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Iodine-125-Labeled Triiodothyronine in Rat Brain:
Evidence for Localization in Discrete Neural Systems

Abstract. Autoradiograms prepared from adult rat brains demonstrate that nerve
cells and neuropil in different brain regions selectively concentrate and retain
intravenously administered triiodothyronine, by mechanisms susceptible to satura-
tion with excess triiodothyronine. A neuroregulatory role for thyroid hormones,
strongly supported by the observations, may account for their marked effects on
behavior and the activity of the autonomic rervous system.

Marked changes in nervous system
functions which develop in hypothyroid
and hyperthyroid individuals are gen-
erally attributed to hormone-mediated
events originating outside the nervous
system (/). Recently, however, riew ob-
servations have again raised the possibil-
ity that thyroxine (T,) and its metabolites
may function directly within the mature
brain. These observations demonstrate
that intravenously administered labeled
T, slowly enters selected regions of rat
brain by a saturable mechanism and be-
comes progressively more concentrated

SCIENCE, VOL. 215, 15 JANUARY 1982

in the nerve terminal fraction. There it
gives rise, throtigh monodeiodination, to
triiodothyronine (T3), a metabolite with
severalfold greater activity than its fully
iodinated precursor. When T, supplies
are low, as in hypothyroidism, the frac-
tional conversion of T, to T; is un-
changed or even reduced in most Ts-
forming tissués, whereas it increases
markedly in the brain. Intracerebral la-
beled T5 (T3*), whether generated in situ
or taken up as such from the systematic
circulation, remains concentrated in an
osmotically sensitive compartment of

the nerve terminal fraction long after the
injected Ts3* has largely disappeared
from the circulation (2).

The foregoing evidence was obtained
exclusively from biochemical studies re-
quiring disruption of cytoarchitecture
during tissue homogenization and ex-
traction. To avoid the potential artifacts
inherent in these methods, we reexam-
ined the problem of the T; distribution in
brain by using autoradiography. Earlier
efforts to do so had been hampered by
the low specific activity of labeled thy-
roid hormone preparations then avail-
able (in the range of 80 wCi/ug). In spite
of this limitation, a number of different
studies have provided preliminary evi-
dence in support of a differential regional
and subcellular distribution of iodothyro-
nines in the brains of guinea pigs, rats,
and Rana pipiens tadpoles (3).

In our experiments in which we used
high specific activity T3*, we sought first
to identify the histologic correlates of
previously observed gross anatomical
differences in the regional distribution of
thyroid hormones. For this purpose, two
150-g male Sprague-Dawley rats (Zivic-
Miller Laboratories), surgically thyroid-
ectomized 1 week earlier (4), received 1
mCi of '?’I-outer (phenolic) ring-labeled
T; (specific activity, ~ 3000 wCi/ug;
from P. Shadden, Abbott Laboratoties)
given under light ether anesthesia into
the jugular vein. Rats were decapitated 3
hours after the injection, and the brains
were processed for thaw-mount autora-
diography (5). Parallel biochemiical anal-
yses confirmed earlier findings that ra-
dioactivity in brain homogenates at both
3- and 10-hour intervals after intrave-
nous T3* administration was more than
80 percent due to T itself, whereas
iodide never accounted for more than 8
percent.

To visualize labeling patterns at low
magnification without the use of tinc-
torial stains, we left the brain sections
exposed to the photographic emulsion
for 7 months. The autoradiograms re-
vealed clear-cut differences in the distri-
bution of Ts* and its labeled metabolites
in different brain regions and emphasized
the selectivity of neuronal cell and neu-
ropil labeling within regions (Fig. 1). For
example, in the cerebellum (Fig. 1d),
strong labeling of Purkinje cells contrast-
ed with lesser labeling over basket cells.
On the other hand the intensity in neu-
ropil was different in different regions of
the cortex and caudate, whereas in gen-
eral netropil labeling contrasted with
the lower silver-grain density in white
matter of the corpus callosum (Fig. 1, a
to ¢). It therefore seems evident that
gross dissections can provide only a hint
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Fig. 1. Unstained thaw-mount autoradiograms (a to e) (4-p.m sections) of the rat brain, showing
selective concentration of radioactivity in cell bodies and neuropil 3 hours after intraveénous
injection of ['*I}triiodothyronine. In (a), note the contrast of neuropil labeling between the
caudate nucleus (C) and septum (S), with the lowest radioactivity in the corpus callosum (CC).
In the outer parietal cortex (b), neuronal labeling is strongest in laminae II and III. In (c), high
intensity of labeling is apparent in pyramidal cells of the hippocampus, including subiculum
(Su), and in granule cells of the dentate gyrus (GD). Strong labeling of Purkinje cells in (d) and
neurons of the nucleus of the hypoglossal nerve (XII) in (e) can be recognized. The inset to (e)
(x880) is from a stained section (methylene blue basic fuchsin), showing the nuclear concentra-
tion of radioactivity in the neuron of the hypoglossal nucleus. Magnifications: a, b, and d (x40);
c and e (x70). In preparing the autoradiograms, brains were mounted on tissue holders and
frozen in —180°C liquid propane; serial frozen sections were cut in a wide-range cryostat (Harris
Manufacturing Company, North Billerica, Massachusetts) and thaw-mounted on Kodak NTB-3
photographic emulsion-coated slides; slides were photographically processed after exposure at
—15°C for 210 days.
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of the marked discreteness of the T;
distribution in neuronal elements of the
rat brain.

To determine the effects of T5 compe-
tition on T3* localization, two thyroidec-
tomized animals received either T;* only
or T3* plus a 1000-fold concentration of
unlabeled T; (T3* + T;) intravenously;
the brains obtained 3 hours later were
processed for thaw-mount autoradiogra-
phy. In these experiments we used dark-
field illumination to distinguish tissue
labeling at low magnification without un-
duly prolonging the exposure times. An
example of the marked effect of T; com-
petition on cellular labeling patterns is
shown in Fig. 2, where the concentration
of T; in cells of laminae II and III of the
cingulate cortex (Fig. 2a) was completely
obscured in the presence of excess T;
(Fig. 2b), even though the radioactivity
in the brain was, at that time, only 10
percent less than in the control (T;*
only) rats (6).

At least two different saturable cellular
labeling patterns were observed in higher
magnification views of the thaw-mount
autoradiograms. In some cell groups, the
radioactivity appeared to be concentrat-
ed over the entire cell body and, to a
lesser extent, over the surrounding neu-
ropil (Fig. 2c). On the other hand, in
many cell populations, labeling was pre-
dominantly over nucleoplasm (Fig. le).
The latter observation conforms with
previous analytical evidence demon-
strating the presence of saturable binding
sites for T in cell nuclei obtained from
homogenates of different brain regions
(7). Although saturable cytoplasmic
binding sites in the brain have not been
described, such sites have been noted in
other tissues (8) and may be inferred
tentatively from the evidence provided
by these autoradiograms.

We used the technique of thaw-mount
autoradiography initially because it as-
sures optimum retention and minimum
redistribution of the compounds of inter-
est and is therefore notably reliable for
localizing soluble and diffusible sub-
stances such as the steroid hormones or
2-deoxyglucose (5, 9). However, con-
ventional autoradiography requiring ex-
tensive solvent extractions and other dis-
ruptive manipulations is nevertheless
usually satisfactory, and is normally
used, for studying the distribution of
many synaptically active small mole-
cules, such as biogenic amines or amino
acid neurotransmitters. Presumably, this
class of compounds resists displacement
and loss from the sections as a result of
tight binding to membranes or sequestra-
tion within nerve ending vesicles (10).

SCIENCE, VOL. 215



In view of theoretical considerations
which have raised the possibility that the
amino acid T; or its metabolites act as
neuromodulators, or alternate neuro-
transmitters (//), within the domain of
the autonomic nervous system (12), we
decided to evaluate the autoradiographic
results after prolonged perfusion-fixation
and alcohol dehydration of labeled rat
brains (/3). The results (Fig. 3) reveal
that, in spite of the extensive preparative
procedures used, radioactivity in the fi-
nal Epon-embedded sections was distrib-
uted in highly distinctive patterns. For
example, there was clear-cut evidence of
hormone localization in relation to hip-
pocampal and cortical gray matter and in
the choroid plexus, whereas white mat-
ter of the corpus callosum gave a nega-
tive autoradiographic reaction (Fig. 3a).
Moreover, these distribution patterns,
seen at the 3-hour time interval, were

Fig. 2 (left). Dark-field views of thaw-mount
autoradiograms illustrating the saturable T;*-
concentrating ability of neuronal cells. Note
the T53* localization in cells of laminae II and
III in sections of the cingulate cortex prepared
from rats receiving T;* only (a), whereas
parallel sections from the same region (b)

maintained for at least 10 hours, al-
though at that time the reaction in the
choroid plexus was markedly reduced
(Fig. 3b). After T3* + T; treatment, on
the other hand, the distribution of radio-
activity was no longer so discrete, and
evidence for differential localization in
relation to well-defined regions of gray
matter was effaced, while the reaction
over the choroid plexus was still promi-
nent (Fig. 3c).

In spite of general similarities in the
regional distribution of T;* in thaw-
mount and Epon-embedded sections,
higher magnification views of the labeled
regions revealed striking differences. Se-
lective cellular labeling evidenced in
thaw-mount autoradiograms was no
longer visible in the Epon sections; this
result suggests that a large fraction of the
cellular T; was in a readily diffusible
state. Loss of label from cellular ele-

ments in the perfused and fixed tissues
highlighted the radioactivity remaining in
the pericellular neuropil and revealed
that the saturable component of this ra-
dioactivity was highly localized to the
immediate cell surround (compare a-1
and c-1 in Fig. 3). These results imply
that the hormone was concentrated in
the short cell processes impinging upon
or arising from neurons known from
thaw-mount preparations to selectively
take up T; in a readily mobilizable form.

It seems unlikely that the autoradio-
graphic results obtained from these per-
fusion-fixation experiments reflect the
presence of hormone covalently incorpo-
rated into nerve terminal proteins. Al-
though rapid formation and turnover of
(iodo)proteins is a feature of the early
stages of thyroid hormone-induced brain
development in Rana pipiens tadpoles,
these proteins are detected in only very

show loss of differential labeling with T competition (X26). In (c) (X65), parentheses indicate the location of the labeled cell in the inset, viewed
under bright-field illumination (x880), showing the concentration of radioactivity over the cell body, extending into the surrounding neuropil.
Sections were prepared from brains obtained 3 hours after intravenous injection of the isotope. Fig. 3 (right). Dark-field microphotographs of
Epon-embedded 0.5-um sections (x26), showing autoradiographically labeled bands of gray matter in the cortex and hippocampus 3 hours (a) and
10 hours (b) after intravenous T;* administration, whereas during T; competition at 3 hours (c) the discrete labeling pattern is lost.
Autoradiograms were exposed simultaneously and developed after 210 days. Higher magnification (x 130) dark-field (negative reversed) views of
methylene blue basic fuchsin-stained sections from brains obtained 3 hours after intravenous T;* administration and developed after 67 days
show heavy silver-grain accumulations obscuring the boundaries of granule cells of the dentate gyrus (a-1), whereas sharp cellular outlines and
clear pericellular spaces are evident when labeling is reduced by T; competition (c-1). All the autoradiograms were prepared from the brains of
ether-anesthetized rats perfused first with phosphate buffer containing 10 units of heparin per milliliter, then with 0.5 percent tannic acid and 2.5
percent glutaraldehyde in dilute Veronal acetate buffer, and finally with another phosphate buffer flush; brains were removed and then fixed in 2
percent osmium tetroxide and 2.5 percent glutaraldehyde in dilute Veronal acetate buffer containing 4 percent sucrose, rinsed in water, and
dehydrated through 50, 70, 80, 90, 95, and 100 percent ethanol.
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low concentrations in adult rat brain
(14). More likely, the observations re-
flect sequestration of the hormone, or its
metabolites, by membranes or vesicles
within cell processes, in conformity with
previous analytical evidence demon-
strating early localization, osmotic re-
leasability; and long retention of intrave-
nously administered T3* and its products
in synaptosomal fractions of rat brain
.

Certain conservative inferences may
be drawn from thes¢ autoradiographic
observations. The hormone T;, which
produces profound effects on behavior
and on the autonomic nervous system, is
taken up and concentrated in certain
neérve cells and nerve cell aggregates of
rat brain; the hormone is also differen-
tially concentrated in the surrounding
neuropil; the mechanisms involved dre
saturable with T;. At 3- and 10-hour
intervals after intravenous T:* adminis-
tration, there is little or no labeling of
large fiber systems; further studies are
required to determine whether fiber
tracts may become labeled after 10
hours. The evidence is consistent with
the uptake and retention of the hormone
in specific neural systems and adds to a
growing body of information indicating
that iodothyronines serve as neuroregu-
lators—that is, as neuromodulators, ami-
no acid neurotransmitters, or neuro-
transmittér precursors (/5) in the ner-
vous system of the adult rat.
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A Scatchard plot of the binding of
[?**I]albumin to isolated hepatocytes in a
recent study (/) is one of a number of
such graphs of experimental measure-
ments made under conditions that dif-
fer significantly from those for which
Scatchard devised his analytic method
2). If, for example, measurements are
not made at equilibrium, or if the molar-
ity of ligand and binding molecules is not
known, a Scatchard plot of the results
may be of heuristic value, but it will not
yield the number and association con-
stants of the sites on the binding macro-
molecule. Since Scatchard’s first treat-
ment of the binding of small to large
molecules appeared 32 years ago (3), it
may be useful to reexamine the basis for
determininig under which experimental
conditions the use of a Scatchard plot is
rigorously correct, under which some
useful information may be obtained, and
under which its application is virtually
meaningless.

In his original article Scatchard set
forth the objectives of his treatment of
results of protein-binding experiments:
“We want to know of each molecule or
ion which can combine with a protein
molecule, ‘How many? How tightly?
Where? Why?' The answer to the first
two questions, and sometimes to the
third; can be furnished by the physical
chemist . . . but the answers to both of
the more complicated problems . . . may
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be the business of the physiologist or
physiological chémist . . . [and] will de-
pend on the answers to the simpler ques-
tions, ‘How many?’ and ‘How tightly
bound?’ ”’

Scatchard made it practical and rela-
tively easy to extract from suitable mea-
surements the answers to both of these
“‘simpler questions.’’ If the initial proba-
bility of binding a molecule of A is the
same at each of » sites or groups on a
protein molecule (or othér macromole-
cule) P, the change in free energy (AG),
for the reaction P + vA = PA, is zero if,
and only if, all the components and spe-
cies of the reaction are at equilibrium
when a measurement is made (¢4). If
binding the first molecule of A to P has a
negligible effect on the tightness of bind-
ing of the second molecule of A—and so
on—then

kea = vl (n—19) (O

where k is the intrinsic association con-
stant for the reaction at a single site, ¢y
is the concentration of free ligand mole-
cules, and ¥ is the average number of A
molecules bound to each protein mole-
cule.

Plotting v/cs against ¥ forms a
Scatchard plot. If the points fall on a
straight line the intercept on the ordi-
nate, where ¢4 and v approach zero, is
nk, and the intercept on the abscissa,
where ¢4 is very large, is n. The straight
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