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Abstract---Ca 2+ uptake into submaxlmally stimulated synaptosomes was augmented by low con- 
centratlons of BAY K8644 (0 1-100 nM) Use of either veratnne or potassium as the depolarizing agent 
produced similar effects. Stimulated release of aspartate, glutamate and GABA was enhanced over a 
s~mllar concentration range of BAY K8644. The extent of synaptosomal depolarization induced by 
veratnne was not enhanced by BAY K8644. The results are discussed m relauon to BAY K8644 
actwauon of voltage-dependent Ca ~+ channels in neural tissue This as the first report of BAY K8644 
acting on synaptosomes at concentrations that correlate to d~hydropyndme binding stu&es 

The dihydropyridlne, BAY K8644, has been shown 
to have positive inotropic and vasoconstrictor effects 
[1, 2] due to its augmentation of Ca 2+ influx through 
the Ca 2+ channel in isolated guinea pig heart and 
rabbit aortic strips respectively. Electrophyslolog~cal 
and 45Ca 2+ flux experiments have yielded results m 
excellent agreement with the contraction data in 
cardiac tissue [3-5]. Nlfedipine and other dihy- 
dropyridine (DHP) Ca 2+ antagonists appear to com- 
pete for the same site of action as B A Y  K8644, 
whereas verapamil and diltlazem (Ca 2+ antagonists 
from different structural classes) cause a non-com- 
petitive inhibition of the effects of BAY K8644 [1, 2]. 

We report  here that the DHP Ca 2+ antagonist, 
nimodlpine, is able to inhibit 45Ca 2+ accumulation 
by mammalian brain synaptosomes with an Ic50 close 
to 1/~M. Others have been unable to observe any 
effects of DHPs on synaptosomal Ca 2+ uptake using 
different incubation conditions [7-9]. However, 
radiohgand binding stu&es with [3HI nitrendiplne 
and [3H] mmodlplne have identified a DHP binding 
s~te in brain membranes with a dissociation constant 
of 0 1-1 .0nM [10-12] which is similar to the Kd 
values for the binding of these drugs to cardiac and 
smooth muscle membranes. The correlatxon between 
binding and pharmacology for DHPs in smooth 
muscle is very good, but in cardiac [13] and neuronal 
tissue [14] there is a 100-1000-fold discrepancy 
between pharmacological activity and bindmg 
properties. 

The present paper illustrates pharmacological 
actwlty of BAY K8644 at concentrations consistent 
with those required to displace [3H] mtren&pine 
binding in guinea pig brain synaptosomes [9] and 
with the Kd of [3H] BAY K8644 binding itself [15]. 

* To whom correspondence should be addressed. 

MATERIALS AND METHODS 

Synaptosomes prepared from rat cerebral cortex 
[16] were incubated in a shaking water bath at 37 °, 
in Krebs Tris medium of the composmon (mM): 
NaC1, 138; KC1, 5; MgSO4, 1; CaC12, 1 2, Nail2 
PO4, 1.2; Tris, 20; glucose, 10 (pH 7.4), to give a 
final protein concentration of 2 mg/ml. Experiments 
were carried out in an atmosphere of pure 02 sup- 
piled by a gassing hne suspended above each incu- 
bation. The whole incubation procedure took place 
in a dark room illuminated by a Kodak safehght filter 
No. 1, to avoid degradation of the BAY K8644 
solution by light of wavelength less than 450 nm. 

After  15 mln preincubatlon BAY K8644 or Nlmo- 
pldine (dissolved in 96% ethanol) was added to the 
appropriate incubations at the relevant con- 
centration, whilst the solvent alone was added to 
the control incubations The final concentration of 
ethanol was 0.3% (v/v). 

Addition of 45CAC12 (Amersham International, 
final specific activity 0 33 C1/mole) was made to each 
incubation 5 mln after the addition of BAY K8644. 
Veratrine HC1 or KCI was added 2 mln later (to give 
a final concentration of 25/~M or 25 mM respectively) 
to those incubations requiring stimulation The final 
volume of each incubation was 1 ml. After a total 
period of mcubahon with ~SCa of 10 mm, the incu- 
bations were terminated by placing a 250 gl ahquot 
mto 4ml  ice cold incubation medmm The synap- 
tosomes were then separated from the incubation 
medium by rapid filtration through Whatman GF/C 
filters. The filters were washed with 3 x 4 ml Krebs 
Tns and subsequently dried and placed m 5 ml hquld 
sclntillatlon cocktail (Packard 199) for ra&oachve 
counting using a Packard 300CD Trlcarb scintillation 
counter. Protein levels were measured by the method 
of Lowry et al [17]. Synaptosomes were incubated 
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in a snmlar manne r  when  K + content  and amino actd 
release were measured ,  but the addit ion of 45Ca 
was omi t ted  These  incubat ions were  te rmina ted  by 
sedimenta t ion  of a 500/A aliquot of the synaptosomes  
m an E p p e n d o r f  m~crocentrlfuge for 2 min. The pel- 
lets were solublhzed in 1 ml 1 M N a O H  for 30 rain 
at 50 ° K + was measured  m these pellets usmg a 
SB9/)0 Atomic  A b s o r p t m n  Spec t ropho tome te r  
(G B C Scientific Equ tpmen t ,  Aus t raha)  The 
supernatants  were p repared  for amino acid analysis 
and the amino amds were  measured  wtth a Chro- 
mospek  J180 autoanalyser  with f luonmete r  J143 
(Rank-Hflger ,  Margate ,  U K )  as descr ibed pre- 
viously [18] 

RESULTS 

Ethanol  (0 3% v/v) had no effect wtth respect  to 
any of the pa ramete r s  measured  and was therefore  
cons tdered  to be a suitable solvent  for B A Y  K8644 m 
these exper iments  The D H P  itself had no slgmficant 
effect on unst lmulated  Ca 2+ uptake (at 10#M or 
1 nM) However ,  when synaptosomes  were sttmu- 
lated submaxlmally with ei ther  25 gM vera t rme or 
25 mM K +. an e n h a n c e m e n t  was seen m the levels 
of Ca 2+ uptake and amino acid release.  Thts enhance-  
ment  did not occur when synaptosomes  were max~- 
really s t imulated wtth 100 mM K + 

Over  the range 0 l n M  to 100nM B A Y  K8644 
there  was significant e n h a n c e m e n t  of  K+-st lmulated 
Ca 2+ uptake,  with a maximal effect  around 1 nM 
1130% increase,  Ftg 1) However ,  ne i ther  the lowest 
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Fig 1 BAY K8644 enhancement of K + stimulated Ca 2+ 
uptake into cerebrocortlcal synaptosomes Ca 2+ values are 
the difference between each of the stimulated values and 
the unst~mulated control In the presence of 25 mM K + 
alone Ca > uptake was 1 47 nmol/mg protein/10 mln (N = 
12) Unstlmulated Ca 2÷ uptake was 4 38 +- 0 17 nmol/mg 
protem/l(lmm (N = 12) All points are mean -+ S.E M 
(N = 6 for 1 nM and 10 nM BAY K8644, N = 3 for all other 
points) Significance of differences between conditions 
were compared to the snmulated control using Student's t- 
test, P < 0 01 for all points except 10 pM, 50 pM and 10 #M 
BAY K8644 In the presence of 10#M and l n M  BAY 
K8644 the unstlmulated Ca 2~ uptake was 4 20 _+ 0 86 (N = 
6), and 4 41 ± 0 33 (N = 3) nmol/mg protem/10mln 

respectively 

Table 1 Synaptosomes were incubated as described in Materials and Methods The effect of BAY 
K8644 on the release of amino acids 

Concentration 
of BAY K8644 Aspartate Glutamate GABA Threonine 

Condmon (M) (nmol/100 mg protein/10 ram) (N) 

0 968 1469 137 610 (21) 
1 nM 1083 1563 164 594 (3) 

Basal 10 gM 788 928 95 641 (6) 

Stimulated with 25 mM K 
(/ 1304 1779 496 614 (12) 

50 pM 1282 1734 593" 707 (6) 
100 pM 1355 1865 624* 714 (6) 

1 nM 1394 1964 681" 668 (9) 
10 nM 1891 * 209l ~ 741 * 696 (9) 
50 nM 2065* 730* 602 (6) 

100nM 1283 1974 550 71/4 (6) 
10 #M 1288 1818 42 l 7118 (6) 

Stimulated with 25 #M veratrme 
0 1310 2146 602 623 ( 151 

10 pM 1373 2107 573 684 (6) 
50 pM 1441" 2280 640 671 (6) 

1110 pM 1495 * 2263 632" 646 (6) 
1 nM 1508" 2333* 686 692 (6) 

10 nM 1506" 2408* 757* 659 (9) 
50 nM 1512" 2388 712" 616 (6) 

100 nM 1437 2318 657* 655 (9) 
10 #M 1250" 1998 ~ 498 ~ 578 (6) 

Stimulated w~th 10/) mM K- 
0 2006 22/16 791 754 (31 
1 nM 1947 2269 685 687 (3) 

* All values are means with S D values less than 10% of the means Slgmficance of differences 
between condmons were compared to the stimulated control using Student's t-test (* P < 0 05) 
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Table 2 The effect of nlmodipme on 45Ca2~ uptake, K + content and glutamate release 

Nlmodipine Ca 2. uptake K" content Glutamate release 
(/tM) (% of control value *) (% of control value ~) (% of control value $) 

0 5 90* n d 75§ 
1 0 47 75§ 63 

10 0 30 89§ 37 
25 0 10 n d 0 
50 0 12 67§ 0 

Synaptosomes were incubated as described in Materials and Methods. but nlmodlpme was 
employed in the place of BAY 8644, and veratrme (75 HM) was the stimulating agent Ca :+ uptake, 
K + content and glutamate release were calculated as the difference between basal and stimulated 
levels Ntmodlplne had no effect on the basal levels of any of the parameters measured Veratrme 
(75,uM) is present in each condition below All mean values (N = 6) are significantly different 
(P < 0 05 using Student's t-test) trom the control value, unless indtcated (§) n d = not dctermmed 
Similar results were obtained for aspartate and GABA release 

* Control Ca 2+ Uptake is 4 80 ± 0 61 nmol/mg protein/10 min) 
t Control K + Content ts 21 34 ± 2 78 y equlv/100 mg protein 
~: Control Glutamate Release is 1387 -+ 163 nmol/100 mg protem 

(0 0 5 n M )  no r  the  h ighes t  ( 1 0 ~ M )  concen t r a t ion  
tes ted  had  any significant effect on the s t imula ted  
level. Similarly with 25/~M vera t r lne  there  was a 
be l l - shaped  dose response  curve for the  B A Y  K8644 
a u g m e n t a t i o n  of  sUmulated  Ca 2+ uptake ,  wtth a 
maximal  effect a r o u n d  l n M  (103% e n h a n c e m e n t ,  
Fig. 1). 

K + efflux f rom synap tosomes  can be t aken  as an 
index of the  ex ten t  of  m e m b r a n e  depolar iza t ion  
Exposu re  of synap tosomes  to 25/~M ve ra t rme  sig- 
nificantly r educed  potass ium con ten t  by 25%.  In the  
expe r imen t s  r epo r t ed  here  B A Y  K8644 (0.01 r iM-  
10 t~M) had  no  effect  on  e i the r  the extent  of depo-  
lar izat ion p roduced  by ve ra t rme  or on basal  pot- 
asslum levels 

The  concen t r a t i on  range  of B A Y  K8644 tha t  
e n h a n c e d  submaxxmally s t imula ted  amino  acad 
release ( 0 . 1 n M - 1 0 0 n M ,  Table  1) cor re la ted  well 
with  the  Ca 2+ influx data .  A significant lnhibltlOn of 
basal  and  v e r a t r m e - m d u c e d  amino  acid release was 
ob ta ined  with 10/~M B A Y  K8644 1 n M  B A Y  K8644 
had  no  significant effect on basal  amino  acid release 
T h r e o n m e  re lease  was not  affected by B A Y  K8644 
nor  by the  depolar iz ing  agents  used. 

The  ex ten t  of synap tosomal  depolar iza t ion  
appea red  to effect the  degree  of e n h a n c e m e n t  of 
Ca 2+ influx by B A Y  K8644 m an inverse  fashion 
Thus ,  whilst  Ca 2+ up take  s t imula ted  by 25/~M vera- 
t r ine (67% s t imula t ion)  was grea te r  than  tha t  pro- 
duced by 25 m M  K + (34% st lmulat ]on) ,  B A Y  K8644 
e n h a n c e m e n t  is 100% and 130% respectively.  Simi- 
larly, the  smal ler  re lease  of amino  acids induced  by 
25 m M  K + is e n h a n c e d  by B A Y  K8644 to a g rea te r  
degree  than  the  larger  release evoked  by vera t rme .  

Rela t ively  high concen t r a t tons  of nlmodxplne ( 1 -  
50 gM)  were r equ i red  to inhibi t  ve ra t r ine - s t lmula ted  
Ca 2+ up take  and  amino  ac]d release These  con- 
cen t ra t lons  of n imod lp lne  had  no  effect on the  extent  
of depo la r iza t ion  induced  by vera t r ine  (Table  2) 

DISCUSSION 

K8644 to p roduce  cont rac t ions  [1], and  in pr imary  
cul tured cardiac cells where  depolar iz ing  c lamp 
pulses were requ i red  for B A Y  K8644 to produce  
Ca 2- channe l  openings ,  as recorded  by the pa tch  
c lamp m e t h o d  [4] A lbus  et al. [19], have  repor ted  
an e n h a n c e m e n t  of K+-evoked  [3H] n o r a d r e n a h n e  
release f rom PC12 cells (which are neu rona l  in 
origin) by B A Y  K8644 The re  was no  augmen ta t i on  
of basal uns t lmula t ed  n o r a d r e n a h n e  release in these 
cells e i ther .  B A Y  K8644 will only augmen t  [3HI 
se ro ton ln  re lease  f rom rat  cerebrocor t lca l  shces m 
c o n d m o n s  of submaxlmal  s t imula t ion  [20] 

The  inverse  re la t ionship  be tween  the ex tent  of 
synap tosomal  depolar iza t ion  and  the degree  of 
e n h a n c e m e n t  of Ca 2+ up take  by B A Y  K8644 sug- 
gests tha t  the drug act ion is vo l t age -dependen t ,  being 
more  effect ive when  the degree  of depolar iza t ion  is 
small  
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Ftg 2 BAY K8644 enhancement of veratrine-shmulated 
Ca'-+ uptake mto cerebrocortlcal synaptosomes CaZ- 
values are the difference between each of the sttmulated 
values and the unsumulated control In the presence of 
25uM veratrme alone Ca z- uptake was 2 94nmol/mg 
protem/10mln (N = 12) Unsttmulated Ca-" uptake was 
4 38 ± 0 1-7 nmol/mg protem/10mm (N =12) All points 

P a m a l  depo la r iza t ion  of the  synap tosomal  p lasma are mean ± S E M (N = 6) Slgmficance of &fferences 
m e m b r a n e  was r equ i red  for  B A Y  K8644 to be  effec- between condmons were compared to the stimulated con- 
tive. A similar  effect was obse rved  in smooth  muscle trol using Student's t-test. P < 0 05 for all pomts except 
where  par t ia l  depo la r iza t ion  was necessary  for B A Y  10 pM, 50 pM and 10 tiM BAY K8644 
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At  relatively high concentrat ions of B A Y  K8644 
(10/aM), the enhancement  of st imulated Ca z÷ uptake 
and amino acid release fell to zero. In addition, 
the spontaneous and veratr ine-st lmulated release of 
t ransmitter  amino acids was significantly inhibited. 
This is poss,bly an anomalous  effect due to the rela- 
twely high concentra t ion of B A Y  K8644 employed.  
Also at these high concentra tmns B A Y  K8644 has a 
tendency to behave as a Ca 2+ channel antagonist,  
since B A Y  K8644 is only a pure agomst over  the 
nanomolar  range,  therefore  B A Y  K8644 may be 
acting in a manner  comparable  to n lmodipme [6] 
Similar bel l-shaped curves were obtained for B A Y  
K8644 for K+-st imulated catecholamine release f rom 
chromaffin cells [21] and K+-sttmulated 45Ca 2+ 
uptake into NG108-15 cells [22] 

The  increased Ca 2+ influx due to B A Y  K8644 was 
not a result of B A Y  K8644 media ted  synaptosomal 
depolar izat ion as mdtcated by the lack of action of 
the drug on the K + content  of the synaptosomes.  
Vera t rme- lnduced  depolarizat ion was not enhanced 
by B A Y  K8644 ei ther  These observat ions are in 
agreement  with the proposi t ion that the B A Y  K8644 
binding site xs closely coupled to the vol tage-depen-  
dent  Ca 2÷ channel  itself, producing a direct effect on 
the channel.  In this way the drug is able to me&ate  
Ca2+-dependent  cellular events such as neuro- 
t ransmit ter  release 

The parallelism between the actions of B A Y  
K8644 on st imulated Ca 2÷ uptake and release of 
aspartate,  glutamate and G A B A  indicates a close 
link be tween  Ca 2+ entry into the nerve terminals via 
the vol tage-dependent  Ca 2+ channel and neuro- 
t ransmitter  release.  

The Ic50 for mmodxpme lnh lbmon of vera tnne-  
st imulated Ca 2÷ influx into synaptosomes xs close 
to i gM (calculated from the values in Table  2) 
However ,  the Ko for [3H] nimodipine and [3H] 
nItrendipine binding in rat and guinea pig brain 
membranes  has been  found to be 0.1-1 0 nM [9-12]. 
Thus there  Is a 1000-fold discrepancy be tween  the 
pharmacological  activity and the binding of the D H P  
Ca 2. antagonists in mammahan  brain Binding 
studies with [3H] B A Y  K8644 in guinea-pig brain 
yteld a htgh affinity binding site for B A Y  K8644 with 
a Kd of 2-3 nM [15] and B A Y  K8644 inhibition of 
[3H] mtrendlpine  binding has a K, of 2.3 nM [9] in 
guinea-pig cerebrocort ical  synaptosomes.  This cor- 
relates closely with the maximal effect of B A Y  K8644 
on st imulated synaptosomal  Ca z+ accumulatton 
which occurred at approx 1 nM, and suggests that 
the D H P  binding site where B A Y  K8644 binds, m 
brain tissue, is the functional voltage dependent  Ca 2+ 
channel  ~tself, or  as closely hnked to it 

The discrepancy be tween  D H P  Ca 2+ antagonist 
binding and pharmacological  effect may be due to 
the state of the Ca 2+ channel under  these conditions. 
D H P  Ca 2. antagonists, such as nimodlpine,  are 
thought  to bind to the inactivated Ca z* channel with 
high affimty [23] whereas  D H P  Ca 2+ agonlsts bind 
to the open state [19] Hence  the good correlat ion 
be tween B A Y  K8644 binding stu&es and phar- 
macology may m&cate  that the synaptosomal mem- 
brane potential  in these experiments  xs such that the 
Ca2+-channel remains m an open state for sufficient 
t ime for B A Y  K8644 to brad 

These results compare  well with B A Y  K8644 
actions in the neuroblas toma-ghoma cell line 
NG108-15 [22] where the enhancement  of ~5Ca2~ 
uptake occurred over  the range 1 n M - 1  gM, and in 
rat clonal pheochromocy toma  cells (PC12) where 
B A Y  K8644 potent ia ted K+-evoked [3HI nor- 
adrenaline release with an Efs0 of 10 nM [19] 

Al though neuronal  Ca 2÷ channels have only a low 
sensitlwty to organic Ca 2+ channel antagonists [6], 
the D H P  binding propert ies  of these channels are 
very similar to those in cardiac and smooth muscle 
Here  we have shown that the D H P  with Ca 2+ agonist 
p r o p e m e s ,  B A Y  K8644, is able to activate Ca z* 
channels in mammahan  brain tissue at concentrat ions 
comparable  to those at which it binds to this tissue 
and similar to the concentrat ions at which it acts as 
a stimulant m cardiac and smooth  muscle Hence  it 
appears that the B A Y  K8644 binding site may be 
on or  closely assocmted with a functional voltage- 
dependent  Ca 2+ channel in neuronal  tissue which 
can be activated by B A Y  K8644 and is involved an 
stimulus-secretion coupling. 
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