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of T4 metabolites besides T3 in the brain has also been suggested. To determine the nature of these reactions, we
studied metabolism of 0.2-1.0 nM [125I]T4 and 0.1-0.3 nM [131I]T3 in whole homogenates and subcellular fractions of rat
cerebral cortex and cerebellum. Dithiothreitol (DTT) was required for detectable metabolic reactions: 100 mM DTT was
routinely used. Ethanol extracts of incubation mixtures were analyzed by paper chromatography in t-amyl
alcohol:hexane:ammonia and in 1-butanol:acetic acid. Rates of production of iodothyronines from T4 and T3 were greater
at pH 7.5 than at 6.4 or 8.6 and greater at 37°C than at 22° or 4°C. Lowering the pH, reducing the protein or DTT
concentrations, and preheating homogenates to 100°C all increased excess I− production but reduced iodothyronine
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In cerebral cortical homogenates from normal rats, products of T4 degradation were as follows (percent added T4±SEM in
nine experiments): T3, 1.9±0.5%; 3,3′,5′-triiodothyronine (rT3), 34.0±2.4%; 3,3′-diiodothyronine (3,3′-T2), 5.8±1.6%; 3′-
iodothyronine (3′-T1), ≤2.5%; and excess I−, 4.7±1.2%. In the same experiments, products of T3 degradation were 3,3′-T2,
63.3±5.5%, and 3′-T1, 12.6±1.4%. Cerebral cortical homogenates from hyperthyroid rats and normals were similar in […]
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Phenolic and Tyrosyl Ring Deiodination of

Iodothyronines in Rat Brain Homogenates

MICHAEL M. KAPLANand KIMBERLEEA. YASKOSKI, Thyroid Unit,
Peter Bent Brigham Hospital Division of Affiliated Hospitals Center, and
Harvard Medical School, Boston, Massachusetts 02115

A B S T RA C T Conversion of thyroxine (T4) to 3,5,3'-
triiodothyronine (T3) in rat brain has recently been
shown in in vivo studies. This process contributes a
substantial fraction of endogenous nuclear T3 in the rat
cerebral cortex and cerebellum. Production of T4 me-
tabolites besides T3 in the brain has also been sug-
gested. To determine the nature of these reactions,
we studied metabolism of 0.2-1.0 nM [125I]T4 and 0.1-
0.3 nM [1311]T3 in whole homogenates and subcellular
fractions of rat cerebral cortex and cerebellum. Di-
thiothreitol (DTT) was required for detectable met-
abolic reactions: 100 mMDTT was routinely used.
Ethanol extracts of incubation mixtures were analyzed
by paper chromatography in t-amyl alcohol:hexane:
ammonia and in 1-butanol:acetic acid. Rates of produc-
tion of iodothyronines from T4 and T3 were greater
at pH 7.5 than at 6.4 or 8.6 and greater at 37°C than at
220 or 4°C. Lowering the pH, reducing the protein or
DTT concentrations, and preheating homogenates
to 100°C all increased excess 1- production but re-
duced iodothyronine production.

In cerebral cortical homogenates from normal rats,
products of T4 degradation were as follows (percent
added T4+SEM in nine experiments): T3, 1.9±0.5%;
3,3',5'-triiodothyronine (rT3), 34.0+2.4%; 3,3'-diiodo-
thyronine (3,3'-T2), 5.8+1.6%; 3'-iodothyronine (3'-T,),
c2.5%; and excess I-, 4.7±1.2%. In the same experi-
ments, products of T3 degradation were 3,3'-T2, 63.3
+5.5%, and 3'-T,, 12.6±1.4%. Cerebral cortical homog-
enates from hyperthyroid rats and normals were similar
in regard to T4 to T3 deiodination. In contrast, in cerebral
cortical homogenates from hypothyroid rats, phenolic
ring deiodination rates were increased and tyrosyl ring
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deiodination rates were decreased compared with
normals.

T4 to T3 conversion rates in cerebellar homogenates
were greater than rates in cerebral cortical homog-
enates from the same normal rats and less than rates in
cerebellar homogenates from hypothyroid rats. T4 and
T3 tyrosyl ring deiodination rates were greatly
diminished in cerebellar homogenates compared with
cerebral cortical homogenates in normal and hypo-
thyroid rats. High-speed (1,000-160,000 g) pellets
from cerebral cortical homogenates were enriched in
phenolic and tyrosyl ring deiodinating activities rela-
tive to cytosol. Fractional conversion of T4 to T3 was
inhibited by T4, iopanoic acid, and rT3, but not by T3.
Tyrosyl ring deiodination reactions were inhibited by
T3, T4, and iopanoic acid, but not by rT3.

These studies demonstrate separate phenolic and
tyrosyl ring iodothyronine deiodinase enzymes in
rat brain. The brain phenolic ring deiodinase serves
in vivo as a T4 5'-deiodinase and closely resembles
anterior pituitary T4 5'-deiodinase in physiological and
biochemical characteristics. The physiological signif-
icance of the tyrosyl ring iodothyronine deiodinase
enzyme is unclear; it shares several properties with
rat hepatic T4 5-deiodinase.

INTRODUCTION

In clinical medicine, the brain is clearly responsive
to excessive and deficient supplies of thyroid hormones.
Congenital hypothyroidism is accompanied by mor-
phological abnormalities of the cerebral cortex and
cerebellum and by corresponding derangements of
central nervous system function in man and other
species (1-5) (see [1-4] forrecentreviews). Both hyper-
thyroidism and hypothyroidism cause abnormalities of
cognitive function in adult patients (6, 7). The molecu-
lar events necessary for the expression of thyroid hor-
mone effects on the brain remain- poorly understood.
Schwartz and Oppenheimer (8, 9) identified nuclear

551J. Clin. Invest. (D The American Society for Clinical Investigation, Inc. 0021-9738/80/09/0551/12 $1.00
Volume 66 September 1980 551-562



3,5,3'-triiodothyronine (T3)l binding sites in rat brain
cells with physical properties similar to those of nu-
clear T3 receptors in other rat tissues. They found dif-
ferences in the maximal nuclear T3 binding capacity
in different areas of the brain (9), and they and others
have described changes in cortical and cerebellar nu-
clear T3 binding with age in newborn rats (10, 11).
Dratman et al. (12) found localization of [1251]T3 within
synaptosomal vesicles from whole rat cerebral hemis-
pheres after in vivo injection of [1251]T3. Dozin-Van
Roye and DeNayer (13) demonstrated saturable bind-
ing of T3 to brain cytosol proteins in vitro. The physio-
logical significance of these observations is not yet
known.

There is evidence for metabolism of thyroid hor-
mones in brain tissue in vivo. Dratman and Crutch-
field (14) injected [1251]-thyroxine ([1251]T4) to thyroidee-
tomized rats given T4 replacement. In brain homog-
enates they found T3, which was most abundant in
the synaptosome fraction, and small (quantities of two
other compounds, one identified as 3,3',5'-triiodothy-
ronine (rT3) and the other as a common metabolite of
T4 and T3. Vigouroux et al. (15) identified [1251]T3 in
extracts of rat brain after in vivo administration of
['25I]T4. Obregon et al. (16) administered [131I]T4 and
[125I]T3 simultaneously, and found that brain tissue had
a higher [131I]T3:[125I]T3 ratio than liver, kidney, heart, ald
skeletal muscle, suggesting local production in brain.
Crantz and Larsen (17) injected normal rats with [1251]T4
and [31I]T3 in vivo and isolated cell nuclei from the
cerebral cortex and cerebellum. They found that a sub-
stantial fraction of nuclear T3 in these regions was pro-
duced locally and that in vivo iopanoic acid treatment
abolished the appearance of locally produced nuclear T3.

In vitro studies of metabolism of thyroid hormones
in brain tissue have also been reported. Tata et al. (18)
found degradation of [131I]T4 and ['311]T3 in brain
homogenates of chickens and dogs. They tentatively
identified tetraiodothyroacetic acid and triiodothyro-
acetic acid, or the analogous propionic acid derivatives,
as minor products. They also found that small amounts
of degraded T4 sometimes appeared as T3, but io-
dide constituted the great bulk of the identifiable
T4 degradation products in their stuidies. We (19, 20)
and Chopra (21) previously tested brain tissue for T4
5'-deiodinase activity but found little or no change in
radioimmunoassayable T3 in ethanolic extracts of the
homogenates. In these experiments, it is possible that
significant T4 to T3 conversion occurred in brain ho-
mogenates at rates lower than those found in homog-

'Abbreviations used in this paper: BAA, 1-butanol:acetic
acid:water::78:5:17; DTT, dithiothreitol; TAA, t-amyl alcohol:
hexane:2 N ammonia::5:1:6 (upper phase); T4, thyroxine; T,
3,5,3'-triiodothyronine; rT3, 3,3',5'-triiodothyronine; 3,3'-T2,
3,3'-diiodothyronine; 3',5'-T2, 3',5'-dijodothyronine; 3'-TI,
3'-iodothyronine.

enates of other tisstues (19-21), but was diffictult to detect
against the background of T3 contaminating the large
quantities of T4 used.

To establish the biochemical characteristics of T4 5'-
deiodination in brain, we have reexamined T4 metabo-
lism in vitro, using a sensitive radiometric technique
for identification and quantitation of reaction products.
We investigated the effects of hypothyroidism and hy-
perthyroidism, since both of these conditions stimulate
T4 5'-deiodinase activity in some tissues (20, 22, 23).
Initial experiments disclosed several degradation prod-
ucts of T4 besides T3 in brain homogenates. Wehave
attempted to identify those substances and characterize
the factors that influence their production.

METHODS

Aniimals and -eagetnts. Adult male Sprague-Dawley rats
(Zivic Miller Laboratories, Allison Park, Pa.) were used in all
experiments. Hypothyroid rats were supplied thyroidec-
tomized with parathyroid implants. Hypothyroidism was
judged by a weight gain of <100 g in 60 d after surgery; intact
rats of the samiie age gain 210-300 g in 56 d (data from sup-
plier). Rats meetinig this criterion have had uniformly low
serum T4 and high serum thyrotropin conicentration in past
studies (24), although serumii hormone levels were niot rou-
tinely measured in the present studies. In onie experiment,
normal rats were made hyperthyroid by injection of T4, 10
/iLg/100 g body wt s.e. daily for 5 d and sacrificed 24 h after
the last injection. In this experiment, the mean (±SD) serum
levels for the normal anid hypothyroid rats (both vehicle in-
jected) and the hyperthyroid rats were as follows: T4, 4.8+0.4,
1.3+1.0, and 13.3±1.9 jig/dl; thyrotropin, 190±30, 864±365,
and 30± 10 ,uU/ml.

Levorotatory iodothyronines were used exclusively. ['251]T4
wsZas purchased from New Enigland Nuclear, Boston, Mass.,
or syinthesized in our laboratory by the method of Weeke and
Orskov (25). ['3111T3 and ['31IIrT3 were synthesized in our lab-
oratory by the same methlod. Tracers conitained <10% I. Noni-
radioactive iodothyronines were obtained fromii Henniing
Gmbh, Berlin, and( the Sigmiia Chemiiical Co., St. Louis, Mlo.
lopanoic aci(d (TelepaqueR, 3-[3-amiiiilo-2,4,6-ti-iiodopheliN1]2-
ethylpropionic acid) was genierously donated by Mr. A. E.
Soria, Sterling-Wirnthrop Research Institute, Renssalaer, N. Y.
Other reagenits anid solvents were purchased from Fisher
Scientific Co., Pittsburghl, Pa. and Sigmiia Chemical Co.

Prepara tio)n of ho inoge nates. Rats were decapitated un-
der ether anesthesia and the brains removed. Pieces of cere-
bral cortex, free of white msatter, and the whole cerebellums
were dissected with a fine scissors, weighed, and homogenized
as described (20) in 9 vol ice-cold 0.05 MTris, pH 7.6-0.25 M
sucrose- 100 mMdithiothreitol (DTT). The pH of the homog-
enates was 7.5 at 37°C. Unless noted, tissues from three rats
were pooled to make the hoiiogenates. In experiments testing
the effects of thiol concenitrationis, tissues were homogeniized
in 8 ml/g Tris-sncrose without DTT; then 1 miil/g tissue of
various DTT or GSHsolutions was added to honmogenate ali-
(lItots. In fractioniationi studies, homiiogeniates were cenitrifuiged
at 1,000 g, and the resulting supernate was cenitrifuged for
45 mimi at 38,000 rpmii in a Beckmiiani model L centrifuge (Beck-
miiani Instruimenits, Ftillerton, Calif.) with anl SW50 1 rotor.
The low- an(d high-speed pellets were resuspended to the
original volumlle in Tris-sucrose-100 mMDTT as described
(20). The high-speecd pellet was ceintrifuiged again at 38,000
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rpm for 45 min and finally suspended to the original volume
in Tris-sucrose-100 mMDTT.

Incubation procedure. Incubations were carried out under
N2 at 37°C as detailed previously (20). 90 j.* of homogenate
or Tris-sucrose-DTT solution was mixed with 10 ,ul of sub-
strate solution to start the reactions. 10 Al of the substrate
solution contained -40,000 cpm [125I]T4 (1,100-2,500 AtCi4lg)
and 6,000-20,000 cpm [1311]T3 (-3000 ACi/4g), equal to 0.2-1.0
nMT4 and 0.1-0.3 nM T3 (these and all other concentrations
are given as concentrations in the incubation mixture at the
start of the incubations). T4 and T3 concentrations in these
ranges were far below satuarating concentrations, so that frac-
tional degradation rates were not concentration dependent
and data from different experiments could be compared. Other
compounds were added to tracer solutions before the tracers
were added to homogenates. Incubations were stopped by ad-
dition of 200 plI ethanol plus 50 ,ul 0.04 N NaOHcontaining
50 jig T4, 50 jig T3, and 285 jig methimazole. The tubes were
then centrifuged, yielding a pellet -25 Al volume. 89-97%
of both tracer T4 and tracer T3 were recovered into the
ethanolic supemate.

Analytical methods. 75-125 ,1. of the ethanolic extracts was
mixed with carrier T4, T3, and Nal, and subjected to descend-
ing paper chromatography using the t-amyl alcohol:hexane:2
N ammonia::5:1:6 (TAA) system of Bellarbarba et al. (26).
Carriers were identified by spraying with color reagents.2 In
some experiments, various peaks of radioactivity were eluted
from unsprayed chromatograms with methanol:ammonia
(99:1). These were concentrated under a stream of nitrogen,
mixed with carrier compounds, and chromatographed again
either in the TAA system or in a descending paper system
of 1-butanol:acetic acid:water (78:5:17) (BAA) (27).

In experiments designed to identify reaction products,
chromatograms were cut into 1-cm segments. In subsequent
experiments, TAA chromatograms were cut into 10 seg-
ments. The I-, T4, and T3 carrier spots were in segments 2, 5,
and 9, respectively. Segments 1-9 were -2.5 cm in length,
while segment 10 was between T3 and the front. Changes
in '25I and 1311 in segments 6-8 were attributed to 3,3'-diiodo-
thyronine (3,3'-T2), changes in '25I in segments 3 and 4 were at-
tributed to rT3 and changes in '3'I in segments 4 and 5 were
attributed to 3'-iodothyronine (3'-T,) (see Results).

Phenolic ring monodeiodination of ['251]T4 or ['25 ]rT3 will
produce equimolar amounts of '251 and ['25I T3, or [125IJ3,3'-T2,
respectively. This is true whether one or two 1251 atoms are
present on the phenolic ring of T4 or rT3. ['251]3,3'-T2 and
[I251]3'-T1, produced from newly generated [125I]T3, will also be
matched by equal amounts of 1251- produced along with the
intermediate [1251]T3. 1251- appearing in excess of ['251]T3 plus
[125 ]3,3'-T2 is designated excess I-. Excess I- includes I- cor-
responding to [1251]3'-T, production (since that compound was
not routinely separable from ['251]T4 or [125I]rT3), 1- produced
by phenolic ring deiodination of [3,3']T2 and 3'-T1, I- produced
by the process observed in the boiled homogenates (see
Results) and 3',5'-diiodothyronine (3',5'-T2), which cochro-
matographs with iodine (28).

2 An Appendix has been deposited with the National
Auxiliary Publication Service (NAPS) as NAPS document
03696. This information may be ordered from ASIS/NAPS,
Microfiche Publications, P. 0. Box 3513, Grand Central
Station, New York 10017. Remit in advance, in U. S. funds,
$3.00 for microfiche copy or for photocopy, $5.00 up to 20
pages plus 25t for additional pages. Outside the U. S. and
Canada add postage of $3.00 for photocopy and $1.00 for
microfiche. Checks should be made payable to Microfiche
Publications.

Paper electrophoresis employed a Durrum-type cell (Beck-
man Instruments, Inc.) in 0.3 Mglycine-0. 15 Macetate buffer,
pH 8.6. Protein was measured in triplicate by the method of
Lowry et al. (29). Since DTT strongly interferes in the protein
assay, homogenate aliquots and bovine serum albumin stand-
ards were precipitated with 5 ml 7%perchloric acid, pelleted,
washed with the same amount of perchloric acid, pelleted
again, and dissolved in 0.1 N NaOH.

Calculations. Each experiment included extracts of Tris-
sucrose-100 mMDTT made immediately after addition of
tracer (zero time) and incubations with Tris-sucrose-100 mM
DTT for 2 h. The percent radioactivity in each segment of
the chromatograms from the 2 h incubations with Tris-sucrose-
100 mMDTT was subtracted from the percent radioactivity
in the corresponding segments from incubations containing
brain tissue. This figure for each chroinatogram segment was
divided by the percent radioactivity in the zero-time [1251IT4
or [131I]T3 spots, as appropriate, to yield the fraction of added
T4or T3 degraded or the fractions of added T4 to T3 converted
by the tissue to the various reaction products. Measured
quantities of 5'-deiodination products of T4 were doubled to
correct for simultaneous 1251- production. Statistical compari-
sons were made using the t test for paired or unpaired values
as appropriate, and by two-way analysis of variance, using
the statistical package of Hewlett-Packard 9815A program-
mable calculator (Hewlett-Packard Co., Palo Alto, Calif.).

RESULTS

Characterization of reaction products. The dis-
tributions of radioactivity on chromatograms of zero-
time extracts of cerebral cortical homogenates and of
Tris-sucrose-100 mMDTTwere indistinguishable from
the distribution of radioactivity of chromatograms of
original tracer solutions. In these chromatograms, peaks
of 1251 radioactivity were found only in the I- and T4
carrier spots, and peaks of 131I radioactivity were found
only in the I- and T3 carrier spots. There was no
evidence of formation, during extraction or thereafter,
of T4 or T3 esters or of complexes of T4 to T3 with
ethanol-soluble lipids. After 2-h incubations with Tris-
sucrose, with Tris-sucrose-100 mMDTT in the absence
of tissue, or with whole cerebral cortical homogenates
from normal or hypothyroid rats without DTT, the per-
cent of total 1251 and 1311 radioactivity in the iodothyro-
nine spots was 1-5% lower than that at zero time.
Approximately half of this change was accounted for
by an increase in radioactivity in the iodide spot, but
the rest of the loss of starting material was not matched
by the appearance of radioactivity in any other discrete
area of the chromatograms. In particular, in these in-
cubations, <1%of added [1251]T4 radioactivity appeared
in the T3 spot after 2 h.

Incubation of homogenates of cerebral cortical tissue
from normal rats with [1251]T4 and [311I]T3 in the presence
of 100 mMDTT produced five reaction products (Fig.
1): 1251-; ['251]T3; a T4 metabolite migrating in the TAA
system between 1- and T4 (compound A); a T3 metabo-
lite migrating in the TAAsystem slightly slower than T4
(compound B); and a common metabolite of T4 and T3
migrating in the TAA system midway between T4 and
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FIGuRE 1 Representative TAA chromatogram of ethanolic
extract of cerebral cortical homogenate from normal rats
incubated for 2 h at 37'C with 0.9 nM [121I]T4, 0.1 nM [131I]T3,
and 100 mMDTT. The thin line indicates "2I radioactivity
and the bold line indicates 1311 radioactivity in each 1-cm
chromatogram segment. There is no correction in this figure
for radioactivity in the starting material. Lines under the
abscissa indicate positions of the stained carrier I-, T4, and
T3 spots on this chromatogram.

T3 (compound C). 1- was always separated by at least
1.5 cm from the origin in the TAA system, and ap-
pearance of statistically significant quantities of radio-
activity at the origin was not observed in the chromato-
grams. Percent recovery of total 125I and 1311 radioac-
tivity in the incubation mixtures into the liquid phase
did not change over time: in a representative ex-
periment, recovery of 125I was 95+2 and 97+3%, and
recovery of 131I was 95±3 and 96±1% at 0 and 2 h,
respectively. This observation excludes the formation
in the incubation mixtures of subtantial amounts of
ethanol-insoluble, proteinaceous, iodinated "origin
material."

Compound A was eluted from several chromato-
grams, pooled, and rechromatographed in the BAAand
TAA system. In both systems, compound A radioac-
tivity cochromatographed with rT3.2 Compound B was
eluted and rechromatographed with T4 standards and
with 3'-T1 standards. Compound B was found to cochro-
matograph in both systems with 3'-T1. In the BAA sys-
tem, compound B was distinct from T4: R, of 3'-T, and
compound B = 0.73, Rf of T4 = 0.83. Compound C was
eluted and rechromatographed in both systems with
3,3'-T2 standards and with tetraiodothyroacetic acid
standards. In both systems, all of the '25I and 131I radio-
activity coincided with the 3,3'-T2 standard. In the BAA
system, tetraiodothyroacetic acid, Hf = 0.92, was com-
pletely distinct from 3,3'-T2, B1 = 0.77, and there was
no radioactivity in the tetraiodothyroacetic acid spot
above background. In some experiments, the formation
of 3',5'-T2 seemed possible. This compound is not

separable from 1- in the TAA system (28) and not sep-
arable from T4 in the BAA system (27); however, ap-
parent 1- production in individual samples could be
compared in both systems. When this was carried out
for incubation samples suspected of containing 3',5'-T2,
there was no significant difference by which the pres-
ence of 3',5'-T2 could be inferred. There was never any
radioactivity of TAA chromatograms compatable with
the formation of triiodothyroacetic acid from T4 or T3 (27).

Effects of varying incubation pH, temperature, and
time. When the pH of the incubations was adjusted
to 6.4 or 8.6, the T4 to T3 and T3 to 3,3'-T2 conversion
rates were <50%of the rates at pH 7.5. Likewise, there
was a progressive decrease in the rates of these reac-
tions when the temperature was lowered to 220 and
4°C. Heating the homogenates or high-speed pellets
in a boiling water bath for 30 min abolished detectable
production of any iodothyronines from T4 or T3. When
whole cerebral cortical homogenates from normal and
from hypothyroid rats were sampled every 30 min for
120 min, plots of log (percent added T4 or T3 remaining)
vs. time were linear. Thus, the fractional degradation
rates of T4 and T3 were constant during this period.
In the incubations with [131I]T3, using normal tissue,
substantial quantities of [131I]3,3'-T2 appeared at 30 min,
before any detectable [1311]3'-Tl, and the ratio of [13111]
3'-T, to [131I]3,3'-T2 increased progressively thereafter.
In the incubations with [1251]T4, using hypothyroid tis-
sue, substantial quantities of [1251]T3 and [125I]rT3 ap-
peared at 30 min, when there was barely detectable
[125I]3,3'-T2. In the latter incubations, the ratios of [125I]-
3,3'-T2 to both [1251]triiodothyronines increased progres-
sively over the subsequent 90 min.

Excess 1 production. Under normal incubation
conditions, 0-6% of the [1251]T4 and 0-2% of the [1311]T3
was converted to excess I- (e.g., see Table I and Fig. 2).
The following alterations in incubation conditions all
increased excess I- production up to 40%of the added
T4 and 10% of the added T3: pH 6.5, decreased protein
concentration (particularly in the high-speed pellet),
decreased DTTconcentration, and preheating to 100°C
for 30 min. All of these conditions caused greatly de-
creased net formation of iodothyronines, and formation
of I- from T3 was never rapid enough to explain more
than a small part of the excess 1- from T4. When1- produc-
tion was analyzed by BAA and TAA chromatography
and by paper electrophoresis in incubation mixtures
preheated to 100°C, results from all three systems were
comparable. In one dilution experiment and in one ex-
periment with 100°C preheating, parallel incubations
with [125I]T4 plus [131I]T3, and [125I]T4 plus [131I]rT3 re-
sulted in --10% of the T4 converted to excess I-, while
simultaneous I- production via T3 and rT3 intermediates,
taken together, could account for < 1%of the added T4.

Products of T4 and T3 degradation in homogenates of
cerebral cortex from hypothyroid, euthyroid, and hy-
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TABLE I
Products of T4 and T3 Metabolism in Homogenates of Cerebral Cortex and Cerebellum of Normal and Hypothyroid Rats

Cerebral cortex Cerebellum
P, cortex vs. cerebellum

Deiodination Normal Hypothyroid Normal Hypothyroid
products (9 experiments) (6 experiments) (6 experiments) (3 experiments) Normal Hypothyroid

mean+SEM Mean+SEM MeantSEM MeantSEM

T4 degraded (%) 46.1+3.5 61.7+3.5* 19.5+4.0 40.1±4.3* <0.001 NS
T. degradation products

(% added T4)
T3 1.9±0.5 32.0±4.8t 14.3±2.7 39.6±4.7T <0.001 NS
3,3'-T2 4.4+1.2 15.1±3.0* 1.9±0.6 0.2±0.2 <0.01 <0.001
rT3 34.0+2.4 10.8±1.8t 1.8±0.4 0.5±1.4 <0.001 <0.001
Excess 1- 4.7±1.2 3.5±0.8 1.1+0.3 2.9+2.3 <0.01 NS

T3 degraded (%) 73.3±4.2 37.7±5.7t 6.2+2.1 2.8±0.4 <0.001 <0.001
T3 degradation products

(% added T3)
3,3'-T2 63.3+3.5 32.9±4.1t 5.0±0.9 0.7+1.0(Y <0.001 <0.002
3'-T, 12.6±1.4 3.3±0.5t 0.8±0.4 0.3+0.2 <0.001 NS
I- 0.1±0.1 0.8±0.3 0.9±0.4 0.1±0.1 NS NS
3'-T5/3,3'-T2 0.21+0.03 0.10±0.01"

Protein concentration
(mglml) 12.5+1.9 10.7±1.4 13.1+0.6 8.0+1.6* NS NS

In each experiment, pooled homogenates from cerebral cortex or cerebellum of three rats were incubated in triplicate for 2 h at
37°C with 0.2-1.0 nM [125I]T4, 0.1-0.3 nM [13,I]T3, and 100 mMDTT. Values are means of individual experimental means.
Comparisons between normal and hypothyroid tissue were made by the unpaired t test. Comparisons between cerebellum
and cortex were made by two-way analysis of variance since, in each experiment with cerebellar tissue, values for cerebral
cortical tissue from the same rats were available.
* P < 0.02 vs. normal tissue from same region.
4 P < 0.001.
§ P < 0.005.

11 P < 0.05.

perthyroid rats. In early experiments, using homog-
enates of cerebral cortex from normal rats, net produc-
tion of small quantities of [125I]T3 from [125I]T4 was
observed. Because we were interested most in T3 produc-
tion, we sought a system in which it was more readily
studied. Alterations in thyroid status were potentially
useful, in view of their effects of pituitary and hepatic
T4 5'-deiodination (20, 23, 24). Because differences in
endogenous T4 could alter the extent of T4 degradation
in homogenates, incubations were carried out in the
presence and absence of 100 nM [127I]T4, a concentra-
tion much higher than any conceivably due to en-
dogenous T4.

Results obtained using cerebral cortical homogenates
from normal, hyperthyroid, and hypothyroid rats are
shown in Fig. 2. The protein concentrations of the in-
cubation mixtures (mean+ SD) were 10.3+±0.8, 10.5±0.2,
and 9.7+0.3 mg/ml in the euthyroid, hyperthyroid, and
hypothyroid groups, respectively. In homogenates of
cerebral cortex from normal and hyperthyroid rats
(Fig. 2, center and right) the major [125I]T4 degradation
product was [1251]rT3. There were also small quantities
of [125I]T3, [I25I]3,3'-T2, and excess 1251-. In incubation

mixtures from normal and hyperthyroid rats the esti-
mated upper limit for production of both 3',5'-T2 and
X-T, was 2.5% of the added T4 in 2 h. In the incubations
of normal and hyperthyroid cerebral cortex, the only
significant effect of increasing the T4 concentration
from 0.2 to 100 nM was to decrease the total degrada-
tion of T4 in the normal group from 33.2+7.3 to 27.1
±6.8% (P < 0.05 by paired t test).

In homogenates of cerebral cortex from hypothyroid
rats (Fig. 2, left), substantial quantities of [125IJT3 and
smaller quantities of ['25I]3,3'-T2 and [1251]rT3 were pro-
duced from ['251]T4. When the T4 concentration was
increased from 0.2 to 100 nM, the fractional degradation
of T4 decreased from 48.8±6.3 to 28.8 ±6.4% (P < 0.001),
largely due to a decrease in T3 production from 30.0
to 15.3% of the added T4 (P < 0.05). Percent conversion
of T4 to the other products was not significantly dif-
ferent at the two T4 concentrations. The greater frac-
tional T4 to T3 conversion in the hypothyroid prep-
aration with 100 nMT4 than in the other homogenates
with only tracer T4 shows that T3 production in cerebral
cortical homogenates from normal and hyperthyroid
rats was not obscured by endogenous T4.
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FIGURE 2 Effect of thyroid status on deiodination of [1251]T4 in cerebral cortical homogenates. In
this experiment tissue from each rat was homogenized and incubated separately. Three intact
rats received 10 ,ug T4/100 g body wt. s.c. daily x 5 to render them hyperthyroid, while three
intact and three thyroidectomized rats received the T4 vehicle in the same schedule. All the rats
were sacrificed at the same time and the incubations (one tube per rat) were performed simul-
taneously. Incubations were performed at 370C for 2 h with 0.2 nM [1251]T4, with and without
100 nM ['27I]T4, 0.1 nM [1311]T3, and 100 mMDTT. Vertical lines show 1 SD. *, T3; X, 3,3'-T2;
1, rT3; and 0, excess 1-.

The rates of T3 degradation, 3,3'-T2 production, and
3'-T1 production were least in the homogenates from
hypothyroid rats, greater in homogenates from euthy-
roid rats, and greatest in homogenates from hyperthy-
roid rats. The rates in the hyperthyroid group were
two- to fourfold greater than those in the hypothyroid
group. There was no effect on [131I]T3 metabolism of
increasing the T4 concentration from 0.2 to 100 nM.

Inasmuch as there was clearly Ino enhancement of
T3 production in cerebral cortical homogenates of
hyperthyroid rats, either normal or hypothyroid rats
were used in subsequent experiments. The combined
results of several experiments are shown in Table I.
At tracer T4 and T3 concentrations, mean net production
of T3 from T4 in cerebral cortical homogenates from
normal rats was 1.9±0.5% of added T4, a low but sig-
nificant rate. In cerebral cortical homogenates from
hypothyroid rats, mean net T3 production was 32%,
much greater than in normals. Conversely, cerebral
cortical homogenates from hypothyroid rats exhibited
significantly less tyrosyl ring deiodination of T4 and
T3 and, as judged by the difference in the [31 1]3'-T,/
[131I]3,3'-T2 ratios, less tyrosyl ring deiodination of
3,3'-T2 than the cerebral cortical homogenates from the
euthyroid rats.

To clarify the sources of [125I]3,3'-T2, we performed
parallel incubations, using the same homogenates, with
[125I]T4 plus [131I]T3, and with [1251]T4 plus [131I]rT3.2 In
cerebral cortical homogenates from both normal and
hypothyroid rats, fractional conversion of T3 to 3,3'-T2
was greater than fractional conversion of rT3 to 3,3'-T2.
Conversion of rT3 to 3,3'-T2 was greater in the ho-

mogenates from hypothyroid rats than from normals.
Given the differences in availability of [1251I]T3 and [1251]
rT3 during incubations using cortex from normal and
hypothyroid rats (Table I), it could be concluded that
T3 served as the intermediate for much (in normals)
or most (in hypothyroid rats) of the 3,3'-T2 produced
from T4 in cerebral cortical homogenates. It was also
clear, however, that rT3 was the intermediate for some
3,3'-T2 produced from T4. Addition of 1 or 2 ,u M [127I]T3
inhibited [1311]T3 degradation to <10% and increased
the simultaneous net production of [1251]T3 from [125I]T4,
without significantly changing the sum of net [1251]T3
plus net ['251]3,3'-T2 production.

In view of the foregoing results using [1311]rT3 an(d
high concentrations of [1271]T3, it appeared that total
T3 production rates in cerebral cortical homogenates
from hypothyroid rats could be approximated well as
the sum of net T3 and net 3,3'-T2 production. In two
experiments using 100 nM initial T4 concentration (one
shown in Fig. 2), total T3 production rates were 8.1 and
17.5 fmol T3/min per mghomogenate protein. In these
experiments, incubations with 1,000 nM T4 were in-
cluded: fractional T4 to T3 conversion was very low, and
changed between 100 and 1,000 nM T4 approximately
in inverse proportion to the concentration. Therefore,
100 nM T4 was probably greater than the apparent Km
for T4 in this reaction, and the measured T3 produc-
tion rates at 100 nNM T4 approximated maximum re-
action rates.

Iodothyronine deiodinatinig activities in cerebellar
homogenates. The mean T4 to T3 conversion rate in
the cerebellar homogenates from normal rats was con-
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siderably greater than that in cerebral cortical homog-
enates from the normal rats (Table I). The mean T,
to T3 conversion rate in cerebellar homogenates from
hypothyroid rats was the same as that in cerebral cor-
tical homogenates from the hypothyroid rats, and much
greater than in the cerebellar homogenates from the
normal rats. In dramatic contrast, there was little
or no T4 to rT3 conversion in cerebellar homogenates
from normal or hypothyroid rats. T3 to 3,3'-T2 conver-
sion was present in cerebellar homogenates from
normal rats but was much slower than in cerebral cor-
tical homogenates. T3 to 3,3'-T2 conversion was not
detectable in cerebellar homogenates from hypo-
thyroid rats.

Thiol dependence of deiodination reactions.
Whole homogenates of cerebral cortex from normal and
hypothyroid rats were incubated with tracer T4 and T3
in the presence of 0-100 mMDTT. There was no
detectable degradation of T4 or T3 in the absence of
DTT. In the hypothyroid preparations (Fig. 3), there
was a progressive increase in percent conversion of
[1251]T4 to [125I]T3 as the DTT concentration was in-
creased up to 10 mMand no significant further change
at 50 or 100 mMDTT. In the same hypothyroid prepara-
tions, there was a progressive increase in conversion
of [1311]T3 to [1311]3,3'-T2 up to 100 mMDTT and an in-
crease in net accumulation of [125I]3,3'-T2. The low
3,3'-T2 production rates in this experiment did not al-
lowv precise definition of the DTT dose-response rela-
tionship. In the homogenates of cerebral cortex from
normal rats (Fig. 4), the rate of T4 to rT3 conversion and
the rate of T3 to 3,3'-T2 conversion increased progres-
sively as the DTT concentration was varied from 0 to
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50 mM, with no significant differences between 50 and
100 mMDTT. The production of 3'-T1 from T3 had a
similar relationship to the DTT concentration. In
normal rats, there was no significant T4 to T3 conver-
sion in cerebellar homogenates, and low rates of
T3 to 3,3'-T2 conversion in cerebral cortical homog-
enates when 100 mMGSHwas used instead of DTT.
100 mMGSHwas slightly less effective than 1 mM
DTT in stimulating T3 to 3,3'-T2 conversion.

Subcellular distribution of deiodinating activities.
In normal, hypothyroid, and hyperthyroid rats, the ex-
tent of conversion of T4 to T3, T4 to rT3, and T3 to 3,3'-T2
was the same, or only slightly less, in the resuspended
low- and high-speed pellets as in the whole homog-
enates. In the hypothyroid rats, the T4 5'-deiodination
rate per milligram protein was less in cytosol than in
other fractions. In all three groups, the rate of T4 5-
deiodination per milligram protein was less in the high-
speed supemate than in the high-speed pellet; this was
probably true for 5-deiodination of T3 also, after ac-
counting for the decrease in reaction rate as the sub-
strate became largely depleted. Since the amount of
the various products were similar in the washed high-
speed pellet and in the whole homogenate in all three
groups, differences in cytosol binding of T4 clearly
did not prevent the detection of T3 production in the
whole homogenates of cerebral cortex from normal and
hyperthyroid rats.

The effects of dilution of the high-speed pellet was
studied.2 In the high-speed pellet from hypothyroid
rats, the rate of conversion of T4 to T3 had a reasonably
linear, direct relationship to the amount of protein in
the incubation tubes between 1.5 and 11.5 mgprotein/
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FIGURE 3 Dependence on DTT concentration of T4 and T3 deiodination in pooled cerebral
cortical homogenates from three hypothyroid rats. Points represent mean+SD of triplicate
incubations with 0.4 nM [1251]T4 and 0.2 nM [31I]T3 at 37°C for 2 h. Production of [1251]rT3, [131I]-
3'-T,, and excess 1251- were at most 4% of added ['251]T4 or [1311]T3 at all DTT concentrations.
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FIGURE 4 Dependence on DTT concentration of T4 and T3 deiodination in pooled cerebral
cortical homogenates from three euthyroid rats. Points represent mean±SDof triplicate incuba-
tions with 0.5 nM [1251IT4 and 0.3 nM [13lI]T3 at 37°C for 2 h. Production of ['251]T3 was <2%and
production of excess 125j- was <4% of added [125I]T4 at all DTT concentrations.

ml. When the high-speed pellet from normal rats was
diluted from 8.8 to 1.1 mg/ml, the percent conversion
of T4 to rT3 decreased progressively, but the relation-
ship was not linear above 4.4 mg protein/ml.

Inhibition of phenolic and tyrosyl ring deiodination
in cerebral cortical tissue by iodothyronines and
iopanoic acid. Results are shown in Tables II and
III. Both rT3 and iopanoic acid (Table II) caused dose-
dependent inhibition of T4 to T3 conversion. Increasing
the T4 concentration from 1 to 1,000 nM also caused a
progressive reduction in fractional T4 to T3 conversion
(Table II). The extent of inhibition of fractional T4

to T3 conversion by the agents used in these two ex-
periments may be compared, since total T4 degrada-
tion in the incubations with T4 up to 1 nM were quite
similar (47.6+3.2% in experiment 1 and 45.0+2.0% in
experiment 2). The effect of adding 1,000 nMT3 to the
high-speed pellet from hypothyroid rats was the same
as in the whole homogenate experiments, i.e., no in-
hibition of total T3 production. Thus, for the T4 to T3
conversion reaction in the high-speed pellet fraction,
the order of inhibitory potency was T4 > iopanoic
acid > rT3 > T3.

T3 at 1,000 nM greatly reduced fractional conver-

TABLE II
Inhibition of T4 5'-Deiodination by Cerebral Cortical Tissue

from Hypothyroid Rats in vitro

['251IT3 [I-Il]3,3'-T, ['"5I]T3
Inhibitor production production + [1131]3,3'-T2

nM %added T4±SD

Experiment 1 None 21.4±1.6 8.0±2.0 29.4±2.6
rT3 100 13.2+1.4 5.0+1.4 18.2±2.0
rT3 1,000 4.8±0.6 1.0±0.9 5.8±1.1
Iopanoic acid 300 8.4±0.4 1.6±1.2 10.0±1.3
Iopanoic acid 1,000 2.6+1.0 1.2±1.6 3.5±1.9

Experiment 2 None 25.5±2.0 5.2±+1.4 30.7±2.4
T4 10 16.8±1.7 3.8±0.3 20.6±1.7
T4 100 9.9±4.3 3.0±2.0 12.9±4.7
T4 1,000 0.0±0.6 0.9±0.9 0.9±1.1

Incubations were carried out in triplicate at 370C for 2 h in the presence of 0.4-1.0 nM

[I251]T4, 0.2 nM [31I]T3, and 100 nM DTT. In each experiment, cerebral cortical tissue

from three hypothyroid rats was pooled and the high-speed pellet fraction was used in
the incubations.
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TABLE III
Inhibition of T4 and T3 5-Deiodination in the Cerebral Cortical

High-speed Pellet Fraction

[1251I]T4 [1'311T3
converted to converted to

Inhibitor [ '25I] rT3 [ '3I] 3,3'-T,

nM %addedT,±SD %added T3±SD

Experiment 1 None 10.4±1.6 15.3±1.4
(hypothyroid) T4 1,000 4.4±2.9 0.9+2.0

T3 1,000 6.2±4.5 -0.4±1.6

Experiment 2 None 27.6±3.2 67.8±2.6
(normal) T4 100 18.5±3.2 37.9±4.2

T4 1,000 7.9±4.7 10.3±1.7
Iopanoic acid 1,000 6.8±2.7 17.0±4.9
lopanoic acid 50,000 0.7±2.8 1.7±4.8

Experiment 3 None 10.2±2.4 28.9±2.6
(hypothyroid) rT3 100 10.4±2.0 26.7±2.4

rT3 1,000 11.5±2.0 24.1±1.9
Iopanoic acid 300 2.6±3.0 12.6±2.0
Iopanoic acid 1,000 0.0±1.8 3.4±1.3

Tissue preparation and reaction conditions were as described in TABLE II.

sion of ['31I]T3 to [131I]3,3'-T2 in the high-speed pellet
from hypothyroid rats (Table III). The effect of T3 on
T4 to rT3 conversion in experiment 1 was indeter-
minate. T4 was an effective inhibitor of fractional con-
version of ['25I]T4 to ['25I]rT3 and of [1311JT3 to [131I]T2
(Table III). 1 uM T4 was approximately as potent as
1 ,uM T3 in inhibiting fractional conversion of [131I]T3
to [131I]3,3'-T2. lopanoic acid inhibited T4 to rT3
conversion and T3 to 3,3'T2 conversion (Table
III). The potency of iopanoic acid in the inhibi-
tion of 5-deiodination of T4 and T3 was approximately
equal to that of T4 in the high-speed pellet from normal
rats (Table III). rT3 at 100- and 1,000-nM concentra-
tions did not inhibit T4 to rT3 conversion or T3 to 3,3' -T2
conversion (Table III). From these data the order of
inhibitory potency of these compounds for the 5-
deiodination reaction in the cerebral cortical high-
speed pellet was T3 = T4 iopanoic acid > rT3.

DISCUSSION

The studies we report here demonstrate complex pat-
terns of deiodinative iodothyronine metabolism in rat
brain homogenates. It seems clear that rat brain pos-
sesses separate phenolic and tyrosyl ring deiodinases.
For both of these enzymes, activity is heat labile and
thiol dependent. The rates of the two types of reac-
tions in cerebral cortical homogenates vary in opposite
directions in hypothyroidism. The activities of these
enzymes also vary independently in different regions
of the brain. The relationship of our results to those
of Tata et al. (18) is obscure, probably due to substantial

methodological differences. It is not clear whether the
compounds they identified as triac and tetrac, or the
corresponding propionic acid analogues, could have
been 3,3'-T2 and rT3. Certainly, no alterations in the
alanine side chain of T4 or T3 were observed in the
present studies.

The formation of excess I- from T4, particularly in
homogenates preheated to 100°C, raises the possibility
that we have misinterpreted nonspecific processes
(30, 31) as being enzymatic reactions. This seems most
unlikely for several reasons. First, the processes that
form identifiable iodothyronine products of T4 and T3
degradation always behaved as expected for enzymatic
reactions. They showed dependence on pH, tempera-
ture, and protein concentration, regional specificity
within the brain, and dependence on the thyroid status
of the animals. Second, we did not observe rapid
deiodination of T3 and rT3, the known degradation
products of T4, in preboiled homogenates. This result
excluded sequential deiodination through those inter-
mediates. Third, all of the manipulations that increased
excess 1- formation greatly reduced the net formation of
all identifiable iodothyronine products. Although the
nature of excess I- formation is unknown, it appeared to
be largely unrelated to formation of iodothyronine
products of T4 degradation and may well be non-
enzymatic.

The significance of T4 5'-deiodinase activity in the
brain, with respect to the responses of the brain to cir-
culating thyroid hormones, is not yet known. Crantz
and Larsen (17) have shown that T3 is produced from
T4 within the cerebral cortex and the cerebellum of
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normal rats in vivo. They have recently reported (32)
that >70%of the endogenous nuclear T3 in these brain
regions is produced locally. This means that local T3
production, compared with T3 transport from the blood,
is at least as important in determining occupancy of
nuclear T3 binding sites in the cerebral cortex and
cerebellum as in the anterior pituitary gland (33, 34).
Local T4 to T3 conversion provides a much lower frac-
tion of nuclear T3 in other tissues (33-35). Inhibition
by iopanoic acid of T4 5'-deiodination within the an-
terior pituitary gland prevents physiological doses of
T4 from suppressing TSH release in hypothyroid rats
in vivo (35). lopanoic acid inhibits local T4 to T3 con-
version in vivo in the rat cerebral cortex and cerebellum
(17), just as it does in pituitary (20) and brain homog-
enates. Hypothyroidism increases local T4 to T3 con-
version in anterior pituitary fragments (22) and prob-
ably in the anterior pituitary in vivo (36, 37). Parallel
increases in in vivo T4 5'-deiodinase activity are
readily measured in anterior pituitary and brain
homogenates in hypothyroidism. These similarities
lead us to anticipate that brain T4 5'-deiodinase,
the properties of which we are beginning to define
in vitro, will prove to be necessary for the expression of
some of the effects of blood T4 on the brain.

The estimated maximal T3 production rates in
cerebral cortical homogenates from hypothyroid rats,
8.1-17.5 fmol T3/min per mg protein, are higher
than the T4 to T3 conversion rates we previously meas-
ured in cerebral cortical homogenates from normal
rats, -1 fmol T3/min per mg protein. In both normal
and hypothyroid rats, maximum T4 to T3 conversion
rates in anterior pituitary homogenates are 40-80 times
greater than in cerebral cortical homogenates (20). We
have speculated that the increased anterior pituitary T4
5'-deiodinase activity in hypothyroidism could be
caused by increased numbers of thyrotrophs (20). This
explanation is obviously inapplicable to brain tissue.
It seems more likely, therefore, that metabolic factors
are in operation in the brain and the pituitary, e.g., an
increased synthesis rate or a decreased turnover rate of
the enzyme molecule.

T4 5'-deiodinase activity is also present in rat liver
and kidney (19,21,38-42). The 5'-deiodinase enzymes
in liver and kidney are very similar to one another
and may well be the same (19,42). Rat liver and kidney
T4 5'-deiodinases share several properties with rat
brain and pituitary T4 5'-deiodinases: inhibition by
iopanoic acid and rT3, and lack of apparent interaction
with T3 (19, 20, 42, 43). In these tissues, T4 5'-deio-
dinase is particulate, and cytosol has very little activity
(24, 38-44). In at least one important respect, brain and
pituitary T4 5'-deiodinase differ from the liver and
kidney enzymes: in hypothyroidism, reaction rates in
brain and pituitary homogenates are supernormal
(20,22), while reaction rates in liver and kidney homog-

enates are subnormal (23, 45-48). Further purification
will be required to establish the identity or differ-
ence between the T4 5'-deiodinase enzymes from these
different organs.

Enzymatic tyrosyl ring deiodination of T4 and T3 has
been identified in vitro in rat liver and kidney homoge-
nates and in monkey hepatocarcinoma cells (49-55).
Hepatic T4 to rT3 conversion is thiol dependent and
heat labile (50, 52), and activity is found in particulate
fractions as well as in cytosol (50, 54). These char-
acteristics are similar to those that we find for brain
iodothyronine 5-deiodinase. The finding of such sub-
stantial iodothyronine 5-deiodinase activity in brain
tissue was unexpected, and its significance, if any, is
unknown. Our data suggest that rT3 and the other T4
metabolite (very likely 3,3'-T2) found by Dratman
and Crutchfield (14) in rat brain tissue after 125I-T4
injection may well be produced within brain tissue in
vivo. It is possible that the iodothyronine 5-deiodinase
participates in regulation of thyroid hormone effects
by providing a mechanism for intracellular T3 disposal,
inasmuch as T4 and T3 tyrosyl ring deiodination prod-
ucts produced endogenously have not yet been shown
to exert hormonal effects.

From our studies, methodological recommendations
for future in vitro studies of production of T4, rT3, and
other iodothyronines in brain tissue can be made. Thiol
concentration needs to be carefully controlled. Deg-
radation of reaction products needs to be evaluated
along with production, because, at least for T3, net
increases in T3 can seriously underestimate total T3
production. It is desirable to adjust reaction conditions
to minimize excess I production or, at any rate, to take
account of the process because it affects substrate
concentrations during incubations. Certainly, produc-
tion of I- from T4 can not be equated with T3 production.

It is becoming increasingly clear that quantitatively
and qualitatively distinct patterns of thyroid metabo-
lism occur within various tissues. Even within the brain,
the cerebral cortex and the cerebellum exhibit this
diversity according to our studies. Clearer under-
standing of thyroid hormone action will follow from
study of intracellular thyroid hormone metabolism.
Accumulating evidence suggests that the circulating
pool of T4 is a reservoir which is drawn upon to provide
substrate for closely regulated, local T3 production.
This mechanism may allow tissues to provide them-
selves with T3 according to their particular require-
ments for thyroid hormone effects.
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