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Thyrotropin-releasing Hormone Stimulation

of Adrenocorticotropin Production

by Mouse Pituitary Tumor Cells in Culture

POSSIBLE MODELFORANOMALOUSRELEASEOF

ADRENOCORTICOTROPINBY THYROTROPIN-RELEASINGHORMONE

IN SOMEPATIENTS WITH CUSHING'S DISEASE

ANDNELSON'S SYNDROME

MARVINC. GERSHENGORN,CARLOS0. AREVALO, ELIZABETH GERAS,
and MARIOJ. REBECCHI, Division of Endocrinology, Department of Medicine,
New York University Medical Center, New York 10016

A B S T R A C T ACTH-producing mouse pituitary tu-
mor cells in culture (AtT-20/NYU-1 cells) were found
to have binding sites for thyrotropin-releasing hormone
(TRH). These putative receptors bound TRHwith high
affinity; the apparent equilibrium dissociation constant
was 3.7 nM. The affinity of the receptors for a series
of TRH analogues was similar to those previously
reported for TRH-receptor interactions on thyrotropic
and mammotropic cells in culture. Like some human
pituitary tumors in situ, AtT-20/NYU-1 cells were
found to produce the alpha subunit of the glycoprotein
hormones (alpha). Alpha accumulation in the medium
was constant (3.1 ng/mg cell protein per h) and was
not affected by TRH. In contrast, TRH increased the
amount of ACTH accumulated in the medium from
AtT-20/NYU-1 cells to 190 and 420% of control at 1
and 24 h, respectively. TRHinduced a dose-dependent
increase in ACTHrelease during a 30-min incubation;
half-maximal stimulation occurred at -0.1 nM. TRH
had no effect on ACTHrelease in vitro from anterior
pituitary cells derived from normal rats. Because TRH
stimulates release of ACTHin some untreated patients
with Cushing's disease and Nelson's syndrome as well
as pathological states associated with pituitary tumors

This work was presented in part at the 61st Annual Meeting
of the Endocrine Society, Anaheim, Calif. 13-15 June 1979.

Dr. Gershengom is the recipient of Research Career
Development Award AM00566.

Received for publication 2 July 1979 and in revised form
21 January 1980.

1294

(but not in normal subjects), AtT-20/NYU-1 cells may
serve as an important in vitro model for human pituitary
ACTH-secreting adenomas. Moreover, these findings
suggest that the primary abnormality in Cushing's
disease and Nelson's syndrome, allowing TRHstimula-
tion of ACTH release, may be intrinsic to neoplastic
adrenocorticotrophs rather than in neuroregulation
of ACTHrelease.

INTRODUCTION

An anomalous stimulatory effect of thyrotropin-releas-
ing hormone (TRH)' on release of ACTH has been
described in some untreated patients with Cushing's
disease and Nelson's syndrome (1, 2). It was suggested
that this response may have been the result of either
"altered function of neuroregulatory pathways in-
volved in ACTHrelease" or to "alteration in hormone
receptors associated with the neoplastic process" (1).
To study whether the primary abnormality, allowing
TRH stimulation of ACTH release, is intrinsic to
neoplastic adrenocorticotrophs, it is necessary to
employ cells that are removed from the influence of
neuroregulatory factors. Previous reports have docu-
mented the usefulness of several cell culture systems
derived from rodent tumors as models in which to study

I Abbreviations used in the paper: TRH, thyrotropin-
releasing hormone; TSH, thyrotropin; alpha, alpha subunit
of the glycoprotein hormones; LH, luteinizing hormone;
TRH-free acid, pGlu-His-Pro-OH.
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regulation of pituitary hormone production by TRH
(3-8). TRH stimulates prolactin and inhibits growth
hormone production by clonal strains of rat pituitary
tumors (GH cells) and stimulates thyrotropin prodtuc-
tion by pituitary tumor cells derived from mice of the
LAF1 strain (TtT cells). Furthermore, TtT cells exhibit
certaiin functional parallels to human pituitary thyro-
tropic tumors which are not fouind in normal or hyper-
plastic pituitary glands, such as excess productioni of
the alpha subunit of the glycoprotein hormones (alpha)
(7). An ACTH-producing cell line (AtT-20) derived
from a pituitary tumor from an irradiated LAF1 mouse
(9) has been employed in a series of studies of ACTH
synthesis and secretioni (10-16). We examined the
interaction of TRHwith a newly generated suibpopula-
tion of AtT-20 cells (AtT-20/NYU-1) and its effect on
ACTHrelease to determine whether TRHmay stimu-
late ACTHrelease directly from neoplastic cells.

In this report we demonstrate that AtT-20/NYU-1
cells possess putative receptors for TRH, produce
alpha subunit, and are stimtulated to release ACTH
by TRH. Release of ACTH from adenohypophyseal
cells in vitro derived from normal rats, in contrast, is
not affected by TRH. These data show that neoplastic
mouse adrenocorticotrophs respond to TRH and
suggest that the anomalous response of ACTHto TRH
in patients with Cushing's disease and Nelson's
syndrome may be cauised by an alteration intrinsic to
the adrenocorticotroph and not to changes in neuro-
regulation of ACTHrelease.

METHODS

[3H]TRH (L-[2,3,4,5-3H]proline, 115 Ci/mmol) was obtained
from New England Nuclear, Boston, Mass. Unlabeled TRH
and TRH-free acid (pGlu-His-Pro-OH) were from Beckman
Instruments, Inc., Fullerton, Calif., pGlu-3-MethylHis-Pro-
NH2 was from Calbiochem, San Diego, Calif., and pGlti-
His-Pro-NHCH2CH3 was generously provided by Dr. E. D.
Nicolaides of Parke, Davis & Company, Detroit, Mich.
Dexamethasone was from Sigma Chemical, Co., St. Louiis,
Mo. Ham's F-12 medium and horse and fetal bovine sera were
obtained from Gibco Laboratories, Grand Island Biological
Co., Grand Island, N. Y.

ACTHwas measured by radioimmunoassay (17, 18) using
reagents kindly provided by the National Pituitary Agency,
National Institute of Arthritis, Metabolism, and Digestive
Diseases (NIAMDD), Baltimore, Md. The antiserum (West,
batch 2) cross-reacts with the a (11-24) region of ACTH(19).
Synthetic human a 1-39 ACTHwas used for iodination and as
standard. Alpha (7), thyrotropin (TSH) (7, 8, 20), and pro-
lactin (21) were measured by radioimmunoassays using
reagents for rat hormones from the NIAMDD Hormone
Distribution Program (Dr. A. F. Parlow) as previously
described.

AtT-20 cells were obtained from the American Type Culture
Collection, Rockville, Md., and grown in Ham's F-12 medium
supplemented with 15% horse serum and 2.5% fetal bovine
serum (9). After several weeks in culture, a subpopulation of
cells developed (AtT-20/NYU-1) that grew as monolayers as
well as in suspension culture, simnilar to the previously

described AtT-20/D-16 cells (15, 16). These cells, when
incubated in medium with serum, released 0.20±0.06 ,ug of
ACTH/mg cell protein per 24 h. There was no detectable
immunoreactive prolactin (<8 ng/mg cell protein per 24 h)
or TSH (<7 ng/mg protein per 24 h) in the incubation medium.

Binding of TRHto intact cells in suspension was performed
in fresh medium without serum containing [3H]TRH at 37°C
in a shaking water bath (8). Experiments were carried out
in 0.5 ml of medium in 12 x 75-mm glass test tubes with
0.5-2 x 106 cells. After incubation the cells were centrifuged
at 650 g for 5 min at 4°C, the medium was removed, and the
cells were washed three times with 1 ml of 0.1 MNaCl, 0.05 M
Na phosphate, pH 7.5. The cell pellets were dissolved in
0.4 N NaOH; portions were used to measure radioactivity
by liquid scintillation counting and for measurement of
cell protein by the method of Lowry et al. (22) using bovine
serum albumin as standard. Nonspecific binding, that is
[3H]TRH bound in the presence of a 200-fold excess of
unlabeled TRH, was subtracted from each value. Nonspecific
binding represented <15% of total bound radioactivity.

Incubation medium without serum from AtT-20/NYU-1
cells was pooled and analyzed in the alpha radioimmuno-
assay at several dilutions. A 4-mIl portion was lyophilized,
resuspended in 0.5 ml water, and co-chromatographed with
trace amounts of rat ['25I]iodo-TSH, rat [m251]iodo-luteinizing
hormone (LH)-alpha, and 1251 on a Sephadex G-100 columiln
(90 x 1.5 cm). The column was equilibrated at 4°C with 0.1 M
NaCl, 0.05 MNa phosphate, pH 7.5, and eluted at a flow rate
of 4 ml/h. Portions of each 1-ml fraction were assayed for alpha.

ACTHand alpha accumulation in the medium from AtT-
20/NYU-1 cells was determined at various times of culture
in the presence of 100 nM TRH or 100 nM dexamethasone
and compared to controls. For these experiments, 0.5-2
x 106 cells were inoculated in F-12 medium with serum.
After 16-24 h, the cell monolayers (in flasks) or cells in
suspension (in roller bottles) were washed and fresh F-12
medium with or without serum and TRH or dexamethasone
was added and the incubation continued. At the indicated
times, media were collected and stored at -20°C until assayed
and the cells washed three times with 0.1 M NaCl, 0.05 XI
Na phosphate, pH 7.5, dissolved in 0.4 N NaOHand used for
measurement of cell protein.

Primary monolayer cultures of rat adenohypophyseal cells
were prepared by the method of Vale et al. (23) with minor
modification. In brief, anterior pituitary glands were removed
from male Sprague-Dawley rats (200-250 g) after rapid
decapitation, rinsed five times in 0.1 M NaCl, 0.05 M Na
phosphate, pH 7.4, 0.01 Mglucose, 0.36 mMCaCl2, and then
cut into small pieces. The pituitary fragments were then
suspended in the same buffer containing 0.1% hyaluronidase
(type II, 200 NF U/mg; Sigma Chemical Co.) and 0.35%
collagenase (160 U/mg; Sigma Chemical Co.) and incubated
at 37°C with stirring. After 30 min, a solution containing
pancreatin 4X (Grand Island Biological Co.), final concentra-
tion 0.25%, was added to the dispersion mixture. After an
additional 15 min, the dispersed cells were washed once
with F-12 medium with serum, resuspended in the same
medium, and 1 x 106 cells inoculated into 25-cm2 culture
dishes. After 48 h, the primary cell monolayers were washed
with F-12 medium without serum and incubated in parallel in
F-12 medium without serum with AtT-20/NYU-1 cells. Re-
lease of ACTH from adenohypophyseal cells in culture was
found to increase 1.4- to 2-fold during a 1-h exposure to 10 nM
vasopressin as previously described (24, 25) demonstrating
that these cells were responsive to a secretagoguie.

Statistical analysis was performed by unpaired t test. For
the alpha radioimmunoassay, the plots of the standard curve
and of the curve generated with dilutionis of incubation
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medium were determined by linear regression analysis and
parallelism was determined by analysis of covariance (26).

RESULTS

Binding of TRH and analogues to AtT-201NYU-1
cells. [3H]TRH added to the medium of suspensions
of AtT-20/NYU-1 cells bound rapidly to the cells.
Specific binding was 30% of maximum after 5 min,
50% after 15 min, 86% after 45 min, maximum after
60 min, and remained constant for up to 3 h. The char-
acteristics of binding of TRH at equilibrium were
defined by incubating cells with increasing concentra-
tions of [3H]TRH, up to 55 nM, for 90 min. Fig. 1
illustrates the dose-dependent specific binding of
[3H]TRH to AtT-20/NYU-1 cells. Analysis of these data
by the method of Scatchard (27) (Fig. 1, inset) yields a
linear plot consistent with a single class of noninteract-
ing binding sites. The dissociation constant was 3.7
nM. There were 28 fmol [3H]TRH bound/mg cell
protein at saturation.

The relative affinities of the binding sites for several
TRH analogues were determined by comparing the
ability of the analogues to compete with [3H]TRH for
binding at equilibrium. Table I shows the dissociation
constants of the analogues based on the value measured
for TRH (from Fig. 1). The affinity of the binding sites
for p-Glu-3-MethylHis-Pro-NH2 was higher than for
TRHbut was markedly lower for the other analogues.

Release of alpha from AtT-20/NYU-1 cells. Fig. 2A
illustrates the standard curve using purified rat LH-
alpha and a curve generated using dilutions of pooled
incubation medium for the alpha radioimmunoassay.
Medium in which cells had not been incubated had no
detectable alpha immunoactivity. Immunological simi-
larity between alpha in the medium and rat LH-alpha
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FIGURE 1 [3H]TRH binding to AtT-20/NYU-1 cells at
equilibrium. 2 x 106 cells were incubated with [3H]TRH,
1-55 nM, for 90 min after which bound [3H]TRH was meas-
ured. The points represent the mean±+SD of triplicate
determinations. (Inset) Plot of these data by the method of
Scatchard (27).

TABLE I
Binding Affinities of TRHAnalogues*

Dissociation constant

nM

TRH 3.7
pGlu-3-MethylHis-Pro-NH2 0.41
pGlu-His-Pro-NHCH2CH3 93
TRH-free acid 110,000

* 2 x 106 cells in suspension in F-12 medium without serum
were incubated for 2 h with 10 nM [3H]TRH and various
concentrations of unlabeled TRHanalogues. The dissociation
constant of TRH was derived from the data in Fig. 1. The
dissociation constants of the analogues were determined by
comparing the dose-response curves of their inhibition of
[3H]TRH binding to that of TRH.

was suggested by parallelism (P > 0.1) between these
curves. Fig. 2B illustrates the gel chromatographic
elution pattern of alpha in the incubation medium.
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FIGURE 2 Immunologic and chromatographic similarity of
alpha released from AtT-20/NYU-1 cells and rat LH-alpha.
(A) Displacement curve of incubation medium in the alpha
radioimmunoassay. Curve was generated with dilutions of
pooled incubation medium which did not contain serum.
(B) Gel chromatography on a (1.5 x 90-cm) column of Sephadex
G-100 of pooled incubation medium. Fractions were assayed
in the alpha immunoassay. Recovery of alpha immuno-
activity was >95%. Elution positions of rat [125I]iodo-
TSH, rat [125I]iodo-LH-alpha, and 1251-, used as internal
column markers, and V0 are shown.
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Virtually all alpha immunoactivity eluted in a position
similar to that of standard rat [1251]iodo-LH-alpha.

Fig. 3 illustrates alpha accumulation in the medium
from AtT-20/NYU-1 cells in the presence of 100 nM
TRH or in its absence (control). The rate of alpha
accumulation was constant during the 72-h incubation
(3.1 ng/mg cell protein per h). There was no effect of
TRH on alpha accumulation. Furthermore, 100 nM
dexamethasone, which inhibited ACTHaccumulation
from these cells (see below), had no effect on accumula-
tion of alpha during a 24-h incubation (Table II).

Effect of TRH on accumulation of ACTH in the
medium. 100 nM dexamethasone inhibited accumu-
lation of ACTH by 44% from AtT-20/NYU-1 cells
after 24 h (Table II). These findings are similar to those
reported for other cell lines derived from this tumor
(10, 15). TRH stimulated production of immuno-
reactive ACTH by these cells. In one experiment
(Table III), the amount of ACTHaccumulated in the
medium was increased to 260% of control after 24 h.
The increase of immunoreactive ACTHby TRH was
not caused by stabilization of ACTH in the medium
because TRHdid not affect the recovery of exogenously
added standard ACTH. Fig. 4 illustrates the dose-
dependent stimulation of ACTHrelease by TRHafter
30 min. Half-maximal stimulation occurred at -0.1 n M.
TRH stimulation of accumulation of ACTH from
AtT-20/NYU-1 cells was demonstrable from cells
incubated in medium without serum but not in the
presence of serum. In another experiment, basal ACTH
release into medium without serum was increased to
190% of control after 1 h by 100 nM TRH (Table III).
In contrast, release of ACTH from cells incubated in
medium with serum but without TRH was 240±80%
of the serum-free control (P < 0.05) and there was no
further increase with exposure to TRH (220±53% of
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FIGuRE 3 Accumulation of alpha in the medium from
AtT-20/NYU-1 cells in the presence of TRH and in its
absence. 0.5 x 106 cells were inoculated into dishes in
F-12 medium with serum. After 16 h, the medium was
removed and replaced with fresh F-12 medium without
serum with no addition (control) or with 100 nM TRH.
Points represent mean+SD of triplicate determinations
harvested at the indicated times.

TABLE II
Effect of TRHand Dexamethasone on Accumulation of

ACTHand Alpha in the Medium after 24 h*

ACTH Alpha

ng/mg cell protein

Control 27+0.73 38+3.8
Dexamethasone 15±3.8t 32±4.6§
TRH 70±13" 35±4.3§

* 1 x 106 cells were inoculated in F-12 medium with serum.
After 16 h, the cells were washed and incubated with fresh
F-12 medium alone (control) or with 100 nM dexamethasone
or 100 nM TRH for 24 h.
t P < 0.005 vs. control.
§ NS vs. control.
"P < 0.001 vs. control.

serum-free control; P > 0.1 vs. medium with serum
alone). A further stimulation of ACTHaccumulation
by TRH into medium without serum, to 420% of
control, occurred after 24 h.

In contrast to the findings in AtT-20/NYU-1 cells,
TRH had no effect on accumulation of ACTH from
adenohypophyseal cells in vitro derived from nor-
mal rats after 1 or 24 h in F-12 medium without
serum (Table III).

DISCUSSION
An ACTH-producing mouse pituitary tumor cell line
(AtT-20) has been effectively employed in a series of

TABLE III
Effect of TRHon Accumulation of ACTHin the Medium

from AtT-20/NYU-1 Cells and Adenohypophyseal
Cells Derived from Normal Rats

ACTH

Control TRH

ng/mg cell protein

AtT-20/NYU-1 cells*
1 h 14±1.5 26±3.5

24 h 23±2.3 97±16

Adenohypophyseal cellst
1 h 55±10 55±6.1

24 h 150+19 140±13

* 1 x 106 cells were inoculated in F-12 medium with serum.
After 96 h, the cells were washed and incubated in fresh
medium without serum alone (control) or with TRH(100 nM).
For AtT-20/NYU-1 cells, TRHvs. control: 1 h, P < 0.01; 24 h,
P < 0.005.
t 0.5 x 106 acutely dispersed cells were inoculated in F-12
medium with serum. After 48 h, the cells were washed and
incubated in fresh medium without serum alone (control) or
with 100 nMTRH. For adenohypophyseal cells, TRHvs. con-
trol: 1 h, P > 0.1; 24 h, P > 0.1.
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FIGURE 4 Effect of TRH on ACTH release from AtT-
20/NYU-1 cells. Cells from suspension culture were
resuspended in fresh medium without serum (2 x 106
cells/ml) and incubated with varying concentrations of
TRH for 30 min. Points represent mean+SE of triplicate
determinationis.

studies of the secretion and synthesis of ACTH(10-16).
In the experiments reported here, the interaction of
TRH with a newly generated subpopulation of these
cells (AtT-20/NYU-1) was studied. Receptors for TRH
were demonstrated on these cells. The affinities of
binding of these sites for a series of TRH analogues
correlated with their knowni biological activities in
other cell lines (5, 28, 29). AtT-20/NYU-1 cells were
found also to produce the alpha subunit of the glyco-
protein lhormones but not intact TSH. Accumulation
of alpha in the mediumn was not affected by TRH in
these cells. In contrast to its lack of effect on alpha
production, TRH increased accumulation of ACTHin
the mediumil from AtT-20/NYU-1 cells. Stimulation
of ACTH accumulation by TRH was slhown to be
specific to the neoplastic adrenocorticotroph and not a
general phenomenon of ACTH-producinig cells in
culture, because TRH had no effect on accumulation
of ACTH from cells in vitro derived from anterior
pituitaries of normual rats. There are two explanations
for this finding. First, the lack of effect of TRH on
ACTHrelease from non-neoplastic adenohypophyseal
cells may be the result of an absence of receptors
for TRH in these cells. This can not readily be deter-
mined because adrenocorticotrophs comprise <11%
of the total population of cells in the pituitary gland
in which at least two other cells, thyrotrophs and
mammotrophs, possess these receptors. Second, it is
possible that there is a species difference between
mouse and rat and that TRH may stimUlate ACTH
release from non-neoplastic cells derived from mice.
This appears less likely because regulation of ACTH
secretion in these rodents is similar. Thus, TRH
directly stimulated release of ACTH from neoplastic
but not from non-neoplastic adrenocorticotrophs in
culture and this response was likely initiated by
interaction with the demonstrated binding site
for TRH.

Receptors for TRH have previously been demon-
strated on mammotropic (GH) cells, cloned cell lines
derived from rat pituitary tumors (5, 30-32), and
thyrotropic (TtT) cells derived from mouse pituitary
tumors (8, 29) in culture. The characteristics of the
interaction between TRH and the binding sites on
TtT, GH, and AtT-20/NYU-1 cells were very similar.
The apparent equilibrium dissociation constants for
binding of TRHwere 10-12 nM for GHcells, 3-5 nM
for TtT cells, and 3.7 nM for AtT-20/NYU-1 cells. Also,
the relative affinities for a series of TRH analogues
paralleled one another. Although determination of the
binding affinity for hormone-receptor interactions is
somewhat imprecise, we consistently measured a two-
to threefold higher affinity for TRH binding to TtT
and AtT-20/NYU-1 cell sites than to receptors on GH
cells using the same [3H]TRH preparation. Moreover,
the virtually identical affinities of binding for TRH
to TtT and AtT-20/NYU-1 cells may indicate that these
receptor units are identical because these cell types
were both derived from pituitary tumors from the same
strain of mice (9, 33). The number of binding sites
per cell, in contrast to the affinity of TRH binding,
appeared to be different for AtT-20/NYU-1 cells
compared to TtT and GH cells. Assuming a homo-
geneous population of cells, there were only 3,300
available receptor sites per AtT-20/NYU-l cell whereas
there were 99,000 (8) and 54,000-130,000 (30, 32)
receptors per TtT and GHcell, respectively, in control
cultures. The lower concentration of receptors on the
ACTH-producing cells may reflect the absence of
receptors on adrenocoiticotrophs under normal physio-
logical conditions, in contrast to their presence on
normal thyrotrophs and mammotrophs. However, we
cannot exclude, at this time, the possibility that the
AtT-20/NYU-1 cultures are heterogeneous and that
only a fraction of these cells, perhalps 5%, have re-
ceptors for TRH. In any event, we halve demonstrated
receptors for TRH on adenohypophyseal cells in
culture that do not produce prolactin or TSH.

Secretion of the alpha subunit of the glycoprotein
hormones by humian pituitary tumors in situ has been
demonstrated (34, 35). Measurement of alpha in seruim
has been suggested by us as one criterion for differen-
tiating patients with pituitary tumors friom those in
which there is no evidence of a tulmor in patients
with TSH-induced hyperthyroidism (35, 36). Simnilar
to the findings reported herein that AtT-20/NYU-1
cells produce alpha, we have shown previously that
TtT cells produce excessive amounts of alpha (7). The
immunologic and chromatographic properties of alplha
from AtT-20/NYU-1 and TtT cells were indistinguish-
able from those of standard rat alpha. Thuis, it appears
that free alpha subunit may be prodtuced by several
different types of pituitary tumors and that these
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mouse pituitary tumors may be exellent in vitro models
for human pituitary adenomas. The finding that alpha
production by AtT-20/NYU-1 cells was not increased by
TRH is a further parallel to the findings in human
pituitary tumors (36). If these cultures were hetero-
geneous (see above), a possible explanation for the
lack of alpha response to TRHmay be that the popula-
tion of cells that produces alpha does not have receptors
for TRHand, therefore, is unable to respond to TRH.

TRH caused an increase in release of immuno-
reactive ACTHfrom AtT-20/NYU-1 cells but not from
adenohypophyseal cells in vitro derived from normal
rats. The finding of no effect of TRH on release of
ACTH from cells derived from normal anterior pitui-
tary glands complements a previously published report
using cells in vitro derived from rat pars intermedia
(37) and the findings in normal human subjects (1).
The ability of TRH to stimulate ACTH release from
neoplastic but not "normal" cells in vitro appears to
parallel the findings in man since it is likely that
Nelson's syndrome and some instances of Cushing's
disease are associated with pituitary adenomas (38).
Although there may be additional neuroregulatory
factors that influence the ability of TRH to affect
ACTH release, as suggested by the study of Krieger
and Condon (2), the primary abnormality in these
clinical syndromes may be intrinsic to the ACTH-
producing cell as with AtT-20/NYU-1 cells. Thus,
neoplastic human as well as mouse ACTH-producing
cells may synthesize receptors for TRH which are
coupled to ACTH release and allow direct stimula-
tion by TRH.

ACKNOWLEDGMENTS

The authors wish to thank Mrs. I. Musacchio for assistance
with the radioimmunoassays and Ms. P. Wilson for secretarial
assistance.

This work was supported by U. S. Public Health Service
grants AM20249 and RR05399.

REFERENCES
1. Krieger, D. T., and M. Luria. 1977. Plasma ACTHand

cortisol responses to TRF, vasopressin or hypoglycemnia
in Cushing's disease and Nelson's syndrome. J. Clin.
Endocrinol. Metab. 44: 361-368.

2. Krieger, D. T., and E. M. Condon. 1978. Cyproheptadine
treatment of Nelson's syndrome: restoration of plasma
ACTHcircadian periodicity and reversal of response to
TRF. J. Clin. Endocrinol. Metab. 46: 349-352.

3. Tashjian, A. H., Jr., N. J. Barowsky, and D. K. Jensen.
1971. Thyrotropin releasing hormone: direct evidence
for stimulation of prolactin production by pituitary cells
in culture. Biochem. Biophys. Res. Commun. 43: 516-
523.

4. Dannies, P. S., and A. H. Tashjian, Jr. 1973. Effects of
thyrotropin-releasing hormone and hydrocortisone on
synthesis and degradation of prolactin in a rat pituitary
cell strain.J. Biol. Chem. 248: 6174-6179.

5. Hinkle, P. M., E. L. Woroch, and A. H. Tashjian, Jr. 1974.
Receptor-binding affinities and biological activities of
analogs of thyrotropin-releasing hormone in prolactin-
producing pituitary cells in culture. J. Biol. Chem.
249: 3085-3090.

6. Eto, S., and N. Fleischer. 1976. Regulation of thyrotropin
(TSH) release and production in monolayer ctultures of
transplantable TSH-producing mouse tumors. Endo-
crinology. 98: 114-122.

7. Blackman, M. R., M. C. Gershengorn, and B. D. Wein-
traub. 1978. Excess production of free alpha suibunits by
mouse pituitary thyrotropic tumor cells in vitro. Endo-
crinology. 102: 499-508.

8. Gershengorn, M. C. 1978. Bihormonal regulationi of the
thyrotropin-releasing hormone receptor in mouise pitui-
tary thyrotropic tumor cells in culture. J. Clin. Int;est.
62: 937-943.

9. Yasumura, Y. 1968. Retention of differentiated funictioni
in clonal animal cell lines, particularly hormonie-
secreting cultures. Am. Zool. 8: 285-305.

10. Watanabe, H., W. E. Nicholsoni, and D. N. Orth. 1973.
Inhibition of adrenocorticotrophic hormone productioln
by glucocorticoids in mouse pituitarv tumor cells.
Endocrinology. 93: 411-416.

11. Eipper, B. A., and R. E. Mains. 1975. High molecular
weight forms of adrenocorticotrophic hormonie in the
mouse pituitary and in a mouse pituitary tu-mor cell
line. Biochemistry. 14: 3836-3944.

12. Mains, R. E., and B. A. Eipper. 1976. Biosynithesis of
adrenocorticotrophic hormone in mouse pituitary tumilor
cells.J. Biol. Chem. 251: 4115-4120.

13. Roberts, J. L., and E. Herbert. 1977. Characterization
of a commllon precursor to corticotropini and 8-lipotropin:
cell-free synthesis of the precursor and identification
of corticotropin peptides in the molecule. Proe. Natl.
Acad. Sci. U. S. A. 74: 4826-4830.

14. Mains, R. E., B. A. Eipper, acnd N. Ling. 1977. Commlon
precursor to corticotropins and endorphins. Proc. Natl.
Acad. Sci. U. S. A. 74: 3014-3018.

15. Herbert, E., R. G. Allen, and T. L. Paquette. 1978.
Reversal of dexamethasone inhibition of a(dreniocortico-
tropin release in a mouse pituitary tumor cell line either
by growing cells in the absence of dexamethasone or by
addition of hypothalamic extract. Endocritnology. 102:
218-226.

16. Richardson, U. I. 1978. Self-regulation of adrenocortico-
tropin secretion by mouse pituitary tumor cells in culture.
Endocrinology. 102: 910-917.

17. Berson, S. A., and R. S. Yalow. 1968. Radioimmnunoassay
of ACTH in plasma.J. Clin. Incest. 47: 2725-2751.

18. Rees, L. H., D. M. Cook, J. W. Kendall, C. F. Allen,
R. M. Kramer, J. G. Ratcliffe, and R. A. Knight. 1971. A
radioimmunoas say for rat plasmna ACTH. Endoct-inology.
89: 254-261.

19. Orth, D. N. 1978. Adrenocorticotropic hormonie (ACTH).
In Methods of Hormone Radioimmunoassay. B. M1. Jaffe,
and H. R. Behrmani, editors. Academic Press, Inic.
New York. 2nd edition. 245-284.

20. Gershengorni, M. C. 1978. Regulation of thyrotropin
production by mouse pituitary thyrotropic tumor cells
in vitro by physiological levels of thyroid hormiionies.
Endocrinology. 102: 1122-1128.

21. Rogol, A. D., and S. W. Rosen. 1974. Alterationi of human
and bovine prolactins by a chloramine-T radioiodiniation:
comparison with lactoperoxidase-iodiniated prolactins.

J. Clin. Endocrinol. Metab. 39: 379-382.
22. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J.

Thyrotropin-releasing Hormone Stimulates ACTHRelease fromn Tumor Cells 1299



Randall. 1951. Protein measurement with the Folin
phenol reagent.J. Biol. Chem. 193: 265-275.

23. Vale, W., G. Grant, M. Amoss, R. Blackwell, and R.
Guillemin. 1972. Culture of enzymatically dispersed
anterior pituitary cells: functional validation of a method.
Endocrinology. 91: 562-572.

24. Fleischer, N., R. A. Donald, and R. W. Butcher. 1969.
Involvement of adenosine 3',5'-monophosphate in re-
lease of ACTH. Am. J. Physiol. 17: 1287-1291.

25. Rose, J. C., and P. M. Conklin. 1978. TSH and ACTH
secretion and cyclic adenosine 3',5'-monophosphate
content following stimulation with TRH or lysine
vasopressin in vitro: suppression by thyroxine and
dexamethasone (40239). Proc. Soc. Exp. Biol. Med. 158:
524-529.

26. Snedecor, G. W., and W. G. Cochran. 1967. Statistical
Methods. Iowa State University Press, Ames. 432 pp.

27. Scatchard, G. 1949. The attractions of proteins for small
molecules and ions. Ann. N. Y. Acad. Sci. 51: 660-672.

28. Dannies, P. S., and A. H. Tasjian, Jr. 1976. Release and
synthesis of prolactin by rat pituitary cell strains are
regulated independently by thyrotropin-releasing hor-
mone. Nature (Lond.). 261: 707-710.

29. Grant, G., W. Vale, and R. Guillemin. 1973. Character-
istics of the pituitary binding sites for thyrotropin-
releasing factor. Endocrinology. 92: 1629-1633.

30. Hinkle, P. M., and A. H. Tashjian, Jr. 1973. Receptors for
thyrotropin-releasing hormone in prolactin-producing rat
pituitary cells in culture. J. Biol. Chem. 218: 6180-6186.

31. Gourdji, D., A. Tixier-Vidal, A. Morin, P. Pradelles,
J-L. Mortat, P. Fromageot, and B. Kerdelhue. 1973.
Binding of a tritiated thyrotropin-releasing factor to a

prolactin secreting clonal cell line (GH3). Exp. Cell Res.
82: 39-46.

32. Gershengom, M. C., B. E. Marcus-Samuels, and E. Geras.
1979. Estrogens increase the number of thyrotropin-
releasing hormone receptors on mammotropic cells in
culture. Endocrinology. 105: 1979.

33. Furth, J., and K. H. Clifton. 1966. Experimental pituitary
tumors. In The Pituitary Gland. G. W. Harris, and B. T.
Donovan, editors. Butterworth & Co. Ltd., London.
2: 460-497.

34. Kourides, I. A., B. D. Weintraub, S. W. Rosen, E. C.
Ridgway, B. Kliman, and F. Maloof. 1976. Secretion of
alpha subunit of glycoprotein hormones by pituitary
adenomas. J. Clin. Endocrinol. Metab. 43: 97-106.

35. Kourides, I. A., E. C. Ridgway, B. D. Weintraub, S. T.
Bigos, M. C. Gershengorn, and F. Maloof. 1977. Thyrot-
ropin-induced hyperthyroidism: use of alpha and beta
subunit levels to identify patients with pituitary tumors.

J. Clin. Endocrinol. Metab. 45: 534-543.
36. Gershengorn, M. C., and B. D. Weintraub. 1975. Thyrot-

ropin-induced hyperthyroidism caused by selective
pituitary resistance to thyroid hormone. A new syndrome
of "inappropriate secretion of TSH." J. Clin. Invest.
56: 633-642.

37. Kraicer, J. 1977. Thyrotropin-releasing hormone does
not alter the release of melanocyte-stimulating hormone
or adrenocorticotropic hormone from the rat pars
intermedia. Neuroendocrinology. 24: 226-231.

38. Tyrrell, J. B., R. M. Brooks, P. A. Fitzgerald, P. B. Cofoid,
P. H. Forsham, and C. B. Wilson. 1978. Cushing's disease.
Selective transsphenoidal resection of pituitary micro-
adenomas. N. Engl. J. Med. 298: 753-758.

1300 M. C. Gershengorn, C. 0. Arevalo, E. Geras, and M. J. Rebecchi


