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ABSTRACT

A method of extracting 339,33 ~triiodo-L-thyronine (Tx)

from eight tissues of rainbow trout (Salmo gairdneri) was

developed. Tissues were digested enzymatically by colla-
genase or pronase, followed by extraction with ethanolic
ammania, and then a chloroform and ammonium hydroxide wash.
Extraction efficiencies of added =2®1-T_ ranged {from 55.8%
(kidney) to 83.8%Z (heart) and were determined for each tisg-
sue. However, extraction efficiencies of added unlabelled Ts
were unreliable as measured by radioimmunoassay (RIA),
showing that the extraction and RIA methods were incompa-—
tible. Therefore, to determine reliably tissue Ty, 12851-T
was administered by constant infusion to trout cannulated in
the dorsal aorta until isotopic equilibrium was reached by
72h. Sephadex column chromatography was performed on tissue
extracts and plasma. Ts concentrations (LT=1) were
calculated using the specific activity of plasma, and the
1291-Ts content from each tissue extract. Tissues were
divided into 3 groups according to Ts concentrations.
Intestine,; kidney, and liver contained the most Ts; having
mean concentrations of >2.0 ng/g tissue. Heart and stomach
were intermediate, while gill, skin, and muscle had consist—
ently lower concentrations of Ts. Tissue LT=1 of fish
stressed by exposwe to acidic water {pH 4.8) or aluminum

(21.6 pM) and acidic water showed similar ranking, but

iv



absolute concentrations of Ts were significantly lower than
those of unstressed fish. Differences in tissue [Ts] to
plasma [T=1 ratios between tissue types of unstressed fish
were statistically significant with intestine, kidney,
liver, and stomach showing ratios >1.0. Regression equations
relating tissue/organ weights to body weights were used to
calculate T= content of whole organs. For a hypothetical
unstressed 300—g trout, Ts content ranged from 0.5 ng for
heart to over 100 ng Ts for skeletal muscle. For stressed
fish, Tz content ranged from 0.31 ng for heart to 16 ng for
skeletal muscle. The relatively high [T=1 in kidney, liver,
and intestine, and the low muscle [Ts] are similar to
literature values for rats. Tissue differences with regard
to Tz concentration and content are discussed in relation to

extrathyroidal metabolism.
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INTRODUCTION

The two hormonal products secreted by the thyroid gland
of mammals are L-thyroxine (Ta) and 345,33 —triiodo~-L-thyro-
nine (Ts). OFf these thyroid hormones (TH) , Ta is released in
substantially larger quantities in most mammals (Bentley
1976). Ts, however, is believed to be the principle meta-
bolically active form of thyroid hormone at the cellular
level (Oppenheimer 1979, 1983; Oppenheimer et al. 1974).
Many thyroid hormone effects are initiated by the intra-
cellular binding of Ts to specific nuclear receptors which
stimulate the synthesis of messenger RNA for protein

synthesis (Kaplan 1983).

Of the Ts available to target cells, a large majority
is generated outside the thyroid gland by enzymatic S5'—-mono-
deiodination of Ts in peripheral tissues (Schwartz et al.
19713 Chopra 1977). The widespread existence of such de-
indination pathways in extrathyroidal tissues and the much
higher affinity of nuclear TH-binding sites in TH—-responsive
tissue for Ts than for Ts suggest that the question of how
thyroidal status is determined depends not, as previously
assumed, solely on plasma Ts concentrations but partly on Tz
levels and Ts interaction with the peripheral tissues (Eales
1985). The quantitative contribution of each tissue to the

total production of Ts from Ts is largely unknown. In rats,
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however , the source (i.e. plasma—-derived or locally—-produced
in the target cell) of Ts in parts of the brain, liver,

kidney and muscle has been studied vivae (Silva et al.

|5

1978; van Doorn et al. 1982, 1983, 1985), and actual tissue

Ts concentrations have been documented (Nejad et al. 1975;

Obregon et al. 1978; van Doorn et al. 1985).

In teleosts, the majority of work involving measure-
ments of TH and their correlated effects has been based on
blood plasma levels. The following generalizations about T=
and Ta plasma levels can be made (Eales 1979): (1) Tsa plasma
levels in fish are lower than for mammals; (2) Tz levels in
the blood are as high or higher than for mammals, (3) Ts
plasma levels are more constant than those for Ta. It seems
likely that these differences will be reflected in TH

concentrations in various tissues and organs.

There has been some evidence of an increase in protein
and RNA content of liver and muscle of Ts—injected tilapia,

Sarothercodon mossambica (Matty et al. 1982). Alsa, high-

affinity nuclear Ts-binding sites have been found in liver

of rainbow trout, Salmo gairdneri (Van Der Kraak & Eales

1780; Bres & Eales 1986). Therefore, initiation of TH
effects by intracellular Ts binding to specific nuclear

receptors may also occur in teleosts.
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Furthermore, deiodination of Ta resulting in Ts forma—
tion has been demonstrated, at least for salmonids (Eales
1977b; Shields & Eales 1986). This conversion of TH can be
expected, considering the negligible production of Ts by the
salmonid thyroid (Eales 1985). Conversion of Ta to Ts is of
relatively greater importance as an oVerall source of Ts in

teleosts than it is in mammals.

Tissue concentrations of TH in fish have been based
solely on tissue levels of radicactivity following single
injections of labelled T, in Atlantic salmon, Salmo salar

(Eales 196%) and in carp, Cyprinus carpio (Lone et al.

1983). In both cases, tissue radioactivity was not verified
as actual T, but expressed as a percentage of total tissue
radioactivity in relation to the injected dose of labelled
Ta. Furthermore, it is doubtful if the tissues could have
reached a state of isotopic equilibrium after a single
injection of the hormone. Recently the Ts content of eggs

and larvae of coho salmon, Oncorhynchus kisutch (Kobuke et

al. 1987) and chum salmon, Oncorhynchus keta (Tagawa &

Hirano 1987) has been directly measured using radioimmuno-
assay (RIA). In both studies whole larvae and/or egas were
homogenized and the Ts extracted by alcohols. Information

on Ts concentration in teleost tissues is presently not

available.



Knowledge of the distribution and concentration of Ts
in teleost tissue is of fundamental importance for under-—
standing thyroidal status and interpreting models involving
compartment kinetics. A certain Ts concentration may reflect
a metabolically active or inactive tissue. Furthermore, a
high concentration of Ts possibly indicates a Ts—generating
or a Tx—-storage site. If a tissue is metabolically active
but is known not to contribute greatly to deiodination, the
presence of a high Ts concentration may be an indication of
"used" Ts, no longer bound to receptors. Ts concentrations
may also indicate possible sites of hormone degradation

and/or excretion (Eales 1985).

The objectives of this study were: (1) to develop a
method for the extraction of Ts from tissues of rainbow
trout, and (2) to determine Tz concentrations in each
tissue. The latter objective was attempted a) by direct
measurement using radioimmunoassay (RIA) and b) by bringing
the fish to isotopic equilibrium (IE) by constant infusion
of [*2911Ts (#Ts) via a cannula, and then determining tissue
Ts levels from the #Ts specific activity. Tissue values were
then compared between small groups of available fish that
were either unstressed or had been exposed to acid or acid

and aluminum stress.



MATERIALS AND METHODS

A. Fish Maintenance and Treatment

1. Experimental Fish

Rainbow trout of both sexes and varied degrees of
maturity were obtained from Rockwoad Experimental Hatchery,
Balmoral, Manitoba. Fish were held in 2.3 kL fiberglass
tanks supplied with flowing, aerated, dechlorinated Winnipeg
city water at 12° C under a 12h L:z12h D photoperiod (08:00-~
20:00) . They were fed Ewos (Rundle Feed Mill, Palmerston,
Ont.) or Growers trout pellets (Martin Feed Mills, Elmira,
Ont.) once daily at a ration of 1-2% body weight. Trout were
starved 2-3 days before dissections to decrease bile produc—
tion. Prior to blood sampling, or other manipulations, trout
were anesthetized in a solution (0.07 g/L) of tricaine
methanesul fonate (MS 222; Syndel Laboratories Ltd. ,

Vancouver, BC).

2. Protocol for #I infusion

In experiments involving constant infusion of Nar=871
the Nal®S] (Na#l) was introduced into 3 trout, ranging in
weight from 210 to 260 g, via a surgically—implanted, self-
powered Osmotic Mini Pump (model 20013 Alza Corp., Palo
Alto, CA.). Pumps were implanted under anesthesia, into the

coelom via an incision made ventral and slightly lateral to



the pelvic fins, and the incision was then sutured. At a
mean fill volume of 22%.0 ul, and at 12° €, the pump
continuously released an average of 6.2 pl/day of a Nal
solution into the fish. Concentrations of Na#*I used for each
fish were 1.0 pCi/pl, 0.5 pCi/pl, and 0.25 pCi/pl. Dilutions

were made with deionized and distilled water.

3. Protocol for #Ts infusion

In experiments inveolving constant infusion of #T=,
trout of 300-400 g were used. Fish were kept individually in
70-L glass aquaria at a 14h L:10h D photaoperiod. Constant
infusion of #T= was administered by large osmotic pumps
(model 2ML1) placed outside of the body. The medium
containing #Ts was a plasma-saline (1:9) solution. Fish were
cannulated through the operculum to the dorsal aorta.
Detailed cannulation procedures are given in Brown et al.
(1986) . After cannulation, fish were allowed to recover for
7 days before exposure to acid or acid and aluminum for
another 7-day period. Three days after the start of acid or
acid and aluminum stress, or after recovery from cannulation
for unstressed fish, a single 1.0—-pCi priming dose of #Ts
was given to each fish before infusion with 0.05 BCi #T=/h
until isotopic equilibrium (IE) was achieved. IE is defined
as the state in which a uniform specific radicactivity has
been reached throughout the body when the tracer is adminis-—

tered through continuous uptake (Jacoby & Hickman 1%9&66).
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Tissues and plasma samples from eight fish were obtained. Of
these, 5 were held at pH 7.7 {(unstressed) whereas one of the
remaining fish was acid (H=504,)-stressed at pH 4.8, and two
were stressed by a combination of acid (pH 4.8) and elevated
aluminum concentration (21.6 pM) in the water. Fish were not
fed throughout the experiments. All plasma samples were
taken at time of death (96 h after #Ts infusion),; and fish
were kept frozen (at —-229 C) until tis— sues were processed
for extraction of Ts. Plasma #Ts cpm used in determining
equilibrium was measured by separation assay using T= anti-

bodies, and plasma Ts concentration by RIA.

B. Blood and Tissue Sampling

Fish were anesthetized, blﬁtted dry, weighed (+0.1 g),
bled, and killed by concussion. Blood was removed from the
caudal vessels with a preheparinized i-mb turberculin
syringe and immediately centrifuged (International Cen-—
trifuge Model MB) at 15,000 g for 2 min to separate plasma.
Flasma was stored in 2-mbL plastic vials covered with

Farafilm at -20° C.

Whole organs (liver, heart, gastro-intestinal tract,
and kidney) and tissue samples (gills, skin, and muscle)

were removed from freshly-killed fish. Frozen tissues were



used only from those fish that had undergone constant
infusion. A 2-g sample of the tissue was removed unless the
organ weight was less than 2 g, in which case the whole
organ was removed. Prior to mincing with scissors, tissues
were rinsed with a 0.7% saline solution to minimize cell
rupture. Rinsing was especially imparfant for heart and
intestine, in order to remove trapped blood or food,; waste
particles and bile, respectively. Bile and intestinal
contents were removed to prevent contamination of tissue by
ipdothyronine conjugates and extracellular Ts. When
dissecting the liver, the intact gall bladder was removed
and discarded to minimize bile contamination of surrounding
tissues. The gastro-intestinal tract was divided into
stomach and intestine. The pyloric cecae were discarded to
minimize interference in the assay caused by their high fat
content. Stomach samples included the lower portion of the
esophagus to the point of insertion of pyloric cecae. The
intestine was cut immediately posterior to the pvloric cecae
and around the anus. Kidney tissue was scraped off the ver-—
tebral column. The heart included the bulbus arteriosus.
Gill filamentg were cut from intact gill arches. Muscle
tissue was removed from the area immediately posterior to
the head above the lateral line and includes both red and
white muscle. Skin was taken from.the area overlying the

muscle section.



€. Tissue Breakdown

Both homogenization and enzymatic digestion were ex-—
amined. Tissues were homogenized with a Micro—homogenizer
attachment of a Sorvall Omnimixer (Ivan Sorvall Inc.,
Norwalk, CT), at 50,000 rpm for 2-5 mins. For tissue digest-—
ion, four enzymes were examined:; collagenase, trypsin,
protease (Sigma Chemical Co.) and pronase (B—grade, Cal
Biochem-Behring Corp.). The minced tissues were placed in
glass test tubes (16 x 100 mm). Three different amounts of
enzymes (0.001, 0.0025, 0.005 g) were dissolved in 3 mL
phosphate buffer (NazHPOs..7H=0, 28.6&g/L, pH 7.5), mixed with
the tissue samples, and placed into a water bath at 37° C
for a minimum of 12 h. The buffer also contained 1 mM PTU
(propylthiouracil, Sigma Chemical Co.) to prevent possible
deiodination of Ts. The efficiency of digestion was visually
determined. If tissues broke up easily by stirring, diges—
tion was considered complete. Out of the four enzymes ini-—
tially chosen, two were proven to be particularly useful. In
all subsequent experiments, 0.0025 g collagenase was used
for muscle and skin tissues (which contain a high proportion
of collagen fibers) and 0.0025 g pronase for the remaining

tissues.
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D. Ts Extraction

i. Method I

Pronase and collagenase were dissolved in 0.05M TRIS
buffer (pH 7.5) with 1 mM PTU. After tissue digestion was
complete, Tz was extracted by adding 5 mL of ethanolic ammo-—
nia (99:1, vol/vol) with | mM PTU to the digestion tube. The
mixture was stirred and then spun at 3546 rpm (1420 g) for
10 min at 4° C in a Clinicool benchtop centrifuge {(Damon/IEC
Division). The low temperature helped to precipitate
proteins and reduced enzymatic activity. The supernatant was
then pipetted off. The addition of ethanolic ammonia fol-
lowed by centrifugation was repeated twice. 811 3 super—
natants were pooled and evaporated to dryness in a water
bath (37° C) under a fume hood with continuous air flow over
each tube. The extract was reconstituted with 1 mbL of O.1N
NallH. When extracts were not immediately assaved, tubes were

sealed with Parafilm and kept refrigerated at 4-5° C.

2. Method II

Tissues were digested using phosphate—buffered
(NazHPO4.7H=0, 26.8g/L, pH 7.5) enzymes and i mM FTU, in-
stead of TRIS buffer. Digested tissues were extracted by
ethanolic ammonia (with PTU) and centrifuged. This was re-
peated twice more. Of the pooled supernatant volume, 3-5 ol

were evaporated off under a fume hood, the remainder put
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into a 60-mbL separatory funnel with 45 mL of chlorcform
{(approximately 3 times the volume of extract) and briefly
shaken to mix. (It may be possible to eliminate the step of
evaporation to reduce the volume of extract if larger sepa-—
ratory funnels are used). All procedures involving chloro-
form, which was used to remove lipids, were done under a
fume hood. A volume of 1S5 mL of 2N NHaOH was then added and
mechanically shaken for 5 min to draw off the Ts. After
agitation, the contents of the separatory funnels were al-
lowed to sit for 1 h to allow layering and settling of com—
ponents. This resulted in a clear and frequently pigmented
top layer and a cloudy bottom layer. The large bottom laver
represented the ‘chloroform’ layer while the NHaOH contain-—
ing the extracted Ts, remained on top. The ‘chloroform’
layer was drained off and discarded. The ‘NH.OH’ layer was
drained into test tubes and evaporated under a fume hood in
a water bath at 37° C. This final extract was resuspended in

1 mi O.1N NaOH.

E. T= Measurement

1. Direct Measurement of Ts by Radioimmunoassay (RIA)
Levels of Ts in tissue extracts or unextracted plasma
were measured by an RIA method modified from the one deve-—

loped by Brown and Eales (1977). Assays were done on S—mbL
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columns containing 0.3 g Sephadex 6-25 (Quik-8Sep, Isoclab
Inc., Ohio) equilibriated in O.1N NaOH. The Ts antibodies
(T=AB; Calchemical Lab Supplies Ltd., Calgary) were approx-—
imately diluted with a phosphate buffer (0O.1M NazHFOs. 7H=0,
0.03M EDTA disodium salt, Fisher Scientific Co., pH 7.4) in
order to achieve 50% binding capability at zero concentra-—
tion of added Ts. This phosphate buffer also served as an
eluant in the assay. Working standards of 0-2000 ngx
(ng/100 mL) Ts were prepared by diluting an evaporated stock
solution (20,000 ng%) with buffer (KH=FPO., 1.198 gs
NazHPOL.7H=0, 8.144 g; NaNs, 0.065 g (Fisher Scientific
Co.); bovine serum albumin (Sigma Chemical Co.), 1.00 g/L
distilled and deionized water, pH 7.4). #Tx {(Amersham,
specific activity of 750 pCi/ug) was diluted with O.1N NaOH
to give a solution providing 5-7000 counts per minute (cpm)

in a 100-pbL aliquot.

The assay procedure was as follows:

(1) Columns were drained to waste and the bottoms recapped.
(2) A volume of 100 pl. of each Ts standard 0, 31, &2, 125,
230, S00, 1000, 2000 ng%), tissue extracts or plasma

were put on columns. Standards were analyzed in trip—
licate and samples in duplicate.
(3) For each assay, two columns were reserved for

non—specific binding (NSB). To these, 0.1 mL of O.1N

NaOH was added in lieu of standard or sample.



(4)

(5)

(6)

(7}

(8)

(F)

A 100—pl aliquot of prepared *Ts was added directly

to each column.

A 100-pulL aliquot of prepared #Ts was also added tao 3
separate counting tubes for determination of added dose,
i.e. total counts reference (TCR).

Columns were then swirled and drained to waste.

To determine radiociodide contamination of the #Ts,

2 mL. of phosphate buffer was put on each colunm and the
eluants (containing the iodide and proteins) were
collected in this void volume from 3 randomly-selected
columns. Uncollected eluants were drained to waste.
Counting tubes were placed under each column and 0.5 mL
of Ts AB solution was added to all columns except the
two columns designated as NSB. To these, 0.5 mbL
phosphate buffer was added.

Columns were covered and incubated at room temperature

for a minimum of 12 hours.

(10) After incubation, 2 mL of phosphate buffer was added to

elute the antibody-bound #Ts. This results in volumes

of 2.5 mL in the counting tubes.

{i1) All counting tubes (including TCR) were adjusted to a

common 3-mL volume with additional phosphate buffer.

{12) Tubes were sealed with Parafilm and counted to 27 error

in a Beckman 5000 Gamma counter at a setting appropriate

for *29] jgotope window.
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(13) Columns were regenerated by sequential elution with an
8-mL solution of human plasma and phosphate buffer
(1:10 dilution), 16 mb distilled and deionized water

and 4 mL of 0.1N NaOH.

The eluant in counting tubes represents the bound frac-—
tion (B). The “"free’ (F) #Ts remaining on the column was
determined from the difference between B and #Ts initially
added (TCR - radioiodide contamination) to each column.

After subtracting non-specific elution (NSB), B/F values

were probit transformed; B/F B/F
probit = 1 -
LB/Flo [B/Fls
{where (B/Flo = bound over free values for the zero stan—

dard) and plotted against logarithmic concentration of
hormone (Fig. 1). From this standard curve, actual hormone
concentrations of tissues and plasma samples were determined
by interpolation. All calculations were done using a RIA~-
data-processing system (Moncayo 1984), employing an Apple

Ilc computer.

2. Assessment of #Tz in Tissues and Plasma of
*Ts—Administered Fish
Radioactive tissue extracts were separated to identify
#T= by two chromatographic methods involving use of short or

long gel columns.
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Figure 1. Typical standard curve for Ts as determined by
RIA. B/F values were probit transformed and
plotted against log hormone concentration. Each
point represents the mean (+SE) for 3 replicates.
Line is fitted by evye.
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a) Short-Column Separation
Radioactive Ts was separated from %I and radioactive

iodoprotein (#IP), using a method modified from Eales
(1977a). It is based on the principle that specific binding
proteins in human plasma will elute TH from the Sephadex
column. Assays were done on columns supplied with the
Tetralute competetive binding kit, filled with 0.45 g of
6-25 Sephadex (fine). Columns were kept stored in O.1N NaOH

at room temperature.

The assay procedure was as follows:

(1) Columns were drained and the bottoms recapped.

(2) Three test tubes per column were labelled for collecting
a combination of #I and #*IF (one tube) and %#Ts
(two tubes).

(3) The first set of tubes was put under columns.

(4) A volume of 100uL of tissue extract was then placed on
the column.

(3) A 100 puL aliquot of the injected *#¥Ts was then put onto 2
columns to determine the #I contamination of the admin-
istered #T=. The amount of radiocactivity in tbe sample
and put onto the columns did not exceed 10,000 cpm.

(6) Three total counts reference (TCR) tubes were also made
by adding 100 pi. of the injected #7Ts into the tubes.

(7)) Three mL of phosphate buffer (0.1IM NazHPO4.7H=0, 0.03M

EDTA disodium salt, pH 7.4, Fisher Scientific Co.) were
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added to each column, and the #I and #IP eluted. The
#¥Ts remained bound to the Sephadex.

(8) The second set of tubes was placed under the columns
and a 4-mL soclution of human plasma and phosphate buffer
{1:10 dilution) was added to the columns.

(?) When the phosphate buffer—plasma solution had drained
through, the third set of tubes was positioned under
the columns and another 4 ml of phosphate buffer-plasma
solution was put on the column. The second and third
eluents combined, comprised the #Ts fraction.

(10) All TCR tubes and tubes containing the #I and #*IP were
made up to a 4-mL volume with additional phosphate
buffer.

(11) All tubes were sealed with Parafilm and counted to 2%
grror in a Beckman S000 gamma counter.

(12) Columns were regenerated by sequéntial washing with
4 mb human plasma diluted with phosphate buffer (1:10),
12 mL distilled and deionized water and 4 mL of O.1N

NaOH.

b) Long-Column Separation

Tissue extracts and plasma samples (0.3-0.5 mL aliquots)
from constant infusion experiments were put on a long
chromatography column {(Pharmacia Fine Chemicals Ltd.) of
Sephadex G-25 (fine; bed dimensions 27.8 x 1.5 cm). Labelled

materials were separated by a 3-part elution system and
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collected in 40, 4-mL fractions with an automated system
(LKB-Prodkter AB., Bromma, Sweden) consisting of a fraction
collector (LKB 2211), HPLC controller (LKB 2152) connected
to a peristaltic pump (LKB 2132) delivering 1 mL/min. The
column was stored and pre-equilibriated with 2luent 111
(0. 1N NaDbDH:; 1.0N NaCl: Na=S-0w, 3.6 g/L, Fisher Scientific
Co.). Tissue and plasma samples were injected with a 1-mbL
syringe onto the column, then the tubing was flushed with
3 mb of eluent III. Eluent I (O.1N NaOH; 0.0IN NaCl:
Na=520s, 3.4 g/L) removed the first 25 fractions which con-—
tained any iodoprotein (fractions 4-5) or iodide (fractions
12-13) present. Eluent II (0.15N NaOH; O0.0iN NaCl; NazSz0s,
3.6 g/L) eluted fractions 253 to 37 which contained Ts (at
around fraction 30). Between fractions 38-40, a gradient was
set between eluent II and 111, which re-equilibriated the
tolumn. The collected fractions were counted and a chromato-—
graphy profile was made. These profiles were compared to a
standard profile obtained by chromatographing authentic
labelled materials under identical conditions (Fig. 2).
Standard elution profiles were made after every 4-5 sample
elutions in order to check for any drifting of standard

peaks due to changes in column height or other artifacts.

Chromatography of plasma samples after constant infu-
sion of Na¥I followed the above procedure with modifica-

tions to detect #Ta. The total number of fraction collected
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Figure 2. Elution profile of *2®®]-labelled materials of

authentic *=5I-Ts as separated by gel filtration.
(6G—-23 Sephadex bed dimensions = 27.8 x 1.5 cm).
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was 75 (4-mL volume), as Ta appears approximately at frac-—
tion 60. Eluent I was run through the column for fractions
1-25 and 25 to 70 for eluent II1. Between fractions 70 and

72, a gradient was set to re-equilibriate the system to

eluent III.

The following standardized procedure was adopted in
order to objectively quantify the elution profile of radio-
active substances for any given tissue under any given con-—
dition (i.e. stressed or unstressed):

(1) A chromatograph was selected at random and any fractions
with 5 or less cpm were omitted.

(2) The cpm for each fish for that tissue and condition were
totalled.

(3) Each total cpm was standardized to a chromatograph from
one fish by dividing the one chosen total by each indi-—
vidual total. The chosen standard then equalled 1.0 and
the other fractions became correction factors.

(4) The cpm of each fraction was then multiplied by the cor-
responding correction factor for that particular fish.

(3) The corrected fraction cpm were then plotted for each
tissue of each fish.

(6) Mean chromatographs were composed of the mean cpm of
each fraction of a particular tissue under a given

condition.



By using tissue chromatographs from individual fish,
the proportion of the profile that comprised #Ts (which

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

determined by the following steps:

(1) The cpm of all fractions 1-40 were totalled.

(2) The range of fractions that constitute the Ts peak was

selected and the respective cpm were summed. In some

21

elution profiles, no distinct Ts peak could be detected,

usually due to low extract radiocactivity in which ‘back-

ground’ counts masked any low T= peak. These indistinct

profiles were not analysed further.

(3) In instances where the #Ts peak tended to merge with
adjoining peaks, the fraction that fell at the lowest
point between the two peaks was determined. The cpm
value on the Y—axis corresponding to this lowest
fraction was halved and added to the Tz fraction,

thereby accounting for the overlap of areas between

adioining peaks (Fig. 3). This method was applied only

when a definite trough existed between peaks, and not

when a major #Ts peak developed a ‘shoulder’ (Fig. 3).

In most cases,; the ‘shoulder’ was small and its radio

activity included in the #T=s fraction.

{4} The radiocactivity representing the #Ts peak was divided

by the total radioactivity (total cpm) from all frac-—

tions, providing the proportion of total tissue radio~-
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Figure 3. Example of determining cpm values for Ts fraction
from an elution profile with merging peaks. Over-
lapping areas of the peaks are shaded.
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activity existing as #Ts.

(5) This proportion was then multiplied by the total radio
activity in the original i1-mL extract reconstituted in
0. 1IN NaOH.

(6) The resulting cpm was corrected for isotopic decay
(t1/2 of *=S] = 460 days) to the time of death and was
used in the equation for the calculation of specific

activity.

3. Use of the Constant Infusion Principle to Determine
Tissue Ts Content.

In trout that have been constantly infused with #Ts to
the point where the plasma *#T= has risen to a plateau, it is
assumed that a steady state (isotopic equilibrium) exists
with regard to #¥Ts exchange between the various physiolo-
gical compartments of the fish. In such a steady state the
¥Ts specific activity (SA = cpm *¥Ts/ng Ts) is equal through-—
out the fish. To obtain the SA value, the Ts cpm and the T3
concentration were determined for the readily-measured
plasma samples, and the appropriate corrections for radio-
active decay applied. Actual plasma values used to calculate

54 are given in Appendix 1.

An attempt was also made to reach isotopic equilibrium
by constantly infusing trout with Na%I. In this case, endo-

gernious iodothyronine formation from the #I would be detected
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as #Ts and #T,. The SA value would be calculated from the

NaxI and iodide levels in the plasma.

F. Estimatiion of Ts Content in Nthe‘Drgans

The Ts content of tissues and whole organs of a hypo-
thetical 300-g fish were determined by multiplying the T=
concentration (Ts mass per gram tissue) by the organ weights

calculated from regression equations.

Regression equations relating body weight to organ
weights were determined from body and organ weights of 48
trout. Wet weights ranged from 171-702 g, with 36 of the
fish over 300 g in weight. Since only 2-g aliquots were
taken from muscle and skin, no equations could be calcu-

lated for those two tissues.
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G. Statistical Analvses

Statistical analyses were done using the Statistical
Analysis System (5A5 Inst. Inc. 1982). Differences between
experimental groups were tested by one—-way analysis of
variance (ANOVA). If an ANOVA test revealed that group means
were significantly different, Duncan’'s new multiple range
test was used to test differences between tissues. A prob-
ability level of {0.05 was considered significant. The
relationship between organ weights and body wet weights was

determined by the least-squares linear regression.



RESULTS

A. Establishment and Validation of Procedures

This section deals with the validation of methods I and
Il for digestion and extraction of Ts from tissues. While
method II was the final method chosen, the validation of
method I, and its limitations, are presented since it is a
modified methaod successfully used by other researchers
(Gordon & Spira 1975; Kobuke et al. 1987), and may be of
value in studies of non-fatty tissues. Some of the materials
and methods used in these preliminary experiments are inclu-—
ded in the 'Results’ section to simplify the previous
‘Materials & Methods' section which has been restricted to

the general and validated procedures.

1. Enzymatic Digestion and Homogenization

The enzymatic digestion and homogenization procedures
were compared on livers and kidneys from fish injected
intraperitoneally 12 h previously with 1.5 pCi #T=. Equal
parts of each tissue were either digested by pronase or
homogenized. #Ts was recovered by & successive alcohol
extractions (method I). The total amount of #Ts recovered
from all 6 extractions, as determined by short-column assay,
was similar for the two methods of tissue breakdown, and in

all cases over two-thirds of this total was recovered in the

26
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first 3 supernatant extracts (Fig. 4). However, enzymatic
digestion provided a higher percent recovery of #T= in the
first three supernatants and this difference was greater for
liver (B9.9% versus 79.9%7 for digestion and homogenization,
respectively) than for kidney (70.7% versus &8.9%). It was
also found that the residual pellet radioactivity (which may
include labelled material other than #Ts) was higher in
homogenized than digested samples. Attempts to homogenize
other tissues (e.g. heart, skin, and stomach) did not result
in adequate tissue breakdown. A further advantage of enzy-
matic digestion was that it allowed simultaneocus processing
of numerous tissue samples, without the danger of cross con-
tamination and the necessity of laborious cleaning of the
homogenizer containers, and blades. For these reasons, it
was decided to use enzymes for tissue breakdown and to use

only the first 3 supernatants for extraction.

Enzymatic digestion may be extended to Ts itself. To
test this, #Ts was added to the digestion tube (containing
enzyme dissolved in 3 mL TRIS5 buffer and 1 mM PTU) before or
after incubation, but in the absence of any tissue. The
amount of #Ts present after incubation (12Zh at 37° C) was
determined after extraction and short-column separation. No
differences in the absolute or relative amounts of radio—
activity appearing in the #Ts, %I, and #IP fractions before

and after enzyme digestion could be detected.
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Figure 4. Recovery of #Ts from liver (A) and kidney (B)
after homogenization or enzyme digestion. Six
successive supernatant washes were examined.
Bars represent means (+5E) of 3 fish.

(See App.2 for actual values).
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2. Extraction Efficiency of Method I

a) Effect of Digestion Enzymes Alone on #Tsz Recovery

To determine the efficiency of method I in recovering
#T= in the presence of enzymes but in the absence of tissue,
a series of tubes containing the following solutions was set
up in triplicate: (1) #Ts + TRIS buffer (2) #T=s + TRIS +
collagenase (3) #Ts + TRIS + pronase. A& volume of 3 mL of
buffer with 1 mM PTU was used to dissolve 0.0025 g of en-
zyme. The absence of tissue controlled for variability in
recovery caused by possible binding of Ts to tissue pro-
teins. Recovery of total added radiocactivity (43,000 cpm)
ranged from 80.5-98.0% . The presence of the enzyme did not

effect recovery.

b) Effect of Buffer on Tz Recovery

The procedure was repeated in an attempt to recover
4 ng of Tzx. AN RIA was performed on the final extract. The
added Ts recovered ranged from 71—-135% . Since extraction
method I was shown above not to interfere with the recovery
of #Ts, and since the wide range in recovery of unlabelled
Ts was similar with either enzyme used, it was assumed that
the inconsistent unlabelled Tz recovery resulted from RIA
interference by the TRIS buffer. Consequently,; a phosphate
buffer (NazHPO..7H=0, 26.81 g/L, pH 7.4 + 1 mM PTU) was

tried as an enzyme solvent. Both '*Ts (2,000 cpm} and
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unlabelled Ts (4 ng) were again added separately. Recovery
of unlabelled Ts, as determined by RIA, ranged from 95 to
119%, whereas recovery of added #Ts ranged from 0-99% .

In all subsequent experiments, phosphate buffer was used to

dissolve enzymes.

c) Interference by Lipids and Other Materials

A major problem in this extraction procedure was the
accumulation of particulate and/or lipid-like material in
resuspended tissue extracts. Both materials tended to block
pipettes or clog Sephadex columns. To alleviate these
problems,; aliquots of the final 1 mbL of extract were centri-—
fuged in conical vials at 15,000 g for 3 min at room temper—
ature. This caused layering of the extract. If present, the
lipid layer sat on the top, followed by a clear center
portion and occasionally,; particulate material on the
bottom. Tissues with the most viscous extracts and the most
undissolved particles came from liver, kidney, gill, and

heart.

Ts may be lost by either trapping in the lipid lavyer,
which was discarded (since thyroid hormones are known to be
lipid soluble; Hillier 1970) or binding to particles in the
bottom layer. To examine the above possibilities, 20 ri. of
#Ts (1800 cpm) was mixed with liver, kidney, and gill sam-

ples before enzyme digestion, and then processesed by
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method I. From the final reconstituted tissue extracts,
100 ul was removed and counted in 1 mL NaOH. This repre-—
sented the unspun sample. The remaining tissue extract was
spun down and 100 ul of the clear supernatant was removed
and also counted. The radiocactivity recovered from unspun
samples was 76% for kidney, S8% for liver, 100%Z for heart
and 71% for gill, and for spun samples, was &63% for kidney
37% for liver, 100%Z for heart, and 37% for gill. Loss of
radicactivity before and after centrifugation varied,
depending on tissue type. In addition to the partial loss of
Ts, removal of either lipid or particulate matter resulted
in a very small volume of extract remaining available for
analysis. Whenever an aliquot of extract was removed, the

remaining sample also became less and less homogeneous.

There was evidence also that other substances that
might interfere with the RIA were extracted with the Ts.
Extracts from liver, kidney, gill and heart were serially
diluted (100, 350, 25, 12.5%) and Ts measured by RIA. Larger
than expected amounts of Ts were detected following
dilution, indicating the possibility of some interference
with the binding of #Ts to the Ts antibody for these

tissues.
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d) Review of Method I

In reviewing method I up to this point, it seems that
(1) enzymatic digestion does not quantitatively or guali-
tatively affect the Ts content of the tissue, (2) TRIS
buffer should be replaced by phosphate buffer as the former
interferes with the assay, (3) collecﬁion of 3 supernatants
is sufficient to recover over two-thirds of the T= after
extraction with ethanolic ammonia, and (4) no satisfactory
method had been found yet for 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 sections deal only with

method I1I.

3. Extraction Efficiency of Method 11

a) Extraction of #T3
1) Effect of Extractants

Two extractants were tested in separate experiments.
Acidified alcohol (5 mb ethanol with 1 mM PTU, 0.4 mL 2N
HC1), as previously used by Nejad et al. (1975) and van
Hardeveld and Kassenaar (1976), did not work well. In both
the presence and absence of tissues, white particles formed
in the final extract. When the final reconstituted extract

was centrifuged (15,000 g, 3 min at room temperature) to
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remove the particles, approximately 507 of added radiocac-
tivity was lost from the sample when compared to unspun
samples. Use of ethanclic ammonia resulted in a reduced
particulate formation in the final reconstituted extract,

thereby avoiding centrifugation.

2) Effect of Digestion Alone on #Tx Recovery

To test the extraction efficiency of method II on a #¥Ts
source and enzyme alone, the eXxtraction was carried out in
the absence of tissue. This would reveal if the enzymes or
buffer used to dissolve the enzymes has any affect on #Ts
recovery when extraction is carried through a chloroform-
NH40H wash. #Ts (7,000 cpm) was added to 1) phosphate
buffer, 2) phosphate buffer and collagenase, and 3) phos-
phate buffer and pronase. In addition, a standard (tube 4)
contained #Tz and buffer and was not run through the extrac-

tion procedure.

To determine if the NH.OH efficiently withdrew Tz from
the chloroform—ethanol extract, 1-miL aliquots of each layer
were taken after mixing in the separatory funnels, counted,
and multiplied by their respective total volume of each
fraction. When actual tissue extracts were used, the volumes
of chloroform and NHsOH layers varied due to lipid compo-
sitions of the tissue extracts, i.e. for some tissues a

larger or smaller NHaOH layer appeared after mixing.
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For conditions 2 and 3, containing the eﬁzymes, the
1-mlL chloroform aliquot had O cpm. The chloroform layer of
sample 1 (phosphate buffer only) contained 4% of the counts
of the standard. The cpm from the NHiOH layer represented
89%, 87%, and 887 of those of the standard 4, for samples 1,
2, and 3 respectively. The NH.OH layer not only contains
most of the hormone, but the enzymes do not affect this

extraction procedure.

3) Homogeneity of Ts in Lipid Reduced Extracts

The problems caused by fatty, viscous tissue extracts
were also greatly reduced by the use of chloroform and
NHaOH. Muscle and skin, which caused problems in method I,
now contained the least amount of particulate material in
the final extract of method II. The particulate matter that
did appear, was allowed to settle out and the extract
samples were removed directly from the test tube as needed.
Tissues to which #Ts was added, were extracted and 100—pL
aliquots were counted. These 100-pL samples contained 10% of
the total cpm of the final i1-mbL extract, indicating that the
i-mL extract had homogeneocus Ts distribution and was not
binding preferentially to the material that settled out.
Short—-column separation demonstrated normal recovery
patterns with all radicactivity accounted for in the eluents
when compared to a standard containing the total added

radioactivity.
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4) Recovery of in vivo and in vitro Introduced ¥Ts

To determine how well extraction method II recovered T=
from tissues, a #Ts source was introduced into the tissues
both in vitro and in vivo. For recovery in vitro, #Ts was
added to the tissue before digestion (i.e. to the earliest
step of the extraction procedure). The added #Ts served as a
standard and represented 100%Z recovery. Mean percent
recovery ranged from 63.9% for muscle to 74.0% for intes—
tine, and did not differ statistically between tissues
(Table 1). The in vitro method required #Ts to be added to
tissue already removed from the fish, and therefore no
longer metabolically representative of living tissue. A more
realistic approach is to test #Tg recovery from a fish that
has been allowed to take #Ts into its own tissues. Following
#¥Ts administration in vivo using a cannula in the dorsal
aorta, it was shown that mean percent recovery {(cpm of the
digested tissue constituted 100% recovery) ranged from S55.8%
for kidney to 83.8% for heart (Table 1), and differed sig-
nificantly between tissues (ANOVA; p<0.005). Recovery seemed

to vary more between tissues in vivo. Since the in vivo

addition reflected the natural situation more accurately, in
all following experiments, the amount of Ts recovered in
e2ach tissue was corrected for the extraction efficiency
found in in vivo to determine total (theoretical) amounts of

Ts present in the tissues.



Table 1. Radicactivity recovered from trout tissues after in
vitro and in vivo addition of *T;. Values represent
mean (+SE) percent recovery of 3 fish after
extraction. (See App.3 for individual values).

% recovery

correction
Tissue in vitro in vivo factor?d
Liver 67.2 +0.4P:C 75.2 +0.99 1.33
Kidney 67.4 +5.0 55.8 +1.7 1.80
Gill 69.5 +6.3 82.8 +2.8 1.21
Heart 72.7 +6.7 83.8 +6.0 1.19
Stomach 72.3 +4.9 80.8 +6.4 1.24
Intestine 74.0 +6.4 82.2 +6.2 1.22
Muscle 63.5 +1.1 68.3 +2.4 1.46
Skin 73.0 +2.7 72.6 +3.8 1.38

8(100/%), calculated from in vivo data
added dose CPM =100%
Cre=2

ddigasted tissue CPM =100%
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Plasma samples did not undergo any extraction or cor-

rection procedures since they were placed directly onto

Sephadex columns.

b) Recovery of Unlabelled Ts

RIA has been successfully used fdr the measurement of
thyroid hormones in trout plasma (Brown & Eales 1977).
Before the same RIA could be used routinely for measuring Ts
in tissue extracts, a number of possible sources of error
had to be investigated: (i) How reproducible is the RIA
method used in this study? (ii) Is the substance determined
by RIA actually Ts? (iii) Does the RIA reliably determine Tx
concentrations from the tissue extract? i.e. is the extrac-

tion procedure compatible with the RIA?

(i) Coefficient of variation (CV%) was used to determine
‘within-' and ‘between—-’' assay reproducibility using a

10 pL standard. For 6 RIAs, the ‘within-'assay CVY% were
4.8%, 3.77Z, 2.9%, 3.8%, 5.2%, 8.4%Z . The CV%Z between the &

assays was 9.4% .

(ii) To substantiate that the tissue extracts contained
measurable Ts, extracts were serially diluted with O.1N NaOH
to 30%, 25%, or 12.5% of the original concentration and Ts
concentrations were compared to those expected from the

theoretical dilution pattern. If Ts is the only ligand bind-
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ing to the Ts antibody, the Ts concentration will follow the
expected dilution in relation to the standard curve gener-—
ated in an RIA. If other ligands are being measured with
different binding kinetics to the Ts antibody, the dilution

profile will differ from that of the standard curve.

To compare the Ts concentration of diluted samples to
the dilution pattern, the 1007 (undiluted) sample was
assumed to represent the actual concentration determined by
RIA. The Ts concentration of each diluted sample was then
calculated as a 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 RIA standard curve, indicating that the
substance measured by RIA in the tissue extracts is probably

Ts.

(i1i) Although there is acceptable recovery of #Ts from
tissues, the recovery of unlabelled Tx from the extract, as
measuread by RIA, still had to be determined. Since endogen—
ous Ts concentrations were unknown, a known dose of unlabel-
led Ts was added to each tissue and compared to simultaneous
estimate of the endogenous Ts values by RIA. Equal amounts
of each tissue from 2-3 fish were pooled, minced by hand,
mixed, and divided into 2 portions of equal weight. One

portion served as a control and was examined for the
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Figure 5. Percent Ts recovered (determined by RIA) aftter
three serial dilutions (50, 25 and 12.5%) of
extracts. Bars represent mean (+5E) percentages
of 7-9 fish. Horizontal lines indicate expected
concentrations. Undiluted extracts (not shown)
equal 100%. (See App.4 for actual values).
L=liver, K=kidney, G=gill, H=heart, ST=stomach,
IN=intestine, M=muscle, SK=skin.
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endogenous Ts level while 5 ng of unlabelled Ts were added
to the other portion. All tissue samples were digested and
Ts extracted. For almost all tissues, samples with the added
unlabelled Ts had higher concentrations of Ts than their
respective control group. However, in most cases, the amount
recovered was only a fraction of the added Ts dose
{Table 2). For one liver and one stomach sample, recovery
was actually greater than the added Ts dose and in three
cases {(one liver, kidney and intestine) less Tx was
recovered than present in the respective control (Table 2).
Overall, percent recovery ranged from O (when control Ts
exceeded experimental), to 138.6% {(when Ts recovered
exceeded 300 ngil). Recovery of Tx did not seem to be tissue
specific. Blood plasma taken from individual fish contribut-—
ing tissues to the pooled samples, showed no abnormally high
or low Tx concentrations when analvzed by RIA. The
experiment was conducted 3 times (trials 1, 2, and 3) and

egually inconsistent recovery was obtained in each case.

In one of the above Ts recovery trials, 2 standards
were set up simultansously with the pooled tissue samples.
Neither standards contained tissue, but in standard i, 9 ng
of Ts was added to 3 mbL phosphate buffer (volume of buffer
used in dissolving enzyhes in an extraction), then run
through the extraction procedure together with the tissue

samples. The second standard also contained 5 ng of
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Table 2. T3 (ng%) recovered (as determined by RIA) after addition of
500 ng% T3 to tissues (+I3) or without added T3 (control).
Values represent means of replicate samples. Trials represent

tissue pools of 2-3 fish.

Trial 1 Trial 2 Trial 3

Tissue control +T3 control +T3 control +T3

Liver 623.1 840.9 646.0 580.2 1012.7 1644.4
Kidney 384.9 636.5 375.0 703.4 579.0 391.7
Gill 241.2 493.3 429.1 624.3 351.0 437.1
Heart - - 437.8 693.2 289.5 671.1
Stamach 1585.4  2278.4 515.9 720.3 396.7 603.5
Intestine - - 576.7 679.2 545.7 378.5
Muscle 132.7 397.3 339.7 520.7 222.1 239.8
Skin 291.2 567.8 476.5 741.2 425.8 121.5
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unlabelled Tx in 1 mL of O.1iN NaOH which equalled the final
volume of a reconstituted extract sample. The second stan-
dard was put onto RIA Sephadex columns to determine the
added amount of T directly. Comparison of this value to
that ocbtained from the first standard, would indicate loss
of unlabelled Ts through the extraction procedure alone. If
both values showed the same discrepency in the amount
reﬁuvered by the RIA, it would indicate that this discre—-
pency stems from the RIA and not the extraction procedure
itsel¥. Results for both standards showed higher Tx recov-
ered (688.3 ng% standard 1, S532.2 ng%Z standard 2) than the

added dose of 500 ng%4 .

It had been assumed that if Ts concentrations differed
between standards, standard 1 should show a 1ower T= concen-—
tration than in standard 2 because only the former underwent
extraction, with possible loss of some Ts during that pro-
cess. This suggests that for standard 2, recovery of Tz is
probably 100%Z; whereas standard 1 shows that the extraction
procedure (and not tissue) may cause the RIA to overestimate

the Ts concentration.

Because of the inconsistencies in RIA-determined T=
concentrations after the addition of a known amount of
unlabelled Tz to tissue samples, a serial dilution was again

performed (D0%Z, 25%, 12.5%) to determine whether the added
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Ts in the tissue extract, like the endogenous T=, could be
recovered according to the applied dilution pattern. T=
concentrations found after dilution corresponded well to
expected concentrations (Fig. 6). The deviating results for
heart tissue in the control group (Fig. &A) are possibly due
to a missed S0% dilution. Thus the use of serial dilution

does not conclusively indicate that a substance is Ts.

B. Measurement of T Tissue Concentrations

1. Ts Concentrations Determined by RIA
Despite the shortcomings of the direct RIA determin-
ation, tissue Ts measurements were made by this method for

comparison with the IE method.

Four fish ranging in weight from 312.0 - 453.0 g were
analysed for tissue Tx by RIA. Mean T= concentration ranged
between 1.05 to 3.34 ng/g tissue, and did not differ signif—
icantly among tissues (ANOVA, p>0.1; Table 3). Kidney and
liver values were highest, followed by heart, intestine, and
stomach; gill, skin and muscle had lowest concentrations.
Tissue/plasma (T/P) ratios of Ts concentrations were calcul -
ated. For all tissues, mean T/F ratios were <1.0 (Table 3).

Differences between tissues were not significant (p=0.06).
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Figure &6. Percent Ts recovered (determined by RIA) after
three serial dilutions (S0, 25 and 12.5 %) of
extracts without added Tz (A) and with added T=
(B). Bars represent [Tzl as percent of undiluted
extract. Horizontal lines indicate expected
concentrations. For tissue abbreviations, see
Fig.5. (See App.4 for actual values)
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Table 3. Tissue T3 concentration and ratio of tissue to
plasma (T/P) T3 concentration determined by RIA.
Values represent means (+SE) of 4 fish. Data are
corrected for 100% extraction. (see App.6 for
individual data).

Tissue T3 (ng/g tissue) T/P

Liver 3.09 +0.64 1.01 +0.26
Kidney 3.34 +1.18 0.95 +0.23
Gill 1.74 +0.54 0.51 +0.11
Heart 2.39 +0.71 0.72 +0.18
Stomach 1.94 +0.97 0.47 $+0.05
Intestine 2.24 +0.46 0.73 +0.18
Muscle 1.05 +0.32 0.34 +0.14
Skin 1.42 +0.56 0.38 +0.03

Plasma 3.83 +1.59 -
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Ts concentrations for pooled tissues, taken from the
control group of the Ts recovery experiment, showed a
similar ranking profile, except that heart ranked first
(Table 4) and means for uncorrected values differed signif—

icantly between tissues.

2. Ts Concentrations Determined by IE of #I

The objective was to determine the presence and distri-—
bution of labelled iodothyronines in plasma and tissues
when providing the trout with a constant and continuously
supplied source of #I from which labelled hormones might be
synthesized. Plasma samples were taken on days 10, 30, and
35. The mean percent increase in cpm/mbL plasma for the 3
fish were 15.5% from day 10 to day 20 and &.2% from day 30
to day 35. Although isotopic equilibrium was not achieved,

fish were killed on day 35.

Radiochromatogram profiles from plasma samples showed
high #I levels at all time periods but no peaks indicating
any thyroid hormone formation. Since no labelled thyroid
hormones were detected in the plasma, it was highly unlikely
that thyroid hormones would be detected in tissue samples.
Only one liver sample was extracted and eluted through the
long Sephadex column. No 1labelled thyroid hormones were

detected.



Table 4. Concentration of T3 (ng/g tissue) for pooled tissues
(r=2-3 fish) determined by RIA. Values are corrected
for 100% extraction.

Tissue Trial 1 Trial 2 Trial 3 X +SE

Liver 4.15 4.30 6.73 5.06 +0.84

Kidney 3.46 3.38 5.22 4.02 +0.54

Gill 1.46 2.60 2.24 2.10 +0.34

Heart - 6.51 6.89 6.70 +0.19

Stamach 9.83 3.20 2.46 5.16 +2.34

Intestine - 3.51 4.44 3.98 +0.47

Muscle 0.96 2.48 1.62 1.69 +0.44

Skin 2.01 3.28 2.94 2.74 +0.38

47
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3. Ts Concentration Determined by IE of #T=

#¥T= equilibrium was achieved by 72 h post infusion as

determined by a levelling of plasma #T= over time (Fig. 7).

Elution profiles from both standard (Fig. 2) and tis-—
sues (Figs. 8-16) showed that iodide was consistently eluted
in fractions 12-13 and T in fractions 28-32. Theoretical-
1y, monoiodotyrosine (MIT), diiodotyrosine (DIT), or diiodo-
thyronines (Tz), if present in a sample, could be detected
as smaller peaks between those of iodide and Ts: reverse T=

(rTs) and Ta should come after the Ts peak, respectively.

T= represented approximately one—third of the total
radiocactivity on the chromatographs (Table 5). For
unstressed fish, mean percentages of Ts differed signif-
icantly (p=0.0001), with muscle tissue being higher than all
other tissues (Table 5). In stressed fish, percent Ts in the

chromatographs was similar for all tissues.

Elution profiles (Figs. 8-16) showed that the remaining
two—-thirds of the radicactivity was largely distributed at
traction 11-13, representing a prominent #I~ peak. For all
tissues, and plasma, a peak appeared at approximately
fraction 5. This peak was prominent for liver, kidney, gill,

and particularly plasma. All tissues examined contained
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Figure 7. Plasma radicactivity of rainbow trout during
infusion with 0.05 pCi #Ts/h. Values represent
means (+5E) of 5 fish. This study and data

represent unpublished results provided by Scott
Brown.
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Figure 8-16.

Elution profiles of *29]-labelled materials of
tissue extracts and plasma from unstressed
(closed triangles) and stressed (open triangles)
rainbow trout reaching isotopic equilibrium.
Data points represent means of 2-5 fish.
Sephadex bed dimensions 27.8 % 1.5 cm.

Note: counts/min scale on Y—axis differs betweesn
tissues.
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Table 5.

Proportion of total radioactivity attributed to T, determined by
chromatography, T., tissue concentration, and ratig of tissue to
plasma (T/P) T cgncentration for acid-stressed and unstressed

trout. Values FYepresent means (+SE) of 2-5 fish, except for skin
of stressed fish, where n=1. (See App. 7-9 for individual data).

% chromatographic

radiocactivity as *T3 T3 (ng/g tissue) T/P

Tissue unstressed stressed unstressed stressed unstressed stressed
Liver 40.7 +7.1  36.0 45.9 2.46 +0.65 0.90 +0.26 2.31 +0.39  1.23 +0.25
Kidney 30.7 +1.6  24.3 10.1 2.98 +0.28 1.58 +0.63 2.64 +0.16 2.28 +0.78
Gill 42.5 +3.9  29.0 +2.3 0.51 +0.13  0.25 +0.10 0.51 +0.06  0.31 +0.10
Heart 33.1 +2.4 38.7 +3.2 0.84 +0.32 0.52 +0.20 0.79 +0.20 0.61 +0.09
Stomach 36.5 +4.2 41.2 +3.5 1.35 +0.65 1.25 +0.26 1.23 +0.45 1.19 +0.08
Intestine 29.6 +2.6 37.7 2.1 3.80 +1.83 1.51 +0.56 3.79 +1.27 1.85 +0.46
Muscle 71.2 +2.7 37.6 +2.6 0.61 +0.11 0.08 +0.02 0.54 +0.07 0.12 40.02
Skin 32.8 +1.1 44 .4 - 0.27 +0.09 0.26 - 0.28 +0.04 0.33 -

Plasma 30.6 +2.8 28.7 +3.4 0.98 +0.20 0.81 +0.31 - - - -

1§
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unidentified materials which would have to be identified by
using elution profiles of authentic thyroid hormone ana-
logues. For most tissues, the peaks for I- and T= were
separate and distinct. However, in some tissues, e.g. heart,
stomach, and skin, the Tz peak was occasionally very wide
and irregular, and closely associated with an adjacent peak
(Figs. 11,12,15). This was evident in the profile of skin
for unstressed fish, where two sharp peaks of equal height,
but not size, occurred side by side (Fig. 15). The nature of

this additional peak is unknown.

For unstressed fish, differences in Ts tissue concen—
trations were statistically significant between tissue
types. The mean tissue Ts concentrations were also statis—
tically significant between unstressed and stressed fish.
Intestine, kidney, liver, and stomach showed highest concen-—
trations, whereas the amounts of T= in heart, muscle, gilil,
and skin were low. Ts tissue concentrations of stressed fish
were uniformly lower than those of unstressed fish and means
did not differ significantly between tissues (Table 5). For
both stressed (p=0.01) and unstressed (p<0.001) fish, T/P
ratios between tissues differed significantly (Table S5).
Only tissues with the highest Ts concentrations (liver,
kidney, intestine, and stomach) showed T/FP ratios 21,0,
indicating that in those tissues T= levels were higher than

that found in plasma.
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4. Ranking of Tissues by T= Content

When all tissues in the present study are ranked accor-—
ding to their Tz concentration, tissues tend to fall into 3
groups, regardless of assay method used, or condition of the
fish (i.e. unstressed or stressed), but the overall T=x con-—
centration was lower for the stressed fish (Fig. 17). Tis-
sues with the highest Ts content were intestine, kidney, and
liver. Stomach and heart appeared to be intermediate, and
may contain high concentrations of Ts in individual fish.
Muscle, gill, and skin tissue consistently had lower quanti-
ties of Ts. Interestingly, ranking tissue by total radio-
activity/g tissue in the final 1-mL extract from fish reach-
ing isotopic equilibrium, was very consistent in both un-
stressed and stressed fish; more so than ranking by actual
Ts concentrations of individuals. While the measured radio—
activity likely represented substances other than Tx, it can
serve an index of the relative amount of Tz present in
tissues. Plasma Ts levels fluctuated in the ranking order,
but generally had higher Ts concentrations than those of

gill, skin and muscle.

C. T=_Content of Whole Organs

Given the concentration of T= per gram of tissue and the

weight of the tissue, the Tz content of tissues and organs
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Figure 17. Ranking of tissue types according to Ts
tration (ng/g tissue) determined by RIA
isotopic equilibrium for unstressed (B)
stressed fish (C). Bars represent means

concen—
(A) and
and
(+5E)

of 3-3 fish except for skin from stressed fish,
where n=1. For tissue abbreviations, see Fig.5.

FPL=plasma.
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can be determined. Furthermore, if organ growth is assumed
to be allometric for a certain range in body weight, and T=
concentration is assumed to be independent of organ weight
over the same range, linear equations relating tissue/organ
weights to body weight can be employed to calculate the T=s
content of organs and eventually the whole animal over the

whole size range considered.

Schiffman and Fromm (195%) and Denton and Yousef (197&)
regressed organ weights to body weights of hatchery-raised
trout. When these regression equations were applied to the
present data set, calculated organ weights either over— or
underestimated actual organ weights and therefore did not
appropriately describe the relationship between organ weight
and body weight for the size range of fish used in this
study, and also were not applicable to all organs examined.
Furthermore, because of different stocks, holding condi-
tions, and feeding regimes, size may not be a useful indica-—
tor of age, and therefore, age related differences in T=

content cannot be accounted for.

With the exception of the intestine, the regression
equations used in the present study were significant for all
tissues examined (Appendix 10). For a hypothetical 300—g
unstressed fish, organ T= content ranged from 0.5 ng for

heart, to 122.6 ng for skeletal muscle. The guantity of
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Ts/organ for the stressed fish is less than in the un—
stressed, with only slight differences between gill, heart,
and stomach, but there was a difference of over 100 ng of T=

for skeletal muscle.



DISCUSSION

A. Methodology

Key factors that were considered when devising a T=
extraction method for this study were that the method be:
(1) simple and reproducible, and (2) should work for all
tissue types. These factors served as guidelinss when
choosing the steps of the methodology from that found in

mammal ian studies.

1. Enzymatic Digestion and Particle Formation
In almost all previous studies involving determination
of tissue thyroid hormone concentrations, the hormones were
extracted from tissue homogenates. Enzymatic digestion
potentially reduces the time and effort involved in the
preparation of tissues for extraction. However, it has only
been applied in the extraction of thyroid hormones from
1? V  homogenated thyroid glands (Rosenberg & LaRoche 19443 Inoue
% Taurog 1967). Both studies report sources of error in
using digestion with thyroid homogenates that affect the
measurement of Ts and Ta. The major praoblem was formation of
particles after hydrolysis which may induce preferentially
adsorb iodothyronines. Rosenberg and LaRoche (19464) found
that particulate material formation depends on the duration

of hydrolysis with pronase and viokase,; a pancreatin enzvyme.

57
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In their studies hydrolysis with pronase for 4 h gave the
maximal percentage recovery of labelled Ta, whereas 8 h of
hydrolysis gave only 90-95% recovery at 4 h. For hydrolysis
with viokase, 15 h seemed to be optimal. These incubation
times are shorter than those used in the present method, bdt
both the above studies used homogenized tissues to start
with which may have speeded up digestion, whereas in the
present study enzyme digestion was the sole method used to
break down tissues thereby requiring longer incubation.
Inoue & Taurog (1967) claim that under asrobic digestion,
particles form after only 2 h of incubation and that shorter
term incubation does not avoid the problem. They suggest
that incubation under Nz for 16 h provides better results
and that under those conditions the digest contains only a
small amount of particles which are dispersed by shaking to
form a homogeneous suspension. Another way of reducing the
amount of particulate matter in the present study, was to
use tissue samples weighing 2 g or less. Flock and Bollman
(1953) suggest that larger tissue samples results in a cor-
responding increase in the amount of interfering particulate

material in the extract.

Rosenberg & LaRoche (19264) found that freezing of the
hydrolysate causes aggregations of particles resulting in
unequal distribution of Tea. It was first suspected that Ta

was destroyed by using prolonged hydrolysis and through
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treezing and thawing samples, but the authors were able to
recover the "missing’ Ts when methanocl—-NHx extracts were
made from the hydrolysates and chromatographed. Tx losses
due to freezing should not occur in the present study be-—
cause the hydrolysates were refrigerated after centrifuging
and never frozen. Whether the use of frozen tissue prior to
hydrolysis (only fish used in constant infusion were pre-

viously frozen) affects later extraction is unknown.

Loss of radioactivity through centrifugation occurred
in the present study when the initial hydrolysate was cen-
trifuged atter extraction. This left a pellet which con-
tained 1.5-17.46% of total added radiocactivity {(when #Txz was
added in vitro) and 2.8-26.0% (when #Ts was added in vivo).
Comparable losses of Ta in centrifuged compared to uncentri-
fuged supernatants were also reported by Rosenberg and
LaRoche (1%264). They concluded that the Ts preferentially
adsorbs to the hydrolysate particles and is removed from the
supernatant when the particles are spun down. In the present
study, the wide range in radioactivity loss after centri-
fugation, suggests that adsorption of radioactivity onto
particles {(and in turn the pellet), varies between tissues.
Kidney and muscle tissue, for both in vivo and in vitro #T=
addition, showsd the highest loss. However, it was not
determined i the radiocactivity left in the pellet consti-

tutes only Ts. Since centrifugation after tissue digestion
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is an integral part of the extraction process, some lass of

Ts at this point is unavoidable.

The uncentrifuged hydrolysates examined by Rosenberg
and LaRoche (1964) were derived from very dilute samples
compared to the present digested tissues. A more appropriate
comparison to their sample and results in the present study,
is the effect of centrifugation on the final reconstituted
extracfs, which after centrifugation, showed the occurrence
of preferential adsorption of hormone to particles. To avoid
Ts loss, particles in the final reconstituted extract were
allowed to settle out before withdrawing samples. Aliquots
contained a homogeneous amount of radioactivity compared 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 Ts.

Finally, it must also be considered that in the study
by Rosenberg % La Roche (1264) only Ta was examined. It is
also unkﬁown whether the methods and results of Rosenberg &
LaRoche (1964) and Inoue & Taurog (1967) are specific for

thyroid tissue or if they can be applied to other tissues.

2. Extraction Methods

In previous studies, two extraction procedures have
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mainly been used, although the methods of assaying thyroid
hormones varied. One of these methods is extraction by
alcohol, using either butanol (Nejad et al. 1975; van
Hardeveld & Kassenaar 1974), methanol (Cavalieri et al.
1984; Morreale de Escobar et al. 1985, 1984), or most
frequently, ethannl (Gordon % Spira 1?75; Ubregon et al.
1978). Despite the variety of alcohols used, it is unknown
i+ notable differences exist in the extraction powers of the
alcohol and whether those differences depend on the type of
medium from which the extraction is made (i.e. tissues or
biological fluids). Method II used in the present study is a
modification of Flock and Bollman’'s (1935) method which uses
an initial alcohol extraction followed by a chloroform/am—

monia wash.

3. The pH of Extractant

The quality of the extract seems to be influenced by
the pH of the solution. Gross and Fitt-Rivers (1951, 1952)
found that by acidifying plasma to a pH of 1-2 before
extraction of iodine compounds, the quantity of thyroid
hormone extracted increased, but was not qualitatively
affected. This method was modified (Nejad et al. 19733 van
Hardeveld & Kassenaar 1976) by addition of 2N HCl to the
alcohol, rather than the plasma or tissues. The use of
acidified alcohol, however, can lead to the formation of T=

and Ta esters in plasma and other biological fluids., which
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interfere with chromatographic separation and assays for
thyroid hormones (Bellabarba & Sterling 1969). Thyroid
hormone esters may also form in extracts from tissues. Ester
formation, however, can be reversed if extracts were made
alkaline (> pH 9.0) as soon as possible (Bellabarba %

Sterling 1946%).

In the present study, a further difficulty associated
with the use of acidified ethanol was the formation of
particles which physically interfered with the assay and
which left the possibility of thyroid hormone binding to the
particles making the hormone unavailable to the assay. lUse
of an alkaline solvent avoids the above problems and reduces
possible deiodination and artifact formation in extracts run
through chromatography (Boonnamsiri et al. 1979a). By using
ethanolic ammonia (pH 11.4), the extract in method II was

held alkaline throughout the process.

4. Compatibility of Extraction Method to RIA

Anotﬁer factor to be considered in the development of
an extraction method is the presence of lipid in the tissue
extract. Lipids have been shown to interfere with the
antigen—antibody binding in RIAs (Irvine 19743 Takaishi et
al. 1978; Tagawa & Hirano 1987) as well as causing mech-—
anical problems of clogging when used on Sephadex columns

(present study). Tissue lipids will invariably appear in the
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extract if only alcohol is used as an extractant. Despite
the possible limitations,; alcohol extraction methods have
besn usod successfully in the determination of Ta in eggs
and larvae of coho salmon (Kobuke et al. 1987), and thyroid
hormone content of various rat tissues (Gordon & Spira
1973), including skeletal muscle {(van Hardeveld % Kassenaar
1978; Boonnamsiri et al. 197%9a,b). In the present study,
muscle was found to be one of the more fatty and problematic

tissue when only ethanol extraction was used.

Interestingly, van Hardeveld & Kassenaar (1978) found
that the use of ethancl alone provided better result with
their particular RIA than when butanol extraction and sub-
sequent chloroform and ammonia washes was used (van
Hardeveld & Kassenaar 1976). This indicates that extraction
method and RIA have to ‘match’ in order to obtain reliable
results. Takaishi et al. (1978) compared ethanol extraction
alone to butanol followed by chloroform separation based on
Flock and Bollman’'s (1955) method for Ts extraction from rat
liver; in regards to their compatibility with various radio-
immunoassays. Similar to the results in the present study,
the use of ethanol alone left lipids in the extract where
they interfered with the assays (Takaishi et al. 1978). Use
of ethanol alone to extract Ta from eggs of chum salmon also
showed that the extracts interfered with the RIA measurement

{Tapawa & Hirano 1987). These authors believed that it was
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the lipoproteins and fatty acids in the yolk that caused
nonspecific binding to Ts in the RIA, as this did not occur
when ethanol was used on whole fry. This problem was
eliminated by using methanol and chloroform for Ts extrac—

tion (Tagawa & Hirano 1987). Takaishi et al. (1978)

concluded that a particular extraction method may not be
compatible with a particular RIA, but may still be adequate

for Ts assay by a different technigue.

For the trout tissues investigated and the particular
RIA used, extraction with ethanol and subsequent chloroform
and NHa0OH washing (method II) seemed to be most compatible.
The distribution of components (water, lipids, etc.) of an
ethanol extract within the chloroform and ammonia layers was
investigated by Folch et al. (1957) who concluded that this
distribution depended on the salt and ionic content of the
tissue extract. While the second solvent extraction improves
Ts recovery, this is achieved at the cost of an additional
step in the procedure and the necessity of working under the
fume hood because of the potential dangers from using
chloroform. Chloroform reacts vigorously with a number of
common chemicals such as, fluorine, Al, Cu, Nz=0s, Na,
Na/methanol ; NaOH/methanol and sodium methoxide (Bretheric
1981) which must be considered in any step prior to chloro-

form addition.
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Despite the success of using a second solvent extrac-—
tion to remove lipids, subsequent validation of Ts recovery
by RIA still showed interference. To recapitulate the re-
sults, the RIA overestimated the Ts present in a tissueless
standard that had undergone extraction, but the added T= of
an unextracted standard was accurately measured by the same
RIA. These results and the inconsistent recovery of Tz added
to tissue samples suggest the presence of two antagonistic
forces: (1) Both standards contained no tissues, therefore
no endogenous Ts was present to contribute to the higher
than added Ts concentration in standard 1. Possibly, a
substance in the extract resembling Tx, competes with the
actual Ts for the antibody in the assay. Consequently, #Ts
binding to antibody is reduced, falsely indicating higher
concentrations of unlabelled Tz by the RIA. (2) RIA done on
tissue samples resulted in, for the majority, a recovery of
less Ts then was added. This suggests that something in the
tissues themselves causes a suppression of RIA determined

Ts.

From the results of serial dilution (Fig.5), it can be
shown that the substance assumed to interfere with the RIA,
can also be diluted along with the actual hormones, a fact
which invalidates the use of the dilution procedure as a
check for the authenticity of measured Ts. This interference

was not apparent in recovery of #¥Ts by the same method
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{Table 1). It was concluded that method II was not compa-—

tible with the RIA.

5. Non—extractable Compounds

When accounting for total amounts of Ts in tissues the
possible occurrence of unrecoverable or non—-extractable (NE)
thyroid hormones, or components of thyroid hormones {regard-
less of methods used),; should be considered. One hundred
percent recovery of Ts may be an impossibility with tissue

samples.

Surks and Oppenheimer (19270) demonstrated by injections
of *=SI-labelled Ts and Ts into rats, that a fraction of the
hormone radiocactivity is transfered to circulating and
tissue proteins. They believe that these proteins bind the
residual =S that is left in tissues and plasma after
alcohol extraction. Approximately 10%Z of the tissue organic
1251 was in the form of these NE 225 in liver and whole
body homogenates and hydrolysis of NE *25] showed that it
consists of *&SI-MIT, 2S]-jodothyronines, and 29I, but no
1251-DIT (Surks & Oppenheimer 1970). These authors assume
that the hormone molecules are convalently linked to tissue
structural and soluble proteins. Dratman et al. (1970) also
report the presence of covalently bound *@C protein frac-—
tions in tadpole tissues which are supposedly generated in

vivo after injection of *4C-Ta. Hydrolysis of the protein
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fractions (similar to NE compounds found by Surks and
Oppenheimer 1970) yielded *2C-T,, *2C-DIT, and unidentified
products believed to be formed from incomplete hydrolysis of

the labelled proteins (Dratman et al. 1970).

It is interesting to note that in both of the above
studies, the components of the NE fractions could only be
examined after hydrolysis by pronase,; the main enzyme used
for tissue breakdown in the present study. Whether the use
of pronase releases NE Ts (during digestion) otherwise
trapped with the other NE compounds is unknown. This sug-
gests that the Ts recovered by using enzyme digestion may be
greater than what is recovered by the alcohol extraction

process.

The IF found in chromatographs in the present study,
may be a constituent of the NE fraction. Enzymatic digestion
may cause a breakdown of this IP. Therefore less IP appears
in tissue chromatographs than in the plasma, which did not
undergo digestinn and extraction. If the IP is ‘non—extract-—
able’ or partially extractable, this would also explain the

larger quantities of IP in plasma compared to tissues.

Surks and Oppenheimer (1970), and Dratman et al. (1970)
suspected that part of NE material found in tissues may

represent trapped labelled plasma proteins. This possibility
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must be considered in the present study since tissues were
not perfused before extraction. Present results also show
that residual radiocactivity, left in the pellet after cen-
trifugation of tissue digests, and which possibly corres-
ponds to NE material appears to be tissue-specific and
reproducible. This agrees with findings by Gordon et al.

(1982).

In the present study, unlabelled Ts added in vitro to
tissues was found to be unrecoverable when assayed by RIA.
This poor recovery of unlabelled Ts, is believed not to be
due to formation of NE iodothyronine compounds, but is
likely a result of incompatibility of the extraction method

with the RIA.

6. Determining Ts Concentrations by #I— Infusion to IE

When continuously supplied with an external source of
#1, trout did not incorporate detectable amounts of the #I
into thyroid hormones. Similar results were obtained by Chan
and Eales (1973) after a single injection of #1 into brook

trout (Salvelinus fontinalis). These authors speculated that

this failure to detect labelled thyroid hormones was due to
low plasma thyroid hormone levels and/or high plasma iodide
level which caused slow radiociodide turnover. Rainbow trout
also have a large plasma iodide pool with a slow turnover

{(Eales 1977b), but plasma iodide levels are about two-thirds
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lower than for brook trout (Hunt & Eales 1979). Jacoby and
Hickman (1966) successfully detected circulating iodocom-
pounds in juvenile rainbow trout when given serial injec-
tions of Na%l until isotopic equilibrium had been reached
after 356 days. This discrepency with the present study
cannot be easily explained. Possibly, juvenile rainbow trout
have a faster iodide turnover than adults. Furthermore, on a
weight—-specific basis, the total amount of %I infused in
this study was, even at the highest concentration, only
about 507 of the radiciodide supplied to treut in the study
by Jacoby and Hickman (19466). Since most of the iodide in
the plasma pool is not destined for thyroidal use (Hunt &
Eales 1979), relatively small amounts of the label might not

have been detected.

7. Determining Ts Concentration by #Ts Infusion to IE

#¥Ts was directly infused into trout, and isotopic
equilibrium was successfully reached. The chromatography
profiles from the tissue extracts all showed distinct Ts
peaks at'fractions 28-30. Another peak that occurred in
nearly all tissues, was fraction 5. This pre—iodide peak of
radicactivity has been observed in similar chromatographs of
plasma from **®I-rTs and 2251-T, injected trout (Eales et
al. 1983). These authors assumed that this peak was a cova—
lently linked radiociodine in the form of iodoprotein. Its

physiological significance remains aobscure. Various other
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peaks appeared between I~ and the Ts peak which may
represent breakdown products such as T= (3,3'-T= or 3,5-T=z),
and in tissues such as liver, intestine,; and kidney, con-
jugate products from bile and kidney, respectively, can be

present.

B. Tissue Concentrations of Ts

1. Trout and Rat Ts Concentrations Determined by RIA and IE
Ts concentrations obtained by RIA and chromatographic
analysis (IE fish), were not significantly different between
the two methods (Tables 3,4, & 5). This similarity shows
that although the RIA method was esarlier concluded to be
less accurate because of partial incompatibility with the
extraction procedure, the Ts measurements were still within
the same order of magnitude. Also the relative amounts of Ts

in the respective tissues were similar.

T= concentrations were compared in trout and rats
{literature values) for those tissues examined in both
species (Table 6). Ts concentrations in rats varied between
studies, between methods {(whether RIA or IE was used), and
even between strains of rats (Nejad et al. 1975). Despite

these differences, some generalities seem to stand out. For
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both rats and rainbow trout,; kidney, liver, and intestine
have high Ts concentrations, whereas muscle has the lowest
values. The highest concentration of Ts found for rat muscle
{(van Hardeveld & Kassenaar 19764) came from a study which

only examined muscle tissue, and it is unknown whether these

rats had an overall elevated Ts leveliin their tissues.

In the rat, plasma Tz concentrations are rather low,
ranging from 0.146 to 0.96 ug/mt.. In trout plasma, the Ts
concentrations obtained by RIA were almost an order of
magnitude higher than those for rats, whereas for IE fish,
Ts concentrations were almost identical to those of rats
(Table &). (Plasma Ts concentrations in the IE fish were
also measured by RIA.) Brown and Eales (1977) determined
plasma Ts concentrations in rainbow trout of 1.3-2.0 ng/mL.
An even wider range of values is not unusual as there is
considerable variation in plasma Ts in trout, depending on
condition of fish or the season. It sesms therefore,; that
levels of circulating Ts are somewhat higher in rainbow

trout than in rats, and probably mammals in general (Eales

1979).

2. Exchange of Ts Between Tissues and Plasma
Tissue to plasma (T/P) ratios indicate the direction of
gradients between the blood and the respective tissue with

regards to Ts concentration. A ratiec >1.0 suggests that the



Table 6. Comparison of Tg tlssue concentrations from rat and rainbow trout determined by
r

isotopic equili
concentrations expressed as ng/g tissue.

ium (IE) or radlolmmunoassay (RIA) . Values represent mean Tj

rat trout
Method
(Reference) IE RIA IE RIA
Tissue (1) (2) (3) (2) ()& ()P (5) (6) (6)
Liver 4.50 3.92 1.90 3.85 3.05 7.69 - 2.46 3.09
Kidney 6.58 5.02 5.08 5.16 3.36 6.27 - 2.98 3.34
Heart 1.29 0.81 1.58 0.72 - - - 0.84 2.39
Stomach 1.16 - - - - - - 1.35 1.94
Intestine 3.00C - 3.37d - - - - 3.80 2.24
Muscle 0.69 0.59 0.55 0.86 - - 1.33 0.61 1.05
Plasma 0.44 0.96 0.67 0.59 0.16 0.58 0.53 0.98 3.83
(1) van Doorn et al. 1985
(2) Obregon et al. 1978
(3) Heninger et al. 1965
(4) Nejad et al. 1975
(5) van Hardeveld & Kassenaar 1976
(6) present study
QHartford rats -
N

Boston rats
Cmean [T3] of colon, duodenum, jejunum, and ileum
small 1ntest1ne only
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tissue takes up Ts from the circulation and/or forms T=
intracellularly from Ta. Once intracellular Tz exceeds that
of the plasma, Ts must be retained against the gradient.
Conversely, a T/FP ratio less than 1.0 indicates a greater

concentration of Ts in the plasma than in a tissue. In light

of the uncertainties invelved in the measurement of Ts
tissue concentrations by RIA, only the T/P results from
isotopic equilibrium will be discussed. Mean T/P values for
unstressed fish show that liver, kidney, intestine, and
stomach accumulate Ts. These fouwr tissues also consistently
contained the highest concentrations of Ts. Although
differences in Ts concentrations between tissues were not
statistically significant in stressed fish, differences in
their T/P ratios between tissues were significant. Further-—
more, the exact same 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 Ta conversion and/or uptake and storage

af Ts from the circulatiaon.

For mammals, T/P ratios found in rats show that the
concentration of Ts in most tissues exceeds that of plasma
{Obregon et al. 1978; van Doorn et al. 1985) more profoundly
than in the case of trout. Similar to trout, kidney (13.94)
and liver (2.35) are among the tissues with the highest T/P

ratios {(van Doorn et al. 1985), suggesting that these two
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organs assume special importance for peripheral TH meta-—

bolism in all vertebrates.

Ts accumulation may be accomplished by various Ts
translocation mechanisms at the cellular level. Evidence
from in vitro studies suggest that iodothyronine transport
is assisted by plasma-membrane proteins (Oppenheimer & Surks

19743 Rao et al. 19765 Eckel et al. 1979; Pardridge 1984).

The accessibility Ts has into a tissue may also be
reflected in the amount of Ts found in a particular tissue.
A factor that determines the exchange of T= between plasma
and tissue is the permeability of the endothelium of the
vessels bathing the tissue. The morphology of capillaries
differs in endothelium structure and cell to cell junctions,
and there is evidence for regional differences in perme—
ability among capillaries of the same morphological type
(Bloom & Fawcett 1975). The endothelium lining inside the
liver has relatively large gaps which allow close contact
between plasma proteins and the cell membranes of the hepa—
tocytes (Pittman 1979). In muscle the less protein—-permeable
vascular endothelium may account for the slow plasma-tissue
Ts exchange rate (Oppenheimer 1983), therefore low guanti-

ties of Ts entry and low Ts concentrations.

Transport of Ts may not only be tissue-specific, but is
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influenced by whether the tissue is studied in vitro and in

vivo. This may explain why in the present study, recovery of

a #¥Ts source added in vitro, differed from that of #Ts
incorporated by the fish in viveo (Table 1). Differences in

#Ts recovery between tissues in vivo, indicate that Ts

distribution and incorporation may differ between tissue
types. Extraction variability possibly depends not only on
T= entrance into tissues, but also on the intracellular Ts
binding ability of a tissue. Once Ts enters into the cell
most of the hormone becomes associated with cellular compo-—
nents such as organelles, membranes and soluble proteins,
and only a small portion of intracellular Tz exists in free
form (Cavalieri & Pitt-Rivers 1981). Another way for tissues
to establish and to retain a Ts concentration gradient
against the plasma, is to bind available Ts to these intra-—
cellular binding sites, thus ‘trapping’ any free or incoming
T=. It is unknown if the number or types of binding sites is
specific for a tissue type, but if T/P ratios of Ts concen-
trations represent a useful indicator,; at least some cell
types of kidney, liver,; and intestine may have larger

numbers of such sites.

3. Fast and Slow Equilibration Tissue Pools
T/P ratios and T=s concentrations represent a static
picture of the relationship between tissue and plasma con-

centrations of thyroid hormones. The Ts content of whole
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organs and tissues can be compared with estimates of T=
distribution found by kinetic studies which examine the TH

exchange rate between plasma and cellular pools.

From studies with rats, DiStefano et al. (1982a) deve-—
loped a kinetic model based only on piasma measurements,
which breaks down the distribution of Ts into three pools.
Gf the total body Tz pool, 3-4% is found in the plasma, 76%
is contained in what is termed slowly equilibriating (slow)
tissue pools, characterized by tissues such as muscle, skin,
and brain. The remaining 19-21% is contained in rapidly
equilibrating (fast) tissue pools, typified by liver and
kidney (DiStefano 1982, DiStefano et al. 1982a). Tissues
such as heart and pituitary are considered intermediate in
their rate of equilibration {(Oppenheimer 1983). This rela-
tive distribution of Tz in rat tissue is nearly identical to
that in man, when the data are normalized for body weight or
when calculated as a percentage of total quantity (DiStefano

1982).

In rainbow trout, the cateqgorization of fast and slow
equilibrating tissues has also been attempted following
cardiac injection of #Ts (Van Der Kraak 1979). Tissues that
followed the distribution of #Ts in plasma were liver,
kidney, and gill and were considered fast equilibrating

tissues. Slow equilibrating tissues such as intestine,
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spleen, stomach, skin, muscle, and gall bladde+r, were
characterized by a period of increased uptake despite

decreasing plasma *T= (Van Der Kraak 1979).

In order to compare the relative distribution of fast
and slow tissue pools and to compare the total body Ts pool
in trout, to those found in rats, calculations were based on
organ Ts content for a hypothetical 300 g unstressed fish.
The combined amount of Ts from liver, and kidney (i.e. fast
pool for rats) equals 15.4 ng (Table 7). Assuming that the
fast pool in trout makes up 20% of the total Ts body pool,
as has been found in rats (DiStefano et al. 1982a), the body
T= pool would contain 77 ng. Muscle tissue, a component of
the slow tissue pool, accounts for 677 of body weight in
adult rainbow trout (Stevens 1968), and muscle Tz alone
contains 123 ng in a 300 g fish. Obviocusly the Ts body pool
must be substantially bigger than the above 77 ng estimate.
From these theoretical considerations, it can be concluded
that if fast and slow pools comprise similar tissues in
rainbow trout and rat, the percentage contribution of the
two pools to the total body pool of Ts must differ between
these animals. This can be at least partially explained by
the somewhat lower concentration of Tz in both liver and
kidney of rainbow trout than that found for rats and the

larger proportion of muscle tissue in salmonids.



Table 7. Amount of T3 (ng)/organ of a hypothetical 300g trout. Organ weights
are calculated from organ to body weight regressions (see App.10).
T3 concentrations were taken from fish reaching isotopic equilibrium.
Muscle weight was taken as 67% of body weight.
Organ T3 (ng/g tissue) T3 (ng/organ)
Tissue weight (g)
unstressed stressed unstressed stressed
Liver 3.58 2.46 0.90 8.81 3.22
Kidney 2.21 2.98 1.58 6.59 3.49
Gill 3.70 0.51 0.25 1.89 0.93
Heart 0.60 0.84 0.52 0.50 0.31
Stomach 2.69 1.35 1.25 3.63 3.36
Intestine 1.52 3.80 1.51 5.78 2.30
Muscle 201.00 0.61 0.08 122.60 16.08

8L
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4. Sources of Ts

The sources of Ts available to a tissue must be consi-—
dered, as they may ultimately determine the Ts concentration
of that tissue. Figure 18 summarizes the major sites and
pathway of TH metabolism in mammals. It shows that apart
from receiving Ts directly from the thyroid (still question-
able for fish), most mammalian tissues are capable of deio-—
dinating T4 to Tz (Chopra 1977). This Ts is either released
into circulation where it enters the plasma pool or remains
within the tissue, forming a further source of Ts at the
cellular level. In mammals, between 204 {(Schwartz et al.
1971) and &6% (Silva et al. 1982) of total T= are obtained
through deiodination. Studies with rats have shown that
liver and kidney produced the bulk of circulating Ts (Chopra
1977; Kaplan 1983; van Doorn et al. 1983). In rainbow trout,
as much as 707 of injected #Ta undergoes deiodination to Ts
(Eales 1977b), indicating that the production of extrathy-
roidal Ts is at least of similar magnitude to that in

mammals.

Although deiodination of Ta has been established in
teleosts, not much is known about the contribution of
specific tissues to the Ts pool. Law and Eales (1973) docu-—
mented #Ts deiodination to #I (but not #Ts) in homogenates
of brook trout gill, intestine, heart, and brain, but not in

liver. In rainbow trout, however, the deiodination and
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Figure 18B. Physio-anatomical model of Tz sources, distri-—
bution, and excretion in mammals. (Modified after
DiStefano 1984).
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the formation of Ts has been shown to occur in liver
(Pimlott & Eales 1983; Shields & Eales 1986), and kidney
homogenates, but not in spleen, skeletal muscle or gill

(MacbLatchy, unpublished data).

Imai et al. (1981) has shown in rats, that there is a
positive correlation between the deiodinating activity of a
tissue and the Ts concentration. In the present study, the
same correlation may exist as liver and kidney have a rela-—
tively high Ts concentration, whereas muscle and gill con-
centrations fall in the lower range of all examined tissues.
This is further supported by the fact that in the livers of
acid (pH 4.7} and aluminum (20 pM) exposed rainbow trout,
deiodinase activity is greatly reduced (MacLatchy, unpub-
lished data). The reduction in T. deiodination may be
reflected in the tissue Ts concentration, which in stressed

fish were lower than unstressed fish (present study).

The ability of certain tissues to regulate local T=
levels iﬁdependent of plasma Tz is also indirectly supported
by the present result of tissue specific Ts concentrations
and may represent an adaptive mechanism to regulate the

gquality and quantity of TH action.

With regard to the fate of locally generated T= and its

contribution to intracellular Ts, considerable differences
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seem to exist between tissues. Most of the Tx produced from
conversion of T4 in rat liver and kidney reenters the circu-
lation and accounts for approximately two-thirds of plasma
Ts (van Doorn et al. 1983). However; whereas only a minor

portion of Ts within kidney cells stems from local conver—

sion of Ta to Ts directly, in the liver this source still
amounts to 40% of total tissue Ts {(van Doorn et al. 1983,
1985). In muscle, this portion of total Ts was only minor
since Tx was found to be derived solely from plasma (van
Doorn et al. 1982). It is unknown if the same partitioning
of locally generated Tx also accurs in fish tissues. This
may explain high Ts concentrations in the liver of trout,
but in kidney, stomach and intestine, the Ts may also be
derived from plasma alone. It is possible, therefore, that
liver serves as a supplier of Ts for the rest of the tissues

by its deiodination activity.

5. Physiological Significance of TH and Tissues

A general overview is given of tissue types examined in
the presént study and their role in physiological inter-—
actions with thyroid hormones in both teleosts and mammals.
The majority of circulating hormones enters tissues which
serve in excretion, degradation or metabolism of the

hormone, but may not necessarily be a target site.

Skeletal muscle represents the largest thyroid-hormone-
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sensitive tissue in mammals, and therefore may assume an
important role in overall thyroid hormone metabolism. It is
unknown if skeletal muscle is TH-sensitive in teleosts. The
effect of thyroid hormones on skeletal muscle in mammals is
linked with regulating nonshivering thermogenesis. A compar -
able effect in poikilotherms has not yet been described and
probably does not exist. Ts formed locally from Ts has been
demonstrated in rat skeletal muscle {(van Hardeveld %
Kassenar 1978), but the rate of T4 conversion to Ts did not
correspond to the higher rate of Ts muscle uptake. Varia-
tions in uptake rate were further complicated by whether the
muscle was of the red or white type (van Hardeveld %
Kassenar 1278). Although muscle tissue has low Ts concentra-
tion, when compared to the other tissues (Table 5), its dom—
inating contribution to total body mass makes it the single
largest source of Ts, possibly acting as a storage site. Rat
muscle tissue comprises approximately S50%Z of total body
weight (DiStefano et al. 1982b); in rainbow trout, this
percentage is even higher, at approximately &7% of total

body weight (Stevens 1948).

Skin in teleosts has been reported to show a wide range
of responses to THs. For example, color changes can be
induced by increasing deposition of guanine crystals which
increases silvering (Matty 1985), or by altering melanophore

densities (Eales 1979). Skin and gill are possible sites of
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Ts accumulation because both tissues may act as excretion
and/or absorption pathways. Such transport of Ts is plaus—
ible because of the large surface area of skin and gills and
their proximity to the environment. The existence of the
above pathways has been indirectly supported by observations
that T= can be introduced into rainbow trout via immersion
into water containing Ts (Eales % Collicutt 19743 Omel janiuk
% Eales 1985). Under those conditions, absorption of Ts may
have occurred via the GI tract, but this route has been con-
sidered negligible for freshwater fish (Eales & Collicutt
1974). Present Ts concentrations in skin and gills were
among the lowest for any tissue measured. While these re-—
sults indicate that neither gill or skin act as storage
sites for Ts, they do not exclude the possibility that these
two tissues act as exit or entrance way for Ts without any
accumulation at the site. It remains unknown whether the
teleost skin acts as a site for deiodination of Ts to Ts as

has been suggested for humans (Hays & McBuire 1980).

in ihe mammalian heart, a relationship exists between
catecholamines to cardiovascular changes (e.g. increased
cardiac output, accelerated heartbeat) in altered thyroid
states, although it is not completely understood at what
level the interaction between TH and catecholamines take
place (Freedberg & Hamolsky 1974). TH has been found to

increase the number of ﬁ—andrenergic receptors in rat heart,
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but this increase in receptors appears to be species
specific (Morkin 1984). No parellel action has been investi-

gated in teleosts.

Not much is known about direct TH interactions with the
stomach in either mammals or teleosts. It is unknown if T=
is deiodinated in the stomach along with ingested food or if
it is absorbed before being passed into the intestine where
absorption of Ts can occur (van Middlesworth 1974). The
relatively high Ts concentrations of stomach tissue found in
the present study tentatively suggest that some storage of
Ts takes place, which may be peripherally generated or

absorbed from the food.

Liver and kidney are generally considered responsive to
TH and are the tissues most often studied due to their large
size, and high Ts concentration (Table 4). Both are also
sites of active deiodination of Ta and are considered to be
a major source of Ts in mammals (Chopra 1977; van Doorn et
al. 1982?. These organs represent routes through which THs
are broken down, conjugated to glucuronides and sulphates,
and excreted as bile or reabsorbed (Galton & Fitt-Rivers
19539; van Middlesworth 1974; Pittman 19793 Fig. 17).
Although Ts in bile was not examined in the present study,
bile was considered to be a contaminant in liver and intes-—

tinal tissues.
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A bilary excretion route for Ta and T= has also been
demonstrated for brook trout (Eales et al. 1971). In the
present study, {fish were starved to reduce entry of bile
into the intestine. Rainbow trout that received an ambient
source of #¥Ts, showed that discharge of radicactive bile
into the intestine after two days of starvation contributes
only negligiblly to intestinal radioactivity (Eales %
Collicut 1974). Nevertheless, the present study still found
bile present in the saline solution after rinsing, indi-
cating that bile may still be released and retained in the
intestinal lining after starvation. Therefore, bile may
still be carried through the extraction procedure along with

the intestine extract.

The presence of bile containing an assortment of
hormones and conjugates, as well as the possibility of TH
analogues formed within the intestine, may explain the
presence of the very large peak in the corresponding chroma-—
tograph for unstressed fish (Fig. 13), possibly indicating
the presénce of Ti or T=. The high concentration of Ts in
the intestine may also reflect the possibility of Ts form—

ation and reabsorption.

Although enterohepatic cycling of Ts, and Ts absorption
from the intestine has not yet been demonstrated in fish,

studies on rats have shown that when #Ts is introduced by
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cannulation, 43%Z of the #Ts entering the gut with the bile
was excreted as #Tz in the feces. The remaining 57%Z were
either reabsorbed and transported to the liver via the
enterohepatic circulation or degraded in the gut (Sternlicht
et al. 1984). S8Similarly, hydrolysis of iodothyronine con-
jugates into Ti, Tz, Ts, rTs, and Ta in the intestine has so
far only been documented for mammals, where the reaction
seems to depend on the presence of bacteria and is possibly

not enzymatic in nature (de Herder et al. 1974).



SUMMARY

Use of alcohol alone (method 1) or acidified alcohol as
an extractant, was not useful for fatty tissues, as
lipids were extracted along with Ts.

Use of a chloroform/ammonia wash after alcohol extraction
(method II) removed lipids and gave a recovery of added
#T= ranging from 55.8%Z (kidney) to 83.8% (heart).
Recovery of unlabelled Ts (measured by RIA) was incon-
sistent and it was concluded that the extraction method
is incompatible with the RIA method.

Ts concentrations obtained by an alternate procedure
involving chromatography of tissue extracts from fish
receiving constant #Ts infusion until isotopic equili-
brium was reached generally fell into 3 groups: highest
Tz in intestine, kidney and liver:; intermediate Ts in
heart and stomach; lowest Ts in gill, muscle and skin.
The relatively high Ts concentration in kidney, liver and
intestine, and low muscle T= concentration are similar to
literature values for rats.

Tissué~p1asma T= concentration ratios were significantly
different between tissue types, indicating differences in
Ts metabolism between tissues.

Ts concentrations of tissues from acid or acid and alu-

minum stressed trout had the same relative distribution

88
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as did tissues aof unstressed fish, but absolute Ts
concentrations were significantly lower.

Ts contents of organs of a hypothetical 300 g stressed
trout were lower than those for an unstressed fish, the

quantity of Ts of skeletal muscle being 7 times lower in

stressed fish.

In conclusion, it was possible to (a) measure the Ts con-
centration in various tissues of the trout, (b) show that
differences do exist between tissue types and (c) shaow
that the T= concentration can change due to the physio-

logical state of the fish.
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