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PRYOR, G. T., S. HUSAIN, F. LARSEN, C. E. MCKENZIE, J. D. CARR AND M. C. BRAUDE. Interactions between 
a 9- tetrahydrocannabinol and phencyclidine hydrochlorMe in rats. PHARMAC. BIOCHEM. BEHAV. 6(1) 123-136,  
1977. - Ag-Tetrahydrocannabinol (THC; 2.5, 5.0, 10.0 mg/kg, PO) impaired avoidance and rotarod performance, and 
caused bradycardia and hypothermia. Phencyclidine (PCP; 1.25, 2.5, 5.0 mg/kg, IP) impaired avoidance and rotarod 
performance and caused a marked increase in photocell activity. When combined, the depressant properties of each 
drug were enhanced and the stimulation of photocell activity caused by PCP was antagonized by THC. Tolerance to 
many of the effects of 10.0 mg/kg THC and its interactions with PCP followed subacute treatment for six days, 
whereas many of the effects of PCP were enhanced after subacute treatment with a dose of 2.5 mg/kg. Open-field 
behavior was affected by each drug alone and in combination in a similar way as photocell activity, but the depression 
caused by their interaction was greater; both drugs caused an increase in urination. Response rates on an FR-10 
schedule of food reinforcement were decreased by 2.5 mg/kg PCP, but not by 5.0 mg/kg THC; the combination caused 
greater response suppression than either drug alone. The functional interactions between THC and PCP were not related 
to changes in the concentrations of ~4C or 3H in plasma or brain derived from ~4C-Ag-THC and 3H-PCP, respectively. 

Oral Ag-THC Phencyclidine 
Photocell activity Heart rate 
Pharmacokinetics in plasma and brain 

Drug interactions Acute and subacute treatment CAR 
Body temperature Rotarod Open field FR-10 

THE isola t ion and syn thes i s  of  a g - t e t r a h y d r o c a n n a b i n o l  
(zx 9-THC) [64]  has made  possible  an ex tens ive  - a l t h o u g h  
as yet  i n c o m p l e t e  - e x a m i n a t i o n  of  the  pharmaco log ica l  
p roper t i e s  of  this  ma jo r  active ingred ien t  of  cannabis sativa 
[8 ] .  Avai labi l i ty  of  i , c_Ag_THC and 3 H - ~ 9 - T H C  also has  
resu l ted  in cons iderab le  i n f o r m a t i o n  a b o u t  the  me tabo l i c  
fate and  d i s t r i bu t ion  of  Ag-THC w h e n  admin i s t e red  by  
various rou tes  in several species inc lud ing  m a n  [2, 3, 33, 35,  
40,  47,  48,  51, 52, 53, 54, 72, 76,  77,  7 8 ] .  However ,  
compara t ive ly  l i t t le  is k n o w n  a b o u t  the  i n t e r ac t i ons  
be tween  Ag-THC and o t h e r  drugs. This  relat ively un-  
exp lored  area is of  cons iderab le  in te res t  and i m p o r t a n c e  
because  the widespread  increase  in the  use of  m a r i h u a n a  in 
recen t  years  has  b e e n  a c c o m p a n i e d  by  a co r r e spond ing  
increase in mul t ip le  drug use, b o t h  licit  and illicit [see 71 ].  
The po t en t i a l  s ignif icance of  such in t e rac t ions  wi th  mari-  

huana  are general ly u n k n o w n  in e i the r  animals  or humans .  
However ,  exper ience  wi th  o the r  drug in t e rac t ions  (e.g., 
a lcohol  and  t ranqui l ize rs )  suggests t ha t  serious a n d / o r  
u n e x p e c t e d  compl i ca t ions  might  be expec t ed  to occur ,  and  
emphas izes  the  need  for  careful  and  sys temat ic  eva lua t ion  
of the  possible in t e rac t ions  of  o the r  drugs wi th  mar ihuana .  
The s tudies  tha t  have been  r epo r t ed  suggest s ignif icant  
in t e rac t ions  be tween  Ag-THC and a n u m b e r  of  drugs, 
inc luding  a lcohol  [ 5 7 ] ,  ba rb i t u r a t e s  [18,  34,  49,  70,  79, 
81, 8 2 ] ,  p h e n y t o i n  [ 1 5 ] ,  a m p h e t a m i n e s  [17,  27,  34, 36,  
42,  49,  5 0 ] ,  e the r  [ 5 7 ] ,  k e t a m i n e  [ 8 3 ] ,  and  phencyc l id ine  
[ 6 7 ] .  However ,  these  s tudies  general ly  have been  t oo  
l imi ted  in scope to adequa t e ly  charac te r ize  the  in t e rac t ions  
in t e rms  of  several i m p o r t a n t  parameters ,  inc luding  (1)  
doses and  b lood  levels of the  respect ive drugs, (2)  h i s to ry  of  
exposure  to  e i the r  or b o t h  drugs, and (3)  the  k inds  of  
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measures  t h a t  are used to iden t i fy  the  in te rac t ions .  
A l t h o u g h  the  i m p o r t a n c e  of  this  area and  the  need  for  

more  in tens ive  research in it are general ly  recognized ,  
invest igators  have been  r e luc t an t  to  pursue  it because of  the  
complex i t i es  and  associated e f fo r t  involved.  We have been  
engaged in a sys temat i c  p rogram to s tudy  the  i n t e r ac t i ons  
be tween  z~9-THC and a n u m b e r  of  drugs f rom var ious  
pharmaco log ica l  classes in the  rat  using a var ie ty  of  
measures  designed to sample  mul t ip le  behaviora l  and  
pharmaco log ica l  parameters .  The  i n t e r ac t i ons  have been  
s tud ied  af te r  acute  adm i n i s t r a t i on  and af te r  subacu t e  
p r e t r e a t m e n t  w i th  e i the r  zxg-THC a n d / o r  the  tes t  drug 
[ 7 2 , 7 3 ] .  In this  and  s u b s e q u e n t  repor t s  we will descr ibe  the  
results  of  these  ex tens ive  s tudies  in some detail .  The  choice  
of  p h e n c y c l i d i n e  for  this  first r epor t  is based on its cu r r en t  
resurgence as an a b u s e d  s t ree t  drug. 

Phencyc l id ine  is 1-(1-phenylcyclohexyl)  piperidine-HC1 
(PCP). Its precl inical  p h a r m a c o l o g y  has  been  s tudied  in 
several species [ 11, 12, 23 ] .  In mice and rats  PCP causes 
increased l o c o m o t o r  ac t iv i ty  up to doses t ha t  are ca ta lept ic ,  
whereas  in o the r  species the  ef fec t  is dose-re la ted de- 
pression tha t  p roceeds  to anes thes ia ,  ca ta lepsy ,  and  con-  
vulsions.  P a t e n t e d  in 1963 as an anes the t i c  in m a n  (Sernyl ) ,  
it was r emoved  f rom the  m a r k e t  because  of  adverse side 
effects  tha t  occur red  dur ing  emergence ,  inc lud ing  e x t r e m e  
agi ta t ion ,  d i so r i en ta t ion ,  de l i r ium,  and  ha l luc ina t ions  [ 2 3 ] .  
In 1967 it was r e i n t r o d u c e d  as Serny lan  for  ve te r ina ry  use 
only;  it is used widely as an anes the t i c  in pr imates .  

Because of  its p s y c h o t o m i m e t i c  effects  and  ease of  
c landes t ine  m a n u f a c t u r e ,  PCP has  gained widespread  use as 
an u b i q u i t o u s  s t ree t  drug [39,  66,  7 4 ] .  In add i t i on  to  be ing  
sold as PCP, it is f r e q u e n t l y  mis rep resen ted  as LSD, 
cocaine,  mescal ine ,  ps i locybin ,  and  ~9_THC a m o n g  others .  
As a powder ,  PCP is f r equen t ly  mixed  wi th  dried parsley or  
mar ihuana  and  smoked .  This  is the  prefer red  and safest  
s t reet  rou te  of  ingest ion.  In the  form of  a m a r i h u a n a  jo in t ,  
the  poss ibi l i ty  of  any  in t e rac t ions  b e t w e e n  Lx 9-THC and 
PCP is, of  course,  max imized .  

A small  a m o u n t  of  l a b o r a t o r y  research  has been  r epo r t ed  
tha t  suggests s ignif icant  i n t e rac t ions  b e t w e e n  4 9 - T H C  and 
PCP. P r e t r e a t m e n t  wi th  20 and 40 mg/kg  of  A 9-THC was 
repor ted  to p roduce  a s ignif icant  increase in the  d u r a t i o n  
and n u m b e r  of  mice exh ib i t i ng  a loss of  r ight ing ref lex 
caused by k e t a m i n e ,  a congene r  of PCP [ 8 3 ] .  A similar  
result  was more  r ecen t ly  r epo r t ed  for  PCP and the  ef fec t  
was re la ted to the  dose of  zxg-THC (2.5 10 mg /kg  [ 6 7 ] ) .  
The response  suppress ion  in a VI-60 ope r an t  schedule  in 
rats caused by 2 mg /kg  of  PCP also was increased by  0.5 
mg/kg  of Ag-THC, bu t  doses of  20 and 40 mg/kg  of  
zx 9-THC did no t  affect  the  LDs 0 of  PCP (68.5 mg/kg)  in 
mice [ 6 7 ] .  

The expe r imen t s  r epo r t ed  here  were designed to system- 
atically invest igate  the  in t e rac t ions  b e t w e e n  z~9-THC and 
PCP in t e rms  of  the  pa rame te r s  s t a ted  above  and  to p rov ide  
p h a r m a c o k i n e t i c  data  t ha t  migh t  be re la ted to the  be- 
haviora l  and  pharmaco log ica l  responses.  

EXPERIMENT 1 

The purpose  of  this e x p e r i m e n t  was to es tab l i sh  the  
dose-effect  re la t ionsh ips  of  Ag_THC and PCP a lone  and in 
all c o m b i n a t i o n s  using a b a t t e r y  of  behav iora l  and  pha rma-  
cological tests. The acute  ef fec ts  of  the  two drugs were 
examined  as well as the i r  ef fects  a lone and in c o m b i n a t i o n  
af ter  subacu te  p r e t r e a t m e n t  wi th  e i the r  ~ 9 . T H C ,  PCP, or 

b o t h  given daily for six days. Only  one dose of  /xg_THC 
(10mg/kg)  and one  dose of  PCP (2.5 mg/kg)  were ad- 
minis te red  subacu te ly  because  a full dose-effect  e x p e r i m e n t  
dur ing this  phase  would  have been  prohib i t ive .  The doses 
used for  subacu te  t r e a t m e n t  were chosen  f rom the results  
of p re l iminary  expe r imen t s  dur ing  which  to le rance  de- 
veloped to 10 mg/kg  of  A 9-THC and cumula t ive  effects  of  
2.5 mg/kg  of  PCP were suggested.  

Method 

Animals. Male rats  of  the  inbred  F ischer  s t ra in  were used 
in this  and  all s u b s e q u e n t  expe r imen t s .  They  were 5 5 - 6 0  
days old ( 1 4 0 - 1 6 0  g) w h e n  received f rom S imonsen ' s  
Labora tor ies ,  Gilroy,  California.  They  were housed  singly in 
wire mesh  hanging  cages wi th  food  and wa te r  available at all 
t imes (excep t  w h e n  food-depr ived  for  ope ran t  tests).  The  
a m b i e n t  t e m p e r a t u r e  was 22°C and  the  l ights in the  room 
were tu rned  on  at 0700  and off  at  1900 daily. 

Apparatus. Each avoidance  c h a m b e r  consis ted  of a 30 x 
36 X 40  cm w o o d e n  box  housed  inside a larger, sound-  
a t t e n u a t e d  cabine t .  Scrambled ,  c o n s t a n t  cur ren t  1.0 m A  
shock  applied to 0 .32 -cm-d iamete r  brass rods spaced 1.27 
cm apar t  served as the  u n c o n d i t i o n e d  s t imulus  (UCS). 
D o w n w a r d  d i sp lacemen t  (0.16 cm)  of  a 1 .27-cm-diameter  
a l u m i n u m  pole  suspended  f rom the  cen te r  of  the  ceiling 
served as the c o n d i t i o n e d  response.  A 7.5-W light  and a 
11.4-cm-diameter l oudspeake r  provided  a m b i e n t  l ight  
(0 .44- foot -candles  measured  at f loor  level) and an a m b i e n t  
4-kHz tone  (8 dB above background ,  which  was 50 dB 
measured  at  the  cen te r  of  the  f loor  using a Genera l  Radio  
Co. Type  1551-C sound-level  m e t e r  set for  A weight ing) .  
An increase  in in t ens i ty  above  ambien t ,  which  occur red  at 
the  rate of  2.5 t imes per  sec of  e i the r  the  l ight  ( to  0 .88 
foot -candles)  or the  tone  ( to  63 dB), or a low- in tens i ty ,  
nonavers ive  cu r ren t  (120  ~A)  on the  f loor  served as 
cond i t i oned  s t imul i  (CS). Each c h a m b e r  had  its own 
ai r -c i rcula t ion sys tem.  Twelve such chamber s  were inter-  
faced wi th  a Digital E q u i p m e n t  C o r p o r a t i o n  PDP 8 /F  
c o m p u t e r  ( loca ted  in an ad jo in ing  r o o m )  t ha t  provided 
a u t o m a t i c  con t ro l  and  data  col lect ion.  

For  measur ing  s p o n t a n e o u s  m o t o r  act ivi ty ,  a single rat  
was placed in a black,  cyl indrical  c h a m b e r  30 cm in 
d i ame te r  and  28 cm high. Six pho toce l l s  pos i t ioned  1.3 cm 
above the  f loor  and  o r i en ted  at  60 ° a round  the  pe r iphery  
recorded  the  an imal ' s  m o v e m e n t s  on a digital  counte r .  The 
chambe r  was housed  inside a larger, s o u n d - a t t e n u a t e d  box  
equ ipped  wi th  a 7.5-W light loca ted  above  the  cen te r  of  the  
c h a m b e r  and had  its own  ven t i l a t ion  system.  

Hear t  ra te  was measured  by  a t t ach ing  chronic ,  subdura l  
wire e lec t rodes  to  b o t h  sides of the thorax  u n d e r  l ight e the r  
anesthesia .  Clip on  leads were c o n n e c t e d  t h rough  an EKG 
preampl i f ie r  and in to  a signal de tec to r .  The  w id th  of the  
de tec t ion  w i n d o w  was set for  each an imal  to  exc lude  noise 
and m o v e m e n t  ar t i facts .  The signals were then  conver ted  to 
rate by a spike-interval  ana lyzer  and recorded  c o n t i n u o u s l y  
on a s t r ip-char t  recorder  as i n t e rbea t  intervals.  The inter-  
beat  intervals  were then  averaged visually - by drawing  a 
best-fi t  line t h rough  the  graph over a 2-rain interval  - and 
conver ted  to beats  per  rain (bpm) .  Heart  rate was recorded  
in the pho toce l l  chamber .  

A lubr ica ted  rectal  p robe  a t t ached  to a Yellow Springs 
t e l e t h e r m o m e t e r  was used to measure  b o d y  t e m p e r a t u r e  to  
the  neares t  t en th  degree. 

The ro ta rod  was an 8 .9 -cm-d iamete r  w o o d e n  rod mea- 
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suring 91-cm long  and  suspended  46 cm above  the  tes t  
surface.  Its ra te  of r o t a t i o n  was con t ro l l ed  b y  a var iable  
speed m o t o r .  

Procedure. Two  groups  of  ra ts  were used to evaluate  
each drug, drug c o m b i n a t i o n ,  or p lacebo  cond i t i on .  The  
first group was p re t r a ined  in a single 30-tr ial  session to escape 
f o o t s h o c k  by  pul l ing  a 20-cm pole.  Each tr ial  las ted 
30 sec unless the  an imal  r e s p o n d e d  sooner .  Tile in te r t r ia l  
interval  was var iable  and averaged 60 sec ( 1 5 - 1 2 0  sec). 
Then ,  they  were given th ree  daily 60-tr ial  sessions to learn 
to avoid f o o t s h o c k  by pul l ing a 13-cm pole  in the  presence  
of each CS, wh ich  p receded  the  UCS by 10 sec. The  CS and 
UCS r ema ined  on  for  30 sec, unless i t  was t e r m i n a t e d  
earlier by a po le -d i sp l acemen t  response.  The  th ree  CS ( tone ,  
light,  or  nonavers ive  f o o t s h o c k )  were p re sen ted  r a n d o m l y  
for 20 trials each.  The  en t i re  60-tr ia l  session requi red  2 - 2 . 5  
hr. Tile in te r t r i a l  in terval  was var iable ,  averaging 1.5 min  
(15 sec to 3 rain).  Response  la tencies  and  in te r t r ia l  
responses  ( ITR)  were r ecorded  on  paper  tape  for  process ing  
on  a CDC 6400  c o m p u t e r .  Animals  t h a t  failed to  learn  the  
escape response  were d iscarded  (wi th  the  F ischer  s train,  less 
t han  5% fail to  m e e t  the  c r i te r ion) .  P e r f o r m a n c e  is typica l ly  
80% avoidance  or b e t t e r  to  all th ree  CS af te r  this  t ra in ing  
phase. The  tes t  session t h a t  fo l lowed acute  or subacu te  drug 
t r e a t m e n t  was c o n d u c t e d  in the  same way as the  t ra in ing  
sessions. No apprec iab le  loss of  the  avoidance  response  has  
been  n o t e d  fo l lowing intervals  of  up to 14 days  b e t w e e n  
t ra in ing  and  tes t ing in con t r o l  an imals  using this  p rocedure .  

The second  group of  animals  was used for  measur ing  
pho toce l l  act ivi ty ,  hea r t  rate ,  b o d y  t em pe r a tu r e ,  and 
ro ta rod  pe r fo rmance .  Before  receiving any  drug t r e a t m e n t ,  
each animal  was given a 5-min  p re te s t  in the  pho toce l l  
act ivi ty chamber ,  and,  based  on  its score,  was m a t c h e d  and 
assigned to a c o n t r o l  or drug t r e a t m e n t  group.  Af te r  the  
pho toce l l  act ivi ty  pre tes t ,  each an imal  was given up  to  four  
pract ice  trials to  learn to stay on the  ro t a rod  for 120 sec at  
6.25 rpm.  Over 90% of the  animals  m e t  this  c r i t e r ion ;  
ro t a rod  data  f rom animals  t ha t  failed this  c r i te r ion  were no t  
used. On the  tes t  day,  pho toce l l  act ivi ty  was measured  for  
10 rain.  E lec t rodes  were a t t a ched  and  hea r t  ra te  was t h e n  
m o n i t o r e d  in the  same c h a m b e r  for  the  nex t  2 min .  The  
animal  was r emoved  and b o d y  t e m p e r a t u r e  was measu red  
af te r  a 1 min  equ i l ib ra t ion  per iod.  The  animal  was t h e n  
placed on  the  s t a t i ona ry  ro t a rod  and the  r o t a t i o n  was 
gradual ly  increased to 11 rpm.  The  a m o u n t  of t ime  t ha t  the  
animal  was able to r ema in  on  the  rod  - up to 120 sec - 
was recorded .  

Experimental design. Afte r  p re t r a in ing  or  p re tes t ing  each 
animal  was assigned to 1 of  25 groups.  F o r  the  nex t  6 days 
each an imal  was i n t u b a t e d  w i th  sesame oil (2 ml /kg )  or 10 
mg/kg  of  zxP-THC dissolved in sesame oil, or in jec ted  
in t r ape r i t onea l ly  (IP) wi th  2.5 mg /kg  o f  PCP. No fu r t he r  
t ra in ing  or tes t ing  occur red  dur ing  this  subacu t e  t r e a t m e n t  
phase to ensure  t ha t  any  to le rance  or cumula t ive  effects  of  
the  drugs could  be i n t e r p r e t e d  s imply  and would  no t  be 
c o n f o u n d e d  wi th  the  test  p rocedures .  On the  seven th  day 
each an imal  was i n t u b a t e d  wi th  sesame oil (2 ml /kg )  or 1 of  
3 doses of  ~9_THC in sesame oil (2.5,  5.0, or  10.0 mg /2  
ml/kg) .  N ine ty  ra in  la te r  they  were given an  IP in jec t ion  of  
saline (2 ml /kg)  or 1 of  3 doses  of  PCP in saline (1 .25,  2.5, 
or  5.0 mg/2  ml /kg) .  Tes t ing  began  30 rain  later .  These  t imes  
of a d m i n i s t r a t i o n  before  tes t ing were chosen  f rom pre- 
l iminary  e x p e r i m e n t s  to  provide  pharmaco log ica l ly  active 
levels of  each drug a lone  by  each rou t e  of  a d m i n i s t r a t i o n  at 
the beg inn ing  of  test ing.  The  drug design and the  n u m b e r  of  

animals  tes ted  in each group is s h o w n  in Table  1. The  
e x p e r i m e n t  was c o m p l e t e d  in several rep l ica t ions  wi th  all 
groups be ing  rep resen ted  in each rep l ica t ion .  

T A B L E  1 

DRUG DESIGN FOR RECIPROCAL DOSE-EFFECT INTERACTIONS 
BETWEEN Ag-THC AND PCP 

Drug 

Day 7 Number of 
Days 1-6 Dose of Dose of Animals Tested 

Dose A 9_TH C PCP Activity 
(mg/kg/day) (mg/kg) (mg/kg) CAR etc. 

Sesame oil 2 ml/kg 0.0 0.0 17 13 
0.0 1.25 19 13 
0.0 2.5 16 13 
0.0 5.0 16 13 

2.5 0.0 17 13 
2.5 1.25 16 12 
2.5 2.5 17 13 
2.5 5.0 17 12 

5.0 0.0 18 12 
5.0 1.25 17 14 
5.0 2.5 18 13 
5.0 5.0 18 13 

10.0 0.0 17 13 
10.0 1.25 18 13 
10.0 2.5 16 13 
10.0 5.0 17 13 

A 9_TH C 10.0 10.0 0.0 16 13 
10.0 1.25 18 13 
10.0 2.5 17 13 
10.0 5.0 17 13 

PCP 2.5 0.0 2.5 16 11 
2.5 2.5 17 12 
5.0 2.5 16 12 

10.0 2.5 17 13 

Ag-THC + 10.0 10.0 2.5 18 12 
PCP 2.5 

Data analysis. The da ta  for  each measure  were first 
ana lyzed  by  analysis  of  var iance to es tabl ish  the  s ignif icance 
of any  main  effects  or the i r  i n t e rac t ions  [55 ]. Then ,  t - tests  
were c o m p u t e d  b e t w e e n  selected pairs of  means  using the  
poo led  degrees of  f r eedom and error  var iance f rom the  
analysis of variance.  

Results and Discussion 

Acute interactions. Figure 1 shows the  acute  dose-effect  
re la t ionsh ips  of AP.THC and PCP alone and in all com- 
b ina t ions  for  the  five tests in this  ba t t e ry .  Since there  were 
no  apprec iab le  d i f fe ren t ia l  ef fects  of  the  t r e a t m e n t s  on  the  
three  CS, the  results  were c o m b i n e d  as to t a l  cond i t i oned  
avoidance  responses  (CAR).  Analys is  of  var iance showed  
the  ma in  effects  of / ,9-THC (F (3 ,258)  = 50.8, p < 0 .01)  
and PCP (F (3 ,258)  = 65.4,  p < 0 .01)  on CAR pe r fo rmance  
to be s ta t is t ical ly  s ignif icant .  The  i n t e r ac t i on  was also 
s ignif icant  (F  (9 ,258)  = 2.1, p < 0.05) .  AP-THC caused a 
dose-rela ted i m p a i r m e n t  of  CAR pe r fo rmance ,  b u t  the  
ef fec t  did no t  reach  stat is t ical  s ignif icance un t i l  a dose of  
10 mg/kg  was ~ used (t  (258)  = 3.8, p < 0 .01)  in this  
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1. Acute reciprocal dose-response interactions between 
2x 9 -THC and PCP. 

exper iment .  Similarly, only  the highest dose of  PCP (5 
mg/kg caused a significant impai rment  of  CAR per formance  
(t (258) = 6.0, p<0 .01) .  When combined ,  a dose 
of 2.5 mg/kg ~9-THC and 2.5 mg/kg PCP caused a 
significant impai rment  (t (258) --- 2.4, p < 0.05) as did a 
dose of  5.0 mg/kg / tg .THC and 1.25 mg/kg PCP (t (258) = 
2.6, p < 0.01). With doses of  5 and 10 m g / k g / t 9 - T H C ,  PCP 
caused clear, dose-related po ten t ia t ion  of impai rment  even 
though the two lower doses of  PCP were wi thout  significant 
effects  alone. The highest dose of  PCP also caused a 21% 
decrease in escape responses (t (258) = 3.3 p < 0.01) and 
this effect  was enhanced significantly by 5 (44%, t (258) = 
3.4, p < 0.01) and 10 (58%, t (258) = 5.7 p < 0.01) mg/kg 
/t~-THC, al though,  alone, these doses were ineffect ive on 
this measure. 

Photocel l  activity was no t  affected significantly by 
/t 9 -THC alone in this exper iment ,  a l though we have generally 
observed depression at the highest dose [ 731. Doses of  1.25 
and 2.5 mg/kg  PCP also were ineffective.  However ,  a dose of  
5.0 mg/kg PCP caused a threefold  increase in counts  (t (190) 
= 12.4, p < 0.01). The in teract ion term of the analysis of  
variance was significant (F (3,190) = 18.6, p < 0.01). At the 
lower doses of  PCP, / t9  -THC caused significant reduct ions  in 
photocel l  activity (all ts (190) > 2.3, all ps < 0 .05) . / t9  -THC 
antagonized the increase in counts  caused by 5.0 mg/kg PCP. 
The combina t ion  of  5.0 mg/kg PCP and 10 mg/kg / t~  -THC 
caused a significant decrease in counts  (t (190) = 3.0, p < 
0.01). 

Rotarod  per formance  was impaired as a funct ion  of  dose 
by bo th  zxg-THC (F (3,189) = 11.6, p < 0 . 0 1 ) a n d  PCP (F 
(3,189) = 15.1, p < 0.01). However ,  because of  the large 
variability of  this measure, only the highest dose of  PCP 
reached statistical significance (t (189) = 5.0, p < 0.01). A 
dose of  5.0 m g / k g / t 9 - T H C  caused significant impai rment  (t 
(158) = 2.8, p < 0.01). The interact ion was not  significant 
(F (9,189) = 1.4, p < 0.1). 

/ t~-THC caused a close-related decrease in heart rate (F 
(3,186) = 99.2,  p < 0.01). The effect  was significant at the 
lowest dose (t (186) = 3.4, p < 0.01). PCP also appeared to 
decrease heart  rate (F (3,186) = 25.5, p < 0.01), but  only 

the in termedia te  dose (2.5 mg/kg) was significantly effec- 
tive when given alone (t (186) = 3.4, p < 0.01). Al though 
the interact ion term of the analysis of variance was not  
significant (F (9,186) = 1.5, p < 0.1), the bradycardia 
caused by every dose of  a 9-THC was significantly increased 
by the lowest  dose o f  PCP (all ts (186) i> 3.0, all ps < 0.01 ). 
T h e  l o w e s t  d o s e  o f  PCP  was  most  effect ive in 
enhancing the bradycardia caused by 10 mg/kg of  ,59 -THC. 
This effect  was a t tenuated  with higher doses of  PCP and at 5 
mg/kg the combined  effect  was not  different  than the effect  
o f / t  9_THC alone. This reversal of  effect  of  PCP on heart rate 
with increasing dose corresponds to the increase in photocel l  
activity caused by 5 mg/kg. 

Body tempera ture  also was decreased as a func t ion  of  
dose of  / tg -THC (F (3,190) = 68.6, p < 0.01) whereas PCP 
was ineffect ive alone. The interact ion was significant (F 
(9,190) = 2.5, p < 0.05); PCP potent ia ted  the hypo the rmia  
caused by all doses of  zx 9 -THC. 

Subacute treatment  wi th  A~-THC. Figure 2 shows the 
acute dose-effect  relationships of  PCP alone and in com- 
binat ion with 10 mg/kg Ag_THC compared with the effects 
seen after subacute pre t rea tment  with 10 mg/kg/day  for six 
days. The effects of  subacute t rea tment  with both 10 
mg/kg/day  o f / t g _ T H C  and 2.5 mg/kg of  PCP for all seven 
days are also shown. 
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FIG. 2. Interactions between /tg-THC and PCP after subacute 
pretreatment with /t0_THC. 

Clear tolerance to the effect  of  / tg-THC alone was 
apparent.  Avoidance per formance  improved from an av- 
erage of  65% CAR after acute t rea tment  with 10 mg/kg 
/ tg-THC to 84% CAR after subacute p re t rea tment  with 10 
mg/kg/day  ~9 -THC (t(401) = 2.3, p < 0.05) which was not  
different  f rom control  per formance  of  92% CAR (t (401) = 
1.0, p > 0.1). The impai rment  in CAR per formance  caused 
by the acute combina t ion  of  A 9-THC and PCP also was 
a t tenuated after subacute p re t rea tment  with / tg-THC. 
Improved per formance  was seen with each dose of  PCP 
after subacute pre t rea tment  with /tg_THC. This effect  was 
significant except  for the highest dose of  PCP (5 mg/kg) 
which caused marked impai rment  when given acutely alone. 
The impai rment  after subacute t rea tment  with both 10 
mg/kg/day  / tg -THC and 2.5 mg/kg/day  PCP was about  the 
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same as t h a t  caused by  the  acute  c o m b i n a t i o n  of  b o t h  drugs 
at these  doses. Since the re  was to le rance  to a g_THC, this  
resul t  impl ies  cumula t ive  e f fec ts  of  PCP, a conc lus ion  t h a t  
will be s u p p o r t e d  f u r t h e r  below.  

There  was no  s ignif icant  d i f fe rence  b e t w e e n  the  effects  
of acu te  and  subacu t e  t r e a t m e n t  w i th  10 mg /kg  o f / , 9  -THC 
alone on  p h o t o c e l l  ac t iv i ty  in th is  e x p e r i m e n t .  However ,  
to le rance  was ind ica ted  by  the  a t t e n u a t e d  an t agon i sm of  
the  PCP- induced  increase in c o u n t s  caused by  / ,9_THC. In 
the  / , 9 -THC- to le ran t  animals ,  5 mg /kg  PCP s t imula ted  
pho toce l l  ac t iv i ty  (t ( 292 )  = 3.6,  p < 0 . 0 1 ) ,  whereas  the  
acute c o m b i n a t i o n  depressed act iv i ty .  F u r t h e r  evidence for  
cumula t ive  effects  of  PCP was seen in t he  g roup  t rea ted  
subacu te ly  w i th  b o t h  / ,9_THC and PCP. In these  an imals  a 
dose of  2.5 mg/kg  PCP caused a twofo ld  increase in c o u n t s  
(t ( 292 )  = 5.8, p < 0.01) .  Since the  an imals  were 
p r e s u m a b l y  t o l e r an t  to  / , 9 -THC the increase  in c o u n t s  can 
be a t t r i b u t e d  to subacu te  t r e a t m e n t  w i th  PCP. This  dose of  
PCP was inef fec t ive  w h e n  given acute ly  a lone.  

To le rance  to the  i m p a i r m e n t  of  r o t a r od  p e r f o r m a n c e  
caused a dose-re la ted  i m p a i r m e n t  in p e r f o r m a n c e  t ha t  was 
greater  t h a n  af te r  acute  t r e a t m e n t  w i th  PCP alone.  Whereas  
an acu te  dose of 2.5 mg/kg  PCP was inef fec t ive  a lone,  it 
caused a m a r k e d  i m p a i r m e n t  w h e n  c o m b i n e d  w i t h / , 9 - T H C  
af ter  subacu te  t r e a t m e n t  wi th  the  l a t t e r  drug (t  (290)  = 4.0,  
p < 0.01) .  This  resul t  suggests tha t  the  to le rance  to 
Ag-THC was no t  comple te .  The  cumula t ive  effects  of  2.5 
m g / k g / d a y  PCP were again suggested in t ha t  p e r f o r m a n c e  
by  this  group was p o o r e r  t han  the  group t r ea ted  subacu te ly  
wi th  / ,9 -THC alone,  a l t h o u g h  the  d i f fe rence  was no t  
s ignif icant  (t (290)  = 1.4, p > 0.1)  due,  p r e sumab ly ,  to the  
f loor  effect .  

There  was s ignif icant  to l e rance  to  the  b radyca rd ia  ( t ( 284 )  
= 2.8, p < 0 .01)  and  h y p o t h e r m i a  ( t ( 284 )  = 2.8, p < 
0 .01)  caused by  10 mg /kg  a 9 -THC. This  to le rance  general ly  
e x t e n d e d  to the  drug ' s  i n t e r ac t i on  w i th  PCP on these  
measures .  The  ef fec t  of  subacu t e  t r e a t m e n t  wi th  b o t h  drugs 
on  these  measures  is d i f f icul t  to  in te rp re t .  In the  animals  
made  t o l e r a n t  to  zx 9-THC, an acute  dose of  2.5 m g / k g  PCP 
caused s ignif icant  b r adyca r d i a  ( t ( 284 )  = 5.4, p < 0 .01)  and  
h y p o t h e r m i a  (t ( 291 )  = 5.4, p < 0 .01)  c o m p a r e d  w i th  the  
animals  t r ea ted  subacu te ly  w i t h  / , 9 -THC alone. Af te r  
subacu te  t r e a t m e n t  w i th  b o t h  drugs, the  c o m b i n a t i o n  was 
ineffec t ive  in changing  hear t  ra te  and b o d y  t empe ra tu r e .  
Since PCP alone had  l i t t le  or no  ef fec t  on  these  measures  
when  given acute ly ,  this  resul t  suggests to le rance  to the  
in te rac t ive  e f fec ts  of  PCP and  / ,9 -THC ra the r  t h a n  tol- 
erance to the  ef fec ts  of  PCP on these  measures  per  se. 

Subacute  t reatment  wi th  PCP. Figure 3 shows the  resul ts  
af ter  subacu te  t r e a t m e n t  wi th  2.5 m g / k g / d a y  PCP for  six 
days. The  resul ts  for  an imals  t r ea t ed  subacu te ly  wi th  b o t h  
10 m g / k g / d a y  PCP are s h o w n  again for  compar i son .  

The cumula t ive  effects  suggested above  of  PCP on 
avoidance  p e r f o r m a n c e ,  pho toce l l  act ivi ty ,  and ro t a rod  
p e r f o r m a n c e  were clear. Whereas  an acute  dose of  2.5 
mg/kg  PCP did no t  impa i r  CAR pe r f o r m ance ,  subacu te  
t r e a t m e n t  for  seven days did (t  ( 401 )  = 3.9, p < 0.01).  The  
i m p a i r m e n t  caused by  c o m b i n a t i o n s  of  / ,9 -THC and PCP 
also was grea ter  a f te r  subacu te  t r e a t m e n t  wi th  PCP than  
when  b o t h  drugs were given acute ly .  This  ef fec t  appeared  
to be caused by  the  increased ef fec t iveness  of  PCP a lone  
ra the r  t han  an increase in the  m a g n i t u d e  of  the  in t e rac t ion ,  
since the  slope of  the  dose-ef fec t  curve f o r / , 9  -THC was no t  
greater  a f te r  subacu te  t r e a t m e n t  wi th  PCP t h a n  in acute  
c o m b i n a t i o n .  

,2o ~ , , 2 o o ~ ~  ~2OiT ........... 

o 6 0 o  ~ 

i 40  4 0  

~ 0 -  ~ ~0 
o 

0 ~ I I 0 0 
0 2.5 5 0  1 0 0  0 2 5  5 0  1 0 0  0 2 5  5 0  1 0 0  

DOSE OF  A 9 T H C  mg /k9  DOSE OF  A£ T H C  mg /k9  DOSE OF  ~ 9  T H C  - -  mg /k  9 

6 0 0  ~ I I I 
H E A R T  

+' 550  R A T E  

I 5OO 

4 0 0  

3~0 

0T I ! ! ' 
0 2 5  5 0  1 0 0  

DOSE OF Ag THC mg/kg  

F I G .  3. I n t e r a c t i o n s  

39 ~ I I 
BODY ÷, 

38 TEMPERATURE 

36 
o 

34 

N ~ 51 o I 
2 5  1 0 0  

DOSE OF  ,39 T H C  - -  mg, 'k 9 

between /,°-THC and PCP after subacute 
pretreatment with PCP. 

T R E A T M E N T  ON 
D A Y S  1 6 
- -  S ~ a m e  Oi l  
- - - P E P  

T R E A T M E N T  O N  
D A Y  7 
• 2, 9 THC 
¢ 2, 9 T H C  + PCP 

T R E A T M E N T  ON 
D A Y S  I 7 

• ,~9 T H C  + PCP 

Whereas  acute  a d m i n i s t r a t i o n  of  2.5 mg/kg  PCP did no t  
affect  pho toce l l  act ivi ty ,  subacu te  t r e a t m e n t  caused over a 
th ree fo ld  increase in coun t s  (t ( 292 )  = 11.6 p < 0.01).  This  
effect  was even greater  t h a n  tha t  caused by  acute  adminis-  
t r a t ion  of  5 mg/kg  PCP (see Fig. 1) a l t h o u g h  the  d i f fe rence  
did no t  reach  s ignif icance (t  ( 292 )  = 1,8, 0.1 > p > 0.05).  
Ag-THC an tagon ized  this  cumula t ive  ef fec t  of  PCP as a 
func t i on  of  dose. The  highest  dose of  Ag-THC caused 
s ignif icant  depress ion  of pho toce l l  act ivi ty  in such PCP- 
p re t r ea ted  an imals  (t  (292)  = 2.2, p < 0.05).  

Similarly,  whereas  2.5 mg/kg  PCP failed to impair  
ro t a rod  pe r fo rmance  s igni f icant ly  w h e n  given acute ly ,  
subacu te  t r e a t m e n t  caused to ta l  loss of the  abi l i ty  of the  
animals  to  stay on the  ro t a rod  (t ( 290 )  = 5.4, p < 0.01).  
There  was a t e n d e n c y  (no t  s ignif icant)  for  the  lower doses 
of Ag-THC to offset  this  i m p a i r m e n t ,  p r e sumab ly  by  
an tagon iz ing  the  hype rac t iv i ty  caused by  subacu te  t reat-  
m e n t  wi th  PCP. 

Acute  admin i s t r a t i on  of  2.5 mg/kg  PCP caused a 
s ignif icant  r e d u c t i o n  in hear t  rate and the  dose-rela ted 
b radyca rd i a  caused by  Ag-THC was displaced d o w n w a r d  
accordingly .  A p p a r e n t  to le rance  to this  ef fec t  of  PCP was 
accompan ied  by  a shift  of  the  dose-effec t  curve for  ix 9-THC 
and PCP towards  t ha t  of  Ag-THC alone.  A similar ef fec t  
was seen for  b o d y  t empe ra tu r e ,  a l t hough  PCP did no t  
s ignif icant ly  af fec t  this  measure  a lone e i the r  acute ly  or 
subacute ly .  

E X P E R I M E N T  2 

In the  prev ious  e x p e r i m e n t  / ,9_THC was admin i s t e red  2 
hr  and  PCP 30 min  before  test ing.  These t imes  were chosen  
on the  basis of  our  e s t ima t ion  of  w h e n  b o t h  drugs would  
reach  a p p r o x i m a t e l y  peak pharmaco log ica l ly  effect ive levels 
at the  beg inn ing  of tes t ing  by  the  oral and IP routes  of  
admin i s t r a t i on ,  respect ively.  / , ° -THC dissolved in sesame 
oil is abso rbed  slowly f rom the  gas t ro in tes t ina l  t rac t  and 
levels of  to ta l  rad ioac t iv i ty  derived f rom ~4 C_/,9_THC do 
not  reach  a peak in p lasma and  b ra in  un t i l  2 to 4 hr  af ter  
admin i s t r a t ion ,  a f te r  wh ich  they  decl ine slowly [ 7 3 ] .  On 
the  o the r  hand ,  PCP is abso rbed  rapidly  af te r  IP adminis-  
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t ra t ion  and  reaches  peak  levels wi th in  30 m i n  (see Ex- 
p e r i m e n t  5). However ,  it is possible  t ha t  zxg-THC and PCP 
in te rac t  me tabo l i ca l ly  to  a l ter  the i r  respect ive  p h a r m a c o -  
k ine t ics  such t h a t  these  p red ic t ions  would  no t  r ema in  valid. 
Therefore ,  in E x p e r i m e n t  2 the  t imes  of  a d m i n i s t r a t i o n  of  
the two drugs were varied and the  effects  on  CAR 
p e r f o r m a n c e  were d e t e r m i ned .  

Method  

The type  of subjects ,  appara tus ,  and  p rocedure s  were the  
same as descr ibed in E x p e r i m e n t  1, excep t  tha t  the  animals  
were left  u n d i s t u r b e d  dur ing the  six-day in terval  b e t w e e n  
t ra in ing  and  tes t ing  (i.e., they  were no t  given sesame oil or  
drug dur ing  this  t ime,  and,  the re fore ,  they  were no t  
hand led  as in E x p e r i m e n t  1). Drug or p lacebo  adminis-  
t r a t ion  on  the  test  day was accord ing  to the  design s h o w n  
in the  resul ts  sect ion.  

Results  

Table  2 summar izes  the  resul ts  of  this  e x p e r i m e n t  for  
to ta l  CAR dur ing  the  first  30 trials and  the  last 30 trials 
separate ly  to  observe any  early or late effects.  When  
A 9-THC was given 30 min  before  the  tes t  the  i m p a i r m e n t  
did no t  reach  s ignif icance dur ing  the  first 30 trials (t ( 164 )  
= 1.9, 0.1 < p < 0.05) ,  b u t  was s ignif icant  dur ing  the  last  
30 trials (t  ( 164 )  = 2.9, p < 0 .01)  ind ica t ing  t h a t  the  peak 
ef fec t  had  n o t  occur red  by  30 min.  When ,~ 9-THC was given 
two hr  before  the  test ,  m a r k e d  i m p a i r m e n t  was seen dur ing  
the first 30 trials. When 2.5 mg /kg  PCP was given 30 min  
before  the  test ,  there  was a t r end  ( n o t  s ignif icant)  toward  
i m p a i r m e n t  dur ing  the  first 30 trials ( t  (164)  -- 1.9, 0 . i  > p 
> 0 .05)  wi th  no  ef fec t  dur ing  the  last 30 trials. The re  were 
no effects  on CAR p e r f o r m a n c e  when  PCP was given 2 h r  
before  the  test .  The  a d m i n i s t r a t i o n  of  ~ 9 - T H C  2 hr  and  
PCP 30 min  before  the  tes t  (as in E x p e r i m e n t  1) caused 
marked  i m p a i r m e n t  t h r o u g h o u t  the  tes t  and  was accom- 
panied by  a 78 and  47% r e d u c t i o n  in escape responses  
dur ing the  first and last 30 trials,  respect ively.  When  the  
order  of a d m i n i s t r a t i o n  was reversed the  i m p a i r m e n t  was 
a b o u t  the  same as t ha t  caused by  Ag-THC alone  given 30 
min  before  the  test.  Similarly,  w h e n  b o t h  drugs were given 
2 hr  be fo re  the  test ,  the  i m p a i r m e n t  was the  same as tha t  
caused by  Ag-THC given a lone  2 h r  before  the  test.  
However,  when  b o t h  drugs were given 30 min  before  the  
test,  the  i m p a i r m e n t  was grea ter  t h a n  wha t  would  be 
expec ted  f rom the  s imple add i t i on  of  the  separate  effects  of  
each drug given a lone  at t ha t  t ime.  Since PCP is the  fas ter  
act ing drug by  these rou tes  of  admin i s t r a t i on ,  this  resul t  
suggests t h a t  the  tow levels of  /,9 -THC p resen t  at  th is  t ime  
were suff ic ient  to  cause the  observed  in te rac t ion .  

E X P E R I M E N T  3 

The increase in pho toce l l  ac t iv i ty  caused by  PCP in 
E x p e r i m e n t  1 is in ag reemen t  wi th  the  resul ts  of  o the r s  who  
used a jiggle cage wi th  rats  and  an a c t o p h o t o m e t e r  wi th  
mice [ 1 1 ] .  However ,  these  p rocedures  do no t  a d e q u a t e l y  
measure  the  qua l i ty  of  the  drug- induced  changes  in loco- 
m o t o r  behavior .  Because PCP is a depressan t  in o t h e r  
species [ 1 1 ] ,  the  a p p a r e n t  exc i t a to ry  e f fec t  in ra ts  and  
mice and  its a n t o g o n i s m  by  A9-THC is of  special in teres t .  
Chen et al. [ 11 ] n o t e d  tha t  " a t ax i a  was clearly no t i ceab le  
at higher  dosages ,"  and t ha t  " t h e  an imals  ran a r o u n d  the  
cage in a m a n n e r  resembl ing  s o m e w h a t  t h a t  induced  by  
d e s o x y e p h e d r i n e  [p. 2 4 2 ] . "  We di rec t ly  observed a few 

T A B L E  2 

A C U T E  E F F E C T S  OF A g - T H C  A N D / O R  PCP ON P E R C E N T A G E  
AVOIDANCE AS A FUNCTION OF TIME OF ADMINISTRATION 

Treatment* Trials 1-30 Trials 31~i0 
2 hr t  30 mint  N Mean SE Mean SE 

SO SAL 10 88 + 1.6 93 _+ 1.6 
SO ~ ~-THC 9 69 + 6.3:~ 64 __+ 10.1§ 
2~.%THC SAL 10 47 _+ 6.1§ 65 __+ 9.6§ 
SO PCP 9 69 _+ 6.0~ 83 _+ 8.1 
PCP SAL 10 81 + 2.5 93 m 1.4 
/~9-THC PCP l l  5 _+ 2.7§ 14 + 4.5§ 

PCP Ag-THC 11 65 _+ 6.85 49 +_ 9.5§ 
2~9-THC+PCP SAL 11 41 _+ 9.7§ 58 + 9,4§ 
SO Ag-THC+PCP 10 11 _+ 4.9§ 18 ± 9,6§ 

*Sesame oil (SO) was administered intragastrically (IG, 2 ml/kg); 
saline (SAL) was given IP (2 ml/kg); ~ - T H C  (10 mg/kg) was given 
1G in SO; PCP (2.5 mg/kg) was given IP in SAL. 

?Time before testing. 
t:p<0.05. 
§p<0.01. 
Compared with controls by t-test, 

an imals  t r ea ted  wi th  PCP and  n o t e d  t ha t  thei r  increased 
act iv i ty  appeared  to resemble  b l ind,  compuls ive  forward  
l o c o m o t i o n  t h a t  was o f t en  ataxic.  The animals  would move  
in a s t ra ight  line and l i teral ly run  in to  any  barr ier  p resent  
(e.g., a wall) a f te r  wh ich  they  would change d i rec t ion  and 
repea t  the  sequence .  In order  to verify and  e x t e n d  these 
casual obse rva t ions  and  to see h o w  these effects  i n t e r ac t ed  
wi th  49 -THC, we c o n d u c t e d  th is  e x p e r i m e n t  us ing an open  
field p rocedure .  

Method  

The an imals  and  drug design were the  same as descr ibed 
in E x p e r i m e n t  1, excep t  t h a t  on ly  one  dose each of 
Ag-THC (10  mg/kg)  and PCP (2.5 mg/kg)  were used. A 
61-cm 2 arena  wi th  46-cm-high walls was used to observe  
exp lo ra to ry  behavior .  The  in te r io r  of  the  a rena  was pa in ted  
flat b lack  and whi te  lines divided the f loor  in to  a grid of  
7.6-cm squares.  A 25-W light  was suspended  91 cm above  
the cen te r  of the  arena.  The  arena  was located  in a 
s o u n d - a t t e n u a t e d  s emida rkened  room.  At  the  appropr i a t e  
t ime af te r  dos ing  each  an imal  was b r o u g h t  in to  the  room,  
placed in one  corner  of  the  arena,  and  observed for  5 min.  
L o c o m o t i o n  was measured  by  t racing the  an imal ' s  pa th  on  
a sca led-down drawing of  the  arena  and  the  n u m b e r  of  lines 
crossed was coun ted .  The separate  inc idence  and cumu-  
lative du ra t ion  of  rearing and g rooming  were also recorded  
on manua l ly -ope ra t ed ,  solid s ta te  e lec t ron ic  coun te r s  and 
t imers.  The  an imal  was r emoved  and the  n u m b e r  of  bol i  
d ropped  and n u m b e r  of  separate  ur ine spots  were coun ted  
and  recorded .  

Results  

The resul ts  are summar ized  in Table 3. The  n u m b e r  of  
separate  rears and g rooming  b o u t s  are no t  shown,  since 
they  were h ighly  corre la ted  wi th  the i r  respect ive cumula t ive  
dura t ions .  Acute  admin i s t r a t i on  of  10 mg/kg  ~ 9 - T H C  did 
no t  affect  l o c o m o t i o n  s ignif icant ly  as measured  by  the 
n u m b e r  of l ines crossed,  bu t  it marked ly  suppressed  rear ing 
and grooming.  Acu te  admin i s t r a t i on  of  2.5 mg/kg  PCP, on  
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Treatment* Time Time Number Number 
Lines Rearing Grooming of of Urine 

Days Day 7 Crossed (sec) (sec) Boli Spots 
1-6 2 hr t  30 mint  Mean SE Mean SE Mean SE Mean SE Mean SE 

SO SO SAL 129 9.1 25.4 2.8 91.3 12.8 1.75 0.50 0.88 0.26 
SO A9-THC SAL 146 26.2 4.7 1.6§ 6.3 2.6§ 1.69 0.44 2.94 0.40§ 
SO SO PCP 288 26.3 20.5 5.1 9.3 4.0§ 2.00 0.56 3.62 0.53§ 
SO A9-THC PCP 40 10.6§ 0.2 0.1§ 0.0 0.0§ 0.03 0.03§ 2.47 0.29:~ 
Ag.THC A 9_TH C SAL 174 14.7 13.7 1.7§ 89.4 12.3 1.91 0.56 2.50 0.43~: 
69-THC Ag-THC PCP 177 23.1 0.9 0.5§ 0.4 0.3§ 0.75 0.39 2.88 0.41§ 

PCP SO PCP 374 20.4§ 33.1 4.45 27.0 5.9§ 2.38 0.60 2.81 0.49§ 
PCP Ag-THC PCP 64 15.8:[: 0.0 0.0§ 0.0 0.0§ 0.19 0.19§ 2.50 0.75:~ 
F-ratio 32.8 22.4 33.5 3.9 2.8 
p <0.01 <0.001 <0.001 <0.01 <0.05 

*Sesame oil (SO) was given IG (2 ml/kg); saline was given IP (2 
mg/kg) was given IP in SAL. There were 16 rats in each group. 

tTime before testing. 
~p <0.05. 
§p<0.01. 
Compared with controls by t-test. 

ml/kg); Ag-THC (10 mg/kg) was given in SO; PCP (2.5 

the  o t h e r  hand ,  caused over  a twofo ld  increase  in lines 
crossed. As n o t e d  earlier,  the  l o c o m o t i o n  was charac te r i zed  
by  a tax ic  fo rward  m o v e m e n t  w i th  n o  a p p a r e n t  awareness  of  
the  walls as barriers .  Rear ing  t ime  was no t  a f fec ted ,  bu t  
g rooming  t ime  was m a r k e d l y  suppressed.  The  acute  com- 
b i n a t i o n  of  Ag-THC and PCP vi r tual ly  e l imina ted  all 
behav io r  in the  arena.  

Af te r  subacu te  t r e a t m e n t  w i th  10 m g / k g / d a y  A9-THC, 
there  was a t r end  toward  increased l o c o m o t i o n  (no t  
s ignif icant)  and  s ignif icant  to l e rance  to the  suppressan t  
effects  of  the  drug on  rear ing ( t  ( 120 )  = 2.4, p < 0 .05)  and 
g rooming  (t ( 120 )  = 8.6, p < 0.01) .  Rear ing  was still 
suppressed be low tha t  of  con t ro l s  ind ica t ing  on ly  par t ia l  
to le rance  to  th is  effect ,  whereas  g rooming  was no t  d i f f e ren t  
f rom t h a t  of  cont ro ls .  PCP given to  such 69_THC_tolerant  
rats  caused c o m p l e t e  suppress ion  of rear ing and grooming ,  
bu t  it d id  no t  al ter  l o c o m o t i o n  f rom tha t  seen af te r  
subacu te  t r e a t m e n t  wi th  Ag_THC alone.  On the  o t h e r  hand ,  
subacu te  t r e a t m e n t  w i th  PCP caused a grea ter  increase in 
l o c o m o t i o n  t h a n  t ha t  caused by  acu te  t r e a t m e n t  (t (120)  = 
3.1, p < 0 .01) ,  f u r t h e r  ind ica t ing  this  drug ' s  cumula t ive  or 
sensi t izing effect .  This  increase in l o c o m o t i o n ,  wh ich  was 
a c c o m p a n i e d  by  a s ignif icant  increase in rear ing as well, 
appeared  to  displace g rooming  wh ich  was still depressed 
and no t  s igni f icant ly  d i f fe ren t  f rom t h a t  caused by  acute  
admin i s t r a t ion .  When  A9-THC was given to such PCP- 
p re t r ea t ed  rats,  the  resul t  was the  same as a f te r  acu te  
a d m i n i s t r a t i o n  of  b o t h  drugs;  namely ,  a lmos t  comple t e  
suppress ion  of  all behav io r  in the  arena.  

There  were no  s ignif icant  e f fec ts  of  e i the r  drug a lone on  
de feca t ion  in the  arena.  However ,  when  c o m b i n e d ,  there  
was m a r k e d  suppress ion .  On the  o the r  hand ,  b o t h  drugs 
caused s ignif icant  increases in u r ina t ion ,  w h e t h e r  given 
acute ly  a lone or in c o m b i n a t i o n  or af ter  subacu te  pre t rea t -  
m e n t  wi th  e i ther .  There  were n o  s ignif icant  d i f fe rences  
a m o n g  the  g roups  in this  regard to  ind ica te  in t e rac t ion ,  
to le rance ,  or sens i t i za t ion  to this  effect .  

EXPERIMENT 4 

A n u m b e r  of  workers  have s h o w n  tha t  6 9 - T H C  alone 
will modi fy  ope ran t  r e spond ing  for  food  and  wate r  con- 
t rol led by  several schedules  of  r e i n f o r c e m e n t  in ra ts  [19,  
29, 32, 37, 4 6 ] ,  p igeons  [19,  25, 3 2 ] ,  and p r ima tes  [30,  
31, 3 8 ] ,  and  tha t  to le rance  develops  rapid ly  to these effects  
[ 6 2 ] ,  depend ing  on  dosing schedule  [20]  and  rou te  of  
admin i s t r a t i on  [ 1 ]. The  d i rec t ion  of  the  effect  is d e p e n d e n t  
on the  dose of  A9 .THC and the  schedule  of r e in fo rcemen t .  
Low doses of  Ag-THC have been  r epo r t ed  to increase re- 
sponse  rates  on  FI schedules ,  whereas  h igher  doses typical ly  
suppress  r e spond ing  [ 3 7 ] .  Response  rates  general ly are de- 
creased as a f u n c t i o n  of dose on  FR and VI schedules.  

The  effects  of  PCP on schedu le -con t ro l l ed  behav io r  is 
no t  well  d o c u m e n t e d .  However ,  Wenger  recen t ly  r epor t ed  
tha t  PCP and  k e t a m i n e  increased response  rates  at low 
doses and  decreased response  rates  at  h igh  doses dur ing  the  
FI c o m p o n e n t  of  a mul t ip le  schedule  in p igeons  [86]  and 
mice [ 8 7 ] ;  only  a dose-re la ted decrease  in response  rates  
was seen in the  FR-30  c o m p o n e n t .  Response  rates  also were 
suppressed by  2 mg/kg  of PCP in a VI-60 schedule  in rats,  
and this  ef fec t  was a u g m e n t e d  by  0.5 mg/kg  A9-THC tha t  
was ineffect ive  a lone [ 6 7 ] .  Thus,  69 -THC and PCP appear  
to have similar effects  on  these  behaviors  and,  w h e n  
combined ,  the  effect  is enhanced .  To verify th is  effect  and 
to d e t e r m i n e  w h e t h e r  it would  be  modi f ied  b y  pre- 
t r e a t m e n t  wi th  e i the r  Ag_THC or PCP, we c o n d u c t e d  this  
e x p e r i m e n t  using an FR-10  schedule.  

Method 

Apparatus. The tes t  c h a m b e r  consis ted of  a circular,  
clear Plexiglas tube  28 cm in d i ame te r  and 32 cm in height .  
The f loor  was cons t ruc t ed  of radial  0 .08-cm-d iamete r  
spokes.  A pole  was loca ted  in the  cen te r  of  the  chamber ,  
and two  7-1A-W lights and a 18-cm loudspeaker  were 
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m o u n t e d  in the  ceiling. A 5-cm circular  bar  (1.3 cm in 
d iamete r )  p r o t r u d e d  1.3 cm in to  the  c h a m b e r  and  was 
located 4.3 cm above  the  f loor .  This bar  served as the  
ope ran t  m a n i p u l a d u m .  A small  recep tac le  was loca ted  jus t  
to the  r ight  of  the  bar  to receive the  r e i n f o r c e m e n t s  (45-mg 
Noyes rat  pel lets)  which  were del ivered by  a f lexible  tube  
f rom a For inger  pel let  dispenser .  The  c h a m b e r  was housed  
inside a larger 76-cm 3 s o u n d - a t t e n u a t e d  box  tha t  had an 
air-circulat ing sys tem.  Six of  these  uni t s  were ope ra t ed  
s imul t aneous ly  by  sol id-state p r o g r a m m i n g  and  record ing  
e q u i p m e n t  located  in an ad jo in ing  room.  

Procedure. The animals  were placed on  a 23-hr  food 
depr iva t ion  schedule  and m a i n t a i n e d  at a b o u t  80% of  the i r  
f ree-feeding b o d y  weight.  They  received s u p p l e m e n t a l  
feeding in the i r  h o m e  cages a f te r  a t ra in ing  session and on  
non t r a in ing  days. Water  was available ad lib in the h o m e  
cage. Each an imal  was indiv idual ly  shaped to press the  bar  
on a c o n t i n u o u s  r e i n f o r c e m e n t  schedule .  Once shaped ,  the  
an imal  was al lowed 80 to 90 self- ini t ia ted r e i n f o r cemen t s  
on this  schedule .  Daily 30-min  sessions were c o n t i n u e d  
dur ing which  the  FR was gradual ly  increased unt i l  an 
FR-10  was a t t a ined .  The FR was increased by  one-s tep  
i n c r e m e n t s  fo l lowing successful  c o m p l e t i o n  of 25 rein- 
f o r c e m e n t s  at  each step at  a ra te  of  1 to 2 responses  per  
second.  The animals  were s tabi l ized on the  FR-10  for  at 
least four  days. On the  nex t  day  (basel ine) ,  all an imals  were 
given sesame o i l  (2 ml/kg,  IG)  two  hours  and saline (2 
ml/kg,  IP) 30 rain before  a 40-rain basel ine  test  session. The  
animals  were r anked  on  the  basis of  to ta l  n u m b e r  of  
rewards  received dur ing  the  basel ine session and assigned to 
one of  five groups.  Ass ignmen t  was such t ha t  the  average 
n u m b e r  of  rewards  received did no t  vary a m o n g  groups  by  
more  t han  three.  The nex t  day the  acute  effects  of  zx 9 -THC 
a n d / o r  PCP were evaluated.  Sesame oil (2 ml /kg ,  IG) or 
Ag-THC (5 mg/kg  in sesame oil, IG) was given 2 hr  and  
saline (2 ml /kg,  IP) or PCP (2.5 mg/kg  in saline, IP) was 
given 30 rain before  the  40-min  test  session. Two groups  
were given b o t h  Zxg-THC and PCP. On Days 3 t h r o u g h  8, 
separate  groups  were given sesame oil, / ,9 -THC or PCP 
according  to each g roup ' s  t r e a t m e n t  on Day 2. Of the  two 
groups t h a t  received b o t h  `59_THC and PCP on Day 2, one  
received `59-THC s u b a c u t e l y  and the  o the r  received PCP 
subacute ly .  No t ra in ing  or tes t ing occur red  dur ing  this 
subacu te  drug t r e a t m e n t  phase,  a l t hough  the  food-  
depr iva t ion  schedule  was ma in ta ined .  On Day 9, all an imals  
were t r ea ted  the same as on Day 2 and given a 40-min  test  
session to d e t e r m i n e  the  effects  of  the  in te rven ing  subacu te  
t r e a t m e n t .  The e x p e r i m e n t  was c o n d u c t e d  in two replica- 
t ions  of  20 an imals  in each repl ica t ion .  One con t ro l  an imal  
was e l imina ted  because of poor  baseline pe r fo rmance .  

Results 

Figure 4 summar izes  the  results  in t e rms  of rewards  per  
m i n u t e  received over  the  ent i re  40-min  session on  each of  
the three  tes t  days. The in t e rac t ion  term of  the  analysis of 
variance was s ignif icant  (F (8 ,68)  = 7.44,  p < 0 .001) .  
Compar i sons  of  basel ine p e r f o r m a n c e  showed  tha t  there  
were no d i f ferences  a m o n g  the  five groups  before  any  drugs 
were admin i s t e r ed  (all ts < 1.0). Also, there  were no  
di f ferences  in con t ro l  p e r f o r m a n c e  a m o n g  the  three  tes t  
sessions showing  t h a t  the  response  was well r e ta ined  over  
the 6-day drug t r e a t m e n t  per iod  dur ing  which  t ime  the  
animals  were not  tes ted.  

Acu te  oral  a d m i n i s t r a t i o n  of  5 mg/kg  ,59-THC did no t  
affect  response  rates,  whereas  2.5 mg/kg  PCP reduced  
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FIG. 4. Effects of Ag-THC and/or PCP on FR-10 performance. 

response  rates  by  a b o u t  27% (t  (68)  = 2.9, p < 0.01 
compared  wi th  basel ine) ;  the i r  acute  c o m b i n a t i o n  reduced 
response  rates  by a b o u t  76% in b o t h  groups  (ts (68)  > 6.72,  
ps  < 0.01).  The d i f ferences  be tween  PCP alone and the 
c o m b i n a t i o n  of  ag_THC and PCP were also s ignif icant  (ts 
(102)  > 3.1, ps  < 0.01).  

Subacu te  t r e a t m e n t  wi th  / ,9 -THC also did no t  al ter  
response  rates  s ignif icant ly  f rom baseline or con t ro l  per- 
fo rmance .  The  r educ t i on  in response  rate caused by acute  
admin i s t r a t i on  of  PCP was s ignif icant ly  a t t e n u a t e d  af ter  
subacu te  t r e a t m e n t  with  PCP ( t (68)  = 3.2, p < 0.01).  
Subacu te  t r e a t m e n t  wi th  e i the r  `59-THC or  PCP slightly 
a t t e n u a t e d  the  acute  in t e rac t ion  of  b o t h  drugs. However ,  
response  rates in these  groups  were still s ignif icant ly  lower  
than  basel ine  and response  rates  of animals  t rea ted  sub- 
acute ly  wi th  e i ther  `59-THC or PCP alone. 

EXPERIMENT S 

The metabo l i sm,  d i s t r ibu t ion ,  and p h a r m a c o k i n e t i c s  of  
~4C-~9-THC and 3H-~9-THC have been s tudied in a 
n u m b e r  of  species [2, 3, 33, 40,  47, 52, 7 6 , 7 8 1 ,  inc luding 
man  [ 5 3 , 5 4 [ .  ~ 9 - T H C  is rapidly  me tabo l i zed  by  the  liver 
[47 ,68]  and  at least  one  of  its metabol i t es ,  11-OH-`59-THC, 
is pharmaco log ica l ly  active [ 1 5 ] .  Exc re t i on  in the rat  is 
main ly  in the  feces as polar  me tabo l i t e s  [2 ,47]  and en te rohe-  
pat ic  c i rcula t ion  has been  es tabl i shed  [ 4 7 ] .  E l imina t ion  of 
to ta l  rad ioac t iv i ty  f rom the  c i rcula t ion  appears  to be biphasic  
wi th  an initial,  rapid half-life of the  order  of  rain [3 ,56]  or hr  
[68 ,77]  and  a s lower  phase  of the order  of  days [ 2 , 5 3 [ .  
Because of  its l ipophi l ic  na tu re ,  ,59 -THC and its me tabo l i t e s  
are pre fe ren t ia l ly  t aken  up  by fat  [48]  and  b o u n d  to p lasma 
l ipopro te ins  [ 8 4 ] .  They  are pre fe ren t ia l ly  c o n c e n t r a t e d  in 
the  par t icu la te  subcel lu lar  f rac t ions  of  bra in  homogena te s ,  
especially in the  nerve-ending  m e m b r a n e s  [ 16 ,59] .  Accumu-  
la t ion,  especial ly in fat ,  bu t  also in p lasma and bra in ,  wi th  
repeated  doses has been  repor ted  [48,61 ] .  The accumula t ed  
c o m p o u n d s  appear  to  be pr imar i ly  n o n e x t r a c t a b l e ,  polar  
me tabo l i t e s  of  `59 -THC [ 6 l ]. A t t e m p t s  to  explain the  toler-  
ance t ha t  develops  to the effects  of  `59_THC in te rms of 
a l tered me tabo l i sm,  d i s t r ibu t ion ,  or p h a r m a c o k i n e t i c s  have 
no t  been successful  [22, 5 1 , 6 1 ,  77] .  

PCP is me tabo l i zed  in mos t  species to the  mono-  
4 -hydroxy  p iper id ine  derivat ive and is excre ted  as con- 
jugates  in the ur ine [ 6 9 ] .  This rapid me tabo l i sm p robab ly  
accounts  for the shor t  du ra t i on  of ac t ion  of  PCP, since its 
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me tabo l i t e s  have re la t ively  weak pha rmaco log ic  act ivi ty .  
The  purpose  of th is  e x p e r i m e n t  was to  provide  in- 

f o r m a t i o n  a b o u t  the  t ime  course of  t o t a l  r ad ioac t iv i ty  in 
p lasma and  b ra in  der ived f rom ~4 C_Ag_TH C and  3H-PCP 
tha t  migh t  be re la ted  to ,  or  help expla in ,  the  behav iora l  and  
pharmaco log ica l  i n t e rac t ions  b e t w e e n  A9-THC and PCP. 

Method  

Animals  and treatment.  Male, F ischer -s t ra in  ra ts  of  the  
same age and weight  as used in the  o t h e r  e x p e r i m e n t s  were 
used in these  expe r imen t s .  They  were t r ea ted  daily for  six 
days wi th  sesame oil (2 ml /kg ,  IG), Ag_THC (10  mg/kg  in 
sesame oil, IG),  or PCP (5 mg/kg  in saline, IP). On the  
s e v e n t h  d a y  sepa ra t e  g roups  were t r ea ted  wi th  
,4 C-A~-THC (10  mg/kg ,  specif ic  ac t iv i ty  = 40  #Ci /kg,  IG), 
and 90 min  la ter  they were in jec ted  IP wi th  2 ml /kg  of  
saline or 5 mg /kg  PCP. Blood was sampled  serially u n d e r  
l ight CO2 anes thes ia  by  per iocu la r  p u n c t u r e  1, 2, 4, 8, and  
24 hr  a f te r  a d m i n i s t r a t i o n  of  14 C.~9 THC. O the r  animals  
were t r e a t ed  the  same and  sacrif iced at  these  t imes  for  
d e t e r m i n a t i o n  of  to t a l  r ad ioac t iv i ty  in whole  brain.  In 
separate  e x p e r i m e n t s  an imals  were t r ea ted  the  same as 
descr ibed above  for  six days and  on  the  seven th  day t hey  
were given sesame oil (2 ml /kg ,  IG)  or Ag-THC (10  mg/kg  
in sesame oil, IG) fo l lowed 90 min  later  by  5 mg/kg  of  
3H-PCP (specif ic  ac t iv i ty  = 70 uCi /kg,  IP). Blood was 
sampled  serially in these  animals  b y  per iocu la r  p u n c t u r e  or 
they were sacrif iced for  b ra in  analyses  0.5, 1.0, 2.5, 6.5, or 
22.5 hr  a f te r  a d m i n i s t r a t i o n  of 3 H-PCP. All an imals  were 
t r ea ted  on  the  seven th  day b e t w e e n  0800  and  1000. 

Determinat ion o f  total radioactivity. The 70 ~1 hep-  
ar inized p ipe t t e s  in which  the  per iocu la r  whole  b lood  was 
col lected were cent r i fuged .  A cons t an t ,  30 m m  sec t ion  of  
the  p ipe t  con ta in ing  30 ul of  the  p lasma was careful ly  
n o t c h e d  and  b r o k e n  and  p laced  in a c o u n t i n g  vial con-  
ta in ing 10 ml  of  O x i f l u o r - H 3 0  T M  (New England  
Nuclear).  Each whole  brain was h o m o g e n i z e d  in 3 
vo lumes  of  dist i l led water.  Tota l  r ad ioac t iv i ty  was deter-  
m i n e d  in a 0.1 ml a l iquo t  of  the  h o m o g e n a t e  in the  same 
coun t ing  sys tem as for  plasma.  

Tota l  r ad ioac t iv i ty  was d e t e r m i n e d  using a B e c k m a n  
Model  LS250  l iquid sc in t i l la t ion  sys tem.  The  cpm were 
conve r t ed  to u g / m l  of  p lasma or ug/g of b ra in  of  ~ 9 -THC or 
PCP equiva lents ,  wh ich  include the  p a r e n t  c o m p o u n d s  and 
its rad ioac t ive  me tabo l i t e s .  The  rad ioac t iv i ty  f rom k n o w n  
a m o u n t s  of ~ 4 C_a9_THC and 3 H-PCP was d e t e r m i n e d  and 
was used as s t andards  for these convers ions .  

Results  

Ef fec ts  o f  PCP on ' 4 C_~ 9 -THC. The t ime  course of to t a l  
rad ioac t iv i ty  der ived f rom acute  oral a d m i n i s t r a t i o n  of 
, 4  C_,~9 -THC in p lasma and  bra in  is s h o w n  in the  top  panels  
of Fig. 5 a long wi th  the  acute  and  subacu te  effects  of  PCP 
on this  t ime  course.  Levels of  to t a l  rad ioac t iv i ty  reached  a 
m a x i m u m  in b o t h  t issues b e t w e e n  2 and  4 hr  a f te r  
admin i s t r a t i on  and decl ined in a b iphas ic  way the rea f te r .  
Levels in p lasma were a p p r o x i m a t e l y  twice  those  in bra in  
af ter  1 hr  ref lec t ing  the  s lower d i s t r i bu t i on  process  by  this  
route  of  admin i s t r a t ion .  When  tissue equ i l ib r ium was 
reached  af te r  2 hr ,  the  levels in p la sma  and bra in  were the  
same and  c o n t i n u e d  to  be so over  the  nex t  22 h r  wi th in  the  
l imits  of e x p e r i m e n t a l  var ia t ion.  Ne i the r  acute  no r  subacu te  
t r e a t m e n t  wi th  PCP s ignif icant ly  a l te red  the  t ime  course of  
to ta l  r ad ioac t iv i ty  in plasma,  bu t  it appeared  to re ta rd  the  
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FIG. 5. Effects of acute and subacute treatment with PCP and 
subacute treatment with Ag-THC on the time course of total 
radioactivity in plasma and brain derived from 14C_Ag_THC. Bars 
correspond to time when behavioral and pharmacological tests were 

done. 

d i sappearance  of to t a l  r ad ioac t iv i ty  f rom bra in .  However ,  
the  magn i tudes  of  the  d i f ferences  were small  and  on ly  
marginal ly  s ignif icant  at  8 hou r s  (t  (8) = 2.2, p < 0.1).  

The  b o t t o m  panels  of Fig. 5 show tha t  the  to ta l  
rad ioac t iv i ty  f rom an acute  dose of ,4 C_a9_THC reached  
s ignif icant ly  h igher  levels in b o t h  p lasma and bra in  af ter  
subacu te  t r e a t m e n t  w i th  Ag-THC than  wi th  sesame oil. 
However ,  there  were no  di f ferences  in the  rates of  
d i sappearance  af ter  m a x i m u m  levels were reached.  PCP did 
not  change  the  t ime  course of  to t a l  rad ioac t iv i ty  in these  
,~ 9 -THC-pre t rea ted  animals.  

Effec ts  o f  zx 9 -THC on 3 H-PCP. M a x i m u m  levels of  t o t a l  
rad ioac t iv i ty  derived f rom the  IP admin i s t r a t i on  of  3 H-PCP 
were a t t a ined  wi th in  30 min  in b o t h  p lasma and bra in  (Fig. 
6). Disappearance  was rapid  ini t ial ly wi th  es t imated  half- 
lives of  1.9 and  2.4 hr,  in p lasma and brain,  respect ively.  
Thereaf te r ,  d i sappearance  p roceeded  m u c h  more  slowly 
wi th  half-lives es t imated  f rom only  the  last 2 po in t  of  60.8 
and 37.2 hr.  The  d i sappearance  of  to t a l  rad ioac t iv i ty  f rom 
bra in  was a b o u t  twice  as fast as f rom plasma dur ing  this  
second phase.  

Acu te  t r e a t m e n t  wi th  Ag-THC did no t  s ignif icant ly  
affect  the  d i sappearance  curves in plasma.  However ,  sub- 
acute  p r e t r e a t m e n t  wi th  zx 9-THC appeared  to p ro long  the  
init ial  d i sappearance  phase  in b o t h  p lasma and bra in  and  to 
accelerate  the  slow phase  in b ra in  ( t l / 2  = 19.1 hr),  There  
was a t e n d e n c y  for  the  init ial  d i sappearance  phase  also to 
be p ro longed  in b ra in  af ter  acute  t r e a t m e n t  wi th  ~9 .THC.  

Af ter  subacu te  t r e a t m e n t  wi th  PCP to ta l  rad ioac t iv i ty  
was slightly lower  in plasma and  higher  in bra in  af ter  30 
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min  than  in sesame oi l - t reated con t ro l s  ( lower  panels  of  Fig. 
6). The respect ive  p l a s m a : b r a i n  ra t ios  were 1.36 and  0.96 at 
this time. The ini t ial  d i sappearance  also was slightly 
p ro longed  in p lasma af ter  subacu te  p r e t r e a t m e n t  wi th  PCP, 
bu t  no t  in bra in  where  the  d i sappearance  appeared  to be 
more  rapid.  Acu te  a d m i n i s t r a t i o n  of ,59-THC also appeared  
to accelera te  the  d i sappearance  of  to ta l  rad ioac t iv i ty  f rom 
brain.  
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FIG. 6. Effects of acute and subacute treatment with /,9-THC and 
subacute treatment with PCP on the time course of total radio- 
activity in plasma and brain derived from 3H-PCP. Bars correspond 

to time when behavioral and pharmacological tests were done. 

DISCUSSION 

The results  of  E x p e r i m e n t  1 provide  an extens ive  
eva lua t ion  of  `59-THC and PCP alone and in c o m b i n a t i o n  as 
a f unc t i on  of  the  respect ive  doses of  each drug and a f te r  
subacu te  t r e a t m e n t  wi th  selected doses of  e i the r  or b o t h  
drugs on  a n u m b e r  of  behaviora l  and physiological  mea-  
sures. The resul ts  for  acu te  a d m i n i s t r a t i o n  of  A 9 -THC alone 
are in general  ag reemen t  wi th  o the r  s tudies  tha t  show tha t  
this drug impairs  p e r f o r m a n c e  [21,  24, 41,  44,  45,  75, 85},  
causes b radyca rd ia  in rats  [65]  as compared  wi th  tachy-  
cardia in h u m a n s  [ 2 4 , 4 3 ] ,  and is h y p o t h e r m i c  [6 ,25 ] .  
They also conf i rm the  d e v e l o p m e n t  of  to le rance  to `59-THC 
[1, 6, 20, 22, 62, 85] using an e x p e r i m e n t a l  design ta i lored 
to d e m o n s t r a t e  pharmaco log ica l  to le rance  tha t  was no t  
c o n f o u n d e d  wi th  behaviora l  to le rance  (c.f. [ 1 0 ] ) .  These  
results  also conf i rm previous  f indings [11 ,23]  of  acute  
PCP-induced s t imu la t i on  of  pho toce l l  act ivi ty  in rats. The  
s t imu la t ion  of  act ivi ty  caused by  PCP was of  an antaxic ,  
compuls ive  na ture  [ 1 1 ] ,  which  we conf i rmed  in Ex- 
pe r imen t  3 by direct  observa t ion .  This  ef fec t  is re lated to 
and may  accoun t  for  the  i m p a i r m e n t  of  CAR and ro t a rod  
pe r fo rmance  tha t  we observed af te r  a dose of  5 mg/kg  of  
PCP. The general  lack of  effect  of  low doses o f  PCP on 

hear t  rate and  body  t e m p e r a t u r e  is also in ag reement  wi th  
o thers  [11,  12, 23 ] .  These results  also show tha t  some of  
the  effects  of  PCP are increased af te r  repea ted  adminis-  
t r a t ion ;  a dose of  PCP (2.5 mg/kg)  t ha t  was ineffect ive  
when  given acute ly  caused s t imu la t ion  of  act ivi ty  and 
i m p a i r m e n t  of CAR and ro ta rod  pe r fo rmance  af te r  sub- 
acute t r e a t m e n t  equiva lent  to  an acute  dose of  5.0 mg/kg.  

The in t e rac t ions  be tween  A g-THC and PCP can be 
summar i zed  as an e n h a n c e m e n t  of  any  depressant  proper-  
ties of Ag-THC by PCP and  an tagon i sm of  any  s t imulan t  
p roper t i es  of PCP by 69 -THC. We have found  this result  to  
be charac ter i s t ic  of  the  in te rac t ions  be tween  A 9-THC and a 
n u m b e r  of  o t h e r  drugs, inc luding s t imulants ,  depressants ,  
ha l luc inogens ,  and t ranqui l izers  [ 7 2 , 7 3 ] .  However ,  the  
p r e d o m i n a n t  in te rac t ive  effect  depends  u p o n  the  respect ive  
doses of  the  two drugs, the  h i s to ry  of  p r e t r e a t m e n t  wi th  
e i ther  or b o t h  drugs, and  the  par t icu lar  measure  used. 

The  resul ts  of  the  second e x p e r i m e n t  were in general  
ag reemen t  wi th  the  resul ts  of  E x p e r i m e n t  1 in d e m o n -  
s t ra t ing t ha t  Ag-THC will i n t e r ac t  wi th  PCP to cause 
grea ter  i m p a i r m e n t  of  CAR pe r fo rmance  than  tha t  caused 
by e i the r  drug alone.  Moreover ,  the magn i tude  of the 
in te rac t ion  depended  upon  the  pha rmacok ine t i c s  of  the  
two drugs and  the  effect ive levels of  each drug at the  t ime 
of  testing. Thus,  PCP was ineffect ive  a lone when  adminis-  
tered 2 hr  before  tes t ing and  the i n t e r ac t i on  with Ag-THC 
was min ima l  when  A 9 -THC was given 2 hr  or 30 min before  
testing. Similarly,  since A9-THC is absorbed  slowly af ter  
oral admin i s t r a t ion ,  a grea ter  i m p a i r m e n t  of  CAR per- 
f o rmance  was seen when  this  drug was given 2 hr  before  the  
test  t han  when  it was given 30 min  before  the  test  and  the  
c o m b i n e d  effect  of b o t h  drugs was greates t  when  / ,9 -THC 
was given 2 hr  and PCP was given 30 min  before  the  test. 
This resul t  was pred ic ted  on  the  basis of  thc  expec ted  
p h a r m a c o k i n e t i c s  of the  two drugs by  these routes  of  
admin i s t r a t ion ,  unless the p h a r m a c o k i n e t i c s  were changed 
by  the  in te rac t ion .  It was no t  expec ted  tha t  the  in t e rac t ion  
would be as great as was observed when  b o t h  drugs were 
given 30 min before  the test. However ,  since 5 mg/kg  
A 9-THC was suff ic ient  to in te rac t  wi th  2.5 mg/kg  PCP to 
cause greater  i m p a i r m e n t  t han  e i the r  drug a lone in Ex- 
p e r i m e n t  1, the  resul t  seen in E x p e r i m e n t  2 wi th  10 mg/kg  
A9-THC given toge the r  wi th  2.5 mg/kg  PCP can be easily 
reconci led in t e rms  of effect ive levels at the  t ime of  testing. 
The plasma levels of  to ta l  rad ioac t iv i ty  derived f rom 10 
mg/kg  i ,C_A9_THC are a b o u t  the  same af ter  1 hr  as the 
levels derived f rom 5 mg/kg  ~ 4C-`59-THC af ter  2 hr  [ 7 3 ] .  

The results  of  E x p e r i m e n t  3 conf i rm those  of Ex- 
p e r i m e n t  1 and o thers  [111,  in f u r t he r  d e m o n s t r a t i n g  an 
increase in l o c o m o t o r  act ivi ty caused by  PCP tha t  was 
enhanced  by  subacu te  t r e a t m e n t .  They  ex tend  those results  
in showing  t ha t  this  effect  is charac ter ized  by  compuls ive ,  
a taxic  forward  m o v e m e n t  accompan ied  by  a r educ t ion  in 
g rooming  behav ior  wi th  no  change or an increase in rearing. 
The results  for  acute  admin i s t r a t i on  of `5"-THC also agree 
wi th  those  of  o thers  [25,  58, 64, 80] who  have s tudied  the  
effects  of  this  drug on open-field behavior ,  and  who  have 
repor ted  relat ively greater  suppressan t  effects  on  rearing 
and g rooming  than  on l ocomot ion .  The acute  c o m b i n a t i o n  
of `59-THC and PCP caused a lmos t  comple t e  suppress ion  of 
all behavior  in the  arena. Subacu te  p r e t r e a t m e n t  wi th  
`59-THC abol i shed  this  in terac t ive  effect  on l o c o m o t i o n ,  
but  no t  rearing and  grooming,  whereas  no  changes  were 
seen on any of  the  three  measures  af ter  subacu te  t r e a t m e n t  
wi th  PCP. 
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Others  have r epo r t ed  t h a t  A9 -THC inh ib i t s  de feca t ion  in 
rats  w i th  a high ini t ial  index  [25]  and  inh ib i t s  gastric 
mot i l i ty  [5, 6, 13] .  This  ef fec t  was no t  ref lec ted  in 
decreased de feca t ion  in the  arena  in this  e x p e r i m e n t ,  
pe rhaps  because  the  con t r o l  rates  were low. However ,  t he  
c o m b i n a t i o n  of  69_THC and PCP, wh ich  does n o t  inh ib i t  
gastric mo t i l i t y  a lone  [ 11] ,  s igni f icant ly  suppressed  de- 
fecat ion.  B o t h  drugs caused an increase in u r ina t ion ,  bu t  
there  was no  i n t e r a c t i o n  b e t w e e n  the two on this  measure .  
PCP has  b e e n  r e p o r t e d  to increase ur ine  o u t p u t  in h y d r a t e d  
rats [12]  and  cannab i s  has  been  r epo r t ed  to have a similar 
effect  in man  [4,71.  

The  lack of  any  s ignif icant  ef fec t  of  a dose of 5 mg/kg  
,a 9 -THC on ope ran t  r e spond ing  u n d e r  an FR-10  schedule  of 
r e i n f o r c e m e n t  in E x p e r i m e n t  4 agrees wi th  the  resul ts  of 
o thers  [29 ,32]  using similar  doses and schedules .  Moreover ,  
the r e d u c t i o n  in response  rates  caused b y  acute  adminis-  
t r a t i on  of  2.5 mg /kg  PCP is similar to  t h a t  caused by  2 
mg/kg  in rats  work ing  on  a VI-60 schedule  [ 6 7 ] .  The  
increased suppress ion  caused b y  the  acute  c o m b i n a t i o n  of  
Ag-THC, which  was ineffec t ive  alone,  and  PCP also 
conf i rms  this  i n t e r ac t i on  [ 6 7 ] .  

In view of our  earlier obse rva t ions  t ha t  PCP has 
cumula t ive  effects  in o t h e r  tes t  sys tems,  we were surpr ised 
to see, wha t  appeared  to be, to le rance  to  its effects  on  
response  suppress ion  u n d e r  the  FR-10  schedule .  We do no t  
th ink  tha t  the  resul ts  were fo r tu i tous ,  since the  e x p e r i m e n t  
was c o n d u c t e d  in two rep l ica t ions  and  the  a p p a r e n t  
to le rance  was seen in b o t h  repl ica t ions .  Moreover ,  the  
in t e rac t ion  b e t w e e n  Ag-THC and PCP was a t t e n u a t e d  
sl ightly af ter  subacu t e  t r e a t m e n t  wi th  PCP. We c a n n o t  of fer  
any e x p l a n a t i o n  for  these  d i spara te  ef fec ts  of  PCP in the  
various tes t  sys tems  we used at this  t ime.  Subacu t e  
t r e a t m e n t  wi th  Ag-THC also a t t e n u a t e d  the  in t e rac t ion  
be tween  a 9 - T H C  and PCP. This  resul t  is indicat ive  of  
to le rance  to Ag_THC even t h o u g h  the  acute  a d m i n i s t r a t i o n  
of th is  dose was be low the  effect ive  level on  this  test.  

The  p h a r m a c o k i n e t i c  e x p e r i m e n t s  were done  using 
14C-Ag-THC dissolved in sesame oil and  admin i s t e red  
in t ragast r ica l ly  to provide  data  t ha t  migh t  help expla in  the  
results  of  our  behav iora l  and pha rmaco log ica l  s tudies.  A 
direct  c o m p a r i s o n  of  our  da ta  w i th  o thers  general ly  is no t  
possible since mos t  inves t iga tors  have used o t h e r  vehicles 
and o the r  rou tes  of a d m i n i s t r a t i o n  for  s tudy ing  the  
me tabo l i c  fate of z~9-THC. One  s tudy  [ 6 0 ] ,  however ,  
c o m p a r e d  the  t ime course  and  d i s t r i bu t i on  of  to ta l  radio-  
act ivi ty  der ived f rom ' 4 C_~9_THC in var ious  vehicles and  
by all the  ma jo r  rou tes  of  a d m i n i s t r a t i o n  in mice.  The  curve 
for  to t a l  r ad ioac t iv i ty  derived f rom ' 4 C-a  9 -THC in corn  oil 
given oral ly was essent ia l ly  f lat  over a 16-hour  interval  in 
this  species. Our  resul ts  in the  rat ,  which  have been  
repl ica ted  m a n y  t imes  in our  l a b o r a t o r y  [ 7 3 ] ,  indica te  tha t  
to ta l  r ad ioac t iv i ty  reaches a peak in this  species in b o t h  
p lasma and bra in  b e t w e e n  2 and 4 hours  af ter  oral 
admin i s t r a t i on  in sesame oil and  declines slowly thereaf te r .  
This  t ime  of  peak  to ta l  rad ioac t iv i ty  co r re sponds  to the  
t ime  per iod  over which  the  drug is mos t  active pha rmaco -  
logically by  this  route .  These  resul ts  were ob t a ined  in 
animals  t ha t  had  c o n t i n u o u s  access to  food and  wate r  
t h r o u g h o u t  the  e x p e r i m e n t .  We have f o u n d  t ha t  fast ing 
results  in slower a b s o r p t i o n  and t ha t  peak levels of  
rad ioac t iv i ty  are n o t  reached  un t i l  8 hours  a f te r  adminis -  
t r a t i on  in such fasted an imals  [in p r e p a r a t i o n ] .  

Subacu te  t r e a t m e n t  wi th  Ag-THC caused the  levels of  

to ta l  rad ioac t iv i ty  derived f rom ~*c-Ag-THC to reach  
higher  levels in b o t h  p lasma and bra in  t h a n  subacu te  
t r e a t m e n t  wi th  sesame oil. This  effect  is also rel iable and  
has been  repea ted  m a n y  t imes  in our  l abo ra to ry  [ 7 3 ] .  
Others  [61]  did no t  f ind any d i f ferences  in the  t ime  course 
of to t a l  rad ioac t iv i ty  (or  the  rad ioac t iv i ty  in var ious organic  
ex t rac ts )  derived f rom 3 H_A9_THC in the  plasma or bra ins  
of  t o l e r an t  and n o n t o l e r a n t  p igeons  when  the  drug was 
admin i s te red  in t ramuscu la r ly .  The  d i f ference  in routes  of 
admin i s t r a t i on  may  provide  a clue as to the  m e c h a n i s m  
involved in our  results.  Since acute  admin i s t r a t i on  of  
A9-THC inh ib i t s  gastric mo t i l i t y  [5, 6, 13] and  there  is 
to le rance  to this  effect ,  and  since A9.THC is absorbed  more  
readily in fed t han  fas ted animals ,  it is possible  tha t  these  
p h e n o m e n a  in te rac t  to  al low more  rapid a b s o r p t i o n  f rom 
the gas t ro in tes t ina l  t rac t  in our  t o l e r an t  rats. A n o t h e r  
possibi l i ty  is tha t  since z~9-THC and its me tabo l i t e s  
accumula t e  wi th  repeated  a d m i n i s t r a t i o n  [48 ,61 ] ,  the  
increase we see in to ta l  rad ioac t iv i ty  may  be the  resul t  of  an 
isotope d i lu t ion  effect .  Thus,  as the  newly  in t roduced  
labeled mater ia l  is d i lu ted  wi th  the  accumula t ed  cold 
mater ia l ,  less of  the  label is lost by  e l imina t ion  and  an 
appa ren t  increase in Ag-THC and its me tabo l i t e s  is seen. 
Finally,  s torage sites in fat ,  for  example ,  may  b e c o m e  
sa tura ted  af ter  subacu te  t r e a t m e n t  wi th  the  result  t ha t  
there  is a shif t  in d i s t r i bu t ion  of the  newly - in t roduced  
14 C_z~9_THC. In any  event ,  whe the r  or no t  this  increase in 
to ta l  r ad ioac t iv i ty  is in any way related to the  to le rance  
tha t  develops  to ~ 9 - T H C  c a n n o t  be answered wi th  the  
available data.  

The effects  of  acute  and  subacu te  t r e a t m e n t  wi th  PCP 
on the  t ime  course of  to ta l  rad ioac t iv i ty  derived f rom 
,4 C.Ag.THC were negligible and could no t  be re la ted to 
the i r  c o m b i n e d  in terac t ive  func t iona l  effects.  A l though  
there  was some evidence t h a t  PCP re ta rded  the  dis- 
appearance  of  to ta l  r ad ioac t iv i ty  f rom bra in ,  the effect  was 
small and  on ly  marginal ly  s ignif icant  at 8 hr. Moreover ,  
even if reliable,  these  changes  occur red  at  a t ime m u c h  later  
t han  when  the i r  p r o n o u n c e d  behaviora l  in terac t ive  effects  
were seen. 

The rapid a b s o r p t i o n  of PCP af ter  IP admin i s t r a t i on  was 
ind ica ted  by the  fact  t h a t  peak levels were a l ready reached  
wi th in  30 rain. Tota l  rad ioac t iv i ty  derived f rom 3H-PCP 
disappeared rapid ly  at first and at a slow rate thereaf te r .  
These  results  agree wi th  those  of Ober  et  al. [ 6 9 ] ,  who  
r epo r t ed  t ha t  60% of  the  ' 4C f rom IV doses of a 4 C-PCP 
appeared  in the  ur ine  of  rhesus m o n k e y s  in 12 hours  and 
a b o u t  75% in 8 days. Disappearance  was more  rapid f rom 
bra in  t han  p lasma and  t r e a t m e n t  w i th  z~ 9-THC appeared  to 
accelerate  this  d isappearance .  However ,  the re  was no  sig- 
n i f ican t  re la t ionsh ip  b e t w e e n  the  levels of to ta l  radio- 
act ivi ty dur ing  the  t ime  of  behaviora l  tes t ing  t ha t  could 
a c c o u n t  for  the  func t iona l  i n t e r ac t i on  b e t w e e n  PCP and 
49 -THC. 

The  resul ts  of  these expe r imen t s ,  while p rovid ing  valuable  
i n f o r m a t i o n  a b o u t  the  t ime  courses  of to ta l  rad ioac t iv i ty  
derived f rom 1, c .Ag_THC and 3 H-PCP and  how they are 
a f fec ted  by each o ther ,  do no t  suggest any me tabo l i c  ex- 
p l ana t ion  for  the  behaviora l  and  pharmaco log ica l  in terac-  
t ions  we have seen be tween  these  two drugs. It is possible 
t ha t  such me tabo l i c  effects  would  be revealed by examin ing  
the  levels of  the  p a r e n t  c o m p o u n d s  and  me tabo l i t e s  in some 
detail .  However ,  o the r  exp lana t ions  in t e rms  of cent ra l  
m e c h a n i s m s  are jus t  as likely. 



134 P R Y O R ,  H U S A I N ,  L A R S E N ,  M C K E N Z I E ,  C A R R  A N D  B R A U D E  

REFERENCES 

1. Abel, E. L., D. E. McMillan and L. S. Harris. Ag-tetra- 
hydrocannabinol :  Effects  o f  route  of  administrat ion on onset  
and durat ion of  activity and tolerance development.  Psycho- 
pharmacologia 35 : 2 9 - 3 8 ,  1974. 

2. Agurell, S., I. M. Nilsson, A. Ohlsson and F. Sandberg. 
Elimination o f  tritium-labelled cannabinols in the rat with 
special reference to the development  of  tests for the identifi- 
cation o f  cannabis users. Bioehem. Pharmac. 1 8 : 1 1 9 5 - 1 2 0 1 ,  
1969. 

3. Agurell, S., I. M. Nilsson, A. Ohlsson and F. Sandberg. On 
the metabol ism of  tritium-labelled Al - te t rahydrocannabinol  
in the rabbit. Biochem. Pharmac. 19: 1 3 3 3 - 1 3 3 9 ,  1970. 

4. Ames,  F. A clinical and metabolic s tudy of  acute intoxication 
with cannabis sativa and its role in the model  psychosis. J. 
ment. Sci. 104: 9 7 2 - 9 9 9 ,  1958. 

5. Anderson,  P. F., D. M. Jackson and G. B. Chesher. Interact ion 
of  A9-te t rahydrocannabinol  and cannabidiol on intestinal 
motil i ty in mice. J. Pharm. Pharmac. 26: 1 3 6 - 1 3 7 ,  1974. 

6. Anderson,  P. F., D. M. Jackson,  G. B. Chesher and R. Malor. 
Tolerance to the effects of  Ag- te t rahydrocannabinol  in mice 
on intestinal moti l i ty,  temperature and locomotor  activity. 
Psychopharmacologia 43: 3 1 - 3 6 ,  1975. 

7. Beaconsfield, P., J. Ginsburg and R. Rainsburg. Marihuana 
smoking: Cardiovascular effects in man  and possible mech-  
anisms. N. Engl. J. Med. 287: 2 0 9 - 2 1 2 ,  1972. 

8. Braude, M. C. and S. Szara (Editors). Pharmacology of. 
Marihuana. New York: Raven Press, 1976. 

9. Brown, H. Possible anticholinesterase-like effects of  trans (-) 
d :  and -A9te t rahydrocannabinol  as observed in the general 
motor  activity of  mice. Psychopharmacologia 2 7 : 1 1 1 - 1 1 6 ,  
1972. 

10. Carder, B. and J. Olson. Learned behavioral tolerance to 
mar ihuana  in rats. Pharmac. Biochem. Behav. 1: 7 3 - 7 6 ,  1973. 

11. Chen, G., C. R. Ensor and B. Bohner. An investigation o f  the 
sympa thomimet ic  properties of  phencyclidine by comparison 
with cocaine and desoxyephedrine.  J. Pharmac. exp. Ther. 
149: 7 1 - 7 8 ,  1965. 

12. Chen, G., C. R. Ensor, D. Russell and B. Bohner. The 
pharmacology of  l-(1-phenylcyclohexyl) piperidine.Hcl. J. 
Pharmac. exp. Ther. 127: 241--250,  1959. 

13. Chesher,  G. B., C. J. Dahl, M. Everingham, D. M. Jackson,  H. 
Marchant-Williams and G. A. Starmer. The effect of  canna° 
binoids on intestinal moti l i ty  and their antinociciptive effect in 
mice. Br. ~ Pharmac. 49: 5 8 8 - 5 9 4 ,  1973. 

14. Chesher,  G. B. and D. M. Jackson. Ant iconvulsant  effects o f  
cannabinoids in mice: Drug interactions within cannabinoids  
and cannabinoid interactions with phenytoin .  Psycho- 
pharmacologia 37: 2 5 5 - 2 6 4 ,  1974. 

15. Christensen,  H. D., R. I. Freudenthal ,  J. T. Gidley, R. 
Rosenfeld,  G. Boegli, L. Testino,  D. R. Brine, C. G. Pitt  and M. 
E. Wall. Activity of  A s- and Ag-te t rahydrocannabinol  and 
related compounds  in the mouse.  Science 172: 1 6 5 - 1 6 7 ,  
1971. 

16. Colburn, R. W., L. K. Y. Ng., L. Lemberger and I. J. Kopin.  
Subcellular distr ibution of  A9-te t rahydrocannabinol  in rat 
brain. Biochem. Pharmac. 23: 8 7 3 - 8 7 7 ,  1974. 

17. Craigmill, A. L., D. M. Canafax and F. R. Curtis. The 
interaction of  : ,9_tetrahydrocannabinol  and d-amphetamine  in 
aggregated mice. Res. Communs Chem. pathol. Pharmac. 9: 
229 241, 1974. 

18. Dalton, W. S., R. Martz, L. Lemberger,  B. E. Rodda  and R. B. 
Forney.  Effects of  mari juana combined with secobarbital. Cliu. 
Pharmac. Ther. 18: 2 9 8 - 3 0 4 ,  1975. 

19. Davis, W. M. and L. A. Borgen. Effects o f  cannabidiol and 
Ag. te t rahydrocannabinol  on operant  behavior. Res. Communs 
chem. pathol. Pharmac. 9: 4 5 3 - 4 6 2 ,  1974. 

20. Davis, W. M. and L. A. Borgen. Tolerance development  to the 
effect of  Ag-te t rahydrocannabinol  on condit ioned behavior: 
Role of  t reatment  interval and influence of  microsomal  
metabol ism.  Archs int. Pharmacodyn. 2 1 3 : 9 7 - 1 1 2 ,  1975. 

21. Dewey, W. U,  L. S. Harris and J. S. Kennedy.  Some 
pharmacological and toxicological effects o f  l-trans-A ~- and 
1-trans-zx9-tetrahydrocannabinol in laboratory rodents.  Archs 
int. Pharmacodyn. 196: 1 3 3 - 1 4 5 ,  1972. 

22. Dewey, W. L., D. E. McMillan, L. S. Harris and R. F. Turk. 
Distribution of  radioactivity in brain of tolerant and non- 
tolerant pigeons treated with 3H-a9- te t rahydrocannabinol .  
Biochem. Pharmac. 22: 3 9 9 - 4 0 5 ,  1973. 

23. Domino,  E. F. Neurobiology of  phencyclidine (Sernyl), a drug 
with an unusual  spectrum of  pharmacological activity. Int. 
Rev. Neurobiol. 6: 3 0 3 - 3 4 7 ,  1964. 

24. Domino,  E. F. Neuropsychopharmacologic  studies of mari- 
juana:  Some synthetic and natural THC derivatives in animals 
and man. Ann. N.Y. Acad. Sci. 191: 1 6 6 - 1 9 1 ,  1971. 

25. Drew, W. G., L. L. Miller and A. Wikler. Effect of  A 9-THC on 
the open-field activity of  the rat. Psychopharrnacologia 23: 
2 8 9 - 2 9 9 ,  1972. 

26. Dykstra,  L. A., D. E. McMillan and L. S. Harris. Effects o f  
a9-THC and a water soluble ester of  A9-THC on sched- '  
ule-controlled behavior. Pharmac. Biochem. Behav. 3: 2 9 - 3 2 ,  
1975. 

27. Evans, M. A. and D. J. Brown. Effect of  A9-tetra - 
hydrocannabinol  on methamphetamine- induced  hyperactivity 
in mice. Fedn Proc. 34: 743, 1975. 

28. Fernandes,  M., A. Schabarek, H. Coper and R. Hill. Mod- 
ification o f  ag .THC.ac t ions  by cannabinol and cannabidiol in 
the rat. Psychopharrnacologia 38: 3 2 9 - 3 3 8 ,  1974. 

29. Ferraro, D. P. and J. P. Gluck. Effects of  oral A9-tetra - 
hydrocannabinol  on operant reinforcement  schedule per- 
formance in rats. Pharmacology 1 ! : 6 5 - 6 9 ,  1974. 

30. Ferraro, D. P., D. M. Grilly and W. C. Lynch.  Effects of  
mar ihuana  extract  on the operant behavior o f  chimpanzees.  
Psychopharmacologia 22: 3 3 3 - 3 5 1 ,  1971. 

31. Ferraro, D. P., W. C. Lynch and D. M. Grilly. Behavioral effects 
of  small oral doses of  marihuana extract in chimpanzees.  
Pharmacology 7: 2 7 3 - 2 8 2 ,  1972. 

32. Frankenheim,  J. M., D. E. McMillan and L. S. Harris. Effects of  
I-A 9- and l - A 9 -  trans-tetrahydrocannabinol and cannabinol on 
schedule-controlled behavior of  pigeons and rats. Z Pharmac. 
exp. Ther. 178: 241--252, 1971. 

33. Freudenthal ,  R. I., J. Martin and M. E. Wall. Distribution of  
A9-te t rahydrocannabinol  in the mouse.  Br..L Pharmac. 44: 
2 4 4 - 2 4 9 ,  1972. 

34. Garriott ,  J. C., L. J. King, R. B. Forney and F. W. Hughes. 
Effects of  some tetrahydrocannabinols  on hexobarbital  
sleeping time and amphetamine- induced hyperactivity in mice. 
Life Sci. 6 : 2 1 1 9 - 2 1 2 8 ,  1967. 

35. Gill, E. W. and G. Jones. Brain levels of  Al- te t ra  - 
hydrocannabinol  and its metaboli tes in mice-correlation with 
behavior, and the effects of  the metabolic inhibitors SKF 525A 
and piperonyl butoxide.  Biochem. Pharmac. 2 1 : 2 2 3 7  2238, 
1972. 

36. Gough, A. L. and J. E. Olley. Cannabis and amphetamine-  
induced s tereotypy in rats. J. Pharm. Pharmac. 2 7 : 6 2 - 6 3 ,  
1975. 

37. Grisham, M. G. and D. P. Ferraro. Biphasic effects of  
A9-tetrahydrocannabinol  on variable interval schedule per- 
formance in rats. Psychopharmacologia 2 7 : 1 6 3 -  169, 1972. 

38. Harris, R. T., W. Waters and D. McLendon. Behavioral effects 
in rhesus monkeys  of repeated intravenous doses o f  Ag-tetra - 
hydrocannabinol .  Psychopharmacologia 26: 2 9 7 - 3 0 6 ,  1972. 

39. Hart, J. B., J. G. McChesney, M. Brief and G. Schulz. 
Composi t ion of  illicit drugs and the use of  drug analysis in 
abuse abatement .  J. Psychedelic Drugs" 5 : 8 3  8 8 ,  1972. 

40. Ho, B. T., G. E. Fritchie, P. M. Kralik, L. F. Englert, W. M. 
McIsaac and J. Id~i~/npaan-Heikkil/i. Distribution of tritiated- 
1-,ag-tetrahydrocannabinol in rat tissues after inhalation. J. 
Pharm. Pharmac. 22: 5 3 8 - 5 3 9 ,  1970. 



A9-THC AND PCP INTERACTIONS 135 

41. Houser, V. P. The effects of Ag-tetrahydrocannabinol upon 
fear-motivated behavior in squirrel monkeys. Physiol. Psychol. 
3: 157-161, 1975. 

42. Howes, J. F. The effect of Ag-tetrahydrocannabinol on 
amphetamine induced lethality in aggregated mice. Res. 
Communs. chem. pathol. Pharmac. 6: 895-900, 1973. 

43. Johnson, S. and E. F. Domino. Some cardiovascular effects of 
marijuana smoking in normal volunteers. Clin. Pharmac. Ther. 
12: 762-879, 1971. 

44. Karniol, I. G. and E. A. Carlini. Pharmacological interaction 
between cannabidiol and Ag-tetrahydrocannabinol. Psycho- 
pharmacologia 33: 53-70,  1973. 

45. Karniol, I. G. and E. A. Carlini. Comparative studies in man 
and in laboratory animals on 2x s- and A 9-trans-tetra- 
hydrocannabinol. Pharmacology 9:115-126 ,  1973. 

46. Karniol, I. G., R. N. Takahashi and R. E. Musty. Effects of 
Ag-tetrahydrocannabinol and cannabinol on operation per- 
formance in rats. Archs int. Pharmacodyn. 212: 230-237, 
1974. 

47. Klausner, H. A. and J. V. Kingell. The metabolism and 
excretion of 2xg-tetrahydrocannabinol in the rat. Life Sci. 10: 
49-59,  1971. 

48. Kreuz, D. S. and J. Axelrod. Delta-9-tetrahydrocannabinol: 
Localization in body fat. Science 179: 391-393, 1973. 

49. Kubena, R. K. and H. Barry, III. Interactions of/,~ -tetrahydro- 
cannabinol with barbiturates and methamphetamine. Z 
Pharmac. exp. Ther. 173: 94-100, 1970. 

50. Laird, H. E., III, P. F. Consroe, B. C. Jones and A. L. Picchioni. 
Stimulant drug antagonism of EEG and behavioral effects of 
Ag_tetrahydrocannabinol. Fedn Proc. 34: 743, 1975. 

51. Lawrence, D. K. and R. G. Pertwee. Brain levels o f /~- te t ra -  
hydrocannabinol and its metabolites in mice tolerant to the 
hypothermic effect of 2x l-tetrahydrocannabinol. Br. J. 
Pharmac. 49: 373-375, 1973. 

52. Leighty, E. G. Metabolism and distribution of cannabinoids in 
rats after different methods of administration. Biochem. 
Pharmac. 22: 1613-1621, 1973. 

53. Lemberger, L., S. D. Silberstein, J. Axelrod and I. J. Kopin. 
Marijuana: Studies on the disposition and metabolism of 
d e l t a - 9 - t e t r a h y d r o c a n n a b i n o l  in man. Science 170: 
1320-1322, 1970. 

54. Lemberger, L., N. R. Tamarkin, J. Axelrod and I. J. Kopin. 
Delta-9-tetrahydrocannabinol: Metabolism and disposition in 
long-term marihuana smokers. Science 173:72-74,1971.  

55. Lindquist, E. F. Design and Analysis o f  Experiments in Psychol- 
ogy and Education. Boston: Houghton Mifflin Co., 1953. 

56. Malor, R., D. M. Jackson and G. B. Chesher. The effect of 
2x 9-tetrahydrocannabinol, cannabidiol and cannabinol on ether 
anaesthesia in mice. J. Pharm. Pharmae. 27: 610-612, 1975. 

57. Mannos, J. E., G. F. Kiplinger, N. E. Shultz and R. B. Forney. 
Influence of alcohol and marijuana on motor and mental 
performance of volunteer subjects. Clin. Pharmac. Ther. 12: 
202-211, 1970. 

58. Masur, J., R. M. W. M~/rtz and E. A. Carlini. Effects of acute 
and ch ron ic  administration of cannabis sativa and (-) 
Zxg-tetrahydrocannabinol on the behavior of rats in an 
open field arena. Psychopharmacologia 19: 388-397, 1971. 

59. Magour, S., H. Coper, C. F~ihndrich and R. Hill. Relationship 
between the subcellular distribution of delta-9-tetrahydro- 
cannabinol and its metabolites in rat brain and the duration of 
the effect on motor activity. Life Sci. 18: 575-584, 1976. 

60. Mantilla-Plata, B. and R. D. Harbison. Distribution studies of 
[~ 4 C]Delta-9-tetrahydrocannabinol in mice: Effect of vehicle, 
route of administration, and duration of treatment. Toxic. 
appl. Pharmac. 34: 292-300, 1975. 

61. McMillan, D. E., W. L. Dewey, R. F. Turk, L. S. Harris and J. 
H. McNeil, Jr. Blood level of 3 H.A9 tetrahydrocannabino I and 
its metabolites in tolerant and nontolerant pigeons. Biochem. 
Pharmac. 22: 383-397, 1973. 

62. McMillan, D. E., R. D. Ford, J. M. Frankenheim, R. A. Harris 
and L. S. Harris. Tolerance to active constituents of marijuana. 
Archs int. Pharmacodyn. 198:132-144, 1972. 

63. Mechou lam,  R. Marijuana Chemistry. Science 168: 
1159-1166, 1970. 

64. Miczek, K. A. Mouse-killing and motor activity: effects of 
chronic ~9-tetrahydrocannabinol and pilocarpine. Psycho- 
pharmacology 47: 59-64,  1976. 

65. Milzoff, J. R., R. B. Forney, C. J. Stone and D. O. Allen. The 
cardiovascular effects of Ag-THC in vagotomized rats. The 
Pharmacologist 13: 312, 1971. 

66. Munch, J. C. Phencyclidine: pharmacology and toxicology. 
Bull. Narcotics. XXVI: 9-17,  1974. 

67. Murray, T. F. and A. L. Craigmill. Interactions between 
Ag-tetrahydrocannabinol and phencyclidine in rats and mice. 
Proc. West. Pharmac. Soc. 19: 362-368, 1976. 

68. Nilsson, I. M., S. Agurell, J. L. G. Nilsson, A. Ohlsson, F. 
Sandberg and M. Wahlqvist. A ~ -tetrahydrocannabinol: Structure 
of a major metabolite. Science 168:1228-1229, 1970. 

69. Ober, R. E., G. W. Gwynn, T. Chang, D. A. McCarthy and A. J. 
Glazko.  Metabol i sm of  1-(1-phenylcyclohexl) piperdine 
(SernvlR).FednProc. 22: 539, 1963. 

70. Paton, W. D. M. and R. G. Pertwee. Effect of cannabis and 
certain of its constituents on pentobarbitone sleeping time and 
phenazone metabolism. Br. J. Pharmac. 44: 250-261, 1972. 

71. Polydrug Use: An Annotated Bibliography. National Institute 
on Drug Abuse. National Clearinghouse for Drug Abuse 
Information. Rockville, Maryland. 1975. 

72. Pryor, G. T. Acute and subacute interactions of 2x 9-THC with 
other drugs. In: Pharmacology o f  Marihuana, edited by M. C. 
Braude and S. Szara. New York: Raven Press, 1976. 

73. Pryor, G. T., S. Husain, C. Mitoma and M. C. Braude. Acute 
and subacute interactions between Ag-tetrahydrocannabinol 
and other drugs in the rat. Proc. N.Y. Acad. Sci., 281: 
171-189, 1976. 

74. Rainey, J. M. and M. K. Crowder. Letter: Prevalence of 
phencyclidine in street drug preparations. N. Engl. J. Med. 
290: 466-467, 1974. 

75. Robichaud, R. C., M. A. Hefner, J. E. Anderson and M. E. 
Goldberg. Effects of Ag-tetrahydrocannabinol (THC) on 
several rodent learning paradigms. Pharmacology 10: 1-11, 
1973. 

76. Siemens, A. J., L. C. De Nie, H. Kalant and J. M. Khanna. 
Effects of various psychoactive drugs on the metabolism of 
~-tetrahydrocannabinol by rats in vitro and in vivo Eur. J. 
Pharmac. 31: 136-147, 1975. 

77. Siemens, A. J. and H. Kalant. Metabolism of zX ~-tetrahydro- 
cannabinol by rats tolerant to cannabis. Can. J. Physiol. 
Pharmac. 52: 1154-1166, 1974. 

78. Siemens, A. J. and H. Kalant. Metabolism of ~x~-tetrahydro- 
cannabinol by the rat in vivo and in vitro. Biochem. Pharmac. 
24: 755-762, 1975. 

79. Siemens, A. J., H. Kalant, J. M. Khanna, J. Marshman and G. 
Ho. Effect of cannabis on pentobarbital-induced sleeping time 
and pentobarbital metabolism in the rat. Biochem. Pharmac. 
23: 477-488, 1974. 

80. Sj6d~n, P-O., T. U. C. J/irbe and B. G. Henriksson. Effects of 
long-term administration and withdrawal of tetrahydro- 
cannabinols (AS-THC and 2xg-THC) on open-field behavior in 
rats. Pharmac. Biochem. Behav. 1:243-249 1973. 

81. Sofia, R. D. and H. Barry, III. Interactions of chronic and 
acute 2x ~-tetrahydrocannabinol pretreatment with zoxa- 
zolamine and barbiturates. Res. Communs chem. pathol. 
Pharmac. 5: 91-98,  1973. 

82. Sofia, R. D. and L. C. Knoblock. The interaction of 2xg-tetra - 
hydrocannabinol pretreatment with various sedative-hypnotic 
drugs. Psychopharmacologia 30:185-194,  1973. 

83. Sofia, R. D. and L. C. Knoblock. The effect of 2x~-tetra - 
hydrocannabinol pretreatment on ketamine thiopental or 
CT-1341-induced loss of righting reflex in mice. Archs int. 
Pharmacodyn. 207: 270-281, 1974. 

84. Wahlqvist, M., I. M. Nilsson, F. Sandberg, S. Agurell and B. 
Granstrand. Binding of 2~-tetrahydrocannabinol to human 
plasma proteins. Biochem. Pharmac. 19: 2579-2584, 1970. 



136 P R Y O R ,  I-IUSAIN, L A R S E N ,  MCKENZ1E,  C A R R  A N D B R A U D E  

85. Webster, C. D., A. E. LeBlanc, J. A. Marshman and J. M. 
Beaton. Acquisition and loss of tolerance to l -A9- 
trans-tetrahydrocannabinol in rats on an avoidance schedule. 
Psychopharmacologia 3 0 : 2 1 7 - 2 2 6 ,  1973. 

86. Wenger, G. R. The effect of phencyclidine and ketamine on 
schedule-controlled behavior in the pigeon J. Pharmac. exp. 
Ther. 196: 172-179,  1976. 

87. Wenger, G. R. and P. B. Dews. The effects of phencyclidine, 
ketamine, d-amphetamine and pentobarbital on schedule. 
controlled behavior in the mouse. J. Pharmac. exp. Ther. 196: 
616-624,  1976. 


