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SPARBER. S B , L P DWOSKIN AND M S KLEVEN 5tudtes on the ~peclfi~ttx oyneuro~hemt~alandbeha~u.al 
elhx t~ o/LSD-25 PHARMACOL BIOCHEM BEHAV 24(2) 341-345. 1986 --Brain perfuston experiments of conscious 
rats engaged an operant behavior and administered fluoxetme or LSD, with or wzthout prior rejection of 5-HTP, lndzcate 
there as probably more than one functmnal pool of 5-HT m the CNS Furthermore the fact that prior loading wath the 
precursor as necessary before unmasking an effect of LSD suggests the LSD-sensmve pool zs newly syntheszzed and 
represents only a small fraction of total CNS serotomn Separating the effects of LSD's behavmral actzon into pausing 
(dasruptaon) and depressed responding rate, wath or without paus,ng, enabled us to demonstrate blockade of the disruption 
by methysergade w,thout blockade of the decreased responding rate Mmnsenn blocks both effects of LSD's action We 
suggest that behavaoral effects of low doses of LSD are due to sympathetac arousal and may offer a model for agztated 
depressaon and/or anxaety and that drugs of the mlanserm-type may prove useful for treating some forms of anxiety, as well 
as depressmn 

LSD-25 5-HTP Neurochemacal effects Behavlor.tl effects 

T H E  c o m p l e x  m a n n e r  m whach se ro tonerg lc  neurot ransm~s-  
s~on may  be a l te red  by  acute  or  c h r o m c  drug  t r e a t m e n t  as 
be ing  studaed at the  b~ochemacal level  by  many  labora to r ies  
The  ampor tance  of  r eup t ake  r e c o g n m o n  and  c a r e e r  s~tes 
[28], the  i n v o l v e m e n t  or  c o u p h n g  o f  serotonerg~c transm~s- 
slon to /3-adrenerglc r ecep to r s  and  /~-stamulated cychc  
3 ' , 5 ' - A M P  f o r m a t m n  [33] and  the  r e l evance  of  o t h e r  up- and  
down- regu la to ry  p roces se s  for  p r e s u m p t i v e  e n d o g e n o u s  
m o d u l a t o r y  hgands  [5, 15, 33] are th ree  a v e n u e s  of  a p p r o a c h  
for  t ry ing to de t e rmine  the  ~mpor tance  of  this  t r a n s m i t t e r  m 
the e t iology of  some affect~ve d~sorders and  in t ry ing to 
u n d e r s t a n d  the  d ispar i ty  b e t w e e n  the  immedia te  b m c h e m l c a l  
a c t m n s  of  mos t  an tadepressan t  drugs  and  the  r e q m r e m e n t  
tha t  c h r o m c  t r e a t m e n t  ~s invar iab ly  n e c e s s a r y  before  a 
therapeutac  r e sponse  em er ges  The  addataonal r ecen t  
d e m o n s t r a t i o n s  of  at least  two s e r o t o n m  recep to r s  [17, 20, 
25, 26] tha t  may  medmte  functaonal  changes  of  a dafferent 
type  (e g .  con t ro l  re lease  of  t ransmat te r  f rom s e r o t o n m  
neurons ,  mh~bat, exci te  or  facflatate pos tsynaptac  e f fec to r  
neu rona l  ac t iv i ty) ,  have  fu r the r  c o m p h c a t e d  the  hves  of  psy- 
c h o p h a r m a c o l o g l s t s  and  neuropharmaco log~s t s  i n t e re s t ed  m 
h a l l u c m o g e m c  drugs  such as lyserglc  acid d l e thy lamlde  
(LSD)  and  m e s c a h n e  These  agen ts  have  been  p r o m o t e d  
o v e r  the  years  as b o t h  serotonerg~c a n t a g o m s t s  and  agonls t s  
Our  own anterests  date  back  to the  late 1960's and  ear ly  
1970's and  were  p r eda t ed  and  anstlgated in par t  by the  e a r h e r  
work  of  F r e e d m a n  and  c o w o r k e r s  [ 1-4, 11, !2] In fact .  when  
we m m a l l y  s ta r ted  to use  these  drugs ,  they had  a t t a ined  
" t o o l "  s ta tus  and  our  first  s tudies  were  des tgned  to dev ise  a 
p rocedu re  for  quant i fy ing  the  typacal ha l luc inogen- reduced  
behavaora l  paus ing  by a m m a l s  m a i n t a i n e d  on  fixed ra tm 

schedu les  of  r e in fo rcemen t  [2,31] so tha t  behav iora l ly  
" e q m v a l e n t ' "  doses  could be used m dose - r e sponse  s tudies  
of  the  b e h a w o r a l  and n e u r o c h e m l c a l  effects  of  these  and  
o the r  p sycho t rop l c  drugs  We hoped  tha t  some of  the mech-  
anasms of  a c t m n  of  the  major  p sycho t rop l c  drugs  could be  
s tudied  m l'tl'O by c o m b i n e d  use of  c o n c u r r e n t  behavaor  
analys is  and  bra in  pe r fus lon  m e t h o d s  The  expe r imen ta l  de- 
sagns and  m e t h o d s  e m p l o y e d  p roved  a lmos t  too sens i t ive  
because ,  ins tead  of  v a h d a t m g  the  s imilar  and  se lec t ive  ac- 
t ions  of  L S D  and  m e s c a h n e  upon  " r e l e a s e "  of  s e ro tonm and  
its m e t a b o h t e  (5 -HIAA)  into push-pul l  per fusa te ,  these  two 
drugs  s eemed ,  at b e h a v m r a l l y  e q m v a l e n t  doses ,  to act  dif- 
fe rent ly  f rom each  o the r  Not  only  d~d these  ha l luc inogens  
different ia l ly  affect  the a p p e a r a n c e  of  rad lo labe led  5-HT 
(and m e t a b o h t e s )  m per fusa te  [34], s u b s e q u e n t  studaes mda- 
ca ted  that  the t r  effects  upon  the  pa t t e rn  of  behavaor  mare-  
t amed  by a f ixed in terval  schedu le  of  r e i n f o r c e m e n t  were  
s o m e w h a t  di f ferent  [35] F u r t h e r m o r e ,  the po ten tml  utflaty of  
these  drugs  as tools  for s tudy ing  the  acute  and  c h r o m c  ef- 
fects  of  o the r  p sycho t rop l c  drugs  was b o r n e  out  by  the  
d e m o n s t r a t m n  that  ch romc  a m p h e t a m i n e  t r e a t m e n t  modafied 
5-HT n e u r o t r a n s m l s s l o n  at a dose  whach had  no  a p p a r e n t  
effect  acu te ly  Af ter  chron ic  t r e a t m e n t  and  to le rance  to its 
behavaoral  suppress ing  actaon, a m p h e t a m i n e  " r e l e a s e d "  
rad lo labe led  5-HT in addltaon to ats expec t ed  " ' r e l eas ing"  
effect  upon  rad lo labe led  n o r e p m e p h r m e  Mesca l ine  
p roduced  a s lgmficant ly  g rea te r  effect  upon  [ '4C]5-HT af ter  
c h r o m c  a m p h e t a m i n e  re la t ive  to the  h a l l u c m o g e n ' s  mmal  
effect  upon  th~s t r a n s m i t t e r  [32] Th~s early d e m o n s t r a t m n  of  
a modu la to ry  an te rac tmn b e t w e e n  the  two t r ansmi t t e r s  pre- 
da ted  by  severa l  years  the  morpholog ica l  and  bmchemaca l  
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FIG 1 Representative cumulative records for rat 49 illustrating the effect of LSD (100/xg/kg) upon 
fixed ratio 15 responding for food and antagonism of the LSD-mduced disruption (pausing) and 
decreased responding Mmnserln (0 1-10 mg/kg, IP) was administered 30 mm prior to the operant 
session and LSD was administered immediately prior to the session Whde a combination of l0 mg 
mlanser|n/kg plus 100/xg LSD/kg produced a behavmral effect reminiscent of a lower dose of LSD 
(e g , 50/xg/kg) alone, 2 5 or 5 0 mg mmnserln/kg completely blocked the disruption and decreased 
responding rate 

data which also predict such a functional interaction [24,27] 
While we were encouraged by the relative replication and 

extension of much of the work companng and Contrasting 
the phenethylamlne hallucinogens with the lndoleamme hal- 
lucinogens by Rech and coworkers [29], who also concluded 
there were fundamental differences in the mechanism 
whereby these two classes of hallucinogens acted to alter 
fixed ratio (pausing) behavior, they nevertheless reinforced 
the prevalent idea that alterations in 5-HT neurotransmlssion 
was somehow mediating the effects of these drugs We were 
surprised when, with the avallablhty of HPLC coupled to 
electrochemical detecUon, we were unable to confirm our 
original observation that LSD dlmlmshed the amount of 
5-HT (and metabohte) in push-pull perfusate One might 
argue that pulse-labeling CNS stores with [14C]5-HT was po- 
tentially too nonspeclfiC and could have been taken up by 
nonserotontn neurons This posslbdlty is unlikely because 
the prime alternative candidates for uptake are the catechol- 
amine neurons and behaviorally equleffectlve acute doses of 
amphetamine did not " re lease"  ['4C]5-HT [32,34] Further- 
more, Freedman's  group demonstrated small, but significant 
increases in steady state levels of 5-HT and decreases m 
5-HIAA [30], suggesting diminished utlhzatlon Gallager 
and Aghajanian [14] reported that radlolabeled 5-HT, syn- 
thesized from radlolabeled tryptophan (specific for 

serotonerglc neurons) was reduced in lateral ventrlcular per- 
fusate (same site as our perfuslon) after LSD treatment 
After determining that fluoxetlne, a selective 5-HT reuptake 
inhibitor [37], could reduce levels of endogenous 5-HIAA m 
push-pull perfusate [18], we were convinced that an alteration 
in serotonerglc neurotransmlsslon, brought about by other 
5-HT-selectlve drugs, should have been reflected by some 
sort of  change in 5-HIAA levels m perfusate Our lnabIhty to 
induce a change in 5-HIAA in perfusate by such a potent 
psychoactive compound as LSD, which has a different psy- 
chopharmacologlcal profile than fluoxetlne, was somewhat 
encouraging, but it did not resolve the above mentioned 
source of our consternation The apparent resolution of this 
problem, which also helps explain several of the aforemen- 
tioned observations (e g ,  a rather small maximum change m 
steady-state levels of 5-HT/5-HIAA after LSD), was 
prompted by the fact that Gallager and Aghajaman [14] 
studied newly synthesized, radioactive serotonln (by defini- 
tion) and that earlier studies by Glowmskl et al [16] 
suggested that lntraventrlcularly injected radlolabeled 
blogenlc amines were taken up and stored in a readily releas- 
able pool This indicated that the amount of 5-HIAA con- 
tnbuted by the LSD-sensmve pool may have been tbo small, 
relative to the total pool or source of 5-HIAA in ventrlcular 
perfusate, to discriminate even large changes brought about 
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FIG 2A Lack of antagonism of the behaworal suppressant (re- 
sponding rate) effect of LSD by methyserglde Data are expressed as 
the percent of the number of reinforcers earned by rats engaged m 
fixed ratio 15 responding on the control days prior to drug admtms- 
tratlon days Clear bars dlustrate the effect of methyserglde (5 0- 
35 0 mg/kg, IP) 30 mm pnor  to the 30 mm sessions Stnped bars 
dlustrate the effect of LSD (100 /zg/kg) administered immediately 
prior to the session C designates the experimental condition m 
which only vehicles were administered *p<0 001 by Duncan's test 

FIG 2B Methyserglde antagomzed the dlsrupt~on m responding 
(pausing, see Fig 1) reduced by LSD (100/xg/kg) The measure of 
behaworal d~srupt~on ~s the number of mm taken to earn 5 reinforc- 
ers after a period of 2 mm dunng which no reinforcers were earned 
C designates the experimental condition m which only vehicles were 
administered, and the thickened absossa  indicates there was no 
disruption of responding Lower doses of methyserglde (0 1-5 0 
mg/kg) showed partml antagomsm of the dlsrupUon without s~gmfi- 
candy antagomzmg the decreased responding rate **p<0 01 com- 
pared to LSD alone, by Duncan's test 

by  in jec t ion  of  L S D  If  it was  a newly  s yn t he s i zed  pool  (l e , 
p e r h a p s  func t iona l ly  more  act ive) ,  t hen  small  changes  in 
to ta l  C N S  t r a n s m i t t e r  m ay  have  a t t ended  d rama t i c  func-  
t ional  (behav iora l )  changes  F u r t h e r m o r e ,  such  a newly  syn- 
t hes i zed  pool  could  be  easi ly re leased  by  p r e c u r s o r  loading 
Indeed ,  shor t ly  a f te r  IP  in jec t ion  of  ra ts  wi th  a small ,  b e h a v -  
iorally inac t ive ,  dose  of  5 -HTP (i.e , 5 mg/kg),  the  c o n t e n t  of  
5 - H I A A  in bra in  pe r fusa te  was  s ignif icant ly  e l eva t ed  As  
p red ic ted ,  L S D  was then  capab le  of  reduc ing  the  c o n t e n t  of  
5 -HIAA,  conf i rming  the  p r ev ious  work  and  d e m o n s t r a t i n g  
the re  are at  leas t  two,  pha rmaco log ica l ly  dis t ract ,  func t iona l  
pools  o f  th is  t r a n s m i t t e r  in the CN S [18,22] It also he lps  
in t e rp re t  the  r a t h e r  meage r  changes  r epo r t ed  by  F r e e d m a n ' s  
g roup  [30] and  sugges ts  tha t  the  LSD-sens l t i ve  pool  may  
compr i s e  only  a small  p e r c e n t a g e  o f  the  to ta l  C N S  con-  
t en t  of  5-HT,  at  any  t ime,  u n d e r  normal  cond i t ions  

We shou ld  now like to add r e s s  the  na tu re  of  the  se lect iv-  
ity or  un i ta ry  m e c h a n i s m  w h e r e b y  L S D  p r o d u c e s  its b e h a v -  
ioral ef fects  m a m m a l s  Ear ly  b inding ,  neu rophys lo log lca l  
s tudies  ra i sed  some  d o u b t  a b o u t  a un i ta ry  m e c h a n i s m  
( r ecep to r -med ia t ed )  ac t ion  o f  L S D  While  It m ay  be  a rgued  
tha t  L S D  mimics  s e r o t o n m ,  wi th  high aff imty for  p r e synap t i c  
( au to ) - recep to r s  and  p e r h a p s  lower  affinity for  p o s t s y n a p t l c  
r ecep to r s ,  it is t hough t  tha t  m o s t  n e u r o n a l  inh ib i to ry  ac t ions  
of  5 -HT (and LSD)  are no t  b l o c k a b l e  by  e v e n  the newer ,  
so-cal led s e c o n d  g e n e r a t i o n  a n t a g o m s t s  The  d e m o n s t r a t i o n  
tha t  5 -HT also  has  exc i t a to ry  ac t iv i ty  in the  C N S ,  wh ich  is 
b lockab l e  wi th  some but  no t  all 5 -HT an t agom s t s ,  as well  as 
wi th  L S D  [17,21], ra ises  some  in te res t ing  ques t ]ons  re la t ing  

to the  site (pre- vs  pos t synap t l c )  and  type  (agonls t  vs 
an tagonis t )  ac t ions  r e spons ib le  for  L S D ' s  behav io ra l  e f fec ts  
Cogen t  a r g u m e n t s  for  a pos t synap t l c  site of  L S D ' s  ac t ion  
have  been  put  for th ,  s ince  des t ruc t i on  or  loss of  func t ion  of  
se ro tonerg ic  neu rons  do  not  b lock  L S D ' s  ac t ion  but  may  in 
fact  e n h a n c e  it [2,4] The  original  sugges t ion  tha t  L S D  is a 
se ro ton ln  an tagon i s t  in pe r iphera l  o rgans  [13] and  tha t  it may  
be a part ial  agonls t  (part ial  an tagon i s t )  or  a t rue  an tagon i s t  in 
the  CNS,  speaks  to the  potent ia l ,  n u m e r o u s  ways  in which  
L S D  may  affect  b e h a v i o r  Our  r ecen t  e x p e r i m e n t s  and  a 
rev iew of  r ecen t  l i te ra ture  lead us to be l ieve  tha t  L S D  acts  
upon  at least  two  r ecep to r s  and /o r  recogn i t ion  si tes to affect  
func t ion  The  mos t  pa r s imon ious  in t e rp re t a t ion  of  the  
p re synpa t l c  or  a u t o r e c e p t o r  effects ,  wh ich  c a n n o t  be dis- 
coun t ed  as a site of  ac t ion ,  and  the  pos t synap t l c  r ecep to r  
effects  a rgues  for  an  agonls t  ac t ion  o f  L S D  on the  fo rmer ,  
and  an  an tagon i s t  (l e , 5 -HT-blocklng)  ac t ion on  mos t  of  the  
l a t t e r  T h e r e  may  also be  p o s t s y n a p t l c  r e c e p t o r s  w h i c h  
r e c o g n i z e  L S D  as a 5 -HT a g o m s t  bu t  r e s p o n d  wi th  exc i ta -  
t ion [21], r a the r  than  inhibi t ion ,  as do the s e r o t o n m  au- 
t o r e c e p t o r s  The  re la t ive  d i s t r i bu t ion  and  t ype  of  recep-  
to rs  ( inc lud ing  n o n s e r o t o n e r g l c )  may  d e t e r m i n e  the  b e h a v -  
ioral  prof i le  or  a c t i o n s  of  L S D  at a g iven  dose  and  the  

se lec t iv i ty  or  specif ic i ty  of  drugs  which  may  an tagon ize  such  
behav io ra l  ac t ions  D e p e n d i n g  upon  the  sens i t iv i ty  of  the  
b lobehav lo ra l  assay ,  one  might  not  be able  to de tec t  mul t ip le  
sites of  ac t ion  of  LSD,  as they  are e x p r e s s e d  behav io ra l ly  
Fo r  example ,  whi le  tes t s  for  d i sc r imina t ive  s t imulus  proper -  
t ies of  LSD may  be sens i t ive  to re la t ive ly  low doses  of  the  
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hallucinogen and be amenable  to studies w~th select ive 
5-HT., antagonists ,  the fact that behavioral  pausing (an effect 
which has almost  come  to be a hallmark of  action of  th~s 
class of  drugs) ~s not  studied, suggests a limited number  of  
LSD-sens l t lve  s~tes may contr ibute  to its discr iminat ive 
st imulus proper t ies  Indeed,  the perceptual  d~stortlons and 
hallucinat ions caused by these drugs in humans would tend 
to preclude their  ability or  wdhngness  to respond "nor -  
ma l ly"  in cogni t ive and/or  p sychomoto r  tests Therefore ,  
such tests may have a limited utility for studying the phar- 
macology  of  L S D  but may prove fruitful as tests for LSD- 
antagonists  toward some,  but not all, of  ~ts act ions Support  
for this interpretat ion IS presented by Colpaer t  and Janssen 
[8], who argue for a 5-HT,  site mediat ing much of  L S D ' s  
d~scrimlnattve stimulus properhes  (in a paradigm which re- 
qmres  emission of  an operant  for food re inforcement  to 
demons t ra te  st imulus propert ies) ,  even  though LSD also 
brads to 5-HT~ sites 

I f  a b~obehavioral assay is insensi t ive in a different way,  
because  the behavioral  endpoint  requires  a very high dose of  
drug (e g ,  the so-called 5-HT syndrome) ,  it too may not 
allow one to study L S D  for multiple s~tes of  act ion because  
at lower  doses  the elicited behavior  disappears  If  some be- 
havioral  effects  o f  L S D  can be clearly demons t ra ted  at 
15-150 /zg/kg [35] m the rat, which reqmres  much larger 
doses  to elicit the 5-HT syndrome,  it is likely that the latter 
effect  is more easily blockable by less specific drugs,  even  
drugs which render  the subject  incapable of  dlsplaymg the 
behavior  In any event ,  ff we assume that LSD acts presyn- 
aptically as an agomst  on au toreceptors  and postsynaptlcal ly 
as an antagomst ,  the sum of  ~ts actions would be a reductmn 
of  serotonerglc  act ivi ty m that pa thway One should not 
necessar i ly  expec t  to see reduced act iwty of  LSD after 
presynapt~c leslonlng, especial ly ff up-regulat ion of  
pos tsynapt ic  5-HT (mianserln) recogmt~on sites occurs  115] 
and these sites are LSD-sens~tlve 

While compar ing and contrast ing the abd~ty of  mmnserm 
and methyserg lde  to block the suppressant  action of  L S D  
upon fixed ratio behavior  [9, I0], a serendipi tous observat ion  
a l lowed us to study these agents upon two separate compo-  
nents  o f  L S D ' s  action which may reflect different s~tes or  
receptor  effects  At low doses  (e g ,  50/xg/kg, IP) L S D  does 
not easdy produce the typical long pausing alluded to above 
but tends to suppress fixed ratio behavior  Although we have 
defined pausing as a disruption m responding whereby  at 
least two minutes have elapsed without  the rat receiving a 
re inforcer  dunng  responding maintained by fixed ratio 
schedules  [31], it is possible that subhmmal  (mmlature)  in- 
creases  in pos t re lnforcement  pausing, quahta t lvely  identical 
to an obvious  d~sruptlon (pausing) m behawor ,  ~s responsible  
for the apparent  decrease  m " r u n m n g  rate "" We think this ~s 
unhkely due to the nature of  the differential antagomst  action 
o f  a broad range o f  doses  o f  mlanserln and methyserglde  

towards the two actions of  LSD Even though high doses of  
miansenn  may mimic L S D  in operant  [10], or  substitute for 
L S D  in stimulus discrimination studies [7], low, behavioral ly  
react ive doses  (e g ,  0 1-2 5 mg/kg) can completely  block 
both the disruption (pausing) and decreased responding rate 
after mject~on of  LSD (F~g 1) Pret reatment  of  rats w~th 
methysergIde blocked only the disruption in a range of  doses 
from 0 1-35 mg/kg Never the less ,  the number  of  reinforcers 
earned (an redirect measure  of  running rate in the absence of  
pausing) never  exceeded  about  5W/b of  control  (Fig 2), a 
value essential ly identical to that observed  after treating rats 
with only 50/~g LSD/kg,  a dose which did not cause much 
disruption (as defined by us, vide supra) 

If we assume that lower  doses  of  L S D  affect mainly s~tes 
with higher affinity than those s~tes responsible for behav- 
ioral effects  observed  at only higher doses (quahtatlvely dif- 
ferent  behaviors ,  not jus t  behaviors  of  greater  intensity), we 
can conclude that pausing and other  behaviors  reduced by 
LSD at ~ts low affimty site would be blocked by methyser-  
g~de-type drugs and that methysergide  ~s more select ive than 
mlansenn  towards one or more (5-HT) receptors  responsible 
for the pausing Howeve r ,  not knowing which s~te or  recep- 
tor(s) are responsible  for the entire constellat ion o f  L S D ' s  
behavioral  action, we may conclude that mmnserln is a more 
specific antagonist  of  LSD 

Obwous ly  ~t ~s not possible to at tr ibute the capaci ty of  
LSD to induce pausing in animals performing an operant  as 
analogous to the hal lucinogenic exper ience  m humans,  but 
methyserglde  may also be hallucinogenic,  to some small de- 
gree,  m humans Therefore ,  one ts tempted to suspect  the 
analogy would hold if it were  somehow testable What,  then. 
can we make of  the rate-suppressing action of  LSD at lower 
doses and its blockade by mmnserln '~ It has long been known 
that subhalluclnogenlc doses of  LSD induce an amphetamine- 
like experience (~ e , sympathom~metic action) and s~mllarlt~es 
be tween  low doses  of  LSD and moderate  doses  of  am- 
phetamine  upon fixed interval  responding m rats have been 
reported [35] One might therefore  predict that drugs of  the 
mmnsenn- type  would also be effect ive m treating symptoms 
assocmted w~th sympathet ic  arousal  state,  such as anxiety 
and opiate withdrawal  We have recently found mlanserln 1o 
be effect ive in blocking both acute  and chromc opmte w~th- 
drawal [23] and the behawora l  suppression reduced by 
l sobuty lmethylxanthme [19], a drug used to reduce a 
quas~morphme withdrawal  syndrome [6] Since the so-called 
select ive 5-HT., or LSD-antagonlstS also block the d~s- 
crlmmat~ve stimulus properhes  of  modera te  doses of  LSD,  
and are hkewlse effect ive ant idepressants ,  the use of  these 
behavioral  approaches  may offer some insight into the et~ol- 
ogy of  some forms of  affect~ve d~sorders which are manifest ,  
m part, by agitation and anxiety They may also offer some 
heuristic value tor predicting efficacy of  drugs for treating 
such disorders  
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