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potent than the levorotatory enantlomer m antagomzmg the depletion of brain serotomn by p-chloroamphetamlne m rats 
The time course of the depletion of brain serotonm at t~mes out to 24 hr after the mject~on of p-chloroamphetamme was 
determined with or w~thout simultaneous administration of one of the fluoxetlne enant~omers The dextrorotatory 
enantmmer prevented the depletion of brain serotonm at any l~me after p-chloroamphetamme The levorotatory enantlomer 
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serum corucosterone that occurred acutely after mjectmn of a low dose of p-chloroamphetamme was slgmficantly antago- 
razed by both enant~omers of fluoxetme, the dextrorotatory enant~omer being shghtly more potent In contrast, the 
lowering of DOPAC (3,4-dlhydroxyphenylacetlc acid) concentration m rat brain by p-chloroamphetamlne was not antago- 
razed by e~ther enantlomer of fluoxetme, indicating th~s effect ~s not secondary to serotonm release by 
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F L U O X E T I N E  is a po ten t  and  s e l ec twe  inh ib i to r  of  sero to-  
nm up take  [15] tha t  has  b e e n  widely  used  as a pha rmaco log i c  
tool m animal  s tudies  [3] F l u o x e t m e  is cl inical ly ef fec t ive  in 
the t r e a t m e n t  of  men ta l  dep re s s ion  [1,13] and  ac t s  synergis-  
t ically with  L - 5 - h y d r o x y t r y p t o p h a n  in the  t r e a t m e n t  of  re- 
t en t ion  m y o c l o n u s  [14] F luoxe t lne  has  been  used as the  
r acema te ,  and  un td  r ecen t ly  no  re fo rmat ion  was ava i lab le  on  
the  s tereospeclf iClty in f l uoxe t lne ' s  inhib i t ion  of  s e ro ton ln  
up take  Wong  et al [16] repor ted  that  bo th  e n a n t l o m e r s  of  
f luoxe tme  are po ten t  mh~bltors of  s e r o t o m n  up take  but  tha t  
the dex t ro ro t a to ry  e n a n t l o m e r  ~s shght ly  more  po ten t  tit vitro 
and m ~:vo and  has  a longer  dura t ion  of  ac t ion  t han  the  
l evo ro t a to ry  e n a n t l o m e r  Prev ious ly ,  we had  s h o w n  tha t  
f luoxe tme  (as the  r acema te )  an tagon izes  effects  of  
p - c h l o r o a m p h e t a m l n e  (PCA) tha t  are d e p e n d e n t  on the  
s e r o t o n m  up take  c a r n e r ,  namely  the  p ro longed  deple t ion  of  
b ra in  se ro ton ln  [7] and  the acu te  e l eva t ion  of  se rum cort~co- 
s t e rone  [9] This  paper  desc r ibes  a c o m p a r i s o n  of  the  
f luoxet lne  e n a n t l o m e r s  in b lock ing  these  effects  of  PCA in 
ra ts  

METHOD 

Male Wls t a r  ra ts  (HSD/ [WI]BR) ,  150-200 g, were  ob- 
ta ined  f rom Har lan  Sprague-Dawley ,  I n c ,  C u m b e r l a n d ,  
IN The  ra ts  r ece ived  IP in jec t ions  o f  (_+)-p- 
c h l o r o a m p h e t a m l n e  h y d r o c h l o n d e  (Regis Chemica l  Com-  
pany ,  M o r t o n  G r o v e ,  IL) a f te r  p r e t r e a t m e n t  w~th one  of  the  
e n a n t l o m e r s  of  f luoxet lne  h y d r o c h l o n d e ,  syn thes i zed  m the  
Lilly R e s e a r c h  L a b o r a t o n e s  We are grateful  to Dr B G 

J a c k s o n  for  supply ing  these  e n a n t l o m e r s  Rats  were  decapi-  
ta ted ,  and  whole  b ra ins  were  exc ised ,  f rozen  on  dry ice,  and  
s tored  at - 1 5  ° until  a s s ayed  T r u n k  b lood  samples  were  
a l lowed to clot,  then  se rum ob ta ined  by cen t r l fuga t lon  was  
s to red  at - 1 5  ° pr ior  to ana lys i s  S e r o t o n l n  and  D O P A C  
(3 ,4 -d lhydroxypheny lace t l c  acid) c o n c e n t r a t i o n s  in b ra in  
were  m e a s u r e d  by  high p e r f o r m a n c e  liquid c h r o m a t o g r a p h y  
with e l ec t rochemica l  de t ec t ion  Cor t~cos terone  concen t r a -  
t ion in s e rum was m e a s u r e d  s p e c t r o f l u o r o m e t n c a l l y  [12] 

RESULTS 

Figure  1 shows  tha t  the  dep le t ion  of  s e ro ton ln  c o n c e n t r a -  
t ion m whole  b ra in  of  ra ts  t r ea ted  wi th  PCA was an t agon i zed  
m a d o s e - d e p e n d e n t  m a n n e r  by the  e n a n t i o m e r s  of  
f luoxe tme  The  d e x t r o r o t a t o r y  e n a n t l o m e r  was slightly more  
po ten t  than  was  the  l evo ro t a to ry  e n a n t l o m e r  

In o the r  e x p e r i m e n t s ,  the  e n a n t l o m e r s  of  f luoxet ine  were  
found  not  to affect  s e ro ton in  c o n c e n t r a t i o n  by  t h e m s e l v e s  
At  1, 2 and  4 hr  a f te r  inJect ion of  the d e x t r o r o t a t o r y  
e n a n t l o m e r  ( I0  mg/kg IP), b ra in  se ro ton ln  c o n c e n t r a t i o n  was  
3 25_+0 09, 3 52_+0 07 and  3 53_+0 03 nmoles /g ,  r espec t ive ly ,  
not  s ignif icant ly  di f ferent  f rom the  con t ro l  value  of  
3 32_+0 09 nmoles /g  At  1, 2 and  4 hr  af ter  InJection of  the  
l evo ro t a to ry  e n a n t l o m e r  (10 mg/kg IP), b ra in  se ro ton ln  con-  
cen t r a t i on  was 3 56_+0 15, 3 28_+0 09 and  3 59_+0 05 
nmoles /g ,  r e spec t ive ly  

Figure  2 shows  the  t ime cour se  of  bra in  se ro ton ln  deple-  
t ion by  PCA g iven  a lone  or s imu l t aneous ly  wi th  one  of  the 
f luoxet lne  e n a n t l o m e r s  (10 mg/kg) Af te r  P C A  alone,  b ra in  
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FIG 1 Dose-dependent  an tagonism ot p -ch loroamphetamlne-  
induced depletion of  brain se ro tonm by the dextrorotatory (0 )  and 
levorotatory ( I )  enan t lomers  of f luoxet lne  Mean and s tandard error 
range for control rats Is shown by the shaded area at the top Mean 
and s tandard error range for rats treated with PCA alone ( 10 mg/kg 
IP of  PCA HCI 4 hr before rats were killed) ~s shown by the shaded 
area at the bot tom Lines connect  points represent ing rats treated 
with PCA 4 hr before they were killed The fluoxetlne enant lomers  
were injected 1P at the mg/kg doses  shown on the bot tom axis (log 
scale) I hr before PCA All data  represent  mean and s tandard errors 
for 5 rats per  group All groups that received the f luoxetlne 
enan t lomers  had significantly (p<0  01) higher se ro tomn concentra-  
tion than rats receiving PCA alone 
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FIG 2 Serotonln concentra t ion in rat brain at various t imes after 
the Injection of  PCA alone (0)  (10 mg/kg IP of  PCA HCI) or together 
with the dextrorotatory (~)  or levorotatory (m) enant lomers  of  
f luoxetlne (each at 10 mg/kg lp) Mean values_+standard errors for 5 
rats per group are expressed  as percent  of  the control mean  As- 
terisks indicate significant differences from the control group 
q~<0 05) 

T A B L E  1 

DOSE-DEPENDENT ANTAGONISM OF THE PCA-INDUCED 
ELEVATION OF SERUM CORTICOSTERONE CONCENTRATION IN 

RATS BY THE ENANTIOMERS OF FLUOXETINE 

Serum cort lcosterone 
Trea tment  group p.g/100 ml 

Control 
PCA alone 
PCA + (+)  enan t lomer  (1 mg/kg) 
PCA + (+)  e n a n u o m e r  (3 mg/kg) 
PCA + (+)  enan t lomer  (10 mg/kg) 
PCA + ( - )  enan t lomer  (1 mg/kg) 
PCA + ( - )  enan t lomer  (3 mg/kg) 
PCA + ( - )  enan t lomer  (10 mg/kg) 

4 6 _ + 0 5  
47 5 -+ 1 7* 
28 8 _+ 4 5** 
269_+ 5 6"~ 
20 2 _+ 4 6*t  
4 5 6 _ + 3  1" 
39 1 _+ 27"~  
25 7 _+ 73"~  

*Slgmficant difference from control  group (p<0 05) 
tS lgmficant  difference from group with PCA alone (p<0  05) 
Serum cor t lcos terone concentra t ion was measured  1 hr after the 

IP admlmst ra t lon  of  PCA HCI (2 5 mg/kg) F luoxetme enant lomers  
were injected IP 1 hr before PCA Mean values  _+standard errors for 
5 rats per group are shown 

T A B L E  2 

INABILITY OF FLUOXET1NE ENANTIOMERS TO ANTAGONIZE 
THE PCA-INDUCED LOWERING OF BRAIN DOPAC 

CONCENTRATION IN RATS 

DOPAC m brain, 
Trea tment  group nmoles/g 

Control  
PCA alone 
PCA + (+)  enant lomer  (1 mg/kg) 
PCA + (+)  enant lomer  (3 mg/kg) 
PCA + (+)  enant lomer  (10 mg/kg) 
PCA + ( ) enant lomer  (I mg/kg) 
PCA + ( - )  enant tomer  (3 mg/kg) 
PCA + ( - )  enan t lomer  (10 mg/kg) 

055  _+ 0 0 2  
0 28 _+ 0 02* 
0 30 +_ 00 1 "  
025  + 00 1 "  
0 2 6  _+ 00 1 "  
0 27 _+ 0 02* 
0 2 8  + 00 1 "  
023  _+ 00 1 "  

*Significant difference from control group (p<0 05) 
DOPAC concentra t ion  In whole brain was measured  4 hr after the 

IP admtmstrat~on of  PCA HCI (10 mg/kg) F luoxetme enant lomers  
were injected IP 1 hr before PCA Mean values _+standard errors for 
5 rats per group are shown 

s e r o t o n m  c o n c e n t r a t i o n  w a s  s l g m f l c a n t l y  d e c r e a s e d  w i t h i n  2 
h r ,  r e a c h e d  a m i n i m u m  c o n c e n t r a t i o n  a t  8 hr ,  a n d  r e m a i n e d  
d e c r e a s e d  a t  24 h r  Th~s t i m e  c o u r s e  o f  s e r o t o n l n  d e p l e t i o n  
b y  P C A  h a s  p r e v i o u s l y  b e e n  r e p o r t e d  [ l l ]  In  r a t s  t h a t  re-  
c e i v e d  t h e  d e x t r o r o t a t o r y  e n a n t l o m e r  o f  f l u o x e t m e  at  t h e  
s a m e  t i m e  as  P C A ,  b r a i n  s e r o t o n l n  c o n c e n t r a t i o n  w a s  n o t  

d e c r e a s e d  b u t  i n s t e a d  w a s  s l i gh t ly  i n c r e a s e d  at  all t i m e  
p o i n t s  S u c h  an  i n c r e a s e  h a s  b e e n  o b s e r v e d  p r e v i o u s l y  w i t h  
P C A  a n d  s o m e  o f  i ts  a n a l o g s  a n d  h a s  b e e n  a t t r i b u t e d  to an  
u n m a s k i n g  o f  m o n o a m l n e  o x i d a s e  i n h i b i t i o n  w h e n  t h e  de -  
p l e t i o n  o f  s e r o t o n l n  c o n c e n t r a t i o n  w a s  b l o c k e d  by  u p t a k e  
mh lb l t~on  [5,6] In  r a t s  t h a t  r e c e i v e d  t h e  l e v o r o t a t o r y  
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e n a n t l o m e r  of  f luoxe tme  at the  same t ime as PCA,  b r a m  
se ro ton ln  c o n c e n t r a t i o n  was slightly inc reased  at 2 hr  bu t  
dec l ined  the rea f t e r  Wi th in  8 hr  there  was  a s ignif icant  de- 
c rease  in s e ro ton ln  c o n c e n t r a t i o n ,  and  by  24 hr  the  concen -  
t ra t ion  of  s e ro ton ln  was a lmos t  as low as in ra ts  r ece iv ing  
PCA alone  

Table  1 shows  the e l eva t ion  of  s e rum cort lCOsterone con-  
cen t r a t l on  by PCA,  as inf luenced  by  p r e t r e a t m e n t  with  the  
e n a n t l o m e r s  of  f luoxet lne  Bo th  e n a n t l o m e r s  caused  sigmfi- 
can t  and  dose - re l a t ed  (albei t  i ncomple t e )  a n t a g o n i s m  of  the  
effect  of  P C A  With  the  l evo r o t a t o r y  e n a n t l o m e r ,  the  lowes t  
dose  did not  an t agon ize  PCA,  and  the  effect  at the  middle  
dose  was less than  that  of  the  d e x t r o r o t a t o r y  e n a n t l o m e r  

Table  2 shows  tha t  PC A  d e c r e a s e d  whole  bra in  concen -  
t ra t ions  of  D O P A C ,  a m e t a b o h t e  of  d o p a m l n e  This  effect  of  
PCA was  not  an t agon ized  by  e i the r  enantmomer of  f luoxet lne  

DISCUSSION 

The  abil i ty of  f luoxet lne  e n a n t l o m e r s  to an tagon ize  the  
deple t ion  of  b ra in  serotonmn by PCA  agrees  wi th  ear l ie r  find- 
mgs wi th  the  r acema te  This  a n t a g o n i s m  is be l i eved  to be due 
to a n t a g o n i s m  of  the  ac t ive  a c c u m u l a t i o n  of  PCA by the  
amine  ca r r ie r  on  the  cell m e m b r a n e  of  s e ro ton ln  n e u r o n s  [4], 
and  o the r  lnh lb l to rs  of  s e r o t o m n  up take  p roduce  s tmdar  an- 
t agon i sm [2] The  d e x t r o r o t a t o r y  e n a n t l o m e r  of  fluoxetmne 
was slightly more  po ten t  than  the  l evo ro t a to ry  e n a n t l o m e r  
This  f inding is cons i s t en t  with  the  repor t  of  Wong  et  a!  [16] 
tha t  the  l evo ro t a to ry  e n a n t l o m e r  of  fluoxetmne has  a sho r t e r  
dura t ion  of  ac t ion than  the  d e x t r o r o t a t o r y  e n a n t l o m e r  m 
VlVO The  abil i ty of  se ro ton ln  up take  lnhlb l tors  to an t agon ize  
bra in  se ro ton ln  deple t ion  at t imes  up to 24 hr  a f te r  PCA ts an  
index of  up take  inhibi t ion  t h r o u g h o u t  the  per iod  of  t ime f rom 
PCA injec t ion until  the  m e a s u r e m e n t  of  bra in  se ro ton ln  con-  
cen t r a t ion  Thus  the inhibi t ion of  se ro ton ln  up take  dur ing  the  
4 hr  af ter  PCA in jec t ion  was slightly less wi th  the  levoro ta -  
tory e n a n t l o m e r  of  f luoxet lne ,  cons i s t en t  with  its s ho r t e r  du- 
ra t ion  of  ac t ion  as a s e ro ton ln  up take  inh ib i to r  m vtvo [16] 

A c lear  ind ica t ion  of  this  s h o r t e n e d  dura t ion  of  ac t ion  is 
revea led  in Fig 2 In this  e x p e n m e n t ,  the  e n a n t l o m e r s  of  
f luoxet lne  were  injected at the  same t ime as PCA.  and  bra in  
se ro ton ln  c o n c e n t r a t i o n  was  m e a s u r e d  at va r ious  t ime inter-  
vals la ter  The  d e x t r o r o t a t o r y  e n a n t l o m e r  of  fluoxetmne pre-  
v e n t e d  any se ro ton ln  deple t ion  f rom occur r ing  The  slight 
increase  in se ro ton ln  c o n c e n t r a t i o n  may be due  to an un- 
mask ing  of  the m o n o a m i n e  ox ldase- lnh lb l t lng  ac t ion  [5.6] of  

PCA The  l evo ro t a to ry  e n a n t l o m e r  o f f l u o x e t m e  an t agon i zed  
se ro ton in  dep le t ion  by  PCA at ear ly  t imes  but  did not  antag-  
on ize  the  deple t ion  of  s e r o t o n m  at longer  t imes  af te r  PCA 
This  pa t t e rn  of  effect  is s imilar  to tha t  r epo r t ed  ear l ie r  with 
ch lo r lmlp ramlne  [11], a po ten t  and  se lec t ive  inh ib i to r  of  
se ro ton ln  up take  tha t  has  a shor t  du ra t ion  of  ac t ion  tit l,lVO 
because  of  its me tabo l i sm to ch lo rde s lp r amlne  (which in- 
hibi ts  n o r e p l n e p h n n e  up take ,  not  se ro ton ln  uptake)  Appar -  
ent ly  the  c o n t i n u o u s  t r anspo r t  of  PCA into se ro ton ln  
n e u r o n s  via the  up take  car r ie r  is requi red  for  the  dep le t ion  of  
s e ro ton tn  to be  ma in ta ined  As we have  s h o w n  prev ious ly ,  
an up take  inh ib i to r  can  be in jected af ter  the in jec t ion of  
f luoxet lne ,  at  a t ime w h e n  se ro ton ln  s to res  are dep le ted ,  and  
the  deple t ion  of  se ro ton ln  is t e rmina t ed ,  se ro ton ln  levels  re- 
tu rn ing  rapidly to normal  [8] A shor t -ac t ing  up take  inh ib i to r  
can initially p reven t  the  deple t ion  of  se ro ton ln  by PCA,  but  if 
PCA rema ins  in the brain  longer  than  the  up take  Inhib i tor  
does ,  t hen  se ro ton ln  levels  b e c o m e  deple ted  at  longer  t imes  
as inhibi t ion of  the  accumula t i on  of  PCA into se ro ton ln  
neu rons  d imin i shes  Tha t  p h e n o m e n o n  is sugges ted  to ac- 
coun t  for  the  loss of  p ro tec t ion  agains t  PCA- induced  
se ro ton ln  deple t ion  with t ime af ter  in ject ion of  chlor lmlp-  
ramlne  [9] or the levorota tory  enan t lomer  of f luoxe t lne  (Fig 2) 

The  enantmomers of  f luoxet lne  an tagon ized  the  acute  in- 
c rease  In se rum co r t l cos t e rone  c o n c e n t r a t i o n  that  occurs  fol- 
lowing PCA admin i s t r a t ion  This  increase  ms a t t r ibu ted  to 
cent ra l  se ro tonerg lc  ac t iva t ion  due  to re lease  of  se ro ton ln  by 
PCA,  tha t  re lease  occur r ing  secondar i ly  to accumula t i on  of  
PCA by se ro ton ln  neu rons  [9] P reven t ion  of  PCA accumu-  
lat ion by  f luoxet lne  p r even t s  the  re lease  of  se ro ton ln  The  
slightly g rea te r  po t ency  of  the dex t ro ro t a to ry  e n a n t l o m e r  in 
an tagon iz ing  cort lCOsterone e leva t ion  by PCA ms cons i s t en t  
with the  g rea te r  po tency  of  tha t  e n a n t l o m e r  in b locking  
se ro ton ln  deple t ion  by  PCA The  lack of  comple te  antago-  
n i sm of  PCA- induced  e leva t ion  of  se rum co r t l co s t e rone  may  
have  been  re la ted to the t r ans ien t  inc rease  in se rum cort lco-  
s t e rone  that  occurs  with f luoxet lne  i tself  [10] 

The  lower ing  of  bra in  D O P A C  by PCA is p robab ly  due 
di rect ly  to m o n o a m l n e  ox ldase  inhibi t ion ,  but  in any case  is 
appa ren t ly  not  an  effect  tha t  is s econda ry  to the up take  
ca r r i e r -dependen t  re lease  of  se ro ton ln  The  e n a n t l o m e r s  of  
f luoxet lne  had  no effect  on the abil i ty of  PCA to dec rea se  
bra in  D O P A C  c o n c e n t r a t i o n s  T h o s e  f indings indicate  tha t  
effects  of  PCA not  d e p e n d e n t  on the  se ro ton ln  up take  ca r r ie r  
are not  inf luenced  by fluoxetmne p r e t r e a t m e n t  

REFERENCES 

1 Choumard, G A double-bhnd controlled clmmcal trial of 
fluoxetme and am~tnptyhne m the treatment ot outpatients w~th 
major depressive disorder I Chn P~w htatr~ 46" 32-37, 1985 

2 Fuller. R W Enhancement of monoamlnerg~c neurotransmas- 
stun by antidepressant drugs In Antidepressants  Neuro~ hem- 
u a l  Behavioral, and C h n .  al Per~pe~ttve~ edited by S J 
Enna. J B Mahck and E Rtchelson New York Raven Press, 
1981, pp 1-12 

3 Fuller, R W Functional consequences of mhlbmng serotomn 
uptake with fluoxetlne m rats In ~ e r o t o t t t t t  i n  Btologu al Ps~- 
~htatrx edited by B T Ho. J C Schoolar and E Usdan New 
York Raven Press, 1982, pp 21%228 

4 Fuller, R W Mechanism by which uptake lnhJbltors antagomze 
p-chloroamphetamlne-mduced depletion of brain serotomn 
Neuro~ hem Res 5: 241-245, 1980 

5 Fuller, R W Serotonm oxidation by rat brain monoamme 
oxmdase lnhmb~Uon by 4-chloroamphetamlne Lt~, A~t 5. 2247- 
2252, 1966 

6 Fuller, R W .  K W Perry, J C Baker and B B Molloy 
6-Chloro-2-amlnotetrahn, a rigid conformatlonal analog of 
4-chloroamphetammne pharmacologic properties of at and re- 
lated compounds in rats Art h lnt Pharma¢ odvn Ther 212: 141- 
153, 1974 

7 Fuller, R W ,  K W Perry and B B Molloy Effect of 3- 
(p-trlfluoro-methylphenoxy)-N-methyl-3-phenylpropylammne on 
the depletmn of brain serotonln by 4-chloroamphetammne / 
Pharm Lxp 7her 193 796-803, 1975 

8 Fuller, R W ,  K W Perry and B B Molloy Reversible and 
irreversible phases of serotonm depleuon by 4-choroamphet- 
amine Eur J Pha tma{o l  33 11%124, 1975 

9 Fuller. R W and H D Snoddy Effect of serotonm-releaslng 
drugs on serum cortlcosterone concentration in rats N t ,  u r o t ,  t t -  

docrmologv  31: 96-100, 1980 



284 F U L L E R  A N D  S N O D D Y  

10 Fuller, R W ,  H D Snoddy and B B Molloy Pharmacologic 
ewdence for a serotonln neural pathway revolved m 
hypothalamus-pltmtary-adrenal function m rats Ltfe S¢I 19: 
337-346, 1976 

11 Fuller, R W ,  H D Snoddy, K W Perry, F P Bymasterand 
D T Wong Importance of duration of drug action m the antag- 
onism of p-chloroamphetamme depletion of brain serotomn--  
comparison of fluoxetme and chlonmlpramme Bu~ hem Phar- 
ma~ol 27: 193-198, 1978 

12 Solem, J H and T Brlnck-Johnsen An evaluation of a method 
for determination of free cort~costero~ds m minute quant~ues of 
mouse plasma S~andJ Chn Lab Invest 80" Suppl 17, 1-14, 1965 

13 Stark, P and C D Hardlson A review of multlcenter con- 
trolled studies of fluoxetme vs lmlpramme and placebo m out- 
patients with major depressive disorder J Chn Psvthtat 46. 
53-58, 1985 

14 Van Woert, M H ,  I Magnussen, D Rosenbaum and E 
Chung Fluoxetme m the treatment ofmtent~on myoclonus Chn 
Neuropharma~ol 6 4%54, 1983 

15 Wong, D T ,  F P Bymaster, J S Horngand B B Molloy A 
new selective inhibitor for uptake of serotomn into synapto- 
somes of rat brain 3-(p-tnfluoromethylphenoxy)-N-methyl-3- 
phenylpropylamme J Phatma( ol E~p 7her 193: 804-811, 1975 

16 Wong, D T ,  F P Bymaster, L R Reid, R W Fuller and K 
W Perry Inhlb~tlon of serotonm uptake by optical ~somers of 
fluoxetme Drug 1)ev Res m press 


