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ALTHOUGH it has been known since 1943 that D-lysergic acid diethylamide (LSD}§
is a potent psychotropic drug (StoLL and HoFMANN, 1943; StoLt, 1947), no satis-
factory explanation has been offered for its mechanism of action (RoTHLIN, 19574;
RotHLIN and CerLETTI, 1956). PoLont and MAFFEzzon (1952) observed an increase
of the acetylcholine {ACh) content in the brain of guinea pigs after the administration
of LSD. Subsequently, THOMps0N, TICKNER and WEBSTER (1954) studied the effect
of LSD on human cholinesterases, They reported that it reversibly inhibited human
plasma cholinesterase (plasma ChE) and the pseude cholinesterase of the human
brain, but in concentrations which inhibited plasma ChE by 50 per cent, it had only
slight effect on red cefl ChE and the true cholinesterase of the brain. It was also
reported by the same authors (THOMPSON er gf, 1955) that human cholinesterases
were inhibited by LSD to a greater extent than cholinesterases of the rat, guinea pig,
rabbit, chicken and monkey brain. ToniNi (1955) found that rat brain cholinesterase
activily was potentiated by 5-hydroxytryptamine (serotonin; 5-HT), LSD, and Iy-
sergic acid monoethylamide (LAE) in low concentrations. He, as well as FrigDp and
ANTOPOL (1956, 1957), who also noticed potentiation of human plasma ChE by LSD
attempted to relate this effect to the psychotropic action of these compounds.

Zeuwper and CERLETTI (1956) reported, however that the non-hallucinogenic
2-brom-D-lysergic acid dicthylamide (BOL} (RoTHLIN and CERLETTL, 1952; CERLETTI
and ROTHLIN, 1955) had an inhibitory effect on human plasma ChE similar to that
of LSD. Although in recent years the psychotropic activity of many, newly synthe-
tized derivatives of LSD was studied in man (Souwms, 1953, 1956, IsBeLL et al., 1939;
GiBerTT and GREGORETTI, 1958; GoGerty and Ditig, 1957; CALLIERL 1958:
MURPHREE et af., 1958; HoOFMANN, 195%; ScHNECKLOTH ef af., 1957; ABRAMSON
et al., 1958) relatively little work has been done on the anticholinestcrase effect of these
compounds (GoGERTY and DILLE, 1957).

® Preliminary reports of this work were published in Fed. Proc, 1959 18, 463 and 1960 19, 266,

t This study was supported by U.S. Public Health Research Grant No. M-1425 (Cl, C2).

+ Present address: Allegheny Genceral Hospital, Pittsburgh, Pennsylvania,

§ The following abbreviations are used: LSD, p-lysergic acid diethylamide bitartrate; 5-HT, S-hydroxy-
tryplamine creatinine sulphate; LAE, p-lysergic acid monoethylamide bimaleinate; BOL, 2-brom-D-
iysergic acid diethylamide bitartrate; r-LSD), vL-lysergic acid diethylamide bimaleinate; D-ise-LSD,
D-iso-lysergic acid diethylamide bimaleinate; LSM, p-lysergic acid morpholide bimaleinate; MLD, p-1-
methyl-lysergic acid diethylamide bitartrate; DAM, p-lysergic acid dimethylamide chlorhydrate; AChH,
acetylcholine chloride; ATCh, acetylthiocholing iodide; BuCh, butyrylcholine iodide; BuTCh, butyrylthio-
choiine iodide; MeCh, acetyl-f-methylcholine chloride; BeCh, benzoylcholine chioride; ChE, cholin-
csterase,
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Anticholinesterase effect of LSD derivatives 73

The purpose of this study has been the investigation of the inhibitory effect of
several psychotropic and non-psychotropic LSD derivatives on human cholinesterases.
Because of the antagonistic effect of LSD on some of the pharmacological actions of
5-HT (Gappum, 1953; CerLeTTI and ROTHLIN, 1955; WooLLEY and SHAw, 1954),
a more detailed investigation of the earlier reported inhibitory effect of this compound
on human cholinesterase (ErRDOS, BAART, SHANOR and FoLDEs, 1956) was made.

MATERIAL ANMD METHODS
Materials

Source of enzvmes. The source of plasma ChE was Cholase, a purified, concentrated human
plasma cholinesterase preparation, prepared similarly to Harvard fraction IV-6-3. One ml of Cholase
corresponds in activity to 160 ml of pooled, heparinized human plasma (FoLpEs et af., 1957).

Freshly obtained, heparinized, washed, and haemolyscd human red cells, prepared according to
AUGUSTINSSON {1949), were used as the source of red cell ChE.

Human grey matter ChE was obiained from the brain of adults who died suddenly (e.g., rupture of
aortic aneurysm, massive coronary occlusion, electrocution, etc.). Autopsies were performed within
5 hr of death. Before remaving the brain, blood was washed out of it by perfusion with 0-9%; NaCl.
After this, the brains were sectioned, placed in plastic bags and quick-frozen by immersion in an
acetone-dry ice mixture. The sections were stored below —20°. Subsequently, the grey matter of the
cortex and the basal panglia werc scparated from the white matter, homogenized in a glass
homogenizer with 4 vol of a tissue bicarbonate buffer (NACHMANSOHN and ROTHENEBERG, 1545).
Homogenization was carried out al 4° and the homogenates were stored below —20°, Under these
condilions, enzyme activity remained constant for at least 6 months.

Substrates. Acetylcholine chloride (ACh), acetylthiocholine iodide (ATCh), butyrylcholine iodide
(BuCh), butyrylthiocholine iodide (BuTCh), benzoylcholine chloride (BeCh) and acetyl-f-methyl-
choline chloride (MeCh) were used.

The compounds studied were: b-Lysergic acid diethylamide bitartrate (LSD), L-lysergic acid
diethylamide bimaleinate (L-LSD), D-iso-lysergic acid diethylamide bimaleinate (D-ise-LSD), 2-brom-
p-lysergic acid diethylamide bitartrate (BOL), p-lysergic acid morpholide bimaleinate (LSM), D-1-
methyl-lysergic acid diethylamide bitartrate (MLD), p-lysergic acid monoethylamide bimaleinate
(LAE), p-lysergic acid dimethylamide chlorhydrate (DAM) and §-hydroxytryptamine creatinine
sulphate (5-HT). The struciural formulae of the LSD derivatives are shown in Fig. 1.

The inhibitory effect of the breakdown products of LSD and BOL on human cholinesterases was
also investigated. These were obtained by allowing LSD and BOL solutions, brought to pH 2-0 with
HC], to stand at room temperature, exposed to light for 7-10 days. The u.v. absorption curve of the
breakdown product of LSD (Fig. 2), determined in a Beckman automatic recording spectrophoto-
meter, is similar to that of lumilysergic acid A (HELLBERG, 1958).

Methods

The inhibitory effect of the compounds studied was measured with AmmMon’s (1934) modification of
Warburg’s manametric methad at 37° and at pH 7-4. The total volume of the hydrolysates was 2 ml
and the gas phase was 59, CO, : 95 N,. All experiments were done in duplicate. Corrections were
made for alkaline hydrolysis of the substrates, both in the presence and absence of the compounds
tested. The compounds were preincubated with the enzymes for 15-20 min before the addition of the
substrates, The inhibitory effect was aobserved with at least 6 different concentrations. Three of the
concentrations were above and 3 below the J;, values, which werc determined by plotting the negative
logarithms of the inhibitor concentrations against activity. The data presented are the means obtained
from at lcast three experiments. The substrate concentration of ACh with Cholase was 22-0 mm, with
red cell ChE and grey matier ChE it was 3'1 mM. Preliminary studics showed that the latter con-
centration was optimal for the activity of human grey matter ChE. The substrate concentrations of
BuCh, MeCh and BeCh were 22-0 mm with all enzymes. ATCh and BuTCh were used in the same
concentrations as their oxy-analogues. The final Cholase concentration was 1:8000 (v/v) for all
substrates; that of red cells was 1:165 (v/v) for ACh and 1:55 (v/v} for MeCh and that of human
grey matter homogenates was 1:75, 1:50 and 1:25 (w/v) for ACh, MeCh and BuCh, respectively.
With Cholase 0-025m-NaHCQ, buffer was used; with red cells and brain grey matter homogenate,
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the buffers described by NacuMmansornN and ROTHENBERG (1945) were used. Experimental conditions
with the breakdown products of LSD and BOL were the same as described above. The effect of
changing the pH between 6-0 and 80 on the LSD induced inhibition of the hydrolysis of BeCh by
Cholase was determined by a modification of KaLow's (1932) u.v. spectrophotometric method in a
Beckman model DL spectrophotometer. The BeCh conceniration in these experiments was 0-05 mm

G H C,H CoH
Lo . H., 2"s w4, ,coN(-2"3
02H5>N0C M /CDN(csz /© (csz
N-CH N-CH N-CH
N goats N gy 3 } £ n 3
N N
] t
H H
d-iso LSD I-LSD
MW 323.49 MW 3234
oMy NOC. ,H
CoHy W/
N-CH
a3 H
N
-H  HO l ~CH,CHNH,
MLD" 5-HT BOL
MW 337.4 MW 1T76.2 MW 402.3
CHy H M ol CHayuae. M
cu_,,> NOC., 1 C;H!,)Noc"-./ cl-iz-cHz> v
N-CH, N-CH
W Al el 3
N N
| 1
H H .
pam® LAE" LSM
MW 2954 MW 2954 MW 3374

FiG, 1.—The structural formulae of the compounds tested. The compounds marked with an
asterisk have hallucinogenic activity.

and that of Cholase was 1:30,000 (v/v). Readings were taken at 30 sec intervals until 50 per cent of
the substrate was hydrolysed. SORemMSEN’s (1909) phosphate buffers were used in these experiments.
The temperature was kept constant at 37°. The total volume of the system was 4 ml. The light path
was 10 mm. In a few experiments, pooled, heparinized human plasma was used instead of Cholase,

RESULTS
The inhibitory effect of the compounds tested on the hydrolysis of ACh, BuCh and
BeCh by plasma ChE is summarized in Table 1. There is no relationship hetween
the inhibitory effect of the compounds tested on the activity of plasma ChE and their
psychotropic activity. Although the inhibitory effect of B-LSD, the most potent
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TABLE ].—THE INHIPITORY EFFECT OF LYSERGIC ACID DERIVATIVES AND 5-HT OM HUMAN PLASMA

CHOLINESTERASE
Compounds Iso values ()
ACh BuCh BeCh
; 115-5* = 51 2323 4 2111 362 ! 36
Haltucinogenic | spere
p-1.8D 1-4 = 10-* 33 x 10°® 5-3 x 10-°
MLD 67 % 1073 — —
LAE 15 104 By —-
DAM 2-8 > 1078 — —
LSM 1-0 x 10-* 60 > 10-3 Insignificant
Non-hallucinogenic
L-LSD 1-0 3 109 — —
D-iso-LSD . 76 x 10°F i | —
BOL ‘ 49 x 10°% 1-6 x 10-* | 97 » 10~
|
5-HT ‘ 94 x 104 26 x 103 | Insignificant

® Uninhibited rate: gmoles hydrolysed by 1 ml of plasma in 30 min - s.E.M. Values are means of at

least 3 experiments.

hallucinogenic compound, is the greatest, L-LSD, D-iso-LSD (ROTHLIN, 1957a, b)
and BOL (CerLETTI and ROTHLIN, 1955), which are psychotropically inactive, inhibit
this enzyme to a greater extent than the psychotropically active MLD (ISBELL et al,
1959), LAE (RoruuiN, 1957a), DAM (ISBELL et al., 1959), and LSM (GOGERTY and
DiLLg, 1957). Comparison of the structural formulae of the compounds (Fig. 1) with
their 1y, values (Table 1) indicates that substitution of both ethyl radicals on the amino
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nitrogen with methyl groups as in DAM, or one with a hydrogen, as in LAE, or the
enclosure of the two ethyl groups into a morpholine ring, as in LSM, or the substitu-
tion of a methyl group on the indole nitrogen decreased the inhibitory effect of the
compounds on plasma ChE. Stereo-isomeric changes, as in L-LSD and p-iso-LSD,
also decreased the inhibitory effect on plasma ChE.

Similarly, no correlation could be detected between the antiserotonin activity of
the compounds (CERLETTI and ROTHLIN, 1955; CERLETTI and DOEPFNER, 1958; and

TABLE 2.—THE INHIBITORY EFFECT OF LYSERGIC ACID DERIVATIVES AND 5-HT ON
HUMAN RED CELL CHOLINESTERASE

Compounds I, values (M)
ACh MeCh

302-4* - 3.5 594 =~ 49
Hallucinogenic
D-LSD 4.9 x 10~ 90 X 10-°
MLD 71 x 10-% —
LAE 4-3 x 10-2 =
DAM 4:3 » 10~ —
LSM 1-5 x 10-? 24 x 103
Non-hallucinogenic
L-LSD 240 x 10? S
D-iso-1L.SD 4-2 x 101 | —
BOL 68 X 10-3 5 10 x 101
5-HT 33 % 12 | 5-4 » 10

® Uninhibited rate: gmoles hydrolysed by 1 m! of red ceils in 30 min £ s.EM.
Vulues are means of at least 3 experiments.

IsBeLL ef al., 1959) and their anti-plasma ChE effect. Furthcrmore, there was little
difference between the inhibitory effect of 5-HT and that of some of its antagonists,
e.g. MLD and DAM (ISBELL ef al., 1959), on the hydrolysis of plasma ChE.

The inhibitory effect of the compounds on the hydrolysis of ACh and MeCH by
red cell ChE is summarized in Table 2. With the exception of MLD, the inhibitory
effect of all compounds testcd was lower for red cell ChE than for plasma ChE, and
the relative potency of the compounds for the two enzymes was about the same.
MLD, however, had a greater inhibitory effect on red cell ChE than on plasma ChE.

The inhibitory effect of the compounds on the hydrolysis of ACh and MeCH by
human grey matter ChE was about the same as that on the hydrolysis of these sub-
strates by human red cell ChE. Similarly, the inhibitory effect of the compounds on
the hydrolysis of BuCh by human grey ChE and by human plasma ChE were of the
same order of magnitude. This is in line with the finding that most of the human
grey matter ChE is true cholinesterase (NACHMANSOHN and ROTHENBERG, 1945).

‘The results with ATCh and BuTCh substrates were similar to those obtained with
their oxy-analogues.

The breakdown products of LSD and BOL inhibited the hydrolysis of various
substrates by human plasma ChE and red cell ChE te about the same extent as their
parent compounds.
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LSD, in concentrations ranging from 10— to 10—®M, neither accelerated nor
inhibited the activity of the enzymes tested.

Changing the pH of the reaction medium from 6-0 to 7-0 increased three-fold the
inhibitory effect of LSD on the hydrolysis of BeCh by plasma ChE. Further in-
crease of the pH from 7-0 to 8-0 caused no change in inhibitory potency. Since the
pKb valuc of LSD is 712 (FIsHER, 1956), it seems that there is no close relationship
between the degree of ionization and the anticholinesterase activity of LSD.

TABLE 3.—THE INHIBITORY EFFECT OF LYSERGIC ACID DERIVATIVES AND 5-HT OM HUMAN GREY MATTER

CHOLINESTERASE
Compounds | £y values (M)
ACh MeCh BuCh

164:9*% + 101 830 =~ 52 21-6 + 06
Hallucinogenic ;
n-LSD | 63 x 10 111 x 10-# 25 » 10—
MLD 2-8 x 10-8 —= =
LAE — 10 x 10— 33 % 10-*
DAM 38 x 10 ¢ — —
LSM 31 x 10° &5 x 102 1-4 x 10-2
Mon-hallucinogenic
L-LSD ! - 41 % 10-° 10 » 10—
D-iso-1.SD ' - 30 x 10—+ 9-0 x 10—°
BOL 30 x 10-* 1-8 x 10—* 16 = 105
5-HT 76 % 1032 9-8 x 10-* ; B4 x 10-®

* Uninhibited rate: pmoles hydrolysed by | g of wet tissue in 30 min - s.E.M, Values are means of at
lease 3 experiments.

5-HT was a weak inhibitor of the hydrolysis of all substrates by the three enzymes
tested. Its inhibitory effect was additive with that of LSD.

The results of the experiments with freshly obtained, pooled, human plasma were
the same as those obtained with Cholase.

DISCUSSION

The findings presented indicate that LSD and somc of its congeners have a
significant inhibitory effect on hoth true and pseudo-cholinesterases. This finding is
in contradistinction to those of THOMPSON et al. (1955), who reported that LSD only
inhibited plasma ChE and had no significant inhibitory effect on human red cell and
brain cholinesterases. The discrepancy between the findings of THOMPSON et al. (1955)
and those of ours may be explained by the fact that the substrate concentration used
by them was considerably higher (15 mm) than the concentration (3-1 mm) found to
be optimal in our study. The 0-049 mM-LSD concentration which gave 50 per
cent inhibition with the substrate concentration used in this work only gave a 15 per
cent inhibition with the concentration used by THOMPSON (ZSIGMOND ¢t al., 1959).

Except for MLD, all compounds investigated inhibited human plasma ChE to a
greater extent than human red cell ChE or grey matter ChE. In agreement with
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THOMPSON ¢t al. (1955), rabbit cholinesterases were inhibited less than human cholin-
esterases by LSD derivatives in equivalent concentrations (ZsiGMOND ef al/. Un-
published data).

Plotting the reciprocal of the inhibited and uninhibited rate (1/¢} against the
reciprocal of the substrate concentration (1/§) according to LINEWEAVER and BURK
(1934) resulted in straight lines intersecting the ordinate at the same point both with
plasma ChE (Fig. 3) and red ccll ChE (Fig. 4). This indicates that LSD is a true
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Fic. 3.—The influence of changing subsirate concentration on the inhibitory effect of LSD on
the hydrolysis of ACh by plasma cholinesterase. The figure indicates competitive inhibition.

competitive inhibitor of the hydrolysis of ACh by both enzymes. Probably the other
structurally closely-related compounds studied are also competitive inhibitors.

Although ATCh and BuTCh are hydrolysed about 30 per cent faster than the
corresponding oxy-esters, LSD inhibited their hydrolysis by cholinesterases to the
same extent as that of their oxy-analogues, In contrast to the findings of ToNini
(1953) and Friep and ANTOPOL (1957), it could not be demonstrated that LSD in
low concentrations accelerated the hydrolysis of ACh by human plasma ChE.

No correlation was found between the in vitre inhibitory effect and the hallucino-
genic activity of the compounds tested, BOL, L-LSD and p-iso-LSD, compounds
without any significant hallucinogenic effect (CERLETTI and ROTHLIN, 1955; ISBELL
et al, 1959; MURPHREE et al., 1958; ROTHLIN, 19574), inhibited cholinesterases to
about the same extent as the highly hallucinogenic LSD. On the other hand, MLD,
LAE, DAM and LSM, which are hallucinogenic, had less inhibitory effect on plasma
ChE than the nop-hallucinogenic compounds. Although the inhibitory effect of the
hallucinogenic MLD on red cell ChE and grey matter ChE was the greatest, the more
strongly hallucinogenic LSD inhibited these enzymes to the same extent as the non-
hallucinogenic BOL. The breakdown products of LSD (see Fig. 2) and BOL which
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have no psychogenic effects (RoTHLIN, 19574) also inhibited cholinesterases to the same
extent as the mother compounds.

No carrelation could be demonstrated between the anti-serotonin and the anti-
cholinesterase activity of the compounds tested. There was no major difference in
the anticholinesterase effect of LSD and BOL which are potent antagomists of 5-HT
(GappuM, 1953; CercerTi and ROTHLIN, 1955) and that of L-LSD and p-iso-LSD
which did not inhibit 5-HT (ROTHLIN 1957g; CERLETTI and DOEPFNER, 1958). Further-
more, the anticholinesterase effect of 5-HT and that of its pharmacological antagonists
D-LSD and BOL, were found to be additive.
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F16. 4.—The influence of changing substrate concentration on the inhibitory effect of LSD on
the hydrolysis of ACh by red cell cholinesterase. The figure indicales competitive inhibition,

Comparison of the structural formulac and the anticholinesterase activity of the
compounds tested suggests the possible significance of ethyl substitution on the amino
nitrogen. Those compounds in which two ethyl groups are attached to the amino
nitrogen, D-LSD, MLD, L-LSD, p-iso-LSD and BOL, were more potent inhibitors
of both true and psuedo-cholesterases than LAE where one of the ethyl groups is
substituted with hydrogen, or DAM in which both ethyl groups are substituted by
methyl radicals, or LSM in which both ethyl groups were incorporated in a morpholine
ring. Substitution of a methyl group on the indole nitrogen of LSD significantly
decreased the inhibitory effect of the resulting compound, MLD, on plasma ChE
and slightly increased tts inhibitory effect on red cell ChE and grey matter ChE.

SUMMARY

The inhibitory effect of eight LSD derivatives and of 5-hydroxytryptamine on
human plasma, red cell and brain grey matter cholinesterases was investigated. With
the exception of MLD, plasma cholinesterase was inhibited more by all compounds
tested than red cell or grey matter cholinesterases. No correlation was found between
the in rvitro anticholinesterase activity and the hallucinogenic or anti-serotonin activity
of the compounds tested.
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