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Thyrotropin-releasiag hormone (TRH) causes a transient hyperpolarization followed by several minutes of increased action potential frequency 
in patch-perforated current.clamped GH~ ceils. Treatment of cells for 5 rain with either 2 or 100 nM of the protein phosphata~ inhibitor okadai¢ 
acid does not affect electrical activity of the cells, but potentiates the enhancement o1" action potential frequency elicited by a subsequent addition 
of TRH. Alternatively, 100 nM (but not 2 aM) of okadaie acid added during the second phase of TRH action, further inerea~s the fr~lueney 
of firing above that produced by the hormone. Similar effects to those of 2 nM okadaic acid are observed with 20 nM c.alyeuiin A. Th¢~-----~ data 

suggest that a protein phosphatase plays a major role in regulating the delayed effects of TRH on cell excitability in GH~ ~lls. 

Thyro~ropin-rcleasing hormone; Okadaie acid; Calyculin A; Protein phosphatase; Anterior pituitary; Perforat~l patch 

1. INTRODUCTION 

Thyrotropin-releasing hormone (TRH) produces a 
biphasic effect on the elevation of intracellular Ca :* 
levels and prolactin secretion in elonal rat anterior pitu- 
itary OH3 cells (reviewed in [1--4]). These two phases are 
paralleled by changes in cell excitability, consisting of 
an initial phase of transient hyperpolarization followed 
by a second phase in which both the rate of production 
and the length of action (APs) are increased [4-6]. The 
mechanisms and conductance pathways responsible for 
the increased production of APs are not well known. It 
has been suggested that inhibition of various outward 
currents, including the transient outward current named 
IK~ and IK(~) [7-9], the voltage- and Ca2+-activated K ÷ 
curret~t [5,10,11], or the inwardly rectifying K + current 
[12,13], is the cause of the second phase of hyperexcita- 
bility. It has also been suggested that phosphorylation 
by protein kinase C (PKC) is involved in modulation of 
the K ÷ channel activity which determines the firing rate 
[1,2,4,14,15]. However, a direct effect of phosphoryla- 
tion by the enzyme on a specific K ÷ conduct:.:nce has not 
been demonstrated in GH3 cells. It has been proposed 
that protein phosphatases (PPs)-I and -2A are the chief 
enzymes that reverse the actions of PKC [16-18]. These 
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enzymes are inhibited in a potent and selective way by 
several agents, including okadaic acid (OKA) [18-23], 
calyculin A (CL-A) [18,21] and tautomyein [22]. Given 
the very different structures of OKA and CL-A, the 
combined use of both inhibitors has been regarded as 
a way to strengthen the evidence that a cellular process 
is controlled by phosphorylation [I 8]. We have recently 
shown that electrical responses to TRH are fully pre- 
served when patch-perforated current-clamped GHa 
cells are studied [5]. On the other hand, recent experi- 
ments from our laboratory indicated that treatment of 
GH3 cells with OKA specifically potentiates the reduc- 
tions caused by TRH on inward rectifying K ÷ currents 
[13]. In this report, the effects of OKA and CL-A on 
electrical activity of the cells are explored. Our results 
indicate that a phosphorylation--dephosphorylation 
mechanism may be involved in the regulation of  the 
second phase of  TRH action. Furthermore, the possibil- 
ity that a type 2A protein phosphatase plays a major 
role in regulating the delayed effects of TRH via its 
effect on the inward rectifying K" current [12,13] is 
discussed. 

2. MATERIALS AND METHODS 

Nystatin and TRH were purchacsed from Sigma (St. Louis, MO, 
USA). Initial samples of OKA were kindly ~upplied by Dr. H. Fujiki 
(National Cancer Center Rex. Inst., Tokyo, Japan) and Dr. V. Zitko 
(Biological Station, St. Andrews, Canada). Subsequently, both OKA 
and CL-A were purchased from Monna Bioproducts (Honolulu, Ha- 
waii). Maintenance of GH3 cells (ATCC-ECL 82.1) and conditions of  
perforated-patch recordings have t ~ n  d~r i lx 'd  previously [5,131. 
Test solutions were applied by eontkavous perfmion of the 0.2-0.3 ml 
recording chamber at 1 mi/min. Th,. plotted ~ecordin~ ~'er¢ ob la i a~  ~ • 
at a sampling rate of l0 ms/point except for the APs shown in an 
expanded time scale in Fig. I. which were sampled at 0.1 am/point. 
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Other Materials and Methods were identical to those described in 
[5,13]. AP's frequency was determined in periods of  at least 80 s either 
before or 2-5 min after the start of the indicated treatments. Data arc 
expressed as mean +_ S.13. for the number of cells indicated in parenthe- 
S~S. 

3. RESULTS 

We have recently demonstrated that addition of  TRH 
to patch-perforated current-damped GH3 cells causes 
a dose-dependent modification of  the electrical activity 
of  these cells [5]. As shown in Fig. 1, this effect resem- 
bles that obtained with intracellular microelectrodes, 
consisting of a transient hyperpolarization after a delay 
of several seconds, followed by a second phase of sus- 
tained increase in AP frequency for several minutes. 
Most of  the cells studied showed the initial hyperpolar- 
ization in which the membrane potential increased from 
a mean resting value of -38.3 _ 0.81 mY (n = 33) to a 
maximum o f - 6 9 . 0  + 1.8 mV (n = 33). Furthermore, 
32.3 __. 2.5 s (n = 33) were necessary to bring the cells 
back to the initial value of resting potential. The second 
phase of increased spiking was elicited in 68% of the 
cells, but it was not always preceded by a detectable 
hyperpolarization (see also ref. [5]). The increase in AP 
frequency averaged 162 __. 16% (n = 21) (see Table I) at 
the TRH concentration (100 nM) used in this study. As 
shown in the lower part of Fig. 1, the enhanced rate of 
firing was generally accompanied by an increase in AP 
duration, sometimes manifested by the presence of 
spikes in which the repolarization phase was interrupted 
by a new depolarization yielding a second overshoot. 

The mechanisms and conductance pathways respon- 
sible for the increased production of  APs are poorly 
understood. However, phosphorylation by PKC of one 
or more K" channel types has been regarded as a major 
cause o1" the enhanced cell excitability in response to 
TRH (see above). On the other hand, it is well known 
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Fig. 1. Effect of TRH on electrical activity in patch-perforated car- 
rent-clamped GI'I3 celts. Application of 100 nM TRH is indicated by 
a horizontal bar. Four  APs obtained at the indicated time~ :ire sl~':-'~ 
in an expanded time scale at the bottom. 0 mV is represented ~,3~,: 

horizontal lines. 

Table I 

Effect of okadaic acid on TRH-induced increases in action potential 
frequency 

Treatment AP frequency Number 
(%)" of cells 

None 100 (0.23 +_ 0.03 Hz) 21 
TRH 162 ± 16' 21 
OKA 2 nM alter TRH 157 _+ 8 'L' 12 
OKA 100 nM after TRH 261 +_ 59'* 9 

None 100 (0.21 ~ 0.04 Hz) 
O K A 2 n M  104± 3(ns) 
TRbt after OKA 2 nM (5 rain) 254 ± 27*** 

None 100 (0.13 ± 0.03 Hz) 
OKA 100 nM 125 ± 11 (ns) 
TRH after OKA 100 nM (5 min) 282 ± 46*** 

(ns), not significant vs. control before additions. 
*, P < 0.005 vs. control before additions. 
% not significant vs. TRH. 
**, P < 0.025 vs, TRH. 
***, P < 0.005 vs. TRH. 
", Mean --. S.E.M. values are shown. Percentages refer to the same cells 
bclbre any treatment. Significant values were obtained by a Student's 
t-test. 

that the regulation of a biological process by protein 
phosphorylation is produced through a dynamic equi- 
librium between phosphorylation (via protein kinases) 
and dephosphorylation (via PPs) of the regulatory pro- 
teins. Since the delayed responses to TRH arc fully 
presetwed under perforated-patch conditions, the effects 
of OKA and CL-A (two potent and selective inhibitors 
of PPs 1 and 2A) on the electrical activity of the cells 
was studied. Fig. 2A shows that treatment of  a GH~ cell 
with 2 nM OKA for approximately 10 rain does not 
modify the rate of production of APs. The subsequent 
perfusion of the cell with 100 nM TRH originates a 
biphasic response similar to that elicited in OKA-un- 
treated cells. However, as stated below~ the enhance- 
ment of electrical activity during the second phase of 
TRH action is considerably potentiated by pretreat- 
ment with OKA for 5 min (see Table I). Unlike the 
results obtained by prior treatment with 2 nM OKA, 
addition of the inhibitor at the same concentration two 
or three minutes after the secend phase of TRH action 
has started, does not cause any further increase in the 
frequency of firing (Fig. 2B). The value of 2 nM repre- 
sents a concentration ca. 2-100 times above the K~ (0.03 
to 1 nM, refs. [17-23]) for inhibition of PP-2A by OKA. 
However, it is clearly lower than the K~ value (10-500 
nM, refs. [17-23]) for inhibition of  PP-I. The results of  
similar experiments performed at a concentration of  100 
nM OKA are depicted in Fig. 3. Fig. 3A shows that 
addition of the inhibitor does not modify the frequency 
of firing, but subsequent perfusion with 100 nM TRH 
e;ieits ~,. ~¢cond phase of enhanced AP frequency which 
2~ significantly higher than that produced after treat- 
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Fig. 2. Effect o f  2 nM O K A  on electrical activity in GH~ cells. Application o f  2 nM O K A  to two different GH~ rolls either before (A) or after (B) 
100 nM T R H  is indicated by long horizomal bars. The frequency o f  APs under different condit ions is shown below the current  t m ~ s .  0 mV is 

represented by horizontal  lines on the left, 

ment of cells with TRH alone (see Table I). As shown 
in Fig. 3B, addition of 100 nM OKA once the second 
phase has been initiated, further increases the rate of 
production of APs up to a level equivalent to that 
reached after pretreatment with OKA (see also Table I). 

Data obtained with different concentrations of OKA 
on the whole cell population studied are summarized in 
Table I. It is clear that maximal enhancement of TRH 
action is achieved when 2 nM OKA is used 5 min before 
perfusion with the hormone. However, only at a con- 
centration of  100 nM is OKA able to produce further 
significant increases in electrical activity once the sec- 
ond phase of TRH action has started. It is important to 
emphasize that OKA, at the concentrations tested, does 
not modify the basal activity of  the cells by itself. Thus, 
its effect is exclusively manifested as a potentiation of  
the TRH effect. Interestingly, three of the nine cells 
treated with 100 nM OKA showed increases of  ca. 160% 
in the basal rate of spiking. Although not statistically 
significant when the whole cell population is considered, 
these data suggest that the basal level of phosphoryla- 
tlon may be quite different from cell to cell. It is also 
interesting to note that treatment of cells with either 2 
or 100 nM OKA for 5 rain does not significantly modify 
the magnitude of  the initial hyperpolarization in re- 
sponse to a subsequent addition of 100 nM TRH. Thus, 
under these conditions, addition of hormone transiently 
increased the membrane potential from a resting value 
of-38.5 + 0.? mV (n = 21) to a maximum value of-69.1 
+ 1.9 mY (n = 21). Furthermore, 33.6 + 4.5 s (n = 21) 

were necessary for cells to recover from hyperpolariza- 
tion. 

The effects obtained after pretreatment of cells with 
2 nM OKA suggest that PP-2A could be involved in 
regulation of  delayed TRH actions. However, the re- 
quirement for 5 min of preincubation with inhibitor in 
order to obtain a measurable effect, may indicate that 
this time represents the period necessary to accumulate 
OKA to a level sufficient to produce a substantial inhi- 
bition of  PP-1 (K~ ca. 10-500 nM; sec above). Subse- 
quently, we tested the effect of  CL-A on the response 
to TRH. This compound, which inhibits PP-2A with a 
potency similar to that of  OKA (IC5o 0.5-1 aM), also 
inhibits PP-I at nearly identical concentrations in in 
vitro assays (ICso about 2 nM; refs. [18-21]). In this 
case, a detectable effect of  CL-A was only observed at 
concentrations above 10 nM. As in the case of 2 nM 
OKA, addition of 20 nM CL-A during the second phase 
of TRH action does not cause any further increase in 
the rate of firing (not shown). On the other hand, the 
basal level of  firing is not modified by treatment ofoells 
with 20 nM CL-A for 5 rain (112 __. 12% (n = 10) with 
respect to control without inhibitor). However, the ad- 
dition of 100 nM TRH following this treatment with 
CL-A, elicited a second phase in which the frequency of 
firing was increased from a basal value of 0.24 + 0.05 
Hz up to 0.57 +_. 0.05 Hz (n = 10). These data lend 
e .I - - - -  .~ . L a  . . . .  I • ; ^ ~  f.hae ..j ma , - . h , an iom O f  l u r t t i e g  5UppOtL tO .J~. ~.~.,,~.,tlS~v...,,*. ~ . . . . . . . . . . . . . . .  
phosphorylation--dephpsphorylation is involved in the 
delayed effects of  TRH. Furthermore, they suggest that 
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FiB, 3, Effect of 100 nM OKA on electrical activity in GH~ cells. Application of 100 nM OKA to two different cells either before (A), or after (B), 
100 nM TRH addition is indicated by long horizontal bars. The frequency of APs under different conditions is shown below the current traces. 

0 mV is represented by horizontal lines, 

PP-2A may be the enzyme involved in regulation of the 
electrical activity of GH~ cells by TRH. 

4. DISCUSSION 

Our results demonstrate that the second phase of en- 
hanced AP frequency induced by TRH in GH 3 cells is 
significantly potentiated by okadaic acid. This effect 
does not seem to be due to a non specific membrane 
effect of OKA since: (i) no effect of  inhibitor was de- 
tected before treatment of cells with TRH; (it) similar 
effects to those of OKA are observed with CL-A; (iii) 
the phase I response to TRH was not impaired by treat- 
ment of cells with the inhibitors; (iv)-~la--O?f tncubation 
times and inhibitc~r concentrations as low as 2 nM are 
enough to elicit the effects of  OKA; and (v) even at the 
highest concentration of  OKA used in this study (100 
nM), the enhancement of TRH effects is selectively ex- 
erted on inward rectifying K + currents (see [13]). It has 
been previously suggested that inhibition of an inwardly 
rectifying current by TRH constitutes an important fac- 
tor regulating the resting potential and conductance un- 
derlying increased frequency of  APs induced by the 
hormone in GH~ cells [12,13]. Recent experiments from 
our laboratory indicated that treatment of patch-perfo- 
. ~  4,.~dl r ~ . L . i  " " . . . . . . . .  3 cells w2th OKA h . . . . .  ,-~ ~ v D u  . . . .  ~,,,a 
inhibition of  the inward rectifying current [13]. Since 
other K+ currents present in these cells were not affected 
by this treatment, it was important to know whether the 

increase in frequency of firing is also potentiated by the 
phosphatase inhibitor. The use of perforated-patch con- 
ditions in order to correlate voltage clamp studies on the 
currents and current clamp analysis of firing frequency 
is especially relevant, since hormonal responses and 
membrane currents which are rapidly diminished using 
the whole-cell configuration of the patch-clamp tech- 
nique, are fully preserved when perforated patches are 
used [5,6,11]. The parallel enhancement by OKA of  
TRH inhibition of the inward rectifying K + current [13] 
and increase of AP frequency (this report), indicate that 
this current plays a major role in determining the firing 
rate of  GHa cells. It has been proposed that enhanced 
GH3 cells excitability in response to TRH can be due to 
reductions in Ca:'*-~.ctivated K + currents secondary to 
inhibition of Ca -'÷ currents [24]. In fact, the TRH-in- 
duced inhibition of Ca'~+-dependent K * currents acti- 
vated by depolarization has been previously demon- 
strated in GH~ cells [5,11,24], and treatment of GH4C~ 
cells with OKA has been shown to greatly suppress the 
depolarization-activated currents [25]. However° those 
inhibitions do not seem to be the crucial regulator of the 
resting potential arid conductance changes which cause 
the increased frequency of  APs, since: (i) in GH3 cells, 
Car'-dependent K + currents [13] and Ca 2+ currents 
studied with Cs+-containing electrodes (Barros, F. and 
De!gado, L.M., unpublished results), remained un- 
changed in the presence of  100 nM OKA; and (it) TRH 
elicited decreases in Ca-~+-dependent K* [13] and volt- 
age-dependent Ca 2+ currents [11,24], were not signifi- 
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cantly different in OKA-treated and -untreated cells 
([13] and Barros, F., unpublished). Furthermore, these 
effects were readily reverted upon removal of  the 
hormone also in OKA-treated cells. It has been previ- 
ously shown that treatment o f  hepatocytes with OKA 
inhibits agonist induced stimulation of  phospholipase C 
[26,27]. The fact that phase i o f  TRH induced hyperpo- 
larization remains unchanged in the presence of  OKA 
suggests that a different mechanism is involved in the 
effects of  this inhibitor in GH~ cells. It is also improba- 
ble that increases in voltage-dependent Ca -'+ currents 
[23] are the cause of the observed increases in AP fre- 
quency, since Ca 2+ currents o f  the T and/or L type were 
not affected by treatment with OKA in perforated- 
patch voltage-damped GH.~ cells studied with C :  con- 
taining electrodes (Delgado, L.M. and Barros, F., un- 
published). Our results show that both OKA and CL-A 
are able to potentiate TRH increases in firing rate. This 
indicates that a phosphorylation--<lephosphorylation 
mechanism is involved in the TRH effect. The fact that 
20 nM CL-A is sufficient to reproduce the effects of  2 
nM OKA may be due to certain differences in the ability 
of  both drugs to permeate the cell membrane. However, 
preincubation of  5 min was necessary in both cases, 
even though the concentration of  CL.A  employed is far 
above that necessary to inhibit both PP-2A and PP-I. 
This suggests that this period of  time is necessary to 
reach an intracellular concentration of  the inhibitors 
sufficient to inhibit PP-2A, but not to reach a level at 
which PP-1 would be inhibited. Participation of TRH- 
induced Ca 2÷ release in activation of  an OKA sensitive 
phosphatase of  the calcineurin type does not seem to be 
involved in the effects reported here since both the in- 
creases in AP frequency and the reductions in inward 
rectifying currents [13] are produced in ceils in which a 
Ca-~÷-induced phase 1 of  hyperpolarization cannot be 
detected. Clearly, knowledge of  the PP implicated in the 
TRH effects must await further characterization o f  the 
enzymes present in GH~ cells. Thus, it would be interest- 
ing to know whether a protein phosphatase of  the PP-3 
type recentl:, described in bovine brain [28] is also pres- 
ent in GH3 cells° and if both OKA and CL-A can inhibit 
the activity o f  this enzyme. 
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