
Biochemical Pharmacology, Vol. 53, pp. 95-102, 1997. 
Copyright 0 1996 Elsevier Science Inc. 

ELSEVIER 

ISSN 0006-2952/97/$17.00 + 0.00 
PI1 SOOOS-2952(96)00694-6 

Protein Kinase C Potentiation of 
the Tyrosine Kinase InhibitorStimulated 

Cyclic GMP Production in Rat Pinealocytes 
Takayuki Ogiwara, * Constance L. Chikj and Anthony K. Ho*# 

*DEPARTMENT OF PHYSIOLOGY AND ~DEPARTMENT OF MEDICINE, 
FACULTY OF MEDICINE, UNIVERSITY OF ALBERTA, EDMONTON, ALBERTA, T6G 2H7 CANADA 

ABSTRACT. Inhibition of tyrosine kinase activities elevates cyclic GMP (cGMP) levels in rat pinealocytes. 

Since protein kinase C (PKC) and intracellular Ca 2+ both interact with the agonist-stimulated cGMP accu- 

mulation, in this study their interactions with the tyrosine kinase inhibitor-mediated cGMP response were 
investigated. Two tyrosine kinase inhibitors, genistein and tyrphostin B42, increased basal cGMP accumulation 
concentration dose-dependently. This increase in cGMP accumulation was potentiated by 4B-phorbol 12- 

myristate 13-acetate (PMA), an activator of PKC, and blocked by calphostin C, a specific PKC inhibitor. The 
tyrosine kinase inhibitors had no effect on the in vitro or PMA-mediated translocation of PKC activity. However, 
when the phosphodiesterase was inhibited by isobutylmethylxanthine (IBMX), neither the tyrosine kinase 
inhibitors alone nor in combination with PMA had an effect on cGMP accumulation, suggesting that phos- 

phodiesterase is a probable site of action of the inhibitors. In comparison, elevation of intracellular Ca” by BayK 
8644, ionomycin, or KC1 inhibited the genistein- or tyrphostin B42-mediated increase in cGMP accumulation. 
This inhibition persisted in the presence of IBMX and was partly reversed by a Ca’+/calmodulin inhibitor. These 
results suggest that PKC modulates the rate of cGMP degradation through signalling pathways involving tyrosine 

phosphorylation. However, the inhibitory effect of the Ca” -elevating agents on the tyrosine kinase inhibitor- 

stimulated cGMP accumulation appears to be independent of phosphodiesterase inhibition. Copyright 0 1996 

Elsevier Science Inc., BIOCHEM PHARMACOL 53;1:95-102, 1997. 
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The regulation of CAMPS and cGMP production in rat 

pinealocytes involves interaction of several G-protein- 

coupled signal transduction pathways [l-3]. Stimulation of 

the B-adrenoceptors or activation of G,-protein by cholera 

toxin produces a 5-fold increase in CAMP and cGMP ac- 
cumulation. Selective activation of aI-adrenoceptors, 
while having no effect on its own, potentiates these stimu- 
lated CAMP and cGMP responses, resulting in lOO-fold 
increases [l-3]. At least two intracellular mechanisms are 
involved in this potentiation: the ol,-adrenergic-mediated 
activation of PKC and elevation of [Ca*‘], [l, 31. However, 
in the case of the cGMP response, several other signal 
transduction pathways have also been shown to play a sig- 
nificant modulating role. For example, it has been shown 
that the norepinephrine-stimulated cGMP response is more 
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sensitive than the CAMP response to inhibition of phos- 

pholipase A2 [4] and Ca”/calmodulin-dependent kinase 
[5], as well as changes in intracellular pH [6, 71. 

Another known cross-talk mechanism is the interaction 
between the growth factor-mediated tyrosine kinase path- 
way and G-protein-coupled signal transduction mecha- 
nisms [B, 91. For example, it has been shown that tyrosine 
kinase can interact with the receptor-coupled phospholi- 
pase C signal transduction mechanism [lo] and the CAMP 
signalling pathways [ll]. Recently, we have shown that 
treatment with tyrosine kinase inhibitors causes an increase 
in cGMP accumulation [ 121, suggesting that tyrosine kinase 
may be directly involved in the regulation of cGMP accu- 
mulation in rat pinealocytes. Unlike the G-protein-coupled 
signal transduction pathways that modulate the pineal 
cGMP response by changing its rate of synthesis, tyrosine 
kinase appears to regulate the cGMP level by altering the 
phosphodiesterase activity [ 121. 

In view of the possible cross-talk between tyrosine kinase 
and G-protein-coupled signalling pathways, in this study 
we investigated the roles of PKC and [Ca”], on tyrosine 
kinase inhibitor-mediated cGMP accumulation. The two 
tyrosine kinase inhibitors chosen for the present study were 
genistein [13, 141 and tyrphostin B42 [15]. Genistein, an 
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established tyrosine kinase inhibitor, was shown to stimu- 
late pineal cGMP accumulation in our previous study [12], 
while tyrphostin B42 was the most potent inhibitor that 
stimulated pineal cGMP accumulation (unpublished obser- 
vation). 

MATERIALS AND METHODS 
Materials 

IBMX, ISO, calphopstin C, phorbol esters, culture medium, 
and fetal bovine serum were obtained from the Sigma 
Chemical Co. (St. Louis, MO). BayK 8644, calphostin C, 
EGTA-AM, genistein, daidzein, and tyrphostin analogues 
were obtained from Calbiochem (La Jolla, CA). The PKC 
substrate peptide AC-MBP (4-14) was obtained from 
Gibco/BRL (Gaithersburg, MD). [‘251]cGMP, [‘251]cAMP, 
and [y-32P]ATP were obtained from ICN Immunobiologi- 
cals (Lisle, IL). All other chemicals were of the purest 
grades available and were obtained commercially. Antibod- 
ies for the radioimmunoassays of cGMP and CAMP were 
gifts from Dr. A. Baukal (National Institute of Child 
Health and Human Development, NIH, Bethesda, MD). 

Preparation and Treatment of Rat Pinealocytes 

Pinealocytes were prepared from male Sprague-Dawley rats 
(150 g, University of Alberta Animal Unit) by trypsiniza- 
tion as previously described [16, 171. The cells were sus- 
pended in DMEM containing 10% fetal bovine serum and 
maintained (37”) for 24 hr in a gas mixture of 95% air and 
5% CO, before experimental treatment. 

Aliquots of cells (2 x lo4 cells/O.4 mL) were treated with 
drugs that had been prepared in concentrated solutions in 
water or dimethyl sulfoxide. The final concentration of the 
latter never exceeded 0.5%. At this concentration, dimeth- 
yl sulfoxide had no effect on basal or agonist-stimulated 
cGMP or CAMP responses. The duration of the drug treat- 
ment period was 30 min. At the end of the treatment 
period, cells were collected by centrifugation (2 min, 
10,000 g), the supernatant was aspirated, and the tube was 
placed on solid CO,. The frozen cell pellets were lysed by 
the addition of 5 mM acetic acid (100 pL) and boiling (5 
min). The lysates were stored frozen at -20” until analysis. 

For the determination of the PKC translocation, aliquots 
of cells (2 x 10’ cells/O.5 mL) were treated with drugs for 6 
min, and the cells were collected by centrifugation. To 
separate the membrane and cytosolic fractions, the pinealo- 
cytes were permeabilized by resuspension and incubation (7 
min, 4”) in 100 p_L of 50 FM digitonin in buffer A (20 mM 
Tris-HCl, containing 0.5 mM EDTA, 0.5 mM EGTA, 2 mM 
phenylmethylsulphonyl fluoride, 25 kg/mL of leupeptin and 
aprotinin, pH 7.5) as described [18]. The samples were then 
centrifuged (1 min, 12,000 g) to complete the separation. The 
membrane fraction was solubilized in 0.1% Triton-X (in buffer 
A) before assay. The presence of EGTA and EDTA ensured 
that only the chelator-stable form of membrane-associated 
PKC was analyzed. 

Cyclic Nucleotide Assays 

The lysates were centrifuged (12,000 g, 10 min), and 
samples of the supernatant were used to determine cellular 
cGMP and CAMP contents, using a radioimmunoassay pro- 
cedure in which samples were acetylated prior to analysis [5, 
191. Because there was a small batch-to-batch variation of 
the cyclic nucleotide responses between cell preparations, 
all comparisons were performed within the same batch of 
cells. 

PKC Assay 

PKC activity was measured in duplicate [18]. The reaction 
mixture contained 20 mM Tris-HCl, 1.0 mM CaCl,, 20 
mM MgCl,, 50 p,M AC-MBP (4-14) as substrate [20], 0.5 
mg/mL leupeptin, 0.1 mM ATP (1-5 x lo6 cpm of 
[Y-~~P]ATP). Phosphatidylserine (280 kg/mL) and PMA 
(10 FM) were added to some tubes to demonstrate phos- 
pholipid-dependent protein kinase activity. The reaction 
was initiated by adding l-2 kg of protein, and the incuba- 
tion (6 min, 37”) was stopped by immediate spotting of the 
reaction mixture onto phosphocellulose discs. The discs 
were then washed twice with 1% phosphoric acid and three 
times with distilled water. The radioactivity retained by the 
filter disc was determined by scintillation counting. PKC 
activity was calculated from the difference in 32P incorpo- 
rated into the PKC substrate peptide in the presence and 
absence of added phospholipids. 

Statistical Analysis 

Data are presented as the mean f SEM of the amount of 
cyclic nucleotide or PKC activity in four aliquots of cells. 
Each experiment was repeated at least three times with 
different cell preparations. Statistical comparisons were 
analyzed by the unpaired t-test and analysis of variance with 
the Newman-Keuls test where appropriate, with statistical 
significance set at P < 0.05. 

RESULTS 
Effect of Tyrosine Kinase Inhibitors on 
Basal CAMP and cqMP Levels in Rat Pinealmytes 

Treatment with genistein (lo-300 FM) or tyrphostin B42 
(lo-300 p,M) alone increased cGMP accumulation con- 
centration dependently in rat pinealocytes (Fig. 1A) with- 
out causing a concomitant increase in CAMP accumulation 
(Fig. 1B). At 300 p,M, genistein and tyrphostin B42 in- 
creased cGMP accumulation 5- and 20-fold, respectively 
(Fig. 1A). In comparison, similar concentrations of daid- 
zein and tyrphostin Al, the corresponding inactive ana- 
logues of the tyrosine kinase inhibitors, had no effect on 
cGMP accumulation. Higher concentrations (1 mM) of 
both tyrosine kinase inhibitors and the inactive analogues 
resulted in significant cell death (as determined by trypan 
blue exclusion staining) after 15 min and were not used in 
subsequent studies (data not shown). 
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FIG. 1. Effects of tyrosine kinase inhibitors on cGMP (A) 
and CAMP (B) accumulation in rat pinealocytes. Pmealo- 
cytes (2 x lo4 cells/O.4 mL) were incubated in DMEM and 
stimulated with various concentrations of genistein (Gen) 
and tyrphostin B42 (Tyr42) for 30 min. Daidzein (Dai, 300 
pM) and tyrphostin Al (Tyrl, 300 pM) were included as 
negative controls. Each value is the mean * SEM of deter- 
minations in four samples of cells. For further details, see 
Materials and Methods. Key: (*) significantly different from 
control (P -c 0.05). 

Effect of PKC Actiwator 
and lnhibitor on the Tyrosine Kinase 
Inhibitor-Stimulated c@4P Accumulation 

To study the interaction between PKC and tyrosine kinase 
on the cGMP accumulation, we investigated the effect of 
PMA, a potent PKC activator, on the tyrphostin B42- and 
genistein-stimulated cGMP responses. PMA, while having 
no effect on its own, potentiated the tyrphostin B42- and 
genistein-stimulated cGMP responses in a concentration 
dependent manner (Fig. 2). In comparison, 4cr-PDD, an 
inactive analogue of PMA, did not potentiate the effect of 
the tyrosine kinase inhibitors (Table 1). To further estab- 
lish the role of PKC, calphostin C, a specific PKC inhibitor 
[21], was used. Calphostin C, which had no effect on its 
own, abolished the enhancing effect of PMA on the tyr- 
phostin B42- and genistein-stimulated cGMP responses 
(Table 1). Interestingly, calphostin C, which had no effect 
on the IS0 (1 PM)-stimulated cGMP response, suppressed 
the tyrosine kinase inhibitor-stimulated cGMP response in 
the absence of PMA. These results indicate that PKC se- 
lectively potentiates the tyrosine kinase inhibitor- but not 
the P-adrenoceptor-stimulated cGMP response, and PKC 
may be directly involved in the action of tyrosine kinase 
inhibitors on the cGMP response. 

Previously, we reported that the effect of tyrosine kinase 
inhibitors on cGMP accumulation was due to inhibition of 
cGMP metabolism [12]. In the following study, we inves- 
tigated whether the potentiating effect of PMA was also 
mediated through phosphodiesterase. In the presence of 
maximal phosphodiesterase inhibition with 1 mM IBMX, 
neither tyrphostin B42 nor genistein had an effect on 

cGMP accumulation (Table 2). Under this condition, 
PMA also had no effect on the tyrosine kinase inhibitor- 
stimulated cGMP responses (Table 2). 

Effect of Changes in [Ca”], on the Tyrosine 
Kinase Inhibitor-Stimulated cCjMP Accumulation 

To determine the role of [Ca*‘], in the effect of tyrosine 
kinase inhibitors on cGMP accumulation, [Ca”], was el- 
evated by BayK 8644, a depolarizing concentration of K’, 
or ionomycin. Addition of BayK 8644 (10 PM) alone had 
no effect on the basal cGMP level. In contrast to the effect 
of PMA, BayK 8644 inhibited the tyrphostin B42- and 
genistein-stimulated cGMP responses concentration de- 
pendently (Fig. 3). Similar inhibitory effects were also ob- 
served when [Ca”], was elevated by a depolarizing concen- 
tration of K’ (30 mM) or ionomycin (10 FM) (Table 3). In 
comparison, reducing [Ca”], with the cell-permeable Ca*’ 
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FIG. 2. Effect of PMA on tyrosine kinase inhibitor- 
stimulated cGMP accumulation in rat pinealocytes. Pine- 
alocytes (2 x lo4 cells/O.4 mL) were incubated in DMEM 
and stimulated with tyrphostin B42 (Tyr42, 300 pM) or 
genistein (Gen, 300 PM) for 30 min in the presence or ab- 
sence of various concentrations of PMA. The cGMP values 
for cells stimulated with Tyr42 or Gen and for the untreated 
control were 82.0 * 7.6, 16.3 * 3.0, and 4.8 * 1.5 pmoY10’ 
cells, respectively. Each value is the mean * SEM of deter- 
minations in four samples of cells. For further details, see 
Materials and Methods. Key: (*) significantly different from 
the corresponding treatment without PMA (P < 0.05). 
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TABLE 1. Effect of PKC activator and inhibitor on cGMP 
accumulation stimulated by tryosine kinase inhibitors in 
rat pinealocytes 

120 
1 

cGMl? 
(pmol/105 cells) 

_ Tyr42 

+ Calphostin C 
Treatment - Calphostin C (1 IN 

Control 5.8 + 0.7 6.8 ZL 0.9 
PMA (100 nM) 6.9 at 1.1 ND* 
4a-PDD (100 nM) 7.2 + 1.1 ND 
IS0 (1 PM) 22.4 + 1.2.t 19.9 * 1.1t 

Tryphostin B42 (300 FM) 78.7 + 8.6t 17.1 f 2.7$ 
+ PMA (100 nM) 145.5 + 33.8t§ 29.3 + 7.6$0 
+ ICY-PDD (100 nM) 87.6 ? 17.0t ND 

Genistein (300 FM) 17.9 * 0.3t 6.9 + l.l$ 
+ PMA (100 nM) 35.7 * 4.90 13.3 ?r. 2.2$§ 
+ 4a-PDD (100 nM) 19.3 f 0.1t ND 

Pinealocytes (2 x lo4 cells/O.4 mL) were incubated DMEM and treated with tyrosine 

kmase InhIbiton for 30 min in the presence or absence of PMA, 4u-PDD, or cal- 

phostin C. The effect of calphostin C on the ISO-stimulated cGMP response was 

mcluded for comparison. Each value is the mean t SEM of cGMP m four samples of 

cells. For further detads, See Matenals and Methods. 

* ND, not determined. 

t Significantly different from control (P < 0.05). 

$ Significantly d&rent from the corresponding treatment wlthout calphostm C 

(P < 0.05). 

§ Significantly different from the corresponding treatment with tyrosme kinase 

inhibitor alone (P < 0.05). 
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chelator, EGTA-AM, significantly enhanced the tyrphos- 
tin B42- and genistein-stimulated cGMP responses (Ta- 
ble 3). 

To determine the site of interaction between [Ca”], el- 
evating agents and the tyrosine kinase inhibitors, IBMX 
was used. Unlike PMA, which had no potentiating effect 
on the cGMP response in the presence of IBMX, the in- 
hibitory effect of BayK 8644 or ionomycin on tyrphostin 
B42- and genistein-stimulated cGMP accumulation per- 
sisted in the presence of phosphodiesterase inhibition 

FIG. 3. Effect of BayK 8644 on tyrosine kinase inhibitor- 
stimulated cGMP accumulation in rat pinealocytes. Pine- 
alocytes (2 x lo4 cells/O.4 mL) were incubated in DMEM 
and stimulated with tyrphostin B42 (Tyr42, 300 pM) or 
genistein (Gen, 300 pM) for 30 min in the presence or ab- 
sence of various concentrations of BayK 8644. The cGMP 
values for cells stimulated with tyrphostin B42 or genistein 
and for the untreated control were 84.5 * 12.3, 21.3 * 1.7, 
and 5.0 * 1.5 pmoY105 cells, respectively. Each value is the 
mean * SEM of determinations in four samples of cells. For 
further details, see Materials and Methods. Key: (*) sign& 
cantly different from corresponding treatment without 
BayK 8644 (P < 0.05). 

TABLE 2. Effect of PMA on the cGMP accumulation in rat 
pinealocytes stimulated by tryosine kinase inhibitors in the 
presence of maximal phosphodiesterase inhibition 

cGMP (pmoY10’ cells) 

Treatment - IBMX + IBMX 

Control 5.2 _c 1.4 124.5 ? 5.6 
PMA (100 nM) 8.6 f 2.0 119.0 f 6.8 

Tyrphostin B42 (300 FM) 76.3 f 5.8* 125.0 r 5.9 
+ PMA (100 nM) 113.6 f 5.9t 123.2 ? 9.4 

Genistein (300 p,M) 24.4 f 3.5* 106.5 ? 11.9 
+ PMA (100 nM) 40.3 * 3.1 t 109.7 * 8.6 

Pinealocytes 2 x lo4 cells/O.4 mL) were incubated in DMEM and treated with 

tyrosine kinase inhibitors and PMA for 30 mm m the presence or absence of IBMX 

(1 mM). Each value is the mean ? SEM of cGMP in four samples of cells. For further 

details, see Mater&s and Methods. 

* Significantly different from control (P < 0.05). 

t Significantly d&erent from the corrsponding treatments without PMA (P < 

0.05). 

(Table 4). However, BayK 8644 or ionomycin alone also 
reduced the IBMX-mediated increase in cGMP accumula- 
tion (Table 4). These data, therefore, suggest that the in- 
hibitory effect of elevating [Ca”], on the cGMP level is 
mediated through a step that is directly involved in the 
synthesis of cGMP and may not be directly related to ty- 
rosine kinase. 

To investigate the intracellular mechanism involved in 
the effect of [Ca*‘],-elevating agents, the effect of W7, a 
calmodulin inhibitor [22], on the tyrosine kinase inhibitor- 
stimulated cGMP accumulation was determined. W7 (1 
FM), which had no effect on basal cGMP accumulation, 
partially reversed the inhibitory effect of BayK 8644 on 
tyrphostin B42- and genistein-stimulated cGMP responses 
(Table 5). 

EEfect of Tyrosine Kinase Inhibitors on the Basal 
and PMA-Stimulated Distribution of PKC Activities 

To further investigate the interaction between the tyrosine 
kinase inhibitors and PKC, the effect of tyrosine kinase 
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Table 3. Effect of Ca’+-elevating agents on cGMP accumw 
lation stimulated by tyrosine kinase inhibitors in rat pine- 
alocytes 

Treatment 

Control 
KC1 (30 mM) 
Ionomycin (10 PM) 
EGTA-AM (10 FM) 

Tyrphostin B42 (300 yM) 
+ KC1 (30 mM) 
+ Ionomycin (10 p,M) 
+ EGTA-AM (10 PM) 

Genistein (300 mM) 
+ KC1 (30mM) 
+ Ionomycin (10 p,M) 
+ EGTA-AM (10 )LM) 

cGMP (pmoI/lO’ cells) 

5.8 + 1.0 
5.1 * 1.0 
5.3 + 1.0 
5.8 it 1.2 

80.3 ?r 4.5* 
30.7 + 6.3t 
20.4 + 0.5t 

113.3 f 18.7t 

20.3 f 4.4* 
7.7 * 0.6t 
5.3 t 0.2t 

37.8 i 6.7t 

Pinealocytes (2 x IO4 cells/O.4 mL) wete incubated in DMEM and treated with the 

tyrosine kinase inhibitors and KC1 (30 mM) or ionomycin (IO PM) or EGTA-AM 

(IO PM) for 30 min. Each value is the mean + SEM of cGMP in four samples of cells. 

For further details, see Materials and Methods. 

* Significantly different from control (P < 0.05). 

t Significantly different from the corresponding treatment with tyrosine kinase 

inhlbitor alone (P < 0.05). 

inhibitors on the PMA-mediated translocation of PKC in 
intact pinealocytes was investigated. As shown in Fig. 4, 
PMA (0.1 p,M) caused a 4-fold increase in PKC activities 
associated with the particulate fraction while reducing the 
cytosolic fraction by 60% [18, 231. Treatment with tyrphos- 
tin B42 (300 I.LM) had no significant effect on the basal or 
PMA-stimulated distribution of PKC activities (Fig. 4). 
Addition of tyrphostin B42 (300 PM) directly into the 
PKC assay also had no effect on the PKC activities (Fig. 5). 

Table 4. Effect of BayK 8644 on cGMP accumulation in rat 
pinealocytes stimulated by tyrosine kinase inhibitors in the 
prescence of maximal phosphidiesterase inhibition 

Treatment 

Control 
BayK 8644 (10 FM) 
Ionomycin (10 I_LM) 

Tyrphostin B42 (300 PM) 
+ BayK 8644 (10 FM) 
+ Ionomycin (10 FM) 

Genistein (300 I.LM) 
+ BayK 8644 (10 PM) 
+ Ionomycin (10kM) 

cGMP (pmoI/105 cells) 

-1BMX +IBMX 

5.3 * 1.4 134.3 f 10.3 
4.5 f 1.2 76.4 f 7.2* 
5.5 f 1.2 52.4 f. 6.2* 

89.4 * 13.07 123.7 ? 17.8 
26.4 t 0.6* 69.9 * 5.7* 
12.3 * 0.7* 38.0 ? 2.8* 

22.1 + 3.5t 129.5 f 8.5 
6.1 * 0.8* 59.8 + 1.7* 
5.3 + 0.4* 38.0 r 2.8* 

Pinealocytes (2 x IO4 cells/O.4 mL) wete incubated in DMEM and treated with the 

tyrosine kmase inhibitors and BayK 8644 or ionomycin (IO wM) for 30 min in the 

prescence or abscence of IBMX (I mM). Each value is the mean f SEM of cGMP in 
four samples of cells. For further details, see Materials and Methods. 

* Significantly different from the correspondmg treatment without Ca’+-elevating 
agents (P < 0.05). 

t Signifemtly different from control (P < 0.05). 

Table 5. Effect of a Caz+/cahnoduIin inhibitor on cGMP ac- 
cumulation stimulated by tyrosine kinase inhibitors and 
BayK 8644 in rat pinealocytes 

cGMP (pmoI/105 cells) 

Treatment -w7 +w7 

Control 
BayK 8644 (10 I_LM) 

Tyrphostin B42 (300 FM) 
+ BayK 8644 (10 FM) 

Genistein (300 J.LM) 
+ BayK 8644 (10 I.LM) 

5.8 + 1.0 7.8 + 1.5 
4.4 f 0.9 5.2 + 0.6 

80.3 ? 4.5* 90.4 f 10.7* 
34.2 f 4.6t 44.0 f 0.5t* 

20.3 + 4.4* 22.4 ? l.l* 
6.6 f 0.9t 15.0 + 2.7tS 

Pinealocytes (2 x IO4 cells/O.4 mL) were incubated in DMEM and treated with the 

tyrosine kinase inhibitors and BayK 8644 or ionomycin (10 KM) for 30 min in the 

prescence or abscence of W7 (I PM). Each value is the mean * SEM of cGMP in 

four samples of cells. For further details, see Materials and Methods. 

* Significantly different from control (P < 0.05). 

t Significantly different from the corresponding treatment without BayK 8644 

(P < 0.05). 

d Significantly different from the correspondmg treatment without W7 (P < 0.05). 

DISCUSSION 

We have shown recently that tyrosine kinase inhibitors 
elevate pineal cGMP levels by inhibiting the metabolism of 
cGMP [12]. In the present study, we have further demon- 
strated that the effect of tyrosine kinase inhibitors on 
cGMP accumulation was selective since this occurred in 
the absence of any changes in CAMP accumulation. Similar 
results were observed with tyrphostin B42 and genistein, 
two specific tyrosine kinase inhibitors with different sites of 
action, while tyrphostin Al and daidzein, their correspond- 
ing inactive analogues, had no effect on cGMP accumula- 
tion. These results indicate that the effects of tyrphostin 
B42 and genistein on cGMP accumulation are likely related 
to inhibition of tyrosine kinase activity. 

The interactions of PKC and [Ca”], with the tyrosine 
kinase inhibitor-mediated cGMP elevation are of interest. 
Although an activator of PRL poteniates the tyrosine ki- 
nase inhibitor-mediated increase in cGMP accumulation, 
[Ca”],-elevating agents have the opposite effect. In com- 
parison, both PKC activation and elevated [Ca2’], are 
known to potentiate the P-adrenergic- or vasoactive intes- 
tinal peptide-stimulated cGMP accumulation in rat pine- 
alocytes [17, 24, 251. These results suggest that there are 
distinct difference between the interactions of PKC and 
[Ca”], with the tyrosine kinase inhibitor- versus the recep- 
tor-mediated cGMP accumulation. 

Investigation into the interaction between PKC and ty- 
rosine kinase inhibitors on the cGMP response showed that 
activation of PKC by PMA, but not the inactive 4o-PDD, 
significantly potentiated the tyrosine kinase inhibitor- 
stimulated cGMP accumulation. However, the stimulatory 
effects on cGMP accumulation by either tyrosine kinase 
inhibitors alone or in combination with PMA were not 
observed in the presence of maximal phosphodiesterase in- 
hibition. These observations suggest that both PMA and 
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FIG. 4. Effect of tyrphostin B42 on the PMA+mediated 
translocation of PKC activity in rat pinealocytes. PKC acd 
tivity of the membrane and cytosolic fractions of pinealo- 
cytes was determined in control and PMA (100 nM)-treated 
cells in the absence or presence of tyrphostin 842 (Tyr42, 
300 g&l). Each value is the mean * SEM of determinations 
done in duplicate on three samples of cell preparations. For 
further details see Materials and Methods. Key: (*) signifi. 
cantly different from control (P < 0.05). 

the tyrosine kinase inhibitors are working through phos- 
phodiesterase in modulating cGMP accumulation. Al- 
though PKC has a direct effect on phosphodiesterase activ- 
ity in several tissues [26-291, this is an unlikely mechanism 
in rat pinealocytes since activation of PKC alone has no 
effect on basal cGMP accumuiation. Considering that 
PMA has no effect on its own, these results further suggest 
that activation of PKC is modulating the effect of the ty 
rosine phosphorylation on the phosphodiesterase rather 
than having a direct effect on the cGMP. 

In addition to the effect of activated PKC activity, our 
results also suggest that basal PKC activity may play a sig 
nificant role in modulating the regulation of phosphodies- 
terase by protein tyrosine phosphorylation. This is based on 
the observation that treatment with calphostin C reduces 
the tyrosine kinase inhibitor~stimulated cGMP accumula- 
tion. Since this occurs in the absence of PMA treatment, it 
suggests that the interaction between tyrosine kinase and 
phosphodiesterase is subjected to the tonic regulation by 
basal PKC activity. Of interest, calphostin C has no effect 

on the ISO~stimulated cGMP response, further indicating 
that the effect of calphostin C is specific for the tyrosine 
kinase inhibitor-mediated response and is not shared by 
other agonists. 

Another possible explanation for the interaction be- 
tween PKC and tyrosine kinase is that PKC activation may 
occur as a consequence of tyrosine kinase inhibition. Ac- 
tivation of phospholipase Cpy through tyrosine phosphor- 
ylation may lead to generation of diacylglycerol which can 
activate PKC [IO]. However, this is not likely in rat pine- 
alocytes since tyrosine kinase inhibitors, apart from having 
no effect on the in I&O PKC activity, also have no effect on 
the basal or PMA-mediated PKC distribution. Therefore, 
the more likely explanation is that PKC could reduce ty- 
rosine phosphorylatiion in rat pinealocytes which, in turn, 
modulate phosphodiesterase activity. This is supported by 
previous studies which showed that PKC could phosphory- 
late the epidermal growth factor and insulin receptors, re- 
sulting in a reduction of tyrosine kinase activities [30, 311. 
Furthermore, a cone-type cGMP phosphodiesterase is ex- 
pressed in the rat pineal gland [32], and the inhibitory 
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FIG. 5. Effect of tyrphostin 842 and genistein on in vitro 
PKC activity. PKC activity of the cytosok fractions of pine* 
alocytes was determined in tbe absence or presence of w 
phostin B42 (Tyr42, 300 pM) or genistein (Gen, 300 pM). 
AC-MBP(4.14) was used as substrate. H7 (100 PM) was in- 
eluded in this experiment as a positive control. Each value is 
the mean f SEM of determinations done in duplicate on 
three samples of cell preparations. For further details see 
Materials and Methods. Key: (*) significant inhibition of the 
in vitro PKC activity (P < 0.05). 
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subunit of this phosphodiesterase can be phosphorylated by 
PKC [29]. This may explain the modulating effects of ty- 
rosine kinase inhibitors and PKC activators observed in this 
study. However, it should be mentioned that in other tis- 
sues such as glomerular mesangial cells and hepatoma cells, 
activation of PKC may also lead to tyrosine kinase activa- 
tion [33, 341, indicating that the nature of the interaction 
between PKC and tyrosine phosphorylation is tissue spe- 
cific. 

In addition to directly affecting the tyrosine kinase ac- 
tivities, activation of PKC may also affect the phosphoty 
rosine phosphatase activities as shown in other studies [35]. 
This may result in an alteration of the state of tyrosine 
phosphorylation. Whether PKC potentiates the effect of 
the tyrosine kinase inhibitors by reducing tyrosine kinase 
activities or enhancing the phosphotyrosine phosphatase 
activities in rat pinealocytes remains to be determined. 

In contrast to PKC activation, elevation of [Ca”], sig 
nificantly decreases the tyrosine kinase inhibitor-mediated 
increase in cGMP accumulation while EGTA-AM, which 
reduces [Ca2+li, increases the effects of these inhibitors. 
The inhibitory effect of [Ca”],-elevating agents appears 
to be partly mediated through the Ca”/calmodulin- 
dependent kinase since the BayK 8644- or KCl-mediated 
inhibition of the tyrphostin B42- and genistein-stimulated 
cGMP accumulation was partly blocked by W7, a selec- 
tive Ca”/calmodulin inhibitor. More interestingly, the 
interaction between [Ca2’li and tyrosine kinase in regulat- 
ing cGMP accumulation is different from that between 
PKC and tyrosine kinase. While the potentiating effect of 
PMA is abolished by phosphodiesterase inhibition, the in- 
hibitory effect of elevated [Ca”], persists in the presence of 
phosphodiesterase inhibition. This result indicates that 
changes in [Ca2’], are affecting the synthesis of cGMP 
rather than its degradation. This effect of [Ca”], is also 
consistent with the observation that high [Ca”], can in- 
hibit guanylyl cyclase through guanylyl cyclase-activating 
protein [36, 371. 

The roles of PKC and [Ca”], on the cyclic nucleotide 
accumulation in rat pinealocytes have been investigated 
previously [ 1, 31. In the earlier studies, the focus was on the 
modulation of cyclic nucleotide accumulation stimulated 
by the G-protein-coupled signal transduction pathway. 
These included activation of membrane receptors (p- 
adrenergic or vasoactive intestinal peptide receptors), G- 
protein (by cholera toxin), or direct activation of the cycla- 
ses (by forskolin). In all cases, the agonist-stimulated cGMP 
accumulation was potentiated by elevation of [Ca”], alone 
or by PKC activation in the presence of [Ca”], elevation 
[17]. The mechanism of the potentiation was due to en- 
hanced synthesis of the cyclic nucleotide. However, our 
present findings indicate that, although PKC activation 
alone has no effect on the cGMP level in the rat pinealo- 
cytes, it may utilize multiple signalling pathways in modu- 
lating cGMP accumulation indirectly. In addition to the 
above-mentioned potentiation of the stimulated cGMP re- 
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sponse by increasing synthesis, PKC also modulates the rate 
of cGMP degradation through signalling pathways involv- 
ing tyrosine phosphorylation. 
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