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ABSTRACT

Thyroid activity of brook trout, forced to continually swim
against a current for several weeks (current fish), was compared to
that of fish in still water (calm fish).

Following radioiodide injection, % uptake of radiocactivity by
the thyroid, thyroid/serum retio, serum protein-bound radioiodide,
and conversion ratio, indicated a small but not significant increase
in thyroid activity, due to exercise. Serum inorganic radioiodlde
loss was faster for current fish in two out of three experiments
mainly because of gréater extrathyroidal excretion.

Levels of serum stable lodide (1271) increagsed for both groups
during the experiments, possibly because the fish were starved.
Current fish averages were consistently higher. The slow metabolism
of radioiodide in the brook trout, and the considerable variability
in radioiodide parameters between individual fish, were shown to be
due to the high and variable serum stable lodide levels. T/S and CR
were inversely related, ﬁhile serum 11251 was directly related to
total serum iodide (1271). % thyroid was often drastically increased
when total serum iodide was low.

Following 125I-l-thyroxine injection, rate constants for loss
of serum protein-bound radiciodide were faster for current fish. Fish

1251

forced to swim for 5 days did not show this effect. Faster PB
turnover rates for current fish were attributed to increased billiary

loss of thyroid hormone.

iv.




The level of total serum thyronines was always slightly higher

for current fish. For both groups it was extremely low.

Thin layer chromestography of sera from fish 25 hr after‘Th*
injection revealed substantial amounts of T3*, radiotriiodothyronine,
in addition to Tk*’ radiothyroxine, and 11251.

It is concluded that for the brook trout, under the conditions
of this experiment, there is no clearcut relationship between
metabolic stress, due to exercise, and thyroid function. Any changes
in thyronine turnover could be attributed fo alterations in biliary

loss.
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INTRODUCTION

Although thyroild hormones are related to metabolic functions
in homeotherms, this relastionship is less predictable in poikilotherms,
being particularly controversial for fish. There have been two main
approaches to the problem in fish.

In the first approach, most studies have involved measuring
changes in metabolic rate (02 consumption) following administretion of
thyrold hormones, TSH, thyroid inhibitors, or radiothyroidectomy.
Unfortunately there has been little standardization in procedures
(Smith and Everett, 19%3; Hopper, 1959; Pritchard and Gorbman, 1960;
and Mohsen and nget, 1960). This is especlally apparent in the manner
by which thyroid hormones have been given (injection, in the food, and
addition to the water) and the dose administered. In almost all
instances, doses of thyroid hormones have been tried, without knowing
the normal physiological level of the circulating hormone snd its rate
of turnover for the species under investigation. The importance of
this one variable alone, in the type of response that might follow,
cannot be overemphasized, since in mammals Tata (1964b) found completely
different effects following the administration of excessive or small
doses of thyroid hormones. Similar criticisms could apply to the
administration of antithyroid compounds and methods of thyroidectomy,
both of which could result in side effects. From the variety of
experimental conditions used, the controversy surrounding the re-

lationship between thyroid function and metabolic rete in Pish is not




2
surprising, and it is often statéd that positive results represent the
exceptional cases (Gorbman and Bern, 1962). So far little has been
concluded from the first type of approach.

The second épproach is to follow changes in thyroid activity
when the metabolic demands placed upon the fish are increased. This

has been attempted in & preliminary fashion by Fontaine and Leloup

(1959) and Eales (1963) in Salmo gairdneri; and Bonnet (1970) in Mugil
auratus. In each case metabolic rate was increased b& forcing fish to
swim against a current and these fish were compared with controls,
elther in a redﬁced flow, or in still water. Although there were
indicationg of increased thyrbid activity, solely based on redloiodide
metabolism, this was by no means clearly established. Within a
particular study all radioiodide parameters of thyroid asctivity were
not influenced. For example, uptake of radioiodide into the thyroid
was not in all cases elevated for the current group. Bales (1963)
obtained slightly higher uptakes for his control fish.

No attempt was made to replicate results and the maximum
duration of any of the experiments was 18 days, with the total number
of sample times only being 4. No attempt was made to study radio-
thyroxine turnover. However, cgrtain results, which so far have not
been verified by any research to date, were found:

(1) Both the level of total stable iodide and total hormonal

iodide were increased for fish in the current (Fontaine
and Leloup, 1959)
(2) Current fish were noted to have an incressed rate of extra-

thyroidal iodide excretion (Eales, 1963)




(3) Intrathyroidal (iodide and iodotyrosines) were affected by

swimming (Bonnet, 1970)
In the present study thyroid function and iodine metabolism have

been compared for brook trout, Salvelinus fontinalis (Mitchill) held

for prolonged periods in a continuous current, and in still water.
Besides studying radioiodide metabolism, the periphgral metabolism of
radiothyroxine was investigated to obtain indications of hormone turn-
over rates and changes in excretory pathways, with exercise. Also the
influence of exercise on levels of circulating thyronines and stable
todide (271) was followed.

In this way it was hoped to obtain a more complete picture than
that available from previous studies.

Brook trout were used because they could be obtained in large
numbers, and because it is known that certain brook trout exhibit
anadromous qualities and a definite migratory pattern, having to swim
considereble distances. Sea-run fish have been observed off the
eastern shore of Hudson Bay and they inhabit streams and therefore

are naturally subjected to currents (MacCrimmon and Campbell, 1969).




LITERATURE REVIEW

This review encompasses four aspects of the study.

The Thyroid Gland and Metabollc Rate in Vertebrates

1. Homeotherms

The thyroid gland of homeotherms influences metabolic rate.
According to Tata (1964), Magnus Levy in 1895 first discovered the
correlation betﬁéen metabolic rate and thyroid activity, in man.
Since that time thyroid hormones have been shown to affect metabolic
rate in other homeotherms (Pitt-Rivers and 'rrot"cer, 196k; Tata, 1964a).
Metabolic response to thyroxine can occur at an early age, as has been
shown for the rat (Tirrl, Pantio, and Tarkkonen, 1968) and the pig
(Kaciwba-Uscilko, Legge and Mount, 1970). The latter authors found
& high sensitivity to thyroxine in the young pig, during its first

week after birth, when the hormone was not bound to plasma proteins

to the same extent, as in the older animsl.
A correlation between the biological half-life of thyroxine
(Th) and metabolic rate was achieved in the thyroidectomized rabbit
by Tonoue and Yamamoto (1967). They concludea that Ty accumulation
in peripheral tissues led to an increase in metabolic activity, which :;;i
accelerated the Tj disappearance rate by raising diffusion and, or,
degradation rates of Tj.
The mechanism of thyroid hormone (Th and triiodothyronine

(T3)) action in mammals (reviewed in detail by Tata 1964 a,b and 1967)



is still not clear, although certain concepts are emerging. The re-
sponse to thyroid hormones depends on the dose. Excessive or
pharmacological doses reduce the latent period bétween hormone
administration and the metabolic response, and also uncouple oxidative
rhosphorylation of mitochondria. This uncoupling leads to increased
oxygen consumption, by a compensatory elevation of substrate éxidation,
to overcome decreased efficiency of mitochondrial phosphorylation. In
contrast, physiological doses of thyroid hormones are associated with
long latent periods and produce anabolic actions. These actions
include: |

(1) acceleration of n RVA synthesis and purnover;

(2) increase in the incorporation of amiﬁo acids into protein

by mitochondria and microsomes;

(3) increase in mitochondrial respiration and phosphorylation;

(k) depletion of hepatic glycogen.

From these and other observations, Tata concludes that the
calorigenic action of thyroid hormones at physiological levels is
secondary to a general stimulation of cytoplasmic protein syﬁthetic
activity. Inhibition of normal protein synthesis resulted in failure
of physiological doses to stimulate basal metabdlism.

Thyrold hormones are not the sole hormonal regulators of
metabolic rate. For man and other animals both T3 and Th potentiate
the metabolic effect of catecholamines (Svedmyr, 1966; Tanche and
Therminarias, 1969). In adrenalectomized mice, T), failed to augment
metabolic rate. Small doses of adrenalin administered to adrenal-

ectomized mice restored the effect of Th on oxygen uptake




(Subrahmanyam and Lockett, 1965).

2. Poikilotherms

The metabolic response to thyrold hormones in cold-blooded
vertebrates has, so far, been inconsistent. Several reviews (Lynn
and Wachowskl, 1951; Pickford and Atz, 1957; Dodd and Matty, 1964 ;
and Gorbman, 1969) indicate a division on this subject. For con-
venience most of the relevant literature has been tabulated (Tables
I, II, III). 1In Table I, thyroid hormones administered by a variety
of methods and in varying amounts, led to increased metabelic rate
in some poikilotherms but not in others. Even within a specles
different responses have been obtalned, for exaﬁplé, in Carassius

auratus and Lebigtes reticulatus. It can be seen from this table

‘thet animal age (weight) could influence the response (Smith and
Matthews 1948; Milller, 1953) as well as the experimental temperature
(Maher and Levedahl, 1959; Maher, 1961; Maher, 1965; Wilhoft, 1966;
and McNabb, 1969), dosage of thyroid hormong (Hopping, 1931; Lewis
and Frieden, 1959; Thornburn and Matty, 196&) and the method of
hormone administration.

Antithyroid compounds (Table II) do not always depress oxygen
consumption (Chavin and Rossmoore, 1956; Pritchard and Gorbman, 1960)
and in one study actually increased metabolic rate (Picos, Schmidt,
and Popovici, 1969). Thyroidectomy, in general, does not lead to
decreased oxygen consumption (Table III). However, Maher and Levedahl

(1959) and Maher (1965) stressed the importance of temperature in



Table I. Influence of thyroid hormoses oa whole body or tissue
metebolic rete in poikilotherus
Length Method
Bpeciee Tissue Volume o Tempgmbuxv Thyroid Hormone Dosage of Response and Remarks Author
Weight C or Bxtract Administration
:ii:%:::rieuu blood 6-10 mi. 30 Ty b5 x 10'_‘33. singie injection 150-190% above centrol Hepping
migelesiplensls 3 x 1079%. . 3 days after sdatn. (1931)
. No chenge.
Rans temporeria Ty injection Ko change *Hennschel
—_— and
Steuber
(1931
(p.T.
Lebistes reticulstus 22 om. 20-22 Th 13500,000 Added to H,0, B0 No change #*Drexler
changed dsily for and
15 days Issckuts
(1935)
(s&EB)
Cyprinus nuscle 30 Ty 1x 10'155-/ in vitro Respiration stimu- *Hasrmann
ml. lated at optimum (1936)
conceatration (r&a)
Opeanus tau 3508 28 le Total dose injection 2-3 ng/day|No significant effect| Foot azd
{dis0dium salt ranged from for -5 days. (4 out of 5 pairs). Etkin
"Roche®, img/nl.) 10 to 23.5mg{ Controls distillied |In 5th rise of 28%, (1937)
HpO, pHIL 9th to 12th day after
1st injection
Caressius surstus 28-27 Desiccated thyroid ig. fresh Fed with food (11l) |No significent change | Etkinm,
tablet gland sub- every 2nd dey for even after T-9 weeks Root, and
stance or week or more. of thyroid feeding Mofshin
2/5 gr. U.8.H. Controls fed every (19%0)
powder day .
Rana pipiens Desiccated thyroid Yed liver pulp 2x/wk | Increase in 0o *Warren
or Ty with snd without consumption (1940}
sddition of desiccated (P &A)
thyroid or T
Ceressius suratus 18-h0g. 20 L¢ 1-6 ng. intraperitoneal No significant change|l Hasler
(Rocbe—()rzanon) injection Eech fish itz own and
and control - Meyer
{Squibbs crystalling) (1942)
Lebietes peticulatus 2 m. T 2h-25 Desiccated thyroid Fed with food (1:1) Experimentsl group Swith
powder Controls regular food4 consumed 12.5% more eand
Feeding 7 deys or O, on everage. Everett
more Difference not (19%3)
significact
Bathystom 10-323. 20-25 Parrot fish thyroid single intraperitoneal] Significant rise in Smith
. extract injection 0, consump. in those and
fiuh 15g. or more Matthews
within 2k hours after] (1948)
injection. Ko change
. in fish 16g. or less.
Carassius suretus 3.5-83g. 15-22 ™ 1 =g single intreperitoneall Increase over coantrol
iojection Animals over 15 grems
bad higher Op consumpp
"l‘b 0.1-2.0 ng. |injection every 3 After 6 to 8 injectiohs
days mariced increase in Mlller
consump. In another | (1953)
exp. old animals had
x 0, elevation of
. 103%, younger animals)
k3.6%.




Table I {cont'd)

Controls same volume
saline

as factor mediating
" response

Temperature suggested

Length Method
8pecies Tissue Velune exr Tcmgexetum Thyroid Hormone Dosaye of Response and Remarks| Author
Weight (4 or Extract Administretion
Acipenger stellatus Tk 1:2,000,000 Added to 520 Reversed effect of #Zaks aod
larvae thiourea, 0{ Zamkoya
consumpticn®contro (1952}
level (P &A)
2 -
skio O mm. 24.8 T 1110,000,000 |53 lervel snimals x Oy consump. of T, Barch
Fana pipiens (stages 33 k placed in solution treated sking b (1953)
IX-XIV) of Ty (12 5al. for significantly higher
#8 nre.) than controls in
every stege except
XIv -
Th-cholelterol 5 pellets implanted In 12 of 1% cases
pelletes subcutaneously on QOE of experimental
(20% T») right side. Control | side significsntly
pellets on left eide.{ higher than control
Left in 72 brs. then | side
Q, consump. measured.
20-30g. * by Fed to fish Ro significant Baraduc
Salmo gaindneri 308 . incresas in (195h)
metabolism
Carassius auretus 2h-25 DL-T, 0.5ng. injected dsily for 3 | No significant change Chavin
L] days. Saline injected in Oy consump. of end
controls intact fish Rossmoore
(1956)
Psevdoscarus guavemsia 800-1400g . 20 Parrot fish thyroid 20umg. intraperitoneal Ko increase in Matty
e extract injection consump. when either] (1957)
L-Ty Sug- controls - saline parrot fish thyroidextract
. or L-T; injected.
Measured 10-12 hrs.
W . sfter injection
Carassius suratus 10-15g. 20 DL-ny, 1:2,500,000 fish immersed in No significant change{ Hoar
solution {changed in stendard or active| (1958)
every 3rd day) metabolism. T
increased NH, nitroge
content of H30
Lebistes reticulatus - cot controlled [ Kammalian thyroid 0.3g. {0.01%) | sdded to H,0 Significant increese | Hopper
powder HpO changed and 1n 0, _consump, (1959)
hormone renewed 2x/wklexp."x = 321 m/kg/hr
for k5 deye control £ = 279 ml/kg
hr. Used wature
females approx. same
weight
fana grylio . 1.0-1.58. 23 L-'1'3, Lﬂ‘k Different single intreperitonea}l Both T, doses stimu-| Lewis
N dosage levels | injection lated ), consump. of | and
tried controle injected with tadpole to sotme ex- | Frieden
T3 (50n1;,1.0{ saline tent. Increase of (1959)
% 107 704 in terms of .
5Qul; 2.0 consump./g. tadpoie.
x 10 M) Larger dosage of T,
Ty (109&115 2.4 than of Ty nquim&
x 1079M) to obtain’significan
. response
Anolis carvlinensis 3-66. 21-2h Fa-L-T)y 20 gamme in intraperitoneal 8ignificant increase
0.025mi. of a | fnjection/day/animal | in one out of four
0.9% NaC! solr.for & wks. experimeats
Also 10 gamma | Controls same volume
tried saline
30 . 10 gamma intreperitoneal After one week 30% Maber
injection/dny/lniml focrease over controls. and
for 3 wks. Two weeks 705 greateg. Levedahl

(1959)




able I (cont'a)

Method
Species Thyreid Horuone Dosage of Response and Remarks Authoy
or Extract Administration
Squalus suckleyf LJI‘S, l"&h 10,ug or 100 | intraperitoneal Tiy (10ug) - In 2 out Pritchany
(eubry;) Mg tn 0.05 wi| injection on alter of 4 experiments and
nate days elevated O, consumb. Gorbman
Controls 0.7% NaCl above controls (1960)
Total number of 10-20%
injections given fn [T, (I0Q2g) - In one
two day intervals test 12% increase
usually 8-10 above controls
T3 {(10Gug) - con-
. sump. 18-20% above
controle
Rasponses with larger|
doaes observed 10-16
days after beginning
injections
Protopterus 'r~ (Rocbe) 0.5ml. single intramuscular | Incresse in O, con- Hohsen
injection sump. one day after and
each fish its owm injection, maximal Godet
control after b days. (1960}
Tihpia mossambica é grein thyroid Fed Increase in Oy con- Madanmo- .
tablets (BDH) s.mp. on lst day hanreo i
. after feeding {1961) :
Maximal rate 2nd or ;
3rd day ;
Lacerta murelis L-’!‘h 0.2 gnmu/s.b w. daily injections 20% increase after Maher
in saline controls same volume | 1 wk; 2 wks 36%, (1961)
. saline Within 9 days at 20°C] '
no differeace . i
b At 302 incresee of i
k5% after 1 wk. {
Suggests temperature i
) influence i
Fecturus maculosus LTy, LT, 2kQug in 0.5| dntreperitoveall No significant dif- Gelton i
—_— . 3 wl. 50% injection 3x/wk ference after »-7 and i
propylene controls 50% propylenp weeks with T) and '1‘3 Ingbar i
glycol glycol treatment (T% (1962) H
DIT & MIT MIT and DIT no effec 1
3 . (4 wks) (1) i
L-T, 10%10% | in vitro No effect on oxidetign
A - of succinste (in
yitro)
Carassius auratus L'Tk Ka 8alt 1:1,000,000 | rdded to Warburg No change when ‘q‘ Thornburn
——— flasks added in vitro and Matty
or sduinistered to No change in 0, (1963)
320 conaump.
o bufo - -
Bufo bufo Tys T 1079, 1?'6 in vitro 1077 ang 1076 7, Thornbura
3 and 107N Blenk runs performed | and T3 significantly|{ and
in which no hormone increaped. Matty
sdded 0, gonsump. of bladdqr (196%)
16' M Ty less of an
increase,
T. 8light effect on
eBin
0, Mpteke of kidney
d%mini-hed by Tk and
T,
3
Eumsces obsoletus
Ra-L-Ty 1 pg in 0.05m} deily injlection for All tissues except Maher
of 0.064 Racl| 3 wke. Tissues then | skeletal muscle {196k)
per 58 b.w. removed showed significeat

Controls sems volume
seline

rise in O, consump.
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Table I (cont'a)

10

Length Method
Species Tiseue Yolume or Tempe rature Thyroid Hormone Dosage of Response and Remarks | Author
Weight % or Extract Administration
Eumeceg fasciatus 4-10g 30 NI-LJQ 1 ug 4n 0.05m{ dnily intraporitonco) 02 consump. signifi- | Mahay
- T of 0.6% Rscl | injection cantly higher than (1965)
per 5 g. b.w.{ controls same volums | control after 3 wks
saline (+26%)
20 10 days at 20°
abolishes le effect
(-3%)
30 At 30° significant
rise fa 0> consump.
after one wk (+432%)
Environmental tem-
pereture important
for response
Lebistes reticulatus 2611 T 112,000,000 | fish fmmersed for Ty, no effect on Sage
& wks respiretion (1965)
. If Oy consump. fn~
hibvited by goitrogenl
T, would restore
normwal respiretion.
Suggested that there
is an upper limit to
the effect of ’I',‘ on
regpiration
Xenopus (larvae) Tail 0.8 mg dry 25 L-Ty, 112,000,000 | meintained in 119% increase in Heipemann
body weight culture with L-’1'~ regpiration over and
control tissue 5-T Weber
days after onset of (1966}
treatment .
Bufo bufo Urinary
bladder »
8kin ' 16 (™.B,) Tys T 1 mg/kg b.w. | Some animals injected] Pretreatment with Ty| Thornbum
Kidoey 3 diesolved in | into dorasl lymph sad 1n vivo ususlly and
0.25 ml of daily for 2 weeks lowsred Op yptake Matty
0.9% NaCl Affect of T, pre- (1966}
solution treatment varied.
Ty, and '1‘3 little
* effect 1h vitro.
25 (1) in vitro Ty | in vitro Adanine in in-
and T, at cubating medium
10~ resulted in increase
6 in O, consump.
1:107-1:101 Each animal its owan Wide range of T,
{for tosd control concentrationg
bladder) made stimulated isolated
with saline toad bledder in vitrp
Beeleropus cyanogenys | Liver X 51.5g (W.BY) 12-60 L 0.2 gamma/g. | Adults received daily T, caused significanf Wilhott
Kiduey Thermal T b.w. in 0.9% | intreperitoneal in- 12creuae for whole {1966)
Brain gredient saline Jections for 3 wks. animals after 1 wk.
Tissuss then excimed | All tissuesshowed
32 (17) Controls - saline alone significant increash
in Oy consump. with
kY
x 0.98¢ (N.B ) 32 (N.B:; . 0.2 gammm/g. Newly born - dsil, Bignificant increase
16 (N.B? b.w. injections (b ..uJ. in 0, consump. at
also Controle - saline 327for newborn
12-35 slone lizards and in
Thermal sndient,but not at
gradient 16°C. .
. 05 consump
weasured at
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Bpecien

Tiasue

Length
Volume or
Weight

Tempereture
o¢

Thyroid Hormone
or Extract

Dosage

Method

of
Administration

Response and Remarks Author

Bufo smericanus
bufo
marinus

8slmo trutta

Poscilia roticulata

Rans piptens

Asquidens latifrons

Ventral
skin

Urinary
bladder

Liver

Liver
mitochondr

Liver

mitochondrfa

1.2-6.2g.

25

1035 (W.B?)

26t

30

18

Na-L-T),

Ty

Ty

Na-L —'K'.

Ty sodium salt

Ty (Roche)

1.0-1Qug/m1

ng (3.75

5x1078 to
5x10"TH

1 sn 2x108

10Gug/100g b.v
in O.2m1

0.002%

introduced into H,0
every 2 days for
1h days

5
<
-~
o+
]

irmersion for & wks
controls kept in
tap Hy0

4aily injection inte:
dorsal lymph sec
for 16 days or more
controls injected
with saline

into the Hy0,
renewed every 8 days

Ro increase in Taylor
consump. of eny tissue aend

Barher
(1967)

Treatment increaged Massey
specific activity of and
oxidative enzyme Bmith
systemsof mitochondrig (1968)
Fell in P10 mtio or
decreesed phosphory-
lating efficiency.

Ty, uncoupled oxidatio
and phosphorylation
at concentration lowep
than those used for
mammsle in mitochondria
from untreated fish.
Buccinate and gluta-
mate used.

incressed swimming
activity but not Oy
conaump.
If respireation lowere
by antithyroid compoupd
wWould restore to normpl
level.
Response might depend
on level of thyroid
activity in animal

Bage

(1968)

8ignificantly highet
consump. by 1l

:?nya at 30°.

At 18°C, 02 consump.

on basgis of means

4id not differ

significantly

McHabb
(1969)

After 265 days of
treatment Op consump
eignificant when

compared to controlas

(435¢)

Ruhland
(1969)

# P.7. (Pitt-Rivers aud Trotter, 196k)

# 8 & E (Smithend Everett, 19%3)

® P a A (Pickford end Ats, 1957)

# WB ( whole body)

# 1 (tissue)
# ¥B (newly bom)
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Table II. Influence of ontithyroid compounds on whole body .
or tissue metabolic rete in poikilotherms | .
: METHOD
SPRCIES WEIGHT (g} TEMPE RATURE ASTITHYROID DOSAGE of
oc COMPOURD ADMINISTRATION FESPONSE AND REMAFKS AUTROR
Fundulus heteroclitus 6.4-20.2 120.8-21.h Thiourea 0,5-1,0n¢/g | tntraperitoneal Thiourea d14 not Matthews
. injections for 5-6 depress 0, consuamp. and
dsys, daily or on Smith
alternate days (1947)
controls untreated
Campostoma Thicuiwcil 12 greins/151 | continuous H_O bath -| By day 2, 0y consump.f Osborn
anomalum pullum tap By0 (517 | in one out of three 20 below controls. {1951)
pep.m.) experiments renewed Unleas bath renewed
9 gmin-/lsx on 3rd ond Tth day wetabolic rate
tap 00 (388 | (2nd concen) graduslly incressed
p.p.m.) controls - untreated
Hy0
Acipenser stellatus Thioures 0.033% eddition to medium 02 conpump. decreased
{larvae) for 9 days a8 much as 18.8f
8slmo gslar 9-12 - 0.033% imversed for 16-150 | O, consump. decreased] "2aks and
larvae bours wﬁen compared to Zamkova
controls (1952)
(P&A)
Carassius surstus 3.5-83 Methylthiouscil 0.05-0.1n1 injection After Methylthiouacil] Muller
of a 5% injection, injection | (1953)
sodiun of TSH on next day
solution ineffective in
elevating O, consump.
Inhibition Ey M.T.U.
. marked up to k days
. after injection
Rana pipieas 20-35 6-n-propylthioureciil 0.033ng/5- injection via dorsal | x Os congump. de- Calhoon
wet weight | lymph sac 3x/wk for | pressed exponentiails]| (1955)
5 wks. with time, reaching
control uninjected a value of hO} below
initial value
¢arassius augatus 2h-25 Thiourecil 0.05% Thiourecil did not Chavin
dlter OE consuap. and
after 11 snd 26 days | Rossmoore
. of treatment (1956)
gg(nkx_g_ suckleyl S 13-1k Propylthicurecil 5Qug intreperitoneal Ho effect on O, Pritcham
enbr;o_') injJection on slter- consump relsuge to and
nate da. saline injected Qorbman
total number, 8-10 controls. This based | (1960)
on b experiments
(approx. 18 days esch
Lebistes reticulatus 26h Thiourea 0.1% jmmersion for & wke. | Thioures inhibited Sage
controls in tap E;0 consump. when {1965)
allowance msde for
size differences.
Activity reduced.
Thioures acting via :
. . thyroid gland E
Sceleporus cysnogenys 51.5 (N.8.) 12-60 Thiourea 0.3ug/g.b.w | daily intraperitoneal | Statistically signi- | Wilhoft
{Tiver) Therwal in 0.9% saliog injection for 3 wks ficant reduction of (1966)
udney) gredient cootrols - saline consump. after 1
brein wk (in vive) which -
continued for the
. experimental duratioh]
32 (1) Tissues after in
vivo administration
.- of thiourea showed & '
significant decreasw i
R in Oy cons.ump.
(newly boru) 0.98 (W.B,) 12-35 Thiourea 0.3ng/g:b,%, | injections every othey Significent reduction
thermal day 1o Oy consump. at 320¢
gradient controls - saline
consump.
measured at
32 (all ex-
- periments)
Poecilia reticulata 261 Thiourea 1 in 103 fmversion (& wka.) Thiourea treated fish| Sage
. controls in tap Hy0 | less active. (1968)
Decreage in O, consump.
{thioures) e
Ratio of activity to
the respiratory scope;
for activity of
thiocures treated and
control enimals equal]
- Thiourea 18/1 2,0 ir B0 consump. increased| Picos,
Caressius guratus 9 / 2 treatment. for 30 E average by 61.23% | Schmidt
K . 2g/1 B,0 da: consump. increased| and
. > e ” gzy 158.92% Popovici
Hypermetabolic effect| (1969)
of thioures began
after 1st 3 days of
trestment
n s 1.2-6. Thiourea 0.03% in Hy0 Thioures repidly de-
Aequidens latifrove 2 remsed avary 8 days | creased Oy consump.
(-24%) but this Ruhland
. chemical blocking not] (1969)
stable

® P& A (Pickford spd Atx, 1957)
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Table III. Influence of TSH and thyreoidectomy on whole body
wetabolic rate in poikilotherus
LENGTH FETHOD
or of
SPECIES WEIGRT ‘EH‘P%MUK TREATMBRT DOSAGE ADMIKISTRATIOR RESPONSE ARD REMARKS AUTHOR
C
lebistes reticulatus 20-22 T8E in H20, 1-28 days No effect on Oy con- | Drexler
e sump. and
Jesekute
(1935)*
Triturus torosus Thyroidectony surgical consump. declined | Taylor
- T 1o 72.5% of norwal {1936)%=
2-3 wks. after
operation
Caressius auretus 8.3-10.2¢ 58 3-hog. single iotreperitonegl Op consump. increaseq
(young) injection renge ;2.7-89;;%
x = 56.
56-~T) 16 (in form of HVL 5-6ag . controls - saline congump. increased
{ola Arisd powder) rénge 146-241% Muller
x = 1 (1953)
{young) 3mg. injected every 3md Averege increase 52.5%
dey for A days
(o14) Sug. Averege incresse 89.1
Scyllium cynicula 60-T0cm 16.2-17.6 Thyroldectomy surgicsl No significant decreafe Matty
controls - sham in O, cousump. of (195%)
operation eithér group for &2
days after operation
Ko difference betwe~n
groups when compared
. every 3rd day.
Caraesius auratus 2k-25 TSH 0.3 U.B.F. injected daily for 3 | Statistically signi-{ Chavin
" units days ficant increase in end
controls - untreated | O, consump. (50.8%) Rossmoomm
R or injected with {1956)
0.05ml saline
Salmo gairdneri 3.8-6.0g 15.5-16.5 Thyroidectomy 250 pC1 {ntraperitoneal Thyroldectomized Fromm
. injection of carrier! x OE congump. = and
free 'WT as Kal 0.2Tm1/g/hour Reineke
controls - not control % O, consump|s {1956}
injected . 0.20m1/g/hotir
Differeace not
significant
Paeudoscarus guacamais hO-60ca., 2-26 Thyroidectony surgical Fo decrease in 0, Matty
. each animal its own consump. (measuremen{s (1957)
control made up to 39 days &
3-9 day intervals)
A few figh thyroidec
tomized for up to
124 days failed to
n reveal any change
Anclis carolinensis 3-6g 10 * Thyroidectomy surgical In general not Maher
. 20 controls - unoperated significant at low and
‘ 30 or sham operation temperatures. At Levedahl
30° thyroidectomy (1959)
caused sigoificant
. decrease in 0y
= . consump.
20 TSH (thytropar) hag. single injection/day| No change 1o 0,
gontrols -. saline <(>°nsump. at 20°°
30 8ignificant differeng
after 2wks 30° (TSH)
Bumeces fagciatus 108 30 Thyroidectomy surgicel After 3 wke signi- Maher
plao s controls - not ficant differcnce (1965)
operated on (0 consump. lowered)
20 Atter 10 days at 20°C
difference abolished
30 1 wk after returning
to 30°C significaant
difference

* Pickford and Atz.(1957)

#% Lynn end Wachowski (}951)
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mediating this response. In two separate studies, TSH (Table III)

increased the oxygen consumption of Carassius auretus (Miller, 1953;

and Chavin and Rossmoore, 1956) however, no effect was observed with

Lebistes reticulatus (Drexler and Issekutz, 1935) and Anolis

carolinensis at 20°C (Maher and Levedahl, 1959).

In the course of evolutlion, mammals could have developed a
metabolié response to T, or a number of factors peculiar to poikilo-
therms could be hindering the solution to the problem and masking the
vesponse, for it is known that treatment with Ty brings about increased
locomotor activify in fish (Hoar, Keenleyside and Goodall, 1955 and
Sage, 1968). Factors such as the difficulty in obtaining a basal
metabolic rate, and cyclical behavior associated with reproduction and
photoperiod, are considerable problems when investigating poikilotherms.
Also temperature could definitely affect metabolic response, since as

Matty (1954) pointed out, the temperature of poikilotherms is usually

lower than thet of homeotherms, as is the rate of oxidative metabolism.

It bhas been estimated that the thyreoid secretion rate of trout is also
lower (10 to 19 times) than found for homeotherms (Hoffert and Fromm,
1959) .

The level of thyroid activity in fish may be important in
determining whether or not an increase or decrease in respiratory
rate might follow the administration of Ty (Sage, 1968).

Hoar (1958) refers to a paper by Mansfeld (19%9) who suggested
that the primary effect of thyroid hormone is one of accelerating the

splitting of protein, and that these products lead secondarily to
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increased oxygen consumption. In poikilotherms he considered the
buildup of breakdown products insufficient to slowly call forth the
stimulatory effect on oxidation processes.

It is possible a particular form of stress might be required to
stimulate both metabolic and thyreoidal activity, as indicated by
Hickman's study on the starry flounder in 1959, where stress due to
the fish being in salt water, incressed both metabolic rate and
thyroid activity.

A site of action for thyroid hormones on fish metabolism was
claimed by Hochaéhka (1962). Both T), and T3 increased the rate of
gluconate oxidation by liver homogenstes and sl;ces by as much as
125%. Glucose metabolism was thought to proceeé by the pentose
phosphate pathway. Also Massey and Smith (1968) found that T), ad-
ministered in vitro to mitochondria of brown trout uncoupled oxidation
and phosphorylation at lower concentrations than those reported for
mammals.

In summary, there is definitely sufficient evidence in the 3;;
literature, so as not to exclude a possible role for the thyroid gland

on poikilotherm oxygen consumption, and as suggested above, several

factors could be masking the response.
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Exercise

1. General Discussion of Exercise and Its Effect on the Physiology

of Fish

Activity is one of the many factors, considered by Brett (1962)
which influences oxygen consumption in fish (Beamish and Mookherjii,
196k4; Brett, 1964; Brett and Sutherland, 1965; and Smit, 1965).
Metabolic response to imposed exercise is regulated by factors such
as fish weight (Job, 1955; Brett, 1965; Rao, 1968); temperature (Graham,
1949; Gibson and Fry; 1954; Job, 1955; Brett, 1964; Brett, 1967; and
Dickson, 1968); oxygen and carbon levels (Graham, 194%9; Basu, 1959;
Davis et al, 1963; Kutty, 1968; Dalberg, Shumway and Doudoroff, 1968),
and salinity (Rao, 1968; and Farmer and Beamish, 1969).

Intense muscular exercise taxes aerobic means of deriving energy
to the limit and when oxygen is limiting fish must derive more‘energy
via the anaerobic metabolism of glycogen, resulting in the accumulation
of pyruvic and lactic acid and oxygen debt. During recovery.from this
debt fish undergo deep respiration, which aids the oxidation and
conversion of accumulated lactic acid to glycogen.

Black (1955, 1957 a,b), Black et al (1960), Black et al (1966),
and Stevens and Black (1966) have studied these changes extensively,
monitoring blood pyruvate and lactate, and liver end muscle glycogen,
for a number of fish species. Intense muscular exercise for 15 min
in all instances significantly increased blood lactate over the

unexercised condition. Recovery to control levels required 16 hr for
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yearling Kamloops trout (Black, l957a). Moderate exercise (1&0.7
ft/min) for 30 min produced changes, less marked, but still different
from the controls. Pyruvate also increased following 15 umin of
strenuous exer‘cise » but moderate exercise of 20 min duretion, resulted
in a value only slightly higher than the unexercised state.

As expected, muscle glycogen diminished rapidly (80% during 5
min of exercise) following severe exercise of short duration in l%-
year-old rainbow trout (Stevens and Black, 1966). With re-exercise
a further decrease in muscle glycogen levels was brought about, and a
correspondingly éreater increase in muscle and blood lactate levels
occurred. |

The degree of influence of exercise on fish carbohydrate
metabolism depends upon the experimental conditions. For example,
severe exercise for 2 min coupled with starvation (over a period of
&4 hrs) resultgd in a greater decrease in muscle glycogen than for
fed, exercised rainbow trout. However, liver glycogen values did not
change significantly for either group and there was overlap for muscle
lactate changes, between the two groups.(Black, Bosomworth and Docherty,
1966). When & low temperature (0.2°C) was combined with starvation
for 25 days, Salmo salar exercised to exhaustion, had slightly higher
liver and muscle glycogen levelé when compared to the mean values for
fed, exercised fish. Blood lactate levels did not differ (Wendt, 1965).
Therefore, temperature could modify the effect of starvation with
exercise.

Dean and Goodnight (196l) showed that temperature, itself, can

influence the effect of exercise on carbohydrate metabolism, depending
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upon the specles of fish under investigation. For example, Lepomis
macrochirus at 5°C was the only species, out of 4 investigated, not to

exhibit a decrease in muscle glycogen with exercise, at 5 and 20°C.

Also, blood glucose increased with exercise at 5 and 20°C, for all
specles except L. macrochirus at 5°C. |

Metabolic rate changes during the process of recovery from oxygen
debt have been monitored by Heath and Pritchard (1962) for L.

macrochirus and by Brett (1964) for the sockeye, Oncorhynchus nerka.

L. macrochirus required 10 to 25 hr to return its metabolic rate to the
pre-exercise level, while Brett estimated a time of 3.2 hr, independent
of acclimation temperature, for sockeye to regain spontaneous activity.
The manner in which current is applied ié most important when
considering physiological changes. TFor example, physically training
trout to a current, or conditioning them, brings about interesting
results.(Hochachka, 1961; Hammond and Hickman, 1966). Hochachka
physically conditioned rainbow trout to a current (1 ft/sec) for 6
months at 4°C. Conditioned fish were found to sustain an oxygen debt

three times that of unconditioned fish. Also the trained fish when

fatigued were able to utilize more of the available glycogen in muscle,
then the untrained fish. The amount of blood haemoglobin was greater
for trained rainbow trout. Also, they had larger hearts. Hochachka

considered that since greater buffering and oxygen-carrying capacity

are consequences of the high haemoglobin concentrations, then the
t ralned fish could tolerate more lactic acid accumulation.
Rainbow trout were conditioned to velocities of 20 cm/sec and

40 cm/sec for 16 days by Hammond and Hickman (1966). The trained
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trout resisted fatigue better than the controls from still water, when
all 3 groups werettested at a high current velocity (53 cm/sec).
Significantly greater lactate concentrations appeared in the muscle of
conditioned trout, but the rate of removal was fastest for these groups
after cegsation of activity. Similar trends were reported for plasma
lactate. Plasma phosphate following exercise was significantly higher
for the conditioned and control fish, but the differences between the
three groups were not significant. |

It may be concluded that exercise causes physiological changes
within fish. The extent of these changes depends upon the form of

exercise and on experimental conditions.

2. Exercise and Thyroid Activity in Fish

There are, to the authors' knowledge, three experiments designed
to test the relationship between thyroid function and exercise in fish.

Fontaine and Leloup (1959) conditioned rainbow trout for 10 days
to a current of 0.4 m./sgc (11 hr/day) at 9 to 11°C. The fish were
then injected intraperitoneally with 5 uCi of 1311 and killed 24, 96,.
and 188 hr after injection. They obtained a greater thyrbid vptake of
radioiodide for the curmént group, at the three gampling times.
Labelled hormone iodide (PBI) was 3 times higher for the current fish
188 hr after injection; but there was no increase in conversion ratio.

Total stable plasma iodide was greater for the current group as was

the stable hormonal iodide bound to the proteins (2.7 mcgh versus 2 mcgh

for the controls). Elevation of total iodide levels in the current

group was attributed in part to loss in mineral iodide (inorganic)
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from muscle to serum.

When determining the influence of exercise on l311 metabolism
of steelhead, Eales (1963) first injected the fish and then placed
half of them in a fast current and the remainder (controls) in a slow
current (20% of fast current). Sampling was continued up to 8 days,
over a temperature range of 10 to 10.5°C. Increased swimming increased
the loss of inorganic radioactivity from the whole body, slightly
decreased the percentage uptake of 1311 into the thyroid, and slightly
increased the conversion ratio.

Mugll auratus were exercised at T cm/sec for up to 15 days by

Bonnet (1970) and were compared to a control group in still water.
Both groups received an injection of 1251, 48 hf before they were
killed. Temperature was held at 12°C. After T days swimming the
percentage of labelled MIT (monoiodotyrosine) plus DIT (diiodotyrosine)
within the gland, diminished for the current group. However, the
thyroid uptake factor-(T.y.F.), the plasme protein-bound hormonal iodide
(PBHHSI), and the percentage of T3 plus Ty within the gland, ;vére not
different from the control. At 15 days the current group had & higher
T.U.F. (12.61% rather than 7.75%) and a greater amount of radiocactive
iodotyrosines (64.92% instead of 58.64%) within the gland. However,
iodothyronines revealed little change from the control, as did the
level of plasma PBHlZSI.

Less direct evidence for a relationship between exercise and
thyroid function has beer suggested by Leloup and Fontaine (1960).

They point out that high values of hormonal iodine (127I) are

especially characteristic of diadromous fish (salmon, sea trout and
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shad). Also rates of hormonal secretion (mcg. hormonal iodine/lOO
gram body weight/day) are higher for fish engaging in upstream migration.

In addition, secretion of Ty by the lungfish is greatly decreased during

estivation. These observations were correlated with greater oxygen
consumption. It should be stressed that the high values of hormonal
iodine obtained, could be the result of contamination, since the dia-

dromous species also had the highest levels of plasma inorganic iodide
12
(1371).

Other conclusions have been reached concerning the basis for
increased thyroi& activity during migration. Most of the following
studies deal with downstream migration, however? the conclusions
reached, in all likelihood, could apply to upstream migration.

Increased thyroid activity (histological) in migrating Pacific
salmon was thought by Hoar and Bell (1950) to be a function of the
increased metabolic work of osmotic regulation and salt balance.
Baggerman (1960) stressed photoperiod, as causing an increase in
thyroid activity, at the onset of migration, which disturbs osmoregu-

lation. She also pointed'out that osmoregulation may increase the

demands for thyroid hormones even further.
The seasonal factors of temperature and photoperiod were con-

sidered by Eales (1963) to be the possible causes for the increase

in thyroid activity observed for yearling sockeye, and coho salmon

at the time of migration. Both histological and radiochemical criteria
shoved similar trends. Besides these, the process of smoltification

and the importance of the ambient level of 1271, coupled with temperature

effects on iodide excretion, were discussed by Eales as possibilities




that could contribute to heightened thyroid activity.
In contrast to the views of Leloup and Fontaine (1960) Woodhead
(1959) considered that thyroid activity (histological) in the immature

cod Gadus callarias L. initiated and sustained active and long

migrations.

On evaluating the above literature and taking into account the
drastic physiological changes which occur within fish at the time of
migration, it would be a mistake to assume an effect of exercise, by

itself, on thyroid activity.

3. Exercise and Thyroid Activity in Higher Vertebrstes

A response by the thyroid in higher vertébrates to increased
exerclse has occurred in some instances, but not in others.

A flighty strain of chickens showed a thyroxine secretion rate
(T.8.R.) (mcg. L-Tu/lOO g.b.w./day) 67.6% higher than a docile strain.
Docile birds, however, had a greater percentage thyroid uptake of
13115(Srivastava and Turner, 1967).

An influence of exercise on some aspects of thyroid function
has been claimed for the rat (Escobar del Rey and Morreale de Escobar,
1956b; Rhodes, 1967). In the former study thyroidectomized rats
maintained on L-T), exercised for 12 hr in 24k hr, demonstrated a
faster disappearance rate for 1311 labelled - L-Th than the controls.
This contrasts with a previous study where the Tu - disappearance

rate was unaltered, when rats were forced to swim for 2 hr, and killed

3 hr after injection of Th (Escobar del Rey and Morreale de Escobar,
1956a).
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Rhodes (1967) found a correlation between the. amount of exercise
and thyroidal storage of iodine. Non-exercising rats had approximately
twice as much thyfoidal iodine, as exercising rats. He concluded that
this was due to a greater utilization of thyroid hormone during exercise,
resulting In less storage of dietary iodine, and more rapid conversion
to circulating hormonal iodine.

For partly- and fully-trained horses, Irvine (1967) obtained
thyroxine secretion rates respectively 384 and 65% higher, than for the
untrained horses. The combination of lower values for serum P5127I,
and greatly decreased serum half-lives of labelled Tk from controls,
was cited as the cause.

Conflicting results have been reported for man. Lashof et al
(1954) could not alter the periperal utilization of thyroid hormone
with exercise. A decrease in the circulating free-thyroxine level
after exercise was found by De Nayer et al (1968). Thyroxine de-
gradation (secretion rate) increased up to 75% for athletes in
moderately severe training, when compared to those of resting non-
athletes. Also, pB'271 ana free-T) levels did not differ significantly
(Irvine, 1968). The increased peripheral degradation was thought to
be due to increased peripheral deiodination of Ty,»

From the data on fish and higher vertebrates, it seems evident
that exercise does not accelerate all measurable indices of thyroid

activity, in a single study. In some cases there is no effect of

exercise whatsoever.
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Stable Iodide

1. General Considerations of Stable Inorganic Iodide Levels and

Their Effect Upon Radioiodine Metabolism in Fish

Blood iodide levels in fish are subject to considerable
fluctuation which can be correlated to the following:

(1) movement from rich to poor iodide environments
(Leloup and Fontaine, 1960);

(2) seasonal fluctuations in water iodide content (Hickman,
1962) ;

(3) elevated tempeérature resulting in greater iodide
exéretion (Leloup and Fontaine, 1960);

() diet iodide levels (La Roche, Johnson and Woodall, 1965);

(5) sexual maturation (Robertson and Chaney, 1953).

In general Hickman (1962) found that serum and thyroid inorganic

iodide concentration in Platlchtys stellatus changed seasonally,

paralleling the changes in environmental iodine and salinity. Both
Hickman (1962) and Leloup and Fontaine (1960) noted that certain fish,
in a medium poor in iodine, are capable of a very high serum lodide
concentration. Hickman speculated that active absorption from the
water might be the mechanism. In contrast, Leloup and Fontaine
suggested that diadromous teleosts have high levels of plasma ledide,
due toAtheir capacity for greater binding of iodides, subsequently
verified by Huang and Hickman (1968).

Water lodine levels can drastically affect the thyroid gland

when in low concentration, resulting in thyrold hyperplasia. Marine
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and Lenhart (1910) were able to alleviate this condition by adding
iodine (Lugols solution) to the water for up to 22 days. By daily

feeding butter fish, Stromateus triacanthus, high in iodine, Marine

(1914) eliminated and prevented return of thyroid hyperplasia in brook
trout, previously fed on hog's liver and heart muscle. Robertson and
Chaney (1953) also noticed this condition could be abolished in spawning
Lake Superior trout, which had access to additional iodine in food,
discharged from the holding ponds of a hatchery. Diets containing
marine fish and sea weed were recommended by Radulescu et al (1968) for
the treatment of thyroid tumors in brook trout.

There are & number of studies showlng that the uptake of radio-
iodine by the thyroid, can be modified through various iodide levels
in the water, or in the diet (Gorbman and Berg, 1955; Hickman, 1959;
Srivastava, 1960; La Roche, Johnson and Woodall, 1965). The general
trend is one of greater thyroid uptake when fish are maintained on
low iodine diets, or in water of low iodine content. Low environmental

levels of ilodine according to Hickman (1959), stimulate the activity

of the thyroidal iodide trapping mechanism. Little attempt has been
made to correlate thyroid uptake to blood iodine levels. This is
briefly considered by Leloup and.Fontaine (1960), when comparing
thyroid uptake of the normal eel at 6.5°C, after treatment with TSH,

to control eels. Apparently the TSH-treated eels had & greater level

of plasma inorganic 1271 and thils, by decreasing the specific activity

of 131

I in the plasma, contributed to the apparent inhibition of the
mechanism of iodine fixation. Robertson and Chaney (1953) obtained

an inverse relationship between cellular thyroid follicle height and



blood iodine concentration. Also ripe and spent sea-run rainbow, and
jodine-fed trout demonstrating no thyroid hyperplasia, had high blood
jodine concentration, when compared to spawning Lake Michigan rainbow
trout in similar condition, showing thyroid hyperplasia.

Taking into account variables, such as 1271 content in the
interior and exterior environment, and rates of radiolodine excretion,
Leloup and Fontaine (1960) made the statement that low thyroid uptake
of radioiodine is not necessarily an index of thyroid hypoactivity.
Both they, and Hickman (1959) go further and question the validity of

thyroid uptake measures when these factors are not considered.

2. BEffect of Stable Iodide Levels on Thyroid Function in Other

Vertebrates

For the marine iguana, which feeds on algae rich in iodide,
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thyroidal iodide uptake was extremely slow (2%% in 25 days). Lowenstein

and Stebbins (1969) suggested high plasma lodine levels were in part
the cause. Feeding an iodine-deficient diet to chicks resulted in
rapid uptake of injected 1314 (41.19% at 2 hr) as compared to the
control maximum (%.52% at 8 hr) (Featherston, Boehm and Rogler, 1966).
Similar trends in 1311 uptake by the thyroid following ad-
ministration of low- and high-iodine diets to cockerels and rats were
reported by Rosenberg, Goldman, La Roche and Dimick (196k). These

1317 uptakes in rats on low iodide

authors stated that high thyroidal
diet were, due partly to the high specific activitles of circulating

1odide after “SIT injection.
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Various doses of stable iodide administered to human subjects
were found to alter the pattern of thyroid radioiodide uptake to the
point where the gland could be blocked (Ramsden, Passant, Peabody, and
Speight, 1967).

A number of studies on man and other mammals have considered
the effects of iodide other than those due to alterations in the specific
activity of administersd radlolodide as an artefact in radioiodide

metabolism. Todide inhibition of thyroid function could conceivably

occur at the pituitary, thyroid or peripheral levels (Ochi and DeGroot,
1969).

Inhibition at the pitultary level couldnnct be demonstrated by
Abbassi and Mckenzie (1967). Both DeGroot (1966) and Galton and Ingbar
(1967) were unable to £ind any effect of excess iodide on the peripheral
metabolism of fh. This leads to a direct action of iodide on the
thyroid. Buhler and DeGroot (1969) demonstrated a decrease of hormone
release after KI administration, due to diminished thyroid degradation

of thyroglobulin in the toxic human gland. Excess lodide was found

to directly block the release of thyroid hormone caused by TSH or LATS,
when administered 24 hr prior to their injection (Ochi and DeGroot, 1969).
Finslly Burke (1970) was able to show that ilodide inhibition of

thyroid secretion occurred at one or more steps in glandular hormo-

nogenesis, prior to adenyl cyclase activation and colloid droplet L E
formation. Green (1966) adds supporting evidence for Burke's results.

He noted that inorganic iodide (concentration 50 mM) modified thyroidal

intermediary metabolism in vitro both by inhibiting glucose metabolism,

involving both the hexosemonophosphate shunt and aerobic glycolysis,
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and inhibiting Krebs-cycle oxidations.

Iodide deficiency results in functional changes of the thyroid.
During sustained periods of dietary iodide deficiency, Greer, Grimm, and
Studer (1968) concluded that rats preferentially synthesize and secrete,
T3 over Th’ because of the greater need to conserve iodide and the
greater poteﬁcy of T3. Karmarkar et al (1969) found that goats from an
area of lodide deficiency also had higher T3/Tu ratios in their thyroids,
as well as higher MIT/DIT ratios, when compared to the control area.
The T3/Th ratio ;ather than being considered an adaptive mechanism wag
thought to be a direct consequence of iodide deficiency, based on the

MIT/DIT ratio and the structure of thyroglobulin.

Some Effects of Starvation on Fish Physiology

Brett (1962) defined standard metabolism for fish as the least
rate of metabolism commensurate with appropriate experimental techniques,
while routine metabolism expresses the average oxygen consumption of
fish, which are moderately active. It has been shown that both standard
and routine'metabolism can be depressed with starvation (Hickman, 1959;
Beamish, 1964%; Parvatheswararso, 1965, 1967; Glass, 1968; and Dickson,
1968).

According to Beamish (196&) this trend with starvation, can
reflect both a reduction in the oxygen requirement for fooed assimilation,
and a subsidence of spontaneous acti&ity.

Active metabolism (the maximum rate consistent with the highest

continued level of activity (Brett, 1962)) for rainbow trout was found




29

by Dickson (1968) to be independent of starvation during & 9-day period.
As outlined by Dickson (1968) there‘would appear to be little evidence

to suggest that active metabolism is influenced by starvation.

Starvation also can lead to some of thé following physiological
changes:
(1) an increase in the level of plasma free fatty acids
(Bilinski and Gardner, 1968).

This was observed for rainbow trout after 5 and 14 days without

feeding, but from then on levels of free fatty acids remsined relatively
constant up to TO days.
(2) a decrease in liver glycogen and plasma glucose, an
increase in plasma pH and hemotocrit (after 30 days)
for the Atlantic cod (Kamra, 1966)
(3) a rise in the level of tissue water and a reduction
in the level of serum proteins for the carp, with
prolonged starvation. Serum proteins decreased by

about a half with four to six months of starvation

(Creach and Bouche, 1969).

The latter authors found that hematocrit in the carp progres-
sively decreased at a slow rate after 15 days starvation in comparison

to fed fish.

The effects of starvation combined with exercise, on some aspects
of carbohydrate metabolism, have been considered under the genersl

discussion of exerc;se in this literature review.




MATERIALS AND METHODS

Livling Material

1. Maintenance of Stock Fish

Brook trout were obtained from the Province of Manitoba Trout
Hatchery, West Hawk Lake, Manitoba, Canada. Most fish were from a
commen stock, which originated from the Ontario Department of Lands
and Forests, Dorion Hatchery brood stock. Mixing on an extremely
ninor scale might have occurred with brook trout from Washington
State, U.S.A. and Gods River, Manitoba.

The Hatchery fish were held either in lafge outdoor circular
cement tanks, or in rectangular cement troughs, and were subjected to
&8 slight current. They:were fed Glencoe Minneapolis pellets, at least
once, and sometimes twice a day. 1Its composition conformed to the
U.S. Fishad Wildlife specifications.

As required fish were transported from the hatchery to the
laboratory at the University of Manitoba. Here they were either held
in & 560-1 fibreglass tank, or transferred directly to the experimental
tank, both having continuously running, aerated, dechlorinated water.

An almost natural outdoor photoperiod was experienced by fish
in the holding tank, since this tank was situated in a room with
several windows snd had a top permitting light penetration. Super-

imposed on this illumination were the room fluorescent lights, and a

‘small amount of light from an adjacent bullding at night. An attempt

was made to regulate the room lighting from 8:00-8:30 a.m. to
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5:00-5:30 p.m., approximately 9 hr/day. Water temperature in the
holding tank varied with the time of year (Table IV).
The holding stock were fed, so that on the average, each fish

(based on a 15-cm. fish) received a total, over three feedings of 4.7

grams of food (wet weight) per week. Size differences were taken into
account, since both one- and two-year-old fish were used during the

course of the experiments. The food consisted of a frozen homegenate

- of beef liver, ocean perch fillets (10:1 w/w) and a small amount of

gelatin, the latter two constituents being eliminated from the diet

after the end of November, 1969.

2. Maintenance of Experimental Fish

Stock trout, following transportation from the hatchery, were
acclimated for a least 3 weeks prior to injection, at a temperature
between 9.5-13°C. This temperature renge was the most practical to
maintain on a seasoﬁal basis, and is not far removed from the optimum

for the species. At times of year when the temperature of the holding

tank fell within, or was very close to this range, the acclimation

period in the experimental tank was appropriately reduced, with the
total time of acclimation still masintained at not less than 3 weeks.
Brett (1956) stated that some species require up to 20 days to gain

resistance to low temperature. Since the experimental tank was in

the same room adjacent to the holding tank, conditions of illumination

were similar. However, the experimental tank was closer to a window
and sufficient artificial low intensity light (from a nearby building)



Table IV. Water Temperature (°C) of the Holding Tenk - June 1969-May 1970
1969 1970

MORTH JUNE JULY AUG SEPT ocT Rov DEC JAN FEB MAR APR MAY (i:tl‘.r)
Average

Monthly 11.% 1%.5 17.7 17.4 12.2 7.6 6.1 k.4 3.5 3.0 3.1 k.3
'gemp

C
Temp %

at begin-
ning and 9.8-12.1 11.1-15.6 | 15.8-18.9 17.1-15.3 15.0-9.1 | 8.8-6.% | 6.9-6.3 5.5=3.5 3.6-3.1 | 3.2-3.7 | 2.7-k.2 | 4.0-4.4
end of each . ’

month

et
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passed through the clear fibreglass top to permit the fish in the current
to maintain position.

Feeding of fish, totally acclimated in the experimental apparatus,
was on the same basis as for those fish in the holding tank. Inall 7
experiments, feeding was discontinued for the experimental duration once
the current was started, usually 10-14 days before radiochemical in-
Jjection.

Starvation was felt to be necessary because excess food was not
easily eliminateq from the experimental tank, thereby increasing the
risk of fungus infection. Alsp, as the diet contained thyroid hormones,
it could not be assumed that each fish would consume the same quantity
of food, and hence a similar amount of thyroid hormone. For fish in
the current, appetite might have been influenced to a greater exteut,
as might have been the dominance behavior in feeding associated with
size differences.

Only in 2 out of T experiments was it necessary to control fungus,
this being accomplished through the addition of malachite green (1%

gsolution; 6 ml added/200 1l 320) to the water. The conditions of current

and starvation proved to be very efficient in checking fungus infection,
and never did fish have to be treated after the current was commenced.

Oxygen content of the water was kept above 8 ppm and for the

most part was 85% saturated. This was well above the minimum safe cone
centrations for brook trout (4 to 5 ppm) and sbove 75% saturation,
below which scope for activity is reduced (Graham, 1949). |
| When monitored the pH ranged from 6.9 to 7.2 in the experimental

apparatus.
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3. Experimental Tank

A 500-gallon fibreglass tank, 6 feet in diameter, was modified

to provide a central calm water compartment and a peripheral compartment

(flume) in which & current could be created by means of submersible pumps
(Little Giant Pump Co.) in a third compartment (Fig. 1). All compartments
were interconnected to ensure uniform temperature, by a narrow space at

the bottom of the circular fibreglass hoop, and through a number of small

holes. A simllar apparatus has been described recently by Bomnet (1970).

Water was forced counterclockwise around the flume out of a series of

holes drilled in two parallel plastic pipes extending from the pumps,

and set horizontally at 90o to the direction of burrent flow. The

'downstream screen (upstream of the pipes, but downstream of the fish)

consisted of a number of vertical strands of stainless steel wire (#16
gauge) spaced i to 3/8's" apart, in a fibreglass frame. Every alternate
wire was positively charged, so that if a fish touched the grid, it

would complete the circuit and receive a shock (3.5 to 6.5 volts D.C.).

A variable auto transformer connected to a D.C. power supply regulated

the voltage.
The nonelectrified screen was positioned sufficiéntly downstream
of the pipes to prevent fish from resting in the variable current

recorded in that vicinity.

The current profile was fairly uniform vertically, but did vary
horizontally. The average velocity measured at three different
positions, was 32 cm/sec (1.05 ft/sec) closest to ‘the hoop, and 48

cm/sec (1.58 ft/sec) on the outside. The minimum and maximum currents
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Figure 1. Experimental tank consisting of threé compartments:
calm water (A), current (B) and pump (C). The positions
of the central drain (DR), pumps (P), electrified screen
(ES) and nonelectrified screen (NS) are shown. Arrows
indicate the direction of water flow, while the space

enclosed by broken lines represents one section of the

fibreglass cover.







were 26 cm/sec (0.85 ft/sec) and 56 cm/sec (1.8% ft/sec). These were
measured under ideal conditions, with no fish in the flume, and were
probably slightly higher than under experimental conditions, when small
amounts of fecal material adhered to the pump filters. These were
cleaned periodically during an experiment. In practice, the fish stayed
in the middle to inside of the current profile and probably swam close
to 1l ft/sec. This was the current velocity used to train trout by
Hochachka (1961).

For convenience in sampling, the clear fibreglass cover, for the
apparatus, was subdivided into four sections. |

Although the design of the apparatus had certain fauits, for
example, non uniformity in current velocity, 1tAprovided a good means
for exercising 1afge numbers of fish at a time and comparing samples
of these with fish kept simultaneously under identical conditiens, but
in celm water. Fresh dechlorinated water at the appropriate temperature
was led into the apparatus (2.84 1/min) and eventually left through the
center drain, thereby reducing the likelihood of excreted radioacfivity

being absorbed into the fish.

Injection of Radioactive Materials

ImmediatelyAprior to injection all acclimated fish were removed
from the calm water compartment and held in a 200-1 tank at the
acclimation temperature. Materials to be injected were either 125, .
L-thyroxine (Th*)'purchased from Nuclear Consultants Ltd. and Amersham/

Searle or carrier-free Nalasl (Atomic Energy of Canada Limited,

37
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Commercial Products, Ottaws, Canada). Th* was diluted in 50% aqueous

propylene glycol and ranged in specific activity from 35.0-135.0 mCi/nmg.,

while radioiodide was diluted in distilled water. The fish were first

anaesthetized (MS 222, tricaine methane sulphonate, 1:20,000) and then E;?
injected intraperitoneally with 0.1 ml of radioactivity, froma 1.0 ml

tuberculin syringe (27-gauge needle). Injection was below the left

lateral line directly beneath, or Jjust in front of the dorsal fin, with

the needle slanted at a h5° angle. At first, fish were injected through

fine-mesh netting, however, in later experiments they were blotted at
the site of injection with absorbent paper, injected, and inspected for
leakage of the injected dose. This occasionally happened and the fish
in question was eliminated. Following ihjectioﬁ the fish were returned
to their experimental compartment. The same procedure was repeated for
fish in the current compartment, with time allowances being made for
the total procedure, so that each group was treated in a similar
manner.

Preparation of T)* standards depended on the dose. Where 1 uCi

was injected into fish, identical doses were injected into 100-ml flasks

containing 2N NaOH and the volume was made up to the 100 ml mark, and
the flasks well mixed. Four-ml aliquots from these flasks were counted
and their radioactivity (cpm corrected for background radiation)

multiplied by 25.

Lower doses (.2 to .25 uCi) were injected directly into glass
counting tubes, and diluted to 4 ml with 2N NaOH. This represented

100% of the injected dose.
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In all radioiodide experiments the dose (2 to 2.5 HCi) was pre-
rared as for high doses of Ty*, except the dilutions were made up to

100 ml with distilled water.

c. Blood Collection and Removal of Thyroid and Enterohepatic Organs

A high dose of MS-222 (1:4,000) was used to kill the fish

(approx. 1 min). They were then weighed to the nearest 0.1 g. and

measured for total length (nearest 0.1 cm). The caudal artery was
severed by removing the tail and the blood was allowed to flow freely,
first of all into a heparinized hematocrit capillary tube, which was
sealed at one end with seal-ease, and then into a heparinized aluminum
dish. From this it was pipetted into l-ml plastic centrifuge tubes
and centrifuged (International Micro Capillary Centrifuge, Model MB
with a slant head for 1-ml. centrifuge tubes), at 10,000 to 15,000 xg
for 3 minutes. The serum obtained was then stored immediately at -22°%

in 2-ml disposable plastic beakers, sealed with parafilm. Following

centrifugation under the same conditions as the blood, except a hema-

tocrit head was used, the hematocrit was determined (RBC/total) for

each fish.
The carcasses were labelled, packaged, and stored at (-22°C)

until organ removal, usually several weeks later.

The thyroid region was considered to be between the first and
fourth gill arches of the lower jaw, including the tongue, as
illustrated by Drury (1967). Most of the thyroid tissue, according

to Drury, is confined between the first and third gill arches. At
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first all ventral muscle was taken off, however, some removal of thyroid
tissue occurred, and therefore this muscle was left on. A correction
factor for tissue removal was applied to those glands affected, based on
the average percentage loss of radioactivity.

Removal of the enterohepatié organs (liver, gall bladder, foregut
(esophagus and stomach) and post pyloric caecal 1ntestine) has been

described by Bales (1970). These organs were removed along with the

thyroid, when the carcasses were partially thawed. Each frozen organ

was removed in total and placed into an individuel counting tube, whose
volume was then made up to 4 ml with 4N NaoH. Both foregut and post
pyloric caecal intestine (straight intestine after area of pyloric
caecae) were measured, complete wiﬁh contents, éhd the tubes were
counted within 24 hr, allowing for partial tissue breakup.

The radloactivity of each enterohépatic organ, or thyrpid, was
expréssed as & percentage of the injected dose as determined from the
radioactive standards.

% of injected dose =

organ (c.p.m., corrected for background)X 100

"injected dose"™ (c.p.m. corrected for background)

Determination of PBL2OT (Protein-Bound Radioiodide) and 11251 (Inorganic

Radioiodide) of the Serum

Serum proteins, to which thyroid hormones bind in brook trout
(Falkner, 1970) were precipitated by trichloroacetatic acid (TCA).

The method was as follows. Serum (0.1 ml) was pipetted from a 0.1~ ml




disposable pipet (diSPo micropipet calibrated to contain f’%% accuracy)

into 2 ml of 12.5% TCA, in & 12-ml thick walled centrifuge tube, resulting

in the formation of a white precipitate. By stirring with a glass rod,
the precipitate was broken up well, making sure to remove any adhering

to the sides. A further 2 ml of 12.5% TCA was added and the resulting

4 ml shaken gently with a vortex stirrer (Deluxe Mixer Scientific Products)

and centrifuged for 20 min (2900 to 3000 xg) in a Sorvall GLC-1l centri-
fuge. The supernatant (4 ml) was poured off into a test tube.

Resuspension of the precipitate was done by adding 2 ml of 2.5%
TCA, and stirriné with a glass rod. Another 2 ml was then added, and
after gentle mixing, the 4 ml was centrifuged fqr 20 min. This washing
procedure was performed to reduce protein contaminétion by inorganic
radioiodide. TFollowing centrifugation the second supernatant (4 ml)
was added to the first, the resulting 8 ml thoroughly mixed, and a
h-ml aliquot transferred to a counting tube. The radiocactivity (cpm)
in the aliqﬁot was doubled to provide the total inorganic iodide or
nonhormonal iodide in the serum.

To the precipitate 1.9 ml of distilled water was added, and
following resuspension by a glass stirring rod, 2 ml of}hN NaOH was
added, which instantly dissolved the precipitate. The contents of
the centrifuge tube representing the protein-bound or hormonal
radioactive fraction in the serum, were transferred to a counting
tube and counted. All redioactivity was counted using a well-type
scintillation counter with a thallium-activated sodium iedide crystal,
2%'x 21" (Nuclear Chicago DS202). Potassium iodide and L-ascorbic

acid were sdded to all TCA solutions to provide final concentrations
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approximately 1.2 x 1073M. This reduced protein contamination by in-

organic redioiodide. This was also done by Yamamoto (196k).

125

The resulting serum fractions PBlaSI and I I were expressed as

4 injected dose in serum fraction X body weight (g)
ml of serum X 100

Where % injected dose

= 11251 or ppl®%7 (c.p.m. corrected for background). 100

“injected" dose (c.p.m. corrected for background when . i
sample counted) e

B. Chewical Determinations

1. Total Serum JTodide

The Hycell Cuvette P.B.I. method was used to determine the
total iodide of the serum.

The major chemical reactions involved were as follows:

(1) release of protein-bound iodine by perchloric destruction

of protein;

(2) oxidation of iodine to iodate by the addition of ceric
reagent;
(3) conversion of iodate to iodide by addition of arsenious

reagent;

(4) reduction of ceric ammonium sulphate by arsenious acid
catalyzed by iodide, with the rate of catalysis being
proportional to the iodide concentration at standard

time and temperature.
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A color reaction resulted and the cuvettes were measured photo-
metrically with a B and L Spectronic "20" (420 mu) in terms of optical
density.

Owing to the much higher iodide levels in brook trout serum, than
in human serum, it was necessary to dilute the fish serum from 20 to 40

times (for example 40x = 0.1 ml serum to 3.9 ml distilled, deionized

water). One tenth of an ml of each of five standards of potassium iodlde

in distilled water (0, 5, 10, 15 and 20 mcg iodine/lOO ml) was pipetted

into five separate cuvettes (19 X 150 mm HYCEL certified cuvettes (PBI))
and 0.1 ml of thé diluted serum for analysis was delivered into cuvettes.
To each of these tubes 2 ml of digestion reagentl(o.ozs% vanadic acid

in T2% perchloric acid) was added in consecutive order, so that it
slowly flowed down the inner wall of the cuvette. The resulting 2.1 ml
was mixed gently with a vortex mixer, so that no undissolved serum
remained on the wall. These cuvettes were then placed, in proper order,
at timed 10 sec intervals into a Hycell Cuvette Thermal Block, pre-

heated under & fume hood to 230° b 56. The cuvettes were removed from

the heating block ekactly 6 min after placing the first one in the block,

and in the same timed 10-second intervals. These were allowed to cool
at room temperature for 15 to 20 minutes. Then 2.0 ml of ceric reagent

(0.6% ceric ammonium sulfate in 2T% sulfuric acid) was added in con-

secutive ordef and each tube was vigorously shaken, with a vortex mixer
to assure complete mixing, because of the large difference in specific
gravities between the ceric and digestion reagents. All tubes were left
at room temperature for 15 to 20 minutes, to ensure temperature un-

iformity, as ceric addition results in a slight exothermic reaction.
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The addition of 2 ml of arsenious reagent (0.9% arsenic trioxide in 8.2%
gulfuric acid) was then done in timed sequence (30 sec intervals) to each

tube in order. It was added 10-12 sec before the 30 sec mark, providing

sufficient time for vigorous mixiﬁg (vortex mixer) and placing the cuvette
in a water bath at 37°C. Exactly 20 minutes after the addition of arsenious

reagent to the first cuvette, and in the same 30 sec intervals, each

cuvette was removed from the water bath, slightly mixed, and dried and

then placed into a B and L spectronic "20" (420 mu; with a suitable
adaptor) and the optical density was read against water (converted %
transmission reading to optical demsity). On graph paper, the optical
density of each standard was plotted on the y-aiis against its respective
concentration on the x-axis. FErom the standard curve so obtained, the
values of the unknowns could be directly determined, which were then

multiplied by the dilution.

2. Total Thyronine Levels (T) + T3)

By killing 20 fish, 15 ml of serum was obtained, which was pooled,

well mixed, and divided into three 5 ml aliquots. This was done for
each condition (current and calm) at 3 different sampling times after
the current was initiasted. The resulting 6 vials (3 vials/conditibn)

for each sampling time were packaged and senf to the Bio-Science

Laboratories (California). They usually arrived within 2-3 days after
mailing and were analyzed by the Ty -by-column test as outlined by the
Handbook of Specialized Diagnostic Laboratory Tests 8th ed., 1969,

published by the Blo-Sclence Laboratories.
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The test employed an anion-exchenge resin to remove Tk’ T3 and
other iodecamino acids if present. Serum inorganic iodide was also removed
by the resin column and remained on the resin. Proteins, including
iodoproteins if present, passed through the column and were discarded. = "o
Mono- and dilodotyrosines. if present were removed through subsequent

column washes, by solutions of decreasing pH. When the pH was lowered

to 1.4 this caused Th and T3 to_be eluted from the column. Three

separate fractions were collected, the first two containing the total
thyronines present, with the content of each fraction determined by a
non-incinerative technique. The third fraction served as a blank.

The method has several advantages. First of all serum inorganic
iodine levels, to & least a 1000 ugh, did not interfere. Neilther did
abnormal iodoproteins, or increases in the levels of mono- and diiodo-
thyronines. Also this test could have been performed on serum, which
had been at room temperature for more than a week (in practice the test
was performed approximately 3-4 days after sampling) since this latter

advantage might only be gpplicable to human serum.

Chromatographic Procedure

All new shipments of Ty* were checked routinely for purity, by

either descending paper chromatography, or thin-layer chromatography.

For paper chromatography, 10-25 ul of the stock solution of
TE* in 50% agueous propylene glycol, was applied on Whatman #1 filter
paper. Chromatograms were run descending in darkness (18 hr) with
butanol : acetic acid : and water (4 : 1: 1 v/v). Rolled i-inch

sectlons of the dried paper were counted in the bottom of counting
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tubes, and the radioactivity occurring in peaks corresponding to Ty and
iodide, expressed as percentages of the total on the chromatogram.

In thin-layer chromatography plastic sheets (20 X 20 cm) precoated
with silica gel, 0.1 mm thick (MV-Polygram Sil S-HR/uv25k, Macherey-Nagel
and Co. Dllren Germany) were used. Three to five microlitres of Th*
diluted in 4% aqueous propylene glycol (higher concentrations of propylene
glycol caused degradation of thyronines on the chromatogram) were spotted
and dried in a warm air stream. T3 and Tk (sigma) standards dissoclved
in methanolic ammonia (99% methanol to 1% concentrated ammonia) were
ran on either siée. The sheet was run in butanol : ethanol and 6 N
ammonia (5 : & : 1 v/v) for E%Ihr, dried and thg thyroxine standards
localized under UV. A protective coating was sprayed on (Letraset
protective coating) and the chromatogram sections (1/8" wide) counted
in the bottom of glass counting tubes, and the redioactivity occurring
in peaks corresponding to Th. and iodide, expressed as percentage of the
total on the chromatogram. This procedure was modified for the thin-

layer analysis of serum radioiocdo compounds. Twenty-five microlitres

of serum were spotted in & line (13 cm) in the middle of & chromstogram
sheet and ‘I'3 » Ty, MIT, DIT, and iodide standards spotted in paths on
either side. Samples of the serum for analysis wezre spotted on top of
the standards in the same density per unit length of origin, to ensure

that any serum constituents influencing migration of the standards,

would not interfere with identification.
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Methods for Assessing Thyroid Activity

1. Radiolodide Metabolism

a) % Thyroid (percentage of the injected dose in the thyroid) -

The extent to which the thyroid gland concentrates an injected tracer
dose of radioiodide within the follicles, through active transport
provides & measure of thyroid activity. It is expressed as follows:

% thyroid = thyroid (c.p.m. corrected for background)X 100

"injected dose"” (c.p.m. corrected for background)

It is generally a poor indication of thyroid activity if:

(1) the level of stable iodide (1271) does not remain constant
in the external and internal environment (fish) over the
sampling period, or bepween fish beiﬁg compared;

(2) the extrathyroidal rate of radioiodide clearance from the
blood is not the same under different experimentasl conditions.

To obtain the theoretical maximum uptake of radioiodide (U%) by

the thyroid, which is later fequired for the calculation of the rate
constant for thyroid uptake of radioiodide kl, two procedures were
followed. Either the line of best fit, in the stage of radioactive
loss from the thyroid was extrapolated back to zero time (Fig. 2)
(Dorey, 1970), or an averege was calculated for the three highest %
thyroids, at the time where thyroidal 11251 accumulation had reached a
plateau. The latter procedure was necessary because of the variability
generally encountered with this measurement, during this study and also
because of the slow loss of radiocactivity from the gland, resulting in

insufficient sample points for extrapolation back to zero time.
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Figure 2. Method for obtaining the maximum uptake of radiociodide

(U%) by the thyroid at zero time.
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b) Rate Constant for Thyroid I 'I Uptake (k;) - By using the

maximum thyroid upteke (U%) and by measuring the rate constant of radio-
jodide loss from the serum (K), it is possible to calculate the rate
constants for thyroid 11251 uptake, ky, and for 11251 excretion by all
extrathyroidal pathways, k2.

These rate._constants have been determined in fish by Dorey (1970),
who adapted the procedure of Robertson and Falconer (1961), for mammals.

By taking into account the serum radioiodide excretion rate the
determination of (kl) providesva superior method to % thyroid and T/S
(discussed below).

Radioiodide removal from the serum is exponential with time,
beconing linear with a semilogarithmic transformation. It is possible
from the transformed data to calculate the time taken for serum in-
organic radioilodide to decrease by 50%, this_béing expressed as the
biological half life (t3) (Fig. 3). Knowing td, the fractional rate
of loss of serum radioiodide by all routes (K) can be calcuiated by

the equation:

t3 = 1n2 = 0.693
X K (1)

The rate constant (K) represents the combined total of the rate
constants concerned with serum radioiodide removal, namely, kl, the
rate constant for thyroid radioiodide uptake and k2’ the rate constant
for all extrathyroidal routes of excretion (gills, kidneys, skin, gut
etc.). Hence K = kj + k, and

Serum T325T t} = 0.693
k) + k, (2)
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Figure 3. Method of determining the biological half life (t2)

for serum inorganic radioiodi.de.
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From this equation the total contribution of k; + k2 can be
determined, and by using the value obtained for maximum thyreid uptake

(U%), the contribution of each rate constant can be derived.

100 ky +k, (3)
This equation states that if the maximum uptake is 100% then
ky

ky + 1k
This in reality does not occur.

=1 and therefore there has been no contribution by k..

2

c) Thyroid/Serum Ratio (T/S) - This measure has been discussed

by Eales (1964). Like kj the T/S ratio is considered to be superior
to the measurement of % thyroid. It compensates to some degree for
changes in 11251 excretion, which would influence the amount of radio-
iodide available for thyroid uptake. Eales (1964) stated, that it
rests on the assumption that both thyroid radioiodide uptake and serum
radioiodide removal rates do not alter between injection and sampling.

The ratio in this study was measured as:

T/S = % thyroid
% injected dose-;125;/ml serum X bodXiggight

Although inferior to kl, which has a methematical basis, it has

the advantage that a time series of measurements is not required.

d) Conversion Ratio - This provides a measure of the radiohormone

output by the thyroid gland, taking into account the radioiodide pool.
It has been discussed and applied to fish studies by, for example,
Hickman (1961), Hoar and Bales (1963), Eales (1963) and Wiggs (1963).

It is expressed as:

53
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CR = serum PBlz5I (c.p.m. corrected for background).
X 100 125
I

serum PBI2T (c.p.m. corrected for background)+ serum I
(c.p.m. corrected for background)

Its validity depends, according to Hoar and Eales (1963), on Ty, *
and T3* being precipitated with the plasma proteins by TCA (established
by Falkner (1970) for brook trout), and also on negligible peripheral
loss of radiohormone over the experimental period. In addition both
Hoar and Eales (1963) and Wiggs (1963) refer to the possibility of
radioiodide binding directly to the plasma proteins, thereby influencing
the protein-bound iodide determination. In this work this error was

eliminated by the addition of KI to all TCA solutions.

2. Radiothyroxine Metabolism (Clearance of Serum P3125;)

Following intraperitoneal injection of Tp* a characteristic
pattern of P3125I decrease with time, Ilnvolving up to 4 phases may be
obtained for brook trout (Drury, 1967; Drury and Eales, 1968). Phase
I involved the absorption of Ty*, and possible derivatives from the
coelom into the blood stream where binding to proteins occurred.
Therefore, in the blood, there is a peak for PB'27I shortly after
injection, following which there is a decrease (Phase II) due to
distributioniof T, *, throughout the tissues. Together phase I and
phage II constitute the equilibration period.

Assuming Tu* is cleared from the blood at & constant rate, the
PB125T gerum loss in phase III is exponential (Fig. 4). Over this
phase biological half-lives (t%) can be determined, and also the

fractional rate of serum FBI turnover (radiocactive or stable) by the
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Figure 4. Graph shq&ing 8 characteristic pattern for PBI®5T decrease
wit.h time following intraperitoneal injection of Th* in
fish.' Phase I and II together constitute the equilibration
'period, while there is an -exponential loss of serum

PB'25T over phase ITI. T is the biological half-life

of serum PB1257,
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formula k = Qéggi. From this value the thyroxine secretion/degradation
rate can be esf&mated, knowing the total quantity of stable Th in the
serum (volume of Tk compartment x serum stable T) concentration) and
relating this to the body weight.

In phase IV a second peak in serum PB1251 sometimes occurs.
Drury and Eales (1968) considered this to be a result of tﬁyroid uptake
of radioiodide, produced from the peripheral deiodination of radio-
thyroxine, its synthesis into hormone, and then release in the form
of endogenous PBlaSI.

Using thiﬁ layer chromatography it was shown that it would be
more correct to refer to serum'radiothyroxine clearance, following
vTh# injection as radiothyronine clearance, becaﬁse through deiodination
the proportion of T3* increases. T3* has been shown by Eales, Welsh,
and Chan (1970) (in press) to have a different serum clearance rate.

Drury and Eales (1968) considered fractional rates of turnover
to be & valid index of serum PBI degradation rate and thyroid function,
if it can be assumed that a steady state exists, and the extrathyroidal
thyroxine pool does not differ markedly between conditions compared.

A summary of the parameters for measuring thyroid function is

given in Table V.

o7
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Table V. Parameters for Measuring Thyroid Function
inJection Parameter Definition and Comments
1251 4 Thyroid % of the injected dose taken up by the thyroid. Inferior to
T/S and kj providing no indication..of thyroid hormone output.
T/S Tbyroid/serum ratio. Inferior to k; since it has no mathe-
matical basis. Does not require time series of measurements.
u%b Maximum thyroid uptake extrapolated to zero time or average of
three highest % thyroids.
K Rate constant for loss of serum radioiodide via & 1 routes.
kl Rate constant for loss of serum radioiocdide to tle thyroid.
. Best radioiodide measure of thyroid activity.
k2 Rate constant for loss of serum radioiodide via all extra-
thyroidal routes.
CR Conversion ratio. Provides a measure of the radiohormone
output by the thyroid gland.
Thf t% Biological half-life of serum PB1251 measured over Phase III.
k Fractional rate of serum PBI turnover either radiocactive or
stable.
% dose in 4% of the injected dose taken up by either the liver, gall
entero- bladder, foregut (esophagus and stomach) and post pyloric
hepatic caecal intestine. Provides some indication of the peripheral
organs metabolism of Th* along with k.
——- Total Total circulating thyroid hormone (stable Ty, + stable T; in
Thyronine the serum). When used with k and an estimate for the volume

of the T, and T3 compartment can obtain the thyroid hormone
secretion rate.” To a limited extent provides some indication
of thyrometabolic status.

Total serum

Iodide

Represents the total stable iodide in the serum (both inorganic.
and hormonal). This must be known when % thyroid is used as
an index of thyroid activity.




RESULTS

Seven experiments, three dealing with exercise and iodine
metabolism and the remainder with exercise and thyronine metabolism,

are presented in this section.

Todine Metabolism

1. Radloiocdine Metabollsm

The influence of exposure to & water current on indices of thyreid

function following radioiodide. injection was assessed in three separate

experiments (I, II and IIT). (Summary, Table VI; Regression Equations

Table VII.)

a) Experiment I (July-August 1969; Fig. 5, A, B, C, D) - From the

stock tank, T2 fish (ave. weight 221.57 g ¥ 38.83 (S.D.)) were assigned
at random to the current chamber, while 72 fish (ave. weight 229.09 g ¥
41.97 (S.D.)) were assigned to the calm cheamber of the apparatus. Water
temperature was 13°C. Current fish swam continuously for 11 days and
then all fish were injected with 2 uCi of radioiodide and 8 fish from
each condition killed at 1, 3, 6, 9, 12, 15, 18, 21 and 2k days post

injection (p.i.).

The maximum % thyroid was 14.0% for both groups although this value
was attained at 12 days p.i. by current fish and at 15 days p.i. by calm
fish. Both groups then lost radioactivity, either as organic or inorganic
radioiodide (Fig. 5B). U% was 20.6% for current fish and 21.0% for calm

fish.
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Table VI. Summery of Radioiodine Metabollsnm
Current Calm
Experiment I Experiment II Experiment III  Experiment I Experiment II  Experiment III
(July-August (Oct.-Nov. (March-April (July-August (0Oct.-Nov. (March-April
1969) 1969) 1970) 1969) 1969) 1970)
Teup °C 13 13 11 13 13 11
Length of exp.
{days pei.) 24 27 30 2h 27 30
Average fish ‘
weight (g)*1 s.d. 221.57¢38.83 T70.66+19.62 106.64221.72 229.00th1.97 67.54*17.29 106.97+22.43
Length (cm)tl‘s.d. 26.43:1.53 18.08%1.67 21.92£1.69 26.57*1.59 17.83*1.55 21.86%1.47
20.6 17.2% 14 L% 21.0 19.2% 17.5%
£ (serun 12°1) days10.80 12.00 1h.25 10.80 17.25 15.75
K 0.064 0.058 0.0%9 0.064 . 0.04%0 0.044
kl 0.013 0.010 0.007 0.013 0.008 0.008
k, 0.051 0.048 0.042 0.051 0.032 0.036
Max 7.01(15d.) 11.50(184.) 9.4%2(284a.) 7.09(244a.) 10.59(27d.) 8.17(304.)
T/5 ratio at
2L days k.59 5.35 7.07 7.09 6.82 7.11
iiax % 1.20(24a.) %.00(183.) 1.72(244.) 1.44(244.) 5.03(27d.) 2.54(304.)
CR at 24 - -
days 1.20 3.34 1.72 1.44 1.75 0.88
Max 0.019(24d.) 0.076(244d.) 0.035(2ka.) 0.020(244d.) - 0.112{27d.) 0.057(304.)
PBY25T at 24 days 0.019 0.076 0.035 0.020 0.052 0.021

% U} (ave.)

09




Table VII. Eguations for straight line regriggions used in figures.
- (Radiofodine metabolism, Serum I <’I)

Current Calm

Date No. of Figure . T° Equation of the line* No. of Figure T°C Equation of the line

July-August 5 13 logy = 0.8233 - (0.0277)}X 5 13 logy = 0.9155 - (0.0278)X
1969

October-November 6 ' 13 logy = 0.7929 - (0.0248)X 6 13 logy = 0.7811 - (0.0174)X
1969

March-April 7 11 logy = 0.7746 - (0.0210)X 7 11 logy = 0.8547 - (0.0191)X
1970 -

* Jogy = &8 + bX

19
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Figure 5.

Sustained'swimming and radio;odine metabolism (current
fish e, calm fish o) during July to August 1969. The
indices of thyroid function, namely serum 11251, %

thyroid, T/S, serum PBI2°I, and CR are plotted against

time (days). Points are means of eight fish. Each
125

mean for serum I I is plotted as the antilogarithm

of the logarithm average for the sample, since the
straight lines were fitted by the method of least

squares. Standard errors of the means are indicated

except for serum 11251.
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Both groups lost serum radioiodide exponentially st an identical
rate (t3 = 10.80 days, K = 0.064) and hence k, or k, did not differ
between the calm or current conditions. However, the difference in
intercept on the semilogarithmic plot of serum radioiodide, with time,
indicated a difference in radioiodide distribution space between the two
groups (Fig. 5A). The T/S CR and possibly serum concentration of PBleI
tended to be slightly higher for the current fish (Fig. 5C, D). The
maximum T/S was 7.0l (15 days p.i.) for current fish and 7.09 (2k days
p.i.) for calm Pish. Maximum CR of 1.20% (current) and 1.hh4% (calm)
were attained at 24 days p.i.

In conclusion, sustained swimming produced little alteration in
longterm rediolodide metabolism of brook trout. Where differences.did
appear they suggested that fish in a current might have a slightly

greater thryoid activity.

b) Experiment II (October-November 1969, Fig. 6, 4, B, C, D) - In

this experiment smaller fish were used in order todetermine if increased
swimming by each fish (number of lengths/éecond) had any effect on
thyroid activity. From the stock tank, 99 fish (ave. weight 70.96 g ¥
19.62 (s.D.)) were assigned at random to the current chamber, while $9
fish (ave. weight 67.54 g ¥ 17.29 (S.D.)) were assigned to the calm
chamber of the apparatus. Water temperature was 13°C. Current fish
swam continuously for 11 days and then all fish were injected with

2 uCi of radioiodide and 9-10 fish from each condition killed at 2, 6,

9, 12, 14, 16, 18, 21, 24, and 27 days p.i.
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Figure 6. Sustained swimming and radioiodine metabolism (current

fish e, calm fish o) during October to November 1969.
The indices of thyroid function namely, serum 11251,

% thyroid, T/S, serum rBY257 ana CR are plotted against
time (days). Points are means of nine to ten fish.

125

Each mean for serum I~ “I is plotted as the antilogarithm

of the logarithm average for the sample, since the
strailght lines were fitted by the method of least squares.
Standard errors of the measns are indicated, except for

125

serum 1 I.
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Calm fish had a higher perceﬁtage uptake of radioiodide into the
thyroid (Fig. 6B). For the calm fish U% was 19.2%, while for current
fish this was 17.2%. Loss of thyroidal radioactivity was slow for both
groups, although for fish in the current, this appeared to be slightly
faster. There was increased serum radioiodide removal for current fish
(t% = 12 days; K = 0.058) than for the calm fish (t3 = 17.25 days;

K = 0.040).
This resulted in a difference in the rate of thyroidal uptake |

of radioiodide for current fish (k, = 0.010 rather than k. - 0.008 for

1
calm fish) and aiso in the rate of extrathyroidal removal of serum
radioiodide (k2 = 0.048 instead of 0.032 for calm fish). No alteration
in the rediolodide distribution space was observed (Fig. GA).

Mean T/S ratios and CR for the current fish were higher at 7
sample times out of 10 (Fig. 60; D). Although the maximum T/S and CR
respectively 11.50 and 4.00% both occurred at 18 dayé p.i. for current
fish, instead of 10.59 and 5.03% at 27 days p.i. for calm fish, standard
errors of the means often overlapped and there was no clear separation
of sample means according to condition. This was also the case for

serum PB125

I (Fig. €C).

From this experiment 1t was concluded that serum inorganic
radioiodide removal was accelerated in fish subjected to a continuous
current, primarily through extrathyroidal pathways, which contributed
in part to a reduced maximum thyrold uptake, since less radiciodide was

availlable. A slight but very inconclusive increase in thyroid hormone

production probably occurred for fish in the current.

67
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c) Experiment III (March-April 1970; Fig. TA, B, C, D) - A lower

acclimation temperature was tested in this third experiment. From the
stock tank 80 fish (ave. weight 106.64 g ¥ 21.72 (5.D.)) were randomly
assigned to the current chamber, while 80 fish (ave. weight 106.97 g £
22.43 (S.D.)) were assigned to the calm chamber of the experimental
apparatus. Water temperature was 11°C. Current fish swam continously
for 13 days, after an initial periocd where both groups had been held

at the acclimation temperature for 12 days and then all fish were injected
with 2.5 pCi of radioiodide and killed 4, 8, 12, 16, 20, 2k, 28 and

30 days p.i.

As indicated in Fig.7B calm fish had noticeably higher % thyroids,
with both groups showing no significant decrease in thyroid radiocactivity
‘even after 30 days p.i. U% for calm fish was 17.5%, whilé current fish
were lower at 1lh.4%. Fish undergoing sustained swiming had faster
removal of serum radioiodide (t3 = 14.25 days; K = 0.049) than for calm
fish (t% = 15.75 days; K = 0.044). This was the result of an accelerated
extrathyroidal removal of serum radioiodide by current fish (k2 = 0.042
in contrast to 0.036 for calm fish). Rate of thyroid serum radioiodide
removal was less for current fish (k1 = 0.007) than for calm fish
(kl = 0.008). Current fish had an altered radioiodide distribution
space (Fig. TA).

No difference between groups could be detected in the T/S ratio,

1251 concentration (Fig. 7C, D). The meximum values for

CR, or serum PB
T/S, CR and PBY27T for current fish were 9.42 (28 days p.i.), 1.72 (24
days p.i.),and 0.035 (24 days p.i.), while for calm fish these were

respectively 8.17 (30 days p.i.), 2.5% (30 days p.i.), and 0.057
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Figure 7.

Sustained swimming and radioiodine metabolism (current
fish e, calm fish o) during March to April 1970. The
indices of thyroid function, namely, serum 11251, %'
thyroid, T/S, serum PBleSI and CR are plotted against
time (days). Points are means of nine to ten fish with
the exception of current fish thirty days p.i. (n=12).
Each mean for serum I125T isg Plotted as the antilogarithm
of the logarithm average for the sample, since the
straight lines were fitted by the method of least squares.
Standard errors of the means are indicated except for

serum 11251.




lczs|

SERUM

T/S

A "

12

16

DAYS

20

24

28

SERUM PB'?%|

16

20

24

16
DAYS

20

24

32

20t

9% THYROID

a8 12 6
DAYS

20 24

28

32

4 8 12 16
Days

20

24

28

32




71

(30 days p.i.).

In conclusion, as in Experiment II, continuous swimming increased
the rate of extrathyroidal removal of 11251 from the serum, and reduced
thyroid uptake. No effect of current on hormone production was found.

Tables VIII, IX, X summarize the coefficients of condition and
hematocrits for all radiociodide experiments. In general, there was
little difference, elther in coefficients of condition or hematocrits
between groups of an experiment.

All three radieiodide experiments together indicate that con-
tinuvous swimming:under these experimental conditions results in (l)
either slight increase (Experiﬁent I) or no incpease (Experiment II and
III) in thyroid activity,:(Q) an Increase in the rate of serum radioiodide
removal mostly through extrathyroidal pathways (Experiment II and III)
and, (3) a reduction in U% (Experiment II and III) and an alteration in
radioiodide distribution space (Experiment I and III).

Also these experiments indicated that both radioiodide metabolism,

generally, and radiohormone production, in particular, seemed very slow

in this species.

2. Stable Todine (*27I Metabolism)(Fig. 8)

Several workers (see literature review) have implied that serum

stable iodide levels can influence thyroid uptake of radioicdide. Since S
preliminary observations on the brook trout revealed a high, and in

many cases varlable 1271 level, it was felt that an investigation of

the relationship between serum 1271 levels, and various radioiodide

parameters, was necessary to interpret the radioiodide data.



Table VIII. Coefficients of condition and hematocrits for
July-August 1969 (Radioiodide Experiment)

Coefficient of Condition* (mean of 8 fish)* 1 S.E. Hematocrit RBC/Total (means of 8 fish)*1 S.E.

Days p.i. Current Calm Current Calm

1 1.199% 0.040 1.183% 0.037 42.56% 1.15 B1.44* 1.68

3 1.137t 0.030 1.126+0.026 41.56% 1.05 h1.56% 1.17

6 1.140t 0.039 1.127% 0.038 39.43% 1.29 40.19% 1.82

9 1.142t 0.025 1.099 *0.027 37.83% 0.42 39.13% 1.33
12 1.093t 0.03% 1.112% 0.032 ho.25+ 1.25 39.63% 1.92
15 1.117t 0.032 1.123+ 0.02k 42.00% 1.83 34.06% 1.79
18 1.048% 0.018 1.139% 0.021 38.50% 2.16 38.44% 2.19
21 1.078t 0.027 1.149%+°0.022 Y. ik ¥ 2.34 36.36*1.81
24 1.101t 0.015 1.087%0.037 41.00%2.36 37.00% 1.97

* Coefficlent of condition = weight (g) X 100/fork length 3(cm)

el




Table IX. Coefficients of condition and hematocrits f‘or
October-November 1969 (Radioiodide Experiment)

Coefficient of Condition (mean of 10 fish)?* 1 S.E. Hematocrit RBC/Total (méan of 8-10 fish)=*1 S.E.

Deys p.i. Current Calm : Current Calm
2 0.992 +0.018 1.000*0.019 33.61 #1.43 34.39 +1.57
6 1.018 £ 0.018 1.034 +0.023 33.70 £1.77 32.67 +2.19
9 0.987 +0.019 1.041 *0.028 36.70 £1.69 34.38 +1.54

12 0.991 £0.016 1.081 +0.025 33.55 #1.39 35.3022.07

1k 1.003 +0.016 0.986 +0.015 31.69 $1.51 30.00 +0.73

16 1.026 +0.025 0.936 +0.020 3%.50 *2.77 29.00 +0.67

18 1.020 :6.030 1.012 $0.032 33.50 #1.26 33.00 +1.51

21 0.958 +0.027 0.991 0.013 31.67 *1.65 34.25 £2.00

2k 0.954% $0.009 0.953 #0.013 34%.83 +1.40 32.88 +1.69

27 0.959 *0.023 0.953 #0.023 31.71 #1.61 32.30#0.79

€L




Table X.

Coefficients of condition and hemstocrits for
March-April 1970 (Radioiodide Experiment)

Days p.i. Current Calm ) Current Calm

L 1.060%0.019 1.072+0.029 38.20%0.81 39.20% 1.31

8 0.992 £ 0.033 1.026 £ 0.020 37.28+ 0.72 36.55+1.19
12 '1.0181* 0.021 1.060+0.019 37.78+1.36 36.50% 1.16
16 1.007% 0.020 1.022+0.022 37.61+1.56 38.90+ 1.47
20 0.990% 0.023 0.683 % 0.017 37.33%+1.29 38.35% 1.62
2k 1.024  0.024 0.973 £0.024 . 38.60% 1.32 38.50% 1.16
28 0.965% 0.017 0.968 £ 0.019 '37.55% 0.75 36.75% 0.67
30 0.964t 0.015 0.950+0.016 34.86%1.18 33.88%+ 1.35
*n =T

Coefficient of Condition (mean of 9-12 fish)* 1 S.E. EHematocrit RBC /rotal (mean of 9-11 Fish)* 1 S.E.

Hi
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Figure 8. Total serum stable iodine (1271) levels for sera from
experiment II (current o; calm o) and experiment III
(current 4, calma). Arrows indicate time at which
fish were injected in October (CC) and March (M) after
the initiation of the experiment. Points in experiment

II are means of eight to ten fish, while those in

experiment III are means of ten to twelve fish.

Standard errors of the means are shown.
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A limited number of determinations were performed on the individual
sera of some fish from Experimént I. A sample of 10 fish, killed before
the start of the experiment, had a mean total iodide concentration of
126.8 mcgb * 15.4 (S.E.). After swimming for 26 days total serum iodide
increased to a mean (n<8) of 178.7 mcgh * 20.6 (S.E.). The calm fish
also increased, but to a lesser extent (ave. 143.1 mcgh * 27.6 (S.E.);

n=-8). Swimming for 32 days resulted in total icdide increasing further

to an average of 273.5 mcgb * 31.2 (S.E.) with n=8.

Based on these data it seemed that serum'1271 did not remain
constant throughout an experiment and was also influenced by exposure
to current. To verify these conclusions more extensive determinations
were performed on the sera from Experiment II and III.

For Experiment I1II, apart froman initial decline from an average
of 217.0 mcg% * 17.0 (s.E.), n=7, at the beginning of the experiment,
both groups sharply increased their average serum total iodides,
reaching maximum values of 337.3 mcg% ¥ 18.9 (S.E.) for current fish

and 325.9 mcgd * 19.6 (S.E.) for calm fish. At all sample times

current averages were higher.

For Experiment III an even greater separation'éf current fish,
averages from calm fish occurred, except at 29 days Qhere the difference
was smaller. This was caused by 3 fish out of 10, which had sub-

stantially lower total serum icdide. Current fish increased from

388.6 mcgd ¥ 34.1 (S.E.) at 17 days to h95.8'mcg% * 32,6 (S.E.) at 43
days, while the level for the calm fish increased from 253.5 mcgh

* 29.5 (S.E.) to 395.8 mcg$ * 38.4 (S.E.).
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Since the internal serum iodide environment had not remained
constant, but increased, it was decided to see whether or not the changes

mentioned above in stable 1271 could influence radioiodide indices of

thyroid activity. The two sample times with the highest standard errors
of the mean for stable iodide levels, and therefore having the greatest
potential scope for change in 1251 prarameters, were chosen for both
Experiment II and III. The T/S ratio, C.R., and serum I'25I for each

fish were plotted against the corresponding total serum iodide for

that same fish.

An inversé relationship was found in all cases for the T/S ratio
and the conversion ratio (Figs. 9, 10, 11, 12) with the exception of one
sample from Experiment III (Fig. 12) where there was no relationship
whatsoever between total serum iodide and C.R. A direct relationship
was found between serum 11251 and serum étable iodide, suggesting that
greater removal of 1271 is accompanied by a corresponding greater
removal of radioiodide. In the four samples examined % thyreid was

not noticeably affected by total ilodide levels, however, in one

12
extreme case of low 7I % thyroid was drastically increased, pre-
sumably because of increased specific activity of the injected radio-
lodide. This observation was particularly evident at other sample

times.

Several conclusions were reached. First of all serum stable
iodide 4id not remain constant under these experimental conditions.
Second, current fish seemed capable of accumulating greater levels of
serum stable iodide, although this difference might not have continued

with a longer experiment. This was indicated in a later experiment,
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Figure .9. Relationship between radioiodide indices of thyroid
activity (serum 11251, T/S, and CR) and total serum

' 127I for current fish from experiment II (9 days p.i.).

Each X represents an individual fish.
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Figure 10. Relationship between radioiodide indices of thyroid
activity (serun 11251, T/S,.and CR) and total serum
1271 for calm fish from experiment II (9 days p.i.).

Each X represents an individual fish.
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Figure 11. Relationship between radiociocdide indices of thyroid
activity (serum 11251, T/S, and CR) and total serum
1271 for current fish from experiment III (16 days

p.i.). Each X represents an individual fish.
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Figure 12. Relationship between radioiodide indices of thyroid
activity (serum 11251, T/S, and CR) and total serum
1271 for calm fish from experiment III (30 days p.i.).

Each X represents an individual fish.
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where a serum sample, taken from a serum pool from 20 fish, which had been
subjected to a current for 53 days, had a value of 39%.8 mcg$, whereas
the calm fish were slightly higher, having 411.6 mcgh. Finally, serum

stable lodide levels were capable of influencing, markedly, radioiodide

parameters of thyroid activity.

Thyronine Metabolism

1. Radiothyroxine Metabolism

To provide insight into the possible effect of current on the
peripheral metabolism of thyroid hormones, three experiments (IV, V,
and VI) were conducted from June 1969 to February 1970. (Summary,

Teble XI; Regression equations, Table XII.)

a) Experiment IV (June-July 1969; Figs. 13, 14) - From the stock

tank, 67 fish (ave. weight 170.68g* 35.66 (S.D.)) were assigned at
rendom to the current chamber, while 67 fish (ave. weight 154.70 g *
28.87 (S.D.)) were assigned to the calm chamber of the experimental

apparatus. Water temperature was 13.5°C. Current fish swam con-

tinucusly for 10 days, and then all fish were injected with 0.2 uCi
of Ty*, specific activity 43.6 mCi/mg and 8-9 fish killed at 3, 6, 12,
24, 48, 72, 96 and 120 hr p.i.

The patterns of change with time for serum PBla5I, 11251 and the

% of total serum radicactivity that is PBI2°I are shown in Fig. 13A, B.
Three hours after injection serum PB1251 was highest as the result of

absorption of Th* from the coelom into the blood stream.



Table XI. Summary of Radiothyroxine Metabolisnm

Current

Calm

Experiment IV
June-July 1969

Experiment V
December 1969

Experiment VI*
February 1970

Experiment IV
June-July 19569

Experiment V
Decemder 1969

Experiment VI
February 1970

Temp °c

Days starved
before injection

Average fish
weight (g)*
1 s.b.

Length (cm)
*+1 s.D.

Specific activity
(1y*) (oC1/ug)

t1 (serum 127 1)
(hours)

k

max. $ liver

max. % gall bladder

max. % intestine

max. $ total
enterohepatic

13.5
10

170.68%35.66

25.35%1.65
43.6
30.4

0.023

18.% (3hr)
19.7 (12hr)
17.2 (48hr)
39.2 {12hr)

12
16

92.75%21.28

20.61%1.51

135.0

67.2

0.010

9.0 (6hr)
20.2 (72hr)
10.2 (96hr)
31.3 (2khr)

9.5
12

98.88222.49

20.96*1.48
35.0
99.6

0.0070

6.7 (25hr)
20.8 (73hr)
8.5 (97Tnr)
29.7 (9Tnr)

13.5
10

154 .70:28.87

2%.78¢1.53
%3.6
37.6

0.018

16.6 (6nbr)
17.% (72nr)
14.6 (2khr)
3%.% (72hr)

12
16

90.67¢15.52

20.3221.59
135.0
82.8

0.008%

10.2 (énr)
22.% (72hr)
9.02 (72hr)
34.5 (72hr)

9.5
12

104.5221.10

21.43%1.%9

35.0

2.4

0.0075

5.0 (25h2)
25.4 (97hr)
9.0 (73ar)
38.% (97hr)

#* Current turned on 50 hr p.i.

88




Table XII. Equations for straight line regressiong used in figures
(Radiothyroxine metabolism, Serum PBL201)

Current A : Calm

Date No. of Figure TO,C Equation of the line* No.“ of Figure TOC Equation of the line

June ~July 13a. 13.5 logy = 1.8377-(0.0099)X 13a. 13.5 logy = 1.8691-(0.0080)X
1969

December 15a. 12 logy = 1.3958-(0.0045)X 15a. 12 logy = 1.4%493-(0.0036)X
1969

February 17a. 9.5 logy = 1.5166-(0.0030)X 17a. 9.5 logy = 1.5253-(0.0033)X
1970

*logy = a+bX

68
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Figure 13a. Influeunce of sustained swimming (current fish (e a)
calm fish (04 ))on the disappearance of PBL25I and
11251 from the serum follow'ing intraperitoneal
injection of Ty*. Each point is plotted as the
antilogarithm of the logarithm average for the
sample, which was composed of eiéht to nine fish.
13b. Graph showing the_pér cent of total serum radio-
activity that is PBY?5T in relation to time (hours).

Standard errors of the means are indicated.
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Figure 4. Per cent of the injected dose found in enterohepatic
tissues of current fish e and calm fish o at certain
times (hours) following intraperitoneal injection of
T, Each point represents a mean of 8-9 fish.

Standard errors of the means are indicated.
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A rapid phase of PBlasl reduction then followed at the same rate
for both groups, which occurred up to 24 hr p.i. This has been attributed
in the past to a distribution of the radloactivity into one or more
extravascular compartments. After 24 hours there was an exponential
phase being slower for calm (t3237.6 hr, k = 0.018) than for current fish

125

(t3 = 30.4 nr, k = 0.023). A slight increase in serum PB" °I was noted

for current fish at 120 hr p.i., possibly the result of reabsorption of
hormone from excretory pathways back into the blood stream.

Serum 11251 levels increased rapidly 3-6 hr p.i. and the quantity
was maintained at nearly a constant level over the period of sampling.

Nearly 70% for calm fish and about 80% for current fish of serum
radioactivity was PBY2I 3 hr p.i. (Fig. 13B). This decreased at a
similar rate for both groups reaching 6% bound 120 hr p.i.

Accumulation of radiocactivity by enterohepatic organs is shown
in Figure 14. All enterohepatic tissues (liver, gall bladder and post
pyloric caecal intestine combined) accumulated up to 39.2% of the
injected dose at 12 hr for current fish, while maximum enterohepatic
accumulation was 34.4% at 72 hr for calm fish. However, at 12 hr calm
fish had taken up 3%.2% and the line connecting all sample means in-
dicated peak uptake of radioactivity should have been seen at this
time. No difference was detected in the total enterohepatic loss
between the two groups. The liver and gall bladder patterns indicated
slight differences and perhaps the intestine. Maximum liver uptake
was 18.4% 3 hr p.i. for current fish, while that for calm fish was

16.6% at 6 hr p.i. Both groups declined repidly until 24 hr when
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they entered an exponential phase similar to serum PB1251 with current
fish indicating a slightly faster clearance.

Maximum gall bladder radiocactive accumulation was 19.7% 12 hr
p-i. for current fish, with calm fish requiring 72 hr to reach theipr
maximum of 17.4%, after which radioactive loss was faster than for
current fish. Maximum intestinal redioactive accumulation was at 48 hr
for current fish (17.2%) following which there was a decline.

Although maximum redioactive uptake was at 2k hr (14.6%4) for calm
fish, there was little loss of radioactivity from this maximum over the
period of sampling (Fig. 14). Foregut radioactivity reached a maximum
of 4% at 3 hr and declined rapidly to less than 1% at 24 hr and con-
tinued to decrease exponentially to 120 hr at tﬁe same rate for both
groups (Fig. 14). Total gut (foregut and intestine) was of similar
pattern to the intestine (Fig. 14).

It was concluded that exercise could increase the Th* degradation
rate, possibly as the result of increased removal of thyroid hormone

from the circulation by the liver and gall bladder.

b) Experiment V (December 1969; Figs. 15, 16) - This experiment

was performed at a lower acclimation temperature (12°). From the
stock tank 95 fish (ave. weight 92.75 g % 21.28 (S.D.)) were randomly
assigned to the current chamber, while 95 fish (ave. weight 90.67 g <
19.52 (S.D.)) were assigned to the calm chamber of the ekperimental
apparatus. Current fish swam continuously for ik days out of 16 days
and then all fish were injected with 0.25 prios Th*’ specific activity

135 mCi/mg and 9-10 fish killed at 6, 12, 18, 2k, 48, 72, 96, 120, 1h%,
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Figure 15a.

15b.

Influence of sustained exercise {current fish (oA)
calm fish (0 4)) on the disappearance of PB1251 and
11251 from the serum following intraperitoneal
injection of Th*' Each point is plotted as the
antilogarithm of the logarithm average for the
sample, which was composed of nine to ten fish.
Graph showing the per cent of total serum radio-
activity that is PB'?9T in relation to time (hours).

Standard errors are indicated.
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Figure 16.

Per cent of the injected dose found in enterochepatic
tissues of current fish e aﬁd calm fish o at certain
times (hours) following intraperitoneal injection of
Tu*. Each poinp represents a mean of ¢-10 fish.

Standard errors of the means are indicated.
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and 168 hr p.i.
Figure 15A, B, illustrates serum I‘2°I, PB1?°T and % bound at the

12
above sample times. Serum FB 51 decreased rapidly to 48 hr, at which

time both groups entered into an exponential loss which was slower for
the calm fish (t3 = 82.8 hr, k = 0.0084) than for the current fish

(t2 = 67.2 hr, k = 0.010). There was some indication at 168 hr p.i.,
that PBIEE was beginning to increase.

Serum 11251 rose up to 48 hr, after which there was a slow decline

for both groups. The per cent of the radiocactivity that was PBleI was
about 50% for calm fish and 34% for current fish 6 hr p.i. and decreased
rapidly until 48 hr when both groups had approximstely 6.5% bound. An
exponential decrease of similér pattern to seruﬁ-PBlesl then followed.

Current fish total enterohepatic organs accumulated maximum
radiocactive uptake of 31.3% at 24 hr p.i. and then declined, while calm
fish maximum accumulation was 3&.5% at T2 hr and then there was a
decrease (Fig. 16).

Clearance of radioactivity taken.up by the liver was faster for

. current fish (Fig. 16) with both groups having attained a maximum

uptake of radiocactivity of between 9-10% at 6 hr p.i. Current fish
also demonstrated more rapid accumulation and loss of radiocactivity in

the gall bladder (Fig. 16).

Intestine and total gut did not differ between groups, steadily
increasing over the period of sampling.

Maximum foregut radioactive uptake occurred at 12 hr p.i. for
both groups, reaching an average of 5.4% for current fish and 3.8% for

calm fish, with a more rapid decline after this for the former group.
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The conclusions from this experiment were the same as those from
Experiment IV. Thyroid hormone degradation rate was elevated in exercised
fish probably as the result of increased loss or excretion of hormone

particularly from the liver to the gall bladder.

¢) Experiment VI (February 1970; Figs. 17, 18) - To investigate the

effect on radiothyroxine metabolism, of suddenly forcing fish to swim,
a third experiment was carried out.

From the stock tank 68 fish (ave. weight 98.88 g * 22.49 (S.D.))
were assigned at random to the current chamber, while 68 fish (ave.
weight 104.52 g * 21.10 (S.D.)) were assigned to the calm chamber of
fhe experimental apparatus. Water temperature was 9.5°C. All fish were
injected after 23 days with 1 uCi Ty*, specific activity 35.0 mCi/mg
and were sampled 25, 49, T3, 97, 117, 142, and 167.5 hr p.i. At 50 hr
p.i. the current was turned on.

The hormonal and inorganic serum fractions as well as % bound are
illustrated in Figure 17A, B. Rapid loss of serum PBlaSI continued until
h9 hr, after which there was an exponential decrease. No effect of
exercise was observed for current fish which had a decreased rate of
PB251 removal (t3 = 99.6 hr, k = 0.0070) than for calm fish (t3 = 92.k
hr, k = 0.0075). Serum 11251 increased up to 73 hr for both groups
then slowly declined.

At 49 br p.i. both groups had about 11% bound from which time

there was an exponential decline to between 3 and 4% at 167.5 hr p.i.

(Fig. 17B).
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Figure 1l7a.

17b.

Graph showing the disappearance‘ofxserum PB125I and
11251 before énd after sudden exposure to.a water
current at fifty hours after intraperitoneal injection
of T)* (current chamber fish e, calm chamber fish o).
Each point 1s plotted as the antilogarithm of the
logarithm average for the-sample, which was composed

of nine to ten fish.

Graph showing the per cent of total serum radioactivity
that is PBY®7I in relation to time (hours) before and
after exposure to an imposed current. Standard errors

of the means are indicated.
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Figure 18.

Per cent of the injected dose found in enterohepatic
tissues of current chamber fish e and calm chamber fish
o0 before and after exposure to a water current at Pifty
hours after intraperitoneal injection of Th*' Each
point represents & mean of ten fish. Standard errors

of the means are indicated.
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Generally, no differences were noted in the enterohepatic
accumulation and loss of radiocactivity between groups, except possibly
in the gall bladder where current fish reached a maximum accumulation
of 20.8% at 73 hr, which subsequently declined. Calm fish continually

accumulated radioactivity in their gall bladder up to 120 hr (Fig. 18).

(1) Thin Layer Chromatography - Since considerable

deiodination was noticed throughout all the Th* experiments (high levels
of serum IX271), 1t was decided to identify the serum radioactive
materials at 25 hr p.i. by thin layer chromatography.

Most of the serum radioactivity was identified either as, iodide,
Tu,’or most probably T3 or & T3 like substance, since the migration
distance was equal to the applied T3 standard. For the fish in the
calm water chamber, the ratio of T3 to Th (T3/Th) was, on the average
of 6 fish, 0.502 or there was twice as much Th as T3. Fish randomly
swimning in the current chamber had a TB/Th ratio of 0.90k (mean of 8
fish) or there were almost equal amounts of T3 to Th' A predictable
relationship was obtained between total radiothyronines determined by
chromatography and the % of radioactivity as PBX27I (Table XITI).

Tables XIV, XV, and XVI summarize the coefficients of condition
and hematocrits, for all Ty experiments. Generally, coefficients of
condition d1d not differ within experiments, to any extent, between
groups. In Experiment IV average hematocrits slowly declined during

the experiment.




Table XIII. Chroumatography of the sera from fish 25 hr
after Th* injection

Thyronines %

TCA Precipitation

Condition No. I T), T3* T3/Th Total 4 Bound
3 53.9 18.7 ;8.1 0.433 26.8 25.1
4 3%.1 33.7 13.0 0.386 46.7 1.1
Fish in Calm 5 28.6 36.3 - 10.4 0.286 k6.7 k7.4
6 82.1 3.7 2.6 0.703 6.3 5.5
Water Chamber T 4.5 6.0 L5 0.750 10.5 5.2
8 . k.2 22.6 "10.3 0.456 32.9 26.6
Meant 1 S.E. 51.23% 8.15 20.17%5.55 B8.15%1.61 0.502% 0.075  28.32%7.07  25.65% 7.39
1 35.4 20.3 11.9 0.586 32.2 31.2
2 k6.9 26.3 19.1 0.726 L5k 37.3
N : -
: 3 68.2 k.1 6.8 1.659 10.9 3.6
4 24 .2 22.2 12.2 0.550 344 §3.7
Fish in Current 5 48.7 14.9 15.8 1.060 30.7 24.8
Chaiber Without 6 5.8 3.2 9.4 0.275 43.6 35.6
Current at This 7 73.8 1.0 15.1 2.157 22.1 15.9
Time 8 27.% 31.0 6.8 0.219 37.8 k2.1
Meant 1l S.E. 46.30% 6.28 20.00% 3.82‘ 12.14%1.55 0.904% 0.242 32.14t .01 29.78x k.72

“#Similar migretion as T3 standard

Lot




Table XIV. Coefficients of condition and hematocrits for
June-July 1969 (Tu* Experiment)

Coefficient of Condition (mean of 8-9 fish)*1S.E.  Hematocrit "°C/Total (mean of 8-9 fish)* 1 S.E.

Hr p.i. Current Calm ’ Current Calm

3 1.007 ¥ 0.029 1.025% 0.018 45.63+% 1.76 45.88+ 2.01

6 1.03% + 0.024 1.003+ 0.014 45.38+ 1.64 45.50% 1.73
12 1.056 * 0.034 1.013% 0.026 44.38% 1.45 45.00% 2.76
2k 1.008 £ 0.031 0.998% 0.011 38.59+1.35 45.8822.77
48 1.030# 0.027 1.0631 0.030 40.94 +1.29 41.13+ 0.84
T2 1.027%0.028 1.023% 0.028 37.72+1.89 30.4 1 1.62
96 1.032 + 0.017 0.941+ 0.022 3%.8121.62 38.83% 0.86
120 1.061¢ 0.023 0.994 * 0.016 39.25%1.28 36.75+2.13

801




Table XV. Coefficients of condition and hematocrits for
December 1969 (Ty* Experiment)

Coefficient of Condition (mean of 9-10 fish)* 1 S.E. Hematocrit RBC/Total (mean of 7-10 fish)* 1 S.E.

Hr p.i. Current Calm Current Calm
6 1.045%0.017 .009% 0.015 36.82+1.73 36.19% 1.13
12 1.065 +0.035 .O47+ 0.020 39.37+4+1.92 36.22+ 1.40
18 1.042+ 0.022 .019+ 0.020 36.754 0.97 35.79% 1.41
2k 1.092 % 0.035 .033% 0.010 35.21+2.40 34.63*1.51
418 1.031%0.036 .021% 0.020 35.72+1.63 34.57+ 1.88
T2 1.013% 0.030 .031% 0.020 33.07+0.54 35.90% 0.75
g6 1.036% 0.019 .023+ 0.022 37.06+1.85 - -
120 1.044% 0.016 .035+ 0.015 35.34+1.13 33.60% 1.79
1k 1.045% 0.018 .030% 0.009 31.75%1.38 36.33% 1.97
168 1.048+ 0.022 .010% 0.022 35.00%1.28 34.07% 1.87

60T




Table XVI.

Coefficients of condition and hematocrits for
February 1970 (Th.* Experiment)

Hr p.i. Current Calm Current Calm
25 1.106% 0.051 1.04k ¥ 0.014 40.55+1.38 kh.o6+1.25
Lg 1.028+ 0.019 1.042%0.01% 4l .28+ 1.65 Ll.6541.89
73 1.071+0.025 1.057 +0.024 k.94 1.21 43.%04+1.69
97 1.052+ 0.021 1.033+0.021 40.36% 1.41 41.94 +1.32
117 1.052+ 0.020 1.060 ¥0.022 .15+ 0.92 42.22 +1.07
142 1.065+ 0.018 1.046 +0.021 39.28+ 0.8¢ bl.17 $1.55
167.5 1.039% 0.02k 1.081 +0.027 39.28% 1.79 43.88 *1.26

Coefficient of Condition (mean of 9-10 fish)* 1 S.E. Hematocrit T8C/Total (mean of 8-10 fish)+ 1 S.E.

01T
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2. Total Serum Thyronines

a) Experiment VII (May-July 1970; Table XVII) - This experiment

was conducted to determine if current resulted in any changes in the

stable quantities of thyronines (Th and T3) in the serum. Fish were
acclimated at 13°C and 20 fish from each condition were sampled and 3
aliquots (each 5 ml) of pooled sera compared to 3 aliquots of pooled

calm fish sera at 14, 26, and 53 days after exposure to current. Current

fish (ave. weight 106.97 g * 23.77 (S.D.)) at 14 days averaged 1.30 mceh
as compared to 1.07 megh for calm fish (ave. weight 121.16 g t 24.32 (s5.D.)),
an increase of 21.5%.

This difference was reduced to 5.2% above the controls at 26 days,
where current fish (ave. weight 110.80 g ¥ 19.76 (S.D.)) averaged 2.03
mcgh as opposed to 1.93 mcgh for calm fish (ave. weight 113.10 g *
24.68 (5.D.)). At 53 days current fish (ave. weight 115.62 g * 25.29
(5.D.)) averaged 1.17 mcgh, while that for calm fish (ave. weight
108.58 g * 23.03 (S.D.)) was 1.03 mcgh,a rise of 13.6% over the controls.

It was concluded that exposure to a current under these ex-

perimental conditions could increase stable amounts of thyronines as

high as 21.5% above the controls.




Table XVII. Total thyronines May-July 1970

Total Thyronilnes mcg./lOO ml

Days After Replicates Current (each sample pool Calm (each sample pool % Change from Calm Condition
Current Initiated  No. of 20 fish sera) of 20 fish sera)
1 1.% 1.0
2 : lch ’ 1-1
14
3 1-1 ) ) 101
Mesn ¥ 1 S.E. 1.30* 0.10 1.07 * 0.03 , + 21.5
1 1.9 1.8
2 - 1.8 4 1.9
26
3 _ . 2.4 2.1
Meantl S.E. 2.03% 0.19 © 1.93% 0.09 +5.2
1 ' 1.1 0.8
2 0.9 : 1.2
53
3 1'5 101
-Mean*1 S.E. S 1.17% 018 1.03% 0.12 + 13.6

elt




DISCUSSION

Todine Metabolism

1. Radiolodine Metabolism and Exercise

The indices of thyrold activity used in this study indicate that
radioiodine metabolism in the brook trout is apparently a slow process,
which is in accordance with results obtained by Drury and Eales (1968)
and Dorey (1970).

Maximum u;étake of radioiodide into the thyroid (U%) ranged from
14 .4% (current fish, Experiment III) to 21.0% (qglm fish, Experiment I).
Calm fish in &xperiments II and III had higher % thyroids. BEales
(1963) found that steelhead in a fast current hed slightly lower radio-
iodide uptake than fish in a slow current, over the period of sampling
(8 days). In contrast, exercised rainbow trout up to 188 hr p.i. had
higher $ thyroids (Fontaine and Leloup, 1959).

In two experiments (II and III) current fish had a more rapid
removal of radioiodide from the serum by extrathyroidal pathways.

This supports the result obtained by Bales (1963) where fish in the fast
current had faster extrathyroidal loss of radioiodide from the body.
Fontaine and Leloup (1959) did not observe grester extrathyroidal
removel of serum radiolodide for their current fish, which may partly
explain why their fish had higher % thyroids.

Rate constant values for loss of serum radiciodide to the

thyroid, k, were generally higher than those reported by Dorey (1970)




except in her experimental series at l6°C where kl was 0.008. At 13°C

kl ranged from 0.008 to 0.013 in the present study, however, seasonal
factors in combination with experimental conditions probably influenced
the results.

The maximum T/S retio, C.R. and FBI??I for this study were
respectively 11.50 (at 18 days for current fish, Experiment II), 5.03
{at 27 days for calm fish, Experiment II), and 0.112 (at 27 days for
calm fish, Exgeriment II). It can be seen that all of these maximum
values occurred during October to November in fish of the lowest mean
‘weight. Maximum:values in Experiment I and III were considerably
lower. _

Influence of exercise on T/S ratio, C.R. and PBlasI was very
inconclusive. No effect of exercise on C.R. was found by Fontaine and
Leloup (1959), while Eales (1963) reported only a slight increase in

125I

C.R. Bonnet (1970) did not observe any alteration in serum PB
after 15 days of exercise (total length of experiment) in M. auratus,
although Fontaine and Leloup (1959) did find PB1251 to be three times
higher for current fish 188 hr p-i.

Due to lack of consistent evidence, in previous work and in the
present study, it is doubtful, based on radioiodiﬁe pafameters of
thyroid activity, if increased metabolic activity is accompanied by a
concomltant rise in thyroid activity for fish. This is in agreement
with a good portion of the work on thyroid function and fish metabolism,
which indicates no effect of thyroid hormones, T.S.H.; éntithyroid

compounds, or radlothyroidectomy on oxygen consumption (see literature

review).
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2. Stable Todine (*27I) Metabolism

Throughout all radioiodide experiments total stable serum iodide
did not remain constant, but tended to increase over the experimental
duration, influencing all radioiodide parameters. Both the T/S ratio S
and C.R. were inversely related to the level of total serum lodide,
while there was a direct relationship found with serum 11251. %
thyrold was often high when totel serum iodide was low. The variability
found in the radioiodide indices of thyroid activity was probably
largely caused by the variable levels of stable iodide between fish.
Also high levels:of serum stable iodide in brook trout, in comparison
to other species of fish, could explain why rad;oiodine metabolism in
this species ié a slow process.

Levels of stable iodide were higher in current fish which (l)
verified data reported by Fonteine and Leloup (1959) and, 2) explained,
on the basis of specific activity (see literature review), in com-
bination with the faster rate of radioiodide removal from the serum,

lower thyroid uptake of current fish in Experiment II and III.

The mechanism of serum ilodide build-up for current fish was
thought by Fontaine and Leloup (1959) to involve loss of iodide from
muscle. Other possibilities might be (a) greater extraction of iodide

from the water by the gllls, as the result of increased water flow

across the gill surface and, (b) greater deiodination of stable hormone,
since labelled thyronines disappeared from the blood more rapidly in
current fish. In any case since radioiodide loss from the serum
increased for fish in a current, it i1s apparent that the rate of

addition of stable iodide to the serum was greater for current fish,
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than for calm fish, although the pathways of addition remain obscure.

Starvation could have contributed to the increased serum iodide
in both groups, since by reducing biliary excretion of thyroid hormone,
it probably led to increased deiodination as the main alternative path-
way for thyroid hormone degradation and excretion.

Support for this hypothesis has recently been obtained by Bales
(1970) (unpublished data) where starved fish followiﬁg 'ru* injection
had higher levels of inorganic iodide, higher % thyroids and reduced
biliary loss of ?u* in comparison to fed fish.

Since the brook trout belongs to the Order Clupeiformes it is
capable of sigpificant binding of inorganic iodige by the plasma
proteins (Huang and Hickman, 1968). Falkner (1970) has provided
evidence for this, when he demonstrated that by dialysis G0% of serum
lodide was bound to protein in brook trout.

Leloup and Fontaine (1960) present maximum values of total
plasma iodide for several species in mcgh:257 for Salmo salar, 576 for

Salmo trutta, and 2300 for Alecsa alosa. So far a maximum of 752 mce?

has been recorded for brook trout, examined in this laboratory by
Dorey (1970). This occurred in April (1969). The highest levels of
total serum iodide for this study also occurred in April (1970),

suggesting a possible seasonal change.

In conclusion, it cannot be overemphasized that serum stable
iodide should be determined during any radioiodine experiment in order

to properly assess the data.
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Thyronine Metabolism

It is suggested that exercise elevates thyronine degradation rate.
This conclusion is based on (1) the greater fractional turnover retes
observed for current fish (Experiment IV and V), (2) increased levels
of total serum thyronines (stable) (Experiment VII) and, (3) little
alteration in the thyronine distribution space (Experiment IV and V).
Thyronine degradation rate is the product of the thyronihe distribution
space, the serum stable thyronine concentration and the fractional
turnover rate, k. In view of the results obtained from thin layer
chromatography (Experiment VI) where T3 was present along with Th 25 hr
after Th* injection, the term thyronine degradaﬁion rate 1s used rather
than thyrokine degradation rate. No effect of exercise was Pound when
fish were suddenly exposed to a current. Thus any increase in thyroid
hormone degradation rate is a response to prolonged metabolic stress.

Results in this study are similar to those reported by Irvine
(1968) who investigated the effects of exercise on thyroxine degradetion
in man. Athletes engaged in moderately severe training had the greatest
thyroxine degradation rate, while nonathletes taking daily muscular
exercise, had less of an increase avove resting nbnathletes. Elevation
in Th degradation was attributed to increased deiodination, a more
important pathway in humans than biliary loss. It is possible that
increased deiodination occurred in Experiment IV and V, for as discussed
earlier, stable serum iodide levels were always higher for current fish.

Studies on the enterohepatic excretory route for Th’ first

elucidated in brook trout by Eales (1970) indicate an additional




possible explanation. It is known from the work of Gorman, Flock, Owen,

and Paris (1966) that an equilibrium exists between blood and liver T), -

For example, in double isotope experiments, they showed the simultaneous

flow of Th in opposite directions across the cell membranes in the liver.

Also, by increasing the competition for binding sites in the blood,

through addition of stable Th’ they were able to increase the net flux

of Th from the blood to the liver. From this and other marmalian studies

(Myant and Osorio, 196%4; Osorio and Myant, 1965) it is now generally
believed that ounly the free Ty in the plasma is taken up by the liver
cells. Radioactivity in the enterohepatic organs, mainly in the
Experiment IV and V livers and gall bladders, suggested that fish in
the current had greater loss of radiocactivity ffom the liver to the
gall bladder. Possibly there was a higher percentage of free Th in
exercising fish, which from the above discussion, led to greater
accumalation of glucuronide conjugates of Th in the bile and hence
caused reduction in serum PBlasl. Glucuronide conjugates of Tk have
been identified in the brook trout by Sinclair (1970) (unpublished
data). Irvine (1968) found that exercising athletes had a higher
percentage of free Th in serum.

Several mammallan studies dealing with cold-acclimated rats
have shown increased loss of thyrold hormone, above controls at
normal temperature, to be thé result of greater fecal excretion
(Intoccia and Van Middlesworth, 1959; Kassenaar et al, 195G; Cottle,
1964; and Galton and Nisula, 1969). Galton and Nisula concluded
that there was no increase in the amount of Th reaphing the peri-

pheral tissues in rats exposed to cold, and they thought that
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increased thyroid activity observed for these rats was not due to
increased heat production, but to greater loss of Th through the gastro-
intestinal tract. Increased bile flow in cold-acclimated animals was
related partly to their increased food consumption. It is, therefore,
quite possible that the enterohepatic excretory system for thyroid
hormones can be a delicate cont:cl mechanism for regulating blood levels
of hormone, in addition to the central thyroid-pitultary axis.

The idea that biliary flow can be modified by food consumption is
important for interpreting the gall bladder patterns obtained in the
study, with those found by Eales (1970). In addition it is known that
dietary constitutents can affect Ty* excretion (Van Middlesworth, 1957) .
It follows that starvation probebly was the cause of the very slow loss
of gall bladder radioactivity observed iIn all Th* experiments. In
contrast, Eales observed that.almost 20% of the injected dose was in
the gall bladder by 24 hr, after which there was a rapid decline (1less
then 2% of the dose remained in the gall bladder at T2 hr). The
importance of starvation in regulating biliary flow has been verified
in a controlled experiment by Eales (1970) (unpublished data).

The initial rapid phase of gerum PBlgslvloss following Th*
injection has been explained by distribution of thyroid hormone
throughout the body's extrathyroidal pool, for mammals (Sterling, 1964)
and fish (Drury and Eales, 1968 and Eales, 1970). However, Eales (1970),
and data from this study implied, that this could be the result of
extensive uptake of radioactivity by enterohepatic tissues, rather
than a general dispersion throughout the body. Another possibility

mentioned by Tata (1964) is deiodination. In all T)* experiments
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high levels of inorganic iodide occurred shortly after injection as well

as high ratios of T3 and Th (25 nr p.i., Experiment VI).

125

There was some suggestion that serum PB I began to increase

following the phase of exponential loss for fish in the current. This
was probably caused by absorption of biliary-excreted Th from the

intestine, a well documented phenomenon in mammals (Myant, 1957; Chung

and Van Middlesworth, 196k ; 1967). A more evident increase in serum

PBleI was reported in brook trout by Drury and Eales (1968) although
they thought this represented endogenously produced hormone, the
thyroid using the inorganic iodide produced by deiodination. In the
present study radiociodide metabolism is so slow that this explanation
almost certainly did not apply.

Comparison between experiments reveals noticeable differences
in biological half-lives for PBleI, in direct relation to the ex-
perimental temperature. Such & relationship was found,in the eel by
Leloup (1965) and in the brook trout by Drury and Bales (1968). 1In

the eel at 24°C t of injected T),* was about 1.k days with this

increasing to 2.5 days at 10.5°C. Brook trout t% values for serum
PB1251, after TE* injection, were 18.0 days at 5°C, 3.2 days at 12%
and 1.5 days at 15°C. Values for control fish in the present study

were 3.9 days at 9.5°C, 3.5 days at 12°C and 1.6 days at 13.5°C.
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cC. General Conclusions on the Effect of Exercise Upon Thyroid Function

(1)

(2)

Exercise does not increase thyroid hormone secretion above
controls when assessed by radioiodide indices of thyroid
activity.

125
Radioiodide removal from the serum after Na "I injection

can be accelerated by exercise.

(3) Exercise causes an increase in the level of serum stable

(%)

lodide (1271) which, in combination with faster raqioiodide
removal from the serum, can lead to reduced % thyroids in
comparison to control fish.

Increased swimming over a long duration causes elevation of
thyronine degradation rate primarily through greater entero-
hepatic uptake of hormone from the serum. Since radiolodide
data do not support a conclusion for increased thyroid
activity with exercise, it is very doubtful that increased
thyronine degradation, observed in two Th* experiments, 1is

of metabolic significance.




BIBLIOGRAFHY

Abbassi, V. and J.M. Mckenzie. 1967. Lack of iodide effect on serum
and pituitary thyrotropin in vive. Endocrinology, 81:871-876.

Baggerman, B. 1960. Salinity preference,'thyroid activity and the
seaward migration of four species of Pacific salmon
(oncorhynchus). J. Fish. Res. Bd. Canada, 17:295-322.

Baraduc, M.M. 1954. Influence de la thyroxinisation de jeﬁhes Truites
arc-en-ciel (Salmo gairdneri) sur la teneur en lipides
viscéraux et periviscéraux. Compt. Rend. Acad. Sci. 238:
T728-730. '

Barch, S.H. 1953. Oxygen consumption of normsl and thyroxin stimu-
lated Rana pipiens skin. Physiol. Zool. 26:223-231.

Basu, S.P. 1959. Active respiration of fish in relation to ambient
concentrations of oxygen and carbon dioxide. J. Fish. Res.
Bd. Canada, 16:175-212.

Beamish, F.W.H. 1G64k. Influence of starvation on standard and
routine oxygen consumption. Trans. Amer. Fish Soc. 93:
103 "107 .

Beamish, F.W.H., and P.S. Mookherjii. 196%. Respiration of Fishes
with special emphasis on standard oxygen consumption. I.
Influence of weight and temperature on respiration of
goldfish, Carassius auratus L. Can. J. Zool. 42:161-175.

Bilinski, E., and L.J. Gardner. 1968. Effect of starvation on free
fatty acid level in blood plasma and muscular tissues of
rainbow trout (Salmo gairdneri). J. Fish. Res. Bd. Canada,
25:1555-1560. \

Black, E.C. 1955. Blood levels of hemoglobin and lactic acid in some
freshwater fishes following exercise. J. Fish. Res. Bd.
Canada, 12:917-929.

Black, E.C. 1957a. Alterations in the blood level of lactic acid in
certaln salmonoid fishes following muscular activity. I.
Kamloops trout, Salmo gairdneri. J. Fish. Res. Bd. Canada,
14:117-134.

Black, E.C. 195Tb. Alterations in the blood level of lactic acid in
certain salmonoid fishes followling muscular activity. III.
Sockeye salmon, Oncorhynchus nerke. J. Fish. Res. Bd.
Canada, 14:807-81k.




123

Black, E.C., N.J. Bosomworth, and G.E. Docherty. 1966. Combined
effect of starvation and severe exercise on glycogen
‘metabolism of rainbow trout, Salmo gairdneri. J. Fish. Res.
Bd. Canada, 23:1461-1463.

Black, E.C., G.T. Manning, and K. Hayashi. 1966. Changes in levels
of hemoglobin, oxygen, carbon dioxide, pyruvate, and
lactate in venous blood of rainbow trout (Salmo gairdneri)
during and following severe muscular activity. J. Fish. Res.
Bd. Canada, 23:783-795.

Black, E.C., A.C. Robertson, A.R. Hanslip, and W.G. Chiu. 1960.
Alterations in glycogen, glucose and lactate in rainbow and
kamloops trout, Salmo gairdneri following muscular activity.
J. Fish. Res. Bd. Canada, 17:487-500.

Bonnet, B. 1970. Thyreide et milieu interieur chex Mugil sp.
Influence de la nutrition et de 1l'environnement. Ph.D. Thesis,
Universite d'Aix-Marseille.

Brett, J.R. 1956. Some principles in the thermal requirements of
fishes. Quart. Rev. Biol. 31:75-87.

Brett, J.R. 1962. Some considerations in the study of respiratory
metabolism in fish, particularly salmon. J. Fish. Res. Bd.
Canada, 19:1025-1038.

Brett, J.R. 196k. The respiratory metabolism and swimming performance
of young sockeye salmon. J. Fish. Res. Bd. Canada, 21:1183-1226.

Brett, J.R. 1965. The relation of size to rate of oxygen consumption
and sustained swimming speed of sockeye salmon (Oncorhynchus
nerka). J. Fish. Res. Bd. Canada, 22:1491-1501.

Brett, J.R. 1967. Swimming performance of sockeye salmon (Oncorhynchus
nerka) in relation to fatigue time and temperature. J. Fish.
Res. Bd. Canada, 24:1731-17h41.

Brett, J.R., and D.B. Sutherland. 1965. Respiratory metabolism of
pumpkinseed (Lepomis gibbosus) in relation to swimming speed.
J. Fish. Res. Bd. Canada, 22:405-409.

Buhler, U.K., and L.J. DeGroot. 1969. Effect of stable iodine on
thyroid iodine release. J. Clin. Endocrinol. 29:1546-1552.

Burke, G. 1970. Effects of iodide on thyroid stimulation. J. Clin.
Endocrinol. 30:76-8k4.

Calhoon, T.B. 1955. Adrenal cortical extract on the oxygen consumption
of propylthiouracil treated frogs. Endocrinology, 57:70-75.




124

Chavin, W., and H.W. Rossmoore. 1956. Pituitary-thyroid regulation of
respiration in the goldfish, Carassius auratus L. Anat.
Record, 125:599.

Chung, S.J., and L. Van Middlesworth. 1964. Absorption of thyroxine
from the small intestine of rats. Endocrinology, Th:694-700.

Chung, S.J., and L. Van Middlesworth. 1967. Absorption of thyroxine
from the intestine of rats. Amer. J. Physiol. 212:97-100.

Cottle, W.H. 1964k. Biliary and fecal clearance of endogenous thyroid
hggmone in cold-acclimated rats: Amer. J. Paysiol. 207:1063-
1066.

Creach, Y., and G. Bouche. 1969. Influence du jeﬁne prolonge’sur la
composition du sang de la carpe (Cyprinus carpio L.). Rech.
Hydrobiol. contin. 1:51-60.

Dalberg, M.L., D.L. Shumway, and P. Doudoroff. 1968. Influence of
dissolved oxygen and carbon dioxide on swimming performence
of largemouth bass and coho salmon. J. Fish. Res. Bd. Canada,

25:49-70.

Davis, G.E., J. Foster, C.E. Warren, and P. Doudoroff. 1563. The
influence of oxygen concentration on the swimming performance
of Juvenile Pacific salmon at various temperatures. Trans.
Amer. Fish. Soc. 92:111-12k.

Dean, M.J., and C.J. Goodnight. 1G6k. A comparative study of carbo-
hydrate metabolism in fish as affected by temperature and
exercise. Physiol. Zool. 37:280-299.

DeGroot, L.J. 1966. Action of potassium iodide on thyroxine metabolism.
J. Clin. Endocrinol. 26:778-779.

De Nayer, Ph., P. Malvaux, M. Ostyn, H.G. Van Den Schrieck, C. Beckers,
and M. De Visscher. 1968. Serum free thyroxine and binding-
proteins after muscular exercise. J. Clin. Endocrinol. 28:

714 -T16.

Dickson, I.W. 1968. Factors influencing respiratory metabolism of
rainbow trout, Salmo gairdneri. Ph.D. Thesisg, Utah State
University, Logan, Utah.

Dodd, J.M., and A.J, Matty. 196%. Comparative aspects of thyroid
function. In "The Thyroid Gland" (R. Pitt-Rivers and
W.R. Trotter, eds.) Vol. I:303-356, Butterworths, London.

Dorey, C.D. 1970. The effect of temperature on radiociodine metabolism
and thyroid hormone biosynthesis in brook trout, Salvelinus
fontinalis (Mitchill). M.Sc. Thesis, University of Manitoba.




125

Drexler, E., and B. von Issekutz, Jr. 1935. Die Wirkung des Thyroxins
auf den Stoffwechsel koltbllltiger Wirbeltiere. Arch. f. Exp.
Path. u. Pharmakol. 177:435-k%1. (Cited in Smith and Everett,

1943.).

Drury, D.E. 1967. A comparison of methods fér measuring thyroid
activity in the eastern brook trout (Salvelinus fontinalis
Mitchell). M.Sc. Thesis, University of New Brunswick.

Drury, D.E., and J.G. Bales. 1968. The influence of temperature on
histological and radiochemical measurements of thyroid
activity in the eastern brook trout, Salvelinus fontinalis
(Mitchell). Can. J. Zool. 46:1-9.

Eales, J.G. 1663. An analysis of the thyroid role in Jjuvenile steel-
head (Salmo gairdneri Richardson) and factors responsible for
its seasonal fluctuation in sctivity. Ph.D. Thesis, University

- of British Columbia.

Bales, J.G. 1663. A comparative study of thyroid function in migrant
Juvenile salmon. Can. J. Zool. 41:811-82L.

Bales, J.G. 1664. The influence of temperature on thyroid histology
and radiolodine metabolism of yearling steelhead trout, Salmo
gairdneri. Can. J. Zool. 42:829-841.

Eales, J.G. 1970. Biliary excretion of radiothyroxine by the brook
trout, Salvelinus fontinalis (Mitchill). Gen. Comp.
Endocrinol. 14:385-3G5. '

Eales, J'Eéﬁ L. Welsh, and Hooi Har Chan. 1970. Biliary excretion of
I-3, 5, 3 triiodo-1~thyronine by the brook trout Salvelinus
fontinalis Mitchill. Gen. Comp. Endocrinol. (In press.)

Escobar del Rey, F., and G. Morreale de Escobar. 1956a. Studies on the
peripheral disappearance of thyroid hormone. II. The effect
of swimming for two hours on the 1131 gistribution in thyroi-
dectf?{zed, l-thyroxine maintained rats after the injection
of I -labeled l-thyroxine. Acta Endocrinologica, 23:393-39G.

Escobar del Rey, F., and G. Morreale de Escobar. 1956b. Studies on the
peripheral disappearance of thyrold hormone. III. The effect
of rumning for 12 hours on the 1131 aistribution in thyroi-
dectomized, l-thyroxine maintalned rats after the injection
of I113l-1abeled 1-thyroxine. Acta Endocrinologica, 23:400-406.

Etkin, W., R.W. Root, and B.P. Mofshin. 1940. The effect of thyroid
feeding on oxygen consumption of the goldfish. Physiol. Zool.
13:415-h29.




126

Falkner, Ji. 1970. The binding of 1221. 3, 5, 3"tritodo-l-thyronine and
SI-l-thyroxine to the plasma proteins of the brook trout,
Salvelinus fontinalis Mitchill. Ph.D. Thesis, University of
Manitobsa.

Farmer, G.J., and F.W.H. Beamish. 1969. Oxygen consumption of Tilapis
nilotica in relation to swimming speed and salinity. J. Fish.
Res. Bd. Canada, 26:2807-2821.

Featherston, W.R., Ry .Boehm, and J.C. Rogler. 1966. Influence of dietary
iodine on I 3 retention and distribution in the chick. Proc.
Soc. Exp. Biol. and Med. 123:73-76.

Fontaine, M., and J. Leloup. 1959. Influence de la nage a contre-courant
gsur le métabolisme de 1'iode et le fonctionnement thyroidien
chez la Truite arc-en-ciel (Salmo gairdnerii Rich.). Compt.
Rend. Acad. Sci. 249:343-347.

Fromm, P.0., anavE.P. Reineke. 1956. Some aspects of thyroid physiology
in rainbow trout. J. Cell. Comp. Physiol. 48:393-40k.

Galton, V.A., and S.H. Ingbar. 1962. Observations on the effects and
the metabolism of thyroid hormones in Necturus maculosus.
Endocrinology, T1:369-377-

Galton, V.A., and S.H. Ingbar. 1967. Effect of large doses of iodide
on the peripheral metabolism of thyroxine in rats. Endocrinology,
81:1439-1k4k1.

Galton, V.A., and B.C. Nisula. 156G. Thyroxine metabolism and thyroid
function in the cold-adapted rat. Endocrinology, 85:79-86.

Gibson,'E.S., and F.E.J. Fry. 1954. ' The performance of the lake trout
Salvelinus namaycush, at various levels of temperature and
oxygen pressure. Can. J. Zool. 32:252-260.

Glass, N.R. 1968. The effect of time of food deprivation on the routine
oxygen consumption of large-mouth black bass (Microgterus
salmoides). Ecology, 49:340-343.

Gorbmen, A., and 0. Berg. 1955. Thyroidal function in the fishes )
Fundulus heteroclitus, F. majalis, and F. diaphanus. Endo-
crinology, 56:86-92.

Gorbman, A., and H.A. Bern. 1962. A textbook of comparative endo-
crinology. John Wiley and Sons, New York.

Gorbman, A. 1969. Thyroid Function and its control in fishes. In Fish
Physiology, "The Endocrine System”" (W.S. Hoar and D.J. Randall,
eds.), Vol. 2, Academic Press.




127

Gorman, C.A., E.V. Flock, C.A. Owen, Jr., and J. Paris. 1966. Factors
affecting exchange of thyroid hormones between liver and blood.
Endocrinology, 79:391-405.

Graham, J.M. 1949. Some effects of temperature and oxygen pressure on
the metabolism and activity of the speckled trout, Salvelinus
fontinalis. Canadian J. Res., Sect. D. 27:270-288.

Green, W.L. 1966. Further studies of the effects of inorganic iodide
on thyroidal intermediary metabolism in vitro. Endocrinology,

T9:1-G.

Greer, M.A., Y. Grimm, and H. Studer. 1968. Qualitative changes in
the secretion of thyroid hormones induced by iodine deficiency.
Endocrinology, 83:1193-1198.

Hasarmann, W. 1936. Uber den Einfluss von Thyroxin auf den Sauerstoff=
ver-brauch Uber-lebender Gewebe. Arch. exp. Path. Pharmak.
180:167-182. (Cited in Pickford and Atz, 1957.)

Hammond, B.R:, and C.P. Hickman, Jr. 1966. The effect of physical
conditioning on the metabolism of lactate, phosphate, and glucose
in rainbow trout, Salmo gairdneri. J. Fish. Res. Bd. Canada,
23:65-83.

Hasler, A.D., and R.K. Meyer. 1942. Respiratory resﬁoases of normal
and castrated goldfish to teleost and mammalian hormones. Je
Expt ; ZOOl . 91:391"’*0‘4’-

Heath, A.G., and AW. Pritchard. 1962. Changes in the metabolic rate
and blood lactic acid of bluegill sunfish, Lepomls macrochirus,
Raf. following severe muscular activity. Physiol. Zool. 35:

323-329.

Heinemann, F., and R. Weber. 1966. The oxygen consumption in the re-
gressive tail tissue of Xenopus larvee during spontaneous
metamorphosis and regressive metamorphosis caused by thyroxine
"in vitro." Helv. Physiol. Pharmacol. Acta, 2l+:124-138.

Henschel, H., and M. Steuber. 1931. ‘'Uber die Bedeutung der Schilddrlise
flirden Stoffwechsel der Amphibien.' Arch. exp. Path. Pharmakol
160:401-427. (Cited by Dodd and Matty, 1964.)

Hickman, C.P., Jr. 1959. The osmoregulatory role of the thyroid gland in
the starry flounder, Platichthys stellatus. Can. J. Zool.

37:997-1060.

Hickman, C.P. Jr. 1961. The conversion ratio as a discriminatory test
for thyroid activity in fish. Nature, 189:1012-1013.



128

Hickman, C.P., Jr. 1962. Influence of environment on the metabolism of
iodine in fish. Gen. Comp. Endocrinol. Suppl. 1l:48-62.

Hoar, W.S. 1958. Effects of synthetic thyroxine and gonadal steroids
on the metabolism of goldfish. Can. J. Zool. 36:113-121.

Hoar, W.S., and G.M. Bell. 1950. The thyroid gland in relation to the
seaward migration of Pacific salmon. Can. J. Res. 28:126-136.

Hoar, W.S., and J.G. Bales. 1963. The thyroid gland and low-temperature
resistance of goldfish. Can. J. Zool. 41:653-669.

Hoar, W.S., M.H.A. Keenleyside, smd R.G. Goodall. 1955. The effects
of thyroxine and gonadal sterolds on the activity of salmon
and goldfish. Can. J. Zool. 33:428-439.

Hochachka, P.W. 1961. The effect of physical training on oxygen debt
and glycogen reserves in trout. Can. J. Zool. 39:767-776.

Hochachka, P.W. 1962. Thyroidal effects on pathways for carbohydrate
metabolism in a teleost. Gen. Comp. Endocrinol. 2:499-505.

Hoffert, J.R., and P.0. Fromm. 1959. Estimatlion of thyroid secretion
rate of rainbow trout using radiocactive iodine. J. Cell. Comp.
Physiol. 54:163-16G.

Hopper, A.F. 1959. The effect of mammalian thyrold powder on oxygen
consumption in Lebistes reticulatus. Growth, 23:13-19.

Hopping, A. 1931. Action of thyroxin on tissue metabolism. Proc. Scc.
Exp. Biol. (N.Y.) 28:726-728.

Hueng, C.T., and C.P. Hickman, Jr. 1968. Binding of inorganic iodide
to the plasma proteins of teleost fishes. J. Fish. Res. Bd.
Canada, 25:1651-1666.

Intoccia, A., and L. Van Middlesworth. 1959. Thyroxine excretion
increase by cold exposure. Endocrinology, 64:462-46k.

Irvine, C.H.G. 1967. Thyroxine secretion rate in the horse in various
physiclogical states. J. Endocrinol. 39:313-320.

Irvine, C.H.G. 1968. Effect of exercise on thyroxine degradation in
athletes and non-athletes. J. Clin. Endocrinol. 28:942-948.

Job, 5.V. 1955. The oxygen consumption of Salvelinus fontinalis.
Publ. Ontario Fish. Res. Lab., No. 73, 39p.

Kaciuba-Uscilko, H., K.F. Legge, and L.E. Mount. 1970. The develop-
ment of the metabolic response to thyroxine in the new-born
pig. J. Physiol. 206:229-241.



129

Kamra, S.K. 1666. Effect of starvation and refeeding on some liver and
blood constituents of Atlantic cod (Gedus morhus L.). J. Fish.
Res. Bd. Canada, 23:975-982. '

Karmarkar, M.G., N. Kochupillai, M.G. Deo, and V. Ramalingaswami. 1969.
Adaptation of thyroid glamd to iodine deficiency. Life Sciences,
8:1135-11k1.

Kassenaar, A., L.D.F. Lameyer, and A. Querido. 1959. Studies on the
peripheral disappearance of thyroid hormone. Acta Endo-
crinologica 32:575-578.

Kutty, M.N. 1968. Respiratory quotients in goldfish and rainbow trout.
J. Fish. Res. Bd. Canada, 25:1689-1728.

La Roche, G., C.L. Johnson, and A.N. Woodall. 1965. Thyroid function
in the rainbow trout (Salmo gairdneri, Rich.). I. Biochemical
and histological evidence of radiothyrioidectomy. Gen. Comp.
Endocrinol. 5:145-15G.

Lashof, J.C., P.K. Bondy, K. Sterling, and E.B. Man. 1954. Effect of
muscular exercise on circulating thyroid hormone. Proc. Soc.
Expl. Biol. Med. 86:233-235.

Leloup, J. 1965. Méfabolisgg de la thyroxine che? L'Angdille normale
et hypophysectomisée en fonction de le température. Gen Comp.
Endocrinol. S5:Abstract.

Leloup, J., and M. Fontaine. 1960. Iodine metabolism in lower vertebrates.
Ann. N.Y. Acad. Sci. 86:316-353.

Lewis, E.J.C., and E. Frieden. 1959. Biochemistry of amphibian meta-
morphosis: Effect of triiodothyronine, thyroxin, and dinitro-
phenol on the respiration of the tadpole. Endocrinology, 65:
273-282.

Lowenstein, J.M., and R.C. Stebbins. 1969. JIodine metabolism and
thyroid activity in parietalectomlzed tropical lizards.
Copeia 4:664-669.

Lynn, W.G., and H.E. Wachowskl. 1951. The thyroid gland and 1its
functions in cold-blooded vertebrates. Quart. Rev. Biol.

26:123-168.

MacCrimmon, H.R., and J.S. Campbell. 1969. World distribution of brook
trout, Salvelinus fontinalis. J. Fish. Res. Bd. Canada, 26:
1699-1725.

Madanmohanrao, G. 1961. Effect of thyroid feeding on the rate of
oxygen consumption of Tilapia mossambica (Peters). Proc.
Natl. Inst. Sci. India, Part B. Biol. Sci. 27:343-346.




130

Maher, M.J. 1961. The effect of environmental temperature on metabolic
response to thyroxine in the lizard, Lacerta muralis. American
Zoologist 1l:461.

Msher, M.J. 1964. Metabolic response of isolated lizard tissues to
thyroxine sdministered in vivo. Endocrinology, Th:954-955.

Maher, M.J. 1965. The role of the thyroid gland in the oxygen consumption
~of lizards. Gen. Comp. Endocrinol. 5:320-325.

Maher, M.J. and B.H. Levedahl. 1959. The effect of the thyroid gland
on the oxidative metabolism of the lizard, Anolis carolinensis.
J. Exp. Zool. 1%0:169-189.

Marine, D. 191%. The rapidity of the involution of active thyroid
hyperplasias of brook trout following the use of fresh sea fish
as a food. J. Bxp. Med. 19:376-382. :

Marine, D., and C.H. Lenhart. 1910. Observations and experiments on the
so-called thyroid carcinome of brook trout (Salvelinus font-
inalis) and its relation to ordinary goitre. J. Exp. Med.
12:311-337-. '

Massey, B.D., and C.L. Smith. 1968. The action of thyroxine.on mito-
chondrial respiration and phosphorylation in the trout
(salmo trutta Fario L.). Comp. Biochem. Physiol. 25:241-255.

Matthews, S.A., and D.C. Smith. 194%7. The effect of thiourea on the
oxygen consumption of Fundulus. Physiol. Zool. 20:161-16k.

Matty, A.J. 195k. . Thyroidectomy of the dogfish, Scyllium caniculs
(L.), and the effect dogfish thyroid upon the oxygen con-
sumption of rats. J. Mar. Biol. Ass. U.K. 33:689-697.

Matty, A.J. 1957. Thyroidectomy and its effect upon oxygen con-
sumption of a teleost fish, Pseudoscarus guacamaia. J.
Endocrinol. 15:1-8.

McNebb, R.A. 196G. The effects of thyroxine on glycogen stores and
oxygen consumption in the leopard frog, Rana piplens. Gen.
Comp. Endocrinol. 12:276-281.

Mohsen, T., and R. Godet. 1960. Action of thyroxine on the rate of

oxygen consumption of the lung-fish (Protogterus). Nature,
185:108.

Myant, N.B. 1G57. Faecal clearance rate of endogenous thyroid hormone
: in rats. J. Physiol. 136:198-202.

-Myent, N.B., and C. Osorio. 196k. Biliary excretion of thyroxine in
monkeys. J. Physiol. 177:75-76.



131

Mﬂller, J. 1953. Uber die Wirkung von Thyroxin und thyreotropem Hormon
auf den Stoffwechsel und die Fdrbung des Goldfisches. Z.
vergl. Physiol. 35:1-12.

Ochi, Y., and L.J. DeGroot. 1969. TSH-or LATS-stimulated thyroid
hormone release is inhibited by iodide. Endocrinology, 84:

1305-1309.

Osborn, P.E. 1951. Some experiments on the use of thiouracil as an aid
in helding and trensporting fish. Progressive Fish Culturist,

13:75-78.

Osorio, C., and N.B. Myant. 1965. Relation between the bililary excretion
of thyroxine and its binding by the serum protelns in monkeys.
Endocrinology, 76:938-948.

Parvatheswararao, V. 1965. Effects of short term starvation on the
metabolism of a fresh-water fish, Puntius sophore (Hamilton).
Current Science, 34:563-56k.

Parvatheswararaoc, V. 1667. Effects of prolonged starvation on the
metabolism of fresh-water fishes, Etroplus maculatus and
Cirrhine reba. Life Sciences, 6:163-172.

Pickford, G.E., and J.W. Atz. 1657. The Physiology of the Pituitary
Gland of Fishes. New York Zoological Society, New York.

Picos, C.A., D. Schmidt, and E. Popovici. 1969. Der Binflub des
Thioharnstoffs auf den Sauerstoffverbrauch der Fische in
hypothermischen Bedingumgen. Z. vergl. Physiologle 63:
146-150.

Pitt-Rivers, R., and W.R. Trotter. 1964. The Thyroid Gland.
Butterworths, London, 1:442p.

Pritchard, A.W., and A. Gorbman. 1960. Thyroid hormone treatment
and oxygen consumption in embryos of the spiny dogfish.
Biol. Bull. 119:109-119.

Radulescu, I., D.G. Vasiliu, E. Ilie and S.F. Snieszko. 1968. Thyroid
hyperplasia of the eastern brook trout, Salvelinus fontinalis,
in Romania. Trans. Amer. Fish. Soc. 97:486-488.

Ramsden, D., F.H. Passant, C.0. Peabody, and R.G. Speight. 1967.
Radioiodine uptakes in the thyroid. Studies of the blocking
and subsequent recovery of the gland following the ad-
ministration of stable iodine. Health Physics, 13:633-646.

Rao, G.M. M. 1968. Oxygen consumption of rainbow trout (Salmo
gairdneri) in relation to activity and salinity. Can. J.



132

Rhodes, B.A. 1967. Effect of exercise on the thyroid gland. Nature,
216:917-918.

Robertson, 0.H., and A.L. Chaney. 1953. Thyroid hyperplasia and tissue
lodine content in spawning rainbow trout: A comparative study
of lLake Michigan and California sea-run trout. Physiol. Zool.
26:328-340.

Robertson, H.A., and I.R. Falconer. 1G61. The estimation of thyroid
activity: An evaluation of certain parameters. J. Endocrinol.
21:411-420.

Root, R.W., and W. Etkin. 1937. Effect of thyroxine on oxygen con- ;ff
sumption of the toadfish. Proc. Soc. Exp. Blol. Med. R
37:17%-175.

Rosenberg, L.L., M. Goldman, G. La Roche, and M.K. Dimick. 1964.
Thyrold function in rats and chickens. Equilibration of
injected iodide with existing thyroidal iodine in Long-Evans
rats and White Leghorn chickens. Endocrinology, 7h:212-225.

Ruhland, M.L. 1969. Relation entre 1' activite de la glande thyroide
et la consommation 4' oxygene chez les Teleosteens, Cichlides.

Experientia 25:54k-045.

Sage, M. 1965. The effects of thyroxine and thiourea on the respiration
and activity of the teleost Lebistes reticulatus Peters.
Gen. Comp. Endocrinol. 5:706-707.

Sage, M. 1968. Respiratory and behavioral responses of Poecilia to
treatment with thyroxine and thiourea. Gen. Comp. Endecrinol.
10:304-309.

Smit, H. 1965. Some experiments on the oxygen consumption of goldfish :22
(Carassius auratus L.) in relation to swimming speed. Can.
J. Zool. 43:623-633.

Smith, D.C., and G.M. Everett. 1943. The effect of thyroid hormone on
growth rate, time of sexual differentiation and oxygen con-
sumption in the fish, Lebistes reticulatus. J. Exp. Zool.
ghs229-240.

Smith, D.C., and S.A. Matthews. 1948. Parrot fish thyroid extract and
its effect upon oxygen consumption in the fish, Bathystoma.

Srivastava, P.N. 1960. Utilization of radioiodine by the thyroid gland
of goldfish, Carassius auratus L. Physiol. Zool. 33:277-280.

Srivastava, L.S., and C.W. Turner. 1967. Comparison of thyroxine se-
cretion rate of docile and flighty lines of fowls. Proc.
Soc. Exp. Biol. Med. 124:325-327.



133

Sterling, K. 1964. Thyroxine in blood. Mayo Clinic Proceedings, 39:
586-608. v

Stevens, E.D., and E.C. Black. 1966. The effect of intermittent
exercise on carbohydrate metabolism in rainbow trout, Salmo
gairdneri. J. Fish. Res. Bd. Canada, 23:471-485.

Subrahmenyam, S., and M.F. Lockett. 1965. The effect of hypo-
physectomy on the action of thyroxine and adrenaline on the
metabolic rate of mice. J. Endocrinol. 32:77-82.

Svedmyr, N. 1966. Studies on the relationships between some metabolic
effects of thyrold hormones and catecholamines in animals
and man. Acta Physiol. Scand. 68:Suppl. 274, 46p.

Tanche, M., and A. Therminarias. 1969. Thyroxine and catecholamines
during cold exposure in dogs. Federation Proceedings, 28:
1257-1261.

Tata, J.R. 196k. Distribution and metabolism of thyroid hormones.
In "The Thyreid Gland" (R. Pitt-Rivers and W.R. Trotter,
eds.) pp 163-186, Butterworths, London.

Tata, J.R. 1964a. Basal metabolic rate and thyroid hormones. Advan.
Metab. Disorders, 1:153-18G.

Tata, J.R. 1964b. Biological Action of thyroid hormones at the
cellular and molecular levels. In "Actions of Hormones on
Molecular Processes” (G. Litwack, and D. Kritchevsky, eds.)
pp 58-130, Wiley, New York.

Tata, J.R. 1567. The action of thyroid hormones. J. Clin. Path. 20:
323-326.

Taylor, A. 1936. Athyroidism in the salamander Triturus torosus,
Rathke. J. Exp. Zool. T73:153-181. (Cited in Lynn and
Wachowski, 1951.)

Taylor, R.E. Jr., and S. B. Barber. 1967. Absence of an in vitro
thyroxine effect on oxygen consumption and sodium or water
transport by anuran skin and bladder. Gen. Comp. Endocrinol.
9:129-13L.

Thornburn, C.C., and A.J. Matty. 1963. The effect of thyroxine on
some aspects of nitrogen metabolism in the goldfish (Caraessius
auratus) and the trout (Salmo trutta). Comp. Biochem.
Physiol. 8:1-12.

Thornburn, C.C., and A.J. Matty. 196%. The effect of thyroid hormones
in vitro on the oxygen consumption of toad tissues. J.
Endocrinol. 28:213-217.




13%

Thornburm, C.C., and A.J. Matty. 1966. Effects of long-term treatment
and of low concentrations of thyroid hormones on the oxygen
uptake of toad tissues. J. Endocrinol. 36:221-229.

Tirri, R., M. Pantio, and H. Tarkkonen. 1968. Metabolic effects of
thyroxine in infant rats. Experientia 24:365-367.

Tonoue, T., and K. Yamamoto. 1967. The disappearance rate of thyroxine
from the blood and the metabolic rate in thyroidectomized
rabbits. Jap. J. Physiol. 17:405-k1k.

Van Middlesworth, L. 1957. Thyroxine excretion, a possible cause of
goiter. Endocrinology, 61:570-573.

Werren, M.R. 1940. Studies on the effect of experimental hyper-
thyroidism on the adult frog, Rana pipiens, Schreber. J.
Exp. Zool. 83:127-159. (Cited in Pickford and Atz, 1957.)

Wendt, C. 1965. Liver and Muscle glycogen and blood lactate in
hatchery-reared Salmo salar L. following exercise in winter
and summer. Rep. Inst. Freshw. Res.Drottningholm, 46:167-18k.

Wiggs, A.J. 1963. Notes on the use of the conversion ratio as an
index of thyroid activity. Can. J. Zool. 41:1176-1177.

Wilhoft, D.C. 1966. The metabolic response to thyroxine of lizards
maintained in a thermal gradient. Gen. Comp. Endocrinol.
T:lbs5-451. )

Woodhead, A.D. 1959. Variations in the activity of the thyroid gland
of the cod, Gadus callarias L., in relation to its migrations
in the Barents sea. Il1. The ‘dummy run' of the immature fish.
J. Mar. Biol. Ass. U.K. 38:417-hk22.

Yamamoto, K. 1964. Changes in thyroxine deiodinase of the frog,
Xenopus laevis Daudin, during metamorphosis and growth. Gen.
Comp. Bndocrinol. 4:360-369.

Zaks, M.G., and M.A. Zamkova. 1952. On the influence of thiourea on
the gaseous exchanges of the larvae of salmon and sevriuga.
Dokl. Akad. Nauk, USSR, 84:1101-1103. (Cited in Pickford
and Atz, 1957.)






