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Abstract - The basic properties of the lake sturgeon (Acipetlser fulvescens) thyroid 

system were studied to conftrm and explain previously reported low plasma thyroid 

hormone (TH) levels. The blood plasma levels for both Lthyroxine (T4) (0.29 ng I ml) 

and 3,5,3'-triiodothyronine (T3) (0.19 ng / mi) were very low in accordance with 

previous data. Poor binding by plasma THs ain expiain the inability of the sturgeon 

plasma to hold greater quarttities of hormone. The proportion of T4 in the red blood cells 

at equilibrium was greater and T3 and 3,5',5Uiiodothyronine (rT3) lower than that 

reported for other fish species. This showed that the red blood ceUs (RBCs) do not 

contain unusually high proportions of the blood's thyroid hormones. The THs fiom a 

variety of sturgeon tissues were extracted and assayed to determine their concentrations. 

The brain and thyroid tissue contained the greatest concentrations of TH and al1 tissues 

contained much more T3 than T4. T3 levels were particularly high in the brain and 

thyroid. High brain T3 levels suggest the presence of a high-afinity TH binding protein 

like transthyretin with a higher afnnity for T3 than T4. High thyroidai T3 levels suggest 

that T3 is the predominant form of the TH secreted by the thyroid. This theory was 

supported by signifiant activity of T-er ring deiodination producing T3 in the 

thyroid tissue. TH deiodinases similar to those in other vertebraîes were most active in 

sturgeon liver and less so in the intestine. Enzymes deiodinating T4, T3, and rT3 were 

present in both these tissues. Once the basic principles of the sturgeon thyroid system 

were established, the ability of shirgeon to modify thyroid fiinction in response to 

changes in dietary wnstituents was studied. Two diets, ocean plankton and Martin's 

trout pellets, were f d  to two groups of stwgeon. The hepatic T3-inner-ring deiodination 

(T3-iRD) and r T 3 - o u t e ~ ~ g  deiodination (rT3-ORD) activity were greater and plasma 



T3 leveis lower in the ocean plankton fed fish compared to  the trout pellet-fed fish. The 

specific growth rate by length and by weight comlated positively with the plasma T3 

levels and negatively with the hepatic and intestinal T3-IRD activity. This suggests a 

link between THs and growth in the sturgeoa as in the salmonids. Finally the ability of 

the lake sturgeon to  cope with a dietary induced T3-challenge was studied. T r o t  pellets 

containing 12 ppm T3 fed to  12 lake sturgeon, ïnaeased the plasma T3 concentration 2 X 

and decreased hepatic T4-outer-riag deiodination (T4-ORD) aaivity producing T3 

without any significant effects on the other hepatic deiodinases o r  on the activity of lower 

intestine and brain deiodinases. In conclusion, the lake sturgeon thyroid system bas 

several characteristics that differ nom the tel- fish sysiem. In contrast to telcosts, the 

sturgeon hm much greater concentrations of T3 than T4 in the blood and tissues 

(especially the thyroid) and significant T3-inner-ring deiodination in the liver and 

intestine. This suggests that the lake sturgeon's thyroid system functions mainly by 

releasing TH as T3 from the thyroid gland and then inactivating the portion not required 

within the tissues by T3-IRD activity. This system differs from that in rainbow trout and 

it is concluded that the lake sturgeon's thyroid system fundons  rnost similady to 

organisms that live in Iow iodide environrnents Iike the mammals. 



Acknowledgcments 

1 would like to thank my advisor Dr. J. G.  Eales for his valuable advice and 

patience throughout the years of my work. 

1 would also like to thank Dr. T. A Dick for supplying the lake sturgeon used in 

this project and for his comments while sening on my examination cornmittee. 

1 aiso acknowledge the valuable comments and suggestions h the other 

members on my cornmitte, Dr. House and Dr. Hua. 

1 must also thank the maay people in the lab thaï have provided me with technical 

assistance and advice as well as friendship. They include Audrey Waytiuk Ken Finrison, 

Kathy Kohel, Jennifer McLeese, and Susanna Wiens. 

And finally, 1 would like to thank my femily for their encouragement and support 



List of Figures 

Figure 1- 1 : Diagram showing the molecular structure of Gthyroxine (T4) 
and the deiodinase enzyme pathways present in teleost fish tissues. 

Figure 1-2: Diagram illustrating the pathway of thyroid hormone action corn 
production in the thyroid gland to action at cellular receptors in teleosts. 

Figure 3 - 1 : Percentage of plasma thyroid hormones fiee in the blood plasma 
of lake sturgwn as de~ermined by equilibrium dialysis. 

Figure 3-2: Percentage of plasma thyroid hormones (T4, T3, and rT3) 
bound to lakesturgeon and rainbow trout plasma proteins as determined 
by equilibration of plasma with radiolabelled hormone on G-25 Sephadex 
columns. 

Figure 3-3: Percentage of added radiolabelled thyroid hormones (T4, T3, rT3) 
in red blood cells at equilibrium in sturgeon whole blood. 

Figure 3 -4: T3-concentration profile nom 2 sturgeon whole body extracts 
diluted by 50 % at each successive dilution compared to a radioimmunoassay 
standard curve. 

Figure 4-1 : Representative HPLC (High-Pressure Liquid Chromatography) 
profiles showing the substraîe and products resulting fkom a) T4-deiodination, 
b) T34eiodinatio11, and c) rT3-deiodination. 

Figure 4-2: The pH profiles of a) T4-ORD, b) T3-iRD c) rT3-ORD activities 
in sturgeon liver microsomes. 

Figure 4-3 : The effects of vary ing the concentration of DTT (dithiothreitol) 
on a) T4-ORD, b) T3-iRD, and c) rT3 -0RD activities in liver microsomes. 

Figure 4-4: Lineweaver-Burke double reciprocal plot of 14-ORD activity. 

Figure 4-5: The effect of the addition of T4 and T4 analogs to rnicrosomal 
incubates on the proportion of T4-substrate (0.4 nM) deiodinated by T4-ORD. 

Figure 4-6: The effect of the addition of deiodination inhibitors to microsomal 
incubates on the proportion of T4-substrate (0.4 nM) deiodinated by T4-ORD. 

Figure 4-7: Lineweaver-Burke double reciprocal plot of T3-RD activity. 

Figure 4-8: The effect of the addition of T3 and T3 analogs to microsomal 
incubates on the proportion of T3-substrate (0.3 nM) deiodinated by T3-IRD. 



Figure 4-9: The effect of the addition of deiodination inhibitors to microsomal 
Incubates on the proportion of T3-substrate (0.3 nM) deicxiinated by T3-IRD. 

Figure 4-10: The e f f i  of the addition of rT3 and rT3 d o g s  to microsoxnai 
incubates on the proportion of rT3-substrate (0.3 nM) deiodinated by rT3-ORD. 

Figure 4- 2 1 : The effect of t he addition of deiodination inhibitors to m i c r o s o d  
incubates on the proportion of rT3-substrate (0.3 nM) deiodinated by rT3-ORD. 

Figure 4-12: The percentage of TH-deiodinaîed by liver microsomal T4-ORD, 
T4-IRD, rT3-ORD, and T3-IRD over a 38 OC-temperature range. 

Figure 4- 13 : T4-0RD and rT3-ORD activity of microsomal incubates 
preincubated at varying temperatures for 30 minutes before addition of 
substrate and incubation of al1 samples at 12 OC. 

Figure 4- 14: Time course of T4-ORD activity in liver microsomal incubates 
fiom laboratory-raised lake sturgeon killed at different times over a period of  
seven hours on May 7, 1997 and over a similar t h e  period on September 2, 19%. 

Figure 5- 1 : Concentration of T4 and T3 in the blood plasma of lake sturgeon fed 
on a diet of Martin's trout pellets and on ocean plankton (n = 12) detemineci by 

radioimmunoassay of  blooâ plasma samples. 

Figure 5-2: Percentages of T4 and T3 bound by plasma proteins in the blood 
plasma of lake sturgeon fed on diets of Martin's trout pellets and ocean 
plankton as determined by the column method. 

Figure 5 -3 : The hepatic microsomal activity of four deiodination pathways 
in two groups of lake sturgeon fed on diets of Martin's trout pellets and ocean 
plankton. 

Figure 5-4: The lower intestine microsomal activity o f  four deiodinattion 
pathways in two groups of lake sturgeon fed on diets of Martin's trout pellets 
and ocean plankton (n = 12). measurements. 

Figure 5-5: Concentrations of T4 and T3 in samples of Martin's trout pellets 
and ocean plankton used for feeding in the two diet groups of lake sturgeon. 

Figure 6- 1 : Concentration of T4 and T3 in the blood plasma of lake stwgemn 
Fed on a diet of Martin's trout pellets supplemented with 12 ppm T3 compared 
to fish fed on the sarne diet lacking the added T3 determined by 
radioimmunoassay. 



- 
Figure 6-2: The hepatic microsoma1 activity of four deiodinaîion pathways 137 
in lake sturgeon fed on T3-supplemented (12 ppm) Martin's trout pellets 
compared to controls fed on the same diet without added T3. 

Figure 6-3 : The lower intestine microsoma1 activity of four deiodination 
Pathways in lake sturgeon fed on T3-supplemented (12 ppm) Mairia's 
trout pellets wmpared to mntrols fed on the same diet without added T3. 

Figure 6-4: The brain microsoma1 adivity of fwr deidinaiion pathways 
in lake sturgeon fed on T3-suppkmented (1 2 ppm) Martin's trou @lets 
compared to controls fed on the same diet without added T3. 



List of Tables 

Table 2-1: Blood plasma or semm thyroid hormone (TH) concentrotions in 
various vertebrates. 

Table 3- 1 : The concentration of TH in the plasma of laboraîory-raised 
Iake sturgeon compareci to wild sturgeon s m m  samples determined by 
radioirnmunoassay. 

Table 3-2: The concentration of thyroid hormone in various tissues of lake 
sturgeon. 

Table 3-3: The concentration of TH in the whole body of lake sturgeon. 

Table 4- 1 : Characteristics of the type I, iI, and XII marnmalian deiodinase 
enzymes. 

Table 4-2: The activity of three thyroid hormone deiodination pathways 
present in microsoma1 fiactions of tissues obaîined from 5 lake stwgeon. 

Table 4-3: Hepatic deiodination activity in a group of 12 lake sturgeon. 

Table 5-1 : Correlation rnatrix displaying correlation coefficients (r) for 
cornparisons between lake shirgeon thyroidd parameters with data fkom 
both diet groups pool&. 



List of AbbieMations 

ANOVA 

ATG 

BSA 

Ci 

cDNA 

ddHzO 

DTT 

EDTA 

FT3 

FT4 

GH 

HPLC 

Hr 

1- 

IAc 

Kda 

K m  

MMI 

MS222 

MTP 

NSB 

OP 

Analysis of variance 

Aurot hioglucose 

Bovine serum albumin 

Curie 

Complimenîary deoxyribonucleic acid 

doubledistilled water 

Dithio threitol 

Ethylenediamine tetraacecate 

Free (unbound) T3 in plasma 

Free (unbound) T4 in plasma 

Growth hormone 

High-pressure liquid chromatogaphy 

Hour 

Free iodide 

Iodoacet at e 

Ki lodalton 

Enzyme affinity (Michaelis-Menten Constant) 

Methylmercaptoimidazole 

Methane tricaine sulfonate 

h4iutinys Trout Pellets 

Non-specific binding 

Ocean phnkton 



Pmole 

P P ~  

PTU 

RBC 

N A  

Rpm 

rT3 

*rT3 

rT3-ORD 

SA 

SEM 

SGR 

3,3'-T2 

T3 

*T3 

T3-IRD 

T4 

*T4 

T4-IRD 

T4-ORD 

TCR 

TETRAC 

TFA 

Piwmole 

Parts per million 

6-n-propyl-2-thiouraci 1 

Red blood ceil 

Radioimmunoassay 

revolutions per minute 

3,3 ' ,5'-triiodothyronine (reverse T3) 

'25Lradiolabelled rT3 

rT3 *ter-ring deiodination 

Specific activity 

Standard error of the mean 

Specific growth rate 

3.3 ' -triiodothyronine 

3 5 3  '-triiodothyronine 

'25f -radiolabelled T3 

T3-inner-ring deiodination 

L-th yroxine, tetraiodothyronine 

'*ï-radiolabelled T4 

T4-inner-ring deiodination 

T4-outer-ring deiodination 

Total count reference 

Tetraiadothyroacetic acid 

Trifiuoroacetic acid 



TGA 

TH 

*TH 

TRIAC 

T M  

TSH 

Tukey HSD 

VrruK 

Thyrog lobul in 

Thyroid homone 

'z~-radiolabelled thyroid hormone 

Triiodothyroacetic acid 

Thyrotropin releasing hormone 

Thyroid stimulating hormone 

Tukey hoaestly signifiant difference 

Uaximum velocity of enzyme activity 



Chapter 1 

Introduction 

Teleost Fish Thyroid 

In teleost fish ( b ~ n ~ s h ) ,  the thyroid hormones (THs) are pennissively acting 

hormones which stimulate growth, reproduction, and development. The thyroid system 

of fish has been reviewed by Eales and Brown (1993). The form of TH released fiom the 

teleost thyroid gland is thyroxine (T4) (Fig. 1-1) and tbe blood carries it to peripheral 

tissues (Fig. 1-2). These tissues absorb T4 for use in regulating protein transcription. 

However, T4 is not a very potent f o m  of TH. 3,5,3'-aiiodo-thyronine (T3). which 

contains one less iodine atom, has an approximately 10 X p a t e r  affinity than T4 for TH 

receptors. T3 is produced through the action of one or more types of deiodinase enzymes 

found within certain cells. Deiodinase enzymes interconvert the THs into their various 

forms by removing iodine atoms from either the outer or inner ring of their structure (Fig. 

1-1). Rernoval of one iodide atom kom the outer ring of T4 resdts in the fomatioii of 

T3, the active form. T3 can either be utilized within the ce11 in which it was produced, or 

transferred back into the blood Stream to be canied to other tissues that may absorb and 

use it. T4 can alternately be deiodinated to form 3,3',5'-triiodothyronine (rT3), a 

completely inactive form of TH, by removal of an imer-ring iodine. T3 and rT3 cm in 

turn be fûrther broken d o m  by deiodinase enzymes (Fig. 1-1) to either inactivate T3 or 

to salvage the iodide for recycling back to the thyroid gland. 

Within the tissue, T3 cm bind to TH receptors to exert its effects, be deiodinated 

further, or be conjugated by the addition of a glucuronic acid or sulfate group ta its 4'- 

OH 



Fi y r e  1 - 1 : Diagnim showing the molecular structure of L-thyroxine (T4) and the 
deiodinase enzyme pathways present in teleost fish tissues. ORD = outer-riag 
deiodination, IRD = inner-ring deiodination, T3 = 3,3,5'-tniodothyronine, rT3 = 3,3',3 '- 
triiodothyronine, 3,3-T2 = 3,3 '-düodothyronine. 





Figure 1 -2: Diagram illustrating the pathway of thyroid hormone action fkom production 
in the thyroid gland to d o n  at cellular receptors in teleosts. 
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group. These reactions inactive the THs and make them more water soluble for easier 

excretion fkom the system in bile and urine (Visser, 1990). Both suifation ( F ~ M s o ~  and 

Eales, 

1998) and glucuronidation (Fimson and Eales, 1997) of THs occur in the rainbow trout 

(Oncorhynch~s rnykiss). 

Within the blood, THs may be reversibl y bound to plasma proteins, or remain free 

within the plasma. Plasma proteins in the blood bind the majority of both T4 and T3 

preventing their loss from the blood. However, the red blood cells (RBCs) also contain a 

store of THs, which they exchange with the plasma. The RBCs of rainbow trout contain 

approximately 20% of the total blood T3 (McLeese et al, 1998). The quantities and 

affinities of proteins in the plasma and in the red blood cells are important factors that 

influence the total amount of TH found within the blood. 

The TH within the blood and tissues together forms the total body TH pool. The 

distribution and quantity of the various active and inactive forms of TH within this pool 

are important factors that determine the level of activity that the hormone manifests in the 

body. 

These dynamics are sensitive to environmental influences. The composition of 

the diet is one factor that affects the status of the thyroid system and growth of fish. 

Brook trout starved for 12 days significantly decreased the deiodination of T4 to T3 

(Higgs and Eales, 1977). 

Thyroid hormones taken into the body in the diet can also effect the function of 

the thyroid system as the fish modifies (autoregdates) its system to counteract the rise in 



body TH levels. Rainbow trout, fed T3-supplemented food decrease their deiodination of 

T4 to T3 in response to the increased levels of T3 in their system (Eales et al, 1990). 

Sturgeon Thyroid Systcm 

The lake sturgeon (Acipnserfulvescens) is a member of the subclass 

Act ino pterygii, infraclass Chondrostei, order Acipenseri formes and famil y Aci penseridae 

(Moyle and Cech, 1996). The sturgmn evolutionary Iine has been separated fiom that of 

the teleosts, aiso Actinopterygians (ray-finned fish), for over 200 million years. The lake 

sturgeon is found in the lakes and nvers of north central North America. Tt is the o d y  

primari1 y freshwater Acipenrr species found in North America. At the tum of the 

century, the arriva1 of immigrants to North Amerka rapidly depleted the lake sturgeon 

numbers as it was seen as a nuisance fish. It was not until much later that the value of the 

sturgeon in caviar and smoked flesh was realited. Attempts to  remver the numbers of 

this species have recently been attempted. 

The thyroid physiology of the Acipenseridae has b e n  little studied. f lasma TH 

levels in white sturgeon (Acipeltser transmontamcs) measured over an snnual period have 

been reported (T4 = O - 3.6 ng / ml, T3 = O - 6.9 ng / ml), (McEnroe and Cecb, 1994). 

The only other publishad data are fkom a few Russian publications relating plasma TH 

levels to onset of female maturation in Russian sturgeon species (Detlaf and Davydova, 

1974). No publications concerning the thyroid physiology of  lake sturgeon are available. 

The lake sturgeon is slow growing and very slow to mature compareci to most 

fish. Unpublished data (S. B. Brown) indicate that the levels o f  T3 and T4 in the plasma 

of laboratory-raised lake sturgeon were below the detection limit of the assay (< 0.15 ng / 

ml). This is unexpected, as T3 is the presumed active fonn of the TH. Low T3 levels, if 



consistenrly true, could help to explain the slow growth of thïs species. Low b l d  T3 

levels may be related to the activities of the deiodinase enzymes present in the peripherai 

tissues, and which are responsible for T3 formation and degradation. Poor binding by 

plasma TH-binding proteins may also explain the low plasma TH levels, a low rate of 

secretion of TH fiom the thyroid gland, or rapid plasma clearance of the hormone may 

also explain the Iow plasma TH levels. Understanding the thyroid physiology of the lake 

sturgeon is important since, as in teleosts, it may be involved in the growth and 

maturation of the species. Therefore, determinhg if the status of the thyroid system is 

correlated with growth may help to establish a link between THs and growtb in this 

species. 

Objectives 

The first objective of this study was to confinn the low plasma T3 and T4 levels 

in laboratory-raised and wild lake sturgeon plasma samples and determine whether the 

low TH levels are due to the conditions of captivity (Chapter 3). 

The second objective was to examine the blood properties to determine if they 

could account for the low plasma TH levels (Chapter 3). Plasma proteins, which bind a 

majority of the TH found in the plasma, were examineci. This provided an indication of 

the ability of proteins found within the blood plasma to bind and hold T4 and T3 within 

the blood. However, even if the blood plasma does not contain significant amounts of T4 

and T3, there is still the possibility that the red blood cells may contain significant 

amounts of hormone. Therefore, the red blood celis were also anal yzed to determine the 

percentage of whole b l d  TH contained in these cells at equilibrium. Analysis of the 





Chapter 2 

Literature Review 

Thyroid Cascade 

The thyroid system of teleost fish bas been reviewed by Eales and Brown (1993). 

Ln teleosts, TH is released into the blood Stream firom the thyroid gland mostly as T4 

(Figure 1-2). Release of T4 is contn,Ued by TSH (thyroid stimulating hormone) release 

from the pituitary, which is inhibited by innervation nom the hypothalamus in the brain. 

Within the b l d  T4 is carried reversibly bound to proteins in the plasma, and within the 

red blood cells and a small percentage (~lO/o)  exists in the fiee form. Plasma tiee T4 

feeds back negatively on the brain and pituitary decreasing the positive stimulation of 

these centres on T4 release fiom the thyroid. The unbound fiaction can be taken up by 

various target tissues both actively and by passive diffusion. These peripheral tissues 

then convert T4 into various dher forms through deiodination, sulfation, or 

gfucuronidation. T3 f o d  by outer-ring deidmation of T4 is the active TH. It has a 

much greater atnnity for TH receptors than T4. T4 binds to the TH receptors found in 

the ce11 nucleus, mitochondria or cytoplasm and activates the receptors. This allows it to 

fùnction as a transcription &or reguiating the transcription of genes that code for 

proteins reIevant in development, growth and reproduction in fish. 

Iodide Requirements and Use by Fish 

Iodide is necessary for the production of thyroid hormones. Iodide metabolism in 

fish has been reviewed by Leloup (1970). R is obtained by the fish mostly fiom the water 

by uptake across the gills, but some is also obtained fiom their diet. Branchi8i uptake 



involves iodoperoxidase present in the e x t e d  gill h c e  which oxidizes r into 12. 

hside the 

branchial cells the iodine is reduced to iodide before diffising down its electrochemical 

gradient into the blood. Within the blood of clupeiformes, iodide is carried 

predorninant 1 y bound to an albumin-like plasma protein called iodurophorine. Iodide 

carried to the thyroid tissue in the blood Stream is transportai into the follicles where it is 

incorporateci into iodottyrosines (iodotyrosyls) which will be used to produce thyroid 

hormone. 

Thyroid Hormone Production 

The probable mechanism of thyroid hormone synthesis in teleost fish has been 

reviewed by Eales et al (1999). Thyroid tissue wnsists of follicles of cells sunounding a 

colloid filled lumen. The colloid consists mahly of thyroglobulin protein from which 

thyroxine is formed. Iodoperoxidase in the apical membrane of the follicle -11s 

catalyzes the formation of thyroxine by oxidizing r which it uses to  replace hydrogen at 

the 3, and 5 positions of tyrosyls present in the thyroglobulin structure. The end produa 

i s iodotyrosyl. Pairs of iodotyrosyls are then wupled producing a tetraiodothyronine 

which is still covalently inmrporated in thyroglobulin. Colloid is brought into the follicle 

cells by endocytosis and combines with lyzozyrnes which contain cathepsins that digest 

the thyroglobulin releasing the tetraiodothyronine (T4). The TH is îhen available for 

reiease into the blood Stream as predominantly T4 in teleosts (Sefkow et al, 1996). 

Control of Thyroid Hormone Release from The Thyroid Gland 

In teleosts, TH is secreted primarily as T4 60m the thyroid gland into the 

circulatory system (Eales and Brown, 1993). The quantity of T4 released from the 



thyroid gland may be controlled by other hormones in the system (Eales and Brown, 

1993). TRH (thyrotropin releasing hormone) and TSH are involved in plasma TH 

homeostasis in mammals. T M  affects TH release in fish but there is not any evidence 

TRH is endogenously produceci. Release of T4 fiom the thyroid gland is induced by 

injection of TRH in rainbow mut and Arctic cham (Wvefiimrs alpnus) @es and 

Himick, 1988). This action appears to be duectly on the thyroid as TRIf does not affect 

TSH release fiom the pituitary of coho salrnon (Oncorhynchus kistuch) (Larsen et ai, 

1998). TSH (thyroid stimulaîing hormone) also stimulates the release of T4 !tom the 

thyroid of coho salmon (Specker and Richman III, 1984), prometarnorphic flounder 

larvae (Inui et a l  1989), tilapia (Melameci et al, 1995), brook trout (Salveiims fontindis) 

(Chan and Eales, 1976; Leatherland and Flett, 1988), and Indian major carp (Cirrhims 

mrigala) (Bandyopadhyay and Bhattacharya, 1993). T4 in the blood plasma in tuni 

negatively feeds back on the pituitary reducing TSH release @es and Brown, 1993). 

This allows a set concentration of T4 to be maintained in the blood. 

Thyroid Hormone in Blood 

Plasma T4 and T3 levels range fiom less than 1 to not more than 1 00 ng / ml in al1 

organisms studied (Table 2-1). Plasma rT3 levels have been little studied but are below 

the detection Iimit of the assay (< 40 pg / ml) in rainbow trout (Eales et al, 1983). 

Within the blood, THs are transported primarily bound to plasma TH-binding 

proteins. Only a small fiaction (4%) remains fiee in the plasma at equilibrium. There 

are at least three types of proteins in fish blwd plasma tha; bind TH (albumin and 

prealbumin (transthyretin), and B-globulin). These proteins are not al1 present in al1 

vertebrates and their relative abundance varies between species (Tanabe et al, 1x9) .  in 
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brook trou& T4 and T3 bind prealbumin (transthyretin). albumin, and B-globulin-Iike 

proteins (Falkner and Eales, 1973). 

Binding of THs by plasma proteins is reversible and bound TH rapidly exchanges 

with the unbound TH in the plasma. Two hi@-affinity low-capacity binding sites, one 

exclusively binding T3 and the other buiding predominantly T4 but also T3, as well as 

two low-affinity high-capacity sites, one binding just T4 and one predominantly binding 

T3 have been demonstrateci in the rainbow trout (Edes, 1987). The high af?hity T4 site 

has been identified as a 55 kDa protein and the T4 low-affinity site is a 150 kDa protein 

(Cyr and Eales, 1992). A 1500 kDa lipoprotein binding T4 has also been identified in the 

rainbow trout. This prote i~ as well as the low-affinity protein binding T4, bind a higher 

propoition of the T4 relative to the high-affinity protein, whea the fish are treated with 

estradiol (Cyr and Eales, 1992). Two weeks starvation, bleeding of the fish 24 hr eariier, 

or hemoglobin contamination of the plasma samples had no effect on the proportion of 

TH bound by the proteins (Eales, 1987). 

Binding of TH to prealbumin (transthyretin) o « w s  in the brwk &out (Faikner 

and Eales, 1973). Recentiy transthyretin has been identified and sequenced in the liver of 

the sea bream (Sgmus a1mz1u); (Santos and Power, 1999) and the blood serum of masu 

salmon (Ortcorhyr~chirs ~ ~ S M I  m a s u )  (Yarnauchi et al, 1999). The salmon transthyretin 

has a much higher aftinity for T3 than T4 (Yarnauchi et al, 1999) in contrast to 

mammalian transthyretin which has higher T4 than T3 affinity (Dickson et al, 1985; 

Schreiber et al, 1990). 

Red blood cells W C s )  carry a portion of the TH in the blood. In rainbow trout, 

5-1 1% of T4, 14-23 % of T3, and 23-24 % of rT3 whole blood TH is containeci within the 



RBCs (McLeese et al, 1998). The hormone is reversibly bound to proteins within the red 

blood celis. The degree of binding is infiuenced by the plasma proteins outside the cells 

as well as the degree of oxygeaation and pH inside the cells (McLeese et al, 1998). 

There are s e v d  proteins that bind and hold TH withh RBCs. Tki r  identity has 

not been determineci in fish. However, they are well studied in marnmals and may be 

similar to proteins present in fish RBCs. Hemoglobin binds both T4 and T3 in human red 

blood cells (Davis and Osawa, 1983). The bond is f o d  between the hormone and 

heme and is believed to be covalent as it is not fieely dissociable and occurs 

progressively with time as the protein ages (Davis and Osawa, 1983). Hemoglobin does 

not likely bind TH in fish as T4 and T3 are dissociable fiom trout RBC proteins 

(McLeese et ai, 1998). There are also several other cytosolic T3 binding proteins present 

in the human red blood cells. They are cystolic thyroid hormone binding proteins 1, II, 

ILI, and IV (Fanjul and Farias, 1991) which differ in affinities for the hormone, size, and 

optimum binding conditions. RBC membranes in rats (Botta et al, 1983) and humans 

(Holm and Jacquemin, 1979) also bind TH with a particularly high affinity for T3. 

Uptake of Thyroid Hormone by Peripheral Tissues 

The TH is transported in the blood compartments to extrathyroidal tissues which 

actively absorb the hormone by an energy-dependant, carrier-mediated endocytotic 

process that has been midied in rainbow trout hepatocytes (Riley and Eales, 1993% 

1994). In the rainbow trout, (Fok et al, 1990) and rat (van Doom et al, 1985; Obregon et 

a l  1978), the liver, kidney, and intestine contain the graitest concentrations of hormone 

outside of the thyroid. However, only the liver, kidney, heart, stomach, intestine, muscle 

and plasma were analyzed in the trout. 



Once inside the tissue, THs may be metaboiized by wnjugation and deiodinatioq 

which convert thern into the various active and inactive fonns. 

Conjugation and Excretion of TH 

Within trout tissues, TH may be deiodinated by removal of one or more iodines 

fkom its structure, or it may be conjugated by phenol sulfotransferases which add a 

sulfate group to its stxucture (Finnson and Eales, 1998) or by uridine- 

diphosphoglucuronosyl transferases which add a g luwonic  acid (Finnson and Eales, 

1997). Coajugatioa of THs increases their solubility ia water and loss 60m the body in 

urine and bile (Vkser, 1 990). Sulnite conjugation enhances iodothyronine deiodination 

and glucuronidated iodot hyronines undergo enterohepatic cycling . 

Deiodinase Enzyme Characteristics 

Miunmals 

There are three main deiodinase types found in the mammalian tissue that have 

been studied extensively and reviewed by Leonard and Visser (1 986). The deiodinases 

are always found associateci with the membranes in the celi and there is evidence 

suggesting their presence in the membrane of the endoplasmic retiailum as well as in the 

plasma membrane (Leouard and Visser, 1986). The mammalian deiodinases have k e n  

used as models for cornparison to deiodinases in other vertebrate classes. The three 

deiodinases are classifed as types I, 4 and Ill (Table 1). Type I deiodinase catalyzes 

both ORD and RD, has a high Km for T4 (2.3 plbf), has the grratest afFinity for rT3 and 

sulfate conjugata of TH, and requires a thiol cofàctor in a ping-pong kinetics reactioo 

mechanism with enzyme and hormone substrate. It inaeases in activity with a T3- 

challenge and is sensitive to selenocysteine deiodinase inhibiton due to  the presence of a 



selenocysteine at the active site of the rnolecule. Type II deiodinase is a solely ORD, has 

a Iow K, for T4 (0.5-2.0 nM), prefers T4 as a substrate, requues a thiol as a cofactor in a 

sequential reaction mechanism, is decreased in response to a T3-challenge and is less 

sensitive than type 1 to selenocysteine inhibitors. This seerns to suggest a lack of 

selenocysteine at the active site of the hormone. However, more recent studies have 

shown the presence of selenocysteine at the active site of type II deiodinase and knock- 

out studies replachg selenocysteine with other amino acids removes activity of the 

enzyme (Berry et al, i991a). Type iII deiodinase found in brain, catalyes exclusively 

inner-ring deiodination with T3 as the preferred submate, has a K, of about 40 nM, and 

is relatively insensitive to inhibition by selenocysteine inhibitors despite the presence of 

selenocysteine in its structure (Leonard and Visser, 1986; St. Germain et ai, 1994; Larsen 

and Berry, 1995; Croteau et al, 1995). 

Fish 

Deiodinase enzymes are also found in the tissues of fish and exhibit many 

similarities to those of the rnammalian enzymes. Tilapia (Oreochromis mreus) tissues 

contain deiodinases similar to al1 three mammalian enzyme types (Mol et al, 1993; Mol et 

al, 1997). A high-Km rT3-ORD in tilapia kidney is similar in certain respects to 

mammalian type 1 deiodinase except that it is not as sensitive to selenocysteine inhibitors 

as its mammalian counterpart. A type II similar deiodinase is in the liver and a type III 

simiiar enzyme is in the brain and gill of the fish. 

T4-outer ring deiodination in rainbow trout liver does not completely resemble 

either type 1 or type il deiodinase isozymes (Sweeting and Eales, 1992a; MacLatchy and 

Eales, 1992; Frith and Eales, 19%). It is similar to type II deiodinase in exhibiting a low- 



Km for T4 which is its preferred substrate and k i n g  inbibited by a T3 challenge. It is 

similar to type 1 deiodinase in showing some inhibition by selenocysteine inhibiton, and 

undergoing ping-pong kinetics with DTT cofactor as opposed to a sequential reaction 

mechanism in type 11 deiodinase. An hepatic rT3-ORD in rainbow trout resembles type 1 

mammalian deiodinase in some respects (Finnson et al, 1999). 

Inner-ring deiodinase of T4 and T3 is similar to type III rnammalian deiodinase 

except the Km is much Iower (4.9 nM) than the value of 10-40 n M  reporteci for the 

mammalian type III enzyme and the aout enzyme is more sensitive to inhibition by the 

inhibitor, ATG @rith and Eales, 1996). Both imer ring deiodinase pathways also occur 

in the brain and tiver of Atlantic salmon, ( W m o  salar) (Morin et al, 1993; Eales et al, 

1 993) and in the coho salmon liver (Sweeting et al, 1994). 

The sea lamprey (P etrompon marîrn~s), has a type-II-like deiodinase in its Lver 

and intestine (Eales et al, 1997) that resembles the T4-ORD found in rainbow trout liver 

and brain @rith and Eales, 1996). ber- r ing  deiodination is present only in upstream- 

migrant lamprey and not larval stage lamprey and is strongly induced in the intestine 

during metamorphosis. This enzyme is similar to mammalian type Et deiodinase except 

the Km for the larnprey T3-IRD is lower (1.3 nM) (Eales et al, 1997). 

Selenocysteine 

The deiodhases in several vertebrates have been sequenced and the important 

functional groups have been determined. One important group at the active site of the 

enzymes is selenocysteine. Many studies have been done to determine its role in activity 

and whether it exists and is important in al1 deiodinase isozymes. 



Selenocysteine is a rare amino acid found in the protein structure of Mme 

enzymes including gfutathione peroxidase, formate dehydrogenase, and thyroid hormone 

deiodinases (Bermano et al, 1995). The amino acid is fomed by the addition of  a dietary 

selenolate anion to a cysteine within animal cells. Selenocysteine is encoded by a TGA 

codon in tilapia (Oreochromzs nilotinrs) (Sanders et al, 1 997), Fwduhrr heiermIi~~~s 

(Valverde et ai, 1997) and rats (Buettner et al, 1998); or UGA triplet in the rat (Berry et 

al, 1 99 1 b). A selenocysteine is encoded in the cDNA of mammalian types I, II, and III 

deiodinases (Berry et ai, 1991c; Buettner et al, 1998; Davey et al, 1995; Croteau et al, 

1995). It is located at the active site of the molecule and is essential for proper enzyme 

fùnction. Substition of selenocysteine by cysteine reduces the activity 100 fol4 wbile 

substitution by an unrelated amino acid like glycine removes enzyme activity almost 

completely (Berry et al, 1991b). 

The selenolate anion in selenocysteine is the iodine acceptor in the active site o f  

the enzyme. It reacts with TH removing an iodine. The selenolyl iodine f o m  of the 

enzyme then reacts with thiol cofactor releasing iodide (Berry and Larsen, 1992). This 

mechanism of enzyme reaction with substrate followed by cofactor and back to  substrate 

again is know as "ping-pong" kinetics. in nature this thiol cofactor could be glutathione, 

dihydrolipoamide, glutareûoxin, or thioredoxin (Berry and Larsen, 1992). A synthetic 

dithi01 called dithiothreitol @TT) is used to study in vitro deiodination in the lab. 

Enzyme inhibitors that act by competing for binding to selenocysteine at the 

active site of the enzyme include propylthiounicil (PTU), iodoacetate (Iac), and 

aurothioglucose (ATG) (Berry and Larsen, 1992). PTU inhibits deiodinase activity by 

competing with thiol for the selenolyl iodine form of the enzyme producing an inactive 



selenolyl-thiol wrnplex. The gold in ATG acts by wmpetitive inhibition binding to the 

selenolate anion in the fiee enzyme to fom the inactive selenolyl-gold wmplex. These 

inhibitors do not work on al1 deiodinases tested. Mamrnalian type II deoidinase is not 

affect by ATG. Mammaiian type 1 deiodinase is sensitive to PTU but a deiodinase in 

tilapia (Sanders et ai, 1997) and rainbow trout (Fimson et ai, 1999) resembling 

mammaiian type 1 is not sensitive to PTU. 

Due to the important d e  of selewcysteine in deiodinase fundion, a deficiency of 

selenium in the diet would be expected to affect the proper production and expression of 

deiodinase enzymes. Most studies concerning dietary deficiencies of selenium have been 

done on rats. in al1 cases, T3 produdion decreased in liver, kidney and brain, with 

plasma T4 kvels increasing and T3 levels decreasing (Beech et al, 1995; Veronikis et al, 

1996; Beckett et ai, 1989; Bermano et al, 1995; Beckett et al, 1987; Chanoine et al, 

1992). In addition, Beech et al (1 995) reporteci that thyroidal type I deiodination activity 

in the thyroid increased by 42 %. The reason for the discrepancy in reaction between 

tissues was due to the greater efficiency of the thyroid tissue at retaining selenium during 

dietary deficiency. 

Effects of thyroid hormone challenge 

Teieosts 
Most studies wncerning the effects of added TH on thyroid system fbnction in 

fish have been done on saimo~ds. TH is introduced into the body of the fish either by 

submersion in a TH-containing medium, by intraperitoneal injection, or most commonly 

by dietary supplementation. 



T3 Challenge 

A T3 challenge inducd by dietary supplementation increases plasma T3 levels 

and decreases hepatic deiodinative producîion of T3 from T4 (TCT4-ORD) in al1 salmonids 

studied, including coho salmon (Darling et al, i982), rainbow trout (Eales et al, 1990) 

(Sweeting and Eales, 1992b) (Eales and Fianson, 1991) and Atlantic salmon (Saunders et 

al, 1985). Deiodinative pathways diverting T4 to  rT3 (T4-RD) and degrading T3 0 3 -  

RD) also increase in rainbow trout liver but not brain (Fines et ai, 1999). This 

counterads the elevated plasma T3 levels causeci by the T3 challenge and removes T4 

from the tissue to prewent its conversion to T3. The effect on plasma T4 levels is 

inconsistent and varies with the age and species of fish. Sometirnes plasma T4 levels 

increase (Sweeting and Eales, 1992b), decrease (Rivas et al, 1982) or do not change 

(Eales et ai, 1990). Howwer, in al1 cases, plasma T4 is not greatly effected. This 

suggests that T3 does not feed back on the thyroid to modiQ the set-point of hormone 

released fiom the thyroid gland. 

Subject ing dmonids to a T3 challenge through immersion in T3-containing 

water produces the same effeds as the T3 M i n g  studies. Coho salmon immersed in T3 

containing water decreased dramatically their T4 to T3 conversion capability in liver 

(Darling et al, 1982). 

TJ Challenge 

T4 challenges studies have also been done through dietary supplementation. 

Dietary levels of up to 48 ppm had no significant e f f '  on low-Km T4-ORD activity in 

the liver or gill (Sweeting and Eales, 1992b) of rainbow trouf but significantly decreased 

the activity of a high-Km T4-ORD in liver and kidney (MacLatchy and Eales, 1993). 



Lack of effects of T4 may be a result of its poor absorption fiom the gut (Whitaker and 

Eales, 1993) as plasma T4 levels were elevated negligibly to moderately. 

T4 injected intraperitonealiy increases plasma T4 levels but does not lead to a 

change in T3 plasma levels in trout (Fok and Eales, 1984). The proportion of T4 

deiodinated is decreased to prevent T3 plasma elevation as the metabolic clearance rate 

ofT4 and T3 is unchanged. 

A T4 challenge in Atlantic salmon induced by immersion in T4-containing water 

elevated plasma T4 to 15 ng / ml and decreased plasma T3 due to a reductioo in hepatic 

and brain T4-ORD activity as well as an increase in T4-IRD and T3-LRD activity (Morin 

et al, 1995). 

Mammals 

In contrast to what occurs in fish, rats respond to a T4 injection by inmeashg 

hepatic type 1 deiodination of T4 and rT3 (Kaplan and Utiger, 1978; Smallridge et al, 

1982). The increased activity is due to an increased Vmax (enzyme quantity). in 

contrast, type II deiodination in neuroblastoma cells (St.  Germain, 1986) and rat glial cell 

cultures (Leonard et al, 1990) is markedly reduced when T4 or T3 is added to the ce11 

cultures. 

Dietary Effects on Tbyroid Function 

Teleosîs 

Salmonid teleosts have been most extensively studied to observe the effects of 

starvation, refeeding a single meal, diet qudity and ration level on the thyroid system of 

fish. 



Starvation-followed &Y sinpie-meaf refeeding 

Starvation suppresses the salrnonid fish thyroid system. Brook trout siarved for 

12 days had decreased plasma T3 levels (Higgs and Eales, 1977, 1978). Refeeding 

increased plasma T3 levels back to nonoal. Starved rainbow trout decreased hepatic T4- 

ORD activity (Shields and Wes, 1986) and responded to refding with a temporary 

elevation in plasma T4 levels (Hïmick and Eales, 1990). In another siudy, refeeding 

increased plasma T3 levels (Flood and Eales, 1983). 

Amte Eflects 

Carbohydrates and glucose are the most important dietary components acutely 

affecting thyroid status. Increased quantities of carbohydrate in the diet (Hjmick et al, 

1991), as well as glucose injeztions (Hirnick and Eales, 1990) serve to increase by 4 

hours the plasma T4 levels in previously starved rainbow trout. 

Chtonic Eflecfs 

Chronically, protein appears to be the most iduential dietary component 

affect ing th yroidal status. High protein diets increase hepatic T4-ORD activity in 

rainbow trout (Eales et al, 1992) with glycine being the arnino acid with the greatest 

stimulatory affect (Riley et al, 1993b). Brook trout fed a low protein, low calorie d i a  

have reduced conversion of T4 to T3 and increased plasma T4 levels (Higgs and Eales, 

1979). 

Carbohydrates and lipids have less chronic effects on thyroid status than protein. 

A reduction in dietary content of carbohydrates and lipids did not suppress the thyroid 

system in rainbow trout in one study (Eales et al, 1990) where the fish were held at 6.5 

OC. However, increased dietary lipid levels did cause decreased plasma T3 and increased 



plasma T4 levels when the rainbow mut were held at 5 OC but not 17 OC in another study 

(Leatherland et al, 1984). This indicates a relationship between temperaiure and lipid 

metabolism in the rainbow trout. Differences in the strain of fish, dietary rations, and 

other experimental conditions may have resulted in the effects seen in one study but not 

the other- 

Chronically, &hydrates do not have a marked consistent effect on thyroid 

status. Rainbow trout fed on di- of increasing cabhydrate content showed a trend 

towards increased plasma T3 levels (Leatherland a al, 1984) with no effect on plasma T4 

levels. No chronic effbcts of cahhydtates were observed in another study on trout 

(Eales et al, 1 W O )  

Ration Eflecfs 

Increased dietary rations are wrrelated with elevated 1 3  plasma kvels in Arctic 

charr (Eales and S h o s t k  1985a) and increased conversion of T4 to T3 in brook trout 

(Higgs and Eales, 1978). Rainbow trout respond to increasing ration tevel (O ta  3% body 

weight) with i n c r e a d  hepatic T4-ORD activity, plasma T3 levels and weight gain 

(Sweeting and Eales, 1993a). Elevations in plasma T4 and T3 also ocairred in juvenile 

Atlantic salmon fed increasing rations (O to 1.6 % body weight) (McConnick and 

Saunders, 1 990). 

Positive correlations between ration size, plasma T3 levels, and growth rate have 

been established in Arctic charr (Eales and Shostak, 1985a). However, in rainbow trout, 

ration and plasma TH levels are correlateci without any correlation to growth rate 

(Leatherland et al, 1984). Increased T4 to T3 conversion is the likely cause of the 

elevated hormone levels in response to  inmasing ration (Higgs and Eales, 1977). 



M a d s  

In mammals, the thyroid system is also modified by food quantity and quality. 

Starvation in mammals leads to significant reductions in blood plasma levels of  T3 and 

elevations in T4 concentrations due to decreased deiodination of T4 to T3 and a reduced 

metabolic clearance rate of T4 (Ingbar and Galton, 1975; Eisenstein et al, 1978; 

Slebodzinski et al, 1982). Van Der Heyden et al (1986) additionally observeci decreased 

transport of T4 into the tissues reducing the availability of T4 for deiodination to T3. The 

overall result is a reduction in whole body content of T3 lowering the metabolic 

stimulat ing effects of the active thyroid hormone. 

Similar effects on thyroid status to those observed during starvation occur when 

mammals are subjected to a carbohydrate deficient diet. Carbohydrates stimulate the 

production of deiodinase enzyme, which increases the production of  T3 in the liver 

(Glick et al, 1985; Gavin et al, 198 1). S&cient quantities of protein are also required in 

the diet of rats as they increase the avaiiability of enzyme cofactor in the tissues (Gavin et 

al, 198 1). So in mammals, both carbohydrates and proteins are important in stimulating 

t hyroid hormone deiodination activity. 

Thyroid Hormone Action at the Receptor 

T3 exerts its effects by binding to thyroid hormone alpha or beta receptors in the 

nucleus of cells. Binding activates the receptors as transcription factors which then act at 

the promoter of rnany different genes to  increase transcription leveis. Thyroid hormone 

receptors cm either act as a dimer with other receptors in their family like retinoic acid 

receptors or as monomers. 



Proteins whose transcription is enhanced by thyroid hormones have effects on 

development, growth and reproduction in fish. Developmental effects include induction 

of parr-smolt transportation in coho salmon, metamorphosis of flounder l m a e  (Iaui and 

Miwa, 1985) dorsal fin-ray resorption dunng this metamorphosis (DeJesus et al, 1990), 

and enhanced survival of striped bass fingerlings (Brown et ai., 1989). Effects on 

reproduction include amplification of gonadotropin stimulated release of estradiol fiom 

rainbow trou ovarian follicles (Cyr and Eales, l988a), enhancd ovarian mitochondrial 

steroidogenesis in perch (Kaul and Bhattacharya, 1988), and enhanced gonadotropin 

ovarian maturation in rainbow aout (Cyr and Mes, 1988b). 

The active thyroid hormone, T3 is correlated with growth rate in fish. T3 

supplemented in the diet of underyearling coho salmoo significantly improved food 

conversion to useable body substances and enhanced growth (Higgs et al, 1979). 

Correlations between specific growth rate and plasma T3 levels have also been reported 

for Arctic charr (Eales and Shostak, 198Sa) and rainbow trout (Sweeting and Eales, 

1993). 

In contrast, T4 has no effects on growth of fish when administered in the diet. 

T4-supplementation in the diet of coho salmon did not influence either growth or food 

conversion (Higgs et al, 1979). The tact that T4 is not the metabolically active f o m  of 

the hormone and that it is poorly absorbed fiom the gut may explain its lack ofeffects. 

Link Between TB and Growth Hormone 

The TH'S involvement in growth in fish is supported by the ability of growth 

hormone (GH) to effect thyroid status. Human GH (MacLatchy and Eales, 1990) and 

Pacific salmon GH (MacLatchy et al, 1992) administered in vivo increase plasma 13 



levels and deiodination of T4 to T3 in the rainbow trout liver. However, an increase in 

deiodination does not occur when isolated rainbow trout hepatocytes are exposed to 

hurnan growth hormone in vitro (Sweeting and Eales, 1992c) suggesting that jpwth 

hormone does not act directly on hepatocytes to increase deiodination or that the 

hepatocytes lose their responsiveness in vitro. Starvation of rainbow trout deaeases the 

effect of GH on TH deiodination (Leathetland and Farbridge, 1992). 



CHAPTER 3 

Thyroid Hormone Distribution in Lake Sturgeon Blood and Tissues 

Introduction 

In mammals, the TH is secreted mostly as T4 with significant amounts of T3. in 

the teleosts studied to date, T4 is secreted with very little T3 (Eales and Brown, 1993). 

Teleosts, therefore, must rely on extrathyroidal sites to produce the majority of the active 

fom of the thyroid hormone (T3) used in the body. The form of the hormone produced 

and secreted by the lake sturgeon thyroid is unknown. 

Zn teleost fish, the TH is released into the blood where it is found mostly within 

the plasma with a rnajonty reversibly bound to plasma proteins. There is also a 

significant quantity of exchangeable TH present in the red blood cells (McLeese et ai, 

1998). Within these b l d  compartments, the TH is carried to peripheral tissues, which 

actively take up the free hormone. The amount of TH found within each tissue type 

depends on the quantity and affinity of TH binding proteins and the aumber of thyroid 

hormone transporters and their affinity for the hormone Wley and Mes ,  1994). Large 

quantities of hormone within a tissue may indicate the tissue requires a lot of hormone for 

proper function or it may be a storage tissue in wbich TH is sequestered until it is needed 

by other parts of the body (Eales and Brown, 1993). 

In this chapter, the concentration of T4 and T3 carried within the blood plasma of 

lake sturgeon was investigated to c o h  previous unpublished data (S. B. Brown) 

suggesting a very low blood plasma content of TH. The binding capacity of the plasma 

proteins was then investigated to determine if the low plasma TH levels were related to 

low binding by the proteins. RBCs were also analyzed to determine if TH is sequestered 



in these cells within the blood possibly accounting for the majority of the bloods TH 

pool. 

The form of TH rekased fiom the thyroid of Idce sturgeon is not known, nor is its 

distribution in the peripheral tissues. Therefore, the thyroid region as well as many other 

tissues and whole body extractq were analyzed to determine the distribution of the 

hormone within the various body tissues. 

Materials and Methods 

Fisk Maintenance 

Laboratory-raised lake sturgeon approximately 2 years in age weighing 307.9 

18.9 g and measuring 43.5 * 0.8 cm total length were used for these experiments. They 

were held in fiberglass tanks in ninning dechlorinated Winnipeg City water at 12 OC in a 

12 hour light 1 12 hour dark photo cycle and fed twice daily at 10:OO and 16:OO a 1 .O % 

body weight ration of Martin's trout pellets each feeding. To obtain blood and tissue 

samples the fish were fmt anesthetized with tricaine methane sulfonate (MS222, 0.083 

g/ ' )  (Syndel Laboraîories LTD.) and as much blood as could be acquired was withdrawn 

fiom the caudal artery with a heparinizd hypodermïc syringe. Treatment of the blood 

from this point on varied with the experiment. The fish were killed by concussion to the 

head and the tissues were removed for immediate use in extraction of TH. 

Wild lake siurgeon blood serum samples were obtained fiom fish caught with gill 

nets fiom Nutimik Lake, South-East Manitoba, on June 7, 1997 by Dr. T. A Dick, 

Department of Zoology, University of Manitoba. Mer k ing  removed fiom the gill nets 

the sturgeon were weighed, measured, and blood samples were taken before releasing the 

sturgeon back into the lake. The wild sturgeon had an average age of 25 * 2 years (mean 



t SEM), weighed 10 +. 3 kg, and had a total length of 116 t 4 cm. The b l d  was taken 

to the laboratory where it was placed into 1.5-ml Eppendorf tubes and spun at 17,000 g 

for 5 minutes in a centrifiige ta separate the blood semm fiom the RBCs. The RBCs 

were discarded and the serum was placed into 5-ml cryovials and fiozen at -78 OC until 

analysis of plasma or serum TH levels by radioimrnunoassay (RIA) and the extent of TH 

binding to plasma proteins. 

Radioimmunoassay 

Gerieral ï3eot-y 

The RIA uses the principle of cornpetitive binding between TH containing a 

radiolabelled iodide (*TH) and non-radiolabelled TH competing for binding sites on 

antibody for either T4 or T3. Varying biown quantities of a TH (T4 or T3) are placed 

ont0 mini-columns wntaining G-25 Sephadex gel. Then a constant srnall quantity of 

radiolabelled hormone is added to eacb column. The labelled and uniabelled hormone is 

ailowed to bind to the gel before a constant quantity of antibody for the hormone is 

placed ont0 each column. The antibody cornpetes with the gel to bind the TH. The 

greater the quantity of TH retained on the column, the lower the proportion of 

radiolabelled hormone that is bound by the antibody. After an incubation period, buffer is 

used to elute the antibody with its bound honnone off of the column while the sephadex- 

bound honnone remains on the column. The eluent is wunted in a gamma counter, 

which determines the quantity of antibody-bound radiolabelled TH. 

Detailed procedure 

Blood plasma or semm T4 and T3 levels were determined by RIA in cornparison 

to plasma standards containing known quantities of hormone. Plasma standards were 



prepared as follows. The plasma is separated from the RBCs in whole biood by 

centrifùging Eesh blood at 17,000 g for 5 minutes to pellet the RBCs. The standards 

were made by adding known concentrations of TH to TH-fiee sturgeon plasma, which 

was prepared by using charmai to remove the endogenous hormone present in the 

plasma. This was done by mixing 1 gram of washed charma1 into 5 ml of sturgeon 

plasma. The mixture was dlowed to stand over night and then centrifuged in plastic 

centrifùge tubes for 20 minutes at 20,000 rpm X 2. The supernatant was collected and 

filtered through Whatman nurnber 1 filter paper to remove any remaining charcoal. 

Varying concentrations of T4 or T3 were then dissolved in aliquots of the hormone- 

stripped plasma to produce the plasma standards used in the assay. 

The mini-wlumns used in the assay were prepared by combining 0.3 g of (2-25 

Sephadex gel to every 5 ml of double distilleci water (ddH2O) in a large beaker. The 

mixture was aliowed to  stand for 3 hours and then shed  using a stir bar to suspend the 

gel throughout the M e r .  While mixing, 5rnl aliquots were withdrawn using a Sm1 pipet 

and placed into clean mini-coiumns. The Sephadex was then allowed to pack before a 

plastic filter d i x  was placed on its top surface. 

The radioimmunoassay was performed according to the procedures of Brown and 

Eales (1977). Mini-çolumns containing G-25 Sephadex were used in triplicate for each 

standard concentration (0, 0.15, 0.3 1, 0.62, 1.25, 2.5, 5.0, 10, 20 ng/mi) and duplicate 

columns were used for each sample analyzed. Two sets of columns were used, one for 

T4, and one for T3 analysis. The columns were stored containing O. Z N NaOH. For the 

assay, the NaOH solution was drained fiom al1 columns by removing the tips blocking 

the bottom of the colurnns- The tips of each colurnn were then replaced to prevent added 



solution from running through the column in the following steps. A volume of 100 pl of 

0.1 N NaOH wntaining 5,000 to 10,000 cpm of either *T4 or *T3 was dispenseci ont0 

each column. Then 100 ul of each standard or sample was added to the appropriate 

columns. The columns were swirled to mix the radiolabelled hormone with the standard 

or sample plasma before draining by rernoving the tips. A volume of 3.5 ml of  barbital 

buffer ( 1  5.6 g / L sodium barbituate, pH 8.6) was then added to each of the T4 wntaining 

columns and an equal volume of phosphate bu* was added to the T3 mlumns. The 

eluent fiom three of the columns was collected for counting in the gamma counter to 

determine the radioidide contamination of the *T4 or *T3 added to the columns. The 

columns were then transfmed ont0 c l a n  wllecting test tubes. Each column then 

received 0.5 mi of barbital buffer containing a quantity of lyophyiized rabbit antisera to 

T4 linked to human senun albumin (T4 antibody) or 0.75 ml of phosphate buffer (26.8 1 g 

Na2HP04*7&0, 1 1.17 g Na2EDTA, pH 7.4) containing a çomparably generated antibody 

to T3. The concentration of antibodies used was equivalent to the arnount required to 

bind 40-60 % of added radiohormone in absence of unlabelled hormone. This 

concentration was determined by pre-assay trial and error and varied slightly between 

antibody bottles. For each assay, an equivalent amount of buffer was added to three 

columns that did not receive antibody to determine the non-specific binding (NSB). The 

buffer was allowed to drain fiom the columns and then the columns were allowed to 

incubate for at least 5 hours. After this period, al1 columns were eluted with 3.5 ml of 

barbital buffer for the T4 columns or  an equivalent amount of phosphate buffer for the T3 

columns. The eluents were collected in test tubes and then cuunted in the gamma counter 

to determine the percentage of radiolabelled hormone bound by antibody on each 



column. The T4 and T3 concentrations of the sarnples were then determineci by 

interpolation from a graph relating the percentage of hormone bound by antibody to the 

concentration of standards. 

The detection limit varied between assays and was detennined as follows: 

Detection limit = standard deviation of y intercept / regession dope. (Brown and Eales, 

1977). The coefficient of variation is between 4.9 and 16.9 % for the T4 RIA and 5.1 to 

1 5.9 % for the T3 RIA (Brown and Eales, 1977). 

Determination of the proportion of fret T4 or T3 in plasma 

The properties of the plasma thyroid-hormow-bindhg proteins of the sturgeon 

were analyzed by two methods according to the procedures employed by Eales and 

Shostak (1985b). One method involving equilibriwn dialysis and the other involved 

partition of fiee and bound hormone on G-25 Sephadex columns. 

Equilibrium Dialysis 

General ïheory 

In this technique, radiolabelled TH is added to a diaiysis sac containing diluted 

mirgeon plasma, which in tum is immersed in a plastic tube containing 20 ml of buffer. 

The radiolabel led TH redistributes itself throughout this sy stem and eventuall y cornes to 

equilibriurn. The sac then contains TH bound to plasma proteins as well as unbound TH 

free in the plasma, whereas the saline outside the sac wntains only unbound TH. At 

equilibrium, the concentration of unbound radiolabelled hormone inside the sac is 

equivalent to the concentration outside the sac. Therefore, the proportion of TH bound 

by plasma proteins inside the sac can be deteminal by subtracting the quantity of  TH 



unbound fiom the quantity of  hormone inside the sac. This represents an index of the 

proportion of fiee TH in plasma. 

D e t a M  Procedure 

Three ml of sturgeon plasma diluted 1: 9 in HEPES buffer (pH = 7.4) inside the 

sac was dialyzed against 20 ml of HEPES buffer (1 1-99 g HEPES / 500 ml d-O) 

outside the sac for 16 hours at 12 OC. The sac was made of Spectrapor 2 membrane 

(Molecular weight cut+ff of 12,000 - 14,000) tubing tied off at one end to form a sac. 

100,000 cpm of radiolabelled T4 o r  T3 in 15 pl o f  0.1 N NaOH was added to each 

dialysis sac at the start. The apparatus was d o w e d  to dialyze for 16 hours. At the 

completion of the quilibration period, duplicate 100-pl samples of  fiuid were pipetted 

from each side of the membrane and place- onto miniature G-25 Sephadex coiumns to 

separate labelied TH fiom any contaminant radioidide. The sample was allowed to drain 

ont0 the colurnn and the radioidide was then eluted with 3 ml of phosphate buffer. The 

radiohormone was then eluted fiom the column with two 4-ml washes of O. I N NaOH- 

The two NaOH washes were collected and counted in a gamma counter to determine the 

quantity of the radiolabelled hormone inside or  outside the dialysis sac. The % fiee 

horrnone was calcuiated as follows: 

% frm hormone = . X 100 

10 

The percentage of hormone bound to plasma proteins was then equal to 100 - % free 

hormone. 



Equilibration on G 2 S  Sephadex columns 

Generai Theory 

In this methoci, equilibration of TH binding to plasma proteins occurred between 

the proteins and G-25 Sephadex gel in mini-columns. ï h e  greater the concentration and 

affinity of the plasma proteins for TH, the less hormone is weakly bound to the Sephadex 

gel and the  more TH is eluted tiom the culumn. This method provides a relative index of 

thyroid hormone binding to plasma proteins and is highiy correlateci in rainbow trout with 

the dialysis procedure (Eales and Shostak, 1985b) 

Detaikd Procedure 

AH G-25 colurnns containing 0.3grams Sephadex gel stored in O. 1 N NaOH were 

drained by rernoving the caps and tips on the wlumns. A 100-pl volume of O. 1 N NaOH 

containing 10,000 cpm of radiolabetled TH was then added to each column. Al1 columns 

were eluted with 3.5 ml of  phosphate buEer @H=7.2, 8.8 mM -PO& 30.4 mM 

125 Na&iP04-H20, 1rnM N a ) .  Three of these elutions were coiiected to obtain the 1-- 

contamination of the labelled hormone. Al1 columns were then retipped and 0.75 ml of 

blood plasma (15 % dilution with phosphate buffer) was added to each. This was 

allowed to incubate at r w m  temperature for 15 minutes before al1 colurnns were eluted 

with 3.5 ml of phosphate buffer. Each eluate were collected and counted in the gamma 

counter for 10 minutes. The count obtained was expresseci as the percentage of added 

radiolabelled hormone eluted h m  the wlumn. This value represents the percentage of 

the  hormone in the diluted plasma that is bound by plasma hormone binding proteins 



Tissue Hormone Content 

The TH content of the sturgeon tissues was detemiined by performing RIAS 

following extraction of the TH from digested tissue samples. Weighed samples of 

various sturgeon tissues were suspended in enough phosphate buEer (Na2HPOi7H20, 

28.6 g/L, 1 mM PTU, pH 7.5) containhg 0.0025 g / ml Pronase (Sigma) to complaely 

submerse each sample. The tissues were allowed to digest M e  submersed in a 37 OC 

water bath until the tissue broke up easily upon stimng (about 18 hours). Digested 

tissues were then extfacted by adding 5 ml ethanolic ammonia (99: 1, vol/vol) to the 

digestion tubes. The mixture was stirred and then allowed to sit in the fndge for 24 

hours. The tubes wntaining the digested tissue were then centrifùged at 1420 g for 5 

minutes to pellet remaining particdate. The supematant was removed and placed into a 

test tube before another 5 ml of etbanolic arnmonia was added, the mixture stirred, 

followed by centrifiigation and removal of the supernant to the sarne test tube in which 

the first supernant volume was placed. Tûis procedure was repeated once more. The 

extract collected in the three pooled supernant volumes from each sample were 

evaporated to reduce the volume to about 10 ml, which was then added to a 60-ml 

separatory finne1 with 45 ml of chlorofom and briefly shaken to mix. The chlorofom 

rernoved the lipids Eom the extract (lipids bind thyroid hormone preventing their 

detection in the RIA). A 15-ml volume of 2N W 0 H  was then added to extract 

hormone from the lipids being drawn into the chlorofom. The fumels were shaken for 5 

minutes using a Burrel Wrist-action Shaker (Burrell Corp. Pittsburgh, PA) to mix the 

chlorofonn and aqueous nattions. The fbnnels were then allowed to sit for 1 hour to 

allow the chlorofom and aquews components to separate. The lower chlorofonn layer 



was drained off and discarded while the upper aqueous layer was collected into test tubes 

to be evaporated in a water bath under a fùmehood a! 37 OC. The final e x t m  was then 

resuspended in 1 ml of 0.1 N NaOH. The hormone content of the extract was then 

determined using an RIA with the standards constàtuted in 0.1 N NaOH. 50,000 cpm of 

T4 and T3 were each added to 2 whole body extracts a! the beginning of the extraction 

steps to determine the percentage of homone recovered at the end of the procedure. 

Red Blood Cell Steady State Hormone Distribution 

Generalïïzeory 

Thyroid hormone fiee in the plasma is in equilibrium with binding to plasma 

proteins, and uptake by the red blood cells. Thaefore, determination of  the proportion of 

THs in the red blood cells at equilibrium will determine if these cells contain a significant 

quantity of whole blood TH. The proportion of blood TH in red blood cells at steady 

state was determineci by equilibration of added *T4, *T3, or *rT3 between the red blood 

cells and plasma (McLeese and Eales, 1998). Since TH can adhere to the out side of RBC 

and since the exchange of TH across the RBC membrane can be rapid, the partition of 

labelled TH between the RBC and plasma was achieved by rapid centriftgation of the 

RBCs through oil and an alkaline aqueous medium (McLeese and Eales, 1998). 

Deîailed Procechrre 

Blood was obtained fi-om a sturgeon and the hematocrit was determined using a 

micropipet and hematocrit =le. The micropipet was dipped into a well-mixed blood 

sample and blood drawn into the pipet. The end was then sealed with putty and the 

micropipet spun in a centrifuge to separate the red blood cells from the plasma. A 



hernatocrit scale was then used to  determine the percentage of blood constihiting RBCs 

(hernatocrit ). 

Two-mi blood samples were put into a number of 16 x 100-mm polycarbonated 

tubes and equilibrated in a shaking water bath at 12 OC. 250 pl of suspension buffer (124 

mM NaCl, 3.4 mM KCI, 0.9 mM CaC12, 0.9 mM MgSO4, 2.56 mM m P O 4 ,  10 m .  

HEPES, 2.8 rnM glucose, 4.0 rnM Na-pynivate, 30 mM NaX03, O. 1 mg / mi ammonium 

heparin, pH=7.5) containhg 0.1 pCi of thyroid homione was added to each tube. The T3 

added samples were then incubatecf for 40 minutes, and the T4 and rT3 samples for 120 

minutes, as  in rainbow trout the later two THs take a longer time to corne to equilibrium. 

M e r  incubation, duplicate 2Wp1 samples of blood fiom each tube were layered above 

350-pl of silicone O& which was layered above 150-pl of alkaline glycine buffer 

(pH=lO) in a 1.5-ml microcentrifùge tube. Each microcentrifige tube was then 

immediately centnfûged at 17,Oûû g and room temperature to pellet the red blood cells. 

The supernatant was removeci fiom above the red b l d  ceIl pellet and Q-tips were used 

to remove residual supernatant adhering to the red blood cell pellet or tube wall. The red 

blood ce11 niactions was counted ami supematants including the Q-tips were then counted 

in a gamma wunter to determine the percentage of hormone inside and outside the red 

blood cells at equilibnum. 

Statistics 

Significant differences between means for the plasma TH levels and plasma 

protein binding anal y sis were determined using a two-sample t-test assurning unequal 

vari ances. 



Resuits 

Plasma T4 and T3 levels were both very Iow in laboratory-raid Surgeon (T4 = 0.29 

k 0.05 ng / ml; T3 = 0.19 f 0.01 ng I ml) and in wild sturgeon (T4 = 0.83 k 0.85 ng / ml; 

T3 = 1.3 1 2 1 -64 ng / ml) (Table 3- 1). The wild sturgeon values for T4 were significantly 

greater than those measured in the faboratoq-raid shirgeon (p < 0.05). However, there 

was no signifiant diEennce in the plasma T3 leveis between the d d  and loboratory 

sturgeon Op > 0-05). 

The extent of binding of plasma THs by plasma proteins was compared beiween 

rainbow trout and sturgeon using equilibrium dialysis (Fig. 3-1). Higher percentages of 

TH were fiee in plasma of sturgeon (T4 = 1.1 f 0.3 %; T3 = 0.44 t 0.04 %; rT3 = 3 .O4 

f 0.37 %) than in trout plasma (T4 =0.18 f 0.01 %; T3 = 0.08 I0.01 %; rT3 = 0.72 t 

0.09 %) (P < 0.05). in both species, plasma proteins bound a greater proportion of 

plasma T3 than T4 or rT3. Using these results the concentnition of plasma unbound T4 

(FT4) and unbound T3 (FT3) was determined to be 0.033 ng / ml plasma for T4 and 

0 .O04 ng / ml plasma for T3. 

The extent of binding of thyroid hormones by plasma proteins was also compared 

between the sturgeun and trout using the Sephadex G-25 w l u m  rnethod. Binding of T4, 

T3, and rT3 was again much weaker in the sturgeon plasma than in trout plasma for al1 

three hormones at al1 of the 5 dilutions of plasma teste- (Fig 3-2). T3 was again bound to 

pIasma proteins more strongly than either T4 or rT3. 

The red blood cells contained a greater percentage of whole blood T4 (1 9.5 + 0.5 

%) t han rT3 (6.9 f 0.7 %) or  T3 (6.1 t 0.3 %); (Fig. 3-3). The hematocrit of these blood 

samples was 2 I + 1.9 % (n = 2). 



TaMe 3-1 - The concentraüons of TH in the plasma of laboratory-mised lake sturgeon cornpareci 
to wild sturgeon samples detemineci by radioimmunoassay. 

X SEM X SEM Range n 

- -- - -  -- - 

Laboratory 0.29' 0.05 < 0.12 - 0.86 0.19 0.01 < 0.02 - 0.40 18 

Wild 0.83 0.85 < 0.01 - 2.90 1.31 1.64 < 0.18 - 9.65 14 

* Indicates a signifiint differenœ btween the uuiiâ and leboratory-raised sturgeorr using 
an independant sample 1-test assurning urrequal variances WO-OS) 

WiM sturgeon samples were ôiood semm whereas the laboratory-raised samples were piasma. 
Laboratory sturgeon were raised at 15 C with tm, daily feedings (10:O & 16:ûO) of MaRin's 
bout pellets and s a m m  on May 7,  1 997. 

Wild sturgeon Mood sampies were oûtained from gill-netted fish fmm Lake Nutimik on 

on June 7,1997. 



Figure 3- 1 : Percentage of plasma thyroid hormones fiee in the blood plasma of lake 
sturgeon as determineci by equilibrium dialysis. Triplicate measurements were made of a 
pool of 6 lake sturgeon plasma samples and a pool of 2 Mnbow trout samples (mean 
k SEM)- An asterick (*) indicates significant dserences between the trout and sturgeon 
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Figure 3-2: Percentage of plasma thyroid hormones (T4, T3, and rT3) bound to take 
sturgeon and rainbow trout plasma proteins as determined by quilibration of plasma with 
radiolabelled hormone on G-25 Sephadex columns. The plasma was dilutcd and 
quilibrated in viplicate at 0.62, 1.25,2.5, 5.0, and 10 % plasma in phosphate buffer 
(mean f SEM). 
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Figure 3-3: Percentage of added radiolabelled thyroid hormones (T4, T3, rT3) in red 
blood cells at equilibrium in sturgeon whole blood (n = 12. mean f SEM). 





The hormone contents of the tissue and whole body samples are summarized in 

Tables 3-2 and 3-3. The extraction efficiency was 57.5 0/. for T4, and 66.6 % for T3, and 

al1 reported values have been correcteci for recovery. There were greata concentrations 

of T3 than T4 in most tissues anal yzed and in the body as a whole. The gall bladder, skin 

and kidney were the only organs thaî conîained more T4 than W. The greatest 

concentration of T3 was in the thyroid, which contained 10.6 X more T3 than T4. The 

brain contained the second greatest concentration of T3, which was 1 1.3 X as much as 

the T4 content. The upper and lower intestine contained 0.77 and 0.54 ng T3 / gram of  

tissue respectively with the T4 levels at the detection limit. All other tissues analyzed 

contained quantities of TH et or near the detection limits o f  the assays. The detection 

limits of the assays were: Average T4 = 0.12 (0.02 - 0.19) ng / ml Average T3 = 0.02 

(0.006 - 0.035) ng / ml. 

Sometirnes a thick pigment was present in the tissue extracts which may have 

interfered with the RIA by preventing hormone frorn binding to the G-25 Sephadex gel. 

The interference of the pigment was ~ l e d  out by serially diluting two whole body 

extracts three times and then determining the T3 content of each by the RIA methoci. The 

slope of the line fomed by the dilution of the extracts was similar to the slope of the line 

of the NaOH standards (Fig 3-4). This ruied out the possibility of interfering effects of 

the pigments contained in the extracts. 

Discussion 

Thyroid Homones in B I 4  

The blood is the major vehicle that canies THs fiom the thyroid follicles to  the 

penpheral body tissues, betwem perïpheral tissues, and to excretory tissues. Preliminary 
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TaMe 3-2: The commûaths of aiyroid homone in vadous tissues of lake sturgecm. 

- - --- 

Tissue X SEM X SEM T31T4 n 

Brain 

Thyroid 

L. 1. 

Gifl 

U. 1. 

Gonad 

Musde 

Liver 

Skin 

Kiney 

Gall Bladder' 

All values wre corrected for movefy and the weights expressd Sn ng TH / w d  tissue ~eight- 
Calculatecl wilh some values at or Wow the detedion lima of assay. Averege detedion 

lirnits of extra&: T4 = 0.12 ng / ml (0.02 4.18). T3 = 0.02 ng 1 ml (0.006 - 0.035). 

" ng per whde Gall Bladder. 
Super script numbers indicate number of samples in each mean that were below detedion lim 



TaMe 3-3: The concentrations of TH in the whole body of lake ~Zurgeori 

14 (ng I gram wet tissue) 13 (ng I gram of wet tissue) Molar Ratio 

Fish X SEM T3fT4 SEM 

Basibranchial t h y m  region removed before body macerated- 

Each value is the Mean f SEM of 6 measutements. 

Super script number indiCates number of values induded in each rneari that wlere 8t the detedion limit. 



Figure 3-4: T3-concentration profile fiom 2 sturgeon whole body extnicts diluted by 50 
% at each successive dilution compared to a radioimmunoassay standard cuve. 





analysis of lake sturgeon plasma found low to negligible levels of TH (S. B. Brown, 

unpublished data). These results questioned the importance of TH in the lake sturgeon. 

Plasma analysis of laboratory-raid sturgeon by RIA confinned low hormone 

Ievels for both T4 (0.29 k 0.05 ng / ml) and T3 (0.19 k 0.01 ng / mi) in al1 cases. The T4 

values are lower than those in wild sturgeon (T4 = 0.83 +_ 0.85 ng 1 ml), however, the T3 

levels did not differ between the two groups (T3 = 1.3 1 + 1.64 ng / ml). The difference in 

plasma T4 levels may relate to the size and age dflerences between the laboratory and 

wild sturgeon as the wild sturgeon were much older and larger than those raised in the 

lab. These values are at the lower range of values repoxted in wild white sturgeon (T4 = 

O - 3.6 ng / ml, T3 = O - 6.9 ng / ml) (McEnroe and Cech, 1994). Compared to other fish, 

reptiles and mammals, the plasma TH levels of lake stwgeon are arnong the lowest 

(Table 2-1). 

A low degree of binding of TH by lake sturgeon plasma proteins may limit the 

blood's ability to carry the TH and explain the low plasma TH levels. The percentage of 

plasma TH bound by protein (98.9 % for T4, and 99.60 % for T3) is lower than that in 

other species. Arctic charr plasma proteins mmally bind 99.72 - 99.85 % T4 and 99.83 - 
99.91 % T3 (Eales and Shostak, 1985b). Values as low as those in the lake sturgeon have 

not been reported for any other species. rT3 was bound by plasma proteins to the lowest 

extent (96.93 94). This vaiue is much lower than that in rainbow trout (99.05 %) (Eales et 

al, 1983). Poor binding of rT3 may indicate its apparent lack of value as an inactive TH 

metabolite. This idea is supported by the very high hepatic deiodinase activity in 

breaking down rT3 (See Chapter 4). 



The lake sturgeon FT4 (0.03 3 ng / ml) and FT3 (0.004 ng 1 ml) are very similar to 

the values found in arctic charr (FT4 = 0.043 ng 1 ml, FT3 = 0.002 ng / ml) (Eales and 

Shostak, 1985b). These values are also simialr to those of the mammal (FT4 = 0.172 ng / 

ml, FT3 = 0.003 ng 1 ml). This suggests that even though the TH is carrieci in low 

quantities in the plasma of the lake sturgeon, the quantity of the plasma TH that is 

avaiiable for exchange with the tissues is similar to that in the chan and marnai.  

Low TH concentrations in the plasma of the sturgeon suggest that TH is not 

carried in great quantities in that blood cornpartment. However, RBCs may store a 

significant amount of the TH transporteà in the blood and release it as it is needed for 

transport f?om the blood to tissues. At steady state, the sturgeun RBCs containeci 19.5 

k 0.5 % of T4, 6.1 + 0.3 % of T3, and 6.9 I 0.7 % of rT3 in whole blood (Fig. 3-3). In 

rainbow trout. 5-1 1% T4, 14-23% T3 and 23-24% of whole blood rT3 is carrieci in the 

RBCs (McLeese and Eales, 1998). A greater percentage of T3 than T4 in the RBCs is 

also found in other fish studied like the eel, Attgr~illa mgui lh ,  19% T3,  7% T4; carp, 

C'prhus carpio, 4 1 % T3,14% T4; and Atlantic salmon, W m o  wlar, 17% of T3, 15% of 

T4; Leloup and Fontaine, 1960). The RBCs of mammals also contain a significant 

percentage of blood TH. The rat RBCs contain approximately 23% of total blood T3 

(Françon et al, 1990). The percentage of T4 is rnuch greater, and T3 and rT3 much lower 

in sturçeon RBCs compared to other fish species. In contrast to other fish, the percentage 

of whole blood T4 in RBCs is greater than T3. 

Like mamrnals, sturgeon may have cytosolic or membrane receptors in their 

RBCs. However, sturgeon RBC proteins appear to have greater affinity for T4 than T3 as 

the RBCs contain a grrater percentage of blood T4 than T3 in equilibrium with the 



plasma. Unlike rnammals, mature fish RBCs are nuclated and rainbow trout RBC nuclei 

contain high-affinity TH receptors, but these are present in very small numbers (Sullivan 

et ai, 1987; Bres and Eales, 1988). Nuclear receptors similar to those in the trout rnay 

also be present in sturgeon RBCs, but are unlikely to have a major influence on the RBC 

TH content- 

The Eü3Cs of lake sturgeon cany TH with whole b l d  percentqes of T4 >> rT3 

> T3 which contrasts with other fish that carry higher proportions of whole blood T3 than 

T4 in RBCs. Since the lake sturgeon RBCs cany a low percentage of blood THs, and the 

sturgeon's hematocrit is lower than in other fish species, the RBCs are not carrying a 

large amount of TH. Therefore, sturgeon blood as a whole is low in TH content. 

Tissue 7llyroid Honnor~es 

Since TH is not transporteci in significant quantities in the blood between tissues, 

it might be predicted that the extrathyroidal tissues would not contain much TH. 

However, this depends on the kinetics of exchange of TH between the blood and tissues. 

Therefore, the T 4  and T3 content of the tissues were examined to detennine if any tissues 

have a significant capacity and &nity for TH. 

Al1 extrathyroidal tissues examined wntained low TH levels except for the brain 

which had 5.9 ng T3 / grn tissue. High T3 concentrations occur in the brain (~10-40 

ndgm tissue) of coho salmon undergoing parr-smolt transformation in 6esh and 

saltwater (Specker et al  1992). The rnolar activity ratio (T3/T4) in the sturgeon brain 

was also high (1 1 -3) like that in the coho salmon (z5 -2) indicating that large quantities of 

T3 may be required in the brain of young sturgeon and metamorphosing salmon (Specker 



et ai, 1992). T3 is essential for deveiopment in growing fish brain (Thi ras  and Nzekwe, 

1989). 

High brain T3 levels could be due to the presence of high affhity TH-binding 

proteins and / or signifiant deiodination activity of T4 to T3. A TH-binding protein 

called transthyretin ocairs in the brain of  mammals, birds, and salmon. It is produced by 

the choroid plexus and released into the arebrospinal fluid resulting in high levels of T4 

in brain tissue (Dickson et ai, 1985; Schreiber et al, 1990). The presence of tnuisthyretin 

in the brain concentrates the hormone to significant quantities such that the brain is one 

of the most concentrated sites of TH outside of the thyroid follicles @ickson et al, 1985). 

Bird transthyretin has a much greater afh.ity for T3 than T4 leading to high levels of T3 

but not T4 in the bird brain. In masu sdmon, transthyretin in blood semm has a higher 

affinity for T3 than T4 (Yarnauchi et al, 1999). A transthyretin similar to that in sdmon 

and birds may also occur in partiailady high concentrations in the sturgwn brain and to 

lesser degrees in the other sturgeon tissues. This wodd result in a high concentration of 

T3 throughout the sturgeon tissues. 

Altemately, similar to mammals, brain transthyretin in the mugeon may have a 

higher affinity for T4, attracting high concentrations of T4 into the braui. Significant 

deiodination if present in the brain, could then convert a majority of the T4 to T3. 

A final possible explanation for the high TH levels in the brain may involve 

contamination of the brain tissue by hemopoeitic tissue. This red-blood-cell-producing 

tissue is located in close proximity to the brain tissue and contaiw a large number of cells 

in early development. Immature RBC nuclei contain a much greater concentration of 

thyroid hormone receptors than mature cells in trout (Sullivan et al, 1987). If this is also 



the case in sturgenn then this wouid result in a concentration of hormones in the 

hemopoietic tissue. However, the T3 concentrations found in the brain extracts are 

higher than what is likely bound to nuclear receptors in the immature red blood cells. 

Rainbow trout pmRI3Cs contain, on average, only 1781 sites per nucleus (Suban et al, 

1987). Therefore, the brain tissue likely contaird the majotity of the honnone extracted. 

In rainbow trout, the liver (3.5 ng /gm), kidney (2.8 ng / gm), and intestine (2.5 ng 

/ gm) contain the greatest concentrations of hormone outside of the thyroid (Fok et al, 

1990). The upper (0.8 f 0.3 ng / gm) and lower (0.5 f O. 1)  intestines of sturgeon were 

arnong the tissues containing the greatest concentration of T3, but it was &Il much less 

than that in the trout intestine (2.5 ng / gm) (Fok et af, 1990). Dietary sources of TH may 

explain the levels of TH in the upper intestine. Biliary excretion of TH into the lower 

intestine could contribute to the TH levels in this tissue. The gall bladder secretes bile 

containing THs into the lower intestine (T4 = 6.0 f 2.9 ng I ml bile, T3 = 3.6 I 1.1 ng / 

ml bile) of the sturgeon. 

Greater concentrations of T3 than T4 were found in the thyroid gland with a 

molar activity ratio of 10.6 (T3m4). High thyroidal T3 concentrations suggest that T3 

rather T4 is the primary fom of the TH released by the thyroid gland. If this is the case, 

the role of peripherai tissue T4-ORD activity in regulating the production of T3 may not 

be as important as it is in teleosts. Instead, it is predicted that T3-IRD activity may 

control the quantity of T3 in the body through inactivation by deiodination of T3 to 3,3'- 

T2. 

High concentrations of T3 in the whole body extracts (iess thyroid) could indicate 

that either some of the thyroid in the gill region was not removed or there is thyroidal 



tissue at some other unidentified site in the sturgeon. For example, heterotopic thyroid 

tissue occurs in the kidney of goldfish (Hou and Eales, 1963; Peter, 1970). Additionally, 

there may be some other tissue not studied thai contains high concentrations of hormone. 

Conclusions 

The blood plasma or senun of both wild and laboratory-raid lake sturgeon 

contains very low quantities of both T4 and T3. Low biding  by plasma TH proteins 

explains the inability of sturgeon plasma to hold sigaificant quantities of TH. However, 

the proportion of plasma thyroid hormone available for exchange with the tissues is 

sirnilar to that in other fish and mammals. 

The red blood cells do aot contain an unusually high proportion of the total blood 

TH when compareci to other species. Therefore, lake sturgeon blood as a whole is low in 

thyroid hormone content. 

Ali the tissues contain measurable quantities of TH @oth T4 and T3), with greater 

amounts of T3 than T4 in most tissues and in the whole body extracts. The brain and 

thyroid contain the greatest amount of T3. High concentraiions of T3 in the thyroid gland 

suggea that T3 may be the predorninant fom of the hormone released by the sturgeon 

thyroid. High brain T3 levels could be due to the presence of a high affinity T3-binding 

protein and / or significant T4-ORD activity. 



Chapter 4 

Sturgeon Deiodination Activity and Characteristics 

Thyroid hormone is taken up into the tissues 6om the blood by both active and 

passive transport systems (Riley and Eales, 1993a). Once inside the tissues the hormone 

can be converted into other forms by deiodinase enzymes (Eales and Brown, 1993). 

There are four main deiodination paîhways in teleosts: T4-IRD, T3- 

DU), and rT3-ORD illustrateci in Figure 1-1. T4-ORD converts weakly biologically 

active T4 (presumed prohormone) into T3 (active fom) by removing an outer-ring 

iodine. T3 binds with greatest affinity to receptors in fish cells (Bres and Eales, 1988). It 

is the fom of the hormone responsible for the effects on fish growth, maturation, and 

developrnent (Brown and Mes,  1993). T3-IRD inactivates T3 by removal of an inner- 

ring iodine to form 3,3'-T2. T4 can also be converted into an inactive (rT3) fonn by T4- 

RD. This may serve to controt the arnount of T4 available for conversion to T3. rT3 can 

in turn be fkther broken down by rT3-ORD into 3,3'-T2 to salvage another iodide for 

recyding back to the thyroid. In mammals, there are three main deiodinase enzymes 

found in the tissues (types 1, ïI, and III). These isozymes differ in theü substrate 

preferences, mechanism of reaction with DTT cofâctor, and inhibitor sensitivities (Table 

4-1). In fish, several deiodinases have been described which resemble their mammalian 

counterparts in severai but not d i  respects (Fimson et 4 1999). 

In t his chapter, lake snirgeon deiodination pathway s were characterized and 

compared to other fish and marnmal deiodinases reported in the literanire. Study of lake 



TaMe 4-1 : Charaderistics of the type 1, II, and Ill mammalian deiodiriase enzymes. 

Oeiodinrse Type 

-- - - - - - - - - - 

Preferred Substrate sulfate conjugated rT3 sulfate conjugated 74 suifate conjugated T3 

DTT Kinetics PiW-pong sequenüal sequenüal 

Response to T3 chalienge lncteases Unaffeded Not Studied 

In hibitor Sensitivity Serisiüve Relativdy Insensiüve Insensitive 



sturgeon deiodination wiil determine the role deiodinase enzymes play in regulating the 

quantity of the various fonns of TH present in the body. 

Materials and Methods 

Fish Maintenance 

Eighteen laboratory-raised lake sturgeon weighing 307.9 * 18.9 g and meaniring 

43.5 * 0.8 cm total length were used in these experiments- They were held in fiberglass 

tanks in running dechiorinated Winnipeg City water at 22-15 OC and f d  twice daily 

(10:OO and 16:OO) with Martin's trout pellets to dation. The fish were anesthetized 

with tricaine methane sulfonate (h4S222, 0.083 gA) (Syndel bboratories LTD.) and then 

killed by concussion to the head. Immediately upon removal, the tissues were wrapped 

individually in aluminum foil, fiozen in liquid nitrogen, and then stored at -76 OC until 

microsome preparation. The microsornai fiaction of tissue homogenates contains the TH 

deiodinase activity . 

Microsome Preparation 

The microsornes were prepared accordiag to  the procedure of Shields and Eales 

(1  986) with some modifications. Mer p d a l  thawing, each tissue was individually 

homogenized in 2.5 mi. of buffer @H=7.2, 0.03 M NazHP04*7H20, 0.0 1 M KH2P04 10 

mM dithiothreitol @TT), 0.01 M EDTA, 0.25 M sucrose) using a PoIytron (Brinkman 

Instruments, Palo Alto, Calif) at a setting of "five" for 5-10  sec, followed by two strokes 

with a motorized pestle (Tri-R Instruments Inc., New York). The homogenate was then 

filtered through cheese cloth and then ultra-centrifùged using a 50.2 Ti rotor for 20 min at 

730g and then for 20 min at 25,200g. The supernatant was decanted off, and the pellet 

discardeci after each spin sequence. The supematartt was then centrifùged one last time 



for 67 min at 110.0ûûg to produce the microsorne peilet, which was resuspended in 2.5 

ml of bufler. This was separated into 2 x 1-ml aliquots and fiozen in cryovials at -76 OC. 

An additional 0.5 ml was 6ozen for the initial protein assay. 

Protein Assay 

The protein content of the microsorne samples was detennined using the Bio-Rad 

protein method (Bradford 1976). The absorbantes of the samples were compareci to 

those of known protein concentrations fitted to a standard curve, obtained using known 

amounts (O- 1 mg/ml) of bovine senim albumin @SA). Five milliliters of Bio-Rad protein 

dye was added to 100 pl of the diluted microsornes or BSA standards, and allowed to 

stand for at least 15 min before the absorbante of each tube was read using a Spectronic 

607 spectrophotometer (Milton Roy Co.) at a wavelength of 595 m. 

Deiodinase Assay 

The deiodinase assay followed that of Shields and Eales (1986). The 

radioactively iabeled T4 (*T4), *T3 or *rT3. (New England Nuclear; specific activity = 

1070 - 3300 pCi / pgm.) used in the assays were radiolabelled with 12'? on one of the 

outer-ring iodines. The *T4 and *rT3 substrates were purified under a fùmehood by 

removal of the free 12'f produced by their decornposition. Purification of *T3 was not 

necessary. The * T4 and *rT3 were purified by pipetting the unpurified hormone ont0 

Sephadex LH-20 minicotumns (Sm1 Quick-Sep column, Isolab Inc., OH) containhg 0.25 

g LH-20 Sephadex. The hormone binds to the gel but the fiee radioactive iodide remains 

unbound. Three millilitres of ddH20 was then eluted through the column to carry away 

the unbound 12'r which was discarded.. Then 2.5 ml of O.1N ethanolic ammonia 

N 0 H  / 1ûû?/o ethanol 1:l) was eluted through the column to liberate the hormone 



which was collected in a s d l  test tube. The purified *T4 or * rT3 was then desiccated 

by placing the small test tube in a water-filled beaker heated on a hot plate to 58 OC. Air 

was gently blown on the solution through a hypoderrnic neede to increase the rate of 

evaporation. After the hormone was dry, it was reconstituted in 100 pl of O. IN NaOH. 

An appropnate quantity of stock *T3 was also constituted in 0.1 N NaOH for T3 

deiodinase assays. Five microliters of  the *T4, *rT3 and *T3 solutions were placed in 

small test tubes and the radioactivity counted in a Beckman 8000 well-type gamma 

detector. The appropriate amount of these solutions was diluted with 0.1 N NaOH to 

give a final hormone substrate activity of  50,000 cpm / 10 pl. An qua! volume of 

unlabelled hormone of a desired concentration in 0.1N NaOH was then added to the 

radiolabelled hormone to produce the final substrate to be used in the assay (- 600 pi). 

Only a small percentage of the substrate need be radiolabelled hormone as this is 

suficient to determine the percentage of the entire substrate deiodinated. The unlabelled 

hormone was used as it is not as expensive as the radiolabelled hormone. 

To begin the assay, the microsomes were thawed and diluted to a protein 

concentration of 0.3 m g h l  with buffer (pH=7.2, 0.03 M Na2HPO4*7H20, 0.01 M 

KHzP04, 20 mM dithiothreitol @TT), 0.01 M EDTA, 0.25 M sucrose). However, the 

pH and DTT concentrations used in the buffer were varied in those assays done to 

determine the optimum pH and DTT concentrations for T4-ORD, T3-IRD, and rT3-ORD. 

Three types of incubation tubes were included in each assay (blanks, quality controls, and 

experimentals). Blank tubes c o n t a i d  no microsomes. These were used to determine 

the amount of fiee 12? that was not removed fiom the substrate during the purification as 

well as any 12.'ï that was removed from the hormone non-enzymatically. Quality control 



tubes contained a trout hepatic microsome sample of  known activity used to check 

reproducibility between assays. If the deiodination of the quality control was similar in 

al1 assays then they were considered to have been perforrned correctly and the results 

where regarded as k i n g  comparable. Experimental tubes cont ained the microsome 

samples to be tested. 

Each experirnental sample tube and quality control tube received 0.5 ml of the 

appropriate diluted microsomes, and 0.5 ml of buffer was put in the blank tubes. Ail 

tubes were then preincubated for 30 min at 12 OC in a temperature-controlied water bath 

to equilibrate thern to the assay temperature. Ten microliters of substrate was then added 

at 30-sec intervals to each tube which was then vortexed before hcubating at 12 OC for 1- 

2 hours depending on the assay and deiodi~t ion  pathway studied. Following inaibation, 

10 pl of 2 mM potassium iodide (KI) was added to each tube in the same order as the 

sub strate to stop the enzyme activity. niree total wunt  reference (TCR) tubes containing 

an equal amount of *T4E4 as that in the incubate tubes (10 pl), were counted in the 

gamma detector. The TCR tubes were used to estimate the total amount of radioactivity 

contained in the substnite added to each incubate tube. The quantity of hormone 

constituting the radiolabelleci portion of the substrate was determin4 using the TCR 

value taking the radioactive decay of I2'r and the specific activity into account. 

High-performance liquid-chromatography (HPLC) analysis was used to analyze 

the products of deiodination. 500 pl of methanol and 12 pl of methyl mercaptoimidazole 

was added to the 500 pl of the incubate before analysis. The mixture was trmsfmed to  

1.5-ml Eppendorf microcentnfûge tubes and centrifugecl for 5 min at 13,000 g at m m  

temperature to separate the precipitated proteins to the bottom of the tube. Four hundred 



and twenty-five microlitres of each supernatant was pipetteci into individual brown 700- 

pl autosampler vials for HPLC analysis. 

The HPLC analysis was wnducted according to the procedure of Sweeting and 

Eales (1992a). This method was used to measure the deiodination activity of T4-ORD, 

T4-IRD, T3-iRD, and rT3-ORD. Two solvents (O. 1 % TFA in HzO (solv. A) and 0- 1% 

T'FA in acetonitriie (solv. B)) were combined and pumped through an Alltech 

Econosphere C 18; 5 p ~01umn at a ratio that was changed slightly between runs 

according to the conditions of the cohrnn, but was typically 58 % A A 200-pl aliquot of 

sample was injecteci into the wiurnn along with the solvent A and B mixture. As the 

sample passed through the column, the 12?, '251-labelled iodothyronine derivatives and 

original substrate were separated, and eluted fiom the wlumn at different times. Each 

product has a different a f h i t y  for the column which determines the retention time on the 

column. The I2'r elutes fiom the column fust, followed by 3,3'-T2, T3, rT3, and finally 

T4 in order of decreasing hydrophilicity. After exiting the column the solution passed 

through a UV monitor, a Ramona-90 gamma radiation spectrometer, and then to waste. 

The UV monitor was used to measure the UV absorbante of excess amounts of  

unlabelled authentic iodothyronines that were added to the incubate before it was eluted 

through the column. This allowed for identification of the labelied iodothyronines in the 

incubate as they had identical elution times to the unlabelled authentics. The data fiom 

the Ramona-90 gamma detector were fad into an IBM cornputer for storage, integration, 

and graphical display of the results using the Gilson 714 software package. The 

graphical display showed a series of peaks that represented the relative amounts of the 



different produds eluted fiom the column and detected by the radiation spectrometer or 

the UV monitor. 

The deiodination activity was calculated using the proportion of onginai substrate 

converteâ to produd as determined fkom the HPLC output. The proportions of products 

present in the incubates thai did not contain enzyme, (blank controls) were subtracted 

fiom the products present in the experimental incubates. This correctecl the samples for 

the products already present in the added substrate and those products produced from 

spontaneous dissociation of iodide f?om the hormone during the assay. T4-ORD activity 

was determined fkom the proportion of T3 present as detamined from the HPLC tracings 

multiplied by 2. Both outer-ring iodines have an qua1 probability of being removed 

fiom the T4 by the T4-ORD but only one is radiolabelled. Therefore, on average o d y  

half of the T3 produced would be detected by the HPLC as removai from the other 

haIf would render it undetectable by the gamma detector in the HPLC apparatus. 

The rT3-ORD activity was determined in a simi1a.r fashion to the T4-ORD activity 

except that the proportion of 3,3'-T2 X 2 was usecl in the calculation. The T4-IRD and 

T3 -IRD activities were calcuiated using the proportions of rT3 and 3,3'-T2 respectively 

produced as end products. For each deiodination reaction, the activity was calculated by 

multiplying the proportion of substrate converteci to product multiplied by the total 

original substrate divided by the incubation time in hours and the microsomal protein 

concentration of the incubate as determined from the protein assay. The results were 

expressed in pmoles o f  substrated deiodinated / hr / mg protein. The calculation for T4- 

ORD activity is shown below: 

T4 deiodination (pmol. hr? mg = T4 &strate <nM x Fraction of *T4 daodinated x 2 
Inaibation time (hr) x Microsoma1 prateui (mg) 



The substrate preferences of the T4-ORD, rT3-ORD, T4-IRD, and T3-IRD 

enzymes were detemined according to the procedure followed by Frith and EAes (1996). 

Upper intestine microsornes were incubated with a fixed amount of radiolabelled 

hormone (assumed prefmed substrate) to which was added 2 ,  10, or 100 nM of the 

appropriate analog being tested (3,5,3'-triiodothyroacetic acid (TRIAC), 

tetraiodot hyroacetic acid (TETRAC), 3,s-T2, rT3, T3, or T4). The -me activities 

were expressed as the percentage of the activity of the w n t d  m r r i n g  in the presence 

of the preferred substrate alone. The test with the analogs indicates the order of substrate 

preference of deiodinases. 

The effects of three selenocysteine inhibitors (1 0, 100, 100 n . )  where tested to 

determine the presence or absence of this group at the active site of the T4-ORD, rT3- 

ORD, T4-IRD, and T3-IRD enzymes extracted fiorn the liver. This was done acçording 

to the procedure of Frith and Eales (1 9%). The inhibitors tested were 6-n-propyl-2- 

thiouracil (PTU), iodoacetate (MC), and aurothioglucose (ATG). The activity was 

expressed as a percentage of the activity ocauring in the absence of any inhibitor. 

The chemicals used in the deiodinase assay, HPLC analysis, and protein assay 

where supplied by Fisher Scientific, J. T. Baker Chemical Co., Sigma Chemical Co., 

BDH Inc. 

A one-way analysis of variance test (ANOVA) was done to determine if there 

were significant differences in deiodinase activity when pH, DTT, analog, and inhibitor 

concentrations were varied. If it were concluded fiom the ANOVA that differences 

existe4 a Tukey HSD test was employed to determine where statistical differences 

occurred between means (p < 0.05). 



TH deiodination in lake sturgeon tissues was studied to determine their 

distri but ion and characteristics. Several lake sturgeon tissues (liver, lower intestine, 

up per intestine, head kidney, brain, notochorà, muscle, and immature gonad) were 

assayed initially to  determine their deiodination activity. From these preliminary 

analyses it was determined thaï the liver and intestine possessed the greatesi deiodination 

activity. Therefore, hese tissues as well as the thyroid were used to characterize the 

deiodination reactions. 

Microsornes prepared fiom the liver, lower and upper intestines, and the thyroidal 

region of a group of laboratory-raised sturgeon where assayed to compare the T4-ORD, 

T4-IRD, and T3-IRD activities (Table 4-2). The liver contained more than twice the T4- 

ORD activity found in the lower intestine and thyroid. The greatest T3-IRD activity was 

also in the liver followed closely by the upper intestine. The upper intestine contained 

the greatest T4-IRD activïty, which was 5X the activity in the liver, lower intestine and 

thyroid. The T4-ORD activity was greater than the T3-IRD activity in d l  tissues except 

for the upper intestine. In the liver, the activity of the T4-ORD which produces T3 was 

approximately 3 X greater than the activity of the T3-iRD which breaks down the T3. 

Overall the liver showed the greatest deiodination activity. rT3-ORD was the 

most active deiodination in the liver with more than 8 X the activity of the T4-ORD 

pathway (Table 4-3). The T3-IRD pathway was only a third as active as T4-ORD. The 

liver microsornes were used to characterize the T4-ORD, rT3-ORD, and T3-IRI) 

reactions to determine their similarity with the enzymes found in teleost tish. 



Table 4-2: The adivity of three thyroid homione deiodination pathways in 
microsomal fractions of tissues obtained fnmi 5 lake stuigeori 

X SEM X SEM X SEM 

tiver 

Lower Intestine 

Upper Intestine 

Thyroid 

- -- -- - -- -- 

Values in pmoles TH deiodinated 1 hr / mg pmtein 

Substrate Concentraüocis in Assays were 0.6 nM for T4 and 0.8 nM for T3 



TaMe 4-3: Hepatic deiodinase adivity in a group of 12 lake sturgeon 

X SEM 

- - 

All values are in pmdes TH deiodinated / hr / mg protein 
Substrate concentrations in the asays were 0.6 nM for T4 and 0.8 nM for rT3 and T 3 



T4-ORD 

There was significant hepatic T4-ORD activity as determined by the quantity of 

T3 produced using T4 as substrate (Fig. 4-la). This pathway worked at an optimum pH 

of 6.0 - 7.5 Vig. 4-2a), and 10 mM DTT in the incubate increased activity, with higher 

concentrations not increasing activity significantly (Fig. 4-3a). 

Enzyme kinetic analysis using a Lineweaver-Burke double-reciprocal plot 

revealed an apparent K,,, for T4-ORD of 6.7 f 2.5 nM and a V- of 26.1 f 12.8 pmoles 

T4 deiodinated / mg protein / hr (n = 2) (Fig. 4-4). 

T4-ORD had a substrate preference of T4 > T E ï ï U C  > rT3 > TRIAC > T3 = 

3,s-T2 as judged by the degree of inhibition of deiodination of labeled substrate by the 

addition of various thyroid hormone anaiogs at three concentrations (Fig. 4-5). 

Propylthiouracil did not inhibit T4-ORD activity, iodoacetate mildly inhibited, 

and ATG almost completely inhibited activity (Fig. 4-6). 

T4-UU) 

Insufftcient activity was present in the liver microsornes to characterize the T4- 

tRD pathway. 

T3-IRD 

Hepatic T3-IRD activity was detected as judged fkom the quantity of 3.3 '-T2 

produced using T3 as substrate (Fig 4-1 b). Activity was optimal at a pH of 6.7 - 7.8 (Fig. 

4-2b), and at a D'IT concentration of 15 mM (Fig. 4-3b). 

Enzyme kinetic analysis using a Lineweaver-Burke double-reciprocal plot 

revealed an apparent K, for T3-IRD of 3.3 f 1.2 n M  and a V- of 1.3 g0.2 pmoles T3 

deiodinated / mg protein / hr (n = 2) (Fig. 4-7). 



Figure 4- 1 : Representaîive HPLC mgh-Pressure Liquid Chromatograp h y) profiles 
showing the substrate and products resulting âom a) TUeiodination, b) T3-deiodinatioa. 
and c) rT34eiodination. The percentage of acetonicrile in the eluent solvent used in the 
separation is shown by the dotted line. The solid line is the radioadvity eluted fiom the 
column at various reteation times. The radioactive peaks corresponding to "'I; 3,3'-T2, 
T3, rT3, and T4 are labefled on the tracings. 





Figure 4-2: The pH profiles of a) T4-ORD, b) T3-IRD c) rT3-ORD activities in sturgeun 
liver microsornes. Each point represents the mean i SEM of duplicate measwements 
fiom a common micmsomal pool. Results are expresscd as the proportion of activity of 
the point with the greatest mean activity. The T4 assay was done with 0.8 nM substnite, 
and rT3 and T3 assays with 0.6 nM substrate. Differences between means were 
determineci by one-way ANOVA foilowed by Tukey HSD tests to determine where 
differences exist within a set (p c 0.05). Differences are indicated by lack of a similar 
letter over data points. 





Figure 4-3 : The effds of varying the concentration of DTT (dithiothreitol) on a) T4- 
OEU), b) T3-IRD, and c) rT3-ORD adivities in liver microsornes. Each point represents 
the mean & SEM of duplicate measurernents fiom a cornmon microsonml pool. Results 
are expressed as the proportion of raivity of the point with the greatest mean activity. 
The T4 assay was done with 0.8 nM substrate, rT3 and T3 assays with 0.6 n M  substrate. 
DiEerences between meam were detennined by one-way ANOVA followed by Tukey 
HSD tests to determine where ciifferences exist within a set @ < 0.05). Differences are 
indicated by lack of a similar letter over data points. 





Figure 4-4: Lineweaver-Burke double r e c i p r d  plot of T4-ORD activity. V = advity 
in pmoies T4 deiodinated / hr / mg protein; S = T4 substrate in nM. Each point 
represents the mean f SEM of duplicate measurements from a common miaosornal pool. 





Figure 4-5: The effect of the addition of T4 and T4 analogs to microsornai incubates on 
the proportion of T4-substrate (0.8 nM) deiodinated by T4-ORD. Each point represents 
the mean + SEM of duplicate measurements fiom a cornmon microsomal pool. Results 
are expressed as the proportion of actinty of the mean cuntrol aaivity which constitutes a 
microsomal incubate containhg no added analog. Differences between rneans were 
detemiined by one-way ANOVA followed by Tukey HSD tests to determine where 
differences exist within a set @ 1 0.05). Differences are indicated by lack of a similar 
letter over a bar. 
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Figure 4-6: The effkct of the addition of deiodination inhibitors to rnïcrosornal incubates 
on the proportion of T4-substrate (0.8 aM) deiodimed by T4-OR'. Each point 
represents the mean f SEM of triplicaîe measurements fiom a common microsomal pool. 
Results are expressed as the propodon of the mean fontrol activity which constitutes a 
microsomal inaibate containhg no added inhibitor. Differences betwem meam were 
determined by one-way ANOVA followed by Tukey HSD tests to d a m i n e  where 
differences exist within a set @ < 0.05). Differences are indicated by lack of a similar 
letter over a bar. 





Figure 4-7: Lineweaver-Burke double raiprocal plot of T3-IRD activity. V = advity 
in pmoles T3 deiodinated / hr / mg protein; S = T3 substmte in nM Each point 
represents the mean k SEM of duplicaîe measurements 60m a common microsoma1 pool. 





T3-RD activity had a substrate preference of T3 > TRIAC > TETRAC > rT3 > T4 > 3 3 -  

T2 as judged by the degree of inhibition of deiodination of labeled substrate by the 

addition of various thyroid hormone anabgs at three concentrations (Fig. 4-8). 

Propylthiouracil did not inhibit T3-IRD adivity, iodoacetate mildly inhibited, and 

ATG alrno st completely inhibited (the enzyme's) activity (Fig. 4-9). 

rT3-ORD 

The rT3-ORD activity was the most active of the three deiodinations present in 

the liver as detennined by the quantity of 3,3'-T2 produced using rT3 as a substrate (Fig. 

4-lc). 

Activity was maximal at a pH of 5.8 - 6.8 (Fig. 4-2c), and was stimulateci 

maximally by t O m M  DTT (Fig. 4-3c). 

Due to the extremely high saturation point of  rT3-ORD, it was not possible to 

accurately characterize the kinetics of this deiodination pathway. 

It was also not possible to determine the order of substrate prefaence for rT3- 

ORD as none of the analogs, including rT3 at the highest concentration tested (100 nM), 

reduced the proportion of labelleci rT3 deiodinated to 3,3 '-T2 (Fig. 4- 10). 

The selenocysteiae inhibitor M C  affêcted rT3-ORD activity moderately, PTU had 

no e k t  and ATG almost completely eliminated activity at ail concentrations (Fig. 4- 1 1). 

Temperature Affects on Deiadination 

Enzyme activity for al1 deiodinases increased with incubation temperature to 

32OC (Fig 4- 12). At 39 OC T4-ORD, T4-IRD, rT3-ORD and T3-IRD activities decreased 

sharply. rT3-ORD activity did not change significantly at 39 OC cornpared to its activity 

recorded at 32 OC. 



Figure 4-8: The &ect of the addition of T3 and T3 analogs to microwrnal incubates on 
the proportion of T3-substrate (0.6 nM) deiodinated by T3-IRD. Each point represents 
the mean f SEM of duplicate measurements fiom a common microromal pool. Results 
are expressed as the proportion of aetivity of the mean control activity which constitutes a 
microsorna1 incubaîe containing no added d o g .  Differences between means were 
determined by one-way ANOVA followed by Tukey HSD tests to determine where 
differences exist within a set (p < 0.05). Differences are indicated by lack of a similar 
letter over a bar. 





Figure 4-9: The e f f i  of the addition of deiodination inhibitors to microsorna1 incubates 
on the proportion of T3-substraîe (0.6 nM) deiodinated by T3-IRD. Each point 
represents the mean f SEM of triplkate measurements from a common microsomal pool. 
Results are expressed as the proportion of the mean control activity which constitutes a 
microsomal incubate coataining no added inhibitor. Diffaences between means were 
detemined by one-way ANOVA followed by Tukey HSD tests to determine where 
differences exist within a set @ c 0.05). Differenas are indicated by lack of a similar 
Ietter over a bar. 





Figure 4- 10: The effect of the addition of rT3 and rT3 analogs to microsornai incubates 
on the proportion of rT3-substraîe (0.6 nM) deiodïnated by rT3-ORD. Each point 
represents the mean f SEM of duplicate measurements fiom a cornmon microsod  pool. 
Results are expresseci as the proportion of activity of the mean control activity which 
constitutes a microsomal incubate containhg no added analog. Differences between 
means were determined by one-way ANOVA foiiowed by Tukey HSD tests to determine 
where differences exist within a set (p s 0.05). Dineznces are indicated by lack of a 
similar letter over a bar. 



1.0 

c O.? 

0.6 
O O 5  

0 2  
0.1 
0.0 



Figure 4-1 2 : The effect of the addition of deiodination inhibitors to microsornai 
incubates on the proportion of rT3-subsaate (0.6 nM) deiodinated by rT3-ORD. Each 
point represents the mean + SEM of tri plicate measurements fiom a cornmon microsomal 
pool. Results are expressed as the proportion of the mean control aaivity which 
constitutes a microsornal incubate conîaining no added inhibitor. Differences between 
means were determined by one-way ANOVA followed by Tukey HSD tests to detennine 
where differences eUst within a set (p < 0.05). Differences are indicated by lack of a 
sirnilar letter over a bar. Value not available. 





Figure 4- 12: The percentage of T H d e i d m t e d  by liver microsomal T4-ORD, T4-iRD, 
rT3-ORD, and T3-IRD over a 38 OC-temperaturr range. Each point represents the mean 
+ SEM of tripliate measurements fiom a cornmon microsoma1 pool. The T4 assay was 
done with 0.8 nM substrate, and the T3 and rT3 assays with 0.6 nM substrate. 
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The temperature of the preincubation (30 min) preceding T4 and rT3 deiodination 

assays at 12 OC was v&ed to  determine if there were ciifferences in thermal sensitivity 

between the T4-ORD and rT3-ORD pathways. A difference would indicate that dinerent 

enzymes catalyze the two outer-ring deiodination pathways. The profiles of the activities 

for the two pathways matched closely except at 45 OC where the T4-ORD activity was 

near zero and the rT3-ORD adivity was at about 35 % of maximum activity (Fig. 4-1 3). 

Sturgeon that were Iolled to study the deiodination propehes were found to 

exhibit T4-ORD activities that changed with sampling time during the interval 9: 13 to  

16:09 (Fig. 4-14a). The fish sampled around 10:ûû or eariier showed higher deiodination 

activity than those sampled later. This pattern matched that in aaother group of sturgeon 

sampled previously over a similar period (Fig. 4- Mb) (My B.Sc. Hons. Thesis; Figure 

19). Using this knowledge, the fish used in nirther experiments were sarnpled during a 

much shorter time interval, 09:OO to 10:30. 

Discussion 

Thyroid hormone deiodination pathways in lake sturgeon liver were 

characterized. This determined if similarities exist between stwgeon and other animal 

deiodinations. 

1 have previously (B.Sc. Hons. Thesis) examined deiodination activity in several 

lake sturgeon tissues (liver, lower intestine, upper intestine, head kidney, brain, 

notochord, muscle, and immature gonad). Of these, the liver contained the greatest 

deiodination activity Followed by the lower and upper intestines. These tissues were 



Figure 4- 1 3 : TeORD and rT3-ORD activity of microsomal incubates preinaibated at 
varying temperatures for 30 minutes before addition of substrate and incubation of ail 
samples at 1 2 OC. Each point represents the mean f SEM of duplicate measurements. A 
substrate concentration of 0.8 nM was used in the T4 assay and 0.6 nM used in the rT3 
assay . 





Figure 4- 14: a) Time course of T4-ORD activity in liver microsornal incubates fiom 
laboratory-raised lake sturgeon killed at digerent times over a period of seven hours on 
May 7, 1997. Each point represents the hepatic deiodination activity in duplicate of a 
single fish killed at the time indicated (+ - arrow indicates time of feeding). 
b) Time course of T4-ORD activity in liver microsoma1 incubates fiom a group of 
laboratory-raiseci lake sturgeon kilied over a similar t h e  period as in a) on September 2, 
1 996 (These data are fiom my Honors thesis). Each point represents the hepatic 
deiodination activity in duplicate of single fish. A substrate level of 0.8 nM was used in 
the incubations. 
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therefore selected for m e r  study along with the thyroid, which was chosen due to its 

potentiat importance as the centre for production of thyroid hormone. 

T4-ORD 

The Liver mntained approximately 2 X greater TCORD activity than the lower 

intestine, followed by the thyroid and finally the upper intestine. The TCORD 

deiodinase paîhway is found in several other fish species. It occurs in the Lver and brain 

of rainbow trout (MacLatchy and Eales, 1992; Frith and Eales, 19%), Atlantic salmon 

liver, heart, gill, brain and skeletal muscle (Morin et al, 1993), larval sea lamprey liver 

and intestine (Eales et al, 1997), as well as in tilapia (Mol et al, 1997), and Atlantic cod 

liver (Cyr et al, 1998). It is most similar to type II mammalian deiodination (Lmnard and 

Visser, 1986). 

Significant deiodination in the liver of the sturgeon as in other fish highlights the 

importance of the liver as a metabolic centre for control of thyroid hormone metabolism. 

Blood passes through the Liver via the hepatic portal system before going to other parts of 

the body. This allows the hepatic deiodinases to regulate the quantity of hormone that 

passes to the rest of the body tissues. The liver was used to characterize the T4-ORD, as 

well as the other tissue deiodination pathways in the lake sturgeon. 

The T4-ORD activity tùnctioned at an optimum pH of 6.0 - 7.5. This value is 

similar to the optimum pH of the deiodination pathway in rainbow trout brain (7.3) (Frith 

and Eales, 1996) and liver (7.0) (Shields and Eales, 1986; MacLatchy and Eales, 1992), 

larvai sea lamprey liver and intestine (7.3) (Eales et ai, 1997), and tilapia liver (6.5-7.5) 

(Mol et al, 1997). Optimal activity in this pH range shows that the T4-ORD and other 

deiodination pathways function best in the likely physiological pH range of the sturgeon. 



Maximal T4-ORD activity occuned a! a DTT conmtration of 10 m M  in the lake 

sturgeon. This is similar to the concentration required to produce maximum deiodination 

in the rainbow trout brain (10 mM); (Frith and Eales, 1996); and Iiver (10- 11 m . ) ;  

(MacLatchy and Eales, 1992; Shields and Eales, l986), l a r d  sea lamprey liver (5 mM); 

(Eales et al, 1997), and tilapia liver (25-30 mM); (Mol et al, 1997). The ability of DTT to 

increase deiodination activity shows its importance as a cosubstrate in the deiodination 

reaction mechanism. At the optimum DTT concentration, the deiodinase enzymes would 

have the required amount of DTT for reduction of the enzymes back t o  their active forrn 

at the maximum rate. 

Enzyme kinetic analysis using a Lineweaver-Burke double-reciprocal plot 

revealed a K, of  6.7 n . .  and a V,, of 26.1 pmoles T4 deiodinated / mg protein / hr. The 

sturgeon K, was higher but still close to the values obtained for this deiodination 

pathway in rainbow trout brain (1.2-2.5 nM) (Frith and Eales, 1996), liver (0.098 nM) 

(MacLatchy and Eales, l992), Atlantic salmon liver (0.42 nM) (Morin et ai, 1993), 

upstream migrant sea lamprey intestine (1 -3 nM) (Mes et a l  1997), and tilapia liver 

(0.75 - 1.3 nM) (Mol et al, 1993; Mol et ai, 1997). The V,, was also higher than the 

values obtained for this deiodination pathway in rainbow @out brain (0.10- 0.14 pmol) 

(Frith and Eales, 1993) and liver (3.74 pmol) (MacLatchy and Eales, 1992), Atlantic 

salmon liver (1 -2 pmol) (Morin et al, 1993), upstream migrant sea lamprey intestine 

(0.35pmol), and tilapia liver (0.13 - 0.21 pmol) (Mol et al, 1993; Mol et al, 1997). The 

much higher Vrnax in the shirgeon liver shows that there is a much greater quantity of the 

enzyme present in the sturgeon livw than in other species. 



Lake sturgeon T4-ORD had a substrate preference of T4 > TETRAC > rT3 > 

TRTAC > T3 = 3,5-T2. Those THs with two iodines on their outer-ring are prefmed as 

substrates. This resembles the substrate preference of  the T4-OR.D pathway in rainbow 

trout liver and brain (Frith and Eales, 1993), larval sea larnprey intestine and liver (Eales 

et ai, 1997), and tilapia liver (Mol et al, 1997), and Atlantic cod liver (Cyr et al, 2 998). 

When potential deiodination inhibitors were added to the incubates, they had 

varied effect s on T4-ORD activity. Propylthiouf8cil did not inhibit T4-ORD activity, 

iodoacetate mildly inhibited, and ATG almost completely inhibited activity. This agreed 

with the results obtained for rainbow trout brain and liver (Frith and Eales, 1993), 

upstream migrant sea lamprey intestine (Eales a al, 1997), tilapia Liver (Mol et a l  1993), 

and Atlantic cod liver (Cyr et ai, 1998). The much stronger inhibition by aurothioglucose 

than propylthiouracil suggests that the T4-ORD may work through a sequential reaction 

mechanism with DTT nither than a ping-pong mechanisrn. PTU inhibits activity by 

binding to the selenolate iodide form of the enzyme which would occur in a ping-pong 

reaction mechanism afier the enzyme removes an iodine fiom the TH. However, in a 

sequential reaction rnechanism the deiodinase, thiol coîàctor, and TH substrate al1 bind 

together before deiodination takes place meaning there would not be a fke selenolate 

iodide form of the enzyme to which PTU could bind. 

Higher T4-ORD activity occurred in the liver of sturgeon sampled earlier in the 

day (before 10:30) compared to those sampled later. The increased activity may involve 

anticipation offeeding as the fish were fed at around 10:15 eveyday. lncreased T4- 

ORD around the tirne of feeding would increase the quantity of T3 in the tissues during a 

time of nutnent intake. 



Daily melatonin cycles associateci with the photocycle may also be involved in 

producing the cycle in T4-ORD activity. This possibility would require fùrther study and 

has yet to be reported for any species. 

A daily cycle in deiodination activity has not previously been reported for any 

fish species. However, die1 variations in plasma T3 levels have been reported in rainbow 

trout in response to feeding (Eales et al, 198 1). A detectable change in plasma THs did 

not accompany the cycle in liver deiodination in the sturgeon. 

TI-IRD 

The upper intestine wntained the greatest T4IRD activity with more than 3 X the 

activity found in the thyroid, lower intestine and liver. This deiodination pathway was 

not characterized, as the liver microsornes did not wntain a sufficient amount of activity. 

The upper intestine muld have been used but signiftcant T4-IRD activity in this tissue 

was not known at the time the deiodination pathways were characterized. 

T3-UU.3 

The liver contained the greatest T3-IRD activity, followed closely by the upper 

intestine. The thyroid and lower intestine contained almost undetectable levels of T3- 

IRD activity. This deiodination pathway is found in several other fish species. It occurs 

in rainbow trout brain (Frith and Eales, 1996), Atlantic salmon Iiver (Morin et al, 1993), 

iiver of coho salmon (Sweeting et al, 1994), and resembles type III mamrnalian 

deiodinase (Leonard and Visser, 1986). The liver was used to characterize this 

deiodination pathway in the lake sturgeon. 



Optimum T3-IRD activity occurred at a pH of 6.7 - 7.8. This matches closely the 

optimum for T3-ïRD in rainbow trout (7.0) (Frith and Eales, 1 W6), and tilapia brain (6- 

7) (Mol et ai, 1997). 

Lake sturgeon T3-IRD increased with DTT concentration to a maximum at 15 

mM DTT. This is a little higher than that required by the T3-IRD pathway in rainbow 

trout brain (10 mM) (Fr& and Eales, 1996), and a littb 1ower then that for tilapia brain 

(20mM) (Mol et al, 1997). 

T3-IRD activity had a substrate preference of T3 > TRiAC > TETRAC > rT3 > 

T4 > 3,s-T2. This is similar to the results obtained for T3-ERD in the brain of rainbow 

trout (Frith and Eales, 1996), as weli as in tilapia brain and gill (Mol et al, 1997). Those 

substrates with two iodines in their imer-ring intedere with the pathway to the greatest 

ext ent. 

When potential inhibitors of deiodination were added to the T3-incubates they 

had varied effects. Pmpylthiouracil did not inhibit T3-IRD aaivity, iodoacetate mildly 

in hibited., and ATG almost completely inhibited the enzymes activity . Inhibition by 

* aurothioglucose but not propylthiouracil suggests that T3-IRD may operate through a 

sequential reaction rnechanisrn for the same reasons discussed for the T4-ORD pathway. 

Kinetic analysis using a Lineweaver Burke double-reciprocal plot revealed a K, 

of 3.3 n M  and a V,. of 1.3 prnoles T3 deiodinated / hr / mg protein. The Km is a little 

lower than those reported in rainbow trout brain but the Vmax falls within the range 

previous reported for the trout brain (K, = 5.2-5.4 nM; V- = 1 -06-1 -97 pmoles T3 

deiodinated / hr / mg protein) (Frith and Eales, 19%). 



rT3-ORD 

The liver was used to characterize the rT3-ORD deiodination as significant rT3- 

ORD activity was found to exist in this tissue. The rT3-ORD adivity in the liver, was the 

most active of the three deiodination pathways characterized. This deiodination pathway 

also o m r s  in the rainbow trout Liver (Fimson et al, 1999) and tilapia kidney (Mol et al, 

1 997) and is similar in certain respects to type 1 mamrnalian deiodination (Leonard and 

Visser, 1986) 

Optimum rT3-ORD activity occurred at a pH of 5.8 - 6.8. This is similar to the 

optimum for rT3-ORD in the tilapia kidney (6-7) (Mol et al, 1997), and rainbow trout 

liver (7.0) (Finnson et al, 1999). 

Lake sturgeon rT3-ORD activity ocairred optimally at a DïT mncentration of 10 

mM. This is the same as the optimd DiT concentraiion oftilapia kidney rT3-ORD (10 

rnM) (Mol et al, 1993; Mol et al, 1997), and is a Little higher than the optimum rainbow 

trout liver rT3-ORD (2.5 rnM) (Finnson et al, 1999). The reatlts show that DfT is 

required in the reaction mechanism as a cosubstrate as with other fish deiodinases. 

It was not possible to detennine the order of substrate preference for rT3-ORD as 

none of the analogs, or rT3, at the highest concentration tested (100 n.), reduced the 

proportion of labelled rT3 deiodinated to 3,3'-T2. Mol et al (1997) determined a 

substrate preference of rT3 > T4 > T3 for tiiapia rT3-ORD activity when using analog 

concentrations of at least 1 micromolar. In a natuml physiological situation, the rT3- 

ORD deiodinase would be never exposed to concentrations of thyroid hormones as high 

as those required to saturate the enzyme. 



Adding deiodinase inhibitors to the incubations of rT3 substrate and liver 

microsornes had similar effects on rT3 deiodination as it did for T4 and T3 deiodination. 

The selenocysteine inhibitor IAC, affecteci rT3-ORD activity moderately, PTU had no 

effect and ATG almost mmpletely eliminated adivity at aii concentrations. Similar 

results were obtained for kidney rT3-ORD activity in tilapia (Mol et al, 1997). As with 

the TCORD and T3-IRD pathways, the results suggest a possible sequential reaction 

mechanism. 

The extremel y high saturation level of this enzyme made determination of the 

enzyme kinetics of rT3 -ORD in the sturgeon liver impossible. Substrate concentrations 

as high as 5 pM were used with no significant change in proportion of substrate 

deiodinated than when using only 0.0001 5 micromolar rT3. Therefore, a rT3-ORD with 

an extremely high saturation level exists in the liver. High-K, rT3-ORD activity occurs 

in tilapia kidney (Km = 0.33 - 1.25 V- = 3 1 - % pmol) (Mol et al, 1993; Mol et al, 

1997). 

Tissue Distribution o f  Dtiodination 

The lake sturgeon intestine showed significant deiodination activity. Intestinal 

deiodination is negligible in sahonids and marnmals (Eales and Brown, 1993). Of the 

fish examine- to date, only phylogenetically primitive fish like the lamprey and hagfish 

have significant intestinal deiodination activity (Eales et al, 1997). Intestinal 

deiodination is also significant in frogs during their metamorphosis from tadpole to adult 

as TH is important in the development of the gut at this stage (Shi, 1995). 

Evolving vertebrates may have developed a use of the TH in their bodies before 

they developed the capacity to produce it themselves. Most organisms may have first 



been exposed to TH through consumption ofearly TH producing organisms. This first 

TH source may have been marine algae which wntain THs and are believed to produce 

TH using solar energy (Chino et al, 1994). 

In this early environment, deiodination activity in the intestine would have been 

advantageous to regulate the amount and form of TH entering the blood stream. As they 

developed the capacity to produce thyroid hormone themselves, organisms may then have 

begun to confer deiodination activity to the more centralized and metaôolicall y active 

liver tissue which is the main deiodination centre in more recently evolved vertebrates 

fi ke teleosts and rnammals. 

Lake sturgeon consume a lot of benthic invertebrates and also scavenge on dead 

fish which may be a source of THs. Theû entrance into the body across the intestinal 

wall could be regulated by the intestinal deiodination. Since blood fiom the intestine 

passes through the liver before entering the systemic circulation, it wodd also be 

advantageous to have high deiodination activity in the liver, which is also the case in the 

sturgeon. 

The presence of signifiant thyroidal T4-ORD activity is understandable given the 

significantly higher concentrations of T3 than T4 in the sturgeon tissue. This 

deiodination pathway would convert the T4 produced in the thyroid to T3 before release 

of the hormone into the blood. 

Temperature Effixts on Dciodination 

Varying the incubation temperature of deiodination led to a sharp increase in T4- 

ORD, T4-IRD, T3-IRD and rT3-ORD activity with increasing temperature until greater 



t han 3 2 OC. These temperatures exceed those to  which the sturgeon would be exposed in 

a natural situation (5 15 OC) and also exceed their upper lethal ternperature (-25 OC). 

Blue tilapia ( O r e o c h i s  m e u s )  deiodinase enzymes also function optimally at 

temperatures greater than the lethal temperature (Mol et ai, 1997). Its T4-ORD is optimal 

at 3 7 OC even though its upper lethal temperature is 30 OC. The tilapia's optimum T4- 

ORD temperature is quivalent to the normal body temperature of an endotherm, which is 

the maximal temperature for the mamrnalian deiodinase. Temperature optima of 

deiodinases have not been studied in most other fish. However, in Atlantic cod (Gadus 

rnorha), the T4-ORD activity increased significantly through the ternperature range 

fiom 1 tu 12 OC (Cyr et al, 1998). Rainbow trout outer-ring and imer-ring deiodinase 

activities also increased neadil y through a temperature range from 4 to 18 OC (Johnston 

and Eales, 1995). These temperaturedependant increases in deiodination were due to an 

increasing enzyme substrate afhity (decreasing Km) of the deiodinase enzymes. 

The thermal sensitivities of the two outer-ring deiodination pathways studied were 

compared to determine if the same enzyme catalyzes both of these deiodinations. Both 

T4-ORD and rT3-ORD activity varied approximately the same as pre-incubation 

temperature was varied except at 45 OC where the T4-ORD activity was almost 

completely eliminated but the rT3-ORD activity remained at about 35 % of its maximum 

activity. This shows that the rT3-ORD pathway is less sensitive to temperature induced 

denaturation at higher temperatures (- 45 OC) than the T4-ORD pathway and suggests 

that the two deiodination pathways may be catalyzed by different deiodinase enzymes. 



Conclusions 

The characteristics of lake sturgeon deiodination were comparable in several 

respects to those in other fish and mammals. The activities of lake sturgeon hepatic T4- 

ORD, T3-IRD, and rT3-ORD are stimulated by DTT, inhibited by ATG, and IAC but not 

PTU inhib itors, and have pH optima, temperature sensitivies, substrate preferences and 

enzyme kinetics similar to deiodination in otfier fish and mammals. 

From analysis of the various deiodination activities in lake sturgeon tissue 

microsomes, it was determined that signifiant T4-ORD adivity exists in the liver and 

less so in the lower intestine and thyroid. Clearly the low TH levels in the blood of the 

lake sturgeon are not relateâ to a lack of capacity to  convert T4 to T3 in the peripheral 

tissues. Significant inner-ring deiodination of  T4 ocçurs in the upper intestine and less so 

in the thyroid, lower intestine, and liver. Inner-ring deiodination of T3 is most active in 

the liver and upper intestine. This activity may d u c e  the quantity of T3 present in these 

tissues by deiodinating any T3 producai. Sig~ficant  T4-ORD producing T3 occun in 

the thyroid tissue with very low T3-IRD breaking down T3. This suggests that T4 

produced in the thyroid gland may be converied to T3 before release into the blood 

Stream. Significantly higher concentrations of T3 than T4 in the thyroid gland extracts 

support this theory. 

High deiodination activity in the intestine of the sturgeon suggests that this tissue 

is an important centre for control of thyroid hormone levels in the body. Intestinal 

deiodinase activity is not significant in salmonids (Eaîes and Brown, 1993). The intestine 

is an important deiodinating centre in more primitive animals like the lamprey (Eales et 

al, 1997). in these animals, the intestine wntains the greatest deiodinase actiMty in the 



body with little activity in the liver. This seems to suggest that in an evolutionary 

context, the intestine was originally the site of thyroid hormone deiodinating control but 

through time more advanced organisrns like telwsts and mammals shifted control of this 

process to the liver, which is a more metabolically active centralized organ. 

In early evolutionary history, animals may have utilized thyroid hormone that 

they obtained through their diet before developing the capacity to produce the hormone. 

Any hormone entering the system would bave to pus tbrougb the intestinal wall before 

reaching the other tissues. Therefore, the intestine would be strategically located to 

convert the hormone into the active T3 form or inactivate it to rT3 or T2 before releasing 

it into the system. This would allow the intestine to fùnction in the control of the 

hormone content of the body. In the sturgem, this fundion is retained and the low 

content of TH in the body of this fish may suggest that dietary sources of TH are still an 

important part of the whole-body hormone supply. 



Chapter 5 

DIETARY EFFECTS ON THYROID STATUS 

Introduction 

The thyroid system of salmonid fish is regulated by the quantity and quality of the 

diet. Reduction in the quantity of food reduces stimulation of the thyroid system. 

Starvation of brook trwt significantly reduced m viw conversion of *T4 to *T3 

suggesting reduced T4-ORD activity (Higgs and Eales, 1977, 1978). Starvation also 

reduces the number of thyroid hormone receptors in the liver of rainbow trout (Van der 

Kraak and Eales, 1980; Bres et ai, 1990) and who salmon (Darling et al, 1982). Both of 

these processes reduce thyroid homone action. 

The quality of the diet produces chronic effects on thyroid hormone metabolism. 

Rainbow trout fed a low protein diet (0.32 ./O) for 38 days had a suppressed thyroid 

system with decreased T4-ORD and decreased plasma T3 levels compared to fish fed 

diets containing greater percentages of protein (47%) @les et a l  1992). In the long tenn, 

protein is the most important dietary component for stimulation of  increased body T3 

levels. Of the amino acids contained in proteih glycine has the greatest stimulatory 

effect (Riley et ai, 1993b). It increases hepatic T4-ORD activity accompanied by 

increased plasma T3 levels in rainbow trout. 

In teleost fish, THs play an important part in reproduction, development and 

growth (Eales and Brown, 1993). The active thyroid hormone (T3), stimulates growth 

t hrough indirect mechanisms hvolving the stimulation of cellular processes. Lower diet 

rations that suppress the production of T3 also decrease the growth rate of Arctic charr 



(Eales and Shostak, 1985a). A wrretation between the thyroid stanis and growth of lake 

sturgeon may also exist. 

Two groups of lake sturgeon fed on two diets of different quality showed 

significantly different growth rata. The function of the thyroid system was compareci 

between these groups to determine if as in salrnonids, there is a relationship between 

growth rate, diet quality, and thyroid status in iake sturgeon. 

Matcriah and Methods 

One of two groups of eight two-yw-old sturgeon previously fed on #4 Martin's 

trout pellets (MTP) was switched to a diet of ocean plankton (zooplankton) (OP) of 

underdetermine- nutritional composition, while the other group remained on the MTP 

diet (Prot. = 42%, Cnide Fat = 1696, Fibre = 3.00/0, Sodium = 0.35%, Calcium = 1.00/o, 

Phosphoms = 0.75%, Vit. A = 7500 IUkg, Vit. C = 180 IU/kg, Vit. D3 = 2 5 0  IUkg, 

Vit. E = 95 IU/kg). Al1 fish were PIT tagged under the skin on there dorsal side at the 

start of the experiment for identification of individu1 fish. Both groups were fed &ce 

daily (10:ûû and 16:ûû) for 36 days (May 13, 1997 to June 18, 1997) a 1.0 % body 

weight ration. The fish in both groups were of similar average weights at the beginning 

of the experiment (OP-fed = 252.21 g; MTP-fèd = 238.39 g) (P > 0.05). 

At cornpletion of this pend, the sturgeon were killed and the liver and lower 

intestine were removed and immediately frozen in liquid nitrogen. The microsomal 

fiactions from the tissues were assayed to compare the deiodination activities between the 

two groups. This procedure is described in chapter 4. The assays were done with an 

incubation period of 2 hours for the T4 and TT3 assays and 1 hour for the rT3 assay, pH = 

7.2, DTT = lOmM DTT, substraîe level of 0.2 nM, approximate microsorna1 protein 



concentration of 0.3 mg / ml, and incubation temperature = 12 OC. Blood plasma samples 

were obtained for determination of T4 and T3 content ushg the RIA procedure describexi 

in Chapter 3. The blood plasma proteins were analyzed by the G-25 Sephadex wlumn 

procedure outlined in Chapter 3, to determine if any differences in plasma TH 

concentrations could be due to the binding properties of the plasma proteins. 

The TH content of both diets was detemiined by extraction of 1-gram sarnples 

using the methods for TH extraction fiom tissues (See Chapter 3). 

The sturgeon were weighed, and the fork and total lenghs were measured at the 

beginning of the feeding period, one week into the period, and then every two weeks der  

that for the duration of the feeding period. The specific growth rate (SGR) of each 

sturgeun was calculated using the weights obtained on May 20, 1997 and June 18, 1997. 

It was calculated as follows: SGR = Ln (W / W1) " 100 1 days where W2 i s  the weight 

of the sturgeon on June 18, 1997 and WI is the weight on May 20, 1997 and "days" is the 

29 days between these two dates. The SGR was also calculated similarly using the total- 

length changes over the 29-day pend: SGR = Ln (TL2 / TL]) " 100 / days. 

Correlation coefficients were calculated between SGR (weight), SGR (total 

length), plasma T3 levels and plasma T4, T3 and al1 deiodination activities. Correlations 

were considered significant if P < 0.05. 

Statistical analysis involved cornparison of means with t-tests if the data fined a 

normal distribution and there was hornogeneity of variance. Othenvise, the Mann- 

Whitney test was used. Treatments were considered different if P < 0.05. 



Results 

The OP diet decreased the growth rate by weight of the sturgeon (SGR = 0.6 1 * 
0.08) compared to the MTP-fed fish (SGR = 1.29 * 0.07) (P < 0.05). Growth rate by total 

length was also lower for the sturgeon fed OP (0.23 * 0.02) compared to MTP (0.33 * 
0.02) (P < 0.05). 

There was no significant Merence in the piasma T4 level due to diet. However, 

the plasma T3 concentration was significantly greater in the fish fed MTP diet than in the 

fish fed the OP diet (Fig. 5-1) (P < 0.05). 

An index of the degree of binding of T4 and T3 by the plasma thyroid-hormone 

binding proteins was determineci using a 15% dilution of the plasma. There was no 

significant differene due to diet in either T3 or T4 binding to plasma proteins. The OP- 

fed fish had 73 * 6 % of the T3 bound while the fish fed MTP had 69 * 5 % T3 bound 

(Fig. 5-2). The OP-fd fish had 18 * 5 % of the T4 bound while the fish fed the dry feed 

had 15 * 4 % T4 bound. 

Deiodination assays were perf'ormed on Liver (Fig. 5-3) and lower intestine (Fig. 

5-4) microsomal fiactions of both diet groups. There was no clifference in T4-ORD 

activity between diet groups in the liver (P 1 0.05) or intestine (P > 0.05). But T3-[RD 

activity was significantly greater in the OP-fed than in the MTP-fed fish in both the liver 

(P < 0.05) and intestine (P < 0.05). In contrast, rT3-ORD was significantly greater in the 

liver but not the intestine of the OP-fed fish (P > 0.05). No significant differences in T4- 

IRD exiaed between groups for either liver or intestine. 

Samples of the two diets were also analyzed for their TH contents (Fig. 5-5). 

There were no significant differences in T3 content (P > 0.05). However, the OP diet 



Figure 5- 1 : Concentration of T4 and T3 in the blood plasma of laite sturgeon fed on a 
diet of Martin's trout pellets and on oaan plankton (n = 12) daennineci by 
radioimmunoassay of blood plasma samples. Each bar shows the wan + SEM of 12 
different samples masured in duplicate. Signifiant differences behueen diets are 
indicated by an asterick (*). 
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Figure 5-2: Percentages of T4 and T3 bomd by plasma proteins in the blood plasma of 
lake sturgeon fed on diets of Martin's trout pellets aad ocean plankton as ddennined by 
the G-25 column method. Each bar shows the mean k SEM of 12 samples measured in 
duplicate. 
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Figure 5-3: The hepatic microsornai activity of four deiodination pathways in two 
groups of lake sturgeon fed on diets of Martin's m u t  pellets and ocean plankton. The 
substrate level in the assays was 0.8 nM for T4 and 0.6 nM for rT3 and T3-deiodination 
assays. Each bar shows the mean + SEM of 1 2 different sampies incubateci in duplicate. 
Significant differences between diets are indicated by an asterick (*). 
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Figure 5-4: The lower intestine microsomal activity of four deiodination pathways in 
two groups of lake sturgeon fed on diets of Martin's trout pellets and ocean plankton (n = 
12). measurements. The substrate level in t h  assays w u  0.8 n M  for T4, and 0.6 n M  for 
rT3 and T3-deiodination assays. Each bar shows the mean I SEM of 12 dflerent 
sarnples incubated in duplicate. Signifiant differences between dias  are indicated by an 
asterick (*). 
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Figure 5-5: Concentrations of T4 and T3 in samples of Martin's tmut pellets and ocean 
plankton used for feeding in the two diet groups of lake shrrgeon. Each bar shows the 
mean 2 SEM of 12 different samples incubated in duplicate. Significant dHerences 
beîween diets are indicated by an asterick (*). 
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contained signi ficantl y more T4 t han the MTP diet, which contained undetectable level s 

of the hormone (P < 0.05). 

When data fiom both diet conditions were pooled, significant negative 

correlations existed between the liver (r = -0.563) and intestine (r = -0.587) T3-RD 

activity and SGR (weight) (P < 0.01). There were also significant negative correlations 

between the liver (r = -0.477) and intestine (r = -0.45 1) T3-IRD and SGR (total length) as 

well as between the liver (r = -0.453) and intestine (r = -0.491) T3-IRD and plasma T3 

levels (P < 0.05). Plasma T3 levels were also significantly correlated with SGR (weight) 

(r = O S  76, P < 0.0 1 ), but not with SGR (total length) (r = 0.364, P > 0.05) (Table 5- 1). 

Discussion 

Two groups of lake sturgeon were prwiously fed on the same MTP diet before 

one group was switched to an OP dieî. This was done to determine how lake sturgeon 

rnodify their thyroid system when faced with a change in diet that modifies growth rate. 

Sturgeon fed the OP diet grew sbwer in both length and weight than those fed the 

MTP. Reduced growth rate of the OP fed sturgeon was accompanied by several changes 

in the thyroid systern. 

The plasma T4 levels did not differ between the two diet groups. This is not 

suprising considering both the hepatic and intestinal T4-ORD and T4-IRD pathways that 

deiodinate T4 did not differ significantly between diet groups. Elevations in T4 o c n i r  

temporarily in rainbow trout refed a single meal afier 3 days starvation (Himick and 

Eales, 1990). A difference in plasma T4 levels in sturgeon may have been found if 

sampling had been done at a different time of day. Flood and Eales (1983) reported that 

fed rainbow trout campard to starved trout did not differ in plasma T4 concentrations 
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when sampled at 11:OO but did differ significantly when sampled at 16:OO. This 

difference was due to a diurnal cycle in plasma TH levels in fed but not starved mut, 

which lead to a nse in plasma T4 above that of the starved trout in the  early moming 

hours. In chapter 3, 1 observed a d i u d  hepatic deiodination cycle in two groups of 

sturgeon fed twice daily with Martin's trout pellets and sampled fiom 9:00 to 18:ûû. 

However, significant changes in TH levels did not accompany the altered deiodination 

activities. A hormone cycle may exist in the tissues due to the cycle in deiodinase 

activity without effecting the plasma TH levels significantly. 

The plasma T3 levels were decreased in the OP-fed sturgeon compared to the 

MTP-fèd fish. Reduction of plasma T3 is a common response of salmonid fish exposed 

to poor quality diet or starvation (Higgs and Eales, 1977, 1978; Shields and Eales, 1986). 

The degree of binding of T4 and T3 to plasma proteins did not dBer between diet 

groups. Therefore, reduced plasma T3 in the fish fed the OP diet was not due to 

decreased binding capacity or affinity of the plasma proteins. However, it rnay have been 

due to a reduction in the secretion of T3 fiom the thyroid gland, which was not studied in 

t his experi ment. 

Reduced plasma T3 levels in the OP fed fish rnay have been due to the increased 

hepatic and intestinal T3-IRD activity degrading T3. The inner-ring deiodination 

pat hways of salmonids have not been examineci with respect to dietary affects. However, 

in contrast to the sturgeon, reduced plasma T3 levels in starved brwk trout and rainbow 

trout are accompanied by a decreased conversion of T4 to T3 (Higgs and Eales, 1977, 

1978; Flood and Eales, 1983; Shields and Eales, 1986). In rainbow trout, increasing 



ration (W to 3.0 % body weight) increases hepatic T4-ORD activity dong with 

increasing plasma T3 levels (Sweeting and Eales, 1993). 

rT3-ORD adivity, which is responsible for degrading rT3 to 3,3'-T2, was 

significantly greater in the intestine of the OP fed fish, but not in the liver. Lncreased 

rT3-ORD occurs in livers of fasted rainbow trout ( F i ~ s o n  and Eales, 1999), and in 

contrast, a reduction in hepatic rT3-ORD occurs in the rat (McNabb, 1992). 

The differences in thyroid status between the two diet groups rnay have been 

stimulated directly by nutrients within the food or indiredy through growth hormone 

stimulated effects of deiodination. m w t h  hormone stimulates increased hepatic T4- 

ORD leading to eîevations in plasma T3 levels in rainbow trout (MacLatchy and Eales, 

IWO) .  

Differences in the level of T4 in the two diets may have aected the results. The 

OP diet contained significant amounts of T4 whereas the MTP diet contained no 

detectabie T4. This may have subjected the OP-fed sturgeon to a T4 challenge. Rainbow 

trout fed a diet supplemented with 12 ppm T4 slightly decreased activity of a hepatic 

high-Km T4-ORD compareci to contmls (MacLatchy and Eales, 1993). T4 is absorbed 

poorly fiom the intestinal lumen of  salmonids (Sinclair and Eales, 1974; Collicut and 

Eales, 1974; Whitaker and Eales, 1993) and does not elevate plasma T4 levels 

significantly. The absorption of T4 fiom the gut of the lake sturgeon would have to be 

studied to determine if T4 could be getting into the system and affecting the thyroid 

status of the OP-fed fish. 

The fish fed the MTP diet had a higher specific growth rate (by weight and 

length) and higher plasma T3 levels than those fed the OP diet. Significant correlations 



existed between these SGR values, plasma T3, and T3-IR .  adivity which suggests a link 

between thyroidal status and growth of lake shirgeon. Correlation of increased specific 

growth rate and higher T3 plasma concentrations like that found in the stwgeon also 

occurs in Arctic charr (Salveiims abinus) (Eales and S hostak, 1 98 Sa). This observation 

suggests that the thyroid hormone may be involved in growth of lake sturgeon, as it is in 

salmonids. 

Conciusions 

Sturgeon fed MTPs compared to OP exhibit higher growtb rates dong with 

decreased T3-iRD activity in intestine and liver and increased plasma T3 levels. The 

results support the hypothesis that a correlation exists between growth rate, T3 levels and 

diet quality, as in salmonids. However, the sturgeon in conaast to salmonids studied, 

does not alter the T4-ORD pathway in response to changes in diet q d i t y .  htead, when 

faced with a diet with lower growth promoting q d i t y  it Increases the breakdown of the 

larger T3 pool (as opposed to the smaller T4 pool) by increasing T3-IRD activity in the 

liver and intestine. 



Chapter 6 

T3-Challenge Feeding Experiment 

Introduction 

Al1 animals studied to date, that produce and secrete thyroid hormone (TH) within 

their bodies, maintain T4 and T3 levels in blocxi plasma within set concentration ranges 

that are rnaintained through secretion of honnone fkom the thyroid, modifications in 

deiodination, and uptake and release of honnone betweai the peripheral tissues and the 

blood (Brown and Eales, 1993). The level of the set point in the system is determineci by 

the physiological state of the animai which is effected by such factors as diet quality 

(MacKenzie et al, 1998), salinity (Parker and Specker, 1990), temperature (Eales et al, 

1 986), and stressors (Johnston et a l  19%). 

In the previous chapter, the composition of the diet afEected the quantity of T3 

within the blood plasma as well as  the growth rate. This suggested a link between T3 

levels and growth rate, which may indicate that the TH is responsible for stimulating 

growth either indirectly or directly in the lake sturgeon. T3 promotes growth directly by 

occupying nuclear receptors increasing the rate of transcription-related events or 

indirectly by promoting transcription of genes for growth promoting hormones such as 

growth hormone in fish (Farchi-Pisanty et al, 1997; Luo and McKeown, 1991). If 

elevations in T3 levels do promote growth in lake sturgeon, then when more food 

resources are available, higher quantities of T3 in the system would be desirable as faster 

growth could be accommodate.. However, unwanted elevations in hormone content in 

the body can have a deleterious eEect on suMval when insufficient resources are 

available to accommodate the increased stimulation for growth. 



Elevated levels of TH in the system are dealt with through autoregdatory 

responses, which tend to favour retum of TH levels back to a set concentration. For 

example, rainbow trout respond by decreasing production of T3 (T4-ORD) and 

increasing the breakdown of T3 (T3-IRD) and T4 (T4-IRD) in the liver (Eales et al, 

1990). 

In this chapter, lake sturgeon were fed T3-containing food to elevate their body 

T3 levels to determine û, as in trout, an autoregdatory response to elevated T3 

concentrations exists, 

Materials and Methods 

A group of eight lake sturgeon was fed a diet of Martin's trout pellets 

supplemented with 12 ppm T3 sprayed ont0 the food while dissolved in methanol) to 

observe the effect of a dietary T3 challenge on the siurgeon's thyroid system. Eight 

additional control sturgeon were fed the same diet without the added T3. The fish were 

weighed before and afier the experiment to determine any effects of the dietary T3 on 

growth. The fish in both groups were fed 1.3% body weight once a day at about 10:O. 

M e r  two weeks on this feeding regime the fish were killed and liver, lower intestine, 

brain, and blood samples were obtained for analysis. 

Blood plasma samples were anaiyzed by RIA to determine T4 and T3 

concentrations. The microsomal fiactions fkom liver, tower intestine, and brain were 

analyzed in deiodination assays to determine T4-ORD, T4-IRD, T3-IRD, and rT3-ORD 

activities. The assays were done with an incubation period of 2 hr for the T4 and T3 

assays and 1 hr for the rT3 assays. The phosphate-buffered incubates had a pH of 7.2, 

DTT concentration of 10 mM, substrate level of 0.2 n M  for liver and intestine assays, 



0.04 nM for brain assays, and an approximate microsoma1 protein concentration of 0.3 

mg / ml. 

Statistical analysis involved wmparison of means by t-tests or when the data did 

not conform to norrnality a Mann-Whitney test was used to determine significant 

differences. Treatments were considered different if P < 0.05. 

Results 

At the start of the experiment, the control fish weigtied 875 f 43 gram and the 

T3-fed group weighed 878 f 46 gnuns. At completion of the experimentai feeding 

period the control fish weighed 1069 f 19 grams and the T3-fed group weighed 1028 k 

78 gram. The control fish did not weigh significantly different tiom the T3-treated fish 

at the start (P > 0.05) or end (P > 0.05) of the feeding period. The plasma T4 levels did 

not differ significantly between groups (P > 0.05). However, the concentration of T3 in 

the plasma of the experimental fish was significantly greater than that of the çontrols (P < 

0.05) (Fig. 6-1). 

Hepatic T4-ORD activity in the liver of lake sturgeon decreased in response to 

elevated plasma T3 levels induced by the dietary T3 challenge (Fig. 6-2). No other 

signifiant differences in T4-ORD, rT3-ORD, T4-IRD or T3-IRD were recorded between 

groups in any of the tissues studied (liver, Iowa  intestine or brain) (Fig. 6-2 to 6-4). 

Discussion 

Lake sturgeon, when faced with a dietary T3-challenge, elevate plasma T3 

concentrations and decrease hepatic T4-ORD activity. 

Elevations in plasma T3 levels upon a dietary induced T3challenge aiso ocnirred 

in al1 studies on salmonid teleosts including w b o  salmon (Darling et al, 1982), rainbow 



Figure 6- 1 : Concentration of T4 and T3 in the blcxxi plasma of lake sturgeon fed on a 
diet of Martin's trout pellets supplemented with 12 ppm T3 compareci to fish fed on the 
same diet lacking the added T3 determined by radioimmumassay. Each bar shows the 
mean + SEM of 12 Merent samples rneasu~ed in duplicate. Significant differences 
between treatments are indicated by an asterick (*). 





Figure 6-2: The hepatic microsomal activity of four deiodimtion pathways in lake 
sturgeon fed on T3-supplemented (12 ppm) Martin's trwt pellets compared to controls 
fed on the same diet without added T3. The substrate level in al1 the assays was 0.4 nM. 
Each bar shows the mean i SEM of duplicate measurements. Significant differences 
between treatments are indicated by an asterick (*). 
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Figure 6-3: nK lower intestine miaosomal activity of four deiodination pathways in lake 
sturgeon fed on T3-supplemented (12 ppm) Martin's trait pellets compared to oontrols 
fed on the same diet without added T3. The substrate level in al1 the assays was 0.4 nM. 
Each bar shows the mean f SEM of 12 diffmnt samples measured in duplicete. 
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Figure 64:  The brain microsoma1 activity of four dedination pathways in lake 
sturgeon fed on T3-supplemented (12 ppm) Martin's trouî pellets comparecl to controls 
fed on the same diet without added T3. The substrate level in al1 the assays was 0.2 nM. 
Each bar shows the mean ,+ SEM of 12 different samples measured in dupliate. 
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trout (Eales et al, 1990; Sweeting and Eales 1992b; Eales and Finnson, 1991 ; Fines et al, 

1999) and Atlantic salrnon (Saunders et al, 1985). 

Reduction in hepatic T4-ORD activity in response to T3 challenge is similar to 

what occurs in the rainbow trout, which show decreased hepatic T4-ORD activity 24 

hours afler receiving a T3 supplement (Sweeting and Eales, 1992b). Decreasing activity 

of this enzyme may serve as an attempt to maintain total body T3 concentrations at the 

required level through this autoregdatory response, which reduces the production of T3. 

T4-IRD activity producing rT3 was not increased in sturgeon tissues by the T3 

challenge. This is in contrast to rainbow trout liver (Sweeting and Eales, 1992b; Fimson 

and Eales, 1999). The average coatrol activity was lower than the experimental values 

but the difference was not statisticaIIy significant. The Iower plasma T4 concentration in 

the sturgeon compareci to the rainbow trout might make it Iess important that the sturgeon 

diverts unneeded T4 to rT3 as not as much T4 is normally available for deiodination to 

T3. 

T3-IRD activity producing 3,5-T2 was du, not changed significantly in any of the 

tissues. This is also in contrast to what occurs in the liver of  T3-challenged rainbow trout 

which increase hepatic T3-IRD activity (Fines et al, 1999; Sweeting and Eales, 1 W2b). 

A possible explanation for the lack of effects of the T3-challenge on TCIRD 

activity and T3-RD as well as the T4-ORD activity in other tissues may involve the 

quantity of T3 that can be transporteci in the blood from the intestines to the other tissues. 

Low binding by plasma thyroid homone binding proteins in the sturgeon would limit the 

quantity of T3 c h e d  in the blood. The sturgeon used in this study were fed the same 

concentration of T3 in their food (12 ppm) as the rainbow trout used in previous studies 



(Sweeting and Eales, 1992b; Fines et al, 1999; Fimson and Eales, 1999). The blood 

plasma levels also increased about 2 X in the sturgeon blood as in the rainbow trout 

studies. However, the quantity of thyroid hormone that can be carried in the sturgeon 

blood plasma is much less than the capacity of the rainbow trout plasma due to poor 

binding by the sturgeon plasma proteins. Therefore, the absolute amount of T3 Cameci to 

the tissues of the T3-challenged sturgeon would not have been as great as it was for the 

rainbow trout. Nor would the quantity of T3 taken up f?om the intestine. This would 

have resulted in a weaker stimulus for modifications in deiodination in the tissues. 

A reduction in T4-0RD activity occuffed in the liver but not in the intestine or 

brain. This suggests that the liver may be the main regulator of plasma T4 / T3 

concentrations in response to a weak T3 challenge. Additionally, the much lower T4- 

ORD activity in the brain and intestine than in the liver might make it more difficult to 

detect a significant reduction in activity in these tissues as it is harder to acua te ly  

measure low deiodination activities. 

Plasma T4 levels had not changed significantly after 7 days. It was expected that 

plasma T4 levels would not have changed. The effect of T3 challenge on plasma T4 

levels is inconsistent and varies with the age and species of fish. Sometimes plasma T4 

levels increase (Sweeting and Eales, 1992b), decrease (Rivas et al, 1982) or do not 

change (Eales et al, 1990). However, in al1 cases, plasma T4 is not greatly affected. 

In studies with rainbow trout, plasma T4 was elevated for up to 4 weeks afier the 

start of T3-supplementation (Sweeting and Eales, 1992b). After which time T4 levels 

were normal. The initial rise in plasma T4 was presumably due to a T3 stimulateci 

increase in thyroidal T4 secretion. However, the siurgeon thyroid contains mostly T3 and 



so might also secrete primarily T3. Therefore, T3 T3ulation of thyroid hormone release 

would not increase plasma T4 levels in the sturgwn. 

Ai7 unusuai phenornenon in this study was that the activity of the T4-IRI) and T3- 

IRD pathways in the liver were greater than the T W R D  pathway in both the control and 

T3 -treated fish. This is suprising as in al1 other analysis of sturgeon liver deiodinase, the 

T4-ORD pathway is considerably more active than both imer-ring pathways. The 

control tiver T4-0RD activity is about the sarne as tbat recordeci in other liver microsorne 

assays but the T3 and T4-lRD pathways appear to be more adive. The increesed inner- 

ring deiodinase activity could be due to the change in feeding regime given to the 

sturgeon at the commencement of this experiment. Previously the sturgeon had k e n  fed 

twice daily at 10:OO and 16:00 a 1.0 % body weight ration at each feeding. However, for 

the T3 challenge experiment, the fish were fed a 1.3 % body weight ration once daily at 

1O:OO. This reduction in the quantity of food consumed by the sturgeon may have 

induced the inner-ring deiodinase pathways to reduce a T3 body pool that was higher 

than the sturgeon required at the new lower ration level. 

Conclusions 

The lake sturgeon responds to a T3-supplemented diet, which increases plasma T3 

levels by decreasing the production of T3 from T4 without altenng the rate of 

deiodination of T3. This does not exclude the possibility that T3 is removed fkom the 

system through inaeased conjugation followed by deiodination of the wnjugate or by 

non-enzyrnatic means. 

The T3 autoregulatory response of the thyroid system observed in the sturgeon 

may ocair in its daily life. Invertebrates oontain thyroid hormones fkom ingestion of 



pladcion that have produced hormone with the help of sdar energy (Eaies. 1997). Lake 

sturgeon consume a large number of invertebrates like insect larvae and crustaceans, as 

weIl as other fish (Swtt and Crossman, 1998). These dietary sources expose them to TH 

supplements on a daiiy basis in nature. 



Chapter 7 

General Conclusions 

The first objective of this thesis was to wnfh the low plasma T3 and T4 levels 

in lake sturgeon by analysis of laboratory-raid and wild lake sturgeon. The sturgeon 

were found to have low plasma T3 levels that were consistently greater than the low 

plasma T4 concentrations, 

The second objective was to analyze the blood propextïes of the shirgeon to 

detemine if they could explain the low plasma TH levels. The afnnity and capacity of 

the plasma TH-bindiig-proteins as well as the equilibrium TH content of the red blood 

cells were examine-. The sturgeon TH-binding-proteins bound 14, T3 and rT3 to a much 

lower extent than in other fish studied but they bouad the THs with similar relative 

affinities and capacities to those of teleosts (T3 > T4 > rT3). The absolute quantity ofT4 

and T3 fiee in the plasma was also similar to that in other fish and rnammals. The RBCs 

were found to hold whole blood proportions of T4, T3 and rT3 within the range of other 

fish studied, however the sturgeon RBCs are unusual in holding a greater proportion of 

T4 than T3. It was concluded that low binding of TH by the plasma proteins iikely 

determines the low concentrations of THs in the sturgeon blood plasma. 

The third objective was to analyze sturgeon tissues for their T4 and T3 content to 

determine if the THs are sequestered in great quantities in any sturgeon tissues. It was 

concluded that almost al1 the sturgeon tissues contain greater concentrations of T3 than 

T4 and that the thyroid and brain contain the greatest concentrations of T3. Kigh 

thyroidal T3 concentrations suggest that T3 rather than T4 is the primaq TH released 

fiom the sturgeon thyroid gland. 



The fourth objective was to assay stwgeon tissues for the presence of TH- 

deiodination activity. The liver was the most adive deiodinating tissue containing the 

greatest T4-ORD and T3-IRD acbvity of the tissues assayed. The lower intestine also 

contained signifiant T4-ORD and the upper intestine containeci significant T3-IRD 

activity. However, the brain and thyroid contained the greatest T4-iRD activity. 

Significant T4-ORD activity in the thyroid combined with presence of T4-IRD activity 

support the hypothesis that T3 and not T4 is the primary TH released fiom the thyroid 

gland. The liver was used to  characterite the TH-deiodination pathways which resemble 

in many respects the deiodination pathways in other fish. 

The final objective was to determine the responsiveness of the sturgeon thyroid 

system to dietary components. The sturgeon responded to a diet with lower growth 

promoting qualities b y increasing hepatic and intestinal T3 -1RD activity accompanied by 

a decrease in plasma T3 levels. The growth rate, plasma T3 levelq and T3-iRD activity 

were found to be significently correlated suggesting a role of T3 in growth of lake 

sturgeon. 

The response of the lake sturgeon thyroid system to a dietary induced T3 

challenge was also examined- The plasma T3 levels were elevated, and the hepatic T4- 

ORD activity was reduced in the T3-challenged fish wmpared to controls. 

Sturgeon thyroid function compared to teleosts 

The lake sturgeon thyroid system appears to difFer in several ways fiom the 

teleost system. One marked difference between the sturgeon and teleosts is in the T4 and 

T3 content of the thyroid. In sturgeon, T3 is the predominant TH in the thyroid tissue 

compared to greater concentrations of T4 than T3 in the teleost thyroid tissue. High T3 



levels in the shirgeon thyroid suggest that T3 rnay be the predominant fonn of M 

released f?om the thyroid gland. Significant T4-ORD activity in the thyroid gland 

indicates that T4 is the initial synthetic produd which is then quickly deiodinated to T3 

before release. This differs ffom rainbow trout thyroids which release predominantly T4 

(Eales and Brown, 1993). 

Assurning that T3 is the main f o m  of TH released by the sturgeon thyroid the 

quantity of active TH in the sydem would be determined mainly by the amount of T3 

released £iom the thyroid as well as the T3-IRD activity in the peripheraî tissues breaking 

down the T3. This contrasts with the teleosts in which the T4-ORD activity in the 

peripheral tissues is most important in controUing the quantity of T3 in the system. Much 

greater quantities of T3 than T4 in the sturgeon tissues rnay also be related to 

predominant T3 release by the thyroid. The sturgeon brain and thyroid gland containeci 

the greatest concentrations of TH especially T3. 

Another difference between shirgeon and teleosts is the lower binding of THs by 

sturgeon blood plasma proteins. This reduced the quantity of TH that can be carried by 

the blood compared to the teleosts which may serve to reduce the rate of  TH loss through 

filtration in the kidneys in a fieshwater environment that is low in iodide required for the 

production of more TH. 

The properties of deiodination in the sturgeon tissues are similar to those in 

teleost S. However, the distri but ion of deiodination activity differs. Sturgeon have 

significant deiodination activity in their Liver as in teleosts, however additionally, marked 

deiodination is also present in their intestines. This appears to be a primitive 



characteristic described to date oniy in fish like the lamprey @ales et al, 1997) and 

hagfish (McLeese et al, 2000). 

The sturgeon also differs from teleosts in its response to changes in diet quality. 

The sturgeon responds a diet with lower growîh promoting quality by increasing the 

activity of deiodination of T3 in the liver and intestine. Perhaps in an attempt to d u c e  

the quantity of T3 in the tissue pool as less of the active thyroid hormone (T3) is required 

when feeding on a diet witb less growth promoting quality. In contrast, the teleosts 

strategy is to reduce T3 production througb reduction in hepatic T4 to T3 deiodination in 

addit ion to increasing T3-IRD activity . 

The sturgeon and teleosts are aiike in that thyroidal statu is correlated with 

specific growth rate. However, the mechanisms for achieving this are différent. Ln 

sturgeon, T3-IRD is highly negatively correlated and plasma T3 levels are positively 

correlated with the specific growth rate. In tdeosts, hepatic T4-ORD and plasma T3 

ievels are correlated with specfic growth rate. 

The strategy employed by the sturgeon to cope with a ï3-challenge is similar to 

that in teleosts in reducing hepatic T4-ORD activity. However, induction of hepatic T3- 

IRD activity does not ouw in the sturgwa as in teleosts. This may be related to the 

lower quantities of T3 that can be carried within the sturgeon blood compared to teleosts, 

leading to a lower T3 stimulation of thyroid hormone deiodination. 

Sturgeon thyroid system compared to mammah 

The overall strategy that the lake sturgeon adopts in its thyroid system controi 

may relate to its environment. The lake shirgeon lives a mostly freshwater existence. 

This environment is poor in iodide content as opposed to iodide-rich saitwater. Iodide is 



an essential component in the production of TH and is ofien the limiting ingredient. 

Deficiencies in iodide lead to lowered body TH levels and the development of goitres 

(edargement of the thyroid gland caused by iodide insufficiency). Mammals and 

fies hwater fish including the lake sturgeon, generally contain low levels of iodide in their 

blood plasma (Rats = 0.7 ug / 100 mi, humans = 0.5, lake sturgeun = 1-15) (Leloup, 

1970). An exception to this can be found in brook trout raiseci on a commercially 

prepared diet. The= fish have high plasma iodide levels (1800 pg / 100 ml) rnainly due 

to efficient uptake of iodide 6om their intestine and the high iodide concentration of their 

diet (3 1-3 5 pg 1 / gram dry weight) (Gregory and Eales, 1975). 

in contrast to the low plasma iodide levels in mammals and fieshwater fish, fish 

that commonly live in salt water usually have much pater  concentrations of iodide in 

their plasma (Rainbow trout = 7.3 to 78.3 ug / 100 ml, Atlantic salmon = 2 to 81.3) 

(Leloup, 1970) as this medium is nch in iodide. 

The sturgeon thyroid system more closely matches the strategy employed by 

those animals that are low in iodide, like mammals, which adopt a strategy of thyroid 

hormone metabolism that better conserves iodide within their bodies. Mammals have a 

centralized control of T3 production whereas teleosts regulate T3 levels peripherally. 

Rats may obtain as much as 55 % of their T3 directly from the thyroid. Teleosts produce 

most of their T3 in the peripheral tissues by deiodination, which releases iodide into the 

plasma where it may be lost frorn the body. The sturgeon, had 10 X more T3 than T4 in 

the thyroid tissues suggesting that a signifiant quantity of the body T3 is obtained 

directly from thyroid as in mammals which would indicaîe a similar centralired control. 



Future direction 

-4.n insight into the fùnction of the lake shirgeon thyroid system has been 

established, however there are several important aspects that require f.urther study before 

a full picture of the sturgeon thyroid system can be drawn. 

The lake sturgeon is a member of the geuus Acipltser with rnost of its mernbers 

living a significant proportion of their iives in saltwatw (Scott and Crossman, 1998). 

This suggests that the lake sturgeon may be a recently fieshwater adapted fish of marine 

ongin. Saltwater is rich in iodide so marine fish would not require highly efficient iodide 

pumps in their gills to brhg suficient iodide into their M i e s .  However, fieshwater is 

poor in iodide content and therefore, an eficient iodide pump would be required. The 

lake sturgeon may therefore have a poor iodide transport systern in the gills. Therefore, 

the rate of iodide uptake through the gills needs to be studied. Since iodide can also be 

brought into the body through the diet, the efficiency of the intestine in transporting 

iodide into the biood stream should also be examined. 

Once inside the plasma, the iodide would likely have to been bound to plasma 

proteins like iodurophorine to allow significant quantities to be held in the blood plasma. 

Therefore, the quantity of iodide in the tissues and blood plasma as well as the affinity of 

any proteins binding the iodide needs to be studied. Examining the lake sturgeons iodide 

economy would determine if the low TH levels in the tissues and blood of lake sturgeon 

may be related to a deficiency in iodide required to produce the hormone. 

Another aspect of the lake sturgeon thyroid system that requires further study is 

the identity of the predominant TH released fiom the thyroid gland. In this study it was 

established that the thyroidal region of the sturgeon contains much greater quantities of 



T3 than T4. This suggested that T3 and not T4 is the primary form of TH released from 

the thyroid tissue. This theory could be more confidently aipported if TSH was 

administered to lake sturgeon TSH as in teleosts might increase thyroidal secretion of 

TH raising either the T4 and / or T3 levels in the blood indicaihg which TH fonn is 

predominantly released by the thyroid of lalce sturgeon. 

Finally, the rate of plasma clearance of the TH should also be examined as the 

rate at which the hormone enters as well as leaves the blood Stream could help to explain 

the low plasma TH in the lake shirgeon. 
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