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Hlallucinagens (peychedetios) sre psychoactive substances dhut powerfally alter percaption, moeod, and 2 host of cogoitve procesees, Thaey
are congidared phyviskogioalby wale and do not produce depesdence ar addicon. Their origin predates wyiten kistery, and they wen employed
iy early cubrages in 4 variery of sococuitaral and oheal coneexls. In e | 9508, after the virmally coniemporine:1s isronrery of both scrosanin
£5-T1077 wind lysergric geid diethylamide {£.50-23), cadly brain rescarch foensed interrsely o the frossibiling that LI or other ballusinopees had
4 serntasersie besis of action and reinforeed she ides fhat $-55T was an inspuoetast nenrogansmitter i brsin. These ideas were evenmally proven,
andd soday it is belisved thel haHucinogess stimulale 54Ty, receptors, capecially those cxpressed on neocortical pyramidal coiis, Activaluon of
5T, rocoptors also loads to moenessed cortiesd giowrmate levels peesumabiy by a presymapiie receptor-mediated Teleass fiom falamic
afferents. These fTebings have led to comparsons of the effects of dlassica) hallucinogans with certain aspeste of acus pevebosis and o a focos
on thalsmocortics! inwrvions @5 key 1o undessdaneding Teoth the action of those substances sed the neummasaiemica? sitcs invelved in sfivme]
stales of vonscinusmess (ARC). Tn vive Drain imaging in bumens asing [ *Flfuommteonyglocose has shown rhat hetlucingpgens inercase
profrontal covtical metsbolisem, and vormeintions have Do devefoped berwoen activity o specific brun areas and psychologica efements of the
ASC preduced by tallucinogens, The 5-H T, teseptor clasedy plays an essenkial vale in cognitive processing, moluding warkiig meinsry, and
figandy fur this necepioe sy be exerenely usefud tooks for fiture cognitive nouroscicnes research. Tn addition, it appuears entencly possilile dhat
atibity may sl cerge for the vse of hallusinepems M treating aleohalism, substarce ebuse, and cerfain peyehiaonic disorders.
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1. latrudsciion

What are ballucingirens? This lenn was originally coaned
because of the notica Hat these substances produce kalloci-
mations, an 2ffect, howover, thae they do nol ordinaciy clicit,
at lepst ag typical dosdees. Thus, that name Js @ misngmer
Today, onfertunately, bateinegen appears almost 10 have
become a catchall catennry, oftee reprssenting pharmaco-
logical subsiances ranging from caanabincids and A-meth-
yl-o-asparrate (WMDAY antegonists o anticholinergic
agents, costasy (MIMA; 3 d-methylenedionymethamplet-
asmine, and many others. The common themes of all these
classes of phamacologivally active substances is that they
aller consciouspess, often o drmalic and sopredictable
ways, and 10 high doses may produce delitium, e kallu-
cinations, loss of conisol with reality, and in some casus
deatl. Yo describe gt least some of those substances, the
termt “psvchotomimetic™ {psychosis mimicking, Hofir,
P86 7Y, widely nued for many years. seems moTe appropriate,

Foutawy, presently a popualar wecrcational drog, has io
some cascs 2lso been celled a halivcinogen hecanse i has
subjeclive olfects that are to a corain degree sireilay
incieding altered time poreeption snd changss @ visual
perception. MDMA has unique psychopbamiacology, how-
cver, sppeattng o Rave major commponents of action that
irvabee ingeraction with monoemine nptake transporkors,
and docs ool propetly fit within the hallucinogen classifi-
cation: (Michols & Oherlender, 1990; MNichols, 1994; Bank-

sore de Craningham, 2000 (O Leary ot ab, 2001 Thus, one

reeds w be very spocific sbout definitions when “halluci-
nogens' are heing discussed.

Hallucinsgens, for the pamposes of this review, will mean
unly substances with psychophumacology tesembilkg that
of the nataead prodects mescaling and psilocybin and the
seinisymthetic substance knovwst as Iysergic acld dicthyle-
trvigde {E.512-25%. More specifically, now that there Is appre-
viation of thuir probable moleeniar mechanism of aciion, we
shall meview those substances that principatly exert their
cotdral pervons system (CMS) offeess by ap agonist {or
pattiad agontst) actien at serdomin. (3-HT), recaptorns.

Many diflerent names kave besn proposed over the yeaws
bur this dmp class. The famous German texicologist Touls
Lewin used the name phommstfiea earlies o his ventory
{Lowin, 19643, and as we shall sor Iater, such a descriptor is
not so [arfetched. The most popular names, hallocinogen,
psychotamimetic, aml psyehedelic (“mind mwnifesting”;
Oamond, 10373, have often been wsed inderchangoably,
Hailuwinogen is now, hewover, ihe most common designa-
tion in the scientific Hteraiurs, aithomgh it is an meccerate
descriptor of the actrg! effects of these drugs. 1n the lay
press, the termn psvehedelic is stilf the most popular snd has
held sway tor nearly fiur docades, Most reccatly, theve has
Beep a movoment in gonseientifc cireles 1o reusgnize the
ability of these substances ko provole mystical cxperiences
and evoke feelings of spinal significance. Thus, the werm
erithengen, derived from the Greck word endheoy, which
menns “eod within,™” was ikroduced by Ruck el al, (15979)
anid has seen incressing vse, This torm sugpests that these
subatances roveal or allow a conmoction o the “divine
within.” Although M seems wmbikely that this namg will
ever he accepind o formal scicalifie circles, its ose has
drurmativally icreased in the poputar medis and an i
sites, Hudeed, in much of the sounforcubture thet uses these
substanees, cntheoger bas replaced psychedeiic as the name
of choice and we may cxped 10 see this acnd continue,

There is only a meager amount of fhenes] o frrmation
about haliueinopenic drugs smong ife general public today.
Fizthetmore, in the scientific and wmedical communities,
whete one expects o find expertise en drugs, these is now
& whole mencratior who knows almest vothing about
hatlucinagens other than the fack that they anc subjoct o
the strictest legal.controls applied 1o any clase of pharma-
cologival agents. These dougs presently lack demoqstrated
therapentic uiliity and sl remain, a5 they have for o
than 30 years, phamacofogical curosities, Research offorls
direated toward exanining their potential meadical utitity ate
cxmemely limited not only in the Lnited States bul also
intemationally, Studies of the mechanism of action of
hatlucinogens szc stilt incomplete and have aot attracted =
high level of scicntific iptersst for mete than four docades.
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Ve know mlddively Linfe about how they affoet the bradn in
spite of their continued popelarity as recreationsl drogs
aong @ sipnificanl propocion of the population.

Desspite Lheir kigh depres of physiological safety and tsck
of dependence Habilitg:, tablocinogens have been branded by
favw enforcomont officials ws among the most dasgeons
drags thae cxizt, being plavml into Scheduie ! of the Con-
trolled Substances Act. Depanding on the locale, especially
in the United States, punishments $or psing or disidboeting
divgs tke LS are often more draconian then if the user had
comimitted a wiolent enmwe. Although theme s 8 comiron
pereeplion that Schedule T drugs are particularly dangens,
tbe 3-pronged 1est for placerment of a drug into schedide T
requirgs only that {1} the drug has oo curreatly seceped
medical use e Unived States, (2 there is o lack of safory
for use of the doig wnder medical sapervision, and (3} the
sulstance has a high “potentisl for abuse™ The practical
consequence of this scheduling means that applications and
procedures 1o gain approval to canvy out Togearel with ther,
eepecizlly in Bumeans, ste very busdensome. This sHuation is
frue wirtpally everywhere in the world, altheugh in a fow
Faropean countrics, most aotalHy in Swieorland, o mors
progressive attitude has reeomly provailed. Wiilhin the past
decade, (here appsats o have been o rasuceence of rescamch
irsteresi it these subatances as well a3 the initiation of soveral
now glimcal smdics, cven in the Uikl Stabcs,

What @5 i, axaotly, that makes these phannacological
cutiosities sy fearseme? The answer los, v large measure,
peyvord hamd sitence and within a complex sociological and
political agenda that susound psychedetics, which is wall
ostside the scone of this review, Nowventheloss, a very briefl
discussion of the history and background of these unigue
substanuess 15 wanuuled 1o provide a littde nsight into how
tris siluslivn anose.

£ Historical perspective

Maturally ocourring hallucinogenic drags played a sig-
nificam vobe e developement of philosopby and religioms
theughi in pany earlier cultures. Chae can argue porsuasively
that hatmeinogenic drgs might huve boen culaivsts e the
déveciopment of humankind’s encliest phitosophies and the-
oloeics. How many Neodibic unters, one might wonder,
cking vt un existeocs in the wild, were {ikely fo siv beforc
thus Five ar oight conteppiating the ratmre of man and the
meaning of tife? By contrast, if the same group had
discovered and ingostod some bellucinogenic mushrocms,
they wonid be compelled o confront and would surety have
discnssed and alempled 0 anderstand the nature of thair
otherworldly mushmomn-isduced creountor. Assuming thul
thafr peurochomstry was ot so different from ours Loday,
those pocwrrenees would have been svell besond the honeds
ol et everyday eaperiences and vocabulary, They could
casity have concloded that these plants were “the residences
of divinities or other spiritual foroes™ (Sohuites & Hefrann,
T,

Weli-dotumentesd and tmponant examples of hallueino.
pem use i other cultures incinds the some of ancieat Tadiz
(Wasson & hegalts. 1973) to which numerous Yedic hymas
were wiitten, ieorpracal], Ygod’s flesh™ used by the Aztce
shaman (O & Bipwooed, 1978 Schulie: & Hotmunn,
1973, and pepore taken as 3 sacrament during services of
the Wative American Church (Stewart, 1937). In Mesdion,
there wers about H) plants, somue of which stili remain
vatdensified, that were wvzed dénaily or were regarded us
socred (Ehaz, 1077 In the villuge of THensis in ancicont
{ireece, for morc fhan 200 yercs, i0 was a troasurcsd
upporlunity for amy Greelk cifzen who Lad 2wt been con-
victad ol murder to participsts n the sccret ai-night cerc-
mony cach Scpromber that invalved the drinking of 5 speuial
pofion known as srseas. Today, we knew very Hide ahbaot
this ceresmony, bt reasonable arpuuents have been made
st stseow was some sort of ballucinorenic ew. The
titpat was partislly deserbed in the 2nd senmry AT 7 of
al the divine things that cxise amoeng men, it is both the most
awcsome and the most fumirous™ (Wasson of al, 1978
Tody, in modern Brazil, # rospected meligion uses mmhie-
¥UG 85 4 sacrament, & psychouclive plant decoction contain-
ing the hallscinogen N N-dimethyloyptamine (DT
comabined with P-carboline monpanuiese oxidase mhibilors
thut conlir il with oval activiey (Mo e & Towers, 1934,
WleKenma er al, 1984; Calloway e al, 1996 Grob et al,
199, Fibs ot ai., 2042, 2003; Yritiz of b, 2002 Ayubug-
sca, abso bnown as pagé or kewsca, bas o long history of
coremoniul use by oatives in fhe Amazon walley of Seuth
Americs (obicn, 1971, Schuites & Tlofiranr, 19758}

What exactly arc these substimnees feared by modern man
ver heid sacrel smf even worshippod by sncienl cultaees?
Jaffie (19900 provided a definition thul is amest consistent
with their ritual uae nother onblures, Argsing thal the name
psychedelic is better than cither ballocinezen o psyehoto-
mimesic, he stated “. _the featare that distinguishes the
psvchedetic apents from ulher classes of dugs is their
capacity rchiably lo induce stakes of abtercd puerception,
thought, and feeling thay arc noi sxperienced otherwise
ereepl i dreams or at tinws of rehglows exallation.” The
fakz Dranic] K. Frecdronm, vie of the preai pioneers of L3102
regoarch, made conupents congistent with {hat assessinant,
stating, .. .onc basic dimension of Bebavior, . compet-
compellingly reveated in LD siales is “portentous-
ness—lhe capacity of the mind o see more than it can
1eH, b0 experience more fhan 1t can explicate, to believe in
ang be impressed with mmore thar it can rationally justify Lo
cxpericree houmdiessness and “boundaryless™ events, from
the banul 1o the profound.” (Frecdman, (9680 B might be
poted in this conwext that one dogtoral dissertation has even
provided cvidmmee thal psilocybin-induccd myslical-reli-
gions ciperences cowld ot b distinguished, by objestive
cHIeria, from spontancously veeurring anes (Pahnice, 1963}

Although these descriptions focus on the more spectac-
ular offtcts that these substances are capable of producing,
low doses gemerc(fy eliclt fess dramatic resuits. Typical
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elinigal eileets of hatlucinogens would inclede the folloraing
(Holisier, 1984);

t, Somatic sumpiams: dizziness, weakness. fromees, RIS,
drowsingss, paresthesias, and blurmed vision

2. Perceptusi sympienns: attered shapes and eolors, diffe-
cafty in focusing on abjects, sharpensd sensc of hoaring,
and rarely synesihesias,

3. Povohic sumpioms: abterations in mwod {happy, sad, or
frrilable at varying times), tension, disiored toe sonse,
difficalty in capressing thoughts, depersonabizetion,
dreamiike feelings, und visua! hallucinations.

Tt should be apparent from the foregoing discossion that
balleinogens have s unique ard poswerful abifity fo affiect
the himan payehe. They may alier one’s concepis of reality,
may chanpe one's views on s and death, and can provoke
and challenge one’s most cherished Beliels. Therein, this
wriles pelieves, lay the tools of much of the fowr wmd
hyaterta that these subsimees have fostered In our svciety,
Mumerous books and troatizos bave boen wditen on ald
aspects of the suhject of Rellucinegens, and provious
scientific reviews on fhe subject can be consulted to
supploment the present discussion {Cohon, 967, Freed-
man, PO Mieforlly, 1973 Thawley & Daificld, 1974
Erinbleeonihe, 1973 Brunblccombe & Pinder, 1975; Siva
Sankar, 1975 Boarder. 1977, Hollister, 1978, 1944; Shol-
win, 1974, 1987; Nighals, 193L, 1986, 19497, facobs. 1984,
Mighole ¢t al, 1995, Stussman, 1995; Abeabam el al,
1966, Marck & Aghajaniza, 19988 Aghufunien & Marck,
L9t

1.2 Taxictly awd addiction

Hallucinegens are gensrally considercd o be physiolog-
teally safc molecoles whose principel cflects are on con-
sehousness, That is, hatlucinogens are powetfis] in productng
alteracl stakes of comsclousness (ASOY, bat they de se al
doses that ar¢ not toxic w0 mamgnaliae organ systems. There
is no evidenoe thae any of the hatlusinegens, even e very
poweriul semisymthettc 18D, causes dmmgs to sy human
hody crean, Cohen (1967) has stated, “Death directly
caused by theo tonicity of L3DY 1: wnknown. ™ This stalerhent
was roiteraled 20 vears later by Jaffe (1985} “Tn man,
deaths aiteibutabie to divect offoets of LSED are unknown.™
This chsarvation still rensins ue weday, Hallueinogens do
rol cause ffe-throatoning vhanges it cardiovaseudar, remat,
or hepatic function bocause they have litds or no affinity for
the Bictosical reeoptors wnd targets that mediate vitsl veg-
etative fnchions.

o contast o many other ahused divgs, hallocimogens
do aot erpender drug depeadence o addiction and are
oot considered o he reinforcing subsmncos (O Brien,
20071 T is gencrally believed thar most i not afl dregs
that posscss dependence Hability have e ability o affect
dopaminsrgic {TIA) trmsmission, paticndarly in mesolim-

bic aress of the brain, The behavioral cormslate of this
effear i3 incvessed mood and often cuphoria. By conlrusl,
nearly &ll hatlucinogens lack afTinity either for DA
receptors or tor the DA uplake wansporter and therefire
do oot dicectly affoct DA negrotranmmission.  am artiele
eviewing drugs of abuse that activaee brain rewasd
pathways, drugs identificd with this action inchsded
opiates, wieGting, cannabis, phencychidine (PCF) cocame,
amplietamine, sloohol, benzodiazepines, barbiturstes, amat
gvan caficing, bl ihere was no mention of hafhweinesens
Wise, 1708,

There are oo literature repoets ol successtil attcrapls o
trdin animals to selfladminisicr ¢lassical hallucinegens, an
smimal teodel predictivie of abuse liability, indicating thar
these substaness do hot posscss the recessary pharmsec-
oy to cither inftiate or maintein dependence. Hoffineistar
{1975) has repocted that LS50 actuslly had negative
reinfdrcing properties i rhesus nomkeys teained inoam
avoidsnes task. L31) may have weak reinforeing effects
i rats. howsver, because Parleer (1906) reported that a
relatively high dose of L&D (02 mgkg ip) produced
conditioned place preference (CPP) in rats, another animal
snodel that is often predictive of the reinfircing quality of
a dug, W s imporkmit to peint out that this dose is
gufficiem o enable LSD o activate postsyaaptic XA
rcoeptors, a pharmacological property that iz unigee o
this haHucinogen, sing the same 1.2 mgkp dose of
L5, Meehan and Schechisr (1998} alse reported fheat
FAD produced CFP in male bul reot i fonmle Faen
Hooded rats. The Fawn Hooded straimn of mis, howaver, i
ifTerentially scnsitive to serotonergic ageats, ang fenile-
amdne also prodeces CPP in these ruls (Meehan &
Schechter, [994), whereas it produces aversion in Spra-
emc-Dawley mts {Mechar & Hehechizr, 19947 Marona-
Lowicks ¢ ab. 1996). Armong all of the known halhsel-
nogens, onty LSD has high affinity for DA receptons (s,
¢.g. Wats ot sl 1995 Giacomelll o ab, 1998). Further-
more, slthough the aeute behavioral effects of L3P are
poncrafly atiributed o aclivation of 5-HTz. recepioms,
hehgviord effects it tate ocourming mors than 1 b afler
LAD administratfon tecently hawe boen reported lw be
primarity mediated by DA pathways iharona-Lewieka &
Nichois. 2042}

Srrasemaza (10841 and Halpem and Pope {1999) have
aualyzed the published rcpors on adverse reaclions and
tegative lomg-lerm sequekae foilowing hallucinoegen use.
Halpemn smd Pope reached # conclusion simitar Ly Sérase
cian’s carlior anafysie thul concerning repeated use of
psychedelic drugs the results were controversial, bt if
any Jong-erm adverac cffect did accar 3 was “subtle er
nonsigrificant.” It shoutd be noted. howoeves, that in holk
studies their conclusions were speciticalty deveioped
hascd om reviews of swperviied clinical research with
hallusinngens.

{Ine adverse consequence of hallecinogpen wse s
Imows as “flashbacks.™ Tlashbacks weme widely dis-
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cugsed in the press, partoutarly i sarlier decades, s one
of the most common adverse efferm of ballueinoegens;
their gocummence was emphasized as a delesent 1o feere-
ational nse. A flashback essentialy wonsists of the recx-
noricneing of one or mone of the perceprual offocts that
wore induced by hatlucinogens but occwriag after the
effect of the drneg has won off of 2t some lates e in
the vomplete absence of the drog, Flashbacks mosl ollen
appiear as visual symgoms and can persist for moaths of
in some cases yems, and Lhere appears 10 be no rolalion-
ship between frequency of hallucirogen wse and rawe of
aectprence. Recently, Balpern and Pope (2003} hawve
revigwad the cvidenes on fiaflucinogen persisting pereep-
tiva disgeder {HPFDY, the Diageosiic and Stafsticed
Miarmal of Memtal Disorders, Fourth Editivn vategery
for flashbacks. First, they notc fhat the term flashback
iseif has been defined io so many different ways that
they hokicve # i3 now virmaHy oseless. Second, they
point oat thel when I3 was used in a therapeutic or
research sctling, HPPTDF appearcd less fTeguently than
when il was used mecrcaHonwily. Vinalby, because ot the
ditferent ways that fluskbacks were defincd, it 15 impos-
sihle to discern the {mwe ncidence of the disorder They
do conclude that ot feass for some individuals. particu-
lariy weom ol LD, & long-lasting HPPD syndrome can
prenr wilh ssinptons of “persislent perceptua! shrommal-
fties remimiscant ol acole indoxication” Based on e
millions of peopbe who have taken hallucinopens, the
tnvidenoe ol BPPFY appoars to be vory sinall, and fheme is
presently o offortive lremment

There arc, however, real and significant dangers thet can
accompany recrearonal usc of these substances. Although
1SE or olher classical halluctwopens have not divectiy
cansed overdose desth, faial accideots during 18D inloxi-
catlon have ocourred {3affe, 1985} ‘[his dunger is sipnifi-
cant. particudarty when shese drigs are used reereationally jn
unsuporviscd settings. Bediel that onc has superhuman
powers while jodement §s impaimed by hathwinogens can
lesad to injuey or death wher an uisupervised user caries ot
dabgermus activitics suck as walking owr on a feeway or
atterapting W0 Iy (see. o, Revookds & Jiadiich, 985,
Less serious bt stll very sobsiangtad infuries can ocgur i
mEaa) ways. For coampls, severe and fmoversible ocular
damage has wesulied from prolonged staring at the sen by
individuals nnder the influcnes of LD {Schatr & Moendel-
Wlai, 1975 Fuller, 1976%

The mosl significant dangers of psychedelics, however,
appear to He principally in their psycholegics] effects, LD
van induce distorbances of cxperienes, olhenitse obsorved

unly in psvchoses, such as abetation of cognifive Fawetions, -

ard depersonalization. Hallucinogens cen catalysc the onset
of psychesis or depression. which has somctimes led o
sticide, ang Cohen {1960 has cstimuaicd the incidence of
1.5D-related pyvihiosis to be about § per 10,000 subjects, In
anodher study, one case of peyehosis was reporied in a SUIVEY
of 247 LAT nsers {voGlothlin & Amoeid, 19710 Fostunately,

however, these drugs do mol appear to produce ilbesy de
novo s otherwiss cmotionally heallhy persors, tat fhase
problems seem to be precipiistod in predisposed individuas.

{n atypical courses of intexication, so-called bad irips,
anxiety and excitement predominatz, Bad tips can vsually
he moaked successAdly by “lalk-down™ therapy and adnen-
tstrodion of benzudissepings. Tnoam early report, Taschuer
and Wanke { 1975} saw in their elinie several 3T usets with
peychases. At lhe tme, they classificd them oo “flash-
hacks. cxepenic (foxicy psychuses, and so-callud endofom
psychoses,” They considersd three possible explanations
tor the latisr cafcpory: accidental coitcidence of LD vee
and anset of psychosis, preexisting psyohosis with symp-
tomatic nse of LS as an stkempt at self-treatnent, or lnally
the onset of psychosis giggered by he use of the halluei-
nogen, Based on the presenting sytopiolns, these palients
coull not be reliahly distinguished from real schizophrenics.

A somewhat later sty by Vardy and Kay (1983}
comparcd patients hospitalized for 18D psychosis with
fizst-break schizaphrenics. In most tespeels, the LSD pey-
chotics were fundamenially similar o schizophrenics in
sencalogy, phenomenclogy, and coursc of iflness. Their
findings support a model of T.5D psychosis 25 a dng-
induced schizophronifoem reaction i persons vikmersble
o both substance sbuse and peychesis,

Although thess stadies demenstrate a stgnificant danger
at LED wsw, the pumber of such repores i vory simall s2lative
i the pumbers of persens who arc believed to have sell-
administered LS0 (e recroational settings. A scareh of Med-
line in early 2003 for case reports of LED-induced psvehosis
found oafy thres reponts in the previous 20 veam. Although
feaily atl of the reports that do uxist foens attention specit-
icaliy on the dangers of LD, ali of the hailucinogens can
causc similar psychalogical reactions, and onv might antic-
fpate compasable results iF the mensbers of wsers of other
haflucinegens had boen vosrespondingly wrge.

2. The chemical cluyses of haflucinogeos

The chemical slctares of hallncinogens can be classi-
fied into two broad catcgpories: (§) the myptasaines and {2}
the phepethyiamincs. Within the byptamines, however, one
shonld probably inchsde two subsets, the simpld teypi-
amvings such as DMT, S-methony-DMT {5-2e0-DMT),
and psilocyhin, which possess considerable confpemational
fexihiiity, and the ergelincs, relatively tigid amalogues
inchiding .80 and a few very clossly selated compounds.
It also should b pointed out that psifocybin is seluatly a
prodrug for psilocin, That is, aftec ingestion of psitocybin,
alkaline phosphatases it the digestive sysin, kidney, and
pethaps 1w the biood wadily cleave the {-phosphoryl ester
to generate the hydroxy compound pasilocin, which 1s the
species that actualiy is biologically active (Florita & Weher,
1961; MHorite, $963: Hasier ot al, 1997 Whenever g
reference & oade f1 the in vive slfects of psitucybin
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e, i the clinical studics discussed o later sections), i
shoutd be understood that the actua? hallucinogenic specics
15 psitocin.

The doses, duration of action, and nases of administes-

tion varvy Tor the different classos of haliucinogens. The
simple myplamines DMT and 3-MeOWDMT are not acive

}I;:;}N _cH, H?'C‘N _CH, 11-;(:‘?@ _cH,
%0
i HA
T = 3 i
Bh B z
= N N = M
i H H
DMT R = H; Psilocin S-Methaxy-DMT
R = POsH; Pailocybin
H
‘3\' --'H
ELC0 NH;
HO. oy | =
D P
5] HalY
H OCH;
Serofonin; 5-HT LSD Mescaline

The protetype of the phonethylamines s the naterally
oroTing compound nescuiiog the principal active eoimpo-
nonl in the peyots cactas Lopfopdors williamsd, Extensive
strucknre-activity relationship smdics carried out aver several
decades principally in be laboratorics of Nichols (1981,
1454, 1967y, (Heneon et ab ((9R6), Gloanon {1989, 19993,
Njchals er al. {19923, and Sholgin and Shalgio (1991%)
have Jed to a sood generat understmding of the stmcturad
and stercochemical foatures dhat lead to hallueinogensic
activily in substitpsd phensthylamine derivatives. In this
provess, extremely potent vomyunds have also been dis-
eovared, and memy of the resulting motecules have proven o
he uscful tools for stadies of ihe mechanism of action,

For rmany vears, medicinal chemists cnvisiotied “eTpo-
line-tike™ hinding oricriations for the phensthylamines
that might suggest some stmeloral congrience bofween
the two tvpes of classes on reccptor Mnding (Marini-
Betiolo e ak, 1950, Barfkneclt & Michabs, 1972; Clennon
et &l, 19436y Recontly, however, B scoms unlikely that
such @ stmcturd] congrushee exists snd that various
ligands may bind o and activate the receptor bl a vartcly
of differenl orientations donde of ai, 998 Chambers
et al., 20030

arally but are tymcally sinoked or nasally insufflatud. Thess
wore olien he psychoactive cormponents of native Sowh
American plant proparations thal wets used as saulls. The
dose of TPMT i3 typacadiy 60 - 100 myp of the dee bascand G-

20 mg for 3-3e0-0MT (O, 2001; Heyerstem clal, 2003
When smoked or injected, the onset of action [oe TIMT iz
typically 10-15 see. The dursiton of ackion for these simple
typramings is very short, with the effects typically diszipated
in less than | Lr for DM arel 20 38 min fer 5-Me(-DMTE

Pstlacybin is oralty astive, with cliective doses in e
runge of 6- 20 mg. The onset ol selion is typicaily 20--30
min. with the effects completely monc within about 4 6 hy
{Shulgin, 1980}, The moit detailed clinical swidies ot psiio-
uybin have heen Toported by Vollenweider et al (1998, g
affeets bepan 20—30 min aftcr an ol dose of 0.25 mgike
peaked after another 30-50 min, and tastud another 1 2 he
The greatast psychologicat effects ovcumed at about 80 min
after drog administration and coincided with the peak plasma
concentration of psilocin (Hasher o al,, 1997],

Our medemn awarsness of hallucinegens bogan oo 1'reday,
April 18, 1943, when Alher Hofmmm, o nataral producs
chemist with Sandoz Thannucenticals in Basel, Switrarland.
experienced unmsnal mental eficcts follawing work with
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L5235, the dicthylamide of lysergic acid {Hodhmanrn, 1979,
19943, His suspicion that the effects he had euperienced on
the previpus Friday were duc tr avcidental exposute (o & tiny
unknown arnoint of L31 were confirmed three days lator on
April 19 by his deliborate oral ingestion of @ solution
containing (.25 mg of L3)7 mrnate, o wclatively farge dose
of this substanes, On that occasion, the effects wors very
protownd and loft me doubt that the unosus! mioxsication of
the previous Friday had heen due o ingestion of LD, Ne
drug had ben discovered up to that fime that posscsses! such
high potorcy, su the msearch management 3t Sendez way
imitially skeptical of Do Hotinann's tepat. Movertheless,
several other scicnbists ai the company ngested s new
suhstance (albei in smaller doses) und econfirmed its remark-
able payehophanmacotogy. LSD (tweteate) bs o, active and i3
the raost potent of &l {he hallocinopens, with doses ranzing
frore 003 to 020 me, Doses as low as 0.023 mg can he
detected in some individnais, Dosage forms available on the
illicit markel loday are typically 8.04—0.06 me, whercas in
pest vears they weore more ofter in the 0.10-0.20 myp range,
in the lage 19645, fablets were often {ound that contained
0.25 rag or mere, LT is abso veey long acting, with cffels
thet vun last #s lang as 10—13 bt

Mescaline is also vrally autive but is the least potent of ail
the ciassical hallucinogens. Despite Hs low potcnoy, esCa-
ling has served ax o prowotype ballecinogan because of the
similarity of its psychophamacology to the olher bathei-
nogens and alse becanse i is sl extensively nsed up to the
presers by ir the fonn of peyode during religiouz sorvices
of the Native Amenican Chuch. T also has served as thic
lead melecule m straclule-activity relationship smdies of the
phenethytamines, leading vltimately w extromely polent
sibstinsted amphetaminegs such as 2, 5-dimethosy-4-bro-
mupamphetaming (DOB} and 2, 5-dimethoxy-4-iodoanmphel-
wrrine (3], Mesealme is alse a long-acting composnd,
with effccts that can last up t 10— 12 hr; sitective doscs of
the siulfate safl age in the 200400 ng mags (Shaigin, 1973;
Beyerstein et al., 20033

3. Psychopbarmacalogical effeets of hallacinogens

Lt conirast w0 viroally every other class of CNS dme,
whete the action s wsually predicteble, the offeces of hailu-
cipogens arc heavily dependent on fhe expectations of the
wser (Yset™) und the enviconment {“setting™} i whicls the
use takes place. Indesd, no clinicim sxpericnced with these
sithsdunecs would fail & consider st and setting as prinry
determinanks of the cxperience. Thus, expeciations and
erevirppments that weuld fseer religious or spiritual expen-
ences Hrcrease the propabiiity of the doug produciog such an
effect. Comversely, use in a nonstacred, unwiss, OF reere-
gtlonai way can have upredictblc and ever disasirous
nsychobogical sonsequances. Early clinical research, where
LSD was capectad o produce 4 niodel paychosis (reeall the
ferm “paychotonimetic™), was hot designed 1o diseover

positive effects of these substances. Subjects yiven LSD in
a ciinical ward aiad counsefed that they might experience
schizophrenia-like symptoms indaed often did sulfer panic,
anxicty, nemsbive effects, and feslings of inssnily.

D Slapistoy Grod, who suparvised more cinical LED
sgssious than any uther individual, wreote, “T consider L5
to be s powerfal uespecitic amplifier or catalyst of bio-
chemical and physiological procosses in the brain®™ {(Grol,
19753, These thoughts weors echoed by Bam et af {1972}
who stated, .. .thc phenomena induced by LESD (and
prabably by any similar drug) cannot be predicled or
underslood in parely phusmacalogical emms; the persoaality
of the drag tzker plays @ enommous and oritical role
determining how much effect there will be and of what
particular type.” To complicsle matters further, an individ-
ual subjeci’s response 4o repeated administration of the same
drug and dose may also vary

Alghough greatest interest in hailacinogens oflen bouses
on the morc deamalic effccts that they ate capable of
producing, [ow doscs may elicit rot only qusntianvely
bt also qualitatively different responses. That i, high doses
do not always praduce offvels simlar to low doses Tat s
greator intensity, Although the abibity to distupt sensory and
cognitive funciinns is generally comelaled to dose, a cot-
pleely different expenencs of an “slteraste realiy”™ can
somelimes ooy, most ofien at high deses. This psycho-
lugical slate has ofton been referred W in the popular pross
ag o “peak experivties,” “mamscehdent.” or Mmystieal”
cxpericnce and iz a prefoundly ASC. The wser may feel
temsported to an alternate thne or place, another dimension,
or ahather piane of cxistence that may seem completely reab.
Tt is this okpeciencc thal has been descwibed a5 having
pagallels to the near death experience (NDE: Grol & raf,
19567 and appears w bave the most profound and Jong-
lasting effects om the user This siute is of parbicalar
televance to the definition of psychedetic and &s cunphasized
i fhe temn cntheogen as noked sarlier Although this effect
o aften 13 achioved with high descs of hatlucinegens, i
can ocenr ueprediclably and wmdependently of the dose,

Tt is precischy this unpredictability of effect that can male
ciinical research with LED and other haliucinogens wo
ditficalt, What criieria do one ust to quantify drog citece?
How does one establish heseline valoes? This unpredict-
abrility i no doubt alse a primary Lactor in adverse TeacTions
{“bad twips™} that occur with reereational nse o these dugs.
Al the extemes, a user might o one pecasion SXperience
agstasy and mystical nnivn with the cosmos, while on
another they wight endure a hellish pighinare, exirome
params, {eelings of insutity, and the liks.

Adthouah there is less written wlay ahoot psychedelics,
L8 experimentation bas continued smong high schoal
youlll over the past several decades. The Memitoring the
Futare Survey, conducted by the University of Michigan's
Ynstitute for Secial Rescarch apd funded by the National
Tnstitaie on Dmg Abuse (NIDAY, Ias traeked illcit drog use
andd adtitudes soward drogs by high school youth sinee F975.
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Afthough hallucimogen use bad remoained relatively sleady
$or decades, in 2002, use declined for 12th graders, with
past year use also down mnong 10t gredess. LSD, in
particular, showed sharp declices in wsc smong 86, 10th,
and 12th graders in 2002 compared with 2001, Rates of
LEE wie were the lowess in the history of the survey amony
wtadents in ali three prades (NIDA, 28032,

A major differcrec bobween present recreational usags and
that of & decade or mwore 5g0 sooms to be that 15T dosages
corrently available on the clandestine wmarket are typically in
the 40--60 wg range rather than the 160250 g doscs more
chorcteristic of the T960s and 19705, Atthese lower dosagss,
the psychelogical effects of peychedelics are generally not
overwhelndng, with less bheliwod of an adverse reaclion
U1al might requine medical intervention and be brought o the
gttention ol reporting agencics or (he press,

Becavse ballucinmgens do aoi produce the type of
resnforcing effects that oeour afker use of subslances such
a3 crcaine of mnphelamite, an interestng gquestion tha can
be asked iz What 15 the moiivation for eontinued ese of
hallucinogens, once an “sxporimentation” phise bas suded?
H mus be kept i mind thar hallucirogen use is goncrally
00t compuisive and ong lasting and chat these substances

do aot prodace dependence. Their wsc is more often”

gpizodic, and nost people do not continue to use hathei-
nogens on a lmg-tern basis after somae initial experimenta-
Gion. Sorveys have shown that hafluckwogen use 15 mosl
likely 10 oceur In the late wens and nfo the carty 20 bl
dioes not nsuaily continee after uscrs weach Lheir late 205
{Chilooat & Schutz, 19963, Chonic ose of halivsinegsens 14
unusaal {(Hendesson, 1994; Chiteost & Schagz, 1956), This
wsc pallern i5 o distingt contrasl o e coinpulsive abuse
Hiat i3 oftsn seen with mwarding dmes soch as amphet-
arinas, cogaise, or the upates, which produce craving,

When asked why they use bailucinogens, individoals whe
tadre doses with significant psveholomical effcets often say that
frey use them for personal er spiciiual devslopment aad
iticreasad anderstanding and self-discovery, that their use
seems mporianl i e, and tat ofien ey feel they gain
impoTiast parsenzl, religious, ov philosophical insighty. Thise
soits of permeptions wight arise as 4 conscouence of markedly
affecting copnilive processing in the fomiz cortex, the amanl
the brain whets executive devivions and Lhe assessment of
sigmiftcance ocons (Goldberz, 20013 This reasoning may
sxplain why ramans tuke peychedebics. although they do ot
have rewarding cffects in animal medels: e nature of the
reinforcement in hemans is primasly cogmiiive, o perccp-
tions of groater awaterass, incrossed enderstatding. or pro-
frund insights thas would have oo countcrpert in lower
species with a luss developed fTontal eortex.

4, Fow de haltucinegens work?

The mechaniwn of action of hallucinogens has been
sourglit ever since their meders Tediscovery initinfly fecause

it was fole e upderstanding how they affect the brain
wondd lead %o sights inio she maturc of schizophrenis.
Later, # hecame of inderest to undersiund the neuronil
largets that were invobved hecanse those besin substrafes
elearty had 1o he involved in procossing sensory informmdicn
and making caceutive decisions, Mors recently, the focus
has aguin shifted to undersanding cerain similarities e
twoen the effects of halluclwogens and scate psyehosis.
cspecially a5 investigulors have bogun Lo exapline Thone
ciosely the wole of ghizamatergiv patfiways in conicsl
Farcgion.

4.1, Historieal reliionship
herween serotonia and Ralfwvinogen acifos

[oblowing the isolaton and ideniification of 3-HT, inter-
gat i1t its role as g asurotansmier and s posstbic relevance
tn hehevier was prsatly slirnolated by the virtually congeni-
poraneous discovery of LD and recognition iat this poterd
pavchoaciive substance had the absliy o interact with 5-81T
systeras, Frooe a chomist’s perspective, U wag easy to
recopmize the myptaming template within the erpefias fTame-
work of LSD and o appreciate that the muehk simpler
mecule of 5-[F was built oo the same molocular scaffohd.
Twarvg and Page {sce Twarog & Page, 1953, Twarog, (98]
[irst demonstrated Lhe presence of 3-HT in brain extracs,
amct it was omnly 10 yems after the discovery of LED that
Caddum (1953) reported that 1513 antagonized Lhe effects
af 3-HT i peripheral Sssues, The following yeas Gaddum
and Haimesd {1954) and Woolloy and Shaw (19342, [9544}
independently proposed that the potent peychoactive prop-
atties of LSD might derive frum ihe Blockade of 5-1FT
receptars i the CNS (aithough 1o 1956 thoy mediiied thedr
hypothasis Lo inelade the possbility that LEL mighe also
mimie the actions of 3117 Shaw & Woolley, 19567 At
abowi et gme, Udenltiend &t 21, (1955} had just doveloped
sensitve assavs for S-HT smd its metsholites in varinas
hiological tissucs, an advance thal ushered in an cre of
intense rescarch on 5-1ET.

The ides that the ceniral effects of LS conld b
attribuled b the blockade of 5-AT receplors was short lived,
however A brominated derdvetive of LSD, Z-bromob 510
(BOL-148&; BOL), & potent 5-H1 antagenist in peripherat
tissugs {Wouliey & Shaw, 195da), was found 1o he essen-
tialty devoid of LSDHike psyehophwmacology {Codeth &
Erthbe, 1955; Rothlin, 1257} Indeed, BOE. could actually
anlagonize the offect of 2 subscquently administered dose of
LSD {(Fuzel & Mayer-Gross, 1936), although BOE. does
have aorme LSD-bke effects ar doses hat are about 18]
limes higher than Lor LS {sbeil ot ab. i939) Further
alibough LST-ike activity was initially thought #o e
correlated with anti-5-HT aclivity (Cerlotti & Hethbn,
1355}, the morphaolide anstogue of 18D bad less than
1014 of the snteonist effect of LSTY vet had almost 5%
of the poteney of LST as o bellucinosen {Gogenty & [Rlic,
1957 In addition, a scrics vl cycloalkyl monesubsittutcd
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amides of lysergic acid had 5-HT antaponist potency in the
rat imtestine 30 greater dhan LSV isclf vet lacked LSD-
HEe hebavion] effccds (Vokgya et al., [958

Weverlheless, B was evidens thar gven if LSD was rot 3
central antagemst of 3-HT, it did Lave effects on citrak
serotoncrgie finction. Frocdraan (P961 showed fhat sys-
temie LS administration ¢levated brwm 5-HT content, 40
effect not shired by the nonhallieinogenic BOL or the
behaviorally tnactive feve isumer of ESD. Luter, Rosscrans
2 al. {1967} reporiced thot LSTr also nedueed brain levels of
the 5.HT metnbotite 5-hodroxyindods acetie avid (3-THAAY
Taken topether, shese findings demonstrated that LD
decreased 3-HT tutnover in the bram.

Anden et al. (1963} wers among the fisr ¢ suggesr that
[.533 might bave a direct agonist cffecl a1 F-HT receptars i
the NS, Wilhin & few yoars, sdditional amdics had besn
reportod showing that the vavdens classes of hallucinegens
including psilocybin, DMT, 5-We(-0MT, and the phene-
tirylamine derivative 2,5-dimethoxy-4-methylamphetamine
{DOMY afl incresscd brajn S-HT levels andior decreased (e
tumover of S-HT Frecdman et 2l 19780 Anden et ol 1971,
1974; Randia & Padjen, (97F; fuxe et al, t972; Leonard,
1473}, phenomena that weld he comsistent with an agromisl
effect of these drugs,

o,
E e NH>
H
X ;-f {Hs
CGHUH,

X = Ciy; DOM
X = Br: DOB
X =1; DO

4.2 Early fypolthesis for o presyauplic agorist mechanism
of aetian

Early experiments showed that 151 was very potent
suprressing the fining of cells in the dorsal raphe nucleus,

cithur piven sysiomically {Aghsjaniar et al., 96, 1970% ar
applied direclly by microioniophorcsis fo the raphe el
bodies {Ashaanian of sl, 19720 The wyplamine halfuci-
nogens DMT (Aghajanian et al. 1970), pailocia, and 3-
MoO-DMT a1t inhibikerl domsal mphe eelt firing (Aghaizaiun
& Haigler, 1975; deMontigny & Aghsjundar, 1977}, and
Aphaianian and Liaigler (1973) hyoothcsized that fhis sup-
pressant offuet o raphe celts miaht be the upderlying basis
for the action of hallacinogens, This idea was aeleactive
because the taphe cells send serotoncrpiv peojections
throughout the forebrain and are the source of 3-HT
afferents i the prefrostal contea (PO Moore of al, 1928}

Probloms soon developud with this kypothesis, howover,
pecause ihe phenethylamine hallucinegens iacked this of-
fect. For caample, systamic adminisiralion of mcacaline or
DOM inhibised only sbout half ol the dorsal wephe cells
gxamined and had e ellfest or oven stightly accalersted the
tost (Agimfanian ot ai, 1970 Haigler & Aghajanian, 1973).
Furthermore, the nenhallncinogenic ergoling, lisunde, aiso
pulently supprossed mphe ocli fidng (Rogawski & Aghaja-
wlan, 19790 In car studics, supgression of raphe firing by
hatlucinopens eutlasted the hehavioral offgets (Tradsen e
#l., 1941). Much laier, it was discoversd that the suppression
of raphe coll {iring was inediated by stmdation of 5-HT, 4
somatodendritic rcoeptors, amd nenbailucinogesic 51T
aponists were identified that swppressed raphe fireg bt
which were not hallucinogenic (Sprovse & Aghajanian,
1947, 1988}, This hypothesis for the mecharism of action
uf hallucinogens was, therolore, not fonshle, Mevertheluas,
as diseussed later, i seems possibie that suppression of
raphe cell activity nwy be important 1o the overatl paychi-
pharmacelogy of those substances because phentthylantines
do suppress fiting of & subset of raphe cells when given
systemiualfy but not when administered directly imlo the
raphe {Aghafanian el al. 1970 Hagler & Aghajanian,
1573),

4.3 Evidence for agonist aoiivity of the serolaning receplor
STty

The vast majority of mochanistic sudies an hallucimo-
gcns have been carsied out in rodents. What Jittle we know
about the hummn phamacology of hailuddnozens mostly
dates from uboat 40 to 50 years aga. Althongh a varicty of
animal belravioral panudigms have boen amployed over the
yiars, the primury choice of sr in vive animal medet today
appeass 1o he the pwo-lover drug discrimination procedure,
In3 this paradigim, rats arc imined o discrievinate between the
cfitds of saling and a traming drup, tvpically 1.5E or 4
balluciongenic amphctamine derivative such as DOM or
OCH (Glesnon ef al., 1983, Winter of al, 1959 Using
various asiagonists of the fraining droe effect, smd substi-
pution tests with compounds of knowa plarmacology, one is
ahle to detcrmine the underlying pharmacoiogseal hasis tor
the sraining dimg stimulus @ the rat This technique is very
powerfizl and produces robust effects f relatively low dug
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dosages that peneraliy do rot chivit other overt behiviors. f
essence, the oot “rella” the experimonter, ! think you mave
me the fmainig &mg™ or 1 de oot think you gave me
anything. ™ Although this ype of yesfo yesult obviousiy
vt provide information about the qualitative sspects of
irgoxication thal e diue might produce in may, o least it
indicates whether the substanee has overall pharmacological
properties that rezemble the training diug stinodus,

Tuble | gives 2 compartson of huttian dosages for several
compounds where dmy discrimination data s LD raimed
Trts akse have bben obtained from the author’s Babocatmy.
Alllsough there are scveral olier halicinagens that have
heen characterized using the drug discrimination pamdigm,
particulady by Richant Glennot and his coileagues, differ-
2! training drzgs huve been used. Affinitics i cloned
hueman 5-HT. and 5-HTan wers glsn obtaimed for many
of the compuunds listed in the tahle at the same lime in ooe
study (Mefaon of al, 19997 Althuurgh the relative potencicy
in rats snd humans compared withs LSD waey somewhat, it
can b secn that thers s overal! good penendl dereerent.

Cine canadt be ceptrin that stuies curried ovt with the
drugs discrimination paradigm actoally teflect results that
would be abserved if similar cxperiments were carried out
turmans, ot the moded has shown exeetlent comelation with
the existing human duta. A minor problem sqth the model is
that it car produce [zlse positives (i.e., give dats prodicting a
eompoand W be kallucinogenic in man when i is known
that the componnd is not chinicslly active), Nevertheless,
these arc probably he best dats available, and much of what
we know about the in vive mechanisim of action of halluei-
nogens s based on drug discreination studies i rats, The
vre of drugr diserimninsiion © shady ballucinogens has been
revicwind {Wintet, 1994, Gleonon, 199% Winter et al,
RN

Table b :

A comparison nf human dosss of scloeted halluginagens with Wedr poleney using drug diserinusafon e in Lanaing] vaws

The earliest hypothesis that hallesinogenic dregs acled
specificalty ar 5-HT, receptor sublypes was proposed by
Giennen ot al. (1983¢) based on drug discrimination sfudies
in rats showing that the 5-HT- antagonists kelunserin and
pirceperome blocked the discrimipative stinmlus effects of
phenethylamine znd trypramine haflucinogens, inclidsing
L5TY {Colpact ol ol 1962 Leysen o al, 1982 Colpaert
& Fwnssen, 1983 Eartier studies (Browne & Ilo, 1975
Winer, 9751 had alse shown thal ile discriminative
stimuius of mescaling was blocked by 3-HT antagonists
that jater wers recopnized o block 3-HT. mecepiors,

Now, there seents fo be a Firy clear consansas sl the
koy sile [or hallucinogen aetion s the 5-HTz, recaptor
suhtype (Mckonma & Sasvedra, 1987, Titeler er 2l, FRES;
Pleree & Perouths, 1990 Sadeol ot ol 1589, Branchek. of
al, 14996; Michos, 1997; Fpa e al.. § 998 Kuehs-Thomson
clal, 1998; Smith ct al, 1998, 1903 Aghajanisn & Marck.
153, Melson ot ol., 1990 Souaps ot sl., 2000k BRersole o
al., 2003} This conclosion was milslly developed by
corrclativon of the rat bohaviorsd activity of hallneinopenic
ampheamings with their alfiniies and cfficacies at the 3-
HT,; receptor ((Flennon ol ol 1983c, 1984s, 15840, 1536,
Sunders-FBusl ot al., 1988

Tecause afl of the kaltucinogens huve neatty equal ot in
somE cases oven siighthy higher potency ak 5-HTo than at
3-HTas meeeptors, there had been some past uncorbsisly &5
to which of fiese roooptor sublypes was more waparia o
{Be inechaniam of zolion. Although keteaserin, used as an
antagomnisi it many studics, Is cleasly more selective [y 3-
HiTa,, sites, Ismaicl ef al {1993) have shown that 2 spipor-
one analogue with about 2000hold sclectivity for the e 5-
HTsn over e 3-H70 roceplor was able to Blogk the
discriminative cuc of the hajlucinogenic amphetamine
DOM B the twe-lever Srp discrimination paradigm in ey,

g £ 5T. F Yy Do diserineination Tutaeiy rolagive to LEE Hurmon dose Trsteney Toladive
(mM) (b ETaS0E {pRd%E} {rul drug disetimioaticn) ng)’ lex 1810 {humeise)

Etal . AD . - 002 145 04 - (35 140

AllyL ALY - D3 2455 0.08- G 131

LE Fe-d 36 1017 T .06 030 1

Prol_aty . - {4037 10 1130 G20 4

R0 hé 1.3 506 23 -3 7

LN 1A 24 .28 92 L5=-3 i

1¥nf 19 . LAY 33 3-10 .

Pritncin 15 =% 0 1.0 46 i- 15 1

TAMECT, - - X1, 4.5 E5—dn (L

M EM 7 124 iz nx 0-50 4

MMDA-Z - - 1 04 25-50 0.4

Mogoubine i) ] EL] {148 200—4{K] .0k

Whers vuilabla, £; values for chmed buman 3-HT . aied 5-H oy receplons are absn Hstod for comparison. Compounds s rankad oy reladve buman potcney.
P adffmity ol phenstiylanines in cloned ceceptors mken from Selson o2 2l (199%) and mescaling affinity fon Mo o al. {1775

£ Trug disciimenstion deta Irem Miclels of ol (F98de, 21984k, 1936, 19203, Hoflinee ard Mok (T9R5 Mone ek &l {1597 and Suir v ol |26,

1 Averuged dose rmngs form Shelein aml Shudgin 98, §997E [50 = MO Abbreviations from Shubein and Fhulgin (1591, 19975 FhLAD, Aetlyd-NiG
norLSEy, AHyLATY, M-adbyl MEneESE ProLATY, MorpogpyT Mioi-prLS0; DMOPA, (= V-trang-2 S-dirssrhoy-S-meshar pheyicpelopropyivmane,; BV,
f % 1.2 5-dimcthoxy-detboxymnphetrmine MMWUOA-Z. [ £ )-2-nuthogy-4, Smetbyboedienyanpheamine.
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Tn wddicion, Schreiber af af {1994) were able to abolish
the diswenminative cue of the hatlucinogenic amphetamine
derivative DOL in mas with the highby selective S-FT.,
weeptor antagontst MIOGYGT (Schruidt et af, 1992). This
antagonist hos greater than 200-foid selectiviy for S-HT.,
versus 3-HT, receptors. A seleclive 5-HT,. teceptor
anlagomist 5B 200,646 {Kenned ot ol {9940 did nor Bock
the stmutuy effeet of 107 ot doses (hat wore effective in
antagoiizing behavigral effects caused by 5-HTan receptor
ACHVAtom.

Higrelke et al, 1995s, [995h, 1995¢) bave provided
sdditional compelling evidence for 5-HT;a recepior med:-
atfon of the balhechropen stimubas in rats using antagomist
corrclstinn apalysis, The abilily of & series of nansetective
3-HT 20 eceplor antapomisis to Bock (Be discrminative
stimuluy properties of {—)-DO was bineady correlated
with thetr affinity for 3-EiT., siles kot not with 3-1FT:
atfinity.

Some caution must 581 be exercised in extrapolating st
drug Siscromnation data m homans. Hoe somewhat tros-
bling that the 51T, untagonists ketansesin and pirenprrone
fuiled o block the LD cur i dnyr discrimination sladics
with ESThirained monkeys (Nislsen, 1955 Mescaline,
argther haliucmogenic 3-HTy. agomist, alwo fsibed o snb-
stigte for L3D in monkeys (Miclsen, 19%5) Cunicusly, 5-
MoO-THIT, & mixed 5-HTy,/3-HT,: agonist (Madin &
Sznders-Hush, 1982) did substitute. This latrer finding raizes
ihe interesting possibilisy thar the discriminative ene of 1,57
m monkeys mey be moediated theouph the 5-HT, . mather
than the 3-H'l'z, recepior. For cxample, i rats trained w
discaminate 3-Me(-DMT {3 mgky) from saline, the 5-
T, antegonists pindolal and WAY H00635 both produced
significant antapemisn of the waining stimules, whereas the
3-UT, sntagunist pitenperone was mach less effective
fWhnter e1 ul., 2000b) Full generativation of the 5-Mefd-
DT stimmatus also oceurmed bo the setective 5-HT,. agonist
8-OH-DPAT, which was blocked by WAY 100835 bul
umaltected by pirenperone. The dai indicate that 5-Melk-
DM T-induced stimuius control is mediated primeriiy by
inleractions. with 3-{1T), meeplors. A more thovgugh dis-
cussion of the possible tmportance of the 5-HT) 5 reeeptor is
given in 8 later sechion of this review

The head twiich n1ats also appears to be mediated by
an agotlst wction at 5-HTFa. receptors, Schreiber of al
{1995) showed thal hosd twitchos induced by DOD wens
abofished by low doses of the 5-HT zaselective anlagonist
MIOD9FT, The salective 5.-HT - antagomise, SI¢ 00,6464
faided to biock DOH-induced head twitch. Hyperthermia and
hyvpophaga Indeced i cais by either DOM or DO are alep
medisded By the 3-HTas @eeptor {Aulakh er sl, 1094
Mazarts-Pomeeto of al, 1995 Iy addition, DO admin-
istration o rats significantly elevates plasma prolactin,
adrenocotticoltopic hormone (ACTHY, and corticosteronc
[Avlakh et al, 1%94a) The observed inciesses were
Blocked by vations 5-HTauoc nonselective ankagoatsts,
The ACTH bt pot the prolsctin and corticostetone fe-

sponse was also blocked by spiperone, and the sothors
sugeest fhat the mwresse n ACTH may be medisted by 5.
HT ;. meocentors,

Further evidence for 3-FIT., mediation of the oflecks of
Laltucinngens also comes fiomm smdies of iolsranee. A very
rapid toleraece known as tachyphylaxic is produced ou
repeatod administration of hallscinggens, and this phenon-
enon is now belicved o acour as u rosuit of 31T, receptor
down-repuladion. Dhatly admimstraion of LS resabts i
almost complele loss of sensifivity to the effects of the dmp
by the 4th day {Cholden & ab, 1955; Ishell o sl [936)
Similardy, deily adminiswution of the baliucinopenic am-
phetamine 1300 to man slse fed, by the 3rd daw, to
significant tolerance to the drog effect {Anerist =i al.,
1974). b hnumares, oross-iokerrngs ooeurs behween mescaline
and LSEF (Balestricti & Forwnari, 1959 and bereeen LSLT
and pailocybin {lsbelt of al, 19691). Tolerance and cross-
talerance alio develops w hallucinogens o rat snd cat
modals (Freadman ef al, Y58, Smythics ef al 1968; Appet
& Procdman, 1968; Winer, 1971 Freedman & ogesit,
1%74; Wallsch ¢f al., 1974 Trelson ol =5, (977, Commss-
sy et al, 1980,

Scveral studies have rew shown thet rapid lelersnee 1w
hallucinogens coerclates with down-resniztion of the 3-
HTsy receptor. For examply, Buckboliv of b {19RS, |99
found that daity LS} ademdndsoation sslectively deereased 5-
HTa rcceptor density in rat hrain. these workers alzo
repgtied dhat not omly LSD but alzo the hailucinogenic
amphetamines DOB and DOL produced 5-HT, receptor
downaegnlation affer repeated dosing o mis {Buckhoie
ctal 1988} Chranic treatment of rats for 7 days with cither
FOE or DOT {Buckholtz ¢ ab., 1958} or DOV [(Mekenns et
ak, 19894}, respectively, perodoeed divern-regqulation of brain
51Ty meceptors i rat.

Lewsen of ol [1989) ohserved rapid desensitization and
down-regniation of central 3-i{'T; receplors following re-
pusted treatment of s with DOM. A sipnifieant roduclion
i the total mugpber of vortical 3-HTa sites was ohsened
after only two diog reatments (2.5 merky s evory § ik
Aldler four injections i 24 he, the receptor manher recoversd
only very slowly (e = 5 davsy Smith of al (1999
fikewise found that tolerunce o the discrimninarive stirins
effects of DOE in mts way conclated with down-regulation
of 3-HT5, weeeptors hot lound re change in density of 5.
HT4y» receptors. Short-term agonist exposmye alzo leads o
desensitization of 5-HT;, receptor-mediated phosphoinosi-
fide {PTy hvdrolysis i several transfacted celf svstetss (1vins
& Molinoff, 1991, Roth et al., 1993; Geay =t ab, 20013
Inferestingly, m contrast o mest other Goprotein-conpled
receptons {GPCRy), the 5-HT;, tceeptor undergoes dows
regulation in tesponse 0 cither agonist or antauamist treut
ment {{iray & Rorh, 2001 ). Very recently, 1w aonconseane
residucs in the 5-FITs, receptor, 5421 in the £ termians and
S18% in inmacellular toop 2, have been found 1o he essential
to the apomwist-induced desensitization peocess in ¢lored
reccptors expressed wm HER223 cells (Gray 21 ab, 20035
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titation of cither tesidue 10 alonine greatly attomusbod 5-
HT-mediated desensilzation,

Abthough soderance and down-repulation of 5-HTz,
receptors occurs foliowing tepeated dosing with LED or
the haitucinogeniv snphetamines DOM, OB, or DO, the
tryplamine halluciroper MT appears fo Bave somewhat
different propertics. TPMT substituted fully tn rats trained
to ciscriminate DO fom ketanserin, indicating fhat it hud
disuriminative stimubys propertics mediated through the 3-
FiTa, fecegtar (Smith ot al, P99R). In rae fibroblasts
expressing the 5.HTy, meeplon, DMT was o fufl aponist
i stimulating PE bydrelysis; however, in cells translecled
wilty the 5-FETae recopror, DMT was only a pariisd agonist.
Nevertheless, those workers [ound thay the 3-HTy but nei
the 5-HT,, moceptor showed prefognd desensitization {o
DMT wver time. Althowgh these findings were onexpecled,
Strussrian €l ab (1994 have showen that W hamass
repeated dosing with DMT did not lead fo tolerance.
Therefure, if 5-11Tq,. desessitizagon iz alse occcwming o
tumans in Tosponss o repeated DMT adminismation, the
failure to ohaerve tlerance to the hohavioml effects would
he consistent with a 5-HT.,-medialed mechsnism of
action. '

Cireumslanlisl evidence that the effects of hallucinogens
are prmaily mediated by 5-HT2, cecptors includes {he
faci that m the coriox, where hallucineeens are thought to
aect, 5-HTa, receplors markedly predominate over 5-HT e
receptors (Pompolano cof al, 1994; Wroght o al, 1995
Farther, the BECs, of L513 for activating 5-HTo receptors
(K ureasch-Orbangh at al, 2603b1 iz virtually identics! 1o the
pesk plasina levels of LED (§0—20 nbt) measored after
either v or poo. administratien {Aghajanian & Bing, 1964;
Hawks & Chiang, 19803

The issue is confmnded, however, by e {acl that
L51Y is a very woak partial ugonist (Pleroe & Pergutka,
1984; Sanders-Dush of ab, 1988, Mcllue et al, 1939,
Koeeasch-Orbaugh ot sl 2003b) o even an antagomist
(Morman ef al, 1989; Pleroe & Perosika. 19900 at the 5-
ATy, meweplon Llestrophysiological smdics ef layer il
pyrariigal cells o piriform cortox have shown that acti-
vation of 3-HTy, rocoptors moercased spontaneous inhib-
itory poslsynaptic potentiais {(IP8Ps) through activation of
w-aminobutyric scid (GABAdergic laver BT mtemewromss
fSheldon & Achajanian, (99 Gelnwn & Aghajanian,
tit4), Svbsequently, Merek aud Aghajanian ([9%4c)
fornd that bofly LSD and DO, ar physiologically refevant
concentations, mduced concentratiol-<lependent norcases
in fhe fivng rale of these intsmenrons, Noncthcless, the
maximat effeet produced by those dmgs was ondy 340
50% of that obtamed with 5-I0T, and neither LD nor
DOF produced significenl antzgenistt of the -HT o
sponsc. These siudies did. however, provide cvidence
for the hypothesis that hallucinugens are poteni pariial
aponists rather than antagonists.

The most compelling evidence that hallucinogens have
ganist aotivily ot 5-1{Taa recoptons was obtained fm ewvo

clinjeat shudies. The [rst stedy was not defimitive, however,
where the mixed 5-H Ty n0 antaponisi cyprohepradine an-
{ugomieed the subjective effscts of DMT in suime sobyjects
{Meler et 21, 1982) The more impurtant snd most recent
example is the ropott by Vollenwoider ef al. {1398) where
the telatively 3-I0Ths-seloctive anlagomists ketansern armd
ritamserin Mockad the hatlueinogenic effects of pailocybin as
quangified vsing the APZ-0AV suhscales of Ditlachs AR
questionnaire {Oiurich, (998). Three growgs of subjocts
werne wsed, wilh ong eroup reeciving either 20 or 440 mg
of ketanserln oo, a 2nd group meceiving 0.7 or 1.0 my of
ghe 5-HTa./D; selootive aptaponist dsperidone po., and the
I growp receivitg halogperidol WL mg 4w Fagh group
ulso included a placebo wesiment. Psilocybin (0.25 mglke)
was given po. 75 min foflowing pretreatment. Ketunserin
f2) ma) significantly reduced the psilocybin-induced in-
crease in the APZ-OAY score by 50—70%, anel the 40 mg
dose completely prevented the devclopment of psilocyhbin
effects in 4 of 5 subjects tested. Risperidone had siecibar
vk, with the (1.5 mg dose significantly aficrmating seores
by 69-78% nd e 1.0 mg dosc complelsly blocking
peilocybin eflects, Alhough misperidone alse has high
affinity [oe YA )y Toccoptors, the potent Tip antsgomist
hatoparidol produced a significant reduction on only ane
subseale of the imsteument and had no effect on visnal
Wlnstons or hadlucinations.

Pgilocybin alse invrewsed reaction timc on & moemory-
puided delaved response task (BRT) given ai the peak dnug
eifect and both ketwnserin and ritanserin but not huloperidel
blocked the inetegse i reaction fime, A second exparimen
wus then undertaken to confinn these resuits where a group
of 1) sehjects waz given 48 tng of ketanserin g0, followed
by peitocybin, A stalistically significast blook (87 -96%) of
psitocyhim-inducat scores on all the APL-OAV measures
was obtained.

Something seldom discussed in the hallucinogen liwea-
ture is the fact fhat the aflinity of L50) for the 3-HT.,
teweplor is unreinatkeble and 5 comparable with Lhat of
hallicinogenic smphetmnines such sz DOB and DO that
ane 20 - 30 times bess potent in vivo cither @ ras ar o rats,
If PI hydrolvsis is considercd as a macker for recoptur
activation, 1.31 has inkrinsic activity of perhaps enly 20-
25% comparcd with ST (J0004), whoreus typieal halheel-
rogenic amphclamines o mescaline are nearly fall agonists
{Monte ot gk, 1997; Kurrasch-Orbeeagh ot al, 2003b) Evea
when the release of arachidonic ackd (AAY 15 examined as
the signal arising from 5-11T:, activation, LED is 4 weak
agoniat foa, 50%) compared with behaviorally mach less
potent compounds (Furraach-Orbaugh ot ol., 20030, There
is o evidence w sugeest thar phanpacokipstic o1 metabodic
fuctors can acoount for this disceepancy. Thus, later in this
review, two possibifitios will be considered. Either thac E5D
may schvate apother reccptor that i synersistic with 5-
HT,, recepior activation or the 5-1ITa, receptor may be
coupled to another signating pathway that has not et been
tdentificd.
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4.3.7. Relevance of animal models
to mean: species differences [0 recepiors

Althoogh the nteroceptive cue produced by hablucihue-
pens it rats appeass #o he wmediated by SHTaa mecepion
stimulation. the hypothesis ey this cffeul also roediates
fallucipngen intoxicstion in mmans was confounded by the
fuct that the rat aud heyman 5-HT-, receptor sublypes have
sommcwhat different stoaets re-actbvity relaionships apparent-
Iy based on a xingle amino avid substitation n tumsmnem-
brane region V (see disenssiont below). Henee, eflects of
varions hallecinogens on wét behavior may not stictly
paratle those In humans.

Wan ot ab. (1992) first showed that residue 242 in T™ W,
whicl is seripe in the human bt alanine im e rat 3-HTa.
reepkar, could explain differcnt binding affiutics of these
two receptors for mesuturzine, at M-methylated ergoline 5.
HTze smiagontst lgand. Mutation of Sor? n ehe human
receptor t Ala gave & matsnt receplor with bindimg char-
actectstics similur 1o she mr wald bype,

Fullowing a similar line of inquiry, Melson et al. (1993)
and Jofnson ot al {1994} have shown that differenit
aifinities of erenlines and heir A 11-aikyl derivatives lor
the rar and hamsi 3-F1Ta s rocepbors can e atributed {0 the
differenee in this satne amine acid. rgoline and ryplarine
figands bad higher affinity for the Bwman receptor {Sert*y,
whereas A{1)-atkylated ergolites and typtamines had
higher sffinity {or the rat reeeplor {Ata™) Iohnson et al.
also prepated the mutant rat receptor Ala™ —Ser . com-
plementing the work of Kao of al. {1992, and showd thet
this cotrrerted the Taf receptor into one having binding
characteristios vibually identical to the homan reoeplor.
These workers spoculated that the scrine in (e human
receptor serves as a hydrogen bond seeeptor for the ndols
NH, whoreas in the rat recoptor, be ataoine residuc nlercts
wilh the A-pliy] gronp of (he aikytated ergolmes,

Gallaber et al. (1993} found that e boman 3-HTaa
receptor had 13-dld higher affimity {ur psilocin dhan Bw
rat recoptor and speculated that Ser™ in the human weeptor
might Tydrogen bond to the 4-tivdrowy of psilocin, eading
to & binding orientation where the indole ring was voemted
1807 froum ite pricntetion in that of DT, 5-11T, or hufotcnin
{5-trydroxy-DM T These studics eniphasize the prohabiliey
that this residue is part of e lgard yecognition sike in the J-
MTa, feceptor and atso point our hat the binding oront-
tinns of bHgands with onty subtle structurl differences fic.,
4- v S-hydroxy) may differ dramatically snd may not be
inmitively ohvions, Clearty, Mis obsevvation fembs some
wncertzinty o the generalization of ral data to the humean
sthuation.

Over the past seversl yesrs, lhoere have been scveral
shudies of the molecular biotogy of the 5-HY., sceptor
Although bypothetical hinding orientations and amine
acids that are determeinants of binding have been smdied
fhrough mrgtagenesis cxperiinetts, it i beyond the scope of
Urs rediew (o summarize that werk. The mierestad reader
can consult the following references snd meviews for

furiher infonmation ahout those studies {Weinstein o1 ai,
FORS. [9u4; Calisher el al., 1993 Johason ef al, 18993
1o0s, |BO7; Wang of al, $993; Skik et al, 1994 Seslfon
o al, 1995 Ahusula et al, 1596a 19%6h; Roth of a4,
1997h, i90H: Shkapine et af, 2000, 2002 Chambets &
Nichois, 2002; Fhemote & Scoolfon, 2002 Ebersale ef al.,
2003

4.3.2. Signoling thraugh the
seroniityy recepior; agonisd rafficidng

The 5-HTy, vecepior is 3 member of the superfamily of
GPCRs that eouple: t6 heteromimeric (TP binding proteins.
The most proanineny and well-understood signaling medin-
ed by the 51015, reccptor is coupling o G, resulting in
stimmuistion of Plspevific phospholipase € (PLC: Conn &
SuqdersBush, 1984 Roth of al., 1984) PLOC bydrolyses
shosphatidylinesitol membrane lipids al the an-2 posiliit,
pencrating inosiel-14,5-triphosphate (TF,) and disey! ahve-
crol (DAG: Conn & Sanders-Bush, 19806 Willlume, 1999}
The inositol phosphates lead to rckesse of Ca™ fom
intraceilular storcs. DAG remains bound fo the membrere
and seiivates protein kinase © {PRC}) thase 2nd messanger
systorms ultimately modisle, i part, the celtular physieog-
ical esponse ko tooeplor Activation.

Bt has Yeen generally assumed hap this PI bydrobysis
sigmaling pathway is the nost relevant for the action of
hallueinogens, but there arc cersln probloms with this
hypothesis. First and foremost, it is well known that L35
has very low efficacy in activating Pl mumover (Sanders
Tush er al, 1988: Fean ct al, F998). Recently, Rabin ot 4l
(0025 aoled a lark of cowrclation bebween hehavioral
poighcy in drug substitation in ras trained to discriminate
LS ar DOM from saling and officacy in stimalating 1
Iydrodysis, ‘They concluded that 54T, -mediated stirnla-
tion of P hydrolysis does not sppear @ be the sole oritical
signaling mechanism volved in the discriminstive stfecls
of hallucinogens, Similarly, Reth of 2] (§9%74) found that
there was 10 significant rlationship bebween high-ailinigy
agonisl binding and ubility to stimulate TP mrmover, and
these investigators proposed that addifonral transinon states
of the ooptor-tigand complux syast be cssential for agonist
cffieacy.

The aciivation of 5-17Tss eceplors alee leads 1o stimu-
imifon of phospholipase A- (PT.A), whick preferemnally
kydralyzes AA-coitaining phosphoiipids al thie sn-2 posi-
tign 1o produce free AA and bysophuspholipid. The PLA:
pathway B complictely independent of PLC-mediated sig-
naling (Beng ef al., 199%h; Kurtasch-Orbaugh e ai, 234,
This signaling pathway hes bech demonslrated in hippe-
caropal siices {Fetder ol &, E9%0) and in celinlar systeras
{(Berp et al. 1994; Toumels st gh, 1989d). The PLA:
signaling padrway is o gread deal mors complex than the
P{ turnover cascade, Lowever, apparenly invobving multiple
{i-proteins and the ERKI1.2Z and p38 mitogen-activated
protein kinases ak teast in MIHG 13 cells K urmsch-Orbaogh
ot al, 2003a)
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Alehough the significance of this pathway has not besn
investigaked m detadl, Ou et al. {2003) showsd that
adrinistretion of 2.8 wgkg DOL w rats led to significanily
incrcased moorporation of [PHIAA in brain. Using qusn-
\ialive avtoradiooraphy, Lhese warkers found lurpe
ereases i laholed AA incorporaton partivalarly i the
neccnriex. The largest increases were seen in beain regions
having high densities of 5 HTa receptors comparcd with
5-107 . sites.

Clearly, specific hullucinogen ligands intcract with the 3-
HTss receptor to activabe the PLE and PLA; pathways 1o
ditfozent extents, fn thg mat 5-HT ., recepor expressed i
NUL3T3 ceflg, 18D, DOB, psilocis, and S-MeQ-DMT have
different EC50 valges and irerinsic activites in activating
the A4 amedl P wenover pathways, Table 2 shows these
reladive aponist effocts. and there are clearly groat differ-
cices in the abilily of » specific Hgand differentially to
activate ome of these signaling pathways {Kuarrasch- Croangh
o af, ZOO3HY. Tt may be noted that nearly ait of the
commpounids exanined had greater poteney it inducing AA
retease than in sthnubsting P jornover. Althongh the cneep-
tioh was LSDL this molecule did have prester mltingc
activity in the AA patbwey. Some of these differences are
very noteworthy (2.5, psilocin), where the potency (ECs)
For aetivating A A release was neatly 30-fold greater than for
summtatine TE loenaver.

TFurthermore, Kurmsch-Orbaugh et al. (2003b) aéso dem-
onstrated that the 1wo sigoaling pathways have differant
recepiur oserves. That s, sctivetion of 2 moch smaller
traction of 5-HTy, tecepiors (s required for stimulation of
the PLA, pathrway conmrared with PLOC activation, emphs-
sizing the potential impenance of AA mobilizaion via the
5-H T3, recephor. These findings are consistent with dwse of
Fabin et al, (2002}, as noted eadlier, whe aiso questioned the
redevgnce of the Pl signaling pathway in the action of
hallucinogens. Therelors, if one of these two sipnaling
pathways is most televant to the actons of hallucinggens,
one might conclede that the aclivation of PLA; 1 more
rportant. Nevertholoss, ws & grongy, paychoactive verses
nonpsychoactive agonists did rot differ in thesr abelity to
activate selectively 3Ty, recoptor-medined PL Ay or PLC
sighaling.

For muny GPORs, it 15 now known thal certain ligand
molecules may possess ackvilics tanging in the exireme

Table 2

from fell intrinsic activily sgonist to silend anesgonist at an
idemtical receptor isuform appasently depending only on s
cefhalar locatization (Kiits et al., 2002 Motols et al, 20003,
Furthermore, agonists may vary in their intrinsic asdvity at
differcnt signaling pathways. This phenomenon Las been
called “Tumetinnal selcelivity,” 2nd in other lsboratores, the
cffect has been cabled “agonise-dirceted 1mfficking” (Borg
et al, 199%%a, 1998k; Akin otal., 2007, Pink, 2002; Cussac
ot al, 20007 or “differential engagement of G-peoteing”
(Manming, 3002). Thus, m ell GPCR systems, conclustons
about thy importance of specific intaccilular signaling
nathways may be confimnded by uncertainties ahoud which
G-proteins are acteally engsged by the msceptor loitowing
activation by a parboular Hzand.

o complicate matters even further, i very recently has
been shown thal the 5-HTo. meeptor can akwe couple o
pliospholipase 13 {PLE:; Mitchell et al, 1998 Robertson ot
al., 2003} This cnzyme principally cataiyzes the hydrodysis
of the terminal diester hond of phosphatidy] cheline, pen-
embing phoaphatidic aeil and choline, 1L can also catalyze 4
phosphatidy] teansfer reaction in which a primary sleohol 13
the nucleophile instead of water {* transphosphatidyviation”},
and this lalise rerction s the basis for quantifying the action
of PLIY (for recemt rovicw, see (romez-Cambimens & Ko,
[998). Although PED activetion hss been found to be
deprendent on ADP-ribasylation frowr | [ARF; Robermson
gt gk, 2003}, it remains unknows which Geproteings) act.
ally mediate this signal, For the 5-HTap receptor, a rolated
GPRCR of the S-HT, family, MeGrew et al {20023 have
provided evidence that PLY activation s medialed through
a {3; protein. Furthemnore, in the laller study, 5-HT
produced signals of equal magnitude it both PLOC and
BI pathways. These tindings add a whole aew level of
complexity 1o the issue of agonist trafficking breause w date
10 ore has studied the effeets of hallueinogens in activating
the PLDY signaling pathrway, Theas, it remsins entirely pos-
sible that eifects 10 this signaling pathway imight bo highly
ralevant to the mechanism of actiot.

Bt sheuld be noted that Acupa-Castlle of wi {20072 have
recendly reported that substituted ampheiasnine hajbucan-
zens such as DOB and DOF src partial agonists fea. 50%
intrinsic aelivity), and their cotresponding phenetbylamine-
lype 5-1HTy, ligands are auiggoniss ol cloned rat 5.-HTa
receptars expressed in Xemomus laewis oocytes, whete the

Abitily of sevesal 3-H T, ligands differstlialy to activate signaling pathiways through sho rat 51113, reccphor cxpessaed L ¥IHATS colls

e [T PELAL AN eoicase P8 Hﬁ.‘:llfﬂﬂ]ﬂfifl.l_‘l
Ei (oM By dnd; Inninsic activity 15 T} Bl g {u) Inmingic serivity s
SHT 21428 §347.2) 140 1241 46,9} 1)
g-[En 35 Ay 0 3.8 36 {4943 08 f3.7) ey
Fdszwide 2033 1338 12479 4F {E5) I30Em
L] 4328 15 (A8 T3 T2 {8 8] T4 (6.0}
-0l LNET ErEvE; LA (517 LI 24500 fRUG) 94 (8.5]
Pailacin 25 (£.T) g6 (3.0 42§5.7) 2300 {296 46 (2.4] _

Acleped [rus Fuceasch-Crtangh oL Al {2000bY,
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measured tesponse was S-HT-nduced cumerts in the oncyte
mrermbmne, This conclusion mns counter to the peeponder-
avce ofF evidence frorp other stodics, discussed above, al
lemst for the phenethylaming fype hallucinogens. For exsra-
ple, in dnig discoimination studiss, Glennor of ol (19RE)
found that the phencthylamine halluginogen 2,5-dimethoxy-
4-bromophenethylamine (20-F} substitled for THOM, o
hallucinogenic amphatamine with agonist cffeets in behay.
torl assays (Tamaicl of ol,, 1993} Boeauss both OB st
LK)! possess 3-HT 2 sgonist activity in & varlety of asways
fOwens ot ab, F9%0a [991h: Widling & Meltzon, 1997,
Shapite ¢f &l, 200, it would be somewhd sugprising if
simply removing the e-methyd aroup converted them inte
antagonists. Tndeed, the prototypical phenethylaming nws-
caline is a high idrinsic achvity agondst at the 3-HTzs
teceptor {Monte et af., 19973 Furhet, both T} and s 4-
mifinoromethyl congener (BOTIM)Y were nearly full age-
mists i sinubasing T lumovar thiough the 5-HT5, teceptor
cxprossol in NUF3T3 colls (Nichals of al.. P99} Remoy-
ing the o-methyl of DOTFM guve a 2-carbon homologue
that shilt retained noarly 6084 inpinsic activity in these calls.
Ir addition. buth this analosse and the 2-cacbon phencthyl-
amine homologue oF DY gave fall substubion o the drog
discrimination sssay in més tained fo disvrdminste ESD
fivir saling.

Clear imterprelytion of this issue 13 comphcated by the
phenomenun of agorist-direchl teafficking as disenssed
ahowve, Thus, the uncxpeeted finding by Acima-Castille of
al, (2002 thet hallucinogenic phenetlylarines ac anfinge-
nises at the 5-FHT.,, receptor exprassed in an gocpe S¥StEm
wust be considered fongative mokil mone is koowa abost the
signaling patvwsys and G-protoin coupling that cocur ia
cocytes compared with humes tegrons and the relative
imponiance of PLA;, PLC, ard TLD in 5-HTs, receplor
signaling by hallscinegens,

fine imporlusl guestion rommains that is still nat answeved:
Why is LSD s0 potent in vivo! As sean in Tablo 2, LED bas
neithor receptor affinity nor infrinsfc activity st either of the
currently known signsling pativays that would be consls-
tent with 1ls high in vivo pereacy. Onc possible explaration
i that the intcraction of [ST with other monoamine
receptors is synorgistic with s S-HTzs tecepior activaton.
Another explanation coubd be thal there i5 sn oas yet
undiscovered stenaling pathwsy coapled to the 5-HT 2,
recepton, where the potency of LED is more consistent with
its in vivo poteney, This suzgestion is not so Emprobatie
wien onc vonsiders the fact that thes is not & singla
published siudy on the cifeets of hailacinogens on the
PLEY patlvaay.

4 3.3, Newrooaratonticond
ferccafizartfomn nf Serotonin g, receptors

‘The earficst studies b map 5-HT; binding sites n mi
brain used astoradiography with several differeny tritialed
antagunist ligands 1o identify brain arcas witk high receptor
density ¢Pazos of al, 1985} Highest binding wwas obscrved

in the clanstrum, with very high Ehceling inall areas and
tuninaz of the neocores. The hiphest binding density
within the cortex was localized 1o 2 continueus hund that
inchuded tamina TV und extending inlo lamina I depending
on the area studicd, & posion emnission wmegmply FET)
study in humans nsing N1-[YCl-methy]-2-bromaol ST fouad
highest binding in the frontal amd temporal cortices, with
lower levels in the parictal corex and taolor feginns,
itemedinte levels in baszl ganghia, bul ondy vory fow
Tewels in thalamus {Wone et ai. [UET),

The finding of high-demsity 3-HT: binding sites in
neocortes, kaer specifically identified as S-HT5a receptors,
is characteristic of virslly all of the subhsequent Incaliza-
tion studics, Pazos of sl (19ET) examined anatoruicad
distribution of 5-HT; receptors in Buman brain with ligit
niicroscopic amtoradicgraphy using Lhe 3-HT», aniagonist
liganud [*Fijketanserin, ‘They observed a heterogeneous
distribugion of 5-HT. recepior densities with very Ingh
concentrations tocalized over lavers 37 and ¥ of seveml
cortical sreas, including the frontal, parietal, temporsl, and
apcipital lobes, the asterogenal costex, snd he ertorkina
area. These tindings are consistent with the observation of
a denee bend of 5-HT: recoploms ) npper layer Y in
register wilh a denss plexus of fine 5-HT axons {Bluc «
al., 1988},

The haliscinnpemic amphetamine ag0st RA— M1
DU has alko been used for austoradiography in rat nam.
firain areas with highest binding were the cizustnum and he
fromtal cortex (MuKenpa & Susvedra, (987} Lesscr
aronots were seet in the caudate, nuelens accrndens,
and obfactory tubsrcle. The advantane of using a hallucize-
genic amphefamine such as DOT is (e relative phamaco-
logicad specificity for hinding aniy at §-HTaa0 teoeptons.
Although PHILSD las been used for autosadiography, if
hinds with high affinily 0 many Lpes of ONS eeprors
(Diak ot 2, 1974 Gateke, 19700 Meibach of al., 3980
Falgcios et al, 198%)% Tn ke stady by MoKenpn snd
Saavedra {[987} (F1] 7 H-2-Todol8D was also used,
which had high binding in the cotiex as well as in sevesal
other brain regions, including ancas rich in DA reeeplors,
Their rosalts were comsistent with prior stadies (wi also
armplayed [2°1]-2-iodolS1 (Fngel et al, 1984; Nakada ot
ab., 1984, Cther antoradiographic and 1 sim hyhridizanion
studics have obwerved high deosiies of 5-HTa, recsphors
and teanscripts in the cortox (Roth ot &l | 1987, Bhae o &l,
1PRE: Mengod et al, 1900 Wrighl 21 gl 1993), and a
mBNA in site hybridization study of homan couex, demod-
steated the 5-HTo, teceptor on both pyramidal and non-
pyramidal cetls (Burmck et ak, {993} The 5-HT 3, raceptoris
also expressed in the thalamus, prinusily n sensory and
“nonspecific” nuclel rather than in motor nuclet {Comea-
Hebart at al, PO

o a study by Segucl: of ab (1989, it was foumd iat
cortical synaptic 5-HT ferminals abways made asymmerrical

functians, which were cxcinsively lovated on deadritic

spings and shafls, appearing muere Tequentty on spines i
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the deep frontal and the uppsr occipital coriex. These
winkers found sl cortical 3-HT innervalion wis pradom-
inantly { ~ 604 nonjunctionat throughoul e neocortex of
the acdult Tat.

Witling et al. {1997) shedied the mpionat and sobeellalar
distabtion of 5-HT., receplor-like vmanoreactivity in rat
portex using threc different 5-HT,, veceptor antihodies.
Thuyse workers reported densc wbuling ol apical dendrites
of pyrumidal cells, with most of the 5-HTo,-like mao-
reactiviny associated with the plasma membaane A small
amount of Jabeling was sgen on cortical intermcurons,

Higherresnhtion focalization smeies of the 5-HTo,
receptor in primale hrain (Macocs mokega) using Hehe
and cleelron microscopic immunovyiochernionl techniques
wilh 2 monocionsl anthody (Phardingen) were ceported by
Izkab and Coidman-Rakic (1993). in this smdy, imvmano-
tenciivity was seen throughoud e coicat sheet, with woak
staining i layer 1V, but flanked by tvo intenschy labeled
bands in lavers 1 and H z0d fayers W and VE It appeared to
those workers that perhaps all pyramidai cefls expressed {he
5.HT,, receplor, with the lahel consistently found on the
apicai dendrites, most inteasely in e proximal part of the
dendeite, Dendrtic spines were rarely of weakly labeled. o
finding consisteni with eadier studies inorat and moukey
PEC {Humads o gl, 1998, Comaz-Hehoert et 2], 1999 bt
sounecwhs? & odeds with the repott of Seauefa of al, (1935)

By addition, Fakalb and GoldmarRukie (1998} identified
presynaptic 5-HTa. mecploss it a minor group of asym-
metric synapse-lonaing cortical axons and suggcstod that 3-
HT., eeceprons mighn presyraptically modulate excitatory
necrotransmission n & disercie cortical axonal system. In
centical Infermeurons, receplors werg expressed on large atd
moedimm-sioed mRerneyrons, whercas thore was o kabeling
on ey small and mediome-sized tntemesrons. Corionsly,
electron microscupic snalvsis showed the presence of the 5-
HT:, label primarify in the cytoplaan of both pyramidal
wnd ponpyramidal nourors, in sterk conbigst v e smdy by
Wiilins ot zl. (1997) who foynd the reecptor primativy
wxzociyled with the plasma membranc.

These divergent sesults can be expiained, however, by
the type of antibody used for the Dmempocytochomistmy
Mociar ot ul. (20023, smdying 5-HToa meceptor localizalion
on DA cells in the venmal topmentad sres (VTAY, clearfy
showed that the polyclonal 5-HTa, receptor aptibody
stronely labaled boih intracellafsr and memibrane [ECEpoTs,
wheisas he Phardingen monoclonal antibody used by
Jakab and Gobdmum-Rakic {1998 labeled primaridy intra-
cellular receptors. These Lindings were consistent with their
carbier repot {Willias el al, 1997) and were abso conlinned
by a Jater stedy by hiner et &l $20403) a5 discussed below.

The most recent study of 5-HT ., revepter localization in
pal cortex s that by Miner of 2l (2003) who smployed
innrinoperoddase kabeling W delenming the focaliration of
3-HT,, receptors in {he middie layers of the rst PPC. Tn this
atucly, a polyelonal antfbody was nsed as well as the same
Phardfingen momoclonal anbody cimployed by Jakab and

Gottbran-Ratic (1998} Mot 5-HTea reocptors wore locat-
ed within postsymaptic struciuses, prédominantty un proxi-
] aned distal demchitic shalis, apparently on hoth pyramidat
andd Toeal circndt newrons. Most commonly, 5-HT 2. mecep-
tors were restricted to & particiiar arca of the dendrite,
usvally extrasynaptic sglons spposed 1o unabeled din-
dyites. OF the iemubopositive sikey, T3% were postsynaplic,
of which 5#%, of these were on dendritic shulls and 42%;
were presest il deadritic spines. [o this stdy, the degree of
spine labeling was dependint on the primury sntibody vsed
for immunelabsling, i particular, the Phorddingen mono-
clonal antibedy Filed to fabel a significant mimber of
dendritic spines (hat conld be identified with the polyctonsl
antiboiby, a resnli that confits the earlier repor of Mok ¢
ab. 2002y whe found that the Pharhfingen moncolenal
apiibody fadled to label tnembrane-bewnd receptors. This
stugy provrided the st evidence of extenstye Wocatization of
51T recepions w0 the beads and necks of dendritic spines.
These roeadls ave consisicnt withk these of Scpucl o al,
£19%9) wha found hat sywapiic 5-HT lemminals abways
made asynunetic junctions thal were exclusively found on
deadeine spines amd shafls and appeared more toguendly on
spines 1an shafts in the deep [rordal and the appur oveepital
cortex. Uhis postsynaplic focalization is also cottsiseent with
the recent reporl by Ria et &l 2003 who shewod fhat 5-
HT,4 receploss insract with postsynaptic density {PRD)-3S,
the imajor protein of P31 M usymmenis syoapscs.

Minee 2t 2], (2003) ermphasized their finding of a signit
icant fraction of 5-HTas receptors localived 1o extrasynaptic
portiona ol dendeitic shafts, suggesting thar 5-HT within (be
PFC may cxhibit at lesst @ postion of its sctions Grough
volume transmission mechanisms fxee, v.g, Apnadl ef al,
1995: Zoli ot ul, 1998, This hypawhesis s consistent with
Andines from other immmosytocemical snadics, whers 3-
HTy, receptor luheling was located seme distance from -
HT terminals in oshar regions of tal sorex {Jansson of al.
2001, Segnefa ot ak {1980 sstimated that only eboet 355
of 3-HT axems in codtey cnpaged in synapeic contact. In
addition, m Lour difforent cortical aress, dendritic shafts and
spines snd othar axonal vartcosities were often seen in the
Lpmediate microcnyimoament of imowmoslained <aricosi-
tizs. Fimihennore, 3-17T renplake ansporters are froquently
situnted # extrasyoaptic sies o FYC Odiner or al, 20003
Based oo their resnls and previows data, Mincr et al.
sugrgested that cortical 3HT lanervation is primarfy non-
junctinmal and that the cntire costical volume may be within
reach of this peurotransmiter. Thoy propose thel some of
e physiological actions of 3-HT in codex may be con-
stantly crorted, with mowe or Jess eflicacy &t the varoos 3-
HT mwoeplors, providing widespread, ciobal, andfer sus-
tained inftuence it the neocorte.

Mintet of af, {2063 found linle evidence for sighifichrt
presynaptic $-HTy receplor localization snd identified oaly
a few axens forming asymwneimic synapses with woeak
isrmporepctivity. Their findings, a well ag poior sudics
that had also faided to identify significant nombers of 5-
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[0y, receptors s axon terminals with charecteristics ol
atutamate derminals, promptet fese workers to conclude
that theit restlts wert not consistent with the hypothests that
5-11Ta, receptors act as heterorsceptors on mediedorsad
talanic ghebanate lerminals in the middie lavers of the
rat PFC {Aghajunion & Mavel, 1907 19%ub; Marck &
Aohiajanian, {9284},

MNeveriiieless, Miner ot sl (20033 did identify a sgnifi-
canl fraction {24%) ol 3-10F, cepor-immunoereactive
profifes that wore presynaptic, These stnwtwres wete thin
and nomyelinated, Tarcly formed symaptic conlaces iy single
sections, and sometimes conlained dense-core vesiclus,
suggesting that they might be motoaminergic uxons. They
note that those maght include DA fibers, consistent with
reports that S-HITy, tecoptoms can doodokee cotical ThA
liznetion (Pehel et at., 20010

The tinding thal 3-11Tz. rocoptors are loculized o
covtical pyvramidal cells is consistent with slectrophysinlog-
icab dater soppesting that hellocinopens have cxcitatory
effects om projeciion feurons in the nuovortes (Ataneds &
Andrade, 1991; Askby et ol, 19%3), Further, mictoionio-
phoresis of 3-HT i “hot spots™ pear the bonder of Tayees Al
and VW2 induccs incTenses in excitatory postsynapic
cumeni (EPSCY freguency in layer ¥ pyrunidal cells (Agha-
jamian & Marek, 1997y, where there s dense +HTza
seceptor binding, This finding is consfstent with the bypoth-
esis that the most potent 5-HTas recoptor-mediated cortical
gefions of hallucinogens ocour st hol spots o proxima]
apical dendrivic shaths.

The thalanes may be the second most imaportant site of
action for hallucinegens, 1n rat brain, sipnifcant levels of 5-
HTa, rooeptor N4 have been fiamd in the rotioular
macleus, ateral genicwlate qucieus, ZonA inoertd, ami ante-
rogiorsal atd yenmromediat nuclel of the shakamus {Cyr et al,
20005, Pompeiane cf ab (19947 also found 5HT2, BIRNA
in the reticelar nucleos, lateral gemicufate, and song ncera
bixt one in the wmidting or inwralaminar nuclei. As discussed
luter, the thalanmas, along with the smygdala, reproscoty the
wafor source of glutamate ¢ffersnts innenvating e AeOC0r-
tex, The thubamug fot by processes somalosensory npaty
bt zlso receives afferents from both the raphe waclcl atd
the locus coerslews (EC; Asanama, 1997

The raticular puclens js of parteular inkerest here becausc
it is thought o serve ax o sor of gaie for processing signals
lo the cortex. Symaptic inpuls b the reticalar ructeus agise
from the other thelomic nuciel, and it sends inhibitory
projections back ineo the thalomos, appesently serving a
negRtive-fecthack regukatory weic in thalamic fanction, T
hias been proposed to serve as & sort of “searchlight’ of
attention {Crick, P984 Sheman & Guillery, 19907 and o
control elements of siamaiHo-noise or the quality of infor-
mation being serd to the cortex (see Voltemweider & Gever,
26031, and Teferences fhevaind.

Tt is probably woul noting hese that twe PET sludies
{discussed in more detail later) have been reportecd that
srnployed | oF [firoredeoxyglucose (FDH) in swbjects given

an effective dose of psilocybin. in ope of the wpons, FIG
vptake was not significantly altered in the thalamus (Vel-
femweider e al., FO9TH). In the 2nd sludy, horsever, mela-
bolic activity was sigeificantly decreased n fhe right
thalernus and the kefl precentrsl region of the thalmmus,
with 4 noosignificast decreasc alse chaerved in the left
thatmmus (Gouzouhs-Mavirank ob sl 1999). The fber
study would lead one to speculabe that attepuated thalamic
metahalic activity moflocts decreassd firng in thalamocost-
teaf afferents carrying sensory infbrmation o the coricx.
Although no work has appeared specilically divected 1o
effects of hallacinogens within the thalarous, and particu-
farly the reteutar meclons, the ocenrrence of mBENA for the
51T, eeceptor as well as the crucisd impormance of the
thatsms and thidmmocoTtical Tderactions 10 COnsCIuWsnEss
are areurnents that provide # significant rationsle for fanse
cifurt Lo be directed toward @ more dekailed examination of
the role of the thalaous in fhe actiens of hallueinegens.

Althuugh the majotity of studies peint to a site of action
for hallucinopens in the fontal cortes, wih importsot
wrvndvement of the thalamus, ibere iz also cvidence of a
role for e B, This possibality is very infrigoing becauwse
the LC s & point of convergence for widsly ranging
sumatosensory and visceral sensory inpis Rom all regions
of the body. The LC lhas bosa likensd to a “novelty
detector™ or salient cxternal stimuli {Cedarbau & Agha-
jamian, 1978 Aston-lonss & Bloom, 1381). The LC scnid
narepinephring {M13) projections dilTusely to all parts of the
neuraxts, mehading the csrchral cortex {Aghajanim &
Marck, 195%a). Within the costex, 5-H'¥Fza and o) -adrener-
gic receptors share a similar regional end laminar disteibu-
fiom, with heavies! concentrations in layer Va (sco Marek &
Aghajanian, 1999, and rolerences thercin) Furthermor,
activalion of either 5-H15, or oy-sdrenergic receptors
modulates cortical pyramidal cclls and iaternearons ino o
pamaltel fshion (Marek & Ashajaniun, 994 Marck &
Avhajmuian, F99%b, 1099,

Systomic adtpinistration of 1503, mescaling, or offier
phenethylamine hallucinogens fo ancsthetized eats de-
creased spontancous activity of LC cells but unexpoeiedly
enhanced the svtivation of LC mwwrens ovoked by sensory
stimuli (Aghajanian, 1980; Rasnmssen & Aghajanian, 1935
Rasnssen ot al, 19861, This clleer was not medisled by a
dircet zetion of hallocinogens on LC woll bodies becunse
direct micreionmphoeie spplication of the drupgs did ot
have the sae effect. Mevertheless, ibe action did depend oi
5-4[Tay fecoptor achivation hooduse systemic administration
of the 5-HT,, aniagonist ritanserin blocked the elfont

Similarky, systemic but nat locad administration of THIE
suppressed sporanecus LU activity but onbemeed responscs
to sumatosensory sthoutation, and both cfficts were blocked
by systepiic administtation of kolanserin (Chiang & Astan-
Joges, 19973 DOnduced suppression of LO fidng was
blocked by tocal infusion of GABA antagonists, and the
enhznced respanses 0 external stinmli were blocked by an
MNMDA antrgonist. Their results led these investigators to
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propuse lhat systemic adminiseeation of 5-f I 3Eomists
suppressed LA firing indirectly by tonic activation of ar
inhibitory GAT Aergic iput wo ihe LC, They propused that
the fecititating cffeet on scasory [npots was medsated
through sxcitatury aming acid receptors in the LU,

fn itz molc as a “novelty detector,” the T0 has besn
viewed as cobaneing the signal-fo-naize mtio Iy modulating
postsvpaptic activity throughout the brain, and the suppres-
sion of basal activity eoncomitantly with enhanced respond-
g to external sensory stitli would smplify s eflees {see
Wiarek & Aghajanian, 19980, and refnencss theroin). Thus,
natlucinogans mighl alter sensury processing in general, in
all parts of the beain, but in particalar one might speculete
that scnsory events that may aod ordingrtly be comsidered
ymrsus] might he peroeived as having incveased novelty.
Tndeed, it is a welt-knewn anecdote shat under the influance
of hallucimogzuns, very ondimary objects can seem now oF
novel and can appear fasvinaling and highly interesting.

Boeanze the 1O sends nomdrenergic projections w e
camex. whers e,-adrepereic and 5-HTo, receptom have
hoth o similar Beninar distoibiion and similar actions on
pyramidal cefls, changes in LC firmg woald 2lso aflect
prramidasl cell excitabitity, Although the major siee of aclion
of hallucinogens may be 5-HTz, receptors locatized in FFC
areos, it would be very surprising if changes in [0 ficng
pattems nduced by hailucinoeoms also did pot modulste the
direcd effecis of 5-HT., agonisls on cotical cells,

434 Mumotional copsequences of SEMIONING, FeCEGT
aetivation in prefronfal cortex

Identification of the 5-HT4,, receptor on cortical pmmi-
dal cells w3 o lHeafy primary wrget for hallecinngens was an
imporant and cxviling fnding. Whar are the fenctional
conseqaences ol receptor activation and what role does this
receptor play in the cortex? Several recent smdicy, incheding
extensive wor from George Aghajanian’s laboratory, have
provided much insight. The sitmation hus heen complicated,
harwsever, by the fact that many studies have been vumried out
in molited slices of PRC, where hallueinogens lack some of
the offacts thal are seen in the eact animal alter systonio
sdministration. For examphe, the raphe nuclel are the soutee
ol 5T afforents in the PEC (Moore ot al, 1978 yol shics
preparations sever this connection. Siendlarky, shces disoon-
nect the adreperpic input from the BC o the cortex and
destroy thalamocottical and cortivothalamic circuits. in rat
medial PRC fmPFCY slices, divect application of T fod (o
g marked increase in cxraceliular 5-HT, whereas when
siven systermically TOI ked to decreased extracellular 5-
T (Martin-Ruiz of al, 200H). Thus, in witro slices are
asoelul o asscss the direct effects of hallucinogess on veld
exncitapibity and cortico-cortico ineractions, whereas Lhe
conscious intzet amimal mmst be cmployed te provide
imformaiion aboul the responses of a functioning thatamo-
corlico-pontine metwork to the actions of hese substmees.

i early studies of layer 1§ pyramidal eelis in paniform
oortex, it hid been found that activation of 5-HTs. receplors

inereased spontanecus IPSPs through activation of (A
BaAergic laves HT intemewrons {Sheldon & A hajaniag,
1900; Cetlman & Aghajonian, 15941 This effecl was
antagemized by low concenumtions of the selective 3-11Th.
teceptor antagonist M160O0T (Marck & Agbafanian, 15041,
These ipermneurons served as 2 nseiul model systemn hecause
they appear i0 eupross no other 5-HT receproy shTes,
wheress FFC pyramiial cells have both 5-HT ., and 5-HT:
recoploss pATaneda & Andrade, 1991). This prcparstion was
subsequently used by Marek and Agbajanian {19G6) o
resolve the question of whether hallucinogens were S HTaa
apunists. partial gronists, or anlagonksts. In that stzdy, botl
LAD amd DIOT. al plysiologieally relevanl concentrations,
induced concentration-dependent increases in the liring rate
af these internsurans. The maximad increascs produced by
10 oM LS and 1 M DOL were about 3085 and 504,
respecdvely, Protreament witsh | sl BOL did rot antagao-
pize the excitatory cifect of subsequently applied S-HT (HIG
WM, and 10 ahd LSD prefreatent only reduced the 1M
ubd S-HF response Iy about 14%. These dara showad that
(5D snd [OF were potont partial agonisls ac 5-HTg.
rcceplors i piifors cortical otarmouTons, providing evi-
dence Yor the hypothesis thut hallucineguns were agonists
rathcr than antagonlss.

In neocortex, lowever, fecal application of 5-HT io
mPFC yyrarnidal cofls leads e two distinet physiologleat
respomses {Davics of al, 1987 The first of ehese was a 5-
HT |, receptor-madiated hyperpolarization of the ecll mem-
brane that appearcd to be modialsd by an increasc in
membrene potassium conductance and was blocked by the
5.HT,, antazonist BMY 7378 but not by the 5-Hips
antagonist kotapserin {Amreda & Anddrade, 19911 The
Ind respense was cumposod of i least three components,
all of which led to marked enhancement of membrans
cxcitability, and shis excitatory sesponse (o S-HT was
Mocked by the 5-WTp, unlsgonist keianserin. 5T,
receplor-madiated depoluriesgion gutigsied he 3-H1,.-me-
dieted hvperpolarization. The 5-HT-indiced dupolarization
also was tapidly desensitized By high 5-HT concentralions.
"Fhe hallncinogenic smphetemise OB mimicked the depeo-
Farizing effect of S-IT but did not cause the initiab Typer-
potarization observed afier 5-TTT. The coagtivaiion of toth
secoptor sublypes rosubted in o selective cohancemcnt of
respoAsTveness o strong excitatury stimuli with litfhe effect
o woaker st A similar opposing action of 5-HT,  and
3-HTa, receptors was secn in pyramidal cells of nal cingu-
late cortex slices, where the depalarizing effect mediated by
5.HT,, recoptor activation was atiribused o o tegraasad
potsssiem conductaney {Tanaks & Morth, [893),

To rat PFC neureas, 5-HT induses cxolfalory pastsynaptc
pulcntinls [EPSPs), with the most matked effect heing an
increase in e freguency of spomranous EPSCs § mohagr-
nian & Marek, 1997), The cffect was concertration Jepen-
dond with an FECS0 of about 20 M. The 5-1TTa, aniagonist
MLGT produced 2 fghtward shift in the doss reaponse
curve and the responsc was sensitive w0 Ca®' jevels and
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tetrodolexin. When 5-HT was administered focaliy with
intracellafar reconding from the soma of loyer Vo pyramidal
ceils, “hat spots™ were found within apical but not hasikr
dendritic fivlds. FPSC respotses were most notable when 3-
HT was applied near layers TV/Va, with smaller responses
obiaimed fom layers [T Even at the mosi sensitive hol
gpots, hewever, - fafled 10 produce stcady-state changes
in mentbrane potential, It should be noted that 5-HT sarely
imdeces actual Bring of cortical newrons (Aghajanien &
Mzrek, 1997) When o metabotropic plutamate (miGlu}
receplor antagonisi with presynaplic inibitory efiects was
applied concurtently, 5-HT-iuduced EPSCs were sup-
mressed, suggesting a pregynaptic sction of 3-HT imvolving
girtamate relesse and with other date smggesling a relesse
mechanism that was independens of impudse {low,

n a subsequant stody, Aghajoniun andg Marek (199%h)
investigeted poleatial mechanisins by which 5-HYT could
induce ghatamale relepse in the absence of afferent mpualse
[ow, Adding 100 i 5-HT 1o the mediom led to the
pencition of spontupects EPSCs in layer V pyrarmidal
MPFC celly. Removai of Ca®* fom the perfusate blocked
the effect, but the {a™ could be mepiaced by St and
sponkanecns EPSCs atiil occarred. Fhe comparable ability
of Ca%* und 517 m mpporl the 5-HTeinduced kate incroase
in prequency of spontancous EPSC also puinted m mvolve-
mend of @ presynaptic site of action.

Remeving the Ca®" from fhe bath aise blocked electri-
catfy evoked EPSCS in layer ¥ pyramidal cells. When Catt
was replaced with Sr'° in those experiments, the cvoked
E¥SCs were blocked, but laks “asynchronous™ EPSCs still
appearcd following each stitnulus, During washeout of the 5-
HT frara these preparations, late ovolied EPSCs also began
to appesr follewing some ol the stipuli. The authors
speculazed that iitial suppressant effects of -HT acting
on non-5-E T, (5 HT 47 receptors may initislly mask the
longer-acting depolarizing cffeets mediated by 3-11Tha
recepines. This asynchronous of fate affect wus character-
ized by the presence of smatl FPSCs that can persist for
~ 500 1000 ms following evoked syncheonous EPRC bat
with & slightly fonger lateney ( ~ 50 ms) than the immediate
electsically vvolied synehronons HFSCs. Local applicafios
aof hoth the haliucinogenic phenethylamine DO (Aghaja-
nian & Marelk, 19000 and S0 promoted this Jate comgo-
nient of electricaily evoked EPSPs (Aphajanian & Marek,
195, 10992}

Thus, ballucinogens incraase botk spontancows and stec-
trically evoked responses in cortival neurons. The effect oo
spromtanecs EBSCs is relatively small, whereus the increase
in both early {Aghajamian & Marek, 1997} and late G
asynchronous; Aghajanizn & barek, 1999, [999h; Marck
et al., 20081 omponents of eleetrically eviked PSR s
mare rebust. Adlhough ovidenes s discussed Sectton 4.3.4.1
regarding whether the sponteneous TPSCs may result firoem
a presvnaptic release of ghutamate from thalamocortical
terntinals, the vast majority of fibers activaiod by elactrical
stigmslation are of corfico-cortico ongin (G, Aghajanian,

personat cempwmicalion}, Thus, 1he maost promginem eher-
trophysiotegical sction of hellucinegens appears 10 ke
ohserved It offerts on cortice-cortien mieractions.

£.3.4.5. Effects on cortical gluipmate.  An overarciing
sheme that bas cmerged in about the past five yems s thai
hafhucinogsns cohance glitamaterpic fmnsinission in the
corex. Significant comroversy sull centess, howerer, on
the delails of the mechanisn wheteby hallucinogens -
crease comicat platmate Foliowing activacion of 5-HT;.
meceptors. An anatomical basis for this sffect is seen w1 the
fact thal the heaviesl density ol mGh2/3 receptor binding in
the mPFC is lound o luyerss T and Ve, with a Iaminar
distrinution shpilar 10 5-HTa, teceptors {Marsh ef al,
204,

Tlectrophysivlogical data fiest suggesied that 5-HTa,
receptons amplify glutemate-induced  CPETs from apled
depdrites of pyramidal ¢ells by increasing & paveisient
sodium channel (Marek & Aghajasian, 19Y6z). These
cffeuls appear 1o be mediated by relesse of glmamate.
induped by the stmulation of presynaptic 5-HTz, hetero-
seceptons, wind the subsequent activation of -aminn-3-
irpdroxy-5-methylisoxaeole-d-proplonate (AMPA]} recaptors
{Aohajamian & ek, 1997, 10O0L, 1900y Adarek et al.,
20007, Sefective proup 11 mGln agoniss blocked DOI-
induced pimamsie release in the PFC, presimably by a
presynaptic agoist action [Marek ot al, 2000, and alzo
revessed the behavioral deficits produced by DO iGewitz
& Marck, 2000}, Presvnaptiv 51T, bolororeceptor [acil-
iration of glutamate elease has also been proposed as o
mochanism i dersolaeral scptal nuciens, where 5-HT
similarly enhanued EDPSPs wnd EPBC: when inhibitoey
GABA ecepiors were blocked {Hasao et sl 24002

Revemly, Marck el al. (2607 found that lesions of fhe
mediaf hatamus in rats lod o 3 sigaifivant decroase in the
frequency of 5-1{T-induced [PSCs recorded from layer ¥V
pyramidal cells, Autoraliographic expetiments showsd that
medial thalamie losions also el do a sighificant decrease
the density of group 1 mGlu2/} reccptors in the mPL,
cumsistent with the loss of presynaptic glurinate tetminals.
Unexpeciedly, however, these fesions led to inereased
density of vortical 53Tz receptors, 4 tHrding that wauld
not be entirely consistert with presymaptic 5-HTga reoeptor
localization. Larpe bilasers] lesions of the amypdals, the
other source of gluiamaie aferonts 1o the prelimbic regiem
of the cortex, had ro cffiel on 3-H14nduced BPSCs n layer
W pyramidal cells.

The somatosepsory correx (HSC) displuys a stong v
sponse of (e dmmedisk-early zons product p-fus b aoute
1307 challenge MMoumin & Toskie, 1996 and #lan peceives
glutammutersic projoctions from the ventrghasal thalamns.
T induces c-for explession in @ band of reurons SpanamE
supeificial layer ¥ 1o deep laver 1L, sn acea in regisler with
the apical dendritic ficlds of cortiva pyramidul ceils {Mour-
man & Leslie, 1996 Mackowiak & al, 199%; Scruggs ot al,
6. [torostingly, ofe-SApFESNITE ROUFONE WOt i
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concentrsted in sepia than in banels, suggesting that THT
activated ntetcorrica)t projections. The enhanced oo ox-
pression was blovked by the 3-HTh, enlaponist ] § 006437
brat pat by the 5-H T antagoiist 5B 206553 (Seruggs et &1,
M. The vast maeriy of ofos-positive cafls in the 350,
however, do new express 3-HTaa-like Jmmunoreactivity
(Mackewisk ot al, 1009 Sorugps of ak, 20009, sngpesting
that the increase in DONnduced fbs expression is indirectly
mediatod.

Similar results were obtained with TRD by Gresch ctal.
FH02). Adoumigtration of LB 0.5 meke ip) Jed 0 &
sipnifican increase in fx-like omononeactivity in the raf
FYC and anterior cingatate that was completely blocked by
pretreannent with the specttic 5-HT,, antzgoniss M L7,
Double staining for beth fis immunereactivigy and 5-HTa
ceceptor rovealed that LSD did not indoce fis in pyramidal
cells expressing 5-HT a2, receptors in vither parictal covtex of
FFE. Increascd fbs exprossion was induced in cells s
corlical fawers 11t sod TV, with onby rane occurente of &
doubly labeled pyramidal cetl, apain sggesting fou N
tion by an indicect mechanism,

Suagestions that the o-fs rospemse may he tdirecty
mediated are consislent with other sludies providing evi-
denee that the ofite, of 1OT on o-foy expression is mediaked
through alterations in giutarnste release from thatamocortice]
afferents. Marek and Gewdrlz { 1999) had previowsty reporied
that THOE-induced FFRCE i laver Vo pamidat colis were
blocked by medial thalamic texions. Thus, Scruggs ef al
(2000 hypothesiced that TOT acts on 3-HT., recoptors
locased on thalamoeortical afferents i fncreass glutarmaie
release onlo ronpyramidal slutamatengic. cells, kading to an
incTease il o-fos expression within these target neurons, This
hypothesis was consistent with their lnding that lesions ke
the verdrohasal thaiarmns that. ablated thalamocorlical ghat-
materzic projecions to cortex attemiated the ability of DOL
W ingduce o-fos expression and also signifieantly decroased
the mumber of o-fas-fmmunoreactive tenninals in the S8
{Scruggs et ab. 20003 Porther, pretreatment with an AMDPA
antagonist completely blocked DOJ-elieited C-fi EXRCS-
sion. These workers ierpreted thoir data to mean that
IOE induced cofos expression in cortical neurons by aching
on 5-HTs, receptors located on ghaamatergic thalarmic
afferenty to the S8C, & conclusion it agrcemenl with that
of others {Aghajanian & Marel, 1999 Marek & (lewiris,
1049, 000}, Their dat xlso supgested that DO activated
intercortical projections beoswse fos was primarily increased
w1 the projection {septz) neorons of the S8C.

Tn similst stadies, the petent and selective milu2f3
apanist LY379268 attenuated the DOHuduced merease m
¢-fos mRNA levels in tat oPFC shices (Zhat er al., 2002,
L0 enhenced ihe amplilude of the swmpbex EPSP cvoked
i pyramidal newons by 30, 40 effect that was Blocked by
1¥3792648, demonsiiating that exciiatery plurematergic
resporizes of PFC pyramidad nenrans are positively anud
aegatively modulated By 5-HT.. and miGn2a Tecoptors,
espectively. EY 370208 also suppressad an increuse fnche

frequeney of spontansons EPSPs mdueed bir hath-applied
TWH in laver V pyramidal cells recorded o the momse
mediz) frantal corex (Klodzinska ol al, 2002;

Soraggs vt al {2003} recently reponted studies 1ng in
vive microdialysis to megsare extracellular glutamate iovels
ut the rat 550, Systemic administration of DO led tn u slow
byt sustained ipcroass in extraceilalar glutanide. Tntraqort-
ical delivery of DOY by roverse dialysis also signitivanty
increwsed extracelivtae giutsmase and this offect was blocked
by conuomitant intracortical dialyats of the sefective 3-HTy,
antapoisst M1GOD0T.

Tn spite of acoumulasing evidense ihat fa! hacimugens
induce glotamate retease in vivo, Arvanoy et al f TGS,
1999h) huve challenged the hypothesis that releasc of
glutarnate from presynaptis ternbms ts the mechapism of
action for hallucinogens fAghajanizn & Mavek, 19900
Marck & Aghajaniye. 1998b) Rather, they reported a
ersdually emorging, S-HTpa-mediated inhikitory clieet of
180 and DOB us NMDA-nduced inward cutrent and
MM receptor-medisted neurotmansnizston in nramidai
cells, They ditt observe a facilitating action of DOE on a
NyDA-induced oward current that was blecked Ty hoth
the selective 51Ty, antagonist MI00207 and the non-
NWDIA receptor amtaponist OXOX, consistant with the
fypothesis of @ 54Ty, -medwed presymagtic. relesse of
plutaniate. Most importanily, however, the concontratios
of LD roguired to produce o faciitatary offect eo the
NMT3A. current was S-Fold higher and monphysiological
{500 2000 n). Converscly, the g valnes for LEiY and
DI 0 inkibit this NADA sesponss were 9 und 130 ndM,
respectively, und within & physiologicalty melutant runge.
The inbibitesy effccts of both B8 and DOT were also
tiocked by the 5-H Tz, antigonist WA 1OOU0T bt not by 4
selectivie 5-11T s roeeptor antagonist. Furthermors, the non-
halcinogenic creofine lisuride and the LIOM fmdal g
BLIF12A were inpetive in this response, Turther mechanis-
tic smdics with seversl inhihitors indicated thut the inhibi-
tory effct was mediawd through a Ca ionimodulin kinass
B-dependent sigral transduction patlnsay.,

Cither problems wilh the gesynaptic glutamate release
lypothesis mehede she fact that immunoeytochemisiey sord.
ics have found that the majority (73%) of 5-HTaa-immuze-
positive profifes were POSTSYTAPLC PIOCesses. with ondy
24% of identifiable inmunoreactive protiies on presynaphic
sruelres (Miner et ab, 2000) In Ge latter gudy. these
structures rarcly formied synaptic coniacts in singls sectivns.
Furthermore, mediodorsat diatamic cafl badies bave litite or
o MIEMA i the 5-H T, iseeplor (Fompeiann of al.. 1994
Cyr et al, 20000, Nevertheless, Jakah and Ooldman-Fakic
{19983 did detect 51T, rooepror in 4 minor group of
asyinmetic sysapse-forming corlieal axons sn i 1 stiil
prasible that this reeepior, aven if tocated on oaly 4 siall
percentage of prosyseptic kemninals, may maduliés signiii-
cant ghatamaie CaNSIMIssien.

Ap attomative mechamism for ghitunaie reluase bas Tien
sugpested thal invobas 1he relusse 0F 4 Lzlpoyrade ransii-
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ter following activation of posteynaptic 5-HT., meceptoms.
Tur exampie, cenain valkpepraed potassmm {Kv] cuments
arc eriticably involved in regulating glutamate tenminat
exoitafion. Laibe and Aghsjanian (2001Y found that o
dentroboxin ((0TXY, a woll-chamctetized ocker of cerigin
Kt moembers, mimicked the effcct of 5-HT by twlvcing
EP50Cs mrederentially W layor ¥V pyramidsl nevgens, PDTX
sisnificantiy occluded EPSCs induced by 3-WT, supgesting 2
sommon mochanism of action. Following studics with a
serigs of specilic potassinr channe! blockers, these workers
concladed that Kxl.2-comaining potassium channsds were
tikely essential for the observed DEX-induced BPECs
Futhermore, losions in the antatior thalamus lod to o
dramanc attenuation ol LPSCs in response to DTX {only !
of ¢ animals showed the novmal response o DTX) Thers
fore, these lnvestioators wypothosized thal blockede of
¥l 2-contalning notassivm chennels was par of the mech-
arism wnderlying S-HT-induced ghutamate release from
thalamocorical tminals thal led to spontaneons EPSCs.

A une possible mechanism for this action thut would not
depend on diveet gctivation of 5-Y'Fa, receptars on presyf-
apeie termingls, bambe apd Aghajarian (200} have sug-
sosted that 3-HT,, receplor attivation on postsynaplic ceils
sy Tead 0 release o a retrograde messenger. This substnce
wanld then diffiuse out frome the posisynapiic membrane and
block K* channels on presynaptic tamoiraks. As discussed
earlicer i this review and noted by these nvestiyalors, one of
the two knowns major signaling events [ollowing 3-HTaa
roecptor potivition 15 stimulation of PLA,, teading 0 retese
of AA o the medium, Decause behavioral offccts of
hallucinogens i rodents do ok coerelate with the sbility ol
5-HT:a recepior aponists o activale PLEC signaling, it has
been supgested that the penerstion of A4 may he the more
relavamt second messenger lur the actions of hallucinagers
(Kuarrasch-Orbasgh o al, 2003b). As noted sadicr in this
revigw, Qu ot ab. (20033 also showed dhat administration uf
DO to rats Jod do sipnificantly inereased incorporation of
[*H]AA in Brain. T s very intercsting, therelore, (s AA is
an eximeelvlar bloacker both of Kvl.2 homomers i expres-
sinlt systenls and af least one member of the high-voltage-
activared K3 family (Poling of al, 1995, 1596, It would be
& very interesting cxporiment (o derermine whether PLA;
inhibitors conld block the spontancous EPSCs induced in
pyramidal newons by appiication of & 5-HT2a agonist,

The findipgs by Arvanoy of ol {1990, 199%h} that e
mechanizm of action for hallncinogens may involve an
officct on NMDA receptors, discassed carlier, are also
infriguing becanse of the recent report by Xia of al. {25
that the 5-HT,, mweeptor divectly associazes with the proma-
inent PSTH95 protein (Cho 2t akb, 1992, Kistnoer ol ak, §9923,
Foth BST-935 and the 5-1ITs,. receptor amg eurched in
asymmeltic synapses and dendritic spincs of cortical pyra-
midal negrons (Aoki of al. 2001; Prange & Muarphy, 2061

AN assoctarion botween PSD-95 and the 3-HTay, meceplor
is potentially very impottant because PS1-95 = preferen-
tizlly targeted tu dendriic spines where it i3 thowght 10

=

interaet dicactly with NAMDA- and AMPBA-type glutanate
pecaptors (Roman of ab., 1995, 1997 Shersg, 2000, Towmity
et al, 20011 NMDA receptors ave elustered ot synaplic sites
through interactions with PIZ domain-containing scatfold-
ing proteins {Womsu o al. 1995 Kin et af,, 199G hWhaller e
al., 996, Nisthanuncr ot al, 1996). PSD95 colocadizes
with the XRIB subunit of the YDA rocopior ity ilyared
hippecampal porons ard in sit hybridization sdies have
shonen that PRO-95 is expressed i mest et brain acuronalt
aopulations (Foman et al, 1995) Twther, dosc laller
workers tound 19at both proleins weve soncentrated diong
dendrites at putative symaglic sites in densc clusiets, Over
expression of PSD-05 in eat PFC nevrons resulled in
preferential targetivg to denddiiv spines (Haigue &
Amelrade, 2003 1 these Jattor stuclizs, however, the major
effoci was on AMPA recoptor expeession at synapecs sather
than on MMDA receptors.

Alshough Xia ot af {2003} did not cxamine the possibil.
ity that the 3-HT., reesplor was assoclafed with wietropic
plutamate moepiors through the intermediacy of PSD-YS, it
does seem likely that sucl a2 comples might foem 2nd that
agonist effoos at the 3-[TTs, recopror mightl tius modalate
ANTA andior NMDA receptor funciion. I might be nofed
that in rat mPEC slices the MMM receptor atagonist ARG
compleiely blocked the lale componant of the evoked EPRC
seen in the prosencs of EYOT bt had lidtle cffzc on the early
cvoked compotent (Stutzmann vt ak, 20010,

Thus, the resubts of Arvanow et sl [199%a, 19499k},
discussed above, may refiect a direct moduiatory interaction
af 5-1T,, receptors on NMIYA recoptors. Fusher electn:-
physilogical studies will be roguired to examine this
possibilily.

These somowhal divegent Wt very interesting findings
raise another intetesting issus. Beeasse DO b5 net &
comtrolled substance and 3 readily svailsbic fom commer
cial sourees, it is bypically the drug of chowe for smdies of
halincinogens, Furthermare, & is chemivally stable, wheress
LSE solations are best made fresh and nust be hept in
darkness 10 zvoid chomicsl decompesition. Thus, viitaliy
afl of the recent studics on the mechasieny of aciin of
hallucinogens i todents heve smpleyed only DO Hecausc
LS has in vive poletcy that fi3 excesds what would by
expocted by it affipityfndvingie aclivity at 3-HTz, resep-
tors, any comprehensive explanation for the sctions of
hallucinogens must melode stedics of ESD and explain
why it has wnigucly high potemey. Thus, the repors by
Arvanov ol al (1999 P9WUE provide provoking and
challemying dala that should give impefus to moze demaiied
clectrophysiological staclies wsing LSD, snd perhaps other
tryptanmine hallusitogens such as paitoctn, and not use enly
[} o awther phensthyiamine. Mechapistic hypolheses
with the: preatest explanatery power will derive from snadies
it erplay several differsns chemical types of hathugino-
gebs as well 45 imsctive CONZORCTs.

There is onc other dnpor@Ent consideration e keep i
mind with respest o alt of the clecirophysiology studies of
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cortical colls discussed shove, The neueotiek (S constantly
ackive in vivo, as cortical and subeortical networks genenats
thythimic patiemns of actvity at a variely of frequencies,
inciuding 2 “slew thythem™ charscierized by the recurrence
of toatic activily i1 corhcal nousons approximsdely once
every 3—5 sec {(Steriade ¢f al, 1993). The propagation s
synchronizstion of whis skow oscillation deponds ot jeast o
part on cartice-cortica? vopwections and is proposed o be
genrated by tecumens excitation among large nctworks of
cortical nearons.

Al af the [n vieo clectrophveiodogical sludies of eortical
slices discussed in this review sppear to have empluyed @
“ieaditional™ and alnost identical slice hath cevnposition.
As moked by Sanchez-Yives and MoeComnick (2000, when
ferret PFC shices are maintained in vieo in the trdilionad
hathing medivm, o spontancous rhythnde sctivity is ob-
served. When, owewer, (hese workers used a bath solation
with an jonic composition that closcly mimicked that of
brain auersiitzl fuid, spopmancous rhythmic oscitlations
appearcd and condd be coatinuously maintained that were
nearly ideatical w those ocguming in vivo. The slew
osvillation was most robusy and occumed fiist o or neat
layer V following a short delay hy activily in desper layers,
The activity maximum i laver 'V owas always Jarger and
pezsisted |onger than in any other layers and seemed fo be
imitigeed in layer ¥V oas an excitafory infefaction belween
pyrantidal neurons that propupaied theongh the neocnete,
These wotlers sumgest that the hasie operadion of corticu
networks is the generation of seli-tnaintained depularized
stmtes that are tiphtly megulated through inderaction with
loval GAl3Aarpic nowrons and intrinsic membiane condi-
tances. They sugoest that the ability of cottical nelworks to
pencrate persistent and recurdnp sctivities even in the
absence of omgeing subcortical nputs may e a press
that undeslics percepmat influences on sersory informetion
srocessing, Unformnately, no one has yel examnined the
cffect of hallucinogens vn spobtancous thythanis activity n
coctica) citcuits, expariments that would likely provide
ik e EAE

Thete 12 already fairly extensive evidence for the inter-
action of ghitamate systems in SHTFmediated behaviurs.
For examgle, DOLinduced head twilehes [0 mice are
tnedisted by S-HT 2, beceptor sciivatios but were indibited
in a dose~dependent manner by the selective mGn2a
agonists LY354740 and Ty379268 (Kloduinsku ot al,
2002Y. DO-induced head shakes in vats anc also mediatcd
by actvation of 3-HT:. receptors, Admministragion of the
w7023 receptor agomnist LY 334740 attenuated the frequen-
ey of DOlnduced hoad shakes n rats, whereas adminis-
tration of the sclective mGluZ/3 ankgenist TY341495
potentiated DOT-induced head shakes n s [Oewirts &
Natek, MO0 As noled sarlicrn, this cifeel s presumably due
o a presynaptic effect on glolamate nenrons, where mGied!
3 aponists suppress ghitamate release, and antagonises MHack
the prosynaptic autoreceptor agonist effect of endogenmsly
released ghitsmate. All of Mese data indicete that group It

rrily recoptor agonists counteract the effeces of Rallucino-
gEnin drugs,

Both competitive and noncompstitive RMBA receptor
anlagonists markedly cnhanced the S-HT-mediated (e}
head-teitch response (HTR) in mice (Kim e al, [398} In
comrust, NMDA itsell inbibited 5-HT-indueed BT in
mice. Both competitive snd noaconipelitive NMDA recsg-
tor ardaponists 2iso marked!y cohanced 5. HT-aduced HTR
in mice fhat had been treated with pechlorophenytalanite
(FOPA) 0 deplete endogorous S-HT {Kim exal. 1958, The
enhancement of 3-HT-mduced ETR was also inhibited by
the DA agonist apororphine snd the 3-HT; recepior antag-
snist cyprohepiadine, The auliiors conchuded that NADA
reccptors play an mporant role in the plutamatergie maod-
ulativn of the head-iwitch scvotensrgic fonction swedeated
througll postevaaptic 5-HTx reeeprors {Kim et ai. 19981 in
a similar study, head shakes in rats induced by DOL were
enhanced by e NMDA anmgonist dizecipine {Dall’ Glie e2
al., 1994,

Althougl ihe [ocus of mest research on amino achd
aourotransmitiers in frontal cortox has heen on gludamate,
GABA inloenenrons may alse play an impotznt tole, Usiag
it vivo microdialysis in s mPFC, adipinistration o 107
thraugh the perfusion probe led 1o 2 significant dose-
dependent increase in extracctlular GABA {abi-Sand of
sl 1999%. Pouble-tsbeling immunohistochemivsl examing
tion of cortical vells tollowing systemic admioistration of
DO showed & significant inerezse in the mamber of mier-
wourons exprossing both glutwnic acid devachoxyhase
(FATH and fos-tike Emnwmoractivity. These workars con-
clnded that 51T regulales cortcal GA A ntemeurons, an
elect similar to 1hai secn @ piriform corfex iterncurons
{Marck & Aghajanian, 1854} In i frontal covcy, 3-1T-
enhanced spoptancaus TP'SPs in pyramidal ceils can be
produced through activation of 3-47T,, rocoplors ipeated
ot GABACEic interngurons {Fhon & Hublits, F920). Thus,
activation ol 5-HT,, receploss in corex san produce both
excitstion aod 2 foed-forerard nhtbition of cortical pyrami-
dal ¢ells.

Althgugh the sitaation i yndoubiediy much more eom-
plex, one ¢an anvision plagsite mechanisims of sction for
hafhecinopens. The studies by Amneda and Andrade (1991}
have shows that 5-HT hyperpolaices and depolarizes tayer
¥ pymmidal noarons by activasion of 3-HT, agnd 3-His,
reeeptors, Fespertively, Mommel Bring of rephe cehis n an
avwake animal provides wnic S-HT release into cottical
aress, where extraceflular 5-HT Tovels are about five timas
higher during waking than during slow-wave sleep (du Saint
et ab, 2600, Depending prohably on axenal locatization,
types of syoaptic interactions, volume transmission effouts,
and rate of raphe coll Aring, eifher ot both 5-HT 4 and 5-
HT ., tecepiors would be activaled.

[ the intaes animal, systemic administation of & hatlu-
cinopen suppressas raphe cell firing cilber directly through
activation of 5-HT) s roveplors (ryptanines) or indirsutly by
stimulation of nhabilory GABA newrens (Liu o 2l., 2000},
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and there would be it or wo o activation of eiler
cortical 5-HT |, or 5-HTos meeptors, Local concontmiions
of 4 3-1{Ta, agemist in the corex following systemic
gdministration wowdd s stimudate 5-HT,,. recepbors lo-
cafized on pyramidal cells, anopposed by nhibitory 3-HTy,
recopdor ackivation.

The hatlucinogen wouli atso stimubabe Fekative cieiiato-
ry 5-HTa, receptons oo plitamats axan projectons fom the
thalamns. althouph as discussed abowe, his might be
through some as vet undefincd indirect imechawism. The
oweral cliect would be to imcresse excitalility of corlival
nyramidal cells while at fe same time providing release of
ghitamate inle cortical rearonal fields. This sxplanation i
consistent with the conchusions of Magtin-Ruiz o1 sl {200 ).
Although mediodorsad thalamic projections would nomally
fire in Tesponse B sensory infommation processed by the
thatamus, the actions of hallcinogens dircelly on thesc
rarminais would evoke glitpnate relesse in the absencc of
appeomiste sensory input Furher, becasse pyramidal aetly
wounld now e hypersxcitable, the offects of catacelhatar
slutamale woldd be potentiated. One could envision, {hers-
fore, Lhat balloeiwosens sreally enhance scasitividy/escit-
ability of cortical processing white at the same Lime
inducing ghiamate velease from thatamic aflerers that
notmallv zigral incomitg seasory information 1o be pro-
cessed, That is. the signal-to-noiss ratio in the cortex far
inconting sersory mputs fom the fhalsmes wonld be very
towe. Such regssonitg is generally consisiend with emypincal
observations that the cifects of hallucinngens melude greathy
amplified or distorted inpoming scnsory stinwli and that
seTesOTy gatling or Lleering mechunisms aoe unpaieed.

Vollenweider and Gover {2000 propose that hallucine-
gens diswpt information processing in corden-sielate-tha-
Ttno-cortical (CATC) teedback loops, loading 1o an inability
t0 screen omt or “pate’ extrancous simwli end to atond
selectvely W sablent features of the esvironment, foatures
thst b some extont nuy perallel those seon in the very euly
stagas of schizophraoit, They propuse that aanphysiclogical
disruptions of thalamic gatisg of sensory and cognitive
intormatian dead to an “overload™ of the processing capac-
iy of the cotfcx and that halkicinogens may alber thalamo-
cortical transemission by stimulation of 3-H1;, recoptons it
seweral componcmes of the CSTC, ineluding the PYC,
striatuem, nuclens accwnbens, and thatamus, This oversdt
view may he modified stightly by considering that halbuci-
nagens appear directly fu induce presynaptic releass of
creess gheiwmate fiom thalanic afferents, thus produciag
the vquivalent of “sensory overload™ in the cortex (hat is
independent of actnsl tensory wput to the thalarmos.

The effect of halluvinogens on thalamic function, amd
particulariy the reticndar nucteus of the thalamas, is 2 subject
that &0 Far has been almost completely neglected but which
seems of potentially roat imponance. Activagion of 3-HT;,
receptors i thalamic mueelel has the potentiat to produce
marked allemtions of distuplions in sersary processing. In
particilar, the thalamic reticnlyr puckeus van direct “atten-

tign”™ through s inhibitory GABAergic inp o all odwy
thalamic nictel and assisls in nrganizing activity in spevific
thatunie nucled according to charsaterstics of seusury opet
and attentionat dernands f3mythies, 1997; Bebendr, 2003
lan tomic mode, ihe fring of thalunic relay cells i related fo
afforent sensary ioput, whensas in burst-Fiving enode, seonao-
rv indommation is mot clfectively fransmitted ¢ MeConmnick &
Feeser, 1990, Tahibifory snput from the reticwlar thalamic
guclens hyperpolarizes thalamic relay cells and van switch
their response mode to bumst firing and provent them from
reaching ihe firing thresheld o response 0 accarmiafing
sensory inputs. Several smdics discussed in ds roview have
shown that 5-HTu, rccepioos ofien activate inhibitory
GABA inferncurons, feading to spoeodation that 5-HT;,
seceptor activalion i the teticufer thalamic nucleus might
indeed increase the kovel ol inhibitory inpu (o relay cctls.
Ervsfunction of the tetivielar auckens would iead to Joss of
sansory-spooific inhibition of specific thalamic puclzi and
fisrther impaitment of the signab-fo.noise satio. "“Naise™
could then prodonvinate over simulus-spacifie activity, with
telay cells being recrolled into thabsmoeortical cieuils
withoul receiving adeguale sensory input, The combination
of mcreased thalamic welay cell cxcitability and reticular
thalsnie nuclens dysfunction could fead to activation of
thalamnocortienl vireuits and the formation of coheretit as-
semblies of fhalmpocorsical cartliations that would be inde-
pendent of afforent sepsory puty, potentiatly ghving TEE b
underconsiraingd percepticn, such as hallucinations or
dream imasery (Bohrendt, 2003),

TFig. 1 ilustrates in a very sinplistic wuy fhe intercon-
nections bebween some of fhe stmcties known K express 5-
HTa, receptoss. Tn the comeext of this eoddel, one should
s gonsider tha Bellicinegens may produce marked
altesations in ascendiog brainstem. activaéing systems, dis-
tarbance in thelamic fnetion, both in paing sensery mput
and in afferent fikng in corlical terminal fickds, and changes
both in eortieal cell excitability snd in eortico-cortoo
itHeracilnns.

Although it wAll roquire n groat deal more research 0
clucidate fuily such a scheme, it is apparent that hallucine-
genic 5-HTo, sgonists car be very useful melecular toois
for much studies. A mzjor focus of funire research should be
to carry out studies to show whother 5-HTa,, receptors are
localized on glutamate tenmingis, Funthermorns, additional
clectrophysivlogicsl smdics of cortical pyvamidal ceils using
15D and hallucioomens other thar DO shonld be sarmed
out fo resobve Hie isyues mised by the Arvanowv ot d. [§999,
19946} studies. Although the complete cirelity may remain
chusive, it secms tkely that more delinitave explanniions can
b offered fblowing a focus on thess bwo key points, ature
studics witll brain slices should ulse cupioy a buthing
medinm with an omic conmposition that more nearly veflects
the brerstiial fuwid in the brain ko discern the elfect of
hallucinogens an persistent and recurring activity in corticul
nuetwoeks, Finally, them i3 a need 1o sxaping n cletaif the
effects of hallucinogens on fhatamic function,
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4342 Hallucinogens increase cortical metabolism. -
creased release of ghitamate in response 0 hallucinogen
sdministranion would be expected to enhance corticul met-
abulic activity. The most extensive human work in this area
has been reported by Frane Vollemwaider and his colleagues
at the Psyehiamic University Hospital of Zunch. Coupling
studics using the PET ligand | "“FIFDIG, with Ditrich’s APZ
questionnaire (Dittrich. 1998), a rating scule for ASC,
various changes in mood and perception have been come-
lated with changes in corebral metabolic rate of glucose
(CMRgh Vollenwesder, 2001) Ditnch’s instrument reli

ahly mcasures shifts m mood, thought disorder, und changes
in the expericnce of the sclfiego and of the environment in
buth drug induced and non-drug-induced ASC. Administra-
tion of sn elfective dose of psilocybin produced a globul
increase in CMRghu bilaterally in the frontomedial and
fromotatersl corices, ncluding the anterior cingulate, arcas
with a high density of 5-HT 4 receptons. The most marked
increases (24-25%) were observed in the frontomedial and
fromtoluteral cortices, anterior cingulate, and temporomedial
cortex. A slightly smaller CMRglu increase wus seen in the
hasal ganglia, with the smallest increases found in the
sensonumotor (14.7%) and occipital (14.4%) comices. The

mcreases of CMRglu in the PFC, antenior cinguisle, tem
poromedial comex, and putamen were pusitively correlated
with psychupharmaculogical efliects assessed with Dittnch’s
AP7Z. Correlarional analysis revealed that metabolic hyper-
frontality was associated with a depersunal ration/derealiza.
tion syndrome, thought disturbances. and manis-like
symptoms (Vollenweider et al, 1997n). Thew data mdicate
that $-HT., receptor activation leads o0 a hyperfrontal
metabolic pattern (Vollenweider of al, 1997b). Although
metabolic hypofrontaliry is observed in chronic schizophre-
nia, hyperfrontality is a charactenstic of acute schizoplere-
nia. Thus, the effect of hallucinogens has been wsed,
particularly in Furope, as a model of scule psychosis and
schizophrenia

In another douhle-blind, placcbo-controllcd human PEET
studdy using psitocybin and [FJFDG, Gouzoulis-Mayfrank
et al. (1999} also measured metabolic rate of glucose
{(MRGlu) in several brain regions of inlerest when subjects
performed an activation task that consisted of associating
one word to & stimulus word, with the control task being
simply repetiion of the stimulus word. The metabolic
pattern obscrved was chamcterized hy relative hvpermetsh-
olism in the prefronial and infenior auporal regions and
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relative hypomstebolisin in subcortical regions, The nost
siriking finding was a motabolic jnerease of nearly 10%
the right anterior cingulale. This activity corrclated posl-
tively with stereotyped thovghes and negatively with ani-
ety. Decrensed medabolism in the left thalamues was linksd to
paneral psychopatholugs, lension, anxisty, and depressed
fochngs.

Simiaely, in a stady by Hermic &l al (i998), makc
subjects were given 500 me of mescaline sptfate (mol)
and sigmificand psyohological effects wore again measuled
msing Districh’s AP questionnaine (Difceh, 1998, Using
sipple-photon cmission computed tomograply (SPECT)
mcaswre ropionat blond flow, mescabine producod 8 pro-
nounced increase o the vight antodor corical tepions; a
“hyperliontsl” patem with some cmphasis on the nght
hemisphere, which was correlated with inescaling-induccd
psychotic psychopathobogy as measured with the APZL
fepur ol al, 1989 Hesmle et al, 1992, 1998)

In & ral stody, infection of DO {2 mpfhg ip) oo
mescaline (1 mphe ip) ul ap sobient temperature of
20°C pvoduead a 35--43% decrease m brain glycogen thal
persisted lor al deast 2 b {Parvesh & Gudelshy, 2003% DO
also inceeased Lhe extracellular stiatal glucose comcentration
by 60%. When the experiment was cartied oul ul 22°C, the
boOl-lnduced giveogennlysis and hyperthennia were signtf-
icantly sttenuated as wax the orease in the extracellplar
congontration of glocose i ke strianzm, ‘The [OTindured
hvpertheitpia, glycosencdysis, and inercase in the exiracsl-
lular ghiwcose sonceabmtion weie atennated when the rets
wers freated with the S-HTi..0c tocomior anlagonist
L¥33457. These rosults supperé he conclesion that 5
HTsa0 Toueptor aclivation promotes glycopenueiysis and
that fyperibermia excrts a promiment ele in this process.

Ty contrast, Froo ot 2l {1991} have repostad that admin-
istration of DO 1 male Fisher 344 a3 led to dervegsed
togiongl cotebral metabolic rates using quantitafive autori-
giography of [} 2-deowyglucose i 7§ different brain
regions. Higher doses produced even Jarger decrements in
rootabodic tates 18 Is dillicell 1 reconcite this result with
buman studies, whers glotanate releass woundd be crpocted
b Encrease cortical metabobic activity, and with the windy by
Darvesh and Gudelsky (20035 where DOT increased cortical
plurise concetirations,

4.1.4.3, Dopaminergic vifecly of kedueinogens,  Although
therc is substantal evidenos for the impostance of glutsmate
sysiems in the actions of haliucinogens, it zppears likety that
at feasl some hatlucinogens may also activaie DA pathways,
gither direetly as with LSD or indirevily by componnds that
back significant A receptor alfinity, Based on the psyche-
pharmacslogy of DA compounds, which orpicaliy posscss
CNS stimulutd ellecis, this action could be relevant, Al
though stadies of the TIA effcets of haflucitogens are sparse,
this area appears promising for further sudy. 1 is iniguing
W consider the possibility thar hallucinogens may activate
brain T34 systems but thad, i contrast to virmaly ail other

drigs thad increase TA tmmsnussion, thoy fail te produce
dependence, as disenssed in Section 1.2, Tt cenwinly seems
possible that in rsponse w balluctnogen adminiseration,
cortical arcas might receive inereased 134 activation, where-
as arcas such as the nocleus aconmbens that ave though o
#e involved i rewand mechanisms might oot be activatod.
Tn studics of for induction by L31, Hrdtmann-Vouslions e
al. (1999 and Grosch of al. {26H02) have repenlcd Lhat 1.57
did nat induce fs in the rat waclews sccumbens follrwing
LSD admintstralion, The latier workers pofe that this finding
is cansistenl with 1he reports that LSE) is oot reinforcing in
animal models of drog dependence.

Bt s known Hhat te YTA rocoives sepoinnargic afferents
fronn the ruphe nuelel, where they fory synapses with DA
dendrites {see Tinherty & Plokel, 200, and veferesces
thereind, that Comea-Heberd e al. (1999 identified soma-
rodendritic iocalizion of 5S-HT, 4 rzcoptors in the YA, and
that depolarization of DA cells in YTA shive preparations
pam e hlocked by the 53T antapocist ketsnserin [Pessis
el al., 1904,

A recent clectren microscupic Immumecytechemicsal
siudy showod Jocalization of 5-HTa, tecepiocs in both
pargbrachial (PB} and paranigral (PN regions of the VTA,
wiih fabcled proliles dentified primanily as dendrites and
apmychnaled axons {Doherty & Plelel, 20000, Dendvites
conmmunty showed 5-HTo, teceptor imamborcactivity shd
tyrosing hydrocylase (TH) eobocalization. Thus, 58T,
recoptor activation wmay ditectly affect booal gendricle release
of DA as well as wlease of DA i meosoeortical and
mesolinbic terminal fields. A subsianbial namber ot 3-
HTas-labeled dendritcs wore slso datected that did not
comitain TH irmaunoretciviey, suggesting 5-HTo, recepior
modulation of other oD, pathaps GARAezic, inter-
nevnens in the VTA.

It & recent study using fluerescence immunohistochem-
istry with comfoeal microscopy, MNocjr o al. (2002 found
that 5-HT., receptors wore colocatived, jn part, o TH-
contaiiing ceils thronghous atl subnuelet of the ¥4, most
prosninenily i the aplerior region and pencipally within the
rostra] 2nd mid-PN, Pt and intrafisetoulsr nocled {1175 Thus,
activation of 5-H'Fu, receptors by hufluemopens wounid be
sxpected to modubate DA activity of VA celis directly o
indircetly through aon-DiA newrons and affect DA telease
frum progections in eortical god Limbic struchmes.

Using in vivo mictodialysis 1n the rat mPFC, Pehel ef al.
(2001 found ehat disct nfusion of the selective 3-TTa,
attagonist M1MS0T tirough the dislysis probe produced a
comcenmation-dependent block of K'-stirmisted DA 1o
Iease, Deect infiosion of MI8G507 mw the mPFC also
blovked increased cxiracellular DA produced by systemi-
cally adipinistered DOl Thess wokers concluded that
activation of cortvai 5-017. rocepturs podentizted the
phasic release of mesocorticat DA,

Stritarly, using micodizlysis i the st nocleus seoun-
hems, toes infusion of POT gave a dose-dependent increase
m extracelolar ThA (Yam, 2000} Perfusion of a 5-HFT,,
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antagonist alone had no eflsct on hasal DA levels. The
inereased DA induced by perfusion with 100 ubd DOF was
sensifive to wetrodolonin and was antagonized by coperfu-
sion with 3-HT:, antaponists. These investigators ypoth-
egized that aclivation of 5-HTo, receptors within fhe
nuclens yeemnbens can enhanee DA fransmission.

Tn anotiher microdialysis stedy i cats, intrestristal bassd
Tra efflux was sigpificantly cnhanced by DOL whercas
imfiesiem of the 5-HTo, aptaponist SR 463498 had no elfect
tLucas & Sparmpinato, 200840, The effect of DOE on hassd
DA efflux was not Blocked by SR 463498 but was
atierraated by #he 5-HTaaqc antagonist SB 206353, Al
though IXH erhancement of basal DA was no! blocked by
the 3-HTa, antagonisi, halupesdol-stinmbaicd DA elfius
was redueed by both SR 463490 and ritemserin, Conversely,
the ifect of haloporided was poentizted when DO was
coperfused witk 8B 206553, In addition, hatoperidal-stim-
pisted DOFAC (the T34 metabolilte 34-difrydroxyphenyi-
acctic acid) overflow was redeced by SRO463498 and
potentizied by the combinatien of SB 2065353 with THOL
The swikors concluded (had siistal 3-HT., receptors medi-
ated activation of DA syrthesis and positively mmodulated
1A qutflow only under activated conditions.

Similmly, systemic adwminisitation of 0T o fresly
moving rats dose-depondently increased dialysate levels of
DA and ¥E in the frontal cortex, This effoct was abolished
by the seloctive 5HTi,. ontagonist MIOXIOT, which by
itgelf did met change DA or WE levcks In contrast, the
scleetive 5-HTopen antagonist SB 206553 potcrtisted the
effect of DOL The suthors coneluded it 3-HTs g receplors
exert 4 phasie, facifitamry influetice on cortieal Jovels ol DA
and WE, whereas 5-HT receptors exert an inhibilory
elfeet,

Finaliy, in healthy imman velunleers, PET bas been used
tn stully the possible Tole of DA in: the effects of psilocybin,
admigistration of sn cflective dosc of psilocybin, which
Tacks signiiicant affinity for DA teceptors, ted to signifi-
vantly decreascd binding of the DA D antagonist
[“‘“Clraclopride in both caudate nuclens and putamen, &
finding that would be consistent with an morease ity exten-
vellubar 134, which then displaced the antagonist (Yollen-
weider ef al., 1999

4.3.4.¢, Serotoning recepior activetion aliers gone
eiprewsion. Nomly alt smdics of haflucinogens ab the
cellndar or molecular lovel have focused om avude phar-
macHogical responses, inchiding phenomena such as
mcepbor trafficking, desenisitization, abilily to aiter signai-
it pathways, etc, beraccifular signabing, howover, an
alse influcnee gene exprossion {Drgutow ot &1, T985),
whicl cam lead to chapges it newonal fanetion. Appar-
ently, lonp-termt expression changes may sove as the
hasis lor opderstonding why & very snmll percentage of
ssers suifer Jongterm adverst sequelse following ballu-
cinopen vse, Although at first it qmay be difficull to
understand Terw the reversible soub: receptor oftects of

balivcinoscns could precipitute mental ilincss, there may
e o small populstion of individuals particularly sensitive
to gene caproession changes in which the alterstions could
fip the bakmee toward the developmont ol kng-lasting
peychistric disorders, Persislent aberations m gane ox-
pression might also be important as an underlying com-
poncal of HPPD {disvusssd earlier)

The emlicst repott of 3 genomic fesponse to simlzion
of the 5-11T., tecoptor appesrcd in 1993 (Leshc o al,
1993} Those workers nsed Immuhocyiechemisiry & ob-
serve localized jnoreascd cxpression of the immedinte-early
pene b8 N Tesponss th syslemie adinisration of 2 or
% mg/kg of the hallucinogenic amphetanyine DO Al of the
brain regions examingd where cfar cxpression inorcascd
weor known to have o high density of 3-HTy, mueepiors
particukarly in layer Va of the pramary S35C. Pretreatment
wilh the 5-HTa, antagonist ritanserin completely blocked o

s cxpression,

A subsequent report by Tilakasatee and Friedman R
unployed Morthem analysis to study 51T agromisl-induoced
cxprossion ghanges m the immediste-early gene o fos ws
well as pwo other dmmediate-carly panes, wgfle atd fs 0.
The tesponac cither 10 the 5-HT; 4 sgonist 8-OH-DPAT or
P0T was studied in four different regions ol we beain. For
the study of 5-HT.-medinted gene expression changes,
they admanistered DOE at a dosc of 4 wmedp ip. amd
cxamined sefected brain regions 30 and 90 min after divg
administration. Although exprossion changes wore modest
o nonsignificant at the 30 min fme polnl, at 50 min,
mtarkod moreases m cxpression of ofis and meflc wem
ohserved 1n cortex, hippecamps, and corcbellam, with no
chamges seen it the stdatum. Signilicantly neresscd Hs!
expression was cobfined to the cortex and cershetlim.
There were no DORinduced sxpression changes in any of
the throe genes it the siriatum. Similar to the earbier siudy
by Leslie e al. {1991, prior treatment wilk the S-HT;,
antagonist ketanserin completely abolished ali DORinduced
gene stimulation.

Pei o al. (20000 studied the effect of 10X on exprizsion
of an effecsor intermediate eady gone, e (activily-regulat-
e, cytnskelctal-associated prodgia). Are and ils jprofein
product arc locslized within newrona! dendrites, enabling
focal symthosis of the @ protein in nusponse B0 syRaptic
activity, In this smdy, 02, 1, amd 2 mghg of THH was
administered and rats were sacrifioed 2 hr ater. Using i sim
hvbridieation, it was shown that DO produeced dose-rebated
incieases M are mAMA in cortical regions and in sfrial,
Significant incrensss were mesmared in the echiial codex
and cingulate cotiex even at e lowest 0.2 mgiky dose. The
ctfect on are oxpresston was corapletaly blovked by the 3-
Ty, antagenist ketanserin,

A limitetion of ibese carly studies was the wse of
immunocytochemistry or Norihern analysis to measure
cupression changes, whers specific reagents must be e
to uhserve effects on & particulur predetermined gene of
imesesrt, Recently, the much mote powerfil technique o
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micToarrsy analysis kas een apphied os & general suroen o
identily changes in genc captession induced by LSE 1a the
lirst swdy ¢Nichals & Sanders-fush, 2002), LSD (1 mafkg
Lo} administration B0 rats led to genc expression changes
mcazurcd at 90 ein after drup administration, BNA from the
FFC ol rat bogin was analyzed wilh the Affymenrex TI344 rat
yenomdc atay, which Tepresenis nearly ope-fourth of the
predicted genome. Simitar o the sudics with DO disoassed
carticr, LED increased exprossion of the immediate cariy
menes ooy and are IR addition, Hve more LSD responding
geues were identified i PFC and were veritied using RNase
protoction assays, Those genes included senm ghwocorti-
cojd kimase {xeh), hafe, neunm-derived orplan recepdor 1
ENorDy, aiad, and drac-2i These workers noted (he vela-
tively small wumber of genes identificd av well as the
refatively small imcreases jit goke cxprossion fpenerally
two-fiold or tess) and segpested the possibility that relatvely
minor changes in cclinlar physioteey may fead to murked
chanpes i cognition. Among e genes identificd, they call
particular slleation 0 arr, also studicd by Pai et al 20003,
wilen: ESY inducead & vobust fve-fold expression increase it
PY(. Furhermore. the suthors motod that e increasc in
amig? fs miagwing in light of studiss showing a tolc for
lutanmate in the actions of hallucinogens hecanse aniad bs
involved in glutamate signalimg.

Tn & subsequest paper, Miehols of al. {2003) evamincd
time coumse aind dose-response offeels of the genes identifled
i their previous siudy. Tn addidion, they employod 5-HT s
and 3-HTp, sntagonists o identify the selevant recepiors
soitvaied by ST that mediated gene expression changes n
BT, Mast transeripts showeid anasitnnl exprossion it abo
86t min afticr LD bul soime, sich a3 o-fos, were sipnificantly
stirmlated as carty as 45 min after drog. These increases had
retymed to haseline values by 5 b, except for Mo/, which
remained mesineslly elevated even 5 hr afier LD admin-
istration. Dose-response stadies showed that many gotes
had significant increases i expression following inuch
tower doscs of LD, The 5-HT,, andgennist WAY 100635
friled o antsgonize any of the mercases and actualky
potentiated the increpsed expression of lifs. WAY 00633
given alone, however, led 1o increased exprossion of are and
MNord. The highly 5-HTaos-selective antagonist M140907
blocked the meorcase of all of the franscrpis eacspt for sgh
and Tr |3, which also were not affected by WAY F00G35. The
authews note that most of the genes whose expression is
allered by LY are thousht o be invalved fn the process of
synaptic plasticity.

Recenlly, Gonzalez-Mscse o al. {2003) have wmported
gene expression proftles that distinguish deogspecific pat-
toims of gene expression for hellucinogenic and nowhatluci-
nogenic 3-HTa, sgonists. Toitially, they quantified the
concontrafion-dependent pone capression changes i re-
spomse W various agonists in HEKZ93 celis stably capress-
ing fhe honan 5-HTo, recepior They then applicd the
merhod to the in vive analysis of cone expression changes
m resporse to the hatlecinopens DOL apd 15D and the

nonhallucinegenic ergobine lsuride in mouse 55C. They
also used a $-HTa, receplot muli-oatas (kaockout) mouse
to verily that the changes were dependent on the 3-HTa,
receptor, Three gones wers identitied whose expression was
increased by boib EATY and DOL but oot Ty Tsunde: ege-
= egr. Zoperivd-). The groatest change wos seen in egr-/,
carly prowih response protein 1, which cneodss 2 mne-
[inger transcription Factoy. ege-f links ¢ellolar signeling
cascades with changes in the géne expression pauetn and
numcrons bivfogical fonclions have beon stiributed o it
{Liu ¢ ak, 19963, Both DOT and LED increased expression
of ger-2, alyo known as krex-20, which was idemified o
ealier 8D gene eapizssion studies by Nichots e Band-
era-Bush (2602), Fhe fhird Fenscript whose caprassion was
inoreused by the hallucinogens but not by lisgride was
periad-1, a circadian thythm-related gene {Cermakian of
ol 20003 Both Nichols and Sandees-Buash (2062} and
Gionzalez-Musse et al (2003} identified incrensed ewpres-
sion of bk, aithongh in e fatier shedy, it capression was
also increased by the nonhallucinegenic |iswride, Further-
muore, capression of thiv gere was alse tnereased B 3-HTaa
receplor oull mice, mdicating mediailon by another type of
receptor.

It will be most ntcresting b sec foliow-up work along
these Hoes, Cenc capression changes in response b e
poweelit hallucinogen TSD may help to idestify any
guher of colluler components sod processes that are
unpartant to CN$ fonction, Jr seems possible that a search
Lor homelogous overaxpressed pene products in schizophre-
nia brains may be 2 pradactive gvenue o determine whether
hallucinogens have celfulsr actions in common with schizo.
phrenia o other paychianie dizorders,

4.4 dre other receptors Smporlent o the avfions of
hallucinngens?

Alihough the widespread consensus i3 shat activation of
the 5-HT,, vecoplor is the essettiad pharmacelogical cons-
ponent in the sutions of hatlueinogens, it is stilt possible thae
interactions with other CNS receptors may moduolate the
overall peychophamscolegy. For cxaraple, there arc speci-
ic compounds thut s classified as bathicinogens. stch ag
3,4-methyfenedivayamphetamine (MEXA}, thet have unique
pavchupharmacelogy {Nivkols et al., 1975; Andarson ol al.,
197%: Johnsou ot al, 1986: Nichols & Oberlender, 1988,
Mash el al, 1984, Nichols, 19945 In a compound suck as
MDA, not only are 5-HTpap teceptors activated ta the
molecule 15 also 2 subsirate fire the monnamine uplake
curriets and has o peofosnd cfloct on presynapiic release
of 51T, DA, and NE. Alhough it has “hatlucinogente™
propectiss, it alse has unigue psychopharmacalogy, produc-
ing enhanced feelings of closeness and emotions] warmidh
among users. One might therefore reasonably expeet that
other CNS receptors where the atfimity of the receplor for
the hallucinogen molccule was jn a relevant physiclagical
range might parficipate in modulstiog e effects of the
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drug. There arc severxl candidate Teceplors that can be
tdentified, and these will be hricfly discussed,

g4 7. A pude fo the scrofonin e receptor subiype

As discussed carlier, there s compelting evidence fhat
the most sadiest featore of the introceptive coe of hatluci-
rogens in 1efs i produced by stipmlation of the 51T,
teceptor. oo additivn, the effects of psilocybin in man un
hlocked by 5-HT, . anmsgonists (volleowsider et al, T995)
These data all sromply support the ypothesis dhal activation
of the 5-HTy, meeptor is the key component of hallucine-
gen achon in man, s sifdl possible, however, that activa-
tion of the 5-HT.- meceptor may play @ tole in the overall
intoxication process in man. The reason for this &5 simple:
{hiere 15 e known hallucinogenis agent thai has selectivity
for tle 5-HTay, recoptor ovet the $-HT10 weceplor Tndecd,
most of the more potend coapomnds gt have recently beon
discovercd with LED-like offcels in rats ara acpally slightly
more salective Tor the 5-HTa- reeepior (Fadker eral., 199
Chasibegs of at. 2001y Ths, sctivation of the 5-117%,
recEptor Way be a necessaty ot not sulficient phanmaco-
Wopical cvend. Becanse the discrininative stimms of halle-
cinogens in mis is mediatcd by gulivalion of the 5-HTaa
rccepior, antagonisie of the 5-HTye o other manoamine
receplons that might modubse hailucinogen-induced mond
changes in humans woukl be predicled o have ne offcet
rat behavior nofess that veceptor moduiates the strengih of
the 5-HT., cue. These specuiations ultirnately cannot be
tested watl olinical trials src carvied out in mar with a highly
3-11Ts s-selective agonist yei o be discovered.

The possible sigaiticance of the 5-HT e receptor in fhe
aelivm of haliecinogens goncrlly has nol been approcialed
nmobably dus to the lack of agonist ligands speeific for this
sibtype as wetl as a poreepiion [y many that this recepson is
primarnily focalized only i ke choroid ploxis. Pompetano e
al, £19594), using in sine hytidization hisloshentistry, have
shown, hwwever, that the 53-HTo. weeptor subiype 15 4
principal 5-HF reeeptor i the rat brain. They oheerved bigh
beweole of neRNA for the $-HT 2, recoptor bn only & fow bram
arcas, pasicularly PFC, whereas 3-HT:o recopor mENA
was expressed st high levels in many brain regions other
than chomid plexus. Both 3-3TTF., and 5-HTg; receptor
imRNAs were cxpressed i distinet but ovarlapping bran
areas.

The ole of the 5-HTw- receptor may be particulady
televan: fov Hsaride, an ergoline with shuctiral sinifavities
to LS that is gencralty considered w0 be nonballocmogenic
in inat. Figreliz of al. (19930} have reexaminad the stinmlos
propertics of lisuride and provided evidence that fsuride
sahstitation in hallucinogen-trained mts i modiated by
stirmlation of 5-HTa, receptors. T addition, lisucide is
known to suppress the fiing of dursal raphe cells, a5 doss
LS (Rogawski & Aghajaniae, 1979, an sction that can be
ssoribed o its potent 5-HT) 4 aposisl activity {Maronu-
ewigks et al., 2002} Purther, both Nsaride and LS5 arc
DA Dy agonists, T clonced rat receptors, LS0 and lisuelde

tave compurshle atfinitios and efficacics s weak partial
agoniats i activating the inositol phosphate sigraling sys-
tott {Ggan ot al, 1998}, Henee, lisuride appoars to possess
the pharmecological compuonents belicved necessary for
hallucinogenic effects in man. Nevertheloss, in primaty
culiure of cetls from ral choroid plesus that express the
aative $-A T mecplor, lismde is sw antagonist of the effect
of 5-HT, whoreas knoan halhitozens ae polest 5-HTac
sgomists (Dasris et al, }99; Sanders-Bush & Breeding,
1551y, thes nroviding at least some evidence that an agonisi
action at 5-HT o receptors might e relevant to the effects of
hafluvinogens (Sanders-Bush, P94}

Lizuride

Additionai sapparting srimal data have been seported by
Fiorells o1 al. {19958} who observed that PUPA depletion of
central 5-0T vesulted in supersensitivity o the stimulas
effects of LEDD in rats. Althouweh TOPA had no cffeet on the
nmximal level of P vdrolysis mediated by 5-HTya recep-
tors, the maximal P hydeolysis in tesponse to 5HTa
peueptor stinmlation was increascd by $6%. Tt has also been
repotted that humans are more sensitive to the offeos of
LS foltowing treasment with reserpine {Resnick ef al,
1965), a pegimen thid woald depleis CME 5-HT (smone
other effects). I seems possible, a5 Harms et ol (1921} have
supgesied, that stimdation of hoth 5-HT., and 5-HTa
reoeptors may be reguired for hallucinogenic activity, As
noted ahove, thersfore, the present data would b consistent
with the Ippothesis that stimulation of the 3-HTa, recepior
may be & fiecessary buk pot sufficical condition for haliuci-
nogenesis i man. This issac is sot ikely w0 be tinally
msolved untll s hollucinogen snalogue is discovoerd and
tsted in man that possesses scleotive 51Ty, agonist effects
but facks any action at the 3-HTow meeptor. Alleratively,
chinical studics of the effect of condminisaation of one of
the prosently avaitable 5-1Taa 20 nonsclective bathicme-
gens with a seleclive 5-HT oz antagonist might alse provide
an answer w this guestion.

4.4.2 Is the serotoning, recplor mporiast?

As noted in an eatlier soetion, Lhe earliest hypothesis for
the mechanizm of action of hailucinogens at the eelludar
level was based on a scdes of alectrophysivlogicat smdics
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carricd oot by George Aplmjasian and his cotleagues. Those
experiments slorwed that administration of LED, pstlocybis,
BT, and S-e(-00T cansed 2 reduction in the finng rale
of celis in the domsal Fphe noclews (sghafanisn ot al., 1968,
1970 Aghajanian & Flaigler, F¥75: deMontieny & Agha-
jeniam, 1977) These oiscrvativns led to the hypothesis that
this pharncologicsl action might be the updertying mech-
aiism for hallucinogencsis (Aghajanian & Halgler, 1975
Juch an cxplagation was interesting becavse ascending
braimstemn systems (such as the sevofonengic projuctions
arising from the saphe) modelate acurat activity in thals-
mogotlical efrcoits in a nenspecific or plobal manter,

This hypothesis could not, Bowever, be ettended 1o the
phencthylamine haltreinogens when it was discoverssd that
direct. iontophomesis of mescating into the taphe did nol
produce similar ihibétion of unit activity (LRigler & Agha-
junism, 1973 We now know tar B30 and the myplamings
have high affinity (and wsually high inringie aciivily} at 3-
KT, receptors huf lhal ife phenethylaminc-type halluct
nogens do not, Immunchisiochetnica smdies have shows
thar 5147, receptors in the midhrain mphe nuclel arc
alwost exchusively localized on the cell membeanes of 5-
HT neveons {Sulelo € ab., 1990 and agonist drugs at this 5-
HT, s autoscceplor steongly inhibH cential 3-HT neuron
activity (Withama e al. 1988% The failare of moscubine
or relaked phenethylamings to suppress raphe fiing fellow-
ig ctirect appiication can now be nndemstoed because tess
rmodecubes lark signiticant affinily lor 3-11T,. veccptors
{Titeler o ., 1988).

in additiom to Amclioning a5 sovuindendalic auiorecep-
tors in the raphe, puslsynaptic 5-HT . receplors ang alsa
logalized in wither brpin vegions. Their highest density i

"o i Honbic regions of the teain such 8 the ippoecam-
pus {Hamag et al, [%96), areas where emotion and affect
would be modificd by dmg interactton. Gutdy avroradie-
graphic studics showed the presence of 51T, receptors in
Tayer ¥ of mat PRC (Glaser of ab, 1985, Pazos & Palacios,
19553, and neurons in the human neocortex contain mEMNA
for (ke 5-11T ;5 reccptor, with pyrmnidal cells m Jayer @l
more heavily labcled thant these in tayer V (Bumes of 2,
F995), In addition, it recenily has boen shows that 5-HT1a
cecepions are colocalized with 5-HT 1, receplors on cortical
pyramidal colls (Martin-Ruiz ol gl 20013 where the twu
receptor Lypes have opposing cffects {Arareda & Andrade,
10091y

LA has Wigh aflinily for 5-HT) s moceplurs a5 do potent
rvpaainine hallzcinogens such ag 3-MeQ-DMT and psilocin
invoFenna of al, 1998 Blair et 1b, 20005 LS1 s a fall
agnnist at central 3-H) 4 receptors Haked to Inbibition of
ibenylatz cyelass {102 Vive & Mazyand, 1986). Ieligunis of
al. (1901} reporled that IMT aflinity for 53417, teccptons
{i = 130 nM) was reduced (K, = 463 ab) by addilion of
suanyl Avcleotides. suggesting that DT was an aponist
This hypothesis was confirmed when these workers found
that DMT was equally efficacious o the SHT HEOTHST B-
OH-DPAT in inhibiting forskofin-stinsuiated cAMP foma-

tion in rat ppoearmr] homogenals, DMT also cnharces
ihe acoustic startle response in s {Davis & Sheard, 19743,
an cffact pow sitribated to 3-HT| . tecepior activation
(Manty & Tilson, 1989 The closely wolated N A-diethyl-
trvptamine (DETY is glso a [l agonist in inlibiting tor-
skolin-stimzlated cAMP pioduection in elonad launan 5-
HT 4 teceptons cxpressed in Chiness hitnater ovary cefls
(Blair o1 al_, 20003, Similarky, 3-¥eO-IIMT iz u full agonist
at 5-HTy receptors (Phemuis ef al., 1938, Blair eral., 2000}

These also are dats supgesting that the 5-tT) , effeets of
LED may be defectable at loast in sotne animal behavioral
assiys, 1ma discrimination stdics I pigeons sugges! that
L3I may induce 5-HT, 5 recopior-medisted cffcts {Walkor
of &b, (997 Yamamoio of ai., 1991 The sslective 5-HT14
teqaptor agnnist B-OH-DTAT minveked 15D i rals fraened
to discriminate (.16 mghkg of LA from saline {Winsr &
flabin, 198K, Meset ot al, 1990) but LSD only parfiaity
mimicked 3-0H-DPAT in rats tmained 10 discriminate the
latter agent (Cunminghiam & Apped, 1987,

As noted earber, Nicieen (1935} reposied Lhat ketansern
and pirenperone failod 10 block the L3I0} cue in LSD-majned
monkeys. Further, afthough mesceling also failed Lo subsit-
lule for LADF in these monkeys, sobstituton did oo with
5-MeD-DMT, a misned 3-HT a0 agonist. These reanlts,
and others, prompted Nicken 10 conclsde thal these mught
b a “preferensial nale for S-{1T; sitey in modiating the L1
stinmalus effect” Addouph provious siudies. eited carlien
are consisient with the conclusion that the nafere of the LD
cc i mts s expressed by 3-MTza receplos activetion, i
may be that the siength of this cues can be modubated by
cifects of [8D at 5-FT,, or at other monocamine Rein:-
trapseitter Teceptors {cg. Marona-Leowicks & Michols,
£995).

The 5-HT,, azonist 3-OF-DPAT ishibits 0T induced
hesit Lwiteh in rats (At & Hybet, 7980 Berendsen &
Broekkamyp, |9 Tiercndsen. 19%1; Willing & Meltzer,
1957, Schreiner ot al. {19957 replicated this finding and
alsa reported that Lhe 5-HTq. aviagonist {--)-teriatalel
antagonized the abifity o 3-OH-DPAT & block the DO
indiced head twitch. These latler workars concludad chat
activation of 5-HT,, receptors inhibited functional effecty
mediated oy S5-Iz, recoplors. This reasoning is consisend
with a varicty of other studics supgesting funciional infor-
actions between these two regeptor bypes in the modulalion
of vamous hehaviors {PBmckos of al., 1990 Berendson &
Broskkamy, 190 Damani et 2l 1990 Yocea cr sl 1991

Thee is atze o substantia] body of evidmee to shaw
functional interactions hetween 3-FIT), and 5-H 1z, recop-
tors. For cxemple, 3-HT), agonists may produce behavier-
al cffects im vive sinnidar w ibose seen aller administration
of 5-HT, amagonists {c.z., At & Hywel, 1985 Further,
the behevioral syndmme indueed by S-Me(l-DMT can be
slerenselectively untagonized by - )-pindolol or propranc.
it {Locki o ul., 1984, Troklebank =t sl 19835 In
sddition. an earty stady Dy Dizon (19683 showsd thar
mroptanalol coutd block the disteptive behavior lndsecd



1430h FLE. Michale / Plarmacotopy & 1hegentics FEE (20 31187

by LS in rats. Ad the time, this finding was relatid to0 2
possible involvement of Badrnergic reeeptors. n yigwr of
presend knowiedps, however, this msult may bave bemm 4
consequence vl 3-HTs . seceptor aitagoiism, a phamaco-
sopical property of proprenolal that was unknown at the
fime. Conversely, Backos ot al. (1994} reported that 51,
anspomists enhanced the behavioral symdrome nduced by
F.OH-DPAE. 5-Ma-DMT, vr the partial 5-HT . agonis
Lepinone.

Cipren and Puxe {1989} blocked head switches mduced
try the hallucinogenic mnphetamine DOM by i.cv. admin-
sgtration of galanin, & 28-amino acid peptide that is thonght
b modnlate S-ET fonction througheut the CNS through
activatiun of salanin receptors. Gafanin has an minbioy
posmyraptic otfect on 5-HT neunoms in ihe darsut raphe,
crusing hyperpolarization through 4 potassium chpnnel Ru
ot ai, 1995}, and is fought to bave actions synergistc with
5.HT, , receptor aclivation {Hedhnd & [uxe, 19965 (il
anin blockade of DOM-induced head {witches would thus
also be consisrent with a fupctional inersclion betwest 5-
HT,, aod 5-HT s, Teczphors,

In fhe ral mPFC, jontophorcsis of the sefective 5-HTha
receptor agottist 8-OH-DPAT produced & cumment-depandent
suppression of the basal fining rate of spotitananusly active
colls (Ashlyv et al., 1994). fomtophoretic or systemic adrin-
tylrstion of @ monselective 3-HTaa e o & selective 5-HTxa
peoeptor antagonist significantly potenizated and profoaged
the supprcssanl effect ol $-OH-DPAT. Conversely, igmlo-
photesiz of @ low cument of DOJ potentiated the excitalion
induced by the inntophoresis of 1-ghutanare on guiescent
mPFe ceils.

Similntly, bath adminimestion of 5-HT produoced tao
distingt tesponses in layer V pyranzidal cells of slices ol
rat mPFC {Ammaeda & Andrade, 19913 The ieitial response
was 3 membratie hyperpolatization mediated by activation
of 5-HT). teceptars. The second résponse to S-01T was 5-
HFy, reveptor-medisted membizos depolatizntion, the re-
maccinent of the afterbyperpolarization that follows a tarst
ol spikes in these coils by a slow depolarizing alternoteniial,
and # decrease in spike foguency accornraadation, These
latler effocts weie mimivked by DOT and blocked by
kelsnserin or 4 0w concentration of spiperons,

Although 5-HTy, und 5-HTz4 teoeptors tnediste oppos-
ing cHiels on mombegne excitability, most pyramidal meu-
toas agpear to expross both reccptor subtypes on gheir
mefbene swrbace (Markin-Ruiz of ai, 2061} Araneda apl
Ancdrade {1991 reponied that coactivation of both neeepar
subtypes resuitod in & seleclive enhancement of responsas
strong excitatory stiomali with frtle cllect on weaker stimul,
The natsee and origins of the affcrents providing activation
of 5-HT roceplors medialing such opposile effecls on
embrane excitability i the same ocll would provide #
mechunian by which 3-HT could regulate hew pyramidat
neurms sheade incoming exeltatory stimali.

Although the original observation that trypramine hallo-
clnagens sugpress saphe cell activity by a direct cifect wias

ot acceptable as 4 basis for the mechansm of action, it sill
seems likely that (his phenotnenon may be relevant, bouRgse
phenethytamins hallucinogens de sppross fiving in A subszct
of raphe cclis apparcnlly by @ indircet O AR A-nediated
mechamism {Ein et al, 2000, Martin-Ruis o al, 20410,
[ecause the aphc nuclei are part of the hrzinstem: reticular
activating systewm, believed to be cssential tor T T Tl
the stale of eomsciousscss (Fonont & Tadclman, 1998}, it
wonld be seprising i supgressed Gong of lhese celis did
ot lead to neorological sequelas. In addition. proiections
froim the dorsal and median mphe are the source of 3-HT
axons in the cortex and thus are uitimately responsibic lor
aptivation of bott 3-HTpa and 5-11Tsa roceptors thai are
tocalized on cortics] asirans.

Whal are the cliical consequences oF 5Ty agonist
activity in tryplamine hallecinogens? Data are lacking that
might clasify this issus, with the exceptivm of a sty by
Gtrassmz {19946) where prior adniinistation of the 3-HT 4
amtazomist pindolel markedly potentiated the effect of a
subhallecinogenic dose of DMT fonurate. (ne mighe affer
the spectiative hypothosis that fryptamine haltecinogans
with a significant agonist action st 5-HT,, receplors may
clicit subtie quatifative sffects that disiinguish thon fowm
phencthyltartine type haliucinogens, a guality thul i§ sorne-
timcs ancodotalty reportcd by recreational uscrs. Althoegh
Wilbach et al. {1957) have reporisd that (e psychophar-
macaknpival effects of psilocybin, LD, and mescaling wen:
vitually indistingnisbable in huamans, thepe have baeh no
comiralled sindies to compare any of these three classical
agents with newer phencthylatmine haibacinopens hat arg
more selective for the S HT a0 vocepons.

A% a1 ifcrestng aside, noted it the provious seekion,
there has boen amch coateoversy over the years as o why
lisuride. 3 simetural snalogue of LSD. is nul halincinopenic
fsce, &g, Bgan ot al, 1998y K 15 known, however, thit
lissride 15 an exteemely potoni (£ = 0.2 oM, Bls » 06
i} 5-HT,4 rcoeplor spomist (hlurong-Lewicka ot al.,
#12). Based on (he abservation Lhat 5. HT ;5 receptors 4
tocalized on cottical nenrims {Martn-Raiz et al, 2001 bk
have effecis opprsike e 3-HTa, receptor aotivation {Ar
nedz & Andrade, 1991}, onc could speoutade thai the lack of
hatlucinogenic activity for lisuride may be dre (0 an
overriding stmulation of inhibitery vartical 3-1T,, reeep-
soms Telative o a nvuch weaker offect on cxeitatory cortical
5. HTap recepions.

4.4.1 Possible poientieting effects of interaciions ot ol
recepior by

It the stody by Fiorelka ot sl {19952}, only 56% of fhe
variabiity in the poteney of a given anagonist wo bock the
imleroceptive cuie produced by LED et he accosnted for
ty 5-HTa, affinity alone. Furthur except fior pircnperond,
all of the antagonists tested i Gt smdy were mors potent B
blacking respending elicited by  -RDOM m LA -trained
fats thap in Wocking the responding to 5L ieelf, Adthough
the essential natgre of the LD cue in cats appears @ be



[LE Miclofe / Phonnoratary & Therupelics 108 C20kp 13I8 Hal

expressed thronah 5-H Ty, roceptor activaiton, this cuc rsy
he modulated by effess of 150 ar other monoemine
teceplues, These ancillary interactions could be imporant,
marticalarly in sonforring the extmosdingaly hkigh in vivo
patency possessed by LD The atlinity of LSE for the 5-
BTas and 5-HToe teceprors {5 not significantly different
from thal ol phenghvinming compounds such & DOB or
DI Simitarly, the hydrophobicity of LSD is also of the
saemg magnitede as fhess amphelamine dervatives (Michaly
cf &l 1977} Weverlheless, the in vive patency of TSD s ae
Lzt one vrler oF iagrieede sreater than for the moest potent
phenethyvlamimes.

These facks would seen to supgest that some other
phunnacolosical prapeny of LSD may be potemiuting its
effacts, [t js difficuls to know what this action might be,
however becanse TST hinds wilh high uffniy tor 4 variety
of monoamine receplons. ncleding 5-HTan oo 5-HTaa:
2 aH T ga, 5-HTg, snd HTL, By oaed 02 DA recoptons,
and a)- and o adronergic reeeptors (Creese 2t al, FITS;
Bun @1 &, 1976, B prichard ot gl [977; Mueibach & al.,
P98, Levsen, 1985; Hover, '988; Marona-lowicka &
Micleds, 1995 Waots et al, 1995 Wichols ot i, 2002;
Clermun, 20031, By contrast, phencthylamines such as
DO lack affinity fur nearly all ol thase receptors (leyson
et &b, 1939 and huwve high aftinity only for the 3-HT s and
S-1 T, receplors {{Hennon of al, 1984a; Tileder «f al.
1988}, Which ol these oither sites, i any, might he respon-
sible for synergiso with 5-HTo, agonisn? B seems wnlikely
that the 5-HT 1, agonist of ellect of L3 could be respon-
sivle [or its ermarkable potercy, because the yptamines in
generid (., UMT and psiloging possces 5-HTap e aod 5-
H'F 4 affinities comparabte to LD bur sre & good deal less
hehavicrally potent.

Ahthougl there s no ovideoes 1o suggest that dre inter-
action with other 5-HT) sublypes is responsible for pokens
Hation, t{hese canmesd o be rabed out as possibilifics.
Furthet, we know alimost nothing abomt the fimetional
significance of 5-HTs, {Glennon, 20033, 5-HT, {Sebhon
ot wh, 1994, Boess ¢t al., 1997, 1998), or 5-HTy {Carter o
ai. 1995 receprars, where LSD abw has high affinity.

1L5%3 alzn has modest affinity for aa-adrenergic receptons.
1 has been shown thar stimulation of eyedrenaceptors by
clonidine potentiatzd the stimulas properties of L33 in the
2-lever drre discrivvination paradigm (Marona-Lewicka &
Michols, 19935 Activation of e-sdranernis reoeptors comd
be a possible potentaling interaction, although the 37 ol
affinity of LSD for PH]elonidine-labcled e recoptors is mot
af preat as 2t many ool MOTGHTIIES Tecepiors.

The most inriguing possikility for & potentiating offect
srises frotn the DA propertics of LED. Although the stnpls
trypdamines of the sebstibted phencthylsmines fack sffinity
for DA recopiors {e.g., Whitsker & Seeman, 1977), LSD bas
hiph allinity ot both 3y and T3, DA recopions {Watls £l &),
1995) The affinity of LEE for T, reeeptors (K5 = 6.4 o)
i% verainky i 4 fange whers receptor activation could oour
at behaviotally refovant doses. The DA Dy aflindty of L5

{Knos = 27 a0} is somewhai lower, stmilar to the atfinily of
EST) at ooy receptors, but & 6l relevant aé the peald plasma
concemtrabon of 10- 20 phd CAghajueisn & Thng, 196,
Hawks & Chisng, 19568).

A very entky study by Diab et al (1971 used autoradi-
ography with ["H]LSD o show binding in scveral braip
regions, inclading the casdate nucleus. Somewhat Ber,
antoradiopraphy using [F7T}2-iodol8D) shineed rthat {his
ligand could be used o dabol both 53TTo500 and DA B
reveptors i ran (Nakade of ul. 19540, hovine (Hiatig ot uf,
198543, and moose beaie (Hamiz ot al, L485B). Similarly,
autorudivgeaphy in rat hesin with the same radioligand
shinded bighest hinding density it the caudate nuclews and
nucicus accumbens, whereas [ THDOI had nch lower
hinding in those regions (hickKennn & Saavedea, 1FRT). Thiy
tinding is comsistent with the high DA receptor denzity
those srubures and ihe lack of DA weceplor affinity for
phenethytamive hallaeinogens, Bioding of ['*T]shaled 2-
indoL8D and DOT in rai bruin had some overlapping
regions, fut in odser areas, binding profiles diffored mark-
odly (MoKsisa et al, 19890} Furthermore, unlabelod DM
was unable to displave s significant amount of 1"+ i3-2-
iodel 50 from DA busin areas such as the ceudete

A sufficient vumber of reporls bave heen (ublished o
establish flrmly that LSO has significent T3A cffccls s
variety of preparatons (Prert et ab, 17 Voo Hungen et al.,
1974, Croese et al, 1975 Hongen et al., 1975 Kellw, 1975;
Kelly & Tvemen, I975 Peada et al, 1975 Spanc el al.,
FUFS, 1976, Bockaert et ab, 1976; Burt e ab., 7976; Michols,
1578: Anmkiendcz-Michaink et ab, 1997, Mebtzer et al,
1977 Ahn & Wakmae, 1979} The possibility of 4 DA
Iry-potentiating @llec of T.8E) is also streagihensd by the
finding of Giacomelli et al. {1998) that concenmations of
ESD fom 7Y 4o 100" M, 10-1900-fold lower than
those requirsd for o dircet cffccl. potentiated the direot
inhibition of 0.1 - L0 oM DA o prolactin section in izolutad
pititary [actotrophs,

More recenly, nsiog the drug discrimination asssy in
s, the nature of the discAmiative coe of LED hus been
discovercd to be Hme dependant (Maroma-Lewicka & Nich-
als, 2002}, When LSE is administercd fo s 13- 30 min
prior to testing, &% s well documented, the discriminativ:
cue is mediated by sotivation of 5-HT, receplors. When,
howeever, e LD pretreatment tirme is extendesd to 50 min,
the discriminative coe is medinked Bugogh a BA Dp-like
tegepton Thues that avtivale she 5-HTe, recoplor no longsr
substitnte in fhese CLSD-G0" animals; mthen DA Py-like
sponists such as apeinorphing faily substidute, and thiy oue
is blocked by D anfagomnisis such as haloperidol, This effeet
is not gocn in DOtesined rats, whers the cue s mediafod
throwgh 5-HTa, teceptors imespeclive of the pretreatment
{ime. The most tikely explwnation for this findimg is shat
£.81 has signiticant allinity for DA roceptors, whereas none
of the nflicr hallucinogens possess that pharmacology.

Aliborgh a potentizting elfict of T receptor stimulation
has not heen eatensively investigated for hallucinegons,



vz FrE. Wichale ¥ Bhannocology & Thetapeitics M {200L) 13-

risperidone, & mixed 5-HT, and Ds anlagonist, was o
potent in antagonizing the diseriminative ope of LEDY In mts
that Alanserin, a pure 5-HTzape antagonist {keed of ab,
1954, Facther, Schredber ef al, £39935) eported that the DOT
HTR in rats, in acdditien w0 being antagunized by 5-HTa
antugonists, was alse poten(ly Hocked by both D, and Dy
NA amtagopists. Tn addition, stimalation of the 51Tz,
recoptor can ehhance DA fonction {see, €. Hnang &
Michals, 1993 Tohikawa & Melizer, 1995

There 15 a larpe body of evidence now developing on the
interzclion between DA Dy und 5-1E1, receptors, with
raich of the facus being on the development of afypica
antipsychalic agems (Meltern, 19911 Although o consider
aiion oF those dota is beyond ihe scope of this revicw, the
poesihility that DA D, receptor stimdlation msy poientiate
3-HTs, agonism sccms o he an ineresting arca Tor further
sty and would lead the tvestigation of ballncinogens ful
witele, back o the premise that they may be wseful tools for
tnvestgating schizophronia and psychosis,

5. Clinical relevance of seratonin, , receptors

TFhere were numeroas clivics] sludies of hallncinogons n
the 19505 and 1960s, mostly with L8[, with literally
thonsands of subjeots, bul those efforts ceased by sbout
1978, with the last veports of U8, work published tn 973
froh o al, [993) T general, hallucinogens are now
viewed as g closed chapter in psychiatry wesearch. The early
clinical stadics were wenerally focused oo studying the
effcets of LED cliber as 2 “peychotamimetic”™ (1e., produc-
ing a model psychos(s) of a3 an adiimet 10 therapy for bo
lesatemientt of disorders such as sextial dysfunction and drug
ar aleohal abusc.

Tn addition fo LSD, thete was limited stedy of the
potential medivad value of two other kalucinogens. MN-
dipropyltrypranine (IPT) was studied i the treatment of
ateoholizm (Grof et ol., 19730, and 3. d-aucthylenedioxyam-
photamine (MDA was used inoa “newroiie” owtpationt
pupidation Yensen of ab, 1976}

Unfortinatchy, the imperfect quality of mast of the caly
clinical smdics, cspevially the Jack of adequaste controls,
watrld render them unaveeptable by present-day standagds.
Thus, much of the discussion that follows in this section i
given more fo indicate the varety of possibilitios thore wele
examingd than as any endorsement of tharepeutic elfcacy:

Bocause hallucinogens powerflly atfieet alk of the mental
fienctions associated with conscigusnoss, including <ogni-
tion, moad, perception. seifcontrod, and somatic awarcnosy
iFresdman, 19683, it should not be sucprising that todsy we
find 2 resurgence of intvrest it dhe 5-HT,, receptor [or it
impontance it 4 variety of psychiatric diverdens as well as W
vurivus cogaitive fimctons. Clinicel studies recently have
been jnitiated in the Thited Slates with DM T and psitocybin
and i Furape with mesealing and psilocybin. These natu-
wlly oocurring hallucinogens alf have o long and well-

documented history of safety and vse in native papulstions
that aliowed these stedies to proceed without the ealensive
prechinical toxienbogy dsta thet are normally wequired fur
chnizal work. The clinical sudics of DM were ks
promyped by the fiel hat this subslance is found natsrally
in mammalisn brain and it might therefore be an eadoge-
noes psyehotogen of psyshosisproducing substanee. Ad-
though 15T is much mors potent than sny of these other
threc agents, the notoricty and negative sociess| assoviations
atiached 1o that drsg have so far discouragoed <linicians
fioan sitempting o nplement new human stedies of this
bl fnvimagen,

There ave three principat areas where elinical studiss of
haliucinoscns kave heen currivd out. The first invalves a
comparisen of e effoots of hallocinogens wilh the symp-
toms ol acute psychosis. Indesd, more than 50 yesrs ago,
Osmond and Smovthics (3952 stabed that v had “heen
known for 56 yoars that mescaline.  prodiuces sympeois
almost identicsl with schizophrenis.’” Althmagh it is hovond
the seope of this review to disubss the mie of the 517,
receplon in psychintrc disorders, it is cosetial fo mention
thid. in racent yoars Lhis receptor hus ggined tremendous
imporance as o pokential therpeuie target for vanous
psychiatric disorders snch as schizopheenia and depression
(De Angelis, 2002), For example, thete 5 exionsive evi-
dence for w decrease in the demsify of cortival 3-11T.,
receptors  schizophreni, an ciftet that is particulardy
notable o (e dorsolateral PEC {Tean, 20035 Farther, it is
nuw widely believed Lhat 5-1 T2, tecepior anfagonisn may
e a koy pharmacotogical feature of atypical antipsychoth
drugs {Meltzer et o, 1985 Futoner, P9850 Lishemnen o
al., 1098 Melzer, §999} and adnnisivation of the atypical
antipsychatic sgent clozapine 0 rats decreassd 3111,
mRNA and [°H |ketanserin binding in franal coviex, where-
58 5-HT; , and 50T mBNA remained unchunged {15umet
ot sl TH9a).

Ome operationud measiee of the sensotimotor gating or
fittcring delicits that arc sbagested o conlpiie o the
gognitive disorgmization in schizopheenia ts a defiey bl
hakitzation and prepulse ishibilion (FPT) of startic respanses
{CGeyer, 199%) [n rats, 5-HTa, aponist disapt PPL mawn-
icking the PPE deficit secm in schizophrenis patients. Hakh-
cinogens such as LS (Bratl & (Jever, 1950) and mescaline
or siher phensthylamine hallucinogens {Wing of s, 19003
inipair habiluation to metile startle b rats {Geyir & Tapson,
1988) snd the effect is modiated by 5-HT,, recepions (Favis
ot al., 1986; Padich cf al., 1996). A study of the effecl ol
patlocybin on PPI in humans, however, gave results difler-
et from rat stedivs, Jo a doubie-bing, placebo-controtled
stady with 12 subjects, psitocybil inereased PP sud had no
clear efizel or habituation in 2 subset of the subjects
fGowzonlis-Mayfrunk et af., F9%5a],

Fromn diseuzsion in the carlier sections, it seeme ciear that
hallucinogens indpee plotamate releasc in PFC, and this
action appears 0 be a common featire of both “psychobn-
mimelic” noncompatifive NMDA ankagoniss such oy Kel-
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amine #nd PCP and classicat hatluoinogenic drugs (Agha-
janiun & Marek. 199%c). There is tow an cxtonsive (iters-
ture on the similaritics between effects of tdrugs such as TCT
and ketamine amd the symptoms of pevchosis (see, e,
reviews by Jentsch & Roth, 1999 Sams-Dodd. 19990
These similarities have led m suggesiions that the effocts
ot hatlucinogens reserible the symptoms of aoute rather
than chronic schizophreniz (Vollenweider =0 al, [ 297k
Vollemweider, E99E0, A hyporfromai mietsbolic pattern also
nceurs in homans fallowing admbnistration of subanesietic
doses of the noncompetitive NMI2A andsgonist ketamine
(Vellenweider ot al. [997:) aud it has been hypothesized
bt halfucinopenic eilssts of drugs may arise, at leas in
qrart, [Tom fheir commaon cupacily & disrapt thelamo-cortical
pating of cxtemal und intgenal information to the cortex
{Voltenwedder & CGeyer, 2001

Although the chmicat elfecis of lassical ESD-iike hisiln-
cinogens and WMDA enlagoksts such as PCP appear to be
soutiewhat diffcrent, some overlap in behaviotal pharnacol-
ugy can Be seen in Todonts. Tor example, discriminabive
stiielus effects nf 5-HTay, meoepior agonists can be pagen-
itased By protreament with nencompelifive MMDA glota-
Miete recepior antasonists. n raks frmined o discriminate the
phencthylamine hallusinogen DOM from saline, protreal-
ment with PUP shified the DOM dose-responsc curve to the
lefi tWinter =t al.. 200021, When a small dose of DOM that
by jtsetf gave onty 32% DOM-appropriste responding was
eombined with a range of doses of the NMDA antagomnists
POP, dizocilping, and ketamine, DOM-appropriate respond-
e increascd W maximz of 73%. 34%. und 79%, respec-
tively, When given alone, TCP, dizovilpine, and ketamine
elicited unly a simall percentage ol DOM-appropnste
Eespondding.

There are two other brosd research areas where thoro a4
chinical interest i halivcinogeas, The fist ases [om a
conlining belief thal hallucinogens may possess medical
utility in meating certaln prychistic disorders. The scoond
avez of interest that i emerging is their value as research
tnnls for cognitive neuroscionce. The lollowing scetions will
highlight exampices of hoth of these directions.

3. Tysergie avid dicthylawide treatment in terminal Hnesy

O alt the proposed medical ndications for hailucine-
gens, one of the more interesting aod weli-documerded uses,
parlicuiarly for TSTh, wus in the treatment of ferminal
patients, Kast and Collins ¢ 1964 originally reported that
LS80 bad an unalgesic effect in dyimp patients that far
outlastest its seale peveliological offcuts. Fheir jnitial obser-
vation was dhat patfents for whom this offect ocourred
sepmed tn have changed their atifludes toward death, Later
stndios fed Kast (1966, 1970} 1o the conclusion fhat LE0D
treatment resuticd in improved psycheloggesl sdjustment in
dying patients, made them more respynsive @ thelr famylics
and enviconmenis, and enhanced their ability o enjoy
everyday fife,

In jater studies at the Spring Crove Sate Hospital in
Maryland, improvement was found in abons bwvo-thirds of
terininal camcer paiients vl kud received LSD, inciding
improved moed, reduced wnxiely and foar of death. and
reduction i the smout of paim-relieving medication Tz
guired (Tahnke o al., 1963 Cpof et ab, 1973a; Eurdand,
1483}, Half of these paticnts had dramatic impeovement,
anid those who had the wnost profound expericnces derived
the mnosi benefit (Pabnke o al, [9M} Usfoitarately, thess
whudies ended with the media aiention, recreational use, and
yeatly resericicd assess to these drugs that cocumed m the
latc E960s and sarly 1970, Recently, «[lots have bogun 10
reexaming this potentially imporiant medical benefiz of
hallovinogens (€. Grub, pecsonal copnmunicaon; see also
et twmw helfierora).

5.2 Trewiment of alcoholism and substunce alise

Of the curly atiempts fo empley ballucinogens in therapy,
espreially LS, treatment of alcoholm was one of e
most extensively caplovadl, with the first aleoholic patients
being treatod 0 Canada in 1953 (Hofter, 1967, Karland o
al, 1967). The group at the Maryland Staze Hospial also
employed o trypramine hailucinogen DFF a3 & potentil
adjunct fo sherapy for alooholism {Drod =t ai. [973h)
Aleoholism srd aleobol abuse snk ameng the fop theee
puychistic disurders i the Uniied States and are asgocisted
with significant medical amt economic consequencas. Fur-
iheriniote, thore were many potenttal treatmont candidates,
many of whom had failed in previous thempy atiempts.
Climical frials in this population were emvisioned to b
relatively straightforward because tew chronic aleohohics
were cxpecled to recover spontancously. and an essily
measured end point was thought to be simple: reduction
in donking, This, the teatment of aboohodism with Rallici-
nogens was an attraciive use tor carly cliniclans fand of it
worked would be exremecly imponiant today).

The original mativation for using & hallucinogen in the
westment of aleoholism was based on speculation thal dhe
cffects of 1.50 might he similar to delirium temens, the
sepative consequencas of which might help & deter ateohod
use. Unforwmately, the guestion of whether LST) freatment
is ciffcctive for aleobolism was never comvincingly wo-
swerod. For a complote discussion of s topic, the seader
is referred o the cacellent 2nd comprehensive analysis
provided by Mangim (1998). As noted in that review. the
tesults remain mconclasive becanse of differemees in wost-
ment procedures, theoretival backprounds, biases and
beliefs, and definitions of tetms that existed amang e
variows tesearch teams tha condacted research. This silwa-
fion was not unique i studies that employed ballweinogeus,
howevet, becanse uneonirolied studies and post hoe defi-
gitions of success were commonplace in psychizstric Te-
search in the 1950,

Based on an cxhsustive teview of that Hteranees, Man-
sini (199%) comcludes, “Desplie the confusion about ihe
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efficacy of L0 treatreent occasioned by the Hmitations of
previogs studies, the possibiliy that 156 eould be usctul m
the treatmenl of alecholism remeing engaging, Many pos-
giie comstrietons of the findings of hisiore £31) research
have baen left unexplored, sod many aspects of the dota
remain unevaleaied.” What we mey conclude from the
studies, snd Manginiy analysis, is that a resvalustion of the
use of hailocioopens as components of a cumprehensive
program to treat alcoholism and substanes ahuse may be
winthwhile.

The situsdion is very similar with respect 1o eurly studies
carrivd ool Ly examine the possibifity thal huflocinesens
might be vseful treatments for dependence on heroin o
other addicting drugs, That is, poor designs, lack of contruds.
ste. failed ko resolve the guestion of whether therapy with
hallucinogens might tead so long-tenn abstinenee. Halpern
{1BUEY disrusses several sfudics whern there were hints in
the datg that hallucinopens appeared 10 possess some utilily,
dfore recently, he has desetibed oo amecdotal case studics
from hig oam practice where bo paticnts snceessflly used
hallucinegens 1 control addictton to herom and. sedative
hvpuotics {Hadpeen, 2003% Based on his reviews of the
literuture, he concludes that hailucmogens deserve closer
sorrriny and that there may indeed be a rofe for shess agents
I freating Sreg dependance.

3.3, hzessive-compulsive disoreder

Ohzessive-compulsive disorder (001} i a debiliating
cunelition wish 3 litetime prevalence of 2. 3% {Rugier 21 gl
Fo54Y Saviage et al, {1962) provided the cariest teport of
ellicacy for & halluecinogen in OCD, where afier two dosss
of L3, & patient wha suffered from depression and vielent
ohseseive sexual thonghts expevivoced dramatic and perma-
nerl bnprovement. A later case repor appesred where a
patient had suffered from severe obsessive thoughts and fear
of contaminetion. Afer tresirpent with [5D on a weckly
basix for 15 months without any concomitind pyvchothera-
Py, thie svrptoms hegan to ravolve, and three years afler the
ireagment, the patient way compleiely symptom free and
flanctioning ar a high level boih professionally and person-
alty {Brandrup & Vangeaaed, [977)

Fames (1996 puhlished o case epurl of o patient with
body dysmomhic digonder whose symptoms improved
markediy om several oceasions when he had ingested
pailocybin-containing Mgl [eanard and Rapoport (1987}
published the case of an adolescent with OCID who had
talcen T.5T} mare than 100 times, sad doring the expenence,
hiz “ohsessive thougtds would ke worge for 1 hr followed
by total Temission For 4—3 be” Pstlocybin mushrooms or
mescaling bad the same effest, Additional recent ancedotal
studies have provided further evidenve thal ase of halhset-
nogens way alleviate symptoens of OCD (Moreno & Dt
sada, F997, Deigado & Morepo, THSE

Tt is corrently beleved that serndanergic systems phay an
important role e GCD, but the specific reooptors invelved

buve mof baen clearty identified. Althouph thore has teen
disepsgion that 5.HT.,. receptws spsy be important, heth
apomists aud amtagonists for thal receptar type priduce and
exaverbate syinptoms of GO (see Chos-(Green ef 21, 2003,
amel feferences thercin). The above anecdotal epons of
long-term temission of OUT symgploms might be meore
suggestive of kallucinogen-mduced 5-HTi, teceptor
dowre-regulation, Becanse of he slative lack of effacy
of prrent therapies, the reatinent of OO with hallucico-
gens wonld seem to bo s indication deserving of wuch
more extensive research,

54 Clinfond studies of N M dimeilyplireptaming

The first climical stedies of s halluienogen after a 20-yoar
hiatns of human tesearch were carmed out by 1 Rick
Stravsman o e University of New hexico (Stasamum &
idoalls, 1994 Strowsman of al, 1984, P96, Strassmen,
1906, Adthoaph TMT is a sesnewhat ohecare haflucinogen,
if is distributed wideiy throughouw! the plane fingdam. DMT
is alsp a component of several peychoaclive prepasations
ssed by mative cuitores, particolarly in South Amcvea,
which have 4 long history of folklogic vse jn variceas ritnal
vomients (S5cinltes & Hofnusne, 19749%,

Apparently, DT was chosen to teinitisk: clinics] smdfes
of hallucinogens [or severat roasens. Pirst, it had previcusty
heen stidied in man (g, Szara et al, §966, [970) and it
would net be necessary o complele preclinigal towioolmsny
prior to initizting humas stodies. Sccond, il bad been
blentified as & mce amine n cerchrospinal fuid and thus
fikely had nosmsl metabokic processes to clear it fom e
berdy ({30t of al,, 1976 Corbetl ef &l, 1978, Raker ot ai.
19811, Third, it bas & very short duration of acttor {less than
| he}, and chinecal experiments can be carried out quickly,
whereas LSD and mescaline have a much onger (8- 10 )
durtlion of action. Finally, becsase it was relatively obsoure,
ginclies of DT were not as likely to catch the witention of
fhe popular mediz, thousing unwanied atteption nte &
sensitive srea of ¢linical investipation. Nonethaless, Slross-
i {1913 derails a more thatt Mwo-vear cheouier wish
replgtary hurdbes (et had 0 be overcome belvrs clinical
sindies of DMT coubd bepin.

Tn their lirst snody, DMT fitarate was given at doses of
(L0S—0h4 gl iv. {Strassman & Chaails, 1994} Doses of
(2 and 0.4 madke were hallucipogenic, with nearly insta-
mpnenns effecte thut pegked within 2 min and were resolved
within 200—3{0 min. The subjeciive effzcts panliclal plasms
concenttations of TMT. Pupil digmeter, hearl tate, neean
arterial preasure, and tood levels of cocticotropin, B-ehdne
phin, prolactin, snd cortisel were signilicansy glevated,
with highest concentratons observed at the peak bleod
DMT level, Growah honnone and recesl temporehst sacs
atso significantly increased, bot the offects wers delaved
carmpated with the other markers,

In a second slody. Strassmam ol gl {1994) reporbed
subjective effects of TVT in humsas using 2 new sdsess
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mant insteement they had developed, the Hallncloomen
Rating Scale (HRSL The effcclive doses of BMT fmarste,
1.2 and 0.4 megie v, producsd immediare visusl hathe-
matory effects, bodily dissociation. markod shifts in ymoad,
amd auditory cffects in aboul one-half of the subjects. Thess
effects complately topleced the wubjects’ ongoing emental
experences bat rosolved quickly, patalleling the preyiously
reportad plasmz DMT concentrations. Although the .65
and 0.1 myke doscs were not ballucinogenic, thoy did
procuce emotional and somacsthelic effects. The hiphest
duse of 6.4 mgfke produced cxlremely intense effecrs that
completely disropred nommal menial funchion, with most
subjects Iositg all swarenass of their bodics or the expert-
mentad surtoundiigs.

Tn a third set of cxperiments, these investigators studied
fite abifity of PMT {0 produce taterance, & phenvmenos tat
cecurs with fhe hatlucinegens LS1, mescaline, and psilo-
eybin and dissussed earlicr in this review. Obviously,
Interance could nol be prodoced by an endogenous halleci-
nopen heeawse peychosis s a chronic and oagoing process,
Four seouential doses of 0.3 mghe L. DMT flmarae were
administered, sepatated &t kalfhout tervals. There was no
cvidengce of plerance 1o the effects of DM T and the authors
node that this finding wonld he consisient with hypoiheses
that DMT could oecur as an endogenous psyclicingen
{Serassmar ¢ sl 19%4),

Finally, the effecls of pretroatmient with the 51T
amagonist pindalol (3@ mg po) weic wssewsed using a
subhalincinpgenic 0.1 mgke dose of DMT funaate, Fin-
doln! pretreatment potentited the offects of TMT by 2- o
3.fuld besed on seotes on the HES {Strassman, 1996), This
tesnlt sugpests that 5-HT) 4 receptor blockade can poteniale
the effect of 5-ETT.. receptor stmulaion, an cffoct thet
worlid e consistent with the colocslization of both 5-HTo,
and 5-HT,. receptors on cettical pyamidal cclls, which
have cpposing phammacoiogical eflects {Ashlny ol 4k, 1994,
Marsin-Ruiz of al. 20010 A moee demiled possible expla-
natiom for this ohacrvation {5 proseated it die eaviicr section
on the impartanes of 5-I1T; . reeeptors,

55 Srudies of mescofine

There have hoen very few climical studics employing
mescaline, Althoush mescaiine {as the psychuactive com-
poncnt i pevofe) has @ long history of use ameag Notive
American popaiations, it bas a long duration of action {160~
12 brs cormpared with DMT (<1 hr) or psilocyhin (4-0 br).
It is, however, orally active, in contrast to DMT, and is also
guite easy to synthesize in the laboratory. In the 1wo
published reports, mesezline was studied o detenmine
whether its effocts were shmilar o fhe symptoms of scute
peychosis, I normal male voluiteets. mescatine prodneed
afl aclie “paychafic state”™ 3.5—4 hr after dmg admimsica-
fian s measvred by fhe Brief Psychiateic Rating Scale
{BPRS) and Paranoid Tlepression Seale (PDS; Flepmle ct
b, 1992 190%). Using an [astrument o assess AR,

specific effects of mescaline in Lhe visual syslem were seen.
Neuropsychological actions were studies with 4 Shce nan-
lce devision sk with known rght bomisphere advandage
in which mescaling induced decreased fanctioning of the
righ hemisphers,

Tn a study by Hermle st ab. {1998, described earlier, nale
subjzels were given 500 mg mescaline suifare, Muosesline
produced & “hypetfiontz]™ pattesn of inereased blood fiow,
measared with SPECT, which was correlated with mesca-
line-irduced psychologieal effects assessed using Dittrich’s
NPZ {Ocpen ef al, 198%; Hemle e al., 1592, s

36 Studiey of psilocyiin

Psilgcybin is the substance that has becn most widely
empioyed in retent clindcad stadics. i canlrusl 0 1T, it 43
oualby active, but ifs cffects arc shorter lasting than those of
sither mescadine or L3T3. 3ust of the swdics of psiloeybin
havee been reported by Dr. Frase Vollemweider and his group
at the Peveiisiric University Hospital of Surich. Severs] of
his studics were cited carlier, when discussing P siudics
of the cifects of halivcinogens on cerebral blood fow and
brain mectabobiser,

i cliicz] smdies, psiloeybin {15-20 mg depending of
body weightd led to significant increascs 1a 4 varaly of
peyeholanicat symptoms that broadly mclded disturbances
al emotion, sensory perveption, thoupht processes, realiy
appraisal, and ego function (Vollemweide: et al, 1557,
Elsing Diurich’s APZ gquestionneive (Ehitrich, PY9EY 1o
assess psychological changes, sipniffeantly ineteased sub-
scale measutenents incjuded derealization associsted with
euphoria, exaltstion or grandiosity, and an aitered seise ol
time and space, Visuat distorbances included cfizots rnging
frorn jliusions te complox seenery haliucinations, synesing-
sias, and changed meaning of pereepts. A thind subscale of
the APZ mensured increases in anxinusly cxperienced Joss
of cgo boenndarics, thought disorder, and ipodarade suspi-
ciousness and paranoid idestion. The effects appeared 20—
30 min fotlowing p.o. adminisration snd mached a3 peak
after anothor 50 60 min lastag 1-2 hr {Vollenweider of al,
19951, Trring the peak puriod, abteration of sensuey per
ceptions and lovsening of epe bourdartes were noted. WLl
closed cyes, during the PET scapaing period, sehjocts
reported perceptual allerations that inchuded visual destar-
haices and synthesthesiss. Dirccled attention became Giftl-
culf and subjects fowt their inierest in the sxperiment
{(Voitemweidar et al., 1997h). The symptoms had rosobeed
by 5—6 ht

Spirzer et 2l {1996) conducted 4 douhle-hlind, placebo-
comrolled study of the cifects of psilocyhin on semantic
and indirect semantic priming. Tndireot semantic primmg 18
considered 1o be an index of spread of activation in
somiuttic nebworks and this sidy was designed 1o neasur
the spread of activation i semwatic nobwurks wrvolved in
lexical deuision tasks, Although psilocybin had no erfeet
o direot semanlic peming, it did increase indirecd semun-
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e priming. Thair date suggest that psilocybin leads to
increasad avaitahility of remole sssociations, thereby bring-
ing cogridve vomients o mind that woald normalky remain
imactivibed. Psychological perfonmasce was generally de-
creased ander the dmp, sugsesting that the Ircreased
indircct priming effect might be dec {0 8 decressed
capacity e use conexnzal miurmation for the fheusing wf
seinantic processing. Thus, the investigators siegest fhat
subjectively expetienced creases in croalivity as well a5
the broadening of conscicusness may parallel decreases m
objective porformance messnres. A suhsogoent study
reported 4 simifar althoigh Tess marked offect of pritocybin
on indiksct sspantic priming eCGoozoulis-hayfank el ai,
19%Eh].

Vipllegwelder et al. {1998} reported a study of the
pavcholrgical efftety of pailocybin as well as s cfficts ot
working memory Usig a memory-guided DRT. Pretcai-
cizand with the 3BT -selecdive antagonist ketansorin dose-
dependently blocked the psychological effects of psilocybin.
Simifarhy, 1.0 meg of the 5.1, /D aniagonist vsperidone
conyetely hlocked the gifects of psilocybin. By comirast,
haloparidnl {302t mgike 1%) reducsd the offcet of psile-
cybin enly on anc subscabe of the APZ and bad no effeel on
visual fliwsions or hallocipations, Pelocybin also increnssd
reaction time on the (RT Az before, ketansern and
risperidone, but nol haloperidol, hlocked the increased
reavlion fime on the DRET. None of the aotagonists had
effects on reaction me when giver algne. erestingly, (he
rate of sorrecl responses did not differ between any of the
treatnents,

1n a double-hiind, placcho-controbed buman saedy with
12 healthy subjects, Gowzonlis-Mayfrank et al. (19930}
agsessed the offocts of psilpevhin on FPY and habitnation
of the startle zellex. As cibed earlier, and in coatrast o tesalts
from snimal studies, psilocyhin fnereased PPEwhile having
pe clear effect on habitusion. The anthors of the stdy
cantion that their findings mest be considered prelimingmy
hecanse several factur such as small group size, dose
regavens, and crperimental parametors way infloence the
results of sludies on startle plastivity

M aocther siedy from the sams laboratory, Cousnalis-
saoyfrark et al. (20821 used a double-blind, placebo-
comtrolled study i healthy humans o compan: pailocybin
and placebo an coven wwiening ol spatial aftentien.
Psilocybin consed an overall slowioe of roaction innes
with paticslady slow Gmes ip invalid trials at shor cue
taraet ivtorvals and Faiture of response inhibition i valid
trials at lemp cue tarpet intervals for rAghl visuat field
tavgets. The suthors interpret thoir result @ indicate diff-
cubty in discogaping attention from previousts ateended
locations and moncnling it fr tacgets i the confralateral
viznat field

T stedy by Umbricht ol {26033, effects of psilo-
cybin on mismarch negativity (MMN) and an AX
comtinueus petfonmance test (AX-CFT) were studied. Pay-
chulogicat effects were assessed wsing the BIRS. Delivis

inn suditory scnsory (echolc) momory e manifested moun
impaired ability to match tones followieg @ brief delay seen
as an abnormal redoction of ag evont-relaed  poenrial
(ERF) component that i penerated in sdilory sensoy
arpes. The ERT commpupent §s considered 1o be an jodex
af echolc memory wnd s termed MMM and deficii in
MMN are 8 common fndieg i stadies of schizophrenia.
espite o sigaificant inorease In the BPRS fotal score,
psilocybin failed o have a significant cffect on MMN
genetation, Tn the AX-CPT, however, prilooybin led w0 o
significantly decrensed hit rate of vomect respanses und an
increase in tfelsc alarms” associated with BA-lype sequan-
ces. The tevestpators oote that the paiterm of psilocybin-
nduged deficits in AX-CPT was simifar w the deficits
observed cither in suljects piven kewning or in schizo-
phrenic patients (Umbricht ot sl, 2083, and references
thereint,

5.9, Effects an cogsiiion and perception: futwre waols for
COEINVE L s ieHLE

{ver the pest decade, there has been preatly heighlened
scicotific interest in understanding the nature of conscious-
ngas The mevent advent of puweriuf brain imaging technol-
cigics such 1 functiona) magnetic resonancs imaging (EVRTS,
FET, cte., has allowsd rapid advances o oor understanding of
the areas of brain respansible for 2 vardety of cugnitive tasks.
Srientists are less afratd to addecss fhe sobjscl numeTons new
books and joutnals kave sppeared that focus on the study of
cosciotisness, and seieatific mectings and congresscss are
aivw Being hold to address the nature of consciousnass snd
how o study it The ficld of cognitive newroscicnee has
addressed the chaflempe ol atlempting to wndessiand con-
weicasness and how it arises in the braic. Surely, the most
mirlent drugs known that alter conscivusness, the hallueing-
gens, shoutd play a role in thal investization.

Bois now nadomtood chat there is ne “seat™ of con-
scigusness #nd 1bat consciousness §s not 4 property of a
singlz brain location but more Jely anises as the remit of
dynmamic inderactions among widely Sistribuled groups of
nEwrons that intcgrade a very targe munbeer of sensory inpuls
and motor Tesponses accuming o paraliel. Edeimur {1985}
has vmphasized that comsciousness concers the vapid
tntegration of signals fiom a gl variety of modalifies
and submodalities o oreats s unifted, coberent scene or
iden. He supgests it fhe number of possible cumscims
sEatcy is COOTINOUS,

As discossed 1o this review, haflucinogens appear pri-
macily 1 target sites i PFC and thafamos ss well as
thalamic afferents fo the cortex, and porlieps NGE SeEprismE-
Iy, it i widely belisved that Lhe thalzmocorticul systam is
cosentiat for conscioas activiey (Fdelmaza, 2003% These
seems o be 2 genoensl agreerent that the cersbral cortex is
essential for determining the comlenls of consciousniss and
that, in addition 1o coriico-tortico mleractions, thalamocos-
ical intersctions play a spocisl ole in the inkeprasion of
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distributed neneal petivity across wide cortieal replons and
in the pencration ol cunscioeus experience {Tonont & Edcl-
o, 1SRE)

Daszed on the convergenee of ideas about the substezies
of conseionsness, and the reeepnitfon that hallocinogens
target the most imporanl of these, we shoukd expect that
hallncinogens, and particolarly agonist and antagonist
ligands fov the 5-H7T, recoptor, would be aschul wals to
stady conscionsness and cognitive function. One may also
speculate that it might be possible w develop 5-£17T9,
agonist Hgandy fhai are nol halivcinogeaic, 3 feamre thut
would make them mech more appealing as tols for use i
COUEniEve DEnrIsCIsnce.

Althouah it is stil! very carly in the game, some Hdica-
tions of the wilily of hallucinogens as tools for cognitive
negtoscisnee are ghready emerging. For example, binoeula
rivalry iz a complex, melbilsvel process that may help o
Hliminate cognitive fanctions soeh as adenbion snd cop-
scionsness {fake & Togoitbols, 2002} The osciliation
puttern reporied during bingcnlar rivalry is highly comrelabed
in rhe sare individua) with the tempovdl pettern observed in
znother visual phonomenon kpown as motion-indoced
blindwess (MIB). A umigue deviation [rom the usual -like
distribution of mfervals was observed for botdl phenomena
m the wespunses ol a subject who subsequently roporiod
having faken L1 10 hr prior to being tested (Canler &
Poitigrew, 20031 The subject showed a highly rogular,
mullimodad tesponse with hannonic awervals fhat wers
closeiv matched $or both bineculur rivalty and MIB. The
authors nole fhal the extraordinaty shytlanicity appears to be
wnigne t LSD, because U had oot besn observed in merc
than 00 subjects who were provinusly studicd for binocular
tivadry. k seems likely that the vse of other hutlucinogens
and dose-response and duration of action stedics may offer
sdditivnal insight inte these phenomena snd may uliately
be wsefud in ehwidwing the underlying neuwroclhemical
mechanisms of these cugRilive pLOCESSES.

Tt also has recently been showm that S.HT,, teorptors
tawy play a physiological tolc tn working meowey (Wit
liamns et al., 2007), Thit eefl recording and iontophoresis of
5-HT and severad selective 3-1Th, antaponists in dorsolat-
erzl PFC of thesns mnnkeys showed that 5-T11T,, receptor
stipnadation leads fo an aupnentadion of spatial fwning n
pulalive prefeontal pyramidal cclls. Towtophoresis of the 3-
Ty, agonist s-methyl5-HT using 20-50 na ejection
curtedts had no effect on most of ke cells fested doe o
tonic sctivation by cndogenons 51T, By contrast, 3-HTo,
regoptor ansgonisls allenusted existent mning of this ccll
fpe i 9 of the cells tested. 1f hovever, the sfection
currend 0T e-meliyd-5-0ET was nereased o =50 A, these
workers noted 2 profound deprassion jn the delay avtivity
af neutons, suepesting that cxcessive stimulation of 5-
HT2a feceptors can stemusie mentory felds in pyramidal
cefls,

These workers comueleuded that 5-10Ta, moeptor stnmula-
o B8 factlitatory for the mnamonic process ooouTring

profrontal pyramiddal cells participating i spatial working
metnory, The attenmation of memoty flelds observed with
exeessive $-HTa, receplor stinuilanon would b congiseent
with the demoenstration of psilocybin-induced deticits in
spatial working memory i humans {Mellenweider ef al,
1998, Guusonlis-Mayfrank of «l, 20025 Thas, effcotve
doses of hallucinatons may provide excessive stimaiation
of 5-HTys meecptoms i PIC, leading to spocolation shat
perhaps subhallucinogenic dosages of 3-HTa2. sgeaists
might ticilitate working memory.

The stiskies of indirect somantic priming by Splieer ex al.
(3098 cited eadier show yel another effect of 5-HTaa
eeeplor aotivation oo cognition, Mo deubt there wre muny
cogritive tasks that will e affocted by hallucinogens hased
OE What we are nows Joaming abowt the anatomical Tocations
and functions of the 5-HT o, receptor. Hopofully, the powes
of these fools will be recognized by o lamper wamber of
rasgarchers. Continuing studiss of similaritics of the effects
of haflucinngens with some of the symplons of aoic
paychosis may frther clucidete detatls that might uitimately
lead o irnproved therapies for schizopbrenia,

There ave alsy somhe anunal dats to indicete thaf 511
receptor function may be wnporant i leaming processes.
For cxample, classical conditionimg of ihe rabkil nictitatng
membrine s been rocognized ws a reliable measure of
dssociative leaning [Gormesane ef al., 1983) and hay been
used by several [nvestigators s o model for examining the
petronal circnitry onderlying assoclative fcamming {Siein-
mctz, 2000, as recently reviowed By Hamvey (20055 It also
fas been vsed to model a vanesy of clinical states charae-
terized by deficits in assoclalive processes. Halleeinogins
sach #s 15D (Gimpl i ak.. 1979, Siegel & Froodman, 1953}
and DOM (Harvey e al, 1982} have been shown to
enhanoe acqrusition of the rahbit nictisating membrane
condittoned response (CR) in delay condifoning a8 miero-
molekilogram doses that approximately corespong to
those that produce psychosctive eff¢cts in man. LED
produged a robust cnhancement of CR acquisiion sl con-
ditioned stimabus (CSranconditioned stimslus (LS} inter.
vals that penersied low rates of CR seguisition ip vehicle
controls (Uarvey ot al., 1988) Through conteol caperi-
menks, it was delermingd that the enbancement of CR
acuisition proneted by the hallocinogens was due 1o
enhanced associative keavring Harvey ot ol, 1982, Bomano
et al., 1991; Romane & Haney, [994), Nueulrel aptagomists
such as BOL apd kemanserin bad oo ollizels o0 associative
leaming, bt several ligands thought to be inverse agonists
impaired CR acquisition. Harvey specwlates that beciuse
the rate of leamning is an index of task difficelty, activation
of the 5-HT;,, rcceptor may have a propottionaicly greater
effact as fask difficully pleces greater demands on afhen-
tional and associstive processes. He conchudss that e 5.
HT s, recepior, trost ikely in PTC and hippocampus, may
bave an imporant role n dearniog and that 3-HT s, neceptor
modulation smay Jead to profound alterations in cogniive
Lumectio.,
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6. Concivstons

The 1ools ol today’s meurosciencs, ncluding o vivo
brain inaging technologies, have pul 4 modern faer o
the hallucinogens. Scientists can no longer see thom as
“mapre” diopgs Tut rather as 5-Ha. recepior-spectfic mob-
coules that affect moembrane potentials, rearsnal firpg
flequencies, and neuratransmilter retease in partionlar arcas
of the brain. One c2n now bogin to speculate s reasonabie
ways abolt how these coflodar changes trangform oor
percepitons of reakity and prodoce ASC. It is tedloctualiy
satsfying, althaugh perhaps oot &t all swprismg, dhat the
nourounatnmical sobstrades that are apparently reost atfected
by Hiese sobstamess are e enes of most iRterest fo con-
scicusness reszarchers and cognitive neurosciendists. Vo
clearly, the snbstrates in the brain that are allocted by
huflacinupenic dregs play emcial mofes for us as corscions
Deings it comstructing our realtty and in defining exactly
wha we are in relatiorship o the rest of the world,

Cine rinst Keep in st that these substumecs came b ot
dafenlion tn the first place only because of their wnique 2od
provrerdicl eftects on the human peyche; to forget about the
bebaviotad conseguences of halivcinogen-altered menno-
chemiztry s 1o miss the main paint. There will B¢ profomd
importance in understanding how hallucinegens teanulucs
affacts in newroral sysiems thal provide for the perception of
ordingry states of reality apder one set of biochemacal
circummstaness but whick under apother allow what can onfy
b desenibed as an ineffibie state of myyatical Comsclousness,

The mmplicutiots ol “simuisting 5-HT,, receptars in the
brain’™ go far bevond simply modifying membrane curments
and pemronat firtue fheqguencies. If everything (hat we are
anid can evar hope o be s semnehow inextncably wired into
the hrain, then nolecular toels that modify these cirouits in
predictable viues wilt he powerfl levers m belp us wnder-
stand better how tind orpingtes frerm brain staigs. Make no
mistake, aevroscieniisis iodasy who study depression,
schiznphreniz, of the palette of other psychisitic disosders
i o wimprby ghandon thetr curosiy when someone asks,
“Whal v conseionsmness?” Rince before recorded histone
our species has been on # never cnding goest for meaning 0
life, angd there is no reason why noeurnseicnes should not he a
part of that seanch.

The faiture of much of modera scignce to envision
hallucinegens as key ingredients in our effores o undersiand
the natsre of conscisusmess and the human mind is what has
allowed sociery 1o view these maleeuics for so long only as
dangerows drigs of abnge. T s quite uofortunats teat logal
rezbriclions ave kept these extremely interesting substapces
froan reveiving mote extensive elinivsl study, e there ae
hopafial recent signs that this sibuation may be clanging.

Coupling peychological assessmenis with it vive bram
imaging, as in the work of Franz Vollepweidsr and his
calleagues, Elle Gonzoulis-Mavitunk, and a faw others, is 2
posifive move forward toward correlating changes in alter-
ations in mood and thinking with brain functivn. The recent

diseovery by Pottigrew thal ballucinogens have draatic
effects on linocolar rivaley and MIB promizes firther
ineight tnte other copmifive processss, The ellects of hakly-
timopens on working memory demhopstrarad by vollen-
wolder, Gowsonlbs-Mayfrank. and others, and clipical
smdies of the poteptizl medical value of halluginggens
OCTY and terminal patients, may simaal that this feld iz
finally reuching g maturity fhat will kead 1o many oporant
new discpveries about wlhat is callad “the mind " and how
the hrain perernttes it

The philosegher in each of o8 yeams dor groater vnder-
tlanding of who we are and why we are bere, [rpationsd fear
of lnguities into the npetve of consciousness and conscious
experience wust he met aside, and halluctnopens should e
reenimized for what they are: wols that will witimately help
us to mderstand vurselves, The sswers lie o luither
resenrch for somewhare in the complexiey of the bram, exists
the sonrce of answers ko ol questions aboui ouwsehves, Tn the
coring yedrs, we may look forward to sehstantial propress
in endeesiandirg how hallucinogems siteet brain {uneliedn,
bow those changes alier percepiion nnd cognition, and
ultimately whether these ancient healing substances have
redica] valee and wisdom bo impart fo oor medere age.
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