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: . ABSTRACT

The purpeeé'of' the experlments deggllbed 1? this thesis :
was to determlne the factors responglble for 1h sex differ-.
ences seen in mature fish 1in com onents of microsomal elec-

_qtqn-transfer and mixed function Bxygenase MTO activities.

o . , -
The ZIits

rk

hypothesis _ested was that the gonadal sex

stercids, estradiel or testosterone, efefrespon51b1e for

- -

the sex dlfferences in mlcrosomal electron transfer compo-

-nents and mixea function oxygenase act1v1t1es. Immature

male and female brook’ trout (Salvelinus fontlnalis) dosed

withfestradiolAfor»ib'of 19 daisishéwed a gederal feminiza=

v tion of components of mlcrosomal electron transport. Thefe

.were no apparent effects on benzo(a)pyrene or ethoxyrespru-
2

fin monooxygenase activity, nor any particular change in the

influence of 7,&-benzcflavone on benzola)pyrene monocoxvge-
- ] ¢ A
nases activity.

Désing of juvenile trout with testosterone for 10 Gays

-

result@d 1n masculinization of mlcrosbmal-eleCtron transport

—system components and a trend towards an increased activity

of benzola )pyrene monooxygenase In contrast, a§m1nlstra—

tion of testosterooe for 19 days to juvenlle trout resulted
oo

in feminization of microsomal eleckron transport compoﬁents

-~

gsimilar to that seen in estradiol-treated juveniles. Pre-
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11m1nary studles. showed elevated plasma estrogen levels in'

those flshj It was concluded that changes 1n estrad1ol lev—

elstcouid account'ror -femlnlzatlon and testosterone for.
masculinization, of the MPO svstem.at maturity. K .
wnereas in rats the action of ster01ds on the hepat1c MFO
enzymes is mediated by ‘the p1tu1tary, ‘studies in trout sug-
gest,thatrthe,.action of steroids on hepati¢ MFO enzymes' is .

independent of the pituitary. To test whether thé pituitary

£

of adult fish has any effect on the MFC system immature -

fish were 1njected with excra ts from adult salmonld pitui-

tar;es. .Pituitary extracts from” adult salmonlds had a fem-
inizing effect on cytochromes P-450 and b5 of 1mmature flSh.
In contrast, "the activities of NADH- and NADPH cytochrome c
reductase were affected by ster01ds and not by pituitary ex-
‘tracts. .

To test whether the pltUltary gonadotroplc hormone(s) are
tne Eeminrzing fraction of the pituitary, 1mmature fish” were
" injected with partially purified adult.salmen GTH in greater
concentration than seén in the pituirary extract of the pre-
vious experrment. . Partially purified salmon GTH had no er—
fects on hepatic components of microsomal electron transpert
in the absence of the gonads. . Thereiore, the.pituitary go;
nadotropic hornone(s) alone are probably not the feminizing
factor of the pituitary extract. | ~

It was conciuded that- both estradrql_and-téstOSferoﬁe may

play. a role 1in the production of sex differences 1in compo-

-
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nents of microsomal electron transfer. The effects of ster-

oids on cytochrome P-450 may be mediatea,'by‘thé ﬁituitary.‘.
Howéver,-.fhe other-components.of‘micrqsomql élécEropytrans-
fer are.pfobably‘regulated by steroids indepeﬁaeptlx QfGthe
pituitary.l‘ Finally, “the feminiéing fraction of the'pitui—

. tary extract is'probably not GTH. -

n



RESUME s
Le but des experiences qgcrites dans cette these fut de
determiner les facteurs responsables des différences sex~

'uei}egides éémposantes du - systgme microsomal de transfgrt

- . - .
d'electrons et de 1'activité des oxygenases a fonct:on mul*

vtipié (Mfé) chez les pcissons adultes. .

L'hypothgse éue les steroides 5°xﬁels des gonades, "l'es-
tradiol et le'teétcstéfone, sont responsable; des differenc-
es sexuelles des composantes du systeme microsomal de trans-
-fert d'electrons et de 1' act1v1te des oxygenases a fonction
multiple, fut la premlere testee. Une féﬁinisation général€
des composantes du systeme microsomal de transfert d'élec-

trons fut observee chez les individus juvenlles males et fe-

melles de 1'omble de fontainé (Salvelinus .fontinalis) doses

avec de l'estradicl pendan* 10 et 18 jours. 11 n'y eut pas
d'effet visible sur 1° activite du benze(a )pyrene ou de 1'e-
-thoxyresorufln monooxygenase, ni sur l'influence du
7,8~ benzoflavoneisur 1’ acg1v1te du benzo(a) yrene monooxyge—
nase.

‘Le dosage des ombles juvenlles avec le testosterone pen-
. dant 10 ]ours aboutit a la mascuTznlsatlon des composantes
du.syétéme microsomal de transport a' electrons et a une ten-

¢

dance vers l'accroissement de 1’ act1v1te du benzo(a)pyrene
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monooxygEnase.' Par contre, le dosage au testosterone des
ombles juvenilee‘pepdant 19 jours aboutit a la fem1n15at1on_
des composantes du systéme miorOSomal de transfert'd elec-
trons et a des n1veauxraccrus des estrogenes dans le plasma.
On peut conclure Que ‘les changements des niveaux @' estradlol
peut expllquer la femlnlsatlon et le testosterone 1a mascu- s
linisation, Au systeme MFO a maturlte.

Tandis gue chez le rat 1'effet des stetoides sur les eo-
zymes MFO hepétiques est rEgi par la ‘glande pltu1ta1re, des
Etudee sur la truite 1ndlquent que l effet des ster01des sur
les enzymes MFO hépatiques est 1ndependant de la glande pi-
tuitaire. ;Pour teeter si la glande p1tu1talre de pogssons
adultee a un effet sur le eystEme MF%, des poissons juvel

niles furent injectees d'extraits de glande pituitaire

. . ' N
provenant de salmonides adultes. Ces extraits eurent un ef-

- N . .
fet feminisant sur les cytochromes E= b5 des polSsSONs

LA 1

-~ -
des reductases NADH- et

ijEnileé. En cohtraste, l'ectivi
NAD@H;cytochrome'c fut affectee par les stEroides mais pas
par les extraits de glande pituita re.

pour tester sl les hormones gonadotroplques pltu1talres
(GTH) sont la fractlon femlnlsante de la glande pltu1ta1re,
desApoissons juvenlles furent . 1njectes de GTH partlellement
purifiéés provenant de saumons, 3 des doses plus elevees gue
celles prESentes dans les extraits de glande. pituitaire de

-~ - ’
1'experience precedente. Le.GTH -de saumon, partiellement

. L] - - 13
purifie, n'eut aucun effet sur les coemposantes hepatigues du

-

- viii -
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" gysteme microsomal de transport d'electrons dans 1'absence

: P . o
des gonades. Par consequent, les hormones. gonadotropigues
C s - A '
pituitaires par elles-memes ne sont probablement pas le

facteur fEhinisant de l'extrait de glande pituitaire.

. _
onclut que 1'estradiol et le testosterone peuvent

"

jouer un le dans la production de differences sexuelle§

' ~ . -~
des composantes du steme,mlcrosomallde transfert d'elec-
' - . o
trons. Les effets des skgroides sur cftochrome P-450 -

A - . . . . ' X '
peuvent etre regls par la glandg pituitalre. Toutefolis, les

. ~ R ’ ' ' -
autres composantes du systeme mi rosomal de transfert d'e-

lectrons sont probablement_control es par les stéroides in=-
dependamment de la glande pituitaire Finalement, la frac-
tion feminisante de’ 1l'extrait de . glande pituitaire n'est

probablement pas le GTH.
¢ /4" ) \
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Chapter 1 .

INTRODUCTION

1.1  INTRODUCTION

it was thought until recently that fatsnand mice were
unique in exhibiting sex-dependent metabolism of drugs and
sterq}d hormones. If has been shown, however, that. this
phenomenon is more widespread than previously thought fﬁd
other animais, such as humans (pfaffenberger and-Horngng,‘
1977), tree shrgws (Kramer et al., 1979),  frogs (Harri,

1980), and fish (Stegeman and Chevion, 1980; Forlin, 19807,
can now be included in this group. -

The hepatic Sex-depenaent metabolism of drugs and sfer-
oids in rats 1is determineé'by cﬁanges at maturity in levels
and types of circulating hormones (Skett and Gustafsson,
1979; Gustafsson et al., 1980). These may represent a novel
hormbne system involving the pituitary hormone, feminotro-
pin, the hypothafémic inhibiting factor, feminostatin, and
gonadal sex steréids (iéig.). ;'Sex differences in drug and
steroid metaboliSm in mice are also dependent on sex ster-

oids (Noordhoek, 1872) although t@grpossible involvément of

other factors has not been investigated. In contrast, the

o \
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sex differences inidrug-ahd steroid metabolism in fish have

-

only-reéently been-described and the factors responsible for

their development have not yet been studied. Since the en-

-

~zymes 1in question, the hepatic mixed-funcion oxygenases, are

different in mammals, and fish, it Yo/ possible that the regu3¢

lation of the sex differences in these enzymes are alsco

quite different.
The primary focus of this thesis, therefore, 1is the de-
termination of factor(s) invoclved in the sex differences in

hepatic mixed function oxygenases seen in fish at maturity.

¢



1.2 MAMMALIAN MIXED-FUNCTION OXYGENASES

I

The endoplasmic reticulum of liver cells possesses two
interacting electron ‘transport systems, eéch of which‘con-
tains a flavoprotein and a cytochrome {outlined in Fig. 1).
Oné'of these performs an NADH-dependent desaturation of fat-
ty acidsiinvélving cytochrome® bS5 and cyanide-sensitive desa-
turase; the other is NADPE-linked and invelves cytochrome
P-450 in.the hydroxylation of stercids ané drugs.

. The electron transport system associated with_cytochrome
P-45q:is referred to as the mixed-function oxygenase system
‘(MFof or polysubstrate ﬁonooxygenase system, PSM). This
system is found in most organisms and in most tissues of the
Bbdy.‘ Oné of the more striking properties of the MFQO system
is the great range of substrates which can be metabolized:
from xenebidtics-—such as Arugs and pesticides (Gillette,
1966) t endogendts substrates such as steroid hormones
(Gustafsson,\lgjsg. The reactions catalyzed by the MFO sys-
tem involve inseipion of activated oxygen into a favorably
positioned héaa)kfor exampl@, C-H, N-H, S-H, or C-X, where X

= halogeﬁ)(Cooper‘gg al., l& 2).

L ]



(from Lu, 1976)

Figure 1: Hepatic microsomal electron transport pathways in
mammals
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The general hydroxylation reactlon catalyzedﬂ%y the MFO

is a monooxygenatlon where one atom of oxygen is used to hy—‘

droxylate the substrate and the other is converted to water,

‘as’ follows:

0

. R-H + 2(NADPH) + O, - ==--% R-OH * NADP' + Ho)

This reaction is seen in the P-450 mediated metabolism of
steroids (Gustafsson and Ingelman-SEydberg, 1976; Hall,
1980) _and in oxidat{ons of aliphatic or aromatic hydrocar-
bons (Cooper et al., 1979). Other. reactions catalyzed 5}
the MFO include oxidative N-, S—, and O- dealkylations {Co-
oper et al., 1979). o B

The general mohooxyéenation reedtion sequence eatelyzed

by the MFO system involves theiformaffon of an enzyme-sub-

strate complex between the terminal oxidase, cytochrome
) : N .

P-450 (with its iron in ferric *Fe®*) form), and the sub-

strate. Then an electron is transferred from "NADPH via a

fiavoprotein, NADPH-cytochrome P-450-reductase, to produce a

reduced enzyme-substrate complex (p-450(Fe?")-S), with the
cransfer of the first electron as the rate-limiting step
(Holtzman et él., 1968). A molecule of oxygen is then added

to cytochrome P-450 and this is followed by a second elec-

tron, which is transferred first to P-450 and then to oxy-

gen, to produce an activated oxygen complex. This activated
oxygen .ié probably 1in the. form of superoxide ion (021')
(Paine, 1978). The source of the second electron can be ei-

ther NADPH (through NADPH-cytochrome p-450-reductase) or
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NADH (through a second . electron transfer system involving
NADH-cytochrome bS-reductase and cytochrome b5). .One atom
of active oxygen is transferred to the substrate by insert-
ing into the C-H bond and the other forms water, thus regen-
erating free ferric cytochrome P-450 .(reviewed in Ullrich,
1976; Powis and Jansson, 1979). .The product of monooxygena-
tion is usually more hydrophilic and can be readily excreted
or conjugated and then excreted (Ullrich and Kremers, 1977).
in some cases, however, monooxygenation 1is required for the
formation of a metaboiically active form ‘of substrate oOr
produCes‘a more toxic form of substrate (Gelboin, 1980);
Studies of purifged, reconstituted systems have shown

that the components ssential for MFO activity are cyto-
chrome P-450,RN%DEH,cytochromerP 450~-reductase, and phospho-
lipid. The lipid does not function directly in.monocoxygenar
tion, but facilitates the transfer of electrons from the
reductase to cytochrome p-450 (Lu and Levin,-1974).
Cytochrome P-450 is a collective ~name for a distinct
grodp of hemeproteins. There is con51derable evidence that
cytochrome P-450 exists in multiple forms (for reviews see
Uilricﬁ and Kremers, 1977; Lu, 197%; Lu and West, 1979) with
different, although overlapping,  substrate specificities.
The amounts and types of cytdchromes P-450 seen can be
changed by exposure to chemical inducers such as polycyclic

aromatic hydrocarbons (PAH) and phenobarbital (Conney, 1967;

Gillette, 1971). Cytochrome P-450 is a b-type cytochrome
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L

containing a single glycoprotein attached to one molecule of

protohehe,‘ of minimal moletular weight between 45,000 and

60,000 daltons  (Haugen and Coon, 1976). Work with reconsti-

tuted systems has shown that the substrate ~specificity of

the monooxygenases centers  on citochrome P-450 (Lu t al.,

1972). Cytochrome P-4§0 has unusual spectral properties;

for example, the difference spectrum of reducded CO-bound

P-450 has a characteristic absorption maximum at 450 nm
IR ' b )

(hence the name P-450) Unlike those of other heme proteins

which show absorption maxima closer to 420 nm (Omura and

Sato, 1964; Omura et al., 1965).

gADPH-cytochrome P-450-reductase (NADPH: ferricytochrome
okidoreductase, E.C. 1.6.2.4) 1is a flavoprotein of minimal
molecular weight 68,000 to 80,000 daltons and contains one.
molecule each of FAD and'FMN_(Iyanagi and Mason, 1973; Ver-
milion and Coon, 1974; Digman and Strobel, 1975). it exists

!

in a.ratio of 10 to 30 molecules of P-450 to each reductase

i

., 1971, Lt probably does not exist in

p—

(ESﬁébrqok et al

multiplé_forms, as P-450 does (Welton and Aust, 1975). The
role of NADPH—cytochrohe P—450-;eductése is®in the transfef
of electrons from NADPH to cytochro%é P-450 (Iyanagi and Ma-
son, 1873). NADPH—cytOChrome P-450 réductqse also donates
electrons to cytochrome b5 or to anlunknown carrier to par-
ticipate in fatty acid desaturation or elongation (Ilan et

al., 1981). It may also donate electrons to artificial

electron acceptors such as ferricyanide or cytochrome ¢ --
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_the latter being the- ba51s of a simple- assay of NADPH-cyto-
chrome P- 450- reductase activity and for this reason it is

;o

often known as NADPH=cytochrome c-reductase (Phillips_‘and
Langdon, 1962). B |
“The secooo electron transport'co:}n in liver microsomes
gonsi&ﬁs of a flavoprotein, NADH—cytochrome onreéuctese,
and cytochrome b5 . ?ytochrome b5, 1ike cytochrome p-450,
is a b-type cytocﬁrome It has a molecular weight of ap-
proxlmatelv 11,500 (Mathews and Cze*wlnskx, 1976} Cyte-
chrome b5 does - not bind CO and its dlfference spectrum be-
tween NADH-reduced and oiidized‘cytochrome b5 shows an
absorption maximum at 424 nm (Omura and Sato, 1964) . The
main physiological role of cytochrome bt is to supply peduc-
ing equiealents from NADH to various reactions catalyzed "by
microeome—boun;'enzymes (Hrycay and Proughg 1974). For ex-

ample, b5 donates electrons to a terminal oxidase known as

CSF or cyanlde sen51t1ve factor to part1c1pate in fatty acid

desaturatlon '(Sasame et al., 197%4; Lu et al., 197¢; Lu,

1976; Schenkman et él'i 1976);f Cytochrome b5 can directly
reduce cytochrome P-450 (Fujita and Peisech, 1977). Several
p-450-dependent enzyme act1v1t1es regquire cytochrome b5 and
it has been shown that the involvement of cytothrome b5 de-
pends ‘on the substrate and the type of P-450 catalyzing the
reaction (Lu et al., 1974b; West and Lu, 1977} .

NADH-cy%ochrome b5-reductase (NADH: ferricytochrome oxi-

doreductase E.C. 1.6.2.2) is a flavoprotein of mglecular
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‘weight approximately 44,000 daltons which, unlike NADPH-cy-—
tochrome p-450-reductase, contains only one.molecﬁle of.FAD
per proteln (Williams Jr., 1976}. The reductase is arranged
with cytochrome bb in ‘assemblies with approximately° 5 mol-
ecules reductase to 50 hqlecules' b5 in each (Ito, 1974).

Its function 15 to transfer electrons from NADH to cyto-

A3
»

chrome b5. It can also facilitate the transfer of the first
electron to P-450 from NADFH {Penglis et al., 1980). Unlike

NaDPH-cytochrome ~-reductase, NADH-cytochrome c-reductase

\

a;tivity involves two enzymes, NADH—cytochrome b5-reductase
and cytochrome b5 (DePierre and Dallner, 1875) . Under ,most
cdnditions, however, the levels of cytochrome b5 are not
limiting and the activity of NADH-gytochrome c-reductasélpe-
fiects the activity of NADH-cytochrbme b5-reductase. The
levels of cytochrome D5 and acfivity of NADH-cytochrome
b5-reductase can be increased by inducers such as PB (Duval-

destin and Berthelot, 1978).



1.3 MIXED-FUNCTION OXYGENASES OF FISH

!

-

The major differences in mixed function oxygenase én;ymes
between fish and mammals are generally quantitative'réther
than qualitative. Most activities of 'MFO enzymes a%e'ap—
proximately one tenth the activity seen in ‘rats (Adamson,
1967: Creaven ggig;., 1967: Dewaide and Henderson, 15%8;
Walker, 1978B) with thg poséible sxception'of benzo(a)pyreng
hydroxylase activity in trout (Pedersen et al., 1974; Ahokas

et al., 1975), scup (Stegeman and Binder,1979), and eels

-

(Nava and Engelhardt, 1982), ‘which is at least ten to fif-
teen times higher than that of rats. 1IN addition, the temp-
erature optima of rat MFO enzymes are éenerally beﬁween 35
and 40°C while those of fish are between 25 and 30°C (Adam-

son, 1967; Creaven et al., 1967; Pohl et al., 1974; .Elcombe

and Lech, 1979; Bend et al., 1977; J@Ess t al., 1979;

Stegeman et al., 1879; Balk et al., 1980; Lindstrom-Seppa et

2l., 198la). Studies by Pohl et al. {(1980) with purified,
reconstituted little skate and rat systems have identified
NADPH-cytochrome P-450 reductase as the heat sensitive fgkg\

tor in the little skate MFO system. /

There are, however, some striking gualitative differences
in mixed-function oxygenases between fish and mammals. Sev-

eral’ studies have shown that fish respond to 3-MC type (pol-

yaromatic hydrocarbon) or mixed-type inducers (for example,
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polychlorinated biphenyls) buf are-refractive to phenobé?Bi—
tal-type (PB) inducers_(BdhlE} arid’ Rasmusson, 1968; Elcombe
and Lech, 1979; Balk et al., 1980) . 'ﬁixed—type inducers in
fish éenerally produce only the characteriétics of 3-MC type
inducers(Lidman et gl., 1976; Melancon et él., 1981) , while
in rats they produce changes similar to those seen after ex-
posure to both. PB- and g—MC;type inducers (quder and Rem-
mer, 1979).

In mammals, modifiers. of MFO activity in ilg;g such as
metyrapone, SKF 5254, and 7,8-benzoflavone (7,8-BF og ANF)
are commonly used to distinguish various forms of cytochrome
P-450. ANF inhibits MFO-activity in 3-MC induced microsomes.
but activates MFQO activity in control or PB-induced micro-
somes (Wiebel et al., 1971). Metyrapone or SKF 525A inhibit
MFO activity in PB-induced microsomes but have no effect é%
control or 3-MC induced microsomes (Ullrich gi al., 1975; Lu
and West, 1979). In contrast, several fish species have
control microsomes whose BP-hydroxylase activity is strongly
inhibited by ANF. These include rainbow trout (Statham et
Q;.,'1978 (using 5,6-BF}; Elcombe and Lech, 1879), carp (Me-
lancon et al., 1981), and scup (Stégeman and Binder, 1979;
Stegeman et al., 1979, 1981). The scup may show inhibition
of BP-hydroxylase with ANF becéuse of environmental induc-
tion of MFC; this is currently under investigation. How-
ever, this characteé seems . to represent control cytochfome

P-450 in trout and carp. High levels of control BP~hydroxy-
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lase activity in trout {(Ahokas et al.,? 1976)  may be a fur-
thér indication that cdntrol'cytochromes P-450 in these fish
are similar to the 3-MC induced form.of P-450 in rats. Some
species of marine fish such as lcroaker (Stegeman et al.,
1981), little skate (Bend et al., 1979; Ball et al., 1980),
sheépsheqd (James et al. 1979; Little et al., 1980) and

éouthern flounder (L tle et al., 1980) show 7,8-BF stimulag
tion of BP-hydroxylase in . control microsomes and inhibition
of BP-hydroxylase in.microsomes from polycyclic aromatic hy—
drocarbon treated fish, similar to the situation seen in

mammals.
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1.4 SEX DIFFERENCES IN MFO IN/QAMMALS

s E
i

In rats, sex dependent difference;- exist in the:metabo~
lism.of drugs and steroids'with activities of MFO enzymes in
males generally being several fold higher than in females.
Examples of drug-metabolizing MFO enzymes in this group in-
clude aminopyrine N-demethylase (Henderéon, 1971; Gielen et

1., 1976), aryl hydrocarbon hydroxvlase or benzo(z}pyrene

o

hydroxylase (Gurtoo and Parker, 1976), benzphetamine deme-

thylase {(Chhabra and Fouts, 1974), biphenyl-4-hydroxylase

(B:rke et al., 1978), p-chloro-N—methylanﬁ%ine methylase
(Chhabra and Fouts, 1974}, diazepam 3—hyé?;xylase (Nau 3n9
Liddiard, 1980}, ethylmorphine N-demethylase (éastro'gaa
Gillette, 1967; Davies et al., 1969; EI Defrawy el Masry et
al., 1974; Nerland and Mannering, 1978), hexobarbital hy-
droxylase (Kuntzmaﬁ et al., 1964), and p-nitroanisole deme-

thylase (Gielen et al., 1976). In addition to increased ac-

tivity, maleg'ma§ show a decrease in the apparent Michaelis

constant (Km) _ for substrates, for example, hexobarbital
(Kato and Onoda, 1970) and ethyimorphine (8l Defrawy el Mas-
ry et al., 1974). One exce@tion to this 1is diaéep:
am-3-hydroxylase; male rats show :increases in both Vmax and
apparent Km with maturation (Nau and Liddiard, 1980). Other
enzymes Show no sex differences in activity, oOr S5exX differ-

t
ences only in certain strains of rats. Aniline is metabo-

*
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lized at the same rate by adultamale‘and femS&F rats J)(El De-
frawy el Masry et al., 1974) except in rats of the Wistar
strain where males show higher an111ne hydroxylase act1v1ty
(spence and Schnell, 1979). Some drug-he;abolizing enzymes,
such as ethoxyresorufin O—deethylaée (EROD), are more active
in females thah_maies (Burke et al., 1978). Finally, some
sex differences seen ere"qualitatiQe, as-in the case ef DME
(l,2,3,4,9,9-hexechloro-1,4,4a,5,6,7,8,8a-octahydro-6,7- di-
methyl—6,7fepoxy—l,Q;methanqnephthalehe) where immetureirets
.and adult females'pcoduce only one metabolite while adult
males produce two (Finnen and Hassall, 1980a).

As.in the metabolism of drugs, the activities of steroid-
metabollzlng enzymes are. gene ally higher in males than fe-

. ™~
males (Berg and Gustafsson 1973; Einarsson et l.,\\1973)

with the exception of 5 &-stefroid reduc (Yates et al.,

e

1958; Eknarsson et al.,'%?73) and a (15§ drox?iaee active
on steroid sulfates (Gusta¥sson and Ingelman Sundberg{ 1975)
which are higher in females.

The levels of cytochrome P-450 in rats }Bavies et a ji/
1969; El Defrawy el Masry et al., 1974; Gielen ‘et a-\é“lé 6)°
and activities of NADH-cytochrome c reductase (McLeod et
al., 1972; Uitteret et al., 1977) are higher in males than
females. There are no sex differences in the levels of cy-
tochrome b5 (Schenkman et al., 1967). Some studies'have re-
ported no sex differences in NADPH-cytochrome ¢ re@uctase

activity (Davies et al., 1969; Litterst et al., 1977), while
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others, wusing the sémé,strains of rats, have shown that
NADPH-cytochrome ¢ reductase éctivities in males are higher
than in females (Vodicnik et al., 1381). .

. It has been suggested that theigex diffefences in hepatic
mixed function oxygénases in rats may also be due to Ehe éx-
istence of‘differént ‘populations of"éytocﬁromes P-450 in
males and females. Thé_extinction coéfficienps of total cy-
tochromes P-450 in‘ rats are lower ir males than ‘females
(Stripp et al., 1971). In some cases, blue shifts (to 448

~

nm; this fﬁrm is .called P-448) were seen in the, absorption

spectra of red&éed CO-bouﬁd eytochrome P-450 of -females
(RKahl et al., 1976). Also, MFb activities bf,femaleé were
greatly inhibited by ANF and slightly inhibitéd by metyra-
.pone while thoselof males wefg stimulated by ANF and greatly
inhibited.by metyrapone‘(wiebeihénd Gelboin, 1975; Kahl et
‘al., 1976). This suggests tﬁat females coﬁta;n both "pP-450"
and "P-448" and males contain only "P-450". The studies of
Kamataki et al. (1980, 1981) further supperted the hyvpothe-
sis of -sex differences in cytochromes P—450 by showing that
females contained approximately egual amounts of two puri-

fied P-450 forms eluting from Sepharose columns and that

males contained predominantly one form. In addition, Gielen

m

t al. (1980) and Pasleau et al. (1981) showed that two

I

distinct forms of steroid 16 -hydroxylase exist in rat liv-

er. Immature rats of both sesds contained both in egqual

amounts, adult females had predominantly type II which was
/

¢

q
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most active in.-the metabolism of testosterone and . adult
‘males had type I which was most active in the metaﬁolism-of
preghenolone. ) |

For most-of these sex-dependent enzymes, the development
of activities and sex;diEEErences. follows a general pattern
(see Fig. 2)}. The activities of the enzymes are very low at
birth and increase rapidly during the postnatal period but
exhibit no sex differences. At puberty (around 30 :to 40
days in rats) sex differences begin to appear; female activ—
ities decrease or remain at prepubertal levels and Wale ac-
rivities continue to increase, finally levelling off at
around fifty days-of age (Henderson, 1971; Berg and Gusfafs-
son, 1973; Einarsson et al., 1973: El Defrawy el Masry gt
al., 1974&; Nerland and Mannering, 1978; Nau and Liddiard,
1980). ° |

The activities of sex-dependent enzymes require the pres-—
ence of aﬁdrogen in males, but not in females. Castration

cf adul: male rats results in a feminization of activities

of sex-dependent enzymes (Yates et al., 1958; HKato et

1.,

W

. 1962, 1969; Kato and Onoda, 1870; El Defrawy el Masry and
Mannering, 1974; Gurtoo and Parker, 1976; Diefinger et al.,

1979; Spence and Schnell, 1979; Finnen and Hassall, 1980) .
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Ontogenic development of sex dependent MFO enzyme activities
“in male and female rats.

(from Henderson, 1971; Berg and Gustafsson, 3973; Einarsson
et al. 1973; El Defrawy el Masry et al., 1974; Nerland and
Mannering, 1978; Nau and Liddiard, 1980}

-

Figure 2: Activities of sex dependent enzymes 1in rats
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The subsequent administration of testosterone to these rats

_restores the original masculine type of metabolism (Kato et

al., 1962, 1969; Kaﬁo and Onoda, 1970; - El Defrawy eltﬁasry
and Mannering, 1974; Tabei et al., 1975). The administra-
tion of estradiol to intact males feminizes"gfhe sex—depen;
dente enzymes 1in th; same way tﬁat castration does (Quiqn et
al, 1958; Yates et al., 1958; Kate ggigl., 1962, 1969; El
Defrawy el.Masryngnd Mannering, 1974; Gustafsson and .Ingel-
man-Sundberg, 1974; Kramer and Colby, 1876&; Spence and
Schnell, 1979). in contrast, ovariectomy of adu;£ females

BT

has no effect on the activity of these enzymes (Kato et al.,
1962; E1 frawy el Masry and Mannerlng, 19?4 Gurtoo and
Parker<’~;2i6) The sex-dependent enzymes in adult females
are relatively 1nsen51t1ve to the admlnlstratlon of ster01ds
(vates et al., 1958; Dieringer et al., 1979; Finnen and Has-
sail,' 1980) although some have reported masculinization of
female drug-metabolizing activities with festésterone fQuinn
et al., 1958; El Defrawy el Masry and Mannering; 1974).
then51ve work by several groups has shown that post-pu~”
bertal activities of drug and ster01d metabolizing enzymes
and responsiveness to androgens in rats are "imprinted"
within the firﬁt two weeks after birth (Einarssomn gt al.,
1973; Gustafsson and Stenberg, 1974a; Ehung, 1977).  Rats
not exposed neonatally to androgens [i.e. normal females (De

Moor and Denef, 1968;- Einarsson et al., 1973), neonatally

castrated males (Kraulis and Clayton, 1968; Gustafsson and
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Stenberg, 1974b) or male pseudoﬁermaphrodites (Einarsédn et
al., 1972)] develop a feminine patﬁern of ﬁetabolism at pu-
berty.and are unresponsive to androgens administered in the
adult period.' Iq‘¢6ﬁtrést, rats'ekﬁﬁSgd to androgens within
the first twenty-four hours after birth [i.ei females and
castrated males dosed with testosterone (Dengf and.be Moor,
1972; Gustafsson and Stenberg, 1974b; Chung et al., 1975) or
normal males (Einarsson EE‘él-f 1973)] show = typically mas-
culine pattern of metabolism and have androgen respoﬁ;ive
MFQO enzymes after puberty.: Imprinting og sex-dependent en-
zymes, aithough occurring in a similar fashion to imprinting
of gonadotropin secretion and sexual behavior,,is thought to
involve a separate center in the brain since different
groups of compounds are active at_imprinting‘each of these.
For example, dihydrotestosterone is ineffective af impriﬁt—
ing sex-dependent gonadotropin secretion but will imprint
the sex differences in steroid metabolism (reviewed by Gus-

tafsson et 1., 1980a}.

W]

Mice also show sex-dependent differences in drug and
steroid metabolism but the direction of these are opposite
to those seen in rats. For example, female mice show higher
levels of cytochrome p-450, and NADPH—cytochEome ¢ reductase
(Davies et al., 1969), higher ethylmorphine N-demethylase
(Castro and Gillette, 18967), hexobarbital hydroxylase (Noor-
dhoek, 1972) and testosterone metabolism.(Kuntzman et al.,

1964), -and lower aniline hydroxylase activity {(Noordhoek,

P
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1972)-th§n male mice.! While the activities of most sex-de-
pendent enzymes do not differ much between immature mice of
both'sexes and adult males , thosé of adult females show
much higher enzyme activ;ty, oppdsité to the situation in
rats. However, as “n rafs, the activities of these enzymes
seem to be under androgénic control. Castration of adult
mice feminizes male activities but has no effect on females

and testosterone treatment of adult females decreases their

enzyme activities (Noordhoek, 1972}.

+



Lo

1.5 SEX DIFFERENCES IN MFQ IN FISH

2l

Al

Sex dif erendés~ in hepatic mixed-function oxygenase ac-
tivities have élso-béen described in fish. Iin éome cases,
these-Sex differeﬁces have been féund'to be sfréin depen-
dent.- In two of six strains of rainbow trout stu@ied, fe-
maleé showed higher aniifhe hydroxylase activity than did
‘males while there were no.observed sex differences in any of
the other strains (Pedersen §£ al., 1976)}. As in‘rats, most
reports ”of sex differences in fish show thatlmales have
higgerTMFO activities than females. For example, aryl hy-
drocarbon hydroxylase activities in male cunner are higher

than those in females at spawning (Walton et al., 1978});

male vendace (Cofegonus abula) showed significantly higher
activities of ethoxycoumarin O-deethylase than females but
;o sex differences in benzo{a)pyrene hydroxylase (BP-hydrox-
ylase) (Lindstrom-Seppa et al., 1981la).

‘ Detailed étudies of sex differences of MFO in fish were
made by Stegeman (1977) and Stegeman and Chevion (1980) with
rainbow and brook trout. Male trout showed significantly
greater activity than females towards the substrate aminopy-
rine. The cytochrome P-450 levels in males were also higher
than in females. Female frout had significantly higher BP-

hydroxylase activities (measured by flucrescence assay) than

males. There is evidence that there are different types of
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cytochromes p-450 in male and female trout since microsomes
from males and females could be disfinguishéd on the basis
of the influence of ANF on.the actiwvity " of benzolalpyrene .
_hydroxylase; Iin fainbow trout, ANF (at a‘concentration of 5
x 10°* M) ihhibitea BP-hydroxylase activity in males but i&
females it activated BP-hydroxylase activity. In brook
trout, ANF inhibited BP-hydroxylase activity in both gexes
but micfésomes of females reguired greater concentrations of
ANF than ihose of males before inhipition was seen. There
were no significant sex differences in ﬁADPH-cytochrome o
reductase activity, nor in cytochrome b5 levels. The activ-
ities of NADH-cytochrome c- reductase were higher in males
_than in females but it is not known whether the metébolism g
of aminopyrine and benzo(a)pyrine utilizes NADH, and thus,
how this sex difference affecté the activity of the MFO sys~
tem towara these substrates.

studies by Forlin (1980) on rainbow trout ‘revealed sex

differences in cytdchrome p-450 levels, and benzol{alpyrene

hydroxylase (measured by radiometric assay) and paranitroan-
isole O-demethylase activities. In these three characters,
immature fish and adult females showed consistently low ac-
_éivity while adult males showed higher activities. ‘ Hansson
and Gustafsson (198la) have descriped sex differences in an-
drostenedione metabolism in rainbow trout. As in Forlin's

.

study, the activities'of enzymes in males were higher.
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There have been very few reports of developmehtal chandes .

in hepatic monooxygenase activity in'fish. It seems, hoy-
eveff\ that fish are similar to mammals in that they do not

show sex differences until maturation. For the enzymes

ethoxycoumarin O-deethylase (Koivusaari et al., 1981) and

_6P—steroid hydroxylase (Hansson and Gustafsson, 198la) the

activities 1in males stayed relatively constant with age

‘'while they dropped considerably in females undergoing matu-

ration. In the case of BP-hydroxylase (measured by fluori-

metric assay)(Roivusaari et at., 1981), the activities in

males decreased at spawning time but those in féhales re-
mained ’constant. Finally, the activities of steroid
l?*reauctase (Hansson and Gustafsson, 1981a) seemed to fol-
low the tyﬁical rat pattern (see Fig. 2, p. 17) where the
éctivities in males rose considerably at maturat;on.while
those in females remained similag to those in immature fisﬁ.
It is not known whether the sex differences seen at spawning
time remain ‘or.digappear after the spawning season .since

these studies only orted activities to the end of the

first spawning seaBon. However, these studies suggest that

the sex differences in trout only appear seasonally, unlike

the situation in mam als. ’
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1.6 EXPERIMENTAL APPROACH

The primary aim of this stﬁdy"was to determine the factor
or factors involved in the appearance of sex differeﬁces in
the MFO system seen at maturity +in fish. Since .changes in
circulating sex steroid and pituitary hormone levels and/or
tvpes also appear at maturity .in fish, it was hypothesized

that these were the factors involved.

Brook trout (Salvelinus fontinalis) were chosen as exper-
imental animals because of their-availability and well-char-
acterized MFO systems. - In addition, most of the.studies:of
sex differences in fish.have been done with salmonids, 1in-
cluding brock trout} Immature trout were used in this study
since the MFO system in these fish had not yet developed sex
differences. The approach used was to change the types and
levels of circulating hormones in the f£ish by the adminis-
tration of exogenous hormones and/or surgery. If the sex
differences in these fish were centrolled by changes in hor-
mone levels at maturity, itlwas‘predicted‘that immature fish
dosed with hormones would show precocious development of MFO
enzyme activities, the direction of change depending on the
hormone used.

To monitor changes in the hepatic MFO system in response
to hormone_administration, the guantities or activities of

components of microsomal electron transport ‘were measured,
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possible changes in types of cytochromés p-450 were studied,
and the activity of the entire system toward various sub-

strates such as benzo(a)pyrene and ethoxyresorufin was exam=

ined.

Y



Chapter II

i

EFFECTS -OF ESTRADIOL AND TESTOSTERONE ON MFO IN
IMMATURE TROCUT

¢ -

2.1 INTRODUCTION S T

)

absent wuntil gonadal maturation (Stegeman and Chevion,

Sex di&fe:ences in hepatic monﬁoxygenases in trout are
1980). At this time, differences appear between malés.aqd
females in types and in relative proportions of éirculating
sex steroids £Campbell et al., 1980). At spawning time
these levels may be increased ‘ten-fold (Whitehead et al.,
1878). - In rats, the sex differenqes in hepatic monooxyge-
nases appear at puberty and are regulated by the levels and
‘types of circulating steroids and also by the pituitary
which mediates the influence of steroids on the liver (Kram-
er et al., 1979b; Skett and Custafsson, 1979). It ié thus
possible fhaf‘circulating sex steroids may in some way con-

tribute to the sex differences in hepatic P-450 in fish.

This chapter describes the results of an experiment in

which immature brook trout, Salvelinus fontinalis, were

_.26._



treated with one of two Sex steroids of teleosts. estra-

27

diol-17p or testosterone, and characteristics of hepatic mi-
crosomal electron transport components and monooxygenase ac-T

tivity were monitored.

/\-
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2.2 MATERIALS AND METHODS

2.2.1 Chemicals . "

Estradiol-17p (1,3,5,(10)-estratriene-3,17p-diol)  and
testosterone were obtained from Research Plus Steroid Labo;
ratories, Denville, N.J., Polyethylene ycol ;as purchased
from Sigma Chemical Cec., St. Louis, MO. Ethoxyresorufin was
synthesized by-A.V. Klotz (W.H.O0.I./M.1.T.) according to
the methods of Prough et al. (1977). Resorufin was puri-
fie¢ from commercial material obtained from MCB Chemical
Cot. Both compounds were jﬁdged pure by thin layer chroma-
tog hy and NMR spectroscopy {by A.V. Klotz).

v

2,2.2 Methods

Immature brook trout were dbtained from the Sandwich Fish
Hatchery, Massachussetts Divisiontof Fisheries and Game in
May, 1880. One week prior to experimentation; "twelve fish
{(at least five of each sex)  were transferred from outdoor
raceways at the hatchery to each of thrée indoor troughs

(3.7 x 0.3-\ 0.15 m.) . located in an édjacent hatchhouse.

The troughs’ yere supplied with flowing water at 10°C from

i .
‘the same arfesian source as that supplying the raceways.

Natural photoperiod was maintained by means of large windows

situated by the troughs, supplemented by incandescent lights
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between‘07qo and 1800 hours. Fish were fed 1-2% body weight
once a day _with Rangin'ﬁ Production pelléts {(Zeigler Bros,.
Gardners, PA). All dosing and sampling of fish.was conduct-
‘ed at/the hatchery.
| External sex determination of the fish in this chapter-
was made by L. Raymond (manager of the hatchery).' Iﬁmature
male and féhale trout can be distinguished on the basis of
differences in the shépe of the head and body. The sex of
the f£ish mas‘veriﬁied at the end of the experiment.by visual

examination of the gonads. The guidelines used in the iden-

"
- u. Mo

tifidation of gonads ‘- were Vladykov, 1956 and Henderson,
1963. The ovaries in the immature fish used in this thesis
"had a yellow—orange'EOlour, were opague, and appeared granu-
lar. When crushed under a cover slip and viewed hhder a mi-
croscope, tiny ova codld be ob;erved. ~ The tesfes in the im-
mature fish here had & pale yellowish‘colour, were more
transparent than the ovaries, and did hot appear granular.
Whew‘crushed‘ under a cover slip and viewed under a micro-
scope, the lobules of the testes were observed. For the
rest of the experiments outlined 1in this thesis, £fish were’
operated on before the start of dosing and the sexes were
deEermined then, as well as after the end gf the experiment
in sham—opérated fish,{ by visual examination of the gonads
as outlined above,.

Fish were injected intramuscularly once every three days

with either estradiol-17p (3 mg/kg fish) or testosterone (3
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mg/kg fish) .in'O.l-ml polyethylene glycol (PEG). Control
animals received onIy‘PEG.- /The three groups were dosed on
consecutivg days sd‘that all the fish could be injected, and
later sampled, within thirty minutes at the éamé time of
day. On the tenth day of expgrimentation (three dafs after
the third injection), blood was sampled from the caudal vein
Qith a heparinized syringe, placed on ice,l and the fish
“killed by cervical section. = Livers were immedlately ex-
cised, placed in ice-cold 0.1 M phosphate buffer pH 7.3 with
. 1.15% KC1 and 3 mM MgCl,. Samples were then transferred on
ice from the Hatchery to the laboratory for anaiysis (tran-
sit time approximately éne héur). Blood was centrifuged at
1500 x g for ten minu%gs and plasma was frozen at -20°C.
‘Livers were'bloyted dry:&weighed, and then homogenized in 5
vol buffer using a Potter-Elvehjem tissue grinder. Micro-
somes were prégiggé by differential cenﬁrifugation as de-
scribed by Stegeman and Binder (1979). The homogenate w&é\“#//"
first centrifuged at 80C x g for 10 minutes, followed by 10
minutes at 10,000 % g to sedimeﬁt cell debris and mitochona-

ria. The resulting supernatant as transferred to another

tube and spun at 40,00b x g for 92 minutes to sediment the
microsomes. The supernatant from\tKis\spin was removed and
the microsomal pellet

diluted to approximately 3-8 mg protein/ml in a resuspen-
sion buffer composed of 50 mM Tris pH 7.5 10 mM B-mercaptoe-
thanol and 20% glycerol. Aliquots were immedlately frozen

and stored in liguid nitrogen.
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: CyEochromes p-450 and b5 were analyzed as outlined .by
o Stegeman and Binder (1979) with a Ca}y 18-C recording spec-
trophotometer. Cuvettes contained appr'ix‘imately 1 mg/ml mi-
crosomal protein in resuspensioh buffer. = Amounts of cyto-
chrome b5 were .measured by~ reduciné the contents of the-
sample cuvette with 0.034 mg/ml NADH and recordiﬁg the dif-
fe'rence spectrum. To measure amounts of cytochrome P-450
both cuvettes contained 0.034 mg/ml‘NADH (to balance cyto-
chrome bS and eliminate interference at 424 nm},, both were
bubbled with éo for one minute (to balance hemoglobin (Jo-
hannesen and DePierre,J 1975), since reduced CO—boﬁnd hemo-
globin has absorptﬂon maximum at 420 nm) and a few grains of
' Na, $;04 (sodium dithionite) were added to the sample cu-
vette to réduce cytochrome P-450. " This method also allows
for observatioﬁ of possible mitochondrial contamination.
since cytochrome az of cytochromé oxidase, when reduced and
bound with CO, has an absorbance maximum-at 430 nm and a
minimum at 245 nm (Vanneste, 1966): The extinction coeffi-
cients used to calculate cytochrome concentratioh were taken
from Omura and Sato (1964) and were 31 mM-tcm-* for P-450
and 185 mM-*cm-*' for p5l.
NADPH—cytochfome ¢ reductase activity was assayed at 25°C
by a modification (Binder and Stegeman, 1979) of the method
of Philiips and Langdon (1962) with a reaction mixture con-

taining 0.175mM NADPH and 80pM horse heart cytochrome ¢ 1in

0.2M potassium phosphate buffer pH 7.7. Microsomal NADH-cy-
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tochrome ¢ reductase activity daslassayed using the cohdi-
;ions for NADPH-cytochrome ¢ reductase, with 0.25mM.NADH're-

1fplacing 0.175mM NADPH. Reduction of cytochrdme ¢ was fol-
lowed at 550 nm. ' .
ﬁenzo@a)pytene-(BP) monooxygenase activity was assayed by
a modificatien {Binder and Stegeman, 1979) of the radiémé—
tric procedure of van cantfort et al. (1977). The reaction
mixture consisted of 0.05 M Tris-HCl with 1.4 mg/ml bovine
serum albumin, peE 7.7, 0.40 liNADPH (not in blaﬁks), 69.8
M 14-BP (approximately 150 PCi/umole) and aboﬁt 60 it of‘
microsomes in a volume of 50 pl. Assays were done in tri-
plicate and under red light té_prevent photéoxidation of the
1Ig-BP. The reactlon was initiated with 2 Fl IH-BP in ﬁetha*
nol, after which' the samples were_incubate@ 15 minutes at
29°C. The reaction was stopbed with 200 Pi 0.15 M KOH in
85% DMSO. 'Remaining substraté was extracted three times
with 0.5 ml hexane. A 100 Pl samﬁle of the aqueous layer
‘contdining the metabolites was added to 3 ml Aguasol (New
\Eﬁéland Nuclear), acidified with ZQ-Pl 0.6 N HCl and counted
in a Beckman LS-100C Liguid Scintillation Counter. Counting
efficiency was detérminéd with &nternal standards. The 1in-
fluence of 7,8-benzoflavone (7,8-BF) on BP metabolism was
determined by adding 2 Pl 7,8-BF in methanol to the BP-mono-
oxygenase reaction mixture just prior to the addition of

*H-BP.

A

h
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Ethoxyresqrufin~9-deéthylase (EROD) was measured with an
assay déveloped by Klotz and Stegeméﬁ (pérs. comm.),using a
reaction mixture containin? 2 pM 7—e;hoxyrésorufin, 0.1 M
Tris pH 8.0 with 0.1 M NaCi, and 20 pl microsomés (3-8 mg -
protein/ml). The reaction was initiated Qith NADPH at a.fi—
nal concentfation’bf 0.5 mM and the appearance of reéorufin
was monitdred using a Qary 118-C récofdiné spectfophotome—
ter. The extinction coefficient of rééorufin was determined
b? A.V. Klotz (pers. comm.) to be 73" ‘cm™t.

Plasma'conceh:rationsaof total estrogens, testosterone;
and ll-ketotestosterone were measured by radioimmunoassay by
pP. Thomas (Texas A & M){ as described in Stegeman gﬁ'@l.,
1982. — - o

Protein was determined according to the method of Lery
et al. (1958) with bovine serum albumin as a standard.

The gonado- and hepatdsématic indices (GSI and HSI, re;
spectively)  were calculated by dividing gonad or liver

weight by body weight and expressing this as a percentage,

as follows:

GSI (gonad weight/ body weight) x 100

HSI (liver weight/ body weight) x 100 -

1

The data were evaluated using a fixed-effect two way analy-

sig of variance for unequal sample sizes (BMD program) by W.

_Smith (Woods Hole Oceanographic Inst.) to test for signifi-

cant differences among treatment groups and between sexes.

Arcsine transformations were made of the results for hepato-

_—
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. somatic and gonadosomatic indices prior to statistical anal-

ysis as these we;e' percentages (sokal = and Rohlf, 1969).
Data testing the influence of 7,8-BF on BP-monooxygenase ac-

tivity were analyzéd using a three-way analysis of variance

P

.and then converted to percentage " form for preseﬁtation.

Differences between ‘group -means were considered to be sta-
tistically significant if p < 0.05 and were considered to

show a trend if 0.05 <p < 0.10.
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2.3 RESULTS

Treatment wi}h estradiol produced marked increases in
liver ,fo body weight‘ratios (hgpatosomatié-indices, HSI) in
bothlﬁales and femalés (Table 1, p. 39) but HSI values 1in
testosterone-treated fish of either sex did not differ ;ig—
nificantly from those of control animals. Conversely, the
influencze of hormone tréétment was sex specific on the rétio
of gonad to body weight (gonadesomatic index, Gs1) (Table 1,
-p. 39). in boﬁh estradiol and testosterone-treated males
the GSI values were lower than in control males. The GSI of
females did not change significantly with Bormone treatment.
There were no significant changes in body weight (Table 1)
as a result of hormone treétment, and theﬂ body colouring
that is characteristic a£ spawning in brook trout was not
seen in steroid-dosed fish. ) -

Treatment with either steroid resulfed in a significant
decrease in hepatic microsomal protein content in both sex-
és, the reasons for which are unknown. Reduced, CO-bound
hepatic microsomal P-450 had an absorption maximum at 450 nm
in all fish regardléss of trgatment or sex. Th? specific
content (expressed on the basis of protein concentration) of:
hépatic P~-450 (Table.l, p. 3%) was increased by testosterone
in both males and females. Treatment with estradiol, on the

other .hand, producga\a significant decrease in the specific
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content of hepatic P-450 in both sexes. - Aithough the magni-
tude and direction of fesponse ‘to treatment with either
steroid were the ‘same in both males and females, overall the
specific cohtent of P-450 in females was signifiééﬁtly lower
‘than that in‘malés (Table 1, p. 39). The difference in spe-
cific‘content of P-450 between males treated with testoster-
one and females treated with estradiol is qboﬁt"the same.
(nearly 60 percent) as the difference in this character be-
tween gonadally mature male and female bpook trout (Stegeman
:and Chevion, i980). p-450 levels normalized to liver weigﬁt
were‘significantly lower in ‘the estradiol-treated fish than
in other groups} a function of the liver hypertrophy in
these animals. | |

Hepatic microsomal cytochrome b5 levels were in all cases
considerably lower thah those previously seen in brook trout
(stegeman and Chevion, 1980).' Nevertheless, the, levels were
significantly lower in hepatic microsomes of treated than in
those of control fish. In many of the experimental animals
'the levels were so low as éo be undetectable. In contrast,
the activities of NADPH- and NADH-cytochrome c reductase
(Table 1, p. 39) were very much like those previously seen
(Stegeman and Chevion, 1980). Both NADPH- and NADH-cyto-
chfome ¢ reductase activi£ies were elevated by treatment

with testosterone, and there were no significant differences

between the sexes within any treatment group.
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The activities of hepatic microsomal BP-moncoxygenase in

the variéus“groups ranged  from about 50 to more than 100

_pmoles/min/mé. ‘These values, 'ﬁhile still quite low, are

‘substantiglly higher than those obtajned previously with the
same genetic stock (Stegeman and Chevien, 1980) but the ear-
lier data were obtained‘by_ measurement of fluorescence . of
phenoclic defivatives, which typically represent only thirty
to forty percent of the total _BE—metébolites produced by
fish liver microsomes (Stegeman, 1981). There was no !lear
pattern of éffect of steroid }reatment'on hébatic BP-monoox-
ygenase activity 'expreséed per g microsgmal protein,+ ,al-
though there was a clear suggestion that this acti;ity was
.higher in testosterdne—treated males than 1in the estradiol—
treated females. There were no significant effects of
treatment on the sensitivity of BP-monooxygenase to inhibi-

ton by 7,8-BF (Table 2, p. 40}, nor were there any consis-

tent differences between the sexes within the various treat-

ment grbups. 7,8-BF inhibited BP metabolism significantly
only at the highest concentration; otherwise, it had no ef-

fect. BP-monooxygenase activity normalized tc P-450, or to

liver weight or body weight (not shown) was very similar in

Y

all groups. The levels of ?R—O—deethylase activity were be-
low the limits of detection (0.02 amoles/min/mg) in all ani-
) ¢

Plasma concentrations of steroid hormones are shown in

Table 3 (p. 41). ‘Both testosterone and total estrogen lev-

g
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‘els were elevaﬁed in fish ﬁoéed with estradiol. Plasma
steroid levels in testosterone-dosed fish were similar to
‘those of COntrdls. Preliminary results showed that there
were probably no signiﬁicant differences between dosing

groups in levels of ll-ketotestosterone.

-
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© TABLE 1
) A
MFO activity in immature trout -dosed with.steroids

Levels and activities of hepatic microsomal electron transport
components, mixed-function oxidase enzymes, and other
_characters in control (C), estradiol (E) and
testosterone-dosed (T) immature trout of both sexes.

Sample size is shown in parentheses.
Values shown are means t standard deviation.

* gsignificantly different from controls (p < .05)



ﬁ.uao_mm\:::_\an prot.)

\

Control Estradiol Testosterone
Character
. : female (7} Male (5) |Female (5)| Male (7) |Female (6)| Male (5)
Body wt. (g) 771 % 145 | 763 + 127|764 * 134 (803 t 77 {738 % 16.2]917 * 210
HSI (%) la+o02 | 12to0l | 23+03"| 19027 L2t02 | 12+03
. . »* : r
.GSI (%) 0.56 + 009 |028 £ 0I5 | 061 £ 021 | IO ¥ 004|073 012} OI2 + 004
. - . . ; * TR
Microsomal_protein oa+25 |192+70 |38ta2 [127+36 | It22 |20 15"
(mg/g liver)
NADPH-cytochrome ¢ 43 £ 17 55 +24 |-462115 43 t 14 66 £ 19" .| 73138
red. (nmoles/min/mg prof) .
NADH-cytochrome -¢ 142 + 48 |- 145 * 39 96 * 29 132 * 50 215 + 80° | 232 + 74"
red. (nmoles/min/mg prot}
Cytochrome bs 13+ 7 12 12 5%4 3¢5 5+9" 25
(pmoles /mg protein)
. . _ * % . 3
Cytochrome P-450 015 + 004 | 018 £ 006| Oli £ 002 | 0I5 * 005} 0.2l % 003 | 0.25 * 0.10
(nmoles/mg protein) .
Cytochrome P-450 29+09 | 33408 | 15+04"| 18204 | 23104 | 302 2
{nmoles/g liver)
Cytochrome P-450 004 + 00! |004 + 00l |003 & 0Ol |003 t 001 |0.03 % OOl 004 * 00!~
(nmoles/g body) | |
B8P-monooxygenase 63 + 20 | 56 % 18 43 t 24 6l * 26 60 % 2| i25 + 79"




N

I8

40

TABLE 2

Influence of.7,8-BF on BP-monooxygenase activity

The percent activity of benzof{a)pyréne monoxygenase remaining
after in vitro addition of 7,8-benzoflavone to hepatic .
microsomal preparations from control (¢), estradiol (E)
and testosterone-dosed (T) immature trout. :
Sample size is shown 1in parentheses.

Values 'shown are means * standard deviation.

No significant differences in effects of 7,8-BF on the
activity of BP-hydroxylase after dosing with_estradiol

or testosterone. .



| Percent activity remaining with:
Control Estradiol Testosterone
Female.(7)| Male (5) |Female (5)| Male (7) | Female (6)] Male (5)

' 7,8-BF (M)

%

o | oo JaQ | oo " 100 | 100 o 100

(<.

I+
@

92 87 t 13

125 x 07 |94t lo |87 £ 9 |l00 L 18 | 8O

i+
-~

‘50 x 06|95+ 18 {125 t 24 ne + 36 | 94 + 17 (140 t 4 94 25

, ‘
e 10 x0%j4929 49 %+ 25|66 + 24 | 53 £ 20 52 t 14 | 43 1 14
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TABLE 3

Plasma steroid hormone levels in steroid dosed trout

Plasma levels of total estrogens, testosterone, and 11-keto-
testosterone in control, estradiol and testosterone-dosed
immature trout.

vValues shown are means % standard deviation.
ll-ketotestosterone vafles are preliminary results and
represent single determinations of pooled samples.

* significantly different from controls (p < .05)



TREATMENT GROUP

Plasma

Steroid - - .

Levels CONTROL ~ ESTRADIOL TESTOSTERONE
(ng/ml} - Female (7) | Male (5) | Female (5) | Male (7) | Female {6) ‘Male (5)
Total 0.8 + 04|05 * 02339 78| 12.8 sol 0a + 02]03 t 02
Estrogens = - v : . . . T s
. o * .

. Testosterone | 4.5 % 2.9 30 + 1.4203 % 27.5 o56 * 32238 £ 1.4 3.0 r il
Hi-keto- 1.6 1.0 0.06

Tesfosterone
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2.4 DISCUSSION

The data presented here establlsh that sex steroids. can
modify the levels of hepatic P-450 in brook trout and that
in juveniles the response to a given‘steroid is similar 1in
males and females. The depression.of pP-450 levels by estra-
diol here was less ma;ked than was the increase produced by
’ testosterone. Hanssoﬁ\g& al. (1980b) recently demonstrated
that estradiol-i?ﬁ aléd depressed the levels of hepatic
p=450 in .juvenile rainbow trout. The data thus indicate
that estrogens as well as androgens could elicit the sex
differences observed in P-450 in the liver ofy naturally ma-
turing salmonids (appenéix: Stegeman and Chevion, 1980) . Ik
should be noted that while testosterone in mammals, is the
major androgen and 1is generally regarded as being more ac-
tive in' producing sex Jifferences 1in hepatic P-450 (Kato,
1974), in mature males of salmonids the major androgen is

11-ketotestosterone (Campb ell _E al., 1980). Thus the ef-
fects of androgenA seen here mlght be the result of metabo-
lites of testosterone rather than the administered hormone
per‘se, although this remains to be tested. Hansson,(;b82)
found ll Letotestosterone to be more effective than testos-
trerone in producing” changes in cytochrome p-450 levels and

/

in androstenedione metabolism in immature rainbow trout.
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It is ﬁoteworthy that the influence of estfadiol bn he-
patic microéomal prqpeins was quite explicit and revealed an
SDS-PAGE profile véry similar to that seen in naturally'mar
turing females (data reported in Stegeman et al., 1982).
The estimated ﬁolecular weight (56,000) ~ of the band nearly
eliminated by estradiol treatment is wilhin the range previ-
ouély observed for P-450 and the paﬁd shows heme-associated
peroxidase activity. The loss of some protein in the 56;600
M.W. band could be associated with the decline in P-450 lev-
els in estradiol-treated animals, but this remains to be
confirmed. | |
BotthADH— and NADPH-cytochrome c¢ reductase activities
were stimulated by testosteroné admini;tered to juvenile
“trout, but in naturally maturing trout onlf NADH-cytochrome
c redhctasé activity is higher in males (Stegeman and Che-
vion, . 1980). The reasons iQL.thiS discrepancy are not ap-
parent., It is interesting, however, that the ;ex difference
in naturally maturing trout parallels that in rats, 1in whiéh_
males posses higher levels of NADH- bﬁt not NADPH-cytochrome
¢ reductase éctivity (McLeod et al., 1972; Litterst et al.,
1977).

Cytochrome.bS levels were markedly decreased by all ster-
oid treatments - in this study yet mature tro;t show no sex
differences in this character (appendix; Stegeman and Che-
vion, 1980). Kato et al. (1968) reported no_sex differenc-

. . . [ *
es in cytochrome b5 in adult rats. Furthermore, this enzyme
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in rats seems to be 1ndependent of. ster01d regulatlon since
adrenalectomy and castration of adult male rats decreased~
cytochrome P-450 levels and éctivities of hepatic monooxyge~
nases but did not affect cytochrome b5 (Ernster and Orreni-
us, 1973). .

A consideration of dosages i§>quité pertinent to intéf-
pretation of studles of ster01d effects in fish.. The doses
employed here were selected on the basis of studies of the
effectiveness of similar doses of» steroids in eliciting
changes in thyroid function {Hunt and’Eales, 1979), vitel-
logenin synthesis (Olivereau and Olivereau, 1979; Idler and
Campbell, 1980), gonadotropic cell differentiation (Oliver-
eau and Olivereau, 1979), and hypercalcemia (Olivereéu and
Olivereau, 1979; Pang and Balbotin, 1978), in various fish

.species. It is well establlshed that estradlol medlates the
hepatic %ynthe51s of vitellogenin, whlch is reflected in in-
creased liver weight. The increase in liver weight in es-
tradiol-treated fish in the present study clearly indicates
that an effective dose was achieved. The effects of ster-

/fgids on gonadal status in fish has been found in previous
studies to vary with doseé and duration of treatment (Lofts
et’al., 1566). Thus, the apparent reqression of testes seen
here upon treatment with either estradiol or testosterdne
need not be surprising and has in fact been seen before in
salmonid fish gfven modest doses of. steroids.(Yu t al.,

1979).
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ThHe plasma samples from the fish 1in this section were

taken three days after the final dose. ..Therefore, the low

steroid hormone levels in testosterone-treated f£ish were

probably a result of metabolism of the administered dose

. . > ' .
over the three days. 1In contrast, estrogen and testosterone

levels were elevéted in estradiol-dosed fish.. This is p;ob;

"ably due to the decreased rate ‘of steroid metabolism seen in

these fish (results reported in Stegeman et al., 1882). The
levels of total estrogens in estradiol-dosed fish are in the

range seen at spawning in rainbow trout (Lambert t al.,

1978).

.The lack of a steroié;effect on eétima;ed turnover nuﬁber
of BP in the fisﬁ here was somewhat unexpected in the light
of the.. sex aiffq;eﬁhé" in this character ;ﬁ mature adults
(Stegeman and'Chévioh, i980).  The dis;inction could be re-
lqted to-the ‘differences in number and type-of metabolites
detected in the two étudies. Howeve;; Forlin (1980) found
sex differences in BP-monocoxygenase aétivity-in adult rain-
bow trout ﬁSing the same radiometric method used here.. Fur-

ther, the direction of the sex difference found in Forlin's

(1980) was oﬁposiEe ‘to that seen in the study of Stegeman

.and Chevion (1980). Thus, the trend seen here in male trout

doéed with _tes;oste:one to show an increased activity of
BP—mbnooxygenaée,maf indi;ate that steroids can modify;mono—
oxygenase activities altﬁodéh the length of dosing period or
tfpé of androgen ﬁsed may have been inadeguate. The lack of

v
!

t
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a clear stefoid effec; on the sensitivity of BP-monooxyge-
nase to ?,BTBEf-waé alén unexpécg;d. In trout species
..(Stegeman and Chevion, 1980) and in mammals (Wiebel and Gel-
b01n, 1979) -there are se# differences in sénsitivity of BP
metabolism to 7,8-BF, lalthough in opposite directions. In
any event, the 40 to 50 percent inhibition.of BP monooxyger
nase activity -in these f&sn by 10'; M 7,8-BF is like that
seen in $ome other trout (Statham et gl;, 1979;-Stegeman and
Chevion, *1980). The extenE of this inhibition_should not
necessarily be interpreted as indicating that the animals
had been inadverfently exposed to and partlally induced by
3'he£hylcholanthrené (3-MC) type inducers since this inhib-
ition is characterlstlc of uninduced P-450 in some fish, in*
cluding trout (Introductlon; Stegeman, 1981; Stegeman and
Chev}on, 1980) .Moreover the levels of ER- 0- deethylase,
wnicn.1is catalyzed preferentlally .by P-450 induced by
3—MC-£§pe inducers (Burke and Mayer, 1974}, were comparable
to those seen in untreated or control rainbow trout (Elcombe
and Lech, 1979; Stegeman'gg al., -1981) or rats (Burke et
al., 1978). - - '

It is qu1te likely that-the_e(fect of ster01ds on hepatlc
P-~450 in flsh ‘invelves the regulatlon of forms that function
in speelﬁlc hydroxylgtlon of ster01ds . It 1is now. qQuite
clear that some age and sex-specific differences in hepatic

'_monooxygenases in rats stem from differential regulation of

‘three known, - and some unknown forms,ofﬂ.P-450 (Thomas et



. T 47
al., 1981), including one that has a high specificity for
7x-hydroxylation of testosterone. While much less is known
about the multiplicity and functions of P-450 in fish, Hans-
son et al. (1980) did find that he@étic 6Bp-hydroxylation of
androstenedione was ,depr;ssed ia estradioi treated rainbow
troﬁt, but that leaPhydfoxylation qés not; suggesting a dif-
feréntial regulation of steroid hydroxylating P-450s in fish
l}ver. Further, Stegeman et al., 1982, using the sample; of
this experiment, found that Gp-hydroxylaSe activity and
.turnover number with testosterone as substrate was depressed
fiby 50% "in estradiol-treated brook trout, while léd-" and
‘16B-hydroxylation was not affected by steroid treatment. It-
is'temptihg to speculate that a distinction in.catalytic ac-
fivity like that seen iﬁ.trout may be asséciated Qith the
loss of the 56,000 molecular weight protein (putative P-450)
in brook trout (data shown in Stegeman et gl.}11982).

i —

There are apparermtly endogenous factors that modifysnot
only the influence of steroids on hepatic P-450, but also
the response to foreign compound inducersl' P-450a (testos-
terone 7e-hydroxylase) is inducéd by 3<MC and PB in immature
male énd 'female and adult female rats, but not 1in adult
males (Thomas et al., 1981) . and the induction of P—450b'
(benzphetémine demethylase) was mitigated by maturation 1in
females, but not inlmale@ (Thomas et ,al., 1981). Ié has
been shown that sexual‘“ané maturational differences can

markedly influence the induction of P-450 in fish (Hansson
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t al., 1980a; Forlin,-1980). ' The general significance of

lq:

steroid regulation of . P-450 in liver, and the interaction
between steroids and foreign compounds in fish, as well as

in mammals, remains to be determined.

o
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Chapter III
THE EFFECTS OF PITUI%ARY HORMONES AND STEROIDS
- | -

3.1 ° INTRODUCTION

The present theory of requlation of sex differences in

hepatic drug and steroid metabolism'in rats has been ad-

vanced by Gustafsson. and co-workers {(for reviews see Skett

and Gustafsson, 1979; Gustafsson.et al., 1980a) (summarized
in Fig. 6). It centers around a pituitary feminizing factor

or hormone, which they call feminotropin. In normal fe-

males, feminotropin is released from the p1tu1tary after pu-

berty and maintains a_femlnlne pattern of MFO lenzyme activi-

ties. In normal males, however, "a hypothalamic inhibiting

factor, called feminostatin, is released by the action of

androgens on the brain. Pemiinostatin inhibits the release
of feminotropin from the pituitary and thus a typically mas-
culine pattern of MFO activities 1is seen. The steroid sen-
sitive center in males also responds to_esﬁrogens' which
somehow prevent the release of femlnotropln freﬁ the hypo:
thalamus. The production of femlnotropln is neonatally im-

printed in male rats by exposure to androgens {see Introduc-

tion),
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The hypbthélamo;pit
and female rats (fr
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~

uitary-liver axis in normal adult male
om Skett and Gustafsson, 1979;

“Gustafsson et al., 1980).

Figure 3: -

Pituitary and hypothalamic controi-of MFO sex
_differences .
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L} . L . .
Suppdrt for this theory comes from several sources. In

~»¥ the absence of the:pituitary}- a masculine type of steroid

and drug metabolism and cytochFomé P-450 turnover and levels,
develops (Denef, 1974; Gustafséon and Stenberg, 1974c; Gus-
pafsson and Ingelmann-Sundberg, 1975; Chung, 1977; Gillham
et al., 1977; Finnen and Hassall, 1980; Skett et al., 1980).
The effects of steroids are not seen in intact adult females
or in hypophysectom{iéd males (ColEy et al., 1973; Gug;efs—
.son and Ingelman—Sunéberg, 1975; Kramer gg.gl., 19%5, 1979b;
Dieringer et gl., 1979; Finﬁen and Héssall, 1980). The de-
sérpction of the hypothalamus or of cpnnections be&ﬁéen the
hypothalamus and pituitary feminizes the MFO activities in

éduit males but does not’affect those offemales‘#Qggtafsson

t

w

|

1., 1976; Mode gt al., 1980). The implantatign of an
adult pituitary gland, regardless of the sex of the source,
feminizes MFO activities in both adult and juvenile male
rats but has no effect éh thbse of females {Denef, 1974;
Gustafsson and Stenberg, -1976; Eneroth et al., 1977; Giliﬂam

t al., 1977; Burke et al., 1978; Gustafsson and Skett,

M

1978: Skett and Young, 1980) The secretion of a féminizing
factor begins at puberty since implantation of pituitaries
from donor rats younger than day 28 had no effect on steroid
metabolism in hypophysectomized male rats while pitﬁitaries

from donors aged 35 days and older -resulted in a feminiza-

tion of steroid metabolism (Skett et al., 1978}.



The exact nature of the feminizing factor is as yet un-
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known. ' Gustafsson et al. f1977, 1981) have proposed that
it is a new pituitafy hormone, feminotropin. Extensive
studies in rats have shown that none of the known éituitary
hormones,_a;one or in combination, were as effective as pi-
tuitary éxtracé in feminizing steroid metabolism iﬂ isolated
hepatocytes and hepatoma cell iine in culture {Gustafsson et
al., 1977). Partially purified feminotropin was isclated
from‘rat‘pituitary extracts and found to be as effecgive as
whole pituitary extract in feminizing speréid metabolism.
Further, it waslfound to be a single polypeptﬁdq of minimal
molecular weight 20,000 daltons, storéd in pituitary gran-
ules of similar density to’those which contain\ prolactin
(Gustafsson et al., 1977). The studies of others, such as
Rumbaugh arid Colby (1980), have sﬁégested that growtﬁ hor-
mone (GH) 1is the feminizing factor. When administered to

gonadectomized rats, . GH had effects &imilar to those of es-

" tradiel on hepatic MFO activity. Growth hormone also had a

feminizing effect in hypophysectomized rats in the presence
of thyroxin or ACTH. Other groups have suggested that other
pituitary hormones, such as FSH, LH, or prolactin, are the

feminizing factor (reviéwed by Colby, 1980). 1t is clear

that much work remains to be done to determine the identity

of the pituitary feminizing factor.
It is  unknown yet whether the same "feminizing” system

operates in fish, “n a recent study by Hansson t al.,

"1
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(1980b} hypobhysectomy of juvenile rainbow trout altered but
did not eliminate the effect of estrbdiol on hepatic cyto-
chrome P-450. Hypophysectomy also Ealled to alter the ef-
fects of estradiol on 6B steroid hydroxylase in rainbow
Erout, suggesting further that the effects of estradiol on
the iiver‘are mainly.independent'of‘the pituitary (Hansson
and Gustafsson, 1981b). This suggests‘that'sex differences
in hepatic monooxygenasé activity in fish may not be mediat-
ed by the pituitary. However, the possibility of pituitary
involvement. in this regulation in fish cannot yet be elimi-
‘nated. |
This chapter describes the results of an experiment to
determine the extent, if:any, of involvement of the pitul-
tary in the sex differences in MFO of brook trout. Immature
trout of both sexes werée dosed with pituitg}y extracts from
adult salmonids. In order to separate the effects of the
pituitary extract on gonadal steroid productioﬁ and subse-
gquent steroid effectswfrom the effects.of the pitﬁitary ex-—
tract alone,. half the fish used in this study were gonadec-
tomized (Gx). In addltlon possible interactions between
pituitary hormones and sex ster01ds wete examined. - Finally,
the experiments;of the previous chapter wvere repeatéd using
a loﬁger dosing period to determine possible Timits of in-

duction or repression by sex steroids.
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3.2 MATERIALS AND METHODS

L}

3.2.1 Chgmicals 
Estraéiol—l7p‘(1,3,5}10)-estratriene-3,17p-diol) and tes-

tosterone were obtained from Sigma Chemical Co.; St. Loui;,

MO. _Acetcone dried pituitariés:f?om adult Chum salmon (Onco-

rhynchus keta), ceQntaining 10-15 mg GTH/g, were purchased

- from Syndel Laberatories Ltd., Vanqouver; B.C.. Propylene

glycol was obtained from Sigma.

3.2.2.0 Fish

Immature brook trout of approximately 1.5 years of age
were obta{ned from Goossen's Trout Hatchery, Otterville, On-
tario in April, 1981, and shipped(by air to holding facili-
ties at the University of Ottawa. Theyﬁwere maintained in
Living Stream Tanks (Frigid Units 7Inc., Toledo, Ohio), "~
equipped with flowing dechiﬁrinated city tap water at 105C
at densities of 36 fish per 270 1 tank. The photoperiod was
maintained 12L:12D with overhead fluorescent lights. Fish
were fed. daily with Purina Trout Chow pellets at approxi-
mately 1-2% body weight. They.were acclimated to laboratory

conditions at least ong month before dosing.
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3.2.3  Surgery
.Rish.wére operated upon two weeks after acclimation to
lab conditions. Half the fish‘were gonadectomized and half

~were sham-operated. The fish were initially anesthetized

l-with buifefed MS-222 500 mg/l pH -7.3 until the rightiﬁg re-
flex was lost (35-40 éeconds). /Ehen the fish were main-
tained under anaesthesia with céoled, aerated, buffered
'MS-222 100 mg/l pH 7.3 continuously pumped over the gills
with a recirculating pump and éooling system. For gonadec-
tomies, a midventral incision was made and thé'gonads and
associated ducts were removed. For sham operations the in-
cisi;n was made but“gohads were not‘removed. The area of
anterior ingertion of the gonads was pacﬁed ‘with,a 2 x 2 mm
cube of Gelfoam to'prevent bleedi%g. The broad—sbectrum di-
sinfecﬁant, Germiphene (Germiphene Co. Ltd., Brantford,
ont.), was used to disinfect instruments, hands and operat-
ing é:ea (diluted 1:100), and as a pre- and post-operative
swab (1:200)}. The incision ;as closed by continuous suture
of the muscular layer with 4-0 chromic gut and discontinuous
(mattress type) suture of the skin with 3-0 5ilk. The_total
time involved was approximately ten minutes and the fish re-
coveredlnorma; swimming behavior in a ﬁurther 15 to 20 min-
utes. After one week the wolind ‘had started to close and was
_completely healed by the time dosing began three weeks lat-
er.. There were no cases of ﬁnfectgd wounds or opening of
the sutures. out of one hundred seventy fish operated_on,

three died.
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3.2.4 7 Experihental

A pre}iminary group of thirty sham-operated fish -was
dosed i.m. in incremental doses with pituitary. éxtract.
{acetone dried p;tuitaries) in propylene glycecl. The dosing'
regime‘was as iollowsf day (1), 1.5 mg/kg; days (4,7,10)},
3.0 mg/kg; days- ~(13,16), 6mg/kg. - Théy were sampled on
every dosing day after day 7. This_fegime-is'-similaf to
tha; suggested by Syndel Ltd for spawning adult salmonids

althéugh the dose was somewhat higher-.and given. for a longer

. : : A
time (i.e. 19 days vs. 3 days). The group sampled on day 19>

/
had slightly larger gonads than controls so this timing was N
used for the experiment.

.Fish wvere divided into two sets of six groups; oﬁe set
sham operated and one set gonadectomized. They were dosed
three weeks after surgery witg, propy}ene glycoel (controls:),A
estradiol (3 mg/kg), testosterone (3smg/kg), pituitary ex-—

>tract (iit) (as outlined ibove) 'o: a combination of pitui-
tary extract and estradiol or pituitary extract and testos-
terone. The totai volume injected into each fish was O.i
ml. They were injected i.m. onte every three days at the
same time of day. On the'rnineteenth day (three days after
the last d&se) blocd was sampled from the céudai veln with a

_ heparinized syringe, placed on ice, and the fish killed by
cerﬁical section, Livers were immediately excised; placed

in ice-cold 0.1M phosphate buffer pH 7.3 with 1.15% KCl and

3mM MgClg. Gonads were removed from sham operated fish.
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Blood was centrfuged at 1500 x g for ten minutes ‘and
plasmé was frozen at -30°C for later steroid analysis. " The
tissues were blotted dry, weighed, and then homogenized in 5
vol buffer . with a Potter-Elvehjem tissue ‘grinder. Micro-
somés -were prepared .as described by Stegeman and Binder

(1979}, diluted to approx1mately 6-10 mg proteln/ml w1th a

resuspension buffer (as in Ch. 2, Methods), immediately fro-

~zen in several aliguots in'liquid nitrogen and stored at

-70°C. After 1.5 months, Dewars became 'available so the
samples were transferfed to liquid nitrdgen.
Ethogyresorﬁfin—O—deethylase, aniline hydroxylase, and

aminopyrine demethylase activities were assayed on an au-

[+

_toanalyzer coupled with a spectrophotometer (Yagminas and

. Villeneuve, 1981) by A. vYagminas (Health and Welfare Cana-

da).

All other éssays have been described in Chaptef 2, Meth-
ods,, ” |

Data were tested for significant differences between dos-
ing groups using a fixed-effect three way analysis of vari-
ance (surgical treatment x seX ﬁ hormone treatment) for un-
equal cell sizes §nd.Student Newman Keul;s‘ multiple range
test (Sokal and Rohlf,11969). _ Arcsine transformations were
made of the results for hepatosomatic and gonadosomatic in-
dices prior.to statlstlcal ana1y51s since they were percent-
ages (Sokal and Rohlf, "1969). Differences between group

means were considered .to be statistically significant if p =

. . L]
.05 and were considered to show trends if .05 < p < .10.
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3.3 RESULTS™ |

LN A
-

QAS shown in;Fig.'4 {p. 63), female gonadosomatlc indices
(GSI)-‘increaaed ’significantly in those 'f;sh dosed with a
combinatiob'of pltultary extract -+ estrad101 oprituitary
axtract + testosterone.c' With the same dosage of p1tu1tary

extract or ster01ds alone in female trout there were no sig-

nlfant 1ncreases 1n gonad weight. In males the ratio of go-

‘nad to body welght 1ncrea5ed' 1n groupy dosed with pituitary

‘.
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extract alone or in oomblnatlon with testosterone. Other -

treatments d1d not result in a 51gn1f1cant change 1n .GS1.

Hepatosomat1c.rnd1ces (HSI) showed a marked increase in

LY

. fish dosed with estradlol alone or in combination with pi-

tu1tary extract (Flg. 5, p.‘ 64) 1n some cases 901ng ‘above
5%. ) There were ne 51gn1f1cant dlfferences in HSI between
sham operated and gonadectom1zed flsh. There were no appar-

ent sex dlfferences except in the case of sham operated fish

dosed wlth p1tu1tary extract where males had lower Hsi’ than'

:females. The reasons for this sex dlfference are not known

‘Body weights'of'the fish used in‘thls.study are shown in '’

Table 4 (p. 65). As shown in Table 5 (p 66); microsomal
protein levels were elevated in sham-operated flsh dosed

with estradiol but not in gonadectomlzed fish dosed Wlth es-
K4

~tradiol. " ‘Increasés in hepatlc mlcrosomal protein levels
. . , ~ . bl &

have been reported aftér dosing with estradiol (Schjeide et

sl

1
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‘_testosterone to gonadectomlzed flsh had no signifi

:though not as great as those produced by estradlol

£

-

were -only seen in sham-operated and not ‘in gonadectomized

" fish. Evidence of mitochondrial contamination of the micro-

somal preparation‘was not seen. since cytochrome oxidase was

hot.derected, - ' - '
‘»Reduced CcO-bound cytochrome P—450,hshowed an absorption

maximum at 450 nh regardless of treatment. Treatment with

estradiol produced a marked decrease in cytochrome P-450

specific content (Fié. 6, p. 67), as seen in the previous
chapter. The extremely low P-450 levels in sham-operated

estradiol-dosed fish may possibly'be a result of high proté-

in levels -in those microsomes Other hormone treatments

dlso resulted in decreases in cytochrome P- 450 ‘levels al-

ever, the administration of .pituitary extract toget

fect on cytochrome P- 450 levels. There were no si nlflcant

dlfferences between sham- operated and goiadectomzzed flSh

with*the.exception of the estradiol dosed ! groups, nor be-

“tween male .and female fish. When P-450 levels were normal-
!

ized to liver weight,
tradiol and estradiol dosed groups were still significantly
lower than the others, while the differences between the

controls and the rest “largely dmsappeared (Fig. 7, p. 68).

.

There were no significant differences 1in P-450 content when.

.o

-

nofmalized to body weight (Fig. g, p. 69).

R | o 59

1., 1974) but it is interesting.that "the increases here

How-_"
v with

ef--

levels in pituitaty extract + es-
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L}

Cytochrome b5 reduced by NADH had an absorption maximum

at 424 nm and minimum at 411 am in all cases. Cytochrome b5

- “levels (Fig. 9, p. * 70) showed a pattern similar to that of

cytochrome P;450 in that control‘ievels were sigpificantly
higher and estradiol, and pituitary extract + estradiol dosed
levels were signlflcantly lower than_  those of the other
groups. The levels of b5 Qere undetectable in many. fish

dosed with estradiol alone (as in the previous eXperiment)

or estradiol in combination with piEuEtary extract. There,

- 2
were no 51gn1f1cant differences .between sham-operated = and -

gonadectomlzed fish and no sex differences in response to a

partlcular ‘hormone.

NADH cytochrome ¢ reductase aCth1tleS (Fig. 10,.p. _71)
were 51gn1f1cantly different between several sham-— operated
and gonadectomized groups. For example, sham= -operated con-
trols showed higher activities than gonadectomized controls.

This difference was unexpected, particularly when it :is con-

sidered that the gonads are thought to be inactive in imma-

. ture fish. Sham-operated estradiol- dosed figh showed lower .

activities than gonadectomlzed £¥sh dosed w1th estradiol.

The overall effect_ of hormone treatment in sham- operated

-t N ’

fish was a decrease in activity. of NADH—cytochrome ¢ reduc-

tase.: There seemed to be no effect of hormone treatment 1in
! q

gonadectomized fish compared with gonadectomized controls,

L} n - - . I3
except for the, groups dosed with testosterone or pltultary

extract + estradiol where the activities were somewhat "lower

.
o
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than those of controls. There.were.no'éignificant”sex'dif-
ferences in any of the groﬁps.

There were significant diffefences in NADPH-cytochrome c
reductase (Fig. 11, p.. 72) activity between sham-operated
and gonadectomized groups: sham-operated control males had
hiéher activity than gonadectomized control males; sham-op-
‘erated fish dosed with either pituitary extract or estradiol
had'iower reductase activities than the coréesponding gona-
dectomized fish. Sham-operated fish dosed with pituitary
gxtract + estradiollhad higher reductase activity than goﬁa-
dectomized groups. The effect of hormone treatment on
sham—opgrated fish was a decrease in activity, particularly
in the groups dosed with estradiol 6r pituitary extract.
However, the combination of pituitéry extract and estradiol
produced no change in activity compared to controls. In the
gonadectomized groups there were 'generally no significant
differences in ‘NAﬁPH-éytochzame’gﬁ/reductase activity with
hormone administration except that testogterone-dosedé'fe-
’ males had loaér activity-than coﬁtrolg* and. both males and

females dosed with testosterone had lower activity than fish

dosed with estradiol. AThére were no significant sex differ-

ences in any of the groups.
The enzyme activities. measured by autoanalyzer were

ethoxyresorufin-O-deethylase (EROD), aminopyrine N-demethy-

-~ lase (Ap-demethylase), and aniline hydroxylase. There were
. 2

. — bRl ‘-’.-—
> "no detecta?}sffevels of EROD (all below 0.03 nmoles/min/mg
£

4

74
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protein) and barely aetectable levels of aniline hydroxylase
(all below 0.029 nmoles/mln/mg protein) inVthese fish. The
AP- demethylase activities ‘were all approximately 0.20 nmoles

formaldehydé formed/min/mg protein with no apparent differ-

ences between sexes or groups (Fig. 12, p. 73).  These lev-"

els were similar to those reported by Stegeman and Chevion
(1980) for adult female trout th only about one third the
activity of immature and male trout. It is difficult to
"egvaluate the AP- demethylase data since the assays were done
on individual pooled samples instead of replicates. fn ad-
dition, these values were near the 11m1ts .of detection of
the system used as it was set up for more active samples.



o

Gonadosomatic indices (percent) of juvenile male and female
fish dosed with estradiol (E), testosterone.(T) and/or
pituitary extract (Pit) for 19 days.

Sample size is the same as in Table 4, p. 65.

Values shown are means + standard deviation.

* gsignificantly different from controls (p < .05)

Figure 4: GSI

-
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Hepatosomatic indices (percent) of juvenile male and female
fish dosed with estradiol (E), testosterone (T) and/or
pituitary extract {(Pit) for 18 days. :

Sample size is the same as in .Table 4, p. 65.

Values shown are means % standard deviation.

—

* significantl§ different from controls (p £ .05)

Figure 5: HSI

-
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TABLE 4

Body weight

Body weights (grams) of juvenile male and female fish dosed
‘with estradiol (E)}, testosterone {(T) and/or pituitary
extract (Pit) for 19 days.

Sample size is shown in parentheses.

Values shown are means * standard deviation.

’

,

s

ré
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Sham operated Gonadectomized
Treatment - 9 2 5o 2
~. Control ca3 1 262(6)| 1574 £ 277 (6)| 02 1 158 (6)) 678 * 453 (4) |
,_ Es:trC-:iiol bos & 257 () BTT 1214 (G} 77a ¢ 127 (5N e 2324 (5)
Testosterone | 1574 * 656(6) 1844 + 298 (6)] 1803 ¥ 22..1' (6)| 1373 t 235 (5)
Pituitary ext. 1682 + 333 (6) 1BOO % Il (6)] 685 32.2 (6)) 1613 .+ 278 (5)
Pit + E 1569 + 229 (6)] 1529 £ 310 (5)| 1690 2 |5.é (6)] 1433 % 240 (4)
Pit. + T I55.1 + 344 (5)| 1857 2 434 (5)] 1643 i 322 (6)] 1652 + 295 (5)
] i
. s
£



TABLE 5

Microsomal protein concentration - .

66

Microsomal protein concentrations (mg/g) in livers of
juvenile male and female fish dosed with estradiol (E),

. .

testosterone (T) and/or pituitary ex
Sample size is shown in parentheses.
Values shown are means * standard de

* gsignificantly different from contr

tract (Pit) for 19 days.

viation.
<

ols (p £ .05)
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e

Sham operated Gonadectomized
Treatment i y

? J ¥ J
Conirol 233+ 05 (6)] 222 £ 25 (6)] 238 t 29 (6)| 200 3.1 (4)

, X

Estradiol 347 ¢ 5.5_* (6)] 366 27 (6)] 2L.1'% 25 (8)] 214 £ 40 (5)
“Testosterone | 293 * 60 (6)] 276 't 33 (6)| 255 * 64 (6)| 217 £ 25 (5)
Pituitary ext. | 26.1 t 3.3 (6)| 232 + 28 (6)| 284 + 44.(6} 265.2 ag&(s)
Pitt + E- [2452 Eg (6)] 22.7 + 29 (5)| 2255 + 40 (6)] 222 + 49 (4)
Pit + T - 225+ 29 (5)] 212 * 58 (5) 211 + 28 (6)| 22.2 * 38 (5)

\
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Cytochrome P-450 levels (nmoles/mg protein) of juvenile male
and female fish dosed with estradiol (E), testosterone (T) -~
and/or pituitary extract (pit) for 19 days. o

Sample size is the same as in Table ¢&.

“Values. shown are means .+ standard deviation.

Statistically significant differences(p s .05): o

1. Sham-operated vs. gonadectomized (Gx)
Sham E < Gx E : '
L
2. Hormone dosed Vvs. control o —
;% significantly‘different rom control
** gig. different from conftrol and from *
 x** .gig, different from all other groups

Figure 6 Cytéchréme P—4SO'(nmqles/mg prbtein)

'd
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Cytochrome P-450 content (nmoles/g liver) of juvenile male
and female fish dosed with estradiol (E), testosterone (T)
and/or pituitary extract (Pit) for 12 days.

Sample size is the.same as in Table 4. ' )
values shown are means t* standard deviation.

*,éignificantly different from control (p £ .05)

N

>

Figure 7: Cytochrome P-450 (nmoles/g liver)
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Cytochrome P-450 levels (nmoles/g body weight) of juvenile
male and female fish dosed with estradiol (E), testosterone °
(T) and/or pituitary extract (Pit) for-19 days. s
Sample size is the same as in-Table 4.

Values shown are means * standard deviation.

No 'significant differences between groups (p ¥ .05)

Figure 8: Cytochrome P-450 (nmoles/g body wt)
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Cytochrome b5 levels (nmoles/mg protein) of juvenile male
~and female fish dosed with estradiol (E), tegtosterone (T)
and/or pituitary extract (Pit) for 19 days. '
Sample size is the same as in Table 4.
Values shown are means * stamdard deviation.
* gignificantly different from control (p < .05)
** sig, different from control and from * {p £ .05)

Figure 9: Cytochreome b5
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NADH-cytochrome c reductase aCtivities
(nmoles cyt. ¢ reduced/min/mg rotein) of {juvenile male and
female fish dosed with estrpdiol kE), .testosterone (T}
and/or pituitary extract (Pit) for 19 days}
Sample size is the same as in Table 4. -

values shown are means * standard deviatibn:

’\—*-‘-_..._/*""-—-/

Statistically significant differences (p = .05):

1. Sham-operated vs. gonadectomized (Gx}

Sham E < Gx E
Sham Pit + E » Gx Pit + E
4

2. Hormone-dosed vs. control ‘ _
* significantly different '‘from control
**x gig. different from control and from *

i

Figure 10: NADH-cytochrome ¢ reductase
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NADPH-cytochrome ¢ reductase activities

(nmoles cyt. c red./min/mg protein) of juvenile male and
female fish dosed with estradiol (E), testosterone (T)
and/or pituitary extract (Pit) for 19 days.

Sample size is the same as in Table 4.

values shown are means * stpndard ‘deviation.

Statistically significant differences (p < .05):

1. Sham-operated vs. gonadectomized (Gx)
Sham control © > Gx control o
Sham E < Gx E
ﬁQam Pit < Gx Pit
Sham Pit + E > Gx Pit + E

2. Hormone-dosed vs. control

* gignificantly different from control
%% gig, different from control and from *

. {
Figure 11: NADPH-cytochrome ¢ redug&ase
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Aminopyrine deméthylase activities {(nmoles formaldeéﬁde
formed/min/mg protein) of juvenile mple and female fish
dosed with estradiol (E), testosterone (T) and/or pituitary
extract (Pit) for 19 days.
Values shown are results of 'single determination of pooled
sample. -

\

Figure 12: Aminopyriné demethylase
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3.4 DISCUSSION S

- . Y

The data preseﬁted here verify that eétrédiol dosing does
result in depression o;lcy;ochrome P-450 levels in juvenile
fish and, when combined with the results of Chapter 2, that
this effect may depend on the length of dosing period. The
effects of estradiol were identical in gonédectomized and
shamloperated fish'and, as befbre, in immafure males and fe-
males. ?here-was,a pronouncéd Jecrease in 1evel§ of hepatic
cjtoéhrdme P-450 in trout dosed with esEradiol.‘. While‘tge'
-direction of the change in P-450 levels was like that previ-

ouslf’observed with estradiol dosing (Ch. é; Hansson and
qustafsson, 1981b), the magnitude was much greater. The in-
.créased hepatésomatic index seen with estradiol dosing -here
was also much greater than previoﬁsly seen and, théreEZre,
th%kdecreased P-450 levels may simply reflect ‘this. The

4

samﬁles from this section also showed a decrease in
Gﬁ-hydroxylation') of testosterone, but not - of
l16B-hydroxylation, suggesting that there was a change in a
specific form of P-450 (Pajor and Stegeman, unpublished re-
sults). This 1is also similar to the results of previous
studies of estradioi-4dministration to trout (Hansson and
Gustafsson, 1981b; Stegeman et al., 1982).

The resflts of this experiment showed a somewhat patadox-

“ . rd
ical depression of cytochrome P-450 levels and NADPH- and
v

[N
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% o ‘ -
MADH-cytochrome c reductase activities

iﬁ fish dosed with
estrédiqi and testbsteréné. The depression of cytochrome -
P-450 by*both' estradiol and high doses of testosterone was
also observed in preliminary studies of Vodicnik et al.
(1980). Recently, Hori et al. (1979) found that excessive
doses of methyltestosterone and testosterone, yhen adminis-
tered t; goldfish, had estrogenic rather than androgenic ef-
fects on certain hepatic characteristics including vitel-
logenin synthesis; hepatosomatic index, and proliferation of
hepatocyge endoplasmic reticulum, Golgi apparatus, and se-
cretory granules. Le Menﬁ (1979) also found that pharmaco-
logical‘leyels of testosterone (20 mg/kg daily for 8 ééys)
or*dihydfotéﬁtosteroﬁe, a non-aromatizable androgen (DHT; 40
mg{kg daily for 8 days), had estrogenic effects on the he-
patic synthesis of viteilogenin in both sexé;'of Gobius ni-
ger L. . ‘.Furthér studies by Le Menn et al. (1980) have
shown lﬁat the estrogegic_action of testosterone and DHT is
mediated by hepatic estrogen receptors although their affin-
ity fof these androgens is approximately one hundred times
-lower than their ajfinity for estrogens.. In addition, the
effects of testosterone were thdught to be due to a combina-
tion of aromatizatién to estrogens and a direct stimulation
of estrogen receptors by testosterone itself {(Le Menn et
al., 1980). l .

In the previous chapter the seléction of steroid dosing

level was discussed. However, in addition.to-dosing level,

L]

©
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the length of dosing period must be con51dered The“differj
'ences in effects seen .after 10 days dosing (Ch . 2} compared
with 19 days of dosing (this experiment) indicate that the
longer dosing period represénts a ‘higher level of steroid in
‘the body. The injected dose was probably not totally elimi-
nated from the fishlin the interval between doses aﬁd after
19 dayélaccumulated in the.Eqﬁy to a greater extent than af-
ter 10 days. It is, of couise;. gntiiely possible that the
difference; between the two experiments ;re'due to the dif-
ferent‘strains of brook trout used. These strains could
have differences in ability to metaboiize or respond to ad-
ministered steroids. The ngels of androgens used in other
studies (Hori et al., 1979; Le Menn et al.,)1979) to elicit
estroéenic respoﬁses may have beep excessive, in the light
of Ehe-resultS‘of‘this section,

~The results presented here indicate that pitultary ex-
‘tract from adqlt Chum salmon hés a feminizing effect on cy-
tochrome P-450, as shown by the decreased P-450 levels in
(;Potﬁ.sham—opetated énd gonadectomized t:ouE&/’ This suggests
the existence of a pituitary "feminizing" factof as seen 1in
rats. In studies of hypophysectomizéd adult rats, the im-
plantation of a pitditary from adult vrats of either sex re-
sults in a feminine pattern of drug and steroid metabolism
(Gustafsson and Stenberg, 1576; Denef, 1974; Gustafsson and
Skett, 1978; Eneroth et al., 1977) arnd cytochrome.P-QSO lev-

els (Gillham et al., 1977).  In this study, the fish were
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not hypephysectomized since they were immature and did not
show sex differences in-MEO aqgiv&ty or steroid [levels (in-
di;ect*évidence oé GTH secretion from,thé pituityry). The
resulés shown here are in direct contrast to gggse of Hans-
son and Gﬁstafsson (1981b) "which suggest that estradiol acts
on the liver MFO enzymes and cytochrome P-450 ievels inde+
péndently'of the pituitary. Iﬁ is‘poééiple that the differ-
ences betﬁeen these studies may be due to the fac;-lthat
Hansson's experiments involved hypophysectomy of immature
fish and the experiments of this thesis involved dosing of
immature -fish with adult pituitary extract. As mentioned

previously, immature rats do not secrete the feminizing fac-

: A : :
tor until puberty, andy while both sexes are responsive to

. ® :
stercids as juveniles, females lose that response after pu-
berty. 1t would be interesting to repeat Hansson's experi-

ments using adult trout.

One very consistent response to all hormone treatments in
this and previous studies (Ch. 2) was a pronounced decrease
in levels of cytochrome b5. These levels were in some cases
50 low as to be undetectable, and were still significantly
decreased when expressed on the basis of'body weight. Com-—,
sidering the possible interaction of QytochromeABS with the
P-450 dependent hénooxygenasé system, it would be interest-
ling to determine the importance of these decreases. In mam-
malian systems, the levelé of b5 do not seem to be affected

[
by steroids since thete were no changes in cytochrome b5 af-

2D
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ter gonadectomy and adrenalectomy (Ernster and Orrenius,
lgféJ. In fish there are no sex difference in this charac-
ter (Steg n and Chevion, 1980), suggesting an insensitivi-
ty to hormoﬁal changes associated with reproduction. The
functioh of cytocﬁrome GS in mammalian systems is in the de-
saturation of fdatty acids and it 1is possible that the ef-
fects' of hormone administration on b5 here are mediated
through changes in lipid metabolism. However, the. function
of b5 in fish, as well as the effects of a hormonally-influ4
enced decrease in b5 levels, remain to ?e determined. ‘ |

As seen in the previous chapter, the activities of both
" NADH- and NADPH-cytéchrome ¢ reductase responded to steroid
. dosing. Pituitary extfact had no effect on these reductases
in the absence of the gonads. Therefore, based on the ef-
fects of steroids, it 1s p0551ble that the effects of p1tu1-
tary extract in sham-operated fish were mediated through go-
nadal steroids. " The importance of changes in reductase
activity on thé activity of the hepétic monooxygenases has
not yet been determined. However, in mammalian syttems, the
activity of NADPH-cytochrome c reductase is thought to be
the rate-limiting step of monooxygenation. If this 1is also
true in fish, then 1t is possible that the changes seen in
monooxygenase activity with stéroid dosing could be related
in part to changes in reductase activity.

As expected, the levels of EROD and aniline hydroxylase

were below the limits of detection; elevated levels of these

N



eniymes may be used as)indicators of iﬁduction by 3-M
inducers (see Introduction). Unfqrf&ﬁateiy, it was not-poss
sible to examinelBP—hydroxylase and the effect of 7,8-BF on
BP-hydroxylase actiyity, ethoxycoumarin O-deethylase ‘or am-
inqpyrine N-demethylase activity (shown .to be sex-dependent
in trout -(Stegeman and Che;ion, 1980; Forlin, 1980)}) 1in
these samples. it would be,inﬁeresting to study the effects
of pituitary g#tract on these enzymes in trout.

Dosing wath two compounds at once can sometimes provide
insight into the location of action of theseléompounds. In
the experiments, here, the effects 6f pituitary extract to-
gether with séeroids on cytochrome P-450 seemed to be the
same as those of the stercids alone. .Since all three had

»

feminizing effects, it ig difficult to cdnclude much from

\

this section. However, 1t would be jnteresting to see the
effects ofi a combination of pituitary extract and a lower
dose of testosterone. I1f the "féminotrépin“ system 1is in
effect in fish, then this combination should have a feminiz-

ing effect.

ey



Chapter IV

EFFECTS OF GTH IN SHAM-OPERATED AND GX FISH

4.1 INTRODUCTION

.‘ ‘
. . . ~ - - :

The results of. the previous .experiment showed. tPat.the
administration of adult pituitary extract tp immd%h?é brook
trout resulted ‘in decreased cytochrome é-450 devels (i.e.
feminization) *and in decreased cytochfome-bs-levels. This
suggests that Ehere);ay be.ﬁ feminizing:component of the
adult pituitary. |

In fish, wunlike mammals, it has beenkéuggesteddﬁhat sex
differences in MFO are associated with seasonal cﬁanges in
reproductive capacity'(Hanssoh and Gustafsson, 198la; Ko;vu-
saari gf'gl., 1981). The pituitary hormones most directly
associated with seasonal reproductive changes and which-are
requlated by sex steroids are the %onadotfopins {(reviews:
Donaldson, 1972; Peter and Crim, 1979). These are virtual-
ly undetectable %Tﬁ/gﬁvenile and nonspawning fish and in-
crease considerably during the spawning season (Crim et gl.,
1975}). Thus it is possible that these hormones are impli-
cated in the seasonal development of sex differences in he—’

patic MFO activity and may be the feminizing fraction of the

pituitary extracts.
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It should be mentioned at ‘this point that the teleost go-
nadotropln fractions iseiated thus far represent two frac-
tions Wlth respect to their adsorption or lack of adsorption
on Con A sepharose " (Ng and Idler, 1980- Ng et al.,
1980a,b). One_fraction, corresponding roughly in activity
to mammalian LH has vitellogenic preperties. The other,
.correspondlng to mammalian FSH, has maturational propertles.
However, it is unknown yet whether .these are in fact. two
separate hormones
The-purnose of the exper1ment outlined in this chapter
was to determine whether GTH was the fem1n1z1ng fractlon of
the p1tu1tary extract used in the previous chapter. To iso-
late the effecns of GTH independently of its effects{on the
gonads and subsequent sex steroid production, half of the
fish used in this experiment were gonadectomized before GTH

administration.
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4.2 MATERIALS AND METHODS

o

4.2.,1 Hormones

The gonadotropic hormones (GTH) wused in this study wvere
purchased from Synéel Labs Ltd., Vancouvér; E;C..: Thése
consisted of the SGA-GTH fraction purified from addlt Chum

salmon (Oncorhynchus keta) pituitaries, and contained both

the vitellogenic and gonadotropic GTH as well as some con-
tramination by TSH (thyroid stimulating hormone). The goné-
dotropin activity of 1 mg of the SGA-GTH preparation was de-.
termined by Syndel Ltd. to be equivalent to 2.15 mg of the
SG-G100 preparation of E.M. Donaldson as measured in the
salmonid cAMP assay (Idler-gg al., 1975) and to 0.086 mg of

el

) N
NIH-LH~$19 when compared to Donaldson's, standardized in the

chick biocassay (Donaldson, 1973).

4,2.2 " Fish °

Immature yea}ling brook trout were obtained frdm Goos-
sen's Trout Hatchery, Otterville, Ontario in December, 1980,
and shipped 5;-méir to Holding facilities at the University
of Ottawa. , They were maintained in Living Stream Tanks
(Frigid Units Inc., Toledo, Ohic), eguipped with flowing de-
chlorinated city tap water at 8-10°C at densities of 18 fish

per 270 1 tank. The 'photoperiod was maimtained 12L:12D with

L

-
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overhead fluorescent lights. Fish were fed daily with Puri-
na Trout Chow pellets at approximately 1-2% body weight.

4.2.3 Surgery

Fish were operated upon two weeks after acclimation}td
1éb‘coﬁditions. The method used was as outlined in Chapter.
3 except that the abdomen was‘closed by continuous suture’
with 3-0 silk. | This.pmoved.to-be inadeguate and improve-
ments in procedure were made in the following experiment
(outlined in Ch. 3). 1In five fish the sutures had ciig\éar—
tially undone in the first week and one stitch had to be
aqdded to reinforce. in addition several fish showed signs
of inflammation or infection of the wound {unfortunately

numbers were not recorded). Fish were maintained three

weeks after surgery before dosing.

4,2.4 Experimental

Four experimental groups, each consisting of six female

and six male fish, were set Uup. Two of these groups were
e

gonadectomized and the other two were sham operated. Fish

were injectéé i.m. daity~with 0.1 ml of 50 9 salmon GTH
dissolved“ih teléost Ringeg's with .01% TWEEN20 (Y.P. 5o,
pers. comm.) or the Ringer's}anﬁ TWEEN20 only (controls) for
a total of ten injections.

The dosage was chosen on~the basis of three studies on

T

juvenile rainbow trout. Dosing of immature rainbow trout
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S

_Wyia,i.p. injection at levels of 20 or 200 jg GTH/100 g fish;;"
resulted in physiologicai levels'of GTH in plasma (Crim and
Eﬁaps, 1976). Furthermore, the plasma half-life of GTH at 6
or 15°C was approximately 1.5 days at both doses used.
Thus, it was decided to use daily injections in order to
mainfain high piasma GTH levels and to usgdi.m. injections
in order to slow tHe rate of absorption.into the body as
well as not to disturb stitches on the ventral side. Ng and
Idler (l980)lfound that two doses (days 1 and 5) of purified
gonadotropin (Con Al or maturational fractien) at a dose of
50 ug per fish (aée and weight of fish not reported) result-

" ed in ‘an increase in plasma levels . of ll-ketotestosterone
and testosterone in male and testosterone in female immature
rainbow trout. Idler and Campbell (1980) showed that salmon
pituitar§ extract at a dose of 1.26 mg/kg (containing 8% GTH
- con AII or vitgllaalnic fraction) given once every three
days for twelve days,stimulatgd estradiol and vitellogenin
synthesis in juvenile female trout. ‘éThe dose employed in
this study was 50 ]9 GTH per £fish (ﬁpproximately 100 g body
weight) daily for ten days and it contained both vitellogen-
ic and maturational fractions. On the elevekth day of dos-
ing fish were sahpled and blood was taken as described in
previous chapters. éll methods used have been described

previously.
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4.3 RESULTS

As shown in Table 6, gonadosomatic indices incfeased in
females (p ¢ .02) and males (p < .07) after deosing with GTH.
Hepatosomatic indices~ were not significantly changed, with
hormone treatment although sham—opefaped femaiE% dosed with
GTH showed a trend jtoward a. higher HSI”wheﬁ compared with
other female gréupé. There Qe;e no significant differences
in microsomal protein levels with treatment. The activities
of NADH-cytochrome ¢ reductase KTéble 6) were.very 1 _(one
third to one guarter of normal activity} and ého&ed’izxzﬁa\g\
nificant differences between groups.

The activiﬁies of NADPH-cytochrome c reductase were simi-
lar to those previously éeen (Chapter 2; Stegeman and Che-’
vion, 1980)}. The only sex_differences were in the sham-op-
erated fish dosed with GTH, where the males showed higher
activity than females. There wére no significant differenc-
es between GTH-dosed and control females in the sham-operat-
ed fish; sham-operated malqs dosed with GTH, however, showed
higher NADPH-cytochrome ¢ reductase activity than control
males. In the gonadectomized groups, both males and females
dosed with GTH had higher NADPH-cytochrome c reductase ac-
tivity than controls. There wefe no significant differences
between sham-operated and gonadectomized controls on reduc-
tase activities. Within the GTH-dosed groups, there seemed
to be a t;end towards lower ﬁmDPH-cytoéhrome ¢ reductase ac-
tiviﬁy in sham-operated females and higher activity 1in

sham-operated males when compared with gonadectomized fish.
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The-daté showing levels of cytochrome P-450 are also in
Table 6. The absorption maximum-of reduced, CO-bound cygo—
chrome 'P-450 was at _450 nm ih-ali cases, regardless of
‘treatmenéhor sex. Again, as in NADPH-cytochrome ¢ reductase
activities, the 'bniy‘significapt differences seen were in
the sham-operated fish dosed wiﬁh GTH; the males dosed with’
GTH had higﬁer levels of P-450 than females, althdugh-nei-
ther group had levels different from their controls. There
were no significant differences in P-450 levels among any
other groups. When n;rmalized to liqeereigﬁt, P-450 levels
still showed sex differences 1in theféham—operated fish dosed
with GTH and .in gonadectomized cpnﬁrols. The reasons for
this latter difference are notiﬁnown. There were no signif-

icant differences between groubs when P-450 levels were ex-

pressed on the basis of bpdy'wéight.
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TABLE 6

MFO components in GTH dosed trout

Activities and levels of hepatic electron transfer components
snd other characters in immature trout dosed with partially
purified salmon gonadotropic hormones.

Sample size is shown 1In parentheses. :
Values shown are mean % standard'deviation. /

* gignificantly different from,controls {(p £ .05)
s significant sex difference (p < .05



1

o

. Sham-operated Gonadectomized
Character Saline-dosed GTH-dosed Saline-dosed | GTH-dosed
_ (7)) £B)]| (7) £G5B -g.)] S(6) 2 @) S (6)
-Body weight (g) 76.8 1 17.1[1000 £ 28.8{95.5 * 22.9{996 ¥ 2531102 * 15.4/1063 1 154[i001 t 277[92.2 t 120
HSI (%) - L8to2 | 16%0) |20202| 17203} IT¥ o1y 16t02] 18to2| 16402
*GSI (%) 301 0.2 [006 £ 003|048 £0.2 | 016 £ orz| — - — —
Microsomal protein 177 £ 513|188 £ 5.1 22428 [203¢1.6 (210448 (244 23] | 211132 84124
(mg/g liver)

y 2 . il e * *
NADPH-cytochrome ¢ |458%67 |423%144| 411£107 584 £72 353259 376299 511 £ 55 |506 %80
red. (nmoles/min/mg prot ,

+ NADH-cytochrome ¢ * . 15674256(609¢137 14034165544 +147 34019l (539280 | 5811081438174
red. (nmoles/min/mg prot] B .
Cytochrome P-450 c+o0a| 1Tto3| 1ato2|,20203| 162.03] T+ 03| U804} .9t .02

(nmoles/mg prétein) B
. T
Cytochrome - P-450 28408 | 3/t05 |32t07|40£04| 31%056|42+08]37107|34%05
(nmoles/q liver) .
‘Cytochrome P-450 05+.02| 05401 | .06%0 | O7+.02] 05501 | 070l | O7T+02) 0520l
- (nmoles/g body wt.} .
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4.4 DISCUSSION -

Thé purgéfe of(:this q;periment was to determine whether
GTH'was the femipizing fraction of the .pitﬁitary.extract.
The results here show that /administration of GTH in greater
concentration tham in the pituitarf extract used in the pre-
Vi3PS experiment (Chapter 4) did not produce similar de-
creases in cytochrome P-450 levels. There'fore, GTH is prob-
ably not the feminizing fracfion'of the pituitary. However,
it is possible thatva combination of ‘hormones produces the
feminizing effects of whole pitu}tary extract; this remains
‘to be tested.
| One assumption of this experiment was that GTH dosing
would result in increasgd plasma Steroid levels in the
sham-operatgd group. Several studies have shown .a coréela-
tion between  increased plasma éteroid levels and increased
gonad weight (GSI) {(Lambert gﬁ al., 1978) -- probably since
the major séurcés of plasma sex steroids are the gonads
(Hoar and Nagahama, 1978}. The results here showed an in-
creased GSI in both sham-operated males and femalesldosed
with GTH. Based on the studies of Crim and Evans (1976), Ng
and Idler (1980), and Idler and Campbell (1980) (see Meth-
ods) it ié likely that the plasma steroid ievels were in-
créased by GTH treatment although the actual levels haﬁe not
been determined. The trends seen in Chapter 2 after steroid
.dosi%g were evident 1in sham—operéted fisﬁ'dbsed with GTH al-

though it is possible that a longer.dosing period Is needed

in order to see the steroid effects more clearly.
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~

The results of this experimert indiéate that GTH probably
has.no effects on MFO'beyond possibie stimulation of gonadal
sex steroid synthesis. The‘only effects seen were in the
sham-operated fish dosed with GTH and the direction of re-
sponse was similar® to that seen in the steroid-dosed fish gf
Chapter 2. It is interesting that the.activities of NADPH-
cytochrome c reductase were higher iq sham—opérated males
dosed with GTH than in females. If it is éssuméd that the
fncreased GSI 1in thesé fish represq&fs increased synthesis
of steroids, then this result is similar ‘to the situation

seen after steroid dosing but not in mature fish (Stegeman

and Chevion, 1980). There may be effects of GTH on the iv-
er independent of the gonads since there were highef\NADP -
cytochrome ¢ reductase activities in gonadectomized fish
dosed with GTH than in controls. It must be noted that the
GTH preparation used may have been contaminated with some
TSH (acco;ding to Syndel Ltd.) and that this could be par-
tially_responsibie for the‘effects seen.

The activities, of NADH-éytochrome c reductase were undé:—
élly low in-all groups, including controls, when compared
with undosed and saline-dosed fish of the same stock (re-.
sults not shown) and also when compared with other stocks of
brook trout (Chapter 2; Stegeman and Chevion, 1980). The
reasoas for this are gnknown particularlyB in view of the
fact that NADPH-cytochrome_c reductase activities 1in these
samples were normal. It may be possible that the reductases

show different.labilities.
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" Several ;tudies in 'rats have shown effects of
gonadotropins, FSH and LH, on hepatic drug and.steroia me-
tabolism. Gustafsson and Stenberg (1975) found only FSH to
be effective 1in increasing the activity of androgen—dépen-
dent steroid'hydroxylatfag enzymes. Kramer et al. (1977)
found that botﬁ LH and FSH, when given to gonadécﬁémized
adult male and female rats, increased (i.e. masculinized)
ethylmorphine demethylase activity in the liver. However, .
as mentioned previously, sex differences inm rat hepatic MFO

5 : p ' .
are independent of reproductive cycle while those of fish

seem to appear only seasonally. In this study, the paramé—
ters examined did not show any significant changes with GTH.
dosing although it is unknown what effects, 1f any, there

were on'drug and steroid metabolism in these fish since

these were not measured.



The major findings of this thesis are summarized as fol-

lows:

1,

Chapter V

SUMMARY AND CONCLUSIONg

L}

Dosing of juvenile trout of both sexes for 10 or 19
days with estradiol had a general feminizing effect
on components of hepatic microsomal electron trans-
port. There were ﬁo' apparent effects on ben-
zo{a)pyrene or ethoxyresorufin monooxygenase activi-
on ‘BP-OH activity. . ‘ .

Dosing for 10 days with testosterone masculinized
components of »hepatic‘electron transport and there
was a trend toward an increase (i.e. masculinization)
in BP-OH activities. ‘ |
Dosing for 19 days with testosterone resulted in a
feminization of components of microsomal electron
transport in juvenile fish of both sexes. Prelimi-
nary daté showed that plasma estrogen levels in these
fish were eleyated.

Administration of pituitary extrécts from adult sal-

monids to immature fish had a general feminizing ef-

- 91 - )

ty:énor any particular change in the influence of ANF_
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fect on cytochromes P-450 4nd b5. Activities of

NADPH- and NADH-cytochrome ¢ reductases seemed to be

influenced only by steroids and not by t jtary.

5. The pituitary gonadotropic hormones are'pfobabl not
the feminizing fraction of the pituitary. ‘partial
purified salmon GTH had no .effecfs on hepatic compo;
nents of microsomal electron transport in the absepce
of the gonads. _

The studies here suggest that both.estraQiol ;Ed testos-
tercone are active in producing sex differences in‘juvenile
, fish. Ip -addition, tge livef of juvenile fish is responsive
to tge effects of pituitary extracts from adult salmonids.
Therefore, as in rats, it is probably changes in other sys-
gems.(eiz gonads, 'pituitary-hypothalamus) at maturity ang
not- in EHe ‘reSponsivenéssrof thé liver that determines the
sex-dependent activities.

« The work of Hansson et al. (1980b) and Hansson and’ Gus-

tafsson (1981b). with immature hypophysectomized fish showed

that steroids act on the liver independently of the pitui-
tary in these fish to produce changes in enzyme activity.

This is sim{lar to the situation in immature rats (as out-

lined in Ch. 3). The possible chaqges ip regulatioﬂ of this
system aé maturity in fiz?f“ however, are.npt known. The
feminizing effect -of Bj.uitary extract from adult £fish in
this study suggests that the pituitary does inf;uénce this

system at maturity although the feminizing factor has not
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been identified. 'If sex d?ffgrences in MFO activity in fish-
~are regulated 1in the same way as those of mammals then at-
maturity females should develop an §nsensitivitylto steroids
and the action of steroids in males should be indirect via
the pituitary. In addition, a éoﬂfirmation of the seasonal-
ity 6f sex differences in fish should be made. This is a
striking differenqé between fish and mammalian systems and
may provide insight into the ‘possible'regulation of the'sex
differences in fish.

While the experiments of this thesis suggest that ster-
oids and pituitary hormones may be involved in the regula;
tion.of éex differences in components of microsomal electron
traﬁsport systems and SDS-PAGE prafiles of hemepro?eins
(which could possibly be P-450}) (data reborted.in Stegeman
et a_; 1982), it-is clear that this work ,should be expanded
to include a more extensive study of enzymes of drug and
steroid metabelism. A dose-response study of both estraéiol
and testosterone should be made. The effects of other ster-
oids, that are important in fish, for exampie
ll-ketotesiosterone, should be investigated. Experimenté by
Mode et al, (1981) have sugéested that the timing between
peaks of plasma hormone levels may be different in males and .
females and thus differences in dosing regime'may determine

response to a particular hormone. This should be investi-

gated in fish.
\



It is interesting that the normal conditi%ﬂ.in rats with

respect to hepatig MFO activitqfis that of the male ~-- in
the absence of pituitar} feminizing factors, fhe metabolism
of ster01ds and drugs follows é ﬁascullne pattern. The MFO
.activities in males increase contlnually until well after
puberty. The factors requlating this increase shouEd be
studied, both inlmammals and fish. |

The biolégica; significance of sex differences in MFO ac-
tivity is not yet known. It is probably related to differ-
ences in steroid proflles beéween males and females at ma -
turlty. It is generally thought that the orlglnal functlon
of the MFO system was in oxygenatlon of endogenous gub~
strates, and, in fa&f, the affinity of the uninduced system
for steroids .is épproxiﬁatel ten times greater than that
for xenobiotics (Kuﬁtzman et al., 1965). Thus, any-’'sex aif-
ferences in xenobiotic metapdlism are most likély a reflec-
tion of t;e sex differenceg'in steroid metabolism.

.According to Skett and GusEafsson (1979), sex differences
in steroid metabolism in rats serve to protect the animals
from unwanted steroids. This may explain the high rate of
metabolism of testosterone in female rats but not the high
rate of metqbolism' of'progestefone in male rats since this
character may be important in the production of androgens.
In addition, most mammals have sex differences in steroid

levels and types after maturity yet do not show evidence of

sex differences 1in hépa;ic MFO activity. It is possible
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that, unlike X the hepatic metabolism of steroids in
those mammals shows sex differences according to stage of
reproductive cycle anq therefore sex differences in MFO have
been overlooked by researchers. It is also; possible that
those mammals use different strategies than rats to change
steroid profiles. .. For example, while rats ﬁmay primarily
Ptilize different ‘fates of steroid catabolism to,mainﬁain
sex differences in steroids? other speciés mag{change rates

' of steroid synthesis or amount of plasma protein binding of
stefoids to achjeve the same result. However, this remaiﬁs
to be tested.

In fish, sex differénces in hepaﬁic steroid metabolism
have been characterized by Hansson and Gﬁstafsson (1981a).7
During spawning season, - hepatic activities of
l7—hydroxy3teroid oxidotreductase in malé rainbow  trout in-
crease considerably together with plasma levels of
ll-ketotestosterone, té;\\ﬁggngggdrogen in fish. It has
been suggested that 17-hydroxysteroid okidoreductasa is in-
strumental in the synthesis of ll-oxygenated steroids (Hans-
son and Gustafsson, 198la). Female trout, which have very
low plasma levels of 11-ketotestosterone also show very low
activities of 17-hydroxysterocid oxidoreductase. In addi-
tion, female fish show a decrease capacity for'the hydroxy-
lation of androgens such as testesterone (Stegeman et al.,
1982) and androstenedione {(Hansson and Gustafsson, 198la)
while male fish show a more '\apid iﬂ\zigg metabolism of es-

¢

A
o
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tradiol (Myers and Avila, 1980). The increased plasma lev-
els. of estrogens in wvitellogenic female fish are thouéht to
be due to decreased estrogen catabolism (Hansson, -1981)L
Hansson (1981) has suggested that the decréased steroid me-
tapolizing capacit; in female fish probably functions to
maintain high levels of plasma estrogens during vitellogene;
-si;

As mentloned prevxously, several studies (Hansson et al.
1980; Fprlln, 1980) have shown that male and female fish re-
spond differently to inducers. For example, female trout
dose% Qith polycyélic aromatic hydrocarbons have a higher
rate of metabolism of steroids'thah males (Hansson et al.,
1980). The overall steroid balance in these fish, howéver,
is not'knoén. Perhaps the fish can adapt to the "induced"
situation .by increasing steroid synthesis to - match catabo-
%ism. égﬁ it is also possible that these changes in steroid
catabolism could prove to be detrimental to the fish by de-
éreasing circulating steroid levels. The importance of this

for the'reproductioﬁ of fish in contaminated areas remains

to be evaluated.



Appendix A

MATURE FISH a

Stegeman and Chevion (1980) ‘have identifiéd sex differ-
ences in brook and rainbow trout similaf to those seen in
rags in cytochrome P-450 cogtent and NADH-cytochrome ¢ re-
ductase activity. They have also demonstrated possipde dif-

ferences in types of cytochromes p-450 between males and fe-

{; méip-trout according to the effect of 7,8-benzoflavone on
”ME# activity. In this section, various parameters‘measured
"

by Stegeman and Chevion (1980) were verified in adult trout

from the same sources as the fish used in this +hesis.

13
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Materials and Methods

Eight brook trout, Salvelinus fontinalis, in spawning

condition were’ collected from the Sandw&ch Fish Hatchery,
East Sqndwlch Massachussetts Division of Fisheries and Game
in November, 1981. These had been kept in outdoor raceways
and fed Rangin‘s'Production_Pellets-(Zeigler Bros., Gard-
ners; .PA) twice aaily at about 2% body'ﬁeight; The water
supplying the raceways is from a small. nearby - pond and was
;t 8°cC ét the time of sampling. The fish were transportedﬁa‘
to the lab (transit time approximately one hour) in their
own water and sampled thefe.

While performing gonaéeétomies on trout for the experi-
" ments of chapter 4 in December, 1980, four males in spawning
condition were found. These were sampled'and are included
here for comparison. They are identified as Ontarié trout
since they were from Goossen's Trout Hatchery, ‘Otterville,
Ontario (other details about holding facilities etc. are
found in Ch. 4, Methods).

' Blood was sampled from the caudal vein with a heparinized
syringe and the fish killed by cervical section. Livers ‘,«kg/.
were immediately excisea and placed in ice-cold 50mM Tris
puffer pH 7.3 with 1.15% KCl. Blood was centrifuged at 15b0
x g for ten minutes and the plasma Wwas frozen at -20°C.

Livers were blotted dry, weighed, and then homogenized in 5
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‘vol buffer using a Potter-Elvehjem tissue grinder. " Micro-

o

somes were prepared by dffferential'ceqtkifugation as de-
scribed by Stegeﬁan and Binder (1979), and, resuspended to
approximately 3-8 mg protein/ml in 50mM Tris; buffer pH 7.5

with éO% glycerol and 1.0 mM Dithioerythretdl—EDTA._ Ali-

quots were immediately frozen and stored in liquid nitrogen.

A
All other methods have been éescrlbed prev1ously._

The data were evaluated for 51gn1f1cant differences be-
tween males and females by means of a student's t-test (SPSS
¥ e

program). Arcsine transformatlons were made of the results

for -hepatosomatic and gonadosomatic’ 1nd1ces prior to, statis-

tical . analysis since these were percentages (Sokal and-
~ ’

Roh¥f, 1969). Differences between group means were consid- .
1

ered-to be statistically significant if p < .05, and wvere
-

considered to show trends if .05 < p =< .10.
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‘'Results and Discussion

The @ata presentéd in fable 7 (p. 103) show a pattern of
monooxygenaée “and other activities very similar to those
previously -seen by Stegeman and Chevion (1980). For exam-
pie, NADPH- and'NADH—EytOCHrome c redﬁctaseiactivities and
cytochrome P-450 levels in the Ontario Erout were similar to
those reported by Stegeman and Chevion (1980). The P-450
levels in Massachussetts ﬁrout, however, were consistently
lower.thén those seen in other trout from the same genetic
stock (ibid.). |

The fish were all in spawning condition a;d could be eas-
ily stripped. The GSI values (Table 7, p. 103) are similar
to those reported by others (Stegeman and Chevion, 1980) for
spawning trout. As expected, there were.no significant dif-
ferences in HSI since the females were past the stége of vi-
tellogenesis (Koivusaari et al., 1981). There were no sig-
nificant differences between males and females in cytochrome
b5 or in microsomal protein concentrations. Cytochrome
P-450 levels, in contrast, were significantly higher in
males'than females whén expressed on the basis of protein
concentration or liver weight, and showed a trend towards an
increase when ekpressed on the basis of body weight.‘

The resuits here show that adult trout have sex diﬁfer—

ences in cytochrome P-450 content similar to ‘those reported

4
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by Stegeman and Chevion (1980). Therefore, the primary as-
sumption of this thesis, that the fish used in these studies

shqw sex differences in P-450 levels at maturity, has been

verified.
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TABLE 7

Mature brook trout

Acfivity or quantity of components of microsomal electron
transport systems and other characters in spawning trout

from two sources.
values shown are means # standard deviation.

Sample size is shown in parentheses.

-

£ significant sex aifference (p < .05)

v

-



Character

._.o«ocn I {Mass. Nov. 8l1)

Group I (Ont., Dec. 80)

Females (4) Males (4) Males (4)
" Body wt: (g) 1311 t13.6 158.4 * 150 895 * 1.0
HSI (%) |2 1 02 13 £°0.2° 2 t 04
. . .\\liwl.luw
GSI (%) | 151 £ 40 20103 .l £ 04.
Microsomal profein 248 t 3. ‘221 £ 09 145 t 14
(mg/q liver) .
NADPH-cytochrome ¢ — — 687 t Tl
red. (nmoles/min/mg prot.)
NADH-cytochrome ¢ — — 1605 t 304
red. (nmoles/min/mg prot.)
Cytochrome bs - 260 £ 129 243 t 63 —
(pmoles/mg protein)
. 7 2l B
Cytochrome P-430 012 £ OOl 0.20 ¥ 002 036 t 005
(nmoles/mg protein) |
. . Pl < .
Cytochrome P-450 30 t 06 44 t 05 53 1.3
- (nmoles/q liver) .
L1 A
Cytochrome P-450 1% 004 t 002 0.06 t 00l 0.06 t 00l
(nmoles/g body) , :

iy
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