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serum with equal quantities of KB, 
HeLa, or Chang liver cells failed to 
remove the cytotoxicity for SA-2 cells. 

The microcytotoxicity test as de- 
scribed possesses several advantages 
over classical techniques of cytotoxicity 
testing. It allows the detection of cyto- 
toxicity directed against resistant sar- 
coma lines which show no reaction 
when tested by dye exclusion methods. 
By using only 100 cells per well, the 
test is applicable to nonestablished cell 
lines, such as SA-13, which are avail- 
able in very limited numbers. The ratio 
of undiluted serum to this small num- 
ber of cells is important to the sensitiv- 
ity of the method, as was demonstrated 
by Boyse, Old, and Stockert (5) in a 
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have cytotoxic antibody directed against 
it, and because the cytotoxic antibody 
is absorbed by sarcoma cells, but not 
by HeLa, KB, or Chang liver cells. 
Further evidence that the cytotoxic 
antibody is directed against a tumor- 
specific antigen rather than a histo- 
compatibility antigen is provided by 
the observation that serum of patient 
D.A. was cytotoxic to his own sarcoma 
cells and by the failure of the majority 
of the serums which were cytotoxic to 
a sarcoma line (SA-13) to exhibit cyto- 
toxicity to a normal cell line derived 
from the same patient. 

Two implications of our data seem 
especially significant. First, the demon- 
stration of a common antigen, specific 
to sarcoma cells, by this technique cor- 
roborates similar findings by immuno- 
fluorescence and complement fixation 
(2). These data suggest induction by 
a single viral agent. Second, this anti- 
gen is located at the cell surface and 
renders the tumor cell vulnerable to 
immune attack. This finding adds 
strength to the case being made for the 
importance of host immune defenses in 
human sarcomas. 
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Marihuana: Studies on the Disposition and 
Metabolism of Delta-9-Tetrahydrocannabinol in Man 

Abstract. A9-Tetrahydrocannabinol (the major active component of marihuana) 
administered intravenously to normal human volunteers persists in plasma for 
more than 3 days (t /,=56 hours). Its metabolites appear in plasma within 10 
minutes after administration and persist along with the precursor compound. A9- 
Tetrahydrocannabinol is completely metabolized in man, and the radioactive me- 
tabolites are excreted in urine and feces for more than 8 days. 
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pound. The availability of 14C-labeled 
A9THC of relatively high specific ac- 
tivity has made possible studies of its 
physiologic disposition and metabolism 
in rabbits (3) and rats (4). However, 
studies on the physiologic disposition 
and metabolism in man have not been 
reported. We now report the levels of 
A9THC in plasma after its intravenous 
injection, its retention in body stores, 
and the excretion of its metabolites in 
man. 

Three normal volunteers (one male 
and two females) between the ages of 
18 and 22 who professed no previous 
exposure to Cannabis (5) were given 
0.5 mg of [14C]A9THC (6) intravenous- 
ly. Blood samples were obtained at in- 
tervals thereafter, and urine and feces 
were collected for up to 10 days after 
injection of the labeled compound. The 
unchanged A9THC was measured by ex- 
traction at pH 6.5 to 7.5 into four vol- 
umes of heptane containing 1.5 percent 
isoamyl alcohol. 

The radioactivity in the organic phase 
was assayed by liquid-scintillation spec- 
trometry. Of the A9THC added to 
plasma or urine 95 ? 5 percent was re- 
covered. Total radioactivity in aliquots 
of plasma and urine and in a methanol 
extract of feces was determined by 
liquid-scintillation spectrometry. After 
extraction of A9THC with heptane, 
polar metabolites which remained in the 
aqueous phase were extracted first 
with ether and then with ethyl acetate. 
The most polar metabolites and con- 
jugates remained in the aqueous phase. 

After intravenous administration of 
[14C]A9THC the amount of this com- 
pound in plasma declined rapidly dur- 
ing the first hour (with a half-life of 
about 30 minutes) (Fig. 1). After 1 
hour the A9THC fell much more slowly 
(with a half-life of 50 to 60 hours). 
To establish the identity of the ap- 
parent 9THC measured in the hep- 
tane extract of plasma, samples of 
plasma collected during the first hour, 
during the remainder of day 1, and 
during days 2 and 3 were pooled 
separately and extracted with heptane. 
After evaporation at reduced pressure, 
the residue was taken up in a small vol- 
ume of ethanol and applied to an East- 
man silica-gel chromatogram sheet for 
development in a hexane : acetone sys- 
tem (3:1). Most of the radioactivity 
(about 85 percent) in the extract ob- 
tained during the first hour is chromato- 
graphically identical with authentic 
A9THC (Fig. 2). A small portion of 
the radioactivity in the heptane extract 
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Fig. 1. Plasma levels of A?THC, total radioactivity, and ether-extractable radioactivity 
after the intravenous injection of [`4C]QATHC (0.5 mg in 1 ml of ethanol) to three 
normal volunteers. The radioactive solution was injected during an interval of 1 
minute into the tubing of a rapidly flowing intravenous infusion of 5 percent dextrose 
in water. The dose ranged from 80 to 146 nc/kg (5.6 ug/kg to 7.9- ug/kg). Blood 
samples were drawn in heparinized syringes from the opposite arm at various times. 
Plasma was assayed for A9THC, total radioactivity, and ether-extractable radioactivity 
by liquid-scintillation spectrometry. 

had the mobility of authentic 11- 
OH-THC (7). Almost all of the radio- 
activity in the heptane extract of plasma 
obtained during the remainder of day 1 
and during days 2 and 3 had the same 
mobility on chromatography as syn- 
thetic A9THC. 

The decline of total radioactivity and 
the more polar ether-extractable metab- 
olites in plasma was similar to that of 
A9THC. A rapid initial decline preced- 
ed a much slower phase of disappear- 
ance from the plasma. Polar metabo- 
lites were formed rapidly and were 
present in plasma at higher concentra- 
tions than A9THC. 

About 30 percent of the adminis- 

Fig. 2. Histogram of thin-layer chroma- 
tography of 1C-lab'eled A9THC extracted 
from plasma at various times. R.L. rep- 
resents a typical subject. Samples of 
plasma from the first hour, from the re- 
mainder of day 1, and from days 2 and 
3 were pooled separately and extracted 
with four volumes of a solution of heptane 
containing 1.5 percent isoamyl alcohol. 
The extract was evaporated to dryness at 
reduced pressure, dissolved in a small 
volume of ethanol, applied to an Eastman 
silica-gel chromatogram sheet, and de- 
veloped in a hexane : acetone (3: 1) sys- 
tem. Authentic A9THC and 11-OH-A8THC 
were cochromatographed with the heptane 
extract. The sheet was cut into 1-cm strips 
from the origin to the solvent front and 
placed in vials containing scintillation so- 
lution, and radioactivity was determined 
by liquid-scintillation spectrometry. 

tered radioactivity was excreted in the 
urine (Fig. 3); most appeared during 
day 1, but metabolites continued to be 
excreted into the urine for more than 
1 week. Less than 1 percent of the 
urinary radioactivity was unchanged 
A9THC, and 14C-labeled 11-OH-THC 
did not appear to account for more than 
a small percentage of the metabolites. 
Even after hydrolysis of conjugates with 
Glusulase (8), which increased the pro- 
portion of labeled 11-OH-THC in the 
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Fig. 3. Cumulative excretion of radioac- 

tivity after the intravenous injection of 

P'C]A'THC. W.R. represents a typical 

subject. Urine and feces were collected for 

at least 8 days after the intravenous ad- 
ministration of [4C]AATHC. Urine and feces 
were frozen until analyzed. The feces 
were suspended in three volumes of 
methanol and vigorously shaken for 10 
minutes on a mechanical shaker. The ma- 
terial was centrifuged, and an aliquot of 
the methanol extract was assayed for 
total radioactivity. Urine was assayed di- 
rectly for total radioactivity by liquid- 
scintillation spectrometry. 

ether extract, about 80 percent of the 
metabolites remained uncharacterized. 
The extraction and chromatographic 
properties of this portion suggested that 
the radioactivity might be in the form 
of polar compounds. 

About one-half of the radioactivity 
administered as [14C]A9THC is recovered 
in the feces (Fig. 3). There was al- 
most no radioactivity in the feces col- 
lected on day 1, presumably because 
the compounds were excreted in the 
bile and their passage through the gas- 
trointestinal tract delayed excretion in 
the feces. A methanol extract of feces 
containing the radioactivity was evap- 
orated at reduced pressure, and the res- 
idue was dissolved in phosphate buffer 
(0.1M, plI 6.5). The heptane extract 
of this aqueous solution contained most 
of the radioactivity. Almost none had 
the chromatographic characteristics of 
A9THC, however; and only 10 percent 
appeared to be the 11-hydroxy deriva- 
tive. Hydrolysis of conjugates by incu- 
bation with Glusulase increased the ap- 
parent 1 -OH-[14C]THC to about 20 
percent of the radioactivity. Most of 
the remaining 14C stayed at the ori- 
gin, presumably in the form of more 
polar metabolites. 

The initially rapid decrease of [14C]A9 
THC in the plasma represents redis- 
tribution of the A9THC from the in- 
travascular compartment into tissues 
(including brain) and metabolism. In 
man the effects of marihuana are maxi- 
mum within 15 minutes, diminished be- 
tween 30 minutes and 1 hour, and 
largely dissipated by 3 hours (9). This 
would be consistent with the finding 
that, after intravenous administration of 
[14C]A9THC, the concentration in 

plasma rapidly declines, with a half-life 
of about 30 minutes, and that over two- 
thirds of the total radioactivity excreted 
in the urine is present during day 1. 
During this initial phase, metabolites of 
A9THC are present in higher concentra- 
tions in the plasma than the parent drug 
(Fig. 1). 

The slower decline of A9THC in 
plasma (t/2 = 56 hours) and of total 
radioactivity (tl/ = 67 hours) presum- 
ably represents retention and slow re- 
lease of the drug from its stores. Since 
A9THC is a nonpolar compound, it may 
accumulate in fat or other tissues such 
as lung which have an affinity for drugs. 
It has been reported that, in animals 
(3, 10) soon after the intravenous ad- 
ministration of labeled A9THC, higher 
levels of radioactivity were present in 
lung than in other tissues. If, indeed, 
the A9THC is bound in lung, then in 
man this would be even more signifi- 
cant since inhalation is the usual route 
of administration. 

The finding that A9THC and its 
metabolites persist in humans for long 
periods indicates that the drug and its 
metabolites accumulate in tissues when 
administered repeatedly. It may explain 
in part the phenomenon of "reverse 
tolerance" seen in chronic users of 
marihuana. Possibly a critical degree of 
tissue saturation must be attained be- 
fore effective threshold levels of A9THC 
can be achieved. On the other hand, 
long-term administration of marihuana 
may induce enzymes which convert 
the drug to an active metabolite of 
A9THC. In animals it appears that 11- 
OH-THC is as active as A9THC (7). 
In the present study of naive subjects, 
11-OH-THC appears to be only a minor 
metabolite of the A9THC. However, the 
more polar metabolites present in 
urine and feces may represent further 
metabolic products of 11-OH-THC. 

Since a considerable percentage of 
the metabolites of A9THC are excreted 
in urine during day 1 after its adminis- 
tration, it should be possible, by means 
of solvent extraction and thin-layer 
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chromatography, to develop a sensitive 
assay for the detection of metabolites 
of A9THC in human urine. 

From our results it can be concluded 
that A9THC persists for a long time in 
normal volunteers and that it is com- 
pletely metabolized in man and ex- 
creted as polar metabolites in urine 
and feces. 

Louis LEMBERGER 
STEPHEN D. SILBERSTEIN 

JULIUS AXELROD 

IRWIN J. KOPIN 

Laboratory of Clinical Science, 
National Institute of Mental Health, 
Bethesda, Maryland 201014 
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