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A B S T R A C T In hypophysectomized rats given dietary
regimens either rich or deficient in iodine, the increase
in thyroid cyclic AMPconcentration induced acutely by
a single dose of TSH was significantly less in iodine-
enriched than in iodine-deficient animals. Direct assays
revealed that this difference was because the thyroid
adenylate cyclase response to TSHwas less in the iodine-
enriched animals, phosphodiesterase activity being no
different in the two groups. This effect may explain
the inhibitory action of dietary iodine enrichment on
diverse functional and anatomical responses of the thy-
roid to TSH.

INTRODUCTION
A major unsolved question with respect to the thyroid
gland is the mechanism by which iodine inhibits a
variety of thyroid functions, particularly their response
to thyroid-stimulating hormone (TSH).' In animals,
for example, dietary iodine enrichment decreases the
stimulatory effects of TSH on the activity of the thy-
roid iodide transport mechanism, the rate of thyroid
iodine release, thyroid growth, and several aspects of
thyroid intermediary metabolism. In man iodine inhibits
hormone release from the normal thyroid, the diffuse
toxic goiter, and the toxic adenoma, and causes involu-
tion of the hyperplastic thyroid of Graves' disease (see
reviews, refs. 1, 2).
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1 Abbreviations used in this paper: HID, high-iodine diet;
LID, low-iodine diet; TSH, thyrotropin.

Although the mechanism by which iodine exerts
these effects is unknown, recent studies indicate that
the stimulatory effects of TSH are mediated, at least
in large measure, by the adenylate cyclase-adenosine 3'-
5'-cyclic monophosphate (cyclic AMP) system (3).
Therefore, we have explored the effects of dietary
iodine enrichment on the response of the thyroid adeny-
late cyclase system to TSH in the hypophysectomized
rat, this preparation being chosen to eliminate any
effects of the variations in endogenous TSH secretion
that differences in iodine intake induce.

METHODS
All experiments were conducted in hypophysectomized male
Sprague-Dawley rats obtained from commercial sources.
Intact rats, weighing 175-199 g, were placed on a Reming-
ton low-iodine diet (LID) for 10 days and were then hypo-
physectomized. Animals were then divided into two groups.
One continued on the LID regimen; the other was given,
in addition, 0.05% KI in the drinking water (HID group).
Experiments were conducted after animals had been on
their respective regimens for a period of 4-6 days. Animals
were killed by a blow on the head and thyroids were
rapidly removed and were processed for analysis according
to the methods described below.

Cyclic AMPassay. Thyroid glands were frozen in liquid
N2, rapidly weighed, and then homogenized in 1.0 ml of
ice-cold 50% acetic acid. The homogenate was centrifuged
at 10,000 g for 15 min at 4VC, and the supernate was
evaporated at 500C under a stream of N2. Samples were
resuspended in 0.05 M sodium acetate buffer, pH 6.2, and
aliquots were assayed for cyclic AMPby the radio-immuno-
assay of Steiner, Kipnis, Utiger, and Parker (4), modified
in that dioxane (1.5 ml) was used to separate bound from
free labeled cyclic AMPafter the addition of normal rab-
bit serum as carrier.2 Recovery of added cyclic AMPwas

'Animals and materials were obtained from the following
sources: hypophysectomized male Sprague-Dawley rats
(175-199 g), Horton Laboratories, Oakland, Calif., and
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TABLE I

Time Course of Rat Thyroid Cyclic AMPConcentration
after the Injection of 0.5 U TSH iv.

Time Thyroid cyclic AMP
after in-
jection HID LID P

min pmol/mg wet wi
0 1.04 ±0.08 1.09±40.09 NS

(14) (14)
2 1.19±0.08 1.62±+0.15 <0.025

(15) (16)
4 1.25±0.09 1.62±0.12 <0.025

(15) (15)
7 1.23±0.08 1.58±0.14 <0.05

(14) (12)
10 1.07±0.10 1.53±0.11 <0.01

(13) (14)

Values shown represent means ±SE. The figures in parentheses
describe the number of animals in each group.

at least 90%c. Specificity of the assay was confirmed by
demonstrating that cyclic AMP could no longer be mea-
sured after treatment of extracts with purified bovine
phosphodiesterase.

Adenylate cyclase. Activity of adenylate cyclase was
measured according to the principles described by Steiner,
Pagliara, Chase, and Kipnis (5). After removal, thyroids
were briefly kept at 40C, pooled in groups of two to three
glands, weighed, diced with fine scissors, and homogenized
at a concentration of 50 mg/ml in 0.25 M sucrose, 25 mM
Tris, pH 7.6, with a Dounce homogenizer. Whole homoge-
nate was used in an assay system containing 25 mMTris, 6
mM MgCl2, 10 mM theophylline, 3 mM ATP, 0.15%
bovine serum albumin, 10 mMcreatine phosphate, and 8 U
creatine phosphokinase in a final volume of 0.2 ml. Samples
were incubated for 10 min at 30'C, and the reaction was
stopped by boiling for 2 min. After centrifugation at 3,000
rpm for 15 min at 40C, aliquots of supernate were assayed
for cyclic AMPby radioimmunoassay. Cyclic AMPpresent
in boiled homogenate, similarly processed and assayed, was
subtracted from that present in unboiled samples to yield
corrected values for the rate of cyclic AMP generation.
Under conditions of the assay, this was linear for 15 min,
and the immunoreactive products were destroyed by incu-
bation with partially purified bovine phosphodiesterase.

Cyclic AMP phosphodiesterase. The method employed
for phosphodiesterase assay was that of Bastomsky, Zaka-
rija, and McKenzie (6), which utilizes principles described
by Krishna, Weiss, and Brodie (7). The final assay mix-

Hormone Assay, Inc., Chicago, Ill.; Remington LID (15-30
Aug iodine/kg), General Biochemicals, Div. North American
Mogul Products Co., Chagrin Falls, Ohio; aminophylline,
theophylline, bovine serum albumin, creatine, phosphate,
rabbit muscle creatine phosphokinase, cyclic AMP, Sigma
Chemical Co., St. Louis, Mo.; ATP and reagents for cyclic
AMP radioimmunoassay, Schwarz/Mann Div., Becton,
Dickinson & Co., Orangeburg, N. Y.; AG50W-X8, 100-200
mesh resin, Bio-Rad Laboratories, Richmond, Calif.; TSH
(bovine, 2.54 U/mg protein) was a gift of the National
Institute of Arthritis, Metabolism and Digestive Diseases,
NIH, Bethesda, Md.

ture contained the equivalent of 5 mg wet wt of thyroid
tissue obtained from a pool of two glands and 2.5 X 10' M
cyclic AMPin a volume of 0.2 ml.

Miscellaneous methods. Protein concentration was deter-
mined by the method of Lowry, Rosebrough, Farr, and
Randall (8), with bovine serum albumin as standard. Sta-
tistical significance of difference between pairs of means
was determined by Student's t test.

RESULTS

Cyclic AMPresponse to TSH. Groups of hypophy-
sectomized HID and LID rats were injected with 0.5
U bovine TSH i.v. Animals were killed 2, 4, 7, and
10 min later and their thyroids were assayed for cyclic
AMP (Table I). Peak cyclic AMPconcentrations after
TSH injection in both the HID and LID groups were
achieved within 2-4 min. Although basal cyclic AMP
concentration (picomoles per milligram wet wt; mean
4-SE) ' was essentially the same in the two groups
(1.04±0.08 vs. 1.09±0.09), values in the LID group
were significantly higher than in the HID group at
each of the time points studied after TSH adminis-
tration.

Additional experiments were performed that provide
verification of the foregoing differences in the response
of HID and LID animals to TSH. In these and other
experiments to be described, a 4-min interval between
TSH administration and sacrifice was chosen for study
because peak responses of cyclic AMP concentration
were achieved within this interval. Three separate ex-
periments were performed in which each of the ex-
perimental groups contained five or six hypophysecto-
mized animals, and in which the response to 0.2 U of
TSH was tested. In view of the similarity of the results
obtained in the three experiments, individual values
were pooled for statistical analysis (Fig. 1). Basal
cyclic AMP concentrations averaged 0.43±0.04 in the
HID group and 0.44+0.05 in the LID group. After
0.2 U TSH i.v., cyclic AMPconcentrations were sig-
nificantly increased above basal values in both the HID
and LID groups to values of 0.74±0.09 (P < 0.01)
and 1.0±0.1 (P <0.001). When compared to one an-
other, the concentrations of cyclic AMPachieved after
TSH were significantly lower in the HID than in the
LID group (P < 0.05).

As differences in phosphodiesterase activity in the
HID and LID groups may have conditioned the fore-
going results, additional experiments were performed
in which rats were given 20 mg aminophylline i.v. 20

'Values for cyclic AMPconcentration were expressed in
relation to wet wt of tissue because of the difficulty in
measuring the protein content in 50%7 acetic acid homoge-
nates. However, in thyroids used for the analysis of adeny-
late cyclase or phosphodiesterase, no difference in protein:
wet weight ratios between HID and LID groups was
observed.
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FIGURE 1 The effect of dietary iodine content on the re-
sponse of thyroid cyclic AMP content to TSH. Experi-
ments were conducted in hypophysectomized rats maintained
on LID or LID plus 0.05% KI in the drinking water
(HID). TSH-treated animals were given a single injection
of bovine TSH (0.2 U i.v.) and killed 4 min water. Data
shown represent the pooled results of three separate ex-
periments (total of 15-16 animals per group). Brackets
indicate SEM.

min before the injection of TSH. Again, the concordant
results of three experiments were pooled (Fig. 2).
Basal cyclic AMP concentrations averaged 0.77+0.08
in the HID group and 0.59±0.06 in the LID group
(NS). After TSH injection, corresponding values
were 0.83±0.08 and 1.5+0.02, values in the HID group
being significantly lower (P < 0.001).

Adenylate cyclase. To ascertain whether the fore-
going difference between the response to TSH in HID
and LID groups could be explained, at least in part,
by an effect of iodine intake on adenylate cyclase it-
self, three experiments were performed in which ani-
mals were given 0.5 U TSH i.v. and the activity of
the enzyme was assayed in thyroid glands removed 4
min later. Pooled data from three experiments, each
of which yielded similar results, are shown in Fig. 3.
Basal enzyme activity, in picomoles of cyclic AMP
generated per milligram protein per 10 minutes, did
not differ significantly in the HID (9.8±1.7) and the
LID (11.1+2.5) groups (means+SE). Within the
HID group, values in TSH-treated animals (15.9± 2.0)
were somewhat but not significantly higher than in
unstimulated animals. Within the LID group, how-
ever, values in animals given TSH (30.3±3.1) were
much higher than in the animals given no TSH (P <
0.025).

Cyclic AMP phosphoriesterase. No significant dif-
ference was observed between basal phosphodiesterase
activity, in nanomoles cyclic AMPdegraded per milli-
gram protein per 10 minutes, in HID (10.8±2.0) and
LID (8.8±2.0) groups. Moreover, in accord with the
findings of previous workers (6), no stimulation of
phosphodiesterase activity could be detected after TSH
administration in either the HID (10.0±1.5) or the
LID (9.9±0.8) group.

Rat adrenal adenylate cyclase. To test whether the
effects of dietary iodine intake on the adenylate cyclase

f I
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FIGuRE 2 The effect of dietary iodine content on the
response of thyroid cyclic AMP concentration to TSH in
rats pretreated with aminophylline. Conditions of the ex-
periments and data presentation are as described for Fig. 1,
except that animals received 20 mg aminophylline i.v. 24
min before sacrifice.

response to trophic stimulation could be demonstrated
in a gland other than the thyroid, adrenal glands were
removed from hypophysectomized HID and LID rats
and were assayed for adenylate cyclase activity as de-
scribed above, with and without the direct addition of
12.5 mUof ACTH to 0.1 ml of the reaction mixture.

In the LID group, basal adenylate cyclase activity
(in picomoles cyclic AMP generated per milligram
protein per 10 minutes) was 181.2±41.4, and this was
increased to 365.1±29.3 by addition of ACTH. Cor-
responding values in the HID group were 210.9±3.1
and 390.8+43.8. Neither the basal nor the stimulated
values differed significantly between the HID and LID
group.

DISCUSSION
The present studies have shown that the increase in
thyroid cyclic AMP concentration that TSH acutely
induces is significantly less in hypophysectomized rats
given a diet rich in iodine than in comparable animals
given an iodine-deficient diet. This difference could
reflect either a lesser rate of cyclic AMPsynthesis in
the high-iodine group or a greater rate of degradation.
Wewould favor the former mechanism because of these
lines of evidence. First, in direct assays, we observed
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FIGURE 3 The effect of dietary iodine content on the
response of thyroid adenylate cyclase activity to TSH. Con-
ditions of the experiments and data presentation are the
same as those described for Fig. 1, except that rats received
0.5 U TSH i.v.
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no difference in basal thyroid phosphodiesterase activity
in the two dietary iodine groups, nor was there any
acute response to TSH in either. This line of evidence
is not conclusive, however, since the thyroid contains
two apparent phosphodiesterases (9), one operative at
the approximate concentration of cyclic AMP that we
studied, and one operative at lower concentrations.
Hence it is possible that an effect of iodine intake on
phosphodiesterase activity would have been detected
had we studied the latter enzyme.

A second line of evidence was the experiments that
revealed pronounced differences between the cyclic
AMPresponses of HID and LID rats to TSH even
when animals were pretreated with huge doses of the
phosphodiesterase inhibitor aminophylline. The most
compelling evidence, however, was provided by direct
assays of thyroid adenylate cyclase, which revealed far
smaller increases in enzyme activity after TSH in the
HID than in the LID groups.

The differing adenylate cyclase responses to TSH
in the two groups may have been due to differences in
the relative cellularity of their thyroid glands, since
values for enzyme activity and cyclic AMPconcentra-
tion were related to measurements of wet weight or
protein concentration, rather than to DNA or RNA.
This possibility is unlikely, however, because during
the period of time employed in the present experi-
ments, wide variations in dietary iodine intake in hypo-
physectomized rats do not significantly affect thyroid
weight and mean acinar cell height (10).

It is noteworthy that basal levels of cyclic AMPand
adenylate cyclase activity did not differ appreciably in
the HID and LID groups, the differences between the
two being manifest only in the extent to which these
functions increased after administration of TSH. This
suggests that iodine does not directly inhibit adenylate
cyclase activity, but rather that it inhibits whatever
mechanism is responsible for the increase in activity
that follows TSH administration. Furthermore, this
effect apparently does not represent a general inhibi-
tory effect of iodine on trophic hormone-mediated ac-
tivation of adenylate cyclase, since no comparable effect
was seen in the adrenal stimulated by ACTH.

Agrawal and Furth have reported that the increase in
thyroid cyclic AMPconcentration that follows the ad-
ministration of TSH to intact mice is greater in ani-
mals receiving a low-iodine than those receiving an
iodine-sufficient diet (11). However, because intact
animals were used, it was not clear from their experi-
ments whether the differences observed were due pri-
marily to differences in the prevailing level of endoge-
nous TSH secretion or to an effect of dietary iodine

directly on the thyroid. It was for this reason that the
present experiments were conducted in hypophysecto-
mized animals, so that the effects of variations in iodine
intake per se could be evaluated. The results indicate
that iodine diminishes the cyclic AMP response by a
direct action of the thyroid. Since many of the effects
of TSH on the thyroid probably result from the in-
creased generation of cyclic AMP that TSH induces,
the presently described direct effect of iodine on thy-
roid cyclic nucleotide metabolism would appear to ex-
plain at least partially the diverse effects of TSH on
thyroid structure and function.
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