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St imula t ion  o f  Eff lux from(ArthropodkSkeletal'~Mnscle in Relat ion to Quinine 
Quinine Effects on F i b r e ~ i c i u m  Transloc~a on - \Jand~-Binding 1 - '  

I t  is now general ly  accepted  t h a t  con t rac t ion  and  
re laxa t ion  in ve r t eb ra t e  skeletal  muscles  are ac t iva t ed  by  
a cyclical rise and fall in the  free calcium con ten t  of the  
fibres, th i s  being accompan ied  by  a cor responding  rise 
and  fall in fibre calcium efflux 2, 3. Several  alkaloid drugs 
which  enhance  con t rac t ion  ill ve r t eb ra t e  skeletal  muscle 
have  been shown to  s t imula te  fibre calcium efflux 4-7, 
and th is  has  also been shown for caffeine act ion on barnacle  
g iant  muscle fibres s. Studies  so far have  no t  a t t e m p t e d  
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Fig, 1. Rate coefficient curve of the Ca 4s efflux of Carcinus skeletal muscle fibres. Open circles represent control efflux conditions and 
closed circles show the effect of 5 mM quinine on the efflux. Note that 
quinine causes a massive stimulation of the slow efflux phase of 
intraeellular origin, indicating a large rise in fibre free calcium. Each 
point is the mean ~ S.E. (n = 3 for controls, n = 6 for quinine 
treatments). 
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Fig. 2. Ca 45 efflux curves of Peril~laneta skeletal muscle fibres under 
the same conditions as Figure 1. Again note the massive quinine- 
induced stimulation of the slow intraeellular phase of Ca 45 efflux. 
Each point is the mean ~ S.E. (n = 3 for controls, n = 6 for 
quinine treatments). 
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to re late  observed a l te ra t ions  of cal ium efflux to  changes  
in in t racel lular  calcium b ind ing  drug- induced  con t rac tu re  
ac t iv i ty .  Quinine has been shown to  induce con t rac tures  
in a r th ropod  skeletal  muscle% and in th is  p resen t  s t u d y  
we have  a t t e m p t e d  to  relate quinine act ion on calcium 
efflux and quinine act ion on f ibre calcium binding  to the  
observed con t rac tu re - induc t ion  effects of th is  alkaloid. 

Materials and methods. For  efflux exper iments ,  small  
bundles  of muscle fibres were dissected f rom the  coxae of 
the  cockroach (Periplaneta americana) and  f rom the  claw 
closer muscle of the  c o m m o n  shore crab (Carcinus maenas). 
The fibres were loaded for i h in s t an d a rd  salines, con- 
sis t ing of NaC1 520, KCI 10, CaC12 12, MgC12 8, NaHCO3 3, 
sucrose 100 for Careinus, and NaC1 140, KC1 10, MgCI~ 2, 
CaCI 2 2, N a t t @ O  4 6, NaHCO3 4, sucrose for Periplaneta 
(all in m2VI). These salines con ta ined  4 ixCi/ml Ca 45. Af te r  
loading, the  p repa ra t ions  were placed in a cons t an t  flow 
appara tus ,  the  saline leaving the  p repa ra t ions  being 
collected at  5 min  in tervals  on a convent iona l  f rac t ion 
collector. The quinine (5 raM) was added  to the  experi-  
men ta l  salines as ind ica ted  in the  results  sections.  The 
Ca 45 ac t iv i ty  in each f rac t ion and  t h a t  remain ing  in the  
fibres af ter  ashing at  500 ~ was e s t ima ted  in a Packa rd  
l iquid scint i l la t ion counter ,  and f rom these da t a  the  ra te  
coefficient  of t he  efflux was calcula ted 6. Fu r t h e r  details  of 
these  me thods  will be publ i shed  elsewhere 10. 

To de te rmine  cellular calc imn binding,  muscles were 
homogenized  in 100 m M  IZCI and 1 m M  imidazole,  and  
the  mi tochondr i a  and sarcoplasmic re t icu lnm (SR) were 
isolated and puri f ied by  different ia l  centr i fugat ion.  These 
are t he  muscle  cell comparemen t s  known to be responsible  
for fibre calcium regulat ion in the  con t rac t ion- re laxa t ion  
cycle ~, ~2. I so la ted  SR and  mi tochondr i a  were allowed to 
bind Ca 45 in calcium incuba t ion  media  consis t ing of 4 m M  
MgC12, 2 m M  A T P  (disodium salt) in 40 m M  iris malea te  
buffer  a t  p H  7 (NAKAMARU and SCI~WARTZ13). The calcium 
con ten t  of t he  incuba t ion  media  was var ied as shown 
in the  results  section,  and  the  Ca '~5 ac t iv i ty  of the  incuba-  
t ion media  was ad jus ted  to abou t  50,000 cpm. After  
incuba t ion  in contro l  and  quin ine-conta in ing  (5 mM)  
media,  SR  and  mi tochondr i a  were separa ted  f rom the  
loading solut ion on m e m b r a n e  fi l ters (0.45 [zm pore), 
washed,  and  the i r  Ca ~5 ac t iv i ty  was de t e rmined  by  
l iquid scint i l la t ion counting.  Detai ls  of these  techniques  
have  a l ready  been publ i shed  1,. 

Results. The control  Ca 45 eff lux curves for Carcinus and  
Periplaneta skeletal  muscle fibres are shown in Figures  1 
and 2 respect ively .  I t  can be seen t h a t  these  curves 
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resolve into 2 components ,  an init ial  fast component  and a 
la ter  slow component ,  corresponding to extracel lular  
readily diffusible calcium and calcium of intracel lular  
origin respect ively 5. When  the  perfusion saline was 
changed for one conta ining 5 m M  quinine dur ing the  
efflux of intracel lular  origin, a massive s t imula t ion  of 
Ca as efflux was seen. In  the  case of Carcinus, the  st imula-  
t ion was f rom a ra te  coefficient of 0 .2%/rain  to 1 .3%/min,  
figures for Periplaneta being f rom 0.2 to 1.8% /min. This  
massive s t imula t ion  of efflux lasted for the  dura t ion  of 
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Fig. 3. Calcium uptake by mitochondria (A) and sarcoplasmic 
reticulum (B) isolated from Carcinus skeletal muscle. Filled circles, 
control conditions; open circles, uptake in 5 mM quinine media. 
Note the massive inhibition of calcium binding caused by quinine. 
Each point is the mean ~ S.E. (n = 10). 
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Fig. 4. Calcium uptake by mitochondria (A) and sarcoplasmic 
retieulum (B) isolated from Periplaneta skeletal muscle. Filled 
circles, control conditions; open circles, uptake in 5 mM quinine 
media. Again note the massive inhibition of calcium binding caused 
by quinine. Each point is the mean i S.E. (n = 10). 

drug appl icat ion and af ter  quinine r emova l  the  efflux 
set t led down to a level  s ignif icantly higher  t h a n  tha t  seen 
in the  controls (0 .4%/min compared  wi th  0.2% /min  in 
Carcinus and 0.55%/rain compared  wi th  0.18% /min  in 
Periplaneta). These results show t h a t  quinine has had a 
considerable s t imula t ion  effect on the  level of muscle 
fibres free calcium in bo th  preparat ions,  and the  quest ion 
arises as to wha t  calcium compar tmen t s  wi th in  the  cell 
have  been affected by  the  drug. 

The  most  l ikely muscle fibre organelles to be affected 
by quinine  are those  which are  known to ac t ive ly  bind 
calcium, namely  the  sarcoplasmic re t icu lum and the  
mitochondria .  To tes t  this  hypothesis ,  suspensions of 
sarcoplasmic re t i cu lum and mi tochondr ia  were isolated 
f rom Carcinus and Periplaneta muscles, and thei r  ca lc ium 
binding propert ies  were examined  under  control  condi t ions  
and under  the  influence of quinine.  The  results of these 
exper iments  are summar ized  in Figures  3 and 4. Of the  
2 muscle fract ions examined,  the  sarcoplasmic re t icu lum 
had by  far the  highest  calcium binding capaci ty  in both  
Carcinus and Periplaneta (Figures 3B and 4B), bu t  the  
mi tochondr ia  still possessed some considerable powers of 
calcium up take  (Figures 3B and 4A). I t  was found t h a t  
incubat ion  of re t i cu lum and mi tochondr ia  f rom bo th  
Carcinus and Periplaneta in media  conta ining Ca 4~ plus 
5 m M  quinine  caused a considerable inhibi t ion of calcium 
binding by  bo th  compar tments ,  this inhibi t ion reaching 
levels of 90% in most  prepara t ions  examined.  

Discussion. A large rise in calcium efflux is known to be 
associated wi th  contract i le  ac t iv i ty  in skeletal  muscle 
fibres ~, a, and the  massive increase in Ca 45 efflux seen in 
these quinine t rea ted  fibres is clearly re la ted to quinine 's  
abi l i ty  to induce cont rac tures  in a r th ropod  skeletal  
muscle 9. This massive  increase in Ca 45 efflux clearly 
mirrors  a steep rise in myoplasmic  free calcium, a known 
prerequis i te  for contract ion.  The  results of the  second 
par t  of this  s tudy  show tha t  quinine- induced inhibi t ion of 
re t icular  and mi tochondr ia l  ca lc ium binding is severe 
enough to adequa te ly  account  for the  observed rise in 
myoplasmic  free calcium and increase in Ca 45 efflux. The 
way  in which quinine brings about  reduct ion  in re t icular  
and mi tochondr ia l  calcium binding and thus  a rise in 
myoplasmic  free calc ium is not  clearly understood.  This  
inhibi t ion could be by  a direct  compet i t ive  effect at  the  
membrane  ATPase  binding sites (see VAN DER I{LOOT IS), 
bu t  the  irreversible na ture  of quinine 's  contract i le  actions 
(HuDI)ART 9) seems to argue against  this  hypothesis .  
However ,  as ye t  l i t t le  is known about  the  b inding of 
quinine or o ther  alkaloids to subcellular  membranes .  
Al ternat ive ly ,  quinine m a y  inhibi t  ca lc ium up take  by  
modify ing  the  na ture  of the  calcium binding proteins  of 
the  re t icu lum and mi tochondr ia  (the ATPase  and cal-  
sequestr in prote in  fractions16). I n  a recent  s tudy  of 
isolated re t icular  and mi tochondr ia l  proteins,  separated 
by  po lyacry lamide  gel electrophoresis af ter  SDS (sodium 
dodecyl  sulphate) dispersal 1~, quinine was found to cause a 
v i r tua l  e l iminat ion of the  95,500 molecular  weight  ATPase  
band and the  acidic pro te in  bands  ill mi tochondr ia ,  and 
to cause a massive  reduc t ion  of these bands  in sarco- 
p lasmic  ret icnIum. These findings suggest a direct  non- 
compe t i t ive  disrupt ive  act ion by  quinine  on the  loci of 
calcium binding in re t icular  and mi tochondr ia l  mem-  
branes. However ,  fur ther  work  on quinine b inding  to 
cellular fract ions and on the physical  effects of quinine  on 
isolated individual  re t icu lar  and mi tochondr ia l  proteins  
will  be required to confirm this hypothesis .  

15 W. CT. VAN DER KLOOT, Comp. gen. Pharmac .  7, 220 (1970). 
18 D. H. MAcL~N~A~, T. J.  OS~WALD and P. S. STEWaR% Ann. N.Y. 

Acad. Sci. 227, 527 (1974). 



Zusammen/assung. Chinin  (5 m M )  ru f t  e inen  s t a r k e n  
Ans t i eg  des Ca 45 Ausf lusses  aus  den  Ske l e t t m us ke l f a se rn  
yon  Carcinus und  Periplaneta hervor .  Bei  dieser  Kon-  
z e n t r a t i o n  b e w i r k t  Ch in in  eine ausgeprXgte t - Iemmung de r  
K a l z i u m b i n d u n g  a m  isol ier ten  s a r cop l a sma t i s chen  Ret i -  
cu lum und  der  M i t o c h o n d r i e n  dieser  Muskeln .  Die  
H e m m u n g  zel lulgrer  K a l z i u m b i n d u n g  s t e h t  in  ~vVechsel- 

~,~ ~H-Nortriptyline, U~ptake and, Tissue-Binding in, vitro and its Effect on ~H~N~ Uptake 

bez i ehung  m i t  dem Ans t i eg  freien K a l z i u m s  und  der  
d u r c h  Ch in in  b e w i r k t e n  K o n t r a k t i o n s a k t i v i e r u n g .  

H. HUDDART a n d  MARY WEST 

Depa, tment o/ Biological Sciences, University o~ Lancaster, 
Lancaster, LA 1 4YO (England), 22 January 7975. 

Tricycl ic  a n t i d e p r e s s a n t s  of t he  n o r t r i p t y l i n e  (NT) 
t y p e  are k n o w n  to  i n h i b i t  t he  u p t a k e  of n o r a d r e n a l i n e  
(NA) i n to  N A  n e r v e  t e r m i n a l s  b o t h  in t h e  pe r iphe ra l  a n d  
cen t r a l  ne rvous  s y s t e m  ~-4. Th i s  effect  of N T  is p r o b a b l y  
of decis ive i m p o r t a n c e  for t he  an t idep res s ive  effect  of t he  
d rug  ~. N T  is a h igh ly  l ip id-soluble  c o m p o u n d  a n d  is 
read i ly  t a k e n  up  in to  va r ious  t i ssues  and  easi ly  passes  t he  
b lood -b ra in  bar r ie r .  W i t h  t h i s  in mind ,  i t  was  of i n t e r e s t  
to  s t u d y  w h e t h e r  N T  b o u n d  to  b r a i n  t i ssue  is of impor -  
t ance  for  t he  u p t a k e  of N A  in to  N A  ne rve  t e rmina l s .  The  
p re sen t  e x p e r i m e n t s  were des igned  to  shed some f u r t h e r  
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Fig. 1. Time course for uptake of aH-NT (3 • 10 -7 M) in brain slices 
incubated in buffer (a) or human plasma (b). Open circles, 1 mg 
tissue per ml medium. Closed circles, 10 mg tissue per ml medium. 
The tissue/medium ratio for uptake in buffer, 1 mg tissue/ml is 
shown in a). Each vaIue is the mean of 4 determinations. 

l i gh t  on d rug  b i n d i n g  to t i ssue  c o m p o n e n t s  a n d  to  p l a s m a  
p ro t e ins  8. This  b ind ing  0 f d rugs  is of special  in t e res t  in  in 
v i t r o  expe r imen t s .  Cl inical ly  i t  is also i m p o r t a n t  to  k n o w  
if a t i s sue -bound  d rug  has  an  i n h i b i t o r y  effect  on the  
u p t a k e  of NA. 

Methods. Coronal  b r a i n  slices (0.5 m m  th ick ,  3 m m  
d iamete r ,  we igh t  a b o u t  5 mg) f rom u n t r e a t e d  female  
S p r a q u e - D a w l e y  r a t s  were used. The  slices were i n c u b a t e d  
e i the r  in a I~rebs -Ringer  b i c a r b o n a t e  buffer  or in  h u m a n  
p l a s m a  o b t a i n e d  f rom the  b l o o d b a n k .  3H-NA (HC1, 5-10 
Ci /mM),  aH-NT (HCI, 165 mCi /m~I) ,  k - ~ d i y  d o n a t e d  b y  
Dr. O. BoRaX, and  un labe l l ed  n o r t r i p t y l i n e  (Pha rmac ia ,  
Sweden)  were used in t he  e x p e r i m e n t s  4. The  r ad iochemi -  
cal p u r i t y  of aH-NT was checked  w i t h  SiO 2 t h i n  l ayer  
c h r o m a t o g r a p h y  (2 N a m m o n i a  : m e t h a n o l ,  1 : 4) a n d  was 
found  to be more  t h a n  90%. 

Af te r  t he  var ious  i n c u b a t i o n  procedures ,  t he  t issue was 
r ap id ly  r insed  in bn f f e r  and  t he  r a d i o a c t i v i t y  d e t e r m i n e d  
a f te r  so lubi l iza t ion  w i t h  Soluene | and  add i t i on  of to luene  
sc in t i l l a t ion  solut ion.  Eff ic iency  was  d e t e r m i n e d  a f t e r  
a d d i t i o n  of a l l - to luene .  

Results and discussion, aH-NT a c c u m u l a t e s  r ap id ly  in 
b r a i n  slices d u r i n g  i n c u b a t i o n  in buffer  (Figure l a). 
Af te r  2 h, a more  t h a n  100-fold a c c u m u l a t i o n  of radio-  
a c t i v i t y  has  a p p e a r e d  in t he  slices as c o m p a r e d  to  the  
med ium.  I t  is r easonab le  to  be l ieve  t h a t  a c c u m u l a t i o n  of 
aH-NT in c o n t r a s t  to  aH-NA a c c u m u l a t i o n  a is non-  
specific and  no t  ene rgy -dependen t .  The  r ap id  accumula -  
t ion  of N T  is mos t  l ikely re la ted  to  i ts  h i g h  l ip id-solubi l i ty .  
W h e n  t he  a m o u n t  of t i s sue  is increased  in t he  i n c u b a t i o n  
m e d i u m  f rom 1 m g  to 10 m g  t i s sue /ml  med ium,  the  
a c c u m u l a t i o n  of 3H-NT in t he  t issue is less p r o m i n e n t ,  due 
to a decrease  of t he  c o n c e n t r a t i o n  of aH-NT in t he  m e d i u m  
(Figure 2). W h e n  t he  i n c u b a t i o n  is pe r fo rmed  in h u m a n  
p lasma ,  aH-NT a c c u m u l a t i o n  in t i ssue  is a l m o s t  10 t imes  
less ef fec t ive  (Figure  l b ) ,  because  more  t h a n  90% of aU- 
N T  is b o u n d  to  p l a s m a  p ro t e ins  8. This  impl ies  t h a t  b o t h  
the  ' f ree '  c o n c e n t r a t i o n  of N T  in p l a s m a  a n d  t he  accumu-  
l a t i on  of aH-NT in slices i n c u b a t e d  in p l a s m a  are reduced  
to a b o u t  10% c o m p a r e d  to t he  buf fe r  expe r imen t s .  There  
seemed to be  a fa i r ly  r ap id  equ i l ib ra t ion  b e t w e e n  t he  
'~ree' a n d  t he  p l a s m a  p ro t e in  b o u n d  f rac t ions  of aH-NT, 
since i and  10 m g  t i s sue /ml  p l a s m a  resul t s  in  t h e  same  
aI-I-NT a c c u m u l a t i o n  in t he  slices. Thus  N T  b o u n d  to 
p l a s m a  p ro t e ins  is a reserve  pool  for t he  drug.  
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