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Table 4 Phosphorylation of Thymidine with Various Mixtures heated
for 44 Days
T Tp and pT pTn
Days (1) () 3 (i) @ ()} 2 &
1 974 513 854 26 &7 106 — — —
2 0929 846 780 7.1 154 168 — —_ 5.2
3 899 774 739 101 200 200 — 26 6.1
4 866 734 612 129 24 224 05 42 104
§ 839 671 613 148 261 251 1.3 6.8 13.6
7 802 590 558 178 31.2 259 2.0 9.8 18.3
12 730 481 389 234 7375 1361 16 144 250
20 65.3 36.3 249 293 429 414 54 208 337
77 o40 363 23.4 305 341 424 5.1 19.6 36.2
3 594 31.2 203 342 43.6 41l 6.4 25.2 386

44 522 292 180 388 461 387 9.0 247 433

(i) Thymidine, Na,HPOs,, NHC! and urea, molar ratio 1:3:10:
10; (2) thymidine, Na P20, NH.Cl and urea, molarratio1 : 1.5:10:
10: and (3) thymidine. NasP3O0, NH.Cl and urea, molar ratio
1:1:10:10at65° C. Yieldsare givenin % of total T present.

We have recently demonstrated that inorganic poiypnos-
phates are formed from urea and orthophosphate (L .E. O. and
R. Osterberg, in preparation), so it may be significant that mix-
tures of urea-with inorganic polyphosphates are excellent
pho.phorylating agents. The failure of mixtures of urea and
trimetaphosphate tc react with nucleosides is surprising.
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Binding of d-Lysergic Acid
Diethylamide to Subcellular
Fractions from Rat Brain

WE have examined some of the characteristics of LSD (d-lyser-
gic acid dicthylamide) binding to subcellular fractions from
rat brain, on the assumption that whatever the mode of action
of LSD may be, the drug must first bind to LSD receptors.
Studies on a model LSD receptor, that is, the receptor site of
an antibody to d-lysergamide, have already been described?.

The binding of generally labelled *H-LSD (1.2 Ci/mmoi-*,
New England Nuclear) to tissue fractions was studied by
suspending 8 mm dialysis bags, containing 0.4 ml. of sample,
in a bath of 50 ml. of a modified Krebs Ringer solution (pH
7.25). The bath was flushed with N, and contained 0.01%;
ascorbic acid to reduce oxidation of *H-LSD. The bath also
contained varying concentrations ¢f *H-LSD 2nd unlabelled
L5D, and il suls wases vihy aiugs as weli??,  After dialysis
of the sample overnight in the dark at 4° C, we measured in
trinlicate, hy lanid scintiiiation techniaues. the radioactivity
in equal volumes of bag and bath.

The exccss radioactivity in the dialysis bag over that in the
bath represents the amount of *H-LSD taken up at equilibrium

R g b -~ ~e 34 <= la mwann M
by the contonis of the bag and it o this sxooes that is pletted
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in the figures. By this measurement, wec determined the
amount of LSD taken up by synaptosomes, myelin and mito-
chondria at LSD concentrations ranging from 10-'° M to
i0-* M in order io deiect and characicrize various types of
LSD binding (Fig. !).

The known iipid solubility of LSD might be expected to
preclude detection of a small population of specific LSD-
binding macromolecules. Indeed, equilibrium dialysis of the
myelin and mitochondrial fractions showed binding directly
proportional to LSD concentration between 10-1°Mto 10-*M
(Fig. 1). This is equivalent to and indistinguishable from a
large concentration of non-specific LSD binding sites (dis-
sociation constant= Kp> 10-* M). The synaptnsome fraction
also showed this ty=e of binding, but at low 1.8 concentrations
there was additional binding which did not occur in myelin
or mitochondria (Fig. 1). We have seen these results in five
or more preparations of each ot the threc iracuons. 1ne
additional specific binding in synaptosomes shows two classes
of LSD binding sites, with Xp,=9.0x10~% M znd Kp,=
1.2x 10-¢ M (Fig. 2). The concentration of the two sites 1s
6.4 and 340 pmol g-! fresh weight of tissue, respectively. The
concentration of the high affinity sites is thus exceedingiy iow.
We did not detect binding sites of still higher affinity, which
limits their concentration to 5x 10-!* M during ‘dialysis.
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Fig. 1 High affinity LSD binding in synaptosomes and its
absencc in myelin and mitochondria. The amount of LSD
taken up during equilibrivm dialysis at various LSD concen-
trations (10~'° 'M to {0 = M) by constant concentrations of
synaptosomes ((), mitochondria (A) and myelin ([7J) derived
from rat cerebral .cortical grey matter was determined. At 4.5
x 10~ M LSD, for examrle, the bath contained 1,860 d.p.m.
0.10 ml.-! (d.p.m...) and the synaptosome ‘sample contained
3,690 d.p.m. 0.10 ml.—' (d.p.m.a); d.p.m.ip~d.p.M.ou:, 1he
difference between the radioactivity in. the dialysis hag-and the
radioactivity in the bath after dialysis (1,830 d.p.m. 0.10 mi.~!
in this case), represents thc amount of 3H-LSD taken up by the
tissue. This amount muitiplied by [LSD}iew/[*H-LSD] repre-
sents total LSD taken up. If the ratio (d.p.m.ja~d.p.m.oud/
d.p.m.,,, is greater at a low LSD concentration than at higher
LSD concentrations, high affinity binding is present. Myelin and
mitochondria lack the high affinity binding siles present in synap-
tosomes. Subceliular fractions were prepared from rat brain
cerebral cortical grey matter of 190-250 ¢ Sprague-Dawiey rats
by a slight modification* of Gray and Whirttaker’s procedure®.
The crude mitochondrial fraction in 0.32 M sucrose was jayered
on top of a discontinuous sucrosc gradient (1.2 and 08 M
sucrose) and centrifuged at 200.000¢ for 75 min in a Spinco
SW-50 rotor to vield myelin, synaptosomes and mitochondria.
The myelin and synaptosomec fractions were diluted with water
t0 0.32 M sucrose and centrifuged at 200,000¢ for 45 min. The
pellets, and the mitochondrial pellet, were suspended in the
buffer mentioned. The purity of the *H-LSD was periodically
checked by thin-layer chromatography on Eastman silica gcl
sheets. If more than 5-10% of the *H-LSD was degraded it
was repurified by the same mcthod. The solvent system was
CHCl, : ethanoi : acetic acid (105 : 15 : 1.5) containing 0.01 7,
ascorbic acid. The chromatograms were prepared and run inan
N. atmosphere in the dark at 4° C.  The myelin and mitochon-
dria results plotted in this figurc are each trom tour experiments
and the synaptosome resuits are Ir0m two experimes. flviein
concentrations arc: myckn. .6 mg ml—'; mutecnondria, 4.6
mg ml.~%: synapiosomes. 11.4 mg/ml. Nitrogen cencentrauons
are: myelin, 0.42 mg mi.~*; nmitocnondria, 0.70 uig nib.
synaptosomes, 1.38 mg mi -1, The protein content was dcter-
mined by the method of Lowry ei ai.”, using human serun:
albumin as a standard, and nitrogen conicnt was determined by
the method of Lang’.
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Fig. 2 The amount of LSD taken up by synaptosomes during
-equilibrium dialysis is expressed as a Scatchard plot® in order
to determine the number, affinity, and concentration of high
affinity binding sites. The points are experimental data. The
curve is a theoretical curve for binding by two classes of binding
sites with dissociation constants of 9.0x 10-°* M and 1.2 x 10~
M and present at concentrations of 0.40 pmoi ¢.10 mi—* (6.4
pmol g-! fresh weight of tissue) and 21 pmol 0.10 mi.~' (346
pmol g~! fresh weight of tissue), respectively. The dashed lines
indicate the two classes of binding sites.

Ve chromatographed a portion of the bath contents from
myelin, synaptosomes and mitochondria dialysed against 10-%
M *H-LSD and found that 10-15% of the *H-LSD was
degraded, but the degradation product did not exhibit high
affinity binding to synaptosomes. *H-LSD was probably not
metabolized to some chromatographically similar compound

"' because brain tissue does not metabolize LSD?.

We measured the inhibition by various compounds (all at
10-% M) of 5.4x 10~ M 3H-LSD binding to synaptosomes
(Table 1). At 5.4x10-° M, 3H-LSD binds td' both the high
affinity site and the lower affinity site, in the ratio of 1.6: 1.
‘Among the synaptic transmitter candidates and:their meta-

Takle 1 Inhibition of the *H-LSD Binding to Synaptosomes by Various
Compounds
s Inhibi- : Inhibi-
Inhibitor B tion (%) Inhibitor tion (%)
Transmitters and metabolites Amino-acids
Serotonin 70 L-Tryptophan 3
3-Hydroxyindole aceticacid —7 L-Phenyialanine 0
Tryptamine : L-Tyrosine 5
Méla_tomtr]\ 14 L-Glutamate 16
L-Epinephrine 5
L-Norepinephrine 23 Others .
pL-DOPA : -6 %wmme , -7g
Ari P ramine
Y Arpmobutync acid ' 2 d-Amphetamine 5
Hallucinogens Morphine -2
Mescaline 1 Spermidine i8
2,5-Dimethoxy-4-methyl- Adrenochrome 34
amphctamine (DOM) 25 Histamine -3
Psilocybin 5
Psilocin 56
5-Methoxytryptamine 55
5-Methoxy-N,N-dimethyl-
tryptamine 46
N,N-Dimethyltryptamine
(DMT) 27
Bufotenine 52
Harmaline 28

. In ail cases the LSD was 5.4x 10-° M, ail as *H-L3D, and the
inhibitor concentration was 10~ M. Both LSD and inhibitor were
added simultaneously to the bath at the beginning of the experiment.
For 100 %; inhibition. we used 10-* M unlabelled LSD as inhibitor.
Thus we measured only inhibition of specific LSD binding withcut
interference by lipid/buffer partitioning or non-specttic inding of
LSD. The sources of the drugs and the preparation of psilocin from
psilocybin have been previously described!. Data are mean vaiues
from two or threc different synaptosome preparations. Mean values
were all within 5% inhibition, except for the foliowing: serotonin,
ergonovine, amphetamine, +12%; DOPA, DOM, tryptophan,
+2074; 5-hydroxyindole acetic acid, tyrosine, +25 Yae

- psilocin.
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bolitcs, serotonin, norepinephrine and tryptamine were
inhibitory. LSD may intcract with scrotonin'® or norepine-
phrinc rcceptors''.  Marchbanks reported 50% inhibition by
4% 10-7 M LSD of *H-serotonin binding to synaptosomes
(Kp for serotonin=5x10-7 M)!'2, Glutamate inhibited
slightly, and the other three amino-acids tested were ineffective.
Glutamate may function as a transmitter substance in the
mammalian central nervous system*-!'*. Ergonovine, a lyserg-
amide derivative, was a potent inhibitor.

All of the hallucinogenic compounds we tested were inhibi-
tory at 10-® M except for mescaline and psilocybin. Mescaline
at 10-* M, however, inhibited 50% of the LSD binding.
Psilocybin is probably not hallucinogenic but is rapidiy
dephosphorylated in the body!* to the potent hallucinogen
Psilocybin did not compete for LSD binding, but
psilocin did.

In spite of considerable differences in their structures,
mescaline, psilocin and LSD show cross tolcrance and produce
symptoms stmilar in many respects, suggesting that their
behavioural effects may be mediated at the same sites in the
central nervous system, pzrhaps at a common set of posi-
synaptic receptors'®-!7, The potencies of these compounds
in man are very different, however, for a variety of possible
reasons (metabolism, passage across the blood-brain barricr,
and so on). The ratio of potencies in man is 1:32: 4,500~
9,275 (mescaline : psilocin : LSD)'7:18 Mescaline at 10-* M
and psilocin at 10=* M inhibited 5.4 x 10-° M LSD binding to
synaptosomes by 509, so the ratio of inhibitory potency is
0.32:32: 6,400 (mescaline : psilocin : LSD). The strong simi-
larity between the ratios for hallucinogenic potency and
inhibitory potency implies that these three drugs act at the
samé synaptic sites. )

Diab, Freedman and Roth have recently observed in auto-
radiographs *H-LSD of high specific activity bound to neurones
of rat brain cortex!®. Qur results are complementary to and
consistent with their observations on cerebral cortical tissue.

It is not.possible to know which of the two LSD binding
sites is related to the hallucinogenic properties of the drug,
or whether both sites are invoived, but ihe extremeiy iow
effective dosage of LSD Jcads us to favour the higher affinity
site.
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