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EFFECTS OF PSYCHOTOMIMETIC COMPOUNDS ON
CERTAIN OXIDATIVE AND HYDROLYTIC ENZYMES

IN MAMMALIAN BRAIN ',_

LELAND C. CLARK, JR. ,3 R. PHYLLIS FOX, 3 RICHARD MORIN, l
ANI_ FREDERICK BENINGTON'

Among the ever-growing list of compounds in brain homogenates, supernatants from brain
which profoundly alter human behavior, mes- homogenates and partially purified brain alka-
caline remains of great interest partly because line phosphatase preparations. The method
of the many structural analogs which may be employed was that of Bessey, Lowry and
synthesized. Analysis of the effects which Brock (7) as modified by Lowry et al. (12) for
mescaline and its isomers produce at a molecu- brain tissue, using p-nitrophenylphosphate
lar, cellular, and psychic level (8) may provide as substrate and either glycine (.05 M) or
insight as to the mechanism of action of the 2-amino-2-methyl-l-propanol (AMP) (1.0 M)
psychotomimetic drugs. As yet, the unique as buffer. The rate of tissue respiration utilizing
psychic effects of mescaline are not shared in pyruvate as substrate was measured by the
a known way by a comparably unique effect method of Elliott el al. (10). For ease of dis-
on a cellular system. To date, the enzymatic cussion, the oxygen consumption measured
approach has not provided information of this way is referred to in the text as "pyruvate
value in understanding the activity of the utilization". Lactic and malic dehydrogenases
psychotogens (1). Nonetheless, _study of the (LDH and MDH) were determined by the
relation between structure and enzymatic spectrophotometric method of Strominger and
activity may suggest means by which struc- Lowry (17).
tural antagonists may be prepared, means by Compounds to be tested were added to the
which brain cells may be temporarily or per- various reaction mixtures by dissolving or
manently damaged, and perhaps someday, to suspending them in the buffer component,
help in understanding the relationship be- with pH readjustment where necessary. Spe-
tween mental disease and cellular metabolism, cial controls were run for compounds which
The work reported here is an extension of re- produced color in the reaction mixture. In
search (9) dealing with the direct effect of some instances, the insolubility or color de-
these compounds on enzyme systems in vitro, velopment of a compound limited the concen-

tration which could be used. All compound
_ETHODS AND MATERIALS concentrations are expressed as the molarity

A tissue preparation consisting of the cere- existing in the reaction mixture during the
brum and underlying structures from the rat period of incubation. Most of the primary
brain was used as the source of enzymes in 13-phenethylamines and many of their analogs
this study. This tissue was homogenized with were prepared especially for use in this study
distilled water in an all-glass homogenizer fol- (2-6). All the amines were used as hydrochlo-
lowed by dilution appropriate for optimal rides or in a few cases as the sulfate.
measurement of the individual enzymes.

Partially purified alkaline phosphatase RESULTS
(AP), prepared by the method of Morton (13) Alkaline phosphatase and substituted
was used in one phase of this study, phenethylamines

Alkaline phosphatase activity was measured
Typical pH curves for brain AP activity are

*Readbefor_the EleventhAnnualMeeting,Society shown in figure 1, illustrating the differenceo! BiologicalPsychiatry,Chicago,April28-29, 1956.
t This workwassupported by a researchgrant (No. in activity attainable when two different buff-

M-600)fromthe UnitedStatesPublic Health Service. ers were used. Maximal activity in the glycine-
t Fels Research Institute, Antioch College, Yellow buffer system was only 54 per cent of thatSprings,Ohio.
' Battelle MemorialInstitute, Columbus,Ohio. found using 0.l M AMP buffer. In a 1.0 M

466



Psychotomimaic Compounds on Enzymes in Mammalian Brain

100. _ AMP buffer the enzyme activity w_
% Moxlmum _r ",_ increased. Similar pH curves were found for

go" Rote/ ..,'_IM AMP human serum AP activity. The quantitative
relationship between AMP buffer concentra-

..--. tion and AP activity is shown in table 1.

80 ] f ",,,_.0.1M AMP The fact that this enzyme shows very high
activity in an amine buffer has special signifi-

70 cance since it adds weight to the specificity of
the inhibitions caused by the compounds being
tested, most of which are cyclic amines present

60 in a concentration _ooth that of the amine
buffer used. It can be seen from table 2 that

50 there was good agreement between the effects
of the test compounds on AP activity in glycine

40 d'_..'_" _"_ _0.05 M Glycine and AMP buffer.

¢" / pH % A series of 19 _-phenethylamines, including
.... , ...... mescaline, was tested for effects on AP activ-

3C9 I0 II ity in order to study the relationship between
structure and influence on enzyme activity.FIG. 1. A comparisonof the relative effects of

glycineand AMP bufferson brainalkalinephosphataso From this study (table 3) it is apparent that
activity M influencedby pH. See text for details of the position of substitution on the ring was
enzyme reaction, more important than the nature of the sub-
TABLE 1.--RZLATmNOr BRAZNALKALINZPnos- stituent although the latter did exert some

PHATASE ACTIVITY TO CONCENTRATION OF 2-AMINO- influence. In general, compounds which had
2-MEI'HYL-1-PRoPANOLBUFFER substitutions in the 3,4,5 positions had only

slight effects on the activity of the enzyme,
BufferConcentration Relative EnzymeActivity whereas the unsubstituted compound, phen-

(M) ethylamine, exerted a definite inhibition.

0.05 62.4 Compounds having both the 2 and 6 posi-
0.125 83.4 tions alkyl- or alkoxy-substituted were more
0.25 84.5 inhibitory to the enzyme than 3,4,5-substi-0.50 93.6
0.75 94.0 tuted amines. Where, the substitution was
l.O lOO.O asymmetrical as in the 3-methoxy and the

2,3-methoxy compounds, there was also a
Reaction mixture: disodium p-nitrophenylphov fair degree of inhibitory action.

plmte (8 raM); MgCls (2 raM); buffer,pH 10.4, as From an examination of 2,4,6-substitutedindicated above; brain homogenate to provide less
than 4_o hydrolysisof substrateduringincubationat compounds, it would appear that the degree
37°C. for30 minutes, of inhibitory effect was related to the nature

TABLE 2.--CoJwJmmONor THXEFFECT OF COI_POUNDSONBRAIN ALKALINE PHOSPHATASE AcrrvrrYm
GLYCINEAND2-AMINO-2-METHXL-I-PaoPANOI.(AMP) BUFFERS

Enzyme Activity (control - 100)

Compound I " N

(tOraM) Glycine" AMP?

___ Range Mean _ Range Mean

_e_t_2 _ 120-139 128 119-121 120
.'.'.'.'. iiii:iiii'.'.i:i 76-91 81 70-74 72

-- -- 100-127 112
Mescalineli i i ii i i iii i i i i i i i i i i i i i i i iI 3 [92-95[ 94 92-100 97

Reactionmixtureu describedin ttble 1.
*0.05 M in reaction mixture,
t 1.0 M in reaction mixture.
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TABLE 3.--EFFECT Or PHENETHYI.AMINES* ON BRAIN ALKALINE PHOSPHATASlg ACTIVITY t

CHtCHtNH_
I

2 3 4 5 6

CHaO CH_O CHaO CHaO H 106
H CHaO C2HsO CH_O H 105
H C2H50 C_H60 CH30 H 101
H CH30 OH CH30 H 97
H CH30 CH_O CH30 H 97
H CH30 CH30 H H 90
CHzO CH_O CH_O H CH30 90
H H H H H 89
H CH30 OH H H 88
CH_O H CH30 H CH_O 88
H H OH H H 87
CHzO CH_O H CH30 CH:O 86
CHa CH30 CH_ CH_ CH30 83
H ; CH_O H H H 81
CH,O CH30 CH30 CH._O CH_O 81
CHzO CH,_O H H H 80
CtHl H C_H6 H C2H6 77
C:H_O H C_HsO H C_H_O 57 "
CHs ' H CH_ H CH3 46

* 10 mM concentration of phenethylamines in reaction mixture.
t Reaction mixture as described in table 1 using 1.0 M AMP buffer.

TABLE 4.--EFt'ECT OF PHENETHYLAMINES* ON BRAIN RESPIRATION USING PYRUVATF. SUBSTRATEt

CHtCH..NH.,
I

] Activity
[ (control-100)] I

2 3 4 5 6

H CH_O OH H H 76
H H OH H H 76
H H H H H 72
CH_O CH30 H H H 69
H CH30 H H H 63
H CH_O OH CH30 H 63
H CH._O CH30 H H 61
CH_O CH._O H CHaO CHsO 61
H CH_O CH_O CH30 H 58
CH_O CH_O CH30 CH,_O CH_O 50
CH_O H CH._O H CH30 47
CH30 CH30 CH30 H CHaO 45
H CH_O C_.H60 CH30 H 29
H C_H_O C_H_O CH_O H 24
C,H_O H C_H_O H C:H_O 10
CH_ CH:_O CH_ CH_ CH_O 9
CH_ H CH:_ H CH._ 9
C:It_ H C_H_ H C:H_ 5

* 10 mM concentration of phenethylamines in reaction mixture.

Reaction mixture: 200 rag. brain; .sodium pyruvate (.02 M); balanced salt _lution to 3 0 ml.; pH 7.35, 37 5°C.for I hour.
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TABLE 5.--EFfEct oF CERTAIN ANALOGS OF PIIENETII_'LAMINES ON BRAIN ALKALINE PIIOSPIIATASE ACTIVITY

AND PYRUVATE UTILIZATION

I Alkaline Pyruvate

Phosphatase Utilization
Comp. No. Compound* --

!control = 100)

2 phenethylamine 89 72
3 phenylisopropy|amine (Dexedrine) 95 71
4 N, N-dimethylphenethylamine 106 88
5 N-met hylphenylisopropylamine 100 71
6 N -methytcyclohexy|isopropylamine (Benzedrex) 10l 24
7 N-methylphenylisobutylamine (Wyamine) l 17 61
8 benzoicacid 103 10l

9 phenylacetic acid 103 95
l0 benzamide 98 78
l ! phenylacetamide 104 71

12 4-hydroxyphenethylamine 87 76
13 4-hydroxycyclohexylethylamine 86 53

14 4-methoxybenzylamine 66 75
15 4-methoxyphenylisopropylamine 74 61
16 3-amino-l-(4 methoxyphenyl)butane 63 27
17 N-benzyl-4- methoxyphenyllsopropylamine l l0 8

18 4-hydroxy-3-methoxyphenethylamine 88 76
19 4-hydroxy-3-methoxycyclohexylet hylamine 96 70

20 3,4-dimet hoxyphenet hylamine 90 61
21 3,4-dimethoxyphenylisopropylamine 96 56
22 N-benzyl-3,4-dimethoxyphenylisopropylamine 97 l l
23 N, N-dimethyl-3,4-dimethoxyphenethylamine 92 --
24 3,4-dimethoxyphenylacetic acid 107 102
25 3,4-dimet hoxyphenylacet amide 104 78

26 3,4,5-trimethoxyphenethylamine 97 58
27 3,4,5-t rimethoxyphenylisopropylamine 101 50
28 N-methyl-3,4,5-trimethoxyphenethylamine 105 64
29 N, N-dimethyl-3,4,5-t rimet hoxyphenethyLamine 102 --
30 3,4,5-trimethoxybenzoic acid 104 74
31 3,4,5-trimethoxybenzamide 104 51

32 2,4,6-trimethoxyphenethylamine 88 47
33 2,4,6-trimethoxyphenylisopropylamine 90 28

34 2,4,6-trimethylphenethylamine 46 9
35 2,4,6-t rimethylphenylacetic ackl 101 72
36 2,4,6-trimethylphenylacetamide I14 49
37 N, N-diethyl-2,4,6-t rimethylphenylacetamide 104 36

Reaction mixtures as described in tables 3 and 4.
tO mM concentration in reaction mixture.

the substituent group as follows: CH._ > as shown in table 4. First, the number of sub-
C2I'_O > C_H6 > CH30. stituents on the ring was a more significant

factor in determining enzyme effect: in general,
Pyrut,ale utilizalion and substituted increasing the number of substitutions caused

phenethflamines increased inhibition. And second, as can be

The same compounds had strikingly different seen from an examination of the 3,4,5-substi-

effects on the "pyruvate utilization" system tuted compounds, the nature of the substituent
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had a great influence. Replacing a hydroxy by TABI.I,; 6. I';VFEc'r Or PSYCItO'I-OMIII,IrEI'IC CoM-
a methoxv group increased inhibitory action, pot,.,,l,s, TRANQUILIZERS AND CERTA1NANALOGS

" ON PREPARATIONS OF ]{RAIN ALKALINE PHOS-

with still further inhihition brought about by Hla'r.xsE
ethoxy substitution. In the l)enta-substituted ...................
comlxlunds, substitution of methyl groutls for EnzymeActivity
methoxy groups greatly increased inhibition.

Compounds Water Purified
The 2,4,6-substituted compounds were _t,_mM) homogenatepreparationstrong inhibitors of this enzyme system, as ___

well as the AP system. (control_ 1OO)
- i ....

Mescaline analogs and enzyme acliHly Mescaline.................... 95 95
3,4,5 trimethox.Yl_henylisopro-

Table 5 shows the action of a series of side py'lamine.................. ' 96 104
chain, N-substituted and ring analogs of mes- 3,4-dimethoxyphenethylamine.. 84 89
caline on AI' activity and pyruvate utilization, l)exedrine .................. 100

Certain generalizations can be made al)out the d-LSI) 25 .................... 138 105
effect of such variations in struclure on enzyme I LSI) 25.................... 136 107
activity, d I.AE-32 ................. .. 121 --

Increasing the length o[ the side chain as seen
by examining compounds 1, 2, and 3; 14 and Serotonin .................... 104 70
15; 21)and 21; 26 and 27; 32 and 33 caused a Bufotenin ................... l 154 112

lessenin_ of inhibition of AI' activity, but ill- Equanil ...................... 119 100
creased the inhibition of pyruvale utilization. R.eserpine.................... 132 108
Saturation qf lke ben:ene ring (seen by corn- Chlorprtmmzine............... , 130 103
paring compoul_ds 5 and 6; 12 and 13; 18 and Frenquel ..................... 140 ll0

Meratran....... : ............ i -- 10119) had no signilicalat effect on AP activity but

did cause increased inhibition of tile pyruvate Reaction mixture as described in table l, using
system..V-methyl subslihtlion (colnparisol_ of glycine (.05 M) as butter.
compounds 2 and 4; 3 and S; 2(1 and 23; 26,

28 and 20) decreased the inhibitory effects elf were studied for their effects on enzyme activ-
the amines on bulh enzynle systems, although ity with results summarized in tables 6 and 7.
in some cases only slightly..V-be,cvl subsliltt- Two tYt)es of enzyme preparation were
lion in one case (comparing coml)oUndS 15 and used in the AP study (.table 6): one, a super-
17) markedly decreased inhibition of AI' ac- natant (rum it water homogenate of brain
tivity, whereas no effect was observed in an- which had been allowed fo settle for 3 hours

other case where tile primary amine was not in the cold; the other, a purified preparation
an inhibitor ((llmparillg c(mal_!)un(Is 21 and of the enzyme referred to previously.
22). Ilowevcr, both these N-belazvlaled corn- l.'sing tile lirst l)reparation of AP, mescaline
l_mnds strikingly increased tile inhit)ition .f and two of its analogs were mildly inhibitory.
the pyruvate sysleln. The lysergic acid derivatives, bufolenin, and

Several amides can be _ompared to their the tranquilizers all showed activation of the

corresponding primary alnincs (compounds 1 enzy'inc wi'lh I)ufotenin exerting the strongest
anti 111;2 and 11; 21)illld 25; 34 and 36). Ill effect. ('onq_aring these results with those
the AI' study', the amides were consistently ohlained using tile purilied preparation of
lessinllihil°rvthan Ihcirt¢_rrt'sl_¢mding;ullines, .\P, it can 1)e set'n that the relative effect of

whereas the t'ffe_ts on the ilyruv;tle s)'slell'l these COlnlloUndS was essentially the same,
varied. Itl _elleral the ,,trbo.cyl derivativcs ahhough tile al_'.;olute values changed. ('sing
were wilhoul t,fft.tt _)ll I_hosl_h;ttase I)nt some the purilied l_rellaration, activation effects
depresscd i,yrnvale utilizatiott. \vert, rt'duced, and there was an increased in-

hilfilion due I. serotonin.

()lkcr ncttropharma_ ,I,_gi_al agcnls .\ different pattern of effects aplware d in theIlllt/ e'll_ VIHI' a¢li_,,ilv
dt'h.,,'drogen;ise studies (table 7). .Mescaline

A s('h'_licm _f i_s.,,*_h,JI,mlillwli_ dru_s. _er- and its ;lnalo/Cs weft, sli_h stimulators of

lain .f their ;umh,_s, ;lll,I sevt,r;ll tr;lnquilizcrs 1,1)11.d-I.SIL25 h;Id n. effect on this enzyme
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TABLE 7.--EffEct or Pvscmoromuzrtc Con- tain limitations in the method. The variability
i,ovNos, TRANQVXLtZEaSANDCz_tTAmANAX.OGSON in activity of AP in tissue homogenates is well
LACrlCAt,tO Mm_xc DEHYDROGENASEACTIVITY known and may be ascribed, at least partly,

Lactic* I Malice: to the effects of naturally occurring inhibitors

..... (15). It may be that the activation of this en-
Dehydrogettase Dehydrogenase
0nc cone ,.ymeby tr_nquilir&gagents is due to their

Compo_.d _ • IE_,r=,l , • E._y=e
aund°m'lactt'v"/Ity ........pound activity action in overcoming such inhibitors. Less/ variability is observed in the dehydrogenase
mM ]control mM control studies, due perhaps to the fact that a more

| - t0o . - 100 dilute enzyme preparation is employed, mate-

Mescaline.............. 10 105- 10 89 rially diminishing the concentration of in-
3,4,5-trimethoxyphen'- hibitors. Specifically, the amounts of brain

ylisopropylamine..... 10 104 10 85 tissue per ml. of reaction mixture for each of
3,4-dimethoxyphen- . the enzymes measured are as follows: AP, 2.6

ethylamine.......... l0 104 10 97 rag.; LDH, 0.62 mg." 3IDH, 0.29 mg.Dexedrine............. l0 110 10 95
It must be emphasized that relatively high

d-LSD-2S: ............. 0.1 99 0.1 103 concentrations of powerful drugs had to be
I-LSD-25.............. 0.1 85 0.1 108 used in certain instances to obtain significant
d-LAE-32 ............. 0.l 104 0.l 112 effects on the enzymes studied. Such concen-

Serotonin............. 5 100 l 04 trations cannot be related to the in riro state,
Bufotenin............. 5 81 1 _ however, since nothing is known about the

• concentration of a drug at enzyme sites in an
Equanil............... 0. l 102. 0. l 103 intact cell.
Reserpine............. 0.1 90 0.1 102 Of the results reported in table 6, the activa-Chlorpromazine........ 0.1 1.02 0.1 93
Frenquel.............. 0.1 98 0.1 99 tion effects of the tranquilizers as a group, and
Meratran.............. 0. l 107 -- -- of bufotenin, are regarded as especially sig-

nificant. Such activations are measurable in
• Reaction mixture:sodiumlactate(0.2 M); glycine the presence of magnesium and AMP, both of

(0.1 M); DPN (1 raM); pH 9.2; 12.5c.mm. of 0.5% which increase the activity of the enzyme. Itbrain homogenate;1.0ml. volume;250C.
Reaction mixture: potat_ium malate (0.2 M); has also been reported that AP activity is in-

glycine(O.l M); DPN (2 raM); pH 10.2; 12.0c.mm.of creased by phosphorylated vitamin D2 (18),
0.25°/0brain homogenate; 1.0ml. volume; 250C. a finding which could not be confirmed with

ester synthesized here.
while its psychotomimetically inactive 1-isomer The LDH enzyme system is relatively re-
(l l)caused inhibition. The serotonin-bufot_nin sistant to any of the compounds tested, sug-
relationship was the reverse of that seen with gesting that alaaerobic cycles may be of little
AP; bufotenin was an inhibitor of LDH while significance for this research. In contrast, the
serotonin had no effect. Of the tranquilizers, pyruvate utilization system was quite sensitive
reserpine exerted a slight inhibition while the to the influence of the compounds tested, bcar-
others had practically no effect, ing out the findings of Quastel and Wheatley

On the enzyme MDH, mescaline and its (14) and Schueler (16). It seems more likely
analogs had much the same inhibitory effect that the psychotomimetic drugs exert their
as on AP, with the most pronounced inhibition influence on aerobic systems and on phosphate
being shown by the isopropylamine analog, metabolism.
The lysergic acid derivatives were slight acti- The differential effects of the phenethyl-
vators; serotonin and bufotenin had essentially amines and their analogs on alkaline phos-
no effect; and the tranquilizers, with the possi- phatase and pyruvate utilization SUl)port the
ble exception of chlorpromazine, showed no idea that an antagonist to mescaline might be
effect or a slight activation, found through enzyme studies of this type.

Dmcvssxox ScxlxtAaY

In the interpretation of data of the type In a study of mescaline and chemically re-
presented here it is necessary to mention cer- lated compounds, a _ries of nineteen phen-
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