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~ and this probably dccounts for the low hormone levels.

Abstractes
e
Circulating levels of the two thyroid hormones, L—thyroxine‘(Ta)

and 3,5,3'-L-triiodothyronine (TS) were measured by radioimmuncassay in

to natural daylengths and to an accele,ated ‘1ight regime. The'relative

%
brook‘trout and two mammalian species using Sephadex gel column chrom— -

atography. An attempt waa~mdﬁe to measure Sdmethoxy—N—acetyl tryptamine
3
(melatonin) spectrophotofluorometrically in pooled pineal samples of

brook and rainbow trout. ' -
/

/ .
Mean q%rculating concentrations of total TA ranged from 0.8 to

- L% ng/ml and mean circulating total T3 levels varied from 2 4 to 8.6 ng/ml

over year in fish exposed to natural conditionms. Both hormones reach
maximum levels in April and minimum levels in early November at the time
of spawning. The plasma levels of both hormones exhibited daily fluc-
tuations with lowest values occurring in the early morning T3 con—“
centrations were greater than those of T4 in all but one of 68 fish '
examined.

The rate of reproductive development ‘in fish exposed to an;acegler—
ated photoperiodic regime did not dfffer from that‘in trout exposed to
natural chanées in daylength. These'fish had lower levels ofvTa and T3
compared with the corresponding monthly levels in fish held under natural'
conditions: The fish in the eaperimental light regime did not feedﬂoell

\

?hyroid hormone—protein association was found to be weaker in trout . 7~
\

_plasma than in mammalian samples. T4 binding was qeaker than that of T3‘ .

iii



in fish while the reverse Qqs/fgﬁnd“in mammaiign samples.

-»I“F 1imit of detection and extraction efficiency of the melatonin
aaaay‘wéré shown to_be ;atiafacto;y ;hgn comparkd to previqué‘studiea.
Howevef{ qé melétonin C;Lia be de;ected in any of thé pineai samﬁies._

The data clearly'demonstrateﬁannual varigtions of circulating levels
o : ' B
- VA
of the two thyroid hormones. These levels are compared with published

u

plasma concentration of T3 and T& for other vertebrates. The levels in

B,l

trout are relatively low, poseibly due to loose assoclations with plasma

.o

prdtéins~an§\10w ambiant iodine concentrations.

" The possible- causal relations between thyroid hormone levels and

A
environmental factors, reproductive development and growth are discussed.

|

Y

-
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Introduction

The 'I'h.yluhl Axts tn Teleost Fish

The thyrodd pland o mont teleodts {9 not a4 compact orpgan.  The
follfcles trequent Iy are scattered ober a wlide atea extending tromg the
Jower jaw to the kidnev.  However, the thyrotd tollicle of (olkvnr‘.tﬂ fs
siwflar to that ol all other vertebrates Cith respect Lo morphotogfeal
and biochemical characterfaties (Gorbman, 19649). In tish, the thyrvotd
ad ovaries tare the major sites of fodide concentratlon; vet oniy the
thvrofd has the capacity tor fodinated thyronine synthesis (Leloup and
Fontaine, 1960). lodide is actively taken up by the follicular epithe-
lial cell, dehalopenated and transport ed to the aplcal pole where it 18
released intd the follicular lumen. Peroxidase-mediated oxidat fon of
{odide to iodine and iodination of tyrosine residues within thvroglob-
ulin occur at the microvilli-colloid interface. Coupling within Lﬁyro—
globulin of iodinated precursors via ether linkage creates the storage
forms of the two thyroid hormones, 3,5,3'—L~triiodothyronine <T3) and
l.-thyroxine (TA) (for a complete treatment of thyroid hormone biosyn-—
thesis, see Taurog, }914).

In mammals, both T3 and T, are sec;eted by the thyroid. Addition-
ally, T, 1is derived from T, by defodination. Tt is estimated that 32-6 37
of total body T3 is deri?ed from peripheral deiodination of T4 (Oppen-—
heimer and Surks, 197)§. T; is generally considered to be the more ac-

tive form (Oppenheimer and Surks, 1975) -and T, a prohormone of TB‘ How-

", ..neither the

ever, Oppenheimer and Surks, (1374, p.211) emphasize that

T.,—-to-T, potency ratio nor the %f-;Q:T3 conversion rate are known with

3 4

suf ficient accuracy to definitively gﬁclude some independent hormonal

~
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Vel bote bt e e ot hnonwggr Fheroe Lo o Tt oamat ton o ttah co0 taddt

cate o whiboh fadothviondoe cad b totetoatbe Steloo e al g fvree

ot oo o chirtomat oyt aphtc dnalyacs cadaty tor only | . (BTN
’ ol o B by L e it S St st hav o and Benw
“
et D90y G Loth thivrofd hormones (0 i o m et Omborn
and Shmpacon, 1909 hedng svathesteed by the teleost therold. However
Pogervat bons abont come Tastons tmptle be e previous stndtes o fae fog
HER N A R S [ S the bt e tion Tttt s of the auanave aoed are dnsen

)
sdttve velative to the carrent!y avallable saturat fon bind oy teoh
e Cecond, tha anthors otten reported measorenent o cnosdng b sam
plos ot tiaho rhey 00 o constder erteota of varvine envitonmental
conditbons on thvraodtd ot {vity. Phvrodd hormone produc o feon (s at tected
Both gquant itatively and gqualftatively Lo fnternal controda (o, hy
rotd hormone statosopitaftary Sevpethalamas closed s loop servomechan {ome !
cxternal tactors (eov., fodine concentration of water) oy Hoth (e w %
tomperdtiure or PlH’fH{W‘Yﬁ(H]r}'id hvpothalamohvponhvseal cpen-joop vontro!l:
(Hoar, 1959, Berg . :f.,‘IW\Q; Hickman, 1?63; Gorbman, 19n4) .

In mammals, T , X fstg In equlilibrium with three theroid-binding pro-
teins (TBP)Y, thvroxine-hinding globulin CTBOY, thvroxine-binding preal-
bumin} and alhumin. T3 Is In equilibrium with TBC and, to a small extent
albumin (Woeb.r and Iughar, 1974). A verv low amount of hoth hor-
mones circulate as free hormone (0,010,027 total T« and D.1-0.2% total

van Midd!lesworth, 1974) ., Free thyroid bormones are available to

T3;
intracellular receptors and can readily be supplied hy the bound Dor-

tion during times of increased metaholic demand (Oppenhivinmer and Surks,
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1974) . There is no specifically—bindiné TBG -present in teleosts, but

5 6nly a non—épecificﬂéssociation with albumins and prealbumins (Farer

s

et al., 1962; Tanabe et al., 1969; Refetoff gt al., 1970).

As 1in other vertébrates, control of the teleost thyroid involves

b . l :
o . neuralcpachways whose activity is integrated in the hypothalamus. From
\ . > o
the hypothalamus, signéls are sent to the pituitary which modulate the

response of hypophvseal thyrotropic cells (TSH cells) to feedback con- ’
trQl by thyroid=hormones (see Reichlinet al., 1972, for diScussion of
'thi@ concept). Stimulatory pit;itary control over the teleost thyroid
‘- 1is well-established ' ( Pickford » 1957; Sage and Bern, 1971). TSH
cells are located in the?hroximal pars éistalis of the ﬁituitary (Sage
. N and Befn, 1971) and a thyroid—stimulating hormone (TSH) has been par-
:’f?a : tiafiy,gurified-(Y.A. Fontaine, 1969). . - ‘ g -

The anterior pituitarv of many teleostsAiS‘directly innervated by

) a

t?pe "B" neurosecretory fibers (Zambréﬁb, 1972). These fibers origi-
nate in the nucleus laferalls tuberis (NLT) region of the hypothalamus'
(Peter, 19703). ‘Evidence for‘a hypothalamohypophyseal portal system
hagﬁbeen obtained in uaZveZznus ;ontznalzs (Henderson, 1969), Hetero-
rmeustes fossilie (Sathyanesan, 1971) and Car&ssius auratus (Peter,
1973) . » : '

In telebsts, hypothalamic control of TSH'cellg‘is probably inhibi—
tory. Early’studigs on Poecilia (Mollienesia) latirinna surprisingly
showed that when a’ pituitary from one fish was transplanted into the
caudal musculature of a gecipient fish from the same clone, the TSH
cells in the transplant became hyperactive. In addition’, thyroidal

.

activity within the recipiént was iécreased (Ball et al., 1963, 1965;
Oliveréauvand Ball, 1966). Subsequent studies in Cdrassius’auratue

P

. (Johansen, 19673 Peter, 1972) and Gastercsteus aculeatus (Leatherland,
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1970) demonstrated that ectopic trapsplantation of the pituitary
resulted in increased th;roidal activity. Evidence of hyperactivity
was also obtained ftom histological and radiochemical examination of
;ﬂguitarics of Awzuiliz anjuilla and Salmo gairdneri when these were
reﬁévud from the fish and placed in tissue cultur; (Baker, 1965, 1969a,
1969b). In ?Qrassius aﬂratus, stereotaxic lesioning of the NLT and
pituitary stalk increased thyroid activit§ (Peter, 1970a). Peter
(1973) also observed decreased thyroid radioiodige uptake in goldfish
injected with fish hypothalamic extracts. Mammalian thyrotropic fe—
leasing hormone (TRH) seems to inhibit the activity of the pitui-
tary (Bromage, 1975), but it may be exerting non-specific control over
the thyroid axis &Peter and MéKoewn, 1975). Thus, one cannot infer
that the preéumed fish thyrotropin—-releasing iﬁhibitory‘factor (T1F)
is structuraliy similar to TRH. Furthefmore, while most evidence favors
the:;rcsence of a hyéothalamicﬂTIF in teleosts, it has been obtained in
én indirect manner. Abéolute certainty will Q%ly come with the purifi-
cation and el&cidaﬁion of the structures of both fish TSH and TIF.

As ig higher vertebrates, tﬁyroxine exerts a negative féedback at
the level of the pituitary. Béker (1965) observed a decreasé in the
extent of degranulation in thyrotropes of pituitary cultures. following
the addition to the medium of T&' Later studies (Baker, 1969a,b) éhowed
that_TL decreased radiouridine uptake and degranulation in fSH cells zn
v-rr:, These data suggest T4 inhibition of both synthesis and release
of TSH, although inhibition of one may be affecting the other. Feed-
back control of T4 oﬁ the pituitary also was demonsgratédAiﬁ the gold—
fish (Peter, 1971, 1972). The pituitary's responsiveness to this feed-

back appears to be set by the hypothalamus. This is shown by the trans-

plant studies of Ball =t al. (1963; see above) in which thyrotropes of
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ectopically transplanted pituitaries remained hyperactive after a hyper-

thvreid state developed. Tn fish, Tg seems to be involved in a positive

feedback at the hvpothalamus which, bv augmcntfng TIF release, further

inhibits thvrotropic activity (Peter, 1971).

~

The Actions of Thvroid Hormones in Telgosts

Thc existence of a cohplete :h;;oid axis responsive to circulating
thyroid hormones and subject to neural control probably linked to ex-
tegnal cnvironmental receptorg'Suggests considerable importance of
thyvroid hormones in teleosts. However, uncertainties c§ncerning the’
physiological img;rtanca of thvroid hormones in some teleosts have been
expressed (Gorbmén, 1969; Etkin and Cona,‘197&). It is difficult to

. 7 .

discern a discrete role of the thvroid from a review of the literature.
Nevertheless, tHere_exists a large body of information for the thyroid's
multifarious complicitv in teleost physiology (see reviews by Pickford,
l957;vCo;bman; 1969) .

Much of the confusion concerning the role of the thyvroid has arisen

from contradictory cvidence of the abilitv of Ta to stimulate respira;

tion. In higher vertebrates, administration of T4 elicits-a thermo-
genic nésponse. Recent studies indicate’that"T3 increases the activity
of(§a+—K —ATPase in rats (Edelman and Ismail-Beigi, 1974). This in

turn, decreases fhe ADP/ATP ‘ratio which then stimulates the mitochon-
drial electron transport system. The high-energy phospbate hucledtide
is subsequently replenished at che‘expeqse of oxygen.

The role of thyroid hormonés in teleost respiration remains an
enigma. Administracion of TA’ antithyroid drugs, or thyroidectomy
usuallyv are not accompanied by changes in the rate of axygen consump-

tion (Pickford, 1957; Gorbman, 1969; Etkin and Gona, 1974). Yet the
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thyroid is known to be involved in-events which require e?ergy‘and in—

‘ | ,
creased metabolism. T4 administration increases swimming'and flutter-
(

N

ing activity in fi?h (Hoar et al., 1955; Baggerman, 1962; Sage, 1968;
Woodhead, 1970). More significantiy, thyroidal ac;ivity seems toO Be
increased during exercise (Higgs and Eales, 1971). Radiothyrgidectomy
of Acguiics latifrons resulted in a permanent decrease in Oxygen con-
sumption (Ruhlaﬁd, 1971).
Th?roid hormones have a wide variety’'of actionsfcontralling daily

physiological eventd (see reviews by Pickford, 1957; Gorbman,

1969) . A detailed discussion of these. is not warranted here However,
it might be worth emphasizing that the net effect; of thyroid hormones
are‘extremely dependent on the métabolic stéte 6? the animal (see Ingbar
and Woeber, 1974 ). Fér exa;ple, thyroxine given to an immature fish
dndergoing rapid growth may have avdifferent effect on protein meta-—
.bolism than T; administered té an adult one month before spawning.
Similarly, the effects of thyroid hormones on lipid,metabolism may differ
between a starved and a well-fed fish. As the metabolic state mqgifies
and is .modified by the total activity of the endocrine system, the
actions of thyroid hormones are thus dependent on éﬁanging levels of
other hormon;s (Ingbar and Woeber, 1974 ; Bray and Jacobs, 1974). .

Appreciation of the state of fhe animal in studying T4 and T3

effects in fish has been_emphasized (Barrington et al., 1961; Narayan-
singh and Eales, 1975b). Contradictory conclusions on the actigés of
thyroid hormones exist. For example, the thyroid has been impficated.

in increasing growth (La Roche et al., 1966), yet thyroid hggmone
-administration has been shown to aecrease growth (La Roche and Leblond,
1952). Although T

and T, seem to enhance oxidative decarboxylation of

3 4
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radiogluconate (Hochachka, 1962), T4 reduces the activity of glucose-

6—phosphate dehydrogenasel(Leray et al., 1970). Add tionally, 'I‘4 and
~T3 have been impliéated in protein synthesis (Naragl singh and Eales,

1975a) "or net positive N balance and increased ammonia excretion

(Hoar; 1958) which indicates net negative N balance.

These apparently

contlicting data hay be reconciled by closer examination of both the
physiclogical st#
] .

te and the environmental: history of the fish.

/
3

~

N
Thé Role of ThyJLia Hormones in Seasonally Related Events ‘
Seasonal changeé in the storage or utilization of energ§ substrates
. & . . . :
have important consequences to the physiology of teleosts. Such alter-
<

ations may permit the fish to adjust to, or take advantage of, a con-
tinually changing environment.

It is not surprising therefore, to find
the thyrbid'iﬁvolved in the orchestration of seasonally-occurring ev

ents.
The thvroid has been implicated in seasonal adjustments to thermal

change (Hoar, 1959) although its activity shows variable response to
applied temperature changes (Gorbman, 1969).

T4 administration increases
swimming activity (Hoar et al., 1955; Baggerman, 1962{~Sage, 1968

Woodhead, 1970), enhances sensitivity to electrical stimulation (Hoar

et al., k?SS), and diminishes the threshold‘of‘sensory—evoked potentials
in the brain of teleosts (Gorbman et «i.,

1964; Hara et al., 1965).
Thus, seasonal variation in thyroidal activity may "sensitize" or 'pre-

1973).

pare' other systems to environmental cues which then predispose the
animal to a subsequent séasonal event (see Hoaf et al., 1955; Ho?r, 1959,

a

The thyroid may be involved direétl; in controlling seasonal events.

Using TSH, T, and antithyraidvdrugs, Baggerman (1962) demonstrated
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thyroid—doﬁ%ndent seasonal changes of salinity preference 15 Gaster-
ogteus acideatus. These changes, combined with increased swimming

. )
activity (Baggerman, 1962), may then induce migratory behavior in
.}sticklebacks{ Uéing histological and radiéﬁhemical indices, Eales
(1963) -reported seasonal éhangés-in thyroid activity occurring at the *
time of migraﬁion in several species of juvenile Pacific salmon.

Eales (1965) found an increase in thyroid activity at the time of
the seasonal parr-smolt transfcrmation in Salmo gqé{dneri. Smoltifi-
cation, or ”silvéring", is due’ to an i;cqeased deposition of guaniﬂe-in
the skin. Eales' (1965) obsérvations are supported by.the demonstration

that T, increases the incorporation of radioglycine into eépidermal

4

guanine in Salrmo irideus Matty and Sheltawy, 1967). . -

Employing artificial and patural regimes of temperature and photo-
period, Eales (1965) attempted to discern the predominant environmental
cue which tfigéers Smoltificétion. In two-year—-old potential smolts,
epithelial cell héight was found to be responsive only to lengthening
photoperiod. Contrary&tO'this, radioiodide metabolism.was effgcted by
both.temperature and photoperiod.

Swift (1959) observed an annual cycle 6f thyrotdal activity in

o~

Saimo trutta. Histological indices suggested that thyroid hormone pro-

duction was inversely correlated with water temperature. Yet the rate

.

of radioiodide clearance from the fhyroid reached a péak level in the
summer at the time of maximél'water témﬁerature. Asrin Eales;'study.n
(1965), Swift's conclusions were haripered by anomalous discrepancies
between histological and radiochemical data. It has been ﬁoted that
histological and phygiological criterié frequently provide conflicting

&
assessments of the thyroid's actiz%if (Drury and Eales, 1968).°

¢
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- Thyroid-reproduction Association j

Annual cycles.of thyroidal activity are correlated with repro— /

ductive cycles (see reviews by Matty. 1960; Swift, 1960). Swift (1955
959) reported annual cycles. of thyroidal activity in both immature and

mature Sqlmo trutta. The thyroid in Ahree -year-old brown trout was

more active at the time of spawning than in yearlings. Thus, reproduc-
tive activity may impose changes on cyce es which, in the immature animals,
are primarily dependent on external envi%@nmental cues. Similarly,

Yaron (1969) described histological changes in the thyroid of Acantho~

brama terrae-sanctae which were correlated with water temperature
¢
|

.
- i

except at the time of spawning.
Histologicdl studies of the thyroid follicles in Phoxinus phoxinus
suggeated increased thyroidal activity in the months immediately prior
to spawning (Barrington and Matty, 1954) . This led the authors to
speculate that thyroid hormones may stimulate the growth of ova and
final maturation of germ cells which begin before ‘high levels of gonadal
steroids appear. Thyroidal activity diminishes during the spawning
period, presumably Qhen high concentrations of steroids become available.
Earlier, Barrington and Matty (1952) found gonadal maturation to be
inhibited in fish treated with thiourea. However, thiourea may be
exerting this effect throd/; general depression of metabolism (Matty,
1960). Berg et al., (1959) demonstrated a relation between_radidthy—
roxine production and %ingéal recrudescence in Fundulus heteroclitus.
Thyroid-gonadal Eélations were studied during the 24-day gesta-"
tion period of the’ guppy, Poectlia retz/ulata {Bromage and Sage 1968;

Sage and Bromage, 1970aL§). Thyrotropic cells became active in the

first phase of the gestational cycle (Sage and Bromage, 1970a). This

v
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activity, determined by histological criteria, supported previous
\studies of thyroid secretion in Poecilia as measured by colloid inter-
ferometry (Bromage and Sage, 1968) . Furthermore, females whose ova
were not fertilized displayed no cyclic changes of follicular colloid
density (Bromage and Sage, 1968) .

In intact Poecilia, thiourea stimulated activity in the gonado-
tropes whereas thyroxine inhibited them. In males; estrogen stimu-—-
lated the thyrotropes in v;Uo‘and methyl testosterone inhibited them.
Reciprocal feed@acks were also observed in vitro, altho‘gh unlike the
in vivo study, both sterodids inhibited thyrotropes from males and
females-(Sage and Bromage, 1970b). The opposing effects of the gonadal
steroids in males tn V1IVO is not understood Nevertheless, these

udies.imply éhe intriguing possibility that feedback systems and thus,
endocrine axes, are not entirely discrete in teleosts. '

* The control of tne thyroid is’related to gonadal control in both‘
higher vertebrates (Bray and Jacobs, 1974) and in teleost fish (Sage,

. ' .
1973). The studies in Poectilia cited above (Bromage and Sage, 1968;
Sage and Bromage 1970a,b) provide not only strong evidence for a thy-
roid- gonadal association, but a causal link via reciprocal feedback
controls at the hypophyseal levei. The anatomical proximity of the
pituitary thyrotropes and gonadotropes (Sage and Berm, 1971) and the
striking primary struCtural'similarity among mammalian pituitary gly-
coproteins, TSH, luteinizing hormone (LH) , and follicle-stimulating
~hormone (FSH) (Pierce et al., 1971;.Papkoff, 1972)) lend credence to

the postulate of a phylogenetically-old relation between thyroidal and

gonadal control systems (Sage, 1973 Hoar, 1973) {

.,.‘.’3
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The Pincallund Sénsitivity of Vertebrate Endocrine Systems to Photo-
period !
The reproductive cycles of many temperate zone vertebrates are
regulated by seasona] changes iﬁ daylength. In consildering the mech-
anisms by which light may influence reprbductian and possibly, thyroidal
activity, thé plneal organ immediately becomes suspect. The pineal
is photoreceptive in all vertebrates (Ralph, 1975). In mamméls, much
evidence exists for an endocrine role of the pineal which is controlled
by noradrené}gic, cyclic nucleotide-mediatdd, ingervation‘originating
in the optie.perve (Wurtman @ﬁd Cérdinéli, 1974). Hence, the term
.'neuroendocrine transducer' has been'épplied to describe the pinealo-
cyte of higher vertebrates (Wurtman and Axelrod, 1965). '

One form of endocrine output of the pineal in higher vertebrates
is probably the indole derivative, 5-methoxy-N-acetyltryptamine or

» : : .

melatonin ' (5~-MAT). The pineai is one of the few organs (other than
the retina and the Harderian gland) which possesses the enzymes re-—
quired .for the biosynthesis of 5-MAT from tryptophan (Cardinali, 1974).
Activities of the enzyﬁes responsible for the last two steps 1in the
synthetic pdthﬁay, éefotonin—N—aoecyi transferase and hydroxyindole-O-
methyl tfansfgrése (HIOMT), are augmented by darkneas-induced neuronai
input and inhibited by feédbaék from gonadal steroids (see review,v
Cardinali, 1974). S5-MAT is best knéwn for its antigonadotropfc effect
(Reiter, 1973) although 1t has been shown to affect other endocrine
éxes (see Cardinali, 1974) includiéé the thyrdid‘(Baschieri et al,1963;

Panda and Turner, 1968). Melatonin administration produces opposite

effects to those of pinealectomy (see Reiter, 1973; Cardinali, 1974).

[~

-y
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Fyidence for an endocrine role of the ploeal in teleosgts has

recently been obtained (Fenwick, 1970a,b; Urasaki, 1973; de Viamming,
1975). HIOMI activity was reported in Salmo gatrdnerd (Quay, 1965)

and melatonin itself was isolated and measurcd spectrophotofluoro-
I . .

Jmetrically in Pacifjce salmon, Oncorhmmcehus tohawytscha (Fenwick,_l‘)70:1) .

In support of an antigonadotropic function, levels of pineal melatonin

-

“were found to be higher in fmmatute salmon (1200 ng/pineal) than in

“

-, .
mature salmon (180 ng/pineal) (Fenwick, 1970a). Thus, in response to
a changing photeperiod, the pineal may influente seasonal endocrine
cycles in teleosts, possibly via- the hormone, 5-MAT.
\ R
..)‘ I3
Direction of Thesis Research ' <=

\

Iﬁ summary; control of the thyroid gland in teleost fish seems to .
S0

. ~y .
be as sophisticated as that of higher vertebrates. Furthermore, thy-

-0 Al' ,‘//‘
roid hormones regulate, in part, many aspects of day-to~day physiolog-

v

ical events. Changing'levels of thyroid hormone production, in con-

junction with possible alterations in sensitivity of cells to thyroid

N -

hormones, appear to be involved in long-term control of seasonally-

«

related physiological functions. In nonmigratory, temperate zone,

adult teleosts, the reproductive cycle, climaxing in the spawning

period, is the predominant annual event.

B

The purbose of the present study was to examine the possibility
of:gnnnal-changes in the circulating levels of the tﬁyroid hormones,ﬂ
T3 a?d T, » in ghe brook trout, Saivelinus fontinalis (Miﬁchill). In
the light of postulated thyroid—gongﬁal associations,vattention was

directed to the plasma concentrations of thyroid hormones in relation

to the annual reproductive cycle. Also, an attempt was made to examine

[
)
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the concentration of plineal mvlutonin at varfous times of the year.

The index of thyroldal activity employed was the measurement by
rad lolmmunoassay (RIA) of the concentrations of circulating thyroid
hormones. RIA has the advantages of extremely high gengitivity, high
specificity and high reproducibility. , Unlike thyroid follicle histology,
colloid interferometry, radioiodidé uptake or clearance by the thyroid,

and protein-bound or butanol-extractable todide, RIA enables one to

/
{

examine changes in the circulating levels of T3 and TA gseparately.

Also{ as plasma hormone concentrations result from the net syntheéis'bf<
all contributing follicleé,‘they are not affecteq by variations 1;
resp;nse and activity of anatémically separate follicles (Chavin, 1956;
Chavin and Bouwman, 1965; Peter 1970b).

To date, few analyses have been'made of the circulating levels of
thyroid hormones in'teleosts~empioying saturation binding.techniques.-
The Qata aretlimited to ‘observation of single or a few samples from 12
épecies (Refetoff et al., 1970; Higgs and Eales, 1973; Brown_and Eales,
1976). ~m l |
Thé brook trout was chosen for the s%ély Because its physiology is
well—known. The réproductive cycle has béen described and there is evi—
 denCe to'iAQiéaEe that it 1s normally regulated by seasonal éhaﬁges in
daylenétﬁ (Henderson, 1962, 19655. The time of spawning can be advanced
or :é;;;ged‘by several months using artificial photoperiods. This
énaBles one to examiﬁe thyroidal éctivity during a photoaccelerated

 reproductive cycle which could provide further evidence for a thyroid-

gonadal association.

~.

.’ \\‘



Materials and Methods

Annual Cvele Study

Brook trout used in the annual cyele studv were obtalned trom and
held at the Raven Rearing Station, Caroline, Alberta (570, 114 S5w).
They were contined in a xl;lilll';ll, spring-ted pond by crosscurrently
placed, underwater fencing.  The pen measured approximately 10x8x1.5 .
In addlition to brook trout, the pen held adult rainbow trout (Sa/mo
Jairdieri) together with a few brown trout (Sadmo frewdfa) and Rocky
Mountain whitefish (Uvrosop Den wil!domaonl) .

The tish rm'c‘iv\-d a prepared tood twice daiiy at 0900 and 1600 hr
(Silver Cup #4, Murray Elevators, Murray, Utah). However, feeding
could not be controlled entirely. Evidence of cannibalism was found
occasionally and it is reasonable to assume that the fish derived some
nutrition from naturallv aQailahlc food sources.

At approximately monthlv intervals, a sample of six adult brook
trout was taken from the pond between July, 1975 and June, 1976. Sam-
pling was always performed between 1030 and 1200 hr to minimize varia-
tion that might be introduced from possible diurnal fluctuations in
hormonerlevels. The fish were collected by seining the pond. This
was done with care so as not to excite the fish. Trout were removed
from the.seine purse }ndividually and immediately transfei}ea to a
bucket confaining 0.005% tricaine methane sulfonate (MS222 - Sandoz
Pharmaceuticals, Dorval, Quebec) in pond water. Once the fiﬁ? was
lightlygﬁpesthetized (2-3 min), blood was collected using a sterile,

5 ml, heparinized syringe fitted with @ 22ga, 3.8 gm needle. Blood

|

was taken from the vessels in the hemal arch in the area of the caudal

peduncle. The blood sample was kept._on ice in a 15 ml centrifuge tube.
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The ttsh was welphe 5 oand measured tor standard tength. Pl pronadss
were dlssectoed, wefphoed and placed in Davidson s tixative (Henderson,

ooty . The tish was d wapltated and the head placed over solid co,

tor later disscect fon ot the plineal.

-

As soon an six tisho had been processed in this manner (Loh hr)y,
il

the Hlood sampiles were centr {tavced ot 2000 x G tor 19 min.  Usually,
)
I to 2 ml plasma was obtained trom each fish. From cach blood sample,
2oaliquots of plasma were collected and stored in polvpropvlene, snaps
: Pl N -

i‘l .
cap tubes.  The plasma samples were fmmediatelv trozen over sol td €O,
. . . )
tor the return drive to Calyary. At Calyaryv, thev were stored at -ro!

for periods ot a week to three months.  One aliquot was used tor T,
N @4

measurement s and the sccond tor '1"3 to avoid repeated thawing and re-

freczing during the assavs.

On June 29, 1976, two additional samples (n=4 in cach sample) were
taken at 0530 and 2030 hr. The three samples Collécr(ﬂ.on this date
were used to invostigutg the possibility of diurnal changes in circu-

lating levels of T3 and Té'

Accelerated Photoperiod Group

An experiment was carried out in which fish were exposed to an
accelerated light regime that is known to advance the time of'func—
tional maturity by three to four months in adult brook trout (Hender-—
son, 1963) 7 A.group of 24 brook trout was obtained for us by the
Regional Biologist at Red Deer, Alberta in mid-February, 1976. These
were captured by electrofishing from Stauffer Creek, approximately’
5 km northwest qf the Raven Station. The trout were transferred to a

<

tank at the Raven Station within one hour of capture. The fish were
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Neld tu oo v frontar, coenter dratnlng, Clheryplang tank 1.8 m to dlamet o
and 00 e e Phe tank wan supplied with wates Ly tapping the ran ol
ot upt fuys whitoh Fed the pond. Polyvinyl hloy bde plpen and T ixtares

were taed tor o all o phomb fuy .
i
]

Phe tank wan cdpipped with o Foht proot, plyweod cover contatinling

a central panel of Tl e measur tng 0.6 by 00/ me A hox Do tng tou
Pluot cacont Thehts wes CEtted over the tuctte panecl . Il wan protectedd
by an A trame’ plyvwood cover. The tength of the datliy Pipht period
wiats contiolled by o tfme clock, Intensity of flluminat ton at the wate!

Gurtae o was measured photometsioally (Model 1o Digttal Photometer,

a

w
Textrontx Ine., Orepen) amd var fed trom He00 Ix at the center to 30 Ix

at the periphevy.

The brook trout werd placed in the tank on Feboo 05, 1976 and ex
poscd to natural daylengths tor one week by removing the 1ight hoeusing
and cover. On March 6, the artiticlal ll;ﬂ\trs were replaced on the
cover and the tish :‘xpns«-‘d to oa JL:17D Tregime.  The light phase was
fnereased bv one hour cach week unt il 210130 was reached. This regime
was maintained for four weeks, after which the vhotoperiod was decreasced
bv one hour per week to 7L:17D. Increase or decrease of the photo-
pericd was done alternately in the morning one week and {n the evening
the following week.

Sampling of this group bezan April 29, 1976. Four {ish were taken
at monthly intervals and treated in a manner ident ical to that used {n

the annual cvcle stiady. The pond and experimental tank are {llustrated

in Figure 1. .

Reproductive Cycles

Reproductive activity of the fish was monitored bv measuring the
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Figure 1. Holding facilities at the Raven Rearing Station, Caroline,
Alberta. Photograph A shows the pens constructed in a natural pond.
The pen in the foreground was used for the annual cycle study. Photo-
graph Bo shows the tank used for the acceleration photoperiod study.

Both the tanmk and pond were fed by springs located in the bé;k seen in

the background of photograph A.
: . , ' 7
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average diameter of ova (procedure of Henderson, 1963) and the gono-

somatic index (GSI). This index is calculated by the following equa-

tion:

weight of ponads
weight of fish

GST = x 100

Water Tcmpcratu;v and Todide Content

Water temperatures in the pond and tank were monitored continuously
bv a‘?cmpcranuru recorder (Rigosha, Tokvo).  The monthly minimum and
maximum temperatures were noted from the record and logged.

Samples of pond water were taken on ecach sampling day from January
to June in 1976. The water was stored in dark, glass—sfopped bottles
at 47 until éssayed. Total iod;ﬁe concentration was measured spectro-
photometrically usihg.the Hvcell cuvette PBI‘prbcedure (Hycell Inc.,
Houston, Texas). 'In all samples, the iodine concentration was found to
be less than 0.5 ug/l.

Radioimmunoaésays for T3 and T,

3 (Mallinckrodt

Initialiv, the Mallinckrodt RIA-MAT kit RIA for T
Chemical Works, Pt. Claire, Quebec) was tested for its ability to mea-—

sure T, in the plasma of rainbow trout, Salrms wairdneri. The procedure

3

recommended by Mallinckrodt was followed: bifficulties with this assay

arose -from the finding that up to 40%Z of radiolabelled T3 (*T3) existed

- in the presumed "bound'" fraction in samples which were devoid of anti-

body and supposedlv had tﬁé "free" *T3 removed. Several modifications

were made in the Mallincknbdx protocol in an attempt to reduce this

non-specific or false "binding' value. These are described in Appendix

T. Briefly, the various revisions which were emploved did not

>

F e

2
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significantly reduce the "binding" or they did not give consistent
nresults. Consequentlv, the Mallinckrodtlassay was .abandoned.

Iﬁ thelfall of 1975, Dr. J. G. Eales of the University of Manitoba
ﬁadé’his procedure for meésuring both T3 and TA on éephadex gel columns
available tg us. Brown and Eales (1976) made a detailed assessment of
the quality of their assav. They found "within' and "between" assay
reproducibilities to be satisfactory and they reported mean detection
limits of 12.5 ng%Z and 9.5 ng%Z for the TZ and TB‘;ssayg respectively.
The procedures of Browﬁ and Eales (1976), with minor modifications,
were utilized throughout the study and are summarizéd,in Appendix‘II.

Standard so}utfons were made using T3—sait and T4 (Sigma Chemical
Co.; St. Louis, Mo.). 100 yug T3 or'Ta_was'weighed to the nearesé micro-
gram (MS Microgramatic, E. Mettlér, Zurich). Each was addeg ;o 0.1 Ng
NaOH in a:rl 1 volumetric flask (ail glassware was siliconized). The
stock solution (100 ng/ml) was mixeé fér at" least 30 minutes before

o

preparing working standards. The stock solution was stored at 4° for
periods up to one month. Working standards were prepared prior to

.

assay in 100 ml volumetrics at concénﬁfations of 0, 1, 2, 3 and 4 ng/mi.
These were stored at 49 for Qp to one week. ‘ -
Radioactive~labelled hormone ([1251]T3 and [IZSI]TA) was ob;aiqu
in 100 uCi lots»(K and f Biological Services, Edmonton, Alberta)f The
specific activity of *T3 was approximately 550 mCi/mg énd o} *T4 approx-
imatély 700 mCi/mg. FiVevul éliquotg of the labelled hormone were
pipetted into 2.5 ml 0.1 N NaOH in 3 ml, screw-cap vials. These were
kept in lead containérs at -20Y for up to two weeks. Each was tﬁawed

and diluted ten fold immediately prior to assay (final activity was

approximately 3000 dpm/100 11).
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Antibody lo T3 (anti—TB) and T4 (anti—TA) was obtained from K and
T Biological Services in lyophilized form. Tﬁese had ten times the
titre no;mally supplied by K and T for clinical assays. As described
by Brown and Eales (1976), the anti—T3 and anti—Ta were reconstituted
in cold buffer (22.5 ml for anti—T3 and 30 ml for anti—Ta). Antibody
dilutdion was further adjusted at the time of assay to give a sensitive
s&éndard curve with_40;6OZ binding of *T3 or *TA at 0 ng/ml standard.
The final dilution was usually 1:450 (antibody:buffer) for anti—T3 and
1:600 for anti—Ta. |

Tge columns used were 5 ml syringe barrels packed with Sephadex
G=-25 fine (Sephadex 1s a trademark of Phafmacia Fiﬁe Chemicals, Dorygl,
Quebec). Total gel volume was aggfoximately 1.5 ml. A rack was made
to accomodate sixty columﬂé.

Samples were counted for 10 min each on an'automatic ganma c;Lnter
(Nuclear Chicago) equipped with a 3-inch cry;tal.l The counter had an
efficieﬁcy of 83%. . / “ d

The assay procedure followed is>that of Brown and Eales (1976)
with the following exceptions: ' : ‘

(1) Brown and Eales (1976) used 0.075 M barbital buffer, pH

in both the T, and T& RIAs. We found, as has Dr. Baynton of the Foot-

3
hills Hospital, Calgary, that .the anti-T3 binding is bartially inhib-

<

ited by barbital.- Therefore, Dr. Baynton's procedure (pers. comm. )

3

(2) o After preliminary testing of several hundred samples, 1t was

employing 0.1 M sodium phosphate buffer, pH 7.4 was used in the T., RIA.

found that percent recgbery of either T3 or TA after extraction was
consistehily ninety-eight to one hundred percent. Thereafter, the

initial rinse was discarded qith an appreciable saving of counting time.
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Plasma éamples (25-200 upl) from each fish were assayed in tripli-

cate. The first three standards (0,1 and 2 ng/ml) were assayed in

quadruplicate, as they covered the range of hormone concentrations for
LY

most samples. The other standards (3 and 4 ng/ml) were done in tripli-

o

cate. Some plasma samples were measured in two separate assays on o
consecutlve days. Crossreactivity was evaluated by testing the ability

of 3 ng T, to displace *T3 from anti-T., and the ability of 10 ng T3 to

73

4
displace *TA from anti—TA.

-

Thyroid Hormone-Protein Binding

After finding lower levels of T, than those of T, in the first

Q

samples assayed (see Results), it waé decided to examine qualitatively
the relative binding of T3 and T4 to TBP in plésma samples ‘of brook

trout. This was done by allowing trace amounts of *T3 and *T4 to

equilibrate with plasmg proteins. The bound fraction was separated
from the free by column chromatography on Sephadei'G—ZS gel. This

method can discrimlnate, to a certain extent, between, weak assoclation

a

with and strong binding to plasma proteins. This is due to the fact

that the ether linkages in the low water regain gels (up to G~50)

s

weakly "bind" phenolic deri?atives (e.g., T3 and T4) (Determann and
Walter, 1968). |
. X N .
The specific procéhufe was as follows:
(1) 100 w1 of eight plasma samples of brook trout from the annual
.cycle stqdy was pipetted into 10x75 mm test tubes (plasma tubes).

(2) 100 w1l of *T, or *T, (approximately 10,000 dpm), prepared 1in
, _ - .
0.1 M sodium phosphate buffer, pH 7.4 was added to each of the plasma
tubés.

(3) 100 ul of the same preparation of *T3 or *T4 was plpetted

@
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into fogg tubes of total counts. Also, 100 ul of the same was added

o
~fo two tubes with 100 ul buffer (Zgdide tubes). .
: i by
(4) After mixing gently, the plasma and fodide tubes were incu-
. bated for 4 hr at 40, ~N

(5) 100 ul from each tube was pipetted onto the columns used in
the RIA (see above) previously washed with 0.1 M sodium phosphate buf-

fer, pH 7.4. Th7 sample -was run irito the column ahead of 2 ml buffer.

(6) The eluant.was collected, mixed, and unfted for 10 min.

(7) The percentage of bound radiolabelled rmone was calculated

by the following equatibn: o

o

(Ep - Ei) 200
TC - Ei

%B =

. : - 28
where Ep is the radiocactivity (DPM) in the eluant from plasma tubes, Ei

is the average radioactivity (DPM) in theé elyant from the two todide

tubes, and TC is‘the gvefage'DPM in the fouf total count tubes.
In order to validate the procedure énd have a reference point for

cbmparing the teleost data, T3—TBP and TA-TBP binding was tested in

plasma samples from two mammalian épecies. The pgbcedure above was

Q

used except for an incubation for 2 hr at 200,
Spectrophotofluoror: 'tric Assay for Melatonin
_All"glassware for 5-MAT extraction was washed with concentrated
’ ﬁitric acid and rinsed ten times with triplgjﬂiStilled water. Melatonin
standard (Mann Assayed Quality, Schwarz/Mann, Orangeburg, New Yérk)>was
prépared by weighing 1 mg (to the nearest ng) and mixing it in iOOO\ml
0;1 N HC1, 0.5% ascorbic acid (ascorbic acid obtained from Nutritional

Biochemical Corp., Cleveland, Ohio), Serial dilutions of the stock

)

el /-«:;2—\;;.7-'6»\ .

R
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standard were made lmmediately prior to assay. P-cymene (J.T. Baker
Chemical Co., Hayward, Calif.) was purified according to the distilla-
tion method of Quay and Baker (1965). e |
Melatonin was extracted in alkaline conditions with p-cymene
aecoroing to the procedure of Quay (1963). Extracted 5-MAT was mea-
sured on an Aminco-Bowman spectrophotofluorometer equipped with an X-Y
recorder (American Instrument Co., Silver Spring,‘Maryland) 100 ul
of the final aqueous phase (see Quay, 1963). was transferred to a quartf
micro-cuvette (capacity 0,2 ml;. 50 ul concentrated HCl was added to
ensure fluorescence at 556 nm (Udenfriend et al., 1§55). The semple
Qas excited with monochromatic light at a wavelength of 295 nm.
Standard 5-MAT (1.0 pg/ml) was first extracted and its relgt;ve
intensity‘pompared to unextracted standard in order to determine
extraction efficiency. Next,\O.S ml 5-MAT standard solution (1.0 ug/ml)
was added to O.S'ml homogenate of three pineals from raingow trout,
Salmo gatrdnerz. This;was mixed and 100 ul extracted and aéHeyed

Agaln, the relative 1ntensity was compared to that of unextracted ~

standard;v \

Pineals were diSSeeted pooled, and'hoﬁogenized from immature
ralnbow trout (n—é),\mature rainbow trout - (n 3), and monthly" samples of
brook trout‘from the annual cycle study (n=6). Heads were allowed to
thaw immediately prior tg dissectiOn. Pineals were exposed by removing
a flap of skin and bone from the top of the head. The pineal body was
gently aspirateqrinto a modified pasteur pipette and lifted slightly
to expose the sté}k._The stalk was severed at its base with forCeps_

1; and the pineal trénsferred>to a 5 ml, glass tissue homogenizer containing

20.1 ml 3% ascorbic acid in 1% disodium EDTA and 0.4 @l 0.02 N HCL

L.
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sétqrated with KCl (see Fenwick, 1970a). The homogenizer was weighed
before and after the addition of the plneals in order to obtain the
weight of a pooled sample. After homogenization, 100 pl was removed

and extracted for assay.
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Results

Typical standard curves for the T3 and ’I‘4 RIAs are given in Figgre
2. The range from 100-200 pg was the most sensitive part of both stan-
dard curves. The volume of cach plasma sample was adjusted so that the

amount of hormone 1in the sample fell within or close to this range .

e

Cross reactivity of anti—T4 with T3 and of an;i-T3 to TA was

found to be less than 1%. This agrees with the analysis made by Brown
‘and Eales (1976) and confirms the high specificity of both antibodies

reported by the supplier (described in Brown.and Eales).

Annual Cycle Study

Total plasma concentrations of the thytoid *hormones together with
data on the size:and sex of fish sampled in the annual cycle study are
reported in Table 1.

From Tableyl, it is evident that circulating levels of T4 va;ied
markedly tﬁroughout the year. Mean T4 values displayed a%}ourfold

change over the vear, ranging from a minimum of 0.8 ng/ml in November

to a maximum of 3.7 ng/ml in April.

The profile of total plasma T4 concentration from July, 1975 to

June, 1976 is shown in Figure 3. During'the summer months of 1975,

the levels of T4 remained fairlyv constant at about 1:9 ng/mi. Subse-

quently, the levels dropped precipitously to a concentration of 0.8 ng/ml

in early November at the time of spawning. Thereafter, the T4 titres

rose gradually during the laté autumn and winter months. In early

spring, the T4 levels exhibited an abrupt. increase to 3.7 ng/ml. This

was followed by a decrease in late sg{ing and a return to the previous
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Figure 2. Typical standard curves for T3 and T4 RIAs. Percent bound
(percent B) of radioactively—labelléd hormone (*T3 or *Ta) to the

corresponding antibody is plotted against increasing amount of un-

labelled, standard hormone (T3 or Ta). Assuming 100% recovery of
hormone after protein extraction (see text), the percent B was cal-

culated by the equation:

. T .
DPM bound i

percent B = sor— "= TTPN jodide © 109

Hormone concentrations in plésma samples were determined by reference
to the line describing the relation between percent B and hormone con-

centrations of standard solutions. ) s
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cycle gstudy. N=6 for each

TABLE 1. Data from annual sampl Ing date.
All values given as mean + 1 SEM. Range {s glven In brackets.
Standard T T
Sample Weight lengthe (n;’,?ml ) (ng}m L)
date! () (cm) Sex plasma plasma
Jul 23 251424 24.6+2.7 4M, 1.840.2 7.5+1.0
(153-348) (21.5-27.0) 2F (1.3-2.3) (5.2-9.6)
Aug 21 218+34 23.2+0.5 4M, 2.1+0.5 4.9+0.6
(154-372) (22.0-24.9) 2F (1.6-4.2) (2.6-6.6)
Oct 1 209*45 20.5+4.3 4M, 1.8+0.1 3.5+0.8
(90-373) (18.6-29.5) 2F (1.4-2.5) (1.3-7.0)
Nov 5 150+11 22.1+0.6 3M, 0.8+0.1 2.4+0.6
(105-173) (19.5-23.0) 3F (0.6-1.3) (0.9-4.2)
Dec 18 292+22 23.7+0.7 3M, 1.2+0.1 5.6+0.7
(261—40}) (22.3-26.9): 3F (0.7-1.5) (3.0-6.8)
Jan 19 30611 26.0%£1.5 4M, 1.6x0.1 6.7+0.8
(260-336) (21.5-30.1) 2F (1.3-2.0) (4.8-9.7)
Mar 6 162+7.5 . 23.220.4 3M, 1.7+0.2 6.2+1.0
(141-185) (22.0-24.6) 3F (1.3-2.7) (3.2-8.7)
Apr 29 250+57 24.4+1.2 4M . 3.7+0.3 8.6+1.0
(149-408) (20.1-29.3) 2F (2.9-4.7) (5.7-11.5)
May 30 219+18 24 .4+0.7 3M, 3.2+0.1 6.2x0.1
(177-305) (22.7-27.7) 3F (2.9-3.5) (5.5-6.5)
Jun 29 19914 23.9+1.1 4M 2.1+0.2 5.5%0.6
(140-240) (21.9-24.9) 2F (1.6-2.6) (3.4-6.9)

1July 23 - December 18 samples refer to 1975.

refer to 1976.

January 19 - June 29

£

2Standard length is the distdnce from the most anterior part of the
head to the end of the vertebral column. '
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Summer vidlues ol 1.9 ny/mi.
3

Represslion analyses ot data trom ecvery tish from the anuual cyvele

« ady and ot values within cach monthiy sample showed no correlat inn

between total T, concent rat fon and wefpht or hetween T, levels and

+ 4

gtandard length. Additionally, the levels ol 'l'/. woere not correlated
with sex. |

Total plasma ’l"; concent rations tor cach monthiy sample,in 1975
and 1976 are reported in Table | and fllustrated in Figure 4. Like
'1‘/‘ levels, 'I‘,1 concentrations varicd with time ot year, reaching a min-
imal value »in carly November and a maximal value in carly spring. T
levels ranged from 2.4 ng/ml in November to 8.6 ng/ml in Aprill..

Two differences are apparent between the annual pattern of c¢ir-
culating levels of T3 and TA' (1) Whereas TA levels were more or less
constant over the summer and decreésed during the month prior to spawn-
ing, T3 levels diminished progressively during the summer and early
autumn months to reach their nadir in November. (2) Following spawning,
levels of T3 rose gradually from November to mid-spring in concraét to
TA levels which exhibited a major increase during early spring.

Regression analyses showed no correlations between ’l‘3 levels and
fish size (1ength(6r weight). Student's t test showed there was no
Ftatistically significant difference between T3 levels in male and
female trout.

Figure 5 presents the iodothyronine concentrations as a ratio of
T3 to TL' This ratio emphasizes the fact that total plasma T3 levels
in brook trout were consistently 2-6 times greater than those of T&'

In fact, of the 60 animals examined in the annual cycle study, every

fish except one had more circulating T3 than IA.
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Figure 4. ‘Circulating total T, concentrations as measured by RIA in

3

.

alvelinus “ontinalis over a twelve month period. Each, point repre-
- b
sents the mean +1 SEM of triplicate analyses of plasma‘wmmples from

six trout. The vertical bar denotes time of spawning.



~33-

GL6l

9.6l L
INC | NP | AVW | ¥dY | YW '834 | NVP 030, AON | 190, d3S  onv, I
- @ M . B . .JN
. < 20\ ¢
5 c : - / ‘. - _A
i C._l ?
% :
| / . L@ ~
- ’ 48
- oL
. \ =13




~34-

IT rT g

Figure 5. Ratio of circulating total T3 to circulating total TA in
Salveclinus fontinalis. The . ratio was caloculated for each fishowithin
a monthly sample (n=6). Each point represents the mean +1 SEM. The

vertical bar denotes time of spawning.
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The reproductive cycle, as measured by the ova diameter and GSI
of males and females, 18 shown in ngure 6. When the study began in
July, 1975, the ova had just enteréa\fﬁg‘secondary growth phase. This
is characterized by a rapid increase in ova size, loss of spherical
shape of the ova due to crowding, and By the ova bécoming increasingly
yellow due to the onset of vitellogenesis. Although histologicalmexam—

© |

ination of the testes was not done, they were probably in the first

stage of rapid spermatogenesis (Henderson, 1962, 1963). When the fish

were sampled on November 5, they were functionally mature. Théffish

were extremely sluggish at this time and eggs and milt were easily
expressed. The data from December; 1975 to June, 1976 represent the

development of the succeeding year class of gametes that would attain

functional maturity in the autumn of 1976.

Daily Variations in Thyroid Hormone Levels

The total plasma T3 and T4 levels in fish sampled at different
times during the day on June 30, 1976 are presented in Table 2. TA
titres were low in the 0530 hr sample (OVSiO,l ng/ml) in ‘comparison

to the two other samplés taken on the same day. By 1130 hr, T4 con-

centrations increased significantly (p<0.05) to 2.1+0.2 ng/ml.

Like T, T3 values were lowest ﬂn the early morning (4.7%0.4 ng/mi).‘

Unlike T, > T3 concentrations rose less dramatically by 1130 hr (5.5%0.6)
and apparently continued to increase to reach 6.5*0.7 ng/ml by 2030 hr.
Thus, the pattern of daily T3 fluctuation seems to be a gradual in-

crease from early morning to evening. .However, the difference between

the 0530 hr sample and 2030 hr.sample was not significant (0.1>p>0.05).

a
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Figure 6. The reproductive cycle in Salvelinus fontinalis as mon-
itored by ova diameter ‘and female and méle GSI. The numbers of male
and female .fish in each sample are given in Table 1. On November 5

(vertical bar), the fish had .reached functional maturity. No GSI

‘values are given for the November sample, as spawning had commenced
>

(>3

with loss of gametes.
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TABLE 2.

Samples were taken on June?®29,

-39~

Daily cHanges in plasma concentrations of thyroid hormones.
1976 from the same group of fish used

for annual cycle study. Data is presented as mean * 1 SEM. The range
is given 1n brackets. A
Standard
Sample Weight length I T
t ime n (g) {cm) Sex (ngjml) (ng?ml)
0530 4 175426 22.2+0.8 M, 0.5+0.1 4.7+0.4
~(105-227) (19.9~23.7) 1F (0.3-0.8) (3.7-5.8)
1130 6 199+14 23.9+1.1 4M, 2.120.2 5.540.6
. (140~240) (21.9-24.9) 2F (1.6-2.6) (3.4-6.9)
2030 4 220+22 24.2+0.8 M, 2.0%0.7 6.4+0.7
(174-268) (22.3-25.5) 2F (0.9-3.8) (4.7-7.8)
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The Accelerated Photoperfod Group

Data from three samples of fish taken from the accelerated photo-
period group (APG) are shown in Table 3. The slze of the fish were less
than those in the annual cycle study. Tt was noted by the Superintendent
of the Rann Station that the fish did not feed appreciably during the
fi;st three months in captivity. when the initial sample was taken on,
April 29, the fish were seen to be blanched and lean. By the end of
May, pigmentation had returned to normal. The fish had gtarted to eat
by thisltime as well.

Table 4 compares the gonadal state of_fﬁsh from the APG with that
of corrgépOnding monthly samples froﬁ the annual cycle study. It is
clear that up to the end of June, the gonadsvof the fish which had been
exposed to an accelerated photoperiod were n;t different from those of
fish exposed to natural daylengths. By June 30, the ova of both groups
were beginning the secondary growth phase. |

The circulating levels of total TA and T3 of fish in the APG are

given in Table 3. It is obvious that both T3 and T4 concentrations

_were low when compared to the corresponding monthly values from the

annual cycle study (see Table 1). -

Thyroid Hormone-Binding Protein;

Incubationﬁpf fish and mammalian plasma for different lengths of
time showéd that equilibrium was reached by 4 hrrgpwfo and by 2 hr at
209. After these times, no appreciable increase in binding occurred.

The relative extent of binding, as indicated by the percent of *;3
or *TA eluted from Sephadex columns, is shown for three vertebrate

~

species in Tablé/S. In brook trout, *TA—TBP binding ranges from 1.5-10%
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TABLE - Thyroid hormone data from accelerated photoperiod experi-
*ment. In all samples, n=4. Data 1s presented as mean * 1 SEM. The
range is given 1In brackets.
Standard T T3
Sample Weight length (ng?ml) (ng/ml)
date (g) (cm) Sex plasma plasma
Apr 29 99+32 18.8+1.5 4M 1.0£0.2 1.9+0
(37-189) (15.0-21.7) (0.5-1.4)
May 30 87+5 19.5%0.5 3M, 0.9+0.5 2.3+0.6
(74-98) (18.2-20.8) 1F (0.1-2.0) (0.8-3.5)
Jun 29 88+12 20.1+0.8 1M, 1.2+20.2 1.2+0.3
(58-114) (18.4-20.5) 3F (0.8-1.7) (0.8-1.9)

[

~J
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TABLE 4. The reproductive cycles of Salvelinus jontinalis exposed
to the natural photoperiod (A) and to an accelerated photoperiod (B).
Values are expressed as the mean. Sample size is given in brackets.

Ova diameter
Sample (mm) Female GSI Male GSI
date A B A B A B
April 29 1.20 - 0.95 - 0.38 0.41
(2) (0) (2) (0 (&) (4)
May 30 1.28 1.10 1.33 1.89 0.47 0.51
(3 (1) (3) (1) 3 (3
June 29 1.57 1.48 1.78 1.40 0.48 0.59 .
(2) (3) (2) (3) _ (4) (D
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and AT r'l'l%l' binding trow 20=457 Thus, In the brook trout, it appeats
that more 'l'; {4 bound to protein in the plasma than T,. The meonma b ian
A
plasma haod considerably more bound 'I's and T, than did brook trout. in
+

contrast to the teleost, more T, was hound to protein than was 'I',S in
b

mammal ian plasma samples. i
Melatonin Assay

The spectrophotot luorometric scan ot ext ract ed MT atandarvd €1 sy /ml)
is shown in Figure 7.  The peak at %r)u() am is characteristic of S=hydroxy-
or S-—methoxyindole derivatives in acid (Udenfriend «f af ., 1959, Table
6 shows that up;;roxim:ltcly 707 of standard melatonin (1 m',/ml) was -
recoverecd when extracted from a solution of 0.1 N HC1 containing 0.5%
ascorbic acid or when extracted from pineal homogenate. Considering
this extraction efficiency, the method was estimated to be capable of
detecting 100 ng/pineal in the pooled monthly samples of six pineals.

The wfiter was not able to detect melatonin in the pooled pineal
homogenates of immaturerrainbow trout, mature rainbow trout, or in any

monthly sample of brook trout from the annual cycle study.

ot Q‘ﬂ.; L4
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Figure 7. Spectrophotofluorometric emission specrt uw

standard (1.0 Jg/ml) after selective extractio-~ .%+h
peak of intensity at the wavelength of 550 nm .3
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TABLE 6. Efficicency of extraction of melatonin by p-cymene for
spectrophotof luorometric analysis (Quay, 1963) . Melatonin in solut ion
and melatonin added to pineal homogenate were extracted. Relative
intensity (RI) of the extracted sample was compared tg that of unex-
tracted standard (1 0 ug/ml). Excitation wavelength°was 295 nm.

‘Relative intensity-was measured at, 550 nm. .
<
-~ fuy
Ce o © B Q
kl < T - ?
o 1\
Sample and procedure " o % Recovery 2 ;
R - . [ . =] 14 g
- o - o
0.1 ml MT standard (1.0 ug/ml), o ; ; “w e “
o N i ’
extracted with p—cymene. ., 68.5
- (4"determinat ¥ons) @ , . oo = -
o! o a Q¢ -
v o o N o : o 75.5° . e
Q ” = I3 _ ’
o . . s e - 69.0 o .
a - o : .
o < g : . R °
‘ SRR R 66 .0 : .
S e C o0 a 4 [
o : e . .
. . . . a
. < Q o
0.5 ml MT standard (1.0’ ug/ml) ? p R o ‘
.added “to 0.5 ml pineal homo-¢ ﬁ ’ - 7 ’ . ¢
genate (Salmo gairdreri). . - - N ’ .
0.] mt thracted with p-cymene. B S e 72.3 R ' .
° o - ® ° @ o o o N . N =]
IFor the first 4 values, , : S . - e
o . , ° . K - . B LR 5 .
~ RI of extracted sample ° 3 ° e Yo
» 7 recovery = . x 100 ’ Rt
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; » ° 5 Ve T “ ° E
- . . : v : ) 6 o . - “ o
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Discussion

The Existence of Seasonal Cycles
The ébility of an organism to maintain a regulated internal envi-
‘ronment is regarded as being the most significant phenomenon in the
evolution of life. Bernard's concept of homeostasis was an important
contribution to the understanding of biological form. However, it 1is
eagily misinterpreted as mea;ing the maintenanée of a physiological
stQCG‘thatmisvfixed or confined within narrow fimits. Organisms are
only partially free from their physical surrounding in that they must
depeﬁ@ Fm:t%eir environment for the energy with which they slow the
i inegg}ati§‘ént§opic nature of matter. Thus, the milieu organique inter-

feur must be ié dynamic equilibrium with the milieu cosmique ambiant.

The influence of a seasonaliy\changingoenvironment on man as well

S

as other living 6rganismé has long been appreciated. The cyclic

c °

”responsé‘of animals to seasons. (e.g., hibernation, estivation, migra-

is wel%ﬁi@bwn. : e

¢ - ' a
tion, reproduction, verndl crop planting, etc.)

o

In the fir;t half of the. twentieth century, a series of observa-

o .
o = . e

. ,tions elucidated the key mechanfsm by which a major vertebrate control

system, thgcendocrine system, 1is infliuenced by the external environment.

B

. The pitujtary, described agrphe time as the '"'master gland', was found

@

e . to bé under partial control’by factots originating in theé central ner-
12

-

vous System, specifically the hypothalamué (Barris, 1997; 1950; Green
and Harris, 1947). The recent elucidation of the primary structufe.of

two mammalian,hypoghalamic hypophysiotropic hormones (Bd¢ler et al.s,

o

1969; ‘Burgus et al., 1970,,1972; Matsuo et al., 1971) and the isolation

« and partial cbaractérizatﬂon of several others (see Grant and Vale,

o

] i u ©
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1974, Saffran, 1974) have firmly establighed the necuroendocrine control

o

of the hypophysis.
Temperate zone teleosts, which are exposed to annual changes in
such factors 48 photoperiod, temperature and food availabilit}, display
cycles of endocrine activity which allow them to adapt to the seasons
(Hoar, 1959) . Perhaps the best recognized cycle in fish 1ig reproduc-
tion (Hoar, 1969). Seasonal changes in energy utilization (Hoar, 1969)
may be controlled by annual cycles of prolactin synthesis and secretion
(Sage and de Vlammlng, 1975) Furthermore, actions of prolactin may
be influenced by cyclical activity of corticosterodids (Medier, 1972).
There is also evidence to Suggest an annual cycle of growth hormone (GH)
production in teleosts (Brett, 1976) .
Thus, there 1is brobably an annual pattern of circulating levels
in every Pituitary hormone and the corresponding target-gland hormone
in temperate zone teleostsu The changing concentrations of circulating
N

T3 and TA demonstrated in this study of the brook trout (see Figures 3

and 4) provide clear evidence for an annual cycle of thyroidal activity

and responsiveness.

1
|
\

The Concentrations and Natiire of Circulating Thyroid Hormones in Fish
The range .of valueg for T4 reported in the pPresent study show
considerable varilation over the year (see Table 1). However, eyen the

hlghest observed value in an individual sample (4.7 ng/ml) is low\in

\

comparison to total human plasma TA concentrationg. Euthyroid human
pPlasma averages approximately 65 ngdml (Oppenheimer and Surks, 1974)

and levels of up to 125 ng/ml T4 have been reported in pregriant women

(Refetoff et g7. , 1970) Even the lowest levels of TA reported 1in-
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mammals (Refetoff et al., 1970), 6.0 ng/ml in the horse, Equus caballus
ey

and 8.0 ng/ml in the monkey, Macaca mulatta, are well above the mean

TA values reported by the writer for the brook trout (see Table 1.

o )

Total plasma TA concentrations that have b?en reported recently
fof‘iower vertebrates are shown‘in Table 7. All values, except those
of Brown and Eales (1§76) were obtained by‘competitive protein—binding
(CPB) analyses utilizing mammalian TBG as the specific binding prdtein.
The values obtained by thisomethod may be artifically high due to
indiscriminate biﬁding of other iodothyronines such as T3 (Refetoff et
&Z., 1970; Oppenheimer and Sﬁrks, 1974). This could be & significant
source of error”in TA estimation in lower vertebrates which may have

the same or a higher circulating concentration of T3 than of TA (see

below) . Td’titres in lower vértebrates axre generally less than those

-in man. No pattern of T4 concentration according to phylogenetic

development can be discerned based on available data (coqpare Table 7
with the values repoxted in Refetoff et al., 1970).

The Ta values reported in the present ;tudy are at the low end of
the range of poikilotherm T4 titres (see Table 7). They compare favor—
ably with other estimations from the samerspecies, However, it is
difficult to compare values determined by the writer with those of
other investigators who made no mention of the time of year or time of
day when ﬁheir éémples were taken. Comparison of the author's 5até to
other accounts is further hindered by the absence of publiéhed infor-
méc%on on the physiological state 'of the agimal (other than state of
nutrition) and on environmental conditions and histdry. ‘

With the very recent use of RIA for the measurement of T3, there

ijg little data with which to compare the T3 values obtained in this
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study (sce Tables 1 and 7). The valuen of 1‘3 are similar to those

given by Brown and Fales (1976) from pooled plasma gamples of ralnbow

trout (sce Table 7). As with T a dotatled comparison 1s precluded

H'
by lack of informatioun on the fish which were examined by Brown and
Fales. Although there is,disagreement as to normal T'} concentrations

{n humans, it is estimated to be 1-3 ng/ml; or approximately 2X of

total plasma T, concentrations (van Middlesworth, 1474). Like T

4 4

levels of T, measured by CPB (1.5-2.5 ng/ml) were higher than levels
measured by RIA (0.7-1.9 ng/ml) (see 'Normal Laboratory Values', New
England Journal of Medicine, 1974). The levels of both '1‘3 and Ta in
the brook trout reported in the present4study (measured by RIA) and by
Higgs and Eales (1973; measuréd by CPB) fall within the range of T3
values in man.

In the brook trout, it is striking that T3 levels were consistentl&
higher than those of T4 (see Figure 5). Although estimates of both cir-
culating iodothyronines in fish are few, at least one study agrees with
the author's observations. Jacoby and Hickman (1966) estimated values
of circulating T, and T, to be 13 and 11 ng/ml, respectively, in rain-
bow trout, Salmo gairdneri. From analysis of thyroid tissue, the same
authors fouhd‘that the intrathyroidal quantity of T4 was six times
" greater than that of T3. Assuming proportional secretion rates éf
iodothyronines by the thyroid (Pitt-Rivers.and Rall, 1961), the circu-
lating values of T3 and T4 in the brook trout suggest the following:

(1) Tﬁere is considerable peripheral deiodination of T&’ pos-—

sibly to T Estimates of up to 42% of T[‘—to—T3 conversion have been

3
obtained in mammals (Oppenheimer and Surks, 1974) . Higgs (1974) found

the rate of *T4 deiodination to be greater than that of *T3 in the



e

brook trout. In addition, 11V\Q:vln)rt ed the appearance of o large quan:-

tity of ""I's atter fnject fon of *'l‘/ . It {s not known It defodinatfon is
s

an cnzymat Lo or non-enzymat e process fn fish (Hlggs, 1974) .

exceret fon. There [s counslderable

-

(2) There Is a high rate of T

’ 4

biltary excretlon of both thyrotd hormones (n the brook trout (Eales,

19705 Eales of al., 1971) . *T, removal seems to be more rapid than ""I',i

4

(Bales of al., 1971; Higgs, 1974).

(3) The potential for TA removal by cells Is similar to that of

Tj. In man, the distribution volume of T3 is approximately 50 ml1/100 g

and TA 13 approximately 14 m1/100 g (Larseun, 1972). 1In the brook trout,
the distribution volume is about 15 ml for both hormones (Higgs, 1974).
The rate of clearance of thyroid hormones from the blood is a
function of thyroild hormone-TBG binding (Ingbar and Woeber, 1974). The
proportion of free TA in fish %s equal to or less than that of free T3
(Eales ¢t al., 1971; Falkner and Eales, 1973). Hcwever, methods such
as equilibrium dialysis and protein precipitation may measure loose
agsociation of hormones with plasma proteins as well as strong binding.
Qualitative comparisons of thyroid hormone-~TBP binding may afford
a better understanding of phyldgenetic differences in iodothyronine
economy. Such comparisons have suggested thai binaing in lower verte-
brates is weaker than in mammals. Farer et al. (1962) reported smeared
electrophoregic patterns near.the anode of T3 and T4 with plasma of
lower vertebrates as opposed to distinct bands of these hormones which
were discretely associated with protein peaks of TBG, albumin and pre-

albumin in mammalian samples. , The use of starch gel support, which

$

14
weakly competes for thyroid hormones, caused dissociation of T3 and T4
/

—

from proteins in lower vertebrates (Férer et al., 1962). Falkner and



ales (1979 atuo reported digsocfat fon of 'I',l and 'I'/' from protefus using

starch pel clectrophoresta (o plasma samples of Salvel Des fout el L.
The data reported here on T cand T, TRy binding (see Table 5)

agrees with the ecarller flndings ‘(n fish that show a weal assocfat fon

of thyrofd hormones with plasma proteins.  In human and ground squirrel

sera, thyroid hormone binding is stronger to TBP than to the Sephadex

(=25 matrix. Also, in mammals, the percent of bound 'l'[. appears to be

higher than that of bound '1‘3. In the brook trout, ’I‘,} "mld 'l'[‘ bLnd'I’,hg, .

N

to. TBP appearg to be consistently weaker than bindingwt‘b the Sephadex
gel. In contrast to mammalian samples, tl;(z binding of 'f‘,3 to TBP appears
to be gtronger than the binding of ’l‘[‘ to TBP.

In lower vertebrates, which lack the specific, high atfinity TBG
of mammals (Farer ¢t al., 1962; Tanabe»ct al., 1969), methods which
measure a loose association of T3 and TA with plasma proteins may not
provide data which can be interpreted in terms of their physiological
value. In the brook trout, a.larger proportion of T3 was found to be
unbound than of TA’ as measured by protein precipitation. Yet the
biliary excretion of *T4 was found to be greater than that of *T3
(Eales et al., 1971). The binding data from the present study show T,

.TBP binding to be weaker than T,~TBP binding. This suggests that the

3
disposal rate of TA may be greater than that for T3 and may account for
the low levels of circulating T& andyfor a Té/TA ratio that 1is greater
than unity. |

Another explanation of lower circulating levels of T& than of T3
is simply that less T4 is being produced by the thyroid. This could be

a consequence of low environmental iodine; it is more economical to use

three iodine molecules per iodothyrcnine than it is to use four (Studer

4]
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ctoaadl oy 1974 00 However, this 1s not supported by analysts of thyrold
tinnue (Jacoby and Hickman, 1966). More fnsipht Into the fodine fodo
thyronlne cconomy could be provided hy RTA determinat fon of the {ntra-

tollicular T, and T, concent ratfons o the brook trout .

3 4

I oone consltders the free levels of TA Capproximately 0.1-0.5 Qﬁﬁn”
and the free lovely of 'Yv} (approximiately 0.01 ng/ml) [0 mammalyg (van
Middlesworth, 1974), toleosts appear to have more thyrofd hormone
readfily avallable to the cellular bindirpy proteins. The i,"'g Heatfons
of this are not clear. In general , s;‘cms taar tine <'on[. rols fn thy-
roid hormone action medfation such asg low level:s of free, clreculating
hormone avaflable to high affintty cellular receptors speclfile to '1'3
(Oppenheimer and Surks, 1979) and large stores of circulating 'I‘A—'I‘H(}
and Tj—TBC to buffer the demdind of the cells (van Middlesworth, 1974)

are absent 1in present day teleosts. Instead, teleosts may represent

a stage in thyroid evolution in which TA and T3 have gimilar Intrinsic

.

bilological activities.

Possible Causal Factors in th Cycles of Circulating T3 and T4

The annual profiles of T GSI, ova diameter * mperature and

3> 4
photoperiod are summarized in Figure 8. The changingwavels of T3 and
TA are clear evidence for an annual cycle of ci;Fulatihg concentrations
in both thyroid hormones. The timing of these cyclés is probably in-

fluenced by seasonal changes in the environment. Examination of Figuré
8 suggests tlat a simple relation between plasma levels of thyroid hor-
mones and either photoperiod or temperature does ﬁot exist. Although

T3 and T4 reach their lowest concentrations at a time of decreasing

photoperiod, both show increasing;leveis when daylength is still
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Figure 8. Summary of data from annual cycele study showing daylength

For latitude of 50 n, maximum and minimum monthly temperatures, the

v

reproductive cycle (epp, diameter, male GSI and temale GSI) and mean

The vertical bar.denotes time

circulating levels of total T,} and T, .
. 4

of spawning.
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diminishing. Simila}ly, the spring peak occurs at a rime of increasing
photoperidd, vet the levels of both hormones'begin to decrease before
the summer solstice. In this study, where fish vere held in a pond
with a swife uaterlcurrent, temperatgre remajined continuously low,
varying no more. than 497 during 4 month and no more than 50 over the
entire yearw(FigureCB). It is highly ‘unlikely that these minor varia-
tions in temperature account for the fluctuations in hormone levels.

The levels of T and T4 may have been responding to physiological

3
chenges within the,fish. As the endocrine system controls long-term
seasonally sensitive pProcesses of vertebrate physiology, the changing
levels of thvroid hormones Suggest a functional relation between the

thyroid axls and other endocrine axes. These«may be occurring centrally

(hypothalamus and hypophysis) Oor peripherally.

inyolvement of the thyroid hormones in the control; of reprodyction. In
'exploring the nature of th?roid—reproduction assoEiation, one must con-
sider the meaning of an alteration 1in circulating hormone concentretion.
The circulating level of a. hormone is the net result of rate of secre-
tion and rate of disposal. One interpretation of declining hormon;
levels is a lower rate of synthesis and secretion without alteration of
the rate of utilization or. metabolic clearance.

The cyclicity of gonadal maturation in fish is controlled Primarily
by gonadotropin (GTH) release: (see review, de Viamming, 1974) . Circu-

lating levels c- ¢ increase in male and female brook trout and salmon
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(Salmo salar) in the late stages of spermiogenesis and oogenesis,
reaching their highést values during the spawning period (Crim et al.,

. %
1975). Gonadal stéroid levels gradually increase during development

and differentiation of cvarian and testicular tissues (Barr, 1968;

=}

Lofts, 1968). 1In brook trout, it is thought that the decreasing day-

,

“@ere as a stimulus to the rapid phase of

lengths of summer and autug
L o

gametogenesis, possibl igmenting GTH releaée (Henderson, 1963).
T3 levels begin to deciine at”the time of increasing gonadal

activity (July; Figure 8). Decreasing photoperiod may stimulate re-

lease of TIFvaRB\Qhus decrease the circulating levels of TSH. This

- <

could cause’a preferential.inhibition of thyfoid T3 secretion (Taurog,.

1974), lowering the ratio of circulating T, to T, (see Figure 5).

In a recent réview, M. Fontaine (1976) coummented on the possibility

that the thyroid,%pfluences GTH secretion in fish. Thus, low levels of
) : 6

T3 may sensitizévthe gonadotropés in brook trout to decreasing day-
length. Sage and Bromage (1970b) fognd evidenée of a negative feedback
between TA and gonadotrope activity‘in the guppy. LaRochelle and
Freeman (1974) have.shown that thyroidectomized rats display a greater_
regponse of LH and FSH secretion to ova;iec;oﬁy. .Thu;, in the b;oﬁk
trout, the GTH cells m;y bg released from an inhibitory feedback by
tﬁyroid hormones during the summer months. The decline Pf T4 levels

-

in the month prior to spawning (Figure 8) may have a s;milar sensitiz-
ing role. The combined effects of low levels of both thyroid hormones
could contribute to the surge in cifculating GTH observed durinégthe
month prior to spawning by‘Crim et al. (1975).

In addition to decreasing photoperiod, ‘low levels of T3 and TA

prior to spawning could be due to an inhibitory action on the thyroid



" thesis and secretion. It is possible that T
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o

axis by rising levels of gonadal steroids. In the guppy, Sage and
Bromage (1970b) obtained evidence for a negative feedback of gonadaﬁ

hormones on the activity of pituitary thyrotropes.

N

A second fntetpretation of altered thyroid hormone levels is a

change in’the disposal.rate of .-T. and T, with a.constant rate to syn-
. p - 3 a 94 o

" ' and T, binding to cellu-
P2 3 4

lar ptoteins mav irreversiblv rémeve the hormones from the circulation
. ~ * N B °

o o

(Oppenheimér and Sufksi 1975). Barrington ané Matty (1954) speculated
tgat”t%e thvroid was involved directly with gonadal development. In-
creased urilization ;f thyroid ﬁormone (in the autumn). is furtger gﬁg—
gested g? the fact that- the standard metabolic ra;e of brog} trout _ig

highest during the s; wning periqd (Beamish, 1964). Normal thyrgid

secretion is a prerequisite to proper gonadal function, particularly

o
S o \

in females, in both fish (Ball, 1960) and higher vertebrétes (Bray and
Jacobs, 1974). :If thyroid hormones, especially T3, were involved in

the control‘of,the rapid phase of gametc .cnesis (July to November),

then increased ut;Iizétion'might acc. unt for the reduced levels of
rhyroid hormones. This implies that the feedback mechanisms are

unable to ensure constant blood levels of thyroid hormones iﬁ the face
of inhibition byidecreasing photopgriod and igcreasing gonadal steroids.

The "two interpretations ef decreasing thvroid hormone levels are

not necessarily mutuall} ;xclusiye. Thyroidal stimulation of.gonadalA
development may,occur in summer, before. high titres of GTH or sté}oids
are secretei. SuBsequently, decreasiag lqvels of T3 and T& may allow
increased GTH secre{ion and thus, increased steroidogenesis. In the

final phase of maturation the possible gonadotropic ;ole of T3 and TA

may/be reblaced by gonadal steroids. Thus, thyroid’hormones may be

o

&
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gonadotropic at the level of the gonads and still exert an indirect
antlgonatropic effuvt through an fnhibitnry influence on GTH secretion.
In considering the low levels 0; 'I‘3 anduTa during the spawning
pertod, attention should also be given to thg avalilability of iodine
for thyroid hormone svnthesis. The iodine content of the pond water
was Ve;YDIOW'(Wl.h ug/}5 in comparison to t;e concéntrations reported

i

“for manv freshwater bodies (1-6"ug/ls Livingstone, 1963). The prin-
c}plc source of fodine was that §oht3inod in the food given to the

fish (approximately 3 mg;iodpne/kg food). Feeding, and thus, dietary
intake of iodine i; decreased prior to the breeding period:; This could

have the effect of lowering the rate of iodothvronine synthesis and

blood levels of T3 add TA' Iodine is accumulated by the ovaries

¢
o

(Leloup and Fontaine, 1960). Thus, the rapid growth of ova prior to
spawning might diminish;%he supp1§ of iodine to the thyrojd (gtge,'197%2.
If this® reduction was significant, one‘wéuld find differences between
male and female trout at ér near the time of spawning. No ;uch dif-
ferences were found in fish safipled at any point in the vear.
Another possible endocrine—thyroidjassociation in- the brook trout
s that with growth hormotie, klthough thyroid hofmones are known to
h;ve rrofound effects on growth in higher vertebrates (Ingbar and
Woeber, 1974), their role in teleost growth is far from clear. On the
basis of available data; Gorbman (1969) concluded that in fish, the
thyroid hecrmones mav have onl& a permissive effect.
In freshwater teleosts; growth is stimulated by long or increasing
daylengths. In laboratory studies, an increased growth rate ié usually

not observed until six to eight weeks after application of a stimulatory

light regime (Brett, 1976). The circulating titres of both T3 and T,

PR |
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reach their maximum levels in the brook trout in mid-spring when day-
length is increasing (Figure 8). It is possible, that the high levels
may be a response to increasing daylength that is associated with an

enhanced growth rate typically seen in spring and summer months. In

¢

addition to being directly involved in the anabolic processes of groch;
thyroid hormones may have an indirect stimulatory influence on growth

by promoting the rate of secretion of pituitary growth hormoné (Sage,
1967) .

The possible basés of thyroid-gbnadal and'thyroi@ﬁgrowth relations
Qiscus;ed above are speculative. The possibility exists that the link
between the thvroid and reproduction or between the thyroid and growth
mav be correlative réther than caugal, with all three activities being
regulated by Seasonai changes in environmen£al factors; - The possibility
of the existence of a role of the ;hyroid in réproduction and_growth
needs to be resolved by further work. -
Daily Variations in Thyroid Hormone Levels

Although limited, the data reported infTable 2 suggest the existence

of a diﬁrnal cycle in the circulating levels of Tj and Ta»in brook

trout. The general trend appears to be an increase in levels of T3 and
TA during daylight hours. As in the annual cycle study, light seems
to exert a stimulatory effect on thyfoid secretion. Daily patﬁerns'of’
feeding and locomotion are also likely to be involved in changes in cir=
culating titres of the thyroid hormones.

The existence of diﬁrnal rhythms in blood levels of hormones in
vertebrates is well known (see Weitzman et al., 1975; M. Fontaine,

1976). The observations in brook trout point to the need for a more

detailed study. More importantly, they emphasize the need for investigators

5.
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to exercise care in the design, interpretation and reporting of thelir

experiments. TIn the annual cycle study reported here, all blood sam-

ples were collected wiﬁhin the same 90 minute period (1030-1200 hr).

Accelerated Photoperiod Group

Ekposure of brook trout to an accelerated light fegime had no
" effect on the rate of gonadal development (:sce Table 4). The experifient
Qas discontinued ,in Augusg, 1976. The negative result is likely due
to the fact that the fish were in their first reproductive cycle.
While an accelerated light regime can hasten the time of functional
maturity in adult brook trout which are in their second or succeedidé.
reproductive cycle,.such a regime is without effect when applied to
fish 1in their first cycle (Henderson, 1963). .

-The data from the APG provide a clear example of dependency of
thyroid metabolism on the physiglogical state of the animal. The fish
in the APG were wild-captured and confinement in the experimental tank
unboubtedly served as a major sfressor. Non-specific trauma has pro-
found effects on the thyroid axis tLéRochelle and Freeman, 1974). Lack
of feeding was no doubt g mapifestation of trauma. The levels of T3
and T& in the three samples were subnormal (Table 3) when compared to
' the levels of the corresponding ménthly values from the annual cycle
study (Table 1). This agrees with Higgs and Eales (1973) who found
generally lower T4 values in starved than in fed brook trout (see
Table 7). Higgs (1974) also found a general depression of thyroid
metabolism during starvation. This study re-emphasizes the neceésity
of considering experimental conditions before comparing data or forming

conclusions (Barrington et al., 1961).
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Melatonin . . j N

The extraction efficiency reported here (Table 6) compares favor-
ably with that obtained by Quay (1963; 73%Z recovery). The detection
limit of the assay (100 ng) was well below the levels reported in sal-
mon pineals byrFenwick (19703;,180 ng/pineal in mature fish).

In the light of previous studies,.it is surprisiﬁg that no 5-MAT
was detected in brook or rainbow trout pineéls. Recently, we were
advised bv T, ”7 Fenwfck (pers. comm.) that before assaving 5-MAT in
rainbow trout, the fish had been held in total darkness for several
davs prior:to sampling. It seems likelw that the discrepancy between

Tenwick's »bservatinns and those reported here is due to the fact that

the ‘ish used in mv studv were exposed to natural cycles of daylength.

Investigatinn nf the pineal demands e development of more sensitive
technianes such as PlA for the measurdment of normally-nccurring con-

centrations ~f 5-MAT.

e
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Appendix 1

As mentioned in the text, the Mallinckrodt kit T3 RIA was used
initially. 1In this assay, antibody and plasma sample are added to a
vial containing *T3 and 8-anilonapthalene sulfonate (ANS), an inhibitor
of T3—TBG binding. After 90 minutes of incubation, the unbound T3 (*T3
and T3) is removed by adding an anion-exchange resin strip for 60 min-
utes.

If no an;ibody is added; then all T3 should be unbound, and thus
removed during the resin strip incubation. However, in vials with rain-
bow trouEﬂplasma and no antibody, up to 40% of *T3 remained after the
resin strip incubation.

Two approaches were taken in an attempt to reduce this false "bound"
valué.

’ygﬂl?creasing the potential of the anion-exchange resin strip to
. o

i A
removgfﬁﬁﬁbund hormone.

(2>]£emoving any non-specific binding agents (e.g., protein or
ligid)b& chloroform-methanol extraction.

To achieve a better separation of bound froT free fraction, the
incubation time of the fractions with the resin séripvwaé increased from
the recommended time .of §O ﬁin to 120 min in 15 min intervals. Also,
two resin strips were placed in vials in order to increase the total surface
area of the ibn—exchange resin. "Both of these attempts to increasg‘)
the capacity of the separation step had no significant>effect on the
false ”bbund" radioactivity. Thus, 1t was conCludéd that other agentéu
existed whose binding was not inhibited By ANS.

Next, chloroform-methanol extraction was tried as it not only de-

natures proteins but also provides a non-polar phase which removes some

d

.
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of the 1lipid. The extraction-method wag one used earlier by the
writer at the Massachusetts General Hospital. The procedure was as
follows:

(1) 0.5 m! plasma sample, 0.5 ml H,0, 2.5 ml CHCl, and 5.0 ml
CHBOH were added to a 60 ml separatory funnel. The contents were
mixed, depressurized and incubatéd at room temperature for 30 min.

(2) 2.5 ml CHCl3 was added, tﬁe contents mixed and depressurized,
and the twé phases allowed 30 min at 40 to separate. .

(3) The methanolic phase was Cransferréd to a 15 ml centrifuge
tube and the denatured proteiln was precipitated by centrifugation at
3000 x G for 30 min.

(4) The supernatant was franéferred to a 10 ml test tube. The
pellet was washed oncégyith 1 ml CHCl3 and this was added to the super-

&

natant. The tubes were then placed in a 300 water bath and CHCl3

was
evaporated by introducing a gentle stream of‘nitrogen into each tube.
. v /A
"(5) The residue was resuspended in 0.5 ml distilled wate& 100 ul

aliquots were assayed from each sample.

Reproducibility wés tested by extracting several- 0.5 ml ali:nots ef
pooled plasma from three rainbbw trout. Percent recovery was tested by
comparing extractions of a knowﬁ amount ;f standard with unextracted
standards. : ‘ S

The ééthod reduéed non-specific binding from 40% to 7%. However,
percent recovery, and therefore, réproducibility was not conéistent. Also,
by this tiﬁe, the first plasma samples from the annual cycle study (see

text) had been taken and it was clear that an assay requiring lower

sample volumes would be needed. Finally, the Mallinckrodt assay was

/’“““-\-'
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abandoned with the évailability of a more reliable and easier extrac-

tion method, the alkaline Sephadex assav (Brown and Fdles, 1976; see

above) .

o
Appendix I1
The protocol of the radioimmunoassays for T3 and T4 is given in
detall by Brown and Eales (1976). The Sephadex columns -are equilibrated
and evored with 0.1 N NaOH. All reagents and columns must be at room
temperature. - The columns are drained, the bottom capped and the plasma

sampie (50-200 pl) and trargk‘(Lah&f‘ﬁh hormone) (100 pl) are applied

to the column. The co um&?ﬁ S i

N {)\"‘3 ~ , )

column allowed to drain. 'kou 4§ nd denatured protein are washed from
PN

rl@d gentlssthe cap removed and the

% 3 ml buffer. The columns are then placed Lover 10x75 mm

-

4

and 1.0 ml of the antiserum solutlon applled to the

columnﬁ‘g kﬁ) column is covered and incubated for 90 min. The hormone-

antibody complex is eluted from the column with 2 ml buffer. The tubes

are capped with parafilm and counted for 10 min or 10,000 CPM.

The buffer used forithe T, RIA was 0.075 M barbitol buffer, pH 7.4.

The buffer used for the T3 RIA was O 1 M sodium phosphate (dibasic) l?

with 0.03 M EDTA, pH 7.4,

i



