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Abstract- Using a polarographic method (oxygen electrode). the effects of I -A”-tetrahydro- 
cannabinol (an active constituent of marihuana). m_-amphetamine and pentobarbital were 
compared in regard to their action on oxygen consumption by mouse brain and heart 
homogenates. This study was unique in that the drugs were injected in ho, while measure- 
ment of oxygen consumption was conducted ill vitro for up to X hr. This allowed for the 
true active forms of these drugs -after normal biotransformation. if necessary-to exert the 
effects later measured. Pentobarbital was found to have no significant effect on cerebral or 
cardiac oxygen consumption. Both m_-amphetamine and I-A”-tetrahydrocannabinol 
caused significant stimulation of oxygen consumption in the brain and heart for up to at 
least 2.5 hr after administration. This could indicate that both drugs cause increased syn- 
thesis and utilization of high energy compounds (11. ATP) via oxidative phosphorylation 
in the two organs. However. oL-amphetamine and I-A”-tetrahydrocannabinol also induced 
limited depression of oxygen consumption in the brain and heart, respectively. at 8 hr after 
administration. 

ALTHOUGH varying amounts of cannabinols and cannabinol-like derivatives have 
been found in marihuana, truns-A’-tetmhydrocannabinol (A9-THC) is believed to be 
the active constituent of the plant.’ Recent investigations’ have shown that A9-THC. 

as well as A*-THC, is probably converted to active 1 I-hydroxy metabolites and that 
these metabolites may be responsible for the myriad effects reported with previous 
marihuana research. Since little is known on the molecular mode of action of 
~~uKFA~-THC, we decided to study the effects of A9-THC on the oxygen consump- 

tion of cerebral and cardiac homogenates. At the same time, we compared these 
results with those obtained by identical tests with the central nervous system depres- 

sant. sodium pentobarbital, and the CNS stimulant. DL-amphetamine. 

METHODS 

DI-uy solutions. The synthetic I-A9-THC was supplied by the Center for Studies 
of Narcotic and Drug Abuse, National Institutes of Mental Health. It was received 
dissolved in ethanol. within sealed glass ampules. It was subsequently stored 
in the dark at - IO until used. Test solutions of A”-THC were prepared 24 hr before 
scheduled testing. The ethanol was evaporated under dry nitrogen gas. and the A9- 
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THC residue was suspended in saline along with three drops of T\vccn-SO. Thih mi\- 
ture was gently shaken in the cold room overnight. Each ~~~ousc in the Al’-THC’ test 
group was given a l.O-ml intrapcritoneal injection of the solution. containing ;I dose 
of 50 mgikg of A”-THC. This concentration produced behavioral changes character- 
ized by ataxia, hyperreactivity to tactile and auditory stimuli. and deprcsncd fro?;\ 
locomotor activity: recovery occurred within 3 4 hr. Controls for this group MUC 

given an equivalent volume of the saline Twccn-X0 vehicle. 
I>L-Amphetamine sulfate (Benzedrine) was supplied in liquid form 1~~ ~hc Depart- 

ment of Pharmacy, Geisinger Medical Center. Danvillc. Pa. At ;I dosage 01‘ IO mg l\y. 

it was injected iiitrapcritoneally into ;I second group of mix. Behavioral change\ 

produced included irritability. agitated gross locomotor acti\it>. and h!~l?crrcac.ti\i(! 
to tactile and auditory stimuli: recovery occurred by 4 hr. Pcntobarbital sodium. :II 

a dose of 100 mgikg. was injected intrapel-itolieall!, into ;I third group. Behavioral 
changes observed included heav). sedation. absence of gross locomotor acti\ it!. and 

no reactivity to tactile or auditory stimuli; recovery occurred within 3 4 hr. Saline 
solution served as the control medium for both of these groups. 

PI.OCCJ~UI’L’. Male Swiss albino mice (2@ 25 g) were used for all testing. Four time 
intervals were chosen: 0.5 hr. I.5 hr. 2.5 hr and 8 hr. After one of the four schcdulcd 
intervals, the animals were sacrificed by vertebral dislocation. The whole brain. in- 

cluding the medulla, and the heart were removed, washed. minced and homogeni/cd 
with a variable speed homogenizer/Teflon pestle apparatus in iced isolation medium. 
This medium consisted of 225 mM mannitol. 75 mM sucrose. 0.1 mM EDTA. pH 
7.1. The homogenates were then centrifuged at 500 y for 10 min to remove (b> sedi- 
mentation) nuclei, whole cells and debris. Finally, 0.6 ml of the supernatant was 

pipetted into a reaction vessel containing 2.0 ml of specific medium (45 mM manni- 
tol, 15 mM sucrose. 40 mM KC?. 20 mM MgCl,. 20 mM potassium phosphate buffer. 

0.02 mM EDTA. pH 7.4). It took approximately 18 min from sacrifice to introduc- 
tion of the first supernatant into the reaction vessel. The order of testing the tw:o 
organs was reversed periodically to equalize any effects of aging on the preparations. 

With modifications of procedures used by Ziegler rr u/..~ oxygen consumption was 

then measured polarographically with a Clark-type oxygen electrode apparatus and 
recorded on a millivolt recorder. All measurements were made at a constant tcm- 
perature of 25.0 I @I-. For each homogenate, four consecutive parameters (or rates) 
of normal and stimulated oxygen consumption were measured : (I ) endogcnous rate: 
(2) succinate rate. upon addition of 32 /II of a 1 .O M succinate solution : (3) succinatc 
ATP rate, upon addition of 20 ,LLI of a 0.10 M ATP solution: and (4) succinatc ADP 
rate, upon final addition of IO ~1 of a 0.05 M ADP solution. From previous cxperi- 
ments in our laboratories. we found that the concentrations of succinate. .4TP and 

ADP used here are able to provide full saturation of the reaction vessels and thus 

permit maximal stimulation of oxygen consumption of the particular parameters. 
Under normal conditions, exogenous succinate would give substantial stimulation: 
endogenous ATP would increase this stimulation slightly. concomitant with cndo- 

genous ATPase activity in the “tightly coupled” mitochondria: and cxogcnous A DP. 
being the rate-limiting factor. would give maximal stimulation of ox~gcn COIISLII~~ 

tion. 
Protein nitrogen determinations ucre done on 0. I -ml aliquots of ~;tch org;111 

homogcn~~tc. using the micrc~-l(icld~lhl tcchniclIIc rcprtcd h! Ma and %u/a~a.’ 
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Therefore, oxygen consumption rates were standardized and expressed as pmoles 

oxygen consumed,isec per mg of nitrogen. 
The data are represented: (I) as absolute mean values (Tables 1 and 2), and (2) 

statistically as the difference in average oxygen consumption rates between the exper- 
imental and the control mice (Tables 3 and 4). Thus, for a particular organ. para- 
meter of respiration, and sacrifice time interval. three contrasting levels of oxygen 
consumption were computed. each level representing one of the three test-drug,/sa- 
line-control situations. Incorporating a Student’s analysis with pooled variance, con- 
fidence intervals at a 9.5 per cent level were calculated for each computed level. More- 
over, if the confidence interval includes the zero (0.000) baseline. then the difference 
between the average experimental and control values may not be significantly differ- 

ent (that is, stimulation or depression) from ycro. 

RLSC LTS 

Tables 1 and 2 represent mean values of oxygen consumption by brain and heart 
homogenates, respectively. from control and drug-injected mice. However, statistical 
analysis. enabling interpretation of the data. is represented in Tables 3 and 4. 

Table 3 compares differences in the respiratory rates of the brain homogenates. 
Generally. pentobarbitnl had little significant effect on brain respiration at any of the 
four time intervals. In contrast. both i)l.-amphetamine and A”-THC significantly 
stimulated respiration for at least the first 2.5 hr after injection. However. after X hr. 

mice injected with uL-amphetamine showed significantly depressed brain respiration, 

while brain respiration of mice treated with A”-THC was not significantly affected. 
Table 4 compared differences in the respiratory rates of the heart homogenates. 

Again. pentobarbital generally had littlc significant effect on cardiac tissue respi- 
ration at any of the four time intervals. DL-Amphetamine produced uniformly signifi- 
cant stimulation of respiration after 0.5 and 2.5 hr. while only elevating endogenous 
levels at 1.5 and 8 hr; however, it also caused a significant depression of respiration 
after 8 hr. Significant elevation of oxygen consumption following A”-THC 
administration was generally seen after 0.5. 1.5 and 2.5 hr. with significant depression 
after 8 hr. 

DISCI SSION 
Both brain and heart respiration appeared to be little affected by the pentobarbi- 

tal. DL-Amphetamine stimulated respiration in both heart and brain significantly 
after 0.5. 1.5 and 2.5 hr. After 8 hr. both significant depression and stimulation were 
seen in cardiac respiration. while brain respiration was only depressed. A”-THC 
administration. like DL-amphetamine. caused significant stimulation of respiration in 
both brain and heart at 0.5, I.5 and 2.5 hr. However. after 8 hr, brain respiration 
showed no significant effect from the A”-THC, while heart respiration was signifi- 
cantly depressed. 

Investigations with pentobarbital and related barbiturates have shown that these 
compounds are intracellular depressants of tissue oxygen consumption. Although 
much work has produced different theories of mechanism, it is agreed that many bar- 
biturates. including pentobarbital, can depress cerebral’- * and cardiacgP12 oxygen 
consumption. However. the lack of expected significant change in our measured 
oxygen consumption rates after pentobarbital administration was probably due to 



the following possibility: the dose was. in itself. phn~-m~~colo~ic~~ll~ active, but due 

to the inability of cardiac tissue to concentrate pentobarbital.” strongly coupled 

with a probable dilution to low tissue levels of the bound drug during preparation 
of the homogenates. the drug’s effects were too greatly weakened to hc measured. 

The dichotomy of effects in the brain that wt’ notod with Iz.-amphetamine is para- 
doxical. hut supporting evidence has been reported for both effects. The significant 

increase in oxygen consumption we noted for the first 2.5 hr appears to substantiate 
findings by EdelI and by Lewis and Van Petten. ” implicating r>L-amphetamine’s 
central nervous system hyperactivity with increased turnover of brain nuclcotide 

(ATP and creatinc phosphate) levels. Conccrning the deprcsscd oxygen coilsLiti~~~t~~)li. 
Mann und Quastel”’ noted that at time intervals far shorter than 8 hr. ~llnphet~~lninc 
(B~n~edrili~) at rclativcl\ high conc~lltr~tioIls iilll~hited oxygen cons~ll~~i~ti~~n iri t,ift~~ 
by cerebral cortex slices. while low concentrztions produced 1~ cffwtivc chngc. 

Howcvcr, their theory ofamphctaminc acting ;IS a direct mono:tmine oxidasc (MAO) 

inhibitor has been disclaimed in othor work.‘- “I 
In the heart. as well as in the brain, it appears that increased oxygen consumption, 

associated with increased oxidative phosphorylation and nucleotidr turnover.“’ ” 
provides a direct means for producing the high energy compounds utilized in amphe- 

taminc-induced hyperactivity. Our measured dcclinc of oxygen consumption 
through at least 1.5 hr is in accord with the findings of Fullor and Hines.” Thq 
observed the ability of the mouse heart to hind or conccntratc r~-llmphotaminc. or 
to do both, relative to the plasma c~~~~~c~~tr~lti~~~~. at a dosage comparnhlc to ours ( 10 
mg, kg). after I hr. Morcovcr. after itlicctio1~ of a low dose. thcl i’ound that ~~-~l~l~l~llct- 
uminc Ictcls in the heart. as \vcll as in other organs. dcclinetl lo~~~rithmicall~ thr-ou$~ 

time, starting from the first hr. However. the restimulation at 7.5 hr is then qucstion- 
able and might indicate the concurrent rclcasc of a large quantity of amphctnminc 
from certain tissue stores. The depression at S ht- is intriguing. in that the cndopenous 
rate is slightly stimulated; yet, the parameter which rcprcsonts the possibilit>, foi 
maxitnal stimulation (succinate. ADP rate) is hcrc significantly dcprcsscd. a phcno- 
menon which happened concurrently in the brain. 

The findings of incrcascd oxygen consumption at all parnmctcrs 1~) the brain. lip 
at icast the first 7.5 hr aftcr injection of A”-THC‘, arc suhstantiatcd by prcvinuh work 
with mice in our l~~bol-stories. Ha&rode and King (~~~~pi~hl~s~~e~i data) found that 
~-‘~~/z/f~~~?i~s red oil extract, in a dose co~lt~inili~ 7 50 mg:kg of A“-THC‘. si~i~i~ic~lntl~ 
stimulated cndo~erloils :tnd succinate ADP rates in the brain and liver after II l-ii 
(P < 045) and in the brain after h hr (P < OGI ). in dosage response studies with con- 
thetic A”-THC. Ha&erode 6’1 trl. (unpublished data) ohscrvcd significantly stimu- 
lated endogcnous and succinate ADP rates in the brain after 1 hr. at doses 01‘ IO. 

25 and 50 mg/kg (P < 045). 
It is possihlc that there exist correlations between the cff‘cct of A”-THC‘ on o~gcn 

consumption and its neurochemical behavior. Within our measured time periods 01‘ 
stimulated oxygen consumption, and using low doses of A”-THC. I-loltyman or (I/.‘” 
and Schildkraut and Efron” noted increases (not significant in the latter study) in 
endogenous serotonin levels and decrcascs in cndogenous norepinephrine IcvcIs in 
the rut brain: however. at high doses. Holt~~ll~l~11~ ct it/.‘” found incrcascd cndo- 
genous li~~repilicpttrine levels. Moreover. C(~~ist~lltinidjs and Miras” noted il~cl.c~Iscd 
il(~rc~~ii~~plir~nc levels in the rat hyp~~th~ll~~rn~is aftcr A”-THC- ~tdministrution. Thcsc 
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findings suggest enhancement of re-uptake of increased synthesis of the nor- 
epinephrine; however. whether the energy requirements for these mechanisms 

necessitate significantly measurable increases in cerebral oxygen consumption can- 

not be conclusively stated. 
Our dual findings of stimulation and depression of cardiac oxygen consumption 

have correlates in other previous research. Clinical studies have shown that mari- 
huana ingestion in man produces, among other effects, tachycardia.‘” However. A”- 
THC dose-dependent bradycardia in animals has been reported.” 28 Our results 
give no concrete indication of mechanism, either directly on the cardiac tissue OI 

through centrally mediated autonomic responses. by which A”-THC mediates its 
ell’ccts on the heart. Through related experiments. for example. Oskoui”’ and Cavero 

and Jandhyala” attribute the observed bradycardia to a possible combination of 

both these mechanisms. 
In retrospect. it is interesting to note that amphetamine also causes decreased nor- 

epinephrine levels and increased serotonin levels in the mouse brain. but unlike A”- 

THC. amphetamine increases spontaneous motor activity and has been reported to 
cause increased cerebral norepinephrine levels.30 while others3’ have noted in- 
creased serotonin levels or unchanged serotonin levels.“’ Finally. the precise 
mechanism whereby A.“-THC acts synergistically to prolong amphetamine hyperac- 
tivity and barbiturate sleeping time 33 is unknown. This might reflect the inhibition 
of the metabolism of both drugs by A”-THC or an effect on neuronal (synaptic) mcm- 
brane permeability, facilitating passage of these drugs. A possible direct effect by A”- 
THC on mitochondrial function could be considered;3”.‘5 moreover, this effect 
could be dosage dependent.3” 

The differences shown in this study are probably not due to different degrees of 
aging between the three drug preparations and the control group. as determined bq 
previous work with identical preparations both in our laboratories and in findings 
reported bj Ziegler et ~1.~ We did not determine at this time what. if any. effects the 
three drugs had in V~ZVI OII the degree of coupling of the mitochondria in the homo- 
genates. Other investigators have pursued these effects in ~.itlo.~.~,“” It is very con- 
ceivable that any or all of these drugs could affect cerebral or cardiac metabolic rates. 
or both. in rice. thus leading to differences: (1) in the rates of aging in the organs 
and in the various homogenates; and (2) in the degree of coupling during tests ;,I 
~irr~. Findings by Boime rt ~1.~’ give importance to such considerations of aging on 
mitochondrial coupling. We therefore feel that this possibility should be pursued in 
further investigations with the drugs used in our work. 

We also suggest that further studies include the addition i/l rim of the active I I- 
hydroxy metabolite of AS- or Ay-THC,‘*3X as well as administration of A8-/A”-THC 
irl V~PO. The 1 I-hydroxy metabolite is probably the means by which A8- or AA”-THC 
exerts the eventual effects of marihuana in the various organs. However. 
administration of just A*- or A’-THC allows for the necessary biotransformation of 
THC isomers in the liver to the active form. with subsequent uptakc’.3” and binding 
within tissues. 
-l~fi,~ol~/l,c/y~,j~~~,~~f.\ -The authors arc grateful to Dr. John A. Scighano. C‘cntcr for Studies of Narcotic and 
Drug Abuse. National Institutes of Mental Health. for the generous suppl\i of I-A’-THC. Moreover. deep 
appreciation is due Dr. Wolfgang H. Vogel. Department of Pharmacology. and Dr. Gorge Hunter. 
Department of Biochemistry, Jefferson Medical College. for their mvaluable advicc and editorial suggcs- 
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