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WALSH, J. M. AND LINDA S. BURCH. Reduction of  the behavioral effects o f  zX 9-tetrahydrocannabinol by hyperbaric 
pressure. PHARMAC. BIOCHEM. BEHAV. 7(2) 111 116, 1977. - Delta 9-tetrahydrocannabinol in doses of 0.5, 1.0, 2.0 
and 4.0 mg/kg was administered to rats under normal (1 ATA) and increased (3, 5 and 7 times normal) atmospheric 
pressure. Behavior was maintained by a food-reinforced differential-reinforcement-of-low-rate (DRL) schedule. Dose- 
dependent decrements in performance were observed at the 1 ATA conditions, in which response rates increased and the 
well-established temporal discrimination disintegrated. Under the elevated pressure conditions, however, a reversal of 
behavioral toxicity occurred during which performance improved as a function of pressure. The behavioral disruptions 
occurring at the 5- and 7-ATA pressures were minimal compared with those occurring at 1 ATA under equivalent doses of 
the drug. The present experiment has demonstrated that deltag-tetrahydrocannabinol produces significant behavioral 
changes at 1 ATA pressure, but when atmospheric pressure is increased the drug effects are reduced. 

Operant /x9 -Tetrahydrocannabinol DRL Hyperbaric Marijuana 

N U M E R O U S  repor t s  [1 ,14]  have deal t  w i th  the c o m b i n e d  
effects  of  pha rmaco log ica l  agents  and chemica l  c o m p o u n d s  
u n d e r  increased  b a r o m e t r i c  pressures,  bu t  few have focused 
on the  behaviora l  aspects  of  this  c o m b i n a t i o n .  The hyper -  
baric e n v i r o n m e n t  to  which  the  unde r sea  diver and 
tunne l  worke r  is exposed  - is k n o w n  to cause de t r imen t a l  
behaviora l  changes  by  itself. Thus,  the  increas ing a m o u n t  of  
mil i tary ,  indust r ia l ,  and spor t  diving creates  par t icu lar  
conce rn  a b o u t  the  behaviora l  tox ic i ty  of  drugs in the  
hype rba r i c  e n v i r o n m e n t .  

The resp i ra t ion  of  o rd ina ry  air u n d e r  increased pressure 
is k n o w n  to  resul t  in a pha rmaco log ica l  ef fec t  called 
n i t rogen  narcosis.  This ef fec t  is charac te r i zed  by  an  
euphor ic ,  i n tox i ca t ed  state,  wh ich  is o f t en  a c c o m p a n i e d  by  
lack of  j u d g m e n t  and  m o t o r  c o o r d i n a t i o n ,  and s o m e t i m e s  
by  amnesia .  The te rm n i t rogen  narcosis  was derived f rom 
the  t h e o r y  which  suggested tha t  the  p h e n o m e n o n  resul ted  
f rom the  increased par t ia l  pressures  of  n i t rogen .  New 
research [ 15] ,  however ,  has ind ica ted  t ha t  the  increased 
part ial  pressure  of  oxygen  plays a synergis t ic  role. 

Recen t ly  a series of  behav iora l  inves t iga t ions  c o n c e r n e d  

pr imar i ly  wi th  the  e n v i r o n m e n t a l  c o n d i t i o n s  e n c o u n t e r e d  
by the  o rd ina ry  scuba  diver (i.e., 2 - 1 0  ATA,  b rea th ing  
compressed  air)  were u n d e r t a k e n  to d e t e r m i n e  the  behav-  
ioral t ox i c i ty  of  pha rmaco log ica l  agents  in the  hype rba r i c  
e n v i r o n m e n t .  The  resul ts  of  these s tudies  have ind ica ted  
tha t  the  behaviora l  ef fects  of  drugs change  u n d e r  pressure 
and t ha t  these  changes  are no t  p red ic tab le  f rom the  
charac ter i s t ics  of  the  drug at sea level [ 17, 18, 19] .  

The presen t  s t udy  is par t  of  a c o n t i n u i n g  program to 
invest igate  the  po t en t i a l  p r o b l e m s  of  se l f -medica t ion  and  
abuse of  drugs by  the  diving popu la t i on .  The purpose  of  the  
p resen t  eva lua t ion  was to examine  the  behaviora l  effects  of  
za 9 - t e t r a h y d r o c a n n a b i n o l  (THC) u n d e r  increased pressures 
of  air. Del ta  9-THC is the  ma in  psychoac t ive  ingred ien t  in 
mar i juana ,  a c o m m o n l y  abused  drug, which  has been  
impl ica ted  in several scuba acc idents  [ 3 ] .  Because mari-  
j uana  is k n o w n  to p roduce  s ignif icant  changes  in sensa t ion  
and pe rcep t ion  u n d e r  n o r m a l  a t m o s p h e r i c  condi t ions ,  it 
was h y p o t h e s i z e d  tha t  THC would  be ex t r eme ly  toxic  to  
behav io r  u n d e r  increased pressures  of  air. 
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METHOD 

Anima l s  

F o u r  male  Sprague-Dawley rats  ( N m r i : 0 [ S D ]  CV s tock)  
m a i n t a i n e d  at 80% free-feeding weight  ( 2 5 0 - 3 0 0  g) were 
used. Animals  were housed  in indiv idual  cages wi th  con- 
t i nuous  access to  water.  Food  in t ake  was l imi ted  to 14 
g /day  to m a i n t a i n  weight ;  an imals  no t  receiving a full food 
a l l o t m e n t  dur ing  the  e x p e r i m e n t a l  session received the  
r e m a i n d e r  in the  h o m e  cage i m m e d i a t e l y  a f te r  the  session. 

Appara tus  

The e x p e r i m e n t a l  appa ra tu s  was a s t andard  ope ran t  
r o d e n t  cage (21 .6  × 24.1 × 20.3 cm)  con ta in ing  two 
B R S / L V E  r o d e n t  levers m o u n t e d  on e i t he r  side of  a food 
cup cen te red  on  the  f ron t  wall of  the  cage. In this  
expe r imen t ,  on ly  the  lef t  lever  was used. A m i n i m u m  force 
of  10 g on  the  lever was requi red  to make  an electr ical  
swi tch  closure,  wh ich  was recorded  as a response.  Food  
pel lets  (45 mg  Noyes)  were del ivered in to  the  food cup as 
r e i n f o r c e m e n t s  by  a pel le t  f eeder  m o u n t e d  beh ind  the  
inte l l igence panel .  A house l igh t  was m o u n t e d  near  the  
t o p - c e n t e r  of  the  in te l l igence panel  and a 12-VDC s t imulus  
l ight  was m o u n t e d  above each lever. Dur ing  mos t  baseline 
sessions the  en t i re  appa ra tus  was m o u n t e d  inside a sound-  
a t t e n u a t e d  housing.  P r og r am m i ng  and  record ing  were ac- 
compl i shed  by  a sys tem of  sol id-s ta te  logic modu le s  
( B R S / L V E ) .  

All o f  the  pressure  sessions and some basel ine sessions 
were made  wi th  the  appa ra tu s  m o u n t e d  in a dry  h y p e r b a r i c  
chamber .  The  c h a m b e r  is cy l indr ica l  wi th  a vo lume  o f  
a p p r o x i m a t e l y  170 l i ters and can w i th s t and  in te rna l  pres- 
sure of  30.3 ATA.  The  c h a m b e r  is p e n e t r a t e d  wi th  several 
t h r eaded  open ings  for  pressure- f i t ted  c o n n e c t o r s  to the gas 
supply  and  the  var ious  sol id-state  i n s t r u m e n t a t i o n  associat-  
ed wi th  the  rat  box .  Compressed  air (i.e., 78.1% N2, 20.9% 
0 2 ,  0.9% Ar, 0 .03% CO2, 0 .003% rare gases) was suppl ied 
to the  c h a m b e r  via a series of  p ressure- reduc ing  valves and 
regulators .  A sys tem of  hea t ing  and cool ing coils a r o u n d  the  
inside c h a m b e r  wall t he rmos t a t i ca l l y  m a i n t a i n e d  c h a m b e r  
t e m p e r a t u r e  at 25 + 2°C. 

Procedure  

Food- re in fo rced  lever pressing was es tab l i shed  by  suc- 
cessive a p p r o x i m a t i o n .  Eventua l ly ,  the  rats  were requi red  to 
space the i r  responses  on  a d i f fe ren t ia l  r e in fo rcemen t -o f -  
low-rate  schedule  (DRL) ,  which  was gradually l e n g t h e n e d  
and l imi ted  to the  t e rmina l  speci f ica t ion  of DRL 18 sec 
wi th  a 6-sec l imi ted  hold.  On this  schedule  a pellet  was 
p roduced  by a response  on the  lever t ha t  fo l lowed the  
preceding  response  by at least  18 sec, bu t  no t  more  t han  
24 sec. Responses  t ha t  fell ou ts ide  this  t ime w i n d o w  (i.e., 
< 18 sec, or > 24 sec) wen t  un re in fo rced  and served on ly  to 
reset  the  t iming  m e c h a n i s m .  

A series o f  12 event  coun te r s  were p r o g r a m m e d  to 
record  in t e r r e sponse  t imes  over  the  24-sec in terval  in bins 
of  2 sec each.  A 13th  c o u n t e r  r ecorded  each response  tha t  
fo l lowed the  response  p reced ing  it by more  t han  24 sec. 
Responses  in each bin were accum ul a t ed  over  any one 
session, wh ich  prov ided  a t e m p o r a l  d i s t r ibu t ion  of  the  
an imal s '  responses  wi th in  the  interval .  

Drug and  Pressure Sessions 

All of  the  pressure exposures  in this  e x p e r i m e n t  were 
mul t i -s taged,  where  the an imal  was placed in the c h a m b e r  
for a 20-min basel ine per iod,  t h e n  compressed  at a rate of  
a p p r o x i m a t e l y  1 a t m / m i n  (14 .7  ps i / ra in)  wi th  20-min 
tes t ing  s tops  at 3, t hen  5, t hen  ? ATA. Decompress ion  
fol lowed 7-ATA schedules ,  wh ich  are detai led elsewhere 
[ 1 6 ] .  

Del tag-THC, which  had been dissolved in d e h y d r a t e d  
a lcohol  to  the  appropr i a t e  c o n c e n t r a t i o n s ,  was ob ta ined  
f rom the  Nat iona l  Ins t i tu te  of  Mental  Heal th  (Ba tch  Nos. 
SSC-69056,  SSC-79803) ;  it was admin i s t e red  in doses of 
0.5, 1.0, 2.0 and 4 .0  mg/kg.  These prepared  so lu t ions  
al lowed the  vo lume of  each admin i s t r a t i on  to be kept  
relat ively c o n s t a n t  at 0.1 ~ 0.05 m l / 1 0 0 g m s  of  body  
weight.  The drug so lu t ion  was admin i s t e r ed  orally 60 rain 
pr ior  to a dive and 80 min pr ior  to a drug con t ro l  session. 
Occasional ly  equ iva len t  vo lumes  of  d e h y d r a t e d  alcohol  
were given as p lacebo  cont ro ls .  

The four  doses of  the  drug were each evaluated  wi th in  a 
4-week block.  The b locks  consis ted of one expe r imen t a l  
m a n i p u l a t i o n  per  week as shown below. 

Week Expe r imen ta l  Cond i t i on  
1 pressure (p lacebo)  
2 drug unde r  pressure 
3 drug con t ro l  
4 drug unde r  pressure 

Pe r fo rmance  u n d e r  pressure was evaluated  dur ing  the  first 
week in each block.  In the  second and f o u r t h  weeks a single 
dose of  THC was evaluated  unde r  increased pressures  of  air. 
In the  th i rd  week the  same dose was evaluated at 1 ATA. 
Daily basel ine sessions were c o n d u c t e d  be tween  each 
e x p e r i m e n t a l  man ipu la t ion .  The b lock  (dose)  order  was 
s e m i r a n d o m ,  where in  all an imals  received the drug by block 
in the  fo l lowing order :  1.0, 2.0, 0.5, 4.0 mg/kg.  
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RESULTS 

For  all animals ,  doses in excess of  0.5 mg/kg  resul ted  in 
d i s rup t ion  of  p e r f o r m a n c e  at 1 ATA.  Rate  of  r e spond ing  in 
all cases increased  and accuracy  of  the  t iming  response  was 
reduced.  U n d e r  increased pressures of  air, however ,  these  
changes  were a t t e n u a t e d  such  t ha t  p e r f o r m a n c e  was gener- 
ally b e t t e r  for  all doses at 5 and 7 ATA. 

Figure 1 shows changes  in behav io r  as a f u n c t i o n  of  the  
four  pressure levels across the  dose range. Unde r  the  
p lacebo  c o n d i t i o n  p e r f o r m a n c e  r ema ined  relat ively con-  
s tan t  across all pressure levels. Derived dose-response  curves 
ind ica ted  t ha t  at 1 ATA response  rates increased as a 
f unc t i on  of  dose. At 3, 5 and  7 ATA rates decreased at the  
lower  doses, bu t  r ema ined  wi th in  con t ro l  range at h igh-dose 
values. There  was a t rend  toward  increas ing response  rates  
wi th  h igher  doses, bu t  rates  were n o w h e r e  near  the  
magn i tude  of  change  observed at a 1-ATA level• An analysis  
of  var iance ind ica ted  a s ignif icant  e f fec t  for  pressure  
F (3 ,24)  = 3.9, p < 0 . 0 2 .  

Figure 2 i l lus t ra tes  the  changes  in the  accuracy  of  
pe r fo rmance  for  the  four  e x p e r i m e n t a l  pressures  at each 
dose level. When animals  were admin i s t e r ed  the  placebo,  
accuracy  (pe rcen t  of  cor rec t  responses)  was essent ial ly  
equ iva len t  across the  four  pressure levels. At  the  0.5 mg/kg  

4.0mg 

• 

/ I.Omg 

0.5mg 

• BASELINE 

HG. 3. Cumulative response records of one subject for baseline and lbur doses of A 9-THC under normal atmospheric conditions. Deflections 
of the response pen indicate food reinforcements. 
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I ATA 3 ATA 5 ATA 7 ATA 

PLACEBO 

• 
FIG. 4. Cumulative response records of one subject for placebo and four doses of Ag-THC at each of the four pressures investigated. Food 

reinforcements are indicated by deflections of the response pen. 

dose, accuracy  d r o p p e d  sharply  at  the  l-  and 3-ATA levels 
and  c o n t i n u e d  to  decrease as a f unc t i on  of  dose. At  5 and 
7 ATA,  accuracy  was s ignif icant ly  grea ter  t h a n  at 1 or 
3 ATA across the  en t i re  dose range. At these  pressures  (5 
and 7 ATA)  accuracy  r ema ined  essent ial ly  u n c h a n g e d  at the  
two lower  dose values and d e c r e m e n t s  in accuracy  were 
observed on ly  at the  2.0 and 4.0 mg/kg  doses. A signif icant  
pressure e f fec t  was n o t e d  in the analysis  of p e r f o r m a n c e  
accuracy  F ( 3 , 2 4 ) = 3 . 4 2 ,  p < 0 . 0 3 ,  as well as for  drug 
F (3 ,24 )  = 10.4, p < 0 . 0 1 .  

Figure 3 i l lus t ra tes  the  cumula t ive  records  for a single 
an imal  u n d e r  the  five dose c o n d i t i o n s  at 1 ATA. These  
records  show drug- induced  changes  in behav io r  in the  t ime 
f rame roughly  equ iva len t  to  the  3-, 5- and 7-ATA po r t i on  
of  a pressure  exposure .  The  slope of the  0.5 mg /kg  record  
does n o t  differ  f rom the  basel ine record,  bu t  increases in 
response  ra te  are ev idenced  by  changes  in slope at the  1.0 
mg /kg  dose level, and at 2.0 and 4 .0  mg/kg  rates  are 
ex t r eme ly  h igh  ( two  or th ree  t imes  t ha t  of  basel ine)  wi th  
no  evidence  o f  response  cessat ion.  

Figure 4 presen ts  cumula t ive  records  i l lus t ra t ing  perfor-  
m a n c e  across the  four  pressure  levels wi th in  a single session 
for p lacebo  and  each  of  the four  dose levels. Reading  down  
the  char t ,  it is clear t ha t  p e r f o r m a n c e  in the  first sequence  

(1 ATA)  again shows progressively increas ing response  rates 
as a f unc t i on  of  dose. At  3 ATA pe r fo rmance  remains  
u n c h a n g e d  for  the  p lacebo  and 0.5-mg doses, bu t  at the 1.0, 
2.0, and 4 .0  mg/kg  dose levels severe d i s rup t ions  are evident .  
At  5 and 7 ATA behav io r  is m u c h  improved  over 1- and 
3-ATA pe r fo rmance .  In fact ,  p e r f o r m a n c e  at 5 and 7 ATA 
closely resembles  basel ine  behav io r  excep t  at the 4.0 mg/kg  
level, where  e levated response  rates persist.  

The  t e m p o r a l  d i sc r imina t ion  tha t  develops  u n d e r  the  
con t ingenc ies  of  the  DRL schedule  ( the  re inforced  inter-  
response  t imes  were those  wi th  the  h ighes t  relat ive f requen-  
cies) was ev ident  in all of  the an imal  basel ine  records.  The 
t e m p o r a l  d i sc r imina t ion  was m a i n t a i n e d  across the dose- 
response  curve at the  greater  pressures (5 and 7 ATA)  wi th  
only  m i n o r  shifts  to the sho r t e r  intervals  (see Fig. 5). At  1- 
and 3-ATA pressure levels, however ,  the  t empora l  discrimi- 
na t ion  was d i s to r t ed  in the presence  of  1.0, 2.0 or 4.0 mg 
of  the  drug. Some d i sc r imina t ion  remained  in tac t ,  but  large 
shifts  toward  the  sho r t e r  intervals,  wi th  e n o r m o u s  increases 
in burs ts  of  responses,  were observed.  

D I S C U S S I O N  

The p resen t  e x p e r i m e n t  has  d e m o n s t r a t e d  tha t  THC 
produces  s ignif icant  behaviora l  changes  at 1-ATA pressure,  
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but that when atmospheric pressure is increased the drug 
effects are reduced. Specifically, the increased response 
rates and decrements in accuracy of the timing response 
induced by the drug were reversed by the increased 
pressures of air. 

Performance remained relatively constant across all 
pressures under the placebo condition in our study, yet 
previously reported findings [20] have shown these pres- 
sures to produce significant behavioral changes. The present 
experiment differed from the others because the greater 
pressures were successively approximated and the ultimate 
pressure change of 7 ATA was reached slowly, in 2-ATA 
increments. Apparently the 20-min stops at intermediate 
pressures (3 and 5 ATA) allow a gradual adaptation to 
occur so that the behavioral effects of N 2 are not evident. 

The rationale for the reversal of THC effects is not 
completely clear. Cannabis compounds have been thought 
to have both excitant and depressant actions [6, 7, 12]. 
The increase in response rates and decrease in accuracy of 
responding on the DRL schedule observed here at 1 ATA 
supports previously reported findings under normal atmo- 
spheric conditions [13]. The implication is that THC 
distorts time perception, producing an overestimation of 
the passage of time and therefore premature responding, 
which is a phenomenon that has also been reported for 
human subjects [4]. 

In a series of studies evaluating the interaction of THC 
with stimulant and depressant classes of drugs [7],  the 
investigators concluded that THC had sedative or tranquiliz- 
ing actions. This conclusion was based on their findings that 
THC enhanced the CNS-depressant effects of pentobarbital 
and barbital and antagonized the toxic effects of meth- 
amphetamine stimulation. Earlier work at this laboratory 
[18] reported that stimulants (e.g., MAO-inhibitors, am- 
phetamines) interact synergistically with high partial pres- 
sures of nitrogen when air is breathed at increased pressure 
and that depressants (e.g., alcohol and barbiturates) are 
antagonized by the same conditions. If we assume that THC 
is principally a depressant [7] and that hyperbaric air 
produces a stimulating effect [18], as has been suggested, 
then the reversal of the behavioral effects of the THC under 
hyperbaric conditions would be predictable. 

The development of tolerance to the effects of mari- 
juana on learned behavior maintained by food-reinforced 
schedules has been established [5,9]. Tolerance is usually 
developed by daily dosing. It has been reported [10] that 
daily doses can be gradually increased to levels that are 
lethal to naive animals but not disruptive to the behavior of 
tolerant animals. It is generally assumed that some residual 
concentration of the drug within an organism is necessary 
to maintain physiological tolerance; this is presumably the 
case in studies where daily doses are given. There have also 
been some reports of tolerance developing with weekly 
administrations in the pigeon [2] and the dog [ l l ] . I n t h e  
present study, however, the minimum interval between 
drug administrations was 7 days, and, since the drug effects 
were always evident at the 1-ATA conditions, physiological 
tolerance could not account for the observed effects. It is 
common in behavioral pharmacology, however, for the 
effects of a drug to vary from one determination to the 
next, even with lengthy intervals between administrations. 
Behavioral tolerance to the novelty of a drug may occur 
where behavior will tend to change to compensate for the 
effects of the drug. It is unlikely, however, that the 
observed antagonism of THC at increased pressure could be 



116 WALSH AND BURCH 

a t t r ibu ted  to behavioral  to lerance since the t ime frame of  
the con t ro l  (1 ATA) evaluation closely paralleled that  of  
the pressure exposure  and no  i m p r o v e m e n t s  toward  the end 
of the sessions were observed.  Addi t ional  data indicate  that  
baseline behavior  does  no t  begin to emerge until  af ter  a 4- 
to 5-hr per iod pos t t r e a tmen t .  

Probably  the best  exp lana t ion  of  these results is that  the 
drug effects  were reversed by pressure.  Whether  the  
impor t an t  variable is pressure i tself  or high partial  pressures 
of  ni t rogen or oxygen  is no t  ye t  clear. Present ly ,  we are 
subs t i tu t ing  hel ium for n i t rogen and manipula t ing  oxygen 
levels (which may change rate of  THC metabo l i sm)  to gain 

insight in to  this p h e n o m e n o n .  
The results here may be similar to the repor ts  of  pressure 

reversal o f  anesthesia and analgesics at much  greater 
pressures [8] .  Perhaps the more  sensitive behavioral base- 
line used here is capable of  de tec t ing  such subtle changes at 
lower levels of  pressure.  

The diversity in the ef fec ts  of  THC make it a unique 
pharmacological  c o m p o u n d  to s tudy in the hyperbar ic  
env i ronment .  The de te rmina t ion  of  its in te rac t ions  with 
increased pressure and partial pressure of  gases may prove 
useful in the clarif ication of  some hyperbar ic  phenomena .  
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