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R a p i d  c o m m u n i c a t i o n  

Tyrosine kinase inhibitors regulate serotonin uptake in platelets 

D a i g a  M. H e l m e s t e ,  Siu W a  T a n g  * 

Department of Psychiatry, University of California, UCI Medical Center, 101 The City Drive South, Orange, CA 92668, USA 

Received 23 May 1995; accepted 29 May 1995 

Abstract 

Uptake of tritiated serotonin into human platelets was found to be rapidly inhibited by the tyrosine kinase inhibitors, 
genistein and methyl 2,5-dihydroxycinnamate. Binding studies indicated that uptake inhibition did not correlate with direct 
binding of these inhibitors to the transporter. Chelation of mobilizable intracellular Ca 2+ did not inhibit the effects of genistein 
on uptake. These results suggest a more direct, non-Ca 2+ mediated effect of tyrosine kinase inhibitors on uptake. 
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Regulation of serotonin transport has been a major 
focus of antidepressant research, with many specific 
serotonin uptake inhibitors being effective antidepres- 
sants. In view of data suggesting abnormal platelet 
function in the affective disorders (with regard to sero- 
tonin uptake and intracellular Ca2+), elucidation of 
pathways involved in regulation of serotonin uptake is 
needed to understand the underlying mechanisms in- 
volved in these abnormalities. Early reports have 
demonstrated unusually high levels of tyrosine kinases 
in platelets (Golden et al., 1986). We now report that 
serotonin uptake in human platelets is rapidly de- 
creased by tyrosine kinase inhibitors, suggesting that 
platelet tyrosine kinase activity has tight control over 
serotonin uptake. 

Two broad spectrum tyrosine kinase inhibitors, 
genistein (4~,5,7-trihydroxyisoflavone) and erbstatin 
analog (methyl 2,5-dihydroxycinnamate), were used. 
Genistein (Res. Biochem. Internat., Natick, MA, USA) 
is a competitive inhibitor of adenosine triphosphate 
(ATP) in the kinase reaction and is noncompetitive 
with regard to substrate. Methyl 2,5-dihydroxycinna- 
mate (Res. Biochem. Internat., Natick, MA, USA) is 
an analog of erbstatin which is competitive with both 
substrate and ATP (Levitzki and Gazit, 1995). 
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Uptake of 100 nM [3H]5-hydroxytryptamine (sero- 
tonin) (Amersham, Arlington Heights, IL, USA, 57 
Ci/mmol) in human platelets (supplied by the Los 
Angeles Red Cross) was performed in Krebs-Ringer 
Hepes buffer (145 mM NaC1, 5 mM KCI, 0.5 mM 
Na2HPO 4, 1 mM MgSO 4, 0.2 mM CaC12, 10 mM 
Hepes (N-[2-hydroxyethyl]piperazine-N'[2-ethane- 
sulfonic acid]), 10 mM glucose, pH 7.4), using 100/zM 
desmethylimipramine (Res. Biochem. Internat., Natick, 
MA, USA) to define specific uptake (5 min, 37°C). 
Platelets (5 × 107/ml to 10S/ml) were incubated (37°C) 
with varying concentrations of kinase inhibitors for 
times varying from 1 to 30 min. [N-Methyl-3H]Imip - 
ramine (0.1 nM, New England Nuclear, Boston, MA, 
USA, 85.3 Ci/mmol) binding to platelet membranes 
was performed in Krebs-Ringer Hepes buffer (4°C) 
and incubated on ice (4°C) for 2 h before separation of 
bound from free ligand by vacuum filtration through 
G F / B  glass fiber filters (Whatman, UK). Protein was 
determined by the Bradford method (Bradford, 1976). 
Common chemicals were from Sigma Chem. Co. (St. 
Louis, MO, USA) and Calbiochem (La Jolla, CA, 
USA). 

As shown in Table 1, both genistein and methyl 
2,5-dihydroxycinnamate cause time-and dose-depen- 
dent decreases in serotonin uptake. The effects of 
methyl 2,5-dihydroxycinnamate, in contrast with the 
effects of genistein, were more transient, in keeping 
with the short half-life of methyl 2,5-dihydroxycinna- 
mate in serum (i.e., approximately 50% of this com- 
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Table 1 
[3H]Serotonin uptake (% control, mean + S.E.M., n = 3-10) 

Compound 1 min 5 min 10 min 15 min 30 min 

(A) Time course 
Genistein (100/xM) 68_+ 5% a 13 _+ 4 d 15 +_ 0.5 0 9_+ 4 c 14 + 3 c 
Methyl 2,5-dihydroxycinnamate (100/zM) 98 _+ 7 54 +_ 6 b 74 _+ 6 a 70 _+ 4 b 95 + 1 

0.1 /zM 1/xM 10/xM 100/zM 

(B) Dose response (37°C, 10 rain) 
Genistein 97 _+ 2% 80 _+ 5 75 _+ 2 d 19 _+ 6 c 
Methyl 2,5-dihydroxycinnamate 97 _+ 7 89 +_ 4 93 _+ 4 74 + 6 ~ 

0.1 /zM 1/zM 10/xM 100/zM 

(C) Inhibition of specific [ 3H]imipramine binding (2 h, 4°C incubation) 
Genistein 97 + 4% 107 + 7 99 + 3 104 + 2 
Methyl 2,5-dihydroxycinnamate 96 + 2 100 + 3 95 + 4 71 + 3 d 

a p < 0.05 (paired T-test), b p < 0.025, c p < 0.005, d p < 0.001. 

p o u n d  d e g r a d e s  wi thin  the  first 30 min  of  incuba t ion  at 
37°C) ( U m e z a w a  et  al., 1990). 

M a x i m u m  inhib i t ion  of  u p t a k e  occu r red  by 5 min  for 
bo th  compounds .  This  inh ib i t ion  d id  not  co r re l a t e  with 
inh ib i t ion  of  [3H] imipramine  b ind ing  to the  se ro ton in  
t r a n s p o r t e r  (Tab le  1, pa r t  C), sugges t ing  tha t  u p t a k e  
inhib i t ion  was not  due  to d i rec t  b ind ing  of  genis te in  or  
methyl  2 ,5 -d ihydroxyc innamate  to the  t r anspor t e r .  

Tyros ine  k inase  inhib i t ion  is known to affect  Ca  2+ 
fluxes in p la te le t s ,  which in themse lves  may  m o d u l a t e  
se ro ton in  u p t a k e  (Nishio  et  al., 1995). To  d e t e r m i n e  
w h e t h e r  changes  in mobi l i zab le  Ca 2+ m e d i a t e  genis-  
t e in ' s  inhib i t ion  of  s e ro ton in  up take ,  p l a t e l e t s  were  
p r e - i n c u b a t e d  with  B A P T A - A M  (ace toxymethyl  bis 
( O - a m i n o p h e n o x y )  e t h a n e - N , N , N , N - t e t r a a c e t a t e )  
(Ca lb iochem,  La  Jol la ,  CA,  U S A )  (10 /xM, 37°C, 30 
min),  a che l a to r  of  in t race l lu la r  Ca  2+. This  concen t ra -  
t ion of  B A P T A - A M  was suff ic ient  to p reven t  de t ec t ion  
of  t h r o m b i n - m e d i a t e d  in t r ace l lu l a r  Ca 2+ e leva t ions  in 
p l a t e l e t s  (as m e a s u r e d  by the fura-2  me thod ,  da t a  not  
shown),  sugges t ing  tha t  mobi l i zab le  in t race l lu la r  Ca 2+ 
was comple t e ly  c h e l a t e d  by the  B A P T A  admin i s t r a -  
t ion. Since the  t h r o m b i n - m e d i a t e d  in t r ace l lu l a r  Ca 2+ 
rise inc ludes  a Ca 2+ influx c o m p o n e n t  as well  as Ca  2+ 
mobi l i za t ion  f rom in t r ace l lu l a r  sources  (Sage and  Rink,  
1986), the  B A P T A  was an effect ive che la to r  for bo th  
sources  of  Ca 2+. Se ro ton in  u p t a k e  in p l a t e l e t s  t r e a t e d  
with genis te in  ( 1 0 0 / z M ,  37°C for 15 min)  was 40 + 5% 
of  con t ro l  ( m e a n  ___ S.E.M.,  n = 5, P < 0.001, p a i r e d  
T-test);  u p t a k e  in B A P T A - A M - t r e a t e d  p la te le t s  (10 
IzM, 37°C for 30 min)  was 44 + 14% of  con t ro l  (n  = 5, 
P < 0.025, p a i r e d  T-test).  W h e n  gen is te in  was adminis -  
t e r e d  to B A P T A - A M - t r e a t e d  p la te le t s ,  up t ake  d r o p p e d  
to 25 + 6% of  veh i c l e - t r ea t ed  cont ro l s  (n = 5, P <  
0.001, p a i r e d  T-test).  U p t a k e  af te r  the  genis te in-  

B A P T A  combina t i on  was 61 + 5% ( P  < 0.005) com- 
p a r e d  to B A P T A - A M  t r e a t m e n t  a lone.  

This  resul t  suggests  tha t  mobi l i zab le  Ca 2÷, as 
che l a t ed  by B A P T A ,  is not  r equ i r ed  for genis te in-  
m e d i a t e d  inhib i t ion  of  se ro ton in  up t ake  in p la te le ts .  A 
more  direct ,  non -Ca  2÷ m e d i a t e d  effect  of  tyros ine  ki- 
nase  inhibi tors  on u p t a k e  (i.e., via phospho ry l a t i on  
changes)  is cons is ten t  with these  results .  I t  is unl ikely  
tha t  inhib i t ion  of  se ro ton in  up t ake  by tyros ine  kinase  
inhibi tors  is due  to re lease  of  e n d o g e n o u s  se ro ton in  
stores,  s ince gen is te in  is ac tual ly  known to inhibi t  r a the r  
than  e nha nc e  se ro ton in  re lease  (IC50 ~ 5 4  /zM) 
( M u r p h y  et  al., 1993). I ncuba t ion  of  p l a t e l e t s  wi th  the  
tyros ine  k inase  inhibi tor ,  he rb imycin  A (10 /zM, 15 
min,  37°C) ( f rom Streptomyces hygroscopicus, Sigma 
Chem.  Co., St. Louis ,  MO,  USA) ,  also rapid ly  de-  
c reases  se ro ton in  u p t a k e  (296% ctrl.,  m e a n  + S.E.M.,  
n = 3, P < 0.01, p a i r e d  T-test),  ind ica t ing  tha t  struc- 
tura l ly  d iss imi lar  tyros ine  k inase  inhib i tors  (Levitzki  
and  Gazi t ,  1995) a re  all ab le  to inhibi t  se ro ton in  up-  
take.  The  da t a  with methyl  2 ,5-d ihydroxycinnamate  
also ind ica te  tha t  the  inhib i t ion  of  u p t a k e  requ i res  the  
con t inuous  p re sence  of  inh ib i tor  since the  revers ion  to 
cont ro l  levels of  u p t a k e  closely follow the  stabil i ty 
curve of  the  inhibi tor .  
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