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Antagonism of 5-hydroxytryptamine by LSD 25
in the central nervous system: a possible neuronal
basis for the actions of LSD 25
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Summary

1. 5-Hydroxytryptamine (5-HT), acetylcholine (ACh), noradrenaline (NA),
glutamate, D,L-homocysteic acid (DLH), glycine and y-aminobutyric acid
(GABA) were applied to single neurones in the brain stem of decerebrate cats
by microiontophoresis. The abilities of D-lysergic acid diethylamide tartrate
(LSD 25), methysergide maleate (UML 491) and 2-bromo-lysergic acid diethyl-
amide (BOL 148) to antagonize the actions of these compounds were studied.
2. LSD 25 antagonized 5-HT excitation of single neurones when applied
iontophoretically or administered intravenously. LSD 25 also antagonized
glutamate excitation of neurones which could be excited by 5-HT. Inhibitory
effects of 5-HT, the action of glutamate on neurones which could be inhibited
by 5-HT and the actions of all the other compounds tested were unaffected
by LSD 25.
3. Iontophoretically applied UML 491 was also a specific antagonist to 5-HT
and glutamate excitation but was less potent than LSD 25, and BOL 148
rarely exhibited antagonism.
4. It is suggested that antagonism to 5-HT and glutamate excitation of brain
stem neurones may be the basis of the psychotomimetic action of LSD 25. It
is also suggested that there may be similarities in the mechanisms by which
5-HT and glutamate produce excitation where they act on the same neurone.

Introduction

D-Lysergic acid diethylamide (LSD 25) produces a multiplicity of pharmaco-
logically well defined effects, most of which appear to be central in origin. The
drug is best known, however, for its psychotomimetic properties and it is, at the
present time, the most powerful hallucinogenic compound known to man. Con-
siderable interest and some speculation have centred around the possible mode of
action of this drug in the central nervous system.

Psychotomimetic substances, by definition, interfere with perceptual processes,
and while these effects can readily be detected in man, their study in experimental
animals is considerably more difficult. However, changes in the electroencephalo-
gram of normal human subjects given small quantities of LSD 25 (Bradley, Elkes &
Elkes, 1953; Gastaut, Ferrer, Castells, Lesevre & Lushnat, 1953) paralleled those
observed in the electrocorticogram of unrestrained cats (Bradley & Elkes, 1957) and
rabbits (Himwich, 1956) and the changes (increased activation) were found to be
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markedly dependent on environmental influences. Other investigations in animals
demonstrated decreased thresholds for sound-induced arousal responses (Bradley
& Key, 1958), increased generalization of auditory stimuli (Key, 1961) and dis-
habituation (Key & Bradley, 1960). From the results of these and other studies
(Schweigerdt, Stewart & Himwich, 1966), it was postulated that a possible site of
action for LSD 25 in the brain is at the level of the brain stem reticular formation
and that this action is closely related to the afferent collateral input (Bradley & Key,
1958). Furthermore, the drug appears to influence, in a highly specific manner, the
neurophysiological mechanisms concerned with filtering and integration of sensory
information (Key, 1965), a disturbance in the balance of which might account for
disturbances in perception, and hence produce hallucinations. Investigations of
this kind, whilst providing useful information of a general nature regarding the
possible site of action of the drug, do not give any indication of the mechanisms
involved at the neuronal level.
Gaddum (1953) demonstrated that LSD 25, in extremely low concentrations,

antagonized certain peripheral actions of 5-hydroxytryptamine (5-HT). This finding
led to the hypothesis (Gaddum 1954; Woolley & Shaw, 1954) that a similar
antagonism to actions of 5-HT in the central nervous system might explain the
psychotomimetic effects of LSD 25. So far, no conclusive evidence either in support
of, or against, the " serotonin hypothesis " has been produced.
5-HT is present in the brain (Amin, Crawford & Gaddum, 1954; Twarog & Page,

1953) and the highest concentrations are in the hypothalamus and brain stem. At
the subcellular level, the techniques of differential centrifugation (Michaelson &
Whittaker, 1962; Zieher & De Robertis, 1963) and fluorescence histochemistry
(Hillarp, Fuxe and Dahlstrom, 1966) have demonstrated that 5-HT is localized to
presynaptic nerve terminals, and the concept of " serotoninergic " neurones has
resulted. Histochemical studies of the distribution of 5-HT in the brain stem (Fuxe,
1965) have shown that this substance is present in cell bodies in the raphe nucleus
and diffuse nerve terminals in the reticular formation. Furthermore, the local appli-
cation of 5-HT by iontophoresis in the vicinity of neurones in the brain results in
changes in neuronal activity. In those regions where the effects of 5-HT have been
studied, both excitation and inhibition have been obseLved (Curtis & Crawford,
1969). Thus, 5-HT fulfils some of the criteria for a synaptic transmitter in the
central nervous system (for review see Bradley, 1968) and an antagonism of its
actions by LSD 25, if it can be demonstrated, might therefore be related to an
interference with transmitter function.

Roberts & Straughan (1967), in a study of cortical neurones in the cat ence'phale
isole, found that iontophoretically applied LSD 25 specifically antagonized the effects
of 5-HT on half the neurones which were excited by this substance. However, this
property was also shared by compounds which are peripheral 5-HT antagonists but
which lack psychotomimetic properties-for example, 2-bromo-LSD (BOL 148).

Against the " serotonin hypothesis " is the fact that a number of derivatives of
LSD 25 are more potent antagonists of 5-HT peripherally but lack psychoto-
mimetic activity (Isbell, Miner & Logan, 1959). The classic example is BOL 148
which, even in high doses, has no psychotomimetic activity (Cerletti & Rothlin,
1955). The results of certain investigations of LSD 25/5-HT interactions in experi-
mental animals even indicate the possibility of a synergism between some of the
effects of these compounds in the central nervous system (Bradley, 1958).
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The effects of LSD 25 itself, when applied iontophoretically to neurones in the
brain, are mainly inhibitory (Bloom, Costa & Salmoiraghi, 1964; Bradley & Wolsten-
croft, 1965; Phillis & Tebecis, 1967). Since 90% of neurones in the brain stem
respond to iontophoretic application of 5-HT (Bradley & Wolstencroft, 1965), and
since this region of the brain is a possible site of action of LSD 25 (Bradley & Key,
1958), it was considered that an investigation into the existence of an antagonism
at the neuronal level in this region would be worthwhile. Other putative trans-
mitters and neuronal excitants, as well as two LSD congeners, were included in order
to examine the specificity of any antagonistic action found. A preliminary account
of this investigation has already been published (Boakes, Bradley, Briggs & Dray,
1969) and some of the results presented at a meeting of the British Pharmacological
Society (Boakes, Bradley, Briggs, and Dray, 1970).

Methods

Adult cats of both sexes were studied. The animals were decerebrated at the mid-
collicular level under halothane anaesthesia and the medial portion of the cerebellum
was removed. One femoral vein was cannulated for a dextrose-saline drip and the
intravenous injection of drugs. After withdrawal of the anaesthetic, 5-barrelled
glass micropipettes (Bradley, Dhawan & Wolstencroft, 1966) of external tip diameter
6-10 tum were inserted through the exposed horizontal floor of the fourth ventricle.
Penetrations were made between 2 mm and 6 mm rostral to the obex, between 2 mm
either side of the midline, avoiding the midline itself and to a depth of between
1 and 6 mm. The recording barrel of the pipettes contained 4 M saline; resistances
were 10-5 MC. One barrel contained 1 M saline for monitoring iontophoretic
current effects, and the others drugs in aqueous solution, for iontophoretic ejection.
The resistances of these barrels were between 10 and 80 MQ?. Backing currents of
15 nA were used to prevent leakage of compounds other than amino-acids. It has
been found (Bradley & Candy, 1970) that there was no detectable leakage of labelled
compounds into saline from micropipettes when this backing current was used. The
backing currents for the amino-acids used were adjusted to the minimum necessary
to prevent effects on neurone firing rates.
The method of displaying and counting neurone spikes has been described

(Bradley et al., 1966). Drugs were ejected iontophoretically in the vicinity of spon-
taneously active neurones for one or more successive 5 s epochs.

Effects of LSD 25, methysergide and BOL 148 were examined on neurones which
showed consistent responses to one or more excitant or depressant compounds. The
criteria used for the demonstration of antagonism to the action of a particular
substance were either (a) reduction of the effect of that substance by at least 50%
and its subsequent recovery, or (b) a similar reduction of that effect whilst the action
of another compound remained constant. All drugs were applied iontophoretically
except in those experiments where the effects of intravenous injections of LSD 25
on excitations elicited by iontophoretically applied compounds were studied.

Drugs

D-Lysergic acid diethylamide tartrate (LSD 25), methysergide maleate (UML 491)
and 2-bromo-lysergic acid diethylamide (BOL 148) (Sandoz) were used in the micro-
pipettes as 0 5% solutions in de-ionized water, except in a few preliminary experi-

204



Antagonism of 5-HT by LSD 25 in the CNS

ments when a 2% LSD 25 solution was used. A 0-01% solution of LSD 25 was
used for intravenous injection. The following drugs were also used in the micro-
pipettes, at the indicated concentration after adjusting the pH with sodium hydroxide
or hydrochloric acid: serotonin bimaleinate, 10%, pH 4'5-6-0; monosodium
glutamate, 10%, pH 80-9'0; D,L-homocysteic acid, 10%, pH 80-90; glycine hydro-
chloride, 10%, pH 3 0-40; y-amino-butyric acid, 10%, pH 3-0-4-0 (Koch-Light);
(-)-noradrenaline, 10%, pH 50-60 (B.D.H.); acetylcholine chloride, 10%, pH
5 0-6 0 (Hopkin & Williams).

Results

Response to 5-HT

Bradley & Wolstencroft (1965) reported that 5-HT excited some neurones and
depressed others in the brain stem of unanaesthetized decerebrate cats. In the
present experiments, inhibitory effects were usually weak (Fig. 2B); depression of
neuronal activity appeared, in most cases, within 10 s of switching on the current, and
recovery occurred within 15 s of switching off. More prolonged inhibition was only
rarely seen. With repeated application of 5-HT, the inhibitory response showed no
tendency to desensitization. Although no random sampling was attempted, and
the selection of neurones was biased in favour of large cells with steady firing rates,
the proportion inhibited by 5-HT was about 10%. Excitatory responses, on the
other hand, occurred much more frequently and approximately 70% of the neurones
studied were excited by 5-HT.
The excitatory response to 5-HT was usually strong and prolonged (Figs. 1B and

4A); the increase in firing rate was apparent 2 epochs (10 s) after switching on the
drug, but sometimes was only seen after switching off. There was no correlation
between the latency of 5-HT excitation of brain stem neurones and their initial
firing rate, in contrast to the observations of Johnson, Roberts, Sobieszek &
Straughan (1969). The time taken to reach a peak effect varied: the mean and S.D.
for 50 units was 80 +2-4 epochs (40+12 s) after switching on the current. The
time taken for recovery also varied and the firing rate did not always return to
its previous level (Fig. 4B). Subsequent applications of 5-HT often failed to excite
neurones to the same extent as the first application. Thus, the excitatory response
to 5-HT showed some desensitization but this was not as marked as the desensitiza-
tion of the excitatory response of brain stem neurones to noradrenaline (Boakes,
Bradley, Brookes & Wolstencroft, 1968). Occasionally biphasic responses-inhibi-
tion followed by excitation-were observed.
The proportions of neurones excited or inhibited by 5-HT in the present series

of experiments are at variance with previous findings with brain stem neurones
(Bradley & Wolstencroft, 1965) where 40% were found to be excited and 49%
inhibited. The total number of neurones responding to application of 5-HT is,
however, much the same (80-90%).

Response to iontophoretically applied LSD 25

In a few preliminary experiments, LSD 25 was applied iontophoretically from a
2% solution in the micropipette. Brief applications with this solution sometimes
had markedly depressant actions on neuronal activity as previously observed by
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Bradley & Wolstencroft (1964). This effect was not seen with short applications
from a 0/5% solution, and therefore may have been a non-specific effect possibly
related to a local anaesthetic action of the drug (Toman & Sabelli, 1968). It was
often impossible to pass current through barrels containing 2% LSD 25 solution
for long periods. Longer applications of LSD 25 from a 05% solution had a
depressant action on twenty-two out of thirty-five neurones tested. This depression
developed gradually, however, in contrast to the depression observed with the 20/'
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FIG. 1. Effects of iontophoretically applied LSD 25 on excitatory responses to 5-HT, NA and
ACh. (A) The firing rate in impulses s-I (f) of a single neurone in the brain stem of a decerebrate
cat is plotted against time in min. The excitatory response to 5-hydroxytryptamine (5-HT), but
not that to noradrenaline (NA), was blocked after applying D-lysergic acid diethylamide
(LSD 25) for 5-5 min. A further application of 5-HT 13 min later showed partial recovery.
The figures beneath the bars indicate the iontophoretic currents in nA. Current passed through
a barrel of the electrode containing I M saline (Na+) had no appreciable effect. (B) Applica-
tion of LSD 25 for 10 min blocked the excitatory response to 5-HT but not that to acetyl-
choline (ACh). Partial recovery of the 5-HT response was present 18 min later.
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FIG. 2. Effects of LSD 25 on responses to 5-HT and glutamate. (A) When application of
5-HT caused excitation of a neurone, the responses to both 5-HT and glutamate (G) were
reduced by the application of LSD 25 for 10 min. Both responses subsequently showed
partial recovery. (B) When the application of 5-HT caused inhibition, LSD 25 applied for
16 min had no effect on the response to either 5-HT or glutamate. Ordinates (f): firing rate in
impulses s51.

207

I I

I

~r



208 R. J. Boakes, P. B. Bradley, 1. Briggs and A. Dray

solution, and spike amplitude remained unaffected. The firing rates of five of the
twenty-two neurones depressed by LSD 25 were reduced to zero. This depression
was not correlated with any actions of 5-HT or noradrenaline. No excitatory
effects were ever observed with iontophoretically applied LSD 25.

Responses to other compounds

The actions of iontophoretically applied acetylcholine (ACh), noradrenaline (NA),
glutamate (G) and y-aminobutyric acid (GABA) on brain stem neurones have
already been described (Bradley & Wolstencroft, 1965; Bradley et al., 1966;
Boakes et al., 1968). Both ACh and NA have depressant and excitant actions;
glutamate excites most neurones and GABA inhibits most neurones. In this study,
glycine (GLY) was found to be a more potent inhibitor of brain stem neurones than
GABA, in agreement with the results of Hosli, Tebecis & Filias (1969). D,L-Homo-
cysteic acid (DLH) was also a potent excitatory compound; however, neurones
excited by DLH were not always excited by glutamate and vice versa. The latency
and duration of DLH excitation were longer than for glutamate.

Effect of iontophoretically applied LSD 25 on 5-HT excitation

The excitatory effects of 5-HT were suppressed, or completely blocked in some
instances, by long applications of LSD 25 (Fig. IA and B, Fig. 2A). When applied
for 5 min or longer, at 50 nA, LSD 25 antagonized the excitatory actions of 5-HT on
thirty-one out of thirty-two neurones. Partial recovery of 5-HT excitation was
observed in twenty-one of these. Full recovery was never seen after applying LSD 25
for more than 5 min at 50 nA, and up to 3 h were then needed for partial recovery.
Applications of LSD 25 at 50 nA for less than 5 min occasionally failed to antagonize
5-HT excitation. However, even when LSD 25 was ejected with low iontophoretic
currents (5 or 10 nA) antagonism to 5-HT excitation could still be observed (Table
1). No evidence of potentiation of 5-HT excitation by LSD 25 was found and the
effect of LSD 25, even with low currents and for short applications, was always to
depress 5-HT excitation, never to increase it.

lontophoretic application of LSD 25 was never observed to modify inhibitory
actions of 5-HT (Fig. 2B).
A number of excitatory and inhibitory compounds were used to determine the

specificity of the blockade of 5-HT excitation by LSD 25 (Table 2). These com-
pounds were tested in parallel with 5-HT, and LSD 25 was routinely applied for at
least 5 min at 50 nA, to effectively antagonize the 5-HT response. The excitatory
actions of ACh and DLH were never affected by LSD 25 applications. The excita-
tory effects of NA on nine neurones were unaffected (Fig. IA), but on one neurone
excitation was depressed after application of LSD 25. However, this could have been

TABLE 1. Numbers of 5-HT excitations antagonized by LSD 25
inder different parameters

Numbers of neurones

Time of release Current Amount released* Blocked Not blocked
<1 min 50 nA <0-05 pmol 0 5
>5 min 5 nA >0025 pmol 4 1
>5 min 10-30 nA >0-05-015 pmol 4 2
>5min 50nA >025pmol 31 1

* From the data of Bradley & Candy (1970).
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due to desensitization. Inhibitory actions of ACh, NA, GABA and glycine were not
modified by LSD 25 (Table 2).
When glutamate was used as a control, to test the specificity of the LSD 25

effects, unexpected results were obtained. LSD 25 was found to antagonize the
excitatory actions of glutamate on neurones which were excitable by 5-HT (Fig.
2A), but not on neurones which were inhibited by 5-HT (Fig. 2B). LSD 25 was
applied to eighteen neurones from which clear and consistent responses to both
5-HT and glutamate had been obtained: thirteen of these were excited by 5-HT and
the excitatory action of glutamate was blocked by the LSD 25, concomitantly with
the blocking of the 5-HT excitation; the other five were inhibited by 5-HT and the
excitatory action of glutamate on these neurones was not affected by LSD 25.
LSD 25 also blocked glutamate excitation of five out of seven neurones on which the
action of 5-HT was not clear.

TABLE 2. Antagonism by LSD 25, UML 491 and BOL 148 to the effects of
excitatory and inhibitory agents
LSD 25 UML 491 BOL 148

Not Not Not
Blocked blocked Blocked blocked Blocked blocked

5-HT+ 31 1 23 24 6 27
5-HT- 0 8 0 12 0 2
ACh+ 0 15 0 9 0 9
ACh- 0 2 0 1
NA+ 1 9 0 10 1 5
NA- 0 10 0 4 0 4
GLY- 0 7 0 6 1 5
GABA- 0 9 1 6 1 7
DLH+ 0 8 2 9 0 5
Glutamate+ 20 7 12 9 1 18
+, Excitation;-, inhibition; the numbers refer to numbers of neurones.

Increase in 0
firing rate /

150-

100 /
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0 10 20 35 5060
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FIG. 3. Effect of LSD 25 on the graded excitatory responses of a single neurone, obtained by
application of glutamate ions using different current strengths. The increase in firing rate
impulses s-1, plotted against glutamate current, before (0) and during (@) application of
LSD 25, shows a parallel shift, suggesting that the antagonism may be competitive. The
difference in the base lines may be due to antagonism by LSD 25 to the effect of glutamate
leaking from the micropipette.
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It was difficult to compare the time-course of the glutamate blockade with that
of the 5-HT blockade, because frequent applications of 5-HT were avoided to
minimize the possibility of desensitization developing. However, in some cases, the
antagonism to glutamate appeared earlier than that to 5-HT, and recovery was also
quicker. Attempts were made to find out whether the antagonism to glutamate
excitation by LSD 25 was competitive. Blockade of the glutamate response could
be overcome by increasing the current used to eject glutamate ions, but dose-response
curves with upper response limits were impossible to obtain, since the firing rate
increased as the glutamate current was increased and eventually individual spikes
could not be differentiated. One set of results is shown in Fig. 3. Over the range
of responses obtainable, the curves are parallel, suggesting that the antagonism may
be competitive. No potentiation of glutamate excitation by LSD 25 was ever
observed, even when the LSD 25 was applied with low currents and for short
periods.

Effects of methysergide on 5-HT excitation

Methysergide was applied routinely at 50 nA for 5 min or longer. It antagonized
the excitatory actions of 5-HT on twenty-three out of forty-seven neurones tested
(Fig. 4A) and thus its ability to block 5-HT excitation was weaker than that of
LSD 25. Furthermore, recovery after blockade by methysergide occurred more
quickly and more frequently than after LSD 25. Methysergide did not affect inhibi-
tory actions of 5-HT or any of the effects of ACh, NA, DLH, GABA and glycine
(Table 2).

Methysergide was also found to antagonize the excitatory actions of glutamate
on some neurones. As with LSD 25, this antagonism was present in neurones
excited by 5-HT and not those inhibited by 5-HT. However, the antagonism to
both glutamate and 5-HT excitation by methysergide was weaker than that of
LSD 25 and glutamate excitation was more resistant to methysergide antagonism
than 5-HT excitation (Table 2).
The firing rate of forty-four neurones out of sixty-three was depressed during the

application of methysergide (Fig. 4A), but reduction in spike amplitude was rare.

EJyects of BOL 148 on 5-HT excitation

Applications of BOL 148 at 50 nA for 5 min or more depressed 5-HT excitation
in six out of thirty-three neurones examined (Fig. 4B). Thus it was a much weaker
antagonist of 5-HT excitation in the brain stem than either LSD 25 or methysergide.
BOL 148 blocked both 5-HT and glutamate excitation of only one neurone (Table
2). BOL 148 depressed the firing rate of twenty-eight neurones out of forty-five,
but had no effect on spike amplitude.

Effects of intravenous LSD 25

An attempt was made to determine whether the blockade of 5-HT excitation by
iontophoretically applied LSD 25 also occurred with systemic injection of the drug.
In each of seven cats, a single neurone, excited by 5-HT, was recorded success-
fully during and following intravenous injection of LSD 25 (10-35 ptg/kg). In five
of these experiments, blockade of the action of 5-HT was seen and in another,
although the neurone became silent after the injection of LSD 25, a response to
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FIG. 4. A: Example of antagonism of 5-HT excitation by methysergide (UML 491). After a
10 min application of UML 491, the excitatory response to 5-HT, but not that to ACh, was
blocked. Partial recovery of the 5-HT response was shown 8 min later. B: One of the few
cases (six neurones) in which 2-bromo-LSD (BOL 148) blocked 5-HT excitation. After a 10
min application of BOL 148, the excitatory response to 5-HT, but not that to ACh, was
blocked. Recovery was present 9 min later. Ordinates (f): firing rate in impulses s-1.
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DLH but not 5-HT could still be obtained. Two examples of the effects of intra-
venous LSD 25 are shown in Fig. 5. In both neurones 5-HT initially produced
excitation. In Fig. SA, the effect of 5-HT was almost completely blocked 15 min
after the intravenous injection of 12 ,ug/kg of LSD 25; 40 min later the response to
5-HT showed partial recovery. In Fig. 5B, the responses to both glutamate and
5-HT were markedly depressed 5 min after 30 p,g/kg LSD 25 intravenously, while
the response to DLH was unaffected.
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FIG. 5. Effects of intravenous injection of LSD 25 on the responses of two brain stem
neurones to iontophoretic application of excitatory agents. For further details see text.
Ordinates (f)=firing rate in impulses s-'.
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Discussion

The experimental results presented here provide direct evidence for the existence
of a specific antagonism by LSD 25 to excitatory actions of 5-HT in the brain stem
of the cat. In their studies of cortical neurones, Roberts & Straughan (1967) found
that 5-HT could cause excitation, and that this effect was antagonized by ionto-
phoretically applied LSD 25. However, they also found that other compounds,
which do not possess hallucinogenic activity, were almost as active as LSD 25, and
the proportion of 5-HT excitations which could be blocked by LSD 25 was lower
than in the present experiments. In our experience, BOL 148 antagonized the
excitatory effects of 5-HT in only a few cases ; methysergide showed greater activity,
although considerably less than that shown by LSD 25 (Fig. 6). LSD 25 is the most
powerful psychotomimetic drug known, whilst BOL 148 was found to be without
hallucinogenic activity (Cerletti & Rothlin, 1955), in spite of its close structural
relationship to LSD 25. Methysergide, on the other hand, has been reported to
produce mental effects similar to those of LSD 25 (Abramson & Rolo, 1967;
Bender, 1970). It would appear, therefore, that with the three derivatives of lysergic
acid tested in the present study, there is a good correlation between hallucinogenic
activity and potency as an antagonist to excitatory actions of 5-HT (Fig. 6). The
fact that similar effects were observed in the experiments where LSD 25 was injected
intravenously suggests that this drug has the same action on brain stem neurones,
irrespective of whether it is applied iontophoretically or administered systemically.
Thus it is possible that the antagonism to 5-HT might explain the behavioural effects
of low doses of this drug. In view of the evidence concerning the site of action of
LSD 25 (Bradley & Key, 1958; Schweigerdt et al., 1966), it would seem that studies
with brain stem neurones are most likely to produce data which are relevant to the
mode of action of this drug.

It might be argued that the amount of LSD 25 reaching the receptor sites during
iontophoretic application is higher than that attained after oral or intravenous
administration. In studies of the release of labelled 5-HT and LSD 25 from micro-
pipettes similar to those used in the present study, Bradley & Candy (1970) have
determined the transport number of 5-HT as 017 and that of LSD 25 as 0-02. Thus

34 13 15 44 15 9 33 12 9

5-HT G ACh 5-HT G ACh 5-HT G ACh

LSD UML BOL
FIG. 6. Comparison of the relative activities of three lysergic acid derivatives (LSD 25, UML
491 and BOL 148), arranged in order of psychotomimetic potency, as antagonists of the
excitatory actions of 5-HT, glutamate (G) and ACh. U, Blocked; EI, not blocked. The
numbers above the columns indicate the total number of neurones in each category. Only
neurones excited by 5-HT have been included.
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the quantity of LSD 25 released from a micropipette during iontophoresis at 50 nA
for 5 min is similar to the amount of 5-HT released during iontophoresis at 50 nA
for 30 s, and the concentration of LSD 25 at a particular point will be approximately
one-tenth of the concentration of 5-HT at the same point when both compounds
are released by currents of 50 nA. Since the local concentration of an ion released
from a point source is independent of the duration of release if this is long (Curtis,
Perrin & Watkins, 1960), it would appear that the LSD 25 concentration must be
maintained for at least 1 min to enable the drug to have an effect (Table 1). Using
the transport number for LSD 25 calculated by Bradley & Candy (1970), and the
equations derived by Curtis et al. (1960), the concentrations of LSD 25 at distances
of 50 jum and 100 /im from the tip of the micropipette may be calculated, assuming
free distribution of the drug. These concentrations are 8-8 x 10-6M and 6'2 x 10-6M
respectively, expelled at 50 nA, and 8-8 x 10-7M and 6&2 x 10-7M at 5 nA, both
currents being effective in producing antagonism (Table 1). These values are com-
parable with the tissue concentration of 2-2 x 10-8M LSD 25 found in the cat brain
stem after the intravenous injection of 25 ,ug/kg LSD 25 (Bradley & Candy, 1970).
Kawai & Yamamoto (1969) found that 10-' to 10-0M LSD 25 antagonized the

effect of 5-HT on surface potentials evoked in slices of guinea-pig superior colliculus.
These concentrations are similar to those obtained in our experiments during
iontophoresis. Kawai & Yamamoto also suggested that 1 x 10-8M LSD 25 facilita-
ted the effect of 5-HT. It seems possible that the effect observed by these workers
was not facilitation but summation of the effects of the two substances. In the
present experiments, no potentiation of the effects of 5-HT by LSD 25 was observed
even after short periods of iontophoretic application of LSD 25, or after intravenous
injection of LSD 25 giving tissue concentrations of about 10-8M.

Biochemical studies have demonstrated small increases in 5-HT levels in brain
following administration of LSD 25 (Freedman & Giarman, 1962) and a concomi-
tant lowering of the 5-HT metabolite, 5-hydroxyindoleacetic acid (Rosecrans, Lovell
& Freedman, 1967). LSD 25 has also been found to reduce the turnover rate of
5-HT (Anden, Corrodi, Fuxe & Hokfelt, 1968; Costa, 1969) and Anden et al. attrib-
uted this effect to a feedback inhibition of serotoninergic neurones, following stimu-
lation of 5-HT receptors by LSD 25. This suggestion, however, is not supported
by our results. It seems more likely that LSD 25 may have a direct action on
serotoninergic neurones, preventing the release of 5-HT (Chase, Breese & Kopin,
1967; Diaz, Ngai & Costa, 1968 ; Katz & Kopin, 1969 ; Aghajanian, 1970). LSD 25
has also been reported to enhance binding in 5-HT-containing granules (Giarman &
Freedman, 1965). These findings are not incompatible with our own observations.
The idea that LSD 25 might mimic the actions of 5-HT in the central nervous

system is based largely on indirect evidence. Although the principal action of
LSD 25 at peripheral receptors is to antagonize 5-HT, it can, in some instances,
mimic actions of 5-HT (Shaw & Woolley, 1956). It has been reported (Mante-
gazzini, 1966) that the administration of the 5-HT precursor, 5-HTP, which produces
an increase in 5-HT levels in the brain, can cause excitement in animals resembling
some effects of LSD 25. However, small doses of 5-HTP produce sedation and
only when this substance is administered either in large doses, or in conjunction
with monoamine oxidase inhibitors, is behavioural excitation observed. The
excitatory effects of 5-HTP have recently been attributed, not to the 5-HT formed,
but to a release of noradrenaline (Brodie, Comer, Costa & Dlabac, 1966), or to the

214



Antagonism of 5-HT by LSD 25 in the CNS

actions of bufotenine formed in the brain (Mandell & Spooner, 1969). Most evi-
dence now seems to favour a depressant role for 5-HT in the central nervous system
(Brodie & Reid, 1968; Takagi, Satoh, Yamatsu, Kimura & Nakama, 1968) and it is
possible that this substance may be involved in the physiological mechanisms of
sleep (Koella, 1968; Jouvet, 1969).
LSD 25 has also been found to have similar effects to 5-HT, or to facilitate actions

of 5-HT, when applied iontophoretically (Curtis & Davis, 1962; Krnjevic & Phillis,
1963; Phillis, Tebecis & York, 1967), but these observations are obscured by the
use of barbiturate anaesthetized preparations. It has been demonstrated that the
magnitude and frequency of occurrence of excitation by monoamines are reduced
by barbiturates (Satinsky, 1967; Johnson, Roberts & Straughan, 1969). This may
account for the failure in many instances to find excitatory actions of 5-HT in
regions where such actions have subsequently been demonstrated (Bradley &
Wolstencroft, 1965; Satinsky, 1967; Roberts & Straughan, 1967). Thus, an
antagonism between LSD 25 and 5-HT would not have been observed in the early
experiments in which excitation by 5-HT was not found. It is possible that the
depressant action of LSD 25 on some neurones (Bradley & Wolstencroft, 1964) is
not a 5-HT-mimicking action, but is due to a local anaesthetic effect of the drug
(Toman & Sabelli, 1968).

Sheard & Aghajanian (1969) found that electrical stimulation of 5-HT-containing
neurones of the midbrain raphe nucleus of the rat, which caused release of 5-HT,
also resulted in a failure of the normal process of habituation to sensory stimuli and
a rise in body temperature, effects resembling those seen after LSD 25 administra-
tion (Key & Bradley, 1960; Key, 1965). These findings appear to support the
suggestion that LSD 25 mimics the actions of 5-HT in the central nervous system
and it is difficult to reconcile them with our results. However, Kostowski,
Giacalone, Garattini & Valzelli (1969) have observed e.e.g. " sleep patterns " and
behavioural calmness during stimulation of the midbrain raphe of rats. These
effects are opposite to those seen after LSD 25 administration and support the idea
that LSD 25 antagonizes the physiological actions of 5-HT. The difference between
the two sets of results is still to be resolved.

It seems unlikely that LSD 25 acts by mimicking the actions of noradrenaline in
the brain stem, since in the present experiments it did not excite neurones which
were excited by NA, nor did it inhibit in any consistent way those neurones which
were inhibited by NA.

Finally, the somewhat unexpected finding that LSD 25 antagonized excitatory
actions of glutamate only where it also antagonized excitation by 5-HT deserves
some further comment. This is the first documented example of a specific antagonism
to glutamate excitation. It is made more striking by the fact that DLH excitation
was unaffected by LSD 25. A reduction of glutamate excitation by LSD 25
(Krnjevid & Phillis, 1963; Phillis et al., 1967) and by ergometrine (Biscoe &
Straughan, 1966) has been reported, but these workers did not study the specificity
of this antagonism. It is of interest that Roberts & Straughan (1967) found that the
proportion of neurones excited by 5-HT was greater when glutamate was used to
excite the neurones, in comparison with spontaneously active neurones. It should
also be noted that in 1954, Hoff & Arnold reported that glutamic acid or succinic
acid (which can give rise to glutamate via the tricarboxylic acid cycle), given orally
or intravenously, was able to interrupt or retard the mental effects of LSD 25 and,
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further, that glutamic acid can inhibit the rise in body temperature induced by
LSD 25 (Friedhoff & Abrams, 1960).
A connexion between the excitatory actions of glutamate and of 5-HT is difficult

to account for, especially as glutamate can excite many neurones which are either
unaffected or inhibited by 5-HT. It might be speculated that 5-HT excitation is
produced by a mechanism which can also be activated by glutamate probably via
a different receptor. The presence of 5-HT receptors allows LSD 25 to inactivate
this mechanism, possibly by steric occlusion if the two receptors are adjacent, or
by some form ol allosteric inactivation.
Because LSD 25 is specifically antagonistic to 5-HT excitation and not to 5-HT

inhibition, it might be postulated that excitation and inhibition by 5-HT are media-
ted by different types of receptors, if in fact inhibitory effects are due to an action
on specific receptors. Our experiments demonstrate that the pharmacology of 5-HT
receptors in the brain stem is not the same as that at the periphery, because the
relative potencies of the three derivatives of lysergic acid studied differed at these two
sites. The suggestion (Isbell et al., 1959) that psychotomimetic activity is not due to
antagonism to 5-HT, because the peripheral anti-5-HT potencies of these com-
pounds bear no relationship to hallucinogenic potencies, now seems to be invalida-
ted. It is notable that, although some potent peripheral 5-HT antagonists are not
hallucinogenic, no hallucinogens of the indole or lysergic acid series are without
peripheral anti-5-HT activity. It remains to be seen whether any other chemically
different psychotomimetics are able to modify the actions of 5-HT in the brain.
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