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Summary. We studied a chloride (CI )  conductance activated 
by calcium (Ca 2§ in normal rat lactotrophs and compared its 
activation during TRH stimulation in normal rat lactrotrophs and 
in GH3 tumoral lactosomatotrophs cells, using the whole-cell 
configuration of the patch-clamp technique. 

The C1- specificity of the conductance was assessed by 
manipulation of internal and external C1- concentrations. The 
reversal potentials were in agreement with those predicted by the 
Nernst equation. Ca 2 + ionophore A23187 and membrane depolar- 
izations activated the C1- conductance. However, a feedback 
effect of CI- gradient modifications on Ca 2§ movements was also 
observed in normal lactotrophs. 

In the latter, TRH (100 nM) mobilization of intracellular Ca 2+ 
activated this C1- conductance together with the potassium (K§ 
conductance when both ions were present in the intracellular 
medium (IM) or alone when K + was absent. Chloride conduc- 
tance was not activated in the GH3 cells, where mobilization of 
intracellular Ca 2+ by TRH (100 riM) activated only Ca2+-depen - 
dent K + conductance. It seems likely that the activation of C1- 
conductance in these two different cell types involves different 
mechanisms. 

Key Words rat lactotrophs �9 calcium-activated chloride con- 
ductance �9 TRH stimulation 

Introduction 

The stimulus-secretion coupling process has been 
extensively studied in the GH3 pituitary tumoral cell 
line which secretes prolactin and growth hormone 
(for review s e e  ref. [29]). In these cells, stimulation 
of release by thyrotropin-releasing hormone (TRH) 
is a complex process which can be summarized as 
follows: in an early phase, TRH stimulation leads to 
a transient rise in [Ca2+] i as shown by population 
[33] or single cell microfluorimetric analysis [37]. 
Electrophysiological recordings have consistently 
shown that TRH induces a transient hyperpolariza- 
tion [28]. The use of combined electrophysiological 
and microfluorimetric techniques in individual cells 
has established that the transient hyperpolarization 

is due to the activation of a Ca2+-dependent K + 
current associated with the initial rise in [Ca2+]i [23, 
24, 27]. 

In normal rat lactotrophs few authors have re- 
ported on stimulus coupling mechanisms [11, 12, 
31]. Recently we presented data showing that, in 
primary cultures of normal rat lactotrophs, the elec- 
trophysiological response to TRH was not identical 
to that observed in GH3 cells [31]. The main differ- 
ence concerned the activation, in normal lacto- 
trophs, of a chloride conductance which interfered 
with the well-known Ca2+-activated K + conduc- 
tance during the hyperpolarizing phase of the TRH 
response. The reason for this difference between the 
tumoral GH3 and normal rat lactotrophs is unclear 
since chloride conductance activated by Ca 2§ ions 
has also been reported in GH3 cells [30]. 

In these experiments, we studied the chloride 
conductance of normal rat lactotrophs and show that 
this conductance can be activated under experimen- 
tal conditions similar to those reported by Rogawski 
et al. [30] for GH3 cells. We compare the response 
to TRH of tumoral and normal lactotrophs and show 
that TRH can induce activation of a chloride conduc- 
tance in normal lactotrophs but not in tumoral cells. 
The biological factors responsible for this key differ- 
ence could be of importance in understanding the 
endocrine secretion process. The mechanisms un- 
derlying this discrepancy (and its relation to tumor- 
icity) remain to be explored. 

Materials and Methods 

We found no difference in the involvement of chloride channels 
in TRH response between pituitary lactotrophs derived from di- 
oestrous or lactating rats [31]. Therefore, we used either lactating 
or cycling female rats and prepared the primary cultures as re- 
ported earlier [31]. Briefly: anterior pituitaries were minced after 
removal and incubated with collagenase (0.2%, in Ca 2+- and 
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Mg2+-free Hanks' balanced salt solution (HBSS) containing 0.3% 
of BSA) for 90 min at 36.5~ isolated cells were then plated in 
petri dishes (35 mm) and cultured in Ham's F10 or DMEM-F12 
complemented with 10% fetal calf serum (FCS) for at least three 
days before recording began. 

GH3 cells, originally provided by Dr. A. Tixier-Vidal and 
D. Gourdji, College de France, Paris, France, were cultured in 
Ham's F10 or DMEM-F12 medium containing 12.5% of horse 
serum (HS) and 2.5% FCS. 

Whole-cell recordings (WCR), following the patch-clamp 
technique reported by Hamill et al. [7], were performed at room 
temperature (23 -+ 2~ using a DAGAN 8800 amplifier. More 
technical details were given in a previous article [31]. For mi- 
crofluorimetric measurements, cells were grown on 30-mm glass 
coverslides. 

Recording media were prepared as follows: 
(i) The external bathing solution (EM) was formulated with 

three different concentrations of C1 ions (150, 75 and 30 raM); 
EM was basically constituted with Ham's F10 supplemented to 
10 mM for Ca 2+ , 2 mM for MgC12, with 5% FCS, buffered with 10 
mM of HEPES. This medium contained 150 mM C1 . The 30 mM 
CI medium was obtained by substituting Na gluconate for NaCI. 
Ninety mM CI- was achieved by mixing 150 mM C1- medium with 
medium where NaCI was substituted by Na gluconate. Osmolar- 
ity and pH were adjusted to 300-310 mOsmol/liter and 7.3, re- 
spectively. 

(ii) The internal recording solution used for filling the patch 
pipette (IM) was also formulated with three different concentra- 
tions of Cl- ions (4, 30 and 150 mM). Internal media (IM) consisted 
basically of potassium gluconate (Kgluc 140 mM, or Kgluc 114 + 
KC126 mM), potassium chloride (KCI, 150 mM) or cesium chloride 
(CsCI, 150 mM) complemented to 2 mM for MgCI2, 1.1 mM for 
ethyleneglycol-bis-(/3-aminoethyl ether)-N,N,N' ,N'-tetra-acetic 
acid (EGTA), 5 mM for HEPES, 0.1 mM for leupeptine [1]. Osmo- 
larity and pH were adjusted to 300 -+ 5 mOsmol/liter and 7.3, 
respectively. 

Stock solution of the calcium ionophore A231~87 (10 mM in 
DMSO) was diluted in the EM at a final concentration of 10 ~M. 4- 
Acetamido-4'-isothiocyanatostilbene-2-2'-disulfonic acid (SITS), 
a blocker of C1 channels, was also diluted in EM at a concentra- 
tion of 2 raM. 

Microspectrofluorimetric measurements of free internal 
Ca 2. was performed using the Ca>-sensitive probe Indo-1 as 
described by Mollard et al. [22]. Glass coverslides bearing cells 
were treated on hollowed pctri dishes and bathed in 10 mM Ca 2+ 
EM. TRH (100 riM) was applied with the same ejection procedure 
as for the electrophysiological recordings. Fluorescence was ana- 
lyzed using a Nikon diaphot inverted microscope fitted with 
epifluorescence (• 100 oil immersion fluorescence objective nu- 
merical aperture 1.3). The emitted fluorescence signal of isolated 
cells was passed through a pinhole diaphragm slightly larger than 
the selected cell and analyzed by two Nikon photometers (F405 
and F480). [Ca2+]i was calculated following the method reported 
by Mollard et al. [22]. Coupling of electrophysiological and mi- 
crospectrofluorimetric techniques were also performed using the 
method reported by Schlegel et al. [32], adapted by Mollard et al. 
[22]. 

Immunocytochemical (ICC) labeling was performed ac- 
cording to the peroxydase anti-peroxydase (PA P) procedure de- 
scribed earlier [34]. Anti-rat PRL $9 was provided by the National 
Hormone and Pituitary Program (NIDDK). When post-recording 
ICC labeling was not possible, especially when using glass cov- 
erslides, we estimated the percentage of lactotrophs analyzed and 
found that 90% of cells chosen were TRH responsives (90 cells 

out of 99). As reported earlier, a bias exists to overcome the 
heterogeneity of pituitary cell populations in culture. Morphologi- 
cal and spatial arrangement criteria were used to select lacto- 
trophs or lactosomatotrophs. 

Results 

C a  2+ ACTIVATES A CHLORIDE CONDUCTANCE 

IN NORMAL RAT LACTOTROPHS 

In this series of experiments, the contribution of 
K + ions to membrane macroscopic currents was 
eliminated by loading the cell, through the patch 
pipette, with an ion impermeant to K § channels. 
We used cesium (Cs§ The demonstration of a 
Ca2+-dependent chloride conductance in normal 
lactotrophs was achieved by ejecting the calcium 
ionophore A23187 onto lactotrophs recorded with 
CsC1 (150 mM) filled pipettes (Fig. 1). In the 
voltage-clamp configuration, the cell being clamped 
at -40  mV, application of A23187 (10 /XM) was 
followed within 5 sec by the development of an 
inwardly directed current associated with an in- 
crease in membrane conductance (Fig. 1A). Con- 
ductance changes were measured by stepping the 
voltage to - 10 mV for 0.6 sec every 5 sec (upward- 
directed bars, Fig. 1A). The reversal potential 
(Erev) of the ion carrying the induced current was 
calculated following the equation Er~ v = V h - A I /  

Ag, where V h is the holding potential, AI is the 
variation of the intensity of the current and Ag the 
variation of the conductance during the step. Using 
this method, Ere v was +3 -+ 0.05 mV, which is in 
close agreement with the Nernst prediction for C1- 
ions. Under these experimental conditions (both 
extracellular and intracellular concentrations of 
C1- ions being 150 mM), the equilibrium potential 
for C1 ions is 0 mV. When the voltage was 
clamped at +30 mV, the A23187-induced current 
turned outward, as expected for a chloride current 
entering the cell (Fig. 1B). Ere v was estimated at 
- 2  --+ 3 mV, which is again in agreement with 
the Nernst theoretical Ere v for C1- ions in these 
conditions. The plot of the current as a function 
of Vh or the I / V  chord relationship following Owen, 
Segal and Barker [27] (Fig. 1C and D) gave an 
approximate value between -10  and 0 mV. The 
shift towards more negative values than expected 
(Fig. 1C) may result from Ca 2+ current activation 
near 0 mV. 

To show that in fact a C1- conductance was 
activated in response to A23187, the external chlo- 
ride concentration was reduced to 30 mM, whereas 
the internal concentration of CI- was maintained at 
150 mM C1-. As shown in Fig. 2A, with the cell 
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F ig .  1. Effects of the Ca 2+ ionophore A23187 on the chloride current in normal lactotrophs. (IM = 150 mM CsC1; EM contains 150 
mM C1- ; voltage-clamp analysis.) (,4) Holding potential (Vh) was maintained at -40  mV. Depolarizing steps, 30 mV in amplitude (upper 
trace), were applied to the recorded cell. A23187 gave rise to an inwardly directed (C1- outward) current (downward deflection of the 
current on the middle trace), with great increase of conductance (upward bars during the steps). Reversal potential (Erev) for this cell 
was estimated at + 3 -+ 0.05 mV (lower part of the graph). Mean Erev for the cells tested was estimated at + 0.7 -+ 2.1 mV (n = 5 cells). 
(B) When V~ was maintained at + 30 mV, A23187 induced an outward current (CI inward). A similar increase in conductance was 
observed (upper and middle traces). In this case also, the calculated Ere v (lower part) estimated at - 2  -+ 3 mV, was close to 0 mM 
which is the theoretical equilibrium potential for C1- ions, according to the Nernst equation�9 (C) and (D) The plot of the currents as 
a function of Vh (C) or I/V chord relationship (D) gave graphic estimations of Erev close to zero in both cases. 

clamped at V h = - 4 0  mV, the Ca 2+ ionophore in- 
duced an inward current and Ere v was estimated at 
+ 24.9 -+ 1.5 inV. The I /V  chord graphic representa- 
tion (Fig. 2B) confirmed this value ( - +  20 mV). 

In order to further substantiate the CaZ+-depen - 
dence of the C1- conductance, tail currents were 
studied using long depolarizing steps (from 0.5 sec 
to more than 5 sec), with a holding potential stepping 
from - 7 0  to 0 mV. 

We first verified that results similar to those 
reported by Rogawski et al. [30] could be obtained 
with the GH3/B6 cells used in our laboratory. Ca 2+- 
dependent C1 tail currents were consistently ob- 
tained with CsCI or N-methylglucamine CI- (NMG- 
C1-) formulated internal medium (not shown)�9 

The ionic nature of the tail current in normal 
lactotrophs was confirmed. Tail current was blocked 
when the solution in the pipette patch contained 
Kgluc 140 mM instead of CsC1. TEA (10 or 20 mM) 

and TTX (5 or 20/xM) added to the bathing medium 
had no effect, indicating that the only ion which 
contributes to the tail current was C1 , since the tail 
of Ca 2+ current deactivates within 10 msec [20], 
whereas tail deactivation in the present experiments 
lasted several seconds. Combined electrophysiolog- 
ical and fluorimetric techniques clearly showed that 
the duration of the depolarizing step was directly 
correlated to cytosolic Ca 2+ and C1 tail amplitude 
(Fig. 3A). Chloride tail was already activated by a 
0.5-sec depolarizing step (Fig. 3B) and reached its 
maximal value for a 4- to 5-sec step. Lowering the 
external Ca 2+ (2 mM instead of 10 mM) (Fig. 3B), or 
buffering the internal calcium by high concentration 
of EGTA (10 mM instead of 1.1) in the patch pipette 
solution strongly decreased the depolarization- 
induced tail current (not shown). 

The potential dependence of the CI- tail were 
studied in cells, clamped at - 70 mV, on which depo- 
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Fig. 2. Effect of external chloride concentration modification (30 mM C1- instead of 150 in the EM) on A23187 response. (IM = 150 
m s  CsCI; EM contains 150 mM C1-; voltage-clamp analysis.) (A) EM containing 30 mM C1- was ejected during and after A23187 
application onto a cell recorded at V h of -40  mV, inducing an inward current (middle trace). The increased conductance elicited by 
30-mV depolarizing steps was less than in Fig. IA. Erev in this case was estimated to +24.9 -+ 1.5 mV (lower part). Mean Erev for all 
the cells tested was estimated at + 17.8 -+ 5.1 mV (n = 5 cells). (B) 1/V chord relationship gave approximately the same value for Ere V 
( -  + 20 mV). 

larizing steps of increasing amplitude were applied 
(Fig. 4). The I~ V relationship between Ca 2 + currents 
and C1- tail amplitude are represented in Fig. 4A. 
Maximal amplitude of the C1- tail amplitude are 
represented in Fig. 4A. Maximal amplitude of the 
C1 tail peaked at. 0 mV and closely followed the 
I/V plot of the slow inactivating Ca 2+ current (L). 

The presence of an important leak current (70 
pA when the cell was depolarized to 0 mV) and 
the combination of calcium inward current and C1- 
inwardly or outwardly directed currents during volt- 
age steps to 0 mV (Fig. 4B), make accurate evalua- 
tion of Ca 2+ current amplitudes difficult. However, 
it seems likely that the potential dependence of the 
C1- tail reflects the potential dependence of the L- 
type calcium current. 

MANIPULATIONS OF EXTRACELLULAR C1 

CONCENTRATION AFFECT MEMBRANE 

ION CONDUCTANCES 

Manipulation of the CI- gradient affect membrane 
ion conductances and resting properties. Modifica- 
tion of the external C1- concentration (150 mM 

C1- inside and 90 mM C1- outside) led to a decrease 
of the C1- tail instead of an increase as expected 
from Nernst. Indeed reducing the external chloride 
concentration from 140 to 90 mM decreased the 
Ca 2+ inward current induced during the depolariz- 
ing step, thus lowering the Ca2+-dependent C1- 
tail (Fig. 5 where the peak Ca 2+ currents were 
plotted and Fig. 6A,b as compared to A,a and 
A,c). This effect is independent of Ca 2+ current 
rundown occurring in the whole-cell configuration 
and clearly demonstrates that manipulation of ex- 
ternal C1 concentration has a direct effect on 
Ca 2+ current in these experimental conditions. 
A similar CI- dependence of the depolarization- 
induced Ca 2+ influx was observed in GH3 cells 
(data not shown). In order to show the CI- depen- 
dence of the tail current, we used the C1 channel 
blocker SITS (2 mM in the EM) and obtained a 
66% decrease in the C1- tail (five cells). On occa- 
sions the decrease was also partly due to a direct 
effect on the depolarization-induced Ca 2+ current. 
However when SITS was ejected at the end of the 
depolarization step, a specific effect on the CI- 
tail current (Fig. 6B,a B,b) was shown. 
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Fig. 3. Ca 2- dependence of chloride tail current in normal Iactotrophs. (IM - 150 mM CsC1; EM contains 150 mM NaCl, l0 to 20 mM 
TEA.) It was shown that 5 or 20/.~M TTX had no effect on the tail current. (A) Combined electrophysiology and microspectrofluorimetry. 
Cells loaded with Indo-1 were patched, and simultaneous electrophysiological and fluorimetric data were recorded in voltage-clamp 
conditions (V h = - 7 0  mV). Depolarizing steps (+ 70 mV) were applied to the cell for increasing periods (1 to 5 sec). The amplitude 
of [Ca2+]i and tail current increases were dependent on the step duration. Ca 2+ rise was strictly correlated with the step length. (B) The 
graph of the tail current amplitude increase as a function of the depolarizing step duration. The increase is calculated as a percentage 
of the maximal increase (100%) attained after 5 sec (closed symbols, n = 4 cells). Lowering external Ca 2+ (2 mM instead of 10 mM) 
led to a drastic decrease (open symbols). The leak current has been integrated in the calculation. Soon after the beginning of cell 
depolarization (0.5 sec), tail current is 29.5% of the maximal amplitude, and after 1 sec 42%. In GH3 cells Rogawski et al. [30] reported 
less than 5% increase after 1 sec. For comparison, the stars represent tail activation obtained by Rogawski in GH3 cells. When K 
gluconate replaced CsC1, C1- tail current did not occur (not shown). When 10 mM of EGTA were used instead of 1.1 mM, thus buffering 
the internal calcium, no tail current occurred within 5 sec (not shown). 

To demonstrate further that manipulations of the 
C1- gradient affect membrane resting properties, we 
studied the response oflactotrophs to the ejection of 
low C1- external medium (90 m M  C 1 - )  in current- 
clamp recordings. Figure 7 shows that decreasing the 
external C1- concentration from 150 to 90 mM hyper- 
polarized a cell recorded at the resting potential. Un- 
der present recording conditions (Kgluc in the re- 
cording pipette), this response reversed around 0 mV, 
a potential which neither corresponds to K + ( -  - 80 
mV) nor to C1- reversal potential ( -  - 90 mV). Con- 
comittantly with the membrane potential change, the 
membrane resistance also increased, especially when 

the cell was depolarized ( -  18 mV), suggesting that 
complex ion movements are elicited, including K § 
outward movements and the possible blockade of a 
C1 conductance functioning in basal conditions at 
this membrane potential. The activation of action po- 
tentials during the induced hyperpolarization was of- 
ten observed even when the membrane potential was 
around -60  mV. The same results were obtained 
with GH3 cells (Fig. 7B). 

It is obvious that manipulation of the external 
C1- concentration affects membrane ion traffic and 
cell calcium homeostasis. Further experiments to 
explore this question are clearly necessary. 
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Fig. 5. Effect of  C1- gradient modification on 
Ca 2+ and CaZ+-dependent CI-  current  
rundown.  (IM = 150 mM CsC1; EM contains  
150 mM C1- + 10 mM TEA;  vol tage-clamp 
analysis;  Vh = - 7 0  mV;  3-sec depolarizing 
steps ( + 7 0  mV) every 50 sec.) Peak 
amplitude of  Ca 2+ current  and C1- tail were 
plotted as a funct ion of time. Ca 2+ rundown 
(filled squares)  was greater  than  tail CI 
current  rundown (open squares).  A 20-sec 
ejection of EM containing only 90 mM C1- (60 
mM NaCI were replaced by 60 mM Na 
gluconate) induced a rapid decrease in both 
Ca 2§ and C1- tail currents .  The points a, b 
and c, which are represented in Fig. 6A,a,b 
and c, illustrate the current  ampli tude 
variations before, during and  after ejection. 
The leak current  ( - 2 0  pA) has  been taken 
into account  in calculation of the ampli tudes.  

COMPARISON OF THE ACTIVATION 
OF CI-  CHANNELS BY T R H  IN GH3 CELLS 
AND NORMAL LACTOTROPHS 

We subsequently studied the effect of  T R H  on nor- 
mal rat lactotrophs.  To show that the fast transient 
response  of normal lactotrophs to T R H  involved a 

chloride conductance,  manipulation of internal con- 
centration of C1- ions were performed.  

Figure 8A summarizes  data concerning the ef- 
fect of  changes in the intracellular C1- concentrat ion 
on T R H  responses in normal lactotrophs.  External  
C1- concentrat ion at 150 mM and intracellular C1- 
concentrat ion at 4 mM produced the classical TRH-  
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an effect on the calcium current  induced during depolarizing 
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induced a decrease  of  the Ca z+ inward current.  The expected 
increase of the C1- tail current  did not  occur  following gradient 
modification. Recovery  (c) showed that C1- tail varied in parallel 
with Ca 2+ current  amplitude.  (B) The chloride blocker 4 SITS : 2 
mM blocked the C1- tail current  without  any effect on the Ca 2+ 

inward current ,  provided it was ejected after the beginning of  the 
depolarizing step (Fig. 6B,a compared  to B,b). 
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jumps (Vh = -70  mV) did not reveal any inward 
current (Fig. 8B,1), as indicated by the baseline of 
the conductance bars. The reversal potential of the 
TRH-induced outward current was near -70  mV, 
i.e., close to the K + equilibrium potential. Addition 
of 26 mM C1 to the intracellular medium (Fig. 8B,2) 
did not fundamentally change the response to TRH 
(cf. Fig. 8A,2 for normal lactotrophs). Thus, in GH3 
cells, the transient response mainly involves a K + 
conductance change. Moreover, when GH3 cells 
were recorded with pipettes filled with CsC1 (C1- 
150 mM inside, 150 mM outside), the TRH transient 
response no longer occurred. It should be noted that 
K + channels are not permeable to Cs ions. In 19 
cells recorded with either CsC1 (150 mM) or K-gluco- 
nate (140 raM) filled pipettes, those recorded with 
CsC1 were unresponsive (10/10) (Fig. 8B,3), whereas 
those recorded with Kgluc exhibited the classical 
outward current associated with an increase in mem- 
brane conductance (8/9). 

Microspectrofluorimetric measurements of 
[ Caz+ ]i variations were performed using the calcium- 
sensitive probe Indo-1. When TRH was applied to 
pituitary cells in primary culture, most of the cells 
(36/42) exhibited a rapid increase in [Ca2+]i. Mean 
level of [Ca2+]; reached during the peak (0.700 -+ 
0.120/ZM) (mean -+ SEM, n = 36) was significantly 
lower than that obtained for GH3 cells (2.512 + 0.416 
tXM) (n = 39). However dispersion of TRH-induced 
peak [Ca2+]i in normal lactotrophs was wide (0.191 
to 2.907/XM), indicating that micromolar concentra- 
tions can also be reached in this cell type. 

induced hyperpolarization resulting under voltage- 
clamp recording conditions from the activation of an 
outward current (Fig. 8A,1). However the applica- 
tion of hyperpolarizing steps from - 40 to - 70 mV 
suggested the probable involvement of an inward 
current during the TRH response (downward de- 
flection of the conductance bars, Fig. 8A,1). When 
intracellular C1- concentration was raised to 30 mM, 
the current response was clearly inwardly directed at 
both voltage levels ( -  40 and -70  mV) (Fig. 8A,2). 
Finally, when the recording pipettes were filled with 
CsC1 (150 mM CI-, 0 mM K+), the amplitude of 
the inwardly directed current was greatly increased 
(Fig. 8A,3). 

Comparisons of the TRH responses in GH3 cells 
under the same C1- gradients are given in Fig. 8B. 
In GH3 cells recorded at -40  mV (voltage-clamp 
conditions) with Kgluc (C1- 150 mM outside, 4 mM 
inside), TRH responses were characterized by the 
rapid rise of an outward current known to be carried 
by the outflow of K + ions. Hyperpolarizing voltage 

Discussion 

Calcium-activated chloride currents have been 
found in several cell types including neurones [21, 
25], lizard retinal cells [18], lacrimal gland cells 
[3-5], pituitary intermediate lobe cells [35, 36], corti- 
cotrophs (ART-20 cells) [8, 15], the tumoral pituitary 
cell line GH3 which are lactosomatotroph cells and 
bovine lactotrophs [10]. 

In these experiments, we studied chloride mem- 
brane conductance of normal rat lactotrophs and 
show its C a  2+ dependence. These data confirm and 
extend to normal lactotrophs the description of a 
calcium-dependent chloride conductance already re- 
ported in the GH3 tumoral cell line by Rogawski 
et al. [30]. Experiments with the Ca 2+ ionophore 
A23187, high intracellular EGTA concentration, 
modulation of [Ca2+]i by depolarizing step duration 
and manipulation of external calcium demonstrate 
that in rat normal lactotrophs, as in GH3 cells, chlo- 
ride ion movements are calcium dependent. In GH3 
cells, longer depolarizing steps are needed to acti- 
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Fig. 7. Effect of external chloride lowering on membrane potential of normal and tumoral lactotrophs. Current-clamp condition 
recordings (IM = Kgluc 150 mM; EM contains 150 mM NaC1 -+ 10 mM TEA). (A) External mediums with 90 mM of C1- ions 
instead of 150 was ejected onto a normal lactotroph maintained at different potentials by hyperpolarizing or depolarizing currents. The 
modification of external chloride concentration induced hyperpolarization of the cell membrane which increased when the cell was 
clamped at - 60 mV. Resistance variations, slight at - 60 or - 45 mV, or considerable at -.18 mV, seem to indicate that K + movements 
are linked with blockade of another conductance, probably C1-, during:the hyperpolarization response. (B) Similar effect of low CI- 
EM ejection (30 mM) on the resting membrane potential of GH3 cells. Two examples showing hyperpolarization with or without 
accompanying action potentials. 

va t e  a C1- tai l  cu r r en t  as  c o m p a r e d  wi th  no rma l  
l a c to t rophs .  S imi la r ly ,  as  f o u n d  b y  R o g a w s k i  et  al. 
[30], we  o b t a i n e d  a po ten t i a l  d e p e n d e n c e  cu rve  o f  
the  tai l  cu r r en t  t ight ly  c o r r e l a t e d  with  the  po ten t i a l  
d e p e n d e n c e  o f  the  Ca  2+ cu r ren t s .  M o r e o v e r  Ca  2+ 
cu r r en t s  a re  s t ronge r  in G H 3  cel ls  than  in no rma l  
l a c t o t r o p h s .  T h e r e f o r e  c o m p a r i s o n  b e t w e e n  C1- 
tai l  a c t i va t i on  d a t a  r e p o r t e d  by  R o g a w s k i  and  our  
resu l t s  s h o w s  tha t  Ca  2+ is less  e f fec t ive  in ac t iva t -  
ing C1- c u r r e n t  in GH3 cel ls  than  in no rma l  lac to-  
t rophs .  In  ART-20 cel ls ,  K o r n  and H o r n  [14] have  
r e p o r t e d  s imi la r  d a t a  c o n c e r n i n g  the ch lo r ide  tai l  
ac t iva t ion .  

Our  resu l t s  d e m o n s t r a t e  a d i rec t  and  c o m p l e x  
effect  o f  the  ex t r ace l l u l a r  C I -  c o n c e n t r a t i o n s  on  
Ca  2§ cu r r en t s  and  on  res t ing  m e m b r a n e  p rope r t i e s .  
T h e y  a lso  s h o w  tha t  the  c a l c i u m - d e p e n d e n t  ch lo r ide  

cur ren t ,  t h o u g h  p re sen t ,  is not  a c t i v a t e d  ,during .the 
T R H  r e s p o n s e  in G H 3  cel ls .  

T h e  q u e s t i o n  a r i ses  as to the  .biological  ro le  of  
this  C I -  c u r r e n t  in the  two  k inds  o f  l a c t o t r o p h s  and  
its pos s ib l e  i n v o l v e m e n t  in the  h o r m o n e  r e l e a s e  .pro- 
cess .  I t  is c l ea r  tha t  C1 ion  m o v e m e n t s  p l ay  an  
essen t i a l  role  in m e m b r a n e  res t ing  po ten t i a l .  W e  
have  shown  tha t  mod i f i ca t ion  o f  e x t e r n a l  e l -  con-  
c e n t r a t i on  a l te rs  the  res t ing  m e m b r a n e  po ten t i a l .  
H o w e v e r ,  t~he m e c h a n i s m  is c o m p l e x  s ince  it p r o b a -  
b ly  i n v o l v e s  an o u t w a r d  K + c u r r e n t  t o g e t h e r  w i th  
the  N o c k a d e  of  a c o n d u c t a n c e  w h i c h  cou ld  ,be a C l -  
res t ing  c o n d u c t a n c e .  The  d i f fe ren t i a l  i n v o l v e m e n t  
o f  Cl channe l s  in t he  r e s p o n s e  o f  G H 3  ce l l s  a n d  
no rma l  l a c t o t r o p h s  to  T R H  m a y  c o r r e s p o n d  to a 
d i f ferent  i n v o l v e m e n t  o f  e l -  ions  in the  res t ing  po-  
tent ia l  o f  each  k ind  o f  cel l .  The  res t ing  po t en t i a l  o f  
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Fig. 8. Comparison of TRH cell responses (10 -7 M) in normal lactotrophs and GH3/B6 recorded with differently formulated IM. 
(V h = -40  mV, hyperpolarizing steps 30 mV, 0.6 sec.) (A) Normal lactotrophs. Al: When the cells were recorded with 140 mM of 
Kgluc in the IM, TRH ejected for 20 sec, induced an outward current at -40 mV. However the current during the hyperpolarizing 
steps ( -70  mV) was inwardly directed. A2: When the cells were recorded with 140 mM K- plus 30 mM CI- in the |M, TRH induced 
an inward current at -40  mV. The amplitude of the current was greatly increased during the steps ( -70  mV). A3: Total replacement 
of K + by Cs + (150 mM CsCI) in the IM was followed by enhancement of the inward current. (B) GH3 cells. B1 (as in AlL  Typical 
outward current after TRH application. The current induced during the hyperpolarizing step ( -70  mV) appears to be either outward 
or nil. B2 (as in A2). The addition of 30 mM Cl- in the IM did not change the response to TRH. B3 (As in A3). However, total 
replacement of K + by Cs* ions (CsCI in the patch pipette) caused the disappearance of the TRH response, indicating that in GH3 cells, 
K- ions are the only ones involved in the current response. 

n o r m a l  l a c t o t r o p h s  is m o r e  d e p o l a r i z e d  ( -  - 30 mV) 
[31] than  tha t  o f  G H 3  cel ls  (40-45 mV).  D e p o l a r i z e d  
m e m b r a n e  po ten t i a l s  have  a lso  been  o b s e r v e d  in 
no rma l  l a c t o c t r o p h s  us ing  the  m e m b r a n e  po ten t ia l  
m a r k e r  oxono l  (J. Ba rke r ,  p e r s o n a l  c o m m u n i c a -  
t ion).  W e  do not  at  p r e s e n t  k n o w  the in t r ace l lu l a r  
c o n c e n t r a t i o n  o f  CI - ions  in no rma l  l ac to t rophs .  W e  
have  e v i d e n c e  tha t  ind iv idua l  va lues  m a y  va ry  
wide ly ,  as s h o w n  by  the range  o f  r eve r sa l  po ten t i a l s  
for  the  ions  c a r r y i n g  the cu r r en t  in r e s p o n s e  to T R H  
( - 4 8  to - 8 6  mV) in no rma l  rat  l a c t o t r o p h s  [31]. It 
is un l ike ly  tha t  the  m e a n  va lue  o f  30 mM d e t e r m i n e d  
for  GH4/C1  p o p u l a t i o n  b y  K o c k ,  B r e c k  B a l o c k  and 
S c h o n b r u n n  [13] is r e p r e s e n t a t i v e  o f  the  no rma l  lac- 
t o t r o p h s  s i tua t ion  s ince  we have  o u r s e l v e s  r e p o r t e d  
on a g rea t  va r i ab i l i t y  in this  cell  t ype ,  but  this po in t  
r ema ins  to be  clar i f ied.  H o w e v e r ,  it should  be no ted  
that  C l -  m o v e m e n t s  d e p e n d  on [Ca2+]i con c e n t r a -  

t ions and  in these  cel ls  Ca  2 + e n t r y  t h rough  the  s l owly  
inac t iva t ing  Ca  2+ channe l s  beg ins  to i n c r e a s e  at  po-  
ten t ia l s  nea r  - 3 0  m V  [17]. M o r e o v e r ,  the  d i r ec t  
effect  o f  ex t e rna l  C1- c o n c e n t r a t i o n s  on  C a  z + m o v e -  
men t s  and  on res t ing  m e m b r a n e  po t en t i a l ,  he re  de-  
sc r ibed ,  sugges t  a c o n s t a n t  i n t e rp l ay  b e t w e e n  CI 
and Ca 2+ . This  f e e d b a c k  s y s t e m  m a y  in par t  con t r ib -  
ute  to s t ab i l i za t ion  o f  the  m e m b r a n e  res t ing  po t en t i a l  
c lose  to - 3 0  inV. The  f indings o f  K o r n  and  H o r n  
[14] showing  that  s o d i u m - c a l c i u m  e x c h a n g e  a f fec t s  
the  c a l c i u m - d e p e n d e n t  ch lo r ide  c u r r e n t s  in p i t u i t a ry  
cel ls  p r o v i d e  m o r e  e v i d e n c e  for  such  a r egu la t ing  
sy s t em using c o n s t a n t  f e e d b a c k  i n t e r p l a y s  at  the  
m e m b r a n e  level .  This  m e c h a n i s m ,  ac t ing  d i r e c t l y  on 
[Ca2+] i o r  on Ca  2+ c ha nge s  nea r  p l a s m a  m e m b r a n e  
and ch lo r ide  channe l s  as sugges t ed  by  K o r n  and  
H o r n  [14], cou ld  exp la in  the  d i r ec t  e f fec t  o f  e x t e r n a l  
ch lo r ide  on  Ca  2+ cu r ren t s .  
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Finally, one needs to explain why the chloride 
current was not activated in GH3 during the TRH 
response since GH3 chloride channels are activated 
by a [Ca2+]i rise during long depolarizing steps [30] 
and since we know that TRH rapidly increases 
[ Ca2 + ]i simultaneously with the induced hyperpolar- 
ization [23]. Three hypotheses can be advanced: (i) 
lack of activation of C1 conductance in GH3 cells 
is due to difference in the amplitude of the rise of 
[Ca2+]i during the first phase of TRH response in 
GH3 as compared with normal lactotrophs; (ii) sensi- 
tivity of C1- channels to Ca 2+ is different in GH3 
cells as compared with normal lactotrophs; (iii) the 
membrane transducing systems of GH3 and normal 
rat lactotrophs are not entirely similar, although 
TRH binding to its receptor induces a rise in [Ca2+] i 
able to activate C1- conductances in both cell types. 
One part of the coupling system, such as a G protein, 
may act directly on the chloride channel either to 
facilitate or to block the Ca 2+ activation. 

As regards the first hypothesis, previous reports 
of the fluorescent probe Fura-2 used to monitor Ca 2+ 
levels [37] have shown a rise in [Ca2+]i in response 
to TRH in normal lactotrophs and in GH3 cells [23]. 
We found an increase in [Ca2+]i similar to or higher 
than that reported by Winiger et al. [37] in normal 
cells. Since Ca  2+ transient induced by TRH is higher 
in GH3 cells than in normal cells, it must be sufficient 
to activate the Ca2+-dependent C1- channel as in 
normal lactotrophs. 

In these experiments, we found that depolariz- 
ing steps of longer duration are needed to activate 
a C1- tail in GH3 cells compared with normal rat 
lactotrophs. This observation may therefore ex- 
plain the difference in the response to TRH between 
GH3 cells and normal rat lactotrophs. 

Taleb et al. [35, 36] have described two kinds of 
C1- channels on cells of the porcine intermediate 
lobe, which have different Ca 2+ sensitivities. These 
findings are relevant to our second hypothesis. 
These authors report on the presence of spontaneous 
and gaba-evoked C1 channels, with a conductance 
of 25-30 pS, activable for low [Ca2+]i concentra- 
tions, i.e., between 100 and 10 nM [36]. A second 
kind of C1- channel [35] had a smaller conductance 
(2-3 pS) and was activated with higher [Ca2+]i con- 
centrations (100 nM to 1 /xM). If such a duality is 
present in rat lactotrophs, differences in the relative 
proportions of both kinds of channels in normal lac- 
totrophs and GH3 cells could explain the difference 
in TRH responses reported here. 

As discussed by Rogawski et al. [30], the third 
hypothesis concerning the involvement of a G pro- 
tein cannot be ruled out, and the positive effect of 
nonhydrolyzable GTP analogs on the rundown of 
the C1- current indicates that in GH3 cells a GTP- 

binding protein may participate in the "activation or 
the recovery from activation" of the current. Thus, 
differences in the efficiency of such a system in GH3 
cells and in normal lactotrophs remain possible. 
Conversely, a direct effect of C1- ions on GTPT-S 
binding to Go protein extracted from bovine brain, 
has been described by Higashijima, Ferguson and 
Sternveis [9] in a range of concentrations from 1 
to 100 raM, suggesting that chloride concentration 
variations may play an important role. 

The second and the third hypotheses remain 
likely and are not incompatible. 

As regards the role of membrane permeability 
to C1- ions in the secretory process, a direct effect 
of C1- ions on the G protein system as reported by 
Higashijima et al. [9] is possible. Moreover, it has 
been suggested that membrane permeation by C1- 
ions is involved in exocrine secretion [19] and endo- 
crine secretion processes [2, 8, 35]. In salivary acinar 
cells, volume is controlled by C1- movements [6]. 
In the response to TRH in normal rat lactotrophs, 
C1- and K + ion movements are linked. As reported 
for Ehrlich ascites tumor cells [16], K-C1 electroneu- 
tral cotransport is essential for cell volume regula- 
tion, since functional ionic channels are not avail- 
able. However, in cases where Ca2+-activated K + 
and C1- channels are functional, as in normal lacto- 
trophs in response to TRH, ionic movements may 
modify cell water content. As suggested by Taleb 
et al. [35], enlargement of extracellular space may 
facilitate extrusion of secretory granules as well as 
access of exogenous endocrine factors, thus fa- 
voring the endocrine function. 
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