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I. INTRODUCTION

It is well established that delta-9-tetrahydrocannabinol
(THC) (I, Fig. 1) is the active psychoactive constituent found
in Cannabis sativa (commonly referred to as "marijuana™ (15).
In recent years, a number of reports have appeared dealing
with the potential therapeutic activity of THC, Its activity
as an anticonvulsive agent and its potential for reducing
intraocular pressure have been reviewed (4,5). Of highest
interest and now well established is the antiemetic activity
exhibited by T™C (18,24). Knowledge of the metabolism, dispo-
sition and pharmacokinetics of any drug scheduled for thera-
peutic use is of great value to rational planning of dose
schedules.

Although there have been a number of reports on the metab—
olism and disposition of THC (11,12,14,19) (cf.13,28,33 for
reviews), the studies have been conducted predominantly with
male volunteers, Sex differences have been observed in
respect to metabolism of drugs (25) and steroids (9) by micro-
somal enzymes. It has been reported that microsomes from male
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rats metabolize THC faster than those from females (2), and
that a THC distillate was more potent in female rats than
males in terms of behavioral response (6). Therefore, it was
important to determine whether the sex differences observed
with rodents would be noted in the metabolism and disposition
of THC in humans.

This report presents a detailed comparison of the metabo-
lism, disposition, and pharmacokinetics of THC in women and
men.

II. MATERIALS AND METHODS

A. Subjects

Subjects who participated in the study were all healthy,
female and male, paid volunteers, with normal weight in rela-
tion to their height and eating normal diets. All were famil-
iar with the recreational use of marijuana. The female sub-
jects had been taking oral contraceptives for at least six
months prior to the study. Six male and six female volunteers
were used for both the intravenous (iv) and oral (po) studies.
The protocol required that different individuals be utilized
in each study to minimize exposure to radiolabeled THC used in
these studies.

The characteristics for the female and male subjects who
volunteered for the iv studies expressed as X +/- S.D. were,
respectively: age (years) 23 +/- 3 and 23+/- 2; weight, (kqg)
54 +/- 7 and 72 +/- 9; height (cm), 163 +/- 7 and 175 +/- 6.
Corresponding characteristics for female and male subjects in
the oral group were, respectively: age 21.5 +/~ 4.4 and 25.8
+/- 5.,1; weight, 56.4 +/- 1.7 and 66.2 +/- 8.7; height, 165
+/- 5.5 and 175 +/- 6.9.

B. Chemicals and Materials

Tritium labeled THC-1',2'-3H, or THC-4',5'-3H,, specific
activity 150-165 mcC/mg; unlabeled THC (I); ll—hyc%:oxy—delta—
9-THC (II); and ll-nor-delta-9-THC-9-carboxylic acid (III)
were obtained from the National Institute on Drug Abuse, Pre-
coated thin-layer chromatography (TLC) plates, 20 x 20 cm,
Silica Gel 60F-254 (E. Merck, Darmstadt, West Germany) were
used for all chromatographic analyses. For scintillation
counting, a fluor was utilized consisting of a mixture of
Triton X-100/toluene/ Omnifluor (1 liter:2 liter:18 g).
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FIGURE 1. Chemical formula for THC and its major metabolites.

C. Drug Administration

Tritium labeled THC was mixed with unlabeled drug for all
dosage forms. For the iv study an ethanolic solution of THC
containing approximately 150 mcC of tritium was mixed with
human serum albumin (Abbott) to form a microsuspension accord-
ing to the method of Perez-Reyes et al (22). By means of an
infusion pump, the preparation was administered over a 20-30
min period to six female and six male volunteers; the mean THC
doses were approximately 2.2 and 4.0 mg, respectively.

In the case of the oral studies, 15 or 20 mg of THC
(females and males, respectively) containing 150 mcC of radio-
labeled were dissolved in 0.5 ml of sesame oil and adminis-
tered in two gelatin capsules.

D. Pharmacological Measurements

To measure the magnitude of the psychological effects pro-
duced by the administration of THC, the subjects were asked to
rate their degree of "high" at frequent intervals during the
90-180 min of the studies by a standard technique (20,23).
Since the most consistent physiological effect of THC is car-
diac acceleration, the heart rate was continuously recorded
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from 10 min before drug administration and for 90-180 min
thereaf ter.

E. Sample Collections

Blood samples were drawn at frequent intervals during the
first hours of the experiments through an indwelling needle in
one of the arm veins and by independent venipunctures there-
after. The blood samples were heparinized and centrifuged.
The plasma obtained was immediately placed in frozen storage
prior to analyses. The total urine excreted was collected at
timed intervals for 72 hr, and total feces collected for the
same interval of time,

F. Analytical Procedure

The basic procedure utilizes TLC to separate cannabinoid
fractions, followed by scintillation counting of the radio-
activity found in the separated zones.

Plasma, urine, and feces samples were analyzed for total
drug, total non-conjugated and conjugated cannabinoids, THC,
11-hydroxy-delta-9-THC, and 11-nor-delta-9-THC-9-carboxylic
acid by a slight modification of the procedure described by
Wall et al. (31).

The major modifications were: (1) TLC developing system,
for neutral cannabinoids: chloroform, ethanol, acetone, t-
butanol, 92:1:3:5; for acid cannabinoids: plates pretreated in
acetone, acetic acid 100:3, and dried at 110°; developing sol-
vent was chloroform,acetone,acetic acid 60:45:0.5; and (2)
extraction of urine, It had been found that preliminary chro-
matography on Amberlite XAD-2 resin can be omitted. The acid~
ified urine could be extracted directly with diethyl ether.

The above procedure has been shown to give results compar-
able to those obtained by GC/MS procedures (30).

G. Pharmacokinetic and Statistical Analysis

The concentrations of drug in the plasma of each subject
(Cp) were weighted at 1/Cp2, /Cp, and 1 and fitted to the
biexponential curve (Cp = Ae~@lphast | po-betasty (7)) using
the computer program NONLIN (17). Only data points after the
peak concentration of drug in the plasma were fitted. From
the three weighted analyses, the estimate of the smaller expo-
nent which had the smallest standard deviation was used as the
estimate of beta for each individual. In a few isolated cases
in which the number of observed concentrations in the plasma
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was seven or less or when the coefficient of variation of beta
was large, the data were weighted as before and fit with a
monoexponential curve (Cp = Be~betasty  an F-test was per-—
formed in order to justify the use of the lower order model
(P> 0.1). The estimate of the absorption rate constant for
THC was found by adding an absorption term (Ce™9amma: £) to the
equation which represented the concentration of THC in the
plasma after its oral administration and fitting all observed
data points using NONLIN (17).

Cumulative urine data (Uy) were fitted with the equation
Uc = Ujpr. (1€ £) (7). The first deviation of this equation
was eva?uated at four or five times for which there were cor-
responding plasma samples. The renal clearance (Clg) for each
subject was estimated by taking the mean of (dUc/dt)/Cp at
those points.

The areas under the plasma concentration curves (AUC) were
calculated from O to 48 hr or from 0 to 72 hr by the trapezoi-
dal rule. The area under the curve from the last data point
(48 to 72 hr) to infinity represented less than 2% of AUC in
all cases and was considered to be negligible. The total
clearance of drug from the plasma (Cly) was calculated as Vg
= Dose/beta x AUC). Half-lives (t/2) were calculated from the
fitted exponents (lambda; = alpha, beta, or gamma) as t/2 =
0.693/lambda; .

Weightedl means were used whenever the variance of an indi-
vidual parameter was estimated (viz. beta and Clg). In these
cases the formulas of Meiers were used (16).

Correlation analysis was done for the subjective "high"
and heart rate data vs the concentrations of THC, total canna-
binoids, 11-hydroxy-delta—9-THC, and ll-nor-delta-9-THC-9-car-
boxylic acid in the plasma. The subjective "high" was
expressed as a percent of the maximum "high" for each subject.
The heart rate was expressed as the percent increase over the
basal heart rate for each subject. The coefficients of corre-
lation (r) were determined for pooled groups of subjects using
the CORR procedure in Statistical Analysis Systems (SAS).
Correlation coefficients were compared using Fisher's Z-trans-
formation of r (26).

Unless otherwise stated, statistical significance was
determined at the 0.05 level. '

III. RESULTS
A. Correlation of Plasma Cannabinoid Levels

and Pharmacodynamic Measurements

Figure 2 (a-d) compares over a 2-3 hr period the mean
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plasma concentration of THC and metabolites with the mean
subjective "high" and mean heart rate of male and female sub-
jects. Table I presents the correlation analysis of the data.
In general for both sexes and both administration routes,
total cannabinoid plasma levels provided better correlation
with heart rate and psychological effects than corresponding
THC plasma concentrations, After both iv and po administra-
tion to male subjects, correlation of THC plasma levels with
heart rate was observed; p < 0.05. In general, no correla-
tion of THC plasma levels with mean subjective "high" could be
found.

B, Metabolism and Excretion

The plasma concentrations of THC and major metabolites at
various time periods are presented in Tables II (iv admini-
stration) and III (po administration). A similar pattern was
observed for both sexes. THC plasma levels decreased rapidly
after iv infusion of drug was terminated (usually 15-25 min).
After 1-1.5 hr, a much slower decrease in plasma THC levels
was noted (cf. Fig. 3,4).

The active metabolite, 11-hydroxy-delta-9-THC (II), was
present in the plasma in low concentrations, varying from 5-
103 of THC levels at most time periods. The inactive metabo-
lite ll-nor-delta-9-THC-9-carboxylic acid (III) was the major
metabolic product found in plasma. Conjugated cannabinoids
(defined as the radiolabeled plasma fraction insoluble in
diethyl ether) were absent.

After oral administration, the composition of plasma can-
nabinoids was again similar for both sexes, exhibiting, how-
ever, characteristic differences from the data obtained after
iv dosing. The major differences noted were (1) that after Po
administration, THC plasma levels increased to rather constant
concentrations up to 4-6 hr after dosing, and (2) that the
ratio of the plasma levels of active metabolite II relative to
those of parent drug I showed a considerable increase (cf.,
Tables IT and III), After oral administration, the concentra-
tions of acid metabolites also increased considerably over the
levels noted after iv dosing, and small quantities of conju-
gated cannabinoids were noted,

C. Urinary Excretion.

THC was excreted in urine as non-oonjugated or conjugated
acid metabolites (Tables IV, V). The mean cumulative cannabi-
noid excretion found in 72 hr after iv administration was 16.7
+/- 2.6% and 15.2 +/- 4.2% of the total dose for females and
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THC and Metabolites Found in Human Plasma after Intravenous

TABLE II.

ng/ml (Mean + SD)
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Nonconjugated

Cannabinoids

Total
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THC and Metabolites Found in Human Urine after Intravenous Administration

TABLE IV,

(Mean + SD)

Cumulative $ Dose*.

Conjugated Cannabinoids

Nonconjugated Cannabinoid

1l-nor-
A9-THC
9-COOH

1l-nor-
AS-THC-
9-COOH

Polar
Acids

Polar
Acids

Total
Cannab.

Time

Total

Total

(hr)

Six Female Subjects - Average Dose 2.2 mg
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THC and Metabolites Found in Human Urine after Oral Administration

TABLE V.,

(Mean + SD)

Cumulative % Dose*

ds

ino1

Conjugated Cannab

Nonconjugated Cannabinoid

11-nor~
AS~THC-
9-COOH

11-nor-
A9-THC-
9~COOH

Polar
Acids

Polar
Acids

Total
Cannab.

Time

Total

Total

(hr)

Six Female Subjects - Average Dose 15 mg
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males, respectively; after po administration corresponding
values were 15.9 +/- 3.6% and 13.4 +/- 2.0%. Analyses were
conducted for neutral non-conjugated and conjugated cannabi-
noids but only traces were found. The composition of the
cannabinoid urinary metabolites was similar for both sexes.
After iv administration the ratio of non-conjugated to conju-
gated fraction increased, the non-conjugated-conjugated ratio
approximating 1:1 at many time periods. The 1l-nor-acid
metabolite (III) and the less well defined "polar acid" frac-
tion were the major constituents in urine, Other acid metabo—
lites intermediate in polarity were present but were not
quantitated.

D. Fecal Excretion

After iv administration, mean cumulative cannabinoid
excretion in feces after 72 hr was 25 +/- 19% and 20 +/~ 16%
for female and male, respectively; after po administration
corresponding values were 48 +/- 6% and 53 +/- 19%. The com—
position of cannabinoids found in the feces was similar for
both sexes but was affected by the route of administration
(cf. Tables VI and VII). In general, the cannabinoids in
feces were non-conjugated -- the conjugate fraction amounting
to only 5-10% of the total. After iv administration, both the
11-hydroxy and 11-nor-acid metabolites comprised the major
components of the cannabinoid fractions which were analyzed;
whereas after po administration, the il-nor-acid was the major
metabolite.

E. Pharmacokinetic Parameters

Figures 3 and 4 present graphical plots of the observed
and calculated THC plasma concentrations vs time. The
observed and calculated data were in agreement and consistent
with a two compartment model with a biexponential decline in
plasma levels as a function of time. The mean values of cer-
tain pharmacokinetic parameters are shown in Table VIII.
After iv administration, the t/2 values for the rapid disposi-
tion alpha-phase calculated for THC were 0.4 and 0.6 hr,
female, and male, respectively. Corresponding terminal phase
(beta) half-lives were 29 and 36 hr, respectively. After oral
administration, the t/2 values fo the absorption phase (gamma—
phase) were 0.7 and 0.9 hr, female and male, respectively; t/2
of alpha-phase 3.8 and 3.9 hr; and t/2 beta-phase 25 hr for
both sexes. Biological half-lives were also calculated from
the beta-exponentials of metabolites (Table VIII). The termi-
nal phase half-lives of the total drug and ll-nor-acid approx-
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imated those noted for THC. AUC/Dose calculated for total
drug and THC were similar for both sexes. The magnitude of
the area uder the curve corrected for dose, calculated for
total cannabinoids and THC, was unaffected by the sex of the
subjects, but was markedly influenced by the route of adminis-
tration, cf., Table VIII. The values obtained after po
dosing were much lower than the corresponding values noted
after iv administration, The volume of distribution corrected
for beta was of the same order for both sexes, approximately
10 1./kg. Total clearance values were also of the same order
for both sexes, 197 and 248 mL/min for females and males,
respectively., Renal clearance values for ll-nor—delta-9-THC-
9-carboxylic acid were of the same order for both sexes (1.5-
2.0 mL/min). There seemed to be some increase in these values
after oral administration, although the difference may not be
significant.

Iv. DISCUSSION

Although the metabolism of THC in man has received exten-
sive study (c£.10,28,32,33 for reviews), previous studies
have been conducted largely with male volunteers (31). More-
over, in most of the earlier studies, analyses of plasma for
THC or metabolites were not conducted for sufficiently long
periods to obtain reasonable estimates for beta-parameters and
corresponding half-lives, The studies reported in this paper
present a comprehensive study of the metabolism, excretion and
pharmacokinetics of THC administered to female and male volun-
teers by iv and oral dosing. In agreement with other workers
(3,8}, we could not demonstrate a consistent relationship
between plasma THC concentrations and subjective "high” or
heart rate. With male volunteers correlation was observed (iv
and po, Table I) between THC levels and heart rate. However,
better correlation was observed for both sexes between the
total cannabinoid plasma concentrations found after iv or po
administration and both heart rate and psychological "high".
This relationship is probably coincidental. However, we have
noted that the shape of the plots for total cannabinoids,
'"high", and heart rate shown in Figs. 2a-d, which depict these

FIGURE 3, Observed and calculated concentrations of THC
in plasma of female subjects. The observed data represent the
means of six subjects for oral (triangles) and intravenous
(squares) administration of THC, The corresponding calculated
curves (oral ——; intravenous -—) were constructed from the
weighed parameter means from individual fitted plasma data.
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correlations, and the plots of THC concentration in mouse
brain vs time after iv administration, are similar (21,29).
In the mouse model it has been shown (21,29) that after iv
administration of cannbinoids, brain concentrations of parent
drug reach a maximum within 0.5 min after administration, and
a steady state is maintained for at least 30 min before brain
levels decrease; whereas, mouse plasma cannabinoid levels de—
creased rapidly. If similar effects occur in man, this would
account for psychological effects persisting for long time
periods after plasma cannabinoid levels have decreased,

It is now well established from jn vitro and in wvivo ani-
mal studies and in vivo in man that THC is extensively metabo-
lized by liver enzymes (27,28). In man allylic hydroxylation
at the C-8 or C-11 positions by microsomal enzymes convert the
parent drug to metabolites hydroxylated at C-8 (B-alpha or 8-
beta), C-11, or both positions. Hydroxylation in the side
chain frequently occurs in animals but many not be an impor-
tant process in man. The primary aloohol at C-11 is metabo-
lized to the corresponding ll-nor-acid or more polar acids by
liver alcohol-dehydrogenase enzymes,

Our studies indicate that after administration of THC, no
significant differences in metabolic pattern or excretion
were observed between women and men. As noted in our earlier
studies (31), certain major differences can be noted due to
the route of administration., Of particular interest are the
differences noted in the ratio of plasma THC (I) concentra-
tion to that of its 1ll-hydroxy metabolite (II). After iv
administration, the ratio of II:I varies from 1:10-20; whereas
after oral administration, the ratio increases to 1:2. The
increase in the plasma levels of II after oral administration
has been noted in our earlier studies (28,31). We attribute
this to first-pass effects which both increase the concentra-
tion of II and decrease that of I. The increased proportion
of the active 1l-hydroxy metabolite may account for the fact
that the subjective "high" noted with subjects receiving oral
THC dosing is of the same order as noted with subjects receiv-
ing iv dosing, even though in the latter case THC plasma con-
centrations are initially much higher. Previous studies with
mice have shown that THC metabolites with one additional
hydroxyl moiety (8-beta, 11, or 3') penetrate the blood-brain
barrier more rapidly and achieve much higher concentrations in

FIGURE 4. Observed and calculated concentrations of TC in
plasma of male subjects, The observed data represent the
means of six subjects for oral (triangles) and intravenous
(squares) administration of THC. The corresponding calculated
curves (oral —-——; intravenous —) were constructed from the
weighed parameter means from individually fitted plasma data.
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the brain than parent drug (21,29).

The cannabinoid acids, which include the 1ll-nor acid
(I11), as well as other less defined and more polar compounds,
constitute the end products of cannabinoid metabolism. These
acids comprised the major metabolite fraction found in plasma,
urine and feces. No differences were found in the metabolism
of these compounds that could be attributed to differences in
sex. However, the route of administration did play a role,
particularly in the degree of conjugation. We define urinary
cannabinoid conjugates as the radiolabeled fraction that can-
not be extracted from urine with diethyl ether. After oral
administration, concentration of the conjugated fraction in
urine was larger than the comparable fraction found after iv
dosing. Similarly, in the feces, after iv administration,
little conjugation was noted, whereas the concentration of
total conjugates increased after oral administration, Little
is known about the composition of the cannabinod conjugate
fraction except that some of it can be hydrolyzed by glucuron-
idase. This represents at times only a small fraction of the
total conjugates. The nature of the remaining forms of con~
jugation is still largely unknown.

Acidic cannabinoids comprise almost the entire cannabinoid
fraction found in the urine, Neutral cannabinoids, both free
and conjugated, are found only in trace quantity. Urinary
excretion is the minor route of elimination of cannabinoids.
Approximately 13-16% of the total dose is found in urine after
72 hr with both administration routes and for both sexes.

As noted previously (31), biliary excretion via the feces
is the major route of cannabinoid excretion. Approximately
30% of the total dose was recovered in feces after iv adminis~
tration, and about 50% after oral administration. The compo—
sition of the cannabinoids found in the feces is noteably
different from the pattern of urinary metabolites. Fecal can-
nabinoids were found only in the non-conjugated form. 1In
addition to acid metabolites, neutral cannabinoids, particu-
larly 11-hydroxy-delta-9-THC, were important constituents.,
Whether the cannabinoids are excreted partially or totally as
conjugates in bile and then enzymatically cleaved by endoge-
nous intestinal enzymes or enzymes from microbial flora is
uncertain, In the rat, an animal in which THC is also
excreted in metabolized form primarily in feces (1), biliary
cannulation studies of animals dosed with THC demonstrated
that 60% of the metabolites were eliminated as water-soluble
conjugates (34).

Pharmacokinetic parameters were similar for both sexes but
differed in some cases due to the administration route, After
termination of iv infusion of THC, the plasma decay curves for
THC, when plotted as concentration vs time, yielded a biexpo—
nential curve which could be fitted by a digital computer
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program to provide a non-linear regression analysis of the
curve (17), from which could be calculated the constants of
the equation: € = Ae~@lpha.t ; pe-beta.t, Mne actual and
calculated plots of THC concentrations vs time (Figs.3,4) are
in reasonable agreement. The half-lives calculated for THC
from the terminal phase constant beta were in excellent agree-
ment for both sexes and both routes of administration, the
range being 25-36 hr (Table VIII). Similar values were noted
for total drug and the 11-nor-acid metabolite, Our results
were in excellent agreement with an earlier study by Lemberger
et al. (14), which covered approximately the same time period
(72 hr) as our study. These workers report terminal phase
half-lives of 28 hr for subjects who were experienced mariju-
ana users. They noted similar half-lives for total radiocac-
tivity (total drug) and "etherextractable" radiocactivity
(which may have included the ll-nor—-acid metabolite).

Similar apparent volumes of distribution were found for
THC after iv administration of the drug to female and male
volunteers. The high values observed, 523 and 734 liters (9.9
and 10.2 1./kg), are in accord with the results reported by
Lemberger et al. (14) and can be ascribed to sequestration of
the lipid soluble drug in fatty tissues,

After oral administration of THC, the values for AUC/dose
were of the same order for both sexes but were markedly lower
than corresponding values noted after iv dosing., The bio-
availability of THC ranged from 10.9% (female) to 19.0%
{male). Ohlsson et al. (19) report a systemic availability of
6% for THC utilizing a protocol with a shorter time period and
a different vehicle for the drug.

From Table VII, it can be noted that the maximal quantity
of THC found in feces ranges from 3-6% of the total dose, some
of which may be due to biliary excretion. It follows there-
fore that absorption of THC through the gastrointestinal wall
was high. Consequently, the low bioavailability of THC
observed in our studies after oral administration must be due
to extensive biotransformation of the drug by liver enzymes as
a result of the "first pass" effect.

Renal clearance values Clp were determined for non—conju—
gated 1l-nor-delta—9-THC-9-ca Pboxyllc acid, which is the major
acidic metabolite found in urine. It should be noted that a
number of other acids are present, some of which are probably
included in what we term the polar acid fraction. 1In accord
with the previously discussed pharmacokinetic data, no differ-
ences in Clp values were found due to the sex of the subjects.
The data does indicate increased renal clearance after oral
administration. The reason for this is not clear—cut. Possi-
bly there may be greater saturation of the binding protein in
plasma by the higher levels of the ll-nor-—acid metabolite
formed after oral administration. The renal clearance values
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were not corrected for plasma binding as this constant has
never been determined for the ll-nor-acid. 1In all likelihood,
it would be of the order of at least 80-90% based on other
cannabinoids binding values, Even correcting for an assumed
90% plasma binding of the ll-nor-acid (III), it is evident
that the clearance ratio would be much lower than unity com-—
pared to inulin. This suggests that the metabolite may be
subject to reabsorption (7).

REFERENCES

1. Agurell, S., Nilsson, I. M., Ohlsson, A., and Sanberg,
F., Elimination of tritium-labelled cannabinoids in the
rat, Biochem, Pharmacol., 18:1195-~1201 (1969).

2. Burstein, S., and Kupfer, D., Hydroxylation of trans-
delta-l-tetrahydrocannabinol by hepatic microsomal oxy-
genase, Ann, N, Y. Acad. Sci. 191:61-66 (1971).

3. Cocchetto, D. M,, Owens, S. M., Perez~Reyes, M., Gui-
seppi, S. D., and Miller, L. L., Relationship between
plasma delta-9-tetrahydrocannabinol concentration and
pharmacologic effects in man, Psychopharmacol. 75:158-164
(1981).

4, Cohen, S,, Therapeutic aspects in "Marijuana research
findings" (R.C. Peterson, ed.), pp. 199-215. NIDA
Research Monograph, No. 31, U.S. Government Printing
Office, Washington, D. C. 1980.

5. Cohen, S., and Stillman, R, C., (eds.), "The Therapeutic
potential of marihuana® Plenum Medical Book Co., New
York, 1976.

6. Cohn, R.,, Barnes, P,, Barratt, E., and Pinch, J., Sex
differences in response to marijuana extract in rats,
Pharmacologist 13:297 (1971).

7. Gibaldi, M., and Perrier, D., "Pharmacokinetics®. M.
Dekker, Inc., New York, 1975.

8. Hollister, L. E., Gillespie, H. K., Ohlsson, A., Lind-
gren, J. E,, Wahlen, A., and Aqurell, S., Do plasma con-
centrations of delta-9-tetrahydrocannabinol reflect the
degree of intoxication? J. Clin. Pharmacol. 21:171S-177S
(1981).

9. Kuntzman, R.,, Schneidman, K., Jacobson, M.,and Conney,
A. H., Similarities between oxidative drug-metabolizing
enzymes and steroid hydroxylases in liver microsomes, J.
Pharmacol. Exp. Ther. 146:280-285 (1964).

10. Lemberger, L., Metabolism of the tetrahydrocannabinols,
in "Advances in Pharmacology and Chemotherapy"” (S. Garat-
tini, A, Goldin, and F. Hawking, eds.), pp. 222-225.
Academic Press, New York, 1972.



J-9-Tetrahydrocannabinol in Male and Female Subjects 209

11.

12.

13.
14.

15.

16.
17'

18.

19.

20.

21.

22.

23.

Lemberger, L., in "Marihuana, Chemistry, Biochemistry and
Cellular Effects" (G. G. Nahas, ed.), pp. 169-178,
Springer-Verlag, New York, 1976.

Lemberger, L., Axelrod, J., and Kopin J. J., Metabolism
and disposition of tetrahydrocannabinols in naive sub-
jects and chronic marihuana users, Ann, N. Y, Acad. Sci.
191:142-154 (1971).

Lemberger, L., and Rubin, A,, The physiological disposi-
tion of marijuana in man, Life Sci., 17:1637-1642 (1975).
Lemberger, L., Tamarkin, N. R., Axelrod, J., and Kopin,
J. J., Delta—9-tetrahydrocannabinol: Metabolism and dis-
position in long-term marijuana users, Science 173:72-74
(1971).

Mechoulam, R., (ed.), "Marijuana: Chemistry, pharmacol-
ogy, metabolism and clinical effects". Academic Press,
New York, 1973.

Meier, P., Variance of a weighted mean, Biometrics 9:59-
73 (1953).

Mettler, C. M., Elfring, G. L., and McEwen, A. J., "A
users manual for NONLIN and associated programs”.
Revised edition, The Upjohn Company, Kalamazoo, MI, 1976.
Milne, G. M., Johnson, R. M., Wiseman, E., H., and Hutche-
son, D. E, Therapeutic progress in cannabinoid research,
J. Clin, Pharmacol. 21:Suppl. Aug.-Sept. (1981).
Ohlsson, A., Lindgren, J. E., Wahlen, A., Agurell, S.,
Hollister, L. E., and Gillespie, B. A., Plasma delta-9-
tetrahydrocannabinol concentrations and clinical effects
after oral and intravenous administration and smoking,
Clin, Pharmacol. Ther. 28:409-416 (1980).

Perez-Reyes, M., Lipton, M. A,, Timmons, M. C., Wall, M.
E., Brine, D, R., and Davis, K. H., Pharmacology of
orally administered delta-9-tetrahydrocannabinol, Clin.
Pharmacol. Ther. 14:48-55 (1973).

Perez-Reyes, M., Simmons, J., Brine, D., Kimmel, G. D.,
Davis, K. H., and Wall, M. E., Rate of penetration of
delta-9-tetrahydrocannabinol and ll-hydroxy-delta-9-
tetrahydrocannabinol to the brain of mice, in "Marihuana;
Chemistry, biochemistry and cellular effects" (G. G.
Nahas, ed.), pp. 179-185. Springer-Verlag, New York,
1976.

Perez-Reyes, M., Timmons, M. C., Lipton, M. A,, Davis, K.
H, Wall, M. E., Intravenous injection in man of delta-9-
tetrahydrocannabinol and 11-OH-delta-9-tetrahydrocannabi-
nol, Science 177:633-634 (1972).

Perez-Reyes, M., and Wall, M. E., Pharmacology of delta—
9-tetrahydrocannabinol and other cannabinoids, in "Treat-
ment of cancer chemotherapy induced nausea and vomiting"
(D. S. Poster, J. S. Penta, and S. Bruno, eds.), Masson
Publishing, New York, 1981.



210

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Monroe E. Wall et al.

Poster, D. S., Penta, J. S., and Bruno, S., in "Treatment
of cancer chemotherapy induced nausea and vomiting". Mas-
son Publishing, New York, 198l.

Quinn, J. P., Axelrod, J., and Brodie, B. B., Species,
strain and sex differences in metabolism of hexobarbi-
tone, amidopyrine, antipyrine and aniline, Biochem. Phar-
macol. 1:152-159 (1958).

Snedecor, G. W., and Cochran, W. C., "Statistical meth-
ods", Sixth Edition, pp. 185-188. The Iowa State Univer-
sity Press, Iowa City, 1967.

Wall, M. E., The jin vitro and in vivo metabolism of
tetrahydrocannabinol, Ann. N. Y. Acad. Sci. 191:23-29
(1971).

Wall, M. E., The chemistry and metabolism of cannabi-
noids, in "The inter-agency committee on new therapies
for pain and discomfort", pp. 1-74. Report to the White
House, USDHEW, PHS, NIH, Bethesda, MD, 1979.

Wall, M. E., and Brine, D. R., Applications of mass spec-—
trometry in cannabinoid research, in "Marihuana: Biologi-
cal effects" (G. G. Nahas and W. D. M. Paton, eds.), pp.
15-43, Pergamon Press, New York, 1979.

Wall, M. E., Brine, D, R., Bursey, J. T., and Rosenthal,
D., Analytical methods for the determination of cannabi-
noids in biological meterials, in "Cannabinoid Assays in
Humans" (R. E. Willette, ed.), pp. 107-117. NIDA
Research Monograph, No. 7, U.S. Government Printing
Office, Washington, D. C., 1976.

Wall, M. E., Brine, D, R.,and Perez-Reyes, M., The metab-
olism of canmabinoids in man, in "Pharmacology of mari-
huana" (M. C. Braude and S. Szara, eds.), pp.93-113.
Raven Press, New York, 1976.

Wall, M. E, Perez-Reyes, M.: Metabolism of delta-9-THC,
in "Treatment of cancer chemotherapy-induced nausea and
vomiting" (D, Poster, J. S. Penta, and S. Bruno, eds.),
pp 93-110. Masson Publishing USA, Inc., New York, 1981.
Wall, M. E., and Perez-Reyes, M., The metabolism of del-
ta-9-tetrahydrocannabinol and related cannabinoids in
man, J. Clin, Pharmacol. 21:1785-189S (1981).

Widman, M., Nordgvist, M., Agurell, S., Lindgren, J. E.,
Sandberg, F., Biliary excretion of delta-l-tetrahydrocan—
nabinol and its metabolites in the rat, Biochem. Pharma-
col. 23:1163-1172 (1974).



