
THE NEW PSYCHEDELIC SUBCULTURE

Serotonin and the Action of
'LSD in the Brain
By the early 1960s the 5-HT hypothesis of the action of LSD had
become firmly established in the field.

by GEORGE K. AGHAJANIAN, MD

Un 1943, the chemist Albert Hoffman
accidentally discovered the remarkably
potent hallucinogenic properties ofLSD
(d-lysergic acid diethylamide). Within

the next decade, serotonin (5-hydroxytrypta-
mine; 5-HT), an endogenous indoleamine com-
pound structurally related to LSD (Figure 1),
was found in various tissues of the body includ-
ing the brain. Based on this structural similar-
ity and the finding that LSD could antagonize
5-HT in peripheral tissues, it was proposed
independently by Gaddum and Woolley that
the hallucinogenic effects of LSD might result
from an antagonism of 5-HT in the brain. This
hypothesis was soon expanded to include the
possibility that LSD could mimic as well as
antagonize the actions of 5-HTI

The first direct demonstration that LSD
interacts with brain 5-HT came in 1961 from
the biochemical studies of Freedman who
showed that this drug could produce a small,
dose-dependent increase in the concentration
of endogenous 5-HT.2 However, the signifi-
cance of this change was unclear since the
cellular location and function of 5-HT in the
brain was unknown at the time. Nevertheless,
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by the early 1960s the 5-HT hypothesis of the
action ofLSD had become firmly established in
the field.

THE ACTION OF LSD ON SEROTONERGIC NEURONS
LSD Inhibits Serotonergic Neurons of the Raphe
Nuclei

The modern era of research on the actions
of LSD in the central nervous system began in
the mid-1960s following the discovery and
mapping by histochemical fluorescence meth-
ods of serotonergic and other monoaminergic
neuronal pathways in the brain.f The maps
revealed that serotonergic neuronal cell bodies
were clustered in the raphe nuclei of the brain
stem. In 1968, based on this new information,
the first single-cell electrophysiological record-
ings from identified serotonergic neurons were
performed+

These experiments, conducted in anesthe-
tized rats, showed that systemically admini-
stered LSD has a potent inhibitory effect on
the tonically firing serotonergic neurons ofthe
dorsal raphe nucleus. The local application of
LSD by microiontophoresis indicated that the
inhibition was through a direct action on the
somatodendritic region of serotonergic neu-
rons.5•6 The resulting reduction in impulse
flow provided an explanation for the previ-
ously observed increase in brain 5-HT levels
that had been detected by biochemical meth-
ods.

Other indole amine hallucinogens such as
DMT (N,N-dimethyltryptamine and psilo-
cybin) were also shown to inhibit serotonergic
neurons in the raphe nucleus. However, mes-
caline (Figure 1) and various other substituted
phenethylamine hallucinogens did not share
with the indoleamines the ability to inhibit
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Figure 1. Structural formulae for serotonin (5-HT). LSD,
mescaline, and the simple indoleamine hallucinogen DMT
(N,N-dimethyltryptamine). The chemical structures are drawn
so as to emphasize common structural features such as the
indolethylamine nucleus of 5-HT, LSD, and DMT and the
phenethylamine nucleus shared by LSD and mescaline.

raphe neurons." Thus, inhibition of serotoner-
gic neurons did not appear to represent a
unitary mechanism for the action of indoleam-
ine and phenethylamine hallucinogens.

LSD Inhibits Raphe Neurons Through 5-HT1
Receptors

The recent delineation of multiple 5-RT
receptor subtypes by radiolabeled ligand bind-
ing and molecular methods (eg, 5-RTl' 5-RT2'
15-RT3, 5-RT4)8 now provides a basis for ex-
plaining the difference between the effects of
the indole amine and phenethylamine hallu-
cinogens on serotonergic neurons. Serotoner-
gic raphe neurons have a high density of
5-RT1Abut not other subtypes of 5-RT recep-
tors. Since they mediate responses of seroton-
ergic neurons to their own transmitter, these
receptors have been termed somatodendritic
autoreceptors.

LSD is a potent agonist at 5-RT 1A autore-
ceptors, thus accounting for its direct inhib-
itory effect on raphe neurons. On the other
hand, mescaline and other phenethylamines
have negligible affinity for 5-RTlA receptors,
explaining their inability to inhibit serotoner-
gic raphe neurons. The action ofLSD at 5-RTlA
autoreceptors is shared by a number of selec-
tive 5-RT1Aagonists such as buspirone, which
are known from clinical studies to have anx-
iolytic rather than hallucinogenic effects.
Thus, no con-elation exists between the activ-
ity of various drugs at 5-RT lA receptors and

138

the presence or absence ofhallucinogenic prop-
erties.

ACTIONS OF LSD AT POSTSYNAPTIC SITES
Affinity for 5-HT 2 Receptors Correlates with
Hallucinogenic Potency

In contrast to their disparate affinities for
5-RT 1A receptors, there is a very good correla-
tion between the affinity of both indoleamine
and phenethylamine hallucinogens for 5-RT2
receptors and hallucinogenic potency in hu-
mansY,lO Unlike 5-RT1Areceptors, 5-RT2 re-
ceptors are not located presynaptically on sero-
tonergic cell bodies but rather are found on
subpopulations of neurons in postsynaptic re-
gions. Quantitative autoradiographic studies
show high concentrations of 5-RT2 receptors in
selected regions of the brain including the
neocortex (layers IVN), piriform cortex, claus-
trum, nucleus accumbens, olfactory tubercle,
facial nucleus, and the n. tractus solitarius."!
A high density of 5-RT2 receptor mRNA has
been demonstrated by in situ hybridization in
the same locations.P Immunocytochemical
studies also show the presence of 5-RT? recep-
tors in some of the same regions.P ~

For purposes of illustration, this review
will focus on two brain regions, the locus
coeruleus and the cerebral cortex, where the
physiological actions of both LSD and the
phenethylamine hallucinogens have been
shown to be mediated by 5-RT2 receptors.

Hallucinogens Enhance Sensory Responses in the
Locus Coeruleus

The locus coeruleus (LC) consists of two
dense clusters of noradrenergic neurons lo-
cated bilaterally in the upper pons at the
lateral border of the fourth ventricle. The LC,
which projects diffusely to virtually all regions
of the neuraxis, receives an extraordinary con-
vergence of somatic, visceral, and other sen-
sory inputs from all regions ofthe body and has
been likened to a novelty detector.l4,15 Thus,
the LC represents a nodal point for the detec-
tion of significant changes in both the internal
and external environment and for relaying
this information to the remainder of the cen-
tral nervous system.

The systemic administration ofLSD, mes-
caline, and other psychedelic hallucinogens in
anesthetized rats results in a decrease in
spontaneous activity and, paradoxically, a fa-
cilitation of the activation of LC neurons by
sensory stimuli.l" The effects of hallucinogens
on LC neurons can be reversed by low intrave-
nous doses of selective 5-RT2 antagonists such
as ritanserin.!? Antipsychotic drugs are also
able to reverse the actions of hallucinogens in
the locus coeruleus at doses con-elating with
their affinity for 5-RT but not dopamine and
adrenergic receptors.1~ Of particular note is
the fact that spiperone, which has almost a
1,OOO-foldgreater affinity for 5-RT2 than for
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the closely related 5-HTIC receptors, com-
pletely blocks the effects of the hallucinogens
at extremely low doses. Thus, the effects of
hallucinogens on the LC appear to mediated by
5-HT2rather than 5-HT1C receptors.

The effects of systemically administered
hallucinogens are not through a local action on
LC cell bodies as they are not mimicked by the
microiontophoretic application of the drugs.
Moreover, the excitation of LC neurons by the
local application of acetylcholine, glutamate,
or substance P is not enhanced by the systemic
administration of mescaline or LSD.16 These
results imply that hallucinogens are acting
indirectly, presumably via afferents to the LC.
Consequently, the LC itself cannot be used as
a model for studying the direct cellular actions
of hallucinogens. Nevertheless, the effects of
the hallucinogens on the LC are of interest
because this nucleus receives such an extraor-
dinarily widespread convergence of sensory
information, both somatosensory and visceral,
relaying this information to virtually all other
parts of the neuraxis.

Hallucinogens Excite a Subpopulation of
Interneurons in the Cerebral Cortex

The majority of 5-HT2 receptors in the
brain are located in the cerebral cortex. Ac-
cordingly, the effects of hallucinogens on per-
ceptual and cognitive functions are likely to be
mediated predominantly within this structure.
In brain slices, pyramidal cells in various
regions of the cerebral cortex have been found
to respond to 5-HT by either a small hyperpo-
larization, depolarization, or no change in po-
tentiaP9-2I It has been suggested that the
depolarizations are mediated by 5-HT2 recep-
tors since they can be blocked by 5-HTz antago-
nists. However, the interpretation of this data
is somewhat unclear since 5-HT2 receptors do
not seem to be expressed by pyramidal cells in
the cortex.12,13

Recently, we have found a novel effect of
5-HT in piriform cortex: the enhancement of
spontaneous inhibitory postsynaptic poten-
tials (IPSPs), which can be observed in pyrami-
dal cells.21 A similar induction of IPSPs by
5-HT has also been seen in prefrontal cortex
(Sheldon and Aghajanian, unpublished obser-
vation). The IPSPs in piriform cortex are
blocked by the GABA antagonist bicuculline,
suggesting that it is an excitation of GABAer-
gic interneurons by 5-HT that gives rise to
IPSPs in the pyramidal cells. In accord with
this expectation, a subpopulation of cortical
interneurons has been found that are excited
directly by 5-HT. The 5-HTzl5-HTIC antagon-
ist, ritanserin, blocks the 5-HT-induced activa-
tion of these interneurons. The hallucinogens
LSD and DOM behave as partial agonists in
this system, producing a modest activation by
themselves but occluding the full effect of
5-HT.
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A unitary mechanism-a
shared action at 5-HT2 but not
5-HT1A receptors-holds for
the two major classes of
psychedelic hallucinogens.

The effects of antipsychotic drugs on 5-HT
activations of cortical interneurons have also
been examined. Two atypical antipsychotic
drugs, risperidone and clozapine, in a concen-
tration range corresponding to clinically effica-
cious blood levels, are able to block 5-HTz
responses of interneurons in rat piriform cor-
tex.22 In contrast, the conventional antipsy-
chotic drugs chlorpromazine and haloperidol
do not block 5-HT2 responses, at least in a
clinically relevant concentration range. These
results indicate that certain atypical antipsy-
chotic drugs could exert their antipsychotic
effects, at least in part, by antagonizing 5-HTz
receptors on cortical interneurons.

SUMMARY OF BASICSTUDIES
5-HT2 Receptors Mediate the PhYSiological Actions
of Hallucinogens

Physiological actions shared by LSD and
the phenethylamine hallucinogens have been
described in detail for two brain regions, the
LC and the cerebral cortex. In these and other
regions, there is pharmacological evidence
that the neuronal effects of both classes of
hallucinogens are mediated through 5-HT2
receptors. Thus, a unitary mechanism-a
shared action at 5-HTz but not 5-HTIArecep-
tors-holds for the two major classes ofpsyche-
delic hallucinogens (Figure 2). Thus, 50 years
after the discovery of LSD, the 5-HT hypothe-
sis can be reformulated in terms of a specific
5-HT receptor subtype, the 5-HT2 receptor.

5-HT2 Receptors Also Mediate the Behavioral
Effects of Hallucinogens

The shared behavioral effects of indoleam-
ine and phenethylamine hallucinogens are
also mediated through 5-HTz receptors.9,Z3-25
What then is the relationship between the
behavioral effects of hallucinogens and their
actions on single neurons? Wecan now begin to
provide neuron ally and regionally specific an-
swers to this question. For example, the en-
hancement of sensory responsivity of LC neu-
rons may contribute to the characteristic
intensification of certain kinds of perceptual
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Figure 2. Schematic representation of the shared action of indoleamine (eg, LSD and DMT) and phenethylamine hallucinogens (eg,
mescaline and DOM) on 5-HT2 receptors on postsynaptic neurons and the nonshared action at somatodendritic 5-HT'A
autoreceptors located on 5-HT neurons of the raphe nuclei where only the indoleamine hallucinogens have direct activity
Postsynaptic neurons with 5-HT2 receptors include a subpopulation ot corticet interneurons, facial motoneurons, and unidentified
afferents to the locus coeruleus (Le). The arrow/dotted line connotes the low efficacy of indoleamine hallucinogens at postsynaptic
5-HT,A receptors (5-HT,A') located on hippocampal and cortical pyramidal cells. 5-HT itself is depicted as having equivalent activity
at postsynaptic 5-HT'A and 5-HT2 receptors.

experience produced by hallucinogens in hu-
mans. In the cerebral cortex, the persistent
(and presumably inappropriate) activation of a
subpopulation of interneurons that express
5-HT2 receptors may underlie some of the
cognitive and perceptual distortions produced
by these drugs. Of course, 5-HT2receptors also
are expressed in neurons elsewhere in the
central nervous system and it will be impor-
tant to see how these also contribute to the
overall response to hallucinogens.

Do Presynaptic 5-HT1A Receptors Playa Contributory
Role?

In contrast to the phenethylamines, LSD
and the other indoleamine hallucinogens re-
semble 5-HT itself in having a broad spectrum
of activity at multiple 5-HT receptors. This
raises questions as to how the indoleamines
can be hallucinogens if they simply act in the
same way as the endogenous transmitter. A
possible answer may lie in the fact that LSD
and the other indole amine hallucinogens are
much more efficacious as agonists at somato-
dendritic 5-HT lA receptors than they are at
postsynaptic 5-HT1A receptors.s-"

By inhibiting the firing of serotonergic
neurons via somatodendritic 5-HT1A receptors,
the indoleamine hallucinogens would reduce
the tonic release of 5-HT onto postsynaptic
neurons. Since they are poor agonists at
postsynaptic 5-HT1A receptors, their primary
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action postsynaptically would be on 5-HT2 (or
5-HT1C) receptors. Thus, the net effect on
postsynaptic neurons would be similar for the
indoleamine and phenethylamine hallucino-
gens, namely an imbalance between the acti-
vation of 5-HT2. receptors relative to other
5-HT receptor subtypes (Figure 2).

CLINICAL OVERVIEW
5-HT2 Receptors, Atypical Antipsychotic Drugs, and
Schizophrenia

Investigations into the mechanism of ac-
tion of hallucinogenic drugs have been heuris-
tic in promoting interest in the functional
significance of 5-HT2 receptors. Clinically, 5-
HT2 receptors have been implicated in the
action of atypical antipsychotic drugs and the
pathogenesis of schizophrenia.

As described above, atypical antipsy-
chotic drugs such as clozapine readily block
5-HT2 receptor-mediated activations of cortical
interneurons. In view ofthese pharmacological
findings, it is interesting that there may be
decreased 5-HT2 receptor binding in frontal
cortex of postmortem tissue obtained from
schizophrenic patients.s? Other postmortem
studies show a selective loss of interneurons
but not pyramidal cells in anterior cingulate
and prefrontal cortices in brains of schizo-
phrenic patients.P'

As yet, it is not known whether 5-HT2
receptor-expressing interneurons are among
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those that are lost. However, since there is a
decrease in 5-liT? receptor binding, it is possi-
ble that the interneuronal abnormality in
schizophrenia may involve 5-HTz-expressing
cells. Thus, studies on the anatomy, physiol-
ogy,and pharmacology of cortical interneurons
that express 5-HT2 receptors are of interest in
relation to a growing number of postmortem
studies on the possible i.nvolvement of these'
receptors in the pathophysiology ofschizophre-
nia.

Implications for the Treatment of "Sad irips"
There is now ample evidence that 5-HT?

antagonists are effective in blocking both the
electrophysiological and behavioral effects of
hallucinogenic drugs in animal model systems.
Thus, 5-HT.)antagonists offergreat promise as
potential treatments for the acute adverse
reactions ("bad trips") that are experienced by
some individuals with the use of LSD and
other psychedelic hallucinogens.

As yet there are no FDA-approvedselec-
tive 5-HT2 antagonists available for use clini-
cally. There are a few classical 5-HT antago-
nists (eg, cyproheptadine), approved for other
indications that may have effectiveness
against the hallucinogens since they have an-
tagonist activity at 5-HT.J receptors. However,
side effects produced by actions at other recep-
tors may limit their clinical utility.

Based on preclinical studies, clozapine
should also be effective as a treatment, but
its use is currently restricted to drug-
resistant schizophrenia. Other prospective
antidotes include recently developed "atypi-
cal" antipsychotic drugs such as risperidone
which have a very high affinity for 5-HT2
receptors. Obviously, as such drugs become
available on the US market it would be of
interest to test them as possible specific
treatments for adverse reactions to the psy-
chedelic hallucinogens.

REfERENCES
1. Shaw E, Woolley DW. Sume serotonin-like activities of

lysergic acid diethylamide. Science. 1956; 124:121-123.
2. Freedman DX. Effects of LSD·25 on brain serotonin. J

Pharmacal Exp The!: 1961: 134:160-166.
3. Dahlstrom A, Fuxe K. Evidence for the existence of

monoamine-containing neurons in the central nervous
system, 1: demonstration of monoamines in the cell
bodies ofbrain stem neurons. Acta Phvsiol Scand. 1965:
62(suppll; 232:1-55. . ,

4. Aghajanian GK, Foote WE, Sheard MH. Lysergic acid
diethylamide: sensitive neuronal units in the midbrain
raphe. Science. 1968; 151:706-708.

5. Aghajanian GK, Haigler HJ, Bloom FE. Lysergic acid
diethylamide and serotonin: direct actions on serotonin-
containing neurons. Life Sci. 1972; 1:615-622.

6. Aghajanian GK, Haigler HJ. Hallucinogenic indole-
amines: preferential action upon presynaptic receptors.
Psychopliarm. Camm. 1975; 1:619·629.

7. Haigler HJ, Aghajanian GK. Mescaline and LSD: direct
and indirect effects on serotonin-containing neurons in
brain. Ellr J Pharmacal. 1973; 21:53-60.

8. Schmidt AW,Peroutka SJ. 5-Hydroxytryptamine recep-
tor "fa m iIies ," lVeurnpsyc!lopharmaco!ogy. 1989;
3:2242-2249.

Psychiatric Annals 24:3/rvlarch 1994

9. Glennon RA, Titeler NJ, McKennay JD. Evidence for
5-HT., involvement in the mechanism of action of hallu-
cinogenic agents. Life Sci. 1984; 35:2505-2511.

10. Titeler M, Lyon RA, Glennon RA. Radioligand binding
evidence implicates the brain 5-HTo receptor as a site of
action for LSD and phenylisopropylamine hallucino-
gens. Psychopharmacology. 1988; 94:213-216.

11. Pazos A, Cortes R, Palacios JM. Quantitative autoradi-
agraphic mapping of serotonin receptors in the rat
brain, 1: serotonin-2 receptors. Brain Res. 1985;
346:231·249.

12. Mengod G, Pompeianu M, Martinez-Mil' MI, Palacios
JM. Localization ofthemRNA for the 5-HTz receptor by
in situ hybridization histochemistry; correlation with
the distribution of receptor sites. Brain Res. 1990;
524:139-143.

13. Morilak DA, Garlow SJ, Ciaranello RD, Immunocyto-
chemical localization and description of neurons ex-
pressing serotonin, receptors in the rat brain. Neuros-
cience. 1993; 4:701~717.

14. Cedarbaum JM, Aghajanian GK. Activation of locus
coeruleus nenrons by peripheral stimuli: modulation by
a collateral inhibitory mechanism. Life Sci. 1978;
23: 1383-139l.

15. Foote SL, Aston-Jones G, Bloom FE. Impulse activity of
locus cosruleus neurons in awake rats and monkeys is a
function of sensory stimnlation and arousal. Proc Natl
Acad Sci. 1980; 77:3033-3037.

16. Aghajanian GK Mescaline and LSD facilitate the acti-
vation of locus coeruleus neurons by peripheral stimuli.
Brain Res. 1980; 186:492-498.

17. Rasmussen K, Aghajanian GK. Effects ofhallucinogens
on spontaneous and sensory-evoked locus coeruleus
unit activity in the rat: reversal by selective 5-HT.
antagonists. Brain Res. 1986; 385:395-400. -

18. Rasmussen K, Aghajanian GK. Potency of antipsychot-
ics in reversing the effects of a hallucinogenic drug on
locus coeruleus neurons con-elates with 5-HTo binding
affinity. Neuropsychopharmacology. 1988; 1:101-107.

19. Araneda R, Andrade R. 5-Hydroxytryptamine
2

and
5-hydl'oxytryptaminelA receptors mediate opposing re-
sponses on membrane excitability in rat association
cortex, Neuroscience. 1991; 40:399·412.

20. Davies MF, Deisz RA, Prince DA, Peroutka SJ. 1\vo
distinct effects of 5-hydroxytryptamine on single corti-
cal neurons. Brain Res. 1987; 423:347-352.

21. Sheldon PW,Aghajanian GK Serotonin (5-HT) induces
IPSPs in pyramidal layer of rat piriform cortex: evi-
dence for the involvement of a 5·HTz-activated in-
terneuron. Brain Res. 1990; 506:62-69.

22 Gellman RL, Aghajanian GK. 5-HT2-receptor mediated
excitation of interneurons in piriform cortex: antago-
nism by atypical antipsychotic drugs, Neuroscience.
1994: 58:515-525.

23, Colpaert Fe, Niemegeers JE, Janssen PAJ. A drug
discrimination analysis of lysergic acid diethylamide
,LSD): in vivo agonist and antagonist effects of pur-
ported fi-hydroxytrvptamine antagonists and of piren-
perone, a LSD antagonist. J Pharmacol Exp Ther. 1982;
82:206·214.

24. Heym J, Rasmussen K, Jacobs BL. Some behavioral
effects uf hallucinogens are mediated by a postsynaptic
serotonergic action: evidence from single unit studies in
freely moving cats. Eur J Pharmacal. 1984; 101:57-68.

25. Lucki I, Nobler '<S, Frazer A. Differential actions of
serotonin antagonists on two behavioral models of
serotonin receptor activation in the rat. J Pharmacal
Exp Ther. 1984; 228:133·138.

26. Haigler HJ. Aghajanian GK. Lysergic acid diethyl-
amide and serotonin: a comparison of effects on seroton-
ergie neurons and neurons receiving a serotonergic
input. J Pharmacal Exp Ther. 1974; 188:688-699.

27. Arora RC. Meltzer HY. Serotonin, (5·HTo) receptor
binding in the frontal cortex of schizophrenic -patients. J
Neural Trans. 1991; 85:19·29.

28. Benes FV, McSparen J, Bird ED, San Giovanni JP,
Vincent SL. Deficits in small interneurons in prefrontal
and cingulate cortices of schizophrenic and schizoaffec-
tive patients. Arch Gen Psychiatry. 1991; 48:996·1001.

141


