestrone (2.2.2. &
2eZ:30)s The specific antiserum was also obtained from Steranti
Research U.K. Ltd., and high specific activity tritiated testosterone
supplied by the Radiochemical Centre (Amersham, U.K.). More ethyl
acetate ( 2 or 4ml) was used in the extraction phase to account for
the very high levels of testosterone (>200ng ml-T) found in mature
female trout. This was found preferable to reducing the aliguot
volume taken from the extract to be assayed, since aliquots of less
than 100ul caused considerable error and inaccuracy. Cross-
reactivity deta for a number of steroids are shown in Table 2.3. and
Fig. 2.3. where the cross-reactivity is determined as the %
depression of 50 pg of testosterone by 50 pg of the test steroid.

The intra-assay coefficient of variation was 9,09% and the inter-
assay coefficient of variation 11.5%  The sensitivity of the assay
was determined as approximately B0 pg ml_1. Whilst serial dilution
of mature female serum (high testosterone) exhibited full parallelism
with the standard curve, mature male trout serum did not always
appear to do so (See Fig. 2.3.). This may be as a result of

cross-reaction with 11-ketotestosterone (35%), often present at

significant levels in male serum,
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STEROID J CROSS REACTIVITY
TESTOSTERONE TAKEN AS 100%
11 KETOTESTOSTERONE 345%
DEHYDROEP IANDROSTERONE 20%
DESTRADIOL-178 5.8%
OESTRONE 2,9%
CORTISOL £ 0.5%
17«HIDROXY-20B-DIHYDROPROGESTERONE 1:565
17«HYDROXY PROGESTERONE 0.5%
PREGNENDLONE 3.8%
(NON SPECIFIC) 1.8

TABLE 2.3, CROSS REACTION DATA FOR TESTOSTERONE ANTI-

SERUM WITH SOME OTHER STEROIDS.



34

Oestrone
Z BINDING
B REND Oestradiol-178
50 —
40 -
11 Ketotestosterone
30 —
Mature male
20—
Testosterone
Standard
Mature female
10 <

| ] I
10 100 1000

pg TESTOSTERONE
FIG. 2.3. SERIAL DILUTION OF SERUM FROM MATURE MALE AND FEMALE

TROUT COMPARED WITH TESTOSTERONE STANDARD AND CROSS

REACTION WITH SOME OTHER STEROIDS.
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Materials :

(2)

(b)

(e)

(d)

(e)

All buffer, scintillant and charcoal reagents were as used in

the RIA methods for oestradiol-17p and oestrone.

Tritiated testosterone - 1,2,6,?-3H Testosterone prepared to

working solution of 22,000 dpm 1oqp1'1.

Recovery label - 5ml working solution up to SOml with RIA

buffer.

Antiserum (Steranti Research, St. Albans, Herts., U.K.

Code ADOO1) reconstituted as per manufacturers instructions.

Standard testosterone solution - 1000 pg 1[30}J1-1 testosterone

in acetone. Serial dilution 1000 - 4.0 pg 1DDpl_1.
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Assay Procedure :

(a)

(b)
(c)
(d)
(e)
(f)
(9)

(1)

(3)

(n)

(o)

Pipette 100pl of each serum sample into separate polypropylene

tubes.

Add 100pl of recovery label.

Mix well and incubate overnight at 4°c.

Add 2ml (or 4) of ethyl acetate.

Mix on rotary mixer for 1 hour,

Centrifuge briefly at 1500 rpm for 10 minutes.

Transfer 100pl aliquot of extract into 10ml scintillant in
a counting vial and count against 100ul of recovery label

for 10 minutes to obtain % recoveries.
Take 1DQpl aliquot of extract into clean glass assay tubes.

Prepare serial dilution of testosterone standard in triplicate

-

in similar assay tubes 1000 - 4.0 pg and zero.

Take extracts and standards to dryness in vacuum oven at less

than 35°C.
Cool to 4°C.

Add 100ul antiserum (to bind 50%)=- leave on bench for 30

minutes.
Add 100pl labelled testosterone - to give 22,000 dpm.

Vortex briefly and incubate for 4 hours at room temp. or

overnight at &°Cs

Reconstitute 'Separex' tablsts (dextran-coated charcoal) with

RIA buffer just before uss.



(p)
(q)
(r)
(s)

(t)
(u)

(v)
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Add 500pl of dextran-coated charcoal to each tube.
Mix briefly and incubate for 10 minutes at 4 C.
Centrifuge for 10 minutes at 1500 rpm (400).

Transfer 400pl supernatant to 10ml scintillant in a counting

vial,
Count for 10 minutes.,

For total counts, count 100ul working label solution in 10ml

scintillant,

For non-specific binding run assay tube with 1DDP1 RIA buffer

+ 100ul label (no antisera),

Calculations :

(a)

(b)
(e)

(d)

(f)

Correct % binding from 400pl aliquot to total % bound counts

(multiply by 0.7/0.4). ¢
Calculate % bound.

Plot standard curve of % bound against pg testosterone.
Read off pg testosterone from standard curve.

Correct for recovery.

-1
Correct results to ng ml trout serum (ie account for

Et Ac volume).
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252550 Assay of Serum Vitellogenin,

In this study vitellogenin levels were measured directly by a
specific radioimmunoassay as well as indirectly by measurements of
serum phosphoprotein phosphorus and total serum calcium, A
further qualitative Bstiﬁatiun was provided by polyacrylamide gel
electrophoresis, Each is considered separately in the following

sections :-
2.2,5.1. Radioimmunoassay of Trout Uifelloganin.

The double antibody technique used was that developed by Or.
J.P. Sumpter, School of Applied Biology, Brunel University, U.K.
and the first assays were conducted under his direction at Brunel,
Intact vitellogenin és standard was purified on sepharose 6B and
antiserum raised in rabbit's showed little cross reactivity with
the component parts of the trout vitellogenin molecule or salmon
vitellogenin (J.P. Sumpter personal communication). The stanﬁard
was iodonated using a recently developed method utilising an
insoluble oxidising agent 'iodogen' (Salacinski et al., 1979).
Approximately 38% of the standard incorporated 1125 and pooled
fractions were subsequently chromatographed on Concanavalin A=
sepharose. Immunoprecipitation with anti-rabbit gamma globulin
antibody raised in sheep, were used to separate free and bound
fractions. The sensitivity of the assay was 10ng, the intra-
assay coefficient of variation was approximately 7.02% and inter=-

assay coefficient of variation 8,83%,
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Materials :

(a)

(b)

(e)

(d)

(f)

RIA Buffer : Phosphate buffered saline (0.05M NaP, 0,15
NaCl) containing 1% egg albuminj 0.1% NaN,
pH 7.05),

Standard : Intact purified trout vitellogenin over

Standard range 150ng rnl-1 to 0.29ng ml-1.

1st Antibody : Anti vitellogenin (R288) at 1:100,000 (made
up in 1:400 Normal rabbit serum).

Normal rabbit serum (NRS) : Normal rabbit serum at 1:400
with RIA Buffer.

2nd Antibody : anti-rabbit gamma globulin, diluted 1:20
with RIA Buffer,

Label : 1123 vitellogenin sufficient to give

approximately 8000 cpm,
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Method :

(a)

(b)

(c)

(e)

(f)

(n)
(o)

Prepare total counts in triplicate :-
50pl RIA buffer, mixed with SOpl label (added at (i))
below.

Prepare non-specific binding tubes (NSB) in triplicate :-
S0pl RIA buffer mixed with 50pl NRS,

Prepare maximum binding tubes in triplicate :-
S0pl RIA buffer; SO0pl of anti-vitellogenin (added at
(g) below) mixed with SO0ul of labelled vitellogenin
(added at (i) below).

Prepare standards in triplicate by serial dilution with

buffer as follows.

To all unknown assay tubes (LP2/2, Luckham, U.K.) add 50pl

RIA buffer,

Add 50ul of each serum sample (diluted with RIA buffer to fit

within standard range) in triplicate.

Add 50pl anti-vitellogenin to all assay tubes.

Vortex briefly and incubate for 24 hours at 4°c.

Add 50upl of labelled vitellogenin.

Vortex and incubate for 24 hours at a’c.

Add S0pl anti-rabbit globulin.

Vortex and incubate for 24 hours at 47C.

Centrifuge at 3000Xg for 30 minutes (dDC) - not total

counts tubes.

Remove supernatant with aspirator - not total counts.

Count all tubes = for 100 seconds to obtain cpm.
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Calculations :
(a) Determine maximum binding = ie mean of maximum binding tubes
less mean of non-specific binding tubes,

(b) Correct all standard and sample counts for non-specific

binding - determine mean triplicate values.
(c¢) Plot log ng vitellogenin standard against % maximum binding.

=1
(d) Read unknown from standard curve to give ng ml ', corrected

to account for dilution to fit standard curve.
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2e2¢5e24 ARssay of Phosphoprotein Phosphorus,

Prior to using this specific radioimmunoassay for vitellogenin, a
method was used to measure serum phosphoprotein phosphorus, as the
phosvitin component of the vitellogenin molecule is rich in
inorganic phosphorus, The method used was the method ocutlined in
the Boehringer Corporation Test Handbook (1969), as modified by
Whitehead (1979). The levels of phosphoprotein phosphorus may
then be converted to vitellogenin by multiplying by 71.43 assuming
as indicated by Craik (personal communication to C. Whitehead) that
vitellogenin contains 1.4% phosphoprotein phosphorus as in other

vertebrates.

The sensitivity of the method was approximately 10ug ml—1,
equivalent to 0.71mg ml-1 vitellogenin. The inter-assay
coefficient of variation was 11.74% and the intra-assay coefficient

of variation 9,47%.



Materialsg

(a)
(b)
(e)

(3)
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20% Trichloroacetic acid,

Ethanol.

Chloroform : ether : ethanmol (1:2:2).
Acetone.

Ether,

60% Perchloric acid (Analar).

100 vol., Hydrogen peroxide (Analar).

Molybdate reagent : 40 mM ammonium molybdate, 2.5N HZSU4

: -1 : -1
(ie 49,440 L (NHG)END?DZQ4H20, + 122,58 L' cong, stod).

Vanadate reagent : 21 mM ammonium vanadate, 0,28M HNO

(ie 2.469 s NH,, VO

3

43 * 17.6g L™ cone. HNUE).

Standard solutions prepared from NaZHPD4 hydrate crystals or

K,H,PO, crystals to contain 0,25,50,75 and 100pg 10001

phosphorus,
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Method :
(a) Take 100pl serum sample.
(b) Precipitate proteins with 5ml 20% trichloroacetic acid,
(c) Centrifuge for 10 minutes at 2,500 rpm to isolate precipitate.
(d) Wash with organic solvent to remove lipid, ie wash
successively with hot ethanol; chloroform: ether: ethanol
(1:2:2); acetone and ether (Wallace, 1970).
(e) Dry protein pellet.
(f) To protein pellet add 0.5ml perchloric acid (60%) and 0.1ml
hydrogen peroxide.,
(g) Mix well and stand for 12 hours.
(h) Heat at 180-200°C for 20 minutes. (If not completely
colourless to eye and free of black solids, add a further 0.1
ml hydrogen peroxide and heat for a further 20 minutes).
(L) Rod % 2ml H20 X
1ml Vanadate reagent
iml Molybdate reagent.
(j) Stand for 10 minutes and measure optical density at 400 nm
against a solution of :
2ml HZD
1ml Vanadate reagent
iml Molybdate reagent,
(k) Plot standard curve of ug phosphorus against optical density

and read off samples.
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2,2,5.3, Assay of Total Serum Calcium,

Total serum calcium was measured on a Corning calcium analyser,
model 940. The compleximetric titration was first introduced by
Schwarzenbach and Biedermann (1946). The method is based on
measuring the fluorescence of a dye when associated with calcium,
The dye used is calcein (first introduced by Diehl and Ellingboe,
1956) which is a fluorescein derivative and forms an intensely
fluorescent non-dissociated complex with calcium ions in an
alkaline medium (1M KOH). The analytical procedure used with
model 940 is based upon the guenching of this fluorescence by
chelasting the calcium ions with the titrant Ethyleneglycol bis
N,N' - tetraacetic acid (EGTA) - in preference to Ethylene diamine
tetrachloroacetic acid (EDTA) especially in the presence of

magnesium ions (Schmidt & Reilley, 1957).

The inter- and intra-assay coefficients of variation with fresh
serum were 0,02% and 1.277% respectively. The inter-assay
coefficients of variation for stored serum at 2DDC; dDC; -20°C
and repeatedly thawed and -20°C (28 days) were 30.52%, 7.7%, 4.0%
and 1.3% respectively. Although the majority of serum samples
were assayed within a short period of bleeding, immediate freezing
of samples at -2000 until assay without thawing, would appear to
provide a reliable method of storage with no significant change
in measured levels with time. This was proven by comparing
calcium levels in replicate samples which had been stored at —ZODC,
4°c, 20°C and also at -20°C but with repeated thawing (S times in

one month).
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Method :

The method used was as described in the instruction manual as
supplied with the Corning Calcium Analyser (940). The analyser
consists essentially of & reaction cuvette with magnetic stirrer,
EGTA reservoir and fluorescent light source, together with the

appropriate electrical circuitry including digital read=-out display,

(a) Switch machine on and allow to warm up for 15 minutes.

(b) Fill cuvette with 1M KOH to appropriate level, place in
machine - check magnetic stirrer is working.

(e) Add 100pl 'Calcein' dye to cuvette.

(d) Add 100pu1 (10pg) calcium standard to cuvette,

(e) Partially close lid to check fluorescent light is working.

(f) Press 'TITRATE' button = which continues to flash.

(g) The machine is now calibrated by repeatedly adding 50pl
aliquot (ie sample size) of calcium standard and pressing
'TITRATE' until the digital readout on successive samplings
reads less than 0.2% error.

(h) Press 'CALIBRATE'.

(i) S0pl serum samples are added successively and titrated
automatically.,

(3) Digital readout gives calcium in mg¥% or mEq/L as determined

by preselection at step (a).
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2.2.5.4, Estimation of Vitellogenin in Trout Serum using

Polyacrylamide—gel Disc Electrophoresis.

The method used was a modification of the technique developed
by Yaron & Widzer (1978). Although this method can provide
absolute levels of vitellogenin, the absence of a purified trout
vitellogenin at the time of assay, together with our limited
accessibility to a suitable densitometer and the heterogeneity of
the vitellogenin molecule prevented such quantitative determinations
in this work. However, this method did provide an important
qualitative measure of the vitellogenin complex particularly when

used in conjunction with the other three methods.
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Materials :

(a) Tris HCl buffer (0.38M, pH B8.9) :

Tris 23g in 450ml distilled water adjusted to pH 8.9
with conc., HCl and made up to 500ml,

(b) Tris glycine buffer (0.005M Tris and 0,04M glycine)
Glycine 2.8g and 0.6g tris made up to 1 litre and
adjusted to pH 8,3 with tris,

(¢) Cyanogum (Sigma) -— 10% w/v in Tris-HCl buffer (store at 4°C).

(d) Saturated sucrose solution :

Prepare 5ml and add phenol to deep red colour.
Keep at room temperature.

(e) Sudan-black,

(f) Fast-green stain,

(g) Alizarin red(S) stain.

(h) 'Temed' catalyst (Sigma).

(i) Ammonium persulphate :
400mg in 2ml distilled water prepared freshly,

(3) Acetic acid :

7.5% v/v - prepare 2-3 litres for washing gels.
(k) 12 glass tubes in which to prepare the gels - approximately

75mm long by 5mm internal diameter.
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Preparation of Gel columns 3

Prepared not more than 24 hours before use, the main body of
the gel (5.5%) acts as the separating gel, the top of which is a

3.5% starting gel to give a better demarcation of the protein bands.

(a) Mark glass tubes 65mm and 70mm from one end.
(b) Close the bottom ends tightly with parafilm,
(¢) Place tubes upright as vertical as possible,

(d) Prepare 5.5% gel solution as follows :

10% cyanogum - 12,3 ml
Tris=HCl buffer - 10.2 ml
Temed - 0.02ml

Ammonium persulphate

0,55ml,

(e) Fill glass tubes up to 65mm mark using pasteur pipette and
avoiding air bubbles,

(f) Add a few drops of water very carefully to the top of the gel
without stirring or mixing = this flattens the gel.

(g) When set - remove water from surface without damaging gel
surface.,

(h) Prepare 3,5% gel solution as follows :

10% cyanogum - 5.3 ml
Tris-HCl buffer - 9.7 ml
'Temed' - 0.02ml

Ammonium persulphate 0.4 ml

(i) Fill tubes to 70mm mark and add water again to flatten gel.
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Electrophoretic Separation :

(a)

(b)

(e)

(d)

(e)
(f)

(a)
(h)

(1)

(3)

Fill lower tank with Tris-glycine buffer.

Remove parafilm from bottom of tubes and insert into

apparatus avoiding air bubbles.
Fill upper tank with Tris=glycine buffer = cover tubes.

Using a Hamilton 10 or 25pl precision syringe, take a 4ul

sample of serum,
Mix with an equal volume of saturated sucrose solution.

Draw total volume into syringe and place on top of the gel

column under the buffer,
Put the complete apparatus in a cold chamber (4°C).

Connect positive of power supply (Shandon) to lower chamber

and negative to upper chamber,

-

Run gels at one Amp |::(:|lurnn-1 until the ion front reaches the

separating gel.
Increase current to 4 m Amp column-?.

Once ion front is about Smm from end = switch off,
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Fixation, Staining and Destaining :

(a) Remove gels quickly,
(b) Allow gels to slide into serological test-tubes.

(¢) Fix and stain proteins simultaneously with one of the

appropriate stains.
(d) Destain by washing in excess acetic acid (7.5% w/v).

(e) Store gels in 7,5% acetic acid.

Densitometry and Quantitative Method :

If known amounts of vitellogenin standard are run down the gels
and densiometric readings taken with an appropriate densitometer, a
standard curve of known vitellogenin versus densiometric reading
can be plotted. Unknown samples can be read from the curve and
the method can be applied quantitatively to estimate serum -

vitellogenin.
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CHAPTER 3.

OESTRADIOL-178B AND VITELLOGENESIS.
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S le Introduction.

An almost universal feature of oocyte development in animals
is the accumulation within the cytoplasm of a "food store" or
yolk, on which future embryonic development depends. Although
collectively referred tn.as yolk, a rather loose term since in
chemical structure there are species differences, Pan et al.,
(1969) proposed the generic name 'vitellogenin' to cover all
protein precursors of yolk. There are further species
differences in the relative amounts of yolk stored in the oocytes
with respect to their degree of organisation. Thus, for example
in species producing oligolecithal eggs such as the sea urchin
(Arbacia) only about a guarter of the oocyte volume is taken up by
yolk granules (Harvey, 1956). Whereas the telolecithal eggs of
the teleosts, and birds contain so much yolk that the food reserves
are segregated completely from the cytoplasm surrounding the oocyte
nucleus, Vast amounts of vitellogenin must therefore be proauced,
most especially in oviparous vertebrates, for example in the birds
where a chicken ovum increases from 1=16 g in the seven days
preceding ovulation (Warren & Conrad, 1939), This rapid production
of yolk is no less impressive in teleosts where the eggs, though

smaller, may be much more numerous. In the trout (Salmo gairdneri)

the oocyte grows from a previtellogenic size of 30 um to one of

3,5 mm over the 7 month period preceding spawning when the female
gonad may be as much as 20% of the body weight, or 1000 g in a

5 Kg fish (Elliott, 1981 unpublished). Although almost 50% of this
weight may be taken up with water, this 40,000 fold increase in

oocyte volume is indicative of a vitellogenin uptake by the ovary
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of approximately 1g a day.

It is apparent that vitellogenesis must be preceded and
accompanied by a radical rearganisation of metabolic activity and
resources in order to produce these yolk materials, Consideration
must be given not only to the processes involved in vitellogenesis
and where they take place, but also to the mechanisms effecting

regulation.

In the oviparous vertebrates a consistent feature is the role of
oestrogenic steroids in stimulating vitellogenesis, the evidence
coming from studies using birds, reptiles, amphibians and fish
(Bailey, 1957; Dessauer & Fox, 1959; Chung=-Wai et al., 1961; Heald
& Mclachlan, 19643 Hahn, 1967; Wallace & Dumont, 1968; Elliott
et al,, 1979)., Thus, many workers have labelled vitellogenin as
a sex—-limited protein, being found in mature female animals but not
at all in males unless after oestrogenic stimulation (Follett &
Redshaw, 1974; Wallace, 1978; Knowland, 1980). Although the '
majority of this work is based on amphibians, further studies with
fish have similarly indicated it's sex=limited nature in that it is
found in mature female fish (Vanstone & Ho, 1961; Ridgeway et al.,
19623 Drilhon & Fine, 1963; Thurston, 1967; Hara, 19753 Le Menn,
1979; Whitenead et al., 1973a) and in male and immature female
fish after oestrogenic stimulation (Bailey, 1957; Ho & Vanstone,
1961; Plack et al.,, 1971; Aida et al., 1973; Hickey & Wallace, 1974;
Emmersen & Petersen, 19763 Mugiya & Watabe, 1977; de Vlaming et al.,
1977; Yaron et al., 1977; Craik, 13783a; Terkatin=Shimony & Yaron,
1978; Elliott et al.,, 1979; Hori et al., 1979; Korsgaard & Petersen,

1979; de Vlaming et al., 1980).
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In almost all these studies oestradiol has been the oestrogen
chosen to induce vitellogenesis. In only one study has the
action of other oestrogens been studied, where oestriol was found
to be much more potent in raising blood vitellogenin levels than
either oestrone or oestradiol-178 (Terkatin-Shimony & Yaron, 1978).
This is somewhat surprising since there is no evidence to suggest
that oestriol is present in teleost blood and some recent work
demonstrated the absence of oestriocl in the rainbow trout (Diederik
et al., 1981; Lambert & Van Oordt, 1981). One explanation for
the potency of oestricl may be attributed to the oestrogen per se,
rather than its conversion into oestradiol-178. Furthermore,
massive doses of androgens have also been reported to induce
vitellogenin synthesis (Hori et al,, 1979) which may be due to
aromatisation of the androgen into oestrogen, although no evidence

exists to support this.

In teleosts any evidence for oestradiol regulated vitellogenesis
is circumstantial. It is only recently that measurements of the
dynamic changes in levels of oestradiol-178, phosphoprotein
phosphorus and calcium in the serum during the reproductive cycle
of the female rainbow trout have implicated a role for oestradiol-
178 in the direct control of vitellogenesis (Whitehead, 1979;

Scott et al., 13980b). Thus, our aim was to observe the changes in
phosphoprotein phosphorus and calcium in the serum after injection
of oestradiol-=178 into immature male and female trout and compare
these changes with the sequence of events which occurs during the
normal reproductive cycle. An investigation was also made as to

whether initial priming with oestradiol-17p was necessary, since
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it has been suggested that this may be the case when using immature
fish and indeed early tadpole (Xenogus) liver is unable to

synthesise vitellogenin (Knowland, 1980).

By using different doses of oestradiol-17p it was aimed to
observe whether the vitelioganic response was 'all or nothing' or
correlated with the dose. Evidence in oviparous vertebrates
demonstrates a dose response to oestradiol-17B (Follett & Redshaw,
1968; Emmersen et al., 1979; van Bohemen et al., 1981a).
Furthermore, an investigation was made as to whether there was a
level of oestradiol-17p below which vitellogenesis would not
proceed. Such information would be valuable in interpreting
the significance of serum changes in oestradiol-17p observed in

the seasonal cycle of female rainbow trout.

In teleost fish as in other oviparous vertebrates (Follett &
Redshaw, 19683 Tata, 1978; Knowland, 1980) there is some
indication that the liver is the site of oestrogen-induced
vitellogenesis (Plack & Fraser, 1971; Aida et al., 1973b;
te Heesen & Engels, 1973; Campbell & Idler, 1976; Emmersen &
Emmersen, 1976; de Vlaming et al., 1977). These studies have
compared the histological changes in protein synthetic apparatus
both after oestrogen treatment and during normal reproductive
cycles. However, work with birds has shown that hepatectomy
prevents the typical plasma changes.associated with laying and
that P32 is first incorporated into the liver as a protein before
appearing in the blood (Ramney & Chaikoff, 1951; Flickinger &
Rounds, 1956). More recent studies on amphibian vitellogenesis

have provided irrefutable evidence that the liver is the
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primary site of production of vitellogenin (Follett & Redshaw,
1974; Wangh et al., 19763 Tata, 1978a; Wallace, 1978; Ryffel, 1978;

Wahli et al., 1979; Knowland, 1980; Wiley & Wallace, 1981),

The timing of specific phases of development to coincide with
favourable external conditions is of considerable adaptive
significance in seasonally=-breeding fish. Since the liver, the
most likely site for vitellogenesis, is the major storage organ,
one might expect seasonal variation in the availability of
essential basic materials necessary to synthesise vitellogenin.
Recent work has demonstrated seasonal changes in the activity of
certain enzyme systems in the liver of trout, which may affect
clearance or metabolism of injected oestradiol-178, or indeed
vitellogenesis (Hansson & Gustafsson, 1981; Hansson, 1981),

In many fish species the hepatosomatic index (HSI) has been
observed to vary throughout the year (Zahnd, 1959; Larson, 1974;
Wingfield & Grimm, 1877; Htun-Han, 1978; Wooton et al., 1978).
Thus, one might also expect there to be some variation in
vitellogenic response in fish injected at different times of the
year and our aim was to investigate this phenomenon.

Furthermore, workers have observed a post=-spawning refractory
period in fish, most especially with cyprinids (de Vlaming, 1972;
Sundararaj & Vassal, 1976; Breton & Billard, 1977). During this
post=spawning period, female carp brood fish for example, are
unable to respond to @ combination of raised water temperature
and pituitary extract injection, = commercially used technique
to induce spawning in carp. However, once this refractory-
period is over, induced-spawning methods are effective, A

similar refractoriness to oestrogen stimulation may also be
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present in trout, either in the post-spawning period or after
injection, Indeed, it may be suggested that sex or age
differences in vitellogenic response are evident. Experiments

aimed at investigating these phenomena were also carried out.

A further understanding of the processes involved in the
induction of the vitellogenin gene only became available after
development of an in vitro method using Xenopus liver, After
early failures, in vitro induction of vitellogenin has now been
successfully achieved (Wang & Knowland, 197S; Green & Tata, 1976).
Furthermore, by using dissociated liver cells of a particular type,
it was demonstrated that synthesis takes place in parenchymal
cells, A scheme summarizing the major events triggered by
oestradiol-178B leading to the secretion of vitellogenin into the

blood of male or female Xenopus is shown in Diagram 1.

At present we must assume @ receptor for oestrogen exists which
is important in the induction process, Very few studies have
had success in isolating oestrogen receptors in amphibians or
birds because of its low level, lability and insolubility, although
Westley & Knowland (1978) have partly chzracterised ons in mzle
Xenopus liver, Bergink & wittliff (1975), have shoun by
polyacrylamide gel electrophoresis the presence in Xenopus liver
of 2 low molecular weight protein which binds both oestradiol and
testosterone, However, similar studies with chicken liver
suggest that oestradiol interacts directly with the nucleus
without first binding to 2 cytosol component. It is estimated
that there are about 100 receptor sites each in both the nucleus

and the cytoplasm of a single cell in Xenopus liver, suggesting
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Oestradiol-17p |ovaRy |

LIVER COMPLETE VITELLOGENIN
Hecepto;
NUCLEUS BLOOD
Receptor Phosphorylation
Vg Gene Lipidation
Transcription Glycosylation

pre=Vg sub-unit

Processing VITELLOGENIN
(35s) Poly(A) Translation
Pre=mRNA
3 Polysome assembly A e e e s e
CYTOPLASM Membrane attachment
(30s mRNA)
Diagram 1 Scheme summarizing the major events triggered by

oestradiol-17B leading to the secretion of
vitellogenin into the blood of male or female

Xenopus (after Tata, 1978b).
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that the receptor plays a significant part in vitellogenin
induction (Westley & Knowland, 1978). It is surprising that
there are as many receptors in the nucleus as in the cytosol in
the absence of added oestrogen. This suggests that either its
movement into the nuclaqs does not require oestrogen, or male
Xenopus liver contains enough oestrogen to effect cytoplasm to
nucleus receptor translocation without gene activation, or that
translocation is not highly specific, Nuclear oestrogen receptors
are increased 10-fold following oestrogen stimulation and since
protein synthesis inhibitors block this increase, it cannot be
due solely to translocation. However, this increased level is

relatively stable (Knowland, 1980),

Following oestrogenization there is a large increase in
vitellogenin mRNA (VgmRNA) (Baker & Shapiro, 1977) which is due
primarily to the long half=life of VgmRNA of 40-48 hours in both
Xenopus and chickens (Clemens et al., 1975; Beuving & Gruber, 1971;
Greengard et al., 1964) which allows a large accumulation to occur.
Synthesis of UgmRNA begins almost immediately (6=12 hours) after
oestrogen treatment (Tata, 1978b) with 300 copies of mRNA per cell
after 12 hours in Xenopus liver (Ryffel et al., 1977; Baker &
Shapiro, 1977). Since no specific cytodifferentiation of cells
making vitellogenin is required the reaction to oestrogens may be
expected to be rapid. 12 days after a single injection of Xenopus
with oestrogen there are some 35-36,000 copies, but after 50-60

days levels are almost undetectable.

In studies on vitellogenesis in birds and amphibians there is



61

a 'lag' period, the time between oestradiol-178 injection and
appearance of vitellogenin in the serum (Tata, 1978b; Knowland, 1980).
This 'lag' period is shorter when animals are treated with oestradiol
-17p for a second time (Clemens, 19745 Tata, 1978b; Uestley &
Knowland, 1978; Knowland, 1980). It is not known whether the
phenomenon of primary and secondary responses to oestradiol-17f

occurs in fish,

What 'lag' phase there is between oestrogen administration and
the appearance of vitellogenin appears to be due essentially to the
time it takes for the polyribosomes involved in producing vitellogenin,
to become functionzal, The presence of oestrogen during this phase
seems essentizl to the maintenance of vitellogenin (Green & Tata,
1976). In Xenopus, vitellogenin is synthesised in membrane- bound
ribosomes and undergoes post-translational modifications before the
protein is packaged in the Golgi-apparatus prior to secretion.
These modifications begin during translation on the rough endoplasmic
reticulum and continue during packaging, since the enzymes for these

processes are probably only available at the membrane site,

It is =s =z result of one of these post-translationzl
modifications, phosphorylation, that has enabled many workers to
estimate serum levels of vitellogenin indirectly in oviparous
species, by measuring serum phosphoprotein levels, (Laskowski, 1936;
Wallace, 1970; Elliott et al., 1979; Hori et al., 1979;

Whitehead, 1879). This is hardly surprising since phosvitin, a
highly phosphorylated protein, is a major constituent of many
vertebrate egags (Wallace gt 2l., 1966) and of the vitellogenin

complex (Fujii, 1960; Wallace, 1970; Wallace & Bergink, 1974;
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Joubert & Cook, 195Ba; 1958b). It has also been shown that both
teleost vitellogenin and a trichloroacetic acid-extract of rainbow
trout eggs are similarly high in phosphorus (Suzuki & Suyama, 1979;
Campbell & Idler, 1980). The structure of trout vitellogenin is
studied more closely in .Chapter 4 where phosphoprotein phosphorus
and calcium are correlated with vitellogenin in the normal
reproductive cycle and after oestrogenization. Thus, after
oestrogenization of immature male and female fish or during

normal maturation in females, eleuatedlleuels of phosphoprotein
phosphorus are observed (Elliott et al., 1979; Whitehead gt al.,
1978a ). Concomittant with this increase in phosphoprotein
phosphorus, levels of protein-bound calcium show similar changes
(Elliott et al., 1979; Whitehead et al., 1978a ; 1978b ). Such
changes in total serum calcium thought to be due to the binding

of calcium to the vitellogenin molecule in the serum, were detected
in birds by Riddle & Reinhart in 1926 and sex differences in .levels
of blood calcium in the cod, by Hess et al., (1928). Many studies
have since reported changes in total serum calcium in fish as a
result of oestrogenization (Aida et al., 1973a; Elliott et al., 1979;
19803 Plack et al., 1971; Terkatin-Shimony & Yaron, 1978; Mugiya

& Watabe, 1977) and like phosphoprotein phosphorus, elevated
calecium levels have been used as an indicator of vitellogenesis,
Although such indirect estimates are adeguate (Chapter 4), the
recent development of more sensitive methods of measuring
vitellogenin by specific homologous radioimmunoassay, has enabled

us to study the control of vitellogenesis much more closely.,

Although much more of our knowledge of the physiology of
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vitellogenesis comes from amphibian studies, there are so many
similarities between the processes in Xenopus and other oviparous
vertebrates, that the information from amphibian work can
justifiably be applied to studies of the process in lower
vertebrates. Although vitellogenesis is defined in this chapter
as the synthesis of vitellogenin by the liver, Wallace (1978) has
noted that teleosts may be unique in that some of thsir yolk
components may be synthesised within the oocyte itself, rather
than originating exclusively from the liver (Korfsmeier, 19663
Norrevang, 1968; Upadhyay et al., 1978), Furthermore, the yolk
proteins lipovitellin and phosvitin isolated from teleosts are
generally atypical, being heterogenous both in respect to their
molecular and protein-bound phosphorus content and are generally
soluble in solutions of low ionic strength (Mano & Lipman, 1966;

Jared & Wallace, 1968; Markert & Vanstone, 1971; Hori et al., 1979),

-

More recently it has been suggested that in Xenopus, vitellogenin
is coded for by a small family of genes and although the various

polypeptides encoded by the different genes could be the same, it

(11}

is highly unlikely (Wahli et al,, 1979)., It is now revealed that

indeed there are multiple vit

m

llogenins in Xenoous, and they give

rise to multiple forms of yolk proteins (Wiley & Wallace, 1981),

The evidence available for teleosts so far suggests that the
precise mechanism for vitellogenesis and its control, will
undoubtedly be very similar to that already identified in
amphibians and birds. However, certain aspects of that evidence
also suggest, that in some respects, the teleosts are in

themselves wholly unique.
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Thus in our search for a fuller understanding of the
physiology of vitellogenesis in teleosts, it is important to have
an open mind and be prepared to accept whatever apparent anomalies
may arise. Scientific interests apart, it is of economic
viability that we have a closer understanding of vitellogenesis
in trout in order to effect a more complete and efficient control

of egg production in this commercially farmed species,
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Primary aims of this series of Experiments,

Principally to investigate the physiology of hepatic

vitellogenesis in rainbow trout, but also :=-

(a) to

(b) to

(e) to

(d) to

(e) to

{£) to

(g) to

(h) to

Compare changes in total calcium and phosphoprotein
phosphorus after injection of immature fish with
oestradiol-17p, with changes observed in the normal

cycle of maturing female trout.

Investigate whether virgin liver can respond to 2 single

injection of oestradiol-17p8.

Investigate whether a more rapid secondary response occurs

on treatment of fish previously primed with oestradiol-17p.

Observe whether there is a dose response to injected

oestradiol-1783.

Investigate whether there is a threshold level below which

vitellogenesis cannot be induced.

Look for any seasonal variation in vitellogenic response
or sensitivity to the hormone, and investigate whether
other factors such as liver weight, clearance or

metabolism of injected hormone may vary with season.

Investigate the phenomenon of refractory period, in the

post=spawning period, or after vitellogenic response.

Investigate whether the sex, age or relative maturity of

fish used may have any influence on vitellogenic response,
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(i) to Develop methods of treating fish with nestradiol—1?ﬁ that
could be commercially acceptable in terms of ease and

manageability,
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o2 Injection of Immature Male and Female Trout (Salmo

gairdneri) with Oestradiol-178 (E2).

The aim of these initial experiments was to investigate the
changes in eqgg protein or vitellogenin which occur following E2
injection in the rainboﬂ trout. In all cases vitellogenin levels
were assessed by measurement of phosphoprotein phosphorus (PP) and
total serum calcium (TCa). A priming injection of E2 was used in
these experiments since other workers had deemed it necessary when

using immature fish, Two experiments were conducted.

N2l Materials and Methods.

Short=term changes in E2, TCa and PP following E2 injection :

48 immature fish in the 150-200qg range were selected from stock
fish held at Aston Fish Culture Unit and allowed to acclimatise
for 7 days in recirculation system B (See Appendix 1). Following
this period, 24 fish were injected with E2 at a dose of 5 ug §_1
body weight. The remaining 24 fish were injected with the same
volume of arachis/ethanol suspension as controls. The two groups

of fish were fin-clipped, mixed and randomly distributed between

2 tanks and zllowed to acclimatise for another 4 weeks,

Following this period, treated fish received a further injection
of the same dose of E2 and the control fish the same volume of
vehicle. At the time of these injections, 8 fish (4 treated and
4 controls) were removed and blood sampled to obtain baseline
values. A further 4 treated and 4 control fish were removed and
bled at 3,6,9,10 and 11 hours after injection. After sampling,

the fish were held in a separate tank to avcid the removal of
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blood samples from the same fish. The protocol for this experiment

is shown diagramatically in Diagram 2.

The serum samples obtained were stored at -20°C until assay for

serum E2, TCa and PP as described in Chapter 2.
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TIME
g ¢+ + + + = + + 4B Immature mixed sex fish selected (150-200g)
7 days - - - - - 24 injected with E2 @ 5 pg 9—1
24 injected with vehicle
v
35 days. . . . . REINJECTED AS ABOVE
8 FISH BLED (4T + 4C) TO GIVE BASE VALUES
v
43 hrs . « + - « AT + 4C BLOOD SAMPLED
v
+6 hes + + - - - 4T + 4C BLOOD SAMPLED
v
i Ees -0 .. . e &1 4L BLEOD SAMPLED
v
+10 hrs- . - .« . 4T + 4C BLOOD SAMPLED
v
+11 hrs- - + . - 4T + 4C BLOOD SAMPLED

(T = Treated ; C = Control)

Diagram 2. Protocol of injection and blood sampling for experiment
investigating the short-term changes in mean serum

levels of E2, TCa and PP after injection with EZ2.
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Long-term changes in E2, TCa and PP following E2 injection :

A further 50 immature rainbow trout with a mean weight of 200g
were selected from the same stock and distributed between 3
experimental tanks, After an acclimatisation period of 7 days,
25 animals were selected at random and injected intraperitoneally
with E2 at a dose of 5 pg 9-1 body weight, The remaining 25 fish

were injected with an arachis/ethanol emulsion as controls,

S treated fish and 5 control fish were bled to obtain baseline
values, After fin-clipping, the 2 groups were randomly
distributed between 2 experimental tanks and allowed to acclimatise

for 28 days.

At the end of this period, treated fish were reinjected with
the same dose of E2 and control fish with vehicle, The fish
were divided into 5 groups of 10 fish (5 treated and 5 control),
and bled sequentially at 0.5, 1, 2, 3, 4, 5, 6, 7, 9, 11, 14, 17,
21, 25, 46, 65, B85, 112 and 135 days after the 2nd injection.

The protocol for this experiment is shown in Diagram 3. The

serum obtained was stored at -20°C until assayed as above. The

results are outlined in section 3.2.2..



TIME

35 days .
0.5 days
1 day
2 days
3 days
4 days
5 days
6 days
7 days
8 days

11 days

U

Diagram 3,

GROUP

GROUP

GROUP

GROUP

GROUP

GROUP

GROUP

GROUP

GROUP

GROUP
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50 Immature trout mean weight 200g

25 animals injected ip with E2 @ 5 pg 9-1

25 animals vehicle only, AND BLED TO OBTAIN

BASELINE VALUE

REINJECTED AS ABOVE

1 BLOOD SAMPLED

5 "

"

n

"

14 days GROUP 5 BLOOD SAMPLED

iR

17 days GROuP 3 " n
1

21 days GROUP 4 " ¥
'

25 days GROuUP 5 " i
t

46 days GROUP 3 " "
i

65 days GROUP 4 4 4
{

85 days GROUP 5 i "
'

112 days GROURP 3 & 2

135 days GROUPS 4 & S BLOOD

SAMPLED

Protocol of injection and blood sampling for

experiment investigating the long-term changes in

mean serum levels of E2, TCa and PP after injection

with E2,
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A2 Results.

In both experiments significant changes in E2 were observed in
treated fish after the second injection. Significant increases
in serum levels of PP and TCa were observed in treated fish in the
long=term experiment when compared with controls. However, no
such significant changes in PP and TCa were observed in treated
or control fish in the short-term. Values are expressed as medn
* standard error of the mean, Student t-test used to test

significance.

Short-term changes in mean serum levels of E2, TCa and PP :

There was a significant (P< 0.05) increase in the mean serum level
of E2 in treated fish after 3 hours, rising from a basal value of
0.45 *+ 0.2 ng mJ._‘I to 2,25 + 0.7 ng ml-1. A maximum mean value

1

of 9.2 + 4,5 ng ml”' (P¢ 0.05) was observed in treated fish 10

hours after the second injection. There was no significant

change in mean control values for serum E2 (See Table 3.1. &

Fig; 3o1¢)o

The mean serum levels of PP and TCa showed no significant
increases during the course of the experiment. However, mean
serum levels of PP and TCa in treated fish rose from basal values
of 16.4 + 4.4 pg ml™' and 9.6 + 0,6 mg 100ml” " to 59,5 + 8,9 pg ml™
and 15,3 + 0,7 mg 1E}E|rnl-1 respectively, at 11 hours, There were
no significant changes in control fish (See Table 3.2, and Figs.

2.2..% 5.5,
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TIME AFTER 2ND. INJECTION,

BASAL 3 HRS. 6 HRS.
CONTROL 0.45 0.5 Be5
i SoEn 002 []"04 U'd

*

TREATED BETe 3 2:25 5.1
3 Sk, Eo2 8 0.8

8 HRS. 10 HRS. 11 HRS.
CONTROL 0.7 0,37 0.4
+ 8.E, 0.1 0.1 1.1

*

TREATED 4,9 9.2 S
&+ Sok. 2.6 4,5 231
* (p<0,05)
n=4a
TABLE 3.1, SERUM LEVELS OF DESTRADIDL—1?ﬁ (E2 ng ml -1)

OVER THE 11 HOURS FOLLOWING A SECOND INJECTION

OF E2 AT 5 pg g =t



DESTRADIOL-17p
ng m1-1)
8.0 -
o—® Treated
=== Control
6.0 =
+ i S.E. >‘D'2
4,0 -
bl [
P —— -
------------------------ e i S S e =~ QO-==—===0
T T T 7 T T
1 2 5 5 6 ; 8 5 10 1 Hours
FIGe 3313 CHANGES IN MEAN SERUM LEVELS OF DESTRHDIUL—'I?ﬁ (E2 ng ml _1) OVER THE 11 HOURS FOLLOWING

A SECOND INJECTION WITH OESTRADIOL-178 (E2 ) AT A DOSE OF 5 pg g =

L



TIME (HOURS) BASAL 3 6 g 10 11
CONTROL 16.4 16.0 16.3 18.1 21,8 8.9
¥ S.E. 4.4 5.4 12.0 8.5 13.7 5.6
TREATED 16.4 26,0 20,0 T7a1 20.5 59,5
* 85,6, 4.4 19.3 12,0 28,7 19.8 8.9
TIME (HOURS) BASAL 3 6 9 10 11
CONTROL 9.6 11.0 111 1.6 1.4 11.3
* §E, 0.6 0.4 0.4 0.7 0.7 0.7
TREATED 9.6 4.8 1.4 12,3 12,8 15.3
* 5.k, 0.6 0.5 0.4 1.9 0.7
TABLE 3.2, CHANGES IN MEAN SERUM LEVELS OF PHOSPHOPROTEIN PHOSPHORUS (PP ug ay TOP) AND TOTAL

CALCIUM (TCa mg 100ml”

5 pg o Vs

1

d'

BOTTOM) FOLLOWING A SECOND INJECTION OF OESTRADIOL-178 (E2

SL



PHOSPHOPROTEIN PHOSPHORUS
-1
(pg m1 ) m——m Treated
50.0 O----0 Control
40,0 S
30.0 -
-]
)]
20,0 —
10.0 =
T T T T T T T T T T T
1 2 3 4 3 b 7 8 H 10 11 HOURS

FIG. 3.2, CHANGES IN MEAN SERUM LEVELS OF PHOSPHOPROTEIN PHOSPHORUS (P P Ho ml -1) FOLLOWING A

SECOND INJECTION OF DESTHHDIDL-17P AT A DOSE OF S)Jg o] #1.



15.0 4 TOTAL CALCIUM
(mg 1D[]ml-1)

10.0 —

5.0

FIG. 3.3. CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa mg 100ml ') FOLLOWING A SECOND

INJECTION OF OESTRADIOL-17p AT A DOSE OF 5 pg g =t

~J
=J
A——4& Treated
H-—--A Control
T T T T T T T T T T =T
2 3 4 5 6 7 8 9 10 11 HOURS
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Long-term changes in mean serum levels of E2, TCa and PP :

The serum hormone profile for injected E2 (Fig. 3.4.), differed
markedly to those of PP (Fig. 3.5.) and TCa (fig., 3.6.). In
treated fish there was a significant (P< 0.05) increase in serum
levels of E2 rising from basal levels of 0.5 + 0.2 ng ml_1 to
10,9 *+ 5,0 ng ml_1 12 hoﬁrs after the second injection. E2
reached a peak mean value of 38,0 + 5,6 ng ml_1 2 days after the
second injection, falling to 1.6 + 0.2 ng m1~! after 9 days, and
to control levels after 11 days. There were no such significant
changes in levels of E2 in control fish during the course of the

experiment (Table 3.3.).

In treated fish serum levels of PP increased from basal values
of 21.0 + 5.0 pg mi~! to 307.0 + 25.0 pg m” (p£ 0.001) 12 hours
after the second injection. Serum levels of PP reached a peak
mean value of 832.0 + 95.2 pg w1 24 days after the second
injection, not returning to control values of 16.6 * 2.1 pg ml—1
until 114 days later. There were no such similar changes observed
in the control fish, a maximum value of 116.0 * 22,0 ug |'nl_1 being

observed after 25 days (See Table 3.4.).

Similarly in treated fish, TCa levels increased significantly
(P¢0.001) from basal values of 11.0 + 1.0 mg 100m1”" to 41,1 #
2,9 mg 1UUm1-1, 12 hours after the second injection. A peak mean
value of 75.2 + 6.0 mg 100m1_1 was observed after 21 days, naot
returning to control levels of 13,7 * 0.6 mg 1DDml_1 until 135 days
after injection. Again no such similar changes were observed in
control fish (Table 3.5.) where a maximum mean value of 16,3 +

2.3 mg 1DDm1-1 was observed 46 days after the second injection.
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TIME (DAYS) BASAL 0.5 1 2 3
CONTROL 0.5 0.35 0.4 0.6 0.7
* S E. 0.2 0.2 0.2 0.3 0.3
* ¥ KKk *%
TREATED 0.5 10,9 S.4 38,0 4,75
+ 8., 0.2 5.0 0.1 S.6 1.4
TIME (DAYS) 4 g 11 14 17
CONTROL 0.9 0.4 0.8 0.6 0.5
L e 0.3 0.2 0.3 0.1 0.1
e %*
TREATED 6.7 1.6 0.9 0.8 0.9
+ S Eq Yl 0.2 0.2 0.5 0.3
TIME (DAYS) 21 25 46 65 85
CONTROL 0.4 0.3 0.3 0.4 0.5
* BE, 0.4 0.1 0.1 0.2 0.1
TREATED 0.6 0.5 0.3 0.3 0.4
+ S.E. 0.2 0.2 0.1 0.05 03
* (p{0,05) ** (p(0,01) #»x (pd 0,001)
n=>5

TABLE 3,3.  LONG-TERM CHANGES IN MEAN SERUM LEVELS OF OESTRADIOL-17B
(E2 ng ml ') FOLLOWING A SECOND INJECTION OF

OESTRADIOL-17B AT A DOSE OF 5 pg g e



40

30 —

20 —~

OESTRADIOL-178
-1
(ng ml ) i

®&—e Treated

|| O-—--0 Control

+ + 8.EP 0,5

+ Injections

28 56 TIME AFTER 2ND B4
. INJECTION (DAYS)
FIG. 3.4. LONG-TERM CHANGES IN MEAN SERUM LEVELS OF OESTRADIOL-178 (E2 ng ml ~ ) FOLLOWING A

SECOND INJECTION OF DESTRADIOL-17B (E2 S pg g '

08
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TIME (DAYS) BASAL _ 0.5 1 2 3 4
CONTROL 21,0 14,0 10,2 23,2 7.4 10.2
#  S.E. 5.0 4,6 2,6 6.3 5.4 2,5
Wk - e k= *
TREATED 21,0 307.0 308.0 351.0 438,0 292,0
A i e 5.0 23,0 76,0 77.0 32,4 106.6
TIME (DAYS) 9 11 14 17 21
*1
CONTROL 36.8 43,2 25,2 47.5 110.,2
* 5.F, 12,2 1643 8.6 16,7 34,8
* K HHK * K
TREATED 316.0 543.0 449.0 364.0 832.0
C¥ Gk, 109.6 56,7 117.0 104,0 95,2
TIME (DAYS) 25 46 65 85 135
*1 *1
CONTROL 116.1 76.2 23,0 24,3 12.2
5 5. 32.0 14.8 8.8 75 2.5
* ¥ HH * *
TREATED 745,0 436,0 385.0 400,0 16.6
& S UES 54,4 i 132.8 85,7 2.1

* (p{0,05) ** (p{0,01) ** (p< 0,001) *1 versus basal control mean
n=>5
TABLE 3.4, LONG-TERM CHANGES IN MEAN SERUM LEVELS OF PHOSPHOPROTEIN

PHOSPHORUS (P . P Mg ml -1) FOLLOWING A SECOND INJECTION

OF OESTRADIOL-17B (E2. 5 pg g ™).



800 —

600

400

200~

PHOSPHOPROTEIN PHOSPHORUS
-1
(pg m1 )

®——e Treated

O——--0 Control

+1 S.E.>20.0

* Injections

c8

»

FlG. 8.5, LONG-TERM CHANGES IN MEAN SERUM LEVELS OF PHOSPHOPROTEIN

FOLLOWING A SECOND INJECTION OF []ESTRP«DIDL-17)3 (E2. 5 Ho

PHOSPHORUS (P P pg ml ~

g Sl

L |
TIME AFTER 2ND
INJECTION (DAYS)
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TIME (DAYS) BASAL 8.5 1 2 3 4
CONTROL 11.0 11.8 11.6 1.4 1.7 1342
+ . 8.Eq 1,0 0.7 0.7 0.4 0.3 0.3
TREATED 11.0 41.2** 34,2 33.1** 49.5*** a1.9**
& gk, 1.0 2,9 5.9 7.5 2.1 10,2
TIME (DAYS) 9 11 14 17 21

CONTROL 12.6 13,3 18,77 14,21 14,9

#* 5.E. 0.8 0.7 0,7 0.6 1.3

TREATED 84,50 88,7 52,3 83,3 75,2

+ 8. 8.3 4,9 10.2 8.4 6.0

TIME (DAYS) 25 46 65 85 135 L
CONTROL 151 1 g 13.9° 7 15,4 "1.8

#. Sk, 0.9 2.3 0.6 0.4 132

TREATED 2.7 51.8" 54,47 A7.7 43,7

#. 8,E, 4,9 8.6 6.7 15.1 0.6

*

(pL0o.,08) ** (p<0,01) *** (p<0,001) *1 versus mean basal control
n=2y>3

TABLE 3.5. LONG-TERM CHANGES IN MEAN SERUM LEVELS OF TOTAL

CALCIUM (TCa mg 100ml "1) FOLLOWING A SECOND

INJECTION OF OESTRADIOL-178 (E2 5 pg g ).



60

40

20

TOTAL CALCIUM
(mg 1UDml-1)

e——® Treated

O----0 Control

+_+_ S.E.> 2.0

+ Injections

v8

e G e -
- -
-

—— .

FIG, 36y

| I | T 1
28 56 B4 112 TIME AFTER 2ND

- INJECTION (DAYS)
-1
LONG-TERM CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa mg 100ml ) FOLLOWING TwO

O s

INJECTIONS OF OESTRADIOL-17B (E2 5 pg g it
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Delewe Conclusions.

The results clearly demonstrate a role for E2 in the direct
control of vitellogenesis in the rainbow trout as determined by
measurement of PP and TCa. Measurement of serum E2 showed that
uptake of the hormone to the serum occurred almost immediately
after injection, reaching a peak 2 days later and not falling to

control values until 9 days after injection.

In both experiments, concomitant increases in PP and TCa were
observed and a 'lag-phase' of some 11 hours occurred after the
injection of E2 before their appearance in the serum. However,
following the 'lag-phase', gross changes in both parameters were
observed which remained elevated for some 5 months. The results
indicate that once initiated egg protein synthesis continues
despite the return of E2 to control levels. The parallel increases
in PP and TCa suggests a distinct relationship between the

materials in the vitellogenin complex.
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Seide Primary Induction of Vitellogenesis and the Secondary

Response after Reinjection with E2,

The aim of this experiment was to compare the vitellogenic
response of a single injection of E2 into unprimed fish with that
produced in fish which had previously been primed with a similar

dose of this harmone.
Seds e Materials and Methods.

Primary induction with a single injection of E2 : 30 immature

rainbow trout with a mean weight of 100g were selected and allowed

to acclimatise to recirculation system A. 10 fish were picked at
random and injected intraperitoneally with E2 at a dose of 5 pg 9_1
body weight in arachis oil/ethanol. A further 10 fish were injected
with vehicle as controls, 10 fish were bled at the time of
injection and at 1, 5, 7, 12, 14, 18, 22 and 60 days after this time,
See Diagram 4 for protocol of injection and sampling. The serum
samples were stored at -20°C until assay of E2 and TCa as

described above,
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DAYS

+ 30 Immature trout split into 3 groups of 10

—-p— O

GROUP A GROUP B GROUP C
T4 ‘Injected ip with Injected ip
‘, E2@5 pg g with vehicle
< gn B . 5
}
3] S 5
(i 5 - S
:
12 8 S5
'
14 S . S
.
18 G S
'
22 5 . 8
t
60 - S S
'
62 . .E2ip&S . . . . VEHip &S . . . E2ip& S
t
2 5 5 B
t ,
4 § 5 S
t
=} S S 5
t
9 S 5 5
1
D S ) S
'
21 a3 S 5

S = FISH BLOOD SAMPLED

-1
ip = Intraperitoneal injection of E2 at 5 pg g

Diagram 4, Protocol of injection and blood sampling of EZ primed
and unprimed fish with a single injection of E2 at

-1
Spg g .
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Secondary vitellogenic response in fish previously primed with

E2 72 Group A primary treated fish were reinjected with the same
dose of E2 along with the remaining 10 fish, Group C, from above.
Control fish, Group B, were injected with the same volume of
arachis/ethanol amulsionf All fish were bled just before injection
with E2, to give baseline values, and at 2, 4, 6, 9, 13 and 21 days
after injection, The serum samples were assayed for serum E2 and

TCa, the results for which are shown in section 3.3.2..
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sl Results.

The results clearly demonstrate a vitellogenic response to a
single injection of E2. Furthermore, on reinjection, a much more

rapid secondary response occurred.

Primary response @ In treated fish there were significant

(p £0.001) increases in serum E2, rising from basal values of
0.5 *+ 0.25 to 35,0 + 9.5 ng ml-1 after one day and falling to 2.5
+ 1,1 ng rnl_1 12 days after injection. Vehicle=injected control

fish showed no such significant changes (Table 3.6. & Fig. 3.7.).

Mean TCa rose in treated fish from 10,2 + 0.2 mg 100ml” " to a

} (pL0,001), 22 days after

peak mean value of 42,7 + 4,0 mg 100m1~
injection. 60 days after injection the mean levels in treated
fish had returned (14.2 + 2.6 mg 1DDml_1) to control levels of

11.8 + 0.8 mg 1DGml_1. No significant changes were observed in

the vehicle=injected control fish over the same time period

(Table 3.6, & Fig. 3.8.).
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TIME (DAYS) 0 1 5 7 12
CONTROL 1.5 2.7 2.0 1,33 1.9
£ 8.0, 0.9 0.9 1.1 0.4 0.5
*x R
TREATED 0.5 35.0 10.0 5.1 2.5
+ S.E, 0.3 - 9.5 4,0 0.8 %
TIME (DAYS) 0 1 5 7 12
_ !
CONTROL 10,2 9.8 10,61 10,9 .7
+ S.E. 0.2 0.3 0.3 0.4 0.3
*HH

TREATED 10,2 9.85 11.4 14,9 29,1
+ S.E. 0.2 0.2 0.2 0.5 1.9
TIME (DAYS) 14 18 22 60

*%q A y
CONTROL 11,19 12,9 12,9 11.8
LR 0.2 0.2 0.8 0.8

W ¥ Fk
TREATED 34.4 41.3 42,7 14,2
+ S,E, 2.9 3.0 4,0 2.6

* (p{0,05) ** (PL0,01) *** (pL0.001) *1 versus mean basal

control value
n =10

TABLE 3.6.  PRIMARY CHANGES IN MEAN SERUM LEVELS OF OESTRADIOL-17B
(E2 ng ml ~', TOP) AND TOTAL SERUM CALCIUM (TCa
mg 100ml ~', CENTRE & BOTTOM) FOLLOWING A SINGLE

INJECTION OF OESTRADIOL=-178 (E2 ) AT A DOSE OF 5 pg g _1.



OESTRADIOL-178
(ng ml_1)

40.0 +
m—na Treated

O—---0 Control
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FIG. 3.7. CHANGES IN MEAN SERUM LEVELS OF UES}HQDIOL—17ﬁ (E2 ) IN TREATED AND CONTROL

A SINGLE INJECTION OF OESTRADIOL-17p (E2 ) AT A DOSE OF 5 yg g ol

TIME AFTER INJECTIDN
(DAYS)

FISH FOLLOWING

L6
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TOTAL CALCIUM e—e Treated

(mg 1[]Drnl_1) 0---O0 Control

20 40 60
TIME AFTER INJECTION (DAYS)

FI1G. 3.8, CHANGES IN MEAN LEVELS OF TOTAL SERUM CALCIUM (TCa mg 1U[Jml_1) IN TREATED AND CONTROL FISH

“

=1
FOLLOWING A SINGLE INJECTION OF DESTRADIOL-17p (E2) AT A DOSE OF 5 pg g .

Z6



a3

Secondary vitellogenic response : Similarly, gross changes

were seen in mean levels of TCa and E2 in both treated groups.
Vehicle-injected controls did not show any significant changes in

E2 or TCa.

In Group C fish, serum levels of E2 rose from a basal value of
0.75 + 0.3 to 77.0 + 18.25 ng rﬂl"1 (P 0.01) 2 days after injection
and then fell to 3,5 + 1,7 ng ml™ after 9 days (Table 3.7.).
Similarly, serum levels of E2 in fish treated for a second time,
Group A, reached a peak mean value of 84,0 + 14,0 ng mi 2 days
after injection and then fell to 2,0 * 0.8 ng rnl--1 after 9 days.
(Table 3.7.). There were no significant differences in the

injected serum hormone profile observed in the 2 groups (Fig. 3.9.).

In the treated group injected once, Group C, mean total calcium
levels were significantly (P{ 0.01) raised above basal levels of
10,13 + 1,7 mg 100m1"" after 9 days, at 20.0 + 1.5 mg 1DUml-1¢
Peak mean values of 41.7 + 4.1 mg 1I3CJml-1 were observed after 21
days (P< 0,001) (Table 3.8.). However, in Group A fish, mean TCa
values were significantly (P 0,05) raised at 18.8 + 3.4 above
basal levels of 11,12 + 0,5 mg 100m1~" after only 4 days, Only
13 days after injection TCa levels had risen to 49,95 mg 100m1”]
(p<£0,001) similar to the levels obtained by Group C some B days
later. Control fish demonstrated no significant changes in TCa

(Table 3.8, & Fig. 3.10.).
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TIME (DAYS) 0 2 4 6 g

(B) CONTROL 0.5 1.0 243 0.5 8.5

Y 0.1 0.25 0.4 0.2 0.3
*¥

(A) PRIMARY 0.75 77.0 20,0 10.25 3.5

56, 0.3 18.25 6.8 4,4 159
FH L

(C) SECONDARY 2.0 84,0 15,0 2eD 2.0

+ 5.E, 0.8 14,0 7.6 0.5 0.8

* (p{0,05) ** (p<0,01) ¢ (pL0,001)

n =10

TABLE 3.7.  CHANGES IN MEAN SERUM LEVELS OF OESTRADIOL-17B
(E2 ng ml_1) FOLLOWING A SINGLE AND DOUBLE

INJECTION OF THE HORMONE AT A DOSE OF 5 pg g
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3,9, CHANGES IN MEAN SERUM LEVELS OF OESTRADIOL=-178 (E2
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OESTRADIOL-17p AT A DOSE OF 5 pg g .
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TIME (DAYS) 0 2 4 6
CONTROL 10,15 10,0 9.99 10,2
o 0.2 0.3 0.6 0.2
PRIMARY 10,12 10.0 10,7 12,5
e 0.3 0.4 0.5 1.0
SECONDARY 11,13 13,9 18,81 23,7
%, 5iL. 1.7 3.6 3.4 3.9
TIME (DAYS) 9 13 21

CONTROL 10,7 11,7 11,3

42 BLE, 0.45 0.9 0.7

PRIMARY 20,00 30.8 4T

+ S.E. 1.5 4.9 4.1

SECONDARY 38,7 | 49.95 T

+ BE, 2.8 4,3 7.5

* (p¢ 0,05) ** (P<0,01) ** (P 0,001)

n =10

TABLE 3.8.

*1 significantly different

from control & I‘:|

CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa

mg 100ml =1) FOLLOWING A SINGLE & DOUBLE INJECTION

OF OESTRADIOL-17B AT A DOSE OF 5 pg g _1.
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i 18 Conclusions.,

The results clearly demonstrate primary induction of
vitellogenesis in response to a single injection of E2 in rainbow
trout, furthermore, when challenged for a second time with the
same dose of E2, a much ﬁora rapid secondary response OCCUTS.

There would not appear to be any refractory period to subsequent
E2. The 'lag=-phase' during secondary stimulation is shortened,
indicating that the difference in the 2 responses lies in the
storage of information in the liver, most probably at the ribosomal
level. Not only is the secondary response more rapid, but the
amount of vitellogenin, as measured by TCa is also increased even

though the dose of E2 administered was the same in each case,
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B4 Seasonal Variation in Vitellogenic Response to a Specific

Dose of EZ2,

The aim of this series of experiments was to investigate whether
there may be any seasonal variation in vitellogenic response to a
specific dose of EZ2, Thus, different groups of 10 fish were
injected successively at monthly intervals, each group receiving 2

injections 7 days apart.

IR e Materials and Methods.

Monthly injections of qroups of 10 fish, with the same dose of E2 :

For each monthly injection, a group of 10 fish, of similar stock,
were selected with a mean weight of 200 + 45.8g, individually
tagoed and then bled to obtain base values for the serum parameters
to be measured. After the fish had been acclimatised for 7 days
in System A, 5 of the animals were injected intraperitoneally with
EZ; The dose selected was S pg g-1 body weight with a final
injection volume of 0,2ml. The remaining 5 animals were injected

with the same volume of arachis/ethanol emulsion as controls.

2 days after the initial injection, blood samples were taken and
S days later treated fish were reinjected with £2 at the same dose
and control fish reinjected with vehicle. Following reinjection,
each group was bled at 9, 21 and 28 days, and then at approximately
monthly intervals from the time of the initial injection. Monthly
sampling was continued until any measureable elevations in egg
protein levels had returned to basal. The protocol for injection
is shown in Diagram 5, and the protocol of sampling for each

monthly injected group in Diagram 6.
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EXPERIMENTAL GROUP OF 10 FISH.

ACCLIMATISED TO SYSTEM A

FISH INJECTED (E2 @ S pg 9'1
Vehicle 0,2ml)

FISH BLOOD SAMPLED

FISH REINJECTED AS ABOVE

SAMPLED

SAMPLED

SAMPLED

SAMPLED

OTHER GROUPS TREATED IN NOV., DEC., JAN, ETC.

Diagram 6. Protocol of blood sampling for each experimental group,

different groups being injected in successive months

throughout the year,
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Reinjection of Group A and B fish, with the same dose of EZ,

previously injected in Oct. and Nov. : Initial results from

monthly injections revealed that the vitellogenic response of fish
injected in winter months was reduced when compared with October.
Thus the 2 groups injected in October and November were reinjected
in March with the same dose as above. Similarly, 2 injections,
one week apart were given, and blood samples treated in the same
manner. The protocol for injection and blood sampling is given in

more detail in Diagram 5.



103

SidsZe Results.

Treated fish in all groups injected with the same dose of E2 at
different times of the year demonstrated significant changes in TCa,
as an indicator of vitellogenin. However, there were marked
differences in the levels of TCa attained during the different
months, Although assays for E2 were not conducted on all fish,
measurements were made on those groups demonstrating maximal
(October) and minimal (January) changes in levels of TCa in order
to observe whether these changes were due to differences in uptake

or clearance of the hormone.

Changes in mean serum levels of E2 & TCa after E2 injections at

different times of the year : There were no differences between

the serum hormone profile of E2-injected fish in October and
January (Table 3.9.). In both groups peak mean E2 levels were
recorded at 2 and 9 days and would appear to be similar in p;pfile
to those demonstrated in experiment 4 (Fig. 3.11.). Detailed

comparison is difficult however, due to differences in sampling.

In Group A, injected with E2 in October (Table 3.10,) there was
a significant (P{0.001) increase in TCa from basal values of 11,02
+ 0.2 to 20,2 + 3,2 mg 100ml”" after only 9 deys. Peak mean TCa
levels of 49.8 + 6.1 mg 1UUml_1 were observed 21 days after the
initial injection, falling to control values after 5 months (Fig.
3a12:)s However, in fish injected with E2 in November, December
and January, there was a marked reduction in peak mean TCa levels
recorded, only reaching values of 30,1 + 5.5 (Table 3.11.), 23.9 *
2.8 (Table 3.12,) and 19.5 *+ 3.8 mg 100m1-1 (Table 3.13.)

respectively. Furthermore, the profile of the vitellogenic
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TIME (DAYS) 0 2 7 9 21
CONTROL 0.5 Re2 1.6 3.2 0.8
-t S.E. 0025 0'? D'ﬁ 1'7 003
o -
TREATED 07 47,5 4,5 42,4 0.6
+ S.E. 0.3 9,1 1.2 7.3 0.25
TIME (DAYS) 0 2 7 9 21
CONTROL 0.5 1.5 1.2 2,0 4.0
4 S.E, 0.3 0.4 0.3 0.3 0.4
Ik K
TREATED 0.5 45,0 9,95 54,3 0.6
+ 5.F, 0.2 7.5 4,25 B.4 0.3
»* (p{0,01) *** (p< 0,001)
n =25
TABLE 3.9. CHANGES IN MEAN SERUM LEVELS OF OESTRADIOL-17B

(E2 ng ml '1) IN FISH INJECTED IN OCTOBER (TOP)

AND JANUARY (BOTTOM).



e—e Treated
E2
=1 E——Dctober
50 Ang ml™ ") O----0 Control
m——m Treated
}—-January
40 O---0O Control
+ Injections
30
20 ~
10 -

-
. —— —— i  ———— ——————— -

1 I I 1 L I I 1 1 1
* 2 4 6 f 8 10 12 14 16 TIME AFTER 1ST INJECTION
0 (DAYS)

FIGa 371, CHANGES IN MEAN SERUM LEVELS OF DESTHRDIUL-—'I'?)H (E2 ng m1_1) IN FISH INJECTED WITH

-
OESTRADIOL-17p (E2 5 g g ) IN OCTOBER AND JANUARY.

a0L
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TIME (DAYS) BASAL 2 7 9 21

CONTROL 1.3 9,79 10.28 10.9 13,08

+ S,E, 1.1 0.9 0.44 0.36 0.37

F e

TREATED 11.07 10.4 14,94 20,19 49,8

% 5,.E, B2 ) 0.8 2,05 3,2 6.1

TIME (DAYS) 28 56 84 112 140

CONTROL 10.24 11.24 10,62 11,01 12,47

o 0.34 1,03 2,07 0.79 0.58
e +* #*

TREATED 44,67 41,9 32,9 18.06 13,15

* 5 R 10.1 9,3 7.5 3.72 2.19

TIME (DAYS) 168

CONTROL 9,97

& Bk 0.36

TREATED 10.82

* 5.E, 0.86

* (p<0.05) ** (p<0.01) *** (p<0,001)

n=>5

TABLE 3,10, CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa
mg 100ml ~') IN TREATED AND CONTROL FISH INJECTED

IN OCTOBER WITH OESTRADIOL-178 (E2 5 pg g ~ ).



TOTAL CALCIUM

1 &—e Treated
S0 J{mg 100m1” )

O--—0 Control

E +; 5.E.> 1.0
+ Injections
30 A
20
] A A _—-— ————————————
EE M e TR e S S e e S e S etk nal. ) s e

T T T I L
* + 28 56 B84 TIME AFTER INJECTION 140
(DAYS)

. -1
FIG. 3.12. CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa mg 100ml” ) IN TREATED AND CONTROL

=1
FISH INJECTED IN OCTOBER WITH ODESTRADIOL-17B (E2 5 Mg g )s

80L
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TIME (DAYS) BASAL 2 7 9 24
*1 *1
CONTROL 1145 10.54 g,.83 9,91 10,81
¥ ek 0.46 0.26 0.30 0.40 ol
*x e **
TREATED 11.2?_ 2 I S 13.88 15.48 29,79
b SeEw 0.38 0.29 0.85 1.19 3.9
TIME (DAYS) 28 56 B84 112 140
CONTROL 10.18 11.04 B.54 10,56 10.85
& 8K, 0,33 0.14 0.9 3,7 B.2
E = *
TREATED 30.11 174 113 12.45 128
* 8LEy 565 2,26 1.52 3457 2,25

* (p<o0,05) ** (p<0,01)

n=>5

TABLE 3.11.

*1 versus mean basal control value

CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa

mg 100ml =1

) IN TREATED AND CONTROL FISH INJECTED

IN NOVEMBER WITH OESTRADIOL-178 (E2 5 pg g A



40

TOTAL CALCIUM
-1
(mg 100m1 )

e——e Treated

0——===0 Control

+l S.E.>1.0

+ Injections

_________ o= it e s e i a0
1] 1 | 1 1
+ + 28 56 TIME AFTER INJECTION 112 140
0 (DAYS)
‘ -1
FIG. 3.13. CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa mg 100ml” ') IN TREATED AND CONTROL

FISH INJECTED IN NOVEMBER WITH OESTRADIOL-17p (E2 5 ug gy

oLL
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TIME (DAYS) BASAL 7 9 23 28
CONTROL 10.75 10,37 10.9 11,48 10.99
* S.E, 0.49 0.48 0.43 0,87 0.35
% * **

TREATED 10.1 12,81 13,10 23,89 2318
# (S, 117 1.65 0.92 2,79 2,32
TIME (DAYS) 56 84 112
CONTROL 9,61 10,27 11,34
+_ G.E, 0.63 0.25 1.05

-
TREATED 19,78 18,67 18,74
* Gof. 0.59 4,05 3.04 .
* (p{0,05) ** (p<0.,01) *e* (p<L0,001)
n=25

TABLE 5.12,

CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa

IN TREATED AND CONTROL FISH INJECTED IN DECEMBER

-1
WITH OESTRADIOL=17B (E2 5 pg g ).



e——e Treated
TOTAL CALCIUM

=1 5
f sl 55 ! o-—--0 Control

* S.E.> 1,0
20

’ Injections =

g%
e o N S _— 3
T . : | I
+ + o 56 TIME AFTER INJECTION 112 140
U (DAYS)

FIG. 3.14. CHANGES IN MEAN SERUM LEVELS OF TOJAL CALCIUM (TCa mg 1C|Dml—1) IN TREATED AND CONTROL FISH

INJECTED IN DECEMBER WITH OESTRADIOL-17B (E2 5 ug a ).
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TIME (DAYS) BASAL 2 s g 23
*1
CONTROL 8.69 9,24 B.54 B.14 10.0
+ S.E. 0.4 0.27 B a3 0,13 0,15
£ o
TREATED 9,29 9,72 9,66 10,01 18.5
+ Gk, 0521 0.15 0.2 0.4 Teit
TIME (DAYS) 28 56 84 112 140
¥k 1 * **1 *1
CONTROL 9,33 e 11,13 10,19 10.27
* S.E. 0.24 4555) 0.84 B.17 0.45
TREATED 18.21 19.46 18, 22 9.94 103
* 5, 2+53 3.8 i e 0.89 0.54
* (p<0,05) ** (pL0.,01) *** (p<0,001) *1 versus mean basal
control value
n=2>5

TABLE 3;13¢

CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa

mg 100ml ~') IN TREATED AND CONTROL FISH INJECTED

IN JANUARY WITH OESTRADIOL-17B (E2 5 pg g ).



TOTAL CALCIUM
=1
(mg 100m1 )

e——e Treated

O--—=-p Control
a0 —

+ + 8.FE.% 1.0

+ Injections

J T i T T
+ f 78 56 TIME AFTER INJECTION 112 140
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-1
FIG. 2z 15, CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa mg 100ml ) IN TREATED AND CONTROL

} -1
FISH INJECTED IN JANUARY WITH DESTRADIOL-17B (E2 5 pg g ).

7LL



115

In Group E fish, injected with E2 in February (Table 3,15.),
TCa increased significantly from basal values of 9.94 + 0.7 to
15,7 + 1,03 mg 1DUml_1 after 9 days. Peak mean values of 32,01
+ 6.4 mg 1DDm1-1ware observed 28 days after injection returning
to control levels after 4 months. Unlike the response shown
after injections in Nnvemser = January, there was a subseguent
increase in the peak mean TCa levels recorded in the groups
treated in March, July, August and September, rising to 40,4 +
6.7 (Table 3,16.), 43.0 + 5.3 (Table 3.18), 44,1 *+ 7.4 (Table 3.19.)
and 55.0 + 7.8 (Table 3.20.) mg 100ml~' respectively. The
response in Group G, treated in April (Table 3.17.) was similar to
February-injected fish, with a peak mean TCa of 29,97 + 0.9 mg 100m1” .
Furthermore, the profile of the vitellogenic response as determined
by estimation of TCa in these groups injected with E2 in March,
July, August and September, is similar to that originally observed

in the group of fish treated in October (Figs. 3.16. - 3.21.).

-
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TIME (DAYS) BASAL 2 ? 9
CONTROL 10,12 10.47 9.71 10.69
#* 5.E. 0.54 0.29 0.19 0.58
*
TREATED 9,94 10,92 12.19 15,65
#., S.Es 0.65 0.82 0.76 1.03
TIME (DAYS) 28 56 B4 112
CONTROL 9,38 9.54 9.96 10.7
#8SCES 1,11 0.13 0.27 0.36
K W %*
TREATED 32,02 21,48 12,3 9.74
+ S,E. 6.37 3.8 Ve Z7 0,45
* (p¢0,05) ** (p<LO0.0%)
n =25

TABLE 3,15,

CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa

mg 100ml =t

IN FEBRUARY WITH OESTRADIOL-178 (E2

) IN TREATED AND CONTROL FISH INJECTED

-1
Spag ).
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FIG. 3.16.
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-1
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TIME (DAYS) BASAL 2 7 g
CONTROL 10,39 10,13 10,72 10,82
+ S,E, 0.6 0.44 0.5 .32
*
TREATED 10,74 9,77 12.11 19,17
# VS.E, 0.26 0.18 0.36 0.58
TIME (DAYS) 28 56 B4 132
CONTROL 12,2 11,29 10,15 1137
s S A 0.6 0.28 0.2 0.69
¥ E .3 *
TREATED 40,42 34,55 16,05 12,14
A 6.7 7.4 2.55 1,03

* (p<0,05) ** (pl0,01)

n=25

TABLE 3,16, CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa
mg 100ml ~') IN TREATED AND CONTROL FISH INJECTED

IN MARCH WITH OESTRADIOL-17B (E2 5 pg g i
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TOTAL CALCIUM
40 4 (mg ‘IOU|n1_1) O i) Control
+ : 5.E.> 1.D
At
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' 1 T T T
’ * 28 26 TIME AFTER INJECTION i - Lol
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: -1
FIG. 317e CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa mg 100m1 ') IN TREATED AND CONTROL FISH

INJECTED IN MARCH WITH DESTRADIOL-17p (E2 5 pg i

6LL
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TIME (DAYS) BASAL _ 2 7 9 21
CONTROL 10.87 9,39 9.596 9,19 10,2
* 5.E, 0.17 0.24 0.19 0.2 0.5
* *k I

TREATED 10,55 9.45 10,56 10.59 21,5
A S.E. 0.16 0.16 0.24 0.3 0.2
TIME (DAYS) 28 56 84 130

CONTROL 10,14 10,33 10,73 10,55

+ REL 0.16 0.59 1.03 0.66

-
TREATED 29,97 13.56 12,14 11,47
+ S.E. 0.92 2,9 2.1 1.98

* (p<0.,05) ** (pC0,01) *** (p 0,00%)

TABLE 3.17. CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa
mg 100ml ~') IN TREATED AND CONTROL FISH INJECTED

IN APRIL WITH OESTRADIOL-17B (E2 5 pg g “ty.



TOTAL CALCIUM ®&—¢@ Ireated

-1
304 (mg 100m1 ) O-—--0 Control

+ * GiEe> 1.0
20 —

* Injections

Erl G O_________-_."Q___-_--__.“"“,_-_ﬂ*::é

| ] L 1 |
* + 28 o6 TIME AFTER INJECTION 112 140
g (DAYS)
FIG, 3.18,

CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa mg 1UDml-1) IN TREATED AND CONTROL FISH

INJECTED IN APRIL WITH OESTRADIOL-17p (E2 5 pg R

(AR
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TIME (DAYS) BASAL 2 7 9 21
CONTROL 10,98 9.08 10,28 11.15 11,01
. Bk, 0,2 1.0 0.67 0.4 1,35
+* -
TREATED 1.1 10,24 13.15 17.33 43,0
+ S,E, 0.4 0.76 1.97 2,08 5.3
TIME (DAYS) 28 56 84 112 140
CONTROL 10,62 10.24 T AT 10,9 10,3
& S.E, 2,07 103 1.2 0.6 0.3
- 2 8.2.3 ¥**
TREATED 38.64 &2s7 22.5 15.16 11.78
* IR.E, 5.71 s 2.1 0.9 17

* (pL0,05) ** (p<0,01) *** (pL0,001)

TABLE 3,18, CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa
mg 100ml -1) IN TREATED AND CONTROL FISH INJECTED

IN JULY WITH OESTRADIOL-17B (E2 5 pg g =
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TIME (DAYS) BASAL _ 7 9 24
CONTROL 12,86 12.4 12.5 12,05
+_ B.E, 0.732 0.68 0.6 ; B
* *x

TREATED 12.68 16,25 20,03 44,06
+ 56S 0.88 2.7 2.95 7.44
TIME (DAYS) 28 56 84 112
CONTROL 10,54 11.01 11.07 10.84
+ GoES 0.46 0.2 0.7 0.5

Hx *% * *
TREATED 40,6 37.5 29,23 21,71
* S E, 8.6 T2 6.9 4,3
TIME (DAYS) 140
CONTROL 10,55
S 0.3
TREATED 11.04
F BoE, 0.8
* (pL0,05) ** (p<0,01) *** (p<£0.001)
n=2>5

TABLE 3:19;

CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa

mg 100ml ~') IN TREATED AND CONTROL FISH INJECTED

IN AUGUST WITH ODESTRADIOL-17B (E2 5 pg g '1).
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TIME (DAYS) BASAL 2 7 9 14
CONTROL 10,19 10,0 10.9 9,98 1,14
4 §.E, 0.2 0.3 0.4 1.7 0.3
* F .21

TREATED 10,72 9,95 13.78 19,21 37.9
+ S.E. 0.4 0.6 - 2.3 4.9
TIME (DAYS) 21 28 56 84
CONTROL 11.1 11.55 2.3 11.0
&+ Gk, 0.5 1,03 1.0 0.7

-k o FH *x
TREATED 55.01 50,26 47,33 36,48
| S4EL 7.8 9,4 6.2 T
TIME (DAYS) 112 140
CONTROL 1117 11,45 $
Sk 0.9 0.87

*
TREATED 20,71 13,91
F Sk 3.2 1.3
* (p0,05) ** (p<0,01) *** (pL0,001)
n=2=5

TABLE 3,20,

CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa

mg 100ml _1) IN TREATED AND CONTROL FISH INJECTED

IN SEPTEMBER WITH OESTRADIOL-17B (E2 S pg g '1).
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Changes in mean serum levels of TCa on reinjection with the same

dose of E2, after previous injection in October and November : On

reinjection in March, Group A demonstrated a maximal vitellogenic
response (Table 3.21. & Fig. 3.22.,). Mean TCa levels rose from
basal values, in treated fish, of 10.8 + 0.9 mg 100m1-1, to peak
mean levels of 41.7 :.11;8 mg 100m1_1 after 28 days. TCa returned
to control values 5 months after reinjection. Similarly, a

maximal response was observed in Group B, on reinjection in March
(Table 3.22. & Fig., 3.23.). TCa in treated fish rose significantly
(p<0.001) from basal levels of 12.8 *+ 2.3 to 50.7 + 6.2 mg 100m1”"
after 28 days. Control fish in both groups showed no such

significant changes.

The peak mean TCa levels observed after the same dose of E2

given at different times of the year, is summarised in Fig. 3.24..
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TIME (DAYS) BASAL 2 7 g 28
CONTROL 9.97 10,13 1072 10,82 12,2
+ 5., 0.30 0.44 0.5 0,37 0.6

+* * *
TREATED 10,82 9,16 13,32 14,76 41,67
+ 5.E, 0.86 0.95 1.03 1.5 11,79
TIME (DAYS) 56 84 132
CONTROL 11,29 10,15 11237
Gy 0 0,28 8.2 0.69

*

TREATED 41,65 24,35 11,92
+ S,E, 13.5 10.35 1.5
* (p<0,05)
n =75

TABLE 3.21.

MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa

mg 100mL =)

OF FISH INJECTED WITH UESTRADIDL—1?ﬁ (E2 ) IN

OCTOBER AND REINJECTED WITH THE SAME DOSE (5 pg g =

IN MARCH.



TOTAL CALCIUM

®—@Treated
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mg 100ml i Control Injection
40 o
30 -
20
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A A J % : . R A A TIME AFTER INITIAL INJECTION
0cT MARCH (MONTHS)
FIG. 3.27. MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa mg 1UUml_1) OF FISH INJECTED WITH OESTRADIOL-17p (E2)

OCTOBER AND REINJECTED WITH THE SAME DOSE (5 pg o~ ') IN MARCH.

oglL
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TIME (DAYS) BASAL _ 2 7 9
CONTROL 10.85 10,13 10.72 10.82
+ S.E, D.3 0.44 0.5 0,37
*1

TREATED 12.8 11.27 15.7 17.6
il [ 5 2,25 2.52 3.9 4,07

TIME (DAYS) 28 56 84 132
CONTROL 12.2 11.29 10.15 11.37
+ 'B.E., 0.6 0.28 0.20 0.69
% *x *

TREATED 50.66 51.84,,, 31.98,, 13.46

*%1
* 5.E. 6.16 6.9 5.8 0,77

* (p<0.,05) ** (p<0,01) *** (p/0,001) *1 versus mean treated

TABLE 3.22,

MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa mg 100ml

levels of initial

response in Novembe

OF FISH INJECTED WITH OESTRADIOL-178 (E2 ) 1IN

NOVEMBER AND REINJECTED WITH THE SAME DOSE (5 Ha g

IN MARCH.,

r.

_1)

-1

)
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FIG. 3.23. MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa mg 100m1”") OF FISH INJECTED WITH OESTRADIOL-17p (E2)

IN NOVEMBER AND REINJECTED WITH THE SAME DOSE (5 pg o1y IN MARCH: O wET SRR Irt ini respones);



133

Statistical Analysis of Results : The significance of

differences between mean treated and mean control values for each
monthly injected group was tested using the students t-test (1 tail).
The peak mean TCa values for each month were also compared with

the maximum value observed after treatment in October with the

minimum value observed after treatment in January (Fig. 3.24.).

The t-test was used to test the significance of the differences
in mean peak levels of TCa observed in Group B in response to E2
injection in November, compared to the response after reinjection

with the same dose in March.

The different vitellogenin responses observed at different times
of the year, after treatment with the same dose of E2 were analysed
using a 10 x 2 factorial split-plot ANOVAR, where the data was of

randomised design with 5 replications.

Results : .

Significant differences between control and treatment groups
where applicable are detailed on the relative tables of results
above where :

g (P ¢ 0.001)

*%  (p{0.01)

* (p{0.05)

The Analysis of Variance was completed in 2 steps. In both
instances "sub-treatment" was whether fish were treated with E2 or
control. In the first analysis, the main treatment was "peak
height" of calcium, and in the second analysis, "time to reach"

peak height was the main treatment.
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SOURCE OF DEGREES OF Sum OF MEAN F= B
VYARIATION FREEQOM SQUARES SQUARE RATIO
TREATMENTS 9 3491.78 387.976 10,0401 p<0,001
LINEAR EFF. 1 80s.21 805,21 20,8374 <0, 001
QUAD EFF, 1 1473.76 1473.76 38,1382 P<0. 001
CUBIC EFF, 1 380,078 380,078 9.83573 p<0. 001
RESIDUAL 6 832,733 138,789 3.5916 -
MAIN PLOT ERROR 40 1545,7 38,6426 - -
SUB=-TRTS 1 153141 153141 359,739 P<0.001
INTERACTION 9 3033.33 337.036 8.79757 <0, 001
SUB-PLOT ERROR 40 1532, 41 38,3102 - -
TOTAL 99

Te Main Treatment-=— PEAK HEIGHT OF MEAN CALCIUM.

(a)

(b)

(e)

(d)

sub treatment = treated or control.

Conclusions:

The time of year of injection significantly (P<0.001) affects
the peak height of calcium (vitellogenin).

This seasonal variation in response shows significant

linear, quadratic and cubic changes(P<0.001).

Treatment with oestradiol-178 significantly affects the peak
height(P<0.,001).

A significant interaction(P<0.001), between main treatment
and sub=-treatment indicates that the relationship betwesn

the peak heights of treated and control groups changes

with the time of year.
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SOURCE OF DEGREES OF Sum OF MEAN F- (r )
VARIATION FREEDOM SQUARES SQUARE RATIO

TREATMENTS ] 17358,7 1928,75 2.06795 P<0.05
LINEAR EFF 1 2076.44 2076,44 2,22601 -
QUAD EFF 1 4803.41 4803, 41 5,.15009 P€0,05
CuBIC EFF 1 3204.48 3204,48 3.43576 -
RES IDUAL 6 7274.41 1212,4 1.,2999 -
MAIN PLOT ERROR a0 37307.4 932,685 - =
SUB=-TRTS 1 11707.2 11707.2 14,9725 p<0,001
INTERACTION 9 9276.16 1030.68 1.31815 -
SUB=-PLOT ERROR 40 31276.6 781,915 - -
TOTAL 99

2, Main Treatment = TIME TO REACH PEAK HEICGHT
Sub-treatment - treated or control.

Conclusions:

(a) The time to reach peak levels of calcium(rate) after

treatment with Destradiol-1ﬂﬂ is significantly affected

by the time of year of injection(P<0.05).

(b) This variation shows a significant quadratic effect(P<0,05),

(e) Treatment with oestradiol-17p significantly affects the rate

of increase in calcium(P<0.001).
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Sed.0, Conclusions.

The results indicate there is a marked seasonal variation in
response to the same dose of injected E2 (Fig. 3.24.). A maximum
response is observed in late-summer months at the time of year
when vitellogenesis normally occurs in maturing female trout. A
minimum response is observed in late winter/early spring at the time

when spawning normally occurs.

The serum hormone profiles for injected E2 were not significantly
different in October and January fish, the months where maximal and

minimum responses were observed,

Since immature trout were used it appears that an inherent
seasonal rhythm exists which either promotes the vitellogenic

response in late summer or diminishes the response in late winter.

The responses observed in the 2 reinjected groups emphasise this
seasonal variation in response. The significantly greater ma;imal
response demonstrated by Group B on reinjection following an initial
reduced response, indicates that this group was capable of a
maximal response if injected at the correct time. Although the
maximal response on reinjection in Group B could be interpreted as

a secondary response, the 2 similar maximal responses in Group A

suggest this is not the case,

The results also demonstrate that there is no refractory period

to E2 stimulation in the production of vitellogenin from the liver.
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BeSe Vitellogenic Response in Trout Injected with Different Doses

af 2,

The aim of this series of experiments was two-fold. Firstly, to
establish if there was a dose response to injected E2. Secondly,
by giving different doses at the time of the year when the
response to a specific dose was minimal, an investigation could be
made whether 'threshold' or refractory effects were evident. 2
months were chosen, October when the response was maximal, and

January when that response was minimal,

2,807 o Materials and Methods.

Injection of groups of fish with different doses of E2 in October:

45 immature 1-year+ fish were selected having an average weight of
150g. All fish were weighed, individually tagged and bled to
obtain baseline values. The fish were allowed to acclimatise to

system A for 6 days.

Groups of 5 fish were than injected once only with E2 suspended
in arachis/ethanol at dose rates of 40, 20, 10, 5, 1.0, 0.5, 0.1 and
0.01 pg g~ body weight. The remaining 5 fish were injected with

0,3ml1 of vehicle only.

All fish were blood sampled at 0, 2, 5, 11, 14, 21, 39 and 56 days
after injection and the serum thus obtained stored at -20°C until
assay for TCa and E2. At the end of the experiment, the fish
were weighed, sacrificed and hepatosomatic and gonadosomatic

indices determined.
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Injection of groups of fish with different doses of E2 in January:

72 immature trout were selected from the same stock with a mean
weight of 200g. All fish were tagged, blood sampled and allowed

to acclimatise for about 7 days.

Groups of 8 fish were injected once with E2 at the same dose rates
outlined above. The remaining 8 fish acted as vehicle injected

controls,

All fish were bled at 0, 2, 5, 8, 11, 25, 39 and 55 days after
injection. At the end of the experiment, the fish were re-weighed,

sacrificed and hepatosomatic and gonadosomatic indices determined.
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e Dele Results.

Changes in mean serum levels of E2 & TCa after injection of

different doses of E2 in October : Treated fish showed gross

changes in serum levels of E2 and TCa following injection with

different doses of this hormone in October. Peak mean levels of
serum E2 were observed 2 days after injection (Table 3.23. & Fig.
3.25.). 11 days after injection, mean serum E2 levels in all

treated groups, except 40 and 20 Ha 9-1,‘were approaching control
values, Mean serum E2 in control fish rose from basal values of
0.5 + 0.3 ng ml” to a 2-day peak mean value of 1.2 + 0.4 ng m1”

before falling to 1.0 * 0.2 ng a1~ 11 days after injection.

All treated groups showed significant increases in TCa over the
course of the experiment (Table 3.24. & Fig. 3.26.). The peak
mean TCa levels were significantly correlated (P< 0.001) with the
injected dose (Table 3.25, & Fig. 3.27.). There was no significant
changes in the control fish. Peak mean TCa levels were observed

21 days after injection in all groups.

In treated groups the hepatosomatic index was significantly
(p{0,001) raised over basal values of 1.8 + 0,1% to a maximum of
3.6 + 0.25% at a dose of 20 pg g | E2 (Teble 3.25. & Fig. 3.27.).
There was a significant correlation (P 0.01) between the HSI and

dose of E2 (Table 3.25.).

Although the GSI in treated groups was not significantly different
from control values of 0,125 + 0,008%, there was a significant
(p{0.05) correlation between GS5I and dose of E2 (Table 3.25, &

Fig, 3.29.). A meximum mean GSI of 0,149 + 0,007% was observed in
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the group treated with 20 H9 g-1 and a minimum value of 0,116 #+
0.009, 0.116 :.0.005% in the groups treated with 0.01 and 1.0

g 9_1 respectively.

There was a marked reduction in growth in treated groups from
control values of 25,23 1 2,97 g 2 P T IR * 1,33 g 2
munth-1 (p<0,001), See Table 3,25, & Fig. 3.30,., There was a
significant (P {0.,001) negative correlation between dose of E2 and

growth.
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DAYS AFTER INJECTION

-1
DOSE (pg g ) 0 2 5 11
I
CONTROL 0.5 It 0.9 1.0
+ S.E. 0.3 0.4 0.5 0.2
0.01 0.5 4,1 2:5 1.2
# 5,.E, 0.1 145 1.25 0.5
*
0.1 0.5 BelD 3.0 0.9
+ 5., 0.4 3.4 0.8 0.7
* *
0.5 0.4 15.6 : 3,5 i
+ S,E, 0.2 5.5 1,17 0.2
¥ *
1.0 0.9 AZ2.7 5.0 15
Tos 6. 0.3 9,45 1.2 0.4
W
5.0 0.75 62.5 1255 251
+ S.E. 0.4 10,5 5.5 0.5
A F
10,0 0.5 84,7 20,0 5.5
'+ 8,.E, 0.1 8.0 4.0 2,0
E K
20,0 0.5 100.0 40,0 10.5
: SoEu Dl2 e ?-05 1-5
*x *
40,0 0.65 100.0 35.0 V2adD
45 0.3 - 9.5 3.4
* (pL0,05) ** (pL0.01) *** (p0.001) n=5

TABLE 3,23, CHANGES IN MEAN SERUM LEVELS OF DESTRADIOL-17B (E2
ng ml ~') FOLLOWING THE INJECTION OF SIMILAR GROUPS OF

FISH WITH DIFFERENT DOSES OF E2 IN OCTOBER.
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TIME (DAYS)

D0SE (pg g ‘1) 0 2 5 11 14 29 39 56
]
CONTROL 10,25 10.37 10,56 10.24 10,89 11.14 10.65 10,64
+ S.E. 0.5 0.7 0.9 0.9 0.5 0.35 0.3 0.4
* *

0.01 11.0 10.65 10.9 1.5 1.8 12.4 12,0 11.5

* S.F, 0.8 0.5 0.4 0.7 0.24 0.2 0.4 0.4
* *¥ R .1 ¥

0.1 10,2 10,2 11,0 12.5 13,0 15.0 14.01 12,22

+ S.E, 0.4 0.2 0.2 0.2 0.3 0.4 0.6 0.6
W E .= 3 N 3.3

0.5 9.8 9,7 12,0 15.0 16.5 20.0 18,11 13.9

+ 8.6, 0.6 .2 0.3 0.4 0.4 1.0 2.1 1.7
N AW k.2 5.3 N E. 2 3.3

1.0 9.97 9,7 12.2 18,1 24,3 17.5 24,98 24.0

+ B85 0.7 0.2 0.4 0.8 1+3 1.8 1.5 2.4

TABLE 3.24,

CHANGES IN MEAN SERUM LEVELS OF CALCIUM (TCa mg 100ml _1) IN FISH INJECTED WITH

DIFFERENT DOSES OF OESTRADIOL-178 (pg g =1y In ocToBER.

Continued . eeewser

7L



TABLE 3.24.

CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM

DOSE (ua 9 ) 0 2 5 11 14 21 39 56
¥* +#* »* * E ¥
5.0 10.24 9,97 13.03 28.0 35,6 52,8 48.1 46,1
+ S,.E. 0.4 0.4 0.9 4,7 9.7 10.4 8.4 1.3
* - .. kW WA E 2 .23
10.0 10,01 9,98 14,0 42,23 57.5 90,0 82,7 80.6
+ S,E. 0.3 0.6 0.6 5.0 2.5 3.7 4,5 7.0
¥n WA W AW AW HHH
20.0 10.8 10,7 14.4 48.0 64,1 102.0 97.0 90.0
+ S.E. 0.8 0.8 0.7 3.0 5.5 14.5 9,0 4.5
Wt W HoHe N W I
40.0 10.2 10.0 14,0 46.0 62.0 99.0 . 86,5 82.5
+ S.E, 0.2 0.4 2.1 3.8 5.1 9.8 7.6 4,4
* (pZ0,05) ** (pL0.01) *** (p<0.01) =5

(Tca mg 100m1™") IN FISH INJECTED WITH

DIFFERENT DOSES UF OESTRADIOL-17p (E2 pg o~ ') IN OCTOBER.

Sl
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TABLE 3.25. CORRELATION OF PEAK MEAN SERUM CALCIUM (TCa mg 100ml '),
HEPATOSOMATIC INDEX (HSI %), GONADOSOMATIC INDEX (GSI %)
AND GROWTH (g 2month_1) WITH DOSE OF CIESTRQDICIL—WF (E2

pe g"’) INJECTED IN OCTOBER.



IEs

DOSE Peak Ca HSI (n) GSI (n) Growth
CONTROL $9.14 + 0,35 1.8 £ 0,1 (5) 0.125 + 0,008 (3) 25,23 & 2,97
,‘K_
0.01 12,4 + 0,2 1.85 + 0,12(5) 0.116 + 0,009 (1) 24,37 + 3,72
Yo 36 *
0.1 15.0 + 0.4 2.45 + 0.15(4) 0.119 + 0.006 (3) 18.4 + 0.9
*u-® A
0.5 200" 1.0 2.6 + 0,08(5) 0.13 + 0.002 (2) 18.4 + 0,9
K WK #*
1.0 2B’ % 1.8 2.85 * 0,1 (5) 0.116 + 0,005 (2) 15.2 4 1,4
A ¥HH HAH
5.0 52.8 +10,4 2,95 + 0,17(5) 0.135 + 0,008 (2) 15,0 + 1,2
KR * ¥ ' * 4%
10.0 90.0 + 5.7 3.1 +.0,15(8) 0.14 + 0,009 (3) 2,47 + 0.4
L o WA
20.0 102.0 +14,5 3.6 & 0,25(5) 0.149 + 0,007 (1) -2,457+ 1,28
KK K% Wk
40,0 99.0 + 9.8 3.45 + 0.3 (5) 0.139 + G.01 (2) -6.4 + 1,33
Fe A *# #* W
r. 0.95 0.74 0.68 -0.85
* (pL 0.05) ** (pd0.01) ** (pd0,001) r. = Correlation coefficient
TABLE. 3.25 LEGEND OPPOSITE.

Lyl
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pg g~ ') IN OCTOBER.
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Changes in mean serum levels of E? and TCa after injection of

different doses of E2 in January : Gross changes in serum E2

and TCa were observed in treated groups. Peak mean levels of

serum E2 were observed 2 days after injection (Table 3,26, & Fig.

= e [0 TS In all but the 2 highest dose treatments, levels of

serum E2 had returned to near control values 11 days after injection,
Mean levels of E2 rose in control fish from basal values of 0,5 *
0.25 ng ml-1 to a peak of 1,75 + 0.5 ng ml_1 after 2 days, before
falling to 0.8 + 0.45 ng ml-1 after 11 days. Maximum mean E2

levels () 100.0 ng ml—1) were observed in the group treated at 40

Ho g-1, and E2 levels in this group were still significantly (P £0.05)
raised above control levels of 0.8 + 0,45 at 15,0 + 6,4 ng ml-1 11

days after injection.

Not all treated groups demonstrated significant increases in TCa
during the course of the experiment (Table 3.27. & Fig. 3.32.).
Mean serum levels of TCe were significantly raised above controls
in those fish treated at 1.0, 5, 10, 20 and 4U}pg g_1. There was
a significant correlation (P<fU.DD1) of peak mean TCa with injected
dose (Table 3.28, & Fig. 3.33.). There was no significant changes
in control fish. Peak mean serum TCa values were recorded 39 days

after injection,

The hepatosomatic index in those groups treated with E2 at 1.0,
5, 10, 20 and 40 pg 9—1 was significantly (P<0.05 & P<0,001) above
the contrel and index of 1.4 + 0,12%, to a2 maximum of 3,1 + 0.13%
(20 pg 9-1) (Table 3.28, & Fig. 3.34.). The hepatosomatic index
was significantly (9<fD.DS) correlated with the injected dose of E2

(Table 3.28.).
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In the 10 and 20 pg 9_1 treatment groups, the gonadosomatic
index was significantly (P 0,05 & P<{D.DD1) above the control
index of 0.116 + 0.008% at 0.14 + 0.006 and 0.18 + 0,002%
respectively (Table 3.28. & Fig. 3.35,). There was a significant
(P£0.001) correlation between the dose of injected £E2 and the GSI
(Table 3.28.). A minimum GSI of 0,112 :.0.009% was observed in

the group treated with 1.0 Mg 9_1 E2,

The mean growth of the fish over the course of the experiment
was negatively correlated (P< 0.05) with the injected dose, with a
mean control rate of 18,15 + 3,16 g 2 month™ " compared with the
40.0 pg g-1 E2 treatment rate of -2,5 + 5,3 g 2 month_1 (Table

3.28, & Fig.: 3.36.).
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DOSE 0 2 5 8 11
CONTROL 0.5 1.75 1.0 0.9 0.8
+ S.E. 0.25 0.5 0.4 0.3 0.45
0.01 0.4 5.8 3.1 1,5 1.5
5 0.2 2.4 1.2 0.5 1.4
E
0.1 0.4 7.75 4.0 2.0 1.7
4+ S.B. 0.3 4.5 1.5 0.4 0.7
**
0.5 0.4 11.5 3.0 2.7 2,25
+ SiE, 0.15 2.9 1.7 0.5 1.5
¥ * *
1.0 0.35 25.0 6.25 3.5 2.4
# 8 0.25 6.4 2.1 0.9 0.5
K e *
5.0 0.2 74,33 15.0 2.1 P
+ S,E. 0.1 10.0 3.5 2.35 1.7
e »* *
10.0 8.7 82.0 22,4 1M,25 L i
+ S.E. 0.4 7.5 6.5 4.0 1.0
ko *
20,0 0.5 99,8 28.7 14,26 9,75
+ 8Ey 0.3 20,0 4.5 5,25 3.6
e *
40,0 0.5 100,0 33,3 22,25 15,0
R 0.25 = Tk 4.5 6.4
* (p£0,05) ** (p<0,01) *=* (p<0,001) nh=8

TABLE 3,26,

CHANGES IN MEAN SERUM LEVELS OF OESTRADIOL-17p (E2

ng ml ') FOLLOWING THE INJECTION OF SIMILAR GROUPS
=1

OF FISH WITH DIFFERENT DOSES OF €2 (pg g = ) IN

JANUARY.
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Rl G Dol CHANGES IN MEAN SERUM LEVELS OF OESTRADIOL-17B (E2
ng ml-1) FOLLOWING THE INJECTION OF SIMILAR GROUPS OF

FISH WITH DIFFERENT DOSES OF E2 (pg g~ ') IN JANUARY.



DOSE (pg g ') 0 2 5 8 11 25 39 55
CONTROL 10,57 8.8 9.8 10,1 10.6 10,9 10.7 10,7
+' 5 ,E, 0.4 0.6 0.5 0.3 0.4 0.3 0.3 0.8
0.0 10.4 10,2 10.0 10,15 10,37 10,25 10.4 10,2
* 86 0.2 0.3 0.3 0.5 0.3 0.2 0.4 0.7
0.1 10,2 9.9 9.8 9.9 10.1 10.0 10.2 10.4
¥ SiE, 0.3 0.2 0.2 0.1 0.3 0.4 0.5 0.5
0.5 10,64 10.0 10,3 10.5 10,7 10,9 10,7 10.6
» 8., 0.4 0.6 0.3 0.5 0.4 0.7 0.2 0.3
W ** *% *
1.0 10,14 10,5 10.1 11.7 12,1 12.3 12,2 11.6
+ 8 0.6 0.7 0.3 0,3 0.3 0.2 0.6 0.7

TABLE 3,27.

-1
CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa mg 100ml ) FOLLOWING THE INJECTION OF

=1
SIMILAR GROUPS OF FISH WITH DIFFERENT DOSES OF DESTRADIOL-17B (E2 pg g body wt,) IN

JANUARY,

CONTINUED.cscssvees

9si
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DOSE (uq g__1) 0 2 5 8 11 25 39 55
[

W K WK

5.0 10.8 10.4 11.0 12.4 14,2 15:9 13.8 11.0

¥ B.E 0.8 0.6 0.2 0.3 0.4 0.9 1.5 0.4
W ¥ W k.3

10.0 10.1 10.0 10.4 12.6 16.1 28.9 38.4 21,7

i S.E. 0.1 0.6 0.3 0.6 0.6 550 5.8 L
W e *H ¥ HHH FHH

20.0 10.3 10.2 10.6 13.1 16.6 51.8 81.2 69.9

+ S.E. 0.4 0.3 0.2 0.4 0.5 3.5 9.5 10.0
- HHH W M kot

40.0 10,01 10.1 10.2 18.2 16.6 49.4 74.4 58,8

4. 8,E, 0.3 0.3 0.2 0.8 0.9 4.6 2.9 7.5

* (pL0.05) ** (pL0,01) ** (p{0.001) =8

TABLE 3.27. CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa mg 100ml '1) FOLLOWING INJECTION
SIMILAR GROUPS OF FISH WITH DIFFERENT DOSES OF UESTRnDIDL—'I?F (E2 pa g = body wt.)

IN JANUARY.



FIG., 3.32, CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa

mg 100ml-1) FOLLOWING THE INJECTION OF
GROUPS OF FISH WITH DIFFERENT DOSES OF

(E2 pg 9'1) IN JANUARY.
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TABLE 3.28,.

CORRELATION OF PEAK MEAN SERUM CALCIUM (TCa
mg 100ml” '), HEPATOSOMATIC INDEX (HSI %),
GONADOSOMATIC INDEX (GSI %) AND GROWTH

(g 2month™') WITH DOSE OF OESTRADIOL-17p

(E2 i 9'1) INJECTED INJANUARY .



DOSE Peak Calcium HSI (n) GSI (n) GROWTH
*

CONTROL 9.9 + 0.3 18 * 0,12 (8) L 0.116 + 0,008 (3) 18,15 + 3.16
*¥1

0.01 10,4 + 0.4 - - 18.75 + 1,99
R *1

0.1 10.4 + 0.5 - - 16,8 ¥ 1.7
RN *HEq

0.5 10.9 + 0.7 1.6 + 0,09 (6) 0.114 + 0,007 (4) 17.02 + 0,5
i i 1

1.0 12,3 * 0.2y, 1.8+ 0.1 (7)ynq 0.112 + 0,009 (4) 10,09 + 1,28
WA H*H

5.0 15.9 # 0.9,,, 2.05 * 0,09 (7)yyg, 0.13 * 0.006 (2) 4.5 + 2.4
HAH #HH * *H

10.0 38.4 * 5.8,,4, 2.6 *0.06 (6)y, 0.14 + 0,006 (4) 5.0 + 1.88
HAH WA W £ 0

20.0 B1:46 + 9.5 3,1 +0.13 (8) 0,18 + 0,001 (3)4ypq =15 * 1.27
WA NN e

40.0 74.4 * 2.9%1 2.9 + 0,17 (6) all o 2,5 *+ 5,3

KXX * FH *
T, 0.9 0.8 0.99 -0.69
* (P 0.05) ** (p0.01) *** (pL0,001) *1 versus corresponding October value

TABLE 3.28,

LEGEND OPPOSITE.

BSL
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FIG. 3.34. THE MEAN HEPATOSOMATIC INDEX (HSI %) IN FISH 55
DAYS AFTER INJECTION WITH DIFFERENT DOSES OF

OESTRADIOL-17B (E2 pg g~1) IN JANUARY.
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FIG., 3.35, THE MEAN GONADOSOMATIC INDEX (GSI )

N EISH 55
DAYS AFTER INJECTION WITH DIFFERENT DOSES OF

DESTRADIOL=17f (E2 pig g~') IN JANUARY.
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GROWTH
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I |
16—
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B_
e
4=
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FIG. 3.36., MEAN GROWTH RATE (g 2month—1) IN FISH INJECTED WITH
-1
DIFFERENT DOSES OF UESTRADIUL-17§ (E2 pg g ) IN

JANUARY,
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Statistical Analysis.

The student t-test was used to test the significance_af the
differences in serum levels of E2, TCa, HSI, GSI and growth in
treated and control fish at the different doses used, in both
October and January experiments. The correlation coefficient
r was calculated by the method of least squares to test the
relationship of the dose of E2 with peak mean TCa, HSI, GSI and

growth,
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Comparison of Dose Responses observed in October and January.

There was no significant difference between the control levels of
TCa in the October and January injected fish. Similarly, there was
no significant difference between peak mean TCa observed in October
and January at the dose of 20.0 & 9_1, with a maximum response in
both cases (Fig. 3.37.). However, the peak mean TCa levels observed
in January were significantly lower for doses of 0.01 (PL0,01), 0.1
(p¢0.001), 0.5 (P¢0.001), 1.0 (PL0.001), 5.0 (P<0.01), 10.0
(p<{0.001) and 40.0 (P<0.05) Ha 9_1 thén the respective October

groups.

The HSI in control fish was significantly (P<£ 0.05) lower in the
January experiment than in the control fish at the end of October's
experiment (Fig. 3.38.). The HS5I in those groups treated at 0.5,
1.0, 5.0 and 10.0 were also significantly (p £0.05 & P<0.001) lower
in January than the corresponding treated groups in October (Fig.
.38, ’

There was no significant difference in the GSI between like-
treated groups in the 2 experiments except in the 20.0 pg g_1 dose
group. The GSI for the group injected in January at 20.0 pg 9-1
was significantly (P <0.001) higher than the corresponding October

value (Fig. 3.39.).

Mean growth of 21l groups (except 20.0 and 40.0) was higher in
October's treatments, and significantly higher at doses of 0.1
(p 0.05) and 1.0 Ho g'1 (p<0.05) (Fig. 3.40.). The mean growth
of 20.0 and 40.0 pg 9-1 treated groups was in real terms less in

October than January, since negative values were recorded.
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FIG. 3.37. A COMPARISON OF PEAK MEAN SERUM CALCIUM LEVELS (TCa mg 1DUml_1) OBSERVED IN GROUPS OF FISH

INJECTED WITH DIFFERENT DOSES OF OESTRADIOL-178 (E2 pg g~ ') IN EITHER JANUARY OR OCTOBER.

991



HS1

CONTROL

FIG.

October Injections

January Injections

B B a8 8 8
.
i e e

o

. . _. el
sleletatt,

0
.

DOSE OF OESTRADIOL-178 (pg 9-1)

-1
A COMPARISON OF THE EFFECTS OF DIFFERENT DOSES OF UESTRRDIDL~17ﬁ (E2 H9 9 ) ON THE MEAN

HEPATOSOMATIC INDEX (HSI %) IN GROUPS OF FISH INJECTED IN EITHER JANUARY OR OCTOBER.

L8l



0.18 4 October Injections i:i:l

January Injections MR

0.16

1

L

o —
CONTROL 0.01 ) 40,0 (DOSE OF E2)

FIG. 3.39, A COMPARISON OF THE EFFECTS OF DIFFERENT DOSES OF DESTHRDIUL#17F (E2 Ha 9_1) ON THE MEAN

GONADOSOMATIC INDEX (GSI %) IN GROUPS OF FISH INJECTED IN EITHER OCTOBER OR JANUARY.

g9l



FIG. 3.40, A COMPARISON OF THE EFFECTS OF DIFFERENT DOSES OF
OESTRADIOL-17B (E2 pg g-‘l) ON THE MEAN GROWTH RATES
(g 2month'1) IN GROUPS OF FISH INJECTED IN EITHER

OCTOBER OR JANUARY.
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BaBaa Conclusions.

In both months the dose of injected E2 was significantly
correlated with peak mean TCa, HSI, GSI and inversely correlated
with growth. There was however, a clearly marked difference in
sensitivity to the hormoné. Whereas all treated groups in October
showed a significant increase in TCa levels, only those treated at
1.0 yg g-1 or above in January showed any significant increase.

The response in January was both smaller and slower, with & peak in
TCa observed after 39 days when compared to peak responses around 21

days in October treated groups.

The HSI was significantly higher in October control fish which
suggests that liver weight relative to body weight may vary
throughout the year. Correlation of dose with HSI supports the

theory that the liver is the site of vitellogenin production.

Growth was faster in October-treated fish than in relative
January-treated groups, and greater growth observed in the lowest

dose groups in each case.

The serum-=hormone profiles of injected EZ were very similar in

both instances and were not significantly different.
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3D Vitellogenic Responses of Different Size Fish to the same dose

of E2.

The aim of this experiment was to determine whether the size or
age of fish used may have any bearing on the vitellogenic response

to a specific dose of E2 (5 pg 9—1).
T 5 5 Materials and Methods.

Groups of 5 fish with a mean weight of 50, 100, 200, 500, S00
and 2000g were selected, All fish had‘nnt previously spawned and
ranged in age from less than 1 year to 2+ year olds. The fish
were all individually tegged, bled to obtain base values and then
injected with E2 at a dose of 5 pg g-1 body weight. Adjustments

were made so that final injection volume of 0,.3ml was used.

All fish were sampled 2, 5, 9, 14, 21 and 28 days after injection,

and the serum treated as above.
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Sehe2e Results,

All groups demonstrated gross changes in TCa after injection with
E2 (Table 3,29, & Fig. 3.41.). The peak mean TCa value in treated
fish of 85,0 + 8,3 mg 100ml—1 was observed 28 days after injection
in the group with a mean weight of 2000g. The minimum peak mean
TCa level in treated fish of 33.6 * 3.5 mg 1GDm1-1 was observed in

the smallest weight group, 21 days after injection.

The peak mean TCa for each weight group was positively
correlated (P (/0.001) with the mean weight of the treated fish
(Fig. 3.42.). Furthermore, the gradient of Linear increase in TCa
(9-12 days, Fig. 3.41.) for each weight fish is positively

correlated with the weight of fish (Fig, 3.42,).



TABLE 3.29. CHANGES IN TOTAL SERUM CALCIUM (TCa mg 100ml™') IN
DIFFERENT WEIGHT GROUPS INJECTED WITH A SIMILAR

DOSE OF OESTRADIOL-17p (€2 5 pg &)



DAYS AFTER INJECTION
GRADIENT OF LINEAR

gLl

2 . 9 1 21 28
MEAN UETEHT 4 9) 1 : ? INCREASE 9-21 DAYS
50 9.95 9.5 10.0 12,5 23,2 33.6 33.1
1,76
+ S.E. 0.2 0.2 0.5 0.5 2:5 3.5 4.1
100 11.0 10.0 1048 14.0 23.2 35.6 42.5
1'8
4 5.k 0.4 0.3 0.3 0.3 1.9 3.9 3.4
*
200 10.9 11.5 11.0 12,5 22.01 35.0 46.6
1.88
*+ S.E, 0.3 1.1 0.7 0.5 B2 5.3 2.9
*
500 10,95 11.0 11.0 14,7 25.5 41.0 49.8
2,19
£ 5.k, 0.4 0.3 0.2 153 2.0 3.4 4.1
g , o
900 1.3 10.0 11,5 18.5 31,2 49.2 57.5
2,56
+ S.E. 0.4 0.2 0.6 92 2.4 3.7 5.8
WA
2000 12.0 it.25 12,5 22.5 40,1 64,5 85.0
3.5
+ S.E. 0.4 0.6 0.7 Z:5 5.4 75 8.3
* (p0.05) ** (p<o.01)  #xx (pL0.001) ° h=5

TABLE 3.29. LEGEND DPPOSITE.
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o Jo e Conclusions.

Immature fish over a wide weight distribution are capable of
vitellogenic response to a specific dose of E2, However, there
is a distinct positive correlation between the weight of fish used
and the vitellogenic response to a8 specific dose of E2. Whether
the correlation with weight is also related to age or maturation

is discussed in section 3.7..
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Sele Effect of Age, Maturity and Season on HSI.

The aim of this experiment was to investigate whether firstly,
the HSI at 2 particular time varies with the age or weight of
fish and secondly, whether HSI in a particular weight of fish

varies with the time of year.
Dig et Materials and Methods.

Groups of 5 fish over the same weight range as in 3.6.1. and
additionally down to 10.0 g were selected. All fish were then
fed strictly to ration for 14 days. All fish were weighed and
then sacrificed in order to calculate HSI and state of sexual
development if any, This experiment was repeated in December,
March, June and September. The HSI was determined in maturing
female fish at 6 times during the year, and compared with HSI
as determined for further groups of mature and immature male

and female fish sampled in December,
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BilTele Results.

At any time of the year the HSI between different weights of
fish is not significantly different (apart from the 10.0 g
group). See Table 3.30., & Fig, 3.43.. The HSI in all groups

is significantly (P<'0.001) greater in December than in March,

Mature male (2,624 + 0.39) and mature female (3.2 + 0,25)
rainbow trout have significantly (p< 0,05 & 0,01 respectively)
greater HSI's than their respective immature siblings at 1,896

+ 0,04% and 2,12 + 0,19% (Table 3.31. & Fig., 3.44.).

A seasonal variation in HSI (Table 3.31.) is observed in
maturing female trout with a minimum of 1,3 + 0.06% in February.
HSI is significantly raised above February's index in December
(1.79 + 0.12%.,, P{0.05); June (2.6 * 0.15%., PL0.001);
August (3.5 * D.17‘}€.j P{0.001) and October (3,65 + 0.17%.,

P £0.,001). See Fig., 3.44,.



TABLE .30,

MEAN HEPATOSOMATIC INDEX (HSI %) IN GROUPS OF FISH WITH DIFFERENT MEAN WEIGHT (g) TAKEN AT

FOUR TIMES DURING THE YEAR.

LY

WEIGHT (g) 2000 900 500 200 100 50 10
DEGEMBER 1.8 2.1 1.9 1.85 1.7 1.9 1.4
+ S,E. 0.1 0.15 0.05 0.06 0.12 0.17 g.13
MARCH 1.5 155 1.45 1.48 1.625 1.8 1.3
# G.E, 0.1 0.05 0.17 0.13 g3 0.06 0.09
JUNE 2,6 2.9 27 2.6 2.7 2.6 1.6
+ S.E, 0.09 0.06 0.16 0.17 0.08 0.2 0.09
SEPTEMBER 2+9 3.2 Al 3.0 2.9 2.8 -
+ S.E 0.03 0,17 0.07 0.1 0.09 0.07 -
n=35



(a) Taken at December sampling.

Imm, Males Imm Females

Mean 1.896 212

+ 5k 0.04 8.19

(b) Seasonal variation for maturing females.

Dec Feb Apr
Mean 179 7 P 1D
+ S.E. 0,12 0.06 0.09

TABLE 3.31, (a) COMPARISON OF MEAN HEPATOSOMATIC INDEX (HSI %) IN MATURE AND IMMATURE MALE AND FEMALE FISH

Mature Males

2.624
0.39
Jun Aug
2.6 Beh
015 15 e

SAMPLED IN DECEMBER AT ASTON FISH CULTURE UNIT, AND

1.65

0.17

Mature Females

3.2

0.25

(b) IN MATURING FEMALE FISH SAMPLED AT DIFFERENT TIMES OF THE YEAR ON A COMMERCIAL FARM.

o8l
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LS e Conclusions.

There is a distinct relationship between HSI and the time of
year. The HSI is lowest in late uinter/early spring, and
highest in autumn/early winter. The HSI may have a direct effect
on the vitellogenic raspbnse. Although in immature fish there
is little significant difference in HSI with weight at a
particular time, there is a significantly increased HSI with the
degree of maturity, with the greatest HSI observed in mature

female fish,
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3.8, Effects of Varying Proportion or Nature of Vehicle on

Vitellogenic Response.

The aim of these experiments was to determine whether different
ratio's of arachis/ethanol, or vehicle had any influence on the
serum hormone profile of: injected E2, or the vitellogenic
response, In the first experiment different ratio's of arachis/
ethanol were used from that normally used of 4:1, Secondly, the

steroid was injected in a saline-type vehicle,
Se8. 15 Materials and Methods.

The effects of different ratios of arachis/ethanol as vehicle

on serum hormone profile of injected E2 : 40 immature trout

with 2 mean weight of 70 g were selected and individually tagged.
They were distributed randomly between 2 tanks of System B and

allowed to acclimatise for 6 days.

-1 y
Groups of 5 fish were injected with E2 at 5 pg g = body weight,
suspended in arachis/ethanol emulsion at ratios of 4:1, 2:1, 1:1,
1:2 and 1:4. 3 each of the remaining 15 fish received vehicle

only, in the ratios above.

All fish were bled 1,2,5,7,9 and 21 days after injection.,

The serum samples were stored at -20°C until assay for E2,
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Effects on serum hormone profile of injected E2 and the

vitellogenic response, when saline is used as vehicle : From

the same stock, 16 fish of the same mean weight were selected and
allowed to acclimatise in System A for 7 days. After tagging
and basal sampling, 8 fish were injected with E2 in 0.8% saline
containing 1% EtOH. The dose was 5,0 Jae 9-1 body weight and

the final injection volume 0.3 ml, The steroid was first
partially dissolved in the ethanol and then mixed with the saline
in a sonic bath at 4°C for 4 hour. The B control fish received
the same volume of vehicle. All fish were bled 0,1,2,5,7,10,14,
21,28 and 39 days after injection, and the serum stored at -20%

until assay for E2 and calcium,.
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28,2, Results.

Effects of different ratios of arachis/ethanol on serum hormone

profile of injected E2 : All treated groups demonstrated gross

significant changes in serum levels of E2 following injection,

when compared with control fish (Tables 3,32, & 3,33, & Fig, 3.45.).
A maximum mean peak E2 value was recorded in that group where the
normal 4:1 arachis/ethanol ratio was used (B87.5 * 19.3 ng ml_1}

2 days after injection., AR minimum mean peak EZ level of 20,0 +

5.9 ng m1-1 was observed in the 1:4 arachis/ethanol ratio group

at the same time, There was a significant (P{ 0.01) negative
correlation between the peak mean serum E2Z level observed for

each group and the amount of ethanol in vehicle emulsion.



TIME (DAYS) 0 2 5 7 9 21
Arachis/ethanol

431 0.5 87.5 22.5 7.6 4.0 0.5
+ S.E, 0.2 19.3 4,0 2.33 1.3 0.1
231 0.7 49,0 18.5 6.0 1.5 0.6
+ S.E. 0.3 Se 1 2.6 2,2 0.9 0.3
1:1 8,2 39.5 12.0 5,0 2.0 0.55 §
+ S,.E, 0.1 8.9 Be2 1.3 1.0 0.3
1:2 0.6 25,0 13.0 9.0 1.5 0.7
+ S.E. 0.2 4,5 2.9 2.3 0.5 0.4
1:4 0.45 20,0 5,0 2.0 0.5 0.6
+ S0 0.2 5.9 231 1,0 0.3 0,2
A= 4

TABLE 3.32.

5

-1
CHANGES IN MEAN SERUM LEVELS OF DESTHADIUL—‘I?}:‘! (E2 ng m1 ) IN GROUPS OF FISH INJECTED WITH

-
OESTRADIOL-178 (E2 5 pg g ') IN DIFFERENT RATIOS OF ARACHIS/ETHANOL VEHICLE.



TIME (DAYS) 0 2 5 7 9 21
Arachis/ethanol

4321 0,7 12 3ot 0.9 0.4 0.5
+ S.E. 0.4 0.9 0.4 0.5 0.1 0.2
2:1 0.6 1.3 1.3 0.9 0.5 0.2
+ S,Es 0.2 0.7 0.8 0.4 0.2 0.1
127 0,45 e y [t 0.8 0.5 0.6
+ &.F, 0.2 0.5 0.5 0.3 0.3 0.2
G s .55 20 L i b5 0.9 0.9
+ 5.F, 853 15 0.8 0.17 ' 0.4 0,2
1:4 0.9 0.9 8.9 1el 0.9 0.4
% SoE. 0.4 0.4 0.5 053 Bl 0.1
n=4

TABLE 3.33.

CHANGES IN MEAN SERUM LEVELS OF ODESTRADIOL-178 (E2 ng ml_1) IN CONTROL FISH INJECTED

WITH DIFFERENT RATIOS OF ARACHIS/ETHANOL VEHICLE (0.2 ml).

88l
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FIG., 3.45. CHANGES IN MEAN SERUM LEVELS OF OESTRADIOL-178 (E2
ng m1~') FOLLOWING INJECTION OF GROUPS OF FISH WITH
OESTRADIOL-17B (E2 S pg g~') IN DIFFERENT RATIOS OF

ARACHIS:ETHANOL VEHICLE,
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Effects on serum hormone profile and vitellogenic response

using saline as vehicle : Significant changes in serum levels

of E2 and TCa were observed in treated fish during the course of
the experiment, Serum E2 levels rose significantly (P<0.001) in
treated fish from basal levels of 0,7 + 0.2 to a peak of 94,75 +
9.5 ng ml—1 1 day after injaction, before returning to control
levels after 10 days. No such similar changes were observed in

control fish (Table 3,34, & Fig., 3.46.).

Significant increases in TCa were observed in treated fish,
rising from basal values of 11,02 + 0.1 mg 1DDml-1 to a peak of
58,7 + 7.2 mg 1CIE}n'|l_‘1 21 days after injection (Table 3.35, & Fig.

5 Control fish showed no significant changes.
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TIME (DAYS) 0 1 2 5 7
CONTROL 0.5 1.1 %2 0.9 0.7
+ 8., 0.2 0.4 0.6 0.3 0.4
H * ¥ *
TREATED 0.7 94,75 45,0 745 2.5
+ S.E. 0.2 9.5 6.8 2.7 162
TIME (DAYS) 10 14 21 28 39
CONTROL 0.5 0.6 0.5 0.7 0.6
* 5.6, 0.2 0.4 0.2 0.2 0.3
TREATED 1.5 1.0 0.7 0.8 0.5
+ S.E. 0.5 0.5 0.3 0.4 0.1
n=8 * (p<0,05) ** (p<0,01) *=* (p<0,001)

TABLE 3.34,

CHANGES IN MEAN SERUM LEVELS OF OESTRADIDL-1?E (E2

ng ml-1) IN FISH INJECTED WITH OESTRADIOL-17B (E2

5 pg 9'1) IN SALINE AS VEHICLE.
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FIG. 3.46.  CHANGES IN MEAN SERUM LEVELS OF DESTRADIOL-178 (E2
ng ml_1) IN FISH INJECTED WITH OESTRADIOL-17B (E2

5 pg 9"1) IN SALINE AS VEHICLE.



193

TIME (DAYS) 0 1 2 5 7
CONTROL 10.95 10.7 10.5 10.4 11.01
o 0.2 0.3 0.2 0.2 0.4
%

TREATED 11.02 10,5 10.0 12,1 15.0
+ S.E. 0.1 0.3 0.25 0.9 a2
TIME (DAYS) 10 14 21 28 39
CONTROL 11,2 11.2 124 11.49 11,5
* 8,E, 0.9 0.7 ;% 0,7 0.5

* b R FHk *%
TREATED 24,4 37.9 58,7 46.2 41.3
* S.E, 3.7 5.2 7,2 5.9 6.5
n=8 * (p'0.,05) ** (p(0.01) *** (P 0.001)

TABLE 3,35,

CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa
=
mg 100ml ) IN FISH INJECTEO WITH GESTHQDIUL-1?§

(E2 5 pa 9'1) IN SALINE AS VEHICLE.
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FIG, 3.47, CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa mg 100m1 ) IN FISH INJECTED WITH

-1
UESTRADIDL—1?P (E2 S F9 9 ) IN SALINE AS VEHICLE,
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8.3, Conclusions,

The amount of ethanol in the vehicle significantly reduces the
amount of E2 determined in the serum of the treated fish 2 days
after injection (Fig. 3.48.). In fish injected with saline as
vehicle, although not significantly different from arachis/ethanol
(4:1) in mean peak levels recorded, the profile suggests that the
steroid is taken up guicker. Or conversely, & slower release of
steroid from arachis emulsion occurs, when compared with 0il/

ethanol vehicle (Fig. 3.49.).
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FIG. 3.48. VARIATION IN 2 DAY PEAK MEAN SERUM LEVELS OF OESTRADIOL
-1?ﬁ AFTER INJECTION OF GROUPS OF FISH WITH THE SAME
DOSE OF DESTHADIDL-1?F IN DIFFERENT RATIOS OF ARACHIS/

ETHANDL VEHICLE,
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FIG. 3.49., COMPARISON OF UPTAKE AND CLEARANCE OF THE SAME DOSE
OF OESTRADIOL-17p (E2 5 pg g~ ') INJECTED IN SALINE

AS VEHICLE OR ARACHIS/ETHANOL (4:1).
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3.9 Summary of Results.,

1, Dsstradiol-1?P caused elevation in serum levels of total

calcium and phosphoprotein phosphorus in rainbow trout.

Z2, Priming with oastradial-1i§ was not necessary and trout liver
can respond to a single injection of this hormone, although

on reinjection a much more rapid secondary response occurred.

3o The vitellogenic response to a specific dose of aastradiol-1?ﬁ
varied both with the time of the injection in the year and

with the doses of oestradiol-1?ﬁ administered.

4, The dose of injected uestradiol-17ﬁ was correlated with the
peak level of calcium, HS5I and GSI, but was negatively

correlated with growth,

5. The size and/or age of fish can greatly affect the vitellogenic
response and the serum hormone profile of injected oestrédiol-

1?ﬁ varied with the vehicle used.
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S0, Discussion,

The results clearly demonstrate that oestradiol-178B causes
elevations in serum levels of calcium and phosphoprotein phosphorus,
both of which are constituents of the egg protein or vitellogenin
complex (See Chapter 4).- A summary of the sequence of changes in
oestradiol—1?F, total calcium and phosphoprotein phosphorus over the
first 11 hours following oestrogen treatment (Fig. 3.50.) shows that
nestradinl—1?ﬁ was taken up into the serum immediately after its
injection into the intraperitoneal cavity, However, the increases in
serum levels of total calcium and phosphoprotein phosphorus did not
occur until at least 11 hours after oestradiol—1zﬁ injection. In
other studies on amphibians, it has been shown that vitellogenin can
be detected in the liver 12 but not 9 hours after the administration
of oestradiul-1?ﬁ (wittliff & Kenney, 1973; Zelson & Wittliff, 1973).
The results from the present work indicate that in trout the
release of the complete vitellogenin moiety also occurs afterl
approximately 11 hours. In a2 more recent study, van Bohemen et al.,
(1981a) were unable to detect vitellogenin in the liver, but
suggested this was indicative of a low storage and high secretion

rate.

The long-term sequence of changes in calcium and phosphoprotein
phosphorus, summarised in Fig. 3.51., further demonstrate that the
uptake of cestradiol-1zﬁ was linear over the first 48 hours at
which point the peak level was observed. Very few other workers
have investigated in detail, serum changes in oestradiol-178
following injection with this hormone and in these studies only 1

or 2 post—-treatment samples have been taken.
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However, in one investigation using Tilapia a2 peak of 100 ng 100m1"1
of oestradiol-17P was observed S hours after an injection of
uastradiol—17P in sesame 0il, and this subsequently fell to 9 ng rnl-1
after 1 day (Terkatin-Shimony & Yaron, 1978)., Consequently, these
authors considered the levels to be pharmacological for 1 day and
physiological for 4 days, Despite the fact that both the
methodology and fish species used in this study were quite different
from those of the present work, the results are remarkably similar,
After 2 days the serum levels of 095traﬁiol—1?p fell rapidly and
reached near-control values after 7=11 days. This rapid decline

in serum levels of oestradiol-173, following the initial linear
increase also corresponds with the dats of Johnstone et al., (1978)
who showed that the half-1ife of uestradinl—17ﬁ in trout serum was
approximately 12 hours, Clearly, weekly injections of oestrogen
would be required if they were being used to maintain physiological
levels of this hormone over an extended period. However, the
long=-term changes in total calcium and phosphoprotein phosphorus
after only 2 injections with cestradial-1zﬁ were so pronounced that
weekly treatments would appear unnecessary if the objective is to

rovoke 2 vitellogenic response,
P =

Although the increase in serum levels of cestradiol-17ﬁ was both
rapid and short-lived, the highest levels of total calcium and
phosphoprotein phosphorus did not occur until 21 days after the 2nd
injection and had not returned to basal levels until 135 days, The
peak levels of calcium and phosphorus following oestrogenization

observed in similar studies on other fish, show considerable

variation, as do the doses of hormone used and methods of
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administration (See Table 3.38.). Thus, in the killifish and
goldfish following treatment with oestradiol benzoate at a dose

of 5 g g—1 total calcium levels increased 8-fold (Mugiya & Watabe,
1977). This compares very closely with the present data where
total calcium increased from 10 mg ml-1 to a peak of 75 mg 1DOml-1
and at the same time levels of phosphoprotein phosphorus increased
from approximately 10 to 832 F9 ml-1. The concomittant and
equivalent increases in total calcium and phosphoprotein phosphorus
suggest there is 1 mole of calcium for every mole of phosphoprotein
phosphorus in trout vitellogeninj; this has previously been noted
in amphibians (Wallace, 1970) (Also see chapter 4 for further
discussion of structure of vitellogenin). It would appear that
the liver of some fish species (eg trout and goldfish) is very
sensitive to oestrogens, whereas in others (eg dogfish) there is a
poor vitellogenic response (ie synthesis of vitellogenin by the
liver after uestradiol—138 challenge). This may ultimately -
reflect the different relative requirements of the ovaries of
different fish species for specific amounts of vitellogenin or

differences in the uptake or utilisation of the complex.

It is of considerable commercial significance that only 2
injections of oestradiol-17p are required to initiate a2 long-
lasting synthesis of vitellogenin by the liver, even though changes
in oestradiol-1?ﬁ are short-lived, One of the aims of this study
was to investigate whether hormonal injections could be used to
manipulate the vitellogenic response in trout. Clearly only 2

injections to broodstock would be a practical means of treatment

and would involve only limited handling of the fish, A similar



SPECIES DOSE MEASURED PARAMETER AUTHOR(s)

Fundulus Cac’® 4 mEq/L 20 mEq/L Fleming et al., 1964
Killifish 10 mEg/L 80 mEq/L
5 pg g cazt Mugiya & Watabe, 1977
Goldfish 5 mEq/L 35 mEq/L
1dfish Added to food Ca’® 62.3 555.3 ug ml
Goldtls o il 2 . o> MHEe Hori et al,, 1979
@ 1 mg/g P 223.8 1197.,0 ug ml
-5, =1 2+ -1
Tilapia 125 % 10 Kg Ca 10 15 mg 1DDmi1 Terkatin-Shimony & Yaron, 1978
Protein 3 4 g 100ml
2+ -
Tilapia Ca 12 3 mg 100ml Yaron et al., 1977
] 2+ -1
Dogfish 3 mg Kg Ca” 8 15 mg 1°°m1_1 Craik, 1978a
Protein 2 10 mg 100ml
-1 2+
Eel 3 H9 9 Ca T4 142 mEq/L Olivereau & Olivereau, 1979

oz

L

TABLE 3.38. VARIATION IN SPECIES, DOSE OF OESTROGEN AND MEASURED PARAMETERS IN SOME STUDIES OF

VITELLOGENESIS IN FISH.
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phenomenon has been observed during the normal spawning cycle

where levels of total calcium and phosphoprotein phosphorus
continued to rise for several months after the maximum levels of
oestradiol-173 had been reached (Whitehead gt 21., 1978a; Scott

et al,, 1980b); often the highest levels of phosphoprotein
phosphorus and calcium were observed at the time of spawning when
serum oestradiol-17? was at basal levels, The levels of total
calcium and phosphoprotein phosphorus observed after
oestrogenization in this study were slightly higher than those
which have been reported for the normal seasonal cycle (Whitehead
et al,, 1978a; Scott et al., 1980b). However, one must take into
account the fact that when immature female or male fish are treated
with 095tradiul—1?ﬁ, the vitellogenin they produce may not be

taken up by ovarian tissue and consequently may build up in the
serum; also, oestradiol-1?ﬁ is constantly being produced during the
normal cycle even when overall serum levels are falling. It‘is
possible that there are differences in the metabolism of vitellogenin
in immature and mature fish similar to those reported for Xenopus
(Wallace & Jared, 1968)., These authors showed that the
physiological half-life of vitellogenin was zpproximately 2 days in
maturing female toads, whereas in ovariectomised or male animals it
was 40 days. If we take the 21-day peak figure of calcium (75 mg
1DDml_1) as representative of maximum vitellogenesis and the t% B
vitellogenin in immature trout to be similar to that of amphibians
ie 40 days, one would expect the calcium level to fall to a basal
level of 10 mg 100m1”" in 141 days ie 3x ty periods plus the
initial 21 days to reach a peak vitellogenin production, Thus, it

would appear that after the second injection of oestradiol-173,



206

in immature fish the hormone is taken up into the serymwithin 3
hours, reaches a peak 2 days later, before falling to basal levels
after 7 to 11 days. Subsequently, vitellogenin is released into the
blood at about 11 hours, reaching a maximum rate of synthesis after

2 or 3 days which continues for up to 3 weeks, at which point
vitellogenin synthesis stops and vitellogenin is lost as a function

of its t% which is thought to be approximately 40 cays in lenagth.

Somewhat surprisingly, the results show that a single injection
is sufficient to initiate synthesis of vitellogenin by the liver in
immature male and female trout, suggesting that priming with the
hormone is unnecessary, In these fish the oestradiol-178 was also
quickly taken up into the blood, reaching a peak velue at 1 day
before falling to control levels 12 days after injection, However,
the vitellogenic response to this injection occurred much more
slowly, Total serum calcium levels fell after 24 hours and were
only marginally increased 5 days after the injection. The p;ak
levels for calcium occurred at 22 days, as with the double
injection although the maximum serum concentration attained was
reduced; in addition, calcium levels fell to basal after 60 rather
than 141 days, These data suggest either that the half-life for
vitellogenin is approximately 20 days in immature fish which have
not previously been exposed to oestradiol-17F, or that vitellogenin
secretion was not maintained for as long 2 period of time, However,
when primed fish are reinjected with the same dose of oestradiol-17ﬁ,
a much more rapid secondary response occurred (Fig, 3.52.). By
comparison, total calcium increased by 3 mg ‘FODmJ."1 in 2 days with

a slightly higher peak (50.5 mg 1DDml-1) after 21 days, This may
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in part explain why some workers have used either priming or
multiple doses of oestrogens when investigating the response of

the liver to this hormone (de Vlaming et al., 1977; Terkatin=-
Shimony & Yaron, 1978; Yaron et al,, 1977). Although the
phenomenon of primary and secondary induction has been previously
recognised in birds (Beuving & Gruber, 1971) and in amphibians
(Clemens, 1974; Ryffel et al., 1977; Knowland, 1980), only van
Bohemen et al., (1982b) have reported a similar phenomenon in fish,
and surprisingly oestrone was chosen to prime the liver in this
study. After secondary induction, the lag=-period between treatment
and appearance of vitellogenin was virtually eliminated.
Measurement of this lag-period in birds, which is considerably
shorter than in amphibians (See Tata, 1978b; Knowland, 1980) has
proved difficult because experiments have been carried out both

in vivo and in vitro, and with assays of different sensitivity.

Different lag-periods are also a feature of the induction of
chicken egg-white proteins such as ovalbumin and conalbumin, often
the time depending on whether it follows primary or secondary
hormone treatment, or whether the hormone used is oestrogen or
progesterone (Tata, 1978b). The difference between primary and

secondary lag-periods was approximately 3 days in this work, where

total calcium was used as an indirect estimate of vitellogenin,

The reason(s) for the differences in primary and secondary
responses is still poorly understood. 1t may be explained by the
rates at which the polyribosomes engaged in synthesising

vitellogenin become functional (Tata, 1978b). During primary
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induction a temporal gap has been observed between the accumulation
of mRNA and immunoprecipitable polysomes, whereas after secondary
induction the rate of appearance of vitellogenin is primarily a
function of the rate at which mRNA appears in the cytoplasm (Tata,
1978b)., It has also been noted that both primary and secondary
inductions are dependant on de novo transcription of the vitellogenin
gene (Farmer et al., unpublished data reported by Tata, 1978b).

It was also reported in the same study that in Xenopus some
rate=limiting mechanisms, or factors eséential for specific
translation of vitellogenin mRNA have to be established during the
lag-period preceding primary induction. Such factors must
therefore be relatively permanently 'imprinted' so that secondary
stimulation then only involves a replenishment of the mRNA initially
formed during primary stimulation, but subsequently degraded. This
mechanism could be explained by one or more of the following reasons,
which have previously been reported by Tata (1978a): firstly, . a
requirement for specific initiation or elongation factor(s);
secondly, a requirement for special tRNA's, especially in view of
the high serine content of the phosvitin moiety; and/or lastly,

the establishment of a stable rough endoplasmic reticulum which
preferentially facilitates both translocation of vitellogenin mRNA
and post-translocational modifications of the nascent protein

(Lewis et al., 1976). It is possible that the increase in the
level of oestrogen receptor which follows primary induction with
nestradiol—1?P is maintained for a long time and that this

reservoir of receptors is partly responsible for the more rapid
secondary response (Westley & Knowland, 1978). It is known that

the ultimate response is determined by both the concentration of
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oestrogen receptors (Cidlowski & Muldoon, 1972; Lesniak & Roth,
1976; Schneider & Gschwendt, 1977) and their affinity coefficient
for oestradiol (Westley & Knowland, 1978; Weichman & Notides, 1980).
If increased and then stable levels of oestrogen receptor were
gestablished after primary induction, on reinduction with oestradiol
-1?? effectively more vitellogenin-committed hepatocytes would be
activated (Bergink et al., 1974; Wallace & Bergink, 1974) . The
relative specificity of the oestrogen receptor and the effects of
other hormones on the primary and secondary vitellogenic response

are discussed below (See Chapter 5).

In a recent study van Bohemen et al., (1982b) administered
oestrone daily over a period of 7 days to prime ovariectomised

trout (Salmo gairdnerii). Immediately after this period the same

fish were treated with cestradiol—1?ﬁ and the vitellogenic response
to this hormone compared to that seen after priming with saline or
testosterone, Not surprisingly the oestrone-primed fish .
demonstrated & greater response, but detailed comparisons with the
present work are difficult since no control group primed with
oestradiol-17p was included. Thus, the present study is the first
to unequivocally demonstrate the phenomenon of primary and secondary

vitellogenic responses to oestradiol-1ﬂﬁ in fish.

The finding that the time of year the fish are treated with
oestradiol-1jp significantly affects the vitellogenic response,
both in terms of the amount of vitellogenin and the rate at which
it is produced is of considerable physiological significance
(Fig. 3.53.). The levels of hormone in the serum after injection

with oestradiol-178 were the same in October as those in January,
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despite the fact that the maximum and minimum vitellogenic

responses occurred during these 2 months respectively. However,
measurement of the serum levels of oastradiol-1?ﬁ may only represent
the relationship between uptake and clearance of the hormone and

not be representative of physiological activity, Furthermore, it
does not take into account either the levels or the stability of
steroid-receptor interactions. It may be that degradation of the
oestrogen—-receptor complex is not as rapid in October as it is in
January, As previously discussed, there are seasonal variations and
sex differences in enzyme systems in the liver which are involved
with the hepatic metabolism of steroids (Hansson et al., 1979;
Hansson & Gustafsson, 1981; Koivasaari et al., 1981) and these
variations may explain the seasonally different vitellogenic
responses. Thus, 17=hydroxysteroid oxido=reductase activity has
been shown to increase significantly during the spawning period of
male but not female trout, whereas 6p-hydroxylase activity was
significantly lower in maturing female trout when compared tol
juvenile and mature trout of both sexes. It is possible that the
enhanced synthesis of vitellogenin in the liver of maturing female
fish may interfere with the microsomal metabolism of steroids in
the liver (Hansson & Gustafsson, 1981). Whether any such variations
occur in immature fish is however not clear from these studies.,
However, it is likely that the differential rates of hepatic
metabolism of steroids may, by indirectly controlling overall
circulating serum levels, have profound effects on reproductive

function.

Such differences in liver function are also indicated by the

seasonal variation in hepatosomatic index of both immature and
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maturing fish. In maturing female fish the lowest HSI was found
in March, and the highest in September (Fig. 3.54.). Similar
seasonal variations in HSI have been observed in the female trout
during the normal seasonal cycle (van Bohemen et al,, 1981b)

where the HSI was lowest in March and highest in December.
Seasonal relationships between the liver weight and body energy
stores have also been described in a number of species (Love, 1970;
Shul'man, 1974; Delahunty & de Vlaming, 1980). Thus, HSI values in
many fish species are found to be highest during the prespawning
period and lowest in post-spawning fish (Wingfield & Grimm, 1977;
Htun-Han, 1978; Delahunty & de Vlaming, 1980; van Bohemen et al.,
1981b). It has also been observed that there were no significant
differences between the HSI of different weight fish at any
particular time of the year and so HSI is an appropriate expression
of liver size (Delahunty & de Vlaming, 1980). Considering the
large quantities of yolk sequestered during ovarian recrudsseence,
the production of vitellogenin by the liver would ultimately have

a severe drain on that organ's resources. Inverse correlations
between liver and gonad weights have been found in several fish
species (Zahnd, 1959; Larson, 1974; Wooton et al., 1378; Delahunty
& de Vlaming, 1980). However, the correlation between liver
weights and gonadal activity depends on the energetic requirements
for recrudescence, feeding habits and food availability for the
species in question (Shul'man, 1974; Htun-Han, 1978; Wooton, 1978).
Despite its clear association with reproduction the HSI was also
observed to vary seasonally in immature fish where gonadal
recrudescence is minimal or absent. Undoubtedly, in the wild

state, trout build up energy stores in times of plenty in
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preparation for the winter months when food is at a minimum,
However, the demonstration that HSI varied in fish under constant
conditions, fed pelleted food to ration, suggests that trout may be
adapted physiologically to amass stores during the summer or early
autumn months., As such, this may also indicate that this change in
HSI is npot primarily liﬁked to reproduction since it occurs in
immature fish (Eliassen & Vahl, 1982a; 1982b), Certainly, it is
unclear what effect these differences in HSI may have on
vitellogenesis, The true effect of HSI on this response would be
revealed by an investigation of vitellogenin production by liver
slices cultured in vitro from fish 25 days after treatment with
DEStradiol—1?F. It might be mentioned that preliminary data from
in vivo experiments suggest that the vitellogenic response of
post-spawned females is much reduced. Furthermore, the results
reveal that the larger the fish the greater the vitellogenic
response. In this instance the peak level of calcium and rate of
synthesis are correlated with the weight of liver and not the’HSI,
since at the same point in time the HSI in different weight fish

may not be significantly different.

Initially, experimental results suggested that the liver of trout
in January was refractory to trestment with ocestradiol-17j3.
However, later results clearly demonstrate z response by the liver
to injected oestradiol=178 in both October and January, although
there were marked differences in sensitivity to the hormone,
Although doses between 0.07 and éD,D‘yg g-1 gave significant
increases in October, in January the 3 lowest doses had no effects

(0,01, 0.1 and 0.5 pg 9-1), even though similar serum levels of

injected aestradiol-1?ﬁ were observed during both these 2 months,
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Furthermore, maximal vitellogenic responses of the same order as
those seen in October were zlso obtained in January if doses of
ZU.U'Pg 9-1 were used. Possibly, these differences in sensitivity
constitute a form of refractory period similar to that uwhich has
been reported for other fish species (Sehgal & Sundararaj, 1970;
Sundararaj & Sehgal, 1970a; 1970b; Baggerman, 1972; Kaya, 1973;
Egami & Hosokawa, 1973). In many teleosts a period of gonadal
insensitivity or refractoriness to envirenmental factors which would
normally elicit ovarian development follows the breeding season,
This ultimately prevents breeding at az time when the young may not
survive, and may also provide a rest period for resources to be
built up for the subseguent spawning cycle. Clearly, the failure
of aseasonal gonadal development is equally as important as the
cueing of normal development to coincide with favoureble
environmental conditions. Although it is unlikely that serum
levels of nestradinl-1?F would be high in this post-spawning period
in trout, these data suggest that serum levels would need to be far
higher than normal physiological values in order for the liver to
respond and produce further amounts of vitellogenin. As such, this
phenomenon may effectively form part of such & refractory period in
this species. The presence of & refractory period demonstrates
that the neuroendocrine-gonadal axis is not simply 2 passive system
driven by the annual changes in environmental factors, but suggests
that there is an underlying endogenous rhythm, or internal clock,
which has to be synchronised with environmentzl change for

reproduction to be initiated.

It has previously been reported that the dose of oastradiol—1??
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is correlated with the vitellogenic response in amphibians (Wallace
& Jared, 1968). These authors found that the rate of maximum
synthesis and the time to reach the maximum level were directly
proportional to the oestrogen administered. This is at variance
with the present work where the highest dose did not give the
greatest response. However, this is probably due to the toxicity
of oestradiol-17p at high doses, since similar observations have
been made by other authors working with Xenopus (Skipper &
Hamilton, 1977) and trout (van Bohemen et al., 1981a). After

the administration of different amounts of oestradiol-17p there was
a significant correlation between dose and HSI, These results,
together with histological data (See Chapter 6) provide
confirmation that trout, like other oviparous species, synthesise
vitellogenin in the liver., A comparison of fish injected with
different doses of oestradiol-??ﬁ in October and January showed the
HSI of all experimental fish except the 2 highest doses treatment
groups were significantly higher than respective January ones:

Pang & Balbontin (1978), found no effect of oestradiol benzoate on
HSI in killifish at doses of 0.5 or 20.0 g 9'1. Similarly,

de Vlaming (1977) was unable to demonstrate any changes of HSI in
30-55g goldfish treated with 25 or 50pyg of oestradiol per day, for
12 days. However, HSI more than doubled in the European eel 15
days after treatment with high doses of Destradinl—1?F and was still
increasing up to 78 days after treatment (Olivereau & Olivereau,
1979). AR similar increase was observed in maturing Japanese eels
treated with oestrogenic and gonadotrophic hormones (Ochiai et al.,
1974), and in rainbow trout (van Bohemen et 2l., 1981b), Indeed

oestrogens in general stimulate liver hypertrophy, for example in
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Oryzias latipes, an implanted oestrone pellet resulted in a paler

and softer liver after 7-9 days (Egami, 1955) and in the present
work the higher doses of nestradiol-1?ﬁ produced an externally
visible swelling in the front belly region. The increase in HSI
after oestradiol—13ﬂ treatment, supported by the observation that
this increase is proportional to the dose administered, is clearly
the result of the liver's increased metabolic activity during

vitellogenin synthesis.

As well as having direct effects on the liver, one must also
consider that oestradinl—1zﬁ, especially at high doses, may have
direct or indirect effects on the ovary, which ultimately lead to
the initiation of endogenous vitellogenesis, or the uptake of
vitellogenin, Thus it is of interest to note that the present
results show a2 significant correlation between the injected dose of
oestradiol-178 and GSI in the female fish in both October and
January. However, in October's treatment with oestradinl—17ﬁ, no
group had a GSI significantly above that of controls. Furthermore,
in January's treatments the 2 treated groups with significantly
elevated GSI values, showed a reduction in mean body weight during

the course of the experiment, This might suggest an anomaly in

~—

increased

(7))

the results, in that gonad weight was unaffected, but
because the fish lost weight. Such difficulties have also been
noted for other fish and it has been suggested that G5I is not an
accurate measure of relative gonad size, or ovarian activity
especially if there is an appreciable weight range of fish (Delahunty
& de Vlaming, 1980), Furthermore, the relationship of gonad

weight to body weight may vary between populations of the same
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species as well as between different species, Even if fish of
similar size are used, and the GSI considered to be a valid
estimate of ovarian activity or size, it is suggested that
histological examinations are essential in order to establish true
gonadal activity (de Vlaming & Shing, 1977; de Vlaming & Vodicnik,
1978; Vodicnik et al., 1979). Without histological evidence it is
difficult, in this present study, to describe what, if any effect,
the injected oestradial—?%ﬁ has had on gonadal tissue, Some
workers have noted a correlation between GSI and oestradiul—1?p
during the normal reproductive cycle (de Vlaming, 1977; Yaron et al.,
1977; Lambert et al,, 1878) and also after oestrogen stimulation
(Dlivereau & Olivereau, 1979). However, in both situstions either
no correlation, or negative ones have also been reported (Ho &
Vanstone, 1961; Simon & Reinboth, 1974). The wide range of effects
would appear to be due to differences in dose of uestradicl-1?ﬁ,

length of treatment, and relative maturity and species of fish.

Since oestrogens are recognised as being responsible for the
maintenance of ocvarian integrity in femazle fish, it might be
expected that aestradicl—1jﬁ treatment would have some effects on
the GS5I. There is clearly & specific selection for vitellogenin
by the presumptive vitellogenic ococytes, using 2 micropinocvtotic
process (Wallace et al., 1970; Wallace & Bergink, 1974). However,
it is not clear which hormones are involved in controlling ovarian
uptake of the complex. In a number of in vivo studies
investigating the isolation and purification of gonadotrophins,
Idler & Co-workers examined some aspects of vitellogenin uptake
with hypophysectomised Winter flounder (Campbell & Idler, 1976;

Ng & Idler, 1978a; 1978b; Idler & Ng, 1979). They observed
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that the pituitary gland contained a factor(s), which was capable of
stimulating the uptake of labelled vitellogenin from the blood into
oocytes, It was not certain, however, whether this factor acted
directly on the oocytes or indirectly via steroidogenesis., By
studying this phencmenonlin vitro with trout oocytes, it was
subsequently found that pituitary gonadotrophin acts directly on
oocytes in stimulating uptake without any steroidal facilitation
(Campbell, 1978). Another study using immature trout further
demonstrated that whole salmon pituitary extract, but not purified
gonadotrophin, was capable of stimulating vitellogenin uptake

(Upadhay et al., 1978).

Further work on the purification of gonadotrophin using affinity
chromatography on Concanavalin A sepharose (Con-A Sepharose), by
Idler & Co. workers has demonstrated 2 distinct gonadotrophins from
American plaice, winter flounder, carp and salmon (Campbell & Idler,
19763 1977; Campbell, 1878; Ng & Idler, 1978a; 1978b; Idler & Ng,
1979; Ng & Idler, 1979). The pituitary gonadotrophins present in
these 4 species were divided into a fraction that does not bind to
the sepharose gel (Con A=1) and one that does (Con A-2). Houwever,
the biological zctivities of these 2 fractions are less separable,
for example the Con A=2/glycoprotein rich fraction hzs recently
been shown to affect vitellogenesis as well as maturstion and
ovulation. Thus, one hormone may have all the activities classically
associated with gonadotrophin(s) in fish (Idler & Ng, 1979; Ng &
Idler, 1979). Thus the existence of a gonadotrophic hormone which
solely effects the uptake of vitellogenin by the ovary remains to be

demonstrated.
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A further mejor difficulty in the purification of fish
gonadotrophin(s) for use with in vitro and bioassays is the likely
contamination with thyroid stimulating hormone (TSH), since in
fish like mammals, the chemical structure is similar to that of
gonadotrophin(s) (Fonta;ne, 1969), Thus when investigating the
biological activity of purified gonadotrophins, contamination with
TSH could cause spurious results, especially since it has been
suggested in goldfish that thyroid hormones are necessary for the
completion of vitellogenesis (Hurlburt, 1977). Since no bioassay
to determine TSH activity of fish gonadotrophins has been
established, it is impossible to gauge the purity of pituitary
preparations, It is of some interest to note that mammalian TSH
binds to Con-A sepharose, equivalent to Idler & Co. workers Con
A=2 gonadotrophic fraction. Furthermore, there is evidence from
this (see Chapter 5) and other studies that other hormones may be
involved in the uptake and/or synthesis of vitellogenin, It has
been observed in goldfish that oestradial—1iﬁ initiates the early
stages of yolk accumulation and pregnenolone controls the latter
stages (Khoo, 1979). Thus, since the role of fish TSH cannot be
discountec in affecting uptake, it is of some significance that fish
fed with a2 T& treated diet and then injected with oestradiol-17p
showsd much reduced serum vitellogenin levels when compared with
fish on & control diet, In teleosts, as in elasmobranchs, the
likely involvement of thyroid hormones in reproduction has long
been recognised, though their precise role has not as yet been
established (Pickford & Atz, 1957; Dodd & Matty, 1964; Dodd, 1975;
Young, 1980). Evidence derives mainly from the close relationship

that exists between thyroid and reproductive cycles (Bromage &
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Sage, 1968; Ichikawa et al., 1974; White & Henderson, 1877; Osborn
& Simpson, 1978). There is no doubt that the thyroid has an
important role in the reproductive physiology of the teleost fish
and that it may act on several different targets including the
pituitary, gonads and liver, although the nature of its actiocns and
the identity of specific targets and tissues has yet to be realised,
There is some evidence to suggest that thyroxine enhances the
ovarian uptake of vitellogenin (Lewis & Dodd, 1974; Hurlburt, 1977).
Such an effect would explain the casual observation of lowered
vitellogenin levels in fish which were pre-treated with = T(_,l
diet. Unfortunately, no histological examination of the ovary uwas
taken to support this contention. However, a similar effect of
thyroxine on the vitellogenic response was also noted by Bailey
(1957) working with goldfish. He observed marked changes in total
calcium and phosphorus in 250 g mature goldfish injected with
0.1-0.5 mg of oestradicl—1?ﬁ. However, when thyroxine was

=

administered at the same time as oestradiol-13§, no such changes
were observed and no explanation for this phenomenon was offered.

It is possible, however, that the increases in TE and T‘,4 observed in
spring may have had some effect on the seasonal variation in
response to oestradiul-??ﬁ injection. Certainly the serum T
levels recorded in the spring for the coho salmon zre the highest
concentrations found in any non-experimental vertebrate (Leatherland

& Sonstegard, 1980). It may be that T, and T, have & more

3

generalised metabolic influence rather than a specific effect on

vitellogenic uptake,

Of profound importance in this work is the proportion of injected

hormone which is absorbed and thus available to exert a vitellogenic
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action. These data demonstrate that the higher the injected dose
the lower is the proportion of uptake of steroid into the serum. It
may be that there is a maximum rate at which the steroid can be taken
up from the peritoneal cavity. It is also possible that at higher
dose levels more hormone is lost by leakage from the injection site.
In a study where 7 dailylinjactions of oestradiol-178 were given to
trout, only 0.05% of the total amount of steroid administered,
remained one day after the last injection (van Bohemen et al., 1981a),
these results are similar to those reported by Terkatin-Shimony &
Yaron (1978). The relatively low serum levels shortly after
treatment reported in these and the present work suggest that the
clearance of oestradiol-178 is very rapid. Absolute discrepancies
in clearance rate between this and other work may have occurred as

a result of the vehicle used for injecting the steroid, since

van Bohemen et al., used a saline vehicle. When an emulsion is

used and the steroid is pre-dissolved in ethanol, the rate of uptake
is partly dependant on the dissolution rate, as well as the d;se.
Thus the release would be slower and more controlled. Our
experience with saline or o0il only is that the steroid is only

partly dissolved and treatment with such a2 heterogenous mixture

could result in error. Thus, in real terms, the actual dose of
hormone administered using saline, o0il or oil/ethancl as vehicle

may be subject to considerable variation.

It is evident from the results so far discussed that a single
or double injection of oestradial-1?? at 2 dose of approximately
S Hg g_1 in oil/ethanol is an effective method of inducing
vitsl}ogsnin production in trout,. Such responses could be used to

influence the quality of eggs and the control of their production in
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commercially farmed trout stocks. One problem faced by the trout
farmer is the guestion of poor guality eggs from first-stripping
fish., Such eaggs from broodstock spawning for the first time are
usually very small and unsaleable as eggs; furthermore, there may be
problems with differential growth of the hatched alevins from the
eggs especially if they are mixed with those derived from the eggs
of broodstock at their 2nd or 3rd spawning. Clearly there would
be significant economic advantages if & farmer could obtain eggs of
normal size from first stripping fish by using simple hormonal
manipulations, Currently, an investigation is being made of the
effect of a single injection of oestradicl-178 on the size and
quality of eggs at their first spawning if given to prospective

broodstock at 1 year of age (ie 1 year before 1st stripping).

It is possible that the smaller size of first stripping eaggs
when compared with subsequent spawnings may be due to differences
in primary and secondary responses to oestradiol-178.  Thus fish
undergoing ovarian recrudescence for the first time may be more
sensitive to changes in oestradiol-173 at the onset, if they have
previously been primed with oestradiol-17B, Another possibility
might be the use of cestradiol—??? as & supplement to the endogenous
steroid production during the 8 or 9 months before the time of
ovulation in trout. Treatment with oestradiocl should increase the
maximum amount of vitellogenin available from the onset of
maturation and may subseguently improve egg guality, If oestrogen
treatment were to be used commercially, the present results on the
use of different types and proportions of vehicle indicate that
further work is necessary on the different methods of application of

this hormone, including administration of the steroid in the diet.
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The results of this first series of experiments indicate that
the physiology of vitellogenesis in trout is similar to that
previously reported for other oviparous species. Certainly the
apparent dissimilarities between fish, amphibians and birds are no
greater than those that exist between different species of the same
phylogenetic groups. Possibly of more importance will be studies
of the structure of specific vitellogenins where more fundamental
differences are likely to be uncovered. This is examined in more

detail in the next chapter.
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CHAPTER 4.

THE NATURE OF VITELLOGENIN IN TROUT SERUM

AND A COMPARISON OF METHODS OF DETERMINATION.
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e Introduction,

A feature common to all oviparous vertebrates is the relatively
large size of their eggs, necessary because of the demand this form
of reproduction has on supplying an adequate energy store for the
subseguent independent development of the young. Although the
accumulation of glycogen and lipids (triglycerides, neutral lipids
and fatty acids) supports a portion of the embryos' development, by
far the majority of the embryos' energy reguirements are met by the
assimilation of the yolk-proteins lipouitellin and phosvitin, The
presence of a large, heterogenous, female-specific protein in the
serum during ovarian maturation and after oestrogen stimulation in
oviparous species has now been recognised as the precursor to these
yolk-proteins and this has been given the name vitellogenin (Pan et al.,
1969 ). The origin of this large lipoglycophosphoprotein is the
liver (Zshnd, 1959; Aida et zl., 19732, 1973b; Peute et al., 1978)
from where the complex is transported to the ovary, sequestered by
the oocytes in a specific micropinocytotic process (Droller & Roth,
1966; Korfsmeier, 1966; Anderson, 19683 Uhlrich, 1969) and
subsequently broken down into its individual yolk proteins by
proteolytic cleavage (Wallace et al,, 1970). Much of the data on
the nature of vitellogenin and its physiology arise from studies on
amphibians and birds (Wallace, 1978), although recent evidence has
shown that a similar scheme exists in teleosts (de Vlaming et al.,
1980). However, there is further evidence to suggest that teleosts
may differ in several ways to other oviparous groups, most especially
with respect to the nature of the component parts that combine to

make this large protein-complex.
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The presence of large amounts of phosphorus bound to the phosvitin
portion of the complex, has been exploited as an indirect estimate of
serum levels of vitellogenin in fish (Whitehead et al., 1978a;
Campbell & Idler, 1980; Scott et al., 1980b). Chromatographic and
electrophoretic procedures to characterize vitellogenin have also
been used, mainly in work on amphibians and birds (Urist et al., 1958;
Wallace et al., 1966; Christmann et al., 1977) but also more recently
with teleosts (Campbell & Idler, 1980; de Vlaming et al., 1980; Hara
et al,, 1980) and such technigues have shown that the vitellogenins
derived from different species show marked heterogeneity.
Furthermore, there may even be multiple forms of vitellogenin in the
same species (Wallace, 1978; de Vlaming et al., 1980; Wiley & Wallace,
1981). Among the oviparous vertebrates, the teleosts appear to hold
a position of uniqueness both with respect to the structure of
vitellogenin and to its physiology (Wwallace, 1978). Thus, there are
reductions in the phosphorylation of the complex in this group and
also possibly the amounts of calcium which, like phOSphorus,'is also
bound to the vitellogenin molecule (Hori et al., 1979, See Chapter 3).
In addition, teleost vitellogenin appears highly susceptible to
denaturation as demonstrated by its distinct lack of homogeneity
after electrophoresis and chromatography. Indeed, though
electrophoresis is an extremely sensitive method of determining serum
levels of vitellogenin, the heterogeneity of the vitellogenin
molecule has restricted its use to qualitative rather than
quantitative procedures, although it has been used more recently to
estimate absolute levels in rainbow trout (van Bohemen et al., 1981b).
Similarly, traditional chromatographic methods that can adequately

precipitate amphibian and bird vitellogenins fail to do so with



229

teleosts, and a more complicated approach is necessary (wallace, 1978),.
With these factors in mind the. present work includes a detailed
comparison of the indirect methods of estimating vitellogenin ie,
phosphoprotein phosphorus and calcium determinations, with a specific
homologous radioimmunoagsay for (intact) trout vitellogenin,
Previously, other RIA methods to determine vitellogenin have relied
on egg yolk-fractions or degradation products of the vitellogenin
complex for their immunological cross-reactivity (Idler et al., 1979;
Campbell & Idler, 1980). However, variation in the degree of
protein denaturation in preparing the antigen especially in the

serum samples to be measured could cause inconsistent results as a
result of variable immunological responses, The use of intact trout
vitellogenin as antigen to raise specific antisera with which to
determine the serum levels of this large complex in the same animal

must clearly be of some advantage.

Furthermore, by using the heterogenetic behaviour of vitellogenin
under electrophoretic and chromatographic separation the phosphorus
and calcium components could be related to the different fractions of
the vitellogenin molecule. In this way, the relative sensitivity,
accuracy and repeatability of the different methods could be

assessed,

Although egg-yolk proteins, specifically phosvitin and lipovitellin,
have been intensively studied and chemically well-characterised over
the last 40 years, it has only recently been demonstrated that
they originate from a common precursor (Follett & Redshaw, 1974;
Wallace, 1978). Thus, studies of the nature of vitellogenin in

hen-yolk (Joubert & Cook, 1958a, 1958b) and a number of other animal
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species including trout (Fujii, 1960) showed that there is
approximately twice as much lipovitellin as phosvitin in the
vitellogenin molecule, Subsequently, the molecular weight of
amphibian vitellogenin was shown to be approximately 400,000
(Wallace & Bergink, 1974; Wallace, 1978), existing as a dimer in the

serum, with a monomeric weight of approximately 200,000 (See below),

lipoprotein (120,000)

LIPOVITELLIN

(
protein phosphorus
UITELLUGENIN.___{ (31’000)

\

PHOSVITIN —————— low molecular weight

phosphoprotein
(35,000)

However, recently it has been shown that the mRNA's coding for
vitellogenins are composed of 2 families, each having at least 2
distinct sets of sequences (Wahli et al., 1979). Thus, in the
amphibian model at least, it would seem that 4 different vitellogenin
molecules could be produced. Subsequently, Wiley & Wallace (1981) in
an extensive study of the structure of vitellogenins in Xenopus have
further characterized the vitellogenic molecule into 5 major
polypeptide fractions, the 3 already identified above, plus 2
completely new ones which they named the phosvette fractions.

Furthermore, they divided each of the 2 lipovitellin fractions (LV1
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& LV2) into 3 species, and the phosvitin proper fraction (PV) into

2 (See below).

L1
Lv2
37,500
VITELLBGENIN —0— PV (7.4% protein phosphorus)
39,000

{PUT‘I (4.,8% pr.p,) ——— 19,000

PVT2 (10.7% prep.) ———— 13-14,000

PUT = Phosvette LV = Lipovitellin PV = Phosvitin

These authors suggest that these multiple yolk—=proteins are the
cleavage products of multiple vitellogenins and that the phosvitins
and phosvettes represent alternate cleavage products arising from

homologous regions of different parent vitellogenin molecules.

The recent evidence for multiple vitellogenins and yolk proteins
may well explain the conflicting data regarding the size and number of
the different components of the vitellogenin complex. The size and
heterogeneity of this molecule together with the unigueness of its
constituent parts make it an extremely unusual protein, even more so
in its multiplicity. For example phosvitin, which contains
approximately 79% of the phosphorus in amphibian vitellegenin, is

made up of 40% serine (esterified to phosphate) to which the majority
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of the phosphorus is attached. The study of Wiley & Wallace (1981)
indicates that insertions and deletions must have occurred to account
for the observed multiplicity of vitellogenins, The high phosphorus
content of these proteins has long been recognised as characteristic
of vertebrate vitellogenins (Fujii, 1960) and acid-insoluble 32P has
been used as a specific indicator of vitellogenin (Wallace & Jared,
1968; Ansari et al., 1971). Because of the high levels of phosphorus
in vitellogenin and the ease with which it is incorporated it is
intended in this study to label trout vitallogenin with P32 by
injecting a fish actively synthesising vitellogenin with the
radioactive tracer. Thus, it would be possible to trace the intact
vitellogenin and phosvitin fraction during different chromatographic
procedures, Many studies of vitellogenesis have used serum levels
of phosphoprotein phosphorus as indicators of vitellogenin (see
Chapter 33 Ho & Vanstone, 1961; Emmersen & Emmersen, 1976; Emmersen &
Petersen, 1976; Craik, 1978a; 1978b; Whitehead et al.,, 1978a; Elliott
et al,, 19793 Emmersen et al., 1979; Hori et al., 1979; Korsgaard &
Petersen, 19793 Campbell & Idler, 1980), If one can calculate the %
of phosphorus to be found in the specific vitellogenin under
investigation, then if the serum levels of phosphorus are determined,
one can estimate the serum vitellogenin levels by multiplying by the
appropriate conversion factor. In the absence of further
information on the levels of phosphoprotein phosphorus in trout, in
our assay, phosphoprotein phosphorus levels are multiplied by 71.4,
assuming 1,4% protein phosphorus as in other vertebrates, However,
the proportion of phosphorus appears to vary greatly throughout the
different vertebrate classes, and phosvitin in teleosts is both

smaller and less phosphorylated (Jared & Wallace, 1968), fFor example,
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in gold fish, cod and salmon there is 0,79, 0.75 and 1.6% of
phosphorus respectively (Plack et al., 1971; Idler et al,, 1979;

de Vlaming et al., 1980). Clearly, the proportion of phosphoprotein
phosphorus in the trout vitellogenin molecule must be established if
the method of estimating vitellogenin by its phosphoprotein
phosphorus content is to be of any real value, This can only be
achieved by correlating serum values for phosphoprotein phosphorus
with parallel determinations of vitellogenin by RIA of the same

samples,

Apart from the level of phosphorylation (Fujii, 1960), teleost
phosvitin varies in several other respects to other oviparous
forms, For example, trout phosvitin is soluble in acid, whereas
amphibian, reptilian, chicken and lamprey phosvitins show different
degrees of acid insolubility, This acid solubility has been noted in
other teleost species (Schmidt et al., 1965). Furthermore, in some
teleosts the associated egg proteins are assembled in a soluble
granular form, whereas amphibian yolk-proteins are laid doun as
insoluble crystals or yolk-platelets within the developing ococyte
(wallace, 1978). The reasons for the solubility of teleost
vitellogenin may be related to a lower degree of phosphorylation in
this group. It has been suggested that dephosphorylation of

phosvitin occurs in tne ovaries of teleosts at the onset of

oogenesis (Nanu, 1970) and considerably less protein-kinase
(phosphorylating) enzyme has been found in trout and killifish
ovaries when compared with amphibians (Jared & Wallace, 1968). The
physiological reason for the greater solubility of vitellogenin may
be related to the rapid absorption of water which occurs at this

time, a phenomenon first observed by fulton in 1898, which appears
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unique to most teleosts. After the accumulation of yolk—=protein
the oocytes of many teleosts undergo a second, relatively rapid
enlargement concommittant with nuclear maturation. The relatively
great accession of a watery fluid from outside the egg dissolves the
yolk=spheres and is associated with the dissolution of the germinal
vesicle and rearrangement of the chromatin for fertilisation,
marking the completion of ovarian growth,. This rapid physical or
physico-chemical change is so pronounced in some marine species that
the loss in density makes the eggs pelaéic which provides a means of
egg dispersal. It occurs to a lesser degree in demersal ovipositors
like the trout, with a smaller quantity of fluid being absorbed and

with 2 minimal effect on the yolk granules,

Another feature of phosvitins is their chromatographic
heterogeneity, and it has been noted that phosphoprotein phosphorus
(or P32) values do not parallel absorbancy at 280p in the phosvitin
region, a feature recognised by other studies (Mecham & Ulcoté, 1949;
Wallace, 1963; Barman et al.,, 1964). It was concluded that the
phosphorylation system in teleosts may be less active and the resulting
yolk proteins incompletely and heterogenously phosphorylated (Jared &
Wallace, 1968). Furthermore, Mano & Lipmann(1966) have resolved
discrete phosvitin subfractions from the ovary of several teleosts
which appear to represent a similar protein with different levels of
phosphorylation. This suggests a similarity with the phosvitins and
phosvettes of the amphibian Xenopus which have also been shown to
have different degrees of phasphorylation (Wiley & Wallace, 1981).
Evidence that vitellogenins may also exist in more than one form in
teleosts, has recently been demonstrated in the goldfish (de Vlaming

et al., 1980). Different forms of vitellogenin may have separate
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pPhysiological roles either in their nutritional value to the eagg,

in their speed of uptake or in their availability at different stages
of the reproductive cycle. For example, vitellogenin(s) produced

in male fish after treatment with high doses of oastradiol-1?F could
conceivably be structurally different to vitellogenin(s) produced by
female fish during normal maturation, Furthermore, the ratio of
phosphoprotein phosphorus to vitellogenin (RIA) may not remain the
same throughout the reproductive cycle especially if the cleavage of
different parent molecules results in differentially phosphaorylated
yolk=proteins, There is evidence that TCA precipitation of the

serum proteins, used as the first step in the method of phosphoprotein
phosphorus determination, may not fully precipitate all the phosphorus
component and consequently low estimates may result (de Vlaming et al.,
1980). The same authors observe that this is particularly the case
if a proteolytic inhibitor (eg PMSF) is not added to the serum at
sampling to prevent denaturation of the intact molecule, Thus, the
method used for phosphoprotein phosphorus in this study is compared
with the homologous RIA not only to correlate absolute levels, but
also to investigate whether the ratio of phosphorus to vitellogenin
varies at different stages of the reproductive cycle and after

oestrogen treatment.

Like phosvitin, tne lipovitellin fraction in teleosts shows some
differences when compared to other oviparous species. For example,
teleost lipovitellin is more soluble in dilute saline and more
heterogenous than the corresponding molecule from the hen, frog,
dogfish and cuttlefish (Jared & Wallace, 1968). Furthermore, some
of the components derived from yolk preparations seem to have neither

the characteristics of lipovitellin nor phosvitin (Jared & Wallace,
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1968) and one of these, the B component found in salmonids, contains

no lipid or protein phosphorus (Markert & Vanstone, 1971). A

recent study investigating the structure of vitellogenin in the
goldfish has split the previously identified LV1 and LV2 (Lipovitellin)
portions of the complex into 6 polypeptide species (de Vlaming et al,,
1980). Furthermore, the same authors demonstrated that in goldfish,
vitellogenin exists in 3 molecular weight forms, though normally as a
dimer of 380,000 approximate molecular weight, with 15,4% protein

nitrogen and 0,79% protein phosphorus (See below).

105,000
/ 2 polypeptides
110,000
LPV— 4
19,000
\ 4 polypeptides -
o 25,000

PV

{ 7,600
14,500

t was shown that the true nature of the intact vitellogenin
molecule could only be determined if a proteolytic inhibitor (eg
PMSF) was added prior to electrophoresis or chromatography (de

Vlaming et al., 1980). UWithout this inhibitor large amounts of a

lipovitellin-like protein (330,000) were isolated instead of the
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vitellogenin dimer. Interestingly, Hori et al., (1979) found the
molecular weight of the trout vitellogenin in its dimeric form was
330,000 and this was without the use of proteolytic inhibitors,
However, such are the differences in vitellogenin between oviparous
species that it is unlikély that the molecular weight of trout
vitellogenin would be identical to that of goldfish, despite a
similar structure, Indeed, the molecular weight of the standard
used in the present radioimmunoassay was found to be approximately
500,000, with the monomer just less than half this figure (Sumpter,
1981). Similar figures of 600,000 (dimer) and 220,000 (monomer)
have previously been observed in trout, and it has been tentatively
suggested that vitellogenin monomers may combine into greater

multiples than 2 (Hara & Hirai, 1978).

The observation that vitellogenin usually exists as a dimer but
readily splits into its monomeric form, may lead to innacuracies
when using a RIA to estimate serum levels of vitellogenin if a
proteolytic inhibitor is not used. For example, if the antibodies
were raised against the intact parent molecule, subsequent
denaturation in vitro may artificially increase the number of
antigenic sites and thus cause overestimation, However, this would
depend on how easily in this case, trout vitellogenin splits up and
the conditions under which the samples are taken and stored before
assay. In view of this potential difficulty a comparison was made
of the effects of the duration of the storage of the serum samples on

vitellogenin levels,

The homologous radioimmunoassay used in this study is extremely
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sensitive, measuring as little as 10 ng of vitellogenin. This
enables it to be used with samples from male fish at different
states of maturity and after oestradiol—17F treatment, One
property attributed to vitellogenin is that it only occurs naturally
in females but with much increased levels during ovarian maturation,
This is somewhat surprising since males are clearly capable of
producing the protein in response to oestradiol-1?ﬁ treatment and
there is evidence to suggest that in some teleosts males do possess
oestrogens, sometimes at levels higher than females at a similar
stage of development (Schreck et al.,, 1973; Schreck & Hopwood, 1974;
Terkatin-Shimony & Yaron, 19878). Furthermore, other hormones,
including testosterone in some teleosts, have been shown to have a
certain degree of vitellogenic potency (Hori et al., 1979; Ses
Chapter 5). However, in one electrophoretic study of vitellogenesis
using oestrogen~treated male rainbow trout, it would appear that
some vitellogenin=like protein is present in male fish at the time
of injection (Campbell & Idler, 1980). However, the authors were
unwilling to classify this as vitellogenin even thougn it develops
electrophoretically coincident with vitellogenin bands from male
serum after Destradiol-1?ﬁ treatment, Although polyacrylamide-gel
electrophoresis (PAGE) is an extremely sensitive method, in the
majority of studies of oviparous vitellogenesis it has only been
used gualitatively because of the tendency of vitellogenins to break
up in vitro. However, because PAGE is so sensitive, very small
serum volumes are used, in order to avoid overloading the gels with
high serum levels of vitellogenin. Thus, the relative sensitivity
is poor and small serum samples of a few microlitres may not

visualise very low vitellogenin levels, as for example are present

in males., A failure to realise that vitellogenins might be
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present, albeit at very low levels together with the relative
insensitivity of PAGE and other methods used, may be the reason for
the reported absence of vitellogenin in most studies of male teleosts,
The difference in sensitivities of these methods and the effscts on
the interpretation of results will be investigated in the present

work,

If measurements of vitellogenin by RIA or by determination of
phosphoprotein phosphorus content may be dependant on preservation
of the intact vitellogenin molecule, then the indirect estimation of
vitellogenin using calcium measurement may prove more reliable.
Increased levels of serum calcium coincident with spawning and after
oestrogen treatment have been noted in many studies of oviparous
reproduction (Hess, 1928; Bailey, 1957; Fleming & Meier, 1961; Ho &
Vanstone, 19613 Urist & Schjeide, 1961; Clark & Fleming, 1963;
Booke, 1964; fleming et al., 1964; Woodhead, 1968, 1969; Balbontin
et al,, 1978; Whitehead et al., 1978; Scott et al., 1980b). ‘Bailey
(1957) suggested that calcium is bound to the serum protein vitellin
and hence these increased levels of calcium reflect an inc;ease in
the bound or unfilterable fraction (See Chapter 3). Clearly it is
unlikely that such high levels of calcium in the serum (up to 100mg100
m1™1) would be in the free form, since high levels of this component
would lead to severe ionic disturbances (Hoar, 1973). Subsequently,
it has been demonstrated that calcium is bound to the vitellogenin
molecule in Xenopus and is present in an equivalent ratio with
protein phosphate groups (Wallace, 1970). However, it was observed
that the proportion of calcium in goldfish vitellogenin appeared to
be about that of that in Xenopus, although these low levels are

thought to be related to the relative ease with which calcium is
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lost from the vitellogenin molecule in teleosts (Wallace, 1970;
Ansari et al., 1971; Hori et al., 1979)., Differences in the
relative proportions of calcium in vitellogenins of different
species further emphasises the heterogeneity of this large complex.
The origin of vitellogenin=-bound calcium varies with the degree of
organisation of bone and thus in cellular-boned fish (eg eel) the
calcium is derived from the bone (Lopez et _al., 1976) whereas in
acellular-boned fish such as the killifish, it comes from the scales
(Mugiya & Watabe, 1977). Functionally, this divalent cation is
thought to solubilize the ;itallogenin complex in the serum as well
as provide a source of this substance for the developing embryo,
Although it is not entirely certain whether all or only a proportion
of this calcium enters the oocyte when vitellogenin is taken up, it
may be the forerunner to a mechanism for producing a2 calcareous-
shelled egg which is widely found in higher oviparous species,

Thus in the present work a correlation will be made between changes
in calcium, phosphoprotein phosphorus and those of vitellogenin (RIA),
to evaluate the potential accuracy of measurement of calcium as an
index of vitellogenin. Furthermore, it is intended to show
conclusively that it is the bound fraction that increases during
maturation and after oestrogen stimulation, and that the protein to

which this calcium is bound is vitellogenin.

0f all the many different characteristics attributed to
vitellogenins, their large molecular weight is probably the most
unique, However, the heterogeneity of this protein, a conseguence
of its large molecular weight, has complicated the identification,

purification and characterization of this lipoglycophosphoprotein,
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to such a degree that few studies have made direct measurements of
vitellogenin, but have relied on indirect estimates by determining
phosphoprotein phosphorus and calcium levels in the serum, The use
of these indirect methods has in turn relied on data from essentially
bird and amphibian studies on vitellogenesis, whereas more recent
data with fish suggest there may be distinct and significant
differences in the levels of these elements in teleosts. Subsequently,
this series of experiments was designed to compare the sensitivity,
accuracy and reliability of the differént methods available to
measure vitellogenin in rainbow trout and to show if indirect

methods can give valid estimates of vitellogenin in teleosts, in

that they truly reflect changes in this large protein complex.
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4,75 A Comparison of Direct (Homoloagous RIA) and Indirect

(Phosphoprotein phosphorus and calcium) Methods of Vitellogenin

Determination in Trout Serum,

The aim of this series of experiments was to compare both the
absolute levels and the profile of changes in vitellogenin
determined by using the different methods outlined in section 2.2.4..
Thus, in serum samples taken from a variety of fish, levels of
vitellogenin determined by specific homologous radioimmunoassay
for intact trout vitellogenin, are correlated both with total serum
calcium and estimated vitellogenin (by multiplying phosphoprotein

phosphorus levels by 71.4).
Be2s%a Materials and Methods.

Serum samples were taken from the following groups :-

(a) Immature male and female fish (less than 1 yr old).

(b) Female fish after a previous spawning, but before th; onset
of the next.

(c) Female fish at different times during ovarian maturation,

(d) Male fish at different times after induction of vitellogenesis

by injection with E2 (5 pg g )

The serum samples were assayed for vitellogenin by radioimmunoassay
(VgRIA), total calcium (TCa), phosphoprotein phosphorus (PP) and
estimated vitellogenin (VgE) calculated from PP by multiplying by
i Correlations of these determinations were made by the

method of least squares fit,

In addition, a group of 5 fish were selected at random, weighed,

-1 :
tagged and injected with E2 at a dose of 5 F9 9 body weight. These
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fish were blood sampled at the time of injection and subsequently
at 2,5,8,11,21,36 and 48 days thereafter., The more frequent
sampling procedure provided a detailed investigation of the
differences in sensitivity of the different methods of vitellogenin

determination.
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deiele Results,

Determination of serum VgRIA levels in male and female trout of
different age and maturity demonstrate a 106 fold range in absolute
levels (Table 4.1, & Fig, 4.1,). Surprisingly, vitellogenin was
found in some untreated 1yr male fish at levels not too dissimilar
from those of immature females (See Table 4.1.). However, in other
male fish studied (not shown in Table 4.1,) VgRIA was undetectable,
These immature male fish demonstrated the lowest levels (circa 130~
290 ng ml_1) with immature females of a similar age and size having
slightly higher levels (0,86 - 1'454f9 ml-1). Serum vitellogenin
levels in immature female fish, between spawnings, were significantly
(P< 0.001) higher than immature females which had not previously
reached maturity, In mature female fish and male fish injected with
E2, very high levels of vitellogenin were observed up to a maximum
of 215 mg ml-q. Serial dilutions of the serum samples from all the
above groups of fish showed complete parallelism with the

vitellogenin standard used in the assay (Fig. 4.1.).

Some individual values for TCa, PP and VgE are compared in Table
N P VgE levels as determined indirectly via PP levels, are

approximately half the levels determined by RIA (UgRIA).



TABLE 4.1.

VITELLOGENIN LEVELS (MEASURED BY RIA) IN IMMATURE
AND MATURE FEMALES, AND IN IMMATURE AND DESTRADIOL
—1?P TREATED MALE TROUTj; COMPARED WITH ESTIMATED
VITELLOGENIN (DETERMINED INDIRECTLY BY
PHOSPHOPROTEIN PHOSPHORUS) AND TOTAL SERUM

CALCIUM,



Vg (RIA) [Za2+ (mg ‘l[]Dml“‘l) PP (!.Iq ml_1) UqE(mg_ml-l)_

Sk

Immature d 130,0 (ng m1-1) 8.18 5.9 0.42
170,0 " 8,2 7.4 0.53
290,0 " 8.3 7.5 0.54
Immature 9 0.86 (pg m~) 8.25 10.2 0.73
1,05 " B.4 14.0 1.0
1,45 " 8,37 8.9 " 0.64

Immature @ 255.0 (Pg ml_1) 13,79 16.3 1.2
390.0 " 12,61 18,1 1.3
800,0 " 11.63 21.8 1.56

Mature @ 58.0 (mg m1_1) 44,32 379.0 27.2
126.0 " 72,3 732.0 52,3

140.0 " 83.4 868.0 62.1

175.0 " 101.09 1193,0 85,2

215.0 " 117.98 1297.0 92.6

Qestradiol 170.0 (mg m1 ™) 77.08 754.,0 53.9
Injected o° 200,0 " 99,44 1147.,0 81.9

205.0 " 76.22 766,0 54.7




FIG. 4.1. PARALLELISM OF STANDARD CURVE FOR VITELLOGENIN RIA
WITH SERIAL DILUTIONS OF SERUM FROM IMMATURE AND
MATURE FEMALE AND IMMATURE AND 0ESTRADIUL—1?F

INJECTED MALE TROUT.
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The differences in sensitivity of the methods used is shown in
the results on Table 4.2,. Mean serum levels af VgRIA, increased
significantly (P{ 0.01) from a basal level of 0.09 + 0,03 mg al”) to
5.07 * 1.5 mg ml_1 after only 2 days; reaching a peak of 85.0 + 16.3
mg rrll_1 36 days after the injection, In coﬁtrast, serum levels of
VgE rose significantly (P<0.001) from 0,71 + 0,3 mg ml-1 at the time
of injection, to 4,21 + 0.5 mg ml_1 after 11 days, at a time when
VgRIA was determined at 22.3 + 2.3 mg ml-1. However, mean serum
levels of VgE reached a peak of 45,7 + 9,5 mg ml_1 at 36 days, at the
same time as VgRIA. Mean TCa levels fell over the first 2 days
from a basal value of 10.4 + 0,2 to 9.9 + 0.3 mg 1ODml-1, rising
significantly (P£0.05) to 12,5 + 0.7 mg m1~' after 8 days and
reaching a peak of 61.0 + 8.3 mg 1DDml_1 after 36 days, Serum levels
of PP rose significantly (P<0.001) from a basal value of 9,9 + 3.8
Ha ml-1 to a peak of 640.0 + 160.0 pg ml-1 also 36 days after

injection (Fig. 4.2.).

The ratio of VgRIA to TCa varied from 0.9:1 at 5 days, to 1.4:1
at 36 days, whereas the ratio of VgRIA to Vgt varied from 0.1:1 at
basal to 1.9:1 at 36 days. The ratio of TCa to PP was approximately
Tislie The differences in sensitivity of the different methods may be
partly responsible for the variation in these ratio's, These VgRIA
determinations were carried out on serum that had been stored at

—2D°E for up to 2 months,

Serum VUgRIA levels were significantly correlated (P< 0.001;
r=0,98; n=8) with VUgE levels after E2 injection. Thus, although
there was a 2-fold difference in absolute values between VgRIA and

Vgt methods, the profile of changes was clearly correlated.



248

Similarly, TCa levels were significantly correlated with PP
(p £0.001; r=0.98; n=89) and VgRIA (P {0.001; r=0,96; n=8) in male

fish, after treatment with E2 (Fig., 4.2.).

Serum levels of TCa were significantly correlated with VUgRIA
(p<{0.001; r=0,99; n=9) during the normal reproductive cycle of
female fish (Fig., 4,3.). It ought to be mentioned that the analyses
for vitellogenin RIA were performed on samples that had been stored

for up to 9 months with repeated freezing.



DAYS AFTER INJECTION

0 2 5 8 11 21 36 48
VoRIA (mg w1~ ") 0.09 5,07 8.9 14,0 22,35 46.8 85.0 775
+ S.E. 0.03 1.5 2.2 3.0 2.3 8.4 16,3 20,2
Calcium (TCa mg 1DUml-1) 10,4 9.9 10.0 12.5 14.9 33, 61.0 55.5
ASES 0.2 0.3 0.4 0.7 1.0 6.t 8.3 7.5
VgE (mg ml_1) 0.71 0.87 1.1 1.44 4,21 18.9 45,7 36.8
+ S.E, 0,3 0.1 0.4 0.2 0.5 3.0 9,5 11,2
PP (pg m1”) 9.9 12.2 15,1 20.2 58,9 264.0 640.0 514,5
+ S.E, 3.8 4,1 4,3 2,6 6.5 171 160.8 133.5

TABLE 4.2. COMPARISON OF SENSITIVITY OF DIRECT (VgQRIA mg m1_1) AND INDIRECT (VgE,PP & TCa) METHODS FOR

DETERMINATION OF VITELLOGENIN IN TROUT SERUM TAKEN AT DIFFERENT TIMES AFTER INJECTION WITH

OESTRADIOL-17p (€2 5 pg g_1).

672
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FIG. 4.2, COMPARISON OF SENSITIVITY OF DIRECT (VgRIA mg m1”') AND INDIRECT (VgE, PP & TCa) METHODS FOR

DETERMINATION OF VITELLOGENIN IN TROUT SERUM TAKEN AT DIFFERENT TIMES AFTER INJECTION WITH

DESTRADIOL-17B (E2 5 pg 9'1).



MONTH

JUN JuL AUG SEP NOV DEC
Vitellogenin (VQRIA mg ml™ ) 6.6 44,3 128.6 195.0 42.0 1.1
P 1.7 6.0 31.5 23,0 14.5 0.2
Total Calcium (TCa mg 100m1™") 15,0 23,5 60.5 103, 5 27.0 12,0
iS5 0.5 1.5 13,0 11.0 7.5 0.7

TABLE 4.3, COMPARISON OF VITELLOGENIN LEVELS AS DETERMINED BY RIA (VgQRIA mg m1™') WITH MEASUREMENT

OF TOTAL CALCIUM (TCa mg 100m1”') AS AN INDIRECT ESTIMATE OF THE PROTEIN.,

LSz



VgRIA TCa
=1 -1
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FIG. 4.3, COMPARISON OF VITELLOGENIN DETERMINATIONS DIRECTLY BY RIA (VgQRIA mg ml_1) AND INDIRECTLY VIA TOTAL

-1
CALCIUM (TCa mg 100ml1 ) IN RAINBOW TROUT SERUM TAKEN DURING THE REPRODUCTIVE CYCLE (P<0.001;

r = 0,99).
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8.3, A Comparison of the Serum Protein Profile of Immature Male

fish Treated with Oestradiol-17B (E2) and Mature Female Serum, using
7

Polyacrylamide-Gel Electrophoresis.

The aim of this serieg of experiments was to investigate by
electrophoresis the lipid and protein character of the vitellogenin
molecule in E2-treated immature male fish and mature female fish,
This method, although used qualitatively in this work, is very
sensitive, and it was a further aim to see if vitellogenin could be
identified in immature male fish providing sufficient volumes of

serum were added,
B350 Materials and Methods.

The methods used are as outlined in Chapter 2 (See 2.2.4.4.).
A group of immature rainbow trout were selected at random and injected
with E2 at a dose of S Ho 9_1 in arachis/athanul suspension, ) A1l
fish were tagged and blood sampled at the time of injection and at
2,749,21 and 28 days thereafter. A similar group of fish injected
with vehicle alone acted as controls, At the end of the experiment,
the fish were sacrificed and the male fish identified by examination
of the gonads under binocular microscope. The serum samples taken
from male fish during the course of the experiment were run on the
Shandon gel electrophoresis system and compared with male (control)
sera, Serum samples were also taken from immature and mature
female trout and similarly treated for comparison, Gel=columns
were stained with either Sudan black (lipid-staining), fast-green
(protein) or alizarin-redS (calcium) by the methods outlined in

2,2,444,, The stained portions of the fixed gels were further

quantified with a linear laser/white light densitometer. A sample
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of the vitellogenin used as standard in the radioimmunoassay was run

on the columns for reference and then stained with fast-green,
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[ P A Results.,

The sudan-black stained gels of serum samples from E2-treated
male fish were distinguished from the controls by the appearance

of 2 new bands (V3, Re 0.07 - 0,084; V2, R. 0.15 - 0.18) and by

£

an increase in density of an existing band (V1, R, 0.29 - 0,39)

T
which was variably present in all fish tested (Fig. 4.4.). A
similar lipid pattern was observed in serum samples taken from
mature female fish (Fig., 4.4.). This was confirmed by the

quantification of these stained gels on the densitometer (Fig, 4.5.).

No such change in banding was observed in control fish (fig, 4.6.).
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V1

V1

V2
V3

FIG. 4.5, DENSITOMETER TRACE OF GELS FOR SERUM TAKEN FROM TREATED

FISH AT BASAL (TOP) AND 21 DAYS AFTER INJECTION (BOTTOM).
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FIG. 4.6. DENSITOMETER TRACE OF SERUM FROM CONTROL FISH TAKEN AT
ZEROD TIME (TOP) AND 21 DAYS AFTER INJECTION WITH

EMULSION ONLY (BOTTOM).
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The fast-green stained gels from serum samples taken from
E2-treated fish were marked by the appearance of one new band,
corresponding to the V1 band above, which was not seen in control
fish, This was identical to the stained gel on which the
vitellogenin standard had been run (Fig., 4,7)., The fast-green
also marked the position of the albumin and globulin fractions,
present in treated and control fish, though reduced in those fish

producing vitellogenin (Fig, 4.7.).
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FIG. 4.7. FAST=GREEN STAINED GELS OF SERUM FROM TREATED AND
CONTROL FISH AT O AND 32 DAYS AFTER INJECTION WITH
OESTRADIOL-17B (E2 S pg g~') COMPARED WITH INTACT

VITELLOGENIN STANDARD,



261

The gels stained with alizarin redS (which marks calcium)
showed a similar banding to those stained with fast-green, in that
2 band was identified coincident with the V1 fraction, Thus, both
the serum sample from the 32-day E2-treated fish and the vitellogenin
standard revealed single bands corresponding to this V1 fraction
(Rf 8.27). Control sera taken from vehicle injected fish at zero
time and 32 days post injection were unstained with alizarin redS

(Fig. 4.8.}).
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FIG. 4,8. ALIZARIN RED (CALCIUM) STAINED GELS OF SERUM FROM
TREATED AND CONTROL FISH AT ZERO TIME AND 32 DAYS
AFTER INJECTION WITH OESTRADIOL-178 (E2 S pg g

COMPARED WITH INTACT VITELLOGENIN STANDARD.
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4,4, Characterization of the Vitellogenin Molecule and some of

its Components by Sephadex Chromatography.

Using present knowledge of the structure of amphibian and avian
vitellogenins, the aim of this series of experiments was to
demonstrate that calciuﬁ and phosphorus are also bound to the trout
vitellogenin molecule, the synthesis of which is induced by
nestradinl—1?ﬁ. Thus, measurement of vitellogenin indirectly by
determinations of total calcium or phosphoprotein phosphorus could

be further validated,
4,87 . Materials and Methods.

Further studies of the structure of vitellogenin were made using
10cm sephadex columns (internal diameter 1.5cm)., 0,.5m1 serum
samples were loaded into the columns and eluted with 0,05M phosphate
buffered saline (pH 7.05) containing 0,02% sodium cyide in Analar
water, 0,5m1 fractions were collected in small plastic tubés
(LP3, Luckham's Ltd., U.K.), stoppered and stored at 4°C until assay
on completion of the elution (< 2 hours). The fractions were
assayed for calcium using the Corning analyser and the protein
elution profiles determined at ZSme on a UV spectrophotometer (SP

800). Serum samples were taken from fish actively synthesising

vitellogenin and those that weren't, for comparison,

1125 1abelled trout vitellogenin (0.2ml = 24,000 cpmj See 2.2.4.1,)
was added to 0,3ml of elution buffer, eluted through the column
and the whole fractions collected (0.,5m1) for counting on a gamma

counter (Gammaset) for 100 seconds. The fraction number was
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plotted against cpm and compared with the above profiles.
Similarly, 1125 labelled sodium iodide was eluted through the

column as a marker for free iodine and treated as above.

Tritiated calcium (Caés; 0.iml = 10,000 dpm, Radiochemical Centre,

Amersham) was also eluted through the column, 0.1ml was added to
0.4ml buffer and o,5ml fractions were collected in scintillation
vials containing 10ml scintillant (PPO). The vials were counted on
a F—counter (Tricarb) for 10 minutes each against scintillant + 0.5
ml buffer as background. Fraction number was plotted against dpm.
This tritiated calcium acted as a marker for free calcium in the

serum, as distinct from the unionised protein-bound calcium,

Approximately 21 days after a second injection with E2 (5 Ha 9-1)
immature trout were injected ip with 1,5ml labelled phosphorus (P32)
as orthophosphate in dilute HCl (pH 2=-3), The aim of this

o4 into the

experiment was that the fish would incorporate the P
vitellogenin complex and especially into the phosvitin moiety, The
fish was bled after 5 days and 0,5ml1 of serum eluted by the

procedure above, Fractions were collected in scintillation vials

to which had been added 10ml scintillant (PPO). After leaving
overnight at 4°C the vials were counted for 10 minutes each and dpm
plotted against fraction number and compared with the profiles above.

Labelled P32 as orthophosphate was also eluted through the column

on its own to act as a marker for free phosphorus,
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PR Wk e Results.

Spectrophotometric analysis of the eluted fractions from control
serz demonstrated 2 small protein peaks eluting at 4.4 and 5.2ml
and another one at 7.5mll(Fig. 4,9,). TCa analysis of the same
fractions revealed a single peak of calcium at 7.0ml (Fig. 4.10.).
p-counting of the collected fractions after Eads elution similarly

demonstrated a single peak which also eluted at 7.0ml (Fig. 4.10.).

Analysis of fractions from an E2-treated fish demonstrated 4
protein peaks, the most significant of which was the presence of a
new high mw protein which eluted at 3.2ml and a2 large increase in the
protein eluting at 5.2ml, which was also present in control fish,
There was no changes in the protein eluting at 7.5ml, although a
further new protein eluting at 6.4ml was also observed after E2-

treatment (Fig. 4.9.).

-

TCa analysis of fractions from an E2-treated fish demonstrated
the appearance of a new peak of calcium which eluted at 3,5ml,
coincident with the new protein, in addition to sub-peaks at 4.5,
5.5 and 7.0ml respectively (Fig. 4.10.). This last peak at 7.0ml
was also present in control fish and in the elution of Cads (Fig.

4,10,).

Counting of the fractions collected after eluting - 0.5ml of the
labelled intact vitellogenin, demonstrated a large peak eluting at
3,0ml and a second much smaller peak at 7.5ml1 (Fig. 4.11.). This
latter peak represents 1125 that has become detached from the
vitellogenin molecule as shown by the counting of the fractions

25

; i A : :
collected after eluting sodium iodide 3 this gave a single peak

at 8,0m1 (Fig. 4.11.).
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Counting of the fractions collected from the elution of D.5ml of
serum taken from fish injected with P32 during active vitellogenesis
demonstrated 3 peaks, The first peak eluted at 2.8ml, the second
which was much larger eluted at 5.2ml, whereas the third, a very
small peak, eluted at 7.6ml (Fig. 4.12.); the latter corresponding
to free P32 as shown by the elution of orthophosphzte on its own

(Fig. 4.12.).
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Summary of results :

(a) Determinations of vitellogenin by RIA (VgRIA) in fish of
different sex and stages of maturity indicate a 200,000 fold
increase in Vg levels during sexual maturity in female trout
and also the preseﬁce of low, but detectable levels in

immature male fish.

(b) Serum VgRIA levels were correlated with the profile of changes
in total serum calcium (TCa), phoéphogrotein phosphorus (PP)
and hence estimated vitellogenin (VgE) after oestradiol-17p
(E2) injection, and with TCe during the normal reproductive

cycle of the female.

(c) Due probably to a greater sensitivity of RIA determinations,
VgRIA levels were not correlated with the other parameters

over the first 8 days following E2 injection,

(d) VgE levels were 0.5 times the levels shown by RIA in samples
taken from maturing female fish which had been stored for ©
months, and 0,7 times the levels in fish after £2 injection,

which were determined after 2 months storage.

(e) Sudan-black stained PAGE gels of serum from E2 injected or
mature female fish showed the appearance of 2 new bands (V2

& V3) and an increase in a band seen in immature fish (v1).

(f) Fast-green stained PAGE gels of serum from E2 treated or
mature fish demonstrated the appearance of one band in the
serum coincident with the position of V1 zbove and the

vitellogenin assay standard (VgS).



(g)

(h)

(3)
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In alizarin-red stained gels of serum from E2 treated fish

one new band appeared coincident with V1 and VgS.

Sephadex-gel filtration of serum from 21 day post-E2 treated
fish on G25 columns revealed the appearance of 2 new high
molecular weight pfoteins eluting at 3.2ml (P1) and 5.2ml1 (P2)
with relatively more protein associated with P1 in fresh

samples,

Calcium analyses of these fractions similarly revealed 2 neuw
peaks eluting at 3.,5m1 (P1) and S5.5ml1 (P2), which indicated
that calcium is bound to these new proteins as shown by

elution of immature serum and free calcium (35&5).

Counting of D32-injected vitellogenin synthesising fish also
revealed 2 pesks coeluting with P1 and P2, with relatively
more phosphorus associated with the smaller molecular weight

-

P2,

P1 was identified as intact Vg since iodinated RIA standard

(vgl) eluted at 3ml,
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4,5, Discussion.

The results clearly demonstrate that the elevations in serum
calcium and phosphoprotein phosphorus induced by treatment with
oestradiol-178, reported here and in Chapter 3, occur as a direct
consequence of the binding of these two elements to the vitellogenin
molecule, Furthermore, the significant correlations of these
changes with those of real serum vitellogenin (VgRIA) after both
oestradiol-178 injection and during the-normal reproductive cycle,
confirm that calcium and phosphoprotein phosphorus can be used to

monitor changes in this large yolk-precursor.

In all assays of vitellogenin using RIA, serial dilution of serum
samples taken from fish of either sex and varied maturity showed
full parallelism with the assay standard, indicating the assay was
measuring vitellogenin., The standard curves for all vitellogenin
RIA's conducted during this work showed minimal interassay variation.
The highest vitellogenin levels recorded were from mature females
(215 mg m1~1) and cestradiol-17B injected males (205 mg ml™ ')

Using the same assay, maximum values of 100 mg ml‘1 of vitellogenin
have been reported by Sumpter (1981) with this complex representing
about 90; of the total blood protein. Similar studies with other
oviparous species have shown that vitellogenin represents about

60% of the blood protein in Xenopus (Wallace, 1970) and up to 80;:
in the turtle (Gapp et al., 1979); it would also appear from
electrophoretic evidence that at the height of vitellogenesis,
vitellogenin is synthesised at the expense of other proteins (Plack
et al,, 1971; Hori gt al., 1979; Campbell & Idler, 1980). Although

the maximum blood protein levels reported for salmonids are
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approximately 120 mg m1" (Alexander, 1977) and are somewhat lower
than those reported here, the values recorded in most other studies
are extremely variable (Plack et al., 1971; Crim & Idler, 1978; Gapp
et al., 1979; Idler gt al., 1979; Campbell & Idler, 1980; Ho et al.,
1981). Thus, in one study the maximum level in the brown trout

was 85.0 pg m1~! (Crim & Idler, 1978) whereas in the silver eel,
there was a maximum value of 800 pg Fl-1 (800 mg ml“1) (Burzawa=-
Gerard, 1982), It has subsequently been shown that the method used
in Crim & Idler's (1978) study, which uses purified yolk
lipophosphoprotein as standard and antigen, gives & gross under-
estimation (40X ) (Idler et al., 1979; Campbell & Idler, 1980).
Using a suitably modified form of this assay, resting levels of
vitellogenin in female Atlantic salmon before their first spawning
were estimated at 5.2 Jale ml_1, rising to 6.0 mg ml-1, just prior to
spawning (Idler et al., 1979). These levels are still more than an
order of magnitude lower than those reported here although this
might be due to species differences. However, using another RIA
developed for rainbow trout with antibodies raised against intact
PMSF preserved vitellogenin (although yolk-lipovitellin was used as
label), serum levels of vitellogenin were found to rise from basal
values of 30 pg m1~! to around 20 mg ml-1, 13 days after treatment
with oestradiol-178 at a dose of 5 pg g-1 (Campbell & Idler, 1980).
This agrees very closely with the present dsta, where serum levels of
vitellogenin (RIA) rose from basal values of 90 Ha ml_‘| at the time
of injection of oestradiol-17g, to 22,35 mg ml-1 11 days later,
Furthermore, such mg ml-1 levels must be present in maturing female
rainbow trout to account for the 1g day_‘i growth increase in gonad

observed during vitellogenesis (See Chapter 7). Similar maximum
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egg protein levels of 32 mg m1_1 have been observed in both maturing
female and oestrogen-injected cod, by an immunodiffusion method
(Plack et al., 1971). One important difference in the present work
relates to the vitellogenin levels of immature female fish and
mature females in ovariam quiescence, Thus, vitellogenin levels in
immature female trout before their first maturation are in the

/ug rnl_‘1 range, whereas during post-spawning gquiescence the resting
levels are found almost in the mg rnl_"I range. Although this may be
due to an increased half-life of uitellﬁgenin occurring as a result
of the absence of ovarian uptake of vitellogenin in quiescent fish
during this period, it is more likely related to an enhanced
secondary response in fish which have previously spawned (See
Chapter 3). Thus, once the liver is sensitised to oestradiol-178
(1[:I respnnse), the liver may subsequently be more sensitive to the
basal tonic levels of this hormone in post-spawning guiescent

female fish, This suggests that once initiated, vitellogenin
production in females is continuous, and it is only the rate of

synthesis which changes.

Despite the wide acceptance of vitellogenin zs 2 femzle specific
protein (Follett & Redshaw, 1974; Tata, 1978a; wuzllace, 1978) levels
as high as 300 ng ml-1 were found in some immzture males. In
contrast, in many other studies in birds, reptiles and fish using
similar radioimmunoassey or immunoreactive technigues, there have
been no reports of vitellogenin in male serum (Markert & Vanstone,
19713 Plack et al., 1971; Aida et sl., 1973; Redshaw & Follett, 1976;
Craik, 1978a; Crim & Idler, 1978; Gapp et al., 1979; Idler et al.,

1979; Campbell & Idler, 1980; Ho et al., 1981)., Only Sumpter (1981),
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who used the same assay as that used here has shown that levels of
up to 2DO‘Fg ml'-"| are present in male trout. Sumpter (1981) also
reported that the vitellogenin immunoreactivity of pooled male
plasmas, eluted on Sepharose 6B, appeared as a discrete peak in the
expected position of authentic intact vitellogenin, strongly
suggesting that these findings were not due to the presence of
proteins other than vitellogenin. The surprising finding of
vitellogenin in males is supported by the polyacrylamide-gel
electrophoresis (PAGE) results, where the electrophoretic profiles
of serum from oestradiol-178 treated males were exactly the same as
those from mature femzles. The PAGE-gels of vitellogenic sera,
stained with sudan-black, were marked by the appearance of three
bands : two of these were new (V2 & USj, whereas the third (V1) was
also present in small quantities in immature male serum before
treatment with 095tradial—1?ﬁ. Furthermore, vitellogenin assay
standard, developed with fast-green stain, had the same mobility (RF)
as the V1 fraction, In @ similar study, Campbell & Idler (1980),
showed an increase in a protein in male trout injected with oestradiol
-1??, which was already present before treatment. Clearly, male
trout and probably the males of 2ll other oviparous species are
capable of synthesising vitellogenin provided they zre treated with
oestrogens (Ho & Vanstone, 1961; Urist & Schjeide, 1961; Plack et al.,
19713 Aida et sl., 1973; Follett & Redshaw, 1974; Hickey & Wallace,
19743 Emmersen & Petersen, 1976; de Vlaming et al., 1977; Wallace,
19783 Elliott et al., 1979, 1980; Ho et &al., 1981; See also Chapter

< I However, none of these investigations offer any real suggestion
concerning the reason or physiological significance of naturally

occurring vitellogenin in males. Two recent independent studies
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have reported that androgens, albeit at pharmacological levels,
induce vitellogenesis in fish (Hori et al., 1979; Le Menn et al.,
1979), However, such levels of testosterone would not be found
either in immature or even mature male fish, and furthermore, 11-
ketotestosterone, the other major androgen in fish (Idler et al.,
1960), has not been shown to stimulate vitellogenesis. UWhether
such reported actions are due to the aromatisation of androgens to
oestrogens (See Chapter 5), or due to the lack of receptor specificity
is not known, since evidence for both is provided (Hori et al., 1979;
Le Menn et al., 1979). It is more likely that the appearance of
vitellogenin in male fish of some species, is due to the presence of
oestrogens often at higher levels than females of a similar age and
maturity (Schreck et al., 1973; Schreck & Hopwood, 1974; Terkatin-

Shimony & Yaron, 1978).

In view of the sensitivity of male fish to oestradiol-178 and the
presence of this hormone in most oviparous males, it is surprising
that there have been no other reports of vitellogenin in males,
especially during studies of the seasonal hormonal changes. The
absence of such data may be the result of the relative insensitivity
of other methods of determination of vitellogenin when compared to
RIA, It is possible that vitellogenin in males is unigque to fish,
since other equally sensitive RIA's have failed to detect vitellogenin
in males of other oviparous groups (Gapp et al., 1979; Ho et al.,
1981). These results indicate that the other indirect assays which
are used to monitor vitellogenin levels are unable to demonstrate any
significant changes in this complex until levels of vitellogenin

of parallel samples reach mg ml_1 proportions as determined by RIA,
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Thus, indirect methods can only be used with confidence to detect
vitellogenin in mature females or oestradiol—17p treated fish,
and would not appear sensitive enough for studies of immature fish

of either sex.

Many of the problems related to the measurement of vitellogenin
by RIA appear to be due to the difficulties in preparing 2 pure
intact vitellogenin for use as standard antigen and label in the
assays, Thus, some assays use proteins isolated from yolk as
both standard, antigen and label, others use the intact vitellogenin
as standard and antigen but an iodinated fraction of that molecule
as label, and still others including the present assay, use the
intact vitellogenin molecule as standard, antigen and label, This
has resulted in the considerable variation in levels observed.
However, this does not account for the apparent two-fold difference
in some of the VgRIA values observed between the results of this
study, and those of Sumpter (1981), for the same assay was used in
both investigations, There are also two-fold differences in
parzllel samples of vitellogenin levels as determined by RIA and
those sstimated by phosphoprotein phospnorus, Furthermore, there
are similar discrepancies between VgRIA and calcium levels in this
and Sumpter's (1981) study. Thus, Sumpter (1%81) showed that the
ratio of vitellogenin (mg ml_1) to calcium (mg 133ml"1) was
approximately 1.17:1, whereas samples taken from the reproductive
cycle in this work had a ratio of 1.9:1. However, these particular
samples had been stored for up to 9 months, with repeated defrosting

and refreezing, An effect of thawing is supported by a ratio of

1.4:1 in samples which had been stored for & shorter period without
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defrosting. Also, a ratio of 1.3:1 was observed in other samples
taken from maturing female trout (See Chapter 7), which were assayed

within a month of sampling.

Studies of the character of fish vitellogenins have confirmed
that the intact molecule.usually exists as a dimer under normal
physiological conditions (Hickey & Wallace, 19743 Hara & Hirai,
1978; Hori gt al.,, 1979; de Vlaming et al., 1980), but because of
the relative ease with which vitellogenins break—-up and their
heterogenous behaviour under in vitro conditions (Wallace, 1978), it
has been suggested that proteolytic inhibitors (like phenyl methyl
sulfonyl fluoride - PMSF) must be used when collecting samples for
purification procedures (Hickey & Wallace, 19743 Campbell & Idler,
1980; de Vlaming et al., 1980). Similarly, when using RIA methods
where the intact vitellogenin molecule is used to raise antibodies,
it has been suggested that in the absence of inhibitors, proteolysis
of vitellogenin in the sample may artificiaslly increase the n;mber of
antigens in vitro, and consequently higher estimates might occur.,

It is interesting to note therefore, that in samples subjected to
conditions under which breakdown would be likely to occur (9 months
with repeated thawing and refreezing), high levels of VgRIA uere
observed (relative to C52+ which is very stable even under these
conditions - See Materials and Methods), whereas samples stored at
-20°C for only 2 months until assay, showed lower levels relative

to calcium, It is conceivable that a greater denaturation in the
long=stored samples may have caused greater over estimation. Thus,
one must examine critically determinations of vitellogenin in

serum samples taken without such proteolytic inhibitors, It is
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also important to appreciate that such differences may also affect
phosphoprotein phosphorus determinations as well as RIA of
vitellogenin (de Vlaming et al., 1980), since it is probable that
a considerable proportion of phosvitin could also detach itself
from vitellogenin without the use of such inhibitors. Since free
phosvitin, unlike the intact molecule, is not fully precipitated
by TCa (de Vlaming et al., 1980) and constitutes the first step in
the assay for phosphoprotein phosphorus, it is possible that the
increased levels of free phosvitin may iead to lower levels of
total phosphoprotein phosphorus and hence an underestimate of
vitellogenin (VgE). The results from this work suggest that trout
vitellogenin probably contains 1.3 = 1.4% phosphorus and

therefore the estimates of vitellogenin (VgE) calculated from
phosphoprotein phosphorus by using 71.4 (assuming 1.4% PP) as a
conversion factor, were approximately correct. The amount of
phosphorus in vitellogenin in this study is calculated from the
VgRIA:TCa ratio (mg ml_1:mg 100m1™") which gives a value of 1.3 =
1.45% calcium in trout vitellogenin. Since results elsewhere in
this study (See Chapter 3) indicate that phosphorus and calcium
coexist in the vitellogenin molecule in a 1:1 ratio, as similarly
proposed for Xenopus by Wallace (1970), then the phosphoprotein
phosphorus content must be approximately the same, However, it
has already been discussed that the RIA may overestimate
vitellogenin levels and the Vg:TCa ratio (& PP) may subsequently

be less than 1.37%, in which case VgE values would be underestimated.

Although there are differences in absolute levels of vitellogenin,

it is important the emphasise the highly significant correlations
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between the profiles of these different values as estimated by
direct and indirect procedures. ‘However, over the first ten days
following oestradiol=178B injection, when there was a 244 fold
increase in VgRIA levels, changes in TCa and VgE were virtually
undetectable with only 1.4 and 5 fold increases respectively.
Indeed, after only 2 days VgRIA rose from 0.9 mg 1111_1 to 5.07

mg ml_1, over which period calcium levels actually fell 0.5 mg ml-1.
The difference in sensitivity between the methods may account for
the apparent discrepancies in the literature relating to the time

of onset of vitellogenesis in the maturation of femzale oviparous
species. Also, in studies investigating the 'lag-period' between
oestradiol«17ﬁ injection and the onset of vitellogenin production,
the sensitivity of the assay is the determining factor (Tata, 1978;
Knowland, 1980). Thus in the present work, measurements of
vitellogenin by RIA suggest a 'lag-period' of a few hours, whereas
determinations of calcium would suggest this period after oestradiol
-178 treatment was approximately 8 days (See also Chapter 3), In
the same way, 'lag-periods' of 2-4 hours have been reported for the
chicken (Gruber et al., 1976), 6-8 hours for the turtle (Ho et al.,
1981), 9-12 hours for male frogs (Clemens gt sl., 1975) and 24-28
hours for the cod (Plack et al., 1971). Thus, the use of this
highly sensitive and specific rzdioimmunoassay to intact trout
vitellogenin has some distinct advantages over other methods,
However, the ability of some methods to monitor many of the seasonal
changes in vitellogenin, together with the relative simplicity of
for example calcium determinations and their reproducibility after
extended storage makes such methods applicable to long-term studies

of vitellogenesis.
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Since evidence from other studies has indicated that calcium and
phosphorus were bound to the vitellogenin molecule (Bailey, 1957;
Wallace, 1978), the determinations of these two elements have been
used to monitor changes in vitellogenin in the absence of a reliable
RIA technigue. The results from the present study clearly show
these indirect determinations were justified. Thus, in oestrogen-
treated fish, two new peaks of calcium appeared (when compared with
immature male serum and Caas), one which coeluted with iodinated
intact vitellogenin standard at 3.0 - 3.5m1 (P1), and the other
peak eluting at 5,5m1 (P2). These peaks in calcium were clearly
associated with the two new protein peaks which appeared in the same
serum, the higher and lower molecular weight peaks eluting at 3.2
(P1) and 5.2ml (P2) respectively. Similarly, the serum from the
fish injected with oestradiol-178 and subseguently with P32 eluted
two peaks of high activity, coincident with P1 and P2 with
relatively more activity associated with P2, The calcium is
believed to be bound to the vitellogenin molecule to increase the
solubility of the protein in the serum (Wallace, 1978) and in
addition provides a source of this valuzble element for the embryo
(Dacke, 1979)., In view of its close relationship with vitellogenin,
it is surprising that there is no publishec evidence to support the
uptzke of this ion into the ega. The high levels of phosphorus in
all vitellogenins are due to the inclusion of phosvitins in this
complex, and most especially serine, to which the majority of the
phosphorus is attached. Some recent evidence has suggested that
some of the phosphorus in phosvitin may be used as an energy source
at final maturation (Craik, 1982), at a2 time when many teleost

egos undergo & rapid expansion due to the uptake of water (Fulton,
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1898; Wallace, 1978), This evidence is based on theoretical
calculations of the energy required to take up this water against

the energy released by the level of dephosphorylation (Craik, 1982).

The chromatographic and electrophoretic methods used in this
work were designed to deomstrate that the increase in calcium and
phosphorus levels observed in vitellogenic females, occurs as a
result of binding to this protein, Also, to recognise its protein/
lipid character on PAGE gels, in both cases by reference to iodinated
assay standard and in the latter case by reference to unlabelled
RIA standard vitellogenin. It is clear from the present results,
that serum from oestradiol-17p-treated fish contzins two new high
molecular weight proteins (P1 & P2 in this study). P1 is
tentatively characterised as the dimeric vitellogenin, since it
coeluted in the same position as iodinated RIA standard, and it had
much of the labelled ﬁ32 associated with it. Furthermore, heating
of the serum before elution, results in an increase in P2 at the
expense of P1. The smaller molecular weight protein is relatively
high in phosphorus which suggests that it is phosvitin-like,
especially since phosvitin easily detaches from the intzct molecule
(de Vlaming et al., 1980). However, it has been reported that
phosvitins do not readily absorb light at EBDPm { Jared & Wallace,
1968; Wallace, 1978), which P2 did and this protein also contained
considerable amounts of calcium, P2 could therefore possibly
represent the monomeric vitellogenin, probably together with other
breakdown products including phosvitin; this would also in the P2
eluazte account for the relatively high phosphorus levels. Using
different procedures, similar multiple peaks have been found by

other workers during their attempts to isolate intact teleost
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vitellogenins (Hickey & Wallace, 1974; Hara & Hirai, 1978; Hori

et al,, 1979; de Vlaming et al., 1980) especially when proteolytic
inhibitors were not used in the collection vessels. Although
amphibian vitellogenins have been well characterised (Wiley &
Wallace, 1981), recent investigations into the nature of teleost
vitellogenins have found that accepted techniques for the precipitation
of amphibian and avian vitellogenins do not work very well with

fish (Wallace, 1978). Thus, with the development of other methods
and the careful use of proteolytic inhiSitors, recent studies have
been able to successfully isolate a single vitellogenin peak, purify
it and in some cases characterise its structure (Hickey & Wallace,
19743 Emmersen & Petersen, 1976; Hara & Hirai, 1978; Hori et al.,
19793 Idler et al., 1979; de Vlaming et al., 1980; Sumpter, 1981;

Wallace & Selman, 1982),

In many of these studies, the purified vitellogenins have been
subjected to native and SDS-gel electrophoresis for comparisoé with
vitellogenic serum in the attempt to understand more of the size
and structure of their components. In this study PAGE electro-
phnoresis of serum from a 21-day post—oestradial-17ﬁ treated fish,
revealed two new sudan black stained bands and a large increase in
an existing ones. Similar results were reported in two other
studies on goldfish where both purified vitellogenin (de Vlaming
et al., 1980) and serum from oestradiol-173 treated fish (Hori et al.,
1979) gave three bands associated with vitellogenin when subjected
to electrophoresis on native PAGE-gels and stained with Coomassie-

blue or amido-olack. Similarly, in another study with rainbow

trnut; three bands could also be distinguished in serum from
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nestradinl—1?ﬁ treated male fish (Campbell & Idler, 1980). Using
7.5% gels Hori et al., (1979), concluded that his band I (that with
the lowest R value, equivalent to V3 in this study) was a dimer of
band II1I (higher Re 2 V1). This proposition was supported by :
firstly, the molecular weight of I was approximately twice that of
111; secondly, I and III had similar banding patterns under SDS-gel
electrophoresis; and lastly, I and III formed a single precipitin
line to antisera raised to their mixture. Although band II was not
identified, de Vlaming et al., (1980) using purified goldfish
vitellogenin also observed three bands which were related to those
of Hori et al., (1979). Furthermore, by measuring the R, values of
these proteins on different % native gels, by Ferguson plot analysis,
the authors suggested that band II was possibly 2 minor form aof
vitellogenin because it had the same intercept at zero mobility as
band III and was slightly smaller. De Vlaming et al., (1980) also
concluded that band III was a monomer of band I, since band 1 had
twice the free electrophoretic mobility as either of the other two.
This suggests that the V1 reported here may be a monomer of V3,
although further proof is clearly required. If this is the case,
then the relative intensity of the staining of thne three bands,
indicates that under these conditions @ very small proportion of the

dimer (U3) remains intact.

In contrast, the same gel-samples stained with fast-—green dye
revealed only a single protein band, with an RF value the same as
V1 from sudan—-black stained gels and vitellogenin assay standard,
from which one might conclude that V1 is the dimer and not the

monomer as suggested above. This anomally may however, be as 2
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result of differences in methodology. The gels which were stained
with fast-green were smaller than the sudan-black stained gels

and consequently less sample was used to avoid tailing and over-
loading of the columns, Even with sudan-black, V2 and V3 bands
were much less intensely stained than V1, and it may be that there
was insufficient material to properly visualise bands VY2 and V3.

It is noticeable in the work of Campbell & Idler (1980), where
imido-black (protein) was used, that the two bands with the lower
mobility were also faintly stained. I£ may be that at the
concentrations used, dyes for lipid stain more intensely than
protein stains, This is supported by the observation that there
was no V1 band in immature fish after fast=green staining.
Alizarin-red (calcium) stained gels on which vitellogenic serum had
been electrophoresed, also demonstrated a single weak-staining band
with an R_. value equivalent to v1, confirming an association of this

f‘

ion with this oestradiol-induced protein., ;

Thus, by in vitro assay, chromatographic and electrophoretic
techniques, these results demonstrate that as a result of their
close association with trout vitellogenin, both total calcium and
phosphoprotein phosphnorus determinations may be used as indirect
estimates of gross changes in serum vitellogenin. However, the
reduced sensitivity of these metnods when compared with RIA,
indicate that some changes may be missed if only these procedures
are used. In addition, care must be taken in the collection and
storage of samples, due to the heterogenous behaviour of vitellogenin
in vitro, Chromatographic and electrophoretic results confirmed

the heterogeneity of trout vitellogenin as in other vertebrates.
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Clearly the heterogeneity of vitellogenins has occurred as a result
of their physiological role as a complete food supply for the
developing embryo. In order to store this food supply, the
growing oocytes must pass through certain developmental and
morphological changes as. this large molecule is sequestered from
the blood. Whilst the next chapter is something of a digression
in this context, the histological development of the follicles will
be subsequently investigated, together with the hormonal mechanisms
controlling these processes. In any sfudy of hormonal control
mechanisms, the physiological roles of all the hormones involved
must be established, Although the results of this and the previous
chapter have demonstrated a role for oestradiol-17p in the direct
control of vitellogenesis, recent contrary reports have suggested
roles for other hormones including testosterone in this process in
fish. Thus, the next chapter investigates whether other hormones

have vitellogenic potency in trout.
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CHAPTER 5.

THE EFFECTS OF SEX STEROIDS ON VITELLOGENESIS.
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Bedle Introduction.

It is now well established that in oviparous vertebrates
vitellogenin synthesis is regulated by the ovarian hormone oestradiol
-178 (Tata, 1978; Wallace, 1978). This finding, however, is primarily
based on observatiaons in.auian and amphibian species and until very
recently and evidence for oastradiol—1?ﬁ regulated vitellogenin
synthesis in teleosts was largely circumstantial (Campbell & Idler,
1976) . Thus, it is known that the administration of oestradiu1—1?ﬁ
into certain teleosts leads to elevations of vitellogenin in the
serun (See Chapter 3; Bailey, 1949; Ho & Vanstone, 1961; Plack et al,,
19713 Aida et al,, 1973; Campbell & Idler, 19765 Elliott et al., 1979,
1980). Also, increases in serum levels of oestradiul—1?ﬁ have been
correlated with rising levels of vitellogenin in female fish during
the reproductive cycle (Eleftheriou et al., 1966; Schreck & Hopwood,
19743 Wingfield & Grimm, 1977; Lambert et al., 1978; Whitehead et al.,
1978a; Scott et al., 1980b; Bromage et al., 1982h). However, it is
possible that under normal physiological conditions other sex=—
steroids in addition to aastradicl-1?P may be involved in the
induction of hepatic vitellogenin synthesis. Certainly, a number of
other steroids including oestrone (Urist & Schjeide, 1961; Utter &
Ridgeway, 1967; Terkatin-Shimony & Yaron, 1978; van Bohemen gt al.,
1982a), oestriol (Terkatin-Shimony & Yaron, 1978), testosterone in
fish (Le Menn & Lamy, 19763 Hori et al., 19795 Le Menn, 19793 Le
Menn et al,, 1980) and progesterone in the oviparous lizard (Yaron &
Widzer, 1978) have been shown to possess some vitellogenic potency,

In view of this deficiency in the literature, the present experiment

was designed to investigate whether other sex-steroids besides



287

aestradiol—17p are able to induce hepatic vitellogenesis in trout,
Such information may provide an understanding of the role of these
steroids during the vitellogenic and maturational phases of the

reproductive cycle in this species.

Oestrogens have been.detected in extracts of ovarian tissue from
various species (Barr, 1968), but of these oestradiol-17p and
oestrone have been found more often than oestriol (Katz et al., 1971),
Although it has been assumed that oestradiol—17p is likely to be the
most important of the oestrogens physiologically (Yaron et al., 1977;
See Chapters 3 & 7) there is evidence that oestrone has some
vitellogenic potency (Terkatin-Shimony & Yaron, 1978; van Bohemen
et al., 1982a) and since this oestrogen occurs naturally in rainbow
trout, it was concluded by van Bohemen & Co workers that the role of
oestrone in any investigation of the physiology of vitellogenesis
cannot be ignored in this species, In one study of the effects of
the different oestrogens on vitellogenesis oestriol was Foun& to be
the most potent inducer, but the reason for this is not known, since
although oestriol has been detectecd in some species (Lupo & Chieffi,
19633 Lupo & Chieffi, 1965; Eleftheriou et al., 1966) it does not
appear to occur naturally in the mejority of fish species including
trout (Lambert & van Dordt, 1982). Thus in the present study it was
intended to look at the relative potency of these three oestrogens in
inducing vitellogenin synthesis by the liver, using oestradiol-178

as a reference for all other steroids administered.

Although oestradiol-17p has been observed to stimulate the hepatic
synthesis of yolk proteins and raise the serum yolk-protein levels,

it does not appear to stimulate the incorporation of vitellogenin into



288

the oocyte (Campbell & Idler, 1976). Evidence regarding the effects
of oestrogens on the ovary of a number of fish species seem
contradictory. Thus, oestrogens have been shown to cause ovarian
degeneration CTEuolga, 1949; Egami, 1954), stimulation (Svardson,
1943; Kawamoto, 1950) and both stimulation (of oogonia) and
retardation (of primary cocytes) in the same species (Bullough, 1942),
In a more recent study of the effects of a number of steroids (Khoo,
1979) it was observed that all three oestrogens induced the formation
of yolk vesicles in the ovaries of hypophysectomised goldfish.
This is somewhat surprising since 'vesicular yolk' (See Chapter 6) is
chemically distinct to vitellogenin which is synthesised in the liver
and carried in the blood to the oocyte, where it is incorporated as
yolk granules. In view of these conflicting data, an investigation
will be made of the effects of these oestrogens on ovarian weight and

histology.

In association with oestrogens many studies have isolated other
steroids from ovarian extracts of fish including testosterone and
progesterone (Gottfried, 1964; Barr, 1968; Katz et al., 1971; Ozon,
1972). Furthermore, somewhat surprisingly, it has been observed
that testosterone and 11-ketotestosterone are two of the major
biosynthetic products of in vitro incubastions of ovarian tissues
(Eckstein & Katz, 1971; Colombo et al., 1972, 1973; Lambert & Pot,
1975). Also, high serum testosterone levels have been observed in
several female teleosts during the reproductive cycle reaching peak
levels just before ovulation; these levels are far nigher than those
seen in mature males (Campbell & Idler, 19763 Wingfield & Grimm,

1977; Scott et al., 1980b; Stuart-Kregor et al,, 1981). Since
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testosterone is converted to uestradiol—1?F by the aromatase enzyme
(See Diagram 5.1.) several authors have concluded that testosterone
acts as a precursor in oestrogen synthesis (Campbell & Idler, 1976;
Wingfield & Grimm, 1977; Scott et al., 1982a). It has also been
suggested that there may even be 2 preferential synthesis of
oestradiol-178 via testosterone, rather than via ocestrone (Scott &
Baynes, 1982), Whether these high androgen levels are simply acting
as precursors or whether they have a physiological role is not really
known. There is evidence from mammalian studies that testosterone
plays a part in the control of atresia (Magoffin & Erickson, 1981),
Furthermore, testosterone injection has also been shown to induce

atresia in second growth-phase oocytes (vitellogenic) of Oncorhynchus

gorbuscha (Yamazaki, 1972). Other studies of the effects of
testosterone on the teleost ovary have shown that androgens are so
inhibitory to ovarian function that masculinisation tends to occur.
However, the primary effects on the developing ovary would appear to
involve the inhibition of oogenesis and vitellogenesis and that this
inhibition is followed by degeneration of the oocytes (See Dodd, 1960).
In the light of these data the effects of testosterone on the ovary

are investigated in the present study.

It has already been mentioned that progestagens in addition to
oestrogens and androgens have zlso been isolated from teleost
ovaries, However, progestagens have not been shouwn to have any
vitellogenic action in one study in the goldfish (Khoo, 1975) and
furthermore, recent evidence indicates that these steroids, especially
17cihydrcxy—2Dﬁ-dihydropragestermné (1%208) are most likely

involved in the later stages of ovarian development ie. finpal
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maturation and ovulation (Jalabert, 1976; Scott et al., 1982)

rather than with vitellogenesis. Thus, just before ovulation,
increases in serum levels of 17d=hydroxyprogesterone (the precursor
to 17«20B) have been observed in the rainbow trout (Scott et al.,
1982) followed by a rapid increase in 1% 208 around the time of
spawning (Kagawa et al., 1981; Scott et al., 1982; Scott & Baynes,
1982; Scott & Sumpter, 1982a). Due to the importance these hormones
play in maturation in salmonids and since studies in other
vertebrates suggest some stimulation of vitellogenin by progesterone
(Yaron & Widzer, 1978) the effects of 17X-hydroxyprogesterone and

17208 will also be investigated in the present work.

Since many of the steroids on the biosynthetic pathway in fish
play important roles as precursors to physiologically active
hormones, steroids on the A4 and A 5 pathways other than those already
chosen were also selected for the present investigation. In a
study using hypophysectomised goldfish for example, pregnenolone
(at the beginning of A 5 and A 4 pathways) has been observed to induce
the formation of yolk granules (Khoo, 1979). Thus it is
conceivable that some of these hormones may be physiologically active
in their own rights and their effects on vitellogenesis, ovarian

weight and histology will be monitored.

Thus, although a2 role for oestradiol=17B in the control of
vitellogenesis in teleosts has now been recognised (Wallace, 1978;
de Vlaming et al., 1980; See also Dodd & Sumpter, 1982), such is
the diversity of teleost species, that other steroids may have
similar effects. Certainly during vitellogenesis in female trout,

serum levels of oestrone and testosterone show marked changes and it
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could be argued that the high levels of oestrogens at this time are
merely the inactive metabolites of other physiologically active
steroids. Furthermore, many of the endocrine changes overlap the
different phases of ovarian development and their physiological
significance is difficult to interpret. Clearly, in this overall
investigation into the hormonal mechanisms controlling vitellogenesis
in trout, all those hormones capable of inducing hepatic
vitellogenesis must be identified. Although it is likely that
Destradiol—1?P is primarily reSponsiblé for the induction of
vitellogenin in this species, other hormones, more especially
oestrone, may play important secondary roles in the successful

development of the ovary.
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Sels Materials and Methods.

In this experiment, the effects of oestrone (E1), oestradiol-178
(E2), oestriol (E3), pregnenolone (P5), testosterone (T),
androstenedione (AD), dehydroepiandrosterone (DHA), 17d-
hydroxyprogesterone (17«¢0HP4), 17&~hydroxypregnenolone (17a0HPS)
and 17&-hydroxy-208 dihydroprogesterone (17£208) on vitellogenesis,

HSI and GSI were studied,

110 one-year+ rainbow trout, with a mean wt of 50g were selected,
weighed, individually tagged and allowed to acclimatise in system A
for a week, 10 groups of 10 fish were bled and injected with one
of the above steroids. All steroids were obtained from Sigma U.K,
(Poole, Dorset) and initially dissolved in & minimum quantity of
ethanol, held in an ultrasonic bath for 30 seconds and made up to
the correct volume with Arachis oil to give a final injection volume
of 200 pl. The steroids were injected intraperitoneally at a dose of
5 Hg 9-1 body weight. The remzining group of 10 fish were injected
with the same volume of vehicle only as controls. All fish were

bled 1,3,22 and 36 days after injection. Serum samples were

assayed for vitellogenin by RIA and totzl serum calcium,

38 days after the initial injection all groups were reinjected
with the same steroid at the same dose. Those fish injected with
E1, €2, E3, P5, T 2nd controls were bled 0,6,18 and 25 days after
the second injection, Whereas, the remaining 5 treated groups and
controls were bled 0,6,12 and 21 days after the second injection.
On day 26 after the second injection, all fish were sacrificed,
weighed and segregated into treatment and sex. The hepatosomatic
and gonadosomatic indices were determined and gonadal and pituitary

tissues taken for histology (See Diagram 5.2.).
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(DAY 0) 11 groups of 10 fish blood sampled and injected with

one of the following

E1; E2; E3; PS; AD; DHA; 17w0HP4; 17«0HP5; 17208; C.

1

(DAY 1) » + » » » BLOOD SAMPLED

l

(DAY 3) . + « + . BLDOD SAMPLED

|

(DAY 22), . . . . BLDOD SAMPLED

|

(DAY 25). . . . . BLODD SAMPLED

l

(DAY 36). « « » « BLDOOD SAMPLED

|

(DAY 38) all groups bled and reinjected with same dose as above :

GROUP A GROUP B

C; E1; E2; E3; P5; T, AD; DHAj; 17«0HP4; 17a0HPS;

17e2083 C,
(DAY &) 4 Lwa s, BLOOD SAMPLED BLOOD SAMPLED
LAY 220 o e s sk e h . . . BLOOD SAMPLED

(DAY 18). « « « . BLOOD SAMPLED

CBRYISEAD % et s & 5 e ahi et A = CBLDODYSANPLED
(DAY 25)., . . . . BLDOD SAMPLED

(DAY 26) All fish sacrificed - HSI & GSI's determined,

pituitary & ovarian tissue taken for histology.

DIAGRAM 5.2. PROTOCOL OF INJECTION AND BLOOD SAMPLING.
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Beds Results.

After the initial injection, only 3 treated groups (oestrone E1,
oestradiol-178 E2 and oestriol E3) showed significant increases in
total serum calcium, whereas 7 treatment groups (E1, E2, E3,
pregnenolone P35, androstenedione AD, dehydroepiandrosterone DHA and
17e-hydroxy-205 dihydroprogesterone 17&20}3) demonstrated significant

increases in serum vitellogenin,

Total serum calcium (TCa) : In all but 2 treatment groups (E2 &
17¢20p) there was a significant decrease in the mean TCa levels one
day after injection when compared to controls, Those fish treated
with PS5, DHA and 17-hydroxyprogesterone (1740HP4) were
significantly lower (P 0.05; P£0.01; P<0.001) than control fish
3 days after injection, and the 17«20p treated group significantly
(P £0.01 & P<L0.05) lower thén control fish 22 and 25 days after
injection. Testosterone (T) and 17¢0HP4 treated groups were
significantly (P<0.05; P<0,01) lower than control fish, 36 days

after the initial injection (Table 5.1.).

TCa in E1 treated fish rose significantly (P< 0.05) from a basal
mean value of 8,28 + 0.1 to a peak of 10,8 + 1.0 mg 100ml™ after 25
days, before falling to 10,3 + 0.4 mg ‘lDDml-1 (p<L0.01) after 36 days
TCa levels in E2 treated fish rose significantly (P{£0,001) from a
mean basal value of 8.28 + 0.1 to a peak of 13.0 *+ 0,2 mg 1DDml_1 22
days after injection, falling to 8.9 * 0.4 mg ‘IDDml“’I after 36 days.
In E3 treated fish, mean TCa rose significantly (P{ 0,001) from a
basal value of 8.28 *+ 0.1 to a peak of 14,5 + 0.9 mg ‘IDDml-1 after 22

days and was still significantly (P£0D.001) above control levels of
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8.9 + 0,2 at 11,5 + 0,6 mg 1DDm1_1 36 days after injection, TCa
in control fish rose from a2 mean of 8,28 + 0,1 to 8.9 + 0.2 mg

100m1~" after 36 days (Table 5.1. & Fig. 5.1.).
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HORMONE ~ BASAL 1 3 22 25 36
* #* * ¥
E1 8.28 7.89 7.9 10.7 10.9 10.3
+ 5.E, 0.1 0.2 0.4 0.9 1.0 0.4
R HHE

E2 8.28 8.7 8.3 13.0 1.4 8.9

: S.E- 001 DOG Uc4 D.z 0'3 D.d
et e H

E3 8.28 7.9 0.7 14,5 12.9 11.5

S F, 0.1 0.1 0.2 0.9 2. 0.6
Hhx

P5 8.28 7.8 7.3 9.1 8.6 8.5

+ S,E, 0.1 0.1 0.3 0.6 0.4 0.2
Ik *

TEST. 8.28 7.2 7.2 8.1 8.4 8.2

+ 5.Es 0.1 0.2 0.7 0.5 0.2 0.2

CONTROL  8.28 8.5 8.1 8.6 8.7 8.9

+ §.E, 0.1 0.1 0.1 0.1 0.1 0.2

TABLE 5.1.  CHANGES IN TOTAL SERUM CALCIUM (mg 100ml” ) FOLLOWING A

SINGLE INJECTION OF EITHER OESTRONE (E1), DESTHADIDL-1zﬁ

(E2), OESTRIOL (E3), PREGNENOLONE (P5) OR TESTOSTERONE

(T) AT A DOSE OF 5 pg 9“1 COMPARED TO VEHICLE-INJECTED

CONTROLS.

CDNTDI...I.‘
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BASAL 1 3 22 25 36

¥ *
8.28 7.5 7.2 9.0 8.6 8.2
0.3 0.4 0.5 0.2 0.3
Wk -
8.28 Tt 6.7 9.0 8.5 9.4
0.1 0.6 0.5 0.3 0.2
¥ +%*
8.28 7.6 7.4 8.0 8.6 8.4
0.4 0.6 0.2 0.4 0.3
+* HHx -
8.28 ok 6ol 8.4 8.1 8.1
0.3 0.2 0.2 0.3 0.1
L .3 *
8.28 7.8 8.3 8.0 8.0 8.8
0.6 1.6 0.2 0.3 0.4
8.28 8.5 8.1 8.6 8.7 8.9
0.1 D1 0.1 0.1 0.2
CHANGES IN TOTAL SERUM CALCIUM (mg 100ml1”') FOLLOWING

A SINGLE INJECTION OF EITHER ANDROSTENEDIONE (AD),

DEHYDROEPIANDROSTERONE (DHA), *17&=HYDROXYPROGESTERONE
(170HP4), 178=HYDROXYPREGNENOLONE (17{0HPS) OR 17s=
HYDROXY-20p DIHYDROPROGESTERONE (174208) AT A DOSE OF

5 pg 9-1 COMPARED TO VEHICLE-INJECTED CONTROLS.
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Serum Vitellogenin (VgRIA) : The mean basal VgRIA level in all fish
was 1.55 * 0.4 pg m~',  In E1, E2 and E3-treated groups VgRIA
levels had almost doubled after one day, rising to 2,5 + 0.4, 2.4 +
0.7 and 2.5 *+ 0.1 »8 ml_1, reaching peak mean levels of 3,010 + 606,
4,500 * 500 and 7,500 + 1,185 pg ml”! after 25, 22 and 22 days
respectively, VgRIA levels in all 3 groups were still significantly
above control levels of 20.25 * 7.0 pg m1™" at 1,700 + 239, 529 + 91.1

and 4,050 + 922 pg ml™' respectively after 36 days.

Mean VgRIA levels in P5-treated fish rose significantly (P(TD.DD1)
from 1,55 + 0.4 ug ml~ to a peask mean level of 1,970 + 152,0 pg o
after 22 days before falling to 61.0 + 24,6 Ja ml“T after 36 days.
There were no significant changes in those groups treated with T,

17{0HPS and 17«L0HP4,

Mean serum VgRIA levels in AD and DHA-treated fish rose
significantly (P{0,001 & PL0.01) from basal mean levels of 1,55 +
0.4 to peak levels of 810 + 61,3 and 910 * 333 pg ml~' after 22 days,

before falling to 300 + 27,5 and 25.0 *+ 7.6 H9 m1_1 respectively,

There was 3 significant (p<fD.ODT) increase in the mean serum

VgRIA levels of the group treated with 1%20B, rising from a basal

= -1
value of 1,55 * 0,4 Fa ml = to & peak of 57.5 % 7,6 pg ml ~ after 22

-

days, falling to 32.0 * 7.1 g ml~' after 36 days (Table 5.2. & Fig.

5:2¢)s
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HORMONE ~ BASAL 1 2 22 25 36
Hrx *hk et

E1 1.55 2.5 945,0 2250 3010 1700
+ S.E. 0.4 0.4 45,1 538 606 239

K WA Hx *HH WAk
E2 1,55 2.4 850 4500 3400 529
+ S,E, 0.4 0.7 66.8 500 690 91,1

*HH b = FHE kK koo
E3 1.55 2.5 1875 7500 4900 4050
# SiBe o 0ol 0.1 59.2 1185 1035 922

#* K HK #*

P5 1.55 1.15 49,5 1970 222 61.0
+ S.E. 0.4 0.2 4.5 152 59.3 24.6
T 1.55 12 18.9 337 22,5 15.0
#-Grrosmenoyg 0.3 18,0 10,5 Ted 6.4
CONTROL  1.55 0.54 8.2 18.3 1357 20,25
*8.E, ° D.4 0.2 1.7 5.2 4.6 7.0
TABLE 5.2,  CHANGES IN VITELLOGENIN (g m1~1) AS MEASURED BY

RADIOIMMUNDASSAY IN GROUPS OF FISH INJECTED WITH EITHER

OESTRONE (E1), OESTRADIOL=-178 (E2), OESTRIOL (E3),

PREGNENDLONE (P5) OR TESTOSTERONE (T) AT A DOSE OF

1

5 Hg g9 COMPARED WITH VEHRICLE-INJECTED CONTROLS.

CONIDSSE e e
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HORMONE ~ BASAL 1 3 22 25 36
+* % A H
AD 1,55 1.6 40,0 810 725 300
+ 5.k, 0.4 05 - 613 50,0 275
e ¥
DHA 1.55 1.83 31,3 910 793 25.0
+S5.E. 0.4 1.2 11.8 333 231 7.6
1740HP5 1,55 1.25 24.0 37.5 20.0 15,75
2GF, 04 0.3 6.7 S8 3.9 4.6
170HP 4 Te 95 34 37.8 81.48 30,08 9.6
+ 5.E. 0.4 1.2 15.2 32,3 14,1 2.4
HHE FAK * %
174208 1.55 0.4 34.5 57.5 45,0 32.0
BB Do 0.1 1.5 7.6 8.2 T
CONTROL T+85 0.54 8.2 18.2 13857 20425
TSR 0.4 ]2 hewd 5,2 4,6 Takl

TABLE 5.2, CHANGES IN VITELLOGENIN (pg m1”') AS MEASURED BY
RADIOIMMUNDASSAY IN GROUPS OF FISH INJECTED WITH EITHER
ANDROSTENEDIONE (AD), DEHYDROEPIANDROSTERGHE (DHA),
176=HYDROXYPROGESTERONE (17«0HP4), 17~
HYDROXYPREGNENOLONE (170HP5) OR 17&=HYDROXY-20p
DIHYDROPROGESTERONE (17(20B) AT A DOSE OF 5 pg 9'1

COMPARED WITH VEHICLE-INJECTED CONTROLS.
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Reinjection : On reinjection of each group with the same dose of
steroid 38 days after the initial injection, E1, E2 and E3-treated
groups demonstrated much more rapid secondary vitellogenic responses
as indicated by changes in total serum calcium (Table 5.3, & Fig.
5.3.). Thus mean TCa levels in El1-treated fish rose significantly
(P£0.,001) from basal levels of 9,89 + 0.4 mg 1DDml-1 to peak mean
levels of 18.8 + 2,2 mg 1Dl‘.1ml—1 after 25 days. Mean TCe levels in
E2-treated fish rose significantly (P <0.001) from a mean basal
level of 9.1 + 0.3 mg 100ml”" to peak SR Ll Ly + 1.8

mg 1DDml_1. In E3-treated fish mean TCa levels rose significantly
(P< 0.,001) from 10,5 * 0.5 mg 100m1~" to a peak mean level of 29,01
+ 4.5 mg 1UDml-1 after 18 days. Basal TCa levels in both E1 and
E3-treated groups were significantly higher (P< 0.05) than basal
levels in control fish at 8.8 + 0.3 mg 1DDm1_1 (Table 5.3, & Fig.

Selie)e

-

In P5 and 17X20B-treated groups, mean TCa levels rose significantly
(P< 0.05) from basal values of 8,7 + 0.3 and 8.8 + 0,2 mg 100m1”" to
peak mean levels of 9,7 + 0,4 and 9.5 + 0.4 mg 100m1” respectively,
Other treated groups and control fish showed no such similar changes

in serum levels of TCa, (Tables 5.3. & S5.4. and figs, 5.43.

These serum samples were not assayed for VUgRIA,
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HORMONE BASAL 6 18 25
* F Ik FHH
E1 9.89 13,34 18.5 18.8
* S.E. 0.4 0.6 1.8 2.2
HEH FHE H
E2 9.1 14.1 18.5 10.02
+ S,E. 0.3 0.4 1.8 0.3
* HH R Fk
E3 10.5 18,2 29,01 28,12
+ S.E. 0.5 (B 4,5 4.8
%
PS5 8.7 9.45 9.7 9,25
2 5,E. 0.3 0.75 0.4 0.6
T 8.3 8.39 B.4 8.68
4 5,E. 0.3 0.2 0.4 0.9
CONTROL 8.8 8.6 8.5 8.4
+ 5,E, 0.3 0.3 0.2 0.2

TABLE 553,

CHANGES IN TOTAL SERUM CALCIUM (mg 100m1™") FOLLOWING
REINJECTION WITH EITHER OESTRONE (E1), OESTRADIOL-17B
(E2), OESTRIOL (E3), PREGNENOLONE (P5) OR TESTOSTERONE
(T) AT A DOSE OF 5 Ha g-1 AFTER PREVIOUS INJECTION WITH

THE SAME HORMONE 38 DAYS EARLIER.
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HORMONE BASAL 6 12 21
AD 8.4 8.8 9,7 8.97
* 5.E. 0.2 0.3 0.7 0.3
DHA W2 9,1 9,01 8.7
® Sk, 0.1 0.4 0,2 0.2
1740HP 4 8.3 8.5 8,83 8,73
* 8,63 0.3 0.2 0.1 0.1
1740HPS 8.2 8.6 9.3 9,29
+ S.E. 0.2 0.3 0.3 0.8
*
17208 8.8 9,2 9,5 8.6
2 Sk, 0,2 0.1 0.4 0.5
CONTROL 8.8 8.6 8.5 8.4 ’
+* SIE, 0.3 0.3 0.2 0.3
TABLE 5.4, CHANGES IN TOTAL SERUM CALCIUM (mg 130m1'1) FOLLOWING

REINJECTION WITH EITHER ANDROSTENEDIONE (AD),
DEHYDROEPIANDROSTERONE (DHA), 17&~HYDROXYPROGESTERONE
(170HP4), 17a4~HYDROXYPREGNENOLONE (17¢0HPS5) OR 17«(-
HYDROXY-20p DIHYDROPROGESTERONE (17«¢20B) AT A DOSE OF
5 g g~ AFTER PREVIOUS INJECTION WITH THE SAME

HORMONE 38 DAYS EARLIER.
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Hepatosomatic (HSI) and Gonadosomatic (GSI) indices : At the end of

the experiment when the fish were sacrificed, there was very little
difference in the HSI of male and female fish between treatment

groups when compared to controls.

The HSI in female fish treated with AD and 17e¢20p was significantly
(P 0.01) lower than the HSI in control female fish. The HSI in
male fish treated with PS5 was significantly (P< 0,05) lower than the
HSI in male control fish. Maximum HSIfs in male fish was found in
17«20p~-treated fish at 1,75 + 0.15%, and the maximum in female fish
was 2,03 + 0,18% in E3~treated group. Minimum HSI's in male and
female fish were found in the P5 and 17&2qa-treated groups respectively,

with values of 1.24 + 0.09 and 1.31 + 0,03% (Table 5.5, & Fig. 5.6.).

Similarly, there was little difference between treatments in the
GSI of male fish, when compared to controls apart from the 17205~
treated group which were significantly (P£ 0.05) higher than Phe
control value of 0,04 *+ 0,01% at 0,06 + 0,007%  Minimum GSI in male
fish was found in 1720B-treated fish at 0.03 + 0.01% and the

maximum mean GSI in E2-treated fish at 0,82 + 0.7%.

However, in female fish the GSI was significantly sbove the control
value of 0,12 + 0,006% in fish treated with E1 (P £0.01) at 0,21 +
0.02%, E2 (P<0,001) at 0,22 + 0,02%, PS (PL0,01) at 0,17 + 0,02%,
AD (P <0,001) at 0,2 + 0,01%, DHA (P<0,001) at 0.174 + 0.01%,
17¢0HP4 (P< 0,001) at 0,2 *+ 0,027, 17«0HP5 (P<0,05) at 0,18 + 0,02%
and 17«208 (P<0,01) at 0,19 + 0,027, A maximum GSI in female fish
of 0.22 + 0.02% was found in the E2-treated group and a minimum GSI

of 0,12 + 0.006% found in the controls (Table 5.5. & Fig., 5.6.).



313

HORMONE HSI (Mean + S.E.) GSI (Mean + S.E.)
og Q d Q
E o

£1 1.51 1.66 0.31 0.21
+ S.E, 0.05 0.14 0,17 0.02

¢ Fe A
E2 1.68 1,97 0,82 0.22
+ S,E, 0.16 0,12 0.7 0.02
£3 1,73 2,03 0.18 0,197
* S Es 0,09 0,18 0,09 0.04

* H
P5 1,24 1.94 0.043 1 [
+ SE, 0.09 0.46 0,01 0.02
3 1,58 1.58 0,057 0,22
* G.Es 0.19 0.21 0,004 0.33
CONTROL 1,59 1,87 0.04 0,12 g
+ S.E. 0.14 0.18 0.01 0.006

TABLE 5.5. [MEAN HSI AND GSI 25 DAYS AFTER REINJECTION WITH EITHER
CESTRONE (E1), OESTRADIOL-17p (E2), OESTRIOL (E3),
PREGNENOLONE (P5), TESTOSTERONE (T) COMPARED WITH

VEHICLE-INJECTED CONTROLS.

CDNTDI.'..I.
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HORMONE. HSI (Mean + S,E.) GSI (Mean + S.E.)
o Q d Q
R Fx
AD 1.49 1,43 0,05 0.2
S 0.05 0,04 0.01 0.01
*H
DHA 1.5 1.56 0,053 0.174
+ S.E, 0.16 0.07 0.01 0.01
Fx
170HP 4 1,48 1.56 0.04 0.2
+ 5,E, 0.05 0,09 0.001 0.02
* *
174 0HPS 1.63 1.44 0.06 0.18
+ S.E. 0.12 0.16 0.007 0.02
- %
17¢/20p 1,75 1.31 0,03 0.19
+ S,E, 0.15 0,03 0.01 0,02
CONTROL 1.59 1.87 0.04 0,12
E5.E, 0.14 0.18 0.01 0.005s
TABLE 5.5. CHANGES IN HSI AND GSI IN GROUPS OF FISH 25 DAYS AFTER

REINJECTION WITH EITHER ANDROSTENEDIONE (AD),
DEHYDROEPIANDROSTERONE (DHA), 17o¢=HYDROXYPROGESTERONE
(1740HP4), 17X—HYDROXYPREGNENOCLONE (17el0HPS) OR 17o-
HYDROXY-20p -DIHYDROPROGESTERONE (17420p) COMPARED WITH

VEHICLE-INJECTED CONTROLS.
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Effects of Sex Steroids on Ovarian Histology : Under light

microscopy, there were no apparent differences in the stage of
development between the different treatment groups. All ovarian
sections examined were in the primary growth phase (See Chapter 6)

and were not significantly different from control sections.
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Bedts Discussion.

The results clearly demonstrate that the liver receptor mechanism
responsible for the activation of vitellogenesis shows & distinct
preference for oestrogens. Thus, fish injected with either
oestrone, oestradiol-178 or oestriol demonstrated variable responses
as shouwn by significant increases in serum levels of vitellogenin
(RIA) and total calcium, Subsequently, on reinjection with the
same three steroids, more rapid secondary responses were observed
as demonstrated by increases in total calcium. On both occasions,
oestriol had twice the vitellogenic potency of either of the other
two oestrogens. Androstenedione and dehydroepiandrosterone
treated groups whilst significantly raising vitellogenin levels, had
no effect on calcium after the first injection, The skin
colouration darkened considerably in these two groups. Pregnenolone
treated fish showed a small, although significant vitellogenic
response after the first and second injection. All other treatment
groups showed variable and inconsistent responses when compared to
controls and oestrogen-treated fish. In all treated groups the
GS1 was significantly raised asbove controls (except oestriol and
testosterone treated fish) whereas there were no significant

increases in HSI.

Of the ten steroids tested in the present work, only the three
oestrogens: oestrone, oestradiol-1?P and oestriol, androstenedione,
dehydroepiandrosterone and pregnenolone had any capacity to
raise serum vitellogenin levels in this study. In other comparative
studies of the effects of oestrone and oestradiol-178 on

vitellogenesis, oestrone has generally been found to have a reduced
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vitellogenic action when compared to the effects of oestradiol-178
(Redshaw et al,, 1968; van Bohemen gt al., 1981a), Thus it was
observed that oestrone had approximately 5% of the potency of
oestradiol-17B when ovariectomised trout were injected with similar
doses of the two steroids (van Bohemen gt al., 1981a). In contrast,
the present results demonstrate that oestrone was almost as potent
at inducing vitellogenesis in this species as oestradiocl-178 and
the apparent discrepancy may be due to‘sume conversion of oestrone
to oestradiol-178 in the intact fish used in this study. It has
also been shown that when oestrone and oestradiol-178 were injected
together into the same fish, the resulting vitellogenic response
was greater than the sum of the individual responses when these
steroids were injected alone (van Bohemen et al., 1982a). In the
same study they noted in fish treated with both steroids, that
whilst the serum vitellogenin levels were not correlated with serum
oestradiol-17p levels, they were correlated with the sum of these
two oestrogens., Since oestrone levels as high as 30 ng ml~" have
been observed during the reproductive cycle in razinbow trout (van
Bohemen et al., 1981b) 2 physiological role for this hormone in
vitellogenesis has been proposed, It was demonstrated by the same
group that after a primazry vitellogenic response to a single
oestrone injection, subsequent oestradiol-178 treatment in the same
fish, yields & more rapid secondary vitellogenic response (van
Bohemen et al., 1982b). Since these authors have also observed &
small rise in oestrone early in the reproductive cycle of rainbow
trout (van Bohemen gt 2l., 1981b), they have suggested that oestrone
may prime the liver so that the increased levels of oestradiol=17p

that follow, produce a greater secondary vitellogenic response
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(van Bohemen et al., 1982b). In view of these findings, the
changes in serum levels of oestrone will be studied in the present
investigation of the mechanisms controlling vitellogenesis in this

species (See Chapter 7).

The vitellogenic response to uestradiol—??ﬁ is well documented in
Chapter 3, and although the response here is noticeably lower, this
may be due to the smaller size of fish and the time of injection
(Spring). Also, unlike other results elsewhere in this study
(Chapter 3), there was no effect of cestradinl-17p, or the other
oestrogens, on the HSI, Previous investigations have demanstrated
a correlation between the dose of oestradiol=-178 and HSI after
treatment in trout (Chapter 3) which is supported by similar
findings of increased HSI after oestrogen treatment in other
teleosts (Egami, 1955; Oguro, 19563 McBride & van Overbeeke, 1971;
Aide et al., 1973a; van Bohemen et al., 1981a). This increase in
HSI is due to an increase in the rough endoplasmic reticulum ;nd
GColgi systems as a result of oestrogen-induced vitellogenin synthesis
(Aida et al., 1973a; van Bohemen et al., 1981b). The absence of
significantly increased HSI after Destra:iol-1?ﬁ treatment in this

study may be a reflection of the poor vitellogenic response that

was observed.

In contrast, the GSI in Destradicl-1?ﬁ and cestrone treated
females were significantly raised in both cases. Although other
workers have observed a causal increase in GSI after oestradiol-17B
treatment (Olivereau & Olivereau, 1979) and a correlation between
increasing serum levels of oestradiol—1i§ and GSI during the

reproductive cycle (de Vlaming, 1977; Yaron et al., 1977; Lambert
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et al., 1978) the reported effects of oestrogen treatments on GSI
and ovarian histology in the literature are equivocal (See Dodd,
1960; Ho & Vanstone, 1961; Simon & Reinboth, 1974). Thus, whether
oestrogens are observed to be stimulatory or not seems to depend,
amongst other things on the age, sex and species of fish
investigated. However, in the present study, all females in the
treated groups (apart from oestriol and testosterone) had
significantly increased GSI when compared to controls, Since

the growth rates of all treated groups (not reported here) were
lower than those of the control group it is possible that the sudden
depression in somatic growth due to treatment, artificially
increased the gonad:somite ratio. It has previously been observed
that GSI alone is not always a valid index of gonadal activity and
should be supported by histological examinations (Delahunty & de
Vlaming, 1980). This anomaly of increased GSI as a result of
decreased growth is supported by the lack of any histologiral .
evidence to demonstrate an effect of these hormones on ovarian
development. All three ocestrogens have been observed to induce

the formation of vesicles when the ovaries of hypophysectomised
goldfish were studied histologically (Khoo, 1979; See also Chapter
6). However, the dissimilarity between Khoo's (1979) and the
present data may be due to the higher dose and freguency of
treatment since 10 fg g_1 was given every 3 days for a month in
Khoo's study. The appearance of vesicles in immature trout ovaries
after oastradinl—13& treatment has also been observed in this
laboratory, when the dose and duration of treatment was also greater
than the present work. Whether in this case the effect of

oestradiol-178 on the ovary was primary or via feedback on the
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pituitary is not certain, It has been recognised that the initiation
of vesicle formation requires a pituitary stimulus and that oestrogen
alone would be insufficient (vivien, 1939; Barr, 1968; Upadhyay

et al,, 1978). Furthermore, falling serum levels of oestradiol-178
observed towards the end of maturation in female trout are believed

to feedback on the pituitary and trigger the increase in gonadotrophin
which is seen just before, during and after ovulation (See Chapter 7).
Thus, falling serum oestradiol-178 levels after injection in intact
fish, may be sufficient to cause a surge in gonadotrophin which
initiates vesicle formation in these fish. Clearly, the number and
frequency of these triggers (ie. oestradinl—T?P injections) to the
pituitary, may have a direct bearing on whether any response occurs.
However, there are numerous reports that demonstrate that steroid
treatment of immature salmonids and other teleosts causes an increase
in the pituitary content of gonadotrophin, but no release (Crim &
Peter, 1978; Olivereau & Chambolle, 1978; Crim & Evans, 1979;‘
Olivereau & Olivereau, 1979; Crim et al,, 1981). It has been
suggested that oestrogenic steroids may act on the hypothalamo-
hypophysial axis to stimulate gonadotrophin synthesis in sexually
immature teleosts and that this may be part of the mechanism for the
onset of sexual maturity or gonadal recrudescence (Peter, 1982),
Whatever the effect of oestrogens on immature fish, & role for
oestradiol=178 in the direct control of vitellogenesis in teleosts is
now well established and changes in the serum levels of this

hormone during the reproductive cycle of female trout, will be

investigated further (See Chapter 7).

Of -the three ocestrogens, it was surprising that oestriol, which is

not synthesised naturally in rainbow trout (Lambert & van Bohemen,
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1979), was the most potent at inducing vitellogenin synthesis.
Similarly, oestriol was found to have the greatest vitellogenic
action in a study of the effects of oestrogens in Tilapia where it
was concluded that its high potency could be attributed to the
oestrogen per se rather than its conversion to oestradiul—1?P
(Terkatin-Shimony & Yaron, 1978). However, according to the
criteria laid down by Redshaw et al., (1969), a hormone needs to be
both synthesised and released from the ovary into the blood, as well
as having vitellogenic potency, in orde£ to play 2 physiological
role in vitellogenesis in oviparous vertebrates. Thus, since
oestriol is not synthesised or released by trout ovaries, this
oestrogen can be of little significance in the physiology of

vitellogenesis in this species.

In contrast to observations in other studies (Hori et al., 1979;
Le Menn, 1979; Le Menn & Lamy, 1979) testosterone did not have any
vitellogenic potency in this work, Similarly, in another st;dy of
the effects of testosterone on vitellogenesis in ovariectomised
rainbow trout, no effects on serum vitellogenin levels were observed
with similar doses to those used here (van Bohemen et al., 1981c).
These authors suggested that since those studies observing a
vitellogenic action in testosterone used intact fish, then a
conversion of this hormone by the aromatase enzyme to oestradiol-178
may have accounted for its apparent physiological action, whereas
ovariectomised fish were unable to carry out this conversion,
Indeed Hori et al,, (1979) noted a stimulation in NADPH cytochrome

c reductase one week after methyltestosterone treatment and since

this enzyme is involved in steroid metabolism this supports the
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aromatisation of androgens to oestrogens in these studies,
However, since there is evidence that the brain of some teleosts,
including trout, has high aromatase activity (Lambert & van Oordt,
1982), and since no effect of testosterone was observed in intact
fish in the present study, the vitellogenic action of this steroid
reported by other workers may be related to the pharmacological
levels administered. This is supported by 2 study of the effects
of testosterone on the inhibition of vitellogenesis in the turtle
which revealed an inverse correlation between the dose of
testosterone and the reduction in the vitellogenic response (Ho

et al., 1981). They concluded that whilst at lower doses
testosterone inhibited vitellogenesis, at higher doses some
aromatisation to oestrogens occurred which subsequently masked any
inhibition, In view of the reports in the literature of high
levels of testosterone in females during the reproductive cycle,
serum changes in this hormone will be investigated in trout held

under closely controlled environmental conditions.

Since oestrone and oestradiol—1?ﬁ are the two major biosynthetic
products from in vitro incubations of trout ovary with androstenedione,
then conversion of this steroid by aromatase to oestrogens could
also have accounted for its vitellogenic action in this study. This
is supported by the observation that androstenedione had no
vitellogenic potency in ovariectomised rainbow trout when given in
similar doses (ven Bohemen et al., 1982a). Similarly the
significant increase in vitellogenin (RIA) following dehydroepian-—
drosterone treatment may have also been due to a conversion of this

steroid, initially to androstenedione and subsequently to oestrogen.
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However, a conversion to oestrogen does not account for the
observation that both these steroids initially caused a decrease in
serum calcium levels and caused no significant increase in this
element even after a second injection. Similarly Hori et al.,
(1979) found that whilst vitellogenin could be detected immuno-
logically and electrophoretically after androstenedione treatment,
there was no effect on calcium in intact goldfish. It is possible
that these two steroids had a direct effect on calcium metabolism
which prevented a mobilization of this élamsnt from the scales.
Although there are few reports of the direct effects of androgens
on serum calcium, decreased levels have been observed in male
Atlantic salmon spawning in fresh water, and it has been suggested
that these fish were unable to regulate serum calcium levels which
reflected their lower osmotic environment (Dacke, 1979). The
darkening of the skin observed in androstenedione and dehydroepian-
drosterone treated fish is similar to one of the reported chapages
that occurs in maturing male salmonids and it may be that these two
hormones have an effect on ion regulation, possibly related to
changes in osmotic permeability of the skin. However, although
serum changes in androstenedione are observed during reproduction,
the low vitellogenic response observed with high doses of this
steroid and also dehydroepiandrosterone, make them of lesser

significance in the present investigation.

Thus, of the steroids tested only oestrone and oestradiol-178
are of further consideration due to their high vitellogenic action
and synthesis and release by the ovaries of female rainbow trout.

Also, serum changes in testosterone will be monitored, not because
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of any proven vitellogenic potency in trout, but because no
physiological role has as yet been demonstrated for the high levels
of this hormone which are observed in female trout during maturation,
It is possible that a close study of the morphological changes that
are occurring in the ovary during this period may provide evidence

of a role for testosterone in the reproduction of female teleosts.
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CHAPTER 6.

THE HISTOLOGY AND STRUCTURE OF THE OVARY.
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Bete Introduction.

Although the production of vitellogenin by the liver is of
considerable importance in female oviparous species, the acquisition
of this large yolk-precursor by the ovary and its subsequent conversion
to the yolk proteins witﬁin the oocyte is crucial to the successful
development of the ovary, However, the specific process by which
serum vitellogenin is sequestered by the oocyte represents only one of
the four recognised phases of oocyte growth. The first of these is
marked by the formation of multiple nucleoli and yolk-nuclei (Hubbard,
1894) and the second by the formation of yolk-vesicles (Konopacka,
1935).  The third phase, that of the assimilation of vitellogenin into
spheres or granules (Marza et al.,, 1937; Korfsmeier, 1966) is
followed by a period of maturation characterized by the solubilization
of the yolk and the breakdown of the germinal vesicle (Fulton, 1898),
There is a further phase in the cycle of ovarian development in
annually-breeding teleosts which includes ovulation and a period of
oogonial proliferation. It was the aim of this study to identify
these different phases histologically in rainbow trout, as a reference
to a study of the endocrine changes that occur during reproductive
cycles in which there was a close control of all environmental
conditions (See Chapter 7). In this way, it was possible to
relate changes in the hormonal environment to the different morphological
stages of development and provide a greater understanding of the
mechanisms involved in the control of the different phases of ovarian

growth,

It is somewhat surprising amongst teleost species, which as a

group account for almost half of all recognised vertebrate species



329

(Bond, 1979), that the mechanisms for ovarian growth are quite
similar, with the greatest diversity being observed in the
recruitment of oocytes and the relative timing of events. However,
teleost ovaries show striking differences in gross morphology. In
some species the ovary is a closed sac, communicating only with its
duct (the cystovarian condition) whereas in others the follicles are
exposed to the body cavity and the ducts exist as short funnels
(gymnovarian) (Dodd & Sumpter, 1982), In the latter condition, to
which trout belong, the eggs are shed iﬁta the body cavity and
subsequently may pass into a cavity that opens to the exterior
through an orifice on the urinogenital papilla (van den Hurk & Peute,
1979). In the rainbow trout the paired ovaries are situated
ventrolaterally to the swim bladder in the dorsal part of the coelom
with each ovary being suspended in the body cavity along its dorsal
side. The ovaries which are bounded by a peritoneal membrane
consist of ovigerous folds or lamellae, transversely arranged.along
its longitudinal axis, and these are covered by coelomic or germinal
epithelium, However, since most teleosts are seasonal breeders,
marked seasonal differences in ovarian structure have been observed
and subsequently, a2 number of authors have divided the cycle of
ovarian changes into well-defined developmental stages (Diag. 1}
Gokhale, 19573 Polder, 18613 van den Hurk & Peute, 1979; Khoo, 1979;

Kagawa et al., 1981).

In early development, teleost ovaries consist of stroma and
oogonia, and in the first stage of ovarian development, a mitotic
proliferation of these oogonia occurs., The oogonia, which are
small rounded cells with clear cytoplasm, & relatively large nucleus

and a prominent single nucleolus, occur either singly or more
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usually in nests (Mathews, 1938; Barr, 1963; Bmeckevelt & McMillan,
1967). Oogonia are found in the majority of teleosts at all stages
of the reproductive cycle, but undergo periodic mitotic division
(Franchi et al,, 1962). The timing of this oogonial proliferation
in adult fish has been correlated with the reproductive cycle and in
annually-breeding teleosts it has been shown to reach a peak during
the immediate post-spawning period (Yamazaki, 1965; Braekevelt &
McMillan, 1967; de Vlaming, 1972). In other teleost species with
di fferent reproductive strategies, oogohial proliferation may be
observed at any time and be virtually continuous or occur in waves

throughout the year (Tokarz, 1978),

The cyclical nature of oogonial proliferation suggests that it is
controlled by hormonal mechanisms (Hoar, 1969; de Vlaming, 1974;
Tokarz, 1978) and the few data available indicate that it is
primarily the pituitary gland which may be involved in the control of
this process. Thus, it has been shown that oogonial mitoses are
inhibited by hypophysectomy (Barr, 1963; Dadzie & Hyder, 1976) and
subsequently restored by either implanting whole pituitary glands or
injecting pituitary extract (Yamazaki, 1965). A gonadotrophin
involvement is also suaggested from the present study (See Chapter 7),
for during the post-spawning period both oogonial mitoses and
gonadotrophin values are at their highest levels, Although these
high gonadotrophin levels may be related to a diminution of steroid
feedback after spawning (See Chapter 7), it is possible that they
are involved in the initiation of the early developmental stages for
the next cycle. Whether this pituitary involvement in oogonial
multiplication is primary, or via gonadotrophin—-induced steroid

synthesis is unclear, since there is some evidence for a direct
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effect of oestrogens on oogonial mitosis, Thus, Bullough (1942),
showed that oestrone treatment increased mitotic activity in the
minnow during the post-spawning period. In view of these findings
and the fact that oestrone is a naturally occurring hormone in
many fish species (See Tamaoki, 1980) it is surprising that so few
authors have studied serum oestrone levels during this period of
ovarian recrudescence in teleosts (See Section 7,1.; Cedard et al.,
1961; Eleftheriou et a2l., 1966; van Bohemen et al., 1982c). This
omission is remedied in the present stuéy where changes in the
levels of this oestrogen, together with oestradiol-17p are monitored
over the complete reproductive cycle (See Chapter 7). Although
oestradiol-178 levels are known to be low during the immediate pre=
and post-spawning period (Fostier et al.,, 1978; Whitehead et al.,
1978a; Scott et al., 1980b) this may not be the case for oestrone.
Following mitosis, the oogonia move rapidly into oogenesis, which
is the meiotic transformation of oogonia into oocytes (Eggert; 19310
Yamazaki, 1965; Tokarz, 1978), but unlike oogonial mitosis, oogenesis
seems to be independent of any pituitary influence (Khoo, 1975).
Furthermore, oestrogens have been shown to have inhibitory or
regressive effects both on oogenesis and also the primary phase of
oocyte growth which follows (Berkowitz, 1941; Egami, 1954; See Dodd,
1960).  This primary phase of oocyte growth has been arbitrarily
divided into three stages : (1) the chromatin nucleolar stage,
(2) the perinuclsclar stage, and (3) the late perinucleolar stage
(Yamamoto, 19563 Yamamoto & Yamazaki, 1961; van den Hurk & Peute,
1979; Khoo, 1979). The meiotic transformation is accompanied by a
movement of the primary oocytes away from the oogonial nests to

become associated with follicular cells and thus initiating
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folliculogenesis (Moser, 1967).

In the first stage the oocyte consists of a scant cytoplasm with
a centrally-located nucleus and a large basophilic nucleolus. In
the next stage, the germinal vesicle increases in size and multiple
nucleoli are observed iﬁ the periphery (perinucleolar). This stage
is also marked by the appearance of extensive agaregations of
basophilic and electron-dense material in the perinucleolar cytoplasm,
These 'yolk=-nuclei' or Balbiani bodies, first described in teleosts
by Hubbard (1894), initially appear in the juxtanuclear region but
during the late=-perinucleolar stage migrate to the periphery where
its components are dispersed. Evidence suggests that this material,
which is extruded from the nucleus, contains the necessary materials
for the formation, multiplication and accumulation of organelles
required within the oocyte prior to yolk deposition (Guraya, 1979;
Toury et al., 1977). The oocytes increase in size during this
primary growth phase at the end of which they reach a 'critic;l size',
beyond which they will not proceed without gonadotrophic stimulation
(vivien, 1939; Barr, 1968)., It is during this first growth phase
that the various cells that constitute the different follicular
layers, develop their close association with the oocytes in the
process known as folliculogenesis, such that the oocyte now lies
within its definite follicle and is surrounded by a2 single layer of
granulosa cells, a layer of thecal cells, and externally by a layer
of epithelial cells, This is closely followed by the extension of
numerous microvilli from the oocyte surface, around which the chorion

or vitelline membrane starts to accumulate,

The granulosa which is the first follicular structure to be clearly
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recognised in folliculogenesis usually consists of a single layer of
cells (Nicholls & Maple, 1972; Guraya et al., 1977) surrounding small
previtellogenic oocytes usually of stage 1 (See Diagram 6.1.). Rs
the oocyte develops the granulosa cell height increases, reaching a
maximum of approximately ?.%p in the trout (van den Hurk & Peute,
1979); at this point intercellular spaces can also be recognised
(Flugel, 1967). These spaces may be important in the passage of
vitellogenin from the capillaries to the oocyte (Anderson, 1967;
Abraham et al., 1982; Selman & Wallace, 1982). Initially, the
granulosa cells are in close contact with the oocyte and a degree of
contact is maintained with the developing ococyte by interdigitating
cytoplasmic processes which intermesh with the microvilli which
extend from the oocyte surface. Studies with the electron microscope
have revealed that the granulosa cells have a full complement of all
the organelles necessary for protein synthesis (ie rough endoplasmic
reticulum and mitochondria with lamellar cristae) (Hoar & Nagahama,
1978). Thus, it has been suggested that these cells are responsible
for the production of some phospholipids, which are transported to
the oocyte (Guraya, 1965), and also of proteins which are
incorporated into the zona pellucida (Wourms, 1976; Wourms & Sheldon,
1976; Hoar & Nagahama, 1978), The zonz pellucida is formed between
the oocyte surface and the granulosa during the growth of the
follicle and shows many variations in its development and structure
in the growing oocytes of different teleost species. Thus,
depending on the fish species as well as on the stage of oocyte
growth in the same species it forms either a monopartite, bipartite or
tripartite structure (Guraya, 1978). The reasons for the extensive

zonal development of the pellucida especially in oviparous species is
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believed to be related to the physicochemical properties of water

into which the eggs are shed (Guraya, 1978),.

The granulosa cells are separated from the rich capillary plexus
and flattened fibro-blast like thecal cells by the basal lamina which
is a thick glycoprotein iayer containing collagen fibres (Anderson,
1967).  The follicular theca is divided arbitrarily into two
layers, the externa and interna and these layers have a smooth muscle
-like appearance, similarly containing collagen, which confers
strength to the growing follicles, However, in addition, recent
cytochemical studies have indicated that some cells in the theca, by
their high enzyme activity and histology, and known as special thecal
cells (STC), are probably the main follicular steroid-synthesising
cells of the ovary (Nicholls & Maple, 1972; Saidapur & Nadkarni, 1976;
Hoar & Nagahama, 1978; van den Hurk & Peute, 1979; Kagawa et al.,
1981). Although the various cells that constitute the different
follicular layers have been well characterized by light and eiectron
microscopy (Christensen, 1975; Nagahama et al,, 1976; Hoar &
Nagahama, 1978; van den Hurk & Peute, 19739) there is much equivocal
evidence as to their precise roles in ococyte development, Certain
morpnological criteria were laid down by Hoar (1965) which suggested

that it was either the granulosa cells or the corpors lutea (ie

atretic follicles or sites which develop an endocrine function) which
are the most likely sites of steroid biosynthesis, rather than the
thecal or stromal cells. Although these sites have been confirmed

as sources of steroids in some teleosts (Lofts & Bern, 1972; Khoo,
1975; Guraya, 1976) it has also been shown in other studies that

thecal and stromal cells do possess steroidogenic activity (Bara, 1965;

Nicholls & Maple, 1972; Saidapur & Nadkarni, 1976; Hoar & Nagahama,
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19785 van den Hurk & Peute, 1979; Kagawa et al., 1981). Furthermore,

in some species, including trout, corpora atretica do not appear to

show any endocrine activity (Lambert & van Oordt, 1965; Lambert, 1966,
19703 Yaron, 1971; van den Hurk & Peute, 1979) and in others the
granulosa cells appear to be involved in protein rather than steroid

synthesis (Hoar & Nagahams, 1978).

A cytochemical feature of cells which synthesise steroids is the
presence of enzymes involved in steroid biosynthesis and in
particular 3p-hydroxysteroid dehydrogenase (3BHSD) which is the most
commonly used marker of steroidogenic function (Savard et al., 1963).
Using such techniques, granulosa cells have been observed to show
3BHSD activity in a number of species including trout although the
intensity of the reaction shows marked variation (Lambert & van Oordt,
1974; Nagahama et al,, 1976; van den Hurk & Peute, 1979; Lambert &
van Bohemen, 1979). 3pHSD activity is at its strongest at the
onset of and during vitellogenesis at a time when ovarian oea%rogen
synthesis is increasing (van Bohemen & Lambert, 1978) which suggests
a role for these cells during this phase of development. However,
at the electron microscopic level no such evidence for steroidogenesis
can be demonstrated in granulosa of most species, for these cells have
rough endoplasmic reticulum and mitochondria with lamellar cristae
which are generally considered as characteristic of protein synthesis.
Thus, it would appear that the granulosa cells may have a dual role :
being protein= and steroid-synthetic, possibly at different times of
the year, However, in these studies above on rainbow trout, the
3PHSD activity, although positively determined in granulosa tissue,
is relatively weak when compared to the activity of the special

thecal cells and is severely decreased or lost shortly before
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ovulation. The timing of this reduction in 3BHSD steroidogenic
activity is also supported by histological evidence which reveals
degeneration of granulosa cells shortly after ovulation, Since
this period is very important with regard to circulating levels of
hormones in these fish, most especially the progestagens (Scott et al.,
1982), other steroidogenic tissue(s), most probably the STC, may be
responsible for the rapid increase in these hormones at this time.
Thus it is of interest to note that the increase in 17d-hydroxy-208-
dihydroprogesterone (17¢20B) observed a£ ovulation in the char, has
been correlated with an increase in number and steroidogenic
activity of STC (Kagawa et al., 1981). Furthermore, a high rate of
17l=hydroxyprogesterone synthesis (the immediate precursor to
17¢203; See Chapter 5) has been observed during this period in trout
concomitant with the peak in activity of these STC in this species
(van den Hurk & Peute, 1979). In the trout, these STC, seen just

before and after spawning, belong to the theca externa (van den Hurk

& Peute, 1979) whereas in other species they belong to the theca
interna and are cytologically similar to the steroid-producing
Leydig cells of the testes (See Dodd & Sumpter, 1982). However,
5TC have not been identified in all teleost species and whilst they
are found throughout the cycle in some fish, eg mackerel, in others
like the char they are only observed in mature or post-ovulated

follicles (Kagawa et al., 1981).

The only other tissues that might be involved in steroidogenesis
at this time are atretic follicles, possibly acting as functional

corpora lutea (Lambert, 1970; See also Khoo, 1975). However, due

to the lack of criticel evidence of their true endocrine function

in teleosts, the term 'corpus luteum' may be inappropriate. In the
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mammalian ovary the corpus luteum characteristically produces

progestagens and is under pituitary control, Certainly if corpora
lutea were of primary importance in steroid biosynthesis, then the
incidence of atresia would need to be of sufficient magnitude and
regularity to account for the cyclical and consistent nature of the
various endocrine changes which are observed during the reproductive
cycle, Although it has proved difficult to assess this problem fully
and to cover all the different reproductive strategies employed by
many species, the current data auailablé on the incidence of atresia
in teleosts appears to be to the contrary. The proportion of
previtellogenic follicles becoming atretic appears very low (Lehri,
1968; Wiebe, 1968), if it occurs at all in healthy well-fed animals
(Yaron, 1971) although this may be due to their apparent disappearance
from the ovary without leaving any recognisable traces (Hoar, 1965).
Furthermore, atresia in gravid fish is often lower than might be
expected (Bara, 1965; Lambert, 1970; Yaron, 1971) although the
proportion of vitellogenic and mature follicles is higher than
previtellogenic numbers (Rastogi, 1966). In contrast to smaller
follicles, larger ones go through quite distinct phases of
degeneration (Bretschneider & Duyvene-de-Wit, 1947; Hoar, 1965), Thus,
in rainbow trout four stages of atretic degenerztion of mature
vitellogenic follicles have been described (van cen Hurk & Peute,
1972). However, the observations that various sxternal environmental
factors and nutrition can all influence atresia may explain some of
the conflicting reports regarding the extent of atresia in some
species, Thus in one investigation of the brook trout, it was
estimated that 40% of developing vitellogenic follicles became atretic

(Vladykov, 1956) whereas in another study on the same species only
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3-5% of the oocytes were atretic (Henderson, 1963b). Marked
reductions in the incidence of atresia would, by increasing the
number of developing oocytes in the ovary, ie the fecundity, be of
considerable economic significance to broodstock management. Thus,
the levels of atresia at different stages of development will be
assessed in the present work. Furthermore, it would appear that in
most teleosts, including trout, atresia is merely an adaptive device
for disposing of moribund ova (van den Hurk & Peute, 1979) and it is
the granulosa and/or special thecal celis of the follicle which are
primarily responsible for the production of steroids. Thus, an
investigation of the roles,these various follicular cells may have
in ovarian development, was facilitated by means of an electron

microscopical study in the present work,

Following folliculogenesis, the initiation of secondary oocyte
growth is marked by the appearance of yolk vesicles within the
coplasm (Konopacka, 1935), These vesicles which contain Pﬂsgﬁositiue
chromophobic material (van den Hurk & Peute, 1979; Khoo, 1979)
increase in size and number as they move peripherally within the
ooplasm, There is considerables evidence that this material, known
as intravesicular or endogenous yolk is synthesised within the oocyte
itsel? (Korfsmeier, 1966; Norrevang, 1968; Upadhyay et al., 1978),
However, the classification of this material as yolk is anomalous
since 2 number of studies suggest that these vesicles give rise to
cortical alveoli which are found adjacent to the vitelline membrane
at later stages of development (Yamamoto, 1955; Osanazi, 1956; Malone
& Hisaoka, 1963). The cortical alveoli fuse with the vitelline

membrane and release their glycoprotein contents into the perivitelline

space during the cortical reaction at fertilization (Wallace & Selman,
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1981). Since the intravesicular material is lost to the developing
embryo and is chemically different to vitellogenin synthesised in
the liver (Khoo, 1979) then it is wrong to label this phase as
endogenous vitellogenesis. The use of a highly specific
radioimmunoassay in this study will reveal whether hepatically-
produced vitellogenin is present during this stage of development.
If serum vitellogenin is present during this intravesicular stage,
the chemical differences between the intravesicular material and the
hepatic yolk laid down in the next phaée may be due to either a
multiplicity of vitellogenins or to some alteration in the uptake

and transformation of vitellogenin within the oocyte.

The next recognised growth phase has commonly been termed that of
'true vitellogenesis' (Wallace & Selman, 1981), since it occurs during
the period of vitellogenin synthesis by the liver. This 'extra=
vesicular' or exogenous yolk formation is characterised by the
presence of small eosinophilic yolk granules and this phase is
subdivided into three stages depending on the amount of granular
yolk present. At first these granules appear in the periphery of
the ooplasm (Stage 5) and then aggregate and migrate towards the
centre of the ovum (Stage 6). Finally, prior to maturation, the
entire ooplasm is filled with granular yolk, The mechanisms
controlling the synthesis and release of vitellogenin by the liver

under the influence of oestrogens are discussed more fully above

(See Chapter 3).

Although the production of vitellogenin is important, without a
mechanism to get it into the oocyte, successful ovarian development

is impossible. A number of studies have investigated the transfer
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of this large protein from the blood to the forming yolk spheres

in fish and amphibia (Korfsmeier, 1966; te Heesen & Engels, 1973;
Wallace, 1978) and the endocrine mechanisms that control it (Campbell
& Idler, 1976; Campbell, 1978; Crim & Idler, 1978; Ng & Idler, 1978),
Thus it has been shown that various putative gonadotrophin
preparations or extracts stimulate uptake of vitellogenin apparently
by increasing micropinocytotic activity at the inner surface of the
vitelline membrane (Upadhyay et al., 1978; Abraham et al,, 1982;
Wallace & Selman, 1981), Several ultréstructural studies have
further shown that material incorporated by the micropinocytes is
transferred to the yolk granules forming within the peripheral
ooplasm (Droller & Roth, 1966; Anderson, 19683 Ulrich, 1969; Schackley
& King, 1977). Evidence suggests that vitellogenin probably reaches
the oocyte, from the capillary plexus, via the interstitial spaces in
the granulosa cells (Abraham et al,, 1982; Kagawa et al,, 1981;
Selman & Wallace, 1982) and then passes through (Selman & Wallace,
1982) or along the surface of the microvilli (Abraham et al,, 1982)
where it is subsequently pinocytosed, Once in the oocyte the
vitellogenin is broken down into its components and laid down as a
soluble lipovitellin/phosvitin complex (Wwallace, 1973), As such,
this phase of growth might be more properly called the
'vitellogenolytic' phase since vitellogenin is certainly not
synthesised within the oocyte. Although these granules initially
maintain their integrity, in the majority of teleosts at maturation
the granules fuse to form a single soluble mass seen characteristically
as the transparent eggs of many teleosts (Fulton, 1898; Wallace &

Selman, 1981),
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Morphologically, the simultaneous processes that occur with the
resumption of meiosis (maturation), happen over a relatively short
period of time. Maturation, the final phase of secondary oocyte
growth, is marked by the clearing of the yolk, breakdown of the
germinal vesicle and a repid though variable hydration, causing an
increase in oocyte volume, a phenomenon first observed by Fulton
(1898), but subseguently documented by other authors (Clemens &
Grant, 1964; Hirose et al., 1976; Wallace, 1978; Craik, 1982),

More recently the hormonal mechanisms cﬁntrnlling maturation and
expulsion of the mature ococyte from the follicle (ovulation) have
become more clearly understood (See Chapter 7; Scott et al., 1982).
Once the follicles rupture and release the mature oocytes, the tough
chorion and the vitelline membrane are all that remain around the
egg. However, during oocyte growth one follicle cell becomes

highly specialised and maintains cellular contact with the vitelline
membrane by means of a thick cytoplasmic extension. This migropylar
cell, first described by Mark (1890) acts as the micropyle and allows
the passage of a single sperm at fertilization (Szollosi & Billard,

1974),

In order that the maturation of oocytes is a synchronised esvent
there is a dynamic organisation of ovarian function, so that the
majority of developing oocytes pass through all the different phases
of growth at approximately the same time, In the trout like many
other species the onset of the reproductive cycle is marked by the
initiation of the second growth phase brought about by the changing
external conditions and the hormonal environment. Thus, although
primary oocytes are observed very early in gonad development, it is

generally accepted that because of its requirement for a pituitary
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trigger, secondary oocyte growth is not seen until the spring/
summer before the first spawning, which usually occurs in the third
year of growth in female rainbow trout., However, in other fish
there is evidence of a dummy or practice-run (Hickling, 1935; Trout,
1957; Woodhead & Woodhead, 1965; Davis, 19773 Eliassen & Vahl, 1982)
before the first spawning a&s indicated by increases in gonad weight
and volume and increase in oocyte diameter in immature fish., Thus,
in the present study an investigation is also made of the hormonal
and/or morphological changes which occuf in the Whitebrook-strain of
fish in their second or pre-spawning year, Clearly, if a 'dummy-
run' could be artificially induced, possibly by the application of
hormones, then it might be possible to produce good quality eggs a
year in advance of those from natural stocks, This would be of
considerable economic advantage to the broodstock farmer, Such
advantages will not be gained until there is a fuller understanding
of the morphological and hormonal changes that occur during the

reproductive cycle of the female rainbow trout.

Thus, although the mechanisms of oocyte growth in teleosts are
very similar, there is a considerable diversity in the strategies
used to oring about successful ovarian development (Tokarz, 1978).
There is zlso considerable variastion in the way oocytes are recruited
to the ovarian cycle and also in the role of atresia in these
processes., Subsequently, such differences are reflected in the
considerable variation between species in the number and size of
eggs produced and also in the numbers of eggs per spawning and of
spawnings per year, Whether such differences are shown between
different strains of the same species is not known, However, by

looking at these changes in three strains of trout, differences in
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development might be seen which could account for variations in egg
size or quality and fecundity. These might be used to some
advantage in commercial broodstock management, where the careful
selection of strains on the basis of egg quality and fecundity would

be of considerable economic significance.
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6.2, Materials and Methods.

The ovarian tissues used in this study were collected from three
strains of rainbow trout held both under the closely controlled
conditions detailed in Chapter 7 together with fish held under

natural conditions in outdoor ponds.

Tissue was taken monthly from freshly sacrificed fish, after
weighing the whole animal, at different stages of the reproductive
cycle, In addition, the ovaries and liver were weighed for GSI and
HSI determinations. Tissue was then cut into small pieces and placed
in one of the fixatives for light microscopy deteiled in 6.2.1,,

For electron microscopy, individual oocytes were teased away from the
ovarian lamellae and placed in a prefixative (A or B) for 2 hours,

before post-fixation in osmium tetroxide (See 6.2.2.).

Stained sections were examined under the light microscope (Zeiss,
Photomicroscope) and the different morphological phases of de;elopment
identified. Under the elctron microscope (AE1 EMGB) & more
detailed examination was made of the different follicular cell types
in order to assess their possible roles in ovarian growth, together

with the outer regions and follicular envelopes of the ococyte with

the aim of investigating the uptake of material.
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GeZ.1, Light microscopy.

Materials :
The following fixatives =

(a) Bouins - Picric acid (saturated aqueous solution) = 75ml

Formalin (40% HCHO) - 25ml

Acetic acid (glacial) - 5ml
(b) Baker's Neutral Formalin - Formalin (40%) - 10ml
10% C3012 (anhydrous) - 10ml
Powdered CaCO3 (excess)
(¢) Smith's Dichromate - K Cr 0, - 0.5g
* Formalin (40%) - 10ml
Acetic acid (glacial) - 2.5ml
Distilled water =100ml

* Formalin added just prior to use

General -

(d) Ethanol; absolute; 95%; 70%; 50%; 30%.

(e) Chloroform,

(f) 1% celloidin in methyl benzoate ('Gurr's', Hopkins and
Williams),

(g) Benzene, Xylene (B.D.H.).

(h) Wax - 'Paramat' ('Gurr's', Hopkins and Williams),

(i) Stains :- Ehrlich's Haematoxylin; Eosin and Mallory's triple

stain,

(j) Coverslips, slides etc.
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Methods :

1.

Using Bouin's :=

This method is essentially that described by Pantin (1960) with
the following modifications.

(a) Fixation varied with stage of maturity of ovarian tissue.
No longer than 48 hours when fully immature, less than 12 hours
in very yolky oocytes. Longer than this caused brittleness and
difficulties in sectioning.

(b) Dehydration was again adjusted to suit the amount of yolk
present., Immature ovary had several changes over 72 hours (to
remove picric) whereas yolky oocytes had 3 changes over 24
hours. Dehydration was continued through 90% alcohol up to
95%. Some residual water gives better histological results with

yolk-laden eggs (Rugh, 1962),

Using Neutral Formalin :=- G

The method used was that described by Pantin (1960) with
similar considerations as regards dehydration above. This
method was not used as extensively with mature oocytes, since

Bouin's gave more consistent results,

Using Smith's Dichromate :=-

This was a double embedding technigue, 2 modification of
Peterfi's celloidin-paraffin method, having all the advantages
of double embedding but much quicker (Pantin, 1960)., This
method proved inconsistent and did not always give good

results, Strict adeherence should be given to the time



348

schedule as outlined by Pantin (1960), When preparing the
fixative the formalin must be added immediately before use,
since the dichomate and formalin denature each other. Methyl
benzoate was found superior to benzene for clearing the

ovarian tissue.

Staining :
All sections were cut at 6-10 My depending on yolk-content,
and stained using haematoxylin and eosin and Mallory's triple-
stain., Stained preparations were mounted under DPX and
examined under a light microscope (Photomicroscope, Carl

Zeiss, W, Germany).
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6.2.2. Electron Microscopy.

Materials in addition to above :
(a) Pre-fixative A (Szollosi et al., 1978)
2.5% Gluteraldehyde
0.5% Paraformaldehyde
in 0.15Y Cacodylate buffer at pH 7.2 containing 0.1%
potassium ferricyanide,
(b) Pre-fixative B (Upadhyay et al., 1978)
1.5% Paraformaldehyde
2.5% Gluteraldehyde
0.1% Picric acid
in 0.15M Cacodylate buffer at pH 7.3.
(e) Cacodylate buffer —= 0.15M.
(d) Spurr's Resin.

(e) Uranyl acetate stain and Lead citrate stain,

Method :

(a) Fixation — Prefixative A gave consistently better results.
Prefixed for 2 hours.

(b) Immersed in excess cacodylate buffer overnight at 4°c.

(e) Fixed in 1% Osimium tetroxide for 1 hour.

(d) Leave in excess buffer overnight at éDC.

(e) Dehydrate through a series of alcohols up to absolute -
greater than 15 minutes each,

(f) Place in Spurr's resin/EtoH (50:50) overnight.

(g) Place in Spurr's resin until pieces sink,

(h) Embed in Spurr's resin in gelatine capsules.
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Section on ultramicrotome (LKB Ultrotome) and stain with
uranyl acetate and lead citrate.

Prepared sections were examined under the electron microscope

(AE1 EMGB).
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e Results.

The primary aim of this study was to identify the different stages
of ovarian development during the reproductive cycle of female trout
and to act as a reference to the studies of the endocrine changes
that occur under the cloéely controlled environmentzl regimes
outlined in Chapter 7. Thus, the endocrine events which are related
to the ovarian changes under these regimes will be recorded and
discussed in Chapter 7. Using light microscopy it was a further aim
to investigate whether there are any differences in these
morphological changes between different strains of trout or in the
levels of atresia which could be related to egg quality or fecundity.
Electron microscopy was used to obtain evidence of the function of

the different follicular layers in ovarian development,

During the course of this study, gross changes were observed in
ovarian morphology. All stages of oocyte development were recognised

histologically, apart from those associated with finzal maturation.

Light Microscopy :

Dogonia and Primary Oocytes : Thus, in ovarian tissue taken from
immature razinbow trout and adult female trout during the period of
gonadal quiescence after spawning, oogonia and oocytes in the first
three stages of oocyte growth were present (See Plate 6.1.).

Primary oocytes were observed quite early in ovarian development and
were identified in 3 month-old fry. Whether there was any turnover
of these oocytes in the time before the spring of their first

spawning year was not established, although there was no evidence of
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atresia during this period. Primary stage oocytes were found in all
ovarian tissues irrespective of season, though their numbers were
greatly reduced relative to more developed stages as the ovary

matured.

Stage 1 : The proportion of stage 1 to stage 2 and 3 ococytes
seemed low, suggesting that in development oocytes pass through this
stage very quickly, Those stage 1 oocytes identified were not much

larger than oogonia and had a single prominent nucleolus.

Stage 2 : In stage 2 oocytes, the amount of 'yolk=nuclei' material
(Balbiani bodies) seemed extremely variable, almost filling the

entire ooplasm in some cases.,

Stage 3 : As the oocytes increased in size and progressed to stage
3, these yolk nuclei dispersed until all that remained in the

largest previtellogenic oocytes was a faint ring around the pgriphery.
In some of these larger primary oocytes the peripheral nucleoli
(perinucleolar) observed in stages 2 and early stage 3, were

subsequently scattered throughout the nucleus,

Secondary Oocytes : Stage 4 oocytes were recognised by the
appearance of vesicles containing blue-staining material (with
Mellory's) in ovaries taken early in the reproductive cycle from
maturing female fish. These vesicles first appeared as a ring
within the ooplasm in early stage 4, but concomitant with the growth
of the cell they were eventually scattered throughout the oocyte (See
Plate 6.2.). The presence of larage numbers of hollow vacuoles were

also noted and identified as fat or lipid bodies which had lost their
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contents during staining. Stage 4 oocytes were observed in the
ovaries of fish at the onset of maturation, at which time evidence
of the next stage were also identified. Stage 4 oocytes were also
observed in Whitebrook strain fish for an extended period, from the
summer of their second year until the spring of their third year.

This strain did not spawn until the end of their third year.



PLATE 6.1,

PLATE 6,2,

SECTION OF OVARY TAKEN DURING PRIMARY GROWTH PHASE
OF DOCYTE SHOWING PERINUCLEOLAR AND YOLK=-NUCLEUS
FORMATION (STAGES 1,2 & 3).

Og oogonium; 2 Stage f oocyte; 3 Stage 3 or
‘previtellogenic'oocyte; yn yolk nucleij

no nucleoli.

Fixed in Bouin's and stained with Haematoxylin and

Eosin,

Magnification x 40

SECTION OF OVARY TAKEN DURING VESICLE FORMATION
SHOWING EARLY AND LATE-STAGE 4 OOCYTES.
E4 early Stage 4 oocyte; L4 late Stage 4;

ve vesicles; vu vacuoles; g granulosa; nu nucleus,
Fixed in Bouin's and stained with Mallory's trichrome.

Magnification x 100
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PLATE 6.1.

PLATE 6c2.
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Stages 5,6 and 7 : The next phase of development was marked by the
appearance and accumulation of orange-staining (Mallory's) granules
which first appeared as small spheres in the periphery of the

ooplasm (Stage 5; See Plate 6.3.). This phase (5,6 and 7) was
recognised as the period when true vitellogenin, synthesised in the
liver, is taken up by the oocytes and assimilated into yolk spheres.
These yolk=granules or spheres appeared to increase in size and
number and by stage 6 (Plate 6.3.,) filled the centre of the oocyte
around the nucleus, Stage 5 and 6 oocytes were often seen at the
same time as each other and sometimes in conjunction with stage 4
oocytes, indicating a degree of differential growth during this phase,
Eventually, at the expense of the vesicles the oocytes were completely

filled with yolk granules of various sizes (stage 7; See Plate 6.4.).

Development of follicle cells and zonal layers : During stages 4,5,
6 and 7 gross changes were also observed in the follicle cells and
the zonal layers between these and the oocyte. At stage 4 the
granulosa cells were clearly distinguishable as a single layer of
pink-staining (Mallory's) columnar cells surrounding the ococyte and
the basal lamina and zona pellucida (no striated appearance) both as
blue-staining bands (Plate 6.2.). By stage 5 and 6 the zona radiata
was now distinguishable, being slightly thicker, red-staining with
Mallory's and & highly striated appearance, together with an outer
more homogenous layer (Plate 6.3.). By stage 7 the zona radiata
appeared as a wide, deep-red staining, striated layer, with a thin
more diffuse layer between it and the granulosa. The thecal layers
appeared stratified at this stage with layers of deep-blue staining
tissue (collagen possibly) interspersed by other red-staining cells

(thecal and stromal cells; Plate 6.4.). As in other stages the
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single layer of granulosa cells were also clearly recognisable,

Due to the problems that occurred with sectioning and staining
large yolky-oocytes no stage B oocytes/eggs were successfully
mounted for examination although they were recognised from eggs taken

from mature animals under binocular microscope.



PLATE 6.3.

PLATE 6.4,

SECTION THROUGH VITELLOGENIC FOLLICLES SHOWING THE
FORMATION (STAGE 5) AND ACCUMULATION (STAGE 6) OF
HEPATICALLY SYNTHESISED VITELLOGENIN INTO YOLK

SPHERES OR GRANULES.
5 Stage 5 oocyte; 6 Stage 6 oocyte; yg yolk granules;

ve vesicles; th theca; gr granulosa; zr zona radiata;
Fixed in Bouin's and stained Mallory's trichrome.

Magnification x 100

SECTION OF AN OOCYTE AT THE COMPLETION OF VITELLOGENIN
UPTAKE SHOWING OOCYTE FILLED WITH YOLK=-SPHERES AND
WELL=-DEVELOPED FOLLICULAR LAYERS (STAGE 7).

yg yolk grenules; zr zona radiataj zre diffuse layers;

gr granulose; th theca; Cp capillary.
Fixed in Bouin's and stained Mallory's trichrome.

Magnification x 200
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PLATE 6.3.

PLATE 6.4,
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Electron Microscopy :

Follicular layers : Under high power magnification (X5000) the
thecal cells (theca folliculi), basal lamina (membrana propria
folliculi) and granulosa cells (folliculi) were all recognised

(Pl1ate 6.5.).

Stage 4 : The thecal cells were flattened fibroblast-like cells
interspersed by large numbers of collagen bundles (See Plate 6.6.).
Although some rough endoplasmic reticulum (RER) was observed in the
thecal layers, indicative of protein synthesis, there was no

evidence of any STC or steroid synthetic activity at this stage,

The basal lamina (or basement membrane), which separates the
thecal cells from the granulosa, had a stratified appearance and also

contained smaller amounts of collagen (See Plate 6.7.).

The granulosa cells contained large nuclei and large amouhts of
RER together with mitochondria with lamellar aristae, indicative of

protein synthesis by these cells at this stage (See Plate 6.7.).

Stage 5 : Granulosa cells at this stage also contained large
amounts of RER suggestive of protein synthesis, but also contained
some mitochondria which appeared to have tubular cristae, the latter

being usually found in cells synthesising steroids (See Plate 6.8.).



PLATE 6.5.

PLATE 6.6,

SECTION THROUGH FOLLICLE CELLS OF A TROUT
OOCYTE AT STAGE 4.
Tc thecal cells; Bl basal laminaj; Gc granulosal

cells,
Uranyl acetate and lead citrate stain.

Magnification X 5000

DETAIL OF COLLAGEN FIBRES ARRANGED IN
BUNDLES AND SCATTERED THROUGHOUT THE THECA.

Tc thecal cells; Cb collagen bundles;
Uranyl acetate and lead citrate stain,

Magnification X 50000
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PLATE 6.5.

PLATE &.6.



PLATE 6.7.

PLATE 6.8,

DETAIL OF SEPARATION OF THECAL TISSUE FROM
GRANULOSA BY BASAL LAMINA OR BASEMENT
MEMBRANE (STAGE 4 OOCYTE).

Tc thecal cell; Cb collagen bundles;

Gc granulosal cail; nu nucleus;

mc mitochondris (lamellar cristae).
Uranyl acetate and lead citrate stain.

Magnification X 3000

DETAIL OF GRANULOSA CELL FROM VITELLOGENIC
00CYTE (STAGE 5).
Bl basal lamina; er endoplasmic reticulum;

nu nucleus; mc mitochondria,
Uranyl acetate and lead citrate stain.

Magnification ¥ 12,500
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PLATE 6.B.
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A detailed examination of the zonal layers in stage 5 ococytes
revealed two distinct layers. Thus, a veryelectron dense zip-like
layer was recognised as the developing chorion or vitelline membrane,
together with numerous microvilli which were observed projecting
from the oocyte surface, through the chorion, towards the granulosa
(See Plate 6.9.). These microvilli, which grow taller and thinner
during development to account for the increase in size of the chorion
are responsible for the striated zppearance of this zonal layer, seen
more characteristically in light microscopy and labelled the zona
radiata, Vesicles were identified in stage 5 oocytes, together with
lipid bodies and mitochondria with lamella cristae. The ooplasm
also contained numerous rod-like structures and what appeared as
numéraus fuzzy- or bristle-coated vesicles at the base of the

microvilli (See Plate 6.9.).

A 10-fold magnification of the portion of the oocyte/microvilli
interface marked on Plate 6.9, revealed what appeared to be °
pinocytotic vesicles being pinched off at the base of the microvilli
(See Plate 6.,10,). Thus, these small fuzzy-coated (not as clear in
Plate 6,10,) vesicles were observed just 'budding-off! almost
complete, and formed. These were taken to represent the uptake of
true hepatic vitellogenin. All studies of granule materizl under
the electron microscope were found to be of little value, firstly
because they were so large that the whole screen was filled by

uncontrasted material of the same tone, and secondly because the

material disintegrated in the electron column,

Similar to the problems observed with preparing large yolky-

oocytes for light microscopy, considerable difficulties were
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encountered with oocytes over 1.5 mm in diameter., With larger
oocytes it was very difficult to remove the alcohol completely,
which resulted in brittleness in the embedding medium, making it
impossible to section. Thus, no later stage ococytes or follicular
tissues were examined which may have revealed the role of STC cells

and/or granulosa cells at later stages in development,



PLATE 6.9.

PLATE 6.10.

SECTION OF ﬁITELLDGENIC 00CYTE (STAGE 5) SHOWING
INTERMESHING:Bk hIERDUILLI ON OOCYTE SURFACE WITH
GRANULDOSA,

Gc granulosal cell; QU oocyte; mv microvillij;

CH developing chorion; ve vesicles; pv pinocytotic

vesicles; zr zona radiata; zp zona pellucida.
Uranyl acetate and lead citrate stain,

Magnification x 7500

DETAIL OF PINOCYTOTIC ACTIVITY AT THE BASE OF THE
MICROVILLI IN A VITELLOGENIC DOCYTE (STAGE 5).
Ch developing chorioni pv pinocytotic vesicles;

pvf pinocytotic vesicle just forming; Oo oocyte.
Uranyl acetate and lead citrate stain.

X 10 magnification of boxed section on Plate 56.5.
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PLATE 6.10.
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6.4. Discussion.

The present work confirms the existence of four phases of ovarian
development in the trout. The stages observed in this study were
similar to those reported for other teleosts. There were no
differences in the ouerail development between the three strains.
Thus, the primary phase of oocyte growth, marked by the perinucleolar
nature of the nucleus and the dense-staining nuclei, are followed by
the formation of vesicles and then granules during vitellogenesis,

culminating in the maturation of oocytes and their expulsion as eggs.

The results also demonstrated that most of the ovaries taken from
trout at the onset of ovarian recrudescence which contained vesicle
stage (4) oocytes, also contained stage 5 or even stage 6 oocytes.
However, stage 4 oocytes were observed in ovarian tissue for almost
nine months in the whitebrook strain, during the period preceding
the Spring of their first year of maturation. Clearly, the
differences between intravesicular and extravesicular stages in
the rainbow trout are not as distinct as reported in other studies of
ovarian development in teleosts (Gokhale, 1957; Polder, 1961; van den
Hurk & Peute, 1979; Kagawa et al., 1981). The chemical nature of
this intravesicular material, seen as blue-staining vesicles in
stage 4 in this study, has been characterised by several authors
in an attempt to either associate or dissociate this material from
the hepatically synthesised vitellogenin (Guraya, 1965; Korfsmeier,
19663 Khoo, 1979). Collectively, these histochemical studies
confirm that the vesicular material contains mucopolysaccharides
and/or glycoproteins (Aketa, 1954; Yamamoto, 1956; Guraya, 1965;

Korfsmeier, 1966; Khoo, 1979).
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In the present work this vesicular material (blue -staining with
Mallory's), was clearly distinct from the deep-orange staining
granular material, presumably exogenous yolk, which appeared in
stages 5,6 and 7. Thus, chemically this vesicular material is quite
unlike both the protein, phospholipid and neutral lipid material
which is assimilated into the yolk spheres or granules (Khoo, 1979),
and also the vitellogenin isclated from the serum of oestrogenised
or mature female fish (Chapter 4). Since the vesicular material is
chemically distinct from vitellogenin and becsuse most other studies
have failed to detect vitellogenin in the serum at the time when the
vesicles are formed, its origin has subsequently been attributed to
other cellular components of the follicle (Aketa, 1954; Nath, 1960;
Guraya, 1965). Since the granulosa cells have been shown to

possess protein-synthetic characteristics by electron microscopy
(Hoar & Nagahama, 1978; van den Hurk & Peute, 1979) it has been
suggested that these cells may be responsible for the formation of
vesicular material, The present results similarly show that these
cells have protein-synthetic organelles at stage 4, although it

seems more likely that they synthesise the proteins which are
incorporated into the chorion (or zona radiatz) rather than the
oocyte (Wourms, 1976; Wourms & Sheldon, 1976; Hoar & Nagahama, 1978).
In the electron microscopical study of stage 5 oocytes the developing
chorion could be seen as an electron-dense zip-like structure which
formed around the base of the microvilli which were themselves
projecting from the oocyte surface,. As the oocyte grows so this
chorion greatly increases in thickness and under light microscopy
appears striated due to the microvilli which traverse this layer in

order to maintain their close contact with the granulosa. Once
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expelled as an egg the chorion forms the only major protection,
together with the vitelline membrane which shrinks away from the

chorion and a perivitelline space is formed,

There is some evidence that this vesicular material is produced
autosynthetically by the oocyte (Korfsmeier, 1966; Norrevang, 1968;
Upadhyay et al., 1978) and the ooplasm has been found to contain the
necessary organelles for protein synthesis, The results from this
study showed large numbers of mitochondria with lamellar cristae in
the ooplasm close to developing vesicles which would support this
evidence. Thus, an autoradiographic study of zebrafish oocytes
demonstrated that vesicles rapidly incorporated tritiated histidine
and glucose (Korfsmeier, 1966) leading the authors to conclude that
this material is synthesised within the oocyte. At the ultra=-
structural level evidence that the Golgi complexes give rise to
vesicles in goldfish has been provided by Yamamoto & Onozato (1965)
and later by Gupta & Yamamoto (1971). A number of studies héue
indicated that in fish these vesicles subsequently give rise to
cortical alveoli (Yamamoto, 1956a, 1956b; Malone & Hisacka, 1963;
Khoo, 1973) and towards the end of vitellogenesis these alveoli fuse
with the vitelline membrane and at the time of fertilization release
their glycoprotein contents into the perivitelline space (Monroy, 1965;
Wallace & Selman, 1981), This is also supported by evidence that
endoplasmic reticulum and Golgi elements are involved in the formation
of cortical alveoli in the pipefish (Anderson, 1968). So it
appears that in the rainbow trout and probably other teleosts, that
the appearance of this intravesicular material represents the early

develdpment of cortical alveoli and is not related in any way to true
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yolk deposition, which follows this vesicular phase of development.

The present results, however, guestion the distinction that has
been made between this phase of true yolk deposition and the
period of vesicle formation previously made by other authors (van
den Hurk & Peute, 1979; Fbrberg, 1981; Kagawa et al., 1981).
Certainly in this species there is histological evidence of deep
orange-staining (Mallory's) yolk granules during this period of
vesicle formation (blue-staining) at the beginning of ovarian
recrudescence, Also, these results show that the serum levels of
vitellogenin, as shown by sensitive radioimmunoassay, have already
increased above basal values during this period (See Chapter 7).
Thus, the intravesicular phase of development should not be called
'endogenous vitellogenesis' and this phase does not exist as a
distinct phase of development for any significant length of time in

female fish at the onset of ovarian recrudescence.

-

It has been recognised that some form of pituitary trigger is
required to initiate the secondary growth phase, which is marked
histologically by the development of stage 3 oocytes into stage 4
(vivien, 1939; Barr, 1968). Also, it is recognised that once this
process has begun, spawning invariably occurs within one year (Barr,
1968). However, other workers have noted that this role does not
always apply and thus, in one study early 'vitellogenic' oocytes
were found to be present in the dab throughout the reproductive
cycle (Htun-Han, 1978). Also, it has been observed that oocytes
at the vesicular stage can often be found throughout the year long
reproductive cycle (Forberg, 1981) and this author concluded that

either vesicle formation is not as cyclical as the later stages of
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secondary growth of the oocyte or that the ovarian development which
precedes the first spawning, lasts for longer than one year, This
hypothesis receives support from the present study of ovaries taken
from the Whitebrook strain fish (See Chapter 7) which contained
stage 4 oocytes from the June of their second year to the Spring of
their third year at which point they spawned for the first time.
However, there was also histological evidence of stage 5 oocytes in
some of the ovaries taken from fish in the Winter of their second
year, at the time when they would ncrmélly spawn one year later.
There is similar evidence in other species, which indicate that some
oocytes in immature animals enter stages similar to older maturing
females, but subsequently reorganise their vitellogenic structures
at the time when the older fish were spawning (Yamamoto, 19563
Gokhale, 1957)., Whether the present data constitute any evidence
for a 'dummy-run' or practice-run will be discussed more fully in
relation to the endocrine changes in Chapter 7. However, -
concomitant with these histological changes in this strain, there
were elevations in those serum parameters which would commonly be
associated with maturation in other fish. If it were a 'dummy-run'
then it might be expected that such fish would reorganise or resorb
their oocytes at the theoretical time of spawning in readiness for the
first proper cycle. In the histological examination of the ovaries
of this strain, no evidence for atresia was recorded at this time,
although the literature suggests that this size ococyte may disappear
with very little trace (Byskov, 1978) and the frequency of sampling
may have caused us to miss this evidence. Atresia during this
exteqded vesicular phase could also have accounted for a continual

recruitment of primary oocytes into stage 4 throughout the nine
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months, but no evidence for this occurrence was observed. Indeed in
all the ovarian samples taken, no atretic follicle was seen at any
stage of development, although no study was made of the post ovulated
ovary, since oocytes of this size are very difficult to section.
These data would suggest that atresia plays no significant role in
the reduction of oocytes ie. the fecundity at any stage of the cycle
in trout, which are maintained on an adequate diet under farmed

conditions.

Following stage 4 oocytes those entering and passing through stages
5,6 and 7 showed no unusual characteristics., These stages were
recognised by deep-orange staining spheres which first appeared in
the periphery and then increased in number and size until they
completely filled the oocyte. The increase in size and number of
these granules could be correlated with increases in serum vitellogenin
and aestradiol-T?F levels together with increases in GSI and Pocyte
diameter (See Chapter 7). Evidence that this granular material is
derived from vitellogenin synthesised in the liver, is now well
established (Wallace, 1978; van den Hurk & Peute, 1979; Dodd &
Sumpter, 1982). Interestingly, close to the outer surface of the
oocyte, at the base of the microvilli, the ooplasm was marked by the
presence of micropinocytotic vesicles, which were first observed in
sections from ovaries which still contained stage 4 oocytes.

Numerous studies have demonstrated the transfer of protein from the
blood to the forming yolk spheres (Droller & Roth, 1966; Korfsmeier,
19663 Anderson, 1968; Ulrich, 1969; Schackley & King, 1977) and thus
Korfsmeier (1966) detected labelled proteins firstly in the liver and

subsequently in the peripheral yolk spheres, within the growing
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oocyte of vitellogenic females injected with tritiated amino-acids,
Also, labelled protein continued to accumulate within the yolk=-
spheres, long after the labelled free amino-acids were cleared from
the blood. Evidence of a route for vitellogenin from the capillaries
to the oocyte has been provided by more recent studies using the
electron-dense marker horse-radish peroxidase (HRP) (Abraham et al,,
19823 Selman & Wallace, 1982). Thus, after injection of this marker,
staining is first observed in the capillaries and then the precapillary
spaces of the stroma. Subsequently, it’is found in the basement
membrane, the region surrounding the granulosa, and then passes between
the intergranulosal cell spaces to the microvilli which are them-
selves projecting through the developing chorion. At this point HRP
(and probably vitellogenin) can be seen to pass along the surface
(Abraham et a2l.,, 1982) or through these microvilli (Selman & Wallace,
1982) to the oocyte where staining is subseqguently taken up by fuzzy-
coated micropinocytotic vesicles. In other vertebrates (Wallace,
1978) pituitary gonadotrophin(s) have been shown to stimulate the
uptake of vitellogenin from the blood into vitellogenic ovaries or
oocytes. Although there is evidence for such an occurrence in fish
there is not full agreement for the precise mechanism of control
(Campbell & Idler, 1976; Campbell, 1978; Crim & Idler, 1978; Ng &
Idler, 1978). Thus, pituitary extract has been shown to stimulate
uptake of vitellogenin in the trout, apparently by stimulating
extensive micropinocytotic activity at the ococyte surface (Upadhyay

et al ., 1978), It has even been proposed that the increases in the
activity and number of micropinocytes can be used as a bioassay to
test putative gonadotrophin preparations (Abraham et al., 1982),

The final link providing evidence for the transfer of the material

held within micropinocytes to the forming yolk-granules has come from
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a number of studies (Droller & Roth, 1966; Anderson, 1968; Ulrich,
1969; Schackley & King, 1977; Selman & Wallace, 1982). Thus at a
stage when serum levels of vitellogenin were significantly raised,
and granules were forming in the oocyte, the present results show a
close association of the microvilli with the granulosa and numerous
fuzzy-coated micropinocytes at the oocyte surface at this time (See
also Chapter 7). This supports the evidence discussed above for
the uptake and assimilation of vitellogenin into the developing

oocytes.

Apart from the detailed examination of the granuloss and zonal
layers around the oocyte at stage 5, electron microscopic sections
revealed other details of the cellular nature of the other
follicular layers during the early stages of ovarian development,
Since no investigation was made of the later stages (6,7 and 8), it
was not expected that any evidence of STC would be observed, as
previous evidence has shown that these special steroidogenic ;ells
of the theca occur at about the time of ovulation (van den Hurk &
Peute, 1979). Throughout the current investigation the theca cells
were smooth-muscle and fibroblastic~like in appearance and were
interspersed by large numbers of collagen bundles. The smooth
muscle-=like appearance of the theca is a recognised criteria of z2l1
vertebrate classes (Szollosi et al., 1978) and it has been shown that
prostaglandins F20<can act on these cells ip vitro to induce
ovulation in trout oocytes (Jalabert & Szollosi, 1978). These
thecal cells are also responsible for the phagocytotic digestion of

the majority of the collagen bundles after ovulation. This second

reduction in size and weight of the ovary prepares the ovarian
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lamellae for the subsequent phases of ovarian development that

constitute the next reproductive cycle.

Thus, these results confirm the gross morphological changes that
must occur within the oqcyte and the ovary as a whole to account for
the assimilation of food materials for the future development of the
embryo and alevins, Interestingly, these results demonstrate in
one strain of fish, evidence of either a 'dummy-run' or of an
extended vesicle stage of development which has not previously been
reported in other species and needs further investigation.
Furthermore, in fish recrudescing for a second time, the vesicular
phase appears almost indistinguishable from the granular stages, and
it may be that it is only during their first spawning year that a

distinct vesicular phase can be recognised,
P
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CHAPTER 7.

NEUROENDOCRINE MECHANISMS INVOLVED IN THE CONTROL OF
OVARIAN DEVELOPMENT AND VITELLOGENESIS

IN THE RAINBOW TROUT.
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Timid Introduction,

Reproduction in female teleosts is a complex sequence of events
involving oogenesis, folliculogenesis, vitellogenesis, oocyte
maturation, ovulation and oviposition and consequently the organisation
of these events into a réproductiue cycle has necessitated the
evolution of mechanisms to coordinate the sequence and timing of these
processes, such that spawning occurs at the most propitious time of
year for both young and adults. Since teleosts are genetically
predetermined to spawn at a time when environmental conditions are
favourable to the future survival of their young, it is
understandable that they should use specific environmental cues to
control these reproductive mechanisms (de Vlaming, 1974).

Furthermore, there is much evidence available to show that
transduction of these environmental cues is mediated by the endocrine
system and it is the sequence of changes in the hormonal environment
that directly controls the different phases of ovarian deuelobment
and maturation and subsequently the timing of ovulation (Dodd &

Sumpter, 1982),

Of the 20,000 known extant species of teleosts, reproductive
habits have only been considered in some 300 species (Breder & Rosen,
1966) and in only S0 of these has the physiology of this process
been investigated (Htun-Han, 1977). Furthermore, most scientific
attention has been focussed on species which are farmed for food or
convenient for research purposes, Even with such concentrated
effort there are few studies available on the hormonal and
environmental mechanisms controlling reproduction in teleosts,

Essentially, this is due to the variety of species used, to the
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differing nature of the environmental cues and lastly to the
difficulty in adequately controlling all environmental conditions,
Although it is now well established that the environment can be
effectively used to control the timing of egg production, no studies
have closely monitored the changing hormonal environment and
correlated these with specific phases of ovarian development under
closely defined environmental conditions. Thus, the primary aim of
this series of experiments was to monitor the sequential hormone
changes during the reproductive cycle in female rainbow trout, held
under an artificially controlled environment and relate these, by
histological examination, to specific stages of ovarian growth,

Only such a study can provide information concerning the mechanisms
which control the different pheses of ovarian development, At the
present time much attention has been devoted to controlling just the
final event of reproduction in salmonids, that of ovulation,
However, manipulation of stages of reproduction other than agulation
is likely to be equally important in our understanding of the
determination of ococyte development and ultimately the quality of
the egg and hatched fry. Such modification will only become

possible with a greater understanding of all stages of development,

Although the timing of ovulation, marked by the production of
ripe eggs, is more well-defined than the initiation of gonadal
recrudescence, there is little understanding of the mechanisms
controlling either of these eventsj this is primarily due to the
equivocal role for gonadotrophin(s) in these processes. There is
histological evidence of 2 periods of secretory activity in the

cells of the nucleus lateralis tuberis (NLT) one occurring in spring
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and the other coincident with the time of spawning. The NLT is one
of several aggregations (nuclei) of neurosecretary cells found in

the teleost hypothalamus (See Batten & Ball, 1977). It is thought
that the neurosecretions these cells produce contains releasing
factors which are carried to the pituitary via the main axons of

the preopticohypophyseal tract (Leatherland et al., 19663 Dubois

et al., 1978; Ekengren & Terlou, 1978). Few workers have attempted
to purify and identify these factors in teleosts (Billenstein, 19623
Follenius, 1963) although a partial chafacterization of carp
gonadotrophin-releasing hormone was reported by Breton et al., (19?5)
and more recently has been shown in a2 number of teleost species to be
distinct from mammalian counterparts (King & Millar, 1979, 1980),.
These specific releasing factors (eg gonadotrophin releasing hormone)
are responsible for the release of pituitary hormones (eg
gonadotrophin) from the pituitary glands. At present considerable
doubt exists as to the number of gonadotrophin-secreting type.cells
in the pituitary gland. Some studies have found only one type,

some 2 and others both one and 2 gonadotrophs in the same species,
but at different points in the reproductive cycle (See Dodd &
Sumpter, 1882). These discordant results may reflect a2 real
situation based on species differences or they may be due to temporal

differences in the appearance of one or 2 cell types,

In parallel, doubt also exists as to the number of gonadotrophins
produced by the pituitary gland and a number of studies in
salmonids have revealed 2 increases in gonadotrophin, one in spring
at about the time of initiation of vitellogenesis, and a further,

much larger peak, around the time of spawning (See Dig. 7.1.;



DIAG. 7.1.

MAY JUN JuL AUG SEP ocT NOV DEC JAN FEB

SCHEMATIC REPRESENTATION OF CHANGES IN GONADOTROPHIN (A———a), OESTRADIOL-17B (e———@), TOTAL
CALCIUM @—~--—-4©) AND PHOSPHOPROTEIN PHOSPHORUS (o-—--—-4) HELD UNDER ARTIFICIAL NORMAL SEASONAL

CYCLE, AT A CONSTANT 9°C WITH SPAWNING IN JANUARY (Redrawn from Whitehead st al., 1978a, 1978b).

LLE
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Whitehead et al,, 1978a, 1978b; Bromage et al., 1982b). However, a
number of other investigations have failed to demonstrate a
significant rise in serum gonadotrophin during the early stages of
sexual maturation in trout and carp (Crim et 2l., 1975; Billard et al.,
19783 Crim & Idler, 19?8). Whether one or 2 peaks in gonadotrophin

do occur during the reproductive cycle of teleosts, may not be

fully resolved until the number and character of gonadotrophins are

themselves clearly identified.

There has been considerable scientific effort directed towards
the isolation and purification of teleost gonadotrophin(s) both for
the development of in vitro and bio-assays, and in order to resolve
the disparity of the number of gonadotrophin(s) in fish, Two
gonadotrophins have been isolated by Idler & Co. workers from 4
species of teleosts using affinity chromatography on Con-A sepharose
(Campbell & Idler, 1976, 19773 Campbell, 1978; Ng & Idler, 1978a,
1978bs Idler & Ng, 19795 Ng & Idler, 1979). The crude pituitary
preparation was divided into 2 fractions, one that does not bind to
the gel (Con A-I) and one that does (Con A-II) depending on the
degree of glycosylation of the 2 fractions; the Con A=II fraction
being rich in glycoproteins, It was at first believed that their
biological activities were also distinct and that the Con A=I
fraction was vitellogenic and the Con A=II fraction solely
maturational, Subsequently, this distinction in activity seems
less clear since the Con A=I1 fraction has been shown to affect
vitellogenesis as well as maturation and ovulation, all the
activities traditionally associated with gonadotrophin (Idler & Ng,

1979;. Ng & Idler, 1979). UWithout pure preparations of known
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biological activity the relative potency or effects of the various
preparations to-date cannot be fully explained. It is possible
that a single heterogenous hormone exists, rather than 2
physiologically distinct gonadotrophins, since heterogeneity is a

recognised feature of mammalian pituitary hormones (Lehninger, 13975).

Without unequivocal evidence to the contrary, it is difficult to
imagine that gonadal recrudescence is not initiated by gonadotrophin,
although the absolute levels of this hormone may not be as important
as the daily rhythm of its release. Such a mechanism was proposed
for teleosts and amphibians by 0'Conner (1972) and since confirmed
for the goldfish by Hontela & Peter (1978) and the trout by Zohar
et al., (1982), These authors have shown that there is a daily
rhythm of gonadotrophin secretion, involving pulsatile release of
this hormone and that it is possibly changes in this rhythm which
triggers and subsequently controls reproductive development, Such
'episodic' forms of control have been well documented in shee;
(Lincoln, 1976) but not in other vertebrates, In Zohars' study it
was observed that small peaks of gonadotrophin were superimposed on
the basal level of the hormone in March, at about the time of
initiation of gonadal recrudescence and also towards the end of the
cycle. Thus it may be that the apparent differences in the
literature regarding the appearance of a primary peak in gonadotrophin
in spring may be due to the time of sampling in relation to this
episodic secretion, rather than real differences in assay

sensitivity or the presence of more than one gonadotrophin.

The increase in gonadotrophin just before spawning has been shown

by the majority of studies to occur at approximately the same time
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as the previously elevated serum levels of oestradiol-178B start to
fall (See Fig, 7.1.). This rise in gonadotrophin is thought to be
involved in the final stages of maturation and directly involved
with the process of ovulation, The high levels and rate at which
they are attained may be partly due to a feedback mechanism, since it
occurs at a time when serum oestradiol-178 levels are falling (de
Vlaming, 1974; Pandey & Hoar, 1972; Breton et al,, 1975 ; Ueda &
Takahashi, 1977). It is also possible that these high levels of
gonadotrophin may be important in deterhining early ovarian
development for the next years cycle, Mitotic divisions of oogonia
are characteristic of the immediate post-spawning period in cyclical
breeding teleosts, and the cyclical nature of this oogonial
proliferation has suggested a possible hormonal involvement (See
reviews by Hoar, 1969; Dodd, 1975; de Vlaming, 1974)., However, at
present the data is somewhat equivocal in that there is evidence for
and against pituitary involvement and some to suggest a secondary
steroidal influence (See Chapter 6 and Dodd & Sumpter, 1982),

Again this may not be fully resolved until the effects of purified
gonadotrophins on oogonial mitosis are studied as opposed to crude

pituitary extracts,

Although there are considerable difficulties in the interpretation
of the gonadotrophin data available, the findings regarding the
changes and roles for serum oestradiol-1?P are much more clear.
Mainly this is due to recent improvements in the techniques used for
the estimation of circulating levels of this and other steroids.
Thus, serum levels of oestradiol-178 have been observed to start to

increase around mid=June during the normal reproductive cycle of the
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rainbow trout, most probably as a result of stimulation by
gonadotrophin (Fig, 7.1.) and reach a peak in late Autumn, several
months before spawning. Subsequently, serum oestradiol—1?ﬁ levels
have been shown to fall before spawning by which time they are at,
or very near, basal levels (de Vlaming, 1974; Pandey & Hoar, 1972;
Breton et al.,, 1975 ; Ueda & Takahashi, 1976; Lambert et al., 19783
Whitehead et al., 1978a; Scott et al,, 1980b), Thus, serum levels
of oestradiol-17p are high at times of maximum vitellogenin
production by the liver (Eleftheriou EE;EL'! 196635 Wingfield & Grimm,
1977; Fostier et al., 1978; van Bohemen et al., 1981c) and there is
much evidence to implicate this steroid in the control of
vitellogenin production in teleosts (See Chapter 3). However, very
little consideration has been given to other oestrogens, Although
oestriol has not been positively identified in trout, oestrone

which has, has only been determined in 3 studies on teleost
reproduction (Cedard et al., 1961; Eleftheriou et al., 1966; van
Bohemen et al., 1984 c) even though it is known to have significant
vitellogenic effects (Urist & Schjeide, 1961; Terkatin-Shimony &
Yaron, 1978; van Bohemen et al., 1982b). Although oestrone is

not as potent as oestradiol-17p when administered artificially
(Terkatin=-Shimony & Yaron, 18978) it has been shown to be present in
similar serum levels as oestradiol-178 in those studies where it has
been measured during the complete reproductive cycle (Cedard et al.,
1961; Eleftheriou et al.,, 1966; van Bohemen et al.,, 1981c).

Further study of the vitellogenic effects of oestrone in trout by
van Bohemen et al,, (1982a) led these authors to conclude that serum
levels of oestrone cannot be ignored when investigating the
physiology of exogenous vitellogenesis in rainbow trout.

Furthermore, in female trout the normal pathway for biosynthesis
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of aestradiol-T?ﬁ goes via the aromatisation of androstenedione to
oestrone, which is subsequently converted to oestradinl-1?ﬁ by
17B-hydroxysteroid dehydrogenase (17BHSD) (See Chapter 5). With
this in mind, determinations of this hormone were included in the
present investigation, ~ Furthermore, by using more than one strain
in our experiments, we would be able to observe whether there are
any significant intraspecific differences in the levels or profile
of the hormones measured. With the oestrogens, such differences
could possibly be related to differences in the amounts of
vitellogenin produced or sequestered by the ovary, both factors
which might be important in the growth of the egg and the
determination of egg quality. If differences in egg guality could
be related to the serum levels of vitellogenin in different strains
of fish, then hormonal manipulation of these levels would be of

considerable economic significance to the commercial egg producer.

-

Certainly at present there is very little evidence of the changes
in serum vitellogenin levels accompanying sexual maturation in
female teleosts (Crim & Idler, 1978; van Bohemen et al., 1981b)
apart from indirect estimates of vitellogenin levels involving
measurement of serum calcium and/or phosphorus (Whitehead et al,,
1978a; Scott et al,, 1980b; Campbell & Idler, 1980; Dodd & Sumpter,
1982). Thus, following initial increases in serum oestradiol-178
in early summer in female rainbow trout, concomitent increases in
total calcium and phosphoprotein phosphorus have been observed (See
Dig. 7.1. and Scott et al., 1980b). The vitellogenin molecule
contains high proportions of both calcium and phosphorus ions (See

Chapfer 4; Campbell & Idler, 1980). The levels of these 2 serum
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components increase steadily as the ovary matures and continue to
rise up to the time of spawning, several months after serum levels

of Destradiol—12ﬁ have begun to fall. Similar changes in phosphorus
and calcium coincident with vitellogenesis were reported as early as
1897 (Miescher) and 1928 (Hess et al.,) although techniques at that
time were relatively insensitive. Similar changes have since been
demonstrated by other workers (Fontaine et al., 1950; Garrod &
Newell, 1958; Fleming et al., 1964; MQnghead, 1968; Scott et al,,
1980b) during normal reproductive cycles and after artificial
adninistration of oestradiol-178 (See Chapter 3; Aida et al., 19739}
Elliott et al., 1979, 1980; van Bohemen et al., 1981a). These
_increased levels of vitellogenin obviously reflect the incorporation
of exogenous yolk by the developing oocyte. Although these

changes in calcium and phosphorus clearly mirror the changes in
vitellogenin production, direct measurements of this complex may be
more revealing, Thus in the present work a highly sensitive”
homologous radioimmunoassay for intact trout vitellogenin was used
to investigate specific changes in vitellogenin during the
reproductive cycle. For comparison with other work a parallel
study was made of tne changes in serum calcium levels (See Chapter
e The improved sensitivity of this method should enable very
small changes in synthesis of vitellogenin to be detected and
provide a fuller description of the nature of the mechanisms which
are responsible for the initiation of vitellogenesis,

Furthermore, there is little evidence for the presence of strain
differences in the levels of vitellogenin observed during the normal
reproductive cycle. There are no data of vitellogenin levels in a

particular strain during subsequent reproductive cycles. Some
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strains of fish tend to have larger eggs than other strains, and all
strains have smaller eggs in their first spawning year. Whether
these differences in egg size are related to fecundity or the levels
of vitellogenin produced is not known. In order to understand

this problem more fully, it was intended that the serum levels of
vitellogenin should be compared between different strains of fish of
the same age, and between different aged fish of the same strain,

If differences in serum levels of vitellogenin can be related to
differences in egg quality, then such dataz may be used as a method

of broodstock selection on commercial fish farms.

Although a role for oestrogen(s) in controlling hepatic
vitellogenesis in the female reproductive cycle is not surprising,
the observation that serum testosterone levels rise in parallel with
oestradiul-1?ﬂ during the female cycle is more difficult to interpret
(Schreck & Hopwood, 19743 Campbell et al., 1976; Sumpter & Dodd,
1979). Furthermore, the levels of testosterone in females often
reach far higher values than those found in sexually mature males
(Campbellg Idler, 19763 Stuart-Kregor et al., 1980) and at a time
around spawning when serum oestrogen levels are at basal levels,
Although increases in testosterone have been reported, there has
been little attempt to determine the function of such changes.

Since testosterone can undergo aromatisation to oestradiol-178, it
has been suggested that a decrease in the activity of the necessary
aromatase enzyme, whilst probably serving to lower the serum levels
of oestradiol-17B causes an increase in serum testosterone levels,
However, the fact that testosterone production is not discontinued

by inhibition of 17BHSD (See Chapter 5) suggests that this steroid
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may have a physiological role, There is evidence from mammalian
studies that androgens play a major part in the control of follicular
atresia (Magoffin & Erickson, 1981)., Thus it was intended that
serum levels of testosterone would be determined and to relate these

to any histological evidence for atresia,

Not only is there difficulty in the interpretation of the role of
testosterone in reproduction, there is now considerable evidence to
indicate the involvement of other hormoﬁes such as the
adrenocorticoidsyprogestagens, and the thyroid hormones in these
processes. Whether the disparity in the action of these different
hormones is due to a lowered specificity of hormone action in lower
vertebrates remains to be investigated (See Chapter 5). However,
investigations of the importance of progestagens and corticosteroids
have concentrated on their possible involvement in final maturation
and/or ovulation and during this time, like thyroid hormones,, they
appear to work in conjunction with gonadotrophin, Thus, Sundarara}j
& Goswami (1977) although agreeing with Jalabert (1976) that
follicular maturation is ultimately under the control of pituitary
gonadotrophins, also suggest that in some species (eg catfish), some
form of corticosteroidal facilitation is necessary. At
concentrations of 1 pg rnlm1 or less, cortisol significantly enhances
gonadotrophin-induced germinal vesicle breakdown in vitro, in
oocytes from rainbow trout, goldfish and pike (Jalabert, 1976).

It has also been suggested that gonadotrophin may act directly on
the interenals, stimulating the secretion of cortisol, 11=
deoxycortisol and 11-deoxycorticosterone (Sundararaj & Goswami, 1966,

1971; Goswami & Sundararaj, 1974). Other authors have observed a
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possible link between the 11-deoxycorticosteroids and maturation in
fish (Colombo et al., 1973; Goetz, 1978) suggesting they act as
local hormones facilitating the actions of gonadotrophins,
Furthermore, it has been demonstrated that 11-deoxycorticosteroids
can be synthesised by téleust ovaries and subsequently possess a
physiological role in oocyte maturation and ovulation (Colombo

et al., 1973), It is possible that whilst maturation and ovulation
are both ultimately under gonadotrophic control, they may be
controlled by different mediators, Thus there is evidence for the
involvement of the progestagen 1thydruxy-Zqp—dihydroprogesterone
(17«20ﬁ) in the control of oocyte maturation and follicular
detachment and of prostaglandins and/or catecholamines, via
stimulation of « -adrenergic receptors, in the process of owvulation
(Jalabert, 1976). Certainly, until very recently, (See Scott et al,,
1982), few studies have looked in detail at the endocrine changes
around the time of spawning. Furthermore, some studies have shown
that the various hormone levels determined in groups of trout around
the time of spawning can be extremely variable because they are
changing very rapidly and because of the asynchony of the time of
spawning amongst a population, Thus, in this present work blood
samples were taken at more regular intervals around the time of

spawning.

Also, in teleosts the likely involvement of thyroid hormones in
reproduction has long been recognised, though their precise role is
not yet established (See Chapter 3; Dodd & Matty, 1964; Dodd &
Sumpter, 19823 Young, 1980). There is a close correlation between the

thyroid and reproductive cycle and much of the evidence points to an
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involvement of thyroid hormones in vitellogenesis, probably in
participation with gonadotrophins in stimulating uptake (Ichikawa
et al,, 19745 Hurlburt, 1977; White & Henderson, 1977; Osborn &
Simpson, 1978). However, a direct involvement, of thyroxine on
the liver, cannot be discounted since the HSI in thyroxine=treated

fish was elevated in the study by Hurlburt (1977).

It appears that the general involvement of these other hormones
varies with the species concerned. In- salmonids, whereas a role
for the progestagens in final maturation and owvulation is clear, the
role of corticosteroids may be secondary and possibly related to the
stress of spawning. However, in other species such as the catfish,
the corticosteroids are of primary importance in these processes,
The selection of these different hormonal mediators may be related to
the different cues or triggers these species use to bring about
final maturation and spawning. Overall, it would seem that these
other hormones, thyroid included, are of limited physialogicai

significance individually but act in conjunction or very closely with

pituitary gonadotrophin(s).

Apart from the endocrinological changes observed during maturation,
various biochemical and morphological changes occur which are
important in the provision of the considerable amounts of energy and
material required by the developing ovary, Thus, an increase in the
gonadosomatic index and oocyte diameter or weight has been observed
in a number of fish species concurrent with ovarian development
(Henderson, 1963ajBraekvelt & McMillan, 1967; Billard gt al., 1978;
de Vlaming & Vodicnik, 1978; Lambert et al., 1978; van den Hurk &

Peute, 1979; Delahunty & de Vlaming, 1980; van Bohemen et al., 1981b;
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Eliassen & Vahl, 1982a), Ffurthermore, several investigations have
made detailed histological studies of the specific stages of ovarian
development throughout the reproductive cycle (See Chapter 5;
Braekvelt & McMillan, 1967; de Vlaming & Vodicnik, 1978; Bieniarz

et al,, 1978; van den Hurk & Peute, 1979; Wallace & Selman, 1981).
However, of the limited number of studies that have considered the
endocrine events that occur in association with these morphological
changes (Billard et al., 1978; Lambert et al., 1978; van den Hurk &
Peute, 1979) no one study has considered all the endocrine events,
Little attempt has been made to correlate separate endocrine events
with each other, and/or with associated morphological changes. Thus,
it has been virtually impossible to assess the physiological
significance of these data. Thus, in the present work the hormonal
changes are correlated with each other, and with the various
morphological changes that occur during specific phases of ovarian
development, Furthermore, it was intended that the HSI and growth
rates of our experimental fish would be determined, since both these
parameters have been shown to vary during the period of gonadal
recrudescence (Delahunty & de Vlaming, 1980), The HSI varies both
as a function of its increased activity in producing vitellogenin and
in the build up of energy resources during the summer months, whereas
growth rate falls as the fish matures, as a result of the redirection

of food materials into the growth of the ovary,

ARlthough the endocrine system directly controls the various
specific components of reproduction, the environment is ultimately
responsible for the overall control of the timing of these processes
such that their proper sequence in ovarian development leads to

spawning at the correct time of year, Of all the environmental
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factors known to affect reproductive habits, photoperiod, temperature,
rainfall, pheromones, nutrition and salinity, it is the photoperiod
which exerts the major influence in salmonids (de Vlaming, 1974).
Thus, accelerated light regimes have been shown to advance spawning in
both rainbow and brook trout (Hoover, 1937; Hoover & Hubbard, 1937;
Hazard & Eddy, 1951; Corson, 1955; Nomura, 1962; Kunesh et al., 1974;
Whitehead et al.,, 1978a) and salmon (MacQuarrie et al., 1978) and
conversely, spawning delayed in trout when extended photoperiods were
used (Allison, 1951; Whitehead et al., 1981). Previous studies
indicate that a long photoperiod followed by a short one, are the
major functional components of the photoperiod regime in female
rainbow trout and that long photoperiods encountered early in the

year advance spawning (See Dodd & Sumpter, 1982).

Since daylength modifies the endocrine events in trout it would
be possible to investigate the endocrine changes outlined above very
closely by using well defined artificial photoperiods. Thus, in the
present work two artificial photoperiod regimes designed to advance
spawning were planned, since a parallel objective was to obtain
mid-summer eggs for the farm where the experiments were carried out.
Although mid-summer spawning of trout has been previously achieved in
this laboratory on an experimental scale, this series of experiments
enabled us to examine its application commercially, fFurthermore,
the availability of large numbers of fish allowed the sacrifice of
some animals for parallel histological investigation, an aspect which
had not been possible with previous studies because of the limited
numbers of fish and experimental facilities. The use of closely~-
controlled photoperiods also enabled us to investigate other aspects

of the environmental factors of control not yet fully described,
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For example, there is some suggestion that there is a refractory
period to environmental cues during the post-spawning period, which
indicates that photoperiodic control is superimposed on an
underlying endogenous ryhthm. Further evidence for an endogenous
rhythm results from a study where fish, held on a constant 12L:12D
photoperiod, spawned at approximately the same time as control fish
under natural conditions (Whitehead et al., 1978a). To investigate
whether this endogenous rhythm could or could not be modified by
light it was our ultimate intention to maintain Summer-spawning fish

on a natural 12 month seasonal cycle, held 6 months out of phase.

The use of different strains of rainbow trout spawning at different
times was intended to provide us with further information regarding
the mechanism by which the environment initiates gonadal development.
At present it is not known whether different strains all begin their
maturation in response to a specific environmental cue, ie. length of
photoperiod, and that the subsequent differences in spawning times are
due to different rates of development or whether this period is
identical in the different strains, but the mechanism of photoperiodic
stimulation varies, so that late=-spawning fish start to mature later
in the yesar. Early spawning fish may respond either to 2 shorter
length of daylight, or fewer daily stimulations with & particular
daylength compared to late-spawning strains. The use of 3 strains in
this study enabled us to investigate this phenomenon and also to
establish whether the differential spawning identity of the strains
is maintained under artificial photoperiod. This is of considerable
commercial significance since the use of various strains with
differing spawning times is a convenient method of spreading the

availability of eggs. There would be even greater flexibility if



391

this genetic form of control could be used in conjunction with

photoperiodic manipulation of spawning time.

There is now a considerable amount of information describing the
endocrine changes that precede spawning in the female rainbow trout,
It is also well established that whilst different genetic strains
are used to spread the spawning season, eggs can be produced in any
month of the year by manipulating the photoperiod. However, it is
essential that the guality of eggs produced both from different
strains and 'out of season' spawning be-maintainad comparable to
those normally available 'in season' and with no significant
difference in the subsequent performance of the fry. Since the
vitellogenin the fish produces essentially determines what goes into
the eggs, then an understanding of the mechanisms controlling
vitellogenesis is crucial in this study. However, as previously
stated above, reproduction is a complex sequence of many events of
which vitellogenesis is one component and knowledge of how these other
events relate to vitellogenesis is of equal importance. Clearly, a
study of the roles all the various hormones play in each of the
specific morphological phases of development would be of immense
value in our understanding of the factors affecting egg quality and
fecundity in female rainbow trout. Such information would enable
us to control phases of development, such as vitellogenesis,
possibly by the treatment of hormones with the aim of improving egg
quality, thereby providing the fish farmer with even greater

flexibility and the chance of improving farmed fish stocks.
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Te2s Series I Experiment.

The aims of the Series I experiment were two fold : Firstly to
advance spawning by approximately 2 months in 3 strains of trout by
using a truncated photoperiod regime; secondly to investigate the
serum changes in oestrone (E1), oestradiol-178 (E2), testosterone
(T), vitellogenin (Vg) and total calcium (TCa), which occur during

the different phases of the reproductive cycles in these fish,
Ti.ce s 0 Materials and Methods.,

The experiment was carried out at a commercial trout-hatchery at
Pewsey in Wiltshire. Fish were held in a 7.56 metre (approximate
capacity 47,191 litres) diameter circular glass-reinforced concrete
tank with a water flow of 260 litres per minute from a borehole
supply out of chalk through greensand, with a constant temperature of
10+ 1°C (other water quality parameters are shown in Table 7.1.).
The tank was enclosed in a wooden framework and lightproofed with
industrial grade black polyethylene sheet, Access was gained via a
large hinged, lightproof doorway, Artificial light was supplied by
3 single daylight tubes controlled by a 24 hour time clock, adjusted

as describedg below,

The tank was stocked with approximately 1200 mixed sex rainbow
trout of a mean weight of 1.5 kg. The majority of these fish were
2+ years old Caribou strain (California), but numbers of 2+ years old
Grampian (Scotland) and 1+ year old Whitebrook (Wales) strains were

also included.

The fish were held under a normal photoperiod until 30th April

(1980) when they were introduced to the experimental tank and an
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Quality Parameters

Oxygen (02)

BOD

Alkalinity (as EaCO3)
Total Hardness (as Catﬂj)
Ammonia (NH3)

Nitrite (NDZ)

Nitrate (ND3)

pH

Magnesium

Iron

Al, Cu, Mn, Ni, Zn, Pb, Co

Na

Chloride
Fluoride
Phosphate (poa)
Phehols
Thiocyanate

Silicate

6.9

e

245

435

0,045

Tl

7.2

0.8

0.07

TABLE 7.1. TYPICAL ANALYSIS OF WATER QUALITY IN EXPERIMENTAL

PHOTOPERIOD TANK USED IN THESE EXPERIMENTS.
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artificial photoperiod of 18 hours light and 6 hours dark (18L:6D).
On the 22nd June of the same year the photoperiod was changed to
short days (ie 6L:18D) (See Fig., 7.1.). At the same time 12 fish
from each strain were selected at random, blood sampled, individually
tagged and returned to the tank, The fish were bled monthly until
December of the same year, by which time all maturing female fish

had spawned.

The serum samples were assayed for ogstrane (EX)s oestradinl-1?ﬁ
(€2), testosterone (T), vitellogenin (Vg) and total calcium (TCa).
Non-tagged fish of each of the 3 strains were selected at random
each month, blood sampled and ovarian tissue taken for histology.
The ococyte diameter was determined after fixation in Bouins, by
counting the number of oocytes in a 5cm strip and taking the mean of
10 counts. Where oocyte diameter was estimated from the eggs of
ovulated fish, determinations were made after water hardening, since

the softness of unfertilized eggs may lead to considerable ertor.

Under natural conditions at this location, the Caribou, Grampian
and Whitebrook strains spawn in November, December and January
respectively, As no corresponding groups of fish were maintained
on an artificial natural light cycle, the times of spawning of the
experimental fish were compared with similar stocks held in outdoor

ponds.

Statistical analysis, Basal and maximum values of the serum

parameters determined were compared using either the student's
t—test or fF-test if the variances were dissimilar. The

relationships between serum components and morphological changes
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were investigated by calculating the correlation coefficient (r) by
the method of least-squares fit. The results of these tests are

outlined below (See Section 7.2.2.1.).
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Va2 alie Results.

Under the artificial photoperiod, spawning was advanced by 6
weeks when compared with similar stocks and strains held in
outdoor ponds. In the experimental tank the Caribou strain fish
were the first to spawn on the 20th September, followed by the
Grampians on the 24th October, No Whitebrook strain female fish
reached full sexual maturity during this year, The artificial
photoperiod produced no adverse physiolpgical or behavioural changes
in experimental fish when compared to those held under natural
conditions, although the eggs were smaller (2.9 + 0.91 as opposed to
approximately 4.5mm); stripping commenced in the Caribou strain held

outdoors on the Bth November (Fig. 7.2.).

As the ovary recrudesced in the Caribou and Grampian strain fish,
gross changes were observed in oestrone (E1), uestradinl-12ﬂ KEZ2),
testosterone (T), vitellogenin (Vg), total calcium (TCa) and mean
ococyte diameter (00D). Some changes in these serum parameters were
also observed in Whitebrook fish, even though full maturity was not

achieved, Ovarian changes were subsequently confirmed by histology.
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Changes in serum Oestrone (E1) : Mean serum levels of E1 in

Caribou fish rose significantly (P< 0,05) from 9.3 + 4.5 ng Rl in
June to a peak of 31,0 + 7,9 ng m1-1 in August one month prior to
the commencement of spawning, but they were undetectable one month
later when eggs were strippable. In Grampian fish, mean serum E1
rose significantly (P< 0.001) from 8,6 + 2,5 ng ml-1 in June to a
peak of 26,0 + 3.5 ng rrll-"1 one month later in July, some 2 months
prior to spawning, falling to 3.7 * 0,9 ng ml_1 in November, In
Whitebrook fish, 2 increases of serum E1 were observed with levels of
5,9 + 2,2 and 6,0 + 2,9 ng m]._‘I in July and November respectively,
although neither were significantly different from the mean June
value of 3.9 + 0.6, or October level of 2.8 + 2,2 ng m~, (See

Table 7.2. & Fig. 7.3.).



JUN 21 JUL 21 AUG 19 SEP 24 NOV 4 DEC 4

CARIBOU MEAN 9.3 24,6 31,0 0.0 e [ 0.0
15.":. 405 3.7 7.9 d 1.5 p—
(n) (10) (8) (6) (6) (6) (6)
GRAMPIAN MEAN 8.6 20:10 23,6 1145 Dl 5.9
+ 5.E, 25 525 4,4 5.4 0.9 : 3.1
(n) (10) (9) (7) (7) (6) (6)
WHITEBROOK MEAN 3.9 5.9 2.0 0.6 6.0 2.8
* 5ty 0.6 2.2 1.7 0.5 < 2.9 2.2
(n) (8) (10) (9) (8) (6) (6)

TABLE #52% CHANGES IN MEAN SERUM LEVELS OF DESTRONE (E1 ng ml—1) IN THREE STRAINS OF RAINBOW TROUT

HELD UNDER ARTIFICIAL PHOTOPERIOD IN SERIES I EXPERIMENT.

oow
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Changes in serum Oestradiol-178 (E2): Serum levels of E2 in

Caribou fish rose significantly (P<0,001) from a mean basal value
of 7.8 + 2.5 ng rnl-‘I in June to a peak mean level of 47.3 * 5.6

ng m.}._‘I in August, one month prior to spawning. Serum levels of
E2 in Caribou fish fell to near basal levels with a mean of 4,7 +
3.0 ng ml_1 at the time of spawning in September. In Grampian fish
serum levels of E2 rose significantly (P<0,01) from a mean of 7.3 +
3.4 ng m1™" in June to a peak of 28,7 + 5,2 ng ml~" in September,
one month before spawning, before returﬁing to near basal levels of
4,2 + 1,2 ng ml_“ in November., Surprisingly, serum E2 levels in
Whitebrook fish rose significantly (P<£0,01) from a mean basal value
of 1.5 # 8.6 ing ml~" in June, reaching a peak of 9,1 * 2,4 ng m1~
in August, before falling to 0.7 + 0.5 ng ml_‘| one month later

(Ses Table 7.3+ & Fige 7eb2)e



JUN 21 JuL 21
CARIBOU MEAN 7.8 29,1
* BES 2,5 1.8
(n) (12) (9)
GRAMPIAN MEAN Tad 20,9
e Y 3.4 < 2o
(n) (12) (11)
WHITEBROOK MEAN 155 5.4
+ 8.6, 0.6 T3
(n) (12) (10)

TABLE 7.3.

AUG 19

47,3

5.6

SEP 24

4,7
3.0

(6)

28,7
52

(8)

0.7
D‘S

(10)

1.4

1‘1

(6)

1ld

0.7

(6)

CHANGES IN MEAN SERUM LEVELS OF OESTRADIOL-17B (E2 ng m1“1) IN THREE STRAINS OF

RAINBOW TROUT HELD UNDER ARTIFICIAL PHOTOPERIOD IN SERIES I EXPERIMENT.

c£ow
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Changes in serum Testosterone (T) : Mean serum T levels in Caribou

and Grampian strains rose significantly (P<iU.UD1) from 10,8 + 3.4
and 9.8 * 1,6 ng ml-1 in June respectively to peak mean levels of
149,3 + 32,8 and 204,0 + 4,0 ng a3 dn September at the time of
spawning in Caribou fish, Mean serum T levels in Grampian fish
were still high at 157.,0 * 33,5 ng rnl_‘| one month after spawning in
November, falling to 8,3 *+ 6.5 ng ml-1 in December, compared with
levels in Caribou of 4.0 + 1.0 ng ml_‘I at the same time, In
Whitebrook fish mean serum T levels raée significantly (P< 0.,001)
from 3.0 + 1,0 ng ] in June to a peak mean level of 11,7 + 1.1
ng ml-1 in September, before falling to a mean level of 2,2 + 0,5

ng wl T dn December, (See Table 7.4, & Fig, 7.5.).



CARIBOU

GRAMPIAN

WHITEBROOK

TABLE 7.4,

JUN 21

MEAN 10.8
+ 5k, 3.4
(n) (9)
MEAN 9.8
+ S.E, 1.6
(n) (8)
MEAN 3.0
+ S.E, 1.0
(n) (8)

CHANGES IN MEAN SERUM LEVELS OF TESTOSTERONE (T ng ml_1) IN THREE STRAINS OF RAINBOW

JUE. 21

24,8

AUG 189

62,3
17.4

(6)

132,77

22.5

SEP 24

149,3
32.8

(6)

204,0
4,0

(6)

1.7
1.1

(6)

72,67
13.6

(6)

1570
33.5

(6)

TROUT HELD UNDER ARTIFICIAL PHOTOPERIOD IN SERIES I EXPERIMENT,

DEC 4

4,0
1.0

(6)

aow
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Changes in serum Vitellogenin (Vg) : Mean serum levels of Vg in

Caribou and Grampian strains rose significantly (P<0,001) from
similar values of 6,7 + 0,8 and 5.4 + 0,4 mg m1~' in June
respectively, to peak mean levels of 195,3 + 11.6 and 99.0 +13.1
mg m1_1 in September at the time of spawning in Caribou fish, At
the end of the experiment in December, mean serum Vg levels had
fallen to 1.4 * 0.3 and 7.6 + 0,6 mg m1~' in the Caribou and
Grampian strains respectively. Serum Vg levels in Whitebrook
fish rose from a mean June value of D.S'i 0.2 mg al~" Ao s peak of

17 * 0,7 ng ‘!l]l[ilmlm‘1 in November (See Table 7.5. & Fig, 7.6.).



JUN 21 JuL_21 AUG 19 SEP_24 NOV 4 DEC 4

CARIBOU MEAN 6.7 44,3 128.7 195.3 36.7 1.4
+ S.E. 0.8 5.7 30.6 1.6 7.7 0.3

(n) (12) (9) (6) (10) (8) (9)
GRAMPIAN MEAN 5.4 322 61.9 99,0 50.0 , 7.6
+ S.E. 0.4 3.3 9.0 13,1 7.2 0.6

(n) (12) (11) (10) (10) (8) (8)
WHITEBROOK MEAN 0.5 1,33 1,42 1.1 - 1.7 0.3
X SEa P2 0.3 0.4 0.2 0.7 0.1

(n) (12) (10) (9) (10) (e) (6)

TABLE 7.5, CHANGES IN MEAN SERUM LEVELS OF VITELLOGENIN (Vg mg m1'1) IN THREE STRAINS OF RAINBOW TROUT

HELD UNDER ARTIFICIAL PHOTOPERIOD IN SERIES I EXPERIMENT,

.

60%
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FIG. 7.6. CHANGES IN MEAN SERUM LEVELS OF VITELLOGENIN (Vg mg ml~ ') IN THREE STRAINS OF RAINBOW

TROUT HELD UNDER ARTIFICIAL PHOTOPERIOD IN SERIES I EXPERIMENT.
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Changes in serum Total Calcium (TCa) : Concomitant with changes

in Vg, mean serum TCa levels in June were similar in Caribou and
Grampian strains at 14,9 + 0.6 and 14.9 + 0.3 mg 100ml-1
respectively, rising significantly (P< 0.,001) to 108.7 + 5.0 and
66.5 + 12,2 mg 100m1”" in September. Peaks in TCa (and Vg)
occurred at the time of spawning in Caribou fish and one month
before spawning in Grampian fish, though in the latter instance
this may have been due to sampling times, Serum TCa levels fell
to basal levels of 12,7 * 0.4 and near basal levels of 17.2 * 4,2
mg ‘IDElrnl-‘i in Caribou and Grampian strains in December. In
Whitebrook fish, mean TCa levels rose significantly (P¢0,05) from
12,7 + 0,6 mg 100m1”" in June, to a peak of 15,9 + 0,9 mg 100m1”"

in November (See Table 7.6. & Fig. 7.7.).



JUN 21 JuL_ 21 AUG 19 SEP 24 NOV 4 DEC 4

CARIBOU MEAN 14.9 21.4 77.4 108.7 42.0 129
+ S,E. 0.6 1.9 10.9 5.0 16.0 0.4

(n) (12) (9) (6) (10) (8) (9)
GRAMPIAN MEAN 14.9 20,0 43,7 66.5 35.6 17,2
% 5,E; 0.3 0.6 5.2 2.2 5.0 4.2

(n) (12) (1) (10) (10) (8) (8)
WHITEBROOK MEAN 9017 13.5 14,4 14.3 15.9 1.4
+S5.E. 0.6 0.5 0.5 0.7 0.9 0.7

(n) (12) (10) (9) (10) (6) (6)

TABLE 7.6. CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa mg 1UDml-1) IN THREE STRAINS OF RAINBOW

TROUT HELD UNDER ARTIFICIAL PHOTQPERIOD IN SERIES I EXPERIMENT,

Ly
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Changes in mean oocyte diameter (00D) : The 00D increased steadily

with ovarian recrudescence in both Caribou and Grampian fish., Thus,
in Caribou fish 00D increased from 0,96 *+ 0.03 mm at the first
exogenous phase (Stage 5 - previous chapter) in June, to 2,9 + 0,91
mm (water hardened) in Sgptember when ripe eggs could be stripped
from the abdomen by gentle pressure. Similarly, 00D in Grampian
fish rose from 0,913 + 0,04 mm in June reaching 3.5 * 0,13 mm at the
time of spawning. The August and September histological specimens
for the Grampian fish were not satisfactorily sectioned and hence

the stage of development was unfortunately not determined.

In the Whitebrook fish sampled throughout Series I, histological
examination indicated oocyte development up to Stage 4 (endogenous
phase) in all months monitored, and in December some oocytes of
this strain had progressed as far as Stage 5 (See Chapter 6).
However, these fish did not spawn until the late summer/early
autumn of the following year. The 00D increased from 0,368 * 0,02
in June to an initial peak of 0,613 + 0,04 mm in August, before

falling to 0.251 + 0,01 mm in November (See Table 7.7. & Fig., 7.8.).



TABLE 7.7.

CHANGES IN MEAN OOCYTE DIAMETER (00D (mm)) AND
OVARIAN DEVELOPMENT IN THREE STRAINS OF
RAINBOW TROUT HELD UNDER ARTIFICIAL

PHOTOPERIOD IN SERIES I EXPERIMENT.



CARIBOU 00D (mm)

il e

DEV, ST.
OF DVARY

(n)

GRAMPIAN 00D (mm)

+ S.ts

DEV. ST.
OF OVARY

(n)

WHITEBROOK 000D (mm)

+ S

DEV. ST.
OF OVARY

(n)

JUN 21

0.964

L

0.368

0.02

(1)

JuL 21

1+285

0,07

0.44

0.03

(1)

AUG 19

1.741

0.10

6/7

TABLE 7.7.

SEP 24

2,9

(3)

2:212

0.09

0,475

0.01

3/4/5

(1)

(see Ch, VI)

SLy
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FIG. 7.8. CHANGES IN MEAN DOCYTE DIAMETER (00D (mm)) IN THREE STRAINS OF RAINBOW TROUT HELD UNDER

ARTIFICIAL PHOTOPERIOD REGIME IN SERIES I EXPERIMENT.
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AR Interrelationships between Oestrone, Oestradiol-17B,

Testosterone, Vitellogenin, Total Calcium and Mean Oocyte Diameter,

The timing of the above changes for the Caribou, Grampian and
Whitebrook strains are summarised in fFigures 7.9., 7.10, and 7.11.
respectively, The possible relationships between these components
were investigated by statistical correlation for

1) the exogenous vitellogenic phase from June until one
month before spawning (established by histological
examination).

and for 2) the complete cycle, from June until December,

These correlations will now be considered for each strain in turn :=-

Caribou strain : Over the course of the complete cycle, mean serum

Vg levels were significantly correlated (P<0,001, r=0,98) with TCa;
serum E2 levels were significantly correlated (P« 0.001, r=0,373)

with E1 levels over the same period (see Fig. 7.9.).

Over the exogenous phase of development, June until August, mean
serum Vg levels were significantly correlated with 00D (P< 0,01,
r=0,97) and E2 (P< 0,01, r=0,965) (see Fig. 7.12.). Over the same
period 00D was significantly correlated with serum E2 levels
(p<0.,001, r=0,99) and with serum E1 (PL 0,05, r=0,949) (see Fig.

A e i
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Grampian strain : Over the course of the complete cycle, mean

serum Vg levels were significantly correlated with TCa levels
(P£0.001, r=0,98) and serum E2 levels (P<0,05, r=0.758) (see

Figs: 7.,10.):

There were significant correlations during the exogenous phase
of development (June - September) of serum Vg levels with 00D
(P£0.001, r=0.978) and with E2 levels (P <0,01, r=0,925).
fFurthermore, over the same period, serum levels of E£E2 and E1 were

correlated (P« 0,01, r=0,971) (see Fig. 7.13.).

Whitebrook strain : Mean serum Vg levels were also significantly

correlated with mean TCa levels (P<0,001, r=0.,926) throughout the
period of the investigation, even though full maturity was not
achieved, There were no other significant correlations (see

Figs FeTas)s
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FIG. 7.4, SUMMARY OF CHANGES IN DESTRQDIDL-1Zﬂ -—— R
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TOP), IN IMMATURE WHITEBROOK FISH UNDER THE
ARTIFICIAL PHOTOPERIOD IN SERIES I EXPERIMENT

(VERTICAL AXIS COMPOSITE, 4 x PREVIOUS SCALES).
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o Series II Experiment,

The aims of this experiment were firstly to obtain mid/late-
Summer eggs using three strains of trout which normally spawn in
November, December and January, and secondly to further study the
sequence of changes in serum levels of E1, E2, T, Vg and TCa in

relation to ovarian growth and development.
7.3.17. Materials and Methods.

The same stock and facilities were used as in Series I, although
further fish were tagged to replace those fish that had been
sacrificed for histology, had lost tags or which were recognisable
as males after their first maturation. Fish which were spawning
under natural conditions at the commencement of this experiment
were added to the tank to maintain viable production numbers of

broodstock in the tank.

-

The photoperiod in the experimental tank was altered to a normal
yearly seasonal cycle, compressed into 6 months, commencing on the
1st December (Fig. 7.15.). All tagged fish were bled monthly and
weighed, The serum samples obtained were assayed for cestrone (E1),
oestradiol-17B (E2), testosterone (T), vitellogenin (Vg) and total
caleium (TCa). Fish from each of the 3 strains were selected at
random, weighed and the GSI and HSI determined. Ovarian tissue
was taken, fixed by methods described in 2.3. and the 00D determined.

The % wet weight of ovarian tissue was also determined.

Statistical Analysis. Basal and maximum values of the serum

parameters determined were compared using either the students t-test
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or the F-test, if variances were dissimilar., The relationships
between serum components and the morphological changes were
investigated by calculating the correlation coefficient (r) by the
method of the least sguares fit. The results of these tests are

outlined in the results below (Section 7.3.2.1.).
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Ned gls Results,

Under this 6 month compressed photoperiod, the Caribou stock,
introduced the previous April, commenced their second spawning on
July 2nd. This was followed in late August by the spawning of
Grampian strain fish which had been initially stocked at the same
time as the Caribou. The stripping of the original fish, from
Series I, which were now spawning for the first time, commenced in
September, The groups of Caribou, Grampian and Whitebrook added in
December at the beginning of Series II commenced spawning in late
August., Although experimental fish demonstrated no obvious
physiological disorders, the eggs were again smaller than those of
parallel Caribou, Grampian and Whitebrook stocks held under ambient
conditions. Over the course of the experiment, gross changes were
observed in all serum parameters studied. There were also marked
increases in GSI, 00D, % wet weight of ovary and HSI in all 3 strains

-

as the ovary developed, These are considered in detail below :-

Chanages in serum Oestrone (E1) : In all 3 strains, there were 2

peaks in serum levels of E1, one early and one late in the
reproductive cycles, The serum levels of £E1 in both Caribou and
Grampian, out not Whitebrook, fish fell to basal values at or

before spawning.

Thus in Caribou fish, serum levels of E1, undetectable in
December, January and february rose to a peak of 51.3 * 10.5 ng ml_q
in March, achieved a second peak of 41.8 *+ 5.9 ng ml_1 in early June
before falling significantly (P {0.001) to 1.7 + 1.3 ng ml-1 at the

time of spawning in early July,
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In Grampian fish, serum E1 fell significantly (P<0,05) from 5.85
+ 3.06 ng ml_1 at the beginning of the experiment in December, to
1.0 + 0.2 ng m1i~' in February, before rising significantly (P4 0,001)
to the first peak of 32,3 + 4,9 ng m] one month later in March.
Mean serum E1 levels subsequently fell to 22,5 + 3,5 ng m1-1 in May,
reaching a second peak of 32,7 + 6,1 ng ml-1 in late June
approximately one month before spawning. Serum E1 levels had
returned to basal (P <0,001) by mid-July prior to spawning in this

strain,

In Whitebrook fish, serum levels of E1 rose significantly (P<L0,01)
from a mean of 2,04 + 0.9 ng ml_1 in February to 25,8 + 6,2 ng rn]._1
in March., Serum levels of E1 rose significantly (P<0,01) again
from a mean of 17.9 + 3,7 ng rnlm1 in May to 31.1 + 0.5 ng ml-1 at the
end of June and 31,0 + 0,6 ng o in mid=July., Both these latter
peaks were significantly (P< 0,001) raised above the mean January
level of 2,0 + 1.2 ng ml-1. In August, just prior to spawning,

serum levels of E1 fell to 11,3 + 2,6 ng ml_1, and had returned to

basal (P<0.,001) by October. (see Table 7.8, & Fig, 7.16.).



DEC 4 JAN 23 FEB. 17 MAR 25 MAY 12 JUN 3

CARIBOU  MEAN 0.0 0.0 0.0 51.3 40,0 41.8
+ S.E, 10.5 33 5.9

GRAMPIAN MEAN 5.85 2.5 1.0 32,3 22,5 217.0
+ S.E, 3.05 0.5 0.2 4.9 3.5 2.5
WHITEBROOK MEAN 2.8 2.0 2.04 25.8 17.9 22:3
¢ 5. | 2.2 152 0.9 6.2 5.7 2.7

TABLE 7,8, CHANGES IN MEAN SERUM LEVELS OF OESTRONE (E1 ng m1_1) IN THREE STRAINS OF RAINBOW

TROUT HELD UNDER NORMAL SEASONAL CYCLE COMPRESSED INTO 6 MONTHS IN SERIES II EXPERIMENT.

CONTD. ssisaes

ogy



JUN 25 JUuL 2 JuL 10 JUL 16 AUG 28 0CT 9

CARIBOU  MEAN 29,2 Te7 0.8 0.0
+ S.E. 5.8 3.3 0.8
GRAMPIAN MEAN 827 23.4 - 2.0 25
+ S.E. 6.1 4,7 1.0 1.0
WHITEBROOK MEAN 3.1 25,3 31,0 25.6 1.3 0.8
& 5oks 0.5 0.9 0.6 0.4 2.6 0.8

TABLE 7.8, CHANGES IN MEAN SERUM LEVELS OF DESTRONE (E1 ng ml_1) IN THREE STRAINS OF RAINBOW TROUT

HELD UNDER NORMAL SEASONAL CYCLE COMPRESSED INTO 6 MONTHS IN SERIES II EXPERIMENT.

LEY
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Changes in Oestradiol=178B (E2) : Serum levels of E2 in Caribou

fish rose significantly (P£ 0,001) from a mean of 1.3 + 1,0 ng al

in January, to a peak of 42,8 + 4,4 ng ml_1 at the beginning of
June, before falling significantly (P<£0.001) to 4.0 + 1.2 ng ml_1

at the time of spawning in early July.

In Grampian fish, serum levels of E2 rose significantly (P< 0,001)
from a mean of 1,7 + 0.1 ng ml_1 in February, to a peak mean of
57.0 + 1,0 ng m1™' in mid=July, falling'significantly (P<0.001) to
4,2 + 2,6 ng ml_1 in late August just after spawning. Serum levels

of E2 returned to basal levels of 1,7 * 0,1 ng m1~" in October.

Serum levels of E2 in Whitebrook fish, rose significantly (P< 0.001)
from a mean of 2,1 + 0.8 ng ml_1 in January to a peak of 33,3 + 4.4
ng m1~" in mid-July, before falling to 26.5 + 4,7 ng mi~ in lete
August, just before spawning in this strain, Serum £E2 levels
returned to basal levels with a mean of 2,1 + 0.4 ng ml“1 by €arly

November. (see Table 7.9, & Fig, 7.17.).



CARIBOU MEAN

+ SUE.

GRAMPIAN MEAN

:: S-E.

WHITEBROOK MEAN

DEC 4

1.4

JAN 23

1.3

1.0

1.6

0'8

FEB 17

2.2

Vel

1.7

MAR 25

29,3

1.6

10.5

e 1

1.3

MAY 12

31.6

197

22.0

15.5

1.4

JUN 3

42.8

34,3

5.0

24,3

3.2

JUN 25

20,9

2,7

‘42,5

5.0

28.7

3.2

TABLE 7.9, CHANGES IN MEAN SERUM LEVELS OF OESTRADIOL-178 (E2 ng ml-1) IN THREE STRAINS OF RAINBOW TROUT

HELD UNDER A NORMAL SEASONAL CYCLE COMPRESSED INTO 6 MONTHS IN SERIES II EXPERIMENT.

Contd....

AN



JuL 2 JuL_10 JUL 16 AUG 28 gcy 9 NOV 10

CARIBOU  MEAN 4,0 5.3 1.6
+ S.E. 3.2 0.9 0.4

GRAMPIAN MEAN 43.8 57.0 34,4 4.2 1.7
* BBy | A2 1.0 5.6 2.6 0.1

WHITEBROOK MEAN 31.0 - 33.3 26.5 3.7 3.1
+ S.E. 5.8 4.4 4,7 1.4 0.4

TABLE 7:9. CHANGES IN MEAN SERUM LEVELS OF UESTRADIUL~12ﬁ (E2 ng ml_1) IN THREE STRAINS OF RAINBOW TROUT

HELD UNDER NORMAL SEASONAL CYCLE COMPRESSED INTO 6 MONTHS IN SERIES II EXPERIMENT,

SEY
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Changes in Serum Testosterone (T) : Serum levels of T in all 3

strains increased steadily from March onwards, at first concommittant
with E2, but subseguently reaching a rapid peak at or near the time

of spawning.

Thus in Caribou Fish,.serum levels of T rose significantly
(P 0.001) from a mean of 4,7 * 0.8 ng rnl_1 in February, to a peak
of 198.0 + 9,2 ng ml-'1 in early July at the time of spawning.
Serum levels of T had returned (P<£ 0.001) to near basal levels of

6.9 + 1.4 ng ml-1 by late August,

Similarly, in Grampian fish, serum T levels rose significantly

(P<0,001) from 2 mean of 2,4 + 0,8 ng wl 0t February, to a peak
-1 . 4 .

of 200,5 + 0.5 ng ml  in mid-July, just before spawning, falling

significantly (P<0,001) to 1.6 * 0.5 ng ml- | in October.

Serum levels of T in Whitebrook fish increased significantly
(P<0.001) from 4.6 + 1.4 ng m1~' in January, to a peak of 230.0 +
10.0 ng ml_1 in mid=July 6 weeks before spawning, but remained
significantly (P< 0,001) raised at 189.3 + 13,6 ng ml™ ' until late

August just before spawning; Subsequently they fell to 4,1 + 1,2

ng ml_1 in November., (see Table 7.10. & Fig. 7.18.).



CARIBOU MEAN

+ S.E,

GRAMPIAN MEAN

+ 5.k,

WHITEBROOK MEAN

+ S5sEs

TABLE 7.10.

DEC 4

4’0

1.0

JAN 23

4.8

8.5

Te4

FEB 17

0.8

5.2

7.4

1e2

CHANGES IN MEAN SERUM LEVELS OF TESTOSTERONE (T ng ml

MAY 12

B3

19.5

46.8

JUN 3

157.6

1.9

81.3

5.9

44,3

JUN 25

192.0

6.2

1330

23.7

8.7

26,9

~1) IN THREE STRAINS OF RAINBOW TROUT

HELD UNDER A NORMAL SEASONAL CYCLE COMPRESSED INTO 6 MONTHS IN SERIES II EXPERIMENT.
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CARIBOU MEAN

GRAMPIAN MEAN
# SJEs
WHITEBROOK MEAN

+ S.E.

TABLE 7.10.

JuL 2

198.0

153.3

29.1

139.0

JuL_10

89.3

28549

199.7

Tl

JUL 16

24,0

10.0

200.5

0.5

230,0

10,0

AUG 28

6.9

88,2

8.2

189:5

13.6

50.0

13.5

NOV 10

CHANGES IN MEAN SERUM LEVELS OF TESTOSTERONE (T ng m1-1) IN THREE STRAINS OF RAINBOW TROUT

HELD UNDER A NORMAL SEASONAL CYCLE COMPRESSED INTO 6 MONTHS IN SERIES II EXPERIMENT,

6EP
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FIG. 7.18., CHANGES IN MEAN SERUM LEVELS OF TESTOSTERONE (T ng ml ) IN THREE STRAINS OF RAINBOW TROUT

HELD UNDER A NORMAL SEASONAL CYCLE COMPRESSED INTO 6 MONTHS IN SERIES II EXPERIMENT.
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Changes in Serum Vitellogenin (Vg) : As observed in Series I,

changes in Vg were concomitant with those in TCa in all 3 strains.
Thus, in Caribou fish, serum levels of Vg increased significantly
(p<0.001) from 1.3 + 0,3 in December to a peak mean value of 77.1
+ 9.3 mg rnl-1 in early June, falling to 63,1 * 5,7 mg ml_1 at the

time of spawning in early July.

In Grampian fish, serum levels of Vg rose significantly (P< 0,001)
from a mean of 3,5 + 0.9 mg m1™" in February, to a peak of 44,0 *
6.3 mg ml_1 in early July, before falling to 33.3 + 3,5 mg ml_1 at

the end of July just prior to spawning in this strain,

Serum levels of Vg in Whitebrook fish rose significantly (P< 0,001)
from a mean of 0.3 + 0,1 mg rnl-'1 in December, to a2 peak of 63,2 *+
8.3 mg rnl-1 in early July, before falling to a mean of 61,8 + 7,6
mg m1-1 at the end of July, one month before spawning.
Unfortunately, it was only possible to assay samples taken up to
July 16th, sampling for serum Vg by RIA. (see Table 7.11. & Fig

To19%: Ve



DEC 4 JAN 23 FEB 17 MAR 25 MAY 12

CARIBOU  MEAN 1.3 1.5 1.5 7.5 39.5
# S84 10,3 0.3 0.4 0.9 3.5

GRAMPIAN  MEAN 2,3 4.1 3.5 10.9 28,7
# BBl 1350 1.9 0.9 2.8 3.4
WHITEBRODK MEAN 0.3 1.56 2.4 4.7 16.1
£ S8 S0 0.37 0.9 0.9 2.7

TABLE 7.11.  CHANGES IN MEAN SERUM LEVELS OF VITELLOGENIN (Vg mg ml™') IN THREE STRAINS OF RAINBOW TROUT

HELD UNDER A NORMAL SEASONAL CYCLE COMPRESSED INTO 6 MONTHS IN SERIES II EXPERIMENT.

Contd...e..

TA7A



JUN 3 JUN 25 JuL 2 JuL 10 JUL 16

CARIBOU MEAN T77.1 66.4 63,1 54.0 46,5
+ 5.E. 9.9 8.2 5.7 5.6 5.0

GRAMPIAN MEAN 38.0 42 .8 44.0 36.0 3343
+ S.E, 7.9 8.4 6.3 3.8 3.5
WHITEBRODOK MEAN 28.0 34,5 63,2 - 61.8
TR 3.1 8.3 | 746

=1
TABLE Tl CHANGES IN MEAN SERUM LEVELS OF VITELLOGENIN (vg mg ml ') IN THREE STRAINS OF RAINBOW TROUT

HELD UNDER A NORMAL SEASONAL CYCLE COMPRESSED INTO 6 MONTHS IN SERIES II EXPERIMENT.

gvy
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FIG. 7.19., CHANGES IN MEAN SERUM LEVELS OF VITELLOGENIN (vg mg ml ') IN THREE STRAINS OF RAINBOW TROUT

HELD UNDER A NORMAL SEASONAL CYCLE COMPRESSED INTO 6 MONTHS IN SERIES II EXPERIMENT.
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Changes in Total Serum Calcium (TCa) : Peak mean serum levels of

TCa in this series were reduced in Caribou and Grampian strains

when compared with the levels observed in the Series I experiment.
Thus, serum TCa levels in Caribou fish increased significantly
(PC0.001) from a mean value of 12,1 + 0.4 mg 100ml”" in February,
to a peak mean value of 54,7 + 9,0 mg 1[:][}ml_1 in early July, one
month befaore spawning. Serum TCa levels in Caribou fish had
returned (P<0.01) to a near basal value of 12,2 + 0,7 mg 100m1~" by

late August.

In Grampian fish TCa levels rose significantly (P< 0,01) from a
basal value of 11,1 + 0.4 mg ‘IDEIrnl-1 in February, to a peak mean
level of 28,3 + 6,6 mg 100ml_1 in early July, again approximately
one month prior to spawning. Serum TCa returned to basal levels of

11.2 + 0.7 mg 1DDrnlm1 2 months later in October.

In Whitebrook fish, TCa levels rose significantly (PdiD.DDj) f rom
a mean of 13,6 + 0,3 mg 100m1"" A March, to a peak of 52,5 + 5.2
mg 100m1~" at the end of August just before spawning, before
Falling to near basal levels (P<0.001) of 15.0 + 1.7 mg 100ml” in

November, (see Table 7.12, & Fig. 7.20.).



DEC 4 JAN 23 EEB) A7 MAR 25 MAY 12 JUN 3 JUN 25

CARIBOU  MEAN 124 12.5 12 14,5 32.6 54,7 50.3
+S.E. 0,5 0.4 0.4 0.7 2.1 9.0 7.9
GRAMPIAN  MEAN 14.9 13.7 1,4 13.2 22,5 26.7 - 25,2
& Sk " 0.3 0.5 0.4 0.6 2.4 6.0 4.9
WHITEBROOK MEAN 11,4 13,7 12,7 13.6 15.4 25.8 31.0
+ S,E. 0.7 0.6 0.4 0.3 1.5 1.0 4.0

TABLE 7.12, CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa mg 100m1—1) IN THREE STRAINS OF RAINBOW

TROUT HELD UNDER A NORMAL SEASONAL CYCLE COMPRESSED INTO 6 MONTHS IN SERIES II EXPERIMENT.

Contd. coeees
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CARIBOU MEAN

+ S.E.

GRAMPIAN MEAN

= Sk

WHITEBROOK MEAN

+ S5k,

TABLE 7.12,

JuL 2

46,6

28,3

6.6

44,6

JuL 10

42,5

26,6

6,1

JuL 16

39.5

1'5

24,5

1.5

415

AUG 28

1242

52.5

5.2

DET Y

12.9

Do

11.2

NOV 10

15.0

1.7

CHANGES IN MEAN SERUM LEVELS OF TOTAL CALCIUM (TCa mg 100m1”™") IN THREE STRAINS OF RAINBOU

TROUT HELD UNDER A NORMAL SEASONAL CYCLE COMPRESSED INTO 6 MONTHS IN SERIES II EXPERIMENT.

Loy
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Changes in Gonadosomatic Index (GSI) : In Caribou fish the GSI

increased from 0,4% in February to a peak mean value of 18,1 :_3.0%
in early July when the fish were stripped (Table 7.13.). In
Grampian fish the GSI increased from 0.3% in February to a peak of
12.68 + 2.1%, approximately one month before spawning (Table 7.14.).
The GSI in Whitebrook fish increased from 0,4% in March to 9.4 + 1,7%
when the last fish were sampled in mid-July (Table 7.15. & See Fig.

70210)0

Changes in Mean Oocyte Diameter (00D) : The 00D in Caribou fish

increased from 0.42 + 0,02 mm in January, to a peak mean value of
4,0 + 0,05 mm just before spawning, and was at 3.9 + 0.1 mm when the
fish were stripped (Table 7.13.). Over a similar period, 00D in
Grampian fish increased from 0,44 + 0,05 mm in February to a peak
mean diameter of 4.2 + 0.17 mm in mid=July one month before spawning
(Table T.14:). Mean 00D increased from a January velue of 0,6 +

0.03 mm in Whitebrook fish to 2,333 + 0.3 mm in mid-July some 2

months before spawning (Table 7.15. & See Fig. 7.22.).

Changes in % Wet Weight of Ovary (%wW) : The %W increased steadily

with ovarian recrudescence rising from a February value of 65,0 +
2,6% in Caribou fisn, to a peak mean value of 80,2 + 0,8% in late
June, just prior to spawning (Table 7.13.). In Grampian fish the
#w increased from 60.8 + 0.6% in February, to 2 peak of 81,2 +
11.6% in mid-July (Table 7.14.). The %W in Whitebrook fish rose
from 69,5 + 1,1% in February to a mean of 80,75 *+ 4,5% in mid-July

at the last sampling (Table 7.15, & See Fig. 7.23.).

Changes in Developmental stage of Oocyte : Histological examination

of the ovary of all 3 strains demonstrated a progression through



|
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successive developmental stages as outlined in more detail in the
previous chapter (See Tables 7.13., 7.14. & 7.15.). The relationship
of specific stages of development with the changing hormonal

environment is considered further in the discussion.,

Changes in Hepatosomatic Index (HSI) : In all 3 strains the HSI was

lowest in February/March and increased as maturity progressed. The
highest HSI was noted in Whitebrook fish in January. In Caribou
fish HSI increased from 1.3% in February to a peak mean value of

2,65 + 0,09% in late June, just prior to spawning (Table 7.13.).
Similarly, in Grampian fish, the HSI increased from 1.1% in March to
a peak of 2,55 + 0.19% in mid=-July one month before spawning in early
August (Table 7.%4.). In Whitebrook fish HSI fell from 3,65% in
January to 1.079% in February before rising to 2.2 + 0,16% in

mid-July (Table 7.15. & See Fig. 7.24.).

Changes in Body Weight (BW) : Mean body weight increased steadily

throughout the experiment in all 3 strains. At the beginning of
the experiment the mean weights of Grampian, Caribou and Whitebrook
fish were 2,13 + 0,13, 1.929 + 0.1 and 1.732 + 0.11 Kg respectively,
rising to 3.10 * 0,17, 2.597 * 0,37 and 2.471 + 0.19 Kg in late June
(Tables 7.13.,, 7.14, & 7.15., See Fig., 7.15.). Growth rates were
highest at mid-cycle and fell as full maturity, ie spawning,

approached,



JAN 23 FEB 17 MAR 25 MAY 12 JUN 3 JUN 25

Developmental
4 4/ 5 5 6 ifi

stage of oocyte / 7
GSI (%) 0.49 0.4 0.6 3.28 8,6 17.2
+ G.E. 0.6 0,9 2]
00D (mm) 0,42 0,796 1,174 2,252 3.928 4,0
S Ea 0.02 0,04 0,05 0.18 0.09 0,05

LSy

TABLE 7.13. CHANGES IN MEAN ODOCYTE DIAMETER (00D mm), MEAN GONADOSOMATIC INDEX (GSI %) AND
DE VELOPMENTAL STAGE OF OOCYTE IN CARIBOU STRAIN HELD UNDER NORMAL SEASONAL CYCLE

COMPRESSED INTO 6 MONTHS IN SERIES II EXPERIMENT.

CDNTD..I...I



% Wet Weight

of Ovary

JAN 23

Mean Body Wt (Kg) 1.928

TABLE 7.13,

0.1

FEB 17

iles

MAR 25

66.03

MAY 12

67.9

JUN 3

69.7

0.03

2,550

0.152

JUN 25 JuL 2

CHANGES IN MEAN WET WEIGHT OF OVARY (Ww %), MEAN HEPATOSOMATIC INDEX (HSI %) AND MEAN BODY

WEIGHT (BW Kg) IN CARIBOU STRAIN HELD UNDER NORMAL SEASONAL CYCLE COMPRESSED INTO 6

MONTHS IN SERIES II EXPERIMENT.

w
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Developmental

stage of oocyte

GSI (%)

TABLE 7.14,

STAGE OF DDCYTE

JAN 23

EEB 17

3/4

MAR 25

4/5

0.58

0.8587

053

MONTHS IN SERIES 1I EXPERIMENT.

MAY 12

2,54

1.8

0,096

JUN 3 JUN 25 JuL 2
4,85 8.0 9,45
W2 0.9 1.5
2,35 3.7 4.16
0.12 0.25 0.3

IN GRAMPIAN STRAIN HELD UNDER NORMAL SEASONAL CYCLE COMPRESSED INTO 6

JuL 10

12.68

CHANGES IN MEAN OOCYTE DIAMETER (000D mm), MEAN GONADOSOMATIC INDEX (GSI %) AND DEVELOPMENTAL

CUNTDI...‘I.

gsh



JAN 23
% Wet Weight
of Ovary
+ §.E.
HST (%) 2.0
£ Gk

FEBR' 7 MAR 25
60.8 60.5
0.6 0.5
1S 1.1
2,34 2.4
0.18 0,25

MAY 12

73.6

2,98

0.2

JUN 3

75,3

3.05

0.2

JUN 25

76.8

0.15

3.10

0,17

JuL 2 JuL 10
- Bil.2
11.6

2,45 2.55

0.2 0.19

TABLE 7.14.  CHANGES IN MEAN WET WEIGHT OF OVARY (WW %), MEAN HEPATOSOMATIC INDEX (HSI %) AND MEAN BODY

WEIGHT (BW Kg) IN GRAMPIAN STRAIN HELD UNDER NORMAL SEASONAL CYCLE COMPRESSED INTO 6

MONTHS IN SERIES IT1 EXPERIMENT.,

»SY



JAN 23 FEH 17 MAR 25 MAY 12 JUN 3 JUN 25 JuL 2 JUL 10

Developmental 4/5 5 5/6 6 6 6
Stage of Oocyte

GSI (%) 0.49 0.46 0.4 1:05 2.1 355 5¢2 9.4
+ Sk, 0.2 0.2 U5 s e
00D (mm) 0.6 0.690 3.1 1.545 1.729 1.966 2,08 23353
* Gt 0,03 0.03 0.04 0.069 0.19 0.19 0.28 0.3

TABLE 7.15.  CHANGES IN MEAN OOCYTE DIAMETER (00D mm), MEAN GONADOSOMATIC INDEX (GSI %) AND DEVELOPMENTAL
STAGE OF OUCYTE IN WHITEBROOK STRAIN HELD UNDER NORMAL SEASONAL CYCLE COMPRESSED INTO 6
MONTHS IN SERIES II EXPERIMENT.

CONTD. e cans
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JAN 23
% Wet Weight
of Ovary
: S.El
HSI (%) 3,65
+ BaE L
Mean Body Wt (Kg) 1 Ta2
e T 0.11

TABLE 7.15. CHANGES IN MEAN WET WEIGHT OF OVARY (Www %), MEAN HEPATOSOMATIC INDEX (HSI %) AND MEAN BODY

FEB. 117 MAR 25 MAY 12 JUN 3 JUN 25 JUL 2
69.5 ?2.3 7?-5 ?8.7 7905 y
1.1 0.7 4,5 12 ;0 Wiy
1.079 153 1eD 2,0 2,09 2:158
0.05 0.15 0.09 0.17
1.856 2.013 24,291 2,383 2,471 -
0.09 8,25 0.2 0.168 0.19

JUL 10

80,75

WEIGHT (BW Kg) IN WHITEBROOK STRAIN HELD UNDER NORMAL SEASONAL CYCLE COMPRESSED INTO 6

MONTHS IN SERIES II EXPERIMENT.

gsy
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T eibetiailla Interrelationships between Oestrone, Oestradiol-178,

Testosterone, Vitellogenin, Total Calcium and the Morphological

Earameters.

The timing of the different serum changes in the Caribou,
Grampian and Whitebrook strains are shown in Figs. 7.268., .28, &
7.31, respectively. The relationships between the different
parameters were investigated throughout the cycle by calculating
the Correlation coefficient (r) by the method of least-squares fit.
Thus correlations were determined over the complete cycle, the
'endogenous' phase of development before incorporation of exogenous
yolk (See previous chapter) and during hepatic vitellogenesis.
These interrelationships are considered for each stage and strain

in more detail below :=-

Caribou strain : Over the course of the complete cycle mean serum

levels of Vg were significantly correlated with TCa (P« 0,007,
r=0.999), 00D (P< 0,001, r=0,984), GSI (P<0,01, r=0,834) and HSI

(P<0.05, r=0.78) (See Fig. 7.26. & 7.27.).

Over the exogenous phase of development (March-3July), serum E2
levels were significantly correlated witnh serum Vg (P<0,01, r=0,85)

and HSI (PL0,01, r=0,98),
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7.26.  SUMMARY DF SEQUENTIAL CHANGES IN MEAN SERUM LEVELS OF DESTRADIOL-178 (E2 ng m1™'), OESTRONE (E1,

ng m1_1), TESTOSTERONE (T ng ml-1), TOTAL CALCIUM (TCa mg 100m1‘1) AND VITELLOGENIN (Vg mg m1"1)

IN CARIBOU STRAIN RAINBOW TROUT HELD UNDER A NORMAL SEASONAL CYCLE COMPRESSED INTO 6 MONTHS IN

SERIES II EXPERIMENT.

(VERTICAL AXIS COMPOSITE, OF SAME SCALE TO PREVIOUS FIGURES).
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CORRELATIONS OF MEAN SERUM VITELLOGENIN (Vg mg m1™') WITH TOTAL CALCIUM (TCa mg 100ml”
MEAN OOCYTE DIAMETER (00D mm, P< 0,001, r=0,984) AND GONADOSOMATIC INDEX (GSI %, P<£0.01, r=0,834) IN

CARIBOU STRAIN RAINBOW TROUT HELD UNDER A NORMAL SEASONAL CYCLE COMPRESSED INTO 6 MONTHS IN SERIES II.
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Grampian strain : Over the course of the complete cycle, mean

serum Vg levels were significantly correlated with TCa (P< 0,001,
r=0,98), 0op (pP<0.001, r=0,9), GSI (P <0.DS, r=0,98) and E2

(p {0,001, r=0.86) (See Figs. 7.28.& 7.29.).

Over the exogenous phase of the experiment (I"Iarr:h-mid—July),
serum E2 levels were significantly correlated with Vg (P<0,01,
r=0,93), 00D (P{ 0.001, r=0,99) and HSI (P £0,05, r=0,7) (See

tig. 7.30,)



FIG. 7.28.  SUMMARY OF SEQUENTIAL CHANGES IN MEAN SERUM LEVELS OF
OESTRADIOL-17B (E2 ng ml™'), DESTRONE (E1 ng m1”),
TESTOSTERONE (T ng m1™'), TOTAL CALCIUM (TCa mg 100m1~")
AND VITELLOGENIN (vg mg m1™') IN GRAMPIAN STRAIN
RAINBOW TROUT HELD UNDER A NORMAL SEASONAL CYCLE
COMPRESSED INTO 6 MONTHS IN SERIES II EXPERIMENT.
(VERTICAL AXIS COMPOSITE, OF SAME SCALE TO PREVIOUS

FIGURES).
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FIG. 7.29, CORRELATIONS OF MEAN SERUM VITELLOGENIN LEVELS (Vg
mg ml-1) WITH TOTAL CALCIUM (TCa mg 1OUml-1, P< 0,001,
r=0,98), MEAN DOCYTE DIAMETER (00D mm, P<0,001, r=0,9)
AND GONADOSOMATIC INDEX (GSI %, P<0.05, r=0.8) IN
GRAMPIAN STRAIN RAINBOW TROUT HELD UNDER A NORMAL
SEASONAL CYCLE COMPRESSED INTO 6 MONTHS IN SERIES II
EXPERIMENT .
(VERTICAL AXIS COMPOSITE, OF SAME SCALE TO PREVIOUS

FIGURES).
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FIG. 7.30.

CORRELATIONS OF SERUM OESTRADIOL-178 (E2 ng m1™')
WITH MEAN OOCYTE DIAMETER (00D mm, P 0.001, r=0.99),
HEPATOSOMATIC INDEX )HSI % P »0.05, r=0.7) AND
VITELLOGENIN (Vg mg m1~', P 70,01, r=0.93) DURING
VITELLOGENESIS IN GRAMPIAN STRAIN RAINBOW TROUT

HELD UNDER A NORMAL SEASONAL CYCLE COMPRESSED INTO

6 MONTHS IN SERIES II EXPERIMENT.

(VERTICAL AXIS COMPOSITE, OF SAME SCALE TO PREVIOUS

FIGURES).
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Whitebrook strain : Over the complete cycle from December to

August, TCa levels were significantly correlated with Vg levels
(p<o0,001, r=0,99), 00D (P<0,01, r=0.85), GSI (P<0,001, r=0,92)

and serum £2 (P<0,001, r=0.87) (See Figs., 7.31., & 7.32.).

Serum E2 levels were significantly correlated with TCa (P‘(D.U1,
r=0,88), 000D (P<0,001, r=0,99) and HSI (P< 0,05, r=0.88) over the

exogenous vitellogenic phase from May until August (See Fig. 7.33.).



FIG. T.31,

SUMMARY OF SEQUENTIAL CHANGES IN MEAN SERUM LEVELS

OF DESTRADIOL-17B (E2 ng m1~"), OESTRONE (E1 ng m1™),
TESTOSTERONE (T ng m1™'), TOTAL CALCIUM (TCa mg 100m1” ")
AND VITELLOGENIN (Vg mg ml™') IN WHITEBROOK STRAIN
RAINBOW TROUT HELD UNDER A NORMAL SEASONAL CYCLE
COMPRESSED INTO 6 MONTHS IN SERIES II EXPERIMENT.

(VERTICAL AXIS COMPDSITE, OF SAME SCALE TO PREVIOUS

FIGURES).
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FIG.

TSl

CORRELATION OF MEAN SERUM CALCIUM (TCa mg 100m1” )
WITH VITELLOGENIN (Vg mg ml-1, P<L 0,001, r=0.99),
MEAN OOCYTE DIAMETER (00D mm, P<£0.01, r=0,85) AND
GONADOSOMATIC INDEX (GSI %, P<0,001, r=0.92) IN
WHITEBRODK STRAIN RAINBOW TROUT HELD UNDER A

NORMAL SEASONAL CYCLE COMPRESSED INTO 6 MONTHS IN
SERIES II EXPERIMENT,

(VERTICAL AXIS COMPOSITE, OF SAME SCALE TO PREVIOUS

FIGURES).




oo

(Tca)

(va)

(00D)

(GSI)

JAN

FIGe 7.325

LEGEND OPPOSITE.

I"ﬂY

|
JuL

LLw



FIG.

733,

CORRELATION OF MEAN SERUM LEVELS OF OESTRADIOL-17
(E2 ng m1~') WITH TOTAL CALCIUM (TCa mg 100m1™ ",
P>0.01, r=0,88), MEAN OOCYTE DIAMETER (00D mm,

P> 0.001, r=0,99) AND HEPATOSOMATIC INDEX (HSI %,
P> 0.05, r=0.88) DURING VITELLOGENESIS IN
WHITEBROOK STRAIN RAINBOW TROUT HELD UNDER A

NORMAL SEASONAL CYCLE COMPRESSED INTO 6 MONTHS IN
SERIES II EXPERIMENT.

(VERTICAL AXIS COMPOSITE, OF SAME SCALE TO PREVIOUS

FIGURES).
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Tels Discussion.

As maturation proceeded, the increase in size and gross
reorganisation of the morphology of the ovary were accompanied by
marked changes in serum levels of oestrone, oestradiol-178,
testosterone, vitellogenin and total calcium, There were similar
sequences and profiles of changes in all three strains of rainbow
trout held under both photoperiod regimes of constant length and

compressed natural seasonal cycle.

After the initial concomitant increases in oestrone, oestradiol-
178, testosterone and vitellogenin (including total calcium) seen
at the onset of gonadal development, the first major change was a
rapid increase in the serum levels of both oestrogens. Over the
first few weeks of development, serum oestrone levels increased
much more rapidly and reached their peak levels earlier than
oestradiol-178. Furthermore, under the 6 month-compressed -
seasonal cycle, oestrone levels demonstrated a second peak later in
the cycle, approximately one month before spawning, at about the
same time as maximum Destradinl—1?ﬁ levels were reached. The high
serum levels of oestrone recorded in all three strains, and the
previously reported vitellogenic action of this hormone (See
Chapter 5; van Bohemen et al., 1982b) suggests that it may play a
role in the control of vitellogenesis especially during the earlier
stages of this process. A study by van Bohemen et al., (1981c)
of the serum levels of oestrone in trout during the reproductive
cycle, observed a similar increase in oestrone early in development.
Since the same group also found that oestrone injections (10) were

effective in priming the liver for subsequent Destradiolu12ﬁ
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treatment, they proposed that the early increase in oestrone
enabled the liver to provide an enhanced secondary response to
oestradiol-1?ﬁ later in the annual cycle (van Bohemen et al., 1982a,
1982b). However, although this may occur during the first year of
maturation, it would be of little consequence in subsequent years
since any increase in oestradiol—17p would cause a secondary
response, without oestrone, as vitellogenesis had already been
evoked during the previous spawning. It has been reported that
the injection of oestrone and oastradioi-1?ﬁ together in trout can
cause a greater vitellogenic response, than the sum of their
individual fESponses (van Bohemen et al., 1982a, 1982b). This
suggests that it is the total oestrogen presence during the
reproductive cycle that is physiologically responsible for the
production and maintenance of vitellogenin synthesis, rather than
oestrone or oestradicl-1?ﬁ alone. However, there has been no

confirmation of this report in other fish. ,

Although Destradinl—??P may play a subordinate role at the
beginning of maturation, as sugogested by its presence at lower
levels than oestrone, during the period of maximum vitellogenesis
it becomes the major circulating oestrogen. A role for oestradiol
—1?ﬁ in the regulation of vitellogsnesis in other oviparous
vertebrates is now well established (Tata, 1978; Wallace, 1978) and
the present and other results (See Chapter 3) confirm the
importance of this hormone in this process in teleosts. Thus,
injection of oestradiol-17p increases serum levels of vitellogenin
in several species (See Chapter 3; Bailey, 1957; Plack et al,,
1971; de Vlaming et sl., 1980; Elliott et al., 1980) and serum

levels of oestradiol-17P have been correlated with serum vitellogenin
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during the reproductive cycles of trout (Scott et al., 1980b;
Bromage et al., 1982b). The observations in the present study
that, increases in serum levels of nestradiol—1?ﬂ followed by
rises in vitellogenin and a peak of this hormone was followed by
maximum vitellogenin levels, are indicative of a causal
relationship between the two. Thus, in this work, serum levels
of uestradiol-1?ﬁ were correlated with serum vitellogenin (and
total calcium) levels in all three strains during the period of
vitellogenesis, It is noticeable that serum levels of vitellogenin
continued to rise whilst both uestradial—1zﬁ and oestrone levels
were falling, and furthermore, vitellogenin reached a peak at the
time when these oestrogens had returned to basal levels. A
similar sequence of events has been observed in other studies
(Whitehead et al., 1978a; Scott et al,, 1980b) strongly suggesting
that vitellogenesis continues even after oestrogen synthesis and
release has stopped. This is supported by results here (See-
Chapter 3; Elliott et al., 1979) where total serum calcium and
phosphoprotein phosphorus levels were significantly raised for
almost 5 months after injection, although blood levels of the
steroid had long since fallen to basal values. However, in this
experiment, immature male and female trout were used and the
protracted elevation in vitellogenin levelS may have been due to s
long half=life in these animals, It has been shown in Xenopus
that the half-1life of vitellogenin is only a matter of days in
maturing females due to rapid uptake by the ovary, whereas in
immature males the half-life was almost 40 days (See Chapter 3).
In the present work serum levels of oestradiol—1zﬁ and vitellogenin
were both significantly correlated with the hepatosomatic index

(HSI) during this period of vitellogenesis, suggesting that in fish,
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like other oviparous vertebrates, vitellogenin is synthesised in

the liver (See Wallace, 1978).

following the rapid increases in both oestrone and oestradiol-
178, serum levels of uitgllogenin began to rise as the ovary
developed, reaching a peak either just before or at about the time
of spawning. Evidence that these increased serum levels of
vitellogenin were primarily responsible for the growth of the gonad
was shown by measurement of gonadosomatic index (GSI), oocyte
diemeter and by the detailed histological examination of all
three strains of trout ( See also Chapter 6). Thus, serum levels
of vitellogenin were correlated with both the GSI and mean oocyte
diameter throughout the reproductive cycles of these fish. In
order to account for the rapid increase of GSI during vitellogenesis,
it was calculated on a dry weight basis that the ovary must
sequester approximately 1g of yolk per day. This growth was
reflected in the 25=fold increases in surface area of individual
oocytes and their 600-fold increases in volume. It is perhaps
significant that a 1mm reduction in the diameter of an ococyte
effectively halves the oocyte volume. Since the eggs obtained
from commercial broodstocks often vary by more than 0,5mwm, the
conseguences of such drastic reductions in egg volume to the
subsequent development and performance of the embryo or fry may be
considerable. Certainly the eggs from the fish under both these
experimental regimes were smaller than those from corresponding
groups held outdoors, which may be a reflection of the 'advancement!
in spawning time and the shorter period available for egg growth in
these fish., Although there were no apparent differences in

performance of these eggs through the eyed-stage to swim-up, no



477

examination was made of their subsequent growth. Currently,

trout eggs are sold mainly on the basis of their size, and although
there is no evidence that larger eggs are of better quality, it is
generally accepted that they produce bigger and faster growing fry,
It is conceivable that if any advancements in spawning time reduce
the size of the eggs, thén delays in spawning may increase their
size and thus be of considerable value to the ego producer.
Preliminary evidence in this laboratory suggests that this may be
the case, and the effects of delayed spawning on egg size and

quality is currently being investigated further.

At the onset of gonadal development when oestrone, oestradiol-
178, testosterone, vitellogenin and calcium were all increasing
slowly, a histological examination of ovarian tissue revealed a
predominance of vesicle stage 4 oocytes and a smaller proportion
beginning to show signs of stage 5 granular inclusions (See also
Chapter 6). This was confirmed by electron microscopy which .
demonstrated the presence of micropinocytosis at the developing
oocyte surface. Thus, it would appear that at early stages of
development, when vitellogenin can only confidently be detected by
RIA, that the uptake of this large precursor has already begun. As
both G51 and oocyte diameter rose, the amount of granular material
within the oocytes increased, until they were completely full.
Since the increase in mean cocyte diameter was correlated with
increases in serum vitellogenin and this material is itself induced
by oestradial-1?P, it may be possible to influence the size of eaggs
by treatment with oestrogen at a2 time of year in advance of the
natural appearance of this hormone. If a significant effect of

artificially increased vitellogenin levels on egg size can be
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provided by only one or two injections of oestradiol-17B and/or
oestrone, such a technique would be of both commercial importance

and applicability to the fish farming industry.

The most striking observations under the long to short artificial
photoperiod regime (Seriés 1) were the histological (See also
Chapter 6) and endocrinological changes in the immature Whitebrook
strain fish during this period. At the time of the switch from
long day (18L : 6D) to short day (6L : 180) at the time of the
Summer Solstice, the ovaries taken from the Whitebrook strain
contained a majority of primary phase oocytes, but also a few of
the secondary growth phase. As the experiment progressed, the
oocyte diameter doubled and there was an increase in the proportion
of stage 4 vesicle-containing oocytes. By December, some stage 5
oocytes were detected, indicating that vitellogenin was being
accumulated in some oocytes. Whether these stage 5 oocytes were
subsequently resorbed by atresia was impossible to determine aue to
the infrequency of sampling. Concomitant with the histological
changes in immature Whitebrooks, increases in oestrone, oestradiol=-
178, testosterone, vitellogenin and total calcium were observed.
Although the absolute levels of the various serum parameters were
lower than those seen in the other two mature strains, the sequence
of the changes in these hormones mirrored those in the Caribou and
Grampians. Furthermore, the significant increases in serum levels
of vitellogenin that were observed, may have subsequently produced
the stage 5 oocytes which were seen in December, It is possible
that the morphological and endocrinological changes seen in
immature fish of this strain, represent a 'dummy- or practice-run'

as far as reproductive development is concerned.



479

There is similar evidence of 'practice-runs' one year or more
before the first spawning in other fish (Hickling, 1935; Trout,
1957; Woodhead & Woodhead, 1965; Davis, 1977; Eliassen & Vahl,
1982). Thus, an increase in ovarian weight has been observed in
immature cod (Eliassen & Vahl, 1982) and non-spawning catfish
(Davis, 1977). Also, Hickling (1935), noted that the eqg
diameter increased in immature hake at the time when older mature
fish spawned. Furthermore, there are data from other species which
indicate that some oocytes in immature énimals entered stages
similar to older maturing females, but subsequently these vitellogenic
oocytes disappeared at the time when older fish were undergoing
spawning (Yamamoto, 1956; Gokhale, 1957). It has been recognised
in teleosts that the initiation of the secondary growth phase
requires a pituitary trigger and that once initiated, spawning
usually occurs within a year (vivien, 1939; Barr, 1968). In the
Whitebrook strain, initiation of the secondary growth phase did not
result in spawning within a year, and also it is not known whether
a pituitary trigger caused this development since the samples were
not assayed for gonadotrophin. There is evidence from studies on
other fish, that early vitellogenic oocytes were present throughout
the reproductive cycle (Htun-Han, 1978; Forberg, 1982). Working
with the capelin, Forberg (1982) concluded that either vesicle-
stage 4 was not as cyclical as the later stages of secondary growth,
or that the ovarian development which precedes the first spawning
lasts for longer than a year. The present results could equally be
interpreted in this way, since vesicle-stage 4 oocytes were observed
for more than six months in immature Whitebrook and there was no
evidence to indicate that it was not this population of oocytes that

eventually matured at the end of the 6-month seasonal cycle.
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Whatever the explanation for the changes exhibited by immature
Whitebrook fish, it is probable that they are directly related to
the mechanism(s) which determine the onset of maturation or
puberty in trout. A number of studies have observed that the
administration of oestrogenic steroids to immature fish can cause
increases in the cytological activity of the pituitary and
gonadotrophin content (Olivereau & Chambolle, 1978; Olivereau &
Olivereau, 1979; Crim et al,, 1981). Thus, it has been proposed
that there are sufficient oestrogenic steroids in immature fish to
act on the hypothalamo-hypophysial axis and to stimulate
gonadotrophin synthesis by means of a positive feedback (Peter,
1982)., This store of gonadotrophin may then only require z
releasing factor to trigger its release and LHRH has been shown to
exert this effect on gonadotrophin stored in immature pituitary
after testosterone treatment (Crim & Evans, 1980), Thus, the
observed effects in Whitebrook fish may have been due to
fluctuations in oestrogen levels positively feeding back on the
pituitary. Clearly it may be possible to mimic this 'practice-
run' one year earlier than normally observed, possibly by the use
of hormones, and thus obtain eggs of better guality one year in

advance of the corresponding control fish,

Although the present results demonstrate that the profile of
serum changes in vitellogenin can account for the increases in
GSI and oocyte diameter, the changes in vitellogenin were more
closely correlated with the serum levels of testosterone than
either of the oestrogens. Thus, serum testosterone levels
started to increase at the same time as the oestrogens, but unlike

oestrone and oestradiul—T?F, increased only gradually during the
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early stages of vitellogenesis. However, following the initial
peak in oestrone and rapid increase in oestradiol-1ﬂﬁ, testosterone
levels began to rise more quickly and reached a peak just prior to
spawning at a time when both oestrogens had returned to basal
values, High levels of testosterone in female teleosts have zlso
been reported by other workers (Wingfield & Grimm, 1977; Campbell &
Idler, 1976; Scott et al., 1980b); levels which are often far
higher than those found in mature male fish of the same species.
Although maximum testosterone levels occurred at the height of
vitellogenesis, they are unlikely to have any physiological role in
vitellogenesis in this species due to the poor vitellogenic potency
of this hormone (See Chapter 5). It is more likely that the
increase in levels of testosterone are related to increases in
oestradiol-178, since Uestradiol-1?ﬁ is synthesised either via
oestrone after aromatisation of androstenedione, or via testosterone
via the aromatase enzyme. Thus, high levels of testosterone and
oestrone may both be due to their immediate position to oestr;diol-
178 on the biosynthetic pathway. There is some evidence that a
deactivation of aromatase before spawning whilst primarily blocking
any further synthesis of oestrogens also causes an indirect
increase in testosterone as a result of its position as the primary
end product of steroid synthesis, This could account for the very
rapid increase in testosterone during the latter stages of
development st the same time as the levels of both oestrogens were
falling. A more recent study which investigated the endocrine
changes in rainbow trout at weekly intervals up to and after
ovulation, observed that testosterone levels reached a peak about 8

days before spawning, &t which point they rapidly decreased (Scott
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& Sumpter, 1982a). The sudden drop in testosterone levels at this
stage was attributed, by these authors, to a switch in production
from testosterone to progestagenic steroids which are known to be
involved in final maturation and ovulation in salmonids (Jalabert,
1976; Kagawa et al., 19813 Scott et al,, 1982; Scott & Sumpter,
1982a, 1982b). Thus, if high levels of testosterone do have a
physiological role, it is likely that it is during the latter stages
of vitellogenesis and/or before final mgturation and ovulation,
There is some evidence from mammalian studies that testosterone is
important in regulating atresia (Magoffin & Erickson, 1981) and
testosterone has been shown to induce atresia in fish (Yamazaki,
1971). It may be possible that the maintenance of high, albeit
falling, levels of testosterone even after ovulation accelerates the
resorption of any remaining oocytes, in preparation for the next
cycle, However, it would not appear that the timing of the changes
in trout support such 2 role in this group of fish. It is

possible that the preliminary stages of atresia begin before
ovulation in some oocytes and that the reduced levels of testosterone
after ovulation are sufficient to maintain the degenerative
processes involved. Evidence relating to the effects of androgens
on vitellogenesis suggest that they are uniformly inhibitory (Dodd,
1960)., Thus, it is possible that a combination of the increasing
testosterone and falling oestrogen levels cause an inhibition of
vitellogenesis in the developing oocytes in preparation for the
changes that occur during final maturation. As such, this would

be quite separate from the negative feedback on the pituitary

caused by falling oestrogen levels, which cause an increase in

gonadotrophin just prior to ovulation (Fostier et al., 1978; Bromage
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et al., 1982b; Scott & Sumpter, 1982a), Of all the photoperiod
regimes used to manipulate reproduction in salmonids, none have
prevented ovulation, which suggests there may be some factor that
ultimately limits the growth of ococytes by stopping vitellogenesis

and bringing about final maturation of the oocyte and ovulation,

During the course of these experiments, some degree of variation
in the maximum serum levels of oestrone, oestradiol-178,
testosterone, vitellogenin and total calcium was observed not only
between strains, but also between fish of different age from the
same strain, However, no differences in these endocrine changes
could be attributed to any obvious differences in performance of the
broodstock under the artificial photoperiod, the eggs they produced,
or the subsequent development of the fry. Furthermore, the
profiles and sequences of these endocrine changes were virtually
identical to each other and the only difference to other reports of
these changes in the same fish, was in their duration (Bromage et al.,
1982b; Scott et 21., 1980b; Scott & Sumpter, 1982b). However,
these differences in vitellogenin and calcium levels were more
pronounced, and there appeared to be an inverse correlation between
the serum levels of vitellogenin and the size of the eggs produced.
Thus, under both experimental photoperiods, althougch the maximum
serum vitellogenin levels in Caribou strain were twice 2s high as
those observed in Grampian of 2 similar age, the eggs in Caribou
fish were smaller. Rlso, under both experimental photoperiods,
serum levels of oestradiol-178 in Caribou strain fish were
approximately the same in both cases, but the eggs from the second
spawning were larger and the vitellogenin levels lower. Since

serum levels of vitellogenin represent the difference between the
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rate of synthesis and the rate of uptake by the ovary in maturing
fish, it is possible that lower serum vitellogenin levels are
indicative of an increased uptake rather than a lower rate of
synthesis of this protein. Thus, it would appear that different
strains of a similar age‘may produce different sized eggs and that
the ovaries of older fish may also become more efficient at the
uptake of vitellogenin the more frequently they recrudesce, although
the importance of differences in fecundity in these strains must
also be stressed. Clearly the use of oestradicl-1?p or oestrone
to increase vitellogenin levels may not be sufficient on their own
to affect egg size or quality. Thus, other hormones possibly of
pituitary origin may be required to stimulate the uptake of these
increased levels into the ovary, since purified gonadotrophin(s)
and/ur whole pituitary extracts have been shown to stimulate the

uptake of vitellogenin in fish (See Dodd & Sumpter, 1982),

-

Although the sequence of changes in these various sex-steroids
are responsible for the direct control of the different phases of
ovarian development, these changes are believed to be initiated and
controlled by the hormones from the pituitary. Thus, there is
evidence from a number of studies in salmonids of increases in
gonadotrophin at about the time of the onset of gonadal development
as well as during final oocyte maturation and ovulation (Billard
et al., 1978; Whitehead et al., 1978c; Bromage et al,, 1982b).
However, not zll studies have observed changes in gonadotrophin at

these times and it has been suggested that the initiation of
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gonadal development does not need a pituitary signal (Peter & Crim,
1979). The reason for these differences may be partly due to the
time of blood sampling since it has been shown that there is a

daily pattern of release of gonadotrophin in trout (Zohar, 1982),

At present there is no agreement regarding the number of
gonadotrophins in teleosts (Dodd & Sumpter, 1982; See also 7.1. and
2.10. ). This complicates the interpretation of data and thus it
is not clear whether the two increases én gonadotrophin(s) detected
in some studies represent separate vitellogenic (non-glycoprotein
Con AI type) and maturational (glycoprotein Con AII type)
gonadotrophins, or a single multifunctional hormone. However, the
physiological role attributed to this initial peak in gonadotrophin
is to cause the biosynthesis and release of oestrogens by the ovary
(Billard et sl., 1978) thus initiating vitellogenesis and also to
increase the number and activity of the micropinocytes at the oocyte
surface, which then brings about the uptake of this protein into

the oocytes (Wallace, 1978; Abraham et al,, 1982). However, in all
studies where gonadotrophin levels have been monitored, low levels
have been recorded during the period of maximum gonadal growth,

It is possible that only low levels or the intermittent episodic
secretions of gonadotrophin are sufficient to mzintain micropino-
cytosis during this period. There is some evidence in the guppy,
that the size of the micropinocytes become larger during late
vitellogenesis and it was concluded that this represented the uptake
of different extracellular materials (Droller & Roth, 1966).
However, it may also be possible that another hormone may be
responsible for the production of this second type of pinocyte,

although no evidence for such an occurrence was observed in the
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present work.

There have been reports that TSH or the thyroid hormones are
involved with vitellogenesis, or more specifically, with the
uptake of vitellogenin by the ovary, As TSH is a glycoprotein
and very similar structurally to gonadotrophin (Fontaine, 1969)
separation procedures for gonadotrophin could possibly be
contaminated with TSH, Interestingly, Idler & Co workers' Con
AIl gonadotrophin preparation has also been shown to have some
effect on increased uptake of vitellogenin, although contamination
by TSH may have accounted for this action, Certainly the present
study has shown that oestradiol-17B treated fish, fed a T4 treated
diet have reduced vitellogenin levels in the serum, One
explanation of this was that thyroid hormone enhanced the uptake
of vitellogenin from the serum. Until homologous assays are
available which equivocally measure gonadotrophin and TSH, questions
relating to the number of gonadotrophins and the involvement of
other pituitary hormones in vitellogenesis will not be resolved.
There is much evidence in the literature that ‘'purified
gonadotrophin(s)' do have different biological actions (Campbell &
Idler, 19763 Hirose, 19763 Jalabert, 1976; Goetz & Bergman, 1977;
Campbell, 1978). Clearly there are factor(s) in the teleost
pituitary that affect reproduction other than the purified

gonadotrophin preparations that are currently avzilable,

In all species of fish investigated to date, the initiation and
subsequent manipulation of the various reproductive processes by
environmental cues are achieved as a result of neuroendocrine
changes involving the hypothalamus, the pituitary hormones and the

sex steroids (de Vlaming et al., 1974; Dodd & Sumpter, 1982),
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Thus, there is considerable evidence that the hormonal changes

which directly control these processes are ultimately regulated at
least in part, if not completely, by environmental factors (de
Vlaming, 1972; de Vlaming, 1974; Dodd & Sumpter, 1982), Of all

the environmental factoré known to affect reproduction in fish it
appears that it is the photoperiod that exerts the major influence
in salmonids (Hazard & Eddy, 1951; Allison, 1951; Nomura, 1962;
Henderson, 1963; Carlson & Hale, 1973; Kunnesh et al., 1974;
McQuarrie et al,, 1978; Whitehead et al., 1978b; Peter & Crim, 1979;
Bromage et al.,, 1982b). However, although the response of the
neuroendocrine system to these cues is well documented, it is less
clear firstly how salmonids measure the changing photoperiod and
secondly which portion of the light/dark cycle constitutes the
definitive cue(s). One possible hypothesis is that these fish
simply add up the number of hours light they receive and above an
appropriate threshold physiological response triggers the onsét of
gonadal development (Farner & Follett, 1966). However, this simple
'hour-glass' theory does not appear to be an adeguate explanation

as far as trout are concerned since it has been shown using

constant light cycles of different lengths that different groups
spawn after receiving widely differing total numbers of hours of
light (Whitehead et al., 1978b; Bromage et al., 1982b). It may

be that the rate of change of light is the important photoperiodic
determinant although photoperiods of constant length have been shouwn
to be as egually effective in modifying spawning times as seasonally
changing light regimes (Whitehead & Bromage, 1980). In the present
work, a long (18L:6D) followed by a short (6L:18D) day produced

similar results to a 6 month seasonally changing photoperiod and
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thus it would appear that it is not the rate of change in daylength
which is of importance, but the amount of light perceived per day,
and its relationship to photosensitive phases in their reproductive

rhythms (Bromage et al., 1982b),

Other workers have similarly shown that compressed seasonal
cycles, or long days before the Summer solstice followed by short
days accelerate gonadal development and advance spawning (Whitehead
et al.,, 1978b; Whitehead & Bromage, 1980). Conversely, extended
seasonal cycle, or short days early in the year followed by long
days later in the year tend to delay spawning (Bromage et al.,
1982a), The use of different strains in this study aimed to
increase our understanding of how fish measure the photoperiod and
respond to it and also to see if the different endocrine and
physiological processes in the reproductive cycle have been altered
to account for the widely different spawning times of the three
strains (Caribou spawn in November; Grampian - December; Whitebrook

- January).

Little is known about how different strains of the same species
respond to the same environmentzl cues, for example, it is
possible that gonadal development is initizted simultaneously in
all three strains by the same cue and that it is differences in the
rates at which these mature which leads to differences in spawning
time. An alternative explanation is that the endocrine events are
the same in the three strains, but the separation in spawning times
occurs as a result of the triggering of gonadal development by
photoperiods of different length. For example, it is possible that

an earlier-spawning strain reguires only 13 hours daylight for this
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to be perceived as a long day and for gonadal development to be
initiated, whereas the later-spawning strain may require 15 hours,
a daylength not reached until later under a seasonally changing
photoperiod. In this case the difference in spawning time is
represented by the time it takes for the normal seasonal changing
daylength to increase from 13 to 15 hours light (about 4 weeks)

and the former strain spawns one month earlier. Clearly the
faster the rate of changes between these daylengths, the closer the
spawning times should be, Thus, under a 6 month compressed cycle
one would expect this difference in the onset of the endocrine
changes in the three strains to be halved. If such an interpretation
were correct, one would expect there to be a synchronisation of
spawning if the switch was made directly to 18L:6D. However, if
after such a constant regime, spawning time was still separated, it
would suggest that the environmental trigger is more or less the

same for each strain, but that each strain requires different

numbers of daily stimulations of that daylenagth,

At the time of the switch from long (18L:6D) to short day
(6L:18D) at the beginning of Series I, the serum levels of zll the
sex steroids and vitellogenin and also the histological development
of the ovary of both Caribou and Grampian strains were identical
(Whitebrook fish did not mature until the following cycle). Thus
it would appear that under this photoperiod, development was
initiated at the same time. However, subsequent to the switch to
short-day their rates of development, as demonstrated by endocrine
and histological changes were different and the earlier-spawning
Caribou strain responded more rapidly to the short day. If these

had the same daylenagth cue and matured at different rates, one
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would expect this difference to have shown itself at the first
sampling. Thus, these results support the proposition of a
similar cue in the different strains, but with the earlier strain
needing less 'long-day' stimuli to initiate gonadal development or
conversely fewer ‘shcrt—ﬁay' stimuli to curtail the latter stages
of gonadal development than does the later spawning strain. These
results confirm a requirement for short-days (or absence of long-
day) later in the cycle. Such a2 requirement has also been
indicated in a further study on trout (Bromage et al., 1982a,

1982b).

Under the second artificial photoperiod, a2ll three strains
matured and maintained their spawning identity by one month,
even though they were under a compressed 6 month seasonal cycle.
This indicates that gonadal development started at zpproximately
the same time and the rates of change in measured serum paramgters
were different. However, if one loOks critically at the Feb-Mar
period when the first changes in all three strains take place, it
is evident that the Caribou started before the Grampian_’uhich
began development before the Whitebrook; and in each one the
infrequency of sampling probably masked the precise points of
flexion in the three strains, Monthly sampling under a 6 month
regime is probably only as effective as bi-monthly sémpling under
a normal seasonal photoperiod. It must also be appreciated that
since the maximum levels in all three strains were not identical,
the rates would be expected to be different. These results would
also suggest that in rainbow trout it is the number of daily

stimulations of & particular photoperiodic cue that may be the
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determining factor in the initiation of gonadal development.
Preliminary results for the Series III experiment, where these
strains were held under a 12 month seasonal cycle which had its
shortest day on 21st June, and longest day on 21st January (See
Figs. 7.34. & 7.35.), subport these results. Thus, the initiation
of reproduction in Caribou fish, shown by significant increases in
uestradicl-1?ﬁ, testosterone and calcium began 2 months before
similar changes were observed in Whitebrook fish, Subseqguently,
the Caribou strain spawned 2 months earlier than the Whitebrook

fish at the end of this photoperiod. Another study investigating
these same aspects in two strains of rainbow trout (Caribou and
Christiansen) have similarly shown that the separation in the
initiation of gonadal development is the same as the separation in
spawning time, and that the duration and seguence of endocrine
changes are identical in the two different strains (Scott & Sumpter,
1982b). These authors have concluded that the different strains
respond to different photoperiodic cues or daylength, which the
present results do not disprove, and is currently being investigated

further.

Thus, increases in both these hormones are correlated with
increases in vitellogenin, HSI, GSI and oocyte diameter during the
period of rapid ovarian growth when vitellogenin is sequestered
from the blood. This also opens up the possibility of improving
egg quality or size for the fish farmer, by treatment with these
hormones. Furthermore, both these present results and those from
Series III (not fully reported here) reveal that photoperiod

manipulation can be used successfully on & commercial scale, to
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radically alter the spawning time of different strains of female
rainbow trout and thus provide a greatly increased availability

of eggs probably of better quality.
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CHANGES IN MEAN SERUM LEVELS OF DESTRADIDL*1?§ (E2
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ng ml ), TESTOSTERONE (T ng ml 1) AND TOTAL CALCIUM
-1

(TCa mg 100m1 ') IN CARIBOU (EARLY-3PAWNING) STRAIN

RAINBOW TROUT IN SERIES III EXPERIMENT,

5erum_qestradiol-1?ﬁ rose significantly from 3.1 + 0,014
ng ml = in late August to 5.0 *+ 0.5 ng ml1 ' in early
October (P{0.001; n=7). e——e

Serum_jestosterone increased significantly frem 5.1 + 0.6
ng ml in early October to 8.75 + 0,9 ng ml in early
November (P£ 0.01; n=10)., m—=u

Similarly, total serum cg*cium increased significantly
from 12,9,+ 0.3 mg 100ml ' in October to 14.1 + 0.4
mg 100ml ~ in early November (P 0,015 n=28)., L, —— =
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FRR S a5, CHANGES IN MEAN SERUM LEVELS OF GESTRADIUL—1?P (E2
ng m1"1), TESTOSTERONE (T ng ml™') AND TOTAL CALCIUM
(TCa mg 100m1™") IN WHITEBROOK (LATE-SPAWNING) STRAIN
RAINBOW TROUT IN SERIES III EXPERIMENT. PHOTOPERIOD:
12 MONTH NORMAL SEASONAL CYCLE HELD & MONTHS OUT OF
PHASE, WITH SHORTEST DAY 21st JUNE.
(1) Serum oestradiol=- ?ﬁ increased significantly from

3.8 ¥ 0,083 ng ml~ in December to 10.5 * 1.5 ng ml
in January (P £0.05; n=5), e—4¢

-1

[2) Serum testosterone increased significantly from 4,1 +
0.04 ng ml~ in December to 17,6 + 2.7 ng ml™ in
January (P {0.05; n=5). —a

(3) Totzl serum calcium *ncreased significantly from

-1
15020+ U, mg 100ml ° in December to 17.2 * 0.6 mg 100ml
in January (P {0.001; n=5), &——-4
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AND CONCLUSIONS,



496

1. There is currently an increasing demand for rainbow trout
culture in the U.K. to become self=sufficient in its requirements

for good quality eggs and fry. Because of the threat of disease,
there has been a steady decline in the numbers of eggs imported

from abroad,to supplement home-produced eggs. Whilst the U.K.
industry produces adequate quantities of good quality eggs for a
limited period of the year,during the peak spawning time, outside
this period the quality and supply are both poor and erratic.
Furthermore, little is presently known aﬁout what actually determines
quality in an egg or what mechanisms decide these factors in oocyte

development,

2, The successful development of the avary, which leads to the
production of eggs, is brought about by a complex sequence of

events initiated and subsequently modified by changes in the external
and hormonal environments, An understanding of how these
environmental and endocrine changes modify the different phasé; of
oocyte growth and especially the synthesis and uptake of yolk,

may provide the necessary information to control and/nr improve the

quality of egg supplies.

3 This thesis investigated these problems by monitoring the
changes in serum levels of oestrone, oestradiol-173, testosterone
and vitellogenin during the reproductive cycle of three strains of
female rainbow trout, held under closely controlled environmental
conditions and related these changes to the different phases of
ovarian development by histological examination, Thus, any
variation in egg quality in the three strains that may have occurred

could have been reflected in differences in the endocrinological
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or histological events. In parallel, an investigation was made of
the effects of the injection of oestrogens and other hormones, on
the production of vitellogenin and ovarian development, to see if
any changes observed in the normal cycle could be mimicked by

hormonal treatment.

4, During the reproductive cycles of all three maturing strains,
the primary event was an increase in the serum levels of both
oestrogens, Although serum levels of oestrone initially
predominated over those of oestradiol—1?ﬁ, the latter hormone was

the major circulating oestrogen during the later stages of
vitellogenesis. The increases in both oestrogens were significantly
correlated with those of serum vitellogenin and HSI during this

phase of vitellogenesis, supporting a role for both these hormones

in the hepatic synthesis of vitellogenin in this species.

S following the rise in oestrogens, consequent increases in

serum vitellogenin and total calcium were observed, which reached
peak levels just before, or at about the time of spawning, when
serum levels of both oestrone and oestradiol-17S8 had returned to
basal, Changes in vitellogenin and calcium were significantly
correlated with the increases in both gonadosomatic index and ococyte
diameter, indicating that the vitellogenin procuced by the liver

is primarily responsible for the rapid increase in gonad size during

this period,

6. The use of both sensitive homologous RIA for serum vitellogenin
and an electron microscopical study of micropinocytotic activity at
the oocyte surface indicated that the uptake of this yolk=precursor

starts much earlier than other studies have previously reported.
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Light microscopy confirmed the accumulation of vitellogenin during
the period of oocyte development and prior te final maturation,

oocytes were seen to be full of granular-yolk material.

Te Initial small rises in serum testosterone, increased much more
rapidly towards the end df vitellogenesis, possibly as a result of
decreased aromatase activity and falling oestrogen levels, High
levels of testosterone at this time may inhibit or stop the uptake

of vitellogenin, thus preparing the ococyte for final maturation.

8. Although no differences in egg size or quality could be
attributed to differences in either endocrine levels or profiles in
the three strains, the size of egg was inversely related to the
levels of vitellogenin, This would suggest that the uptake of
vitellogenin may be of greater importance in this particular aspect

of egg quality, rather than the absolute levels produced.

9, The modification of the timing of these endocrine and 2

histological changes by the two artificial photoperiods,was clearly

)
demonstrated by the advanced spawning times in all three strains.
The similar responses of the three strains under both the compressed
six=month seasonal cycle and the long followed by short days,
indicates that it is not the number of hours light received or the
rate of change of daylength which is of importance in photaoperiod
measurement in trout, but the amount of light received per day and
its relationship to photosensitive phases in their reproductive
rhythms, The results also demonstrate that different strains
maintain their separate spawning times by responding to different

photoperiodic cues rather than by any modification of the profile of

endocrine changes. However, this difference in photoperiodic cue
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may not necessarily be in the absolute daylength, but more likely a
variable requirement for differing numbers of daily stimulations

of that daylength.

10. The eggs from both advancing regimes were smaller than eggs
taken from similar fish Held under natural conditions which may be
a reflection of the 'shorter time' for ovarian development,
Conversely, it may be possible to increase egg size if spawning is

delayed, by using extended photoperiods. .

!

11. Similar, although much reduced, endocrinological and
histological changes were observed in immature Whitebrook strain
fish, one year before the natural spawning time. Thus, increases
in oestrone, oestradiol-17p, testosterone and vitellogenin were
recorded, together with a limited development of second-growth
phase oocytes (Stage 5), which together did not result in spawning.
It is possible that this species have a practice-run for ,

reproductive development in their prespawning year, a phenomenon

demonstrated by some other teleost species.

12, Treatment of immature trout with a2 single injection of
oestradiol-1?ﬁ resulted in marked and long-lasting increases in

serum levels of vitellogenin, total calcium anc phosphoprotein
phosphorus, similar to those seen during the reproductive cycle of
female fish. The duration and height of this response was
proportional to the dose administered. Trout treated for a second
time demonstrated a much more rapid and increased secondary response.
Also the vitellogenic response varied significantly with the time of
year, with the liver more sensitive to the same dose of oestradiol=-

178 in late Summer/early Autumn, than at other times of the year.
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A minimum response was observed at the time of year when fish
normally spawn, and this phenomenon may be related to some form of
refractory period which regulates the onset of reproductive

development.

13. Treatment with oestrone and oestriol also yielded significant
increases in vitellogenin and total calcium, with oestriol the

most potent and cestrone having a similar action to oestradiol-173.
The vitellogenic action of the naturally occurring oestrone

¥

confirms its physiological role in vitellogenesis in this species.

14, The height and long-lasting nature of the vitellogenic
response after only one or two injections with oestradiol-13ﬁ,
indicate that hormonal treatments may have a significant role to
play in the control of egg quality and production in salmonid

culture :

(a) By supplementing naturally occurring oestrogens either
during the normal cycle to increase egg size, or in
conjunction with photoperiods designed to advance spawning,

to avoid reduced egg size,

(b) To prime fish of one year old or younger, so that at the
onset of gonadal development a more rapid secondary

response occurs to naturally increasing oestrogens.

(c) To induce the dummy- or practice-run in fish of one year
old or younger, with the possibility of obtaining good

quality eggs from broodstock of a younger age.

Currently, the use of such hormonal manipulations is still
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experimental, although the results from the limited commercial

trials carried out so far, appear promising.

15. The combination of the use of artificial photoperiods to
provide a greater spread of egg supplies, and hormonal treatment
to modify the quality oF.eggs is of some economic significance to
the fish farming industry and may offer a much more flexible

approach to broodstock management.
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APPENDICES.
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APPENDIX I

EXPERIMENTAL RECIRCULATION SYSTEMS,
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Both experimental systems at Aston University used in this study,
systems A and B8 (Fig, I.1. & Fig., 1,2,) were almost entirely
recirculatory, Each system was made up with approximately 79 litres
hr-1 from a chilled central header tank for recovery of losses due to
spillage and evaporation with a minimal overflow, Each system had
ites own header (Supaglass, Morecambe) to which water was returned
(Plastic chemical pump, PV21, Beresford and Son Ltd., Kitts Green,
Birmingham) from the filter at 2,040 litres hour—1. Each system had
three 720 litre experimental tanks (Supaglass) with an internal
diameter of 90 cms, and maximum and minimum depths of 36 and 30 cm
respectively, Each tank had a tangential water supply of 510 + 50
litres hr_1, with @ 4 em central drain (Fig. I.3.). The three
tanks emptied into a common waste pipe (14" ABS., Plastic construction,

Tysley Rd., Birmingham) which in turn drained into a faecal trap,

On system A the trap was of a lamellar type (Fig. I.4.) in which
the greatest surface area was offered to the faeces and a high
retention time for solids, On system B8 the trap was somewhat
simpler, in that solids entered at a low level and water was taken off
at a higher level (Fig. 1.5.). Both traps were cleaned periodically,
monthly on system A by draining the tank, and daily on B by removing

the central pipe. The water from either faecal trap then went to the

filter,

The filters used were of the downflow gravel type where ammonia
loaded water was set against vitrifying bacteria occupying the surface
of the gravel. Filtered water was pumped to the header from the

bottom of each filter.
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APPENDIX 11

WATER QUALITY PARAMETERS IN THE FISH HOLDING

FACILITY AT THE UNIVERSITY OF ASTON.
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All experimental systems at the Universities' Fish Culture Unit
are run on Birminghams' tap water, being pumped from the Elan Valley
in Wales, The water quality was monitored routinely in the tuwo
systems throughout the three years of this study. Samples were taken
every few days for determination of temperature, pH, ammonia,

nitrates, dissolved oxygen and water hardness.

The dissolved oxygen was determined by the Winkler method and
expressed in mg litre-1. In theory, the white precipitate of
manganous hydroxide produced by the action of alkaline potassium
iodide on manganous chloride or sulphate, is converted by the
dissolved oxygen into a brown precipitate of manganic hydroxide. The
addition of sulphuric acid liberates free iodine which is titrated
against this sulphate with starch as indicator. At no time during
the course of an experiment did the dissolved oxygen fall below 7 mgL-1,

well above the suggested minimum level for rainbow trout of 5 mgL-T.

-

The temperature, measured by mercury thermometer, was taken in the
three tanks and s mean recorded. Generally, whilst experiments were
in progress, the temperature was maintained at 12 * 2, A chiller
in the Unit maintains Summer temperatures below lethal temperatures

and @ gas=fired space heater maintains Winter water temperstures well

above lower growtn-limiting values.

The pH was determined with @ meter and fluctuates around a

i S :
neutral value. At high pH, the NH ion is not favoured and

4

subsequently higher concentrations'of unionised ammonia develop.

The ammonia present in the system is the end product of protein
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metabolism, being excreted through the gills and in recycled water
could possibly build up to toxic levels. The ammonia in solution
exists as ionised (NH&+) and unionised forms (NH3) and it is only the
latter which is toxic to fish. The relative proportions of these
two depends primarily on. pH although the temperature of the water
exerts a modifying influence. Ammonia levels were well below toxic

levels to rainbow trout throughout this study,

The nitrate levels in the water closely follow those of ammonia
since they are formed by the biological oxidation of ammonia by the
nitrifying bacteria in the filter bed. Possibly of more importance
are nitrites which are an intermediate in the process of nitrification,
these can accumulate as a consequence of elevated levels of ammonia
or incomplete nitrification. Nitrites may be toxic by converting
haemoglobin to methaemoglobin which combines irreversibly with OXygen.
Nitrate content was similarly measured with a probe and expressed

-

in ppm,

Water hardness was determined using BDH water hardness tablets.
One tablet added to 100 ml water sample and stirred with 2 ml
ammonia buffer until dissolved. This is titrated against 0,02 N EDTA,
to give the total hardness (ppm). The water was relatively soft

averaging approximately 30 ppm.,

Tables II.1 and 11,2 show measurements of temperature, pH,
NH3, 02, N03+N02 and hardness in the two systems used during this

5tudy:
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TABLE I1.1 WATER QUALITY SYSTEM A.
DATE TEMP pH 0, NH., NO,*+NO,, HARDNESS
(°c) (mgt”")  (ppm) (pom) (2pm)
23/10/78 14,1 6.7 11.0 0.1 6.5 24,0
27/10/78 15,5 - 2 " 7.0 23,0
30/10/78 15.5 6.9 9.2 " 3.0 22,0
3/11/78  15.8 7.0 9,5 " 255 22,0
6/11/78 16,0 6.7 10.0 " 2,4 20.0
10/11/78 14,5 7.0 9.9 i 1.8 22,0
13/11/78 13.0 6.3 9.8 0.1 Be D 24,0
17/11/78 11,5 6.5 10.8 0.1 Se 26,0
20/11/78 11,0 6.7 10.4 " 4,5 34,0
231118 11.0 6.5 10.1 0.2 4,5 32,0
27/11/78 10,5 6.6 10,8 0.1 3.0 28,0
4/12/78 9.8 6.7 10.6 .. 3.0 2é.n
8/12/78 9,0 - 11.0 " 3.9 33,0
12/12/78 10,5 6.9 12,5 ’ 5ot 29.0
15/12/78 9.6 BT 10.0 0.1 3.5 31.0
21/12/78 8.5 6.6 11.0 0.1 358 30,0
2/1/79 8,1 6.7 1102 0.1 2.9 30.0
s/1/79 8.9 6,6 1% 0.1 3,5 27.0
8/1/79 9,0 6.4 10.4 0.1 4.0 23,0
12/1/79 Va5 6.4 10.8 0.1 3.8 21,0
15/1/79 8.5 6.6 10.8 0.1 3.5 27,0
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TABLE II,1 Contdesesere

DATE TEMP pH 0, NH. NO+NO,, HARDNESS
19/1/79 7.9 6e7 11:2 0.1 3.6 25.5
25/1/79 8.0 6.7 10.1 " 3.8 25,5
29/1/79 FoT BeS - 10.8 " 4,3 22,0
2/2/79 8.5 6.5 10.3 " 8¢5 22,5
6/2/79 8.5 6.7 10,7 " 5 28,5
9/2/79 7.9 6.7 10.7 ‘0.4 5.0 21.0
13/2/79 7.8 6.6 9.8 0.3 647 23,5
16/2/79 7.9 6.6 1.4 8,1 4,5 22,0
20/2/79 7.0 6.8 11.0 0.3 S5 -
23/2/79 8.0 6.7 - 0.1 4,0 23.0
27/2/79 8.5 6.7 10.7 0.2 4.5 23,5
2/3/79 8.5 6.8 - 0.1 445 28.5
5/3/79 9.0 6.6 10.3 0.2 4,9 29,0
9/3/79 10.4 6.9 - 0.4 - 26.0
12/3/79 9.5 6.9 9,2 0.5 4,0 23,5
16/3/79 8.6 6.6 - 0.2 4,6 23.5
19/3/79 8.5 6.9 9.3 0,2 4.0 32.5
23/3/79 9,0 6.8 - 0.2 Sed 21.0
27/3/79 9.5 6.8 9,3 0.2 4,7 19.5
2/4/79 10,0 6.7 10,0 0,2 4,5 20,0
6/4/79 10.0 6.8 - 0.3 4,4 -
9/4/79 10.1 6.8 10,2 0.1 3.9 22.0
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TABLE 1101 Contd.-----uc

DATE TEMP pH 0, NH NO,+NO,, HARDNESS
1/10/79 14,5 6.7 6.8 0.3 20,0 50.0
9/10/79  18.0 5.2 67 0.6 45,0 51,5
17/10/79 13.5 5.4 7.0 0.7 45,0 67.0
25/10/79 13,0 7.0 7.0 0.4 61.0 48,5
30/10/7% 13,0 6.8 8.4 0.3 39,0 35.0
7/11/79 12,2 T2 9,7 0.1 33.0 40,5
12/11/79 10.0 Tel 10,5 0.7 15.0 25,0
20/11/79 10,7 Tl 10.4 0.1 15,0 23.5
28/11/79 11.0 7.0 9.9 0.2 27.0 27.0
3/12/719 11.7 Bl 9,7 0.1 25,0 28,5
11/12/79 10,5 Te 10,4 0.1 14,0 29,0
28/12/79 10.0 6,7 10,7 " 15.0 26,5
3/1/80 8.7 6.8 10,7 " 17.0 27.0
7/1/80 10.0 6.6 9.8 0.1 20.0 25.5
15/1/80 9,0 6.8 10.6 0.1 24,0 29,5
22/1/80 11.0 (2% 8.2 0.1 65,0 57,0
30/1/80 11.0 7.4 B.4 0.1 18:5 26,5
5/2/80 107 6.9 Tl 0.1 65.0 43,0
12/2/80 12,0 T2 7.4 .1 80.0 41,0
20/2/80 11.0 6,9 7.8 0.1 12,0 25,5
26/2/80 9.8 T 9.6 0.1 9.5 24,0

29/2/80 13.0 6.9 T 0.2 20,0 27,0
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TABLE II.1 Contdeseceees

DATE TEMP pH 0, NH., NO,+NO, HARDNESS
20/4/79 13,5 6.7 9.1 0.1 5.0 34,5
27/4/79 12.5 6.3 8.9 0,2 4,0 20,0
2/5/79 9.0 6.8 10,0 0.1 3.8 21.0
11/8/79 1.3 7.1 9,6 0.2 4,2 29,5
15/5/79 12.0 7.1 9,0 0.3 52 29.0
18/5/79 10,7 7.0 9,7 0.2 5.0 32.0
24/5/79 12,0 6.9 9,7 0.1 5.0 33,0
1/6/79 11.5 7.0 B85 0.2 6.2 35.5
4/6/79 12.5 6.9 - 0.2 6.6 31.0
11/6/79 12,5 6.9 8.8 0.2 Te2 32.5
26/6/79 13,4 8.7 9.0 0.2 10.0 35.0
3/7/79 13,5 9.1 Tl 0.2 8.0 26.0
8/7/79 13,6 7ol 6.7 0.2 13,0 32.0
16/7/79  16.2 6.7 73 0.6 9.5 29,5
23/7/73  14.5 ; e 6.7 0.5 6.8 21.0
30/7/79 17,2 67 6.9 0,3 6.2 21,5
7/8/79 17.0 6.9 61 0.5 5o 21,0
13/8/79 17.2 6o 6.9 0.5 Se5 20.0
29/8/79 14,0 6.9 65 0.3 8.5 23,5
10/9/79  15.5 6.5 7.0 0.2 9.0 31.0
18/9/79  15.0 7.0 7.0 0.2 13.0 36.0

25/9/79 14,0 To2 Te2 0.2 .3 32.0
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TABLE II|1 cuntd.oicotct

DATE TEMP pH 0, NH. NO,+NO,, HARDNESS
3/3/80 12,0 87 7o'l 0.2 12,0 25,0
7/3/80 12.5 7.0 6.5 0.2 12.0 22.0
12/3/80 13,5 6.9 - 6.3 0.2 15.0 25:5
18/3/80 11,5 6.8 6.7 0.3 13.0 20.5
21/3/80 11.0 6.8 8.0 0,1 15,0 24,5
25/3/80 12,2 71 7«3 0.1 16.0 28,5
28/3/80 12,5 6.8 7e5 0.1 16,0 26.5
25/4/80 10,5 7.0 9,8 0.1 13,0 20,5
29/4/80 11,5 6.9 9.6 " 16.0 20.5
2/5/80 115 P2 9,7 " 9.5 21.0
9/5/80 11.5 71 9.5 " - 22,0
15/5/80 12.0 6.9 8.6 0.1 10,0 21,0
20/5/80 12.8 6.8 8.8 " 13.0 20,5
23/5/80 12,0 6.9 8.9 H 11.0 23.5
28/s5/80 12,8 6.9 7.9 " 25.0 34,0
31/5/80 12,0 (s 7.4 i 30,0 34,0
3/6/80 12.7 6.8 7.9 " 37.0 36.0
6/6/80 13:5 6.8 8.2 0.2 34,0 33.0
10/6/80 14,5 7.0 T2 0.1 8.5 3t.5
13/6/80 14,5 N2 7.8 " 6.8 30.5
25/6/80 13,5 6.8 8.5 " 6.5 22,5

27/6/80 13,3 6.8 6.5 0,2 9.3 24,0
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TABLE 1I.1 Contdessseese

DATE TEMP pH 0, NH., NO,+NO,, HARDNESS
1/7/80 12.5 66 Rl 0.2 15.0 25.5
8/7/80 14,5 6.9 8.4 0.1 14,3 21.0
11/7/60 13,0 6.5 - 0.1 11.0 24,0
15/7/80 13,0 6.4 8.3 0.1 - 27.0
21/7/80 12,7 6.5 7.6 ) 16.0 25,5
24/7/80 14,5 6.4 - 0.1 15,0 25.08
28/7/80 13,5 6.5 8.6 0.1 15.0 24,0
1/8/80 13.5 6.5 - 0.1 13.0 23,5
6/8/80 13.5 6.5 8.2 0.1 14.0 26,3
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TABLE II.2 WATER QUALITY SYSTEM B

DATE TEMP 0, pH NH NO,+NO,  HARDNESS
o) (ma”") (ppm) _ (ppm)  (pom)
28/12/79 12.0 10,7 6.7 0.1 14,0 23.5
3/1/80 10.5 10.9 6.9 " 14,5 23,5
15/4/80 11,5 1.2 6.9 " 6.5 20,5
22/4/80  11.5 10,2 Tl 0.1 5.0 21.5
25/4/80 12,5 9.6 751 0.1 7.3 22.5
29/4/80 13,5 9.8 7.0 0.1 5.9 19,5
2/5/80 13.5 9,7 Tel " 8¢5 21,0
9/5/80 11.8 10,2 T2 0.1 - 19,5
15/5/80 14,5 8.8 7.0 0.3 4,3 20.0
20/s/80 15,0 9,3 7.0 0.1 4,9 19.0
23/5/80 11,5 9.4 7.0 0.1 3¢5 22,0
28/5/80 13,0 B.7 T 0.2 5.8 35.5
31/5/80 12,5 " 73 0.4 10,0 33,0
3/6/80 12,0 8.8 7.0 0.3 18.0 32,0
7/6/80 12.5 10,6 " 0.1 20,0 31.0
10/6/80 12,5 8,6 # 0.2 14,0 82.5
13/6/80 13.0 10,3 Tl 0.1 8.2 315
25/6/80 12,7 8.3 6.8 0.1 6.5 22.0
27/6/80 12,0 8.2 6.9 0.4 10,5 24,5

1/7/80 12,5 10,5 6.9 0.1 4,9 21.0
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TABLE II.2 Enntd.......-

DATE TEMP 0, pH NH., NO,+NO,  HARDNESS
8/7/80 12,5 10,4 Tel 0.1 5e5 21,0
11/7/80 13,5 - 6.8 " 4,2 22,0
17/7/80 13,0 9.8 6.8 " - 21.5
21/7/80 13,0 10.0 o2 " 4,5 22,0
24/7/80 17,0 8.2 7.0 0.1 2a7 20,0
28/7/80  13.5 10.7 Tl '0.1 3.9 22.0
1/8/80 135 - 7.0 " 3.5 21.5
6/8/80 13.5 9.4 % " < 22.0
12/8/80 12,7 10.1 6.7 " 8.0 24,0
19/8/80 11.8 10,9 7.3 " 9,0 25.5
27/8/80 12,0 10,2 6,7 " 14,0 30.0
2/9/80 13,0 9.9 6.7 " 18.0 36.5
8/9/80 125 9,7 Tel " 5.6 25,5
16/9/80 13,0 9,7 7.0 " 6.5 22,5
24/9/80 12,0 9,9 6.7 " 10.0 24,5
30/9/80 11.5 10,0 6.9 " 8.5 24,5
20/10/80 12,0 10,1 7.0 0.3 6.0 23,0
24/10/80 11.5 10,0 7.0 0.1 245 21.5
28/10/80 11,5 10.0 7.0 0.1 4,0 29.5
31/10/80 10.5 10,3 6.8 0.1 8.0 23,0

2/11/80 10.8 10,2 6.8 0.1 21.0 28,5



521

REFERENCES.



522

Abraham, G.E. (1974). Radioimmunoassay of steroids in biological
materials., Acta Endocr., 75, (Suppl. 183), 23 - 28,

Abraham, M., Hilge, V., Lison, H., Tibika, E. & Rahamim, E. (1982).
The envelope cells of the oocytes and the pathway of
intravenously injected HRP in the teleostean ovary. (Abstract)
XIth Int., Congress ESCE. Jerusalem, Aug 1981 (in press).

Aida, K., Ngan, P.V. & Hibiya, T. (1973a). Physiological studies on
gonadal maturation in fishes. I. Sexual differences in
composition of plasma protein of ayu in relation to gonadal
maturation. Bull, Jap. Sec. Sci, Fish,, 38, 1091 - 1106,

Aida, K., Hirose, K., Yokote, M. & Hibiya, T. (1973b). Physiological
studies on gonadal maturation of fishes, II. Histological
changes in the liver cells of ayu following gonadal maturation
and estrogen administration. Bull. 3Jap. Soc. Sci. Fish., 39,
1107 - 1115,

Rketa, K. (1954). The chemical nature and the origin of the
cortical alveoli in the egg of the medaka, Oryzias latipes.
Embryologia, 2, 63 = 66.

Alexander, J.B. (1977). Protein concentration in the serum of the
Atlantic salmon (Salmo salar) in North-West England and N.
Ireland. J. Fish, Biol., 11, 673 - 679,

Allison, L.N. (1951). Delay of spawning of Eastern brook trout by
means of artificially prolonged light intervals. Prog.
Fish., Cult., 13, 111 = 116,

Anderson, E. (1967). The formation of the primary envelope during
oocyte differentiation in teleosts. Je CE1Y Binl,; 355
183 - 212,

Anderson, E. (1968). Cortical alveoli formation and vitelladenesis
during oocyte differentiation in the pipefish, Syngnathus
fuscus, and the killifish, Fundulus heteroclitus. J. Morphol.,
125, 23 ~ 59,

Ansari, A.Q., Dolphin, P.J., Lazier, C.B., Munday, K.A. & Akhtar, M.
(1971). Chemical composition of an oestrogen-induced calcium-
binding glycolipophosphoprotein in Xenopus laevis. Siochem.
Je, 122, 107 - 113,

Baggerman, 8, (1972)., Photoperiodic responses in the stickleback
and their control by a daily rhythm of photosensitivity.
Gen. Comp, Endoc., Supp. 3, 406 = 476,

Bailey, R.E. (1957). The effect of estradiol on serum calcium,
phosphorus and protein of goldfish. J. Exp. Zool., 136,
455 - 469,

Baker, H.J. & Shapiro, D.J. (1977). Kinetics of estrogen induction
of Xenopus laevis vitellogenin messenger RNA as measured by
hybridization to complementary DNA. J. Biol, Chem., 252,

B428 - B434,

Balbontin, F., Espinosa, X. & Pang, P.K.T. (1978). Gonadal
maturation and serum calcium levels in two teleosts, the hake
and killifish, Comp., Biochem. Physiol., 61R, 617 = 621.



523

Bara, G. (1955). Histochemical localization of 3B-hydroxysteroid
dehydrogenase in the ovaries of a teleost fish, Scomber
scomber L. Gen. Comp. Endoc., S5, 284 - 296,

Barman, T.E., Bai, N=K. & Thoai, N=Y. (1964). Studies on a
herring phosphoprotein. Biochem. 3., 80, 555 - 558,

Barr, W.A. (1953). The endocrine control of the sexual cycle in
the plaice, P. platessa (L). I. Cyclical changes in the
normal ovary. Gen. Comp. Endoc., 3, 197 - 204,

Barr, W.A. (1968). Patterns of ovarian activity. In 'Perspectives
in Endocrinology' (E.J.W. Barrington & C. Barker Jorgensen, eds).
pp 164 - 238, Academic Press, New York.

Bassett, J.M. & Hinks, N.T. (19469). Micro determination of
corticosteroids in ovine peripheral plasma : Effect of
veripuncture corticotrophin, insulin and glucose. T
Endocrinol., 44, 387 - 403.

Batten, T.F.C. & Ball, J.N. (1977). Ultrastructure of the
neurohypophysis of the teleost, Poecilia latipinna, in relation
to neural control of the adenohypophysial cells. Cell Tiss,
Res., 185, 409 = 433,

Bergink, E.W., Wallace, R.A., Berg, J.A., van de Bos, E.S., Gruber, M.
& Ab, G. (1974). Estrogen induced synthesis of yolk proteins
in roosters. Amer. Z00l., 14y 1177 = 1183,

Bergink, E.W, & Wittliff, J.L. (1975). Biochemistry, 14, 3115 =
3121,

Berkowitz, P. (1941). The response of fish (L. reticulatus) to
mammalian gonadotropins. J. Exp. Zool,, B6, 247.

Beuving, G. & Gruber, M. (1971). Isolation of phosvitin from the
plasma of estrogenized roosters. Biochim, Biophys. Acta,
232, 524 - 528,

Bieniarz, K., Epler, P., Breton, B. & Thuy, L.N. (1978). The
annual reproduction cycle in adult carp in Poland : ovarian
state and serum gonadotropin level. Ann, Biol., Anim. Bioc.,
Biophys., 18, 917 = 921.

Billard, 8., Sreton, B., fostier, A., Jalabert, 8. & Weil, C.
(1978). Endocrine control of the teleost reproductive cycle
and its relation to external factors : salmonid and cyprinid
models. In 'Comparative Endocrinology' (Gaillard, P.J. &
Soer, H.H. eds). pp 37 - 48, Elsevier/North Holland,
Amsterdam.

Billenstein, D.C. (1962). Seasonal secretory cycle of the nucleus
lateralis tuberis of the hypothalamus and its relation to
reproduction in ‘the Eastern brook trout (salvelinus fontinalis).
Gen. Comp. Endo., 2, 111 - 112,

Bohemen, Ch.G. van & Lambert, J.G.D. (1978). Steroidogenesis in the
ovary of the rainbow trout, Salmo gairdnerii. J. Endocrinol.,
B0, 37P - 38P,




524

Bohenen, Ch.G. van & Lambert, J.G.D. (1981c). Estrogen synthesis in
relat ion to estrone, estradiol and vitellogenin plasma levels
during the reproductive cycle of the female rainbow trout, Salmo
gairdneri. Gen. Comp. Endoc., 45, 105 - 114.

Bohemen, Ch.G. van, Lambert, J.G.D., Goos, H.J.Th. & Van Oordt,

pP.G.W.J. (1981a). Experimental induction of vitellogenesis by
cestradiol in the female rainbow trout, Salmo gairdneri.
Gen. Comp. Endoc. (in press).

Bohemen, Ch.G. van, Lambert, J.G.D., Goos, H.J.Th. & Van Oordt,

p.G.W.J. (19828). Estrone and estradiol participation during
exogenous vitellogenesis in the female rainbow trout. Gen.
Comp. Endoc., 46, 81 - 92,

Bohemen, Ch.G. van, Lambert, J.G.D. & Ven Oordt, P.G.W.J. (1982b).
yitellogenin induction by oestradiol in oestrone primed rainbow

trout, Salmo gairdneri. Gen. Comp. Endoc., 46, 136 - 139
(Note).

8ohemen, Ch.G. van, Lambert, J.G.D. & Peute, J. (1981b). Apnual

changes in the plasma and liver in relation to vitellogenesis
in the female rainbow trout, Salmo gairdneri.

Gen. Comp.
Endoc., 44, 94 - 107.
gond, C.E . (1979). 'Biology of fishes.' W.B. Saunders,
pPhiladelphia.

Sooke, H.E. (1964). Blood serum protein and calcium levels in
yearling brook trout. Prog, Fish, Cult., 26, 107 - 110,

araekvelt, C.R. & Md"illan, D.B. (1967).

Cyclic changes in the
ovary of the brook stickleback.

J. Morphol., 123, 373 - 396,

greder, C.M.Jr, & Rosen, D.E. (1966). 'Modes of reproduction in
fishes.' Nat, History press, New York.

-

greton, 8. & Billard, R. (1977). Effects of photoperiod and
temperature on plasma gonadotropin and spermatogenesis in the
rainbow trout. Ann. Biol. Anim. Bioch., Biophys., 17, 1 - 10,

greton, B., Kann, G., Burzawa-Gerard, E. & Billard, Rr. (1971).
Dosage radioimmunologique d'une hormone gonadotrope de carpe
(Cyprinus carpio L.).

1515 = 1517,

C.R. Acad., Sci. Paris., Series D 272,

greton, B., Jalabert, B. & Reinand, P. (1976). Purification of
gonadotropin from rainbow trout (Salmo gairdneri R.) pituitary
glands. Ann, Biol. Anim. Bioch. Biophys., 16, 25 - 36.

greton, B,, Jalabert, B. & Weil, C. (1975). Caracterisation
partielle d'un facteur hypothalamique de liberation des
hormones gonadotropes chez la carpe (Cyprinus carpio L.) Etude
in vitro. Gen. Comp. Endoc., 25, 405 - 415.

greton, B., Prunet, P. & Reinaud, P. (1978).
salmon gonadotrophin.
(4) 759 - 765.

Sexuzl differences in
Ann, Biol. Anim, Bioch. Biophys., 18,



525

Bretschneider, L.H. & Duyvene-de-Wit, J.3J, (1947). 'Sexual
endocrinology of non-mammalian vertebrates.' Elsevier,
Amsterdam.

Bromage, N.R. (1982). All the year round egg production would
give markert continuity. Fish Farmer, 5, (6), pp 22 - 24, .

Bromage, N.R. & Sage, M. (1968). The activity of the thyroid gland
of Poecilia during the gestation cycle. J. Endoc., 41,
303 - 311,

8romage, N.R., Whitehead, C. & Breton, B. (1982a). Relationships
between serum levels of gonadotrophin, oestradiol-1?ﬂ and
vitellogenin in the control of ovarian development in the
rainbow trout. Gen, Comp. Endoc., 47, 366 - 375.

Bromage,N.R., Whitehead,C., Elliott,J.A.K., Breton,B. & Matty,A.
(1982b).  Investigations into the importance of daylength on
the photoperiodie control of reproducton in the female rainbow
trout, In reproductive physiology of Fish, Wageningen, Aug 1982
C.J.J. Richter & H.3.Th.Goos(EDS.,),Pudoc Press.

Bullough, W.S, (1942). Gametogenesis and some endocrine factors
affecting it in the adult minnow, Phoxinus laevis L.
J. Endocrinol., 3, 211 - 219,

Burzawa-Gerard, E. (1974a). Etude biologique et biochimique de
1'hormone gonadotrope d'un poisson teleosteen la carpe
(Cyprinus carpis L.). Mem. Mus. Hist. Nat. Ser. A, Zool.,
86, 1= 77.

Burzawa-Gerard, E. (1982), On the number of gonadotropin in the
fish pituitary. International Symp. Rep. Physiology of Fish,
Wageningen, Holland (In press).

Byskov, A.G. (1978). Follicular atresia. In 'The vertebrate
ovary' (Jones, R.E. ed), pp 533 - 562. Plenum Press, New York.

Campbell, C.M. (1978). In vitro stimulation of vitellogenin
incorporation into trout oocytes by salmon pituitary extracts.
Ann.Biol. Anim, Bioch, Biophys., 18 (4), 1013 - 1018,

Campbell, C.M. & Idler, D.R. (1976). Hormonal control of
vitellogenesis in hypophysectomised winter flounder

(Pseudopleuronectes americanus). Gen. Comp. Endocrinol.,
285 143 ~ 1560,

-

Campbell, C.M., & Idler, D.R. (1977). Oocyte maturation and
ovulation induced in hypophysectomised winter flounder by
preparations from pituitary glands of american plaice. 2 2
Fish. Res, Bd. Can., 34 (11), 2151 = 2155,

Campbell, C.M. & Idler, D.R. (1980). Characterization of an
estradiol=-induced protein from rainbow trout serum as
vitellogenin by the composition and radicimmunological cross-
reactivity to ovarian yolk-fractions. Biology of
Reproduction, 22, 605 - 617,

Carlson, A.R. & Hale, J.G. (1973). = Early maturation of brook trout
in the laboratory. Proge: Fashy Culty, 35,5 1505 953,

Cedard, L., Fontaine, M. & Nomura, T. (1961). Sur le teneur en
oestrogenes du sang du saumon adulte (Salmo salar L.) en eau
douce. C.R. Acad. Sci., 252, 2656 - 2657.



526

Christensen, A.K. (1975). In 'Handbook of Physiology', Vol 5:
Endocrinology (Hamilton & Greep, eds), pp 57 - 94, Amer.
Physiol., Soc. Washington DC.

Christmann, J.L., Grayson, M. & Huang, R.C.C. (1977). Comparative
studies of hen yolk phosvitin and plasma vitellogenin. Biochem,,
16, 3250 - 3256,

Chung-Wai, H., Ho, F. & Vanstone, W.E. (1961). Effect of estradiol
monobenzoate on some serum constituents of maturing Sockeye
salmon (Oncorhynchus nerka). J. Fish. Res. Bd. Canada.,

18, 859 - B64,

Cidlowski, J.A. & Muldoon, T.G. (1974). Estrogenic regulation of
cytoplasmic receptor populations in estrogen-responsive tissues
of the rat. Endocrinology, 95, 1621 - 1629.

Clarke, N.B. & Fleming, W.R. (1963). The effect of mammalian
parathyroid hormone on bone histology and serum calcium levels
in F. kansae. Gen. Comp. Endoc., 3, 461 - 467,

Clemens, M.J. (1974). The regulation of egg protein synthesis by
steroid hormones. Prog. Biophys. Mol. Biol,, 28, 71 - 107.

Clemens, H.P. & Grant, F.B. (1964). Gonadal hydration of carp
(C. carpio) and goldfish (C. auratus) after injections of
pituitary extract. Zoologica (NY), 49, 193 - 210,

Clemens, M.J., Lofthouse, R. & Tata, J.R. (1975). Sequential
changes in protein synthetic activity of male Xenopus laevis
liver following induction of egg yolk proteins by estradiol-178.
Biochem. J., 250, 2213 - 2218.

Colombo, L., Bern, H.A., Pieprzyk, J. & Johnson, D.W. (1973).
Biosynthesis of 11-deoxycorticosteroids by teleost ovaries and
discussion of their possible role in oocyte maturation and
ovulation. Gen., Comp, Endoc., 21, 168 - 178,

Colombo, L., Delconte, E. & Clemenze, P. (1972). Steroid
biosynthesis in vitro by the gonads of Sparus auratus L.
(Teleostei) at different stages during natural sex reversal.
Gen. Comp. Endocrinol., 19, 26 - 36.

Corson, B.W. (1955). Four years progress in the use of artificially
controlled light to induce early spawning of brook trout.
Prog. Fish, Cult., 17, 99 - 102,

Craik, J.C.A. (1978a), The effects of oestrogen treatment on
certain plasma constituents associated with vitellogenesis in
the elasmobranch Scyliorhinus canicula L. Gen. Comp. Endoc.,
35, 455 - 464,

Craik, J.C.A. (1978b). Plasma levels of vitellogenin in the
elasmobranch Scyliorhinus canicula L. Comp. Bioch, Physiol.,
608, 9 - 18.

Craik, J.C.A. (1982). Buoyancy in marine teleost eggs - a strategy
for dispersal. FSOBI International Meeting Fish Reproduction:
Strategies and tactics, July 19 - 23 19B2,.



527

Crim, L.W. & Evans, D.M. (1979). Stimulation of pituitary
gonadotropin by testosterone in juvenile rainbow trout (Salmo
gairdneri). Gen. Comp. Endoc., 37, 192 - 196.

Crim, L.W. & Evans, D.M. (1980). LH-RH-stimulated gonadotropin
release from the rainbow trout pituitary gland : an in vitro
assay for detection of teleost gonadotropin releasing factor(s).
Gen. Comp. Endocrinol., 40, 283 - 290,

Crim, L.W. & Idler, D.R. (1978). Plasma gonadotropin, estradiol
and vitellogenin and gonad phosvitin levels in relation to the
seasonal reproductive cycles of femzale brown trout. Ann. Biol.
Anim. Bioch. Biophys., 18 (4), 1001 - 1005.

Crim, L.W. & Peter, R.E. (1978). The influence of testosterone
implantation in the brain and pituitary on pituitary
gonadotrophin levels in Atlantic salmon parr. Ann. Biol. Anim.
Bioch. Biophys., 18, 689 - 694,

Crim, L.W., Peter, R.E. & Billard, R. (1981). Onset of
gonadotropic hormone accumulation in the immature trout
pituitary gland in response to estrogen or aromatizable
androgen steroid hormones. Gen, Comp. Endoc., 44, 374 - 381,

Crim, L.W., Watts, E.G. & Evans, D.M. (1975). The plasma
gonadotropin profile during sexual maturation in a variety of
salmonid fishes. Gen. Comp. Endoc., 27, 62 = 70.

Dacke, C.G. (1979). In 'Calcium Regulation in Sub-mammalian
Vertebrates.' Academic Press, London & New York.

Dadzie, S. & Hyder, M. (1976). Compensatory hypertrophy of the
remaining ovary and the effects of methallibure in the
unilaterally ovariectomized Tilapia aurea. Gen. Comp. Endoc.,
29, 433 - 440,

Davis, T.L.0. (1977). Reproductive biology of the freshwater
catfish (Tandanus, tandanus (M)) in the Gwydir river
Australia, II. Gonadal cycle and fecundity. Aust. J. Mar.
Freshwat, Res., 28, 159 - 169,

Delahunty, G & de Vlaming, V.L. (1980). Seasonal relationships of
ovary weight, liver weight and fat stores with body weight in
the goldfish, Carassius auratus (L). J. Fish., Biol., 16,
5 = 13.

Dessauer, H.C. & Fox, W. (1959). Changes in ovarian follicle
composition with plasms levels in snakes during estrus.
Amer, J. Physiol., 197, 360 - 366.

de VYlaming, V.L. (1972). Environmental control of teleost
reproductive cycles : 2 brief review. J. Fish. Biol,, 4,
131 = 140,

de Vliaming, V.L. (1974). Environmental and endocrine control of
teleost reproduction. In 'Control of sex in fishes' (Shreck,C.
ed), pp 13 - 83, Sea Grant & VPI and SU Press VPI-S5G-74-01.

de Vlaming, V.L. & Shing, J. (1977). Effects of long-term exposure
to constant photoperiod-temperature regimes on gonadal activity
and energy reserves in the golden shiner, Notemigonus
crysoleucas. Copeia, 4, 774 - 777.



528

de Vlaming, V.L. & Vodicnik, M.J. (1978). Seasonal effects of
pinealectomy on gonadal activity in the goldfish, Carassius
auratus. Biol. Reprod., 19, 57 - 63.

de Vlaming, V.L., Vodicnik, M.J., Bauer, T., Murphy, T. & Evans, D.
(1977). Estradiol-178 effects on lipid and carbohydrate
metabolism and on the induction of a yolk precursor in goldfish,
Carassius auratus. Life Sci., 20, 1945 = 1952,

de Vlaming, V.L., Wiley, H.S., Delahunty, G. & Wallace, R.A. (1980).
Goldfish (Carassius auratus) vitellogenin : Induction, isolation,
properties and relationships to yolk proteins. Comp. Biochem.
Physiol., 678, 613 - 623.

Diederik, H., Lambert, J.G.D. & Van Oordt, P.G.W.J. (1982). Steroids
in plasma of razinbow trout, Salmo gairdneri, before and after
ovulation by GC-EC and MS. Gen. Comp. Endoc. (In press).

Dienhl, H. & Ellingboe, J. (1956). Indicator for titration of
calcium in presence of magnesium using disodium dihydrogen
ethylenediamine tetra-acetate. Analyt. Chem., 28, B82 - 884.

Dodd, J.M. (1960)., Gonadal and gonadotrophic hormones in lower
vertebrates. In '"Marshall's Physiology of Reproduction'
Vol 1, Part 2. (Parkes, A.5. ed) pp 417 - 582, Longmans Green,
London & New York.

Dodd, J.M. (1975). The hormones of sex and reproduction and their
effects on fish and lower chordates: twenty years on. Amer,
Zool., 15, Supp 1, 137 - 171.

Dodd, J.M. & Matty, A.J. (1964). Comparative aspects of thyroid
function. In 'The thyroid gland.' (Pitt-Rivers & Trotter eds)
pp 303 - 356, Butterworth, London & Washington.

Dodd, J.M. & Sumpter, J.P. (1982). Reproductive cycles of
cyclostomes elasmobranchs and bony fishes. In 'Marshall's
Physiology and Reproduction' (Lamming, G.E. ed), 4th edition,
Vol 1, Chapter 1. Churchill Livingstone, London.

Drilhon, A. & Fine, J.M. (1963). Dimorphism sexual dans les
proteines seriques de Salmo salar : Etude electrophoretique.
C.r. Soc. Biol., Paris, 157, 1897 - 1900.

Droller, M.J. & Roth, T.F. (1966). An electron microscope study of
yolk formation during oogenesis in Lebistes reticulatus gupoy.
J. Cell. Biol., 28, 208 = 252,

Dubois, M.P., Billard, R. & S8reton, B. (1978). Use of immuno-
fluorescence for localisation of somatostation-like antigen
in the reinbow trout. Comparative distribution of LH-RF and
neurophysin. Ann, Biol. Anim. Bioch. Biophys., 18,(14), B43.

Eckstein, B. & Katz, Y. (1971). Steroidogenesis in post- and pre-
spawned ovaries of a Cichlid fish, Tilapia surea. Comp. Biochem.
Physiol,, 3B8A, 329 - 338,

Egami, N. (1954). Effects of hormonic steroids on ovarian growth
of adult Oryzias latipes in sexually inactive seasons.
Endocrinol. Jpn., 1, 75 - 79.




529

Egami, N. (1955). Production of testis-ova in the male of Oryzias
latipes. I. Testis-ova in the fish receiving estrogens.
Jon. 3. Zool., 11, 353 = 365.

Egami, N. & Hosokawa, K. (1973). Responses of gonads to
environmental changes in the fish Oryzias latipes. In 'Responses
of fish to environmental changes.' (Chavin, W. ed), 279 - 301,
Thomas, Springfield,

Eggert, B. (1931). Die geschlectsorgaue der gobiformes und
blenniformes. Z. Wiss. Zool., Abt. A., 139, 2489 - 558,

Ekengren, B. & Terlou, M. (1978). Hypothalamic centres and
innervation of the hypophysis in the Atlantic salmon (Salmo
salar) and the rainbow trout (Salmo gairdneri). Ann. Biol.
Anim. Bioch. Biophys., 18 (4), 837 - 842,

Eleftheriou, B.E., Boehlke, K.W. & Tiemeier, 0.W. (1966). Free
plasma estrogens in the Channel catfish, Proc. Soc. Exp.
Biol. medo’ 121, 85 . 88:

Eliassen, J-E. & Vahl, 0. (1982a). Seasonal variations in the
gonad size and the protein and water content of cod, Gadus
morhua (L), muscle from Northern Norway, J. Fish. Biol.,
20, 527 = 533,

Eliassen, J-E. & Vahl, 0. (1982b). Seasonal variations in
biochemical compositions and energy content of liver, gonad
and muscle of mature and immature cod, Gadus morhua (L), from
Balsfjorden Northern Norway. Je. Fish, Biol., 20, 707 = 716,

Elliott, J.A.K., Bromage, N.R. & Whitehead, C. (1979). Effects of
oestradiol-17p on serum calcium and vitellogenin levels in
rainbow trout. J. Endoc.,, 83, 54P = 55P,

Elliott, J.A.K., Bromage, N.R. & Whitehead, C. (1980). Oestradiol
-17B and vitellogenesis in the rainbow trout. J. Endoc., 87,
65P - 66P.

Emmersen, B.K. & Emmersen, J. (1976). Protein, RNA and DNA
metabolism in relation to ovarian vitellogenic growth in the
flounder, Platichthys flesus. Comp. Biochem. Physiol.,
558, 315 = 321,

Emmersen, J., Korsgaard, B. & Petersen, I. (1979). Dose response
kinetics of serum vitellogenin, liver DNA, RNA, protein and
lipid after induction with estradiol-178 in male flounder
(Platichthys flesus L). Comp. Biochem. Physiol., 63B, 1 - 6.

Emmersen, B.K. & Petersen, J. (1976). Natural occurrence and
experimental induction by estradiol-17p of a lipophosphoprotein
(vitellogenin) in flounder (Platichthys flesus L). Comp.
Biochem. Physiol., 548, 443 - 446,

Farner, D.5. & Follett, B.K. (1966). Light and other factors
affecting avian reproduction. J. Anim. Sci., 25, Suppl
90.

Fleming, W.R. & Meier, A.H. (1961). The effect of mammalian
parathormone on the serum calcium levels of F. kansae and
F. catenatus. Comp. Biochem,., Physiol., 2, 1 = 7.



530

Fleming, W.R., Stanley, J.G. & Meier, A.H. (1964). Seasonal effects
of external calcium, estradiol and ACTH on serum calcium and
sodium levels of Fundulus kansae. Gen. Comp. Endoc., 4,

61 _— 67-

Flickinger, R.A. & Rounds, D.E. (1956). The maternal synthesis of
egg yolk protein as demonstrated by isotopic and serological
means. Biochim,.,Biophys. Acta, 22, 38 - 42,

Flugel, H. (1967). Elektronenmikroskopische untersuch ungen an
dien hullen der oozyten und eier des flussabausches, P. fluviatilis.
Z, Zellforsch., Mikrosk. Anat., 77, 244 - 256.

Follenius, E. (1963), Etude comparative de la cytologue fire du
noyan preoptigue et du noyan latersl du tuber chez la truite
(Salmo irideus) et chez la perche (Perca fluviatilis).
Comparison des deux types de neurosecretion. Gen., Comp.
Endoc., 3, 68 - B5,

Follett, B.K. & Redshaw, M.R. (1968). The effects of oestrogen and
gonadotropin on lipid and protein metabolism in Xenopus laevis
(Daudi). J. Endoc., 40, 439 - 456,

Follett, B.K. & Redshaw, M.R. (1974). Physiology of vitellogenesis.
In 'Physiology of the amphibian' (Lofts ed), Vol 2, p 219.
Academic Press, New York.

Fontaine, Y.A. (1969). Le specificite zoologique des proteins
hypophysaires capables des stimuler la thyroids. Acta Endoc.,
60, Supp 136, 1 - 154,

Fontaine, M., Callomand, 0. & Vibert, R. (1950). La physiologie
du saumon. Ann, Stn, Cent, Hydrobiol., Appl., 3, 15 - 26,

Forberg, K.G. (1982). A histological study of development of
oocytes in capelin, Mallotus villosus (M). J. Fish. Biél.,
20, 143 - 154,

fostier, A., Weil, M,, Terqui, M., Breton, 8. & Jalabert, B. (1978).
Plasma estradiol-173 and gonadotropin during ovulation in
rainbow trout (Salmo gairdneri). Ann, Biol. Anim, Bioch.
Biophys., 18 (4), 929.

Franchi, L.L., Mandl, A.M. & Zuckerman, S. (1962). The development
of the ovary and the process of oogenesis. In 'The ovary'
Vol 1, (Zuckerman ed), pp 1 — B8. Academic Press, New York.

Fujii, T. (1960). Comparative biochemical studies on the egg-yolk
proteins of various animal species. Acta Embryo et Morph.
Expes a, 260 = 2B5,

Fulton, T.W. (1898). 0On the growth and maturation of the ovarian
eggs of teleostean fishes. Fish., Board Scotland, 16th Ann.
Rep., 3, 88 — 134,

Gapp, D.A., Ho, S.M. & Callard, I.P. (1979). Plasma levels of
vitellogenin in Chrysemys picta during the annual gonadal cycle:
Measurement by specific radioimmunoassay. Endocrinoloqy,

104 (3), 784 - 790.




531

Garrod, D.J. & Newell, B.S. (1958). Ring formation in Tilapia
esculenta. Nature, London, 181, 1411 - 1412,

Goetz, F.W. & Bergmann, H.L. (1978). The in vitro effects of
mammalian and piscine gonadotropin and pituitary preparations
on final maturation in the yellow perch (Perca flavescens) and
walleye (Steizostedion vitreum). Can. J. Zool., 56, 348 = 550,

Gokhale, S.V. (1957). Seasonal histological changes in the gonads
of the whiting, Gadus merlangus L, and the pout, G. esmarkii N,
Indian J, of Fisheries, 4, 82 - 112.

Goswami, S.V. & Sundararaj, B.I. (1974). Effects of Cig2 Cqg & Cpy
steroids on the in vitro maturation of oocytes of
the catfish, Heteropneustes fossilis. Gen, Comp. Endoc.,
23, 282,

Gottfried, H. (1964). The occurrence and biological significance
of steroids in lower vertebrates. - A review, Steroids, 3,
219 - 242,

Green, C.D. & Tata, J.R. (1976). Direct induction by estradiol of
vitellogenin synthesis in organ cultures of male Xenopus
lasevis liver. Eells; s 1810="139;

Greengard, 0., Gordon, M., Smith, M.A. & Acs, G. (1964). Studies
on the mechanism of diethylstilbestrol-induced formation of
phosphoprotein in male chickens. J. Biol. Chem.; 239,

2079 - 2081,

Greenwood, F., Hunter, W. & Glover, J. (1963). The preparation of
1(125) labelled human growth hormone of high specific
radioactivity. Biechem., J., 89, 114 - 123,

Gruber, M., Bos, E.S5. & Ab, G. (1976). Hormonal control of
vitellogenin synthesis in avian liver. Mol. Cell. Endocrin.,
5, 51,

Gupta, N.N. & Yamamoto, K. (1971). Electron microscope study on
the fine structural changes in the oocytes of goldfish,
Carassius auratus, during yolk formation stage. Bull. Fac.
Fish. Hokkaido Univ., 22, 187 - 206.

Guraya, S5.5. (1965). A comparative histochemical study of fish
(C. Maruleus) and amphibian (Buto stomaticus) oogenesis.
Z.Zellforsch, Mikrosk. Anat., 65, 662 - 700.

Guraya, S$.5. (1978). Maturation of the follicular well of non-
mammzlian vertebrates. In 'The vertebrate ovary' (Jones, R.E.
ed), pp 261 - 329,

Guraya, 5.5. (1979). Recent advances in the morphology,
cytochemistry and functions of Balbiani's vitelline body in
animal oocytes. Internat. Rev, Cytol., 59, 249 - 321,

Guraya, 5.5., Toor, H.S. & Kumar, S. (1977). Morphology of ovarian
changes during the reproductive cycle of the Cyprinus carpio
communis L. Zool. Beitr., 23, 405 - 437,

Hahn, W.E. (1967). Estradiol-induced vitellogenesis and fat
mobilization in the lizard. Comp. Biochem. Physiol., 23,
83 - 95,



532

Hansson, T. & Gustafsson, J. (1981). Sex differences in the
hepatic in vitro metabolism of 4-androstene-3, 17-diane in
rainbow trout, Salmo gairdneri, Gen. Comp. Endoc., 44,
181 - 188,

Hansson, T., Rafter, J. & Gustafsson, J. (1979). A comparative
study of the hepatic in vitro metabolism of 4-androstene-3,
17-dione in the hagfish, Myxine glutinosa, the dogfish, Squalus
acanthias, and the rainbow trout, Salmo gairdneri. Gen. Comp.
Endoc., 37, 240 - 245,

Hara, A. (1975). Electrophoretical and immunological studies of
fish serum proteins. Bull., Jap. Soc. Scient. Fish., 41,
185 = 113,

Hara, A. & Hirai, H. (1978). Comparative studies on immuno-
chemical properties of female specific serum protein and eagg
yolk proteins in rainbow trout, Salmo gairdneri. Comp.
Biochem. Physiol., 598, 339 - 343,

Hara, A., Yamauchi, K. & Hirai, H. (1980). Studies on female
specific serum protein (vitellogenin) and egg yolk protein in
Japanese eel (A. japonica). Comp. Biochem. Physiol., 658,
315 - 320.

Harvey,E.B. (1956). The American Arbacie and other sea urchins.
Univ, Press, Princeton, New Jersey,

Hazard, T.P. & Eddy, R.E. (1951). Modification of the sexual cycle
in brook trout (Salvelinus fontinalis) by control of light.
Trans. Amer. Fish., Soc., 80, 158 = 162.

Heald, P.J. & MclLachlan, P.M. (1964). The isolation of phosvitin
from the plasma of the laying hen. Biochem, 3J., 92, 51 - 55,

Henderson, N.E. (1963a). Influence of light and temperaturelon the
reproductive cycle of Eastern brook trout (Salvelinus fontinalis).
J. Fish. Res., Bd. Can., 20 (4), 1.

Henderson, N.E. (1963b). Extent of atresia in maturing ovaries of
the Eastern brook trout, Salvelinus fontinalis (M). J. Fish.
Res. Bd. Can., 20, 899,

Hess, A.F., Bills, C.E., Weinstock, M. & Rivkin, H. (1928).
Differences in the calcium levels of the blood in male and
female cod. Proc. Soc. Exp. Bicl, Med., 25, 349 = 3549,

Hickey, E.D. & Wallace, R.A. (1974). A study of vitellogenic
protein in the serum of estrogen-treated Ictzlarus nebulosus.
Biol. Bull,, 147, 481,

Hickling, C.F. (1935). Seasonal changes in the ovary of the
immature hake (Merluccuis merluccuis). J. Mar, Biol, Ass. U.K.,
20, 443 - 461,

Hirose, K., Machida, Y. & Donaldson, E.M. (1976). Induction of
ovulation in the Japanese flounder (Limanda yokohamae) with
human chorionic gonadotropin and salmon gonadotropin.

Bull, Jap., Soc, Scient. Fish., 42, 13 - 20.




535

Ho, S-., Danko, D. & Callard, I.P. (1981). Effect of exogenous
estradiol=-17B on plasma vitellogenin levels in male and
female Chrysemys and its modulation by testosterone and
progesterone. Gen. Comp. Endoc., 43, 413 - 421,

Ho, F.C-W. & Vanstone, W.E. (1961). Effect of estradiol
monobenzoate on some serum constituents of maturing sockeye
salmon (Oncorhynchus nerka). J. Fish. Res. Bd. Can., 18,
859 - 864,

Hoar, W.S. (1965). Caﬁparative physiology : Hormones and
reproduction in fishes., Ann, Rev. Physiol., 27, 51 = 70.

Hoar, W.S. (1968). In 'Fish physiology' (Hoar, W.S. & Randall,
D.J. eds), Vol 3. London.Academic Press,

Hoar, W.S. (1973), General and comparative physiology. Prentice
Hall, U.K. & Canada.

Hoar, W.S. & Nagshama, Y. (1978). Cellular sources of sex steroids
in teleost gonads. Ann. 8iol., Anim, Bioch. Biophys., 18 (4),
B3 - 898,

Hontela, A. & Peter, R.E. (1980). Effects of pinealectomy,
blinding and sexual condition on serum gonadotrophin levels
in the goldfish. Gen., Comp., Endoc., 40, 168 = 179,

Hoover, E.E. (1937). Experimental modification of the sexual cycle
in trout by control of light. Science N.Y., 86, 425 = 426,

Hoover, E.E. & Hubbard, H.E. (1937). Modification of the sexual
cycle in trout by control of light. Copea, 4, 206 = 210,

Hori, S.H., Kodama, T. & Tanahashi, K. (1979). Induction of
vitellogenin synthesis in goldfish by massive doses of
androgens. Gen, Comp. Endoc., 37, 306 - 320, -

Htun-Han, M. (1977). The effects of photoperiod in fishes = an
annotated bibliography. Min. of Ag. Fish, & food, Library
information leaflet No 6.

Htun=Han, M. (1978). The reproductive biology of the dab,
Limanda limanda (L) in the North Sea : gonadosomatic index,
hepatosomatic index and condition factor. J. Fish, Biol.,
13, 389 -~ 378.

Hubbard, J.W. (1894). The yolk nucleus in Cymatogaster aggregatus.
Proc. Am. Philos, Soc., 33, 74 - 83.

Hurk, R. van den & Peute, J. (1979). Cyclic changes in the ovary
of the rainbow trout, S. gairdneri, with special reference to
the site of steroidogenesis. Cell, Tiss. Res., 199, 289 - 306,

Hurlburt, M.E. (1977). Role of the thyroid gland in ovarian
maturation of the goldfish (C. auratus). Can J. Zool., 55, 11.

Ichikawa, M., Mori, T., Kawashima, S., Ueda, K. & Shirahata, S.
(1974). Histological changes in the thyroid and interrenal
tissue of the kokanee (0. nerka) during sexual maturation
and spawning. J. fFac, Sci. Tokyo Univ, 4, 13, 175.



534

ldler, D.R., Hwang, S.J. & Crim, L.W. (1979). Quantification of
vitellogenin in Atlantic salmon (Salmo salar) plasma by
radioimmunoassay. J. Fish, Res. Bd. Can., 36 (5), 574 - 578.

Idler, D.R. & Ng, B.T. (1979). Studies on two types of
gonadotropins from both salmon and carp pituitaries.
GCen. Comp. Endoc., 38, 421 = 440.

Idler, D.R., Schmidt, P.J. & Ronald, A.P. (1960). Isolation and
identification of 11-ketotestosterone in salmon plasma.
Can., J. Biochem., 38, 1053 = 1054,

Ilam, 2. & Yaron, Z. (1976). Stimulation of carp interrenal
function by adrenocorticotrophin. J. Endocrinol., 68, 13 - 20,

Jalabert, B. (1976). In vitro oocyte maturation and ovulation in
rainbow trout (S. gairdneri), northern pike (Esox lucius) and
goldfish (C. auratus). J. Fish. Res. Bd. Can., 33, 974 - 988,

Jalabert, B. & Szollosi, D. (1975). In vitro maturation of trout
oocytes : effect of prostaglandins on smooth muscle-like
cells of the theca. Prostaglandins, 5, 765 - 778.

Jared, D.W. & Wallace, R.A. (1968). Comparative chromatrography
of the yolk proteins of teleosts. Comp. Biochem., Physiol.,
24, 437 = 443,

Johnstone, R., Simpson, T.H. & Youngson, A.F. (1978). Sex reversal
in salmonid culture. Aquaculture, 13, 115 - 134,

Joubert, F.J. & Cook, W. (1958za). Separation and characterization
of lipovitellin from hen eog yolk. Can., J. Bioch., Physiol,,

36, 389.

Joubert, F.J. & Cook, W. (1958b). II. Can. J. Biochem., Physiol.,
36, 399, .

Kagawa, H., Takano, K. & Nagahama, Y.(1981). Correlation of plasme

estradiol-??ﬁ and progesterone levels with ultrastructure and
histochemistry of ovarian follicles in the white-spotted char,
S. leucomaenis. Cell, Tiss. Res., 218, 315 - 325,

Katz, Y., Echstein, B., Ikan, R. & Gottlieb, R. (1971). Estrone and
estradiol-178 in the ovaries of Tilapia aurea. Comp. Biochem,
Physiol., 408, 1005 - 1010,

Kawamoto, N.Y. (1950). The influence of sex hormones on the
reproductive organ of a sogyo, C. idellus. Jap., J. Ichthyol.,
1, 8.

Kaya, C.M. (1973). Effects of temperature and photoperiod on
seasonal regression of gonads of green sun fish, Lepomis
cyanellus, Copeia, 369 - 373,

Khoo, K.H. (1975). The corpus luteum of goldfish (C. auratus) and
its functions. Can., J. Zool., 53, 1306 - 1323,

Khoo, K.H. (1979). The histochemistry and endocrine control of
vitellogenesis in goldfish ovaries. Ban,; 3. Zopl.y By
bl = 626



535

King, J.A. & Millar, R.P. (1979). Heterogeneity of vertebrate
luteinizing hormone-releasing hormone., Science, 206, 67 - 69.

King, J.A. & Millar, R.P. (1980). Comparative aspects of
luteinizing hormone-releasing hormone structure and function in
vertebrate phylogeny. Endocrinol,., 106, 707 - 717.

Knowland, J. (1980). Vitellogenin synthesis in Xenopus laevis and
relation to embryonic development. In 'Steroids and their
mechanism of action in non-mammalian vertebrates.' (Delrio, G.
& Brachet, J. eds), pp 171 = 177. Raven Press, New York,

Koivusaari, U., Harri, M. & Hanninen, 0. (1981). Seasonal variation
of hepatic biotransformation in female and male rainbow trout
(S. gairdneri). Comp. Biochem. Physiol., 70C, 149 - 159,

Konopacka, B. (1935). Recherches histochimiques sur le developpment
des poissons. I. La vitellogenese chez le goujou (Gobio

fluviatilis) et la carpe (Cyprinus carpio). Bull. Internat.
Acado leo Sci. LEtc SEI‘. Ba, 163 - 182.

Korfsmeier, K.H. (1966). Zur genese des dottersystmes in der oocyte
von Brachydanio rerio. Autoradiographische untersuchungen.
Zellforsch,.,, 71, 283 - 296,

Korsgaard, B. & Petersen, J. (1979). Vitellogenin, lipid and
carbohydrate metabolism during vitellogenesis and pregnancy
and after hormonal induction in the blenny. Comp. Biochem.
Physiol., 63B, 245,

Kunesh, W.H., Freshman, W.J., Hochin, M. & Nordin, N.G. (1974).
Altering the spawning of rainbow trout by control of artificial
light. Prog, Fish. Cult., 36, 225 - 226,

Lambert, J.G.D. (1966). Location of hormone production in the
ovary of the guppy, P. reticulata. Experientia, 22, 476,

Lambert, J.G.D. (1970). The ovary of the guppy, P. reticulata,
The atretic follicles, a corpus atreticum or a corpus luteum
praeovultionis. Z., Zellforsch, Mikrosk, Anat,, 107, 54 = 67.

Lambert, J.G.D. & Bohemen, Ch.G. van (1979). Steroidogenesis in
the ovary of the rainbow trout, S. gairdneri, during the
reproductive cycle. Proc. Ind, Nat., Sci. Acad. A., B45,
414 - 420,

Lambert, J.G.D., Bosman, G.I.C.G.H., van den Hurk, R. & Van Oordt,
P.G.W.3. (1978). Annual cycle of plasma ocestradiol-178 in
the female rainbow trout. Ann., Biol. Anim, Bioch. Biophys.,
18 (&), 923 - 927,

Lambert, J.G.D. & Pot, M.G.E. (1975). Steroidogenesis in ovarian
tissue of a wviviparous teleost, the guppy, P. reticulata.
Comp,., Bioch. Physiol., 508, 585 - 589.

Lambert, J.G.D. & Van Oordt, P.G.W.J. (1965). Preovulatory
corpora lutea or corpora atretia in the guppy, P. reticulata,
A histological and histochemical study. Gen. Comp. Endoc.,
5, 693 - 694,

Lambert, J.G.D. & Van Oordt, P.G.W.J. (1974). Ovarian hormones in
teleosts. Fortschr, Zool., 22, 340 - 349,



536

Lambert, J.G.D. & Van Oordt, P.G.W.J. (1982). Detrogens in the brain
of the female trout, S. gairdneri. Gen. Comp. Endoc. (In press).

Larson, G.L. (1974). Liver weight of brook trout in a2 high
mountain lake in Washington State. Prog. Fish. Cult., 35,
234 - 236.

Laskowski, M, (1936). Uber das vorkmmen des serumvitellins im
blue der wirbeltiere. Biochem, Z., 284, 318 - 321,

Leatherland, J.F., Budtz, P.E. & Dodd, J.M. (1966). In situ
studies on the hypothalamus neurohypophysial complex of the
European eel (Anguilla anguilla). Gen. Comp. Endoc., 7,
234 = 244,

Leatherland, J.F. & Sonstegard, R.A. (1980). Seasonal changes in
thyroid hyperplasia, serum thyroid hormone and lipid concentrations
and pituitary gland structure in Lake Ontario Coho salmon
(0. kisutch) and a comparison with- salmon from Lakes Michigan
and Erie. J. Fish Biol., 16, 539 - 562,

Lehninger, A.L. (1975). '8iochemistry.' 2nd Edtn., Worth, New
York.

Le Menn, F. (1979). Some aspects of vitellogenesis in & teleostean
fish Gobius niger. Comp. Bioch, Physiol., 62A, 485 - 500.

Le Menn, F., Garcia, M. & Rochefort, H. (1979). Effect of estrogen,
DHT and antiestrogen on the regulation of vitellogenin synthesis
in a teleostean fish, Gobius niger L. Int, Symp. Capri., p20.

Le Menn, F. & Lamy, M. (1976). Proteines vitellines serigues et
hepatiques chez un poisson teleosteen, Gobius niger L.,
soumis a des traitments hormonaux. Ann. Endocrinol., 37,
491 - 492,

Le Menn, F., Rochefort, H. & Garcia, M. (1980). Effect of
androgen mediated by estrogen receptor of fish liver :
vitellogenin accumulation, Steroids., 35, 315 = 328,

Leonard, P.J. & Craig, A. (1974). Non-pregnancy oestrogens. In
'Biochemistry of women : methods for clinical investigation'
(Curry, A.S. & Hewit, J.V. eds), pp 1 - 44. C.R.C. Press,
Cleveland, Ohio.

Lesniak, M.A. & Roth, J. (1976). Regulation of receptor
concentration by homologous harmone, J. Biol. Chem., 251,
3720 - 3729,

Lewis, M. & Dodd, J.M. (1974). Thyroid function and the ovary in
the spotted dogfish (Scyliorhinus canicula). J. Endocrinol.,
63, 63.

Lincoln. G.A. (1976). Seasonal variation in the episodic secretion
of luteinizing hormone and testosterone in the ram, e
Endocrinol., 69, 213 - 226,

Lopez, E., Peignoux-Deville, J., Lailler, F., Martelly, E. &
milet, C. (1976). Calcif, Tiss. Res,, 20, 173 - 186,



557

Love, R.M. (1970). In 'The chemical biology of fishes,'
Academic Press, London.

Lupo, C., Di Prisco & Chieffi, G. (1963). Oetrogens and
progesterone in ovaries of the marine teleost Conger conger.
Nature (London), 197, 596.

Lupo, C, Di Prisco & Chieffi, G. (1965). Identification of
steroid hormones in the gonadal extract of the synchronous
hermaphrodite teleost Seranus scriba. Gen. Comp. Endoc., 5,
698 (Abstract). :

Magoffin & Erickson. (1981). In ' Dynamics of ovarian function'
(Hunzicker Dunn, eds), Academic Press, New York.

Malone, T.E. and Hisaoka, K.K. (1963). A histochemical study
of the formation of deutoplastic components in developing
cocytes of the zebrafish, Brachydanio rerio. J. Morphol.
112, 61=76, 2

Mano, Y. (1970). Mechanism of phosphorylation of phosphoprotien
during oogenesis in trout in vivo . Biochim. Biophys,
Acta, 201, 284-294,

Mano, Y.&Lipmann, F. (1966). Characteristics of phosphoproteins
(phosvitin) from a variety of fish roes. J.Biol. Chem.,
3822-3833,

mark, E.L. (1890). Studies on Lepidosteus Bull.Mus. Comp.
Zool., 19, 1-127,

Markert, J.R. & Vanstone, W.E. (1971). Egg proteins of coho
salmon; chromatographic methods. J.Fish, Res. Bd. Can.
28, 1B53-1856,

Marza, V.D., Marza, E.V. & Guthrie, M.J. (1973). Histochemistry
of the ovary of, F. heteroclitus, with special reference’
to the developing oocytes. B8iol. Bull., 73, 67=92,

Mathews, S.A. (1938). The seasonal cycle in the gonads of
Fundulus. Biol. Bull. 75, 66=74,

McQuarrie, D.W., Markert, J.R. & Vanstone, W.E. (1978).
Photoperiod induced off-season spawning of coho salmon.
Ann. Biol. Anim. Biochem. Biophys., 18, 1051-1058.

Meecham, D.K, & Olcott, H.s. (1943). 3. Am, Chem. Soc., 71,3670,

Miescher, F. (1897). Die histochemichen und physiologishen
arbeiten. F.C.W. Vogel, Leipzig.

Monroy, A. (1965). 'Chemistry and physiology of fertilization'.
Holt, Rinehart & Winston Inc., New York,

Moser, H.G. (1967). Seasonal histological changes in the gonads
of Sebastodes paucispinis A., an ovoviviparous teleost.
J. Morphol,, 123, 329-354,

Mugiya,Y. & Watabe, N. (1977). I: Studies on fish scale formation
and resorption, II, Effect of oestradiol on calcium homeostasis
and skeletal tissue resorption in goldfish and killifish.

Comp. Bioch, Physiol.,, 57A,197-202,

Nagahama, Y., Chan,K.& Hoar, W.S. (1976). Histochemistry and
ultrastructure of pre- and post-ovulatory follicles in the
ovary of the goldfish, C. auratus. Can, J. Zool., 54, 1128-1139,



538

Nath, V. (1960). Histochemistry of lipids in oogenesis. Int. Rev.
Cytol., 9, 305-320,

Ng, T.B. & Idler, D.R. (1978a). 'Big' and 'little' forms of
plaice vitellogenic and maturational hormones. Gen. Comp,
Endocrinol., 34,408-420,.

Ng, T.B. & Idler, D.R. (1978b). Avitellogenic hormone with a large
and small form from salmon pituitaries. Gen. Comp. Endocrinol,,
35, 189-195,

Ng, T.B. & Idler D.R. (1979). Studies on two types of gonadotropins
from both american plaice and winter flounder pituitaries,
Gen. Comp, Endoc., 38, 410-420,

Nicholls, T.J.& Maple, G. (1972)., Ultrastructural observations on
possible sites of steroid biosynthesis in the ovarian follicular
epithelium, Z.lellforsch, Mikrosk, Anat., 128,317-335,

Nomura, M, (1962), Studies on reproduction in rainbow trout, Salmo
gairdneri, with special reference to egg taking, III., Acceleration
of spawning by control of light. Bull, Jap. Soc. Sci. Fish.,

28, 1071-1076.

Ochiai, A., Umeda, S., & Ogawa, M. (1974), The acceleration of
maturity of the catadromous female eel by hormone injection
and changes in the liver and blood character. Bull, Jap.
Soc, Sci, Fish., 40, 43=50,

0'Connor, J.M. (1972), Pituitary gonadotropin release patterns
in prespawning brook trout, Salvelinus fontinalis, rainbow
trout, Salmo gairdneri, and leopard frogs, Rana pipiens.
Comp. Bioch. Physiol., 43A, 739-746,

Olivereau, M, & Chambolle, P. (1978)., Ultrastructure des cellules
gonadotropes de l'anguille normale et apres injection d'
oestradiol. C.R.Acad, Sci, Paris,, 2870, 1409-1412,

Olivereau, M, & Olivereau, J, (1979). Effects of estradiocl-178
on the cytology of the liver, gonads and pituitary and on
plasma electrolytes in the female freshwater eel. Cell.
Tiss, Res., 199, 431=454,

Osanai, K. (1956). On the ovarian eggs of the loach, Lefua echigonia
with special reference to the formation of cortical alveoli.
Sci., Rep. Tohoku Univ, SEr., 4; 22, 181-1338,

Osborny R.H. & Simpson, T.H. (1978). Seasonal changes in thyroidal
status in the plaice. J, Fish Biol., 12, 519-526.

Ozon, R. (1972). Androgens in fishes, amphibians, reptiles and
birds. In 'Steroids in non-mammalian vertebrates'.
(D.R. Idler ed)., pp329-389, Academic Press; New York and
Lomdon.,

Pan, M.L. , Bell, W.J. & Telfer, W.H. (1959)., Vitellogenic
blood protein synthesis in insect fat body. Science, 165-194,

Pandey, 5. & Hoar, W.S. (1972). Induction of ovulation in
goldfish by clomiphene citrate. Ean,: J. Zools, SHB 1679



539

Pang, P.F.K. & Balbontin,F, (1878). Effects of sex steroids
on plasma calcium levels in male killifish, Fundulus
heteroclitus. Gen. Comp. Endoc., 36, 317-320.

Pantin, C.F.A. (19456), '"Notes on microscopical technigue for
zoologists,' Ist Edn.,, Cambr, Univ, Press; London,
Pantin, C.F.AR. (1960). 'Notes on microscopical technique for

zoologists', 4th Edney wsese

Peter, R.E. (1982). Neuroendocrine control of reproduction in
teleosts. Can, Jour, Fish, Aqua, Sci., V38; 1, 48-55,

Peter, R.E. % Crim, L.,W. (1979). Reproductive endocrinology
of fishes: gonadal cycles and gonadotropin. Ann., Rev.

Peute,Jd., Bruyn,M.G.A de, Seldenrijk, R. & Oordt, P.G.W.J. van.
(1978). Cytophysiology and innervation of gonadotropic
cells in the pituitary of the black molly. Cell, Tiss,
Res., 174, 35-54,

Peute, J., Gaag, M.A. van der. & Lambert, J.G.D. (1978),
Ultrastructure and lipid content of the liver of the
zebra fish, B8, rerio , related to vitellogenin synthesis,
Cell Tiss. Res., 186, 297=308,

Pickford, G.E. & Atz, J.W. (1957). In '"The physiology of the
pituitary gland of fishes'. New York Zool., Soc; New York,.

Plack, P.A. & Frazer, N.W. (1971). Incorporation of L—(14C)
leucine into egg proteins by liver slices from cod.
Biochem. J., 121, B857-862,

Plack, P.A., Pritchard, D.J. & Fraser, N.W. (1971). Egg proteins
in cod serum, Natural occurrence and induction by injéctions
of oestradiol-3-benzoate. Biochem, J., 121, B847-856.

polder, J.J.W. (1961). Cyclical changes in testis and ovary
related to maturity stages in the north sea herring, C. harrengus.
Arch. Neer. de Zool., 14, 45-60.

Ramney, R.E. & Chaikoff, I.L. (1951). Effect of functional
hepatectomy om estrogen induced lipaemia in the fowl.
Amer, j. Physiol., 1565, 600-603.

Redsnaw, M.R. % Follett, B.K. (1978). Physiology of egg production
oy the fowl: The measurements of circulating levels of
vitellogenin employing a specific radioimmunoassay. Comp.
Siochem, Physiol., 55A, 38%-405,

Redshaw, M.R., Follett, B.K. & Nicholls, T.J. (1969). Comparative
ef fect of the oestrogens and other steroid hormones on serum
lipids and proteins in Xenopus laevis. 3, €ndoc., 43, 47=53.

Reinboth, R, (1972), Hormonal control of the teleost ovary.
Am. Zool., 12, 307-324.

Riddle, 0. & Reinhart, W.H. (1926). Studies on the physiology of
reprodution in birds. XXI. B8lood calcium changes in the
reproductive cycle. Amer, J, Physiol., 76, 660-676.



540

Ridgeway,G.J., Klontz, G.W. & Matsumoto, C. (1962). Intraspecific
differences in serum antigens of red salmon demonstrated by
immunological methods. Bull 8, Int., North Pac, Fish. Comm.,
396,1=15, :

Rugh, R. (1962). ‘'Experimental embryology: techniques and
procedures' 3rd. Edn. Burgess Pub. CO., Minneapolis.

Ryffel, G.U. (1978). Synthesis of vitellogenin, an attractive
model for investigating hormone induced gene activation.
Mol. Cell. Endoc., 12, 237-246,

Ryffel, G.U., Wahli, W. & Weber, R. (1977). Quantitation of
vitellogenin messenger RNA in the liver of male Xenopus toads
during primary and secondary stimulation by oestrogen. Cell 11,213,

Saidapur, S.K. & Nadkarni, V.B. (1976). Steroid synthesising cellular
sites in the ovary of catfish, Mystus cavasius, a histochemical
study. Gen, Comp. Endoc., 30, 437-461.

Salackinski, P.R.P.,McLean, C., Sykes, J.E.C., Clement-Jones, V.
& Lowry, P.J. (1982). 3J. Endoc., 81, 131P.

Savard, K., Marsh, J.M. & Howell, D.S. (1963). Progesterone
biosynthesis in luteal tissue. Role of nicotinamide adenine
dinucleotide phosphate and NADP=linked dehydrogenases.,
Endocrinol., 73, 554-563,

Shackley, S.E. & King, P.E. (1977). Oogenesis in a marine teleost,
Blennius pholis L, Cell Tiss. Res., 181, 105-128.

Schmidt, G., Bartsch, G., Kitagawa, T., Fujisawa,k., Nolle,J.K.,
Joseph, J., De Marco, P., Liss, M. & Haschemeyer, R. (1965).
Isolation of a phosphoprotein of high phosphorus content
content from the eggs of brown brook trout, Biochem,
Biophys. Res. Commun., 18, 60- 65.

Schmidt, R.W. & Reilley, C. N. (1957), New complexion for
titration of calcium in the presence of magnesium, Analyt.
Chem., 29, 264-267.

Schneider, W. & Gschwendt,M. (1977). Kinetics of the appearance
of nuclear estrogen binding sites in chicken liver, HeSeZ,
Physiol. Chem. 358, 1583-1588.

Schreck, C.B. & Hopwood, M.L. (1974). Seasonal androgen and
oestrogen patterns in the goldfish, C. auratus, Trans, of the
Am. Fish. Soc., 103, 375=878,

Schreck, C.3., Lackey, R.T. & Hopwood, M.L. (1873). Plasma oestrogen
levels in rainbow trout, S._gairdneri. J. Fish Biol., S5, 227,

Schwarzenbach, G. & Biederman, W. (1946). Helv, Chim, Acta. 29, 811,

Scott, A.P. &% Baynes, S.M. (1982)., Plasma levels of sex steroids in
relation to ovulation and spermiation in trout. International
Symp. Rep. Physiology of Fish., Wageningen, Holland (in press).

Scott, A.P., Bye, V.J. & Baynes, S.M. (1980)., Seasonal variation
in sex steroids of female rainbow trout, S, gairdneri R.



541

Scott, A.P., Sheldrick, E.L. & Flint, A.P.F, (1982).
Measurements of 17 , 20 -dihydroxy-4-pregnen-3-One in
plasma of trout (Salmo gairdneri R.): Seasonal changes
and response to salmon pituitary extract. Gen. Comp. Endoc.,
46, 444-451,

Scott, A.P. & Sumpter, J.P. (1982a), Hormone changes during
ovulation in the rainbow trout, (S. gairdneri R.). (In press).

Scott, A.P. & Sumpter, J.P, (1982b). A comparison of the female
reproductive cycles of autumn-spawning and winter-spawning
strains of rainbow trout (S. gairdneri.). (in press).

Sehgal, A. & Sundararaj, 8.I. (1970), Effects of various
photoperiodic regimes on the ovary of the catfish (H. fossilis)
during the spawning and post-spawning periods. B8iol, of Reprod.
2, 425-434,

Selman, K. & Wallace, R.A. (1982), Oocyte growth in teleosts:
The extra- and intracellular passage of macromolecular materials
through the ovarian follicle. International Symp. Rep.
Physiology of Fish. Wageningen, Holland Aug. 1982 (in press).

Shulman, G.E, (1974), ‘'Life cycles of fish', J.Wiley&sons; New York.

Simon, N. & Reinboth, R. (1974). Adenchypophyse und hypothalamus.
ARdv. Anat, Embryol., Cell Biol., 48, 1-82,

Skipper, J,K. & Hamilton, T.H. (1977). Regulation by estrogen
of the vitellogenin gene. Proc. Natl. Acad., Sci., USA.,
74, 2384-2388.

Stuart-Kregor,P.A.C., Sumpter, J.P. & Dodd, J.M. (1981). The
involvement of gonadotropin and sex steroids in the control
of reproduction in the parr and adult of the Atlantic salmon,
(Salmo salar L.).

Sumpter, J.P. (1981). The purification, radioimmunoassay and plasma
levels of vitellogenin from the rainbow trout, (Salmo gairdneri).
Presented in Hong Kong ( ), Dec 1981,

Sundararaj, B.I. & Goswami, S.V. (1976). Effects of mammalian
hypophysial hormones, placental gonadotrophins, gonadal hormone
and adrenal corticosteroids on ovulation and spawning in
hypophysectomised catfish, H. fossilis 8., J.Exp. Zool,, 161,287
"’29? .

Sundararaj, B.I., & Goswami,5,V. (1977). Hormonal regulation of
in vitro oocyte maturation in the catfish, H., fossilis,
Gen, Comp. Endoc., 18, 102=114,

Sundararaj, 8.I. & Sehgal, A. (1970a). Effects of a long or an
increasing photoperiod on the initiation of ovarian recrudescence
during the preparatory period in the catfish (H. fossilis).

Biol., of Reprod. 2, 413=424,

Sundararaj, B.1. & Sehgal, A, (1970b). Responses of the pituitary
of the catfish (H. fossilis) to accelerated light-regimen of
a decreasing, followed by an increasing photoperiod during
the post=spawning period. Biol. of Reprod. 2, 435-443,



542

Sundararaj, B8.I1. & Vasal, S. (1976). Photoperiod and temperature
control in the regulation of reproduction in the female catfish,
H., fossilis, Jd. Fish. Res. Bd, Can., 33, 859 = 973,

Svardson, G. (1943). Studien uber den zusammenhary zwischen
geschlechtsreife und wachstum bei Lebistes. Medd. Undersokn.
Anst, Sotvattensfisk., Stockh., 21, 48,

Szollosi, D. & Billard, R. (1974). The micropyle of trout eggs and
its reaction to different incubation medici, J. Microsc., 21,
55 - 62, '

Szollosi, D., Jalabert, B. & Breton, B. (1978). Postovulatory
changes in the theca folliculi of the trout. Ann, Biol., Anim,
Bioch. Biophys., 18 (4), 883 — 891,

Tamaoki, B-I., (1980). In 'Steroids and their mechanism of action
in non-mammalian vertebrates.' (Delrio & Brachet eds),
pp 1 - 16, Raven Press, '

Tata, J.R. (1976). The expression of the vitellogenic gene.
Cell., 9, 1 = 14

Tata, J.R. (1978a). Induction and regulation of vitellogenin

synthesis by estrogen, In 'Biochemical actions of hormones,'
(Litwack ed), Chap., 10, Vol, 5, 397, Academic Press, N.Y. &
London.

Tata, J.R. (1978b). Regulation of vitellogenesis by estrogen.
In 'Hormones and cell regulation.' (Dumont, J. & Numez, J.
eds), Vol, 2, 37 - 54, Elsevier/North Holland Biomedical
Press.

Tavolga, M.C. (1949). Differential effects of estradiol, estradiol
benzoate and precneninolone on Platypoecilus maculatus.
Zoologica, N.Y., 34, 215. :

Te Heesen, D. & Engels, W, (1973). Elektroporetische untershungen
zur vitellogenese von Brachydanio rerio, Wilhelm Roux Arch.
Entro. Mech, Org., 173, 46 = 58.

Terkatin, S. & Yaron, Z. (1978). Oestrogens and oestrogenic effects
in Tilapia aurea (Cichlidae, teleostei). Ann. Biol. Anim,.
Bioch., 8iophys., 18 (4), 1007,

Thurston, R.V. (1967). Electrophoretic patterns of blood serum
proteins from rainbow trout (S. gairdneri). J. Fish. Res.
Bd. Can., 24, 2169 - 2188,

Tokarz, R.R. (1978). DOogonial proliferation, oogenesis and
folliculogenesis in non-mammalian vertebrates. In 'The
vertebrate ovary.' (Jones, R.E. ed), Chap. 4, 145. Plenum
Press, New York & London.

Toury, R.J., Clerot, C. & Andre, J. (1977). Les groupements
mitochondriaux des cellules germinales des poissons teleostea
Cyranides., IV. Analyse biochimique des constituants du "ciment"
intermitochondrial isole, Biol, Cellulaire, 30, 225 - 231,



543

Trout, G.C. (1957). The Bear Island cod : migrations and movement.
Fish, Invest, Ser, 2. London., 21, 51.

Ueda, H., & Takahashi, H. (1977). Promotion of ovarian maturation
accompanied with ovulation and changes of pituitary gonadotro-
phins after ovulation in the loach, treated with Clomiphene
citrate, Bull, Fac., Fish, Hokkaido Univ., 28, 106,

Ulrich, E. (1969). Etude des ultrastructure au cours de
1'ovogenese d'un poisson teleosteen le danio, B. rerio.
J. Microsp., B8, 447,

Upadhyay, S.N., Breton, 8, & Billard, R. (1978). Ultrastructural
studies on experimentally induced vitellogenesis in juvenile
rainbow trout. Ann, Biol, Anim, Bioch., Biophys., 18 (4),
1019 = 1025,

Urist, M.R. & Schjeide, A.0. (1961). The partition of calcium and
protein in the blood of oviparous vertebrates during estrus,
J. Gen, Physiol,, 44, 743 - 756.

Urist, M.R., Schjeide, 0.A. & McLean,J. (1958). The partition
and binding of calcium in the serum of the laying hen and of
the ocestrogenized rooster. Anti-fertility of steroids,
Nov, 58,

Utter, R.M. & Ridgeway, G.J. (1967). A serologically detected
serum factor associated with maturity in English sole and
Pacific halibut. Fishery Bull. Fish, Wildl. Serv. U.S.,
66, 47 = S58.

Vanstone, W.E. & Ho, F. C-W. (1961). Plasma proteins of Coho
salmon, 0. kisutch, as separated by zone electrophoresis,
J. Fish, Res, Bd., Can., 18, 393 - 399,

Vivien, J.H. (1939). Role de 1'hypophyse dans le determinisme du
cycle genital femelle d'un teleosteen G. pagnanelluss,
L.C.R. Acad, Sci, Ser., D208, 948 = 949,

Vladykov, V.D. (1956)., Fecundity of wild speckled trout (S.
fontinalis) in Quebec lakes., J. Fish., Res. 8d. Can., 13,

Vodicnik, M,J., Olcese, J., Delahunty, G. & de Vlaming, V.L. (1979).
The effects of blinding, pinealectomy and exposure to constant
dark conditions on gonadal activity in the female goldfish,

C. auratus, Environ, Biol. Fishes, 4, 173 = 177.

Wahli, W., Dawid, 1.8., Wyler, T., Jaggi, B., Weber, R. & Ryffel, G.U.
(1979). Vitellogenin in Xenopus laevis is encoded in & small
family of genes. Cell, 16, 535 = 549.

Wallace, R.A. (1970). Studies on amphibian yolk in Xenopus
vitellogenin. Biochem, Biophys. Acta., 215, 176 - 183.

Wallace, R.A. (1978). Oocyte growth in non-mammalian vertebrates.
In 'The vertebrate ovary.' (Jones, R.E. ed), pp 469 - 502,
Plenun Press, New York.



544

wallace, R.A. & Bergink, E.W. (1974). Amphibian vitellogenin :
properties, hormonal regulation of hepatic synthesis and
ovarian uptake, and conversion to yolk protein. Amer, Zool,,
14, 1159 = 1175,

Wallace, R. A. & Dumaont, J.N. (1968). The induced synthesis and
transport of yolk proteins and their accumulation by the oocyte
in Xenopus. J. Cell Physiol., 72, 73 = 90,

Wallace, R.A., Ho, T., Salter, D.W. & Jared, D.W. (1973a). Protein
incorporation by isolated amphibian oocytes, IV, The role of
follicle cells and calcium ion during protein uptake, Expe.
Cell., Res., 82, 289 = 295,

Wallace, R.A, & Jared, D.W. (1968). Studies on amphibian yolk :
VII. Serum phosphoprotein synthesis by vitellogenic females
and oestrogen treated males of Xenopus laevis. Can, J, of
Biochemistry, 46,

Wallace, R.A., Jared, D.W., Dumont, J.N. & Sega, M.W. (1973b).
Protein incorporation by isolated amphibian oocytes, 1II,
Optimum incubation conditions. J. Exp. Zool,, 184, 321 - 334,

Wallace, R.A., Jared, D.W., & Eisen, A.Z. (1966). A general method
for the isolation and purification of phosvitin from
vertebrate eggs. Can. J. of Biochemistry, 44, 1647,

Wallace, R.A., Jared, D.W. & Nelson, B.L. (1970). Protein
incorporation by isolated amphibian oocytes. I. Preliminary
studies. J. Expe Zool,, 175, 259 = 270,

Wwallace, R.A. & Selman, K. (1981). Cellular and dynamic aspects
of oocyte growth in teleosts. Amer, Zool,, 21, 325 = 343,

Wangh, L.J. & Knowland, J. (1975). Synthesis of vitellogenin in
cultures of male and female frog liver regulated by estradiol
treatment in vitrao. Proc. Natl. Acad. Sei. U.S5.A., 72,

3172 = 3175,

Wangh, L.J., Longthorne, R.F. & Knowland, J. (1976). In
'"The molecular biology of hoermone action.'(Papaconstantinou, J.
ed), pp 151 - 169, Academic Press, N.Y. & London.

Warren, D.C. & Conrad, R.M. (1939). Growth of the hen's avum,
j. ﬁgr. HES', 58, 8?5 - 893-

Weichman, B.M. & Notides, A.C. (12980). Estrogen receptor activation
end the dissociation kinetics of estradiol, estriol and estrone.
Endocrinology, 106, 434 = 438,

Westley, B. & Knowland, J. (1978). An estrogen receptor from
Xenopus laevis possibly connected with vitellogenin synthesis,
Cell, 15, 367 = 374.

White, B.A. & Henderson, N.E. (1977). Hormonal variations in the
circulating levels of thyroid hormones in brook trout (Salmo
fontinalis) as measured by radioimmunoassay. Can. J. Zool.,
85,050

Whitehead, C. (1979). PhD. Thesis = 'The control of reproduction
in rainbow trout : Commercial and technical aspects.
Aston University.



545

Whitehead, C., Bromage, N.R., Breton, B. & Billard, R. (1978c).
Effects of altered photoperiod on serum gonadotrophin levels
and spawning in female rainbow trout, J. Endocrinol., 79,
29p - 30P.

whitehead, C., Bromage, N.R. & Forster, J.R.M. (1978a). Seasonal
changes in reproductive function of the rainbow trout.
J. Fish, Biol,, 12, 601 - 608.

Whitehead, C., Bromage, N.R., Forster, J.R.M. & Matty, A.J. (1978b).
The effects of alterations in photoperiod on ovarian development
and spawning time in the rainbow trout. Ann, Biol. Anim,
Bioch. Biophys., 18, 1035 = 1043,

Whitehead, C., Bromage, N.R., Harbin, R. & Matty, A.J. (1980).
Gen. Comp., Endocrinol., 40, 329.

Wiley, H.S., Opresko, L. & Wallace, R.A. (1979). New methods for
the purification of vitellogenin (vertebrate). Analytical
Biochemistry, 97,

Wiley, H.S. & Wallace, R.A. (1981). The structure of vitellogenin.
J, Biol, Chem.,, 256 (16), 8626 = 8634,

Wingfield, J.C. & Grimm, A.S. (1977). Seasonal changes in plasma
cortisol, testosterone and oestradiol-178 in the plaice
(Pleuronectes platessa L). Gen, Comp. Endoc., 31, 1 = 11,

wittliff, J.L. & Kenney, J.F. (1972). Regulation of yolk protein
synthesis in amphibian liver, I. Induction of lipovitellin
synthesis by oestrogen. Biochim, Biophys. Acta., 269, 485 = 492,

Woodhead, P.M.J. (1968). Seasonal changes in calcium content of
the blood of arctic cod. J. Mar., Biol., Ass. U.K., 48, 81 - 91,

Woodhead, A.D. & Woodhead, P.M.J. (1965). Seasonal changes in the
physiology of Barents sea cod (G. morhua L) in relation to its
environment, I1I. Physiological relations to low temperatures.
Spec. Publs, Int, Com. N.,W. Atlant. Fish., 6, 717 = 734.

Wootton, R.J., Evans, G.W. & Mills, L. (1978). Annual cycle in
female three-spined sticklebacks (G. aculeatus L) from an
upland and lowland population. Js Fishe Biol., 12, 331 = 343,

Wourms, J.P. (1976). Annual fish oogenesis. 1. Differentiation of
the mature oocyte and formation of the primary envelope.
Dev. 5iol., 50, 338 - 354,

Wourms, J.P. & Sheldon, H. (1976). Annual fish oogenesis. II.
Formation of the secondary egg envelope. Dev,., Biol., 50,
355 = 366,

Yamamoto, T.5. (1955). Morphological and cytochemical studies on
oogenesis in the fresh-water fish medaka, 0. latipes. Jap. J.
Ichthyol., 4, 170 - 181,

Yamamoto, K. (1956). Studies on the formation of fish eggs. I.
Annual cycle in the development of ovarian eggs in the
flounder, Liopsetta obsucra. J. Fac., Sci, Hokkaido Univ.
Ser. VI, 12, 362 = 374,




546

Yamamoto, K. & Onozato, H. (1965). Electron microscope study on
the growing oocyte of the goldfish during the first growth
phases, Mem, Fac, Fish, Hokkaido Univ., 13, 79 - 106.

Yamamoto, K. & Onozato, H. (1968). Steroid producing cells in the
ovary of the zebrafish, B. rerio. Annot. Zool. Japan., 41,
119 - 128,

Yamamoto, K. & Yamazaki, F. (1961). Rhythm of development in the
oocyte of the goldfish, C. auratus. Bull. Fac, Fish,
Hokkaido Univ., 12, 93 - 110,

Yamazaki, F. (1965)., Endocrinological studies on the reproduction
of the female goldfish, C. auratus L. with special reference
to the function of the pituitary gland. Mem, Fac. Fish,
Hokkaido Univ., 13, 1 - 64,

Yamazaki, F. (1972). Effects of methyltestosterone on the skin and
the gonad of salmonids. Gen. Comp. Endoc. Suppl, 3,
741 - 750,

Yaron, Z. (1971). Observations on the granulosa cells of A. terrae-
sanctae and T. nilotica (telsostei). Gen, Comp. Endoc.,
17, 247 = 252,

Yaron, Z., Terkatin=Shimony, A., Shaham, Y. & Salzer, H. (1877).
Occurrence and biological activity of estradiml—1?ﬁ in the
intact and ovariectomized Tilapia aurea. Gen, Comp. Endoc.,
33, 45 - 52,

Yaron, Z. & Widzer, L. (1978). Control of vitellogenesis by
gvarian hormones in the lizard Xantusia vigilis., Comp.
Biochem, Physiol., 66, 279 = 284,

Young, G. (1980). Ultrastructural studies on the pituitary gland
of the teleost, P. latipinna, with special reference to -
reproduction. PhD, Thesis, Univ, of Sheffield.,

Zahnd, J.P. (1959). Modifications hepatiques liees au cycle
ovarieu chez deux poissons ovaviviparies : Xiphophorus helleri
et Lebistes reticulatus. Arch, Anat, Microsc. et Morphol.
Exptle., 48; 231 = 259,

Zelson, P.R. & Wittliff, J.L. (1973). Secretion of lipovitellin
into serum following induction of synthesis in the liver by
oestradiol-178. Endocrinol., 93, 256 - 258.

Zohar, Y., Breton, B. & Billard, R. (1382). Short-term profiles of
plasma gonadotropin levels in the female rainbow trout
throughout the reproductive cycle, Int, Symps XIth ESCE.,
Jerusalem, Aug. 1981. (Abstract in press).



