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ABSTRACT 

FACULTY OF SCIENCE 

BIOLOGY 

Doctor of Philosophy 

BIOCHEMICAL METAMORPHOSIS IN DEVELOEMENTALLY RETARDED 

ZENOPUS LAEVIS LARVAE 

by Michael James ]Dqyle 

Four protein system^ namely haemoglobins, coelomic fluid albumi^ lactate 

dehydrogenase isozymes and lens crystallins were studied electrqphoretically 

in normally metamorphosing and propylthiouracil-treated Zenopus laevis 

larvae. 

Continuous immersion in the goitrogen propylthiouracil arrested 

development in premetamorphosis but permitted contim%d gyowth for at 

leaat 1$ months. Levels of circulating thyroxine and triiodothyronine 

in treated tadpoles were depressed to or below normal premetamorphic 

levels when measured by radioimmunoassay and competitive protein binding 

aasay. 

During normal metamorphosis quantitative or qualitative changes 

occurred in each protein system so that postmetamorphic protein patterns 

differed from premetamorphic patterns. Previous workers hav^ suggested 

these changes to be an adaptation to postmetamorphlc life in Anura. 

However goitrogen treatment did not prevent these 'biochemical 

metamorphoses' in maqy cases. 42^ and of treated larvae exhibited 

metamorphic patterns of haemoglobin and albumin respectively. All 

arrested larvae which had continued to grow for at least 2 mont&a had 

postmetamorphic lactate dehydrogenase isozymes and lens crystallins. 

A comparison of the lens crystallins of treated larvae, similar in 

developmental stage and duration of treatment, but differing in lens size 

showed crystallin pattern to be correlated with lens diameter and hence 

body size. 

Th^ ability of protein transitions to continue under thyroid blockage 

suggests that thyroxine and triiodothyronine are not involved as 

principal controlling factors. Similar protein changes occur during the 

embryonic development of many non-metamorphosing vertebrates. The 

specialised morphogenetic role for amphibian thyroid hormones which has 

evolved in such metamorphic events as limb development and tail regression 

may not have evolved in the protein systems studied. 
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CHAPTER I 

mmoDUCTioN 

The orderly process by which an embryo develops into an adult organism 

capable of reproducing itself involves interactions between cells, mediated 

by chemical messengers. At certain stages specific products of certain 

groups of cells have profound effects on the development of other adjacent 

cells, as with inductoTB, or on that of distant cells and tissues, as with 

hormones. These effects are essential for the coordinated development of 

the embryo. For instance, in early development induction by the chorda-

mesoderm of vertebrates affects the overlying ectoderm and is necessary for 

the development of the entire nervous system. In later development, the 

actions of morphogenetic hormones become of similar importance. 

Hormones have proved to be the chemical messengers most amenable to 

study. They can be isolated in some cases as pure compounds and their 

effects, at all levels of analysis from gross morphological to molecular 

biochemistry, studied. 

A system which has been of continued use, over a period of at least 

sirlgr years, is amphibian metamorphosis. A number of vertebrate hormones 

are able to influence the development of several different tissues and, in 

the mammal, thyroid hormones have this effect on the development of the 

central nervous, skeletal, and. reproductive systems. But it is in 

amphibian development that thyroid hormones have evolved a central role in 

controlling the metamorphosis of most tissues in the body when the larva 

transforms into the adult. 

Thyroid hormones are easily synthesized and this together with the 

relative ease with which ang)hibian larvae san be obtained, makes the system 

an extremely convenient one. 

Since the control exerted by thyroid hormones was first recognised 

there has been a wealth of descriptive and experimental studies, not onlŷ  

on morphology, but also on the biochemical changes which occur during the 

metamorphic process. In addition, thyrotropin, thyroid releasing hormone, 

'prolactin' and 'growth hormone'have also been found to exert influences in the 

complex process. 



Thyroid, hormones, like the steroid, hormones, are of sufficiently 

low molecular weight to enter the cell nucleus and. evidence is 

accruing that they react directly with the chromatin in amphibians as 

well as in mmmmmnR (review by Oppenheimer & Surks, 197^). 

Because many of the biochemical changes are temporally correlated, 

with the morphological transformation, it has frequently, although 

sometimes tacitly, been assumed that the biochemical changes are con-

trolled in a similar way to the morphological ones. 

For the purposes of this thesis it is important to distinguish 

between two main types of biochemical change in amphibian metamorphosis, 

The first class includes biochemical events directly producing major 

morphological modification. For example, one of the most striking 

features of larval anuran development is tail regression. Current 

evidence, reviewed by Dodd and Dodd (1976), suggests the resorptive 

process is a programmed cell death prozinately controlled by thyroxine. 

Quantitative changes in a number of engymes, including cathepsin, acid 

phosphatase, beta - glucuronidase, beta - galactosidase, daozyribo-

nuclease and collagenase, have been described. These enzymes, possibly 

produced by macrophages, are the effectors of the ultimate process which 

is tail regression. 

The second class of biochemical change includes those which seem to 

have adaptive value, in the changing lifestyle of the amphibian, in 

their own rig^t. An excellent example is found in the synthesis of 

urea - cycle enzymes. Freshwater tadpoles are able to excrete their 

nitrogenous wastes as the highly soibikiLe, but toxic, ammonia whereas the 

terrestrial frog excretes urea. The enzymes of the ornithine - urea 

cycle make this shift possible. Brown et al (1959) studied the livers 

of bullfrogs, Rana oatesbeiana. during metamorphosis and found a strong 

correlation between the stage of metamor^osis and. the rising titres of 

the enzymes carbamoylphosphate synthetase, ornithine transcarbamylase 

and arginosuccinate synthetase. 

It is with this second class of metamorphic biochemical change that 

this thesis is mainly concerned. 



%n addition to the assumption that such changes are controlled by 

thyroid hormones it has also been argued that, some at least, are directly 

adaptive to the animal. In other wor&s, that they change because the 

metamorphosed amphibian must have an altered biochemical system in ord.er 

to survive. Generally such arguments have been made with the needs of 

the typical ranid. anurans in mind.. The life cycle of these animals 

usually includes a herbivorous, gill - breathing, aquatic larva which 

transforms into a terrestrial, carnivorous adult which respires with its 

lungs. As will be discussed later in this thesis, biochemical metamor-

phosis also occurs in animals which do not have a profound change in 

habitat or niche during their life cycle. 

Following the experimental manipulation of tadpole morphology by 

hormone treatment (reviewed by Etkin, I968) a number of investigators have 

sou^t to produce precocious biochemical metamorphosis by treatment, either 

in vivo or in vitro, with exogenous thyroid hormones. Examples are the 

work of Ledford and Pried.en (1973) with serum pi-otein shifts and of Moss 

and Ingram (1965^ and Just and Atkinson (1972) with haemoglobin shifts. 

The reverse approach to this analysis is clearly to prevent the 

prod-uction of thyroid, hormones and then to study well - defined, biochemical 

systems which are known to change d.uring normal metamorphosis. If the 

thyroid hormones do directly control the process studied., and if the changes 

normally occurring are essential to the post-metamorphic frog and non-

adaptive in the tadpole, then one would, expect the typical tadpole 

biochemistry to persist for as long as thyroid blockage persists. 

It was therefore particularly surprising when Maclean and Turner (1976) 

found adult-like haemoglobin in quantity in giant Xenopus laevis tadpoles 

which had been developmentally - arrested in early hind limb development by 

treatment with the anti - thyroid compound 6 - n - propyl - 2 - thiouracil. 

Some varie,tion in the proportion of tadpole haemoglobins remaining was 

apparent suggesting that body size or duration of treatment, both of which 

also varied, could be of importance. The giant tad.poles were morphologi-

cally in premetamorphosis (Etkin, 1958) but, at least with respect to 

haemoglobins, were adult-like. Both the concepts of control by thyroid, 

hormone and the obligatory adaptiveness of the biochemical transition 

appeared to be refuted or, at least, in need, of modification. 
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It was possible that the haemoglobins might be a special case. 

Both a Zenopus laevis adult (Ewer, 1959) and.Rana temporaria tadpoles 

(Manwell and Baker 1971) have been found to occur naturally without 

detectable haemoglobin. Also, experimentally induced anaemia in which 

nearly 100 per cent of the erythrocytes of bullfrog tadpoles were lysed 

by phenylhydrazine injection (Dewitt et al. 1972) was tolerated for 16 

days before a population of immature erythrocytes appeared in the cir-

culation. Flores and Priedan (I968) also working with phenylbydrazine-

injected bullfrog tadpoles found animals with red cell counts of less 

than 1^ normal could survive for several weeks. The untreated tadpole 

required at 23i°C. Ifater at the same temperature con-

tained S^plOg/ml so that providing the oxygen content of the body fluids 

could reach equilibrium with the water in an hour the animals could 

survive, without strenous activity. However aside ft-om the question of 

how important haemoglobin is to amphibian larvae the question of hormonal 

control of normal haemoglobin transition remains. 

Not only is the occurrence of such biochemical metamorphosis in 

developmentally arrested tadpoles of interest in relation to possible 

thyroid control and to the obligatory adaptiveness of the transition. 

In addition most experiments on the biochemistry of larval amphibians 

involves grouping them in developmental stages according to the normal 

table appropriate to the species concerned. IThis presupposes that a 

gyoup of larvae, externally identical in terms of say, hind leg develop-

ment, are also homogeneous with respect to the biochemical systems whioh 

normally undargoa metamorphio transformation. It is of great interest, 

not only to understand ho* growth and morphology can be uncoupled by 

goitrogen treatment (Turner, 1973),but also to discover to what extent 

biochemical and morphological development can be dissociated. 

The present work was designed to study comparatively, chemical trans-

formationa in four systems which normally change duria^ spontaneous 

metamorphosis to obtain a deeper understanding of the problems previously 

raised. 

The anuran used was the African Clawed Toad, Xenopus laevis Daudin. 

It was chosen partly because it can readily be induced to spawn with 

injection of chorionic gonadotropin and partly because the methodology of 



thyroid, blockage with continued, prolonged, healthy grmrbh was well 

established. (Maclean and. Turner, 1976). 

The type of metamorphosis exhibited, by Sana catesbeiana is only 

one of those eTolved. by the amphibia. Even amongst anurans there is 

considerable variation from the ranid. type of extreme indirect d.evelop-

ment to direct development in which there is no free - swimming larval 

stage (Lynn, I96I). The life cycle of Z. laevis, which belongs to the 

family Pipidae, is an intermediate form in which both tadpoles and 

adults are fully aquatic. In South Africa the adults inhabit muddy 

pools staying under water for prolonged periods without surfacing for 

air. Should the pools dry up the adults frequently aestivate in the 

mud and only rarely migrate over land. The skin must be kept moist for 

survival. 

Many of the biochemical metamorphoses described in detail (review 

by Frieden and Just, 1970) have been observed in North American ranids. 

The very interesting ornithine - urea cycle enzyme shifts of the bullfrqg 

do not occur in X. laevis as the adults continue to excrete ammonia 

(Munro, 1953). Amongst the systems considered when selecting those to 

be studied were collagen degi%dation in the skin (Eisen & Gross, 1965), 

shift from poi-phyropsin to rhodopsin as visual pigment (Ohtsu et al, I964), 

change from carbohydrases to proteases aa digestive enzymes (lipson & 

Ealtenbach, I965) and subepidermal gland secretions (Vanable, I964). 

The principal criteria were that methods of studying the transitions 

should be practicable with small quantities of tissue and that preferably, 

at least preliminary work, should have been published previously on 

Xenopus laevis. 

The four systems selected had received some previous attention so 

that data on the normal transition in spontaneous metamorphosis were 

available. The systems were serum proteins, especially albumin (Hemer 

andFrieden, I96O), lens crystallln soluble proteins (Campbell et al. 

1968), lactate dehydrogenase isozymes (Kunz and Eeam, 19^7) and haemo-

globin (Maclean and Jurd, 1971a; Jurd, 1972). 

Serum and coelomic fluid protein shifts seemed attractive because of 

the relatively large volume, of coelomic fluid at least, extractable from 

a Xenopus normal tadpole. The work of Thomburg et al (1975) on the 

bullfrog suggested that similar albumin increases would occur in both 

serum and coelomic fluid. 



Haemoglobin had. the advantage of being readily extractable from 

even small tadpoles. In addition there was a stimulating literature 

on its control during amphibian development (e.g. Porman and Just, 1976 

and Hollyfield, 1967 on erythrocyte life spans; Broyles and Frieden 

(1973) on changing sites of erythropoiesis; Jurd and Maclean (1970) 

and Maniatis and Ingram (1971 c) on the synthesis of tadpole and adult 

haemoglobins within single red cells). 

Both of the above systems had been studied from the point of view 

of precocious induction by treatment with exogenous thyroid hormones 

(Ledford and Frieden, 1973; Moss and Ingram, I965 and 1968b; Just and 

Atkinson, 1972). 

Thyroid control of lens crystallin and lactate dehydrogenase isozyme 

shifts had not previously been extensively studied experimentally. The 

crystallins had been assumed to change as a response to lens growth in 

order to maintain satisfactory i-efractile or elastio properties (Clayton, 

1970) tut Polansky and Bennett (1973) had also obtained evidence of % 

involvement. 

The thyroid gland of vertebrates contains two distinct endocrine 

systems which secrete different hormones. In this thesis calcitonin has 

not been considered and the ez^ression 'thyroid hormones* refers to 

triiodothyronine (3, 5, 3' - triiodo - L - thyronine) and L - thyroxine 

(3, 5, 3% 5' - tetraiodothyronine), referred to as T3 and respectively 

because of the number of iodine atoms in their molecules. 

These hormones are produced by the follicular cells of the thyroid 

gland. The biosynthetic pathway of mammalian thyroid hormones is 

illustrated biflow. 
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lET is monoiod.otyrosine 6 Bell, 1976). 

BIT is diiod-otyrosine 

In amphibians basic knowledge of the steps of hormone synthesis is 

limited, but apparently the process is very similar to that in mammals. 

Studies with radioactive iodine have demonstrated, that the ai^hibian 

thyroid, like that of all other vertebrates, accumulates and. metabolises 

iodine. The chemic»l form of the protein - coupled, radioiodine has 

been found to be iodotyrosine and a relatively small proportion of 

thyroxine and. perhaps ti-iiod-othyronine (BerR et al, 1959̂ ). 

The halogenation of thyroglobulin is catalysed by peroxidases in 

mammals. Peroxidase activity has been identified, in the thyroid gland, 

of X. laevis by Regard and Mauchamp (1975). The enzyme activity is 

found in many components of the follicular oells and. first becomes de-

tectable during premetamorphosis. It increases during metamorphic cli-

max. 

The proteolytic release of hormone from thyroglobulin has also been 

identified in the Xenopus thyroid, by Coleman et al (19^7) and. Regard, and. 

Mauchamp (1973). 
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Aa the thyroid gland, of Xenoyus appears to exhibit similar synthetic 

activities to that of mammals it is reasonable to assume that the 

mechanism of goitrogen action is also similar in both groups. 

The goitrogen used, for the present work was a 0.01^ (0.59mM) 

solution of 6 - n - propyl - 2 - thiouracil. The tadpoles were immersed 

in the solution when their hind - limbs were present as buds and they 

became arrested when the digits of the hind limbs had begun to develop. 

In most oases little further morphological change occurred for periods 

of up to 15 months during which time the tadpoles continued to groi? into 

gigantic proportions. 

A recent cell - free in vitro study by Taurog (197^) has confirmed, 

earlier reports that propylthiouracil inhibits the peroxidase - catalysed 

iodination of protein and tyrosine. Lynn and Dent (I96O) working with 

lai-val treefrogs, Hyla versicolor, found that immersion in propylthion-
131 

raoil solutions, at the same time as a thyroidectomising dose of 1 

was being administered, prevented any thyroid damage. This suggests 

that the goitrogen was also blocking the initial uptake of iodide by the 

thyroid gland. The perohlorate ion was found to have a similar effect 

which agrees with work on manmals in which its anti - iodide carrier 

action has been noted. 

The thyroid gland of propylthiouracil - treated lai?ae becomes 

goitrous indicating that thyrotopin is produced in abnormal quantities by 

the pituitary thyrotroph cells in response to a lack of circulating 

thyroid hormone. tlira - Moser (1972) noted histological criteria typical 

of surgically thyroidectomised animals in the pituitaries of propyl-

thiouracil - treated Bufo bufo. Qoos (1 968) found propylthiouracil 

treatment to inhibit the differentiation of the hypothalmus in Zenopus 

tadpoles, Etkin (I966) had found hypothalamic differentiation to be 

stimulated by thyroxine so that G-oos' data constitute further evidence 

for the goitrogenic role of propylthiouracil in X. laevis. 

Thus propylthiouracil is well established as a potent goitrogen in 

aarphibians and was an ideal compound with which to arrest morphological 

development prior to studying the transitions of haemoglobins, albmnin, 

LDH isozymes and lens crystallins. 



1.2 Outline of thesis 

Chapters j) to 7 inclusive of this thesis each deal with a section 

of the experimental work. They are preceiied. by a general 'Materials 

and. Methods' section in which full details of techniques are given. 

Each experimental chapter begins with an 'Introd.uction' which reviews 

the literature relevant to that chapter and discusses the range of 

techniques which were considered. The second section of each chapter 

is headed 'Experimental' and this states the principles of the methods 

used and lists the experiments performed. Next comes a 'Results' 

section and finally in the 'Conclusions' the essential information which 

can be drawn from the results is discussed. 

Chapters 2̂  3^ 4 and 5 are concerned with haemoglobins, cbelomic 

fluid proteins^ LDH isozymes and lens crystallins respectively. In 

each case the normal biochemical transition during spontaneous metamor-

phosis was studied and compared to that in propylthiouracil - arrested 

tadpoles. 

Chapter 6 sought to confirm that under prolonged goitrogen treat-

ment the tadpoles were unable to synthesise significant amounts of % 

and. T3. These hormones were assayed in the coelomic fluids of normal 

and treated Xenopus laevis. 

The final chapter of the thesis, headed 'General Discussion' brings 

the main conclusions from the experimental chapters together and dis-

cusses them in the context of the hormonal control of grxawth and devel-

opment in an^hibian metamoi^hosis. 
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cmprm z 

mTmiALS & METHODS 

2.1 Nomenclature 

2.1a Xenopus laeris developmental stages. 

The nomenclature of Niei.iwkoop and. Pater (195$) in their "Normal 

Tables of Xenopus laevis (Daudin)'was followed. 

%n addition reference waa made to the metaunorphio subdivisions 

of Etkin (lg68). "Premetamorphosis" included all stages from hatching 

to NF stage inclusive, "prometamorphosis" was. from N? stage 55 to 57 

inclusive and "climaif' began at NP stage 58 (Dodd & 1976), 

2.2 BioloKioal materials 

2.2a Xenopus laevis adults 

Deuchar (1975) lists seven subspecies of X. laevis,. Following 

her criteria for distinguishing the subspecies by external mophology 

the toads used in this work belonged to X.la^via. laevis,. 

Mia,ture adult %. laevis;. of unknown origin, were purchased from 

Harris' Biological Supplies (Weston-supsr-Mare, Somerset). Some of the 

animals used to provide fertilised eggs belonged to the colony at the 

Biology Department, Southanqiton University and were of various origins. 

Toads used for spawning were kept in 50 litre glass aquaria with tap 

water to a depth of about 10cm. They were fed. at least three tiges 

per week on chopped deep - frozen beef heart and liver. Better 

results were obtained when toads were fed five times per week and when 

the diet included fresh liver and Tubifex worms. 

2.2b. Injection procedure 

Pairs of toads w.ere placed, in 55cai diameter glass crystallisation 

dishes in about 8om of water. They were left undisturbed: for 24h. 

before beginning injection. The injection routine was basically that 

described by Billett and Wild (1975). Human choarionic gonadotropin 

(Chorulon, Organon Laboratories, Morden, Surrey) was: dissolved in 

disbilled water and injected into the dorsal lymph sacs. The dosage 

rates were as follows; 

Male Female 

Day 1 50 100 International 

Day 2 100 200 Units 
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Latterly it was found. d.e8±rable to prime both males and, females 1 

week before the above course with 50 i.u. of 'Chorulon'. Eggs, were 

laid, within 24 h. of the second, injection. The success rate of 

injection was often less than 2$^ especially between July and August, 

The eggs wore collected, and. placed, in aged, tap water. It was 

essential to remove unfertilised, and. d.ecaying eggs w±hin 48h, of laying 

to prevent infection spreading throughout the batch. 

2,2c. Zenopus laevis larvae - rearing to metamorphosia: 

Xenopus larvae were kept in aged, tapwater in 30 litre glass aquaria 

with aeration. The water tengaerature was around. 18°C. The animals 

were fed. thrice - weekly on a suspension of 'Conqplan' (Glazo-farley Foods, 

Plymouth, Devon). After metamorphosis small toadlets were fed on 

Tubifez worms. Giant larvae (goitrogen treated) were fed in a similar 

way. 

It is essential to minimise crowding when keeping amphibian larvae 

Numbers in excess of 50 lai-vae per aquarium led to delayed development. 

2.2d. Arrest of development with goitrogen. 

All the biochemical results obtained here were mad.e with Zenopus 

larvae î laced in an 0.01̂ 6 (0,59ndf) aqueous solution of 6 - n -

propyl 2 - thiouracil (Sigma Chemical Co. Ltd.., London). 

The solid propylthiouracil was dissolved only with difficulty in 

water at 50°C with prolonged magnetic stirring. Tadpoles of stage 49 

to 51 were placed in this solution, developmental arrest occurring at 

.stage 54. With prolonged, immersion (more than 2 months) it was some-

times necessary to increase the goitrogen concentration to 0,015^ %/T as 

some larvae entered prometamorphosis. Solutions were changed once in 

3 - 4 weeks. The goitrogen treatment was that of Miaclean and Turner 

(1976). 

2.2e. Rabbits 

Babbits (Oryctolagus cuniculus (L)) were used to raise antibodies 

against Xenopus antigens. The rabbits were random - bred New Zealand. 

Whites from the Animal House of the Department of Physiology and 

Biochemistry, Southampton University, 
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2.3 Chemioal reagents 

Unless othervrise stated, all chemical reagents were supplied by 

British Drug Houses Ltd., (Poole, Dorset). 

Unless otherwise stated water used, in aqueous solutions and media 

was glass - distilled.. 

2.5 Anaesthesia 

All operations on both larval and adult lenopus laevis were 

performed under general anaesthesia from which the animals were not 

allowed to recover. 

Adults were anaesthetised by immersion for up to 1 h, in 0.2^ IH/V 

aqueous solutions of tricaine methane sulphonate (MS 222, Sandoz 

Products Ltd. ̂  London). Complete anaesthesia of larvae took place in 

about 2 minutes. MS 222 solutions for the latter were made up in 

Ruga's Ringer. 

2.6 Balanced salt solution (Eugh's ringer) 

Rugh's an^hibian ringer (Ru^, I962) was used as a basal medium 

for all biological materials. The solution closely approaches the 

natural tonicity and plasma electrolyte concentrations of Xehopus plasma 

(Dessauer, 1961). It has the following composition. 

Na CI 6.60g 

E CI 0.15g 

Ga Clg 2 HgO 0J5g 

Water to 1 litre 

The pH was adjusted to 7.40 with NaH CO^. Analytical grade chemicals 

were used to make the Ringer's solution, Rugh had suggested the use of 

^7.80 but a ^ of 7.4 was employed here following Paulas (1970) 

suggestion that cells survived better in media buffered to a more acid 

pE. The Ringer's solution was stored at 4°G, 

2.7 Use of thiols 

Artificial heterogeneity of protein may be caused by polymerisation 



of the proteins. Such polymers result from the formation of dlsulphide 

bridges between sulphydryl (-SE) groups and. ad.jacent polypeptid.e chains, 

Eiggs, Sullivan* Agee (1964) used. 2 - meroapto - ethanol to reduce 

disulphid.e brid.ges and. prevent polymerisation. An aqueous solution of 

this compound, was &d.d.ed. to protein solutions, buffers and. gels to a final 

concentration of 10mM in a few experiments. 

Throughout most of the work dithiothreitol (DTT or "Cleland's 

Reagent" - Cleland, was used to a final concentration of 0.01^ 

(O.S^mM]. DTT was claimed to be more efficacious than 2 - mercapto-

ethanol reducing disulphide bridges because of its low redox potential. 

No difference was noted between the results obtained with either thiol. 

2.8 Extraction of blood from Xenoî us laevis 

Adult toads were bled by ventricular puncture of the exposed heart 

while under general anaesthesia. Blood was removed with a syringe, 

rinsed with Ringer, but no anticoagulent substances were used. If 

unclotted blood was required to culture erythrocytes or to prepare 

haemolysates the whole blood was expelled into large volumes of Ringer 

(1ml of blood in 10 - 15ml. Ringer) in which clotting did not occur, 

Tadpoles were lightly anaesthetised and bled by making a ventral 

incision with fine scissors directly through the ventricle. The 

tadpole was then placed in I0ml. of Ringer in a tapered centrifuge tube 

and allowed to bleed for up to 15 min during which time it remained 

immobile. When erythrocytes from more than one tadpole were pooled the 

animals were bled into the same tube of Ringer. 

It was found preferable to protect tadpole erythrocytes from lysis 

by the addition of 1.25 mg/ml of bovine serum albumin to the Ringer. 

Jurd (1972) had found that tadpole red cells survived healthily for only 

30 minutes in non-albuminised Ringer whereas adult cells survived for at 

least 2 hours. 

2.9 Washing red blood cells 

Prior to haemolysis or incubation, blood cells were washed by 

three repeated centrifugations of the cell suspension at 500 xg for 5 

min, Each centrifugation was followed by resuspension in 12 ml. of 

Ru^'s Ringer containing 1.25 mg/ml of BSA. 
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The final pellet of cells was suspended, in a snail volume (usually 

less than 100 pi for tad.poles) of non-albuminised. Ringer. 

2.10 Preparation of haemolysates 

The resuspended. final pellet of blood oells was treated with solid, 

saponin to a final concentration of approximately 1 mg/ml. The tube 

was agitated vigorously. The cellular debris were removed by centri-

fugation at 1000 xg for ̂ 0 minutes. The clear red supernatant was 

removed. 

2.11 Haemoglobin concentration in haemolvsates 

The small volumes of haemoglobin solutions obtained from Zenopus 

larvae made it impracticable tc measure haemoglobin concentration 

spectrophotometrically against a cyanomethaemoglobin standard. Instead, 

it was assumed that all eiythrocytes contained equal concentrations of 

haemoglobin and that equilibration of cell numbers per unit volume would, 

produce solutions of haemoglobin with similar haemoglobin levels. 

In a given experiment three aliquots of cell suspension from each 

sanq)le were counted before the third washing centrifugation. Counting 

was performed with a haemocybometer counting chamber (Weber & Sons, 

Lancing, Sussex), After centrifugation the volume of the final 

haemolysate was adjusted so that each sample was equivalent in cell 

concentration to that of the least dense san^le. Typically this would 

be 0.7 X 10^ cells per ml. for tadpoles. 40 pi of such a solution 

gave satisfactory bands with polyaci-ylamide gel electrophorosis (P&GE). 

2.12 Conversion to cyanomethaemoKlobin 

Some workers (e.g. Moss and Ingram, I968) routinely convert 

haemolysates from oxyhaemoglobin to cyanomethaemoglobin before analysis. 

Oxy - and c{^rboxyhaemoglobin are less stable than the cyanomet - form 

and this could lead to spurious electrophoresis results. 

Haemolysates were routinely treated with Drabkin's solution 

(Drabkin & Austin, 1935) in the present work to convert the sample to 

cyanmethaemoglobin. Drabkin's solution is prepared, as follows; 
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Na a CO^ 

KCN 

K ^ e (CN)^ 

Water 

10g 

0.05g 

o;2g 

to 100 ml 

0.2 volumes of this solution were ad.&ed. to all haemolysates. 

2.13 Incubation of red. cells with raclioisotqpe 

Zenopus erythrocytes were incubated, for 3 h. in a medium containing 

- leucine. The following stock solutions were used ( Thomas 

1974). 

2.13a Amino-acicL mixture 1 

Conoentration of each amino-acicL in the stock solution was 5 m Mole 

per 1. 

L - Alanine 44.5ing L - iso - leucine 65.6mg 

L - Arginine 87.1 mg L - Lysine 73.1mg 

L - Asparagine 66.1mg I, - Methionine 74.6mg 

L - Aspartic acid 66.6mg L - Phenylalanine 82,6mg 

L - Cysteine 60.6mg L - Proline 57.6mg 

L - Glutamic Acid 73.6mg L - Serine 52.5mg 

Glycine 37.5mg L - Threonine 59.6mg 

L - Glutamine 73.1 mg L - Tryptophane 102.1mg 

L - Histidine 77.6mg L - Valine 58.6mg 

The amino acids had been dissolved in Ru^'s Ringer and the pH 

adjusted to 7.40 with Na H CO^. The volume was made up to 100ml. 

The mixture liad been stored in small batches at -20°C, 

2.13b Amino-acid mixture II 

The concentration of each amino-acid in the stock solution was 2 m 

Mole per 1. 

Ii - Tyrosine 

L - Cystine 

l.Gmg 

2.4mg 

The amino-acids were dissolved in 50ml Rugh's ringer and the pH 
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adjusted to 7.40 with Na H CO^, The mixture had been stored in small 

batches at -20°C'. 

2,13o Tritlated leucine stock solution 

10 mCi ofL - leucine - 4, 5 - already dissolved in 10ml. of 

sterile water, and labelled as 1,000 m Ci per m Mole, were purchased 

from the Eadiochemical Centre, Amersham, Bucks, 

2.13d Nucleotide stock solution 

Sodium acetate trlhydrate 25.00mg 

D - Ribose 0.25mg 

2 - Deozy - D - Eibose 0,25mg 

Adenylic Acid 0,1Omg 

Adenine S.OOmg 

Guanine Hydrochloride 0.15mg 

Thymine 0.15mg 

Xanthine 0.15mg 

Adenine Triphosphate (ATP) 9.0Omg 

Cholesterol 0.1Omg 

Tween 80 (Difco Labs,, Detroit, U.S.A.) 2,50mg 

Ferric Nitrate nxanohydrate O.OSmg 

Hypox&nthine 0.15mg 

The constituents were dissolved in Ru^' s amphibian ringer and 

the volume made up to 10ml. The solution was stored in 1ml batches 

at -20°C. 

2.13e Vitamin mixture stock solution 

Thiamine 5.00mg 

Riboflavin 0.50mg 

Pantothenat e S.OOmg 

r̂ rridoxal 5.00mg 

Nio6tlnamlde 5.00mg 

Choline 2.50mg 

Inositol lO.OOmg 

Folic acid 5*00mg 

Cyanocobalamin 5.00mg 

Ascorbic acid 250.00ing 
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The oonstituents were dissolTed in Ru^'s amphibian ringer and. the 

volume made to to lOOml. The vitamin mixture had been stored in small 

batches at - 20°C. 

2.13f StreTPtomyoin suliohate stock solution 

A 5 m^ml solution of streptonyoin sulphate (Sigma Chemical Co.Ltd.. 

London) was prepared in Rugh's ringer. 

2.13^ BengylpeDicillin stock solution 

A 3 m^ml solution of benzylpenicillin (Penioillin-G. sodium salt; 

Sigma Chemical Co. Ltd., London) was prepared in Ru^'s ringer. 

2.13h Glucose stock solution 

A 50 mg/ml solution of glucose was prepared in Ruga's ringer. 

2.13i Short term culture medium 

The above stock solutions were passed through Millipore cellulose 

acetate membrane filters with a pore diameter of 220 nm (Millipore (U.E.) 

Ltd., Wembley). Such filters are non-toxic and. the 220 nm pore 

diameter precludes the passage of bacteria. The glucose solution was 

autoolaved for 20 minutes and when cool added to the millipore filtered, 

solutions in a sterile McCartney bottle. The volumes of stock solutions 

used were as follows; 

.Amino - Acid mizture I 0.2ml 

Amino - Acid mixture II 0,3ml 

Nucleotide mixture 0.1ml 

Vitamin mixture 0.1ml 

Streptonycln sulphate solution 0.1ml 

Benzylpenicillin solution 0.1ml 

Grlucose solution 0.2ml 

2.13j Incubation of blood, cells 

The cell pellet was made up to 2.5ml, with Ru^'s ringer containing 

54mg. BSA. The cell suspension was pipetted into a sterile culture 

bottle together with medium and label in the following proportions; 
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Culture medium 0,4ml 

L - Leuoine - 4,5 - 0.05ml 

Cell Suspension 2.05ml 

By bleeding the tadpoles into ringer it was impossible to avoid 

contamination. The sterile precautions taken above were designed to 

prevent the growth of micro-organisma during the short 3h. incubation. 

The culture bottles were incubated for jh. at 24°C in a shaker r 

water bath. 

activity was estimated in gel slices by use of the Inter-

technique ABAC SL40 scillination counter. The solubilised gel slices 

each received 5ml of scintillation fluid in a plastic vial. The 

scintillation fluid had the following constituents (Bray, IgGO). 

Xylene 38.3% V/V 

Diozan 38.3% y/7 

Ethanol 2 3 . V / V 

with PPO (2, 5-Diphenyloxazole) 5g/ litre 

POPOP (1, 4rDi-2 (5-phanyloxazolyl)benzene) 0.1g/ litre 

Each vial was counted for 10 minutes and the results expressed, as 

counts per minute (epm). 

crystallins 

2.15a. Lentectomy 

Lenses were removed from anaesthetised tadpoles or tadpoles which 

had been thawed after storage at - 20°C by making an incision in the 

cornea while pressing the edges of the sy^ball with forceps. The lens 

was then extruded and could be cleaned of aOherln^ tissues. 

2.15b. Measurement of lenses 

The diameter of lenses was measured using an eyepiece micrometer 

graticule in a Nikon stereoscopic microscope. The diameter of the 

whole lens (including the epithelium) was recorded to the nearest 0.05mm. 
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2.15o. HomoKenisation of lenses 

Lenses were homogenised, in small volumes (less than 100 pi) of 

Eu^'s ang)hibian ringer in glass homogenisers. Pooled. ad.ult lenses 

were treated in a 10ml. glass tube homogeniser with a Teflon plunger. 

Tad.pole lenses were ground, in a purpose - mad.e homogeniser in which a 

2mm diameter concavity had. been drilled, in the bowl of a solid, watch-

glass. The glass suiface was roughened, as was the rounded, tip of a 

2mm glass rod. used, as a pestle. 

During homogenisation vessels were stood, on crushed, ice. Homo-

genates were centrifuged. at 1000 x g for 20 minutes and. the clear supeif 

natant soluble crystallin solution stored, at - 20°G. 

DTT was ad.d.ed. to a final concentration of 0,00^ M to inhibit 

polymerisation of the soluble crystallins. 

2.16. Extraction of lactate d.ehydroKenase 

Whole tad.pole hearts (auiricle and. ventricle) were removed, from 

anaesthetised. tad.poles with watchmakers' foi-oeps. In the ease of 

ad.ult3 a small piece of ventricle was removed.. Homogenisation was 

performed in Hugh's ringer on ice with the homogenisers d.esoribed. above. 

The homogenates were centrifuged. at 1000 z g for 20 minutes and. the 

supernatant stored, at - 20°C. 

The supernatant was merely an extract of soluble heart proteins, 

lactate d.ehydrogena8e activity was id.entified. using a specific staining 

technique in which sodium lactate was used as a substrate for the 

Isoenzymes. 

2.17. Extraction of serum from Zengpus laevls ad.ult8 and. coelomio fluid. 

from larvae and, toadlets. 

/a. 

Whole blood, was removed, from the exposed hearts of anaesthetised, 

toads by ventricular puncture, Anticoagulents were not necessary 

provldj.ng the syringe was rinsed with Eugh's ringer. The blood, was 

expelled, into a 10ml. tapered, centrifuge tube, stii-red. and. allowed, to 

olot for about 2h. at room temperature before being stored, overnight at 

4.°C. It was then centrifuged. at $00 x g for 5 minutes and. the super-
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natant serum removed,. Serum was stored at - 20°C in small batches. 

Colleoting satisfaotory samples of ooelomio fluid from the 

peritoneal oavity of adult toads was difficult because of the great 

vascularity of the skin and body wall. Coelomio fluids were frequently 

BO heavily contaminated with blood that it was not possible to determine 

their protein concentrations by colorimetry. 

2.17b. Coelomic fluid from larvae and toadlets 

Pilot studies were made in an attempt to collect serum from stage 

54- larvae. The hearts of anaesthetised tadpoles were exposed and whole 

blood ooUected by inserting fine capillaiy tubes into the conus 

arteriosus. Althou^ blood was readily collected the problems of 

clotting, centrifugation and pooling of minute quantities of serum 

proved too great. 

The work of Thomburg et al (1975) on Eana oatesbeiana had shown that 

both serum and ooelomio fluid contained the same proteins in similar 

quantities. Consequently it was decided to collsot coelomic fluid from 

larvae and toadlets. 

Anaesthetised larvae were placed ventral side uppermost and blotted 

dry. A small incision in the body wall ventral to the gut was made with 

forceps and coelomic fluid collected in capillary tubes. The fluid was 

pooled and centrifuged to remove detritus. 

The skin and body walls of small toadlets were less hl^ily vascu-

larised than those of adults and so it was possible regularly to collect 

coelomic fluid from the peritoneal cavity without serious haemoglobin 

contamination. 

2.18. Estimation of total larotein In solutions 

Soluble proteins were estimated by the method of Lowry, et al (1951) 

Basically four solutions were prepared; 

a) 2^ Nag CO^ . 10 H^O in o.1N BaOH 

h) 0.5^ CuSÔ ^ . 5 HgO in 1^ potassium tartiste 
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o) 50 : 1 of A:B 

d.) 1 : 2 of Folin. & Ciooaltheu' a Reagent ; water 

However, when preparing solution (b) a white precipitate often 

formed either imnediately or after storage at for 1 or more days, 

Thus it wag found preferable to prepare: 

Cu SO^ SHgO 

29S Potassium tartrate 

both of which were stored, for up to 1 week and which were mixed. 1 : 1 

when it was required to use solution (b) above. 

When measuring protein concentrations it is usual to place $ml 

ofsolution (0) in each acetone - rinsed tube followed by 20 pi of 

protein solution. The solution is vortezr-mixed. for a few seconds and. 

stood for 10 mins. Then O.̂ nil of solution (d) is added., the mixture 

vortexed and. then stood for exactly 20 minutes before measuring its 

optical absorbance. The absorbance was measured, with a 5ml cuvette 

in a Hitachi - Elmer - Perkin Speotophotometer at a wavelength of 

500 nm and. slit width of 0,2mm. 

However when determining the protein concentration of small and 

precious samples it was d.e8irable to use less than 20 For much 

of the work in this thesis the method was scaled. - d.own as follows; 

solution (c) 1,4ml 

Protein solution 5 jol (measured with Drummond 'Microcaps') 

solution (a . ) 0.15ml 

Vortexing and incubation times were as above. This method. prod.uced. 

results as repeatable as the normal procedure. A 2ml cuvette was 

used, in the spectrophotometer with a 0.2mm slit width. 

Standard, lines based upon serial dilutions of crystallised, bovine 

serum albumin in 0.1M saline were prepared on eachocoas protein 

estimationswere made. It was not possible to obtain lens orystallins 

or XenoDUS serum proteins in purified, crystalline form to act as 
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standards. The standards were normally 4^, 20, iO, 5 and 2.5nig/ml, 

Lower conoentrations of BSA were found to give unpredictable results as 

suggested by Dowry et al (1951). 

2.19. Preiparation of antisera to lenopus antî enŝ  

2.19a. Anti - Zenoipus adult serum 

XenoDus adult serum was oollected as described above. Its protein 

conoentration was measured and adjusted to 4- ml. with s ringer. 

0.5ml batches of diluted sei-um were stored at - 20*̂ 0 until use. 

0.5nil of diluted serum was mixed with 0.8ml of Preunds Adjuvant 

(Difoo Labs., Detroit, U.S.A.) by vortexing for 5 minutes. The emulsion 

was checked by placing a droplet on a water surface. The emulsion was 

considered satisfactory if the droplet did not disperse. The emulsion 

was then injected sub-cutaneously into the neck region of a 3 Kg. rabbit 

dividing the material between three sites. This routine was repeated tt 

weekly intervals until 4 injections had been given, A fifth injection 

followed 10 days later, 

A 8ang)le bleeding of 25 ml whole blood was made after a further 10 

days. The tltre of the antiserum was checked and two more injections 

at weekly intei^als were necessary before a satisfactory tltre was 

acheived. 

Bleeding was pei-formed from an ear vein using xylene and warmth 

from a bench lamp to stimulate local blood flow. 

The whole blood was stirred, stood at room temperature for 3h. and 

then overnight at before harvesting the antiserum. Small batches 6f 

antiserum were stored at - 2o'̂ C. 

2.19b. Antl-Xenopus adult lens crystallln 

The method was similar to that described above. An homogenate of 

adult lenses was used to prepare a crystallin solution containing 2m@/̂ ml. 

0.5nil of this material was emulsified with 0,5ml Preunds Adjuvant, 

The Injection routine and bleeding were as described above except 

that an extra injection of a 4-nig/nil. crystallin solution was made before 

removing a large volume (80ml) of blood. 
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2.190. Measurement of antiserum titre 

The first measurements were made by the Ouohterlony Double 

Diffusion test. 2ml. of lonagar in 0.8%^ saline was poured, 

into eaoh of a number of plastic petri dishes. A central well and. 

siz concentric peripheral wells were cut with a cork boi-er. 

Serial dilutions of antigen were prepared beginning with 4m^nil 

XenoDus serum and 2m&^ml XenoDus crystallins. The dilutions prepared 

were 1/10, 1/20, 1/40, 1/80, 1/160, 1/320, I/64O and 1/1280 of the 

originals. 

The central weU was filled with antisei-um and each of the 

peripheral wells with a different dilution of the appMpriate antigen. 

The dishes were stored at 4°C in a moisture-laden atmosphere until the 

precipitin arcs developed. Unprecipitated protein was leached, out by 

washing for 2 days in 0.1 M saline and 1 day in. distilled water. The 

arcs were then stained with a solution prepared as follows; 

Azooarmine 1g 

N Acetic acid 450ml 

N Sodium acetate 450nil 

Glycerol 100ml 

]3xcess unbound stain was removed with 7^ acetic acid. The titre of 

the antiserumwas taken as the lowest antigen dilution capable of 

producing visible precipitin arcs. 

The above method was abandoned in favour of precipitin ring tests 

which were much quicker. Lengths of 2mm. bore glass tubing were drawn 

out to fine tapers in a flame. Then a small volume of antigen was 

drawn up followed by the appropriate antiserum such that a clear inter-

face formed between the two. The tip of each tube was sealed and a 

series prepared each with a different antigen dilution. The tubes were 

stood for 30 mins. by which time a white precipitate was visible at the 

interface of some. The lowest antigen dilution which could be 

precipitated was taken as the titre of the antiserum. 
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2.20. Protein separation - cellulose acetate electroDhoresis 

2.20a. l&terials 

Separations were pei-formed, on Celagram 78 z Î Oinm cellulose acetate 

membranes (Sbanclon Southern Ltd.., Runcorn, Cheshire) in a Shan&on 

universal electrophoresis tank Mod.el U77, 8AE - .5225. Wicks were of 

5om. wid.e 3 MM chromatography paper ( W & R, Balston Ltd.., England:). 

2.20b. Buffers 

Initially the buffer used by Thomburg et al (1975) was tried. It 

was prepared as follows; 

Barbitone sodium 10.3g 

Barbitone 1,84g 

Water to 1 litre 

pH adjusted to 8.6 with 1N Na OH. 

However poor resolution of lenopus serum necessitated preliminary 

experiments with other buffers, namely; 

Iris - EDIIA - borate buffer, pH 9.0 (Aronsson and &ronwall, 195?) 

Tris 60.5g 

EDIA 6.0g 

Boric acid 4.6g 

Water to 1 litre 

No pH adjustment was necessary. 

Barbitone - acetate buffer, pH 8.6 (Owen, 1956). 

Sodium acetate 6.5g 

Barbitone sodium 8.87g 

Barbitone 1.13g 

Water to 1 litre 

No pH adjustment was necessary. 



25 

Both of these buffers had been recommend-ecl for use with cellulose 

acetate by Sargent (I969). 

2.2O0. ElectMiphoresis prooeiiure 

The Celagram strip was dropped, onto the surface of the running 

buffer so that only its lower surface was in oontaot with the buffer. 

After soaking, the strip was blotted, lightly between sheets of filter 

paper. The strip was then placed immediately in the electrophoresis 

tank, wicks fitted and the current switched on. Samples were then 

applied one-third of the way along from the cathode end. Pour 

samples could be applied per strip if 1om. origins were used. The 

samples were applied as an even smear with a 10 ;al Microcap (Drummond 

Scientific Co., U.S.A.). The current applied was 6 mA. total giving a 

potential difference of 95 volts. This was maintained for between 55 

and 75 mins in different experiments. 

The protein zones were then fixed by immersion of the strip for 

2 min in 10^ aqueous TCA. Staining was with Ponceau S (see below) 

2.21 Eratein sewration - polyaorylamide ̂ el eleotronhoresls (PAGE) 

2.21a. Gelling Solutions - Tris-Glycine/Tris-HCl discontinuous 

system. 

For work with lens crystallins, LDH isozymes and. serum proteins 

the method uaed was modified from Davis (1964). The latter's method 

was simplified by omitting a gel in which sang)les oam be applied and 

in some cases by omitting the 'stacking gel' used to concentrate the 

samples before separation begins. 

The following solutions were prepared and stored at in the 

dark: 

a) 48ml of N HCl, 36.6g of tris, 0.23ml of TBIBD and water to 

100ml. The pH of this solution is 8,9. 

b) 28.0g of acrylamide, 0.735g methylene-bis-aorylamidB and 

water to 200ml, 
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The following solutions were prepared, and. use& immediately: 

1) Separation Gel Solution A: one part of (a) above mixed.with two 

pai-ts of (c) and. one part of water, 

2) Separation Gel Catalyst Solution B: 0.1 g of ammonium persulphate 

in 100 ml. water. 

Equal volumes of (1) and. (2) were mixed, when gelling would begin within 

10 minutes. 

To prepare a stacking gel solution the following solutions were 

used.; 

c) 48ml of N HCl, 5.7g of tris, 0.46ml of TEMED and. water to 

100ml. 

d.) 10.Og of acrylamidje, 2.5g methylene-bis-aorylamid.e and. water 

to 100ml. 

e) 0.35g of ammonium persulphate in 100ml water. 

The gel was prepared by mixing the solutions in the proportions 1 part 

of (o), 2 parts of (d.), 3 parts of (e) and. 2 parts of water, 

2.21b. Gelling solutions — — Tris-EDTA-Borlo acicl continuous 

To separate hameoglobins a continuous system was used (Jurd. 1972), 

The gels contained. 10^ acrylamide and. 0,^ methylene-bis-acrylamid.e. 

Stacking gels were used, with the slab apparatus only. The preparation 

of the separation gel was as follows: 

Smithies T.E.B. buffer, pH 8.6 10,30ml 

Glycerol 1,20ml 

TEMED 0,015ml 

Acrylamida 1.25g 

Methylene-bis-acrylami&e 0.025g 

The catalyst was a 1^ aqueous solution of ammonium persulphate 

freshly prepared.. 0.5ml of catalyst was acld.ed. to 11.515ml of acrylamid.e 

solution. Gelling was then complete in about 20 minutes. The 10^ 
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glycerol was aided, to reduce diffusion of the protein bands (Katioli & 

Niewisoh, I965). 

The stacking gel was prepared as follows: 

Smithies TEB buffer, pH 8.6 10.30ml 

Glyoerol 1,20ml 

TEMED 0.015ml 

Acrylamide 0.425g 

Methylene-bis-acrylamide 0,04.5g 

Catalysis was induced by the addition of 1 ml of a ammonium persulphate 

solution, 

Throu^out most of the work a O.OO^K solution of DTT was used in* 

stead of water when making gels. 

2.21.0. Buffers 

Tris-Glycine Buffer, (Davis, 1962̂ ), 

Tris 6.0g 

Glycine 28.8g 

Water to 1 litre 

This was stored in the dark at 4.°C until use when it was diluted 9 ; 1 

of water ; buffer. 0.1 g of DTT per litre was added. 

Tris-EDTA-Boric Acid Buffer, pH 8.6 (Smithies,1955). 

Tris 10.9g 

EDTA, disodium salt 0.6g 

Baric acid 3.1g 

Water to 1 litre 

The pH was adjusted to 8.6 with 1 N Na OH and O.lg of DTT per litre 

was added. 
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2.21.dL Disc eel electrophoretio procedure 

Disc gel electrophoresis employed the Shandon apparatus. 

Precision bore glass tubes 2^" long and 5mm internal diameter were 

ringed in \/200 aqueous solution of Photoflo QCodak Ltd. 

to facilitate gel removal. The tubes were marked lorn from their upper 

ends and the lower ends were sealed with plastic caps before being stood 

vertically in a rack. The polyacrylamide solution with catalyst was 

pipetted into each tube up to the mark, excluding air bubbles. 

Immediately, the polyacrylamide was overlaid with a 0.5om. layer of 

water applied slowly, to avoid surface mixing, with an 'Agla' micrometer 

syringe (Burrougha Wellcome & Co, London). The water layer speeds 

gelling by excluding air and prevents the formation of a meniscus on 

the gel surface which would lead to distorted protein bands. 

When gelling was complete (45mia. was always allowed) the water 

layer was decanted. The gel tubes were then placed in the Shandon 

apparatus and both reservoirs filled with buffer. Onl^ the upper buffer 

contained the expensive DTT. The apparatus was pre-run to remove 

oxidisiag persulphate ions from the protein front (Mitchell, I967). In 

the case of discontinuous buffer systems pre-running was for ̂ h. at 3mA 

/gel whereas with the continuous system 1h. was allowed. 

Protein samples received a drop of 800 aqueous sucrose contain-

ing bromophenol blue. This additive increased the specific gravity of 

the sample preventing it ft^m floating up from the gel surface and the 

dye showed the position of the buffer front in the gel during electo-

phoresis. 

Proteins were always run at pH's greater than 8,2 so that they were 

neg&tively charged. Thus the lower electrode was made anodal and a 

oonstant current of from 2.5 to 3mA/gel supplied by a Shandan power 

pack. Separation took from 1 - 2h, following an initial concentration 

period of 10 min. at 1.5 to 2m4/gel. The gels were removed from the 

glass tubes by rimming, that is, by squirting water between the g^^ and 

tube with a syringe and needle. The proteins were fixed and stained as 

described below. 
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Vertical slab PA.&E (Akroyd, 1967) employed, the Raven apparatus 

(Raven Scientific Con^ny, Haverhill, Suffolk). 

The two sheets of glass were rinsed in a 1/200 Photoflo solution 

and were air dried. Plastic spacer strips 2mm thick were sealed at 

the edges with vaseline and the sheets were clanged together with 

stationary clips. The lower edge of the trough thus formed was sealed 

by pushing the plates into a strip of plasticine on the bench. The 

plasticine also held the trou^ vertically while gelling took place. 

The lower aciylamide solution with catalyst was then pipetted into 

the trough to within 2om of the top. No water overlay was necessary 

as a meniscus formed only at the eztreme edges against the spacer strips. 

After the stacking gel solution with catalyst was pipetted in and 

while still liquid a well-forming template was forced into the solution. 

The wells formed were either 3mm or 12.5mm wide and I6mm deep. After a 

further gelling peid-od of 45 min the template was removed and the wells 

rinsed several times with running buffer. The plates, complete with 

gel, were removed from the plasticine and sealed into the Raven apparatus 

with vaseline and stationary clips. The upper and lower reservoirs were 

filled with buffer, the lower electrode being made the anode. Samples 

were applied with a 1ml syringe together with 80^ sucrose and bromophenel 

blue after a prerunning period of 21 m A for 1h. The sanĝ les were con-

centrated at the Interface between the stacking and separation gels by 

^ at ly m jy' 8ang)le followed by separation for ^h. at 3? m sample. 

The gel was removed by rimming and was glxed and stained as described 

below. 

2.22 Radioactivity in gels 

Unfixed disc polyacrylamide gels containing tritlated leucine were 

placed in aluminium troughs 9cm long and 0.4cm radius and surrounded by 

crushed day ice for 15mln. The ice did not touch the gel and the latter 

was kept straight while freezing. 

Gel slicing enqployed the Mlckle gel slicer (Mlckle Laboratory Eng., 

Co., Guildford, Surrey). A piece of wet filter paper was placed on the 

carrier to which the frozen gel adhered. Two drops of water were added 

to the ge]/filter paper interface to facilitate freezing. 



starting a known distance from the origin serial 0.8mm slices were 

taken throu^ the region containing red. haemoglobin banda. Each slice 

was separated, with a soapel and placed, in a numbered 7ial containing 0,1 

ml of a 1 ; 7 mixture of N.C.8. (Amersham-Searle, Illinois, U.S.A.), 

Tissue solubiliser : toluene. The slice was shaken and the vial stored, 

oremight at 4 C prior to liquid, scintillation counting, 

2.25. Protein separation - qualitative immuno-electrophoresis (i.E.P) 

2.25a. Materials 

In this method a combination of the usual agar eleotrophoretic 

technique and. the immunodiffusion technique of Ouchterlony (1958) is 

For lens crystallins two parts of Aronsson and G-ronwall buffer were 

mixed with one pairt of water. This diluted buffer was used, to prepare 

a solution of agarose. lenopus ooelomic fluids and sera were 

similarly separated, except that the agarose solution was prepared with 

a barbitol buffer, pH 8.6. The original work was done with lonagar 

(Oxoid Ltd , London) but as this product M s been discontinued, later 

work used Litex HSA (International Enzymes, Windsor, Berks). The 

appropriate weight of solid, agarose was ad.ded to the buffer and boiled 

with continuous mixing over a bunsen flame until the solid had dissolved.. 

The solution was then kept at 55°C in a water bath until use. 

Clean glass microscope slides, 24- x 76mm were labelled, with a 

diamond marker and placed on a levelling table. Each slide received 

2ml of agarose solution. When gelled, the slides were stored at 4°C in 

a moist atmosphere for up to 5 days before use, 

2.25b. Buffers 

Tris - ISDTA - Boric Acid. Buffer , pH 9.0 (Aronsson and. G-ronwall, 

EDTA, (lis odium salt 

Boric acid 

to 1 litre 
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^ adjustment was unneoessaiy but sodium a3ld,e to a final conoentration of 

0.01^ was ad.d.ed. to inhibit bacterial growth. The buffer was stored, in 

the dark at 4°C, 

Barbitol buffer, pH 8.6 

Barbitone sodium 10.3g 

Barbitone 1.84g 

Sodium azide 0.1g 

Water to 1 litre 

2.23c. Electrophoretio procedure 

Just before use the slits for the antiserum troughs and wells for 

the antigen san^les were punched in the agarose using the Shandon 

Tenplate Cutter. The plugs of agar in the wells were removed by 

suotion and 1 pi of antigen solution was applied with a Hamilton micro-

syringe. The slides were placed in a Shandon Universal Electrophoresis 

Tank the wells of which were filled with undiluted TEB buffer (lens 

oiystallins) or barbital buffer (coelomio fluids). A single thickness 

of filter paper was attached to each end of a slide for a wick. The 

cathode end of the slide was that farthest from the antigen well, A 

constant cunrent was supplied by a Shandon power pack for 1h. sufficient 

to provide an initial potential difference of 180 volts. Up to 8 

slides could be run in the electrophoresis tank at the same time. 

The strip of agarose in the central trou^ was then removed and 

the trough filled with the appropriate antiserum. The slides were left 

in a moist atmosphere for at least 24 h. before washing and staining. 

The slides were washed for 2 days to remove unpreoipitated protein 

with several changes of 0.1 M saline containing sodium azlde to a final 

concentration of 0.01^ Then salt crystals were removed by washing 

with several changes of distilled water for 12h. The precipibin lines 

were stained using the general protein stains described below. 
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two-dimensional ion 

The method, employed, was basically that described, by Azelsen, Kr/ll 

and. Weeke (1973) as 'crossed. Immunoelectrophoresis'. It was used, with 

both lens cryatallin and coelomic fluid, antigens, the principal 

difference being in the buffers chosen. 

2.24a. Materials - 1st dimension 

As in qualitative lEP for lens crystallins a 1^ Litez solution 

was prepared using 2 ; 1 diluted, water; TEB buffer. With coelomic 

fluid and. Xenapus serum the 1^ ILitex solution was mad.e with a barbital 

buffer. pH 8.6. 15ml. of agarose solution at 55°C was pipetted, onto a 

level glass plate, 100mm X 100mm. After gelling, up to 4 antigen wells 

were punched, with a cork borer, the plugs of agarose being removed, by 

suction. Either 10 pi or 20 pi antigen samples were used, in either 

4mm. or 6mm. diameter wells respectively. Electrophoresis was performed, 

in a water-cooled, electrophoresis tank (Shand.on Southem Ltd..). 

2.24.b. Materials-2nd. dimension 

This separation was performed, on either 25mm Z 100mm glass plates 

(lens crystallins) or 100mm, x 100mm. plates (coelomic fluids). The 

plates were levelled, before pouring agar. 8hand.on Universal troughs 

were used with the appropriate buffer and. placed, in a 4*̂ 0 refrigerator 

before and. d.uring use. 

2.24.0. Buffers 

For lens crystallins the Aronsson and. Gronwell, pH 9.0 TEB buffer 

was used, again. 

Coelomic fluids and Xenopus sera were electrophoresed with a 

barbitol buffer, pH 8.6, the composition of which is given above. 

2.24d. Electrophoretic procedure - 1st dimension 

Antigen samples were placed in the wells using a 'finnpipette' 

precision sampler (Buckley Membranes Ltd., Great Missenden, Bucks), 

adjusted to 10 ;il or 20^1 capacity, with disposable plastic tips. 

With lens crystallins the separation was run at a constant voltage of 

100 volts for2:^h. whereas with coelomic fluids the same voltage was 
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applied, for 2^h, After this the plate was removed and laid over a 

template oard. The latter enabled one to out longitudinal alioea of 

agarose gel with a microtome knife. Each strip was lOmm x 100mm and. 

contained a single antigen well and its separated aamgple. Bach strip 

was slid gently onto the 2nd. dimension gl&ss plate and arranged to 

lie approximately one-third, of the width from one side. 

2.24e. Electrophoretic procedure - 2nd dimension 

For lens crystaJlins a tube containing 6 ml. of Litex in 

diluted TEB buffer at 55°C received 200 pi of anti-Zenopus adult 

crystallin serum. The agarose solution was mixed, thoroughly and 

allowed to return to 55°C in a water bath. In the case of coelomic 

fluid electrophoresis 13ml. of 1^ Litex in barbitol buffer received 

23.3 |Lil of anti-Xenopus adult serum proteins serum and after mixing 

was returned to Approximately two-thirds of the agarose solution 

was poured onto the anodal side and the remaining one-third onto the 

cathodal side of the plates. The original agar stMp was abutted by 

the antiserum - containing agar but not covered.. 

Two such plates could, be run together in each Shandon Universal 

electrophoresis trou^ containing the appropriate buffer and double 

thickness filter paper wicks. Constant voltages of $0 volts for 20h, 

(lens crystallins) or 21 h, (coelomic fluids) at 4°C were used. 

2.22,f. Drying and washing platbs 

Each plate was covered with a sin^e filter paper excluding air 

bubbles, A 1cm thickness of filter paper and a 100g, weight were 

then placed above for 3h, The plate was then air dried at room temp-

erature ovemi^t before being washed in saline for 2 days and. in 

distilled, water for 12h. The proteins precipitated, were stained with 

Coomasie Brilliant Blue (lens crystalling) or with nigrisin (coelomic 

fluids) as described below. 

2.24.K. Quantitation of precipitin peaks 

The coelomic fluid stained plates were placed in the carrier of a 

photographic enlarger and projected at an eiilargement of onto white 

paper. The albumin peaks were traced, cut out and weired on an 

Oertling precision balance. This method is superior to taking peak 

dimensions if the peaks are sometimes skewed. 
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of colTacrylamide gel electrophoretic and. 

inmunoelectrophoretio separations of lens orystallins 

To correlate lens crystallin bands appearing on polyacrylamide gels 

with the precipitin peaks obtained by I.E.P.̂  proteins were eluted from 

sliced gels and re-electrophoresed by I.E.P. 

Whole adult lens orystallin solutions were separated as described on 

polyaorylamide disc gels using a Tris- HCj/lris-glycihe discontinuous 

buffer system. A single gel was then rapidly stained to identify the 

positions of the protein bands. The remaining gels were then sliced with 

a razor blade so that the required protein bands were contained in 3nim 

thick slices. Slices from different gels containing similar bands were 

pooled in tapered 10ml tubes, and the protein eluted by three changes 

of Eugh's ringer at 4°C over an 18hour period. The eluates were 

dialysed at 4°C, with magnetic stirring for 36h. against l/60 aqueous 

Ru^'s ringer. The dialysis tubing was Visking Tubing ^^2 (The 

Scientific Instrument Centre Ltd., London). The dialysed eluates were 

then freeze-dried after determining their protein concentrations by the 

Iiomiy method and their volumes gravimetrically. The lyophilised solids 

were reconstituted with distilled water to give final concentrations of 

6mg proteiq/ml. 

The purity of the eluates was checked by electrophoMsing a sample 

by P.A.G.E. and then further sauries were subjected to qualitative I.E.P. 

using the appropriate anti-searum. Thus protein from a single PAGE 

band could be correlated with the precipitin arcs obtained by I.E.P. 

2.26. Protein staining 

2.26a. General protein stains 

In the earlier work with polyacrylamide gels and immunoelectrophore-

sis, proteins were stained with a solution of Napthalene Black 12B 

in 7^ glacial acetic acid. Staining was usually con^lete after 

Destaining was acheived by repeated changes of 7^ acetic acid or by 

electrophoresis in a glass trough containing adinum electrodes;. 

Althou^ the latter method destained gels in hours rather than days the 

protein bands were sometimes: blurred. 
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Latterly, especially for quantitative immunoelectrophoresis a 0,^ 

solution of Coomasie Brilliant Blue E-250 was prepared, aŝ  follows; 

Goomasie Brilliant Blue E-250 5g 

Etbanol, 100^ 4.50nil 

Glacial acetic acid. 10Oml 

Water 45Dml 

The mixture was stood, ovemi^t and. then filtered.. Staining waa 

normally complete in one hour. Destaining was acheived. by repeated, 

washes with the ethanol; acetic acid. ; water solvent mixture. The 

process was critical as the stain was; easily removed, from the faintest 

precipitin peaks. Johansson and. Malmquist (1971) claimed, that Coonaaie 

Brilliant Blue is some three times more sensitive tbanRsgMbalene Black 

12B. 

The precipitin peaks obtained, with two-dimensional I.2.P. of 

coelomic fluidjS were so faint as to require an even more sensitive 

protein stain. Acetic nigrisin was engaloyed. (Peinstein, 1976). 

Nigrisin (&.T. Gurr, Ltd.., I,ond.on, N.W.9,) 1g 

12^ V/T Acetie acid. 500 ml 

1.6^ Sodium acetate 500 ml 

Destaining was by repeated, changes of 3^ acetic acid.. 

With cellulose acetate membranes. Ponceau 8 (Sargent,1969) was 

used as a general protein stain. The fixed, membrane was floated, on to 

a solution of 0.20^ Ponceau S in ̂  Vj/lT aqueous TCA. Penetration 

of the dye into protein was apparent within seconds. The strip was 

then immersed, in the dye solution for a further 10 mins. After staining 

the strips were washed, with 5^ y/v acetic acid, until the backgi ound. was 

white. 

2.26b. Rapid, protein stain 

In experiments where it was d.e8ired. to elute proteins from gel& a 

marker gel was stained, rapidly to identify the bands before slicigg. 

{[hemethod. used, was that of Allen, Spioer and Zehr (1976). 
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The gels were inoubatecL for 12 minutes at 65°C in a Coomasie 

Brilliant Blue solution of the following composition. 

0.2^ Coomasie brilliant blue 45nil 

100^ Ethanol 4.5ml 

Glacial acetio acid. I0ml 

Destaining was performed, by two washes, each lasting 6 minutes; 

at 65°G with the following solution. 

10C^ Ethanol 25ml 

Glacial acetio acid. I0ml 

Water 65ml 

2.260. STiecific protein staining - haemoglobin 

The ortho-dianisidine technique of O'Brien (1961) was used.. 

Stock solutions were prepared, as follows; 

100mg Ortho-dianisidine (Eastman Organic Chemicals, New York), 

in 70ml. ethanol. 

Acetate buffer, gB 4.6, 0.1M prepared, as follows; 

102ml 0,1M Acetic acid. 

98ml 0.1N Sodium acetate 

30^ Hydrogen peroxide aqueous. 

Immediately before use the staining solution was made up as 

follows: 

0 - dianisidine solution 4-.0ml 

Acetate buffer 1.Oml 

Hydrogen peroxid,e 0.2ml 

Water 1.5ml 

Gels were immersed, in the solution for up to 2 h. when haemoglobin 

bands were stained a brown colour. All staining was carried out in a 

fume cupboard as 0-dianisidine is highly oarcinoKenic. 
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2.26d.. Specific protein staining - lactate dehydrogenase 

The method of Dietz and Lubrano (I967) for polyacrylamide gels was 

followed. The stock solutions were as follows; 

Stock solution (stored: at 4°C) Amount used 

Sodium lactate (Sigma) 1K 1.0ml 

Nicotinamide adenine dinucleotide, 10mg/ml. 1,0ml 

NaCl, 0.1M 1.0ml 

MgCl g, 1.0ml 

Phosphate buffer, 0.5M, 7.4 2,5ml 

Nitroblue tetrazolium, 1mg/ml 2,5nil 

Phenazine methosulfate, 1m^ml 0,25ml 

The NAD solution was not kept for more than 1 week. 

The 1 M sodium lactate solution was prepared from a lactic acid. 

(Na salt) solution containing 60^ sodium lactate. 

The polyacrylamide gels were incubated in the staining soluthmi for 

from 1 to 2 h. at 37°C by which time the LDE bands appeared a violet 

colour. The gels were washed three times in water and fixed in 7^ T/V 

acetic acid. 

2.27 . Concentration of samples by freeze dryipf; 

It was frequently necessary to equilibrate the concentrations of 

proteins contained in solutions from different larval stages. The 

method, employed was to measure the protein content of the solution by 

the Lowry method, and to determine its volume gravimetrically. Thus 

the total protein contents of the sample could be calculated. 

The dilute saiig;le8 were then freeze dried in an Edward.8 Mod.el EP03 

Refrigerated freeze dryer (Edwards Vacuum Coiig)onents, Crawley, Sussex), 

The samples were placed in glass tubes and centrifuged while freezing. 

They were then dried congiletely over a jh period.. Problems arose when: 

the dried solids were attracted out of the tubes by static electricity. 

It was found desirable to cover the drying tubes with Parafilm (Amerioan 

Can Co., Wisconsin, U.S.A.),perforated by two small pinpricks, to prevent 
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loss of material. 

2.28. Densitometric scanning of colyacrylamide gels 

Both disc and slab gels were scanned using the Chromoscan Mk II 

(Joyce, Loeble & Co. Ltd., Gateahead-on-Tyne). For slab gels the thta-

layer attachment was used. In both cases the transmission mode was 

employed with the appropriate filters to enable the scanner to be 

balanced. The results were recorded as a pen trace. 

Gels etc. were photographed on Kodak Panatomic -% film using a 

Practika single-lens-reflez camera fitted with 55mm standard.lens and a 

3 dioptre aooessory lens. Illumination was transmitted from a Kodak 

Coldlight Series 2 Illuminator (Kodak Ltd., London). 

2.30. Thyroid hormone assays 

2.30.a. Automatic pipettine 

The sensitive hormone assays used here depend upon repeatably 

precise pipetting of small volumes. Oxford Precision Samplers(Oxford 

Instrument Co., Oxford) of 5, 10, 20, 25, 50 & 100pl volumes and an 

Eppendorf sampler (W. Sarsteat, U.K., LtdU) of 1000 pi volume were used 

with disposable plastic tips. Preliminary trials showed that unless 

special precautions were taken the accuracy of these samplers was poor. 

This was checked gravimetrically by dispensing aliguots of water into 

preweighed vials. The following points are of importance; 

a) the plastic tips must be wetted by pipetting several aliguots 

of the substance with a given t:̂ p before pipetting an aliquot in an 

experiment. 

b) the pipette plunger must be released slowly and smoothly when 

filling. 

c) the outside of the tip must be blotted dry after filling. 

The preliminary trials showed that,with care, t&a samplers have a 

precision of about 1% standard deviation. 
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2.30b. Radiochemical Centre E.I.A. for T3 

The lyophilised. reagents were reoonatituted. according to the 

maniiPaoturer' s instructions. They were as follows; 

a) Anti-T3 serum containing 9.5 mg/ml, sodaum barbitone. 

b) T^ - 1, approx. 5 pCi (at date of manufacture) and also 

containing 9,5mg/ml. sodium barbitone. 

c) Ti) standards in serum containing 0.10, 0.6$, 2.01 and. 5.11 ng 

TYml. 

d.) Adsorbent powder suspension also containing 3.8 mg/ml, sodium 

barbitone. 

The assays were performed in special polystyrene test tubes supplied 

by the kit manufacturer, Althou^ the manufacturer recommend.ed. the use 

of 50 pi aliquots of standards and. samples, 25 ;al aliquots were found to 

give excellent repeatability with the standards, 

25 pi aliquots of the standards and 25 pi aliquots of samples were 

pipetted, in d.uplioate into the test tubes. Then 200 pi aliquots of 
125 

I - T3 solution ware pipetted and mized. by 1 second on a vortex mixer. 

Finally 200 pi aliquots of the antiserum solution were pipetted into all 

tubes and mixed, by vortexing for 1 second.. T ^ tiibes were capped, and. 

incubated, in a water bath at 37°C. for 1 h. 

1000 pi of the adsorbent suspension w»8 pipetted into all tubes, 

stirring the suspension continuously. The tubes were capped and all 

placed, on a single rotator (Blood. Cell Suspension Mixer, Matbum Surgical 

Equipt. Ltd., Lancing, Sussex), for 1h. at room temperature (less than 

25°C). The tubes were allowed to stand, for at least 10 mins before 

removing 1000 pi of the supernatant from each tube and placing it into a 

counting tube of known background.. Counting was performed, on the 

Thyrimeter gamma counter. 

The count rates for each standard were plotted on linear graph 

paper against the concentration of T3. Using the mean of d.uplloate 

count rates for the unknowns, their T3 concentrations were read off from 

the standard curve. 
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oentre E.I.A. for 14-. 

The lyophlliaed. reagents were reoonstitutecl according to the 

manufacturer's instructions. They were as follows; 

a) Anti-T4 serum, 
125 

b) T4 - I, approz. 6 pCi (at date of manufacture). 

c) T4 standards in human serum containing 0.15, 4.10, 10.8 

and. 19.2 /ig T4/I00ml 

d.) Adsorbent powder suspension 

The remainder of the procedure was as described, for the Radio-

chemical Centre T3-B.I.A. 

2.30.d. Competitive protein - binding assay for T4 on miniature 

anion-exchanRe columns TB&uer et al. 1970). 

This method was supplied in Kit Form as the'Tetralute* method for 

T4. (Ames Company, Slough, Bucks). 

The lyophilised reagents were reconstituted, according to the 

manufacturer's instructions. The reagents were as follows; 

a) T4. - approz. 2.5 juCi (at date of manufacture) in 0.1N NaOH 

b) T4 standard In human serum - 17.6 /ig Tilt/lOOml 

o) eluting reagent containing human thyrozlne-bindlng globulin 

d.) buffer piH8.6 containing 15.4 of sodium baibital and. 

2.7 8^1 of baibital. 

The manufacturers' stress the need to use oopper-free water as a 

solvent. This was confirmed by Eiggs and Bales (1973) who found that 

double glass distilled water was inadequate whereas triple - distilled 

water was satisfactory. In the present work the water was once glass 

distilled and then twice djeionised. before being stored in glass. 

The miniature Sephadex columns were drained, free of 0.1 N Na OH 

(pH 13) by decanting. Seven drops of the T4-^^^I reagent weire ad.d.ed 

directly onto the column. The manufacturers recommended the use of 

100 ;nl aliquots of san^le serum. Preliminary trials indicated, that 

the method was satisfactory with as little as 20 pi. This volume was 
125 

added, directly to the eolunnand. mixed, with the I-T4 by swirling gently. 
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The oolumn ivas drained, and eluted with W 1 of barbital buffer 8.6. 

After draining, the radioactivity of the column was counted in the 

'Thyrimeter' gamma counter. The above steps were repeated with each 

column containing a sample. A standard curve was prepared using 5, 10 

20 and 50 pi aliquots of the reference T4 standard in serum. All 

columns were swirled gently and "I.Oml of the TBG- - containing eluting 

reagent added. At least 5 min were allowed to elapse before the column 

was eluted with a further of barbital buffer, pH8.6. When the 

oolumn had drained it was counted again in the 'Thyrimeter'. The percen-

tage retention was calculated as follows; 

^ retention = Pinal activity of column ̂  100 
Initial activity of column 

Calibration curves were prepared with the percentage retention as 

the ordinate and the known concentrations of T4 as the abscissa. The 

values of T4. in the unknowns could then be read off, 

Higgs and Eales (1973), *ho were also working with TZ,. titres lower 

than those nozmally found in humans were able to steepen the lower part 

of the ̂  retention against T4 concentration curve by using a more 

dilute eluting reagent. Accordingly in the present work the 30mg of 

lyophilised reagent supplied were diluted with ]$Oml pH8.6 barbital buffer 

rather than 15ml. as recommended. Higgâ  and Eales had found a 1;30 

dilution preferable to the 1;16 used for human determinations. 

2.31. Counting radioactivity 

In all thyroid hormone assays activity was counted with the Ames 

Thyrimeter. This contains a 2" sodium iodide (thallium - activated) 

detector with a throu^ w&ll' crystal. The deteotor is followed by a 

pulse height discriminator and a digital computation system. The 

instrument was designed especially for use with miniature Sephadex 

columns and includes a memory device which enables the initial activity 

count to be memorised until the final activity count is made, The 

percentage retention is conqputed automatically. The Thyrimeter can 
125 

also be used as a counter for <1 activity contained in any tube 

similar in size to the miniature columns. Counts are expressed auto-

matically as thousands of counts per minute (EGPM), Three counting 
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times are available. These are 6 sec., 1 min., and. 2 mln. with maximum 

oounts of 999, 99.9 ̂ .nd. 9.99 ECPM respectively. 

The control experiment for non-speoific blAding of T4 i]) the R.I.A., 

which involved, higher ooiint rates, was counted, with a Beckman 'Biogamma.' 

counter. 
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CmPTER 3: 

Multiple haemoglobin transition in deTelormentally 

- retarded. Xenopus laevis larvae 

3.1 HMRODUCTiorr 

Multiple haemoglobins are of widespread oocurrenoe in animals 

(Gratzer and Allison, I96Q) and a transition of haemoglobin types has 

been shown to occur in a number of amphibians duz-ing development. The 

functional significance of the shift is not entirely clear. In those 

anurans which have an aquatic tadpole and a terrestrial adult it might 

be e^gected that the physiological properties of the tadpole and adult 

haemoglobins would differ and that each Â ould be adaptive, McCutcheon 

(1936) andEiggs (1951) found the haemoglobins of Rana catesbeiana 

tadpoles to exhibit no Bohr shift and to have a higher oxygen affinity 

than that of the adult haemoglobin. Tadpole blood has a large "loading 

capacity" whereas the blood of the adult has a lesser "loading capacity** 

but a greater "unloading capaoity", Bennett and Frieden (I962) have 

argued that these properties may be considered adaptive from the tadpole's 

ne^for a superior oxygen-capturing mechanism as it relies upon 

dissolved oxygen in its aquatic environment. The molecular transition 

was thought to accoo^ny the loss of gills and development of the lungs 

at metamorphosis. However amphibians with aquatic adults such as 

Z. laevis and neotenous adults such as azolotls Ambystoma mezicanum 

also have marked haemoglobin shifts (Maclean and Jurd, 1971 a and b). 

In the case of Xenopus both tadpoles and adults rossess functional lungs 

(review by Deucher, 1975) while Fletcher and Myant (I90O) showed that 

oxygen consungition does not increase during the metamorphosis of captive 

animals of this species. In the axolotl though oxygen consumption did 

increase during tkiiodbthyrqninQ-induced metamorphosis (Gahlenbeck and 

Bartels, 1970). Another objection to the argument that the haemoglobin 

transition is necessitated by a change from an. aquatic to terrestrial 

existence comes from the work of Brown and Dewitt (1970) on the newt 

Notophthalmus (Triturus) viridescens. This SDecies metamorphoses from 

an aquatic gill-bearing larva to a terrestrial subadult eft which breathes 

with lungs, A'becond metamorphosis" precedes its final return to the 

water as a breeding adult which still uses the lungs. The first meta-

moi'phosls only is accompanied by a haemoglobin transition. This case 

would appear to correlate the haemoglobin shift with the transition from 

gill - to lung - respiration rather tlian to life on land. However the 
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argument does not apply to Zenopua laevis. It is conceivable that 

cutaneous respiration is of greater importance in Zenopus larvae than 

in IfotoDhlalmus although the second, metamoi^hosis of the latter is 

accompanied, by a reversion to the larval type of skin. It seems 

possible that a haemoglobin transition is a common feature of amphibian 

d.evelopment which has been exploited as a preadaptation by those species 

which have greatly different respiratory needs in the post-metamorphio 

form. 

The temporal correlation between the haemoglobin transition and 

morphological metamorphosis has naturally led researchers to seek 

evidence for common control mechanisms. The term 'metamorphosis' is 

used in this thesis in the sense of Etkin (1964) and Dent (I968). 

Metamorphosis is any post - embryonic change in non-reproductive 

structures by which a larva adapted to one mode of life is readapted for 

a different mode of life. The change takes place in a time period TAii.ch 

is short by comparison to the whole developmental period and is essen-

tially a preparation for, not a response to, the new environment. The 

haemoglobin change in amphibia appears to fit this definition although 

the previous paragraph ha& detailed some reservations as to its 

adaptiveness. 

Mac&ean and Jurd (I97I a) studied the haemoglobins of developing 

X. laevis by carbozymethyl - cellulose column chromatography and poly-

acrylamide gel electrophoresis (FACE) . In tadpoles, two haemoglobins 

(HbP̂  and SbFg) were found. HbPg was present in smaller amounts. In 

addition a third fraction, HbA^ was present in tadpoles in small 

quantities but became the dominant fraction of adults. In adults HbF^ 

and HbPg were absent while a new flection HbA^ appeared. The latter was 

not a polymer of HbA.̂  and conqarised only 5 to 10^ of the total adult 

haemoglobin. More detail of the transition was given by Jurd (1972). 

Several similar basic studies have been carried out on the bullfrog, 

E&na catesbeiana together with more detailed experimental analyses. 

Baglioni and Sparks (I963) using starch gel electrophoresis showed 3 Hbs 

in tadpoles and 4 different ones in adults. Hamada et al (I964) showed 

three congannents in each of tadpple and adult using DEA.E - and CM -

cellulose column ohromatograpligr. Moss and Ingram (19^5) resolved five 
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haemoglobin congionents in tadpoles by E6.&2 and. five coiig)onent8 in the 

adult frog. Wise (1970) obtained similar results and oonfiiTned 

immunologioally that there was no polypeptide ohain of common antigen-

icity between tadpole and frog haemoglobins. Manwell and Baker (1971) 

have cited the results of Elzinga (I96I) which showed that considerable 

individual variation occurs in the number of haemoglobin bands observed. 

inE. catesbeiana tadpoles. This was not so in Zenopus laevis (jurd̂  

1972 and this thesis). 

There is some disagreement about the timing of the bullfrog 

haemoglobin transition, Theil (19^7) and Moss and Ingram (1968a) found, 

it to occur during tail regression whereas Trader et al (I963) and 

Behbassat (1970) observed its completion up to 10 weeks after foreleg 

emergence. In Z. laevis. Jurd (1972) had shown the transition to be a 

gradual one beginning at stage 43 (the earliest studied) and being 

completed in small toadlets. 

Haemoglobin transitions have been described in several other 

anurans including Ranapipiens (Benbassat, 1970), Rana grylio and 

E. hecksoheri (Hemer and Prieden, I96I), R. clamitans (Pessager et al. 

1957), and R. esculenta (Chieffi et al. 1960). Only R. catesbeiana and 

S.Dipiens have been analysed in any depth. 

The cellular mechanisms involved in the transition are discussed in 

detail in Chapter 8 of this thesis. These mechanisms include changes in 

erythropoietic site (Broyles and Frieden, 197.3), changes in the popula-

tions of circulating red blood cells (Dewitt, I968) and changes in the 

nature of globins and haemoglobins synthesised (Theil, I967, Maclean and 

Jurd , '1971 &, Juat and Atkinson, 1972). 

The effect of treatment with exogenous thyroid hormones on red cell 

populations (HollyPield, 19^7: Dewitt, I968; Bucibella, 1974b) and upon 

globin and haemoglobin synthesis (Moss and Ingram, l968b;Hlraya,ma, 1967; 

McMahon and Dewitt, I968: Just and Atkinson, 1972; Maniatis and Ingram, 

1972) has been studied and this work will also be discussed in Chapter 8. 

The general conclusion has been that most changes observed during the 

spontaneous haemoglobin transition can be partially mimicked by TH treat-

ment. However, Prieden and Just (1970) and Just and Atkinson (1972) 
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have pointed out that the resemblance is not complete^ When premeta-

morphic bullfrog tadpoles were injected with adult haemoglobin 

appeared precociously in haemolysates 12 days later. However larval 

haemoglobins were also present. Both larval and adult haemoglobins 

continue to be synthesised in vivo as Indicated by the incorporation of 

labeled amino acids. Hormone administration caused an increase in 

amino acid incorporation, perhaps by altering pool sizes, but most of 

the increased incorporation was into larval Hb. Just and Atkinson 

(1972) speculated that in normal metamorphosis cells containing pre-

dominantly larval haemoglobin may be selectively removed from circula-

tion. There has been no evidence that this process can be produced by 

TH treatment. 

The work of Maclean and Turner (1976) on propylthiouracil -

retarded giant lenoDUs larvae showed three animals to contain predom-

inantly adult haemoglobin. As it is assumed that the effect of the 

goitrogen is solely to prevent thyroid hormone synthesis, with no direct 

effect on haemoglobin synthesis, this was further evidence that TH does 

not act as a primary signal in the transition. Maclean and Turner (I976) 

speculated that the haemoglobin transition might be determined by 

chronological age, or size r%ther than by the thyroid gland. 

in the present work propylthiouracil was also used to prevent TH 

synthesis and provided an alternative approach to hormone treatment in 

investigating the control mechanisms of the haemoglobin transition. 

Larval and adult haemoglobins were separated by polyacrylamide gel 

electrophoresis because it was felt that this method would provide the 

best resolution of the small haemolysates collected from individual 

retarded tadpoles. 

Three main problems attended this work. They were as follows; 

a.) identification of protein bands as haemoglobins, 

b) identification of a given haemoglobin band as, for 

ezang)le, Hb A^. 

0) assessing the relative concentrations of the bands. 

These problems will be discussed in the Experimental section. 
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FIGURE 

The haemoglobin transition during the normal metamorphosis of 

Zenopus laevis. 

A] Diagrams showing the nomenclature used. 

B) Polyacrylamide disc gels which had been stained with 

o-dianisidine to identify haemoglobin and then 

restained with Naphthalene Black 12B. 

i) Normal st. 53 tadpoles (pool of 3 animals) 

ii) Normal st. 57-58 tadpoles (pool of 3 animals) 

iii) Toadlet (2 cm snout to vent length) 

iv) Adult female toad 

These gela have been aligned with reference to the Hb A1 and 

Hb F1 bands. 
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FIGURE 3/& 

Haemoglobin patterns of Xenopus larvae which had. been reared in 

propylthiouracil. 

A) Haemoglobin patterns of larvae which had. been goitrogen 

treated for either 8^ or 15 weeks. 

a), b) & c). Replicate separations of the h^^molysate 

from a st. 54 tadpole which had been immersed in 

propylthiouracil for 15 weeks (wet weight 1.37 g)* 

"ADULT Hb" 

d), e) & f). Replicate separations of the haemolysate 

from 2 pooled st. 55 tadpoles immersed in 

propylthiouracil for 8g weeks (0.56 g and 0.^9 g 

wet weight). "TADPOLE Hb". 

These samples were separated on a polyacrylamide slab gel 

and stained with o-dianisidine and Naphthalene Black 12 B. 

B & C). Polyacrylamide gels showing that minor haemoglobin 

fractions, visible on disc gels, may not be visible on a slab. 

Both methods were used with haemolysates from the same animals, 

a) formal st. 57/58 tadpoles (pool of 4 animals) 

b) & c) Replicate separations of the haemolysate from 

a st. 5& tadpole immersed in propylthiouracil for 

41 weeks (1.85 g wet weight) "ADULT Hb" 

d) Toadlet (1.9 cm snout to vent length) 

e) Toadlet (1.8 cm snout to vent length) 

f) Adult female toad. 

The disc gels were aligned with reference to the Hb A1 and 

Hb Fl bands. 
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A variety of" goitrogen. - Mtarded tadpoles were used. individ.ually 

8o that the effect of stage arrest, chronologioal age and. size upon the 

haemoglobin transition could, be assessed.. 

3.2 EZPrniMENIAI, 

A similar experimental procedure was adhered, to in all experiments. 

The haemolysates were red.uced. by the addition of dithiothreitol (Cleland., 

1964.) to prevent polymerisation by S - 8 bonding. Ad.ult anuran haemoly-

sates are particularly likely to form polymers (Eiggs, Sullivan and. Agee, 

1964.; Maclean and Jurd., 1971a). Diidiiothreitol was also added to the 

gel buffer and running buffer. Following Maclean and. Jurd. (1971a) the 

haemoglobin solutions were converted to the stable cyanmet form by the 

ad.dition of Drabkin's solution. The additional precaution of pre-

running the electrophoresis apparatus to remove persulphate ions, used, 

as a gel catalyst, was taken. Mitchell (I967) has pointed, out a possible 

source of artifacts if such oxidising ions are present during electro-

phoresis. 

In all cases the haemolysates were of too small a volume for their 

haemoglobin concentrations to be determined, spectrophotometrioally 

against a cyanomet - haemoglobin standard.. During the earlier part of 

the thesis work a scanning densitometer was not available so that 

comparisons were only semi-quantitative. The nature of the haemoglobin 

transition in X. laevis made this satisfactory as normal premetamorphic 

larval haemolysates are predominated by HbF^ while HbA^ is only a minor 

component. In adults HbA.̂  is the major component while Hb?^ is no 

longer visible. Thus it was only necessary that sanqples under compari-

son should not be so different in concentration that a minor fraction, 

just visible on the electropherogram of a concentrated sample, would, be 

invisible with a relatively dilute sample. In earlier experiments the 

samples in a given experiment were diluted, to approximately the same 

degree of redness. In later work a haemocytometer red cell count was 

made after the final cell wash and. then the volumes adjusted, to equili-

brate cell concentrations. Assuming the haemoglobin content of the 

cells to be approximately equal this method, ought to ensure haemolysates 

of similar concentration (problem '0' above). 

All electrophoresis was made on polyacrylamide gels using a 

continuous buffer system with a TEB (tris - EDTA - boric acid) buffer of 
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pH8.6. Disc gels were used, for the greatest resolution but even when 

apparently identioal gels are run in the same apparatus at the same time 

the mobility of a given band on different gels varies. This made 

positive identification of the Hb bands difficult (problem 'b' above). 

Thus the vertical slab apparatus was also used, in which all san^les in a 

given experiment were separated on the same gel. The mobilities of a 

band, common to several samples, were found to be the same. Identifi-

cation was therefore simple as control haemolysates of premetamorphic 

blood or adult blood were always run. The resolution of the slab 

method was poorer than with discs. 

The method of bleeding the tadpoles and of preparing the haemoly-

sates clearly makes contamination with non-haemoglobin proteins likely. 

In the more concentrated solutions red bands could be seen on the gels 

but in most cases the o - dianisidine staining method of O'Brien (I96I) 

was %:i8ed. This method is not specific for haemoglobin as it detects 

pseudoperozidase activity which can be shown by some enzymes such as 

catalases. In practice, 0 - dianisidine is widely used as a haemo-

globin stain for the following reasons; 

i) major Hb bands, such as HbP^ and HbA^ are often visible 

unstained and show the location of bands with the mobilities of 

haemoglobins before faint bands are detected by staining. 

ii) it is unlikely that any other protein in haemolysates 

would have a similar mobility to known haemoglobins and be present in 

similar concentrations, 

iii) any contaminants from the body fluids would be expected to 

be variable whereas multiple haemoglobin patterns are fairly consistent 

at a given stage of development. 

Thus problem 'a' above was resolved. Unfortunately the pale 

yellow colour produced by o-dianisidine soon fad.e8 and does not give 

good photographic records. After identifying the bands the gels were 

usually restained with the general protein stain Naphthalene Black 12B 

for photography and storage. In practice extraneous protein bands 

never appeared in the region of the haemoglobins. 
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FIGURE 3/3 

Haemoglobin patterns of propylthiouracil treated. Xenopus larvae 

A) Polyacrylamide slab gel separation of haemolysates from: 

a) & b) Replicate san^les of at. 54 treated, tadpole 

haemoglobin (treated, for 15g weeks; wet weight 

1.11 g). "ADUn: B:" 

c) Normal st. 54-/55 tadpoles (pool of 5 animals) 

B) Polyacrylamid.e disc and slab gel separations of 

haemolysates from: 

a) St. 55 treated, for l̂ -i weeks. "mrimiEDIAIE Hb" 

b) 8t. 54 treated, for 15 weeks. "ADUIjlT Hb" 

c) St. 54 treated, for 15g weeks. "ADUliT Hb" 

d.) Adult female toad. 

e) St. 54 treated, for l6^ weeks. "TADPOLE Hb" 

f) St. 54 treated, for 17 weeks. "TADPOLE Hb" 
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To measure the relative rates of d.e novo protein synthesis in 

circulating red cells in vitro experiments were carried, out. The 

incorporation of - leucine into the haemoglobins was used, as a 

parameter of protein synthesis during a ^h. incubation period.. 

The cells were then lysed., electrophoresed., the gels sliced and. the 

slices counted, for radioactivity. Replicate gels were stained, for 

haemoglobin to correlate the radioactivity counts with the haemo-

^obin fractions. 

Table 3/1 lists the goitrogen - retarded larvae which were used, 

to provid.e haemolysates. Deta.il8 of stage of arrest, weight and 

duration of goitrogen immersion appear, 

3.3 RESULTS 

The normal haemoglobin transition is shown in Fig. 3/"̂  together 

with the nomenclature used to identify the individual haemoglobin 

,ba.hd@. These results were obtained with untreated 1. laevis tadpoles, 

toadlets and adult toads. These gels differ slightly from those of 

Jurd (1972). He studied stages 43, 45, 4-8, 61 and toadlets of 1.4, 

1.8, 2.9 and 7.5 cm mouth to anus lengths. The main difference is 

that band HbA.̂  is more marked in Pig. 1 in stage 57^58 gel than at 

stage 61 in Jurd's woik. Jurd (1972) noted the presence of a fourth 

Hb band in tadpoles which v.as more variable than the others and which 

was more anodal. He called this "t^" but in the present thesis to 

avoid confusion with the abbreviation for thyroxine it will be called 

HbP^. Jurd found this to be absent from tea diets but was able to 

detect the HbAg fraction in very small quantities in toadlets. 

In the present work stage 53 a^d stages 5%/̂ 58 were studied because 

the former represented the earliest stage at which propylthiouracil -

treated tadpoles were arrested while the latter filled in the post -

arrest period. With Jurd's work data on most of the post - arrest 

haemoglobin shift was available. 

Pig. 3^3 shows gels obtained with two treated tadpoles in which 

the HbA, band was predominant. These haemoglobin patterns were 

classed as 'adult' although more haemoglobin in the tadpole fractions 

was present than in the gels illustrated by Maclean and T%:imer (1976). 
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FIGURE 3/4 

The pattern of tritiatei leucine incorporation into the haemoglobins 

of propylthiouracil - treated.Xenopus laevls larvae. Two stage 55 

giant tadpoles were used, to provide erythrocytes. The tadpoles had 

been immersed in 0.01^ propylthiouracil solutions for 13? weeks. 

a) - leucine counts against gel slice number 

b) A replicate gel stained nith o - dianisidine to show the 

positions of the haemoglobin bands. 
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Experiments with other giant tadpole haemolysates made it clear that 

the degree of transition was very variable. To facilitate oon^rison 

the eleotro^jierograms were categorised as 'adiilt\ ^intermediate* and 

'tadpole'. 

"tadpole" - when SbF^ was muoh darker (i. e., more concentrated) 

than HbA^. 

"Intermediate" - when bands HbA.̂  and HbF^ were more or less 

equal in intensity. 

"Adult" - when band HbA^ was the major band with the other bands, 

especially HbF^ ̂  veiy faint. 

Examples of gels within each category are as follows; "tadpole" -

(Fig ̂ 1 , normal stage 53 haemolysate; Fig. ̂ 6, gel iv, giant 

tadpole haemolysate). 

"Intermediate" - (Fig 3/1, normal stage 5%/58 haemolysate; Fig 3/6, 

gels ii and iii, giant tadpole haemolysates). 

"Adult" - (Fig ̂ 1, normal adult toad and toadlet haemolysates, 

Fig 3/6, gel vii, giant tadpole haemolysate). 

The results obtained when the haemolysates of 24 propylthiourracil 

treated tadpoles were electrophoresed and categorised are given in Table 

3/1. 

Table 3/1. Summary of haemoglobin patterns obtained with propyl-

thiouracil - treated Z. laevis tadpoles. Stage of arrest, wei^t, 

length and duration of treatment are also shown. The electropherograms 

are categorised as'̂ tadpole", "intermediate" and "adult" as defined in the 

text. 

Haemoglobin 
Pattern 

Stage Wet Weight 

(g) 

Length 
(cm) 

Duration of immersion 
in propylthiouracil 

(weeks) 

Tadpole 55 0.48 3.4 8 

Tadpole 55 0.63 4.1 8 

Intermediate 55 1.17 5.8 14.5 

Tadpole 55 0.56 4.3 8.5 

(conf d) 
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Table 3i/l (cont'd) 

Haemoglobin 
Pattern 

Stage Wet Wei^t 
(g) 

length Duration of immersion, 
(cm) in propylthiouzscil 

(weeks) 

Tadpole 55 0.39 3. 6 8.5 

Adult 54 1.37 6. 7 15 

Ad.ult 54 1.11 15.5 

Tadpole 54 1.17 5. 9 16.5 

Tadpole 54 1.25 17 

Tad.pole 55 1.62 13.5 

Tadpole 55 1.95 13.5 

Intearmediate 54 1.27 29 

Intermediate 55 0.61 55 

Intermediate 56 1.16 55 

Intermediate 56 1.30 55 

ZnteiTnediate 58 1.38 40 

Intermediate 58 1.39 - 40 

Tad.pole 58 1.80 - 40 

Adult 56 1.85 - 41 

Tad.pole 53 0.90 - 60 

Zadpole 56 1.59 - 66 

Tad.pole 56 0.95 - 42 

Tadpole 54 0.59 - 18 

Tadpole 53 0.62 - 60 

Total number of aninals examined; 24 (100^) 

Total number of 'tadpole' patterns; 14 (58.4^) 

Total number of 'intermediate' patterns : 7 (29.2^) 

Total number of 'adult' patterns: 3 (12.49̂ ) 

That the Tlsihility of the tadpole Hh banda in biochemically meta-

morphosing animals can be affected, by the polyacrylamide method used., 

discs or slab, is shown in Fig ̂ 2, b and. c. Haemolysates from a 

propylthiouraoil-treated tad.pole and from two toadLlets were separated by 

both methods. On the slab only the HbA^ fraction is visible but on the 

disc gels the tad.pole fractions HbF^ and. Hbfg can also be seen. How-

ever the Hb?^ band is faint in each case so that the classification of 

these electropherograms as "adult" would not be affected. 
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FIGURE 3/5 

The pattern of tritiated. leucine incorporation into the haemoglobins 

of propylthiouracil - treated. lenopus laevis larvae. One stage 54-

giant tad.pole was used, to provid.e eiybhrooytea. It had. been immersed 

in 0.01^ propylthiouracil solutions for 29 weeks, 

a) - leucine counts against gel slice nui^er. 

b) A replicate gel stained, with Naphthalene Blaok 12B to show 

the positions of the haemoglobin bands. These bands had 

been identified as haemoglobins by their red oolour before 

staining. 
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FIGURE 3/6 

Variation in the haemoglobin patterns of propylthiouracil treated 

tadpoles and normal Xenopus toadlets 

A) Slab gel electrophoretic separation of haemolysates from 

treated tadpoles and a normal adult Xenopus. All tadpoles 

had been treated for 4̂ * weeks. 

i) Adult female toad 

ii) Treated tadpole (st. $8; 1.38 g wet weight). 

"INTERMEDIATE Hb" 

iii) Treated tadpole (st. $8; 1.39 g wet weight). 

"INTERMEDIATE Hb" 

iv) Treated tadpole (st. 58, 1.80 g m^t weight). 

"TADPOLE Hb" 

v) Adult female toad 

vi) Normal stage 57/^8 tadpoles (pool of 4 animals) 

vii) Treated tadpole (st. $6; 1.8$ g wet weight). "ADULT ]3b" 

B) Disc gel separationa of haemolysates from normal Xenopus 

toadlets. The gels are aligned with reference to the 

Hb A1 and Hb F1 baada 

viii) 2,0 cm Toadlet (1.15 g wet weight) 

ix) 1,9 cm Toadlet (0.87 g ̂ et weight) 

%) 1.8 cm Toadlet (0.6$ g wet weight) 
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Originally two groups of goitrogen - treated, tadpoles were 

generously supplied, by Dr. 8. Tui-ner. At the time of the .experiment 

illustrated in Fig. they had been toreated for 8^ or 1$ weeks 

respectively. Both haemolysates were separated on the same slab with 

normal stage 54/55 haemoglobin as a control. The latter enabled the 

single band visible with the 8^ week material to be identified as , 

The lower resolution of the slab was insufficient to show the slower 

tadpole fractions with the low total haemoglobin concentration necessary 

in this experiment. The 15 week haemolysate gave an 'adult' pattern 

suggesting the transition might occur between Bg and 15 weeks of 

goitrogen treatment. 

It would clearly be possible for an arrested tadpole to have begun 

synthesising mainly adult haemoglobin but for the HbA.̂  fraction to be 

in low concentration in haemolysates by comparison with a persisting 

high level of HbF^. To discover whether larvae arrested for less than 

15 weeks were already synthesising mainly adult haemoglobin amino acid 

incorporation experiments were performed. The experiments illustrated, 

by Figs ̂ 4 V 5 compared the incorporation of ̂  - leucine into the 

haemoglobins of a stage 54 giant (treated for 2$ weeks) with that into 

the haemoglobins of two pooled stage 55 giants (treated for 15î  weeks). 

The radioactivity associated with slices of gels prepared by separately 

electrophoresingihe hasmonysates of in vitro red cell cultures is graphed 

in the figures. Replicate gels were run in each case to enable the 

radioactivity peaks to be correlated with haemoglobin bands. 

Fig shows that in the 15& week haemolysate some leucine had 

been incorporated into all four haemoglobin fractions during the 5h. 

incubation period. Approximately 2 ^ of the labeled leucine (estimated 

from the area under the curve) had been incoi^orated into HbF^ while 51^ 

was in HbA..̂ . The o-dianisidine stained gel showed bands in the EbA.̂ , 

HbF^ and HbF^ positions with a very faint HbFg, This gel was classi-

fied as "tadpole pattern" in Table ]/l and that conolusion was confirmed 

by the incorporation of leucine predominantly into HbF^. 

The other set of gels obtained with the 2$ week haemolysate was 

quite different with regard to leucine incorporation (Fig 3/5). In 

this case 59^ of the leucine had been incorporated into HbA^ while the 

proportion in HbF.̂  had declined to 1$^ . The stained gel showed only 
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FIGURE 3/7 

The haemoglobin pattern categories of propylthiouracil treated 

larvae grouped as follcws; 

a) stage of arrest classes 

b) wet weight classes 

c) treatment duration classes. 

The haemoglobin categories are defined on page 54. 

'Tadpole' haemoglobin 

'Int ermedi ate' haemoglobin 

'Adult' haemoglobin 



5 9 

S T A G E 

0.26-0.50 0.51- 0.75 0.76-1.00 I .0 I - I .25 1.26-1.50 I .5 I - I .75 1 .76-2 .00 

W E T W E I G H T ( g ) 

l - I O 11-20 21-30 31-40 41 -50 51-60 

TREATMENT DURATION (weeks) 

61-70 
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the HbA^ and. laaiids but was classified, as "intarmediate" because the 

band, was very dark although narrower than the HbF^. Again this was 

supported, by the amino acid incorporation results. 

On the basis of these experiments the switch to predominantly adult 

haemoglobin seemed to occur between 13.5 and 2$ weeks of goitrogen treat-

ment. However a further experiment, illustrated, in Fig 3/6a, indicated. 

the.t variation could occur even after 40 weeks of treatment with propyl-

thiouracil. In this case, 4 larvae from the same batch of eggs and. 

reared. In the same aquarium were bled separately and the haemolysates 

electrophoresed on slab gels with normal adult toad. and. normal stage 

haemo^obin as controls. Three of the larvae were clearly tad.-

pole - like in Hb pattern whereas the fourth was ad.ult-like as it showed, 

only the HbA.̂  fraction. These larvae had been retarded less effeotiveily 

by 0.01^ propylthiomracil and 3 had. developed to stage 58. However 

these 3 were all tadpole-lilce in Hb pattern whereas the fourth, arrested 

at stage 56,was adult-like in this respect. 

The variation noted, amongst tadpoles arrested, for 40 weeks by 

propylthioaraoil treatment was also observed, in the haemoglobin patterns 

of three newly metamoi^hosed toadlets (Fig ji/Sb). All three possessed 

principally HbA.̂  but there was considerable variation in the relative 

concentrations of the tadpole fractions remaining. 

The results given in Table 3/1 were arranged as histograms In 

which the number of larvae with each haemoglobin pattern was plotted 

against stage of arrest, wei^t or duration of immersion (Pig 3/7). 

There was no convincing evidence for a correlation between any of these 

factors and haemoglobin pattern. Only in the C8.se of body weight 

was there a trend suggesting that heavier ]arvae were more likely to 

possess "adult" haemoglobins than light animals. Thiis when all the 

data collected were considered, chronological age or duration of goltro-

gen-treatment as the larvae were all of similar age when first treated, 

appeared to have no consistent effect. 

3.4 CONCLUSIONS 

The most interesting observation was that 12^ of goltrogen-arrested 

X. laevis larvae had continued biochemical metamorphosis and showed 
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adult haemoglobin patterns. This supported, the data of Maolean and. 

Turner (1976). The three animals with a&ult haemoglobins were 

d.evelopmentally arrested, at stage % to $6 and. had. been treated, for 

from 15 to 41 weeks. Had. the latter animal been allowed, to d.ev8lop 

normally it would, have been a large juvenile toad. and. so the goitrogen 

was clearly preventing TH synthesis most effectively, Three other 

tad.pole8 had. been arrested, less effectively and. had. d.8veloped. slowly 

to stage 58 when killed, after 40 weeks of treatment. However one of 

these still possessed, the "tad.pole" haemoglobin pattern whereas the 

other 2 were classed, as "intermediate". A fourth animal from the 

same batch had. been more effectively retard.ed at stage 56 and. yet had. 

an "adult" haemoglobin eleotropherogram. It is therefore unlikely 

that the great variation in degree of haemoglobin transition obsei'ved 

can be attributed to differences in the effectiveness of the goitrogen 

in depressing circulating IB levels in different animals. 

The amino acid incorporation experiments showed that a stage 54 

tadpole arrested for 29 weeks was actively synthesising haemoglobin. 

The level of incorporation into HbP^ had dropped severely. This la]?va 

was classed as "intermediate" on the basis of its electropherogram but 

it was clearly synthesising adult-type protein. Thus if all larvae 

vrî h either "adult" or "intermediate" haemoglobin patterns are grouped 

together 41^ of arrested animals had entered the haemoglobin transition, 

phase. 

Nevertheless thyroid gland blockage clearly retarded the haemo-

globin transition severely. Two larvae had been arrested in stage 5.) 

for 60 weeks^ by which time they might have been expected to be breeding 

adults if untreated, and yet they still exhibited tjpical "tadpole" 

haemoglobin patterns. 

It therefore seems that the thyroid hormones are involved in the 

haemoglobin transition but that the involvement may be indirect. 

Ivlaclean and Jurd (1972) have discussed the role of erythropoietin in 

mammals and have noted that many of its effects are similar to those 

produced by treatment with exogenous thyroid hoimone in amphibia. 

Mammalian erythropoietin is active in amphibians so that the process may 

be more complicated than sometiiaes assumed. The involvement of pro-

lactin in amphibian development is discussed in Chapter 8. 
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If the thyroid, hormones are involved, it must be that they have a 

long-term "triggering" effect on eiythropoietio differentiation or that 

the minute levels of hormone which may still be in circulation exert a 

progressive or "stoichiometric" effect (Etkin, 19644)over prolonged 

periods of time. It may also be that the erythropoietic cells /lave 

either a lower TH "threshold, level" (Eollros, 1961) or a lower total 

thyroxine requirement as suggested, by Ducibella (1974&) for the erythro-

poietic tissues of the axolotl. These possibilities and. the validity 

of the concepts involved, will be discussed, in Chapter 8. It is 

interesting to note that the three arrested larvae examined by Maclean 

and Turner (1976) had been goitrogen-treated for over 18 months and. 

were heavier at 2,06- 0.l7g wet weight than any studied in this thesis. 

Thus the possibility remains that if arrested for a sufficiently long 

period all Xenopus larvae might cooqilete the haemoglobin transition. 

The con8id.erable variation in haemoglobin pattern observed, in 

treated.larvae made it difficult to assess the effects of chronological 

age, size and developmental stage. There was certainly no clear cut 

evidence that any of these factors had an in^ortant effect. The only 

trend noted was that animals with large body sizes were more likely to 

have begun the transition but there were exceptions. The results are 

not simply explicable by assuming that as arrested, tadpoles grow larger 

their oxygen requirements necessitate a haemoglobin transition which is 

induced by physiological stress as has been suggested for the control of 

neimmalian liver and kidney regeneration (Goss, I964). 

That XenoTsus larvae are able to survive with exclusively or 

predominantly the adult haemoglobin adds further d.oubt, to that 

previously expressed, that the transition is necessitated by a change 

of respiratory requirement after metamorphosis. 
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CmPTEE 4 

The coelomic fluid, albumin t r a n s i t i o n of d.eveloDmentally -

retarded XenoDua laevia larvae 

4.1 mraomcTioN 

Changes in coelomic f l u i d t o t a l protein concentrations and in the 

r e l a t i v e concentration of albumin was the second system chosen, as a 

biochemical marker of development. As w i l l be shown below serum and 

plasma protein t r a n s i t i o n s , during normal metamorphoses, have been 

studied i n a number of amphibians including Z. l a e v i s . Pi-eliminary 

attempts to work with serum showed that c o l l e c t i o n of adequate volumes 

from s ing le propylthiouraci l - treated X. laev i s larvae was extremely 

d i f f i c u l t . The var iat ion i n the haemoglobin t r a n s i t i o n s of d i f f erent 

treated tadpoles , described i n Chapter 3 , indicated that the pooling of 

sera would be l i k e l y to obscure the nature of the serum trans i t ion under 

goitrogen blockage. Ihomburfc et a l (1975) bad studied protein t r a n s i -

t i o n at metamorphosis i n both the sera and coelomic f l u i d s of Eana 

catesbeiana. Both f l u i d s were separated e lec trophoret i ca l ly on 

c e l l u l o s e acetate membranes a t various stages of metamoi^osis . Bands 

of i d e n t i c a l mobil i ty i n both the albumin and g lobul in regions were 

observed leading those authors to conclude that the serum was the source 

of coelomic f l u i d proteins and that quanti tat ive changes i n the hegpatio 

synthesis of prote ins , such as albumin, were r e f l e c t e d i n both f l u i d s . 

A s imi lar conclusion was drawn with the plasma proteins of Eana esculenta 

by Eeichel (1970) who showed them to be immunologically i d e n t i c a l to 

the serum proteins . 

The coelomic derivatives of amphibians are the peritoneal and 

pericardeal c a v i t i e s (Hyman, 1942). Thomburg e t a l (1975) compared 

f l u i d s from both sources and found them to be s imi lar . In the present 

work f l u i d s of peritoneal or ig in only were compared. Further congArison 

was made with the serum proteins of post-metamorphio toadleta and adul t s . 

That quanti tat ive metamorphic changes i n proteins of s e r a i or ig in 

in X. l a e v i s were l i k e l y to be useful as a marker was suggested by the 

woit of Hemer and Frieden (I960) . Those authoi% found t o t a l serum 

protein concentrations to increase during larval development and meta-

morphosis i n Eana gry l io . R. catesbeiana. E. heokaoheri and X. l a e v i s . 
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In a&dltion, paper electrophoresis showed, the distribution of proteins 

to change, most of the increased total protein being acoounted for by 

albumin with concommitant rises in the albumii}/globulin ratios. In the 

Eanids a redistribution of globulins also occurred such that those of 

intermediate mobility declined in favour of faster and slower - migrating 

globulins. In lenopus slow - moving globulins predominated throu^out. 

Most detailed work has been carried out on the North American 

bullfrog E. catesbeiana. Bueker (1^61) compared the mobilities of 

serum proteins from mouse, bullfrog and R. TPipiens sera. In the 

bullfrog, proteins migrating on paper electropherograms with mobilities 

similar to mouse albumin, alpha-, beta and gamma- globulins were found, 

but albumin con^rised 21^ of the total congiared to 53^ in the mouse. 

In R. pipiens a fraction with a similar mobility to mouse albumin was 

lacking. Richmond (1968) separated bullfrog seî m̂ on polyacrylamide 

gels and found 20 to W coiî onents. The number of molecular species 

and the concentrations of alpha- and beta- globulins changed during 

development whereas albumin remained fairly constant until the appear-

ance of the forelegs when concentration increased markedly, Feldhoff 

(1971) used polyacrylamide gels to quantify the albumin increase in 

bullfrog plasma and found it to increase from 0.00^9 mg albumin /O.10 mg 

total plasma protein in early tadpole stages to 0.0179 m^O.10 mg in 

climax larvae. During the entire metamoi^hic period there was a 15-

fold increase in albumin. Nagano, Shimada and Shukuya (197^ ) 

characterized bullfrog serum albumin and used the purified protein to 

quantify the albumin conoentration changes observed in bullfrog develop-

ment (Nagano, Shlmada and Shukuya, 1973 ). Tadpole serum contained 

0.6 mg^ml albumin and this increased steadily during subsequent develop-

ment to plateau at about 5.5 mg^ml. in the young adult. 

In other anurans Dessauer and Pox (1956) compared paper electro-

phoretic mobilities of human and Rana clamitans serum proteins. Again, 

albumin - like and globulin - like mobilities were observed, the alpha-

and gamma- globulins being predominant, 

Chen (1967) compared the sera of eleven European an^hibian species 

by PAGE and extended the work in a later paper (Chen, 1970). In 

R, temporaria. Bombina variê âtus. and Bufo bufo. proteins with the 

specific staining reactions of albuTiin, transferrin, glycoprotein, Ilpo-
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protein and possibly haptoglobins were identified. In all species the 

albumin fraotion increased during metamorphosis resulting in a two - to 

five - fold increase in the albumii)/globulin ratio. Other serum pro-

teins shown to increase in concentration during anuran metamorphosis are 

ceiTiloplasmin (inaba and Prieden, I967) transferrin (Frieden and Just, 

1970) and the immunoglobulins (Marchalonis, 197^). 

The urodeles have been shown to possess more variable serum 

proteins in terms of eleotrophoretic mobilities than anurans. For 

exanqile, Ambystoma maculatum was shown by Gleason and Friedberg (1953) 

to lack a fast moving albumin - like conq)onent. The same was true of 

Necturus maoulosus. However Chen (I967) seperated sera from Triturus 

cristatus. T. alpestris. T. vulRaris and T. helvetious on polyaciylamide 

gels and found the fastest - fraotion, which was slower than human 

albumin, to bind Evans Blue. The latter dye is not comqpletely specific 

for albumin but is regularly used to mark that protein in mammalian 

serum. Galton and Ingbar (1962b) agreed that the serum of Necturus 

maoulosus lacked an albumin - like oon^nent on the basis of mobility. 

Gasser and Durand (I965) in Proteus anguinus and Dessauer and Fox (1956) 

in Amphiuma means found the f&atest component to migrate in the alpha 1 -

glycoprotein or alpha 2- globulin regions of human serum. 

It seems possible that the fastest component of sera which lack 

albumin has a similar physiological function to albumin, Ambystoma 

tixrinum mavortium lacks albumin but at metamorphosis the proportion of 

alpha - globulin (fast moving) to total globulins increases from 0.34 to 

0.75 (Hahn, I962) . Ambystoma mexlcanum also lacks an albumin - like 

fraction (Gasser andDurand, I965, Charlemagne, I967). The latter 

author found few qualitative differences between larvae and adults, the 

increase in protein concentration noted apparently being contributed to 

equally by all components. However Duoibella (1974a) in the same 

species, detected the appearance of a new slow-moving fraction in both 

neotenous and transformed adults. The premature appearance of the 

adult pattern was induced by immersion in thyroxine solutions. 

Other species which possess albumins and which show an increase in 

the sezim concentration of this protein are Salamandra salamandra and 

Pleurodeles waltii. In Salamandra the increase at metamorphosis is very 

marked (Gasser, I964) but in Pleurodeles the level im larvae was already 

as great in metamorphosed Salamandra and little further increase was Amndty 
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oellulosa aoetate electrophoresis, Chalumeau - le Foulgoo (I967) 

conqpared. pre-metamorphic and. adult serum of Pleurodeles waltii by quali-

tative I2P . New precipitin, arcs appeared, but this could, well be 

explained, by ooncentration effects. 

In ad.ditioii to the evidence of Ducibella (I974h) mentioned, above 

that thyroxine can initiate the serum protein shift in one urodeles^ 

there is further evid.8nce from one other source. Galton and. Ingbar 

(1962!b) administered, a variety of thyroid, hormone analogues to Necturus 

maculosus lai-vae but no response was elicited.. 

In contrast, the increased, albumin synthesis of the bullfrog 

tadpole und.er treatment was thoroughly investigated, by Ledford. and. 

Fried.en (I97i)). These workers conclud.ed. that the increased albumin 

synthesis of normal metamorphosis is caused, by end.ogenous thyroid. 

hormone levels. This confirmed the earlier work of Hemer and Prieden 

(1960). 1A10 found increased albumin levels in T̂ , - treated tadpoles of 

Rana grylio. R. heckscheri and R. catesbeiana comparable to those in 

spontaneously metamorphosing individuals. No publications on thyroid 

hormone stimulation of serum protein synthesis in Xenopus tadpoles have 

appeared to date. The stimulation of hepatic synthesis of serum 

albumin by T^ (Tata, I967) is discussed in Chapter 8, 

It has been assumed by several authors (e.g. Hahn, I962) that the 

increase in serum protein concentration during anuran metamorphosis 

senres to increase water regulation, in the kidneys and tissues, by 

exerting an osmotic influence and by promoting blood pressure through 

plasma volume expansion and increased viscosity. Prleden et al (1957) 

pointed out the similarity between the protein ooncentration of anuran 

tadpoles and fresh-water fishes. However this argument seems less 

convincing in the metamorphosis of the wholly - aquatic adult of Xenopus. 

Roughly similar protein ooncentration increases take place during the 

development of birds and mammals also, 

4.. 2 EXPERIMENTAl 

From the foregoing 'Introduction' it is apparent that a number of 

conditions must be satisfied for the coelomic fluid protein transition to 

be a suitable metamorphic marker. 
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Firstly there is a nomenolatural problem when dealing T;ith non-

m&mmalian senm proteins. For this reason it was aecided initially 

to eleotrophorese Xenopus fluids on oellulbse acetate menibranes. 

These give a simple pattern shonfing the major con^onents of manmalian 

serum whereas polyaciylamide gelis give patterns of great complexity. 

1 or 2 pi of whole mammalian serum are adequate and the separation is 

simple and fast. 

Serum was collected by the orbital-bleeding of a laboratory brown 

mouse (Mus musculus) and by the ear vein-bleeding of a rabbit 

(Oryctolagus cuniculus). 1 ul aliquots of undiluted material were 

electrophoresed with a pH 8.6 barbital buffer. The zones observed were 

compared to those of adult ZenoDUS serum by separating 1 pi aliquots of 

whole serum on the same cellulose acetate memibranes. 

As previously mentioned collection of serum from Xeno-pus tadpoles 

proved veiy difficult and it was decided to work with coelomic fluid. 

Preliminary experiments showed that 1 or 2 pi aliquots were inadequate 

because of their low total protein concentrations. Even with 5 jul 

aliquots (near the maximum for cellulose acetate) coelomlo fluid protein 

bands were not visible in premetamorphic sauries. By freeze-drylng and 

subsequent redilution the total protein concentration was raised to 6 m@/ 

ml enabling the components to be visualised. 

An unsatisfactory separation of Zenopus coelomic fluid globulins 

was obtained with the pH 8.6 barbital buffer used by Thornburg et al 

(1975) ̂/ith Eana fluids. Two alternative buffers, regularly used to 

separate human globulins, were tried. They were a tris - EDTA - boric 

acid buffer, pH 9.0 and a barbitone - acetate buffer, 8.6. Because 

of the shortage of tadpole coelomic fluid these trials were made with 

adult Xenorus serum. The pH 9.C, TEB buffer proved the most satis-

factory. 

However when concentrated normal - and treated - tadpole coelomlo 

fluids were electrophoresed with that buffer all the protein bands were 

repeatedly blurred so that only provisional conclusions on the protein 

tiransitlon were possible. 

Cellulose acetate electrophoresis was useful only in comparing the 
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mobilities of Xenorus serum and. ooelomic fltiicL proteins with those of 

mammalian sera to justify the use of mammalian nomenclature. 

Table 4/1. Total protein concentrations of Zenopus laevls body fluids 

during normal metamorphosis. Some larvae were grouped, into 

the metamorphic stages of &osner (1960). 

A 

S 

PI 

P2 

Cod.e Animal 

Stage 47-52 pool (Gosner St, l) 

Stage 53-55 pool (Gosner St. H ) 

Stage 52-55 pool (2 X 52; 2 X 53; 

4 z 54; 1 X 55). 

Stage 53-54 pool (2 z 53^ 7 "z 54̂  

Stage 52-55 pool (1 x 52; 2 z 53; 

4 z 54; 1 X 55) 

Stage 56-58 pool (Gosner St. TTl) 

Stage 59-66 pool (Gosner St. IV) 

Tit A Toadlet 

Tit B Toadlet 

Tit G Toadlet (also used, for serum) 

Tit E Toadlet 

AdS Ad.ult female (also used, for 

serum) 

AdT Ad.ult female 

Fluid. 

Coelomlc 

Total protein 
concentration 

(m^ml) 

2.0 
2.9 

2.0 

2.2 
2.2 

3.5 

4.0 

8.0 
8.0 
8.6 
9.4 

7.0 

8.0 

H t C Toadlet (also used for coelomlc 

fluid.) 

TLt D Toadlet 

AdA Adult female 

AdB Ad.ult female 

AdC Ad.ult female 

AdS Ad.ult female (also used, for 

coelomlc fluid.) 

Serum 40.6 

33.5 

32 .6 

35.0 

33.0 

4 2 . 0 

The second, condition was that both the normal transition and. that 

in treated tadpoles should be quantified. The haemoglobin transition 

described in Chapter 3 was conveniently qualitative in that spontaneous 
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metamoirhosis was accompanied, by a s h i f t from HbP̂  t o HbA.̂  as the major 

component. Quantitation was therefore of l e s s iiqx)rtance than i n the 

present system i n which the markers are t o t a l prote in concentration and. 

r e l a t i v e albumin concentration. Total protein was readi ly measured by 

the method of LoWry e t a l (1951). When c e l l u l o s e acetate electrophore-

s i s proved unsat is factory i t was decided t o quant i fy the components of 

lenopus cbelomic f l u i d and serum by quantitat ive inmiuno-electrophoresis 

(lEP). 

Table 4 /2 . Total coelomic f l u i d protein concentrations, albumin cate-

gories and specimen data of propylthiouraci l - retarded 

I . l a e v i s larvae 

Code Stage Wet wei^t Duration of Total protein Albumin 

(g) immersion concentration categoiy 

(weeks) (mg/ml) (see text) 

&t1 54 0.43 41 0.95 Tadpole 

&t2 53 0.39 41 3.0 Tadpole 

St) 56 0.93 41 2.0 Adult 

&t5 56 0.78 41 4.3 Tiadpole 

Gt6 56 1.33 41 12.5 Intermediate 

Gt7 55 1.10 41 1.8 Intermediate 

Gt9 53 0.62 61 3.0 Tadpole 

&t11 54 0.59 31 2.8 -

&t12 53 0.90 61 -

Gt13 56 1.59 67 2.7 Adult 

The principle of the method i s as fo l lows. A so lut ion of soluble 

proteins (antigens) i s electrophoresed i n a 1)5 agarose layer on a g lass 

p late . The s t r i p containing the separated proteins i s removed and 

placed on another p la te . A 1)5 agarose so lut ion containing antiserum 

ra i sed against the part icular antigens i s poured so that i t abuts the 

f i r s t -d imens ion s t r i p . Electrophoretic migration of antigens in to 

the antibody containing ge l resu l t s i n s p e o i f i c immunoprecipitation of 

the antigens by the corresponding ant ibodies . Each antibodj/antigen 

system resu l t s i n the f o m a t i o n of an individual p r e c i p i t a t e , usual ly i n 

the form of a peak. The area enclosed by the peak i s proportional to 

the antigeq/antibody ra t io . 
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At the start of the eleotrophoretic run the antigens migrate into 

the gel in excess of the antibody molecules; in the surrounding gel. 

Small soluble immune complexes are formed, which migrate, binding 

increasing numbers of antibody molecules until sufficient antibody 

molecules have become bound, for precipitation to occur. This point is 

known as the "equivalence point" (Ver^ey, 1976). Prom this moment on 

the position of the precipitate will not alter even if electrophoresis 

is continued.. 

The area enclosed by the precipitate will depend, upon both the 

concentration of the antigen and the antibody in the system. In the 

present work the buffer system, current, times of separation in both 

dimensions, antiserum batch and. concentration were kept constant in 

each run. The total protein concentration of each coelomio fluid. 

sample applied, has been ad-justed. to 0.4- mg/ml following a total protein 

measurement of the undiluted, material. 10 yil allquots of fluid, were 

used, in eveiy case. Thus the only variable should, be the concentra-

tions of the constituent proteins which is measured, by their respective 

peak areas. 0.4 mg/ml of total protein was chosen as a level less than 

any likely to be found, in coelomlc fluid, so that concentration by freeze-

diying was unnecessary. 

The conditions for electrophoresis should be such that the anti-

bodies should not migrate d.uring the run, so that the dlsti-ibution of 

antibodies remain constant around, the origin. Such electrophoretio 

separations are usually carried, out at pll8.6, at which point all 

proteins are negatively charged, and. will migrate towards the anod.e, 

Gamma-globulins will possess a weak negative charge but this will be 

counterbalanced, by electroend-osmosis if carried, out in a 1^ agarose gel 

(Versey, 1976). An antiserum against ad.ult Zenopus seiim was used. here. 

The words "antiserum" and. "antibodies" as used in this chapter refer only 

to specific proteins raised, by Immunisation of a rabbit with Zenopus 

antigens. They d.o not refer to any antibodies present in Xenopus body 

fluld.s. 

The third, condition was proof that the proteins of adult Zenopus 

aerum, used, both for immunisation and in electrophoretic oori^risons, 

were identical to the coelomio fluid proteins employed as metamoi^hic 
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ma-rkers. Provisional proof had been obtained, by oong)arlng the mobili-

ties of serum and. coelomic fluid, protein bands in cellulose acetate 

electrophoresis. Definitive proof was provided, by gmlitative ZEP in 

which the cross - reactivity and. mobilities of antigens in adult serum 

and. coelomic fluid, toadlet serum and. coeloaiic fluid., normal tad.pole 

coelomic fluid, and. treated. tad.pole coelomic fluid, were compared., 

Coelomic fluid, and. serum donors used, in lEP experiments are listed, 

in Table Z;/1. 

To obtain albumin peaks, high enough for accurate peak area 

measurements, it was necessary to en^loy a very low antiserum concen-

tration in the second dimension gel. By trial and error the necessary 

concentration was found to be 23 pi antiserum (I/64O titre) in 13 nil. of 

agarose (equivalent to 1,77 pi of antiserun/ml. agarose solution). 

A suitable separation time for the equivalence point to be reached 

was found to be between 18 and 21h, (Pig 4^7), A time of 21h, was used 

throu^out. 

The great sensitivity of this method nakes repeatable consistency 

in technique inq)ei%tive. Each sang)le was run at least twice, on 

separate days. If the peak areas agreed closely the two values were 

averaged. If there was a discrepancy a third experiment was performed 

and the outlying value, assumed to be due to experimental error, was 

disregarded. 

The amount of cross-reactivity obtained with tadpole coelomic 

fluid was much less than with that of toadlets and adults. Thus it was 

euspected that a concenti'ation effect was occurring in spite of total 

protein equilibration. Nagano et al (1975) had shown that the equiva-

lent of alpha- fetoprotein may be present in bullfrog tadpole serum. 

To check that a major protein fraction, present in tadpole sera, but 

absent in adults was not causing spurious results, saagiles of sei^m and 

coelomic fluid from adult, normal tadpoles and giant tadpoles were 

separated on polyacrylamide gels. 
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FIGURE 4 / 1 

Cellulose acetate electrophoresis of mammalian serum and 

Zencpus serum and coelomio fluid to illustrate the similar 

mobilities of the constituent proteins. A barbital 

buffer of pH 8.6 was used in all cases. 

a) Mouse serum (upper membrane) compared to Zenoipus 

toadlet coelomic fluid and adult female serum (lower 

membrane) 

b) Rabbit serum compared to Zencpus toadlet coelomic fluid 

and adult female serum. 

c) Normal Xenopus tadpole coelomic fluids. 

alb = albumin 

a^g = alpha 1-globulins 

agg = alpha 2-globulins 

bg = beta-globulins 

gg = gamma globulins 

g = globulins 
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FIGURE 4/5 

Cellulose acetate electrophoresis of Xenopus serum and coelomic 

fluid to show the similar mobilities of 'albumin' before and 

after metamorphosis in treated a#d untreated animals. A tris-

EDIA-boric acid buffer of pH 9 was used in all cases. 

a) Adult female Xenopus serum 

b) Goelomic fluids from normal tadpoles and toadlets 

compared with that from prqpylthiouracil-treated 

tadpoles. These fluids had been concentrated to 

6 mg/ml total protein. 

aJb = albumin 

ag = alpha-globulins 

bg = beta-globulins 

gg = gamma-globulins 

g = globuling 
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4.) EESDITS 

Pig 2|/1 shows the proteins of Zenp-pus serum and. ooelomic fluid, and. 

those of mammalian serum separated by cellulose acetate electrophoresis. 

In Fig 4/1 & the najor components of mouse serum, namely albumin, alpha-4-, 

alpha 2-, beta - and gamma - ̂ obulins are cougared with the major 

components of Xenoiaus toad and toadlet serum. When separated under 

identical conditions the fastest - moving Zenopus protein had a similar 

mobility to muscine albumin. The alpha - globulin region stained with 

a diffuse colour but towards the cathodal end of this region^ in the 

adylt, there was a well-defined band in the position of mouse beta-

globulin. Near the origin there were two bands, one anodal and one 

cathodal, in the mouse gamma - globulin area. Zenopus toadlet serum 

appeared to lack a well-defined alpha globulin component on cellulose 

acetate menibranes. 

In Pig zyib the major proteinaceous congponents of rabbit serum are 

con^red to those of Xenopua serum and coelomic fluid. These samples 

were separated simultaneously on the same cellulose acetate membrane; 

The fastest moving Xenopus con^onent had a sli^tly greater mobility 

than rabbit albumin. The total protein concentrations of these sanĝ les 

had not been equilibrated which accounts for the faintness of the 

propylthiouracil - treated tadpole coelomic fluids. It also accounts 

for the narrower albumin bands of the less concentrated sangles. The 

addition of Evans blue caused distortion of Xenopus and rabbit sei\uii 

bands but these san^les both show 2 congionente in. the alpha - and beta -

globulin positions. These are just visible also in tadpole coeloiuic 

fluid separations. Near the origin the sin^e gamma f globulin of 

rabbit serum is matched by ̂  components in adult toad serum. These are 

not visible on the tadpole strips, Toadlet serum was siyailar to tliat 

of adult toads. Separation of rabbit serum were poorer than that with 

mouse serum using a pH 8.6, barbital buffer. 

4/1c shows further cellulose acetate strips on which tadpole 

coelomic fluids were sq)arated. Only the fast-moving coHqponent was 

resolved clearly at the protein concentiatdonused. 

Some improvement in the separation of Xenopus beta - globulins was 

observed with the pH 9, TEB buffer. (Pig ̂ 2a). The diffusely stained 

region illustrated in Fig 4/1 a appeared as 2 distinct bands. Their 
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FIGURE 4/% 

Qualitative immunoelectrophoresis of Zenopus laevis serum and 

coelomio fluid to demonstrate that identical proteins occur in both 

fluids. The rabbit antiserum usedivas raised against adult 

Xenopus serum. 

i) Adult female Xenopus serum. 

ii) Adult female Xenopus coelomio fluid. 

iii) Toadlet serum. 

iv) Toadlet coelomic fluid 

v) Normal stage 54 coelomic fluid (2 mg/ml total protein 

concentration). 

vi) Propylthiouracil treated tadpole coelomic fluid (No 6 

in Table 4/^ - 12.5 mg/ml total protein concentration). 

a = albumin 

gl = alpha or beta globulin 

gg = gamma globulin 
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mobil i t ies were somewhat greater than those of mouse alpha- and. beta-

globulins but they were in the same region, intermediate between albumin 

and gamma - globulins. 

Pig 4/2 b shows a ce l lu lose acetate membrane on which concentrated, 

coelomic f l u i d samples ( 6mg/ml) from nomal stage 53/55 and stage 59 

tad.poles were compared to 8ang)les from propylthiouracil - treated, tad-

poles and from a toadlet . The improved separation of beta- globulins 

obtained by using a TEB buffer ivith adult serum, did. not occur with 

coelomic f l u i d s . The albumin band, became broader, suggesting an 

increased albumin cxincentration, from stage 53/55 to stage 59 Q-nd. from 

the l a t t e r to toadlet . The concentration of albumin i n the giant tad.-

pole san^le was intermediate between normal stage 59 &nd. toadlet and. 

was certainly much greater than i n untreated animals of the same external 

morphology. 

The similar mobil ity of the f a s t e s t moving components of Zenopus 

serum and coelomic f l u i d s suggests them to be the same protein. As 

t h i s mobility was ident ica l to that of mammalian albumin the mammalian 

terminology i s just i f ied. . A similar argument applies to the use of the 

terms 'alpha-' , "beta-* and 'ganma- g lobul ins ' . 

Cellulose acetate electrophoresis did. not prove to be a s a t i s f a c -

tory method with which to conqiare normal and, treated. - tad.pole coelomic 

f l u i d proteins. I t s only importance to the argument presented, here i s 

that i t proved the use of the terms "albumin" and. "globulins" for 

Zenopus proteins to be j u s t i f i e d . 

To obtain more rigorous proof that ident ica l proteins occur i n 

both the serum and. coel^omic fluid, of X. laev is qual i tat ive lEP was per-

formed. (Fig 4 /3 ) . The antiserum employed was raised against adult toad, 

sei-um and Fig zŷ 3a shows the antigens precipitated, by t h i s anti-serum 

with toad sei-um. Amphibian serum proteina have not been thoroughly 

described and. no attempt w i l l be made here to prod.uce a con^lete nomen-

clature. I t i s s u f f i c i e n t to note that there are con^onents i n an 

anodal pos i t ion (albumin), intermediate posi t ions (alpha- and beta-

globulins and. i n a strongly cathodal posit ion (gamma-globulins). The 

introd.uctory review to this chapter (Section 4 .1 ) mentioned, other 

amphibian serum proteins, such as transferrin and. ceruloplasmin, which 
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FIGURE 4 A 

A comparison of the antigens precipitated, "by the one- and two-

dimensional immunoelectrophoresis of l e n o w s serum and coelomic 

f l u i d . 

a) One-dimensional qual i tat ive lEP of adult female ( i ) serum 

and ( i i ) coelomic f l u i d . 

b) Two-dimensional lEP of adult female serum using a high 

gel antiserum ooncentration ($00 p i of antiserum in 11 ml 

of agEurose solution) s u f f i c i e n t to prec ip i tate the 

globulins c lear ly . 

c) Two-dimensional lEP of normal s t . 57/58 tadpole coelomic 

f l u i d using the same ge l antiserum concentration as in 

Pig . A-Ab. 

-+ Electrophoresis in 1st dimension 

Immunoelectrophoresis in 2nd dimension 

a = albumin 

g = globulins 

o = origin well 

Pigs 4/%-b and c are to the same sca le . Pig 4 / ^ was enlarged so 

t lat the pos i t ion of the albumin arc i s similar to that of the 

albumin peaks in 4-/%-b and c. 
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FIGURE 4/^ 

Polyacrylamide disc ge l separations of ooelomic f l u i d s from 

normal and propylthiouracil treated larvae and serum from an 

adult lenopus toad. No major fraction oocurs in tadpole 

coelomic f l u i d which i s not a lso present in adult serum. 

The ge l s are aligned with reference to the albumin band 

and were stained for protein with Naphthalene Black 12B. 
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may be preoipltatecL here but lAiioh have not been identif ied. . 

The purpose of Fig 2^3 i s t o demonstrate that these major c lasses 

of protein are also precipitated in toadlet serum and i n coelomic fluid, 

from adult, toadlet and propylthiouracil - treated tadpole. This 

evidence j u s t i f i e s the use of an antisei-um, raised against adult antigens, 

in the quanti f icat ion of tadpole antigen t rans i t ions . Toad and toadlet 

serum antigens are similar (Fig 4/3a and c) but increases i n concentra-

t ion of some components close to the cathodal sid.e of the origin 

evidently occur with growth. This i s not attr ibutable merely to a 

difference i n t o t a l protein concentrations which were similar. Coelomic 

f l u i d , whether from adult, toadlet or propylthiouracil-treated tadpoles, 

showed arcs i n the albumin region and a l so in the intermediate globulin 

and cathodal globulin posi t ions . 

The absence of stainable prec ip i t in arcs i n Fig should, not be 

taken to mean that antigens, precipitable by t h i s antiserum were absent 

from premetamoiphio tadpoles. The normal s t . 54- tadpole coelomic f l u i d 

had a t o t a l protein concentration of 2 mg/̂ ml. whereas that of the propyl-

thiouraci l - treated animal (Fig 4 / 3 f ) had a concentration of 12.5 mg/ml. 

The difference i s therefore almost certainly due t o the s e n s i t i v i t y of 

the technique. 

The two-dimensional lEP method was more sens i t ive and showed the 

major antigenic conqponents to be present i n normal tadpole coelomic 

f l u i d (Fig 4/4-). Fig 4/4a and b con^resthe proteins p ^ c i p i t a t e d 

from adult X. laev is serum by the q%jalitative lEP and two-dimensional 

I MP methods respect ively . Most important f o r the present woik i s the 

wel l -def ined albumin peak. The concentration of gel-antiserum, required 

to obtain such peaks with adult serum, was too great f o r peaks to form 

with tadpole coelomic f l u i d antigens (Fig 4 /4c) . However the cross 

r e a c t i v i t i e s and mobi l i t ies of these proteins proves t h e i r presenoe i n 

normal premetamorphic tadpole f l u i d . Both adult serum and tadpole 

coelomic f l u i d had been approximately adjusted to 3 mg/ml t o t a l protein 

(assuming the ir protein content to be the same as other s imilar samples). 

Ths lack of wel l -def ined tadpole peaks suggested the presenoe of a major 

component or c(»iq)onents, absent i n adult serum, but present i n tadpole 

coelomic f l u i d . This would have the e f f e c t of producing h i ^ t o t a l 

protein values i n tadpole f lu ids but much of th i s protein would not be 
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preoipitable by the antiserum employecl. Fig 4 / 5 shows EA.GE separations 

of sei-um and. ooelomic fluid, from a&ults, a treated, ta&pole and. normal 

tadpoles. The great sens i t iYi ty of the polyacrylamid.e gel method, would, 

be expected to show any proteins present only i n tad-poles. The gels 

are aligned, on the fast-moving (albumin) band, but no atteng)t w i l l be made 

to id.entify the other bands. Prom these gels there was no evidence 

that the Lowry t o t a l protein measurements could, be affected, by transient 

proteins. The difference in cross -react iv i ty noted, above m i ^ t be due 

to the approximate t o t a l protein adjustment made i n that case but could, 

a l so be due to the fac t that the Lowiy method depends on a reaction with 

peptides rather than whole proteins. Thus, i f the coelomic f l u i d con-

tained large quantit ies of small polypeptides,, which would migrate very 

quickly on polyacrylamide gels and be l o s t , spuriously high Lowry values 

might be obtained. This i s a general cr i t ic i sm of the Lowry method 

but t h i s method i s s t i l l considered the most accurate f o r regular use 

with small samples of body f l u i d . The PA.&E and lEP resul t s suggestttat 

s imilar proteinaoeous components occur throu^out development and are 

d irec t ly responsible for the changing Lowry values. Neither PAGE nor 

lEP showed albumin polymorphism such as bad been reported i n Rana 

t igr ina by Rao and Lakshmipati (1974-). 

To produce coelomio f l u i d protein peaks s u f f i c i e n t l y large for 

measurement i t was necessary to use a lower gel - antiserum concentra-

t ion than in f i g 4 / 4 experiments. However this a l so had the e f f e c t of 

c learly precipi tat ing only the albumin peak. I t i s assumed that the 

preponderance of albumin in the serum used for immunisation resulted i n 

re la t ive ly more numerous antibody being produced by the rabbit against 

albumin than against any other serum protein. When i t became apparent 

that the Increase in albumin concentration would provide an excel lent 

biochemical marker i t was decided to work with that protein alone. 

Thus the globulins w i l l not be considered further i n t h i s chapter. 

The ooelomic f l u i d and serum samples used f o r albumin measurements 

were f i r s t assayed f o r tota l protein, known from the work of Hemer and 

Frieden (I96O) to increase during development. The normal transi t ion 

i s shown in Table 4/I and Fig 4 /6 , For some of t h i s work tadpoles were 

grouped i n the metamoirhic stages of Gcsner (I960) . Coelomic f l u i d 

t o t a l protein increased by a factor of 4 from stage 4-7/52 premetamorphio 

tadpoles to post metamorphic toadlets and adults . The increase appeared 

to be cou^lete soon a f t e r metamorphosis as there was l i t t l e diffeiienoe 
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FIGURE 

Albumin indexes and. total protein concentrations of lenows 

coelomio fluids and sera. The uncorrected albumin indexes 

are directly related to the proportion of albumin in coelomic 

fluid or serum. 

I 

Coelomic fluid albumin index. 

Serum albumin index. 

Total protein conoentration. 

The albumin indexes of treated tadpoles Gts. 1̂  2^ 5 and 9 are 

categorised as 'tadpole' (page 84). Treated tadpoles 6 and 7 

are 'intermediate' while j emd 1^ are 'adult'. 
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FIGUEE 4/7 

Two dimensional immunoelectrophoresis of propylthiouracil treated, 

tadpole coelomic f l u i d to show that albumin indexes were not 

af fected by minor variations in the duration of electrophoresis . 

Both plates were run with f l u i d from giant tadpole No. 6 und.er 

ident ica l conditions except for duration of separation. 

a) 18 h - albumin index 0.06^ 

b) 21 h - albumin ind.ex 0.06$ 

^ + Electrophoresis in 1st d-imension 

+ 

Immunoelectrophoresis in 2nd. dimension 

a = albumin 

g = globulins 

o = origin 

Both Figs , are to the same scale . 
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between young toadlets and adults. Serum protein concentrationa were 

also similar in both toadlets and. adults but were some four times higher 

at about 32 to 4-2 mg/'ml, than those of coelomic fluid which contained 7 

to 9.4 mg/ml total protein. The apparently sudden increase from 4-.0 

mg^ml in &osner st. IT coelomic fluid to 8,0 mg/ml in toadlets is e]q)li-

cable by the fact that most of the larvae used to form the stage 17 pool 

were in early climax (N? stages 59-60). 

Propylthiouracil-treated tadpoles are compared with respect to 

coelomic fluid total protein in Fig 2^6 and Table 2^2. Considerable 

variation is apparent between individual larvae. Particularly notice-

able is No. 6 with a concentration of 12.5 mg/ml - hi^er than any 

toadlet or adult sample measured. This result was confirmed by a 

duplicate Lowry determination and by qualitative lEP of a 1 ̂  sample 

(fig 4/3f). Other treated tadpole coelomic fluids failed to give 

visible precipitin arcs presumably because of their low concentrations. 

Variation in total protein was not caused by accidental dilution of 

samples (by contamination with water from the pharynx) or by concentra-

tion due to evaporation. Three other treated tadpoles (Nos, 2, 5 and 

9 in Table 4/2) had protein concentrations hi^er than the control 

stage 54 value of about 2.5 mg/ml. Their values, namely 3 to 4 mg^ml 

wei-e encountered in prometamorphic and early climaz controls (Table 4^1). 

It is important to stress that the parameter eiqiressed as an 

"albumin index" (related to peak area - Section 2.24g) in two-dimensional 

lEP and used as a metamorphic marker is directly related to the propor-

tion of the total coelomic fluid which is albumin. It is not possible 

to compare directly undiluted samples because of the four-fold, differenoe 

in total protein concentration between premetamorphic and postmetamorphio 

fluids. The high gel-antiserum concentration required to produce stable 

precipitin peaks with undiluted postmetamorphio samples on a 100 mm % 

100 mm glass plate had been shown to give excessively small peaks with 

undiluted normal premetamorphic samples. Thus all samples were diluted, 

to a known common total protein concentration of 0.4 m^ml. This does 

not alter the proportion of the total protein which is albumin. 

The dilution factor used to adjust each sample to the common pro-

tein conoentration is shown in Table 4^3. Although unnecessary for the 

study of metamorphic maiters, which is the primary concern of this 
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chapter, the average albumin index f o r each sample has been multiplied, 

by the di lut ion factor . This enables one to estimate the t o t a l change 

in albumin during metamoiTphosis and f a c i l i t a t e s comparison with the 

data of other authors. 

The normal trans i t ion of coelomic f l u i d uncorrected albumin indexes 

i s shown in Table 2^^ and Fig 4 /8 . Although variat ion occurred between 

the 3 premetamorphic pools the index was always below 0.02$ whereas i n 

toadlets i t had increased by a factor of about 10. The s ingle adult 

female used was similar to the toadlets i n albumin concentration. 

Serum albumin indexes were higher than coelomic f l u i d albumin indexes I n 

toadlet and adult (Fig 4 / 9 ) . This shows that the proportion of albumin 

i n postmetamorphic seiiim i s even higher than that in coelomio f l u i d . 

In Chapter 3 haemoglobin electropherograms were categorised as 

'adul t ' , 'intermediate' and 'tadpole' as an aid to invest igat ing the 

e f f e c t s of body s i ze , e t c . , on the trans i t ion. A similar categorisa-

t ion i s used here. Uncorrected albumin indexes were categorised as 

fol lows: 

'Adult' - albumin index greater than 0.119 (the lowest value of a 

post-metamorphic animal). 

'Intermediate' - albumin index l e s s than 0.119 but greater than 

0.021 (the highest value found in normal pre-

metamorphic animal). 

'Tadpole' - albumin index l e s s than 0.021. 

Examples of ' adult* lEP plates are shown i n Fig 4 /8 on the same 

scale as controls . Giant No. 3 i s included because i t s ' index of 

0.117 waa almost ident ica l t o that of an adult female at 0.119. Fig 

^ 1 0 compared examples of 'intermediate' and 'tadpole' plates with 

normal controls at the same scale of reproduction. Inspection of the 

replicated data i n Table 4/3 shows the albumin indexes of controls and 

expei-imentals to be very repeatable. The categorisat ion of albumin 

indexes for a l l 8 giant tadpoles studied appears i n Table 4/2 together 

with deta i l s of developmental stage, w e i ^ t and immersion duration, 

2 tadpoles (2$^) were adult , 2 (2$^) ware 'intermediate' and 4- (50g2) 

were 'tadpole' according to the albumin index categories . I f the 10 

values for coelomic f l u i d t o t a l protein shown i n Table 4/2 are cate-
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FIGUEE 4/8 

Two dimensional imnunoelectrophoresis of lenoDUS coelomic f l u i d s 

to show, (a) the normal transit ion of albumin index at 

metamorphosis ar^ (b) propylthiouracil treated tadpole coelomic 

f l u i d s with 'adult' indexes. 

a) Normal 'metamorphic' transit ion in albumin index 

i . Normal s t . 54 coelcxnic f l u i d (O.Ol?) 

i i . Normal toadlet coelomic f l u i d (0,2^6) 

i i i . Normal adult coelomic f l u i d (0.12l) 

b) Giant tadpoles with 'adult' albumin indexes (page 84) 

i v . Gt. No. j (0.129) 

V. Gt. No. 1^ (0.204) 

-+ Electrophoresis in 1st dimension 

Immunoelectrophoresis in 2nd dimension 

+ 

a = albumin 

g = globulin 

0 = origin well 

Al l Pigs , are to the same scale 
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Table 4/3. Albumin indexes of Xenopua laev is body f lu ids during normal metamorphosis and in propylthiouracil 

- retarded larvae, Unoorreoted indexes are related to the proportion of albumin, and corrected 

indexes to the to ta l albumin, in a sample. 

Code 

PI 

P2 

TltA 

TltB 

IltC 

&t.1 

&t.2 

&t.3 

&t.5 

Gt.6 

Gt.7 

Ct.9 

TltC 

AdS 

Animal 

St.53-54 

normal 

St.52-55 

normal 

St.52-55 

normal 

Toadlet 

Toadlet 

Toadlet 

Adult 

Female 

Treated 

Treated 

Treated 

Treated 

Treated 

Treated 

Treated 

Gt.13 Treated 

AdC 

Toadlet 

Adult 

Female 

Adult 

Female 

Fluid 

Coelomic 

Serum 

Replicate 

1 j 

2 j 

ii 
1 ^ 

2 ) 

1 ^ 

2 ; 

1 ) 

2 ) 

1 ) 

2 ) 

1 ) 

2 ) 

1 ) 

2 ) 

1 ) 

2 ) 

1 ) 

2 ) 

i! 
1 ^ 

2 ) 

1 ) 

2 ) 

1 y 

2 ) 

1 ) 

2 ) 

' I 

2 

ii 

Albumin 
index 

0.022 

0.020 

0.017 

0.016 
0.022 

0.005 

0.006 

0.287 

0.236 

0.194 

0.195 

0.132 

0.143 

0.121 

0.116 

0.018 

0.020 

0.005 

0.010 

0.104 

0.129 

0.019 

0.013 

0.072 

0.065 

0.065 

0.056 

0.052 

0.015 

0.010 

0.204 

0.268 

0.311 

0.274 

0.345 

0.345 

0.362 

0.311 

0.304 

0.367 

Average 

0.021 

0.018 

0.006 

0.262 

0.195 

0.137 

0.119 

0.019 

0.008 

0.117 

0.016 

0.067 

0.054 

0.012 

0.236 

0.293 

0.351 

0.327 

Dilution 
factor 

2.3 

2.3 

2.1 

8 .4 

8 .4 

9.1 

7 .4 

1.0 

3.2 

2.1 

4.5 

13.2 

1.9 

3.2 

2.8 

42.7 

Corrected 
albumin 

index 

0.05 

0.04 

0.01 

2.21 

1.64 

1.24 

0.88 

0.02 

0.03 

0.25 

0.07 

0.88 

0.10 

0.04 

0.67 

12.5 

44.2 

34.7 

15.5 

11.4 
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gorised. s imilarly by comparison with values of about 2.5 mg/ml in normal 

premetamorphio tadpoles and 8 mg/ml a f t e r metamorphosis, then 1 animal 

(10^) was 'ad.ult', 1 ("10 )̂ was 'intermediate' and 8 (80^) were 'tadpole*. 

Two of the treated larvae lAiich were c lass i f ied, as 'tadpole' because 

of t o t a l protein concentrations between 2 and 3 m^ml were adult- l ika 

by the albumin index cr i ter ion . Conversely No. 6 which had a high 

t o t a l protein concentration was 'intermediate' in i t s ' albumin index. 

The relationship between albumin index and t o t a l protein i s discussed 

below. 

4 . 4 CWCIUSIWS 

The presence of a fast-moving anodal component, with a mobility 

similar to the albumin of mouse and rabbit serum, before and a f t e r 

metamorphosis in Xenopus sei-um and coelomic f l u i d was oonfii-med by 

ce l lu lose acetate electrophoresis. I t was shown immunologically that 

the albumin component of tad.poles i s ident ica l t o that of adults in 

both body f l u i d s . Quantitation of coelomic fluid, albumin concentra-

tions was achieved, by two-dimensional lEP. This t&chnique was highly 

s p e c i f i c and gave highly repeatable resul ts provid.ing great care was 

taken with methodology. During normal metamorphosis the uncorrected, 

albumin index increased, by a factor of approximately 10 and was there-

fore an idea l metamoi^hic marker. Total protein increased by a factor 

of 4. As th i s parameter could, be a f fec ted i n many ways i t was con-

cluded that the albumin index was l i k e l y to be a more meaningful marker. 

Of 8 propylthiouracil-treated. tadpoles, retarded f o r from 4-1 to 6? weeks 

i n l a t e premetamoiTphosis, 50^ had. albumin indexes substant ia l ly higher 

than premetamorphio controls . 2$^ of these were d.efinitely adult- l ike 

in albumin proportion. Thus in spite of prolonged goitrogen treatment, 

which had caused arrest at stage $6, these larvae were synthesising 

albumin in post-metamorphio quantities suggesting that the absence of 

c irculat ing thyroid, hormone was not able to prevent the biochemioal 

transi t ion. 

Consid.erable variation was noted, in the categoiy of albumin index 

as had been demonstrated, in the haemoglobin system (Chapter 5 ) . 

Inspection of Table f|/2 shows no correlation between albumin category 

and either stage of arrest or d.uration of goitrogen treatment. Some 

correlation with body weight i s apparent however. The continued 
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FIGURE 4/9 

Two dimensional inmmnoelectrophoresis of Zenopus toadlet and 

adult coelomic f l u i d s and sera to show that eilbumin forms a 

larger proportion of the t o t a l protein in sera than i n coelomic 

f l u i d s . 

a) Toadlet i . Serum 

i i . Coelomic f l u i d (both from same animal). 

b) Adiilt female 

i i i . Serum 

i v . Coelomic f l u i d (both from same animal) 

+ Electrophoresis in I s t dimension 

+ 

Immunoelectrophoresis in 2nd dimension 

a = albumin 

g = globulins 

o = origin wel l 

All Figs , are to the same scale , 
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FIGURE 4-/10 

Two dimensional immunoelectrophoresis of Xenows ooelomio 

fluids to show^ (a) the normal transition of albumin indez at 

metamorphosis, (b) propylthiouracil treated tadpoles with, 

'intermediate' indexes and (c) propylthiouracil treated tadpoles 

with 'tadpole' indexes. 

a) Normal 'metamorphio' transition in albumin index 

i. Normal st. 54 coelomic fluid (O.OI7) 

ii. Normal toadlet ooelomic fluid (0.2^6) 

b) Giant tadpoles with'intermediate albumin indexes 

(page 84) 

iii. Gt. No. 6 (O.O72) 

iv. Gt. No. 7 (0.056) 

c) Giant tadpoles with 'tadpole' albumin indexes 

(page 84) 

V. Gt. No. 1 (0.018) 

vi. Gt. No. 2 (0.010) 

+ Electrophoresis in 1st dimension 

Timnmoelectrophoresis in 2nd dimension 

a = albumin 

g = globulin 

o = origin well 

All Figs, are to the same scale 
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albumin trans i t ion of a proportion of retarded, larvae i s undeniable but 

a larger quantity of data would be necessary to substantiate th is 

correlation with body wet weight. Some evidence that body s ize can 

a f f e c t the percentage of serum albumin in the European Midwife toad, 

Alytes obstetricans. has been obtained by Gueyetant (1970) who found 

that Alvtes larvae grew f a t t e r when raised i n groups than when i so la ted . 

More recently he has claimed that, at the same stage of development, 

grouped individuals are bigger and t h e i r serum proteins contain up to 

2(^ more albumin than i so la ted controls (Gueyetant, 1977). 

The introductory review to th is chapter (sect ion 4 .1) showed that 

in a number of anurans albumin increases account f o r a large part of 

the to ta l serum protein concentration increase at metamoi^hosis. In 

the present work samples with high uncorrected albumin indexes bad 

albumin forming a greater percentage of the t o t a l protein concentration 

than sauries with low albumin indexes. However i t was apparent that 

the relat ionship between albumin index and t o t a l coelomic f l u i d and 

serum protein concentration i s errat ic (Pig !«/6). This variat ion was 

observed i n control as wel l as in treated animals. I t would be 

necessary to assay every major proteinaceous coiig)onent separately to 

f u l l y understand th i s relationship and t h i s complexity suppoiiis the 

decision to work mainly with albumin. 

However the absolute l eve l s of t o t a l protein encountered here 

agree well with previous published data. Hemer and Prieden (196o) 

found X. l aev i s tadpoles (unstaged) to have 2 mg/ml t o t a l protein in 

serum. This suggests that i n premetamorphic larvae there i s l i t t l e 

difference between the concentration of serum and coelomio f l u i d t o t a l 

protein. Hemer and friBden(1960) found a recently metamorphosed 

toadlet to possess 2) m@̂ ml and a large adult to possess 35 mg/ml 

t o t a l serum protein. These f igures are a l so within the range of those 

obtained here (Table 4^1). 

In Rana %)i%)iens adults Gonstantine and Stenroos (I962) found 

26.5 mg/ml t o t a l serum protein. Just (1972) repeated th i s work and 

obtained a value of 33.9 mg/ml in adults , Premetamorphic tadpoles 

had 2 .6 mg/ml in the i r serum. Just a l so analysed the pei-icardial 

f l u i d . The pericardium, l ike the peritoneum, i s a coelomio derivative. 

The l e v e l rose from 1 ,8 mg/ml in premetamorphic tadpoles to 12,9 mg/ml 
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in adults , a similar increase to that observed, here in coelomio f l u i d , 

Thus i t seems that during metamorphosis there i s an increasing d i f f e r -

ence between the t o t a l protein concentrations of serum and coelomio 

f l u i d . This was confirmed i n Rana catesbeiana by Thoniburg et a l (1975) 

although the difference was l e s s marked., These authors suggested that 

a s iev ing e f f e c t occurs at the inflow s i t e by which serum proteins 

enter the coelomic fluid.. In bul l frog plasma, Feldhoff (1971) found, a 

metamorphic trans i t ion A'om 14.6 mg/ml to $1.6 mg/ml to ta l protein. 

This was accongaanied by an approximately 4 - fo ld increase i n percentage 

albumin. The t o t a l albumin concentration increased by a factor of 15. 

Using a quantitative immuno-dif fusion method Nagano et a l (1973) found, 

bul l frog t o t a l serum albumin to increase by a fac tor of only 9. 

In lenopus the very accurate two-dimensional lEP technique had. 

shown the increase i n t o t a l ooelomic fluid, albumin to be much greater. 

Albumin indexes^ corrected for di lut ion, increased from an average of 

0.04 in premetamorphic controls to 1.70 a f t e r metamorphosis. This i s 

a 40-fol( i increase. However the uncorrected albumin index, related t o 

the percentage albumin i n a sample, increased by a fac tor of only 10. 

There i s no discrepancy in these figures. For example i f the percentage 

albumin in a premetamorphic f l u i d of 2 mg/ml t o t a l protein were 5^ the 

absolute albumin conoenti%tion would be 0,1 m^ml. I f the percentage 

albumin increased at metamorphosis by a fac tor of 10 t o 50^, in 8 mĝ ml 

t o t a l protein samples, the absolute concentration of albumin would be 

4 mg/ml. Thus the absolute albumin concentration would have increased 

40-fold, 

lenopus coelomic fliu.d and bul l frog plasma t o t a l protein concen-

trat ions both increased by a fac tor of about 4 a t metamorphosis ( c f , 

Feldhoff, 1971). The greater increase i n Xenopus t o t a l albumin i s 

accounted f o r by the more marked inci-ease in percentage albumin observed 

here. 
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cmprm 5 

Lactate dehydrogenase isozymes i n deTelqrmentally 

retard.ed. XenoTatis laevis la i?ae 

5.1 mrEODUCTION 

Lactate dehydrogenase isozymes were ohosen for study, in the f i r s t 

instance, because of the theoret ica l background available on the ir 

nature and genet ics , espec ia l ly i n non-ao^hibian vertebrates, There 

have been a numbei- of studies a l so on amphibian IDH's and most impor-

tant ly , j papers on lenopus laev i s (Eunz and Eeam, I967, Claycomb and 

V i l l e e , 1971; Eunz, 1973). 

IJ)S occurs i n most vertebrate t i s sues in 5 isozymic forms. These 

isozymes are tetramers con^osed of 2 sti-ucturally d is t inct subunits of 

equal s i ze , A and B, each synthesised at a separate gene locus (Markert, 

1963). The subunits associate at random, into a l l possible combina-

tions of 4, to form 5 tetramers which d i f f e r i n net charge and can 

therefore be separated by electrophoresis. The isozymic forms of 

lac ta te dehydrogenase are therefore; LDĤ  = B4; LDHg = AB3; LDĤ  = 

A2B2; = A3B and LDHg. = A4 (Arom most anodal to most cathodal). 

The LDH isozymes of various adult Z. laev i s t i s s u e s were sepaarated by 

PAGE by Claycomb a n d V i l l e e (1971). Liver t i s sue was consistent ly 

found to have 7 bands whereas t i s s u e s from the lung, heart and ske l e ta l 

muscle revealed 9 isozymes. 

A number of other adult angihlbians have been studied^Goldberg and 

Wuntch (1967) found 3 i n Eana -pipiens but other species of Rana contained 

6 - 8 di f ferent LDH isozymes (Meyer et a l . I968), The same authors 

reported E. i^ lvat ica andE. virgatipes to have 1 8 - 2 $ LDE's. In 

developing embryos of Bombina variegata and Triturus a lpes t r i s , Chen 

(1968) resolved 3 forms. Thus i t seems that most Amphibia examined 

have e i ther more or fewer than the predicted 5 isozymes and do not f i t 

the hypothesis of a random aggregation of 2 subunits. 

In Rana paluatris and R. p^ipiens Salthe et a l (19^5) 8]::td Salthe 

and Kaplan (I966) found that some subunits would not hybridise so that 
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only amitDHg'' enzymes were found.. Banwell and. Baker (1971) 

obtained, similar results with ±he isozymes of R. esculenta and. 5. 

temporaria. Tad-poles had. primarily the "LDĤ  " (anodal) type in all 

tissues^ whereas adults had. the (cathodal) type as well, egpeo-

ially in muscle and. liver. There were only traces of bands inters 

mediate between "LDE^" and. Apparently this is clue to 

evolutionary changes in amino acid, sequence of the B subunit, rend.ering 

polymerisation with the A subunit impossible or unstable. 

To explain the large nunher of isozymes found, in some ad.ult 

amphibia most authors have postulated, one or more additional genes 

coding for one or more new polypeptide subunits (Wright and Moyer, 1966; 

Adams and Pinnegan, 196$). In the brook trout, Salvelinus fontlnalis. 

which like Xenoyus can have 9 LDH isozymes In adult tissues, Goldberg, 

(1965) claimed that at least 3 polypeptide subunits under the control of 

^ nonallelic genes were responsible. Hcwever he later (Goldberg, I966) 

admitted that the pattern could be e%plained by heterozygosity at one 

gene locus with the production and aggregation of 3 types of subunit. 

Kunz and Ream's (I967) preliminary work with agar and starch gel 

electrophoresis showed the Xeno^us liver LDH pattern to be somewhat 

variable. However in heart muscle there were detectable changes during 

larval development. In both band number and density, which were consis-

tent. On starch, six new cathodal components appeared between a pre-

and prometamorphlc tadpole pool and adulthood. On agar gels the large 

cathodal bands of tadpoles were resolvable into a number of narrower 

bands in the adult, there being nine in total. With PAGE Claycomb and 

Vlllee (1971) found the last one of the 9 resolvable isozyoies of the 

adult complement to appear at stage 4-5 in conflict with Eunz and Heam's 

(1967) data. It seems likely that Claycomb and Vlllee (1971) are cor-

rect as the apparent absence of bands in tadpole tissue extracts, with 

the low resolution agar and starch techniques, could easily be explained 

by the low concentrations of the proteins concerned. Kunz (1973) agp,±n 

using agar gel electrophoresis found the full complement of 9 isozymes 

to be present in stage 4-9 hearts. 

In the present work polyacrylamlde gel electrophoresis was used for 

its' great sensitivity. Thus it was not expected that 'new' bands 
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would, appear during metamorphosis. The probable bioohemioal marker was 

l i k e l y to be a sharp increase in one or more isozyme concentrations 

re lat ive to the others, which would stay constant during metamorphosis. 

5 .2 EXPrniMEZmi 

The protein solutions used were centrifuged homogenates of idiole 

tadpole pooled hearts. Adult samples were taken from small pieces of 

ventr ic le . A l l t i s sues were washed thoroughly, with ringer and t r i s -

glycine buffer before homogenisation,to remove blood c e l l s which might 

contain dif ferent LDH isozymes. 

To ident i fy LDH the s p e c i f i c staining method of Dietz and Lubrano 

(1967) was employed. Disc gels only were used as high resolution was 

necessary with di lute tadpole san^les. The discontinuous buffer system 

of Davis (1964.) gave good re su l t s . Total LDH per saiQ)le was equi l i -

brated only approximately. The wet weight of pooled tadpole hearts was 

matched with an equivalent weight of adult t i s s u e . Ringer volumes and 

homogenisation tinws were then the same i n a l l samples so that i t was 

unlikely that great di f ferences i n t o t a l LDH enzyme concentration 

occurred between samples. Final ly ident ica l sangale volumes, typ ica l ly 

50 to 100 pi . were applied to each gel . 

A preliminary experiment showed that the s ingle whole hearts of 

individual giant tadpoles did not contain enough extractable LDH for 

sa t i s fac tory electrophoresis. The stained gels showed merely a 

bluiTed reaction. 

The bands on the stained gels were aligned according to the most 

anodal (fast-moving component) which was always very clear in both 

tadpoles and adults . During the period that these experiments were 

psrformed the Jbyce-Loebl densitometer was not avai lable and gels were 

congiared v i sua l ly . Records were made mainly by accurate drawings as 

the f a i n t LDH bands of d i lute samples did not photograph wel l . 

Three ex])eriment8 were made to comrare the LDH isozymes of nom^l 

adult gemale toads with those of normal tadpoles. Only 2 experiments 

contained propylthiouraoil-treated tadpole heart extracts . The need 

for 2 or ^ hearts per sample made the system impracticable. 
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FIGURE 5/1 

Lactate dehydrogenase isozymes of normal and propylthiouracil treated 

Xenopus laev i s separated hy polyacrylamide gel electrophoresis . 

a) The normal 'metamorphic' trans i t ion 

i . Normal stage 54/55 &CH 

i i & i i i . Adult female LCH 

h) Gbmparison of normal and treated Zenopus LDH isozymes 

i v . Normal s t . 54/55 tadpoles (pool A) 

V. ^Normal s t . 54/^5 tadpoles (pool B) 

v i . Normal s t . 54/^6 tadpoles 

v i i . Adult female A 

v i i i . Adult female B 

i x . Adult female C 

X. Propylthiouracil treated tadpoles (^ z s t . 54; wet 

weights 1.17, 1.25 and 1,27 g; treated for l6g^ 

17 and 21 weeks). 

z i . Propylthiouracil treated tadpoles (2 x s t . 56; wet 

weights 2.13 and 2.24 g; treated for 20 w^^ks). 

The ge l s are aligned on the most anodal band (No. l ) 
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Manwell and. Baker (IS?"!) obtained evidence f o r polymorphism of the 

B chain of Rana esoulenta tadpoles and adults . This was apparent as a 

variable nrmber of anodal banda depending upon the genetic const i tut ion 

of the donoi". I t not f eas ib le to screen a number of individual 

normal tadpoles for th i s complication, in the present work. But an 

experiment wag performed with heart extracts from 9 different fenale 

toads. The san^les were electrophoresed on disc gels at the same time 

and the stained gels con^red. Had a polymorphism been observed i t 

would have complicated the interpretation of the comparison of treated 

with nonml larvae. 

5 .3 RESUITS 

f i g i l l u s t r a t e s typica l adult and tadpole LDH isozyme separa-

t ions . The 2 giant tadpole pooleel-san^les are a l s o shown. In Fig. 

5/2 the 9 adult heart extracts separated simultaneously are compared. 

The Isozymes were numbered, for convenience only, beginning with No. 1 

the most anodal conqxinent. 

In agreement with the work of Eunz and Heam (I967) &nd Claycomb 

and V i l l e e (1971) 9 bands could be resolved on some tadpole and adult 

ge ls . Comparison of the gels photographed i n Pig ^ 2 shows that bands 

and Q/9 frequently appear fused such that obly 7 ii^ t o t a l are 

v i s i b l e . There was no evidence that a polymorphism of LDH subunlts 

occurs in Zenopus l aev i s . Also Fig. 5^2 shows the concentrations of 

the cathodal isozymes to be similar to the anodal bands 2 and i n 

a l l adults . Band 1 was always the most dense. 

In normal tadpole separations (Pig 5/1) the cathodal bands were 

always very fa in t suggesting that the synthesis or survival of cathodal 

subunlts increases at metamorphoHls. This increase i n the density of 

the cathodal isozyme banda (Nos. 5 to 9) was used as a biochemical 

marker. I t was so d i s t inc t ive as to be usuable qua l i ta t ive ly i n 

practice as no intermediates were observed. 

The 2 giant tadpole samples (Fig 5/1) were c l e a r l y adul t - l ike i n 

that banda 5 to 9 were as dense as the more anodal f rac t ions . 
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5 .4 CONCLUSIONS 

The lactate dehydrogenase isozyme s h i f t was the l eas t convenient 

of the 4 protein pystems studied in th i s thes i s . The need foi- 2 or 3 

tres/ted-tadpole hearts would have required more material than was 

available i f the system had been studied further. Keveitheless the 

resul t s obtained are str iking i n that goitrogen-retarded larvae 

possessed adul t - l ike DDE patterns i n the ir heart muscle. The narker 

used, an increase in the concentration of the more cathodal isozymes 

by com}̂ âi"ison to the stable concentrations of the anodal components, 

was convenient in practice. This increase in cathodal isozymes and 

presumably in the cathodal subunit i s s imilar to that observed by 

Manwell and Baker (1971). in E, esculenta and.E, tenmoraria normal meta-

morphosis. 

Maclean (1976) has dmscussed the regulation of such LDH s h i f t s 

during ontogeny. They may be due to a combination of increased syn-

thes i s and increased degradation of subunits. The evidence in non-

amphibian vertebrates suggests a genetic regulation of the 2 subunits. 

In addition, Fritz et a l (19^9) found that LDH h a l f - l i v e s in the rat 

were 1.6 days (heart) , 31 days ( ske le ta l muscl^aiicl 16 days ( l i v e r ) . 

Thus changes in degradation rate m,y well vary not only from t i s sue to 

t i s sue in the^adult animal but in a s ingle t i s sue during development. 

Claycomb and.Villee (1971) used metabolic inhibitors i n X . laevis and 

suggested that tho appearance of new isozyme during development i s 

controlledi by a presynthesised. ENA. template which was stored unt i l 

being translated short ly before the appearance of the new protein. 

The mechanisms of translat ion control and. messenger storage were unknown. 

However i t i s a l so known that direct metabolic enzyme-pattern 

responses in LDH can occur i n lower vertebrates. Tsugawa (1976) 

worked on changes in the LDH i:)attems of Xenopus c e l l s exposed to 

di f ferent temperature regimes in v i tro . There was a cathodic increase 

i n isozyme induced, by cold adaptation. 

Manwell and Baker (1971) pointed out that LDE isozyme s h i f t s at 

metamorphosis might be a response to altered o][ygen l e v e l s . In the 

chick embiyo Lindy and. Rajasalmi (1966) showed, that the re la t ive amounts 

of A and B chs-ins.present can be altered by oxygen l e v e l independently 
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FIGURE 5/2 

CongariBon by polyacrylamide disc ge l electrophoresis of the 

lactate dehydrogenase isozymes from the hearts of 9 d i f f erent 

adult female Xenopus l a e v i s . 

The ge l s are aligned on the most cathodal band. No. 9, 

60 mg of washed ventr ic l e from each heart were 

homogenised in 800 p i ringer. 10 p i of homogenate 

were applied to each g e l . 
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of other embryologioal events. The coznpleiities of arguments concern-

ing respiratoiy changes at metamoi^hosis in anurans have been pointed, 

out i n chapter 3. This i s emphasised by the gact that both Xenopus 

and Rana tadpoles have been shoim to contain LDH isozymes conqposed 

mainly of the anodal subunit (B-type in other vertebrates) which Kaplan 

(1964) considered to be more suited in i t s k ine t i c properties to meta-

bolism in obl igator i ly aerobic t i s sues , The ontogenetic LDH trans i t ion 

of the mouse (Markert and Ursprung, I962) i s the opposite^ from pre-

dominantly LDĤ  (A4) 9 days before birth to predominantly LDĤ  (B4) i n 

adult heart. 

There was no evidence in the present work that the LDH trans i t ion 

i s primarily controlled by thyroid hormones. In Rana tempersria 

Lagerspetz et a l (1974) found that the t^^rroid mediated cong)ensatory 

changes in oxidative metabolism.during temperature acclimation but the 

nature of the molecular enzymes was not invest igated. Heinemann and 

Weber (I966) found the oaqygen uptake of Zenoipus t a i l s to increase 

during spontaneous and induced metamorphosis so i t i s conceivable that 

metamorphio changes in morphology induced by TH necess i tate a change i n 

DDE pattern. In the present work with goitrogen - retarded larvae i t 

seems that th i s i s unl ikely as Fletcher and ^yant (I960) showed that 

oxygen consung^tion was unaffected by propylthiouracil-arrest i n X. 

laev i s larvae. 

Although well-understood genet ical ly , in vertebrate c lasses , the 

control of ontogenetio IiDH transi t ions i s obscure. This thes i s has not 

supported the contention that thyroid hormones exei-t a central role in 

the control. 

A recent isozyme study on quite a di f ferent enzyme, lysozyme, makes 

an interest ing oon^rison. Ostrovsky and Nace (1976) studied changes 

i n the isozyme pattern of Eana pipiens and found 8 isozymes in larvae. 

In prometamorphic lai^ae, cathodal bands were absent from polyaa^damide 

ge ls . After cliinax these appear and there i s an increase in t i s sue 

isozyme concentration. When tadpoles were arrested at Taylor-Kollros 

stage14, by 0.059$ thiouraci l , they contiznied to grow. Their lysozyme 

isozymes and lysozyme a c t i v i t y were compared with normal stage I4. tad-

poles and untreated s ib l ings which had reached TK stage 2$. I t was 

found that the cathodal isozymes had not appeared and the electrophero-

grams were ident ica l to stage 11*. controls. However the t o t a l enzyme 
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a o t i v i t y had. increased as in untreated, stage 2$ s ib l ings . Thus i t seemed, 

that thyroid, blockage had. prevented, the appearance of the new isozymes 

while a compensatory increase occurred, i n the or ig ina l isozymes as the 

animals increased, i n s i ze (Gstrovsky, 1976). This appears to be a quite 

d i f ferent s i tuat ion to that observed, i n th i s chapter with propylthiouracil 

treatment. I t may be that a t o t a l IDH a c t i v i t y increase^ bi-ought about 

only by increased, synthesis of the anodal components, i s not possible. 

The s h i f t in treated, larvae may be merely a response to increased, s i z e 

perhaps mediated, by changes i n respiration as body volume increases 

f a s t e r than the skin area involved, i n cutaneous respiration. There were 

i n s u f f i c i e n t data here to look for a correlation with body s i z e such as 

was cairied. out in Chapter ) (haemoglobin) and. Chapter 4 (ooelomic f luid, 

albumin). 
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CHARPER 6 

- retar&ocl lenopus laev i s larvae 

6.1 mcRODucTim 

The advantages of the vertebrate lens as a system for di f feren-

t i a t i o n studies have been reviewed by Clayton (1970). The lena i s an 

i so la ted t i s s u e without blood vesse l s or stroma. I t i s oongwsed 

en t i re ly of an ep i the l i a l layer and f ibres derived from that layer. 

Thus one i s not dealing with a stiruoture containing many different c e l l 

types. As a source of material for electrophoretic studies theOens i s 

idea l as i t s ' protein content i s h i ^ (about 35^) and between 80 and 

of t h i s consists of the lens structural proteins, the crys ta l l ins . The 

l a t t e r are soluble, whereas the other major c lass of lens proteins^ the 

albuminoids^ are insoluble . The few remaining proteins are enzymes suoh 

as esterases and LDH (Papaconstantinou, 196?) but these comprise a small 

percentage of the t o t a l protein. 

The oiysta] l.ins are c l a s s i f i e d on a basis of decreasing molecular 

weight and. electrophoretio mobility, as alpha-, beta- and gamma-

crys ta l l in , in the amphibian. A l l c lasses of c i y s t a l l i n s i n vertebrates 

are heterogeneous being congosed of aggregates of more than one type of 

subunit. As a resu l t each major crys ta l l in c lass has a range of mole-

cular weights and electrophoretic mobi l i t ies . Changes i n the e lec tro-

phoretic mobility of the individual orystal l ins during ontogeny i s 

t h o u ^ t to be due to changes in subunit conqposltion (Clayton 1970). 

Although the lens i s simple with respect to the number of c e l l 

types the polymeric nature of the crystal l ing makes them rather complex 

biochemically. L i t t l e work has been carried out to determine the sub-

unit oompositions of the major c i y s t a l l i n c lasses i n Amphibia but work 

on other vertebrates demonstrates the propable cozig)lexity of subunit com?-

posi t ions . Por instance, there i s evidence f o r at l eas t four d i f ferent 

peptide chains i n chicken a lpha-c iys ta l l in . In the chicken beta-c iys -

t a l l i n s , there appear to be from 8 to 10 subunlts, depending upon the 

method of separation used (Clayton et a l . 1968, Clayton, 1969). The 

pattern observed a f t e r Immunoelectrophoresis suggests that at l eas t one 

antigenic determinant i s distributed throughout the mobility range but 

i s con^lezed with a range of constituents which d i f f e r both ant igenica l ly 
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and electrophoretioal ly (Clayton and. Truman, I967). Avian lenaes do 

not contain gpmma orys ta l l ins but i n c a t t l e these low molecular weight 

moieties appear to be s ingle protein chains of which there are 5 

di f ferent types. 

Maisel and Goodman (I965) uaed two-dimensional starch electrophore-

s i s to demonstrate the three main crys ta l l in c lasses of an unnamed frog 

species. There were 2 alpha-, 5 beta- and 6 gamma- crys ta l l ins . In 

Eana pipiens, McDevitt (I967) found four gamma components using DE&E-

cel lu lose collumns. These were apparently undissociated polymers as 

similar resul t s were obtained with PAGE using t r i s - HCI buffers . The 

alpha-crystall ina of Eana temporaria, Bufo bufo and Xenopys laev is 

adults were dissociated by electrophoresis with SMurea by De Jong et a l 

(1976). As i n the cow. two types of polypeptide chains were d l s t in -

guished, the acid A- and more basic 3 - chains. Additional cathodal 

bands were a l so present which were thought to be due to contamiAation 

with beta oonponents. Manwaring (1972) alao dissociated Zenqpus adult 

lena soluble proteina with 8 M urea. Eleven components were observed, 

the same number as non-dissociated cryBtall ins separable by PAGE. At 

stage 50/52 only 6 subumits were v i s i b l e . The other 5 banda (3 of which 

were the most anodal components of the adult pattern) appeared sequential^ 

during prometamorphosis and climax. Further work on amphibian c r y s t a l l i n 

subunits remains to be carried out. The remainder of t h i s chapter 

jmfers only to c r y s t a l l i n polymers of the three major c las ses , alpha-, 

beta- and g&mma-, separable by electrophoresis with buffers lacking urea. 

In urodelans, Brahma and van Doorenmaalen (1969) separated.Ambystoma 

mexicanum and Triturua cristatus crys ta l l ins by agar electrophoresis. 

A l l 3 major c lasses were present. Cbmplete immunological cross -reac t iv i ty 

between these antigens and a Xenopua laev i s lens antiserum was demonstrated 

Similarly Nothiger et a l (1971) found complete cross -reac t iv i ty pur i f ied 

R. pipiens and Notophthalmus viridescens g&mma-crystallina uaing the 

appropriate antisera. 

During embryonic lens formation the c e l l s of the lena v e s i c l e , 

nearest the future ret ina, elongate and eventually become the primary 

f ibre c e l l s . The primary f ibres remain as the nucleua of the adult lens. 

Further growth of the embryonic and larva l lens resu l t s from cel la of the 

equatorial germinative region of the epithelium elongating to become the 

secondary f ibres of the]ena cortex. 
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The major c r y a t a l l i n c la s se s are thought t o appear, in detectable 

quanti t ies; sequent ia l ly during lens development. Takata et a l 

produced immunofluoresoenoe data which showed that the gamma-crystallina 

are character i s t i c of ear ly f i b r e development in. Triturus v ir idescens . 

McDevitt et a l (1969) performed similar studies with Eana pipiens and 

found gamma-crystallins t o be present i n quantity i n the embryonic 

primary f i b r e s . Some var iat ion according to the technique used, was 

apparent. The work mentioned involved the l a b e l l i n g of lens sectiona 

whereas i n Ouchterlony t e s t s (KcDevitt, I968) small quant i t ies of beta— 

c r y s t a l l i n were a lso detectable i n Shumway Stage 25 embryonic lenaes. 

In Xenopua l a e v i s l a t e r work confirmed that the gamma-crystalllns were 

the f i r s t to appear (MoDevitt and Brahma, 1973). 

The appearance of the major c r y s t a l l i n c l a s s e s and of the various 

proteins within each c lass continues throughout l a r v a l development and 

metamorphosis. This means that the system was p o t e n t i a l l y a use fu l one 

f o r studying biochemical markers of developmentally-retarded larvae In 

the present work. 

McDevitt (1968) continued his immunofluorescence studies and f i r s t 

detected the b e t a - c r y s t a l l l n s i n Stage I (Taylor and Kollros, 1946) Rana 

pipiena larvae. &t stage ZXIV, the alpha component f i r s t appeared and 

the complement of c r y s t a l l i n s was then apparently a d u l t - l i k e . Polanaky 

and Bennett (1970) uaed ce l lu lo se acetate e lectrophores is to study the 

o r y s t a l l i n transformation at metamorphosis injRana catesbeiana. They 

found the gamma-crystallins to be In higher concentrationa in the 

nucleus whereas in the cortex the alpha proteins were more apparent , 

The electropherograma of the whole larva l lens pro te in aad adult lens 

nucleua proteins were s imi lar . The dlfferencsa apparent at metamorpho-

s i s were i n the alpha components of the cortex. Both Manwaring (1972) 

and Brahma and Bours (1972) studied Zenopus l a e v i s . The former author 

noted only gamma crystal.],ins from stage 36 to a f t e r which the beta 

components were detectable by Immunoelectrophoresis. The alpha crys ta-

l l i n arc was f i r s t detected In stage 4Q/50 lenaes . The complexity of 

the immunoelectropherograma i n a l l regiona increased through metamor-

phosis into the adult in which at l e a s t I3 antigens were observed. 

Brahma and Bours (1972) found the r e l a t i v e concentration of the alpha-

and beta- c l a s s e s , as estimated from denaitometric scana of th in - layer 

i s o e l e c t r i c focussing p la te s , to Increase through metamorphosis. The 
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concentration of beta proteins approximately doubled. iNhereas that of the 

alphas increased, by a factor of f i f t e e n . The gamma component decreased, 

somewhat in t o t a l concentration. By way of contrast , McDevitt and. 

Col l ier (1975) were unable to detect differences between larval and 

adult individuals of some f i v e North American Salamander species . 

The only hypothesis on the adaptive value of the crys ta l l in t r a n s i -

t i o n which has appeared i s that of Clayton (1970). She argued that, as 

Goldman (1964) had shown the refract ive index of the bovine lens to i n -

crease towards the centre, the d i f ferent crys ta l l in types are required 

f o r maintenance of correct refract ion as the lens grows in s i ze . Thus 

i t would be predicted that, irrespective of developmental stage and 

duration of goitro^en treatment, larvae with lenses of equal s iae would, 

possess s imilar crys ta l l in patterns. This would seem to suggest an 

interest ing type of gene control being regulated by body s i z e or lens 

s i ze . This point i s discussed in sect ion 6 .4 and in Chapter 8. 

To separate the small lens c i y s t a l l i n samples obtainable froa 

Xenopus larvae electrophoresis was againthepnefezred method. Two types 

were engilAyed, PA.GZ and lEP (one - and two - dimensional). 

6.2 EXPERIMENTAL 

Similar basic problems attended t h i s work to those wliich were 

discussed i n Chapter 3 on haemoglobins. These problems were; 

a) ident i f i ca t ion of the proteins separated electrophore-

t i c a l l y as crys ta l l in s , 

b) iden t i f i ca t ion of a given c r y s t a l l i n band as , f o r example, 

band No. 8 (nomenclature i s described below), 

c) assessing the concentrations of the d i f ferent crys ta l l ins . 

The f i r s t prol3em wig,s minimal because, as discussed in sect ion 6 .1 , 

over 90^ of extractable lens proteins are c i y s t a l l i n s . Other proteins 

are unlikely to be present in detectable concentrations at electrophore-

t i c mobil i t ies s imilar to those of the major frac t ions , which must be 

crys ta l l ins . 

The soluble lens c i y s t a l l i n s studied were a l l obtained by homogenis-
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- ing whole lenaes in Eugh's ringer. Af ter centr i fugat ion the supernatant 

was removed, and., i f not used, immediately, was stored, at -20°C in small 

batches. Most of the PAGE separations inolud.ed. DTT i n the o r y s t a l l i n 

so lut ion , ge l and. running buffer to prevent protein polymerisation. 

However, i t was found, that DTT gives a colour react ion with the Pol in and. 

Ciocaltheu reagent used, in the Lovrry protein d.etenoinations. ?or t h i s 

reason DTT was not used, i n the lEP experiments i n which the t o t a l prote in 

concentrations of a l l c i y s t a l l i n so lut ions was measured.. This i s 

un l ike ly to have besn important as no difference was d.etectable between 

PA&E separations of c r y s t a l l i n s with or without DTT. 

[The f i r s t EA.GE separations were inad.e on disc ge l s f o r greatest 

resolut ion. The adult o r y s t a l l i n electropherogram was ooinpared. to that 

f igured by Manwaring (1972) and. the nomenclature used, to id.entify the 

bands was worked, out. Most of the siA)8equent ezperi.nient.s were performed, 

with the Raven slab apparatus which nad-e id .ent i f i cat ion of individ.ual bands 

simpler as ad.ult, normal tad.pole and. ti7eated.-tad.pole extracts were 

separated, on the same ge l . 

Ten PA&E experiments were carried, out, 8 of which included, crysta l l ins 

from propylthiouracil-treated. tad-poles. The controls used, were c i y s t a l l i n 

so lut ions from s i x separate ad.ult females, one ad.ult male and. pooled, 

o r y s t a l l i n from normal stage 5Q/52 tad.poles, normal stage 53 tad.pole8, 

normal stage $^^55 tadpoles and newly metamorphosed, toad le t s . 

At the time when the polyacrylamid.e ge l experiments were performed, 

the modified Lowry protein e s t ina t ion method, ( s e c t i o n 2 .18) , needing only 

5 pi of sample, had. not been worked, out, To obtain c r y s t a l l i n so lut ions 

of a s u f f i c i e n t l y high concentration to give c l ear bands i t was necessary 

to homogenise the lenses i n small volumes of r inger (about 100 f i l ) . I t 

was d.ecid.ed. not to use 20 pi of t h i s for protein est imation. Instead, 

the lenses were weighed, and. equal wet w e i ^ t s of say, ad.ult and. tad.pole 

l enses , were used, to prepare homogenates. Although the proportion of 

soluble prote in per lens may vary t h i s was unl ike ly t o cause serious 

d i f ferences i n t o t a l protein between samples. Part icular a t tent ion was 

paid, to the width and. d.ensity of protein bands wi th in a s ing l e separation. 

Thus one can s t a t e that a given band or bands contain a large proportion 

of the t o t a l c r y s t a l l i n i n that sample i f t h e i r widths and d e n s i t i e s are 

much higher than those of any other band. To quanti fy t h i s assessment 

most gels were scanned densltometrloal ly wik/i the Joyce - Loebl 'Chromo-
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soan'. This machine proviclecL pen traces which supported, judgements oK-de 

v i s u a l l y hut, because of variable background s ta in ing , f u l l quant i f i ca -

t i o n was not r e l i a b l e . General protein s ta ins detect material in the 

interband regions which i s e spec ia l ly obvious near the origin. The 

material causes a variable densitometric base l ine such that e s t ina t ions 

of band density by measuring area under the pen-trace peak were un-

r e l i a b l e . This was e spec ia l l y true with l e s s we l l -def ined peaks which 

merged imperceptibly into the back-ground trace such that an a i t i t r a i y 

d e f i n i t i o n of the l i m i t s of the peak were necessary. This was found t o 

give poor repea tab i l i ty with rep l icates of the same sample. 

Both in the present study ( sect ion 6 ,3) and i n previous work changes 

i n lens c r y s t a l l i n s during l a t e premetamorphosis and to the end of climax 

were mainly quanti tat ive . By concentrating on cer ta in wel l -def ined 

bands ( s e c t i o n 6.5) adequate markers were found. Both v i s u a l and densi -

tometric assessment r e l i e d upon comparing the r e l a t i v e density of these 

marker bands i n treated tadpoles with the same markers of the normal 

c r y s t a l l i n t rans i t i on observed i n controls . 

Campbell e t a l (I968) and Manwaring (1972) had used qual i ta t ive lEP 

to study the qipearance of new lens antigens during the metamo]?phic 

period. Manwaring's work suggested that s u f f i c i e n t markers ought to 

be avai lable f o r t h i s more s e n t i t i v e technique to be usefu l . In addi-

t ion , when an antiserum had been ra ised by immunising a rabbit with an 

adult toad lens homogenate prepared from care fu l ly cleaned l enses , a more 

s p e c i f i c method of ident i fy ing crys ta l l ing was ava i lab le than with a 

general protein s t a i n . The antiserum was t e s t e d i n i t i a l l y i n micro-

c a p i l l a i y tubes and was found to have a t i t r e of 1/^20. Qualitat ive 

lEP against adult lens homogenates on lonagar s l i d e s produced a prec i -

p i t i n arc pattern s imi lar to that of Campbell et a l (I968). Because 

lonagar i s no longer avai lable commercially, l a t e r ZEP experiments 

used Li tex H8A agarose. The resu l t s obtained with t h i s medium were 

somewhat d i f ferent i n minor de ta i l but quite s a t i s f a c t o r y f o r the present 

purpose. 

The f i r s t group of experiments ooaqxired the o r y s t a l l i n band and 

antigen patterns of treated larvae with those of aninals metamorphosing 

spontaneously. The treated larvae were raised, e i t h e r alone or in small 
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groups with about 2.5 1 of goitrogen solut ion per tadpole. To tes t 

Clayton's hypothesis that lens diameter and. o r y s t a l l i n trans i t ion are 

connected, further treated, larvae were raised, under crowd.ed conditions. 

About 60 tadpoles were placed in a s ingle aquarium containing 20 1 of 

0.01^ propylthiouracil solution. Some of these died subsequently 

but there was approximately 0 . 4 1 of so lut ion per animal during most of 

the rearing period. These crowded larvae were arrested as usual by 

the goitrogen but the ir growth was much l e s s than that of uncrowded 

specimens. The crowded larvae are refeiTed to subsequently as 'stunted 

giants' as they were larger than normal stage 54/56 larvae but smaller 

than the uncrowded group which are referred to as ' large g iants ' . 

'Large giants' had lengths of about 5 - 6 . 4 cm (0.62-1.10g wet weight) 

whereas 'stunted giants' were about 4 om long and w e i r e d about 0,3 to 0,7g. 

Normal stage 54 tadpoles are about j . 5 am long. The dis t inct ion 

between these groups was made s t a t i s t i c a l l y on the basis of lens diameter 

rather than body s i z e per se . 

Both groups of treated larvae were retarded i n l a t e premetamorphosis 

and dif fered mainly i n body s i ze . The growth of the lens during normal 

metamorphosis was studied by measuring the diameters of a series of 

lenses from stage 4Q/49, 50, 51, 52, 53, 54, 55, 56^ 57, 58 59 tad-

poles . In addition toadlet and adult toad lenses were measured 

immediately a f t e r lentectony. Differences between stage mean diameters 

were con^red s t a t i s t i c a l l y . In addition they were compared to the mean 

diameters of the 'stunted' and 'large giant' l enses . 

Crystal]in solutions from stunted and large giant lenses were 

compared by means of qual i tat ive lEP. The c r y s t a l l i n solutions used 

had been adjusted to 6 m@/ml to ta l protein. To do t h i s the t o t a l protein 

concentration of each original supernatant was measured with the scaled-

down Lowry method. The volume of the supernatant was determined 

gravimetrically. The solut ion was then freeze-dried and made up again 

with d i s t i l l e d water to the f i n a l volume necessary to give a 6 mg/ml 

protein solut ion. The degree of concentration vfas l e s s than 50^ and so 

the solut ions were not dialysed to decrease the ionic concentration. 

I t seemed possible that during freeze-drying and reconst i tut ion the 

crys ta l l in subunits might dissociate and recombine in an abnormal manner. 

A control experiment was performed in which adult toad crys ta l l ins were 
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FIGURE 6/1 

Polyacrylamide disc g e l e lectrophoresis of Xenopus lens orys ta l l ins 

A) Diagram showing the nomenclature used. Aateriska mark 

the c r y s t a l l i n bands employed as metamorphic markers 

B) Photographs of d i sc ge l s 

i ) Adult female lens c r y s t a l l i n s (2 lenses) 

i i ) 8 t . 55 propylthiouraci l treated tadpole (2 l e n s e s ) . 

This animal had a wet weight of 1 .1? g. 

i i i ) Two 8 t . 55 propylthiouraci l treated tadpoles (4 

l e n s e s ) . These animals had wet weights of 0.48 

and 0.63 g . 

i v j Normal stage 53 tadpoles (6 lenses ) 
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FIGURE 6/^ 

Polyaorylami&e slab gel electrophoresis showing the crys ta l l in 

transit ion during normal metamorphosis. 

A) Premetamorphic tadpole orys ta l l ins compared, with those 

from adult males 

a) Normal s t . 50/^2 tadpoles ( l8 lenses) 

b) Adult males (4 lenses) 

B) Premetamorphic tadpole crys ta l l ins compared with those 

from an adult male ajid an adult female 

c) Normal s t . tadpoles (12 lenses) 

d) Adult male ( l lens) 

e) Adult female ( l lens) 

The gels are stained with Naphthalene Black IZB. 
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Table ^ 1 . Propylthiouracil - treated tadpoles uaed to prepare lens orys ta l l ln solut ion f o r polyaoiylamide gel 

electrophoresis . Also summarised are the categories of orys ta l l in , haemoglobin and LDH patterns of individual 

tadpoles. Protein pattern oategorles are defined i n the teact. 

Stage 

55 

55 

Wet 
Weight 

(g) 
0.63 
0.48 

length 
(om) 

4.1 

] . 4 

Lens 
diameter 
(mm) 

Duration of 
goitrogen 
treatment (weeks) 

8 ^ 

8 { 

Crystal l in 
pattern 
category 

Intermediate 

Haemoglobin 
pattern 
category 

IDS 
Pattern 
category 

54 1.37 6.7 23 Adult Adult 

55 

55 

0.56 

0.39 

4 .3 

3 .6 
8.51 
8.51 

Tadpole Tadpole 

54 1.11 23.5 Adult Adult 

54 

54 

1.17 

1.25 
5 .9 24 

24.5 

Adult Tadpole Adult 

54 1.27 29 Adult Intermediate Adult 

54 

53 

56 

54 

56 

56 

55 

56 

0.63 

0.89 

0.93 

0.62 

0.78 

1.33 

1.10 

0.95 

5 .0 

5 . 4 

5.9 

5.2 

5.5 

6 .4 

6 . 4 

6.0 

1.0 
0.95 

1.15 

1.05 

1.15 

1.10 
1.15 

1.15 

41 

41 

41 

41 

41 

41 < 

4.1 i 

41 ) 

) 
* Adult 

Tadpole 

56 1.59 1.25 65 Adult 

53 0.90 1.05 59 Adult 

This pooled group was used to provide the 'large giant' c rys ta l l in sample used in immunoeleotrophoresis. 
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separated simultaneously on 14 disc polyacrylamide ge l s . Two gels 

were rapid-stained f o r protein to Ident i fy the crys ta l l in band pos i t ions . 

The unstained gels were cut in two such that the upper sections contained 

the 5 more cathodal hands and the bottom sections contained the 6 more 

anodal ones. Protein was eluted from the two groups separately and the 

eluate was dialysed, freeze dried and made up to a f i n a l concentration of 

6 mg/ml. The samples were separated again on disc ge l s . This con-

firmed that random reassociat ion had not taken place as the gels with 

cathodal eluates contained only cathodal bands while gels with anodal 

eluates contained only anodal bands. 

I t was desirable to correlate those bands (Nos. 6, 8 and 11 in 

sect ion 6.3) on pQlyaciylamide ge l s , which were used as metamorphic 

markers, with the antigenic markers detected by lEP. Bands 6, 8 and 11 

were located on unstained adult c rys ta l l in gels by comparison with 

stained ge ls . These bands were s l i c e d out and the proteins eluted from 

a number of s l i c e s i n each case. After d ia lys i s , freeze-diying and 

adjustment to 6 m^ml t o t a l protein the samples were separated by qual i -

ta t i ve lEP on microscope s l i d e s . The prec ip i t in arcs obtained were 

cong}ared to the pattern of arcs observed when whole adult crys ta l l in 

supematants were used as antigen solut ions . 

The two-dimensional lEP method described i n Chapter 4 was modified 

in an attempt to quantify the differences in antigen concentration 

observed in the qual i tat ive lEP experiments. 1̂ 2 Li tex gels with a 

t r i s - EDTA - boric acid buffer of pH 9 were used. Preliminary experi-

ments showed that the formation of peaks was l e s s sat i s factory than with 

coelomic f l u i d and serum proteins (Chapter 4-). Additional preliminary 

experiments ware performed to check that the c r y s t a l l i n s were not break-

ing down under prolonged electi-ophoresis and that the antiserum was not 

denatured by incubation at 55°C. Final ly an antigen - antiserum rat io 

was found that irould precipitate separate alpha- and beta- c rys ta l l in 

peaks on two-dimensional plates . Samples of normal stage 54, stage 57 

and adult crys ta l l ins were compared to those from ' large' and 'stunted' 

treated tadpoles. 

6.3 RESULTS 

Soluble crys ta l l in extracts from adult Zencmus toads show 11 bands 
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on polyacrylamide gels (Fig ) . This i s i n agreement with Manmaring 

(1972). However Manwaring drew the bands evenly spaced and of even 

width. This was never the case in the present work. Bands 7, 9 aiid 

10 are often veiy fa in t . Also bands 2 and 3 ^fid bands 4 and 5 

frequently appear to fuse as ^ 3 and ^ 5 , There i s some variation i n 

minor deta i l from gel to gel even with a orys ta l l in solution from a 

s ingle toad. 

Certain features are quite constant in adults and these can be used 

as 'landmarks' espec ia l ly when comparing disc ge l s within one experiment 

or slab gels from dif ferent experiments. Bands 6 and 8 are the 

most intense in the middle region of the c r y s t a l l i n electropherogram. 

Band 1% the f a s t e s t migrating, i s a lso a good reference. Using these 

reference bands i t i s simple to number the remainder according to the 

nomenclature shown in ? ig ^ 1 a , 

Bands 6, 8 and 11 (marked with asterisks i n Fig ^ 1 a ) were also those 

found to change most during development. Pigs ^ l ( b ) and (c) show that 

the re la t ive concentrations of Nos. 6, 8 and 11 are much lower ( i n th i s 

case they vfere barely v i s i b l e but i n some gels more prominent fa int bands 

were present) in normal stage 53 lenses than in adult lenses . 

In the same experiment, 2 separate samples extracted from propyl-

thiouraci l - treated tadpoles of di f ferent body s i zes were compared to 

the controls. Fig ^ 1 d shows the crys ta l l in bands of the larger giant 

(treated for 23 weeks) to be adult - l ike with respect to the concentration 

of Mos 6, 8 and 11. The smaller treated tadpoles had been development-

a l ly-arrested f o r only 8 weeks and were intermediate in c i y s t a l l i n 

pattern between normal stage 53 and adult. Only band 11 bad increased 

markedly in concentration (Fig. ^ 1 e ) . 

The fact that the bands used as "landmarks" f o r nomenclature were 

a l so the ones which changed most during metamorphosis was a potent ia l 

problem. Thus, most of the subsequent experiments were made on slab 

gels which f a c i l i t a t e d direct comparison of banda from adjacent samples. 

A typical c i y s t a l l i n trans i t ion i n untreated %. l eav i s i s shown i n 

Fig ^ 2 together with densitometric traces . In t h i s case bands 8, 9̂  "10 

and 11 were not v i s i b l e on the stage 5Q/52 s tr ip when the gel was stained 
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FIGURE 6/3 

Polyacrylamide slab ge l electrophoresis and chromoscan traces 

of lens crys ta l l ins from adult, toadlets , normal tadpoles and 

propylthiouracil treated tadpoles. 

a) Adult female (2 lenses) 

b) Normal s t . 54/^5 tadpoles (18 lenses) 

c) Toadlets (8 lenses) 

d) Normal s t . 54/^6 tadpoles (20 lenses) 

e) Adult female ( l lens) 

f ) St. 54 propylthiouracil treated tadpoles 

(6 l enses ) . 
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FIGOEE 4 /4 

Comparison of the adult Xenoiaus laevls lens crys ta l l in antigens 

precipitated, i n qual i tat ive immunoeleotrophoresis (drawings of 

typical s l i d e s ) . 

a) lonagar electrophoresis gels . 

b) Li tez HSA electrophoresis ge l s . 

a = alpha crysta l ] in , 

b = beta crys ta l l in . 

g = gamma crys ta l l in , 

0 = or ig in (sample wel l ) 
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with Na^dithalene hlaok. In t h i s experiment the adult crysta l l ins came 

from a male toad., A further ezpriment clemonstrated that there was 

l i t t l e djfference between the crys ta l l ins of an adult male and. an adult 

female (Fig The ser ies of 7 adult toads studied by P&&E showed 

no evidence of a lens orys ta l l in polymorphism and i t was assumed that 

polymorphism did not occur in tadpoles. I t was not practicable to 

conqpare the c r y s t a l l i n patterns of individual nomal tadpoles. 

Table ^ 1 l i s t s the t i^ated tadpoles used as c r y s t a l l i n donors i n 

PAGE experiments. Only 2 ciystdJin pools used tadpoles immersed in 

propylthiouracil for short periods (8 weeks). Neither of these had 

completed the crys ta l l in trans i t ion . A l l other o?ys ta l l in pattellas 

were of the adult type. A furtlKr example ia shown in Pig. Both 

the slab gel and Chromoscan traces show bands 6̂  8 and 11 to be adult-

l i k e in re la t ive concentration. 

The timing of the normal s h i f t mas of i n t e r e s t , Manwaring(l972) 

showed that a gradual t rans i t ion occurred from premetamorphic to climax 

laiirae. To invest igate the problem fu i ther samples from an adult 

female and normal stage 54/55 tadpoles were compared with a pooled 

sangple from newly-metamorphosed toadlets (Fig 4^5), The toadlet appears 

to be intermediate between the tadpole and adult pattei-ns. In f a c t , 

the gel of a sample from propylthiouraoil - treated tadpoles i n the same 

f igure had crysta l l ins 8 and 11 of slight]^^ greater re la t ive concentra-

t i o n than those of the toadlet . 

Immunoelectrophoretic separations of adult toad lens c i y s t a l l i n s 

gave resul ts s imilar to those of Campbell et a l (I968), when carried out 

with 'lonagar' agar-coated s l i d e s (Fig ^ 4 a ) . The major c lasses of 

crys ta l l ins are label led. Campbell e t a l (I968) introduced a oong)lex 

numbezd.ng system for Xenopus lens antigens but t h i s has not been necessaiy 

here. Their Group 1 i s the alpha-crystal l in aro which appears to share 

no common antigenic determinant with the other c r y s t a l l i n s . The alpiba-

arc crosses the arcs of the beta- group without fus ing with them. Group 

5 (sensu Campbell et a l ) i s the beta-group which i s a oonq)lex one. 

Groups 7 and 8 correspond to gamma-crystallins and, they are a l s o complex. 

I t seems that there may be shared antigenic determinants between beta- and 

gamma- crys ta l l ins (Litex agar s l ides ) but th i s was not supported by the 

lonagar s l ides on which the beta- and gamma-arcs appear to cross . There 

was no evidence for a common antigenic determinant throughout the mobility 



116 

range as in the obiok (Clayton and. Truman, I967). Campbell et a l 

(1968) a l so detected minor components which did not f i t the normal 

c l a s s i f i c a t i o n of mobllitieB and which were immunologically d is t inct 

ftpm the main crys ta l l in groups. These components may have been 

enzymes detected i n sp i te of the ir low concentrations by a very potent 

antiserum. No such prec ip i t in arcs were detected i n the present work. 

On Litez-coated s l ides the prec ip i t in arc pattern was more compressed 

even when electrophoresis was carried out for longer times than with 

lonagar. The major c r y s t a l l i n c lasses on Litex agpr are shown dia-

grammatically in Fig and photographically i n f i g 

The a lpha-crysta l l in component was found t o be absent from normal 

pre- and. pro- metamorphio lens homogenates (Pig 4 /5 ) . The antigena 

precipitated i n each case *ere a s ingle arc i n each of the beta- and 

g&mma- posi t ions . The absence of an alpha- component and the lack of 

complexity of beta- and gamma- crystal l ing were the metamorphic markers 

used with lEP to indicate pre-climax stages. 

The PAGE resul t s had pointed to the p o s s i b i l i t y that body s i ze and 

therefore lens s ize was an important factor i n determining the crystal1 in 

pattern. The variat ion i n protein pattern, observed in haemoglobin and 

albumin, was absent i n animals treated for over 8 weeks i n uncrowded con-

d i t ions . To t e s t the correlation with s ize two groups of treated tad-

poles , ' large giants' and 'stunted giants' im&re used. Lenaes removed 

from these animals were quickly measured before homogenisation and t h e i r 

diameters compared s t a t i s t i c a l l y . Both groups had been treated f o r 

about 35 to 41 weeks. In addition the ir diameters were compared 

s t a t i s t i c a l l y with the diameters of lenses of normal tadpoles and to&dM 

l e t s ; a) of similar morphological stage to the 'g iants ' and (b) of 

s imilar lens diameters to the ' g i a n t s ' . The lema diameters appear i n 

Table ^/2 and graphically i n Fig Lens dbimeter increased s t ead i ly 

from a mean of 0.47 mm in stage 4Q/49 to O.yl mm i n stage 59, There was 

inauf f l c i en t material avai lable to study la ter climax stages but a ser i e s 

of young toadlets had a mean lens diameter of 1 .02 mnu Sixteen lenses 

from adult females had a mean diameter of 2.00 mm. 

Pig 4/7 shows dlagyammatically the s t a t i s t i c a l comparison of 

propylthiouracil - treated lens with normal l enses . The 'average stage' 
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FIGURE 6/^ 

Qualitative imnunoelectrophoresis, using a rabbit anti-adult 

Xenows crys ta l l in serum^ of c r y s t a l l i n solutions from normal 

Zenoims i l l u s t r a t i n g the metamorphic antigen transi t ion. 

i ) Adult female crys ta l l ing . 

i i ) Normal stage $7 crys ta l l in s . 

i i i ) Noimal stage c r y s t a l l i n s . 

iv) Normal stage 57 crys ta l l ina . 

a = alpha c r y s t a l l i n 

b = beta crys ta l l ins 

g = gamma crys ta l l in s 
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labia 6/2. Lens growth during the development of J&enopus laevls and 

the lens diameters of propylthiouracil-treated larvae. 

Stage 

40/49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

Toadiets 

(newly 

metamorphosed) 

Adult female 

toads 

Stunted giant 

tadpolem 

Large 

tadpoles 

Mean lens 

diameter (mm) 

0.47 

0.52 

0.51 

0.53 

0.55 

0.66 

0.68 

0.73 

0.77 

0.85 

0.91 

1.02 

2.00 

0.82 

1.08 

Nimber of Lenses 

meagTire& 

8 

20 

20 

.24 

18 

38 

16 

28 

26 

16 

4 

14 

16 

31 

16 

Standard 

error 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.02 

0.04 

0.05 

0.02 

0,02 
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FIGURE $/6 

Growth i n lena diameter during the normal metamoirhosis of 

l aev i s . This f igure i s a gra^jiioal representation of the mean 

lena diameters given i n Table ^ 2 but a l so shows ranges of values. 

»Mean lens diameter 

Range of lens diameters 



LENS DIAMETER(mm) 

in 

o 
m 

lO 
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PIGOEE ^ 7 

Summary of the s t a t i s t i o a l congarison (by "t" t e s t ) of the diameters 

of lenses from stunted, giant treated, larvae, large giant tiTeated. 

larvae and. narml XenoT)US larvae. 

MLD = Mean lens diameter 

NS = Not s i g n i f i c a n t l y di f ferent (P = > O.O5). 
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STUNTED GIANT 

TREATED TADPOLES 

(Stages : 52 - 55 

^Average stage ; 53/54 

(MLD = 0.82 mm 

P = < 0 . 1001 

LAE&E GIANT 

TREATED TADPOLES 

(stages : 53 - 56 

^Average stage ; 55 

(MLD = 1.08 mm 

NORMAL ST. 53 TADPOLES 

(KLD = 0.55 mm) 

NORMA! ST. 54 TADPOLES 

(MLD = 0.66 mm) 

NORMAL ST. 57 TADPOLES 

(MLD = 0.77 MoJ 

NORMAL ST. 58 TADPOLES 

(MLD = 0.85 mm) 

NORMAL ST. 59 TADPOLES 

(MLD = 0.91 mm) 

3QADAETS 

(MLD = 1.02 mm) 

P =<u&rooi 

P - < 0 . 0 0 

NORMAL ST. 55 TADPOLES 

(MLD = 0.68 mm) 

NORMAL ST. 58 TADPOLES 

(MLD = 0.85 mm) 

NORMAL ST. 59 TADPOLES 

(MLD = 0,91 mm) 

TOADLETS 

(MLD = 1.02 mm) 

ADULTS 
(MLD = 2 .0 mm) 
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FIGURE 6/6 

Qualitative iianunoelectrophoresis of lens crys ta l l ing from stunted 

giant treated tadpoles ard. from untreated pre and postmetamorphic 

lanopuB. 

i ) Stunted giant treated tadpole crys ta l l ing 

i i ) Normal stage % crystal l ing 

i i i ) Stunted giant treated tadpole crys ta l l ing 

iv ) Normal stage 57 cryBtal l ins 

v) Stunted, giant treated teuipole orystal l ina 

v i ) Adult female crygtal l ins 

v i i ) Normal stage % c i y s t a l l i n s 

v i l i ) Normal stage 57 crysta i l ing 

ix) Normal stage 57 c i y s t a l l i n s 

x) Adult female crys ta l l ine 

a - alpha c r y s t a l l i n 

b = beta orystai l ing 

g = gamma c i y s t a l l i n s 
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iv) 

v) 

vi) 

vii) 

v i i i ) 

ix) 

x) 
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of stimted. giants 55/54 (range 52-55) while the average for large 

giants was 55 (range 53-56). Their mean lens diameters of 0,82 mm 

and 1.08 mm respect ive ly d i f fered at the 1^ l e v e l ( ' t ' t e s t ) . Thus 

the degree of crowding had produced the desired s ign i f i cant difference 

in lens diameter in two otherwise sirailar groiqis of treated tadpoles. 

The mean lens diameter of the stunted group was compared 

s t a t i s t i c a l l y to the mean lens diameters of normal tadpoles of similar 

morhpological stage (viz; stages 53 a-nd 54). Both were significant];^ 

dif ferent r e f l e c t i n g the fact that even the stunted group had larger 

body s izes than untreated controls. Analysis showed the mean lens 

diameter of the stunted group to be s t a t i s t i c a l l y similar to normal 

stage 58 a.nd 59 tadpoles but the]/ were different from toadlet lens 

(P=":::0.001). 

The large giant tadpoles, however, were similar in lens diameter t o 

normal toadlets but d i f ferent from both adults and from nomal tadpoles 

of similar morphology (stage 55) . 

The comparison by lEP of 'stunted giant' a^d ' large giant' lens 

homogenates with those from normal stage 54 and 57 tadpoles and from 

adults i s i l l u s t r a t e d in f i g s ^ 8 and ^ 9 . The markers used were the 

presence of the alpha- component and the degree of complexity of the 

beta- and gamma- components. 

The lEP patterns of stunted giant crystal l ing varied somewhat from 

s l ide to s l i d e but Fig ^ 8 shows that an alpha- component was absent so 

that the pattern ivas not adul t - l ike . However i n 2 of the s l ide s i l l u s -

trated additional fused arcs in the beta- and gamma- regions were present 

so that the pattern was more l i k e the normal stage 57 than l i k e stage 54. 

Thus the lEP pattern, l ike lens diameter, mas appropriate to tadpoles of 

normal stage 57/58 tadpoles rather than those of the stage of aiTrest 

(stage 53/54). 

Fig 6/9 shows the comparison of large giant orys ta l l ins with those 

from normal X. l a e v i s . In th i s case the patterns of large giant and 

adult are scarcely .separable 1 whereas, because of the presence of 

an alpha - component and increased beta- and gamma- crys ta l l in antigen 

coiig)le%ity, the treated tadpole pattern i s c lear ly more advanced than 
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those of the normal tailj^olss. The mean lens diameter of the large 

giants has already been shoT/n to he s imilar to that of post-metamoi^hio 

Xenopus and. the c i y s t a l l i n pat tem i s similar. 

Final ly , i n ? ig the patterns of stunted, and large giant ory-

s t a l l i n s i s compared, d irect ly . This confirms the presence of the alpha-

arc and. of more beta- and. gamma- arcs in the large giant l ens . A l l were 

absent from stunted, giant lenses . 

Elution of polyacrylami&e bands, 6, 8 and 11 and. the ir subsequent 

separation by lEP i s shown i n Fig 6 /10. Banda 6 and. band. 8 proteins 

each gave a s ingle arc i n the beta- crys ta l l in pos i t ion, The e l ec tro -

phoretio mobility of th is arc i s most readily compared, to the s ingle 

beta- component of stage 54 and. 57 tadpoles a l so shown i n Pig ^ 1 0 . 

The centre of the arc i s s l i g h t l y to the anodal sid.e of the origin. 

Band. 11 produced, f a i n t arcs which appear to have the i r centres c loser 

to the anodal end of the s l ide . Thus t h i s protein i s probably alpha-

crys ta l l in . 

The eluted proteins were a lso re-run on polyaorylamide disc gels t o 

check the ir purity. Eluates 6 and 8 each gave 2 adjacent bands. In 

each case one band was stronger than the other suggesting that some 

contamination from an adjacent band had occurred during gel s l i c ing and 

elution. I t i s l i k e l y that the band 6 eluate was contaminated with 

protein from band 8 and vice versa. In neither case was there material 

in the fast-moving band 11 posit ion, when the gels were compai-ed to a 

control gel on which whole adult crys ta l l ins had been separated, A very 

fa in t fast-moving band was observed when the band 11 eluate was re-

e lec t rophoresed. showing that no detectable contamination with the slower 

moving crys ta l l ins had occurred. 

The metamorphic markers employed on polyacrylamide ge l s , bazid .6 and 

8, therefore appear to be beta- crysta l l ins vdiile band 11 i s alpha-crysta-

l l i n . This agrees with the mobil i t ies of these bands on polyacrylamide 

gels i n the f i r s t part of these Results . 

I t appears from PAGE, i n which these bands become wider and more 

darkly staining at metamorphosis, that the crys ta l l ins contained increase 

i n re la t ive concentration during the larval and post-metamorphic periods. 
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FIGURE 6/9 

Qualitative Immunoelectrophoresis of lens crysta l l ing from large 

giant treated tadpoles and from untreated pre- and 

Dostmetamorphic Xenopus. A direct comparison of crys ta l l ins 

from stunted and large giant treated tadpoles i s a l so i l lus tra ted . 

i ) Large giant treated tadpole crys ta l l ing . 

i i ) Normal stage 54 crys ta l l ins . 

i i i ) Large giant treated tadpole c r y s t a l l i n s . 

iv ) Normal stage 57 crys ta l l ins . 

v) Large giant treated tadpole c r y s t a l l i n s . 

v i ) Adult female crys ta l l in s . 

v i i ) Stunted giant treated tadpole c r y s t a l l i n s , 

v i i i ) Large giant treated tadpole c r y s t a l l i n s . 

a = alpha crys ta l l in 

b = beta crys ta l l in 

g = gamma crys ta l l in 
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FIGUEE 6/I0 

Correlation between electrophoretic separations of adult Xenopus 

lens crys ta l l ins by two d i f ferent m e t h o d s . Whole lens extracts 

were separated by PAGE. Certain crys ta l l in bands were eluted 

from the ge ls and the eluates were electrophoresed by lEP against 

a rabbit anti-adult c r y s t a l l i n serum. 

i ) PAGE band No. 8 . 

i i ) PAGE band No. 6 . 

i l l ) PAGE band No. 11. 

iv) PAGE band No. 11. 

v) Normal stage 57 whole lens extract (not eluted) 

v i ) Adult Xenopus whole lens extract (not eluted) 

a = alpha crys ta l l ins 

b = beta crys ta l l ins 

g = gamma c i y s t a l l i n s 
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A similar conclusion may be drawn from the increased, density and complex-

i t y of prec ip i t in arcs and spurs. Two-dimensional lEP provided further 

evidence that th is i s so (Figs ^11 and ^ 1 2 ) . Fig ^11 shojs the 

appearance of prec ipi t in peaks obtained with adult female lens c iy s ta l l ins . 

Two groups of peaks are v i s i b l e . These contain d i f ferent proteins as 

the prec ip i t in l ines cross i n the trough between the peaks. The most 

anodal peak i s taken to be alpha-crystal l i i i . There appear to be 2 or 3 

proteins of similar mobility but di f ferent concentrations. The beta-

c r y s t a l l i n region i s more complea and contains at l e a s t 4 different pro-

te ins of s imilar mobility. The gamma-crysta] 1 ins which were poorly 

precipitated, having migrated towards the cathode i n the second-dimension, 

w i l l not be considered here. The pattern shown was obtained with 2 pools 

of female crystal1inm from separate adult donors. However a third pool 

(Fig ^11 b) did not ezhibit a h i ^ alpha-peak. In neither case were 

there antigens of intermediate mobility between alpha- and beta- crysta-

l l i n s i n adults . 

Fig ^ 1 1 c - e shows two-dimensional plates obtained with normal 

stage 59, 57 and 54 tadpoles. Two main differences between tadpoles and 

adults are noticeable. F i r s t , the alpha-peak i s h i ^ e r i n the adult 

than i n tadpoles. As the only variable i n these experiments was the 

re la t ive concentrations of individual c i y s t a l l i n s , within the 6 mg/ml 

to ta l protein samples, t h i s indicates a greater a lpha-c iys ta l l in ooncent-, 

ration in adults . Second, an antigen peak of intermediate mobility and. 

high concentration i s v i s i b l e between the alpha- and beta- peaks of 

tadpole plates but i s not v i s i b l e on adulj: plates . As the antiserum 

used was raised against adult crys ta l l ins the intermediate antigen must 

be present i n the adult but must be in much lower concentrations than i n 

tadpoles. I t s presence on a l l tadpole plates (each sample was irun 

between 2 and 4 times i n sepai%te experiments) suggests that i t i s not an 

a r t i f a c t caused by polymerisation of be ta -o iys ta l l in s , Campbell et a l 

(1968) detected a group of lens antigens, with an electrophoretio mobili;kr 

intermediate betiveen alpha- and beta- crys ta l l ins , i n adult ZenoDUS. 

T%ey termed t h i s "groiq) 3". This was not detected by qual i tat ive lEP i n 

the present work but the two-dimensional technique i s more s ens i t i ve . 

These two differences were used as biochemical laarkers when compar-

ing lens antigens from ' large' and 'stunted' propylthiouracil-treated 

tadpoles (Fig ^ 1 2 ) . The large giant plates were adul t - l ike i n that 

there was a marked alpha-peak with a deep trough between i t and the beta-
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peaks. Thus, as with qimlitat ive lEP the a lpha-crysta l l ln concentra-

t i o n was similar to post-metamorphic controls. There was no prec ip i t in 

peak of intermediate mobility. 

The stunted, giant plates a lso had. a well-defined, alpha peak which 

was lower than on large giant p lates . The intermediate peak was 

present but t h i s was somewhat more cathodal than i n normal tadpoles. 

Thus the stunted giant lenses were more tadpole- l ike than those of the 

large group. The poorer quality of the two-dimensional separations of 

lens crys ta l l ins , by comparison with the albumin plates of Chapter 4* 

made f u l l quantif ication by peak area measurement impossible. 

6.t. CONCLnSIONS 

The lens crys ta l l in trans i t ion observed duidjig normal metamorphosis 

was an increase i n the re la t ive concentration of bands 6, 8 and 11 on 

polyacrylamide ge l s . These bands apparently represent fast-moving be ta -

orys ta l l ins (Nos 6 and 8) and alpha-crystal l ins (No 11) . This t rans i -

t ion was confirmed by imaunoelectrophoresis. Qualitative lEP showed 

the f i r s t appearance of a detectable alp^-oonq)onent at metamorphosis. 

This was accompanied by an increase in the number of beta- and gamma-

c r y s t a l l i n arcs and spurs. The two-dinansional lEP method also showed 

that an increase in the concentration of a lpha-crystal l in aocong)anies 

l a t e lai"val development. 

The nature of the electrophoretic patterns observed in adults was 

generally i n agreement with previous reports. Eleven crys ta l l in bands 

were resolved by EA.GE. Brahma and van Doorenmaalen (19^9) a l so showed 

11 ci-ystal l ins on starch ge l s . Manwaring (1972) showed the same number 

of con^onents with PAGE. The resolution of lens antigens here was l e s s 

complete than with the very potent antisera used by Canqpbell et a l (I968) 

but a l l the major con^nents were v i s i b l e . The metamorphic transi t ion 

was s imilar to that i l l u s t r a t e d by Manwaring (1972) and B i l l e t t and 

Wild (1975). 

The main conclusion was that lens c r y s t a l l i n pattern was correlated 

with lens diameter. A l l tadpoles which had been treated f o r over 8 

weeks i n uncrowded condition^ and which had lenses of about 1 .0 mm 

diameter or larger, had an adul t - l ike c r y s t a l l i n pattern. This corre-

l a t i o n was s p e c i f i c a l l y demonstrated with two groups of treated-tadpoles 
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PIGUEE 6/11 

Two cLimensional imminoelectrophoresis to show the increase in 

concentration of alpha c r y s t a l ] i n and the decrease in 

concentration of an intermediate alpha/beta c r y s t a l l i n during 

normal metamoirhosis in Xenopus laev i s . 

a) M-ult female lens crys ta l l ins 

b) Adult female lens crys ta l l ins 

c) Normal stage 59 lens crys ta l l ins 

d) Normal stage 57 lens crys ta l l ins 

e) Normal stage % lens crys ta l l in s 

Each photograph i s accompeinied by a drawing interpreting the 

lEP p l a t e . Dotted l ines were only f a i n t l y v i s i b l e on the 

original p la tes . 

The area under each peak i s d irect ly proportional to the 

concentration of c r y s t a l l i n precipitated. 

»-+ Electrophoresis in I s t dimension 

+ 

Inmunoelectrophoresis in 2nd dimension 

a = alpha c r y s t a l l i n 

b = beta crys ta l l ins 

i = intermediate crys ta l l in 

o = origin wel l 

All p lates to same scale 
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ADULT 

o 
+ 

ADULT 

NORMAL ST 59 

c) 

NORMAL ST 57 

e) 

o 

o 

NORMAL ST 54 



/^bcing Page 129 

FIGURE 6/12 

Two dimensional immunoelectrophoresis comparing the lens 

crys ta l l ins of large and stunted propylthiouracil treated 

' Zenopus larvae with those of normal pre- and postmetamorphic 

animals. 

a) large treated tadpole lens crys ta l l in s 

h) Stunted treated tadpole lens crys ta l l ins 

c) Adult female lens crys ta l l ins 

d) Normal stage 54 lens c r y s t a l l i n s . 

Each photograph i s accompanied by a drawing interpreting the lEP 

data. Dotted l ines were only f a i n t l y v i s ib l e on tha original 

p l a t e s . 

The area under each peak i s d irect ly proportional to the 

concentration of crys ta l l ins precipi tated. 

»+ Electrophoresis in 1st dimension 

Immunoelectrophoresis in 2nd dimension 

a = alpha c r y s t a l l i n 

b = beta crysta l l ina 

i = intermediate crys ta l l in 

o = origin well 

All p lates to same scale 
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ADULT 
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o 

NORMAL ST54 
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# i ioh differed, oiily i n body s ize and. therefore i n lens s i z e . Ib is 

conclusion supports Clayton'w (1S70) hypothesis that the difference 

between the crys ta l l ins of the inner and outer lens i s a i-esponse to l e n s 

growth. This relationship between lens s i ze and c r y s t a l l i n pattern 

eDcplains the absence of vaHLation i n the crysta l l in patterns of giant 

tadpoles. I t a lso suggests that the lens crys ta l l in system i s contro l l -

ed i n a di f ferent way from haemo]globin or ooelomio f l u i d protein syn-

thes is in which marked individual variation occurred amongst giant 

tadpoles (Chapters 3 and 2 )̂. 

The resul t s of th i s chapter provide no evidence that thyroxine i s 

involved in the control process. Although Ealtenbach (1953) showed, 

by means of l o c a l implantations of thyroxine- containing p e l l e t s , that 

the hormone induces metamorphic changes i n the extr ins ic ocular muscles ̂  

bulging of the eye, formation of the upper eyelid, fus ion of the two 

larval comeae and. formation of the n i c t i t a t ing membrane, there has been 

only one study suggesting thyroid, control of lens development, Polanslgr 

and Bennett (1973) studied, change? i n lens diameter i n bul l frog larvae 

and. separated, crys ta l l ins by ce l lu lose acetate electrophoresis . Both 

normal and !i!4 - induced. met8,moi^hoses were accompanied by lens growth and 

by an increase i n the proportioh of alpha- and. beta- crys ta l l ins and a 

decrease in the propdrtion of gamma- crys ta l l ins . The authors admitted, 

that the c r y s t a l l i n changes could be the result of lens growth rather 

than a direct response to The possible nature of c rys ta l l in trans i -

t ion control i s discussed in Chapter 8. 

That lens growth i s related to nhole body growth i s suggested, by 

several papers. De Jongh (I967) showed, i n Eana temporaria. that during 

larval development, the whole eye grows with a pos i t ive al lometric re la -

tionship to body s ize . At metamorphosis th i s relat ionship changes to 

negative allometry. I t i s well known that the s ize of the lens i s 

related to the s ize of the whole orbit (Harrison, 192$; Coulombre and 

Coulombre, I969). Thus i t may only be necessary for the c r y s t a l l i n 

s h i f t s to be controlled d irect ly or ind irec t ly by lens s i ze f o r a re lat ion-

ship with ivhole body s i ze a lso to be apparent. 

Several of the treated larvae used, to provide crys ta l l ins had also 

previously been used as haemoglobin an^/or LDH d.onors (Table ^ 1 ) . 

There was no congelation between possession of ad.ult - or tadLpole - l ike 
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patterns within a s ingle animal. Thus one stage 54- giant tadpole pool 

possessed, adult orysta l l ins and. LDH but tadpole- l ike haemoglobins. A 

stage 56 tad.pole arrested, for 4I weeks also s t i l l had, a tadpole haemo-

globin pattern but adult - l ike crys ta l l ins . These data support the 

above statement that the control of the c r y s t a l l i n transi t ion may be 

quite d i f ferent from the control of the haemoglobin trans i t ion. 
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CHAPTER 7 

Assay of c irculat ing thyronine and, triioclothyronine in normal 

and propylthiouracil - treated lenoipus laevis larvae 

7 .1 INTRODUCTION 

The preceding chapters have shown that "tiochemical metamorphosis" 

can occur in X. l aev i s larvae severely retarded by propylthiouracil 

treatment. The e f f i c a c i t y of the goitrogen was indicated by the long-

term developmental e f f e c t s observed. However one explanation for the 

observed continuation of biochemical transitions i s that , with time, 

treated larvae are able to synthesise elevated l e v e l s of thyroid hormone 

perhaps by a prol i ferat ion of extrathyroidal t i s sue . The to ta l hormone 

l e v e l s in circulation would s t i l l be low, to account for continued 

developmental arrest, but might be s u f f i c i e n t to i n i t i a t e some of the 

biochemical events. Gopenhaver (1955) noted that c o l l o i d - containing 

thyroid t i s sue developed in the g i l l s of Ambystoma punctatum reared i n 

0 .01 to 0.005^ (0.59 - 0.30 mM) propylthiouracil . Turner (1973) found, 

extrathyroidal t i s sue in giant %. laev i s tadpoles treated with 0.01 to 

OiCa.5̂  (0.59 - 0.89 niM) pro3)ylthiouraci l . 

The aim of the work in t h i s chapter was to measure circulat ing T4-

ajid T3 t i t r e s separately in normal and treated pre- and prometamorphic 

tadpoles. I f treated tadpoles are unable to produce s ign i f i cant ly more 

T4. or T3, than premetamorphic controls , then the above explanation w i l l 

have been eliminated. 

In sp i te of intensive research on amphibian metamorphosis for over 

6o years there have been no published direct measurements of c irculat ing 

T4. and T3 t i t r e s in tadpoles. However a nun&er of s tudies have i d e n t i f i e d 

the hormones produced by the ainphibian thyroid and various, more or l e s s 

indirect , estimates of glandular ac t iv i ty or hormone t i t r e have been made. 

The methods employed by previous workers were reviewed before se lec t ing 

the methods used here. 

Most ear l ier workers uswi h i s to log i ca l c r i t e r i a such as height of 

f o l l i c u l a r epithelium and amount of f o l l i c u l a r c o l l o i d to estimate the 

synthet ic ac t i v i ty of the thyroid glsind (review by Lynn and Wachowski, 



1951). However i t has generally been accepted, that a h i s t o l o g i c a l l y 

"active" tl^rroid. gland, does not necessar i ly mean that c ircu la t ing TH 

l e v e l s are high. 

More recently the uptake of labeled. IH precursors such as or 

have been used. Gorbman and. Evajis ( l94 l ) did. not quantify the ir 

autoradiographs of Hyla r e g i l l a labeled. tad.pole thyroids but merely 

noted that the grain density increa^sed as the gland, grew larger and 

more colloid, was v i s i b l e . Saien ^ ^ (1957) obtained, re la t ive 
n n %1 

measurements of thyroidal I and protein-bound. I during X. l a e v i s 

metamorphosis. The radioact iv i ty was d.etermined by s c i n t i l l a t i o n 

counting of homogenised, thyroid, glands and whole laurvae or by a 

microd.ensitometry method, based upon autoradiographs (Saxen ^ 1956a). 

Similar whole gland or whole body counts have been used by Dodd (1955) 

and by Nataf ^ ^ (1975) with %. l a e v i s ; D'Angelo (1956) with Rana 

ci Ami tans; Donoso and Trive l loni (1958) with Bufo arenarium; Bowers 

et a l (1959) with R. catesbeiana and Kaye (1961) with R. p ip iens . 

The i so top ic material was administered e i ther by i n j e c t i o n or immersion 

of the whole animal. This has led . to d i f f erences in the developmental 

stage at which peak uptake was obtained (Kaye, I96I; Nemenschrander, 

1972; Dodd and Dodd, I976) . These s tudies have been mainly concerned 

with de ta i l ing the thyroid's a b i l i t y to concentrate iodine at A f f e r e n t 

stages of development. The method may be extended by homogenising 

labeled thyroid glands, fol lowed by the chromatographic s ^ a r a t i o n , 

i d e n t i f i c a t i o n and quant i f i cat ion of the labeled components. 

Shellabarger and Brown (1959) used paper chromatography to separate 

trypt ic l^ydrolysates of ^^^- labe led thyroids from Z. l a e v i s larvae and 

adults . Their data were not quant i f ied however. P l i ck inger (1964.) 

a lso used qua l i ta t ive chromatography to show that T4. i s f i r s t present 

in 16 mm long Rana pipiens tadpoles. Race and Cameron (I966) employed 

the th in- layer chromatographic technique with metamorphosing R. clmmitans. 

Provis ional semiquantitative re su l t s were obtained by densitometry of 

the stained separations. Hanaoka et a l (197.)) working with Bufo bufo 

.iaponicus and X. l aev i s employed th in- layer chromatography and detected 

T^ before s tage (external g i l l s ) . In B. b. .japonicua T4. became the 

main thyroid hormone a f t e r stage 34 (early premetazxarphosis). In 



ZenoT^us the reversal of values for 13:^4 took place "between stages 40 

and. 4-6. 

The only worker to express his data in absolute values was 

Thornhurn (196?) working with re la t ive ly large volumes of adult Bufo bufo 

blood.. Butanol extracts of serum were used with paper chromatography 

against known quantities of standards. Quantitation was achieved by 

estimating the cata lyt ic e f f e c t of throidal iodo-compounds on the 

reduction of the eerie ion by arsenite . 

Dodd and Dodd (197^) have recently estimated the rates of T4 

synthesis during prcmetamorphosis and climax in lenopus. Larvae were 

injected with a constant dose of and d iges ts of the labeled 

thyroid glands separated by chromatography. The component was 

then measured. 

An unusuaj. method of estimating thyroid a c t i v i t y was used by 

Gorbman and Ueda (I963). Physiological a c t i v i t y was correlated with 

the e l e c t r i c a l properties of individual thyroid f o l l i c l e s . E lectr ica l 

measurements were made through microelectrodes. 

The above methods give only an indirect estimate of c irculat ing TH 

l e v e l . Even i f precursors are taken up and incorporated into hormone 

the l a t t e r may be degraded to inactive molecules before or a f t er re lease . 

The rajige of methods currently used c l i n i c a l l y to assay c irculat ing 

TS has been reviewed by Varlqy, Gownlook and B e l l (1976). Some methods 

are not suitable for use with the small samples which are obligatory i n 

metamorphosis research. The protein-bound iodine (EBl) method i s widely 

used for the routine invest igat ion of thyroid disorders. The serum 

proteins are precipitated and the iodine in the iodine - containing 

compounds carried down with them i s converted to inorganic iodine by 

digest ion or incineration. Iodide i s measured by i t s ca ta ly t i c action 

on the oxidation of arsenite by eerie sulphate i n which the yellow Ge^^ 

ion i s converted to the colourless Ce^^ ion. FBI values include both 

T4 and T^, which in humans are almost ent irely protein-bound. Also, 

depending upon the protein precipitant used, vsuriable amounts of &IIT and 
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DIT are measured.. When present i n large amounts inorganic iodide 

may in ter fere . The most serious souroe of d i f f i c u l t y ar i ses when 

large dif ferences i n t i t r e s of thyronine-binding proteins occur between 

the samples under comparison. I t WSLS shown i n Chapter 4- that to ta l 

serum protein and the percentages of constituent components change 

during metamorphosis. L i t t l e i s known about thyronine-binding proteins 

in amphibian body f l u i d s but i t may be that the l eve l s of any which 

occur change greatly during larval l i f e . A method which re l i e s upon 

approximately constant !I!BG l eve l s in human sera would not seem to be 

suitable for use in metamorphosing tadpoles. 

The 131 method haa the advantage of being usable on a mioro scale 

(Malkin, 196^). I t was therefore used by Just (1972) to assay changes 

in l e v e l in metamorphosing Rana pipiens sera. The author claimed 

that changes in serum t o t a l protein did not coincide with the observed 

changes in EBI values. I t was argued that in pract ice the PBI method 

gave a reasonable estimate of t o t a l c irculating TH. 

The evidence which has accumulated to indicate that T^ may be the 

most b io log ica l ly ingaortant thyroid hormone w i l l be discussed in 

Chapter 8. As T^ i s present in much lower concentrations than T2̂  in 

pre- and prometamorphic lenopus (Hanaoka ^ ^ 1973) quite large 

f luctuat ions in T3 t i t r e might be masked by T4. i n EBI measurements. 

For these reasons modem c l i n i c a l assays measure the two hormones 

separately. The methods used are more direct than azy of those attempted 

in amphibian metamorphosis research to date. The methods are the 

competitive protein-binding technique (Mirphyend Jachan^ 196$; Seligson 

and Sel igson, 197^) and radio-immunoassay (Hollander and Shenkman, 1914). 

These methods have been used to assay c irculat ing TH i n f i s h e s . 

Con^etitive protein-binding waa f i r s t employed tiy Refetoff ^ (1970) . 

Since then several other studies have made use of the technique in f i s h e s 

( e . g . Higgs and Bales, 1973; Henderson and Lorscheider, 1975; 

Henderson, 197^). Packard, Packard and Gorbman (l97^) determined serum 

T2(. in adult R. piiaiens in this way. The methods used by these workers 

a l l ai^loyed assay k i t s or ig inal ly intended for human serum measurements. 



1^6 

A similar adLaptation. of human rad-ioimnunoaasay (RIA) k i t s had not 

teen reported, at the time when the present work was carried, out. More 

recently however, Brown and. Eales (1977) have reported, that c l i n i c a l 

T4. RiA's were i n s u f f i c i e n t l y s ens i t i ve to measure plasma T4- in 

freshwater f i s h e s . A more s e n s i t i v e RIA technique, described, in sec t ion 

7 .4 , has been d.eveloped. by these authors. 

Special RIA's have not yet been d.eveloped. for amphibian thyroid 

measurements but a study by demons (l97^) used, a hcmologous technique 

for growth hormone. 

In the present work both con^etit ive protein-binding and RIA 

methods intended, for c l i n i c a l use were adapted, for the assay of Xenopus 

ooelomio f l u i d hormones. The reason and rationale for the use of 

coelomic fluid., rather than serum, was given i n Chapter 4 . In this 

context i t seems l i k e l y that both free- and. bound.-hormone are present 

in coelomic fluid, i n guanties d irect ly proportional to those of the 

serum. The small s i ze of TH molecules makes i t l i k e l y that unbound, 

hormone would move free ly between the two f l u i d s . The immunologioal 

d.emon8tration, in Chapter 4 , that id.@ntical proteins occur in serum 

and coelomlc fluid, makes i t l i k e l y that s p e c i f i c TH transport proteins, 

i f they ex i s t in lenopus. would a l so occur in both f l u i d s . Thus 

coelcmic fluid, i s a convenient medium with which to make the con^arison 

of T3 and. T4. t i t r e s between normal and propylthiouracil-treated. larvae. 

When using hormone assays d-esigned for human serum assay with 

Xenopus coelomic f l u i d one i s making certain assumptions, which are: 

1. lenopus T3 and T4 are chemically id.entioal to the human hormones 

and. w i l l therefore be bound by antisera against the human 

hormones. 

2 . That non-specif ic hormone binding ( i . e . , binding of hormone to 

proteins other than thyronine binding g lobul ins , TBG or thyronine 

binding prealbumin, TBPA) w i l l not adversely a f f e c t the r e s u l t s . 

3. That conipounds used to prevent ^ e c i f i c hormone binding to 

human TBG w i l l a l so be e f f ec t ive with any amphibian TBG. 
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These points w i l l be discussed, in sect ions 7.2 and 7 . 3 . 

7.2 EXPERIMENTAL 

For % a competitive protein-binding assay and a RIA were used. 

For T3 two d i f ferent EIA methoda were given preliminary t e s t s but only 

one gave sat is factory calibration curves. 

7 . 2 . a . Ccmipetitive protein-binding with an anion exchange resin (Bauer 

et a l . 1970) 

The method of Bauer et al (1970) i s c lose ly followed in the 

'Tetr80.ute' k i t (Ames Oon̂ ai%r, Sloughy Bucks). The principle i s 

that v ir tual ly a l l T4 i s extracted from serum by placing i t in a 

strongly alkaline (pH I j ) Sephadez 0-2$ column. The 'Tetralute' 

column i s similar to the barrel of a 5 ml p l a s t i c syringe. The 
125 

extracted T4. alang with the added radioactive I-T2(. tracer in the 
alkaline medium i s bound by the Sephadex 0-2$. The column i s washed 

125 
with buffer to s h i f t the pH to 8 .6 and to wash out any f r e e I and the 

serum proteins which are free of T4. At pH 8.6 an equilibrium i s 

established between the Sephadex column (secondaiy binding) and the 

eluting reagent which i s then added. The eluting reagent i s human 

serum diluted in barbital buffer providing a l imited number of TBG- s i t e s . 

T4. bound to the elut ing reagent i s removed from the column by washing 

at pH 8 .6 . 

The ra t io of T4- bound to Sephadex a f ter e lut ion to that bound 

i n i t i a l l y i s established by counting the radioeictivity before and a f ter 

e lut ion. This rat io ("percentage retention") i s the percentage of 

radioact iv i ty retained by the column and i s an index to the amount of 

T4 in the sample serum. The T4 content of the san^le i s determined by 

re la t ing the percentage retention to a cal ibration l i n e prepared with 

standard sera of known T2̂  concentrations. 

Detai ls of Xenopus used to provide t e s t sauries are given in the 

legend to Fig. 7/^. Throughout t h i s chapter the f l u i d s assayed were 

coelomic f lu ids from normml eind treated tadpoles. However i t was 

use fu l also to assay Zenopus f l u i d s which could be obtained i n larger 
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quant i t i e s . Thus toadlet coelomic f luid, and adult toad, serum were 

oolleoted. ajad. used, both i n preliminary experiments when tes t ing 

method.ology and a l so for comparison with tadpole d.ata« 

A l l ca l ibrat ion l i n e s appear i n Fig . 7/^. 

Experiment 1. Standards on]^ were used to check methodology and 

k i t performance. The assay material volume was 50 p i . Reproducibil ity 

of duplicated standards was high and a s tra ight l i n e of the type 

i l l u s t r a t e d by Higgs and Bales (197^) was obtained indicat ing s a t i s f a c t o r y 

performance. 

Experiment 2. A ca l ibrat ion l i n e was again produced and in 

addit ion samples of adult sera A ajid goitrogen-treated tadpole, s tage 

56/59 and stage 48/50 coelomic f l u i d s were assayed. The sample volume 

weus 50 p.1. 

Experiment 3". Because of the extremely low l e v e l of % found in 

the previous experiment an attenpt was made to extend the cal ibrat ion 

l ine into the human hypothyroid region ( l e s s than j . 8 ug T4/I00 ml) . 

Samples wi th 0 .44, 0.88 and I .76 ug T4/I00 ml were used with a san$)le 

volume of 20 }i l . 

Additionally the modif icat ions recommended by Higgs and Eales (I97i5) 

for use with low T4 t i t r e s were incorporated. These workers were able 

to steepen the standard l i n e by using a 1:^0 d i lu t ion of human serum 

with barb i ta l buffer as an elut ing agent rather than the l ; l 6 d i lu t ion 

suggested by Bauer et a l (1970). Assuming the 'Tetralute ' e lut ing 

reagent d i lu t ion to be l ; l 6 (not s tated by the manufacturers) a l ; l 

red i lu t ion -Ad.th buffer was made. Higgs and Eales a l so found the time 

a f t e r drainage of the e lut ing reagent (TBG)before e lu t ion with buffer t o 

be c r i t i c a l . Thus a mininmim of 5 minutes was allowed rathsr than the 

2 minutes s tated by the manufacturers. 

The cal ibrat ion l i n e obtained i s shown i n F i g . 7 / 1 i n which 

d u p l i c a b i l i t y was again exce l l ent but the l i n e was s t i l l too f l a t . 
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Experiment The calibration l ine of Experiment ^ was repeated 

together with samples of adult toad, serum and. coelomic fluid, from 

goitrogen-treated. tad-poles, normal toadlets , stage 52 tad.poles and. 

stage 48/50 tadpoles. The sample volume was 20 p i . 

7 .2 .b . Measurement of non-specif ic hormone binding 

The a v a i l a b i l i t y of RIA materials made i t poss ible to invest igate 

the most serious potent ia l source of error in th is work, namely binding 

of TH to any Xenopus protein not e f f e c t i v e l y blocked by thiomersalate 

(referred to here as "non-specific hormone binding"). I t i s also 

convenient to discuss the other potential sources of error mentioned i n 

section 7 .1 . 

The simple nature of the molecule of e i ther T^ or TZ;. removes the 

uncertainty about their similar structures in mammals and amphibians. 

This uncertainty i s a problem when working with polypeptide hormones. 

In f a c t the standard and T4. solut ions supplied by RIA k i t manufacturers 

for use with human sanples are prepared with synthetic hormones. I t was 

found that the antibodies of the anti-T^- and anti-T^ sera supplied ?fere 

not of the precipitat ing sort as they would not precipi tate synthetic 

T4 or T^ from human serum. Hence i t was not poss ible to demonstrate 

the cross -react iv i ty of the antisera with lenoiius hormones by direct 

prec ipi tat ion. 

The coirpound used here to block s p e c i f i c hormone binding was 

thiomersalate (sect ion 7 . 2 . c ) . To demonstrate i t s e f f i c a c i t y with 

XenoT3U8 material and to prove that a serious l e v e l of non-spec i f ic 

binding was not occurring a preliminary experiment was performed. 

The non-specif ic T^ binding properties of treated-tadpole coelomic 

f l u i d , adult toad coelomic f l u i d and adult toad serum were compared with 

those of water. The methodology was s imilar to that of normal assays 

^ctioh2.jO and 7 . 2 . c ) except that s p e c i f i c T4 antiserum was not used. 

To determine the t o t a l radioact ivity the adsorbent powder was omitted 

and 1000 ^ of water added instead. The resu l t s appear i n Table 7 / I . 
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Table 7/^. Percentages of non-specif ic T2«. binding caused by Xenoiaus 

coelomic f l u i d and serum proteins. 

San^le cpm 
(mean of j 
repl icates) 

Percentage of toteO. 
retained. 

(cpm sample 
.total ac t iv i ty z 100 

Percentage non-
s p e c i f i c T4 
binding (in excess 
of water) 

Water 

Gk)itrogen-
treated 
tadpole coelomic 
f l u i d 

Adult fanale 
coelomic 
f l u i d 

Adult female 
serum 

Total 
a c t i v i t y 

1,227 

l , 6 8 j 

1,707 

13,255 

9.3 

12.7 

11.0 

12.9 

3 . 4 

1.7 

3.6 

The percentages of non-specif ic T4 binding were w e l l within the 

range of that of human serum, namely l e s s than about 5^ (Mardell, 197^) 

Thus thiomersalate e f f e c t i v e l y blocks any s p e c i f i c binding which may 

occur with Zenoiaus body f l u i d proteins and non-specif ic binding i s too 

weak to r e s i s t the adsorbent powder (anion exchange res in) added in 

these radioinminoassays. 

7.2.C. Principles of radioimmunoassay (RIA) 

RIA i s based upon the competition between labeled and unlabeled 

antigen for s p e c i f i c antibody s i t e s , forming antigen-antibody complexes. 

This reaction i s described by the expression (Goldsmith 1975) 

antigen + antigen-antibody complex 

s p e c i f i c antibody 

radioactive + ^ radioactive antigen -

antigen antibody complex 

At equilibrium, the radioactive complex (bound - B) i s separated from 

the radioactive antigen (free - F) . The B/t" ra t io i s dependent upon the 

amount of nonradioactive antigen. Antigen concentration in unknown 

samples i s determined by ccmparing the B/t" ratio to the B/^ ra t ios obtained 
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by incubating varying amounts of knoTfn nonradioactive antigen with the 

same amount of antibody as i n the unknown sample under s imilar assay 

condition; 

achieved. 

- 1 2 / 
condit ions. S e n s i t i v i t y of the order of 10 m o l e s / l i t r e may be 

S p e c i f i c i t y i s dependent upon the a b i l i t y of the antiseirum to 

recognise subtle s tructural features of the antigen molecules. The 

mesLSurement of T3 a.nd % has lagged behind the development of RIA's 

f o r other hormones by approzimate]y a decade (Hollander & Shenkmazi, 1974-). 

Presumably the small s i z e of the thyroxine molecule dissuaded inves t igators 

from considering i t a su i table antigen, but as has been subsequently shoim 

for % ajid other small antigens as w e l l , small s i z e does not preclude 

ant igen ic i ty i f appropriate methods are employed. After the demonstration 

by Brown e t a l (1970) that antibodies to could be raised in animals 

in jec ted with a poly-L-lysine-T^ conjugate, other inves t igators were 

able to develop serum T3 and EIA's su i tab le for routine laboratory 

u s e . 

Some further spec ia l problems are encountered with TH radioimmunoassays, 

In the case of those for Tj the antiserum must be highly s p e c i f i c as , at 

l eaat in humans, i t must normally be measured in the presence of 50-100 

f o l d greater concentrations of T4- from which i t d i f f e r s by only one 

iodine atom. Preliminary separation of and may be hazardous s ince 

i t may prove incomplete and may induce conversion of to Tj (Taurog, 

1963). 

Second, a direct serum assay i s subject to in ter ference by the 

presence of thyronine-binding proteins in the serum in amphibia as we l l 

as in humans (Farer et a l . 1^62). These prote ins i n t e r f e r e with both 

the antibody— hormone react ion and with the separation of f r e e hormone 

by adsorption on a s o l i d matrix. Since the l e v e l of thyronine-binding 

prote in may vary frcao serum to serum th i s interference must e i ther be 

eliminated or corrected for by an addit ional 'blank' n o n - s p e c i f i c binding 

measurement for each sample i n the absence of antiserum. 

Third, the presence of serum, even i n the absence of thyroid 

hormones, in ter feres s l i ^ t l y with the binding of TH to antiserum. I t 

i s necessary that the ca l ibrat ion curve should be constructed using serum 
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rather than aqueous standards. 

Two types of RIA method were tr ied . The f i r s t weis the 

"Phadebas" RIA for T̂  (Pharmacia Diagnostics A B, Uppsala^ Sweden) 

which employs Tj antibodies bound to Sephadez part ic les as a so l id 

phase (Wide & Porath, 1966). This method did not give sat i s factory 

calibration curves with standard Tj sang)le8 in human serum. In 

addition, the mean gamna count rate of Ong Tj^ml samples should be 

around 10^ of the mean count-rates of t o t a l a c t i v i t y added. In fact 

t h ^ lay between 19 and 2?^. I t was concluded that the reagents 

supplied were unreliable great care having been taken with the 

methodology. 

The second RIA method i s that used by the RadiochemicEil Centre, 

Amersham, Bucks. This, in both the Tj and T4. forms, gave excellent 

standard cui^es. 

The method depends upon competition for binding s i t e s on honnone 
125 

s p e c i f i c antibody between the hormone in serum and I - l a b e l e d hormone, 
125 

The proportion of I - labe led hormone bound to antibody i s inversely 

related to the concentration of the unlabeled hormone present. This 

proportion i s measured by separating the free hormone by adsorption on 

a so l id matrix and estimating the radioact iv i ty of the bound fract ion 

remaining in so lut ion. 

The manufacturers claim that cross -react iv i ty of the anti-T^. serum 

with L-triiodothyronine i s l e s s than ^ and with DIT and MIT i s l e s s 

than 0.5^. With the anti-T^ serum cross -react iv i ty with L-thyroxine 

i s l e s s than 0.2^ and with DIT and MIT l e s s than 0.1^. 

The problem of non-speci f ic binding i s circumvented in t h i s method 

by the use of a TBG-blocking agent, thiomersalate and the appropriate 

sodium bGirbitone buffer. Huefner and Hesch (197^) found t h a t , of 

several TBG-inhibitors tr ied (anilino-naphthalene-sulphonic acid, sodium 

sa l i cy la t e , diphenyl-bydantoin and tetrachloro-thyronine) thiomersalate 

(1:1000 Tf/v) was the most sat i s factory as i t did not also inhib i t the 

s p e c i f i c binding of the labeled hormone to the antibody. 



Standards of 14 and T3 were used diluted in human serum. 

7 .2 .d . Tip Eadioimmunoassay 

Detai ls of animals used as coelomic f l u i d and serum donors are 

given in the legends to Figs . 7/2 , 7/^ 7/%-. 

Experiment 1. Although the manufacturers reccmnended $0 p i 

aliquots of standards and samples, 2$ p i a l iquots were used throu^out 

to conserve the b io log ica l material. 

In t h i s experiment 0.15, 4-.10, 10.8, and 19.2 ^g TZf/lOO ml 

standards in human serum were used to construct a cal ibrat ion curve. 

I f the curve was s a t i s f a c t o i y i t was aasumed that the methodology was 

correct . In addition a sample of adult ZenoiJus serum was assayed. 

Experiment 2 . As with the EIA the advice of Dr. Smith 

(Radiochemical Centre) and Mr. ilardell (Southampton General Hospital) 

was followed, that the reconstituted reagents (antiserum, labeled % 

and adsorbent) should be further di luted 1:2 with d i s t i l l e d water. 

This was intended to make a more economical use of reagents with the 

low hormone t i t r e s of Xenoiaus f l u i d s . 

2$ ju.1 aliquots of 0 .15 , 4-.10, 10.8 and 19.2 pg T4/IOO ml standards 

and a sample of %enoT3us adult serum were used with the rediluted 

reagents. 

Experiment Following the unsatisfactory resu l t of the previous 

experiment unrediluted reagents were used to produce a cal ibrat ion curve 

and to assay 25 p i sanples of adult toad serum and coelomic f lu ids from 

toadlet , goitrogen-treated (non-giant) normal stage and stage 4-9/^0 

tadpoles. 

Experiment 4.. Shortage of assay reagents again made i t necessary 

to attempt their redi lut ion. The resul t s of Experiment 2 suggested that 

the unsatisfactory counts obtained with the 10.8 and 19.2 pg T4/IOO ml 

standards was due to there being i n s u f f i c i e n t adsorbent. In the present 

experiment the reconstituted absorbent was not d i luted while the antiserum 
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and. labeled, thyroxine were again rediluted. 1;2 Y/ith d.i8tilled, water. 

8tand.arda only were employed, to produce a t r i a l ca l ibrat ion curve. 

Experiment 5. The sat i s factory re su l t s of the previous experiment 

confirmed that rediluted antiserum and labeled thyroxine would perform 

s a t i s f a c t o r i l y . The reconstituted adsorbent was now rediluted 1:0.5 

with d i s t i l l e d water and another cal ibration curve produced. By th i s 

means i t was hoped to be able to assay a large number of XenoDus f lu ids 

in the next experiment. The cal ibration curve was extended downwards 

by the use of a 0.06 pg T̂ ŷ lOO ml sample obtained by using 10 p i rather 

than 2$ p.1 of the 0.1$ pg T4/100 ml standard. 

Experiment 6. 1:2 rediluted antiserum and labeled thyroxine were 

used with 1:0.5 rediluted adsorbent to assay 2$ al iguots of standards 

and samples. The sazi^iles were adult toad serum and coleomic f l u i d 

from toadlet , three separate giant tadpoles and normal stage 57/^9, 54/^6, 

52/%. and 49/51 tadpoles. 

7 . 2 . e . T5 Radioimoounoassay 

Details of animals used as coelomic f l u i d and sei-um donors are 

given in the legends to F igs . 7/^ and 7 /6 . 

Experiment 1. 25 p i aJ.iquots of both standards and sangples were 

used. As the previous T4-assays had given sat i s factory calibration 

curves i t was not necessary to run a preliminary experiment with 

standards alone. Two repl icates of each standard and saogle were run. 

Experiment 2. In the previous experiment i t was apparent tha-t 

c irculat ing l eve l s of T^ are too low to be extrapolated from a standard 

curve based on the human Tj range. The present experiment and 

experiment j compared two ways of obtaining lower points on the curve. 

The method used here was to use smaller volumes of the 0.10 ng Tj /kl 

standard than the usual 25 jul in order to lower the T^ concentration. 5, 

10 and 25 p i of th is standard 7,ere used being equivalent to 0.02, 0.04 

and 0.10 ng TJ ng T 3 / ^ respect ive ly . 
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FIGURE "^1 

Cong)etiti?e protein binding ("Tetralute") assay of Zenopus laevia ooelomio f l t d d and serum thyroxine 

Experiment 1, 

Experiment 2. 

Sanq)le 

A d u l t A 

Serum 

Source 

Single 

female 

Preliminaiy experiment to cheok 

assay performance. 

A - A Calibration l ine with 1.76 

3.52, 8 .8 and I7 .6 pg T4/100 ml 

standards 

m - m Calibration l ine with 1.76, 

3.52, 8 .8 and 17.6 pg T4/IOO ml 

standards. The fol lowing 

sanqples were assayed; 

^ Retention pg T4/IOO ml 

(& means) (extrapolated 

from l ine ) 

Experiment 

10.6 
13.3 (12.0) 

Experiment 4. 

Sample 

<1 .76 

Adult C 

Serum 

Source 

Single 

female 

PraLiminary experiment to check 

assay performance with di lute 

standards, 

O-OCal ibrat ion l ine with 0 ,44 

0.88, 1.76 and 4 . 4 pg T4/'I00 ml 

standards. 

O-OCalibiration l ine with 0.44, 

0.88, 1.76 and 4 . 4 pg T4/IOO ml 

standards. The fol lowing 

aaaqples were assayed; 

^ Retention pg 100 ml 

(extrapolated 

from l i n e ) 

33.6 0.8 

Adult B 

Serum 

Single 

female 

tadpole 
coelomic 

f l u i d 

treated 
26 weeks 

(pooled) 

St. 54/59 8 tadpoles 

0 oelomio (pooled) 

f l u i d 

12.9 

1 ) . ) (13.1) 

doitrogen- 24 St , 53/54 

treated crowded & 

11.9 

13.2 (12.6) 

14.4 
14.7 (14.6) 

<1.76 

<1.76 

<1.76 

St. 4Q/50 42 tadpoles 13.6 

coelomic (pooled) 13.1 (13.4) <1,76 

f l u i d 

Toadiets 

ooelomio 

f l u i d 

4x2.0/3.0cm 

specimens 

(pooled) 

Gcitrogen- As in 

treated Expt, 2 
tadpole 

coelomic 

f l u i d 

St. 52 

coelomic 

f l u i d 

St . 4 ^ 5 0 

coelomic 

f l u i d 

13 tadpoles 

(pooled) 

As i n 

Expt. 2 

33.5 

33.9 

34.1 

32.4 

0.75 

0.85 

1.00 

0.50 
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Experiment The alternative inethod was to d i lute the 0.10 ng 

ml sample. Dilution with "buffer would a l t er the serum protein 

concentration also and so idea l ly Tj- free serum ought to be used as a 

diluent . Mr. R. Mardell of Southanpton General Hospital generously 

gave me some viala of lyophi l ised I_3-free human serum which were 

reconstituted with d i s t i l l e d water. One v i a l was used to give points 

for 0 and 0.02$ ng Tj/W.. 

In th i s experiment (as in the la ter the reconstituted 

reagents (antiserum^ labeled-Tj and adsorbent) were rediluted. A 1:1 

d i lut ion was made with antiserum and labeled-I3 while a 1:0.5 d i lut ion 

was made with the adsorbent. To further conserve material 10 u l 

al iquots of both standards and samples were employed. 

Experiment 4 . 10 p i aliquots of stajidards were used to produce a 

ca l ibrat ion curve from which were extrapolated t i t r e s for adult serum 

and coelomic f l u i d s from three separate giant tadpoles. Two further v i a l s 

of T^-free serum were also assayed for comparison with that used in 

experiment 3. 

Experiment 5. The previous experiment was repeated to obtain T̂  

vaZues for adult serum and coelomic f l u i d from normal stage 57/^9, 

stage 56, stage $2/%., stage $2 and stage 4-9/^1 tadpoles. A fourth T ^ 

f r e e standard was tes ted . 

7 . j EE8U1T8 

In expressing T^ and T2̂  t i t r e s the un i t s used by many oliniceO. 

workers and by the EIA k i t manufacturers have been followed. Thus T^ 

i s expressed as ng T^/ml and T4 as ug T2t./l00 ml. To convert ng/ml to 

^g/lOO ml the f i r s t value i s divided by 10. 

7.3.a. Competitive protein-binding assay for c irculat ing T4. 

The cal ibrat ion l i n e s are drawn in Fig, 7 / l &iid extrapolated Tî . 

values for Zenopus body f l u i d s appear in the legend to that f i gure . 
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FIGURE 7 /2 . Thyronine radioinmunoaasay - preliminaiy experiments 

(Expeidjnents 1 and. 2) 

a) EipeirimeBt 1 

# - # Calibration curre using O.I5, 4 . 1 0 , 10.8 and. 

19.2 )ig T2(/100 ml standards. The reconst i tuted r e -

agents (labeled. T4, antiserum and. adaorbent) were 

used i n accordance with the Radiochemical Centre's 

recommendations and. were not rediluted.. The fo l low-

ing Xenorus sample was assayed: 

Sample Source 12(1 
Net 1 counts 
per 2 min 
(& mean ) 

pg 12/100ml. 
(extrapolated, from 

curve) 

Adult serum Single female 16,600 

17,100 (16,850) <0 .15 

b) Experiment 2 

0 - 0 Calibration curve using 0.15, 4 .10 , 10 .8 and. 

19.2 pg T4^100 ml standards. In t h i s experiment the 

reagents (labeled. T4, antiserum and. adsorbent) were 

redlluted. 1 : 2 . 
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A sumiEiry of the t l ^ o z i n e concentrations found in Xenoims serum, 

and coelomic f l u i d s from treated and normal tadpoles , by the competitive 

protein-binding method i s given i n Table 7 /2 . 

Table 7/^. Summary of lenopus serum - and coelomic f lu id - T4 t i t r e s 

obtained by the competitive protein - binding technique 

Sample pg T^/lOO ml 

Adult g A serum <^1.76 

Adult g B serum -c l .76 

Adult ^ G serum 0 .8 

G k ) i t r o g e n - t r e a t e d tadpoles (stunted giants) coelomic f l u i d 0.85 

Normal toadlet coelomic f l u i d 0,75 

Normal stage $6/^9 coelomic f l u i d 1.7^ 

Normal stage $2 coelomic f l u i d 1.00 

Normal stage 48/50 coelomic f l u i d 0 .50 

I f one assumes an approximately s traight l i n e re lat ionship to hold 

between percentage retent ion and ^ I4/IDO ml, as was found by Higgs and 

Eales, from 0 to 10 p.g/lOO ml then one can use the resu l t s of Experiment 

2 to predict a sca le of magnitude of T4 t i t r e s from the percentages 

re tent ion . In that experiment an ascending order of T4 t i t r e s was as 

fo l lows: goitrogen-treated tadpoles stage 4 8 / 5 0 ' ^ s t a g e 56/^9. 

This agrees with Experiment 4 in that goitrogen-treated tadpoles 

are lower than stage 56/5$ but unlike Experiment 4 goitrogen-treated are 

a l so lower than the pre-metEumorphic stage ZkS/̂ O group. The goitrogen-

treated larvae used here were stunted by crowding. 

7 . J . b . T4 Eadioinmunoassay 

The dupl i cab i l i ty and shape of the ca l ibrat ion curve obtained in 

Experiment 1 (Fig. 7/^a) were good. This suggested that the reagents 

and methodology were s a t i s f a c t o r y . 

However when a l l the reconst i tuted reagents (antiserum, labeled T4 

and adsorbent) were redi luted 1:2, dupl icabi l i ty and curve shape decl ined 

i n qual i ty (Fig. 7 /2b) . 
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FIGURE "//]). Thyroxine radioimmunoassay (Experiments 3 , 4 and. 5 ) . 

a) Experiment 3 

# - # C a l i b r a t i o n curve using 0.15, 4 ,10, 10.8 and. 19.2 pg 

100 ml standards. The reconstituted, reagents (labeled. 14, 

antiserum and adsorbent) were used, i n accordance with the 

Eadioohemioal Centre*s reoommendations and. were not re-

diluted.. 

The following Xenopus samples were assayed.: 

Sample Source Net I counts 
per 2 min 
(& mean) 

^ T4^100 ml 
( extrapolated, 
from curve) 

Adult serum Single female 16,500 <0.15 

Toadlet 

coelomio fluid, 

Single 3om 

specimen 16,000 <0.15 

Goitrogen -

treated, ta&pole 

coelomic f luid. 

22 St. 53/54 

crowded. & 

treated. 28 

weeks (pooled.) 

13,800 
11,800 (12,800) 2 . 4 

St. 5 ^ 5 9 

coelomio fluid. 

16 tad.poles 

(pooled.) 

9,500 

9,100 ( 9,300) 7.7 

St. 43/50 

coelomio fluid. 

15 tadpoles 

(pooled.) 

11,500 

9,700 (10,600) 5 .2 

b) Experiment 4 

a - O Calibration cuirve using - 0.15, 4 .10, 10.8 and. 

19.2 pg T4/IOO ml standards. The reconstituted, labeled, T4 

and, antiserum were rediluted. 1 ; 2. The reconstituted, 

adsorbent was not i-ediluted.. 

c) Experiment 5 

A-AC&libration curve using O.O6, 0.15, 4 .10, 10.8 and. 

19,2 jug T4/IOO ml standards. The reconstituted labeled T4 

and antiserum were rediluted 1 ; 2. The reconst i tuted 

adsorbent was rediluted 1 ; 0 .5 . 
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FIGOEE %/4.. Thyroxine radioimmunoassay (Ezperiiment 6) 

Sqoeriment 6 

Calibration curve using O.O6, 0.15, 4.10 and. 10.8 pg T4/loaml 

Gtandarda. The reconstituted labeled T4 and antiserum were 

rediluted. 1;2. The reconstituted adsoitent was rediluted 

1 : 05. The following Xenonus saiqples were assayed; 

Sa]]q)le 

Adult serum 

Source 

Single female 

Net 
per 2 min 
(& mean) 

counts 

8,080 
7,900 (7,990) 

}ig T4/IOO ml 
( ext rapolat ed. 
from curve) 

<0.06 

Giant treated 
tadpole coelomio 
f l u i d (A) 

1 X St . 58 tad-
pole . nnor%wd.ed 
& treated )6 
weeks. 1.38g. 7,640 <0.06 

Giant treated 
tadpole coelomic 
f l u i d (B) 

2 I St . 58 tad-
poles . Uncrowded 
& treated 36 
weeks. 1 .39 & 
1.80g. (pooled) 7 ,700 <0.06 

Giant treated 
tadpole coelomio 
f l u i d (C) 

1 I St . 56 tad-
pole. Uncrowded 
& treated 36 
weeks. 1.85g. 7,760 <0.06 

St . 57/59 
coelomic f l u i d 

14 tadpoles 
(pooled.) 

6,780 
5,840 (6,310) 0 .39 

St . 5V56 
coelomio f l u i d 

38 tadpoles 
(pooled.) 

6,160 
6,300 (6,230) 0.40 

S t . 5 ^ 5 4 
coelomio f l u i d 

29 tadpoles 
(pooled) 

6,080 
6,820 (6,450) 0.32 

St . 4^51 
coelomic f l u i d 

47 tadpoles 
(pooled) 6,400 0.32 
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Thus in the f i r s t assay of lenopus f l u i d s attempted. (Experiment 

non-redilnted. reconstituted reagents were used. The resu l t s appear i n 

F ig . The calibration curve was of a reasonable shape but the 

d.uplicability of the counts obtained with goitrogen-treated. tadpole and. 

normal stage 49/^0 tadpole coelomic f l u i d was poorer. As the resul t s 

obtained, with stage 5^/59 tadpoles were reasonable there was no reason 

to suspect some deleterious influence of coelomic fluid, proteins. 

Ezperiments 4- and. 5 (Fig. 7/?b) proved that redl lut ion of antiserum 

and labeled, thyroxine (1:2) did. not adversely a f f e c t the assay providing 

that the reconstituted adsorbent was not rediluted. l e s s than 1:0.5 . 

The l a t t e r di lut ion was u s ^ in Experiment 6 in which further XenoDus 

f l u i d s were assayed. Duplicabi l i ty was more s a t i s f a c t o i y than in 

Experiment ^ but was s t i l l poorer than that obtained with standards of 

T4 di luted in human serum (Fig. 7/%-). 

The T2|. t i t r e s obtained in Experiments 1, ^ and 6 are ooiig)ared 

graphicEil ly i n F i g . 7 / ^ i n which t h e r e s u l t s o f t h e congiet i t ive 

protein-binding assay for T4 a lso appear. 

There i s agreement that T4 l eve l s i n j adult females' serum and one 

toad le t ' s coelomic f l u i d were veiy lomr - probably l e s s than 0.06 jug 

T4/100 ml in each case. There i s a lso agreement within Experiment ^ 

emd within Experiment 6 that propylthiouracil treated tadpoles^ whether 

large or stunted giants , possessed depressed T2|. l e v e l s by comparison 

with normal tadpoles of even stage However the agreement in 

absolute values between the la t ter two experiments i s very poor. 

In both cases the cal ibration curve was sat i s factory indicating that 

methodology was correct. Duplicabi l i ty of sample counts was poor i n 

Experiment ^ but th is would not account for the d i f ferences in T4 values 

encountered. 

Also in Experiment ^ the t i t r e of stage 49/^0 tadpoles was 

appreciably lower than that of stage $6/^9 (5.2 to 7 .7 pg T4/I00 ml) 

whereas in Experiment 6 they were almost ident i ca l . 
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% t i t r e s obtained, by the congaetitive protein-binding method were 

intermediate between those of Experimenis^ and 6 (T2^-RIA). The % 

t i t r e of goitrogen treated tadpoles was intermediate between normal 

stage 48/^0 and stage $2 values. 

7..3.C. T5 Radioimcmuioaasav 

The manufacturers s ta te that^ in addition to the shape of the 

cal ibration curve, a good performance check i s to calculate the 

rat io of counts obtained with tubes 1 and 2 to tubes ^ and 2̂ ; between 

tubes ^ and ^ to 5 and 6; and f i n a l l y between tubes 5 and 6 to 7 and 8 . 

Tubes 1 and 2 are duplicates of the lowest standard and tubes 7 and 8 

are duplicates of the highest standard. This check was used with the 

4 standards supplied but not with the extra low-t i t re standards obtained, 

by d i lu t ion . 

The cal ibration curve and performance check obtained in experiment 

1 (Fig. 7/^8.) suggested that the general methodology was sat i s faotd iy . 

The extrapolated T3 t i t r e s with Zenopus f l u i d s were a l l lower than the 

lowest standard t i t r e of 0.10 ng T^^nl. I f one assumes the cal ibration 

curve to continue towards 0 ng T3y&il with the same slope one can suggest 

an ascending order of t i t r e s from the order of counts thus; 

stage toadlet'<l stage $6/^9 treated tadpoles adult 

I t i s unlikely that the differences between stage 4-9/50, toadlet, stage 

56/!59 goitrogen-treated tadpole T^ t i t r e s are s i g n i f i c a n t . The 

di f ference between these and -the adult may be attr ibutable to di f ferences 

between coelomic f l u i d azid serum T4.. 

In experiment 2 the use of 5, 10 and 2$ u l of the 0 .01 ng Tj/ml 

standard did not give good resu l t s . Fig. 7/^b shows that the curve f i t 

i s poor in the lower region. The f i t in experiment j (Fig. 7/^b) was 

somewhat better when d i lut ion rather than diminution of volume was used 

to obtain the low t i t r e points . Duplicabi l i ty was poor however and 

most puzzling was the fac t that the 0-T^ serum used as a diluent gave 

lower counts than did not solut ion i t had di luted. Thus a sat i s factory 

0-T3 point was not obtained. The difference in the range of counts 

observed between experiments 2 and ^ resul ts from the f a c t that 10 u l 
125 

rather than 25 u l of I—T^ were used in experiment 3 . 
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FIGURE 7/5 

Histograms summarising t i t r e s obtained, by radioimmunoassay 

(Experiments 1, 3 and 6) and by competitive protein binding 

aasay ( 'Tetra lute ' ) . 

RIA (Experiment l ) 

1, Adult serum 

T^RIA (Experiment 3) 

2, Adult serum 

ji. Toadlet ooelomio f l u i d 

4. Treated tadpole coelomic f l u i d 

5. Normal s t . 56/^9 ooelomic f l u i d 

6. Normal s t . 43/^0 coelomic f l u i d 

14 RlA (Experiment 6) 

7. Adult serum 

8. Treated tadpole A coelomic f l u i d 

9. Treated tadpole B coelomic f l u i d 

10. Treated tadpole C coelomic f l u i d 

11. Normal s t 57/59 coelomic f l u i d 

12. ^Normal s t 54/56 coelomic f l u i d 

13. Normal st 5^/54 coelomic f l u i d 

14. Normal s t 49/51 coelomic f l u i d 

Competitive protein binding assay (Experiment 4j 

15. Adult serum 

16. Toadlet coelomio f l u i d 

17. Treated tadpole coelomic f l u i d 

18. Normal s t . 52 coelomic f l u i d 

19. Normal s t . 48/50 coelomic f l u i d 
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FIGURE y /6 . TrilocLothyronine radioinmiunoaBsay (ExperlmentB 1 , 2 and. 3) 

a) Experiment 1 

# - # Calibration ourve using 0 .10 , 0 .6$ , 2.01 and 5.11 ng T] / 

ml standai-da. The reoonstituted. reagents (labeled. T3, 

antiserum and. adsoztent) were used, i n acoordanoe with the 

Radiochemical Centre's recommendations and were not 

irediluted.. The fo l lowing Xenopus samples were assajred.; 

Sample 

Adult serum 

Toadlet 
coelomic f luid. 

Goitrogan -
treated, tadpole 
coelomic f luid. 

St . 56/59 
coelomic f luid. 

St . 49/50 
tad.pole 
coelomic f luid. 

Source 

As i n Pig %/3 
legend. 

Net I counts 
per 2 mill 
(& means) 

6,960 
6 ,960 (6 ,960) 

7,600 

7 ,600 ( 7 , 6 0 0 ) 

7,140 
7,880 (7,510) 

7,360 
7,760 (7,560) 

7,620 
7 ,600 ( 7 , 6 1 0 ) 

ng Tj/ml 
(extrapolated, 
f^om curve) 

<0.10 

<0.10 

<0.10 

<0.10 

<0.10 

b) Experiment 2. Preliminaryexiieriment to t e s t assay perfor-

mance with low T3 t i t r e standards. The standard, t i t r e s were 

reduced by using smaller volumes of the normal standards. 

The standards used were, 0.02 (5 p i of O.IO), O.O4 (lOpl of 

0 .10) , 0 .10 (25;:1 of 0 . 1 0 ) , 0 . 2 8 ( 1 0 ^ of O.69), 2.01 (25pl of 

2 .01) ng T3/ml. 

The reconst i tuted reagentswere not redi luted , 

A - A Calibration curve. 

Experiment 3 . Preliminary ezgoeriment to t e s t assay perform 

mance with low T3 t i t r e standards. The standard t i t r e s were 

reduced by d i l u t i o n with a "0 ng Tj/ml" san^le. The stand-

ards used were 0 , 0 .025, 0 .10, O.69, 2.01 and 5.11 ng T3/ml. 

The reconst i tuted labeled T3 and antisez-um were red i luted 1:1 

while the adsorbent was redi luted 1 ; 0 , 5 , 

O - O C a l i b r a t i o n curve. 
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The fact that circulating t i t r e s in XenoTaus had. been shown to 

be very low in experiment 1 made i t essent ia l to attempt calibration below 

0.10 ng T^/kl and the d i lut ion method was ohosen for experiments 4 and 5. 

In experiment 4 further batches of O-T^ serum were tr ied (Fig. 7/78-). 

The results obtained with v i a l C shows that dupl icabi l i ty can be good 

whereas v ia l B which was assayed in t r ip l i ca t e suggests that low 

repeatabil i ty may be due to minor methodological variation. The 

repeated pipett ing of 5 ^ aliquots i s suspected as the source of 

occasional error. 

.Again the counts of 0 ng-I.3/^1 standards were lower than those of 

the 0.02$ ng Tj/ml standard. 

The values for 0.02$ ng T^/inl standards were sat isfactory and th i s 

adds to the acceptabi l i ty of the extrapolated vaJlues for adult serum. 

The f la tness of the curve means that re la t ive ly small differences in 

counts lead to large differences in T3 t i t r e s extrapolated from the 

abscissa. 

The order of counts confirms the conclusion of experiment 1 that 

T3 t i t r e s are lower in goitrogen-treated tadpole coelcmiic f l u i d than i n 

adult serum. This does not , of course, imply a metamorphic di f ference . 

The difference may be attributable to the difference in bo(^ f l u i d type. 

In experiment 5 v i a l D of 0 ng T3/^l serum provided more sa t i s fac tory 

resu l t s both as a standard and as a di luent . Nevertheless the counts 

of most of the normal Zenopus tadpoles sajeples were higher than those 

with T^-free serum. 

Clearly in Xenopus body f lu ids one i s encountering T^ t i t r e s which 

are l e s s than one hundredth of those in normal human serum. Even with 

diluted standards the r e l i a b i l i t y of dif ferences between t i t r e s in the 

0 to 0.02 ng T^/4al i s not expected to be great. Experiments 4 and 5 were 

carried out sequential ly and both used serum from the same female toad 

to provide a cr i ter ion for comparison. The count rate for adult serum 

was 5^ higher in Experiment 4 than in Experiment 5. I f the count rates 

for the ^ giant tadpole t i t r e s of Experiment 4 are reduced by 5^ and 
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FIGURE %/? Triiodothyronine radioimmunoassay (Experiments 4 and 5) 

1.'./ , 1r "-t 4. 

C C. " % l'P&tion curve using 0, 0.025 

0.10, 0.69, 2.01 and 5.11 n g T V i I 

standards. The reconstituted labeled 

T) and antiserum were rediluted 1;1 

wAiile the adsorbent was redi luted 1:05. 

The following lenopus sanmles were 

assayed. 

ji3!. 11 n.k 5 

A ;^Cillbr&tion ourve using 0, 0.025, 

0 .10, 0.69, 2.01 and 5.11 ng T3/ml 

standards. The reconstituted labeled 

T) and antiserum were rediluted 1:1 

while t ) \ f t̂ ' oAent was redi luted 1:05. 

The following Zenopus samples were 

assayed. 

Sample 

Adult 

serum 

Source Net^^^I 

counts per 

2 L ! f' (.?, 

t ' as) 

ng TycH. 

(extrapolated 

from ourve) 

1,580 
1,560 (1,570) 0.05 

Sangale 

Adult 

serum 

Source 

Single 

Fet^^^I 

counts per 

2 min (<& 

K \ ns) 

ng T3/=l 

(extrapolated 

from curve) 

1,480 

1,500 (1,490) <0.025 

Giant 

treated 

tad; 

ooeloaio 

f l u i d (A) 

Giant 

treated 

tadpole 

ooelomio 

1,600 <0.025 

St . 49/51 

ooelomio 
f l u i d 

St . 52 

ooelomio 

f l u i d 

St . 5 ^ 5 4 
ooelomio 

i i u i d 

As j'- ) I; 

"^4 ) gend 

13 tadpoles 

(pooled) 

Ah n ] j 

%/4 legend 

1,400 

1,380 (1,390) 

1,360 
1,420 (1,390) 

1,380 

1,500 (1,440) 

<0.025 

<0.025 

<0.025 

f l u i d (B) 

Giant 

treated 

tadpole 

coelomic 

f l u i d (C) 

1,560 0.06 

1,660 <0.025 

St . 56 

coelomio 

f l u i d 

St . 57/59 

Goelomic 

f l u i d 

As i n Pig 

7/1, d 

As ju 

7/4 ]f gend 

1,320 

1,360 (1,340) 

1,420 

1,380 (1,400) 

0.10 

<0.025 
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averaged the value for comparison i s 1,526 counts/^ min. I f the hormone 

t i t r e s suggested by the count rates are arranged in an ascending order: 

Goitrogen-treated-<C stage 52/54'^ stage 57/59"^ st&ge 49/51 & 52"^ stage 5^ 

Again i t i s doubtful whether these values are s i g n i f i c a n t l y 

d i f f erent frcm one another in view of the f l a t n e s s of the cal ibration 

curve i n the low t i t r e region. 

7 . 4 C0NCUJSI0N8 

The assays of coelomic f l u i d ajid T4 were performed to discover 

whether propylthiouracil treatment for prolonged periods did depress 

hormone t i t r e s to, or below, normal premetamorphic l e v e l s . The most 

sophist icated methods available were chosen but i t i s clear that they 

do not give repeatable resul t s with the extremely low hormone l e v e l s 

encountered in XenoTPUs f l u i d s . Nevertheless provisional conclusions can 
125 

be drawn from the rank order of I-count rates obtained with d i f ferent 

samples. These resul t s suggest that propylthiouracil does indeed 

depress T4 leve ls to below those of premetamorphic normal tadpoles. 

T4 t i t r e s on tadpoles and adults are not comparable here because 

ooelomic f l u i d and serum respectively were used in the assays. 

However the hormone t i t r e s obtained with adult serum may be compaired 

with the scanty published data. VAien these experiments were performed 

the best comparison with other lower vertebrates was with the competitive 

protein-binding studies of Canadian workers. Packard et a l (197^) 

assayed 1.7 pg/lOO ml of thyroxine in Mexican Eana pipiens adult serum. 

In the present work adult t i t r e s determined both by competitive protein-

binding and RIA were s l i gh t ly lower than t h i s but the Eana data support 

the conclusion that anphibian c irculat ing to ta l T4 values are much 

lower than those of humans. Seligson and Sel igson (1972) reported j.O-

6.0 jig T4/IOO ml in normal human sera by the "Tetralute" method. 

The other comparison in amphibia was with the work of Thorbum (I967) 

who measured 10 to 22.6 jig T^/lOO ml in adult Bufo bufo. I t seems 

certain that the discrepancy i s due to h i s r e l a t i v e l y insens i t ive method 

of quantitative paper chromatography. 
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In other cold-blooded vertebrates Higgs and Bales (1973) assayed 

l e s s than 0.5 pg T2,ytL00 ml in most individuals of 10 species of 

freshwater f i s h e s . In the Pac i f i c Hagfish, Eptatretus stout i 

Henderson and Lorscheider (1975) found 2 to j pg T4/100 ml of plasma. 

Recently RIA data on f i s h IZ|. l eve l s have been reported. Brovm and. 

Bales (1977) White and Henderson (1977) used, a new technique, 

which i s described below, with salimnid plasma. Brown and Bales (1977) 

assayed 0 .1 to O.6I pg TA/lOO ml in d i f ferent pooled samples of Salmn 

gairdneri plasma. White and Henderson (1977) found from 0.08 to 0.37 pg 

T4/IOO ml in Salvelinns f o n t i n a l i s plasma. These f igures confirm that 

the % t i t r e s of lower vertebrates are so low that they require a more 

sens i t ive assay than any available for c l i n i c a l use . 

However the general agreement between the adult serum leve l s 

reported here and those found by Packard et a l (197^) i n Rama pipiens 

suggests that the preliminary conclusion drawn above, that lenoTPUS 

larvae are unable to raise their c irculat ing T4. t i t r e s , when treated f o r 

prolonged periods with propylthiouracil , i s vsJAd. I t seems probable 

that had % t i t r e s been elevated markedly, as predicted for normal 

metamorphosis by Etkin (1964a), this would have been detected by the RIA. 

The question of whether large incresiaes in T4 t i t r e do occur at climax i s 

discussed in Chapter 8. Shortage of larvae prevented study of this 

aspect. Except in Experiment J , of the T4 RiA's, there was no marked 

elevation during prometamorphosis. 

The FBI measurements of Just (1972) have cast doubts on the hypothesis 

that a large (up to 100-fold) increase in T̂ . t i t r e does occur at climax. 

Just waa only able to demonstrate a 10-fold increase in a proportion of 

climax larvae. Even t h i s value may be too high as Henderson and 

Lorscheider (1975) were able to compare FBI and competitive protein-

binding assay data with divided samples of hagf ish plasma. They found 

that thyroxine iodine comprised l e s s than one-third of plasma organic 

iodide as measured by the FBI method. 

The T3 t i t r e s assayed by RiA were even lower when compared with 

normal human l e v e l s . In lenopus they were below 0.025 ng T^/tnl whereas 
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Chopra et a l (I971) reported, 1 .0 to 1 .7 ng T%/ml in normal human sera. 

Thus i t i s unlikely that s ign i f i cant Zenopus f l u i d resul t s can be 

obtained with human RIA's. Ihornburn (1967) claimed 8 .2 to 139 ng 

Tj/ml in adult Bufo bufo. The i n s e n s i t i v i t y of his method makes these 

f igures suspect. In the present work there was certainly no evidence 

for a large r i s e i n t i t r e in treated tadpoles and in Experiment 5 of 

the T3 RIA's the count rates suggested treated-tadpole coelomic f l u i d 

to have the lowest hormone t i t r e . 

Brown and Eales (1977) reported 0,5 to 6 .3 ng Tj/ml of Salmo 

gairdneri plasma while White and Henderson (1977) assayed 2 .^ to 8.6 ng 

T^/ml in Salvelinus font ina l i s plasma. In humans the normal 

rat io i s about 30:1 on a molar baais . The recent RIA resul t s suggest 

that in salmonids the T4.:T3 molar rat io may be l e s s than 1^1. The 

s i tuat ion in adult Xenopus seems similar to that in humans with 

a considerable excess of T^ over T3. 

Radioimmunoassay was chosen for t h i s work because i t was l i k e l y 

to be the most sens i t ive and s p e c i f i c technique avai lable for T4 and T3 

assays. With Xenoiaus f l u i d s i t seems that the human assay k i t s were 

at or beyond, their lower l imits of accuracy. Particularly worrying 

was inconsistency between experiments. That general methodology was 

sat i s factory was indicated by good dupl icabi l i ty with standards and in 

the forms of calibration curves. 

A priori the most l ike ly cause of spurious resul ts was thought to 

be differences in hormone binding properties between human and Xenopus 

body f l u i d prote ins . Good evidence was obtained here that no adverse 

a f f e c t was occurring. 

Very l i t t l e information i s available on t^yronone-binding proteins 

in amphibian body f l u i d s . Farer et a l (I962) found labeled thyroxine 

bound to a fast-moving albumin-like fract ion of Rana catesbeiana sermn. 

tbs t of the hormone migrated in the human beta-globulin pos i t i on though, 

on paper chromatograms. However Dowling et a l (I964) studied temperature-

dependent turnover rates of T4 and T3 in adult E. pipiens and Bufo 

mmrinus. They investigated plasma hormone binding by equilibrium d i a l y s i s 
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and suggested that T4;-binding a c i t i v i t y in the adult anuran plasma i s 

very low. The turnover of these hormones was slowed by inject ion of 

huirmn plasma. Medda and Prenachandra (1968) found that normal rabbit 

serum (and apparently any good % binding protein) was a potent inhibitor 

of bul l frog metamorphosis. This was interpreted as evidence that 

manmalian serum proteins can a f f ec t i ve ly bind TH against competition 

from endogenous serum proteins. The bound hormone was assumed to be 

inact ive as a morphogenetic compound. In f i s h e s Refetoff et a l (1970) 

found that a large proportion of to ta l tl^rrozine was free (unbound) 

and so i t may be that s p e c i f i c TH transport proteins are not as ing)ortant 

in lower vertebrates as t h ^ are in humans. 

A further possible source of variat ion was deterioration of saniples 

when deep frozen. This seems unlikely as Postmes et a l (1974) stored 

human serum at -20°C for 2 years without any RIA-detectable deterioration. 

Even at 5°G storage for 7 days did not cause the deterioration of human 

material (Lieblich and Utiger^ 1972). 

Just (1972) fornid great variation in individual l e v e l s of EBI in 

Rana -pipiens tadpoles. I t seems unlikely that the variat ion was 

ent ire ly genuine here as a l l samples T/ere pools of coelomic f l u i d from 

a number of individuals. However the RIA data of Brown and Bales (1977) 

and White and Henderson (1977) c i ted above showed considerable 

variation in TH t i t r e s amongst pooled plasma sauries from salmonids. 

In Salmo gairdneri a four-fold. TZ,. variation and a twelve-fold T^ 

variation were noted (Brown and Bales, 1977). In Salvelinus font inaHs 

the four- fo ld variation in both Tj and T2̂  was correlated with season. 

Minimal values occurred in November at the time of spawning ajid majdmal 

values were in mid-spring. I t may be that some of the variat ion 

between Zenopus larval TH assays was genuine. 

Unti l more sat i s factory TH assays have been developed i t w i l l be 

iinpossible to obtain accurate data on c irculat ing TH l e v e l s in normal or 

goitrogen-treated tadpoles. Human patients receiving anti - thyroid 

drugs are not normally allowed to become goitrous so that RIA data showing 

the e f f e c t of treatment on the more readily assayed human thyroid hormones 

are not avai lable . However T4. was certainJy reduced to below 0 .7 ^4-/ 
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100 ml in one mildly goitrous patient compared to normal l eve l s of 3 .0 

to 6.0 jug T4/IOO ml (Mardell^ 197^) 

A number of technical d i f f i c u l t i e s would attend the development of 

a RIA technique to meaaure the extremely low amphibian TH t i t r e s . 

Supposedly zero or serum i s produced by mixing labeled hormone 

with normal serum and then repeatedly passing the mixture through 

anion exchange columns u n t i l the count rate of the eluate approaches 

zero. In practice small l eve l s of hormone remain and so i t i s 

possible to get h i ^ e r count rates with samples than with "zero TH 

serum". A further problem i s that even h i ^ l y pur i f i ed T4. or T3 

contains impurities which may become radioact ively labeled. Vfith the 

very steep shape of cal ibrat ion curves, as they approach zero TH, small 

dif ferences in count rates due to such contaminants or due to technical 

errors w i l l produce large differences in extrapolated hormone t i t r e s . 

The TH assay developed by Brown and Eales (1977) combined the 

"Tetralute" competitive protein-binding technique with that of RIA. 

The assays were performed on miniature Sephadex columns but the s p e c i f i c 

hormone binding agent waa an anti-T^ or anti-T4. sei-um rather than human 

TBG. The authors claimed a great increase in s e n s i t i v i t y over normal 

c l i n i c a l methods. Mean detection l imi t s were 0.012 pg T^yiOO ml azid 

0.095 ng T^/^l. Although the T4. assay would have been adequate for 

lenopus work the T3 assay s t i l l lacks the necessary s e n s i t i v i t y . 

Kist ler et a l (1977) have suggested that the great preference for T^ 

shown by cytosol receptors from bul l frog tadpole t a i l (discussed in 

Chapter 8) might be usable Bis a radio-receptor assay more sens i t ive 

than conventional RIA's. 
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CHAPTER 8 

OmERAL DISCUSSION 

8 . 1 Outline of Discussion 

In each of the f i v e preceding experimental chapters only the 

l i terature d irec t ly relevant to the "biochemical metamorphic marker, or 

hormone, concerned weus reviewed. Similarly, the conclusions drawn 

from my resul ts were confined to the immediate context of each system. 

In t h i s f i n a l chapter these main conclusions w i l l be interpreted in 

the wider context of the hormonal control of amphibian metamorphosis. 

F irs t ly the principal conclusions lAiich were made in Chapters j to 

7 are summarised. Two in^ortant overall points emerge. Four biochemical 

trans i t ions , normally temporally correlated with morphological 

metamoi^hosis, can occur in lenoious larvae immersed continuously in 

propylthiouracil so lut ions . The observation that morphological 

development was severely retarded and the re su l t s of hoimone assays both 

support the contention that propylthiouracil i s a potent goitrogen (Section 

8.2). 

The interpretat ion of these overal l points i s the primary aim of 

the present chapter. Three of the protein systems (haemoglobin, 

albumin and cry s ta l l ins) have previously been studied during spontaneous 

Eind induced metamorphosis. In Section 8.^ the evidence which has 

suggested a control l ing role for thyroid hormones i s considered. 

The simplest interpretation of ny data i s made in terms of the 

Etkin (1964a) hypothesis for the hormonal control of angihibian 

metamorphosis (Section 8.2|.). However the lypothes is was or ig ina l ly 

propounded on the basis of fragmentary evidence and has received both 

support and cr i t ic i sm since 196 {̂.. 

One alternative explanation i s that residual l e v e l s of c irculat ing 

thyroid hormone might have a progressive ("stoichiometric") e f f e c t on 

certain t i s sues espec ia l ly i f the l a t t e r have low thresholds of response* 



Thus i t might be argued that haemopoietio t issues^ hepatooytes and. 

lens epithelium have lower thresholds of response than the developing 

limbs or regressing t a i l (Section 8 . 5 ) . 

Although thyroid hormone control of several biochemical trans i t ions 

has been suggested by the studies reviewed in Section 8.^ i t has become 

increasingly apparent that other hormones, and especieJJLy the growth 

promoting hormone "prolactin", have a role in the control of 

morphogenesis (Section 8 . 6 ) . In view of the relat ionship between crys ta l l in 

pattern and lens diameter irrespect ive of morphological stage, demonstrated, 

in Chapter 6, growth regulating morphogenetic hormones are especia l ly 

relevant. 

Thyroid hormones have been observed to prod.uce long-term or 

"triggering" e f f e c t s on anghibian metamorphosis. The importance of t h i s 

phenomenon i s not yet known ajid i t has not been demonstrated with 

haemopoietic, l i ver or lens t i s sues in Zenggus. However i t could be 

argued that a brief exposure to premetamoi^hic c irculat ing thyroid 

hormone leve l s was s u f f i c i e n t to begin the biochaaical d i f f erent ia t ive 

process which continued in some animals under goitrogen treatment (Section 

8 . 7 ) . 

Unti l recently stoichiometric honnone act ion, threshold l e v e l s and. 

long-term hormonal e f f e c t s have lacked any basis at the molecular l e v e l 

with thyroid hormones. Several researchers have sought a mechanism f o r 

thyroid hormone action in terms of receptor proteins and d irec t 

interact ion of hormone-receptor complexes with chromatin. As these 

studies may eventually provide an explanation f o r the metamorphic 

phencmena discussed in Sections 8 .4 , 8 .5 and 8 .7 they are reviewed in 

d e t a i l in Section 8 .8 . 

The Etkin model (Ebkin 1964-a; 1968) for the hormonal control of 

amphibian metamorphosis predicted that the normal orderly sequence of 

morphogenetic (and presumably biochemical) events was coordinated by a 

sharply r i s ing c irculat ing thyroid hormone l e v e l . As published data 

had not supported this contention Dodd and Dodd (1976) produced a revised 

metamorphosis hypothesis. This proposed that, although thyroidal output 

of hormone increases markedly at climax, c i rcu la t ing l eve l s do not r i s e 

because of increasing intrace l lu lar hormone binding and u t i l i s a t i o n * 
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This hypothesis together with the evidence for r i s i n g thyroid hormone 

l eve l s i s discussed in Section 8 . 9 . 

Propylthiouracil treatment produced an apparent d issoc iat ion of 

development and growth. A poss ible interpretation of my resu l t s i s 

that "biochemical metamorphosis" i s correlated with body growth rather 

than with gross morphology. Evidence that th i s i s so was obtained in 

the case of the lens proteins and t h i s system i s discussed further 

in Section 8 .10. 

The Etkin hypothesis remains the best substantiated explanation 

of metamorphosis control. Thus one i s forced to conclude that 

continued "biochemical metamorphosis" in the presence of propylthiouracil 

suggests that haemoglobin, albumin, LDH isozyme and c r y s t a l l i n s h i f t s 

are not under primary thyroid control . The f i n a l Section (8.11) 

compares the biochemical transit ions of anurans such as Zenopus "with 

those of salamanders and other vertebrates. I t i s suggested that 

thyroid hormone control of metamorphosis may only have evolved i n those 

systems (such aa t a i l regression) which are unique metamorphosing 

Amphibia. 

8 .2 . Summary of principal conclusions from Chapters 5 to 7. 

Four protein systems were chosen which ifere expected to change 

markedly during the morphological metamorphosis of lenopus l a e v i s . I t 

has generally been assumed previous writers that these biochemical 

changes, l ike the changes i n morphology of organs such as the l egs aad 

t a i l , are d irec t ly controlled by the thyroid hormones, thyroxine and 

triiodothyronine. In addition, i t has been argued that the d i f ferent 

properties of the metamorphosed protein systems confer physiological 

advantages on the post-metamorphic anuran which might be expected to be 

necessary for survival . 

The thyroid hormone synthesis of premetamorphic Z. laevis tadpoles 

was blocked by immersion, for up to 14- months, in 0.59 mM aqueous solut ions 

of the goitrogen, propylthiouracil . The e f f e c t of the absence of TH on 

the protein systems was assessed to determine Whether the presence of 

hormone i s necessary for continued biochemical metamorphosis. Treated 

tadpoles were morphologically severely retarded but continued to grow to 

gigantic proportions. 
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Data presented, in Chapters j to 6 inc lus ive confirmed, that during 

normal larval development ontogenetic changes occur in the four 

protein systems. In each case the changes were quantitative rather 

than qual i tat ive . No new proteins were observed, but there was an 

increase i n the synthesis or assembly of certain proteins, perhaps 

accon^anied. by changes in degradation. Thus, although the proteins 

remained more or l e s s the sam^ some fract ions were more prominent in 

the adult than in the larva and vice versa. 

In the cajse of haemoglobins, the Hb fract ion became the main 

fract ion of the adult whereas i t had been a minor one, in terms of 

re la t ive concentration, in the tadpole. The tadpole haemoglobins Hb 

Fg and were not detectable in ad.ult haemolysates. These resul t s are 

in accord with those of Maclean and Jurd ( i gy ia ) . 

Of 22̂  goitrogen-treated. ajiimals examined 42^ had haemoglobin patterns 

characterist ic of toadlets or adults rather than of larvae, of similar 

morphology. The remaining 58^ possessed, 'tadpole' haemoglobins. That 

the synthesis of ad.ult globins was aotuguLly being enhanced, was shown by 

studies on the incorporation of the amino acid, leucine into Hb 

haemoglobin. 

In the second system the t o t a l protein concentrations of coelomic 

f l u i d increased from about 2 mg/ml in stage 54 to about 8 mg/4il in toadlets . 

The re la t ive concentration of albumin increased, by a factor of 10 during 

the same developmental period. As with haemoglobins, goitrogen-treated. 

larvae were variable both in terms of to ta l prote in and re la t i ve albtmiin 

concentrations. The emimals examined, exhibited, every stage of change 

from that of normal premetamorphic tad.poles to that of normal ad.ults. 

Like haemoglobin, the remarkable discovery was that some treated, larvae 

had. transformed in th is respect in the apparent absence of thyroid. 

hormones. 

Neither the variation in haemoglobin patterns nor coelomic f l u i d 

albumin concentration was c learly correlated with the body weight, stage 

of arrest or duration of goitrogen treatment which also varied.. 
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Changes in the heart IDE isozymes proved, t o be l e s s amenable to 

research than the other systems because of the need, to pool a number 

of hearts from even giant tad.poles. The resul t s obtained, during normal 

d.evelopment showed, that the re la t ive concentrations of the more cathodal 

isozymes increased. marked.ly through metamorphosis. A ser ies of heart 

homogenates from di f ferent adult toads proved that th i s was not 

attributable to genetic polymorphism. %en th i s marker was exeimined i n 

giant tadpoles they were found to be 'adult' i n their LCH isozymes. 

In the f i n a l system^ lens crys ta l l ins , the markers used were the 

increase in re la t ive concentrations of eilpha and fast-moving beta 

coinponents aa shown by polyacrylamide gel electrophoresis and two-

dimensional imnunoelectrophoresis. Qualitative lEP showed that alpha 

crys ta l l in antigens only reached detectable l e v e l s in adult lenses and 

a number of 'new' antigens also were f i r s t detected a f ter metamorphosis. 

In a l l the propylthiouracil retarded larvae examined^ which had been 

treated for more than 8 .5 weeks and which had reached abnormally large 

s i ze s , the 'adiLlt' c r y s t a l l i n markers were found. A study of c i y s t a l l i n s 

in normal and treated tadpoles showed a s ign i f i cant correlat ion between 

lens diameter and antigenic pattern. 

In the l a s t experimental chapter the best available methods, 

competitive protein binding and radioimmunoassay, were used to determine 

the long term e f f ec t of the goitrogen on thyroid hormone l eve l s in the 

coelomic f l u i d . 

In premetamorphic coelomic f l u i d there was about 0 .5 /ig T4/IOO ml 

(6.0x10 and l e s s than 0.02$ ng T3/6il (3.8 x 10 In prometamorphic 

tadpoles there was no consistent detectable increase. Due to shortage 

of material climax coelomic f l u i d could not be assayed but in adults the 

t i t r e s of both hormones, in serum, were even lower than in tadpoles and 

scarcely distinguishable from zero. 

Propylthiouracil depressed % t i t r e s to below the premetamorphic 

l e v e l mentioned above in giant tadpoles which had been treated for 4̂ 0 

weeks, with T3 the t i t r e s of a l l animals, treated or untreated, were 

very close to zero. There waa certainly no evidence for a r i s e in 

c irculat ing under prolonged goitrogen blockage. 
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8 .3 . The mechanisms of haemoglobin, albumin and, crvs ta l l in transitinnm 

and the e f f e c t of exogenous thyroid homione 

To understand the ro le which morphogenetic hormones might play in 

the control of protein transit ions i t i s f i r s t necessary to study the 

transit ion i t s e l f at the ce l lular l e v e l . Following this the current 

evidence that exogenous thyroid hormones do exert an e f f e c t w i l l be 

reviewed. The control of haemoglobin transi t ions has received by far 

the most attention from researchers but unfortunately there are a number 

of conf l ic t ing reports. 

One p o s s i b i l i t y i s that the Hb transit ion i s brought about by the 

production of a new population of c e l l s a t metamorphosis lAiich contain 

only adult Hb. The tadpole erythrocytes* containing only tadpole Hb, 

would be removed from circulat ion. An additional p o s s i b i l i t y which has 

been included in th is argument i s that tadpole Hb and adult Hb c e l l s are 

produced at d i f ferent erythropoietic s i t e s . Metamorphosis could then 

include a s h i f t from tadpole to adult stem c e l l s i t e . 

The evidence supporting these ideaa i s as fo l lows , i n which the 

key experiment mist be atteiig)ts to show that individual c e l l s contain 

either tadpole or adult Hb but not both. Rosenberg (I970) used, a micro-

PAGE technique to separate Hbs from individual bu l l f rog tadpole and adult 

red c e l l s . She found adult c e l l s to contain only adult Hb and tadpole 

c e l l s to contain only tadpole Hb. Maniatis and. Ingram (l$71c) , also 

working with R. catesbeiana. raised s p e c i f i c ant isera to tadpole and 

frog Hbs separately. Using immunofluorescence they were unable to 

detect both Hb types in s ingle peripheral red c e l l s . That a number of 

erythropoietic s i t e s are involved has been shown by several authors. 

Hbl lyf ie ld (I966) performed eiythropoietic t i s sue transplants between R. 

pipiens embryos of d i f f erent ploidy. I t was claimed that graf ts of the 

pronephric or mesonephric kidney Euilagen became the erythrocyte stem c e l l 

s i t e s in the recd.pients. However Daniatis and Ingram (l^yia) found that 

the l i ver was the primary s i t e of red c e l l maturation in bul l frog tadpoles, 

the kidney being of l e s ser importance. In the adult frog bone marrow 

was the principal s i t e . Further work by the same authors (Maniatis and 

Ingram 1971b) with f luorescent antisera showed that frog Hb could, f i r s t 

be detected in the l i v e r indicating that this was the s i t e of red c e l l 

maturation during the trans i t ion. Broyles and Frieden (197.3) found both 
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kidney and l iver to be s i t e s i n bullfrog tadpoles but the kidney was of 

greater importance. 

The connection"between the d i f ferent s i t e s and the idea that even 

di f ferent tadpole red c e l l s may contain d i f ferent tadpole Hbs was also 

made by Broyles and Frieden (197^). Electrophoresis of haemoglobins 

Eynthesised in v i tro in t i s sue s l i c e s from the two s i t e s showed k idn^ 

red c e l l s to contain mainly Hb-Td3 whereas l i v e r c e l l s synthesised Hb 

Td-1 and Td-2. Thus the tadpole multiple haemoglobin pattern, obtained 

by electrophoresiog haemolysates of c irculat ing red c e l l s , waa produced 

by a mixture of Hbs from both s i t e s . Deutsch and Broyles (1975) niade 

bull frog tadpoles anaemic with phenylhydrazine in jec t ions . Upon recovery 

i t was found the slower Hb components, shown to originate i n the kidnqy, 

predominated. This was taken to indicate two ce l lu lar populations i n 

tadpoles with di f ferent s e n s i t i v i t i e s to phenylhydrazine. 

The main ciriticism of the above argument has come from conf l ic t ing 

resu l t s with the kqy experiment on whether only a s ingle c lass of Hb, 

tadpole or frog, occurs in s ingle c irculat ing red c e l l s . Jurd and 

Maclean (l970) had performed an e s sent ia l ly similar experiment with 

immnofluorescent label ing, as that later reported by M ^ i a t i s and 

Ingram (I97I0). former authors used X. laevia and found that up to 

25^ of red c e l l s from metamorphosing animals contained both adult and 

tadpole Ebs. The proportion of c e l l s showing double label ing declined 

as metamorphosis proceeded. Similarly, during recovery from 

phenylhydrazine anaemia when adult Zenopus toads resynthesise "tadpole" 

Hb, th i s resynthesis was not confined to a small population of c e l l s but 

occurred in most of them (Maclean and Jurd, 1971a.). That this resul t 

was not due to species difference was indicated by Benbassat (l974b). 

He found that 98^ of c irculat ing red c e l l s of climax bul l frog tadpoles 

stained with aziti-tadpole Hb serum while 16^ also stained with ant i -adul t 

Hb serum. However the acceptance of these percentages i s conplicated by 

the f inding (Benbassat 1974c) that although the ant isera do not cross-

react with i so lated tadpole or adult Hb they are unable to dist inguish 

between them in mixtures. 

Perhaps the simplest explanation of th is d i f ference i s that 

immunochemical detection of a haemoglobin type i s l i k e l y to be more 
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sens i t i ve than PAGE. This could explain the discrepancy between the 

data of Rosenberg (1970) and Benbassat ( igy^b). The d i f f erence 

between the l a t t e r author's r e su l t s and those of Maniatis and Ingram 

(I97I0) might be expl icable i f the ant isera of Benbassat were more 

potent than those of the Jlmerican authors. The p o s i t i v e r e s u l t s 

obtained by Behbassat (1974b) and Jurd and Maclean (1970) are more 

convincing than negative r e s u l t s . This evidence does not negate the 

conclusion that e iy thropoie t ic s i t e s change during metamorphosis and 

that th i s change may be i]ig)liGated in the control of the Hb trans i t ion . 

However i t shows that the trans i t ion i s not produced simply by a 

switch in erythropoietic c e l l s i t e s each of which synthes i ses only 

e i ther tadpole or adult Hb. 

In looking f o r d i f f e r e n t i a t i v e processes which might be control led 

by thyroid hormones the evidence that a new red c e l l population does 

indeed appear at metamorphosis w i l l now be given. H o U y f i e l d (1967) 

reported that during the metamorphosis of E. p ip iens a morphologically 

d i s t i n c t population of eiythrocytes appear which gradually en t i re ly 

replaces the former population. A s imi lar claim was made by Moss and 

Ingram (1968b) in the bu l l f rog . I t wajs claimed that the new population 

of c e l l s synthesised adult Hb in v i t r o . De Witt (I968) showed that these 

morphologically d i s t i n c t bul l frog c e l l s are d i f f e r e n t in morphology 

from the immature erythrocytes of normal tadpoles suggesting that they 

are not merely released at an early s tage of maturation. Later work 

by the same author (De Witt e t a l . 197^) also showed that c e l l s 

containing adult Hb are not produced as a response to the sudden removal 

of tadpole c e l l s from c ircu la t ion by phenylhydrazine induced anaemia. 

The replacanent c e l l s a l so contained tadpole Hb. In the azo lo t l a 

moirhologically d i s t i n c t population of red c e l l s appears at the time 

of induced metamorphosis. Whereas haemolysates of pre-metamorphic and 

post-metamorphic blood contained only l arva l and adult Hb r e s p e c t i v e l y , 

haemolysates of the intermediate c e l l s contained a mixture of 

haemoglobins (Dic ibe l la , 1974ii)« 

A turnover of c i rcu la t ing red c e l l s appears to occur at metamorphosis 

therefore. Forman and Just (1976) estimated the normal l i f e span of 

c i rcu la t ing larva l b u l l f r o g red c e l l s at about 100 days. Just and 

Atkinson (197^) found the haemoglobin t rans i t ion to be nearly complete 
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in 1 week old. f r o g l e t s . A l thou^ Benbassat (I970) found, t h i s trans i t ion 

to be protracted for from 4 to ID weeks in some larvae, i t i s obvious 

tlK.t there mist be a premature s e l e c t i v e removal of the tad.pole c e l l s 

at metamorphosis. 

Another p o s s i b i l i t y which has received l i t t l e at tent ion i s that 

the c ircu la t ing red c e l l s could be switched to synthes ise adult 

haemoglobin and that tadpole haemoglobin might be metabolised. 

Although mature erythrocytes are considered, to be terminally 

d i f f e r e n t i a t e d c e l l s Hilder and 1'Ia.clean (1974) have shown that 

isolated. Zenopus red c e l l nuclei can be induced to synthet ic a c t i v i t y 

by manipulation of the ion ic concentration of the culture medium. 

Rosenberg (197^) had earl ier produced dikaryons of f rog- frog and tadpole-

tadpole erythrocytes. The nature of the Hb synthesised by these 

dlkeiiyons was compared, to that synthesised. by frog-tad.pole heterokaryons. 

The d i f ferences obtained, were interpreted as due to changes i n 

cytoplasmic repression of the genome fol lowing c e l l f u s i o n . These 

papers make i t conceivable that a hormone could cause a resynthes is of 

haemoglobin, but of a new type, in c i rcu la t ing red. c e l l s . 

The above synopsis suggests that i f thyroid, hormones are d i rec t ly 

involved as tr iggers i n the haemoglobin trans i t ions they might be 

expected to act e i ther by changing the Hb synthesis of maturing c e l l s , 

by causing a switch in s i t e , or by react ivat ing the synthes i s of Hb 

in c i rcu la t ing c e l l s . ?Aiile there i s no evid.ence to support the l a s t 

p o s s i b i l i t y , most of the above d i f f e r e n t i a t i v e processes which have 

been observed, i n the Hb trans i t ion have been produced, precociously by 

TH treatment. 

Following T4 treatment of bu l l f rog tadpoles Moss and. Ingram (1968b) 

found an increased, in v i t r o synthesis of adult Eb to be preced.ed. by a 

d.ecline in tad.pole Hb synthesis. Hirayama (19^7) d.emonstrated. changes i n 

amino acid incorporation by red c e l l s i n vivo during normal metamoirhosis 

such that incorporation increased during the climax. Premetamorphic 

tadpoles treated, with T4. a lso showed enhanced, amino acid incorporation 

into haemoglobin. Similar work by McKahon and Dernltt (I968) indicated, 

that a f ter T2|. treatment incorporation of uridine dropped, for 11 days but 

between 14 and 22 days there was another increase accoinpanied. by the 
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reappearance of ribosomal ECfA peaks. This was interpreted, to mean 

that synthesis in old. erythrocytes producing tadpole Hb was repressed 

to be followed by a new c e l l l i n e synthesis ing f r o g Hb. Just and 

Atkinson (197^) have suggested that some of these e f f e c t s may be the 

r e s u l t of a l tered amino acid pool s i z e s fol lowing hormone treatment. 

They found that although bul l f rog larvae induced to metamorphose with 

T_3 began to synthesise adult haemoglobin larval haemoglobin s t i l l p e r s i s t e d 

i n c i rcu la t ion quite unl ike the s i tuat ion in spontaneous metamorphosis. 

They suggested that although TH may be involved i n the t rans i t ion other 

fac tors must a l so operate. One of the most i n t e r e s t i n g experiments 

fol lowed from the work of Deifitt e t a l (1972) previously discussed. 

Maniatis and Ingram (197^) found that although tadpole haemoglobin was 

contained in new red c e l l s produced as a response to phenylbydrazine 

injection^ the new c e l l s would conteiin adult Hb i f thyroxine was 

administered to recovering larvae. Certainly there i s evidence that 

the appearance of the morphologically d i s t i n c t red c e l l populations 

previously mentioned can be induced precociously by TH treatment of 

larvae (Hollyfield^ 19^7; DeWitt 1968; IXicibella, 1974b). 

Thus there i s a considerable body of evidence to suggest that 

thyroid hormane administration can part ly , but not wholly, mimic the 

haemoglobin trans i t ion at metamorphosis. The in terpre ta t ion of the 

apparent c o n f l i c t between t h i s conclusion and the conclusion of t h i s 

t h e s i s w i l l be made when the other system for which some evidence of 

TH control e x i s t s , namely serum prote ins , has been discussed. 

Studies on the mechajiism of hormone act ion i n the tadpole l i v e r 

(discussed in Section 8 .8 in connection with increases i n urea cyc le 

enzymes) have a lso noted the appearance of new serum albumin i n the 

blood fol lowing TH administration (Tata, 19^7). From the work of Thornburg 

et a l (1975) &nd from Chapter 4 of th i s thes i s i t f o l l ows that the l i v e r 

i s the source of coelomic f l u i d albumin. However a var ie ty of hormones 

have been shown to have a s imilar e f f e c t in the mammaliaji l i v e r . 

Atkinson et a l (197^) have shown that during spontaneous metamorphosis 

there i s a burst of HfA synthesis preceding the appearance of new t i s s u e 

s p e c i f i c prote ins . This was also produced by i n v ivo Tj i n j e c t i o n . 

Tata (1971) has pointed out that there may be r e s t r i c t e d DliA synthes i s as 
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a prerequis i te for d i f f e r e n t i a t i o n i n tadpole l i v e r unconnected with 

growth of the c e l l population. In t h i s connection McGarry and 

Vanable (196$) found c e l l d iv i s ion to be a necessary prerequis i te for 

% induced, changes in Zenopus skin glanda. Several other authors have 

found the normal serum and coelcmic f l u i d , t o t a l protein and albumin, 

concentrations to increase when premetamorphic tadpoles were induced to 

metamorphose with exogenous TH (Herner and Fried.en, 1960; Tata, 1^67; 

Chen,1970j Ledford and Frieden, 197^). 

Thus i n both the haemoglobin and coelomic f l u i d prote in systems 

there i s evideice apparently i n c o n f l i c t with that adduced in Chapters 

^ and 2̂  of t h i s t h e s i s . I t seems c lear that the conglexity of the 

systems has been overlooked by some of those administering exogenous 

thyroid hormones. There i s a constant problem i n experimental 

endocrinology that when one administers a hormone to an animal the 

response observed, may be pharmacological rather thazi endocrinological . 

I f treatment leads to abnormally high c irculat ing hormone t i t r e s the 

response observed may not be the normal one produced by phys io logical 

t i t r e s . This i s e spec ia l ly true in the present case i n which so l i t t l e 

i s known of c irculat ing phys io logica l hormone l e v e l s i n normal and 

treated larvae. A c l a s s i c so lut ion to th i s problem i s to apply the 

opposite strategy - to surgical ly or chemicm1 ly ablate the endocrine 

organ. When r e s u l t s are in c o n f l i c t i t i s perhaps safer to rely more 

on the l a t t e r approach which does not involve the congl icat ion of 

pharmacological responses to exogenous hormone. In addit ion many other 

factors may be involved in the trans i t ions studied. The ro le of 

prolact in as an antimetamorphic compound has already been discussed but 

i t s involvement in the control of haemoglobin and coelomic f l u i d protein 

s h i f t s i s not known. In the case of haemoglobin, erythropoietin may 

also exert control . Maclean and Jurd (l$Y2) have pointed, out that the 

reported e f f e c t s of thyroxine on the erythroid system of amphibians are 

remarkably similar to those of erythropoietin in mammals. The increase 

in coelomic fluid, and serum t o t a l protein concentration at metamorphosis 

could partly be due to a l o s s of body water. Fletcher and l%yantCL960) 

showed, the diy w3i^ik;wet weight ra t io of Zenopus larvae to r i s e during 

metamorphosis and pro lact in has been implicated i n t h i s process 

(Schultheiss et a l . 197^; Goldenburg & Warburg, 1977). The normal 

trans i t ion from a pronephric to mesonephric kidney i s only retarded by 
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the propylthiouracil treatment of Xenopus larvae, true giajit tadpoles 

having a well-developed mesonephros (Oates, 1977) which may contribute 

to the loss of body water. This i s also azi example of a morphological, 

change normally associated with metamorphosis but not prevented by 

goitrogen treatment. However, unlike many features of amphibian larva l 

development (such as leg development in the swimming larva and t a i l 

regression) a transit ion from pro- to mesonephros i s a vertebrate 

character is t ic which may not be controlled by thyroid hormones. This 

point i s discussed further in Section 8.11. 

Two interpretations seem poss ible in th i s c o n f l i c t i n g s i tuat ion. 

Either thyroid hormone i s not the primary ce l lu lar s ignal or i t i s the 

primary s ignal exerting i t s normal e f f e c t on certain biochemical transi t ions 

through the stoichrometric attainment of low hormone requirements or by 

long-l ived e f f e c t s following s ignals received before the onset of 

goitrogen treatment. That TH had some e f f e c t on haemoglobin and 

coelomic f l u i d s h i f t s i s c lear both by the protracted nature of the 

transi t ion i n some animals and by i t s absence i n others which were s t i l l 

biochemically tadpole- l ike. However, the presence of a l l intermediate 

stages between 'tadpole' and 'adult' makes i t l i k e l y the trans i t ion 

would have occurred in most animals given s u f f i c i e n t time. That t i s sue 

response to TH i s not prevented by aging has been shown by Hsd et a l 

(1971) who kept surgical ly thyroidectomiaed bul l frog larvae a l ive for 

4 years. The animals were capable of metamorphosis at any time that T4 

was administered. The evidence for the stoichiometric attainment of 

conpetence and for long-l ived hormonal e f f e c t s i s reviewed in Sections 

8.5 and 8.7 respect ive ly . 

In the other two protein systems, IIH and lens crys ta l l ins , i t was 

shown in Chapters 5 and 6 that the appearance of adult markers occurred 

in a l l propylthiouracil-treated larvae which had been arrested for over 

8 .5 weeks and which had grown abnormally large. In the absence of 

published data to the contrary i t i s assumed that thyroid honmones are 

not central ly involved in these trans i t ions . The adaptive s igni f icance 

and control of ontogenic changes in LDH isozymes i n amphibians are 

obscure and w i l l not be discussed further here. In Chapter 6 not only 

were adult c rys ta l l in markers shown to be present in giant tadpoles but 

also their appearance and re la t ive concentration was found to be strongly 
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correlated, with lens diameter. I t was argued that as lens diameter i s 

related, to orbit s i z e eind. whole body s i z e the c r y s t a l l i n s h i f t i s a 

r e s u l t of larval growth. This wais the f i r s t experimental support of 

Clayton's (1970) hypothesis that c r y s t a l l i n s h i f t s are necess i tated by 

lens growth^ poss ib ly to maintain i t s re frac t ive propert ies . I t a lso 

ra i se s the in teres t ing question of how c r y s t a l l i n gene control and bod.y 

s i z e might be coordinated. This point i s discussed, i n d e t a i l i n 

Sect ion 8 .10 . 

8 . 4 . Interpretation un&er the Etkin hmpothesis 

Perhaps the simplest explanation of the data summarised i n Sect ion 

8 . 2 can be based on the Etkin model for the control of an^hibian 

metamorphosis (Etkin 1964a and I968). In essence^ Etkin s tated that 

larva l growth and metamorphosis are controlled, by the d.irect t i s sue 

act ions of thyroid, hormones (mainly T4) and. by pro lac t in . During 

premetamorphosis the thyroid gland, re l ease s oh]y low l e v e l s of T4 and. 

the pars d i s t a l i s thyrotrophs Eire s e n s i t i v e to the negative feedback of 

the hormone so that TSH i s not re leased. The thyroxine l e v e l s therefore 

remain low. Growth^ i n larvae^ i s control led by pro lac t in which i s 

released, in large quant i t ies by the pars d i s t a l i s d.urlng premetamorphosis. 

The balance of these two hormones explains the observation that pre-

metamoi^hosis i s characterised, by rapid grov/th but slow development. 

During early prometamorphosis the median eminence of the hypothalamus 

becomes competent to respond, to TH. I t s d i f f e r e n t i a t i o n i s coicpleted 

and. a capi l lary plexus develops which can then transport the neurohormones, 

thyrotropin re leas ing hormone (TRH) and pro lact in i n h i b i t i n g hormone (PIH) 

from the preoptic nucleus to the pars d i s t a l i s . TEH i s supposed to 

desens i t i s e the thyrotrophs to TH negative feedback, thus enhancing 

thyroxine r e l e a s e , while PIH i s supposed, to have the reverse e f f e c t on 

prolact in r e l e a s e . Throughout the remainder of prometamorphosis an 

esca lat ion of TH re lease occurs because of p o s i t i v e feed-back on TRH 

synthesis and. re l ease . Thus i t i s predicted, that T8H t i t r e s w i l l a lso 

r i s e while those of prolact in continue to d.ecline. The changed, balance 

between T4. and prolact in accounts for the observation t h a t , at climax, 

morphological develo^mient i s precipitous whereas growth i s retarded. 
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One oan assume that propylthiouraci l prevents c i rcu la t ing l e v e l s 

ever r i s i n g to even normal premetamorphic l e v e l s . Under Etkin's 

hypothesis the d i s t a l i s thyrotrophs respond by secret ing more 

TSH leading to the observed goitrous thyroid gland-which i s s t i l l 

unable to synthesize TH because of the continuous presence of the 

goitrogen. The low c irculat ing l e v e l s prevent f i n a l d i f f e r e n t i a t i o n 

of the median eminence so that the e f f e c t s of TEH and PIH are not 

produced. Thus th^ premetamorphic low l eve l s of T4 and high t i t r e s of 

pro lact in p e r s i s t i n d e f i n i t e l y producing neg l ig ib le morphological change 

but steady growth. 

As biochemical changes normally associated Mith metamorphosis occurred 

in a majority of goitrogen-retarded tadpoles one can conclude that 

thyroid hormones are not d irect ly responsible for the control of the 

protein s h i f t s studied. 

This argument i s subject to many cr i t i c i sms which involve the most 

bas ic concepts of the ro les of morphogenetic hormones in amphibian 

development. They mi l l therefore occupy much of the remainder of t h i s 

chapter. 

Etkin's model i t s e l f has received a number of c r i t i c i s m s which were 

reviewed by Just (I968) , Frieden and Just (I970) and Dodd and Dodd ( I976) . 

The experimental data upon iwhich Etkin's hypothesis i s based are as 

f o l l o w s . I t i s we l l - e s tab l i shed that surgical thyroidectomy arrests 

anuran metamorphosis ( e . g . Allen, I9I8; Hoskins and Hoskins, I919). 

Treatment with thyroxine restored t h i s developmental capacity (Kendall, 

1919). Hypophysectomy and, in f a c t l o s s of the pars d i s t a l i s alone, 

a lso prevents metamorphosis (Adler, I9I4) and eventual ly i t was shown that 

mammalian T8H would induce climax i n p i tu i tary-ab la ted larvae providing 

the thyroid gland "was present (Uhlenhuth et a l , 1945). a c t i v i t y of 

the thyroid gland, as judged by h i s t o l o g i c a l c r i t e r i a (review by Lynn and 
1^1 

Wachowski, 1951) and by ^ I uptake (Eaye, I96I) , increased during pro-

metamorph^sis and e spec ia l l y at climax. Etkin (1935) had shown that , t o 

obtain a normal sequence of changes in induced metamorphosis of 

thyroidectomised Eana s y l v a t i c a tadpoles , i t was necessary to treat with 

gradually increasing concentrations of thyroxine. Chang (1957) and 
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Eemy and Bounhiol (1965) proved that surgical removal of the median 

eminence prevented metamorphic climax although the larvae s t i l l fed 

and grew wel l . Etkin (l964.b) claimed that growth was restored by 

in jec t ion of mammalian prolactin into hypophysectomised tadpoles. 

In spi te of these fundamental observations Dodd and Dodd (1976) have 

pointed out that much of the in^ortant de ta i l of the l^^othesis was 

speculat ive . For example, there was no knowledge of c irculat ing l e v e l s 

of T8H, Tj, % or prolact in . In f a c t , i t waa not known whether TSH or 

a growth promoting hormone ((3^) l i k e mammalian prolact in were present i n 

larva l p i tu i tar i e s . I f a GEH did ex i s t i t s supposed anti-metamorphic 

properties had not been demonstrated. There were no data in support of 

the contention that c irculat ing T4 has a pos i t ive feedback e f f e c t on 

hypothalamic TEH secret ion or that TRH desens i t i ses the pars d i s t a l i s 

thyrotrophs to T4. negative feedback. Final ly , the nature of the control 

exerted by the hypothalamus on GPH secret ion was unknown. 

Since the hypothesis was produced a number of higher relevant papers 

have been published but, in general, there have been few c r i t i c a l 

attempts to d irect ly t e s t Btkin's assert ions . 

Dodd and Dodd (197^) have reported that chromatographic studies have 

confirmed that thyroid hoirmone synthesis increases during prometamorphosis 

to reach a peak between climax stages 60-62 in X. l a e v i s . Synthetic rates 

were then at l eas t 40 times those during early prometamorphosis. A rapid 

synthetic decline followed climax. The same authors used a bioassay to 

determine the pi tui tary TSH content. Although th i s work did not d irect ly 

show how mich TSH was released, taken in conjunction with the chromato-

graphic data, a case waa made that the TSH synthesised actually entered 

into c irculat ion. Another approach was used by Eddy and Lipner (1976) who 

injected Rana catesbeiana tadpoles with a s p e c i f i c antiserum against 

mammalian TSH, known to cross-react with larval p i tu i tary extract . This 

work shows a TSH to be present in the tadpole p i tu i tary gland. Compared 

to control animals injected with nomial rabbit serum, TSH antiserum 

depressed the rate of hind limb development during T4--induced metamorphosis 

to about 50^ of the response to T2|. alone and completely blocked hind limib 

development during spontaneous metamorphosis. Thus the thyroid gland was 

unable to release TH in the absence of TSH and consequent]^ metamorphosis 

was prevented. 
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The development and role of the median eminence hag received more 

attent ion since Etkin's hypothesis was f i r s t promulgated. Etkin (I965) 

showed that the development of the cap i l lary plexus^ i n Eana p ip iens , 

thought to transport TRH to the pars d i s t a l i s , did not develop u n t i l 

prometamorphosis^ the process being completed by the beginning of 

climaz. Further work (Etkin, I966) showed that development of the 

median eminence does not occur i n thyroidectomised tadpoles but that 

when such operated larvae are raised in T4 solut ions the median eminence 

reached a thickness typ ica l of normal climaz specimens. This s e n s i t i v i t y 

to T4 stimulation did not develop u n t i l the end of premetamorphosis. In 

sp i te of a s ing le publication by Guardabassi (1961)^ which claimed that 

a proportion of hypothalamectomised X. laev i s larvae were able to 

metamoirhose, a l l other reports have stated that th i s was not the case 

(Chang, 1957; Voitkevitch, 1962; Hanaoka, I967). There i s always 

the p o s s i b i l i t y of incomplete ablation in some ajiimals. 

Norris and Gem (197^) studied the question of whether p o s i t i v e 

feedback of hypothalamic TEH release can occur i n neotenic Ambystoma 

tigrinum larvae. The Colorado population used do not normally 

metamorphose but their peripheral t i s s u e s respond to exogenous TH and 

the ir thyroid glands to exogenous TSH. The authors in jec ted a small 

amount of T4 d irec t ly into the region of the hypothalamus ajid observed 

a high incidence of metamorphosis. Similar in jec t ions in to the 

peri toneal cavity did not induce metamorphosis. ^ypothalamus-injected 

larvae were able to take up s i g n i f i c a n t l y more in to t h e i r thyroid 

glajids than sham injected controls . Because previous work (Norris, 

Jones and Criley, 197^; f l a t t , 197^) had shown p i tu i tary prolact in to 

decl ine during spontemeous or induced metamoirhosis i t was speculated that 

prolact in acts as a blocking agent to hypothalamic production of TEH 

which can only be countered by high, l o c a l T4 concentrations. 

In adult Bufo bufo the two types of pars d i s t a l i s acidophil c e l l s 

have been p o s i t i v e l y i d e n t i f i e d with ant l -pro lact in and anti-growth 

hormone f luorescent sera (Hansen and Hansen, 197^). N i c o l l and Licht 

(1971 a & b) separated the two hormones by PAGE and assayed the ir 

a c t i v i t i e s . demons (1971 - c i t ed by Dodd and Dodd, 197^) has claimed 

that c e l l s secret ing both hormones are present i n the p i t u i t a r i e s of 
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bull frog larvae but t h i s work has riot been published. Only one type of 

acidophil c e l l i s present u n t i l metamorphosis however. The most 

convincing evidence for an azitimetamorphic role of larval prolactin has 

come recently from Eddy and Lipner (1975). Using a highly s p e c i f i c 

antiserum reiised against ovine prolact in the metamoirhosis of injected, 

tadpoles was studied. Tadpoles treated with prolact in antiserum or 

normal rabbit serum remained, unchanged. However when T4. was injected. 1 

day after the prolactin antiserum metamorphosis was accelerated compared 

to inject ion of % alone. I t was concluded that the antiserum blocked, 

the peripheral antimetamoz^hic e f f e c t of prolactin allowing a more rapid 

response to exogenous However an Ouchterlony t e s t of tadpole 

p i tu i tary homogenates against the prolactin antiserum failed, to produce 

v i s i b l e precipi tat ion of antigens. The accelerating e f f ec t of the 

antiserum was noticeable only during pre- and pro-metamorphosis as 

would be predicted by Etkin's hypothesis. 

AH of the above observations have tended to support the Etkin mod.el 

but other recent data have not. One of the f i r s t pieces of contradictory 

evidence was the fa i lure of injected ovine TRH to e l i c i t precocious 

metamorphosis in bul l frog tad.poles (Etkin and Gona^ 1968). However i t 

was quite poss ible that the mammalian and anphibian hormones d i f fered 

chemically. McKeown (1972) working with adult Bufo bufo claimed that 

prolact in secretion was controlled by an inhibitory factor in agreement 

with Etkin. A radioimmunoassay was used to measure re la t ive l eve l s of 

c irculat ing hormones af ter ectopic transplantation of the pars d i s t a l i s . 

However Ibdd and Lacharojana (1977) obtained, d i f f e r e n t resul t s with 

X. l a e v i s larvae. Hypophysectomy and reimplantation of the pitutary 

into an ectopic s i t e always resulted in a depressed growth rate compared 

to controls even when endogenous TH secretion Itid been inhibited by & 

go i t rogen . This suggests that, contrary to Etkin's hypothesis, the 

secret ion of prolact in i s not under hypothalamic inhibitory control . 

The control of TH release by TSH has also received some cr i t i c i sm. 

Guardabassi (19^1) found that the thyrotrophs are partly independent of 

TEH control . In I . laev is tadpoles in which the hypothalamus had been 

ablated a goitrous response wsus s t i l l produced by thiouraci l treatment. 

Again Quardabassi's resul ts are at variance with other authors'. 
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Hanaoka (1967) i n R. pipiena and Goos (1969) with X . laev i s observed 

thyroid hypertrophy in s imilar experiments. Quastalla et a l (1972) 

studied the e f f e c t of thyroidectomy on pars d i s t a l i s thyrotrophs in 

Bufo bufo larvae which had a l so been hypothalamectomised. There Tvas 

no hypertrophy of the thyrotrophs suggesting that TH negative feedback 

ac t s mainly on the hypothalamus rather than on the pars d i s t a l i s as 

hypothesised by Etkin. 

Dodd and Dodd (197^) have reviewed the evidence that negative 

feedback by % on the hypothalamus-pituitary axis operates throughout 

l arva l l i f e and not , as predicted by the hypothesis s o l e l y during 

premetamoirhosis. Goos (1968) treated premetamorphic X. l a e v i s with 

propylthiouraci l and found a deplet ion of neurosecretory material i n the 

dorsal preoptic nucleus. V/hen the goitrogen so lu t ion was replaced wi th 

water the neurosecretory material reaccumulated. Later work by Goos' 

group (van Oordt e t a l . 1972) showed that t h i s material contained TEH 

s ince i t s re lease was correlated with h i s t o l o g i c a l and phys io log ica l 

evidence of enhanced T5H t i t r e s . 

Just (1968), usi]]g data on the h a l f - l i v e s of mammalian ISH and IE 

questioned whether a s p i r a l l i n g e sca la t ion of TH t i t r e could be 

produced liy pos i t i ve feedback on the hypothalamis. The h a l f - l i f e of 

TSH in mammalian plasma i s under 2 hours whereas that of TH i s 

approximately days. He suggested that there i,vDuld not be a greatly 

elevated TSH t i t r e and therefore the i n i t i a l tĥ ^T r̂cxine l e v e l s , a f t e r 

f i r s t being raised i n d i r e c t l y by TEH r e l e a s e , would tend to l e v e l o f f . 

This argument was used by Just to explain the most ser ious c r i t i c i s m of 

the Etkin ]:Qrpothesi8, nameOy that there i s l i t t l e evidence to support h i s 

contention based on immersion s tudies , that c i rcu la t ing TH l e v e l s would 

increase during premeteimorphosis by 5 to 2$ times. Airther, at the time 

of f o r e l e g emergence he predicted a 200^2^0 f o l d increase over premetamorphic 

l e v e l s and 10-fold over prometamorphic t i t r e s . Juat ' s (1972) EBI data, 

although subject to c r i t i c i s m , are the only f u H y published data on 

c i rcu la t ing TH l e v e l s and t h ^ showed, at most only a 10 to 20 f o l d 

increase over premetamorphic and prometamorphic l e v e l s in Eana p ip iens . 

Some individuals showed l i t t l e c l imactic increase a t a l l , Eecently 

the unpublished data of Miyauchi et a l (1977) have suggested that serum 

T4. l e v e l s changed l i t t l e during bul l frog development whereas a 
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substantial r i s e in sGrum T3 was detected. The involvement of in 

metamorphosis i s discussed, in more d e t a i l below. In the PBI method 

used by Just (1972) both thyroid hormones would be measured but there 

would be a large excess of T4. (about 200:1 of in Chapter 7 of 

th i s thes i s ) such that even marked changes in might not have been 

detected. 

As recently as 1974, Etkin and Gona have re i terated their be l i e f 

that the integration of metamoi^ihic events stems from r i s ing hormone 

t i tres^ rather than from say, sequential changes of t i s sue receptors. 

Thus although there i s now evidence in support of much of Etkin's 

hypothesis the f a i l u r e , to date, to detect large increases in c irculat ing 

TH i s a serious cr i t i c i sm. In addition the mechanism of the feedback 

loops s t i l l remains to be elucidated. 

The work of Goos et a l (I968) and of Goos (196$) has shown that 

treatment of premetamorphic X. laev is tadpoles with 0.01]^ (0.59 mM) 

propylthiouracil prevented development of the capi l lary plexus in the 

median eminence. Also c e l l s of the preoptic nucleus, thought to be 

concerned with TEH synthesis , were inhibited. This infoimation, in 

conjunction with the well-known goitrogenic e f f e c t s of propylthiouracil , 

can be used to explain the metamorphic arrest but continued growth 

observed in the present thes i s . 

Etkin's hypothesis predicts that metamorphic changes are produced 

by r i s ing TH l e v e l s . The continued protein transit ions demonstrated 

here suggest that these biocheiDical changes are not under primaiy 

thyroid control . However several other concepts, frequently discussed 

in the l i t erature on hormonal control of amphibian morphogenesis, need 

to be considered before f i n a l conclusions are drawn. 

8.5. Tissue competence and threshold l eve l s of response to thyroid 

hormones 

Two concepts which have some experimental support and which could 

a f f ec t the interpretation of my data are t i s sue competence to respond 

to TH, and threshold l eve l s required for a response to ocozr. In 
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addition evidence i s presented in Section 8.7 that a brief exposure to 

thyroid hormone may have a "triggering" e f f e c t by which transit ions, 

once i n i t i a t e d , caji continue in the absence of the horinone. These 

topics w i l l lead naturally to a consideration of recent work on 

cytoplsismic emd nuclear binding of hormone molecules which i s the 

basis for a modified model for the control of amphibian metamorphosis 

introduced by Dodd and Dodd (1976) and discussed i n Section 8 .9 . 

I t i s generally agreed that some t i s s e s become conpetent to respond 

v i s i b l y to exogenous TH at about the time of opercular membrane 

formation (Mbser, 1950 with Eana temporaria; Ztkin, 1950 with 

E. piiDiens). There has been dispute, however, over whether a l l t i s s u e s 

which subsequently metamorphose acquire this competence at the same 

time. This point i s c lear ly relevant to the interpretation of HQr 

data because i t might be claimed that the protein s h i f t s were in i t i a t ed 

before la ter metamorphic events such as forelimb development. 

Etkin (1950) claimed that there was an al l -or-nothing acquis i t ion 

of con^etence but deta i led supporting data were not provided. 

Subsequent work has shown that, in some t i s sues at l e a s t , competence i s 

not acquired u n t i l prometamorphosis. The case of the median eminence 

has already been discussed. Heady and Kollros (I964.) found that, in 

the p l i c a l glands of R. pipiens, the response e l i c i t e d by T4 treatment 

depended upon the stage of the skin donor. Responsiveness was found 

to develop gradually rather than in an al l -or-nothing fashion. 

Similarly, Kollros and Mc#irray (195^) showed that the growth response 

of mesencephalic V nucleus c e l l s i s not present before stage III in 

R. pipiens larvae and not f u l l y developed u n t i l stage V, 

Even i f i t i s accepted that not a l l t i s sues acquire competence 

simultaneously the mechanism of the process a f ter acquis i t ion i s h i ^ l y 

controversial . Etkin's (19.35) work with thyroidectomised R. sv lvat ica 

tadpoles was mentioned above. He found that the sequential order of 

events was not a f fec ted by the concentration of T4 used but that 

development was telescoped as concentration increased. Using low 

thyroxine concentrations of 0 .01 to 0.0001 pg/lOO m l ( l . 3 x 10 ^ to l . j x 

10 ^M) he found that early metamorphic events occurred at normal time 



182 

intervaJ-s but la ter events were much delayed.. Nevertheless i t was 

claimed that even the lowest concentrations would produce a l l metamoirhlc 

events i f s u f f i c i e n t time was allowed. Etkin (1964a) used these data aa 

the basis for h is 'stoichiometric model' of competence. This states 

that even very low l eve l s of TH w i l l produce a l l metamorphic changes i n 

a progressive manner. Ijow doses w i l l take a long time to produce f u l l 

metamorphosis but as dosage r i s e s the duration of metamorphosis shortens. 

There i s no s p e c i f i c threshold l e v e l , of exogenous or circulating hormone, 

necessary to produce a given change; rather each t issue has i t s own 

to ta l thyroxine requirement which i t can gradually acquire. On the other 

hand Kbllros (I956, 1958 and I96I) has argued that each t i s sue has a 

de f in i t e threshold requirement for circulating hormone. He haa 

produced data which appear to refute the stoichicmietric model. Using 

hypophysectomised R. pipiens tadpoles and low immersion dosages of T4 

(0.0002 to 0.06 ^g/lOO ml; 2.6 % 10 ^ to 7*7 x 10 ^ M) he found that 

early metamorphic events would be stimulated to a certain point and wouljd 

then enter an apparently inde f in i t e s t a s i s period unless the hormone 

l e v e l was raised. For example, the threshold for the onset of the 

corneal re f l ex was found to be lower than that f o r perforation of the 

operculum (Kollros, 1958) and the la t t er threshold was lower than that 

for g i l l resorption (Kbllros, I96I) . Thus Etkin (I9j5) , Kollros (I96I) , 

and previously Allen (19^2) with Bufo boreas larvae, found i t necessaiy 

to increase thyroxine concentration to obtain an approximately normal 

spacing of events, but Kollros (196I) claimed that within the period of 

study (up to 61 weeks) metamorphic arrest would pers i s t at low hormone 

l eve l s whereas Etkin bel ieves metamorphosis to be merely retarded. 

Direct comparison of the data produced i s d i f f i c u l t because in one case 

tadpoles were thyroidectomised whereas in the other they were 

hypophysectomised. Also, for most of his work Etkin used nuch higher 

thyroxine concentrations than Kbllros and studied his animals for only 

short periods. 

The importance of this argument to the present thes is i s made 

cleeur by the interpretation which Ricibel la (1974-a. and b) put on h is 

experimental data obtained with Aobystonia mexicanum. Neotenic 

animals were found to complete the transit ion of haemoglobins and 

serum protein in a similar way to other specimens which had been induced 
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to metamorphose by immersion in T4. solutions (4-.5 to 9.0 x 10 M). 

Bucibella argued that the untreated animals have low l eve l s of TH 

release which were nevertheless s u f f i c i e n t to provide enough c irculat ing 

hormone to meet the low threshold, requirements of the t i s sues responsible 

for haemoglobin and serum protein trans i t ions . I t was assumed that the 

thresholds for overt morphological changes were higher and. could not be 

attained, naturally. Ducibella produced no s p e c i f i c evidence to support 

th is interpretation. 

A number of authors have interpreted their data in terms of one or 

other of the above congpetence hypotheses but the evidence hAR not been 

unambiguous. For example, Verma (196$) continued Eollros' work on skin 

glajid development. He showed that high leve l s of exogenous % altered, 

the ord.er of glajidular development to produce an abnormal sequence. 

Verma suggested that the threshold l eve l s of most glandular cel ls was 

being met simultaneously rather than sequentially as in normal 

metamorphosis when, i t was assumed, circulatii^g TH leve l s were increasing 

gradually. Asynchronous development w E i s a lso reported, by Ealtenbach 

(1968) who stated that at high % concentrations severe abnormalities, 

such as t a i l regression before the completion of limb development, could, 

produce inviable larvae with no sat is factory means of locomotion. 

The interpretation of many experiments i s complicated, by the we l l -

established "lag periods" which d i f f e r from t i s sue to t i s sue and which 

are intercalated, between hormone treatment and. the appearance of a 

d.etectable response. These lag periods were studied, by Derby (1968). 

Using discs of R. pipiens tad.pole t a i l f i n , cultured, in Hank's medium, 

he studied, the e f f e c t of d i f ferent T4 concentrations on the lag period, 

and. on the rate of regressive response in t i s sue taken from donors of 

d i f f er ing metamorphic stages. Increasing the concentration did not 

a l ter the duration of regression (3 to 4 days). Rather, the lag period, 

before the beginning of v i s i b l e response, shortened.. Discs from donors 

in la te prometamorphosis-climax required lower concentrations of exogenous 

T4 to regress than did. discs from early prometamorphic t a i l s . I f doses 

were the same, with t i s sues from both classes of donor, then the lag 

period of the more advanced stages was shorter. Derby suggested that 

d iscs from climax tadpoles had already been exposed to higher l e v e l s of 
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endogenous % and for longer periods before excis ion than had those from 

early stages . Thus in terms of the stoichiometric model the more 

advanced t i ssues had already acquired a large part of the t o t a l TH 

requirement. In a recent paper Kim et a l (I976) have shown that when t a i l 

f i n d i s c s , treated in v i t ro with T4. for several days were washed 

thoroughly and grafted to previously untreated d i scs , the la t ter could 

then be induced to regress with much shorter lag periods than ungrafted. 

d i s c s . I t was assumed that no unbound T4 was transferred direct ly but 

that an intermediate, produced by TH action during the g r a f t ' s lag period, 

had been carried, over. Of course, i t i s also possible that the 

substajices transferred were hydrolytic enzymes. 

Chou Eind Eollros (1974-) performed somewhat similar experiments to 

study lag periods in R. pipiens. In th is case enibryos from a s ingle 

batch of eggs were reared at di f ferent temperatures to give a range of 

developmental stages at the same time. The lag period and time of t a i l 

shortening response in whole larvae were studied, under % treatment, 

^ a i n lag periods were shortest for developmentally more advanced, larvae 

while the duration of response was similar in a l l s tages . However these 

resul t s were interpreted to support the absolute threshold, rather than 

the stoichiometric, hypothesis. I t was argued simply that the threshold, 

became lower as the larvae progressed through metamorphosis. 

The stoichiometric model has the advantage that i t suggests an 

outl ine mechanism by which TH i s bound or involved in progressive 

processes thus shortening lag periods. Kollros has suggested no way 

in which thresholds change. However the most direct evidence was that 

of Kollros (1961) discussed above. Unfortunately t h i s v/ork was never 

published f u l l y an,d has been c r i t i c i s e d by Etkin on the grounds of i t s 

s t a t i s t i c a l va l id i ty bearing in mind the wel l known metamorphic 

var iab i l i ty of anuran tadpoles. 

The stoichiometric model suggests that t i s sues responsible for 

changes i n haemoglobins, albumin and c r y s t a l l i n s h i f t s might progressively 

u t i l i s e the remaining low thyroid hormone l eve l s present und.er goitrogen 

blockage. However the assumption must be made that the threshold, of 

response i s lower in these t i s sues than in the lin&is and t a i l . There i s 
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no direct evidence i n support of t h i s supposition. Unt i l further 

evidence appears stoichiometric binding must remain a poss ib le 

a l ternat ive interpretat ion of protein s h i f t s under goitrogen blockage. 

8 . 6 . Growth promoting hormones in metamorphic contro l 

Interpretat ion of the experiments discussed i n Sect ion 8 .5 and 

indeed of a l l metamorphosis experiments has been complicated by the 

discovery that a pro lac t in - l ike GPH exerts antimetamorphic e f f e c t s on the 

peripheral t i s s u e s , Gona (I967) found that simultaneous in jec t ion of 

T4 and mammalian pro lac t in in to premetamorphic b u l l f r o g tadpoles 

result%lin an induced metamorphosis s imi lar to that produced by T4 

i n j e c t i o n alone. When TSH and pro lac t in were i n j e c t e d together 

metamorphic s t a a i s resul ted. Prolact in therefore appeared to be act ing 

aa a goitrogen by blocking glandular TH synthes is or re l ease . Norris 

and P ia t t (1973) showed that treatment of larva l Ambystoma tigrinum with 

prolact in had no e f f e c t on uptake by the thyroid gland. However 

Regard and Mauchamp (1973) supported Gona's data i n experiments with 

prolact in and TSH. 

Much more evidence that pro lact in has peripheral e f f e c t s has 

accrued. Some of th i s was discussed in connection with the Etkin 

hypothesis for metamorphic contro l . Tĥ i most in teres t ing experiments 

i n the context of t i s s u e competence and lag periods are those of Derby 

and Etkin (I968) and Derby ( l 970 ) . These authors have again used the 

regression of cultured t a i l f i n d i scs under 14 inf luence to study the 

addit ional e f f e c t of grafted larva l p i t u i t a r i e s or treatment with 

mammalian pro lac t in and growth hormone. Derby and Etkin (I968) claimed 

that both treatments blocked or delayed the regress ion of d i s c s but the 

p i tu i tary g r a f t s were found to be more e f f e c t i v e . Derby (1970) extended 

tha data by graf t ing p i t u i t a r i e s taken from donors i n d i f f e r e n t 

metajDorphic s t a g e s . Early prometamorphic p i t u i t a r i e s shovred the greates t 

antimetamorphic a c t i v i t y followed by glands from climax larvae . Derby 

(1975) showed that whereas exogenous % increased the a c t i v i t y of the 

hydrolytic enzymes acid phosphatase and B-N-acetylglucosaminidase i n v ivo , 

prolact in as one of i t s e f f e c t s reduces the l e v e l of a c t i v i t y of these 

enzymes. In addit ion to these e f f e c t s on morphology and i t s underlying 
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mechaniBm prolactin has also been shown to exert ajitimetamorphic e f f e c t s 

on certain biochemical trans i t ions . MecLda and Pried.en (1972) showed 

prolactin treatment to produce opposite e f f e c t s to Tj inject ion on the 

ajtmionia excretion cf bul l frog tadpoles. However Crim (1975) found that 

prolact in did not antagonise thyroxine-induced rhod.opsin synthesis in 

the retina of R. catesbeiana tadpoles. 

This discussion of antimetamorphic action by prolactin emphasises 

the danger of interpreting metamorphosis experiments so le ly in terms of 

TH action and shows that such concepts as competence and threshold of 

response may be even more complicated than indicated above. 

8 . 7 . Long-term e f f e c t s of thyroid hoimone treatment 

I t might be predicted from Kollros' ( l96 l ) hypothesis on response 

thresholds that the role of TH i s merely to act as a trigger to some 

metamorphic process which, once in i t ia ted , could, continue in the absence 

of the hormone. I f th i s were the case then i t might be that a protein 

s h i f t i n i t i a t e d by endogenous TH before goitrogen treatment could 

continue, in at least some animals, in the eventual absence of hormone. 

There i s good reason to be l ieve that the protein transit ions studied 

occur gradually over the whole larval period and not sole ly during 

climax. Jurd (197^) found the re la t ive concentrations of tadpole and 

adult haemoglobins to change steadi ly from KB" stage 4-!) (the e a r l i e s t studied.) 

through to adulthood. However Kollros (quoted i n Etkin, 1964a) has 

denied th i s prediction and be l ieves that the continued presence of TH 

i s necessary for metamorphosis. Other authors have produced evidence 

for long term e f f e c t s by pulse treatments of thyroid hoimones. Two 

types of experiment have been performed. Fried.en et a l (I965) 

administered. T^ to bul l frog tadpoles with a s i n g l e injec t ion . At 

precocious metamorphosis proceeded, swi f t ly but at 5°C the process was 

s t i l l in an early stage a f ter 80 days. When tadpoles were returned to 

25°C af ter s t a s i s at the lower teioperature metamorphosis proceeded on 

the same time scale as in the normal T3-induced experiment. Induced 

metamorphosis could be severely retarded at any stage by lowering the 

temperature to 5°0. The authors considered these resul ts could be 

explicable either because an appreciable fract ion of T_) survived the 
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prolonged. 5°C period, and. became active again at 25°0, or that some 

long-last ing "imprint" had. been mad.e on the respond.ing t i s s u e s . The 

b io log ica l h a l f - l i f e of was found, to be 12 days at 5°C. Thus 

after 80 days l ess than 1^ of the or ig ina l d.ose would, be expected, to 

remain. They conclud-ed. that come "in^rint", produced, by T^ but more 

stable than the hoimone i t s e l f , imst be made. 

Another approach was that of Prahlad and DeLanney (I965). K^g 

of T3 were injected into the p e r i v i t e l l i n e space of 6 day old axolotl 

embryos which were subsequently released from the j e l l y into fresh water 

9 days l a t e r . After 2 days t issue changes were observed in sequence 

u n t i l the induced metamorphosis was ccanplete within 2$ to 35 days. 

These resu l t s appear to refute the assumption of Etkin's hypothesis, that 

the continuous presence of c irculat ing hormone i s necessary for 

metamorphosis to occur. An earl ier paper by Paik and Cohen (I96I) i s 

also relevant. While studying the e f f e c t of goitrogen on thyroxine-

stimulated protein synthesis in tadpole l i ver i t was discovered that 

thiouraci l acts , not only on the thyroid gland, but i s also incorporated. 

into 5NA as a urac i l analogue. The most disruptive e f f e c t on the T4;-

induced stimulation of carbanyl phosphate synthetase synthesis occurred when 

thiouraci l was administered during the lag period suggesting that TH 

stimulates ENA synthesis some of which may have long- l ived e f f e c t s . 

Although the stoichiometric competence model and long- l ived e f f e c t s 

of TH treatment could account for the continuation of biochemical 

metamorphosis in goitrogen treated Xenopus larvae they lacked any firm 

mechanism unt i l recently. Because the mechanism of thyroid action i s 

so fundamental to understanding i t s morphogenetic role the recent work 

.̂Yill be discussed in some d e t a i l . 

8 .8 . Thyroid hormone action in amphibians at the molecular l e v e l 

Unfortunately the study of TH action even i n mammals, has lagged 

behind that of other morphogenetic horimanes such as the s t e r o i d s . As 

our knowledge of steroid hormone action appears to have served as a 

model to those invest igators who have studied TH i t i s i n order to 

review b r i e f l y how the steroids are thought to control gene action. 
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The much more fragmentary evidence available on amphibian TH w i l l then 

be more comprehensible. Reference mi l l not be made to original 

sources but to the reviews of lewin (1974) and Rosen and O'Malley (1975). 

The system employed has been the hen oviduct in which 17-beta-

oestradiol induces the s p e c i f i c synthesis of the proteins, ovalbumin i&nd 

^ysozyme. Progesterone, on the other hand, induces avidin synthesis. 

These hormones are thought to cause changes in gene expression at the 

transcriptional l e v e l partly because actinomycin, puromycin and 

cycloheximide a l l block the hormonal response. In addition the 

morphological response of oviduct c e l l s to hormone i s followed by an 

increase in the numbers of RNA sequences hybridising with repeated DMA. 

By i so la t ing the RNA released from oviduct polysomes a f ter hormone 

treatment i t has been shown that messengers appear which can be 

translated to give ovalbumin in v i t r o . 

The steroids appear to enter the c e l l s by passive d i f fus ion and to 

bind with high a f f i n i t y and s p e c i f i c i t y to cytoplasmic receptor 

proteins which can reversibly dissoc iate to 4S or $8 s i ze . This ionic 

and temperature dependent act ivat ion of the receptor s i t e s occurs 

coincident with translocation into the nucleus. The activated nuclear 

receptor can then be shown to undergo a hormone-dependent high a f f i n i t y 

binding reaction with chromatin. The receptor binds to chromatin 

acceptor s i t e s which appear to be primarily composed of the DMA backbone 

although certain chromosomal nonhistone (acidic) proteins seem to 

quantitatively modify this UNA binding. 

In the case of the larval amphibian i t was f i r s t shown by Tata 

(1970) that X. laev is tadpoles suddenly acquire the ab i l i ty to bind Tj 

some 36-60h a f ter f e r t i l i s a t i o n (MP stages ^^-41). This coincided 

with the f i r s t detection of t i s sue competence judged in terms of changes 

in the rates of synthesis of nucleic acids, proteina and phospholipids 

plus changes in PO^ uptake, hydrolase induction or, af ter a longer 

lag period, in gross morphology. The binding was shown to be 

temperature dependent being much greater at 25°C than at 5°0. This, 

and other, properties suggested that binding was s p e c i f i c . The wcirk 

was performed with homogenates of whole larvae and ca# be c r i t i c i s e d on 
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the grounds that c irculat ing thyronine binding prote ins , i f present in 

Xenoiaus, could have increased a binding which would not be 

i n t r a c e l l u l a r . 

Later work was more sophis t icated. Griswold et a l (1972) injected, 

bul l frog tadpoles with ^C-thyrozine and determined the subcel lular 

d i s tr ibut ion of the labeled hormone. At 5°C and 25°C % accumulated i n 

the l i v e r cytoplasm but only at 25°G did a large percentage of hormone 

enter the nucleus where i t was t i gh t l y bound to chromatin i n a 

ohemicEil]y unmodified form. Yoshizato et eil (1975^-) studied the binding 

of by bul l frog tadpole t a i l f i n , t a i l imscle , k i d n ^ and l i v e r 

oytosol homogenates. A l l t i s s u e s studied bound the hormone the binding 

being metal ion dependent. The degree of metal ion dependency varied 

but was highest in the t a i l f i n which a l so had the larges t maximal 

binding capacity (10.2|. picomoles per mg of crude cytoso l protein as 

opposed to 0 .04 picomoles i n the l i v e r ) . The cy toso l hormone receptors 

had properties of an ac id ic protein. 

Nuclear binding of Tj and T4. were a l so studied by the same group. 

In the case of in v i t r o cultures of t a i l f i n Yoshizato et a l (l975ti) 

found evidence for high a f f i n i t y , l imi ted capacity binding s i t e s in the 

nucleus only. The numbers of s i t e s were estimated at 1500 (T^) and 

800 (T4.) but both had s imilar d i s s o c i a t i o n constants of about 10 

Both binding and competition studies supported the conclusion that the 

nucleus had more s i t e s for T^ than for Ti*.. Kis t ler et a l (1975) found 

similar evidence for T^ and T4 receptors in the nuc le i of tadpole l i v e r 

c e l l s to which binding was temperature dependent. The high a f f i n i t y 

saturable s i t e s could not be detected in the cytoplasm and i n t h i s 

t i s s u e receptors for the two hormones d i f f ered both i n number and d i s soc ia -

t ion constant. There were 12,^00 s i t e s for Tj ( l^ = 6 .8 z 10 ^M) and 

2,300 for T4. (Kĝ  = 4.6 x 10 ""̂ M). In both t a i l f i n and l i v e r nuclei 

hormones were bound in a chemically unmodified form. 

The relevance of such research to metamorphic control i s indicated 

by two other recent papers. Yoshizato and Frieden (1975J claimed that 

the binding capacity for Tj in the t a i l nuclei increased at metamorphosis 

in Rana catesbeiana. Thus at stage X there were 1,3^0 s i t e s , at suage .ZV 



190 

there were I58O and at stage there were 28jO. The rat ios of 

bound to unbound hormone remained approximately the same for the 

eztranuolear portion of the c e l l . I t was suggested that the increeise 

in hormone s e n s i t i v i t y of tadpole t a l l during metamorphosis might 

resu l t from this increase in nuclear binding capacity for rather than 

from increases in a f f i n i t y as the a f f i n i t y constants appeared to decrease 

during larval development. Hirban and Paik (1976) invest igated the 

binding properties of the whole c e l l sap in the t a i l and l i v e r of 

metamorphosing bul l frogs . They claimed that s p e c i f i c T4.-binding 

proteins were absent in premetamorphic t a i l s Imt appeared at the 

beginning of t a i l resorption. TZ,. binding in the l i ver was present in 

premetamorphic c e l l s but increased during the treinsition. In the t a i l 

these authors claimed that the d issoc iat ion constant for thyroxine 

increased four-fold whereas the t o t a l capacity decreased by one-third, 

Thus there appears to be a difference between metamorphic changes in 

the ce l lu lar binding of Tj and T2{.. 

The above comparison h@.s shown that with both steroid and thyroid 

hormones, s ignal l ing a c t i v i t y may be mediated by r e a l t o r proteins. 

Differences between the two systems are apparent however. I t seems 

that with TH a cytoplasmic binding step i s not obligatory as cytoplsLsmio 

receptors have not d e f i n i t e l y been ident i f i ed and, in mammals, i so la ted 

nuclei w i l l bind the hormone to the nuclear receptors. 

A number of questions arise in both the s tero id and amphibian systems 

(Lewin, 1974). Are the cytoplasmic receptor proteins present only in 

target t i s sues so that other types of c e l l are unable to respond to the 

hormone? And do the receptor proteins alone mediate the action of the 

hormones, or are the nuclei of target t i s sues d i f f eren t ia t ed , perhaps 

in the properties of chromatin, to possess the a b i l i t y to respond? 

In the case of s teroids it seems that hormone action i s mediated 

only through the interact ion with cytoplasmic receptors because the 

Eiffinities of receptors for oestradiol analogues corresponds wel l with 

the ir overall b i o l o g i c a l a c t i v i t y . However, recent work by Kist ler 

et a l (1977) indicates that th i s i s not so with t r i - s u b s t i t u t e d tl^rronine 

analogues of T3 in bul l frog tadpole t a i l f i n cy toso l . The r e l a t i v e 
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strengths of binding of analogues were oon^arecL to Tj by competition 

experiments. (These results were ccmpared. to previous data from Frieden 

and Yoshizato (1974) on the thyromimetic act iv i ty of the analogues 

using t a i l regression as a bioassay. A correlation was observed in 

only three cases . Because of the uncertain occurrence of extra-

nuclear cytoplasmic binding these experiments might have been more 

informative i f carried out with nuclear receptors alone. 

All of the tadpole t i s sues so far examined have contained TH 

receptors whereeis in the case of s teroids they are present in the 

oviduct but absent from spleen and lung which do not respond to steroid 

hormone treatment. Most^ i f not a l l , t i ssues of the larval amphibian 

are involved in metamorphosis so that t h i s dif ference i s not surprising. 

I t has been argued in the case of the chick oviduct that the key 

factor in the d i f f eren t ia t i ve response i s the proteinaceous receptor 

rather than the hormone molecule which may only serve to move the 

preformed receptor into the nucleus. I t appears that the receptor-

hormone con^lex Eis a whole binds to the chromatin. The l e v e l of 

binding of receptor-hormone complexes to chromatin appeared due to the 

nature of non-histone (acidic) proteins present. Fractionation of acid, 

proteins showed a s ingle fract ion to promote binding and i t has been 

hypothesised that some acidic protein, present in oviduct chromatin but 

absent from other chromatins, may s p e c i f i c a l l y bind the hormone-receptor 

coiig)lex. This binding presumably resul t s in changes of gene expression. 

O'lvlalley's group have produced a number of hypotheses to explain the 

mechanism by which binding of the ccmplex allows polymerase to transcribe 

the structural gene element. In Amphibia work has yet to progress to 

this l e v e l of analysis but a highly speculative model for gene control 

by mammalian TH suggested by Oppenheimer et a l (197^) i s mentioned below. 

This summary of our scanly knowledge of amphibian TH action at the 

gene l e v e l nevertheless suggests ways in which competence, thresholds and. 

metamorphic triggering could be produced by changes in receptor numbers 

and a f f i n i t y as we l l as by t i s s u e - s p e c i f i c d i f f erent ia t ion of chromatin 

permitting hormone-receptor complexes to bind to only certain regions of 

the genome. 
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In addition, as was mentioned previously, Paik and Cohen (I96I) 

and Frieden et a l (I965) had suggested that TH treatment might lead to 

the production of long-l ived EHA molecules which might also partly 

explain the above phenomena. Although a number of researchers have 

attempted to study TH-induced transcriptional and translational. events 

and re late them to the eventual appearance of metamorphosis-specific 

proteins this f i e l d i s s t i l l in i t s infancy and has yet to suggest 

substantial models. Some of the most relevant data obtained in the 

induction of l i ver enzymes w i l l be discussed b r i e f l y before proceeding to 

consider how the Dodd and Dodd (I976) hypothesis could a f f ec t the 

interpretation of m;̂^ data. 

Following exogenous TE administration there i s a 6 day lag period 

before new proteins, characterist ic of noimal metamorphosis, can be 

detected in the bullfrog larval l iver (Tata, I967) . The increase in 

enzyme i s preceded,by about 2 days,by an abrupt increase in the rate of 

amino acid incorporation into protein in vivo. Ak l eas t part of the lag 

time i s assumed necessary for additional ENA to be synthesised and 

processed in the nucleus. That a proportion of th is SNA i s important 

for the de novo synthesis of hepatic metamorphic proteins i s indicated 

by the fact that actinomycin D, administered with or soon a f t e r thyroxine, 

w i l l prevent a r i s e in carbajnyl phosphate synthetase (Kim and Cohen, 1^68). 

However the la t ter authors concluded that control waa not ent ire ly 

transcriptional . Part of the hormonal induction i s due to control of 

transcription which involves a l l species of BNA but simultaneously the 

hormone controls the act ivat ion of an inactive form of the enzyme. The 

evidence was a discrepancy between the iiimunological detection of the 

enzyme and measurement of enzymic a c t i v i t y . Part of the inac t ive 

enzyme was preformed and part was synthesised fol lowing hormone 

administration. Tata (1967) and Nakagawa and Cohen (1967) found that 

within the 6 day lag period there was an acceleration of both nuclear 

and cytoplasmic EMA synthesis in tadpole l iver fol lowing T^ treatment. 

The interpretation i s complicated by changes in RliA precursor pool s i z e s 

also caused by the honnone, but Kim and Cohen (I966) claimed to have 

detected an a l terat ion in template ac t iv i ty of l i v e r chromatin from 

thyroxine-treated tadpoles. However %att and Tata (I968) were unable 

to demonstrate that a s ign i f i cant part of the additional nuclear BNA 
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inclined, to attribute this fa i lure to the d i f f i c u l t y of d.etecting a 

smal 1 change in a wid.e spectrum of nuclear ENA molecules. 

More recently Griswold. and. Cohen (1972) separated, the a c t i v i t i e s 

of tad.pole l i v e r ENA polymerase I and. I I i,vith alpha-amanitin and. 

showed, that the a c t i v i t i e s of both enzymes increased, after % treatment. 

Also observed, was an increase in the act iv i ty of the mitochond.rial 

enzyme carbangrl phosphate synthetase. In further work Griswold. and. 

Cohen (197.3) d.eveloped. techniques for the so lubi l i sa t ion and, 

separation of ENA polymerase I and. II gind studied, their reaction 

cheiracteristics using exogenous DNA template. The T4-induced. increase 

in polymerase ac t i v i ty observed with endogenous template was also seen 

when the separated enzymes were assayed, with the exogenous system. 

Thus the increase in EtfA polymerase ac t iv i ty a f ter T4 treatment represents 

either an act ivat ion or increased synthesis of the enzyme i t s e l f . By 

suppressing protein synthesis 70-8Q%, with cycloheximide, i t was shown 

that T2|. s t i l l induced an increase in polymerase a c t i v i t y . The tentat ive 

conclusion i s therefore that the hormone merely leads to enzyme 

act ivat ion. 

A highly speculative model for genetic regulation in mammals by 

thyroid hormone, mentioned previously, has also resulted from studies 

involving alpha-amanitin (Oppenheimer et a l 1976) . This compound i s 

usually regarded as a spec i f i c inhibitor of RNA polymerase II which i s 

responsible for the assembly of heterogeneous ENA. When the drug was 

administered concomiteLntly with T.3, and 8h afterwards, there was almost 

complete inhibit ion after 66h of T_3-induced malic enzyme formation 

(Dillman et al .1977) . However af ter cessation of alpha-amanitin 

inhibi t ion (72h) a dramatic increase in the rate of enzyme synthesis 

occurred, so that the l e v e l of malic enzyme ac t iv i ty was ident i ca l to 

that observed i n animals treated T/ith Tj alone. The p o s s i b i l i t y of 

stimulation by residual unbound T3 was considered unlikely and 

Oppenheimer et a l (197^) have suggested that a "long-l ived imprint" was 

formed prior to assembly of heterogeneous EDIA. This i s reminiscent of 

the long- l ived e f f e c t s of Tj in tadpoles previously noted. Oppenheimar 

et suggested that Tj interacts with nuclear receptors reversibly 
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to lead, to a slow accumulation of the "long-lived, imprinif'which was 

thought to be responsible for stimulating BNA polymerase. Alpha-

amanitin was assumed, to block ENA polymerase but not to a f f e c t the 

hormone-receptor con^lez. After Tj and. alpha-amanitin have been 

metabolised, the "long-lived, imprint" allowed, renewed, stimulation of 

KNA polymerase and. formation of new malic enzyme. Although the time 

period, indicated, here i s much shorter than those observed in larval 

metamorphosis, models such as this help to bridge the gap which ex i s t s 

between whole-animal metamorphosis experiments and experiments on the 

transcriptional - translat ional a c t i v i t i e s of the hormones. 

Following the burst of nuclear ENA synthesis described by Tata (I967) 

in tadpole l i ver c e l l s additional cytoplasmic RNA appeared mainly in 

heavier polyribosomal aggregates. This was accoinpanied by a decrease 

in the re la t ive amount of monomeric ribosomes and their subunits. The 

polyribosomes increased just before the appearance of new s p e c i f i c 

proteins but there was no detectable t o t a l increase in ribosome number 

suggesting a turnover. A redistribution of ribosomes attached to endoplasmic 

reticulum membranes was also observed by Tata (I967). Ribosome synthesis 

occurred almost simultaneously but no evidence i s yet available to prove 

that these new ribosomes are involved in hormone-induced de novo protein 

synthesis . 

Somewhat similar conclusions have been drawn from studies on t a i l 

regression (review by Tata, 1971; I ^ f f e l and Weber, 197^) ? ^ c h 

indicates that thyroid hormone treatment probably exerts both 

transcriptional and translat ional e f f e c t s . 

.9. Interpretation under the Dodd and Dodd hypothesis 

Taken with the f a i l u r e to demonstrate the marked increases in 

c irculat ing thyroxine required by the Etkin (1964a) model the work discussed 

in Section 8.8 has lead to a revised hypothesis for metamorphic control 

by Dodd & Dodd (197^) . Th^ accepted that the thyroid gland was 

synthesising and releasing more hormone during metamorphosis and also that 

c irculat ing TH leve ls did not r i se markedly at t h i s time. I t was 

therefore suggested that the hormones were being u t i l i s e d peripnerally a t 
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an ever increasing rate to account for the di f ference . This hypothesis 

removes the need, for the complicated feedback changes, in the presence 

of high circulat ing hormone t i t r e s , necess i tated by the Etkin model. 

In the Dodd hypothesis the wel l -establ ished negative feedback system 

would ensure increased thyroidal output as t issue u t i l i s a t i o n 

increased. In support of their hypothesis Dodd aiid Dodd c i t ed the 

work of Ashley and Frieden (1972) who found that i n premetamoi^hic 

bul l frog tadpoles plasma leve l s of labeled and T4. were maximal 

4-5 minutes after an intraperitoneal in jec t ion and thereafter dropped 

rapidly. Anongst the various routes for removal of TH from the plasma 

which includes excretion, Dodd and Dodd suggest that hormone i s 

u t i l i s e d by the t i s s u e s . 

This modified hypothesis s tates only that TH i s being used 

peripherally at an increased rate but the work of Yoshizato and 

Frieden (1975) on increases in receptors at metamorphosis was c i ted 

by Dodd and Dodd (197^) so that a large part of the usage was l ike ly to 

be due to ihcreased s p e c i f i c nuclear binding. I f th i s were so one would 

e3[pect that leve ls of hormone in the peripheral t i s s u e s of climax larvae 

would be substantial ly higher than those in c irculat ion. The work of 

Reynolds (1971) does not support th is contention however. Reynolds 
125 

showed that the rate of uptake of I - % by l i ve or dead R. pipiens 

tadpoles d i f f ered l i t t l e but that subsequent lo s s of hormone was nuch 

higher in l i v e animals suggesting an act ive process. Individual t i s sue 

determinations of radioact iv i ty as wel l as autoradiographic observations 

suggested that, at most, concentrations in but a few t i s sues exceeded 

circulat ing l eve l s by any magnitude. Further, once the supply of 

hormone diminished t i s sue l eve l s f e l l precipitously along with t o t a l body 

l e v e l s . In Reynolds'work tadpoles from TK stages IV to XV were 

apparently pooled so that the method may not have been sens i t ive enough 

to show the increase in t i ssue hormone predicted by the Dodd model even 

i f i t occurred in these pre-climax s tages . Data are not ye t available 

on the s t a b i l i t y or turnover of receptor-bound hormones but i f they are 

rapidly turned over i t must be assumed that they are released as deiodinated 

molecules which cannot subsequently be reused as hormone and which w i l l 

not a f f e c t the feedback mechanism. 
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Another p o s s i b i l i t y i s that metamorphosis requires t i s sue metabolism 

of hormone at em ever increasing rate in such a way that high leve l s are 

never b u i l t up intracel lularly . Yamamoto (I964) studied chaiiges in 

thyroxine deiodination ac t iv i ty the whole body^ v iscera , t a i l and 

l i ver of metamorphosing X. laevis larvae. Changes in the t a i l were 

s l i gh t but in the l i ver there was a marked increase in enzymatic 

a c t i v i t y during the trans i t ion , followed by a decl ine . A ser ies of 

studies by Galton and coworkers (I96I, 1962 and 1976) have elucidated 

th i s mechanism further. G-alton and Ingbar (I96I) showed that larval 

R. pipiens l i v e r , which i s sens i t ive to TE s ignals , possesses a mechanism 

to deiodinate % whereas adult frog l i ver which i s insens i t ive , does not . 

The same authors (Galton and Ingbar, 1962) showed that the neotenous 

Necturus maculosa which i s insens i t ive to T4 also lacked a peripheral 

deiodinating system. However a recent paper by Robinson and Galton 

(1976) has shown that the deiodinating ac t iv i ty can be separated from 

metamorphic events. Xenopus t a i l t ips regressing spontaneously in v i t r o 

did not exhibit a deiodination a b i l i t y . Also the enzymatic reaction, 

when present, possessed properties character is t ic of peroxidase a c t i v i t y . 

I t did not appear to achieve monodeiodination and hence cannot be 

considered a mechanism for the peripheral conversion of T2{. to T^. 

Thus i t seems that the peripheral u t i l i s a t i o n of Tî  does increase a t 

metamorphosis as required by the Dodd hypothesis but that much of the 

hormone i s deiodinated to di - and monoiodotyrosine which have low 

thyromimetic a c t i v i t i e s . 

Reynolds' (I97I) work involved only the use of labeled thyroxine. 

The data previously reviewed showed that many more nuclear s i t e s for T^ 

are avai lable in the l i v e r and t a i l . Kist ler et a l (1977) have stated 

that i n tadpole t a i l f i n cytosol they found about 2^0 times greater 

a f f i n i t y for Tj than f o r T -̂. They consider that t h i s f inding makes i t 

unlikely that the T^ cytosol binding s i t e s in tadpoles, which also 

possess the potent ia l to bind T̂ -, do so under phys io logical conditions. 

In exogenous hormone treatment experiments T2{. may be r e l a t i v e l y inact ive 

as the presence of l e s s than 0.4^ Tj in puri f ied TA- preparations i s 

d i f f i c u l t to achieve. A number of authors ( e .g . Roth, 195j; Frieden 

and vfestmark, I96I) have found Tj at l eas t ten times more act ive than T4., 

when injected, as judged by changes in morphology. A recent paper by 
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Yoshizato et a l (197^) has a lso disputed, the resu l t s of Durban and. Paik 

(197^) hy stat ing that no high-aff inity^ saturable s i t e s for % were 

detectable in bul l frog t a i l . The unpublished data of tliyauohi et a l 

(1977) mentioned previously, suggests that there may be a substantial 

r i s e in serum Tjl at climax. 

There has been considerable controversy amongst mammalian TH 

workers as to whether T^ i s the active hormone while T2̂  i s merely a 

prohormone ( e .g . Chopra et a l , 197.)). Also^ Oppenheimer et a l (1972) 

has shown that, in addition to i t s goitrogenic properties, 

propylthiouracil stimulates the peripheral monodeiodination of TZ*. to T^ 

in mammals when injected at the same time as T2|.. These f a c t s , together 

with the an^hibian binding data suggest that more attention should be 

paid to T^ in the control of amphibian metamorphosis. In the context 

of this t h e s i s , even i f T^ were the active hormone and propylthiouracil 

has the above a f f e c t on amphibians, the almost t o t a l arrest of 

morphological metamorphosis indicates that th i s goitrogen i s also a 

highly potent inhibitor of glandular Tj synthesis or re lease . 

In summary, whether the Etkin (1964a) or Dodd and Dodd (197^) 

hypothesis i s correct, a l l the evidence points to a need for act ive 

glandular release of TH for amphibian metamorphosis to proceed. The 

empirical phenomena of lag periods and stoichiometric competence may be 

partly explicable in terms of the accumulation of hormone-receptor 

complexes i f these can be shown to be stable for prolonged periods. 

However should Dodd and Dodd (I976) prove to be correct attempts 

to demonstrate the e f f i c a c i t y of propylthiouracil treatment by comparing 

hormone l eve l s in normal premetamorphic and treated tadpole coelomic 

f l u i d might be f u t i l e i f c irculat ing t i t r e s do not r i s e in spontaneous 

metamorphosis. The data of Just (1972) and unpublished T^ RIA resul t s 

of Miyauchi et a l (1977) both suggest that a detectable r i s e does occur 

although not on the scale predicted by Etkin (I96i^a). Thus the provisional 

resul t s of Chapter 7 are l ike ly to be meaningful. 

8 .10. The role of body growth in biochemical metamorphosis 

Maclean and Turner (197^) suggested that the haemoglobin transit ion 



198 

might be a response to body growth rather than to morphological 

metamorphosis. The technical d i f f i c u l t y of rearing s u f f i c i e n t 

goitrogen treated larvae to inves t igate th i s problem systematical ly 

with each protein system prevented other than provis ional conclusions ivlth 

haemoglobin and albumin. However data presented i n Chapters ^ and ^ 

made i t c lear that i f the bioche i c a l t rans i t ion i s a response to growth 

then the re lat ionship much be a complicated one as some very large 

larvae possessed tadpole- l ike proteins and v ice versa . 

However i n the case of lens c r y s t a l l i n s good evidence was obtained 

here for a d irect re lat ionship between lens diameter and prote in 

pattern category. The question was raised i n Section 8.3 of how c r y s t a l l i n 

gene control and body s i z e mig^t be coordinated. 

I should now l i k e to speculate on the nature of th i s coordination. 

The most obvious adult marker was the presence of detectable alpha-

c r y s t a l l i n s and so the present argument, which could eas i ly be extended to 

beta- and gamma-crystallins, w i l l be confined to the alpha-group. 

Several workers ( e . g . McDevitt, I968; Polansky and Bennett, 1970 & 1973) 

have claimed that alpha c r y s t a l l i n s are not detectable in the embryonic 

lens but appear later i n the secondary f i b r e s . Aa the lens grows the 

proportion of t i s sue containing a lpha-crys ta l l ins to that which does not 

contain a lpha-crys ta l l ins w i l l r i s e . Consequently the concentration of 

alpha crys ta l l ina w i l l r i s e i n whole lens homogenates of l enses of 

increasing diameter. U n t i l a certa in point i s reached, determined by 

the s e n s i t i v i t y of the technique employed, alpha c r y s t a l l i n s w i l l be 

undetectable and a f ter that point their r e l a t i v e concentration on 

electropherograms w i l l r i s e . Therefore i t i s only necessary tha^ a gene 

switch occurs at the beginning of secondary f i b r e d i f f e r e n t i a t i o n for the 

observed r e s u l t s to be produced. The connection between c r y s t a l l i n 

electropherogram and lens diameter w i l l then be the connection between 

whole body growth and lens growth.De ./ongh (I967) has shown the re lat ionship 

between body s i z e and lens diameter to be constant throughout a given 

phase of amphibian larval developmento 

Polansky and Bennett (1973) working with Rana catesbeiana tadpoles 

separated e lec trophoret ica l ly the c r y s t a l l i n s from wh^^e l enses and also 
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from s p e c i f i c layers within l enses . Studies of whole lenses showed 

that the lens proteins did not change rapidly, one to another, prior to 

or during metamorphosis. However, changes became apparent during 

postmetamorphic development. These changes included an increase in 

the re lat ive concentration and mobility of alpha czys ta l l in , a decrease 

in the re la t ive concentration of gamna crys ta l l in and an increase in 

the re lat ive concentration of beta crys ta l l in . Examination of spec i f i ed 

layers within tadpole and frog lenaea demonstrated that changes in the 

patterns of lens protein synthesis and modification may occur during 

development. For example, alpha crys ta l l in from tadpole and frog lenses 

i s concentrated in the exterior c e l l layers but the tadpole alpha 

crys ta l l in has a fa s t er electrophoretic mobility than frog alpha 

crys ta l l in . Another example i s the presence of a new beta crys ta l l in 

in the adult frog lens periphery and not in the tadpole lens periphery. 

This also suggests change in protein synthesis during anuran lens 

development. Thus although the hypothesis of a s ingle switch at the 

beginning of secondary f ibre d i f f erent ia t ion i s adequate for the data 

obtained with Xenopus lenses the s i tuat ion seems more complex in the 

bul l frog . Nevertheless in general the findiqga of Polansky and 

Bennett ( l97j) agree wel l with the growth hypothesis. 

Polanaky and Bennett (1973) a.lso found that the ohangea i n lens 

physical parameters (including growth) and c r y s t a l l i n patterns occurred 

precociously during induced metamorphosis. They admitted, however, 

that the e f f e c t could be indirect and be related to lens diameter 

rather than morphological stage. This has been confirmed i n the present 

thes i s . 

In adult ainphibiana both "growth hormone" and "prolactin" appear 

to have a c t i v i t y (Nicol l and Licht, 1971a. and b ) . These hormonea 

have been implicated in the control of mitosis in the lens epithelium of 

adult Rana pipiens. Normally ep i the l ia l mitosis has a cyc l i c nature 

(Rothstein et a l , 1975) which i s abolished by hypophyaectomy. Although 

a number of exogenous mammalian hormones could temporarily replace the 

stimulating e f f e c t of the pi tui tary only mammalian growth hormone did 

so permanently (Van Buskirk et a l , 1975). Recent work (Ifainrnright ^ 

a l , 1976) has shown that par t ia l ly purif ied preparations of R. pipiens 

"growth hormone" and "prolactin" ha.ve the same e f f e c t . As tne 

equatorial region of the lens epithelium i s the germinative region 
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producing new lens f ibres th i s control inay relate seasonal lens growth 

to seasonal body growth. In amphibian larvae the GPH i s prolact in and 

an interest ing l ine of further research would be to invest igate i t s 

involvement in lens epithelium mitosis and the d i f f erent ia t ion of 

secondary lens f i b r e s . 

The resul t s of this thes is have shown that developmentally 

retarded larvae are highly variable T/ith respect to two "metamorphic" 

protein s h i f t s and that individual specimens can be a mosaic of "tadpole" 

and "adult" proteins. The point was raised in Chapter 1 that animals 

se lected for biochemical study are usually grouped in stages based upon 

external morphology. In the l ight of this t h e s i s , which shows that 

morphological and biochemical metamorphoses can be dissociated, i t might 

be predicted that a given stage might include larvae with heterogeneous 

metamorphosing proteins. However the thes is has a l so shown that under 

normal circumstances a predictable protein trajisit ion w i l l occur which i s 

correlated T/ith gross morphology and which served aa the control 

s i tuat ion in CQr work. Heterogeneity of samples might only arise i f 

experimental animaJLs were raised under conditions o f , for example, low 

l i gh t in tens i ty (Saxen et a l . 1956b) when developmental arrest and 

gigantism can occur. 

8.11. Protein transit ions during the development of non-metamorphosing 

vertebrates 

Unt i l further experimental work produces a more substantial 

foundation for the concepts of stoichiometric hormone act ion, d i f f e r e n t i a l 

thresholds of response and long-term triggering e f f e c t s the main overal l 

conclusions of th i s thes i s are best interpreted in terms of the Btkin 

(19624a) hypothesis. To date there i s l i t t l e experimental support for 

the modified hypothesis of Ibdd and Dodd (1976) and i t seems l i k e l y that 

the sequence of metamorphic events i s produced by at l e a s t a s l i ght r i s e 

in the c irculat ing l eve l s of T3. 

In spi te of the published evidence which has claimed a central role 

for thyroid hormones in the haemoglobin, albumin and lens c r y s t a l l i n 

trans i t ions the resul ts of t h i s thes is show that the change i n these 
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proteins and. in LDH isozymes can occur under thyroid blockage. Before 

assuming that th i s conclusion i s surprising I should l ike to speculate 

that there i s no a priori case for bel ieving that TH control, of a l l 

changes observed, during overt metamorphosis i s inev i table . Solomon 

(1965) has reviewed, the development of a number of non-enzymic proteins 

in vertebrates. I t i s apparent that ontogenetic s h i f t s , in haemoglobins, 

serum proteins and lens c r y s t a l l i n s , occur in a l l vertebrate c lasses . 

The s i tuat ion with LDH isozymes i s similar (Manwell and Baker, 1970)« 

Although there i s evidence, discussed in previous chapters, that the 

protein s h i f t s may be adaptive in those post-metamorphic anurans which 

leave the water, the fact that the s h i f t s also occur innon-metamoarphosing 

vertebrates makes i t l i k e l y that they are a conmon property of the 

vertebrate subphylum which has been ezcploited by some amphibians as a 

preadaptation. There i s variat ion even within the amphibia however as 

was shown in the axolot l Ambystoma mexicanum by Dic ibel la (1974a.). 

Neotenic individuals completed a haemoglobin and red c e l l type trans i t ion 

when ^ to 4- months old. A serum protein transi t ion occurred between 

5 and 9 months of age. Experimental induction of morphological 

metamorphosis could be induced by thyroxine treatment at any time. In 

the c lose ly related t iger salamander Ambystoma ticrinum which 

metamorphoses spontaneously at about 5 months of age the haemoglobin 

and red c e l l changes occur at the same time. 

Barrington (I968) and Etkin and Gona (1974-) have reviewed the 

hypotheses concerning the origin of the thyroid gland and i t s hormones i n 

the lower chordates. I t was argued that the hormones eirose as an 

accident of the chemical a f f i n i i y of tyrosine for iodine which was a 

conmon element in the marine environment of the vertebrate ancestors. 

Monoiodotyrosine and diiodotyrosine were probably common compounds, 

which in l i v ing lower chordates have a physiological ro le , but there i s 

no evidence for their possessing a hormonal i . e . , s igna l l ing , function. 

In protochordates, proteins in the blood and tunic couple with the 

iodinated tyrosines f a c i l i t a t i n g the synthesis of Tj and The 

universal presence of these compounds in vertebrates suggests a continuing 

role for them, but at present no overall funct ional a c t i v i t y , can De 

ascribed to them (Etkin and Gona, 1974-). In general, they do not appear 

to play a central role in the processes in which they have been implicated. 
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A d e f i n i t e s ignal l ing role appears to have evolved only in amphibian 

metamorphosis and in the metabolic regulation of homeotherms (Frieden 

and Kent^ 1976). Only in the amphibians i s there de f in i t e evidence 

that thyroid hormones serve as the primary s ignal that permitted the 

evolution of a special ised larval period and eissociated metamorphosis. 

I t i s therefore possible that although the unique amphibian 

morphological metamorphic events are d irect ly controlled by the thyroid 

hormones, those biochemical changes which occur in a l l vertebrate 

embryos and may be only temporally correlated v/ith metamorphosis, are 

controlled by quite d i f f erent s ignals . Like many of the processes in 

other vertebrates, in which thyroid hormones have been implicated, 

they may only be involved in the metabolism of the system. Until we 

have a deeper understanding of the control of such processes as 

haemoglobin and serum protein trazisitions i t appears that they are not 

the model systems in which to study metamorphic gene control by thyroid 

hormones that they have often been considered to be . 
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