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Daily treatment of rats with phenobarbital, 75 nlg/kg, for 5 days resulted in an induc- 
tion of the nletabolism of '4C-A'-trunstetrahydrocai~nabinol (THC) in vitro and in vivo.  
Although the K,,, and TI',,,, for THC metabolism by liver preparations in t-itro were not 
altered, the rate of forination of highly polar THC metabolites was significantly in- 
creased and the final concentration of 7-hydroxy-A'-THC was decreased. Phenobarbital 
also significantly increased the rate of biliary excretion of THC and its metabolites and 
their disappearance from the blood and tissues. 

In one experiment, rats receiving a marihuana extract daily (providing THC, 5-10 
mg/kg) failed to gain body weight during the first week of treatment, but then became 
tolerant to this effect. But neither the rate of THC metabolism in vitro nor the pattern 
of inetabolites formed was influenced in the tolerant animals compared to controls. In 
another experiment, rats were shown to become tolerant on chronic treatment with 
marihuana extract, as indicated by a reduction in marihuana-induced enhancement of 
ethanol sleeping time. The biliary excretion, disappearance from the blood. and residual 
tissue Ievels of THC and its metabolites were not altered in the tolerant animals com- 
pared to pair-fed and ad libitum-fed controls. Therefore the mechanism of tolerance 
development to cannabis in the rat is more likely of CNS than of metabolic origin. 

SIEMENS, A. J .  et KALAN-I-, H. 1974. Metabolism of ilk-tetrahydrocannabinol by rats 
tolerant to cannabis. Can. I .  Physiol. Pharmacol. 52, 1154-1166. 

L'administration de phkllobarbital (75 mg/kg par jour durant 5 jours) produit chez 
le rat une accClCration in 13ivo et in vitro du mitabolisme hCpatique du "C-1'-tttrahydro- 
cannabinol (THC). Bien que le K,,, et la V,,, du mktabolisme du THC par des prkpara- 
tions microsomales de foie ne soient pas modifiks, nous observons une augmentation de 
la vitesse de formation de mktabolites hautement polaires du THC et une diminution de 
la concentration finale du 7-hydroxy-1'-THC. Le phtnobarbital produit kgalement une 
accC1Qation de I'excrCtion biliaire des mktabolites du THC et de sa disparition du sang 
et des tissus. Des rats ayant requ quotidiennement un extrait de marihuana (correspon- 
dant B 5-10 mg/kg) n'ont pas prisente d'augmentation de poids corporel aprks 1 
semaine mais ont prCsent6 par la suite une tolCrance aux effets du THC. Comparative- 
ment aux animaux timoins, les rats tolirants ne dCmontrent aucune modification de la 
vitesse du mbtabolisme in vitro du THC ni du type de mktabolites formks. Dans une 
autre skrie d'exphiences, la tolkrance aux effets de la rnarihuana a CtC dCmontr@e par 
la rkduction du prolongement induit par la marihuana du sommeil B l'kthanol. L'excrC- 
tion biliaire, la disparition du sang et la teneur rksiduelle des tissus en THC et mCtabo- 
Iites ne soilt pas modifibes chez l'animal tolerant, comparativement B l'animal tCmoin 
soumis i un m2me rCgime alimentaire ou B des animaux tkmoins nourris ad libitum. 
Nous concluons que la tolkrance au THC resulte de l'adaptation du systkme nerveux 
central plut6t que d'une adaptation mttabolique. [Traduit par le journal] 

Introduction drocannabinol (THC),  develops in animals 
Tolerance to the effects of cannabis and its and man (McMillan et al. 1971 ; C.I.N.M.U.D. 

primary psychoactive constituent, AI-tetrahy- 972; Paton and Pertwee 973 ) 
chronic administration of cannabis prepara- 

'Supported in part by grant NHG-606-25-2, Na- tions. However, the mechanisms of this toler- 
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this work was presented at the American Society for lished. Lemberger et al. ( 1971 ) have suggested 
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Meeting, Montreal, August 1974. that chronic marihuana smoking by humans 
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1021 Main Street, BuBalo, N.Y. 14203. metabolism. However, their findings are slot 
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necessarily coaclusive, since all five chronic 
smokers in the study were males and three of 
the four non-users were female (Lemberger 
et al. 1970, 1971) (Lemberger, L.: personal 
communication). Sex differences in cannab- 
inoid metabolism have not been ruled out. 
Furthermore, although the subjects did not use 
"other drugs or medications," their use of 
alcohol and tobacco is not discussed. Ethanol 
(Kater et al. 1969; Rubin and Lieber 1948), 
as well as cyclic hydrocarbons in tobacco 
smoke (Conney 1967), have been reported to 
act as inducers of microsomal drug metabolism. 

The present studies were carried out to de- 
termine to what extent, if any, induction of 
THC metabolism might contribute to cannabis 
tolerance in the rat. For this purpose, tolerance 
to cannabis was assessed by the reduction of 
its enhancement of the depressant action of 
ethanol (Kalant and LeBlanc 1974). 

Materials and Methods 
Materials 

14C- (-) -3 ,4-trans-A'-tetrahydrocannabinol (THC) 
and non-labelled THC were synthesized as described 
by Willinsky et al. (1974). The monoterpenoid 
nomenclature is employed in this paper; in the 
dibenzopyran nomenclature this compound is desig- 
nated 1"-THC. The chemical purity of both com- 
pounds following preparative thin-layer chromatog- 
raphy (TLC) was >98% as determined by gas-liquid 
chromatography (GLC). Pure 7-hydroxy-do-tetra- 
hydrocannabinol was provided by Health and Welfare 
Canada (HWC), Ottawa, through the courtesy of 
Mr. R. A. Graham. Nicotinamide, NADP, glucose 
6-phosphate disodium salt, and glucose 6-phosphate 
dehydrogenase were purchased from Sigma Chemicals. 
TLC was carried out with 0.25-mm silica gel G on 
20 X 5 crn plastic sheets (Polygram Sil G, Brink- 
mann Instruments). 

Trrcctmctz t o f  Rats with Pl~ertobarbital 
Male Wistar rats, 260-270 g, were treated for 5 

days with one daily intraperitoneal (i.p.) injection of 
either 0.996 NaCl, 5 tnl/kg, or phenobarbital sodium, 
75 mg/kg, dissolved in the same volume of 0.9% 
NaC1. Purina chow and water were available arl 
1ihitztn.1. THC metabolism it2 vitro or in vivo was 
measured 24 h after the last dose. 

Marilzrtancr Extrczcts arld Arzirnczl Treatment 
Two lots of marihuana. which differed in their 

cannabinoid content. were obtained from HWC. Alco- 
holic extracts were prepared as described previously 
(Siemens ct r r l .  1974). For in vitro metabolism 
studies, male Wistar rats (250 g) were treated by 
gavage with a marihuana extract (M.E.-I) dissolved 
in olive oil at a dose that provided 5 mg THC per 
kilogram for 10 days, followed by 7.5 mg/kg for the 
next 10 days. and then 10 mg/kg for 8 days. The 

cannabinoid composition of the olive-oil solution as 
determined by GLC was: THC, 2.5 mg/ml; can- 
nabidiol (CBD), 5.85 mg/ml; cannabinol (CBN), 
1.49 rng/ml. Controls received equal volumes of 
olive oil by gavage. Food and water were available 
ad libitum during the first 15 days of treatment, but 
thereafter food intake of the controls was restricted 
to the amount voluntarily consumed by the cannabis 
group (15-18 g per day) to eliminate the possibility 
that different amounts of diet would interfere with 
a drug effect. The rats were killed at 21.5, 40, 63, or 
84 h after the last dose of M.E.-1 or olive oil. 

For biliary excretion studies, rats were intubated 
daily for 13-14 days with another marihuana extract 
(ME-IT)  dissolved in olive oil at a dose that also 
provided THC, 10 mg/kg. The cannabiiloid composi- 
tion of this olive-oil solution was: THC, 2.5 mg/ml; 
CBD, 0.22 mg/ml; CBN, 0.46 mg/ml. In all experi- 
ments, control animals received olive oil. The biliary 
excretion of "C-THC and its metabolites was studied 
24-26 h following the last dose of the chronic treat- 
ment. In another set of experiments, the biliary 
excretion of "C-THC was examined 48 and 72 h 
following the end of a 15-day treatment with 
M.E.-I1 or olive oil. 

Mcasr~rrrnent of Tolcruncv to  Marihuanu 
The rats to be used later in biliary excretion studies 

of "C-THC were divided into three primary groups of 
16 each. Each group was divided into four equal 
subgroups, each subgroup being scheduled to receive 
one of four different test doses of ethanol (2.4, 2.7, 
3.0, or 3.3 mg/kg i.p. in a 25% (v/v) saline solu- 
tion). On day 1, two rats of each subgroup received 
olive oil followed 1.5 h later by ethanol, and the 
other two rats received a dose of M.E.-I1 providing 
THC, 10 mg/kg, followed by ethanol. The duration 
of ethanol-induced loss of righting reflex was deter- 
mined (Khanna and Kalant 1970). On day 2, the 
rats were retested; those that had previously received 
olive oil were now given M.E.-11, and vice vrrsu. In 
this way the effect of M.E.-I1 on the dose-response 
curve for ethanol sleeping time, with each animal as 
its own control, was determined before the start of 
chronic treatment with cannabis extract. 

During the following 10 days, group I received 
M.E.-I1 daily and groups I1 and 111 received equiva- 
lent volumes of olive oil. Groups I and 11 were pair- 
fed, group I1 rats receiving the amount of Purina 
chow eaten the day before by the group-I member of 
each pair. Group 111 had chow available ad Iihirr~m. 
All groups had tap water available ad lihiturn 
throughout the experimental period. 

On days 13 and 14, ethanol sleeping time was 
again determined in all three groups with the same 
doses of alcohol and of h4.E.-I1 or olive oil as before. 
The order of testing with the various combinations 
was the reverse of that used on days 1 and 2. Upon 
awakening. rats of group I that had received olive 
oil as a test dose received the usual dose of 1LI.E.-11 
to maintain the chronic treatment. Rats in groups I1 
and I11 that had received olive oil as test dose, as 
well as those of all three groups that had received 
ME.-IT, as test dose, received olive oil upon awaken- 
ing. 
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Animals that were to be used for the determination 
of biliary excretion of '*C-THC were appropriately 
treated with olive oil or ME.-I for one additional 
day after the final determination of ethanol sleeping 
time. 

Metabolism of THC in vitro 
THC complexed with rat serum was incubated with 

the 10 000 X g supernatant ( 10 KS) of rat-liver 
homogenates under previously determined optimal 
conditions (Siemens and Kalant 1974). Initial con- 
centrations of THC ranged from 25 to 143 ,XLW in 
different experiments. Following incubation for 5, 10, 
15, or 30 min, the samples were extracted with 
methanol and assayed for unchanged THC and its 
n~etabolites by TLC and radiochromatographic scan- 
ning (Nuclear-Chicago, Actigraph 111, radiochromato- 
graph scanner), as described previously (Siemens and 
Kalant 1974). 

Metabolism of THC in vivo 
The biliary excretion of 14C-THC and its metab- 

olites was studied in rats treated chronically with 
phenobarbital and in their controls, as well as in 
the M.E.-I1 tolerant animals and their non-tolerant 
controls. Two or three animals from each alcohol- 
dose subgroup of each major-treatment group were 
used in the latter study. The disappearance of THC 
from the blood during the period of bile collection, 
as well as the tissue distribution of THC and its 
metabolites at the end of the experiment, were 
determined in the same animals. All the technicgues 
have been described in detail elsewhere (Siemens 
and Kalant 8974). 

bnduction of THC Metabolism by 
Phenobarbital 

In vifro Studies 
lveither the apparent BY,,  nor the V,,,, (Line- 

weaver and Burk 1934) nor specific activity 
of THC metabolism were changed significantly 
by phenobarbital treatment (Fig. 1 ), as deter- 
mined by incubating increasing ainounts of 
THC with 10 MS liver preparations for l0 min. 
The apparent K,,, values were 429 -t 135 p44 
and 466 1 16 ,R.U for contrcjl and phenobarbi- 
tal-treated animals, respectively, and the css- 
responding apparent T/II,:LX values were 0.49 -1- 

0. I 2 and 0.54 -t- 0 .  43 pg THC metabolized per 
milligram protein pcr rninutc. 

Hn keeping with many previoaas observations 
in the iiterature, however, the ~ V C F  weight rela- 
tive to the body weight was 42% greater 
(P < 0.001) for phenobarbital-treated rats 
than for control animals. In addition, the 40 
KS protein content (milligrams per gram of 
liver) was increased by 14% ( P  < 0.801) in 
phenobarbital-treated animals. Therefore the 

A CONTROL (59 
m PHENOBARBITAL TREATED ( 5 )  

FIG. 1. Effect of chronic phenobarbital treatment 
of rats on THC metabolism by liver preparations 
it1 vitro. Points represent mean values of two to four 
duplicate samples. V, yg THC metabolized per milli- 
gram of 10 KS protein per minute; [THC], initial 
mM concentration of THC. 

total capacity of rat liver to rrletabslize THC 
was substaa~tially (62%1) increased by phcno- 
barbital treatment. 

The rate of production of highly polar THC 
metabolites was significantly hx-eased by the 
phenobarbital treatment (Fig. 2 ) .  Although the 
same amount of THC (zone 8 )  remained at 
thc end of incubation for the two groups, the 
amount of  zone 6, tentatively identified by 
TLC as 7-hydsoxy-hl-THC (7-OH-THC) on 
the basis of results published by Hs et al. 
(1972), was significantly less for the pheno- 
barbital-treated than the cosatrol animals. Bia 

contrast, the amounts of radioactivity present 
in zones 1, 2, 3, 5 ,  and in the non-extractable 
fraction were significantly greater for treated 
than control rats, except for zone 3 at the 
1o~vt"i- initial concentration of THC. These 
zones represernt THC rametabolites more polar 
than 7-OH-THC. Zone 3 was tentatively identi- 
fieti as 6,7-dihydroxy-hl-$KC (6,7-diBH-THC) 
by TLC (EIo 6.1 a&. 3 972). 

Bile'aq7-Excretion Studies 
The rate sf biliary excretion of total I4C 

was significantly greatcr QP < 0.05) in phencs- 
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P t i C ] = 8 . 5  pp/rnl  
CONTROL 
P H E N O B A R B I T A L  T R E A T E D  

* P e O . 0 5  

E X T. Z O N E S  O N  T L C  P L A T E  ( T H C )  

FIG. 2. Effect of chronic phenobarbital treatment of rats on the production of THC metab- 
olites in vitro at two different initial TI-IC concentrations. Rr values of zones detected on TLC 
plates: ( 1 )  0-0.05, (2) 0.13-0.23, (3) 0.29-0.36 (presumed 6,7-diOH-THC), (4 )  0.39-0.48, 
(5)  0.51-0.56, (6)  (7-OM-THC) 0.57-0.67, (7) 0.73-0.80, (8 )  (THC) 0.87-0.96; NON-EXT., 
fractioil that could not be extracted from incubation sample with nnethanol. N - five animals 
per treatment group, with duplicate incubations for each preparation at each THC concentra- 
tion. 

barbital-treated rats than in controls during the 
first 48 min after injection of 14C-THC (Fig. 
3 ) .  Although total bile flow during the 3-h 
expcrimental period was significantly increased 
by the phenobarbital treatment (3.48 g, con- 
trols; 4.67 g, treated; P .( 0.02), it did not 
account for the increased rate of excretion. 
That is, during the first 28 min (the period of 
greatc~t difference in 14C excretion between the 
two groups), the biliary excretion of 14C in the 
phenobarbital group exceeded that of the con- 
trols even when expressed per 100 mg of bile. 
After PO min, the rate of biliary excretion of 
14C fell more rapidly in the phenobarbital- 
treated group than in the controls, as the 
residual level in the blood fell (see below). 

The THC-metabolite pattern in the 10-20 
min bile samples was found to be the same for 
the treated and control rats. No unchanged 
THC was detected, and 7-OH-THC accounted 
for only about 2%) of the total radioactivity. 
In contiast, 12% was detected at Rf 0.23-0.60, 
14% at 0.14-0.22, 55% at 0-0.1 3, and 17% 
was non-extractable. 

The rate of ciisappearaance of total I4C from 
the blood was significantly increased (P .( 
0.005) in the ghenobart~ital-treated rats (Fig. 

0 COMTROL(5D 

* PHENOBARBITAL T R E A T E D  (61 

A 
0 ' 0 8 1 i b 2 b i o i ~  & 9 0  ~ i o  140 iio 

TIME A F T E R  THC INJECTION (WIN 9 

FIG;. 3.  Effect of chronic treatnaent of rats with 
phenobarbital on the rate of biliary excretion of total 
"C activity after i.v. injection of '4CC-$HC. VaIaaes 
represent means. and bars indicate S.E.M., with num- 
bers of animals in parentheses. 

4) .  Furthcrmore, the residual amounts of 14C 
in the liver and kidneys were significantly de- 
creased in the treated animals (Table 1 ). The 
co~ncentration in the lung avould also have been 
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0 CONTROL(5) 

PHENOBARBITAL TREATED (6) 

O ' O ' '  Ib 2 0  i o s ' 0  6 0  9'0 I ~ O  1 5 0  t i0  
T I M E  A F T E R  THC INJECTION (MIN ) 

FIG. 4. Effect of chronic treatment of rats with 
phenobarbital on the rate of 14C disappearance from 
the blood following 14C-THC injection. Values repre- 
sent means 2 S.E.M. Linear regressions were calcu- 
lated by the method sf least squares with points from 
30 to 180 min. 

significantly reduced but for a single aberrantly 
high value (0.1 1% compared with 0.03-0.05 %, 
in the other animals). The 14C concentration 
in the urine was not altered. 

Tolerance of Rats to Marihuuna 
Tolerance to A4.E.-I 
Fig. 5 shows the effect of chronic treatment 

with M.E.-I on the change in body weight. 
Control rats increased in weight constantly, 
whereas the treated animals failed to gain for 
the first 6-7 days of treatment, probably be- 
cause of reduccd food and water intake (Man- 
ning et ul. 1971, Jarbe and Henrikson 1973). 
Thereafter they gained as rapidly as the con- 
trols. Increasing the dose of M.E.-I at days 11 
and 21 did not interfere with the weight gain. 
After the 15th day, the rate of weight gain in 
both groups of rats was slightly reduced be- 
cause food was restricted. These findings dem- 
onstrate that the treated rats developed toler- 
ance to an initial adverse effect of marihuana 
extract. 

Tolerance to M.E.-II 
Analyses of variance demonstrated that the 

ethanol-induced sleeping time for all 3 groups 
of animals was not dependent on the order of 
treatment on test days 1 and 2 or 13 and 14 
(Table 2) .  Therefore thc data from the two 
orders of treatment were combined for final 
analyses. 

The ethanol-induced sleeping time was 
clearly longer following a single test dose of 
M.E.-11 than after olive oil in all three groups 
of rats before the chronic-treatment period 
(Fig. 6, Table 3) .  Following the 1 0-day treat- 
ment period, the ethanol-induced sleeping time 
was again markedly increased by an acute 
dose of M.E.-I1 in both control groups, but the 
effect was significantly decreased in the chronic 
M.E.-I1 treated animals compared with the 
pair-fed and ad libitum controls (Fig. 6, Table 
3, 4 ) .  At an ethanol dose of 2.4 g/kg there 
appeared to be complete tolerance to M.E.-11, 
i.e. the animals treated chronically with M.E.-I1 
showed no enhancement of sleeping with either 
olive oil or M.E.-PI. At the three highest doses 
of ethanol. M.E.-I1 still produced an apparent 
slight increase in the sleeping time (Fig. 6B). 

Metaboli,~m of THC by Marihuana-Tolerant 
Rats 

In vitro Metabolism 
Although the body-weight curves indicated 

that the marihuana-treated rats were tolerant 
to M.E.-I, the metabolism of THC in vitro was 
not altered. The amount of THC metabolized 
(initial THC concentration, 128 pM) during 
incubation periods of 5, 10, 15, and 30 min 
was the same for olive-oil control and mari- 
huana-tolerant rats, as determined 40 h, after 
the end of a 28-day treatment period (Fig. 7 ) .  
The TLC pattern of THC metabolites was also 
not altered by the chronic treatment. Further- 
more, the metabolism of THC in vitro was the 
same in the treated and control groups when 
the initial THC concentration was reduced to 
51 pA4, indicating that neither the apparent 
K,, nor V,,,,, for THC metabolism was altered 
by the chronic marihuana treatment. 

Similarly there was no difference between 
control and treated rats when THC metabolism 
in vitro was determined at 21.5, 63, or $4 h 
following the chronic treatment. In addition, the 
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- lo '  i i i 4 4 k i b 9 io 1'1 1'2 1; 1'4 1;"28 2'1 2'2 2'3'78 
TREATMENT DAY 

FIG. 5. Effect of chronic treatment of rats with M.E.-I on body weight. The initial ME.- I  
dose, providing THC, 5 mg/kg, was increased on day I 1  to provide THC, 7.5 mg/kg, and on 
day 21 to 10 mg/kg; points and bars represent means and S.E.M. 

TABLE 2. Analysis of variance for the influence of the order of olive oil and ME.-I1 treatment 
on ethanol-induced sleeping time 

- - - -  - - -  -- - - - - 

Olive oil 4- ethanol ME.-I1 + ethanol 
F* F F F 

Source of variation BF (Days 1 and 2) (Days 13 and 14) (Days 1 and 2) (Days 13 and 14) 

Between orders of treatment 1,24 2.99 0.31 0.95 1.41 
Orders x groups 2,24 1.28 1.07 1.11 0 .27  
Orders x groups x doses 6, 24 0.82 1.05 2.16 1.49 

*All F values indicate absence of  statistically significant differences between data groups compared; P > 0.05 in all cases. 

TABLE 3. Analysis of variance for thc effect of olive oil and M.E.-I1 
on ethanol-induced sleeping time 

F F 
Source of variation DP (before chronic treatment) (after chronic treatment) 

OBivc oil 21,s. h4.E.-TI: 
Ad lihitlrnz control 1,24 
Pair-fed control 1,24 
Treated 1,24 

weights of liver, lungs, kidneys, and brain 
relative to body weight, and the 10 KS protein 
content of the livers were not changed in the 
marihuana-tolerant rats when measured at any 
time interval following the end of chronic 
treatment. 

Riliary Excretion of THC 
Although the M.E.-I1 treated rats were 

shown tc7 be tolerant to M.E.-11 and thus to 

THC (Fig. 6)  the biliary excretion of THC, 
studied at 24-26 h following the end of chronic 
treatment, was not changed (Fig. 8 ) .  The 
rates of l lC excretion in the bile of treated rats 
were not significantly different from the ratcs 
in the pair-fed or ad libitunl-fed control rats 
at any time during the 3-h experimental period. 
Furthermore, the THC-metabolite pattern in 
the 18-20 min bile samples (i.e. at the time 
of highest kiliary-excretion rate) was the same 
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TABLE 4. Analysis of variance for the influence of chronic-marihuana 
treatment on the prolongation of ethanol-induced sleeping time by M.E.-I1 

- 
F 

F (M.E.-I1 f ethanol sleep : 
(ME.-I1 f ethanol sleep: end minus start of 

Source of variation DP end of treatment) treatment) 

Between treatments 2,36 
Treated us. pair-fed 1,24 
Treated vs. ad libitunt 1,24 
Pair-fed us. ad kibituna 1,24 

*P c 0.m1. ' 

**P < 0.005. 
***P < 0.01. 
NOTE: R.s., no significant difference. 

4 OLIVE OIL 3 

ETHANOL DOSE (¶/Kg) 

FIG. 6. Effect of olive oil and h4.E.-TI on ethanol- 
induced sleeping time in rats before and after chronic 
treatment. Treated chronically with M.E.-IT, @; pair- 
fed control, 0; rrd libifurn-fed control, A. Values 
represent means; N = four per point. A and B, olive 
oiB + ethanol tests; C and D, h4.E.-I1 + ethanol. 
A and C ,  tests before chronic treatment; B and B, 
after chronic treatment. 

in all three groups of rats (Table 5) .  The 
relative proportions of the various metabolites 
might well change over time, as the residual 
concentrations of THC and early metabolites 
in the body fall. 

o O L I V E  O I L  C O N T R O L  ( 5 )  

M.E. I T R E A T E D  (51 

FIG. 7. THC nmetabslism iia v i f ro  40 h following 
the last dose of a 28-day chronic treatment of rats 
with M.E.-I (see text for details of treatment and 
assay conditions). Initial THC concentration, 100 
~g /2 .5  ml. Points and bars represent means and 
S.E.M.; N = five per group. 

There was no differcnce in the total amounts 
of 14G excreted in 3 h by the treated (51.55 
0.97% ) and pair-fed control (5 1.66 5 2.54% ) 
groups. ~ o w & e r ,  the ad libitum-fed controls ex- 
creted a significantly greater amount (55.95 2 

1.9296, P < 0.05) than the treated animals. 
The difference betvrreern the two control grourps 

w 1  

was not significant because of the relatively 
large variation in the total amounts excreted. 
The rates of bile flow, ranging from 21 to 24 
mg/min, did not differ during any time interval 
in the three groups. - - 

In agreement with the absence of any dif- 
ference in thc rates of I4C excretion in the bile, 
therc was also no difference among the rates 
of 14C disappearance from the blood of rats in 
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FIG. 9. Effect of chronic treatment of rats with c M.E.-I1 on the disappearance of from the blood. 
O" 1 0  2 0  30 40 60 90 120 1 5 0  180 Points represent mean values; N for each group shown 

TIME AFTER THC INJECTION (MIN J in parentheses; bar indicates largest S.E.M. of any 

FIG. 8. Effect of chronic treatment of rats with plotted point. 

- 

) 

- 

- 

- 4 

1 a 
- o 

- 

- 

- 

0.5  

0.4 

M.E.-I1 on the rate of biliary excretion of THC. 
Points represent mean values, with N for each group 
shown in parentheses. Vertical bar at the 20-min 
point for pair-fed controls indicates the largest S.E.M. 
found for any of the plotted points. 
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the three groups, as determined by linear- 
regression analysis from 30 to 180 min (Fig. 
9 ) .  A single composite regression line was 
therefore drawn for the pooled results. The 
mean ti of this disappearance phase was 3.5 h, 
which agrecs with previous findings in animals 
(Agurell et al. 1970; Klausner and Dingell 
197 1 ; Fehr and Kalant 1974). The apparent 
volumes of distribution were not altered by thc 
treatment with M.E.-11. 

The tissue distribution of total 14C at 3 h 
was also not significantly different in the 3 
groups (Table 1 ) .  The total 14C present in the 
urine and the four tissues examined amounted 
to only about 4-6% of the dose, whereas about 
52% was excreted in the bile, as noted above. 
The remaining 42-44% was presumably dis- 
tributed in the remaining viscera, muscle, and 
body fat, as reported elsewhere (Willinsky et 
al. 1974). In addition, the relative concentra- 
tions of the THC and its metabolites in the 

0.3 
A - 
0 

0.2  
- 

0 
A 0 

0 

- 0 
J 
m 

2 0.1 

- g o.oe:  

0 . 0 7  

U 09 

g 0 . 0 5 -  
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0 . 0 3  

8 

- 0 . 0 2  

examined tissues were the same in the two 
control and treated groups of animals. THC 
accounted for 60-70% of the radioactivity in 
the livers and brains, and 50-60% in the lungs. 
Only highly polar metabolites were detected in 
the urine. The kidneys were not analyzed for 
their metabolite content. 

The ethanol treatments on the two test days 
immediately before the chronic-treatment 
period produced a small decrease in the body 
weight of all three groups of animals. There- 
fore a selective decrease in body weight due to 
marihuana treatment (Fig. 5 )  was partially 
masked in these experiments, although the ad- 
libitum control rats did gain weight more 
rapidly than the other two groups during the 
first 4-5 days of chronic treatment. 

The biliary excretion, disappearance from 
the blood, and tissue distribution of 14C-THC 
and its metabolites were found to be the same 
at 48 and 72 h following the last dose in the 
chronic treatment as at 24 h after. 

Discussion 
Pretreatment with phenobarbital resulted in 

an increase in the total capacity of rats to 
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mctabolize THC as determined in vitro and in 
vivo. Experiments carried out irl vitro demon- 
strated that the rate of fornlation of THC 
metabolites more polar than 7-OH-THC was 
greatly increased by the treatment. Other in- 
vestigators (Nilsson et al. 1970; W7all 1971; 
Gill et a!. 1973) have attempted to increasc 
the yield of 7-OH-THC by incubating THC 
for up to 3 h with phenobarbital-induced rat- 
liver preparations. However, the present re- 
sults indicate that the amount of 7-OH-THC 
found in liver-incubation mixtures from pheno- 
barbital-treated rats is significantly lower than 
in those from controls. Furthermore, in studies 
with control rats in which incubations were 
continued up to 160 min, 7-OH-THC was de- 
tected at greatly reduced levels at all times 
after 20 min of incubation (Siemens and Kalant 
1974). The probable explanation is that 
7-OH-THC is rapidly converted to more polar 
metabolites. 

Phenobarbital pretreatment produced an 
initial 2.7-fold increase in tlae rate of total 14C 
biliary excretioia. This change in excretion rate 
probably reflects a true incrcase in the rate of 
production of excrctable polar THC rnetab- 
olites, since it could not be accounted for by a 
slight increase in the rate of bile flow. That the 
metabolites detected in the bile were apparently 
the same in both groups of rats may indicate that 
the THC metabolites are excreted as soon as a 
certain degree of polarity is achieved. There- 
fore, although the total amount of drug ex- 
creted per unit time may be increased by 
phenobarbital induction, the metabolite pattern 
need not be altered. 

The increased rate of disappearance of total 
from the blood of the phenobarbital group, 

as well as the decreased 14C content in the livers 
and kidneys at 3 h, also reflect the greater rate 
of elimination of the drug. These results dem- 
onstrated that the in-vitro and in-vivo assay 
techniques for THC metabolism were indeed 
adequate to detect an induction of metabolism. 

Chronic treatment of rats with the mari- 
huana extracts resulted in the development of 
tolerance to the marihuana, as shown by two 
different indices. Rats used for the in-vitro 
studies became tolerant to an effect of M.E.-I, 
which produced an initial loss of body weight. 
This type of tolerance to THC and cannabis 
extracts has been reported by others (Pirch et 
al. 1970; Rating et al. 1972). 

Enhancement of the depressant effect of 
ethanol in rats by acute treatment with M.E.-11 
also agrees with previous reports by others 
(Forney and Kiplinger 197 1 ; Kalant and Le- 
Blanc 1974). The rats that were treated with 
M.E.-I1 for 13-64 days became tolerant to the 
b1.E.-XI induced prolongation of ethanol sleep- 
ing time, whereas the control groups did not. 

The lack of change in rate of THC metab- 
olism, both in vitro and in vivo, as well as in 
residual-radioactivity levels in the tissues, in 
the tolerant animals as compared with controls, 
stands in marked coiltrast to the change in 
THC metabolism following phenobarbital in- 
duction. The in vitro studies were carried out 
at times ranging from 21.5 to 84 h after the 
last dose of M.E.-I to test for any possible 
inhibitory effect of residual drug froin the 
chronic treatment on the metabolizing enzymes. 
An inhibitory effect of M.E.-I on pentobarbital 
metabolism had been found previously (Siemens 
et al. 1974), but did not appear to be exerted 
on THC metabolism in the present study. This 
docs not completely exclude the possibility of 
induction of drug-metabolizing enzymes by 
cannabis, since any induced increase might 
have disappeared at least as rapidly as the in- 
hibitory component of M.E.-I. However, the 
M.E.-II did not inhibit pentobarbital metab- 
olism in earlier work (Siemens ~t 01. 1974), 
and no induction of THC metabolisnl was 
found in animaIs treated with it in the present 
study. This is consistent with the absence of 
any increase in liver size or hepatic-nlicrosornal 
protein content. The slightly higher rates of 
14C excretion in the bile of ad libitur7.z-fed con- 
trols may indicate that the diet influenced the 
rate of THC metabolism slightly. 

Therefore the tolerance observed apparently 
did not occur as a result of a more rapid re- 
moval of either THC or 7-OH-THC from their 
site of action. Recently Kupfcr et al. (1973) 
have reported a similar conclusion: chronic 
treatment of rats with THC or a marihuana 
extract had no effect on hepatic-microsoma'l 
metabolism of THC or other drugs in vitrs. 

In contrast, H o  et al. ( 1973 ) have suggested 
that oral treatment of rats for 4 weeks with 
THC ( 1  mg/kg) in a 4% Tween-80 and saline 
suspension increased the rate of hepatic-micro- 
soma1 metabolism of THC, whereas THC me- 
tabolism in the lung was not altered. However, 
the interpretation of their results is question- 
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able. First, apparently the control animals re- 
ceived only saline instead of the THC vehicle. 
Therefore Tween-80 may have induced the 
metabolism in the treated group. Moreover, 
the hepatic-metabolic rates obtained for the 
chronically treated animals were not compared 
with the rates obtained for the socalled control 
animals, but instead with rates determined for 
animals that had been treated acutely with 
THC. It is known that a single dose of THC 
can decrease food and water intake in rats 
(Rating et al. 1972), and that fasting can 
decrease the rate of hepatic drug metabolism 
(Gillette 1971). Therefore the apparent dif- 
ference in the rates of THC metabolism be- 
tween the two groups may be due to an acute 
inhibition of metabolism in control rats rather 
than an inductive effect in the chronically 
treated animals. 

Furthermore, Ho et al. (1973) apparently 
used an incubation period of 1-3 h in the 
presence of an NADPH-generating system 
containing 1 x A4 NADP. Under these 
conditions, they observed an overall metab- 
olism of only 10-1 7% of the added THC, 
which is considerably below that found under 
optimal conditions (Siemens and Kalant 1974). 
Even iia the latter casc, THC metabolism re- 
mained linear witla time for only 30 min or less. 
If the rates of metabolism of two samples are 
compared during the non-linear phase, it is 
difficult to draw a valid conclusion. 

Neither THC metabolism (McMillan et al. 
1973) nor THC distribution (Dewey et al. 
1973) was altered in pigeons tolerant to THC 
compared with non-tolerant controls. Our find- 
ings are in agreement with these, and at vari- 
ance with the suggestion that chronic use of 
marihuana may increase the rate of THC me- 
tabolism in humans (Lemberger et al. 1971). 
Therefore tolerance to marihuana in rats may 
be considered "functional" rather than "dis- 
positional," as defined by Kalant et 01. (1971 ). 
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