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Ahsa'ae~lncubation for 30 min at 30 ° with 1 mM imipramine, chlorpromazine or phen- 
cyclidine produced increases in creatine phosphokinase (CPK) activity of rat platelet-rich 
plasma (PRP). Increases in lactic dehydrogenase (LDH) activity of human PRP were pro- 
duced by imipramine at 0"5 mM. Ouabain, diphenylhydantoin, calcium chloride, EDTA and 
thrombin did not affect CPK activity of rat PRP. None of the dugs tested except 10 mM 
diphenylhydantoin affected CPK or LDH activity in platelet-poor plasma. Increases in 
enzyme activity of PRP produced by 1 mM imipramine were associated with a decrease 
in platelet count. The increases were independent of temperature of incubation from 0 ° to 
30 ° and were maximal after a 5-min inctibation. The release of LDH and CPK caused by 
the above drugs is not related to platelet aggregation or the platelet release reaction. The 
increases in LDH and CPK activity in PRP appear to be the result of platelet destruction 
or damage to the platelet plasma membrane with release of these enzymes. 

HIGH CONCENTRATIONS of  pheno th i az ines  and  i m i p r a m i n e  in vitro a n d  in vivo can 
cause,  the efflux o f  a var ie ty  of  in t race l lu la r  substances .  Du jovne  et al. 1'2 have 
r e p o r t e d  l eakage  of  enzymes  f rom liver cells g rown  in tissue cul ture  after exposu re  
to  pheno th iaz ines  a t  concen t r a t ions  of  1 m M .  Mel t ze r  3 has r e p o r t e d  tha t  c h l o r p r o -  
maz ine  (CPZ)  can  p roduce  leakage  o f  c rea t ine  p h o s p h o k i n a s e  ( C P K )  f rom ra t  skele- 
tal  muscle  in vitro. C P Z  releases ep inephr ine  f rom the ad rena l  me du l l a  under  a var-  
ie ty of  condi t ions .  *-7 Release of  5 -hyd roxy t ryp t amine ,  h is tamine,  p o t a s s i u m  and  
n i t rogen  f rom pla te le ts  i ncuba ted  wi th  pheno th i az ines  or  i m i p r a m i n e  has  been  
observed.  8-12 The  release of  in t race l lu la r  subs tances  p r o d u c e d  by  these d rugs  has  

been  in te rp re ted  by  some to be the effects of  a selective or  genera l  increase in mem-  
b rane  pe rmeab i l i t y  3,s, 12 or  an  express ion  o f  cytotoxic i ty .  1,2,9,11, ! 3 In  s u p p o r t  of  the 

la t te r  hypothesis ,  So la tun tu r i  13 obse rved  d a m a g e  to the p la te le t  p l a s m a  m e m b r a n e  
by  e lec t ron  mic ro scopy  after exposure  to C P Z  at  concen t r a t i ons  o f  0.5 to 1 m M .  

The  p resen t  s tudy  was des igned to invest igate  the effects of  C P Z  a n d  i m i p r a m i n e  
on  the release of  C P K  from ra t  p la te le ts  a n d  lact ic  de hyd roge na se  ( L D H )  f rom 
h u m a n  p la te le ts  in vitro. Both  enzymes  are  ma in ly  so luble  in the c y t o p l a s m  ra the r  
t han  presen t  in organel les .  After  de t e rmin ing  tha t  b o t h  drugs  cou ld  p r o m o t e  release 
of  these enzymes  f rom platelets ,  the m e c h a n i s m  of  the i m i p r a m i n e - i n d u c e d  release 
of  C P K  a n d  L D H  from pla te le ts  was fur ther  s tud ied  by  c o m p a r i s o n  of  its a c t i on  with  
agents  which  p r o m o t e  p la te le t  agg rega t ion  and  the p la te le t  release react ion ,  as well 
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as with other membrane-active drugs. The destructive effects of imipramine on plate- 
lets were considered to account only partially for its enzyme-releasing properties. 

MATERIALS AND METHODS 
Male Sprague-Dawley rats, purchased from Sprague-Dawley, Inc., Madison, 

Wis., were used for these studies. Rats were housed in groups of six in a temperature- 
controlled room (22 _+ 1 °) with 12 hr light-dark cycle. Rat blood was obtained from 
the inferior vena cava immediately after anesthesia with thiopental, 100 mg/kg, i.p. 
Five ml of blood was withdrawn through No. 21 needles into plastic syringes, and, 
after removal of the needle, was immediately added to glass test tubes containing 7 
mg EDTA. In some studies, the anticoagulant was 20 units sodium heparin/ml of 
blood. In human subjects, blood was drawn directly into EDTA Vacutainer tubes. 

Platelet-rich plasma (PRP) was prepared by centrifugation of anti-coagulated 
whole blood at 300 g for 5 min at 20 °. Platelet-poor plasma (PPP) was obtained from 
whole blood or PRP by centrifugation at 750 g for 15 min. Platelet counts were car- 
ried out by light microscopy in a standard counting chamber using a Unopette-dilut- 
ing apparatus. Each PRP sample was counted to insure a minimal platelet count of 
100,000 platelets/mm3; any samples with platelet counts less than this were dis- 
carded. P R P  platelet counts were generally 300,000 platelets/mm 3 or greater. Plasma 
was stored in an ice bath prior to experimentation, which was carried out within 4 
hr of obtaining the blood sample. Platelet counts were also performed in the same 
manner after some of the incubations of PRP to be described subsequently. 

To study the ability of drugs and chemicals to release CPK or LDH from platelets, 
0"2 ml PRP or PPP from the same blood specimen was mixed with 0-1 ml normal 
saline containing varying concentrations of the agent, followed by incubation at 30 ° 
for 0"5 hr. In separate experiments, incubation time and temperature parameters 
were varied from 5 rain to 4 hr and from 0 ° to 30 ° to investigate the effect of these 
variables on enzyme release. Immediately after incubation, P R P  was centrifuged at 
750 g for 15 min at 0 ° to remove all intact platelets. Enzyme activities of the resulting 
plasma and the original P P P  sample were determined within 2 hr. The difference in 
enzyme activity between the supernatant PRP of the treated sample and that of the 
untreated samples was assumed to represent release of enzyme from the platelets. 
Measurement of enzyme activity of identically treated samples of PPP also insured 
that any direct effect of the drug or chemical on enzyme activity or assay procedure 
would be detected. 

The following drugs or chemicals were tested: CPZ,  imipramine, phencyclidine, 
ouabain, diphenylhydantoin, calcium chloride, EDTA and thrombin. All drugs were 
tested in the following concentrations: l0 mM, 1 mM, 0.01 mM and 0.001 mM. 
Thrombin was tested in concentrations of 0.0001 to 100 units/ml. Imipramine was 
tested with a more extensive range of concentrations: l0 mM, 7.5 mM, 5 mM, 2.5 
raM, 1 raM, 0"75 mM, 0"5 mM, 0-25 mM, 0-01 mM and 0.001 mM. 

CPK activity in rat platelet studies and LDH activity in human platelet studies 
were determined spectrophotometrically by the methods of Rosalki14 and Wacker 
et al.l ,s respectively. Reagents were obtained in kit form from Calbiochem. 

C P Z  was a gift from Smith, Klein & French Laboratories, Philadelphia, Pa. Imi- 
pramine was a gift from Ciba-Geigy Corp., Basel, Switzerland. Phenycyclidine and 
diphenylhydantoin were gifts from Parke, Davis & Co., Detroit, Mich. Ouabain and 
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thrombin (bovine, grade III) were obtained from Sigma Chemical Co., St. Louis, Mo. 
Calcium chloride and EDTA were obtained from J. T. Baker Chemical Co., Phillips- 
burg, N.J. 

TABLE 1. PER CENT CHANGE IN CPK ACTIVITY OF RAT PRP PRODUCED 
BY CHEMICAL AGENTS COMPARED TO UNTREATED PRP  

Concn of drug tested (mM) 
Drug tested 10 1 0" 1 

Imipramine + 85* + 163 0 
Chlorpromazine t + 110 + 4 
Phencyclidine + 99 + 33 - 6 
Ouabain  - 4 + 9 - 3 
Diphenylhydantoin -t - 7 - 5 
CaCI2 - 20 - 8 - 11 
MgCI 2 - 4 - 2 + 3 

* Per cent increase in CPK  activity in rat PRP treated by the indi- 
cated drug concentration. Percentage is based on CPK activity of PRP 
not treated by drug but handled in an identical manner. Values are 
means of two or more experimental  determinations. 

t Chlorpromazine and diphenylhydantoin at  10 mM concentration 
interfered with the assay of CPK in both PRP  and PPP. 

R E S U L T S  

Imipramine, CPZ and phencyclidine in concentrations of 1 mM or higher produced 
increases in CPK activity of rat PRP (Table 1). Imipramine produced quantitatively 
the greater increase of these three agents, phencyclidine the least. None of the other 
drugs tested produced an increase in CPK activity of rat PRP even at the highest 
concentration tested. This included thrombin in concentrations ranging from 0.0001 
to 100 units/ml. Diphenylhydantoin, 10 mM, decreased CPK activity in PRP sam- 
pies, but a similar effect was observed in PPP, indicating that it interferes with the 
assay procedure at this concentration. None of the other drugs tested had any effect 
on the CPK assay. 

The effects of a wider range of concentration of imipramine on LDH activity of 
human PRP are summarized in Table 2. The increase in LDH activity produced by 

TABLE 2. EFFECT OF IMIPRAMINE ON LD H  ACTIV1TITY OF HUMAN PRP 

Concn of No. of 
imipramine (mM) samples 

Per cent change in CPK 
activity compared to 

untreated PRP (mean + S. E. M.) 

10 6 + 162 + 32 
7.5 6 + 267 +__ 43 
5.0 8 + 384 + 43 
2.5 7 + 359 + 74 
1-0 11 + 95 + 24 
0'75 8 + 89  + 15 
0.50 11 + 4 6  ___ 16 
0"25 12 + 17  ± 13 
0.10 7 - 10 _+ 8 
0.05 8 + 9 __+ I I 
0.01 6 0 + 3 
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imipramine was maximal at 5 mM concentration, but a detectable increase was pro- 
duced by concentrations as low as 0"5 mM. This concentration produced a mean in- 
crease in LDH activity of PRP of about 40 per cent. The mean per cent increase in 
LDH activity of human PRP treated by 1 mM imipramine was 90 per cent. The same 
concentration of imipramine resulted in a 160 per cent increase in CPK activity of 
rat PRP compared to untreated PRP. 

Platelet counts and CPK activity of rat PRP after incubation for 30 rain at 30 ° 
with 1 mM imipramine are given in Table 3. A decrease in the platelet count was 
accompanied by a substantial increase in CPK activity. In a previous study of rats 
of the same strain and weight, the CPK activity of platelets after lysis by repeated 
freezing and thawing was 610 mU/109 platelets. 16 The calculated increase of CPK 
in the PRP based on platelet loss only is 58 per cent of the observed increases in 
CPK activity of imipramine-treated PRP (Table 3). 

The increases in CPK activity of rat PRP produced by 1 mM imipramine at 0, 
15, 25 and 30 ° were not significantly different (data not presented). The increase in 
CPK of PRP was maximal after a 5-min incubation at 30 ° (data not presented). 
The CPK increases caused by 1 mM imipramine were not significantly different in 
PRP anticoagulated with either heparin or EDTA (data not presented). 

D I S C U S S I O N  

Incubation of rat PRP with CPZ, imipramine and phencyclidine at 1 mM con- 
centration increased the activity of CPK in the plasma which remained after removal 
ofplatelets by centrifugation. Imipramine produced a similar effect on LDH activity 
in human PRP. There are a number of possible causes of release of enzymes by plate- 
lets which are worthy of consideration. 

We first considered that CPK or LDH release from platelets might occur during 
the platelet release reaction or platelet aggregation, in which release of some enzymes 
has been previously reported, iv However, platelet aggregation is inhibited rather 
than facilitated by both CPZ and imipramine at the millimolar to micromolar con- 
cetration range. 1 s, 19 Moreover, aggregation is characteristically produced by throm- 
bin, iv which we found to have no effect on enzyme release. Therefore, it. seems un- 
likely that LDH or CPK release is related to platelet aggregation. The platelet release 
reaction differs from platelet aggregation in that during the platelet release reaction, 
adenine nucleotides (especially adenosine diphosphate), serotonin, amino acids and 
proteins including some enzymes are released from the platelet, lv'2° Release of CPK 
from rat platelets during the release reaction has not been studied; however, LDH 
is not released from human platelets during the release reaction. 2 ~ Imipramine and 
amitryptiline inhibit the release reaction in concentrations of 0.01 to 0-04 mM. 2z'23 
The effect of phenothiazines on the platelet release reaction is also inhibitory. 1s'22 
Thus, the platelet release reaction appears to be a different phenomenon from that 
reported here. 

The decrease in platelet count and increase in CPK activity of rat PRP after incu- 
bation with 1 mM imipramine suggests that imipramine at this concentration causes 
platelet destruction. Our calculations indicate that the total amount of CPK activity 
present in the platelets which disintegrate during imipramine treatment is 58 per cent 



Cytotoxic effects of imipramine on platelets 2633 

< 

> 

< 

e~ 

< 

.< 

J 

~ 6  ~ Z  
[,¢) 

t-~ O~ t....- 

t-xl ¢.~ t-xl 

t",l t"'- O~ 

~ t 'q  t"'- 

~ ¢-q ¢-q 

¢'q ~ "  t 'q  

~ "  oO ' , 0  

~i- t t5  O0 

e'~ 

ca) 
.=. 

o 

( )  

.< 



2634 D.J. GOODE and H. Y. MELTZER 

of the observed increases in CPK activity of treated PRP. Thus, destruction of 
platelets, with loss of enzyme contents, cannot account for the entire increase in C P K  
activity in the plasma fraction. This indicates that additional efflux of CPK from the 
surviving platelets, perhaps through increased cell membrane permeability or 
exocytosis, must also occur. 

The drug concentrations at which enzyme release was observed in this study are 
similar to those reported to cause cytotoxicity or increased permeability by Solatun- 
turi, 13 Langslet et  al., 24 Dujovne et al. 1"2 and Meltzer. 3 Other effects produced by 
similar concentrations of CPZ or imipramine are decreased oxygen consumption 
and release of 5-hydroxytryptamine from platelets (CPZ and imipramine, 0.1-I.0 
mM), 9 release of epinephrine from isolated perfused bovine adrenal glands, 4 adrenal 
medullary slices 5'6 and adrenomedullary granules 7 (CPZ and imipramine, 0"5-5 
mM), 25 inhibition of mitochondrial enzyme activity, 2° and release of calcium and 
epinephrine from the perfused bovine adrenal medulla (CPZ, 1 mM). 27 It seems 
likely that cytotoxic effects of the drugs play at least a partial role in the above obser- 
vations. 

Boullin and O'Brien 2s have reported that imipramine, 0.001 mM, is concentrated 
at the outer membrane of platelets in suspension. The rapid onset of the cytotoxic 
effects of imipramine and lack of dependence on incubation temperature observed 
in this study suggest that these results may be due to a direct action of the drug on 
the platelet membrane. Although low concentrations of CPZ and imipramine (0.001 
to 0"01 mM) have a membrane-stabilizing effect, this stabilizing effect is reversed at 
higher doses for both drugs. 25.29,3o Relatively high concentrations of the drug which 
would be present at the platelet surface in this study could have damaged the plasma 
membrane. 

Since CPZ and imipramine produced cytotoxic effects at concentrations from 0"1- 
1.0 mM which are higher than those which occur in vivo, it does not seem likely 
that this effect has any significance physiologically. No increases in plasma LDH acti- 
vity or decreases in platelet count have been observed in psychiatric patients treated 
with therapeutic doses of CPZ or imipramine for 2-4 months.* 
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