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ABSTRACT

A m=thod .'+ extracting Jrsrs'-triiodo-L-thyronine (Ts)

{rorn ei ght ti ssues of rai nbow trout (sal rno qai rdneri ) was

developed" Tissues were digested enzyrnaticalry by corra-
gEn¿¡se or pronase, folrou¿ed by extraction with ethanolic
amrnonia, end then a chlorof orrn and ammonium hydroxide t+ash.

Extraction efficiencies of added azBJ-T.' ranged {rom j=.ïy.
(kidney) to El3.87" (heart) and weFe determined for each tis-
sue. Hswever, extractisn efficiencies of added unlabelled rs,

hrere unreliablel ås measured by radioirnrnunoagËåy (RIA),

showing that the extraction and RrA methods u+ere incompa-

tible. Theref ore, to deterrnine rel iably tissue Ts¡ r.;rEr-Tre

was administered by censtant infusion to trout cannul¿ted in
the dorsar aorta untit isotopic equiribrium was reached by

72h. sephadex colurnn chrt:matography was performed orì tisgue
extracts and plasma. Ts concentrations (tTis,l) u¡ere

calculated using the specific activity of prasrna, and the
r'zetr-Te¡ content f rorn each tissue extract. Tissues ¡,{ere

divided into 3 groups according to Ts concentraticrns.

Intestine, kidney, and liver contained the rnost rsr havÍng

rnean concentrations of >z.o nglg tissue. Heart and stornach

h,ere interrnediate, while gitlo skino and rnuscle had consigt-
ently lower concentrations of T=. Tissue tT=,1 of fish
stressed by expgsuFe to acidic u.rater (pH 4.a) or aluminum
(21 - ê ¡-rH) and aci di c water shou¡ed si rni I ar rankí ng u but
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absolute concentrations of Ts weFe signi{icantly lower than

those o{ unstressed {ish" Dif{erences in tissue tTsl to
plaËmå tr¡sl ratios bets¡een tissue types of unstressed nish

were statistically significant uuith inte=tine, kidney,

liver, and stomach showing ratios >1"o. Regression equations

relating tissue./orgån weights to body vueights u{ere uge,d to
calculate T=' content o{ rilhore .'rgans. For a hypotheticar
unstressed 3OO-g trout, TlE ccrntent ranged frorn O-S ng for
heart to over 1ôO ng Ts for gkeletal muscle. For stressed

fish, T* content ranged frorn o.31 ng ffj/r heart ts ló ng for
skeletal rnuscle. The relatively high tTsl in kidney, I iver,
and intestine, and the lou¡ rnuscle tT=l are sirni lar to
literature values for rats. Tissue differences with regard

to Ts' concentration and content are discussed in reration to
ex trathyroi dal rnetabol i srn.
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Th¡TRODUCTIC}N

The two hormonal products secreted by the thyroid gland

o{ marnrnals åre L-thyroxine (Te) and jr5rS,-triiodo_L_thyro_

nine (Ts). Of these thyroid hormone= (TH) , T4 is released in
substantial ly larger quantities in rnost rnarnmals (BentIey

L576, " T*, however, is believed to be the principle meta-

bolically active form of thyroid hormone at the celrurar
level (oppenheimer rq7g, 19BS; oppenheimer et al. tgz4)-
Flany thyroid hormone effectg are initiated by the intra-
cellular binding o# TE, to specific nuclear receptors which

stimulate the synthesis of messenger RNA for protein
synthesis (Haplan 1983)

of the Tr= avai t abl e to target cer r s, a r arge rna jori ty
is generated outside the thyroid gland by enzymatic s,-mono-

deiodination of T+ in peripheral tissues (Sch¡,uartz et al .

L97Lg chopra L977). The widespread existence of such de-

iodination pathways in extrathyroidar tissues and the much

higher affinity of nuclear TH-binding sites in TH-responsive

tissue #or Ts than for T.s suggest that the question of how

thyroidal status is deterrnined depends not, ås previously

assumed, solely on plasma T.e contrEntrations but partly on T=,

levels and Ts, interaction with the peripheral tissues (EaIes

19Bs). The quantitative contribution of each tissue to the

total production of TE frorn T+ is largely unknouln, In rats,
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house'¿er, the source (i. e. plasma-derived or local Iy-produced
in the target cell) o{ Te, in parts of the braino liver,
kidney and mugcre has been studied in vivo (silva et ar.
L978; vån Do¡rrn et al- lgEz, lgEls, lgBE), and actual tissue
T¡s contrêntrations have been documented (hlejad et aI . lgTE;
Bbregon et aI. L97A3 vån Ðoorn et al. lggs) "

rn teleo=ts, the majority t¡f work involving rneasure-

rnents of rH and their correlated effects has been based on

brc¡od plasma levers. The following generalizations about r=,

and 14 prasrna levers tra,n be rnade (Eares Lszgr: (1) T+ prasma

levers in fish åre lot¡er than for marnmals, (z) TE, levels in
the blood are as high or higher than for rnarnrnals, (s) Ts

plasrna levels aFe rnoFe constant than those for T.e.. It Eeerns

likery that thege differences ¡.¡ilI be reflected in TH

concentrations in variou= tissues and organs.

ïhere has been sorne evidence sf ån increase in protein
and RNA content of líver and muscle of Ts-injected tilapia,
sarotherodon mossambica (F'latty et al , lgBz). Arso, high-
affinity nuclear Te-binding sites have been found in liver
of rainbou'¿ trout, salmo qairdneri (van Der Kraak & Eales

l9BCt; Bres & Eales 19B6). TherefoFe, inítiation of rH

effect= by intracellular Ts binding to specific nuclear
receptors rnåy also octrur in teleosts.
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Furthermt:re, deiodination of T+ resultÍng in T:E Sorma_

tion hag been demonstratedr åt least f or salrnonids (Eales

Lg77b; Shields & Eale= lg€t6) - This conversion of rH can be

expected, considering the negligible production of T,s by the
salmonid thyroid (Eates lgAS). Ct:nversion o{ T* to Ts is o{
relatively greater irnportance ås ån overalr source of Ts, ín
teleosts than it is in marnmals.

Tissue concentrations of rH in {ish have been based

solely on tissue levers o{ radioactivity forlol*ing single
injections of labelled T+ in Atlantic salmon, Salrno salar
(Eales r9â9, and in cårp, cvprinus carpio (Lone et aI.
19s3). rn both c¿rsels, tissue radioactivity was not veri{ied
ås actuar r+ but expressed äs a percentage of totar tissue
radioactivity in relation to the injected dose of label.led
T*. Furthermore!, it ig doubt{ul i+ the tissues could ha,ve

reached a state of isotopic equilibrium a{ter å single
injection of the hormone. Recently the T+ content of eggs

and larvae of coho galmon, oncorhvnchus kisutch (Ksbuke et
ar- 19El71 and chum sarmonn oncorhvnchus ketå (Tagawa &

Hirano L987 ) hag been directly rneasured using radioirnrnuno-

åssåy (RrA). rn both studies ¡¿hole larvae and./or eqgs h,ere

homogenized and the

Ðn ïs contr€ntnation

avai I abI e.

extracted by alcohols- Inforrnation

teleost tissues is presently not

T4.

in
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i'inowledge o{ the distribution and concentration of r=,

in teleost tissue is sf fundementar importance frrr under-

=tanding thyroidal status and interpreting models invoLving
compartrnent kinetics. A certain T,s concentration may ref le,ct
a rnetabol icar ly active o¡- inactive tissue. Furtherrnore, a

high concentration of Ts possibly indicates a Ts-Eenerating
oF å T¡s-storage site. T+ Ër tissue i= metaboticalty active
but is known not to contribute greatly to deiodination, the
presence o{ a high Ts coñcentration may be an indication of
"used" Tsr Frrf ronger bound to receptors. T:s coFrc€lntrations

may also indicate possibre sites of horrnone degradation

and/or excretion (Eales 1gB5) -

The objectives o{ this study werEr: (l) to develop å

method for the extraction of Ts from tissues of rainbow

trout, and (2, to determine T¡, concentrations in each

tissue. The latter objectivçr wes attempted a) by direct
rneasurement using radioirnmunoassåy (RIA) and b) by bringing
the fish to isotopic equiribrium (rE) by constant infusion
o* fl,osrlr.=' (+Ts) via a, cannula, and then determining tissue
TE levels from the xT= specific activity. Tissue values were

then cornpared between srnall groups o{ available f ish that
were either unstressed or- had been exposed to acid or acid

and alurninum stress.



HATERIALS AND HETHADS

Q_- Fi sh Mai ntenance and Treatrnent

1" Experi rnental Fi sh

Rainbosu trout of both scrxes and varied degrees o{
rneturity were obtained frorn Rockwood Experirnental Hatchery,
Balmoral , l*lanitoba" Fish hrel-e herd in z"s kL +iberglas=
tanks supplied ¡.¡ith flowing, aerated, dechlorinated l,rlinnipeg

city water at rza c under a lzh L: lzh D photoperisd (oB¡oo-

2o:oo). They were f ed E¡+og (Rundle Feed Fdill, palmerston,

ont. ) or Growers trout per I ets (Harti n Feed f,li I ls, El rni ra o

ont.) once daily åt a ration of r-zy. body weight. Trout weFr

starved 2-3 days before dissections to decrease bile produc-
tion. Prior to blood sarnpring, or other manipulations, trout
were anesthetized in a solution ß.a7 g/Ll of tricaine
methanesulfonate (MS 222; syndel Laboratories Ltd.,
VancouvËr, BC).

2. Protocol for *J infusion

rn experiments involving constant in#usion of Nar?Ero

the Naaaetl (Na*I) ¡uas introduced into S trout, ranging in
l*eight {rom 21o to 26o g, via a surgically-implanted, self-
powered Osmotic l{ini Pump (model ZOOI; Alza Corp., palo

Altc¡, cA. ). Pumps ureFe implanted under anesthesia, into the
coelom via an incision made ventral and slightty lateral te
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the' pelvic {ins, and the incision u¿as then sutured. At å

rnean fill volume of 229"O uL, and at Læ C, the purnp

continuously released an åvel.age of 6.2 ¡tL/day of a F{a*I

soluti.,n into the fish. concentrstions of Na*r used {or each

fish were 1-o ¡-rci/ltL, o"s ¡-rci/l:L, and û"zs ¡-rci.r¡rL. Dirutions
h¡ere rnade u¡ith deit:nized and disti I led water.

3, Protoct¡l for *Ts in.f usion

In experi rnents i nvor vi ng constant i nf usi on of *Ts ¡

trout of Socr-4ùo g were used. Fish h,elr€r kept individually in
7ô-L glass aquaria at a l4h L: roh D photoperiod. c.,nstant
inf usion o# *T:s hra= administered by large osmotic purnps

(msdel zFll-l) ptaced outside o{ the body. The medium

containing *Ts was å plasrna-sal.ine (1¡9) solution. Fish rderre

cannulated through the opercurum to the dorsar aorta.
Detailed cannr¡lation protredures are given in Bro¡qn et ar.
t 19Eló) . Af ter cannul ati on , f i sh wçlrgr al l owed to recover f or
7 days before Elxposurel to acid Er acid and aluminurn {or
another 7-day period. Three days after the start of acid or
acid and aluminum stressr EF a{ter retrEvery from cannuLation

f sr unstressed {ish, a single l.o-¡-rci priming dose of *Ts

was given to each fish before in{usion with o.os ¡-rci #Ts./h

until isotopic equilibrium (IE) ùdas achieved" rE is defined
as the state in whích a uni#orrn specific radioactivity has

been reached throughout the body r,¿hen the tracer is adrninis-
tered through continuous uptake (Jacoby & Hickman Lg6b) -
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Tissues and plasma samples from eight fish bdere obtained. of
these, 5 were herd at- pH 7-7 {ungtressed) whereas one of the
remaining fish was acid (HæSO+)-stressed at pH 4.Bo and two

h,er-e stressed by a cornbination of acid (pH 4.9) and elevated

aluminum EonEentration (21. ó pH) in the water. Fish s,¡ere not
fed throughout the experimentg. AII plasrna sårnFres were

taken at time sf death {96 h after xT:s infusion) o and f iE,h

ü{er-Ër kept frozen (at -22a c,, until tis- Eues hreFe processed

for extraction of T=. Plasma *Ts trprn u5,ed in determining

equilibriurn wås measured by separation essåy using Ts ãnti-
bodies, and plasma Ts concentration by RIA.

B. Bl ood and Ti ssue Sarnpl i nq

Fi.sh hreFe anesthetizedo blotted dry, rueighed (+O. I g) 
"

bled, and killed by concussion. Blood wag rernoved {rom the

caudal vessels alith a preheparinized 1-mL turbercurin

syringe and irnmediately centrifuged (rnternationaL ten-
tri{t-lge Flodel FIB} at l5rûoo g sor z min to separate plasma.

Plasma uras stored in Z-mL prastic vials covered with
Fara{ilm at -zOa C-

t{hole organs tliver, heart, ga.stro-intestinal tract,

and kidney) and tissue sampres (gitls, skin, and rnuscle)

htere rernsved {rorn freshly-killed fish. Frozen tisgues were
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useld only from those {ish that had undergone constant

infusion- A 2-s sample of the ti=sue wag rernoved unless the
orgån urreight was le=g than 2 g, in u¡hich caËe the whole

organ h,as rernoved" Frior to rnincing ¡r¡ith scissors, tissues
h,eFe rinsed with å ù"77. saline sslutit:n to minimize ce1 I

rupture' Rin=ing hras Especialry important {or heart and

intestine, in order to rernove trapped blood oF food, waste

particles and bile.o respectively. Bile and intestinal

contents were removed to prevent contamination of tissue by

iodothyronine conjugates and extracellular T*. Hhen

dissecting the liver, the intact galt bladder wag removed

and discarded to minimize bile contamination of surrounding

tissues. The gastro-intestinal tract was divided into
stomach and intestine. The pyloric cecael were digcarded to
rninirnize interf ereince in the assåy caused by their high {at
content" stomach sampleg included the lower portion o{ the

esophagus to the point o{ ingertion of py}oric cecaei. The

intestine ¡¿as cut immediately posterior to the pyloric cecae

and around the anus. Kidney tisgue was scraped off the ver-
tebral column. The heart included the bulbus arteriosus.

Ëi1I silements were cut from intact gill arches. Fluscle

tissue s*as removed frorn the area imnediately posterior to
the head above the lateral line and incrudes both red and

auhite rnuscle. skin ¡uas taken from the area sverlying the

rnuscl e secti on.
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C. Ti ssue Breakdousn

Both homogenization and enzymatic digesticrn r.Jere ex-
ami ned " Ti ssues ûf¡ere homogeni zed wi th a l"li cro-hsrnogeni zer

attachment o{ a Sorvall omnimixer (Ivan sorvall rnc.,
Norwalk, cr), at 5oroot rprn for z-s mins. For tig=ue digest-
i on, f our etnzyrneE hrere exarni ned; col I agenase , trypsi n ,

protease (5igma Chemical Eo. ) and pronase (B-grade, Cal

Biochern-Behring corp. ). The minced tissues were placed in
glass test tubes (1å x loo mm)" Three different arnounts o{

enzyrnes (ú.ool' û.oo25, o"tos g) h¡ere dissolved in J mL

phosphate buf fer (NaaHPO+.7Hz¡O, ZB.âg/L, pH 7-St, mixed with
the tissue samples, and placed into a water bath at S7o C

for a minirnurn of 12 h. The buffer algo contained l mH pru

(propylthiouracil, Sigma Ehemicar co") to prevent possible

deiodination of T=, The efficiency of digestion u¡as visually
determined" If tissueg broke up easily by stirring, diges-
tion h,as Êcrnsidered comprete. out of the f our Elnzyrnes ini-

tiarly chosen, tuso u,¡ere prclven to be particularly use{ul . In

all subsequent experiments, o.ooz5 g collagenase rqas used

f or rnuscle and skin tissues (r+hich contain a high proportion

of collagen fibers) and o.oo25 g pronase for the remaining

t i gsues.
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D" !s_Extraction

t. Flethod I

Pronase and cor1ågenåse welre dissolved in o.osl-l rRrs
buf f er (pH 7.5) r,¿ith 1 ml"i pru. A{ter tissue digestion was

complete, T=: wae extracted by adding s mL of ethanolic årnrno-

nia (99:1, vol/vol) with t mH pru to the digestion tube. The

mixture ùsas stirred and then =;pun at ss4ó rpm (l4zo g) for
1() rnin at 40 C in a Clinicoel benchtop centrif uge (tlamon/IEtr

Division) - The row temperature helped to precipitate

proteins and reduced enzymatic acti.vity. The supernatant u¿as

then pi petted of { . The addi ti on of ethanol i c ernrnt¡ni a f ol i

lcrwed by centri{ugation w¡rs repeated t¡oice- All 3 super-
natants hrelrç! pool ed and evaporated to dryness i n a water

bath (37o c) under a {ume hood ¡uith continu,'us air flow over

each tube. The extract wås Feconstituted teith I mL of ö"lN
NaBH. hlhen extracts s¡ere not immediately assayed, tubes weFe

sealed with Farafilm and kept refrigerated at 4-So tr.

2" l{ethod I I

Tissues were digested using pho=phate-buffered

(NazHPO+.7H=8, 26.BqlL, FH 7"=, enzymes and I ml"l pTUe in-
stead of rRrs buffer. Digested tissueg were extracted by

ethanolic ammonia (with PTU) and centri#uEed- This H¡as Fe-

peated t¡uice rnc¡r-e" Bf the poored supernatant vorurne, s-s mL

were evaporated sf{ under a {urne hood, the rernainder put
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into a 6o-mL separatory {unnel ¡¿ith 4s mL o{ chloroforrn

{approximately 3 times the vcrlume of extract) and briefl.y
shaken to mix" (It rnåy be possible to eriminate the step of
evaporation to reduce the volurne of extract i+ rarger Eepa-

ratory funners åre used). AIt procedures involving chloro-
f orrn, urhich srlas used to rernove ripid=, hrere done under a

{ume hood. A volurne of 15 mL of 2N NHqOH was then added and

mechanically shaken for 5 min to drau¡ off the T=,. After
agitation, the contents of the separatory funnels were aI-
lowed to sit for t h to allow layering and settring of corn-

ponents" This resurted in a clear and frequentty pigrnented

top layer and a cloudy bottorn layer. The rarge bottorn layer
represented the 'chloroform' layer while the NH+OH contain_
ing the extracted Tsr remained on top. The 'chloroft¡rrn,

layer was drained of f and discarded. The ,NH+OH. layer wås

drained into tegt tubeg and evaporated under å fume hood in
a water bath at 37o c. This final extract Èdas resu=pended in
I mL O.lN NaOH.

E. I¡s Heasurement

1. Direct Heasurement of Ts by Radioirnrnunsassey (RIA)

Levers of rs' in tissue extracts or unextracted plåsrna

h,ere measured by an RIA method rnsdified from the one deve-

loped by Brown and Eales (Lg77r. A=says ûsere done on s-m[-
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trolumns contåining o"3 s sephadex G-z= (gui !<-sep, Isolab
Inc-, ûhio) equilibriated in t.lN NaOH. The Ts antibodies
(T=AB; calchemicar Lab supplie= Ltd., tralgary) ¡¿ere åpprox-
irnately diluted ¡{ith a phosphate bu{f er (O- 1l'{ Ns=HFü+.7HæOr

o'rl3l'l EDTA disodium salt, Fisher scientif ic co,, pH 2.4, in
order to achieve 5Õ7. binding capa.bility at zero concentra-
tion of added T*. This phosphate bu{fer also served ås, arr

eluant in the assay. t{orking standards o{ o-2ooo ngz-

(ng/ loo mL) Tg wrre prepared by dilutirÌg arî evaporated stock
solution (2ûrOOO ng7.) r,{ith buf f er (KH:zpO4, l.lgg g;

Na:¿HPO+.7H¡.A, B. 144 g; NaNc,, O.Oå5 g (Fisher Scientif ic
co. ) ; boviÍlçl serFum albumin (sigma chemical co. ) , l. oo g./L

disti1Ied and deionized water, pH 7.41 - *T¡s (Amersham,

Epercif ic activity of 75o ¡rtri/ug) was diluted u{ith o. lN NaBH

to give å solution providing s-7oöo counts per rninute (cpm)

in å 1OO-¡-rL aliquot.

The assay procedurÊ wérs å.s folloh¡s:
(1) columns weFe drained to waste and the bottorns
(?.) A volurne o{ lOO ¡rL of each Ts, standard (Ou 31

25O, SCrO, IOOO, 2OO{r ng7.), tissue extracts or

were put on columns. Standards hrere analyzed

Iicate and samples in duplicate.
(3) For each as=ay, two columns hrere reserved for

non-specific binding (NSB). To these, O. l mL

NatrH was added in lieu of standard or sarnple.

recapped.

, b?, L25?

p I asrna

in trip-

of O. thl
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(4) A 1OO-¡-rL aliquot of prepared #T:s büa5 added directly
to each csl urnn.

(5) A lOO-¡rL aliquot sf prepared.FTer wâE also added te j

separate counting tubes {or determination o{ added dose,

i " e. total counts re.f erence (TCR) 
"

(6) columns weFe then swirred and drained to r,¡aste.

(7, To determine radisiodide contamination of the {fTg¡

2 mL of phosphate buffer was put on each colunrn and the
eluants (containing the iodide and proteins) were

csllected in this vtrid volume {rom s randomly-selected

columns. uncorlected eruants wrrer drained to waste.
(B) counting tubes weFËr placed under each column and o.5 mL

of rs AB solution was added to all columng except the

two colurnns designated as NSB. To these, O.S rnt-

phosphate buffer ¡sas added.

(9) Columns welre covered and incubated at Fooln ternperature

for a minirnum of 12 hours"

tlo) A{ter incubation, 2 mL of phosphate buffer h,ås added to
elute the antibody-bound #Ts. This results in volurnes

o{ 2.5 mL in the counting tubes.

til.) Atl counting tubes (inctuding TCR) h,erÊr adjusted to a

common S-mL volume with additional phosphate buffer.
t1?) Tutbeg hrere sealed with Faraf ilm end counted Lo zz error

in a Beckman Sooo Gamma counter at a setting appropriate

{cr 125J i sot.ope wi ndo¡e .
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(ls) colurnns h,ere regenerated by sequential elution with ån

8-mL solutisn of hurnan plasma and phosphate buf{er
(l:1o dilution), 1å mL distilled and deionized water

and 4 mL of O.lru NaOH"

The eluant in counting tubes reprÉsents the bound frac-

tion (B) " The '{ree' (F) #Ts refiaining crn the colufnn was

determined from the di{ference between B and *T=, initially

added (TCR - radioiodide contamination) to each column.

After subtracting non-spetrific elution (NgB) I BlF values

weFe probit transformed; B/F / BlF
Probit =

tB./Flo / tBlFlo

(where tB/Flo = bound t:ver.free values for the zero stan-
dard) and plotted against logarithmic concentration af
horrnone (Fig. 1). Frorn thi= standard cuFvet, actual hermone

csncentrations r:f tissues and plasrna samples b{ere determined

by interporation- All calculatisns ldere done using a RrA-

data-processing system (Moncaya lgB4), ernploying an Apple

I Ic cornputer.

2. Assessment of *Ts in Tissues and plagrna of
*Ts-Adrninistered Fish

Radioactive tisgue extracts h,ere separated ts identify
+Ts bY t¡¿o chromatographic rnethods involving use of ghort or
Iong gel columns.



15

Figure 1. Typicat standard curve for T¡, aE determined byRIA. BlF va,luels hrere probit trans{ormed andplotted against rog hormor'¡e contrentration. Eachpoint reprclsËlnts the fl¡eån (+SE) :for 3 replicates.
Line is Sitted by eye.
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a) Short-Column Separation

Radioactive T*' [dås separated {rom *I and radioactive
iodoprotein ¡xIP)r using å method modified from Eales
(1977a). rt is based on the principle that sFetrific binding
proteins in hurnan plasrna uoiIl erute TH f rsrn the sephadex

column. As=ays were done on colurnns supplied ¡¿ith the
Tetralute competetive binding kit, firled u¿ith o.4s q of
Ê-25 sephadex (f ine) " trsluÍnns were kept stored in o. rN NaoH

at FtrErn temperature.

The assay procedure wås as follo¡rrs:
(1) Columns rdeFe drained and the bottorns recapped.

Q, Three test tubes per column were labetled for corlecting
e combination of *J and *'IP (one tube) and *T¡s

(two tubes) .

(3) The f irst set of tubes was put under colurnns.

(4) A volurne of lor)¡-rL of tigsue extract h,as then placed on

the column.

(5) A lOO ¡-rL aliquot of the injected *Ts h,ets then put ontt¡ z

columns to determine the *r contamination o{ the admin-

istered *To, The amount of radioactivity in tbe sarnple

and put onto the columns did not exceed tOrOÖÜ cprn.

(É) Three tcrtal counts reference (TCR) tubes rgere also rnade

by adding ltfü ¡rL o{ the injected x.T=; ints the tubes.
(7, Three mL of phosphate buf{er (O"tM NaæHpO+-7H=O, 0.O3Fl

EDTA disodium saltu pH 7.4, Fisher scientif ic co.) wEIFE!
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added to each colurnn, and the #I and *Ip eluted. The

#T:s rernai ned bound to the Sephadex.

(8) The seqond get of tubes h,àE placed under the corlunns

and a 4-mL solution of human plasrna and phosphate bu{{er
(1:1O dilution) was added to the columns.

(9) ürlhen the phosphate buf fer-plasma solution had drained

through, the third get of tubeg ulas positioned under

the columns and another 4 mL o{ phosphate bu##er-plasma

solutir¡rì was put on the column. The second and third
eluents combined, comprised the *T= {raction.

{1u) AII TCR tubes and tubes containing the *I and #Ip were

made up to a 4-mL volurne t^¡ith additional phosphate

buffer.

(11) Alt tubeg h,ere sealed uuith parafilrn and counted ts zy.

err-or in a Beckman SOOO garnrne counter.
(12) columns hrere regenerated by sequentÍal r+ashing urrith

4 mL hu¡nan plasma dil.uted with phosphate buf f er (l: lo),
12 mL distilled and deionized water and 4 mL o{ O.lN

F{atH.

b) Long-Colurnn Separation

Tissue extract= and prasma samples (o.s-û.s mL aliquots)

frorn constant in{usion exFeriments were put on a Iong

chrornatography colurnn (Pharrnacia Fine chemicars Ltd" l of

sephadex G-25 (f ine; bed dirnensione 27"8 x L"s cm) " Labelred

rnateriars were separated by a S-part elution =ystern and
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col I ected i n 4ü , 4-mL f ract i sns uui th an autc¡rnated system

(LKB-Prodkter AB", Brornrna, Sweden) consisting of a {raction

corLector (LKB 22Ll), HPLC controller (LKB zls?) connected

to a peristaltic pump (LKB 2t32, detivering I mL./min. The

colurnn wås stored and pre-equilibriated with eluent III
(0. lN NaBH; 1- ON NaCI ; Ne:¿S=E.u, S- 6 q/L, Fi sher Sci enti f i c
Co. ). Tissue and plasma samplers were injected usith a l-ml'-

syringe onto the column, then the tubir¡g w¿rs *lushed ¡,uith

3 mL of eluent III. Eluent I (O.lN NaEH¡ t.OtN Natrl;

hlazSz0s, 3.å glLl removed the f irst 25 {ractions ¡¿hich con-

tained åny iodoprotein (fractions 4-5) or iodide (fractions

12-13) present. Eluent II (t).15N NaOH¡ O.0lN NaCt; Na2S2Os,

3.6 q/L) eluted fractions 25 to 37 which contained Tl¡, (at

around fraction 30) " Between fractions 3€l-40, a gradient u¿as

set between eluent II and III, ¡,¡hich re-equilibriated the

column. The collected fractic¡ns ùeel¡-e counted and a chromato-

graphy prof ile ¡sas made. These pro{ileg weFe compared to a

standard pro{ile obtained by chromatographing authentic

labelled materials under identical conditions (Fig" 2r-

Standard eluÈion profiles were made after every 4-5 sample

elutions in srder to check for any drifting of standard

peaks due to change= in colurnn height sr- other artifacts.

Ehrornatography of plasma samples after constant in{u-

sion of Na*I f ollou¿ed the above procedure uuith modi{ica-

tions to detect *To. The total nurnber o{ fraction collected
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Figure 2" Elution profile o#
authentic tzsJ-Ts
(Ei-25 Sephadex bed

12E I-l abel l ed rnateri al s of
ås selparated by gel f iltration-
dirnensiorTs = 27"9 x 1.5 cm) "
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ü¡!è5 7= (4-mL volume), ås 14 appe¡¡rs aFprtrximatety a,t {rac-
tion åo. Eluent I uoas run through the colurnn for fractitlns
L-7= and 25 to 70 4or eluent rr. Betn¡een {ractions 7o and

77, a gradient was set to re-equilibriate the system to
eluent III"

The #ollowing standardized procedure h¡ërs adopted in
order to objectively quantify the elution profile of radio-
active substances #or any given tissue under any given con-

dition (i.e. stressed oF ungtregsed):

(1) A chromatograph usas selected at random and eny fractions

t'¿i th 5 or I ess cprn þrere omi tted.
(2) The cpm for each fish {or that tissue and condition were

total I ed.

(3) Each totar cpm h,ås standardized to a chrsmatograph from

onel fish by dividing the one chosen total by each indi-
vidual total. The chosen standard then equalled 1.0 and

the other fractions became ctrrrection {actors.
(4) The cpm of each fraction h,ërs then multiptied by the cor-

responding correction factor for that particular fish"
(5) The corrected fraction cpm h,ere then plotted for each

tissue o{ each fish.

t6) Flean chrornatographs brere cornposed of the mean cpm o{

each {raction of a particular tissue under a given

condi ti t:n -
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By using tissue chromatographs frorn individual fish,

the propsrtion of the prof ile that comprised *Ts (u,¡hich

reflects the proportion of *Ts in the tissue extract) was

deterrnined by the f ollou.ling steps:

(1) The cprn o{ all fractions 1-4O hrcre totalled.

G) The range of fractions that constitute the Ts peak r{as

selected and the respective cprn rdËrre summeld" In Etrme

elution profilesr rE distinct T¡r peek could be detected,

usually due to Iou¡ extract radioactivity in which 'back-

ground' ct:Lrnts masked any loE¡ T;g, peak. These indistinct

profiles were not analysed #urther
(3) In instances u¡here the *f= peak tended to merge with

adjoining peaks, the fraction that fell at the lowest

point between the ts'¡o peaks was deterrnined. The cpm

value on the Y-axis corresponding to this lou¡est

fraction ¡dås halved and added to the T*¡ fraction,

thereby accounting for the overlap of åreres between

adjoining peaks (Fiq. 3). Thig rnethod was appl ied only

¡¿hen a definite trough existed between peaks, and not

r'¡hen a major *Ts peak developed å 'shoulder' (Fig. 3) "

In mo=t casels, the 'ghoulder' was small and its radio

activity included in the *T=' {raction.
(4) The radioactivity repFelsenting the r*ïs pelak Esas divided

by the total radioactivity (total cpm) from aIl frac-

tit:ns, providing the proportion of total ti=sue radio-
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Figure 3. Example of determining cpm values for Ts, #raction
from an elution profile with rnerging peaks. Bver-
lapping areas o{ the peaks are shaded.



UNIDENTIFI

t-

ED PI

\ 'SHC[.JLDE

{ PEAKz.

Y') 1oo

z
fo()



23

åctivity existing es #Ts.

(5) This proportiEn wås then rnultipried by the totar radio
activity in the original l-mL extract reconstituted in
û.lN NaCIH-

(6) The resulting cpm i¡das corrected f or isotopic decay
(tL/Z ol '25 I : â() days) to the time e{ death and was

uged in the equation for the calculation of Epecific

acti vi ty.

3- use of the constant rnfusion principle to Determine

Tissue Ts Eontent.

rn trout thet have been constantry infu=ed u¡ith #T= to
the point where the plåsmå tåTs, has risen to a plateau, it is
assumed that a steady state (isotopic equilibrium) exists
v,¡ith regard to *Ts exchange bet¡¿een the various physislo-
qicar compartrnents of the #ish" In such a steady state the
*Ts specif ic activity (54 = trprn {*Tg./ng Tr) is equal throuEh-
out the {igh. To obtain the SA value, the Ts cpm and the T=

concentration weFe determined f or the readiry-rneasured

plasma sarnples, and the åppropriate corrections for radio-
active decay applied. Actual prasma values used to calculate
5A are given in Appendix 1.

An attempt was also rnade to reach isotopic equilibriur¡
by constantly infusing trout u,¡ith l{a*I. In this cåse, endo-

9er¡ous iodothyronine {ormation frorn the *I ¡¿ould be detected
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å5 ++T¡s and #T4- The sA vålue wsuld be calcula.ted frorn the

Na*I and iodide levels in the plasma.

F. Estirnatiion o{ T¡, Eontent in hJhole Broans

The T:s content of tissues and whole Brgans of a hypo-

thetical 5Òo-g fish werp deterrnined by multiptying the T=,

concentration (Ts fneEs per grefn tissue) by the Ergån weights

calculated from regression equations.

Regression equations relating body weight to organ

weights weFe determined from body and organ weights of 4a

trout. t{et weights ranged from L7L-7öZ g, u.rith 36 of the
fish over 3öo g in weight" since only z-g aliquots weFe

taken from rnuscle and skins fiB equation= could be calcu-
lated for those tu*o tissues.
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G" Statistical Analvses

Statistical analyses were dc:ne using the statistical

Anarysis system (sAS Ingt" Inc. 19El2). Dif f erences betr¡reen

experirnental groups hrere te=ted by one-h,ay analysis of

variånce tANovA). If ån ANovA test revealed that group rnean=

were significantly differento Duncan's new multiple range

test was used to test differences bet¡^¡een tissueg. A prob-

abitity level of (Cr.05 was considered significant. The

relationship between trrgån weights and body ¡eet weights wa=

determined by the least-square= linear regression.
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A. Eetabltshme¡Ë__e¡d flelidatisn of Frocedures

This section deals sr¡ith the validation o{ methods r and

II for digestion and extraction o{ Ts from tig5ues. hlhile
method II h¡as the final method chosen, the validation of
rnethod I, and its limitations, åre presented since it is a

rnodif ied rnethod success{ully used hy other researchers
(Eiordon & Eipira L973i Kobuke et aI- tgB7r, and rnay be of

value in studies of non-f atty tissrlers. Some of the rnaterials

and methods used in these prelirninary experiments åFe inclu-
ded in the 'Results' section to simplify the previous
'Haterials & Hethods' section which has been regtricted to
t,he general and validated procedures.

1. Enzymatic Þigestion and Hornogenization

The enzymatic digestion and homogenization procedures

werEr cornpared on livers and kidneys fr(]m fish injected

intraperitoneally 12 h previously urith f.5 ¡.rCi *Ts_ Equal

parts of each tissue were either digested by pronase oF

homogenized. *Ts was recgvered by 6 successive alcohol

extractions (method I). The total amount sf *T=; retrEvered

f rorn aIl ó extractions, as deterrnined by short-colurnn assåyr

u¡as sirnilar for the tolo methods of tissue breakdou.rn, and in

all cåseg over two-thirds o$ this total h,Ërs rElcovered in the

26
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{ir=t s supernatant extracts (Fig" 4'r. Hou¡ever, enzymatic
dige=tien provided a higher percent recovery of *Ts in the
first three supernatants and this differerîce was greater for
liver (89-97- versus 7g-gr. {er digestion and homogenization,
respectively) than for kidney (7tJ-7y. ver-sus Èe-gy.r. It r¡{åg

also found that the residual pellet radioactivity twhich rnay

include labelled material other than *T=) u¡as higher in
homogenized than digested samples, Attempts to hornogenize

other tissues (e.g. heart, =kin, and stomach) did not result
in adequate tigsue breakdown. A further advantage of enzy-

matic digestion was that it allou¡ed simurtaneous processing
of nurneFous tigsue sarnpres, without the danger of cross ct¡n-
tamination and the necessity of laborious cleaning of the
hornogenizer containers, and blades. For these reårorìs, it
vuas decided to use enzyrneg for tissue breakdswn and to u=e

only the first 3 supernatants for extraction.

Enzymatic digestion rnåy be extended to Ts itself. To

test thisr *T:s ¡^ras added to the digestion tube (containing

enzyrne dissolved in 3 mL TRIS bu{fer and l mFl pTU) before or
after incubation, but in the absence o{ any tissue- The

arnount of *Ts present after incubation (12h at S7o C) t/l¡Ërs

deterrnined af ter extraction and short-colurnn separation. No

differences in the absolute or relative arnounts of radio-

activity appearing in the *T¡sr *Ir and xlp fractions before
and after enzyme digestion csuld be detected.
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Figure 4. Recovery of #Ts from liver (A) and kidney (B)
after hornogenization or er¡zyrne digestion. Six
successive suFernatant washes yùere examined"
Bar= represent meåns (+SE) of 3 -Fish"
(See App.2 for actual values).
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2. Extraction Efficiency of Hethod i

a) E{{ect o{ Digestion Enzymes Alone on iÉTs Recovery

ïo deterrni ne the ef f i ci ency o{ nrethod I i n recover i ng

'¿Ïs in the presence of enzyrne= but in the absence of tissue,
à series o{ tubes containing the following sorutions ¡+as set

up in triplicate: (1) #Tgl + TRIS buffer (2, *Ts + TRIS +

collågerìase (5) *Ts + TRIS + pronase. A volume of 3 mL of

bu{fer with t mH PTU voas used to digsolve O.OO25 g o{ en-

zyme. The absence o# tissue controlled for variability in

recovery caused by possible binding of T¡s to tissue pro-

teins. Recovery of total added radioactivity (43rOOO cprn)

ranged from BO.5-98"O7. . The presence of the enzyme did not

effect recovery.

b) E{{ect of Buffer on Tg Recovery

The procedure yúås repeated in än attempt to recover

4 ng of T=. An RIA soas per{ormed on the final extract" The

added Ts rêcovered ranged {rom 7l-Ls=f. . Since extraction

method I was shown above not to interfere with the recovery

of #Tsr and since the ¡oide range in recovery o{ unlabelled

Ts' was similar uuith either enzyme used, it hras assumed that

the inconsistent unlabelled Tc' recoveFy resulted from RIA

interference by the TRIS buffer" Consequently, a phosphate

buf {er (t{azHPO*.7H?t? 26.E¡l g/L, pH 7.4 + L mH FTU) ¡das

tried as ån enzyrne solvent. Both ++Ts (9rC)Oö cpm) and
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unrabelled r=' (4 ng) u.eere again added separatery" Recovery

of unlabelled rsr as determined by RrA, ranged from 9s to
tl9Z, whereag recovery o{ added *Ts ranged {rorn gT_ggy.

In ¿ll subsequent experiments, phosphate buffer was used to
dissolve enzymes"

c) Interference by Lipids and Other Haterials

A rnajor problern in this extraction procedure was the
accumur ati on o{ parti cul ate and,/or I i pi d-l i ke materi al i n

resuspended tissue extracts- Both rnaterials tended to brock

pipettes or clog sephadex columns. To alleviate thege

problerns, ariquots of the final 1 mL of extract were centri-
{uged in conical vials at l5rooo g {or 3 min at rcrom ternper-

ature. This caused Iayering of the extract. I+ present, the
lipid layer sat on the top, forlov¡ed by a clear center
portion and occasionally, particulate rnateriar on the

bottom" Tissues ¡¿ith the mogt viscous extracts and the rnost

undissolved particles cam€r frorn Iiver, kidney, gill, and

heart.

T:s may be lost by either trapping in the lipid layer,

which was discarded (since thyroid hormones erÊ knou¿n to be

ripid soluble; Hillier 1970) oF binding to particles in the
bottom l ayer " To exami ne the above possi bi I i ti es, 2o ¡-rL of

*Ts (1goo cpm) ¡dås rnixed ¡.rith liver, kidney, and qill sarn-

ples bef ore €lnzyrne digestion, and then processesed by
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rnethod I" From the {inal reconstituted tissue extracts,
loo pL ruas removed and counted in 1 mL NaoH" This repre-

=ented the unspun sampl e. The rernai ni ng ti ssue extract rloås

Epun dou¡n and Loo ¡rL of the clear supernatant was removed

and also counted. The radioactivity recovered from ungpun

samples was 767- Ça,r kidney" 5El7. for river, 1007. for heart
and 7L"/" f or girl, and {or spun sèrrnpres, u¡ag 6s7. f or ki.dney

377- {or liver, 1oö7" {or heart, and 377- for gilr. Loss of
radioactivity before and after centrifugation varied,
depending on tissue type. rn addition to the partial rtrsE o.f

Tsr rernoval o{ either lipid or particurate matter resurted
in å ve¡ry small volume of extract remaining available for
analysis" t{henever en aliquot of extract hras rpmoved, the
remaining sarnple also became Iess and less homogenecruçi.

There was evidence also that

might interf ere y¿ith the RIA were

Extracts from liver, kidney, gill

di l uted ( 1O0, 5O , 251 Lz.iï.t and

than expected amounts of Ts were

dilution, indicating the possibil

¡cith the binding o4 *Ts to the Tg

ti ssues.

other substances that

extracted r,¿ith the T=.

and heart were serial ly

Ts measured by RIA. Larger

detected following

ity of Eorne interf ererìce

antibody *or these
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d) Revie¡q of Flethod I

rn revieu+ing method I up to this point, it seems that
(1) enzyrnatic digestion does not quantitatively or quali-
tatively a+{ect the Ts content o4 the tissue 1 (2,, TRIS

buffer should be replaced by phosphate bu{fer as the former
interferes ¡uith the assay, (J) colrection of s supernatants
is sufficient to recover over two-thirds of the T:s after
extraction t+ith ethanol ic ammonia, and (4) no satisf actory
method had been found yet {or removing lipids from tissue
extracts. These findings suggest that method I is only
reliable for non-fatty tissues and therefore inadequate for
this particular study. The remaining Eections deal only with
method I I "

3. Extraction E++iciency of Flethod II

a) Extraction of *Ts

1) Effect of Extractants

T¡so extractants were tested in separate experirnents.

Acidified alcohol (5 mL ethanol with l mF,l pTU, O"4 mL ZN

HCI)r åE previously used Þy hlejad et al. (Ig7S) and van

Hardevel d and l.lassenaar (L976, , di d not work u¡el l . In both

the presence and absence o{ ti=sues, white particres {orrned

in the final extract. tdhen the final reconstituted extract

was centrif uged (15rOOO g, 3 rnin at roorn temperature) to
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rernove the particlesr åpproximately söy" o{ added radioàc-
tivity wås lost from the sarnple ¡shen compared to unspun

sampres. use of ethanolic årnmonia resulted in a reduced

particulate forrnation in the {inal reconstituted extract,
thereby avoiding centrifugation.

2, Effect of Digestion Alone on *Tg Recovery

To test the extraction ef#iciency of rnethod II on à *T:s

source and Étnzyme alons, the extraction u,¿as carried out in
the absence of tissue" This uúouLd reveal i+ the enzymes or

buffer used to dissolve the enzymes has any affect on xT¡E

retroveFy when extraction ig carried through a chloroform-
NH4OH wash- *T¡l (71öOO cprn) usag, added to l) phosphate

buffert 2, phosphate buffer and collegenåse, and 3) phos-

phate buffer and pronase. rn addition, a standard (tube 4)

contained *T=: and buffer and ¡rlas not run through the extrac-
tion procedure.

To determine i+ the NH+BH ef f iciently uoithdrew T¡s {rorn

the chloroform-ethanol extract, l-rnL aliquots of each layer
were taken a{ter rnixing in the separatory {unnels, counted,

and multiptied by their respective total volume of each

fraction- hlhen actual tissue extracts were used', the volumes

of chloroform and NHeûH layers varied due to lipid ctrrnpo-

sitions of the tissue extracts, i.e. for some tissueg a

larger or smaller NH*OH layer appeared after rnixing.
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For condi ti ons 2 and 3, contai ni ng the enzyrnes, the

l-mt- chloro{orm aliquot had o cpm. The chloroform rayer o{
sample 1 (phosphate buffer only) contained 4y. o* the counts

of the standard" The cpm {rom the NH+BH layer represented

997"j e7Y-1 and 8,87. o{ those of the standerd 4, for sarnples I,
21 and 3 respectively" The NH4OH layer not only contains

rnost of the horm(]n€} , but the enzymes do not affect this

extraction procedure.

3) Homogeneity of T¡s in Lipid Reduced Extracts

The problemg caused by fatty, viscous tissue extracts
hrere arso greatly reduced by the use of chloroform and

NH*OH. Fluscle and skin, which caused problems in method I,
now contained the least amount of particulate material in
the finar extract of method II. The particutate rnatter that
did eppeer, hrås allowed to settle out and the extract
samples ¡,rere removed directly {rom the test tube as needed.

Tissues to u¡hich *Ts wes added? werE! extracted and IOO-¡_rL

aliquots were counted" These loo-¡-rL samples contained löT. o{
the total cpm of the #inar l-ml- extract, indicating that the
l-mL extract had homogerìeous Ts distribution and ¡ras not

binding preferentially to the material that settred out.
Short-column separation demonEtrated normal recovery

patterns with arl radioactivity accounted for in the eluents

when compared to a standard containing the total added

rad i oact i vi ty.
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4) Recovery of in vivo and in vitro Introduced xTs

To determine how welr extraction rnethod II recovered r."
f rorn tissues, a *Ts soLlrce h,as introduced into the tissu*s
both in vitro and in vivo. For r-ecovery in vitro¡ r+Ts u¿as

added to the tissue before digestion (i.e. to the earliest
step o{ the extraction procedure). The added *Te¡ s,elrve}d es, a

standard and represented 1ùoz. recovery. Hean percent

rec(]very ranged from é,3.5L for rnuscle to T4.oy. {or intes-
tine, and did not differ statistically between tissues
(Table 1). The in vitro method required *Ts to be added to
tisgue already removed from the fish, and therefore no

longer metabolically representative of living tissue. A more

realistic approach is to test *Ts recovery {rom a fish that
has been alloy¿ed to take *Ts into its o¡,¡n tigsues. Foltowing
+åTs adrninistration in vivo using a cannura in the dorsal
aorta, it ¡sas shob¿n that meån percent recoveFy (cpm of the
digested tissue constituted looz" recoverry) ranged f rom ss.Bz.

for kidney to El3.€l7" for heart (Table l), and differed sig-
nif icantly bet¡r¡een tissues (AhloVA; p(o.oog) " Recovery seerned

to vary more between tissues in vivo. since the in vivo
addition refrected the naturar situatit¡n rnore accurately, in
all following elxpelriments, the amount of Ts reCovered in
each tissue ¡uas corrected for the extraction e{ficiency
{ound in in vivo to deterrnine total (theoretical) amounts of

Ts present in the tissues.
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Tabre 1,. Radioactivity reccn¡ered fr-ccn trcxrt tissues after i¡
viþ:o ard i¡ vivo additio¡'r of *ir3. values repre=ent
læan (+SE) percent reccver1z of 3-fistr after
ofrraction. (See AFp.3 for i¡d.ividual rralups).

Tissue

t r"eccvery

i¡¡ vitr^o lJt vlvo
cor'::ection

fadori

Liver

Kidney

GilI

Heârt

Stomadr

Intestire

l{usc]e

Skix

67.2 +o.+b¡c

67.4 +5.O

69.5 +6.3

72.7 +6.7

72.3 !4.9
74.0 +6.4

63.5 +t_.1

73.O +2.7

75.2 +0.9d

55.8 tl-.7

82.8 +2.8

83.8 +6.0

80.8 +6.4

82.2 +6.2

68.3 +2.4

72.6 +3.8

L. 33

L.80

1,.2r

l_.1_9

r.24

L.22

1-.46

1.38

alfoOTx¡, calculated frqn i¡ vivo dataþaddd dose CPM =L00?
n=¡z
daigesEea tissue Cpì4 =1OOå
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PIasma sarnples did not undergo any extraction or cor-
rection procedureg since they b¡ere placed directly onto
Sephadex columns.

b) Recovery of Unlabelled Te

RrA has been success{ully used 4or the measurement of
thyroid horrnones in trout plasma (Brown & Eares rgTzr -

Be#ore the serne RrA could be used routinely for measuring T.=

in tissue extracts, a number of possible sources of erFor

had to be invegtigated: (i) How reproducible is the RrA

rnethod used in this study? (ii) Is the substance determined

by RIA actually Ts? (iii) Does the RIA reliabty determine Ts

concentrations from the tissue extract? i.e. is the extrac-
tion procedure compatible ¡+ith the RIA?

(i ) coef f icient o{ variation (cvy", was used to deterrnine
'wíthin-' and'bet¡¡een-' essay reproducibility using å

lt) ¡-rL standard" For 6 RIAs, the 'within-'åss;åy CVZ. were

4-87-' 3-77-1 2"97"' S"El%13.27.? 8.4Y" " The cvz. bet¡*een the å

åssays was 9.47"

(ii) To substantiate that the tissue extracts contained

measurable Ts¡ extracts hreFe! serially dituted with O" thl NaOH

to 5o7"1 257"r oF 12"5Y. o4 the original concentration and rs,

concentrations tn,ElrE! compared to those expected frorn the

theoretical dilution pattern. r+ Ts, is the onty ligand bind-
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ing to the Ts antibody, the Ts, concentration u¿il1 follouo the
expected dilution in relation to the =tandard curve gener-

ated in en RIA" rf other ligands are being rneagured with

different binding kinetics to the Ts antibody, the dilution
prof ile uri r l dif f er f rorn that o{ the standard curve.

To compare the Ter concentration of diluted samples to
the dilution pattern, the looz" (undiluted) sample ¡,sas

assumed to represent the actual concentration determined by

RIA. The Ts concentration o{ each diluted sample wa= then

calcurated ås èr percentage of the value of the undiluted
sample. The Ts, content of all tissues closely followed the
expected concentrations (Fig. s). This is consistent with
results of a typical RrA standard curve, indicating that the
substance measured by RrA in the tissuer extracts is probably

T*.

(iii) Although there is acceptable retrcrvery of *Ts from

tissues, the recovery of unlabelled Tl9 frorn the extractr ås

measured by RIA, still had to be determined. since endogen-

ous Ts, coñcentrations úderret unknown, a known dose of unlabel-
led Ts was added to each tissue and compared to simultaneous

estirnate of the endogenous Tg våIues by RIA. Equal amounts

of each tissue from 2-S fish weFe pooled, minced by hand,

mixed, and divided into 2 portions o{ equal weight. ûne

portion served as å control and Hås Elxamined for the
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Figure 5. Percent T¡s retrc¡vered (determined by RIA) after
three gerial dilutiong (SO, ZS and LZ.=ï., of
extracts- Bars represent rnean (+SE) percentages
of 7-9 fish. Horizontal lines indicate expected
concentrationg. undiluted extracts (not shosûn)
equal 1OO7.. (See App.4 {or actual values}.
L=liverr K=kidney, G=gill, H=hearto EiT=stomach,
IN=intestine, l*l=muscle, SK=skin.
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endogenous Ts leveL while 5 ng c:{ unlabelled Ts h,ere added

to the other portion. All tissue sarnpleg were digested and

Ts extracted- For almost all tis=ue=u sampreg with the added

unlabelled Trs had higher concentrations of Te, than their

re=pective control group. However, in most cåses, the arnount

recovered was only a {raction o# the added Ts dese

(Table 2l - For one river and one stomach sarnple, r-ecovery

was actually greater than the added T:s dose and in three

cåses (one liver, kidney and intestine) less Ts hras

rertroveFed than present in the respective contrsl (Table z).

overal 1 , percent Fecovery ranged {rorn o (uohen control r:s,

exceeded experimental), tt: 1SA.óy. {when Ts rrtrEVered

exceeded SuO ng7.). Recovery of Tg. did not seern to be tissue

specific" Blood plasma taken from individual fish contribut-

ing tissue= to the poored samples, showed no abnormally hiqh
(]F lot+ Ï:s EErricErntrations r+hen analr¡zed by RIA- The

experirnent was conducted 5 timeg (triars 1? 21 and s) and

equalry incon=istent retrt:very súas obtained in each cåse.

In one of the above Ts retrovery trials, ? standards

rdere set up sirnultaneousry with the pooled tissue samples.

h.leither standards contained tissue, but in standard 1? s ng

of re k{as added to 5 mL pha=phate buffer (volume of bu#{er

used in dissolving enzyrnels in ån extraction), then run

through the extraction procedure together with the tissue

sarnples. The gecond standard also contained S ng of
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T
äble 2. T

s (ngå) recovered (as determ
ined by R

IA
) after addition of

500 rg? T
3 to tissues (+

f:) or w
itÌrout added T

3 (contrrol).
V

a-l-ues represent. n€ans of replicate sanples. T
tials represent

tissue pools of 2-3 fish.

T
issue

Liver

K
idney

G
iIl

H
eart,

S
tc[rnctt

Inte.stfuæ

M
¡scl-e

S
kin

T
rial- 1

control

623.1

384.9

24I.2

1585.4

L32.7

29I.2

{t3

840"9

636.5

493 "3

2278"4

397.3

567.8

T
rial- 2

conhrcI

646.O

375.O

429.I

437.8

515.9

576.7

339.7

476.5

+
T

3

580.2

703.4

624.3

693.2

720"3

679.2

520.7

74r.2

T
T

.íal 3

contrcl-

aO
L?.7 \644.4

579.O
 

39I.7

351.0 
437 "I

289.5 
67I"I

396.7 
603 " 5

545.7 
378.5

222.1 
239.8

425.8 
L2I.5

fl3
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unl aber l ed rs i n t. mL o{ o" thr NaüH ¡shi ch equal r ed the f i nar.

volurne o{ å reconstituted extract sample. The second stan-
dard was put ontn RIA sephadex corurnn= to deterrnine the
added arnount of Ts directly. Comparison of this value to
that obtained frorn the first standard, would indicate logs
of unlabelled rs through the extraction procedure alone. r+

both valueg showed the sem.r discrepency in the amount

recovered by the RrA, it wourd indicate that this discre-
pency ste¡ns f rom the RrA and not the e:<traction procedure

itself- Results for both standards showed higher Ts recov-
ered (á4Ël.5 ng7" standard 1, ssz- z nçT. standard zJ than the
added dose of 5t0 ng7"

It had been assumed that if Ts concentrations differed
bett¡een sÈandardso standard I should show a lower Ts EontrEF¡_

tration than in standard 2 because only the fsrrner underwent

extractionn with possible loss of EEme T:s during that pro_

cess- This suggests that for standard ?1 recovery of rs, is
probabry 1Õo7.¡ whereas standard 1 sho¡.us that the extraction
procedure (and ntlt tissue) rnay trause the RrA to overestimate
the Ts trtrñtrentration.

Becau=e of the inconsistencies in RIA-determined rs,

concentrations a{ter the addition of a knou,sn arnount of

unlabel led r.= to tissue sampre=, a serial dirution *a= again
perf orrned l5,J7", 23Y., 1?.57.) to determine whether the added
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Ts' in the tissue extract, like the endogenous Ts, could be

recovered according to the applied dilution pattern. T=,

concentrationg found after dilution correspcfnded t¿ell to

expected cancentrations (Fiq. å). The deviating results {or

heart tissue in the control group (Fig. óA) aFe Fossibly due

to a mis=ed 5ö7- dílution. Thug the use of serial ditution

dees not conclusively indicate that a substance is Ts.

B. Heasurernent of Ts Tissue Ëoncentrationç

1. Ts Concentrations Determined by RIA

Despite the shortcornings of the direct RIA determin-
ation, tissue Ts rneåEurements were made by this method {or
cornpaFison with the IE method"

Four {ish ranging in rrreight from SIZ.O - 483.O g h,eFe

analysed for tisgue Ts by RIA. Flean T¡, concentration ranged

between l.os to 3.34 ng./g tissue, and did not differ signi{-
i cantl y årnonq ti ssues (ANOVA, p )O. I ; Tabl e S) . Ki dney and

liver valueg were highe=t, followed by heart, intestine, and

stomach; gi 11 o skin and rnuscle had 1o¡uest concentrations-

Tissue,/plasma (TlP) ratios o{ Ts contrEntraticrns h,ere calcul-
ated. For all tissues, mean T./P ratios h,ere *i1.o (Table s).
Differences betu¿een tissues were not significant (p=Õ.$6).
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FiEure 6. Percent Ts recovered (determined by RIA) after
three serial dilutions (5O, 25 and l?.S Z.) of
extracts ueithout added Tlg, (A) and with added T,=,
(B) " Bars represent tT=l ¿ls pertrent of undiluted
extract, Horizontal lines indicate expected
concentrations. For tissue abbreviations, Eee
Fig.5. (See App.4 for actuåI values)
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Tabre 3. Tissue T3 corcentreition ard r:atio of tissue to
plasna (T/p) \ corrcentration deterrni¡ed by RIA.
Val-ues re¡rresent rreans (+SE) of 4 fish. Þta are
corr:ecÈed for 1008 ext¡:action. (see App.6 for
irdividuat dâta).

Tissue T3 çq/g tissue) r/P

Liver

Kidrrey

cil1

Healt

Stomach

Intestine

Itñ.¡scIe

Skirr

PIasna

3.09 +0.64

3.34 +L.18

I.74 +O.54

2.39 +O.7I

1,.94 +O.97

2.24 +O.46

l_. 05 +0.32

L"42 +0.56

3.83 +1.59

l_.01_ +0.26

0.95 +0.23

0.51 +0.11

o.72 +0.I8

0.47 +0.05

0.73 +0.18

0.34 +0.14

0"38 +0.03
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Ts trorÌtrÊntråtions nor pooled tissues, taken {rorn the
control group of the Ts rÊcovery experirnent, =howed a

sirnirar ranking profile" except that heart ranked first

trable 4) and rneans {or uncorretrted valueg di{{e,red signif -
icantly between tissues.

2- T¡' Ct:ncentrations Deterrnined by IE o{ +I

The objective wås to deterrnine the preser¡ce and distri-
bution of labelle'd iodothyronines in plasma and tissues
when providing the trout u¿ith a constant and continuously
supplied source of *I {rom which labelled hormones might be

synthesized. Plasrna sarnples were taken on days 1Õ, so, and

35- The rnean percent increase in cpm,/mL plasmå {or the 3

fish wer-e 15.57. frorn day 10 to day zü and â-zy. frorn day Ju

to day 35- Although isotopic equiribrium was nclt achieved,

fish were kitled on day SE-

Radiochromatcrgrarn pro{iles {rom prasrna sarnples =howed
high *J levels at al l tirne periods but no peaks indicating

any thyroid hsrmone {orrnation, since no labelled thyroid

horrnones h,Êre detected in the plasrna, it ¡,¿as highty unl ikery

that thyroid hormones would be detected in tissue samples.

ûnIr7 one liver =ampre was extracted and eluted through the

long Sephadex colurnn. No labelled thyroid hormones hrere

detected "
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Table 4. concentration of T3 Gq/q tissue) for poored tissues
(rr2-3 fish) detenn-ined by RIÀ. values are corestedfor 100? extraction.

tissue Trial 1 Trial- 2 TÏial- 3 x +SE

Liver

Kidney

GiI]-

Heart

Stccnacfr

Intesti¡e

MuscIe

Skix

4.T5

3.46

1.46

9.83

0.96

2.OT

4.30

3.38

2.60

6.51

3.20

3.51

2.48

3.28

6.73

5.22

2.24

6.89

2.46

4.44

r.62

2.94

5.06 +0.84

4.02 +O.54

2.10 +0.34

6.70 +0.19

5.t6 +2.34

3.98 +0.47

L.69 +O.44

2.74 +O.38
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3' Ts toncentration Determined by IE of *T:s

*Ts eeuilibrium wes achieved by 7? h post infusion as

deterrnined by a levell ing o{ plasna #T=; trver tirne (Fiq. 7, -

Elution profiles from both standard (Fiq. Z) and tis-

slres (Figs. B-16) =hot"¡ed that iodide was consistentlrT etuted

in fractions 12-1S and Tg in fractions 28-32. Theoretical-

ly, monoiodotyrosine (l"lrT), diiodotyrosine (Drr), crr diiodo-

thyronines (Tz) r if present in a sample, could be detected

ås smaller peaks bet¡ueen thoge of iodide and TsÊ reverse T=,

{rTs} and r.ç should corne after the T¡s peak, re=pectivelr¡-

T:s represented approximately one-third of the total

radioactivity on the chrornatographs (Table S). For

unstressed {ish, mË!ån percentages of rs, dif{ered =igni{-
icantly (p=ü.uoöl)r ¡,rith rnuscle tissue being higher than alr
other tisgues (Table 5). In stressed fish, percent Te, in the

chrornatographs u¿as si rni I ar f or al t t i ssues.

Elution profiles (Figs. Et-16) showed that the remaining

tt¿o-thirds of the radioactivity was Iargely distributed at

fraction 11-13, representing å prorninent #r- peak. For alr
tissues, and plasma, a peak appeared at åpproximately

{raction 5- This peak brêrs prcrrninent {or 1iver, kidney, giIl,

and particularty plåsfl¡å" Al 1. tissues exarnined contained
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Figure 7. Plasrna radioactivity of rainbow trout during
infusion with t).OS ¡_rCi ,rTs./h. Valueg, represent
Í¡Eråns (+SE) of S f ish. This study and date
repre=ent unpublished results provided by scott
Brown.
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Figure a-16. Elution profiles of a'"'r-laberled materials of
tissue extracts and plasrna from ungtressed(closed triangles) and stressed (open triangles)
rainbor¿ trout reaching i sotopic equi I ibrium.
Þata points represent meåns of Z-g +ish_
Sephadex bed dirnensions Zj.g x l.E crn.
Nste: counts/rnin scale t:n Y-axis di {Ëers bet¡+een
ti ssues.
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Table 5. Proportion of total radioactivity attributed to T, determj-ned by
chromatography, T" tissue concentration, and ratið of tissue to
plasma (T/P) T1 cdncentration for acid-stressed and unstressed.
trout. Values t'epresent means (+SE) of 2-5 fish, except for skin
of stressed fish, where n=1. (Sãe App. 7-9 for j-ndiviãual data).

Tissue

Liver

Kidræy

GilI

HeaÌt

Stcrnach

fntestine

l"Tttscle

Ski¡r

Pl-asna

? ù:rcrna@raphic
radioactivitlr as *,'I3

unstressed

40.7 +7.1,

30.7 +L.6

42.5 +3.9

33"1- +2.4

36.5 +4.2

29.6 +2.6

7L.2 +2.7

32.8 +1.1

30.6 +2.8

st¿essd

36.0 +5.9

24.3 +O.L

29.O +2.3

34.7 +3.2

4I.2 +3.5

37 "7 +2.1,

37.6 +2.6

44.4

28.7 +3.4

T3 $g/g tissue)

unstressed

2.46 +O.65

2.98 +O.28

0"51 +0.13

0.84 +0.32

t-"35 +0.65

3"80 +l-.83

0.61- +0.11

o.27 +O.O9

0.98 +0.20

stressed

0.90 +0.26

l_.58 +0.63

0.25 +0.10

o.52 +O.20

L.25 +0.26

1.51 +0.56

0.08 +0.02

o.26

0.81 +0.31

unsb:essed

vP

2.3I +O.39

2.64 +O.16

0.51 +0"06

o.79 +O.20

1.23 +0.45

3.79 +L.27

0.54 +0.07

o.28 +0.04

stressed

I.23 +O.25

2.28 +O"78

0.31 +0"10

0. 6l- +0.09

1.1-9 +0.08

l-.85 +0"46

o.I2 +O.02

0. 33

(tl
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unidentified måtÊrials which ¡+ould have to be identi{ied by

using elution profiles o4 authentic thyroid horrnone åna-

Iogues. For rnost tissues, the peaks for I- and T¡e trrere

separate and distinct. Hosrlever, in sorne tissuesr e.g. heart,

stomach, and skin, the Ts peak was occasionally very wide
and irregular, and clo=ely as=ociated uuith an adjacent peak

(Figs- 11r12?15). This wes evident in the profile of skin

for unstre=sed fish, where tu¿o sharp peaks of equar height,

but not size, occurred side by side (Fiq. tE), The nature of

this additional peak is unknown.

For unstressed fish? differences in T:s tisgue concen_

trati Erìs wer-e stati sti car I y si gni { i cant between ti çsue

types- The meån tissue Trs trorìcrntratior¡s were also statis_
tically significant between unstre=sed snd stressed frsh.
ïntestineo kidney, liver, and stomach showed highest contren-

trations, wherea= the amounts r:f Ts in heart, rnuscle, git1,
and skin werel 1ow. Ts tissue concentrations of stressed fish
wer-e uniforrnly lower than those of unstressed f ish and rneèns,

did not dif{er significantly between tis=ues (Table E} - For

both stressed (F=o.úl) and unstressed (p(u.öù1) sish ? Tlp
ratio= between tissues differed significantly (Table s).
OnIy tissues with the highest Ts corttrentrations (Iiver,

l':idney, intestine, and stornach) showed r/p ratios )I.ü,
indicating that in those tissues T=, level= tr,ere higher than
that {ound ln plasrna.
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4. Ranking ir{ Tissues by Is Content

l¡lhen all tisgues in the present =tudy aFe ranked actror-

ding to their Ts Eonc€ntration, tissues tend to {all into 3

groups, regardless of åssåy method used, or condition of the

fish (i.e. unstressed or stressed) o but the overall r=, con-

centratisn wås lower for the stregsed fish (Fiq. L7r - Tis-

Eues with the highest Ts content were intestine, kidney, and

liver. Stornach and heart appeared to be intermediate, and

malz contain high concentrationg of TE, in individual fish-

I'luscle, gi 11 , and skin tissue consistently had lourer quanti-

tÍes of r.''- rnterestingly, ranking tissue by total radio-

activitr¡/g tigsue in the finar 1_mL extract frorn fish reach_

i ng i sotopi c equi I i bri um, è^res verFy consi stent i n both L¡n-

stressed and stressed fish; rntrt.e so than ranking by actual

Ts' concentrations of individuals. hlhile the measured radio-

activity likely represented substanceg sther than Tsr it trån

seFve en index of the relative amount o# Ts, present in

tigsues. PIasma Te, levels {luctuated in the ranking orderu

but general 1y had higher Ts trontrentrations than those of

giLl, skin and muscle.

C- !s Eontent of l¡Jhole 1p¡qans

Given the concentration o{ Ts per gram of tisgue and the

weiçht s{ the tissue, the T=, content of tis=ues and orçlans
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Figure 17. Ranking of tisgue types according to Ts cofitrr¡-
tration (ng/g tissue) determined by RIA (A) and
isotopic equilibrium {or unstressed (B) and
stressed f ish (C). Bars represent rneens (tSE)
o{ 3-S +ish except for skin from stressed fish,
where n=l. For tissue abbreviatitrns? see Fig.E.
pL=pl åsma.



5.42

I

C
')

f(f)
c

P
LK

 L 
H

 IN
S

T
 G

 S
K

 M
IN

K
LS

T
P

LH
 

M
G

S
K

T
IS

S
U

E
S

K
IN

S
T

LP
LH

S
K

G
M



55

cån be deterarined. Furthermore, i{ Ergån growth is asgumed

to be arlometric {or a certain range in body weight, and re,

concentration is assurned to be independent o{ oÍ-gan weight

over the same rånge, linear equations rerating tissue,lorgan

weights to body weight cån be ernployed to calcurate the Ts

content of organs and eventually the whole animar over the

tr¿hsl e si ze range consi dered.

Schiffman and Fromm (lgsg) and Denton and yousef lLqTä)

regressed trrgån weight= to hody weights of hatchery-raised

trout- ldhen these regression equations weFe applied to the

present data set, calculated orgërn weights either oveF- or

underestimated actual orgen weights and therefore did nst

appropriatery describe the relationship between organ weight

and body weight for the size ranç¡e of {ish used in this

study, and al=o were not applicable to all organs exarnined.

Furthermsre!, because of di{ferent stscks, holding condi-

ti ons, and f eedi ng regi rngls, si z e may not be a usef ul i ndi ca-

tor of åger and thereforer åge rerated differences in Te,

content cannot be accounted {or.

Hith the exception s{ the intestine, the regression
equations used in the present study were significant for all
tissues examined (Appendix 1o). For a hypotheticar 3oo-q

unstressed fish, orgån T=, content ranged from Õ-S ng {or
heart, to 1??.Ë ng for sketetal muscle. The quantity of
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Ts/srgan {or the stressed {ish is lesg tha.n in the un-

stressedr with only slight dif+erences between qiII, heart,

and gtornach, but there ¡.ra= a di{ference of Ever r(rö ng o{ T=,

{or skel etal rnuscl e.



DI SCUSS I OhC

A. lTethodol oqv

l'ley f actt¡rs that s{ere considered prlhen devising å Ts,

extraction method fsr this study ùsel.e that the method be:

{ L ) simple and reproducible, and (,2, shourd work f or aL l
tissue types. These factor= served as guidelines when

choosing the step= cr{ the methodotogy frorn that found in
mamrnal i an studi es.

1. Enzyrnatic Digestion and particle Formation

In almost ell previous studies involving deterrnination
of tissue thyroid hormone concentrations, the hormones were

extracted frorn tissue homogenates. Enzymatic digestion
potentially reduces the tirne and effort involved in the
pre'paration of tissues for extraction. Ho¡uever, it has only
been appried in the extraction of thyroid hormones {rom

homogenated thyroid glands (Rosenberg & LaRoche lgâ4i Inoue

& Taurog L967r. Both studies report sources of errtrF in
using digestion with thyroid hornogenates that a{fect the
measurement of r.' and r*- The major probrern h¡åE {ormation of
particles af ter hrTdrolysis which rnåy induce pref erential ty
adsorb iodothyronines- Rosenberg and LaRoche (1gó4) {ound

that particulate rnaterial formation depends on the duration
of hydrolysis with pronase and viokase? å Fantrreatin Bnzyrne.

57
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ïn their studie= hydrolysis uuith prona=e for q h gave the
rnaximal percentage retrovery o{ labelled T.qc u¿hereas g h of
hydrolysis gåve only 9û-957" recovery at 4 h. For hydrolysi=

with viokase, 15 h seerned to be optimal. These incubation

times are =horter than those used in the present rnethod, u,-rt

both the abeve studies used homogenized tissues to start
with which rnay have speeded up digestion, whereas in the
present study enzyrne digestion was the sole rnethad used to
break down tissues thereby requiring longer incubation.
ïnoue & Taurog (L967t cl.aim that under aerobic digestiono
particles form after only 2 h of incubation and that shorter
term incubation doeg not avoid the problem. They suggest

that incubation under N:z for lê h provides better results
and that under those conditions the digest contains only a

srnall amount of particles u¡hich are dispersed by shaking to

form a hornogeneous suspension. Another way t:f reducing the

amount of particurate rnatter in the present study, hras to
use tissue såmples weighing 2 g or less. Frock and Bollrnan

(1955) suggest that larger tissue samples results in a trt:r-

responding increase in the amsunt of interfering particulate

material in the extract"

Rosenberg & LaRoche (1?å4) found that {reezing of the

hydroly=ate cåusels aggregations of particles resulting in

unequal di=tribution s{ 'Tø. It h,ås {irst suspected that T4

was destroyed by using prolonged hydrolysis and through
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freezing and thawing sårnples, but the authors were able to

reEÕver the 'rnissing' T+ when methanol-NH= extracts h,ere

rnade f rorn the hydrolysates and chrornatographed. T=, losses

due to freezing should not t:ccllF in the present study be-

cåuse the hydrolysates were re+rigerated after centri{uging

and neveF frozen. hlhether the use of frozen tissue prior to

hydrolysis (only {ish used in constant infusion were pre-

viously frozen) af{ects later extraction is unknown.

Loss of radioactivity through centri{ugation occurred

in the present study when the initiar hydrorysate wås cen-

trifuged after extraction- This left a pelIet ¡uhich corî-

tained 1.5-L7.67. o{ totat added radioactivity (when rtTs wå5

added in vitro) and 2.A-2.à"O7. (when JfTs wa= added f n y¡:¿g.) -

Cornparable losses of T+ in centrifuged compared to uncentri-
fuged supernatsnts wer¡-Er also r=otrralo by Rosenberg and

LaRoche (1964). They concluded that the T^ç pre#erentialty

adsorbs to the hydrolysate particles and is rernoved from the

supernatant u¡hen the particles are spun down. rn the present

study, the wide range in radioactivity loss after centri-

fugation, suggests that adsorption of radioactivity onto

particles (and in turn the pelretlo varies between tissues.

Kidney and rnuscle tissuen for both in vivo and in vitro *T=

addition, showed the highest loss. Houuever, it ¡¡¿as not

deterrnined i+ the radisactivity left in the pellet consti-

tutes only T=. Since centrifugation after tisgue digestion
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integral pãrt tr+ the extraction processe sorne loss of

this point is unavrlidable-

The uncentrifuged hydrorysates exarnined by Rosenberg

and LaRoche {19å4) u¿ere derived {rom very dirute sample,s

cornpared to the pre=ent digested tissues. A moFe åppropriate
cornparison to their sampre and results in the present study,
is the effect of centrifugation on the finel reconstituted
extracts, which after centrifugation, showed the sccurrence

of preferential adsorption o{ hormone to particles. To avoid
Ts less, particles in the {inal reconstituted extract ¡n,ere

allowed to settle out before withdrawing =amples. Aliquots

contained a homogeneou= arnount of radioactivity cornpared to
the proportion remaining in the test tube with the sediment.

Thus, it seems likely that this sediment does not contribute

to preferential adsorption of TE,.

Finally, it must also be considered that in the study

by Rosenberg & La Roche t1?64) only T4 was exårnined. It is
arso unknou¿n whether the rnethodg and results of Rosenberg &

LaRoche (Lqb4, and Inoue & Taurog (1967, are spptrific {or

thyroid tissue or i+ they can be applied to other tissues,

2. Extraction Hethods

In previous =tudies, ts¿o extractisn procedures have
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måinIy been used, although the rnethods of assaying thyroid

horrnones varied. ûne o{ these rnethods is extraction by

alcohol , using either butanol (Nejad et al " t975; vån

Hardeveld & Kassenaar t976r1 rnethanol (Cavalieri et al-

19Ël4i Florreale de Escobar et aI" 1g€}5? 1gBó), or rnost

{requently, ethanol (Gordc:n & Spira 1975; Ebregon et aI -

1974). Þespite the variety of alcohols used, it is unknown

i+ notable differences exist in the extraction powers o{ the

alcohol and whether those di++eFerìEes depend on the type of

rnedi urn {rorn ¡¿hi ch the extracti on i = rnade ( i . e. ti ssues or

biological fluids). Method rI used in the present study is å

modif ication t:f Flock and Borlrnån's (1955) method u¿hich uses

ån initiar alcohol extraction follou¡ed by a chroroform/am-

moni a ¡.lash -

3. The pH of Extractant

The quality o{ the extract seerns to be influenced by

the pH o{ the solution. Eìross and Fitt-RiveFS (rgsr, r?gz)

found that by acidifying pla=rnå to a pH of l-? before

extraction of iodine compounds, the quantity of thyroid
horrnone extracted increasedo but was not quaritatively

affected. This method was modified (Nejad et aI. lgTS¡ vårì

Hardeveld & Ka=senaar L976) by addition of zN Htrl to the
alcohol, rather than the plasrna or tissues. The use o{

acidi{ied alcohor, howevero cår¡ lead to the fsrmation t:f r=,

and Ï.+ esters i n pl egrna and other bi t:l ogi cal f l ui ds, whi ch



62

interfere with chrornatographic separation and åEsåyE sor

thyroid hormones (Belrabarba & sterling L9c'9-, - Thyroid

horrnone esters rnåy also form in extractg frorn tissues. Ester

formation, hourever, can be reversed i+ extracts werE made

alkaline () pH 9-ö) as sooF¡ as possible (Eellabarba &

Sterling 19å9).

In the present study, a further di{ficulty associated
with the use t¡f acidif ied ethanor t¡as the f c¡rmation of
particLes ¡ehich physically interfered with the assay and

which left the possibilitrT of thyroid hormone binding to the
particres making the hormone unavailable to the assay. uge

of ån alkaline solvent avoids the above problems and reduceg

possible deiodination and arti{act formation in extracts run
through chromatography (Bosnnamsiri et al. Lg79at. Ëy using
ethanolic amrnonia (pH 11..4) ? the extract in rnethod rr ù{aE

held alkaline throughout the process.

4. trornpatibitity of Extraction F,lethod to RIA

Another factt¡r to be considered in the deveroprnent o{

an extraction method is the presence of lipid in the tissue
extract- Lipids have been shown to interfere with the
antigen-antibody binding in RrAs (rrvine Lg74i Takaishi et
al" L97a3 Tagawa & Hirano tgBT) as weII äE causing rnech-

a.nical problems o{ clogging tshen used on sephadex columns

{present study}. Tigsue lipids will invariabty appear in the
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extråct if onl1/ alcc:htrl is used ås ån extractant. De=pite

the possible l imitatiEnsB a,rcohc¡l extraction rnethods have

been u:--d quccessf ul 1y in the determination o{ T4 in eggs

and larvae o# coho salmon tKobuke et ar. Lg-B7 ) , and thyroid

hormone content of various rat tissues (Gordon & spira

1975), including skeletal rnuscle (van Hardeveld & Ì.*assenaar

l97E; Eoonnamsiri et al. 1979arb)- In the present study,

muscle wåE found to be one of the more fatty and problemetic

tis=ue when only ethanol extractit:n was used.

Interestingry, van Hardeveld & Kessenaar (lg7a) {ound

that the use of ethanol alone provided better regurt with
their particular RrA than when butanor extraction and sub-

sequent chloroforrn and ammonia washe= was used (van

Hardeverd & Kassenaar L976r. This indicates that extraction

method and RrA have to 'match' in order to obtain reliable

regults. Takaishi et al. (197El) compared ethanol extraction

alone to butanol ft:llowed by chloroforrn separation baged on

Flock and Bollrnan's (1955) rnethod for T:s extractisn {rom rat
liver, in regards to their cornpatibility with various radio-
immunoassåyg. similar to the resurts in the present study,

the use o{ ethanol alone left lipids in the extract where

they interfered vsith the assays (Tekaishi et ar. 1çza). use

of ethanol alone tcr extract T+ {rorn eggs o{ churn salmon also
showed that the extracts inter{ered with the RIA measurernent

{Tagawa & Hirano LSAT} " These authors believed that it hra=
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the lipoproteins ånd fatty acid= in the yolk that caused

nonspeci{ic bindinE to T4 in the RIAr ås this did not occur

when ethanol uuas u=ed on whole iry. This problern hrås

eliminated by u=ing rnethant:l and chlaroforrn for T4 extrac_

tisn (Tagawa & Hirano LqA7, " Takaishi et aL (L979,

trontrluded that a particular extractien method may not be

compatible with a particular RrA, but may stil.r be adequate

for Tgl assay by a di{ferent technique.

For the trout tissues investigated and the particular

RIA used, extra,ction t^rith ethanol and subsequent chl¡xro{orm

and NH.+6H washing (method rr) seerned to be mogt compatible.

The distribution of cornponents (water, Iipids, etc_) of an

ethanol extract within the chloroform and a¡nmonia layers was

investigated by Forch et al- (1957) who contrIuded that this

distribution depended on the salt and ienic content of the

ti=sue extract- t¡Jhi 1e the second solvent extraction improve=

T:s' retrtlvery, this is achieved at the ct:st of en additional

step in the procedure and the necessity of working under the

fume hood because of the potential danEers .From using

chlorofEFm. chloroform reacts vigorously with å number o{

ctrmmtrn chemicals such åsr fluorine, Al, Cu, Nzü+o Na,

Na./methanol , NaoH./methanol and sodium methoxide (Bretheric

19E} 1) ¡,¡hich rnust be considered in any step prior to chloro-

f orrn addi ti on -
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Despite the success of u=ing a second solvent extrac-
tion to rerncrve lipids, sub=equent validation of Ts, rgtrEvery
by RIA still shoeeed interferenEe. To recapitulate the re-
sults, the RfA overestimated the Ts present in a tissueless
standard that had undergone extraction, but the added rs o{

an unclxtracted stendard wås àccurately measured by the sarne

RIA. These results and the inconsistent recovery of Ts added

to tissue såmpres suggest the presence o,f tu¿o antagonistic
{orces: t1) Both standards contained no tissues, therefore

no endogenous Ts wås present to contribute to the higher

than added T:s conEentration in standard 1. Fossibly, å

substance in the extract resernbling T:sr cornpetes r,vith the
actual r¡= {or the antibody in the assay. consequently, *Ts

binding to antibody is reduced, falsely indicating higher
concentrations o.f unlabelled Ts by the RIA. (2, RIA done on

tissue sarnples resulted in, f or the rnajority, å recovery o{

legs Ts then wag added. This suggests that something in the
tissues thernselves cåuses a suppression of RIA deterrnined

Tg.

From the results sf serial dilution (Fig.S), it can be

shown that the substance åssumed to interfere with the RIA,

can also be diluted along uuith the actuar hormones, a fact

¡+hich invalidates the use of the dilution procedurEl ås a

check {or the authenticity of measured T*. This interference

wag not apparent in recovery of xÏls by the sarne method
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(Table 1). It was concluded that method II s,ras not

tible with the RIA-

cornPå-

5" Non-extractable Compounds

hlhen accounting for total amounts of T=, in tissues the
possible occurrence o{ unretrovErrable oF non-extractable (NE)

thyroid horrnones, or components o{ thyroid horrnones (regard-

Iess of methods used), should be considered. Bne hundred

percent recovery of Ts, rnåy be an impossibility with tissue
sampl es.

surks and oppenheimer (197o) demonstrated by injections

of 'z=J-labelled rs and r+ into rats, that a fraction of the
hormone redioactivity is transfered to circulating and

tissue proteins" They believe that these proteins bind the

residual t'zsr that is left in tissues and plasrnå after

alcohol extraction" Approximately loz of the tissue organic
1zl5J h,ås in the {orrn o# these NE lzsl in liver and y¿hole

body homogenates and hydrolysis of NE 'z.r sho¡red that it

consists oS !'asl-FlIT, tzsl-iodothyronines, and l:esl, but no

tzsl-DIT (Surks & Oppenheimer 1?70)" These authors assurne

that the hormone molecules år.e convalently rinked to tissuer

structural and soluble proteins, Dratman et al. (l?7o) also

report the presence of covalently bound raE protein frac-

tions in tadpole tissues which åre supposedly generated in

vivo after injectisn of laE-T"q. Hydrolysis of the protein
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{ractions (çimilar to NE cornpounds found by Surks and

oppenheímer 197Õ, yielded toc-T*, r4c-DrT, and unidentified
product= berieved to be {ormed frorn incomplete hydrolysis of
the labelled proteins (Dratmen et al- LgZOr-

It is interesting to note that in both of the above

studies, the cornponents of the NE {ractions could only be

exarnined af ter hydrolysis by prona=e, the main Ê]nzyrne uged

for tissue breakdown in the present study. hlhether the use

of pFÐnåse releases NE Ts (during digestion) otherwise

trapped ¡,¡ith the other NE cornpounds is unknou¿n. This sug-

gests that the Ts retrovered by using enzyfne digestion rnay be

greater than what is recovered by the alcohol extraction

process.

The IP {ound in chromatographs in the present study,

rnåy be a constituent of the NE #raction. Enzyrnatic digestion

rnay cause a breakdo¡un of this rP" Therefore less rp appears

in tissue chrornatographs than in the plesrnå, which did not

undergo digestion and extraction. r+ the rP is 'non-extract-

able' or partialty extractable, this v¡ould also explain the

larger quantities o{ IP in plasma compared to tis=ueË-

Surks and Oppenheimer (1970), and Dratman et aI. (1970)

suspected that part of NE rnaterial. found in tissues rnay

represent trapped rabelled prasma proteins- This possibility
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rnust be considered in the present study since tis=ues !{ere

not per{used be{ore extraction- Present regults also shor¡¡

that residual radioactivity, left in the pellet after cen-

trifugation of tisgue digestso and sühich possibly Eorres-

ponds to NE rnaterial åppeårs to be tissue-specific and

repraducible. This agrers ¡arith {indings by Eordon et al.
( 1992) .

In the present study, unlabelled Ts added in vitro to
tissues r'¡s= found to be unrecovErrable when assayed by RIA.

This poor recovery of unlabelled Tsr is believed not to be

due to forrnation of NE iodothyronine cornpounds, but ig

likely a result of incompatibility of the extraction rnethod

s'¿ith the RIA.

6" Deterrnining T¡3 Êoncentrations by xI- Infusion t6¡ IE

ldhen continuously supplied with an external source of

*I ¡ trout did nst íncorporate detectable amounts o# the *I

into thyroid hormones. Similar results were obtained by Chan

and Eales (1975) a,fter a single ínjection of *I into brook

trout (Salvelinus fontinalis)" These authors speculated that

this f ailure to detect labelled thyrc¡íd hormones t¡as due to

low pIåErnå thyroid hormone levels and/or high plasma it:dide

level which caused slot¡ radioiodide turnsver. Rainbou¿ trout

also have a large plasrna iodide pool u¡ith a slos* turnover
(Eale= L977bl I but plasrna iodide levels åre about two-thirds
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Iouser than for brook trout (Hunt & Eales t97gr" Jacoby and

Hickrnan (L9ââ) successfulIy detected circulating iodocom-

pounds in juvenile rainbow trout when given serial injec-

tí ong of Nla*I unti I i sotopi c equi t i bri urn had been reached

after 5å days" This discrÉpelncy u¿ith the present study

cannot be easi ly explained. Possibry, juveni 1e rainbou,¡ trout

have a faster iodide turnover than adults" Furtherrnorer on å

weight-specific basis, the tcrtal amount crf +*I infused in

this study wãrs, even at the highest concentration, only

about 3Õ7. ar the radioiadide supptied to trsut in the study

by Jacoby and Hickrnan (1966). Since most of the iodide in

the pl;rsrna pool is not destined for thyroidat use (Hunt &

Eales L979r, relatively small arnounts of the rabel might not

have been detected.

7" Deterrnining Ts Eoncentration by *Ts fnfusion to IE

*T¡¡ wes directly in{used into trout, and isotopic

equilibriurn wås succes=ful1y reached. The chromatography

prof i les f rom the tisrlre extracts al l showed di stinct Tis

peaks at fractions 2A-3O" Another peak that occurred in

nearly aI1 tissues, wås {raction 5. This pre-iodide peak of

radioactivity has been observed in similer chromatographs of

plasma from 1:eetl-rT¡5 and r'zsI-T4 injected trout (Eales et

aI . l9g3)" These authors assumed that this peak was a c6v€l-

lently linked radioiodine in the 4srnr o{ iodoprotein" Its

physiological significance rernains obscure. Various other
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Feaks apFeåred betu¿een I- and the Ts peak u¡hich ß¡ðy

represent breakdo¡,¡n products such åE Tæ (3rS'-Tz or SrS-Tz),

and in tissues such åE liver, intestine, and kidney, corÌ-

jugate products frorn bile and kidney, respetrtively, can be

present.

E. Tissue Concentrations of Ts

1. Trout and Rat T:s Concentrations Determined by RIA and IE
T¡¡ contrÊntrations obtained by RIA and chrornatographic

analysis (rE +ish), weFe not signi#icantty different between

the ttrro rnethods (Tables 314, & 5). This similarity shours

that although the RrA method was earlier cancluded to be

less accurate because of partial incompatibility r,uith the

extraction procedure, the T¡, fneåsurements welre stilt rrlithin
the sårne order of magnitude. Also the relative amounts of T=,

i n the respecti ve ti ssues ù{€rre si mi I ar.

Ts cBntr€lntrations h,eFe compared in trout and rats

tliterature values) for those tissueg examined in both

species (Table 6). T= concentrations in rats varied between

studie=, betsueen methods (u¡hether RIA or IE roas used), and

even between strain= of rats (Nejad et al. L?ZS, " Despite

these di++e¡.enceE, sorne generalities sElerî to stand out. For
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both rats and rainbow trout, kidney, liver, and intestine
have high rs cencentratiEns, s'hereas muscle has the lowest

values. The highest concentration o4 Ts found Éc¡r rat rnu=cle

(van Hardeveld & Kassenaar Lg7É) ceme {rorn a study which

only examined muscle tiggue, and it is unkno¡^ln ur¡hether thege
rats had an overall elevated T=, level in their tissues-

fn the rat, plasrna Ts cEncrntrations ärEr rather lotu,

ranging from ô. 1å to t).96 ug./mL. In trout plasma, the T.=

concentrations obtained by RIA were alrnost an order of

magnitude higher than those for rats, whereas for rE fish,
Ts troncrntrations ¡dere almost identical to those t:f rats
tïable å). (PlåEfliå T¡s contr€ntratìons in the IE +ish were

also rneasured by RrA. ) Brou¡n and Eales llg7z, deterrnined

plasma Ts Eonc€ntrations in rainbow trout of l.S-Z-O ng./ml.

An elven wider range of values is not unusual ås there is
considerable variation in plasrna T¡s in trout, depending on

csndition of fish BF the season- It seelrns therefore, that
levels trf circulating Trs Ërre somewhat higher in rainbow

trout than i n rats, ånd probabl y marnrnal s i n generar (EaI es

t97Sr -

2. Exchange of Ts Between Tissues and plasma

Ti ssue ts pl asrna (T lPt rat i os i ndi cate the di recti sn of
gradients bets^leen the blood and the respective tiEsue with

regards to Ts concentration. A ratio il-O suggests that the
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tissue takes up T3, frorn the' círculation and/or #orms T*,

i ntracel l ul arl y f rorn T^a, Once i ntracel l ul ar T.,, exceeds that

of the plasrna, T= rnust be retained against the gradient.

Conversely, a T./P ratio less than 1.0 indicete= a greater

contrentration o{ T=' in the plå=;rna than in a tis'gue. In light

of the uncertainties involved in the measurement t:f Tg

tissue ctrncentrations by RIA, only the T/P regults .From

isotopic equilibrium u.¡ill be discussed. Mean T./P values iFor

unstressed f ish sho¡,¡ thet I iver, kidney, intestine" and

stomach accumulate T=. These {our tissues also consistently

contained the highest concentrations oS Ts. Although

dif ferences in Ts: contrentrations between tisst.rers were not

statistically significant in stressed fishr di+ferences in

their T./P ratios between ti=islles hrerEr signi#icant. Further-

more, the exact såíie tissues as in unstressed fish retained

Ts' against the concentration gradient. This further supports

the idea that liver, kidney, and the gastro-intestinal tract

are sites of either T.s conversion and./or uptake and storage

of TlE; from the circulation.

For mamrnals, T./P ratios f ound in rats shor¿ that the

concentration o{ Ts in most tiseues exceeds that of pla=ma

(Obregon et aI . L97Bi vån Doorn et al . 19AS) rntrr€r profoundly

than in the case of trout. Similar to trout, kidney (1.3"94)

and liver (9.35) are åmong the tissues with the highest T/P

ratios (van Doorn et al. 1945), suggesting that these tEso
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orgåns åssume speciåI impontance for peripheral rH rneta-

bolism in all vertebrates-

T:s åtrEumulation fnåy be accomplished by various T*

translocation rnechanigrns at the cel rular Ievel . Evidence

frorn in vitro studies sugge=t that iodothyronine transport
is assisted by plasma-membrane proteins (oppenheirner & surks
19743 Rao et al - L976i Ecket et at. 1979; pardridge 19a4).

The accessibility Ts has into a tissue rnay also be

reflected in the arnount o{ T¡s {ound in a particular tissue.
A factor that determines the exchange of Tl= bet¡¿een plåsm¿¡

and tigsue is the perrneabirity of the endothetium of the
vessels bathing the tissue- The morphology of capillaries
differs in endotheliurn structure and cell to cell junctions,

and there ig evidence for regionar differences in perrne-

ability arnong capillarieg of the same morphological type
(Bloom & Fa¡scett 1975). The endothelium lining inside the
1 i ver has rel ati vel y I arge gaps u¡hi ch al l or¡ cI ose contact
between pLasma proteins and the cetr I rnembranes of the hepa-

tocytes (Pittman 1979, " In rnuscle the ress protein-permeable

vascular endotheliurn rnay account for the slou¡ plasma-tissue

Ts exchange rate (oppenheimer lgas), therefore low guanti-
ties of Ts entry and lo¡,s Te, concentrations.

Transport o{ T3; rnay not only be tissue-speci#ic, but is
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influenced by tarhether the tissue is studied in vitro and in

vivo. This may explain b.¡hy in the present study, retrovery a{

a *Ts source added in vitro, di+{ered from that of xTs,

incorporated by the fish in vivo (TabIe 1)" DifferÊnces in

*Tc¡ retrovery betu¿een tissues in vivo, indicate that T=¡

distribution and incorporation rnåy differ betu'¡een tissue

types. Extractic:n variabílity possibly depends net only on

Ts: entrance into tissues, but also on the intracellular TE

binding ability of a tiÉsug!. Bnce T:s enters into the ceIl

most of the hormone becomes åssociated u¡ith cellular cornpcr-

nents such aE organelle=, rnembFanes and soluble proteins,

and only a srnall portion of intracellular Ts exists in free

{orrn (Caval ieri & Pitt-RiveFE 1991) " Another way f or tissues

to establish and tcr retain å Ts concentration gradient

against the plåsmå, is to bind availablel Ts to these intra-

cellular binding sites, thu= 'trapping' any free or incoming

T=. It is unknown i+ the number oF types of binding sites is

speci{ic for å tissue type, but if T./P ratios of Ts concen-

trations FepFesent a useful indicator¡ at least sorne cell

types o{ kidney, livero and íntestine rney have larger

nurnbers of such sites"

5. Fast and SIow Equilibration Tissue Pools

T,/P ratios and Ts cer¡cerntrations relpresent a static

picture oS the relationship between tissue and plasrna con-

centrations o.F thyroid hormones- The T¡9 content o4 u¡hole
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t¡rgàns ånd tissues can be cornpared usith estimates s# Te,

distribution found by kinetic gtudies which exarnine the TH

exchange rate betE¡een plasma and cellular pools.

From =tudie= with rats, Distefano et al. (lggza) deve-
loped a kinetic rnodel based only on plasma meesurements,

which breaks down the distribution o{ Ts into three pools.

a+ the total body Ts pool | 3-47- is found in the plasrna 7 767.

is contained in what is terrned slor¡1y equi I ibriating (sIor.l)

tissue poors, characterized by tissues such as muscle, skino

and brain. The remaining l9--2t7- is contained in rapidly
equilibrating (#ast) tissue pools, typi{ied by liver and

kidney (Distefano 1982, DiStefano et at. lg€}Za). Tissues

such as heart and pituitary årE cc¡nsidered interrnediate in
their rate of equilibration (oppenheimer tgas)" This rela-
tive distribution a* T=, in rat tissue is nearly identical to
that in mån, when the data åFe noFflralized for body weight or
when calculated aE å percentaEe of total quantity (Distefano

1982' .

rn rainbow trout, the categorization e{ fast and slorr¡

equilibrating tissues has also been attempted follouring
cardiac injection o{ xT:s (Van Der Kraak LSTgr. Tissues that
{ollou¡ed the distribution of #Tsl in plåsma were liver
kidney, and gil.l and weFe considered fast equilibrating

tissues, Slow equilibrating tissues such as intestine
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EplEenu stornach, skinu rnuscle, and gall bladdere were

characteri=ed by a period of increased uptake despite

decreasing plasrna xTrs (Van Der líraak |g79t -

In order to compare the relative distribution of fast
and sloc,r tissue pools a.nd to compare the totat body Ts po6l

in trout, to those found in rats, calculations wer-e based on

organ Ts centent {or a hypothetical SCrt g unstressed fish.
The cornbined arnount of T:¡; from liver, and kidney (i.e. {ast
pool for rats) equals 15.4 ng (Table 7l " Assuming that the

{ast pool in trout makes up ?O7- a4 the total Tg body pool,

as has been {ound in rats (DiStefano et al. lgB2a} , the body

T=, pool would contain 77 ng. Fluscle tiss;uËl , a ctrrnponent E+

the slo¡,¡ tissue pool , accounts for â77. o{ body weight in

adult rainbow trout (Stevens 1?6El), and muscle Ts, alone

contains 123 nq in a SOCI g fish" Obviously the Te, body pool

mugt be substantially bigger than the above 77 ng estimate.

From these theoretical consideratit:ns, it tran be concluded

that if fast and slow pools cornprise similar tissues in

ra,inbosr¡ trout and rat, the percentage contributien of the

two pools to the total body pool o* Ts must differ betr¡een

these anirnals. This can be at least partially explained by

the some¡chat lou¡er concentration of Ts in both liver and

kidney of rainbous trout than that found for ra,ts and the

larger proportion of rnuscle tissue in salmonids.



Tabl-e 7. Amount of T3 Øg)/orqan of a hypothetical 3oog trout. organ weights
are calculated from organ to body weight regressions (see App.10).
T3 concentrations were taken frorn fisñ reacñing isotopic eqùifiuiiu*"
Muscle weight was taken as 672 of body weight.

Tissue

Liver

Kidney

cilt_

Heart

Stomach

Intestine

Muscle

Organ
weight (q)

3.58

2 "2L

3.70

o. 60

2 .69

1,.52

201. O0

T3 @g/g tissue)

unstressed stressed

2.46

2.98

0.51-

0.84

l_.35

3.80

o. 61

0.90

1. 58

o.25

o .52

L.25

l_. 5l-

0. 08

T3 (nq/organ)

unstressed

8.81

6. 59

1. 89

o. 50

3. 63

5.78

L22 .60

stressed

3 "22

3"49

0"93

0"31

3 " 36

2 "30

16. 08

co
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4" Sources of T='

The sources o{ Ts' available to a tissue must be consi-
dered¡ ås they rnay ultimately deterrnine the Ts concentration
of that tissue. Figure 18 summarizeg the major sites and

pathuray of rH metabolism in marnmals. rt shorug that apart
frorn receiving Ts directly {rorn the thyroid (sti1l question-

abre for {ish), most mammalian tissues åre capable of deio-
dinating T+ to T=¡ (trhopra 1977r - This Ts¡ is either released
into circulation where it enters the plasma pool oF rernains

within the tissue, {orming a further source of Ts at the

cellular leveL. In mammals, between 2o7. (schwartz et al.
LsTLl and é67. (silva et al. Lsa?l- of total rs, are obtained

through deiodination. studies with rats have shown that
liver and kidney produced the bulk of circulating Tig, (Chopra

1977¡ Kaplan 19€13; vÈ¡n Doorn et al . lga3). rn rainbo¡o trout,
as much a= 7ö"A o{ injected *Te undergoes deiodination to Tg

(Eales 1977tr,, indicating that the production o{ extrathy-
roidal Tg' is at least of similar rnagnitude to that in
mammal s.

Although deiodination trf To' has been established in

teleosts, not rnuch is known about the contribution of

specific tissues to the Ts, pool. Law and Eales (lg73) docu-

rnented *Tø deiodination to *I (but not *Tg,) in homoEenates

of brook trout gill., intestine, heart, and brain, but noÈ in

liver. In rainbou¡ treut, however, the deiodination and
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Figure 18. Physi o-anato¡ni caI model
bution, and excretion in
DiStefano 19E}4) -

o'F T=c SouFtrEs¡ distri-
mårnrîåls. (Hodified after
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the {orrnation of Ts has been shown to sccur in liver
(Pimlott & Eales 1943; Shields & Eales 1986), and kidney

homogenates u but not i n spl een, skel etal rnuscl e or- gi t I
(Macl_atchy, unpublished data).

Irnai et aI- (1981) has shown in ratso that there is a

positive ct¡¡-rÊlation between the deiodinating activity of ér

tissue and the Ts; concentration. In the present study, the

sårne correration may exist ås liver and kidney have a rela-

ti vel y hi gh T:r, concentrati on, whereas rnuscl e and gÍ I l tron-

centrations farl in the lower range of att examined ti=sues.

This is {urther supported by the {act that in the livers of

acid $H 4"7) and aluminurn (2O ¡-rtl) exposed rainbow trout,

deiodinasÊ activity is greatly reduced (HacLatchy, unpub-

Iished data)" The reduction in T+ deiodination rnay be

reflected in the tisgue Ts corrcentration, which in stressed

fish were lo¡+er than unstressed fish {present study) "

The ability o{ certain tissues to regulate 1ocal Te,

levels independent of plasrna T=: is also indirectly supported

by the present result o{ tissue specific T¡s contrentrations

and rråy represent an adaptive mechanisrn to regulate the

quality and quantity of TH action"

lilith regard to the {ate of locally generated Ts and its

contribution to intracellular T:sr considerable di++erences
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seern to exist between tissues. l{ost of the Ts produced .$rorn

conversion o{ T+ in rat river and kidney reenters the circu-
lation and account= for approximatery two-thirds of plasrna

Ts' (van Ðoorn et ar- lgBS). However, ruhereas onry a minor
portion of r.= within kidney celrs stems from rocar trÐnveF-

sion of r+ to T¡s' directly" in the I iver this E.'urtre sti l t
amounts to 4ö7- of total tisgue Ts (van Doorn et al. lgBS?

19€15). In muscle, this portion of total Ts g{as only minor

since Ts was found to be derived solely from plasrna (van

Doorn et ar- 19€12). It is unknown i{ the same partitioning
of locally generated T:s also occuFs in fish tissues- This
fnåy explain high Ts coritrelntrations in the liver of trout,
but in kidney, stomach and intestine, the T:s rnay also be

derived from plasma alone. It is possibleo therefore, that
liver serves aE e supplier of Ts for the rest of the tisslreg
by its deiodinatisn activity.

5. Physiological Significance of TH and Tiggues

A general overvie¡+ is given o{ tissue types examined in
the present study and their role in physiologicar inter-
actions ¡¡¿ith thyroid hormones in both teleosts and marnmals.

The majority of circulating hormsnes enterg tissues which

Ee¡-ve in excretion, degradation or metabolism of the
hormone, but rnay not necessårily be a target site.

skeletal rnuscre reFFesents the largest thyroid-horrnone-
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Eensitive ti=sue in mamrnars, and theref one rnay åssumÊ år1

important role in overall thyroid hormone metabolisrn. rt is
unknown if çketetal rnuscle is TH-sensitive in teleosts. The

ef {ect of thyroid horrnones on skeletar muscle in rnammals is
linked with regulating nonshivering therrnogene=is. A compar-

able effect in poikilotherms has not yet been described and

probably does not exist. Ts .Formed locally frorn Ta has been

demonstrated in rat skeretal muscre (van Hardeveld &

llassenar L97tJr, but the rate of T+ convergion to Ts, did not
correspond to the higher rate of T:s rnussle uptake. Varia-
tions in uptake rate weFe further cornplicated by urhether the
muscle was of the red or white type (van Hardevetd &

Kassenar ls7ar. Although muscle tissue has lo¡+ Ts concentra-
tion, when compared to the other tissues (Table s), its dom-

inating contribution to total body rnass mekes it the singre
largest source of T:sr possibly actíng as a storage site. Rat

muscle tissue cornprises åpFroximately soz. of total body

weight (DiSte#ano et al. l9BZb)g in rainbow trout, this
percentage is even higher, at åpproxirnately á7y. oi totat
body uoeight (steveng 19ég) "

Skin in teleosts has been reported to sho¿,s a wide range

of tresponsels to THs- For example, color changes can be

induced by increasing depasition of guanine crystars u¡hich

increases si lvering (Flatty 1985) , or by altering rneranophore

densities {Ea}es lwsr. Skin and qi I t are pogsibre sites of
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T:s atrtrumulation because both tissues may act ãs extrretion
and./or absorption pathways" Such transport of Ts is plaus_

ibre because of the large surface area of skin and gills and

their prc:Ximity to the environment. The existence of the
above pathways has been indirectly supported by observations
that rsr trari be introduced into raínbow trout via irnmersion

into water containing Ts, (EaIes & Ct¡llicutt tg74E Omeljaniuk

& Eales 19E15). under those conditions, absorption of rs may

have occurred via the Gr tract, but this route has been ct:rl-
sidered negligibre for freshu¡ater fish (Eales & trollicutt

1974, " Present Ts contrentrations in gkin and giIIs t^rere

among the rowest for any tissue measured. hlhile these re-

sults indicate that neither gitr or gkin act as storage

sites for Tsr they do not exclude the possibility that these

two tissues act êrs exit oF entrance way fsr Ts y¡ithout åny

accumuration at the site. rt remains unknown ¡,uhether the
teleost skin acts ås å site for deisdination o# T4. to T¡' as

has been suggested for humans (Hays & McEiuire lg€t0).

rn the mammali.an hearto a, rerationship exísts betvseen

catechoramines to cardiovascurar changes (e.g. increased

cardiac output, accelerated heartbeat) in altered thyroid

states, although it is not cornpretely understood at what

level the interaction between TH and catecholarnines take

place (Freedberg & Hamolsky Lg74) " TH has been found to

increase the number of p-andrenergic receptors in rat hearto
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but this increa.se in receptors åppears to be species

speci{ic (f'lorkin 1944). No parellel action has been investi-
gated in teleosts"

Not much is known about direct rH interactions with the
stornach in either marnrnals t:F teleosts. rt is unknown i{ T.=

is deiodinated in the stomach arong with ingested food c:F if
it is absorbed be{ore being passed into the intestine ¡,rlhere

absorption t:f Ts cErn c¡trcur (van Hiddlesu,¿orth Lg74,l - The

relatively high Ts contrEntrations o{ stomach tissue {ound in
the present study tentetively suggest that soflie! storage of

Te' takes prace, which may be perípherally generated or

absorbed from the food-

Liver and kidney arr generally considered responsive to
TH and are the tissues most often studied due to their large
size, and high T¡¡ contrentration (Table 6). Both are also
sites o{ active deiodination of T.ç and are tronsidered to be

a major source o{ Ts in mammals (Chopra L9-773 vån Doorn et
al . 19El2). These oFgåns represent routes throuEh r¡¡hich rHs

are broken down, conjugated to glucuronides and sulphates,

and excreted as bile or reabsorbed (ËaIton & Fitt-Riverg

1959; van Hiddle=rrrorth L974; Pittman L9797 FiS. tZr.

Although Ts in bile sgas not examined in the present study,
bile b¿ås considered to be a contaminant in riven and intes-
tinal tissues-
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A bilary excretion route for Ta a.nd T:s has atrso been

dernonstrated for brook trout (Eares et al. tg7Lr. rn the
present study, {ish h,ere starved tc] reduce entry o{ bile
inttr the intestine. Rainbow trout that received an ambient

source of *T:sr shcta¡ed that discharge of radioactive bite
into the intestine a{ter tuuo days of starvation contributes
only negligiblly to intestinal radioactivity (EaIes &

collicut 1974r - Nevertheless, the present study still found

bile present in the sarine solution after rín=ing, indi-
cating that bile rnay =tiII be released and retained in the

intestinal 1íning after starvation. Therefore, bile may

stilI be carried through the extraction procedure along with
the intestine extract.

The presence o{ bile containing an asssrtment of

horrnones and conjugates, ag welI as the possibility of rH

analEguer formed within the intestine, rnay explain the
presence of the very large peak in the corresponding chroma-

tograph for unstressed fish (Fi9. ls), possibly indicating
the presence s# Tr Ðr T=- The high concentration of T¡, in
the intestine rnåy also ref lect the possibility of Ts, f orrn-

ation and reabsorption"

Although enterohepatic cycling of T¡sE and Ts absorption
frorn the intestine has not yet been demonstrated in {ish,

studirs on rats have shown that when xT= is introduced by
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cånnulation, 437. o{ the #.Ts entering the Eut rsith the bile
was excreted aE #Tg in the ,iFeces- The remaíning 57% were

either reab=orbed and transported to the Iiver via the

enterohepatic circulation tlr de'graded in the gut (sternlicht

et al" 1944). similarly, hydrolysis of iodothyronine con-
jugates into T1, Tzr Tsr rTc,r and T*' in the intestine has sc¡

{ar t¡nly been documented for mammals, where the reaction

seerns to depend on the pre=ence of bacteria and is possibly

not enzymatic in nature (de Herder et aI. LgZ4r.
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use of alcohol alone (method r) or acidified alcohor aS

an extractant, u¡ag not useful for fatty tissuesc åE

l ipids h,ere extracted along with TB,.

use o{ a chlc,ra{erm/arnrnonia u¿ash af ter alcohol extraction
(method II) rernoved lipids and gåve ã retrEvery o{ added

*Tis reng i n9 f rom 55. E}7- ( ki dney ) to €}3. E}7. ( heart ) -

Recovery of unlabelled Trs' (measured by RIA) h,ås incon-
gistent and it wes ctrncluded that the extraction method

is incompatible with the RIA method.

Ts concentrations obtained by an alternate procedure

involving chromatography of tissue extracts frorn fish

receiving constant *T¡s infusion until isotopic equili-

brium wes Feåched generally fell into 3 groups: highest

TE in intestine, kidney and liverg intermediate Ts in

heart and stomach; lowest Ts, in gillo muscle and skin.

The relatively high Ts concentration in kidneyo liver and

intestine, and lorrl ¡nuscle T=, concentration are gimi Iar to

literature values for rats.

Tissue-plasma Trs ct:ncentration raticrs rtJere =igniSicantly
di+ferent between tissue types, indicating differences in

Tg metabcrlism betu¡een tíssue=.

Ts; trofttrentratirlns o{ tissues frorn acid or acid and alu-

rninurn stressed trout had the sårnel relative distributisn
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ås did tissues o{ ungtressed fish, but absc:lute Ts,

concentrations were signi{icantly 1ou,¿er"

Ts' contents of trrgans of a hypothetical 3öo g stressed

trout hrerre lower than those for an unstregged f ish, the

quantity of Ts of skeletal rnuscle being 7 tirnes lower in
stressed {ish-

In ccrnclusion, it l¡rrËrs possible to (a) measl¡re ths Ts, con-

centration in various tissues of the trout, (b) shorrl that
dif{erences do exist between tissue types and (c) 

=hsw

that the T= concentration can change due t¡3 the physio-

logical =tate of the fish.
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Appendix 1" specific activity caìculated from prasma values
at tÍme of death and used for deteimininq Te
concentration in tissue extracts. Fish tIS üere
unstressed, fish 6 was acid stressed (pH 4.g),
and fish 7-B were acid and aluminum stressed.

Fi sh Pl asma Ta
(cpm/mt )"

Pl asma Ta
(nglml )"

Specifíc Activity
( cPm/ng )

1

2
3
4
5
6
7

I

2052"09
2492"90
6077 "45
3535.67
3400"42
4117 "34
2867.56
3354.38

1.35
1 .10
0.78
0"30
1 .35
0 "77
1 "88
2.09

1398.46
2084.97
7261 "37
L730.23
1496.84
4856 "35
8793.85
2285.95



Appendix 2" Recovery 9f rg from homogenized and enzymatica]ly
digested lívei and kidney. T3 cpm determined by
short column separation. Valües- represent
means (+SE) of 3 fish.

homogeni zed

Supernatant T3 cpm % of total

di gested

T3 cpm % of total

1

2

3

4

5

6

130.1 +11.1

707.4 !72.2

53.5 + 3"2

29.8 + 5.1

22.6 + 3,0

20.6 + 0"5

46.9 +13.7

15.7 + 4"3

12,8 + 3.4

11.3 + 1"6

10.4 + 0.5

10.1 + 0.9

a) Liver

35.8 +2"5 153.6 i.28.6

29"3 +L.7 128.4 !29"7
14"8 +1.4 34"8 + 8.7

8.2 +L"4 15"9 + 3"2

6"2 10.9 10"5 + 1.5

5.7 +0.4 8"2 + 1.4

b) Kidney

42"6 +4"8 41.1 +11"9

L4"7 +3.4 21"2 + 6.2

11.6 +0.9 16.5 + 5.9

10.8 +0"8 12.0 + 1.4

10.3 +1 .7 I "2 + 2.2

9.9 +1"3 9.4 + 1"5

43.8 +6"4

36.4 +6.9

9"6 +I"7

4.7 +r.3

3.1 +0.7

2.5 +0 "7

36.6 +5.6

19.0 +3.2

15.l. +3.7

12.0 +3"1

7 .7 +L.7

9.7 +3.2

1

2

3

4

5

6



Appendix 3. Percent radioactivity recovered
from rainbow trout tissues after
in vivo addition of *T3"

after extraction
in vítro and

Ti ssue

in vitro in vivo

Fish 1 Fish 2 Fish 3 Fish 1 Fish 2 Fish 3

Li ver

Ki dney

Giil

Heart

Stomach

Intesti ne

Muscì e

Ski n

79 "7

72.2

65.7

7 4.t

66.8

72.3

63.2

66.0

63 .0

63"9

63 .0

67 .9

67 "6

62"4

75.8

79.4

74"?.

85 "8

61"9

76 "9

73 "6

59"1

87 "5

82.6

93 .3

88 .2

7L "6

79.3

76 "5 75.6

53.7 54.5

77 "9 83 .0

94"8 74"0

77 .2 72"0

88.5 69.9

69.8 63"6

72.5 66 "0



Appendix 4" TS.tissue cgngentrations (determined by RIA)arter 3 seri al di I uti ons òr the extract. val uesrepresent mean (+SE) percentages. IOO% corres_ponds to the undîluted sample.

Di'l uti on

Ti ssue n 50% 25% 12"5%

Li ver

Kí dney

Gill
Heart

S tomac h

Intesti ne

Muscle

Ski n

53"0 lL.7
58.1 +2 "5

55.5 :2.0
53.1 13.4
48.3 +3.3

54.6 13.5
43 .8 11 .6

56 .4 +3.0

27 "9 +1.6

30"9 12.0
28 "0 14.1
30.2 +5.5

28.L .3 " 0

28 "9 11 .7

29 .7 14.5
26.I +3.3

13"9 +0.9

15.3 +0.4

16.5 +4.5

22 "7 19.0
16.5 12.g
14.5 +1"3

10.9 +2 "2

19 "8 +4"4

8

I
I
7

9

9

9

9



Appendix 5. T3 tissue cgngentrations (determined by RIA)after 3 seri al di i uti ons of extracts from
tissues with and without an added Tg dose.
Vgl ues represent mean ( +SE ) percentãges.
100% corresponds to undTluted samplei.

wi thout T3 wi th T3

L2 .5% 50% 25% 72"5%Ti ssue 50% 25%

Liver

Ki dney

GÍI]

Hea rt
S tomac h

Intesti ne

Muscle

Skin

56"1

58. L

64 " 3

29 "8

53,4

5t "2

46 .8

48.7

28 "3

27 "4

28 .8

16.0

23 "9

29 "3

34.9

25 .7

13"9

12 "6

16"8

5"8

I0 "7

L2.9

2I.5

12.3

47 "9

55.0

52 "9

54.8

62 "7

53"9

48"1

60.4

25 "7 L2 "7

26"4 19.0

29.5 15"3

30"0 15"5

39.7 20 "I
31.0 10.5

23.2 11.6

28.7 L7 "5



Appendi x 6. Concentrati on of T3 (ng/ g
pì asma T3 concentráti on (

by R IA. Val ue s c orrec ted

ti ssue ) and ti ssue/
T/P\ va'l ues determined
for 100% extracti on.

Fish I d Fish 2 0t Fish 3 f Fish 4 I
TÍ s sue T3 T/P T3 T/P T3 T/P T3 T/P

Li ver

Ki dney

ci't 1

Heart

Stomac h

Intesti ne

Musc'le

Skin

Pl asma

4"50 0"52

6"50 0"76

3"16 0"37

4"31 0"50

4.84 0"56

3.37 0"39

1"64 0"19

3"09 0.36

8.58

3.26 1.59

2 "30 L .L2

L.20 0.59

2"58 1.25

L.I2 0 " 54

2.57 L "25

L " 55 0.75

0.98 0.48

2 "06

L.37 0.60

0"95 0.42

0,69 0"30

1.36 0.60
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Appendi x 10. Li near equati ons for - 
organ wei ghts of rai nbow

trout. The ana'lysi s i s based on body and organ
weights of 48 fish-ranging in weights from L7L-
70?. g Ín the equations" y = organ weight in
grams; x = body weight in grams.

0rga n Equati on r2

Líver

Ki dney

Gi'l I

Heart

Stomach

Intesti ne

y = 1.390

Y = 0.735

Y = L.029

Y =-0.2t2

Y = 0.977

y = 0"862

0.0073

0.0049

0.0089

0 "0027

0 .0057

0 " 0022

X 0"44

0"42

0.44

0.31

0"39

0 .08

<0.0001

<0"0001

<0 " 005

<0 .000 I

<0 .000 1

n.s"

X

X

X

X

+

+

+

+


