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Single rat lactotroph  cells  were studied after  loading 
with  the cytosolic free Ca2+ concentration ([Ca2+Ii) in- 
dicator  fura-2  either 1 or 3 days  after cell  dispersion. 
Under  unstimulated  conditions,  two  groups of lacto- 
trophs  were observed, the  first  (predominant  at  day 1) 
with  large [Caz+]i fluctuations  (peaks  up  to 300 nM) 
probably  due  to  spontaneous  action  potentials  and  the 
second  (predominant at 3 days)  with stable [Ca2+Ii (val- 
ues variable  between 65 and  200 nM). The  effect of 
dopamine  on the  resting [Ca2+Ii was  different  in  the 
two groups. Even at high  dopamine  concentrations,  no 
change  occurred  in  the second group;  whereas  in  the 
first,  disappearance of fluctuations  and  marked de- 
crease of [Ca2+Ii were observed.  These  effects of dopa- 
mine appear to  be due to  hyperpolarization that  was 
demonstrated by the use of a specific  fluorescent  indi- 
cator, bis(oxono1). Two types of triggered [Ca2+Ii tran- 
sients  were studied  in  detail:  those  due  to  redistribution 
of Ca2+  from the  intracellular  stores (induced by thy- 
rotropin-releasing  hormone)  and  those  due  to  Ca2+  in- 
flux  through  voltage-gated Ca2+ channels  (induced by 
high [K+]). Dopamine (1 PM) markedly  inhibited  both 
these  transients by the action of D2 receptors (blocked 
by 1-sulpiride and domperidone). All effects of dopa- 
mine were  prevented by treatment of the cells with 
pertussis  toxin,  indicating  the  involvement of one  (or 
more)  GTP-binding  protein(s).  Another consequence of 
D2  receptor  activation is the  inhibition of adenylate 
cyclase. Treatments  (cholera  toxin,  forskolin),  known 
to  raise cAMP levels, were found  to  dissociate the 
effects of dopamine  on [Ca2+Ii inasmuch as they  mark- 
edly  relieved the  inhibition of the  redistributive  tran- 
sients by thyrotropin-releasing hormone  but  left  hy- 
perpolarization  and  inhibition of K+ transients  unaf- 
fected.  The  spectrum of intracellular  signals elicited 
by the  activation of D2 receptors is therefore complex 
and includes at least  two mechanisms that involve 
[Ca2+Ii, one related  and  the  other  independent of the 
decrease of cAMP levels. 

Inhibition by dopamine, released by hypothalamic  neurons 
to  the hypophyseal portal  circulation, is known to be the 
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major control  mechanism of PRL'  secretion at  the LC of the 
anterior  pituitary (1). LC are endowed with a D2-type  dopa- 
mine receptor that previous studies  from  our as well as other 
laboratories have demonstrated to be negatively coupled to 
adenylate cyclase (2-4). Whether  this  mechanism  is  respon- 
sible  for the  entire effect of dopamine is, however, doubtful 
because (i)  dopamine  remains active in cells with high levels 
of cAMP (5,6), and  (ii)  results have  been reported suggesting 
a role of Ca2+ in  the  dopamine effect (5-9). Such a role, 
however, has  not been demonstrated directly yet because, so 
far,  measurements of [Ca2+Ii have  been carried  out only on 
mixtures of dissociated anterior  pituitary cells (10, 11) that 
include  LC together  with  other  endocrine cell types, some of 
which are  sensitive  to  dopamine (1). Other  studies were per- 
formed on  rat  tumoral cell lines (GH, and GHJ that  secrete 
PRL, growth hormone,  or  both,  but  do  not express dopamine 
receptors (12-17). In  order  to  investigate  the effects of D2 
receptor activation  on [Ca2+Ii  homeostasis, highly purified rat 
LC preparations were studied by microfluorometry at the 
single cell level after loading with  the fluorescent indicator 
fura-2 (18). The  results  obtained  demonstrated  that  dopamine 
induces  a marked  inhibition of both  the  resting [Ca2+Ii and 
the [Ca2+Ii transients triggered by two different mechanisms: 
redistribution from the  intracellular Ca2+ stores  and  stimula- 
tion of Ca2+ influx through voltage-gated Ca2+  channels. Evi- 
dence is  presented  indicating  that  these effects of dopamine 
are  due  to at least two intracellular  mechanisms  that  appear 
to  operate  in parallel. 

EXPERIMENTAL  PROCEDURES 

Preparation of LC-Anterior pituitaries from  10 female Wistar rats 
weighing 250-300 g were dissociated enzymatically (19), applied over 
an albumin (0.3-2.4%) gradient (prepared according to a slight mod- 
ification of Ref. 19), and sedimented at  1 X g for 3.2 h at room 
temperature. Nine 100-ml fractions were  collected. The cells of the 
LC- and somatotroph cell-enriched fractions (fractions 5 and 7-9, 
respectively) were attached to glass coverslips coated with polyorni- 
thine. For immunofluorescence, cells were  fixed with 4% paraformal- 
dehyde in phosphate buffer (1 h, 0 " C )  and  then permeabilized with 
Triton X-100 (0.1%) in phosphate-buffered seline, washed with phos- 
phate-buffered saline, reacted with the specific antibodies (either 
anti-PRL or anti-growth hormone antibodies (20); 1 h, room temper- 
ature), washed repeatedly with hypertonic phosphate-buffered saline 
containing bovine serum albumin, and finally decorated with rhoda- 
mine-labeled anti-Ig antibodies. The other coverslips were cultured 
in Dulbecco's  modified Eagle's medium supplemented with 12% fetal 

The abbreviations used are: PRL, prolactin; LC, lactotroph cells; 
[Ca2+],, cytosolic free Ca2+ concentration; Hepes, 442-hydroxy- 
methyl)-1-piperazineethanesulfonic acid; PTx, pertussis toxin; TRH, 
thyrotropin-releasing hormone; EGTA, [ethylenebis(oxy-eth- 
ylenenitri1o)ltetraacetic acid. 
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calf serum for either 1 or 3 days and  then rinsed with serum-free 
Dulbecco's  modified  Eagle's medium and used for the measurement 
of [Ca2+]; and membrane potential. In a few experiments, part of the 
cells were not attached to coverslips but were maintained  in  spinner 
culture for 24 h,  after which they were used for [Ca'+Ii measurement 
in cell suspension. 

Measurement of [Ca*+/,-Cell monolayers were covered with 0.5 
ml of Dulbecco's modified Eagle's medium that had been mixed with 
0.1%  volume of fura-2/acetoxymethyl ester  in dimethyl sulfoxide 
(final dye concentration,  2 p ~ ) .  The cell loading incubation was 
carried out a t  37 "C for 30 min. Spectrofluorometric analysis of the 
monolayers (carried out  as described in Ref.  21) revealed that under 
these conditions, the fluorochrome undergoes extensive cleavage to 
yield the intracellularly trapped probe, fura-2-free acid (18). The 
latter appeared uniformly distributed  within the cytosol when the 
cells were appropriately viewed in the fluorescence microscope. Load- 
ing of  LC suspensions with fura-2/acetoxymethyl ester was carried 
out similarly to monolayers but  in  small Eppendorf tubes. 

[Ca2+]i measurements were carried out on either cell suspensions 
in the cuvette of a conventional fluorometer or single cells in  a 
microscopic fluorometer. The technique used for the cuvette meas- 
urements has been described (22). For microscopic measurements, 
fura-2-loaded cells were positioned (facing downward) in a  thermo- 
stated (32 "C) chamber (1 ml) sitting on the stage of a fluorescence 
microscope (Zeiss photomicroscope 111, objective Zeiss Plan Neofluar 
40X) equipped with a device to  alternate quickly two narrow-band 
filters (340 and 380 nm; Oriel) in the pathway of the exciting beam, 
as well as with a photomultiplier (Zeiss PMT system) connected to 
an A-D converter interfaced to a personal computer. The emitted 
fluorescence, before feeding into  the photomultiplier, was filtered 
through  a cutoff filter (490 nm). 

The field of analysis (5-20  pm of diameter) was delimited by a 
pinhole diaphragm placed in the image plane  in  front of the photo- 
multiplier. The personal computer controlled filter  alterations and 
calculated 340/380 ratios from light intensities  (subtracted from 
background) averaged over excitation periods (0.5-2 s )  at each of the 
two wavelengths. Incubations were carried out in medium containing 
140 mM NaCl, 5 mM KCl, 2 mM CaC12,  1.2 mM MgS04, 1.2 mM 
KH2P04, 25 mM Hepes/NaOH, pH 7.4, 6 mM glucose. Additions of 
test substances were made directly into  the chamber. At appropriate 
times, the chamber was washed with large volumes of warm medium 
(5-10 ml/min). Data were stored  in sequential files. At the end of 
each experiment, they were plotted and calibrated in  terms of 
[Ca2+Ii according to Equation 5 of Grynkiewicz et al. (18). 

Measurement of Membrane Potential-LC monolayers on glass 
coverslips were placed in the microscope stage as described above for 
[Caz+Ii measurements and loaded with bis(oxono1) (23) and mixed in 
the medium in the incubation chamber at  the final concentration of 
100 nM. After 5 min at 32  "C, the chamber was washed, and  the cells 
were exposed to various treatments. Fluorescence (excited at  546 nm) 
was recorded from single cells and expressed in  arbitrary  units. 

Materials-Fura-2 and fura-2/acetoxymethyl ester were purchased 
from Molecular Probes  (Junction City, OR). Anti-growth hormone 
and  PRL antibodies were the kind gift of Dr. A. Zanini (Consiglio 
Nazionale delle Richerche, Milano, Italy), affinity-purified PTx of 
Dr. R. Rappuoli (Sclavo, Siena,  Italy), bis(oxono1) of Dr. R. Y. Tsien 
(University of California, Berkley, CA), and cholera toxin of Dr. M. 
Tomasi (I.S.S., Roma, Italy). TRH, dopamine, verapamil, sulpiride, 
forskolin, and polyornithine were from Sigma; domperidone was from 
Janssen Pharrnaceutica (Beerse, Belgium). Culture media were from 
Flow Laboratories (Mackenheim, West Germany); all other chemicals 
were reagent-grade. 

RESULTS 

Somatotroph Cells-The cells of fractions 7-9, shown by 
immunofluorescence to be primarily (over 80%, four prepa- 
rations) somatotrophs, were loaded with fura-2, and  their 
[Ca"] were studied in  the microfluorometer both before and 
after various treatments. Only a short account of these results 
will  be  given here (not illustrated in  the figures) to serve as a 
reference to  the  data on LC. Fluctuations  [Caz+li of unstim- 
ulated  somatotrophs were usually (10 out of 12 cells) similar 
to those described below for a  fraction of the LC population. 
These fluctuations subsided when the cells were treated with 
verapamil M) or incubated with an excess of EGTA. 

Neither TRH (100 nM) nor dopamine (10 p ~ )  induced appre- 
ciable effects on the  [CaZ+lj in  any of the cells investigated. 
In  contrast, these cells responded to  the application of so- 
matostatin (0.1 p ~ )  with the loss of fluctuations and decrease 
of average [Caz++li. 

Unstimulated LC-Immunofluorescence of dissociated cells 
separated by the albumin  gradient  sedimentation (four prep- 
arations) revealed that  in fraction 5, the vast majority (80- 
90%) of the cells were LC (Fig. l), the  contaminants being 
somatotroph cells (not shown). As the  latter fail to respond 
to  TRH (Ref. 24 and result above), the ability to respond to 
this neurohormone was taken  as  an additional  criterion for 
LC identification. All cells investigated for [Ca2+]i measure- 
ments were therefore treated at  least once with TRH (100 
nM), and only those that responded with the typical large 
TRH-induced transient (see below)  were considered. 

[Ca2+Ii  measurements carried out 1 and 3 days after cell 
dispersion yielded different results. At day 1, the majority of 
the cells analyzed (22 out of 30) exhibited an unstable  resting 
[Ca2+Ii, fluctuating from values of 60-100 nM up to 260-300 
nM (mean f S.D.: 161 f 51 nM).  By increasing the time 
resolution of the measurements  (one 340380 nm ratio/s), the 
fluctuations were shown to be due to discrete, rhythmic oscil- 
lations of [Ca2+Ij, each lasting several seconds (Fig. 2A).  The 
fluctuations rapidly disappeared when extracellular [Ca2+Ii 
was chelated with excess EGTA or voltage-gated Ca2+ chan- 
nels were blocked by verapamil. Following either of these 
treatments, [CaZ++li of LC became stable at  values in  the 60- 
90 nM range (Fig. 2, B and D). These results  indicate that  the 
fluctuations  are due to Ca2+ influx from the medium. In  the 
rest of the LC analyzed at  day 1, [Ca"Ii  was stable, i.e. with 
fluctuations  around 20-30 nM or less. In  the cell population 
analyzed at  day 3, the resting [Ca2+]; could be classified in the 
same two groups, but  the relative proportion was markedly 
changed. Thus, almost  all (75 out of 80) LC exhibited a  stable 
[Ca2+Ii. The measured values were quite variable from cell to 
cell, ranging from 60 to 260 nM (mean f S.D.: 143 f 40 mM). 
In these cells with stable [Ca2+]i, verapamil had no effect (Fig. 
2E), and chelation of extracellular Ca2+ with EGTA induced 
only a slow decline of [Ca2+Ij (not shown). Only in very few 
(5  out of 80) LC analyzed at  day 3 were fluctuations observed 
that resembled those  predominating at day 1 with regard to 
their sensitivity to verapamil and excess EGTA. 

Treatment with dopamine (1 p ~ )  was found to affect dif- 
ferently the resting  [Ca2+Ii of the two groups of  LC described 
above. As shown in Fig. 2C, in the cells of the first group, 
catecholamine caused the rapid conversion of the fluctuating 

I 
FIG. 1. Indirect  anti-PRL  immunofluorescence  in  the  LC- 

enriched  fraction  separated by albumin  gradient  (fraction 5). 
The field illustrates the typical appearance of highly fluorescent LC. 
Fluorescence-negative contaminants (4 out of 36 cells) are indicated 
by arrows. Magnification X 550. 
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FIG. 2. Resting [Ca2+Ii in single LC. Cells were loaded with 
fura-2 and analyzed by the microspectrofluorometric technique de- 
scribed in detail under "Experimental Procedures." Symbols corre- 
spond to individual  values calculated from the 340:380  nm ratios 
measured  every 1 s (A) or 2 s (B-F). The traces shown in A-D were 
obtained in cells maintained in culture for 1 day, and those of E-F 
in cells cultured  for 3 days. Where indicated, the various agents were 
added at the following final concentrations: verapamil (Vp), 10 NM; 
EGTA, 3 mM; and dopamine (DA) ,  1 pM. 
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FIG. 3. TRH-induced [Ca2+]i transients  in single LC. The 
fura-2-loaded cell was analyzed as described in the legend to Fig. 2. 
TRH was used at 100 nM. Between the two consecutive TRH stimu- 
lations, the cell was  washed with warm medium (5 ml/min) for 5 min 
( w). 

to  the stable pattern, with the disappearance of the peaks and 
a decrease in  [Ca2+Ii to values approaching  those observed 
after verapamil. It should be mentioned, however, that a small 
inhibitory effect of dopamine on [Ca2+]i remained appreciable 
even after  applications of an optimal  concentration (10 FM) 
of verapamil. In  contrast, in the cells showing stable  [Ca2+Ii 
from the very beginning, dopamine failed to cause any  detect- 
able decrease (Fig. 2F). 

In a few experiments (not shown), LC that  had been main- 
tained in suspension for 1 day were analyzed in a conventional 
fluorometer cuvette. The results  obtained were consistent 
with those  on single cells as suspensions showed comparable 
resting [Ca2+Ii (mean f S.D.: 210 f 40 nM; n = 5) that were 
substantially decreased by treatment with dopamine. 

THR- and K+-induced [Ca2+Ii Transients-TRH, applied 
in the Ca2+-containing medium, caused, in most (50 out of 62) 
cells of the LC-enriched fraction 5,  typical biphasic [Ca2+]i 

transients composed by a rapid increase, followed within a 
few seconds by a decrease to a lower and sustained  plateau 
that was maintained for many minutes (Fig. 3). In a popula- 
tion of 50 cells, the initial  [Ca2+Ii peak induced by 100 nM 
TRH was quite variable, ranging from 0.65 PM to values 
approaching dye saturation around 20 PM (mean & S.D.: 6.7 
k 6 FM). Repeated (up  to  three) exposures of the same cell to 
the same concentration of TRH  after 5-10 min of washing 
yielded [Ca2+Ii increases that were almost identical (difference 
4 0 % )  in size and time course (Fig. 3). Also, the plateau that 
followed the initial  TRH-induced peak was quite variable in 
the cell population (200-650  nM; mean f S.D.: 430 f 150 nM; 
n = 40), but highly reproducible in individual cells. In a group 
of cells (4 out of a total of 44), the plateau was not seen, but 
was replaced by [Ca2+Ji fluctuations of various size and fre- 
quency that, in some cases, reached values as high as 1 PM. 
These  fluctuations slowly subsided when TRH was washed 
away, leaving a  plateau only slightly above the resting level 
(not shown). 

When TRH (100 nM) was applied in  a Ca2+-free medium 
(containing 3 mM EGTA), the initial [Ca2+]i peak was largely 
maintained  (mean It- S.D.: 5.3 +- 4.8 JLM; n = 32), but  the 
subsequent plateau  (or the fluctuations) was not seen (Fig. 
4A). A similar result was obtained when the cells were exposed 
to  the Ca2+  channel blocker verapamil(l0 PM) before exposure 
to  TRH  (not shown). On the  other hand, when EGTA and 
verapamil were applied after  TRH, they caused the [Ca*+li 
plateau to dissipate rapidly (Fig. 4, B and C ) .  Taken together, 
the results with TRH indicate that  the [Ca2+Ii transient 
induced by the neurohormone has two components. The ini- 
tial peak appears to be due primarily to redistribution from 
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FIG. 4. Effects of EGTA and verapamil on TRH- and K+- 
induced [Ca2*li increases. [Ca2+]i  was monitored from single fura- 
2-loaded LC as described in the legend to Fig. 2. EGTA (3 mM) was 
added either before (A)  or after (B). TRH. Verapamil (Vp)  applied at 
10 PM after TRH (C) or K+ ( D )  stimulation. TRH and K+ concentra- 
tions were 100 nM and 55 mM, respectively. 
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intracellular  stores, whereas the subsequent plateau ar.d the 
fluctuations depend on influx from the extracellular space, 
most probably through voltage-gated Ca2' channels. 

[Ca"], transients could be induced in LC also by depolari- 
zation. Switching of extracellular free [K'] from 5 to 55 mM 
caused [Ca2+], to rise abruptly to values even higher than 
those induced by TRH (mean f S.D.: 11.3 f 11 p ~ ;  range: 1 
p~ to dye saturation;  n = 20). The initial spike was  followed 
by a  plateau  (mean k S.D.:  720 k 420  nM). These increases 
were eliminated or quickly interrupted by EGTA or verapamil 
applied either before or  after high [K'] (Fig. 3 0  and  data not 
shown).  Similar to those by TRH,  the [Ca2+I1 transients 
induced by K+ were reproducible in  a single cell. 

Dopamine Inhibition of TRH- and K+-induced [Ca2+Ii 
Transients  in LC-The effects of dopamine on the [Ca2+Ii 
increases induced by either  TRH  or high [K+] are shown in 
Fig. 5 and Table I. Because of the variability of both  resting 
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FIG. 5. Dopamine inhibition of TRH- and K+-induced 
[Ca2+Ji transients. Single fura-2-loaded LC were analyzed as de- 
scribed in the legend to Fig. 2. A ,  dopamine (DA)  either after or 
before TRH stimulation; B,  dopamine followed by TRH in the 
presence of EGTA; C, dopamine followed by K+. Dopamine was  used 
at 1 pM; other concentrations were as described in the legend to Fig. 
4. Where indicated ( W), the chamber was  washed  with  warm  medium 
(5  min, 5 ml/min). 

and stimulated  [Ca2+Ii  in different cells and,  in  contrast, the 
reproducibility in individual cells, the effects of dopamine are 
expressed in terms of percent  inhibition with respect to a 
previous transient induced in the same cell by the stimulatory 
agent without dopamine (Table I). Since the results  obtained 
on cells cultured for 1 or 3 days were similar,  they will  be 
described together. 

Dopamine (1 p ~ ) ,  administered  in the Ca2'-containing 
medium before TRH, caused a substantial inhibition of both 
the [Ca2+Ii peak and  the plateau  phases induced by the neu- 
rohormone (Fig. 5A) (mean: -80%, range: 70-90%; and mean: 
-96%, range: 80-loo%, respectively; n = 10). The inhibition 
of the plateau was also observed when dopamine was applied 
after TRH (Fig. 5A and Table I).  In order to define in more 
detail the inhibitory effect of dopamine on  stimulated Ca2+ 
homeostasis, catecholamine was applied in the conditions in 
which [Ca2+Ii transients depend exclusively on  either intra- 
cellular redistribution (TRH applied in the Ca2'-free/EGTA 
medium) or Ca2+ influx (high [K']). In either case, dopamine 
proved to maintain its inhibitory effect (Fig. 5, B and C, and 
Table I). 

Dopamine-induced Hyperpolarization of LC-The effects of 
dopamine on the depolarization-induced Ca2+ influx, revealed 
by the results with both TRH  and K+, could be due to various 
mechanisms. In particular,  a direct inhibition of voltage-gated 
Ca2+ channels or  an indirect effect mediated by a change of 
the LC membrane potential can be envisaged. Changes of 
membrane potential  can be qualitatively indicated by specific 
fluorescent probes, such as bis(oxono1) (23). When individual 
LC loaded with this probe were treated with dopamine in the 
microspectrofluorometer, their fluorescence decreased mark- 
edly, indicating hyperpolarization (Fig. 6A) .  Such an effect 
was reversible, as washing of the dopamine-hyperpolarized 
cells resulted in the return of fluorescence to  the resting level. 

Dopamine Effects on [Ca2+1, Are Mediated by the 0 2  Recep- 
tor-Extensive evidence indicates that LC cells are endowed 
with a dopamine receptor of the D2 type (1) which  is respon- 
sible for all the effects of catecholamine reported up  to now. 
In order to establish whether the dopamine effects on [Ca2+Ii 
homeostasis now identified are also mediated by this receptor, 
pharmacological experiments were carried out by the use of 
selective D2 antagonists, 1-sulpiride and domperidone (25, 
26). Sulpiride (Table I)  and domperidone (not shown) admin- 
istered at concentrations as low as 0.1 and 1 p ~ ,  respectively, 
nearly completely abolished the inhibitory effects of dopamine 
on  both the  TRH-induced Ca2+ redistribution and  the K+- 
induced Ca2+ influx. 

involvement of PTx-sensitive G Protein(s) in Dopamine 
Action-The responses elicited by the activation of various 
types of inhibitory receptors, including somatostatin receptors 
in GH, cells (15, 271, have been reported to be  blocked by 
pretreatment of the cells with PTx, a toxin that causes the 
ADP-ribosylation of various G  proteins, such as Gi and Go 
(28). 

In  rat LC, treatment with PTx (1 pg/ml for 4 h) was unable 
to affect the [Ca*+]; transients induced by TRH (Fig. 7) or K+ 
(not shown),  as previously observed in GH,  cells (15). In 
contrast,  the dopamine-induced inhibition of the  TRH peak, 
the  TRH plateau, and  the K+ transient were all severely 
curtailed (Fig. 7A and Table I). Likewise, PTx caused the 
disappearance of the plasma membrane hyperpolarization 
induced by dopamine (Fig. 6B). When the concentration 
dependence of the effect on dopamine inhibition was investi- 
gated, the toxin proved to be approximately equipotent  in 
releasing the dopamine inhibition of either type of [Ca2+Ii 
transient: by TRH in the Ca"-free/EGTA medium and by 
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TABLE I 
Dopamine  inhibition of TRH- and K+-induced [Ca2+]i transients in single LC 

[Ca2+Ii was  monitored  from single LC as described in the legend to Fig. 2. The concentrations used were 100 nM 
TRH, 1 pM dopamine, 55 mM K', 1 pg/ml  cholera toxin (4 h), 1 pg/ml PTx (4 h), 10 p~ forskolin (5  min), and 0.1 
p~ 1-sulpiride.  Values  shown  are means, with ranges  shown in parentheses. 

Inhibition  with  respect to a  previous transient 

Treatment TRH-induced [Ca2+IA transients 
K'-induced 

Peak of 

Peak" Plateaub (Ca*+], transienta' 

% 

Dopamine 71 (60-85; n = 20) 95 (80-100; n = 10) 65 (60-100; n = 15) 
Dopamine + cholera toxin 10 (0-20; n = 4) 88 (6S-100; n = 5) 60 (60-95; n = 6) 
Dopamine + forskolin 10 (0-20; n = 4) 90 (80-100; n = 3) 
Dopamine + pertussis toxin 22 (0-30; n = 10) 30 (20-50; n = 8 )  24 (0-40; n = 20) 
Dopamine + sulpiride 10 (0-30; n = 5 )  30 (10-50; n = 10) 17 (10-30; n = 5) 

DoDamine  followed bv TRH in the Dresence  of 3 mM EGTA. 
Dopamine after TRH in Caz+-cont&ing medium. 

e Dopamine  followed by K+ in Ca2+-containing medium. 

FIG. 6. Changes of LC membrane 
potential by dopamine and high 
[K+]. Cells were loaded with bis(oxono1) 
as described  under  "Experimental Pro- 
cedures."  Fluorescence is expressed in 
arbitrary units. The cell shown in A was 
studied without prior treatment, that 
shown  in the inset was  pretreated with 
cholera toxin (1 pg/ml, 4 h), and that 
shown  in B was  pretreated with PTx (1 
pg/ml, 4 h). Other details are as de- 
scribed  in the legend to Fig. 5. DA @ 

I I I I I 
I 

lmin 

K+ in the Ca2+-containing medium (not shown). 
CAMP-elevating Agents Prevent Dopamine  Inhibition of 

Triggered Ca2+  Redistribution-A well-known effect of D2 
activation  in  pituitary LC is the inhibition of adenylate cy- 
clase, with ensuing marked decrease of the cAMP  concentra- 
tion (2-4, 19). In order to establish whether and  to what 
extent  this  latter effect is related to  the inhibition of [Ca2+], 
transients we have observed, treatments  that cause elevation 
of cAMP were  given to cultured LC prior to exposure to 
dopamine, followed  by TRH  or K'. The results  obtained are 
illustrated  in Fig. 7B and  Table I. 

Treatment with forskolin (10 p ~ )  or preincubation of the 
cells with cholera toxin (1 pg/ml for 4 h) induced a clear 
dissociation of the inhibiting effects induced by dopamine on 
triggered [Ca2+Ij transients.  The inhibition of the initial re- 
distributive TRH peak was almost completely released by 
either one of the CAMP-elevating treatments.  In  contrast,  the 
[Ca2+], increases sustained by stimulated  influx, i.e. those 
induced by high [K+] and  the  TRH-induced plateaus, were 
almost  entirely unaffected; and  the same occurred with the 
hyperpolarization measured with bis(oxono1) (Fig. 6A,  inset). 

DISCUSSION 

Most of the studies  on the intracellular signals generated 
in LC  by D2 receptor activation were carried out so far  on 
experimental preparations that suffer distinct limitations. 
These  preparations include mixtures of cells dissociated from 
animal anterior pituitary  tissue or human  pituitary  tumors 
(prolactinomas) and pituitary cell lines (i.e. various subclones 
of the  rat tumoral GH lines). LC represent  a considerable, 
but still  a minor component of the anterior  pituitary cell 
population. Therefore, any attempts made in  tissue or cell 
mixtures to correlate PRL release with receptor-triggered 
intracellular signals is faced with the problem that release 
occurs from one cell type only (the LC), whereas signals can 
be generated in  other types as well. In  this respect, it should 
be emphasized that not only LC, but also thyrotroph and 
somatotroph cells, are endowed with dopamine receptors (1). 
Prolactinomas and tumor cell lines, on the other  hand, al- 
though satisfactory from the point of  view of homogeneity, 
might be inadequate because of their variable (if not lacking) 
sensitivity to dopamine (1, 29). These  considerations  empha- 
size the need to use bona fide LC to investigate the role of 
[Ca'+Ii in the inhibitory  control of PRL release by dopamine. 
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FIG. 7. Effects of PTx (A  and A')  
and cholera toxin (B and B') on do- 
pamine inhibition of TRH-induced 
[Ca2+Ii transients. Toxin treatment 
was carried  out as described  in the legend 
to Fig. 6. Fura-2-loaded LC were  exposed 
to dopamine  after the application of 
TRH in  Ca2+-containing medium (A and 
B )  or  before stimulation by TRH in the 
presence of EGTA (A' and B'). Other 
details  are  as  described in the legends to 
Figs. 2 and 5. 

I 

This  has been done for the  first  time  in  this work by  a 
combination of two  techniques: isolation of a cell preparation 
highly enriched  in LC, followed by selection of the cells 
markedly  responsive to  TRH.  Since  the  contaminants (<20% 
of the  total)  present  in  the cell preparation  are  somatotrophs, 
which are  not responsive to   TRH (Ref. 24 and  the  present 
results),  this  additional  test  makes  sure  that  all cells we have 
investigated  are  true LC. 

Resting [Ca2+J;--In the LC population we have analyzed, 
two  groups were identified: one  with  fluctuating  [Ca2]li  and 
the  other  with  stable  resting [Ca2+Ii. Fluctuations were due  to 
discrete oscillation of [Ca2+Ii  that  might be the consequence 
of spontaneous,  Ca2+-dependent  action  potentials.  Sponta- 
neous action  potentials  sustained  in  part by Ca2+ were ob- 
served by electrophysiology first  in  the LC of a teleost fish 
(7)  and recently in 40% of a population of bovine LC (30). 
Oscillations of  [Ca"], are  not a property of LC  only, but  have 
been  observed also  in GH3' and  rat  somatotroph cells (this 
work).' In  these two cell types,  the oscillations of [Ca2+Ii were 
found  to  subside  after  the  application of somatostatin.2  Spon- 
taneous  fluctuations in [Ca'+]; appear  to be, however, not 
general  among  neurosecretory cells; for  example,  in unstim- 
ulated bovine chromaffin cells and PC12  cells, stable [Ca"]; 
has been reported (31). The  fluctuations we have observed in 
LC were of considerable size and  might  therefore be important 
to  maintain  the high rate of basal  secretion  typical of these 
cells. This would be consistent  with  recent  studies (32) in 
which spontaneous PRL release  was investigated at  the single 
LC level by the hemolytic plaque  assay  and  found  to be quite 
variable, i.e. high in some  cells (that  might  correspond  to 
those  with  fluctuating [Ca"];) and low in  others.  The  propor- 
tion of cells with  stable  resting [Ca2+Ir increased markedly 
from 1 to 3 days  in  culture, whereas the responses to  TRH 
and K+ were not modified. The  reason(s)  underlying  the 
changed behavior of unstimulated LC during  culture  is  not 
clear. In  any case, such a change was convenient  for  our 
studies because the  analysis of the triggered transients,  their 

W. Schlegel, personal communication. 
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inhibition by dopamine,  and  the effect of the  other  treatments 
was much easier in  the  stable  than  in  the  fluctuating cell 
population. 

[Ca2+Ji Transients  Induced by TRH and K+-Application 
of dopamine was found to affect  markedly the  [Ca2+Ii  tran- 
sients induced  by the  neurohormone  TRH  and by  depolarizing 
concentration of K+. As the effects of these  two  treatments 
have never  been investigated  in LC, they were characterized 
in some  detail. Similar to  the  results previously reported in 
GH3 cells (12, 17),  the  TRH-induced  transients were found to 
be biphasic, with  an  initial  peak  predominantly  due  to redis- 
tribution from intracellular Ca2+ stores  and a secondary phase 
due  to  Ca2+ influx through voltage-gated  Ca2+ channels. Al- 
though highly reproducible in individual cells, the two phases, 
and  particularly  the second, were variable in  the cell popula- 
tion.  Previous  extensive  studies (33-35) indicate  that  in  GH3 
cells, the  initial [Ca"]; peak  is  due  to  TRH-induced hydrolysis 
of phosphatidylinositol 4,5-bisphosphate with  generation of 
inositol-1,4,5-trisphosphate, an  intracellular messenger that 
induces  release of Ca2+  from a "microsomal" store. Prelimi- 
nary  results3  from  our  laboratory  indicate  that  this sequence 
of events  is induced by TRH  in  rat LC as well.  As far  as  the 
second phase of the  TRH-induced [Ca2+]; transient,  its  vari- 
ability  has  already been reported by Albert and  Tashjian (13) 
when studying  the  populations of GH3 cells  endowed  with 
different  concentrations of TRH receptors. In  addition,  our 
present  data revealed in a small  proportion (10%) of the 
analyzed  LC population  the occurrence of [Ca2+Ii  fluctuations. 
Such [Ca2+]; fluctuations  appear  totally  consistent  with  TRH- 
evoked action  potentials described first  in fish LC (7) and 
recently in a fraction of bovine  LC studied by intracellular 
recording  (30).  At variance  with  our  present  results  in LC, 
Albert and  Tashjian  (13), working on GH, cells, failed to 
observe fluctuations of [Ca2+Ii  after  administration of TRH. 
This  observation  might  not be due  to a real difference  between 
GH3  and LC, but  to  the  greater  resolution of the single cell 
technique used in  the  present work with respect to  the  con- 

' L. Vallar and J. Meldolesi, unpublished data. 
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ventional fluorometric technique used by Albert and Tashjian 
(13), in which the fluorescence signal is averaged over a large 
population of cells. 

On the  other hand, the [Ca'+]; transients induced by high 
[K+] were found to be prevented by both withdrawal of Ca2+ 
from the incubation medium and  treatment with the Ca2+ 
channel blocker verapamil. These transients appear  therefore 
to be due to depolarization-induced activation of voltage-gated 
Ca2+ channels. 

Effects of Dopamine on [Ca'+/; Homeostasis-Dopamine 
was found to have profound effects on [Ca2+Ii homeostasis. 
Two processes (Ca2+ influx through voltage-gated Ca2+ chan- 
nels and Ca2+ redistribution from intracellular stores) were 
found to be inhibited by apparently  independent mechanisms. 
Inhibition of Ca2+ influx appears to be responsible for 1) the 
disappearance of spontaneous Ca2+ fluctuations and 2) the 
inhibition of both the depolarization (high [K+])-induce6 
transients  and  the TRH-induced  plateaus. Our data with the 
membrane potential  indicator bis(oxono1) as well as electro- 
physiological results (8, 30) suggest that  the effects on Ca2+ 
influx occur as a consequence of a dopamine-induced hyper- 
polarization, which in turn might depend on the activation of 
a K' conductance (8). A decrease in  resting [Ca"], induced 
by dopamine had already been reported by Schofield (lo),  
who  worked,  however, on a mixed population of dissociated 
anterior pituitary cells. Our results  demonstrate that  this 
effect is due to  the subpopulation of  LC characterized by 
fluctuating [Ca'+],. In  this respect, it is interesting that  the 
inhibition of spontaneous PRL release by dopamine has been 
found recently to be selective for a subpopulation of  LC with 
high secretory activity (32). The effect of dopamine on Ca2+ 
influx resembles markedly that of somatostatin, previously 
characterized in  detail  in GH, cells (15, 36). 

Dopamine inhibition of Ca2+ redistribution was demon- 
strated in the experiments with TRH applied in  the Ca2+-free 
medium. The  site of action of catecholamine has not been 
identified yet. Dopamine could act by inhibiting the hydrolysis 
of polyphosphoinositides, in  particular the generation of ino- 
sitol  1,4,5-trisphosphate (37, 38); alternatively, the function- 
ing of inositol 1,4,5-trisphosphate at  the intracellular Ca2+ 
store could be inhibited by dopamine. 

The mechanism by which dopamine induced its inhibitory 
effects were investigated by employing PTx  and  the CAMP- 
elevating raising agents. The complete inhibition of dopamine 
effects brought about by PTx demonstrates the existence of 
G protein-mediated coupling(s) at  the receptor level. Gi, the 
mediator of receptor-triggered inhibition of adenylate cyclase 
and a known substrate of PTx, could be indirectly responsible 
also for the inhibition of Ca2+  redistribution induced by do- 
pamine because this effect was no longer seen in the cells 
pretreated with either forskolin or cholera toxin. The precise 
site of interaction between the CAMP and  the inositol 1,4,5- 
trisphosphate messenger systems  (whether at  the level of 
polyphosphoinositide hydrolysis or of Ca2+ release from the 
intracellular  store or other) remains to be elucidated. In 
contrast  to  the effects on  Ca2+  distribution, the effects of 
dopamine on  melzbrane  potential and Ca2+ influx were found 
to be unaffected by CAMP-elevating agents. In  this case, the 
possibility of a G protein-mediated coupling of the dopamine 
receptor to  a K+ channel, as  has been suggested for other 
receptors (39-41), should be considered. We conclude that 
although the precise scenario of the events triggered by the 
activation of the D2 receptor in LC is still  in the process of 
being unraveled, the available evidence already indicates  not 
only the involvement of two second messengers (Ca'+ and 
CAMP), but also the triggering of at  least two apparently 

separate mechanisms: one dependent and  the other independ- 
ent of CAMP. The complexity of the signal array triggered by 
dopamine in LC appears to match  important physiological 
needs. Secretion of PRL is known, in fact, to be stimulated 
by various messengers (Ca2+, CAMP, diacyiglycerol) acting 
not independently from one another, but  in  a concerted fash- 
ion to overcome the inhibitory dopaminergic tone (5).  The 
multiple intracellular  events elicited by the activation of the 
D2 receptor appear  therefore as  an efficient and economical 
way to keep PRL secretion under continuous and accurate 
control. 
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