Thyroid Hormone Modulation of the Hypothalamic Growth Hormone
(GH)-releasing Factor-Pituitary GH Axis in the Rat

Nobuhiro Miki, Masami Ono, Naomi Hizuka, Tomoko Aoki, and Hiroshi Demura
Department of Medicine, Institute of Clinical Endocrinology, Tokyo Women’s Medical College, Tokyo 162, Japan

Abstract

Both thyroid hormone and hypothalamic growth hormone
(GH)-releasing factor (GRF) facilitate pituitary somatotroph
function. However, the pathophysiological role of thyroid hor-
mone in GRF secretion is less well understood. Thyrotoxicosis,
induced by administration of thyroxine (T,) in rats, inhibited
both pituitary GH levels and immunoreactive GRF secretion
from incubated hypothalamus. At the highest dose of T, given
for 12 d, GRF secretion and pituitary GH decreased by 50 and
39%, respectively. Hypothyroidism induced by thyroidectomy
(T,) enhanced GRF secretion approximately twofold while de-
pleting pituitary GH by > 99%. Both. of these hypothalamic
and pituitary effects were reversed by replacement of T, but not
human GH for 7 or 14 d. Human GH was as potent as T, in
restoring decreased body weight gains or serum insulin-like
growth factor-1 levels in T, rats. These results indicate that at
both physiological and pathological concentrations in serum,
thyroid hormone acts as an inhibitory modulator of GRF secre-
tion, probably not involving a feedback mechanism through
GH. A biphasic effect of thyroid hormone on pituitary GH
levels appears to derive from the difference in primary target
tissues of hyper- and hypothyroidism, the hypothalamus and
the pituitary, respectively. (J. Clin. Invest. 1992. 90:113-120.)
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Introduction

Secretion of pituitary growth hormone (GH)' is positively regu-
lated by the hypothalamic peptide, GH-releasing factor (GRF)
(1-3). GRF generates spontaneous bursts of GH secretion (4-
6) and also increases GH gene transcription and GH mRNA
levels (7, 8). Somatostatin (SRIF) is the hypothalamic peptide
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that inhibits GH secretion (9, 10) and may be also involved in
the regulation of GRF secretion within the hypothalamus (11,
12). Although GRF and SRIF play a primary role in GH secre-
tion, there are other important hormones that modulate pitu-
itary GH secretion, probably through effects on the GH-regula-
tory peptides, GRF and/or SRIF. These include thyroid hor-
mone, adrenal glucocorticoid, and gonadal steroid of
peripheral endocrine organs (13). The most important for
growth and development of mammals is thyroid hormone.
Thyroid hormone stimulates synthesis and secretion of GH
(14-16) and also increases GH gene transcription and GH
mRNA levels (17-19). Hypothyroidism depletes pituitary GH
(14-16), inhibits GH secretion (20-22), and causes severe
growth retardation (23).

Thus, both thyroid hormone and GRF directly stimulate
pituitary somatotroph function, and their hypophyseal actions
are similar in many aspects. However, the pathophysiological
role of thyroid hormone in hypothalamic GRF secretion is less
well understood. It appears more complex because GRF re-
ceives a negative feedback signal from GH (24-27), so thyroid
hormone might influence GRF secretion indirectly through
the effect on pituitary GH. Furthermore, thyroid hormone has
a biphasic effect on growth rate. In immature animals and
young patients, growth is retarded by hypothyroidism, is re-
stored by replacement doses of thyroxine (T,), and is inhibited
by thyrotoxic doses of T, (28). We and others previously re-
ported that thyroidectomy (T,) enhanced in vitro secretion of
hypothalamic GRF in rats (26, 29). Whether this effect is
caused by thyroid hormone deficiency per se or mediated
through associated GH deficiency remains unknown. Also un-
known is the effect of hyperthyroidism on GRF secretion.

In the present studies in rats, we have compared effects of
thyroid hormone excess and deficiency in vivo on hypotha-
lamic GRF secretion in vitro. To examine the mechanism of
action of hypothyroidism, we have investigated whether the
T,-induced rise in GRF secretion is reversible by replacement
of T, or human GH (hGH). We have also studied effect of
hGH in combination with T, because GH given with T, pro-
motes the growth of thyroid-deficient animals more than GH
alone (23, 30). In experiments with hGH, serum levels of insu-
lin-like growth factor-1 (IGF-I) as well as body weight gains
were measured as an index of a biological effect of hGH. Fi-
nally, we have characterized GRF secreted in the medium to
examine whether an abnormal thyroid status alters a molecular
form of GRF.

Methods

Chemicals

Sodium L-thyroxine (T,) was obtained from Sigma Chemical Co. (St.
Louis, MO). Recombinant hGH was provided by Sumitomo Pharma-
ceutical Co. Ltd. (Osaka, Japan). Acetonitrile (CH,CN) and 2-pro-
panol were obtained from Kanto Chemical Co. Ltd. (Tokyo, Japan)
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and trifluoroacetic acid (TFA) from Wako Pure Chemical Industries
Ltd. (Osaka, Japan). Synthetic rat GRF was purchased from Peninsula
Laboratories, Inc. (Belmont, CA).

Animals and experimental protocols

Male Sprague-Dawley rats were obtained from Japan SLC Inc. (Hama-
matsu City, Shizouka, Japan) at 5 wk of age. They were housed in a
room under controlled temperature (22+1°C), humidity (50-55%)
and light/dark conditions (lights on 0800-2000 h). Food and water
were available ad libitum.

Hyperthyroidism was induced at 10-11 wk of age by subcutane-
ously injecting T, once daily for 6 or 12 d. Animals were weighed daily
at 1700-1730 h, and T , was given on a daily weight basis in doses of 25,
50, or 100 g/ 100 g body weight (BW). An intermediate 50 ug/100 g
BW dose of T, was the dose that inhibited BW gain but did not reduce

pretreatment BW, according to the results of a preliminary experiment.

T, was dissolved in 50% propyleneglycol and diluted four times with
0.0033 N NaOH before subcutaneous administration. Control rats re-
ceived vehicle injection. The animals were killed by decapitation 20 h
after the last injection. Hypothalamic tissues were obtained for subse-
quent incubation experiments and anterior pituitaries for GH measure-
ment. The trunk blood was also collected in experiments in which T, or
vehicle was administered for 12 d.

Hypothyroidism was produced by surgical thyroidectomy (T, ) at 6
wk of age. Because parathyroidectomy attenuates pulsatile GH secre-
tion in rats (31), at least three parathyroid glands were left, and cal-
cium was not supplemented in drinking water. From 4 wk after opera-
tion, T, rats were replaced once daily with a “physiological” dose of T,
(1 or2 ug/100 g BW) or treated twice daily with hGH (100 ug/rat) for
7 d. hGH was dissolved in physiological saline. In the next experi-
ments, T, rats received the same treatments for 14 d. Finally, we inves-
tigated whether hGH could affect GRF secretion synergistically with
thyroid hormone. T, rats were supplemented with T, alone (2 ug/ 100
g BW, once daily) or in combination with hGH (100 ug/rat, twice
daily) for 7 d. T, was injected subcutaneously at 1730-1800 h and
hGH at 0830-0900 h and 1730-1800 h. Control T, and sham-operated
rats were treated with vehicles for T,, hGH, or both. The animals were
decapitated 18 h after the last injection; and the hypothalamus, ante-
rior pituitary, and trunk blood were collected.

Hypothalamic incubation

The method of hypothalamic incubation has been described elsewhere
(24). In brief, the brain was obtained after cutting the pituitary stalks
carefully, and the hypothalami were cut sagittally through the median
eminence with the ventral surface up. The area between the posterior
border of the optic chiasma, the anterior border of the mammillary
body, the lateral hypothalamic sulcus, and 2 mm deep from the ventral
surface was dissected into two fragments. The fragments were placed in
polyethylene vials containing 0.6 ml of 11 mM Hepes-buffered Krebs-
Ringer bicarbonate solution (HKRB), pH 7.40, which was pregassed
with 95% O,-5% CO, and supplemented with 5.5 mM glucose, 0.1%
BSA, and 500 mg/ml bacitracin. Four hypothalamic fragments from
two rats were incubated in one vial. All incubations were 30 min at
37°C under an atmosphere of 95% O,-5% CO, in a shaking water bath
(60 cycles/min). After preincubation, the tissues were incubated in
HKRB (basal secretion) and then in 50 mM K *-containing HKRB
(K*-stimulated secretion). The medium was collected every 30 min
and replaced with fresh buffer. The collected medium was centrifuged
at 3,000 rpm for 5 min at 4°C, and the supernatants were quickly
frozen on dry ice and kept at —20°C until assayed. Each hypothalamic
incubation used 18-24 animals, and a secretion experiment consisted
of two to three separate incubations.

Tissue extraction

Immediately after the hypothalamic incubations, four hypothalamic
fragments were pooled and GREF in the tissues was extracted as de-
scribed (24). The fragments were boiled for 7 min and homogenized by
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polytron in 1 N acetic acid and 0.02 N HCI containing 10 mM EDTA,
1 ug/ml pepstatin, and 0.01% S-mercaptoethanol. The homogenates
were centrifuged at 10,000 g for 30 min at 4°C, and the supernatants
were frozen in a dry ice-methanol bath, lyophilized, and stored at
—20°C until assayed. The anterior pituitaries were homogenized by
polytron in 0.05 M NaHCO;-Na, CO, buffer, pH 9.96. The homoge-
nates were supplemented with an equal volume of 0.01 M PBS contain-
ing 1% BSA, 0.1% Triton X-100, and 25 mM EDTA and stored at
—20°C until assayed for rat GH.

Reverse-phase HPLC

A total of 10-12 hypothalami of hyper- or hypothyroid rats and their
controls were incubated in a depolarizing (50 mM K *) condition for
two successive 30-min periods. The medium (6.0-7.2 ml) was pooled,
acidified by the addition of 0.3 M TFA to a final concentration of 0.06
M, and extracted on disposable Sep-Pak C18 cartridges (Waters Chro-
matographic Division, Millipore Corp., Bedford, MA ) as described by
Frohman and Downs (32). The cartridges were preactivated by succes-
sive 4-ml washes of 0.01 M TFA, 80% (vol/vol) CH,CN/20% (vol/
vol)0.01 M TFA, and 0.01 M TFA. After the samples were applied, the
cartridges were washed with 4 ml of 0.01 M TFA, and GRF was eluted
with 2 ml of 80% (vol/vol) CH;CN/20% (vol/vol) 0.01 M TFA. The
eluant was freeze-dried and reconstituted in a twentieth the original
medium volume of 0.01 M TFA for HPLC analysis. The HPLC system
(Waters Chromatographic Division, Millipore Corp.) consisted of 600
E multisolvent delivery system, U6K universal liquid chromatography
injector, and programmable multiwavelength detector. Reverse-phase
HPLC column was Vydac 218TP54 (C18, 0.46 X 25 cm, 5-um particle
size) (The Separation group, Hesperia, CA). Solvent A was 0.1% (vol/
vol) TFA and solvent B was 80% (vol/vol) CH;CN/20% (vol/vol)
2-propanol/0.1% (vol/vol) TFA. The samples were eluted with a lin-
ear gradient of 25-45% (vol/vol) solvent B in 32 min and then 45-80%
(vol/vol) solvent B in 28 min. Flow rate was 1 ml/min. 1-ml fractions
were collected, lyophilized, and assayed for GRF. Blank injections
were carried out before each sample injection, and fractions collected
did not contain any detectable GRF-like immunoreactivity. The final
recovery of synthetic GRF was ~ 64%.

RIAs for rat GRF, GH, T,, and IGF-I

GRF in the medium and tissue samples was determined by RIA as
described elsewhere (24). The minimum detectable dose (B,-2SD)
was 2 pg/tube, with half-maximal displacement of 22-25 pg/tube. The
nonspecific binding was < 2%. The samples were measured directly
without extraction or concentration. In assays of the medium samples,
HKRB buffer was added to all standard curves in a volume of 100-200
ul equivalent to that of the unknown. The total incubation volume was
500 pl. Pituitary GH contents were measured in duplicate by a specific
rat GH RIA (5, 12, 24) at two dilutions using materials provided by the
Rat Pituitary Hormone Distribution Program, National Institute of
Diabetes and Digestive and Kidney Diseases (NIDDK ) National Insti-
tutes of Health. Results were expressed in terms of NIDDK rat GH
RP-2 reference standard. Serum T, levels were determined by a double
antibody method with a RIA kit purchased from Eiken ICL (Tokyo,
Japan). The sensitivity of the T, assay was 1 ug/dl. Serum IGF-I levels
were measured by RIA as described (33), using biosynthetic human
IGF-I as standards and an antiserum not cross-reactive with IGF-IL.
Serum samples were extracted by the aceton-formic acid method of
Bowsher et al. (34). The least detectable level of IGF-I assay was 10
pg/tube.

Data analysis

Results were expressed as means+SE. Analysis of variance was used for
statistical analysis. Relationship between serum T, and GRF secretion
in hyperthyroid rats was analysed using linear regression analysis. Sub-
sequent to analysis of variance, the significance of differences between
experimental groups was determined by the Student-Newman-Keuls
test. A P value of < 0.05 was considered statistically significant.
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Figure 1. GRF secretion from hypothalamic fragments of rats ren-
dered hyperthyroid by administration of T, for 6 (/eft panel) or 12 d
(right panel). Closed and open columns indicate basal and 50 mM

K *-stimulated GRF release, respectively. Two hypothalami were in-
cubated in one vial, and the secretion of GRF was expressed as pico-
grams (means + SE) per hypothalamus/30 min. The numbers of ob-
servations were shown on the top of closed columns. * P < 0.05, ** P
< 0.01, ***P < 0.001 vs. control indicated by a zero dose of T,.

Results

Effects of hyperthyroidism on hypothalamic GRF, pituitary
GH, and serum T,

Fig. 1 shows the results of secretion experiments in hyperthy-
roid rats. As shown in the left panel, administration of T 4, for 6
d had no effect on basal GRF secretion (closed columns) but
significantly inhibited K*-evoked GRF secretion (open col-
umns). The extent of GRF suppression was not different be-
tween two doses of T,: —28.9% (P < 0.05) by 50 ug and

-31.3% (P < 0.01) by 100 ug T,/ 100 g per d. Administration
of T, for 12 d inhibited GRF secretion (right panel) and in-
creased serum T, levels (Table I). Both effects were dose re-
lated, and the inhibitory effect on GRF secretion was greater
than that observed after 6 d of T, administration. Basal GRF
secretion was inhibited below the assay detection limit (P
< 0.01) by both of the 50 and 100 ug/ 100 g doses. K*-evoked
GRF secretion was suppressed by 10.3% (NS), 27.3% (P
<0.01), and 50.1% (P < 0.001) by the 25, 50, and 100 pg/100
g doses of T, respectively. Linear regression analysis showed a
significant negative relationship (r = —0.77, P < 0.0001) be-
tween serum T, levels and K *-evoked GRF secretion (data not
illustrated).

The Tinduced suppression of GRF secretion after 12 d
was associated with a parallel dose-related decline in pituitary
GH (TableI). The decline in GH was significant at an interme-
diate dose of T, (—18.5%, P < 0.01), and the minimum GH
level at the highest dose was 60.7% (P < 0.001) of the control
value. T, at the highest dose also reduced pituitary GH after 6
d, but to a lesser extent (—10.6%, P < 0.05) than after 12 d
(Table I). Hypothalamic GRF contents were diminished only
after administration of the highest dose for 12 d (—16.4%, P
< 0.05) (Table I).

At the beginning of T , treatment for 12 d, mean (+SE) BW
of all animals was 378+5 g (n = 90), and those after treatment
were 41244 (n = 26), 39916 (n = 14), 366+7 (n = 26), or
329+6 g (n = 24) (P < 0.001 vs. initial weight) in rats given 0
(vehicle), 25, 50, or 100 ug T,/ 100 g per d, respectively. After
administration of T, for 6 d, the initial BW was significantly
decreased also at the highest dose only (—7.6%, P < 0.01).

Effects of hypothyroidism and T, or hGH replacement on
hypothalamic GRF secretion in vitro

As shown in Fig. 2, T, significantly enhanced both basal
(closed columns) and K * -stimulated GRF secretion (open col-
umns) at 5 wk after operation. Replacement of T, for 7 d at 2
ug/100 g per d partially reversed the T,-induced rise in
K *-stimulated GRF secretion (—53%, P < 0.01), whereas the
enhanced basal GRF secretion was reversed (P < 0.01)to a
level statistically indistinguishable from that of the sham-T,
rats (left panel). However, hGH treatment for 7 d at 200 ug/rat
per d had no inhibitory effect on the enhanced GRF secretion
either basally or under K* stimulation in T, rats ( right panel).
T, rats weighed ~ 30% less than sham T, controls at 4 wk after

Table I. Serum T,, Pituitary GH, and Hypothalamic GRF Levels in Hyperthyroid Rats

Number
Treatment Dose Length of rats Serum T, Pituitary GH Hypothalamic GRF
ug days ng/dl ug/gland pg/tissue

Vehicle 6 12 ND 459+15 858+53

T, 50 6 12 ND 459+23 81747

T, 100 6 12 ND 410+£22* 902+23
Vehicle 12 26 5.4%0.1 453422 719+23

T, 25 12 14 12.7+0.5% 408+20 775+41

T, 50 12 26 15.4+0.8¢ 369+16% 781+£32

T, 100 12 24 18.2+0.6° 275+128 601+£27*

Results are means = SE. ND, not determined. Doses of T, are expressed as ug/100 g body weight/day. Tissue GRF levels were measured by
pooling two hypothalami and are expressed as picograms per one hypothalamus. * P < 0.05, ¥ P <0.01, $ P <0.001 vs. vehicle.
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Figure 2. Effects of thyroidectomy (7, ) and replacement of T, (left
panel) or hGH (right panel) for 7 d on GRF secretion from incubated
hypothalamic fragments. T, rats were treated once daily with T, (2
ug/ 100 g) or twice daily with hGH (100 ug/rat) beginning at 4 wk
after T,. Closed and open columns indicate basal and 50 mM K*-
evoked secretion, respectively. The results were expressed as pico-
grams (means +SE) of GRF secreted from one hypothalamus per 30
min. The numbers of observations were shown on the top of closed
columns. *P < 0.05, **P < 0.001 vs. sham T,. +P < 0.01 vs. T,.

operation. hGH increased their BWs at a rate comparable to
that of T,. During 7 d of treatments, the mean (+SE) weight
gain of sham T,, T,, or T, + T, groups was 29.2+2.3, 4.7+2.5,
or 22.5+1.4 g/rat, and that of sham T,, T,, or T, + hGH
groups was 33.5+3.1, 4.2+1.5, or 25.2+2.7 g/rat (n = 12
each), respectively.

T, rats were then replaced with T, or hGH for 14 d at the
same daily dose (Fig. 3). T, reversed the T,-induced rise in
K*-stimulated GRF secretion by 76% (P < 0.01). Although

Figure 3. Effects of replace-

ment of T, or hGH for 14

d on GRF secretion in T,

*k rats. T, was given once

-]'_ daily at 2 ug/100 g and
hGH twice daily at 100 ug/

rat beginning at 4 wk after

T,. Sham T, and control T,

rats were treated with vehi-

*t cles for both T, and hGH.
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indicate basal and 50 mM

not complete, this reversibility was greater than that observed
after 7 d (Fig. 2). T, suppressed the enhanced basal GRF secre-
tion completely (P < 0.01), as it did after 7 d. At a half daily
dose of 1 ug/100 g, T, replaced for 14 d was also effective,
though to a lesser extent, in inhibiting the enhanced K*-
evoked GRF secretion (data not shown ). In contrast, \GH did
not significantly reduce either basal or K*-stimulated GRF
secretion in T, rats. However, hGH restored their diminished
weight gains to normal. During 14 d of treatments, the mean
(£SE) weight gain of sham T,, T,, T, + T,, or T, + hGH
groups was 48.8+5.0, 5.3+1.2,49.4+2.8, or 51.1£2.8 g/rat (n
= 12-16), respectively.

The third experiment with hGH was carried out to study
the effect of combined hGH and T, replacement in T, rats (Fig.
4). The doses of T, and hGH were the same with those shown
in Figs. 2 and 3, and the length of treatments was 7 d. T, alone
partially reversed the enhanced K *-evoked GRF secretion (P
< 0.01) while normalizing the increased basal secretion. hGH
in combination with T, similarly reversed the enhanced K*-
evoked GREF secretion significantly (P < 0.01), but the level
reversed by the combined hGH and T, therapy was statistically
not different from that attained by T, alone. hGH and T, re-
placed together increased the mean (+SE) weight gain of T,
rats from 3.0+2.1 to 33.4+0.9 g/rat during 7 d of treatment,
which was significantly greater than that of sham T, rats
(26.7+3.1, P < 0.05) or T ;-treated T, rats (21.6+3.5, P<0.01)
(n = 12 each).

Serum T,, serum IGF-I, pituitary GH, and hypothalamic
GRF levels in hypothyroid rats and effects of T, or hGH
replacement

As shown in Table II, T, reduced serum T, to undetectable
levels (< 1 ug/dl) (P <0.001), serum IGF-I by 36.5-38.6% (P
< 0.001), and hypothalamic GRF contents by 25.7-34.3% (P
< 0.05-0.01). Replacement of T, for 7 and 14 d restored the
decreased serum T, and hypothalamic GRF to levels higher
than those in sham T, rats, whereas hGH treatment was with-
out effect on either parameter. The decreased serum IGF-I lev-
els were significantly restored by T, (P < 0.01 vs. T,) to 74.3
and 85.6% of the value of sham T, animals after 7 and 14 d,
respectively. hGH treatment for 7 d had no effect on the T,-in-

Figure 4. Effects of replace-
ment of hGH in combina-
** tion with T, for 7 d on
GREF secretion in T, rats.
The doses of T, and hGH
were the same with those
*okt shown in Figs. 2 and 3: T,,
.t 2 ug/100 g per d in a single
dose and hGH, 200 ug/rat
per d in two divided doses.
Sham T, and control T,
animals received vehicles
for both T, and hGH.
Treatments started at 4 wk
after T,. Closed and open
columns indicate basal and
50 mM K *-evoked GRF
secretion, respectively.
The secretion of GRF was
expressed as picograms (means + SE) per hypothalamus/30 min.
*P < 0.01,**P < 0.001 vs. sham T,. P < 0.01 vs. T,.
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Table II. Serum T,, Serum IGF-I, and Hypothalamic GRF Levels in Thyroidectomized (T,) Rats Treated with T, or hGH

Number
Group Length of rats Serum T, Serum IGF-1 Hypothalamic GRF

days pg/dl ng/ml pg/tissue
Sham T, 7 12 59+0.2 44146 803%35
T, 7 12 <1.0* 280+88 596+58*
T,+ T, 7 12 8.6+0.79 328+74 1068+48!
Sham T, 7 12 5.6+0.1 391+14 72665
T, 7 12 <1.0 243+78 501+24*
T, + hGH 7 12 <1.0¢ 261+8¢ 543+52*
Sham T, 14 16 6.1+0.1 396+14 1023+68
T, 14 12 <1.08 243+9¢ 672+74%
T, + T, 14 12 8.9+1.29 339154 1359+37*
T, + hGH 14 12 <1.08 329+8% 734+85*

Results are the means + SE. Tissue GRF levels were measured by pooling two hypothalami and are expressed as picograms per one hypothala-
mus. *P<0.05 *P<0.01, $P<0.00!vs. shamT,. 'P <001, "P<0.001vs. T,.

duced decrease in serum IGF-I levels. However, hGH given for
14 d increased it significantly (P < 0.001 vs. T, ) to 83.0% of the
euthyroid value, which was comparable to that in hypothyroid
rats treated with T, for the same duration.

T, depleted pituitary GH contents to < 1% of that of euthy-
roid rats (P < 0.001 ) at 5-6 wk after operation, and the reduced
pituitary GH was significantly (P < 0.001) reversed by T, (Ta-
ble III). This reversibility was greater by replacement of T, at a
higher dose (2 vs. 1 ug/100 g per d) when the length of treat-
ment was same, or by replacement for a longer duration (14 vs.
7 d) when the dose of T, was same. With the replacement of T,
at 2 ug/100 g per d for 14 d, the decreased pituitary GH was
restored to the maximum level of 82% of that of sham T, rats,
although this level remained significantly lower (P < 0.001)
than the euthyroid value.

Characterization of hypothalamic GRF in the medium

Fig. 5 shows reverse-phase HPLC elution profiles of immunore-
active GRF in hyper- and hypothyroid animals and their con-

Table I11. Effects of Thyroidectomy (T,) and Replacement of T,
or hGH on Pituitary GH Contents

Number
Group Treatment Dose Length of rats Pituitary GH
ug - days ug/gland

Sham T, Vehicle 7, 14 80 393+5 (100)
T, Vehicle 7, 14 64 2.1+0.1 (0.5)
T, T, 1 7 14 142+16* (36)
T, T, 2 7 12 183£11* (46)
T, T, 1 14 14 243+12* (61)
T, T, 2 14 12 324+10* (82)
T, hGH 200 7 12 1.7£0.4 (0.4)
T, hGH 200 14 12 2.84+0.6 (0.7)

Results are means + SE; values in parentheses are percentages. Pitu-
itary GH contents in sham T, or T, rats treated with vehicle for 7 or

14 days were combined. * P < 0.001 vs. sham T, + vehicle or T, +
vehicle.

trols, which was secreted in vitro in response to 50 mM K*.
Rats were given vehicle or T, at 100 ug/ 100 g per d for 6 d (/eft
panels), or received sham T, or T, 5 wk ago (right panels). In
all of these groups, a major proportion of immunoreactive
GRF was eluted at a position identical to that of synthetic
GREF. This indicates that by HPLC criteria, rat GRF secreted
into the medium was indistinguishable from synthetic peptide.
A small portion of GRF-like immunoreactivity also was de-
tected at later fraction(s) than that of authentic rat GRF, but
the nature of these small immunoreactive peaks is unknown.
An elution profile of GRF of T, rats treated with T, (2 ug/ 100
gperd) or hGH (200 ug/rat per d) for 7 d was similar to that of
sham T, or T, rats (data not illustrated).

Discussion

Both thyroid hormone and GRF are the physiological factors
that act directly at the pituitary somatotroph and facilitate its
functional activity. Their actions were similar in many aspects,
which include stimulation of GH gene transcription, mRNA
levels, biosynthesis, and secretion (4-8, 14-19). The results of
the present studies demonstrate that thyroid hormone also af-
fects the secretion of hypothalamic GRF, the GH-regulatory
peptide. The effects of thyroid hormone excess and deficiency
on GRF secretion were opposite, and there was an inverse rela-
tionship between serum T, levels and GRF secretion. This find-
ing clearly indicates an inhibitory role of thyroid hormone in
GREF secretion. Characterization of GRF in the medium by
reverse-phase HPLC revealed that the molecular form of GRF
peptide was not altered by an abnormal thyroid status.

The inhibition of GRF secretion by thyroid hormone oc-
curs at physiological concentrations in serum. This is indicated
by the findings that thyroid gland ablation enhanced GRF se-
cretion and that this effect was highly reversible by replacement
of T, at physiological doses. Also, at thyrotoxic doses, T, sup-
pressed GRF secretion in normal rats. These effects of thyroid
hormone status on GRF secretion are probably not simply the
result of weight changes or altered food intake. First, hyper-
and hypothyroidism similarly diminished BWs, while exhibit-
ing an opposite effect on GRF secretion. Second, the inhibition
of GRF secretion by thyrotoxicosis was already significant at
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the intermediate dose of T,, which did not reduce initial BWs
of animals. Third, hyperthyroidism promotes and hypothyroid-
ism depresses food intake (35), whereas food deprivation de-
creases GRF mRNA levels (36) and GRF secretion in the rat
(unpublished observation). Therefore, if thyroid hormone
acted by altering food intake, it would have been the hypothy-
roid but not hyperthyroid rats who showed the diminished
GREF secretion.

Consistent with a modulatory role in GH secretion, the
effect that thyroid hormone exerted on GRF secretion was of a
delayed type at both physiological and thyrotoxic doses. Al-
though the decreased GRF contents in hypothyroid rats were
fully recovered after 7 d of T, replacement, the enhanced GRF
secretion was not completely reversed after either 7 or 14 d of
replacement. T, was without effect on GRF secretion when
replaced for 4 d in T, rats (26 ). The suppression of GRF secre-
tion in hyperthyroid rats was greater after administration of the
highest dose of T, for 12 than 6 d, and the dose-response rela-
tionship became apparent after 12 d. These results suggest that
the effectiveness of thyroid hormone on GRF secretion is de-
termined by the duration of its treatment as well as the dose
administered.

It is well established that hypothyroidism causes a severe
depletion of pituitary GH (14-16). As soon as 6 h after replace-
ment, T, can start to increase the diminished GH (16),
whereas little is known on a precise time course of its recovery
to euthyroid level. The present studies give some information
on this issue by replacing T, at physiological doses of 1 or 2
ug/ 100 g, each for 7 and 14 d. However, replacement of T, for
14 d was not sufficient to recover the diminished GH content
completely. This is consistent with a morphological study of
DeFesi et al. that 17-24 d of triiodothyronine (T,) replace-
ment was required to normalize decreased somatotroph num-
ber in T, rats (37). In contrast, diminished GH secretion in T,
rats was normalized within 4 d after initiation of T, replace-
ment (22). These findings, together with the present results on
GREF, indicate that it takes > 14 d for replacement of T, to
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picograms/hypothalamus per 30
min per fraction. Broken lines indi-
cate the detection limit.

normalize the whole of the altered hypothalamic GRF-pitu-
itary GH axis in hypothyroid rats.

In addition to depleting pituitary GH contents, hypothy-
roidism also abolishes spontaneous GH secretion (20-22),
suppresses GH response to GRF (38-40), and causes growth
retardation (23). Qualitatively similar effects can be repro-
duced by GRF antibodies (4-6, 41) or its antagonists (42, 43).
These findings initially led us to the hypothesis that hypothy-
roidism might cause somatotroph failure, at least in part,
through inhibiting hypothalamic GRF secretion. By observing
a decrease in GRF content after T, and its rapid recovery by
replacement of T,, Katakami et al. (22) also have suggested
that a critical role of thyroid hormone in GH secretion is re-
lated to its effect on hypothalamic GRF. Later, we and others
demonstrated that GRF secretion in vitro was rather enhanced
in hypothyroid, GH-deficient rats (26,29). We conclude, there-
fore, that the pituitary somatotroph failure in hypothyroidism
is not caused by GRF deficiency and so most probably is a
direct consequence of thyroid hormone deficiency. The same
conclusion was obtained also in an in vivo study with neonatal
hypothyroid rats (44).

The effect of hyperthyroidism on the hypothalamic-pitu-
itary GH axis has been less clear. There is some evidence to
suggest that thyrotoxicosis has an inhibitory influence on GH.
Hyperthyroidism causes a moderate decline in both pituitary
GH and BWs in the neonatal rat (45, 46). Physiological GH
secretion was diminished in human subjects with thyrotoxico-
sis and was normalized after they became euthyroid (47). The
present studies have demonstrated that hyperthyroidism in-
hibits GRF secretion, concomitantly decreasing both BWs and
pituitary GH in the adult rat. This finding, together with the
report of Clark and Robinson (48) that GRF accelerates
growth and increases GH content in rats, indicates that the
decreased in vitro release of GRF in hyperthyroid rats is not
due to an increased turnover rate of GRF in vivo. The parallel
decline in GRF secretion, GH content, and possibly GH secre-
tion as well suggests that the hypothalamus is a primary target



tissue of hyperthyroidism in GH secretion. This view is sup-
ported by the finding that pituitary GH responsiveness to GRF
in vivo was not affected or only minimally decreased in hyper-
thyroid rats (49, 50). Thus, at pathological conditions, thyroid
hormone appears to negatively influence pituitary somato-
troph function by two pathways: one in hyperthyroidism via
the hypothalamus and the other in hypothyroidism leading
directly to the pituitary. This difference in the primary target
tissue could explain biphasic effects of thyroid hormone on
growth rate (28) and pituitary GH contents.

At a supraphysiological concentration of 1.55 X 107 M,
the addition of T, stimulates hypothalamic SRIF secretion in
vitro (51). This effect is inhibitory for pituitary GH secretion,
as was the effect that thyroid hormone excess exerted on GRF
in the present studies. Hyperthyroidism may depress pituitary
GH secretion through a dual effect on GRF and SRIF in the
hypothalamus. Modulation of SRIF by thyroid hormone defi-
ciency is conflicting. Hypothalamic SRIF secretion in vitro is
reported to be decreased (51), unaltered (21), or enhanced
(29) in hypothyroid rats. This may be due in part to the differ-
ence in the induction time or length of hypothyroidism or in
the method of operation, thyroidectomy vs. thyroparathyroid-
ectomy. Anyway, these discrepant studies seem to agree on that
hypothyroid rats can continue to secrete a considerable propor-
tion of SRIF, if its capacity is even decreased. However, it re-
mains unknown whether SRIF inhibition of GH secretion is of
any significance in severe hypothyroidism, in which GH is vir-
tually absent in the bloodstream.

With replacement of hGH, we could not reverse the en-
hanced GREF secretion associated with GH deficiency in hypo-
thyroid rats. At the dose and duration used, hGH was as potent
as T, in restoring decreased body weight gains of T, rats. hGH
also restored the diminished serum levels of IGF-I, a mediator
of anabolic effects of GH (52). The effect of hGH on IGF-I
induction was comparable to that of T, after 14 d of replace-
ment, although not significant after 7 d. This finding agrees
well with the earlier reports on hypothyroid adult rats treated
with bovine GH for 7 d (53) or hGH for 14 d (54). Further-
more, unlike the effect on growth (23, 30, 55), a combined
hGH and T, therapy was not more effective than T, alone in
inhibiting GRF secretion in hypothyroid rats. These results
suggest that the increased GRF secretion in hypothyroidism is
not mediated through the feedback mechanism involving ei-
ther GH or IGF-I deficiency.

There is biochemical evidence to support that thyroid hor-
mone acts directly at the level of the hypothalamus. The con-
version of T, to its active metabolite T, is an important step in
mediating the action of thyroid hormone on its nuclear recep-
tor and has been considered the main source of T, in the brain
(56, 57). Type I 5/ -monodeionase is an enzyme that deiodin-
ates T, to T, in the brain (56), and the activity of this enzyme
is highest in the arcuate nucleus and median eminence in
brains of hypothyroid rats (58). Because these hypothalamic
regions possess both cell bodies and nerve terminals of the hy-
pophysiotrophic GRF neurons (59, 60), T; generated locally
in the hypothalamus could directly influence the functional
activity of GRF neurons. This view may be supported by the
significant correlation between serum T, levels and GRF secre-
tion that we observed in hyperthyroid rats. Alternatively, thy-
roid hormone may act indirectly through altering metabolic
and/or other factors of the central or peripheral origin.

Other laboratories have recently reported that hypotha-
lamic GRF mRNA levels in rats were increased in hypothyroid-
ism (26, 27, 61) and decreased in hyperthyroidism (61). This
negative relationship between GRF mRNA and thyroid func-
tion is similar to that which we found between GRF secretion
and serum T,. In their studies on hypothyroid rats, however,
GH showed an inhibitory effect on GRF mRNA levels,
whereas we observed that GH was without effect on GRF se-
cretion. The increased GRF mRNA levels were completely re-
versed by 5 d of rat GH replacement in adult hypothyroid rats,
and rat GH was more potent than T, (26). It was also reversed
by hGH in prepubertal hypothyroid rats, although 14 d of re-
placement was required for complete reversel (27). Thus, thy-
roid hormone modulates GRF mRNA levels and peptide se-
cretion in a similar inhibitory mode. However, the underlying
mechanisms are probably different, involving the GH feedback
for GRF mRNA but not for GRF peptide secretion. Alterna-
tively, GRF secretion might be less sensitive than GRF mRNA
to the GH feedback signal or could respond to GH adminis-
tered in a physiological pulsatile pattern only.
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