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ABSTRACT In an attempt to delineate the mecha-
nism and the site of action of cyproheptadine and
dopaminergic agonists as well as hormones including
thyrotropin-releasing hormone (TRH) and hydrocor-
tisone, the effects of these substances on ACTH
secretion from corticotroph adenoma cells in culture
were examined. Dispersed cells of pituitary adenomas
obtained at surgery from four patients with Nelson’s
syndrome and one subject with Cushing’s disease
formed a monolayer and actively secreted ACTH into
the medium. When TRH (0.1 uM) was added to the
medium, a significant increase in ACTH secretion was
demonstrated by adenoma cells from two patients who
responded to TRH preoperatively. Moreover, a dose-
response relationship between TRH concentrations
and ACTH secretion was observed. Incubation of
cells with cyproheptadine (1 or 0.1 uM) resulted in a
significant decrease in ACTH release, and inhibited
stimulation produced by TRH in one experiment. This
effect of cyproheptadine was blocked when equimolar
concentrations of serotonin was coincubated, whereas
serotonin by itself did not affect ACTH secretion.
Dopamine (0.1 uM) lowered ACTH accumulation in
the medium, which was blocked by the addition of
haloperidol. When hydrocortisone was added to the
culture, dose-dependent suppression of ACTH secre-
tion was demonstrated. TRH at an equimolar con-
centration reversed this effect, but, failed to overcome
the inhibition induced by a higher concentration of
hydrocortisone in cells from one adenoma studied.
Cultured normal corticotrophs obtained from a patient
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with metastatic breast cancer, on the other hand, did
not show any response to these substances, except
for hydrocortisone. We suggest that TRH, cypro-
heptadine, and dopamine affect ACTH secretion in
patients with ACTH-producing pituitary adenomas by
their direct action on the adenoma.

INTRODUCTION

Long-term administration of cyproheptadine, a sero-
tonin antagonist, was found by Krieger et al. (1) to
suppress the circulating levels of ACTH and to offer
concomitant beneficial clinical effects in patients with
Cushing’s disease. Subsequent studies confirmed the
efficacy of this drug in the management of some,
though not all, patients with Cushing’s disease and
Nelson’s syndrome (2-8). Bromocriptine, a dopa-
minergic agonist, likewise has been shown to lower
plasma ACTH levels in some patients, and its clinical
use is currently being evaluated (9-15). These works
opened the possibility of medical management of the
disorder. The mechanism by which these drugs in-
hibit ACTH secretion, however, remains unknown.

It has been recently shown, on the other hand, that
pituitary microadenomas are found in the majority
of patients with Cushing’s disease and that selective
removal of the tumor corrects hypercortisolism in
these patients (16-19). Although drugs such as cypro-
heptadine and bromocriptine that modulate the activ-
ity of neurotransmitters may act on the central nervous
system, a direct action on a pituitary adenoma has
not been ruled out. We have recently demonstrated,
in an in vitro perfusion system, that thyrotropin-

1 Abbreviation used in this paper: TRH, thyrotropin-
releasing hormone. The nomenclature proposed by Li (20) is
used to refer the various fragments of ACTH.
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releasing hormone (TRH)! and bromocriptine act
directly on pituitary adenomas obtained from patients
with acromegaly to affect growth hormone and pro-
lactin release (21). By analogy, we hypothesized that
cyproheptadine and bromocriptine may possess a direct
action on ACTH-producing pituitary adenoma cells of
Cushing’s disease and Nelson’s syndrome. To de-
termine whether this hypothesis is correct, we exam-
ined the effect of these drugs on ACTH secretion,
using cultured adenoma cells obtained from patients
with Nelson’s syndrome and Cushing’s disease, and
compared their responses with the responses of normal
human corticotrophs. Furthermore, the effect of TRH
and hydrocortisone, which have been shown to mod-
ulate plasma ACTH levels in these patients, were
tested in this system.

METHODS

Subjects. Four patients with Nelson’s syndrome (patients
1-4) and one subject with Cushing’s disease (patient 5) were
studied. These five patients consisted of a man and four
women, aged 20-47 yr. The patients with Nelson’s syndrome
developed marked hyperpigmentation 4-8 yr after bilateral
adrenalectomy, in all four, abnormalities in sella turcica were
demonstrated by polytomography. In the remaining patient,
the diagnosis of Cushing’s disease was established by clinical
findings and confirmed by combined adrenal function tests.
None of the subjects received any medication that could af-
fect ACTH secretion, except for glucocorticoid at a replace-
ment dose, which was given to subjects with Nelson’s
syndrome. All in vivo studies were performed in the morn-
ing after overnight fast, =20 h after the last dose of the
usual replacement therapy in patients with Nelson’s syn-
drome. The patients were kept recumbent for at least 1 h
before and throughout the study except for standing to void.
Heparinized blood was collected through an indwelling
catheter placed in an antecubital vein.

Test procedures. After taking a control sample, 500 ug of
synthetic TRH (Tanabe Pharmaceutical Co., Osaka, Japan)
was injected intravenously as a single bolus. Blood samples
were then collected at 15, 30, 60, 90, and 120 min after the
injection. After two base-line samples were taken (—30 and 0
min), 4 mg of cyproheptadine (Nippon Merck-Banyu Co.,
Tokyo, Japan) was administered orally or 50 mg of hydro-
cortisone hemisuccinate (Solucortef; Japan Upjohn Ltd.,
Tokyo, Japan) was injected intravenously as a single bolus.
Blood samples were collected at 30-min intervals for the sub-
sequent 4 h. Blood samples taken under exactly the same
conditions without drug administration served as a control to
examine the spontaneous fluctuation of plasma ACTH levels.
Blood was transferred to chilled tubes and immediately
centrifuged. Plasma was stored at —20°C until assayed.

Monolayer tissue culture of pituitary adenomas. Pituitary
adenomas were obtained at surgery from these patients.
Light microscopy revealed that all of the pituitary adenomas
were chromophobe. A normal anterior pituitary was ob-
tained from a woman aged 49 yr at the time of hy-
pophysectomy for pallidation of metastatic breast cancer.
The method for preparing the dispersed cells employed in
this study is a modification of the procedure originally de-
scribed by Lambert et al. (22). Pituitary adenoma or normal
pituitary tissue was cut into small pieces and incubated
with 10 ml of trypsin-collagenase solution with gentle mag-
netic stirring at 37°C. This solution contained 0.25 g trypsin
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(Difco Laboratories, Detroit, Mich.), 20 mg collagenase (type
IV; Worthington Biochemical Corp., Freehold, N. J.) and
0.05 g glucose in 100 ml of Cat**-free, Mg**-free phosphate
buffered saline (pH 7.6). After 10 min of incubation, residual
tissues were alowed to settle. The supernatant suspension
containing dissociated cells were removed, diluted with cold
culture medium, and kept on ice until the final centrifuga-
tion. Another 10 ml of trypsin-collagenase solution was
added to the remaining tissue fragments and the digestion
procedure was repeated two to three times until cells were
completely dispersed. The supernatant fluids were then
pooled and centrifuged at 150 g for 10 min. After decanta-
tion of the supernate, the cell pellet was washed with
culture medium and again centrifuged. Cells were resus-
pended in an appropriate volume (usually 60 ml) of cul-
ture medium by drawing repeatedly through a Pasteur
pipette. 2-ml aliquots containing ~100,000 cells was planted
in each plastic petri dish (35 x 10 mm; Falcon Labware,
Div. Becton-Dickinson & Co., Oxnard, Calif.), and incubated
at 37°C in a humidified atmosphere of 95% air and 5% CO,.
The culture medium consisted of Eagle’s Minimum Es-
sential Medium in Earle’s solution (Grand Island Biochem-
ical Co., Grand Island, N. Y.) containing 10% fetal calf
serum, 100 U/ml penicillin and 100 pg/ml streptomycin
sulfate.

Incubation of cells with test substances. Incubation stud-
ies were started 48-72 h after planting, when the cells were
well attached to dishes, and performed at 2-3-d intervals.
Individual cultures were randomly allocated for each ex-
periment. At least four cultures were used for the control
and variables, and run simultaneously.

On the day of each experiment, the medium was replaced
by 2 ml of Eagle’s Minimum Essential Medium in Earle’s
solution containing 0.5% human albumin instead of fetal calf
serum. Cells were incubated for 1 h at 37°C in a humidified
atmosphere of 95% air and 5% CO,. The medium was then
removed and cells were further incubated for 2 h in 2 ml of
fresh medium with or without the following substances:
TRH, hydrocortisone hemisuccinate, dopamine hydrochloride
(Kyowa Hakko Kogyo Co., Tokyo, Japan), haloperidol (Dai-
Nippon Pharmaceutical Co., Osaka, Japan), cyproheptadine,
serotonin creatinine sulfate (Tokyo-Kasei Kogyo Co., Tokyo,
Japan), 5-hydroxytryptophan (Sigma Chemical Co., St. Louis,
Mo.), and synthetic lysine vasopressin (Grade IV, 75 U/mg;
Sigma Chemical Co.). After incubation, the medium was
centrifuged at 150 g for 10 min, and the supernate was im-
mediately frozen on dry ice and stored at —20°C until analyzed.
ACTH concentrations in the medium of both preincubation
and experimental incubation were determined by radio-
immunoassay. Results are expressed as the percentage of
hormone secreted in the experimental incubation, compared
with that secreted during the preincubation for individual
cultures. For comparison, the mean values obtained in the
control study were designated as 100%.

Radioimmunoassay for ACTH. Radioimmunoassay for
ACTH was performed according to the method of Berson
and Yalow (23), with minor modifications. Immunological
materials for the radioimmunoassay were kindly supplied
by the National Institute of Arthritis, Metabolism, and
Digestive Diseases and the National Pituitary Agency. Syn-
thetic oy, (1-39) ACTH was labeled with '25] by a chloramine-T
method (24) and purified with QUSO G32 (Philadelphia
Quartz Co., Philadelphia, Pa.). Varying amounts of un-
labeled ACTH or incubation medium were placed in each
tube and an appropriate amount of 0.1 M phosphate buffer,
pH 74, including 0.5% human serum albumin, 0.5% 2-
mercaptoethanol and 500 U/ml aprotinin was added to yield
a volume of 300 pl. To this was then added 100 ul of diluted
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anti-ACTH serum and labeled ACTH (2,500 cpm), and
incubation was performed at 4°C for 5d. Antibody-bound
and free hormone were separated by use of polyethylene
glycol (25). The lower limit of the sensitivity was 2 pg/tube.
The coefficients of variation averaged 7.3% for intra-assay
error and 11.4% for interassay error. When plasma samples
were assayed, 20-200 ul of plasma was used with a larger
volume of assay buffer to yield the final volume of 1 ml. To
validate the ACTH assay with raw plasma, 20, 50, or 200 ul
of unextracted plasma (five or six samples in each group) with
various ACTH concentrations ranging from 51 to 7,400 pg/ml
was assayed and the results were compared with the values
obtained by radicimmunoassay after adsorption onto glass
microbeads by the method of Rees et al. (26). When the
ACTH concentrations in unextracted plasma were plotted on
the ordinate and the estimates by the extraction method on
the abscissa, a linear regression line with a slope of 0.98
and an intercept of 11 pg (r = 0.999, n = 16) was obtained,
which demonstrates that raw plasma does not interfere sig-
nificantly in the present ACTH radioimmunoassay.

Statistical analysis. Values in figures and text are given
as the mean+SEM, unless otherwise specified. The sig-
nificance of differences was calculated using Student’s ¢
test and analysis of variance.

RESULTS

Plasma ACTH response to TRH, cyproheptadine,
and hydrocortisone. Since several investigators have
reported that there exists a fairly large variation in
plasma ACTH levels throughout the day in patients
with Cushing’s disease and in those with Nelson’s
syndrome, the extent of the spontaneous fluctuation of
plasma ACTH was examined in our patients by taking
blood samples at 30-min intervals for 4 h. Time-to-
time variation was unexpectedly small; the mean+SD
plasma ACTH concentrations were 5,948+455 (pa-
tient 1), 3,795+427 (patient 2), 4,919+387 (patient 3),
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FIGURE 1 Plasma ACTH levels in patients with Nelson’s
syndrome (patients 1-3) and with Cushing’s disease (patient
5) after an intravenous injection of TRH. TRH was ad-
ministered at time zero at a dose of 0.5 mg as a single bolus.
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FIGURE 2 Plasma ACTH levels in two patients with Nelson’s
syndrome (patients 1 and 3) after cyproheptadine adminis-
tration (@) in comparison with the levels on a control day (O).
Cyproheptadine was administered at time zero at an oral
dose of 4 mg.

and 225+25.1 pg/ml (patient 5), respectively. On the
basis of this finding, the response was judged to be
positive to a given stimulus in the following study
when an elevation or a reduction in plasma ACTH
concentrations exceeded twice the standard deviation
from the mean value, that is, 15.1 (patient 1), 22.5
(patient 2), 15.7 (patient 3), and 22.3% (patient 5)
of each control level, respectively.

Fig. 1 shows the changes in plasma ACTH con-
centrations in response to TRH injection in four pa-
tients. TRH-induced ACTH release in all of the three
subjects with Nelson’s syndrome tested (patients 1-3).
Plasma ACTH peaked at 15-60 min after the injection
and peak values were 319 (patient 1), 226 (patient 2),
and 168% (patient 3) of their control levels, respectively.
The patient with Cushing’s disease (patient 5) showed
a small gradual rise in plasma ACTH concentrations
after TRH administration, but the pattern was dif-
ferent from other patients.

Fig. 2 shows the effect of cyproheptadine adminis-
tration on plasma ACTH concentrations in two pa-
tients with Nelson’s syndrome (patients 1 and 3). A
single dose of cyproheptadine resulted in a slight but a
significant decrease in plasma ACTH levels in both
patients. The lowest values were obtained at 150 or
180 min after the administration, and corresponded
to 73.6 (patient 1) and 67.3% (patient 3) of their
control levels, respectively, which were lower than the
mean-3 SD of spontaneous fluctuation in each patient.
In one patient (No. 1), plasma ACTH levels tended
to rise again at 180 min after the administration,
whereas the suppressive effect of cyproheptadine was
continued during the period of observation in the
other (patient 3).

Fig. 3 depicts the changes in plasma ACTH levels
after a single injection of hydrocortisone in three



patients with Nelson’s syndrome. In all of the subjects,
a significant decrease in plasma ACTH concentrations
was observed at least 90 min after the administration.
Plasma ACTH levels showed a progressive decline
thereafter and the nadir, which was unequivocally
observed at 240 min, reached 10.1 (patient 1), 33.1
(patient 2), and 14.5% (patient 3) of their control
levels, respectively.

ACTH secretion from cultured pituitary adenoma
cells. Dispersed cells of pituitary corticotroph ade-
nomas formed a monolayer attaching to the culture
dishes usually within the first 2 d. Fig. 4 shows the
hourly secretion rates of ACTH on different culture
days by corticotroph adenoma cells obtained from
patient 4 with Nelson’s syndrome. Synthesis and
secretion of ACTH were well maintained through-
out the period of observation, although a gradual
decrease in ACTH release was seen when the culture
was continued. The amounts of ACTH released into
the medium in control incubations from all of the five
cultured adenoma tissues studied are summarized in
Table I. All the cultured cells continued, though de-
clining, ACTH secretion over the entire period of
experiment. The rates of ACTH release after incuba-
tion corresponded to 69.2+5.7% (mean+SEM, n = 12)
of the preincubation rates. The reason for this de-
crease is unexplained at present. It may be due to
repeated cell washing and medium changing. Similar
results have been observed by other investigators for
ACTH and B-lipotropin secretion from cultured human
corticotroph adenoma (27) and for B-lipotropin secre-
tion from mouse pituitary tumor cells, AtT-20/D16v
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FIGURE 3 Plasma ACTH levels in three patients with
Nelson’s syndrome (patients 1-3) after an intravenous in-
jection of hydrocortisone hemisuccinate. Hydrocortisone

hemisuccinate was administered at time zero at a dose of
50 mg as a single bolus.
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FIGURE 4 Hourly secretion rates of ACTH on different days
in culture from corticotroph adenoma cells obtained from
patient 4 who had Nelson’s syndrome. Cells were incubated
with fresh medium containing 0.5% human serum albumin
for 1 h. Each group consists of four to eight dishes. Results
are the mean+SEM.

(28). Nevertheless, our system appeared to be useful
for the study of corticotroph adenomas at a cellular
level, since the response of cells to a given stimulus
was reproducible when examined on two different
days in culture as described below (Fig. 6). When 20
ng of synthetic ay, (1-39) ACTH was incubated at 37°C
for 2h with 2 ml of the medium containing 0.5%
human albumin in the absence of cells, the mean re-
covery of radioimmunoassayable ACTH was 96.9+1.9%
(mean+=SEM, n = 6).

Effect of cyproheptadine on ACTH secretion from
cultured pituitary adenoma cells. The effect of cypro-
heptadine on ACTH release by cultured pituitary
adenoma cells is illustrated in Fig. 5. When cypro-
heptadine was added to the incubation medium,
ACTH secretion was significantly suppressed in all of
the five experiments using different adenoma tissues.
In three adenoma cells (Nos. 1-3) obtained from pa-
tients with Nelson’s syndrome, cyproheptadine at
a concentration of 0.1 uM resulted in a significant
decrease in ACTH released into the medium by 48.3
(No. 1) (P <0.01), 27.3 (No. 2) (P < 0.01), and 12.6%
(No. 3) (P < 0.05), respectively, compared with each
control. Although cyproheptadine at the same concen-
tration was ineffective in lowering ACTH secretion
in the remaining two adenoma tissues (Nos. 4 and 5),
a significant decrease (P < 0.01) in ACTH release was
observed with a higher concentration (1 uM). This
inhibitory effect of cyproheptadine on ACTH secretion
from cultured pituitary adenoma cells was blocked
by the addition of serotonin at equimolar concen-
trations in two different adenoma cells (Nos. 3 and 5).
Serotonin by itself (1 or 0.1 uM), however, induced no
significant effect on ACTH secretion. Similarly, 5-
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TABLE I
Amounts of Immunoreactive ACTH Secreted into the Medium by Cultured Corticotroph
Adenoma Cells in Control Incubations in Each Experiment

Medium ACTH concentrations

First experiment*

Second experiment Third experiment

Experimental Experimental Experimental
Patient Age Sex Preincubation incubation Preincubation incubation Preincubation incubation
yr ngiml
1 20 M 50.3+4.3 47.9+44 40.9+4.0 52.0+3.6 184=x14 26.4+2.3
2 47 F 14.9+2.2 26.9+4.5 — — — —
3 34 F 7.75+0.79 16.3x1.9 8.42+0.60 11.8+0.76 6.90=1.0 13.6+3.0
4 30 F 2.08+0.11 2.99+0.39 1.92+0.17 2.31+0.53 1.35+0.07 1.54+0.13
5 46 F 1.09+0.05 1.03+0.04 0.73+0.02 0.69+0.05 — —

Cells were incubated at 37°C in 2 ml of Minimum Essential Medium (Eagle) in Earle’s solution containing 0.5% human
serum albumin (preincubation). After 1 h, the medium was removed and cells were further incubated with 2 ml of fresh
medium for 2 h (experimental incubation). Each group consisted of at least four cultures. The results are expressed as the

mean*=SEM.

* First, second, and third experiments were conducted on days 3-4, 5-7, and 7-13 in culture, respectively.

hydroxtryptophan, a precursor of serotonin, failed to
affect ACTH release from the cultured adenoma cells
(Nos. 3 and 5).

Effect of dopamine on ACTH secretion from cul-
tured adenoma cells. Fig. 6 shows the effect of
dopamine on ACTH release by cultured pituitary
adenoma cells. In all of the experiments conducted
on different adenoma cells, dopamine at a concentra-
tion of 0.1 uM significantly inhibited accumulation
of ACTH in the culture medium. The extent of sup-
pression by dopamine was similar; 61.0 (No. 1), 65.7
(No. 2), 60.5 (No. 3), 60.5 (No. 4, on day 5), and 71.5%
(No. 5) of each control, respectively. A similar result
was obtained when the same adenoma cells (No. 4)
were exposed to 0.1 uM dopamine on day 13 in cul-
ture, confirming that the inhibitory effect of dopamine
on ACTH secretion from corticotroph adenoma cells is
reproducible. Concomitant incubation with a dopa-
minergic antagonist, haloperidol, at an equimolar con-
centration resulted in a partial blockade of dopamine
effect (Nos. 3 and 5). The addition of haloperidol at a
higher concentration completely reversed the inhibitory
effect of dopamine on ACTH secretion (No. 3).

Effect of TRH and hydrocortisone on ACTH secre-
tion from cultured adenoma cells. The addition of
TRH to the culture medium significantly stimulated
secretion of immunoreactive ACTH. This effect was
most clearly observed in one experiment using the
pituitary adenoma cells obtained from a patient with
Nelson’s syndrome (patient 1) in whom TRH induced
a marked elevation of plasma ACTH (Fig. 1). More-
over, a dose-response curve was obtained between the
concentrations of TRH and ACTH response (Fig. 7). In
the same adenoma cells hydrocortisone (1 uM) caused
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a significant (P < 0.05) suppression of ACTH release
(Fig. 7). An inverse dose-response relationship was
observed between hydrocortisone and ACTH ac-
cumulation in the medium.

To examine the interaction between the stimulatory
effect of TRH and the suppressive action exerted by
cyproheptadine as well as by hydrocortisone on ACTH
release, the following experiments were performed.
The cultured cells from patient 2 also responded to
0.1 uM TRH by secreting ACTH (P < 0.05) (Fig. 8).
When cyproheptadine was coincubated with TRH,
this stimulatory effect of TRH was overcome. In
adenoma cells from patient 3, TRH at a concentra-
tion of 0.1 uM did not show any significant effect, while
0.1 uM hydrocortisone inhibited ACTH release
(P < 0.05) (Fig. 8). When cells were incubated with
TRH and hydrocortisone at an equimolar concentra-
tion, the inhibitory effect of hydrocortisone disap-
peared. Hydrocortisone at a higher concentration
(1 uM), however, effectively abolished the effect of
TRH. TRH had no stimulatory effect on cultured cells
from patient 5, which was consistent with the ob-
servation that TRH injection failed to elevate plasma
ACTH concentrations in this patient (Fig. 1).

Effect of drugs and hormones on ACTH secretion
from cultured normal human corticotrophs. To
determine whether ACTH secretion from cultured
cells in response to various stimuli described above
is characteristic of the ACTH-producing pituitary
adenoma cells, a nonadenomatous anterior pituitary
tissue obtained from a patient at the time of hypo-
physectomy for pallidation of metastatic breast cancer
was similarly cultured. The effects of drugs and
hormones on ACTH secretion from the cells in culture
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FIGURE 5 Effect of cyproheptadine, serotonin, and 5-hydroxytryptophan (5-HTP) alone or in
combination on ACTH secretion by cultured corticotroph adenoma cells obtained from patients
with Nelson’s syndrome (patients 1-4) and a patient with Cushing’s disease (patient 5). A mini-
mum of four replicates was used for each variable. Results are expressed as the percentage of
change in secretion relative to a preincubation in medium alone. For comparison, the mean
value in the control incubation was designated as 100%. Results are the mean+SEM. *, P < 0.05;

** P <0.01.

is depicted in Fig. 9. The addition of hydrocortisone
at a concentration of 0.1 uM to the culture resulted
in a significant decrease in ACTH release (P < 0.01)
by ~50%. Conversely, incubation of cells with syn-
thetic lysine vasopressin (0.1 uM) stimulated the cul-
tured corticotrophs to secrete ACTH significantly,
compared with controls (P < 0.01). In contrast, cells
did not show any response to cyproheptadine,
dopamine, and TRH at 1 uM.

DISCUSSION

Paradoxical or aberrant ACTH response to TRH has
been recently described in patients with Cushing’s
disease and in those with Nelson’s syndrome (29, 30).
The mechanism and the site of action of TRH to induce
ACTH release in this pathological condition are un-
known. TRH may act on the hypothalamus, as sug-
gested by Krieger et al. (8, 29); or alternatively TRH
may possess a direct action on pituitary adenoma of
these patients to stimulate ACTH secretion. On the
basis of our previous findings that anomalous growth
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hormone responses in acromegalics could be explained
by the effect of TRH on pituitary tumors at a cellular
level (21, 31), the latter explanation seemed to us to be
more likely. We then examined the effect of TRH on
ACTH secretion using cultured pituitary adenoma
cells obtained from patients with Cushing’s disease
and Nelson’s syndrome in the present study. In
adenoma cells from two subjects whose plasma ACTH
levels rose in response to TRH injection before surgery,
a significant increase in ACTH secretion in vitro was
observed. That this effect of TRH on ACTH release
is merely an artifact is unlikely, since a dose-response
relationship was observed in one experiment between
TRH concentrations and the response of ACTH (Fig. 7).
Moreover, adenoma cells from a patient with Cushing’s
disease (patient No. 5) who failed to show ACTH
response to TRH in vivo, again did not respond to
TRH in vitro. The observation that TRH was inactive
in triggering ACTH release from normal human
corticotrophs (Fig. 9) may also support our view. These
results led us to the conclusion that TRH stimulates
ACTH secretion in patients with Cushing’s disease and
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FIGURE 6 Effect of dopamine (DA) alone or in combination with haloperidol on ACTH secre-
tion by cultured corticotroph adenoma cells obtained from patients with Nelson’s syndrome
(patients 1-4) and a patient with Cushing’s disease (patient 5). In one adenoma tissue (No. 4),
experiments were repeated on day 5 and on day 13 in culture to ascertain whether the response
was reproducible. A minimum of four replicates was used for each variable. Results are expressed
as the percentage of change in secretion relative to a preincubation in medium alone. For com-
parison, the mean values in the control incubation were designated as 100%. Results are the

mean*SEM. * P < 0.05; ** P < 0.01.

Nelson’s syndrome by a direct effect on ACTH-
secreting pituitary adenoma, although the possibility
that TRH may act both on the adenoma and on the
hypothalamus could not be ruled out. Of relevance
in this regard is the recent observation by Gershen-
gorn et al. (32) that ACTH-producing mouse pituitary
cells (AtT-20/NYU-1) possess the receptors for TRH,
and that TRH stimulates both production and secretion
of ACTH.

Evidence has been accumulated recently for a
serotoninergic mechanism involved in the regulation
of ACTH secretion both in men and in experimental
animals (33, 34). Serotoninergic blockade by cypro-
heptadine, therefore, may inhibit ACTH secretion by
hypothalamic inhibition in patients with Cushing’s
disease and in those with Nelson’s syndrome. Altered
central nervous system function was postulated in
these patients (1, 29, 34). However, a significant de-
crease in immunoreactive ACTH released into the
medium, compared with control incubation, was ob-
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served when cyproheptadine was added to adenoma
cells at a concentration of 0.1 or 1 uM (Fig. 5). Fur-
thermore, coincubation of cells with serotonin blocked
this inhibitory effect of cyproheptadine, which may
indicate that the action of this drug is mediated by
its antiserotoninergic property. In contrast, normal
human corticotrophs did not show any response to
cyproheptadine at 1 uM (Fig. 9). These results sug-
gest that cyproheptadine may exert a direct action on
pituitary corticotroph adenoma to inhibit the hormone
secretion. Favoring of this view is the clinical ob-
servation that cyproheptadine was effective in lower-
ing ACTH levels in a patient with an ectopic ACTH-
producing tumor (35). When TRH was coincubated
with cyproheptadine, the stimulatory effect of TRH
on ACTH release was overcome. Similarly, hydro-
cortisone at a higher concentration blocked TRH-
mediated ACTH secretion (Fig. 8). This implies that
the clinical effect of cyproheptadine in Cushing’s
disease and Nelson’s syndrome may be occasioned by
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FIGURE 7 Effect of varying doses of TRH (A) or hydrocorti-
sone (B) on ACTH secretion by cultured corticotroph
adenoma cells obtained from a patient with Nelson’s syn-
drome (patient 1). A minimum of four replicates was used
for each variable. Results are expressed as the percentage
of change in secretion relative to a preincubation in medium
alone. For comparison, the mean values in the control
incubation were designated as 100%. Results are the mean
+SEM. *, P < 0.05 vs. control; **, P < 0.01 vs. control.

lowering the basal secretion of the hormone from
corticotroph adenoma and, in addition, by blocking
the ACTH release in response to secretagogues. Krieger
and Kondon (8) observed in a patient with Nelson’s
syndrome that cyproheptadine treatment resulted in a
lack of responsiveness of plasma ACTH levels to TRH
administration, in contrast to the response seen in
the untreated state. Serotonin by itself, on the other
hand, failed to affect ACTH secretion by two adenoma
cell cultures studied (Fig. 5), which confirms the recent
observation of Mashiter et al. (27). Similarly, 5-hydroxy-
tryptophan was also ineffective in this regard (Fig. 5).
The reason why adenoma cells responded to cypro-
heptadine but not to serotonin remains unknown.

In addition to cyproheptadine, the therapeutic action
of bromocriptine in Cushing’s disease has been
evaluated in recent years (9-15). A marked diminution
of plasma ACTH after a single oral dose of bromo-
criptine has been observed in some patients with the
disease as well as in subjects with Nelson’s syndrome
(9-12, 15), although other workers failed to demon-
strate such an effect (13, 14). In the present study,
0.1 uM dopamine inhibited the release of ACTH in all
of the five adenoma cells studied. That this was simply
caused by nonspecific action of dopamine is unlikely,
since coincubation of cells with haloperidol resulted
in the reversal of dopamine effect. Moreover, the
inhibitory effect of dopamine on ACTH secretion was
not observed in normal human corticotrophs in culture
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(Fig. 9). Thus, it may be plausible to ascribe the effect
of bromocriptine, a specific dopamine receptor agonist
with a prolonged action, to a direct inhibition of ACTH
release from corticotroph adenoma cells in these pa-
tients. Compared with the previous reports on the
efficacy of bromocriptine in patients with Cushing’s
disease (9-15), the percentage of responders in the
present study (five out of five pituitary adenomas) is
high. However, it should be noted that four out of five
adenomas were obtained from patients with Nelson’s
syndrome. The suppressive effect of bromocriptine
on ACTH release is more frequently observed in
patients with Nelson’s syndrome than in those with
Cushing’s disease (15).
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FIGURE 8 Effect of TRH, hydrocortisone, and cyprohep-
tadine alone or in combination on ACTH secretion by cul-
tured corticotroph adenoma cells obtained from patients with
Nelson’s syndrome (patients 2 and 3). A minimum of five
replicates was used for each variable. Results are expressed
as the percent change in secretion relative to a preincubation
in medium alone. For comparison, the mean value in the
control incubation was designated as 100%. Results are the
mean+SEM. * P < 0.05; **, P < 0.01.

1025



180 r = ]

160

60}

ACTH. % CONTROL

a0}

CONTROL CYPROHEPTADINE DA
1M 1 uM

TRH  HYDROCORTISONE  LVP
1 UM 100 nM 100 nM

FiIGURE 9 Effect of cyproheptadine, dopamine, TRH, hydro-
cortisone, and lysine vasopressin on ACTH secretion by cul-
tured normal human corticotrophs obtained from a patient at
the time of hypophysectomy for the pallidation of the metas-
tatic breast cancer. A minimum of four replicates was used
for each variable. Results are expressed as the percentage
of change in secretion relative to a preincubation in medium
alone. For comparison, the mean value in the control in-
cubation was designated as 100%. Results are the mean+SEM.
** P <0.01.

The direct action of various concentrations of hydro-
cortisone on corticotroph adenoma cells was studied.
In one adenoma cell culture (No. 1), no significant sup-
pression of ACTH release was demonstrated by 0.1 uM
hydrocortisone, however, a marked inhibition was ob-
served at supraphysiological concentration of hydro-
cortisone (1 uM) (Fig. 7). The addition of hydro-
cortisone at the lower concentration resulted in a
modest but a significant decrease in ACTH secretion
in the other (No. 3) (Fig. 8). These results suggest that
hydrocortisone inhibits ACTH secretion by acting on
adenoma cells of these patients. The site of cortico-
steroid-feedback control of ACTH in men has not been
clarified, but a number of studies hitherto obtained
in experimental animals favor the pituitary level
(36-39). In fact, ACTH secretion from cultured normal
human corticotrophs was markedly suppressed by
hydrocortisone at the lower concentration (0.1 uM).
The abnormalities of steroid feedback regulation in
Cushing’s disease and in Nelson’s syndrome, therefore,
could be largely explained by altered putative steroid
receptors on adenoma cells, which may be less sen-
sitive when compared with those of normal corticotrophs.

The present study has provided the evidence for
the ability of a direct action of cyproheptadine and
dopamine, as well as hormones including TRH and
hydrocortisone, on corticotroph adenomas to affect
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ACTH secretion. The precise mechanism of the action
of these substances, however, remains unknown. The
fact that some patients respond to these stimuli while
others do not is difficult to explain. Further studies
may be necessary for the solution of these questions.

ACKNOWLEDGMENTS

We wish to thank Professor K. Kosaka, Third Department
of Internal Medicine, for his interest, and to Dr. T. Fuku-
shima and to Dr. T. Hori, Department of Neurosurgery, for
providing us with pituitary adenoma tissues obtained at
surgery. Thanks are also due to the National Institute of
Arthritis, Metabolism, and Digestive Diseases and the
National Pituitary Agency, U. S. Public Health Service for
the generous gift of ACTH radioimmunoassay kit.

REFERENCES

1. Krieger, D. T., L. Amorosa, and F. Linick. 1975. Cypro-
heptadine-induced remission of Cushing’s disease. N.
Engl. J. Med. 293: 893-896.

2. Middler, S. A. 1976. Cyproheptadine for pituitary dis-
orders. N. Engl. J. Med. 295: 394.

3. Hartwig, W., A. Kasperlik-Zaluaka, J. Wilczynska, and
B. Migdalska. 1976. Cyproheptadine for pituitary dis-
orders. N. Engl. J]. Med. 295: 3%4.

4. Krieger, D. T., and M. Luria. 1976. Effectiveness of
cyproheptadine in decreasing plasma ACTH concentra-
tions in Nelson’s syndrome. J. Clin. Endocrinol. Metab.
43: 1179-1182.

5. Allgrove, J., P. Husband, and C. G. D. Brook. 1977.
Cushing’s disease: failure of treatment with cypro-
heptadine. Br. Med. J. 1: 686-687.

6. Barnes, P., K. Shaw, and E. Ross. 1977. Cushing’s
disease: successful treatment with cyproheptadine.
Lancet I: 1148-1149.

7. Pearce, C. J., A. J. Isaacs, and J. Gomez. 1977. Treatment
of Cushing’s disease with cyproheptadine. Lancet I:
1368-1369.

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

9. Lamberts, S. W. J., and J. C. Birkenhiger. 1976. Effect
of bromocriptine in pituitary-dependent Cushing’s syn-
drome. J. Endocrinol. 70: 315-316.

10. Benker, G., K. Hackenberg, B. Hamburger, and D. Rein-
wein. 1976. Effects of growth hormone release-inhibiting
hormone and bromocriptine (CB-154) in states of ab-
normal pituitary-adrenal function. Clin. Endocrinol.
5: 187-190.

11. Lamberts, S. W. J., and J. C. Birkenhiger, 1976. Bromo-
criptine in Nelson’s syndrome and Cushing’s disease.
Lancet II: 811.

12. Kennedy, A. L., B. Sheridan, and D. A. D. Montgomery.
1978. ACTH and cortisol response to bromocriptine,
and results of long-term therapy in Cushing’s disease.
Acta Endocrinol. 89: 461-468.

13. O’'Mullane, N., B. Walker, J. Jefferson, L. Hipkin,
M. Diver, and C. Davis. 1978. Lack of effect of bromo-
criptine on ACTH levels in patients with bilateral
adrenalectomy for pituitary-dependent Cushing’s syn-
drome. J. Endocrinol. Invest. 1: 355-357.

14. Ambrosi, B., M. Gaggini, F. Secchi, and G. Faglia. 1979.
Lack of effect of antiserotoninergic and/or dopaminergic
treatment in patients with pituitary-dependent Cushing’s
syndrome. Horm. Metab. Res. 11: 318-319.



15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

Lamberts, S. W. J., J. G. M. Klijn, M. Quijada, H.A. T.
Timmermans, P. Uitterlinden, F. H. Jong, and J. C.
Birkenhiger. 1980. The mechanism of the suppressive
action of bromocriptine on adrenocorticotropin secretion
in patients with Cushing’s disease and Nelson’s syn-
drome. J. Clin. Endocrinol. Metab. 51: 307-311.
Lagerquist, L. G., A. W. Meikle, C. D. West, and F. H.
Tyler. 1974. Cushing’s disease with cure by resection
of a pituitary adenoma: evidence against a primary hypo-
thalamic defect. Am. J. Med. 57: 826-830.

Bigos, S. T., F. Robert, G. Pelletier, and J. Hardy. 1977.
Cure of Cushing’s disease by transsphenoidal removal
of a microadenoma from a pituitary gland despite a
radiographically normal sella turcica. J. Clin. Endocrinol.
Metab. 45: 1251-1260.

Salassa, R. M., E. R. Laws, Jr., P. C. Carpenter, and
R. C. Northcutt. 1978. Transsphenoidal removal of pitu-
itary microadenoma in Cushing’s disease. Mayo Clin.
Proc. 53: 24-28.

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.

Li, C. H. 1959. Proposed system of terminology for
preparations of adrenocorticotropic hormone. Science
(Wash. D. C.). 129: 969-970.

Ishibashi, M., and T. Yamaji. 1978. Effect of thyro-
tropin-releasing hormone and bromoergocriptine on
growth hormone and prolactin secretion in perfused
pituitary adenoma tissues of acromegaly. J. Clin. Endo-
crinol. Metab. 47: 1251-1256.

Lambert, A. E., B. Blondel, Y. Kanazawa, L. Orci, and
A. E. Renold. 1972. Monolayer cell culture of neonatal
rat pancreas: light microscopy and evidence for immuno-
reactive insulin synthesis and release. Endocrinology.
90: 239-248.

Berson, S. A., and R. S. Yalow. 1968. Radicimmuno-
assay of ACTH in plasma. J. Clin. Invest. 47: 2725-2751.
Hunter, W. M., and F. C. Greenwood. 1962. Preparation
of iodine-131 labeled human growth hormone of high
specific activity. Nature (Lond.). 194: 495-496.
Desbuquois, B., and G. D. Aurbach. 1971. Use of poly-
ethylene glycol to separate free and antibody-bound
peptide hormones in radioimmunoassays. J. Clin. Endo-
crinol. Metab. 33: 732-738.

Rees, L. H., D. M. Cook, J. W. Kendall, C. F. Allen, R. M.
Kramer, J. G. Ratchliffe, and R. A. Knight. 1971. A radio-
immunoassay for rat plasma ACTH. Endocrinology. 89:
254-261.

Mashiter, K., E. F. Adams, G. Gillies, S. V. Norden, and
S. Ratter. 1980. Adrenocorticotropin and lipotropin secre-
tion by dispersed cell cultures of human corticotropic
adenoma: effect of hypothalamic extract, arginine vaso-
pressin, hydrocortisone, and serotonin. J. Clin. Endo-
crinol. Metab. 51: 566-572.

ACTH Secretion by Human Corticotroph Adenoma Cells in Culture

28.

29.

30.

31

32.

33.

35.

36.

37.

38.

39.

Sabol, S. L., A. Ling, and M. P. Daniels. 1979. Endorphins
of clonal pituitary tumor cells: synthesis, storage,
secretion, and regulation by glucocorticoids. In Hor-
mones and Cell Culture. G. H. Sato and R. Ross, editors.
Cold Spring Harbor Laboratory, Cold Spring Harbor,
N. Y. 6: 843-853.

Krieger, D. T., and M. Luria. 1977. Plasma ACTH and
cortisol responses to TRF, vasopressin, or hypoglycemia
in Cushing’s disease and Nelson’s syndrome. J. Clin.
Endocrinol. Metab. 44: 361-368.

Peiters, G. F. F. M., A. G. H. Smals, T. J. Benraad, and
P. W. C. Kloppenborg. 1979. Plasma cortisol responses
to thyrotropin-releasing hormone and luteinizing hor-
mone-releasing hormone in Cushing’s disease. J. Clin.
Endocrinol. Metab. 48: 874-876.

Ishibashi, M., and T. Yamaji. 1979. Effects of TRH and
dopaminergic agonists on growth hormone and prolactin
secretion from cultured adenoma cells of acromegalic
patients. Program of the First International Symposium
on Neuroactive Drugs in Endocrinology. September 13—
16, Milan, Italy. (Abstr.).

Gershengorn, M. C., C. O. Arevalo, E. Geras, and M. J.
Rebecchi. 1980. Thyrotropin-releasing hormone stimu-
lation of adrenocorticotropin production by mouse pitu-
itary tumor cells in culture: Possible model for anomalous
release of adrenocorticotropin by thyrotropin-releasing
hormone in some patients with Cushing’s disease and
Nelson’s syndrome. J. Clin. Invest. 65: 1294—-1300.
Vernikos-Danellis, J., K. J. Keller, D. Kent, C. Gonzales,
P. A. Berger, and J. D. Barchas. 1977. Serotonin involve-

ment in pituitary-adrenal function. Ann. N. Y. Acad. Sci.
297: 518-526.

. Krieger, D. T. 1977. Serotonin regulation of ACTH secre-

tion. Ann N. Y. Acad. Sci. 297: 527-535.

Doyle, D., and D. K. O’Donovan. 1977. More on cypro-
heptadine in Cushing’s disease. N. Engl. J. Med. 296:
576.

Gonzalez-Luque, A., M. L’Age, A. P. S. Dhariwal, and
F. E. Yates. 1970. Stimulation of corticotropin release
by corticotropin-releasing factor (CRF) or by vasopressin
following intrapituitary infusions of unanesthetized dogs:
inhibition of the responses by dexamethasone. Endo-
crinology. 86: 1134-1142.

Russel, S. M., A. P. S. Dhariwal, S. M. McCann, and
F. E. Yates. 1969. Inhibition by dexamethasone of the
in vivo pituitary response to corticotropin-releasing factor
(CRF). Endocrinology. 85: 512-521.

Fleisher, N., and W. Z. Rawls. 1970. ACTH synthesis and
release in pituitary monolayer culture: effect of dexa-
methasone. Am. J. Physiol. 219: 445-448.

Sayers, G., and R. Portanova. 1974. Secretion of ACTH
by isolated anterior pituitary cells: kinetics of stimula-
tion by corticotropin-releasing factor and of inhibition
by corticosterone. Endocrinology. 94: 1723-1730.

1027



