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FINNEGAN, K. T., M. I. KANNER AND H. Y. MELTZER. Phencyclidine-induced rotational behavior in rats with 
nigrostriatal lesions and its modulation by dopaminergic and cholinergic agents. PHARMAC. BIOCHEM. BEHAV. 5(6) 
651 660, 1 9 7 6 . -  The peripheral administration of the psychotomimetic drug phencyclidine (1-(phenylcyclohexyl) 
piperidine hydrochloride) (PCP) induces a dose-related ipsilateral rotation in unilateral substantia nigra electro- 
lytically-lesioned rats. The intensity of this rotation can be modulated by administration of various dopaminergic and 
cholinergic agents. Injection of alpha-methylparatyrosine methylester (125 mg/kg) or haloperidol (1 mg/kg)inhibited the 
ipsilateral circling behavior. Pimozide (1 mg/kg) also inhibited the rotation, but to a lesser extent. The injection of the 
anticholinergic agent trihexyphenidyl (5 mg/kg) potentiated, and the cholinomimetic drug arecoline (5 mg/kg), depressed 
the rotation induced by PCP (7.5 mg/kg). It is probable that PCP possesses significant dopaminergic and anticholinergic 
properties. The capacity of PCP to induce rotation in this model may be related to its effects on dopaminergic and 
cholingergic neurons in the rat striatum. Thus, PCP may induce rotational behavior by potentiating dopaminergic 
transmission, by blocking cholinergic activity, or both; both of these effects have been demonstrated to be important in 
the generation of circling behavior in rats with nigrostriatal lesions. 

Rotational model Phencyclidine Dopamine Acetylcholine 

P H E N C Y C L I D I N E  (1 - (pheny lcyc lohexy l )  p iper id ine  h y d r o -  
chlor ide)  (PCP) is a p o t e n t  p s y c h o t o m i m e t i c  agent  in m a n  
[48 ] .  The  n e u r o c h e m i c a l  effects  of  PCP are no t  well 
def ined,  bu t  b o t h  behaviora l  and b iochemica l  s tudies  
suggest t ha t  it may  in te rac t  wi th  dopaminerg ic  (DA),  
chol inergic  (Ach) ,  noradrenerg ic  (NE) and sero tonerg ic  
(5HT)  systems.  In the  rat ,  in jec t ion  of  PCP p roduces  
dose -dependen t  hype rac t iv i ty  [ 1 4 ] ,  s t e r eo typed  behav io r  
inc luding  repe t i t ive  side-to-side m o v e m e n t s  of the  head ,  and 
tu rn ing  in a uni la tera l ly- les ioned subs tan t i a  nigra rat  [ 4 0 ] .  
The PCP-induced l o c o m o t o r  s t imu la t ion  and hype rac t iv i ty  
can be modi f i ed  by  pharmaco log ica l  p r e t r e a t m e n t s  which  
in te rac t  wi th  the  dopaminerg ic ,  noradrenerg ic ,  and chol in-  
ergic sys tems [ 4 1 ] .  PCP signif icant ly  decreases the  whole  
brain NE in the  rat  [ 4 7 ] ,  and  b locks  its r eup take  in 
adrenergic  pos tgangl ionic  nerve te rmina ls  [ 5 6 ] .  It inh ib i t s  
the a c c u m u l a t i o n  of H3-NE f rom cort ical  slices [ 1 6 ] .  PCP 
produces  an  increase in the c o n c e n t r a t i o n  of n o r m e t a n e -  
phr ine  and  3 - m e t h o x y t y r a m i n e ,  suggesting an increased 
release of  ca techo lamines ,  or b lockade  of the i r  r eup take  
[ 3 6 ] .  Smi th  et al. [63] found  tha t  PCP in a rat  cauda te  
s y n a p t o s o m a l  p repa ra t ion  is a more  p o t e n t  b locker  of  DA 
up take  t han  is d - amphe t amine .  

In the  per iphery ,  it has  been r epo r t ed  t ha t  PCP possesses 

an t ichol inerg ic  p roper t i es  at  muscar in ic  sites in a guinea pig 
i leum p repa ra t i on  in vitro,  and in the  iris of rabbi ts ,  mice 
and  guinea pigs in vivo [ 4 9 ] .  These an t ichol inerg ic  effects  
are a b o u t  th ree  orders  of magn i tude  less p o t e n t  t han  
a t ropine .  Unde r  d i f fe ren t  condi t ions ,  however ,  PCP has 
been  shown  to be a reversible,  compe t i t ive  i nh ib i t o r  of  
ace ty lchol ines te rase  (Ki = 10 -7 to  10 - sM,  d e p e n d e n t  on  
source of  enzyme) ,  leading to a relative increase in 
ace ty lcho l ine  [49 ] .  

It is no t  clear to what  e x t e n t  the  per iphera l  
ant ichol inergic  proper t ies  of  PCP may be general ized to 
centra l  nervous  sys tem effects.  However ,  the  degree of  
in te rac t ion  be tween  various PCP derivat ives and muscar in ic  
receptors ,  as measured  by q u a n t u m  mechan ica l  t echniques ,  
reveals a high cor re la t ion  be tween  the p o t e n c y  of these 
derivatives as per iphera l  compet i t ive  ant ichol inergics ,  and as 
centra l  p s y c h o m o t o r  s t imulan t s  [ 5 0 ] .  PCP signif icant ly  
accelerates the  dep le t ion  of  bra in  Ach af te r  the  adminis t ra-  
t ion of hemicho l in ium-3 ,  suggesting increased Ach tu rnove r  
[ 2 5 ] .  PCP-induced anes thes ia  and hype rac t iv i ty  in guinea 
pigs may  be b locked  by the  chol ines terase  inh ib i to r  tacr in  
(9 -amino- l , 2 ,3 ,4 , - t e t r ahydro -ac r id ine ) ,  a repor t  also consis- 
t en t  with  a cent ra l  an t ichol inerg ic  mechan i sm of  ac t ion  of  
PCP. 

1 Supported in part by USPHS MH 18,396, MH 16,127 and MH 47,808. 
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PCP increases whole-brain 5HT while s imultaneously 
decreasing 5HIAA levels [68] ,  al though this effect appears 
to be strain specific [69] .  Addit ional ly,  PCP inhibits the 
uptake of  5HT in a crude synaptosomal  preparat ion of  rat 
brain [63] .  

A behavioral method  for moni tor ing  the effects of drugs 
on the nigrostriatal dopaminergic  system in the rat has been 
described by Ungerstedt  and others [15, 70, 71].  Degenera- 
tion of the nigrostriatal system is associated with dis- 
turbance of  moto r  function both clinically and experi- 
mental ly [37, 42, 60] .  By lesioning the corpus str iatum or 
the dopaminergic pathway unilaterally, it is possible to 
create an exper imental  si tuation in which pharmacologi-  
cally-induced dopamine release may occur on only one side 
[7, 70, 72] .  The resulting imbalance in dopamine is 
revealed behaviorally as a mild asymmetry  in posture. 

These characteristic postural  asymmetries  can be poten- 
tiated into active turning by various drugs or combinat ions  
of drugs that  selectively increase or decrease dopaminergic 
or cholinergic activity [4, 6, 21, 53 ]. Fol lowing a unilateral 
6-hydroxydopamine- induced lesion of the substantia nigra, 
the peripheral administrat ion of dopamine-l ike agents 
causes either ipsilateral or contralateral  turning. The differ- 
ence in the direct ion of rota t ion is hypothesized to result 
from the development  of a denervat ion-induced post- 
synaptic supersensitive dopamine receptor,  and differences 
in pre- versus postsynapt ic  activity of  the administered 
drug. Thus, drugs having an indirect mode  of  action, such as 
amphetamine  or the combina t ion  of reserpine plus nia- 
lamide [13,33] cause active ro ta t ion towards the lesioned 
side (ipsilateral rotat ion) .  Adminis t ra t ion of  apomorphine ,  
thought  to interact  directly with post-synaptic dopamine 
receptors [8,26] results in ro ta t ion away from the lesioned 
side (contralateral  rotat ion) .  

Fol lowing unilateral electrolyt ic  lesions of the substantia 
nigra, however,  all dopamine-like agents, irrespective of 
their pre- or postsynapt ic  mode  of  action, cause ipsilateral 
circling ( [ 2 3 ] ;  Finnegan, Kanner and Meltzer, unpublished 
observations). Addit ional ly,  it has been reported that after 
asymmetr ic  lesions of  the raphe nucleus, these agents 
induce contralateral  ro ta t ion [22] .  Thus, the direct ion of 
rotat ion induced by a dopamine-like agent may not  permit  
the dist inction between increased dopaminergic activity via 
pre- or postsynapt ic  mechanisms. Nevertheless, this simply 
observed, easily quantif ied behavior,  which has been experi- 
mental ly l inked to imbalances in the functional  activity of 
striatal dopamine and acetylcholine,  does provide a model  
for moni tor ing the effects of various pharmacological  
agents on dopaminergic,  cholinergic, and perhaps sero- 
tonergic activity. 

To investigate whether  PCP interacts with the dopa- 
minergic and cholinergic systems as manifested by turning 
behavior, we conduc ted  pilot studies which indicated that 
phencycl idine produced ipsilateral turning in rats with 
unilateral electrolytic substantia nigra lesions. Here we 
present data on the systematic  s tudy of  this phenomenon  
including a dose-response funct ion for PCP and results of 
our a t tempts  to modula te  the ro ta t ion with various 
pharmacological  agents. A preliminary report  has been 
published elsewhere [40] .  

METHOD 

Animals 

Male Sprague-Dawley rats (Sprague-Dawley, Madison, 

Wisconsin) weighing 150 ~ 5 g at the t ime of surgery were 
used. They were housed individually in a temperature-  
control led colony on a 12 hr light-dark cycle (7 AM lights 
on) with free access to Purina laboratory chow and tap 
water th roughout  the course of the experiments ,  except  
during testing sessions. 

Surgical Procedure 

At the time of surgery rats were anesthetized with 
sodium pentobarbi ta l  (Nembutal )  (40 mg/kg, IP). The 
animals were placed in a Kopf  stereotaxic ins t rument  and 
were prepared with unilateral electrolyt ic  lesions of  the 
substantia nigra on the animal's left side, according to the 
atlas of  Konig and Klippel [44] .  The following coordinates  
and current parameters were used: AP - 2.4, L 1.6, and 
H - 2.6; 1 ma for 10 sec, anodal current.  The lesioning 
electrode was stainless steel insulated with tef lon except  for 
0.5 mm at the tip. After  surgery the rats were returned to 
individual cages in the colony.  One week to 10 days later 
behavioral testing was begun. 

Histology 

After  the experiments  were completed,  the animals were 
decapitated and the brains were removed from the calvaria 
and stored in 10% Formalin.  The brains were sliced with a 
cryostat ic  mic ro tome  and sections were stained with cresyl 
violet. Tissue damage common  to all effective lesions 
included that  of the substantia nigra, pars compacta  and 
pars reticulata,  and almost always port ions of  the adjacent 
medial lemniscus and format io  reticularis. Occasionally, the 
lesioned area included the red nucleus or the crus cerebri,  
or both.  

Drug Preparation 

A fresh solution of phencycl idine (Sernyl) (Bio-Ceutic 
Laboratories,  St. Joseph,  MO) was prepared daily in sterile 
physiological saline. All injections were intraperi toneal  (IP). 

EXPERIMENT 1 

Procedure 

On each test day a rat was placed in a Plexiglas bowl 
(17.4 cm deep, 36.5 cm in dia.) and allowed to habituate to 
the testing si tuation for 15 rain. Rats were injected with 
saline and two days later with PCP (5 mg/kg). After PCP, 5 
mg/kg, or saline, the rat 's behavior was observed for 1 hr. 
General posture,  ataxia, headshaking, and turning were 
evaluated for 1 rain every 5 rain for the first 20 rain after 
injection and then for 1 rain every 10 rain for the durat ion 
of the exper iment .  A paired t-test for statistical significance 
[27] between saline and PCP responses was carried out on 
the data at each interval. 

Results 

Immedia te ly  after surgery the rats exhibi ted the postural  
asymmetry  typically seen after unilateral substantia nigra 
lesions [7 ,70] .  Spontaneous ipsilateral turning was occa- 
sionally observed in the first few days fol lowing surgery but 
this subsided as the animals recovered. 

Rotat ional  behavior produced by PCP is presented in 
Fig. 2. After  saline, virtually no rotat ional  behavior or other  
abnormal  behaviors were observed. Approximate ly  5 rain 
after PCP administrat ion,  increased l ocomoto r  activity was 
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FIG. 2. Rotational behavior produced by PCP in the unilaterally 
lesioned substantia nigra rat. Turns were counted for 1 rain every 
5 min for the first 20 min and for 1 min every 10 min for the 

duration of the experiments. 

FIG. 1. A representative unilateral lesion of the substantia nigra, 
as adapted from atlas of Konig and Klippel [40]. 

observed in all rats. Only 1 ou t  of  6 of  the uni la te ra l ly  
les ioned rats  exh ib i t ed  the  charac te r i s t ic  side-to-side head-  
shaking p r o d u c e d  by PCP in n o r m a l  rats. Ipsi lateral  r o t a t i o n  
developed in all 6 ra ts  s tudied.  Only  sporadic  con t ra la te ra l  
turns  were no ted .  The ra te  of  ipsi lateral  tu rn ing  reached  a 
peak 10 min  af te r  PCP, a f te r  which  t ime the  rats  began to 
exh ib i t  some signs of  ataxia.  The rate  of tu rn ing  decreased 
over the  nex t  60 min  and  r e tu rned  to baseline at  90 min.  In 
contras t ,  the  t ime  course of  a m p h e t a m i n e - i n d u c e d  r o t a t i o n  
is qui te  d i f ferent .  R o t a t i o n  peaks  at  3 0 - 4 0  min  a f te r  
a m p h e t a m i n e ,  wi th  the  effects  last ing for  a p p r o x i m a t e l y  3 
h r [ 1 5 , 7 0 ] .  

EXPERIMENT 2 

To fu r the r  charac te r ize  the  effect  of PCP in p roduc ing  
ro ta t ion ,  a dose-response s tudy  was carr ied out .  The  doses 
chosen  for  s tudy  were 0.5, 1.0, 2.5, 3.5, 5.0, 7.5, 10.0, 15.0 
and 25.0  mg/kg.  Half  of the  rats  were given the  doses in 
ascending order  and ha l f  in descending  order .  The behav-  
ioral tes t ing  was ident ical  to tha t  in E x p e r i m e n t  1 wi th  one 
day in te rven ing  be tween  drug inject ions .  

Resul t s  

Data are p resen ted  in Fig. 3 and  4. The effect  of  PCP on 
the in tens i ty  of tu rn ing  behav io r  was dose -dependen t .  PCP, 
5 - 1 5  mg/kg ,  p roduced  s t rong  ipsi lateral  r o t a t i o n  which  
reached  a peak wi th in  10 min  of admin i s t r a t ion .  No 
signif icant  d i f ferences  in r o t a t i o n  were no t ed  be tween  
groups admin i s t e red  PCP on the ascending  or descending  
regimens,  ind ica t ing  tha t  to le rance  is p robab ly  not  a 
c o m p o u n d i n g  fac to r  on  this dosage schedule .  Many of the  
uni la teral ly  les ioned animals  did no t  show the  charac te r i s t ic  
headshak ing  response  p roduced  by  admin i s t r a t i on  of  PCP 
to normal  rats at all doses tes ted.  Slight a taxia  was observed 
in all animals  s tar t ing at the 5 mg/kg  dose. This  i m p a i r m e n t  
in c o o r d i n a t i o n  increased wi th  dose, and at 1 5 - 2 5  mg/kg,  
in te re fe red  severely wi th  the  tu rn ing  response.  Despite  the  
severe ataxia,  the  charac te r i s t ic  pos tura l  a symmet r ies  de- 
scribed above  (head and tail devia ted towards  the les ioned 
site) c o n t i n u e d  to be n o t e d  at the  higher  drug doses, bu t  
the gross i m p a i r m e n t  in m o t o r  func t i on  resul ted in low 
rates of ro ta t ion .  
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FIG. 3. The effects of various doses of PCP on rotational 
behavior. Turns were counted for 1 min every 5 rain for the first 
20 min and for 1 rain every l0 min for the duration of tile 

experiment. 
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FIG. 4, The cumulative number of turns during observation 
periods of 30 and 60 rain for data presented in Fig. 3. 

E X P E R I M E N T  3 

In rats which  have susta ined a uni la tera l  subs tan t ia  nigra 
lesion, cons iderable  evidence indica tes  tha t  imbalances  in 
dopaminerg ic  and chol inergic  act ivi ty be tween  the  bilater-  
ally represen ted  corpus  str iat i  media te  the  turn ing  response  
to a m p h e t a m i n e  [5, 21, 54, 70 ] .  To ascer ta in  the role of  
dopamine  and ace ty lcho l ine  in PCP-induced turn ing ,  vari- 
ous pharmacolog ica l  agents were admin i s t e red  in conjunc-  
t ion  wi th  PCP in an a t t e m p t  to  modu la t e  the ro ta t ion .  In 
this series of  exper imen t s ,  the  dose of PCP used was 
increased to 7.5 mg/kg,  as it had been  d e m o n s t r a t e d  in 
Expe r imen t  2 tha t  this was the mos t  effect ive dose in 
elicit ing turning.  

Animals 

Rats wi th  uni la tera l  subs tan t i a  nigra lesions were pre- 
pared as in the above exper iments .  Fo l lowing  pos topera t ive  
recovery,  a test  dose of  PCP, 7.5 mg/kg,  was given to 
ident i fy  rats  which  d e m o n s t r a t e d  a cons i s ten t  tu rn ing  
response.  

Drugs' 

The fol lowing drugs were dissolved in sterile physio-  
logical saline and in jected in t r ape r i t onea l ly  in the  doses 
indica ted:  a lpha -me thy lpa ra ty ros ine  m e t h y l  ester,  Sigma 
Chemical  Co. (125 mg/kg) ;  ha loper idol  (Haldol) ,  McNeill 
Chemicals  (1 mg/kg) ;  arecoline,  Sigma Chemical  Co. (5 
mg/kg);  t r i h e x y p h e n i d y l  (Ar tane) ,  Lederle Chemical  Co. (5 
mg/kg).  Pimozide,  Janssen Pharmaceu t ica l  Co. (1 mg/kg  
and 2 mg/kg) ,  was dissolved in . 1 M tar tar ic  acid. 

Recording o f  Rotational Behavior 

In this  series of exper imen t s ,  the ro ta t iona l  behavior  was 
au tomat i ca l ly  recorded  in a modif ied  version of  the 
r o t o m e t e r  designed by  Barber  [101.  The modi f ied  design 
was less complex  and more  economica l  to cons t ruc t  
(F innegan and Kubos,  unpub l i shed  design). By way o f  a 
harness and th in  wire, the  rat  was c o n n e c t e d  to the 
geometr ic  cen te r  of the  hemisphe re  (17.4 cm deep, 36.5 cm 
diameter) .  Because of  the  spher ical ly-shaped surface,  the rat  
could  move a b o u t  c o m f o r t a b l y  wi th  l i t t le  in te r fe rence  f rom 
the record ing  appara tus .  Each full left  and right  tu rn  was 
recorded on  tape on separate  channe ls  wi th  an Esterl ine- 
Angus Event  Recorder  (Ester l ine-Angus  Co., Indianapol is ,  
IN). 

Procedure 

On each test  day the rat  was placed in the Plexiglas bowl  
and given 15 rain to h a b i t u a t e  to the tes t  s i tuat ion.  On Day 
1, the  ra t  was in jected wi th  saline at a t ime  appropr ia te  for  
the test  drug used on Day 3, and  then  admin i s t e red  PCP. 
Day 2 was a rest  day. On Day 3 the  rat  was in jec ted  wi th  a 
c o m b i n a t i o n  of tes t  drug and PCP. Ro ta t iona l  behav ior  was 
measured  for one h o u r  af ter  in jec t ion  of PCP. 

Data A nalysis 

Al though  the r o t o m e t e r  p r in ted  a m i n u t e  by m i n u t e  
record  of the  d i rec t ion  and  in tens i ty  of  turning,  it was 
decided to con t inue  select ing every f i f th  minu te  as a 
represen ta t ive  interval  in which  turns  were scored.  Not  only  
did this faci l i ta te  data analysis,  bu t  also this m a n n e r  of  
r epor t ing  the data  was compa t ib l e  wi th  t ha t  of  Expe r imen t s  
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T A B L E  1 

Ipsilateral Turns Ipsilateral Turns 
in 30 Min in 60 Min 

AMPT Saline AMPT AMPT Saline AMPT 
Alone + + Alone + + 

N (N =5) PCP PCP Signif. (N =5) PCP PCP Signif. 

X 12 0.5 67.9 40.0 p<0.05 0.75 115.2 65.0 p<0.05 
S.D. - 0.57 ± 36.1 ± 30.0 -+0.50 +_ 69.0 _+ 46.8 

Data are presented for the following experiment: 
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FIG. 5. The effects of haloperidol (1 mg/kg) administered 5 min 
prior to PCP (7.5 mg/kg). Turns were counted for 1 min every 5 

min. 

1 and 2. A cor re la t ion  be t w een  the  n u m b e r  of  turns  in the  
interval  se lected and those  1 min  intervals  on  e i the r  side of  
it revealed s imilar  rates of t u rn ing  (r = 0 .842,  p < 0 . 0 1 ) .  
Thus,  tu rns  were scored every f i f th  m i n u t e  and  data  is 
r epor ted  as the  m e a n  n u m b e r  of tu rns  in six 1-min intervals  
in 30 min  and the  twelve 1-min intervals  in  60 min.  Tests  of 
s ignif icance were pe r fo rmed  wi th  a paired da ta  S t u d e n t  
t - test  [ 2 7 ] .  

Results 

1. Tyrosine hydroxylase inhibition. Two in jec t ions  of  
a l pha -me thy lpa r a ty r o s i ne  me thy le s t e r  (AMPT)  (125 mg/kg)  

were admin i s t e red  12 hr  and  4 hr  be fore  the  in ject ions  of 
phencyc l id ine .  The d i rec t ion  and in tens i ty  of  the  resu l t ing  
ro ta t iona l  behav ior  was t hen  recorded  for  1 hr  fo l lowing 
admin i s t r a t i on  of  PCP. The data  are presen ted  in Table  1. 
AMPT p roduced  a 58.9% decrease  at  30 min  ( p < 0 . 0 5 )  in 
PCP-induced ipsi lateral  ro ta t ion .  Admin i s t r a t i on  of  AMPT 
alone caused no  s ignif icant  t u rn ing  in e i ther  d i rec t ion .  

2. Dopamine receptor blockade. (a) Haloper idol  (1 
'mg/kg IP) was admin i s t e red  5 min  before  in jec t ion  of  PCP. 
The data  are p resen ted  in Fig. 5. Haloper idol  (1 mg/kg) ,  
i nh ib i t ed  the  ipsi lateral  t u rn ing  induced  by  PCP, and 
p o t e n t i a t e d  con t ra la te ra l  ro ta t ion .  A l though  in jec t ion  of 
ha loper ido l  a lone caused no  turning,  it did p roduce  a 
con t ra la te ra l  a s y m m e t r y  wi th  respec t  to  b o d y  and l imb 
posi t ion.  (b)  P imozide  (1 mg/kg,  IP) was admin i s t e red  15 
minu tes  before  PCP. The data are p resen ted  in Table  2. 
P imozide  (1 mg/kg)  p roduced  a s ignif icant  decrease in 
ipsi lateral  t u rn ing  elici ted by  PCP ( p < 0 . 0 5 ,  1 tai led-test) ,  
a l t hough  two of  the  rats showed  an increase in ipsilateral  
tu rn ing  at this  dose. At  2 mg/kg  of  p imozide ,  there  was no  
s ignif icant  a l t e ra t ion  in PCP-elicited ro ta t ion .  In jec t ion  of 
p imozide  a lone (1 mg/kg)  caused no  tu rn ing .  

3. Cholinergic agents. (a) T r i h e x y p h e n i d y l  (5 mg/kg, IP) 
was admin i s t e red  15 rain before  the  in jec t ion  of PCP. The 
data are p resen ted  in Table  3. A small,  bu t  s ta t is t ical ly  
s ignif icant ,  p o t e n t i a t i o n  of  PCP r o t a t i o n  was observed at 30 
minu t e s  (p<0 .05 ) .  However  the  p o t e n t i a t i o n  was no t  near ly  
so evident  at 60 min.  and  failed to reach  the  0.05 level of  
significance at this  t ime  interval .  In jec t ion  of  tri- 
h e x y p h e n i d y l  a lone  caused no  ro ta t ion .  (b) Arecol ine  (5 
mg/kg, IP) was given 15 rain before  the  in jec t ion  of  PCP, 
and the  ro t a t iona l  behav io r  observed.  The data  are pre- 
sented  in Table  4. Arecol ine  p roduced  a s ignif icant  decrease 
in r o t a t i o n  w h e n  given in c o n j u n c t i o n  wi th  PCP. When 
given by  itself, however ,  no  r o t a t i o n  was no ted .  

DISCUSSION 

A behaviora l  m e t h o d  for  m o n i t o r i n g  the  func t ion ing  of  
the ex t r apy ramida l  m o t o r  sys tem in the  rat  has been  
descr ibed by  Unge r s t ed t  and others .  Uni la teral  subs t an t i a  
nigra lesions resul t  in an ipsi lateral  decrease of  d o p a m i n e  
(DA) in the corpus  s t r i a tum [ 7 ] .  Character is t ic  pos tura l  
a symmet r ies  resul t ing  f rom the  s u b s e q u e n t  imba lance  of  
DA be tween  corpus  s t r ia t i  are t h o u g h t  to  be  p o t e n t i a t e d  
in to  active ro t a t i on  by  the  a u g m e n t a t i o n  of  DA trans-  
miss ion in the  r emain ing  in tac t  s t r ia tum,  or by  direct  
s t imu la t ion  of  the  supersensi t ive  denerva ted  recep to r  [ 7 0 ] .  
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T A B L E 2  

lpsilateral Turns in 30 Min 
Pimozide Saline Pimozide 

alone + + 
N (N=5) PCP PCP Significance 

-X 9 0 67.5 36.5 p<0.05 
S.D. 0 + 25.3 _+ 40.7 (one-tailed test) 

Data are presented for the following experiments: 
15 15 

Day 1: Saline --~ PCP Day 3: Pimozide ~ PCP 
mm min 

A large body  of  evidence has d e m o n s t r a t e d  tha t  a ba lance  
be tween  Ach and  DA is i m p o r t a n t  in many  of the behaviors  
believed to be under  the  con t ro l  of  the  ex t r apy ramida l  
sys tem,  inc luding  turn ing .  Ant ichol inerg ic  agents,  such as 
a t ropine ,  p roduce  a con t ra la te ra l  r o t a t i on  when  in jec ted  
uni lateral ly  in to  the  c a u d a t e - p u t a m e n  or globus pall idus,  
while in t ras t r ia ta t  appl ica t ion  of c h o l i n o m i m e t i c  agents,  
such as arecol ine ,  cause ipsilateral  t u rn ing  [21 ] .  In a rat  
with  a 6 - h y d r o x y d o p a m i n e - i n d u c e d  uni la tera l  lesion of the  
subs tan t ia  nigra per iphera l  admin i s t r a t ion  of  scopo lamine  
causes ipsi lateral  circling, and this  r o t a t i o n  is b locked  by  
p r e t r e a t m e n t  with ha loper idol  or AMPT [ 5 3 , 7 1 ] .  

Similiarly, chol inergic  drugs can modu la t e  the  in tens i ty  
and du ra t ion  of a m p h e t a m i n e - i n d u c e d  s t e reo typed  behav-  
ior, a behaviora l  s y n d r o m e  believed to be direct ly med ia ted  
by DA release [28,  43,  62 ] .  Some researchers  consider  
circling behavior  to be a form of s t e reo typy  [55 ] .  

A m p h e t a m i n e - i n d u c e d  s t e reo typed  behav io r  is po t en t i a t ed  
by ant i -chol inergic  agents,  and inh ib i t ed  by cho l i nomime t i c  
drugs [ 9,431 • 

The p r o d u c t i o n  of catalepsy is a CNS p h e n o m e n a  tha t  
has been  exper imen ta l ly  l inked to decreased DA act ivi ty 
[ 6 7 , 7 5 ] ,  in all p robab i l i ty  the s t r i a tum being the  neuroana-  
tomical  locus responsible  for  its i nduc t i on  [20 ,291 .  Halo- 
per idol - induced  cata lepsy is p o t e n t i a t e d  by  arecoline.  The 
catalept ic  effects of  the  two drugs alone,  or in c o m b i n a t i o n ,  
are b locked  by  a t ropine .  

More recent ly ,  b iochemica l  data  f rom animal  experi-  
men t s  have been accumula t ing  in suppor t  of  a recipricol  
l ink be tween  DA and Ach in the  s t r i a tum.  Agents  tha t  
increase DA act ivi ty by act ing pre-synapt ica l ly  (e.g., am- 
phe tamine ,  aman tad ine ) ,  or pos t synap t ica l ly  (e.g., apomor-  
phine,  pir ibedil) ,  display the c o m m o n  feature  of  increasing 
the c o n c e n t r a t i o n  of str iatat  Ach [17,  18, 35,  4 6 ] .  
Conversely,  an t ip sycho t i c  drugs induce  a decrease in the 
c o n c e n t r a t i o n  of  str iatal  Ach [51 ].  This decrease is no t  due 
to thei r  c o n c o m i t a n t  an t ichol inerg ic  proper t ies ,  bu t  ra ther  
thei r  abi l i ty  to b lock  DA receptors  [ 6 1 ] .  These changes in 
the c o n c e n t r a t i o n  of str iatal  Ach have been  re la ted to 
u t i l iza t ion  of the  t r ansmi t t e r ,  i.e. a decrease in the  
c o n c e n t r a t i o n  of striatal  Ach is indicat ive  of increased 
chol inergic  neu rona l  act ivi ty ,  and vice versa [30,  45,  65 ] .  

On the  o the r  hand ,  admin i s t r a t i on  of cent ra l ly  act ing 
cholinergic  drugs has been s h o w n  to inf luence  the  tu rnover  
of str iatal  DA. Systemic in jec t ion  of a t rop ine  decreases the 
con ten t  of homovani l l ic  acid (HVA) in the  s t r i a tum 
wi thou t  af fec t ing the c o n c e n t r a t i o n  of  DA [11,581 and  
delays the  d i sappearance  of endogenous  cerebral  DA after  
AMPT [5 ] .  Admin i s t r a t i on  of cho l inomime t i c s ,  such as 

T A B L E 3  

Ipsilateral Turns in 30 min Ipsilateral Turns in 60 min 
Trihexy- Trihexy- Trihexy- Trihexy- 
phenidyl Saline phenidyl phenidyl Saline phenidyl 

alone + + alone + + 
N (N =6) PCP PCP Signif. (N =6) PCP PCP Signif. 

-'X 6 4.05 30.0 49.5 p<0.05 5.0 70.0 96.6 n.s. 
S.D. +- 4.03 _+ 16.6 _+ 11.0 _+ 4.8 _+ 44.9 _+ 24.5 

Data are presented for the following experiments: 
15 

Day 1: Saline ~ PCP Day 3: Trihexyphenidyl 
min (7.5 mg/kg) (5 mg/kg) 

15 
--~ PCP 

min (7.5 mg/kg) 

T A B L E 4  

Ipsilateral Turns in 30 Min lpsilateral Turns in 60 Min 
Arecoline Saline Arecoline Arecoline Saline Arecoline 

alone + + alone + + 
N (N =6) PCP PCP Signif. (N =6) PCP PCP Signif. 

-X 6 0.50 81.4 46.4 p <0.02 0.66 153.4 82.8 p<0.01 
S.D. + 0.83 _+ 29.7 _+ 31.8 + 0.81 _+ 44.6 _+ 39.9 

Data are presented for the following experiments: 
15 

Day 1: Saline --* PCP Day 3: Arecoline 
min (7.5 mg/kg) (5 mg/kg) 

15 
PCP 

min (7.5 mg/kg) 
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arecoline, nicotine, oxytremorine, and physostigmine, cause 
an increase in striatal HVA [19,51]. Moreover, the 
increase in HVA induced by both neuroleptics and choli- 
nomimetic agents can be blocked by atropine. 

There is abundant evidence, then, that striatal function 
is regulated by a reciprocal balance between DA and Ach in 
the: striatum. Using this behavioral model in which the 
nigro-striatal pathway is unilaterally destroyed by electro- 
lytic lesion, we have found that PCP causes, as does 
amphetamine or apomorphine, a dose-responsive ipsilateral 
rotation. However, a comparison of the duration and 
intensity of turning elicited by PCP and amphetamine, 
coupled with attempts to modify the PCP-induced rotation 
by injection of various pharmacological agents, has revealed 
considerable difference between the two drugs. 

In our studies, depletion of norepinephrine and dopa- 
mine by AMPT led to a 41% decrease (p<0.05) in 
PCP-induced rotation. In contrast, AMPT reduced ampheta- 
mine-elicited rotation to 10% of control values [70,73]. 
Similar decreases in amphetamine-induced turning are also 
obl:ained for the catecholamine receptor blockers haloperi- 
dol, spiroperidol [701 and pimozide (Finnegan, Kanner and 
Meltzer, unpublished observations). Although we observed 
a decrease in PCP-induced rotation after haloperidol similar 
to that seen with amphetamine-elicited circling behavior, 
administration of pimozide (1 mg/kg)reduced PCP-induced 
turning by only 54% (p<0.05); and at 2 mg/kg an even 
smaller effect was noted. As reported by other researchers 
investigating circling behavior after amphetamine, the inhib- 
ition of PCP-induced ipsilateral circling by haloperidol is 
accompanied by an increase in contralateral turns [5 ]. 

In ou r  findings, the anticholinergic agent tri- 
hexyphenidyl potentiated and the cholinomimetic arecoline 
depressed the turning induced by PCP. These findings are in 
keeping with other reports concerning the interaction of 
cholinergic agents with the rotation observed after adminis- 
tra,fion of amphetamine, as well as the research discussed 
above regarding the reciprocal role of Ach and DA in 
controlling extrapyramidal motor function. Physostigmine 
inhibits and the anticholinergic agents scopolamine and 
procyclidine potentiate amphetamine-induced ipsilateral 
circling in unilateral electrolytically lesioned rats. The 
potentiation caused by procyclidine could be abolished by 
AMPT [52,53]. 

l'he inhibition of PCP-induced turning by AMPT, cou- 
pled with the decrease in rotation after haloperidol and 
pimozide, indicates that dopaminergic activity is important 
in the generation of rotational behavior by this drug. 
However, the fact that we were able to obtain only a 40% 
decrease in PCP induced turning with AMPT, along with the 
smaller inhibition observed after pimozide, suggests that 
PCP is interacting with more than one CNS neurotrans- 
mitter system. The stereotypy and hyperactivity induced 
by PCP in rats is most likely the resultant of a complex 
interaction between dopaminergic and cholinergic systems 
within the striatum. 

This conclusion is in agreement with other research. PCP 
causes a significant accleration in the depletion of brain DA 
after alpha-methylmetatyrosine (MMT) [47], an agent that 
deFletes DA from the neuronal storage granules by re- 
placing it with metaraminol, the metabolite of MMT [3]. 
This suggests that PCP increases DA turnover although the 
data must be interpreted with caution as a similar effect 
after AMPT was not observed. PCP produces an increase in 
the concentration of the COMT products, normetanephrine 

and 3-methoxytryamine, suggesting increasing catechola- 
minergic release or reuptake blockade [36].  PCP is a more 
potent blocker of DA uptake than is d-amphetamine in a 
rat caudate synaptosomal preparation [63]. Such a mecha- 
nism would serve to increase the local concentration of DA 
at the post-synaptic receptor. 

It is well documented that PCP possesses significant 
peripheral anticholinergic properties [49, 59, 74].  Addi- 
tionally, a strong correlation between psychotomimetic 
activity and anticholinergic potency has been observed with 
various drugs [1, 2, 12, 74]. PCP is a potent psycho- 
tomimetic and thus may possess significant central anti- 
cholinergic potency. It is probable that these central 
anticholinergic properties activate the striatum in such a 
manner as to cause rotation, probably by removing a 
cholinergic excitation. 

The hypothesis that PCP possesses both anticholinergic 
and dopaminergic properties accounts for the relatively 
small decreases in PCP-induced rotation after AMPT or 
pimozide. We have previously cited the evidence that 
peripheral administration of anticholinergic drugs induces 
ipsilateral rotation in rats with unilateral substantia nigra 
lesions [53,71]. Under those experimental conditions in 
which any PCP effect on dopaminergic transmission is 
diminished (by the catecholamine synthesis inhibitor 
AMPT; or the dopamine receptor blocker pimozide), the 
significant rates of turning we observed can be attributed to 
the anticholinergic actions of PCP. The borderline signifi- 
cance of the inhibition seen with pimozide at 1 mg/kg, and 
the lack of significant inhibition at 2 mg/kg, may be 
accounted for by just such a mechanism. This hypothesis 
also accounts for the limited effectiveness of cholino- 
mimetic drugs in decreasing the intensity of the PCP- 
induced rotational response. 

Other work suggests that serotonin (5HT) may be 
important in modulating the direction and intensity of 
circling behavior. After an asymmetric lesion of the medial 
raphe nucleus, peripheral administration of drugs that 
stimulate dopaminergic activity (such as amphetamine, 
apomorphine, amantadine) results in a contralateral rota- 
tion irrespective of the drug's pre- or postsynaptic activity 
[22,23]. Rotation could also be induced by administration 
of quipazine, a drug thought to act on 5HT systems [34]. 
This circling behavior could be blocked by cyproheptadine, 
but not haloperidol [24]. 

Although this evidence would argue for the notion that 
5HT is important in the neural control of the mechanisms 
governing turning behavior, it is probable that 5HT is not a 
relevant factor in the rotation seen with unilateral electro- 
lytic lesions of the substantia nigra. The direction and 
intensity of the circling response to amphetamine was 
found to be the same in animals sustaining both a unilateral 
substantia nigra and a raphe lesion, as compared to those 
animals sustaining a unilateral substantia nigra lesion alone 
[52]. Furthermore, injections of para-chlorophenylalanine 
(PCPA), resulting in a 90% depletion of cerebral 5HT, or 
administration of the 5HT precursor, 5-hdyroxytryptophan 
did not modify the rotation seen with amphetamine in 
unilateral electrolytically-lesioned substantia nigra animals. 
Moreover, the ipsilateral turning observed with ampheta- 
mine in substantia nigra animals was shown to add or 
substract with the raphe-induced circling, dependent upon 
whether the location of the lesions were on the opposite or 
same side [22]. These results suggest that the rotation 
induced by substantia nigra and raphe lesions are indepen- 
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dent of each other .  Hence,  the ro ta t ion induced by 
substantia  nigra lesions would be insensitive to any 5HT 
proper t ies  a drug might  possess. Al though there  is some 
evidence that  PCP interacts  with central  5HT mechanisms 
[68] ,  it is not  yet  clear what role 5HT mechanisms play in 
PCP-elicited ro ta t ion in rats with unilateral e lectrolyt ic  
substantia nigra lesions. 

Al though our observat ions were cons is tent  under  a given 
set of  condi t ions  with respect  to the direct ion of the 
turning response,  some variation in the magni tude  of  
individual responses  was noted .  Several researchers have 
recently demons t ra t ed  that  ro ta t ion  may occur  in normal ,  
unlesioned rats fol lowing adminis t ra t ion of  a variety of 
amphetamine- l ike  c o m p o u n d s  al though at much lower rates 
[31, 32, 36, 37] .  The preoperat ive predisposi t ion to turn 
can influence the in tensi ty  of the circling behavior  after 
surgery, and it is therefore  impor t an t  that  the preoperat ive 

direction and magni tude  of ro ta t ion  be considered in the 
in terpre ta t ion  of  postsurgical rotat ional  studies.  The data 
we repor t  here were obta ined before  the impor tance  of 
such considerat ions  became evident.  It is probable that  
some of the variability of our results may be a t t r ibuted  to 
preoperat ive differences in turning behavior.  

It has been hypothes ized  that  excessive dopaminergic  
activity can produce  an altered state of consciousness that 
can appear  clinically indist inguishable from paranoid schiz- 
ophrenia  [64] .  Addit ional ly ,  a s t rong correlat ion be tween  
psycho tomime t i c  activity and ant icholinergic po tency  has 
been observed with various drugs [1, 2, 12, 74] .  The 
studies repor ted  here,  which add to the evidence for an 
effect  of PCP on dopaminergic  and cholinergic trans- 
mission, may be taken as suppor t  for the not ion  that  
altered states of consciousness  are related to changes in the 
funct ional  activity of these neurot ransmi t te rs .  
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