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Abstract

Receptor-mediated regulation of prolactin synthesis by 1,25-
dihydroxycholecalciferol (1,25(OH),D;) in the pituitary cell
strain GH,C, is dependent on the concentration of extracellu-
lar calcium. We have now investigated the actions of
1,25(0OH),D; on cytosolic free calcium concentrations ([Ca®*})
in these cells using the fluorescent indicator quin2. Basal rest-
ing [Ca’*]; was unchanged in cells treated with 1 nM
1,25(OH),D; either acutely (from 0 to 15 min) or for periods of
up to 48 h. However, the initial peak of the biphasic change in
[Ca**}; induced by thyrotropin-releasing hormone (TRH) was
enhanced more than twofold in cells pretreated for 24 or 48 h
with 1,25(OH),Ds. This 1,25(OH),D;-enhanced calcium re-
sponse was restricted to the initial phase of TRH action; the
secondary plateau phase was unaffected. Neither the affinity
nor number of TRH receptors nor the early time course of
P*HIMeTRH binding to GH,C; cells were affected by pretreat-
ment with 1,25(OH),D;. Because TRH binding was not al-
tered, four sites along the intracellular signal transduction
pathway of TRH action were examined. Neither protein kinase
C activation nor inositol polyphosphate accumulation were en-
hanced in response to TRH, in 1,25(OH),D; pretreated cells,
indicating that phosphatidylinositol hydrolysis was unchanged
by pretreatment. A low concentration of ionomycin was used to
probe the size of the nonmitochondrial intracellular calcium
pool that is sensitive to TRH. Ionomycin was not able to mobi-
lize more calcium from 1,25(OH),D; pretreated cells, indicat-
ing that TRH-responsive intracellular calcium stores were
probably not enhanced by pretreatment. Chelation of extracel-
lular calcium, however, did eliminate enhancement of the TRH
response in 1,25(OH),D;-pretreated cells. We conclude that
1,25(OH),D; modulates acute dynamic changes in [Ca®']; in-
duced by TRH without affecting basal [Ca?*};. The mechanism
of the enhanced response of 1,25(OH),D;-pretreated cells to
TRH appears to depend upon a postreceptor event independent
of phosphatidylinositol hydrolysis that involves increased cal-
cium conductance at the level of the plasma membrane. A less
likely explanation involves enhancement of intracellular cal-
cium stores in an ionomycin-resistant, EGTA-sensitive, TRH-
mobilizable reservoir.
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Introduction

Mobilization of sequestered calcium from an intracellular res-
ervoir to form transient elevations in [Ca®*];! is a key compo-
nent in the intracellular signal transduction pathway for many
hormones, and a well-characterized response to agents that act
via the metabolism of phosphatidylinositol (1-3). Increases in
[Ca?*}; are a specific requirement in thyrotropin-releasing hor-
mone (TRH)-induced secretion (4, 5), and these increases have
been investigated in detail using the growth hormone (GH)
clonal rat pituitary cell strains (6-8). These cells also display
receptor-mediated responses to the calcium mobilizing steroid
hormone 1,25(0OH),D; (9, 10). Thus, GH4C, cells represent a
nonclassical target cell model for this hormone. Treatment of
GH,C, cells with low concentrations of 1,25(OH),D; in hor-
mone-free, chemically defined medium induces increases in
prolactin (PRL) synthesis (9). The effects of the steroid are
specific to PRL, with no increase in growth hormone produc-
tion. Furthermore, these responses are dependent upon cal-
cium, as determined by changing the extracellular concentra-
tion of this ion (9, 10). 1,25(0H),D; has long been known to
increase calcium transport across gut epithelium, in the distal
renal tubule and in bone, although the mechanism underlying
this transport remains unknown (11, 12). Because GH,C, cells
demonstrate both a responsiveness to 1,25(0OH),D; that de-
pends upon calcium, and an important dependence upon cal-
cium in signal transduction for TRH-mediated events, we
have examined the actions of 1,25(OH),D; on TRH-induced
regulation of [Ca®*]; in these cells.

The cytosolic free calcium response to the binding of TRH
to its membrane receptor is biphasic (4, 5). The initial rapid
peak (phase I) occurs within the first minute after addition of
TRH. When cells are grown in serum-free medium containing
400 pM calcium, TRH increases [Ca®*]; levels ~ 2.6-fold
above basal levels. The majority of the calcium comprising this
peak (~ 85%) is mobilized from nonmitochondrial intracellu-
lar stores that are resistant to chelation of extracellular calcium
and are selectively depleted by prior administration of 100 nM
ionomycin (5). This calcium ionophore is preferentially solu-
ble in intracellular membranes as indicated by its ability to
cause a cytosolic calcium peak in the face of chelation of ex-
tracellular calcium (5), and independently of changes in phos-
phatidylinositol metabolism (13). TRH and ionomycin, at this
low concentration, access the same intracellular calcium store
in that prior administration of either agent essentially elimi-
nates the peak response to the other (5). The acute TRH-in-

1. Abbreviations used in this paper: [Ca®*};, cytosolic free calcium
concentration; DAG, diacylglycerol; fuin, finax, minimum, maximum
fluorescence; HBSS, Hepes buffered saline solution; IP;, inositol tris-
phosphates; MeTRH, methyl-TRH; 1,25(0OH),D;, 1,25-dihydroxy-
cholecalciferol; quin2-AM, quin2 acetoxymethyl ester; TRH, thyro-
tropin-releasing hormone.
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duced spike in [Ca®*}; occurs in association with the phospho-
diesteratic hydrolysis of phosphatidylinositol to the protein
kinase C-stimulating agent, diacylglycerol (DAG) and inositol
trisphosphates (IP3)? (13-15). IPs is currently believed to be the
mediator responsible for releasing Ca?* from intracellular
stores (16). Subsequent to the nadir of this first phase in ele-
vated [Ca®*};, a second plateau (phase II) of elevated [Ca**];
occurs within 3 min, and is sustained over a long period (> 30
min) in the continued presence of TRH (4, 5). This second
phase is unaffected by pretreatment of the cells with ionomy-
cin but, unlike phase I, it is eliminated by EGTA, verapamil,
or nifedipine, indicating its dependence on influx of extracel-
lular calcium through voltage-sensitive calcium channels
4, 5).

The experiments presented in this report describe an en-
hancement of the [Ca®*}; response to TRH receptor activation
in cells that were pretreated with 1,25(OH),D3, and examine
the site at which this steroid hormone acts to modulate the
response to TRH.

Methods

Cell culture. GH4C, cells were grown in monolayer culture in Ham’s
F10 nutrient mixture supplemented with 15% horse serum and 2.5%
fetal bovine serum as described previously (17, 18). Cells were har-
vested, using Hepes buffered saline solution (HBSS) II buffer (118 mM
NaCl, 4.6 mM KCl, 10 mM D-glucose, 20 mM Hepes, 400 uM CaCl,,
pH 7.2) lacking calcium and containing 0.02% EDTA, 72 h before
experimentation and transferred to 100-mm Petri dishes in a hor-
mone-free chemically defined medium containing CaCl, (0.4 mM) as
described previously (9). Cells were treated with 1 nM 1,25(OH),D; or
vehicle (1 X 107% ethanol) for the times indicated in the figures and
tables. Cells were harvested by gentle trituration, pelleted by low speed
centrifugation (250 g, 2 min) and resuspended in fresh HBSS II. After
pelleting again, cells were resuspended finally in fresh HBSS II.

Measurement of [Ca®*);. Cells (5-15 X 10°) were incubated for 30
min at 37°C in HBSS II in the presence of 50 uM quin2-AM, a lipid
soluble probe which, when hydrolyzed by intracellular esterases, fluo-
resces in response to bound calcium (19, 20). Cells were then washed
free of nonhydrolyzed quin2-AM by pelleting three times from suspen-
sion in fresh HBSS II and finally resuspended for fluorescence moni-
toring in a fluorescence spectrophotometer (model 650-10S; Perkin-
Elmer Corp., Norwalk, CT) with A, = 339 nm and A, = 492 nm and
slit widths each of 5 nm. Cells were maintained at 37°C throughout the
experiments in a continuously stirred suspension (2.5 ml). [Ca**]; was
quantified using the equation: [Ca?*}; = Ky (F — Fuin/ Fmax — F), where
Ky = 115 nM, F = fluorescent signal in arbitrary units, and Fp,x and
Fpin were determined as described previously (4). Calibration was per-
formed by permeabilizing the cells with 25 M digitonin in the pres-
ence of 2 mM CaCl, to achieve a maximal fluorescent signal (Fx) and
chelating the calcium with 10 mM excess EGTA (pH adjusted to > 8.3
with Tris base) to determine the background fluorescence (Fmin). None
of the compounds used produced significant autofluorescence or
changed F,, at 339 ex, 492 em when tested alone or in combination.
Test drugs were added from 200-fold concentrated stock solutions
except the Tris and EGTA calibration stock solutions, which were
from 100-fold concentrated stock solutions. Additions were made di-
rectly to the cuvette in the spectrofluorometer at the times indicated.
Statistical analyses for these and the following experiments were per-
formed using Student’s ¢ test for significant difference.

Measurement of [’H)-methyl TRH binding to intact cells. Cells
were maintained in chemically defined medium for 72 h, including a

2. The term IP; is used to include both inositol(1,4,5)trisphosphate and
inositol(1,3,4)trisphosphate. See Drummond (30) for comment on the
presence of the 1,3,4 trisphosphate isomer in this fraction.
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final 48-h exposure to 1 nM 1,25(0OH),D; or vehicle. Media was aspi-
rated on the day of the experiment, culture wells were rinsed twice with
1.5 ml HBSS 11, and [*H]MeTRH was added without or with 1.5 uM
unlabeled MeTRH in 1 ml of HBSS II. Binding incubations were
terminated after 60 min at 37°C by aspirating the media and plunging
the plates three times into an ice-cold saline wash. Monolayers were
solubilized in 1,200 ul of 0.1 M NaOH, and transferred to vials for
liquid scintillation counting, using Aquasol. Specific binding was de-
termined as the amount of bound radioactivity displacable by 1 uM
unlabeled TRH (nonspecific binding).

Measurement of protein kinase C activity. Cells (1-2 X 107) sus-
pended in HBSS II were treated, as described previously (21, 22), with
or without 1.0 uM TRH for 15 s and the reaction stopped by breaking
the cells in 20 mM Tris, | mM EDTA, 0.5 mM dithiothreitol (pH 7.5)
by passage through a 28-gauge needle. Soluble cytosol was separated
from membrane fractions by centrifugation at 20,000 g for 10 min.
Particulate (membrane) material was resuspended in 400 ul of the
same buffer in the presence of 1% Triton X-100. Both the cytosol and
particulate fractions were applied to separate diethylaminoethyl cellu-
lose columns and protein kinase C activity was eluted with 80 mM
NaCl. Phospholipid and calcium-dependent enzymatic activity was
measured as the transfer of 2P from ATP (5 nmol, ~ 6 X 10°cpm)toa
histone acceptor protein (H III-S) in the presence of 25 mM Tris/HCI,
pH 7.5, 1.5 umol magnesium acetate, 100 nmol CaCl,, 25 ug of phos-
phatidylserine, 2 ug of diolein and 100 ug of histone in a total volume
of 200 ul (21, 22). Radioactivity was determined by liquid scintilla-
tion counting of a trichloroacetic acid precipitate collected by filtra-
tion through 0.45um membrane filters (HAWP; Millipore Corp.,
Bedford, MA).

Determination of inositol phosphate formation. Myo-[2-*H(N)]ino-
sitol (8 uCi/10 ml) was added to the cells as described previously (23) at
the time of plating in serum-free medium 72 h before experimentation.
Cells were harvested as described above and incubated for 30 min at
37°C before stimulation with 1.5 uM TRH. Treatment was stopped by
the addition of ice-cold trichloroacetic acid (TCA) (10% final concen-
tration). The precipitate was removed by centrifugation and the solu-
ble fraction stored at —20°C frozen for up to 1 wk before assay. Ether-
extracted, water-soluble fractions were separated on a 1 X 2-cm Dowex
AG-1XB anion exchange resin using HCI (30-500 mM) as the eluants
(24). Metabolites were quantified by liquid scintillation counting of the
separated fractions. Validation of this chromatographic method has
been obtained by comparison with the elution pattern of authentic
[*2P]IP; (23).

Materials. Culture media, sera, and reagents (amino acids, vita-
mins, and salts) used in the chemically defined media (MEM-SS) were
obtained from Gibco (Grand Island, NY). Quin2-acetoxymethyl ester
(quin2-AM) was purchased from Lancaster Synthesis (Lancashire, En-
gland). TRH was a gift from Dr. Eugene Woroch, Abbott Laboratories
(North Chicago, IL). Ionomycin was a gift from Dr. Chao-Min Liu,
and 1,25-dihydroxyvitamin D; was from Dr. M. Uskokovic, both from
Hoffman-LaRoche (Nutley, NJ). Digitonin was purchased from Fisher
Scientific Co. (Fair Lawn, NJ) and EGTA from Eastman Kodak Co.
(Rochester, NY). Myo-[2-*H(N)linositol (SA 14 Ci mmol™"') was ob-
tained from American Radiolabeled Chemicals (St. Louis, MO). [*H]-
MeTRH (sp act 76 Ci mmol™"), [y*?P]JATP (sp act 1,000 Ci mmol™")
and Aquasol were obtained from New England Nuclear (Boston, MA).
Dowex AG-1 X 8 (200-400 mesh) anion exchange resin and DEAE
were obtained from Bio-Rad, Richmond, CA. All other chemicals
were reagent grade and purchased from Sigma Chemical Co. (St.
Louis, MO).

Results

Basal and TRH-stimulated [Ca**); in cells without and with
1,25(0H),D; pretreatment. Basal [Ca®*}; was monitored be-
fore addition of TRH. Typical traces of fluorescence from
quin2-loaded cells are presented in Fig. 1. The difference in
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Figure 1. Action of 1,25(OH),D; on the [Ca**]; response to TRH in
GH,C; cells. Cells were treated with vehicle or 1,25(OH),D; (1 nM)
for 24 h before the experiment. Traces show the [Ca?*); as a function
of time after resuspension of the cells in the monitoring cuvette. Or-
dinates present [Ca?*]; on the scale transformed from absolute fluo-
rescence units by the equation given in Methods. TRH (350 nM) was
added directly to the cell suspension at the time indicated. For vehi-
cle-treated cells [Ca®*]; values in nM were: basal, 104; TRHpeax, 227,
TRHpiateau, 123. For cells pretreated with 1,25(0OH),D; basal, 212;
TRHpear, 719; TRHpiaseau, 240.

basal [Ca?*); seen in these two traces was not significant (P
> 0.05) when multiple experiments were analyzed. TRH pro-
duced a qualitatively similar biphasic response pattern in
[Ca**}; in control and 1,25(OH),Ds-pretreated cells. After ad-
dition of a maximal concentration of TRH (350 nM), an ini-
tial peak in [Ca®*]; was achieved within seconds, which de-
cayed rapidly and was followed by a sustained plateau phase of
elevated [Ca®*]; within 2-3 min. However, the magnitude of
the initial peak in [Ca?*}; was considerably larger in cells pre-
treated for 24 h with 1 nM 1,25(OH),D; than in control vehi-
cle-treated cells.

Data from several experiments of similar design are sum-
marized in Fig. 2 as actual [Ca?*}; values, and in Table I as
ratios of peak response levels to pre-TRH basal levels of
[Ca?*];. Mean basal [Ca?*); was not significantly changed by
either 24 or 48 h of pretreatment with 1,25(OH),D; as com-
pared with control cells. Basal [Ca?*]; in 48 h pretreated and
control cells were 222+15 nM (mean+SE, n = 16) and 186+18

Table I. Summary of Ratios of TRH-induced Responses
in [Ca?*); to Basal [Ca®*); in Control and
1,25(0OH),D;-pretreated Cells

[Ca?*}; Ratio
Duration of
Treatment pretreatment TRH peak/basel TR Hpiascan/basal
h
Vehicle 24 2.8+0.21 1.25+0.07
1,25(0OH),D; 24 3.9+0.45* 1.23+0.05
Vehicle 48 2.4+0.13 1.17£0.03
1,25(OH),D, 48 4.0+0.30* 1.15+0.03

The ratio of the TRH-induced peak response in [Ca?*}; was calcu-
lated relative to the basal [Ca?*]; level before TRH addition for each
experiment. Values given are mean=SE for seven determinations at
24 h and 16 determinations at 48 h obtained from 5 and 12 indepen-
dent experiments, respectively, in which both treatment groups were
represented in the same experiment.

* Significantly different from vehicle control P < 0.05.

nM (n = 17), respectively (P > 0.05). However the [Ca®*]; peak
value achieved in response to TRH was significantly (P < 0.05)
enhanced by pretreatment with 1,25(OH),D; for either 24 or
48 h (Fig. 2). The TRH-induced peak to basal ratio of [Ca®*);
was 2.4 and 4.0 in control and 48 h pretreated cells, respec-
tively (Table I). This enhanced intracellular cytosolic calcium
increase was restricted to the peak phase of the TRH response.
The sustained plateau phase of the TRH response was not
significantly affected (P > 0.05) by pretreatment with
1,25(OH),D; for 24 or 48 h (Fig. 2). TRH-induced plateau to
basal ratios of [Ca®*}; were 1.17 and 1.15 in control and 48 h
pretreated cells, respectively (Table I).

Acute exposure to 1 nM 1,25(OH),D; did not affect
[Ca?**};, nor did it enhance the response to TRH (Fig. 3). Basal
[Ca?*]; levels were 174 nM before and 166 nM after 15 min of
incubation with 1 nM 1,25(OH),Ds. Subsequent [Ca*]; levels
achieved in response to TRH were also unaffected by this
15-min pretreatment. The TRH-peak/basal ratio was 2.0 and

24 h PRETREATMENT ’
1000+ S
|
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800+ 1,25(0H), D5
600 L
lCa*];, M
400+ L
- 8
200 =
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TRH Plateau Basal
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Figure 2. Summary of [Ca?*}; in cells pre-
treated for 24 or 48 h without or with
1,25(0OH),D; (1 nM). Data were obtained
using quin2 in experiments similar to those
described in Fig. 1. Each bar gives the mean
value of five experiments at 24 h and 16 ex-
;‘ periments at 48 h; the brackets give the SE.
i TRH responses were measured by addition of
| 350 nM TRH after initial determination of
basal levels of [Ca?*};. Enhancement above ve-
hicle-treated control cells of the TRH-induced
| peak in [Ca®*]; was significant (P < 0.05) at
both 24 and 48 h of pretreatment with
1,25(0OH),D;. There was no statistically signif-
| icant difference (P > 0.05) in basal [Ca?*]; or
, | in TRHpy levels between treated and control
TRH Plateau cells.
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Figure 3. Lack of acute actions of 1,25(OH),D; on [Ca?**}; in GH,C,
cells. Monitoring of [Ca?*}; was performed as described in Figs. | and
2. Cells were grown in serum-free medium for 24 h before the experi-
ment. 1,25(OH),D; (1 nM) was added to 7 X 10° quin2-loaded cells
at the time indicated. Fluorescence was monitored for 15 min and
then TRH (350 nM final concentration) was added. The concentra-
tions of [Ca?*); in nM were: basal, 174; TRHpeax, 345; TRHjatea,
183, ratios were TRH peay/basat; 2.0; TRHpiateau/pasar, 1.1. Cells treated
with vehicle alone gave essentially the same response as shown for
1,25(OH),Ds-treated cells. This experiment was repeated three times
with the same results.

the plateau/basal ratio was 1.1 after this 15-min pretreatment
experiment; these values were not different from those deter-
mined for vehicle-treated control cells (Table I).

TRH binding in cells pretreated with 1,25(0H),D;. The
vitamin D-induced modulation of the TRH response could be
mediated either by a change in the TRH-receptor interaction
or a change in intracellular signal transduction. The first possi-
bility was examined by measuring directly the binding of
TRH. As indicated by the data shown in Fig. 4, treatment with
1,25(OH),D; for 48 h produced no change in the kinetics of
binding of [PH]MeTRH to GH,C, cells. The K;’s measured in
this experiment were 2.4 and 2.8 nm for control and treated
cells, respectively. The difference between the mean values for
control and 1,25(0OH),Ds-treated cells provided by six inde-
pendent experiments was < 0.5 nM. There was no consistent
change in maximal [*H]MeTRH binding in five paired deter-
minations. The mean difference between control and treated
groups was 2%. Treatment with 1,25(OH),D; produced no
change in cell number or total cell protein per well, with a
mean difference between the treatment groups of < 4% in six
separate experiments. Finally, the time course of binding at
early time points was unaffected by 1,25(0OH),D; pretreatment
(Fig. 4 B). The mean difference was < 5% across all 18 paired
time points in four separate experiments and showed no trend
with respect to time of incubation. We conclude that
1,25(0OH),D; pretreatment does not enhance steady state TRH
binding, a finding that suggests that vitamin D acts by a postre-
ceptor mechanism. Signal transduction via the TRH receptor
was then examined at four possible sites of action.

TRH-induced protein kinase C translocation in cells pre-
treated with 1,25(0OH),D;. Activation of the phosphatidylser-
ine- and calcium-dependent protein kinase (protein kinase C)
is correlated with translocation of the enzyme from the cytosol
to the membrane fraction of the cell (22, 25) and is induced by
DAG, one of the active products of phosphatidylinositol hy-
drolysis following TRH receptor occupancy (2). Protein kinase
C translocation was, therefore, examined as a measure of the
DAG branch of the phosphoinositide cascade. Protein kinase
C activity was measured in the soluble cytosol fraction and in
the Triton X-100-extracted particulate membrane fraction of
control cells and cells treated with 1 nM 1,25(OH),D; for 48 h.
As described previously (22), 15 s of incubation with TRH
increases dramatically the amount of protein kinase C activity
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Figure 4. Binding of [PH]MeTRH to cells treated without and with 1
nM 1,25(0H),D; for 48 h. Cells were incubated with ligand at 37°C
in 5% CO,. Specific binding (on ordinates) was calculated as total
binding minus the amount of [’H]MeTRH bound in the presence of
(1.5 kM) unlabeled MeTRH as described in Methods. (4) Adsorp-
tion isotherms for equilibrium binding after 60 min at concentra-
tions of [’ H]MeTRH ranging from 0.1 to 16.0 nM. Values derived
from Scatchard transformations of these data (inser) indicate equilib-
rium dissociation constants (Ky) of 2.2 and 2.8 nM and maximal
binding (Bumax) of 1.2 and 1.3 pmol/mg protein for vehicle and
treated cells, respectively. The correlation coefficients of the linear
regressions used in these determinations were > 0.95 in both groups.
Total cell protein concentrations were 0.43 and 0.46 mg/well for ve-
hicle and treated samples, respectively. The dashed line indicates
nonspecific binding. (B) Time course of specific binding of 1.5 nM
[*H]MeTRH to cells pretreated with vehicle or 1 nM 1,25(0OH),D;
for 48 h. Total binding was the mean of quadruplicate, and nonspe-
cific binding of duplicate, determinations at 5 and 15 min, the SE
falls within the symbols at thes¢ time points. Binding was measured
on cells in 1.5 ml of the serum-frée growth medium. Cell counts for
vehicle and treated cells were 3.0 X 10° and 2.8 X 10° per well, re-

spectively.

in the membrane fraction and decreases the activity in the
cytosol when compared with control cells. The magnitude of
this change, interpreted as TRH-induced translocation of pro-
tein kinase C, was not altered by pretreatment of the cells with
1,25(0OH),D; (Fig. 5). TRH induced a decrease in protein ki-
nase C activity in the cytosol from 425 to 193 nmol min™! mg
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Figure 5. TRH-induced protein kinase C translocation in control
cells and cells pretreated with 1,25(OH),D;. Cells were grown in
chemically defined medium and treated without or with 1 nM
1,25(OH),D; for 48 h. After 15 s of incubation without or with TRH
(1 uM), cells were ruptured and membranes rapidly separated from
cytosol. Fractions were obtained from DEAE chromatography of
both the cytosol and the Triton-solubilized membranes. Phosphati-
dylserine and Ca?*-dependent protein kinase C activity was mea-
sured in these fractions as the amount of 3P transferred from ATP
to a histone acceptor. Each bar gives the mean of duplicate samples
and the brackets give the ranges. The experiment was repeated once
with similar results.

protein~! in 1,25(OH),-treated cells and from 410 to 209 nmol
min~' mg protein~! in control cytosol fractions. Conversely,
protein kinase C activity increased in the membrane fraction
from 57 to 238 and 58 to 240 rimol min~' mg protein~! in
1,25(OH),D;-pretreated and control membrane fractions, re-
spectively. We conclude that this DAG-mediated function of
TRH is not enhanced by 1,25(OH),D;s.

TRH-induced formation of inositol phosphates in cells pre-
treated with 1,25(0OH),D;. Inositol phosphates are representa-
tive of the second branch of the phosphatidylinositol hydroly-
sis cascade (16). IP; is currently believed to cause the release of
intracellular calcium stores and the majority of the peak phase
of the TRH response in GH cells. TRH-induced phosphatidyl-
inositol 4,5-bisphosphate hydrolysis was examined by measur-
ing the production of IP; as well as its subsequent metabolites,
inositol bisphosphate and inositol phosphate. Data from sev-
eral such experiments are summarized in Fig. 6. The ordinate
gives the ratio of metabolite accumulation in TRH-treated
cells to unstimulated control cells. Pretreatment with
1,25(OH),D; for 12, 24, or 48 h did not affect IP; production
in response to TRH. We conclude that the hydrolysis of poly-
phosphatidylinositol induced by TRH is not enhanced by pre-
treatment with 1,25(OH),D;.

Ionomycin-induced response in [Ca®*); in cells pretreated
with 1,25(0OH),D;. Because phosphatidylinositol metabolism
induced by TRH was unaffected by 1,25(0OH),D; pretreat-
ment, we examined whether pretreatment with vitamin D al-
tered the size of the TRH-releasable intracellular calcium pool.
The magnitude of this pool of calcium was estimated by re-
leasing it with the ionophore ionomycin. The peak levels of
[Ca?*); achieved by 100 nM ionomycin treatment were not
enhanced by 48 h pretreatment with 1 nM 1,25(OH),D;
(Table IT). Mean peak to basal ratios were -3.4+0.56 and
3.8+£0.98 in 1,25(OH),Ds-pretreated and control cells, respec-
tively. In these experiments basal levels of [Ca?*]; were again
not significantly different in pretreated and control cells (210
and 197 nM, respectively). Experiments using a second addi-

) Figure 6. TRH-induced
- 7] Venice formation of inositol
3 7/
Ry 1,25(0H); D3 phosphates in cells pre-

treated with
w1
1 n_t% 2
IR,

%7 cally defined medium
| with myo2-*H(N))-
| inositol (8 uCi/10 ml)
% for a total of 72 h and
treated without or with
/\ 1 nM 1,25(0OH),D; for
: the final 12, 24, or 48 h
before testing. Har-
1 vested cells were then
2 suspended in HBSS II
and incubated with
Bz ?A | TRH(1.5uM, Sor 10
24 48 s) at 37°C. The reaction
was stopped by cold
TCA addition, the su-
pernatant fractions were ether extracted, and inositol phosphates sep-
arated by ion exchange chromatography. Quantities given are the
ratios of counts per minute per milligram protein obtained from
TRH-treated cells vs. counts per minute per milligram protein from
unstimulated control cells and represent the mean+SE of 3 experi-
ments at 12 h; 4 experiments at 24 h; and 11 experiments at 48 h.
Absolute counts per minute measured in the IP; fraction of TRH-
stimulated cells pretreated with 1,25(OH),D; for 48 h was 2311
(mean of triplicate determination from a single experiment), for ex-
ample. There was no significant difference between treated and con-
trol cells for any measure (P > 0.05, Student’s ¢ test).

% 1,25(OH),D;. Cells
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tion of ionomycin (total final concentration 200 nM) did not
stimulate a second [Ca?*]; response, indicating that the quan-
tity of ionomycin used was a maximally effective dose for
inducing a peak in [Ca®*}; (data not shown). We conclude that
the size of the intracellular calcium pool released by ionomy-
cin, and thus that also releasable by TRH, was not enhanced
by pretreatment with 1,25(OH),D;.

TRH-induced increase in [Ca®*); during chelation of extra-
cellular calcium in cells pretreated with 1,25(0OH),D;. The
contribution that influx of extracellular calcium provides to
the TRH response was examined to determine if 1,25(OH),D;

Table I1. Ionomycin-induced Change in [Ca’*); in Cells
Pretreated with 1,25(0OH),D;

[Ca?*}; Ratio

Treatment Basal [Ca?*}; 10NOPeai/Bess
nM

Vehicle 197+33 3.8+0.98

1,25(OH),D; 210+31 3.4+0.56

Cells were grown in chemically defined medium and pretreated with-
out or with 1 nM 1,25(OH),D; for 48 h. [Ca?*]; was monitored in
experiments similar to those presented in Fig. 1. Ionomycin (100
nM) was added after baseline measurements were obtained. Basal
levels are measured values for [Ca®*]; (mean+SE); ratios presented
are peak values relative to basal levels, determined by calibration in
each experiment. Values given are mean=SE for five separate deter-
minations.
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Figure 7. Typical response of [Ca®*}; to TRH during chelation of ex-
tracellular calcium by EGTA. EGTA (1.33 mM EGTA/1.00 mM
Ca?*) was added at the time indicated and a new baseline allowed to
stabilize for 3 min. TRH was then added at the time indicated. Basal
[Ca**};, EGTAmin, and TRH peak levels were 260, 230, and 465 nM,
respectively. The plateau phase of the TRH response (see Fig. 1) was
eliminated by addition of EGTA.

modulates plasma membrane calcium conductance. The size
of the extracellular calcium contribution to the response was
examined by measuring the TRH-induced peak in the absence
of extracellular calcium. During conditions of acute chelation
of extracellular calcium by EGTA, [Ca?*}; decreased from
basal control levels and stabilized quickly (< 3 min) at a new
lower value (EGTAnm,) (see Fig. 7). Subsequently, TRH pro-
duced a spike in [Ca®*]; that was only slightly attenuated in
comparison with cells not treated with EGTA; on the other
hand, the plateau phase of the TRH response in [Ca®*}; was
completely abolished by EGTA (4, 5). The size of the peak
response to TRH was determined for cells pretreated for 48 h
without or with 1,25(OH),D;. As summarized in Table III,
addition of EGTA lowered basal [Ca?*]; to the same extent in
1,25(OH),Ds-treated and control cells (EGTA n;n/basal ratio of
0.86 and 0.77, respectively). Notably however, chelation of
extracellular calcium reduced or eliminated the enhancement
by 1,25(0H),D; of the TRH-induced peak in [Ca®*};. The
TRH peak/EGTA ;, ratios were 3.1 and 2.6 in pretreated and
control cells, respectively. This difference was not statistically
significant. Thus, during conditions of extracellular calcium
chelation, the acute TRH-induced increase in [Ca®*]; was no
longer greater in cells pretreated with 1,25(OH),D; than it was
in control cells. We conclude that 1,25(OH),D;-induced en-

hancement of the acute response to TRH depends upon the
presence of extracellular calcium.

Discussion

The results presented in this report indicate a function for the
classic calcium-mobilizing steroid hormone, 1,25(OH),Ds, in
the modulation of acute cellular responses to the peptide hor-
mone, TRH, in clonal rat pituitary cells. The actions of this
peptide are mediated, in part, through elevation of [Ca?*];.
Basal [Ca?']; was unaffected by pretreatment with
1,25(0OH),D;, either acutely (15 min) or for periods of up to 48
h. Moreover, the biphasic pattern of TRH-mediated changes
in [Ca®*]; remained qualitatively the same, with an initial peak
achieved within seconds, followed, after its nadir, by a pro-
longed plateau elevation. However, pretreatment of the cells
with 1,25(OH),D; for 24 or 48 h caused a substantial increase
in the size of the initial [Ca®*}; peak response to TRH. Because
intracellular calcium levels have been shown to be an impor-
tant component of signal transduction for this secretagogue,
we were particularly interested in determining the mechanism
of action of 1,25(0H),D; on this TRH-induced calcium re-
sponse. Furthermore, the mechanism underlying 1,25-
(OH),D;-induced calcium uptake in more classical target tis-
sues has remained elusive. Thus, investigations in GH,C, cells
may provide insights valuable to the more intractable in vivo
situation.

Actions of 1,25(OH),D; on increasing extracellular cal-
cium uptake have been described in vivo (as early as 14 min
after exposure in vitamin D-depleted chick intestine [26]), for
example. Much of the accumulated data indicate that the hor-
mone acts via a classical steroid receptor mechanism (11, 12).
Labeled 1,25(OH),D; has been localized in cell nuclei in such
classical target tissues as epithelial cells of the intestine and
distal convoluted tubule of the kidney, where its actions are
known to be involved in the maintenance of plasma calcium
and inorganic phosphorus homeostasis. Several nonclassical
target sites, including anterior pituitary tissue in the rat, also
demonstrate nuclear uptake of the hormone, and subsequent
analysis confirmed the presence of specific receptors for
1,25(0OH),D; in these nonclassical tissues (27).

The mechanism or mechanisms underlying the transduc-
tion of vitamin D receptor activation to calcium uptake has
been the subject of intensive investigation. Although several
proteins have been shown to be induced by this hormone,
including at least four different (based on molecular weight

Table III. TRH-induced Elevation of [Ca®*); in Cells Pretreated with 1,25(0H),D; during Chelation of Extracellular Ca®*

Ratios
[Ca?*); (nM) EGTAmia TRH peak TRH peak
Treatment Basal EGTAmin TRH peak Basal EGTAmin W
Vehicle 279+34 207+31 501+52 0.77+0.09 2.6+0.36 1.9+0.24
1,25(0H),D; 25727 220+30 628+81 0.86+0.04 3.1+0.47 2.6+0.43

Quantities presented are absolute values of [Ca®*};, and ratios of absolute [Ca?*}; after EGTA and TRH addition, relative to prechelation basal
[Ca?*}; levels and EGTA ;,, respectively. Values given are means+SE of five or more determinations from three independent experiments.
There was no statistically significant difference between 1,25(OH),D;-pretreated and control cells in any measurements.
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analyses) 1,25(0OH),D;-dependent calcium binding proteins,
these proteins make their appearance well after the initiation
of calcium uptake, and none has remained a candidate for
mediator of this effect (28). Alternatively, Matsumoto et al.
(29) have presented evidence for a direct effect of the steroid
hormone on plasma membrane fluidity via an increase in the
phosphatidylcholine/phosphatidylethanolamine ratio using
membranes derived from chick intestine. On the other hand,
our data demonstrate an action in GH,C, cells on membrane
calcium conductance. We have demonstrated that neither
basal [Ca?*]; nor the sustained elevation of [CaZ*}; in response
to TRH are measurably affected by pretreatment with the ste-
roid in this pituitary cell strain. Furthermore, the
1,25(OH),D;-induced enhancement of the peak [Ca®*); re-
sponse required pretreatment times > 15 min, precluding di-
rect effects of the steroid on the plasma membrane. Because
the binding of [PH]MeTRH was unchanged by 1,25(0H),D;
pretreatment, we examined the intracellular events responsible
for mobilizing the TRH-induced calcium peak to determine
where the steroid hormone was exerting its action. We found
no change in the dynamics of phosphatidylinositol hydrolysis,
as determined by measuring either the activation of protein
kinase C or the accumulation of inositol phosphates subse-
quent to TRH stimulation. The intracellular calcium pool was
not enhanced by 1,25(OH),D; pretreatment, as measured by
mobilization with a low concentration of ionomycin. Under
conditions of acute chelation of extracellular calcium, how-
ever, we found that the TRH-induced spike in [Ca?*]; was no
longer enhanced in 1,25(OH),D; pretreated cells. Thus, the
vitamin D-enhanced calcium peak appears to depend on ex-
tracellular calcium. This suggests an enhancement of calcium
conductance at the level of the plasma membrane. This might
result from a greater number of TRH-operated calcium chan-
nels, a larger conductance of existing channels, decreased cal-
cium efflux or redistribution within the cell, or some combina-
tion of these actions. Alternatively, enhanced loading of an
intracellular calcium pool that is ionomycin-resistant, EGTA-
sensitive, and TRH-mobilizable is also possible.

Intracellular [Ca?*] transients have been related function-
ally to the TRH-induced biphasic secretion pattern from
GH,C, cells (5). Both the [Ca?*]; rise and hormone secretion,
for example, can be blocked in parallel by agents that block
either the initial or the sustained stages of the biphasic re-
sponse. Thus, the physiological relevance of the enhanced cal-
cium response in 1,25(OH),D;-pretreated cells might be ex-
pected to include an enhanced initial release of PRL in re-
sponse to TRH. Preliminary experiments to measure
TRH-stimulated PRL release from 1,25(OH),D; pretreated
cells have, thus far, given inconsistent results. In six of seven
experiments, the amount (nanograms per milligram cell pro-
tein) of PRL released from 1,25(0H),D; pretreated cells was
greater than the amount released from control cells by
82+37% (mean+SE, n = 6), at the earliest timepoints (0.5 to
2.5 min) of measured stimulation of PRL release. However,
the time at which the enhanced secretory response was ob-
served has not been the same across all experiments; we have,
as yet, no explanation for the variability in these results. Two
recent reports (31, 32) have indicated that 1,25(OH),D; pro-
duces enhancement of TRH-induced secretion from rat pitu-
itary cells maintained in primary culture. Such results support
the hypothesis of a function for vitamin D in the secretory
actions of TRH.
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